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Abstract

Previous studies have demonstrated that nitric oxide (NO) synthase inhibitors are as efficacious as 

tricyclic antidepressants in preclinical antidepressant screening procedures and in attenuating 

behavioural deficits associated with animal models o f depression. Ketamine, an N-methyl-D- 

aspartate receptor (NMDA-R) antagonist is also effective in preclinical studies and has additionally 

shown promising therapeutic effects with production o f  a rapid and sustained antidepressant 

response in depressed patients who are resistant to conventional monoaminergic treatments. The 

antidepressant effects o f ketamine are consistent with a role for glutamatergic transmission in the 

pathophysiology o f depression. The use o f ketamine in the clinic is however hampered due to the 

risk for side effects. The NMDA-R complex gates Ca^^, which interacts with calmodulin to 

subsequently activate nitric oxide synthase (NOS). It was hypothesized that uncoupling nNOS from 

the NMDA-R through the scaffolding protein PSD-95 would produce behavioural antidepressant 

effects similar to NOS inhibitors. Previous approaches to uncouple nNOS from the NMDA-R have 

used lentiviral delivery o f  genes designed to specifically disrupt the PSD-95/nNOS interface. Based 

on these studies, a protein fragment was created encoding the first 300 amino acids o f  nNOS that 

contained the m otif necessary for binding to PSD-95 (nNOS decoy) to competitively inhibit the 

PSD-95/nNOS interaction. The effects o f two small-molecule inhibitors at the PSD-95/nNOS 

interface 2-((lH -benzo[d] [l,2,3]triazol-5-ylamino) methyl)-4,6-dichlorophenol (IC87201) and 4- 

(3,5-dichloro-2-hydroxy-benzylamino)-2-hydroxybenzoic acid (ZL006), which demonstrated 

efficacy in neurological disorders involving overactivation o f glutamatergic neurotransmission and 

excitotoxicity (i.e. stroke and pain states) were also assessed.

Since the earliest signs o f glutamate excitotoxicity involve alterations in dendrite morphology, 

PSD-95/nNOS inhibitors were first tested for their ability to promote neurite outgrowth in an in 

vitro model composed o f immature cortical neurons. Treatment with nNOS decoy (72h), IC87201
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(100-1000 nM, 24h) and ZL006 (10-1000 nM, 24h) promoted neurite outgrowth. Similar 

neurotrophic effects were observed following application o f ketamine (10-1000 nM) and the nNOS 

inhibitor 1-[2-(trifluoromethyl)phenyl] imidazole (TRIM ) (10-1000 nM). Conversely, treatment o f 

neurons for 24h with glutamate (100-500 nM) or NM D A (250-500 |.iM) combined with glycine 

suppressed neurite outgrowth. Ketamine (10 nM) and IC87201 (100 nM) were able to counteract 

the NM DA-induced reduction in neurite outgrowth. These data support the hypothesis that targeting 

the NM DA-R/PSD-95/nNOS interaction downstream o f NM DA-R produces neurotrophic effects 

by promoting neurite outgrowth. The PSD-95/nNOS interface may therefore be an attractive target 

for treating deficits in neuronal outgrowth and neuronal atrophy associated with excessive 

glutamatergic neurotranmission such as depression.

Small-molecule inhibitors o f the PSD-95/nNOS interaction, IC87201 (0.01-2 mg/kg) and ZL006 

(10 mg/kg) were then assessed for antidepressant properties in tests o f antidepressant activity 

namely the tail suspension (TST) and forced swimming (FST) tests in mice. 1C87201 and ZL006 

produced antidepressant-like responses in the FST and TST following a single administration in 

mice. By contrast to the tricyclic antidepressant imipramine (25 mg/kg) the effects were not 

observed Ih following drug administration but were apparent 24h and 72h later. Furthermore, prior 

exposure to the TST or FST was required in order to observe the antidepressant-related activity. 

Similar delayed and sustained antidepressant-like effects were observed following TRIM (50 

mg/kg) and ketamine (30 mg/kg) in the TST. The antidepressant-like effects o f  ZL006 also 

generalised to IC87201 in the TST. IC87201 was devoid o f effects on locomotor activity and step- 

through latency in the passive avoidance cognition test. These data support the hypothesis that 

targeting the PSD-95/nNOS interaction downstream o f NM DA-R produces antidepressant effects 

and may represent a novel class o f  therapeutics for major depressive disorders.
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Chapter 1: Introduction



1.1 Major depressive disorder

M ood disorders, including b ipolar and m ajor depressive disorders, are com m on neuropsychiatric 

illnesses. In industrialised countries, depression currently  accounts for 6.2%  o f  D A LY s (disability- 

adjusted  life-years), a m easure o f  the num ber o f  years lost to ill health , disability  and prem ature 

death (W H O , 2008) and is a m ajor risk for suicide if  left untreated (Skolnick et a l ,  2009). 

D epression is expected to becom e the leading cause o f  d isability  w orldw ide by the year 2030 

(W H O , 2008) but is already the first disabling  condition in Europe w ith a prevalence o f  7% 

(W ittchen et al., 2011). In 2011, m ood disorders affected 33.3 m illion people in Europe, w ith 30.3 

m illion individuals suffering from  m ajor depressive d isorder (G ustavsson et al., 2011; W ittchen et 

al., 2011). The current edition o f  the D iagnostic and S tatistical M anual o f  m ental disorders (DSM - 

5) defines m ajor depressive d isorder on the basis o f  five or m ore o f  a constellation o f  sym ptom s 

present nearly  every day and persisting for at least tw o w eeks. These sym ptom s include a 

depressed m ood, m arkedly d im inished interest or p leasure in all, or alm ost all, activities, 

significant w eight loss or w eight gain w hen not d ieting (e.g. a change o f  m ore than 5% o f  body 

w eight in a m onth), or decrease or increase in appetite, insom nia or hypersom nia, psychom otor 

agitation or retardation, fatigue or loss o f  energy, feelings o f  w orth lessness o r excessive or 

inappropriate guilt (w hich m ay be delusional), d im inished ability  to think or concentrate, or 

indecisiveness, recurrent thoughts o f  death (not ju s t fear o f  dying), recurrent suicidal ideation 

w ithout a specific plan, or a suicide attem pt or a specific plan for com m itting  suicide (A m erican 

Psychiatric A ssociation, 2013).

1.1.1 Aetiology

D epression is thought to arise from  a com plex interaction o f  genetic and environm ental risk 

factors but its aetiology rem ains unknow n (C ovington et al., 2010; Sanacora et al., 2008). 

C andidate gene approaches and genom e-w ide association  studies have identified a w ide range o f



genes that could be associated with major depressive disorder, including brain-derived 

neurotrophic factor (BDNF) (Licinio et al., 2009; Sun et al., 2011; Verhagen et al., 2010), 

serotonin transporter (SLC6A4 or 5HTTLPR) (Clarke et al., 2010; Karg et al., 2011; Wray et al., 

2009), angiotensin-converting enzyme (ACE) (Angunsri et al., 2009; Baghai et al., 2006), 

purinergic receptor P2X7 (P2RX7) (Lucae et al., 2006; M cQuillin et al., 2009; Soronen et al., 

2011), tryptophan hydroxylase 2 (TPH2) (Haghighi et al., 2008; Tsai et al., 2009; Zill et al., 2004), 

phosphodiesterases 9A and l lA  (PDE9A and P D E llA ) (Wong et al., 2006), disrupted in 

schizophrenia 1 (DISC-1) (Hashimoto et al., 2006; Hyman, 2008), kainate receptor GluR7 

(GRIK3) (Schiffer and Heinemann, 2007) and a neuronal Na^-dependent amino acid transporter 

belonging to the solute carrier 6 gene family (SLC6A15) (Kohli et al., 2011). However, few of 

these initial reports have been confirmed by subsequent studies or meta-analyses (Hyman, 2008; 

Kohli et al., 2011; Levinson, 2006; Nestler et al., 2002).

1.1.2 Biological m echanisms underlying the pathophysiology of  depression

Despite intensive research, the neurobiology o f  depression remains poorly understood. Several 

hypotheses have been proposed to explain the pathophysiology o f depression. The first one was 

the monoamine hypothesis o f depression (Schildkraut, 1965), formulated in the 1960s when the 

first antidepressant treatments (tricyclic antidepressants and monoamine oxidase inhibitors) were 

discovered. The monoamine hypothesis proposed that depression results from a central deficiency 

o f  monoaminergic function, and more specifically a deficiency or imbalance in the 

neurotransmitters serotonin (5-hydroxytryptamine or 5-HT) or noradrenaline (NA) in the brain that 

can be reversed by increasing the synaptic availability o f 5-HT and NA with tricyclic 

antidepressants and monoamine oxidase inhibitors (Belmaker and Agam, 2008; Wong and Licinio, 

2004). Acute inhibition o f 5-HT and NA transporters or catabolism would be expected to result in 

enhanced actions o f these neurotransmitters. However, these antidepressants exert their mood-



elevating effects only after several weeks o f treatment, which suggests that enhanced 5-HT or NA 

p er  se  is not responsible for the clinical actions o f  these drugs (Nestler et al., 2002).

The neuroendocrine hypothesis o f  depression involves the effects o f  stress on the hypothalamic- 

pituitary-adrenal (HPA) axis and postulates that excessive glucocorticoids may be a causative 

factor for the reduction in hippocampal volume that has been reported in patients with depression 

(Berton and Nestler, 2006). Stress is accompanied by the activation o f the sympathetic nervous 

system and the HPA axis, which is an essential component o f an individual’s capacity to cope with 

stress. Continued activation o f these stress-responsive systems may result in a failure to maintain 

homeostasis and increased susceptibility to major depression (Wong and Licinio, 2004). 

Hyperactivity o f  the HPA axis has been observed in the majority o f  patients with depression, as 

manifested by increased expression of corticotropin-releasing hormone (CRH) in the 

hypothalamus, increased levels o f CRH in the cerebrospinal fluid (CSF), elevated cortisol plasma 

levels and reduced feedback inhibition o f  the axis by CRH and glucocorticoids (e.g. cortisol) 

(Berton and Nestler, 2006; Wong and Licinio, 2004). Interestingly, antidepressant drugs have been 

shown to down-regulate HPA function and antagonists o f  CRH receptors attenuate behavioural, 

neuroendocrine and autonomic responses to stress in animal models (W ong and Licinio, 2001).

Another possible hypothesis for explaining the pathophysiology o f depression is the neurotrophic 

and neurogenesis hypothesis. It states that a deficiency in neurotrophic support may contribute to 

hippocampal pathology during the development o f  depression, and that reversal o f this deficiency 

by antidepressant treatments may help the resolution o f depressive symptoms (Nestler et al., 

2002). This hypothesis is based on findings in rodents that demonstrated decreased expression of 

BDNF in the hippocampus following acute or chronic stress (Berton and Nestler, 2006). 

Moreover, severe stress causes morphological changes in neurons, such as a reduction in dendritic 

arborisation. Interestingly, the reduction in BDNF may be mediated at least in part by excessive



glucocorticoids. Diverse classes o f antidepressants that include selective serotonin reuptake 

inhibitors (SSRIs), selective noradrenaline reuptake inhibitors (NRIs) and monoamine oxidase 

inhibitors (M AOIs) increase BDNF levels following chronic administration (Duman and 

Monteggia, 2006). These data led to the suggestion that such changes in BDNF could mediate the 

structural damage and reduced neurogenesis observed in the hippocampus after stress (Berton and 

Nestler, 2006). These antidepressant treatments additionally induce adult hippocampal 

neurogenesis, a process by which neural progenitors o f  the hippocampal subgranular zone (SGZ) 

differentiate and integrate into the dentate gyrus (Krishnan and Nestler, 2008).

1.1.3 T herapeu tic  approaches to the trea tm en t of m a jo r depression 

1.1.3.1 Pharmacological treatments

Since the 1960s, several antidepressants have been developed that target the monoaminergic 

neurotransmitter systems, including dopamine, serotonin and noradrenaline. These neuronal 

pathways project widely to the limbic, striatal and prefrontal cortical areas, which have been 

implicated in the behavioural and visceral manifestations o f mood disorders (Sanacora et al., 

2008). The discovery o f iproniazid (M AOI) and imipramine (a tricyclic antidepressant) for the 

treatment o f  depression led to the monoamine hypothesis o f depression, linking a possible 

deficiency o f noradrenaline and/or serotonin to this disorder (Schildkraut, 1965). These drugs 

improve the symptoms o f patients; however, they target several neurotransmission systems and 

produce adverse effects. In addition, SSRIs have been developed, which block the presynaptic 

transporter SERT and inhibit the reuptake o f serotonin, thereby increasing neurotransmitter 

availability at the synaptic cleft (Wong and Licinio, 2004). Other antidepressants commonly 

prescribed include NRIs and mixed serotonin and noradrenaline reuptake inhibitors (SNRIs). For a 

comprehensive summary o f pharmacological treatments, see T able 1-1.



Table l - l .  Pharmacological approaches to the treatment o f major depressive disorder

LNN T radenam es Approval Notes
F I U U
R E K S

I. Reuptake inhibitors

Selective serotonin-reuptake inhibitors (SSRIs)
- Fluoxetine Prozac 0 0 0 0
- Paroxetine Deroxat, 0 0 0 0

Paxil, Seroxat
- Sertraline Lustral, Zoloft 0 0 0 0
- Fluvoxamine Faverin, 0 0 0 0

Floxyfral,
Luvox

- Citalopram Cipramil, 0 0 0 0
Celexa,
Seropram

- Escitalopram Lexapro 0 0 0 0
- Vilazodone Viibryd 0 Partial 5-HT ,a receptor agonist.
Selective noradrenaline-reuptake inhibitors (NRIs)

Reboxetine Edronax 0 0
Non selective noradrenaline-reuptake Inhibitors
- Desipramine Norpramin 0 0 Active metabolite of imipramine. Licensed by EMA for treatment of Rett

syndrome.
- Nortriptyline Allegron, 0 0

Pamelor
- Maprotiline Ludiomil 0 0
Mixed or dual-actlon reuptake Inhibitors; Older agents (tricyclic antidepressants, TCAs)
- Amitriptyline Elavil, 0 0 0 0

Laroxyl
- Dothiepin Dothep, 0 0 0 0 Also known as dosulepin.

Prothiaden
- Clomipramine Anafranil 0 0 0 0
- Imipramine Tofranil 0 0 0
- Trimipramine Surmontil 0 0 0 a
Mixed or dual-actlon reuptake Inhibitors; Newer agents (non TCAs)
- Bupropion Wellbutrin, 0 Noradrenaline and dopamine-reuptake inhibitor. In Europe, licensed as aid

Zyban to smoking cessation but not for depression.
- Duloxetine Cymbalta 0 0 0 0 Noradrenaline and serotonin-reuptake inhibitor.
- Milnacipran Ixel 0 Noradrenaline and serotonin-reuptake inhibitor.
- Venlafaxine Effexor 0 0 m 0 Noradrenaline and serotonin-reuptake inhibitor.

- Desvenlafaxine Pristiq 0 Noradrenaline and serotonin-reuptake inhibitor. Active metabolite of
venlafaxine.

2. MAOls

Irreversible agents
- Iproniazid Marsilid 0
- Phenelzine Nardil 0 0
- Tranylcypromine Parnate 0  0 0
- Isocarboxazid Marplan 0 0
- Selegiline Emsam,

Eldepryl
0 MAOl-B inhibitor. Transdemal (Emsam) approved by FDA. Oral 

(Eldepryl) used for Parkinson's disease in Europe and USA.______
Reversible agents 
- Moclobemide Manerix,

Moclamine
MAOl-A inhibitor.

3. Mixed-action newer agents

- Agomelatine

- Mirtazapine

- Mianserin

Thymanax,
Valdoxan
Norset,
Remeron,
Zispin
Athymil

0  0  0  MTl and MT2 melatonin receptor agonist, S-HTic receptor antagonist.

0  0  0  0  5-HT2, 5-HTj and a:-adrenergic receptor antagonists. Few antimuscarinic
effects; sedation during initiation.

0  0  0  5-HTi, Ui and Uj-adrenergic receptor antagonist. Limited inhibition of
serotonin reuptake.



- N efazodone S erzone 0  5 -H T ja re ce p to r an tagon is t, lim ited  inh ib ition  o f  sero ton in  and
no rad rena line  reup take.

-T ra z o d o n e  D esyrel, 0  0  0  5 -H T 2A, 5-H T2c, h is tam ine  H ! and  a l-a d re n e rg ic  recep to r an tagon ist.
M olipax in , L im ited  inh ib ition  o f  sero ton in  reuptake.

______________________O lep tro_______________________________________________________________________________________________________

4. A d ju n c t iv e  o r  a u g m e n tin g  a g e n ts

- A rip ip razo le A b ility 0 A typ ical an tip sy ch o tic  FD A  ap p roved  fo r m ania and  b ipo la r I d iso rder. 
EM A  ap p ro v ed  fo r m an ia  and  sch izophren ia.

- L evo thyrox in E ltroxin ,
Syn th ro id

N o t licensed  fo r the trea tm en t o f  dep ression  ("off-labe l"  use).

- L am otrig ine L am ictal 0 0 0 0 A n ticonvu lsan t a lso  used  to  p reven t d ep ress ive  ep isodes in b ipo lar 
depression .

- L ith ium C am colit,
L ithobid ,
P riadel,
T era lithe

0 0 0 M ood s tab ilise r used  in trea tm en t-res is tan t d ep ress ion  and  b ipo la r 
dep ression  to  p rev en t recurrence  o f  m an ia  o r depression . L icensed  for 
trea tm en t and  p reven tion  o f  recu rrence  o f  m anic ep isodes in F rance.

- O lanzap ine Z yprexa 0 A typical an tip sycho tic  FD A  ap p roved  fo r trea tm en t-resistan t dep ress ion . 
EM A  app ro v a l fo r acu te m an ia an d  schizophrenia.

- Q uetiap ine Seroquel,
X eroquel

0 0 0 0 A typ ical an tip sycho tic  u sed  fo r m a jo r depressive  ep isodes in b ip o la r 
depression .

- T ianep tine S tablon 0 S ero ton in -reup take  en hancer w ith  neurop ro tec tive  properties . L icen sed  in 
F rance  fo r trea tm en t o f  m ajor d ep ress ive  d isorder.

- T ryp tophan O ptim ax 0 L icensed  in the  U K  as an ad junc tive  the rapy  fo r trea tm en t-res is tan t 
depression .

- Z ip rasidone G eodon 0 0 A typ ical an tip sycho tic  u sed  fo r acu te  trea tm en t o f  m an ic and  m ixed
ep isodes assoc ia ted  w ith  b ip o la r I d isorder.

A D H D : A tten tion -de fic it hyperac tiv ity  d isorder, IN N : International N onprop rie tary  N am e. FR: F rance; IE: Ireland; U K: U nited  K ingdom ; 
US: U nited  S tates. R eferences: (C hancello r, 2011; C onno lly  and  T hase , 2012 ; M ann, 2005), A N S M  (A gence nationale d e  secu rite  du 
m edicam ent et des p rodu its  de san te ), EM A  (E uropean  m edicines agency), IM B  (Irish  m ed ic ines board ), M H R A  (M edic ines and  hea lthcare  
products regu la to ry  agency) and  FD A  (Food and  d rug  adm inistra tion).

L I.3.2 Non-pharntacological treatments

Typically, patients diagnosed with depression receive antidepressant medication as a first-line 

treatment, whereas non-pharmacological approaches are usually reserved for the fraction o f  

patients not responding to medication. Electroconvulsive therapy (ECT), which was introduced in 

1938, still remains the most effective treatment for severe depression, with remission rates o f  more 

than 50%. ECT is particularly adapted to patients who require a rapid intervention, especially  

when at risk for suicide. Despite being a safe technique, ECT causes transient anterograde amnesia 

and retrograde amnesia that can persist for a few months. Following a course o f  ECT, the duration 

o f  which varies from three to four w eeks o f  two to three sessions w eekly, maintenance therapy 

with either ECT or antidepressant medication is necessary (Holtzheimer and Mayberg, 2011; 

Lisanby, 2007). Deep brain stimulation (DBS) is another therapeutic alternative for treatment- 

resistant depression that has been investigated in small open-label studies. Stimulated brain areas



include the inferior thalamic peduncle (Velasco et al., 2005), striatum (M alone et al., 2009), 

nucleus accumbens (Bewemick et al., 2010) and subcallosal cingulate gyrus (Brodm ann’s area 25) 

(Kennedy et al., 2011; M ayberg et al., 2005). In these studies, response rates ranged from 30-60% 

at follow-up time points o f  6 months to 6 years and approximately 30% o f patients achieved 

remission (Blomstedt et al., 2011). Although a promising approach, DBS remains an experimental 

and invasive technique with an optimal target yet to be determined. In recent years, the FDA 

approved two additional neurostimulation techniques, namely vagus nerve stimulation (2005) and 

transcranial magnetic stimulation (2008), with the latter possessing the advantage o f being non- 

invasive. Finally, in parallel to the development o f pharmacological and neurostimulatory 

approaches, psychotherapy methods have also evolved. To date, cognitive behavioural therapy and 

interpersonal psychotherapy are the most common therapies proposed to patients and some reports 

suggest that their efficacy is similar to antidepressant medication (Holtzheimer and Mayberg, 

2011 ).

1.1.3.3 Limitations o f  current treatments

After more than 50 years o f  research, molecular mechanisms underlying depression have not been 

clearly elucidated. A 6-year prospective study enrolling more than 3,500 patients in the US 

(Sequenced Treatment Alternatives to Relieve Depression, STAR*D) showed that only one third 

o f patients receiving antidepressants achieved remission with initial treatment. This study also 

showed that patients who did not respond to initial treatment were more likely to fail successive 

treatments with other antidepressant drugs (Nelson, 2006; Rush et al., 2006). In a second large- 

scale study, the Combining Medications to Enhance Depression Outcomes trial (CO-MED) 

compared two antidepressant combinations with SSRI monotherapy at 12 weeks and 7 months. 

Remission rates were modest (37.7-38.9%), similar to those reported by the STAR*D study 

(Murrough, 2012; Rush et al., 2011). Furthermore, improvement in symptoms emerges only after 

several weeks o f  treatment, suggesting that downstream neuronal adaptations rather than the



elevation in synaptic monoamine levels itself are responsible for therapeutic effects. Thus, 

although monoaminergic systems have an important role in the pathophysiology and treatment of 

mood disorders, other neurotransmitters such as glutamate, which regulates synaptic and neural 

plasticity, may be as central to the neurobiology and treatment of depression. A role for glutamate 

in the pathophysiology of major depressive disorder and as a potential target for the development 

of new therapeutics has been previously proposed (Hashimoto, 2009; Sanacora et al., 2012; 

Skolnick et al., 2009). Moreover, a number of studies have shown that targeting the glutamatergic 

system, in particular via the N-methyl-D-aspartate (NMDA) glutamate receptor subtype, may 

provide a means for the development of effective and fast-acting antidepressant therapies (Berman 

et al., 2000; Zarate et al., 2006a).

1.2 Glutamate receptors

Glutamate is the most abundant neurotransmitter in the mammalian brain and plays an important 

role in excitatory neurotransmission. It can be synthesised de novo from glucose via the Krebs 

cycle and the transamination of a-oxoglutarate, or recycled through the glutamate/glutamine cycle. 

Glutamate is then transported and stored at high concentrations into vesicles by glutamate 

transporters (VGlut) and released by exocytosis in the synaptic cleft in a Ca^^-dependent manner 

(Sanacora et al., 2008). The family of glutamate receptors is divided into metabotropic comprising 

subtypes mGluRl-8 and ionotropic subtypes comprising a-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid (AMPA), kainate and N-methyl-D-aspartate (NMDA) receptors, based on sequence 

homology, pharmacology and electrophysiological properties (Scannevin and Huganir, 2000). 

Glutamate is cleared from the synapse mainly by uptake in neighbouring glial cells expressing 

high-affmity excitatory amino acid transporters (EAATs). Astrocytes transform glutamate into 

glutamine via a glutamine synthetase. Glutamine can then be transported back into neurons, where 

a glutaminase will be able to hydrolyse it back into glutamate (Sanacora et al., 2008) (Figure 1-1).



Presynaptic
neuron Astrocyte

/  VGlut

Glutamine
synthetasemGlu-R

,Kainate-R

mGlu-R

Postsynaptic neuron

Figure 1-1. G lutam atergic synapse
G lutam ate is released from the presynaptic neuron into the synaptic cleft and activates postsynaptic 
glutamate receptors (AM PA-R, kainate-R, N M DA-R and mOlu-R). G lutam ate can also activate presynaptic 
m Glu-Rs that negatively regulate glutamate release. Excessive glutam ate is taken up by astrocytic and 
presynaptic transporters (EAATs) to be recycled. EAAT: excitatory amino acid transporter. Gin: glutamine, 
GlnT: glutamine transporter, Glu: glutamate, VGlut: vesicular glutamate transporter.
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1.2.1 M etabotrop ic glutam ate receptors

M etabotropic glutam ate receptors (m G luR l-8 ) are G -protein coupled and m odulate cell 

excitability  and synaptic transm ission via second m essenger signalling pathw ays. m G luR s are 

broadly distributed throughout the central nervous system  (C N S) and are specifically  localised at 

discrete synaptic and extrasynaptic sites in both neurons and glia in v irtually  every m ajor brain 

region (N isw ender and Conn, 2010). G roup I (m G luR l and m G luRS) are coupled  to the activation  

o f  phospholipase C (PLC), and act as a general enhancer for glutam ate excitation. These receptors 

also potentiate L-type Ca^^ channels, inhibit channels, and are thought to activate transducing 

cascades that trigger phosphorylation o f  ion channels and transcription factors. G roup 11 (m G luR 2 

and m G luR 3) and group 111 (m G luR 4, 6, 7 and 8) are Gi-coupled. They are negatively  coupled to 

adenylate cyclase (A C ), and thereby negatively m odulate excitatory neurotransm ission upon 

activation. G roups II and III are prim arily located presynaptically  and inhibit release o f  glutam ate 

and gam m a-am ino butyric acid (G A B A ) (H ashim oto, 2009). m G lu R l-8  are characterised by a 

large extracellu lar N -term inal dom ain (Venus flytrap dom ain, V FD ) that b inds glutam ate, seven 

transm em brane dom ains and an intracellular c-term inus (Figure 1-2A). The c-term inus (ct) o f  

m G luR s can undergo alternative splicing, leading to the generation o f  d ifferent ct tails, w hich play 

an im portant role in protein-protein interactions. For exam ple, the PDZ (P S D -95 /D lgA /Z o-l) 

m otif -NLV I located at the ct o f  m G luR 7a interacts w ith the PDZ dom ain o f  protein in teracting 

w ith C kinase 1 (P IC K l) (Dev et al., 2000) and disruption  o f  the m G luR 7a/P IC K l interaction has 

been show n to trigger absence-like seizures in rats and m ice (B ertaso et al., 2008).

1.2.2 lon otrop ic glutam ate receptors

A M PA , kainate and N M D A  receptors have a com m on evolutionary  orig in  and share com m on 

structural features. They contain three transm em brane dom ains (M l, M3 and M 4), and a 

cytoplasm -facing re-entrant m em brane loop (M 2). A m ino acids present w ith in  this loop control
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p e rm ea tio n  p ro p e r tie s  o f  the ion  ch an n e l (D in g led in e  e t a l., 1999). A  c o n se rv ed  am in o  ac id - 

b in d in g  p o ck e t fo rm ed  b y  tw o  g lo b u la r d o m a in s , S I (N -te rm in a l o f  the M l tran sm em b ran e  

sp an n in g  d o m ain ) an d  S2 (b e tw een  M 3 and  M 4 ), fo rm s the lig a n d -b in d in g  d o m ain  (B leak m an  and  

L o d g e , 1998; C h en  an d  W y llie , 2 0 06 ). C lo su re  o f  S I and  S2 p lace s  a to rq u e  on  the recep to r, and  

th e  re su ltin g  m ech a n ica l fo rce  is th o u g h t to  ch an g e  the ch an n e l s tru c tu re , lead ing  to  its  op en in g  

(D in g led in e  et a l., 1999). S tru c tu ra l an d  fu n c tio n a l d iv e rsity  o f  io n o tro p ic  g lu tam ate  re cep to rs  are  

ach ie v ed  w ith  p o s t- tra n sc rip tio n a l a lte ra tio n s , such  as a lte rn a tiv e  sp lic in g  and  R N A  ed itin g  

(Figure  1-2B).  A M P A  and  k a in a te  g lu tam a te  re cep to rs  m ed ia te  the v as t m a jo rity  o f  fast ex c ita to ry  

sy n ap tic  tran sm iss io n  in th e  C N S  (C h en  and  W y llie , 2 0 06 ), w h ile  N M D A  recep to rs  m ed ia te  a 

s lo w er p h ase  o f  n eu ro tran sm iss io n  (S can n ev in  and  H u g an ir, 2 0 00 ). G lu tam a te  re cep to rs  are  

p e rm eab le  to  ca tio n s  (C a ^ \  N a \  K^) and  la rg e ly  ex c lude  an io n s  from  th e ir  po re . Ca^^ has the 

ab ility  to  co u p le  e lec tric a l to  b io ch em ica l s ig n a llin g  and  a lte r in tra c e llu la r  ion  c o n cen tra tio n s  

(D in g led in e  et a l., 1999).

A B

e x tra c e llu la r

in tra c e llu la r

(
I
COOH

F igure 1-2. G en era l stru ctu re  o f  g lu tam ate  recep tors
(A ) M etabotropic glutam ate receptors contain seven transmembrane dom ains, a large extracellular N - 
terminus with a Venus flytrap domain (red), cysteine-rich dom ains (blue), and an intracellular e-terminus 
com prising a sp lice variant region (green) and a PDZ-binding m otif (orange). (B ) Ionotropic glutamate 
receptors are subdivided in AM PA, N M D A  and kainate receptor subtypes. They contain three 
transmembrane dom ains ( Ml ,  M 3, M 4) and a re-entrant loop M2. Som e o f  their structural and functional 
important subunit sites are indicated: S1-S2 ligand-binding domain (red), alternative sp licing sites (green), 
RN A  editing sites (purple) and PDZ-binding m o tif (orange).

V _ L - P ]  C O O H
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1.2.2.1 AMPA receptors

AMPA receptors are distributed ubiquitously throughout the CNS, although some regional 

variations do arise, an example being high levels found within the hippocampus (Ozawa et al., 

1998). The four different subunits o f  AMPA receptors (G luR l-4) are approximately 900 amino 

acids in length and show 65-75% sequence homology (Bleakman and Lodge, 1998). G luR l-4 

subunits (also called G luA l-4) are thought to form tetrameric structures by homomeric or 

heteromeric assembly (Chen and W yllie, 2006). AMPA receptors gate Na* and Ca^^, and channel 

permeability differs according to the subunit composition. AMPA receptors containing GluR2 

subunits display very low Ca^^ permeability due to a positively charged arginine in position 586 

instead o f  a glutamine (Q/R editing) in M2. AMPA receptors can present with fiirther differences 

in properties depending on alternative splicing (‘flip’ or ‘flop’ subunits) that play a role in ion 

channel kinetics (Bleakman and Lodge, 1998). As with mGluRs, the ct o f  AMPA-R subunits 

harbour PDZ binding motifs (-SVK1 for GluR2 and GluR3), which allow interactions with signal 

transduction and scaffolding proteins such as glutamate-receptor-interacting-protein (GRIP), 

AMPA receptor-binding protein (ABP) and PICKl (Kim and Sheng, 2004).

1.2.2.2 Kainate receptors

Kainate receptors are highly expressed in the spinal cord, cerebellum and pyramidal neurons o f the 

neocortex and the hippocampus (Bleakman and Lodge, 1998). They were named after the potent 

excitotoxic and epileptogenic effects o f kainate (Shinozaki and Konishi, 1970). Two kainate 

binding receptors, KA l and KA2 (also called GluK4 and GluK5), were cloned in the early 1990s, 

share 70% sequence homology and their assembly does not lead to functional channels. Their 

homology with the AMPA receptor subunits (G luR l-4) is approximately 40%. Three other 

subunits have been described, namely GluR5, GluR6 and GluR7 (G luK l-3) with a lower binding 

affinity for kainate. Co-expression o f  GluR5-7 with K A l and KA2 yields fiinctional channels.
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Each o f the kainate receptor subunits comprises about 900 amino acids and can undergo 

alternative splicing and RNA editing, which increases the number o f  kainate receptor isoforms 

(Chittajallu et al., 1999). A PDZ binding m otif (-ETMA) is present at the ct o f the GluR6 subunit, 

linking kainate receptors to PICKl and the postsynaptic density proteins PSD-95 and SA P-102 

(Garcia et al., 1998; Hirbec et al., 2003). Kainate receptors play an important role in excitatory 

transmission at mossy fibres/CA3 pyramidal cell synapses. At a presynaptic level, kainate 

receptors modulate the strength o f  synaptic transmission and regulate the release o f GABA and 

glutamate (Darstein et al., 2003; Jaskolski et al., 2004). On postsynaptic neurons, kainate receptors 

mediate a slow excitatory postsynaptic current (EPSC), which is thought to play a role in temporal 

integration o f excitatory signals and regulation o f neuronal excitability (Jaskolski et a!., 2004).

1.2.2.3 NMDA receptors

NMD A receptors are tetrameric and typically contain two N Rl (G luN l) and two NR2 (A-D) 

(GluN2A-D) subunits. Opening o f  the NM DA receptor channel requires the binding o f  both 

glutamate on the NR2 subunit and the co-agonist glycine on N R l (Dingledine et al., 1999; Erreger 

et al., 2004). Additional binding sites include a site within the channel at which use-dependent 

antagonists such as ketamine and MK-801 can bind. NR2A and NR2B subunits are both highly 

expressed in brain areas implicated in mood regulation, but NMDA receptors containing NR2A 

mediate faster neurotransmission than NR2B receptors (M achado-Vieira et al., 2009). At 

embryonic stages, the NR2B subunit is found in most brain regions, whereas the NR2D subunit is 

present in the diencephalon and brainstem. After birth, NR2A and NR2C levels increase, with 

NR2C primarily distributed within the cerebellum. During development, a decreased contribution 

o f  NR2B is observed, and an associated increase in NR2A-containing NMDA receptors in 

synaptic currents can be observed (Cull-Candy et al., 2001). NMDA receptors can also contain 

NR3(A-B) subunits (GluN3A-B) that modulate receptor properties by, for example, reducing both
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w hole-cell currents and single-channel conductance (D ingledine et al., 1999). A t a neuronal 

resting m em brane potential o f  -65m V , N M D A  receptors undergo channel block by ex tracellu lar 

Mg^^. The A M PA  receptor-induced depolarisation o f  neurons allow s lifting o f  the voltage- 

dependent block by Mg^^ via influx o f  m ainly  Ca^^ and to a lesser extent Na*. The influx 

triggers a variety  o f  intracellular signalling  cascades including activation o f  a Ca^^/calm odulin 

com plex, w hich in turn stim ulates nN O S, leading to the production o f  nitric oxide (F ig u re  1-3). 

O veractivation  o f  the N M D A  receptor is thought to cause excito toxicity  due to excessive Ca^"" 

influx; how ever, studies show that Ca^^ blockers alone are not protective against this process 

(Franke et al., 1996; Flom et al., 2001; H orn and L im burg, 2000). These findings have led to 

suggestions that the activation o f  additional intracellu lar cascades coupled to the N M D A  receptor, 

such as nitric oxide, are also im portant in excito tox icity  (A arts and T ym ianski, 2003).

-  1 5 -



NMDA-R
[Gtuj

I
i

I

I ' I v T i  Y )  ) I v  ' v  ̂ Y v ’ i W  i i  ' ' ' Y v  V v ' ' v  
■ ■ U  ‘  f  ' k  i ■ ■ ‘ ‘ ' ,1 ^ ■ A  t  », , # = ' A ‘  ‘  ■ A A  A ‘

1 ' i  j. : j  ̂ i l l  ) 1 i 1 1 1 ( i l l  : i  i  i  ! [ ! i ! 1 t : 11 t' ( i X 1

PDZ1 PDZ2 PDZ3 SH3 GK

--------n —

PSD-95

Arg/Haem/BH4 CaM FMN FMN; fa d  NADPH nNOS

L-Arg + Oj
Citrulline + NO

GC

GTP cGMP

PDE, PKG

Figure 1-3. General structure of the NMDA-R/PSD-95/nNOS complex
Upon activation o f the NMDA-R, activation o f nNOS triggers the production o f nitric oxide (NO) and 
subsequent activation o f an intracellular signalling cascade leading to cGMP regulation. (3f: P-finger o f PDZ 
domain. PDZ: canonical PDZ domain. For f ii ll description o f abbreviations, see pages xix-xxii.
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1.3 Postsynaptic density

The postsynaptic density (PSD ) is a m em brane-associated  m ega-organelle specialised for 

postsynaptic signal transduction and processing (Feng and Zhang, 2009). The PSD is located at the 

head o f  dendritic spines and is a d isc-like structure approxim ately  200-800 nm w ide and 30-50 nm  

thick (Feng and Zhang, 2009), w hich occupies approxim ately  10% o f  the surface area o f  the spine 

(H ering and Sheng, 2001). Im portantly , synaptic-expressed proteins are aligned w ith the 

presynaptic active zone at the PSD  (H ering and Sheng, 2001). There are four PSD  fam ily m em bers 

classified according to their m olecular w eight, including PSD -95 (SA P-90), PSD-93 (C hapsyn- 

110), synaptic associated proteins 97 kD a and 102 kD a (SA P-97 and SA P-102, respectively) 

(Figure  1-4A).  Briefly, SAP-97 is found in the pre- and postsynaptic com partm ents, w hereas 

PSD -95, PSD-93 and S A P -102 are found at the postsynaptic m em brane o f  excitatory synapses 

(K alia and Salter, 2003). The postsynaptic-expressed PSD proteins are located close to the 

m em brane at a m ean distance o f  12 nm (K im  and Sheng, 2004), w here PSD -95 and PSD -93 form  

m ultim ers m ediated by N -term inal "head to head" interactions (C hristopherson et al., 2003; H sueh 

et al., 1997; H sueh and Sheng, 1999). The fam ily o f  PSD proteins is m ade o f  three PD Z dom ains 

that act as m odules and scaffolds for protein-protein  interactions, a SH3 (Src hom ology 3) dom ain 

and a GK (guanylate kinase) dom ain, w hich has lost its catalytic activ ity  (F igure  1-4A).  PSD-95 

interacts w ith  several structural p ro teins and receptors found at the synaptic term inal (Figure  1- 

4B).  O f particular interest, PSD -95 interacts w ith  both  ionotropic and m etabotropic glutam ate 

receptors via protein-protein in teractions and plays a role in their precise assem bly and spatial 

organisation  as w ell as coupling these receptors to dow nstream  signalling events (Scannevin  and 

H uganir, 2000).
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Figure 1-4. T he PSD-95 p ro te in  and  its p ro te in  in te rac tio n  netw ork
(A) Four postsynaptic density (PSD) family mem bers have been described. PSD proteins contain three PDZ 
(PSD -95/D lgA /Zo-l) domains, a SH3 (Src homology 3) domain and a GK (guanylate kinase) domain, which 
has lost its catalytic activity. SAP-97 additionally contains a L27 domain located at its N-terminus. The 
longest human isoforms o f PSD-95, SA P -102, SAP-97 and PSD-93 are depicted on this figure. (B) The 
scaffold protein PSD-95 interacts with more than 40 proteins that can be divided in four categories: 
receptors, ion channels/pumps, transmem brane proteins and cytosolic proteins. For full description o f 
abbreviations, see pages xix-xxii.
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1.4 Neuronal nitric oxide synthase (nNOS)

1.4.1 Nitric oxide synthases

Nitric oxide synthases (N O S) are divided into three m ajor isoform s: neuronal (nNOS or N O S-1), 

inducible (iN OS or N O S-2) and endothelial (eN O S or N O S-3) isoform s (Figure 1-5). They were 

first described in 1989 and w ere cloned betw een 1991 and 1994 (A lderton et al., 2001). NOS are 

products o f  d ifferent genes and have distinct localisations, catalytic properties, regulation, and 

inhibitor sensitivity. H ow ever, hum an isoform s share betw een 51 and 57%  hom ology (A lderton et 

a!., 2001) and their sim ilar genom ic structure suggests a com m on ancestral NOS gene (Hall ct al., 

1994). A  m itochondrial type (m tN O S) located in the inner m itochondrial m em brane has been 

described (Elfering et al., 2002) but is generally  considered as a splice variant o f  nN OS (nN O Sa) 

w ith post-translational m odifications rather than a fourth isoform  (Guix et al., 2005). The hum an 

neuronal isoform  (nN O S) is a 1434 am ino acid protein o f  160.8 kDa. The gene encoding nNOS is 

located on chrom osom e 12 (12q24.2-12q24.3), incorporates 29 exons and shows sequence 

conservation through m any species (A lderton et al., 2001). The three NOS isoform s share 

com m on features that include nicotinam ide adenine dinucleotide phosphate (N A D PH ), flavin 

adenine dinucleotide (FA D ), flavin m ononucleotide (FM N ), calm odulin (CaM ), L-arginine, haem 

and tetrahydrobiopterin  (A rg/H aem /B H 4) (Zhou and Zhu, 2009). The N -term inal 220 am ino acids 

o f  nN O S, how ever, are un ique to the neuronal isoform  and contain a PDZ dom ain (A lderton et al., 

2001 ).
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Figure 1-5. Isoforms o f  nitric oxide synthases
Nitric oxide synthases are divided into neuronal (nNOS), inducible (iNOS) and endothelial (eNOS) 
isoforms. Human isoform s are depicted on this figure.

1.4.2 N itr ic  o x id e  s ign a ll in g

Dimerisation o f NOS creates high-affinity binding sites for Arg/Haem/BH 4 , which are necessary 

for NOS activity (Zhou and Zhu, 2009). In addition, NOS contains NADPH, FAD and FMN 

cofactor binding sites, similar to cytochrome P450 reductase (Hobbs et al., 1999), allowing 

electrons donated by NADPH to transfer from the reductase domain to the oxygenase domain via 

FAD, FMN and CaM (Alderton et al., 2001; Zhou and Zhu, 2009). The CaM binding site regulates 

the electron flow between the two regions in a “switch” manner (Hobbs et al., 1999; Su et al., 

1995). In the presence o f Ca^^, calmodulin associates to Ca^^ and forms a Ca^VCaM complex 

(Bredt and Snyder, 1990; Su et al., 1995), resulting in electron flow and oxidation o f L-arginine to 

form L-citrulline and nitric oxide (NO) (Zhou and Zhu, 2009). NO is a gas with a half-life of about 

30 s to 1 min, which diffuses freely across cell membranes with a paracrine mode of signalling, 

allowing both anterograde and retrograde diffusion. In neurons, NO is described as a 

neurotransmitter with atypical characteristics: it is not stored in synaptic vesicles, not released by
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ex o cy to s is , nor does N O  act upon receptor proteins on the postsynaptic m em brane (Bredt and 

Snyder, 1992). In addition, N O  can interact directly or indirectly w ith  m etals, reduced th iols, 

m olecular oxygen  and other reactive oxygen  sp ec ies , an exam ple being the association  o f  N O  w ith  

superoxide ions that leads to the form ation o f  O N O O ' (peroxynitrite), a pow erful oxidant that can  

m odify  proteins and lipids by nitration (V allance and Leiper, 2 0 02 ). N otab ly , in neurons, N O  

activates a solub le guanylate cyclase  w ith an E C 50  o f  1-4 nM  (H all and A ttw ell, 20 0 8 ) triggering  

the form ation o f  cy c lic  guanosine m onophosphate (cG M P ) from  guanosine triphosphate (G TP) 

(H all and A ttw ell, 2008; H obbs et al., 1999) and subsequent activation o f  protein k inases (PKG I 

and II), phosphodiesterases (PD E  III) (G uix et a l ,  2005 ) and cG M P -dcpendcnt kinase II (cG K II) 

(Serulle et al., 2007). F inally , N O  levels can be regulated by ca lcium /calm odulin-dependent 

protein kinase II (C aM K II) and Akt, tw o proteins that phosphorylate nN O S. In ph ysio log ica l 

conditions, A kt rapidly phosphorylates Ser-1412  o f  nN O S after glutam ate stim ulation, w hereas 

CaM KII, a protein binding to the ct o f  the N R 2B  subunit o f  N M D A -R , phosphorylates Ser-847  

with slow er kinetics (R am eau et al., 2007). Ser-847  phosphorylation is thought to block the 

binding o f  Ca^  ̂ to CaM  and p lace nN O S in a refractory state to direct activation by Ca^^ 

(K om eim a et al., 2000).

1.4.3 nNO S knockout animals

K nockout o f  the nN O S gen e (nN O S ' ) leads to a pronounced loss o f  N O S catalytic activity, 

although low  leve ls o f  residual N O S  activity persist, p ossib ly  due to eN O S  activity (H uang et al., 

1993). Som e typical features o f  nN O S' ' m ice include reduced neurotransmitter release, altered  

airway responsiven ess, increased leukocyte adhesion , pyloric sten osis , gastroparesis, abnormal 

inhibitory-junction potential and non-adrenergic non-cholinergic  relaxation in gastrointestinal 

sm ooth m u scle , urinary bladder and urethral sphincter d ysfunction , hypogonadism  and infertility 

(V allance and Leiper, 2002). O f  particular interest, nN O S' ' m ice have reduced tissue dam age in
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experimental models o f  stroke and global ischemia (Huang et al., 1994; Panahian et al., 1996; 

Vallance and Leiper, 2002) and nNOS deletion offers some protection from oxidative damage in 

older animals (M artinez-Lazcano et al., 2007), which has led to the hypothesis that reduction of 

NO levels may be protective in stroke. With regard to behaviour, male n N O S m i c e  demonstrate 

excessive sexual behaviour, display increased aggressiveness and do not relent in response to 

submissive postures o f  wild-type (WT) males, which suggests a deficit in processing social cues 

(Nelson et al., 1995; Workman et al., 2008). In contrast, female nNOS'^'mice exhibit less maternal 

aggression than WT females (i.e. decreased aggression towards male intruders when lactating or 

rearing pups) (Gammie and Nelson, 1999). Studies therefore suggest that neuronal NO has 

important but opposite effects in the mediation o f aggression in male and female mice (Gammie 

and Nelson, 1999). With regard to cognitive function, nNOS mice " have an impaired spatial 

working and spatial reference memory (Tanda et al., 2009). They also appear to be less “anxious” 

or “ fearful” than WT mice (Nelson et al., 2006; Workman et al., 2008; Zhang et al., 2010) and 

exhibit an antidepressant-like effect in the Porsolt forced swim and tail suspension tests when 

compared to WT mice (Nelson et al., 1995; Tanda et al., 2009; Zhou et al., 2007). Finally, nNOS‘ ‘ 

mice present deficits in fear conditioning (Kelley et al., 2010; Kelley et al., 2009). Overall, it 

appears that complete disruption o f  nNOS has dramatic effects on the physiology and behaviour of 

mice. Targeted disruption o f nNOS in the brain may therefore offer an alternative strategy to 

assess the role o f  nNOS in depression and avoid increased aggressive behaviours in group-housed 

male mice.

1.5 PDZ domain interactions in the NMDA-R/PSD-95/nNOS complex

1.5.1 The NM DA-R/PSD-95/nNOS complex

The family o f  PDZ domain-containing proteins is comprised o f  more than 150 members that are, 

for the most part, otherwise unrelated. PDZ domains are 80-90 amino acids long and are the most
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abundant protein dom ain in eukaryotes (Feng and Zhang, 2009). These dom ains contain a 

canonical peptide binding groove typically  com posed o f  six P-strands (PA to pp) and two a-helices 

(aA  and aB ), w hich recognise a short stretch o f  residues at the carboxyl term inal o f  target proteins, 

know n as PDZ m otifs (Feng and Zhang, 2009). Thus, PDZ dom ains can be considered as 

intracellular dom ains or “receptors” that can be filled by a PDZ m o tif  o r “ ligand” (Dev, 2004). 

PD Z-based interactions play a d iverse role in cellular function, including the trafficking and 

m em brane expression o f  synaptic receptors, the targeting o f  k inases and E3 ligases for receptor 

phosphorylation and ubiquitination respectively , and m aintenance o f  the synaptic cyto-architecture 

and m orphology (Feng and Zhang, 2009; K im  and Sheng, 2004).

PSD-95 contains a SH3 dom ain, a GK dom ain and three PDZ dom ains (Figure 1-4). The PDZ 

dom ains 1 and 2 o f  PSD -95 are separated by only a few residues, creating a rigid bond that m ay 

restrain interdom ain flexibility. These two PD Z  dom ains can have d istinct o r overlapping target- 

binding proteins (Feng and Zhang, 2009). In contrast, the PDZ3 o f  PSD -95 is located at the 

carboxyl term inal end o f  the protein and has a set o f  interacting proteins that are d istinct from  PDZ 

dom ains 1 and 2 (Lim  et al., 2002). The N -palm itoylation o f  PSD -95 at Cys-3 and Cys-5 residues 

(E l-H usseini et al., 2000a) is essential for enhanced synaptic responses (Schnell et al., 2002) and 

the trafficking o f  PSD -95 to the plasm a m em brane (El-H usseini et al., 2000a). W ith its several 

dom ains, PSD -95 is often referred to as a scaffo ld  protein, w hich localises and traffics various 

receptors, cell adhesion m olecules, ion channels, k inases and phosphatases to the synaptic 

m em brane. PSD -95 also interacts w ith a varie ty  o f  adaptor and cytoskeleton proteins, m olecular 

m otors, as well as protein synthesis m achineries (Feng and Zhang, 2009; Scannevin and Huganir, 

2000). Thus, PSD -95 plays a central role in receptor surface delivery, endocytosis and subcellular 

localisation, by w hich it can regulate the subunit com position and channel conductance o f  

receptors expressed at the synapse, in particular N M D A  receptors (K alia et al., 2006; K im  and



Sheng, 2004). To date, m ore than 40 proteins have been identified to interact w ith  PSD -95, the 

m ajority  o f  w hich are localised at the PSD (Y am auchi, 2002) (F ig u re  1-4).

Im portantly , N M D A  receptor subunits contain PDZ m otifs that can interact w ith several proteins 

located in the cytosol (F ig u re  1-6). In particular, the ct o f  N R 2A , N R 2B  or N R l subunits contains 

a PDZ m o tif  (-ESD V , -ESD V  and -STV V  respectively) that binds P D Z l or PDZ2 o f  PSD -95, but 

not PDZ3 (K om au et al., 1995; N ietham m er et al., 1996). In addition, PSD -95 (PD Z2) also 

interacts w ith nN O S (B renm an et al., 1996). Specifically, nN O S contains two non-overlapping 

binding sites; (i) a canonical PDZ dom ain (residues 1-99) that b inds PDZ m otifs (C hanrion et al., 

2007; F irestein and Bredt, 1999; Jaffrey et al., 1998; Lin et al., 2003; M anivet et al., 2000; R iefler 

and Firestein, 2001; Saitoh et al., 2004) and (ii) an “ internal” PDZ m otif (residues 100-130) that 

binds PDZ dom ains o f  o ther proteins (C hristopherson et al., 1999; H illier et al., 1999) (F ig u re  1- 

7). This internal PDZ m otif (residues 100-130) o f  nN O S is arranged in a flexible, transient P-sheet 

structure and is usually  referred to as P-hairpin or P-fmger. The PSD -95 (PD Z2) interacts w ith the 

nN O S residues 108-111 (-ETTF-, an internal PDZ m otif), w hich transform s the flexible P-hairpin 

into a rigid and stable P-sheet (Tochio et al., 2000). The nN O S splice variants that lack a PDZ 

m o tif  do not associate w ith PSD -95, suggesting a prim ary role for the internal PD Z m otif in 

m ediating subcellular localisation o f  nNOS (B renm an et al., 1996). Taken together, these PDZ- 

based interactions create a ternary protein com plex com posed o f  N R 2B (-ESD V )/PSD -95(PD Z 1) 

and PSD -95(PD Z2)/nN O S(-ETTF-) interactions (C hristopherson et al., 1999).
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1.5.2 Expression of the NM DA-R/PSD-95/nNOS complex in the CNS

The N R l subunit is ubiquitously expressed in the adult human brain, while the NR2A-D subunits 

display a region-specific distribution (Karolewicz et al., 2005). For example, NR2C is strongly 

expressed in the locus coeruleus, while NR2A and NR2B are found at very low levels in this brain 

region (Karolewicz et al., 2005). In contrast, modest levels o f NR2A and high levels o f  NR2B and 

NR2C are found in all subfields o f  the hippocampus, including pyramidal neurons, granule cells 

and polymorphic hilar cells (Karolewicz et al., 2005; Law et al., 2003). N Rl and NR2B also 

undergo developmental regulation, respectively increasing and decreasing after the neonatal 

period, whereas NR2A levels remain unchanged (Law et al., 2003). Importantly, PSD-95 is widely 

expressed in the human brain and overlaps with NMDA-R distribution, including regions 

implicated in mood regulation, such as the frontal cortex (Beneyto and Meador-W oodruff, 2008; 

Feyissa et al., 2009; Toro and Deakin, 2005), amygdala (Karolewicz et al., 2009), hippocampus 

(Toro and Deakin, 2005) and striatum (Kristiansen and Meador-W oodruff, 2005). High protein 

levels o f  nNOS are also found in several regions where both NM DA-R and PSD-95 are expressed 

(Blum-Degen et al., 1999). In particular, nNOS is found in hippocampal pyramidal cells and 

intemeurons o f  the CA l and CA3 layers and in granule cells o f the dentate gyrus in both human 

and rodent brains (Blackshaw et al., 2003; Law et al., 2003). Interestingly, hippocampal levels of 

nNOS are greater in mice than in rats, with a prominent expression in pyramidal layers o f CAl 

and CA3 (Blackshaw et al., 2003; Burette et al., 2002). The association o f  nNOS with NMDA-Rs, 

via PSD-95 (Christopherson et al., 1999), plays an important role in a range o f normal neuronal 

functions including synaptic plasticity and learning and memory (Garthwaite et al., 1988; Jaffrey 

and Snyder, 1995), as well as pathophysiological disorders o f  the brain such as stroke and pain 

(Aarts et al., 2002; Cook et al., 2012; Florio et al., 2009; Sun et al., 2008; Zhou et al., 2010). With 

regard to depression, post-mortem  studies revealed region-specific changes in N R l, NR2A-C, 

PSD-95 and nNOS expression levels in depressed patients when compared to matched controls.
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which support the hypothesis that the NMDA-R/PSD-95/nNOS complex is altered in major 

depressive disorder (Table 1-2).

Table 1-2. NM DA-R/PSD-95/nNOS abnormalities in depression

Region of 
interest NRl N R l A

NMDA receptor 
NR2B NR2C NR2D PSD-95 nNOS Technique used References

Prefrontal
cortex
- Orbitofrontal 
cortex n.s. n.s. Autoradiography Toro and Deakin, 2005

- Anterior 
prefrontal cortex

- Dorsolateral 
prefrontal cortex

n.s.

1

i

i

i

n.s. n.s. n.s.

i

n.s.

WB 

In situ
hybridisation

Feyissa et al., 2009

Beneyto and Meador- 
Woodruff,
2008

Medial
tem poral lobe

- Hippocampus 
CAl T IHC Oliveira et al., 2008

- Hippocampus 
dentate gyrus n.s. n.s. Autoradiography Toro and Deakin, 2005

- Hippocampus n.s. n.s. n.s. n.s. n.s. In situ
hybridisation

Beneyto et al., 2007

- Entorhinal 
cortex
- Perirhinal 
cortex

n.s.

n.s.

n.s.

1

n.s. n.s. 

i n.s.

n.s.

n.s.

In situ
hybridisation 
In situ
hybridisation

Beneyto et al., 2007 

Beneyto et al., 2007

Superior 
temporal cortex n.s. WB

Nudmamud-Thanoi 
and Reynolds,
2004

Lateral
amygdala n.s. T t n.s. WB Karolewicz et al., 

2009

Locus coeruleus n.s. T i WB
Karolewicz et al., 
2004 and Karolewicz 
et al., 2005

Striatum
- Nucleus 
accumbens, 
putamen, 
caudate nucleus

n.s. In situ
hybridisation

Kristiansen and
Meador-Woodruff,
2005

Cerebellum n.s. n.s. WB Karolewicz et al., 
2005

IHC: immunohistochemistry, n.s.: non significant, WB; Western-blotting, increased, j :  decreased when compared to matched 
controls.
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1.6 Current drugs used to target NMDA-R and NOS in depression

1.6.1 NMDA-R antagonists

Delayed action o f  existing antidepressant agents suggests that they act on substrates considerably 

upstream o f targets that are ultimately responsible for their effects. The delay associated with the 

onset o f  action o f SSRIs is thought to arise from slow adaptation to presynaptic 5 H T i b/ i d  and 

somatodendritic 5HTia autoreceptors, which undergo desensitisation upon chronic administration 

o f antidepressants (Cryan and Leonard, 2000). Recent studies also suggest further neuronal 

adaptation including increases in BDNF and neurogenesis in the dentate gyrus associated with 

chronic antidepressant administration and the delayed onset o f  antidepressant action (Duman, 

2004; Krishnan and Nestler, 2008). In addition, other neurotransmitters have been proposed in 

mediating the delayed effects o f monoaminergic-based antidepressants (Zarate et al., 2006a). In 

this context, the glutamatergic system, and in particular adaptive changes to the NMDA receptor 

complex, have been proposed to serve as a common pathway for neurobiological events, which 

underlie antidepressant action. Antidepressant treatments may induce changes to the ligand- 

binding properties o f the NMDA-R complex (Paul and Skolnick, 2003; Petrie et al., 2000; 

Pittenger et al., 2007), in addition to affecting a reduction in depolarisation-evoked presynaptic 

glutamate release (Bonanno et al., 2005). Such effects appear to occur in a regional- and time- 

dependent fashion in keeping with the clinical actions o f  antidepressants. Further support for a role 

o f  the NM DA-R as a locus o f antidepressant activity stems from evidence that NMDA-R 

antagonists produce antidepressant effects both clinically and in several animal models of 

antidepressant action (Skolnick et al., 2009).
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1.6.1.1 M emantine

M em antine, a low -to-m oderate-affm ity  non-com petitive N M D A -R  antagonist licensed for the 

treatm ent o f  A lzheim er’s disease, has been investigated as a potential antidepressant. M em antine 

did not im prove clinical sym ptom s w hen adm inistered at a m axim um  dose o f  20 m g daily  in 

patients w ith m ajor depressive d isorder (Zarate et al., 2006b) but significantly  reduced depression 

sym ptom s w hen the dose w as titrated  up to 40 m g/day in a sm all open-label trial (Ferguson and 

Shingleton, 2007).

1.6.1.2 Ketamine

K etam ine is a non-com petitive N M D A -R  antagonist w ith  a half-life o f  approxim ately 2 hours 

(Zarate et al., 2012a). Its low  oral b ioavailability  in hum ans, w hich ranges from  17-24% 

(Peltoniem i et al., 2012), necessitates intravenous delivery. H ow ever, sublingual and intranasal 

form ulations are currently  being developed in order to facilitate adm inistration  (Peltoniem i et al., 

2012). Two initial clinical studies have reported a rapid im provem ent in depressive sym ptom s 

after intravenous infusion o f  ketam ine (0.5 m g/kg) over a period o f  40 m inutes (B erm an et al., 

2000; Zarate et al., 2006a). A dditional reports have m ore recently  confirm ed ketam ine’s rapid and 

robust effects on depression sym ptom s. U sing a sim ilar treatm ent regim e to earlier investigations, 

an open-label study dem onstrated that ketam ine reduced depressive sym ptom s in treatm ent- 

resistant patients w ith  a significantly  h igher response in individuals w ith a confirm ed fam ily 

history o f  alcohol abuse w hen com pared to patients w ith no fam ily history (Phelps et al., 2009). 

M oreover, studies have show n a rapid and robust antidepressant action using the M ontgom ery 

A sberg depression rating scale (M A D R S) in cohorts o f  treatm ent-resistant depressed patients 

(D iazG ranados et al., 2010b; Price et al., 2009) and patients suffering from  b ipolar depression 

(D iazgranados et al., 2010a; Zarate et al., 2012b). Som e o f  these reports additionally  determ ined 

that suicidal ideation w as significantly  reduced (D iazG ranados et al., 2010b; Price et al., 2009;
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Zarate et al., 2012b). In the context o f  suicide risk, w hich requires rapid intervention , a sm all 

open-label trial in an em ergency departm ent used ketam ine as a single intravenous bolus o f  0.2 

m g/kg adm inistered  over 1-2 m inutes. Sym ptom s o f  depression and suicidal ideation w ere 

decreased significantly  w ithin 40 m inutes, w ith no evidence o f  recurrence during the 10-day 

follow -up, as determ ined by the M A D RS (Larkin and B eautrais, 2011). W hile beneficial effects 

have been observed for up to 7-10 days (Larkin and B eautrais, 2011; Zarate et al., 2006a) and 

m ore recently  up to 28 days (Ibrahim  et al., 2012b), a broader use o f  ketam ine in the clinic is 

currently  lim ited, due to its adverse effects. These m ostly  include dissociative and perceptual 

d isturbances (M achado-V ieira et al., 2012; W o lff and W 'instock, 2006), in addition to cognitive 

im pairm ent (Zarate et al., 2012b). D issociative sym ptom s are how ever short-lived and typically  

resolve 40 m inutes follow ing the end o f  ketam ine infusion (Zarate et al., 2012b). F inally , b rie f 

hypertensive episodes and tachycardia or bradycardia after repeated doses have also been reported 

(aan het Rot et al., 2010). Q uite interestingly, since ketam ine is prim arily  used as an anaesthetic 

and does not elevate the seizure threshold, supplem entation  o f  standard anaesthetics w ith low -dose 

ketam ine for ECT (w ithin the dose range found effective in depression trials) has been 

hypothesized to facilitate a seizure response and an antidepressant effect for treatm ent-resistant 

depression (Li et al., 2012). Several case reports have suggested that ketam ine anaesthesia had 

synergistic effects w ith ECT and produced less im pairm ent in short-term  m em ory. Patients w ho 

received ketam ine also needed few er ECT sessions than patients who received the anaesthetics 

etom idate, propofol or thiopental (K ranaster et al., 2011; M cD aniel et al., 2006; O kam oto et al., 

2010; O stro ff et al., 2005). C linical efficacy, how ever, rem ains to be dem onstrated through 

random ised clinical trials (Li et al., 2012).
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1.6.2 Other modulators of glutamate release

Two other agents m odulating glutam ate release, riluzole (licensed for the treatm ent o f  

am yotrophic lateral sclerosis) and lam otrigine (licensed for the treatm ent o f  epilepsy and bipolar 

disorder) have been investigated for the treatm ent o f  b ipolar depression w ith m ixed results. An 

open-label study using riluzole at a daily  dose o f  50-200 m g w as suggested to im prove sym ptom s 

o f  bipolar depression as m easured by the M A D R S (Zarate et al., 2005). H ow ever, tw o studies 

attem pting to prolong the effects o f  ketam ine using oral riluzole (100-200 m g/day) in patients 

suffering from  m ajor depressive disorder failed to show  sustained therapeutic benefit (Ibrahim  et 

al., 2012b; M athew  et al., 2010). M oreover, lam otrigine at doses ranging from  50-400 mg daily 

did not im prove sym ptom s in the acute treatm ent o f  bipolar depression in five double-blind and 

p lacebo-controlled clinical trials (Calabrese et al., 2008). Thus, despite the antidepressant effects 

o f  ketam ine, not all clinical trials o f  N M D A -R  antagonists or agents w hich influence the synaptic 

availability o f  glutam ate have y ielded such dram atic results. A study using the NR2B selective 

antagonist traxoprodil (C P -101,606) in treatm ent-resistant depression is particularly  notew orthy as 

patients w ho had failed to respond to the SSR l paroxetine show ed a greater im provem ent in 

M ADRS scores follow ing a single infusion o f  traxoprodil w ith continued paroxetine when 

com pared to infusion placebo controls (Preskorn et al., 2008). The response rate w as 3-fold higher 

in traxoprodil patients w hen com pared to placebo controls and w as m aintained in over 30%  o f 

patients for up to 30 days post-infiision. Since depressed patients treated w ith ketam ine d isplay a 

rapid am elioration o f  their sym ptom s, N M D A -R  antagonists that d isplay ketam ine-like effects 

w ith dim inished psychotom im etic effects and/or delivered  orally instead o f  intravenously could 

provide novel antidepressants w ith a reduced side-effect profile (B urgdorf et al., 2013; Ibrahim  et 

al., 2012a; Zarate et al., 2013),

A lthough m ore rigorous clinical testing w ill be required, the results lend support to the hypothesis 

that reduction o f  N M D A  receptor function can  produce rapid  antidepressant effects in treatm ent-
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resistant patients. R egulation o f  glutam ate levels and o f  N M D A -R  function m ay therefore offer a 

therapeutic m ethod for the treatm ent o f  depression, provided that associated psychosis and 

psychom otor stim ulation  can be avoided,

1.6.3 nNO S inhibitors

Since N M D A -R s couple to nNOS and N M D A -R  antagonists possess antidepressant properties, the 

dow nstream  inhibition o f  nNO S has also been investigated as an experim ental approach to 

produce antidepressant effects lacking the problem s associated  w ith direct inhibition o f  the 

receptor. N O S inhibitors display prom ising antidepressant activity  in preclinical studies (W egener 

and V olke, 2010). In the m ouse forced sw im  test (FST), the nitric oxide synthase inhibitors N* -̂ 

nitro-L -arginine (L-N N A ), N '^-m onom ethyl-L-arginine (L-N M M A ), N '^-nitro-L-arginine 

m ethylester (L-N A M E) and l-[2-(trifluorom ethyl)phenyl] im idazole (TR IM ) dem onstrated the 

sam e efficacy as the conventional tricyclic antidepressant im ipram ine (H arkin et al., 1999; V olke 

et al., 2003). Furtherm ore, behavioural effects w ere dose-dependent, stereoselective and reversed 

by co-treatm ent w ith the NOS substrate L-arginine, consistent w ith involvem ent o f  n itric oxide in 

the antidepressant response. Inhibitors o f  nNOS elicit antidepressant activ ity  w hen adm inistered 

alone in these tests or, in low doses, augm ent the activity  o f  sub-threshold doses o f  antidepressant 

drugs (Harkin et al., 2004). By contrast to N M D A  receptor antagonists, N O S inhibitors are devoid 

o f  locom otor stim ulatory  properties (H arkin et al., 2004; H arkin et al., 1999). In other preclinical 

investigations, nN O S deletion or treatm ent w ith the N O S inhibitors 7-nitroindazole (7-N I) or 

TRIM  prevented chronic m ild stress (C M S)-induced depression-related  behavioural changes in 

m ice, further confirm ing the antidepressant potential o f  N O S inhibition (M utlu et al., 2009; Zhou 

et al., 2007). M ice exposed to CM S overexpress h ippocam pal nN OS and show  im paired 

neurogenesis in the hippocam pus (Zhou et al., 2007). C M S-induced behavioural deficit as 

m easured by increased im m obility in the tail suspension test and im pairm ent in hippocam pal
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neurogenesis are reversed in mice lacicing the nNOS gene or mice treated with 7-NI. Moreover, 

disrupting hippocampal neurogenesis blocks the antidepressant effects o f 7-NI in this model. Such 

findings suggest that nNOS overexpression and reduced neurogenesis in the hippocampus are 

associated with stress-induced depression and that inhibition o f  nNOS signalling in the brain 

represents a novel approach to antidepressant treatment. However, despite these promising studies, 

none of the NOS inhibitors reported has been approved for medical use (Labby et al., 2012). 

Efforts in synthesising highly selective and potent nNOS inhibitors with increased oral 

bioavailability and efficient crossing o f  the blood brain barrier have been difficult and have limited 

the development o f such drugs (Annedi et al., 2012; Lawton et al., 2009; Ramnauth et al., 2012; 

Renton et al., 2011; Xue et al., 2010; Xue et al., 2011).

1.7 Disruption with blocking peptides and small-molecule inhibitors 

1.7.1 Inhibition  of NM DA-R/PSD-95

Disruption o f the NM DA-R/PSD-95/nNOS complex represents an alternative approach to 

specifically block NM DA-R signalling coupled to nNOS, which may allow for a better side-effect 

profile. To date however, PDZ-based interactions represent a drug target that still remains largely 

untapped (Dev, 2004). A common method used to disrupt PDZ-based interactions consists of 

using a blocking peptide or compound that binds to the PDZ domain and competitively prevents 

PDZ motif(s) from interacting (Aarts et al., 2002; Andreasen et al., 2013; Cook et al., 2012; 

D'Mello et al., 2011; Fan et al., 2009; Florio et al., 2009; Soriano et al., 2008; Sun et al., 2008; 

Zhou et al., 2010). The first report to demonstrate disruption o f  the NMDA-R/PSD-95 interaction 

by use o f a competitive blocking peptide showed a protective effect in the middle cerebral artery 

occlusion (MCAO) model o f stroke without altering synaptic activity or calcium influx (Aarts et 

al., 2002). In this study, the last nine ct residues o f  NR2B (KLSSIESDV) were fused to the cell- 

membrane transduction domain o f the human immunodeficiency virus-type 1 (HIV-1) Tat protein
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(Y G R K K R R Q R R R ) to create the cell m em brane-perm eable T at-N R 2B 9c  

(Y G R K K R R Q R R R K L SSIE SD V ). U sin g  this peptide, the study confirm ed that P S D -95  is required  

for coupling o f  the N M D A -R  to N O  and Ca^^ signalling , w h ich  p lays a role in neuronal 

excito tox ic ity  (Sattler et al., 1999). S ince P SD -95  interacts w ith  m any proteins v ia  its PDZ  

dom ains (K im  and Sheng, 2 0 0 4 ), the binding o f  T at-N R 2B 9c to the PDZ dom ains o f  P SD -95  

cou ld  in theory alter several interactions and thus cause side effects. Surprisingly, how ever, 

inhibition o f  the N M D A -R /P S D -95  interaction by T at-N R 2B 9c w as not reported to cause any 

overt behavioural changes (Aarts et al., 2002 ). In agreem ent, a later study exam ined the long-term  

neurological outcom es o f  M C A O  rats treated w ith T at-N R 2B 9c and reported no physical, 

sensorim otor or cogn itive  adverse e ffects (Sun et al., 2008 ). M ore recently, confirm ation o f  the 

neuroprotective e ffects o f  T at-N R 2B 9c w ere reported in a rat m odel o f  nerve injury-induced  

neuropathic pain (D ’M ello  et al., 2 0 1 1 ) and in a non-hum an prim ate (cyn om olgu s m acaque) m odel 

o f  stroke (C ook et al., 2012 ). In the latter study, c lassic  M C A O  protocols w ere applied, in addition  

to testing situations m ore likely  to be encountered in clin ica l settings, i.e. prolonged ischaem ic  

interval and/or delayed  access to treatment. T at-N R 2B 9c w as able to reduce infarct vo lu m es and 

preserve neurological function (C ook  et al., 2012 ). Taken together, these results dem onstrate the 

potential o f  PD Z  dom ains as effic ien t drug targets.

1.7.2 Inhibition of  PSD-95/nNOS

In recent years, disruption o f  P S D -95/n N O S  rather than N M D A -R /P S D -95  has been preferred in 

order to b lock  dow nstream  N O -m ediated  excito tox ic ity  w ithout b lock ing N M D A -R -m ediated  

excitatory neurotransm ission. Sp ecific  disruption o f  the P S D -95 /n N O S  interface has been  

ach ieved  w ith cell fusion  proteins based on the first 300  residues o f  nN O S (nN O S|_3oo) (C ao et al., 

2005; Florio et al., 2009). This nNOSlooo protein fragm ent contains the PD Z  dom ain and P-finger  

o f  nN O S and can act as a com petitive inhibitor o f  the interaction betw een  the PDZ m o tif  o f  nN O S
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and the PDZ2 o f  PSD -95. W hile inhibiting PSD -95/nN O S interaction, the nNOS 1 .3 0 0  protein 

fragm ent preserves the N M D A -R /PSD -95 (P D Z l)  interaction, therefore avoiding disruption to 

additional functions o f  N M D A -R s (C ao et al., 2005). Im portantly , the nN O S 1 .3 0 0  fragm ent has been 

show n to prevent the induction o f  stress-activated protein kinase p38 and neuronal death caused by 

g lutam ate (Cao et al., 2005). A nother study has also show n that an nN O S i .2 9 9  fragm ent inhibits in 

vitro  b inding o f  nNOS to PSD -95 w ith an IC 50 sim ilar to that o f  T at-N R 2B 9c (300 nM ). W hen 

injected intrathecally, T at-nN O Si .2 9 9  inhibited acute therm al hyperalgesia and chronic m echanical 

allodynia in a rodent m odel o f  nociception (Florio et al., 2009). R ecently , a lentivirus m ethod has 

been used to overexpress an nN O S i .1 3 3  protein fragm ent containing the PD Z dom ain and P-fm ger 

o f  nN O S. The stereotactic injection o f  this nN O Si .1 3 3  lentivirus into the right cortex o f  M CA O  

m ice significantly  reduced the infarct area and im proved neurological scores w hen com pared to 

non-treated M C A O  m ice (Zhou et al., 2010).

1.7.3 Sm all-m olecular w eight inhibitors o f PSD -95/nN O S

W hile b iologically  active peptides are good tools for investigating protein-protein  interactions, the 

peptidergic nature o f  these com petitive inhibitors m ay lim it potency in a cellular context and m ore 

so in vivo, because o f  rapid degradation and poor pharm acokinetic properties (Dev, 2004). 

M ethods such as viral delivery and peptide form ulations represent approaches to deliver 

b io logically  active peptides; how ever, the use o f  sm all-m olecule inhibitors still represents an 

optim al option in a clinical setting. Significantly, tw o com pounds have been m ade that inhibit the 

interaction o f  nN O S w ith  PSD -95 (F ig u re  1-8) (Florio et al., 2009; Z hou et al., 2010), indicating 

the drugability  o f  PSD -95/nN O S interactions. In the first o f  these studies, IC87201 (2 -((lH -benzo  

[d] [1,2,3] triazol-5-yIam ino) m ethyl)-4,6-dichlorophenol) w as identified in a high throughput 

screen and found to disrupt the PSD -95/nN O S interaction w ith an IC 50 o f  31 ^M . W hile the 

b ind ing  site o f  IC87201 has not been identified, in an N M D A -induced therm al hyperalgesia m ouse

- 3 5 -



m odel, intrathecal adm inistration o f  this com pound at a dose o f  1 pm ol had an tinociceptive effects, 

as detected by a reduction in warm w ater (49°C ) tail flick  latency. This drug w as a lso an e ffective  

anti-nociceptive after intraperitoneal injection, w ith an EC 50 o f  0.1 m g/kg. M oreover, in a rat 

m odel o f  chronic constriction  o f  the sciatic nerve, IC 87201 abolished  m echanical a llodynia  w hen  

adm inistered intrathecally (at 50 and 100 nm ol d oses) or intraperitoneally (2 m g/kg), suggesting  

that 1C87201 crosses the b lood  brain barrier (F lorio et al., 2009).

COOH

IC87201 ZL006

Figure 1-8. C om pounds disrupting the PSD-95/nMOS interaction
1C87201 (2-((lH -benzo [d] [1,2,3] triazol-5-ylatnino) m ethyl)-4,6-dichlorophenol) and ZL006 (4-(3,5- 
dichloro-2-hydroxy-benzylam ino)-2-hydroxybenzoic acid) are sm all-molecule inhibitors o f  the PSD- 
95/nNOS interaction.

T he low  IC50 o f  IC 87201 (31 |.iM) has been further im proved in a second  study, w hich  has 

identified  Z L 006 (4-(3 ,5-d ich loro-2 -h yd roxy-b en zy lam in o)-2 -h yd roxyb en zo ic  acid), a m olecu le  

structurally related to IC 87201. Z L 006 has been show n to inhibit N M D A -R -dependent N O  

syn thesis in cortical neurons w ith an IC50 o f  82 nM  and to cross the b lood  brain barrier after 

system ic  adm inistration. T his com pound is thought to bind the P-finger o f  nN O S by form ing an 

ion ic bond betw een its carboxyl group and the am ino group in A rg-121 o f  the nN O S PD Z  dom ain  

and a hydrophobic bond betw een  the hydrophobic ring o f  Z L 006 and L eu -107 or P h e - l l I  o f  

n N O S, thus hindering the conform ational change o f  nN O S P D Z  dom ain (Z hou et al., 2010). In a
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M C A O  m odel o f  stroke, m ice treated intravenously w ith Z L 006 at 1.5 m g/k g  Ih after reperfusion  

show ed  im provem ent in neurological scores and a reduction o f  infarct s ize  w hen  com pared to non

treated m ice. Im portantly, these results are sim ilar to those found for the lentivirus nN O S 1 . 1 3 3  

(Zhou at al., 2010 ). Furthermore, Z L 006 did not inhibit nN O S catalytic activity and N M D A -R  

function, did not im pair spatial m em ory and had no e ffect on aggressive behaviour. Taken  

together, these data su ggest that Z L 006 m ay be used to treat stroke w ithout any major side effects  

(Z hou et al., 20 1 0 ) and supports the notion  that the P S D -95 /n N O S  interaction is an important 

target for drug developm ent.

1.8 Lentiviral delivery systems

To investigate the effects o f  P S D -95 /n N O S  disruption in the context o f  depression , one o f  the 

strategies used  in this thesis consisted  o f  a Ientivirus-m ediated gene delivery system  to deliver  

n N O S |.3oo(nN O S d ecoy ) in the rat brain.

Viral vectors are pow erful tools to deliver a foreign gene into som atic c e lls  w ith  the ultim ate aim  

to incorporate and ach ieve stable expression  o f  the gene o f  interest (K lim atcheva et al., 1999). In 

recent years, d ifferent viral vector system s have been develop ed  and m ainly derive from  

adenoviruses, adeno-associated  viruses (A A V ), herpes sim plex  viruses (H S V ) and retroviruses 

(V erm a and Som ia, 1997). A m ong retroviruses, the subfam ily  o f  len tiv ir in ae  represents a good  

source for producing viral vectors. L en tiv irin ae  typ ica lly  lead to s low  and progressive d iseases 

affecting the im m une system , the hum an im m u nod eficien cy  virus H IV-1 being one o f  their m ost 

fam ous representatives.

Lentiviral vector generation is based on the naturally occurring life  cyc le  o f  retroviruses 

(K lim atcheva et al., 1999) (F ig u re  1-9A ). B riefly , the first even t is the interaction o f  the lentivirus
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w ith  the target cell via b inding o f  the viral envelope g lycoprotein to a specific recep tor on the cell 

m em brane, w hich defines the cellu lar target for the virus (viral tropism ). O nce bound to the 

cellu lar receptor, the viral m em brane undergoes fusion w ith the cellu lar m em brane, the virion- 

bound m atrix  and capsid proteins disassem ble, liberating a nucleoprotein  com plex (containing 

viral RN A ) that is delivered into the cytoplasm  o f  the cell. U nder the action o f  reverse 

transcrip tase, the initial single-stranded viral RN A  is transform ed into a double-stranded, linear 

DN A. Specific cleavages at the 5' and 3' term ini o f  the DNA occur and lead to integration into 

active chrom atin sites o f  the host genom e (N aldini et al., 1996a). This step is essential for 

retroviral gene expression and allow s the provirus to becom e a perm anent genetic elem ent in the 

host. A ll these early events (attachm ent, entry, reverse transcription and integration) are used for 

the creation o f  lentiviral vectors. Since early steps do not depend on viral protein synthesis, m ost 

trans-acting  genes can be excluded so that the transfer vector only encodes the gene o f  interest. 

E lim ination  o f  these trans-acting genes renders the transfer vector defective for replication and 

lentivectors are therefore unable to produce progeny.

partc le

Infection of 
host cell

viral RNA
Host Df

Integration I  Translation

Double-stranded
Protein of interest

Target cell (e.g. neuron)

Trans(»r construct 
(pU4.0)

fgwM~g»gpa~HRRE^ pLP1

pun
pLP/VSVG

Packaging cell (HEK 293T)

Figure 1-9. Design and mechanism of infection o f lentiviral particles
env: envelope, gag: group antigens, pel; polymerase, LTR: long terminal repeat, RRE; Rev responsive 
element, WPRE: Woodchuck hepatitis post-transcriptional regulatory element, CMV/PGK/RSV: promoters.
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Lentiviral vectors are generated using a "split-component” system, the objective being to increase 

safety and limit each component in function to the point that infectious viral particles can only be 

produced in the packaging cell and not from the vector preparation (Naldini et al., 1996b). 

Furthermore, removal of sequence homology in split-component systems reduces the risk of 

recombination of vector genome during lentiviral production (Connolly, 2002). In the third 

generation packaging systems currently used (Dull et al., 1998), the transient expression system is 

made of four genetic elements: a transfer construct, two packaging constructs and an envelope 

expression construct (Figure 1-9B). These elements are maintained in the form of bacterial 

plasmids and can be transfected into mammalian cells to produce replication-defective virus stocks 

(Klimatcheva et al., 1999).

The transfer construct contains the gene of interest, retroviral cis-acting elements (long terminal 

repeats 5'-LTR and 3'-LTR), a packaging sequence and Rev responsive element (RRE) for most 

efficient vector production. Additional safety features include deletions of the promoter and 

enhancer elements located in the 3’-LTR U3 region. U3 deletion is copied from the 3’-LTR to the 

5’-LTR during reverse transcription, thereby producing self-inactivating vectors (SINs), which 

contain U3 modified LTRs with reduced promoter activity (Pauwels et al., 2009). The packaging 

construct encodes gag and pol viral structural genes, in order to supply a polymerase component 

(reverse transcriptase) and integration functions for the viral structural proteins. The last two 

components include the Rev protein and the plasmid encoding envelope proteins. The natural 

envelope gene product of FllV-based vectors would restrict them to infect only cells that express 

CD4+. To overcome this issue in vectors, this envelope is substituted with envelope sequences 

from other RNA viruses that have a broader infection spectrum, such as the envelope of the 

vesicular stomatitis virus (VSV). VSV belongs to the family of rhabdoviruses and its envelope 

consists of a lipid bilayer that contains the glycoprotein G. This glycoprotein of approximately 500 

amino acids is obtained after cleavage of an aminoterminal signal peptide and forms spikes that
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protrude from  the viral surface (R oche et al., 2008). The ability  o f  retroviruses to incorporate a 

heterologous envelope (pseudotyping) is a great advantage in the design on lentiviral vectors. 

VSVG is thought to bind to ubiquitous phospholipids com ponents o f  the cell m em brane 

(phosphatidylinosito l, phosphatidylserine and GM 3 ganglioside) (K lim atcheva et al., 1999) to 

m ediate viral entry by m em brane fusion (B um s et al., 1993; H arrison, 2008; R oche et al., 2008) 

and can therefore infect a w ide range o f  cells, including neurons (K lim atcheva et al., 1999). The 

VSVG envelope also im proves the stability o f  lentiviral particles and allow s their concentration  by 

ultracentrifugation , therefore leading to increased titres o f  lentiviral preparations (B um s et al., 

1993).

The four p lasm ids o f  the split-com ponent system  are used to transfect a producer cell line, such as 

hum an em bryonic kidney cells (H EK 293T). N one o f  these starter p lasm ids are, by them selves, 

capable o f  functioning as autonom ous lentivim ses since m ost o f  the accessory genes responsible 

for pathogenicity  have been rem oved. Integration w as thought to be a purely random  event but 

recent studies have show n that lentiviruses preferentially  integrate in transcrip tionally  active genes 

(Pauw els et al., 2009). A lthough integration is stable and expression sustained, the num ber o f  

integration events y ielding the desired level o f  transgene expression is unknow n. In the last ten 

years, lentiviruses titres and expression have been m ore predictable and less prone to variability  

from  one batch to another w ith the presence o f  the W oodchuck hepatitis post-transcriptional 

regulatory  elem ent (W PR E) and HIV flap sequences. The H IV  flap sequence is thought to 

im prove D N A  im port into the nucleus (Zennou et al., 2000), w hile W PRE acts by im proving 

m RNA half-life, export and polyadenylation (Pauw els et al., 2009), both leading to increased 

titres. V olum es prepared are usually  lim ited but are not an obstacle in laboratory studies, since 

only sm all volum es o f  concentrated lentivirus are required, w hen com pared to the am ount that 

w ould  be needed for gene therapy. Efficiency and stability  o f  lentiv im ses have been assessed by 

using lentivectors encoding green fluorescent protein (LV -G FP) w ith encouraging results. GFP
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fluorescence has been detected up to 13 months after stereotactic injection in the hippocampus of 

mice, demonstrating sustained expression o f the GFP gene incorporated under the control of 

human phosphoglycerate kinase (PGK) promoter (Osinde et al., 2008). M oreover, another study 

reported no evidence o f neuronal loss after injection o f LV-GFP in the hippocampus (Kanninen et 

al., 2009). Taken together, these results suggest that lentiviral injections in the CNS lead to stable 

expression without overt effects on neuron viability.

1.9 Neurite outgrowth as an in vitro assay for testing putative trophic 

properties of novel compounds

Increasing evidence suggests that the delay in clinical efficacy o f conventional antidepressant 

medications may be related to the time required for neuronal remodelling to occur (Duman and 

Aghajanian, 2012; Pittenger and Duman, 2008). In particular, antidepressants such as fluoxetine 

and amitriptyline have been shown to enhance neuroplasticity in animal models o f  depression (e.g. 

olfactory bulbectomy) and more specifically structural plasticity, which can be defined as a change 

in the number o f  synapses, spines, dendrites and even the number o f neurons (Hajszan et al., 2005; 

Norrholm and Ouimet, 2001). In an attempt to elucidate some o f the mechanisms o f action of 

antidepressants with less labour-intensive studies, in vitro assays based on the ability of 

antidepressants to promote neurite outgrowth in cell lines have been increasingly used as in vitro 

models o f plasticity. In particular, the currently marketed antidepressant drugs fluvoxamine 

(Nishimura et al., 2008), imipramine (Robson et al., 2012), amitriptyline (Jang et al., 2009) and the 

NM DA-R antagonist ketamine (Robson et al., 2012) potentiated nerve growth factor (NGF)- 

induced neurite outgrowth in pheochromocytoma (PC 12) cells. In the presence o f  NGF, PC 12 

cells cease dividing and differentiate to resemble neurons functionally and morphologically, where 

they can release several neurotransmitters including dopamine, noradrenaline and acetylcholine 

(Greene and Tischler, 1976; O'Lague and Huttner, 1980; Shafer and Atchison, 1991). This
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property make them particularly suitable for examining the effects o f  compounds that involve 

monoaminergic neurotransmitters (Shafer and Atchison, 1991), but may be less relevant to 

understanding the effects o f  putative novel antidepressant agents involving glutamatergic 

neurotransmission. To examine the effects o f compounds disrupting the NM DA-R/PSD-95/nNOS 

complex on neurite outgrowth, primary neuronal cultures may therefore represent a more suitable 

in vitro model than PC 12 cells.

1.10 Behavioural testing

Depression is characterised by a wide spectrum o f disruptions, some o f which are impossible to 

model in laboratory animals (e.g. recurring thoughts o f death or suicide, excessive thoughts of 

guilt). As a consequence, animal tests for antidepressant activity have been developed based on 

modelling single endophenotypic differences, i.e. one clear-cut behavioural output relevant to the 

disease state as opposed to a syndrome (Cryan et al., 2002). Furthermore, it has been proposed that 

the only criteria that are necessary and sufficient for initial use are that the paradigm has strong 

predictive validity and that the behavioural readout be reliable and robust in the same laboratory 

and between laboratories (Geyer and Markou, 1995). O f all the experimental procedures used in 

preclinical depression research, the forced swimming test (FST) and tail suspension test (TST) are 

the most widely used (Cryan and Holmes, 2005). The FST and TST were developed to screen 

compounds for antidepressant activity. In both tests, rodents are subjected to an acute, short- 

duration (6 minutes) stress and the time during which they respond actively versus passively is 

measured. Currently used antidepressant medications increase the time o f active responding, often 

described as reducing behavioural despair (Cryan and Holmes, 2005; Nestler and Hyman, 2010). 

A second major class o f tests o f depression-related behaviour involves measuring anhedonia by 

examining the anim al’s interest in pleasurable activities, such as preference for a highly palatable 

solution such as sucrose (or saccharin) over water. Although anhedonia is not specific to

- 4 2 -



depression, it is a core symptom o f depression, which makes it an attractive target for investigation 

in rodents (Nestler and Hyman, 2010) (for more information on tests, see Chapter 2, materials and 

methods).
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1.11 Aims of the project

A num ber o f  studies have been aim ed at developing agents to alter the PSD -95/nN O S protein- 

protein interaction and disruption o f  the PSD -95/nNO S interface has been achieved w ith both 

protein fragm ents encoding the nN O S PDZ dom ain and the internal PDZ m o tif  (nN O Si .1 3 3  or 

nN O S |.3oo) and w ith  sm all-m olecule inhibitors (IC87201 o rZ L 0 0 6 ).

Based on observations and reports to date it is proposed that uncoupling nN O S from  the N M D A  

receptor, by regulating  the PSD -95/nN O S interaction w ith a protein fragm ent or the sm all- 

m olecule inhibitors IC87201 and ZL006, m ay alter glutam ate signalling and produce a stress- 

resilient or an tidepressant phenotype, w ith rapid am elioration in depressive sym ptom s and a 

lim ited side-effect profile. Specifically, the aim s o f  the project were:

I. To construct a lentiviral vector incorporating the PDZ dom ain and PDZ internal m o tif o f  nN OS 

(LV -nN O S decoy) to d isrupt the PSD -95/nN O S interaction in vitro.

II. To elucidate the potential o f  nN OS decoy and the sm all-m olecule inhibitors o f  the PSD- 

95/nN O S interface IC87201 and ZL006 to induce neurite outgrow th in an in vitro  model 

com posed o f  im m ature cortical neurons.

I II .  To exam ine the effects o f  LV -nN O S decoy delivery on general and depression-related 

behaviours in rats follow ing adm inistration in the prelim bic cortex.

IV.  To exam ine the effects o f  IC87201 and ZL006 on depression-related behaviours in m ice 

follow ing system ic adm inistration.
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Chapter 2: Materials and methods
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2.1 Materials

2.1.1 M olecular biology

Agar

A garose

A garose low  m elting

A lkaline phosphatase, c a lf  intestinal (C IP) and buffer 3

A m picillin

B am H l

C alcium  chloride (C aC ^, 2 H 2O)

D -(+ )-g lu cose

D H 5a  ch em ically  com petent cells

E coR l

Ethanol

exA C T gen e 1 kb D N A  ladder 

G elR ed

G ene pulser cuvettes  

G lycerol

Luria Bertani (L B ) Broth M iller  

M agnesium  chloride (M gC b , 6 H 2O)

M agnesium  sulfate (M g S 0 4 )

2 -m ercaptoethanol

N h e l

O ne shot BL21 com petent ce lls  

PC R  n ucleotide m ix  

P lasm id M idi kit

Fisher S cien tific , Ireland 

F isher S cien tific , Ireland 

F isher S cien tific , Ireland 

N ew  England B io labs, U K  

Sigm a-A ldrich , Ireland 

R oche A pplied  S cien ce , U K  

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Invitrogen, Ireland 

R oche A pplied  S cien ce , U K  

Sigm a-A ldrich , Ireland 

Fisher S cien tific , Ireland 

B iotium , Ireland 

B io-R ad , Ireland 

Sigm a-A ldrich , Ireland 

Fisher S cien tific , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

G ibco, Ireland 

R oche A pplied  S cien ce , U K  

Invitrogen, Ireland 

R oche A pplied  S cien ce , U K  

Q iagen, U K
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Plasmid Maxi icit Qiagen, UK

2-propanol Sigma-Aldrich, Ireland

QIAprep Spin M iniprep kit Qiagen, UK

QIAquick PCR purification Qiagen, UK

QIAquick gel extraction Qiagen, UK

Sodium chloride (NaCl) Sigma-Aldrich, Ireland

Spectinomycin Sigma-Aldrich, Ireland

SuRE/Cut buffer A Roche Applied Science, UK

T4 DNA ligase and buffer Invitrogen, Ireland

Taq polymerase Roche Applied Science, UK

Tryptone Amresco, Ireland

XL 1-blue electrocompetent cells Agilent technologies, Ireland

XL 10-Gold ultracompetent cells Agilent technologies, Ireland

Yeast extract Amresco, Ireland

2.1.2 M olecular biology: p lasm id DNA and sequencing services

DNA sequencing EurofmsMWG Operon, Germany

Full length nNOS gene in pENTR223.1 vector GeneService, UK

nNOS decoy gene in pGEX4T.l vector GenScript, USA

2.1.3 Cell culture and subsequent b iochem ical assays

Acetic acid Sigma-Aldrich, Ireland

Acrylamide 30% / bis solution 37.5 Bio-Rad, Ireland

6-aminohexanoic acid Sigma-Aldrich, Ireland

Ammonium persulfate Sigma-Aldrich, Ireland
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B27 supplem ent Invitrogen, Ireland

BCIP (5-brom o-4-chloro-3-indolyl-phosphate) Prom ega, Ireland

Bovine serum  album in (BSA) Sigm a-A ldrich, Ireland

Brilliant blue R-250 (Coom assie blue) Fisher Scientific, Ireland

Calcium  chloride (CaCl?, 6 H2O) Sigm a-Aldrich, Ireland

D -(+)-glucose Sigm a-Aldrich, Ireland

Dim ethylsulfoxide (DM SO) Sigm a-Aldrich, Ireland

D ulbecco’s m odified Eagle medium  (DM EM ) Sigm a-Aldrich, Ireland

DM EM  H am ’s F12 Biosera, UK

DM EM  high glucose Biosera, UK

D ulbecco’s Phosphate buffered saline (DPBS) (Ix ) Invitrogen, Ireland

DPBS (lOx) Invitrogen, Ireland

E thylenediam inetetraacetic acid (EDTA) Sigm a-Aldrich, Ireland

Fetal bovine serum (FBS) heat inactivated Biosera, UK

FBS heat inactivated Sigm a-Aldrich, Ireland

Form aldehyde 37% solution Sigm a-Aldrich, Ireland

Fungizone Invitrogen, Ireland

Glutam ax Invitrogen, Ireland

Glycine Fisher Scientific, Ireland

Glycol ether diam ine tetraacetic acid (EGTA) Sigm a-Aldrich, Ireland

H EK 293T cells A TCC, UK

HEPES (4-(2-H ydroxyethyl)piperazine-l-ethanesulfonic acid) Invitrogen, Ireland

H ydrochloric acid (HCl) Sigm a-Aldrich, Ireland

Isopropyl p-D -l-thiogalactopyranoside (IPTG) Sigm a-Aldrich, Ireland

L-glutam ine Sigm a-Aldrich, Ireland

Laem m li buffer Bio-Rad, Ireland
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Lipofectam ine transfection  reagent Invitrogen, Ireland

Lysozym e Roche A pplied Science, UK

M agnesium  sulfate (M gS 0 4 ) S igm a-A ldrich, Ireland

2-m ercaptoethanol S igm a-A ldrich, Ireland

M ethanol F isher Scientific, Ireland

N eurobasal A m edium Invitrogen, Ireland

N itro blue tetrazolium  (NBT) Prom ega, Ireland

N ,N ,N ’,N ’-tetram ethylethylenediam ine (TEM ED ) Sigm a-A ldrich, Ireland

N orm al goat serum V ector Laboratories, UK

N orm al goat serum S igm a-A ldrich, Ireland

N P40 cell lysis buffer Invitrogen, Ireland

O ptim em  1 reduced serum  m edium Invitrogen, Ireland

Papain S igm a-A ldrich, Ireland

Penicillin/streptom ycin Sigm a-A ldrich

Phosphate buffered  saline (PBS) Invitrogen, Ireland

PBS tablets Sigm a-A ldrich, Ireland

Phenylm ethanesulfonylfluoride (PM SF) Sigm a-A ldrich, Ireland

PlusReagent Invitrogen, Ireland

Poly-D -lysine hydrobrom ide S igm a-A ldrich, Ireland

Poly-L-lysine hydrobrom ide S igm a-A ldrich, Ireland

Polyethylene glycol (PEG ) Sigm a-A ldrich, Ireland

Polyethylene im ine (PEI) S igm a-A ldrich, UK

Potassium  chloride (KC l) S igm a-A ldrich, Ireland

Potassium  phosphate (K 2H PO 4 , 3 H 2O) Sigm a-A ldrich, Ireland

Precision Plus P rotein D ual color standards B io-R ad, Ireland

Protease inhibitor cocktail S igm a-A ldrich, Ireland
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R e-b lot plus

Sodium  bicarbonate (N aH C O s)

Sodium  ch loride (N aC l)

Sodium  d od ecy l su lfate (S D S )

Sodium  hydroxide (N aO H )

Sodium  phosphate (N a2H P 0 4 , 7 H 2O)

Sodium  phosphate (N a H 2 ? 0 4 , H2O )

Sodium  pyruvate

Sucrose

Tris base

Triton X -1 0 0

Trypan b lue solu tion  (0.4% ) 

T rypsin-E D T A  solution  (0.25% )

T w een  20

V ectash ie ld  m ounting m edium  w ith D API 

V ectash ie ld  m ounting m edium  w ith PI 

W ater, H yclon e ce ll culture grade 

W estern C hem ilum inescent HRP substrate

M illipore, Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland  

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Fisher S cien tific , Ireland 

Fisher S cien tific , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

V ector Laboratories, UK  

V ector Laboratories, UK  

T herm o S cien tific , Ireland 

M illipore, Ireland
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2.1.4 Prim ary and secondary antibodies for im m unocytochem istry  and W estern-b lotting

2.1.4.1 Primary antibodies

Table 2-1. Prim ary antibodies used for im m unocytochem istry and W estern-b lotting

N am e Host species C om pany C atalog
num ber

\V B
dilution

IF
dilution

Actin M ouse ECM  Biosciences, UK AM 2021 1:1000 n/a
3-III tubulin M ouse Prom ega, Ireland G7121 n/a 1:1000
GFP Rabbit M illipore, Ireland A B 3080 1:500 1:500
nNOS
im m unogen: residues 144-262

M ouse BD Transduction 
Laboratories, Ireland

611852 1:2500 1:1000

nNOS
im m unogen around residue 135

Rabbit Cell signalling, Ireland 4236S 1:1000 1:400

PSD-95 M ouse Therm oScientific, Ireland M A I 046 1:1000 n/a

2.1.4.2 Secondary antibodies

Table 2-2. Secondary antibodies used for im m unocytochem istry

N am e Host species C om pany Catalog
num ber

IF dilution

A lexa Fluor 488 nm anti-m ouse G oat Invitrogen, Ireland A 1 1029 1:2000
A lexa Fluor 488 nm anti-m ouse Goat Invitrogen, Ireland A llO O l 1:2000
A lexa Fluor 488 nm anti-rabbit Goat Invitrogen, Ireland A11008 1:500
A lexa Fluor 546 nm anti-m ouse G oat Invitrogen, Ireland A11003 1:500
D yLlght 549 nm anti-m ouse G oat Jackson Im m unoR esearch, UK 115-506-068 1:1000

Table 2-3. Secondary antibodies used for W estern-b lotting

N am e H ost species C om pany Catalog
num ber

W B dilution

AP coniugate anti-m ouse Goat Prom ega, Ireland S3721 1:5000
AP coniugate anti-rabbit G oat Prom ega, Ireland S3731 1:5000
H RP anti-m ouse Goat Sigm a-A ldrich, Ireland A 8924 1:2000
H RP anti-rabbit Donkey GE H ealthcare, Ireland N A 934 1:5000

AP: alkaline phosphatase, GFP: green fluorescent protein, n/a: not applicable, HRP: horseradish peroxidase.

2.1.5 Experim ental treatm ents

Amitriptyline (hydrochloride)

Glycine

2-((lH -benzo [d] [1,2,3] triazol-5-ylamino) methyl) 
4,6-dichlorophenol (IC87201)
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Im ipram ine (hydrochloride)

K etam ine (hydrochloride) (V etalar V®)

L -glutam ic acid

2 ,3-D ioxo-6 -n itro -l,2 ,3 ,4 -tetrah yd rob en zo[/]q u in oxa line-  
7-su lfonam id e (N B Q X ) (d isod ium  salt)

N -m ethyl-D -aspartic acid (N M D A )

l-[2-(trifluorom ethyl)ph enyl] im idazole (TR IM )

4-(3 ,5-d ich loro-2 -h yd roxy-b en zy lam in o)-2 -h yd roxy  
ben zoic  acid (Z L 006)

S igm a-A ldrich , Ireland 

Pfizer, Ireland 

Sigm a-A ldrich , Ireland

T ocris, U K

Sigm a-A ldrich , Ireland 

A lfa A esar, U K

T opC hem , Ireland

2.1.6 In vivo experiments and subsequent immunohistochemistry

2.1.6.1 Animals

C D -I m ice (m ale), 6-8 w eek s old  

W istar rats (m ale/fem ale), 0-1 day old  

W istar rats (m ale), 7-8 w eek s old

Charles R iver or Harlan, UK  

B ioR esources, Trinity C o llege  

B ioR esou rces, Trinity C o llege

2.1.6.2 Chemicals and reagents

Calpol® analgesia (paracetam ol)

Savlon® antiseptic cream (cetrim ide/chlorhexid ine) 

C hrom ium  (III) potassium  sulfate (C rK (S04)2) 

3 ,3 ’-d iam inobenzid ine (D A B )

D im eth y lsu lfox id e  (D M S O )

D P X  m ounting m edium  

E lite Vectastain® A B C  kit 

Ethanol

M cN eil H ealthcare, Ireland 

N ovartis, Ireland 

Fisher S cien tific , Ireland 

Sigm a-A ldrich , Ireland 

Sigm a-A ldrich , Ireland 

Fisher S cien tific , Ireland 

V ector laboratories, U K  

Sigm a-A ldrich , Ireland
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Gelatin Sigma-Aldrich, Ireland

Hydrogen peroxide solution, 30% w/w in H2O (H2 O2) Sigma-Aldrich, Ireland

Isoflo® (isoflurane) Abbott, Ireland

Isopentane (2-methylbutane) VWR, Ireland

Liquid nitrogen (N2) BOC, Ireland

Medical oxygen (O2) BOC, Ireland

Normal goat serum (NGS) Sigma-Aldrich, Ireland

Paraformaldehyde Sigma-Aldrich, Ireland

Sodium chloride (NaCl) Sigma-Aldrich, Ireland

Tissue-tek OCT compound Sakura, Ireland

Urethane Sigma-Aldrich, Ireland

Vetasept® (povidone iodine) Animal care Ltd, Ireland

Xylene Sigma-Aldrich, Ireland

2.1.7 Laboratory equipm ent and consumables

2.1.7.1 General consumables

6-well plates Fisher Scientific, Ireland

24-well plates Fisher Scientific, Ireland

Cell culture flasks (T-25 cm^, T-75 cm^and T-150 cm^) Coming, Ireland

Cell scrapers Fisher Scientific, Ireland

Cell strainers (40 |im), BD Falcon VWR, Ireland

Containers (70 mL) Sarstedt, Ireland

Falcon tubes (15 mL and 50 mL), sterile Sarstedt, Ireland

Filter paper 3 qualitative Whatman, Ireland

Filter units (0.2 |im), single-use Sartorius Stedim, UK
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Filter units (0.22 (xm), single-use (Millex) M illipore, Ireland

Glass coverslips 13 mm VW R, Ireland

Glass coverslips 22 mm x 50 mm Fisher Scientific, Ireland

M icroscope slides 76 mm x 26 mm Fisher Scientific, Ireland

Microtome blades (c35 type) Lab. Instr. & Supply, Ireland

Microtubes (0.5 mL, 1.5 mL and 2 mL) Sarstedt, Ireland

P polyvinylidene difluoride membrane Sigma-Aldrich, Ireland

Pasteur pipettes (3.5 mL) Sarstedt, Ireland

PCR tubes (0.2 mL) Sarstedt, Ireland

Pipette tips (10 nL, 200 |^L and 1000 ^L) Sarstedt, Ireland

Pipettes (5 mL, 10 mL and 25 mL), sterile Sarstedt, Ireland

Petri dishes (92 mm) Sarstedt, Ireland

Scalpels, disposable, sterile (Swann-Morton) Fisher Scientific, Ireland

Ultracentrifuge tubes PA thinwall 36.0 mL Thermo Scientific, Ireland

Ultracentrifuge tubes PA ultracrimp 6.0 mL Thermo Scientific, Ireland

Ultracentrifuge tubes Thinwall Ultraclear 36.0 mL Beckman Coulter, UK

2 .1 .7.2 Consumables fo r  surgical procedures

Luer-Lock extension set (Posiflow) BD, Ireland

Microcapillary tubes Sigma-Aldrich, Ireland

Needles, hypodermic (26G) (Microlance) BD, Ireland

Skin staples Ethicon Endo-Surgery, Ireland

Syringes, plastic (1 mL) B-Braun, Ireland
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2.1.7.3 General equipment

Agarose gel electrophoresis chamber 

Autoclave

Biosafety cabinet (Airstream)

Borosilicate glass mortar /pestle 

Centrifuges: Heraeus Pico 17 

Rotina 380R 

Z216MK 

Legend RT+

Crimper for ultracentrifuge sample tubes 

Cryostat

Dark box (LAS-3000)

Gyro rocker 

Haemocytometer 

Heating block 

Incubator (Innova CO-48)

Incubator shaker (Excella E24) 

M icrobiology incubator 

Micropipette puller (P-87)

Microscopes: Eclipse E600FN 

CKX41

Axio Imager Z1 

Axioplan 2 

Peristaltic pump 

pH meter

Polyacrylamide gel electrophoresis chamber

Bio-Rad, Ireland 

Sanyo, Ireland 

Esco, UK

Fisher Scientific, Ireland 

Thermo Scientific, Ireland 

Hettich, Germany 

Hermle, Germany 

Sorvall, Ireland 

Sorvall, Ireland 

Leica, Ireland 

Fujifilm, Germany 

Stuart, Ireland 

VWR, Ireland 

Grant, Ireland 

New Brunswick, Ireland 

New Brunswick, Ireland 

Binder, Ireland 

Sutter Instrument, UK 

Nikon, UK 

Olympus, UK 

Carl Zeiss, UK 

Carl Zeiss, UK 

Gilson, UK

M ettler-Toledo, Ireland 

Atto Corporation, Ireland
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Polym erase chain reaction (PC R ) G eneA m p 97 0 0  

P ow er supply for electrophoresis cham bers 

P ulse controller and gene pulser 

R oller m ixer 

S cale

Scale (precision)

Spectrophotom eter “N anodrop”

Tube rotator

Ultracentrifuges: L 8-55m

Optim a X L -80K  

W X  Ultra 100 

U ltracentrifuge rotors: SW 28

Surespin 6 3 0 /36  

T -8100

U ltrasonic processor V ibra-cell 

U V  transillum inator 

Vortex  

W ater bath

W estern blotting transfer m achine

A pp lied  B iosystem s, U K  

B io-R ad , Ireland 

B io-R ad , Ireland 

Stuart, Ireland  

D en ver Instrument, Ireland  

M ettler-T oledo, Ireland 

T herm o S cien tific , Ireland 

R aypa, Ireland  

B eckm an Coulter, U K  

B eckm an Coulter, U K  

Sorvall, Ireland 

B eckm an C oulter, U K  

Sorvall, Ireland 

Sorvall, Ireland  

S on ics, Ireland 

Syn gene, Ireland 

Ika, Ireland 

Grant, Ireland 

A tto corporation, Ireland

2.1.7.4 Equipment and apparatus for surgical procedures and behavioural testing

A ctiv ity  m onitor cages (32 x 20  x 18 cm ) B en w ick  electron ics, U K

A naesthesia box Harvard Apparatus, U K

A naesthesia system  w ith O 2 flow  metre M S S , Ireland

Behavioural recording system  (E thovision  3 .1 ) N o ld u s, the N etherlands
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Dental drill equipped with a 0.7mm bit Silfradent, Italy

Fluovac system Harvard apparatus, UK

Forced swim test water tank (for rat) Custom made

IMF Fluosorber filter canister Harvard apparatus, UK

Isoflurane vaporiser MSS, Ireland

Open field circular arena (90 cm) Custom made

Passive avoidance and light-dark tests apparatus Ugo Basile, Italy

Pyrex beakers (2L) Fisher Scientific, Ireland

Rat anaesthesia mask K opf Instruments, Ireland

Rat ear bars K opf Instruments, Ireland

Rat gas anaesthesia head holder K opf instruments, Ireland

Stereotactic frame K opf instruments, Ireland

Tail suspension test apparatus Custom made

2.2 Methods

2.2.1 M olecular biology m ethods

2.2.1.1 Preparation o f  competent cells

A  50 |iL aliquot o f  DH5a Escherichia coli (E.coli) was removed from -80°C storage and streaked 

directly onto a fresh LB agar plate (1% tryptone, 0.5% yeast extract, 1% NaCl, 1.5% agar, pH 7.5, 

autoclaved). The plate was inverted and incubated for 12-14h at 37°C. Subsequently, a single 

E.coli colony was inoculated in 5 mL o f LB (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.5, 

autoclaved) and incubated with shaking at 225 rpm for 12-14h at 37°C. Following this, 2-3 mL of 

the bacterial culture was aseptically transferred into a flask containing 100 mL LB and incubated 

with shaking at 225 rpm for 2-3h at 37°C. Optical density (OD) was measured at 595 nm. If the
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OD was comprised between 0.6-1.0, the incubation was stopped. If inferior to 0.6, the bacterial 

culture was incubated for a further 30 min and OD measured again. The culture was then 

aseptically transferred into two sterile pre-chilled 50 mL tubes and centrifiiged at 1,000 x g for 15 

min at 4°C. The medium was decanted and the pellet resuspended in 20 mL o f  ice-cold 100 mM 

M gS0 4  and centrifuged at 1,000 x g for 15 min at 4°C. The pellet was finally resuspended in 2 mL 

o f  a 100 mM ice-cold CaCL solution containing 15% glycerol. The resuspension was aliquoted 

(50 (xL) in 1.5 mL microtubes pre-chilled in liquid nitrogen. Tubes were stored at -80°C until 

further used for bacterial transformation and molecular cloning.

2.2 .7 .2  H eat-shock bacteria l transform ation

The DNA o f  interest (1 jig) was added to a 50 ^L aliquot o f  DH 5a E .coli and incubated on ice for 

30 min. A heat-shock was then carried out by incubating the cells for 90 s in a water bath at 42°C. 

This step was immediately follow ed by incubation on ice for 3 min. LB medium (800 (iL) was 

added and the bacterial culture was incubated with shaking at 225 rpm for Ih at 37°C before 

centrifugation at 6,000 x g for 1 min. The supernatant was removed and the bacterial pellet was 

resuspended with 50-150 |xL o f  LB medium (depending on the number o f  plates required). The 

resuspended bacterial pellet (50 (iL) was plated on each LB agar plate supplemented with 

appropriate antibiotics and incubated for 12-14h at 37°C.

2.2 .1 .3  P lasm id  DNA extraction

One colony was selected from the LB agar plate and incubated in 5 mL o f  LB medium  

(supplemented with the appropriate antibiotic) with shaking at 225 rpm for 8h at 37°C. Plasmid 

D N A  was extracted using the QIAprep Spin Miniprep kit, QIAGEN Plasmid Midi kit or QIAGEN  

Plasmid Maxi kit, following the instructions provided by the manufacturer. The concentration o f  

D N A  was measured at 260 nm, recorded and tubes stored at -20°C for further experimental work.
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2.2.1.4 Molecular cloning

2 .2 .1 .4 .1 Insert preparation

The fu ll-length  m ouse nN O S gen e (accession  num ber N M  0 0 8 7 1 2 ) w as provided in the 

pE N T R 223.1 vector, supplied by G eneService. The insert to be cloned  in the pL L 4.0 vector w as  

com p osed  o f  the first 90 0  bp o f  the m ouse nN O S gene (corresponding to the first 300  am ino acids) 

(F ig u re  2-1). The insert w as prepared by polym erase chain reaction (PC R ) (M u llis et al., 1986). A  

50 ng D N A  tem plate w as used in a final reaction vo lum e o f  20  (iL contain ing 0 .4  |aL o f  dN TPs 

(200  (iM ), 1 [iL o f  forward and reverse primers (0 .5  nM ), 2 |iL lOx PCR buffer, 0 .2  Taq 

polym erase (1 U ) and 14.4 |.iL H 2 O. PCR am plification  w as started w ith denaturation o f  the 

double-stranded tem plate D N A  at 94°C  for 5 m in fo llow ed  by 25 cy c le s  o f  denaturation at 94°C  

for 1 m in, primer annealing to D N A  tem plate at 55°C  for 1 m in and elongation  at 72°C  for 1 min. 

The final elongation  tim e w as set at 72°C  for 10 min and reaction w as stopped at 4°C . Primers 

w ere d esigned  sp ecifica lly  (T a b ic  2 -4 ). T w o sam ples w ere run concurrently to y ie ld  a larger 

am ount o f  D N A . N egative  controls w ere run as fo llow s: no tem plate D N A  and forward primer 

only  or reverse prim er on ly . T he am plified  fragm ent (3 |iL ) and all controls w ere verified  in a 1% 

agarose gel (0 .5  g  agarose in 50  mL T B E ) (T ris/B orate/E D T A  or TBE: 90  mM  TRIS, 90 mM  

boric acid , 2 m M  E D T A  pH 8 .0). The rem aining 37 o f  insert w as purified using the Q IA quick  

PCR purification kit, resulting in 30 |aL o f  purified insert.

To ligate the insert and vector, com patib le sticky ends w ere generated. This w as ach ieved  by 

restriction d igestion  o f  both insert and vector using the sam e restriction enzym es. The PCR  

purified product w as d igested  w ith 10 units o f N h e l  (1 |^L) and 10 units o f  E coR l (1 (xL) in B uffer  

A  (T ris-acetate 33 m M , M g-acetate 10 m M , K -acetate 66m M , dithiothreitol (D T T ) 0.5 m M , pH 

7 .9), and m ade up to 40  |aL w ith  H 2 O in a 1.5 m L m icrotube. This w as incubated for 3h in a water 

bath at 37°C . Each d igestion  (3 (xL) w as exam ined by running on a 1% agarose gel. Subsequently,
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the digested product was purified using the QIAquick PCR purification kit, resulting in 30 |aL o f  

eluted digested nNOS decoy ready for ligation with the vector. If not ligated immediately, samples 

were stored at -20°C.

n 8

nNOS
(Full length) NH,- PDZ Pf Arg/Haem/BH^ I CaM FMN FMN FAD NADPH

W

nNOS
(Decoy) NH- PDZ

B

M:ir.HiL-GVQLjlQr̂ V.'̂ V̂ Li:KHKVbL-l.Gl:LVi--:̂ . . - . . 11 S ui. i Kr̂ L-AAh.y.- .-L I QAGUl X L A / N ^ D : i  DSALi:.VLHGJ. AS:i
T.4’̂^V^LL:-.:-PEGFTTHLETTFTGDGTPKTIRVTQPLGTPTKAVDLSRQPSASKDQPLAVDRVPGPSNGPQHAQGRGQGAGSVSQANGVAI 
DPTMKNTKANLQDSGEQDELLKEIEPVLSILTGGGKAVNRGGPAKAEMKDTGIQVDRDLDGKLHKAPPLGGENDRVFNDLWGKGNVPWL 
NNPYSENEQSPASGKQSPTKNGSPSRCPRFLKVKNWETDWLTDTLHLKSTLETGCTEQICMGSIMLPSHHIRKSEDVRTKDQLFPLAKE 
FLDQYYSSIKRFGSKAHMDRLEEVNKEIESTSTYQLKDTELIYGAKHAWRNASRCVGRIQWSKLQVFDARDCTTAHGMFNYICNHVKYAT 
NKGNLRSAITIFPQRTDGKHDFRVWNSQLIRYAGYKQPDGSTLGDPANVEFTEICIQQGWKPPRGRFDVLPLLLQANGNDPELFQIPPEL 
VLEVPIRHPKFDWFKDLGLKWYGLPAVSNMLLEIGGLEFSACPFSGWYMGTEIGVRDYCDNSRYNILEEVAKKMDLDMRKTSSLWKDQAL 
VEINIAVLYSFQSDKVTIVDHHSATESFIKHMENEYRCRGGCPADWVWIVPPMSGSITPVFHQEMLNYRLTPSFEYQPDPWNTHVWKGTN 
GTPTKRRAIGFKKLAEAVKFSAKLMGQAMAKRVKATILYATETGKSQAYAKTLCEIFKHAFDAKAMSMEEYDIVHLEHEALVLVVTSTFG 
NGDPPENGEKFGCALMEMRHPNSVQEERKSYKVRFNSVSSYSDSRKSSGDGPDLRDNFESTGPLANVRFSVFGLGSRAYPHFCAFGHAVD 
TLLEELGGERILKMREGDELCGQEEAFRTWAKKVFKAACDVFCVGDDVNIEKANNSLISNDRSWKRNKFRLTYVAEAPELTQGLSNVHKK 
RVSAARLLSRQNLQSPKSSRSTIFVRLHTNGNQELQYQPGDHLGVFPGNHEDLVNALIERLEDAPPANHWKVEMLEERNTALGVISNWK 
DESRLPPCTIFQAFKYYLDITTPPTPLQLQQFASLATNEKEKQRLLVLSKGLQEYEEWKWGKNPTMVEVLEEFPSIQMPATLLLTQLSLL 
QPRYYSISSSPDMYPDEVHLTVAIVSYHTRDGEGPVHHGVCSSWLNRIQADDWPCFVRGAPSFHLPRNPQVPCILVGPGTGIAPFRSFW 
QQRQFDIQHKGMNPCPMVLVFGCRQSKIDHIYREETLQAKNKGVFRELYTAYSREPDRPKKYVQDVLQEQLAESVYRALKEQGGHIYVCG 
DVTMAADVLKAIQRIMTQQGKLSEEDAGVFISRLRDDNRYHEDIFGVTLRTYEVTNRLRSESIAFIEESKKDTDEVFSS

Figure 2-1. Schem atic representation o f nNOS and its nNOS decoy derived construct
(A) The nNOS decoy is based on the first 300 amino acids o f  nNOS and incorporates the full PDZ domain 
o f  nNOS (canonical PDZ domain and p-fmger). It acts as a com petitive inhibitor and specifically dissociates 
the PSD-95/nNOS interaction while preserving the NM DA-R/PSD-95 interaction and therefore avoids 
disruption to additional functions o f  NM DA receptors. (B) The mouse nNOS protein (accession num ber 
NM 008712) is 1429 residues in length. The nNOS decoy (300 residues) is underlined, the canonical PDZ 
domain (residues 1-99) is depicted in green and the internal PDZ m otif (residues 100-130) in bold green.
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Table 2-4. PCR primer sequences used for molecular cloning

1. M olecular cloning p rim ers

P rim er nam e Sequence Restriction digestion site
nNOS decoy Nhel F 5’-AAGCTAGCATGGAAGAGCACACG-3’ Nhel
nNOS decoy EcoRl R1 5 ’-ATG AATTCGAAGCGAGGGC ACCT-3 ’ EcoRl
nNOS decoy BamHl F 5’-AAGGATCCATGGAAGAGCACACG-3’ BamHl
nNOS decoy EcoRl R2 5'-ATGAATTCCTAGAAGCGAGGGCACCT-3’ EcoRl

2. Sequencing p rim ers

P rim er nam e Sequence Restriction digestion site
pLL4.0 seq F 5’-TTT CGG CAT TCT GCA CGC TTC-3’ n/a
pLL4.0 seq R 5’-GGA TCC AGA GGT TGA TTA TCG-3’ n/a

Restriction sites are depicted in bold, n/a: not applicable

2.2 .1.4.2 Vector preparation

The pLL4.0 vector has been previously described (Osinde et al., 2008) (Figure 2-2A) and was 

transformed in D H5a E.coli followed by isolation using a QIAGEN Mini, Midi or Maxi kit. The 

vector was digested in the same manner as the insert, using EcoRl and N hel. The vector (2 |.ig) 

was added to a 1.5 mL microtube tube and 1 of each enzyme was added to Buffer A and made 

up to 20 |iL. Negative controls were: no restriction enzyme, EcoRl only and Nhel only. Tubes 

were incubated for 3h in a water bath at 37°C and subsequently placed on ice. The digested 

product was purified using the QlAquick gel extraction kit with a modification of the protocol 

provided by the manufacturer: 60 (xL o f buffer QG was added directly to the tube (no agarose gel 

was run), incubated for 10 min at 50°C with vortexing at 2-3 min intervals. Following this, 60 (iL 

o f  isopropanol was added and the tube was mixed. From that point, the supplier’s guidelines were 

followed, resulting in 30 |aL o f digested purified vector. As a verification, 3 |iL was run on a 1% 

agarose gel. The remaining 27 |iL was dephosphorylated using CIP to reduce the incidence o f  self

ligation using 1 |iL CIP and 4 |iL buffer 3. This was incubated for Ih in a water bath at 37°C. CIP 

was then inactivated at 70°C for 10 min. The digested dephosphorylated product was run in a 

0.8% low melting point agarose gel with the resulting vector band (of approximately 7,000 bp)
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ex c ised  using a scalpel. Band position  w as located using a benchtop U V  illum inator. T he excised  

gel contain ing the band fragm ent w as purified using the Q IA quick  g e l extraction kit. A s a 

verification , 3 (iL o f  the resulting 27 (iL eluted purified vector w as exam ined  in a 1% agarose gel.

2 .2 .1 .4 3  L iga tion

D igested  and purified insert and vector w ere ligated using T4 ligase. T he purified vector (1 (iL), 

insert (5 or 10 |iL ), ligase buffer (4 ^iL), T4 ligase  (1 |,tL) and H 2O to a final reaction vo lu m e o f  20  

|iL  w ere prepared in 1.5 mL m icrotubes. N o  insert and no insert/no T4 ligase served as negative  

controls. The sam ples w ere kept at room  temperature for 20h and at -20°C  for long-term  storage. 

The controls and ligation  products w ere run in a 1 % agarose gel to verify correct ligation  o f  the 

insert into the vector.

2 .2 .1 .4 .4  T ransform ation  in X L l-  b lue E .co li stra in  (e lec tro p o ra tio n  m ethod)

The resulting n ew ly  produced vector w ith  the gene o f  interest (nN O S d ecoy) (F ig u re  2 -2 B) w as 

transform ed in E .co li by electroporation. E lectro-com petent X L l-b lu e  E .co li ce lls  w ere rem oved  

from  -80°C  storage and thaw ed on ice. The ligation  product D N A  (pL L 4.0-nN O S d ecoy ) (1 or 2 

^L) w as added to 4 0  o f  com petent E .co li and m ixed  gently. This w as incubated on ice  for 1 

m in prior to being added to a pre-chilled electro-com petent cuvette. The cuvette w as inserted into 

the electroporation apparatus slide and the fo llow in g  electroporation conditions used: 1 ,700 V , 200  

O , 25 ^F. Sam ples, including negative controls, w ere pu lsed  once and 960  |iL  o f  SO C  m edium  

(2%  tryptone, 0.5%  yeast extract, 0.05%  N aC l, autoclaved w ith  addition o f  filter-sterilized  10 mM  

M gC b, 10 mM  M gS 0 4  and 20  mM  g lu cose) w as im m ediately  added to the cuvette. T he cuvette  

content w as subsequently transferred to a 15 mL Falcon tube and incubated w ith shaking at 220  

rpm for Ih at 37°C . The tube w as centrifuged at 1,000 x g for 5 m in, resuspended in 100 |iL LB  

m edium  supplem ented  w ith am picillin , plated onto LB agar plates containing am picillin  and
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incubated overnight at 37°C. G row th w as exam ined the next day, one colony selected and 

inoculated in 5 m L LB m edium  containing am picillin in a 15 mL Falcon tube. A t least 5 tubes 

w ere prepared and incubated w ith shaking at 220 rpm for 8h at 37°C.

AmpR CMV profnot«r/enhanc»r

pUCorij^n

pL L 4.0
7587 bp

"HtVFUAP

Lo* P US promoter

fcoR I (4369)

AmpR CMV proma(«r(enhanc«r

pLL4.0 
nNOS decoy

7745 bp

LoxP

pLP1
8889 bp

pLP2
4180 bp

Figure 2-2. M aps of vectors used
(A) and (B) The pLL4.0 and pLL4.0-nNOS decoy vectors contain PGK promoter, ampicillin resistance and 
OFF or nNOS decoy genes, in addition to sequences required for lentivirus expression. Restriction sites used 
for cloning were Nhel and EcoRl. (C) Three packaging vectors were used for the preparation of lentivimses 
(Invitrogen). pLPl encodes the gag  and pol genes and directs expression of the viral structural proteins such 
as the capsid. pLP2 and pLP-VSVG encode the Rev and envelope proteins, respectively.
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2.2.1.4.5 Transformation in XLIO-GoldE.coli strain (chemically competent cells)

Lentiviral vectors often require transform ation in different bacteria! strains to select the best 

conditions for subsequent lentiviral production. Thus, the resulting new ly  produced vector  

incorporating the gene o f  interest (nN O S d ecoy) w as a lso transform ed using X LIO -G old  

U ltracom petent ce lls . C ells w ere rem oved from -80°C  storage and thaw ed on ice. N ext, 4  |iL  o f  

the P-m ercaptoethanol m ix provided by the supplier w as added to each 100 |jL aliquot o f  X LIO- 

G old ce lls  and incubated on ice  for 10 m in, w ith tubes gen tly  inverted every 2 m in. T he ligation  

product (2 |iL ) w as added and incubated on ice for a further 30  m in. T he bacteria m ixture w as then  

heat-shocked for 30  s in a water bath at 42°C  and incubated on ice for 2 min. Subsequently, 0 .9  

mL o f  pre-heated (42°C ) NZY^ broth (1%  tryptone, 0.5%  yeast extract, 0.5%  N aC l, pH 7.5 , 

autoclaved w ith addition o f  filter-sterilized 12.5 mM  M gC h, 12.5 mM  M g S 0 4  and 20  mM  

g lu cose) w as added and tubes incubated with shaking at 220  rpm for Ih at 37°C . T ubes w ere  

centrifuged at 1 ,000 x g for 5 m in, resuspended in 100 |iL  LB m edium  supplem ented w ith  

am picillin , plated onto LB agar plates containing am picillin  and incubated overnight at 37°C . 

Growth w as exam ined the next day, a sin g le  co lon y  selected  and inoculated in 5 mL LB m edium  

(containing am picillin ) in a 15 m L Falcon tube. At least 5 tubes w ere prepared and incubated w ith  

shaking at 220  rpm for 8h at 37°C .

2.2.1.4.6 Positive clone screening

P ositive c lon e screening w as required to confirm  su ccessfu l c lon in g  o f  the gene o f  interest into the 

vector. C onfirm ation o f  su ccessfu l c lon ing  w as ach ieved  by PCR am plification o f  the insert from  

the new  clon e and further by restriction d igestion . A fter transform ation and incubation for 8h, 

tubes w ere rem oved from  the shaker and plasm id D N A  extracted and purified using the QIAprep  

M iniprep kit. The m inipreps D N A  (1 ^L) w ere diluted into 500  ^L H 2O and PCR run fo llow in g  

the protocol o f  section  2 .2 .1 .4 .1 . The PCR reactions (20  |xL) w ere run in a 1% agarose gel.
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Sam ples show ing a positive band for the insert w ere selected, w hile colonies yield ing negative 

results w ere discarded. The positively  identified sam ples w ere then d igested w ith  N hel and 

E c o R l, w hich correspond to the restriction enzym es that w ere used to prepare the vector and insert 

for ligation. R estriction digestion  w as carried  out as previously  described for the insert and vector 

and the resulting products exam ined in a 1% agarose gel. Positive clones exhibited a fragm ent 

w ith  the length o f  the inserted gene o f  interest (approxim ately  900 bp for nN O S decoy) and a 

vector fragm ent (approxim ately  7,000 bp). Positive sam ples w ere stored at -20°C  and an aliquot 

sent for sequencing to Eurofm s M W G Operon. F or sequencing analysis, specific prim ers were 

designed and sent along w ith  the sam ples (Table 2-4). Sequencing results w ere then com pared 

against the published sequence o f  the gene o f  interest to confirm  successful cloning, using Basic 

Local A lignm ent Search Tool (B LA ST) -  an online resource o f  the N ational C enter for 

B iotechnology Inform ation (NCBI).

2.2.2 Cell line culture 

2.2.2.1 HEK293T cell culture

The hum an em bryonic k idney (H EK 293T) cell line constitu tively  expresses the sim ian virus 40 

large antigen (SV 40) and displays high transfectability  properties, particularly  suitable for the 

production o f  high titres o f  lentiviruses. H EK 293T  (A TC C ) w ere rem oved from  -80°C  storage and 

thaw ed quickly (1-2 m in) in a w ater bath at 37°C. The contents o f  the vial (1 m L) w as added to a 

T-25 cm^ flask containing 9 mL o f  m edium  pre-w arm ed at 37°C. The m edium  used w as a high 

g lucose D ulbecco’s m odified  E agle’s m edium  (D M EM ), supplem ented w ith 10% heat-inactivated 

FB S, penicillin (100 U /m L) and streptom ycin  (100 |^g/mL) (nam ed com plete m edium  thereafter). 

C ells w ere m ixed gently  by sw irling the flask  and incubated at 37°C, 5%  C O 2. The next day, 

m edium  w as replaced w ith  10 mL o f  pre-w arm ed com plete m edium . Cells w ere m aintained in 

com plete m edium  and split every 3-4 days, w hen they reached approxim ately  80%  confluence.
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B riefly , m edium  w as rem oved and ce lls  w ashed once w ith  pre-w arm ed sterile PB S. F o llow in g  

this, 1-3 mL o f  0.25%  trypsin-E D T A  w as added (depending on the s ize  o f  the flask  used) and cells  

w ere incubated at 37°C , 5% C O 2 for 3 m in, to a llow  ce lls  to detach. T o stop trypsinization, 9 mL  

o f  com plete m edium  w as added, and ce lls  w ere resuspended by gen tle  pipetting. A n appropriate 

volum e o f  this solution  w as transferred into a T -25 cm^, T -75 cm^ or T -150  cm^ flask containing  

pre-w arm ed com plete  m edium , the vo lu m e transferred depending on the concentration o f  ce lls  

needed. C ells w ere then incubated at 37°C , 5% C O 2 until used  or further split.

2.2.2.2 Preparation o f  frozen stock

Cultures at an early passage num ber (typ ically  P N =3 or P N = 4) w ere frozen at -80°C  for long-term  

storage. For cryogen ic preservation, ce lls  w ere grow n in a T-75 cm^ flask, split w ith 3 m L o f  

trypsin, thoroughly resuspended w ith 7 mL o f  pre-w arm ed com plete m edium  (w ithout antib iotics) 

and 10% dim ethylsu lfox ide (D M S O ). C ells  w ere counted w ith  a haem ocytom eter and aliquots o f  1 

m L w ere prepared in cryogen ic v ia ls. Tubes w ere transferred im m ediately at -20°C  for 1.5h before 

being  left at -80°C  for long-term  storage.

2.2.2.3 Transient transfection o f  HEK293T cells

Transient transfection o f  H E K 293T  cells  w as perform ed as previously  described (D ev  et al., 

1999). B riefly , ce lls  w ere seeded at 1 x 10^ cells/m L  in 6 -w ell plates and grow n overnight in 

com p lete  m edium  so that con flu en ce reached 50-80%  on the day o f  transfection. D M EM  com plete  

m edium  w as replaced w ith O ptim em  containing 1 |ig  o f  D N A  m ixed w ith 6 ^L o f  Plus R eagent (a 

transfection enhancer) and 4 |iL  o f  L ipofectam ine. A fter incubation at 37°C , 5% C O 2 for 6h, the 

transfection com p lex  w as replaced w ith 1 mL com plete  m edium  and cell m orphology exam ined. 

C ells  w ere grow n overnight and m edium  w as changed 24h  after transfection. For im m unoblotting  

and im m unocytochem istry studies, H E K 293T  w ere grow n in 6 -w ell plates and 2 4 -w e ll p lates, 

respectively  and harvested 48h  to 72h post-transfection.
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2.2.3 Lentiviral vector preparation

The production and handling o f  lentiviral particles w ere carried out using b iosafety  level 2 (B L -2)  

containm ent and laboratory facilities, as described by the U .S . N ational Institute o f  Health (N IH ) 

guidelines.

2.2.3.1 Generation o f  lentiviral particles

Lentiviral particles w ere generated as previously  described (D eg lon  et al., 2000; Kuroda et al., 

2009; O sinde et al., 2 0 08 ). H E K 293T  ce lls  w ere grow n in 6 x T -150  cm^ flasks and brought to 

90%  confluence. W hen confluent, H E K 293T  w ere transfected w ith polyethyleneim ine (PEI) as 

fo llow s. In a 50 m L F alcon tube, 7 .5  o f  10 mM  PEI w as m ixed  to 42  mL o f  O ptim em  and 

filter-sterilised (tube 1). In another tube, 42  mL o f  O ptim em  w as m ixed  gently w ith a four 

“plasm id m ix” and filter-sterilised  (tube 2). The “plasm id m ix” w as com posed  by 120 (ig pLPI 

(gag/p ol) (20  |ig /fiask ), 60  (,ig pLP2 (R ev ) (10  (ig/flask), 60 ng en velop e (V S V G ) (10  |.ig/flask) and 

2 40  (ig pL L 4.0 lentiviral vector (4 0  |ig /fla sk ) (F ig u re  2 -2C ). The contents o f  tube 1 w as added 

dropw ise to tube 2, m ixed  several tim es by  inversion and incubated at room  temperature for 20  

min. The m edium  w as then rem oved  from  H E K 293T  and 14 mL o f  the transfection preparation 

w as added into each flask. C ells  w ere incubated at 37°C , 5% C O 2 for 4h. F o llow in g  incubation, 

the transfection m edium  w as rem oved  and 30  mL o f  fresh com plete pre-w anned  D M EM  m edium  

w as added. A fter 48h  post-transfection , the supernatant (m edium  I containing lentivirus) w as  

rem oved, p laced  in a 50 mL F alcon tube and 30 mL o f  fresh com plete pre-w arm ed D M EM  

m edium  w as added to the ce ils . H E K 293T  ce lls  w ere p laced back in the incubator overnight at 

37°C , 5% C O 2 . M edium  I w as centrifuged at 3 ,000  x g for 10 m in at 4°C  to pellet cell debris, and 

filter-sterilised. T his clear m edium  w as centrifuged at 100 ,000  x g for 2h at 4°C , the supernatant 

discarded and the pellet contain ing the viral particles w as resuspended into 2.5 mL D M EM  

m edium  (w ithout serum and w ithout antib iotics) overnight at 4°C . A fter 72h post-transfection.
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m edium  II (contain ing additional generated virus) w as rem oved  and treated as described for 

m edium  I, excep t that the viral particles w ere resuspended for 2h on ice. F o llow in g  this, all the cell 

pellets w ere recovered by vortexing thoroughly and pipetting on ice  and loaded into a sin g le  tube 

for a final u ltracentrifugation at 100 ,000  x g for 2h at 4°C . T he supernatant w as discarded  

carefu lly  and 100 PB S w as added to the viral pellet for final resuspension , left at 4°C  overnight 

before being v igorou sly  vortexed. Sm all vo lu m es, typ ically  5 |xL, w ere aliquoted and kept at -80°C  

until further use.

2.2.3.2 Titration o f  lentiviralparticles

Titre w as obtained using serial d ilutions o f  the lentivirus preparation. B riefly , H E K 293T  cells  

w ere plated at 0 .5  x 10^ cells/m L  in a 2 4 -w ell plate and grow n overnight at 37°C , 5% C O 2 . The 

next day, lentiv iruses encoding GFP or nN O S d ecoy  (L V -G F P  or L V -nN O S d ecoy , respectively) 

w ere added to the w e lls , w ith  the fo llow in g  dilutions; 10'^, 10'', 10'^, 10'*, 10'^, 10'* and lO ’ . C ells  

w ere left in the incubator at 37°C , 5% C O 2 for 72h before being fixed  w ith 4% paraform aldehyde 

at room  temperature for 5 m in. C overslips w ere then w ashed 3 x 1 0  m in w ith P B S , fo llow ed  by 

standard im m unocytochem istry  for L V -nN O S d ecoy  (see  b elow ). C overslips w ere m ounted w ith  

V ectash ield  m ounting m edium  contain ing the nuclear stain 4 ’-6 -d iam id in o-2-p h en ylin d ole  (D A P I) 

and v isu alised  at the appropriate w avelength  w ith a N ikon  E clipse E 600F N  m icroscope equipped  

w ith N ikon C -H G FI intensilight lam p, Orca H am am atsu cam era controller and W influor  

v 3 .2 .1 9  softw are. V irus titre (lU /m L ) w as calculated  as fo llow s: virus dilution x num ber o f  GFP- 

or n N O S -p ositive  cells.

2.2.4 Primary neuronal cultures

For im m unocytochem istry  experim ents, primary cortical neuronal cultures w ere grow n on  

coverslip s coated  w ith  poly -L -lysin e  (20  |ig /m L ) or p o ly -D -ly sin e  (50  |ag/mL).
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2.2.4.1 Preparation o f  coverslips

P oly -L -lysin e  w as reconstituted w ith 3 mL o f  sterile H 2O and thoroughly m ixed  w ith  a vortex. A  

further 22  m L o f  H 2O w as added to g iv e  a stock  concentration o f  1 m g/m L . This so lu tion  w as then 

frozen at -20°C  in 1 mL aliquots until further use. W hen required, this 1 m L aliquot w as diluted  

1:50 by the addition o f  4 9  mL o f  sterile H 2O to a final concentration o f  20  ng/m L  and filter- 

sterilised  using a 0 .22  ^m syringe filter. P o ly -D -ly sin e  w as prepared by reconstituting 5 m g w ith  

50 mL sterile H 2O to m ake a stock  concentration o f  0.1 m g/m L. T his solution  w as then filter- 

sterilised  using a 0 .22  |^m syringe filter and frozen at -20°C  in 5 mL aliquots until further use. 

W hen required, the p o ly -D -ly sin e  aliquot w as further diluted by addition o f  5 mL sterile H 2O to a 

w orking concentration o f  50 |.ig/mL. C overslip s w ere sterilised  by baking at 200°C  for at least 6h, 

added in 2 4 -w e ll p lates and further sterilised  by exp osin g  them under U V  light for Ih. Poly-L - 

ly sin e  or p o ly -D -ly sin e  (100  |iL ) w as then added into the centre o f  each coverslip  and incubated  

for Ih at 37°C . F o llow in g  this, the p o ly -L -ly sin e  or p o ly -D -ly sin e  solu tion  w as rem oved  and kept 

at 4°C  to be re-used for up to three tim es. T he coverslip s w ere then rinsed gen tly  tw ice  w ith sterile 

H 2O. The plates w ere left to fu lly  dry for at least 2h at 37°C  until further use.

2.2.4.2 Primary cortical neurons for biochemical analysis

N euronal cultures w ere prepared from postnatal day 1 (P I)  W istar rats o f  either sex  

(B ioR esou rces, Trinity C o llege) and prepared as described previously  (G reenw ood  et al., 2007). 

C ortices w ere rem oved, chopped w ith a blade on a Petri d ish and incubated in a buffer containing  

1.5 m g/m L  papain for 20 m in (buffer com position: 116 m M  N aC l, 5 .4  niM  K C l, 26  m M  NaHCOa, 

1.3 m M  N aH 2P 0 4 , Im M  M g S 0 4 , Im M  C aC b, 0.5 m M  E D T A , 25 m M  g lu co se , pH 7,4). 

F ollo w in g  d igestion  w ith papain, ce lls  w ere transferred to a tube contain ing 1% B S A  to stop the 

papain d igestion . C ells  w ere m echan ica lly  triturated w ith  a 3 mL plastic pipette. T he contents o f  

this tube (2 m L) w as transferred to a secon d  and a third tube o f  buffer contain ing 1% B S A  (2
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mL/tube) for further trituration with a 1 mL fine tip plastic pipette. Following this, dissociated  

cells were collected in a single tube and centrifuged at 3 ,000 x g for 3 min at 20°C. The BSA  

buffer was removed and the cell pellet resuspended into 4-5 mL o f  Neurobasal A medium  

supplemented with 2% B 27, 1% o f  penicillin/streptomycin solution and 2 mM L-glutamine. Low- 

density cultures were plated for immunocytochemistry experiments, whereas high-density cultures 

were used for co-immunoprecipitation and immunoblotting studies. Typically, 80-100 nL o f  cells  

or 400-500  |iL were plated on poly-L-lysine-treated glass coverslips or 6-well plates respectively, 

and incubated at 37°C, 5% CO 2 . An hour later, 1-2 mL o f  medium was added to each w ell and 

cultures incubated at 37°C, 5% CO 2 . The day o f  plating was counted as day in vitro  (DIV) 0. H alf 

o f  the medium was replaced with pre-warmed medium every 3-4 days. Cortical cultures were 

typically used from DIV 7.

2.2.4.3 Prim ary cortical neurons fo r  S h o ll analysis

The cortex was dissected from PI Wistar rats (BioResources, Trinity College) and finely cross

chopped in pre-warmed complete Neurobasal A medium (NB M ) supplemented with 1% B 27, 1% 

Glutamax, 0.1% Fungizone and 1% Penicillin/Streptom ycin (referred as complete NBM  medium  

thereafter). The tissue was then transferred into trypsin-EDTA (5 mL), and incubated for 2 min at 

37°C. Complete DMEM medium (DM EM Ham’s F12 medium supplemented with 10% heat- 

inactivated fetal bovine serum, 0.1% Fungizone and 1% Penicillin/Streptom ycin) (5 mL) was then 

added and the tissue was triturated twice, followed by centrifugation at 2,000 x g for 3 min at 

20°C. The resultant supernatant was discarded and the pellet was resuspended in com plete DM EM  

(5 mL). This cell suspension was triturated until no visible clumps remained, passed through a 

sterile mesh filter (40 |am) and centrifuged at 2 ,000 x g for 3 min at 20°C (M cNam ee et al., 2010; 

O'Sullivan et al., 2010). The supernatant was discarded and the pellet was resuspended in 1 mL o f  

pre-warmed com plete NBM  by gently triturating until a homogenous cellular suspension was
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obtained. The cell suspension was counted by the Trypan blue exclusion method. For all Shell 

analysis experiments, the cell suspension was diluted to 1.5 x 10̂  cells/mL and 75 nL o f this 

dilution was gently pipetted onto the centre o f  a poly-D-lysine coated coverslip in 24-well plates. 

The plate was left at 37°C, 5% CO2 for 2h to allow adherence o f the cells to the coverslip, 

followed by addition o f 300 |iL complete NBM. The day o f plating was counted as DIV 0. 

Neurons were treated with compounds at DIV 3 and fixed for subsequent immunocytochemistry 

and Sholl analysis at DIV 4.

2.2.5 B iochem ical analysis

2.2.5.1 Cell membrane preparation

To examine the expression of endogenous or transfected proteins, a cell membrane preparation 

containing both soluble and insoluble cell fractions was prepared. HEK293T cells were harvested 

by scraping them directly in their own medium on ice. Cells were pipetted gently to create a cell 

suspension until no cells were left visible on the plate, transferred into 2 mL microtubes and 

centrifuged at 13,000 x g for 5 min at 4°C. The supernatant was discarded and the cell pellet was 

lysed in 200 |aL PTxE (PBS containing 1% Triton X-100 and 0.1 mM EDTA). Neurons were 

rinsed twice in ice-cold PBS and either lysed in 200 \\L NP40 cell lysis buffer, supplemented with 

ImM PMSF and 0.5% protease inhibitor cocktail following the supplier’s guidelines or lysed in 

200 î L PTxE as described for HEK293T cells. The cell membrane preparation obtained was either 

used immediately for immunoblotting studies or stored at -20°C until further use.

2.2.5.2 Pull-down assay

Pull-down experiments were performed as described previously in the literature (Dev et al., 2000; 

Dev et al., 1999; Hirbec et al., 2003).
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2 .2 . 5 .2.1 Preparation o f  rat brain lysate

For pull-down assays using native proteins, rat brain homogenates were prepared from P12 W istar 

rats (BioResources, Trinity College). Briefly, the brain was quickly dissected on ice, immediately 

placed in approximately 5 mL o f ice-cold homogenisation buffer (0.32 M sucrose, 4 mM HEPES, 

1 mM EDTA, ImM  EGTA, pH 7.4) and weighed. A total o f  20 mL o f homogenisation buffer was 

added for a rat brain o f 1.0 g. Homogenisation was carried out using a glass/Teflon homogeniser 

(10 passes). Homogenates were centrifuged at 1,000 x g for 10 min at 4°C, and the supernatant 

(S I) was centrifuged at 48,000 x g for 30 min at 4°C to obtain the pellet (P2) fraction. The P2 

fraction was then resuspended in 5 volumes o f PTxE (PBS, 1% Triton X-100, 0.1 mM EDTA, pH 

7.4), sonicated 10 x 10 s at 20% amplitude to lyse the cells, and solubilised by rotation at 5 rpm for 

Ih at 4°C. After centrifugation at 100,000 x g for Ih at 4°C, the supernatant (S3) was stored in 500 

pL aliquots and frozen at -20°C until required for pull-downs assays (F igure 2-3).
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: 1
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Cell lysate/soluble fraction 
(500 pL cell lysate/condltion)

1
Used for GST pull-down studies 

or co-immunopreclpitation studies

KEEP 
100  pL

Figure 2-3. Schem atic diagram o f rat brain lysate preparation
HB: homogenisation buffer

2.2.5.2.2 Preparation o f  BL21 Escherichia coli cells

A  50 pL aliquot o f BL21 E.coli was removed from the -80°C freezer and streaked directly ont< a 

fresh LB agar plate (1% tryptone, 0.5% yeast extract, 1% NaCl, 1.5% agar, pH 7.5, autoclavel). 

The plate was inverted and incubated for 18h at 37°C. Subsequently, a single E.coli colony vas 

inoculated in 100 mL o f LB (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.5, autoclaved) aid
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incubated with shaking at 225 rpm for 3-6h at 37°C until the OD at 600 nm reached 0.4-0.5. The 

culture was then aseptically transferred into two sterile pre-chilled 50 mL tubes and centrifuged at 

1,000 X g for 20 min at 4°C. The medium was decanted and the pellet resuspended in 10 mL of 

ice-cold transformation and storage (TSS) buffer (1% tryptone, 0.5% yeast extract, 0.5% NaCl, 

10% polyethylene glycol, 5% DMSO, 50 mM MgCb, pH 6.5, filter-sterilised). The resuspension 

was used for bacterial transformation within 2-3h.

2.2.5.2.3 Transformation in BL21 E.coli

The DNA of interest (pG EX 4T.l-nN 0S decoy) was provided by GenScript. Briefly, the first 900 

bp o f nNOS (nNOS decoy) were cloned in the pGEX4T.l bacterial expression vector (Figure 2-4) 

using BamHl and EcoRl restriction sites and specifically designed primers (Table 2-4). As a 

result, GST was fused to the 900 bp o f nNOS on its N-terminus. For transformation in BL21 

E.coli, 1 ng o f pG EX 4T.l-nN 0S decoy or pGEX4T.l (negative control) was added to 1 mL of 

freshly prepared BL21 E.coli resuspended in TSS buffer (see section 2.2.5.2.2) and incubated on 

ice for 45 min. A heat-shock was then carried out by incubating the cells for 2 min in a water bath 

at 42°C. This step was immediately followed by incubation on ice for 30 s. Next, 900 (xL of pre

warmed LBG medium (LB medium autoclaved and supplemented with 20 mM glucose) was 

added to 100 |xL of the bacterial cells in a 15 mL tube and the culture was incubated with shaking 

at 250 rpm for Ih at 37°C. Following incubation, 100 |iL were plated on LBAG plates (1% 

tryptone, 0.5% yeast extract, 0.5% NaCl, 1.5% agar, autoclaved, supplemented with 20 mM 

glucose and 100 |xg/mL ampicillin) and incubated for 18h at 37°C. Colonies were subsequently 

used for the preparation of large scale bacterial sonicates.

- 7 4 -



pGEX4T.1

________ Thromiain

keu  V d  P to  A rg^G iy Ser I f to  Giu f tw  P ro Q y  Arg Leu Q u  Arg f^ o  Arg Asp
ac cn CCGCGT g g a  t c c  c c g  g a a  nc c c g  g g t  c g a  ac g a g  c g g  c c g  ca t  c g i  g a c  tg a

S to p  c o d o mBcmHl

pGEX
4900 tF

F igure 2-4 . M ap o f  the p G E X 4 T .l bacteria l vector used for p u ll-d ow n  exp erim en ts
The pG E X 4T .l vector contains a tac promoter that can be induced by the lactose analog isopropyl (3-D 
thiogalactoside (IPTG), a glutathione S-transferase gene and a m ultiple clon ing site (indicated in brackets), 
in addition to an am picillin resistance gene. Restriction sites used for nN O S decoy clon ing were BamH I and 
E c o R l.

2.2.5.2.4 Preparation o f  large scale bacterial sonicates

A single colony o f BL21 E. coli transformed with glutathione S-transferase (GST) alone or GST- 

nNOS decoy was inoculated in 10 mL 2xYTA medium (1.6% tryptone, 1% yeast extract, 0.5% 

NaCl, autoclaved, supplemented with 100 [ig/mL ampicillin) with shaking at 250 rpm for 12-15h 

at 37°C. From this overnight culture, 1 mL was used to inoculate 100 mL o f pre-warmed YTA 

medium (i.e. 1/100 dilution) in a 500 mL flask and incubated with shaking at 220 rpm for l-2h at 

37°C until the ODeoo reached 0.5-0.7. A 1 mL sample o f  the culture was taken before induction 

with the lactose analog isopropyl P-D thiogalactoside (IPTG). This sample was centrifuged at 

6,000 X  g for 30 s, resuspended in 50 | j L  Laemmli sample buffer (250 mM sucrose, 31.2 mM Tris- 

HCl pH 6.8, 2% SDS, 0.5% p-mercaptoethanol, 0.025% bromophenol blue) and kept at -20°C for 

further analysis. The IPTG was aseptically added to the rest o f the culture to a final concentration

- 7 5 -



of 1 mM and incubated with shaking at 200 ipm  for 4-5h at 37°C. Another 1 mL sample was taken 

following IPTG induction and kept for further analysis. The induced culture was centrifiiged at 

1,000 X g for 20 min at 4°C in 2 x 50 mL tubes and pellets were frozen overnight at -80°C. The 

next day, pellets were re-suspended in a final volume o f 5 mL PBS, incubated with 1 mg/mL 

lysozyme and rotated at 5 rpm for Ih at 4°C. Following bacterial cell wall lysis with lysozyme, 

BL21 cells containing GST or GST-nNOS decoy were lysed by sonication 6 x 10 s at 20% 

amplitude. Samples were kept on ice between sonications. Next, 1% Triton X-100 and 0.1 mM 

EDTA were added to the samples and sonicates were rotated at 5 rpm for Ih at 4°C to ensure 

solubilisation. The solubilised cell suspension was stored in 1 mL aliquots at -20°C until required 

for GST pull-downs studies.

2.2.5.2.5 GST pull-down assay

Before use in a GST pull-down experiment, the solubilised bacterial samples containing GST 

alone or GST-nNOS decoy were thawed on ice, re-sonicated 6 x 10 s at 20% amplitude, rotated at 

5 rpm for Ih at 4°C to ensure solubilisation and centrifuged at 12,000 x g for 30 min at 4°C. Next, 

400 i^L o f bacterial sonicate was bound to 20 |o.L glutathione Sepharose 4B beads in the presence 

o f  1 mg/mL BSA and PTxE buffer was added to reach a final volume o f 1 mL. This preparation 

was rotated at 5 rpm for 30 min at 4°C. Thereafter, the samples were centrifuged at 10,000 x g 

(pulse). The supernatant was removed without disturbing the beads and 1 mL o f PTx (PBS 

containing 0.1% Triton X-100, pH 7.4) was added. Samples were centrifuged again at 10,000 x g 

(pulse) and the supernatant was discarded. This washing step was repeated three times. Finally, the 

supernatant was discarded and glutathione Sepharose 4B beads coupled to GST or GST-nNOS 

decoy were resuspended in 200 |xL PTx. Following this, 500 |iL of supernatant (S3) o f the rat brain 

lysate was incubated with 200 |xL o f coupled Sepharose beads in the presence o f  2 mg/mL BSA. 

After rotation at 5 rpm for 5h at 4°C, the suspensions were washed four times with 1 mL PTx and
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centrifuged at 13,000 x g for 1 min. The supernatant was discarded and the pellet resuspended in 

20 |j,L PTx before being processed for Western-blotting.

2.2.6 Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis (SDS-PAGE)

Proteins were eluted with an equivolume o f Laemmli sample buffer and boiled for 5 min at 95°C. 

Following this treatment, proteins were separated by SDS-PAGE, which is a common technique 

for separating proteins according to their molecular weight (Laemmli, 1970). Either 4-20% 

gradient pre-cast gels or 10% gels were used. In the case o f  10% gels, a 10% resolving gel (0.38 M 

Tris, 10% acrylamide, 0.1% SDS, 0.005% APS, 0.01% TEMED) and a 4% stacking gel (0.38 M 

Tris, 4% acrylamide, 0.1% SDS, 0.005% APS, 0.01% TEMED) were prepared. Wells were loaded 

with 20 (,iL o f sample and 4-5 |^L of protein markers was run in a separate lane. Precast gels were 

run in running buffer (25 mM Tris, 0.19 M glycine, 0.1% SDS, pH 8.3) at a constant voltage of 

185 V until samples reached the bottom o f the gel, whereas 10% gels were run at 100 V until they 

reached the bottom o f the stacking gel. At this point, voltage was increased to 150 V until proteins 

reached the bottom o f the resolving gel.

2.2.7 Immunoblotting (W estern-blotting) and analysis o f protein expression 

2.2.7.1 Immunoblotting

Proteins resolved on SDS-PAGE were transferred onto a polyvinylidene difluoride (PVDF) 

membrane using a semi-dry blotting system. The PVDF membrane was activated by immersion in 

methanol for 10 s, followed by immersion in solution C (25 mM Tris base, 40 mM 6- 

aminohexanoic acid, 0.02% SDS, 20% methanol, pH 9.4) for 15-60 min. Prior to use, 2 Whatman 

filter papers were immersed in solution A (0.3 M Tris base, 0.02% SDS, 20% methanol, pH 10.4), 

2 filter papers in solution B (25 mM Tris base, 0.02% SDS, 20% methanol, pH 10.4) and 2 filter 

papers in solution C. Transfer apparatus was set as follow for transfer; anode, 2 filter papers

- 7 7 -



soaked with solution A, 2 filter papers with solution B, PVDF membrane, SDS-gel, 2 filters with 

solution C, cathode. Transfer was run at 50 mA for 120 min. Following this, the gel was removed, 

stained with a Coomassie blue brilliant solution (42% H2 O, 42% methanol, 16% acetic acid, 0.1 %> 

Coomassie blue brilliant) with shaking at 20 rpm for Ih at room temperature and destained with a 

destaining solution (50% H2 O, 40% methanol, 10% acetic acid) with shaking at 20 rpm, overnight 

at room temperature. Coomassie blue brilliant is an anionic dye that stains proteins and was used 

to determine successful transfer, where the gel showed no protein bands. To prevent non-specific 

background binding, the membrane was blocked with 5% non-fat powder milk in PBS-T (w/v) 

(PBS containing 0.05% Tween-20, pH 7.4) or TBS-T (w/v) (TBS containing 0.05% Tween-20) 

(Tris-Buffered Saline or TBS: 137 mM NaCl, 3 mM KCl, 25 mM Tris, pH 7.4) for Ih at room 

temperature. The membrane was then incubated with primary antibodies diluted in 5% non-fat 

powder milk/PBS-T (or 5% milk/TBS-T) overnight at 4°C. The next day, the membrane was 

washed thoroughly 3 x 10 min with 10 mL PBS-T (or TBS-T) with shaking at 20 rpm. 

Horseradish peroxidase (HRP) or alkaline phosphatase (AP) secondary antibodies were incubated 

for Ih at room temperature. For the AP method, blots were developed with 30 [iL BCIP and 60 pL 

NBT in 10 mL o f alkaline phosphatase buffer (100 mM NaCl, 5 mM MgCh, 100 mM Tris base, 

pH 9.5). For the HRP method, blots were left in a mixture o f equivolumes o f Luminol reagent and 

HRP substrate peroxide solution for 5 min (typically 1 to 2 mL), before being imaged at different 

exposure times in a digital darkroom. With this method, blots were stripped o f antibodies by 

incubating the PVDF membrane at room temperature for 15 min in stripping buffer (ReBlot 

solution). Stripped blots were then blocked 2 x 5  min in 5% milk/PBS-T or 5% milk/TBS-T and 

re-analysed as described above.
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2.2.7.2 Protein expression analysis

In cases w here protein  expression w as quantified, W estem -blot m em branes w ere scanned and 

converted  to grayscale 8 bit .tif  files. Im ageJ softw are w as used to quantify  the signal intensity o f  

the d ifferent protein bands. In the “analyse gels” section o f  the m enu, the rectangular selection tool 

w as selected  and a large rectangle w as draw n around the protein lane o f  interest. Subsequently, a 

profile plot w as created  for the selected  area and a straight line w as draw n at the base o f  each peak, 

from  one side to the other to enclose the area o f  the peak. F inally, using the w and-tracing tool to 

select each peak, the signal w as expressed as an area under the curve for each sam ple (F ig u re  2- 

5). These steps w ere perfonned  for both target proteins and loading control (actin). A ratio o f  

target protein /actin  w as then calculated  and data w ere plotted using G raphPad Prism  5.0.
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Figure 2-5. Analysis o fW estern-blot m em branes using Im ageJ
(A) A rectangle is drawn around the protein lane of interest and (B) a profile plot is then created for each 
band. A line is drawn at the base of each peak to enclose the area of each peak. Each peak is selected 
(yellow) and (C) its size (area under the curve) measured.
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2.2.8 Immunocytochemistry and image analysis

2.2.8.1 Immunocytochemistry fo r analysis o f  protein expression in mammalian cells and 

primary cortical neurons

HEK293T cells transiently transfected with the Lipofectamine method and cortical neurons 

transduced with lentiviruses were seeded on poly-L-lysine (20 ng/mL) coated coverslips and 

analysed as follow. Medium was aspirated, cells were washed once with 1 mL ice-cold PBS and 

incubated with 0.5 mL ice-cold 3.7% paraformaldehyde for 5 min. The cells were then washed 

with 1 mL PBS, followed by 1 mL PTx buffer (PBS containing 0.1% Triton X-100) for 5 min. 

Again, cells were washed 2 x 5  min in 1 mL PBS before blocking non-specific binding with 1 mL 

blocking buffer (2%i BSA in PBS) for Ih at room temperature. Blocking buffer was then removed 

and cells were incubated with primary antibody diluted in blocking buffer (200 ^L), overnight at 

4°C. The next day, cells were washed three times with 1 mL PBS. Secondary antibodies (200 nL) 

were incubated for 2h, in the dark and at room temperature, diluted in blocking buffer. Coverslips 

were then washed again three times with 1 mL PBS. Subsequently, coverslips were removed 

carefully from wells, placed inverted onto a glass slide with a drop o f Vectashield mounting 

medium containing DAPl or propidium iodide (PI). Coverslips were then sealed in nail varnish 

and cells visualised using a fluorescence microscope (Olympus CKX41 equipped with Olympus 

U-RFL-T fluorescence power supply) and a confocal microscope (Carl Zeiss Axioplan 2 with 

LSM 510 software).

2.2.8.2 Image analysis fo r examination o f  protein expression levels in primary cortical 

neurons

Confocal images captured for the quantitative measurement o f immunofluorescent staining in 

cortical neurons transduced with nNOS decoy were 12 bit .tif files o f 1024 x 1024 pixel resolution 

and were analysed as previously described (Sheridan and Dev, 2012). Image analysis was
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conducted using the software package EBImage run through the statistical programming 

environment, R. The software package allowed analysis o f red, green and blue channels 

separately. Every pixel within the images (1024 x 1024) was assigned an intensity value between 0 

and 1. The fluorescence intensity thresholds were set to remove background staining and include 

only those pixels representing specific staining in the analysis measurements. The blue channel 

represented propidium iodide-stained nuclei and the green channel nNOS. Both channels were 

used to label the nuclear zone, cell body and processes o f  neurons. An analysis script was written 

in R to measure the fluorescence intensity o f nNOS staining (i.e. green channel) in each o f these 3 

cellular compartments in all cells within the confocal images. Using the blue (propidium iodide) 

channel, minimum size and fluorescence intensity thresholds were set in order to select only those 

pixels that belong to propidium iodide-labelled nuclei. The nuclei were then “dilated” using 

specified morphological kernel expansion. This step allowed the designation o f a cell body region 

surrounding each nucleus. The nuclear and cell body compartments o f each cell were then 

subtracted from the total nNOS fluorescence and the remaining nNOS labelled processes were 

used to calculate the average fluorescence intensity o f  nNOS in the processes (axons and 

dendrites) o f neurons within each image (Figure 2-6). A distance map was then generated for the 

image, which calculated the distance each pixel was from an edge pixel. The watershed 

segmentation algorithm accurately separated nuclei that were very close or touching. The nNOS 

fluorescence for nucleus, cell body and processes or entire cell was expressed as the mean nNOS 

fluorescence intensity per pixel and was calculated for each image. A total o f  13 images per group 

were acquired.
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Nuclei: b lue channel N ucleus th re sh o ld  N ucleus *  cell body
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b o d ies  (i.e. p ro c e sse s )

Figure 2-6. Image analysis for nNOS expression in cortical neuronal cultures
N eurons were analysed using the intensity o f nNOS staining and propidium iodide stained nuclei. Blue and 
green channels were separated and fluorescence intensity was exam ined in the following compartments: 
nucleus, cell body and processes (axons and dendrites).

2.2.8.3 Immunocytochemistry fo r  Shall analysis

For Sholl analysis, primary cortical cultures were seeded on poly-D-lysine (50 (xg/mL) coated 

coverslips. Cells were washed under sterile conditions three times with DPBS, fixed with ice-cold 

methanol (300 ^L) for 15 min at -20°C and washed three times with 1 mL PBS. Following the 

fixation step, all subsequent steps were performed on the normal laboratory bench. Non-reactive 

sites were blocked for 2h at room temperature in 300 |iL blocking buffer (4% normal goat serum 

in PBS). The blocking buffer was then removed and 300 |iL o f primary antibody was immediately 

added. The cells were incubated in primary antibody overnight at 4°C. The next day, cells were 

washed three times in 1 mL PBS. Cells were then incubated with an appropriate secondary 

antibody (300 (xL) diluted in PBS, in a light-protected environment for 2h at room temperature. 

Next, cells were washed three times in ImL PBS. The glass coverslips were then removed and 

mounted onto glass slides with Vectashield fluorescent mounting media containing DAPI. Each 

coverslip was sealed in nail varnish and stored in the dark at 4°C until visualised with a 

fluorescence microscope. For Sholl analysis, images were captured on an Axio Imager Z1
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epifluorescent m icroscope (Carl Zeiss) equipped w ith a CC D  cam era (A xioC am  M R m ) and 

A xiovision softw are (version 4.8.2, Carl Zeiss M icroim aging) at x200 m agnification.

2.2.8.4 Image analysis for Sholl experiments

The Sholl analysis procedure w as adapted  from  Sholl (1953) and G utierrez and D avies (2007). For 

this procedure, P-III tubulin-stained neuronal coverslips w ere v isualised at x200 m agnification on 

a fluorescent m icroscope. Coverslips included in Sholl analysis displayed neurons w ith a healthy 

netw ork phenotype throughout the entire coverslip  considered. O nly individual neurons, i.e. 

neurons that w ere not in contact w ith any other neurons, w ere im aged to isolate neurites and 

prevent m isreading o f  neuritic length and neurite num ber. F ive to eight individual neurons from 

each coverslip  and eight coverslips per experim ental condition w ere typically  im aged and analysed 

for Sholl analysis. W here possible, groups w ere blinded. N euronal m orphology w as analysed 

using the follow ing param eters; num ber o f  prim ary neurites, num ber o f  neuritic branches, neuritic 

length and Sholl profile (Sholl, 1953). In the classic Sholl analysis, a num ber o f  concentric rings 

w ith regular radial increm ents centred in the neuronal som a are traced and the num ber Xj o f  

neurites intersecting each ring o f  increasing radii is counted. In this thesis, a sem i-autom ated 

procedure w as used to exam ine neurite outgrow th and generate a Sholl profile. The sam e 

inform ation w as derived by reconstruction o f  the com plete pattern o f  intersections between 

neurites and concentric rings. The total num ber o f  neurites for any segm ent w as calculated as 

follows; Xi = Xi_i + Bj — Ti, w here Xi is the num ber o f  neurites for the “ ith” segm ent, Bj the num ber 

o f  branching events occurring  in the “ ith” segm ent and Ti the num ber o f  branching term inations 

occurring in the “ ith” segm ent (F ig u re  2-7). This equation  w as im plem ented into the 

program m ing platform  M atlab to reduce analysis tim e and thereby allow  analysis o f  larger 

sam ples o f  neurons. The inter-ring interval w as set at 10 |im  and 20 concentric rings w ere included 

for analysis (G utierrez and D avies, 2007). P rim ary neurites w ere classified as those directly
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stemming from the cell body within the first circle, while a branch was counted if  a neurite clearly 

divided in two for at least 5 |im. Neuritic length was defined as the total length o f all neurites. To 

generate the Sholl profile, the number o f neuritic branches was plotted against the distance from 

the cell soma. A stereotypical Sholl profile for pharmacologically untreated rat cortical neurons is 

depicted as an example (F igure 2-8) and is consistent with the Sholl profile typically described in 

the literature (Gutierrez and Davies, 2007).

Figure 2-7. Neuron stained with p-III tubulin and D API with overlaying Sholl analysis concentric 
rings
(A) The cell body o f a rat cortical neuron was stained with (3-III tubulin (white) and the nucleus with DAPl 
(blue). (B) In this example, the neuron is considered to have 7 prim ary neurites (X q). Using the iterative 
equation Xj = Xj.i + Bi -  Ti, the following can be calculated to display the Sholl profile: X]=(Xo +1 B i
l l , )= 7 ,  X2=(X|+0B2-4T2)=3, X3=(X2+1B3-2T3)=2, X4=(X3+1B4-1T4)=2, X5=(X4+0B5-0T5)=2, X6=(X5+0B6- 
IT6)=1, X7=(X6+0B7-1T7)=0, Xg=(X7+0B8-0T8)=3. Scale bar, 20 urn.
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Figure 2-8. Sholl profile o f control (pharm acologically untreated) rat prim ary cortical neurons
A scatter plot o f  the num ber o f  branches against the distance from the cell som a was plotted to generate the 
Sholl profile (n=42 neurons).
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2.2.9 In vivo  studies

2.2.9.1 Animal husbandry

All animal procedures conformed to the European Council Directive 1986 (86/609/EEC) and were 

approved by the BioResources Ethics Committee o f the University o f Dublin, Trinity College.

2.2.9.1 .1 Mice

Male CD-I mice aged 6-8 weeks old (Charles River, UK or Harlan, UK) were housed five per 

cage, kept on a 12h/12h light/dark cycle (lights on from 8.00 to 20.00) and were given access to 

food and water ad  libitum. M ice were habituated to animal facilities for 2 weeks before 

behavioural testing. All testing was conducted between 10.00 and 17.00.

2.2.9.1.2 Rats

Male Wistar rats, aged 7-8 weeks (BioResources, Trinity College) were housed three or four per 

cage on a 12h/12h light/dark cycle (lights on from 8.00 to 20.00) and were given access to food 

and water ad  libitum. Rats were habituated to animal facilities for 3 or 4 days before surgery and 

were left to recover in their home cage for 3 weeks. They were then single-housed for subsequent 

behavioural testing.

2.2.9.2 Drug preparation

All drugs were injected intraperitoneally in an injection volume o f 10 mL/kg. Concentrations were 

as follows: ketamine 30 mg/kg, imipramine 25 mg/kg, l-[2-(trifluoromethyl)phenyl] imidazole 

(TRIM) 50 mg/kg and 4-(3,5-dichloro-2-hydroxy-benzylamino)-2-hydroxybenzoic acid (ZL006) 

10 mg/kg in 0.9% saline. 2-((lH -benzo[d] [l,2,3]triazol-5-ylamino) methyl)-4,6-dichlorophenol 

(IC87201) (0.01-2 mg/kg) was prepared in 5% DMSO. Saline or 5% DMSO were used as vehicle
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control w here appropriate. A ll drugs w ere prepared freshly on the day o f  testing and w ere 

adm inistered prior to test as indicated.

2.2.93 Stereotactic surgery

A ll surgical procedures w ere perform ed u sin g  aseptic procedures and under isoflurane anaesthesia  

w ith induction at 2% in 2 L/m in O 2 and m aintenance at 1.5% in 2 L/m in O 2 . Rats w ere p laced  in a 

stereotactic head fram e, and after m id line incision  o f  the skin and rem oval o f  dura, tw o sm all holes  

w ere drilled in the skull at appropriate locations, using bregm a as reference (P axin os and W atson, 

1998). C oordinates used for prelim bic cortex injections w ere as fo llow : anteroposterior (A P ) +  3.2  

m m , m ediolateral (M L ) ±  0.5  m m , dorsoventral (D V ) - 4 .0  m m  (F ig u re  2 -9 ). For injections, long- 

shanked, volum e-calibrated  pipettes w ere pulled to ach ieve a tip s ize  o f  25 -3 0  |im . The fo llow in g  

pulling settings w ere used: heat 390 , pull 80, ve locity  20 , tim e 220 . Injection p ipettes w ere fixed  

on a butterfly cannula extension  set and a 2 mL syringe. T he m icropipette w as low ered in the 

cortex and 2 (xL o f  h igh ly  concentrated vector w as injected per brain hem isphere, at a rate o f  0 .4  

[iL/m in (O sinde et al., 2008 ). A fter injection, the m icropipette w as left in p lace for an additional 4  

m in before being  slo w ly  w ithdraw n from the brain over a course o f  2-3 min (D u ll et al., 1998). 

F ollow in g  surgery, the scalp w as sutured w ith surgical staples and a topical antiseptic cream w as  

applied on the incision  area. The anim al w as then returned to its cage for recovery and analgesia  

(paracetam ol in drinking water) w as provided for post-operative care. The tim e from the initial 

anaesthesia to com pleting this procedure w as kept as short as p ossib le  (Ih ).
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Intcraiirn l 12.20 m m B regm a 3.20 m m

Figure 2-9. Map o f brain area used for stereotactic surgery
Injection o f  lentiviral particles w ere m ade in the prelim bic cortex (PrL): AP +3.2 m m , M L ±0.5 mm, D V  -4.0 m m , using 
bregm a as reference. AP: anterioposterior, ML: m ediolateral, DV: dorsoventral.

2.2.9.4 Tissue collection for Western blotting

Three days following the last behavioural test, rats were anaesthetised with isoflurane and 

decapitated to assess GFP and/or nNOS decoy expression in the prelimbic cortex. Brains were 

quickly removed and the frontal cortex region was isolated. Samples were then frozen on dry ice 

before being stored at -80°C until further use.

2.2.9.5 Histology

To assess GFP and/or nNOS decoy expression in the prelimbic cortex, rats were anaesthetised 

with urethane (5.6 M) and transcardially perfused with PBS for 5 min followed by 4% ice-cold 

paraformaldehyde (PFA) for 10 min. Brains were removed, kept overnight at 4°C in 4% PFA
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before being cryoprotected in 30%  sucrose for 72h at 4°C . Brains w ere then qu ick ly  frozen in 

isopentane/dry ice , em bedded in OCT and stored at -80°C  until further use. C oronal brain sections  

(2 0 -3 0  i^m thick) w ere cut w ith a cryostat and im m unohistochem istry w as perform ed as fo llow s.

For im m unofluorescence staining, brain section s w ere co llec ted  on slides coated  w ith poly-L - 

ly sin e  (20  (xg/mL), perm eabilised  and b locked  w ith 0.1%  Triton X -1 0 0  and 10% N G S  (in P B S) for 

30  min at room  tem perature. F o llow in g  this, s lices  w ere incubated w ith 1% B S A  and 0.1%  Triton  

X -1 0 0  (in P B S) containing anti-nN O S (1 :400 ) or anti-G FP (1 :500) antibodies overnight at 4°C . 

T he next day, brain s lices  w ere w ashed 3 x 5  m in in P B S, incubated for 4h at room  temperature in 

appropriate secondary antibodies diluted in 1% B S A , fo llow ed  by a final w ash  step o f  3 x  5 min in 

P B S. Brain s lices  w ere then m ounted in V ectash ield  m ounting m edium  contain ing D A P l and 

v isualised  w ith a con focal m icroscope.

For light m icroscopy, brain sections w ere co llected  on slid es pre-coated w ith gelatin  (0.5%  gelatin, 

0.05%  C rK (S0 4)2  in d istilled  H 2O), rinsed 3 x 5  min in P B S , incubated w ith 0.75%  H 2O 2 (in P B S)  

for 20  m in to block endogenous peroxidase activity, fo llow ed  by 3 x 5 min in P B S  and incubation  

w ith 0.05%  Triton X -1 0 0  and 10% N G S (in P B S ) for 30 m in at room tem perature. F o llow in g  this, 

brain section s w ere rinsed 1 x 5 m in in PBS and incubated w ith 0.05%  Triton X -1 0 0  (in P B S)  

contain ing anti-nN O S (1 :400) or anti-G FP (1 :500) antibodies overnight at room  temperature. The 

next day, brain s lices  w ere w ashed 3 x 5  min in P B S, incubated w ith a b iotinylated  goat anti-rabbit 

antisera (1 :200 in 3% N G S and P B S ) for 90  m in at room  tem perature, fo llow ed  by 3 x 5 m in PBS  

w ash es and incubation w ith an avid in-biotinylated  peroxidase com plex  form ulated in PBS for 90  

m in at room  tem perature, as described by the manufacturer. F o llow in g  this, brain sections w ere  

w ash ed  3 x 5  min in PB S and incubated w ith a 10% 3 ,3 ’-d iam inobenzid ine (D A B ) solution (in  

0.4%  H 2O 2 and P B S ) for 5 min at room  temperature. The reaction w as term inated by addition o f  

distilled  FI2O. The sections w ere rinsed in PB S and w ere a llow ed  to dry overnight at room



temperature. The next day, sections w ere desalted into d istilled  H 2O and dehydrated in an 

increasing gradient o f  a lcoh o ls (ethanol 70% , 90%  and 100% ) and xy len e. S lides w ere then sealed  

w ith a m ixture o f  distyrene, a plasticiser and xy len e (D P X ) m ounting m edium  to preserve and 

enhance im m unostain ing and visualised  w ith  a light m icroscope.

2.2.9.6 Behavioural studies in mice

2.2.9.6.1 Locomotor activity

The forced sw im m in g and tail suspension  tests, as w ell as exploration tests such as the open field  

and e levated  plus m aze, have a strong dependence on locom otor activity. Exam ination o f  

am bulatory behaviour is therefore required to rule out sedative or general stim ulant activ ity , w hich  

affect m otor activity and are confounding factors w hen evaluating the antidepressant activity o f  

novel drugs (Cryan et al., 2005; P etit-D em ouliere et al., 2005; Poliak et al., 201 0 ). M ice w ere  

placed into activity m onitor cages (32  cm  x 20  cm  x 18 cm ; length x w idth  x height) and 

locom otor activity w as recorded for 60  m inutes by infrared beam s linked to com puter acquisition  

softw are (A M  1051 data logger, B en w ick  E lectronics) under dim  light conditions. Each activity  

m onitor w as equipped w ith a set o f  horizontal infrared beam s, positioned  3 cm  above the base o f  

the cage to record activity. The set o f  beam s consisted  o f  a 1 2 x 7  beam  m atrix, form ing a grid o f  

66 X 2 .5 4  cm^ ce lls  w ithin the cage (G ig liu cci et al., 2010). A ctiv ity  w as recorded as the number o f  

tim es a beam  changed from  unbroken to broken.

2.2.9.6.2 Forced swimming test

The forced  sw im m ing test (F ST ) w as d eveloped  to rapidly screen com pounds for antidepressant 

activity. The FST  is based on the observation that rats and m ice, w hen forced  to sw im  in a 

situation w here they cannot escape, even tually  cease to m ove after an initial period o f  vigorous 

activity and adopt a characteristic im m obile posture, on ly  m aking those m ovem en ts necessary to
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keep their head above water (Porsolt et al., 1977a; Porsolt et al., 1977b). The FST was performed 

as previously described (Porsolt et al., 1977a). Mice were placed for 6 min in a 2L Pyrex glass 

beaker filled with 12 cm o f water at 23 ± 1°C. Immobility was scored during the last 4 min (with 

single exposure) or for the full duration o f  a 6 min trial (with re-exposure) and was defined as the 

absence o f active, escape-oriented behaviours such as swimming, jumping or rearing. The water in 

the chamber was changed between animals. The FST is sensitive to conventional antidepressant 

treatment (Porsolt et al., 1977a) as well as to non-monoaminergic antidepressants (Autry et al., 

2011; M aeng et al., 2008). A decrease in immobility time indicated an antidepressant-like 

response.

2.2.9.6.3 Tail suspension test

The tail suspension test (TST) (Steru et al., 1985) is theoretically similar to the FST but avoids 

problems o f hypothermia or motor dysfunction that could interfere with performance in the FST 

(Cryan and Mombereau, 2004), In the TST, mice are suspended by their tails from an elevated bar 

or a hook. They immediately engage in several agitation or escape-like behaviours, followed by 

increasing bouts o f immobility (Steru et al., 1985). The immobile posture seen in both the FST and 

TST is thought to reflect “behavioural despair” and several classes o f  antidepressants have 

demonstrated their efficacy in reducing immobility times and promoting struggling after acute 

administration o f a single dose (Cryan et al., 2005; Petit-Demouliere et al., 2005; Porsolt et al., 

1977a). Interestingly, SSRIs are not consistently detected by the FST, while they are more 

sensitive to the TST (Cryan et al., 2005), which supports the idea that both tests are 

complementary when investigating novel compounds. The TST was performed as originally 

described (Steru et al., 1985). Mice were suspended by their tail from a metal rod using adhesive 

tape attached approximately 0.5 to 1 cm from the base o f  their tail. The rod was fixed 35 cm from 

the surface o f a table. Mice were considered immobile only when they hung passively and
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com pletely m otionless. The total duration o f  im m obility  during a 6 m in test w as calculated. A 

decrease in im m obility tim e in this test indicated an antidepressant-like response.

2.2.9.6.4 Passive avoidance test

The passive avoidance (PA) test evaluates learning and m em ory in rodents and is com m only  used 

to exam ine the cognitive alterations follow ing drug adm inistration, lesions or behavioural 

m anipulations (Y ildiz A kar et al., 2007). The PA task is based on contextual fear conditioning and 

instrum ental learning, and is dependent on both the hippocam pus and am ygdala (O gren, 1985). 

The step-through paradigm  o f  the PA uses the tendency o f  rodents to escape from  a strongly 

illum inated area into a dark one. In this task, rats or m ice learn to avoid a specific place (usually 

the dark com partm ent) in w hich an aversive stim ulus, typically  a m ild foot shock, w as previously 

delivered. M ice w ere tested on a step-through inhibitory avoidance apparatus (U goB asile, Italy) in 

w hich two com partm ents sim ilar in size (40 cm  x 20 cm  x 22 cm ; length x w idth x height) w ere 

divided by a partition  w ith a guillo tine door. The protocol w as adapted from  previous studies 

(M aeng et al., 2008; M utlu et al., 2011). Briefly, in the training trial, the m ouse w as p laced in the 

w hite “start” com partm ent (lO W  light) and the guillotine door w as opened 60 s later. A fter the 

m ouse crossed over into the dark cham ber, the latency w as recorded, the door w as closed and a 

m ild foot shock (0.5 m A, 3 s) w as delivered. The m ouse rem ained in the shock com partm ent for 

an additional 30 s to associate spatial cues w ith  the treatm ent and w as then returned to its hom e 

cage. For retention trials, m ice w ere p laced in the light com partm ent 24h and 72h post-training. 

Each m ouse w as p laced in the “start” com partm ent, as in the training trial and the door w as opened 

after a 30 s acclim atisation period. The latency to enter the dark com partm ent (previously 

associated w ith the foot shock) w as m easured as an index o f  inhibitory avoidance. C u t-o ff latency 

w as 5 m in. In the retention test session, the foot shock w as om itted. The arena w as cleaned with 

w ater and 70%  alcohol betw een trials in order to rem ove olfactory cues.
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2.2 .9 .6 .5  Light-dark test

The light-dark  (LD ) test procedure is based on the natural conflict for a m ouse betw een the innate 

aversion to brightly  illum inated areas and the exploration o f  a novel environm ent (C raw ley and 

G oodw in, 1980). The apparatus consisted o f  tw o com partm ents sim ilar in size (40 x 20 x 22 cm; 

length X w idth x height) d ivided by a w all w ith a guillotine door betw een the tw o com partm ents. 

The light com partm ent w as brightly  illum inated w ith a light intensity  o f  400 lux, w hile the dark 

com partm ent w as black-w alled  and covered at the top w ith black P lexiglas. M ice w ere placed 

ind ividually  in the centre o f  the light com partm ent facing aw ay from  the opening in the w all. The 

latency for the m ouse to m ove to the dark com partm ent, tim e spent in the lit side and num ber o f  

transitions w ere recorded for 5 min. A m ouse w hose four paw s w ere in the new  com partm ent was 

considered  as having changed com partm ents. The apparatus w as cleaned w ith w ater and 70% 

alcohol betw een trials in order to rem ove olfactory cues. An increase in the first la tency to  cross in 

the dark com partm ent and increase in total tim e spent in the lit com partm ent indicated a reduction 

in anxiety-like behaviour. In contrast, few er transitions betw een com partm ents and increased tim e 

spen t in the dark com partm ent w ere indicative o f  enhanced anxiety-like behaviour (F inger et al., 

2010 ).

2 .2 .9 .6 .6  E leva ted  p lu s m aze test

The elevated  plus m aze (EPM ) is a w idely  used anxiety-related  behavioural test in rodents and 

takes advantage o f  the conflict betw een the natural exploratory behaviour o f  rodents and their 

aversion  to open lit areas (Fellow  et al., 1985, Fellow  and File, 1986). The EFM consisted  o f  two 

open  arm s (50 cm x 10 cm ), two enclosed arm s (50 cm  x 10 cm , w ith end and side w alls 20 cm 

h igh), and a central connecting platform  (10 cm  x 10 cm ). The m aze w as elevated to a height o f  50 

cm  from  the floor. In this situation, naive rodents w ill tend to spend m ore tim e in the enclosed 

arm s ra ther than in the open arm s and drugs w ith anxiolytic properties (e.g. benzodiazepines) have
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been shown to increase the number o f entries and time spent in the open arms (Buschmann, 2007). 

Each mouse was individually placed in the intersection o f  the four arms o f the maze, facing an 

open arm and allowed to explore for 5 min. The number o f entries, time spent and distance 

travelled in each arm was recorded using EthoVision. The apparatus was cleaned with water and 

70% alcohol between trials in order to remove olfactory cues. General activity and exploration 

were evaluated using the total distance travelled into the four arms. The degree of anxiety was 

assessed by calculating the percentage o f  open arm entries (entries in the open arms/total entries 

into all arms) and the percentage o f open arm time (time spent in the open arms/total time into all 

arms).

2.2.9.7 Behavioural studies in rats

2.2.9.7.1 Saccharin preference lest

Depression is diagnosed on the basis o f  a cluster of highly variable symptoms that includes a 

depressed and irritable mood, in addition to cognitive symptoms (guilt, ruminations, suicidality), 

homeostatic symptoms (abnormalities in sleep, appetite, weight and energy), emotional symptoms 

(anhedonia), and psychomotor agitation or retardation (Nestler and Hyman, 2010). Symptoms 

such as recurring thought o f death or suicide or having excessive thoughts o f  guilt are currently 

impossible to model in animals (Cryan and Mombereau, 2004). Anhedonia, which is defined as a 

markedly diminished interest or pleasure in everyday activities, can however be easily and 

objectively monitored in mice and rats (Cryan and Holmes, 2005). Typically, an anim al’s interest 

in pleasurable activities, such as preference for a sucrose (or saccharin) solution over water, is 

examined and animal models with a decreased sucrose (or saccharin) preference are interpreted as 

demonstrating anhedonia and thus depression-like behaviour (Nestler and Hyman, 2010).
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Rats w ere single-housed in order to carry out saccharin preference and all subsequent behavioural 

testing. A nim als w ere first presented w ith  w ater from 2 x 250 mL bottles in their hom e cage, for 

four consecutive days. A fter this habituation period, a tw o-bottle choice test was introduced with 

saccharin and w ater provided in 250 mL plastic bottles. Saccharin and w ater consum ption w ere 

then recorded for three consecutive days (baseline) and daily records o f  w ater and saccharin 

consum ption w ere kept during behavioural testing to exam ine the effects o f  nNOS decoy on 

hedonic behaviour. W e chose to perform  this test w ith a palatable saccharin solution over the m ore 

usual sucrose solution in order to exclude controversy over the calorific value o f  sucrose (H arkin 

et al., 2002). Saccharin w as supplied at a concentration o f  0.05®/b. Based on previous research  in 

our laboratory (non-published data), rats typically  d isplay a saccharin preference o f  approxim ately  

80%  at this concentration. This percentage appeared optim al to allow  for both increases and 

decreases in saccharin preference to be detected follow ing drug treatm ent. Bottles w ere w eighed 

every m orning betw een 9.30 and 10.30, refilled and rew eighed if  necessary and placed back on the 

cage until the next day. Fluid consum ption was m easured by re-w eighing these bottles the 

follow ing m orning, and calculating the w eight difference. Saccharin trials w ere carried out during 

the dark and light phases o f  the cycle to take advantage o f  the higher levels o f  consum ption during 

the dark phase (H arkin et al., 2002). The position o f  the bottles w as counter-balanced across the 

left or the right side o f  the feeding com partm ent to avoid  side preference betw een groups. 

Saccharin preference w as defined as the ratio o f  the volum e o f  saccharin versus total volum e o f  

saccharin and w ater consum ed during a 24h test.

2.2.9.7.2 Open fie ld  test

The open field test w as originally  described for the study o f  em otionality  in rats (H all, 1934) 

before its use w as extended to the study o f  anxiety and locom otor activity  in rats and other species 

including m ice (Prut and Belzung, 2003; W alsh and C um m ins, 1976). The open field test is based
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on the fact that rodents placed in a novel environment spontaneously prefer the periphery o f  the 

arena rather than its centre, a behavioural trait called thigmotaxis. Drugs with anxiolytic properties 

(e.g. benzodiazepines) decrease the stress-induced inhibition o f exploration, which is characterised 

by an increased number o f  entries and time spent in the central part o f the arena (Prut and Belzung, 

2003).

On the day o f testing, rats were brought to the experimental room 5 minutes prior to the open field 

test to habituate to the experimental room. The open field consisted o f a circular arena made of 

wood and painted in black (110 cm diameter) with black walls at a height o f 50 cm. During the 

testing session, rats were placed individually into the outer ring o f the arena, facing the wall, and 

left free to explore for 15 min under dim light illumination. Locomotor activity was assessed by 

recording the total distance travelled in the arena. Rearing events (either wall-assisted or free

standing) and grooming bouts were recorded manually as additional measures o f exploratory 

behaviour and anxiety/stereotypy, respectively (Tanda et al., 2009; Zhang et al., 2010; Zoubovsky 

et al., 2011). To assess anxiety, the time and distance spent in the inner zone o f the arena (45 cm 

diameter) were compared to the time and distance spent in the outer zone closer to the walls 

(defined as surface of arena - inner zone). Following the open field test, rats were immediately 

removed from the arena and placed back into their home cage. The number o f fecal boli and the 

presence o f urination in the arena were recorded as additional measures o f  anxiety. The arena was 

cleaned with water and 70% alcohol between animals in order to remove olfactory cues.

2.2.9 .7.3 Forced swimming test

The forced swimming test (FST) was performed as previously described (Porsolt et al., 1977b) on 

days 2-3 o f testing. On the first day o f the test, rats were placed individually into a glass container 

(40 x 18 cm; height x diameter) containing 30 cm o f water at 22-23°C. Animals were left to swim
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in the w ater for 15 min before being rem oved, allow ed to dry and  returned to their hom e cage. In a 

subsequent exposure to the FST 24h later (day 3 o f  behavioural testing), rats w ere allow ed to  swim 

for a duration o f  5 m in. T heir behaviour w as rated on both days in 5 m in intervals. Im m obility  w as 

defined as the anim al floating in the w ater w ithout struggling and m aking only those m ovem ents 

necessary to keep its head above the w ater (Porsolt et al., 1978). A decrease in im m obility  tim e 

indicated an antidepressant-like response.

2.2.9.7.4 Passive avoidance test

Rats w ere tested on a step-through inhibitory avoidance apparatus in w hich tw o com partm ents that 

are sim ilar in size (40 cm x 20 cm x 22 cm ; length x w idth x height) are divided by a partition  with 

a guillotine door. The test w as divided into habituation, train ing and retention phases and the 

protocol adapted from  Y ildiz A kar et al. (2007). In the habituation trial (day 4 o f  behavioural 

testing), the rat w as p laced in the w hite start com partm ent (lO W  light) and the guillo tine door was 

opened 30 s later. A fter the rat crossed over into the dark cham ber, the latency w as recorded, the 

door w as closed and the rat left in the dark com partm ent for another 30 s. The rat w as then placed 

back into his hom e cage for 15 min. In the training trial, the rat w as p laced in the w hite  start 

com partm ent again and the guillotine door w as opened. This tim e, after the rat crossed over into 

the dark  cham ber, the latency was recorded, the door w as closed and a m ild foot shock (1 m A , 3 s) 

w as delivered. The rat rem ained in the shock com partm ent for an additional 30 s to associate 

spatial cues w ith the treatm ent. The initial latency to enter the dark (shock) com partm ent served as 

baseline m easure. Rats w ere p laced in the light com partm ent 24h later (day 5 o f  behavioural 

testing) and their latency to enter the dark com partm ent (previously  associated  w ith the foot 

shock) w as m easured as an index o f  inhibitory avoidance. C u t-o ff latency w as 5 m in. In the 

retention test session, the foot shock w as om itted. The arena w as cleaned w ith  w ater and 70% 

alcohol betw een trials in order to rem ove olfactory cues.
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2.2.10 S tatistical analysis

Data are expressed as group mean with standard errors and were analysed using unpaired 

Student’s t tests or analyses o f variance. If any statistically significant change was found following 

one factor analysis o f variance, post hoc comparisons were performed using Dunnett’s, Student- 

Newman-Keuls or Bonferroni tests, where appropriate. If any statistically significant change was 

found following two or three factor analysis o f  variance, post hoc comparisons were performed 

using Student-Newman-Keuls or Bonferroni tests, where appropriate. Data were deemed 

significant when P<0.05.
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Chapter 3: Preparation of nNOS decoy lentiviral particles
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3.1 Introduction

In recent years, the NM DA-R/PSD-95/nNOS signalling pathway has emerged as a promising 

target for treating CNS disorders, including stroke and pain (Aarts et al., 2002; Andreasen et al., 

2013; Cook et al., 2012; D'Mello et al., 2011; Florio et al., 2009; Zhou et al., 2010). In particular, 

the PSD-95/nNOS interaction has been targeted to specifically block NMDA-R signalling coupled 

to nNOS. Protein fragments encoding both the nNOS PDZ domain and the internal PDZ m otif 

(nNOSi-1 3 3 and nNOSi.3 0 0) have successfully disrupted the PSD-95/nNOS interaction (Cao et al., 

2005; Florio et al., 2009; Zhou et a!., 2010). A cell-permeable fragment (Tat-nNOSi.2 9 9) injected 

intrathecally additionally inhibited acute thermal hyperalgesia and chronic mechanical allodynia in 

a rodent model o f nociception (Florio et al., 2009). More recently, the stereotactic injection o f a 

nN O S 1 .133 carrying-lentivirus into the cortex o f  mice subjected to middle cerebral artery occlusion 

(MCAO) significantly reduced the infarct area and improved neurological scores, when compared 

to non-treated MCAO mice (Zhou et al., 2010). Taken together, these studies suggest that the 

PSD-95/nNOS interaction is a tractable drug target and plays a key role in stroke and nociception. 

They also provide insights into new therapeutic possibilities in other conditions where 

dysregulated glutamatergic transmission is implicated, including depression.

Overactivation o f  the NMDA-R and subsequent increased nitric oxide (NO) formation have been 

implicated in the pathophysiology o f  depression, based on the antidepressant-like effects o f NOS 

inhibitors in rodents and the rapid antidepressant effects observed in patients treated with the 

NM DA-R antagonist ketamine (for reviews, see Murrough, 2012; W egener and Volke, 2010). 

Furthermore, a few studies have reported protein expression changes o f  NM DA-R/PSD-95/nNOS 

that appear to be region-specific. More specifically, NM DA-R expression was decreased in the 

anterior and dorsolateral prefrontal cortex (Beneyto and Meador-W oodruff, 2008; Feyissa et al., 

2009) and increased in the amygdala and locus coeruleus (Karolewicz et al., 2005; Karolewicz et
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al., 2009) in post-mortem  brains from depressed patients. Consistent with NMDA-R changes, 

PSD-95 protein expression was decreased in the anterior prefrontal cortex and increased in the 

amygdala (Feyissa et al., 2009; Karolewicz et al., 2009). The number o f  studies reporting changes 

in nNOS expression in post-mortem  brains is quite limited. Reports however demonstrated that 

nNOS protein expression was increased in the CA l region o f  the hippocampus but decreased in 

the perirhinal cortex (Beneyto et al., 2007; Oliveira et al., 2008) and locus coeruleus (Karolewicz 

et al., 2004). In summary, these studies suggest region-specific changes in expression o f the 

NMDA-R, PSD-95 and nNOS in the brains o f depressed patients.

For many years, investigation o f  the function o f  ion channels, receptors and kinases in 

pathological states was made possible as a result o f the availability o f a large number of 

pharmacological reagents, including receptor agonists, partial agonists and antagonists for several 

neurotransmitter systems. Such pharmacological tools provide direct information for drug 

development and ease for translational use. This approach is however limited by the minimal 

selectivity that it offers for a particular cell type or brain region, drug selectivity and minimal 

temporal precision (Flan and Friedman, 2012). In contrast, viral delivery o f  genes enable cell type 

selectivity and a targeted approach, which makes it an attractive technique both in basic research 

to investigate protein function in vitro and in vivo, and in clinical research with gene therapy 

(Davidson and Breakefield, 2003; Flan and Friedman, 2012; Verma and Somia, 1997). For these 

reasons, a lentiviral-mediated gene delivery system encoding the nNOS PDZ domain and PDZ 

m otif was first selected to investigate the PSD-95/nNOS interaction as a potential novel drug 

target for antidepressant activity. The choice o f  a viral vector is typically based on factors such as 

the efficiency and specificity with which the vector infects the target cells, size o f the transgene, 

route o f delivery, tropism, duration and regulation o f  gene expression, and the level o f  toxicity that 

can be tolerated (Davidson and Breakefield, 2003). Lentiviral vectors are powerful, reliable and 

safe tools for stable gene transfer in a variety o f mammalian cells, including non-dividing cells
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such as neurons. T hey have also been  show n to induce m inim al inflam m atory response fo llow in g  

d elivery  (T rono, 2 0 00 ). M oreover, lentiviral vectors produce long-term  transgene exp ression  (i.e. 

several m onths) w hen  introduced into the brain parenchym a and ventricles, and foca l delivery  

leads to a ce ll transduction lim ited w ith in  a few  m illim etres o f  the injection site, therefore ensuring  

spatial control o f  the injection (Barde et al., 2010; D avidson  and B reakefield , 2 0 03 ).

T his chapter largely focu ses on the design , preparation and in v itro  validation  o f  the nN O S 1.300 

lentivirus (L V -n N O S d ecoy ) before further validation  o f  nN O S d ecoy  and investigation  o f  its 

effects  in v itro  on neurite outgrow th, and in v ivo  exam ination  o f  the e ffects o f  P S D -95 /n N O S  

inhibition on depression-related behaviour. R esults sh ow ed  that high titres o f  nN O S decoy  

lentiviral particles can be obtained and that the corresponding nN O S d eco y  protein  can be 

su ccessfu lly  expressed  w ithout overt e ffects on endogenous leve ls o f  P S D -95  and nN O S fo llow in g  

transduction o f  primary rat cortical neurons. In addition, using pu ll-dow n experim ents, w e  

confirm ed  that nN O S d ecoy  interacts w ith  P SD -95.
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3.2 Study design

The aim s o f  this chapter w ere as follow s:

( 1) Clone the first 900 bp o f  the nN O S gene (nam ed nN O S decoy thereafter) into a lentiviral 

vector.

(2) D em onstrate that the nN O S decoy protein can be expressed from  its corresponding p lasm id 

DNA follow ing transient transfection in H EK 293T cells.

(3) G enerate high titre lentiviral particles o f  nNO S decoy (LV -nN O S decoy).

(4) Express the nN O S decoy protein in H EK 293T cells and prim ary rat cortical neurons using 

lentiviral-m ediated gene delivery o f  LV -nN O S decoy.

(5) Investigate the subcellu lar expression o f  nNOS decoy in prim ary rat cortical neurons.

(6) C onfirm  the in teraction o f  PSD -95 w ith nN O S decoy using pull-dow n experim ents.

(7) Investigate the effects o f  nNOS decoy  on nN O S and PSD -95 endogenous levels in prim ary rat 

cortical neurons.

Lentiviral particles encoding the green fluorescent protein (G FP) gene (LV -G FP) w ere produced 

and used as a positive fluorescent contro l in LV -nN O S decoy expression experim ents.
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3.3 Results

3.3.1 M olecular cloning o f  nNO S decoy in a lentiviral vector

The first 900 bp o f  the m ouse nN O S gene (corresponding to the first 300 am ino acids o f  nN O S) 

contained w ith in  the pENTR223.1 vector (provided by G eneService) w ere am plified  by PCR w ith 

N hel and E coR I restriction sites and cloned in the pLL4.0  lentiviral vector (F igure 3-1 A). This 

shorter version o f  nNOS w as referred to as nNOS decoy. A m plification  o f  nN O S decoy, follow ed 

by restric tion digestion by N hel and EcoR I and purification steps w ere successful, as illustrated 

by the 1% agarose gel depicting a 900 bp band corresponding to the nN O S decoy gene (Figure 3- 

IB ). In parallel, the pLL4.0 lentiviral vector w as also d igested by N h e l and EcoR I restriction 

digestion enzym es and thereafter the digested vector w as dephosphorylated  and purified. Data 

show ed a band located at ~ 8,000 bp, confirm ing the presence o f  pLL 4.0  (F igure 3 -1 B). The insert 

(nNOS decoy) and vector (pLL4.0) w ere then ligated to create the pL L 4.0-nN O S decoy construct.

pLL4.0 digested 
(Vector)

nNOS decoy 
(Ineert)

nNOS pLL4.0 
decoy digested 
Insert Vector

AmpicDbn
resistance

nNOS decoy

Figure 3-1. Molecular cloning of nNOS decoy in the pLL4.0 lentiviral vector
(A) Schematic diagram for cloning strategy. The nNOS decoy cloned was a truncated version of the full- 
length mouse nNOS gene and was based on its first 900 bp. (B) Agarose gel picture shows nNOS decoy 
insert and pLL4.0 vector prior to the ligation step.
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3.3.2 C onfirm ation  o f pL L 4.0-nN O S decoy cloning

To confirm  successful cloning o f  the nNOS decoy coding sequence into the pLL4.0 lentiviral 

vector, restriction  digestion and PC R  am plification experim ents w ere perform ed. The presence o f  

the nN O S decoy gene w as firstly  confirm ed by digestion o f  the pLL4.0-nN O S decoy construct 

w ith N h e l and E co R l. The data dem onstrated  the presence o f  the nN O S decoy sequence at 900 

bp, in contrast to the non-digested control vector, w hich displayed a band located at only ~  8,000 

bp corresponding to vector (F igure 3 -2 A). C onsistent w ith restric tion  digestion results, PCR 

studies using prim ers designed for am plification o f  the nN O S decoy coding sequence show ed a 

band at 900 bp, corresponding to nN O S decoy. In contrast, PCR perform ed w ith forw ard or 

reverse prim ers only show ed no am plification  o f  the 900 bp nN O S decoy (Figure 3-2B). In 

sum m ary, these restriction digestion and PC R  data confirm  the successful cloning o f  nN O S decoy 

in the pLL4.0 vector.

B

8000 -  8000 -

1 0 0 0 -  mm 1 0 0 0 -  W  ■*— nNOS decoy
750 -  700 -  ~

5 0 0 -  — •
Ctrl EcoRl Ctrl Fpr Rpr Fpr

Nh«1 Rpr

Restriction
Digestion

Figure 3-2. Confirm ation of pLL4.0-nNOS decoy cloning
(A) Restriction digestion verification of the pLL4.0-nNOS decoy showing non-digested control and digested 
with Nhel and EcoRl. The data shows presence of the nNOS decoy at 900 bp following digestion (n=3). (B) 
PCR confirmation using nNOS decoy forward and reverse primers. The nNOS decoy insert was successfully 
amplified, as shown by a band at 900 bp (n=3). Ctrl: control, Fpr: forward primer, Rpr: reverse primer.
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3.3.3 Sequence verification of pLL4.0-nNOS decoy

To ensure that the 900 bp o f nNOS cloned into the pLL4.0 lentiviral vector corresponded to the 

sequence o f  the first 900 bp o f the nNOS gene (Figure 3-3A), sequence verification o f the 

pLL4.0-nNOS decoy construct was performed. Specific sequencing forward and reverse primers 

were designed in order to amplify the nNOS decoy coding sequence located within the multiple 

cloning site o f  pLL4.0 (see Chapter 2, Table 2-4 for sequence o f  primers). The sequence generated 

using the forward primer confirmed the presence o f  the N hel restriction site GCTAGC, the start 

codon ATG and the first ~ 60 bp o f nNOS decoy. In addition, the sequence generated using the 

reverse primer included ~ 30 bp o f nNOS decoy, the EcoRl restriction site GAATTC, an 

additional 24 bp (corresponding to 8 amino acids) introduced by cloning into the pLL4.0 vector 

and stop codon TAG (Figure 3-3B). Taken together these results confirm successfial cloning o f the 

first 900 bp o f  the nNOS gene into the pLL4.0 lentiviral vector.
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A
ATG GAA GAG CAC ACG T T T GGG GTC CAG CAG ATC CAA CCC AAC GTC A TT TCT GTC CGT CTC TTC AAA

CGC AAA GTG GGA GGT CTG GGC TTC CTG GTG AAG GAA CGG GTC AGC AAG CCC CCG GTG ATC ATC TCA

GAT CTG ATC CGA GGA GGT GCC GCG GAG CAG AGC GGC CTT ATC CAA GCC GGC GAC ATC ATT C TC GCC

GTC AAT GAT CGG CCC CTG GTA GAC CTC AGC TAT GAC AGC GCT CTG GAA GTT CTC AGG GGC ATT GCC

TC T GAG ACC CAT GTG GTC CTC ATT CTG AGA GGC CCT GAG GGC T T T ACT ACA CAC CTG GAG ACC ACC

TTC ACA GGG GAT GGA ACC CCC AAG ACC ATC CGT GTG ACC CAG CCC CTG GGG ACA CCC ACC AAA GCT

GTC GAT CTG TCT CGC CAG CCA TCA GCC AGC AAA GAC CAG CCA TTA GCA GTA GAC AGG GTC CCA GGT

c c c AGT AAC GGA CCT CAG CAT GCC CAA GGC CGT GCA CAG GGA GCC GGC TCA GTC TCC CAG GCT AAT

GGT GTG GCC ATT GAC CCC ACA ATG AAA AAT ACC AAG GCC AAC CTC CAG GAC AGC GGA GAA CAG GAT

GAA CTG CTC AAA GAG ATA GAA CCT GTG TTG AGC ATC CTC ACC GGT GGG GGA AAA GCA GTC AAC AGA

GGG GGA CCA GCC AAA GCA GAG ATG AAA GAC ACA GGA ATC CAG GTG GAC AGA GAC CTC GAC GGC AAA

CTG CAC AAA GCT CCG CCC CTG GGC GGG GAG AAT GAT CGA GTC TTC AAT GAT CTG TGG GGG AAG GGC

AAC GTC CCT GTG GTC CTC AAC AAC CCG TAT TCA GAG AAC GAA CAG TC T CCC GCC TCG GGC AAA CAG

T C T CCT ACC AAG AAT GGC AGT CCT TCC AGG TGC CCT CGC TTC 1 A .

B

Nh«1 START nNOS d«coy

r

STOP

T « C 0 A 4 Q i r « i  r « c a T < e c i c Q A * I t  c |  a « A i a c o * e a o c * c c  i a c  * « G Q « c i o c ( . *  » t c  t i c  

E c o R I  ----------------------------------------------------------------------------------nNOSd«coy

Figure 3-3. Sequence verification o f pLL4.0-nNOS decoy cloning
(A) Full sequence o f  nNOS decoy. (B) Sequence data using the forward primer: the first ~  60 bp o f  the N- 
terminus o f  nNOS decoy are depicted, including the N hel restriction site and the ATG start codon. The 
sequence data using the reverse primer includes the stop codon, EcoRl restriction site and ~30 bp o f  the C- 
terminus o f  nNOS decoy. Note that an additional 8 amino acids are encoded at the C-terminus, between the 
EcoRl restriction site and the STOP codon.
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3.3.4 Expression o f pLL4.0-nNOS decoy plasmid in HEK293T cells

To determine whether pLL4.0-nNOS decoy would transfect heterologous mammalian cells and 

express the nNOS decoy corresponding protein, transient transfection o f  the pLL4.0-nNOS decoy 

construct in HEK293T cells was performed. The native pLL4.0 construct, which incorporates a 

GFP gene, was used as a positive control. In the first set o f  experiments, expression o f GFP and 

nNOS decoy proteins was verified by immunocytochemistry (48-72h post-transfection). 

Specifically, GFP expression was examined by direct fluorescence, while the nNOS decoy was 

examined by immunocytochemistry using an nNOS monoclonal antibody. The first parameter 

investigated was transfection efficiency, defined as the number o f  fluorescent cells/total number of 

cells. HEK293T cells treated with pLL4.0 and pLL4.0-nNOS decoy (1 |ig) had transfection 

efficiencies o f 70.9 ± 5.5% for GFP and 19.8 ± 1.9% for nNOS decoy. Next, cellular localisation 

o f the nNOS decoy protein in HEK293T cells was examined. The transient expression o f GFP and 

nNOS decoy in HEK293T cells yielded a cytoplasmic and nuclear pattern o f distribution with high 

levels o f  expression occurring throughout the cytoplasm. No staining was observed in nucleoli 

(Figure 3-4A). In a second set o f studies, total nNOS decoy expression was investigated using 

W estern-blotting to further confirm nNOS decoy protein expression following transient 

transfection with the pLL4.0-nNOS decoy construct. Data shows the presence o f bands at 32 and 

33 kDa, corresponding to GFP and nNOS decoy, respectively (48h post-transfection, 5% input). 

Moreover, the absence o f a band at 160 kDa in control and pLL4.0-nNOS decoy transfected cells 

revealed that nNOS is not endogenously expressed in HEK293T cells (Fijjure 3-4B). In summary, 

these data demonstrate that the nNOS decoy protein can be expressed from the pLL4.G-nN0S 

decoy construct in mammalian cells and that the pLL4.0-nNOS decoy construct is suitable for the 

preparation o f  lentiviral particles.
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nNOS decoy
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Figure 3-4. Expression of pLL4.0-nNOS decoy plasmid in HEK293T cells
The nNOS decoy, based on the first 900 bp o f nNOS. was cloned in the pLL4.0 vector. HEK.293T cells were 
transfected with Lipofectamine. The pLL4.0 vector, which contains a GFP gene, was used as a positive 
control. Expression o f GFP and nNOS decoy was examined by (A) immunocytochemistry (48-72h post
transfection) and by (B) Westem-blot (48h post-transfection, 5% input), respectively. Note that nNOS is not 
endogenously expressed in HEK293T cells. For immunocytochemistry, GFP expression was examined by 
direct fluorescence, while nNOS decoy expression was examined by immunocytochemistry using an nNOS 
monoclonal antibody. Transfection efficiency was 70.9 ± 5.5% for GFP and 19.8 ± 1.9% for nNOS decoy 
Data are expressed as mean ± SEM (n=2092-7848 cells counted, representative o f 3 experiments). Scale bar, 
20 |im. DAPI: 4'-6-diamidino-2-phenylindole, DIG: differential interference contrast.
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3.3.5 Production o f high titre nNO S decoy lentivira! particles

L entiviruses encoding nN O S decoy (LV -nN O S decoy) and GFP (LV -G FP) (positive control) w ere 

generated using the pLL4.0-nN O S decoy and pLL4.0 plasm id constructs, respectively. First, the 

titre o f  LV -nN O S decoy and LV -G FP w as assessed using a serial dilution m ethod. D ata show s 

that the titre o f  LV -G FP w as 2.9 ± 0.97 x 10'° lU /m L (F ig u re  3-5.A) and nN O S decoy titre was 

2.0 ±  0.67 X lO’ lU /m L  (F ig u re  3-5B), dem onstrating the obtention o f  concentrated lentiviruses 

that are suitable for both in vitro  and in vivo  work. N ext, the distribution  o f  the nN O S decoy and 

G FP proteins in FIEK293T cells follow ing lentiviral transduction w as assessed. GFP and nNOS 

decoy  w ere expressed both in nucleus and cytoplasm  (72h post-transduction) (F ig u re  3-5), w hich 

is consistent w ith the distribution pattern obtained follow ing transient transfection o f  H EK 293T 

ce lls w ith  pLL4.0 and pLL4.0-nN O S decoy. In sum m ary, these results indicate that LV -nN O S 

decoy  is able to transduce H EK 293T cells, in tegrate in the host genom e and express the 

corresponding  nNOS decoy protein.
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Figure 3-5. Expression and titration o f  nNOS deroy lentiviral particles in HEK293T cells
HEK293T cells (0.5 x 10^ celis/m L) w ere transduced with serial dilutions o f  (A) LV-GFP or (B) LV-nNOS 
decoy. A fter incubation (72h), H EK 293T cells w ere fixed with 4%  PFA. The GFP expression was exam ined 
by direct fluorescence, while nNOS decoy expression was exam ined by im munocytochemistry using nNOS 
monoclonal antibody. Images w ere captured at x200 magnification. Titration was obtained by a serial 
dilution method and lentivirus dilutions were prepared as follows: control, 10’̂ , 10 '*, 10'^, 10'^ 10'^, 10 * and 
10® LV-GFP and LV-nNOS decoy titres were 2.9 ±  0.97 x I0 '°  lU/m L and 2.0 ±  0.67 x lO” lU/mL, 
respectively. Cells were counted in each field im aged (2 coverslips imaged/dilution, n=2).
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3.3.6 Expression o f nNO S decoy in prim ary rat cortical neurons follow ing transduction  

with lentiviral particles

Lentiviral-mediated expression of nNOS decoy (LV-nNOS decoy) was driven by the 

phosphoglycerate kinase (PGK) promoter, similar to LV-GFP. This promoter has previously been 

shown to drive robust gene expression in neurons (Li et al., 2010a). To determine the ability o f 

LV-nNOS decoy to drive expression in neurons, LV-nNOS decoy was transduced in primary rat 

cortical neurons and LV-GFP was used as a positive control. Primary rat cortical neurons (DIV 7) 

transduced with LV-GFP were identified by fluorescence following excitation at 488 nm and 

nuclei were identified with propidium iodide. GFP was expressed in both the cell body and 

nucleus 72h post-transduction (F igure 3-6A). To assess nNOS decoy expression, a mouse 

monoclonal antibody that recognises an epitope on the N-terminus that is present on both 

endogenous nNOS and nNOS decoy was used. Immunocytochemistry confirmed that nNOS is 

expressed endogenously in primary rat cortical cultures, mainly in the cell body and processes 

(axons and dendrites) but not in nuclei (Figure 3-6B). Furthermore, rat cortical neurons 

transduced with LV-nNOS decoy (DIV 7) stained positively with an nNOS antibody 5-7 days 

post-transduction, as demonstrated by a strong immunofluorescence signal in the cell body and 

processes. Since the nNOS monoclonal antibody recognised an epitope present on endogenous 

nNOS and nNOS decoy, the stronger fluorescence signal in nNOS decoy-transduced versus non

transduced cultures suggested expression o f  nNOS decoy (F igure 3-6B).

To further ensure that the nNOS decoy protein was expressed and that the increase of 

immunofluorescence signal was not due to an increase o f  endogenous nNOS expression, W estem- 

blot analysis was performed. Data confirms expression o f GFP and nNOS 5-7 days post

transduction (3-4% input), as shown by bands located at 32 and 160 kOa, respectively. An 

additional band at 33 kDa corresponding to nNOS decoy was detected in primary rat cortical
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cultures transduced w ith  LV -nN O S  decoy (F igure 3-6C ). Taken together, these find ings indicate 

that the nNOS decoy protein is expressed successfully in p rim ary rat cortical cultures fo llo w in g  

len tiv ira l de livery o f  the nNOS decoy gene.

Overlay I  nNOS

nNOS decoy

Ctrl LV-GFP

200 -  

150 

37 -  

25

■ nNOS •ndog*nou«

^  — nNOS dacoy

Ctri nNOS 
decoy

Figure 3-6. Verification of nNOS decoy expression using lentiviral particles in primary rat cortical 
neurons
Primary rat cortical neurons (D IV  7) were transduced with (A) LV-GFP or (B) LV-nNOS decoy (1 nL). 
After 5-7 days post-transduction, neurons were fixed with 4% PFA. Expression o f GFP, endogenous nNOS 
and nNOS decoy was examined by (A) direct GFP fluorescence at x200 magnification and (B) 
immunocytochemistry using nNOS monoclonal antibody by confocai microscopy. Scale bar, 20 ^m. (C) 
Westem-blot (3-4% input) confirms expression o f GFP, endogenous nNOS and nNOS decoy (n=3).
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3.3.7 Subcellular localisation of nNOS decoy

To further investigate the subcellular localisation o f  nNOS decoy following lentiviral transduction, 

nNOS decoy expression was examined using confocal microscopy. As seen previously, nNOS 

decoy expression was more pronounced in the cell body and processes than in the nucleus (Figure 

3-7A). Since the mouse nNOS monoclonal antibody recognises an epitope on the N-terminus that 

is present on both endogenous nNOS and nNOS decoy, we then quantified nNOS total 

fluorescence as a mean to investigate nNOS decoy expression. A 4.5 fold increase in total nNOS 

fluorescence, expressed as average intensity per pixel, was observed between endogenous nNOS 

(0.12 ± 0.04, n=1246 cells) and nNOS decoy (0.54 ± 0.04, n=788 cells). This increase was 

significantly different, as assessed by a Student’s t test (t=9.86, P<0.001) (F'igurc 3-7B) and 

suggested strong expression o f  the nNOS decoy in primary rat cortical cultures. Next, we defined 

the localisation o f nNOS in the nucleus, cell body and processes o f rat cortical neurons. ANOVA 

demonstrated a significant effect o f LV-nNOS decoy transduction on nNOS fluorescence 

(F5,72=131.8, P<0.001). Post hoc comparisons revealed that fluorescence in processes o f non

transduced cultures was significantly increased when compared to cell bodies and nuclei o f the 

same non-transduced cultures (P<0.05). Moreover, post hoc comparisons further confirmed that 

transduction o f the nNOS decoy increased fluorescence in all 3 compartments (?<0.001), with a 

significant increase in fluorescence in processes when compared to nuclei in nNOS decoy- 

transduced neurons (P<0.05) (F igure 3-7C). To further verify that nNOS decoy and nNOS were 

localised to the same subcellular compartments, their distribution in soluble and insoluble cell 

fractions was examined. W estern-blotting data showed that nNOS was almost exclusively present 

in the soluble fraction and at low levels in the insoluble fraction o f a neuronal lysate. In contrast, 

nNOS decoy was found exclusively in the soluble fraction (F igure 3-7D). In summary, these data 

show that endogenous nNOS and nNOS decoy distributions are concordant, with nNOS decoy 

mimicking endogenous nNOS cellular distribution.
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Figure 3-7. Subcellular expression of nNOS decoy in primary rat cortical cultures
(A ) Primary rat cortical neurons (D IV  7) were transduced w ith LV-nNOS decoy (0.5-1 |iL ). A fter 7 days 
post-transduction, neurons were fixed with 4% PFA. Expression o f nNOS decoy was observed by 
immunocytochemistry using an nNOS monoclonal antibody and confocal microscopy. nNOS and nNOS 
decoy were expressed predominantly in neuronal processes. Box shows magnified region o f interest (lower 
panel). Scale bar, 20 |im (top panel) and 5 nm (bottom panel). Quantification o f  fiuorescence (B) total and 
(C) in nucleus (as defined by PI colocalisation), cell body (defined by area surrounding nucleus) and 
processes (defined as nucleus and cell body fluorescence subtracted from total nNOS fluorescence) was 
conducted using EBImage software. Data are expressed as mean ± SEM (13 images/group corresponding to 
Ctrl, n= l246 cells and nNOS decoy, n=788 cells). ^*^P<0.001 vs control, *P<0.05 processes vs respective 
nucleus or cell body (Newman-Student-Keuls). (D) Subcellular localisation o f nNOS decoy. Westem-blot 
(2-3% input) confirmed expression o f the nNOS decoy in the soluble fraction o f neurons, sim ilar to the 
endogenous nNOS. Insol: insoluble, Sol; soluble. Tot: total.
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3.3.8 Interaction of nNOS decoy with PSD-95

To biochemically confirm the interaction between nNOS decoy and PSD-95, the first 900 bp of 

nNOS were subcloned in a pGEX4T.l bacterial expression vector (F igure 3-8A) and the GST- 

nNOS decoy fusion protein was used for a pull-down assay. First, to verify that nNOS decoy was 

present within the construct, a restriction digestion o f pGEX4T. 1-nNOS decoy was performed. 

Data shows a band at 900 bp corresponding to nNOS decoy and confirms successful cloning o f 

nNOS decoy in the pGEX4T.l bacterial vector. Next, GST alone (negative control) and GST- 

nNOS decoy proteins were generated as previously described (Dev et al., 2000). Protein 

expression was successfully induced in BL2I bacterial cells using isopropyl P-D thiogalactoside 

(IPTG), as demonstrated by bands at 26 kOa and 59 kDa corresponding to GST and GST-nNOS 

decoy, respectively (F igure 3-8B). The GST proteins were then coupled to glutathione Sepharose 

B matrix and exposed to the soluble fraction S3 o f rat brain PSD-95 (F igure 3-8C ). Coomassie 

blue gel staining confirmed that equal amounts o f each GST protein was present (F igure 3-81)). 

W estem-blot with anti-PSD-95 antibody indicated that PSD-95 was retained by GST-nNOS decoy 

but not by GST alone (negative control) (F igure 3-8D). These results biochemically confirmed the 

interaction between nNOS decoy and rat brain PSD-95.

-  115  -



Coomassie

P«eX4T.1

EcoRl ftNOS aecoy

M

1000 -

7 0 0 -

Rcstftction
DiQ*ttion

5 0 -
3 7 -

G8T GST GST GST 
nNOS nNOS
cl*coy dvcoy

WB: PSD-95

M  M
75 -

H P I S I P2 S2 P3 S3

WB: PSD-95
100  -  

75 -

R at b ra in  PS O -M

' GST*nNOS d«coy 

■ GST

8 «8ds GST GST 
nNOS 
decoy

GST 
nNOS dvcoy

F igure 3-8. B iochem ical evidence o f b ind ing  betw een nN OS decoy and  ra t  b ra in  PSD-95
(A) Sciiematic diagram for GST-nNOS decoy cloning strategy. The nNOS decoy was cloned in the 
pG EX 4T.l bacterial expression vector to obtain GST-nNOS decoy. Restriction digestion verification for 
pGEX4T. 1 -nNOS decoy showing non-digested control and digested with BamH 1 and EcoR 1. Data indicates 
presence o f  nNOS decoy at 900 bp following digestion. (B) Coomassie blue gel staining. Data shows 
presence o f  G ST (26 kDa) and GST-nNOS decoy (59 kDa) following IPTG induction o f BL21 bacterial 
cells. (C) Subcellular distribution o f  PSD-95 in postnatal day 12 (P I2) rat brain. The soluble fraction S3, 
obtained from sonication and centrifugation o f  P2, was used for subsequent pull-down experiment. (D) 
Isolation o f  PSD-95 from rat brain tissue by GST-nNOS decoy but not by GST alone. Coomassie blue gel 
staining shows presence o f  GST (26 kDa) and GST-nNOS decoy (59 kDa). W estern blot data depicts 
presence o f PSD-95 only in the GST-nNOS decoy sample, indicating an interaction between nNOS decoy 
and native PSD-95 but not between GST alone and PSD-95 (negative control). Diagram illustrates the 
principle o f  a pull-down experiment. GST: glutathione S-transferase, H: homogenate, IPTG: isopropyl P-D 
thiogalactoside, PI/P2/P3: pellet fractions, SI/S2/S3: supernatant fractions.
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3.3.9 Protein expression levels of PSD-95 and nNOS following transduction witii LV- 

nNOS decoy

To ensure that the effects o f nNOS decoy would be due to inhibition o f the PSD-95/nNOS 

interaction and not due to changes in the endogenous levels o f PSD-95 and nNOS per se, the 

expression levels o f PSD-95 and nNOS were examined with and without nNOS decoy 

transduction in the presence and absence o f 50 i^M glutamate and 10 |^M glycine applied for 5-30 

min (Fifjure 3-9A). These concentrations were based on previous work that reported a dramatic 

increase o f  cytosolic nNOS binding to PSD-95 in hippocampal slices and primary cortical neurons 

following application o f glutamate in the same experimental conditions without changing the total 

expression o f nNOS (Zhou et al., 2010). ANOVA did not demonstrate any effect o f  nNOS decoy 

on endogenous nNOS expression levels or PSD-95 expression levels in the presence or absence of 

50 |iM glutamate that was applied for 5-30 min (Figure 3-9B). These results therefore suggest that 

nNOS decoy has no overt effects on PSD-95 and nNOS endogenous levels following lentiviral 

delivery.
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F igure  3-9. Effects o f nN O S decoy on nN OS and  PSD-95 expression levels
(A) Primary rat cortical neurons (DIV 7) were transduced with LV-GFP or LV-nNOS decoy (I |iL) and 
treated with glutamate at a concentration o f 50 |iM  for 5-30 min. After 5-7 days post-transduction, neurons 
were analysed by W estern-blotting (3-4% input). (B) Quantification o f  proteins was conducted using ImageJ 
software. The nNOS and PSD-95 protein levels were norm alised to actin and control. Transduction with 
nNOS decoy had no aberrant effect on nNOS and PSD-95 endogenous expression levels, even in the 
presence o f  glutamate. Data are expressed as mean ±  SEM (n=3).
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3.4 Discussion

3.4.1 Production  o f  lentiviral particles with a high titre

The results o f this chapter demonstrate that the first 900 bp o f the nNOS gene (nNOS decoy) were 

successfully cloned in the pLL4.0 lentiviral vector to generate pLL4.0-nNOS decoy. The nNOS 

decoy protein was subsequently expressed in HEK293T cells following transient transfection of 

the pLL4.0-nNOS decoy plasmid. Data showed that the nNOS decoy was mainly distributed in the 

cell body o f HEK293T cells, in agreement with a previous report that described nNOS in the cell 

body o f HEK293 cells following transient transfection o f the full length nNOS gene (W atanabe et 

al., 2003). Transient transfection o f the plasmid encoding GFP produced robust expression o f the 

GFP corresponding protein, while lower transfection efficiencies were obtained following 

transient transfection o f the nNOS decoy plasmid in HEK293T cells. Differences may be 

attributed to the use o f the nNOS monoclonal antibody and immunocytochemistry processing o f 

the samples, while GFP samples only underwent a fixation step before visualisation. 

Immunocytochemistry and W estem-blot results also demonstrated that nNOS is not endogenously 

expressed in HEK293T cells, which is consistent with previous reports (Bischof et al., 1997; Lin et 

al., 2011; Sarkar et al., 2011).

Lentiviral particles encoding GFP and nNOS decoy were then generated and high titres were 

obtained following ultracentrifugation. High titres are not required for in vitro work, since 

volumes o f  100-500 (iL can easily be pipetted onto cell culture dishes. Concentrated viruses are 

however necessary for in vivo studies, and in particular those that involve focal delivery into the 

brain, since delivery o f large volumes would increase intracranial pressure and lead to irreversible 

damage o f  brain parenchyma (Cetin et al., 2006). Consequently, volumes o f concentrated virus 

injected with stereotactic surgery typically range from 1-2 |.iL in rodents (Kanninen et al., 2009; 

Osinde et al., 2008) and can be increased to volumes up to 3-4 |aL in rats (Bahi et al., 2004; Rahim
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et al., 2009). Lentiviruses pseudotyped with the G glycoprotein o f the vesicular stomatitis virus 

(VSVG) additionally display a broadened host-cell range due to the ability for VSVG to interact 

and fuse with the bilayer phospholipid membrane o f cells (Bums et al., 1993; Harrison, 2008; 

Roche et al., 2008). M oreover the VSVG envelope has been shown to confer resistance to shearing 

forces encountered during ultracentrifugation o f lentiviral particles (Bums et al., 1993). This 

property has been extensively used to concentrate lenviral particles and obtain high litres suitable 

for in vivo delivery (Deglon et al., 2000; Dull et al., 1998; Naldini et al., 1996a; Naldini et al., 

1996b). Using a VSVG envelope and ultracentrifugation at 100,000 x g for 2h at 4°C, we obtained 

GFP and nNOS decoy lentiviral particles with titres over a range o f lO’- 10'° lU/mL. These titres 

are suitable for both in vitro and in vivo experiments, and even more so for in vivo studies where a 

small volume o f virus can be delivered in the brain parenchyma.

3.4.2 nNOS and nNOS decoy are localised >vithin the same cell com partm ents

To fiirther validate the nNOS decoy lentivirus, primary cortical neurons were transduced with LV- 

nNOS decoy to verify that the nNOS decoy protein could be expressed in neurons. 

Immunocytochemistry and W estern-blotting confirmed robust expression o f  nNOS decoy in 

cortical neurons following transduction with LV-nNOS decoy. More specifically, nNOS decoy 

was localised in the cell body and processes (axons and dendrites), similarly to endogenous nNOS. 

This pattem  o f distribution in processes is in agreement with previous work that examined nNOS 

distribution with nicotinamide adenine dinucleotide phosphate (NADPH) diaphorase reactivity and 

nNOS immunostaining (Bredt et al., 1990; Gabbott and Bacon, 1995). These studies demonstrated 

that in the rat medial prefrontal cortex, a brain region that has been implicated in major depression, 

nNOS was distributed throughout the cytoplasm, dendrites, and initial parts o f  axons but absent 

from nuclei (Gabbott and Bacon, 1995). A similar distribution was observed in the cerebellum, 

where staining was most intense in cell bodies and horizontally extending processes o f basket cells
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in the m olecular layer o f  the cerebellum  (B redt et al., 1990). W ith regard to cellu lar distribution , 

our results corroborated previous im m unohistochem istry  studies and dem onstrated that nNOS 

decoy is distributed in the sam e cell com partm ents as endogenously  expressed nNOS.

O ur data show  that endogenous nN O S w as localised in the soluble fraction and to a lesser extent in 

the insoluble fraction o f  cell lysates, w hich is consistent w ith previous reports that dem onstrated 

the presence o f  nNOS in soluble and m em brane-bound form s (B renm an et al., 1996; 

C hristopherson et al., 1999). The nN O S protein contains several dom ains including an nN O S PDZ 

dom ain that term inates w ith a 30 am ino acid P-fm ger pep tide required  for P SD -95/nN O S PDZ 

dim er form ation. This peptide extension folds into a tw o-stranded p-sheet structure (called  P- 

fm ger) that loosely packs against the side opposite to the ligand peptide-binding groove o f  the 

nN O S PDZ dom ain (Tochio et al., 1999). Form ation o f  the PD Z dim er requires this P-fm ger 

peptide to be physically  anchored to the m ain body o f  the canonical nNOS PDZ dom ain, w here a 

buried salt bridge betw een the P-fm ger and the PDZ dom ain  induces and stabilises the P-hairpin 

structure o f  the nN OS PDZ dom ain. In apo-nN O S (i.e. the form  o f  nNOS w ithout its cofactors), 

the P-fm ger peptide is partially  flexible and adopts a transient P-strand-like structure that is 

stabilised upon PDZ dim er form ation. F lexibility o f  the PDZ P-fm ger that contains the PDZ 

internal m o tif -ETTF- is thought to play a critical role in supporting the form ation o f  the PSD - 

95/nN O S com plex (Tochio et al., 2000). The fact that, sim ilarly  to endogenous nN O S, the nNOS 

decoy protein w as observed in the soluble fraction o f  cell lysates and w as absent from  the 

insoluble fraction suggests that nN O S decoy does not aggregate and is likely to be in a tertiary 

structure sim ilar to nN O S, w hich is required for the in teraction w ith  PSD-95.

-  1 2 1  -



3.4.3 nNOS decoy interacts with PSD-95 and has no overt effects on nNOS and PSD-95 

endogenous expression

Since nNO S interacts w ith PSD-95 (C hristopherson et al., 1999) and that nNOS decoy (which 

contains the m o tif necessary for binding to PSD -95) and nNOS display sim ilar subcellular 

localisations, nNOS decoy w as hypothesized to interact w ith PSD-95. Previous w ork has 

dem onstrated that truncated peptides based on full-length nN O S w hich contain the PDZ dom ain 

and PDZ m otif necessary for binding to PSD -95 do interact w ith PSD-95 (Cao et al., 2005; 

Christopherson et al., 1999). In particular, a GST-nNOSiooo construct based on the first 300 am ino 

acids o f  nN O S, and therefore sim ilar to nN O S decoy, w as co-transfected into C 0 S 7  cells w ith 

several G FP-tagged constructs encoding the d ifferent PDZ dom ains o f  PSD-95. Pull-dow n o f 

nN O S |.3oo w ith im m obilised glutathione revealed that nNOS|_3oo interacted w ith PDZ2 (but not 

P D Z l or PDZ3) o f  PSD -95, w hich is the PDZ dom ain responsible for the binding o f  PSD -95 to 

nNOS (Cao et al., 2005). In line with these results, w e show ed that native PSD-95 from  rat brain 

w as retained by G ST-nN OS decoy but not by G ST alone and confirm ed the interaction o f  nNOS 

decoy w ith PSD-95.

A 30 m in treatm ent o f  cortical neurons w ith glutam ate (50 (^M) and the essential co-agonist for the 

N M D A -R  glycine (10 (iM) has been previously show n to induce nNOS translocation from  cytosol 

to plasm a m em brane via its binding to PSD-95. This increased translocation o f  nN O S from  cytosol 

to plasm a m em brane was characterised by an increased abundance o f  nNOS in the m em brane 

fraction, decreased nNOS abundance in the cytosol fraction and had no effect on total am ounts o f  

nNOS (Zhou et al., 2010). T reatm ent w ith the N M D A -R  (NR 2B) antagonist R o-25-6981, Tat 

N R 2B 9c peptide that uncouples N R2B from  PSD -95 or L V -nN 0S |.u3  prevented the increase in 

nNOS translocation and PSD -95/nNO S binding in cortical neuronal cultures. In agreem ent w ith 

Zhou et al. (2010), our W estern-blotting data dem onstrates that treatm ent o f  cortical neuronal 

cultures w ith glutam ate/glycine has no effect on total am ount o f  nNO S. D elivery o f  LV -nN O S
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decoy in cortical neuronal cultures did not affect nNOS or PSD-95 levels, suggesting that lentiviral 

delivery o f  nNOS decoy has no aberrant effects on the endogenous expression o f  these proteins. 

Studies to exam ine the ability o f  nNOS decoy to affect translocation o f  nNOS to the plasm a 

m em brane w ere not further pursued after discovering that our PSD-95 antibody bound PDZ2 o f 

PSD-95 on the site o f  interaction that is key for PSD-95/nNOS interaction and was thus im pairing 

co-im m unoprecipitation o f  nNOS with PSD-95.

3.4.4 Conclusion

In sum m ary, lentiviral particles encoding nNOS decoy w ere successfully generated and their titre 

w as com patible with both in vitro  and in vivo work, where only small volum es can be delivered to 

the rat brain w ithout dam aging the brain parenchym a and increasing intracranial pressure. 

Furtherm ore, nNOS decoy distribution corroborated the distribution o f  endogenous nNOS, was 

w ithout overt effects on PSD-95 and nNO S expression and nNOS decoy was shown to interact 

with PSD-95. The results o f  this chapter dem onstrate that all the necessary requirem ents for nNOS 

decoy prior to further in vitro  and in vivo  w ork are fulfilled. Before investigating the effects o f 

nNOS decoy in vivo in a rat model o f  antidepressant action, we sought to fiirther validate the 

nNOS decoy in vitro  using a neurite outgrow th assay.
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Chapter 4: Inhibitors at the PSD-95/nNOS interface 

promote neurite outgrowth in cortical neuronal cultures
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4.1 Introduction

G lu tam a te  p lay s  a c ru c ia l ro le  d u rin g  d e v e lo p m e n t o f  the n e rv o u s  sy s tem  w h ere  it reg u la te s  

n e u ro g e n e s is , n eu rite  ou tg ro w th , sy n a p to g e n e s is  and  a p o p to s is  (M a ttso n  e t a l., 1988; M o n n e rie  et 

a l., 2 0 0 3 ), in ad d itio n  to  the reg u la tio n  o f  n e u ro p la s tic ity  in the ad u lt b ra in  (M attso n , 2008). 

D u rin g  n eu ro d ev e lo p m en t, ex tra c e llu la r  g lu tam a te  a ffec ts  the m o tility  o f  filo p o d ia  th ro u g h  a -  

a m in o -3 -h y d ro x y -5 -m e th y l-4 -iso x a z o le  p ro p io n ic  ac id  (A M P A ) an d  N -m e th y l-D -a sp a rta te  

(N M D A ) g lu tam a te  re c e p to r a c tiv a tio n  an d  g lu ta m a te -in d u c e d  Ca^^ e le v a tio n  (K uo  et a l., 2010 ; 

M attso n  e t a l., 1988). T he g lu ta m a te -in d u c e d  Ca^^ in flu x  m ay  cau se  a  rap id  local p o ly m erisa tio n  

o f  ac tin  to  fo rm  filo p o d ia l ex ten s io n s  o f  g ro w th  co n es , w h ile  in h ib itin g  tu b u lin  p o ly m erisa tio n , 

and  h en ce  p ro m o te  n eu rite  e lo n g a tio n . H o w ev er, su s ta in ed  e lev a tio n  o f  in trace llu la r  in 

re sp o n se  to  g lu tam a te  recep to r ac tiv a tio n  th ro u g h  N M D A -R s can  re su lt in d ep o ly m erisa tio n  o f  

m ic ro filam en ts  and  m ic ro tu b u le s , re su ltin g  in d en d rite  o u tg ro w th  ce ssa tio n  and  reg ress io n  

(M a ttso n , 2 0 0 8 ; M a ttso n  et al., 1988).

A s p rev io u sly  d e sc rib ed , th e  N M D A -R  a c tiv a te s  n itric  o x id e  sy n th ase  (N O S ) and  p ro d u c tio n  o f  

n itric  o x id e  (N O ). N O  sy n th ases  co m p rise  n eu ro n a l (n N O S ), e n d o th e lia l (eN O S ) and  in d u c ib le  

( iN O S ) iso fo rm s, w h ere  nN O S  is co -lo ca lised  and  fu n c tio n a lly  co u p led  to  th e  N M D A -R  (G u ix  e t 

a l., 2 0 0 5 ) v ia  the p o stsy n ap tic  d en sity  p ro te in  95 k D a  (P S D -9 5 ) (C h ris to p h e rso n  e t a l., 1999). 

P S D -95  is a p ro te in  in v o lv ed  in th e  m o rp h o lo g ica l m a tu ra tio n  o f  ex c ita to ry  sy n ap se s  (E l-H u sse in i 

et a l., 2 0 0 0 b ), in ad d itio n  to  p lay in g  a ro le  in th e  reg u la tio n  o f  d en d rite  o u tg ro w th  and  b ran ch in g , 

in d ep en d e n t o f  its  sy n ap tic  fu n c tio n  (C h ary ch  e t a l., 200 6 ).

D e c re a se d  d en d rite  o u tg ro w th  an d  o th e r a lte ra tio n s  in d en d rite  m o rp h o lo g y  su ch  as v a rico s ity  

fo rm a tio n  and  sp in e  loss are th e  ea rlie s t s ig n s  o f  g lu tam a te  e x c ito to x ic ity  in  sev era l acu te  

n e u ro lo g ica l an d  n eu ro d eg en e ra tiv e  d iso rd e rs  (e .g . isch em ia , e p ilep sy  an d  p a in  s ta tes) an d  these

-  1 2 5  -



events m ay precede cell death in som e but not all cases (M onnerie et al., 2003). S ince glutamate 

plays a role in neurite outgrowth during neurodevelopm ent and in synaptogenesis and 

neuroplasticity in the adult brain, the use o f  immature neurons in vitro  represents a m eans to 

investigate the neurotrophic effects o f  the nN O S decoy and novel com pounds acting at the 

N M D A -R /P SD -95/n N O S protein com plex on neuronal m orphology. In particular, immature C NS  

neurons in culture are sensitive to excess glutam ate and this sensitiv ity  is m anifested by alterations 

in dendritic m orphology rather than cell death. These glutam ate-m ediated alterations in dendritic 

structure m ay have profound effects on neuronal function, and by extrapolation to C N S function, 

influence synaptic transm ission (Esquenazi et al., 2002).

A b iolog ica lly  active peptide that encodes the PDZ domain and PDZ m otif o f  nN O S (n N O S i.1 3 3 ) 

delivered using a lentivirus m ethod, as w ell as the P SD -95/nN O S inhibitors IC87201 and Z L 006  

have demonstrated efficacy  in neurological disorders that involve excess ive  glutam atergic 

neurotransm ission through the N M D A -R /P S D -95/nN O S com plex. In particular, IC87201 w as  

show n to inhibit acute thermal hyperalgesia and chronic allodynia in m ice and rats m odels o f  pain  

(Florio et al., 2009), w h ile  Z L 006 delivered intravenously and nN O S i . 1 3 3  delivered stereotactically  

in the cortex o f  m ice w ere able to reduce the infarct area and im prove neurological scores in a 

m ouse m iddle cerebral artery occlusion  (M C A O ) m odel o f  stroke (Zhou et al., 2010). Our 

hypothesis is that blockade o f  the N M D A -R /P SD -95/riN O S com plex w ith lentiviral-m ediated gen e  

delivery m ethods (nN O S decoy) and the P SD -95/nN O S inhibitors IC87201 and Z L006 w ill 

promote neurite outgrowth by dam pening glutam atergic neurotransm ission in immature cultured 

neurons. The N M D A -R  antagonist ketam ine and nN O S inhibitor TRIM w ere also included for 

comparative purposes on the basis that anti-glutam atergic agents such as ketam ine promote neurite 

outgrowth in PC 12 cells in addition to demonstrating antidepressant-like properties (R obson et al., 

2012). In fact, a grow ing number o f  reports has demonstrated ketam ine’s antidepressant efficacy  

both clin ically  and in several animal m odels o f  antidepressant action, w hich suggests a role for
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glutam ate in depression (see M urrough, 2012 for review ). The use o f  ketam ine is how ever 

ham pered in the clinic due to the risk for adverse effects. Targets dow nstream  o f  the receptor, such 

as the PSD -95/nN O S protein-protein interaction and the nN O S enzym e itself m ay represent targets 

for treating disorders involving glutam ate excitotoxicity. In this regard, NOS inhibitors such as 

TRIM  have previously dem onstrated antidepressant activity  in several preclinical studies (U lak et 

al., 2008; U lak et al., 2010; V olke et al., 2003) and it is proposed that TRIM , like ketam ine, may 

possess neurotrophic properties and exert som e o f  its effects by prom oting neurite outgrow th. In 

addition, we hypothesized that IC87201 w ould have beneficial effects on the N M D A -induced loss 

o f  neuronal com plexity observed follow ing exposure to excitotoxic concentrations o f  NM DA.
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4.2 Study design

4.2.1 Effects of nNOS decoy on neurite outgrowth

P rim ary  co rtica l neu rons (D IV  1) w ere  trea ted  w ith  con tro l m ed ium  (N B M ), L V -G F P  (1 p L ,  

co rresp o n d in g  to  2 .9  x  lO’ lU ) o r L V -nN O S  deco y  (1 (jL, co rresp o n d in g  to 2 x  10^ lU ) fo r 72h  to 

a llow  fo r G F P  and  n N O S  deco y  ex p ressio n , resp ec tiv e ly . A t D IV  4, fixa tion  and 

im m u n o cy to ch em is try  w ere  p e rfo rm ed  fo r Sholl analysis.

4.2.2 Concentration-related effects of IC87201 on neurite outgrowth

P rim ary  co rtica l neu rons (D IV  3) w ere  trea ted  w ith  v eh ic le  (0 .0 0 5 %  D M S O  in N B M ) o r IC 87201 

(10 , 100 and  1000 nM ) for 24h  b e fo re  fixa tion  and  im m u n o cy to ch em istry  fo r Sholl analysis. T he 

se lec tio n  o f  co n cen tra tio n s w as  d e te rm in ed  from  p rev ious pub lished  reports ind ica ting  that 

IC 87201 d o se -d ep en d en tly  red u ced  N M D A -in d u ced  cG M P  p ro d u c tio n  in p rim ary  h ippocam pal 

n eu ro n s  (D IV  14-21) w ith  an  IC50 o f  2 .7  |iM  and  tha t IC 87201 (1 m g /k g ) w as e ffec tive  in trea ting  

N M D A -in d u ced  therm al h y p era lg es ia  in m ice, w ith  a co rresp o n d in g  peak  p lasm a level o f  55 

ng /m L  (o r 0 .2  jiM ) (F lo rio  et a l., 2009 ). A n tid ep ressan t-lik e  effec ts  w ere  o b ta ined  w ith  a s im ila r 

ran g e  o f  d o ses (1 -2  m g /k g ) in m ice  (D o u ce t et al., 2013).

4.2.3 Concentration-related effects of ZL006 on neurite outgrowth

P rim ary  co rtica l n eu rons (D IV  3) w ere  trea ted  w ith  con tro l m ed ium  (N B M ) o r Z L 0 0 6  (10 , 100 

and  1000 n M ) fo r 24h b e fo re  fix a tio n  and  im m u n o cy to ch em istry  for Sholl analysis. T he 

co n cen tra tio n s  w ere  se lec ted  on  the basis th a t Z L 006  has been  p rev io u sly  show n  to in h ib it 

N M D A -in d u ced  P S D -9 5 /n N O S  b in d in g  in  co rtica l neurons (D IV  7-9 ) w ith  an IC50 o f  82 nM  

fo llo w in g  trea tm en t w ith  g lu tam ate  (50  |xM) and  g lyc ine  (10 ^ M ) fo r 30 m in  (Z hou  et al., 2010).
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4.2.4 C oncentration-related effects o f  ketam ine and TRIM  on neurite outgrowth

Prim ary cortical neurons (DIV 3) w ere treated w ith control m edium  (NBM ), ketam ine (10, 100 

and 1000 nM ) or TRIM  (10, 100 and 1000 nM ) for 24h before fixation and im m unocytochem istry 

for Sholl analysis. K etam ine concentrations w ere selected on the basis that ketam ine potentiated 

N G F-induced neurite outgrowth in PC 12 cells over a sim ilar range o f  concentrations (R obson et 

al., 2012). The effects o f  the nNOS inhibitor TRIM  w ere evaluated at the sam e concentrations for 

com parative purposes.

4.2.5 C oncentration-related effects o f glutam ate, g lutam ate/glycine and N M D A /glycine on 

neurite outgrowth

Prim ary cortical neurons (DIV 3) w ere treated w ith glutam ate (100 and 500 |iM ) or with a 

com bination o f  glutam ate (100 and 500 |iM ) and glycine (10 |iM ) for 24h before fixation and 

im m unocytochem istry for Sholl analysis. G lycine w as added to glutam ate on the basis that it acts 

as a facilitator for N M D A -R  activity and is considered an essential co-agonist at NM D A-Rs 

(D ingledine et al., 1999). Concentrations o f  glutam ate w ere based on their deleterious effects on 

neurite outgrow th reported from previous studies (Em inel et al., 2008; Esquenazi et al., 2002; 

M attson et al., 1988; M etzger et al., 1998; M onnerie et al., 2003) and on the fact that glutam ate 

(100 nM ) saturates all types o f  glutam atergic ionotropic receptors in neuronal cultures (M etzger et 

al., 1998). For com parison purposes w ith glutam ate, prim ary cortical neurons (DIV 3) w ere treated 

w ith a com bination o f  N M DA (100, 250 and 500 |iM ) and glycine (10 nM ) for 24h before fixation 

and im m unocytochem istry for Sholl analysis. N M D A  effects w ere exam ined on the basis that 

NM DA is a m ore selective agonist for the N M D A -R  subtype than glutam ate. Concentrations o f  

NM DA w ere based on their deleterious effects on neurite outgrow th reported from  previous 

studies (Em inel et al., 2008; Esquenazi et al., 2002; M attson et al., 1988; M etzger et al., 1998; 

M onnerie et al., 2003).
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4.2.6 Effects o f  NBQ X on glutam ate-induced  neurite outgrowth

Primary cortical neurons (DIV 3) were pre-treated with glutamate (100 |iM) for Ih followed by 

treatment with a combination o f  glutamate (100 jiM) and NBQX (10 |xM) for 23h before fixation 

and immunocytochemistry for Sholl analysis. The effects o f the AMPA-R antagonist NBQX were 

examined to further dissect the respective roles of AMPA-Rs and NMDA-Rs in glutamate-induced 

neurite outgrowth. The concentration o f NBQX was based on previous reports using the related 

AMPA-R/kainate receptor antagonist CNQX (10 |iM) to restrict the actions o f applied glutamate 

to NMDA-Rs and prevent the activation o f  AMPA-Rs (Aarts et al., 2002; Cui et al., 2007) and on 

the fact that NBQX (3 |iM) was able to reverse the glutamate-induced reduction in neurite 

outgrowth in motoneurons following culture and treatment for 5 days (Metzger et al., 1998).

4.2.7 Effects o f  ketam ine on N M D A -induced reduction in neurite outgrowth

Primary cortical neurons (DIV 3) were pre-treated with NMDA (250 nM)/glycine (10 |iM ) for Ih 

followed by treatment with a combination o f NMDA (250 ^M)/glycine (10 ^M) and ketamine (10 

nM) for 23h before fixation and immunocytochemistry for Sholl analysis.

4.2.8 Effects o f  IC87201 on N M D A -induced reduction in neurite outgrowth

Primary cortical neurons (DIV 3) were pre-treated with NMDA (250 |iM)/glycine (10 ^iM) for Ih 

followed by treatment with a combination o f NMDA (250 |iM)/glycine (10 |aM) and IC87201 (10 

nM or 100 nM) for 23h before fixation and immunocytochemistry for Sholl analysis.
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4.3 Results

4.3.1 D istrib u tio n  o f PSD-95 an d  nN O S in im m atu re  co rtical neu rons

At DIV 3-4, cultured neurons have not yet formed m ature synaptic connections. However, 

previous w ork has shown that N M D A-Rs containing N R l and NR2B subunits, and the 

postsynaptic protein PSD-95 are expressed in DIV 3-4 cortical and hippocam pal neuronal cultures 

(Kuo et al., 2010; M onnerie et al., 2003). Prior to investigating the role o f  the NM DA-R/PSD- 

95/nNOS protein com plex on neurite outgrowth, we first exam ined the distribution o f  PSD-95 and 

nNOS in cultured cortical neurons. PSD-95 and nNOS were expressed at DIV 4 (F igu re  4-1). 

PSD-95 w as localised in neurites and cell body, in particular in the perinuclear region with a 

punctate expression, sim ilarly to a previous report exam ining the distribution o f  NM DA-Rs and 

PSD-95 in hippocam pal neurons (Kuo et al., 2010). nNOS w as observed to co-localise with PSD- 

95 w ith strong expression in neurites and in the cell body. Taken together, these results 

dem onstrate that PSD-95 and nNOS are expressed and co-localised in im m ature cortical neurons, 

and are organised to play a role in regulating glutam ate-m ediated neurite outgrowth.

-  131  -



Figure 4-1. Im m ature cortical neurons express PSD-95 and nNOS
Im m unocytochem istry  w as perfo rm ed  on cortical neuronal cu ltu res to verify  that im m atu re  neu ro n s (D IV  4) 
expressed  PSD -95 and nN O S. N eu ro n s w ere  identified  using PSD -95 (red), nN O S (green) and D A PI (blue). 
PSD -95 w as localised  in n eu rites  and in the perinuclear region o f  the cell body (w hite  dashed  a rro w ), w hile 
nN O S w as strongly  d is trib u ted  in neurites and cell body (w hite arrow ). Scale bar, 20 |im .
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4.3.2 Effects o f  nNO S decoy on neurite outgrowth

One-way ANO VA demonstrated a significant effect o f  lentiviral treatment on the number o f  

primary neurites (F 2 ,68=8.84, P<0.001) and neuritic length (F2,68=5.77, P=0.0048). P ost hoc 

analysis revealed that nNOS decoy significantly increased the number o f  primary neurites 

extending from the cell soma (P<0.01) when compared to control-treated neurons. In contrast, 

GFP failed to influence this parameter (Figure 4-2A). One-way A N O V A  also demonstrated a 

significant effect o f  lentiviral treatment on the number o f  neuritic branches (F2 ,68=4.99, P=0.0095). 

P ost hoc analysis revealed no effect o f  GFP, while nNOS decoy significantly increased the 

number o f  neuritic branches (P<0.05) when compared to control-treated neurons (Figure 4-2B). 

Furthermore two-way repeated measures ANOVA demonstrated a significant effect o f  lentiviral 

treatment on the number o f  neuritic branches at specific distances from the neuronal cell soma 

(F2.i292=6.69, P=0.0022). A NO V A also demonstrated a significant effect o f  distance 

(F\9,\292=840.4, P<0.001) and a lentiviral treatment x distance interaction (F 3 8 ,i2 9 2 = 5.93, P<0.001). 

P ost hoc analysis revealed that neurons treated with nNOS decoy had significantly more branches 

at 10 and 20 |im (P<0.01) and fewer branches at 40 |am (P<0.01) when compared to control-treated 

neurons, while GFP-treated neurons had significantly more branches at 10 and 20 |j,m (P<0.01), 

and fewer branches at 30, 40 |im (P<0.01) and 50 ^m (P<0.05) than control-treated neurons. 

Furthermore, nNOS decoy-treated neurons had significantly more branches than GFP-treated 

neurons at 10 and 20 |im (P<0.01), which suggests that nNOS decoy promotes proximal branching 

(F igure 4-2B ,C).
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Figure  4-2. E ffects o f nN O S decoy on neu rite  ou tg row th
Primary cortical neurons (DIV 1) were treated for 72h w ith control m edium (NBM ), LV-GFP or LV-nNOS 
decoy and im m unocytochem istry was perform ed at DIV 4. N eurons were identified using the neuronal 
structural protein P-III tubulin and the DAPl nuclear stain with fluorescence microscopy. Sholl analysis was 
perform ed on neurons to exam ine the number o f  (A) primary neurites and neuritic length, and (B) number o f  
branches and Sholl profile following lentiviral transduction. (C ) Representative images. Scale bar, 50 |im. 
Data are expressed as mean ±  SEM , n=23-24 coverslips per group representative o f  3 independent 
experiments. **P<0.01, *P<0.05 vs Ctrl (Student-Newm an-Keuls); Sholl profile, **P<0.01 nNOS decoy vs 
Ctrl, ^*P<0.01 and *P<0.05 GFP vs Ctrl, ^^P<0.01 nNOS decoy vs GFP (Student-Newman-Keuls).
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4.3.3 Concentration-related effects of IC87201 on neurite outgrowth

One-way ANOVA demonstrated a significant effect o f  IC87201 on neuritic length (F3,92=5.12, 

P=0.0026) but failed to demonstrate effects on the number o f  primary neurites (F3,92=1.81, 

P=0.15). Post hoc analysis revealed that IC87201 failed to influence any o f these neurite 

outgrowth parameters at the lowest concentration tested (10 nM). In contrast, IC87201 (100 nM 

and 1000 nM) significantly increased neuritic length (P<0.01 and P<0.05, respectively) when 

compared to control-treated neurons (F igure 4-3A). One-way ANOVA also demonstrated a trend 

effect o f  IC87201 on the number o f neuritic branches (F3,92=2.56, P=0.060) (F igure 4-3B). 

Furthermore two-way repeated measures ANOVA demonstrated a significant effect o f  IC87201 on 

the number o f  neuritic branches at specific distances from the neuronal cell soma (F3,n48=5.61, 

P=0.0014). ANOVA also demonstrated a significant effect o f distance (F|9,i748=1619, P<0.001) 

and an IC87201 x distance interaction (F57,i74g=2.22, P<0.001). Post hoc analysis revealed that 

neurons treated with IC87201 (10 nM) had significantly more branches than control-treated 

neurons at 20 (.im (P<0.05), 30 and 40 |am (P<0.01), while neurons treated with 1C87201 (100 nM) 

had significantly more branches than control-treated neurons at 10, 20, 30 and 40 |im (P<0.01). 

When applied at 1000 nM, 1C87201 significantly increased the number o f branches at 10 |o.m 

(P<0.05), 30, 40 and 50 |im (P<0.01) but not at 20 [xm (F igure 4-3B,C).
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Figure 4-3. C oncentration-related effects o f 1C87201 on neurite outgrowth
Primary cortical neurons (DIV 3) were treated for 24h with control (0.005%  DM SO in NBM ) or 1C87201 
(10, 100 and 1000 nM). Im munocytochemistry was perform ed at DIV 4. Neurons w ere identified using the 
neuronal structural protein P-IIl tubulin and the DAPI nuclear stain with fluorescence microscopy. Sholl 
analysis w as perform ed on neurons to examine the num ber o f  (A) prim ary neurites and neuritic length, and 
(B) num ber o f branches and Sholl profile. (C) Representative images. Scale bar, 50 |xm. Data are expressed 
as mean ±  SEM, n=24 coverslips per group representative o f  3 independent experiments. **P<0.01, *P<0.05 
vs Ctrl (Student-N ew m an-K euls); Sholl profile, **?<0.01 and *P<0.05 IC87201 (10 nM ) vs Ctrl, ^^P<0.01 
IC8720I (100 nM ) vs Ctrl, ^^P<0.01 and ^P<0.05 1C87201 (1000 nM) vs Ctrl (Student-Newman-Keuls).
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4.3.4 Concentration-related effects o f  ZL006 on neurite outgrowth

The effects o f  Z L006 w ere exam ined to investigate w hether the effects observed on neurite 

outgrow th w ith IC87201 generalised to a com pound w ith a related  chem ical structure (F lorio  et 

al., 2009; Z hou et a l.,2 0 1 0 ).

O ne-w ay A N O V A  dem onstrated a significant effect o f  Z L006 on the num ber o f  p rim ary neurites 

(F3,9|=5.42, P=0.0018) and neuritic length (F 3,9 i= 3 .9 9 , P=0.010). P ost hoc analysis revealed  that 

Z L006 (10 nM ) significantly  increased the num ber o f  p rim ary neurites (P<0.05) but failed to 

increase neuritic length w hen com pared to contro l-treated  neurons. ZL006 (100 nM  and 1000 nM ) 

significantly  increased the num ber o f  prim ary neurites (?<0.01 and P<0.05, respectively) w hile 

only ZL006 applied at 1000 nM  significantly  increased neuritic length (P<0.05) w hen com pared to 

control-treated  neurons (Figure 4-4A). O ne-w ay A N O V A  also dem onstrated a significant effect 

o f  ZL006 on the num ber o f  neuritic branches (F3,9i=3.09, P=0.031). Post hoc  analysis revealed  that 

ZL006 (10 nM ) failed to increase the num ber o f  neuritic branches, w hile ZL006 (100 and 1000 

nM ) significantly  increased the num ber o f  neuritic branches (P<0.05) w hen com pared to control- 

treated neurons (Figure 4-4B). Furtherm ore, tw o-w ay repeated m easures A N OV A  dem onstrated  a 

significant effect o f  ZL006 on the num ber o f  neuritic branches at specific d istances from  the 

neuronal cell som a (F3 ,1729=4 .70, P=0.0043). A N O V A  also dem onstrated a significant effect o f  

distance (Fi9,i729=146 8 , P<0.001) and a ZL006 x distance in teraction (F57J729=2.87, P<0.001). Post 

hoc  analysis revealed that neurons treated w ith ZL006 (10 nM ) had significantly  m ore branches 

than contro l-treated  neurons at 10 and 20 |im  (P<0.01), w hile Z L 006 (100 and 1000 nM ) treatm ent 

increased the num ber o f  branches at 10, 20 and 30 |im  (P<0.01). ZL006 applied at 1000 nM 

additionally  increased the num ber o f  branches at 40 ^m  (P<0.05) (Figure 4-4B,C).
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Figure 4-4. C oncentration-related effects o f ZL006 on neurite outgrowth
Primary cortical neurons (DIV 3) were treated for 24h with control medium (NBM) or ZL006 (10, 100 and 
1000 nM). Im munocytochem istry was performed at DIV 4. Neurons were identified using the neuronal 
structural protein (3-111 tubulin and the DAPI nuclear stain with fluorescence microscopy. Sholl analysis was 
performed on neurons to exam ine the num ber o f  (A) prim ary neurites and neuritic length, and (B) num ber o f 
branches and Sholl profde. (C) Representative images. Scale bar, 50 |im. Data are expressed as mean ± 
SEM, n=23-24 coverslips per group representative o f  3 independent experiments. **P<0.01 and *P<0.05 vs 
Ctrl (Student-Newm an-Keuls); Sholl profile, **P<0.01 ZL006 (10 nM) vs Ctrl, **P<0.01 ZL006 (100 nM ) vs 
Ctrl, ^'^P<0.01 and ^?<0.05 ZL006 (1000 nM) vs Ctrl (Student-Newman-Keuls).
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4.3.5 Concentration-related effects of ketamine and TRIM on neurite outgrowth

O ur resu lts dem onstrate that PSD -95/nN O S inhibitors prom ote neurite outgrow th. To further 

investigate the role o f  the N M D A -R /PSD -95/nN O S protein com plex in neurite outgrow th, the 

effects o f  the N M D A -R  antagonist ketam ine and nN O S inhibitor TR IM  w ere exam ined.

4.3.5.1 Concentration-related effects o f  the NMDA-R antagonist ketamine

O ne-w ay A N O V A  dem onstrated  a significant effect o f  ketam ine on the num ber o f  prim ary 

neurites (F3,89=6.16, P<0.001), neuritic length (F 3,g9= 5 .4 4 , P=0.0018) and num ber o f  neuritic 

b ranches (F3,g9=4.09, P=0.0091). Post hoc analysis revealed that ketam ine at the three 

concentrations tested (10, 100 and 1000 nM ) significantly  increased the num ber o f  prim ary 

neurites extending from  the cell som a (P<0.05, P<0.01 and P<0.01, respectively). M oreover 

ketam ine (100 and 1000 nM ) significantly  increased neuritic length (P<0.01 and P<0.05, 

respectively) and the num ber o f  neuritic branches (P<0.05) w hen com pared to control-treated 

neurons (Figure  4 -5 ,\) . Furtherm ore, tw o-w ay repeated m easures A N O V A  dem onstrated a 

significant effect o f  ketam ine (F 3 i69i=5.66, P =0.0013) on the num ber o f  neuritic branches at 

specific d istances from  the neuronal cell soma. A N O V A  also dem onstrated  a significant effect o f  

distance (Fi9,i69i=1432, P<0.001) and a ketam ine x distance in teraction (F57,i69i=4.02, P<0.001). 

Post hoc  analysis revealed  that neurons treated w ith  all three different concentrations o f  ketam ine 

(10, 100 and 1000 nM ) had significantly  m ore branches than contro l-treated  neurons at 10, 20 and 

30 |im  (P<0.01 at the three concentrations tested). In addition, neurons treated w ith  higher 

concentrations o f  ketam ine (100 and 1000 nM ) had their num ber o f  branches increased at 40 |im  

(P<0.01) w hen com pared to control-treated neurons (F igure  4-5A , right  panel) .
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4.3.5.2 Concentration-related effects o f  the nNOS inhibitor TRIM

One-way ANOVA demonstrated a significant effect o f TRIM on the number o f primary neurites 

(F3,9i=3.43, P=0.020), neuritic length (F3,9i=3.20, P=0.027) and number o f neuritic branches 

(F3,9i=3.88, P=0.012). Post hoc analysis revealed that TRIM (10 and 100 nM) significantly 

increased neuritic length (P<0.05) when compared to control-treated neurons, but only TRIM (100 

nM) was additionally able to significantly increase the number o f  neuritic branches (P<0.05). In 

contrast, TRIM (1000 nM) significantly increased the number o f  primary neurites extending from 

the cell soma (P<0.05), neuritic length (P<0.05) and number o f neuritic branches (P<0.01) when 

compared to control-treated neurons (Figure 4-5B). Furthermore, two-way repeated measures 

ANOVA demonstrated a significant effect o f TRIM ( F 3j 729= 3 .5 9 , P=0.017) on the number o f 

neuritic branches at specific distances from the neuronal cell soma. ANOVA also demonstrated a 

significant effect o f distance (F|9j729=16 3 5, P<0.001) and a TRIM x distance interaction 

(F57,i729=3-93, P<0.001). Post hoc analysis revealed that neurons treated with all three different 

concentrations o f TRIM (10, 100 and 1000 nM) had significantly more branches than control- 

treated neurons at 10, 20 and 30 |im (P<0.01), while only neurons treated with TRIM (10 and 1000 

nM) had an increased number o f  branches at 40 |am (P<0.05) (Figure 4-5B, right panel).
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F igure  4-5. C o n cen tra tio n -re la ted  effects o f ke tam ine  and  T R IM  on n eu rite  ou tg row th
Primary cortical neurons (DIV 3) w ere treated for 24h with control medium (NBM ), (A) ketam ine (10, 100 
and 1000 nM ) or (B) TRIM (10, 100 and 1000 nM). Im m unocytochem istry was perform ed at DIV 4. 
N eurons w ere identified using the neuronal structural protein (3-111 tubulin and the DAPI nuclear stain with 
fluorescence m icroscopy. Sholl analysis was performed on neurons to exam ine the num ber o f  primary 
neurites, neuritic length, num ber o f  branches and Sholl profile. Data are expressed as mean ±  SEM , n=22-24 
coverslips per group representative o f  3 independent experiments. **P<0.01 and *P<0.05 vs C tr l (Student- 
N ewm an-Keuls); Sholl profile, **P<0.01, *P<0.05 10 nM vs C tr l ,  ^*P<0.01 100 nM vs C tr l ,  *^P<0.01, 
^P<0.05 1000 nM vs C tr l (Student-Newm an-Keuls).
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4.3.6 Concentration-related effects of glutamate, glutamate/glycine and NM DA/glycine on 

neuronal complexity

Since glutamate has been shown to both facilitate and inhibit dendrite outgrowth in vitro in 

hippocampal pyramidal neurons (M attson et al., 1988; W ilson and Keith, 1998), concentration- 

related effects o f glutamate and NM DA on immature cortical neurons were investigated in further 

detail.

4.3.6.1 Concentration-related effects o f  glutamate

One-way ANOVA demonstrated a significant effect o f  glutamate on the number o f primary 

neurites (F2,65=3.93, P=0.025), neuritic length (F2,65=8.10, P<0.001) and number o f  neuritic 

branches (F2,6s=7.22, P=0.0015). Post hoc analysis revealed that glutamate (100 |iM ) significantly 

increased neuritic length (P<0.01) and number o f neuritic branches (P<0.05) when compared to 

control-treated neurons. Furthermore, two-way repeated measures ANOVA demonstrated a 

significant effect o f  glutamate on the number o f neuritic branches at specific distances from the 

neuronal cell soma (F2.i235=8.53, P<0.001). ANOVA also demonstrated a significant effect of 

distance (Fi9.i235=73 3.3, P<0.001) and a significant glutamate x distance interaction (F3g,i235=3.65, 

P<0.001). Post hoc analysis revealed that neurons treated with glutamate (100 |aM) had 

significantly more branches than control-treated neurons at 10, 20, 30, 40 and 50 nm (P<0.01). In 

contrast, higher concentrations o f  glutamate (500 ^M ) decreased the number o f neuritic branches 

at 20 |im (P<0.01) when compared to controls (Figure 4-6A).

4.3.6.2 Concentration-related effects o f  glutamate/glycine

One-way ANOVA demonstrated a significant effect o f treatment on neuritic length (F3,89=2.94, 

P=0.038) but failed to demonstrate any effect on the number o f primary neurites and neuritic
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branches. Post hoc analysis revealed that glutamate (500 (xM)/glycine (10 |aM) significantly 

decreased neuritic length (P<0.05) when compared to control-treated neurons. Furthermore, two- 

way repeated measures ANOVA demonstrated a significant effect o f  treatment on the number o f 

neuritic branches at specific distances from the neuronal cell soma (F3j69i=2.75, P=0.047). 

ANOVA also demonstrated a significant effect o f distance (Fi9,i69i=650.2, P<0.001) but failed to 

demonstrate a treatment x distance interaction. Post hoc analysis revealed that neurons treated with 

glutamate (100 (xM)/glycine (10 |.iM) and glutamate (500 nM )/glycine (10 (xM) had significantly 

fewer branches than control-treated neurons at 20 |im (?<0.05), 30 and 40 |im (P<0.01) (Figure 4- 

6B).

4.3.6.3 Concentration-related effects o f  NMDA/glycine

One-way ANOVA demonstrated a significant effect o f NM DA/glycine treatment on the number o f 

primary neurites (F4,n2=3.34, P=0.013) and neuritic length (F4,n2=6.81, P<0.001) Post hoc 

analysis revealed that NMDA (250 nM)/glycine (10 |iM) and NMDA (500 pM )/glycine (10 pM) 

significantly decreased neuritic length (P<0.01) when compared to control-treated neurons. One

way ANOVA also demonstrated a significant effect o f treatment on the number o f  neuritic 

branches (F4,n2=5.43, P<0.001). Post hoc analysis revealed that the three concentrations o f 

NM DA tested (100, 250 and 500 pM) combined with glycine (10 pM) significantly decreased the 

number o f neuritic branches (P<0.05, P<0.01 and P<0.01, respectively) when compared to control- 

treated neurons. Furthermore, two-way repeated measures ANOVA demonstrated a significant 

effect o f treatment on the number o f neuritic branches at specific distances from the neuronal cell 

soma (F4,2I28=7.00, P<0.001). ANOVA also demonstrated a significant effect o f  distance 

(F |9,2128=1006, P<0.001) and a treatment x distance interaction (F7g,2i28=4.06, P<0.001). Post hoc 

analysis revealed that neurons treated with NMDA (100 pM )/glycine (10 pM) had significantly 

fewer branches than control-treated neurons at 20 pm (P<0.05), 30 and 40 pm (P<0.01), and 50
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Hm (P<0.05). When the concentration o f  NMDA was increased to 250 or 500 (xM, neurons had 

significantly fewer branches than control-treated neurons at 10 (P<0.05), 20, 30, 40 and 50

(P<0.01 at both concentrations) (F igure 4-6C).
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Figure 4-6. C oncentra tion-related  effects o f g lu tam ate, glutam ate/glycine and  NM DA/glycine on 
neurite  outgrow th
Primary cortical neurons (DIV 3) were treated for 24h with (A) glutamate (100 and 500 |iM), (B) a 
combination o f glutamate (100 and 500 |iM) and glycine (10 nM) or (C) a combination o f NMDA (100, 250 
and 500 |iM) and glycine (10 |iM). Immunocytochemistry was performed at DIV 4. Neurons were identified 
using the neuronal structural protein P-111 tubulin and the DAPI nuclear stain with fluorescence microscopy. 
Sholl analysis was performed on neurons to examine the number o f  primary neurites, neuritic length, 
number o f branches and Sholl profile. Data are expressed as mean ± SEM, n=21-24 coverslips per group 
representative o f 3 independent experiments. **P<0.01 and *P<0.05 vs Ctrl (Bonferonni’s or Student- 
Newman-Keuls); Sholl profile, **P<0.01 and *P<0.05 100 nM vs Ctrl, **P<0.01 250 |iM vs Ctrl, ^*P<0.01 
and ^P<0.05 500 |iM vs Ctrl (Student-Newman-Keuls).
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4.3.7 Effects of NBQX on glutamate-induced neurite outgrowth

Since glutamate (100 |jM) promoted neurite outgrowth and that the glutamate (100 nM)/glycine 

(1 0  nM) combination abolished this increase, we hypothesized that glutamate may promote neurite 

outgrowth via a mechanism o f action involving AMPA-Rs, while NMDA-Rs may exert opposite 

effects on neurite outgrowth. To further examine this hypothesis, rat cortical neurons were treated 

with glutamate (100 ^iM) and the AMPA-R antagonist NBQX (10 nM).

Two-way ANOVA demonstrated a significant effect o f glutamate (Glu) pre-treatment on number 

o f neuritic branches (F|,86=8.14, P=0.0054) and neuritic length (F|,86=4.15, P=0.045). ANOVA 

also demonstrated a significant effect o f  NBQX treatment on the number o f  neuritic branches 

( F i ,86=5.00, P=0.028) but there was no glutamate x NBQX interaction. Post hoc analysis revealed 

that glutamate treatment significantly increased the number o f neuritic branches (P<0.05), which 

was blocked by NBQX treatment (P<0.05). In addition, NBQX treatment significantly decreased 

the glutamate-induced neuritic length (P<0.05) in primary cortical neurons. Furthermore, three- 

way repeated measures ANOVA demonstrated a significant effect o f Glu pre-treatment 

(F|,86=4.73, P=0.032) on the number o f neuritic branches at specific distances from the neuronal 

cell soma. ANOVA also demonstrated a significant effect o f  distance (F 19,1634= 1 0 9 0 , P<0.001) and 

a significant NBQX treatment x distance interaction (Fi9,i634=3.88, P<0.001). Post hoc analysis 

revealed that neurons treated with glutamate (100 |iM ) had significantly more branches than 

control-treated neurons at 20 |im (P<0.01) and 30 |im (P<0.05), while neurons treated with 

glutamate (100 |.iM)/NBQX (10 |iM ) had significantly fewer branches than glutamate-treated 

neurons at 20 and 30 |am (P<0.01) (Figure 4-7A).
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4.3.8 Effects o f ketamine on NMDA-induced reduction in neurite outgrowth

Since the com bination  o f  N M D A  (250  |iM ) and g lyc in e  (10  |iM ) decreased neurite outgrow th, our 

data support the hypoth esis that overactivation o f  the N M D A -R  subtype has deleterious e ffects on 

neurite outgrow th. To further investigate this hypothesis, w e  exp lored  the potential o f  the N M D A -  

R antagonist ketam ine (10  nM ) to reverse the e ffects o f  N M D A -in d u ced  reduction in neurite 

outgrow th.

T w o-w ay  A N O V A  dem onstrated a sign ificant e ffec t o f  ketam ine (F ij34= 23 .71 , P < 0 .001) and an 

N M D A /G ly  x ketam ine (10  nM ) interaction (F i,i34=5.60, P = 0 .0 1 9 ) on the num ber o f  primary 

neurites and a sign ifican t effect o f  ketam ine (F | 134=16.07, P < 0 .0 0 1 ) on the num ber o f  neuritic 

branches. F inally , tw o-w ay  A N O V A  dem onstrated a sign ificant effect o f  N M D A /G ly  (F |,134= 6 .07, 

P = 0 .015 ), ketam ine (F |,134= 2 6 .00, P < 0 .001) and N M D A /G ly  x ketam ine interaction (F |,134= 1 9 .16, 

P < 0 .001 ) on neuritic length. P ost hoc analysis revealed  that N M D A -treated  neurons had 

sign ifican tly  few er primary neurites (P < 0 .01 ) and decreased  neuritic length (P < 0 .01) w hen  

com pared to control-treated neurons. Treatment w ith  ketam ine w as able to reverse these deficits , 

as ev id en ced  by  increased number o f  primary neurites (P < 0 .01 ) and neuritic length (P < 0 .01) o f  

neurons treated w ith  N M D A /G ly  and ketam ine w h en  com pared to N M D A /G ly-treated  neurons. 

W ith regard to num ber o f  neuritic branches, neurons treated w ith  a com bination  o f  N M D A /G ly  

and ketam ine had sign ificantly  m ore branches than N M D A /G ly  treated neurons (P < 0 .01). 

Furthermore, three-w ay repeated m easures A N O V A  dem onstrated sign ificant effects o f  

N M D A /G ly  (F ,.,34=11.17, P = 0 .0011 ), ketam ine (F ,,,34=50.02, P < 0 .0 0 1 ), N M D A /G ly  x ketam ine  

interaction (F |,134= 2 6 .63 , P < 0 .001), d istance (F 19,2546= 2 0 3 2 , P < 0 .001 ), N M D A /G ly  x distance  

interaction (F |9,2546= l - 6 6 , P = 0 .037), ketam ine x distance interaction (F|9,2S46=16.88, P < 0 .001) and 

N M D A /G ly  x ketam ine x distance interaction (F 19,2546= 6 .24 , P < 0 .001 ). P ost hoc analysis revealed  

that ketam ine (1 0  nM ) increased the num ber o f  branches at 10, 20  and 30 ^m (P < 0 .01) w hen  

com pared to control-treated neurons. In contrast, N M D A /G ly  decreased the num ber o f  branches at
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10, 20 , 30 , 4 0  an d  50  nm  (P < 0 .0 1 ) and  60  n m  (P < 0 .0 5 ) w h en  co m p ared  to co n tro l-tre a ted  n eu rons . 

K e tam in e  (10  n M ) w as  ab le  to  reverse  th is d ec rease  at 10, 20, 30 , 40  and  50 (P < 0 .0 1 ) b u t no t

a t 60  urn (F ig u re  4 -7B ).
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F igure 4-7. E ffects o f N BQ X  on g lu tam ate-induced  n eu rite  ou tg row th  and  effects o f l<etamine on 
N M D A -induced reduc tion  in neurite  ou tgrow th
Primary cortical neurons (DIV 3) were treated f o r  24h w ith (A) glutamate (100 |iM ) and N BQ X  (10 |iM ) or 
(B) a combination o f  NM DA (250 |iM )/glycine (10 nM ) and ketam ine (10 nM). Im munocytochem istry was 
performed at DIV 4. Neurons were identified using the neuronal structural protein P-Ill tubulin and the 
DAPl nuclear stain w ith fluorescence microscopy. Sholl analysis was performed on neurons to examine the 
num ber o f  prim ary neurites, neuritic length, num ber o f  branches and Sholl profile. Data are expressed as 
mean ±  SEM, n=21-39 coverslips per group representative o f  3-5 independent experiments. **P<0.01 and
*P<0.05 vs C trl, ^^P<0.01 and *P<0.05 vs respective vehicle (Student-Newman-Keuls); Sholl profile,
**P<0.01, *P<0.05 GlulOO vs Ctrl and N M DA250/Gly vs C trl, "^P<0.01 GlulOO/NBQX vs GlulOO and 
N M D A 250/G ly/K etl0  vs NM DA250/Gly, ^^P<0.01 KetlO vs Ctrl (Student-Newman-Keuls).
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4.3.9 Effects of IC87201 on NM DA-induced reduction in neurite outgrowth

Since ketamine (10 nM) was able to counteract the effects o f  NM DA-induced reduction in neurite 

outgrowth, the effects o f  IC87201 on NM DA-induced reduction in neurite outgrowth were 

examined to investigate whether the effects observed with the N M D A -R  antagonist ketamine 

generalised to the PSD-95/nNO S inhibitor IC87201.

4.3.9.1 Effects o f  IC87201 (10 nM) on NMDA-induced reduction in neurite outgrowth

Tv/o-way A N O V A  demonstrated a significant effect o f  N M D A /G ly (F|j3o=4.91, P=0.028) and 

IC87201 (10 nM) (F ,.,3 0 = 8 .73, P=0.0037) but there was no N M D A /G ly x IC87201 interaction on 

the number o f  primary neurites. Post hoc analysis revealed that NM DA/Gly-treated neurons had 

significantly fewer primary neurites than control-treated neurons (P<0.01), which was reversed by 

treatment with 1C87201 (10 nM) (P<0.01). M oreover two-way AN O VA  demonstrated a 

significant effect o f  N M D A /G ly on neuritic length and number o f  branches (F|_i3o=6 .7 7 , P=0.010  

and F |,130=7.93, P=0.0056, respectively) but failed to demonstrate an IC87201 effect or 

N M D A /G ly x IC87201 interaction. Post hoc analysis revealed that NMDA-treated neurons had 

significant decreases in neuritic length (P<0.05) and number o f  neuritic branches (P<0.05) when  

compared to control-treated neurons. Furthermore, three-way repeated measures A N O V A  

demonstrated significant effects o f  N M D A /G ly (Fi,i3o=24.60, P<0.001), IC87201 (10 nM) 

(F ,,130=10.22, P=0.0017), N M D A /G ly x IC87201 (F,,,3o=6.92, P=0.0095), distance (F ,9,2470=20 1 9, 

P<0.001), N M D A /G ly x distance (Fi9,247o=5.94, P<0.001), IC87201 x distance (F 19,2470= 5 .26, 

P<0.001) but failed to demonstrate an N M D A /G ly x IC87201 x distance interaction. P ost hoc 

analysis revealed that IC87201 (10 nM) increased the number o f  branches at 20 and 30 |im  

(P<0.01), and 40 |am (P<0.05) when compared to control-treated neurons. In contrast, N M D A /G ly  

decreased the number o f  branches at 10, 20, 30 ^m (P<0.01) and 50 |.im (P<0.05) when compared
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to control-treated neurons. IC87201 (10 nM) reversed this decrease at 10, 20, 30 (P<0.01) and

50 urn (P<0.05) (F igure 4-8A).

4.3.9.2 Effects o f  IC8720I (100 nM) on NMDA-induced reduction in neurite outgrowth

Two-way A N O V A  demonstrated a significant effect o f  I C 8 7 2 0 1  ( 1 0 0  nM) ( F | , i 3 o = 2 8 . 4 1 ,  P < 0 . 0 0 1 )  

and an N M D A /G ly x I C 8 7 2 0 1  interaction ( F | , 1 3 0 = 6 . 9 8 ,  P = 0 . 0 0 9 3 )  on the number o f  primary 

neurites. P ost hoc analysis revealed that 1 C 8 7 2 0 1  ( 1 0 0  nM) increased the number o f  primary 

neurites ( P < 0 . 0 5 ) ,  w hile NM DA/Gly-treated neurons had significantly less primary neurites than 

control-treated neurons ( P < 0 . 0 1 ) .  I C 8 7 2 0 1  ( 1 0 0  nM) treatment was able to reverse the 

NM DA/Gly-induced reduction in primary neurites ( P < 0 . 0 1 ) .  Moreover two-way AN O V A  

demonstrated a significant effect o f  I C 8 7 2 0 1  ( 1 0 0  nM) on neuritic length and number o f  branches 

( F | , 130=20.62, P < 0 . 0 0 1  and F , , , 3 0 = 2 6 . 1 7 ,  P < 0 . 0 0 1 ,  respectively), an N M D A /G ly x I C 8 7 2 0 1  

interaction on neuritic length ( F i j 3 o = 3 . 7 4 , P = 0 . 0 5 )  and an N M D A /G ly x 1 C 8 7 2 0 1  interaction on 

the number o f  neuritic branches ( F | , 1 3 0 = 7 . 7 7 ,  P = 0 . 0 0 6 1 ) .  Post-hoc analysis revealed that N M D A - 

treated neurons had a significant decrease in neuritic length ( P < 0 . 0 1 )  and number o f  neuritic 

branches ( P < 0 . 0 5 )  when compared to control-treated neurons that were reversed by I C 8 7 2 0 1  ( 1 0 0  

nM) treatment ( P < 0 . 0 1 ) .  Furthermore, three-way repeated measures ANO VA demonstrated 

significant effects o f  N M D A /G ly (F ,, , 3 0 = 1 7 . 3 4 ,  P < 0 . 0 0 1 ) ,  I C 8 7 2 0 1  ( 1 0 0  nM) ( F , . , 3 o = 6 9 . 8 2 ,  

P < 0 . 0 0 1 ) ,  N M D A /G ly x I C 8 7 2 0 1  ( F , . , 3 0 = 2 2 . 8 5 ,  P < 0 . 0 0 1 ) ,  distance ( F „ , 2 4 7 0 = 2 3 9 9 ,  P < 0 . 0 0 1 ) ,  

N M D A /G ly x distance ( F , 9 ,2 4 7 0 = 1 - 6 8 ,  P = 0 . 0 3 3 ) ,  I C 8 7 2 0 1  x distance (F ,9 ,2 4 7 0 = 2 2 .4 0 , P < 0 . 0 0 1 )  and 

N M D A /G ly x I C 8 7 2 0 1  x distance interaction (F,9,247o=7.81, P < 0 . 0 0 1 ) .  P ost hoc analysis revealed  

that I C 8 7 2 0 1  ( 1 0 0  nM) significantly increased the number o f  neuritic branches at 1 0 ,  2 0 ,  3 0  ^m 

( P < 0 . 0 1 )  and 4 0  |jm ( P < 0 . 0 5 ) ,  while N M D A /G ly decreased the number o f  branches at 1 0 ,  2 0 ,  3 0  

|j,m ( P < 0 . 0 1 )  and 5 0  |im ( P < 0 . 0 5 )  when compared to control-treated neurons. I C 8 7 2 0 1  ( 1 0 0  nM)
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rev e rsed  the N M D A -in d u c e d  d ec rea se  a t 10, 20 , 30 (im  (P < 0 .0 1 ) and  50 nm  (P < 0 .0 5 ) (F ig u re  4- 

8B ).

□  Vehicle 
■  IC87201 (10 nM)

r~1 VeNcie 
■I IC87201 (10 nM)

NMDA 250
(♦ Giy)

NMDA 250
(♦  G iy)

O  Vehicle 
H  IC87201 (10 nM)

I A  I  eoo- ' ' I  ’2- ^Hi-Emiiiiii
Ctti
iCS7201 (10 nM)
NMOA (250 mM) * O y (10 pM) 
NMDA (2S0 MM)*Gly (lO^M ) 
*^1087201 (10 nM)

NMDA 250
(+ Gly) Distance from som a (pm)

CD Vehicte 
■  1067201 (100 nM)

t 1 Vehide 
■  C87201 (100 nM)

O  Vehide 
■  C87201 (100 nM)

♦  C«1
'«■ IC87201 (100 rM)

NM OA(2S0uM )*G ly(10uM | 
«- NMDA(2VlvU)*Qlv(10^1 

«IC«7201 (100 nM)

NMDA 250
(♦ Gty)

NMDA 250
l+Gly)

NMDA 250 
(♦GJy) Distance from som a (pm)

F igure  4-8. E ffects o f  IC87201 on N M D A -induced reduc tion  in n eu rite  ou tg row th
Primary cortical neurons (DIV 3) were treated for 24h with (A) a combination o f  NM DA (250 |iM )/glycine 
(10 |iM ) and 1C87201 (10 nM ) or (B) a combination o f  N M DA (250 nM )/glycine (10 fiM) and 1C87201 
(100 nM), Im m unocytochem istry w as perform ed at DIV 4. N eurons were identified using the neuronal 
structural protein p-III tubulin and the DAPI nuclear stain with fluorescence microscopy. Sholl analysis was 
performed on neurons to examine the num ber o f prim ary neurites, neuritic length, num ber o f  branches and 
Sholl profile. Data are expressed as mean ±  SEM, n=21-39 coverslips per group representative o f  3-5 
independent experiments. **P<0.01 and *P<0.05 vs C trl, ^^P<0.01 and ^P<0.05 vs respective vehicle 
(Student-Newm an-Keuls); Sholl profile, **P<0.01 and *P<0.05 NM DA 250/Gly vs C trl, ^^P<O.OI and 
"P<0.05 NM DA 250/Gly/IC87201 vs N M DA 250/Gly, ^^P<0.01 and ^P<0.05 1C87201 vs ctrl (Student- 
Newman-Keuls).
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4.4 Discussion

T he re su lts  o f  th e  p re sen t in v es tig a tio n  dem o n s tra te  th a t d is ru p tio n  o f  the P S D -9 5 /n N O S  in terface  

w ith  a p ro te in  frag m en t en co d in g  the first 300  am in o  ac id s  o f  nN O S  (w h ich  co n ta in s  the m o tif  

n ece ssa ry  fo r b in d in g  to P S D -95  and  d e liv e red  u s in g  a len tiv ira l v ec to r), o r ap p lic a tio n  o f  the 

sm a ll-m o lecu le  in h ib ito rs  IC 87201 and  Z L 0 0 6  p ro m o te  n eu rite  o u tg ro w th  in p rim ary  ra t co rtica l 

neu rons . S im ila r n eu ro tro p h ic  e ffec ts  w ere  o b se rv ed  fo llo w in g  app lica tio n  o f  th e  N M D A -R  

an tag o n is t k e tam in e  an d  the nN O S  in h ib ito r T R IM . C o n v erse ly , trea tm en t o f  n eu ro n s  w ith  

g lu tam ate  o r N M D  A  co m b in ed  w ith  g ly c in e  su p p re ssed  n eu rite  o u tg row th . K e tam in e  and  1C87201 

w ere  ab le  to co u n te rac t th e  N M D A -in d u ced  red u c tio n  in neu rite  ou tg row th .

4.4.1 PSD-95/nNO S inhibitors promote neurite outgrowth in primary cortical neurons

P rev io u s w o rk  h as d em o n s tra ted  th a t o v e rex p ress io n  o f  P S D -95  in im m atu re  n eu ro n s  dec reases  

the p ro p o rtio n  o f  p rim a ry  d en d rite s  tha t u n d e rg o  ad d itio n a l b ran ch in g , re su ltin g  in  a m ark ed  

red u c tio n  o f  seco n d a ry  d en d rite  num ber. In co n tra s t, k n o ck -d o w n  o f  P S D -95  in c reased  seco n d ary  

d en d rite  n u m b er, su g g es tin g  tha t P S D -95  ac ts as a sto p  sig n a l fo r p ro x im al den d rite  o u tg ro w th  and  

b ran ch in g  d u rin g  n eu ro d ev e lo p m en t (C h ary ch  e t a l., 2006 ). In th e  cu rren t in v es tig a tio n  P S D - 

95 /n N O S  in h ib ito rs  p ro m o te  n eu rite  o u tg row th . M ore  sp ec ific a lly , nN O S  deco y , IC 8 7 2 0 I and  

Z L 0 0 6  in c reased  n eu rite  o u tpu t, w h ich  in c lu d es in c reases  in  neu ritic  leng th , n u m b er o f  p rim a ry  

n eu rite s  an d  n u m b e r o f  b ran ch es , in  p a rtic u la r w ith  reg a rd  to  p ro x im al b ran ch es  (1 0 -5 0  |j,m from  

the som a). IC 87201  e ffec ts  w ere  o b se rv ed  a t 100 nM  (0.1 ^ M ) and  1000 nM  (1 |iM ), w h ile  Z L 0 0 6  

d isp lay ed  n eu ro tro p h ic  ac tio n s  a t co n cen tra tio n s  ran g in g  from  10-1000 nM  (0.01-1 |iM ). IC 87201 

w as  p rev io u s ly  sh o w n  to  reduce  N M D A -in d u ced  cG M P  p ro d u c tio n  in m a tu re  ra t h ip p o cam p a l 

n e u ro n s  w ith  an  IC 50  o f  2 .7  (iM (F lo rio  e t a l., 200 9 ). In ad d itio n , p la sm a  levels o f  IC 87201  

fo llo w in g  in trap e rito n ea l (i.p .) ad m in is tra tio n  o f  IC 87201  (1 m g /k g ) in m ice  peak ed  15 m in
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fo llow ing adm inistration , reaching 55 ng/m L (0.2 nM ), concurren t w ith anti-nociceptive effects 

observed 45 m in later, a tim e that w as deem ed necessary for the com pound to reach its target. 

W hen adm inistered intrathecally , the in vivo  potency o f  IC87201 in the m ouse N M D A -induced 

therm al hyperalgesia m odel w as 1 pm ol (or 0.2 ^M ) at the in jection  site (Florio et al., 2009). In 

our cultures, the effects o f  IC87201 on neurite outgrow th w ere observed over a sim ilar range o f  

concentrations as those able to reverse N M D A -induced hypersensitisation  in m ice. The effects o f  

Z L006 on neurite outgrow th w ere greatest at 100 nM , w hich  corresponds to the IC 5 0  o f  this 

com pound to inhibit the b inding o f  nN O S to PSD -95 in cortical neurons follow ing stim ulation o f  

m ature cortical neurons w ith a com bination o f  glutam ate (50 |iM ) and glycine (10 |.iM) for 30 min 

(Zhou et al., 2010).

4.4.2 The N M D A -R  antagonist ketamine and the nNO S inhibitor TRIM  prom ote neurite 

outgrowth in prim ary cortical neurons

To further investigate the role o f  the N M D A -R /PS D -95/nN O S  protein com plex in neurite 

outgrow th, it w as o f  in terest to exam ine w hether the N M D A -R  an tagonist ketam ine and the nNOS 

inhibitor TRIM  w ould  d isplay sim ilar neurotrophic effects. In agreem ent w ith the results obtained 

w ith PSD -95/nN O S inhibitors, ketam ine and TRIM  both  increased the num ber o f  prim ary 

neurites, num ber o f  proxim al branches and neuritic length  in im m ature cortical neurons. These 

results are in line w ith a previous study dem onstrating that ketam ine potentiated N G F-induced 

neurite outgrow th in PC 12 cells at concentrations ranging from  0.01 nM to 10 (xM (R obson et al., 

2012). TRIM  is a relatively  selective N O S inhibitor for the neuronal isoform  o f  N O S that acts by 

interfering w ith the b inding o f  both L -arginine and co-factor tetrahydrobiopterin  on the enzym e 

(H andy and M oore, 1997). TRIM  has been show n to inh ib it nN O S w ith an IC50 o f  28 |iM  in 

cerebellar hom ogenates (H andy et al., 1995). In our cu ltures, TRIM  increased all param eters o f  

neurite outgrow th at 1 ^M . The m uch low er concentration at w hich TRIM  prom oted neurite
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outgrow th m ay be attributed to d ifferences in experim ental conditions, neuronal populations 

(cerebellar versus cortical neurons) and the level o f  m aturation o f  neurons under investigation 

(m ature versus im m ature). Taken together, our results suggest that the N M D A -R /PSD -95/nN O S 

protein com plex plays a role in neurite outgrow th and that it m ay be a relevant pathw ay w ith 

regard to stim ulation o f  neuronal rem odelling.

4.4.3 Role of AM PA-Rs and NMDA-Rs on neurite outgrowth

In this study, the role o f  neuronal activity in neurite outgrow th w as evaluated  using cultured 

cortical neurons and application  o f  glutam ate or N M D A. W e first determ ined a concentration at 

w hich glutam ate w ould  reduce neurite outgrow th w ithout causing cell death, as a m odel for 

excessive glutam atergic neurotransm ission and N M D A -R  associated deleterious effects on neurite 

outgrowth. C ortical im m ature neuronal cultures are particularly  suited for this since they are 

insensitive to glutam ate toxicity in term s o f  cell death, w hile they m anifest im portant alterations in 

dendritic m orphology (Esquenazi et al., 2002; M onnerie et al., 2003). Surprisingly, glutam ate 

treatm ent (100 pM ) increased the num ber o f  neuritic branches and neuritic length, w hile higher 

concentrations (500 |xM) did not influence any o f  these param eters. These results are in contrast 

w ith previous reports that dem onstrated  a reduction in dendritic output w ith glutam ate applied at 

100 pM (M etzger et al., 1998; M onnerie et al., 2003) that w as accom panied by an increase in 

axonal length (M onnerie et al., 2003). The increase o f  axonal length w as how ever m odest w hen 

com pared to the reduction in total dendrite length, leading to a net effect o f  neurite outgrow th 

regression. W e hypothesized that the neurotrophic effects o f  glutam ate observed at 100 |iM  w ould 

m ainly be m ediated by A M PA -R  stim ulation w hile higher concentrations o f  glutam ate (500 ^M ) 

w ould stim ulate both A M PA -R  and N M D A -R . To test this hypothesis, cortical cultures w ere 

treated w ith glutam ate and glycine, the co-agonist o f  glu tam ate that acts as a facilitator for 

N M D A -R  activation (D ingledine et al., 1999) or w ith  the A M PA -R  antagonist N BQ X . The
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increase in neurite outgrowth observed with glutamate (100 (iM) was abolished by a combination 

o f  glutamate and glycine or co-treatment with NBQX (10 |iM), suggesting that NMDA-R 

activation and AMPA-R play opposite roles in neurite outgrowth.

Several reports have provided evidence for the deleterious effects o f  excess glutamatergic 

neurotransmission and nitric oxide on neurite outgrowth and synaptic loss (Mattson et al., 1988; 

M etzger et al., 1998; Sunico et al., 2010; Wilson and Keith, 1998; W ilson et al., 2000) but only a 

few have involved a direct role o f the NMDA-R (Esquenazi et al., 2002; Monnerie et al., 2003). It 

was therefore o f interest to determine concentration-related effects o f  NMDA on neurite 

outgrowth. Since the NMDA-R is endogenously activated by both glutamate and glycine, a 

combination o f  NMDA and glycine was selected. NM DA/Gly dose-dependently reduced the 

number o f primary neurites, number o f proximal branches (20-50 |am) and neuritic length 

following a 24h treatment. The NMDA-R antagonist ketamine (10 nM) was able to reverse these 

deficits, suggesting that the deleterious effects o f the overactivation o f glutamatergic 

neurotransmission on neurite outgrowth are mediated by NMDA-Rs. Interestingly, IC87201 (10 

nM) was only able to reverse the NMDA-induced reduction in primary neurites and proximal 

branches (10-30 |im), while a higher concentration o f  IC87201 (100 nM) was able to reverse all 

the NM DA-induced reductions in neurite output (number o f primary neurites, number o f  branches, 

neuritic length). These results provide evidence for a role o f  the NM DA-R/PSD-95/nNOS protein 

complex in neurite outgrowth.

4.4.4 Immature cortical neurons as an in vitro model for the study of novel compounds

The use o f immature neurons with reduced dendrite outgrowth following exposure to glutamate 

represents a model with analogies to the observations made following chronic stress in animal 

models o f depression, where stress leads to atrophy o f apical dendrites and a reduction in
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branching and neuronal length (Cook and Wellman, 2004; Li et al., 2011; Liston et al., 2006; Liu 

and Aghajanian, 2008). Interestingly, administration o f chronic unpredictable stress (CUS) to rats 

decreases the expression o f synaptic proteins and spine number, in addition to reducing the 

frequency and amplitude of excitatory postsynaptic currents in pyramidal neurons o f the prefrontal 

cortex (Li et al., 2011). These synaptic deficits can however be rapidly reversed by administration 

o f  the NMDA-R antagonist ketamine, with concurrent amelioration in CUS-induced anhedonic 

and depressive behaviours, which suggests that synaptogenesis is one o f the mechanisms 

underlying the rapid antidepressant action o f ketamine (Li et al., 2010b; Li et al., 2011). Dendritic 

spines may therefore represent a possible anatomical substrate for the enduring changes seen with 

depression. With regard to the role o f NMDA-Rs in pain states, administration o f a single 

subanaesthetic dose o f the NMDA-R antagonist ketamine was shown to relieve depression-like 

behaviours induced by neuropathic pain in rats (W ang et al., 2011). Further evidence for a role o f 

excessive glutamatergic neurotransmission and subsequent NM DA-R/PSD-95/nNOS 

overactivation in stroke, pain states and depression was provided with the PSD-95/nNOS 

inhibitors IC87201 and ZL006 (Doucet et al., 2013; Florio et al., 2009; Zhou et al., 2010). ZL006 

reduced infact size and improved neurological scores in a murine middle cerebral artery occlusion 

(MCAO) model o f  stroke, while IC87201 inhibited acute thermal analgesia and chronic 

mechanical allodynia in rodents (Florio et al., 2009). More recently, we demonstrated that 

IC87201 and ZL006 possess antidepressant-like properties in mice (Doucet et al., 2013), 

suggesting that the development and maintenance o f depression-related behaviour may involve 

overactivation o f  the NMDA-R and subsequent NO production. Indeed, a growing number o f 

reports have implicated a role for glutamate and NO in major depressive illness (Murrough, 2012; 

W egener and Volke, 2010). As a putative test compound for further development, IC87201 

presents advantages over ketamine as it is designed to uncouple NMDA-R from nNOS in a 

targeted fashion not possible with a receptor antagonist (Doucet et al., 2012). Since ketamine and 

IC87201 promote neurite outgrowth in vitro and reverse NMDA-induced reduction in neurite
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outgrowth, future work will be required to determine if  similar changes in synaptogenesis are 

associated with PSD-95/nNOS inhibitors in animal models of depression.

4.4.5 Role of other glutamate-modulating compounds on neurite outgrowth

O f interest, the glutamate-modulating drug riluzole (licensed for the treatment o f  amyotrophic 

lateral sclerosis) promotes neurite outgrowth in vitro (Shortland et al., 2006) and was shown to 

have antidepressant effects in a clinical study (Zarate et al., 2005). Other antidepressants such as 

tianeptine and agomelatine have demonstrated neurotrophic properties in vitro, in addition to 

antidepressant effects in clinical studies (Chu et al., 2010; Soumier et al., 2009). Riluzole is a 

m odulator o f glutamate release that can interfere both presynaptically and postsynaptically with 

glutamatergic neurotransmission (Shortland et al., 2006), and is thought to enhance glutamate 

clearance through increased re-uptake by astrocytes (Pittenger et al., 2008), thereby reducing 

excitotoxicity. In dorsal root ganglion (DRG) neuronal cultures, riluzole promoted neuronal 

survival, induced neuritogenesis, promoted neurite branching and enhanced neurite outgrowth in 

both neonatal and adult DRG cultures (Shortland et al., 2006). These data provide further evidence 

that agents dampening excessive glutamatergic neurotransmission and promoting neurite 

outgrowth may be beneficial for neuronal remodelling in several neurological and 

neurodegenerative disorders that involve excitotoxicity.

4.4.6 Conclusion

Our work establishes the involvement o f  glutamate and a role for the NMDA-R/PSD-95/nNOS 

protein complex in neurite outgrowth. More specifically, blockade o f AMPA-Rs prevented the 

effects o f  glutamate-induced neurite outgrowth. In contrast, stimulation o f  the NM DA-R subtype 

with glutamate/glycine or NM DA/glycine abolished and/or reduced neurite outgrowth. Ketamine, 

TRIM and PSD-95/nNOS inhibitors promoted neurite outgrowth. Most important are the
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neurotrophic effects o f  ketamine and IC87201 as they were able to counteract the NM DA-induced 

reduction in neurite outgrowth. These findings may open new possibilities for therapeutic 

approaches where neurons can be targeted to preserve their function and promote neuronal 

remodelling.
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Chapter 5: Behavioural effects of nNOS decoy following 

lentiviral delivery in the prelimbic cortex of rats
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5.1 Introduction

The postsynaptic density protein 95 IdDa (PSD-95) is a scaffolding protein that linics nNOS to 

NM DA-R via PDZ domain/PDZ m otif interactions. Disruption o f  the PSD-95/nNOS interaction 

has been achieved with both protein fragments and small-molecule inhibitors (Cao et al., 2005; 

Florio et al., 2009; Zhou et al., 2010) As other functions o f  the NM DA receptor remain intact, this 

selective approach may be adopted to further test for a novel glutamatergic-NO-based treatment 

for depression. Interestingly, intrathecal administration o f a Tat-nNOSi.299 fusion protein inhibited 

NMDA-induced thermal hyperalgesia in mice (Florio et al., 2009). More notably, the stereotactic 

injection o f a nNOSi.133 lentivirus into the cortex o f MCAO mice significantly reduced the infarct 

area and improved neurological scores when compared to non-treated MCAO mice (Zhou et al., 

2010). Since lentiviral-based vectors have been shown to elicit a minimal immune response in the 

brain following stereotactic delivery (Abordo-Adesida et al., 2005; Naldini et al., 1996a; Naldini et 

al., 1996b) and do not alter the electrophysiological properties of transduced cells (Dittgen et al., 

2004), they therefore appear to be suitable candidates for in vivo gene delivery.

Brain imaging studies o f depressed patients have provided strong and consistent evidence o f 

decreased volume o f cortical and limbic brain regions, such as the prefrontal cortex (PEC) and 

hippocampus, suggestive o f neuronal atrophy that is relative to length o f illness and time o f 

treatment (for review, see Duman and Aghajanian, 2012). M oreover a study o f  neuronal 

morphology in human post-mortem  brain tissue has recently reported a decreased number o f 

synapses in the dorsolateral PFC (dlPFC) o f depressed patients (Kang et al., 2012), providing 

further evidence for a role o f the PFC in major depression. Reports from functional imaging 

studies have led to the proposition that dysregulation o f connectivity within the PFC and its target 

limbic regions are responsible for the disturbances in emotional, cognitive and autonomic 

regulations observed in mood disorders (Duman and Aghajanian, 2012). Interestingly, the NMDA
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receptor antagonist ketamine was able to rapidly ameliorate chronic unpredictable stress (CUS)- 

induced anhedonic and depressive behaviours in rats exposed to chronic stress, in addition to 

reversing the CUS-induced deficits in synaptogenesis in the PFC (Li et al., 2011). Since NMDA 

receptors couple to nNOS via the postsynaptic protein PSD-95, it was o f particular interest to 

investigate whether PSD-95/nNOS inhibition in the PFC would elicit antidepressant-like 

properties in a rat model o f  antidepressant action. In Chapter 3, we developed nNOS decoy, a 

protein fragment based on the first 300 amino acids o f nNOS that interacts with PSD-95 and was 

designed to inhibit the PSD-95/nNOS interaction. The nNOS decoy construct was further 

validated in Chapter 4 where it promoted neurite outgrowth similarly to the PSD-95/nNOS 

inhibitors IC87201 and ZL006. To further explore our hypothesis, the present investigation 

assessed the effects o f nNOS decoy following stereotactic delivery in the rat prelimbic cortex.
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5.2 Study design

To characterise the effects o f nNOS decoy on behaviour, rats were assigned to one o f  three 

treatment groups: group 1; vehicle (PBS), group 2: LV-GFP, group 3: LV-nNOS decoy. The viral 

vector (or PBS) was delivered bilaterally in the prelimbic cortex (2 |aL/hemisphere) with the 

following coordinates: AP +3.2 mm, ML ±0.5 mm, DV -4.0 mm, using bregma as reference. Rats 

were left for 28 days following stereotactic surgery to recover and to allow for expression of 

nNOS decoy. Following the recovery period, one behavioural test was then performed daily 

(10.30-12.00), in the following order: open field test (OF, day 1), pre-swim and swim sessions of 

the forced swim test (FST, days 2 and 3), training and retention trials o f the passive avoidance task 

(PA, days 4 and 5). Saccharin preference was examined daily prior to testing (9.30-10.30) 

following a habituation period on two bottles o f water for 4 days and baseline recordings o f 

saccharin for 3 days. Rats were sacrificed on day 8 o f testing and brains were harvested and stored 

for further analysis. The order o f  tests was chosen to minimise test interactions, by introducing the 

less stressful task first (OF test) and the more stressful and invasive tasks last (FST and PA test), 

as previously described (Banasr and Duman, 2008).
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5.3 Results

5.3.1 Effects o f  lentiviral delivery o f  nNO S decoy on body w eight

Tw o-w ay repeated m easures A N O V A  o f  daily body w eight show ed an effect o f  tim e 

(F35, 1365=63 8.5, P<0.001) but there w as no effect o f  lentiviral treatm ent or lentiviral treatm ent x 

tim e interaction (F ig u re  5-1).

400n
o PBS 
■ GFP 
A nNOS decoy

375-

350-
S
I  325- 
0)
5
^  300-
o

CD

275-

250-*-
200t

0 4 8 12 16 20 24 28 32 36

Figure 5-1. Effects of lentiviral delivery of nNOS decoy on body weight
Male Wistar rats received PBS, LV-GFP or LV-nNOS decoy bilaterally in the prelimbic cortex and body 
weight was monitored daily prior to surgery (day 0), during the recovery phase (day 1 to day 28) and 
behavioural testing period (day 29 to day 33). Data are expressed as mean ± SEM (n=13-I5 per group).
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5.3.2 Effects o f lentiviral delivery o f  nNO S decoy on locom otor activity and exploratory  

behaviour

Two-way repeated measures ANOVA o f distance travelled in the open field over 5 minute 

intervals showed an effect o f  time (F2,82=47.04, P<0.001) but there was no effect o f  lentiviral 

treatment or lentiviral treatment x time interaction. Post hoc analysis revealed a decrease in 

distance travelled during the 6-10 minute interval when compared to the first 5 minutes in the 

arena in all three groups. When expressing sum totals o f  distance travelled over the course o f 15 

minutes ANOVA of the total distance did not show effects o f  lentiviral treatment (F igure 5-2A). 

Furthermore, one-way ANOVA o f percentage o f  distance travelled in the inner zone failed to 

demonstrate effects o f lentiviral treatment (F igure 5-2B).

Two-way repeated measures ANOVA of velocity in the open field over 5 minute intervals showed 

an effect o f time (F2,82=47.21, P<0.001) but there was no effect o f  lentiviral treatment or lentiviral 

treatment x time interaction. Post hoc analysis revealed a decrease in velocity during the 6-10 

minute interval when compared to the first 5 minutes in the arena in all three groups. When 

expressing velocity over the total duration o f 15 minutes, ANOVA did not demonstrate any effects 

o f lentiviral treatment (Figure 5-2C').

One-way ANOVA of rearing events and bouts o f grooming in the open field over a total duration 

o f 15 minutes failed to demonstrate any effect o f lentiviral treatment (F igure 5-2D).
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F ig u re  5 -2 . E ffec ts  o f  ie n tiv ira l  d e liv e ry  o f  n N O S  d ecoy  o n  lo c o m o to r  a c tiv ity  a n d  e x p lo ra to ry  
b e h a v io u r
M ale W ista r ra ts rece iv ed  PB S, L V -G FP o r L V -nN O S decoy  b ila tera lly  in the p relim bic  cortex. L ocom otor 
activ ity  and  ex p lo ra to ry  behav iour w ere  assessed  in the open field  test by  exam in ing  (A ) the d istance 
travelled , (B ) percen tage  o f  d istance travelled  in the  in n er zone o f  the arena, (C ) ve loc ity  and (D ) n u m b er o f  
rearing  even ts and groom ing  bouts for a  duration  o f  15 m in. D ata are expressed  as m ean ±  SEM  (n=14-15 
per g roup). ^^P<0.01 versus respec tive  0-5 m in group  (S tuden t-N ew m an-K euls).
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5.3.3 Effects o f lentiviral delivery of nNOS decoy in the FST, PA cognition test and 

saccharin preference test

ANOVA o f immobility time during the first exposure to the FST (15 min) and the second 

exposure to the FST (5 min) failed to demonstrate any effect o f lentiviral treatment (F igure  5- 

3A,B).

Two-way repeated measures ANOVA of latencies in the step-through passive avoidance trials 

showed an effect o f  time (F|,3<)=7227, P<0.001) but there was no lentiviral treatment or lentiviral 

treatment x time interaction effect. Post hoc comparisons revealed that step-through latencies were 

significantly increased during the retention trials at 24h when compared to latencies during the 

training session in all three groups (F igure 5-3C).

Two-way repeated measures ANOVA of saccharin preference showed an effect o f  time 

(F5,2io==4.17, P=0.001) but there was no lentiviral treatment or lentiviral treatment x time 

interaction effect (F igure 5-3D).
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F igure  5-3. E ffects o f leiitiv iral delivery o f nN O S decoy in the  FST , PA cognition test and  saccharin  
p re fe rence  test
Male W istar rats received PBS, LV-GFP or LV-nNOS decoy bilaterally in the prelimbic cortex. Immobility 
tim e was assessed in the forced swimming test (FST) (A) for 15 min on a first exposure to the test and (B) 
for 5 min on a second exposure to the test 24h later. (C ) Learning and memory was assessed in the passive 
avoidance (PA) test. Step-through latencies were recorded during training trial and retention trial 24h 
following training. (D) Hedonic behaviour was exam ined in the saccharin preference test at baseline and 
daily during the behavioural testing period. Data are expressed as mean ±  SEM (n=14-15 per group). 
**P<0.01 versus respective training group (Student-Newm an-Keuls).
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5 .3 .4  E x p ress io n  o f  n N O S  in th e  p re lim b ic  cortex

Im m unohistochem istry  o f  the brains o f  PBS-injected anim als revealed  that nNOS is endogenously 

expressed at low  levels in the prelim bic cortex, w hile nN O S decoy-in jected  brains did not reveal 

any increase in nN O S staining 4 w eeks follow ing lentivirus delivery  that w ould indicate 

expression o f  nN O S decoy in the prelim bic cortex (F ig u re  5-4).

IT

\ \ \

/
Control (PBS) nNOS decoy

Figure 5-4. Im m unohistochem istry of brains following lentiviral delivery o f  nNOS decoy
M ale W ista r rats rece ived  PB S or L V -nN O S decoy b ila tera lly  in the  p re lim b ic  cortex . B rain slices (20-25 
|im  th ick ) w ere ob ta in ed  and im m unohistochem istry  w as perfo rm ed  w ith  an nN O S m onoclonal antibody 
before  v isu a lisa tio n  a t xlOO m agnification . B lack arrow s ind icate  nN O S n eurons in the p relim bic  cortex  
w h ile  the  b lack  d ash ed  arrow  dep icts nN O S-positive  n eu rons ou t o f  the reg io n  o f  interest.
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5.4 Discussion

Our results follow ing delivery o f  viral vectors to the prefrontal cortex indicate that nN O S decoy 

was w ell to lerated  and did not cause overt effects on locom otor activity , exploratory behaviour and 

aversive learning. In fact, nN O S decoy-treated  rats dem onstrated the sam e levels o f  

acclim atisation to the open field arena as their PB S-treated and G FP-treated counterparts. The 

passive avoidance cognition test and saccharin preference test did not reveal any im pairm ent in 

learning and m em ory and hedonic behaviour. W hen investigating the potential antidepressant-like 

effects o f PSD -95/nN O S inhibition in the prelim bic cortex, nNOS decoy failed to produce 

antidepressant-related activity in the forced sw im m ing test.

5.4.1 In vivo  lentiviral gene delivery and expression  o f  corresponding transgenes

The absence o f  behavioural effects raised the question as to w hether nN O S decoy w as effectively 

expressed follow ing lentiviral delivery. Im m unohistochem istry  failed to dem onstrate GFP 

expression in G FP-treated rats (data not show n). In addition, im m unostaining o f  the brains o f 

PBS-injected anim als revealed that nN O S is endogenously  expressed at low  levels in the prelim bic 

cortex, w hile nN O S decoy-injected brains did not reveal any increase in nNOS staining 4 w eeks 

following lentivirus delivery, a result w hich w ould  indicate expression o f  nN O S decoy in the 

prelim bic cortex. Since pilot studies w ith the E van ’s blue dye verified that injections w ere 

localised to the sites under investigation, the absence o f  G FP or nNOS overexpression signal is 

unlikely to resu lt from  an injection m ade o ff  target and outside o f  the region o f  interest. These 

results are in contrast w ith  previous studies that have reported robust expression o f  G FP and other 

trar.sgenes from  2 w eeks up to 13 m onths post-in jection  (Dull et al., 1998; K anninen et al., 2009; 

Osinde et al., 2008). Previous w ork has how ever reported that lentiviruses d isplay lim ited spread 

due to the large size o f  the lentiviral particles (100 nm ) w hen com pared to recom binant adeno-
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associated viruses (20-30 nm). As the extracellular space width o f the adult rodent brain is 

approximately 40-60 rmi, the hindrance for the spread o f lentiviruses is therefore considerable and 

may limit the spread o f  particles following focal application (Cetin et al., 2006).

5.4.2 Expression of endogenous nNOS in the prelimbic cortex

The dorsolateral and dorsomedial regions of PFC (dlPFC and dmPFC, respectively) have been 

consistently found to be underactive during major depressive episodes, often in parallel with 

overactivity o f ventral cortical structures (e.g. subgenual anterior cingulate cortex and orbital 

frontal cortex) or the subcortical limbic structures (e.g. amygdala). This perturbation o f neural 

activity is thought to result in the cognitive, emotional, and behavioural manifestations o f 

depression, whereas normalisation o f  aberrant activity patterns is posited to underlie the 

amelioration o f clinical symptoms (see review by Murrough, 2012). In addition, a previous study 

demonstrated increased levels o f glutamate in the prefrontal cortex in post-mortem  brains o f 

subjects with major depression (Hashimoto et al., 2007), which suggests a role for the prefrontal 

cortex and excessive glutamatergic neurotransmission in major depression. The neuronal isoform 

o f NOS (nNOS) was previously shown to be expressed in the medial PFC that includes the dorsal 

anterior cingulate, prelimbic and infralimbic cortices o f Sprague-Dawley rats (Gabbott and Bacon, 

1995). Based on these reports, a targeted disruption o f PSD-95/nNOS with nNOS decoy in the 

prelimbic cortex was selected for this study. Immunohistochemistry o f  control brains (PBS) 

however revealed that nNOS was expressed at low levels in the prelimbic cortex, which suggests 

that the prelimbic cortex may not be the most relevant target for PSD-95/nNOS inhibition at least 

in the W istar rat brain.
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5.4.3 Conclusion

The am o f this chapter was to investigate the phenotypic consequences o f in vivo delivery of 

nNOS decoy to the prelimbic cortex o f rats, where the nNOS decoy peptide was based on the first 

300 anino acids o f nNOS and designed to uncouple nNOS from PSD-95. The data generated thus 

far denonstrated that lentiviral particles are an efficient tool for in vitro work. Expression o f  

nNOS decoy following in vivo delivery was however not achieved and may explain the negative 

result obtained with behavioural testing. Since nNOS decoy and the small-molecule inhibitors at 

the P!D-95/nNOS interface IC87201 and ZL006 produced similar effects on neurite outgrowth, 

the renainder o f  this thesis focused on the examination o f  the effects o f IC87201 and ZL.006 in 

anima tests o f  antidepressant activity.
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Chapter 6: Small-molecule inhibitors at the PSD-95/nNOS 

interface have antidepressant-like properties in mice
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6.1 Introduction

Consistent with a role for glutam ate in m ajor depressive illness, anti-g lutam atergic agents have 

demoEstrated an tidepressant efficacy both  clin ically  and in several anim al m odels o f  

antidepressant action (Skolnick  et al., 2009). M ost notable are the clinical studies that have 

reported a rapid im provem ent in depressive sym ptom s in treatm ent-resistan t depressed  patients 

after intravenous adm inistration  o f  ketam ine, an N M D A -R  an tagonist (review ed by M urrough, 

2012). A lthough beneficial effects have been observed for up to 7 days, the use o f  ketam ine in the 

clinic is ham pered due to the risk for adverse effects including psychosis and psychom otor 

stimulation.

Since :he N M D A -R is functionally  coupled  to nN O S via PSD -95 and N M D A -R s antagonists 

possess antidepressant properties, targets dow nstream  o f  the receptor such as nNO S m ay represent 

targets for antidepressant activity. In this regard, L -arginine derived inhibitors o f  N O S produce 

antidepressant activity  in the forced sw im m ing test (FST), a preclinical behavioural screening 

p rocedjre sensitive to antidepressant activ ity  (D hir and K ulkarni, 2011; G igliucci et al., 2010; 

H arkin et al., 2003; H arkin et al., 1999; W egener and V olke, 2010). G enetic deletion o f  neuronal 

isoforni o f  NOS (nN O S) or treatm ent w ith  N O S inhibitors (7-nitro indazole (7-N I) or l-(2 - 

trifluoro-m ethyl-phenyl) im idazole (TR IM )) prevents chronic m ild stressor (C M S)-induced 

depression-related behavioural and cellular changes in m ice, fu rther confirm ing the antidepressant 

potentiil o f  NOS inhibition (M utlu et al., 2009; Zhou e t al., 2007).

Despite these prom ising leads, efforts in synthesising  h ighly selective nN O S inhibitors have been 

difficu’t  to bring to fruition. The selective targeting o f  nN O S, but not eN O S, w ould avoid  eN O S- 

m ediatsd changes in arterial b lood pressure and circum vent adverse cardiovascular effects. In this 

regard, the two aforem entioned inhibitors 7-NI and TR IM , w hich show  preferential inhibition o f
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nN O S have been  reported to p ossess antidepressant-like properties in preclinical tests (D hir and 

Kulkarni, 2011; Z hou et al., 2 0 07 ). D esp ite  the additional se lectiv ity  o f  these tw o drugs for nN O S  

(A lderton et al., 2001; M oore and Handy, 1997) selectiv ity  is not com pletely  exc lu sive . N O S  

inhibitors m ore se lectiv e  for the neuronal isoform  are not d evoid  o f  adverse effects and m ay  

decrease locom otion  and/or m otor coordination (D zo ljic  et al., 1997; Harkin et al., 2003; M utlu et 

al., 2011; U lak et al., 2010; V o lk e et a l., 2003). M oreover, 7-N I seem s to have a less favourable  

sid e-effect profile  than TRIM  in several paradigm s that investigated  learning and m em ory  

(H olscher et al., 1996; M utlu et al., 2011; Y ild iz  Akar et al., 2009; Y ild iz  Akar et al., 2007; Z ou et 

al., 1998).

The peptidic nature o f  b lock ing  peptides and peptide fragm ents m ay lim it their potency in a 

cellular context and m ore so in v ivo , due to undesired degradation and pham iacokinetics. S ince in 

vivo  inhibition o f  P S D -95 /n N O S  w ith  lentiviruses encoding nN O S d ecoy  proved d ifficu lt, sm all- 

m olecu le inhibitors w ere hypothesized  to be m ore suitable candidates for the investigation  o f  the 

effects o f  P S D -95 /n N O S  inhibition in anim al m odels o f  antidepressant activity. T w o sm all- 

m olecu le inhibitors at the P S D -95 /n N O S  interface, 2 -((lH -b en zo [d ] [1 ,2 ,3 ] tr iazol-5-ylam ino) 

m ethyl)-4 ,6-d ich lorophenol (IC 87201) and 4-(3 ,5 -d ich loro-2 -h yd roxy-b en zy lam in o)-2 -  

hydroxybenzoic acid  (Z L 006), w ere d eveloped  during the course o f  this project (F lorio et al., 

2009; Z hou et al., 2010).

Previous work has sh ow n  that IC 87201 disrupts the P S D -95 /n N O S  interaction w ith an IC 50  o f  31 

HM. In m ice, this drug w as an e ffective  anti-nociceptive after intraperitoneal injection, w ith  an 

E C 50 o f  0.1 m g/kg. In rats, IC 87201 abolished m echanical allodynia w hen  adm inistered  

intrathecally (at 50 and 100 nm ol d oses) or intraperitoneally (2 m g/kg) (F lorio et al., 2009). Z L 006  

is a m olecu le structurally related to IC 87201 w h ich  inhibits N M D A -R -depend en t N O  synth esis in 

cortical neurons w ith  an IC50 o f  82 nM and crosses the b lood  brain barrier after system ic
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administration (Zhou et al., 2010). In vivo, ZL006 produced a reduction in infarct size and 

attenuated neurological deficits in a middle cerebral artery occlusion (MCAO) model o f  stroke 

(Zhou et al., 2010). Both compounds present the advantage o f  crossing the blood-barrier, which 

make systemic administration possible prior to investigating the effects o f such inhibition in a 

region-specific manner.

As NMDA receptors couple to nNOS via the postsynaptic protein PSD-95, inhibition o f PSD- 

95/nNCS may elicit an antidepressant response with a better side-effect profile than NMDA-R 

antagorists and NOS inhibitors. To further explore this hypothesis, the present investigation 

assessed compounds targeting the PSD-95/nNOS interface, IC87201 and ZL006, for 

antidepressant effects in the tail suspension test (TST) and FST. Since only a few milligrams of 

IC87201 were available initially for pilot studies, experimental work was carried out in mice 

instead j f  rats. Mice were then used for the remainder o f  this project for consistency.



6.2 Study design

6.2.1 Effects o f IC87201 on anxiety

M ice rece iv ed  a sin g le  ad m in is tra tio n  o f  IC 87201 (2 m g /k g ) o r v eh ic le  (5%  D M S O , i.p .) an d  w ere  

ex p o sed  to  the L D  tes t 60 m in  la te r and  to the e lev a ted  p lu s m aze  24h  fo llo w in g  d rug  

ad m in is tra tio n . T he  d o se  o f  IC 87201  w as se lec ted  from  a p rev io u s  rep o rt ind ica ting  an  a tten u a tio n  

o f  m ech a n ica l a llo d y n ia  in ra ts  su b jec ted  to  ch ro n ic  co n stric tio n  in ju ry  (F lo rio  e t a l., 2009).

6.2.2 Dose-related effects o f IC87201 in the TST

M ice  rece iv ed  IC 87201  (0 .0 1 , 0.1 and  1 m g /k g , i.p .) o r v eh ic le  (5%  D M S O , i.p .) and  w ere  

ex p o sed  to  the T S T  60  m in  la te r  and  re -te sted  24h  fo llo w in g  d ru g  ad m in is tra tio n . F o r co m p ariso n , 

the e ffec ts  o f  im ip ram in e  (25 m g /k g , i.p .) w ere  d e te rm in ed  co m p ared  to  v eh ic le  trea ted  (sa lin e ) 

c o n tro ls  u n d e r id en tica l c o n d itio n s . A n in d ep en d en t g ro u p  o f  m ice  rece iv ed  IC 87201 (1 m g /kg , 

i.p .) o r v eh ic le  (5%  D M S O , i.p .) and  w ere  ex p o sed  to  the  T S T  once  24h  fo llo w in g  d rug  

ad m in is tra tio n . T he  se lec tio n  o f  d o ses  w as  d e te rm in ed  from  a p u b lish ed  rep o rt in d ica tin g  tha t 

IC 87201 w as e ffec tiv e  in tre a tin g  N M D A -in d u ced  th e rm al h y p e ra lg e s ia  in m ice  w ith  an  E C 50  o f  

0.1 m g /k g , i.p. (F lo rio  et a l., 2009 ).

6.2.3 Effects o f IC87201 on locomotor activity

M ice w ere  h ab itu a ted  to  th e  m o n ito r cag es fo r 60 m in u te s  an d  su b seq u en tly  rece iv ed  IC 87201 

(0 .01 , 0.1 an d  1 m g /k g , i.p .) o r v eh ic le  (5%  D M S O , i.p .). L o co m o to r ac tiv ity  w as  then  reco rd ed  

fo r 60 m in .
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6.2.4 Sustained effects of IC87201 in the TST

M ice were exposed to the TST and were subsequently administered IC87201 (1 mg/kg, i.p.) or 

vehicle (5% DMSO, i.p.)- Animals were re-tested in the TST 24h and 72h later. For comparison, 

the effects o f imipramine (25 mg/kg, i.p.), ketamine (30 mg/kg, i.p.) and TRIM (50 mg/kg, i.p.) 

were determined compared to vehicle-treated (saline) controls under identical conditions. These 

doses were selected on the basis that they have been previously reported to reduce immobility time 

in the TST and FST in mice (Harkin et al., 2004; Hayase et al., 2006; Koike et al., 2011; Volke et 

al., 2003).

6.2.5 Effects of ZL006 in the TST

Mice were exposed to the TST and subsequently treated with a single i.p. injection o fZ L 006 (10 

mg/kg, i.p.) or vehicle (saline). Animals were then re-exposed to the TST 24h and 72h later and 

immobility time was recorded. In a locomotor activity test, separate groups o f mice were 

habituated to the monitor cages for 60 min and received ZL006 (10 mg/kg, i.p.) or vehicle (saline). 

Locomotor activity was subsequently recorded for 60 min. The dose o f  ZL006 was selected on the 

basis o f  a previous report indicating that ZL006 (1.5-3 mg/kg, i.v.) was effective in reducing 

infarct size and improving neurological outcome following ischemic injury in mice and rats 

without overt effects on cerebral blood flow or learning and memory (Zhou et al., 2010).

6.2.6 Dose-related effects o f IC87201 in the FST and in the passive avoidance test

Mice received IC87201 (0.01, 0.1, 1 and 2 mg/kg, i.p.) or vehicle (5% DMSO, i.p.) and were 

exposed to the FST 60 min later. In an independent study mice were exposed to a first session of 

the FST and subsequently treated with IC87201 (2 mg/kg, i.p.) or vehicle (5% DMSO, i.p.). 

Animals were re-tested 24h later. Locomotor activity was determined as previously described 

where mice were habituated to the monitor cages for 60 min, subsequently treated with IC87201
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(2 mg/kg, i .p ) or vehicle (5% DMSO, i.p.) and locomotor activity recorded for 60 min. For the 

passive avoidance test, mice received two i.p. injections of IC87201 (2 mg/kg): the first one was 

administered 60 min prior to the training session o f the passive avoidance test and the second one 

immediately after training. Retention latencies were measured 24h and 72h after the training 

session. The dose o f  IC87201 was selected from a previous report indicating an attenuation of 

mechanical allodynia in rats subjected to chronic constriction injury (Florio et al., 2009).
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6.3 Results

6.3.1 IC87201 does not alter anxiety-related  behaviour

IC87201 did not influence the latency to cross in the dark com partm ent, the tim e spent in the lit 

com partm ent or the num ber o f  transitions in the LD test Ih  follow ing drug adm inistration. W hen 

the sam e m ice w ere tested 24h later in the EPM , IC87201 had no effect on the percentage o f  tim e 

spent in the open arm s or the percentage o f  entries in the open arm s (S tuden t’s I test) (F igure 6-1).

IC87201 Ctrl IC87201IC87201

Ctrl IC87201Ctrl IC87201 Ctrl IC87201

Figure 6-1. Effects of 1C87201 on anxiety-related behaviour
CD-I mice received a single administration o f  IC87201 (2 mg/kg) or vehicle (5%  DMSO). A nxiety-related 
behaviour was examined in the (A) light-dark test 60 min later and in the (B) elevated plus maze test 24h 
following drug administration. Data are expressed as mean ±  SEM (n=8 per group).
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6.3.2 Dose-response of IC87201 in the TST

IC87201 did not reduce immobility time in the TST Ih following drug administration. IC87201 

however dose-dependently reduced immobility time when mice were re-tested 24h later (Fi»ti re 6- 

2A). ANOVA showed a significant effect o f  IC87201 treatment (F3_28=3.4S, P=0.029). Post hoc 

comparisons revealed that IC87201 (1 mg/kg) significantly reduced immobility time when 

compared to vehicle treated controls. In contrast, imipramine reduced immobility time in the TST 

Ih following drug administration (Student’s t test; t=3.73, P=0.0017). Imipramine however failed 

to reduce immobility time when mice were re-tested 24h later (F igure 6-2B). IC87201 (1 mg/kg) 

administered to mice exposed to a single TST session 24h following drug administration failed to 

influence immobility time (Fi}>ure 6-2C’).
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Figure 6-2. Dose-related effects of 1C87201 in the TST
Male C D-I mice received (A) IC8720I (0.01, 0.1 and 1 mg/kg) or (B) imipramine (25 mg/kg) and 
immobility time was recorded 60 min later (top panel) and following re-exposure to the test 24h later 
(bottom panel). (C) Mice received 1C87201 (1 mg/kg) and immobility time was examined 24h following 
drug administration only. Data were collected in three independent studies and are expressed as mean ± 
SEM (n=8-10 per group). *P<0.05 vs control (Dunnett’s), **P<0.01 vs control (Student’s t test).
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6.3.3 IC87201 does not im pair locomotor activity

A N O V A  o f  ac tiv ity  scores showed an effect o f  tim e (F5.i4o=27.83, P<0.001) but there was no 

e ffect o f  IC87201 or in teraction between IC87201 and tim e (F ig u re  6 -3A ). W hen expressing sum 

totals o f  ac tiv ity  over the course o f  60 minutes A N O V A  o f  the total scores did not show effects o f  

the test compound (F ig u re  6 -3 B).

•O  Con»ol 
>  C87201 0.01 mg/kg 

IC87201 01 mgAig 
IC872011

1
10 20 30 40

Tim e (m in)

f I
”  I  1000

IC87201

Figure 6-3. Effects o f IC87201 on locomotor activity
Male C D-I mice were habituated to monitor cages for 60 minutes before receiving a single administration o f 
IC87201 (0.01, 0.1 and 1 mg/kg). Locomotor activity was examined in (A) 10 minute intervals or (B) total 
activity for a duration o f 60 min. Data are expressed as mean ± SEM (n=8 per group).
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6.3.4 IC87201 produces sustained antidepressant-like effects in the TST

A N O V A  o f  im m obility tim e show ed an effect o f  IC87201 (F|,36=5.81, P=0.027) and a tim e x 

IC87201 interaction (p2,36=3.72, P=0.034). Post hoc analysis revealed an increase in im m obility 

tim e in control group upon re-exposure to the test com pared to the initial trial. IC87201 treatm ent 

p revented  this increase in im m obility  tim e at 24h and 72h w hen com pared to vehicle-treated 

controls (Figure 6-4).

250t

2  200-  

0 3
E

I I Control 
■  IC87201 (1 mg/kg)

■g 100H 
E

50-1

150-

Dil l
Baseline 24h 72h

Figure 6-4. Sustained effects of 1C87201 in the TST
Male CD-I mice received 1C87201 (1 mg/kg) im mediately after a first exposure to the TST (baseline). 
Immobility time was then re-assessed at 24h and 72h (n=10 per group). Data are expressed as mean ±  SEM. 
'"P<0.01 vs baseline control, **P<0.01 vs respective 24h and 72h control (Student-Newman-Keuls),
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6.3.5 K etam ine and  TR IM  produce sustained an tidepressan t-like effects in the TST

ANOVA o f immobility times following imipramine treatment showed an effect o f  time

(F2,58=9.93, P<0.001) but failed to demonstrate effects o f  imipramine or an imipramine x time 

interaction. Post hoc analysis revealed an increase in immobility time in control group upon re

exposure to the test compared to the initial trial (F igure 6-5A).

ANOVA of immobility times following ketamine treatment showed an effect o f time (F2,68=12.14, 

P<0.001) and ketamine (F|,6g=4.34, P=0.045). Post hoc analysis revealed an increase in immobility 

time in control group upon re-exposure to the test compared to the initial trial. Ketamine treatment

prevented this increase when animals were re-exposed to the test 24h and 72h following drug

administration when compared to vehicle-treated controls (F igure 6-5B).

ANOVA of immobility times following TRIM administration showed an effect o f  time

(p2,72=7.68, P<0.001) and a TRIM x time interaction (F2.72=4.87, P=0.0103). Post hoc analysis 

revealed an increase in immobility time in control group upon re-exposure to the test compared to 

the initial trial. Treatment with TRIM prevented this increase when animals were re-exposed to the 

test 24h and 72h following drug administration when compared to vehicle-treated controls (F igure 

6-5C).
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F igure 6-5. S ustained  effects o f ke tam ine  and  T R IM  in th e  T ST
Male CD-I mice received (A) im ipramine (25 mg/kg), (B) ketam ine (30 mg/kg) or (C) TRIM (50 mg/kg) 
immediately after a first exposure to the TST (baseline). Im mobility time was then re-assessed 24h and 72h 
following drug administration (n=17-19 per group). Data are expressed as mean ± SEM. *^P<O.OI vs 
baseline control, *P<0.05, **P<0.01 vs respective 24h and 72h control (Student-Newman-Keuls).
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6.3.6 ZL006 produces sustained antidepressant-like effects in the TST

ANO VA o f  immobility times showed an effect o f  time (F2,36=5.53, P=0.0081) and a ZL006 x time 

interaction (p 2,36= l 1-08, P<0.001). Post hoc comparisons revealed an increase in immobility time 

in control group upon re-exposure to the test compared to the initial trial. Treatment with ZL006  

prevented this increase at 24h and 72h following drug administration when compared to vehicle- 

treated controls (F igure 6-6A). ANOVA o f  activity scores over 10 minute intervals follow ing  

ZL006 administration showed an effect o f  time ( F s ,9 o = 2 0 .2 0 ,  P<0.001) but no ZL006 or ZL006 x 

time interaction (Figure 6-6B). There was no difference in sum totals o f  activity counts over the 

course o f  the 60 minute test period between ZL006 and vehicle-treated mice (Figure 6-6C).
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F igure  6-6. S ustained  effects o f ZL006 in the T ST
(A) Male CD-I mice received ZL006 (10 mg/kg) im mediately after a first exposure to the TST (baseline). 
Immobility time was then re-assessed 24h and 72h following drug administration. In a companion 
experiment, locom otor activity was exam ined in (B) 10 min intervals or (C) total activity for a total duration 
o f  60 minutes. Data are expressed as mean ±  SEM (n=10 per group).^*P<0.01 vs baseline control, **P<0,01 
vs respective 24h and 72h control (Student-Newman-Keuls).
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6.3.7 IC87201 produces sustained antidepressant-like effects in the FST

IC87201 did not influence im m obility tim e in the FST 60 m inutes follow ing drug adm inistration 

or follow ing re-test 24h later w hen com pared to vehicle treated controls (Fijjure 6-7A). W hen 

IC87201 (2 m g/kg) w as injected follow ing an initial exposure to the FST (baseline), A N OV A  o f  

im m obility tim es show ed an effect o f  tim e (Fi,ig=31.56, P<0.001) and a 1C87201 x tim e 

interaction (F |j8= 12 .39 , P=0.0024). Post hoc  com parisons revealed an increase in im m obility time 

in the control group upon re-exposure to the test com pared to the baseline trial. Treatm ent with 

IC87201 prevented this increase 24h follow ing drug adm inistration w hen com pared to vehicle 

treated controls (Figure 6-7B). A N OV A  o f  locom otor activity  scores determ ined over 10 m inute 

intervals show ed an effect o f  tim e (F5,7o=6.53, P<0.001) but there w as no 1C87201 and no IC87201 

X tim e interaction. There w as no d ifference in sum totals o f  activity  counts over the course o f  the 

60 m inute test period betw een IC87201 and vehicle treated m ice (Figure 6-7C).
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Figure 6-7. Sustained effects o f IC87201 in the FST
Male CD -I mice received (A) IC87201 (0.01, 0.1, 1 and 2 mg/kg) and im mobility time was determined 60 
min later (top panel; Ctrl n=26, IC87201 n=8-10 per group). (B) In an independent study, mice received 
IC87201 (2 mg/kg) im mediately after a first exposure to the FST (baseline) and immobility time was 
recorded 24h later (n=IO per group). (C) Locomotor activity was exam ined in 10 min intervals or total 
activity for a duration o f 60 min following IC8720I (2 m g/kg) (n=8 per group). Data are expressed as mean 
±  SEM. ^^P<0.01 vs control baseline, **P<O.OI vs 24h control (Student-Newman-Keuls).
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6.3.8 IC87201 does not impair step-through latency in the passive avoidance cognition test

ANOVA o f latencies in the step-through passive avoidance trials showed an effect o f time 

( F 2,2o = 5 7 . 4 0 ,  P<0.001) but there was no IC87201 or IC87201 x time interaction. In both control 

and IC87201-treated mice, post hoc comparisons revealed that step-through latencies were 

significantly increased during the retention trials at 24h and 72h when compared to latencies 

during the training session (Figure 6-8).

400n

S) 200

1  100

I I Control
■  ICB7201 (2 mg/kg)

Training Retention Retention 
(24h) (72h)

Figure 6-8. Effects of IC87201 in the passive avoidance cognition test
Male CD -I mice received two doses o f  IC87201 (2 mg/kg): the first one was administered 60 min prior to 
the training session o f  the passive avoidance task and the second dose was administered immediately after 
the training session. Mice were tested in retention trials 24h and 72h following training. Data are expressed 
as mean ± SEM (n=6 per group). *^P<0.01 vs training (Student-Newman-Keuls).
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6.4 Discussion

The results o f  the present investigation dem onstrate that sm all-m olecu le inhibitors at the PSD- 

95/nN O S interface, IC87201 and ZL006, possess an tidepressan t-like behavioural p roperties by 

reducing im m obility  tim e in the TST at doses that are w ithout effect on locom otor activity. 

IC87201, unlike im ipram ine, failed to influence im m obility tim e in the TST Ih  follow ing drug 

adm inistration. Instead, a dose-related antidepressant response w as obtained 24h later upon re

exposure to the TST. This behavioural profile is in contrast to that obtained follow ing the 

adm inistration o f  various classes o f  antidepressants, w hich have m ore im m ediate activity  in the 

TST (for review s, see C ryan et al, 2005; Petit-D em ouliere et al, 2005). Prior exposure to the TST 

w as deem ed necessary to expose the antidepressant-related  activity  o f  IC87201 as a single 

exposure to the test 24h follow ing drug adm inistration did not in fluence the im m obility time.

6.4.1 D elayed and sustained effects o f IC87201 and ZL 006 in an adapted TST

To further characterise the antidepressant-related  effects o f  IC87201, the TST w as adapted w here a 

first exposure prior to drug adm inistration w as used to establish a baseline im m obility  score, 

follow ed by drug adm inistration  and subsequent re-testing 24h and 72h later. V ehicle-treated 

control m ice displayed an increase in im m obility  on re-exposure suggestive o f  a learned 

behavioural despair, w hich becom es apparent upon repeated exposures. Indeed the rat equivalent 

o f  the FST routinely adopts a tw o-day exposure and re-exposure schedule to enhance the level o f  

im m obility observed in order to assess the antidepressant properties o f  test com pounds (Porsolt et 

al., 1978). In this regard, the TST  is being increasingly used in anim al m odels o f  depression w here 

increased im m obility  tim es are reported as being characteristic o f  depression-related  behaviour in 

response to provocative stim uli or genetically  determ ined vulnerability . IC87201 prevents the 

increase in im m obility  obtained in the TST 24h and 72h follow ing drug adm inistration. The
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related com pound ZL006 w as tested in a sim ilar fashion and w as also found to prevent the 

increase in im m obility tim e associated  w ith  re-exposure to the TST 24h and 72h follow ing drug 

adm inistration providing additional support for the hypothesis that inhibitors o f  the PSD -95/nN O S 

interface possess antidepressant-related  properties. By contrast, im ipram ine failed to dem onstrate 

sustained effects at the tim e points under investigation. Such a sustained action follow ing a single 

dose represents a departure from  the m ore traditional acute response obtained w ith conventional 

antidepressants.

T he fact that IC 87201-related effects developed at 24h but not acutely in the TST is not likely to 

be due to pharm acokinetic characteristics o f  the com pound. Specifically, IC87201 peak plasm a 

levels w ere previously reported to occur 15 m inutes follow ing intraperitoneal adm inistration o f  1 

o r 2 m g/kg in m ice and rats respectively , and behavioural effects w ere delayed by 45 m inutes, an 

interval thought to reflect the tim e needed for distribution o f  IC87201 to its site o f  action (Florio  et 

al., 2009). A lternatively IC87201 m ay produce its effects by a process o f  neurobiological 

adaptation. The pattern o f  response obtained w ith IC87201 in the TST is rem iniscent o f 

observations in a m urine m odel o f  hyperalgesia w here IC87201 produced a dose dependent 

inhibition o f  N M D A -induced therm al hyperalgesia having no effect in non-hypersensitized  

(absence o f  prior N M D A  challenge) m ice (Florio et al., 2009). Since N M D A -R -related  NO 

production  represents an im portant m echanism  underlying the developm ent and m aintenance o f  

neuropathic pain and IC87201 is effective follow ing N M D A -induced hyperalgesia, sim ilar 

m echanism s m ay account for antidepressant-like activity w here prior exposure to the TST m ay 

prom ote an N M D A -R -related  sensitisation , w hich is blocked by IC 87201. In this regard, changes 

in neural plasticity  have been proposed to account for the rapid and sustained antidepressant- 

related  actions o f  ketam ine. E xposure to stress has been reported to induce neural atrophy 

associated  w ith  a reduced density  o f  dendritic spines and a decrease in the num ber and length o f  

dendritic branches in brain regions im plicated  in depression (D um an et al., 2012). T reatm ent w ith
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a single dose o f ketamine increased the number and function o f  mature spines in the prefrontal 

cortex o f rats 24h following drug administration (Li et al., 2010b) and reversed the reduction in 

spine density caused by chronic unpredictable stress (Li et al., 2011). Such studies have raised the 

possibility that increased synaptogenesis may be a relevant feature o f sustained antidepressant 

activity o f  compounds modulating the NMDA-R. Further work will be required to determine if 

similar changes are associated with inhibitors o f  the PSD-95/nNOS interface.

6.4.2 Sustained effects of ketamine and TRIM in an adapted TST

NOS inhibitors have been reported to reduce immobility time acutely in the TST and FST in mice 

(da Silva et al., 2000; Ghasemi et al., 2008; Harkin et al., 2004; Harkin et al., 1999; Rosa et al., 

2003; Volke et al., 2003). However, to our knowledge, there are no reports on delayed or sustained 

effects o f NOS inhibitors in these paradigms following a single dose. Sustained antidepressant 

effects have been reported following ketamine administration in the TST and FST in mice 

although reports to date are equivocal (Autry et al., 2011; Bechtholt-Gompf et al., 2011; Koike et 

al., 2011; Maeng et al., 2008; Popik et al., 2008). Such a profile is consistent with other reports 

where acute administration with ketamine rapidly ameliorates anhedonic and depressive 

behaviours in rats exposed to chronic unpredictable stress (Garcia et al., 2009; Li et al., 2011) and 

depression-related behaviour in a nerve injury model o f neuropathic pain (Wang et al., 2011). It 

was therefore of interest to determine if  compounds that modulate the NM DA-R/PSD-95/nNOS 

signalling pathway produce sustained actions similar to those obtained with IC87201. Both 

ketamine and TRIM reduced immobility times in the TST 24h and 72h following a single dose 

administered after a pre-test exposure. Taken together, these results indicate that compounds 

acting on the NMDA-R/PSD-95/nNOS pathway produce sustained antidepressant-like effects in 

the TST following a single dose. Importantly, IC87201 treatment did not alter retention o f  fear 

memory acquired in the passive avoidance test 24h and 72h following drug administration
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indicating that memory impairment does not contribute to the antidepressant-related activity o f 

IC87201. These results are consistent with previous studies demonstrating that ZL006, TRIM and 

sub-anaesthetic doses of ketamine do not cause memory impairment in a variety o f  hippocampal- 

and amygdala-dependent tasks performed in mice (Maeng et al., 2008; Mutlu et al., 2011; Zhou el 

al., 2010).

6.4.3 Sustained effects of 1C87201 in the FST

Considering that the FST is one o f  the most commonly used animal models of antidepressant 

action (Cryan and Holmes, 2005; Cryan and Mombereau, 2004; Petit-Demouliere et al., 2005), we 

then verified if  the antidepressant-like effects o f IC87201 generalised to the FST. In agreement 

with TST studies, IC87201 did not acutely reduce immobility time in the FST and this was not due 

to impairment in locomotion. In fact, the results o f locomotor testing indicate that IC87201 does 

not alter ambulatory behaviour at any o f  the four doses tested. In contrast to our previous 

observations in the TST, IC87201 did not reduce immobility time in the FST upon re-exposure at 

24h, even at a dose o f 2 mg/kg. This may be explained by the fact that some antidepressants differ 

in the pattern o f their dose-response curves between the TST and FST procedures (Bai et al., 2001; 

Cryan et al., 2005; Li et al., 2001) and that the TST can be more sensitive in detecting the effects 

o f some classes o f antidepressants than the FST (e.g. SSRIs) (Cryan et al., 2005).

For these reasons, a modified FST protocol based o f the TST-modified paradigm was applied and 

the dose o f  IC87201 delivered was increased to 2 mg/kg in order to examine the effects of 

IC87201 in the FST. As seen previously with the TST-modified paradigm, a first exposure to the 

FST (baseline “stress”) led to an increase in immobility time 24h later when control animals were 

re-tested. This increase was evident when scoring was applied to the whole duration o f  a 6 minute 

test, indicating that the first 2 minutes o f the FST are as important as the typically scored final 4
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m inutes o f  the test upon re-exposure. IC87201 (2 m g/kg) attenuated  the increase in im m obility  

tim e observed 24h follow ing drug adm inistration. These results fiarther dem onstrate the 

antidepressant efficacy o f  IC87201 in a related test o f  an tidepressant action,

6.4.4 Effects of IC87201 in the light-dark box and elevated plus maze tests

The effects o f  IC87201 (2 m g/kg, i.p.) w ere further assessed in the light-dark box and elevated 

plus m aze tests for potential anxiolytic properties Ih  and 24h follow ing drug adm inistration, 

respectively. IC87201 did not provoke anxiety-related  behaviour or produce an anxiolytic-like 

effect in either test. IC87201 did not influence the latency to cross into the dark com partm ent, 

tim e spent in the lit com partm ent or the num ber o f  transitions betw een  com partm ents in the light- 

dark box. In the elevated plus m aze IC87201 had no effect on the percentage o f  tim e spent in the 

open am is or the percentage o f  entries into the open arm s. The lack o f  anxiolytic activity  im plies 

that the com pound produces a selective antidepressant-related  action, in line w ith the 

antidepressant actions o f  ketam ine w hich to date has not been reported to produce anxiolytic 

activity either in experim ental anim als or in the clinic.

6.4.5 Is IC87201 binding to other PDZ domain-containing proteins?

Reports to date have provided evidence that IC87201 had no effects on binding to a panel o f  34 

targets that include receptors, transporters and ion channels (F lorio  et al., 2009) and that the 

structurally  related com pound ZL006 did not disrupt the interaction  betw een C A PO N /nN O S, 

synG A P/nN O S and N R 2B /PSD -95, w hich are all PD Z -related  interactions (Zhou et al., 2010). 

The serotonin transporter SERT interacts with nN O S via a PDZ m otif/PD Z dom ain interaction, an 

interaction that m ay w ell be o f  relevance to depression and antidepressant action. M ore 

specifically , the PDZ m o tif  (-N A V ) at the C -term inus o f  SERT interacts w ith the PDZ dom ain  o f  

nNOS (C hanrion et al., 2007). In contrast, the internal PDZ m otif o f  nN O S (-ETTF-) in teracts w ith
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the PDZ dom ain o f  PSD -95 (C hristopherson et al., 1999; Tochio et al., 2000). SERT and PSD -95 

therefore interact w ith two distinct dom ains o f  nNOS. In addition, w hile SERT is distributed 

presynaptically , PSD -95 is localised  at the postsynaptic density. It therefore seem s unlikely  that 

the PSD -95/nN O S inhibitor IC87201 will disrupt the SER T/nN OS interaction

6.4.6 Regio-selectivity of IC87201

The potential for regio-selectiv ity  actions o f  the test com pounds targeting the PSD -95/nN O S 

interface is an interesting prospect. The presum ed m ode o f  action o f  these com pounds w ould be a 

som ew hat region-selective disruption  o f  the N M D A -R /PSD -95/nN O S com plex in the 

hippocam pus, w hile N O  signaling in the basal ganglia, cerebellum  and am ygdala should rem ain 

unchanged for exam ple. O ur approach to assessing this potential w as to develop lentiviral tools 

constructed to deliver genetic m aterial for region-specific and sustained expression o f  an nNOS 

decoy peptide designed to interrupt interaction betw een nN O S and PSD-95 (see C hapter 5). Data 

generated in the laboratory thus far indicate that delivery o f  the decoy to the prefrontal cortex fails 

to produce an tidepressant-related  activity  (forced sw im m ing test-related m obility) in rats. Since 

nN O S decoy expression w as not detected in the prelim bic cortex using im m unohistochem istry, 

further w ork using the sm all-m olecule inhibitors o f  the PSD -95/nN O S interface IC87201 or 

ZL006 is required in order to assess the im pact o f  delivery  to the hippocam pus, cerebellum  or 

basal ganglia w here nN O S is expressed to a higher degree and to assess if  NO signalling in the 

basal ganglia, cerebellum  and am ygdala rem ains unchanged follow ing local or system ic 

adm inistration  o f  the test com pounds.

6.4.7 Conclusion

In sum m ary, IC 8720I and Z L006 both d isplay antidepressant-like activity in the TST and FST. 

W hile m ost antidepressants d isplay acute but not sustained effects, these com pounds are novel in
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their mode o f  action with delayed and sustained antidepressant activity following a single dose 

that may promote adaptive changes in neural plasticity. Ketamine and TRIM, two compounds 

acting on the NMDA-RVPSD-95/nNOS pathway demonstrated similar effects in an adapted TST 

established to test for delayed and sustained antidepressant effects. As putative test compounds 

for further development, IC87201 and ZL006 present advantages over ketamine and TRIM as they 

are designed to uncouple NMDA-R from nNOS in a targeted fashion not possible with either 

receptor antagonists or non-selective NOS inhibitors. Such an approach holds promise as a 

strategy to harness the antidepressant potential o f ketamine without incurring adverse effects 

typically associated with NMDA-R antagonism. Further work is required on the molecular and 

cellular effects o f uncoupling nNOS from the NMDA-R in vivo in order to understand the 

underlying mechanisms o f action and facilitate the development o f the PSD-95/nNOS interface as 

a therapeutic target for the design o f next generation antidepressant drugs.
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Chapter 7: General discussion and future directions
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7.1 Discussion

The principal aim o f  this thesis w as to investigate the effects o f  PSD -95/nN O S inhibition in vitro  

and in vivo  as a putative target for antidepressant activity  using lenvirai tools and sm all-m olecule 

inhibitors designed to d isrupt the PSD -95/nN O S interface.

7.1.1 The NM DA-R/PSD-95/nNOS complex and its role in neurite outgrowth

To investigate the effects o f  PSD -95/nN O S inhibition in vitro, a lentiviral vec to r incorporating the 

PDZ dom ain and PDZ internal m o tif o f  nN O S (LV -nN O S decoy) w as constructed, based on 

previous reports (Cao et al., 2005; F lorio et al., 2009; Zhou et al., 2010). Lentiviral particles w ith a 

high titre w ere successfully  produced and the nN O S decoy protein subsequently  dem onstrated 

robust expression in prim ary cortical neurons follow ing viral transduction. nNOS decoy was 

further validated in vitro  in a neurite outgrow th assay, along w ith the PSD -95/nN O S inhibitors 

1C87201 andZ L 006 .

nNOS decoy, IC87201 and ZL006 prom oted neurite outgrow th in im m ature cortical neurons. 

Further confirm ation o f  a link betw een neurite outgrow th and inhibition o f  the N M D A -R /PSD - 

95/nN O S com plex w as provided by the observation o f  sim ilar neurotrophic effects on neuronal 

m orphology follow ing application o f  the N M D A -R  antagonist ketam ine and the nNOS inhibitor 

TRIM . T reatm ent o f  im m ature cortical neurons w ith glutam ate prom oted neurite outgrow th, w hile 

com bination o f  glutam ate or N M D A  w ith g lycine had opposite effects. M oreover, glutam ate- 

induced effects on neurite outgrow th w ere abolished by co-treatm ent w ith the A M PA -R  receptor 

antagonist N BQ X , w hile N M D A -induced reduction in neurite outgrow th w as reversed by 

treatm ent w ith the N M D A -R  antagonist ketam ine or IC87201. Taken together, these results 

suggest that A M PA -R  and N M D A -R  m ediate opposite effects on neurite outgrow th.
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Previous in vitro studies have reported that several monoaminergic antidepressants promote 

neurite outgrowth in the PC 12 cell line and ketamine has recently been shown to potentiate NGF- 

induced neurite outgrowth in PC 12 cells (Robson et al., 2012). The current study however, is the 

first to bring insight into the effects o f  compounds acting at the NM DA-R/PSD-95/nNOS complex 

on neurite outgrowth in immature cultured cortical neurons. Immature cortical neurons in vitro are 

sensitive to glutamate and exhibit dendritic morphological changes that are reminiscent o f the 

observations made following stress procedures in animal models o f depression. Indeed chronic 

restraint stress and chronic unpredictable stress have been shown to alter structural neuroplasticity 

characterised by atrophy o f apical dendrites, decreased number o f branch points and decreased 

total dendritic length in several brain regions that have been involved in major depression 

including the CA3 pyramidal neurons o f the hippocampus (Magarinos et al., 1999; Norrholm and 

Ouimet, 2001; Watanabe et al., 1992), medial prefrontal cortex (mPFC) (Cook and Wellman, 

2004; Liu and Aghajanian, 2008), prelimbic cortex and anterior cingulate cortex (Li et al., 2011; 

Liston et al., 2006; Radley et al., 2006; Radley et al., 2004). Since these deficits are rapidly 

reversed by administration of ketamine in addition to amelioration o f CUS-induced anhedonic and 

depressive behaviours, it has been proposed that synaptogenesis represents one o f the mechanisms 

underlying the rapid antidepressant action o f ketamine (Li et al., 2011). In immature cortical 

neurons, IC87201 produced sim ilar effects as ketamine on NM DA-induced reduction in neurite 

outgrowth. It is therefore tempting to speculate that stabilisation or enhancement o f dendrite 

outgrowth following injury or stress with IC87201 or other PSD-95/nNOS inhibitors may enhance 

recovery in neurological and psychiatric disorders that involve glutamate excitotoxicity, such as 

depression.
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7.1.2 The PSD-95/nNOS interface: a novel target for antidepressant activity

The resuhs o f this thesis provide support for the hypothesis that inhibition o f NMDA-R/PSD- 

95/nNOS and more particularly PSD-95/nNOS inhibitors possess antidepressant-related 

properties. IC87201 and ZL006 both displayed delayed and sustained antidepressant-like activity 

in the TST and FST, at doses that were without effect on locomotor activity and learning and 

memory in the passive avoidance cognition test. Such a sustained action following a single dose 

represents a departure from more conventional antidepressants. The nNOS inhibitor TRIM and 

NMDA-R antagonist ketamine demonstrated similar effects in an adapted TST established to test 

for delayed and sustained antidepressant effects.

Several studies have suggested that NOS may be a locus for antidepressant activity. Some early 

evidence was provided by the fact that systemic administration o f  the NOS inhibitors N^-nitro-L- 

arginine methylester (L-NAME) and N ‘̂ -nitro-L-arginine (L-NNA) produced antidepressant-like 

effects in the mouse FST (da Silva et al., 2000; Ghasemi et al., 2008; Harkin et al., 1999). 

However, inhibition o f NOS with these two compounds affected learning and memory in several 

tasks including object recognition, spatial memory and avoidance tasks (Bemabeu et al., 1995; 

Harooni et al., 2009; Prast and Philippu, 2001). This impairment in learning paradigms may be 

explained by the fact that NO has been proposed as a key mediator in synaptic plasticity following 

activation o f nNOS (Garthwaite, 2008; Prast and Philippu, 2001). More selective inhibitors for 

nNOS such as 7-NI and TRIM have been developed, which are devoid o f effects on arterial blood 

pressure but are not exempt from other adverse effects (Moore et al., 1993). In particular, both 7- 

NI and TRIM have been reported to impair locomotion and motor coordination, and 7-NI seems to 

have a less favourable side-effect profile than TRIM in several paradigms that investigated 

learning and memory (Holscher et al., 1996; Mutlu et al., 2011; Yildiz Akar et al., 2009; Yildiz 

Akar et al., 2007). Systemic administration o f 7-NI was additionally shown to increase impulsive
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aggressive behaviour in male mice at levels that were equivalent to those displayed by nNOS‘ ‘ 

mice (Demas et al., 1997). Overall, it appears that inhibition o f  nNOS produces antidepressant-like 

effects accompanied by a side-effect profile that is not favourable for further drug development. 

Similarly, blockade o f the NM DA-R with non-competitive antagonists such as MK-801 

(dizolcipine) and ketamine have demonstrated several adverse events including learning and 

memory impairments mediated via inhibition o f LTP in the hippocampus (Butelman, 1989; Yildiz 

Akar et al., 2007), in addition to psychomotor and psychotomimetic effects (Petrie et al., 2000; 

Pittenger et al., 2007).

IC87201 and ZL006 present advantages over ketamine and TRIM as putative test compounds for 

further development, since they are designed to uncouple NMDA-R from nNOS in a targeted 

fashion not possible with either receptor antagonists or non-selective nNOS inhibitors. In this 

regard, treatment o f cortical or hippocampal neurons with ZL006 or IC87201 at concentrations 

that were effective in animal models o f stroke and pain did not alter total NOS activity, 

demonstrating that the inhibitory effects o f ZL006 and IC87201 are not due to the catalytic 

inhibition o f nNOS (Florio et al., 2009; Zhou et al., 2010). Furthermore, ZL006 did not inhibit 

NM DA-R function as demonstrated by the absence o f effects on N M DA-R’s excitatory 

postsynaptic currents (EPSCs) in hippocampal slices (Zhou et al., 2010). Such an approach holds 

promise for the development o f  novel antidepressant agents based on the antidepressant effects o f 

ketamine but without the incurring adverse effects typically associated with blockade o f the 

NM DA-R or NOS, and may reveal the PSD-95/nNOS interface as a key locus for antidepressant 

activity. Further work is required on the molecular and cellular effects o f uncoupling nNOS from 

the NMDA-R in vivo to understand the underlying mechanisms o f action and facilitate the 

development o f the PSD-95/nNOS interface as a therapeutic target for the design o f novel 

antidepressant drugs. A first step in this direction was undertaken in the present thesis by 

investigating the effects o f PSD-95/nNOS inhibitors on neurite outgrowth.
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7.1.3 Possible mechanisms underlying the effects of IC87201 on neurite outgrowth and on 

depression-related behaviour

To date, the cellular and molecular mechanisms underlying the delayed and sustained effects of 

IC87201 are unknown. Knowledge of the cellular and molecular mechanisms underlying the rapid 

and sustained antidepressant action of ketamine is however growing rapidly and could provide 

some insight into the mechanisms of action of compounds targeting the NMDA-R/PSD-95/nNOS 

complex such as PSD-95/nNOS inhibitors. Ketamine’s antidepressant effects associated with 

synaptogenesis are thought to be mainly mediated through AMPA-Rs (Koike et al., 2011; Maeng 

et al., 2008), activation of the mammalian target of rapamycin (mTOR) (Akinfiresoye and Tizabi, 

2013; Li et al., 2010b; Li et al., 2011) and/or the inhibition of glycogen synthase kinase-3 (GSK-3) 

(Beurel et al., 2011) (Figure 7-1).

7.1.3.1 Role o f  AMPA-Rs

Following NMDA-R activation, NO activates a soluble guanylate cyclase that triggers the 

formation of cGMP from GTP and subsequent activation of protein kinases (PKG I and II), 

phosphodiesterases (PDE III) and cGMP-dependent kinase II (cGKII). O f particular interest, a role 

for NO and cGKII in AMPA-R trafficking and synaptic plasticity under the regulation of NMDA- 

R has been proposed (Serulle et al., 2008; Serulle et al., 2007). The cGKII protein binds the GluRl 

subunit of AMPA-Rs in a cGMP-dependent manner, leading to phosphorylation of Ser-845 of 

GluRl AMPA-R subunits and increase of GluRl surface expression at extrasynaptic sites (Serulle 

et al., 2007). Because NMDA-Rs regulate NO production via nNOS, and hence control cGMP 

levels and cGKII activity, this pathway provides a mechanism for NMDA-R and NO to control 

GluRI accumulation in the plasma membrane of neurons (Serulle et al., 2008; Serulle et al., 2007). 

Preclinical studies have provided further evidence of a role for AMPA-R activation in the rapid 

antidepressant action of ketamine. Specifically, the AMPA-R antagonist NBQX blocked the
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effects o f  ketamine in tests predictive o f  antidepressant activity that include the FST, TST and 

learned helplessness in mice and rats (Koike et al., 2011; Maeng et al., 2008) and attenuated the 

regulation o f hippocampal phosphorylated GluRl AMPA-Rs (Maeng et al., 2008). Taken together 

these studies suggest that NMDA-R antagonists might exert their rapid antidepressant-like effects 

by enhancing AMPA relative to NMDA throughput in critical neuronal circuits.

7.1.3.2 Role o f  mammalian target o f  rapamycin (mTOR) and BDNF

A previous report demonstrated that the mTOR pathway is compromised in the prefrontal cortex 

o f  depressed patients (Jernigan et al., 2011). mTOR is a serine/threonine kinase that has been 

implicated in activity-dependent synaptic plasticity and controls the synthesis o f proteins that are 

required for new synapse formation in neuronal dendrites and spines (Hoeffer and Klann, 2010; Li 

et al., 2011). Interestingly, preclinical studies have demonstrated that a single subanaesthetic dose 

o f  ketamine (10 mg/kg, i.p.) rapidly activated the mTOR pathway leading to increased synaptic 

signalling proteins and increased number and function o f new spine synapses in the PFC o f rats, in 

tandem with antidepressant properties. Increases in protein levels were rapid and transient and 

included components o f the mTOR signalling pathway such as phosphorylation and activation of 

eukaryotic initiation factor 4E-binding protein 1 (4EBP1), p70S6 kinase and mTOR in PFC 

synaptoneurosomes. Ketamine also increased proteins associated with synapse formation such as 

PSD-95, G luRl and synapsin, and activated extracellular signal-related kinase (ERK, including 

ERK l and ERK2) and protein kinase B (PKB, also known as Akt), which are components of 

growth factors signalling pathways that have been linked to mTOR signalling (Li et al., 2010b). 

Recent evidence additionally supports a role for brain-derived neurotrophic factor (BDNF) in the 

rapid antidepressant effects observed in mice following ketamine administration. Specifically, the 

blockade o f NMDA-Rs with ketamine (3 mg/kg, i.p.) caused synthesis o f  BDNF in the 

hippocampus, while ketamine antidepressant-like effects were absent in BDNF and BDNF
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recep to r (TrkB) knockout anim als. A requirem ent for the synthesis o f  B D N F, as w ell as other 

synaptic proteins, is supported by evidence that inhibition o f  elongation  factor 2 (eEF2) kinase and 

desuppression o f  translation are required for the actions o f  ketam ine (A utry et al., 2011; D um an 

and A ghajanian, 2012).

7.1.3.3 Role o f  glycogen synthase kinase-3 (GSK-3)

G SK -3 is a serine/threonine kinase w ith a diverse num ber o f  actions in intracellular signalling 

such as the regulation o f  neuronal p lasticity , gene expression and cell survival (D e S am o et al., 

2006). A single adm inistration o f  a subanaesthetic dose o f  ketam ine (10 m g/kg, i.p.) in m ice 

increased serine-phosphorylation  o f  both G SK -3a and G SK -3P isoform s, indicative o f  GSK-3 

inhibition in hippocam pus and prefrontal cortex 30 m in and 60 m in follow ing adm inistration, 

concurrent w ith antidepressant activity  in the learned helplessness (LH) m odel o f  depression. 

Furtherm ore m ice that constitu tively  expressed active G SK-3 (knock-in G SK -3) w ere com pletely 

resistant to the antidepressant-like effect o f  ketam ine in the LH test, w hich suggests that inhibition 

o f  GSK -3 is necessary for the rapid antidepressant effects o f  ketam ine in this m ouse m odel o f  

depression (Beurel et al., 2011). Interestingly, m em antine, another N M D A -R  antagonist that has 

show n m ixed results in clinical trials for the treatm ent o f  depression (Ferguson and Shingleton, 

2007; Zarate et al., 2006b) and lithium  (licensed for the prophylaxis and treatm ent o f  m ania and 

the prophylaxis o f  b ipolar d isorder and recurrent depression) are also G SK -3 inhibitors (D e Sarno 

et al., 2006; K lein and M elton, 1996). From  these results, it is interesting to speculate w hether 

ketam ine w ould prom ote synaptogenesis through m TO R but also through GSK -3 inhibition and 

also raise the possib ility  that acute adm inistration  o f  specific GSK-3 inhibitors m ay be sufficient to 

prom ote rapid an tidepressant effects that w ould avoid the psychotom im etic effects o f  ketam ine 

and display a safer therapeutic m argin than lithium .
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There are therefore a number o f  mechanism s by which PSD-95/nNO S iiJiibition could influence 

neurite outgrowth in vitro, and by extrapolation, synaptogenesis in mature neurons. From these 

studies, it could be hypothesized that the delayed and sustained effects o f  IC87201 and ZL006 in 

the TST and FST may be mediated through one or several o f  these molecular mechanisms and 

promote rapid synaptogenesis.
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Figure 7-1. Possible m echanism s underlying the effects o f IC87201 on neurite outgrowth and on 
depression-related behaviour
1C87201 may m ediate its antidepressant-related effects through increases in AM PA-R trafficking to the 
mem brane, activation o f  the m am m alian target o f  rapam ycin (mTOR), BDNF release and/or the inhibition 
o f  glycogen synthase kinase-3 (GSK-3). Black arrow: activation, black dashed arrow: possible activation 
following IC87201 adm inistration, black stopped arrow: inhibition, black dashed stopped arrow: possible 
inhibition o f  protein or enzym e follow ing IC87201 administration.
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7.2 Future directions

Follow ing from  the w ork presented  in this thesis, several studies could  be perform ed to further 

elucidate the m echanism s o f  action o f  PSD -95/nN O S inhibitors and their potential as novel 

antidepressant drugs.

I. The potential for the regio-selective actions o f  inhibitors targeting  the PSD -95/nN O S interface is 

an interesting prospect. A lentiviral tool constructed  to deliver genetic m aterial for region specific 

and sustained expression o f  an nN O S decoy peptide designed to  interrupt interaction betw een 

nNOS and PSD -95 w as adopted initially. D ata generated in the laboratory thus far how ever 

indicates that delivery o f  the lentivirus to the prefrontal cortex fails to produce detectable sustained 

expression o f  nNOS decoy in the prelim bic cortex. As an alternative to lentiviruses, other viral 

vectors could be em ployed to deliver nNOS decoy to areas o f  the brain  that m ay be o f  particular 

relevance to m ajor depression. A deno-associated viruses (A A V s) serotype 2 pseudotyped w ith 

capsid 9 (A A V 2/9) w ould be o f  particular interest due to their stable transgene expression and 

their ability to spread w idely (C etin  et al., 2006). A nother advantage o f  A A V 2/9 resides in the fact 

that in addition to stereotactic delivery to target specific areas o f  the brain, A A V s can be delivered 

peripherally  and have been dem onstrated  to reach the brain w ithout the necessity  to transiently  

disrupt the blood brain barrier w ith hyperosm otic agents such as m annito l (D uque et al., 2009; 

Foust et al., 2009; G adalla et al., 2013). Intravenous delivery w ould therefore offer an ease o f  use 

that is not possible w ith lentiviruses if  assessing the long-term  system ic effects o f  PSD -95/nN O S 

inhibition.

II.  As an alternative to stereotactic lentiviral delivery o f  the gene encoding nN O S decoy, 

m icroinjections o f  the sm all-m olecule IC87201 or ZL006 could  be perform ed in individual brain 

regions that are relevant to m ajor depression. Since system ic adm inistration produced
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antidepressant-like effects independent o f  motor and cognitive impairments, the presumed mode 

o f  action o f  these compounds would be a somewhat region-selective disruption o f the NMDA- 

R/PSD-95/nNOS complex in the hippocampus, while NO signalling in the basal ganglia, 

cerebellum and amygdala should remain unchanged.

III. IC87201 did not show any anxiolytic-like effects at 2 mg/kg in mice. Studies investigating 

concentration-related effects o f  IC87201 and ZL006 would be o f  interest to determine if these 

compounds possess anxiolytic-like properties at doses that differ from those that produced 

antidepressant-like effects.

IV. Given the antidepressant-related activity o f the test compounds IC87201 and ZL006 in the 

FST and TST, further tests should be carried out in other animal behaviour analogues of 

depressive behaviour. Experiments o f  interest would determine the effects o f 1C87201 and ZL006 

on CMS-induced reductions in sucrose/saccharin preference indicative o f anhedonia, and 

degradation o f coat state. Deterioration o f coat state may be taken as an index o f the animals’ 

inability to maintain their fur in good condition when exposed to stress and is indicative o f  a 

depression-related state (M utlu et al., 2009). An optimal dosing schedule (single versus repeated 

administration o f IC87201, pre-treatment, concurrent and treatment post-CM S-induced anhedonia) 

should be selected in line with experiments described previously (Harkin et al., 2002).

V. Ongoing development o f  animal models is essential in order to enhance their validity and 

improve their predictability if  novel antidepressant agents with faster onset o f  action, better 

efficacy and improved side-effect profile are to be developed for clinical use. Growing evidence 

suggests that glial loss and neuronal atrophy may contribute to the hippocampal and PFC volume 

reductions observed in depressed patients who present cognitive dysfunction (Banasr and Duman, 

2008; Cotter et al., 2002; Cotter et al., 2001; Ongur et al., 1998). In preclinical studies, the CUS
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m odel o f  depression has been show n to decrease the density o f  astrocytes in the prelim bic cortex 

o f  rats, concurrent w ith depression-like behaviours (B anasr et al., 2010; B anasr and D um an, 

2008). Interestingly, riluzole, a drug that facilitates glutam ate up take by astrocytes reversed the 

cellu lar and behavioural alterations caused by CU S (B anasr et al., 2010), w hich provides further 

evidence for the hypothesis o f  glial dysfunction in depression. G lia l ablation  can also be achieved 

pharm acologically  w ith delivery o f  the astrocyte specific toxin L -alpha-am inoadipic acid (L-A A A ) 

in the rat PFC and leads to depressive-like behaviours, sim ilarly  to CU S (B anasr et al., 2010; 

B anasr and D um an, 2008). Since astrocytes play a critical role in the uptake o f  g lutam ate and that 

L -A A A  infiision is reported to decrease glutam ate transport and g lutam ine synthetase activity, L- 

A A A  infusion is thought to raise the levels o f  glutam ate w ith in  the synapse and lead to 

excito toxity . It w ould therefore be o f  interest to determ ine if  uncoupling nNOS from the N M D A -R  

w ith the PSD -95/nN O S inhibitors IC87201 and ZL006 w ould produce antidepressant-like effects 

in this glial ablation m odel.

VI.  Further w ork w ith genetic inbred rodent m odels o f  depression such as the W istar-K yoto 

(W K Y ) rat strain is also w arranted. W K Y  rats are derived from  W istar stock and have been shown 

to d isplay spontaneous im m obility  in the FST (reflective o f  their helplessness), exaggerated 

secretion  o f  stress horm ones (adrenocorticotropic horm one, corticosterone) follow ing the FST, in 

addition  to develop stress-induced anxiety-like characteristics, and patterns o f  sleep disruption that 

are sim ilar to those observed in depressed patients (A kinfiresoye and T izabi, 2013; R ittenhouse et 

al., 2002; Tizabi et al., 2012). C hronic treatm ent o f  W K Y  rats w ith tricyclic antidepressants such 

as desipram ine, but not SSRIs (fluoxetine or paroxetine) results in a reduction  o f  im m obility  in the 

FST, w hich has led to the suggestion that W K Y  rats m ay be a m ore suitable anim al m odel for 

treatm ent-resistant depression (Tejani-B utt et al., 2003; T izabi et al., 2012). Interestingly, two 

recent studies have show n that W K Y  rats dem onstrate a robust antidepressant-like response in the 

FST and sucrose preference test follow ing acute or chronic treatm ent w ith ketam ine and this
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antidepressant response was sustained for up to 7 days following administration (Tizabi et al., 

2012). Moreover, the antidepressant-like effects o f ketamine in WKY rats were mediated at least 

in part by activation o f the mTOR pathway, synthesis o f synapsin and BDNF, and activation o f 

AM PA-Rs in the hippocampus (Akinfiresoye and Tizabi, 2013; Tizabi et al., 2012), similar to the 

effects observed following a single administration o f  ketamine in a 21-day CMS model o f stress in 

Sprague-Dawley rats (Li et al., 2011). Since the WKY rat strain demonstrates a sustained response 

to compounds dampening glutamatergic neurotransmission (i.e. ketamine), it would be o f interest 

to determine if  PSD-95/nNOS inhibition with IC87201 and ZL006 would produce similar 

sustained antidepressant-like effects in the WKY rat model o f depression and to examine the 

mechanisms o f action underlying such effects.

V II. Similar to the results obtained with the NMDA-R antagonist ketamine, we demonstrated that 

IC87201 and ZL006 have antidepressant-like properties in mice in addition to promoting neurite 

outgrowth in cultured neurons. M oreover both ketamine and IC87201 reversed the NMDA- 

induced reduction in neurite outgrowth in immature primary cortical neurons. Since ketamine 

promotes synaptogenesis (Li et al., 2010b) and reverses the atrophy o f spines in the PFC following 

exposure to chronic unpredictable stress (Li et al., 2011) in the prefrontal cortex o f rats 24h 

following administration, concurrently with antidepressant-like effects in several tests of 

antidepressant action, it would be o f particular interest to examine whether IC87201 produces 

similar effects on synaptogenesis and to provide evidence on the cellular and molecular 

mechanisms underlying its delayed and sustained antidepressant effects. In particular, fast 

activation o f mTOR signalling (pE4B Pl, pmTOR) that results in sustained elevation o f synapse- 

associated proteins (synapsin, PSD-95, G luR l) and synaptogenesis could be hypothesized. 

Synaptogenesis could be monitored using Golgi impregnation to stain neuronal dendrites and 

dendritic spines (Tropea et al., 2009). However, since Golgi staining is labour-intensive (>2 

weeks) and involves the handling o f  toxic solutions (e.g. mercuric chloride), standard fluorescent
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im m unohistochem istry  protocols using a dendritic m arker such as m icrotubule-associated protein 

2 (M A P-2) antibody and collection o f  high m agnification im age stacks w ith a confocal or 2- 

photon m icroscope should be favoured. Typically , im age analysis provides inform ation on 

dendritic arborisation (Sholl profile) and spine density  (spines/^m ) (Li et al., 2010b; M ellios et al., 

2011). Further inform ation on the degree o f  spine m aturation could be obtained by analysing the 

length  to spine head diam eter ratio. M ature spines are typically described as stubby (~ l|im ) or 

m ushroom  (1-3 ^im), w hile im m ature spines are thin (> 3|am) or filopodia (> 3^m  w ith no apparent 

spine head) (M ellios et al., 2011). The quantification and characterisation o f  dendritic spines 

(im m ature versus m ature) could therefore reveal insights into the m echanism s o f  delayed and 

sustained antidepressant activity  o f  IC87201.
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