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Summary
Thyrotropin-releasing hornnone (pyroglutamyl-histidyl-prolineamide; TRH), a 

tripeptide, a hypothalamic-pituitary-thyroid axis hormone, has neuromodulatory 

properties and is found in the brain in locations where it has no pituitary or 

thyroid functions. It is released from nerve terminals in response to 

depolarisation and has both stimulatory and inhibitory effects on post-synaptic 

neurones. TRH co-localises with several neurotransmitters including 

acetylcholine, serotonin and glutamate. The interaction that TRH has with these 

neurotransmitters and the dual role it plays in either stimulation or inhibition of 

the neurones it acts on suggest TRH may be a key homeostatic modulator. 

Furthermore, it may protect against pathological changes or insults to the 

central nervous system (CNS).

The potential therapeutic uses of TRH in CNS disorders are limited by its rapid 

degradation by TRH-degrading enzyme (TRH-DE), which shows highest activity 

levels in the brain. Inhibition of this enzyme should lead to increased levels of 

TRH in the CNS and protect peripherally administered TRH against 

degradation. Developing inhibitors of TRH-DE is however hampered by the 

absence of a crystal structure of the enzyme. Potential inhibitors of TRH-DE 

were designed by structural modifications of TRH and testing their inhibitory 

potency using the purified enzyme. A lead structure, pyroglutamyl-asparaginyl- 

prolineamide, had previously been identified and further modifications and 

substitutions of this compound were studied. It was found that the asparagine 

and proline residues provided key interactions with the enzyme, although the 

enzyme-ligand interaction tolerated modification with aromatic groups and 

extension of the C-terminus yielded potent inhibition of TRH-DE.

Systems in which in vitro analysis of the effects of TRH were established, using 

rat-hippocampal slice incubation and superfusion models. Kainic acid, an 

excitotoxic glutamate glutamate analogue, was used to induce general neuronal 

and glial-specific death, confirmed by the loss of lactate dehydrogenase and 

glutamine synthase from the tissue. TRH protected against this cell death and 

also against apoptosis, as measured by prevention of caspase activation.



Decreases of dopamine and serotonin levels due to kainate toxicity were 

measured by HPLC with electrochemical detection. TRH was found to protect 

against this amine depletion but induced the release of noradrenaline from the 

slices. Glutamine, measured fluorometrically, following HPLC was substantially 

depleted from the slices. TRH protected against this glutamine loss, in addition 

it protected against the kainate-induced loss of the excitatory amino acids 

aspartate and glutamate and against taurine depletion, but had no effect on 

GABA loss. The protective effect of TRH was also measured using a cell- 

culture system in which the neuron-like cell line, SH-SY5Y cells were exposed 

to (a) kainate, to induce excitotoxicity, (b) 1-methyl-4-phenylpyridinium, to 

induce mitochondrial malfunction and (c) staurosporine, to induce apoptosis. It 

was found that TRH protected against cell death induced by each of these 

toxins, although to a varying extent, being most effective against the excitotoxic 

route. TRH protection was both concentration and time dependent.

Neuroprotection by TRH was also studied in vivo by microdialysis. Kainate was 

infused to the striatum of rats and the effects of pre-treatment with TRH, 

injected intraperitoneally, on the neurotransmitter release and were measured. 

TRH prevented a kainate-induced increase in aspartate release and attenuated 

the decreases in the release of the dopamine metabolite 3,4- 

dihydroxyphenylacetic acid and the serotonin metabolite 5-hydroxyindole acetic 

acid due to kainate infusion. Anaesthesia was necessary prior to kainate, and 

this caused significant alteration in neurotransmitter release, particularly 

noradrenaline, glutamate and GABA, and thus the effects of kainate, and of 

TRH, on neurotransmitter release from the striatum were difficult to interpret. 

Following the microdialysis studies the animals underwent a social-learning 

memory recall test and it was found that kainate induced a significant 

impairment in the memory, but pre-treatment with TRH protected against this. 

In a second study kainate was used to cause memory and learning defects, 

measured by performance in the Morris water-maze spatial test. TRH again 

showed protection against kainate impairment with significantly improved 

escape latencies and swim distances.
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CHAPTER 1 

GENERAL INTRODUCTION
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1.1 Thyrotropin-releasing hormone (TRH)

Thyrotropin-releasing hormone was originally isolated from porcine and ovine 

hypothalami as a thyroid-stimulating hormone (TSH, thyrotropin) releasing 

factor (Bowers et al. 1968; Schally et al. 1969). In 1969, Boler et al., followed by 

Burgus et al. announced that TRH is a tri-peptide, consisting of L-pyroglutamyl- 

L-histidyl-prolineamide (L-pGlu-L-His-L-ProNH2) (Boler et al. 1969; Burgus et al. 

1970). This tripeptide is now called thyrotropin-releasing hormone (TRH) and is 

depicted in Fig. 1.1.

O NH

CH2 CONH2

NH

Figure 1.1 Structure of thyrotropin releasing hormone (TRH): TRH is a tri

peptide consisting of L-pyroglutamyl-Lhistidyl-prolineamide (L-pGlu-L-His-L- 

ProNHs).

1.2 The function of TRH as a hormone

1.2.1 Regulation of the hypothalamic-pituitary-thyroid 

axis

The hypothalamic-pituitary-thyroid axis (HPT axis) is a highly regulated system

in which TRH plays a role in regulating hormone release (see Fig. 1.2). TRH is

secreted from neurons in the hypothalamic paraventricular nucleus and

stimulates the synthesis and release of TSH from thyrotroph cells of the anterior

pituitary gland. In turn, TSH stimulates the synthesis and release of thyroxine

( T 4 ) .  When T 4  reaches target cells, it is converted to triiodothyronine ( T 3 ) .  When
2



T4 reaches a critical level, it inhibits TRH and TSH release. Thyroid hormones 

negatively regulate TRH release and hypothalamic pre-TRH mRNA content 

(Scanlon and Toft 2000).

Hypothalamus with 

TRH neurons

Vasopressiri,
TRHInfluences release of

Insulin V
FSH

Pituitary
,GH

PRL
TSH

V

Thyroid

gland

T3, T4

Figure 1.2 Physiological regulation of the hypothalamus-pituitary-thyroid (HPT) axis.

©=negatlve regulation, ®=stimulatory effect, ~©=mildly stimulatory effect. Neurons in the 

hypothalamic paraventricular nucleus secrete TRH, triggering the pituitary to make thyroid- 

stimulating hormone (TSH). TSH stimulates the synthesis and release of thyroxine ( T 4 ) .  When 

T 4  reaches target cells, it is converted to triiodothyronine ( T 3 ) .  When T 4  reaches threshold levels 

it inhibits TRH and TSH release. TRH also plays a role in stimulating the release of prolactin 

(PRL) and follicle stimulating hormone (FSH) and inhibiting growth hormone (GH) release from 

the pituitary, it also influences the release of vasopressin and insulin.

In addition to TSH, TRH stimulates the release of other hormones, including 

prolactin (PRL) and growth hormone (GH), it has a weak stimulatory effect on 

follicle-stimulating hormone (FSH) secretion and also indirectly influences the 

release of vasopressin and insulin (Leong et al. 1983; Scanlon 1991; Lechan 

and Kakucska 1992; Mason et al. 1995; Hermann et al. 2002; Nilini et al. 2002). 

Thus, as summarised in Fig. 1.2, TRH is central to HPT axis regulation (2008).
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1.3 The function of TRH as a neurotransmitter

TRH, similar to many other brain peptides, has been classified as a 

neuromodulator. Brownstein et al. (1975) first suggested that TRH may not 

function simply as a hypothalamic hormone and Nicoll et al. (1980) observed 

that TRH has some of the classic characteristics of an excitatory 

neurotransmitter (Brownstein et al. 1975; Nicoll et al. 1980). Neurotransmitters 

are defined as substances liberated at presynaptic terminals, which, after 

diffusing across the synaptic gap, act on postsynaptic membrane receptors. 

Their actions are localised to the synaptic region, with a duration of 

milliseconds, and are terminated by removal of the transmitter either by 

enzymatic degradation or via a reuptake mechanism, into the presynaptic 

terminal (Krieger 1983). TRH, as a putative neurotransmitter, is liberated from 

presynaptic terminals and acts on postsynaptic cells. It is released in response 

to nerve stimulation, by a Ca^'^-dependent process, and acts on sympathetic 

neurons, by binding to specific receptors, exerting a depolarising response and 

increasing membrane conductance (Nicoll et al. 1980). The location, 

phylogenetics, release mechanism, receptor binding and enzymatic 

degradation of TRH, discussed below, provide evidence to support the function 

of TRH as a neurotransmitter.

1.3.1 Distribution of TRH

More than two-thirds of TRH in the rat-brain is found outside of the traditional 

“thyrotrophic zone” of the hypothalamus (Winokur and Utiger 1974). TRH is 

found throughout the nervous system of vertebrate and invertebrate species in 

locations where it has no pituitary-thyroid function. It is found mainly in neural 

tissue, although it has also been shown to be located outside the nervous 

system. In addition to the hypothalamus, TRH is found in many brain regions, 

including the diencephalon, telencephalon, mesencephalon, myelencephalon 

and spinal cord (Hokfelt et al. 1975; Nilsson et al. 1975). The expression level 

of the TRH precursor peptide, preproTRH is graphed in Fig. 1.3. The highest 

mean concentration of TRH in the rat is found in the hypothalamus (126 pg/mg 

tissue in rat), extra-neural tissues express mean levels of TRH ranging from
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0.6-4.8 pg/mg tissue, and serum concentrations of 12.4 pg/ml (Fuse et al. 

1990). A table based on published literature, indicating the current knowledge 

on the distribution of TRH and its predecessor prepro-TRH or its alternative 

splice products (see section 1.4) in tissues is out lined in Table 1.1.

U

z

Figure 1.3 The express sequence tag (EST) profile of TRH. The expression level of
pre-prothyrotropin, the precursor of TRH in humans (from SynDB, the synapse database 
(taken fromhttp://syndb.cbi.pku.edu.cn/sdb_pro.php?query=trh&id=TRH_HUMAN&seq_filter=1) 
(24/10/2008).

Table 1.1 The distribution of prepro-TRH, the splice product TRH and alternative 

peptides cleaved from prepro-TRH (Nilini and Sevarino 1999).

Tissue prepro-TRH-derived peptides
TRH

Perikarye
Olfactory bulb Partial processing 

prepro-TRH 154-169 
prepro-TRH172-199

Accessory +
External plexiform layer +
Internal plexiform layer +
Glomerular layer + +
Anterior olfactory nucleus +
HilpacwmjSus:
CA2 +
CA3 +
Stratum oriens +
Dentate gyrus:
Molecular Layer +
Granular Layer +
Nucleus accumbens +
Caudate-putamen + +
Medial nucleus + +
Central nucleus + +
Septum +
Bed nucleus, anterior commissure +
Bed nucleus, stria terminalis + +
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Diagonal band of Broca + +
Entorhinal cortex +
Pyriform cortex +
Paraventricular nucleus +
Paratenial nucleus +
Reticular nucleus Some intermediates, no TRH +
Ventromedial nucleus +
Lateral +
H ^^tha lan ius:
Anterior hypothalamus + +
Supraoptic nucleus +
Paraventricular nucleus prepro-TRH is fully processed
Magnocellular part + +
Parvocellular part + +
Arcuate nucleus + +
Lateral hypothalamic area + +
Median eminence TRH+ non-TRH peptides +
Ventromedial nucleus +
Dorsomedial nucleus + +
Perifornical region +
Premammillary nucleus +
Preoptic area prepro-TRH is fully processed + +
Subfornical organ +
M esence^alon and metencephalon:
Locus coeruleus +
Motor nucleus V +
Oculomotor nucleus +
Parabrachial nucleus +
Periaqueductal gray prepro-TRH is fully processed + +
Red nucleus +
Substantia nigra, pars lateralis +
Trochlear nucleus +
Myelencephalon:
Cochlear nucleus +
Dorsal motor nucleus, vagus + +
External cuneate nucleus +
Facial nucleus +
Hypoglossal nucleus +
Inferior olive +
Lateral reticular nucleus +
Nucleus ambigus +
Nucleus tractus solitarius:
Medial +
Pontine nuclei +

nuclei.
Dorsal + +
Median + +
Reticular formation +
Spinal Cord pST 10 detected
Anterior funiculus +
Central canal +
Dorsal horn (laminae II and III) + +
Intermediolateral column +
Lateral funiculus +
Ventral horn (lamina IX) +
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1.3.2 Evolution of TRH

The genomic structure of the preproTRH gene and the three-dimensional 

structures of preproTRH are highly conserved during the course of evolution in 

vertebrates. All known preproTRH genes (e.g. human, rat, mouse, frog, 

medaka and chicken) consist of three exons (Aoki et al. 2007). Within this 

preproTRH gene, the progenitor sequences for TRH are always located in exon 

3 (Aoki et al. 2007). The behavioural role of TRH appears to have been 

conserved during the evolution of simple species to complex ones, whilst its 

role in controlling TSH secretion appears to occur only in mammals and birds 

and has no influence on the reptilian pituitary-thyroid axis (Sawin et al. 1981; 

Jackson 1986; Mason et al. 1995). This suggests that the primary function of 

TRH may be as a neurotransmitter and its behavioural role may be older 

phylogenetically than its role as a regulator of thyroid function (Jackson 1978, 

1986; Mason et al. 1995).

1.3.3 Neuronal release of TRH

TRH is stored as a regulated pool within secretory granules in synaptic 

terminals of neurons. These terminals make both asymmetric and symmetric 

contacts, primarily with dendrites. The symmetric synaptic contact-dendrites are 

somewhat smaller than those receiving asymmetric synaptic contact from TRH 

terminals. The morphological differences between these asymmetric and 

symmetric synapses is due to the variation in the thickness of the postsynaptic 

densities, which implies differences in the distribution of receptors, 

glycoproteins and/or ion channels in the postsynaptic membrane (Rinaman and 

Miselis 1990). TRH is released from these terminals in a Ca^'"-dependent 

process in response to a depolarising concentration of potassium and may have 

either excitatory or inhibitory effects on post-synaptic neurons. These opposite 

effects may be explained by the possible correlation between synaptic structure 

and function, asymmetric synapses are excitatory while symmetric synapses 

are inhibitory (Rinaman and Miselis 1990). The receptor binding process is 

discussed in Section 1.5.
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1.3.4 Co-localisation of TRH

TRH has been found by immunohistochemical and innmunocytochemicai 

studies to co-localise with other neurotransmitters and/or neuromodulators in 

several areas of the brain. These include serotonin (5-HT) and Substance P 

(SP) in medullary bulbospinal neurons (Hokfelt et al. 1989; Poulat et al. 1992a), 

dopamine (DA) in the olfactory bulb, and histamine, enkephalins (ENK) and 

neuropeptide Y (NPY) in various loci of the hypothalamus (Hokfelt et al. 1989). 

TRH also influences release of the neurotransmitters noradrenaline (NA) and 

adrenaline (Lechan and Kakucska 1992). Table 1.2 outlines the intraneural co

localisation of TRH with neurotransmitters in various sites of the CNS. Since 

serotonin co-localises with y-aminobutyric acid (GABA) (Kachidian et al. 1991), 

cholecystokinin (Mantyh and Hunt 1984) and proctolin (Hokfelt et al. 1989), this 

suggests that TRH may also coexist with these in some neuronal populations. 

The effects of this co-localisation are considered further in Section 1.8.

Table 1.2 Intraneuronal co-localisation of TRH with neurotransmitters

Serotonin Medullary raphe 

Spinal cord (ventral horn)

(Hokfelt et al. 1989). 
(Arvidsson et al. 1994) 
(Hokfelt et al. 1989; 
Poulat et al. 1992b)

Substance P Medullary raphe 

Spinal cord (ventral horn)

(Hokfelt et al. 1989) 
(Arvidsson et al. 1994) 
(Hokfelt et al. 1989; 
Poulat et al. 1992b)

Neuropeptide Y Hypothalamus 
(periacqueductal gray)

(Hokfelt et al. 1989)

Enkephalin Hypothalamus 
(perifornical area)

(Hokfelt et al. 1989; 
Merchenthaler 1991)

Dopamine Olfactory bulb 
(periglomerular layer)

(Hokfelt et al. 1989)

Histamine Hypothalamus
(tuberomammillary
neurons)

(Airaksinen et al. 1992)

Human growth 
hormone-like peptide

Hypothalamus medullary 
raphe

(Lechan et al. 1983; 
Hokfelt et al. 1989)

The evidence thus indicates TRH is a neurotransmitter/neuromodulator and it 

fulfils many of the criteria for neurotransmitter status;
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• It is present in secretory granules and exocytosis is responsive to 

membrane depolarisation

• It is released in a Ca^'^-dependent process after depolarisation

• It acts through specific postsynaptic receptors that are widely distributed 

throughout the CNS (see Section 1.5)

• It is rapidly cleared through a specific mode of inactivation (i.e. proteolysis) 

(Section 1.6.1)

1.4 The biosynthesis of TRH

1.4.1 Mechanisms of TRH synthesis

Like most neuropeptides, TRH is derived from a larger precursor protein, 

prepro-TRH. This is then processed by carboxypeptidases, the prohormone 

convertases, PCI and PC2, cleave prepro-TRH to TRH and various other 

peptides, referred to as cryptic peptides. This cleavage takes place during 

axonal transport after removal of the signal peptide (Friedman et al. 1995b; 

Nilini et al. 1995; Nilini et al. 1996). Multiple copies of TRH are found on the 

prepro-TRH peptide, with six copies on human and five copies on rat and four 

TRH copies on chicken prepro-TRH, with seven additional peptides on the rat 

prepro-TRH (Lechan et al. 1986; Jackson 1989; Yamada et al. 1990; 

Croissandeau et al. 1992). The cryptic peptides derived from pro-TRH 

processing include pFT22, pEH24 and pSTIO, and these may have behavioural 

or physiological activity (Bulant et al. 1988).

Processing of TRH from the precursor is followed by amidation o f the proline 

residue by peptidyl glycine alpha-amidating monoxygenase, the amide moiety 

being donated by the C-terminal glycine, finishing with cyclization of the N -  

terminal glutamine by glutaminyl cyclase (EC2.3.2.5; Jackson, 1982). Post- 

translational processing of TRH appears to be restricted to the neuronal 

perikarya, as there is no immunoreactivity to pro-TRH peptide in axons or 

terminals of the median eminence or spinal cord (Jackson 1989). The 

mechanism of TRH synthesis and processing is represented diagrammatically 

in Figure 1.4.
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Figure 1.4 Diagrammatic representation of rat pro-TRH processing. The pro-TRH peptide 

contains multiple copies (5 in rats) of the TRH peptide (blacl< rectangles), in addition to various 

other peptides (shaded portions). Alternative cleavage of this pro-TRH by prohormone 

convertase enzymes PC1 and PC2 regulates TRH biosynthesis from Nilini et a!., 1996).

1.4.1 The regulation of TRH synthesis

The rate of TRH biosynthesis varies across brain areas and may also vary by 

cell type, probably as a result of specific neuronal stimuli (Bulant et al. 1988; 

Lechan and Segerson 1989). It appears that thyroid hormones regulate TRH 

mRNA levels in the hypothalamus, via an inverse relationship, in order to 

maintain TRH levels at concentrations that are sufficient to ensure functional 

integrity of the HPT axis (Lechan and Segerson 1989). TRH levels in 

extrahypothalamic areas are not regulated by thyroid hormones, but are 

probably controlled by other behavioural and physiological demands (Mason et 

al. 1995). Regulation of post-translational processing has also been indicated 

as a possible rate-limiting step for TRH biosynthesis and may be the principal 

factor controlling non HPT axis TRH levels (Fuse et al. 1990).



1.5 The TRH signalling process

1.5.1 TRH binds to specific receptors

The effects of TRH are mediated by activation of specific cell surface receptors 

containing saturable, non-interacting, high-affinity binding sites that exhibit strict 

structural specificity for TRH at all three amino-acid positions, with a binding 

constant for TRH of roughly lOnM (Urayama et al. 1999; Sun et al. 2003). The 

rate of TRH and receptor association and dissociation are highly temperature- 

dependent, with receptor-TRH binding at a lower affinity and dissociating more 

rapidly at higher temperatures (Hinkle 1989). These receptors are G-protein- 

coupled receptors (GPCRs) with seven transmembrane-spanning domains and 

an extracellular A/-terminal region containing A/-glycosylation sites (Straub et al. 

1990).

Receptors for TRH have been identified in many species, including fish, lower 

vertebrates, frogs, rats, mice, cows and humans. To date, three TRH receptor 

subtypes have been identified, TRH receptor type 1 (TRHR1) was originally 

cloned from mouse, TRH receptor type 2 (TRHR2) from rat and TRH receptor 

type 3 (TRHR3) from Xenopus laevis (Straub et al. 1990; Itadani et al. 1998; 

O'Dowd et al. 2000; Bidaud et al. 2002). However, TRHR3 has, as yet, only 

been found in the frog and it is possible that it is in fact a receptor for a different 

ligand as it binds TRH only weakly (Lu et al. 2003).

To date, only a single receptor for TRH has been identified in humans, and this 

receptor has a greater homology with TRHR1 than TRHR2. TRHR2 has been 

found, thus far, in rat, mouse and Catostomus commersoni, but not in humans 

(O'Dowd et al. 2000; Harder et al. 2001b; Harder et al. 2001a; Colson and 

Gershengorn 2006). Rat TRHR2 is 51% identical to TRHR1 and important 

functional differences between the two receptors are implied by variations in 

agonist-induced internalisation and desensitisation. There are differences in 

anatomic distribution of TRHR2, with TRHR2 exhibiting higher basal signalling, 

and TRHR1 considered the “endocrine receptor” (O'Dowd et al. 2000; Harder et 

al. 2001b; Harder et al. 2001a; Colson and Gershengorn 2006). However, all
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six residues that interact directly with TRH within the binding site of TRHR1 are 

conserved in TRHR2 (Perlman et al. 1997). It is possible in some models to 

distinguish between the receptors as ligands have been designed that 

distinguish between mouse TRH receptors, being selective forTRHR2 (Jiang et 

al. 2005).

1.5.2 TRH receptor signalling mechanism

The properties of TRHR1 and TRHR2 have been characterised in detail and 

shown to be similar in structure and binding characteristics. Both bind TRH and 

analogues with indistinguishable affinities and signal with similar potencies and 

mechanisms of signal transduction (Hinkle 1989; Sharif 1989; O'Dowd et al. 

2000). TRHR1 and TRHR2 both use a Gq/n protein for transducing a Ca^'" 

signal during the initial response to TRH (Miranda et al. 2005) and function by 

activating the phospholipase C-protein kinase C signal-transduction pathway 

(O'Dowd eta l. 2000; Lei e ta l. 2001), which is outlined in Figure. 1.5.

Activation of the phosphoinositide-specific phospholipase-C (PLC) pathway 

stimulates turnover of inositol phospholipid (IP3), as membrane 

phosphatidylinositol 4,5-bisphosphate (PIP2) is hydrolysed to IP3 and 1,2- 

diacylglycerol (DAG). These second messengers stimulate increases in 

intracellular free calcium-ion concentration ([Ca^" ]̂!), extracellular Câ "̂  uptake 

and activation of protein kinase C (PKC) (Kiley et al. 1991; Hsieh and Martin 

1992). TRHR activation stimulates calcium/calmodulin-dependent protein 

kinase (Jefferson et al. 1991, Cui et al. 1994) and mitogen-activated protein 

kinase (MAPK) (Kanda et al. 1994, Ohmichi et al. 1994). K'^-channel 

conductances are modulated and cGMP levels also increase (Nakayama et al. 

1996; Lei et al. 2001; Kubek and Garg 2002; Miranda et al. 2005).

Although TRHR1 and R2 signal via the same pathways, the receptors have 

been reported to show marked differences in basal signalling activities. 

Nevertheless, the maximum levels of PIP2 hydrolysis due to TRH binding to 

TRHR1 or TRHR2 appear to be indistinguishable (O'Dowd et al. 2000; Sun et 

al. 2003).
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Figure 1.5 TRH signalling mechanism. TRH binds to the TRHR, which operates in 

conjunction with a Gq/n protein, stimulating the PLC pathway and resulting in increased [Ca^'"]i 

resulting in activation of calcium/calmodulin-dependent protein kinase (Ca^'^/CamKin), PKC and 

MARK. It also induces gene transcription via transcription factors CREB, AP -1  and Elk-1. The 

C a^* inward current results in K'" channel inhibition, depolarises the cell membrane and results 

in excitation of the cell. This in turn may cause neurotransmitter release, or motoneuron 

excitation. PLC: phospolipase C; PIP2: phosphatidylinositol 4,5-bisphosphate; IP3: inositol 1,4,5- 

trisphosphate; DAG: diacylglycerol.

1.5.3 TRH functions through fC channel blockade

The actions of TRH are numerous and varied, but a common mechanism 

appears to underlie these activities (Gary et al. 2003). TRH exerts a 

depolarising effect through a sustained Ca^'^-sensitive inward current that is 

accompanied by a blockade of K'" metabotrophic receptors in neurons that are 

receptive to TRH modulation (Nistri 1990; Nistri et al. 1990).

There are three major classes of K‘"-channels; voltage gated channels (Kv),

inwardly rectifying channels (K ir ) and two pore domain channels (K ap). TRH

has been shown to interact with sub-species of each class. TRH blocks K""-

currents from the pituitary Kv human ether-a-go-go-related gene (HERG)

channels, neuronal Kir G protein-coupled inwardly-rectifying (GIRK) channels
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and neuronal K2P TWIK-related acid-sensitive K"^-channel (TASK) (Talley et al. 

2000; Lei et al. 2001; Schledermann et al. 2001; Yarbrough et al. 2007). It has 

been proposed that many, or perhaps all, of the CNS effects of TRH are 

mediated by the inhibition of these potassium channels. The K'"-channels 

inhibited by TRH in CA1 interneurons are most likely to be Kap channels (Deng 

et al. 2006). This class of K'"-channel has background or leak K'^-channels and, 

therefore, may play a crucial role in setting the resting membrane potential and 

regulating cell excitability (Deng et al. 2006).

The net effects of this K'"-channel blockade are to depolarise membrane 

potentials, leading to increased cellular excitability. This elicits pronounced and 

sustained excitatory effects that enhance excitation-secretion coupling in 

pituitary cells and excitation-transmitter release in TRH-receptive neurons, 

motoneuron excitation and spinal reflexes, which may function through an 

increase in cyclic AMP (Richerson 2004; Yarbrough et al. 2007). This TRH 

inhibition may then be negated by activation of GABAb (y-aminobutyric acid 

type b) receptors (Richerson 2004).

The K"̂  channels are recognised as potential therapeutic targets in the 

treatment of multiple sclerosis, A lzheimer’s disease, Parkinson’s disease, 

epilepsy, stroke, brain tumours, brain/spinal cord ischaemia, pain, 

schizophrenia and migraine (Judge et al. 2007). The etiologies of these 

diseases may be due in part to the dysfunction of these channels and, thus, 

TRH, as an inhibitor of K'^-channels could play a role in channel regulation.

1.5.4 The distribution of TRH receptors

Despite the similarities between the TRHR1 and TRHR2 subtypes in structure, 

binding characteristics and mechanisms of signal transduction, the receptors 

exhibit different tissue distributions.

TRH receptors are distributed heterogeneously throughout the CNS, with TRHR

binding sites or their mRNA having been found throughout the
14



extrahypothalamic nervous system, nucleus accumbens septi, various cranial 

nerve motor nuclei, the medulla oblongata, ventral spinal cord, cerebellum, 

cortex, the thalamus and the basal ganglia, where they probably serve 

neurotransmitter or neuromodulatory functions (Table 1.3).

TRHR1 is highly expressed in limbic structures, with highest expression found 

in the anterior pituitary, neuroendocrine brain regions, the autonomic nervous 

system and visceral brain stem regions, whereas TRHR2 is expressed primarily 

in the thalamus, cerebral and cerebellar cortex, medial habenulae, medial 

geniculate nucleus, pontine nuclei and throughout the reticular formation (Sharif 

1989; Heuer et al. 2000; O'Dowd et al. 2000; Lu et al. 2003). Table 1.3, from 

Heuer et al. (2000), outlines the mRNA expression levels of TRHR1 and 

TRHR2 in the CNS as well as the distribution of the mRNA encoding prepro- 

TRH and the principal enzyme that degrades TRH, TRH-degrading enzyme 

(TRH-DE).

This specific pattern of distribution suggests that the two receptors may serve 

different and highly specific functions for the transmission of TRH signals. The 

physiological functions of TRH mediated by each of these receptor subtypes 

may be separated into control of the vegetative and autonomic system as well 

as on the somatomotor system by TRHR1, which is considered the “endocrine 

receptor”, whereas TRHR2 receptors regulate sensory processing regions and 

areas controlling higher cognitive functions, providing a basis for the effects of 

TRH on arousal, locomotor activity and pain perception (O’Dowd et al. 2000; 

Harder et al. 2001b; Harder et al. 2001a; Colson and Gershengorn 2006).
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Table 1.3 The mRNA expression levels of TRH-R1, TRH-R2, TRH-DE and TRH in the 

rat brain and spinal cord. The relative densities of the hybridisation are ranked as follows: 

+++++, maximum density; ++++, very dense; +++, dense; ++, moderate; +, low; below 

detection; *, single scattered neurons, (Heuer et al, 2000).

1 Olfactory bulb I
Glomerular cell layer + - ++ + + + + +
External plexiform layer + - + + + + +++

Mitral cell layer + - + ++ +
Internal plexiform layer - - ++++ -
Anterior olfactory nucleus ++ + + + + + +++
Accessory olfactory bulb - + + + + + +++ ++

Cerebral cortex
Layer 1 - - - -
Layer 2 ++ ++ + -
Layer 3 ++ + + + + + -
Layer 4 - + + + + + -
Layer 5 + + + + + ++ -
Layer 6a + ++ + +++++ -
Layer 6b - + +++++ -
Perirhinal cortex - ++++ ++ -
Enterorthinal cortex - +++ ++ -
Piriform cortex - +++ +++++ -
Dorsal endopiriform cortex - +++ +++ -
Ncl. of lateral olfactory tract - + +++++ -
Taenia tecta +++ + +++++ ++

Indusium griseum - - ++++ +
Nucleus accumbens, shell - ++ + +
Septum, lateral septum - - ++++ -
Medial septum +++ ++ + -
Diagonal band of Broca horizontal limb ++ ++++ + -
Vertical limb + +++ ++ -
Caudate-putamen + - + +++++
Globus pallidus ++ - + +
Subthalamic nucleus ++ - + -
Ventral pallidum ++ + ++ +

Amygdala
Lateral amygdala - +++ ++ -
Amygdalohippocampal area + - +*
Medial amygdaloid nucleus ++ +++ +++ -
Central amygdaloid nucleus ++ + +++ -
Basomedial amygdaloid nucleus - +++ + -
Basolateral amygdaloid nucleus ++ - - ++
Posterolateral cortical nucleus - ++ + -
Posteromedial cortical nucleus - +++ + +++

Hippiooampus
CA1 - +* +++ -
CA2 - +* +++++ -

CAS - +* ++++ -

Dentatus gyrus - ++ + ++
Subiculum +++++ - ++++ ++*

Diencephilon
Habenulae medial +++++ - ++++ -

Thalamus
Ventral posterior thalamic nucleus +++++ - ++ -
Centromedial +++++ - +* -
Anterodorsal +++++ - ++ -
Anteroventral ++++ - + -
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Location TRHR2 TRHR1 TRH-DE TRH
Reticular tlialamic nucleus - - - +++++
Paraventricular thalamic nucleus ++ + + + +++++ - -

Xiphoid thalamic nucleus + + + + - ++ -
Bed nucleus of stria terminalis + + + + +++ +++ ++++

H j^ th a la m u s
Anterior hypothalamic area + + + +++++ +++ ++++
Medial preoptic area - ++ ++++ +++++
Suprachiasmatic nucleus - +++ +++ -

Paraventricular hypothalamic nucleus - ++ +++ +*
Medial parvocellular part - + ++ +++++
Zona incerta + + + +++ ++ -
Arcuate ncl. - +++ +++ ++++
3'“̂ ventricle, ventral part — - +++++ -
Ventromedial hypothalamic nucleus VL-/D+ + + -
Dorsomedial hypothalamic nucleus - ++ + +++++
Lateral hypothalamic nucleus ++ +++ +++ +++++

Mesencephalon 
Superior colliculi
Superficial gray ++ +++ ++ -
Inferior gray ++ - + -
Inferior colliculi ++++ - + -
Medial geniculate nucleus ++++ - ++ -
Substantia nigra ++ ± ++ -

Pars compacta 1
Pars reticulata - ++ +++ -

Periaqueductal gray - +++ ++ -
Pontine nucleus +++++ - - +++
Interpeduncular nucleus ++++ - + -
Facial nucleus - ++++ + -
Motor nucleus of trigeminus - ++++ + -
Reticulotegmental nucleus +++++ - - ++

[ Cerebellum
Granular layer +++* - +++++* ++++*
Molecular layer ++++* - - -
Purkinje cell layer - - - -

Brainstem
Reticular formation +++++ +* +++ -
Parabrachial nucleus + (medial) ++ (lateral) ++ -
Dorsal tegmental nucleus +++ - - -
Noradrenergic A5 ++ - - -
Barrington nucleus - ++ - -
Raphe obscurus/magnus - - - +++++
Ncl. tractus solitarii - +++ ++ -
Area postrema - - +++++ ++
Hypoglossal nucleus - +++++ + -
Dorsal motor nucleus of vagus ++ ++++ ++++ ++
Nucleus ambiguous - ++++ + -

Ncl, cuneatus ++ + ++ -
Spinal trigeminal nucleus +++ ++(external) ++ +++++
Medullary reticular nucleus +++ + ++ -

Spinal cord
Superficial dorsal horn + +++ +++ +++
Deep dorsal horn +++++ + ++ -
Ventral horn +++++ ++++ ++ -
Motoneurons - +++++ ++++ -
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1.5.5 TRH receptor internalisation

TRH binding is followed by TRHR phosphorylation, 3-arrestin binding and rapid 

clatharin-dependent internalisation of the receptor, with TRHR2 being 

internalised faster than TRHR1 (ti /2 = 0.20 min for TRHR2 and t i /2 = 1 . 6  min for 

TRHR1 upon Methyl-TRH stimulation(0'Dowd et al. 2000). The carboxyl 

terminus of the receptor plays an important role and coated pits are involved in 

the endocytosis (Ashworth et al. 1995; Heuer et al. 2000; Cook and Hinkle 

2004). These internalised receptors are either targeted to lysosomes, where 

they undergo degradation, or are recycled back to the plasma membrane 

(Ashworth et al. 1995; Cook and Hinkle 2004).

1.6 Degradation of TRH
TRH is rapidly metabolised by endopeptidases, having a biological half-life in 

the order of only 5 minutes in humans (Faden et al. 2005). The levels of TRH 

are regulated by enzymatic inactivation both intra- and extracellularly. Several 

enzymes that degrade TRH have been identified, as detailed in Table 1.4, and 

the method of degradation is presented in Fig. 1.6. These include post proline 

cleaving enzyme, also known as prolylendopeptidase (PE), and pyroglutamyl 

aminopeptidase I (PAP I), both of which are cytosolic enzymes, and by the 

membrane-bound thyrotropin-releasing hormone-degrading enzyme (TRH-DE), 

also called pyroglutamyl aminopeptidase II (PAP II), and the serum peptidase 

thyroliberinase, which exhibits identical chemical characteristics to TRH-DE and 

is thought to result from an alternative cleavage of TRH-DE (Friedman and Wilk 

1985; Lin and Wilk 1998). It is generally acknowledged that thyroliberinase and 

TRH-DE are primarily responsible for removal of TRH in vivo (O'Cuinn et al. 

1990).
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Table 1.4 Enzymes that degrade TRH. TRH has a short half-life (~5 min) following its 

release from cells. Three enzymes are responsible for its degradation, with TRH-DE considered 

the most critical to TRH metabolism.

Pyroglutamyl 
aminopeptidase 1

PAP 1 3.4.19.3 A soluble cysteine protease

Prolyl
endopeptidase

PE 3.4.21.26 A soluble serine protease

Pyroglutamyl PAP II, 3.4.19.6 Membrane bound and located
aminopeptidase II TRH-DE primarily in the CNS
Thyroliberinase 3.4.19.6 Similar to PAP II but missing 

the transmembrane anchor

TRH

pGlu-His-ProNH2

PAP 1, TRH-DE, 

Thyroliberinase

pGlu + His-ProNH2

Prolyl Endopeptidase

pGlu-His-ProOH

I
Cyclo(His-Pro)

(His-Pro-diketopeperazine)

Figure 1.6 Enzymatic pathways of TRH degradation. TRH-DE, a membrane bound 

enzyme is highly specific for TRH and is considered to be the most critical enzyme in TRH 

degradation, due to its concentration in the CNS. Both PAP I and PE are cytosolic enzymes. 

Thyroliberinase is found in serum and is thought to result from an alternative cleavage of TRH- 

DE, with loss of the membrane anchor (Friedman and Wilk 1985). The source of this serum 

enzyme may be the liver (Lin and Wilk 1998).

1.6.1 TRH-degrading Enzyme

TRH-DE is considered the first ‘neuropeptide specific peptidase’ (Wilk 1986) 

due to its unprecedented degree of specificity for the particular peptide 

conformation of TRH (O'Cuinn et al. 1990; Bauer et al. 1997b). TRH-DE is
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primarily an enzyme of the CNS, exhibiting highest levels of activity in the brain, 

where it has a heterogeneous distribution, but with highest activity in the 

hippocampus and cerebral cortex (Friedman et al. 1995a). TRH-DE in the CNS 

is localised on synaptosomal and adenohypophyseal plasma membranes 

(Bauer et al. 1990; O'Leary and O'Connor 1995). It is also present at lower 

levels in the lung, retina and liver (Vargas et al. 1992).

The cDNA sequence of TRH-DE indicates that it is a membrane-bound 

enzyme. It also provides evidence that it is an ectoenzyme, i.e., an integral 

membrane protein with an extracellularly localised active site (Bauer et al. 

1981; Friedman and Wilk 1986; Bauer et al. 1990; Cruz et al. 1991; Schauder 

et al. 1994; O’Leary and O'Connor 1995).

The distribution of the mRNA of the prepro-TRH gene and of TRH-DE in the 

CNS is outlined in Table 1.3, where the correlation between the peptide and the 

enzyme is shown. Thus, the major locations and positioning of TRH-DE as a 

membrane-bound ectoenzyme, convenient for the hydrolysis of TRH, lead to 

the conclusion that synaptically released TRH in the CNS is primarily 

terminated by TRH-DE. Consequently, it may be postulated that inhibition of 

this target enzyme should elevate TRH levels in the CNS.

TRH may inhibit its own enzymatic removal by enhancing translocation of 

protein kinase C from the cytosol to the plasma membrane, where it can 

inactivate TRH-DE by phosphorylation of the enzyme (Mason et al. 1995).

1.6.2 Structure of TRH-DE

TRH-DE is a homodimeric glycoprotein composed of two identical 116 kDa

subunits, which are associated non-covalently (Bauer et al. 1990;

Papadopoulos et al. 2000). It is a member of the metallopeptidase family (see

MEROPS: The peptidase database, http://merops.sanqer.ac.uk/) and shares

significant homology with two M l aminopeptidases, aminopeptidase A (APA)

(32% homology) and aminopeptidase N (APN) (34% homology), with homology

occurring most notably in the extracellular domain (Bauer 1994; Papadopoulos
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et al. 2001; Chavez-Gutierrez et al. 2006). TRH-DE is a zinc peptidase that 

contains the conserved HEXXH + E sequence in the extracellular domain, 

which is characteristic of zinc-enzymes. Glutamate residues in this motif 

coordinate the Zn^"" atom (Czekay and Bauer 1993; Bauer 1994; Schauder et 

al. 1994). The structure of TRH-DE is not yet known, but theoretical modelling 

and mutational analyses have been used to elucidate details of the enzyme’s 

active site and overall structure (see Figures 1.7-1.9; (Kelly et al. 2005; 

Chavez-Gutierrez et al. 2006). These homology studies have been performed 

by multiple alignment of the M l family members (APA, APN and leukotriene A4 

hydrolase) to create three-dimensional models of TRH-DE. Docking studies 

have been used to investigate the interaction between the enzyme and TRH.

C C C C HEICH CC C C
Rat TRH-DE

6» 174 279 331 444 >2] 130 <59 I9S

C C C HELAH C C C C
Rat APN I ^  ‘ ‘ ' I I I !  . - r  I I I I

Mouse APA

24 113 223 760 767 797 t33

2C C C C C C HELVH C C

13 23 43 70 IS2 22] 2i0 494 744

Figure 1.7 Schematic representation of the primary structure of rat TRH-DE, rat APN and 

mouse APA. TRH-DE is a zinc metallopeptidase that contains the conserved HEXXH 

sequence in its extracellular domain. It shares significant homology with two M1 

aminopeptidases, A and N, creating a basis for homology modelling and docking studies of 

TRH-DE (Papadopoulos et al, 2000).
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Figure 1.8 IVIodelling the TRH-DE active site. The interaction between key active-site 

residues o f human TRH-DE (labeled in black) and TRH (yellow) or the inhibitor GIp-Asn-Pro 

(green) are illustrated using the crystal structure o f leukotriene A 4  hydrolase (LTA 4 H) as a 

tem plate fo r homology modelling by MOE (Molecular Operating Environment; Chemical 

Com puting Group). The zinc residue is labeled pink and broken lines indicate possible 

hydrogen-bond interactions between the P i' asparagine residue o f GIp-Asn-Pro and the 

enzym e (Kelly et al, 2005).
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Figure 1.9 Model of Rat TRH-DE. (i) A three-dimensional model of the catalytic region of TRH- 

DE was generated by Chavez-Gutierrez et al. (2006) using Insight II (Accelrys Software Inc., 

San Diego, CA) with the human LTA4H x-ray crystal structure as a template for homology 

modelling, (ii) A close up of the catalytic site, with helices 1 and 2 {H1, H2) containing the 

HEXXH motif residues, (iii) TRH-DE with TRH docked. The Zn^* residue in i, ii and iii is shown 

as a grey sphere (Chavez-Gutierrez et al. 2006).

1.7 The central effects of TRH
TRH appears to function as a modulator of CNS actions, normalising the 

intensity and quality of CNS activity by affecting brain chemistry, behaviour and 

physiology. These centrally induced effects are not mediated by the endocrine 

effects of TRH, since most of the CNS effects of TRH can be achieved even 

when the endocrine targets of the tripeptide have been removed, but they may 

work in conjunction with, and are dependent upon, the behavioural/physiologic 

state of the organism (Nemeroff et al. 1984; Mason et al. 1995).

1.7.1 The effect of TRH or TRHR deletion

Knockout mice, targeting the prepro-TRH gene have been generated. These 

TRH' '̂ mice had no apparent abnormality in the central nervous system, 

gastrointestinal tract, reproductive system or visual system. Although no



behavioural characterisation has been reported, they did however suffer from 

hypothyroidism and mild hyperglycaemia (Yam.ada et al. 1997).

A patient exhibiting hypothyroidism was found to have a severely altered, 

inactive, TRH receptor, with the protein missing all seven transmembrane 

domains (Collu et al. 1997). The presenting symptoms were short stature with 

markedly delayed bone maturation; the patient also exhibited cognitive 

deficiencies, although this was a family trait and, therefore, not necessarily 

associated with the receptor mutation.

Two studies have also been performed in which TRHR1 was knocked out in 

mice, giving results similar to that found in the patient described above (Rabeler 

et al. 2004; Zeng et al, 2007). While both studies found TRHRT^' mice to have 

hypothyroidism, there were differences in some of their findings. Rabeler et al. 

(2004) found the TRHRI'^' mice to be clearly growth retarded, but Zeng et al. 

(2007) reported that they were normal in both body length and weight. Both 

studies concluded that the mice had no overt developmental abnormalities, and 

neither reproduction nor lactation was severely impaired. Behavioural 

evaluation performed on the TRHRI'^' mice revealed elevated anxiety and 

depression levels, suggesting that TRH is involved in mood regulation (Zeng et 

al. 2007).

It has been proposed that TRH maintains the balance between ergotropism and 

trophotropism, having a homeostatic role as it acts to normalise the intensity 

and quality of CNS activity (Mason et al. 1995; Gary et al. 2003). It may be that 

TRH functions only under certain physiological conditions, such as stress or 

healing (Gary et al. 2003). When TRH is infused into animals it acts as an 

excitatory agent with organism-wide effects on arousal, sleep, cognition, 

locomotion and mood. Gary’s concept of TRH acting as a homeostatic 

modulator of the CNS is depicted in Fig. 1.11, with the effect of TRH activation 

being dependent on the particular state of the organism (Gary et al. 2003). It 

has been suggested that one of the roles for TRH in the brain is as an intrinsic 

regulator of thalamocortical network activity, which would provide a potential
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mechanism for TRH’s wake-promoting and anti-epileptic effects (Broberger and 

McCormick 2005).

TRH enhances motor neuron firing in response to excitatory amino acids, 

increases motoneuron recruitment by antidromic stimulation and depolarises 

ventral roots (Nilini and Sevarino 1999). TRH increases cholinergic 

transmission and augments the excitatory input of acetylcholine (ACh). It is 

thought that many effects of TRH are mediated by cholinergic mechanisms 

(Yarbrough 1983; Nilini and Sevarino 1999; Gary et al. 2003). TRH modulates 

the activity of several other neurotransmitters, including dopamine, serotonin 

and opiates, so it may affect the actions of the many drugs that affect these and 

other neurotransmitters (Nemeroff et al. 1984; Griffiths 1985).

TRH

e Q anxiety, seizures

ABNORMAL 
FUNCTION HOMEOSTASIS

« 0 depretsion. laligiM

TRH
Figure 1.10 Conceptualisation of the homeostatic modulatory role of TRH. Significant 

alterations in CNS neuronal activity, resulting from either hyper- or hypo-function, can clinically 

manifest as anxiety and seizures or as depression and fatigue, respectively. TRH neuronal 

systems are activated by the perturbed CNS function and respond by returning the system back 

to homeostasis (Gary et al. 2003).

1.7.2 The effect of TRH on arousal and sleep time

The first noted ergotropic effect of TRH was on arousal and sleep time (Metcalf 

and Dettmar, 1981). TRH has analeptic properties, with administration resulting 

in reversal of sedation and increased wake time and/or decreased sleep time in 

several species, whether caused by drugs such as barbiturates, trauma or by 

natural physiological conditions such as hibernation (Metcalf and Dettmar 1981;
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Nilini and Sevarino 1999). TRH has the ability to arouse animals from drug 

narcosis induced by alcohol and other CNS depressants, including opiates, 

phenothiazines and benzodiazepines and it has been demonstrated that TRH 

levels rise in the medial septum as rats recover from ethanol-induced sedation 

(Morzorati and Kubek 1993). When microinjected into the dorsal hippocampus 

of the ground squirrel, TRH produced physiological and behavioural arousal 

from hibernation (Stanton et al. 1981).

This effect of TRH appears to operate through cholinergic pathways, and it has 

been shown to prevent the post-concussive elevation of cortical ACh and 

reduction of cortical NA (Tanaka et al. 1997). The medial septal area of the 

brain has the greatest degree of sensitivity to TRH administration, where 

cholinergic activity is enhanced in the septohippocampal and nucleus basalis- 

cortical systems, which are known to be areas that play a central role in 

reversal of drug-induced narcosis (Yarbrough 1983; Tanaka et al. 1997).

1.7.3 The effect of TRH on appetite

A central action of TRH, independent of endocrine activity, is in the regulation of 

several metabolic and behavioural parameters, one of which is food intake 

behaviour. High levels of TRH are found in the ventromedial hypothalamus 

(which serves to signal satiety) and TRH interacts with NPY and NA (Hokfelt et 

al. 1989). However, it has also been suggested that this effect is independent of 

catecholamine pathways, and that TRH thereby decreases appetite 

(Appenzeller and Oribe 1997). Enkephalin, NPY and NA are all important to 

intake behaviour, which suggests that TRH plays a role in appetite regulation. 

This is consistent with findings that TRH suppresses food and water intake and 

causes an increase in gastrointestinal motility as well as an increase in the 

volume and acidity of gastric secretion (Steward et al. 2003; Ao et al. 2006; 

Lechan and Fekete 2006; Schuhler et al. 2007). This indicates that TRH 

possesses anorexigenic capacity.
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1.7.4 The effect of TRH on mood disorders

TRH appears to be involved in the pathophysiology of mood disorders, since its 

synthesis and TRHR levels undergo a prolonged increase in the brain 

(hippocampus, amygdala, entorhinal cortex and pyriform cortex — regions 

known to be involved in depression) following treatment with mood stabilisers 

such as valproate and lithium chloride, and during electroconvulsive therapy 

(ECT), a treatment for major depression (Sattin et al. 1987; Knoblach and 

Kubek 1994; Pekary et al. 2000; Sattin et al. 2002; Pekary et al. 2004).

TRH administration enhances the pharmacological action of antidepressant 

drugs. It has therefore been suggested that the beneficial effects of 

antidepressants may be mediated by TRH (Gary et al. 2003). The intravenous 

or intrathecal administration of TRH induces rapid (within hours) remission of 

major depression in humans and has a sustained antidepressant effect in 

patients with bipolar disorders of type I and II (Callahan et al. 1997; Marangell 

et al. 1997; Szuba et al. 2005; Zeng et al. 2007).

The anxiolytic effects of TRH have also been demonstrated, administration to 

healthy pre-menopausal women resulted in improvement in ratings of tension 

and anxiety, with no difference to the behavioural effects of TRH in normal 

subjects (Winokur et al. 1982). This gives further evidence for TRH functioning 

as a homeostatic regulator, where its effects may be influenced by the state of 

activity of the CNS.

Behavioural experiments on TRHRI'^' mice (Section 1.7.1) and senescence- 

accelerated mice (mice showing age-related emotional changes as well as 

learning and memory impairments) demonstrated that TRH has a key role in 

regulating anxiety and depression-elevated anxiety as well as depression, 

providing further evidence that TRH is involved in mood regulation (Miyamoto et 

al. 1994; Zeng et al. 2007).
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1.7.5 TRH regulates body temperature

Thermoregulation is controlled from the brainstem and spinal cord. TRH has a 

prominent role in integrating a number of thermogenic responses, at least in 

some species. The effect of TRH on core body temperature is variable and 

species-dependent. In man, intravenous injection of TRH causes cutaneous 

vasodilation, sweating and thus a drop in core body temperature (Sugenoya et 

al. 1988). It can cause hypothermia (when given into the ventricles) by serving 

to reduce body temperature through lowering the reference temperature for 

heat dissipation (Nilini and Sevarino 1999). TRH produces hypothermia in cats, 

whilst inducing hyperthermia in other species (e.g. mouse, rabbit, Siberian 

hamster) (Metcalf and Myers 1975; Boschi et al. 1983a; Sugenoya et al. 1988; 

Schuhler et al. 2007).

The effect of TRH on body temperature is coordinated principally in the anterior 

preoptic area of the hypothalamus, and the effect has been shown to be 

unrelated to the endocrine function of TRH (Metcalf and Myers 1975; Nilini and 

Sevarino 1999; Lechan and Fekete 2006). In species where TRH causes 

hyperthermia, the increase in body temperature is not simply a result of the 

induction of locomotor activity, since experiments with the Siberian hamster 

showed that the body temperature increased through peripheral 

vasoconstriction, increased metabolic heat production and shivering, 

suggesting that endogenous TRH is important in arousal from hypothermic 

states (Schuhler et al. 2007). TRH has been shown to antagonise hypothermia 

produced by ethanol, morphine, barbiturates, chlorpromazine and endogenous 

neuropeptides, including neurotensin, bombesin and (3-endorphin (Nemeroff et 

al. 1984; Horita et al. 1986). This indicates that TRH plays an important role in 

temperature homeostasis.

1.7.6 The effect of TRH on locomotion

Investigators have documented pronounced and long-lasting excitatory effects 

of TRH on amphibian and mammalian spinal motoneurons and spinal reflexes 

(Yarbrough 2003). The systemic administration of TRH to rats elicits locomotor
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activation, including frequent rearing, sniffing, grooming, preening, wet-dog 

shakes, jaw movements, paw licking and tail rattle (Miyamoto and Nagawa 

1977). TRH has been shown to antagonise motor impairment and convulsions 

caused by ethanol, volatile general anaesthetics, sedative-hypnotic drugs and 

by other CNS depressants (Nemeroff et al. 1984).

TRH elicits distinct effects on the CNS that can be either dependent or 

independent of the dopamine system of the mesolimbic area and nucleus 

accumbens, which indicates that there are overlapping, but distinct, TRH 

mechanisms that induce locomotion (Miyamoto and Nagawa 1977; Funk et al. 

1997).

1.7.7 TRH and pain perception

TRH has an analgesic effect. Peripheral or central injection with TRH of mice 

has shown TRH to have antinociceptive properties that are equal to or greater 

than those of morphine, although the duration of pain relief is short (Boschi et 

al. 1983b; Tanabe et al. 2007). This is most likely due to the short biological 

half-life of TRH (in the order of ~5 minutes) (Morley 1979; Moss and Bundgaard 

1990).

1.8 The interaction of TRH with neurotransmitters
The homeostatic role of TRH described in the previous section, and the 

beneficial effects of endogenous and administered TRH, lead to the assumption 

that it may be of benefit in a number of disease states. The involvement of TRH 

with several neurotransmitter systems, particularly ACh, serotonin and 

noradrenalin, is thought to be implicated in its beneficial effects (see Table 1.2 

for co-localisation of TRH with neurotransmitters and Figure 1.11 for an 

example of the convergence of multiple inputs on the Xenopus melanotrope 

cell).

The interaction of TRH with these neurotransmitter systems will be considered 

in the following sections, with particular emphasis on the glutamatergic system.
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in particular disease states resulting from excitotoxicity, which was the main 

focus of the present work.

IH)M< -[K-ptiiirs

Figure 1.11 The converging neurochemical input on a melanotrope cell. CRH, 

corticotropin-releasing hormone; DA, dopamine; GABA, y-arninobutyric acid; IN, interneurons; 

LC, locus coeruleus; Mg, magnocellular nucleus; NA, noradrenaline; NPY, neuropeptide Y; PI, 

pars intermedia; PN, pars nervosa; POMC, pro-opiomelanocortin; Ra, raphe nucleus; SC, 

suprachiasmatic nucleus; SMIN, suprachiasmatic melanotrope-inhibiting neuron; TRH, 

thyrotropin-releasing hormone; 5HT, serotonin (from Kolk et al. 2002),

1.8.1 The interaction of TRH and GABA

Many of the physiological functions of TRH, including arousal, sleep, cognition, 

locomotion and mood, are also physiological functions in which GABAergic 

transmission has an underlying role (Deng et al. 2006). GABA is the primary 

inhibitory neurotransmitter of the CNS and functions in inhibiting the activity of 

signal-receiving neurons (Mihic and Harris 1997).

TRH and GABA coexist in the caudal raphe nuclei, and hippocampal cells 

expressing receptors to TRH are found in the stratum radiatum of the CA1 and 

CAS regions suggesting that they are GABAergic interneurons and that TRH 

may regulate the function of GABA in the hippocampus (Kachidian et al. 1991; 

Heuer et al. 2000; Deng et al. 2006).
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It has been demonstrated that administration of TRH increased GABA release 

in each region of the hippocampus and it has been suggested that TRH 

facilitates this GABA release by inhibiting resting K"" conductances (Deng et al. 

2006). TRH has been shown to block the Kap channel, resulting in membrane 

depolarization and an increase in action potential firing of the GABAergic 

interneurons, facilitating the release of GABA (Deng et al. 2006).

1.8.2 The interaction of TRH and serotonin

TRH and serotonin are both neurotransmitters of the descending bulbo-spinal 

tract. It is well established that serotonin coexists with TRH in caudal raphe 

neurons of the midline and ventral medulla, which project into the dorsal vagal 

complex (DVC). Both TRH and serotonin operate by the same mechanism — 

convergence on and inhibition of TASK1 potassium channels (Section 1.5.3) 

(Richerson 2004). The increased motor neuron excitability produced after 

systemic administration of a TRH analogue in rats is potentiated by co

administration of a 5-HT agonist, resulting in an increase in amplitude and 

duration of response, thus, the effects of 5-HT and TRH on downstream targets 

might be complementary and supra-additive (Richerson 2004).

1.8.3 The interaction of TRH and acetylcholine

Unlike the effect of a combination of TRH and serotonin, no synergistic 

interaction has been detected between acetylcholine (ACh) and TRH; the action 

is probably mediated by the blockade of K"" channels by TRH, which would be 

expected to augment responses to excitatory inputs such as ACh (Yarbrough 

2003). TRH has been demonstrated to activate the cholinergic neurons of the 

cortex and the hippocampus in a selective manner, with a marked and long- 

lasting increase in the release of endogenous ACh (Giovannini et al. 1991; 

Nguyen et al. 2007).

TRH has been shown to use cholinergic mechanisms in the behavioural effects 

it mediates. The analeptic effects of TRH indicate this. In addition a TRH 

analogue can reverse the learning deficits and the hippocampal decrease in
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choline uptake induced by lesioning of the medial septal cholinergic neurons 

(Horita et al. 1989; Giovannini et al. 1991).

The behavioural effects observed in rats following systemic administration of 

TRH, such as wet-dog shaking, sniffing, forepaw licking, tail elevation, face 

washing and hyperactivity, do not coincide with the release of ACh and are of a 

shorter duration, indicating that cognitive rather than motor behaviour is more 

susceptible to the interaction between ACh and TRH (Giovannini et al., 1991). 

Thus, not all of the effects of TRH are mediated by ACh, with other 

neurotransmitter systems, including the dopaminergic system, playing a role.

1.8.4 The interaction of TRH and dopamine

The dopaminergic system is involved in at least some of the effects of TRH 

since both TRH and its analogues have been shown to modulate the central 

actions of dopamine (Bennett et al. 1989). Some of the tic-like behaviours 

elicited by TRH in rodents, such as head-shakes and wet-dog shakes, may be 

mediated by the Di dopamine receptor, as Mushiroi et al (1996) have shown 

that the Di dopamine receptor antagonist, SCH23390, blocks the analeptic 

effect of a TRH analogue and it has also been reported to attenuate the TRH- 

induced forepaw licking tic behaviour of mice (Mushiroi et al. 1996; McCreary 

and Handley 1999).

Injection of TRH into the nucleus accumbens of the rat has been shown to 

cause an increase in DA metabolism in both the nucleus accumbens and in the 

striatum (Kalivas et al. 1987). The TRH analogue, TA-0910, stimulates 

locomotor action, mediated primarily via dopaminergic neurons, especially in 

the nucleus accumbens of the mesolimbic DA system (Yamamura et al. 1991).

1.8.5 TRH and glutamate

Glutamate is an endogenous excitatory amino acid that plays a major role in 

synaptic transmission; it is the most abundant excitatory neurotransmitter in the
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mammalian CNS. TRH and glutamate show co-localisation throughout the 

neuroaxis (Sattin et al. 2003).

It is possible that TRH is involved in the vesicular release of glutamate because 

TRH neurons in the hypothalamic paraventricular nucleus and in the non- 

hypophysiotropic lateral hypothalamic area co-express mRNA for a glutamate 

vesicular transporter (VGLUT-2, a brain-specific Na'^-dependent inorganic 

phosphate cotransporter) (Nie et al. 2005; Wittmann et al. 2005).

It has been shown that glutamatergic neurons of the hypothalamic attack area 

(HAA), a region of the hypothalamus that controls attacking behaviour, co

express TRH signals in a large subpopulation of neurons (Hrabovszky et al. 

2005b). These glutamatergic neurons co-expressing TRH possibly fulfill specific 

roles that, due to their localisation, are specifically involved in the control of 

behaviour, particularly the control of aggression (Hrabovszky et al. 2005b).

Another of the functions of the glutamate releasing hypophysiotropic TRH 

neurosecretory system has been proposed to be the regulation of important 

glial functions at the sites of release (Hrabovszky et al. 2005a).

The role of glutamate signalling and its modification by TRH is of significant 

importance in this study and, therefore, the method of glutamate 

neurotransmission is described in further detail below.

1.9 Glutamate neurotransmission

The interaction of TRH with the glutamatergic system is a major theme of this 

thesis and thus further study of the method of glutamate neurotransmission is 

considered here. Glutamate functions by activating three families of receptors, 

the A/-methyl-D-aspartate (NMDA) receptors, the a-amino-3-hydroxy-5-methyl- 

4-isoxazole propionic acid (AMPA)/kainate receptors and the metabotropic 

receptors. Each family differs in subunit composition, ligand-recognition 

properties, transduction mechanisms and in the biophysical properties of the
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ion conductances stimulated by their activation. Within each receptor family 

there are a number of different subtypes that may serve different physiological 

roles (Doble 1995).

Activation of the ionotropic glutamate receptor (iGluR) members (NMDA, 

kainate and AMPA receptors) is essential in memory and learning, and 

dysfunctions of this system are found in several CNS diseases (Meldrum and 

Garthwaite 1990). iGluR mediated glutamate excitatory synaptic transmission 

occurs through ligand-gated ion channels.

1.9.1 NMDA receptors

Glutamate receptors that preferentially recognise NMDA as a ligand are termed 

NMDA receptors. These receptors are blocked at resting membrane potentials 

by magnesium ions and they cannot be activated by glutamate. This 

magnesium block is voltage-dependent and, once the cell has been depolarised 

by another excitatory mechanism, the receptor can be activated by glutamate, 

permitting the entry of sodium and calcium ions and the efflux of potassium ions 

(Doble 1995).

1.9.2 AMPA receptors

AMPA receptors were first identified for preferentially recognising quisqualic 

acid and were later termed AMPA receptors. The activation of the AMPA 

receptors allows the entry of sodium and the efflux of potassium ions from the 

cell and, unlike the NMDA receptors, will only permit the passage of calcium 

ions under particular circumstances. AMPA receptors mediate rapid glutamate 

excitatory transmission and are responsible for the principal excitatory circuits 

of the hippocampus and the cerebellum (Doble 1995).

1.9.3 Kainate receptors

On many neurons, both AMPA and kainate receptors can be activated by both 

ligands and, thus, both subtypes are usually referred to as AMP/kainate
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receptors. Like AMPA receptors, kainate receptors allow the entry of sodium 

and the efflux of potassium ions from the cell. There is a high density of kainate 

receptors in the CNS, particularly in the CAS region of the hippocampus (Doble 

1995).

1.9.4 Metabotropic glutamate receptors

The metabotropic glutamate receptors (mGluRs) are a family of G-protein- 

coupled receptors, of which, eight subtypes have been cloned to date. These 

have been classified into three major groups (Macek et al. 1998). Activation of 

these receptors modulates cell excitability and fast synaptic transmission. One 

of the most prominent roles of mGluRs in the CNS is to serve as presynaptic 

receptors that inhibit transmission at glutamatergic synapses (Macek et al. 

1998). mGluRs play an important role in processes requiring synaptic plasticity, 

such as learning and memory, neuronal development and neurodegeneration 

(Dhami and Ferguson 2006). Excessive activation of mGluRs has been shown 

to induce seizures and appears to contribute to excitotoxicity and cell death, 

demonstrating a role for mGluRs in the pathological states of convulsion and 

neurodegeneration (Schoepp et al. 1995).

Activation of the glutamate metabotropic receptor increases the formation of 

two second-messengers, I P 3  and DAG, and activates calcium-stimulated PLC. 

I P 3  causes an elevation of free intracellular calcium from intracellular non- 

mitochondrial calcium stores. Calcium regulates a number of cellular signal- 

transduction processes, including the activation of PKC and 

calcium/calmodulin-dependent protein kinase, whilst DAG stimulates the 

activation of the PKC pathway (Naarala et al. 1993).

Similar to the TRHR, mGluRs are also known to internalise upon agonist

binding, and are desensitised in a G-protein-coupled receptor kinase (GRK)-

and PKC-dependent manner (Naarala et al. 1993). Activators of PKC can inhibit

the presynaptic effect of mGluRs at corticostriatal synapses (Macek et al.

1998). Since TRH is an activator of PKC (O'Dowd et al. 2000; Lei et al. 2001), it

is possible that TRH could inhibit mGluRs.
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1.9.5 The role of glial cells in glutamate signalling

The correct functioning of the giutamatergic neurotransmission system is aided 

by glial cells (astrocytes in particular) playing a key role in maintaining 

extracellular concentrations of glutamate at a low level. Glutamate is removed 

from the extracellular space by specific transporter proteins, e.g. EAAT-1 and 

EAAT-2, and is transformed into non-toxic glutamine within the astrocyte by the 

cytoplasmic enzyme glutamine synthase (GS).
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Figure 1.12 The glutamate-glutamine cycle. Glutamate Is secreted from vesicles within 

giutamatergic neurons upon depolarisation. This extracellular glutamate is taken up into cells by 

specific transporter proteins, e.g. EAAT-1 and EAAT-2 (expressed uniquely in glial cells). A 

glial-specific cytoplasmic enzyme, glutamine synthase (GS), transforms the glutamate into non

toxic glutamine within the cell. Glutamine may then be released by the glial cells back into the 

extracellular space, where it has no effect, as it does not activate excitatory amino-acid 

receptors. Glutamine can then be taken up into giutamatergic neurons and reconverted into 

glutamate by glutaminase. This cycle prevents accumulation of glutamate in amounts that are 

toxic to postsynaptic neurons. GS levels have been shown to be depleted following injury, 

ischaemia or disease, resulting in an increase in glutamate to neurotoxic levels (Gras et al. 

2006).
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GS is glial-specific and is a key enzyme in the ‘small glutamate compartment’, 

which functions in the recycling of glutamate and prevention of its accumulation 

in amounts that are toxic to postsynaptic neurons. The glutamine produced may 

be released by the glial cells back into the extracellular space, where it has no 

effect, as it does not activate excitatory amino acid receptors, it can be taken up 

into nerve terminals and reconverted into glutamate by glutaminase, to be 

released in a new round of synaptic transmission (Doble 1999; Kruchkova et al. 

2001). This glutamate-glutamine cycle is depicted in Fig. 1.12. In this way, the 

neurotransmitter pool is replenished and glutamate neurotoxicity is prevented.

1.9.6 The effect of TRH on glutamate signalling

Excessive glutamate stimulation of neurons has been implicated in many 

disease states and causes excitotoxicity (Section 1.10). It is thought that TRH 

may be an efficacious neuroprotectant against excessive glutamate excitation. 

Many models have been established in which glutamate or one of its receptor 

ligands have been used, both in vivo and in vitro to induce excitotoxicicty and 

in which the protective capacity of TRH has been measured. It has been 

shown that TRH reduces glutamate-stimulated increases in [Ca]j in vitro 

(Koenig et al. 1996). It has also been shown that pretreatment with TRH 

reduces glutamate-, NMDA- and KA-induced cell damage in rat hippocampal 

slices and primary cortical neurons (Pizzi et al. 1999; Jaworska-Feil et al. 

2001; Veronesi et al. 2007a).

A pathophysiology of major depression has been proposed to involve the 

hyperactivation of pre-frontal to limbic glutamate circuits because of the loss of 

glutamate regulation by TRH (Sattin 1999). Treatment with ECT induces TRH 

synthesis (see Section 1.7.4) within glutamate-signalling circuits, reducing 

glutamate activation of NMDA, AMPA and voltage-regulated postsynaptic 

effects (Sattin 1999; Koenig et al. 2001).
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1.10 Excitotoxicity

Excitotoxicity has been implicated in a number of chronic neurodegenerative 

diseases, such as Alzheimer’s disease, Huntington’s disease, Parkinson’s 

disease and amyotrophic lateral sclerosis. It has also been implicated in the 

brain damage resulting from insults such as Rasmussen’s encephalitis, 

schizophrenia, hypoglycaemia, trauma epilepsy and stroke [though reactive 

oxygen species (ROS), following reperfusion, are also a contributor to damage] 

(Choi 1988; Meldrum and Garthwaite 1990; Meldrum 2002).

Figure 1.13 The excitotoxic cascade. Neuronal excitation can lead to chronic depolarization 

and the release of glutamate (Glu), causing an influx of into dendrites via the NMDA 

receptor. This C a^* influx can result in a subsequent loss of neuronal Ca^"" homeostasis, a 

defining factor of glutamate-mediated toxicity (Sullivan 2005).

Excitotoxic cell death involves prolonged depolarisation of neurons, changes in 

intracellular calcium concentrations, and the activation of enzymatic and 

nuclear mechanisms of cell death (Doble 1999). This excitotoxic cascade is 

outlined in Figure 1.13. In classical excitotoxicity, elevated levels of extracellular 

glutamate cause persistent depolarisation of the neuron, triggering a cascade of 

cellular events, including sodium and calcium influx and the exocytosis of

osa.
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glutamate that eventually leads to cell death (Doble 1999). Glutamate toxicity 

acts via two distinct pathways: an excitotoxic one, in which glutamate receptors 

are hyperactivated, and an oxidative one, resulting in glutathione depletion, 

oxidative stress and cell degeneration (Gras et al. 2006).

1.10.1 Free radicals and excitotoxicity

Excitotoxicity is mediated by calcium, as activation of the mGlu and NMDA 

receptors results in an increase in intracellular calcium levels (Figure 1.13). 

Calcium ions regulate a number of cellular signal transduction processes, 

including the activation of protein kinase C and calcium/calmodulin-dependent 

protein kinase and thus play a critical role in toxic cell killing and programmed 

cell death (Naarala et al. 1993). Calcium ions lead to activation of calcium- 

dependent enzymes, such as NADPH oxidase, cytosolic phospholipase A2, 

nitric oxide synthase (NOS) and xanthine oxidase. These enzymes produce 

reactive oxygen and nitrogen species (ROS/RNS), which oxidatively modify 

nucleic acids, lipids, sugars and proteins, leading to nuclear damage, 

mitochondrial damage, proteasome inhibition and endoplasmic-reticulum stress 

(Doble 1999).

Free radicals play an important role in the excitotoxic process with production of 

these being a major contributor to cell death due to damage to intracellular 

organelles as membrane damage and ultimately cell lysis results from lipid 

peroxidation and the activity of the calcium-dependent lipases (Doble 1999). 

Free radicals are also contribute to cell death following cerebral ischemia. 

There is an overproduction of ROS following reperfusion consumption of 

endogenous antioxidants, neurons are particularly vulnerable to free radicals 

due to their relatively low levels of endogenous antioxidants (McCulloch and 

Dewar 2001).

1.10.2 Failure of the small glutamate compartment

The conversion of glutamate to glutamine by glutamine sythase can fail to 

prevent glutamate neurotoxicity under pathological conditions, such as in the
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diseases described above. There is reportedly also a decline in GS expression 

and/or activity in the process of neuronal degeneration that follows injury or 

focal ischaemia and in the pathophysiology of a variety of neurological 

disorders and GS activity is also inhibited in HIV infection, probably as a result 

of the effects of inflammatory mediators and viral proteins (Kruchkova et al. 

2001; Gras et al. 2006). Patients with Alzheimer’s disease show a diminished 

and changed distribution of GS in the cerebral cortex, possible causes of which 

are the increased ammonia levels and the toxic agents derived from senile 

plaques (Haberle et al. 2006). GS deficiency has been suggested as a possible 

molecular basis for mesial temporal lobe epilepsy, since these patients express 

40% less GS in the hippocampus than the normal population (Haberle et al. 

2006). Should this glutamate conversion pathway fail due to disease conditions, 

as shown in Fig 1.13, glutamate levels would build up, resulting in further 

secondary damage caused by the excitotoxicity instigated by the excessive 

glutamate levels.

1.11 The role of TRH in disease states
Neurodegenerative diseases are a major cause of morbidity in the elderly and 

are therfore an important issue in public health. A major hypothesis to explain 

the pathogenesis of such diseases is excitotoxicity. In addition to excitotoxicity, 

changes in cholinergic, dopaminergic and serotonin levels may be manifested 

in neurodegenerative diseases.

The interaction of TRH with a number of neurotransmitters (Section 1.8) and its 

apparent regulatory role as a homeostatic modulator indicates that TRH may 

have an important role to play in neurological protection following various 

disease conditions. Pathological changes, chemical insults or the side effects of 

therapeutic drug (e.g. tranquillizers, anaesthesia, alcohol or narcotics) perturb 

homeostasis. The TRH regulatory system may be activated in response to 

these perturbations of homeostasis. As previously described in Section 1.5.3, 

the fundamental molecular event of TRH receptor activation is the blockade of 

potassium channels. This blockade results in increased excitabilities of
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neuronal and pituitary circuitry. This event may be responsible for the 

restoration of homeostasis and alleviation of the damage due to disease or 

trauma. This may explain why TRH appears to be useful to varying degrees in 

multiple and unrelated clinical disorders (Yarbrough et al. 2007).

Because of its location and action within the CNS, this potential therapeutic 

property of TRH has resulted in various trials to determine its beneficial effects 

in neurological and psychiatric disorders. However, potential therapeutic uses 

of TRH are limited by its rapid degradation after its release from cells and the 

poor penetration of TRH into the brain following systemic administration. With 

peripheral administration, high doses of TRH are required to produce CNS 

effects because of poor penetration into brain and rapid peripheral inactivation. 

This has prompted an interest in synthesising more stable analogues of TRH, 

preferably with a higher CNS rather than endocrine receptor affinity, thus 

having only behavioural, not hormonal-effects.

1.11.1 The potential of TRH therapy in Alzheimer’s 

disease

Alzheimer’s is the most common neurodegenerative disorder in the aging 

population and is characterised by the progressive and irreversible 

deafferentation of the limbic system, neocortex and basal forebrain.

In Alzheimer’s disease, a transformation in the cleavage of the amyloid 

precursor protein occurs, resulting in misfolded proteolytic products, i.e. the 

insoluble amyloid-|3 peptides 1-42 (APi_4 2 ). These peptides aggregate and then 

accumulate in the neuronal endoplasmic reticulum and extracellularly (Ewbank 

1999; Walsh et al. 2000). This leads to the formation of lesions called senile 

plaques (Glenner 1988; Selkoe 2001). In addition to the formation of lesions, 

the microtubule-associated protein Tau is hyperphosphorylated and 

accumulates in the neurons, resulting in the formation of neurofibrillary tangles 

(Alonso et al. 1996). TRH plays a role in the regulation of Tau phosphorylation, 

through phosphokinase A and C pathways, suggesting treatment with TRH
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could provide a treatment against the formation of neurofibrillary tangles (Luo 

and Stopa 2004). Premature apoptosis and/or an aberration in apoptosis 

regulation has also been implicated in the pathogenesis of Alzheimer’s, with 

increased activation of neuronal caspases demonstrated in brains from 

Alzheimer’s patients (Fadeel et al. 1999). These lesions, tangles and apoptosis 

of neuronal cells leads to a loss of synapses and neurodegeneration, which in 

turn leads to dementia. The role of excitotoxicity has also been implicated as 13- 

amyloid peptides appear to sensitise neurons to excitotoxic cell death, thereby 

aggravating neurodegeneration (Doble 1999).

A further route to neurodegeneration may be caused by mutations in the gene 

encoding voltage gated potassium channels. Alterations in the expression of a

channel (Kv3.4, a channel in neurons producing currents that spike at high 

rates), resulting in its up-regulation to high levels in diseased brains, has been 

reported (Angulo et al. 2004; Waters et al. 2006). Interestingly, it has also been 

demonstrated that the amount of TRH found in the hippocampus of 

Alzheimer’s-disease patients is significantly lower than that of age-matched 

controls (Luo et al. 2002). Since TRH functions by the inhibition of potassium 

channels, it is possible that using TRH therapy may endow some form of 

protection.

TRH has been used in trials as a therapy for Alzheimer’s disease. It has 

resulted in significant improvement in arousal and a modest improvement in 

semantic memory (Mellow et al. 1989). This is probably as a result of 

enhancement of ACh transmission by TRH, but the improvement observed is 

short-lived.

1.11.2 The potential of TRH therapy in ALS

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a 

progressive, fatal neurodegenerative disease that is caused by gradual 

degeneration of motor neurons in the cortex, brainstem and spinal cord, leading 

to loss of voluntary muscle movement. This disease is characterised by

42



progressive muscular weakness, leading to paralysis and eventually death, 

usually due to respiratory failure (Brown 1997; Doble 1999; Boillee et al. 2006) 

There is stark evidence that excitotoxicity caused by a glutamatergic defect 

contributes to ALS (Doble 1999). In post-mortem spinal cord analysis, it has 

been reported that there is a loss of EAAT-2 (Doble 1999), a glial specific 

glutamate transporter (see Figure 1.12). This loss would prevent the conversion 

of glutamate into glutamine, leading to an excessive build up of excitatory 

extracellular glutamate. There is substantial evidence to indicate that oxidative 

toxicity is associated with ALS neuronal death (Bogdanov et al. 2000). In ALS a 

mutation of the gene encoding superoxide dismutase (SOD) results in the 

generation of hydroxyl radicals in cells more readily, making cells pro-apoptotic 

because of increased free radical damage (Fadeel et al. 1999; Bogdanov et al. 

2000). Additionally, it is known that the EAAT-2 transporter is very sensitive to 

free-radical damage (Doble 1999).

TRH has been studied as a treatment for ALS because TRH excites anterior 

motor horn cells, which undergo a loss of innervation in ALS. The studies 

showed a transient, statistically significant, effect in at least some muscles, 

leading to the conclusion that the effect of TRH in ALS is a definite, acute and 

transient response (Brooks 1989). TRH may be functioning to protect against 

the excess levels of glutamate resulting from the loss of the small glutamate 

compartment regulation.

1.11.3 Parkinson’s disease and the potential of TRH 

therapy

Parkinson’s disease (PD) is the second most common neurodegenerative 

disorder following Alzheimer’s disease. It is the result of neurodegeneration 

occurring in the nigro-striatal dopaminergic neurons and of dopamine depletion. 

It is clinically characterized by bradykinesia, postural instability, gait difficulty 

and tremor. Depigmentation, neuronal loss, and gliosis of the substantia nigra 

are typical brain abnormalities found in PD (Gibb and Lees 1991).
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The mechanisms of cell death have not yet been fully elucidated, but increased 

oxidative stress, abnormal mitochondrial function and excitotoxicity have all 

been suggested to be initiators or mediators of neuronal damage (Mariani et al. 

2005). Large amounts of oxidative stress are produced by the catabolism of 

dopamine, and high levels of lipid peroxidation are observed in the substantia 

nigra of PD patients (Doble 1999). The hallmark of the disease is the loss of 

brain cells producing dopamine. There is general consensus that the number of 

cortical neuronal nicotinic receptors is decreased. Loss of the nicotinic 

receptors may precede degeneration of cholinergic and dopaminergic neurons 

in affected regions (Dworakowska and Dolowy 2000). It has been demonstrated 

that TRH activates cholinergic neurons (Giovannini et al. 1991; Nguyen et al. 

2007), suggesting that it may act as a protective agent. Dysfunctions of various 

channels (e.g., Kv, K(ATP) and Kir2) may also be involved in the 

pathogenesis of PD (Wang et al. 2008), again giving rise to the possible 

efficacy of TRH treatment.

Figure 1.14 The structure of Taltirelin. A structural analogue of TRH, (-)-A/-[(S)- 

hexahydro-1-methyl-2,6-dioxo-4-pyrimiclinylcarbonyl]-L-histiciyl- L-prolinamide tetrahydrate. It is 

more potent than TRH in ameliorating cerebellar functional disorders and also has 

neuroprotective effects in mouse transient brain ischemia (Urayama et al. 2002) and, as 

demonstrated by its anti-ataxic effects in rats, may be mediated by NMDA receptors and 

stimulates locomotor activity via the dopaminergic system (Yamamura et al, 1991; Kinoshita et 

al. 1998a).

As mentioned in Section 1.8.4, TRH may act on the D1 dopamine receptor. The 

TRH analogue, Taltirelin (Figure 1.14), can stimulate locomotor action via 

dopaminergic neurons, demonstrated in the nucleus accumbens of the rat 

mesolimbic DA system (Yamamura et al. 1991), which may be of use as a
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treatment in PD. TRH has been demonstrated to increase dopamine levels in 

the striatum of Japanese encephalitis virus-induced post-encephalitic 

parkinsonism rats (Ogata et al. 1998). Although these diseases are different, it 

suggests that TRH could be of therapeutic value. TRH may increase dopamine 

levels by activating tyrosine hydroxylase (Togari et al. 1988), the rate-limiting 

enzyme in the conversion of tyrosine to L-dopa in catecholamine synthesis.

1.11.4 Epilepsy

There is direct evidence that at least one form of epilepsy, Rasmussen’s 

encephalitis, is due to excitotoxicity caused by abnormal activation of AMPA 

receptors (Doble 1999). It has been reported that epileptic seizures can be 

associated with neuronal tissue damage and cell loss in the central nervous 

system, which is most likely due to sustained excitation and subsequent 

excitatory amino acid-mediated excitotoxicity (Sullivan 2005).

It appears that TRH is involved in seizure modulation (Kubek et al. 1989; 

Pekary et al. 2000; Jaworska-Feil et al. 2001; Koenig et al. 2001). TRH 

induction has consistently been found in the hippocampus after chronic 

electroconvulsive seizure (ECS), a seizure paradigm that is commonly used to 

test the efficacy of anticonvulsant drugs (Knoblach and Kubek 1994). 

Furthermore, TRH and TRH-analogues have been shown to have 

anticonvulsant properties in several animal and human models of seizures 

(Jaworska-Feil et al. 2001; Koenig et al. 2001; Kubek and Garg 2002). As TRH 

increases cholinergic transmission in the hippocampus and cortex (Yarbrough 

1976; Okada 1991), it is possible that TRH could be used to reverse ECS- 

induced neurochemical and behavioural deficits.

The anticonvulsant effects of TRH are effected, at least in part, by the 

enhanced release of GABA from inhibitory hippocampal interneurons. This is 

due to blockade of K2P channels by removal of extracellular Mg^"", resulting in a 

block o f the NMDA glutamate channel (Deng et al. 2006).
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1.11.5 TRH improves memory and learning deficits

TRH and/or its analogues improve performance in learning-impaired mice, and 

restores learning or memory deficits in rats made cognitively deficient by 

anticholinergic treatment, electrochemical shock treatment (ECT), or by surgical 

lesions (Ballard et al. 1996; Ogasawara et al. 1996; Katsumata et al. 2001; 

Faden et al. 2003b). These effects appear to be largely mediated by enhanced 

cortical ACh (TRH selectively activates cholinergic neurons, Section 1.8.3). 

Human trials have demonstrated modest cognitive improvements in patients 

with alcoholic dementia, in the ECT postictal state and in Alzheimer’s disease 

(Gary et al. 2003).

1.11.6 TRH treatment for spinocerebellar degeneration

There is considerable interest in TRH as a spinal neuromodulator and in its 

analogues as potential therapeutic agents in spinal-cord injury and in 

motoneuron disorders. A number of reports confirm the ameliorative effects of 

TRH and its analogues in experimentally induced spinal cord and other 

neurological injuries. TRH has been reported to improve electrophysiological 

recovery of damaged spinal-cord tissue (Faden et al. 1989). Improvement may 

result from the trophic effects of TRH on spinal motoneurons, from the ability of 

TRH to increase spinal-cord blood flow, or from the ability to reduce oedema at 

the site of spinal cord injury. An interesting feature is that studies have shown 

no difference in the histopathology of TRH-treated animals despite there being 

a functional improvement (Faden, et al 1984). Although Behrmann et al. (1993) 

observed significant sparing of the white matter of the spinal cord in TRH- 

analogue treated animals (Behrmann et al. 1993).

It is thought that TRH and its analogues exert direct excitatory effects on spinal 

neurons rather than acting via release of other neurotransmitters (Horita 1998). 

However, it is possible that the therapeutic property of TRH is unrelated to its 

excitatory effect on motoneurons (as demonstrated by the ineffectiveness of 

some TRH analogues, despite their excitatory properties) (Deshpande and 

Warnick 1994). Taltirelin (Figure 1.14), with the trade-name Ceredist®, is
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marketed by Tanabe Seiyaku Pharmaceuticals Ltd. in Japan as a drug for 

patients with spino-cerebellar degenerative diseases (Kinoshita et al. 1998b). 

Ceredist® has a reduced affinity for brain- and, particularly, pituitary TRH- 

receptors, compared with TRH. Compared to TRH, it has an enhanced half-life 

and bioavailability in humans, providing greater and longer-lasting CNS action. 

In patients undergoing treatment with this TRH analogue, improvements were 

recorded in gait, speech and coordination (Kinoshita et al. 1998b).

1.11.7 The effect of TRH on alcoholism

Because alcohol intoxication is accompanied by incoordination and sedation 

indicative of neuronal inhibition, researchers have investigated alcohol’s effects 

on GABA and its receptors (Mihic and Harris 1997). Alcohol is a drug of abuse 

that has facilitatory influences on dopaminergic and serotonergic systems in the 

brain. Alcohol has been shown to casuse the release of DA in the mesolimbic 

system, and alcohol-preferring rats have 10-15% lower DA content in the 

nucleus accumbens, which may be one neurochemical mechanism involved in 

the positive reinforcing properties of ethanol (Rezvani et al. 1992).

TRH antagonises the sedation, motor impairment and hypothermia produced by 

ethanol (Rezvani et al. 1992). Pre-treatment with TRH has been shown to 

reduce the error-producing effect of ethanol and to increase reaction times in 

humans without interfering with the blood ethanol concentration versus time 

curve (Knutsen et al. 1989). The TRH analogue Taltirelin (see Fig. 1.14) dose- 

dependently reduced ethanol intake in alcohol-preferring rats and 

commensurately increased their water consumption (Rezvani et al. 1992).

Thus, the evidence suggests that brain TRH systems are involved in the

modulation of ethanol-mediated behaviour and, possibly, alcohol preference.

TRH has modulatory effects on central dopaminergic/serotonergic systems,

which may provide a hypothesis on the mechanism of ethanol-interaction. The

TRH-mediated DA release may substitute for ethanol-mediated DA release,

thus removing the motivation to consume alcohol. It has also been

demonstrated that drugs that facilitate serotonergic transmission by inhibiting 5-
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HT re-uptake can suppress a preference for alcohol in humans and animal 

models (Rezvani et al. 1992). As TRH modulates central serotonergic systems, 

and TRH and 5-HT coexist in neurons in certain brain areas (see Section 

1.3.4), the enhancement of serotonergic activity may explain the effect of TRH 

on alcohol consumption.

1.11.8 TRH and head injury and spinal trauma

There is significant interest in TRH as a treatment for human traumatic brain 

injury and spinal cord injury, either to prevent damage progression or to speed

up neuronal recovery. TRH and its analogues have been shown to be capable 

of promoting recovery in animal models of head injury (Tanaka et al. 1997; 

Faden et al. 1999). Cats with brain-stem compression injury show improved 

neurological and EEG parameters, and mice with head-impact injuries 

demonstrated less behavioural disturbance after TRH treatment (Nilini and 

Sevarino 1999). The TRH analogue, Montirelin (Figure 1.15), has been shown 

to have beneficial effects in spinal trauma (Grunenthal, 1997) possibly acting 

through the cholinergic and noradrenergic systems, which it has been reported 

to enhance (Itoh et al. 1994a; Ogasawara et al., 1996). Montirelin has been 

shown to stimulate dopamine release from the rat striatum and causes a 

marked enhancement of NA turnover in the mouse brain (Itoh et al. 1994; 

Ogasawara et al. 1996).
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Figure 1.15 The structure of Montirelin. Montirelin,, (3R,6R)-6-methyl-5-oxo-3- 

thiomorpholinyl carbonyl-L-histidiyl-L-prolineaminde tetrahydrate, is a structural analogue of 

TRH. In addition to its use following spinal trauma, it has been patented as a drug for the 

treatment of ALS, for inhibiting sleep apnoea and for treating senile dementia and posttraumatic 

nervous injuries (US Patent Numbers 4788179, 5968932, 4956364, 4906614, respectively).
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1.11.9 Ischaemia and brain injury

Ischemia, a diminished blood supply to the brain, results in neuronal death. This 

death results from multifactorial processes that may be interrelated, such as 

excessive glutamatergic transmission and inadequate energy supply. The 

reperfusion of blood stimulates ROS production, leading to increased levels of 

hydroxyl radicals (see Section 1.10.1). It has been demonstrated that inhibition 

of glutamate-mediated synaptic transmission may be neuroprotective 

(Obrenovitch et al. 2000).

Animal models of stroke have provided a test-model for the potential 

therapeutic application of TRH and its analogues, which have demonstrated 

improved recovery and reduced neurological deficits following cerebral damage 

induced by experimental hematoma and ischemia (Nilini and Sevarino 1999; 

Urayama et al. 2002).

Katsumata et al. (2001) modelled stroke in rats by middle cerebral artery (MCA) 

occlusion-induced infarcts, and administered a TRH-analogue, JTP-2942 

(Figure 1.16), post-surgery, which significantly improved survival, protected 

against ischaemic damage and reduced infarct size (Katsumata et al. 2001).

Figure 1.16 Structure of JTP-2942. A structural analogue of TRH, (A/-[(1S, 2R)-2-methyl-4- 

oxocyclopentylcarbonyl]-L-histidyl- L-prolinamide monohydrate). JTP-2942 improves local 

cerebral blood flow and local glucose utilization in rats with cerebral ischemia in acute and 

chronic phase models (Ikeda et al. 1998).

This analogue exhibits strongly enhanced acetylcholine release in the rat 

hippocampus and frontal cortex and following MCA occlusion, it caused 

activation of damaged neuronal networks and also structural changes (Toide et 

al. 1993; Yonemori et al. 2000). In addition to cholinergic activation, JTP-2942
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directly activates dopaminergic, noradrenergic and serotonergic neurons 

(Yonemori et al. 2000). The drug Montirelin has also been shown to have 

beneficial effects following cerebral ischaemia (Grunenthal, 1997).

1.12 Overview of project aims

Thyrotropin-releasing hormone (TRH) is a tri-peptide that has a wide range of 

effects on the central nervous system (CNS) and has potential therapeutic 

value in the treatment of CNS disorders. This potential is limited by the short 

biological half-life of TRH, primarily due to the actions of TRH-degrading 

enzyme (TRH-DE). Excitotoxicity, which causes the prolonged depolarisation of 

neurones, has been implicated in a number of chronic neurodegenerative 

diseases, such as Alzheimer’s disease, Huntington’s disease, Parkinson’s 

disease and amyotrophic lateral sclerosis. The primary focus of this thesis was 

to examine the biological effects of TRH during excitotoxic conditions. The aims 

of this thesis were to:

• Determine the kinetic parameters of new TRH-like compounds, 

measured with purified TRH-DE and use these for structure-activity 

relationshop (SAR) analysis.

• Construct an in vitro system for the study of the effects of TRH following 

excitotoxicity induced by kainate on hippocampal slices.

• Construct in vitro models of excitotoxicity, mitochondrial toxicity and 

apoptotic cell death using a neuronal-like cell line to determine the 

protective potential of TRH.

• To establish an in vivo model where memory and learning were impaired 

by kainate toxicity and to measure the effect of TRH against this effect.

• To measure the effects of TRH on striatal release of neurotransmitters 

and the formation of reactive oxygen species following kainate 

application.
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2.1 Sources of Reagents

A detailed list of sources of all compounds and reagents is presented in 

Appendix A. Reagents are listed in each category in alphabetical order. The 

source of each reagent is indicated by the supplier’s name.

2.2 Preparation of Solutions

All aqueous solutions were prepared using distilled, deionized water with a 

conductivity of less than 2 mOhm. The water had been deionised by passing 

through a Millipore Milli-U10 model water purification system. Reagents were 

weighed out using a Mettler College Toledo B2002-S top-loading balance, for 

weights of greater than 2 g, and a Mettler College 150 Analytical balance for 

weights less than 2 g.

2.3 Pipetting

All volumes in the range 5 pl-5 mL were dispensed with Gilson automatic 

pipettes. All pipettes were checked regularly for accuracy according to 

manufacturer’s recommendations. Larger volumes were measured using 

volumetric flasks and calibrated volumetric cylinders.

2.4 pH Determination

All pH measurements were made using a Corning pH meter, model 240 

equipped with a Corning general-purpose combination electrode. The pH meter 

was calibrated before use using BDH standard solutions at pH values of pH 4, 

pH 7 and pH 10.01. The pH of solutions was adjusted when necessary using 

solutions of NaOH, HCI, KOH as appropriate.
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2.5 Centrifugation

All large volumes of material were centrifuged using a Sorvall RC-50 centrifuge 

using the following rotors;

GSA 6 X 250 mL g max. = 27 600 g 

SS-34 8 X 50 mL g max. = 48 700 g

Small volumes were centrifuged using a Beckman bench-top Microfuge™, 

operating at a fixed speed corresponding to 15,000 g, or using a refrigerated 

variable speed Eppendorf 5415-R bench-top centrifuge with a g max of 16,100 

g. All centrifugation was carried out at 4°C, unless otherwise stated. Rotors 

were pre-cooled to this temperature before use. All g forces quoted refer to the 

relative centrifugal force at the bottom of the centrifugal tube. Centrifugal time 

does not include acceleration or deceleration time.

2.6 Spectrophotometry

All enzyme kinetic rates were measured using a Perkin-Elmer LS50B 

luminescence spectrophotometer, a Varian Cary 300 UV-Visible dual beam 

spectrophotometer, an Agilent 8453 spectrophotometer and multi-well plate 

reader fluorescence and absorption spectrophotometers from Molecular 

devices (Spectra Max 340 PC). All simple absorbance readings were measured 

using a Unicam Helios spectrophotometer. The cuvettes in the 

spectrophotometers were maintained at a constant temperature by a circulating 

water bath throughout the multi-cell holders and allowed to equilibrate to that 

temperature before use and the plate readers used an integrated heating block. 

All buffers were brought to the temperature of the spectrophotometer in a 

separate water bath before use. Disposable plastic cuvettes and 96 well plates 

were used for all spectrophotometric determinations.
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2.7 Protein Determination

Protein determinations were carried out using the Bio-Rad micro assay 

procedure or the Markwell method during this work. Choice of protein assay 

method was based on sample type, presence of interfering substances in 

addition to the protein concentration.

2.7.1 Bio-Rad assay for protein determination

The Bio-Rad protein assay is based on the method of Bradford, in which the 

absorbance maximum for an acidic solution of Coomassie® Brilliant Blue G-250 

dye shifts from 465 nm to 595 nm when binding to protein occurs. The 

Coomassie blue dye binds to primarily basic and aromatic amino acid residues, 

especially arginine. Concentration determinations were carried out in triplicate 

by combining 800 |j L of each sample, or sample dilution with 200 pL of dye 

reagent concentrate vortexing and for cells on microplates by combining 80 pL 

of cell suspension with 20 pL dye reagent. Samples were incubated for ~5 min 

and absorbance was measured at 595 nm with a spectrophotometer or 

microplate reader. Comparison to a standard curve of a concentration range of 

bovine serine albumin (BSA) standards provides a relative measurement of 

protein concentration. Five concentrations of BSA standards, were prepared 

with a linear range of 1 to 10 pg/mL, for those read using a spectrophotometer 

and 8.0 pg/mL to approximately 80 pg/mL for 96-well plates.

2.7.2 l\/larkwell assay for protein determination

Protein concentration was determined by the method of Markwell et al. (1978). 

Stock solutions were prepared as follows:

A: 2% sodium carbonate in 0.4% (w/v) sodium hydroxide
0.16% (w/v) sodium potassium tartrate

1% (w/v) sodium dodecyl sulphate (SDS)

B; 4% (w/v) copper sulphate (CUSO4 .5 H2O)
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C: This solution was prepared fresh each day, prior to use, and comprised

of 100 volumes solution A:1 volume solution B.

D: 1:1 dilution of Folin Ciocalteau's reagent in H2 O

Samples (homogenate) were diluted to a volume of 1 mL with distilled H2 O to a 

protein concentration of 50-350 mg/mL. To this, 3 mL of solution C was added, 

mixed thoroughly and allowed stand at room temperature for 10 min. A 0.3 mL 

volume of solution D was then added, mixed, and allowed stand for 45 min at 

room temperature for colour development. The absorbance was read at 660 nm 

against 1 mL H2 O, taken through the above procedure, as a blank reading. All 

assays were carried out in triplicate. Protein concentration was calculated from 

a standard curve, prepared from BSA (bovine serum albumin, 0.05 mg/mL to 

0.35 mg/mL) taken through the same procedure (Figure 2.1).

55



(a)

1.00 -

0 .7 5 -

o
(O
(D
<

0 .5 0 -

0 .2 5 -

0 0 0 -
0 25 50 75 100 125 150 175 200 225 250 275 300 325 375350

[BSA] (^g/mL)

1 .25-1

(b)

1 .00 -

0 .75 -

U)o>
ID

<

0 .50 -

0 .2 5 -

0 .00«

250 5 10 15 20
[BSA] ((xg/mL)

Figure 2.1 Standard Curves for Protein Determination

Standard curves for protein determination using the method of (a) Markwell et al. (1978), and 

the (b) Bio-Rad method. Absorbencies were corrected for the absorbance of a reagent blank. 

Each point represents the mean of triplicate determinations from a single experiment ± S.E.M.
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2.8 Tissue slice superfusion system

Male W istar rats (200-250 g) were used in these experiments. Animals were 

killed by cervical dislocation and the brains were immediately removed and 

placed in ice-cold Krebs buffer, which contained a final concentration of 112.5 

mM NaCI; 4.7 mM KCI; 1.2 mM KH2 PO4 : 1.2 mM MgS0 4 ; 11.5 mM glucose; 

25.0 mM NaHCOs and 2.5 mM CaC^ at pH 7.4. Hippocampal slices of 400 pm 

thickness were taken using a Campden Vibroslice.

Slices undergoing superfusion were placed in a number of open chambers 

measuring 2 cm in diameter with a volume of 3 mL. Each slice was subjected to 

superfusion with Krebs buffer at 37°C. Following a pre-incubation of 30 min in 

Krebs buffer, slices were then incubated for a further 30-60 min or treated with 

toxins following which they were incubated for another 30 min. Following 

incubation periods, slices were homogenised in the appropriate solutions 

depending on assay requirements and either assayed directly or stored at 

-80°C , in the case of lactate dehydrogenase assays at 4°C.

Slices that underwent incubation experiments were placed in organ dishes 

containing 2 mL of Krebs buffer and directly oxygenated with 95% O 2 , 5% CO 2 

and given a pre-incubation period of 30 min prior to further treatment and 

maintained at 37°C. After the incubation, the slices were removed and the 

incubation medium was stored at 4°C for LDH assays or at -80°C  for amino 

acid analysis.
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2.9 Enzyme assays

Assays of enzymatic activity were carried out using spectrophotometric and 

fluorescence methods.

2.9.1 Assay of lactate dehydrogenase activity

Lactate dehydrogenase activity was assayed by monitoring the conversion of 

NADH to NAD"" at 340 nm at 37°C, coupled with the reduction of pyruvate to 

lactate. Solutions required are as follows:

200 mM Potassium phosphate buffer (KPO4) adjusted to pH 7.2 with 

KH2PO4

1.3 mM NADH prepared fresh and stored on ice 

7 mM Sodium pyruvate

KPO4 buffer was used as a blank. 100 pL of sodium pyruvate and 100 pL of 

(diluted) sample homogenate was added to 700 pL buffer. The blank rate was 

observed for ~2 min. 100 pL NADH was then added and the rate of reaction 

was determined over ~5 min. The rate of change of absorption per minute was 

then calculated and used to determine the units of enzyme per mg of protein in 

each sample.

2.9.2 Assay of glutamine synthase activity

Toxic effects on glial cells were studied by assaying slices for glutamine 

synthase (GS) activity. Assays were carried out according to the method of 

Wellner and Meister (1966).

Stock solutions were prepared as follows:

A: 0.01 M NaH2P04
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0.15 mM L-Glutamine 

0.1 M Sodium acetate 

Added daily: 100 pL ATP (5 mg/mL):10 mL A.

Adjust to pH 5.5

B: To 10 mL A add:

0.066 g MnCl2 

0.139 g Hydroxylamine

C: Terminating solution:

10%FeCl3 in 0.2 M HCI 

50% TCA 

25% HCI

Tissue was homogenised in 0.1 M sodium acetate buffer, pH 7.4 (10%, w/v). 

0.2 mL of sample was pre-incubated with 0.5 mL solution A at 37°C for 10 min. 

0.15 mL solution B was added and the incubation continued for 20 min. The 

reaction was stopped by the addition of 0.75 mL of solution C. Precipitated 

protein was removed by centrifugation at 1,800 g for 10 min. The resulting 

colour development was measured spectrophotometrically at 500 nm. l -  

glutamic acid y-mono-hydroxamate (GHA) standards (0 to 0.2 mg/mL) were 

used to prepare a standard curve (see Figure 2.2) from which GHA formed was 

calculated. GS activity was calculated and expressed as nmol GHA formed/mg 

protein/min. Protein concentration was determined by the Markwell assay 

(Section 2.3.2), which is particularly suited to membrane-containing samples, 

was used.
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Figure 2.2 Determination of glutamine synthase activity

Glutamine synthase (GS) activity was expressed as mmol GHA (y-monohydroxamate) formed 

per min per mg of protein. A standard curve of absorbance at 500 nm versus GHA 

concentration of prepared standards was constructed. GHA formed was then determined from 

this graph. The above figure represents a typical standard curve. Data points represent the 

mean ± S.E.M. (n=4).
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2.9.3 Assay of apoptosis activation

Toxic effects instigating apoptosis of slices and cell cultures were studied by 

assaying for caspase activity. The cleavage of AMC from the fluorogenic 

caspase-3 substrate, Acetyl-Asp-Glu-Val-Asp-AMC (Ac-DEVD-AMC) was 

assayed using lysed hippocampal and cell culture slices. Solutions required 

were made up as follows:

2.9.3.1 Lysis Buffer

A stock solution of 50 mL of lysis buffer was made up and stored at -80°C in 

5mL aliquots.

10 mM HEPES 

2 mM EDTA 

0.1% CHAPS / NP40 

5 mM DTT 

1 mM PMSF 

10 ijg/mL pepstatin A 

20 [jg/mL leupeptin 

10 [jg/mL aprotinin

2.9.3.2 Reaction Buffer

100 mM HEPES 

20% v/v glycerol 

0.5 mM EDTA 

5 mM DTT added fresh

This assay is a general measure of caspase activation as Ac-DEVD-AMC also 

acts as a substrate of caspase-6, caspase-7, caspase-8 and caspase-10. 

Cleavage of this substrate by caspase-3 shows Michaelis-Menten kinetics (Km 

= 9.7±1.0 pM).
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Homogenised hippocampal slices were diluted 1:10 (v/v) and centrifuged at 

5000 g at 4°C for 5 min and the supernatant removed. The pellets were then 

resuspended in 200 pi of the lysis buffer described above (Section 2.5.3.1). 

Cells cultured on 96-well plates were pelleted by centrifugation at 600 g for 5 

min and the supernatant was removed by aspiration. The cells were washed 

with phosphate buffered saline (PBS), centrifuged and the supernatant 

removed. The cell pellets were then resuspended in 100 |jL of lysis buffer. The 

samples were then sonicated in a sonication bath and then left on ice for 60 min 

for cell lysis to occur. The lysed tissue was centrifuged at 3,000 rpm for 10 

minutes. 10 pL of the supernatant was transferred to a well of a black 96 multi

well plate. Reaction buffer was used as a negative control. The Ac-DEVD-AMC 

substrate was added to the reaction buffer to produce a 1.65 pM final 

concentration of substrate and 100 pL of this was added to each sample and 

the controls. Production of fluorescent free-AMC, released by caspase activity, 

was monitored over 60 min at 37°C using a microplate fluorimeter (Spectra Max 

Gemini, Molecular Devices) at excitation and emission wavelengths of 360 and 

460 nm, respectively. A standard curve of the product (AMC) was prepared by 

dilution of the appropriate amount of a 5 mM AMC stock solution into the 

reaction buffer to yield AMC solutions ranging in concentration from 0-1 pM 

(Figure 2.3). The standard curve was used to calculate caspase activity and 

expressed as AMC formed/mg protein/min. The protein concentration was 

determined by the BioRad method (Section 2.3.1).
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Figure 2.3 Standard curve of 7-amino 4-methylcoumarin

A standard curve of 7-amino 4-methylcoumarin (AMC) was prepared in order to determine 

caspase-3 activity. AMC is the cleavage product of the caspase-3 substrate, Ac-DEVD-AMC. A 

range of AMC concentrations from 0-1 |jM were prepared and 100 pL of each standard was 

pipetted into microplate wells of a black multi-well plate, in triplicate and read at excitation and 

emission wavelengths of 360 and 460 nm, respectively on a microplate fluorimeter (Spectra 

Max Gemini, Molecular Devices). Data points represent mean values ± S.E.M. (n=3). In all 

cases error bars were smaller than the point sizes.
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2.10 Assay of biogenic amines and their metabolites

Catecholamines and their metabolites were detected by high-performance- 

liquid-chromatography (HPLC), by the method of Harkin et at. (2001), based on 

the method developed by Seyfried et al. (1986). The method enabled optimal 

resolution of the compounds of interest to this study, which were dopamine 

(DA), its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic 

acid (HVA), noradrenaline (NA) and the indoleamine, 5-hydroxytryptamine 

(5HT; serotonin). These compounds were extracted from tissue samples, 

separated using reverse phase chromatography, and finally detected using 

electrochemical detection, as outlined below.

A I L  volume of mobile phase was prepared using the following reagents that 

were dissolved in distilled, refiltered water:

0.1 M citric acid.H20

0.1 M sodium dihydrogen phosphate

1.4 mM octane-1-sulfonic acid

0.1 M ethylenediaminetetraacetic acid disodium (EDTA)

Once dissolved, the solution was vacuum filtered and 100 mL of methanol was 

added under constant stirring. The pH of the resulting solution was then 

adjusted to 2.8 by the addition of 4 M NaOH. Use of a low pH is necessary to 

ensure retardation of acidic compounds and provide an optimal concentration of 

the ion-pairing reagent (octane-1-sulfonic acid) in order to manipulate the 

retention times of the amines on the HPLC column. A typical trace for the 

separation of a number of standards is shown in Figure 2.4.

Electrochemical detection (BCD) was performed using a Shimadzu 

electrochemical detector with the oxidation potential of the working electrode 

set at +0.8 V. ECD is a highly sensitive method for detection of catecholamines 

based on their ability to be oxidized at positive potentials. By applying such a
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positive potential at an electrode surface, catecholamines can be oxidised at 

the ring hydroxyl groups to produce an orthoquinone derivative with the release 

of two electrons. The number of electrons released is directly proportional to the 

number of molecules oxidised.

Hippocampal slices were prepared for amine extraction by homogenisation in a 

500 |jL volume of ice cold mobile phase that contained 100 ng/mL of the 

internal standard A/-Methyl-serotonin. The samples were sonicated and the 

volume brought to 1 mL with mobile phase containing the standard and were 

filtered through Microcon® centrifugal filter devices at 14000 g for 15 min at 

4°C. A 20 |jl sample of the resultant supernatant was injected onto a guard 

chromatographic column (Luna RP-18, 3 cm x 4.6 mm internal diameter, 

particle size 5 pm from Phenomenex, UK) prior to separation on the main HPLC 

column (LI Chrosorb RP-18, 25 cm x 4 mm internal diameter, particle size 5 pm 

from Phenomenex, UK) for separation of the neurotransmitters (flow rate 

1 mL/min at approximately 200 bar). The signal from the electrochemical 

detector was integrated and chromatograms were generated using a Merck- 

Hitachi D-2000 integrator, which calculated the retention times of the peak- 

height and -area of the amines and metabolites detected.

The amines and metabolites were identified based on the retention time using 

the retention times of standards and by the presence of the internal standard, 

which also allowed correction of processing losses in the sample preparation 

process.

Standard curves of the amines of interest were prepared from fresh solutions of 

standards (Sigma) prepared in mobile phase (Figure 2.5). A plot relating 

concentration of compound to peak-area over a range of 0-500 ng/mL following 

20 pL injections was shown to be linear. These standard curves were then used 

to relate the peak area of the amines detected in samples to the concentration 

of that amine. Results were expressed as ng/pg protein.
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Figure 2.4 Sample HPLC trace of biogenic amine standards

A sample trace of the separation of standards (obtained under the conditions outlined in Section 

2.6.) The separation o f noradrenaline (NA; retention time (RT) = 6.6 min); DOPAC (RT = 14.3 

min); dopam ine (DA, RT = 17.6 mln); 5-hydroxylndole acetic acid (HIAA, RT = 25.7) 

homovanillic acid (HVA, RT = 34.9 mln), serotonin (5-HT, RT = 48.55 min) and the Internal 

standard 5-methyl serotonin (CH3-5 -HT, RT = 56.76 min) over a 65 mln elution period Is 

demonstrated. Standards were prepared In mobile phase at a concentration o f 250 ng/mL. 

Injections of 20 |jl were made onto the HPLC column.
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Figure 2.5 Standard curve of amines and metabolites

The above standard curve is representatative o f that obtained follow ing injection of 20 mL of 

prepared standards (20-500  ng/mL). A  linear relationship was observed between measured 

peak area and the standard concentration. ■  = NA (noradrenaline), DA (Dopamine), A  =

DOPAC (3,4-dihydroxyphenylacetic acid), 0 = 5 H IA A  (5 -h y d ro x y  ind o le  a c e tic  ac id ) 

T = H V A  (homovanillic acid), # =  5HT (5-hydroxytryptam ine; serotonin) and ♦=CH3-5-HT 

(methyl-serotonin -  internal standard). Data points represent mean values ± S.E.M. (n=3).

67



2.11 Assay of neuroactive amino acids

A reverse phase 5 pm Nucleosil C18 column (250 x 4 mm) kept at room 

temperature was used. Column effluent was monitored with an FL2000 

fluorescence detector using an excitation wavelength of 340 nm and an 

emission wavelength of 455 nm. The mobile phase consisted of methanol and 

potassium acetate (0.1 M, pH adjusted to 5.52 with glacial acetic acid). All 

solvents were filtered through 0.22 pm Millipore filters and degassed by 

sonication for 5 min before use. A sample volume of 40 pL was injected onto 

the column using an AS3000 autosampler.

The o-phthalaldehyde (OPA) reagent for pre-column derivatisation was 

prepared by addition of 5 mg of OPA and 20 pL of methanol and 5 pL of 2- 

mercaptoethanol to 5 mL of NaHCOs, pH 9.5, to give a final concentration of 1 

mg/mL (7.5 mM). This was incubated with the samples for one minute at a ratio 

of 2:1 prior to injection to the column.

Hippocampal slices were prepared for amino acid detection by homogenisation 

in a 500 pL volume of ice cold mobile phase that contained 10 pM of the 

internal standard cysteic acid. The samples were sonicated and the volume 

brought to 1 mL with mobile phase containing the standard and were filtered 

through Microcon® centrifugal filter devices at 14000 g for 15 min at 4°C.

Amino acids were separated using the mobile phase with an increasing 

gradient of methanol and decreasing potassium acetate, at a flow rate of 1 

mL/min. The concentration of methanol was increased from 25 to 90% over 25 

min, with a corresponding decrease in potassium acetate.

Calibration curves were prepared by adding medium containing a range of 

concentrations (20-250 pM) of the complete set of the amino acids being 

analysed in 0.05 mM HCI.
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Figure 2.6 HPLC elution of derivatised amino acid standards

A sample trace of the separation of amino acid standards (30 |j M) obtained under the 

conditions outlined in Section 2.7. The separation of the internal standard, cysteic acid 

(retention time (R T) = 7.097 min); aspartate (R T  =11 .438  min); glutamate (R T  =17 .145  min); 

glutamine (R T  = 22 .705  min), taurine (R T  =26 .170  min) and GABA (R T  =28 .412  min) over a 35  

min elution period. Standards w ere prepared in mobile phase at a concentration of 30 pM. 

Injections of 40  |jl were made onto the HPLC column.
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Figure 2.7 Standard curves of amino acids following HPLC elution

Standards of 20-250 pM concentrations of OPA derivatised amino acids were eluted from a 

C18 reverse phase and the fluorescence of each amino acid was detected using an FL2000 

fluorescence detector and the area of the resulting fluorescence peak was measured and 

plotted against the corresponding amino acid concentration to produce a standard curve. 

■  =Cysteic acid (internal standard), A=aspartate, T=glutam ate, ♦=giutamine, # =  taurine and

□=GABA. Linear regression was performed on the data (n=3) and the equation of the line was 

used to determine the concentration of amino acids detected in samples.
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2.12 Statistical analysis and curve fitting

Statistical analysis of data sets was performed using Prism (Version 4.0c, 2005) 

computer program (GraphPad Software Inc.). P values quoted were obtained 

by comparison of sets of data using one- and two-way analysis of variance 

(ANOVA) with post-hoc testing and paired or unpaired Students’ t-test, as 

appropriate.

All Km and Vmax values and their errors were determined using the commercial 

computer program Prism from GraphPad software. The program fits sets of 

experiments data to the Michaelis-Menten equation that describes the 

behaviour of enzymes in the presence of increasing concentrations of substrate 

(Michaelis and Menten, 1913)

V'-fSl

Where v is the velocity of the enzyme reaction, [S] is the substrate 

concentration, Vmax is the maximum enzyme velocity and Km is the Michaelis 

constant. Double-reciprocal plots are used for illustrative purposes.
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CHAPTER 3

INHIBITION OF THYROTROPIN-RELEASING 

HORMONE-DEGRADING ENZYME
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3.1 Introduction

The therapeutic potential of Thyrotropin-releasing hormone (TRH) is impeded 

by its rapid degradation. Research strongly indicates that the key enzyme 

responsible for the degradation of extracellular TRH is TRH-degrading enzyme 

(TRH-DE) (Wilk 1986; Charli et al. 1988; O'Cuinn et al. 1990; Bauer et al. 

1997a). It follows that inhibitors of TRH-DE should, in principle, protect TRH 

from degradation and thus enhance its potential therapeutic benefits.

Knowledge of the structure of TRH-DE could be exploited for the design of 

novel and selective inhibitors, however, to date the crystal structure for TRH-DE 

has not been elucidated. In the absence of any crystal-structure data, modelling 

and docking studies may predict how well potential inhibitors can fit into and 

bind to enzyme sites and the value of using this strategy for inhibitor design 

increases as the accuracy of modelling improves (Bohacek et al. 1996).

Homology modelling is a method of estimating the three-dimensional structure 

of a protein on its sequence similarities with related proteins whose structures 

are known. TRH-DE shares most homology (~30%) with the zinc 

metallopeptidases, aminopeptidases A and N, but the crystal structures for 

these enzymes have not yet been resolved. However, the crystal structure of 

another member of the zinc metallopeptidase family, leukotriene A4 hydrolase 

(LTA4H) (EC 3.3.2.6 ), has been resolved and a putative model for TRH-DE has 

been developed based on this, see Introduction, Fig.s 1.8 and 1.9 (Kelly et al. 

2005; Chavez-Gutierrez et al. 2006).

W ithout a definitive three-dimensional TRH-DE structure, the use of structure- 

activity relationships (SAR) can provide critical information for the design of 

inhibitors. Initially, modifications to the structure of the natural substrate can be 

made and studies of the inhibitory properties of substrate analogues can be 

used to feed back into the design process of inhibitors.

73



Using this approach a lead inhibitor was discovered by Kelly et al., 2000 

through substituting the histidine residue with asparagine, which resulted in a 

tripeptide that binds to TRH-DE with a greater affinity than TRH, with a K\ of 

17.5 îM (Kelly et al. 2000). This peptide was then further modified to Glp-Asn- 

ProAMC, to produce the most potent inhibitor of TRH-DE known to date, with a 

K\ of 0.5 nM, TRH has a Km of 35 pM (Kelly et al. 2000). The increased affinity 

produced by the addition of coumarin to the C-terminus of Glp-Asn-ProNH2 

suggested that the substrate-binding area of TRH-DE contained a hydrophobic 

pocket with which the C-terminus of the peptide interacts.

The purpose of the studies described in this chapter was to analyse the kinetic 

properties of modified analogues of Glp-Asn-ProNH2 . Initially, analogues were 

screened for their ability to resist hydrolysis by TRH-DE and subsequently 

fluorometric assays were used to determine the kinetic parameters of the 

analogues. The K\ values for potent inhibitors were then examined in more 

detail by non-linear regression analysis of the initial-rate data.
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3.2 Methods

3.2.1 Composition of buffer

Potassium phosphate buffer, 20 mM, pH 7.5 was prepared for assays. 20 mM 

potassium dihydrogen phosphate was added to 20 mM dipotassium hydrogen 

phosphate until the appropriate pH was reached. The buffer was stored at 4°C.

3.2.2 HPLC mobile phase

An elution gradient composed of two mobile phases was used for HPLC 

separation of novel peptides and degradation produces. Mobile phase 1 

composed of water and 0.08% (v/v) trifluoroacetic acid (TFA) and mobile phase 

2 of 40% acetonitrile with 0.08% (v/v) TFA. A linear gradient of 0-70% 

acetonitrile was used, outlined in Table 3.1, with a P4000 Quaternary Pump 

(Spectrasystem P1000 from TSP).

Table 3.1 Linear gradient of mobile phase

The gradient used to elute TRH and novel peptides and their degradation products. Phase 1 

consisted of water and 0.08% (v/v) TFA and phase 2 of 40% acetonitrile and 0.08% (v/v) TFA.

0 100 0
10 50 50
15 30 70
25 50 50
27 100 0
30 100 0

3.2.3 Enzyme Purification

3.2.3.1 Purification of Thyrotropin-releasing hormone- 

degrading enzyme

TRH-DE used was purified almost 20,000-fold from porcine brain by Kelly and

Bauer at the MMPI, Hanover, Germany by the procedure described by Kelly et

al. (1999). The purified enzyme was subjected to SDS-polyacrylamide gel
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electrophoresis and, after Coomassie-staining, showed one major band, with a 

relative molecular mass of 116,000, consistent with previously reported size for 

TRH-DE (Bauer 1994). The preparation was assayed and found to be devoid of 

peptidase activities other than TRH-DE, including the other TRH-degrading 

enzymes, pyroglutamate aminopeptidase I (PAP I) and prolyl endopeptidase 

(PE).

The TRH-DE used was found to have a protein concentration of 0.8 mg ml'^ 

and a specific activity with TRH-AMC as a substrate of 2.8x10'^ [jkatal/mg 

(Kelly eta l. 1999).

3.2.3.2 Purification of dipetidyl peptidase IV

Dipetidyl peptidase IV (DPP-IV) (EC 3.4.14.5) was obtained from Dr Carvell 

Williams (Queen's University Belfast) and had been purified 370-fold from 

bovine kidney (Brownlees et al. 1992). The enzyme had a protein concentration 

of 7.7 mg ml'^ and specific activity of 0.29 pkatal/mg with Gly-Pro-AMC (100 

IjM) as substrate (Kelly et al. 1999). As with TRH-DE, no other peptidase 

activities were found to be present in the preparation.

3.2.4 Standard Curve of Pyroglutamate

A 1 mM stock solution of pyroglutamate (pGlu) was prepared in potassium 

phosphate buffer, pH 7.5. Dilutions were made to 5 concentrations (0.18-0.9 

pM) in triplicate containing 0.15% (v/v) TFA.

The peak height measured by UV absorption at 206 nm for each concentration 

following elution from the HPLC using a reverse phase C-18 column (Waters) 

was used to generate a standard curve for determining the concentration of 

pGlu produced by TRH-DE action on the novel peptides was plotted (Figure 

3.1).

The quantitative detection limit for a 40 pL injection volume was calculated to be

0.1 mM, employing a signal to noise ratio of 10. This standard curve was plotted
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using PC1000 system software from TSP and used to calculate the amount of 

pGlu released from novel peptides that were substrates of TRH-DE.

pGlu

400000

S>
0)

^  200000

o

0  1-
0.00 0.10 0 20 0 30 0 40 0.50 0.60 0 70 0 80 0.90

Concentration (uM)
H E IG H T-B -C O N G
B -  5 4869e+-05. RELIABILITY -  94 459%, CORR COEFF -  0.9994

Component RT(min) Linear Coeff Const Coeff %Rel Corr
pGlu 6 370 5.48686e+05 O.OOOOOe+00 94.459 0 9994

Figure 3.1 Standard curve of pyroglutamate

Five concentrations of pyroglutamate (pGlu) were eluted from a Waters column by HPLC and 

detected by UV absorption at 206 nm. The peak height was plotted against the concentration 

and the slope was calculated at 5.49 and the goodness of fit is 0.9994. The standard curve was 

used to determine the concentration of pGlu released from novel peptides following incubation 

with TRH-DE.

3.2.5 Standard curve of 7-amino-4-methylcoumarin

A standard curve of 7-amino-4-methylcoumarin (AMC) was determined with 5 

|j M TRH-AMC present. 0.01-1 pM  of AMC concentrations were prepared and 

the intensity was measured fluorimetrically on a Perkin-Elmer LS-50B 

spectrophotofluorometer. TRH-AMC exhibits only small background 

fluorescence (less than 1% of the total fluorescence when TRH-AMC and AMC 

are present in equimolar concentrations).

The fluorescence of each concentration was measured in triplicate and was 

graphed using Excel, calculating an R  ̂ value for the data (Figure 3.2). The
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slope of this line was then used for determining the amount of AMC release 

from TRH-AMC following incubation with TRH-DE ± potential inhibitors.

The quantitative limit of detection for AMC using these parameters was found to 

be 0.01 |jM.
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Figure 3.2 Standard curve of 7-amino-4-methylcoumarin

The fluoresce intensity of 6 concentrations (0.01-1 pM) of 7-amino-4-methylcoumarin (AMC) 

was measured in triplicate and a graph of concentration versus intensity was produced using 

Microsoft Excel, the slope of this plot was calculated to be 861.512 and is used in determining 

the hydrolysis of TRH-AMC. The goodness of fit was determined with an value of 0.9984. In 

all cases the error bars were smaller than the point sizes.
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3.2.6 Screening of novel inhibitor compounds

Table 3.2 The novel peptide structures.

The compounds outlined below were custom synthesised (Kelly et al. 2000; Kelly et al. 2005; 

Scalabrino et al. 2007) as structural analogues of TRH (Glp-His-ProNH2) to determine their 

ability to act as competitive inhibitors of TRH-DE, an enzyme highly specific for TRH.
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0 = ( O NH2
NH

h>
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NH
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3.2.6.1 Hydrolysis of Peptides

The ability of the peptides outlined in Table 3.2 to resist hydrolysis by TRH-DE 

was ascertained by incubating 1 mM final concentrations of each inhibitor or 

TRH with 0.08 |jg of TRH-DE, in a total volunne of 100 pL, for 18 hours at 37°C. 

Controls were included, where TRH-DE was absent from the incubation. When 

TRH is subjected to these conditions it is completely degraded to pyroglutamate 

and His-Pro-diketopiperazine. Following the 18 h incubation, the reaction was 

terminated by the addition of trifluoroacetic acid (0.15%, v/v). The samples were 

then analysed by HPLC, using a reverse phase C-18 column (Waters). 40 pL of 

each of the incubations were loaded onto the column and TRH, the test 

peptides and any degradation products were separated and eluted from the 

column using the linear gradient outlined in Table 3.1. Elution products were 

detected at a UV absorbance of 206 nm. The presence of pyroglutamate in the 

sample indicated the peptide to be a substrate of TRH-DE.

3.2.6.2 Continuous coupled fluorometric assay

Peptides that resisted hydrolysis by TRH-DE were assayed using a continuous 

coupled fluorometric assay (Kelly et al. 1999). The ability of the peptides to 

inhibit TRH-AMC degradation by TRH-DE was measured in this assay. DPPIV 

is used as a coupling enzyme, with the reaction mechanism as follows:

TRH-AMC pGlu + His-Pro-AMC His-Pro + AMC Equation 3.1

The progress of the reaction was measured by the release of AMC, with 

accompanying increase in fluorescence over the 10 minutes of the reaction. 

This was measured on a Perkin-Elmer LS-50B spectrophotofluorometer, using 

the time-drive function of the FL WinLab software, with 6001 data-points 

collected. Wavelengths for excitation and emission were set at 370 and 440nm, 

respectively, and with slit-widths of 10 and 5 nm, respectively.

The amount of DPPIV required as the coupling enzyme was determined by 

Kelly et al. (1999) using the equation derived by McClure (McClure 1969):
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t = K^ \ n { \ -F ) !V Equation 3.2

lag time (f) is the time required for [His-ProAMC], the reaction intermediate to 

reach a defined fraction (F) of the steady-state concentration and Km and V are 

the Km and \/max of DPPIV.

Peptides at 16.6 pM final concentrations (except GIp-Asn-Pro-Tyr-Trp-AMC and 

GIp-Asn-Pro-Tyr-Trp-Trp-AMC, which were assayed at 1 pM and 0.1 pM, 

respectively) were analysed for inhibition potency, using 5 pM TRH-AMC 

substrate and 0.53 pg final concentration of TRH-DE in potassium phosphate 

buffer, final volume 600 pL. The TRH-AMC, peptide, DPPIV and buffer were 

pre-equilibrated in a quartz cuvette at 37°C for one minute prior to addition of 

TRH-DE. A plastic rod was used to mix the solution immediately after addition 

of TRH-DE. Fluorescence was measured as a function of time using the 

program FL WinLab, version 2.0 on a Perkin Elmer LS50B luminescence 

spectrometer.

In each assay the fluorescence of 5 pM TRH-AMC alone was measured to 

calculate background fluoresence. An initial control assay incubating TRH-AMC 

with DPPIV was performed, demonstrating no increase in fluorescence 

indicating no release of AMC. Further control assays including the solvent used 

to dilute the peptide of interest, e.g. MeOH, were also performed to ensure 

potential solvent inhibition of TRH-DE or DPPIV was accounted for. In all 

experiments it was ensured that the reaction, outlined in Equation 3.1 was fully 

coupled by increasing the amount of DPPIV added, by 50%, and demonstrating 

that there was no increase in the velocity of the reaction.

3.2.6.3 Discontinuous fluorometric assay

The use of DPPIV in assays is limited by any potential inhibitors of this coupling 

enzyme. Though TRH and TRH-AMC are not substrates of DPPIV (Kelly et al. 

1999), it has been demonstrated that His-ProOH is an inhibitor {K\ of 70 pM)
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and His-ProNH2 is a substrate of DPPIV. Thus, any peptides dennonstrated to 

be cleaved by TRH-DE during HPLC screening (Section 3.2.6.3) are potential 

inhibitors of DPPIV as the resulting cleavage products could inhibit AMC 

release from His-ProAMC should the continuous coupled assay be used. An 

alternative method of analysis is required that does not utilise DPPIV as a 

coupling enzyme.

Peptides that underwent hydrolysis in the HPLC screen were examined as 

competitive substrates of TRH-DE by a discontinuous method. This used an 

intramolecular condensation reaction, which converts His-ProAMC to the 

cyclised histidyl-proline diketopiperazine (His-Pro DKP) and released AMC:

TRH-DE 5 h, 80°C
TRH-AMC  ►pGlu + His-ProAMC ►His-ProDKP + AMC Equation 3.3

cyclization

The peptide of interest at 250 pM final concentration was incubated with TRH- 

AMC (5 pM) and 0.4 pg TRH-DE in 20 mM phosphate buffer in a 1250 pL total 

volume for 10 minutes at 37°C. TRH-DE activity was then terminated by 

incubating the reaction mixture at 80°C for 5 hours. The fluorescence due to 

AMC release was then measured using excitation and emission wavelengths of 

370 and 440 nm, respectively, and excitation and emission slit widths of 10 and 

5 nm, respectively.

S.2.6.4 Kinetic analysis of inhibition by non-linear regression

The kinetics of compounds that were found to resist hydrolysis and inhibited 

TRH-DE potently (>20% inhibition) were further examined by non-linear 

regression analysis of initial-rate data. In this case, the degradation of TRH- 

AMC by TRH-DE was measured using the continuous fluorometric assay in the 

presence and absence of four different concentrations of the inhibitor 

compound and at five concentrations of TRH-AMC.

The initial rate of the reaction was calculated from the amount of AMC released,

using the slope measured by the time-drive function of FL-WINLAB and the
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AMC standard curve. The Ki values were then obtained by nonlinear regression 

analysis of initial-rate data using Prism (GraphPad Software Inc.). Double 

reciprocal (Lineweaver-Burk) plots are used for illustrative purposes only.

3.3 Results

3.3.1 HPLC screening of peptides

Compounds were screened for their ability to resist hydrolysis by TRH-DE by 

incubating each with TRH-DE. For each assay a control was performed using 1 

mM TRH to ensure TRH-DE was fully active and on all occasions it was 

demonstrated that all TRH was fully degraded to pyroglutamate and His- 

ProNH2 and His-ProDKP. These compounds were distinguished as they eluted 

from the column by the absorption peaks detected at 206 nm. All peptides 

outlined in Table 3.2 except Glp-Asn(A/-Bzl)-ProNH2 were found to resist 

hydrolysis and were detected as a single peak.

3.3.1.1 Degradation profile of TRH

TRH elutes from a C18 column at 9.42 min and is fully degraded following an 

18h incubation with TRH-DE. The resulting products, pGlu and His-Pro- 

diketopiperazine, elute at ~6.5 and ~10.64 min, respectively (Figure 3.3).

3.3.1.2 Glp-Asn(A/-Bzl)-ProNH2 is hydrolysed by TRH-DE

Glp-Asn(A/-Bzl)-ProNH2 acts as a weak substrate of TRH-DE. The peptide 

elutes as a single peak when no enzyme is present, but following 18h 

incubation with the enzyme, formation of pGlu was evident (Figure 3.4). The 

pGlu standard curve, Figure 3.1, was used to calculate that 165 pM 

pyroglutamate was produced due to peptide cleavage by TRH-DE. This result 

led to the examination of the inhibitory properties of this peptide by its use as a 

competitive substrate in the discontinuous fluorometric assay for the reasons 

outlined in Section 3.2.6.3.
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Figure 3.3 Elution profile of TRH

(a) When incubated with buffer for 18 h, TRH elutes by HPLC as a single peak and is detected 

by absorption at 206 nm with a retention time of ~9.4 min. (b) Following incubation of TRH with 

TRH-DE for 18 h, TRH is fully degraded to the products pyroglutamate and His-Pro- 

diketopiperazine, which elute by HPLC at ~6.5 and ~10.64 min, respectively.
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Figure 3.4 Glp-Asn(Bzl)-ProNH2 following 18 h incubation

(a) The peptide is detected by HPLC elution as a single peak with a retention time of 15 min 

following incubation with buffer in the absence of TRH-DE, neither pyroglutamate nor other 

peaks are detected, (b) This peptide undergoes degradation following incubation with TRH-DE, 

as evidenced by the HPLC elution of pyroglutamate at 6.5 min and further degradation products 

eluting after the major peak at 15 min representing the peptide.
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3.3.2 The kinetic parameters of TRH-AI\/IC

The kinetic parameters of TRH-AMC as a substrate of TRH-DE in the 

continuous coupled enzyme assay were calculated. The release of AMC from 

the coupled reaction was measured fluorometrically over 10 min for 5 substrate 

concentrations (n=4). Initial rates were fitted to a Michaelis-Menten curve 

(Figure 3.5). The Michaelis constant, Km, for TRH-AMC hydrolysis by TRH-DE 

was determined by non-linear regression fit analysis as 3.3 ± 0.37 ijM and Vmax 

was 0.101 ±0.005 pM/min, with goodness of fit, R^=0.968. The double reciprocal 

Lineweaver-Burk plot determination confirms the linearity of the curve fit with an 

R  ̂ value of 0.9309 (Figure 3.6). The same assay was used to study the 

inhibition by a number of TRH analogues and representative traces showing 

their effects on the rates of hydrolysis are shown in Fig. 3.8.

3.3.3 Kinetic properties of peptides resistant to TRH-DE 

hydrolysis

The release of AMC from TRH-AMC was measured fluorometrically using the 

Perkin-Elmer LS-50B in the presence of the peptides shown to be resistant to 

hydrolysis. The slopes of each of these traces were calculated by the time-drive 

function of FL-WinLab. The release of AMC was decreased, evidenced by the 

rate of change in fluorescence (Figure 3.7). The slope due to increase in 

fluorescence was used to calculate the amount of product, AMC, formed using 

the standard curve. From this value, the rate of the reaction, vo, could then be 

determined.

Then, using the Km determined above and the equation:

where \/i is the initial rate measured in the presence of inhibitor, [I] and [S] are 

the inhibitor and substrate concentrations, respectively, and K\ is the inhibitor 

constant; the percent inhibition, v\, and an approximate K\ afforded by the

Equation 3.4
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peptide were calculated. This relationship assumes inhibition to be competitive. 

The approximate K\ values determined for each inhibitor is outlined in Table 3.3, 

where each value given is the mean ± S.E.M., where n=3. The small amounts 

of each peptide available precluded more detailed studies.

3.3.4 Kinetic properties of peptides hydrolysed by TRH- 

DE

The only peptide found by HPLC analysis to be hydrolysed by TRH-DE in this 

study was Glp-Asn(A/-Bzl)-ProNH2 (Figure 3.4). This peptide was thus assayed 

by the stopped fluorometric assay outlined in Section 0. The amount of AMC 

(determined from a standard curve as above) cleaved from TRH-AMC in the 

presence of 250 pM Glp-Asn(A/-Bzl)-ProNH2 was used to determine the rates of 

the reaction, vo and Vj. The Km of TRH-AMC catalysis by TRH-DE in the 

discontinuous assay was determined to be 3.4 pM. These values were inserted 

into the formula outlined above (Equation 3.4), where [I] is 250 pM and [S] is 5 

pM, and an approximate value for K| was found to be 99.64±7.99 pM. The K\ 

properties of this peptide were not investigated further, due to the unavailability 

of the compound.
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Figure 3.5 Michaelis-Menten plot of TRH-AMC as a substrate of TRH-DE

The plot of TR H -A M C  at 0 .6 6 -1 2 .5  ijM substrate concentration against the initial rate of the 

reaction calculated from the slope of the line and using the A M C  standard curve. Data points 

represent the mean ± S .E .M . (n=4), plotted using GraphPad Prism. Non-linear regression fit 

analysis indicates as 3.3 ± 0 .37 pM and Vmax was calculated to be 0.101 ±0.005  

pmol/min/jjL, with a correlation coefficient of the fit of 0 .9675.
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Figure 3.6 Lineweaver-Burk plot of TRH-AMC as a substrate of TRH-DE

The reciprocal values of TRH-AMC (0.66-12.5 jjM ) from Fig. 3.5 were replotted using 

GraphPad Prism. Linear regression analysis confirms the linearity of the curve fit, with an R  ̂

value of 0.93. K„=2.92 ± 0.29 pM. Vmax=0.094 ± 0.015 pM/min.
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Figure 3.7 The inhibition of AMC release from TRH-AMC

Sample trace of the increase of fluorescence measured when inhibitors were present, in this 

case pGlu-Asn-Pro-Tyr-Trp-TrpAMC, Glp-Asn-Pro-Try-Trp-Trp(OMe)2 (a) and (b). An 

approximate K, afforded by the peptide were calculated using the equation \/i/Vo=[l] / ([I] + 

Ki(1+[S]/Kni)), which assumes competitive inhibition and Km to approximate to a dissociation 

constant.
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Table 3.3 Inhibition of TRH-DE by C-terminally extended analogues of Glp-Asn-Pro- 

NH2

The percent inhibition was found using the relationship v/vo= i = [!]/([!] + K,(^ + [S]//<m)) where Vq 

and Vi are the rate and inhibited rate of the reaction, respectively, [I] and [S] are the inhibitor and 

substrate concentration and Km is the Michaelis constant for TRH-AMC degradation by TRH- 

DE, the inhibition constant K, is determined. Data was obtained by means of the continuous 

fluorometric assay and represent the mean ± S.EM. (n=3). Glp-Asn-Pro-Tyr-Trp- 

Trp3,5dimethoxyanilide is represented as compounds (a) and (b), as HPLC analysis of the 

compound revealed two separate resolved peaks, which are potentially two separable isosteres 

of the compound and were thus assayed separately, giving different K, values.

Peptide Kii^M

Glp-Asp((A/)Analine)-ProNH2 >200

Glp-Asn-AlaNH2 >200

GIp-Asn-ProOMe 74.3 ± 17.2

Glp-Asn-HomoProNH2 19.3 ±0.8

Glp-Asn-Pro(0)-Benzyl 15.3 ±0.4

Glp-Asn-Pro-Tyr-Trp-TrpNH2 0.73 ±0.07

Glp-Asn-Pro-Tyr-TrpNH2 0.630 ±0.001

Glp-Asn-Pro-Tyr-Trp-Trp(OMe)2 b 0.55 ±0.08

Glp-Asn-Pro-Tyr-Trp-Trp(OMe)2 a 0.02 ± 0.002

GIp-Asn-Pro-Tyr-TrpAMC 0.04 ± 0.004

GIp-Asn-Pro-Tyr-Trp-TrpAMC 0.01 ±0.00
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3.3.5 Kinetic analysis of Inhibition by non-linear 

regression

The most potent inhibition determined by the coupled enzyme assay was 

elicited by the C-terminally extended analogues GIp-Asn-Pro-Tyr-Trp-AMC and 

GIp-Asn-Pro-Tyr-Trp-Trp-AMC. The apparent K, values initially calculated at a 

single inhibition concentration (1 pM GIp-Asn-Pro-Tyr-Trp-AMC and 0.1 pM 

GIp-Asn-Pro-Tyr-Trp-Trp-AMC) were 0.04±0.004 pM and 0.01±0.0008 pM, 

respectively.

The kinetic parameters of the inhibition of TRH-DE by these compounds were 

measured by the continuous fluorometric method at five different substrate 

concentrations in the presence and absence of four concentrations of the 

peptides.

3.3.5.1 Kinetic parameters of GIp-Asn-Pro-Tyr-TrpAMC

The rate of AMC release was measured by the time-drive function of FL- 

WINLAB software using a Perkin-Elmer spectrometer in duplicate at 0 .66 - 

12.25 pM substrate in the presence of 0.04-0.1 pM concentrations of the 

inhibitor. The initial rate at each concentration was fitted to a Michaelis-Menten 

plot using GraphPad Prism (version 4.0c) (Figure 3.8). Non-linear regression 

analysis was then performed calculating the V/max as 0.094± 0.002 pM/min (with 

no significant deviation, P=0.663, analysed by one-way ANOVA), and an 

apparent Km for each concentration of the inhibitor. The inhibition constant, K\, 

was then found using the Km determined from non-linear regression analysis 

when no inhibitor was present and the apparent Km {Km app) for each inhibitor 

concentration, assuming competitive inhibition, with the equation:

K i  =  —  Equation 3.5
/Cm  app j

Kn.

The Ki for GIp-Asn-Pro-Tyr-TrpAMC is 0.038±0.007 pM.
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The reciprocal values of substrate and initial rates were used to create a 

Lineweaver-Burk plot (Figure 3.9). Linear regression analysis used to fit data 

illustrates that the inhibitor is competitive. The Vmax calculated for each inhibitor 

concentration using this plot did not alter significantly (average \/max is 

0.078±0.006, with P=1, determined by one-way ANOVA analysis). The linearity 

o f the curve fit by linear regression had a goodness of fit (R^) of >0.96. Using 

Equation 3.5, the K\ was calculated to be 0.044±0.006 pM.

The Km app was plotted against the concentration of inhibitor (Figure 3.10), 

giving a Km of 3.28 ± 0.55 pM (y-axis intercept) and a K  for Glp-Asn-Pro-Tyr- 

Trp-AMC of 0.032 pM (-x-axis intercept). The goodness of fit of the linear 

regression is 0.98.

Linear regression analysis of the slope of a plot of \/max versus inhibitor 

concentration was not found to deviate significantly from zero (P= 0.854), which 

supports the interpretation that GIp-Asn-Pro-Tyr-Trp-AMC is acting as a 

classical competitive inhibitor of TRH-DE.
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Figure 3.8 Michaelis-Menten plot in the presence of the novel inhibitor Glp-Asn-Pro- 

Tyr-Trp-AMC

The initial rate o f TRH-DE was measured fluorom etricaly at 5 substrate concentrations (0 -12 ,5  

|jM ) in the presence o f 4 concentrations o f the inhibitor G Ip-Asn-Pro-Tyr-Trp-AM C (0.04-0.1 

fjM). The initial rate (v) versus substrate concentration ([S]) was fitted to a M ichaelis-M enten 

plot using GraphPad Prism (version 4.0c for Mac). Non-linear regression analysis gave a Vmax 

o f 0.094± 0.002 |jM /m in (with no significant deviation, P= 0.663, analysed by one-way ANOVA). 

The goodness o f fit of the non-linear regression is >0.99 at all inhibitor concentrations. Apparent 

Km values (Km app) were calculated at each of the inhibitor concentrations from  non-linear 

regression fit and these were used to determ ine the inhibition constant (K,) for G lp-Asn-Pro-Tyr- 

Trp-AM C using the equation [i]/((Km app/Km)-1). The K, calculated for G Ip-Asn-Pro-Tyr-Trp-AM C 

is 0.038±0.007 |j M.
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Figure 3.9 Lineweaver-Burk plot in the presence of the novel inhibitor Glp-Asn-Pro- 

Tyr-Trp-AMC

The double reciprocal values of substrate concentration and initial rates were fitted to a plot 

using GraphPad Prism. Linear regression analysis illustrates that the inhibitor is competitive. 

The average Vmax is 0.078±0.006, calculated from the reciprocal of the intercept of the y-axis. 

There is no significant difference in this value for each inhibitor concentration (P=1, determined 

by one-way ANOVA analysis). The goodness of fit (R^) of the linear regression is >0.96. The 

inhibition constant, K„ was then calculated using the (3.03 pM) and the apparent Km (Kmapp) 

for each inhibitor concentration (reciprocal of intercept with the x-axis) using the equation [I] / 

((Kmapp/Km) -1 ). The K, calculated for GIp-Asn-Pro-Tyr-Trp-AMC is 0.04 ±0.01 pM.
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Figure 3.10 Plot of apparent K„ against the inhibitor concentration

The Km app determined from non-linear regression fit in the M ichae lis-M enten plot is plotted 

against the concentrations o f inhibitor ([I]). Linear regression analysis reveals a value o f 3.3 

fjM (intercept of the y-axis) and the intercept with the x-axis gives the -K, value, which is 0.032 

mM, the goodness o f fit is 0.97.
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3.3.5.2 Kinetic parameters of GIp-Asn-Pro-Tyr-Trp-TrpAMC

The rate of AMC release was measured in duplicate at 0.66-12.25 |jM 

substrate in the presence of 0.01-0.04 pM concentrations of the inhibitor. The 

initial rate at each concentration was fitted to a Michaelis-Menten plot using 

GraphPad Prism (version 4.0c) (Figure 3.11). Non-linear regression analysis 

was then performed calculating the Vmax as 0.111±0.002 |jM/min (P= 0.856, 

analysed by one-way ANOVA). The goodness of fit of the non-linear regression 

is >0.98 at all inhibitor concentrations. The Km (3.16±0.14 pM) and Kmapp values 

for each concentration of the inhibitor were found by non-linear regression 

analysis. The K\ for GIp-Asn-Pro-Tyr-Trp-Trp-AMC was then found using 

Equation 3.5 and was calculated to be 0.0013 ± 0.0001 pM.

The double reciprocal values of substrate and initial rates were used to create a 

Lineweaver-Burk plot (Figure 3.15). Linear regression analysis used to fit data 

illustrates that the inhibitor is competitive. The Vmax determined for each 

inhibitor concentration using this plot (the reciprocal of the intercept with y-axis) 

does not alter significantly (average Vmax is 0.101 ±0.007, with P= 0.947 

determined by one-way ANOVA analysis). The linearity of the curve fit by linear 

regression has a goodness of fit of >0.97. The inhibition constant, K\, was then 

found using the Km determined from the reciprocal of the intercept with the x- 

axis when no inhibitor was present and the Km app for each inhibitor 

concentration using Equation 3.5. The K, for GIp-Asn-Pro-Tyr-Trp-Trp-AMC 

determined using this plot is 0.0016± 0.0009 pM.

The Km app was plotted against the concentration of inhibitor (Figure 3.15), 

giving a Km of 2.99 ± 0.18 pM and a K\ for GIp-Asn-Pro-Tyr-Trp-Trp-AMC of 

0.0012 pM and the goodness of fit of the linear regression is 0.99.
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Figure 3.11 Michaelis-Menten plot in the presence of the novel inhibitor Glp-Asn-Pro- 

Tyr-Trp-Trp-AMC

The initial rate of TRH-DE was measured fluorometricaly at 5 substrate concentrations (0-12.5 

pM) in the presence of 4 concentrations of the inhibitor GIp-Asn-Pro-Tyr-Trp-Trp-AMC (0.001- 

0.004 pM). The initial rate (v) versus substrate concentration ([S]) was fitted to a Michaelis- 

Menten plot using GraphPad Prism (version 4.0c for Mac). Non-linear regression analysis gave 

a Vmax of 0.111±0.002 pM/min (with no significant deviation, P= 0.856, analysed by one-way

ANOVA). The goodness of fit of the non-linear regression is >0.98 at all inhibitor

concentrations. Apparent values {K^ app) were calculated at each of the inhibitor

concentrations from non-linear regression fit and these were used to determine the inhibition

constant (KJ for GIp-Asn-Pro-Tyr-Trp-Trp-AMC using the equation [l]/((Km app/Km)-1). The K, 

calculated for GIp-Asn-Pro-Tyr-Trp-Trp-AMC is 0.0013±0.0001 pM.
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Figure 3.12 Lineweaver-Burk plot in the presence of the novel inhibitor Glp-Asn-Pro- 

Tyr-Trp-Trp-AMC

The double reciprocal values of substrate concentration and initial rates in the presence of 

increasing concentrations o f G Ip-Asn-Pro-Tyr-Trp-Trp-AMC were fitted to a plot using 

GraphPad Prism. Linear regression analysis illustrates that the inhibitor is competitive. The 

average Vmax is 0.100±0.007, calculated from  the reciprocal o f the intercept o f the y-axis. There 

is no significant difference in this value for each inhibitor concentration (P=0.95, determ ined by 

one-way ANO VA analysis). The goodness o f fit (R^) of the linear regression is >0.96. The 

inhibition constant, K„ was then calculated using the (2.79 |jM ) and the apparent K „  (/<mapp) 

for each inhibitor concentration (reciprocal o f intercept with the x-axis) using the equation [I] / 

((^mapp/^m) ‘  1)- The K, calculated for GIp-Asn-Pro-Tyr-Trp-Trp-AM C is 0.0016±0.0009 pM.
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Figure 3.13 Plot of apparent against the inhibitor concentration.

The Km app determ ined from non-linear regression fit in the M ichaelis-M enten plot is plotted 

against the concentrations of inhibitor ([I] pM). Linear regression analysis reveals a Km value of 

2.99±0.181 pM (intercept o f the y-axis) and the intercept with the x-axis gives the -K, value for 

G lp-Asn-Pro-Tyr-Trp-Trp-AMC, which is 0.0012 pM, the goodness of fit is 0.99.
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3.4 Discussion

3.4.1 Structure-activity relationships

In the experiments described herein, the kinetic properties of novel TRH- 

analogues were assayed using purified TRH-DE. TRH-DE is the enzyme 

primarily responsible for the removal of TRH in vivo as it has an extremely high 

specificity for the conformation of TRH and is mainly an enzyme of the CNS 

(O'Cuinn et al. 1990; Bauer et al. 1997b). The inhibition of this enzyme should 

lead to increased levels of TRH within the CNS, thus leading to the 

neuroprotective effects described in Chapter 1.

These experiments examined the potency of inhibition afforded by compounds 

structurally designed on basis of the previous identification of two lead 

structures in TRH-DE inhibition, in which histidine residue of TRH was 

substituted with asparagine, Glp-Asn-ProNH2 and GIp-Asn-ProAMC (Kelly et al. 

2002). Replacement of histidine with asparagine was found to prevent the 

GIp-Xaa bond from being hydrolysed (Kelly et al. 2002). Unfortunately, the 

quantities of several of the custom-synthesised peptides used in this work were 

too small to allow detailed analysis of their behaviour as inhibitors, or 

substrates. In those cases the K| values can only be regarded as being 

approximate.

3.4.2 Effects of modifications to the Asn side-chain

The involvement of the Asn side-chain amide group in TRH-DE inhibition was 

explored further by modifications of the asparagine residue by addition of a 

benzyl or phenyl moiety to create Glp-Asn(A/-Benzyl)-ProNH2 and Glp-Asn(A/- 

Phenyl)-ProNH2 , respectively. Addition of the benzyl group resulted in a peptide 

that was degraded by TRH-DE, as shown by HPLC analysis. The inhibition 

potency was found to be poorer than that of GIp-Asn-ProNHa by a factor of 

approximately 5. This suggested that the Asn group might provide a key 

interaction with TRH-DE, essential in forming a stable enzyme-ligand complex. 

Glp-Asn-(A/-Phenyl)-ProNH2 was found to resist hydrolysis by TRH-DE, though
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it was revealed to be a poor inhibitor, with a K\ of >200 pM. This gives further 

indication that the amide of asparagine is key to the enzyme interaction and 

that modifications of the peptide’s structure can lead to major changes in 

potency. Such information may then feed back into the design process for 

further rational design of inhibitor compounds.

3.4.3 The effects of replacing or modifying the proline 

residue

Replacement of proline at the C-terminus with amidated alanine, another 

neutral and hydrophobic amino acid, was found to increase the Ki to >200 pM, 

indicating that the C-terminal proline residue provides an important interaction 

with the enzyme at this position, perhaps as a result of the unique conformation 

that it confers.

The substitution of proline with homoproline resulted in a peptide that resisted 

enzyme hydrolysis and had a Ki (19 pM) that was similar to that determined for 

Glp-Asn-ProNH2 , demonstrating that this substitution still confers the necessary 

interactions with TRH-DE for inhibition. Proline was coupled to benzyl alcohol 

and methyl alcohol to gain further insight into ligand-enzyme interactions. Both 

GIp-Ans-ProOBzl and GIp-Asn-ProOMe resisted hydrolysis by TRH-DE. The 

inhibitor constants were found to be 15 and 74.25 pM for GIp-Ans-ProOBzl and 

GIp-Asn-ProOMe, respectively. The tolerance of TRH-DE to the benzylation of 

proline suggests that aromatic interactions may be important for binding 

between this region of the inhibitor and the active site of the enzyme.

3.4.4 Carboxy terminus extension

The most substantial improvement in inhibition resulted from extension of the 

peptide at the carboxy terminus. The best inhibition that had been previously 

achieved was when an AMC functional group is attached to the proline, Glp- 

Asn-ProAMC has a K\ of 0.5 pM (Kelly et al. 2000). Extension of this lead 

structure to include the residues tyrosine and tryptophan with a terminal amide
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group to give of GIp-Asn-Pro-Tyr-TrpNHa and Glp-Asn-Pro-Tyr-Trp-TrpNH 2 

resulted in peptides that were found to resist hydrolysis by TRH-DE and to 

inhibit the enzyme potently, an improvennent in inhibition over Glp-Asn-ProNH 2 

by factors of 28 and 24 fold, respectively. Attachment of an AMC functional 

group to the C-terminus, to give GIp-Asn-Pro-Tyr-Trp-TrpAMC, yielded a 

compound with the most potent inhibition achieved thus far (Kelly et al. 2005). 

This peptide resisted hydrolysis by TRH-DE and was shown to be a competitive 

inhibitor (Fig. 3.14) with a K\ value of 1 nM. This indicates the tolerance of TRH- 

DE to the C-terminal extension of GIp-Asn-ProNHa, suggesting a possible 

hydrophobic pocket at the active-site, to which the C-terminus of the inhibitors 

interacts. Further information of possible enzyme-substrate interactions was 

gained by replacing the AMC group of GIp-Asn-Pro-Tyr-Trp-Trp-AMC with 3,5- 

dimethoxyaniline. Analysis of this compound by HPLC revealed two separate 

resolved peaks, consistent with the presence of two isosteres (labelled (a) and 

(b) in Table 3.), although this has not yet been confirmed by mass 

spectrometry. Both compounds were found to resist hydrolysis by TRH-DE, but 

were poorer inhibitors than GIp-Asn-Pro-Tyr-Trp-Trp-AMC. This might indicate 

possible hydrogen bonding between inhibitor and residues of the active site to 

be important. Some of these interactions may be absent with the OMe groups 

of 3,5-dimethoxyaniline, resulting in the reduction of inhibitory potency.

In summary, the design of novel potential inhibitors of TRH-DE is an iterative 

process, with substitutions and replacements performed on the natural 

substrate, TRH. With each modification made, new information for further 

inhibitor design is provided. Modifications to and substitutions of the asparagine 

residue and replacement of and substitution on the proline were examined, in 

addition to extension of the carboxy terminus of inhibitor compounds. The 

properties of these substrate analogues leads to a better understanding of the 

active site area of TRH-DE and the interactions required to cause effective 

inhibition. The substantial improvement of inhibitory potency found with some of 

the compounds studied could provide lead compounds for therapeutic drug 

development (Kelly et al. 2005).
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CHAPTER 4

ASSESSMENT OF NEUROTOXICITY AND 

NEUROPROTECTION USING IN VITRO MODELS
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4.1 Introduction

Thyrotropin releasing hormone (TRH), which is found in the CNS, is believed to 

be a protective agent against toxic insult. The protective function of TRH was 

investigated using the neurotoxin kainate.

In vitro systems may be used to enable measurement of events that occur 

within cells, in order to investigate the mechanisms involved in neurotoxicity 

and neuronal protection. Brain slices are widely used as model systems for the 

study of neuronal function. In the case of the slice-superfusion system it is 

possible to study neurodegenerative processes over a relatively short period of 

time, in a preparation where glial-neuronal interactions remain intact (O'Byrne 

eta l. 1997).

The hippocampal slice has frequently been used as a model of brain damage 

(Clark and Rothman 1987; Rothman et al. 1987; Feig and Lipton 1990; McBean 

1990; Raley and Lipton 1990; Vornov and Coyle 1991), since it combines the 

advantages of an in vitro method with the presence of well-characterised 

synaptic connections. However, there are drawbacks in that these models 

cannot be fully correlated with in vivo tests (O'Byrne et al. 1997). Slices are 

exposed to mechanical shear trauma, vascular and related hormonal regulatory 

effects are lost and cellular metabolism may be altered due to the artificial 

conditions used. Furthermore, slices remain viable for only a relatively short 

period of time. Despite these disadvantages, respiring slices of rat brain have 

the advantage of offering mechanical stability, the extracellular medium can be 

controlled, as can the administration of treatments, and studies using slices 

require a much shorter time scale than many in vivo studies.

Several studies have been carried out (Jaworska-Feil et al. 2001; Faden et al. 

2003; Prokai-Tatrai et al. 2003; Nie et al. 2005; Veronesi et al. 2007a) to assess 

the effects of TRH and its various analogues as a neuroprotective agents and 

this chapter describes further investigations of the effects that TRH exerts in 

response to a stressed environment.
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As discussed in Section 1.9, excitotoxicity has been implicated in many disease 

states. A well-established model is to apply glutamate or one of its receptor 

agonists in vitro to induce excitotoxicicty. In the present studies, the rigid 

structural analogue of glutamate, kainate, was used as the excitotoxin and the 

protective capacity of TRH was assessed. Kainate binds to specific presynaptic 

and postsynaptic kainate-type receptors, which opens membrane channels, 

causing an influx of Ca^'' and Na'" ions. This influx of ions results in 

depolarisation, which, in turn, opens voltage-gated cation channels (Chung and 

Han 2003a). Neuronal injury results, possibly, from the release of endogenous 

glutamate and the depletion of neuronal energy reserves in an effort to maintain 

homeostasis. Damage may also be mediated partly through an indirect 

mechanism that may involve the overproduction of free radicals, i.e., oxidative 

stress, resulting in variable levels of neuronal death (Chung and Han 2003a).

In the studies described herein, kainate was administered to hippocampal slices 

from rat brains, and the protective ability of TRH was investigated, using 

indicators of cellular damage and by measuring changes in neurotransmitter 

concentrations.
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4.2 Methods

4.2.1 The effects of a range of kainate doses on the 

lactate dehydrogenase (LDH) content of hippocampal slices

Male Wistar rats (200-250 g) were sacrificed and tissue slices prepared as 

described previously (Section 2.4). A stock solution of 10 mM kainate was 

prepared each day. This was diluted to concentrations ranging from 100-500 

|jM. Following a 30 min preincubation in which slices, incubated in triplicate in 

the perfusion chamber, were superfused in oxygenated (95% 02/5% CO2 ) 

Krebs buffer at 1 mL/min, slices were exposed to kainate for a period of 30-60 

min. The slices were then returned to normal Krebs buffer for a further 30 min. 

Control slices were incubated for the full time period in Krebs buffer. Following 

superfusion, slices were homogenised and diluted 1:10 prior to determination of 

the protein concentration using the Bio-Rad method (Section 2.3.1). The 

viability of the slices was determined by assaying for the LDH content using the 

spectrophotometric method described in Section 2.5.1. The results are 

expressed as U/mg of protein.

4.2.2 The effect of TRH on viability as determined by LDH 

activity

Hippocampal slices were incubated in perfusion chambers and were 

superfused with oxygenated (95% 02/5% CO2 ) Krebs buffer at 1 mL/min for 30 

min, followed by superfusion with 300 |jM kainate in conjunction with 100 and 

300 pM TRH for 60 min. The slices were then given a 30 min recovery period, 

during which superfusion was continued. Slices were then homogenised and 

assayed for LDH and protein content. The results were compared to the levels 

of LDH found in slices that were superfused with the Krebs buffer alone for the 

duration of the experiment. Experiments were also performed over a shorter 

duration, in which kainate was administered for 30 min, following an initial 30 

min incubation. TRH was administered either in conjunction with kainate or in 

the 30 min prior to or directly following kainate superfusion.
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A variation of this method was also used to determine the level of LDH released 

from the slices, in which slices were incubated for 30 min in a chamber 

containing 2 mL of Krebs buffer and maintained at 37°C. In slices undergoing 

TRH treatment, the Krebs buffer contained 300 ijM TRH during this period. A 

final volume of 300 pM KA was then added to the slices, while control slices 

were given a sham treatment by addition of buffer. Following this 30 min period, 

the incubation medium was removed, slice chambers were rinsed and fresh 

Krebs buffer was added for a final 30 min incubation period. The incubation 

medium was assayed for LDH activity.

4.2.3 The effect of TRH on kainate induced apoptosis as 

determined by measurement of caspase activation

Hippocampal slices that underwent treatment with 300 pM kainate for 30-60 

min in conjunction with either 100 or 300 pM TRH, in addition to control slices 

and slices treated with kainate alone, were given a recovery period of 30 min 

superfusion in Krebs buffer before being homogenised in lysis buffer (see 

Section 2.5.3.1), sonicated and stored at -80°C. The level of caspase activation 

was quantified fluorometrically using the method described in Section 2.5.3. 

Caspase activity was calculated and expressed as nM of 7-amino-4-methyl 

coumarin (AMC) produced per min per pg of protein contained within the slice.

4.2.4 Effects of TRH on Kainate toxicity: Amino Acid 

Release

The release of amino acids from the hippocampal slices into the incubation 

medium following incubation with kainate ± TRH over a 30 min period was 

determined fluorometrically following reaction with o-phthalaldehyde and 

HPLC, using the method described in Section 2.11. The separated amino acids 

were detected as they eluted by measuring changes in fluorescence at 

excitation and emission wavelengths of 340 and 455 nm, respectively, and 

were identified using the retention times detected for standards (Appendix B,
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Figure 1) and quantified using the standard curves generated (Apppendix B, 

Figure 2), concentrations are expressed as pM/pg protein.

4.2.5 Effects of TRH on Kainate toxicity: Amino Acid 

Content

The amino acid content of homogenised hippocampal slices following 

superfusion with kainate ± TRH over a 30 min period was determined 

fluorometrically following reaction with o-phthalaldehyde and HPLC, using the 

method described in Section 2.7. The separated amino acids were detected as 

they eluted by fluorescence changes using excitation and emission 

wavelengths of 340 and 455 nm, respectively and quantified using standard 

curves (Figure 2.7), concentrations are expressed as pM/pg protein.

4.2.6 Effect of TRH on kainate induced loss of glial-cell 

viability, as determined by assay of glutamine synthase (GS) 

activity

Hippocampal slices that underwent perfusion with 300 pM kainate in the 

presence of either 100 or 300 pM TRH for 30 min, with pre- and post- 

superfusion periods of 30 min in Krebs buffer, were homogenised in 0.1 M 

sodium acetate buffer, pH 7.4. Samples were then treated as described in 

Section 2.2. Glutamine synthase (GS) activity was calculated and expressed as 

nmol l-glutamic acid y-mono-hydroxamate (GHA) formed/mg protein/min.

4.2.7 Effect of TRH on kainate toxicity: Catecholamines, 

their metabolites and 5-hydroxytryptamine

Following the superfusion treatment described above, slices were homogenised 

using the method described in Section 2.6 and catecholamines and 

indoleamines were extracted. Concentrations were determined from standard 

curves and expressed as ng/pg protein.
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4.3 Results

4.3.1 The superfusion system: Basal levels

The levels of lactate dehydrogenase (LDH) activity remaining in slices 

superfused with Krebs buffer for the full incubation time, i.e. 2 h, were 

compared to those of slices that were assayed directly without a perfusion 

period. As LDH is released during trauma to the cell, remaining LDH activity is 

an indication of survival. One unit (U) of enzyme is defined as the amount of 

enzyme catalysing the formation of 1 pmol of product per minute under 

standard conditions. Table 4.1 indicates that the loss of LDH over the 

incubation period was negligible. Slice superfusion did not appear to adversely 

affect slice viability and as such validates the procedure of the slice superfusion 

model (Figure 4.1).

Table 4.1 Effects of superfusion on LDH content of hippocampal slices.

Slices that had been homogenised and assayed for LDH activity directly after preparation were 

compared vi îth slices that had been continuously perfused vî ith Krebs buffer at 37°C for 2 hours 

and subsequently assayed. An unpaired Student’s T-test revealed that there is no significant 

loss of LDH activity in the incubated slices. Data represent mean values ± S.E.M. (n=5 for each 

treatment).

0 4.835 ±0.378
0.39

120 4.291 ± 0.470
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Figure 4.1 Effects of incubation of hippocampal sections on basal LDH activity.

Slices were homogenised directly after preparation and assayed for LDH activity as described 

in the text. Results were compared with the LDH content of sections that were perfused in 

oxygenated Krebs buffer for 120 min at 37°C, and subsequently assayed. The incubation period 

did not result in a significant loss in LDH activity. Data represent mean values ± S.E.M. (n = 5, 

measured in triplicate).
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4.3.2 The in vitro effects of a range of kainate doses on 

hippocampal slices

Neurotoxicity induced by a range of kainate doses in the slice system was 

determined by measuring the content of LDH remaining in the perfused slices. 

The measurement of LDH activity within the slices is outlined in Table 4.2 and 

presented in Figure 4.2.

Table 4.2 The effects of a range of kainate doses on viability.

The amount of LDH remaining in slices following incubation with 200, 300 and 500 |jM kainate 

for 60 min was determined by measuring the conversion of NADH to NAD'" as a function of cell 

viability. This activity was expressed as a measure of the protein content of each slice and 

compared to the LDH content of control slices. Data represent mean values ± S.E.M. and were 

analysed using one-way ANOVA with Bonferroni’s multiple comparison post-test (n=6 for each 

treatment). *= P value compared with control slices.

Control 4.55 ± 0.56 - -

200 pM kainate 2.78 ± 0.81 1.77 < 0.05

300 pM kainate 0.70 ±0.19 3.85 < 0.001

500 pM kainate 0.29 ±0.03 4.26 < 0.001

A 60 min incubation in kainate followed by a 30 min recovery period revealed 

that all doses resulted in a loss of slice viability. In slices treated with 200 |jM 

kainate there is a reduction in the amount of LDH remaining to 61% of the 

amount present in control, untreated, slices (P<0.05, by one-way ANOVA with 

Bonferroni’s post-test). This level of LDH activity was further reduced using 300 

and 500 |jM kainate, where the units of LDH activity were significantly lower 

than those found in control slices (P<0.001). Treatment with 300 pM kainate 

reduced the level of LDH to 15% of that found in control slices, and 500 pM 

reduced LDH content further to 6.3% of control levels. The difference between 

the LDH contents following treatment with either 300 or 500 pM kainate was not
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Figure 4.2 The effect of increasing concentrations of kainate on the LDH content of 

hippocampal slices.

Hippocampal slices were continuously superfused with Krebs buffer. Following a 30 min 

recovery period, 200-500 pM kainate in Krebs buffer was perfused onto the slices for 60 min. 

The slices were then washed and perfused with Krebs buffer for a further 30 min to allow 

damaged cells to die, and were then homogenized and assayed for LDH activity. Data 

represent mean values ± S.E.M. and were analysed by GraphPad Prism using one-way 

ANOVA with Bonferroni’s multiple comparison test (n=6 for each treatment, measured in 

triplicate). *=P<0.05 and ***=P<0.001, calculated in comparison to control slices.
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significant (P>0.05). Thus a dosage of 300 pM kainate is effective in inducing 

cell damage and cytotoxicity and this was used in further experiments.

4.3.3 The effect of TRH on viability, as determined by 

assay of lactate dehydrogenase activity

The release of LDH from hippocampal slices into the incubating medium in the 

incubation rig, described in Section 4.2.2, is depicted in Figure 4.3. This 

demonstrated that a basic level of cytotoxicity was occurring in untreated 

control slices incubated in Krebs buffer, with 0.04±0.003 U/mL of LDH released 

from the slices. However, slices incubated in 300 pM kainate released 92% 

more LDH than control slices (P<0.01, one-way ANOVA with Bonferroni’s 

multiple comparison post-test). The co-incubation of 300 pM TRH with 300 pM 

kainate resulted in a significant reduction of LDH leakage into the medium in 

comparison to kainate-incubated slices, and loss of LDH was not significantly 

different from that occurring in control slices incubated in Krebs buffer only.

The effect on hippocampal slices of superfusing TRH with 300 pM kainate for 

60 min was measured by assaying the LDH content of the slices. Analysis of 

the results was performed by one-way ANOVA with Bonferroni’s multiple 

comparison post-test, using GraphPad Prism. The LDH content is depicted in 

Figure 4.4. Treatment with 100 pM TRH whilst slices were superfused with 300 

pM kainate significantly reduced the leakage of LDH from hippocampal slices, 

in comparison to kainate treated slices (P<0.01), but did not fully attenuate 

kainate cytotoxicity, as the LDH content was significantly less than that of 

control, Krebs perfused slices (P<0.01). When 300 pM TRH was co

administered with kainate, the activity levels of LDH contained within the slices 

returned to the same levels found in control slices, with no significant difference 

between them. The effect of TRH was further investigated by superfusion of the 

slices with 300 pM TRH in the absence of kainate. Comparison with control 

slices again revealed an LDH content that was not significantly different from 

values obtained for control slices or from those treated with kainate plus 300 

pM TRH.
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Control Kainate Kainate + TRH

Figure 4.3 The effect of TRH on the release of LDH from hippocampal slices into the 

incubation medium.

Lactate dehydrogenase release from hippocampal slices incubated in 300 |jM KA ± 300 |jM 

TRH for 30 min, with 30 min pre- and post-incubation in Krebs buffer, was measured as a 

function of cellular integrity. Data represent the mean values (n=6, measured in triplicate) ± 

S.E M. Analysis of the results was performed by one-way ANOVA with Bonferroni’s post-test 

with **P<0.01 in comparison to control or TRH-treated slices.

118



Kainate +100 uM TRH + 300 nM TRHControl 300 nM TRH

300 |jM kainate

Figure 4.4 The effect of TRH on the kainate induced loss of LDH from hippocampal 

slices.

The LDH content of hippocampal slices was measured following superfusion of slices with 300 

|j M kainate for 60 min, with 30 min pre- and post-superfusion in Krebs, The effect of co

incubation of kainate with 100 and 300 [jM TRH was measured spectrophotometrically and 

normalised using the protein content of the slice. The effect of 300 pM TRH on slices in the 

absence of kainate was also measured ( ^ ) .  Analysis of the results was performed by one-way 

ANOVA analysis with Bonferroni’s post-test, with *** P<0.001 and **P<0.01 in comparison to 

controls or, where indicated, to kainate-treated slices. Data represent mean values± S.E.M., 

with n values ranging from 3-6  and all values measured in triplicate.

119



The effect of a 30 min superfusion of 300 pM TRH with 300 pM kalnate, with 

pre- and post-recovery periods of 30 min with superfusion of Krebs buffer, was 

determined by measuring the LDH content of the slices and compared with 

slices superfused in Krebs buffer for the entire duration and with slices that 

underwent treatment with 300 pM kalnate in the absence of TRH. The results 

are shown in Figure 4.5. Incubation of kalnate for 30 min was found to reduce 

LDH levels significantly (P<0.05), with levels at 41% of control content. TRH 

prevented kalnate-lnduced loss LDH from the slices, with no significant 

difference in comparison to control slices.

The effect of TRH protection against kainate-induced LDH depletion from slices 

was compared to the values found in slices that were given 300 pM TRH for 30 

min prior to superfusion with 300 pM kalnate (the initial recovery period). As 

shown In Figure 4.6, pre-treatment with TRH also resulted in protection against 

LDH loss Induced by kainate.

Figure 4.7 depicts the results of TRH administration in the 30 min following the 

30 min superfusion with kalnate (the final recovery period). There was a 

significantly greater LDH loss from slices, in comparison to controls (P<0.01), 

than the other treatment schedules, although there was still significant 

protection against kalnate toxicity (P<0.01).

The effects of co-, pre-and post-superfusion of TRH with kainate were 

compared in Figure 4.8. The data were analysed by Bonferroni’s post-test, 

which demonstrated that TRH affords the same level of protection when given 

prior to or in conjunction with kainate treatment (P>0.05). Incubation of slices 

with TRH in the 30 min period following kainate administration resulted In 

significantly less protection against LDH release (P<0.05).
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Control 300 |xM KA 300 KA + 300 TRH

Figure 4.5 The effect of TRH on the kainate induced loss of LDH from hippocampal 

slices over 30 minutes.

The LDH content of hippocampal slices was measured following superfusion of slices with 300 

|j M kainate for 30 min, with 30 min pre- and post-superfusion in Krebs buffer. The effect of co

incubation of kainate with 300 |j M TRH was measured spectrophotometrically and normalised 

using the protein content of the slice. Comparison of the results was performed by one-way 

ANOVA analysis with Bonferroni’s post-test, with *** =P<0.001 when compared with control and 

TRH treated slices. Data represent mean values ± S.E.M. (n=6, measured in triplicate).
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Control 300 KA 300 KA + 300 TRH

Figure 4.6 The effect of pre-perfusion with TRH on the kainate induced loss of LDH 

from hippocampal slices.

The LDH content of hippocampal slices was measured spectrophotometrically and normalised 

using the protein content of the slice. Slices undergoing TRH treatment were superfused with 

300 |jM TRH for 30 min, followed by superfusion with 300 pM kainate for 30 min, followed by 30 

min post-superfusion in Krebs buffer. Control slices were superfused with Krebs buffer for 90 

min and slices that underwent kainate treatment were superfused with Krebs buffer for 30 min, 

300 pM kainate for 30 min and Krebs buffer for the final 30 min. Comparison of the results was 

performed by one-way ANOVA analysis with Bonferroni’s post-test, with **=P<0.01 when 

compared to control and TRH-treated slices. Data represent mean values ± S.E.M, (n=6, 

measured in triplicate).
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Control 300 KA 300 KA + 300 TRH

Figure 4.7 The effect of post-perfusion with TRH on the kainate-induced loss of LDH 

from hippocampal slices.

The LDH content of hippocampal slices was measured spectrophotometrically and normalised 

using the protein content of the slice. Slices undergoing TRH treatment were superfused with 

Krebs buffer for 30 min, 300 pM kainate for 30 min and 300 |jM TRH for the final 30 min. 

Control slices were superfused with Krebs buffer for 90 min and slices that underwent kainate 

treatment were superfused with Krebs buffer for 30 min, 300 |jM kainate for 30 min and Krebs 

buffer for the final 30 min. Comparison of the results was performed by one-way ANOVA 

analysis with Bonferroni’s post-test, with *** =P<0.001 and **P<0.01 in comparison to control 

slices or, where indicated, to kainate-treated slices. Data represent mean values ± S.E.M. (n=6, 

measured in triplicate).
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Figure 4.8 Comparison of pre-, post- and co-treatment of TRH with the 

administration of kainate

The effects of time of administration of TRH on kainate-induced loss of LDH from hippocampal 

slices (Figures 4.5-4.7) were compared by the by one-way ANOVA with Bonferroni’s post-test, 

with *=P<0.05. Data represent mean values (n=6) ± S.E.M.
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Table 4.3 The effect of TRH on the loss of LDH activity In hippocampal slices due to 

kalnate.

Kainate induced loss of LDH from hippocampal slices was measured using two incubation 

processes by coupling the conversion of NADH to MAO'" with the enzymatic conversion of 

pyruvate to lactate. Analysis was performed by one-way ANOVA with Bonferroni’s post-test 

using GraphPad Prism. Data represents mean values ± S.E.M. In (a) slices were incubated in 

a static, continuously oxygenated medium containing 300 |j M kainate alone or kainate with 300 

mM TRH for 30 min. All treatments underwent a 30 min recovery period prior to and following 

treatment. The leakage of LDH from cytotoxic cells was compared with control slices incubated 

in Krebs buffer for the duration of the experiment and are expressed as U/mL. In (b) following 

an initial 30 min recovery, slices were superfused with the treatments outlined for 60 min, given 

a 30 min recovery period and then homogenised and assayed for LDH content. Results are 

expressed as units of enzyme per mg of protein.

Control 0.040 ± 0.003 - -

300 |jM KA 0.077 ±0.010 + 92% <0.01

300 mM KA + 300 |jM TRH 0.034 ± 0.005 -15% >0.05

Control 4.621 ±0.15 - -

300 mM TRH 4.653 ± 0.529 + 0.7% >0.05

300 |jM KA 0.911 ±0.182 -  80% <0.001

300 [jM KA+ 100 mMTRH 2.826 ±0.547 -  39% <0.05

300 |jM KA + 300 \ iM TRH 4.498 ±0.355 -  2.7% >0.05
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4.3.4 The effect of kainate on apoptosis as determined by 

measurement of caspase activation

The induction of apoptosis in the slices following kainate treatment was 

measured by the level of caspase activity in slices homogenised following 

perfusion treatment. The results were determined fluorometrically by measuring 

the release of AMC from the caspase substrate (as described in Section 2.5.3, 

with AMC standard curve shown in Figure 2.3), and were normalised to the 

protein content of each slice. The rate of caspase activity found in each slice 

are presented in Table 4.6 and are depicted in Figure 4.9.

A basal level of caspase activity, of 79.26±3.6 nM/min/pg protein, was found in 

untreated control slices. This caspase activity was increased by ~18% by 

superfusion with 300 pM kainate for 30 min, although one-way ANOVA with 

Bonferroni’s post-test revealed this difference was not significant. However, 

caspase activity was significantly increased by treatment with 300 pM kainate 

for 60 min, to an activity that was almost double that found in the control slices 

(P<0.001).

4.3.5 The effect of TRH on kainate induced apoptosis

The increase in caspase activity induced by 300 pM kainate was not reversed 

by treatment with 100 pM TRH. Caspase activity levels were higher than those 

found in slices treated with kainate alone (157.0±6.2 nM/min/pg protein), 

although this change was not significant. In contrast, co-incubation of the slices 

with 300 pM TRH, resulted in caspase activity levels (83.5±12.51 nM/min/pg 

protein) that were not significantly different from those found in the control 

slices.
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Figure 4.9 Caspase activation in hippocampal slices.

Homogenised hippocampal slices were assayed for caspase activity following superfusion in 

Krebs buffer, Krebs buffer with 100 or 300 pM KA or Krebs buffer with 300 (jM KA and either 

100 or 300 |jM TRH. The rate of caspase activity per mg of protein is presented here, 

determined by the release of AMC from the caspase substrate, A/-acetyl-Asp-Glu-Val-Asp-AMC 

(Ac-DEVD-AMC) using the AMC standard curve (Figure 2.3). Data represent the mean ± 

S.E.M. with n=6, with each value measured in triplicate for each treatment group. Statistical 

analysis was performed by one-way ANOVA with Bonferroni’s post-test, with NS=not significant 

and ***=P<0.001 in comparison to controls or, where indicated, to kainate-treated slices.
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Table 4.4 Apoptosis activation following kainate treatment.

Caspase activity in homogenised slices incubated with kainate or with kainate, and 100 or 300 

mM TRH, was determined fluorometrically, Caspase activity was normalised to the amount of 

protein in each slice and an AMC standard curve (Figure 2.3) was used to determine the 

enzyme rate. Analysis of the caspase rates was performed by one-way ANOVA with 

Bonferroni’s post-test, with *=P values in comparison to kainate-treated slices (60 min).

Control 79.26 ±3.613 -

300 |jM KA -  30 min 93.70 ±2.045 >0.05

300 pM KA -  60 nnin 146.8 ±2.819 <0.001

300 | jM  KA+100 mMTRH 157.0 ±6.183
<0.001

>0.05*

300 | jM  KA+300 mM TRH 83.51 ± 12.51
>0.05

<0.001*

128



4.3.6 TRH prevents an increase in the release of 

glutamine from hippocampal slices

The release of amino acids from hippocampal slices into the incubating medium 

was measured by o-phthalaldehyde (OPA) derivitisation, followed by HPLC 

separation and detection with an FL2000 fluorescence detector. The elution 

profiles for each of the incubation treatments; slices incubated in 300 pM 

kainate or in 300 pM TRH and 300 pM kainate for 30 min followed by a 30 min 

recovery period were compared with those that underwent incubation in Krebs 

buffer for the same period. The elution profiles are depicted in Figure 4.10.

The major peak in each of these profiles represents glutamine, determined from 

the elution profile of amino acid standards (Appendix B, Figure 1) and by 

spiking the samples with glutamine. Glutamine was released from the slices in 

a greater concentration than each of the other amino acids. The areas were 

integrated, using the PC1000 system software. The glutamine was then 

quantified using the glutamine standard curve described in Chapter 2 

(presented in Appendix B, Figure 2), to determine the concentration (pM) of 

glutamine released into the incubation medium. Statistical analysis of the 

glutamine released from the slices by one-way ANOVA with Bonferroni’s test 

and the mean concentrations ± S.E.M. (n=4) are depicted in Figure 4.11.

Incubation of the slices in 300 pM kainate resulted in a three-fold increase in 

the concentration of glutamine released into the incubation medium when 

compared with the glutamine released by control slices. When slices were 

treated with 300 pM TRH in conjunction with kainate, the glutamine release was 

significantly lower than that found in slices incubated in kainate alone (P<0.01), 

with the level of release returning to that of control slices (P>0.05).
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Figure 4.10 Elution profile of amino acids released from hippocampal slices

The amino acids released from hippocampal slices incubated in Krebs buffer (a), 300 pM 

kainate (b) or 300 pM kainate with 300 |j M TRH (c ) for 30 min followed by a 30 min recovery 

period were identified by o-phthalaldehyde (OPA) derivitisation, HPLC separation and 

fluorometric detection. Peaks were identified using the elution profile of a mix of amino 

standards (Appendix B, Figure 1). The major peak at ~7.4 min represents glutamine, confirmed 

by spiking samples with glutamine.
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Figure 4.11 The release of glutamine from hippocampal slices

The concentration of glutamine released into the incubating medium from hippocampal slices 

that were incubated in 300 pM kainate or in kainate along with 300 pIVl TRH for 30 min followed 

by a 30 min recovery period was compared with the release of glutamine from control slices 

incubated in Krebs buffer for the same duration. The level of glutamine was assayed by o -  

phthalaldehyde (OPA) derivatisation, followed by HPLC separation and fluorometric detection at 

330 and 440 nm (excitation and emission wavelengths, respectively; Figure 4.10). The resulting 

fluorescence peaks were integrated with a standard curve of glutamine (Appendix B, Figure 2) 

and the mean glutamine concentrations ± S.E.M. were calculated, with n=4. Analysis was 

performed by one-way ANOVA, with *=P<0.05 in comparison to control and TRH-treated slices.
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4.3.7 Effects of TRH on KA toxicity: alterations in the

level of amino acids

The presence of the amino acids glutamate, aspartate, glutamine, taurine and 

GABA in homogenised hippocampal slices was examined following a 

superfusion time of 90 min (30 min of which in the presence of kainate and 

TRH). The amino acids were detected fluorometrically after HPLC separation. 

They were identified by the retention times and quantified by the presence of 

the internal standard, cysteic acid, used to calculate the recovery of amino 

acids during the preparation process, and the standard curves for each amino 

acid outlined in Chapter 2, section 2.7, and were normalised using the protein 

concentration of the homogenised slice. Sample elution profiles of amino acid 

detection from control, untreated slices (a), slices that underwent a 30 min 

superfusion with 300 pM kainate (b) and those that were co-treated with either 

100 or 300 pM TRH plus kainate (c and d) are presented in Figure 4.12. 

Alterations in the amount of each of these amino acids contained in the slices 

as a result of kainate or TRH treatment are tabulated in Table 4.5 and depicted 

in Figure 4.13, with the amino acid amounts as a percent of the control amount 

in Figure 4.14.

It was found that superfusion with 300 pM kainate for 30 min resulted in 

depletion of each of the amino acids examined, with glutamine undergoing the 

greatest loss (levels reduced by 71% in comparison to the control; P<0.01. 

Aspartate was reduced to 49% of control levels (P<0.01), glutamate to 45% 

(P<0.01) with taurine and GABA reduced to 37 and 34% of control levels, 

respectively (both P<0.01). Treatment of the slices with 100 pM TRH and 

kainate resulted in levels of aspartate, glutamine and GABA unchanged 

compared with slices that underwent kainate treatment only and values were 

significantly lower than control slices. Superfusion of 300 pM TRH along with 

300 pM kainate resulted in significant protection against the loss of amino 

acids, returning the concentrations to levels found in control slices. The only 

exception was GABA, the levels of which remained significantly lower than the 

controls and not significantly different from those of slices that underwent 

treatment with kainate alone or kainate and 100 pM TRH.
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Figure 4.12 Elution profiles of amino acid detection in homogenised hippocampal 

slices following superfusion experiments.

Hippocampal slices were superfused in Krebs buffer for 30 min, after which slices were 

superfused with either 300 pM kainate (b), or with kainate plus either 100 pM (c) or 300 pM 

TRH (d) for 30 min, followed by a 30 min recovery period. Control slices (a) were included in the 

experiment and these were perfused with Krebs buffer for the same time period. Slices were 

then homogenised in 0.05 M HCI containing 10 pM cysteic acid as an internal standard.
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The homogenates were sonicated and filtered through Microcon® centrifugal filter devices. 

Dervatised samples were separated and detected by HPLC and fluorescence detection. The 

internal standard is present in all samples at 6.3 min. Cys=Cysteic acid, Asp=Aspartate, Glu= 

Glutamate, Gln=Glutamine and Tau=Taurine.
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Figure 4.13 The effect of TRH on kainate induced alterations of the levels of amino 

acid within hippocampal slices.

The amount of each amino acid contained in hippocampal slices following superfusion with 

Krebs buffer P )  300 (jM kainate (□ ), kainate and 100 |j M TRH (□ ) or kainate and 300 |jM TRH 

( ■ )  was determined by HPLC separation with fluorometric detection. The peak area and a 

standard curve for each amino acid was used to calculate the amount contained in each slice 

and was normalised using the protein content of that slice. Data represent mean ± S.E.M. (n is 

at least 3 for all treatments). Significant differences were determined by one-way ANOVA with 

Bonferroni’s post-test, with *=P<0.05, **=P<0.01 in comparison to control slices, or to kainate- 

treated slices where indicated.
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Figure 4.14 Effect of TRH on kainate induced depletion of excitatory amino acids.

The levels of excitatory amino acids within hippocampal slices following superfusion with 300 

|j M kainate in the absence of TRH (=■ ); 300 pM kainate with 100 pM TRH ( = □ ) ;  or 300 pM 

kainate with 300 pM TRH {= □ )  shown in Figure 4.13 are replotted here and expressed as a 

percentage of the levels found in control slices that were superfused with buffer for the same 

time period. Data represent mean values ± S.E.M. (where n is at least 3), data analysis was 

performed by two-way ANOVA analysis with Bonferroni’s post test with NS=no significant 

difference, *=P<0.5 and **=P<0.01 in comparison to kainate treated slices.
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Table 4.5 Amino acid release from hippocampal slices.

The levels of amino acids contained in hippocampal slices following perfusion experiments 

were analysed by HPLC. The concentration of each amino acid was then normalised to the 

concentration of protein found within the slice. Data represent the mean value ± the S.E.M., 

with n=3 or 4 for each treatment group. The results were analysed by one-way ANOVA with 

Bonferroni’s post-test, with *=P<0.05, **=P<0.01 in comparison to control slices and ^=P<0.05 

and ^^=P<0.01 in comparison to kainate treated slices.

Control 0.729±0.171 1.47±0.11 0.410±0.058 0.855±0.084 0.664±0.204

300 jjM  KA 0.354±0.072** 0.667±0.13** 0.117±0.031** 0.295±0.054** 0.225±0.052**

300 |j M KA + 

100 |j M TRH 0.202±0.083** 0.860±0.207* 0.134±0.030** 0.483±0.061* 0 .19U 0.044*

300 [j M KA + 

300 |j M TRH
0.740±0.107+ 1.240±0.24+ 0.300±0.040^^ 0.865±0.148++ 0.322±0.070*

137



4.3.8 The effect of TRH and kainate on glial-cell viability

Perfusion of hippocampal slices with 300 pM kainate caused a significant 

reduction of glial cell viability, as determined by the levels of glutamine 

synthetase (GS) in the hippocampal slices as a function of the protein content 

(Table 4.5, Figure 4.15). Kainate perfusion for 30 min caused a 60% reduction 

in the enzyme activity in slices. Co-administration of 100 pM TRH with 300 pM 

kainate, increased the level of enzyme activity slightly, by 16%, though this 

increase was not significantly different from kainate only slices (P>0.05) and the 

level remained at least 50% of that found in control tissue slices (P<0.01). The 

level was significantly increased with the co-administration of 300 pM TRH, with 

glutamine synthetase levels of these hippocampal slices was found to be 11% 

greater than those of the control tissue, although this increase was not found to 

be significant, with respect to control, by one-way ANOVA analysis with 

Bonferroni’s post-test. Slices that underwent treatment with 300 pM TRH also 

demonstrated significantly greater glutamine sythetase levels than kainate and 

kainate with 100 pM TRH treated slices by the same analysis (P<0.01 for both).

Table 4.6 Glutamine synthetase activity in hippocampal slices

Glial-cell viability was determined by measuring GS activity in homogenised hippocampal slices 

following perfusion with 300 pM kainate alone or in conjunction with either 100 or 300 (jM TRH 

for 30 min, followed by a recovery period of 30 min. Statistical analysis was performed using 

GraphPad Prism by one-way ANOVA and Bonferroni’s post-test. Data represent mean values ± 

S.E.M., with n=4, for each treatment group (measured in triplicate). P values presented 

represent comparison of treated cells to control, untreated slices, and P* values are in 

comparison with kainate treated slices.

Control 53.39 ± 7.69 -

300 |j M KA 21.32 ± 1.91 39.9 <0.01

300 |jM KA + 100 ĴM 24.83 ± 0.83 46.5 <0.01

TRH >0.05*

300 |jM KA + 300 pM 59.28 ±9 .82 111 >0.05

TRH <0.01*
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Figure 4.15 The level of glutamine synthetase activity in hippocampal slices

Glial-cell viability was measured by determining the level of glutamine synthetase (GS) activity 

in homogenised hippocampal slices following a 90 min perfusion experiment. Activity was 

measured spectrophotometrically using a standard curve of L-glutamic acid y- 

monohydroxamate to calculate product formation. Data represent mean values ± S.E.M. (n =4) 

and data analysis was performed by one-way ANOVA analysis with Bonferroni’s post test, **= 

P<0.01 in comparison to control slices, t=P<0.05 and tt=P<0.01 compared to 300 pM kainate 

+ 300 [jM TRH slices.
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4.3.9 Effects of TRH on kainatate toxicity: Biogenic amine 

levels

In order to identify the alterations in levels of biogenic amines of hippocampal 

slices it was necessary to determine the retention times of the relevant 

catecholamines, metabolites and serotonin from the C18 reverse phase column 

using the elution gradient outlined in Section 2.6. The retention times of 

noradrenaline (NA), dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), 

homovanilic acid (HVA) and of serotonin (5-HT), as well as the standard curves, 

described in Section 2.6 and presented in Figure 2.7, were used to identify and 

quantify each amine in the homogenates. The internal standard, A/-methyl-5HT, 

was used to quantify the percentage recovery of amines from the 

homogenates. Sample elution profiles of amine detection from control slices (a), 

slices that undenA/ent a 30 min superfusion with 300 pM kainate (b) and those 

that were co-treated with either 100 pM (c) or 300 pM (d) TRH plus kainate are 

also shown in Figure 4.16. The levels of amines present in the slices following 

incubation with kainate in the presence and absence of TRH were compared 

using one-way ANOVA with Bonferroni’s post-test (Figure 4.17). Kainate was 

found to cause a significant reduction in the levels of dopamine (P<0.01; Figure 

4.18) and serotonin (P<0.05) compared to control slices and the levels of the 

dopamine metabolites DOPAC and HVA were significantly elevated compared 

to controls (both P<0.05). The serotonin metabolite 5HIAA was also 

significantly depleted by kainate. Kainate had no effect on noradrenaline levels, 

however 300 pM TRH with kainate was found to cause a significant reduction in 

noradrenaline compared to both control (P<0.01) and kainate-treated slices 

(P<0.05). Treatment with 100 pM TRH with kainate did not demonstrate this 

loss, with levels the same as both controls and kainate-treated slices. The 

levels of dopamine, DOPAC, HVA and serotonin in slices treated with 300 pM 

TRH with kainate were the same as control slices and were significantly 

different from slices incubated with kainate alone. Changes in the amount of 

each of these biogenic amines contained in the slices are tabulated in Table 4.7 

and presented as percentages of control levels in Figure 4.19.
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Figure 4.16 Elution profiles of biogenic amine detection in homogenised hippocampal 

slices following superfusion experiments.

Hippocampal slices were superfused in Krebs buffer for 30 min, after which slices were 

superfused with either (a) krebs buffer, (b) 300 pM kainate, (c) kainate plus 100 pM TRH or (d) 

kainate plus 300 pM TRH for 30 min, followed by a 30 min recovery period. Slices were then 

homogenised in mobile phase containing methyl-serotonin as an internal standard, as 

described in Chapter 2, Section 2.6.2. The homogenates were then sonicated and filtered 

through Microcon® centrifugal filter devices. Samples were then separated and detected by 

HPLC and electrochemical detection, described in Chapter 2, Section 2.6.2.
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Figure 4.17 The effect of TRH on kainate-induced changes to the levels of amines and 

their metabolites in hippocampal slices.

Hippocampal slices were superfused with Krebs buffer (=■), 300 mM kainate in the absence of 

TRH (=■); 300 |jM kainate with 100 pM TRH (= □ ) ;  or 300 mM kainate with 300 pM TRH (=□ ) 

and the amount of biogenic amines and their metabolites were determined by HPLC separation 

and electrochemical detection. Each amine or metabolite was identified by its retention time and 

was quantified by its peak area using the standard curves (Figure 2.7). Each measurement 

represents the mean value ± S.E.M. (n=4) and *=P<0.05, **=P<0.01 calculated by one-way 

ANOVA in comparison to control slices, or where indicated, to kainate-treated slices. 

(NA=noradrenalin, DA=dopamine, DOPAC=3,4-dihyroxyphenylacetic acid, HVA=homovanillic 

acid, 5HT=5-hydroxytryptamine (serotonin) and HIAA=5-hydroxy-indoleacetic acid).
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Control 300|xMKA 300nMKA+100nMTRH 300nM KA+300nM TRH

Figure 4.18 The effect of TRH on kainate-induced dopamine depletion in hippocampal 

slices

The levels of dopamine are lower than the levels of the other biogenic amines; this graph 

depicts hippocampal dopamine levels per microgram of protein (presented previously in Figure 

4.17 on a larger scale). Each measurement represents the mean value ± S.E.M. (n=4). 

*P<0.05, **P<0.01 determined by one-way ANOVA in comparison to control slices, t=P<0.001 

in comparison to kainate treated slices.
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Figure 4.19 The effect of TRH on kainate-induced changes to levels of amines and 

their metabolites.

Hippocampal slices were incubated with 100 or 300 jjM TRH during exposure to 300 pM 

kainate for 30 min. Amines and metabolites were assayed by HPLC and levels obtained are 

expressed as a percentage of the levels found in control slices that were superfused with buffer 

for the duration of the kainate and TRH exposure. 300 pM kainate in the absence of TRH (=0); 

300 pM kainate with 100 pM TRH (= □  ); and 300 pM kainate with 300 pM TRH (= □ ). Data 

represent the mean values ± S.E M. (n=4) and were analysed by one-way ANOVA with 

Bonferroni’s post-test, with *=P<0.05 and **=P<0.01 in comparison to control slices.
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Table 4.7 Effects of kainate and TRH on amine and metabolite levels in 

hippocampal slices.

Following a 30 min pre-incubation, hippocampal slices were superfused with 300 pM kainate or 

300 jjM kainate with either 100 or 300 pM TRH for 30 min and given a further 30 min recovery 

period. The level of amines and metabolites in homogenised slices was assayed by HPLC. 

Results are expressed as ng/pg protein. Data represent mean values ± S.E.M. (n=4) and were 

analysed by one-way ANOVA and Bonferronis post-test, with *=P<0.05 and **=P<0.01 in 

comparison to controls and ^=P<0.05 and ^^=P<0.01 in comparison to kainate-treated slices. 

(NA = noradrenaline, DA = dopamine, DOPAC = 3,4-dihydroxyphenylacetic acid, HVA = 

homovanilic acid and 5HT = serotonin).

Control 3.552±0.29 0.358±0.05 1.253±0.34 0.689±0,23 2.86±0.09 0.474±0.02

300 pM KA 2.827±0.29 0.105±0.00** 2.720±0.59* 1.327±0.13* 2.016±0.11* 0.292±0.02*

300 pM KA + 

100 pM TRH 2.830±0,36 0.191±0 .0r 1.727±0.38 1.142±0.22 1.891±0.22 0.371±0.06

300 pM KA + 

300 pM TRH 1.563±0.39**'^ 0.300±0.05'^^ 1.448±0.09 0.957±0.41 3.299±0.37'^'^ 0.478±0.08^
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4.4 Discussion

A disadvantage of the use of brain slices is that a variable amount of tissue is 

destroyed at the cut surfaces of the slices during preparation. In the slice- 

incubation method there is a loss of cellular integrity, which is reflected in the 

basal levels of lactate dehydrogenase (LDH), a cytosolic enzyme that is 

released from damaged cells, and of glutamine released from the control, 

untreated slices (Figures 4.3 and 4.11). Some caspase activation was also 

evident is the slice superfusion system. Control slices were affected by cell 

damage in the preparation process, probably as a result of membrane 

disruption, destabilisation and anoxia during the slicing process. However, the 

amount of LDH and glutamine released from control slices was significantly less 

than that released by slices treated with kainate, which validates the use of the 

method for determining the protective effects of TRH. It was demonstrated that 

superfusing the slices for 2 h did not induce any significant level of damage. 

Comparison of the LDH content of slices following perfusion with slices 

homogenised directly revealed no significant depletion due to the perfusion 

process.

In determining the appropriate concentration of kainate to apply to the slices, a 

dose response experimental range of 200-500 pM kainate was used to 

measure the efflux of LDH from damaged cells. Levels remaining in the slices 

were used as an indicator of the extent of damage induced by kainate, it was 

found that 200 pM kainate induced a level of toxicity reflected by a 40% 

reduction of the LDH content of hippocampal slices following a 60 min 

incubation. The higher doses of 300 and 500 pM kainate further increased 

cytotoxicity. A kainate concentration of 300 pM, which reduced the amount of 

LDH within the slices by 60% and 85% when incubated for 30 min and 60 min, 

respectively, was chosen as the appropriate dose to induce excitotoxicity in 

further experiments. This concentration of kainate is comparable to those used 

by others to induce cell death (McBean 1990; McBean et al. 1995; Wallin et al. 

1999), but is greater than that used to evoke physiological effects such as 

depolarization or ion fluxes (Vornov and Coyle 1991).
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It was found that 100 [jM TRH has some neuroprotective effect against kainate 

toxicity, as demonstrated by a reduction in the loss of LDH content from 

superfused slices. This concentration of TRH did not fully reduce the extent of 

cell death induced by kainate in the slice system, as the levels of LDH remain 

significantly lower than those of the control slices. In addition, it had no effect in 

preventing the activation of apoptosis, as measured by caspase activation, or 

glial cell impairment, as measured by loss of glutamine synthase activity.

Previously, Nie et al. (2005), who examined TRH-protection by release of LDH 

from hippocampal and dentate gyrus slices following glutamate-stimulated 

excitotoxicity (10 mM), reported no protection at the lower TRH concentration of 

10 pM. However, Jaworska-Feil et al. (2001) found that pre-treatment of rat 

cortical neurons with 1,10 and 100 pM TRH significantly reduced the level of 

LDH release from cells caused by a subsequent application of 150 pM kainate, 

although the level of LDH release remained greater than in the control, 

untreated, cells, indicating that the protection against kainate was not complete.

The present studies demonstrated that the higher concentration of TRH fully 

protects against LDH leakage when given at the same time as, or prior to 

administration of the toxin. It also affords a significant level of protection when 

given after the toxic insult. This demonstrates the ability of TRH to maintain the 

integrity of the hippocampal cells against excitotoxic trauma. Pizzi et al (1999) 

also reported 100 pM TRH to completely prevent neurotoxicity caused by 

NMDA exposure of hippocampal slices. However, they determined viability by 

counting the ratio of viable and lesioned cells in stained slices. Unlike LDH 

release, their method does not account for dying or damaged cells. This may 

account for the need for higher concentration of TRH in the present studies.

The release of LDH from the slices functions as a marker of neuronal integrity, 

in order to understand the mechanism of TRH protection more fully, the 

initiation of programmed cell death, apoptosis, was measured by determining 

caspase activation. Kainate is known to induce apoptosis (Simonian et al. 1996) 

and, in the present studies, the activation of caspases was clearly 

demonstrated following exposure of hippocampal slices to kainate. Slices
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exposed to 300 |jM kainate, for 60 min, reveal an almost two-fold increase in 

activity but the application of 100 pM TRH had no significant effect on this. 

Treatment with 300 pM TRH, however, effectively reduces the level of caspase 

activity to that seen in control slices with no significant difference observed. 

TRH has been reported to suppress the genes of proapoptotic Bcl-2-associated 

protein X, Bcl-xL/ Bcl-2-associated death promoter and Fas in pancreatic cell 

cultures (Luo and Yano 2005). Further work would be required to show whether 

similar effects occur in the neuronal system used in the present work.

Examination of the derivatised amino acids released from incubated 

hippocampal slices revealed that a relatively large amount of glutamine was 

discharged from the slices regardless of the incubation conditions. Glutamine 

was released in a concentration that was far greater than that of any other 

amino acid detected. This may reflect progressive anoxia during the incubation 

(Ogata et al. 1992). There was, however, an appreciable increase in the level of 

glutamine release due to kainate treatment, with levels in the incubation 

medium being almost three-fold greater than those of controls. TRH (300 pM) 

fully counteracted this release. Superfusion of hippocampal slices with kainate 

resulted in a depletion of each of the amino-acid transmitters contained within 

the tissue. The kainate induced amino acid loss from slices ranged from 29 - 

48% of control levels. This variable effect on the loss of amino acids may 

indicate that changes in cell signalling are also contributing to loss. Indeed, this 

kainate-evoked response was considerably greater than the cell death 

determined by LDH release.

Again, the greatest change was in glutamine levels, which were only 29% of the 

levels found in the controls. The kainate-induced loss of glutamate from slices 

resulted in a fall to 45% of the levels in the controls. Glutamate release from 

brain slices as a result of trauma has been previously described (Faden et al. 

1989; Montoliu et al. 2002) and is calcium-independent (Nicklas et al. 1980; 

Ferkany et al. 1982; Krespan et al. 1982; McBean et al. 1995). This loss of 

glutamate could arise by its leakage from the neuronal cytoplasm as a result of 

energy depletion (Pocock et al. 1988; Nie et al. 2005).
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TRH has been reported to be an up-regulator of neurotransmitter systems in 

various loci of the brain (Nilini and Sevarino 1999; Gary et al. 2003). In this 

hippocampal slice system, however, TRH afforded significant protection against 

kainate-stimulated loss of aspartate and glutamate. The concentrations of 

aspartate and glutamate, in addition to glutamine and taurine, were returned to 

levels found in control slices. In the presence of TRH, the levels of aspartate 

and glutamate were significantly greater than those found in kainate-treated 

slices, with the levels of aspartate being returned to control values whilst 

glutamate was at 85% of control values. The loss of taurine and glutamine was 

also prevented by TRH. Protection against hippocampal depletion of glutamate 

and aspartate has also been described in potassium-induced slice 

depolarisation (Nie et al. 2005), which is a calcium-dependent process, 

suggesting that TRH is a homeostatic regulator of neurotransmitter release by 

both calcium-dependent and -independent mechanisms. As discussed in 

Chapter 1, excess excitatory amino acid activity has been implicated in the 

pathophysiolgoy of many cognitive and neurodegenerative disorders, thus this 

homeostatic function of TRH may indicate a role for TRH analogues as a 

preventative treatment for such disorders.

It appears that TRH had no effect on the kainate-induced reduction of GABA 

levels. GABA is the primary inhibitory neurotransmitter of the CNS and TRH 

has been reported to regulate GABA function in the hippocampus (Kachidian et 

al. 1991; Heuer et al. 2000; Deng et al. 2006). A contributing factor to the failure 

of TRH to affect the kainite-evoked depletion of GABA in the hippocampal 

slices may be that administration of TRH under normal circumstances has been 

previously shown to increase GABA release in the hippocampus (Deng et al. 

2006). The reduced concentration of GABA in kainate-treated cells probably 

results from a combination of kainate-stimulated release, energy depletion and 

leakage from dying cells as the membrane looses integrity. TRH may protect 

against GABA loss from the slices because of the improved cellular integrity, 

demonstrated by protection against apoptosis and LDH release, but these 

effects may enhance the direct TRH-stimulated GABA release. This TRH 

evoked release of the inhibitory GABA is probably a homeostatic response to 

the over-excitation due to kainate. This excitation by glutamatergic mechanisms
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may function through an increase in cGMP, which GABA-receptor activation, 

caused by the TRH stimulus, then inhibits (Nakayama et al. 1996).

The prevention of glutamate and aspartate loss may, in part, be due to TRH- 

enhanced glial uptake (Nie et al. 2005), indicating that neuroprotection by TRH 

may function through glial cells. The ability of TRH to protect glial cells was, 

therefore, investigated. Glial cells are central to regulation of glutamate 

conversion to non-toxic glutamine. As previously mentioned, kainate functions 

as a toxin by activating glutamate receptors, this in turn causes an excessive 

release of glutamate within the cell, disturbing the glutamate-glutamine 

regulatory cycle and inducing excitotoxicity. Glia probably function to decrease 

the effective concentration of glutamate by a high-affinity, high-capacity 

transport system and most of the transport sites for glutamate are present on 

the glial cells and, therefore, the initial effects of kainate may be exerted in glial 

cells (Garthwaite and Garthwaite 1985; Vornov and Coyle 1991; McBean et al. 

1995). It has previously been shown that glial cells are susceptible to kainate 

toxicity (Kollegger et al. 1991; McBean et al. 1995), and kainate receptors have 

been identified in microglial cells (Noda et al. 2000).

Assaying for glutamine synthetase (GS), an enzyme found only in glial cells, 

serves as a marker for glial-cell viability. This enabled the measurement of the 

protective effects of TRH on the glial-cell population of the hippocampal slices. 

Kainate susceptibility was confirmed in these studies, which showed that 300 

pM kainate reduces the level of GS activity in slices by 60%. This loss of glial 

viability by kainate treatment could explain the significant increase in glutamine 

leakage from the hippocampal slices, shown in Figure 4.11.

Co-treatment with 100 pM TRH did not significantly improve this loss of GS 

activity, with levels of GS remaining at just over 50% of the levels found in 

control hippocampal slices. The loss of glial-cell viability could, however, be 

reversed by treatment with 300 pM TRH, which lead to levels of activity at 

normal, control, limits. This protective effect on glial cells coincides with the 

observation that incubation with 300 pM TRH prevented kainate-induced 

release of glutamine from hippocampal slices, and maintained glutamine levels
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within slices, consistent with TRH protecting glia from kainate induced loss of 

viability. Astrocytes have previously been demonstrated to express receptors 

for TRH (Fernandez-Agullo 2001), which could explain the capacity for TRH to 

exert this protective effect.

Alterations in the levels of biogenic amines and their metabolites in 

hippocampal slices following superfusion with kainate may be due to the loss of 

cell integrity, however, the variable effect of kainate on the level of amines and 

their metabolic products suggests that alterations in the cell-signalling 

processes may also contribute. Kainate had the smallest impact on 

noradrenaline, with levels remaining at 80% of controls and not significantly 

different to control levels. The level of dopamine within slices was reduced by 

greater than 3-fold. The level of the indoleamine serotonin was reduced to 70% 

of control values following exposure to kainate, whilst the metabolite HIAA was 

reduced to 62% of control levels. Interestingly, the levels of the dopamine 

metabolites, DOPAC and HVA, did not appear to be altered to the same degree 

as dopamine. The levels of the dopamine metabolites within the slices doubled. 

This indicates that some of kainate-released dopamine stores or its metabolites 

were released into the perfusate. Dopamine depletion was greater than cell 

death assessed by the LDH assay, whereas the loss of noradrenaline and 

serotonin was less. Thus the kainate-evoked depletion of these molecules may 

involve both cellular signalling as well as leakage of these substances from 

damaged cells.

Kainate treatment had no significant effect on the noradrenaline levels of the 

hippocampus. Treatment with TRH, however, resulted in significant depletion of 

this catecholamine, an effect that has also been elicited in vivo by microdialysis. 

It is thought that, among monoaminergic neurons, the noradrenerigic system 

may be most sensitive to TRH (Itoh et al., 1994a). TRH and noradrenaline co- 

localise throughout the CNS (Lechan and Kakucska, 1992, Kolk et al., 2002, 

Itoh et al., 1994a). The stimulatory effect of TRH on the release of 

noradrenaline may be of benefit in the treatment of locomotor disorders.

153



When TRH (300 |jM) was co-administered with kainate, it completely prevented 

the depletion of dopamine, serotonin and their metabolites caused by kainate 

alone. The ability of TRH to prevent loss or altered metabolism of 

neurotransmitters could be caused by the endogenous functions of TRH being 

mediated through these amines. TRH is known to co-localise with serotonin, 

noradrenaline and dopamine in certain neuronal populations (Section 1.8), and 

previous studies have demonstrated that TRH-analogues appear to function in 

vivo through serotonin and dopamine release (Fukuchi et al., 1998, McCreary 

and Handley, 1999, Tanabe et al., 2007), implying the involvement of these 

amine neurotransmitters in the actions of TRH. Further studies should examine 

the effects of TRH on this system in the absence of kainate, to confirm these 

conclusions.

In summary, kainate was shown to be neurotoxic in the system studied, leading 

to increased levels of cell death, both by apoptosis and necrosis, and 

neurotransmitter release which may involve altered cell signalling as well as cell 

damage and death. TRH was shown be neuroprotective.

The anatomical relationship between the TRH signalling elements in the 

hippocampus is not yet fully understood. TRH has been detected in the dentate 

gyrus and the TRH receptor is expressed in the molecular layer and the dentate 

gyrus, whereas TRH-DE is widely expressed in the pyramidal-cell layer (Heuer 

et al. 2000). It has been postulated that TRH is neuroprotective in a manner 

that is independent of the TRH receptors (Faden et al. 2003a), both by 

phosphorylation through protein kinase C (Pizzi et al. 1999) and by preventing 

glutamate-stimulated increases to levels of intracellular calcium (Koenig et al. 

1996).

The preservation of cell viability, as indicated, may be the major mechanism by 

which TRH promotes functional neuronal recovery in brain trauma. TRH inhibits 

excitotoxically mediated cell loss, which suggests that it could be of value in the 

treatment of brain injury and neurological diseases associated with excitotoxic 

cell death. TRH appears to function as a homeostatic regulator of the 

neurotransmitters glutamate, aspartate, taurine, dopamine and serotonin. This
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is a conclusion that may be of significance in the treatment of the many 

diseases thought to result from excessive glutamatergic signalling.

Despite reports on the short life span of TRH, due to rapid degradation primarily 

by TRH-DE, which is present in the hippocampus, the protective effects of TRH 

endured for the time-periods used in these experiments, ranging from 30-60 

min from the conclusion of TRH application. This is most likely to explain the 

high concentration of TRH (300 pM) that were found to be necessary for 

obtaining neuroprotection. The application of effective TRH-DE inhibitors might 

be expected to reduce the effective TRH concentrations.

Overall, these findings demonstrate that TRH protects hippocampal cells from 

kainate-induced toxicity in a concentration-dependent manner in vitro. This 

paradigm should permit further in-depth investigations into the downstream 

molecular mechanism(s) involved in this TRH effect.
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CHAPTER 5

STUDIES ON THE PROTECTIVE EFFECT OF TRH 

AGAINST CELLULAR INSULTS
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5.1 Introduction

Studies with cultured cells compliment the results obtained with brain slices 

(Chapter 4) in the study of cytotoxicity and protection. It is possible to estimate 

the contributions of apoptosis and necrosis to cell death. Furthermore, much 

longer periods of exposure to toxins and TRH were possible than with the brain 

slices. The cell-culture system also allowed the effect of TRH to be measured 

directly in a homogenous tissue type, and a wider range of toxins, which 

operate by different primary mechanisms, were used in these studies, to 

facilitate further elucidation on the method of TRH protection.

SH-SY5Y cells provided the in vitro system used in this section. These cells 

have a neuroblastoma morphology and were initially biopsy-derived from 

metastasis to bone marrow from a human Caucasian, 4-year old female. They 

are a thrice-cloned sub-line of the bone marrow neuroepithelioma cell line SK- 

N-SH (ECACC No. 86012802). These cells express many features of mature 

noradrenergic neurons; they have sodium-dependent glutamate/aspartate and 

noradrenaline transporters and express both ionotropic and metabotropic 

glutamate receptors (Naarala et al. 1993; O'Neill et al. 1994). Activation of both 

the ionotropic and metabotropic receptors increases free intracellular Câ "̂  

concentration ([Ca^‘']i), however it is the ionotropic (particularly the NMDA) 

receptors that predominate in the increase in [Ca "̂"]) (Naarala et al. 1993), a 

crucial factor triggering excitotoxic and apoptotic cascades. These cells have 

dopamine-beta-hydroxylase activity and can also convert glutamate to GABA 

(Naarala et al. 1993; Tetich et al. 2004).

The toxins used in this study to induce cell death were staurosporine, 1-methyl- 

4-phenylpyridinium (MPP'") and kainate. The effects of kainate in inducing 

death by excitoxicity are described in detail in Chapter 1, Section 1.9. Briefly, 

kainate binds to ionotropic glutamate receptors, this causes depolarisation of 

the cell membrane and release of Ca "̂" from intracellular non-mitochondrial 

calcium stores and into the cytoplasm increasing [Ca^""]! levels, with subsequent
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activation of protein kinases, including protein kinase C and calmodulin- 

dependent kinases (Naarala et al. 1993; Song et al. 2008).

Staurosporine is a microbial alkaloid that was originally isolated in 1977 from 

the bacterium Streptomyces staurosporeus. It functions by inhibition of protein 

kinases through the prevention of ATP binding to the kinase (Schnier et al. 

1996; Chae et al. 2000). This is achieved through the stronger affinity of 

staurosporine to the ATP-binding site on the kinase. It is one of the most potent, 

but non-specific protein kinase inhibitors with IC50 values in the nanomolar 

range. This protein kinase inhibition means staurosporine is a strict apoptosis 

inducer -  arresting the cell cycle at the G1 phase (Schnier et al. 1996; Weil et 

al. 1996). It induces apoptosis in all cells except red blood cells due to their 

anucleation. It has biological activities ranging from anti-fungal to anti- 

hypertensive.

MPP"" is the dihydropyridine oxidised metabolite of 1-methyl-4phenyl-1,2,3,6- 

tetrahydropyridine (MPTP). It can be readily taken into dopaminergic cells via 

the dopamine re-uptake transporter. It is cytotoxic due to its accumulation by 

mitochondria, where it inhibits Complex I of the mitochondrial electron transport 

chain, thus causing depletion in ATP levels and, consequently, increases in 

cytosolic Ca '̂" concentration and ROS formation and, eventually, death of the 

neurone. It also inhibits the synthesis of catecholamines, catalysed by tyrosine 

hydroxylase, leading to reduced levels of dopamine and noradrenaline 

(Lotharius and O'Malley 2000).

Cell culture assays provide a simple and direct approach to measuring toxicity 

and function at the cellular level under varying conditions. In these studies the 

cells were exposed to toxins in conjunction with TRH for varying time periods 

and well-established viability assays were performed to quantify the protection 

afforded by TRH.

Alteration of protein kinase activity is a common factor in the processes of cell 

death instigated by each of these toxins, as depicted in Figure 5.1. Kainate and 

MPP"" cause increases the levels of [Ca^""]!, which may induce death by itself or 

by initiating cellular signal transduction processes, a number of which are
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regulated by the level of [Ca "̂"]), including the activation of protein kinase C and 

calcium/calmodulin-dependent protein kinase, whereas staurosporine functions 

as an inhibitor of protein kinase.

The studies described in Chapter 4 showed TRH to be neuroprotective against 

excitotoxicity induced by kainate in hippocampal slices. The aim of the studies 

described herein was to investigate if TRH could afford protection against cell 

death instigated by different toxins, which have different primary actions, which 

initiate overlapping signalling events that ultimately cause cell death. The 

possible protective effects of TRH were studied in order to assess the level(s) 

at which it might act.

Protein Kinase^-------------------- Staurosporine
activates I

Calmodulin

MP

mGluRs

AM PA  R KA R MMDA R

Figure 5.1 The effects of staurosporine, kainate (KA) and MPP^ have on intracellular 

events.

Schematic representation of the overlapping events that occur within the cell following 

administration of each type of cell toxin. The common theme between cell toxicity events is an 

alteration in [Ca '̂^]i, and an alteration of protein kinase activity -  activated by kainate and MPP'^ 

and inhibited by staurosporine.
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5.2 Methods

5.2.1 Culturing

Hum an neuroblastoma S H -S Y 5Y  cells obtained from A TC C  (C R L-2266) grow  

as a mixture of floating and adherent cells that aggregate and can form floating 

clumps. They form clusters of neuroblastic cells with multiple, short, fine cell 

processes (neurites). The cells w ere cultured in tissue culture flasks (15 x 8 .5  x 

3.5 cm, with a 75 cm^ surface area), in a 1:1 mixture of H am ’s F I 2 nutrients 

and essential medium (M E M ) supplemented with 10%  fetal bovine serum  

(FBS), glutamine, non-essential amino acids, sodium pyruvate and sodium  

bicarbonate with 100 lU/ml penicillin and 100 pg/ml streptomycin. All cells w ere  

m aintained in humidified 5%  C O 2 atm osphere at 37°C . The medium was  

replaced every 4 -7  days, depending on cell density. For subculturing, the 

medium was removed with the floating cells, and these cells w ere recovered by 

centrifugation. The adherent cells w ere covered with 3 mL of fresh 0 .25%  

trypsin, 0 .53  mM E D TA  solution and incubated for 4 min in the hood, until the 

cells detached. Fresh medium was then added and the culture-flask rinsed, this 

w as then aspirated and centrifuged to obtain the cell pellet, and sub-cultured 

into new flasks at a ratio of about 1 :5.

5.2.2 Cell Counting

Trypan Blue exclusion of non-viable cells was used to determ ine cell number, 

by viable cell counting using a haem ocytom eter and a light microcscope and 

the num ber of cells/mL was determined (before plating).

5.2.3 Cell Plating

Cells w ere resuspended after counting in plating medium -  the sam e medium  

as above, but not supplemented with serum. Cells w ere then plated at 1x10"^ 

cells/100 [jL/well on a 96 well plate, leaving the first row (a) as a blank, cell free, 

containing serum -free medium, cells in the second row (b) w ere control cells.
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The cells were left to adhere for 24 hours prior to initiation of experiments. Cells 

rows c-h  were treated with toxins ± doses of TRH, in triplicate at various time 

points, as laid out in Figure 5.2.

Time 1 Time 2 Time 3 Time 4
Blank (a) 

Control (b) 
Toxin (c)

(d)-
(e)

Toxin+ TRH ( f )
(g)
{hy

Figure 5.2 Cell culture assay setup

Cells were plated in rows b-h at a density of 1x10'' cells/100 pL/well on 96 well plates in serum- 

free medium and left for a 24 h period before initiation of toxicity studies. Toxins were added to 

the wells over a range of time periods and TRH was co-administered in the appropriate wells. 

All treatments were made in triplicate.

5.2.4 Cell toxicity studies

Kainate, MPP^ or staurosporine were added to the cells and incubated for 

varying time periods to induce cell death by their differing mechanisms. TRH 

was administered to measure its ability to protect against cell death.

5.2.5 Cell Viability

5.2.5.1 The MTT viability assay

In this assay the ability of reductase enzymes of viable cells to convert the 

yellow tetrazolium salt, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) to formazan, resulting in a purple colour, was measured on a 

microplate reader spectrometer at an absorption of 540 nm with a reference 

wavelength of 630 nm. This redox activity measurement indicated the level of 

cytotoxicity induced by a range of concentrations of each of the toxins studied
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following incubation over 2 -4 8  h. MTT was dissolved in phosphate-buffered 

saline (PBS) at a concentration of 5 mg/mL and filtered through 0 .22  |jm  

filters, 10 pL of this solution was added to each well and incubated for 4 -6h , 

the plates were then centrifuged at 2000 rpm for 10 min and the medium 

removed, leaving behind formazan crystals, which were dissolved by addition of 

100 pL DMSO and the absorption measurement was taken within 5 min. A 

reference using 120 pL cell medium with 10 pL M TT solution was used as a 

blank. Control cells were assumed to have 100% viability and the viabilities of 

cells that underwent treatment were calculated as a percentage of control cells.

5.2.5.2 Propidium iodide

The propidium iodide assay measured the damage or leakage of the plasma 

membrane. The assay was used to identify late apoptotic or necrotic cells that 

lost membrane integrity as the propidium iodide penetrated dying cells and 

bound to DNA, emitting a red fluorescence. Cells were stained with 50 pM 

propidium iodide (PI) solution in PBS at room temperature for 15 min in the 

dark. The fluorescence at 536 nm and 590 nm (excitation and emission, 

respectively) was measured to give the first reading (F), with a background 

reading made for medium + PI (blank). A second fluorescence reading was 

made following cell lysis with 160 pM digitonin for 20 min to obtain the 

fluorescence of the permeabilised cells. This second (Fmax) reading was used to 

determine the percentage viability, calculated as 

100-((F -b lank)-(Fm ax-b lank))xl00.

5.2.5.3 Lactate dehydrogenase release

As a measure of the release of cytosolic proteins and loss of plasma membrane 

integrity, the amount of lactate dehydrogenase (LDH) released into the culture 

supernatant in 96-well plates and that remaining within lysed cells was 

measured. LDH release is a reliable index of membrane failure because of the 

enzyme's high intracellular activity and high stability in the extracellular 

medium. LDH activity was determined spectrophotometrically, by the 

conversion of pyruvate to lactate and simultaneous oxidation of NADH to NAD'",
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with the rate of decrease in NADH directly proportional to the LDH activity. 

Plates were centrifuged at 4000 rpm for 5 min and 25 pL of the medium was 

removed from each well to a new plate to measure the LDH released from cells. 

Viable cells adherent to the plate were lysed with 0.1% ice-cold Triton-XlOO 

and 25 pL of this lysed cell fraction was used to measure the LDH content of 

the cells. The LDH activity of each fraction was measured by addition of 25 pL 

10 mM sodium pyruvate to each well, followed by 100 pL of 0.3 mg/ml NADH 

solution and reading the OD was immediately started on the microplate reader 

at an absorbance 340 nm. The total amount of LDH in each well was 

determined by adding the value of the LDH released from cells into the 

incubation medium with that found in lysed cells. The LDH released from the 

cells into each well was then calculated as a percent of the total amount of that 

well.

5.2.5.4 Caspase

Initiation of apoptosis in cells was analysed by assaying for caspase activity 

(caspases -3, -6, -7, -8 and -10) following incubation of the cells with toxin in the 

presence and absence of TRH. The method is outlined in Chapter 2, Section 

2.9.3. Briefly, 10 pL of cell lysates were transferred to wells of a black 96-well 

plate, 100 pL of 1.65 pM substrate (A/-acetyl-Asp-Glu-Val-Asp-7-amino-4- 

methylcoumarin; Ac-DEVD-AMC) was added to each sample and the controls. 

Production of fluorescent free-7-amino-4-methylcoumarin (AMC), released by 

caspase activity, was monitored over 60 min at 37°C using a microplate 

fluorimeter (Spectra Max Gemini, Molecular Devices) at excitation and emission 

wavelengths of 360 and 460 nm, respectively. An AMC standard curve 

(Chapter 2, Figure 2.3) was used to calculate caspase activity and expressed 

as AMC formed/mg protein/min. The protein concentration was determined by 

the BioRad method (Section 2.3.1).
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5.3 Results

5.3.1 Dose-dependant and time-dependant effects of 

toxins on SH-SY5Y death

The MTT method was used to determine the level of cytotoxicity induced by a 

range of concentrations of each of the toxins following incubation over 2-48 h 

and the results are shown in Figures 5.3-5.5.

Statistical analysis was performed for each data-set by two-way ANOVA with 

Bonferroni’s post-test, comparing the values to the controls, to determine the 

effect of incubation time and the concentration of toxin used. The appropriate 

concentration of each toxin and incubation period required to induce 

approximately 50% cell death was thus determined. This concentration of toxin 

was then used in further experiments to determine the level of protection 

afforded by a range of doses of TRH.

The concentration of staurosporine for use was determined to be 10 pM, which 

at 2 h resulted in a 15% loss of viability in comparison to control cells and 

decreased to 45% cell viability following 12 h Incubation. The range of 

incubation periods with staurosporine for future experiments was performed 

within this 2-12 hour time frame.

Kainate caused substantial loss of viability at concentration ranges of 300-500 

pM following incubation for 24 h, with no further increase in death at 48 h. 

Comparison of the viabilities following 8-48 h incubations in kainate revealed 

no significant difference due to the concentrations used, thus 300 pM kainate 

was used to induce toxicity in future experiments, with time periods of 8-48 h.
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Figure 5.3 Cell viability following incubation of cells with staurosporine

SH-SY5Y cells were incubated with 0.05-10 [jM concentrations of staurosporine for times 

periods of 2 -48 h. The viability of the cells as a percentage of control, untreated cells incubated 

for the same periods was determined by the MTT assay. Values represent mean ± S.E.M. with 

n=3.
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Figure 5.4 Cell viability following incubation of cells with kainate

SH-SY5Y cells were incubated with 50-500 |jM concentrations of kainate for times periods of 

2-48 h. The viability of the cells as a percentage of control, untreated cells incubated for the 

same periods was determined by the MTT assay. Values represent mean ± S.E M. with n=3.
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Figure 5.5 Cell viability following incubation of cells with MPP^

SH-SY5Y cells were incubated with 0.5-30 mM concentrations of MPP'" for a period of 2-48  h. 

The viability of the cells as a percentage of control, untreated cells incubated for the same 

periods was determined by the MTT assay. Values represent mean ± S.E.M. with n=3.
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Concentration ranges of 0.5-30 mM MPP'' on cells for Incubation periods of 2 -  

48 h were used to induce cell death. Concentrations of 10, 20 and 30 mM 

induced the greatest cell death, with 30% decrease in viability following an 8 h 

incubation and viability reduced to 20% of controls following 24 h, with no 

further reduction at 48 h. There was no significant change in the effect due to 

increasing the MPP'' concentration fronn 10 mM and this was thus used to 

cause cell death over 6-48 h periods in further experiments.

Table 5.1 The effective concentration and incubation period of toxins

Incubation of SH-SY5Y cells with kainate, staurosporine and MPP'" was performed over a range 

of time periods The viability of the cells was then determined by the MTT assay. The survival of 

the cells as a percentage of the control cells was used to determine the concentration of each 

toxin required to give 50% cell death and the period of incubation necessary.

Kainate 300 mM 1 2 ^ 8  h

Staurosporine 10 |jM 2-9  h

MPP^ 10 mM 6 ^ 8  h

5.3.3.1 The effect of TRH on staurosporine toxicity

MTT viability studies

The viability of SH-SY5Y cells following incubation in 10 |jM staurosporine with 

a range of concentrations of TRH and for a range of times was measured and 

the results are shown in Figure 5.3. In determining the effect due to the 

concentration of TRH and the period of exposure to staurosporine with TRH, 

two-way ANOVA analysis was performed, with comparison of the viabilities to 

control cells at each time, assumed to be 100% viable, and also with cells that 

were incubated with staurosporine alone. It was found that the degree of 

protection conferred by TRH depended on both the concentration of TRH
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(P<0.0001, accounting for 51.9% of the variance) and the incubation time 

(P<0.0001, with 24.98% of the variance).

Cell viability, depicted in Figure 5.6, was significantly decreased by 

staurosporine after the 2 h incubation (P<0.05) and continued to decrease over 

each incubation period thereafter (P<0.01-0.001). Cells that were incubated 

with TRH and staurosporine also exhibited a decrease in viability over the times 

used (Figure 5.6). Cells that were incubated with 400 and 600 pM TRH with 

staurosporine were not significantly different to control cells initially (3 and 6 h 

incubations), but were significantly reduced in comparison to controls following 

the 9 h incubation (P<0.001), although the viabilities of cells that were 

incubated in the presence of 400 and 600 [jM TRH with staurosporine were 

significantly greater than those treated with staurosporine alone after 6 and 9 h 

incubations (P<0.001). 300 |j M TRH also showed protection against 

staurosporine following 6 and 9 h incubations, with significantly improved 

viability compared with cells treated only with staurosporine (P<0.05 and 0.01, 

respectively). The viabilities of cells incubated with 100 and 200 pM TRH plus 

staurosporine were not significantly different from those incubated with 

staurosporine alone after any of the incubation periods. For clarity, the effects 

of staurosporine and TRH are shown individually for each time period in Figure 

5.7 (a-d) and analysis, performed by one-way ANOVA, revealed that treatment 

with 300, 400 and 600 pM TRH resulted in significant improvement in viability at 

6 and 9 hours in comparison to cells incubated in staurosporine alone (P<0.05- 

0.001). At 2 and 3 h incubations, when the level of cell death due to 

staurosporine was not as great, only 600 pM TRH gave significantly improved 

viability (P<0.05).
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Figure 5.6 Viability of cells during incubation with staurosporine in the presence of 

TRH assessed by the MTT procedure

The viability of cells was determined colourimetrically by MTT conversion to formazan following 

2-9 hour incubations. The viability was calculated as a percentage of that obtained for controls 

ff). The effect of co-incubating TRH at concentrations of 100 P), 200 p ), 300 P), 400 P) and 

600 P) jjM with 10 [jM staurosporine was measured. Two-way ANOVA with Bonferroni’s post

test was performed, with ***=P<0.001, **=P<0.01 and *=P<0.05, in comparison of the viabilities 

of control cells and t=P<0.05, tt=P<0.01 and ttt=P<0.001 in comparison to cells incubated 

with staurosporine P). Data represent the mean values ± S.E.M. (n=3).
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Figure 5.7 TRH protects against staurosporine-induced cell death assessed by the 

MTT assay

The data shown in Figure 5.6 are graphed individually for (a) 2, (b) 3, (c) 6 and (d) 9 hour 

incubations in 10 pM staurosporine (□), 10 pM staurosporine with 100 pM TRH (□), 10 pM 

staurosporine with 200 pM TRH (□ ) ,  10 pM staurosporine with 300pM TRH (0 ) ,  10 pM 

staurosporine with 400 pM TRH (■  ), 10 pM staurosporine with 600pM TRH ( ■ )  and control 

cells (■). The viability of cells was determined as a percentage of control, untreated cells for 

each incubation time and analysis was performed by one-way ANOVA with Bonferroni’s post

test, with ***=P<0.001, **=P<0.01 and *=P<0.05 in comparison to control cells or, where 

indicated, to cells incubated with staurosporine alone. Data represent the mean values ± S.E.M. 

(n=3).
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5.3.3.2 Propidium Iodide studies

The viabilities of cells following incubation times of 2, 3, 6 and 9 h in the 

presence of 10 pM staurosporine and with the addition of 100-600 pM TRH 

were also determined by the propidium iodide exclusion assay and the results 

are shown in Figure 5.8 and Figure 5.9. Statistical analysis of the viability 

detected for each treatment at each incubation time was calculated by two-way 

ANOVA with Bonferroni’s post-test. Following 2 h incubation with 

staurosporine, 21% cell death was detected, and the staurosporine-induced cell 

death increased significantly between 3 and 6 h and again between 6 and 9 h 

(both P<0.05). After the 2 h incubation, there was no significant difference 

between staurosporine treated cells and those where TRH was also present. 

However, after 3 h, the level of cell death was significantly reduced in cells that 

had received 300 (P<0.05), 400 (P<0.01) or 600 (P<0.05) pM TRH with 

staurosporine in comparison to cells incubated with staurosporine alone. This 

increased level of viability detected for the 3 highest concentrations of TRH was 

maintained throughout the 6 and 9 h incubation periods (P<0.001). The lower 

concentrations of TRH (100 and 200 pM) had no significant protective effect at 

any time point. Overall, the incubation time accounted for 57.67% of the total 

variance and the concentration of TRH accounted for 27.15% of the variance, 

and both had an extremely significant effect on the viability of the cells 

(P<0.0001). Figure 5.10 shows the cell viability following treatment with 

staurosporine compared directly with that of cells that were treated with 600 pM 

TRH with staurosporine. This shows that staurosporine-treated cells had an 

almost linear decline in viability (r^=0.8499, slope=-2.93), however this rate was 

attenuated by 600 pM TRH (r^=0.4B5, slope=-0.665).

Comparison of the effects of staurosporine, assessed in the MTT assay with 

that from propidium iodide assay (Figure 5.11) indicated that there was no 

significant difference between the viabilities calculated by either method 

(P=0.399, by paired T-test). Furthermore, there was no significant difference in 

the level of viability resulting from the inclusion 600 pM TRH with staurosporine 

detected by the two different methods (P=0.1062, by paired T-test).
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Figure 5.8 Protection by TRH against staurosporine-induced loss of viability in SH- 

SY5Y cells assessed by the propidium iodide exclusion procedure

The propidium iodide exclusion assay was used to determine the viability of SH-SY5Y cells as a 

function of the fluorescence of fully permeabilised cells, with data representing mean values ± 

S.E.M. (n=3). Cells were incubated for 2 -9  h in 10 pM staurosporine P ), 10 pM staurosporine 

with 100 pM TRH (□), 10 pM staurosporine with 200 pM TRH (□ ) ,  10 pM staurosporine with 

300 pM TRH (■), 10 pM staurosporine with 400 pM TRH (H), 10 pM staurosporine with 600 pM 

TRH (■ )  and the viability was compared by two-way ANOVA with Bonferroni’s post-test to 

control cells ^ ) ,  and where indicated, to cells treated with staurosporine in the absence of TRH, 

with *=P<0.05, **=P<0.01 and ***=P<0.001.
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Figure 5.9 TRH protects against staurosporine-induced cell death using the 

propidium iodide assay

Data shown in Figure 5.8 are graphed for the individual incubations of (a) 2, (b) 3, (c) 6 and (d) 

9 hour in 10 [jM staurosporine (□ ) , 10 |jM staurosporine with 100 |jM TRH (□ ) , 10 [jM 

staurosporine with 200 |j M TRH (□ ), 10 |jM staurosporine with 300 pM TRH (H ), 10 |j M 

staurosporine with 400 |jM TRH P), 10 |j M staurosporine with 600 pM TRH P ) and control cells 

(■). The viability of cells was determined as a percentage of control, untreated cells for each 

incubation time and analysis was performed by one-way ANOVA with Bonferroni’s post-test, 

with ***=P<0.001, **=P<0.01 and *=P<0.05 in comparison to control cells and t=P<0.05, 

tt=P<0.01 and ttt= P < 0 .0 01  in comparison to cells incubated with staurosporine alone. Data 

represent the mean values ± S.E.M. (n=3).
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Figure 5.10 Incubation with 600 |jM TRH and staurosporine protects against 

staurosporine-induced death, as assessed by the propidium iodide assay

The viability data (Figure 5.8) for staurosporine-treated cells ( A)  and those that were co

incubated with 600 |jM TRH (A ) are replotted to show the decline in viability over the 

incubation periods (2-9 h). Data represent mean values ± S.E.M. (n=3) and linear regression 

analysis was performed.
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Figure 5.11 Comparison of the cell viability due to staurosporine treatment detected 

by MTT and propidium iodide exclusion assays

The cell viability measured by both reductase-activity (MTT; Figure 5.6) and membrane integrity 

(PI; Figure 5.8) due to treatment with staurosporine (P l= * ;  M TT=B) and with staurosporine in

the presence of 600 fjM TRH (Pl= A; MTT= A)  were replotted for comparison of the effect of the 

viabilities detected by each assay. Two-way ANOVA analysis was performed comparing PI with 

MTT values for staurosporine in the absence of TRH (■  vs. ■ )  and comparing PI with MTT in

the presence of TRH ( Avs. A),  with *=P<0.05.
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5.3.2.3 Effect of TRH and staurosporine on LDH release

The total amount of LDH did not vary significantly between wells, with an 

average value of 58.3±0.49 U/mL (n=63). The LDH released from the cells into 

each well was then calculated as a percent of the total amount of the well 

(Figure 5.12 and Figure 5.13).

Comparison of the amounts of LDH released from the cells resulting from 

incubation with 10 |jM staurosporine with those that were incubated with 

staurosporine in the presence of 100-600 |jM TRH showed that all treatments 

released significantly more LDH than control cells following each of the 

incubation periods examined (Figure 5.12). However, cells incubated with 300, 

400 or 600 |jM TRH all released significantly less LDH than those cells 

incubated in staurosporine alone after the 3, 6 and 9 h incubations (P<0.001, 

determined by two-way ANOVA with Bonferroni’s post-test). Treatment with 

either 100 or 200 |jM TRH had no significant effects on the release in 

comparison with cells treated with staurosporine alone. For clarity, the data 

shown in Figure 5.12 were replotted in Figure 5.13 as individual bar-charts at 

each of the incubation periods.

5.3.2.4 Caspase activity following staurosporine treatment

Initiation of apoptosis in cells was analysed by assaying for caspase activity 

following incubation of the cells with staurosporine alone or with 100-600 pM 

TRH for 3, 6 and 9 h periods (Figure 5.14 and Figure 5.15). Two-way ANOVA 

analysis revealed that both time and treatment affected the activation of 

apoptosis; with the concentration of TRH used accounting for 80.9% of the 

variation (P<0.0001) and the length of exposure influencing 6.96% of the 

variation (P<0.0001). Cells incubated with staurosporine alone or in conjunction 

with 100, 200 or 300 pM TRH had significantly greater caspase activity than 

control cells. However, inclusion of 600 pM TRH and staurosporine gave 

significant protection, there being no significant difference in caspase activity in 

comparison to the control cells after each of the incubation periods.
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Figure 5.12 The release of lactate dehydrogenase from SH-SY5Y cells resulting from 

incubation with staurosporine

The release of lactate dehydrogenase (LDH) from cells was measured as a percentage of the 

total amount of LDH contained in each well (calculated by addition of the LDH found in the 

medium with the amount contained in lysed cells). Statistical analysis was performed by two- 

way ANOVA with Bonferroni’s post-test (n=3 for all treatments). The release of LDH from 

control cells ^ )  and from cells incubated with 10 [jM staurosporine (□ )  was compared with the 

LDH released from cells that were incubated with staurosporine and lOOpM TRH (□ ), 200 pM 

TRH (□ ), 300 mM TRH (□ ), 400 |jM TRH (■ )  or 600 pM TRH (■ ). With ***=P<0.001 in 

comparison to controls and t=P<0.05, tt=P<0.01 and ttt= P < 0 .0 01  in comparison to cells 

incubated with staurosporine alone.
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Figure 5.13 TRH attenuates staurosporine-induced lactate dehydrogenase release 

from SH-SY5Y cells

The data presented in Figure 5.12 are replotted for clarity as the percent of LDH released from 

cells incubated with 10 |j M staurosporine with 100-600 mM TRH following (a) 3, (b) 6 and (c) 9 

h incubations. One- way ANOVA with Bonferroni’s post-test (n=3 for all treatments) was 

performed comparing the LDH released due to staurosporine with TRH incubation with the LDH 

released from cells incubated with staurosporine alone, and in comparison to control cells 

where indicated.
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Figure 5.14 Caspase activation in cells following incubation in staurosporine

Cultures of SHSY-5Y cells treated with 10 |jM staurosporine ( □ ) ,  and staurosporine with 100 

|jM TRH (□ ) ,  200 mM TRH (□ ) , 300 |j M TRH (□ ) ,  400 |jM  TRH ( ■ )  and 600 |j M TRH (■ ) ,  in 

addition to control cells incubated in medium ( ■ )  for 3 -9  h were assayed for caspase activity. 

Statistical analysis was performed by two-way ANO VA with Bonferroni’s post-test (n=3 fo r all 

treatments), to compare the effect o f TRH and the length of incubation, with **=P<0.01 and 

***_ p <0 001 in comparison to cells incubated with staurosporine alone.
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Figure 5.15 TRH prevents apoptosis in SH-SY5Y cells following exposure to 

staurosporine

Cultures of SHSY-5Y cells treated with 10 pM staurosporine P ), and staurosporine with 100 mM 

TRH (□ ) ,  200 [jM TRH (□ ) ,  300 pM TRH (□  ), 400 |jM TRH ( ■ )  and 600 |jM TRH (■ ) ,  in 

addition to control cells incubated in medium ( ■ )  for (a) 3, (b) 6 and (c) 9 h were assayed for 

caspase activity. Statistical analysis was performed by one-way ANOVA with Bonferroni’s post

test (n=3 for all treatments), to compare the effect of TRH and the length of incubation, with 

**=P<0.01 and ***=P<0.001 in comparison to cells incubated with staurosporine alone and with 

control cells where indicated.
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Although incubation with 300 pM TRH plus staurosporine resulted in greater 

caspase activity than control cells, the level detected following 3 (P<0.001), 6 

(P<0.01) and 9 (P<0.01) h incubations was significantly less than the activity 

found in cells incubated in staurosporine alone. Treatment with TRH 

concentrations of 400 and 600 pM TRH also resulted in significantly less 

caspase activity than the staurosporine treated cells following each of the 

incubation periods used (P<0.001 in each case). The data from Figure 5.14 

were replotted, for clarity, with each incubation period shown individually 

(Figure 5.15). One-way ANOVA analysis with Bonferroni’s post-test was used 

to compare caspase activity following incubation with staurosporine for (a) 3, (b) 

6 and (c) 9 h in comparison to the effects of co-incubation of TRH (100-600 

pM) with staurosporine and the caspase activity measured in control cells. This 

analysis showed that following each of the incubation periods, the caspase 

activity in cells treated with the three highest TRH concentrations (300, 400 and 

600 pM) did not significantly differ from control cells, and that the caspase 

activity levels were significantly lower than those of cells incubated with 

staurosporine alone (P values ranged from <0,01 to <0.001).

5.3.2.5 Comparison of the different detection procedures

The effects of incubation with staurosporine in the presence and absence of 

TRH over time measured by the different assay methods was compared, 

initially by comparison of the MTT and propidium iodide methods (Figure 5.11), 

and subsequently by comparison of the percentage cell death measured by 

propidium iodide and the release of LDH, both determined as percentages of 

the total cell number and plotted on the same y-axis with the rate of caspase 

activity plotted on the opposite y-axis (Figure 5.16). This comparison is for 

illustrative purposes. It shows the protection due to the highest concentration of 

TRH used (600 pM) in incubations with staurosporine. Two-way ANOVA with 

Bonferonni’s post-test comparison of the effects of staurosporine incubation 

show that the cell death due to apoptosis measured by caspase activity did not 

differ from that assessed by the release of LDH, nor was there a difference 

between these measurements and the level of cell death, measured by 

propidium iodide exclusion, following 6 or 9 h incubations. However, when cells
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Figure 5.16 The effect of staurosporine in the presence and absence of 600 pM TRH 

measured by propidium iodide exclusion, release of LDH and caspase activity

The data for cells incubated with staurosporine from the propidium iodide assay=» (Figure

5.8), release of LDH = ■  (Figure 5.12) and measurement of caspase activity=B (Figure 5.14)

and cells incubated with the highest concentration of TRH (600 pM; A=propidium iodide, A = 

LDH release and A=caspase activity) are grouped here for comparison of the results. Cell 

death measured by propidium iodide was measured as a function of the total cell number and 

the release of LDH was measured as the percentage of the total LDH, and is thus a function of 

the total cell number, and both are plotted on the left y-axis. Caspase activity was determined 

as the rate of AMC released as a function of protein and is plotted as such on the right y-axis. 

Data represent mean values ± S.E.M. (n=3) and analysis was performed by two-way ANOVA 

with Bonferroni’s post-test and comparison was made between the data obtained in the 

absence of TRH, with ***=P<0.001 in comparison to the propidium iodide assay. Data from the 

incubation of cells with staurosporine with 600 pM TRH were analysed in the same manner with 

*=P<0.05 compared to caspase activity and *‘ =P<0.01 and ***=P<0.001 compared to LDH 

release.
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were incubated with 600 |jM TRH plus staurosporine there was a significant 

difference between the levels of caspase activity and LDH release following 3, 6 

and 9 h incubations (P<0.05, <0.001 and <0.05, respectively), unlike cells that 

did not receive TRH-treatment. There was no difference between propidium 

iodide detected cell death and caspase activity. Unlike cell incubation with 

staurosporine alone, the co-incubation with 600 |j M TRH resulted in significant 

differences between the levels of propidium iodide detected cell death and the 

release of LDH from cells (P<0.001 following each incubation). The overall 

effects of 300, 400 and 600 |jM TRH incubation with staurosporine on the 

viabilities assessed by each of the assays is Dummarized in Table 5.2.
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Table 5.2 Comparison of the effects of staurosporine in the absence and presence 

of TRH

The effect of 10 |jM staurosporine on SH-SY5Y cells with 0-600 pM TRH was measured by the 

MTT, propidium iodide, LDH release and caspase activation procedures following incubation for 

3, 6 and 9 h. This table summarises the results obtained from these assays, presented in 

Figures 5.6-5.14, excluding the data obtained for 100 and 200 pM TRH which had no 

significant effects, when compared to staurosporine. The data of all assays were analysed by 

two-way ANOVA with Bonferroni’s post-test, with comparison made to control cells (*=P<0.05, 

**=R<0.01 and ***=P<0.001) and comparison of cells incubated with TRH and staurosporine to 

cells incubated in staurosporine alone (t=P<0.05, tt=P<0.01 and tft=P<0.001) and -=no 

significant difference detected.

Staurosporine 

(10 mM)
Assay type

Staurosporine 

(10 |j M)

+ TRH 

(300 |j M)

+ TRH 

(400 pM)

+ TRH 

(600 pM)

Time (h)

MTT

t t t t t tt t t t t t

t t t t t t t t t t t t
%LDH Release

t t t t t tt t t t t t t t t t t t
Caspase Activity

t t tt t t t t t t t t t t t t t t t t t
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5.3.3 The effect of TRH on kainate induced toxicity

5.3.3.1 Viability studies with MTT assay

The viability of SH-SY5Y cells following incubation in 300 |jM kainate with a 

range of concentrations of TRH for a range of times was measured by the MTT 

assay. The incubation periods, 8-48 h, were determined in Figure 5.6. The 

effects of TRH on the viability of the cells are shown in Figure 5.17 and Figure 

5.18. Analysis of Figure 5.17 by two-way ANOVA revealed that both the 

incubation time and the concentration of TRH affected cell viability, with time 

accounting for about 13% of the variance and the amount of TRH accounting 

for about 70%, with significant interaction between the incubation period and 

concentration of TRH, which accounts for about 10% of the variance.

The data presented in Figure 5.17 showed that cell viability was significantly 

decreased by kainate after 8 h and continued to decrease over the incubation 

period. It was found, by Bonferroni’s post-test following two-way ANOVA, that 

neither incubations in 100 nor 200 pM TRH with kainate had any effect on the 

decrease in cell viability at any of the time points examined. Cells treated with 

300, 400 and 600 pM TRH with kainate had significantly improved viabilities 

compared to cells that were incubated in kainate alone at 8, 12 and 24 h. 

Following the 48 h incubation two-way ANOVA analysis revealed the 300 pM 

TRH did not differ from kainate treated cells, although both 400 and 600 pM 

TRH were significantly more viable (P<0.05 and P<0.01, respectively). The data 

presented in Figure 5.17 were then reanalysed by one-way ANOVA with 

Bonferroni’s post-test for each incubation length [Figure 5.18 (a-d)]. Cells that 

were co-incubated with 300, 400 or 600 pM TRH as well as kainate were not 

significantly different to control cells after 8 and 12 h, although they were 

significantly less viable following the 24 and 48 h periods (P<0.001 for each 

comparison). However, these higher concentrations of TRH resulted in 

significantly improved viabilities, compared to those cells that were incubated in 

kainate alone following these incubation periods (for 24 h incubation, P<0.001 

for each of the three concentrations, for the 48 h incubation, P<0.01 for 400 and 

P<0.05for 600 pM TRH).
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Figure 5.17 Cell viability following incubation with kainate in the presence of TRH as 

assessed by the MTT procedure

The viability of SH-SY5Y cells was determined colorimetricly by MTT conversion to formazan 

following 8-48 hour incubations in 300 pM kainate (□), 300 pM kainate with 100 pM TRH (□), 

300 pM kainate + 200 |jM TRH (□ ), 300 pM kainate + 300 pM TRH (□ ), 300 pM kainate + 400 

[jM TRH (■ ), 300|jM kainate + SOOpM TRH ( ■ )  and controls (■ ). Two-way ANOVA with 

Bonferroni’s post-test was used to compare the viability of TRH-treated ceils to control cells 

and, where indicated, to kainate-treated cells. Data points represent the mean values ± S.E.M. 

(n=3), with ***=P<0.001, **=P<0.01 and *=P<0.05.

187



Figure 5.18 TRH attenuates kainate-induced cell death using the MTT assay

The viability of SH-SY5Y cells, plotted in Figure 5.17, is presented here for the individual 

incubation periods of (a) 8, (b) 12, (c) 24 and (d) 48 h. 300 |j M kainate =□ , 300 |j M kainate with 

100 |jM TRH=D, 300 |jM kainate with 200 |jM TRH=D, 300 |jM kainate with 300 [jM TRh S ,  

300 |jM kainate with 400 pM TRH=B 300 pM kainate with 600 [j M TR H =H  and control cells 

(■ ). The viability of cells was determined as a percentage of control, untreated cells for each

incubation time. One-way ANOVA with Bonferroni’s post-test was performed for each plot to 

compare the viability of TRH-treated cells to control cells and, where indicated, to cells treated 

with kainate alone. Each bar representing the mean of n=3 ± S.E.M, with *=P<0.5, **=P<0.01



5.3.3.2 Propidium iodide exclusion

The viabilities of cells following treatment times of 8, 12, 24 and 48 h with 300 

|jM kainate in the presence of 100-600 |jM TRH were determined by the 

propidium iodide exclusion assay and the results are shown in Figure 5.19 and 

Figure 5.20. Analysis by two-way ANOVA revealed that both the incubation 

time and the concentration of TRH used significantly affected the viability of the 

cells with the incubation period accounting for ~2.9% of the variation (P=0.003), 

and TRH concentration accounts for ~86.3% of the variation (P<0.0001).

There was a significant reduction in cell viability following incubation with 

kainate alone or kainate with each of the TRH concentrations after all 

incubation periods when compared with control cells (two-way ANOVA with 

Bonferroni’s post-test gave P<0.001 in all cases). Kainate incubation resulted in 

35% cell death after 8 h incubation, which declined to 46% after 48 h (P<0.05) 

and the incubation of 100 or 200 pM TRH with kainate had no effect on 

protecting against the cell loss. Treatment with 300, 400 and 600 pM TRH, 

however, gave significant protection against kainate-induced cell death after 

each incubation period.

A pairing of the loss of cell viability determined due to kainate obtained in the 

MTT assay with that from propidium iodide demonstrated that there was a 

significant difference between the viabilities calculated by the two methods 

(P0.006, by paired t-test; Figure 5.20). However, comparison of the viabilities 

due to incubation with 600 pM TRH with kainate showed that those measured 

by the MTT and propidium iodide procedures gave cell viability values that did 

not significantly differ.

189



100n

Figure 5.19 Protection by TRH against kainate-induced loss of viability in SH-SY5Y 

cells as assessed by the propidium iodide procedure

Cell viability was determined by propidium iodide exclusion following 8-48 hour incubation of 

the cells in medium (■), 300 |jM kainate P ) ,  300 pM kainate with 100 |jM TRH (□), 300 pM 

kainate with 200 pM TRH (□ ), 300 pM kainate with 300 pM TRH (□ ), 300 pM kainate and 400 

pM TRH (■ ), 300 pM kainate and 600 pM TRH (B ). Data represent the mean ± S.E M. (n=3). 

Two-way ANOVA with Bonferroni’s post-test was performed for each time point, with 

***=p<0.001, **=P<0,01 and *=P<0.05 in comparison to control cells and f=P<0.05, tt=P<0,01 

and ttt=P<0.001 compared to cells incubated with kainate alone.
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Figure 5.20 TRH protects against kainate-induced cell death in the propidium iodide 

assay

The viability of SH-SY5Y cells, plotted in Figure 5.19, is presented here for the individual 

incubation periods of (a) 8, (b) 12, (c) 24 and (d) 48 h. One-way ANOVA with Bonferroni’s post

test was performed for each plot to compare the viability of TRH-treated cells to control cells 

and, where indicated, to cells treated with kainate alone. Each bar representing the mean of 

n=3 ± S.E.M, with *=P<0.5, **=P<0.01 and ***=P<0.001. 300 pM kainate (□), 300 pM kainate 

with 100 pM TRH P ), 300 pM kainate and 200 pM TRH P )  , 300 pM kainate and 300 pM TRH 

(■), 300 pM kainate and 400 pM TRH (■ ) , 300 pM kainate and 600 pM TRH ( ■ )  and control 

cells (■ ).
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Figure 5.21 Comparison of the cell viability due to kainate treatment detected by MTT 

and propidium iodide exclusion assays

The cell viability measured by both reductase-activity (MTT; Figure 5.17) and membrane 

integrity (PI; Figure 5.19) due to treatment with kainate (P l= > ; MTT=H) and with kainate in the

presence of 600 pM TRH (Pl= A; MTT=A) were replotted for comparison of the measurement 

of the cell viability determined by each of the assays. Two-way ANOVA analysis was performed 

comparing PI with MTT values for kainate in the absence of TRH (■  vs. ■ )  and comparing PI

with MTT in the presence of TRH ( A vs. A),  with **=P<0.01 and ***=P<0.001.
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S.3.3.3 Effect of TRH and kainate on LDH release

The total amount of LDH did not vary significantly between wells, with an 

average value of 68.7±1.3 U/mL (n=63). The LDH released from the cells into 

each well was then calculated as a percent of the total amount of the well. 

Comparison of the amount of LDH released from cells (Figure 5.22) by two-way 

ANOVA showed both the length of incubation and the concentration of TRH 

affected the LDH release. The length of time (1 2 ^8  h) cells were incubated 

with kainate in the presence and absence of TRH accounted for 14.7% of the 

variation in the amount of LDH released from cells (P<0.0001). The 

concentrations of TRH (0-600 |jM) that cells were incubated with accounted for 

42.6% of variation in the loss of LDH.

After each incubation period there was significantly greater release of LDH from 

cells treated with 300 |jM kainate, or kainate in conjunction with 100 or 200 pM 

TRH compared to LDH lost from control cells. Cells co-incubated with 300, 400 

or 600 pM TRH in the presence of kainate showed no significant increase in 

LDH release compared to the control cells after 12 h incubation, although after 

24 and 48 h incubations the release of LDH was significantly greater than 

control cells. These three higher concentrations of TRH significantly reduced 

the loss of LDH from cells compared to cells that were incubated with kainate 

alone after both 12 and 48 h incubations (P<0.01 and P<0.001, respectively).
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Figure 5.22 The release of LDH from SH-SY5Y cells due to incubation with kainate

Cells were incubated for 12-48 h in medium P), 300 |jM kainate P ), 300 pM kainate with 100 

MM TRH P ,  300 mM kainate and 200 |jM TRH (□ ), 300 |jM kainate and 300 pM TRH (□ ), 300 

jjM kainate and 400 |jM TRH (■), 300 pM kainate and 600 pM TRH (■). The release of LDH as 

a percent of the total amount of LDH was analysed by two-way ANOVA with Bonferroni’s post

test to compare the LDH released during TRH incubation with kainate to the LDH released from 

control cells (*=P<0.05, **=P<0.01 and ***=P<0.001) and to the LDH released from cells 

incubated in kainate alone (t=P<0.05, tt= P < 0  01 and ttt= P < 0 .0 01 ). Data represent mean 

values ± S.E.M. (n=3).
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Figure 5.23 The release of LDH from SH-SY5Y cells due to incubation with kainate

The data in Figure 5.22 were plotted as individual incubation periods; (a) 12 h, (b) 24 h and (c) 

48 h. The LDH release after each incubation due to 300 [jM kainate P )  or kainate with 100 pM 

TRH (□), 200 mM TRH ( □  ), 300 (jM TRH (□  ), 400 [jIVI TRH ( ■ ) ,  or 600|jM TRH ( ■ )  was 

analysed by one-way with Bonferroni’s post-test. The release of LDH when TRH was present 

with kainate was compared with the release from control cells (■ ; *=P<0.05, **=P<0.01 and 

***_p<O o o i) and with LDH released from cells incubated in kainate alone (t=P<0.05, 

tt=P<0.01 and ttt=P<0.001). Data represent mean values ± S.E.M. (n=3).

195



5.3.3.4 Caspase activity following kainate treatment

Initiation of apoptosis in cells was analysed by assaying for caspase activity 

following incubation of the cells with kainate alone or with 100 -600  pM 

concentrations of TRH for 8, 12 and 48 h periods (Figure 5.24). Two-way 

ANOVA analysis of the activity revealed that both time and treatment affected 

the activation of apoptosis; with the concentration of TRH used accounting for 

79.8%  of the variation (P<0.0001) and the length of exposure influencing 3.5%  

of the variation (P=0.0069).

Comparison of the caspase activity after each treatment showed that cells 

incubated with kainate alone or with 100 or 200 pM TRH had significantly 

greater caspase activity than control cells (P<0.001 for each incubation, two- 

way ANOVA with Bonferroni’s post-test). However, co-treatment of 300, 400 or 

600 |j M TRH with kainate revealed that there was no significant difference in 

caspase activity compared to the control cells at each of the incubation periods 

and that the caspase activity was significantly less than the activity found in 

cells incubated with kainate alone (P values ranged from <0.01 to <0.001).

The data from Figure 5.24 were replotted for clarity, with each incubation period 

shown individually (Figure 5.25). One-way ANOVA analysis with Bonferroni’s 

post-test was performed to compare changes in caspase activity following (a) 

12, (b) 24 and (c) 48 h co-incubations of TRH (100 -600  pM) with kainate with 

the caspase activity measured in control cells. This analysis showed that 

following each of the incubation periods, the caspase activity in cells treated 

with the three highest TRH concentrations (300, 400 and 600 pM) did not 

significantly differ from control cells, and that the activity levels were 

significantly lower than the caspase activity of cells incubated with 

staurosporine alone (P values ranged from <0.01 to <0.001).
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Figure 5.24 Caspase activation in SH-SY5Y cells following kainate incubation

Cultures of SHSY-5Y cells treated with 300 |jM kainate (□), and kainate with 100 pM TRH P), 

200 mM TRH (□ ), 300 |jM TRH (■ ), 400 |jM TRH (■ )  and 600 pM TRH (■ ), in addition to 

control cells incubated in medium m were lysed following 12-48 h incubations and assayed for 

caspase activity. Statistical analysis was performed by two-way ANOVA with Bonferroni’s post

test (n=3 for all treatments), to compare the effect of TRH with control cells (***=P<0.001) and 

to cells incubated with kainate alone (tt=P<0.01 and ttt=P<0.001).
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Figure 5.25 TRH attenuates apoptosis activation in SH-SY5Y cells following kainate 

treatment

The data presented in Figure 5.24, in which cells treated with 300 jjM kainate p ) ,  and kainate 

with 100 mM TRH O , 200 pM TRH P), 300 |jM TRH P), 400 |jM TRH A  and 600 pM TRH P), 
in addition to control cells incubated in medium (■) are graphed individually for (a) 12, (b) 24 

and (c) 48 h incubation periods. Statistical analysis was performed by one-way ANOVA with 

Bonferroni’s post-test (n=3 for all treatments), to compare the effect of TRH for each incubation 

period with control cells (***=P<0.001) and with cells treated with kainate alone (tt=P<0.01 and 

ttt=P<0.001).

198



5.3.3.5 Comparison of the different detection procedures

In order to correlate the measurennents determined by propidium iodide 

exclusion, release of LDH and activation of caspases the data was merged 

together onto a single graph (Figure 5.26). The cell death measured by 

propidium iodide exclusion and the release of LDH were both determined as a 

percentage of the total and were thus plotted on the same y-axis (left), caspase 

activity in the cells was measured as the rate of product formation, AMC, per 

min as a function of the protein content of cells and was plotted on the right y- 

axis. For clarity, only the data for incubation with kainate alone and kainate with 

600 |jM TRH, the highest concentration, were compared and presented. 

Analysis was performed by two-way ANOVA with Bonferroni’s post-test 

comparing results for cells incubated with kainate and a separate comparison 

was made for cells incubated with 600 pM TRH with kainate. This comparison 

shows that the percent cell death measured by the propidium iodide assay did 

not differ from the percent release of LDH from cells or from the level of 

caspase activity following 12 and 24 h incubations, though by 48 h there was a 

significant difference, with P<0.05 in comparison to caspase activity and 

P<0.001 in comparison to the percentage of LDH released from cells. When 

600 |jM TRH was incubated with kainate on cells there was a significant 

difference between release of LDH from cells and the percent cell death 

(propidium iodide inclusion) following all incubations (P<0.05 following 12 and 

24 h, rising to P<0.001 following 48 h) and also significant differences between 

the LDH release and the caspase activity (P<0.001, <0.01 and <0.001 for 12, 

24 and 48 h respectively). The level of caspase activity and percentage of cell 

death differed only following 12 h incubation (P<0.001). To summarise the data 

collected by incubation of cells with kainate and 300, 400 or 600 pM TRH by 

the four types of assays (MTT, propidium iodide exclusion, release of LDH and 

caspase activity). Table 5.3 outlines the significant differences obtained by 

comparison of the results due to incubation with TRH with control cells and with 

cells incubated with kainate alone.
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Figure 5.26 The effect of kainate and kainate with 600 pM TRH, measured by propidium 

iodide exclusion, LDH release and caspase activity

The cell death due to incubation of cells with kainate, measured by propidium iodide exclusion 

(Figure 5.19; ■ ), LDH release (Figure 5.22; ■ ) and caspase activity (Figure 5.24; ■ ), are

grouped together for analysis. The comparison was repeated for results obtained for cells 

treated with kainate in the presence of 600 |jM TRH (Propidium iodide exclusion=A, caspase 

activity=A and LDH release=A). The release of LDH was measured as a percent of total LDH 

and cell death was determined by propidium iodide exclusion as a function of the total cell 

number and both on plotted on the left y-axis as percentages of the total. Caspase activity was 

determined as the rate of AMC release from the substrate as a function of the protein content of 

the cells and is plotted on the right y-axis. Data represent the mean ± S.E.M. (n=3). Data were 

compared by two-way ANOVA analysis with Bonferroni’s post-test. Significant differences are 

indicated as *=P<0.05, **=P<0.01 and ***=P<0.001, compared to caspase activity, *=P<0.05, 

**=P<0.01 and ***=P<0.001, compared to LDH release and *=P<0.05, **=P<0.01 and 

***_p<0  0 0 1 , compared to cell death detected by the propidium iodide assay.
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Table 5.3 Comparison of the effects of kainate in the absence and presence of TRH

The effect of 300 pM kainate on SH-SY5Y cells with 0-600 jjM zdhTRH was measured by the 

conversion of MTT to formazan by cellular reductase enzymes, the ability of cells to exclude 

propidium iodide, the release of LDH from cells and by the caspase activation detected 

following incubation for 12, 24 and 48 h. This table summarises the results of these assays, 

presented in Figures 5,16-5.24, excluding the data obtained for 100 and 200 |jM TRH which 

had no effect when compared to kainate throughout. The data of all assays were analysed by 

two-way ANOVA with Bonferroni’s post-test, with comparison made to control cells (*=P<0.05, 

**=P<0.01 and ***=P<0.001) and comparison of cells incubated with TRH and kainate to cells 

incubated in kainate alone (t=P<0.05, tt=P<0.01 and ttt=P<0.001), and -=  no significant 

difference detected.

Kainate 

(300 mM)
Assay type

Kainate 

(300 mM)
+ TRH

(300 mM)

+ TRH 

(400 pM)

+ TRH 

(600 mM)

Time (h) 24

MTT

t t tt t t t t t t t t t t t t t t t t t t t t

t t t t t tt t t t t t
%LDH Release

t t t t t t t t t
Caspase Activity

t t tt t t t t t t t t t t t t t t t t t t t t

201



5.3.4 The effect of TRH on MPP*-induced toxicity

5.3.4.1 Studies with the MTT assay

A concentration of 10 mM MPP'' was used in incubations of 6-24 h to measure 

the ability of TRH to maintain cellular viability (Figure 5.27 and Figure 5.28). It 

was found by two-way ANOVA analysis of Figure 5.27 that the degree of 

protection conferred by TRH depended on both the concentration of TRH and 

the incubation time. Time accounted for 23.9% of the variance and the amount 

of TRH accounted for 58.6%, with significant interaction between the incubation 

period and concentration of TRH, which accounted for 12% of the variance.

After the shortest incubation (6 h) cells treated with MPP^ alone or MPP"" with 

100 or 200 |jM TRH had significantly reduced viabilities when compared to the 

control cells (P<0.001 in each case, determined by two-way ANOVA with 

Bonferroni’s post-test). Cells that were co-incubated with MPP'" plus 300, 400 or 

600 |jM TRH did not significantly differ from the viability of control cells following 

6 h incubation. However, after 12 h incubation none of these TRH 

concentrations gave significant protection against MPP”" toxicity. After 

incubation for 24 h the viability of cells incubated in MPP"" alone had decreased 

significantly in comparison to that detected after 12 h incubation (P<0.05), 

although the viabilities of cells that underwent treatment with 300, 400 or 600 

pM TRH with MPP"  ̂ did not differ from the values detected for each after 12 h 

incubation. The viabilities of the cells incubated with 400 or 600 pM TRH plus 

MPP'' after 24 h were significantly greater than cells incubated for 24 h in MPP"  ̂

alone (P<0.001), although significantly less than control cells (P<0.001). After 

48 h the viabilities of cells incubated with 400 or 600 pM TRH with MPP"  ̂ were 

significantly decreased in comparison to the viabilities for each treatment 

detected after 24 h (P<0.001) and did not differ from cells incubated with MPP'" 

alone.
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Figure 5.27 Cell viability following incubation with MPP^ and TRH, measured by MTT 

assay

The survival of SH-SY5Y cells incubated for 6 -48 h with 10 mM MPP"' (□ ) and MPP”" in the 

presence of 100 pM TRH (□), 200 pM TRH P ,  300 pM TRH P ), 400 pM TRH (■) and 600 pM 

TRH (■ ) and control cells (■ ) incubated in medium for the duration of the experiments was 

measured by the MTT assay, with viabilities calculated as percent of control cells. Two-way 

ANOVA with Bonferroni’s post-test was used to compare the effect of TRH on cell viability with 

the viability of control cells and, where indicated, with the viability of cells incubated in MPP'" 

alone. Data represent the mean of n=3 ± S.E.M., with *=P<0,05, **=P<0.01 and ***=P<0.001.
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Figure 5.28 TRH protected cell viability, measured by MTT assay, following 

incubation with MPP*

The data in Figure 5.28 were plotted as separate graphs for (a) 6, (b) 12, (c) 24 and (d) 48 h 

incubation periods. Cells were incubated in 10 mM MPP* P ) and MPP* with 100 (□), 200 P), 

300 (0), 400 (■) or 600 (■) |jM TRH. Analysis of the viabilities was performed by one-way 

ANOVA with Bonferroni’s post-test to compare the viability of TRH-treated cells with control 

cells m and, where indicated, to cells incubated in MPP* alone. Data represent mean values ± 

S.E.M. (n=3), with *=P<0.05, **=P<0.01 and *‘ *=P<0.001.
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5.3.4.2 Propidium iodide exclusion studies

The viability of cells following treatment times of 6, 12, 24 and 48 h with 10 mM 

MPP'" in conjunction with 100-600 pM TRH was determined by the propidium 

iodide exclusion assay, with the results are shown in Figure 5.29 and Figure 

5.30. Analysis by two-way ANOVA revealed that both the incubation length and 

the concentration of TRH used significantly affected the viability of the cells with 

the incubation period accounting for ~13-.2% of the variation (P<0.0001), and 

TRH concentration accounts for ~75.2% of the variation (P<0.0001).

There was a significant reduction in cell viability following incubation with MPP'" 

alone or with MPP'" plus each of the TRH concentrations after all incubation 

periods, when compared with control cells (two-way ANOVA with Bonferroni’s 

post-test gave P<0.01 in all cases). MPP"" incubation resulted in 58% cell death 

after 6 h incubation and the incubation of 100 or 200 |jM TRH with MPP"  ̂ after 

showed no significant protective effects after any of the incubation periods. 

Treatment with 300, 400 and 600 |jM TRH, however, gave significant protection 

against MPP'^-induced cell death after 6 h (P<0.01, P<0.001 and P<0.001, 

respectively). After 12, 24 and 48 h there was no protection against cell loss 

achieved by 300 pM TRH with MPP^ (P>0.05 in comparison to MPP"^-treated 

cells) but 400 and 600 pM TRH with MPP"" resulted in significantly greater cell 

viability after 12 and 24 h compared to cells incubated in MPP"  ̂ alone (P<0.01 

after 12 h and P<0.05 after 24 h). After 48 h incubation cells incubated with 600 

pM TRH and MPP"" were significantly more viable than cells incubated with 

MPP^ (P<0.01).

Comparison of the viabilities due to MPP'", obtained in the MTT assay with that 

from propidium iodide assay (Figure 5.31) indicated that there was no 

significant difference between the viabilities calculated by either method 

(P=0.6188, by paired T-test). In addition, there was no significant difference in 

the level of viability due to the inclusion 600 pM TRH with MPP"" detected by 

either methods (P=0.9744, by paired T-test), though the viabilities at 48 h of 

cells incubated with 600 pM TRH with MPP"" differed significantly (P<0.001 by 

two-way ANOVA with Bonferroni’s post-test).
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Figure 5.29 Cell survival determined by propidlum iodide exclusion following 

incubation of SH-SY5Y cells with TRH and MPP*

Cell survival was determ ined by propidlum iodide exclusion following 6 - 4 8  hour incubations of 

the cells in medium (■), 10 mM M P P ^ (□ ) ,  10 mM M P P * with 100 mM TRH P ) ,  10 mM M P P *  

with 2 0 0  pM TRH (□ ), 10 mM M P P '’ with 3 0 0  pM TRH (B ) ,  10 mM MPP'" with 4 0 0  pM TRH (■ ), 

10 mM MPP'" with 6 0 0  pM TRH ( ■ ) .  The percent survival was determ ined using the equation 

100-(F/Fmax)*‘ 100, where F^ax is a function of cell number, obtained by permeablising all cells 

with digitonin. Data represent the mean ± S.E M. (n=3). Two-way ANOVA with Bonferroni’s 

post-test was performed fo r each time point, with TRH-treated cells compared to control cells 

(* *= p < 0 .0 1  and * * *= P < 0 .0 0 1 ) and to cells treated with MRP'" alone ( t= P < 0 .0 5 ,  t t= P < 0 .0 1  and 

t t t = P < 0 .0 0 1 ) .
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Figure 5.30 TRH protected cell viability following incubation with MPP"̂  measured by 

propidium iodide assay

The data in Figure 5.29 were plotted as separate graphs for (a) 6, (b) 12, (c) 24 and (d) 48 h 

incubation periods. Cells were incubated in 10 mM MPP’" P ) and MPP^ with 100 (□), 200 P), 

300 (0), 400 (B) or 600 (■) pM TRH. Analysis of the viabilities was performed by one-way 

ANOVA with Bonferroni’s post-test to compare the viability of TRH-treated cells with control 

cells (■  ;*=P<0.05, **=P<0.01 and ***=P<0.001) and to cells incubated in MPP'^ alone 

(t=P<0.05, tt=P<0.01 and ttt=P<0.001). Data represent mean values ± S.E.M. (n=3).
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Figure 5.31 Comparison of the cell viability due to MPP^ treatment detected by MTT 

and propidium iodide exclusion assays

The cell viability measured by both reductase-activity (MTT; Figure 5.27) and membrane 

integrity (PI; Figure 5.29) due to treatment with MPP-t- (P l=> ; M TT=B) and with MPP'" in the

presence of 600 |jM TRH (Pl= A; M TT=A) were replotted for comparison of the measurement 

of the cell viability determined by each of the assays. Data represent mean values ± S.E.M 

(n=3). Two-way ANOVA analysis was performed comparing Pi with MTT values for MPP'" in the 

absence of TRH (■  vs. ■ ) and comparing PI with MTT in the presence of TRH ( A vs. A),  with

**=P<0.01.
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S.3.4.3 Effect of TRH and MPP* on LDH release

The total amount of LDH did not vary significantly between wells, with an 

average value of 56.77±0.86 U/mL (n=63). The LDH released from the cells 

into each well was then calculated as a percent of the total amount in the well 

(Figure 5.32 and Figure 5.33). Two-way ANOVA analysis showed both the 

period of incubation and the concentration of TRH significantly affected the 

release of LDH from cells (both P<0.0001). The incubation length accounted for 

~5.3% of the variation in LDH release and presence of 0-600 pM TRH 

accounted for ~90.2% of variation.

Comparison of the amounts of LDH released from the cells resulting from 

incubation with 10 mM MPP"  ̂ with cells that were incubated with MRP'" in the 

presence of 100-600 pM TRH showed that all treatments released significantly 

more LDH than control cells following each of the incubation periods examined 

(Figure 5.32). However, cells incubated MPP"  ̂ plus 400 or 600 pM TRH 

released significantly less LDH than those cells incubated in MPP"  ̂ alone after 

the 12, 24 and 48 h incubations (P<0.001, determined by two-way ANOVA with 

Bonferroni’s post-test). Treatment with either 100 or 200 pM TRH with MPP"  ̂

had no significant effects on the LDH release in comparison with cells treated 

with MPP"" alone. Cells incubated with 300 pM TRH with MPP'" released 

significantly less LDH than MPPMreated cells at 24 and 48 h (P<0.01 and 

0.001, respectively). For clarity, the data shown in Figure 5.32 were replotted, in 

Figure 5.33 as individual bar-charts at each of the incubation periods.
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Figure 5.32 The release of LDH from SH-SY5Y cells due to incubation with MPP*

Cells were incubated for 12-48 h in medium (■), 10 mM MPP'' P ), 10 mM MPP'" with 100 pM 

TRH P ), 10 mM MPP^ with 200 |jM TRH (□ ) ,  10 mM MPP^ with 300 pM TRH (□  ), 10 mM 

MPP^ with 400 mM TRH (■ ) ,  10 mM MPP^ with 600 pM TRH (■ ) .  The release of LDH as a 

percent of the total amount of LDH was analysed by two-way ANOVA with Bonferroni’s post

test to compare the LDH released during TRH incubation with MPP'^ to the LDH released from 

control cells (***=P<0.001) and to the LDH released from cells incubated in MPP"" alone 

(tt=P '^0 01 and ttt=P<0.001). Data represent mean values ± S.E M. (n=3).
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Figure 5.33 TRH attenuates MPP*-induced LDH release from SH-SY5Y cells

The data in Figure 5.32 were plotted as individual incubation periods; (a) 12 h, (b) 24 h and (c) 

48 h. The LDH release after each incubation due to 10 mM MPP+ (□) or MPP+ with 100 |jM 

TRH (□), 200 mM TRH ( □ ) ,  300 |jM TRH (13), 400 [jM TRH (■  ), or 600mM TRH ( ■ )  was 

analysed by one-way with Bonferroni’s post-test. The release of LDH when TRH was present 

with MPP+ was compared with the release from control cells (■; ***=P<0.001) and with LDH 

released from cells incubated in kainate alone (t=P<0.05, tt=P <0  01 and ttt=P<0.001). Data 

represent mean values ± S.E.M. (n=3).
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5.3.4.4 Caspase activity following MPP^ treatment

Caspase activity was measured following incubation of the cells with MPP'' 

alone or with 100-600 pM concentrations of TRH for 12, 24 and 48 h periods 

(Figure 5.34 and Figure 5.35). Two-way ANOVA analysis of the activity 

revealed that both time and treatment affected the activation of apoptosis; with 

the concentration of TRH used accounting for ~86% of the variation (P<0.0001) 

and the length of exposure influencing 3.5% of the variation (P<0.0001).

Comparison by two-way ANOVA with Bonferroni’s post-test of the caspase 

activity due to each treatment showed that cells incubated with MPP"" alone or 

with TRH had significantly greater caspase activity than control cells after all 

incubation times (P<0.001 for 100-400 pM TRH, P<0.05 for 600 pM TRH at 12 

and 24 h and P<0.01 at 48 h; Figure 5.34). There was no significant reduction 

in caspase activity when 100 or 200 pM TRH was incubated with MPP'" 

compared to MPP"" alone, after any of the incubation times. Treatment with 300 

pM TRH resulted in significantly less caspase activation after 12 and 24 h, 

compared to cells incubated with MPP'' alone, but there was no significant 

effect after 48 h. Incubation of cells with MPP"  ̂ in the presence of either 400 or 

600 pM TRH resulted in significantly less caspase activity than cells incubated 

with MPP'" alone after 12 (P<0.05 and P<0.001 for 400 and 600 pM, 

respectively), 24 (P<0.001) and 48 (P<0.001) h incubation periods.
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Figure 5.34 Caspase activation in SH-SY5Y cells following MPP^ treatment

Cultures of SHSY-5Y cells treated with 10 mM MPP^ (□), and MPP* with 100 |jM TRH P), 200 

|j M TRH (□ ), 300 |jM TRH (□ ), 400 |j M TRH (■ ) and 600 |j M TRH (■ ), in addition to control 

cells incubated in medium P ) for 12, 24 and 48 h were lysed and assayed for caspase activity. 

Statistical analysis was performed by two-way ANOVA with Bonferroni’s post-test (n=3 for all 

treatments), to compare the effect of TRH for each incubation period with control cells 

(*=p<0.05, **=P<0.01 and ***=P<0,001) and with cells treated with MPP'" alone (t=P<0.05 and 

ttt=P<0.001).
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Figure 5.35 TRH attenuates caspase activation due to IVIPP̂  treatment

The data presented in Figure 5.34, in which cells treated with 10 mM MPP'" P ), and MPP'" with 

100 mM TRH (□), 200 pM TRH (□), 300 [jM TRH (H), 400 jjM TRH (■ ) and 600 fjM TRH (■), in 

addition to control cells incubated in medium (■) for (a) 12, (b) 24 and (c) 48 h were lysed and 

assayed for caspase activity. Statistical analysis was performed by one-way ANOVA with 

Bonferroni’s post-test (n=3 for all treatments), to compare the effect of TRH for each incubation 

period with control cells (*=P<0.05, **=P<0.01 and ***=P<0.001) and with cells treated with 

MPP^ alone (tt=P<0.01 and ttt=P <0 .001 ).
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5.3.4.5 Comparison of the different detection procedures

The results described above determined the level of cell-impairment due to 

MPP"" incubation by assaying the reductase activity (MTT assay), membrane- 

integrity (LDH release and propidium iodide exclusion) and the initiation of 

apoptosis (caspase activity). In order to compare the effects of co-incubation of 

TRH with MPP" ,̂ the data determined by each assay were grouped together for 

analysis. Figure 5.31 compared the cell viability determined as a percentage of 

the controls by MTT assay with the percent cell viability determined as a 

function of the cell number and found no significant difference between the 

viabilities detected. The percentage of cell death, measured by the propidium 

iodide exclusion assay, LDH release (as percentage of the total amount), and 

caspase activity were grouped together for analysis in Figure 5.35. The 

propidium iodide and LDH release were plotted together on the left y-axis 

(percent of total) and caspase activity, which was measured by the amount of 

product (AMC) released per minute as a function of the protein content of the 

cells, was plotted on the right y-axis (nM AMC/min/mg protein). The effects of 

MPP"  ̂ in the absence of TRH over time were then compared between the 

assays by two-way ANOVA analysis with Bonferroni’s post-test. This showed 

that there was no significant difference in the viabilities detected by propidium 

iodide exclusion and release of LDH after all incubation periods. However, 

caspase activity differed significantly from both of these assays after each 

incubation (P<0.001 for 12, 24 and 48 h).
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Figure 5.36 Comparison of the effects of MPP* determined by propidium iodide 

assay, LDH release and caspase activity

The cell death due to incubation of cells with MPP'" measured by propidium iodide exclusion 

(■ ), caspase activity (■ )  and LDH release (■ )  presented in Figures 5.29-5.35 were compared

by two-way ANOVA analysis with Bonferroni’s post-test. The release of LDH was measured as 

a percent of total LDH and cell death was determined by propidium iodide exclusion as a 

function of the total cell number and both on plotted on the left y-axis as percentages of the 

total. Caspase activity was determined as the rate of AMC release from the substrate as a 

function of the protein content of the cells and is plotted on the right y-axis. The effect of MPP'" 

in the presence of 600 |jM TRH was also compared by the same analysis (propidium iodide=A, 

caspase=A, LDH release=A). Data represent the mean ± S.E.M. (n=3) with significant 

differences indicated as *=P<0.05, **=P<0.01 and ***=P<0.001, compared to caspase activity, 

*=P<0.05, **=P<0.01 and “ *=P<0.001, compared to LDH release and *=P<0.05, **=P<0.01 

and ***=P<0.001, compared to cell death detected by the propidium iodide assay.
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Table 5.4 Comparison of the effects of MPP* in the absence and presence of TRIH

The effect of 10 mM MPP'" on SH-SY5Y cells with 0 -600  |jM  TRH was measured by the 

conversion of MTT to formazan by cellu lar reductase enzymes, the ability of cells to exclude 

propidium iodide, the release of LDH from cells and by the caspase activation detected 

following incubation for 12, 24 and 48 h. This table summ arises the results o f these assays, 

presented in Figures 5 .26-5.34, excluding the data obtained for 100 and 200 |jM TRH, which 

had no effect when compared to kainate throughout the assays. The data o f all assays were 

analysed by two-way ANOVA with Bonferroni’s post-test, with comparison of cells incubated 

with 300, 400 or 600 pM TRH with MPP'" made to control cells (*=P<0.05, **=P<0.01 and 

***_p<0 0 0 1 ) and comparison of cells incubated with TRH and MPP'" to cells incubated in MPP'" 

alone (t=P <0.05 , tt= P < 0 .0 1  and tt t= P < 0 .0 0 1 )  and -  = no significant difference detected.

Assay type
MPP* 

(10 mM)

MPP* 

(10 mM)

+ TRH  

(300 |j M)

+ TRH  

(400 mM)

+ TRH  

(600 mM)

Time (h) 6 12 24 48 6 12 24 48 6 12 24 48 6 12 24 48

MTT (% of 

control)

Ar-Ar* * * * * * * * * * ir i fk

tt

t i r * * * * * * * *

ttt

Ifk ie * * *

ttt

* * *

ttt

* * * * * *

ttt

* * *

Propidium Iodide 

exclusion (% of 

total)

* * ★ * * * * * * ★ * *

tt

* * * * ★ *

ttt

* * *

tt

* * *

t

* * * * * *

ttt

* * *

ttt

* * *

t

* *

tt

LDH Release (% 

o f total) / •k-kit * * * / * * ★ * * *

ttt

* * *

tt

* * *

ttt

* ★ *

ttt

* * *

ttt / * ★ *

ttt

* * ★

ttt

•kit

ttt
Caspase Activity 

(nM/min/mg 

protein) / * ★ * / * ★ *

t

* * * / * ★ *

t

* * *

ttt

•kitir

ttt / *

ttt

*

ttt

★ *

ttt
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5.4 Discussion

The use of a tissue culture enabled a longer exposure to toxins and 

assessment of the neuroprotective effect of TRH over hours and days, rather 

than the more limited time frame necessary with the hippocampal slice model 

described in Chapter 4.

Measurement of cytotoxicity was performed by four different methods, each of 

which measures a different aspect of cell death. The MTT assay is a measure 

of the redox activity of the cell and, as such, is an indicator of cellular integrity, 

whereas measurement of propidium iodide exclusion demonstrated plasma 

membrane integrity and is, thus, a marker for late apoptosis and necrosis. 

Similarly, measuring the release of LDH from cells acted as a marker of loss of 

plasma membrane integrity and the release of cytosolic proteins in general. The 

measurement of caspase activity within the cells identified apoptotic cells. The 

use of each of the toxins used, staurosporine, kainate and MPP" ,̂ resulted in 

significant loss of cell viability when determined by each of these methods 

(P<0.001 after all incubations used for each toxin, compared to controls).

The incubation of kainate on the cell cultures represents a direct excitotoxic 

insult, and is a toxicity model dependent on the over-activation of the kainate 

subtype of the glutamate receptor family. Kainate insult is known to provoke an 

influx of calcium ions into the cell, either directly through calcium and sodium 

conducting glutamate receptors, or indirectly (through the secondary activation 

of voltage-gated calcium channels) (Fern and Moller 2000). This increased 

calcium influx leads to increased oxidative and metabolic stress and is a 

principal death-signalling event involved in both necrosis and apoptosis 

(Syntichaki and Tavernarakis 2003). Cytotoxicity due to kainate was observed 

using each of the viability methods outlined. Kainate was shown to induce 

greater than 50% reduction in reductase activity over a 24 h period by the MTT 

assay (Figure 5.4). Damage to the plasma membrane, measured by propidium 

iodide binding to DNA revealed that by the same period (24 h), cell death was
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at 43%, which correlated with the release of LDH from the cells, which occurred 

at 42% of the total amount (Figures 5.18 and 5.21).

It is believed that mitochondrial dysfunction with subsequent impairment of 

energy metabolism is an initiating condition that causes the development of 

several neurodegenerative diseases (Beal 1996; Volbracht et al. 2006). The 

neurotoxin MPP"" is an inhibitor of mitochondrial respiratory chain Complex I, 

causing impairment of mitochondrial function and energy failure, leading to a 

loss of intracellular Ca "̂" homeostasis and reactive oxygen species production 

(Nicklas et al. 1985; Storey et al. 1992; Volbracht et al. 2006). The incubation of 

MPP'' with SH-SY5Y cells resulted in significant impairment of cellular 

reductase activity, with a depletion of 80% being found after 24 h incubation, in 

comparison to control cell activity (Figure 5.5). The cell death due to MPP""- 

caused mitochondrial dysfunction was found to be at an advanced stage, with 

almost 70% of cells either at the late apoptotic stage or in necrosis, as 

demonstrated by the inability plasma membrane to exclude propidium iodide 

dye (Figure 5.29) and the leakage of LDH from the cells into the medium 

(68.5% of the total LDH; Figure 5.32).

Kainate toxicity, under the conditions used, caused a smaller loss of redox 

activity than observed following treatment with MPP''. The correlation between 

a reduction in redox function and loss of membrane integrity observed following 

treatment with MPP"" (Figure 5.31) was not evident with kainate toxicity (Figure 

5.21). This indicates that the kainate treated cells were at an earlier stage of the 

cell death process, where cellular metabolism was impaired, but the 

membranes remained more intact. In comparison to control cells, however, 

kainate treatment resulted in significant loss of redox activity, significant 

reduction in the ability to exclude propidium iodide from the nucleus and 

significant loss of LDH from the cells (P<0.001). Both toxins induced a level of 

apoptosis though this was not the main route of cell death induced by either 

toxin, as demonstrated by the correlation of LDH release from cells with 

propidium iodide uptake into the cells when incubated with kainate or MPP"", 

which did not correlate with the caspase activity in the cells, which differed 

significantly from the membrane integrity assays across all incubations with
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MPP'' and following 24 and 48 h incubations with kainate. Furthermore, the 

caspase activity in cells following incubation for 12 h with kainate or MPP"  ̂ did 

not significantly increase with longer incubation times, although the release of 

LDH from cells, uptake of propidium iodide and decrease in viability by the MTT 

assay did. This would suggest that initial apoptotic cell death was superseded 

by necrosis.

An apoptosis inducer, staurosporine, was also used in order to investigate the 

mechanism of neuroprotection by TRH. As with several other cell types, 

caspase activation has been shown to be a critical step in SH-SY5Y apoptosis 

(Nath et al, 1998) and cells had a level of caspase activity of almost 40 

nM/min/mg protein after a 9 h incubation with staurosporine. At which point 

there was a 45% reduction in redox activity and the membrane integrity was 

40% decreased (Figures 5.6 and 5.8). The loss of cytosolic proteins due to the 

loss of membrane integrity was demonstrated by the leak of LDH, of which 36% 

was lost from the cells (Figure 5.12). The caspase activity of cells incubated 

with staurosporine correlated with the loss of LDH from cells across all 

incubations and with cell death measured by propidium iodide uptake following 

6 and 9 incubations.

The routes of cell death induced by each of these toxins were therefore shown 

to operate by loss of redox control, loss of membrane integrity and apoptotic 

mechanisms and TRH demonstrated neuroprotection against each of the 

mechanisms. This neuroprotection was time dependant and had a variable 

level of protection against each of the death mechanisms. The lower 

concentrations of TRH had no effect on any measurement of cell viability, but 

300-600 pM TRH had a protective effect against the cell death induced by 

each toxin, which diminished over time. However, the protection against toxicity 

afforded by TRH against toxicity varied with the impairment measured and also 

on the toxin used, as summarised in Tables 5.2, 5.3 and 5.4.

The protective effect of TRH, at concentrations of 300, 400 and 600 pM, 

against staurosporine, which has a primary mechanism of inducing cytotoxicity 

via apoptosis, was significant after incubations for 3, 6 and 9 h. 300 pM TRH

220



did not fully protect against cell death, with significant decreases in viability 

measured compared to control cells detected by each assay. However, there 

were significant improvements in viability detected by each assay compared to 

cells incubated with staurosporine alone. Thus, some staurosporine-induced 

death continued in the presence of 300 pM TRH, but significantly less than in 

its absence. Incubation with the two highest concentrations of TRH resulted in 

decreased staurosporine-induced caspase activity, to levels observed in control 

cells and significantly below that of staurosporine-incubated cells.

Despite this prevention of apoptosis, cells remained under staurosporine- 

induced stress, demonstrated by the significantly increased release of LDH 

from the cells and propidium iodide uptake compared to control cells, indicating 

that though cells were protected against programmed cell death by the 

presence of TRH, some level of necrotic death was occuring, even after the 

shortest, 3 h, incubation. This was, however, significantly less than that of cells 

incubated in the absence of TRH. The redox capacity of cells was also 

diminished by staurosporine, even in the presence of TRH, though unlike the 

membrane impairment, 400 and 600 pM TRH maintained the reductase activity 

at control levels after the 3 and 6 h incubations and this did not decrease 

significantly until after 9 h. Even at this point the activity was at a level 

significantly greater than cells incubated with staurosporine in the absence of 

TRH.

Although the route of cell death due to kainate is primarily necrotic, a significant 

level of apoptosis was also observed following 12-48 incubations, this was 

entirely prevented by 300, 400 and 600 pM TRH. However significant damage 

to the cell membranes and perturbation of the redox activity of the cell by 

kainate was not entirely prevented. Furthermore, there was no significant 

protection after the 48 h incubation, with either 300 or 600 pM TRH.

Apoptosis was also produced by MPP" ,̂ at a lower level than that caused by 

kainate. However, unlike kainate, apoptosis remained significantly elevated 

when TRH was included in the incubation, although again the three higher TRH 

concentrations gave a reduction in apoptosis compared with cells incubated
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with MPP'' in its absence. Similar to kainate incubation with TRH, TRH 

incubation with MPP'' protected against membrane damage, evidenced by the 

reduced loss of LDH and the exclusion of propidium iodide from cells compared 

to cells incubated with MPP"  ̂ alone, but the duration of this protection was more 

short-lived than with kainate, with 300 pM TRH-protection evident following 6 h 

incubation only determined by the propidium iodide and MTT assays. The 

effects of TRH with MPP'' on the redox activity of cells was also more variable 

than when incubated with kainate, with significant loss of regulation, determined 

by MTT assay, in comparison to controls with all TRH concentrations following 

12-48 h incubations, where with kainate and TRH incubation control levels of 

regulation were demonstrated after 12 h incubation and did not decrease 

relative to controls until after 24 and 48 h incubations.

The neuroprotective mechanism of TRH is, to date, not yet elucidated. SH- 

SY5Y cells express both the TRH-receptor and TRH-degrading enzyme (TRH- 

DE) (Dr. Amanda Tivnan, personal communication), which would provide a 

means for TRH to exert the neuroprotective effect found in these studies. The 

expression of TRH-DE may explain the high concentrations of TRH required to 

exert protection and also the decrease in the effect of TRH against cytotoxicity 

over time. It is also possible that the effect of TRH is elicited through an 

receptor-independent mechanism, as studies have shown that TRH analogues 

demonstrated significant protection against glutamate-induced cell death, yet 

appeared not to bind to any known TRH receptors (Faden et al. 1999; Faden et 

al. 2003a; Faden et al. 2005).

The protective effects of TRH measured in this study were strongest against 

excitotoxicity, but were also observed in relation to cell death induced by 

staurosporine and against the mitochondrial damage caused by MPP'". 

Furthermore, TRH operated to prevent multiple cell perturbations, i.e., the loss 

of cytosolic proteins, permeability of cell membranes, irregularities in metabolic 

control, as well as the initiation of programmed cell death. Thus TRH may 

possibly either function as a regulator of a number of cell signals, or to regulate 

a mechanism common to the initiation of all the above processes. The 

mechanisms of cell death induced by each of the toxins were illustrated in
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Figure 5.1, and the regulation of protein kinases appears to be common to each 

toxin. Staurosporine is a direct inhibitor of protein kinases, whilst both kainate 

and MPP'" cause increases in intracellular calcium levels, which in turn activate 

protein kinases. Thus, a plausible mechanism of the protection demonstrated in 

these studies is that TRH functions as a homeostatic regulator of protein kinase 

activity, or by a process that results in protein kinase regulation. This protective 

mechanism of TRH may begin with regulation of [Ca^'']i; it is known that TRH 

prevents glutamate stimulated increases in calcium (Koenig et al. 1996; Faden 

et al. 2004), and was shown in the present studies to protect against kainate 

and MPP'^-induced cell death, both of which cause increases in [Ca "̂ ]̂!, which 

activate calmodulin-dependent protein kinases (CaM-K) which in turn can 

phosphorylate subunits of the NMDA and AMPA receptors (Song et al. 2008), 

further potentiating toxicity. CaM-K is central in regulating neuronal processes, 

with both increases and decreases in its activity reported to cause neuronal 

damage (Waxham et al. 1996). Inhibition of protein kinase C activity has been 

shown to prevent TRH-mediated neuroprotection against NMDA-mediated cell 

death (Pizzi et al. 1999).

In parallel to the inhibitory role against excess accumulation of [Ca^'']i by TRH, 

which functions through calcium-channel inhibition (Kramer et al. 1991) and 

subsequent over-activation of CaM-K, TRH is also an activator of 

phospholipase C (PLC) through Goq/n signalling causing an increase in [Ca^"’]j, 

by inositol triphosphate-triggered calcium mobilisation with subsequent 

activation of protein kinase C (PKC) (Schledermann et al. 2001; Smith et al. 

2001). This would explain the counter effects of TRH against staurosporine, a 

protein kinase inhibitor. This dual function of TRH to either increase or block 

excessive increases in [Ca^""]!, with resulting activation or inhibition of protein 

kinases may explain the protective nature of TRH against multiple cytotoxic 

events. It is of note that metabotropic glutamate receptors use the same 

signalling cascade as TRH, and thus activation of the TRH cascade may result 

in the inactivation of that initiated by excitotoxicity (Veronesi et al. 2007).

In conclusion, the protective effect of TRH against different toxins over time, 

with different cell death mechanisms, was demonstrated. The effects elicited by
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TRH point to a complex mechanism of action. The neuroprotective efficacy of 

TRH was dependent on the neurotoxic agents studied. Compared to the direct 

excitotoxic insult with kainate, TRH displayed slightly lower potency in the 

staurosporine and MPP'" models, although TRH facilitated cell viability and 

protected against the cell damage criteria leading to cell death in a 

concentration- and time-dependent manner. This study should permit further 

investigations into the molecular mechanism involved in these TRH effects and 

the protection conferred suggests the potential usefulness of TRH-related 

therapeutics in the treatment of neurodegenerative diseases.
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CHAPTERS

ASSESSMENT OF NEUROTOXICITY AND 

NEUROPROTECTION USING IN VIVO MODELS
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6.1 Introduction

In the development of novel therapeutics, the use of in vitro assays Is an 

essential first step. Chapter 3 reported the development of inhibitors to TRH- 

DE, initial analysis and K\ determination was carried out using purified enzyme. 

Further information on TRH was then obtained using the model systems 

described in Chapters 4 and 5, i.e. hippocampal slices and cell culture studies. 

However in vitro assays cannot provide an overall picture of a potential 

treatment’s action, therefore a suitable mechanism for analysing TRH and its 

analogues in vivo is necessary. The modelling of specific disorders, such as 

epilepsy, and cognitive processes, such as spatial learning, may be useful to 

ascertain the benefits of these inhibitors.

6.1.1 Kainate toxicity i n v ivo

lonotropic glutamate receptors are important mediators of excitotoxic neuronal 

death (Ha et al. 2002). The neuronal injury caused by kainate is likely to be 

caused by the release of endogenous glutamate due to the activation of the 

presynaptic kainate receptors, or because of reactive oxygen species (ROS) 

production (Chung and Han 2003b). A number of neurotransmitter systems are 

thought to be involved with this kainate-induced syndrome (Shytle et al. 1995). 

The hippocampus is most affected by kainate administration (Ben-Ari 1985). 

The striatum is particularly vulnerable to excitotoxicity, due to excessive 

activation of ionotropic glutamate receptors. Kainate has been shown to 

increase production of reactive oxygen species, mitochondrial dysfunction, and 

apoptosis in neurons in many regions of the brain (Wang et al. 2005).

Movement disorders such as Parkinson’s disease and Huntington’s disease 

have been traced to basal ganglia dysfunction, a group of sub-cortical nuclei 

involved in the control of movement and various cognitive functions. The 

neostriatum is a major relay station for cortical information flow through the 

basal ganglia. Striatal neuronal sub-types are differentially susceptible to 

hypoxic/ischemic, excitotoxic and oxidative insults. Excitotoxicity may contribute 

to oxidative stress, leading to the selective neuronal degeneration that occurs in
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many neurodegenerative disorders (Skaper et al. 1999; Chung and Han 2003a; 

Gras et al. 2006).

Systemic or central administration of kainate can induce behavioural autisms 

such as limbic motor seizures, including \Net dog shakes (WDS), paw tremor 

(PT), facial myoclonia (FM), whole body tremor, excessive salivation 

aggression and hyperactivity in rats. These symptoms are associated with brain 

neurotoxicity with the hippocampus and amygdala complex most affected (Ben- 

Ari 1985). These induced seizures manifest with behavioural and neurologic 

similarities to seizures in humans with temporal lobe epilepsy (TLE), which are 

thought to result from neuronal damage particularly in the hippocampus and 

amygdala complex. Kainate administration is used as an animal model to 

induce pathological changes sim ilar to those caused by brain infarction, human 

temporal lobe epilepsy and neurodegenerative diseases because of both the 

behavioural and neurological similarities (Ben-Ari 1985; Virgili et al. 1992; 

Williams et al. 1993; Liu et al. 1996; Wang et al. 2005).

6.1.1.1 Free radical toxicity

Reactive oxygen species (ROS) are believed to play a vital role in the genesis 

and progression of many diseases, including neurodegenerative diseases, such 

as Parkinson’s and Alzheimer’s diseases, ischemia and cardiac arrest (Skaper 

et al. 1999; Wang et al. 2005). Although ROS, such as H2O2 or O2” , have low 

toxicity, their reaction with transition metal complexes leads to the formation of 

highly reactive oxygen species (hROS):

Fe^* + H2O2 Fe^^ + hROS + HO'

The products of this so-called Fenton reaction, the free hydroxyl radical H 0 ‘ or 

a ferryl (Fe (IV))-oxo species (see for e.g., Freinbichler, et al., 2008a) are 

associated to cellular oxidative stress. The excitotoxic cell death may also be 

associated with ATP depletion, a consequence of prolonged and repeated 

depolarisations, and subsequent failure of the transmembrane ion-dependent 

ATPases (Dykens et al. 1987; Del Rio et al. 2007)
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6.1.2 TRH effects in w\\/o

Since TRH is involved in the nnodulation of epileptic seizures (Knoblach and 

Kubek 1994) and TRH and TRH-analogues have been shown to be 

anticonvulsant in multiple animal and human models of seizures (Jaworska-Feil 

et al. 2001; Koenig et al. 2001; Kubek and Garg 2002), the use of kainate was 

studied in this chapter to investigate the neuroprotective properties of TRH. The 

peripheral administration of TRH has effects on the arousal and locomotor 

activity of animals (O'Dowd et al. 2000; Colson and Gershengorn 2006).

6.1.3 Microdialysis

Microdialysis, a method originally developed by Ungerstedt and colleagues in 

the 1970s (see Klaus et al., 2004 for review), to measure neurotransmitter 

concentrations in the brain, allows monitoring of the extracellular concentration 

of neuroactive chemicals, simultaneously to behaviour studies. Alterations in 

neurotransmitter release and production of ROS following treatments can be 

determined.

6.1.4 Short-term working memory

The memory of the rats undergoing microdialysis was tested by a two-animal 

social discrimination test (Engelmann et al. 1995). The social recognition test in 

rats is a test in novelty processing and the ability to retrieve information at a 

later time (Prediger et al. 2005; De Leonibus et al. 2006; Squires et al. 2006). It 

is used as a model of short-term working memory that depends on olfactory 

memory, which is dopamine mediated. The memory study is a form of novelty 

processing based on 2 components:

Motivational ->  arousal to react to stimuli

Cognitive ^  process stimuli information

Therefore the animals must be initially motivated to react to a novel event in 

their environment, in this case the introduction of a juvenile rat to the cage, and 

should retain the memory of the initial introduction upon reintroduction. This 

memory requires the stimulating information to be processed and the ability to
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retrieve this information later, and is thus a test of hippocampus function. 

Signals are mediated between the olfactory bulb and the hippocampus by 

vasopressin and oxytocin.

6.1.5 Water Maze spatial task

Rats have a good spatial learning ability, and the water maze is widely used to 

assess this property of rats and mice. The water maze task is based on the 

premise that animals have evolved an optimal strategy to explore their 

environment and escape from the water with a minimum of effort, i.e. swimming 

the shortest distance possible. The technique allows rats to draw inferences 

about the position of a stable platform in a swimming pool in the absence of 

local cues which would indicate the location of the platform (Morris 1984). The 

integrity of the hippocampal formation is essential for spatial learning, thus 

normal animals can learn the location of the platform very quickly and deficits in 

this learning ability can be monitored and compared due to kainate treatment 

and the effect of TRH on the learning process measured.

Microdialysis and social learning experiments were carried out in the laboratory 

of Professor Laura della Corte, Dipartimento di Farmacologia Preclinica et 

Clinica “M. Aiazzi Mancini” , Viale G. Pieraccini 6, Universita degli Studi di 

Freinze, Firenze, Italy. This work in Italy was supported by the EU Socrates and 

COST D13 grants. The water-maze studies were carried out in the Department 

of Psychology in Trinity College Dublin in collaboration with Doctor Oliviero 

Gobbo.
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6.2 Methods

6.2.1 Microdialysis Animal Studies

6.2.1.2 Surgery and microdialysis procedure

All experim ents involving laboratory animals w ere performed according to the 

Italian Guidelines for Animal C are (D.L. 116/92), which w ere also in accordance  

with the European Communities Council Directives (86 /609 /E E C ). The  

experim ents w ere performed on male W istar rats (250  g) (Morini, S. Plo d ’Enza, 

Italy). They w ere housed in groups of five in a 12 h light/dark cycle under 

controlled conditions of tem perature and humidity with free access to food and 

water. The rats w ere anaesthetised with chloral hydrate (400 mg/kg, i.p.) and 

placed in a stereotaxic fram e to allow  im plantation of a m icrodialysis guide  

cannula. The  stereotaxic coordinates were: Anterior 0.7, Lateral 3.2, 

dorsoventral 2 .5  mm, according to the atlas of Paxinos and W atson (2 0 04 ). 

The single cannula microdialysis probe was implanted vertically into the 

striatum (3 mm probe tip; see Figure 6 .1 ). The guide w as anchored to the skull 

with a s ta in less-stee l screw  and dental cem ent. After surgery, an im a ls  w ere  

housed individually in plexiglass cages  (3 2 x 2 4  cm ) and given ad libitum  

access to food and water.

The animals w ere allowed to recover and the microdialysis experim ents were  

initiated 72 h later. The dialysis probes of the now freely-moving rats, were  

perfused with artificial cerebrospinal fluid (aC SF) consisting of: 138 mM NaCl, 3 

m M KCI, 1.2 mM C aC b, 1 mM M gCb, 1.2 mM N a2H P 04 , 0 .27  m M N aH 2P 0 4  

and 7.2 mM glucose with Im M  sodium terephthalate (pH 7 .4) via polyethylene  

tubing (i.d. 0 .38  mm) connected to a 1 ml syringe mounted on a microinfusion 

pump (C M A /100, CMA/M icrodialysis AB, Stockholm, Sw eden), at a rate of 3 

(j|/min. Following a 1 h stabilization period, perfusates w ere collected every 20  

min over a 4 - 5  h period.
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Figure 6.1 Microdialysis prope insertion procedure

The head of rats was shaved and the skull exposed and using the coordinates of the rat brain 

atlas (Paxinos and Watson 2004) a single cannula microdialysis probe was inserted vertically 

into the striatum. Three other drill-holes of a narrower bore were made through the skull in 

which screws were placed to stabilize the insertions. Dental cement was then used to cover the 

skull and to anchor the probe (Diagram courtesy of Laura Della Corte).

After a collection period of 40 min (two fractions), the striatum was exposed to 

100 mM potassium (K"") stimulation for 20 min (one fraction). In the fourth 

fraction collection following potassium stimulation injections of either saline or 

TRH (10 mg/kg) were made intraperitonially (i.p.). Animals were anaesthetised 

20 min later with chloral hydrate and over the following 20 min the striatum was 

exposed to 100 pM kainate. Fraction collection was continued for a further 120- 

160 min.

D a y  1 D a y  2  D a y  3  D a y  4  D a y  5  D a y  6  D a y  7

Anaesttiesia & 

probe insertion

TRH/injection, 
anaesthesia & KA by 
microdialysis

Initial interaction Second interation 
social behavior social behavior
testing testing

Euthenasia

Figure 6.2 Timeline of treatment of animals undergoing microdialysis
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6.2.1.2 Measurement of amino acid release

The perfusion fractions were frozen and stored at -20°C. The content of 

aspartate, glutamate, GABA and taurine in microdialysis perfusates was 

measured by high-performance liquid chromatography with fluorimetric 

detection, as described by Bianchi et al., 1999. Briefly, the amino acids were 

derivatised with mercaptoethanol and o-phthalaldehyde (OPA). The OPA 

derivatives were then separated on a 5 pm reverse phase Nucleosil C18 

column (250x4 mm; Machery-Nagel, Duren, Germany) kept at room 

temperature, using a mobile phase consisting of methanol and potassium 

acetate (0.1 M, pH adjusted to 5.52 with glacial acetic acid) at a flow rate of 0.9 

ml/min in a three linear steps gradient (from 25% to 90% methanol). The levels 

of amino acid in the perfusate fractions were expressed as pmol of amino 

acid/pl of perfusate or as the area under the concentration-time curve.

6.2.1.3 Measurement of biogenic amine release

The release of biogenic amines dopamine, its metabolites homovanillic acid 

(HVA) and 3,4-dihydroxy-phenylacetic acid (DOPAC) and the serotonin 

metabolite 5-hydroxyindoleacetic acid (5HIAA) were measured in the perfusion 

fractions by HPLC separation with electrochemical detection, as described by 

Rakovska et al., 1998. Amines were separated on a cation exchange column, 

prepared by loading a reverse phase column (Chromospher 5 CIS, 

Chrompack, Middleburg, The Netherlands) with sodium lauryl sulfate (0.5 

mg/ml). The mobile phase consisted of 0.2 M phosphate buffer, pH 8.0, 

containing 5 mM KCI, 1 mM tetramethylammonium (TMA), and 0.3 mM EDTA. 

A flow rate of 0.75 ml/min was used. Amines were oxidised and 

electrochemically detected by a platinum electrode at 1500 mV. Calibration 

curves of standards were constructed to quantify the amounts in the fractions 

and expressed as pmol of amine/pl of perfusate or as the area under the 

concentration-time curve.
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6.2.1.4 Measurement of free radicals

The release of reactive oxygen species was detected simultaneously with 

amino acid detection, using the procedure of Freinbichler et al., 2008(b). By 

inclusion of terephthalic acid (TA^‘) with the aCSF during microdialysis highly 

reactive oxygen species (hROS) were hydroxylated to 2-hydroxy terephthalate 

(OH-TA). The formation of OH-TA was detected following HPLC elution at ~3.3 

min fluorometrically at excitation and emission wavelengths of 315 and 435 nm, 

respectively, with fluorescence linearly dependent on the concentration of OH- 

TA, which in turn in linearly dependent on the hROS concentration.

6.2.2 Social recognition study

The test is a model of short-term working memory, based on novelty processing 

and retrieval of this information at a later time (Prediger et al. 2005; De 

Leonibus et al. 2006; Squires et al. 2006). On day 6 after surgery and probe 

insertion and 2 days after kainate challenge a juvenile rat was introduced into 

the cage of each of the animals undergoing study for a 5 min period (Figure 

6.2). The time spent investigating (nosing, pawing, sniffing, grooming) the 

juveniles by each rat was measured. The juvenile rat was then removed and 

was reintroduced 24 hours later and the level of investigation by the adult was 

again measured.

6.2.3 Water l\/laze Task

The water-maze task is based on the premise that animals have evolved an 

optimal strategy to explore their environment and escape from the water with a 

minimum of effort, i.e. swimming the shortest distance possible. The technique 

allows rats to draw inferences about the position of a stable platform in a 

swimming pool in the absence of local cues, which would indicate the location 

of the platform (Morris 1984).

Male Wistar rats of approx. 250 g were used. The rats were randomly assigned 

to different experimental groups after arrival. Animals were kept in groups of 

three, in cages of dimensions 44 x 28 x 17 cm. The animals were housed
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under standard conditions, In a temperature-controlled (20°C), laminar airflow 

cupboard and maintained on a 12 hour light-dark cycle (lights on at 7 am). All 

testing was carried out during the light phase. Food and water were provided ad 

lib.

6.2.3.1 Experimental treatment of animals

Animals were randomly assigned to three experimental groups; control, 

kalnate-treated and kainate with TRH treated. Kainate (10 mg/kg) was 

administered Intraperitonially and reliably induced an acute behavioural 

syndrome, which included wet dog shakes and seizures, from mild forehead 

nodding to severe limbic convulsions with rearing and foaming at the mouth. 

Animals that did not undergo kainate treatment were injected with saline i.p. 

Animals receiving TRH were injected two hours later (10 mg/kg i.p.) others 

were injected with saline. TRH was administered a second time 6 hours after 

the first administration. TRH was administered once/day for five consecutive 

days. Testing began 3 days after kainate injection. The time-line of the 

treatment to each group is outlined In Figure 6.3.

W atcn n azc  5 Iria ls/day

I-------------------------------------------------------------------1
D1 D 2  D 3  D 4  D 5 D 6  D 7 D 8  D 9  D IO

H— I— 1— I— I— 1— 1— I— 1— H
 /

T R H  10 m g/kg  5 days

K A  10 n ig /kg  
or saline

Figure 6.3 The experimental treatment of animals that underwent the Morris water- 

maze study

The timeline of the treatment of the three groups of animals that were studied by the Morris 

water-maze swim test. Control animals were injected intraperitonially (i.p.) with saline and those 

administered kainate were injected i.p. with 10 mg/kg. Animals in the TRH group received 10 

mg/kg TRH i.p. 6 h later and once a day thereafter, to day 5. Saline was administered to the 

control and kainate group. Water-maze trials were initiated on day 4 and continued to day 7.
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Rodents were trained to escape from water by swimming to a hidden platform, 

the location of which could be found by a learned sequence of movements 

which brought it to the platform using distal extra maze cues [a spatial strategy 

(D'Hooge and De Deyn 2001)]. The watermaze was a black circular pool filled 

with water at room temperature, diameter 200 cm, height 35 cm. The pool was 

located in a room with extra maze cues. The platform had a diameter of 9.5 cm 

and a height of 29 cm, thus submerged 2 cm below water level (for diagram, 

see Figure 6.4). Animals were placed in the pool facing the wall and the trial 

started as soon as the rat was released, if the rat did not find the platform within 

60 seconds, the animal was guided to the platform where it remained for 15 

seconds. Rats were given 5 trials per day. The maze was divided into 

theoretical North West (NW), South West (SW), North East (NE) and South 

East (SE) quadrants, with the platform centred in the NW quadrant (Figure 6.5). 

The velocity, escape latency, total distance swam were recorded by EthoVision 

image analysing system from Noldus Information Technology (Wageningen, 

Holland).

Lamps (dimmer)

olcamera 

1, ^
w

1 1

Water
ool

Computer

■ Hidden Platform

A J A Flood Lamps

Figure 6.4 Diagram of the IVIorris water-maze setup A submerged platform was located 

in the NW quadrant of the pool and animals were placed into the pool at a random location and 

the time taken to locate the platform (escape latency) and the distance swam in the pool were 

measured by EthoVision image analysing system from Noldus Information Technology 

(Wagenheim, Netherlands).
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Figure 6.5 The Morris water-maze from above with an example of a swim path

Animals underwent 5 trials/day, with 60 s to locate the submerged platform. If the platform was 

not located at 60 s, the animal was guided to platform and was left to remain there for 15 s.
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6.3 Results

6.3.1 The effect o f TRH on kainate challenge to the 

striatum

6.3.1.1 In vivo monitoring of amino acid release during 

kainate challenge

The alteration in amino acid release due to 100 |jM kainate infusion in the 

absence and presence of TRH (injected i.p.) was monitored by the collection of 

microdialyses fractions for 20 min periods over 320 min (Figure 6.6). The 

increase in amino acid release due to 100 mM potassium stimulation (over 20 

min) was evident. The time of injection with TRH or saline (100 min), of 

anaesthetic administration (120 min) and kainate perfusion (120 min) are 

indicated on the graphs. The quantities of amino acids detected are expressed 

as pmol/(jL and were analysed by two-way ANOVA with Bonferroni’s post-test. 

Due to the hyper-excitability kainate induces in animals, animals were 

anaesthetised (chloral hydrate at 400 mg/kg, i.p.) prior to the kainate-challenge. 

For analysis purposes, the fractions collected during this period were used as 

the pre-kainate basal level and all subsequent fractions were collected while the 

animals were under anaesthesia and used to calculate the kainate-stimulated 

release.

Kainate administration had no effect on the release of aspartate, glutamate or 

GABA. It did however result in a significant increase in taurine release, which 

was significantly elevated in fractions collected during kainate administration 

and subsequently to 240 min (P<0.001 compared to control animals). This 

effect was not prevented by TRH as this group also demonstrated significantly 

elevated taurine release, and TRH did not affect taurine release as animals 

injected with TRH but not administered kainate showed the same level of 

taurine release as controls. The effect of the kainate challenge was further 

analysed by comparison of the basal, pre-challenge level of amino acid release 

with the release stimulated by kainate (Figure 6.7). Two-way ANOVA 

comparison of the data with Bonferroni’s post-test showed that the basal and
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Figure 6.6 Effects of kainate and TRH on amino acid release from the striatum

Microdialyses fractions were collected at 20 min intervals from control, saline injected rats (■ ), 

rats injected with TRH ( • ) ,  animals that underwent microdialysis with kainate (A )  and rats that 

were injected with TRH and underwent microdialysis with kainate (▼). The amino acid content 

of these fractions were analysed by derivatisation followed by HPLC separation.
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Data represent mean ± S.E M. (n=5-9), with (a) aspartate release, (b) glutamate release, (c) 

taurine release and (d) GABA release. Analysis was performed by two-way ANOVA with 

Bonferroni’s post-test and significant difference are indicated by *=P<0.05, **=P<0.01 and 

***=p<0.001 and are colour-coded with reference to the group compared with.
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Figure 6.7 Comparison of the basal and l<ainate-stimulated level of amino acid 

release from striatum

The release of (a) aspartate, (b) glutamate, (c) taurine and (d) GABA from the striatum of during 

the basal period (■ ; during anesthetic administration) was compared with the stimulated 

release (□ ) by two-way ANOVA with Bonferroni’s post-test. Data represent mean values ± 

S.E.M. (n values range from 5-8) with **=P<0.01 and ***=P<0.001 compared to basal release. 

The basal release and the kainate-stimulated release of (e) aspartate, (f) glutatmate, (g) taurine 

and (h) GABA were compared between the control (■ ), kainate (□ ), TRH with kainate ( ) and 

TRH only (■ ) groups, with *=P<0,05 and ***=P<0.001 compared to the release from the control 

group.
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kainate-stimulated levels of glutamate and GABA release were not changed, 

though taurine underwent significant increase in animals that underwent kainate 

challenge and the injection of TRH did not affect the increase compared to the 

basal release (P<0.001 for kainate group and P<0.01 for TRH-treated group). 

Taurine release was significantly elevated in these groups following the kainate- 

challenge compared to the control group and to animals injected with TRH that 

did not undergo kainate treatment (P<0.001). Kainate-challenge resulted in a 

significantly elevated release of aspartate compared to the basal level of 

release (P<0.05), not evident when TRH was given as a pre-treatment. The 

area under the curve was calculated for each amino acid from the time of 

anaesthesia (8th fraction, 120 min) to the completion of fraction collection. The 

basal, pre-kainate release of each amino acid for each group tested was used 

as a baseline to calculate the area and comparisons of the areas under the 

curves were made by one-way ANOVA with Bonferroni’s post-test (Figure 6.8). 

Where amino acids decreased in concentration from the basal level, the area of 

the peak below the baseline was calculated and used to determine the net area 

under the curve. The net area under the curve of glutamate release 

demonstrated that kainate induced a significant increase in release compared 

to controls (P<0.05). When TRH was given prior to the kainate challenge, the 

net area under the curve did not significantly differ from controls and TRH 

treatment alone did not differ from controls. The release of GABA was shown to 

decrease following anaesthesia, with net peak areas below the basal baseline 

for controls, kainate and kainate with TRH groups. The release of GABA was 

shown to have a net peak area above the basal level when TRH was 

administered in the absence of kainate, though with a large S.E.M. that 

spanned GABA increase and decrease; it resulted in a significant prevention of 

the decrease in GABA release observed in controls due to anaesthesia 

(P<0.05). The area under the curve showed that administration of TRH prior to 

the kainate challenge resulted in a significant decrease in the release of GABA 

compared to animals challenged with kainate in its absence (P<0.01). 

Comparison of the area under the curve for glutamate release showed 

significant standard errors, though the administration of TRH in the absence of 

kainate resulted in significantly reduced glutamate release compared to the
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Figure 6.8 Analysis of the area under the curve of amino acid release during !<ainate 

challenge with TRH

The area under the curve of amino acid release from 120 min in Figure 6.6 using the release 

level of each amino acid in the fraction collected during anaesthesia as the baseline. Peaks due 

to the decline of amino acid release were used to calculate the net area. The areas due to each 

treatment (control=H, kainate treated animals in the absence of TRH=D, kainate treated 

animals that were injected with TRH= and animals injected with TRH in the absence of
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kainate challenged group (P<0.05), and the TRH group had a net overall 

release of glutamate following anaesthesia.

6.3.1.2 In vivo monitoring of amine release during kainate 

challenge with TRH treatment

The release of dopamine and its metabolites DOPAC and HVA in addition to 

the serotonin metabolite 5HIAA were investigated following potassium 

challenge and following kainate challenge (Figure 6.9). Animals that underwent 

treatment with kainate released significantly more dopamine than control 

animals in the 20 min following kainate treatment (P<0.01), however these 

animals also released significantly more dopamine than the kainate with TRH 

and the TRH-only groups during potassium stimulation (P<0.001). The animals 

that were subjected to TRH injection prior to kainate treatment also released 

significantly more dopamine than controls in the 20 min following kainate 

treatment (P<0.05) and the release was not significantly different from the other 

groups during potassium stimulation. Animals that were injected with TRH but 

did not undergo kainate challenge released DOPAC at the same levels as 

control animals following anaesthesia, but release was significantly greater than 

that released by animals challenged with kainate in (P<0.001 and P<0.01, in 

the two fractions collected following kainate treatment and P<0.01 and P<0.05, 

in the two fractions collected following kainate stimulation in animals that were 

injected with TRH). This same trend was also present for HVA release with 

animals injected with TRH in the absence of kainate releasing significantly 

greater HVA than animals treated with kainate in the 40 minutes following the 

kainate challenge (animals treated with kainate alone; P<0.01, animals injected 

with TRH prior to kainate; P<0.01 and P<0.05). The release of 5HIAA was also 

different between the TRH treated animals and those that were challenged with 

kainate in the 20 min following kainate stimulation (P<0.05).

The basal and kainate-stimulated levels of amine release were compared in 

Figure 6.10. In kainate-treated groups dopamine release was significantly 

greater than the basal, pre-kainate infusion levels and significantly greater than 

the control and TRH-treated levels (P<0.001). Injection of TRH prior to the 

kainate challenge had no effect on the increased dopamine release, which was
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Figure 6.9 The release of amines from the striatum in response to kainate 

challenge with TRH

Microdialyses fractions were collected at 20 min intervals from control, saline injected rats (■ ), 

rats injected with TRH ( • ) ,  animals that underwent microdialysis with kainate (A ) and rats that 

were injected with TRH and underwent microdialysis with kainate (▼). The amino acid content 

of these fractions were analysed by derivatisation followed by HPLC separation.
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Data represent mean ± S.E.M. (n=6), with (a) dopamine release, (b) DOPAC release, (c) HVA 

release and (d) 5HIAA release. Analysis was performed by two-way ANOVA with Bonferroni’s 

post-test and significant differences are indicated by *=P<0.05, **=P<0.01 and ***=P<0.001 and 

are colour-coded with reference to the group compared with.
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Figure 6.10 Comparison of the basal and stimulated release of amines from the 

striatum following kainate challenge

The release of (a) dopamine (b) DOPAC, (c) HVA and (d) HIAA from the striatum of during the 

basal period (■ ; during anesthetic administration) was compared with the stimulated release 

(□ ) by two-way ANOVA with Bonferroni’s post-test. Data represent mean values ± S.E.M. (n=6) 

with *=P<0.05 and ***=P<0.001 compared to basal release.
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the same as kainate-only treated animals and significantly greater than the 

controls. The injection of TRH in the absence of kainate treatment did not result 

in any changes in amine release during this period; there were no significant 

differences between the basal and stimulated release of these animals and the 

controls. Kainate-challenge induced a significant decrease in the dopamine 

metabolite DOPAC (P<0.05), though not in HVA, compared to the basal, 

anaesthetic release. The decrease in DOPAC because of the kainate-challenge 

was not evident when TRH was administered prior to kainate. Release of 

serotonin was not quantifiable due to the low concentration, however its 

metabolite 5-HIAA was compared between the basal anaesthetic release and 

the release due to the kainate-challenge and it was found the kainate induced a 

significant decrease in levels (P<0.05), which was not evident when TRH was 

given as a pre-treatment.

The area below the curve of the release of each amine over time was 

measured from the point of anaesthetic administration and using the level of 

amine release in this fraction as the baseline of the plot (Figure 6.11). Where 

there was a reduction of the release of amines to a level below that of the 

baseline, the area of the negative peaks was taken into account to give a net 

area under the curve. It was found that kainate induced a significant increase in 

the release of dopamine compared to control (P<0.05), which was not 

prevented by TRH (P<0.05 compared to control). Treatment with TRH alone did 

not result in a difference with control release and the release due to TRH 

treatment was significantly lower than kainate and kainate with TRH groups 

(P<0.01 and P<0.05, respectively).

The release of dopamine into the dialysate from animals that underwent 

treatment with TRH was compared between the fractions collected directly 

before TRH was injected, when TRH was administered and the fraction 

collected directly after, during which animals were anaesthetised (each fraction 

was collected over 20 min). The level of dopamine found was compared 

between the fractions by one-way ANOVA analysis with Bonferroni’s post-test 

and no significant difference was found (Figure 6.12).
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Figure 6.11 Analysis of the area under the curve of amine release during kainate 

challenge with TRH

The area under the curve of amine release from 120 min in Figure 6.9, using the release level 

of each amino acid in the fraction collected during anaesthesia as the baseline. Peaks due to 

the decline of amine release were used to calculate the net area. The areas due to each 

treatment (control=B, kainate treated animals in the absence of TRH=D, kainate- treated
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animals that were injected with TRH= and animals injected with TRH in the absence of 

kainate=B) for the release of (a) dopamine, (b) DOPAC, (c) HVA and (d) 5-HIAA were 

compared. Data represent mean values ± S.E.M. (n ranged from 5-9  samples). Analysis was 

performed by two-way ANOVA with Bonferroni's post-test, with *=P<0.05 and significant 

difference compared to control, except where indicated and |=P<0.05 and tt= P < 0  0'l 

compared to the group treated with TRH alone.
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Prior During 20 min (anaesthesia)

Figure 6.12 The effect of TRH on dopamine release

The release of dopamine from the striatum into fractions collected in the 20 min before TRH 

administration, the 20 min during which TRH was injected intraperitonially and in the fraction 

collected directly after, during which animals were anaesthetised. Data represent mean values 

± S.E.M. (n=12), comparison was made by one-way ANOVA analysis with Bonferroni’s post

test and no significant difference was found.
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6.3.1.3 In vivo monitoring of the release of liydroxy radicals 

following kainate challenge with TRH treatment

The release of reactive oxygen species (ROS) from the striatum was monitored 

prior to the infusion of kainate and for 160 min following kainate treatment 

(Figure 6.13). Though kainate challenge did not result in greater release of 

ROS than control animals, the release was significantly more than animals that 

were injected with TRH and not challenged with kainate in the 40-80 min 

following kainate infusion (P<0.05, <0.001 and <0.05 for 40, 60 and 80 min, 

respectively, by two-way ANOVA with Bonferroni’s post-test). The release of 

ROS due to treatment with TRH alone was the same as that of control animals, 

but animals that were treated with TRH and then underwent kainate challenge 

release significantly more ROS than controls at 40-80 min post kainate 

treatment and again 140 min after kainate was administered (P<0.001, <0.05, 

<0.001 and <0.05, respectively) and significantly more than animals treated 

with TRH alone for an extended period (40-140 min post kainate challenge; 

P<0.001). The release of ROS by the TRH with kainate treated group was 

significantly greater than animals challenged with kainate in the absence of 

TRH treatment 80 min post-kainate (P<0.05). There were no significant 

differences between the groups during or following the administration of TRH 

and saline, with increases arising only following the kainate challenge.

The basal level of ROS release, prior to the kainate challenge was compared 

with the release due to kainate stimulation by two-way ANOVA with 

Bonferroni’s post-test [Figure 6.14 (a)]. Animals treated with TRH prior to 

kainate challenge were shown to have significantly increased release of ROS 

due to kainate stimulation compared to the basal level of release (P<0.01), all 

other treatment groups had no significant difference between the basal and 

stimulated level of release. Figure 6.14 (b) compared the basal and stimulated 

release between the groups, again there was no significant difference between 

control, TRH-only and kainate-only animals, however animals given TRH prior 

to kainate challenge had significantly greater release of ROS than each of the 

other groups (P<0.001 compared to control and TRH groups and P<0.01 

compared to kainate group).

254



9n

0 - * — I— '— I— '— —̂ '— I— '— 1— '— I— '— ‘— '— '— '— —̂ I— I— '— I— I— 1— <— 1— '— I— I— I— '— 1— I— I— I— 1

-20 0 K+ 40 60 80 TRH i.p. Ana Kainate 160 180 200 220 240 260 280 300 320

Time (min)

Figure 6.13 The release of reactive oxygen species from the striatum during kainate 

challenge with TRH

Microdialyses fractions were collected at 20 min intervals from control, saline injected rats (■), 

rats injected with TRH ( • ) ,  animals that were injected with saline and underwent microdialysis 

with kainate (A) and rats that were injected with TRH and underwent microdialysis with kainate 

(T). The reactive oxygen species (ROS) content of these fractions were analysed by reaction 

with terephthalate (TA) followed by HPLC separation. Data represent mean values ± S.E.M. 

(n=5-8) and comparison was made by two-way ANOVA with Bonferroni’s post-test. *=P<0.05, 

**=P<0.01 and ***=P<0,001 and are colour-coded in reference to the group compared with.

255



Control Kainate Kainate + TRH

Stimulated

Figure 6.14 Comparison of the basal and !<ainate-stimulated release of reactive 

oxygen species from the striatum

The release of reactive oxygen species (ROS) from the striatum during the basal period (■ ; 

during anesthetic administration) was compared with the stimulated release (□ ) by two-way 

ANOVA with Bonferroni’s post-test. Data represent mean values ± S.E M. (n values range from 

5-8) with **=P<0.01 compared to basal release, (b) The basal release and the kainate- 

stimulated release of ROS were compared between the control (■ ), kainate (□ ), TRH with 

kainate ( ) and TRH only (■ ) groups, with **=P<0.01 and ***=P<0.001 compared to the 

release from animals subjected to treatment with both TRH and kainate.

256



Kainate Kainate + TRH

Figure 6.15 Comparison of the release of reactive oxygen species due to kainate and 

TRH

The area under the curve of the release of reactive oxygen species (ROS) measured in Figure 

6.13 was determined using the level of release in the fraction collected during anaesthetic 

administration as the baseline of the curve and the start point. Where there was a decrease in 

the ROS relative to the baseline, the area of the negative peak was used to calculated the net 

area. The treatment groups were compared by one-way ANOVA with Bonferroni’s post-test. 

Data represent mean ± S.E.M. (n range from 5-8), with *=P<0.05 and **=P<0,01 compared to 

the control group and 111=^*^0.001 compared to the group treated with TRH alone.



6.3.2 Social Recognition studies

The time spent interacting with a novel juvenile was compared between the 

initial pairing and the reintroduction 24 h later (Figure 6.16 and Figure 6.17). 

The time spent interacting on the second encounter was significantly shorter on 

the second day for the control, kainate with TRH and TRH only groups (P<0.05 

by two-way ANOVA with Bonferroni’s post-test; Figure 6.16a). Only the animals 

challenged with kainate in the absence of TRH did not reduce the time spent 

interacting on the second day. Comparison was also made of the interaction 

time between the groups and it was found that on the initial encounter all 

groups spent the same time interacting with the juvenile, however on the 

second day the kainate challenged group spent significantly more time 

investigating the juvenile compared to the control group, animals in the two 

groups that received TRH treatment did not differ from the controls (Figure 

6.16b). In Figure 6.17 the percent decrease in time spent interacting with the 

juvenile between the two days was compared by one-way ANOVA with 

Bonferroni’s post-test between the groups and it was found that the kainate 

challenged group reduced the interaction time between the 2 trials significantly 

less than each of the other groups (P<0.05). The time-decrease did not differ 

between the control, kainate with TRH or TRH groups.
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Figure 6.16 Social recognition test

The time spent interacting with a novel juvenile rat introduced to the animals undergoing study 

was monitored on two consecutive days as a model of short term working memory, (a) The time 

spent interacting with the juvenile on the first introduction (■ ) was compared with the time spent 

on the second encounter 24 h later (□ ) by two-way ANOVA with Bonferroni’s post-test, 

*=P<0.05. (b) The amount of time spent interacting on initial and following encounter was 

compared between treatment groups (■=control, □=kainate, =kainate with TRH and 

■=TRH). Data represent mean values ± S.E M. (n=6 and 7).
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Figure 6.17 Time difference in social recognition test

The percent decrease in the time spent investigating presented in Figure 6.16 between the 

initial and second encounter was compared by one-way ANOVA with Bonferroni’s post-test, 

with *=P<0.05 compared to the other groups. Data represent mean values ± S.E.M. (n=6 and 

7).
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6.3.3 Water-maze studies with liainate and TRH

6.3.3.1 Escape latency

The time taken for each group to find the submerged platform, escape latency, 

was monitored by EthoVision image analysing system from Noldus Information 

Technology (Wageningen, Holland). Each animal within the group was given 

five trials per day and the mean times of each animal were used to calculate the 

mean escape time for each treatment group ± S.E.M. The escape latencies are 

plotted in Figure 6.18 and it was found by two-way ANOVA analysis that the 

kainate-treated group took significantly more time to locate the platform on days 

1 (P<0.05), 5(P<0.01), 6 (P<0.05) and 7 (P<0.01) compared to controls. When 

TRH treatment was administered in conjunction with kainate there was 

significantly greater escape latency on day 1 only (P<0.01). Comparison of the 

time taken to escape over the course of the seven days was compared 

between the groups by one-way ANOVA with Bonferroni’s post-test and it was 

found that the time taken by animals in the kainate group took significantly more 

time than the controls (P<0.01), though those that had also undergone TRH 

treatment were not different to the control group. Comparison of the 

improvement in the time taken to escape from day to day showed that each 

treatment group improved from day 1 to day 7 (P<0.001), with animals treated 

with kainate showing significant improvement between days 4 to 5 (P<0.05) 

and between days 5 to 6 (P<0.001). Animals that undenA/ent treatment with 

TRH and kainate improved significantly between days 1 to 2 and 2 to 3 

(P<0.001), days 4 to 5 (P<0.05) and days 6 to 7 (P<0.01).

6.3.3.2 Distance swam

The total distance swam by each group in the effort to locate the platform was 

measured in Figure 6.19 and compared between the groups by two-way 

ANOVA with Bonferroni’s post-test. It was found that animals subjected to 

kainate swam a significantly greater distance in the pool than the controls on 

days 5 and 7 (P<0.01 on day 5 and P<0.05 on day 7). When TRH was
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Figure 6.18 Escape latency of animals in the Morris water-maze study

The time taken for animals injected with saline (■ ), kainate (A)  or kainate with TRH ( T )  to find 

a submerged platform when given 5 trials a day for 7 days. Data represent the mean values ± 

S.E M. (n=9-11), with analysis performed by two-way ANOVA with Bonferroni’s post-test. 

*=P<0.05 and **=P<0.01 in comparison to control, saline treated group.
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Figure 6.19 The distance swam by animals in the Morris water-maze study

The distance swam by animals injected with saline (■ ), kainate (A) or kainate with TRH (T) in 

the attempt to find a submerged platform when given 5 trials a day for 7 days was calulated. 

Data represent the mean values ± S.E.M. (n=9-11), with analysis performed by two-way 

ANOVA with Bonferroni’s post-test. *=P<0.05 and **=P<0.01 in comparison to control, saline 

treated group.
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administered with kainate the animals swam more than controls on days 1 and 

6 (P<0.01 and <0.05, respectively). Comparison of the distance swum 

collectively for each group over days 1-7 was analysed by one-way ANOVA 

with Bonferroni’s post-test, which showed that the kainate group differed 

significantly compared to controls (P<0.05), though animals that underwent 

treatment with TRH in addition to kainate did not differ.

6.3.3.3 Probe Test

The percentage of time spent inside a corridor where the platform was located 

(called Wishaw’s error), in this case the NW quadrant, was measured and it 

was found, by one-way ANONVA analysis with Bonferroni’s post-test, that the 

kainate treated group spent significantly less time in the quadrant than the 

control group (P<0.05), with no significant difference between the control and 

TRH with kainate group (Figure 6.20).
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Figure 6.20 Morris water-maze probe-test

The mean percentage of time spent by the animals in the quadrant of the pool in which the 

submerged platform was located was measured for each group (control, kainate and kainate 

with TRH). Data represent the mean ± S.E.M. (n=9-11) with analysis performed by one-way 

ANOVA with Bonferroni’s post-test. *=P<0.05 compared to control.
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6.4 Discussion

In this study kainate was used to induce over excitation of the neurons with 

resulting changes in the release of both neuroactive amino acids and 

catecholamine neurotransmitters and subsequent alterations in the behaviour 

and learning ability of animals. The effects of TRH were studied to determine 

the protective role TRH could confer during the excitotoxic condition. TRH and 

various analogues of its structure have been used effectively in many 

experimental models of CNS trauma and have shown striking neuroprotective 

effects (Faden et al. 1999). In this study kainate was administered by two 

mechanisms; perfusion directly to the striatum during microdialysis experiments 

and intraperitonial injection for the Morris water-maze task experiments.

The use of microdialysis enabled the direct measurement of neurochemical 

changes in the brain due to the kainate-challenge. Glutamate in the dialysate 

was measured prior to kainate perfusion, during anaesthesia, and compared to 

the glutamate released over the period during kainate administration and 

directly after, however, glutamate release was very variable over this period, 

perhaps as a result of anaesthesia, resulting in no measurable increase in 

glutamate due to kainate stimulation. However, an alternative analysis, using 

the basal level of glutamate that perfused during anaesthesia as a baseline to 

calculate the area under the plot from anaesthesia to the end, showed that 

kainate significantly increased glutamate release, whilst treatment with TRH 

prior to kainate administration resulted in release comparable with controls 

(Figure 6.8). The inconsistencies in glutamate levels from each animal in the 

study make glutamate determination unreliable, however taurine, the release of 

which is known to occur following conditions causing excitotoxicity (Wallin et al. 

1999) was significantly increased due to kainate (Figure 6.7 and Figure 6.8). 

Taurine has been reported to function in nerve transmission, modulation of 

neurotransmitter release, anti-oxidation, calcium homeostasis and as an 

anticonvulsant (Della Corte et al. 1999). This increased release of taurine is due 

to intracellular calcium release, as when receptors involved in calcium release 

are blocked, taurine release is prevented (Wallin et al. 1999). The kainate- 

induced increase in taurine release may function endogenously as a
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neuroprotectant. The presence of TRH, injected intraperitonially prior to the 

kainate-challenge, gave rise to the same increase in taurine release, thus the 

potential protective effects of TRH, may not function through taurine, but may 

occur as a parallel process.

The measurement of aspartate also resulted in large deviations, again most 

likely due to the anaesthetic, thus making it difficult to determine the effect of 

kainate or any possible effects of TRH, though comparison of the level of 

aspartate release during the period of anaesthetic administration with the 

kainate-stimulated release showed a significant increase. The release due to 

the treatment with TRH prior to the kainate-challenge, showed no significant 

difference, as errors were large, probably due to the anaesthetic, thus making 

the release levels difficult to interpret. Despite the high variability of 

measurements, it was evident that the level of GABA decreased from the time 

of anaesthesia onwards. As previously mentioned, GABA is the primary 

inhibitory neurotransmitter of the CNS and functions in inhibiting the activity of 

signal-receiving neurons (Mihic and Harris 1997). Anaesthesia is known to 

inhibit its release (Westphalen et al. 2007), evidenced by the decline in release 

and the negative area measured. Interestingly, when TRH was administered in 

the absence of kainate, the release of GABA did not decline as much as 

controls, perhaps as protection against unconsciousness (Figure 6.8). TRH has 

previously been shown to decrease sleep time and increase wake time in 

various models (Metcalf and Dettmar 1981; Nilini and Sevarino 1999) and to 

increase GABA release (Deng et al. 2006). Thus, TRH may prevent the chloral 

hydrate induced reduction of GABA, which may be disguised in the presence of 

the over-excitatory kainate, evidenced by release at the same level of controls.

Anaesthesia caused a large induction of acetylcholine release and thus it was 

not possible to evaluate the effects of kainate or TRH (results not shown), it is 

possible that the effects of TRH are mediated through noradrenaline, as a TRH- 

analogue (RX 77368) enhances potassium-stimulated release of noradrenaline 

from ventral spinal cord slices from the rat (Fone et al. 1991), however in these 

studies, it was not possible to analyse noradrenaline release from the striatum 

due to the interference of the anaesthetic.
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Activation of kainate receptors is known to stimulate the release of dopamine in 

the striatum (Ghersi et al. 2003). Kainate induced perturbation of the dopamine- 

signalling pathway was evidenced by the kainate-stimulated release of 

dopamine, however this was not prevented by TRH (Figure 6.10). TRH has 

been described as a potent releaser of dopamine (Jaworska-Feil et al. 2001) 

and is known to co-localise with dopamine and has been shown to modulate 

the central actions of dopamine (Bennett et al. 1989). However, administration 

of TRH in this study did not result in any immediate increase in levels in the 

perfusate, however anaesthesia, given shortly after TRH, may have disguised 

the longer-term changes in its release (Figure 6.12). The kainate challenge also 

resulted in decreased release of the dopamine metabolite DOPAC directly after 

application of kainate, indicating that dopamine signalling had diminished 

resulting in the decreased level of its products. TRH treatment prior to kainate, 

however, resulted in no change between the basal and kainate-stimulated level 

of DOPAC release indicating that it had perhaps conferred some degree of 

protection against altered dopamine signalling. Serotonin release was not 

measured in these studies, though its metabolite 5-HIAA was measured and it 

was demonstrated that though kainate induced a loss, there was no depletion 

detected when TRH was used as a pre-treatment. It has been previously shown 

that intrathecal administration of the TRH-analogue mentioned above (RX 

77368) resulted in elevated levels of serotonin and 5-HIAA in the ventral portion 

of the spinal cord of rats (Fone et al. 1989). This was thought be due to the 

synthesis of serotonin as the increase took days to manifest, though TRH in this 

study, operating as a homeostatic regulator, may simply maintain serotonin 

levels and protect against depleted secretion, hence the maintenance of its 

metabolite levels.

The ability of TRH to antagonise a major factor of kainate induced secondary 

injury, free radical production, was explored, but was found not to reduce the 

kainate-induced production of highly reactive oxygen species (Figure 6.14).

Overall, the effectiveness of TRH as a homeostatic regulator or inducer of 

neurotransmission was not clearly obvious in these studies, though further 

analysis of the effects of kainate and of TRH on the release of neuroactive
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amines and amino acids on the days following kainate-challenge may reveal 

more substantive results. Anaesthesia caused significant interference with 

detection and may have disguised altered signalling and thus a modification of 

the microdialysis procedure may be necessitated. The results from the 

behavioural effects following inducement of excitotoxicity with kainate were 

more definite, with findings that indicate TRH significantly improved the 

behavioural outcome. Rats have a tendency to spend more time exploring 

novel objects and subjects rather than the familiar, with recognition memory 

relying on the ability to discriminate the familiarity of things that were previously 

encountered (Gaskin et al. 2003). As mentioned, this is a form of olfactory 

memory, which is dependent on the integrity of the neuropeptide systems of 

oxytocin and vasopressin (Bielsky and Young 2004). The hippocampus, which 

has a major role in memory and learning, is involved in processing and retrieval 

of the memory and as such the social discrimination task is a test of 

hippocampal function.

Utilising this novelty-preference paradigm of rats, the social recognition 

experiment relied on rats to explore, or interact, with a novel juvenile rat, with 

which no previous encounter had occurred. The time spent nosing, pawing, 

sniffing or grooming the juvenile initially by control rats decreased upon the 

second encounter due to the functioning of the short-term working memory. The 

initial, novel, encounter was processed and the information was retrieved upon 

the second encounter, resulting in recognition of the familiar and thus less 

interest. Kainate, however, prevented the establishment of this memory, and 

animals that underwent kainate-challenge thus did not decrease time spent 

interacting with the juvenile on the second encounter, consistent with 

hipppocampal impairment (Figure 6.16). When animals were pre-treated with 

TRH prior to kainate, they displayed the ability to process and recall the 

memory of the initial encounter resulting in a decreased interaction time on the 

second trial. This demonstrates the protection of the signalling system of the 

olfactory bulb and hippocampal integrity conferred by TRH.

The cognitive performance by kainate-injected rats was also significantly 

improved by TRH in the water-maze spatial learning task. Using the Morris
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water-maze as an assessment, TRH-treated rats showed reduced latencies to 

find the submerged platform, decreased path length and greater swim time near 

the platform, thus TRH improved kainate-induced memory and learning deficits 

(Figure 6.18-Figure 6.20). Findings in the water-maze study demonstrate that 

animals treated with TRH following kainate administration performed 

significantly better than kainate only treated animals indicating diminished 

damage to the spatial learning ability, thus decreased damage to the 

hippocampus. The ability of TRH to enhance cognitive function has been 

previously reported (Olson et al. 1995; Faden et al. 1999) and the improved 

performance in cognitive tasks probably results from the neuroprotective effect 

of TRH on cells in regions exposed to excitotoxicity. This ameliorating effect on 

spatial memory impairment in rats by TRH has also been demonstrated using a 

structural analogue of TRH, JTP-4819, improved the performance of rats with 

middle cerebral artery occlusion, hippocampal lesions and scopolamine- 

induced amnesia in the water-maze task (Shinoda et al. 1996; Toide et al. 

1997; Miyazaki et al. 1998).

The in vivo use of kainate described in this chapter was applied in order to 

investigate the protective capability of TRH. Kainate was shown to induce 

changes in the dopaminergic and seratonergic systems, cause the efflux of 

taurine and an increase in the production of reactive oxygen species. These 

biochemical changes were manifested by behavioural alterations, with loss of 

recognition and spatial memory. The protective effect of TRH on the 

neurochemical events was difficult to establish, however, there was a significant 

improvement in the performance of the animals due to TRH, confirming its role 

as a neuroprotectant.

270



CHAPTER 7 

GENERAL DISCUSSION
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7.1 The clinical potential of Thyrotropin-releasing 

hormone

The pathogenesis of brain damage in response to several acute insults and in 

some chronic neurodegenerative diseases is thought to arise, in part, from 

excitotoxic neuronal damage due to excessive or prolonged activation of the 

excitatory amino acid receptors. This study investigated the effectiveness of 

thyrotropin-releasing hormone (TRH) in protecting against such over-activation 

and in the cellular mechanisms leading to neuronal death.

7.2 The inhibition of Thyrotropin-releasing hormone 

Degrading enzyme

As TRH is rapidly degraded, primarily due to the highly TRH-specific enzyme 

TRH-degrading enzyme (TRH-DE) (Wilk 1986; Charli et al. 1988; O'Cuinn et al. 

1990; Bauer et al. 1997a), inhibition of this enzyme as a drug-target should lead 

to increased levels of TRH v\/ithin the CNS. Investigations of some analogues of 

the TRH structure (pyroglutamate-histidine-prolineamide; Glp-His-ProNH2) for 

inhibitory potency against this enzyme were described in Chapter 3. Two lead 

structures in TRH-DE inhibition had previously been identified, in which the 

histidine residue of TRH was substituted with asparagine, yielding 

pyroglutamyl-asparaginyl-prolylNH2 (Glp-Asn-ProNH2 ), and by replacement of 

the amide group with 7-amino 4-methyl coumarin (AMC), to give Glp-Asn-Pro- 

AMC (Kelly et al. 2002).

In the studies described in Chapter 3, further modifications to these lead 

structures were investigated for inhibition potential. The eleven TRH-analogues 

were screened initially. Of the analogues described, one, Glp-Asn(A/-Benzyl)- 

ProNH2 , was found to be degraded by TRH-DE. Owing to the nature of the 

coupled enzyme assay and the possibility that one of the degradation products 

of the compound might inhibit the coupling enzyme (dipeptidyl peptidase IV), 

the inhibitory potency of Glp-Asn(A/-Benzyl)-ProNH2 was determined using a 

discontinuous assay, as described by Kelly et al. (1999). The other analogues
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studied resisted TRH-DE degradation and were thus assayed using the 

continuous, coupled enzyme method. The compounds studied were 

synthesised by Kelly et al. (Kelly et al. 2000; Kelly et al. 2005; Scalabrino et al. 

2007) or were custom synthesised by American Peptide Company. Because of 

expense and time constraints, there was only a limited supply of each 

compound available. Thus, although approximate K[ values of each of the 

compounds were determined, unavailability of the compounds precluded more 

detailed studies.

These studies indicate that the proline residue at the third position of TRH 

provides an important interaction with TRH-DE, substitution with alanine 

resulted in much poorer inhibition, though modification of proline with methyl 

and benzyl alcohols were tolerated, implying that aromatic interactions may be 

important between proline and the active site. Though the substitution of the 

histidine residue of TRH with asparagine resulted in potent inhibition, 

modification to the asparagine side chain with benzyl or phenyl groups resulted 

in poorer inhibition, with addition of the benzyl moiety causing degradation of 

the compound. This suggests that the asparagine residue provides a key 

stabilising interaction with the enzyme. The most potent inhibition resulted from 

extension of the peptide from the carboxy terminus with the hydrophobic amino 

acids tyrosine and tryptophan.

It was found that extension of the carboxy terminus of the GIp-Asn-Pro-AMC 

lead structure to yield GIp-Asn-Pro-tyrosyl-tryotophan-AMC gave a potent 

TRH-DE inhibitor. Further extension of this compound to GIp-Asn-Pro-tyrosyl- 

tryotophan-tryptophan-AMC resulted in the most potent inhibition achieved thus 

far. Sufficient amounts of these compounds were synthesised for the kinetic 

properties to be elucidated in detail. They were both found to be competitive 

inhibitors of TRH-DE, with Ki values of 0.038±0.007 and 0.0013±0.0001 pM, 

respectively (Kelly et al., 2005). These C-terminal extensions can increase the 

interactions with the enzyme, resulting in an increased inhibitory potency, 

possibly through interaction with a hydrophobic pocket at the active site (Kelly 

et al. 2005). In agreement with these conclusions, subsequent work has shown 

that the replacement of the L-amino acids of the extended molecule, to form
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GIp-Asn-Pro-D-tyrosyl-D-tryptophanNHa and GIp-Asn-Pro-D-tyrosyl-D- 

tryptophanAMC, yielded effective inhibitors (Scalabrino et al. 2007).

7.3 In vitro models of neurotoxicity

In order to investigate the potential protection conferred by TRH, in vitro models 

of brain damage and events occurring during neurodegeneration were 

established using both rat hippocampal slices and the human cell line SH-SY5Y 

cells, as described in Chapters 4 and 5. In the slice-superfusion system it is 

possible to study neurodegenerative processes over a short period of time, in 

such a way that glial-neuronal interactions remain intact (see O' Byrne et al., 

1997), whereas using the neuroblastoma SH-SY5Y cell line enabled extended 

time periods to be used for induction of cell-death and measurement of cellular 

events. Kainate, an exogenous glutamate analogue, was used to induce cell 

death in both the hippocampal slice and cell models. Kainate operates as an 

excitotoxin because it binds to the kainate and AMPA sub-types of glutamate 

receptors, causing increased glutamate release and hyper-activation of the 

neurone (Gras et al. 2006). The over-activation of the glutamate receptors 

results in an influx of calcium into the cell and oxidative stress results due to 

activation of calcium-dependent enzymes, such as NADPH oxidase, cytosolic 

phospholipase A2, nitric oxide synthase (NOS) and xanthine oxidase, resulting 

in production of reactive oxygen species and nitrogen species (ROS/NOS), all 

factors that ultimately lead to cell degeneration (Doble 1999).

Kainate was shown to induce cell death in both models. Although apoptosis 

was initiated, demonstrated by caspase activation, there was also loss of 

membrane integrity as a result of necrosis. Determination of the levels of 

neuroactive amino acids following slice superfusion and incubation with kainate 

showed that there was a loss of the glutamine content from the slice. The levels 

of the excitatory amino acids aspartate and glutamate were also decreased, as 

were the inhibitory amino acid GABA, and taurine. The released glutamine is 

probably glial in origin. Glutamine is formed from glutamate in the glutamate- 

glutamine cycle, whereby released glutamate is taken up by glial cells.
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astrocytes in particular, and converted to glutamine by glutamine synthase, 

which is then released to be taken up by nerve terminals for conversion back to 

glutamate (see, for example Broer and Brookes 2001). The release of 

glutamine from astrocytes appears to be mediated by several different 

transporters (Deitmer et al. 2003) and is stimulated by extracellular glutamate 

(Deitmer et al. 2003) and nitric oxide (Segieth et al. 1995; Watts et al. 2005), 

though, apparently, not directly by kainate (Albrecht 1989; Haas and Erdo 

1991). Excess glutamate can also be toxic to glial cells including astrocytes 

(Haas and Erdo 1991) and it has been demonstrated that AMPA/kainate 

receptor activation triggers excitotoxic cell death in glial cells (Belachew and 

Gallo 2004), and astrocytes and microglia express the AMPA/kainate receptor 

(Noda et al. 2000; Verkhratsky and Steinhauser 2000; Schroder et al. 2002) 

and therefore may be directly or indirectly involved in the excitotoxic cascade 

(Belachew and Gallo 2004). The loss of glutamine from the hippocampal 

superfused slices and the high concentration released from incubated slices 

may therefore arise from the death of glial cells. Glial cell death was 

demonstrated to occur due to kainate in the hippocampal slice model, with 

substantial loss of the glial-cell specific enzyme glutamine synthase. These 

results suggest that extension of the cultured cell model to include mixed 

neuronal-glial cell co-cultures would be valuable for investigating the 

intracellular interactions during kainate-induced cell death.

The origin of the released glutamate remains to be determined. Kainate has 

been shown to evoke release of glutamate and aspartate from neurones 

(Ferkany et al. 1982), but extracellular glutamate can also cause release of 

glutamate from astrocytes (see, for example Xu et al. 2007) and it appears that 

the major portion of kainate induced glutamate release may come from glial 

cells (Krespan et al. 1982). The kainate-evoked and transporter-mediated 

release of GABA and taurine from astrocytes has also been reported (Gallo et 

al. 1991; Wallin et al. 1999). Further studies on the effects of the sodium 

channel blocker tetrodotoxin and a non-NMDA receptor antagonist 6,7- 

dinitroquinoxaline-2,3-dione (see Bianchi et al. 1998; Ballini et al. 2008; van der 

Zeyden et al. 2008) would help to determine the sites of release.
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Kainate also stimulated the loss of biogenic amines from superfused slices. 

Dopamine levels were depleted to less than a third of controls and levels of the 

dopamine metabolites DOPAC and HVA doubled. The levels of serotonin and 

its metabolite 5-hydroxyindoleacetic acid were also reduced. In this study 

noradrenaline was not affected by kainate, though kainate has previously been 

demonstrated to indirectly inhibit noradrenaline release through adenosine- 

mediated inhibition (Kugelgen and Starke 1995).

The neurotoxin 1-methyl-4-phenylpyridinium (MPP'") was also used to induce 

cell death. MPP"" inhibits complex I of the mitochondrial electron transport 

chain, resulting in ATP-depletion and, consequently increased cytoplasmic 

calcium levels and reactive oxygen species (ROS), resulting in cell death (for 

review see Tipton and Singer, 1993). MPP"" was shown to cause a loss of 

cellular redox activity following its incubation on cells and cells died by necrosis, 

demonstrated by the loss of LDH and to a lesser extent by apoptosis, as 

caspase activity was also evident. In order to fully consider all mechanisms of 

cell death, staurosporine, a toxin that operated as purely an instigator of 

apoptosis was also used in cell culture studies and resulted in significant 

caspase activation.

7.4 In vitro attenuation of neurotoxicity by TRH

Having established suitable models of neuronal toxicity in these systems, the 

neuroprotective effects of TRH were investigated and it was found that it 

protected against kainate-induced cell death by apoptosis and necrosis in both 

the hippocampal slice and cell culture model, in a dose- and time-dependent 

manner. TRH caused a significant depletion in the level of noradrenaline from 

the hippocampal slice, this TRH-evoked release has been previously reported 

(Heal et al. 1987; Fone et al. 1991) and it is thought that the noradrenergic 

system may be most sensitive to TRH (Itoh et al. 1994b). Sodium channel 

blockers can prevent TRH-induced release of noradrenaline (Fone et al. 1991), 

and TRH has previously been shown to modulate neuronal sodium channels 

(Lopez-Barneo et al. 1990). Noradrenaline is found in the CA1, CAS and the
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dentate gyrus areas of the hippocannpus and its release is controlled by 

negative feedback modulation (Milusheva et ai. 1994) and in the CAS area, 

noradrenaline has been shown to inhibit excitatory synaptic transmission 

(Sershen et al. 1997). As mentioned kainate inhibits noradrenaline release, and 

therefore the loss of noradrenaline from the hippocampal slice when TRH was 

present with kainate may therefore have been a TRH-evoked inhibitory 

response to the excess excitatory action of kainate operating through 

modulation of sodium channels.

TRH has been shown to modulate the dopaminergic system (Bennett et al. 

1989), possibly as a Di dopamine receptor agonist, since a Di receptor 

antagonist (SCH23390) has been shown to block the effects of TRH on 

dopamine (McCreary and Handley 1999). TRH treatment with kainate was 

found to protect against the kainate-induced loss of dopamine from the 

hippocampal slice system and prevented increase in the levels of the dopamine 

metabolites DOPAC and HVA found in the kainate-treated slices. It is thought 

that the effects of TRH and serotonin signalling may be complementary as both 

operate by inhibition of TASK1 potassium channels (Richerson 2004) and in 

this study TRH was found to prevent kainate induced loss of serotonin and its 

metabolite 5HIAA from the slice system. TRH was found to protect against glial 

cell death as the loss of glutamine from the slices, most likely of glial origin, and 

the depletion of glutamine synthase activity in the slices due to kainate was 

attenuated by TRH. This protection may be mediated by TRH receptor 

activation as astrocytes have been demonstrated to express TRH receptors 

(Fernandez-Agullo 2001), this indicates that some of the neurotrophic actions of 

TRH upon the central nervous system are mediated by glial cells. TRH also 

afforded protection against kainate-stimulated loss of aspartate, glutamate and 

taurine, although it had no effect on the loss of GABA, in the hippocampal slice 

system (Figure 4.13). TRH is known to facilitate the release of GABA and is 

thought to regulate the function of GABA in the hippocampus (Kachidian et al. 

1991; Heuer et al. 2000; Deng et al. 2006). Since GABA functions to inhibit the 

activity of signal receiving neurons (Mihic and Harris 1997), it is possible that 

TRH induced GABA release from the slice to compensate for the kainate- 

induced over-excitation of neurones. Protection by TRH against potassium-
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induced depletion of glutamate and aspartate in slices has been previously 

described (Nie et al. 2005). These actions of TRH may involve calcium 

regulation. TRH can cause an increase in free calcium ions but also prevents 

excessive cellular influx of calcium, activation of the TRH receptors causes an 

increase in intracellular calcium levels through activation of the Goq/n signalling 

pathway (Schledermann et al. 2001; Smith et al. 2001), whereas it has also 

been shown to prevent glutamate-stimulated increases in intracellular calcium 

(Koenig et al. 1996; Faden et al. 2004). Thus the protective effects 

demonstrated in both of the in vitro models may be due to the role of TRH as a 

homeostatic regulator of intracellular calcium levels, maintaining a balance 

against the over-excitation by kainate and oxidative stress induced by MPP''. 

TRH also protected against staurosporine induced cell death in the cell culture 

model. Staurosporine is a general inhibitor of protein kinases (Chae et al. 2000) 

and, as shown in Figure 5.1, the overlapping event in the toxicity induced by 

kainate, MPP"" and staurosporine may centre on either the activation or 

inhibition of protein kinases.

Activation of protein kinases has been found to be protective against neurone 

depolarization (Lin et al. 1997), yet over-activation of protein-kinase activity has 

been found to induce neurodegenerative changes and is toxic in a calcium 

independent process (Mattson 1991). Pizzi et al. (1999) found that the effect of 

TRH appeared to depend on protein kinase C activation. The neuroprotective 

effects observed in these studies may, thus, be mediated by homeostatic 

regulation of protein kinase activity within the cell, serving to activate in the 

presence of staurosporine, while preventing over activity, through calcium 

regulation, in the presence of kainate and MPP"". Excess intracellular calcium 

levels, due to kainate or MPP'", activate calmodulin-dependent protein 

kinases (CaM-K) (Song et al. 2008), whereas staurosporine is an inhibitor of 

CaM-K. Cam-K is central in regulating neuronal processes, with both 

increases and decreases in its activity having been reported to cause 

neuronal damage (Waxham et al. 1996). Further studies should be carried 

out to measure intracellular calcium levels following exposure to these toxins
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in the presence and absence of TRH and to assay protein kinase, CaM-K 

activity in particular, to nrieasure activity levels in response to TRH.

7.5 In vivo attenuation of neurotoxicity by TRH

Following the demonstration of neuroprotection by TRH in the in vitro models, 

the effects of TRH in protecting against kainate toxicity were investigated in 

vivo (Chapter 6). Two types of study were used. Both involved tests of the 

memory and learning ability of animals following kainate administration. 

Kainate has also frequently been used in vivo as an experimental tool to 

mimic human temporal lobe epilepsy. Neuronal injury results from excitotoxicity, 

with damage occurring most notably the CA3 region of hippocampus (Liu et al. 

1996; Sharma and Kaur2005).

In the microdialysis studies, described in Section 6.2.1, kainate was applied 

directly to the striatum of rats through the probe and TRH was applied 

peripherally. Because of the traumatic nature of kainate application and the 

over-excitability this would induce, it was applied under anaesthetic. This 

resulted significant variation in the levels of amino acids and amines detected in 

the perfusate collected, nevertheless, analysis showed that kainate caused a 

significant elevation of extracellular aspartate levels, and that TRH treatment 

protected against this (Figure 6.7). Anaesthesia caused an induction of 

acetylcholine release, preventing its determination, and the low levels of 

serotonin prevented its analysis. TRH did not prevent the kainate-induced 

release of dopamine, although it did attenuate the decreases in the release of 

the dopamine metabolite 3,4-dihydroxyphenylacetic acid and the serotonin 

metabolite 5-hydroxyindole acetic acid that were observed to result from the 

kainate infusion.

Since a major factor in excitotoxicity is the production of free radicals (Naarala 

et al. 1993; Beal 1996; Doble 1999), the levels of reactive oxygen species 

resulting from microdialysis infusion of kainate were measured. However, TRH 

was found to have no significant effect on the kainate-induced increase in ROS 

production. At the behavioural level, measured two and three days after kainate
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infusion, TRH significantly improved the performance in a social recognition test 

compared to the memory-impaired animals that underwent kainate challenge in 

the absence of TRH (Figure 6.18). The injection of kainate intraperitonially was 

used to induce hippocampal damage in the second in vivo study utilising the 

spatial learning ability of rats in the Morris water-maze task, described in 

Section 6.2.3. TRH administration was also shown to result in improved 

performance, with decreased swim distance and increased escape latency, 

compared to the animals treated with kainate alone.

TRH has a short half-life in vivo, in the order of 4 -6  min in plasma when 

injected intravenously in rats and humans (Morley 1979; Moss and Bundgaard 

1990). This is primarily due to its rapid degradation by TRH-DE (Bauer et al. 

1981; O'Cuinn et al. 1990). TRH also poorly penetrates the blood-brain barrier 

due to its very low lipophilicity (Metcalf et al. 1981). These factors should limit 

the neuroprotective capability of TRH in vivo, particularly in the learning 

paradigms described herein, where social recognition testing occurred two and 

three days following TRH administration and the Morris water-maze test 

continued for five days following TRH-therapy. This neuroprotection may be 

due to the concentration of TRH used in these studies, at 10 mg/kg, in excess 

of physiological TRH levels. It is also possible that some of the protective 

effects of TRH are actually mediated by its cleavage products. In fact, 

histidylproline diketopiperazine (cyclo(His-Pro), CHP), arising from the cyclised 

TRH cleavage product histidyl-prolineamide, has activity in the brain (Prasad et 

al. 1995; Prakash et al. 2002; Colson and Gershengorn 2006) and several 

analogues of CHP have demonstrated neuroprotection in in vitro and in vivo 

studies (Prakash et al. 2002; Faden et al. 2003a; Faden et al. 2005). It is, 

perhaps, more likely that the protective effects are mediated by longer-lasting 

biochemical changes caused by TRH itself. Further studies would be necessary 

to determine the concentrations and half-life of TRH in the brain after i.p. 

injection. CHP and histidyl-prolineamide levels should also be measured and 

the identification of, and the changes in, expression of possibly protective 

components, such as antiapoptotic members of the Bcl-2 family, that TRH 

treatment may cause.
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7.6 Further Studies

The mechanisms by which TRH operates to confer neuroprotection are not yet 

fully elucidated. Further work will be necessary to understand how the 

protective actions reported here occur. In particular, alterations of intracellular 

signalling processes and pro- and anti-apoptotic protein expression and 

distribution following TRH administration should be studied. This should reveal 

whether there is a common mechanism that underlies the protection against 

kainate, MPP"' and staurosporine, which operate through different mechanisms. 

The results of such studies should be of value for the further development of 

analogues of TRH that targeted towards mimicking these molecular events.

The microdialysis experiments could provide valuable detail on the release and 

alteration of neuronal signalling events and establishment of the effect of TRH 

on kainate toxicity would provide a mechanism to determine and compare the 

protective ability of novel TRH analogues following toxic insult. In the in vivo 

experiments described using microdialysis, the release of amino acids and 

amines from the day in which kainate was perfused onto the striatum was 

analysed, dialysis fractions were also collected on the days following kainate- 

challenge, coinciding with the social recognition tasks. Such data may also 

reveal the longer-term effects of kainate toxicity on neuronal degeneration and 

TRH-altered signalling following kainate induced cell necrosis and apoptosis 

and after possible neurotransmitter receptor desensitisation or up-regulation 

occurs. Analysis of these fractions may also demonstrate signalling during the 

learning and recall events measured in the social recognition test. Although 

substantial changes in neuroactive amino acids or amines during the social 

learning task may occur, they may not be identifiable as the interaction 

occurred over 5 min but fractions were collected over 20 min in order to obtain 

sufficient perfusate for analysis. This may result in a dilution of any short-term 

alterations in the detected substances. Preliminary work has been initiated to 

investigate the potential of a novel TRH-analogue, which suggest that, unlike 

TRH, it does reduce free radical production by kainate (not shown, because of 

the low sample numbers involved), this may lead to more clinically relevant 

discoveries and further development of potential drug compounds.
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Appendix A SOURCES OF CHEMICAL REAGENTS
Product:____________________________ Supplier:_____________________

Standard laboratory reagents

Biorad Solution

Caspase Substrate

Custom Peptides

Kainic Acid
Through

Tissue Culture Reagents
Through

Sigma-Aldrich Ireland Ltd.
Airton road,
Tallaght,
Dublin 24.

BDH chemicals 
BDH Chemicals Ltd.,
Poole, Dorset,
U.K.

Alpha Technologies Ltd.
The Leinster Technology Centre
Blessington Industrial Estate
Blessington
Co. Wicklow
Ireland

Caibiochem (EMD Chemicals Inc.) 
Merck Biosciences, Ltd.
Boulevard Industrial Park 
Padge Road
Beeston, Nottingham NG9 2JR, UK

APC (American peptide company) 
777 E. Evelyn Ave.
Sunnyvale, CA 94086 
USA

PolyPeptide Laboratories GmbH 
Halchtersche Strasse 
49 Wolfenbuettel, D-38304 
Germany

A.G. Scientific, Inc.
Fluorochem
Wesley Street Old Glossop 
Derbyshire SK13 7RY 
U.K.

Invitrogen
Cruinn Diagnostics Ltd.,
Unit 6, Phase 2,
Western Industrial Estate,
Dublin 12.

TRH-AMC Bachem AG
Hegenheimer Strasse 5 
79576 Weil am Rhein 
Germany
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Appendix B Amino Acid Detection
Amino acids released from hippocampal slices were detected by o- 

phthalaldehyde derlvatisation and fluorometric detection following HPLC 

separation, as described in Section 2.11. Column effluent was monitored with 

an FL2000 fluorescence detector, though with a different lamp to that used to 

detect amino acids in Figure 2.6. The amino acid standards presented in Figure 

B.1 were run on a reverse phase 5 pm Nucleosil C l 8 column (250 x 4 mm) 

kept at room temperature was used. The retention times of these standards 

were used to identify the amino acids released from incubated hippocampal 

slices in Chapter 4, Figure 4.10 and the standard curve in Figure B.2 was used 

to calculate the concentration of glutamine released from hippocampal slices 

into the medium.
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Figure B.1 The elution profile of amino acid standards

20

A sample trace of the separation of amino acid standards (30 pM) obtained under the 

conditions outlined in Section 2.7. The separation of aspartate (RT=5.21 min); glutamate (RT= 

7.9 min); serine (RT=9.5 min); glutamine (RT = 10.5 min), taurine (RT =14.9 min) and GABA
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(RT =18.2 min) over a 25 min elution period. Standards were prepared in 0.05 M HCI at a 

concentration of 30 jjM Injections of 40 pi were made onto the HPLC column.
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Figure B.2 Standard Curve of Glutamine

Standards of 5-750 pM concentrations of OPA derivatised glutamine were eluted from a C18 

reverse phase column with a retention time of ~10.7 minutes. The fluorescence of the amino 

acid was detected using an FL2000 fluorescence detector and the area of the resulting 

fluorescence peak was measured and plotted against the corresponding glutamine 

concentration to produce a standard curve with a correlation coefficient of 0.999.
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Structure-activity studies with liigli-affinity inliibitors of 
pyroglutamyl-peptidase II
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Inhibitors of PPII (pyroglutamyl-peptidase II) (EC 3.4.19.6) have 
potential applications as investigative and therapeutic agents. 
The rational design of inhibitors is hindered, however, by the 
lack of an experimental structure for PPII. Previous studies 
have demonstrated that replacement of histidine in TRH (thyro
tropin-releasing hormone) with asparagine produces a com
petitive PPII inhibitor {K, 17.5 /iM ). To gain further insight into 
which functional groups are significant for inhibitory activity, 
we investigated the effects on inhibition of structural modifi
cations to Glp-Asn-ProNHi (pyroglutamyl-asparaginyl-proline- 
amide). Synthesis and kinetic analysis of a diverse series of 
carboxamide and C-terminally extended Glp-Asn-ProNHi ana
logues were undertaken. Extensive quantitative structure-activ
ity relationships were generated, which indicated that key func
tionalities in the basic molecular structure of the inhibitors 
combine in a unique way to cause PPII inhibition. Data from 
kinetic and molecular modelling studies suggest that hydrogen 
bonding between the asparagine side chain and PPII may provide 
a basis for the inhibitory properties o f the asparagine-containing

peptides. Prolineamide appeared to be important for interaction 
with the So' subsite, but some modifications were tolerated. 
Extension of Glp-Asn-ProNH2 with hydrophobic amino acids 
at the C-terminus led to a novel set of PPII inhibitors active 
in vitro at nanomolar concentrations. Such inhibitors were shown 
to enhance recovery of TRH released from rat brain slices. Glp- 
Asn-Pro-Tyr-Trp-Trp-7-amido-4-methylcoumarin displayed a A'i 
o f 1 nM, making it the most potent competitive PPII inhibitor 
described to date. PPII inhibitors with this level of potency should 
find application in exploring the biological functions of TRH and 
PPII, and potentially provide a basis for development of novel 
therapeutics.

Key words: pyroglutamyl-peptidase II (PPII), pyroglutamyl- 
peptidase II inhibitor, thyrotropin-releasing hormone (TRH), 
thyrotropin-releasing hormone-degrading ectoenzyme (TRH- 
DE), thyrotropin-releasing hormone-degrading ectoenzyme 
inhibitor.

INTRODUCTION

Enzymic degradation plays an important role in the regulation of 
biologically active peptides [1]. Extracellularly oriented, mem
brane-associated peptidases (ectopeptidases), in particular, are 
strategically located to terminate peptide-mediated cell signalling 
[2,3]. It is apparent that a relatively small number of ectopep
tidases with broad specificities provide a key mechanism for con
trolling the levels of a large number of peptides [4,5].

PPII (pyroglutamyl-peptidase II) (EC 3.4.19.6), also known as 
TRH (thyrotropin-releasing hormone)-degrading ectoenzyme, is a 
highly unusual ectopeptidase in that it appears to display absolute 
functional specificity for its substrate, TRH [or Glp-His-ProNH2 

(pyroglutamyl-histidyl-prolineamide)] [6-9]. Thus PPII catalyses 
the removal of Glp (pyroglutamic acid) from TRH, but it does not 
appear to be responsible for the inactivation of other naturally 
occurring peptides that contain a Glp residue at the N-terminus 
[7,8,10]. Tlie exclusivity of the relationship between PPII and 
TRH is emphasized further by the observation that extracellu
lar TRH seems to be degraded only by PPII [7,8,10].

Selective inhibition of ectop)eptidases as a means to modulate 
peptide levels has proved to be useful for investigating the bio
logical functions of many peptidergic systems [ 11,12]. In addition, 
inhibitors of a number of such enzymes have found significant 
medical application. Notable among these are inhibitors of angio
tensin-converting enzyme, which are now widely employed to 
treat hypertension [13]. The actions of TRH in the CNS (central 
nervous system) are recognized to be potentially beneficial in 
the treatment of CNS disorders, including CNS trauma, spinocere
bellar degeneration, epilepsy, memory loss, and disorders of con
sciousness and mood [14—24]. It is acknowledged, however, that 
the rapid inactivation of TRH by PPII critically impedes both 
research into the functions of TRH within the CNS and its clinical 
use [17-19]. Thus PPII inhibitors, like those of other ectoenzymes, 
could have valuable application as both experimental tools and 
therapeutic agents.

To date, there is no experimental structure for PPII on which 
to base the rational design of active-site-directed inhibitors. Se
quence alignment indicates that PPII is a member of the M l 
family of zinc metallopeptidases [25], which includes LTA4H

A bbrevia tions used: AMC, 7-am ino-4-m ethylcoum arin ; APA, am inopeptidase A; APN, am inopeptidase N; Bzl, benzyl; CNS, centra l nervous system; 
Dab, a ,y -d iam inobu tano ic  ac id ; DCC, 1,3-d icyc lohexylcarbod i-im ide ; DCM, d ictilo rom ettiane; DIPEA, N ,/V -di-isopropylettiy lam ine; DMF, /V,/V-dimethyl- 
formannide; DPP-IV, d ip e p tidy l pep tidase  IV; eq., equivalent(s); Fnnoc, fluoren-9-ylm ethoxycarbonyl; G lp, pyrog lu tam ic acid ; GIp-Asn-ProNHa, pyrogluta- 
m yl-asparag inyl-p ro lineam ide; HBTU, 2-(1H -benzotriazole-1-yl)-1 ,1,3,3-te tram ettiy luronium  hexafluorophosptia te ; HOBt, /V-hydroxybenzotriazole; LHRH, 
lute in iz ing-tiorm one-re leasing  horm one; LTA4H, leukotriene A4 tiydrolase; MBHA, 4-m ettiy lbenzylhydrylam ine; Me, methyl; MOE, M olecular O perating 
Environment; PDB, Protein Data Bank; PPII, pyrog lu tam yl-peptidase II; SAR, s tructu re -activ ity  re lationship; TFA, trifluoroacetic  acid ; TRH, thyrotropin- 
re leasing hormone; TRH-AMC, pyrog lu tam yl-h istidyl-p roly l-7-am ido-4-m ethylcoum arin ; Trt, trityl; TFA, trifluoroacetic acid.

 ̂ To whom  correspondence  should be addressed (email kellyja@ tcd.ie).
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(leukotriene A 4 hydrolase) (EC 3.3.2.6 ), APA (aminopeptidase 
A) (EC 3.4.11.7) and APN (aminopeptidase N) (EC 3.4.11.2). 
By analogy with other metalloproteases, a hypothetical model of 
the active site of PPII has been derived from mutational analysis 
[26], but this provides insufficient detail for directing inhibitor 
design. The M l family displays most sequence conservation in 
the region of the zinc-binding motif, and a model of the zinc- 
binding domain of APA has been constructed based on the crystal 
structure of LTA4H [27].

Few PPII inhibitors have been identified [8,28]. Until re
cently, the most potent of these was CPHNA (A^-[l-carboxy-2- 
phenylethyl]-N-imidazole benzyl histidyl-^-naphthylamide) with 
a A"; of 8  //M  [28,29]. Through a kinetic study of PPII specificity, 
using a directed peptide library based on the structure of the 
endogenous ligand, TRH, we previously discovered two novel 
competitive PPII inhibitors: Glp-Asn-ProNH2 (^ i =  17.5/xM) 
and Glp-Asn-Pro-AMC (where AMC is 7-amido-4-methyl- 
coumarin) {K, =0.97 //M ) [9]. Glp-Asn-Pro-AMC was the most 
potent PPII inhibitor then identified. Subsequent pilot studies 
indicated that well-defined central effects of TRH in rat could 
be enhanced by both intracerebroventricular and intraperitoneal 
administration o f these inhibitors [30]. A recent paper has de
scribed the isolation of a PPII inhibitory activity from a marine 
invertebrate [31]. However, the type of inhibition has not been 
defined, its molecular structure is not yet known, and it is not 
certain that inhibition is due to a single chemical entity [31].

Our earlier study [9] showed that Glp-Asn-ProNH^ was the 
only member of the tripeptide library with the structure Glp- 
Xaa-ProNH2 to be resistant to hydrolysis and to bind to PPII 
with greater affinity than TRH. Furthermore, our results indicated 
that it might be possible to improve inhibitor potency by opti
mizing binding to what appeared to be a hydrophobic pocket in 
the area of PPII to which the C-terminus of PPII inhibitors bind, 
as seen by the lower K, value for Glp-Asn-Pro-AMC as com
pared with that of Glp-Asn-ProNH^. Although the hydrolytic 
activity o f PPII appears to be restricted to tripeptides, tripeptide 
amides and tetrapeptides [9,32-35], the existence of an extended 
ligand-binding region close to the molecular recognition site for 
small peptides may also be suggested by the fact that LHRH (lute- 
inizing-hormone-releasing hormone) binds to the enzyme with 
slightly higher affinity than does TRH [7,35]. TRH and LHRH 
share the same N-terminal dipeptide sequence, but LHRH is 
a decapeptide with the primary structure Glp-His-Trp-Ser- 
Tyr-Gly-Leu-Arg-Pro-GlyNHi and is not hydrolysed by PPII 
[7,32,35].

To probe further the binding capacity offered by the region 
in the vicinity of the S2 ' binding site of PPII, we determined 
quantitative SARs (structure-activity relationships) for a series 
of structurally diverse carboxamide and C-terminally extended 
analogues of Glp-Asn-ProNH2 by means of kinetic assays using 
PPII purified from porcine brain. Significantly, we have found 
that substantial improvement in potency can be achieved through 
C-terminal extension o f Glp-Asn-ProNH2 . This has led to the 
development of a uniquely effective set of novel, competitive 
PPII inhibitors that are active at nanomolar levels, the best of 
which has a K, value of 1 nM, thus making it the most potent PPII 
inhibitor to date. Furthermore, we explored the relative import
ance o f particular functional groups within the structure of Glp- 
Asn-ProNH2 for binding to PPII and inhibiting its activity. A 
putative binding mode for the inhibitors was also generated using 
a homology model for PPII based on LTA4 H. Data from these 
studies provide new insights into the SARs for molecular recog
nition and inhibition of PPII, as well as critical information for 
subsequent design of site-directed PPII inhibitors and possible 
drug development. Moreover, results of the present study show

that such inhibitors o f PPII enhance the recovery of TRH released 
from rat brain slices.

EXPERIMENTAL 

Materials

A ll reagents were of analytical grade and were purchased from 
Sigma-Aldrich Chemical Company (Dublin, Ireland) unless 
stated otherwise.

Peptide synthesis and analysis

Peptides were synthesized using solution- and/or solid-phase 
methods and were purified, analysed and judged to be homogen
eous by HPLC. HPLC analyses were conducted using a Thermo 
Separation Products Spectra System HPLC. In each case, products 
obtained by precipitation with diethyl ether, as described below, 
were purified using a semi-preparative C ,8 reverse-phase HPLC 
column (//BondaPak; Waters, M ilford, MA, U.S.A.) and a linear 
gradient of 0-70%  B at a flow rate of 2.5 ml • min“ ' [solvent 
A =  0.08 % TFA (trifluoroacetic acid) in water; solvent B =  40 % 
acetonitrile in 0.08% TFA]. Peptide purity was confirmed by 
analytical HPLC analysis as described previously [9] and by MS.

Standard solid-phase Fmoc (fluoren-9-ylmethoxycarbonyl) 
chemistry was employed using the bubbler system under nitrogen 
gas [36]. Rink amide MBHA (4-methylbenzylhydrylamine) resin 
was used for the synthesis of peptide amide sequences, such 
as Glp-Asn-AlaNH 2 and Glp-Asn-HomoProNH2 . H-Pro-2-Cl Trt 
(where Trt is trityl) resin was used for the synthesis of peptides 
with a C-terminal carboxylic acid. These resins, as well as Fmoc 
amino acid derivatives and Glp, were purchased from Nova- 
biochem (Merck Biosciences, Poole, Dorset, U.K.). A ll amino 
acids were in the L  configuration. Tri-functional amino acids 
were purchased with side-chain-protecting groups as follows: 
Fmoc-Asp(OtBu)OH, Fmoc-Asn(Trt)OH, Fmoc-Dab(Boc)OH 
(where OtBu is t-butylester. Dab is Q',y-diaminobutanoic acid 
and Boc is A^-a-t-butyloxycarbonyl).

Synthesis of peptide amides was carried out using Rink amide 
MBHA resin (loading capacity: 0.73 mmol • g“ '). This was 
swollen using DMF (A^/v^-dimethylformamide), deprotected with 
20 % piperidine in DMF for 30 min and then washed with DMF. 
Each amino acid [3 eq. (equivalents), i.e. 3-fold excess over the 
resin-loading capacity] was coupled to the resin with HBTU 
[2-( l//-benzotriazole-1 -y l)- 1 ,1,3,3-tetramethyluronium hexa- 
fluorophosphate]/HOBt (A^-hydroxybenzotriazole)/DIPEA {NJ^- 
di-isopropylethylamine) (3:3:6, eq.) for 1 h. Removal o f Fmoc was 
achieved with 20 % piperidine in DMF. On completion of peptide 
assembly, the resin was washed with DCM (dichloromethane), 
followed by methanol, and was allowed to dry overnight. The 
sequence was cleaved from the resin and was deprotected by 
stirring the dry resin in a TFA solution (95 %) containing water 
(2.5 %) and tri-isopropylsilane (2.5 %) (10 ml • g"' dry resin) (by 
vol.) at room temperature (25 °C) for 2 h. The reaction mixture 
was filtered under vacuum, and the solvent was evaporated under 
reduced pressure. The residue was washed with petroleum ether 
and precipitated with diethyl ether.

Carboxamides of Glp-Asp-ProNH2 were prepared by standard 
solution synthesis, coupling Glp-Asp-ProNH2 (PolyPeptide 
Laboratories GmbH, Wolfenbuettel, Germany) to a series of 
amines: methylamine, dimethylamine, benzylamine, aniline, 
hydroxylamine and 0-benzylhydroxylamine. HOBt (1.2 eq.) and 
DCC (1,3-dicyclohexylcarbodi-imide) (2.0 eq.) were added to 
a stirring solution of Glp-Asp-ProNH, (0.15 mmol) in DMF 
(560 jul, 0.26 M), followed by the required amine (1.2 eq.). The re
action mixture was stirred at room temperature for 24 h. The
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precipitate was filtered and washed with DCM. The solvent was 
evaporated under reduced pressure, and the residue was washed 
with petroleum ether and diethyl ether.

Carboxamides of Glp-Asn-Pro (American Peptide Company, 
Sunnyvale, CA, U.S.A.) were prepared by standard solution-phase 
coupling to the appropriate amine. All amines were purchased 
from Sigm a-Aldrich, except for 1,3-benzodioxal-5-amine, 3-(tri- 
fluoromethyl)aniline, and 6 -amino-1,3-dihydroisobenzofuran-l- 
one, which were supplied by Maybridge (Tintagel, Cornwall, 
U.K.). To a stirring solution of Glp-Asn-ProOH (0.15 mmol) in 
DMF (560 /xl, 0.26 M), HOBt (1.0 eq.) and DCC (1.0 eq.) were 
added, followed by the required amine (1.2 eq.). The reaction 
mixture was stirred at room temperature for 24 h and filtered, and 
the solvent was evaporated under reduced pressure. The residue 
was washed successively with small volumes of ethyl acetate, 
petroleum ether and diethyl ether.

Benzyl and methyl esters of Glp-Asn-Pro were prepared by 
first synthesizing the tripeptide acid on solid phase using H- 
Pro-2-Cl Trt resin (loading capacity: 0.7 mmol ■ g“’). This was 
swollen using DCM and washed with DMF. Each amino acid 
(3 eq.) was coupled on to the resin with HBTU/DIPEA (3:6 eq.) at 
each step. The reaction time for each step was 1 h. Deprotection, 
cleavage from the resin and precipitation of the product were 
carried out as described above. To a stirring solution of Glp- 
Asn-ProOH (0.1 mmol) in DMF (560 /xl, 0.5 M), DMAP (4- 
dimethylaminopyridine) (30% ) and DCC (1.2 eq.) were added, 
followed by benzyl alcohol (1.2 eq.). The reaction mixture was 
stirred at room temperature for 16 h. The precipitate was filtered 
and washed with DCM, and the solvent was evaporated under 
reduced pressure. The residue was washed with petroleum ether 
and diethyl ether. The methyl ester was prepared similarly, except 
that methanol (400 /xl) was used as both solvent and reagent.

Glp-Asn-ProNHo, Glp-Asn-Pro-TyrNHo, Glp-Asn-Pro-Trp- 
Ser-TyrNH2 , Glp-Asn-Pro-Trp-TyrNH 2 , Glp-Asn-Pro-TrpNH 2 , 
Glp-Asn-Pro-Tyr-TrpNHi, Glp-Asn-Pro-Tyr-Trp-TrpNH 2 , Glp- 
Asn-Pro-AMC Glp-Asn-Pro-Trp-AMC, Glp-Asn-Pro-Trp-Trp- 
AMC, Glp-Asn-Pro-Tyr-Trp-AMC and Glp-Asn-Pro-Tyr-Trp- 
Trp-Trp-AMC were custom synthesized either by the American 
Peptide Company or by PolyPeptide Laboratories GmbH. Glp- 
/6 Asn-ProNH 2 and Glp-Asn-GlyNH 2 were supplied by Poly- 
Peptide Laboratories GmbH. TRH and TRH-AMC were pur
chased from Sigma-Aldrich and Bachem U.K., St. Helens, U.K. 
respectively. The homogeneity and identity of each peptide was 
confirmed by HPLC and mass spectral analysis. All peptides were 
stored at — 20°C.

Enzyme assays
All enzyme assays were carried out at 37 °C in 20 mM potassium 
phosphate buffer, pH 7.5. One kat of enzyme activity was defined 
as that amount of enzyme that catalyses the conversion of 1 mol 
of substrate per s. As described previously, PPII activity was 
measured by HPLC and fluorometric assays using enzyme puri
fied from porcine brain [9,37]. The PPII preparation had a protein 
concentration of 0 . 8  mg • m l"‘ and a specific activity of 2 . 8  x 
10“  ̂ /xkat • mg“ ' with TRH-AMC (5 /xM) as substrate, while the 
DPP-IV (dipeptidyl peptidase IV) (EC 3.4.14.5) preparation had 
a protein concentration of 7.7 mg • ml~' and a specific activity of 
0 .2 9 /xkat • mg“' with Gly-Pro-AMC (100 ^tM) as substrate [9]. 
The final concentration of PPII in the assay was 0.53 /xg • ml“‘. 
Compounds were judged to be resistant to hydrolysis by PPII 
if no Glp was detected in the HPLC assay following the 
incubation of 1 mM compound for 18 h with PPII (0 .08 /xg) 
in a total assay volume of 1 ml. Under these conditions, TRH 
(1 mM) was completely degraded to yield Glp and His-Pro
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‘ 0.001 nM inhibitor
' 0.002 ,uM inhitxtor
' 0.003 >iM inhibitor
• 0.004 pM inhibitor

T s . o
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’ 0.002 tiM Inhibitor
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• 0.004 nM inhibitor
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Figure 1 Inhibition of PPII hydrolysis of TRH-AMC by Glp-Asn-Pro-Tyr-Trp- 
Trp-AMC

Initial ra te s  w ere d e te rm in e d  u sin g  ttie  c o n tin u o u s  fluo rom etric  a ssa y . Initial ra te s a g a in s t 
su b s tra te  co n ce n tra tio n  fo r in c re as in g  infiib itor co n ce n tra tio n  w ere fitted to  a  rec tan g u la r  
tiype rbo la  (M ic h a e lis -M e n te n  p lo t) by n o n -lin e a r re g re s s io n  a n a ly s is  a s  s tiow n in the  u p p er 
g raph . All k inetic  p a ram ete rs  s ta te d  in the  tex t w ere d e te rm in ed  by n o n -lin e a r re g re s s io n  a n a ly s is  
of d a ta  u sin g  the  c o m p u te r  p ro g ra m  P rism  (G rap h P ad  Softw are). L inear re g re s s io n  a n a ly s is  w as 
u se d  to  fit d a ta  to  a  L in ew eaver-B urk  p lo t to  illu stra te  the  type  of inh ib ition  o b se rv e d . The re su lts  
sh o w n  for G lp-A sn-Pro-T yr-Trp-T rp-A t\/lC  in the  low er g ra p h  a re  typ ica l lo r  all c o m p o u n d s  with 
the  se q u e n c e  G Ip -A sn -P ro -X aa , th u s  far te s te d . The g o o d n e s s  of fit (r^) fo r bo th  n o n -lin e a r and  
linear re g res s io n  a n a ly s is  p lo ts  w a s >  0 .9 5 . All 1/max v a lu e s  fell w ith in  the  c o n fid e n ce  in terva ls 
of the  in te rcep t o b ta in e d  from  linear re g re s s io n  a n a ly s is , a n d  the  s lo p e  of a  p lo t of l^max v e rsu s  
inh ib ito r c o n ce n tra tio n  (n o t sh o w n ) w a s n o t found  to  dev ia te  s ig n ifican tly  from  0 , su p p o rtin g  the 
in terp re ta tion  th a t GIp-A sn-Pro-Tyr-Trp-Trp-AfV lC is a c tin g  a s  a  c la ss ic a l com pe titive  inh ib ito r 
of PPII.

diketopiperazine. Kinetic parameters for compounds that were not 
hydrolysed by PPII were determined using a continuous coupled 
fluorometric assay, whereas those for PPII substrates were 
determined using a discontinuous fluorometric assay [9,37]. All 
the sequences Glp-Asn-Pro-Xaa tested, thus far, behaved as linear 
competitive inhibitors as indicated by the constancy of with 
changing inhibitor concentration (see [9] and Figure 1). Inhibitory 
potency of all compounds was therefore calculated by using an 
appropriate equation i.e. vJvq  =  [I]/{[I] -I-  /^i(l -I-  [Sj/A'^)}, where 
Vj and Vo are the initial rates measured in the presence and absence 
of inhibitor respectively, is the Michaelis constant, K ,  is the in
hibitor constant, and [I] and [S] are the inhibitor and substrate 
concentrations respectively. Initial rates for the hydrolysis of 
TRH-AMC (5 /xM) by PPII were determined in triplicate in the 
presence and absence of each compound, as described previously 
[9]. Compounds selected as being of high potency were studied in 
more detail by non-linear regression analysis of initial-rate data 
collected in duplicate at five different substrate concentrations 
and four different concentrations of peptide. The reversi
bility and time-dependence of inhibition produced by Glp-Asn- 
Pro-Tyr-Trp-Trp-AMC was examined as described previously [9].

Compounds identified as PPII inhibitors were tested for their 
ability to inhibit the activity of DPP-IV, the coupling enzyme 
in the continuous fluorometric assay for PPII. DPP-IV activity 
was determined directly using a continuous assay employing 
Gly-Pro-AMC as the substrate, as described previously [9]. None
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of these peptides were found to inhibit D P P -IV  activity in this 
assay, confimiing that reduction of A M C  production in the con
tinuous coupled assay for PPII was due to inhibition of PPII.

Evaluation of PPII Inhibitors in brain slices

G lp-Asn-Pro-AM C and G lp-Asn-Pro-Tyr-Trp-Trp-AM C were 
tested for their ability to protect endogenous T R H  from degrad
ation in hypothalamic slices. Hypothalami were rapidly dissected 
from male Wistar rats (200 -250  g), following decapitation, and 
slices (300 /nm x 300 /im ) were cut with a M cllw ain tissue 
chopper. Each incubation contained slices from the hypothalamus 
of one animal. Slices were initially incubated in a flat-bottomed 
plastic tube in 0.5 ml Ca-^-free Krebs buffer gassed with 95 %  
0 2 / 5 %  C O 2 for 10 min in a shaking water bath at 37 °C. In turn, 
the Ca-+-free buffer was replaced by Krebs buffer containing 
Ca’ "̂ (2.5 m M ), and the incubation was continued for a further 
10 min. The tubes were then centrifuged at 2 000g  for 10 min. 
The resulting supernatant was removed and taken to denote ‘basal’ 
release. Subsequently, the tissue was incubated at 37 °C for 10 min 
in buffer containing Ca’ "̂ (2.5 m M ) and KC l (50 m M ), and the 
supernatant arising from this incubation was taken to represent 
stimulated" release. PP II inhibitor at a final concentration of 

0.1 m M  or vehicle (1 / / I  saline or D M S O ) was present throughout 
the last two incubations. Supernatant samples were frozen at 
— 8 0 “C until analysis for T R H  content by R IA  [38].

Modelling of PPII

The lack o f availability of a three-dimensional structure for PPII 
led us to construct a theoretical homology model o f its active site 
in an attempt to gain further insight into the possible binding 
modes and mechanism of the inhibitors. PPII shares greatest 
sequence homology with APA and A PN , but there is no crystal 
structure for either of these enzymes. The crystal structure of 
LTA jH . however, has been elucidated [39]. This metalloprotease 
exhibits approx. 3 0 %  overall sequence identity with residues 
130-753 in PPII. The H E X X H  zinc-binding motif and active site 
of these two enzymes are highly conserved, with 51 %  sequence 
identity in the region across residues 436-470  of PPII. The crystal 
structure o f human LTA jH  [PDB (Protein Data Bank) code 1HS6: 
http://www.rcsb.org] [39] was thus used as a template to construct 
a homology model of human PPII.

The LTA4H crystal structure 1HS6 was downloaded from the 
PDB and was read into M O B  (Molecular Operating Environment) 
(Chemical Computing Group), and the sequence was extracted. 
Subsequently, the 1024-amino-acid sequence for human PPII 
was read into M O E , and the sequences were aligned using the 
alignment tools o f the homology module. The resulting automated 
sequence alignment was checked to ensure correct alignment of 
catalytic core histidine residues within the H E X X H  zinc-binding 
motif, and pre-and post-template non-matched outgap residues 
were deleted to facilitate construction of a structural model for 
624 residues of the PP II query. Co-ordinates were assigned using 
those residues conserved between both sequences, with 1HS6 serv
ing as a structural template for the procedure. Fine-energy mini
mization [R M S D  (root mean square deviation) 0.0005 A 
(1 A =  0.1 nm)] using the M O E  implementation of the A M B E R 94  
force field [40] was utilized for model generation and structure 
optimization. A ll zinc-binding residues were constrained during 
model construction and during the minimization protocol. A  total 
o f 300 intermediate models were generated and scored, and the 
highest scoring final solution (based on packing scores) was 
utilized in subsequent investigations. Hydrogens were added, 
assuming a pH of 7.4 and standard amino acid pA'j values. 
Structures were written out in mol2 format and read into Sybyl

Table 1 Effects of modifying the am ide nitrogen of the asparaginyl side 
chain and the proline residue In Glp-Asn-ProNH2 on the interactions with 
PPII

T h e  a b ility  o f each  c o m p o u n d  to  be tiy d ro ly s e d  b y  P P II w as  assessed  u s in g  H P L C . In it ia l  
ra tes  w ere  m e a s u re d  in  tr ip lic a te  in th e  p resen ce  ( i ' , )  a n d  a b s e n c e  ( I 'o )  o f in h ib ito r  ( I )  u s in g  
th e  c o n tin u o u s  flu o ro m e tr ic  ass a y  w ith  TR H -A lulC  ( 5 / j M )  as  su b s tra te  (S ) .  K, v a lu e s  w ere  
c a lc u la te d  fro m  in it ia l rates  u s in g  th e  re la tio n s h ip  I'i/i'o  =  [ l ] / { [ l ] -1- /(|(1 -i-[Sl//(m)}. Each  
v a lu e  rep resen ts  th e  m e a n  +  S .D . [n  =  3 ,  excep t w h en  in d ic a te d  b y  a n  a s te ris k  ( ’ ) , w h ere  
n =  11].

<

L

Y Z W K i ( / i lV I ) H y d ro ly s e d

H H P ro N H z 1 6 . 1 + 1 . 6 ' _
H H H o m o P ro N H ? 1 9 .3  +  0 .8 -

Ben zy l H P ro N H ? 9 9 .6  +  8 .0
H yd ro xy l H P ro N H z 1 1 5  +  11 -

P hen yl H P r o N H j 1 3 3  +  2 0 -

Ivlethyl H P ro N H z 1 0 3  +  1 3 +
B en zy lo xy H P ro N H z > 2 0 0 -

Iv lethyl M e th y l P ro N H 2 > 2 0 0 -

H H A la N H j > 2 0 0 -

H H G ly N H j N o  in h ib it io n -

H H A s n N H j N o  in h ib it io n -

H H Trp N H 2 5 0  +  4 -

H H P ro O H N o  in h ib it io n —

6.91 (Tripos), using the appropriate metal parameters for the 
treatment o f the zinc heteroatom in subsequent modelling.

To better understand the SARs observed for the compounds, 
as well as the determinants of molecular recognition by PPII, 
computational docking studies were undertaken. Docking was 
carried out using the F lexX utility as implemented in Sybyl 6.91 
[41]. A  binding subsite of radius 10 A from the zinc atom was 
described, and the zinc atom was explicitly included in the active 
site consideration. FlexX was run using default settings to obtain 
up to 100 binding modes for each inhibitor ligand screened, 
and 300 solutions for the T R H  substrate, each ranked by drug 
score [42]. The top 20 solutions for each ligand were imported, 
visualized in M O E  and common binding modes were identified 
manually.

Using FlexX with metal parameters assigned for zinc, each of 
Glp-Asn-ProNHo, G lp-Asn-Pro-AM C and Glp-Asn-Pro-Tyr-Trp- 
A M C  were docked, resulting in up to 100 ranked poses for each 
ligand examined. F lexX has previously demonstrated its utility 
in the simulation of metalloprotease ligand docking [43]. Each 
set of resultant docked poses was examined to identify conserved 
binding modes, and a representative of each ‘distinct’ binding 
mode was retained. The distinct binding modes identified for 
each individual ligand were compared with those o f every other 
ligand, and a conserved binding mode for the Glp-Asn-Pro region 
in all active compounds emerged. A  similar docking protocol was 
employed for the substrate, T R H , in which 300 docked poses were 
examined, revealing a clear conserved ligand-docked orientation 
within the model active site.

RESULTS 

Effects of modifications to the amide side chain of asparagine 
and C-terminal proline on binding and inhibition

The results presented in Table 1 show that chemical alter
ations to the amide nitrogen o f the asparagine side chain in
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Glp-Asn-ProNH2 have a significant effect on binding affinity and 
the susceptibility of the Glp-Xaa peptide bond to hydrolysis. Re
placement o f one of the amide hydrogen atoms with an aliphatic, 
aromatic or hydroxy group can be seen to reduce binding affi
nity considerably. A further decrease in inhibitory potency was 
caused by dimethylation of the amide nitrogen. Binding was abo
lished by replacing asparagine with either ySAsn or Dab. HPLC 
analysis revealed that Glp-Asn(N-benzyl)-ProNH2 and Glp- 
AsntN-methyO-ProNHi were hydrolysed by PPII, although the 
rates of hydrolysis for these compounds, as measured by GIp 
formation, were considerably lower (5.7- and 15.1-fold res
pectively) than that for TRH, each under essentially saturating 
conditions. It can be seen from Table I that deamidation of the 
C-terminal proline residue in GIp-Asn-ProNHi resulted in a loss 
of inhibition. Elimination o f a C-terminal ring through replacing 
the proline residue with alanine or glycine led to a reduction and 
loss of inhibition respectively, whereas replacement of the proline 
residue with tryptophan and expansion of the proline ring did not 
significantly alter potency.

Kinetic analysis of a series of carboxamide analogues 
of GIp-Asn-ProNHa

Earlier studies showed that replacement of the C-terminal amino 
group of Glp-Asn-ProNH2 by AMC resulted in a > 10-fold en
hancement of binding affinity to PPII, thus indicating the possible 
existence of a binding region for hydrophobic moieties in the 
vicinity of the Si' subsite on the enzyme. In order to investigate 
further the enzyme-ligand binding interactions in this region, 
we synthesized a diverse series of carboxamide analogues of 
Glp-Asn-ProNHi, containing both unsubstituted and substituted 
aromatic rings (Table 2). There was no detectable hydrolysis of 
any of tiiese compounds by PPII, as indicated by absence o f GIp 
fonnation in the discontinuous HPLC assay. Overall, members 
of ihis series did not show wide variations in inhibitory potency, 
with/^i values generally in the range 1-20 /xM (Table 2). Although 
all o f the carboxamides o f GIp-Asn-Pro tested exhibited greater 
affinity for PPII than TRH itself, none had a K, value less than 
that of GIp-Asn-Pro-AMC.

Kinetic properties of C-terminally extended analogues 
of Glp-Asn-ProNH2

The kinetic properties of a set of analogues of Glp-Asn-ProNH2 

extended at the C-terminus were analysed to provide information 
regarding binding capacity and recognition elements distal to the 
active site. None of the C-terminally extended analogues were 
PPII substrates. It can be seen from the data presented in Table 3 
that C-terminal extension of GIp-Asn-Pro with hydrophobic 
amino acids resulted in substantial increases in binding affinity. 
The most potent inhibitor o f this set, Glp-Asn-Pro-Tyr-Trp-Trp- 
AMC, displayed an approx. 500-fold increase in affinity, as 
measured by its K, value, compared with Glp-Asn-Pro-AMC 
(Table 3), which hitherto had been the most potent competitive 
PPII inhibitor reported. Inhibition by Glp-Asn-Pro-AMC and Glp- 
Asn-Pro-NH2 was shown previously to be competitive and fully 
reversible [9]. In the present study, non-linear regression analysis 
o f kinetic data indicated that GIp-Asn-Pro-Tyr-Trp-Trp-AMC 
and Glp-Asn-Pro-Tyr-Trp-AMC were also classical competitive 
inhibitors of PPII; data for Glp-Asn-Pro-Tyr-Trp-Trp-AMC are 
shown in Figure 1. Inhibition by Glp-Asn-Pro-Tyr-Trp-Trp-AMC 
was found to be fu lly reversible and not time-dependent.

Effects of PPII inhibitors on the recovery of TRH released from 
hypothalamic slices

It can be seen from Figure 2 that the recovery o f TRH released 
from rat brain slices under basal and depolarizing conditions

Table 2 Inhibitory effects of compounds in which GIp-Asn-Pro is coupled 
to an amine or alcohol

HPLC analysis revealed ttiat none of ttiese compounds were PPII substrates. Ttie ability of 
compounds to inhibit PPII purified from porcine brain was screened using the continuous 
fluorometric assay with TRH-AI^C (5 /j M) as substrate. K, values were calculated from 
determinations of initial rates in the absence and presence of inhibitor. Results are means +  S.D. 
(n =  3).

Compound K| (m M)

Amine
AMC 0.47-1-0.05
5-Aminoindan 0.84-1-0.08
3,5-Dimethoxyaniline 0.85-1-0.13
4-(Trifluoromethyl)aniline 0.97 +  0.18
1,3-Benzodioxol-5-amine 1.24 +  0.07
3-(Trifluoromethoxy)aniline 1.25 +  0.13
m-Anisidine 1.27 +  0.06
5-Amino-2-chloropyridine 1.63 +  0.16
m-Phenetidine 1.67 +  0.14
6-Amino-3,4-benzocoumarin 1.90 +  0.40
5-Amino-2-methoxyphenol 2.54 +  0.00
6-Amino-1,3-dihydroisobenzofuran-1 -one 2.78 +  0.37
Aniline 2.80 +  0.22
3,4-Dimethoxyaniline 3.18 +  0.07
4-Phenyl butylamine 3.45 +  0.58
6-Amino-2-mercaptobenzothiazole 3.62 +  0.12
2-Phenylethylamine 3.98 +  0.28
p-Anisidine 4.07 +  0.02
3-Phenyl-1-propylamine 4.89 +  0.69
2-Hydroxyaniline 7.42 +  0.27
4-Amino-W-methylphthalamide 8.90 +  0.56
5,6,7,8-Tetrahydro-1-naphthylamine 10.14 +  0.00
Methylamine 10.84 +  1.94
5-Chloro-2-methoxyaniline 10.85 +  0.03
o-Anisidine 12.63 +  0.76
Benzylamine 12 .81+0 .76
2-Aminobenzyl alcohol 21.87 +  0.62
Dimethylamine > 2 0 0
Piperidine > 2 00

cohol
Benzyl alcohol 15.29 +  0.43
Methyl alcohol 84 .16+ 1 .46

Table 3 Inhibition of PPII by C-terminally extended analogues of 
Glp-Asn-ProNH2

HPLC analysis indicated that all of the compounds were resistant to PPII hydrolysis. K,  
values were calculated either from initial rates measured in the absence and presence of 
inhibitor, using the continuous fluorometric assay with TRH-AMC (5 ^ M )  as substrate, or by 
non-linear regression analysis of initial-rate data collected in duplicate at five different substrate 
concentrations and four different concentrations of peptide. Results are means +  S.D. [n  =  3, 
except when indicated by an asterisk (*), where n =  11, or by a dagger ( t ) ,  where n =  4].

Peptide

Pi P,' Pa' P3 ' P4 ' P5 '  Pe' K,  (mM)

GIp Asn Pro Tyr Trp Trp AMC 0.001 +0 .000+
Qlp Asn Pro Tyr Trp AMC 0.038 +  0.006+
GIp Asn Pro Trp Trp AMC 0.072 +  0.009
GIp Asn Pro Trp AMC 0.083 +  0.016
GIp Asn Pro AMC 0.458 +  0.057"
GIp Asn Pro Tyr TrpNHj 0.639 +  0.018
GIp Asn Pro Tyr Trp TrpNH2 0.734 +  0.073
GIp Asn Pro TrpNHj 5.17 +  0.20
GIp Asn Pro Trp TyrNH2 5.91 + 0 .8 5
GIp Asn Pro Trp Ser TyrNH2 8.11 + 0 .5 5
GIp Asn Pro TyrNH2 10.3 +  0.55
GIp Asn ProNHz 1 6 .1 + 1 .6 *
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Figure 2 Effects of (a ) GIp-Asn-Pro-AMC and (b) Glp-Asn-Pro-Tyr-Trp-Trp- 
AMC on the release of TRH from rat brain iiypothalam ic slices

TRH release w as m easured under basal and depolarizing conditions in the p resence of 
vehicle  (sa line  or DM SO) or (a) G ip-A sn-Pro-A M C  (0.1 mM in sa line) or (b) G lp-A sn-Pro- 
Tyr-Trp-Trp-AMC (0.1 mM in DM SO). R esu lts are m e a n s +  S.E.M . (n  =  6). ’ P < 0 . 0 5 ;  
**P <  0.01 com pared with correspon ding basal; # # # P  <  0 .001  com pared with corresponding  
conditions in the a b sen ce  of inhibitor (Stu dent’s  t  test).
was increased significantly in the presence of Glp-Asn-Pro-AMC 
or Cllp-Asn-Pro-Tyr-Trp-Trp-AMC {P <0 .001 , /? =  6; Student’s 
t test).

Model of PPII

Figure 3 illustrates the active site in the homology model of 
human PPII and highlights the common binding mode observed

for the inhibitors (illustrated by Glp-Asn-Pro-NH^, green) and 
predicted docked pose for the substrate (TRH, yellow). The orient
ation of the Glp-Asn-Pro portion for all our docked active species 
is conserved in this model. In each, asparagine was found to be 
oriented so as to facilitate direct hydrogen bonding to Glu‘*°̂ . The 
significance of bound water in molecular design is sometimes 
underestimated; however, recent work has highlighted the utility 
of its consideration in mechanistic explanations [44], When the 
location of a catalytic water molecule is considered in the homo
logy model of PPII (its location derived from the works of 
Rozenfeld et al. [27], Thunnissen et al. [39] and Rudberg et al. 
[45]), a hydrogen-bonding network involving asparagine, water, 
Glu"*®’ and Glu'^^’ is predicted. Comparison of the positioning of 
the inhibitor Glp-Asn-Pro motif within the active site to that of the 
substrate, TRH, shows that (i) the orientation of the recognition 
residue, Glp, is conserved and (ii) the pendant His in TRH projects 
into the region occupied by asparagine in the inhibitors.

DISCUSSION

Our previous observation that replacement of the central histidine 
in TRH with asparagine produces an analogue that inhibits PPII 
activity [9] provided a starting point for the present studies. To gain 
a greater understanding of the structural parameters that influence 
ligand binding and inhibition, as well as to explore the potential 
for improving inhibitory potency, we have now investigated 
the effects of structural modifications to Glp-Asn-ProNH^ on the 
kinetics of PPII activity.

The results show that the presence of the amide side chain of 
asparagine in the P,' position confers resistance to hydrolysis by 
PPII and appears to be critical for inhibitory binding interactions. 
Asparagine can be regarded as an isostere of histidine [46]; its 
side chain, however, occupies less space and offers different pxjssi- 
bilities for the formation of inter- and/or intra-molecular hydrogen 
bonds than the imidazole ring of histidine. These differences 
may account for the inhibitory characteristics of P /  asparagine. 
Notably, all modifications to the asparagine side chain that were

Y 5 2 7Y 5 2 7

: 4 6 3: 4 6 3

H44IH44I

E 4 0 7E 4 0 7

H4-

Figure 3 Predicted conserved binding mode for Glp-Asn-Pro inhibitory motif (green), compared with that obtained for TRH (yellow)

The Figure sh o w s the active -site  zinc (pink) and key ac tive -site  residues of hum an PPII (labelled in black). Broken lin es h ighlight p o ssib le  hyd rogen-b ond interactions that arise in inhibitory peptides 
that contain a P i' asparagine residue. Su ch  interactions are not indicated for the substrate, TRH, and su g g e s t  a p o ssib le  m ech anism  of action for the inhibitor se r ie s  sh ow n in the present study.

©  2005 Biochemical Society



Inh ib ito rs  of p y ro g lu ta m y l-p e p tid a s e  II 575

exam ined led to  m arked reduction in inhibitory potency. Thus 
any change to the amide group o f asparagine is deleterious to 
inhibitory properties. Indeed, all the m odifications reduced the 
capability to form  hydrogen bonding, reinforcing the idea that 
participation in such bonding by the asparagine side chain m ay 
be crucial for inhibition. C onsistent w ith this, the m odel shown 
in Figure 3 predicts that the asparagine side chain participates in 
a hydrogen-bonding netw ork, involving Glu'‘°̂  and Glu'*^', thus 
appropriating these two residues, w hich have been shown pre
viously, by site-directed m utagenesis, to  be im portant fo r the 
catalytic activity o f rat PPII [26]. The am ino acid sequences 
for hum an and rat PPII display a rem arkably high degree o f 
conservation (96 %  identical residues), but they differ in length 
by one am ino acid [47]. T hus, w hen com paring hum an and rat 
PPII, it should be noted that residues G lu‘‘°’ , Glu'‘̂ ’ and Tyr^-’ 
o f  hum an PPII correspond to G lu‘*°*, Glu"^' and Tyr*-* res
pectively o f rat PPII. The m odel places the recognition residue 
(G lp) o f both substrate and inhibitor in close proxim ity and in a 
sim ilar orientation w ithin the active site o f PPII. B inding m odes 
predicted for both TR H  and the inhibitors by this m odel agree 
with the general m odel for am inopeptidase activity put forw ard 
by Rudberg et al. [45] and includes a predicted interaction o f 
T yr'-’ with the N o f the scissile peptide bond. A key difference 
betw een TR H  and the inhibitors, however, is the ability o f  the 
asparagine-containing peptides to participate in the hydrogen- 
bonding netw ork noted above.

The C -term inal prolineam ide o f G lp-Asn-ProNH ^ is im portant, 
but not crucial, for b inding to the S 2 ' subsite on PPII. Thus 
deam idation or replacem ent o f  the C-term inal ProN H 2 with 
am ides o f  glycine, alanine o r asparagine causes a loss or sub
stantial reduction o f inhibition. The enzym e, nevertheless, does 
appear to be to lerant to replacem ent o f proline with tryptophan 
and the expanded (six-m em bered) ring o f hom oprolineam ide. The 
com plete loss o f inhibition observed for G lp-A sn-ProO H  m irrors 
the poor affinity displayed by the TR H  analogue G lp-H is-ProO H  
[9]. It seem s that this is m ost likely to be due to the negative 
charge at the C -term inus being unfavourable. C om parison o f Ky 
values for G lp-A sn-ProN H B zl (w here Bzl is benzyl), G lp-A sn- 
ProO B zl, G lp-A sn-ProN H M e (w here M e is m ethyl) and Glp- 
A sn-ProO M e indicates arom aticity  and/or hydrogen bonding to 
be im portant fo r binding to the enzym e. This is supported by 
the observation that G lp-A sn-Pro-piperid ide and G lp-A sn-Pro- 
dim ethylam ide, where the C -term inal groups do not possess such 
properties, are poor PPII inhibitors. Exploration o f this region 
using G lp-A sn-ProN H Y  (w here Y is a substituted aryl group) 
reinforced the im portance o f  an arom atic substituent, since all 
o f  these com pounds show ed good inhibitory potency, w ith a 
slight preference for oxygen-contain ing substituents in the m eta 
position. C onsistent with this, A M C , w hich has an oxygen m eta to 
its am ino group, was the m ost favourable C-term inal group o f 
those tested.

The advantage conferred by arom atic substitution at the C- 
term inus w ith respect to inhibitory potency was exem plified 
further by the C -term inal extension  o f G lp-A sn-ProN H 2 w ith aro
m atic am ino acids. These elongations can be regarded as probes 
for additional hydrophobic binding interactions with the target 
enzym e. The results suggest that such interactions do occur. The 
m ost potent inhibitor identified in this set, G lp-A sn-Pro-Tyr-Trp- 
T rp-A M C , was approx. 16000 and 500 tim es m ore potent than 
G lp-A sn-ProN H i and G lp-A sn-Pro-A M C  respectively, m aking it 
the m ost potent comp>etitive PPII inhibitor thus far reported.

The increased potency o f the extended analogues m ay sim ply 
reflect additional sites o f interactions w ith the PPII m olecule. It is 
possible, though, that they m ay also affect local conform ational 
changes in the enzym e necessary for catalysis. M em bers o f the

M A (E) clan o f m etalloproteases (zinc m etalloproteases in which 
zinc is ligated to  tw o histidine residues and a glutam ate residue, 
see http://m erops.sanger.ac.uk), which includes therm olysin (EC 
3.4.24.27), share sim ilar structural and catalytic features with 
PPII, although the specific details o f  their catalytic m echanism s 
m ay differ [48]. A conform ational change on substrate binding, 
resulting in transition from an open to a closed conform ation, 
has been shown to be necessary for therm olysin to catalyse sub
strate hydrolysis [49]. If that w ere also the case for PPII, the 
effectiveness o f the m ore bulky analogues as inhibitors m ay result 
from  their preventing this closure. This m ight also account for 
the inhibitory activity d isplayed by LH R H . M odifications to the 
surface charge o f the enzym e [50], as a result o f  inhibitor binding, 
m ay also affect affinity.

The increased recovery o f TR H  released from  brain slices o b 
served in the presence o f PPII inhibitors, agrees with the findings 
o f  Charli et al. [29] and provides further support for the critical 
involvem ent o f PPII in the m etabolism  o f neuronally  released 
TRH. Im portantly, these results also indicate that the asparagine- 
containing PPII inhibitors tested are capable o f increasing TRH 
levels in a m ore physiologically  intact environm ent.

In conclusion, these SA R studies have revealed that, despite 
PPII having very high substrate specificity fo r tri- and tetra- 
peptides, there appears to be an extended binding region con
tiguous with the active site. The results also dem onstrate that it is 
possible to exploit this in the design o f highly potent inhibitors. 
The SA R for inhibition m ay be sum m arized as follows: (i) the 
N -term inal G lp confers specificity for PPII [10], as well as re
sistance to hydrolysis by am inopeptidases [1,5]; (ii) the presence 
o f asparagine in position 2 com bines resistance to hydrolysis 
with effective inhibition o f the enzym e; (iii) the prolineam ide is 
im portant for interaction with the S 2 ' subsite on PPII, but the en 
zym e appears to  be tolerant to a variety o f m odifications to the 
C -term inal carboxy function; and (iv) hydrophobic extensions 
to G lp-A sn-ProN H 2 can produce substantial im provem ent in 
inhibitory potency. Notably, the data presented provide critical 
inform ation fo r the design of PPII inhibitors, w hich should be 
o f value as tools for studying the biological functions o f TRH 
and PPII and m ay provide a basis fo r the developm ent o f new 
therapeutic agents.

T h is  worl< w as s u p p o rte d  by  a g ra n t fro m  th e  W e llco m e  T ru s t to  J . A . K. G. A . S. and  A . A . C. 
w ere  s u p p o rte d  by  a g ra n t fro m  th e  H ea lth  R esearch B oa rd , Ire la n d . D. G. L. a ck n o w le d g e s  
th e  Ir ish  H ig h e r E du ca tion  A u th o r ity ’s PRTLI (P ro g ra m m e  fo r  R esearch in T h ird  Level 
In s t itu tio n s )  IITAC ( In s titu te  fo r  In fo rm a tio n  T e c h n o lo g y  and  A dvan ced  C o m p u ta t io n ) 
p ro g ra m m e  fo r  c o m p u ta tio n a l in fra s tru c tu re  su p p o rt .
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