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ABBREVIATIONS

ADP adenosine diphosphate

AGAT glycine amidinotransferase

ANOVA analysis of variance

ATP adenosine triphosphate

GAMT guanidinoacetate N-methyltransferase
cGMP 3'-5'-cyclic monophosphate

CNS central nervous system

DA dopamine

FST forced swim test

GAA guanidinoacetate

GABA y-amino butyric acid

HPLC high pressure liquid chromatography
5-HIIA 5-hydroxyindoleacetic acid

5-HT 5-hydroxytryptamine, serotonin

L-Arg L-arginine

MAOI monoamine oxidase inhibitor

NA noradrenaline

NADPH nicotinamide adenine dinucleotide phosphate
NANC nonadrenergic, noncholinergic

NE norepinephrine

NDRI norepinephrine and dopamine reuptake inhibitor
7-NI 7-nitroindazole

NMDA N-methyl-D-aspartate

NO nitric oxide

NOx nitrite plus nitrate

eNOS endothelial NOS

iNOS inducible NOS

nNOS neuronal NOS

NOS nitric oxide synthase

NRI selective norepinephrine reuptake inhibitor
PCPA para-Chlorophenylalanine methyl ester
SARI serotonin antagonist/reuptake inhibitor
S.EM standard error of means

sGC soluble guanylate cyclase

SNDI serotonin and norepinephrine disinhibitor
SNRI serotonin norepinephrine reuptake inhibitor
SSRI selective serotonin uptake inhibitor

TCA tricyclic antidepressant

TRIM 1-(2-trifluoromethylphenyl)imidazole

TST tail suspension test



INTRODUCTION

Depressive disorders represent a major public health problem due to their high
prevalence and psychosocial impact, and significant societal costs (Kessler et
al., 2003;0lesen et al., 2008;Andlin-Sobocki et al., 2005). There is evidence
that only one third of patients respond favourably to the antidepressant drugs.
One third does not respond at all, and in clinical trials, at least one third respond
to the placebo (Silva, 2005). The percentage of patients exhibiting response and
remission to either serotonin norepinephrine reuptake inhibitors (SNRI) or
selective serotonin uptake inhibitors (SSRI) in an acute, randomized, double-
blind clinical trial is approximately 60% and 35-40%, respectively (Lieberman
et al., 2005;Nemeroff, 2006). This observation has led to the almost universal
view that although monoamine systems are integral to the mechanism of action
of antidepressants, they are not the final common pathway of action. Identifying
such pathways represents one future direction in the pharmacotherapy of mood
disorders. Likewise, several new hypotheses of depression including impaired
brain plasticity (D'Sa and Duman, 2002;Santarelli et al., 2003) and role of
neurotrophic factors (Shirayama et al., 2002;Duman, 2004;Tanis et al., 2007)
have been proposed, but have so far not resulted in new clinically useful drugs
(Pittenger and Duman, 2008). The limitations of current antidepressant drugs
have warranted on-going research to identify pharmacological agents and
strategies offering a greater therapeutic efficacy. NMDA/L-arginine/nitric oxide
(NO) pathway has been implicated in the regulation of anxiety and depression
by numerous preclinical studies (Wiley et al., 1995;Volke et al., 2003;Harkin et
al., 1999). It has previously demonstrated the possible indirect effect of some
clinically used antidepressants in relevant clinical concentrations on nitric oxide
synthase (NOS) activity in the hippocampus by means of in vivo microdialysis
(Wegener et al., 2003). NOS inhibitors have been shown to possess anxiolytic-
like (Volke et al., 1995), antidepressant like (Harkin ef al., 1999) and anti-
psychotic-like properties in animal models. Interestingly, the other metabolite of
arginine — agmatine (1-amino-4-guanidinobutane), has also been suggested to
serve as a putative neurotransmitter in the brain (Reis and Regunathan, 2000).
Administration of agmatine has effects on pain treshold, memory functions and
possesses antidepressant- and anxiolytic-like effects in animals (Reis and
Regunathan, 2000). The aim of the current study was to futher evaluate the role
of L-arginine pathways in the mechanism of depression.



REVIEW OF LITERATURE

I. Major depressive disorder
I.1. Characteristics and prevalence of depression

Depression is a frequently seen psychiatric illness resulting in loss of
psychosocial ability. It is a serious public health problem with high morbidity
and mortality and it also increases the risk of co-morbidity. The prevalence of
depression during life is 17-19% and the risk of committing suicide during
depression is estimated to be 15% (Kessler et al, 2003). The multiple
symptoms of depression include anhedonia, depressed mood, inappropriate
guilt, apathy, fatigue etc. Depressive disorders represent a major public health
problem due to their high prevalence and psychosocial impact, and significant
societal costs (Kessler et al., 2003;0lesen et al., 2008;Andlin-Sobocki et al.,
2005). Although the monoamine hypothesis has been the mainstay of de-
pression research for many years (Schildkraut, 1965;Heninger et al., 1996), the
underlying pathophysiological mechanisms of depression remain obscure. The
strength of monoamine hypothesis is that virtually all available antidepressant
treatments, pharmacological as well as non-pharmacological (e.g., Electro-
convulsive Therapy), affect the monoaminergic neurotransmission in the brain.
More recently, it has been postulated that monoamines are merely modulators
mediating the antidepressant effect of currently used drugs, and that down-
stream molecular events are more important in the pathophysiology of
depression (Pittenger and Duman, 2008).

1.2. Antidepressants

Depression is a complex, heterogeneous disorder, and the mechanisms
underlying its pathogenesis are not that clear and are subject of intensive
investigation using pharmacological and genetic tools and animal models
(Mcewen et al., 2010).

The “monoamine hypothesis” of depression, which involves imbalances in
serotonergic, noradrenergic and possibly dopaminergic functions, has domi-
nated notions and explanations of the pathophysiology of depression since the
empirical discovery of the antidepressant properties of monoamine oxidase
inhibitors (MAOIs) and tricyclics about fifty years ago. Although the mono-
aminergic neurotransmitters serotonin (5-HT), noradrenaline (NA) and dopa-
mine (DA) are undoubtedly involved, it is now recognized that monoamine
deficits are only part of the story and may not be sufficient on their own to
explain the mechanism of action of antidepressants.
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Although a range of antidepressant medications are available, a substantial
number of patients either do not respond adequately to these or are unable to
tolerate their adverse effects. As a basic understanding of depression the
monoamine hypothesis was formulated in the mid 1960s based on the anti-
depressant efficacy of the monoamine reuptake inhibitors, the monoamine
oxidase inhibitors and the depressogenic effects of reserpine as a monoamine
depleter (Belmaker, 2007). This hypothesis suggests a deficiency or imbalances
in the monoamine neurotransmitters, such as serotonin, dopamine and nore-
pinephrine, as the cause of depression. Among therapeutic agents, many anti-
depressants including tricyclics, monoamine oxidase inhibitors and selective
serotonin reuptake inhibitors exert their therapeutic action through their ability
to increase the synaptic content of monoamine neurotransmitters (Morilak and
Frazer, 2004). However, antidepressants exert their therapeutic action only after
chronic treatment, indicating that enhanced 5-HT or NE neurotransmission per
se is not responsible for the clinical actions of these drugs. Second, anti-
depressants are effective in less than 50% of patients (Nestler et al, 2002;
Berman et al., 2000), which suggests that additional biological substrates could
provide potential therapeutic targets. Novel molecules include other possible
mechanisms like noradrenalin and selective serotonin antagonists or melatonin
receptor agonist and SHT2C receptor antagonist agomelatine (San and Arranz,
2008;Dubovsky and Warren, 2009). Many new targets are also suggested, e.g.,
small studies have suggested that NMDA receptor antagonist ketamine is able
to improve the symptoms of depression within hours (Berman et al., 2000). Due
to multiple mechanisms of actions, the classification of antidepressants is
complicated. One possible mechanism based classification of antidepressants
has been given in Table 1.
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Table 1. Classification of antidepressants (Stahl, 2008)

Mechanism Abbrevations | Example

Serotonin selective reuptake SSRIs Fluoxetine, Sertraline, Paroxetine,

inhibitors Fluvoxamine, Citalopram,
Escitalopram

Serotonin norepinephrine SNRIs Venlafaxine, Desvenlafaxine,

reuptake inhibitors Duloxetine, Milnacipran

Norepinephrine and dopamine | NDRIs Bupropion

reuptake inhibitors

Selective norepinephrine NRIs Reboxetine, Atomoxetine

reuptake inhibitors

Alpha 2 antagonists as SNDIs Mirtazapine

serotonin and norepinephrine

disinhibitors

Serotonin antagonist/reuptake | SARIs Trazodone, Nefazodone

inhibitors

Classic antidepressants: MAOIs Phenelzine, Tranylcypromine,

monoamine oxidase inhibitors Isocarboxazid, Amphetamines,
Isocarboxazid, Amphatamines,
Moclobemide

Classic antidepressants: TCAs Clomipramide, Imipramine,

tricyclic antidepressants

Amitriptyline, Nortriptyline,
Protriptyline, Maprotiline,
Amoxapine, Doxepine,
Desipramine, Trimipramine,
Dothiepin, Lofrepramine,
Tianeptine
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2. L-Arginine pathways

L-arginine has been classified as a ‘semi-essential’ or ‘conditionally essential’
amino acid (Wiesinger, 2001). This characterization alludes to the fact that
arginine can be synthezised in a sufficient quantity in the healthy adult.
However, it has to be extracted from the diet as a supplement to the endogenous
synthesis in growing mammals, during a disease or trauma (Wiesinger, 2001).
De novo synthesis of arginine depends on the presence of ornithine
carbamoyltransferase which, together with carbamoylphosphate synthetase I is
located in the mitochondrial matrix. It is one of the more metabolically versatile
amino acids, giving rise to nitric oxide, urea, ornithine, citrulline, creatine,
agmatine, glutamate, proline, and polyamines (Wu and Morris, 1998). It is
therefore no surprise that its metabolism is complex and highly regulated.

De novo synthesis of arginine from citrulline occurs primarily in the
proximal tubules of the kidney (Wu and Morris, 1998).

L-arginine can be catabolized by 4 sets of enzymes in mammalian cells:
nitric oxide synthases, arginases, arginine:glycine amidinotransferase, and
arginine decarboxylase. These L-arginine pathways have been outlined in
Figure 1 and 2.

creatine

>

guanidinoacetate
‘
L-ornithine L-arginine == NO == cGMP T

L-citrulline

arginine
decarboxylase

agmatine

Figure 1. Pathways metabolizing L-arginine
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Nitric oxide synthases:

arginine + O, citrulline + NO
Arginases:
arginine = ornithine + urea

Arginine:glycine amidinotransferase:
arginine + glycine —— ornithine + guanidinoacetate

Arginine decarboxylase:
arginine

|

agmatine + CO,

Arginine deiminase:
arginine

citrulline + NH,™

Figure 2. Biochemical reactions of L-arginine metabolism (Morris, 2004)

Arginine is involved in multiple metabolic processes that play important roles in
a very wide range of physiological and pathophysiological conditions. Poly-
amines have been described as modulators of ion channels and neurotransmitter
receptors (Williams, 1997). Therefore arginine can be considered as a precursor
of several signaling molecules including agmatine, polyamines and NO (Wu
and Morris, 1998).

2.1. Nitric oxide

L-arginine is a substrate of all the isoforms of NO synthase which generate from
L-arginine and molecular oxygen NO and L-citrulline in a five-electron transfer
reaction. L-arginine is the only substrate of all the isoforms of NOS and in the
absence of arginine NOS is unable to generate NO. (Xia et al., 1998). It should
be emphasized that, due to the diffusible nature of the NO radical, synthesis is
already the major control point for its action and is regulated at the
transcriptional level of enzyme as well as by cofactors (Xie and Nathan, 1994).

2.1.1. The isoforms of nitric oxide synthases

NO is synthesized from L-arginine by a family of three NO synthases. The first
NOS isoform to be purified was constitutively expressed neuronal or brain NOS
(nNOS or NOS-1) (Bredt and Snyder, 1994). Stuehr and others were the first
ones who described inducible NOS (iNOS or NOS-2) (Stuehr et al., 1991).
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Finally, endothelial NOS (eNOS or NOS-3) was purified (Forstermann et al.,
1991a;Forstermann et al., 1991b;Forstermann et al., 1990;Pollock ef al., 1986).

Table 2. Nitric oxide synthase isoforms

Isoenzyme Typical localization

nNOS Central and peripheral neurons, NANC neurons, islets, endometrium,
skeletal muscles, etc

iNOS Macrophage, liver, smooth muscle, endothelium, heart, etc

eNOS Endothelium, brain, heart, etc

The major difference between inducible and constitutive isoforms is that the
activity of nNOS and eNOS is largely regulated by the cytosolic free calcium
concentration. In contrast, iNOS activity is mostly dependent on the expression
of the molecule in the activated cell (Bredt and Snyder, 1994).

Expression of iNOS protein requires transcriptional activation, which is
mediated by specific combinations of cytokines. The NO output by iNOS is
further regulated by the availability of L-arginine, depending on the L-arginine
transporter activation, and the activity of other L-arginine metabolizing enzymes
like arginase (Bredt, 1999).

2.1.2. Targets of nitric oxide

NO is a reactive molecule which has been suggested to have multiple targets. It
has been demonstrated that NO is a powerful stimulator of soluble guanylate
cyclase (sGC), leading to an increase in levels of 3'-5'-cyclic monophosphate
(cGMP) (Schuman and Madison, 1994). The resulting increase in cGMP levels
can then modulate the activities of cGMP-dependent protein kinases,
phosphodiesterases, and ion channels (Southam et al., 1996;Salter et al., 1996).
There are several other possible targets for NO, including cyclooxygenase and
tryptophane hydroxylase (Misko et al, 1993;Kuhn and Arthur, 1996). Thus,
some physiological effects of NO are independent of the sGC activation, and it
has been demonstrated that NO, induced by the NMDA receptor stimulation,
activates the p21 (ras) pathway of signal transduction with a cascade involving
extracellular signal-regulated kinases and phosphoinositide 3-kinase (Yun et al.,
1998;Dawson et al., 1998). Other enzymes that constitute cellular targets for
NO are cyclooxygenases, ribonucleotide reductase, some mitochondrial
enzymes and NOS itself (Garthwaite and Boulton, 1995).

There are a number of mechanisms through which the effects of NO are
mediated, but the reaction of NO with cysteine residues in proteins, a process
known as nitrosylation, is emerging as one of the most important mechanisms.
Nitrosylation is a physiologically important post-translational modification that
affects a wide variety of proteins involved in a number of cellular processes
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(Dash et al., 2007). Proteins that can be nitrosylated are, for instance, H-Ras,
Dexras 1, NMDA receptor, eNOS (Nakamura and Lipton, 2008;Chung and
David, 2010;Stamler et al., 2001).

2.1.3. Nitric oxide in the nervous system

Synthesis of NO occurs in neurons throughout the CNS including spinal cord
and retina (Dun et al., 1992), in the endothelial cells lining the capillaries
(Seidel and Bicker, 1997) and in most cell types of the parenchyma. NO is
quoted to be an unconventional neurotransmitter with potential role also as a
retrograde messenger (Esplugues, 2002). Several in vivo studies have demon-
strated that NO modulates the extracellular levels of various neurotransmitters
in the CNS, e.g serotonin, dopamine, GABA and glutamate (Kaehler et al.,
1999;Wegener et al., 2000;Segovia et al., 1994). Synthesis of NO in the
nervous system has been shown to be connected with the activity of the NMDA
receptor. The NMDA receptor is a ligand-gated, voltage-sensitive ionophore
which gates Ca®’ and, to a lesser extent, Na" and K" (Meguro et al., 1992).
Stimulation of the receptor and opening of the ionophore results in Ca*" entry
into the receptive neuron. The Ca’" binds to and stimulates a calcium—
calmodulin complex which, in turn, stimulates nitric oxide synthase (Southam
et al., 1996).

The role of NO in the CNS is highly multifunctional and it is involved in
many physiological and pathological processes, such as neurotransmission,
neurodifferentiation, and neurodegeneration (Peunova and Enikolopov, 1995;
Gatto et al., 2000;Prast and Philippu, 2001).

2.1.4. Possible role of nitric oxide in depression

Nitric oxide has been implicated in the regulation of multiple processes in the
CNS like learning and memory, pain perception, depression, aggression,
feeding behaviour etc. (Esplugues, 2002;Harkin ef al., 1999;Guimaraes et al.,
2005). Most of the evidence linking NO to the mechanisms of depression
derives from preclinical studies. Thus, Jefferys and Funder in 1996 and Harkin
et al. in 1999 showed that the NOS inhibitors possess antidepressant-like
properties in rat and mouse model, respectively (Jefferys and Funder, 1996;
Harkin et al. 1999). The antidepressant-like effect of the NOS inhibitors is
related to the inhibition of neuronal isoform of NOS (Volke ef al., 2003) and is
mediated by the serotonergic mechanisms (Harkin ef al., 2003). In line with
that, it has been demonstrated by in vivo microdialysis that the NOS inhibitors
increase and L-arginine supresses the 5-HT level in the hippocampus of freely
moving rats (Wegener et al., 2000). Thus, at least in the ventral hippocampus
the serotonergic neurotransmission may be under tonic negative control of NO.
Likewise, the NOS inhibitors as well as the invalidation of nNOS gene had an
antidepressant effect in the chronic mild stress model of depression (Zhou et al.,
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2007). Moreover, our group has previously demonstrated the possible indirect
effect of some clinically used antidepressants in relevant clinical concentrations
on the NOS activity in the hippocampus by means of in vivo microdialysis
(Wegener et al., 2003). Interestingly, it has also been shown, in the first study
describing the antidepressant-like effect of the NOS inhibitor L-nitro-arginine in
mice, that the precursor of NO, L-arginine, was able to counteract the
antidepressant-like effect of imipramine (Harkin et al., 1999). Recently, the
same phenomenon was described using antidepressant drugs bupropion and
venlafaxine (Dhir and Kulkarni, 2007a;Dhir and Kulkarni, 2007b) as well as in
case of some putative antidepressant drugs, namely memantine and folic acid
(Almeida et al., 2006b;Brocardo et al., 2008).

There are also a few supportive clinical studies linking NO to depression.
Thus, in a small clinical study, depressed patients had increased plasma levels
of nitrate, the end-product of NO metabolism (Suzuki ef al., 2001). Even more
convincing is the fact that depression as a side-effect of interferon-alpha therapy
was accompanied by a significant rise in plasma nitrate levels (Suzuki et al.,
2003). However, opposing evidence also exists demonstrating decreased
platelet NOS activity and plasma nitrate levels in major depression (Chrapko et
al., 2004).

2.2. Arginase

Arginase is the final enzyme in the urea cycle and hydrolyzes arginine to urea
and ornithine. Two isoforms of arginase exist in mammals. Arginase I (liver
arginase) is located in the cytosol and is most abundant in liver. Arginase II is
located primarily in the mitochondrial matrix and is expressed more widely,
though at highest levels in kidney and prostate (Jackson et al., 1986;Spector et
al., 1994;Gotoh et al., 1996;Gotoh and Mori, 1999;Vockley et al., 1996).

Arginase has potential roles as a regulator of the synthesis of glutamate,
polyamines, proline and nitric oxide (Wu and Morris, 1998). Arginase is
expressed in many regions of the motor system, sensory system, in the memory-
related structures, hippocampus and amygdale (Yu er al, 2001). There is
possibility that arginase might function in the sensory and motor system through
the arginine-ornithine-glutamate-GABA pathway (Yu et al., 2001). Arginase
has a potential role as a regulator of the synthesis of nitric oxide since the
regulation of arginine availability could determine cellular rates of NO
production (Wu and Morris, 1998). Overall, the functional aspects of arginase
in the CNS are not yet well characterised. As this part of the L-arginine pathway
is not the main focus of this work, it is not expanded upon.
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2.3. L-arginine: glycine amidinotransferase (AGAT)

Another important enzyme in the L-arginine pathway is AGAT. AGAT
catalyzes the transfer of a guanidino group from arginine to glycine to form
ornithine and guanidinoacetate (GAA). This is believed to be the regulated step
of creatine biosynthesis. High activities of AGAT are found in the kidneys and
in the pancreas (Walker, 1979). The next step in the pathway is the synthesis of
creatine from GAA by guanidinoacetate methyltransferase (GAMT). Interes-
tingly, AGAT and GAMT have been suggested to be involved in the synthesis
of creatine in the brain (Beard and Braissant, 2010). Moreover, it is possible
that creatine can act as a neuromodulator or even neurotransmitter. Thus,
creatine is able to affect GABAA receptors as a partial agonist or antagonist (De
Deyn et al., 1991;Neu et al., 2002). Likewise, in the organotypic neuronal
cultures creatine is released after electrical stimulation like classical neurotrans-
mitters leading to the suggestion that creatine may act as a neuromodulator or
transmitter (Almeida et al., 2006a). Taken together, this possibility adds further
complexity to the potential role of L-arginine pathways as from the same
substrate potentially 3 neurotransmitters could be synthesised. However, as this
part of L-arginine pathway is not in the main focus on this work, it has not been
expanded upon.

2.4. Agmatine

In 1994, agmatine was identified in the mammalian brain (Li et al., 1994). It has
been postulated that agmatine is synthesized in the brain, stored in synaptic
vesicles in a large number of neurons with selective distribution in the CNS,
released by depolarization, and inactivated by selective re-uptake (Reis and
Regunathan, 2000). As depicted in Figure 3 agmatine can be degraded by
agamtinase in the brain and by diamine oxidase in the peripheral tissues (Holt
and Baker, 1995;Sastre et al., 1998).
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L-Arginine

Arginine
decarboxylase

Agmatine

Agmatinase Diamine oxidase

Putrescine Guanido butanoic acid

Figure 3: Metabolism of agmatine (Raasch et al., 2001)

2.4.1. Targets of agmatine

Agmatine is able to interact with multiple targets in the CNS. Agmatine is an
endogenous ligand at imidazoline 1 and 2 receptors, binding to these receptors
with high affinity (Reis and Regunathan, 2000;Li et al, 1994). Initially,
agmatine was conceptualised as an endogenous clonidine-displacing substance
of imidazoline receptors; however, it has now been established to have affinity
for several transmembrane receptors, such as alpha(2)-adrenergic, imidazoline 1
and 2 and glutamatergic NMDA receptors. In addition to activity at these
receptors, agmatine may interact with many non-receptor targets. Thus, it
irreversibly inhibits neuronal nitric oxide synthase and downregulates inducible
nitric oxide synthase (Reis and Regunathan, 2000). Moreover, in preclinical
experiments agmatine has been shown to interact with multiple molecular
targets important for the nervous system function: blockade of key ionic
channels (e.g., ATP-sensitive K+ channels and voltage-gated Ca++ channels);
the inhibition of protein ADP-ribosylation and thus, interference with cell
signalling; the inhibition of matrix metalloproteases enzymes implicated in
nerve cell death (Kawasaki et al., 1985;Yang et al., 2007;Shepherd et al., 1996;
Murayama et al., 1993).

2.4.2. Agmatine in nervous system

The fact that agmatine has no single specific receptor in the nervous system has
made the studies looking at the possible role of endogenous agmatine a bit
elusive. It has been argued that as the concentration of agmatine in brain is
comparable to that of classical neurotransmitters it may serve as a neuro-
transmitter (Reis and Regunathan, 2000). Most of the evidence linking agmatine
to distinct functions in nervous system comes from the studies which have
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primarily used the administration of agmatine for the proof of concept. The
administration of agmatine has analgesic effect, enhances morphine analgesia
but mitigates development of morphine tolerance, dependence and relapse (Wei
etal.,2007;Wu et al., 2008).

It has been shown that agmatine may modulate memory, since it produces an
amnesic effect when administered before a contextual fear conditioning
(Lavinsky et al., 2003), however its post training injection facilitated memory
consolidation in an inhibitory avoidance task (Arteni et al., 2002).

Agmatine has been widely studied and is known to have neuroprotective
effects against various experimental neuronal injuries. Agmatine reduces the
neuronal loss after cerebral ischemia and spinal cord injury, the neurotoxity
induced by NMDA/glutamate or glucocorticoid administration (Gilad and
Gilad, 2000;Yang and Reis, 1999;Feng et al., 2002). Abe et al reported that
agmatine decreased the production of nitric oxide in lipopolysaccharide-treated
microglia in vitro (Abe et al., 2000). Ahn et al showed a similar finding in
oxidative stressed microglia and they also assessed agmatine’s effects on the
cell viability and apoptosis of cultured microglia and the activity of iNOS in
ischaemic penumbra in vivo (Ahn et al., 2011).

2.4.3. Possible role of agmatine in depression

Animal studies have linked agmatine to the stress-related mechanisms in the
brain. Zhu et al. demonstrated that the administration of exogenous agmatine
protects the hippocampus and medial prefrontal cortex against neuronal insults
caused by repeated immobilization (Zhu et al., 2008). The parallel increase in
endogenous brain agmatine and arginine decarboxylase protein levels triggered
by repeated immobilization indicates that the endogenous agmatine system may
play an important role in adaptation to stress as a potential neuronal self-
protection mechanism (Zhu et al., 2008).

Several reports have demonstrated that agmatine given systemically (i.p.) or
centrally (i.c.v.), is producing significant antidepressant-like effects in the FST
in mice and rats and the magnitude of the effect is comparable to those of the
classical antidepressant drugs (Zomkowski et al., 2002;Zomkowski et al.,
2004;Li et al., 2003;Aricioglu and Altunbas, 2003). The antidepressant-like
action of agmatine is also evident in the mouse tail suspension test (Zomkowski
et al., 2002). The antidepressant-like effect of agmatine has been shown to
depend on serotonergic system (Zomkowski et al., 2004). It has been suggested
that NMDA receptors (Li ef al., 2003), or imidazoline I1 and I2 receptors are
mediating the antidepressant effect (Zeidan et al., 2007;Taksande et al., 2009).
The role of agmatine as a modulator of depression has also been suggested in
clinical studies. The first study linking agmatine and depression demonstrated
that plasma agmatine concentration was significantly elevated in depressed
patients compared with healthy controls (Halaris et al., 1999). Moreover,
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agmatine concentrations were normalised by antidepressant therapy with
bupropion.

Of interest is the very recent clinical trial showing that oral agmatine
treatment had analgesic effect in lumbar radiculopathy patients (Keynan et al.,
2010). Thus, one can optimistically assume that preclinical effects of agmatine
translate into clinical benefit.
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AIMS OF THE STUDY

The general aim of the study was to further clarify the possible involvement of
L-arginine pathways in the regulation of depression.

The specific aims of the study were as follows:

1. To characterize the behavioural effects of agmatine in animal models
predictive of antidepressant- and anxiolytic-like activity, and to evaluate the
involvement of serotonin in these effects.

2. To evaluate whether pretreatment with L-arginine can counteract the
antidepressant-like effects of different classes of antidepressants in the
mouse forced swimming test, and weather these antidepressants modulate
the nitrite plus nitrate level in brain.

3. To elucidate the possible role of NO and agmatine in the regulation of
marble-burying behaviour.
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MATERIALS AND METHODS
I. Animals

Male C57BIl/6J mice (Scanbur AB, Solletuna, Sweden) weighing 20-25 g were
used. Mice were kept 10 per cage in an animal house at 20°C in a 12h light/dark
cycle (light on at 7.00 a.m.). Tap water and food pellets were available ad
libitum. The animals were kept for at least two weeks in the animal colony
before entering experiments. All animal procedures were accepted by the
National Committee for Ethics in Animal Experimentation and complied with
"Principles of laboratory animal care" (NIH publication 25-28, 1996).

2. Behavioural methods
2.1. Forced swimming test

The forced swimming test is a method to estimate behavioural despair in a
stressful and inescapable situation. The forced swimming test was performed as
described by Porsolt et al. (Porsolt et al., 1977). Briefly, a glass cylinder, 12 cm
in diameter and 24 cm in height, was filled with 8 cm water at 25 °C. The
animal was gently put in the water, and all behaviour videotaped during 6 min.
Subsequently, the immobility time was counted by an observer blind to the
treatment protocol during the last 4 min of the 6-min test.

2.2. Locomotor activity

Locomotor activity was measured using an automated system with 6 chambers
(45x45x45 cm) made from transparent acrylic (MOTI, Technical & Scientific
Equipment GMBH, Germany). The apparatus-naive mice were put into the
chamber and the vertical and horizontal activity was counted during a 10-min
test period. Time in locomotion, distance travelled (m), number of rearings were
registered. In Paper III the locomotion was measured during 20 min.

2.3. Mouse light-dark compartment test

The exploratory model first described by Crawley and Goodwin (Crawley and
Goodwin, 1980) was used. The apparatus consisted of two compartments
(20x15x%20 and 20x30x20 cm) connected by a 7.5x7.5 cm opening in the wall.
The smaller compartment was painted black and covered with a roof. The other
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compartment had no roof and was brightly illuminated by a 60 W bulb located
25 cm above the box. An animal was placed into the dark compartment, the
latency of the first transition, the number of transitions and the time spent in the
light compartment was recorded during 5 minutes.

2.4. Marble-burying test

The marble-burying test was performed as described previously (Ichimaru et
al., 1995;Joel, 2006). All experiments were conducted between 10:00 and
17:00 h. 24 glass marbles (1.5 cm in diameter) were placed on 5 cm of sawdust
bedding along the perimeter of a clear plastic box (44 cm x22 cm x 20 cm). The
mice were placed in the box individually for 30 minutes, and the number of
marbles buried at least two-thirds deep were counted. The antidepressant drug,
agmatine, or NOS inhibitor were administered 30 min prior to testing. In a
separate experiment, L-arginine or saline was injected 10 min prior to the
antidepressant.

3. Depletion of brain serotonergic system

To test the possible involvement of 5-HT in the behavioural effects of agmatine,
animals were pretreated with para-Chlorophenylalanine methyl ester HCI
( PCPA; 100mg/kg, i.p) or saline, once a day, for four consecutive days.
Animals were treated with agmatine 2 hours after the last injection of PCPA or
saline and tested 30 minutes later.

4. Measurement of tissue 5-hydroxytryptophane levels

In all the groups brains were rapidly removed on ice, the frontal corticis were
dissected, weighed and frozen at —80° until the analysis. On the day of analysis,
brain pieces were homogenized (1:10 w/v) in an ice-cold TRIS-HCI buffer
containing EDTA. After centrifugation the supernatants were removed. In order
to remove protein impurities before the chromatographic analysis, the
supernatant was added 5ul 0.05 mM HCIO4/50 pl, and centrifuged at 15000g
for 15 min. High pressure liquid chromatography (HPLC) with electrochemical
detection was used for the sample analysis (ESA Coulochem II with 5014B
coulometric analytic cell; ESA Inc. Mass. USA). The mobile phase was
composed of 50 mM NaH2PO4, 740 uM 1-octanesulfonic acid, 108 uM Na-
EDTA, 80 ml/l acetonitrile and 100 ul/l triethylamine with pH adjusted to 3.5
using H3PO4.
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5. Nitric oxide measurement

The brain nitrite plus nitrate (NOx) concentration was measured by Saville-
Griess assay 60 minutes after the drug treatment. The brain tissue (excluding
cerebellum and pons) was homogenized 1:10 w/v in ice-cold 20 mM Tris-HCI
buffer (pH 7.4) and centrifuged (300 xg, 15 min). For deproteination 30%
ZnSo, was added to the supernatant (10:190), and samples were incubated at
room temperature for 15 minutes. The resulting supernatants were subsequently
transferred to the microcentrifuge tubes containing 0,5g Cd and incubated at
room temperature overnight with agitation, in order to convert the nitrate to
nitrite. The NOx was measured the following day with modified Griess reagent
(sulfanilamide, N-(1-naphthyl)-ethylenediammonium dichloride) (Schmidt,
1995). Absorbance values were read at wavelength 540nm in microtiter plate
reader. The NOS inhibitor 7-nitroindazole (7-NI) was used as positive control.
The dose (50 mg/kg) and timing of 7-NI was based on the studies showing near
maximum effect of that dose on brain NOS activity and on behaviour (Volke et
al., 1997;Volke et al., 2003).

6. Drugs

All chemicals were purchased from Sigma (St. Louis, USA). Imipramine
hydrochloride, fluoxetine hydrocloride, venlafaxine hydrochloride, bupropion,
agmatine hydrochloride and L-arginine hydrochloride were dissolved in saline.
PCPA (p-Chlorophenylalanine methyl ester) and 7-nitroindazole were dissolved
in saline using a few drops of Tween-80. All drugs were freshly prepared and
given intraperitoneally (i.p.) in the volume of 0.1 ml per 10 g body weight of
mice. Doses of drugs were chosen according to the previous studies (Lavinsky
et al., 2003;Zomkowski et al., 2002;Zomkowski et al., 2004;Zomkowski et al.,
2002;Harkin et al., 1999;Dhir and Kulkarni, 2007a;Dhir and Kulkarni, 2007b).
In case of multiple injections, e.g., L-Arg or saline and antidepressant or saline,
the drugs were injected into the opposite sides of the peritoneal cavity.

7. Experimental design

In Paper I the light-dark compartment test, the measurement of locomotor
activity, and the forced swimming test were carried out consecutively 30, 40,
and 50 min after the treatment with agmatine, respectively. Each group
comprised eight animals.

In Paper II the measurement of locomotor activity and FST were carried out
consecutively 40 and 50 min after the treatment with antidepressant drug,
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respectively. L-Arg or saline was injected 10 min prior to the antidepressant.
The number of animals per groups is given in the figure legends.

8. Statistics

Data were statistically treated using one way or two-way analysis of variance
(ANOVA). Post hoc comparisons between individual groups were performed
by Duncan’s multiple range test or Newman-Keuls test. In the experiment
where the brain nitrate was measured, t-test for independent samples was used
to compare the groups.

The data is expressed as the mean values = S.E.M. Differences were con-
sidered statistically significant when P was less than 0.05.
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RESULTS

|. Behavioural effects of Agmatine
l.1. Effect of agmatine in the forced swimming test

Treatment had a significant effect upon the immobility time in FST as indicated
by one-way ANOVA (P< 0.005). The standard antidepressant imipramine (15
mg/kg) significantly decreased the immobility time. Only the highest dose of

agmatine (50 mg/kg) had a significant effect on the immobility time of mice
(Figure 4).

250+
= p<0.05 vs. control
_ 2001 E
LIL rri vy
2 1504 %,
% Y
£ 1004
E
50+
0
Sal  Imi 10 30 50
Agmatine

Figure 4. Effect of imipramine (15 mg/kg) and agmatine in the forced swimming test
(n= 8 per group). Drugs were injected 50 min prior to testing. Results are expressed as
mean = S.E.M. * P< (.05 versus saline, Duncan’s test.

1.2. Effect of agmatine in light-dark compartment test
Post hoc analysis revealed that agmatine did not change the animal behaviour in
the light-dark compartment test. The treatment with imipramine (15 mg/kg)

increased the time spent in the light compartment. Similar effect has been
shown previously in CD1 mice in the same paradigm (de Angelis L., 1996).

1.3. Effect of agmatine on locomotion

One-way ANOVA did not indicate a significant treatment effect on distance
(P=0.36). Agmatine had no effect on locomotion.
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2. Effect of PCPA on cortical 5-HT and 5-HIIA
concentrations

Results are shown in Figure 5. PCPA treatment had a significant effect on both
5-HT (P< 0.001) and 5-HIIA (P< 0.0001) concentrations. Post hoc
comparisions revealed that PCPA depleted 5-HT concentrations more than 70%
and 5-HIIA concentrations more than 80%.
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Figure 5. Effect of pre-treatment with PCPA on cortical 5-HT (A) and 5-HIIA (B) +
concentrations. Animals were treated with PCPA (100 mg/kg, i.p.) or saline, once a day,
for four consecutive days (n= 7—-8 per group). Results are expressed as mean + S.E.M. *
P<0.001 vs. saline, Duncan’s test.

2.1. Treatment with PCPA did not block
the anti-immobility effect of agmatine

The results are shown in Figure 6 A. The treatment had a significant effect on
the immobility time (P< 0.001) as indicated by one-way ANOVA.

Agmatine significantly decreased the immobility time compared to the
animals treated with PCPA alone. Interestingly, the treatment with PCPA itself
decreased the immobility compared theto control animals.

The pretreatment with PCPA alone or in combination with agmatine did not
change the behaviour of animals in the light-dark compartment test or
locomotion (P= 0.49; Figure 6B).
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Figure 6. Pretreatment with PCPA did not block the anti-immobility effect of
agamatine in the forced swimming test (A) and did not modify the behaviour of animals
in the open field (B; n= 8-9 per group). The results are expressed as mean + S.E.M. *
P<0.05 vs. saline, ** P<0.05 vs PCPA group, Duncans’s test.

3. Effects of L-arginine pretreatment on the action
of antidepressants

3.1. L-arginine pretreatment counteracts the effect
of imipramine, venlafaxine and bupropion in the FST

The treatment with L-Arg alone (500 mg/kg) did not modify the behaviour of
animals in the forced swimming test (Figure 7). In the experiment with
imipramine (Figure 7A) two-way ANOVA indicated a significant effect of the
pretreatment (P< 0.01), the treatment (P< 0.0001) and a pretreatment x
treatment interaction (P< 0.005). Imipramine (15 mg/kg) significantly
decreased the immobility time and the pretreatment with L-Arg counteracted the
antidepressant effect of imipramine. In the experiment with venlafaxine (Figure
7B) two-way ANOVA indicated a significant effect of pretreatment (P< 0.05),
treatment (P< 0.0001) and the interaction of pretreatment x treatment (P< 0.05).
Venlafaxine (6 mg/kg) significantly decreased the immobility time and the
pretreatment with L-Arg counteracted the antidepressant effect of venlafaxine.
L-arg (500 mg/kg) did not modify the effect of bupropion in the FST.

Similarly, L-Arg pretreatment (500 mg/kg) did not alter the fluoxetine
antidepressive effect in the FST.

We next tested whether a higher dose of L-Arg (1000 mg/kg) could reverse
the effects of bupropion and fluoxetine. In the experiment with bupropion
(Figure 7E) two-way ANOVA indicated a significant effect of pretreatment
(P< 0.05), treatment (P< 0.0001), but not of pretreatment x treatment
interaction. Bupropion (20 mg/kg) significantly decreased the immobility time
and pretreatment with L-Arg (1000 mg/kg) counteracted the antidepressant
effect of bupropion.
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In the experiment with fluoxetine (Figure 7F) two-way ANOVA indicated
that fluoxetine significantly decreased the immobility time (P< 0.001 vs. saline
group) and the pretreatment with L-Arg (1000 mg/kg) did not modify this effect.
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Figure 7. Effects of L-Arg, antidepressants, and their combination on behaviour in the
forced swim test. The results are expressed as mean = S.E.M. ** P<(.001 vs. saline; #
P< 0.05 vs. antidepressant only; ## P< 0.005 vs. antidepressant only, Newman-Keuls
test. A. Imipramine 15mg/kg (n= 9-10). B. Venlafaxine 6mg/kg (n= 10). C. Bupropion
20mg/kg (n=9-10). D. Fluoxetine 20 mg/kg (n= 9-10). E. Bupropion 20 mg/kg, L-Arg
1000 mg/kg (n=9). F. Fluoxetine 20 mg/kg, L-Arg 100 mg/kg (n= 8-9). Concentration
marked 0 is a vehicle injection only.
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4. L-arginine pretreatment has no effect
on locomotion

The treatment with L-Arg alone did not change any of the parameters measured
(Figure 8).

In the experiment with imipramine (Figure 8 A) two-way ANOVA indicated
significant effects of treatment on the distance travelled (P< 0.01); and the
number of rearings (P< 0.0001). The pretreatment x treatment interaction did
not reach significance. Imipramine significantly decreased only the number of
rearings but combined the treatment with L-Arg and imipramine decreased the
distance travelled and the number of rearings.

In the experiment with venlafaxine (Figure 8B) the treatment with
venlafaxine alone or in combination with L-Arg did not induce any change
compared with the saline treatment.

In the experiment with bupropion (Figure 8C) two-way ANOVA indicated a
significant effect of treatment on the distance travelled (P< 0.0001). The Post
hoc analysis revealed that bupropion increased the distance travelled. The
pretreatment with L-Arg did not antagonize the hyperlocomotion induced by
bupropion. In the experiment with a higher dose of L-Arg (1000 mg/kg, Fig 8E)
the results were identical. Two-way ANOVA indicated a significant effect of
treatment on the distance travelled (P< 0.001) and the number of rearings
(P<0.05). The Post hoc analysis revealed that bupropion increased the distance
travelled but did not affect the number of rearings. The pretreatment with L-Arg
did not antagonize the hyperlocomotion induced by bupropion.

In the experiment with fluoxetine (Figure 8D and 8F) the treatment with
fluoxetine alone or in combination with L-Arg did not induce any statistically
significant change in the distance travelled but decreased the number of rearings
in the experiment with a higher dose of L-Arg (P< 0.005 for treatment). The
Post hoc analysis revealed that the effect was significant both in case of
fluoxetine and L-Arg + fluoxetine.
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Figure 8. Effects of L-Arg, antidepressants, and their combination on locomotion.
Results are expressed as mean + S.E.M. * P< 0.05 vs. saline; ** P< 0.001 vs. saline, ,
Newman-Keuls test. A. Imipramine 15 mg/kg (n=9-10) B. Venlafaxine 6 mg/kg (n=10).
C. Bupropion 20 mg/kg, L-Arg 500 mg/kg (n=9-10). D. Fluoxetine 20 mg/kg, L-Arg
500 mg/kg (n=9-10). E. Bupropion 20 mg/kg, L-Arg 1000 mg/kg (n=9). F. Fluoxetine
20 mg/kg, L-Arg 1000 mg/kg (n=8-9). Concentration marked 0 is a vehicle injection
only.

5. Effects of the nitric oxide synthase inhibitor,
antidepressants and L-arginine
on nitric oxide synthesis

The results are shown in Figure 9. In the experiment with 7-nitroindazole and
imipramine (Figure 9A) one-way ANOVA indicated a significant treatment
effect on the NOx levels (P< 0.05). The Post hoc comparisons revealed that
both 7-NI and imipramine significantly decreased NOx levels. The admini-
stration of venlafaxine (figure 9B) decreased NOx levels significantly.
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Bupropion had no significant effect on nitrate levels (Figure 9D), fluoxetine
tended to decrease nitrate levels. The treatment with L-Arg (500 mg/kg; figure
9E) increased NOx levels significantly.
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Figure 9. Effects of imipramine, 7-NI (A), venlafaxine (B), bupropion (C), and L-Arg
(E) on brain nitrite+nitrate (NO2 + NO3 ) levels. Results are expressed as mean +
S.EM., * P<0.05 vs. Saline; ** P< 0.001 vs. saline, Newman-Keuls or t-test. All the
drugs were injected 60 min prior testing. The number of animals in the groups was 12—
13 in the experiment with imipramine, 12 in the experiments with venlafaxine and
fluoxetine, 11 in the experiment with bupropion, and 10 with L-Arg.

6. Involvement of nitric oxide in the regulation
of marble-burying behaviour

6.1. Effects of the NOS inhibitors and agmatine
on marble-burying behaviour

The treatment with 7-NI had a significant effect on marble-burying indicated by
one-way ANOVA (P< 0.05). 7-NI (20 and 50 mg/kg) dose-dependently de-
creased the number of marbles buried (Figure 10A). This effect was statistically
significant only when the high dose was used. The low dose of the NOS
inhibitor also tended to inhibit the marble-burying, but the effect did not reach
statistical significance (P= 0.064).

The more selective NOS inhibitor, TRIM, suppressed the marble-burying
behaviour (P< 0.01) in both doses tested (Figure 10A). The treatment with
agmatine had a significant effect on marble-burying behaviour (P< 0.05) as
indicated by one-way ANOVA. The Post hoc analysis revealed that agmatine
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(10 and 50 mg/kg) decreased the number of marbles buried (Figure 10C) in both
doses used.

The administration of agmatine in a dose of 50 mg/kg had no significant
effect on nitrite +nitrate levels (Figure 10D).
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Figure 10. Effects of NOS inhibitors and agmatine on marble-burying behaviour.

A. 7-nitroindazole (n=9). B. TRIM (n= 9-10). C. Agmatine (n= 9-10).

D. Effect of agmatine (50 mg/kg) on brain NOx level (n= 11). Results are expressed as
mean + S.E.M., P values Newman-Keuls test.

6.2. Effects of L-arginine, antidepressants, and their
combination on marble-burying behaviour

The treatment with L-arginine alone (500 mg/kg) did not affect the number of
marbles buried (Figure 11). In the experiment with paroxetine, two-way
ANOVA indicated a significant effect of the treatment (P< 0.005), and a
pretreatment x treatment interaction (P< 0.05). Paroxetine (10 mg/kg) signi-
ficantly decreased the number of marbles buried and the pretreatment with
L-arginine counteracted the effect of paroxetine.

In the experiment with citalopram, two-way ANOVA indicated a significant
effect of the treatment (P< 0.0001) and the interaction of the pretreatment x
treatment (P< 0.01). Citalopram (10 mg/kg) significantly suppressed the
marble-burying behaviour and pretreatment with L-arginine counteracted the
effect.
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Figure 11. Effects of L-Arg, antidepressants, and their combination on marble-burying
behaviour. The results are expressed as mean = S.E.M. (n= 9-10), P values, Newman-
Keuls test.

6.3. Effects of NOS inhibitors, agmatine, L-arginine and
antidepressants on the locomotion

From the drugs tested only 7-NI decreased the locomotion of animals (Table 3).

Table 3. Effects of agmatine, antidepressants, and NOS inhibitors on the locomotor
activity

Drug Distance (m)
Saline 85+8
Agmatine (50 mg/kg) 69+9
Citalopram (10 mg/kg) 80+11
Paroxetine (10 mg/kg) 76£5
7-NI (20 mg/kg) 66+3
7-NI (50 mg/kg) 45+10*
TRIM (25 mg/kg) 84+12
TRIM (50 mg/kg) 79+7

* P< 0.05 compared to saline, Newman-Keuls test. Results are expressed as mean + S.E.M.
(n=7-8).
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DISCUSSION

I. Antidepressant-like effect of agamatine is not
mediated by serotonin

The main finding of Study I was that agmatine had an antidepressant-like effect
which seems to be independent of the brain serotonergic system.

The magnitude of the antidepressant-like effect of agmatine was slightly weaker
compared with that of the standard antidepressant imipramine (15 mg/kg)
(Figure 4). Previously, the antidepressant-like effect of agmatine has been
reported even after a dose of 0.01 mg/kg in the mouse forced swimming test
(Zomkowski et al., 2002). In our hands it took a much higher dose of the drug
to be effective. Our data are more consistent with the report of Li et al. and
Taksande et al. where the antidepressant-like effect appeared in the dose of 20
mg/kg when administered intraperitoneally or subcutaneously (Li et al., 2003;
Taksande et al., 2009). As seen from the Table 4, studies have reported the anti-
depressant-like effect of agmatine to appear in rather different doses. The reason
for such differences is obscure, but different mouse strains used may account
for some variations.

As reported previously (Li et al., 2003;Zomkowski et al., 2002), agmatine
did not change the ambulation of animals, excluding the possibility that the drug
effect in the FST was of non-specific origin.

Surprisingly, the pretreatment with tryptophane hydroxylase inhibitor PCPA
did not antagonize the antidepressant-like effect of agmatine. Up to date, one
study has reported the loss of effect of agmatine after the treatment with PCPA
(Zomkowski et al., 2004). They used the same pretreatment scheme but did not
measure the effect of PCPA on 5-HT level. In our experiment, the pretreatment
with PCPA resulted in more than 70% and 80% drop of the tissue levels of
5-HT and 5-HIIA, respectively (Figure 5). However, one cannot totally exclude
the possibility that a more complete inhibition of 5-HT synthesis is needed to
antagonize the antidepressant-like effect of agmatine. The other difference
between these two studies was that the lower dose of agmatine (10 mg/kg) was
used in the previous study, making it probably easier to counteract. Likewise,
Redrobe et al. have demonstrated that the pretreatment with PCPA attenuated
the antidepressant effect of lower doses of venlafaxine, but the drug remained
effective at the dose of 32 mg/kg (Redrobe et al., 2005). Thus, it seems likely
that 5-HT does not play a major role in the antidepressant-like effect of
agmatine. Agmatine did not induce an anxiolytic-like effect in our study. Few
studies have reported agmatine to possess an anxiolytic-like activity in mice and
rats (Lavinsky et al., 2003;Aricioglu and Altunbas, 2003;Gong et al., 2006). It
is noteworthy that agmatine has displayed bell-shaped dose-effects after acute
dosing in the animal models of anxiety. Thus, in the mouse light-dark
compartment test the only dose of agmatine affecting the number of transitions
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was 80 mg/kg (Gong et al., 2006). Moreover, while the classical anxiolyic drug
diazepam increased both the number of transitions as well as the time spent in
the light compartment, agmatine did change only the latter. Taken together, the
anxiolytic-like effect of agmatine seems to be weak.

Table 4. Antidepressant effects of agmatine in different animal models

Animal Tested doses Antidepressant doses | Model |Reference
Kunming 40 mg/kg, i.p. 40 mg/kg i.p. TST (Jiang et al.,
mice 10 mg/kg x 2, i.p. |10 mg/kg x 2, i.p. TST 2009)
Chronic treatment
for 3 consecutive
weeks
Swiss mice |5-20 mg/kg, i.p. 20 mg/kg, i.p. FST (Taksande et al.,
2009)
C57B1/6] 10, 30; 50 mg/kg, |50 mg/kg, i.p. FST (Krass et al.,
mice i.p. 2011;Krass et
al., 2008)
Swiss mice |10 mg/kg, i.p. 10 mg/kg, i.p. FST (Zomkowski et
al., 2005)
Sprague- 10-100 mg/kg, i.p. | 10-100 mg/kg, i.p. FST (Aricioglu and
Dawley rats Altunbas, 2003)
Kunming 10-160 mg/kg p.o. | 40 and 80 mg/kg p.o. |TST (Liet al., 2003)
mice 10-80 mg/kg p.o. |40 and 80 mg/kg p.o. |FST
5-40 mg/kg s.c. 20 mg/kg s.c. FST
for 3 consecutive
days
FST
Wistar rats | 2.5-20 mg/kg, p.o. |10 mg/kg, p.o.
1.25-10 mg/kg, s.c. | 1.25; 2,5; 5 mg/kg, s.c.
Swiss mice |0.01-50 mg/kg, i.p. | 0.01-50 mg/kg, i.p. FST (Zomkowski et
0.01-50 mg/kg, i.p. | 0.01-50 mg/kg, i.p. TST al.,2002)
0.1-100 nmol/site, |0.1-100 nmol/site, FST
i.c.v. i.c.v.

Agmatine has been claimed to act as a neurotransmitter or modulator in the
central nervous system (Reis and Regunathan, 2000). However, some studies
have questioned wheather any meaningful agmatine synthesis occurs under
physiological conditions (Coleman et al., 2004;Horyn et al., 2005;Volke et al.,
2006). The tissue level of agmatine has been estimated to be 0.1-6 UM (Raasch
et al., 1995;Feng et al, 2002;Yang and Reis, 1999). The recent study has
determined the concentrations of various L-arginine metabolites in the
cerebellum of rats (Liu et al., 2010). The approximate values of arginine meta-
bolites and GABA are shown in Table 5.
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Table 5. Concentrations of various L-arginine metabolites and GABA in the cerebellum
(Liu et al., 2010).

Substance Concentration
(ng/g wet tissue)
L-arginine 60
L-citrulline 100
L-ornithine 160
agmatine 0.8
GABA 300

It is apparent from the data above that agmatine has a very low concentration
compared to other L-arginine metabolites or neurotransmitters in the cere-
bellum. On the other hand, the agmatine concentration has been shown to
increase in the hippocampal synaptic terminals after learning (Leitch et al.,
2011). To put these findings into the context, it is intresting to note that the
treatment with 100 mg/kg of agmatine resulted in more than 55 times increase
in the cortical agmatine concentration measured 3 hours after dosing (Feng et
al., 2002). Thus, one can argue that at least the antidepressant-like effect of
agmatine is more likely to be a pharmacological effect and agmatine is not func-
tioning as the endogenous regulator of depression. Taken together, the anti-
depressant-like effect of agmatine seems not to be mediated by the serotonergic
system. We failed to confirm the reported anxiolytic-like activity of agmatine.

2. The antidepressant action of imipramine
and venlafaxine involves suppression
of nitric oxide synthesis

In Study II all the antidepressants tested induced robust and statistically
significant antidepressant-like effects in the mouse FST (Figure 7). This finding
was not unexpected, as our selection criteria for including these antidepressant
drugs in the present work were based on previous efficacy in the mouse FST
(Petit-Demouliere et al., 2005). Moreover, we observed that the magnitude of
the antidepressant-like effect, as evaluated by the decreased immobility time,
was very similar between different treatments (the immobility time 65-80 sec).
L-Arginine, given in the dose of 500 or 1000 mg/kg (Figure 7), had no effect on
immobility of mice which is also in good accordance with the previous studies
(Dhir and Kulkarni, 2007;Volke et al., 2003;Harkin et al., 1999). From the
antidepressants tested here, only bupropion increased the locomotion of animals
in the open field test (Figure 8), which is in agreement with earlier studies,
where the motor stimulant effect of bupropion has been described, and which is

38



hypothesized to be caused by an increase in the synaptic dopamine level (Dhir
and Kulkarni, 2007b).

The pretreatment with L-arginine (500 mg/kg) opposed the antidepressant-
like effect of imipramine and venlafaxine, but not that of bupropion or
fluoxetine (Figure 7). These results are in good agreement with the previous
reports describing attenuating effect of L-arginine in the FST with simultaneous
administration of imipramine (Harkin et al., 1999) and venlafaxine (Dhir and
Kulkarni, 2007a;Kumar et al., 2010). Moreover, increasing the dose of
L-arginine to 1000 mg/kg, attenuated the antidepressant-like effects of
bupropion, which is in line with the previous report showing that L-arginine
(750 mg/kg) attenuates the effect of bupropion (Dhir and Kulkarni, 2007b). To
our knowledge, there are no previous studies describing the effect of
pretreatment with L-arginine and the subsequent administration of fluoxetine.
However, the selective nNOS inhibitor TRIM has been shown to augment the
antidepressant-like effect of fluoxetine (Ulak et al., 2008). The current study did
not observe even a tendency in the attenuation of the fluoxetine effect with the
L-arginine pretreatment in the FST.

This selective interaction with some antidepressants cannot be explained by
L-arginine effect on locomotion. Only bupropion changed the distance travelled
and that effect was not reversed by the L-arginine pretreatment. Imipramine and
fluoxetine decreased the number of rearings and again L-arginine did not
modify the effect. The combined treatment with L-arginine and imipramine
decreased the locomotion of animals compared with the saline treated group,
but not with the imipramine treated group. Thus, one can conclude that there
was no correlation between the ability of L-arginine to counteract the
antidepressant effect and its effects on locomotion. The current evidence
concerning the ability of drugs activating the NMDA/NO/cGMP pathway to
antagonize the antidepressant effect of the classical antidepressant has been
compiled in Table 6.

Table 6. Effect of NMIDA/NO/cGMP activators on antidepressants
+ antagonizes antidepressant effect

Antidepressant  NMDA | L-arginine PDE-S5 inhibitor
agonist

TCA + (Harkin et al., 2003)

Imipramine + (Krass et al., 2011)

SSRI + + (Zomkowski et al., 2010) |+ (Zomkowski et al.,

s-Citalopram 2010)

SNRI + (Dhir and Kulkarni, 2007a) |+ (Dhir and Kulkarni,

Venlafaxine + (Krass et al., 2011) 2007a)

NDRI + (Dhir and Kulkarni, 2007b)

Bupropion + (Krass et al., 2011)
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While it is clear from the previous reports and the current study that L-arginine
can reverse the antidepressant-like effects of many, but not all antidepressants,
the mechanistic basis of the effect remains undefined. Theoretically, there are
two possibilities. I The classical antidepressant drugs and the NO system may
work in parallel in the regulation of the neurobiological pathologies of depres-
sion, or II the antidepressant drugs may directly affect the activity of nitric
oxide synthesis. To address that question in the current work, we also measured
the brain nitrite + nitrate content after the antidepressant treatment.
Interestingly, the effect of the antidepressants on the NO metabolism paralleled
the behavioural action except in case of bupropion. Thus, imipramine and
venlafaxine decreased the NOx levels, whereas bupropion and fluoxetine did
not have any effect, however, the effect of fluoxetine was close to statistical
significance. As the effect of imipramine and venlafaxine was already evident
after 60 minutes, we presume that the most likely NOS isoenzyme to be in-
hibited was neuronal NOS.

Collectively, our data support the hypothesis that imipramine and venla-
faxine decrease the NO synthesis (Figure 9) and this mechanism is important
for the antidepressant action. However, we should stress that there are clear
limitations of the NOx assay used in the study. First, the method may not be
sensitive enough to measure the NOx levels in different brain regions, and
second, since NOx is the end-product of all NO metabolism a high background
level exists. Thus, it cannot be ruled out, that bupropion and/or fluoxetine may
decrease the NOx levels in some brain regions, e.g., hippocampus. For example,
by using a voltammetry method, fluoxetine has been shown to block the NMDA
evoked increase in the NO level in the striatum (Crespi, 2010). Unfortunately,
while the classical assay executing the conversion of L-arginine to L-citrulline
has much better sensitivity, it is difficult to apply it for ex vivo. The main
problem would be that to see a drug effect ex vivo, the drug must tightly bind to
the NOS enzyme. We have previously shown that antidepressants do not inhibit
the NOS activity in vitro in pharmacologically relevant concentrations but
decrease it in vivo (Wegener et al., 2003).

On the basis of the present findings it is difficult to explain directly the
possible site of interaction between the antidepressant action, and the
glutamate/NMDA/NO system. Considering the fact that in our study some
antidepressants were able to inhibit the NO synthesis in the brain, the site of
interaction seems to be at the level of nitric oxide synthase or upstream. We
speculate that some antidepressants may modulate the availability of calcium or
some other NOS co-factor. Interestingly, the current behavioural and neuro-
chemical evidence indicates that drugs within the same class of antidepressants
may have different relation to nitrergic mechanisms. Thus, paroxetine inhibits
the NO synthesis and L-arginine can reverse its effect in the marble-burying
paradigm (Wegener et al, 2003;Krass et al., 2010) whereas the effect of
fluoxetine was resistant to the L-arginine pretreatment in the current study.
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Further studies are needed to dissect the interplay between antidepressants and
NO.

All in all, our results support the idea that some antidepressants are able to
inhibit the nitric oxide synthesis in the brain, and this effect mechanistically
may underlie the ability of L-arginine to counteract the antidepressant-like effect
in the FST of antidepressants.

3. Nitric oxide is involved in the regulation
of marble-burying behaviour

Study III showed that all the antidepressants tested had statistically significant
effects in the marble-burying test (Figure 11). Moreover, both of the NOS
inhibitors decreased significantly the number of marbles buried (Figure 10). The
efficacy of 7-NI in the marble-burying test was shown in a very recent paper by
Umathe et al. in the similar dose range (Umathe et al., 2009). As TRIM and
7-NI have different selectivity towards distinct NOS isoforms (for review see
Wegener and Volke 2010), but very similar effect in the marble-burying test, it
seems likely that the behavioural effect is mediated by the neuronal isoform of
NOS. This is similar to the effect of NOS inhibitors in the forced swimming test
(Volke et al., 2003). The effect of NOS inhibitors on marble-burying seems not
to be related to the suppression of locomotion. In the current study only 7-NI
decreased the locomotion of animals (Table 3), whereas TRIM had no effect.
The data concerning the effect of the NOS inhibitors on locomotion are
contradictory. Our group has demonstrated that 7-NI decreases locomotion
(Volke et al., 2003), but the data presented by Umathe et al. do not support this
finding (Umathe et al., 2009). Agmatine is an L-arginine metabolite assumed to
serve as a putative neurotransmitter (Reis and Regunathan, 2000). The treat-
ment with agmatine induces antidepressant-like and, at least in some cases,
anxiolytic-like effects (Zomkowski et al., 2002;Lavinsky et al., 2003;Krass et
al., 2008). Our study was first to demonstrate that agmatine was also effective
in the marble-burying paradigm where both doses tested (10 and 50 mg/kg)
decreased the number of marbles buried. As in the marble-burying paradigm
both antidepressants and anxiolytic drugs are active, we cannot state which of
the potential actions of agmatine underlies its effect in the test. The nature of the
exact mechanism mediating the effect of agmatine in anxiety and depression
models is currently unclear. As agmatine has been shown to inhibit the NOS
activity in vitro (Galea et al., 1996), we tested whether the brain NOx level was
changed by the agmatine treatment. Since agmatine in the dose of 50 mg/kg did
not modify the NOx level in the brain, the NOS inhibition seems unlikely to
underlie the effect of the drug.

The treatment with L-arginine did not modify the behaviour of the mice. This
is not unexpected, as the majority of studies with L-arginine show a neutral
effect in anxiety and depression tests. However, the pretreatment with
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L-arginine clearly counteracted the effects of two SSRI antidepressants, i.e.,
citalopram and paroxetine, in the marble burying test. Several studies have
demonstrated that L-arginine may attenuate the antidepressant-like effect of
many antidepressants in the forced swimming test (Harkin et al., 1999;Dhir and
Kulkarni, 2007a;Dhir and Kulkarni, 2007b). However, some SSRIs, including
citalopram, do not affect swimming behaviour in the FST when administered
acutely (Borsini, 1995). Thus, we have shown in Study III that the ability of
L-arginine to antagonize the effects of antidepressant drugs also include SSRIs,
confirming and supporting the recently published data describing the action of
the L-arginine pretreatment on the anti-compulsive effect of paroxetine (Umathe
et al., 2009). The current findings are in line with our previous study
demonstrating that the local administration of paroxetine and citalopram
suppressed the NOS activity in the hippocampus in vivo (Wegener et al., 2003).

We conclude that both NOS inhibitors and agmatine dose-dependently
inhibit the marble-burying behaviour. The inhibition of nNOS seems to play the
key role in the behavioural effects of the NOS inhibitors, whereas agmatine
seems to have a different mechanism of action. Moreover, enhancement of the
NO synthesis by L-arginine can reverse the effect of SSRI antidepressants,
further demonstrating the role of NO in regulating the marble-burying
behaviour.

4. Concluding remarks

Is there a link between the behavioral effects of agmatine and drugs
modifying nitric oxide levels

As both agmatine and NO are derived from L-arginine, it is tempting to specu-
late that some of the similarities in the behavioral action of agmatine and the
drugs modifying NO level are due to some common mechanism. Both agmatine
and NOS inhibitors elicit antidepressant-like effect in animal models. Similarly,
anxiolytic-like effects have been described in both cases. In the current study,
both agmatine and two NOS inhibitors (TRIM and 7-NI) were active in the
marble burying test.

Does agmatine act as a nitric oxide synthase inhibitor

A possible explanation would be that agmatine acts as NOS inhibitor to induce
behavioural effects. In line with the hypothesis, agmatine has been shown to
inhibit NOS activity (Galea et al., 1996). Moreover, in our hands, agmatine
doses needed to be quite high to possess the antidepressant activity (50 mg/kg)
or suppress marble burying (10 and 50 mg/kg). However, several lines of
evidence contradict the hypothesis. First, we were not able to demonstrate the
anxiolytic-like effect of agmatine while with the NOS inhibitors the anxiolytic
effect appears in a similar dose-range as the antidepressant effect. Second, 5-HT
depletion was not able to counteract the antidepressant-like effect of agmatine,
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yet the antidepressant-like effect of the NOS inhibitors has been shown to
depend on 5-HT (Harkin et al., 2003;0’Leary et al., 2007;Kiss, 2000;Page et
al., 1999). Last but not least, in Study III we measured the effect of agmatine
(50 mg/kg) on the brain NOx levels and did not find any suppression of that.
Thus, one can conclude that it is rather unlikely that the mechanism underlying
the behavioral effects of agmatine is the inhibition of NOS.

Does nitric oxide synthase inhibition increase agmatine levels
Another possible mechanism linking the actions of agmatine and NOS
inhibitors would be the increased synthesis of agmatine due to the NOS
inhibition. That would be mechanistically plausible as similar effects have been
described with NOS and arginase (Wu and Morris, 1998). However, no such
data exist for increased agmatine synthesis after the NOS inhibition. Again, as
mentioned above, different dependence on 5-HT systems of agmatine and NOS
inhibitors argues against the hypothesis. Moreover, the ability of L-arginine to
counteract the antidepressant effect of different drugs would be impossible to
explain in light of agmatine as a mediator of effects of the NOS inhibitors.
Collectively, it seems unlikely that the effects of agmatine and drugs
affecting the NO synthesis are interdependent.
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CONCLUSIONS

1. A high dose of agmatine possessed an antidepressant-like effect which was
not mediated by the serotonergic system. Thus, agmatine may act pharma-
cologically as an antidepressant but its involvement in the pathophysio-
logical mechanisms of depression is doubtful.

2. Some antidepressants are able to inhibit the nitric oxide synthesis in the
brain, and this effect may mechanistically underlie the ability of L-arginine
to counteract the effect of antidepressants in the FST.

3. Our results demonstrate that NO is involved in the regulation of marble-
burying behaviour as the NOS inhibitors dose-dependently inhibited the
marble-burying and L-arginine counteracted the effect of SSRI anti-
depressants in this model. In line with the known antidepressant-like effect
of agmatine the drug was also effective in the marble-burying model.

44



REFERENCES

Abe K, Abe Y and Saito H (2000) Agmatine Suppresses Nitric Oxide Production in
Microglia. Brain Research 872: pp 141-148.

Ahn, S. K, Hong, S., Park, Y. M., Lee, W. T., Park, K. A., and Lee, J. E. (2011) Effects
of agmatine on hypoxic microglia and activity of nitric oxide synthase. Brain Res
1373[10], 48-54.

Almeida, L. S., Salomons, G. S., Hogenboom, F., Jakobs, C., and Schoffelmeer, A. N.
(2006a)Exocytotic release of creatine in rat brain. Synapse 60[2]: pp 118—123.

Almeida RC, Felisbino C S, Lopez M G, Rodrigues A L and Gabilan N H (2006b)
Evidence for the Involvement of L-Arginine-Nitric Oxide-Cyclic Guanosine Mono-
phosphate Pathway in the Antidepressant-Like Effect of Memantine in Mice. Behav
Brain Res 168: pp 318-322.

Andlin-Sobocki P, Jonsson B, Wittchen H U and Olesen J (2005) Cost of Disorders of
the Brain in Europe. Eur J Neurol 12 Suppl 1: pp 1-27.

Aricioglu F and Altunbas H (2003) Is Agmatine an Endogenous Anxiolytic/ Anti-
depressant Agent? Ann N Y Acad Sci 1009: pp 136-140.

Arteni NS, Lavinsky D, Rodrigues A L, Frison V B and Neto C A (2002) Agmatine
Facilitates Memory of an Inhibitory Avoidance Task in Adult Rats. Neurobiology of
Learning and Memory 78: pp 465—469.

Beard, E. and Braissant, O. (2010) Synthesis and transport of creatine in the CNS:
importance for cerebral functions. J Neurochem 115[2]: pp 297-313.

Belmaker RH (2007) Treatment of Bipolar Depression. New England Journal of
Medicine 356: pp 1771-1773.

Berman RM, Cappiello A, Anand A, Oren D A, Heninger G R, Charney D S and
Krystal J H (2000) Antidepressant Effects of Ketamine in Depressed Patients.
Biological Psychiatry 47: pp 351-354.

Borsini F (1995) Role of the Serotonergic System in the Forced Swimming Test.
Neurosci Biobehav Rev 19: pp 377-395.

Bredt DS (1999) Endogenous Nitric Oxide Synthesis: Biological Functions and Patho-
physiology. Free Radical Research 31: pp 577-596.

Bredt DS and Snyder S H (1994) Nitric-Oxide — A Physiological Messenger Molecule.
Annual Review of Biochemistry 63: pp 175-195.

Brocardo PS, Budni J, Lobato K R, Kaster M P and Rodrigues A L (2008)
Antidepressant-Like Effect of Folic Acid: Involvement of NMDA Receptors and
L-Arginine-Nitric Oxide-Cyclic Guanosine Monophosphate Pathway. Eur J Phar-
macol 598: pp 37-42.

Chrapko WE, Jurasz P, Radomski M W, Lara N, Archer S L and Le Melledo J] M
(2004) Decreased Platelet Nitric Oxide Synthase Activity and Plasma Nitric Oxide
Metabolites in Major Depressive Disorder. Biol Psychiatry 56: pp 129-134.

Chung KKK and David K K (2010) Emerging Roles of Nitric Oxide in
Neurodegeneration. Nitric Oxide-Biology and Chemistry 22: pp 290-295.

Coleman CS, Hu G and Pegg A E (2004) Putrescine Biosynthesis in Mammalian
Tissues. Biochem J 379: pp 849-855.

Crawley J and Goodwin F K (1980) Preliminary Report of a Simple Animal Behavior
Model for the Anxiolytic Effects of Benzodiazepines. Pharmacol Biochem Behav
13: pp 167-170.

45



Crespi F (2010) The Selective Serotonin Reuptake Inhibitor Fluoxetine Reduces Striatal
in Vivo Levels of Voltammetric Nitric Oxide (NO): a Feature of Its Antidepressant
Activity? Neurosci Lett 470: pp 95-99.

D'Sa C and Duman R S (2002) Antidepressants and Neuroplasticity. Bipolar Disord 4:
pp 183-194.

da Silva GD, Matteussi A S, dos Santos A R, Calixto J B and Rodrigues A L (2000)
Evidence for Dual Effects of Nitric Oxide in the Forced Swimming Test and in the
Tail Suspension Test in Mice. Neuroreport 11: pp 3699-3702.

Dash PR, McCormick J, Thomson M J C B, Johnstone A P, Cartwright J E and Whitley
G S J (2007) Fas Ligand-Induced Apoptosis Is Regulated by Nitric Oxide Through
the Inhibition of Fas Receptor Clustering and the Nitrosylation of Protein Kinase C
Epsilon. Experimental Cell Research 313: pp 3421-3431.

Dawson TM, Sasaki M, Gonzalez-Zulueta M and Dawson V L (1998) Regulation of
Neuronal Nitric Oxide Synthase and Identification of Novel Nitric Oxide Signaling
Pathways. Nitric Oxide in Brain Development, Plasticity and Disease 118: pp 3—11.

de Angelis L. (1996) Experimental Anxiety and Antidepressant Drugs: the Effects of
Moclobemide, a Selective Reversible MAO-A Inhibitor, Fluoxetine and Imipramine
in Mice. Naunyn Schmiedebergs Arch Pharmacol 354: pp 379-383.

De Deyn, P. P., Marescau, B., and Macdonald, R. L. (1991) Guanidino compounds that
are increased in hyperargininemia inhibit GABA and glycine responses on mouse
neurons in cell culture. Epilepsy Research 8[2]: pp 134-141.

Dhir A and Kulkarni S K (2007a) Involvement of L-Arginine-Nitric Oxide-Cyclic Gua-
nosine Monophosphate Pathway in the Antidepressant-Like Effect of Venlafaxine in
Mice. Prog Neuropsychopharmacol Biol Psychiatry 31: pp 921-925.

Dhir A and Kulkarni S K (2007b) Involvement of Nitric Oxide (NO) Signaling Pathway
in the Antidepressant Action of Bupropion, a Dopamine Reuptake Inhibitor. Eur J
Pharmacol 568: pp 177-185.

Dubovsky SL and Warren C (2009) Agomelatine, a Melatonin Agonist With Anti-
depressant Properties. Expert Opinion on Investigational Drugs 18: pp 1533—1540.

Duman RS (2004) Role of Neurotrophic Factors in the Etiology and Treatment of Mood
Disorders. Neuromolecular Med 5: pp 11-25.

Dun NJ, Dun S L, Forstermann U and Tseng L F (1992) Nitric-Oxide Synthase Immu-
noreactivity in Rat Spinal-Cord. Neuroscience Letters 147: pp 217-220.

Esplugues JV (2002) NO As a Signalling Molecule in the Nervous System. British
Journal of Pharmacology 135: pp 1079-1095.

Feng Y, Piletz J E and Leblanc M H (2002) Agmatine Suppresses Nitric Oxide Pro-
duction and Attenuates Hypoxic-Ischemic Brain Injury in Neonatal Rats. Pediatr
Res 52: pp 606—611.

Forstermann U, Gorsky L D, Pollock J K, Schmidt H H H W, Ishii K, Heller M and
Murad F (1990) Subcellular-Localization and Regulation of the Enzymes Respon-
sible for Edrf Synthesis in Endothelial-Cells and N1E-115 Neuroblastoma-Cells.
European Journal of Pharmacology 183: pp 1625-1626.

Forstermann U, Schmidt H H H W, Pollock J S, Heller M and Murad F (1991a)
Enzymes Synthesizing Guanylate Cyclase-Activating Factors in Endothelial-Cells,
Neuroblastoma-Cells, and Rat-Brain. Journal of Cardiovascular Pharmacology 17:
pp S57-S64.

Forstermann U, Schmidt H H H W, Pollock J S, Sheng H, Mitchell J A, Warner T D,
Nakane M and Murad F (1991b) Isoforms of Nitric-Oxide Synthase — Characte-

46



rization and Purification From Different Cell-Types. Biochemical Pharmacology 42:
pp 1849-1857.

Galea E, Regunathan S, Eliopoulos V, Feinstein D L and Reis D J (1996) Inhibition of
Mammalian Nitric Oxide Synthases by Agmatine, an Endogenous Polyamine
Formed by Decarboxylation of Arginine. Biochem J 316 ( Pt 1): pp 247-249.

Garthwaite J and Boulton C L (1995) Nitric-Oxide Signaling in the Central-Nervous-
System. Annual Review of Physiology 57: pp 683-706.

Gatto EM, Riobo N A, Carreras M C, Chernavsky A, Rubio A, Satz M L and Poderoso
J J (2000) Overexpression of Neutrophil Neuronal Nitric Oxide Synthase in Parkin-
son’s Disease. Nitric Oxide-Biology and Chemistry 4: pp 534-539.

Gilad GM and Gilad V H (2000) Accelerated Functional Recovery and Neuroprotection
by Agmatine After Spinal Cord Ischemia in Rats. Neuroscience Letters 296: pp 97—
100.

Gong ZH, Li Y F, Zhao N, Yang H J, Su R B, Luo Z P and Li J (2006) Anxiolytic
Effect of Agmatine in Rats and Mice. Eur J Pharmacol 550: pp 112-116.

Gotoh T and Mori M (1999) Arginase II Downregulates Nitric Oxide (NO) Production
and Prevents NO-Mediated Apoptosis in Murine Macrophage-Derived RAW 264.7
Cells. J Cell Biol 144: pp 427-434.

Gotoh T, Sonoki T, Nagasaki A, Terada K, Takiguchi M and Mori M (1996) Molecular
Cloning of CDNA for Nonhepatic Mitochondrial Arginase (Arginase II) and
Comparison of Its Induction With Nitric Oxide Synthase in a Murine Macrophage-
Like Cell Line. Febs Letters 395: pp 119-122.

Guimaraes FS, Beijamini V, Moreira F A, Aguiar D C and de Lucca A C B (2005) Role
of Nitric Oxide in Brain Regions Related to Defensive Reactions. Neuroscience and
Biobehavioral Reviews 29: pp 1313-1322.

Halaris A, Zhu H, Feng Y and Piletz J E (1999) Plasma Agmatine and Platelet Imi-
dazoline Receptors in Depression. Ann N Y Acad Sci 881: pp 445-451.

Harkin A, Connor T J, Walsh M, St J N and Kelly J P (2003) Serotonergic Mediation of
the Antidepressant-Like Effects of Nitric Oxide Synthase Inhibitors. Neurophar-
macology 44: pp 616-623.

Harkin AJ, Bruce K H, Craft B and Paul I A (1999) Nitric Oxide Synthase Inhibitors
Have Antidepressant-Like Properties in Mice. 1. Acute Treatments Are Active in the
Forced Swim Test. Eur J Pharmacol 372: pp 207-213.

Heninger GR, Delgado P L and Charney D S (1996) The Revised Monoamine Theory
of Depression: a Modulatory Role for Monoamines, Based on New Findings From
Monoamine Depletion Experiments in Humans. Pharmacopsychiatry 29: pp 2—11.

Holt A and Baker G B (1995) Metabolism of Agmatine (Clonidine-Displacing Sub-
stance) by Diamine Oxidase and the Possible Implications for Studies of
Imidazoline Receptors. Prog Brain Res 106: pp 187-197.

Horyn O, Luhovyy B, Lazarow A, Daikhin Y, Nissim I, Yudkoff M and Nissim I
(2005) Biosynthesis of Agmatine in Isolated Mitochondria and Perfused Rat Liver:
Studies With 15N-Labelled Arginine. Biochem J 388: pp 419-425.

Ichimaru Y, Egawa T and Sawa A (1995) 5-HtlA-Receptor Subtype Mediates the
Effect of Fluvoxamine, A Selective Serotonin Reuptake Inhibitor, on Marble-
Burying Behavior in Mice. Japanese Journal of Pharmacology 68: pp 65-70.

Jackson MJ, Beaudet A L and Obrien W E (1986) Mammalian Urea Cycle Enzymes.
Annual Review of Genetics 20: pp 431-464.

Jefferys D and Funder J (1996) Nitric Oxide Modulates Retention of Immobility in the
Forced Swimming Test in Rats. Eur J Pharmacol 295: pp 131-135.

47



Jiang, X. Z., Lin, Y. Q., Zhang, Y. Z., Zhang, L. M., Li, J., and Li, Y. F. (2009) Neo-
natal fluoxetine exposure induced depression-like behaviors in the adult Kunming
mice and the antidepressant-like effect of agmatine. Yao Xue Xue Bao 44[7]: pp
716-721.

Joel D (2006) Current Animal Models of Obsessive Compulsive Disorder: a Critical
Review. Prog Neuropsychopharmacol Biol Psychiatry 30: pp 374-388.

Kachler ST, Singewald N, Sinner C and Philippu A (1999) Nitric Oxide Modulates the
Release of Serotonin in the Rat Hypothalamus. Brain Research 835: pp 346-349.
Kawasaki Y, Yamada T, Yoshihira K and Tanimura A (1985) A Separative
Determination of Methylguanidine and Agmatine in Foods by High-Performance
Liquid-Chromatography With Fluorescence Detection. Journal of the Food Hygienic

Society of Japan 26: pp 483-488.

Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas K R, Rush A J,
Walters E E and Wang P S (2003) The Epidemiology of Major Depressive Disorder:
Results From the National Comorbidity Survey Replication (NCS-R). JAMA 289: pp
3095-3105.

Keynan O, Mirovsky Y, Dekel S, Gilad V H and Gilad G M (2010) Safety and Efficacy
of Dietary Agmatine Sulfate in Lumbar Disc-Associated Radiculopathy. An Open-
Label, Dose-Escalating Study Followed by a Randomized, Double-Blind, Placebo-
Controlled Trial. Pain Medicine 11: pp 356-368.

Kiss JP (2000) Role of Nitric Oxide in the Regulation of Monoaminergic Neurotrans-
mission. Brain Research Bulletin 52: pp 459-466.

Krass, M. The antidepressant action of imipramine and venlafaxine involves suppres-
sion of nitric oxide synthesis. (2011) Wegener, G., Vasar, E., and Volke, Vallo.
Behav Brain Res 218[1]: pp 57-63.

Krass M, Runkorg K, Wegener G and Volke V (2010) Nitric Oxide Is Involved in the
Regulation of Marble-Burying Behavior. Neurosci Lett 480: pp 55-58.

Krass M, Wegener G, Vasar E and Volke V (2008) Antidepressant-Like Effect of
Agmatine Is Not Mediated by Serotonin. Behav Brain Res 188: pp 324-328.

Kuhn DM and Arthur R E (1996) Inactivation of Brain Tryptophan Hydroxylase by
Nitric Oxide. Journal of Neurochemistry 67: pp 1072—1077.

Kumar A, Garg R, Gaur V and Kumar P (2010) Venlafaxine Involves Nitric Oxide
Modulatory Mechanism in Experimental Model of Chronic Behavior Despair in
Mice. Brain Res 1311: pp 73-80.

Lavinsky D, Arteni N S and Netto C A (2003) Agmatine Induces Anxiolysis in the
Elevated Plus Maze Task in Adult Rats. Behav Brain Res 141: pp 19-24.

Leitch, B., Shevtsova, O., Reusch, K., Bergin, D. H., and Liu, P. (2011) Spatial learn-
ing-induced increase in agmatine levels at hippocampal CA1 synapses. Synapse ,
146-153.

Li G, Regunathan S, Barrow C J, Eshraghi J, Cooper R and Reis D J (1994) Agmatine -
An Endogenous Clonidine-Displacing Substance in the Brain. Science 263: pp 966—
969.

Li YF, Gong Z H, Cao J B, Wang H L, Luo Z P and Li J (2003) Antidepressant-Like
Effect of Agmatine and Its Possible Mechanism. Eur J Pharmacol 469: pp 81-88.
Lieberman JA, Greenhouse J, Hamer R M, Krishnan K R, Nemeroff C B, Sheehan D V,
Thase M E and Keller M B (2005) Comparing the Effects of Antidepressants: Con-
sensus Guidelines for Evaluating Quantitative Reviews of Antidepressant Efficacy.

Neuropsychopharmacology 30: pp 445-460.

48



Liu P, Zhang H, Devaraj R, Ganesalingam G S and Smith P F (2010) A Multivariate
Analysis of the Effects of Aging on Glutamate, GABA and Arginine Metabolites in
the Rat Vestibular Nucleus. Hearing Research 269: pp 122—133.

Mcewen BS, Chattarji S, Diamond D M, Jay T M, Reagan L P, Svenningsson P and
Fuchs E (2010) The Neurobiological Properties of Tianeptine (Stablon): From
Monoamine Hypothesis to Glutamatergic Modulation. Molecular Psychiatry 15: pp
237-249.

Meguro H, Mori H, Araki K, Kushiya E, Kutsuwada T, Yamazaki M, Kumanishi T,
Arakawa M, Sakimura K and Mishina M (1992) Functional-Characterization of A
Heteromeric Nmda Receptor Channel Expressed From Cloned Cdnas. Nature 357:
pp 70-74.

Misko TP, Schilling R J, Salvemini D, Moore W M and Currie M G (1993) A Fluoro-
metric Assay for the Measurement of Nitrite in Biological Samples. Anal Biochem
214: pp 11-16.

Morilak DA and Frazer A (2004) Antidepressants and Brain Monoaminergic Systems: a
Dimensional Approach to Understanding Their Behavioural Effects in Depression
and Anxiety Disorders. International Journal of Neuropsychopharmacology T: pp
193-218.

Morris SM (2004) Enzymes of Arginine Metabolism. Journal of Nutrition 134: pp
2743S-27478.

Murayama T, Tsai S C, Adamik R, Moss J and Vaughan M (1993) Effects of Tempera-
ture on Adp-Ribosylation Factor Stimulation of Cholera-Toxin Activity. Bio-
chemistry 32: pp 561-566.

Nakamura T and Lipton S A (2008) Emerging Roles of S-Nitrosylation in Protein
Misfolding and Neurodegenerative Diseases. Antioxidants & Redox Signaling 10: pp
87-101.

Nemeroff CB (2006) A Mechanistic Approach to Treatment-Resistant Depression.
International Journal of Neuropsychopharmacology 9: pp S90.

Nestler EJ, Barrot M, DiLeone R J, Eisch A J, Gold S J and Monteggia L M (2002)
Neurobiology of Depression. Neuron 34: pp 13-25.

Neu, A., Neuhoff, H., Trube, G., Fehr, S., Ullrich, K., Roeper, J., and Isbrandt, D.
(2002) Guanidino compounds that are increased in hyperargininemia inhibit GABA
and glycine responses on mouse neurons in cell culture. Neurobiol Dis 11[2], 298—
307.

O’Leary OF, Bechtholt A J, Crowley J J, Hill T E, Page M E and Lucki I (2007)
Depletion of Serotonin and Catecholamines Block the Acute Behavioral Response to
Different Classes of Antidepressant Drugs in the Mouse Tail Suspension Test.
Psychopharmacology (Berl) 192: pp 357-371.

Olesen J, Sobscki P, Truelsen T, Sestoft D and Jonsson B (2008) Cost of Disorders of
the Brain in Denmark. Nord J Psychiatry 62: pp 114—120.

Page ME, Detke M J, Dalvi A, Kirby L G and Lucki I (1999) Serotonergic Mediation of
the Effects of Fluoxetine, but Not Desipramine, in the Rat Forced Swimming Test.
Psychopharmacology 147: pp 162—-167.

Petit-Demouliere B, Chenu F and Bourin M (2005) Forced Swimming Test in Mice: a
Review of Antidepressant Activity. Psychopharmacology (Berl) 177: pp 245-255.
Peunova N and Enikolopov G (1995) Nitric-Oxide Triggers A Switch to Growth Arrest

During Differentiation of Neuronal Cells. Nature 375: pp 68-73.

Pittenger C and Duman R S (2008) Stress, Depression, and Neuroplasticity: a Conver-

gence of Mechanisms. Neuropsychopharmacology 33: pp 88—109.

49



Pollock JS, Hiskey R G and Klapper D G (1986) Purification and Characterization of
Monoclonal-Antibodies to the Ca—2+—Induced Conformation of Bovine Prothrom-
bin Fragment-1. Federation Proceedings 45: pp 1639.

Porsolt RD, Bertin A and Jalfre M (1977) Behavioral Despair in Mice: a Primary
Screening Test for Antidepressants. Arch Int Pharmacodyn Ther 229: pp 327-336.

Prast H and Philippu A (2001) Nitric Oxide As Modulator of Neuronal Function.
Progress in Neurobiology 64: pp 51-68.

Raasch W, Regunathan S, Li G and Reis D J (1995) Agmatine Is Widely and Unequally
Distributed in Rat Organs. Ann N Y Acad Sci 763: pp 330-334.

Raasch W, Schafer U, Chun J and Dominiak P (2001) Biological Significance of
Agmatine, an Endogenous Ligand at Imidazoline Binding Sites. British Journal of
Pharmacology 133: pp 755-780.

Redrobe JP, Dumont Y, Fournier A, Baker G B and Quirion R (2005) Role of Serotonin
(5-HT) in the Antidepressant-Like Properties of Neuropeptide Y (NPY) in the
Mouse Forced Swim Test. Peptides 26: pp 1394—-1400.

Reis DJ and Regunathan S (2000) Is Agmatine a Novel Neurotransmitter in Brain?
Trends Pharmacol Sci 21: pp 187-193.

Salter M, Duffy C, Garthwaite J and Strijbos P J (1996) Ex Vivo Measurement of Brain
Tissue Nitrite and Nitrate Accurately Reflects Nitric Oxide Synthase Activity in
Vivo. J Neurochem 66: pp 1683—1690.

San L and Arranz B (2008) Agomelatine: A Novel Mechanism of Antidepressant
Action Involving the Melatonergic and the Serotonergic System. FEuropean
Psychiatry 23: pp 396—402.

Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, Weisstaub N, Lee J,
Duman R, Arancio O, Belzung C and Hen R (2003) Requirement of Hippocampal
Neurogenesis for the Behavioral Effects of Antidepressants. Science 301: pp 805—
809.

Sastre M, Galea E, Feinstein D, Reis D J and Regunathan S (1998) Metabolism of
Agmatine in Macrophages: Modulation by Lipopolysaccharide and Inhibitory
Cytokines. Biochemical Journal 330: pp 1405-1409.

Schildkraut JJ (1965) The Catecholamine Hypothesis of Affective Disorders: a Review
of Supporting Evidence. Am J Psychiatry 122: pp 509-522.

Schmidt HW (1995) Determination of Nitric Oxide Via Measurement of Nitrite and
Nitrate in Culture Media. Biochemica 2: pp 22.

Schuman EM and Madison D V (1994) Nitric-Oxide and Synaptic Function. Annual
Review of Neuroscience 17: pp 153—183.

Segovia G, Porras A and Mora F (1994) Effects of A Nitric-Oxide Donor on Glutamate
and Gaba Release in Striatum and Hippocampus of the Conscious Rat. Neuroreport
5: pp 1937-1940.

Seidel C and Bicker G (1997) Colocalization of NADPH-Diaphorase and GABA-
Immunoreactivity in the Olfactory and Visual System of the Locust. Brain Research
769: pp 273-280.

Shepherd RM, Hashmi M N, Kane C, Squires P E and Dunne M J (1996) Elevation of
Cytosolic Calcium by Imidazolines in Mouse Islets of Langerhans: Implications for
Stimulus-Response Coupling of Insulin Release. British Journal of Pharmacology
119: pp 911-916.

Shirayama Y, Chen A C, Nakagawa S, Russell D S and Duman R S (2002) Brain-
Derived Neurotrophic Factor Produces Antidepressant Effects in Behavioral Models
of Depression. J Neurosci 22: pp 3251-3261.

50



Silva JACE (2005) Overview of the Field. Metabolism-Clinical and Experimental 54:
pp 5-9.

Southam E, Charles S L and Garthwaite J (1996) The Nitric Oxide-Cyclic GMP
Pathway and Synaptic Plasticity in the Rat Superior Cervical Ganglion. British
Journal of Pharmacology 119: pp 527-532.

Spector EB, Jenkinson C P, Grigor M R, Kern R M and Cederbaum S D (1994)
Subcellular Location and Differential Antibody Specificity of Arginase in Tissue—
Culture and Whole Animals. International Journal of Developmental Neuroscience
12: pp 337-342.

Stahl, M. S. (2008) Essential Psychopharmacology: Neuroscientific Basis and Practical
Applications (Essential Psychopharmacology Series) 3rd Edition: pp 511-667.

Stamler JS, Lamas S and Fang F C (2001) Nitrosylation: The Prototypic Redox-Based
Signaling Mechanism. Cell 106: pp 675-683.

Stuehr DJ, Cho H J, Kwon N S, Weise M F and Nathan C F (1991) Purification and
Characterization of the Cytokine-Induced Macrophage Nitric-Oxide Synthase — An
Fad-Containing and Fmn-Containing Flavoprotein. Proceedings of the National
Academy of Sciences of the United States of America 88: pp 7773-77717.

Suzuki E, Yagi G, Nakaki T, Kanba S and Asai M (2001) Elevated Plasma Nitrate
Levels in Depressive States. J Affect Disord 63: pp 221-224.

Suzuki E, Yoshida Y, Shibuya A and Miyaoka H (2003) Nitric Oxide Involvement in
Depression During Interferon-Alpha Therapy. Int J Neuropsychopharmacol 6: pp
415-419.

Taksande BG, Kotagale N R, Tripathi S J, Ugale R R and Chopde C T (2009) Anti-
depressant Like Effect of Selective Serotonin Reuptake Inhibitors Involve Mo-
dulation of Imidazoline Receptors by Agmatine. Neuropharmacology 57: pp 415—
424.

Tanis KQ, Newton S S and Duman R S (2007) Targeting Neurotrophic/Growth Factor
Expression and Signaling for Antidepressant Drug Development. CNS Neurol
Disord Drug Targets 6: pp 151-160.

Ulak G, Mutlu O, Akar F Y, Komsuoglu F I, Tanyeri P and Erden B F (2008) Neuronal
NOS Inhibitor 1-(2-Trifluoromethylphenyl)-Imidazole Augment the Effects of
Antidepressants Acting Via Serotonergic System in the Forced Swimming Test in
Rats. Pharmacol Biochem Behav 90: pp 563—568.

Umathe SN, Bhutada P S, Jain N S, Mundhada Y R, Borkar S S and Dhumal B (2009)
Role of Nitric Oxide in Obsessive-Compulsive Behavior and Its Involvement in the
Anti-Compulsive Effect of Paroxetine in Mice. Nitric Oxide 21: pp 140-147.

Vockley JG, Goodman B K, Tabor D E, Kern R M, Jenkinson C P, Grody W W and
Cederbaum S D (1996) Loss of Function Mutations in Conserved Regions of the
Human Arginase I Gene. Biochemical and Molecular Medicine 59: pp 44-51.

Volke A, Wegener G, Vasar E and Volke V (2006) High-Performance Liquid Chroma-
tography Method With Radiochemical Detection for Measurement of Nitric Oxide
Synthase, Arginase, and Arginine Decarboxylase Activities. Methods Find Exp Clin
Pharmacol 28: pp 3—-6.

Volke V, Koks S, Vasar E, Bourin M, Bradwejn J and Mannisto P T (1995) Inhibition
of Nitric Oxide Synthase Causes Anxiolytic-Like Behaviour in an Elevated Plus-
Maze. Neuroreport 6: pp 1413-1416.

Volke V, Soosaar A, Koks S, Bourin M, Mannisto P T and Vasar E (1997) 7-Ni-
troindazole, a Nitric Oxide Synthase Inhibitor, Has Anxiolytic-Like Properties in
Exploratory Models of Anxiety. Psychopharmacology (Berl) 131: pp 399—405.

51



Volke V, Wegener G, Bourin M and Vasar E (2003) Antidepressant- and Anxiolytic-
Like Effects of Selective Neuronal NOS Inhibitor 1-(2-Trifluoromethylphenyl)-
Imidazole in Mice. Behavioural Brain Research 140: pp 141-147.

Walker, J. P. (1979 ) Creatine: biosynthesis, regulation, and function. Adv Enzymol
Relat Areas Mol Biol 50: pp 177-242.

Wegener G, Volke V and Rosenberg R (2000) Endogenous Nitric Oxide Decreases
Hippocampal Levels of Serotonin and Dopamine in Vivo. Br J Pharmacol 130: pp
575-580.

Wegener G and Volke V (2010) Nitric Oxide Synthase Inhibitors As Antidepressants.
Pharmaceuticals 3: pp 273-299.

Wegener G, Volke V, Harvey B H and Rosenberg R (2003) Local, but Not Systemic,
Administration of Serotonergic Antidepressants Decreases Hippocampal Nitric
Oxide Synthase Activity. Brain Research 959: pp 128—134.

Wei XL, Su R B, Wu M, Lu X Q, Zheng J Q and Li J (2007) Agmatine Inhibits
Morphine-Induced Locomotion Sensitization and Morphine-Induced Changes in
Striatal Dopamine and Metabolites in Rats. European Neuropsychopharmacology
17: pp 790-799.

Wiesinger H (2001) Arginine Metabolism and the Synthesis of Nitric Oxide in the
Nervous System. Prog Neurobiol 64: pp 365-391.

Wiley JL, Cristello A F and Balster R L (1995) Effects of Site-Selective NMDA Re-
ceptor Antagonists in an Elevated Plus-Maze Model of Anxiety in Mice. Eur J
Pharmacol 294: pp 101-107.

Williams K (1997) Interactions of Polyamines With Ion Channels. Biochemical Journal
325: pp 289-297.

Wu GY and Morris S M (1998) Arginine Metabolism: Nitric Oxide and Beyond.
Biochemical Journal 336: pp 1-17.

Wu N, Su R B and Li J (2008) Agmatine and Imidazoline Receptors: Their Role in
Opioid Analgesia, Tolerance and Dependence. Cellular and Molecular Neuro-
biology 28: pp 629-641.

Xia Y, Roman L J, Masters B S S and Zweier J L (1998) Inducible Nitric-Oxide
Synthase Generates Superoxide From the Reductase Domain. Journal of Biological
Chemistry 2773: pp 22635-22639.

Xie QW and Nathan C (1994) The High-Output Nitric-Oxide Pathway — Role and
Regulation. Journal of Leukocyte Biology 56: pp 576-582.

Yang MZ, Mun C H, Choi Y J, Baik J H, Park K A, Lee W T and Lee J E (2007)
Agmatine Inhibits Matrix Metalloproteinase-9 Via Endothelial Nitric Oxide
Synthase in Cerebral Endothelial Cells. Neurological Research 29: pp 749-754.

Yang XC and Reis D J (1999) Agmatine Selectively Blocks the N-Methyl-D-Aspartate
Subclass of Glutamate Receptor Channels in Rat Hippocampal Neurons. J Phar-
macol Exp Ther 288: pp 544-549.

Yu H, Iyer R K, Kern R, Rodriguez W, Grody W W and Cederbaum S D (2001)
Expression of Arginase Isozymes in Mouse Brain. American Journal of Human
Genetics 69: pp 491.

Yun HY, Gonzalez-Zulueta M, Dawson V L and Dawson T M (1998) Nitric Oxide
Mediates N-Methyl-D-Aspartate Receptor-Induced Activation of P21(Ras).
Proceedings of the National Academy of Sciences of the United States of America
95: pp 5773-5778.

Zeidan MP, Zomkowski A D E, Rosa A O, Rodrigues A L S and Gabilan N H (2007)
Evidence for Imidazoline Receptors Involvement in the Agmatine Antidepressant-

52



Like Effect in the Forced Swimming Test. European Journal of Pharmacology 565:
pp 125-131.

Zhou LJ, Welsh A M, Chen D and Koliatsos V E (2007) NMDA Inhibitors Cause
Apoptosis of Pyramidal Neurons in Mature Piriform Cortex: Evidence for a Nitric
Oxide-Mediated Effect Involving Inhibitory Interneurons. Neuropharmacology 52:
pp 1528-1537.

Zhu MY, Wang W P, Cai Z W, Regunathan S and Ordway G (2008) Exogenous
Agmatine Has Neuroprotective Effects Against Restraint-Induced Structural Chan-
ges in the Rat Brain. European Journal of Neuroscience 27: pp 1320-1332.

Zomkowski A.D.E., Oscar R A, Lin J, Santos A R, Calixto J] B and Lucia Severo R A
(2004) Evidence for Serotonin Receptor Subtypes Involvement in Agmatine
Antidepressant Like-Effect in the Mouse Forced Swimming Test. Brain Res 1023:
pp 253-263.

Zomkowski AD, Hammes L, Lin J, Calixto J B, Santos A R and Rodrigues A L (2002)
Agmatine Produces Antidepressant-Like Effects in Two Models of Depression in
Mice. Neuroreport 13: pp 387-391.

Zomkowski AD, Santos A R and Rodrigues A L (2005) Evidence for the Involvement
of the Opioid System in the Agmatine Antidepressant-Like Effect in the Forced
Swimming Test. Neurosci Lett 381: pp 279-283.

Zomkowski ADE, Engel D, Gabilan N H and Rodrigues A L S (2010) Involvement of
NMDA Receptors and L-Arginine-Nitric Oxide-Cyclic Guanosine Monophosphate
Pathway in the Antidepressant-Like Effects of Escitalopram in the Forced Swim-
ming Test. European Neuropsychopharmacology 20: pp 793-801.

53



SUMMARY IN ESTONIAN
L-arginiini rajad ja antidepressiivhe toime

Depressioon on sage ja palju-uuritud haigus, ent selle tdpsed neurokeemilised
mehhanismid on ténini ebaselged. Praegu kasutusel olevad antidepressandid ei
ole piisava efektiivsusega- nii on probleemiks aeglane depressioonivastase
toime algus ning suhteliselt suure protsendi haigete ravile mittereageerimine.
Seega on vajalik depressioonimehhanismide parem mdistmine ning uute méark-
laudade leidmine selle raske haiguse raviks.

Lammastikmonooksiid (NO) on tavatute omadustega virgatsaine narvisiis-
teemis. NO-d siinteesib L-arginiinist NO siintaas (NOS). NO vd&imalikust osast
depressiooni kujunemisel ja antidepressantide toimes on andmeid nii loomkat-
setes kui ka inimesel. Kuigi NO on peamiseks ja enimuuritud L-arginiinist siin-
teesitavaks mediaatoriks, pOoratakse itha suuremat tdhelepanu ka teistele
arginiinist ldhtuvatele metaboolsetele radadele ajus. Nii tekib arginiini dekar-
boksiilaasi toimel L-arginiinist agmatiin, mis ilmselt toimib samuti mediaatorina
nii nirvisiisteemis kui ka veresoonkonnas.

Kéesoleva uuringu eesmérkideks oli tipsustada NO osalemist depressiooni
mehhanismides ning teise arginiinist ldhtuva voimaliku mediaatormolekuli,
agmatiini, rolli selgitamine.

Meie uuringutes omas agmatiin kiilll antidepressiivset toimet Porsolt’ testis,
kuid see toime ilmnes méirgatavalt korgemas annuses (50 mg/kg) kui varase-
mates t0ddes. Agmatiinil puudus toime drevuse tasemele hele-tume puuris ning
loomade liitkumisaktiivsusele. Kuna on esitatud hiipotees, et agmatiini toime
depressioonimudeleis on vahendatud serotoniinergilise siisteemi poolt, uurisime
ka serotoniini siinteesi parssiva ravimi manustamise toimet agmatiini efektidele.
PCPA manustamine 4 pieva jooksul vdhendas ajus frontaalkoores 5-HT kont-
sentratsiooni 5 korda. Serotoniini siinteesi parssimine ei mojutanud agmatiini
antidepressiivset efekti sundujumise katses, mis niitab, et agmatiini toime ei
sOltu serotoniinergilisest siisteemist. Arvestades agmatiini kdrget annust meie
katses vorreldes selle fiisioloogilise nivooga ajukoes, on tegemist selgelt far-
makoloogilise toimega.

Varem on leitud, et NO eellasmolekuli L-arginiini manustamine korvaldab
moningate antidepressantide efekti Porsolt’ testis. On viidatud ka voimalusele,
et moned antidepressandid vdivad toimida in vitro ja in vivo kui NOS-i inhi-
biitorid. Seetottu uurisime, kas L-arginiin on vdimeline blokeerima erinevat
tiilipi antidepressantide toimet Porsolt testis, ja kas uuritavad antidepressandid
mojutavad NO siinteesi hiire ajukoes. NO prekursori L-arginiini 500mg/kg
manustamine blokeeris antidepressantide imipramiini ja venlafaksiini anti-
depressiivse toime, ent ei mdjutanud bupropiooni ja fluoksetiini efekti sunduju-
mise katses. L-arginiin annuses 1000 mg/kg blokeeris bupropiooni antidep-
ressiivse efekti, ent ei mdjutanud fluoksetiini toimet. L-arginiini sellis toime
seletamiseks on kaks voOimalust: 1) klassikalised antidepressandid ja NO
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siisteem mdjutavad paralleelselt depressiooni patofiisioloogilisi mehhanisme,
voi 2) antidepressandid vdivad otseselt mdjutada NO siinteesi aktiivsust. Selle
selgitamiseks moddeti antud t66s ka nitritite ja nitraatide (NOx) taset ajus
antidepressandi manustamise jargselt. Imipramiini, venlafaksiini ja fluoksetiini
korral oli mdju NO tasemele paralleelne kéitumiskatsetes leituga: imipramiin ja
venlafaksiin vdhendasid NOx taset, fluoksetiin ei mdjutanud NO siinteesi.
Bupropiooni korral oli L-arginiin kiill voimeline antidepressiivset efekti blo-
keerima, kuid bupropioon ei mdjutanud NO siinteesi ajus. Seega vdib jareldada,
et moned antidepressandid on voimelised inhibeerima NO siinteesi ajus ja see
mehhanism voib seletada L-arginiini voimet korvaldada nende antidepressiivset
toimet.

Lisaks uurisime NO ja agmatiini véimalikku osalemist obsessiiv-kompul-
siivse kiditumise regulatsioonis nn kuulide matmise mudelis. Kuna mdnedel
antidepressantidel ei ole akuutselt manustatuna toimet sundujumise testis, ent
need on efektiivsed kuulide matmise testis, siis uurisime lisaks, kas L-arginiini
eelnev manustamine korvaldab ka selliste antidepressantide toimet. Mdlemad
testitud NO siintaasi inhibiitorid (7-NI ja TRIM) vihendasid oluliselt maetud
marmorkuulikeste arvu. Sarnaselt teistele drevuse ja depressioonimudelitele, ei
omanud L-arginiin ka selles testis eraldi manustatuna mingit toimet. L-arginiini
eelnev manustamine vihendas paroksetiini ja tsitalopraami toimet kuulide mat-
mise testis. Seega osaleb NO ka obsessiiv-kompulsiivse kditumise regulat-
sioonis, kusjuures sarnaselt drevuse ja depressioonimehhanismidele on neuro-
naalse isoensiitimi roll juhtiv. Ka agmatiin oli antud mudelis efektiivne, kuid
selle toime ei olnud seotud NO siinteesi mojutamisega.

Kokkuvotteks voib Oelda, et agmatiinil on antidepressiivne efekt sund-
ujumise katses ja see on efektiivne ka kuulide matmise testis. Agmatiini toimeid
vahendavad mehhanismid pole tédpselt teada, kuid need ei ole vahendatud
serotoniinergilise siisteemi ega NO siinteesi mdjutamise kaudu. Meie tulemused
andsid kinnitust viitele, et mdned antidepressandid on véimelised inhibeerima
NO siinteesi ajus ning see mehhanism voib olla seotud NO eellasmolekuli
L-arginiini vGimega vihendada antidepressantide toimet.
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