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ABSTRACT 

 

Carisbamate (CRS) and lamotrigine (LTG) are anticonvulsants which act mainly on 

neuronal voltage-gated sodium channels, that have been shown to have antidepressant-like 

effects in animal models of depression. In vivo electrophysiological recordings were carried 

out following 2 and 14 days of CRS or LTG administration. Overall firing activity in the 

dorsal raphe, locus coeruleus and ventral tegmental area were decreased with CRS. 

Similarly, a decrease in the dorsal raphe was also observed with LTG. Despite these 

presynaptic decreases in firing activity, both anticonvulsants exhibited significant 

enhancement of serotonergic transmission in the hippocampus as demonstrated by increased 

tonic activation of postsynaptic 5-HT1A receptors. This may be attributed to the observed 

desensitization of the terminal 5-HT1B autoreceptors. This study suggests that the enhanced 

serotonergic effect may be associated with an antiglutamatergic effect, and may contribute 

to the antidepressant-like effect of CRS in the forced swim test and the antidepressant 

properties of LTG.  
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INTRODUCTION 

1. Major depressive disorder 

1.1. Background 

Major depressive disorder (MDD) is a common and serious psychiatric illness with a 

high prevalence affecting over 98 million people worldwide (WHO, 2008). According to the 

World Health Organization (WHO) it is already ranked as the number one leading cause of 

burden of disease, as measured by disability-adjusted life years, in middle- to high-income 

countries worldwide (WHO, 2008).  

According to the American Psychiatric Association’s (APA) Diagnostic and 

Statistical Manual of Mental Disorders 4
th

 Edition Text Revision (DSM-IV-TR; APA, 

2000), the established criteria for diagnosing MDD is characterized by at least one major 

depressive episode (MDE) of a minimum length of 2 weeks of depressed mood and/or 

anhedonia in association with at least four other depressive symptoms, such as changes in 

weight, sleep, psychomotor activity, or diminished energy, concentration, self-worth, or 

suicidal ideation. These depressive symptoms interfere significantly with the individual’s 

normal, daily functioning of the social, emotional and occupational aspects of their life 

(Parikh et al., 2001). The severity of the disorder is typically rated by two scales of MDD 

that are often used in clinical practice, the Hamilton Depression Rating Scale (HAM-D; 

Hamilton, 1960) and the Montgomery-Åsberg Depression Rating Scale (MADRS; 

Montgomery and Åsberg, 1979). 

The ultimate goal in the treatment of MDD is remission, which is defined as the 

complete asymptomatic return to all aspects of their normal life (Frank et al., 1991). There 

are many effective antidepressant (AD) treatments to date, however, only one-third of 
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treated patients will achieve full remission within 8 weeks of therapy (Thase, 2003).  Those 

who do not fully remit may experience a response, which is defined as the significant 

improvement of symptoms such that the individual is only just below the criteria for MDD 

diagnosis, where difficulties can arise in adherence to treatments as the individual begins to 

experience some symptomatic relief, thus running a higher risk of relapse (Frank et al, 1991; 

Thase, 2003). In addition, the long time it takes to improve symptoms may also lead to 

patients discontinuing their treatment thus resulting in a 5-fold increase in suicidal behaviour 

(Yerevanian et al., 2004). When patients require more AD treatment steps, their risk of 

relapse is increased and remission rates are reduced (Rush et al., 2006). Indeed, patients who 

do not exhibit a response following two or more alternate trials with different classes of ADs 

are diagnosed as treatment resistant (Fava, 2003; Thase, 2003). Adverse side effects are also 

a continuing problem with conventional ADs. Thus, there is still a need for new and 

effective ADs. 

1.2. Etiology 

 Due to the multifactorial nature of the disorder, our current understanding of the 

etiology of MDD is very limited and its occurrence may be predicted based on a 

combination of both genetic and environmental risk factors (Caspi et al., 2003; Karg et al., 

2011). According to a recent meta-analysis, the heritability of the disorder is 37%, with the 

genetic component of the disease increasing with certain forms of the disorder (Sullivan et 

al., 2000). Not only can genetic susceptibility predispose an individual to have a natural 

propensity towards stressful life events as well as to MDEs, but the experience of external 

life stressors can have a causal effect on the incidence of MDEs (Kendler et al., 1999). 

However, the current lack of knowledge of which genes and external factors increase 
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susceptibility renders it difficult to create ideal animal models of depression, therefore we 

must rely on paradigms to determine the efficacy of ADs (Berton and Nestler, 2006). In vivo 

electrophysiology is one of the less ambiguous methods, as it provides a direct measure of 

the changes in neurotransmitter function implicated in depression. 

Polymorphisms in genes related to the pathophysiology of depression have been 

identified (Hamer, 2002). However, due to the heterogeneous nature of depression, it is 

difficult to use marker genes for association studies, as there is no single set of symptoms 

that is common for all depressed patients since it is likely that multiple pathways are 

convergent to depression (Rush, 2007). Therefore, where a treatment may be effective in 

one individual it may not have any effect in another, thus there is still a need for alternate 

treatment strategies acting on different targets. 

 

2. Bipolar disorder           

Bipolar disorder (BPD) is a mood disorder that is characterized not only by 

depressive episodes but is distinguished from MDD by the occurrence of hypomanic or 

manic episodes. In bipolar I disorder the depressive phase is predominant and can last for 

over a year in as many as one fifth of bipolar patients (Judd et al., 2002; Keller et al., 1986). 

Thus, difficulties can arise in differentiating MDD from bipolar depression which often 

results in misdiagnosis and suboptimal treatments. Indeed, conventional ADs prescribed for 

the treatment of BPD are not only associated with poor response rates but can worsen the 

outcome of the illness and precipitate rapid cycling and mania (Ghaemi et al., 2000). 

Therefore, alternate therapies have been developed for treatment of both spectrums of the 

disorder. There is a high prevalence of BPD and MDD in patients with seizures and thus 
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many anticonvulsants such as lamotrigine are prescribed as mood stabilizers. Lamotrigine 

works on mania to a degree but is more typically used for treating depressive episodes and 

has in fact shown a well-tolerated and significant AD efficacy in both the HAM-D and the 

MADRS (Calabrese et al., 1999).  

The monoaminergic systems have been implicated in both MDD and BPD. The 

depressed phase of BPD is associated with reduced serotonergic activity, similar to MDD 

albeit to a lesser extent (Mahmood and Silverstone, 2001). Dopamine and norepinephrine 

are involved in mania as catecholamine depletion with alpha-methyl-paratyrosine has been 

shown to attenuate manic symptoms (Bunney WE Jr et al., 1971). Thus, it is important to 

study the effects on the monoaminergic systems when determining the efficacy of potential 

treatments for mood disorders.  

 

3. The monoaminergic systems 

The heterogeneity of depression makes it difficult to ascertain which of the main 

brain areas implicated in mediating mood, emotion and cognitive responses contribute to 

MDD, as the regions involved would vary between individuals depending on their 

symptoms (Rush, 2007; Berton and Nestler, 2006). However, the main brain regions that are 

thought to be involved in producing the depressive symptoms, such as the prefrontal cortex 

(PFC), hippocampus, amygdala, nucleus accumbens (NAc) and hypothalamus, all have 

substantial innervations coming from the dorsal raphe nucleus (DRN), locus coeruleus (LC) 

and the ventral tegmental area (VTA) which have been shown to be rich in the monoamines 

serotonin (5-HT), norepinephrine (NE) and dopamine (DA), respectively, indicating that 

they may play important modulatory roles on the aforementioned forebrain areas (Celada et 
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al., 2001; Berridge and Waterhouse, 2003; Albanese et al., 1986; Berton and Nestler, 2006). 

Indeed, much focus has been given to the 5-HT, NE and DA monoaminergic systems as they 

have been shown to have overlapping roles in regulating mood, emotion and cognitive 

function (Stahl, 2000). Thus, dysregulation of any of the systems may be contributing 

factors to depression. 

A study by Guiard et al., (2008a) highlighted the importance of reciprocal functional 

interactions between these three key systems (Figure 1). Given these interactions, it is 

important to regard these three systems as a whole when deducing the mechanism of action 

of ADs since any effect on one system may result in subsequent alterations in the other two 

systems.  

 

 

 

 
Figure 1. Schematic representation of the reciprocal interactions between the cell bodies of DA, 

NE, and 5-HT neurons. A (+) sign indicates an agonism or a stimulatory effect and a (-) sign 

indicates an antagonism or an inhibitory effect on firing activity. The inhibitory autoreceptors are 

indicated by the curved arrows. Adapted from: Guiard et al. (2008a; 2008b) 
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3.1. The serotonin system 

Serotonin, also known as 5-hydroxytryptamine, is an indolamine neurotransmitter 

that is located in abundance in the DRN, containing approximately 50-60% of the CNS’s 5-

HT neurons in humans (Baker et al., 1990). This system is implicated in emotion and mood 

and thus, dysregulation of this system is thought to be involved in MDD and anxiety 

disorders. Evidence of its involvement is observed in acute tryptophan depletion studies 

where a brief recurrence of depressive symptoms is observed in patients that had previously 

shown a response to serotonergic-related ADs such as selective serotonin reuptake inhibitors 

(SSRIs; Delgado et al., 1994; Miller et al., 1992).  

5-HT is synthesized inside the serotonergic nerve terminal from its precursor 

tryptophan, and its conversion to 5-hydroxytryptophan is mediated by the rate-limiting 

enzyme tryptophan hydroxylase 2 (TPH2; Fuller et al., 1980; Walther et al., 2003). 

Following synthesis, 5-HT is stored into vesicles via the vesicular monoamine transporter 

(VMAT) until they are exocytosed into the synapse where they can then act either on the 

presynaptic or postsynaptic receptors. Excess 5-HT is then removed from the synapse and is 

returned to the nerve terminal through the 5-HT transporters. Once in the nerve terminal 5-

HT is either taken up by the vesicles or metabolized by monoamine oxidase into its 

metabolite 5-hydroxyindoleacetic acid (Szabo et al., 2009). 

Somatodendritic 5-HT1A receptors implement a negative feedback regulatory 

mechanism such that 5-HT activates the Gαi3 proteins of these receptors, thus binding of 5-

HT to these receptors causes a dampening of neuronal firing activity through inhibition of 

adenylyl cyclase and reduces the amount of available 5-HT in the postsynaptic cleft 

(Mannoury la Cour et al., 2006; De Vivo and Mayaani, 1986). A study by Stockmeier et al. 
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(1998) demonstrated an increase in these auto-inhibitory 5-HT1A receptors in the DRN in 

depressed suicide victims, which may contribute to a decrease in serotonergic activity. Other 

presynaptic regulatory receptors are the terminal 5-HT1B autoreceptors and α2-adrenergic 

heteroceptors, the latter which are coupled to inhibitory G-proteins (Gαi) that regulate 

vesicular exocytosis through inactivation of the terminal calcium channels.  

Postsynaptic 5-HT1A receptors are also Gαo-protein coupled receptors, which directly 

results in the opening of potassium channels, thus hyperpolarizing the cell (Mannoury la 

Cour et al., 2006; Oleskevich, 1995). Both postmortem in situ hybridization and PET 

imaging studies have shown that there is a reduction in 5-HT1A receptor levels in 

postsynaptic regions in unmedicated, depressives and depressed suicide victims which is 

also in line with decreased serotonergic activity and thus a diminished inhibitory effect of 

the postsynaptic receptors (Drevets et al., 1999; López et al., 1998; Lopez-Figueroa et al., 

2004). Therefore, in determining the effect of AD drug regimens on the monoamine 

systems, it is important to regard the postsynaptic effects, in particular the tonic activation of 

postsynaptic receptors caused by long-term AD treatments. A study by Haddjeri et al. (1998) 

demonstrated enhanced serotonergic neurotransmission incurred by AD drugs and 

electroconvulsive shocks (ECS) is due to enhanced activation or sensitivity of postsynaptic 

5-HT1A receptors in the dorsal hippocampus CA3 pyramidal neurons, which can be 

measured in terms of the degree of disinhibition in the presence of the selective 5-HT1A 

antagonist WAY 100635. Thus, it is important to determine the responsiveness of 5-HT1A 

receptors in these neurons when assessing the efficacy of AD treatments.  
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3.2. The dopaminergic system 

 The mesolimbic, mesocortical, nigrostriatal and incertohypothalamic pathways are 

four pathways of the dopaminergic system that can be implicated in depression (Dunlop and 

Nemeroff, 2007; Szabo et al., 2009). Dopaminergic cell bodies of the mesolimbic pathway, 

also known as the reward pathway, originate in the VTA and project to many important 

limbic areas such as the NAc, hippocampus and the amygdala, and play a key role in reward 

and motivation (Swanson, 1982; Albanese et al., 1986). The mesocortical pathway also 

originates in the VTA and projects largely to the PFC, and is an important mediator of 

executive functions as well as playing a part in concentration. The nigrostriatal pathway 

arises from the substantia nigra pars compacta and projects to the striatum, and has been 

shown to be important in regulating motor activity. The incertohypothalamic pathway 

projects from the medial portion of the zone incerta to the amygdaloid and hypothalamic 

nuclei that play a role in sexual behaviour. Thus, dysregulation in any of these systems may 

be implicated in anhedonia, diminished motivation, inability to think or concentrate, altered 

psychomotor activity as well as sexual dysfunction, which are some of the major 

endophenotypes of MDD.  

DA is a catecholamine that is synthesized in the nerve terminal from its precursor 

tyrosine, which is mediated by the rate-limiting enzyme tyrosine hydroxylase (Szabo et al, 

2009). Storage, release, reuptake and metabolism of DA is the same as with 5-HT, however 

reuptake is through the DA transporter and in some cases through the NE transporter, as DA 

and NE are structurally similar. DA is able to exert an effect on the postsynaptic neuron 

through action on either the dopamine 1 (D1) or 2 (D2) family of receptors. The firing 
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activity and synaptic release of DA neurons is regulated through the Gi/o-protein coupled D2 

somatodendritic and terminal autoreceptors, respectively.  

3.3. The noradrenergic system 

 The noradrenergic system is very widespread throughout the CNS, as about 90% of 

the NE projections to various forebrain regions such as the amygdala, PFC and NAc, are 

from the LC (Foote et al., 1983). The noradrenergic system is particularly important in 

dealing with emotional pain and other stressful stimuli by initiation of the fight or flight 

response through the hypothalamic-pituitary-adrenal axis via the dorsal medial PFC (Radley 

et al., 2008). Evidence of this is apparent in electrophysiological studies, where a brief 

excitation of noradrenergic firing activity is observed in response to a noxious stimuli, such 

as the nociceptive pinch of the contralateral hindpaw (Aghajanian and Vandermaelen, 

1982b). Thus, an imbalanced system would result in the inability to adequately respond to 

external stressors which is one of the key characteristics of MDD (Szabo et al., 2009).  

Structurally similar to DA, noradrenaline is a catecholamine which shares the same 

synthetic pathway, as it is synthesized directly from DA which is mediated by the enzyme 

dopamine-β-hydroxylase (Iverson, 1991). In the same way as 5-HT and DA, NE is stored 

into vesicles by VMAT then released into the synapse where the excess is taken up by the 

NET for reuse or subsequent degradation by monoamine oxidase (Szabo et al., 2009). Or NE 

can act on presynaptic inhibitory Gi/o-protein coupled α2-adrenoceptors located both at the 

cell body to inhibit firing and also at the terminals to block release. Reduced NE 

neurotransmission in MDD has been indicated in postmortem studies where unmedicated, 

depressed suicide victims display an upregulation of the inhibitory α2-adrenergic receptors 

in the LC (Ordway et al., 2003). Indeed, clinical studies of catecholamine depletion via the 
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tyrosine hydroxylase inhibitor alpha-methyl-paratyrosine have shown that there is a relapse 

of depressive symptoms in patients who had remitted with noradrenergic-related ADs such 

as norepinephrine reuptake inhibitors (NRIs; Miller et al., 1996).  

A recent study showed that bupropion increased the tonic activation of postsynaptic 

α2- and α1-adrenoceptors by endogenous NE, and both trazodone and quetiapine also 

enhanced tonic activation of the α2-adrenergic receptors (Ghanbari et al., 2011; Ghanbari et 

al., 2012; Chernoloz et al., 2012). Thus, as with postsynaptic 5-HT1A receptors, it is 

important to determine the responsiveness of these receptors when determining the 

mechanism of action of ADs. 

 

4. Monoamine hypothesis of depression & current ADs 

The monoamine hypothesis of depression states that deficiencies of the central 

monoamine levels underlie the pathophysiology of depression (Krishnan and Nestler, 2008). 

Thus, most of the current available ADs have been geared towards enhancing monoamine 

levels. ADs such as the tricyclics, the SSRIs, NRIs and the 5-HT and NE reuptake inhibitors 

(SNRIs) act to immediately and transiently enhance monoamine levels by blocking reuptake 

through the respective transporters (Berton and Nestler, 2006). This effect is also achieved 

by preventing monoamine degradation with the use of monoamine oxidase inhibitors 

(MAOIs). The transient increase in 5-HT levels that occurs around the cell bodies and 

dendrites is not observed in the postsynaptic areas due to a negative feedback mechanism 

via activation of the somatodendritic 5-HT1A autoreceptors, thus firing activity is reduced 

(Bel and Artigas, 1992). Following chronic AD treatment, firing activity is returned to 
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normal and postsynaptic 5-HT levels are elevated due to desensitization of the 5-HT1A 

autoreceptors (Bel and Artigas, 1993).  

ADs such as the reuptake inhibitors and the MAOIs do not exhibit any therapeutic 

effect until after a couple of weeks of treatment due in part to the time it takes for 

desensitization of the 5-HT1A autoreceptors to occur (Piñeyro and Blier, 1999). However, 

auto-inhibition in response to ADs may not necessarily be related to treatment resistance, 

there may be other long-term changes required for an AD effect, thus the necessity for 

different treatment strategies (Artigas et al., 2006). Furthermore, tryptophan depletion 

studies indicate that a simple deficiency of 5-HT in itself is not enough to trigger MDEs in 

healthy volunteers or exacerbate depressive symptoms in untreated depression (Salomon et 

al., 1997; Delgado et al., 1994).  In addition, catecholamine and combined tryptophan 

depletion in untreated depressed patients also does not yield any mood changes (Berman et 

al., 2002). Therefore, these studies support the idea that other brain areas that are modulated 

by the monoamines, may be contributing to the disorder. Thus, there is a need for alternate 

AD treatments acting on different targets. 

 

5. The glutamatergic system and MDD 

5.1. Background 

Studies have indicated that enhancement of monoamine neurotransmission may 

require alternate mechanisms to produce an AD effect and may also require secondary 

transcriptional and translational changes in downstream regions, ultimately altering 

neuroplasticity and in turn, cognitive function  (Krishnan and Nestler, 2008; Charney and 

Manji, 2004). Therefore, systems that play a more integral role in neuroplasticity and cell 
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survival would be of interest in the treatment and pathophysiology of MDD. The 

glutamatergic system in particular, has become a potential target for the treatment of MDD 

as studies have suggested that abnormalities in the system are involved in the 

pathophysiology (Sanacora et al., 2008; Hashimoto et al., 2007). Indeed, glucose 

metabolism, and by inference glutamate transmission which accounts for about 85-90% of 

the glucose metabolic measure, has been shown to be elevated in various cortico-limbic 

brain structures of patients with MDD (Sibson et al., 1998; Drevets et al., 2004). Functional 

neuroimaging studies have supported the idea that decreased glucose metabolism in the 

hippocampus and the subgenual anterior cingulate cortex is associated with a clinical 

response to long-term treatment with conventional ADs, and conversely increased 

metabolism was related to non-response, indicating that specific changes in the metabolic 

activity of the limbic system are essential for depression remission (Mayberg et al., 2000). 

Glutamate acts as the cardinal mediator of excitatory neurotransmission at the 

synapse and is present at higher concentrations than the monoamines in the brain as it is 

utilized in up to 60% of synapses (Krishnan and Nestler, 2008; Kugaya and Sanacora, 2005; 

Mathew et al., 2008). It is synthesized from the precursor glutamine via the enzyme 

glutaminase. Following synthesis, it is packaged into vesicles through the vesicular 

glutamate transporter and its release is then regulated by voltage-dependent sodium 

channels. Upon release glutamate is able to act on various receptors, namely the ionotropic 

α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), N-methyl-D-aspartate 

(NMDA) and kainate receptors, as well as the G-protein coupled metabotropic glutamate 

receptors (mGluRs; Szabo et al., 2009). Since there are no metabolizing enzymes for 

glutamate at the bouton, all of the excess glutamate is taken up by excitatory amino-acid 
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transporters (EAATs) which are located predominantly in the adjacent glial cells, where it is 

then cycled back into glutamine by glutamine synthetase for subsequent transport back to 

the glutamate neuron which is important for maintaining synaptic glutamate concentrations 

(Sanacora et al., 2008).  

It has been demonstrated in animal models of depression such as in the forced swim 

test (FST), that local application of glutamate to the NAc results in an increase in the 

immobility time, which is a measure of despair (Rada et al., 2003). In accordance with this, 

in diseased states such as in depression there has been an observance of higher plasma levels 

of glutamate in depressed patients (Altamura et al., 1993; Mauri et al., 1998). This may be 

attributed to a significant reduction in astrocytic glial cells that has been observed in limbic 

areas such as the PFC and the amygdala of patients with MDD, and consequently reduced 

expression levels of EAAT1 and EAAT2 have been shown in the frontal cortex which can 

disrupt regulation of synaptic glutamate concentrations as there would be reduced removal 

of excess glutamate from the synapse (Ongür et al., 1998; Altshuler et al., 2010; Miguel-

Hidalgo et al., 2010; Bowley et al., 2002). In addition, dysfunctional NMDA receptors have 

been observed in the frontal cortex of suicide victims (Nowak et al., 1995). Increased 

presynaptic release of glutamate in the hippocampus would also lead to an excess of 

glutamate in the synapse which could subsequently become excitotoxic, as it would result in 

an excess of intracellular calcium and thus an overactivation of calcium-dependent enzymes, 

eventually leading to cell atrophy and possibly even cell death (Figure 2; Sapolsky, 2000). 

Cell atrophy and death could result in hippocampal shrinkage, which seems to be a common 

finding in depressed patients (Campbell et al, 2004). Indeed, reduction in hippocampal 

volume appears to be correlated with the time span of the illness (Sheline et al., 1999). 
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Therefore, drugs that are effective in blocking this pathway by reducing excessive glutamate 

release would have the benefit of enhancing cellular plasticity and cell survival.  

5.2. Antidepressants with neuroprotective potential 

Consistent with this notion, several classes of ADs have been shown to have 

beneficial antiglutamatergic effects. The tricyclic AD imipramine has demonstrated a 

potential neuroprotective effect by reducing potassium-induced glutamate overflow in the 

rat PFC (Michael-Titus et al., 2000). Similarly, a study by Bonanno et al. (2005) showed 

that chronic treatment with three ADs (fluoxetine, desipramine, reboxetine) with differing 

mechanisms reduced depolarization-evoked glutamate release in the hippocampus of rats. 

Studies have shown that imipramine and fluoxetine inhibit voltage-gated Na
+
 channels 

which may contribute to their antiglutamatergic effects (Nicholson et al., 2002; Lenkey et 

al., 2006).  

In humans, a reduction in glucose metabolism and thus, in glutamate transmission is 

observed in the amygdala and in the hippocampus following chronic treatment with SSRIs 

(Drevets et al., 2002; Mayberg et al., 2000). In support of this, a significant reduction in 

serum glutamate levels has been observed following 5-week subchronic treatment with ADs 

(Maes et al., 1998). Furthermore, chronic (14-day) treatment with conventional ADs from 

every principal class (tricyclic ADs, SSRI and ECS) have been shown to downregulate as 

well as dampen the function of N-methyl-D-aspartate receptor (NMDAR) subunits thus 

diminishing glutamatergic activity (Paul et al., 1994; Skolnick et al., 1996). This evidence 

suggests that the therapeutic effect of ADs may be related to a neuroprotective role through 

the reduction of glutamate neurotransmission.   
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5.3. Antiglutamatergic drugs with antidepressant potential 

Reduction of glutamate transmission may be one of the final common steps in the 

mechanism of action in which AD drugs exert their therapeutic effect. Thus, the use of 

antiglutamatergic drugs as an alternate treatment strategy for MDD has become an area of 

interest (Sanacora et al., 2012; McCarthy et al., 2012). Various non-competitive NMDA 

receptor antagonists such as dizolcipine (MK-801) and ketamine have been shown to exert 

AD-like effects in the FST model of depression (Trullas and Skolnick, 1990; Yilmaz et al., 

2002). Indeed, despite a short half-life of only three hours, a single infusion of ketamine has 

been shown to have a rapid AD effect in treatment-resistant patients with MDD which lasts 

for approximately one week (aan het Rot et al., 2010; Zarate et al., 2006; Berman et al., 

2000). It is believed that in rats, ketamine exerts its rapid AD-like effects through activation 

of the mammalian target of rapamycin (mTOR) pathway, resulting in increased 

synaptogenesis on dendritic spines in the PFC (Li et al., 2010). Thus, further lending support 

to the idea that long-term neural adaptations are responsible for the AD response.  

 

6. Depression and Epilepsy 

Depressive disorders are the most frequent psychiatric comorbidity in patients with 

epilepsy as it is easier to manage seizures when depression is under control (Cramer et al., 

2003). Animal models have demonstrated depressive-like deficits in the FST, as well as 

anhedonia-like symptoms in the saccharin solution preference test following induced status 

epilepticus, which were also associated with reduced 5-HT release and concentration in the 

hippocampus following raphe stimulation, as well as enhanced function of presynaptic and 

diminished function of postsynaptic 5-HT1A receptors (Mazarati et al., 2008; Pineda et al., 
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2011). Conversely, monoamine deficits have been shown to be correlated with an increased 

susceptibility to seizures (Shouse et al., 2001). In addition, both disorders have been 

associated with neuronal hyperexcitability in select forebrain regions as both have been 

shown to exhibit hippocampal atrophy, thus it is possible that one affliction may be 

promoting the other (Campbell et al, 2004; Salmenperä et al., 2001). Therefore, it is likely 

that both disorders share a similar pathogenic mechanism involving reduced serotonergic 

transmission and excessive glutamate transmission.  

6.1. Overlapping function of anticonvulsant and antidepressant drugs 

Due to the shared pathogenic similarities between depression and epilepsy, it is not 

surprising that there would be overlapping functions between ADs and anticonvulsant (AC) 

drugs. ACs are known to act as mood stabilizers in BPD and have also been shown to have 

beneficial AD effects in a clinical setting. For example, vagus nerve stimulation is effective 

in both epilepsy and treatment-resistant depression, presumably through an enhancement of 

postsynaptic serotonergic and noradrenergic transmission (Schlaepfer et al., 2008; Manta et 

al., 2009). An important mechanism of action of some ACs is through inhibition of the 

voltage-dependent sodium channels, as it would inhibit the excessive firing of neurons that 

is characteristic of seizures, thus blocking the release of excitatory amino acids such as 

glutamate, and subsequently altering synaptic plasticity.  

As mentioned in the previous section, this neuroprotective mechanism also appears 

to be an effect caused by the conventional ADs fluoxetine, desipramine and imipramine, 

which consequently have also been shown to produce AC effects (Dailey et al., 1992; Jobe 

et al., 1983). Animal models of epilepsy have shown that administration of the SSRI 

fluoxetine to epileptic rats reversed the excitability caused by status epilepticus induction 



 17 

(Mazarati et al., 2008). Furthermore, it was demonstrated that fluoxetine reduced the ED50 

(50% effective dose) values of the ACs carbamazepine and phenytoin in the maximal 

electroshock test and it was also shown to reduce seizure frequency in epileptic patients 

when used as an adjunctive therapy, which suggests that enhancing 5-HT has beneficial AC 

effects (Leander, 1992; Albano et al., 2006).  

Conversely, a study by Barbosa et al. (2003) showed that in treatment-resistant 

patients, augmentation of fluoxetine with the AC lamotrigine had a numerically superior AD 

effect, but missing the 0.05 value than to fluoxetine alone. Normann et al. (2002) 

demonstrated that lamotrigine administered in addition to the SSRI paroxetine resulted in an 

improvement of depressive symptoms as early as the 7
th

 day of treatment. This additive 

effect suggests that the rapid antiglutamatergic effect of AC drugs has the potential to speed 

up the onset of action of ADs by acting on a pathway that may be one of the final steps in 

the mechanism of action of ADs (Sanacora et al., 2008). A recent preclinical study by 

Bourin and others (2009) demonstrated that the AD-like effect of the ACs lamotrigine, 

phenytoin and topiramate in the FST was reversed by veratrine, the Na
+
 channel opener that 

non-selectively releases glutamate, while the AD-like effect of the conventional ADs (i.e. 

paroxetine, desipramine, imipramine) was not reversed. These observations support the idea 

that the AD-like effect of ACs may be due in part to a reduction in glutamatergic 

transmission putatively via blockade of voltage-dependent sodium channels.  

6.2. Carisbamate 

Carisbamate (CRS; RWJ-333369; (S)-2-O-carbamoyl-1-o-chlorophenyl-ethanol) is a 

phenyl monocarbamate that has been shown to block presynaptic voltage-gated Na
+
 

channels and repetitive action potential firing in a use-dependent manner in rat hippocampal 
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neurons which may underlie some of its AC activity (Liu et al., 2009; Lee et al., 2011). CRS 

was shown to inhibit the Nav1.2 isoform of voltage-gated sodium channels, which is highly 

expressed in the hippocampus (Liu et al., 2009; Goldin, 2001). Its mechanism of action is 

related to an antiglutamatergic effect as selective reductions in excitatory, and not inhibitory 

transmission have been observed at clinically effective doses for epilepsy in the granule cell 

of the dentate gyrus (Lee et al., 2011). Indeed, it has been shown to display neuroprotective 

properties as it dose-dependently reduced neuronal loss in the hippocampus, amygdala, and 

the thalamus following status epilepticus insult at doses of 60-120 mg/kg (i.p.) in rats 

(François et al., 2011). This neuroprotective effect may be related to the reestablishment of 

calcium homeostasis following overactivity (Deshpande et al., 2008).  

Randomized, double-blind, placebo-controlled phase II clinical trials were completed 

for the use of CRS in adjunctive treatment of partial onset seizures in patients with 

refractory epilepsy, which showed that the effective dose ranged from 300-1600 mg/day 

with doses of 200-400 mg/day displaying high tolerability, while doses exceeding 1000 

mg/day were associated with transient adverse effects such as nausea, dizziness, headache 

and drowsiness (Novak et al., 2007). However, CRS failed to display consistent efficacy 

data across the dose range vs. the placebo for the treatment of partial onset seizures in phase 

III trials, thus the clinical program for using CRS as an antiepileptic was discontinued 

(Bialer et al., 2010). However, its efficacy as a potential mood stabilizer or an AD remains 

to be studied.  

In preclinical rodent models of generalized and partial epilepsy, CRS has a broad 

spectrum of AC activity with ED50 values ranging from 5-60 mg/kg in important limbic 

brain areas (Novak et al., 2007). Organ toxicity in both juvenile and adult rats has only been 
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observed at doses of 80 and 160 mg/kg, and the maximum tolerated oral dose ranged 

between 360-600 mg/kg with adverse effects such as sedation, ataxia, as well as prostration 

(Novak et al., 2007). Personal communications with another research group demonstrated 

that CRS (p.o.) was shown to have an antimania-like effect in dominant rats at 3 mg/kg 

twice daily for 5 weeks: it reduced their competitiveness, however, at ten times the dose (30 

mg/kg) it enhanced competitiveness in both dominant and submissive rats. They also 

observed anxiolytic activity in the mouse four-plate test at 60 mg/kg as well as reduced 

headshakes in the DOI headshake model. They also showed that CRS indeed had an AD-like 

effect in the FST model of depression in both mice (10 mg/kg; p.o.) and rat (30 mg/kg) 

models. Furthermore, the research group determined there was no significant affinity of the 

drug for 5-HT, DA, GABA, NMDA, cannabinoid, and opioid receptors. Therefore, it 

appears to be a drug with promising potential as an AD, perhaps through an 

antiglutamatergic mechanism via sodium channel blockade (Figure 2). 

6.3. Lamotrigine 

Lamotrigine (LTG; 3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine) which is 

known in the clinic as Lamictal
®
, is a phenyltriazine derivative which first came out as an 

AC in 1994, but has been shown to have beneficial AD effects in the depressed phase of 

BPD, notably in more severely depressed patients (Geddes et al., 2009). LTG is currently 

not indicated in MDD but in BPD maintenance. However, it has demonstrated some benefits 

in treatment-resistant unipolar depression, particularly in both a well-tolerated improved 

response, as well as shortening of the time to response when used as an augmentation 

strategy (Ivković et al., 2009; Barbosa et al., 2003; Normann et al., 2002).  
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With a principal mechanism of action similar to carisbamate, LTG is also thought to 

inhibit glutamate release by use- and voltage-dependent blockade of the Nav1.2 isoform in 

rats as well as the human brain type IIA of sodium channels, which are prominent in 

hippocampal neurons, particularly during repetitive action potential firing (Liu et al., 2006; 

Xie et al., 2001; Kuo and Lu, 1997). Its mechanism of action is shown to be related to an 

antiglutamatergic effect, as a decrease in excitatory transmission has been observed in 

granule cells of the dentate gyrus (Lee et al., 2008). In accordance with this, microdialysis 

studies have demonstrated dose-dependent reductions in both basal and veratridine-induced 

increases in extracellular glutamate levels in the hippocampus of freely moving rats in 

response to LTG (Ahmad et al., 2005). Indeed, LTG has been shown to block the release of 

glutamate induced by veratrine, as well as interfere with the release of harmful oxygen 

radicals such as nitric oxide in forebrain regions, thus reducing excitotoxicity (Figure 2; 

Leach et al., 1986; Lizasoain et al., 1995). It should be noted that veratrine is not specific for 

glutamate neurons, however in vivo microdialysis studies have shown that under basal 

conditons, acute LTG reduces extracellular glutamate levels without affecting that of 5-HT, 

DA or GABA (Ahmad et al., 2005). Therefore, it appears that its use as an antiglutamatergic 

drug would have considerable neuroprotective potential.  

As mentioned previously, LTG has an AD-like effect in the FST which was reversed 

by veratrine. Codagnone et al. (2007) demonstrated that LTG at a dose of 20 mg/kg exerted 

this AD-like effect which was shown to be related to a serotonergic effect in the modified 

FST that was dependent on its sodium channel blocking activity, and thus may be linked to 

its inhibition of glutamate release. This may also be linked to its clinical AD effect in 

humans as it is thought that the AD properties of antiglutamatergic drugs are mediated 
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through the reduction of glutamate transmission and nitric oxide levels in excitotoxicity of 

postsynaptic regions, as well as an increase in neurotransmission of 5-HT (Calabrese et al., 

1999; Prica et al., 2008; Sapolsky, 2000). Postsynaptic 5-HT1A receptors may be involved in 

LTG’s AD-like effect in the FST as its anti-immobility effect was shown to be potentiated 

by the selective 5-HT1A receptor agonist 8-OH-DPAT, the latter which is unaffected by 

para-chlorophenylalanine-induced 5-HT depletion indicating its action is through the 

postsynaptic receptors (Bourin et al., 2005; Luscombe at al., 1993). In addition, local 

activation of these inhibitory receptors by 8-OH-DPAT in the hippocampus has been shown 

to inhibit limbic seizures induced by kainic acid in rats, as well as improve the depressive-

like impairments of epileptic rats in the FST (Gariboldi et al., 1996; Pineda et al., 2011). 

This further lends support to the idea that there is a shared common mechanism involved in 

ADs and AC drugs, perhaps mediated through postsynaptic 5-HT1A receptors. 

Therefore, we hypothesized that the effectiveness of these ACs in animal models 

may be due in part to an alteration of monoaminergic transmission (s) on glutamate neurons. 

Thus, the present electrophysiological study was aimed at determining the effects of both the 

short- and long-term administration of the sodium channel blocker CRS on monoaminergic 

transmission in both presynaptic and postsynaptic regions of the brain, in relation to its AD-

like properties. Following characterization, a comparison of CRS with LTG was carried out 

to determine if its efficacy in animal models could be translated to a potential AD effect in a 

clinical setting. 
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Figure 2. The glutamatergic system in depression. Excessive glutamate transmission leads to an 

excess of intracellular calcium and a subsequent increase in nitric oxide levels via activation of nitric 

oxide synthase, thus resulting in cytotoxicity. Veratrine is a sodium channel opener (+) which non-

selectively facilitates glutamate release. Putative action of CRS and LTG is through sodium channel 

blockade (-) and subsequent neuroprotective activity. 
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MATERIALS AND METHODS 

1. Animals  

 Adult male Sprague-Dawley rats (Charles River, Saint-Constant, QC, Canada) 

weighing 250-300 g at the time of the experiments were used. Animals were housed 2 per 

cage under standard laboratory conditions (12:12 h light/dark cycle; light cycle start at 7:00 

am; temperature 21±1°C, 40-50% relative humidity) with access to food and water ad 

libitum. All animals were handled in accordance with the guidelines of the Canadian 

Council on Animal Care and the local animal care committee of the University of Ottawa, 

Institute of Mental Health Research (Ottawa, Canada).  

 

2. Sustained Treatments 

For short and long-term treatments, CRS was administered via subcutaneously (s.c.) 

implanted osmotic minipumps (Alzet, Durect Corporation, Cupertino, CA) for 2 and 14 days 

at a dose of 60 mg/kg/day, while control rats received the vehicle (40% propylene glycol: 

30% ethanol). The minipumps remained in situ throughout the recordings to ensure steady-

state levels of the drug in order to mimic clinical conditions. LTG was administered via 

intraperitoneal (i.p.) injections for 2 and 14 days at a dose of 25 mg/kg/day as it could not be 

dissolved in the 2 mL volume of the minipumps, while control rats received the vehicle 

(35% propylene glycol: 7% ethanol).  
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3. In vivo Electrophysiological Experiments  

 The extracellular unitary recordings of the monoaminergic neurons were carried out 

using a single-unit glass micropipette filled with 2 M NaCl solution and impedance range 

between 2 and 4 MΩ. Rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) and 

mounted in a stereotaxic apparatus. Supplemental doses of chloral hydrate (50-100 mg/kg, 

i.p.) were given to prevent any nociceptive reaction to tail or hindpaw pinch. A burr hole 

was drilled at specific stereotaxic coordinates for each defined region for recordings, and 

neurons were identified by their spike shape, duration and frequency. Neuronal activity was 

recorded in real-time using the Spike2 software (Cambridge Electronic Design, Cambridge, 

UK), which was also used for analysis of neurons offline. Body temperature was maintained 

at 37°C throughout the experiments using a thermistor-controlled heating pad (Seabrook 

Medical Instruments, Saint-Hyacinthe, Quebec, Canada). A catheter was inserted in the 

lateral tail vein for systemic i.v. injections of pharmacological agents.  

 

3.1. Recording dorsal raphe nucleus (DRN) 5-HT neurons 

 5-HT neurons are recorded reliably at the following coordinates (in mm from 

lambda): anterior-posterior (AP) 1.0 to 1.2, medial-lateral (ML) 0, dorsal-ventral (DV) 5.0 to 

7.0. They are identified by their slow, regular firing rate (0.5-2.5 Hz), and their long spike 

duration which is between 2-5 ms (Figure 3; Aghajanian and Vandermaelen, 1982a). Studies 

by Crawford et al. (2010) have suggested that 5-HT neurons may also display a variety of 

basal firing activity including low or no firing, however it should be noted that these studies 
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were carried out in vitro in slices so the effect of the noradrenergic input is cut, and they are 

giving phenylephrine to restore the firing activity thus their results are showing differences 

in excitability rather than the absolute in vivo effects. 

 

 

 
 
Figure 3. Example of electrophysiological recording of DRN 5-HT neuron. Single action 

potential (left) appears as uniform spikes (bottom, right). Frequency of firing activity is slow and 

regular (upper, right). 

 

 

 

3.2. Recording locus coeruleus (LC) NE neurons 

 NE neurons are reliably recorded at the following coordinates (in mm from lambda): 

AP -1.0 to -1.2, ML 1.0 to 1.3, DV 5.0 to 7.0. They are identified by their regular firing rate 

(1.0-5.0 Hz), and their positive action-potential duration which is between 0.8-1.2 ms. They 

can also be identified by a brief excitation to a nociceptive pinch of the contralateral 

hindpaw followed by a short period of inhibition (Figure 4; Aghajanian and Vandermaelen, 

1982b).  
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Figure 4. Example of electrophysiological recording of LC NE neuron. Single action potential 

(left) appears as uniform spikes (bottom, right). Frequency of firing activity is regular (upper, right). 

Identified by pinch of the contralateral hindpaw which induces a rapid firing of action potentials 

(arrow) followed by a period of silence.  

 

3.3 Recording ventral tegmental area (VTA) DA neurons 

 DA neurons are reliably recorded at the following coordinates (in mm from lambda): 

AP 3.2 to 3.6, ML 0.9 to 1.1, DV 7.0 to 9.0. They are identified by their biphasic spikes 

(usually with an inflection point in the rising phase) with a large negative phase, irregular 

firing rate (2.0-9.0 Hz), their long spike duration which is between 2.0-4.0 ms. They often 

exhibit bursts of 3-10 spikes and decreasing amplitude (Grace and Bunney, 1983). A 

duration of  >1.1 ms from the start of the action potential to the center of the negative trough 

will also be used to determine the DA neuron identity (Figure 5; Ungless et al., 2004).  
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Figure 5. Example of electrophysiological recording of VTA DA neuron. Single action potential 

(left) appears as irregular spikes (bottom, right). Frequency of firing activity is fast (upper, right) 

with elicited burst activity of decreasing amplitude (inset). 

 

 

 

4. Extracellular recordings and microiontophoresis of dorsal hippocampus CA3 

pyramidal neurons 

Microiontophoresis with a five-barreled micropipette was used to record dorsal 

hippocampus CA3 pyramidal neurons at AP 3.8 to 4.5, ML 4 to 4.2, DV 3 to 4.5. They are 

identified by their large amplitude (0.5-1.2 mV) with long duration (0.8-1.2 ms) single 

action potentials, alternating with complex spike discharge (Figure 6; Kandel and Spencer, 

1961). The central barrel of the micropipette was used for extracellular unitary recording 

and filled with 2 M NaCl. Side barrels were loaded with 5-HT creatinine sulfate (15 mM in 

200 mM NaCl, pH 4) , NE bitartrate (10 mM in 200 mM NaCl, pH 4), 2 M saline (automatic 

current balancing) and quisqualic acid (AMPA and group I metabotropic glutamate 

receptors agonist; 1.5 mM in 200 mM NaCl, pH 8) to activate the pyramidal neurons. 
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Figure 6. Example of electrophysiological recording of hippocampus CA3 pyramidal neuron. 
Single action potential (left) appears as irregular spikes (bottom, right). Frequency of firing activity 

is activated by ejection currents (nA) of quisqualate and inhibited by 5-HT via inhibitory 

postsynaptic 5-HT1A receptors  (upper, right). 

 

 

 

Neuronal responsiveness of the CA3 pyramidal neurons was determined by 50 s 

microiontophoretic applications of 5-HT and NE, and measured by the number of spikes 

suppressed within the 50 s ejection period divided by the current used (spikes 

suppressed/nA). To determine the relative degree to which the 5-HT or NE transporters were 

blocked, the 50% recovery time (RT50) was measured by determining the time (in s) 

following a 50 s ejection period of 5-HT or NE to recover 50% of the initial firing rate (de 

Montigny et al., 1980). 

4.1. Tonic activation of the postsynaptic 5-HT1A receptors 

Following the long-term regimen, in order to assess the degree of activation of the 

postsynaptic 5-HT1A receptors exerting an inhibitory effect on the firing activity of CA3 

pyramidal neurons, WAY 100635 was administered (i.v.) to disinhibit the hippocampal 

neurons resulting in enhanced firing activity. It is most desirable to determine the 

disinhibition when the neurons are not firing at a high rate, therefore their firing rate was 
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reduced to about 10-20 Hz by decreasing the ejection current of quisqualate and the 

selective 5-HT1A receptor antagonist WAY 100635 (25-100 μg/kg) was then injected 

intravenously (i.v.; Haddjeri et al., 1998) in incremental doses of 25 μg/kg at time intervals 

of 2 minutes. In order to avoid residual drug effects, only one cell is studied per rat. Any 

changes in the firing activity of hippocampus pyramidal neurons reflect an increased level in 

the tonic activation of the postsynaptic 5-HT1A receptors. It is noteworthy to mention that 

WAY 100635 administered i.v., does not alter the firing rate of 5-HT neurons in the DRN of 

anesthetized rats (Lejeune and Millan, 1998; Haddjeri et al., 2004).  

4.2. Tonic activation of postsynaptic α-adrenergic receptors 

The degree of tonic activation of postsynaptic α2- and α1-adrenoceptors was assessed 

using the selective antagonists idazoxan and prazosin, respectively. After reducing and 

maintaining a steady firing baseline, idazoxan (1 mg/kg) and prazosin (100 μg/kg) were 

systematically administered (i.v.) to determine the disinhibition effects in control rats 

(vehicle-treated) and in rats treated with CRS or LTG for 14 days. In a recent study, 

bupropion was shown to increase the tonic activation of postsynaptic α2- and α1-

adrenoceptors by endogenous NE (Ghanbari et al., 2011).  

 

5. Sensitivity of terminal 5-HT1B autoreceptors  

The CA3 region of the hippocampus receives extensive projections from the median 

and DRN 5-HT neurons. The ascending 5-HT pathway afferent to the hippocampus was 

electrically stimulated by a bipolar electrode (NE-100, David Kopf, Tujunga, CA, USA) 

which was implanted 1 mm anterior to lambda on the midline with a 10° backward angle in 
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the ventromedial tegmentum and 8.0 ± 0.2 mm below the cortical surface of the brain. 200 

square pulses with duration of 0.5 ms were delivered by a stimulator (S48, Grass 

Instruments, West Warwick, RI, USA) at an intensity of 300 μA and at frequencies of 1 Hz 

and 5 Hz. Stimulation of the 5-HT pathway induces a brief period of suppression due to the 

release of 5-HT in the synapse, exerting an inhibitory effect on the CA3 hippocampal 

pyramidal neurons, which corresponds to the duration of suppression (DOS) value. 

Peristimulus time histograms of CA3 pyramidal neurons were generated to determine the 

suppression of firing measured as the DOS (in ms) which is defined as the time interval 

initiated by a 50% decrease in the number of spikes per bin from the mean prestimulation 

probability of firing, to the time it returned to 90% of that same prestimulation value 

(Chaput et al., 1986). Stimulations of 1 Hz and 5 Hz on the same neuron, were used to 

determine the function of terminal 5-HT1B autoreceptors (Chaput et al., 1986). These two 

series of stimulations were used because previous studies showed that activation of terminal 

5-HT1B autoreceptors decreases the 5-HT release in the terminal areas and that increasing 

the frequency of stimulation from 1 to 5 Hz induces a greater degree of activation of the 

autoreceptors, thus resulting in a greater negative feedback on the release of 5-HT (Chaput 

et al., 1986). As a result, the smaller release of neurotransmitter in the synapse obtained at 5 

Hz, induces a smaller DOS value compared to that of the 1 Hz stimulation. If the 

autoreceptor is desensitized, the difference between the effectiveness of the two rates of 

stimulation will be significantly reduced. 

The stimulation pulses and the firing activity were analyzed by computer using Spike 

2 (Cambridge Electronic Design Limited, UK).  
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6. Statistical Analysis 

 All results are reported as mean values ± SEM. Statistical comparisons were carried 

out using the two-tailed Student’s t test, Fisher’s exact test and 2-way Repeated Measures 

Analysis of Variance (ANOVA) when a parameter was studied in vehicle and treated rats. 

Statistical significance was taken as p < 0.05. 

The firing patterns of the monoaminergic neurons were analyzed by interspike 

interval (ISI) burst analysis. The onset of a burst was signified by the occurrence of two 

spikes with ISI < 0.08 seconds for NE and DA, and ISI < 0.01 s for 5-HT. The termination 

of a burst was defined as an ISI > 0.16 seconds for NE and DA, and ISI > 0.01 s for 5-HT.  

 

7. Drugs 

 Carisbamate was provided by Ortho-McNeil Janssen Scientific Affairs, LLC 

(Titusville, NJ, USA) and dissolved in 40% propylene glycol: 30% ethanol. Lamotrigine 

was purchased from LKT Laboratories, Inc (St. Paul, MN, USA) and dissolved in 35% 

propylene glycol: 7% ethanol. WAY 100635 was purchased from Sigma (St. Louis, MO, 

USA) and dissolved in distilled water. 
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RESULTS 

1. Carisbamate 

1.1. Effects of 2- and 14-day administration of carisbamate on the firing activity of 

DRN 5-HT, LC NE and VTA DA neurons 

 In comparison to the vehicle group, the 2-day administration of CRS resulted in a 

significant reduction of the DRN firing rate by 28% (p < 0.001; Figure 7 A). This may be 

attributed to either a significant decrease in the number of bursting vs. non-bursting neurons 

by 14% (p < 0.05), or to a significant decrease in the burst rate by 47% (p <0.05; Table 1). 

The significant reduction in firing activity persisted after the 14-day CRS administration 

(Figure 7 B) to a similar degree of 24% (p < 0.01), but with no changes in the burst activity 

(Table 1). 

 The 2-day administration of CRS yielded no changes in the firing activity (Figure 7 

C) or in the burst activity of the LC NE neurons (Table 1). The 14-day CRS administration 

resulted in a significant reduction in the LC firing rate by 34% (p < 0.001; (Figure 7 D). This 

may be due to a significant decrease in the number of bursting vs. non-bursting neurons by 

19% (p < 0.01; Table 1). 

The 2-day administration of CRS yielded no changes in the firing activity (Figure 7 

E) or in the burst activity of the VTA DA neurons. The 14-day carisbamate administration 

significantly decreased the firing activity of VTA DA neurons by 26% (p < 0.001; Figure 7 

F). This may be attributed to either a significant reduction in the burst rate by 27% (p < 

0.05), or to a significant decrease in the mean spikes per burst by 15% (p < 0.05; Table 1). 
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Figure 7. Effects of 2- and 14-day CRS administration on monoaminergic firing activity. Mean 

(± SEM) of the firing rate of DRN 5-HT (A and B), LC NE (C and D), VTA DA (E and F) neurons 

in vehicle rats and rats treated with CRS (60 mg/kg/day; s.c.) for 2 days (A, C and E) and 14 days (B, 

D and F). The numbers in the boxes correspond to the number of neurons recorded (4 to 8 rats tested 

per group). ***p < 0.001 in (A, D and F) and **p < 0.01 in (B) using unpaired Student’s t-test. 
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Table 1. Summary table of the effect of 2- and 14-day administration of CRS and LTG on the firing and burst activity of DRN 5-HT, LC 

NE, and VTA DA neurons. 

 Firing activity (Hz ± 

SEM) 

bursting vs. 

non-bursting 

neurons (%) 

Burst rate 

(bursts/minute ± SEM) 

Mean # spikes/burst ± 

SEM 

Drug Area TX Veh TX Veh TX Veh TX Veh TX 

CRS DRN 5-HT 2-day 1.3 ± 0.07 0.9 ± 0.06 *** 37 23 * 15.8 ± 2.52 8.4 ± 1.74 * 2.1 ± 0.06 2.1 ± 0.05 

  14-day 1.4 ± 0.08 1.1 ± 0.05 ** 28 28 13.4 ± 2.92 12.1 ± 2.86 2.1 ± 0.04 2.1 ± 0.07 

LC NE 2-day 1.6 ± 0.09 1.5 ± 0.08 21 28 3.0 ± 0.62 2.6 ± 1.19 2.1 ± 0.05 2.0 ± 0.03 

 14-day 2.0 ± 0.09 1.3 ± 0.09 *** 40 21 ** 2.3 ± 0.35 3.2 ± 0.69 2.1 ± 0.06 2.1 ± 0.05 

VTA DA 2-day 3.5 ± 0.18 3.6 ± 0.16 87 94 18.3 ± 2.29 18.5 ± 1.83 2.7 ± 0.13 2.9 ± 0.15 

 14-day 4.6 ± 0.17 3.4 ± 0.19 *** 99 96 30.9 ± 2.35 22.7 ± 2.41 * 3.3 ± 0.16 2.8 ± 0.12 * 

LTG DRN 5-HT 2-day 1.1 ± 0.06 0.9 ± 0.05 ** 34 29 11.7 ± 1.44 11.6 ± 1.91 2.1 ± 0.05 2.0 ± 0.04 

  14-day 1.0 ± 0.06 0.8 ± 0.05 ** 39 23 15.7 ± 3.19 11.5 ± 2.74 2.0 ± 0.03 2.1 ± 0.05 

* p < 0.05, ** p < 0.01, *** p < 0.001 
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1.2. Assessment of the overall serotonergic tone following 14-day carisbamate 

administration on postsynaptic 5-HT1A receptors on dorsal hippocampus CA3 pyramidal 

neurons 

As illustrated in Figure 8 A, cumulative systemic injections of WAY 100,635 does 

not significantly alter the firing activity of dorsal hippocampus CA3 pyramidal neurons in 

the vehicle group. The 14-day CRS administered group however, displayed enhanced tonic 

activation of the postsynaptic 5-HT1A receptors by extracellular 5-HT in the hippocampus, 

as shown by a robust disinhibition of the neuronal firing rate (Figure 8 B) in response to 

WAY 100635 at 50 μg/kg (321% of baseline), 75 μg/kg (391%) and 100 μg/kg (396%) 

cumulative doses (p < 0.001 for the three doses; Figure 8 C). Indeed, the last injection of 

WAY 100635 enhanced the pyramidal neuron firing activity by approximately 3.8-fold 

compared with vehicle rats, indicating that there is enhanced serotonergic transmission in 

the postsynaptic region. Microiontophoretic application of exogenous 5-HT resulted in no 

changes in the sensitivity of the postsynaptic 5-HT1A receptors as shown by a lack of 

significant difference in the number of spikes suppressed per nanoampere (Figure 9 A). 

There was no change in the RT50, indicating a lack of effect at the 5-HT transporters (Figure 

9 B). 
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Figure 8. Effect of long-term CRS administration on tonic activation of 5-HT1A receptors. 

Integrated firing rate histograms of dorsal hippocampus CA3 pyramidal neurons showing the effects 

of systemic administration of 4 incremental doses (shown by arrows) of WAY 100635 (25 μg/kg) in 

vehicle (A) and CRS (60 mg/kg/day; B) treated rats. Each bar corresponds to the application of 

quisqualate or 5-HT, and the number above each bar represents the ejection current in nA. The 

overall changes in the % of baseline firing rate of dorsal hippocampus CA3 pyramidal neurons in 

vehicle rats and rats treated with CRS for 14 days (C). (6 to 7 rats tested per group). ***p < 0.001 at 

50, 75 and 100 μg/kg cumulative doses using Two-way Repeated Measures ANOVA.  



 37 

 
 

Figure 9. Lack of effect of long-term CRS administration on sensitivity of postsynaptic 5-HT1A 

receptors and the 5-HT reuptake transporters. Mean (± SEM) number of spikes suppressed/nA 

(A) and the time to a 50% recovery of firing (RT50) (B) of dorsal hippocampus CA3 pyramidal 

neurons in response to microiontophoretic application of 5-HT in vehicle rats and rats treated with 

CRS (60 mg/kg/day; s.c.) for 14 days. The numbers in the boxes correspond to the number of 

neurons recorded (6 to 7 rats tested per group).  

 

 

1.3. Assessment of the overall noradrenergic tone following 14-day carisbamate 

administration on postsynaptic α-adrenergic receptors on dorsal hippocampus CA3 

pyramidal neurons 

The long-term administration of CRS resulted in no changes in the tonic activation of 

the α2- and α1-adrenergic receptors as shown by a lack of significant disinhibition of the 

neuronal firing rate in response to the selective antagonists idazoxan and prazosin, 

respectively. (Figure 10). Microiontophoretic application of exogenous NE resulted in no 

changes in the sensitivity of the postsynaptic α-adrenergic receptors as shown by a lack of 

significant difference in the number of spikes suppressed per nanoampere (Figure 11 A). 

There was also no change in the RT50, indicating a lack of effect at the NE transporters 

(Figure 11 B). 
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Figure 10. Lack of effect of long-term CRS administration on tonic activation of α-adrenergic 

receptors. Integrated firing rate histograms of dorsal hippocampus CA3 pyramidal neurons showing 

the effects of systemic administration (shown by arrows) of idazoxan (1 mg/kg) and prazosin (0.1 

mg/kg) in vehicle (A) and CRS (60 mg/kg/day; B) treated rats. Each bar corresponds to the 

application of quisqualate or NE, and the number above each bar represents the ejection current in 

nA. The overall changes in the % of baseline firing rate of dorsal hippocampus CA3 pyramidal 

neurons in vehicle rats and rats treated with CRS for 14 days (C). (6 to 7 rats tested per group).  
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Figure 11. Lack of effect of long-term CRS administration on sensitivity of postsynaptic α2-

adrenergic receptors and the NE reuptake transporters. Mean (± SEM) number of spikes 

suppressed/nA (A) and the time to a 50% recovery of firing (RT50) (B) of dorsal hippocampus CA3 

pyramidal neurons in response to microiontophoretic application of NE in vehicle rats and rats 

treated with CRS (60 mg/kg/day; s.c.) for 14 days. The numbers in the boxes correspond to the 

number of neurons recorded (6 to 7 rats tested per group).  

 

 

1.4. Assessment of the effects of 14-day carisbamate administration on the 

function of terminal 5-HT1B autoreceptors  

The 5-HT fibers afferent to the hippocampus were electrically stimulated to 

determine the amount of 5-HT released per impulse. The frequency of the stimulation was 

increased from 1 to 5 Hz on the same neuron to assess the function of the terminal 5-HT1B 

autoreceptors. This resulted in a significantly reduced duration of suppression (DOS) in the 

vehicle group by 20% (p < 0.001; Figures 12 A, B, E) due to a greater degree of activation 

of the autoreceptors, thus resulting in a greater negative feedback on the release of 5-HT at 5 

Hz (Chaput et al., 1986). Conversely, the rats treated with CRS reduced the difference 

between the effectiveness of the two stimulation frequencies, indicating that the 

autoinhibitory effect of the terminal 5-HT1B receptor was dampened (Figures 12 C, D, E). 



 40 

 

Figure 12. Effect of long-term CRS administration on sensitivity of terminal 5-HT1B 

autoreceptors. Peristimulus time histograms showing the effects of stimulation of the ascending 5-

HT pathway on the firing activity of CA3 pyramidal neurons at frequencies of 1 and 5 Hz (vehicle: 

A and B, CRS: C and D, respectively). The overall effect of the stimulations at both frequencies on 

vehicle and CRS 14-day treated rats (E). The numbers in the boxes correspond to the number of 

neurons recorded (11 to 14 rats tested per group). ***p < 0.001 (E) using paired Student’s t-test.  
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2. Lamotrigine 

2.1. Effects of 2- and 14-day administration of lamotrigine on the firing activity of 

DRN 5-HT neurons 

 In comparison to the vehicle group, the 2-day administration of LTG resulted in a 

significant decrease in the DRN firing rate by 24% (p < 0.01; Figure 13 A), but with no 

changes in the burst activity (Table 1). Similar to CRS, this significant reduction in the firing 

rate also persisted after the 14-day LTG administration (Figure 13 B) to a similar degree of 

22% (p < 0.01), which was accompanied with a significant decrease in the number of 

bursting vs. non-bursting neurons by 16% (p < 0.05; Table 1). 

 

 

Figure 13. Effects of 2- and 14-day LTG administration on serotonergic firing activity. Mean (± 

SEM) of the firing rate of DRN 5-HT neurons in vehicle rats and rats treated with LTG (25 

mg/kg/day; i.p.) for 2 days (A) and 14 days (B). The numbers in the boxes correspond to the number 

of neurons recorded (4 to 5 rats tested per group). **p < 0.01 in (A and B) using unpaired Student’s 

t-test. 
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2.2. Assessment of the overall serotonergic tone following 14-day lamotrigine 

administration on postsynaptic 5-HT1A receptors on dorsal hippocampus CA3 pyramidal 

neurons 

As illustrated in Figure 14 A, cumulative systemic injections of WAY 100635 did 

not significantly change the firing activity of dorsal hippocampus CA3 pyramidal neurons in 

the vehicle group. Similar to CRS, the 14-day LTG administered group displayed enhanced 

tonic activation of the postsynaptic 5-HT1A receptors as shown by a significant disinhibition 

of the neuronal firing rate (Figure 14 B) in response to WAY 100635 at 75 μg/kg (364% of 

baseline) and 100 μg/kg (395%) cumulative doses (p < 0.001 for both doses; Figure 14 C). 

Indeed, the last injection of WAY 100,635 enhanced the pyramidal neuron firing activity by 

approximately 3.1-fold compared with vehicle rats. This indicates that there is enhanced 

serotonergic transmission in this postsynaptic region. Microiontophoretic application of 

exogenous 5-HT resulted in no significant differences in the sensitivity of the postsynaptic 

5-HT1A receptors as shown by a lack of change in the number of spikes suppressed per 

nanoampere (Figure 15 A). There was no change in the RT50, indicating a lack of effect at 

the 5-HT transporters (Figure 15 B). 

 

 



 43 

 
Figure 14. Effect of long-term LTG administration on tonic activation of 5-HT1A receptors. 

Integrated firing rate histograms of dorsal hippocampus CA3 pyramidal neurons showing the effects 

of systemic administration of 4 incremental doses (shown by arrows) of WAY 100635 (25 μg/kg) in 

vehicle (A) and LTG (25 mg/kg/day; B) treated rats. Each bar corresponds to the application of 

quisqualate or 5-HT, and the number above each bar represents the ejection current in nA. The 

overall changes in the % of baseline firing rate of dorsal hippocampus CA3 pyramidal neurons in 

vehicle rats and rats treated with LTG for 14 days (C). (5 to 6 rats tested per group). ***p < 0.001 at 

75 and 100 μg/kg cumulative doses using Two-way Repeated Measures ANOVA. 
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Figure 15. Lack of effect of long-term LTG administration on sensitivity of postsynaptic 5-

HT1A receptors and the 5-HT reuptake transporters. Mean (± SEM) number of spikes 

suppressed/nA (A) and the time to a 50% recovery of firing (RT50) (B) of dorsal hippocampus CA3 

pyramidal neurons in response to microiontophoretic application of 5-HT in vehicle rats and rats 

treated with LTG (25 mg/kg/day; i.p.) for 14 days. The numbers in the boxes correspond to the 

number of neurons recorded (5 to 6 rats tested per group).  

 

 

2.3. Assessment of the effects of 14-day lamotrigine administration on the function 

of terminal 5-HT1B autoreceptors  

Increasing the frequency of the stimulation from 1 to 5 Hz resulted in a significantly 

reduced DOS in the vehicle group by 34% (p < 0.001; Figures 16 A, B, E) due to a greater 

degree of activation of the autoreceptors, thus resulting in less of 5-HT being released at 5 

Hz (Chaput et al., 1986). Similar to CRS, the rats treated with LTG reduced the difference 

between the effectiveness of the two stimulation frequencies, indicating that the 

autoinhibitory effect of the terminal 5-HT1B receptor was diminished (Figures 16 C, D, E). 

The DOS at a stimulation frequency of 1 Hz was significantly increased with LTG by 20% 

compared with the vehicle group suggesting that the spontaneous 5-HT firing activity is 

increased (p < 0.05; Fig. 16 E). 
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Figure 16. Effect of long-term LTG administration on sensitivity of terminal 5-HT1B 

autoreceptors. Peristimulus time histograms showing the effects of stimulation of the ascending 5-

HT pathway on the firing activity of CA3 pyramidal neurons at frequencies of 1 and 5 Hz (vehicle: 

A and B, LTG: C and D, respectively). The overall effect of the stimulations at both frequencies on 

vehicle and LTG 14-day treated rats (E). The numbers in the boxes correspond to the number of 

neurons recorded. (7 to 8 rats tested per group). ***p < 0.001 (E) using paired Student’s t-test and *p 

< 0.05 using unpaired Student’s t-test.  
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DISCUSSION 

The present study showed that despite a decrease of presynaptic 5-HT, NE and DA 

neuronal firing activity, both CRS and LTG enhanced the inhibitory action of 5-HT 

transmission on postsynaptic glutamate pyramidal neurons in the hippocampus, but with no 

changes in noradrenergic transmission (Figure 17). The postsynaptic enhancement of 5-HT 

neurotransmission may be due in part to desensitization of the terminal 5-HT1B 

autoreceptors (Figure 17). This suggests that these ACs could increase 5-HT transmission 

and potentially mitigate neuronal hyperexcitability, hence exerting an AD-like effect. 

 
Figure 17. Summary of results. Decreases in firing activity were observed following the long-term 

treatment with CRS in DRN 5-HT, LC NE and VTA DA neurons (solid red arrows), with no changes 

in postsynaptic noradrenergic transmission but with enhanced serotonergic transmission in the 

hippocampus (solid green arrow). Similarly long-term LTG caused a decrease in DRN 5-HT activity, 

also with enhanced 5-HT activity postsynaptically. Increased 5-HT transmission may reduce 

glutamatergic activity of postsynaptic neurons (hatched arrow). Long-term treatment with both drugs 

caused a desensitization of the terminal 5-HT1B autoreceptors. 
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Given the profuse excitatory innervations to the DRN, it is not surprising that a 

suppression in the firing activity of 5-HT neurons was observed with both short- and long-

term administration of the sodium channel blockers CRS and LTG, as the putative reduction 

in glutamate transmission would result in reduced excitatory activation of these neurons 

(Figures 7 and 13; Celada et al., 2001). In support of this, a microdialysis study 

demonstrated that systemic i.p. injection of LTG at a dose similar to that used in our study, 

resulted in a decrease in extracellular 5-HT in the DRN (Tanahashi et al., 2012). Attenuated 

glutamatergic activity influencing monoaminergic neuronal firing activity is also reflected 

by the concurrent decreases in burst activity that were observed (Table 1), as burst firing of 

neurons is known to be mediated by the input of glutamatergic drive (Grace and Bunney, 

1984). The presynaptic reduction in the NE firing rate following the 14-day CRS 

administration (Figure 7) is in agreement with other studies that show that the effect of ADs 

such as the SSRIs are associated with dampened noradrenergic activity following the long-

term regimens (Szabo et al., 2000). Similarly, a decrease in dopaminergic firing activity in 

the VTA (Figure 7) is also seen with sustained 5-HT reuptake inhibition (Dremencov et al., 

2009). The apparent delay in the reductions in NE and DA firing relative to 5-HT firing 

activity, the latter which was decreased as early as 2 days of the CRS administration may be 

due in part to an effect that is secondary to the postsynaptic enhancement of serotonergic 

transmission. Given the reciprocal interactions between the monoaminergic systems (Figure 

1; Guiard et al., 2008a; 2008b), it is possible that the enhancement of 5-HT transmission acts 

on the inhibitory 5-HT2A and 5-HT2C receptors to reduce NE and DA firing rates, 

respectively. These decreases in firing activity of NE and DA lends support to an antimania 
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effect of CRS for BPD as catecholamine depletion has been shown to attenuate symptoms of 

mania (Bunney WE Jr et al., 1971). 

The present findings did not demonstrate any postsynaptic changes in noradrenergic 

transmission (Figures 10 and 11), however there was a significant change in serotonergic 

transmission. The enhancement of tonic activation we observed, as demonstrated by a robust 

disinhibition of the firing activity in response to the selective 5-HT1A receptor antagonist 

WAY 100635, following both long-term treatments with CRS and LTG (Figures 8 and 14) 

indicates that there is increased 5-HT transmission in the hippocampus. These results are 

similar to other ADs tested as well as the recent MDD intervention, vagus nerve stimulation 

previously used in epilepsy, that have also been shown to increase tonic activation (Haddjeri 

et al., 1998; Manta et al., 2009). This is in accordance with microdialysis studies which have 

shown that chronic treatment with lamotrigine for both 2 and 14 days, increases basal 

extracellular 5-HT in the hippocampus of freely moving rats by approximately 80% and 

100%, respectively at a dose of 10 mg/kg/day (Ahmad et al., 2004). This may explain the 

3.1-fold increase in tonic activation we observed following the 14-day LTG treatment which 

was given at a daily dose 2.5 times more potent than that used by Ahmad and others. 

Similarly, the AC carbamazepine which has also been shown to have some sodium channel 

blocking properties, also causes an increase in extracellular hippocampal 5-HT (Okada et al., 

1998). Furthermore, an increase in the DOS following long-term LTG administration was 

observed at 1 Hz (Figure 16 E), indicating that more 5-HT is being released per electrical 

impulse reaching the terminal. A stimulation frequency of 1 Hz is thought to mimic 

spontaneous serotonergic firing activity of anesthetized rats, suggesting that more 5-HT is 

being spontaneously released with chronic LTG in these rats (Chaput et al., 1986). Evidence 
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that the enhanced 5-HT is related to a potential AD effect was observed in a study by 

Consoni and others (2006) that demonstrated that the AD-like effect of LTG in the modified 

FST was associated with an increase in swimming which is a serotonergic-related behaviour 

(Page et al., 1999; Slattery and Cryan, 2012). This serotonergic effect is dependent on its 

sodium channel blocking activity since the increase in swimming was inhibited by veratrine 

(Codagnone et al., 2007). This suggests that the altered serotonergic transmission in 

postsynaptic brain areas caused by LTG and CRS may be due to their sodium channel 

blocking properties and by inference, their control of glutamate. Therefore, the present 

results are in accordance with the hypothesis that antiglutamatergic drugs exert their AD 

effect partly through suppression of glutamatergic activity and an increase in 5-HT 

transmission (Consoni et al., 2006). 

Supporting the involvement of reduced glutamatergic activity and enhanced 5-HT 

activity for a potential AD effect is paralleled by studies using NMDAR antagonists. The 

non-competitive NMDAR antagonist MK-801 was shown to have an AD-like effect in the 

FST (Trullas and Skolnick, 1990). It was reported that glutamate injected directly into the 

NAc caused an increase in immobility time through a reduction in swimming, which was 

reversed by local administration of MK-801, suggesting that glutamate is involved in 

behavioural depression, thus reinforcing the idea that reducing its transmission is implicated 

in an AD-like response (Rada et al., 2003). Furthermore, microdialysis studies demonstrated 

an increase in extracellular 5-HT in the NAc, hippocampus and the striatum in freely 

moving rats following administration of MK-801 (Yan et al., 1997; Whitton et al., 1992). 

This suggests that if the enhancement of serotonergic transmission we observed is in fact 

due to the antiglutamatergic effects of CRS and LTG, then we could expect to see enhanced 
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5-HT in the NAc and the striatum as well. Given that the NAc receives many excitatory 

glutamatergic innervations from the hippocampus it is not surprising that similar results 

were obtained for both of these regions (Cotman and Monaghan, 1986). Elevating 5-HT in 

these regions would have the potential to ameliorate motivation, learning and memory 

deficits that are often implicated within these areas in MDD.  

Despite a presynaptic decrease in 5-HT neuronal firing activity, we still observed a 

postsynaptic increase in serotonergic transmission with both of the ACs tested. This 

contrariety is not uncommon as a similar result was obtained by Besson and others (2000), 

where a mirtazapine and paroxetine combination yielded a decrease in DRN 5-HT firing 

activity after a 2-day administration, but with significantly enhanced tonic activation in 

hippocampus CA3 pyramidal neurons. Furthermore, it was demonstrated by Gariboldi and 

others (1996) that activation of postsynaptic 5-HT1A receptors by the agonist 8-OH-DPAT 

through both local intrahippocampal as well as systemic administration, inhibits the onset of 

limbic seizures induced by kainic acid in rats, which shows that even though it reduces 

presynaptic 5-HT firing activity it is still able to exert its antiglutamatergic effect through its 

action on postsynaptic 5-HT1A receptors. In addition, para-chlorophenylalanine-induced 5-

HT depletion (through the inhibition of tryptophan hydroxylase) or lesioning of 5-HT 

neurons with 5,7-DHT does not diminish the anti-immobility effect of 8-OH-DPAT in the 

FST, indicating that the postsynaptic area is more important for AD-like action (Luscombe 

et al., 1993). A possible explanation for the discrepancy may be due to two recurrent 

pathways with opposing effects (Figure 18; Hajós et al., 1999; Celada et al., 2001). One is 

an indirect negative feedback pathway where reduced glutamatergic activity, potentially 

through a blockade of sodium channels, would result in less activation of GABA exerting an 
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inhibitory effect on dorsal raphe 5-HT, allowing increased 5-HT transmission in 

postsynaptic regions and greater activation of the inhibitory 5-HT1A receptors, which could 

explain the significant enhancement of tonic activation that we observed with CRS and LTG. 

The other is a direct pathway where dorsal raphe 5-HT neurons have direct glutamatergic 

innervations, thus reduced glutamatergic activity from both sodium channel blockade and 

from activation of postsynaptic 5-HT1A receptors would result in reduced excitatory 

activation of serotonergic firing activity which could account for the persistent decreases we 

observed at both 2- and 14-day CRS and LTG administrations. 

 

 

Figure 18. Schematic representation of the recurrent pathway between mPFC pyramidal and 

DR neurons. Reduction of glutamatergic transmission in forebrain regions has opposing effects 

depending on the direct or indirect pathway. Recurrent pathway from the DR to the mPFC further 

reduces glutamatergic activity via the 5-HT1A receptors. Adapted from: Celada et al. (2001). 
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Electrical stimulation of the 5-HT pathway eliminates the effect of the receptors in 

the DRN, and increasing the frequency of the stimulation from 1 to 5 Hz, reduces the 

amount of 5-HT released per action potential due to activation of the terminal 5-HT1B 

autoreceptors (Chaput et al., 1986). Long-term administration of SSRIs has been shown to 

result in desensitization of the terminal 5-HT1B autoreceptors, thus reducing the difference 

between the effectiveness of the two stimulations and increasing the amount of 5-HT 

released (Chaput et al., 1991). Our study showed that the difference between the 

effectiveness of the 1 and 5 Hz stimulations was minimized following long-term 

administration with both CRS and LTG (Figures 12 E and 16 E), which indicates a 

desensitization of the terminal 5-HT1B autoreceptors hence contributing to the observed 

enhancement of serotonergic tone. Desensitization would result in more 5-HT being released 

from the terminals to act on the inhibitory postsynaptic 5-HT1A receptors, thus exerting an 

antiglutamatergic effect. Pindolol, which has been shown to act at presynaptic 5-HT1B 

receptors in the FST, was demonstrated to enhance the anti-immobility effect of LTG, thus 

supporting the potential role of 5-HT1B in an AD-like effect (Bourin et al., 1998; Bourin et 

al., 2005). 

More 5-HT being released from the terminals could lead to the observed 

enhancement of tonic activation of the postsynaptic 5-HT1A receptors, which supports the 

idea that the AD response of LTG and CRS is partly mediated by these receptors. As 

mentioned previously, the AD-like effect of the 5-HT1A receptor agonist 8-OH-DPAT is not 

affected by 5-HT depletion indicating its effect in the FST is on the postsynaptic receptors 

(Luscombe et al., 1993). A study by Bourin and others (2005) demonstrated that the anti-

immobility effect of LTG was potentiated by 8-OH-DPAT which further highlights the 
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importance of activation of these receptors. Local activation of postsynaptic 5-HT1A 

receptors by 8-OH-DPAT has also been implicated in reducing seizure activity in the 

hippocampus as well as improvement of seizure-induced depressive deficits in animal 

models (Gariboldi et al., 1996; Pineda et al., 2011). This suggests that the mechanism of 

action of LTG and CRS is linked to their AD-like effect through activation of the 

postsynaptic 5-HT1A receptors, which would be beneficial for the treatment of both bi- and 

unipolar depression where postsynaptic reductions in 5-HT1A receptor density have been 

observed (Drevets, 2000; Lopez-Figueroa et al., 2004). It is important to note that the net 

increase in 5-HT transmission may also be due to enhanced responsivity of the postsynaptic 

5-HT1A receptors, as tricyclic ADs and ECS have been shown to increase the sensitivity of 

these receptors to 5-HT (de Montigny and Aghajanian, 1978; de Montigny, 1984). However 

the present study did not show a change in 5-HT1A receptor sensitivity following CRS and 

LTG administration to be a contributing factor (Figures 9 A and 15 A). Furthermore, there 

were no changes in the 5-HT reuptake process with either drug (Figures 9 B and 15 B), 

indicating that the 5-HT transporters are not involved in the observed enhancement of 

serotonergic tone. 

The indirect attenuation of glutamatergic activity through activation of postsynaptic 

5-HT1A receptors via increased 5-HT transmission, in addition with the potential inhibition 

of glutamate release via sodium channel blockade, would have substantial antiglutamatergic 

activity. This reduction in glutamatergic activity caused by LTG and CRS would have 

considerable neuroprotective benefits, especially in pathophysiological states of neuronal 

hyperexcitability which can be excitotoxic, such as in depression and epilepsy. Indeed, 

Talarowska and others (2012) reported elevated levels of nitric oxide concentration in the 
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plasma of patients with recurrent depressive disorder which were shown to be associated 

with the severity of the symptoms, and also linked to impairments in working and 

declarative memory which are cognitive processes that rely on the frontal cortex, 

hippocampus and the amygdala. LTG has been shown to significantly inhibit both seizure- 

and veratrine-induced production of nitric oxide in rat brain forebrain regions (Bashkatova 

et al., 2003; Lizasoain et al., 1995). CRS has also displayed neuroprotective properties as it 

was shown to reduce epileptic-induced neuronal loss in the hippocampus, amygdala, and the 

thalamus at the same dose that we used in our study (François et al., 2011). This is in 

support of the hypothesis that states that the AD effect of antiglutamatergic drugs is due in 

part to a suppression of glutamatergic activity and subsequent decreases in nitric oxide 

levels (Figure 2; Consoni et al., 2006). 

In addition to these effects, reduction of glutamatergic activity also has the benefit of 

enhancing cellular survival and plasticity by promoting neurotrophic signaling (Charney and 

Manji, 2004). Reductions in neurotrophic factors important for neuronal survival such as 

BDNF and TrkB have been observed in suicide victims and also in the hippocampus of rats 

exposed to restraint stress (Dwivedi, 2009; Smith et al., 1995). These effects were shown to 

be reversed with chronic AD treatments such as SSRIs, NRIs and repeated ECS (Nibuya et 

al., 1995). Indeed, BDNF infusion to the midbrain had significant AD-like effects in the FST 

(Siuciak et al., 1997). A study by Li and others (2011) demonstrated that chronic 14-day 

LTG administration at a similar dose to that used in our study, improved depressive-like 

deficits induced by chronic unpredictable stress in the sucrose preference test, novelty-

suppressed feeding test and FST models of depression, which was dependent on elevated 

BDNF levels in the hippocampus and the frontal cortex. This may also be due in part to the 
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observed enhancement of serotonergic transmission caused by LTG since it was shown that 

SSRIs elevate BDNF in the hippocampus (Nibuya et al., 1995). This suggests that enhancing 

BDNF may be the final common step in the mechanism of action of ADs that gives ACs the 

advantage in potentially advancing the onset of action of ADs, since unlike ADs, directly 

reducing glutamate transmission does not require second messenger systems in order to act 

on BDNF and thus enhance cellular survival and plasticity. 

Drugs which have AD activity have been shown to enhance tonic activation of the 

postsynaptic 5-HT1A receptors, for example the SSRI paroxetine, the tricyclic AD 

imipramine, the MAOI befloxatone, repeated ECS as well as the non-conventional ADs 

bupropion, quetiapine, trazodone and vague nerve stimulation have all demonstrated this 

effect (Haddjeri et al., 1998; Ghanbari et al., 2011; Chernoloz et al., 2012; Ghanbari et al., 

2010; Manta et al., 2009). This suggests that the postsynaptic enhancement of serotonergic 

transmission observed with CRS may be related to a potential AD effect in a clinical setting. 

It also supports LTG’s AD effect in the clinic as it is more typically used for treatment of the 

depressed phase of BPD rather than mania or hypomania which tends to be precipitated by 

ADs that elevate 5-HT such as the tricyclic ADs, MAOIs and to a lesser extent the SSRIs 

(Geddes et al., 2009; Salvadore et al., 2010). Furthermore, enhancement of 5-HT 

transmission with SSRIs has beneficial AC effects in both patients and in animal models 

(Albano et al., 2006; Leander, 1992; Mazarati et al., 2008). It has been suggested that 

changes in serotonergic neurotransmission may provide a common link between epilepsy 

and depression, as augmenting AD treatments with ACs improves AD effects (Jobe et al., 

1999; Barbosa et al., 2003; Normann et al., 2002). One way to determine if the therapeutic 

AD effect of LTG in patients with MDD is indeed due to increased serotonergic 
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transmission would be to see if tryptophan depletion causes a relapse in depressive 

symptoms. 

In conclusion, the present study reinforces the hypothesis that the potential AD-like 

effect of CRS and LTG could be due in part to a serotonergic involvement and a direct 

attenuation of glutamate transmission. The potential of these drugs to rectify the 

impairments in cellular plasticity and cell survival through their putative antiglutamatergic 

effects, as well as their positive serotonergic effect in forebrain regions supports the use of 

CRS and LTG for use as augmentation strategy, or they may in fact represent a monotherapy 

for unipolar depression in the growing field of glutamate-based treatments.
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