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Abstract

The present study determined regional serotonid{psynthesis and metabolism
changes associated with the nitric oxide synths€S() inhibitor N*-nitro-L-arginine
(L-NA) and the influence of 5-HT receptor blockadehe antidepressant-like actions
of L-NA in the forced swimming test (FST). Regiordflects of L-NA (5,10 and 20
mg/kg i.p.) on tryptophan hydroxylase (TPH) activihe rate limiting enzyme for 5-
HT synthesis, were determined by measuring accationl of the transient
intermediate 5-hydoxytryptophan (5-HTP) followinguivo administration of the
amino acid decarboxylase inhibitor, NSD 1015 (10(gy L-NA (5-20mg/kg) dose
dependently increased 5-HTP accumulation, partilguiia the amygdaloid cortex,
following exposure to the FST. L-NA also provokediacrease in regional brain 5-
HIAA concentrations and in the 5-HIAA:5-HT metalswh ratio. Co-treatment with
NSD-1015 failed to consistently modify the anticegzant-like effects of L-NA in the
FST. Sub-active doses of L-NA (1mg/kg) and the 5+eldptake inhibitor fluoxetine
(2.5mg/kg) acted synergistically to increase swimgrin the test. Co-treatment with
the non-selective 5-HT receptor antagonist metergdlL, 2 and 4 mg/kg), attenuated
the L-NA (20mg/kg)-induced reduction in immobiliéynd increase in swimming
behaviours. Metergoline alone however provokedharease in immobility and
reduction in swimming behaviours in the test. Ailanresponse was obtained
following co-treatment with the preferential 5-FATreceptor antagonist ketanserin
(5mg/kg) and the 5-H;E receptor antagonist RO-430440 (5mg/kg). Co-treatme
with the 5-HT A receptor antagonist WAY 100635 (0.3mg/kg) or tHdTa g receptor

antagonist GR 127935 (4 mg/kg) failed to influetio® antidepressant-like activity of



L-NA. Taken together these data provide furthempsupfor a role for 5-HT in the

antidepressant-like properties of NOS inhibitors.

Key words: Antidepressant, Behaviour, Depression, Forced swig test, Nitric

oxide synthase, Serotonin



I ntroduction

To date a number of studies have demonstratednthmaition of nitric oxide synthase
(NOS) produces anxiolytic and antidepressant-liédedvioural effects in a variety of
animal paradigms (da Silva et al. 2000; Harkinle1@99; 2003; 2004; Jeffreys and
Funder, 1996; Mutlu et al., 2009; Spiacci et Q& Spoliddrio et al., 2007; Ulak et
al., 2008; Yildiz et al. 2000a,b). Previously weagted that the NOS inhibitors °N
nitro-L-arginine (L-NA) and 7-nitroindazole (7-Nijlose dependently reduce
immobility and increase swimming behaviour in theand mouse forced swimming
test (FST), a test predictive of antidepressamtiac(Harkin et al., 1999, 2003).
These effects are overcome by administration oN®& substrate, L-arginine,
consistent with an involvement of NO in this belwaval response (Harkin et al.
1999; Jefferys and Funder, 1996; Joca and Guim20€s,; Volke et al., 2003; Yildiz
et al. 2000a). However, it is presently unclear tbemonoaminergic systems are

involved in the antidepressant-like effects of Ni@ibitors.

The FST is the most widely employed screeningftesantidepressants in rodents
(Cryan et al. 2002a; Porsolt et al. 1978). Wherentslare placed in a cylinder of
water without an opportunity for escape, they tgpicdisplay an immobile posture
that is said to reflect a state of “behaviouralpd@s. A variety of antidepressant
drugs increase escape-oriented behaviour in theTties test has undergone some
adaptations since its introduction to improve @ssstivity and ability to discriminate
between different classes of antidepressants. Larakicolleagues (Detke et al. 1995;
Lucki, 1997) adapted the original FST to scoreinitstactive behaviours elicited by

different classes of antidepressant drugs. Spadificselective serotonin (5-HT) re-



uptake inhibitors (SSRIs) and 5-HT receptor agsmsbvoke swimming behaviour
(Cryan and Lucki, 2000; Detke et al. 1995; Paga.€1999), whereas tricyclic
antidepressants (TCAs) and selective noradrenahdedopamine re-uptake inhibitors
elicit climbing behaviour in the FST (Cryan et2002b; Detke et al. 1995; Page et al.
1999; Reneric and Lucki, 1998). Thus the modifi&I ks employed as a behavioural

tool to assess the role of monoamines in antidepresction.

A more detailed analysis of the behavioural eff@¢tslOS inhibitors in the FST
offers clues to their potential mechanism of actiddnch may involve monoamine
neurotransmitters. The behavioural profile of N@&ibitors in the adapted FST for
rats parallels that obtained with the SSRI, flumestMoreover, depletion of
endogenous 5-HT blocks the antidepressant-likeigcassociated with NOS
inhibitors in the test (Harkin et al., 2003). Frémese observations it was proposed
that NOS inhibitors may elicit their antidepresskke activity in the FST through a
5-HT dependent mechanism. To further explore thashmnism we examined the
ability of L-NA to influence the 5-HT synthetic pavay and 5-HT metabolism in the
FST. Moreover, we examined if antagonists to 5-Bldeptor subtypes could block

the antidepressant-like activity of L-NA in the pdigm.



3. Materials and methods

3.1 Subjects and drug treatment

Male Sprague-Dawley rats (Harlan Olac, Bicester) Wi€ighing approximately 250-
300 g were used in this experiment. Rats weredwimsgroups of four and
maintained on a 12h:12 h light:dark cycle (lightsad 8 am) in a temperature
controlled room (21-2Z). Food and water were availalakélibitum. L-NA (Sigma
Aldrich Ireland), m-hydroxybenzylhydrazine dihydhbaride (NSD-1015, Sigma)
metergoline (Sigma), fluoxetine hydrochloride (Elly and Co., USA), N-[4-
methoxy-3-(4-methyl-1-piperazinyl)phenyl]-ehethy |-4-(5-methyl-1,2,4-oxadiazol-
3-yl)-1,1-biphenyl-4-carboxamide hydrochloride] (GR 12793%x0 Wellcome,
UK) and 4-fluoro-N-[2-[4-(2-methoxyphenyl)-1-pipetiayl]ethyl]-2-pyridinyl
benzamide (WAY 100635 maleate, Wyeth, UK) werealissd in saline and
administered in an injection volume of 2ml/kg. Ketarin tartrate (Sigma) and
benzofuran-2-carboxamidine (RO 430440, Hoffman-bahe, Switzerland) were
dissolved in 0.5% tween saline and administereghimjection volume of 1 ml/kg.
All drugs were administered by the intraperitongal) route. Controls received
injections of saline or tween saline in the sameme as the test groups. All
experiments were in compliance with the Europeam@anity’s Council directive,
1986 (86/609/EEC). All experiments were performsohg independent groups of

animals.

3.2 Forced swimming test



This test was performed using a modification ofrtiethod described by Detke et al.
(1995). On the first day of the experiment, ths w@ere placed individually into a
container 40 cm high and 18 cm in diameter comagi®i0 cm of water at 2@. The
animals were left to swim in the water for 15 mafdre being removed, allowed to
dry beside a heater and returned to their home. célge animals received their first
vehicle/drug injection 15 min after the first exposto the FST. The second and
third vehicle/drug injections were administered &nal 1 h prior to the second
exposure to the FST exposure 24 h later. The ditograstration protocol followed is
standard for testing pharmacological agents irdah&ST (see Cryan and Lucki,
2000; Detke et al., 1995; Porsolt et al., 1978).

In the second exposure to the FST, rats were afldawewim for a duration of 5 min,
and their behaviour was videotaped from above usi@§D (Sanyo VCB 3372 high
resolution monochrome) camera. The sequencetoidesas randomised throughout
the experiment so as to minimize any confoundifgoces of order of testing.
Behavioural scoring was performed using the maauvaht recording capability of
the Ethovision, videotracking and behavioural asiglgystem (Noldus IT, The
Netherlands). Keys (computer keyboard) were asdigmendividual behaviours and
used to record the duration of these behavioutisariest from video footage. We use
event duration when scoring as opposed to a tirgkiag technique used by others
(Cryan and Lucki, 2000; Detke et al., 1995). Themsfference between these
techniques is that time sampling provides an appration of the behaviours scored.
Behaviours scored included immobility, swimming atichbing. Immobility was
defined as the animal floating in the water withstutiggling and making only those
movements necessary to keep its head above the Batenming was scored as the

animal making active swimming motions more thanessary to keep its head above



water and involved moving horizontally or crossthg swim tank. Climbing

behaviour consisted of the animal making active anpwnovements with forepaws in
and out of the water directed against the wallhefswim chamber. These behaviours
were scored in a mutually exclusive fashion thraughhe trial. The rater of the

behaviour was blind with respect to the drug treatnieing scored.

3.3 Experimental plan

3.3.1 Influence of NSD-1015 on the antidepressant-like activity of L-NA in the FST

Rats were assigned to one of four groups: Grofehicle; Group 2: L-NA (5
mg/kg); Group 3: L-NA (10 mg/kg); Group 4: L-NA (20g/kg). Immediately prior to
the last treatment of L-NA, the groups were sulatidiinto those receiving co-
treatment with NSD-1015 or vehicle control. Animedseiving NSD-1015 were
euthanized immediately following the FST on test dad regional brain biogenic
amine concentrations were determined. A parallpearment was carried out with
identical NSD-1015 treatment groups for comparigorposes, where regional brain
biogenic amine concentrations were determined imals not subjected to the FST.
Both 5-HTP and L-DOPA usually occur as transietgnmediates and are not
normally detected in brain tissue, but administrabf NSD-1015 prevents the
decarboxylation step common to both compounds lamsi dllows them to accumulate
invivo (Carlsson et al., 1972; Conley et al., 2007; Evatrad., 2009;). The selection
of this dose and time were determined from dat&igead in our laboratory

indicating that NSD-1015 (100mg/kg, i.p.) produogesimal increases in 5-HTP and



L-DOPA concentrations in rat brain 1 hour after adstration without altering

behaviour and well-being of the animal (Nolan et2000).

3.3.2. The effect of combining sub-active doses of L-NA and fluoxetinein the FST

Rats were assigned to one of four groups: Groiyelicle Control; Group 2: L-NA
(mg/kg) control; Group 3 fluoxetine (2.5mg/kg) tah Group 4 L-NA (1mg/kg) in
combination with fluoxetine (2.5mg/kg). The seleatiof doses was determined from

previous dose response studies undertaken in boardtory (Harkin et al., 2003)

3.3.3 Doserelated effects of metergoline on the antidepressant-like activity of L-NA

intheFST

Metergoline is a non selective 5-HT receptor amégjand was used at doses
effective in blocking then vivo effects induced by 5-HT receptor agonists in rats
(Golozoubova et al., 2006; Mockler et al., 198%chbwicz et al., 2007). Rats were
assigned to one of eight groups: Group 1: Veh@lgup 2-4: Metergoline (1, 2 and 4
mg/kg); Group 5: L-NA (20 mg/kg); Group 6-8: L-NA combination with

metergoline (1, 2 and 4 mg/kg).

3.3.4 The effect of ketanserin, RO 430440, WAY 100635 or GR 127935 on the

antidepressant-like activity of L-NA in the FST

In a separate series of experiments, the involvéwiethe 5-HT receptor subtypes in

the antidepressant-like activity of L-NA in the F&&s examined. Rats were co-



treated with L-NA and ketanserin, a preferentiddb;a receptor antagonist (Van
Oekelen et al., 2003), RO 430440, a selective 5cHdceptor antagonist [RO 430440
has been shown to have a selectivity for 5d{pKi=7.1) over 5-Hpa (pKi=5.3)
receptors (International application published uride Patent Cooperation Treaty,
Benzofuryl derivatives and their use WO 97/42183 8lso Cryan et al., 2000],
WAY 100635, a 5-HTa receptor antagonist (Fletcher et al., 1996) orl@RO35 (a
5-HTygp receptor antagonist) (Skingle et al., 1996). Icheaxperiment rats were
assigned to one of 4 groups: Group 1: Vehicle; @rduketanserin (5mg/kg) or RO
430440 (5mg/kg) or WAY 100635 (0.3mg/kg) or GR 12%%94mg/kg); Group 3: L-
NA (20 mg/kg); Group 4: L-NA in combination with @aantagonist outlined in
group 2. A single dose of each antagonist, obtaired the literature, was used.
These doses have previously been shown to block EeEeptor mediated behaviours
in a range of test paradigms in rats (Cryan e28D0; Hawkins et al., 2008;

Martinez-Mota et al., 2002)

3.3.5 Locomotor activity

Animals were removed from their home cage and plawgividually into activity
monitor cages (32cm x 20cm x 18cm; length x widtieight) which were connected
to AM1051 data logger (Benwick Electronics). Eachiaty monitor is equipped with
2 sets of horizontal infrared beams, positioned dach 15cm above the base of the
cage. Both sets of beams consist of a 12 beamearh lonatrix, forming a grid of 66 x
2.54cnf cells within the cage. Activity is recorded as thenber of times a beam
changes from unbroken to broken. On the day ohigsinimals were placed in one of

five test chambers and their activity was monitavedr a 20 minute period. The
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effects of metergoline, ketanserin, RO-430440 akimain combination with L-NA
were examined in groups of animals independertiage exposed to the FST. The

doses of drugs and the treatment regime used watesaribed for the FST.

3.4 Determination of regional biogenic amine concentrations

Immediately following the FST, animals treated WitBD 1015 were euthanised by
decapitation and the frontal cortex, striatum, biggmpus and amygdala were
dissected on an ice cold plated for biogenic ameasurements as previously
described (Harkin et al., 2001). 5-hydroxy tryptaph5-HT and its metabolite 5-
hydroxyindole acetic acid (5-HIAA), L-dihydroxyphgalanine (L-DOPA) dopamine
and noradrenaline concentrations were measuretghyplerformance liquid
chromatography (HPLC) coupled with electrochemdsgtkection as previously
described (Harkin et al., 2003). Brain tissue wasated in 1 ml of mobile phase
that was spiked with 20 ng/30 of N-methyl 5-HT (Sigma Aldrich Ireland) as an
internal standard. The mobile phase contained Ocltfi¢ acid, 0.1 M sodium
dihydrogen phosphate, 0.1 mM EDTA (BDH Chemicalk) .4 mM octane-1-
sulphonic acid (Sigma Aldrich) and 10 % (v/v) metbla(Lab-Scan, Ireland) and was
adjusted to pH 2.8 using 4 N NaOH (BDH Chemicalk).uHomogenates were
centrifuged at 15,000 x g in a Hettich Mikro/K tigkrated centrifuge for 15 minutes.
A 20 pl sample of each supernatant was injected ontgexse phase column (LI
Chrosorb RP-18, 25 cm x 4 mm internal diametettigdarsize 5um) for separation

of the neurotransmitters (flow rate 1 ml/minuteguxbtransmitter concentrations

were quantified by electrochemical detection (Shimg and chromatograms were

11



generated using a Merck-Hitachi D-2000 integra®@sults are expressed as

nanogram of neurotransmitter per gram fresh weagbtain tissue.

3.5 Statistical analysis of data

Data are expressed as group mean with standanms arrd were analysed using a one
factor or two factor analysis of variance (ANOVAf)any statistically significant
change was found, post hoc comparisons were pegfbusing a Dunnett’s or
Student Newman Keuls test respectively. Data weesrebd significant when P <

0.05.
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Results

1: Influence of NSD-1015 on the antidepressant-like activity of L-NA in the FST

ANOVA of time spent immobile showed effects of L-NA(3,63) = 14.84, P <
0.001] and a L-NA x NSD-1015 interaction [F(3,63347, P = 0.03]. Post hoc
comparisons revealed that L-NA (10 and 20mg/kgliced immobility time when
compared to vehicle treated controls (P < 0.010P5 respectively). L-NA (5, 10
and 20mg/kg) also reduced immobility time in NSCE&Qreated animals when
compared to NSD-1015 treated controls (P< 0.01P815 did not influence
immobility time or the L-NA-induced reduction in mobility time when compared to
their non NSD-1015 treated counterparts (Figure 1A)

ANOVA of time spent swimming showed effects of L-NI’&(3,63) = 9.73, P < 0.001]
and NSD-1015 [F(1,63) = 7.91, P = 0.007]. Postd¢wmuparisons revealed that L-NA
(10 and 20mg/kg) increased swimming time when cagthto vehicle treated
controls (P < 0.01; P< 0.05 respectively). L-NArf#§kg) also increased swimming
time in NSD-1015 treated animals when comparedS©NO015 treated controls (P<
0.01). NSD-1015 did not influence swimming time wie®mpared to vehicle treated
controls. The L-NA (10mg/kg)-induced increase inmming time in NSD-1015
treated animals was reduced when compared tortbriNSD-1015 treated
counterparts (P < 0.01), although co-treatment Wi#D-1015 did not influence the
response to L-NA (5 and 20mg/kg) (Figure 1B).

ANOVA of time spent climbing showed effects of NAD15 [F(1,63) = 7.49, P =

0.008] only. There were no effects of L-NA on thred spent climbing. Post hoc

13



comparisons revealed that NSD-1015 did not infleerionbing time when compared

to vehicle treated controls (Figure 1C).

[Insert Figure 1 here]

2. L-NA increasesregional brain 5-HTP accumulation and 5-HT metabolism

following FST exposure

ANOVA of 5-HTP, 5-HT, 5-HIAA concentrations and tbeHIAA:5-HT metabolism
ratio failed to show effects of L-NA in the frontadrtex or striatum. A trend towards
an increase in cortical 5-HTP concentrations foitg-NA (20mg/kg)

administration was observed when compared to vehiehted controls. However this
failed to achieve significance [F(3,33) = 2.55, B.87]. ANOVA of 5-HTP and 5-HT
concentrations in the hippocampus failed to shdeces of L-NA. Significant effects
were observed for 5-HIAA [F(3,36) = 4.5, P = 0.068[d 5-HIAA:5-HT [F(3,36) =
9.03, P < 0.001]. Post hoc comparisons revealddbthHAA concentrations and 5-
HIAA:5-HT ratios were increased in the L-NA (5,100620mg/kQg) treated groups
when compared to vehicle treated controls (Tabl&NOVA of 5-HTP
concentrations in the amygdaloid cortex showedcesfef L-NA [F(3,34) = 8.63, P<
0.001]. Post hoc comparisons revealed a dose dalateease in 5-HTP
concentrations following L-NA(10 and 20mg/kg) wheympared to vehicle treated
controls. Significant effects for 5-HIAA [F(3,34)3:59, P = 0.023] and 5-HIAA:5-
HT [F(3,34) = 6.39, P = 0.001] were also observethe amygdaloid cortex. Post hoc
comparisons revealed that 5-HIAA concentrations &htIAA:5-HT ratios were

increased in the L-NA (5,10 and 20mg/kg) treatemigs when compared to vehicle

14



treated controls (Table 1). There were no effettsNA observed for L-DOPA,
dopamine, its metabolites HVA and DOPAC or dopanmratabolism ratios in any of
the brain regions tested with one exception. ANGMA-DOPA concentrations in
the amygdaloid cortex showed effects of L-NA [F@,3 5.6, P = 0.003]. Post hoc
comparisons revealed a dose related increase (B<Dunnett’s test) in L-DOPA
concentrations following L-NA (10 and 20mg/kg; 3738 and 408 * 22ng/g) when

compared to vehicle treated controls (301 + 10ng/qg)

[Insert Table 1 here]

3. L-NA increases 5-HT metabolism in the striatum following NSD-1015

administration to rats.

ANOVA of 5-HTP, 5-HT, 5-HIAA concentrations and tBeHIAA:5-HT metabolism
ratio failed to show effects in the frontal or ardgtpid cortex. ANOVA of 5-HTP, 5-
HT and 5-HIAA concentrations in the striatum anpgdacampus also did not show
effects. Significant effects were observed forGheIAA:5-HT ratio in the striatum
[F(3,25) = 3.01, P < 0.05] and there was a nonifsogimt trend in the hippocampus
[F(3,26) = 2.68, P <0.07]. Post hoc comparisonsatd that 5-HT metabolism was
increased in the striatum following L-NA (20mg/kaygministration when compared
to vehicle treated controls (Table 2). There wareffiects of L-NA observed for L-
DOPA, dopamine, its metabolites HVA and DOPAC ogpawnine metabolism ratios

in any of the brain regions tested. [Insert Tablefe]

4: L-NA augmentsthe activity of fluoxetinein the FST

15



ANOVA of immobility time showed effects of fluoxet only [F(1,36) = 4.30, P =
0.045]. Post hoc comparisons revealed no signifiddferences between the groups.
Fluoxetine induced a small decrease in immobilityetand a trend was observed for
L-NA to potentiate this effect (Figure 2A).

ANOVA of swimming time showed effects of fluoxetiff&(1,36) = 4.50, P = 0.041]
and a L-NA x fluoxetine interaction approachingrsigance [F(1,36) = 3.36, P =
0.075]. Post hoc comparisons revealed that nelittiiéA nor fluoxetine had an effect
on swimming time. L-NA and fluoxetine together po&ed an increase in swimming
time when compared to vehicle treated controls,A.aé¥ fluoxetine treatments alone
(P < 0.05) (Figure 2B).

ANOVA of climbing time showed no effects of treatmé¢Figure 2C).

[Insert Figure 2 here]

5: Effects of Metergoline on the antidepressant-like activity of L-NA in the FST

ANOVA of immobility time showed effects of metergo [F(3,70) = 6.63, P <
0.001] and L-NA [F(1,70) = 31.95 P < 0.001]. Post lsomparisons revealed that
metergoline (4mg/kg) increased immobility time wleemmpared to vehicle treated
controls (P< 0.01). Metergoline (4mg/kg) also irmed immobility time in L-NA
treated animals when compared to L-NA treated ots1{P< 0.05). L-NA reduced
immobility time when compared to vehicle treatedtcols (P < 0.05) (Figure 3A).
ANOVA of swimming time showed effects of metergelifi(3,70) = 7.33, P < 0.001]
and L-NA [F(1,70) = 43.27 P < 0.001]. Post hoc cangons revealed that

metergoline (1, 2 and 4mg/kg) decreased swimmmg tvhen compared to vehicle

16



treated controls (P< 0.05). Metergoline (4 mg/dgbalecreased swimming time in
L-NA treated animals when compared to L-NA treatedtrols (P < 0.05). L-NA
increased swimming time when compared to vehielatéd controls (P < 0.05)
(Figure 3B).

ANOVA of climbing time showed an interaction betwa®aetergoline and L-NA
[F(3,70) = 2.79, P = 0.047]. Post hoc comparisengaled no significant differences
between the treatment groups (Figure 3C).

[Insert Figure 3 here]

6: Treatment with ketanserin and RO 430440 provoke a similar responseto

metergolinein the FST attenuated by co-treatment with L-NA

ANOVA of immobility time showed effects of ketansefF(1,36) = 9.77, P = 0.004]
and L-NA [F(1,36) = 40.21, P < 0.001]. Post hoc pansons revealed that
ketanserin increased immobility time when compaoedehicle treated controls (P<
0.01). There was a reduction in immobility timeldating L-NA treatment when
compared to vehicle treated controls (P< 0.01)uifddgtA).

ANOVA of swimming time showed effects of ketansgfifl,36) = 13.46, P < 0.001]
and L-NA [F(1,36) = 30.31, P < 0.001]. Post hoc pansons revealed that
ketanserin decreased swimming time when compareeltizle treated controls (P<
0.01). Ketanserin reduced swimming time in L-NAaterl animals when compared to
L-NA treated controls (P < 0.05). There was anease in swimming time following

L-NA treatment when compared to vehicle treatedrods (P< 0.01) (Figure 4B).

17



ANOVA of climbing time showed effects of L-NA [F@36) = 6.23, P = 0.017]. Post
hoc comparisons revealed no differences betweetrgaament groups (Figure 4C).

[Insert Figure 4 here].

ANOVA of immobility time showed effects of RO-430a4F(1,36) = 9.49, P =
0.004] and L-NA [F(1,36) = 61.95, P < 0.001]. Plest comparisons revealed that
R0O-430440 increased immobility time when compacedehicle treated controls (P<
0.01). There was a reduction in immobility timeléating L-NA treatment when
compared to vehicle treated controls (P< 0.01).430440 failed to influence the L-
NA-induced reduction in immobility time when compdrto vehicle + L-NA treated
controls (Figure 5A).

ANOVA of swimming time showed effects of RO-4304#(Q1,36) = 11.62, P =
0.002] and L-NA [F(1,36) =53.14, P < 0.001]. Plest comparisons revealed that
R0O-430440 decreased swimming time when comparedtitle treated controls (P<
0.01). There was an increase in swimming time Vaithg L-NA treatment when
compared to vehicle treated controls (P< 0.01).430440 failed to influence the L-
NA-induced increase in swimming time when compacegehicle + L-NA treated
controls (Figure 5B).

ANOVA of climbing time showed effects of L-NA [F@6) = 10.70, P = 0.003]. Post
hoc comparisons revealed no differences betweettgatment groups (Figure 5C).

[Insert Figure 5 here].

7: Co-treatment with WAY 100635 or GR 127935 do not influence the

antidepressant-like activity of L-NA in the FST
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ANOVA of immobility time showed effects of L-NA [E(36) = 43.45, P < 0.001].
Post hoc comparisons revealed that L-NA reducedahility time when compared to
vehicle treated controls (P< 0.01). WAY 100635ddito influence immobility time
or the L-NA-induced reduction in immobility time wh compared to L-NA treated
counterparts (Figure 6A).

ANOVA of swimming time showed effects of L-NA [F@6) = 30.99, P < 0.001].
Post hoc comparisons revealed that L-NA increasg&ahsing time when compared
to vehicle treated controls (P< 0.01). WAY 10068#ed to influence swimming time
or the L-NA-induced increase in swimming time (Fg6B).

ANOVA of climbing time showed no effects of treatme (Figure 6C).

[Insert Figure 6 here].

For GR 127935, ANOVA of immobility time showed efts of L-NA [F(1,34) =
41.14, P < 0.001]. Post hoc comparisons reveaksd HNA reduced immobility time
when compared to vehicle treated controls (P< 0@GR) 127935 failed to influence
immobility time or the L-NA-induced reduction in mobility time when compared to
L-NA treated counterparts. Mean immobility times éach treatment group were as
follows: Vehicle Control: 167 + 18; GR 127935 Cantrl69 + 17; Vehicle L-NA: 47
+17* GR 127935 + L-NA: 60 = 19. * P < 0.05 vs. hele Control

ANOVA of swimming time showed effects of L-NA [FG4) = 58.56, P < 0.001].
Post hoc comparisons revealed that L-NA increasathsing time when compared
to vehicle treated controls (P< 0.01). GR 1279¢kio influence swimming time or
the L-NA-induced increase in swimming time. Meanmming times for each

treatment group were as follows: Vehicle Contr&l:#613; GR 127935 Control: 51 *
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8: Vehicle L-NA: 181 + 14*; GR 127935 + L-NA: 15220. * P < 0.05 vs. Vehicle
Control

ANOVA of climbing time showed no effects of treatme

8. The effects of metergoline, ketanserin and RO-43-0440 and L-NA aloneor in

combination on locomotor activity

Placement of the animals in the activity chambessilted initially in exploratory
activity and a gradual acclimatization to the nagiroundings over the 20 minute
test period. ANOVA of activity following ketanseror L-NA administration alone or
in combination showed effects of ketanserin [F(116.47, P = 0.05], L-NA
[F(1,16) = 14.11, P = 0.002] and a ketanserin xA.ihteraction [F(1,16) =5.43, P =
0.033]. Post hoc comparisons revealed that keten&#85 + 311) and L-NA (1790
+ 252) reduced activity when compared to vehicated controls (3622 + 381) (P <
0.05). Ketanserin failed to influence the L-NA teldreduction in activity (1855 +
240) when compared to L-NA treatment alone. Thezeevib animals per the
treatment group. The numbers in parentheses refine®an activity counts over the
20 minute observation period with standard erradhefmean. Metergoline or RO-43-
0440 did not affect activity over the trial peristhen compared to vehicle treated
controls. Neither metergoline nor RO-430440 infleeshthe response to L-NA (Data

not shown).
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Discussion

L-NA produced a reduction in immobility togethertivan increase in active
swimming behaviour without any significant changelimbing consistent with
previous reports of its antidepressant-like agtiintthe FST (Harkin et al., 2003).
This behavioural profile is similar to that elictey SSRIs or serotonergic agonists
(Cryan and Lucki, 2000; Detke et al., 1995, Pagd.e1999). In the present
investigation, co-treatment with NSD-1015 did ndtuence the antidepressant-like
activity of L-NA in the FST. With or without NSD-1®, L-NA produced a dose-
dependent reduction in immobility that occurs assalt of a selective increase in
swimming behaviour. NSD-1015 inhibits the 5-HT lyiothetic pathway, although
the acute treatment regime of NSD-1015 employedneasufficient to provoke a
depletion of endogenous 5-HT. In this regard, weehaeviously confirmed that
depletion of 5-HT, via treatment with the tryptopHaydroxylase inhibitor p-
chlorophenylalanine (pCPA), attenuates the anteksant-like properties of NOS

inhibitors in the FST (Harkin et al., 2003).

By determination of the accumulation of 5-HTP fallag NSD-1015 administration,
the results of the present study indicate thatdgypan hydroxylase is activated in
response to L-NA administration. L-NA provoked anrease in 5-HTP
concentrations in the amygdaloid cortex suggeshagNOS inhibitors may act in a
region specific manner. Moreover, the effects olgdiwere dose dependent and
evident in FST exposed animals only. Inactivatibbrain tryptophan hydroxylase by
NO via nitrosylation has been previously descrii@ahn and Arthur, 1996; 1997)

and such a mechanism may account for the increasgptophan hydroxylase
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activity observed in the current study. Raisedaghdte and nitrergic neuronal
transmission in response to exposure to a stressfiolilus such as the FST (Joca et
al., 2007; Kirby et al., 2007; Shirakawa et al.02Pmay increase NO-dependent
nitrosylation of TPH leading to its inactivatior=NA, in turn, may reverse this
process by limiting the availability of NO, redugithe inactivation of tryptophan
hydroxylase. Further experiments however are reduiv verify this mechanism

linking stress-induced NO to the regulation of toghan hydroxlase activity.

L-NA also provoked a regional increase in 5-HIAAcentrations and 5-HT
metabolism indicative of a possible enhancemebtldil release, re-uptake and/or
metabolism to 5-HIAA. These effects were also largiependent on exposure to the
FST. Consistent with this are reports that NOShitbrs increase extracellular levels
of 5-HT in the rat brain after local or systemicgradistration (Kiss, 2000; Smith and
Whitton, 2000; Segieth et al., 2001; Wegener e28I00). Inhibition by NO of 5-HT
uptake into rat brain synaptosomes (Asano et @@7)land the human 5-HT
transporter (Bryan-Lluka et al., 2004) has beenwipuesly described. More recently
accounts of a physical interaction between the Siiditsporter and neuronal NOS
that underlies a reciprocal modulation of theinatst provides further evidence for
the regulation of 5-HT by NO (Chanrion et al., 20Garthwaite, 2007). NO may also
inhibit monoamine oxidase activity (Muriel et &Q03) although the mechanism by
which NO inhibits monoamine oxidase remains unknaivpresent. There are
therefore a number of mechanisms by which NOS itdiomay influence 5-HT
metabolism. Overall, as 5-HT function is implicatadstress related disorders such as
depression, it is tempting to speculate that chaltyiceactive species like NO

influence conditions where 5-HT deficits have betmtified. The current study
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provides evidence in support of enhanced 5-HT ®gishand increased 5-HT
metabolism indicative of overall 5-HT activation i may account for the

antidepressant-like properties of NOS inhibitors.

We have previously reported that NOS inhibitors @agment the behavioural effects
of SSRIs and the tricyclic antidepressant imipramimthe mouse FST, but not
antidepressants affecting noradrenergic transnmgsiarkin et al., 2004). In the
current study we extend this in the rat FST whetzerabination of sub-active doses
of fluoxetine and L-NA produce an antidepressaspoase in the test. The ability of
L-NA to increase the activity of fluoxetine is castent with the qualitative
similarities between the antidepressant-like atgtiof NOS inhibitors and SSRIs and
the dependency of these effects on endogenous G4EIkin et al., 2003; Page et al.,
1999). Coupled to the aforementioned evidence b&eced 5-HT synthesis and
metabolism, it is not unreasonable to suggestNIiz® inhibitors may produce their
antidepressant augmenting properties by modul#éti@@vailability and release of 5-
HT. In this regard, it is also of interest to ntitat some antidepressants can inhibit
the activity of NOS. For example, the SSRI paraxinhibits NOS activity at
concentrations comparable to those achieved ircalitherapy (Finkel et al., 1996;
Wegener et al., 2003). Such studies have raiseplassbility that NOS inhibition

may be a clinically relevant feature of at leasheantidepressants.

In a separate series of experiments, the involvéwiethe 5-HT receptor subtypes in
the antidepressant-like activity of L-NA in the F&&s studied. To this end, rats were
co-treated in turn with the non selective 5-HT moe antagonist metergoline, the

preferential 5-HF} A receptor antagonist ketanserin, the selective &:lHaceptor

23



antagonist RO-430440, the selective 5:Klfleceptor antagonist WAY 100635, the 5-
HTg/p receptor antagonist GR 127935 and L-NA. Here, lverment of 5-HT

receptor subtypes in the antidepressant-like effeLtNA is supported by the
demonstration that metergoline and ketanserin adterthe antidepressant-like effect
of L-NA and L-NA attenuates the increase in immibpihnd reduction in escape

oriented behaviours induced by these 5-HT recepttagonists in the FST.

Co-treatment with metergoline dose dependentiya#tted L-NA-induced
antidepressadike activity in the FST. Metergoline alone provokan increase in
immobility and reduction in swimming behaviours smmtent with a pro-depressant
like action of the drug in the test. Co-treatmeithv-NA reduced these behavioural
effects. In rats, metergoline can influence comptsef behaviour including a
suppression of rearing, sniffing and locomotiod@ges of 2mg/kg and higher
(Halford and Blundell, 1996; Mockler et al., 1988ijlson et al., 1998). Thus the
guestion arises, if the ability of higher dosesnetergoline to reduce locomotor and
other general behaviours might confound any commhssregarding a reduction in the
antidepressant-like activity of L-NA. In the curtenvestigation we did not observe
any effect of metergoline (4mg/kg) on locomotonatt. We have previously
reported that active doses of L-NA in the FST careoattributed to any
psychomotor stimulant action (Harkin et al., 20Q&}, L-NA attenuates the ability of
metergoline to increase immobility in the FST. Tiakegether with the ability of
metergoline to reverse the antidepressant lik@astf L-NA, these findings are
consistent with the participation of 5-HT receptiorshe antidepressant-like activity

of L-NA in the FST.
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Co-treatment with ketanserin produced a qualititisenilar response to that
obtained with metergoline. Ketanserin alone prodoke increase in immobility and
reduction in swimming behaviours consistent wihr@-depressant-like action and
these behavioural effects were reduced by co-teatmith L-NA. Moreover,
ketanserin attenuated L-NA-induced swimming agtiintthe FST. In the current
investigation, by contrast to metergoline, ketamsesduced locomotor activity. Co-
administration with L-NA failed to influence thisgponse suggesting that the ability
of L-NA to attenuate the actions of ketanserinh@ EST are related to an inhibition
of the depressive phenotype independent of loconaatiovity. Other investigators
have not reported effects of ketanserin aloneenRBT but this may be related to the
lower doses used and differences in the mannehiohwthe FST was carried out and
scored (Martinez-Mota et al., 2002; Savegnago.e2@07). The dose of ketanserin in
the present study was selected based on the oddaockeof interaction of lower
doses of ketanserin with L-NA in pilot experimeatslertaken in the laboratory.
Similar doses have been employed by others wheéamgerin (1-5mg/kg) showed no
effect on behavioural measures in the open fietdias sufficient to block 5-HT

agonist-induced behaviours (Hawkins et al., 2008).

Activation of 5-HT,¢c receptors has previously been reported to provoke
antidepressant-like activity in the FST. Moreovesr effects of the SSRI fluoxetine
may be blocked by pre-treatment with the 5;Heceptor antagonist SB 206533
(Cryan and Lucki, 2000). It was therefore of ingtn@ the current study to determine
if blockade of 5-Hpc receptors might influence the antidepressantsiésponse to L-
NA. Co-treatment with RO 43-0440 produced a sinméamponse to that obtained with

ketanserin although RO 43-0440 did not significaattenuate L-NA-induced
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antidepressant like activity in the FST. Like kesamn, Ro-430440 alone provoked an
increase in immobility and reduction in swimminghbaeiours consistent with a pro-
depressant like action and these behavioural sffgete attenuated by co-treatment
with L-NA. By contrast to ketanserin, RO-430440 dat affect locomotor activity in
the current study. The dose of RO 43-0440 was sseldiased on our observations
that pre-treatment with RO 43-0440 at doses nettlesn 2.5 mg/kg can block
fenfluramine-induced hypophagia and hypothermiactvimave previously been
reported to be mediated via the stimulation of 5¢+¥Eceptors (Cryan et al., 2000;

Gibson et al., 1993).

The apparent differences between responses obtaittedhetergoline, ketanserin
and RO-430440 suggest that the 5;Klfleceptor is the predominant receptor subtype
involved in the attenuation of the antidepressat-dctivity of L-NA and that 5-
HT.,a2c receptors play a role in promoting pro-depressikatbehaviours in the FST
which may be attenuated by co-treatment with L-NA clarify the role of 5-HT
receptors further, treatment with the selectivelaAand 5-HTg/1p receptor
antagonists, WAY 100635 and GR 127935 respectivailed to influence
behaviours in the FST either alone or in combimatwith L-NA. WAY 100635 is a
full antagonist at both pre and postsynaptic 5A¥Eceptors and doses of 0.1 mg/kg
or lower are required to block both the pre andgyosptic effects of 8-OH DPAT
(Critchley et al., 1994; Forster et al., 1995; Momed Sanger, 1999). Both agents
have previously been reported to lack activityhie EST (De Vry et al., 2004;
Tatarczyiska et al., 2004) although co-treatment with WAY)@85 (0.3mg/kg) can
attenuate the effects of the selective 5:kfeceptor agonist 8-OH-DPAT in the FST

(DeVry et al., 2004; Moser and Sanger 1999). MoeeWAY 100635 (0.3mg/kg)
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has previously been reported to partially attentlaeantidepressant activity of the
SSRI fluoxetine in the rat FST. Whilst higher dokase been reported to
demonstrate a potential role of 5-HTeceptors in the FST, these experiments have
used alternative strains (Martinez-Mota, 2002),dwats (Estrada-Camarena et al.,
2006a) and/or rats which have been ovariectomigsttgda-Camarena, 2006b) and

direct comparisons are not possible with the prestenly.

Similarly, pre-treatment with the 5-Hd antagonist GR-127935 (at doses up to 4
mg/kg) attenuates the behavioural effects of 3gH€ceptor agonists in various rat
behavioural paradigms (deBoer and Koolhaas, 2068p@off et al., 1999; Tomkins
and O’Neill, 2000) but could not influence the depressant-like effect of L-NA in
the present experiment. Given the evidence to saf@i5-HT in the antidepressant-
like activity of L-NA, it is perhaps surprising thahibition of pre-synaptic
autoreceptors by WAY 100635 or GR-127935 did noilifate the effects of L-NA in
the FST, even if postsynaptic 5-Ihlreceptors are not involved. This outcome
suggests that L-NA may modulate synaptic 5-HT agity by mechanisms
independent of pre-synaptic autoreceptors. Suppod role of 5-HT and/or 5-
HT,g receptors in the antidepressant-like effects dfA.in the FST is currently

lacking, although additional studies with selecteenpounds might be worthwhile.

In conclusion the current data further demonstitadeantidepressant-like potential of
the NOS inhibitor L-NA, and also suggest that tebdvioural effects have a 5-HT
related mechanism of action due to the additiveat$fof low doses of L-NA and
fluoxetine and the influence of L-NA in swimmingtinot climbing behaviour.

Interpretation of the results obtained with the selective and 5-H receptor
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antagonists must be approached with caution shrcarttagonists caused effects by
themselves that were still apparent following coaadstration with L-NA. The
antidepressant-like effects of L-NA however weré modified by RO-430440 or
WAY 100635 suggesting that 5-HJand 5-HTa receptors are not involved. The fact
that WAY 100635 can block both pre and post-syragiteptors may contribute to

the lack of effects observed with this compound.
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Table 1: Effect of L-NA on regional brain 5-HTP acaulation following FST

exposure
Group 5-HTP Tissue concentration (ng/g wet weight)
Cortex Striatum Hippocampus Amygdala
Vehicle 179+ 10 364 + 37 246 + 12 344 + 13
L-NA (5) 221 +21 431 £ 40 286 + 18 403 £ 27
L-NA (10) | 216+11 398 + 28 275+ 10 411 £ 10*
L-NA (20) @ 223+6 404 £ 49 280 + 15 465 + 16*
5-HIAA Tissue concentration (ng/g wet weight)
Vehicle 108 + 6 439 + 33 183+ 16 172 £ 11
L-NA (5) 130+ 6 496 + 49 254 + 16** 223 + 14*
L-NA (10) & 118+8 458 + 36 227 + 9* 200 + 8*
L-NA (20) | 118+5 442 + 45 233 + 14* 212 + 12*
5-HT Tissue concentration (ng/g wet weight)
Vehicle 532 + 28 753 £ 42 553 + 39 748 + 38
L-NA (5) 512 +18 751+ 76 572 + 17 773 £25
L-NA (10) | 530+ 20 707 £ 53 522 +19 738 £ 23
L-NA (20) | 506 + 22 685 + 71 526 + 29 752 £ 31
5-HIAA:5-HT
Vehicle 0.207 £ 0.017 0.584 £ 0.034 0.330 + 0.014 .220 £ 0.007
L-NA (5) 0.259 + 0.020 0.671 + 0.039 0.443 + 0.022*0.288 + 0.015*
L-NA (10) | 0.223 +0.011 0.653 £ 0.035 0.437 £ 0.9123 0.271 + 0.008*
L-NA (20) | 0.235 +0.009 0.656 + 0.037 0.446 + 0.623 0.282 + 0.011*

Dose related effects of L-NA on regional changes-téTP, 5-HIAA, 5-HT and the
5-HIAA:5-HT ratio following FST exposure. L-NA (3,0 and 20 mg/kg) was
administered 24, 5 hours and co-administered wiiDN.015 (100mg/kg i.p.) 1 hour
prior to FST. Brain regions were dissected immetiyahfter the FST. Data represents
the mean and standard error of 8-10 animals perpgaod was analysed using a one
factor ANOVA followed by a Dunnett’s test. * P <06, **P < 0.01 vs. Vehicle
Control. 5-HTP: 5-hydroxytryptophan.
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Table 2: Effect of L-NA on regional brain 5-HTP }BF and 5-HIAA concentrations

following NSD 1015 administration to rats

Group

Vehicle
L-NA (5)
L-NA (10)
L-NA (20)

Vehicle
L-NA (5)
L-NA (10)
L-NA (20)

Vehicle
L-NA (5)
L-NA (10)
L-NA (20)

Vehicle
L-NA (5)
L-NA (10)
L-NA (20)

5-HTP Tissue concentration (ng/g wet weight)

Cortex

158 + 32
233 £51
160 + 21
184 + 22

Striatum

284 + 59
341 + 30
235 + 37
241 + 27

5-HIAA Tissue concentration (ng/g wet weight)

109 + 16
160 + 24
138 +18
157 £ 17

434 + 84
438 + 28
340 + 36
462 + 27

5-HT Tissue concentration (ng/g wet weight)

463 + 74
553 +90
446 + 48
502 +41

S-HIAA:S-HT

0.245 +0.021
0.296 +0.015
0.322 £ 0.045
0.318 + 0.029

837 + 145
799 + 33
620 + 70
674 + 37

0.495 + 0.033
0.556 + 0.046
0.562 + 0.052

0.698 + 0.055*

Hippocampus Amygdala
246 + 38 402 + 54
282 + 45 415 + 48
255 + 35 297 + 17
276 * 36 398 + 32
202 + 35 214 + 23
258 + 38 281+ 44
236 = 33 237 £ 39
298 + 32 308 + 24
452 + 65 793 £ 90
529 + 66 862 + 80
463 + 63 657 + 65
519 + 50 875 + 63
0.431 £0.024 .276 +0.017

0.482 +0.022 0.326 + 0.042
0.528 £ 0.047 0.361 +0.038
0.572 + @04 | 0.359 +0.032

Dose related effects of L-NA on regional changesiBTP, 5-HT and 5-HIAA
concentrations in NSD-1015 treated animals. L-NA ® and 20 mg/kg) was
administered 24, 5 hours and co-administered wBiDNLO15 (100mg/kg i.p.) 1 hour
and 5 minutes prior to animal sacrifice when braggions were dissected
immediately. Data represents the mean and staretesd of 7-8 animals per group
and was analysed using a one factor ANOVA followga Dunnett’s test. * P < 0.05
vs. Vehicle Control. 5-HTP: 5-hydroxytryptophan;H3= 5-hydroxytryptamine; 5-
HIAA: 5-hydroxyindoleacetic acid.
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Figurelegends:

Figure 1: Rats received L-NA (5, 10 and 20 mg/kg) 24 and 5 hours, and were co-
treated with NSD-1015 (100mg/kg, i.p.) 1 hour, ptmtest. Immobility (A),
Swimming (B) and Climbing (C) data in seconds (g)expressed as mean and
standard error of 7-10 animals. * P < 0.05; ** B.@1 vs. Vehicle Control. + P <

0.01 vs. Vehicle + NSD-1015 group.

Figure 2: Rats received L-NA (1mg/kg, i.p.) andoftetine (2.5mg/kg, i.p.) alone and
in combination 24, 5 and 1 hour prior to test. Intifity (A), Swimming (B) and
Climbing (C) data in seconds (s) are expressedeasrand standard error of 10

animals. + P < 0.05 vs. vehicle control, L-NA dhmxetine alone treated groups.

Figure 3: Rats received L-NA (20mg/kg, i.p.) andengoline (1, 2 and 4mg/kg, i.p.)
alone and in combination 24, 5 and 1 hour prideg. Immobility (A), Swimming

(B) and Climbing (C) data in seconds (s) are exygéss mean and standard error of
9-10 animals. .* P < 0.05 ; ** P < 0.01 vs. Vehi@entrol; + P < 0.05 vs. Vehicle +

L-NA.

Figure 4: Rats received L-NA (20mg/kg, i.p.) andkeerin (5mg/kg, i.p.) alone and
in combination 24, 5 and 1 hour prior to test. Intiity (A), Swimming (B) and
Climbing (C) data in seconds (s) are expressedeasrand standard error of 10

animals.* P < 0.01 vs. Vehicle Control; + P < 0u@5 Vehicle + L-NA.
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Figure 5: Rats received L-NA (20mg/kg, i.p.) and-R8D440 (5mg/kg, i.p.) alone
and in combination 24, 5 and 1 hour prior to teemobility (A), Swimming (B) and
Climbing (C) data in seconds (s) are expressedeasrand standard error of 10

animals.* P < 0.01 vs. Vehicle Control; + P < 0u31 RO 430440 + Vehicle.

Figure 6: Rats received L-NA (20mg/kg, i.p.) and WA00635 (0.3mg/kg, i.p.)
alone and in combination 24, 5 and 1 hour pridegt. Immobility (A), Swimming
(B) and Climbing (C) data in seconds (s) are exygéss mean and standard error of

10 animals.* P < 0.01 vs. Vehicle Control.
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Figure 1 : Effect of NSD-1015 on the antidepressiziatactivity of L-NA in the FST
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Figure 2 : : L-NA augments the activity of fluoxatiin the FST
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Figure 3 : Effects of Metergoline on the antidepesg-like activity of L-NA in the

FST
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Figure 4 : Effect of ketanserin on the antidepressie activity of L-NA in the FST
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Figure 5 : Effect of RO-430440 on the antideprestke activity of L-NA in the FST
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Figure 6: Effect of WAY 100635 on the antidepresdie activity of L-NA in the

FST
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