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Abstract

Clinical evidence shows a strong, bidirectional comorbidity between depression and epilepsy that
is associated with decreased quality of life and responsivity to pharmacotherapies. At present, the
neurobiological underpinnings of this comorbidity remain hazy. To complicate matters,
anticonvulsant drugs can cause mood disturbances, while antidepressant drugs can lower seizure
threshold, making it difficult to treat patients suffering from both depression and epilepsy. Animal
models have been created to untangle the mechanisms behind the relationship between these
disorders and to serve as screening tools for new therapies targeted to treat both simultaneously.
These animal models are based on chemical interventions (e.g. pentylenetetrazol, kainic acid,
pilocarpine), electrical stimulations (e.g. kindling, electroshock), and genetic/selective breeding
paradigms (e.g. Genetically Epilepsy-Prone Rats (GEPRs), Genetic Absence Epilepsy Rat from
Strasbourg (GAERS), WAG/RIj rats, Swim Lo-Active rats (SwLo)). Studies on these animal
models point to some potential mechanisms that could explain epilepsy and depression
comorbidity, such as various components of the dopaminergic, noradrenergic, serotonergic, and
GABAergic systems, as well as key brain regions, like the amygdala and hippocampus. These
models have also been used to screen possible therapies. The purpose of the present review is to
highlight the importance of animal models in research on comorbid epilepsy and depression and to
explore the contributions of these models to our understanding of the mechanisms and potential
treatments for these disorders.
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1. Introduction

As early as 400 B.C., Hippocrates noted that “Melancholics ordinarily become epileptics,
and epileptics, melancholics.” Clearly, the ancients were aware of a bidirectional
comorbidity between epilepsy and unipolar depression [1], which has since been confirmed.
Epileptics are 3-5 times more likely to develop unipolar depression than people without
epilepsy. Given the higher incidence of depression in individuals with many serious
diseases, this may not seem surprising; however, patients with active or past depression, or a
family history of depression, are also at elevated risk of developing epilepsy, a risk that goes
up several fold if there is also a history of suicide attempts [2]. Thus, this bidirectional
relationship cannot be explained away as a psychosocial phenomenon and suggests a shared
neurobiological substrate. The comorbidity between epilepsy and unipolar depression is
associated with worsened prognosis, negative impact on quality of life, and treatment
resistance. Furthermore, several anticonvulsant medications can cause depressed mood,
among them gabapentin, lamotrigine, oxcarbazepine, tiagabine, and valproate, whereas
some antidepressants increase the risk of seizure, particularly in overdose situations,
emphasizing the challenge of treating these patients [3, 4]. Recent epidemiological studies
have indicated an increased suicidality risk in patients on antiepileptic medications,
particularly levetiracetam, lamotrigine, and topiramate [5-11]. Although some of these
studies have been limited to retrospective assessments with low statistical power, have failed
to account for the possible contribution of co-morbid psychiatric disorders, or did not
distinguish between patients using antiepileptic drugs for epilepsy versus off-label uses, the
potential for elevated suicide risk with antiepileptic medications is a serious concern that
requires further investigation and improvements to current treatment of epilepsy in patients
with comorbid epilepsy and depression. Indeed, the FDA has requested that a “black box”
warning be placed on these drugs [3, 12]. While there have been many advances in our
understanding of epilepsy and depression since the days of Hippocrates, it is still unclear
what mechanisms underlie this comorbidity, which systems should be targeted to treat the
disorders, and how best to test promising therapies for efficacy and safety.

Animal models are an important tool for studying and treating many complex disorders, and
such models of epilepsy and unipolar depression comorbidity are now being developed.
Here we provide a compilation of the current knowledge in the field and discuss potential
mechanisms and therapeutic targets. Table 1 provides a summary of existing animal models
of epilepsy and unipolar depression comorbidity. In the following sections, we offer a
framework for understanding how each model reflects aspects of the diseases and discuss
paradigms used to create the models, potential underlying neurochemical and
neuroanatomical mechanisms, and directions for future studies.

2. Existing animal models of depression and epilepsy comorbidity

2.1 Paradigms

Several different types of epilepsy have been clinically associated with depression, including
both partial and generalized epilepsies. Partial epilepsies have a defined, focal region of

seizure onset, though generalization to other brain regions may occur secondarily. There is a
particularly high correlation between depression and complex partial seizures, which feature
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impaired consciousness and may often be characterized by motor automatisms. Temporal
lobe epilepsy (TLE), a complex partial epilepsy affecting the temporal lobe region of the
brain, is strongly associated with depression. Pilocarpine, kainic acid, and kindling
paradigms serve as good animal models of TLE because their use impacts temporal lobe
structures and produces similar motor automatisms.

Generalized epilepsy involves multiple brain regions and is characterized by either tonic/
clonic motor convulsions or brief losses of consciousness (absence seizures). While several
studies suggest that depression is less common in patients with generalized epilepsies than
partial epilepsies, a link between generalized convulsive or absence epilepsies and
depression does exist [13].

Animal models of depression and epilepsy comorbidity exhibit a wide range of epilepsy-and
depression-related phenotypes. Several models evaluate differences in seizure susceptibility
by measuring the latency to seizure onset following a single dose of chemical convulsant or
the threshold of electrical stimulation required to initiate seizure onset. While these models
are useful in the study of acute seizure behaviors characteristic of epilepsy, they cannot be
used to study epilepsy development (i.e. epileptogenesis). We therefore need animal models
of epilepsy that also help us understand epileptogenesis and the underlying neural changes
that may occur during this progression. Such models currently include paradigms that elicit
spontaneous seizures several weeks after chemical convulsant-induced status epilepticus
(SE, a defined period of continuous motor seizing) and kindling paradigms, which apply
doses of chemical convulsant or electrical shock that are initially subthreshold, but
eventually provoke behavioral seizures following repeated administration.

As with epilepsy, several different aspects of depression can be modeled using animal
paradigms. In the forced swim test (FST), a rat or mouse is placed in a container of water,
and the duration of struggling (active movement of all 4 paws, forepaws breaking surface of
water) and floating (complete immobility, no limb movement) are measured. Because
antidepressants increase struggling behavior, immobility is considered a depressive-like
phenotype. The tail suspension test (TST), in which a mouse is suspended from a rod by its
tail and assessed for immobility, is also commonly used and shows predictive validity.

Anhedonia, or a loss of pleasure in previously enjoyed activities, is another key
characteristic of clinical depression that is modeled in rodents by testing for sucrose or
saccharin preference compared to water in a 2-bottle choice paradigm. A lack of preference
or decreased consumption of sucrose is considered an anhedonic-like phenotype associated
with depression.

2.2 Chemical convulsant-induced seizures

2.2.1 Pentylenetetrazol—Several animal models of epilepsy and associated depression
have been created by assessing depression-related behaviors following administration of
chemical convulsants. Pentylenetetrazol (PTZ), a GABA-A receptor antagonist, induces
generalized tonic-clonic seizures and can be administered as either one large dose or a series
of subconvulsive doses (i.e. kindling). PTZ-kindled rats spent significantly more time
immobile in the FST [14]; however, another study reported no difference in FST immobility
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in PTZ-kindled mice [15]. This discrepancy may be due to differences in dosage, time
course, and/or species, which could be clarified by further studies of depression-related
phenotypes, such as anhedonia, following PTZ.

2.2.2 Kainic acid—Kainic acid (KA) is an ionotropic glutamate (kainate) receptor agonist
that induces primary limbic seizures with secondary generalization. Following acute KA-
induced seizures, rats exhibited increased immobility in the FST, as well as increased
immobility in the FST and decreased sucrose preference after repeated KA-induced seizures
that persisted for months [16, 17]. We showed that rats selectively bred for high immobility
in the FST (the SwLo rat, discussed in detail in section 2.4.4) exhibited increased mortality
following KA-induced seizures [18]. However, other studies have reported decreases in FST
immobility following intrahippocampal infusion of KA in female mice [19], suggesting
future studies on the role of sex, species, and route of administration in this model are
warranted.

2.2.3 Pilocarpine—Pilocarpine, a muscarinic acetylcholine receptor agonist that induces
primary limbic seizures with secondary generalization, is the most commonly used chemical
convulsant for studies of epilepsy and depression comorbidity. Following pilocarpine
administration, we can measure latency to onset of acute limbic motor seizures, which often
progress to SE. After a predetermined period in SE, seizures can be terminated using an
anticonvulsant, such as diazepam or phenytoin, and the development of spontaneous
seizures can be assessed following a several-week latency period. A number of studies
reported more immobility in the FST several weeks after pilocarpine-induced SE in rats [20—
26]; researchers also saw a decrease in saccharin preference (when assessed), a further
indication of a depression-and anhedonic-like phenotype in these epileptic rats. SwLo rats
also demonstrated increased susceptibility to both acute pilocarpine-induced seizures and the
appearance of spontaneous seizures 5 weeks following pilocarpine-induced SE [27].

Despite these results, several other studies failed to find a depression-like phenotype in
pilocarpine-treated animals despite the appearance of spontaneous seizures following SE,
and in fact noted decreased immobility in the FST and TST [28-30]. Interestingly, while the
studies that found an association between pilocarpine-induced seizures and immobility in the
FST used male animals, all but one of the negative studies used female mice, pointing to the
possibility of sex or species differences. Additional studies that include animals of both
genders and different species, as well as studies assessing other measures of depression,
such as sucrose preference or intracranial self-stimulation, could clarify this issue.

2.3 Electrically induced seizures

2.3.1 Electrical kindling—In the kindling paradigm, electrical stimulation is applied via
intracranial (depth) electrode to a specific brain region of interest, with some of these
regions implicated in both depression and epilepsy (e.g. the amygdala and hippocampus).
Initially, a “subthreshold” current is applied that induces an electrographic seizure, but not a
behavioral seizure. Repeated stimulations at this current eventually produce behavioral
seizures and serve as a model for the epileptogenic process. Stimulations are typically
administered once or twice a day over multiple days, and an animal is considered “fully
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kindled” after the expression of one or more seizures characterized by rearing and/or falling
behaviors (a stage 4 or 5 on the Racine scale) following 2 or more consecutive stimulations.
There are also “rapid kindling” paradigms now that require many stimulations per day and
greatly accelerate the kindling process.

Studies of depression-related behaviors following kindling have yielded mixed results.
Standard amygdala or hippocampal kindling did not produce differences in immobility in
the FST or preference for sucrose in rats [31, 32]. FAST rats, which were selectively bred
for accelerated amygdala kindling and showed a variety of anxiety-related phenotypes,
actually had increased sucrose preference versus their SLOW kindling counterparts [33].
However, rapid kindling of the ventral hippocampus increased immobility in the FST and
decreased saccharin preference, suggestive of a depressive-like phenotype [34]. While we
did not see any differences in the rate of amygdala or hippocampal kindling in the SwLo
model of depression, these rats did show a profound increase in wet dog shake seizure
behaviors during kindling [27]. Combined, these findings suggest that the timing of
stimulations, as well as the behavioral endpoint, are important modulators of depression-
related behaviors and kindling. It is possible that the delayed time course of classical
kindling experiments, which occur on the scale of weeks to months, may allow for the
development of compensatory mechanisms that protect against depressive phenotypes, while
the rapid kindling paradigm does not permit such compensation.

2.3.2 Other electrically induced seizure paradigms—Other electrically induced
seizure models have also been developed. These paradigms include maximal electroshock
(MES, a generalized tonic-clonic model involving stimulation through earclip or corneal
electrodes), the 6 Hertz model (6 Hz, a model of treatment-resistant epilepsy through corneal
electrode stimulation), and the increasing current electroshock model (ICES, a model of
treatment-resistant limbic seizures induced via a train of electrical pulses of linearly
increasing intensity). Although depression-related phenotypes have not been investigated in
these models, they have been used to assess the efficacy and mechanism of action of various
antidepressants at reducing seizure behaviors, as discussed further in sections 3.2 and 3.3.

2.4 Genetic/selective breeding models

Several inbred or selectively bred rat lines have been studied as models of comorbid
epilepsy and depression, including the Wistar Albino Glaxo/from Rijswijk (Wag/Rij) rats,
the Genetic Absence Epilepsy Rats from Strasbourg (GAERS), the Genetically Epilepsy-
Prone Rats (GEPR), and the Swim Lo-Active (SwLo) rats. All of these rat lines were
generated based on an epilepsy-like phenotype, and then tested for behaviors relevant to
depression, with the exception of the SwLo rats, which were selectively bred for immobility
in the FST and then tested for seizure susceptibility and epileptogenesis. Also of interest is
the dopamine B-hydroxylase knockout (Dbh —/=) mouse, which shows enhanced seizure
susceptibility, but decreased responsivity to antidepressants.

2.4.1 Wistar Albino Glaxo/from Rijswijk (Wag/Rij) rats—The Wag/Rij rats are an
inbred line displaying spontaneous slow wave discharges (SWD) in cortical EEGs. They are
a well-established model of absence epilepsy and respond to absence pharmacotherapies
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[35]. Numerous studies of these rats have revealed depression-like phenotypes. Wag/Rij rats
exhibited elevated FST immobility compared to outbred Wistar rats, which was reversed by
chronic, but not acute, treatment with the antidepressant imipramine. The Wag/Rij rats also
showed decreased sucrose consumption, suggestive of anhedonia [36].

2.4.2 Genetic Absence Epilepsy Rats from Strasbourg (GAERS)—The GAERS
are another absence model selectively bred for SWD in the EEG from a subset of outbred
Wistar rats [37]. Similar to the Wag/Rij rats, GAERS were also found to consume
significantly less sucrose [38]. While this points to an anhedonic phenotype, it is difficult to
draw conclusions from a single test.

2.4.3 Genetically Epilepsy-Prone Rats (GEPRs)—The GEPRs were selectively bred
for susceptibility to audiogenic, generalized tonic-clonic seizures. This model has been
subdivided further into the GEPR-3 and GEPR-9 lines, with the GEPR-9s having more
severe seizures. Hyperthermia and general handling procedures are often sufficient to induce
seizures in these rats, and they are also more susceptible than normal rats to seizures induced
by several electrical and chemical seizure-inducing paradigms. Importantly, electrographic,
behavioral, and pharmacological characteristics seen in both types of GEPRs are reminiscent
of human tonic-clonic epilepsies [39]. The GEPRs also display depression-and anhedonic-
like phenotypes. GEPR-3s exhibited increased immobility in the FST, decreased saccharin
consumption, and disturbances in the sleep-wake cycle similar to those seen in human
depression, supporting the validity of the GEPR-3s as a genetic model of generalized
epilepsy and depression comorbidity [40].

2.4.4 Swim Lo-Active (SwLo) rats—So far, all the cases discussed have begun with a
model of epilepsy or seizure susceptibility, and then assessed potential depressive-like
behaviors. To our knowledge, the SwLo rats are the only model that represents the opposite
approach. Originating from outbred Sprague-Dawley rats, the SwLo rat line has been
selectively bred for nearly 60 generations for increased immobility in the FST. This
phenotype can be reversed by chronic, but not acute, antidepressant treatment, strengthening
the validity of these animals as a rodent model of depression and antidepressant drug
efficacy [41, 42]. Their counterparts, the SwHi rats, have been selectively bred for increased
activity in the FST and represent a model of depression resilience. Although the SwLo rats
were selectively bred using the FST, they demonstrate other depression and anhedonic-like
phenotypes, including decreased response to dopaminergic drugs and increased intracranial
self-stimulation threshold [43-45] (C. West, personal communication).

To determine whether SwLo rats might be a useful model of comorbidity launched from the
depression side of the equation, we tested them for seizure susceptibility and epileptogenesis
using a battery of paradigms. In our first set of studies, we found that SwLo rats showed no
difference in their response to flurothyl, which induces cortical, generalized seizures, but
they had increased mortality following kainic acid-induced limbic seizures, potentially via
enhanced generalization to brainstem areas [18]. These initial results suggested that SwLo
rats might best model temporal lobe epilepsy and depression comorbidity. We recently
confirmed this by showing that SwLo rats exhibited decreased latency to pilocarpine-
induced seizures, as well as increased spontaneous seizures, following pilocarpine-induced
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SE. When assessed in electrical seizure-induction paradigms, the SwLo rats had a decreased
threshold to ICES-induced seizures and differences in certain parameters of the kindling
paradigm [27]. Interestingly, the amygdala and hippocampal kindling rates were not altered
in SwLo rats, but they had a decreased stimulation threshold and displayed more wet dog
shake seizure behavior during kindling. These findings argue that SwLo rats will make a
useful rodent model of depression-related TLE comorbidity, the only such model of its kind
to date.

2.4.5 Dopamine B-hydroxylase knockout mice (Dbh —/-)—Dopamine -
hydroxylase (DBH) converts dopamine to norepinephrine in noradrenergic neurons, and
DBH knockout (Dbh —/-) mice lack NE completely [46]. Dbh —/- mice demonstrated
enhanced seizure susceptibility and/or severity in a variety of paradigms, including flurothyl,
PTZ, kainic acid, and auditory stimulation [47]; they were also resistant to the
anticonvulsant effects of valproic acid and the ketogenic diet [48, 49]. Interestingly, while
FST performance is normal in Dbh —/— mice, they showed a marked resistance to
antidepressants (see section 3.1.5) [50]. Thus, Dbh —/- mice may serve as a model for
studying anticonvulsant/antidepressant treatment resistance.

2.5 Limitations of animal models

While animal models are useful and necessary for enhancing our understanding of clinical
conditions, they are not without their limitations. For example, the FST is considered the
“gold standard” for screening novel therapeutic approaches for treating depression.
However, despite its high predictive validity, the FST differs from clinical treatment of
depression in several ways. Antidepressant treatment typically increases struggling in the
FST or TST within 30-60 minutes, while chronic treatment of at least 2—-4 weeks is required
for improvement of depression symptoms in clinical populations. The SwLo rats were
created in an attempt to address this limitation, and in fact only respond to antidepressant
treatment following chronic administration [42]. Despite this improvement, animal models
of depression have thus far not proven especially useful for identifying the mechanistic
underpinnings of the disorder. Part of the problem likely stems from difficulties attributing
“depressive-like symptomology” to changes in motor behavior in rodents. Much of what is
currently known about the causes of depression has been determined by identifying the
pharmacological targets of medications that offer clinical efficacy. However, numerous
studies specifically targeting these same mechanisms often fail to show antidepressant
effects, and drugs targeting novel molecules that improve depressive-like symptoms in
animal models have failed to exhibit clinical benefit, emphasizing the need for caution in
generalizing the findings from animal models to the clinical condition.

Although the face and construct validity of animal models of seizure susceptiblilty and
epilepsy tend to be better than those for depression, they are still plagued by limitations.
While these models have been used to identify several therapeutic strategies to reduce
seizure susceptibility, none of the therapies to date have been able to prevent
epileptogenesis, or the development of epilepsy. Similarly, models such as the electrical
kindling paradigm are useful for observing the progression of seizure severity, but do not
typically elicit the spontaneous, unprovoked seizures necessary for a clinical diagnosis of

Biochem Pharmacol. Author manuscript; available in PMC 2014 July 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Epps and Weinshenker Page 8

epilepsy. Thus, despite the great promise demonstrated by these models and their utility as
screening tools for novel therapeutics, further development of animal models of co-morbid
epilepsy and depression is essential to addressing these shortcomings and improving the
translational impact of these models.

3. Potential mechanisms and therapeutic targets

3.1 Neurotransmitters of interest

A variety of neurotransmitters have been implicated in epilepsy and depression individually,
including acetylcholine, dopamine, GABA, glutamate, norepinephrine, and serotonin.
Because this information has been reviewed extensively elsewhere, this review will focus
only on their roles in animal models of epilepsy and depression comorbidity. Likewise,
many of these neurotransmitters have been implicated in clinical studies of epilepsy and
depression. This information has also been reviewed elsewhere and is beyond the scope of
this commentary [51-55].

3.1.1 Acetylcholine—Because pilocarpine is a muscarinic receptor agonist known to
produce both epilepsy and depression-like phenotypes, acetylcholine is a logical candidate
to mediate comorbidity. Indeed, acetylcholine levels were elevated in the cortex and
hippocampus following pilocarpine-induced SE [56]. Similarly, acetylcholine levels were
also increased in the thalamus and striatum of GEPRs [57]. However, administration of
carbachol, another muscarinic agonist, decreased the number and duration of SWD in
Wag/Rij rats [58], indicating acetylcholine may play opposing roles in absence and partial
epilepsies. Interestingly, carbachol can also be used to kindle motor seizures, and the wet
dog shaking behavior associated with carbachol kindling may have muscarinic mechanisms
[59]. In the SwLo rat, wet dog shaking was elevated during both hippocampal and amygdala
kindling, pointing to possible muscarinic dysfunction in this model [27]. Combined, these
findings suggest that muscarinic dysfunction in general may have opposing effects in partial
and absence comorbidity models. A role for acetylcholine in the depression-like behaviors
of these models has not been investigated yet and should be explored in the future.

3.1.2 Dopamine—Dopamine is known for its key role in mediating reward in the
mesocorticolimbic system, and impairment of this pathway is believed to contribute to the
anhedonic symptomatology of depression. Dopamine exerted complex effects on seizure
generation: stimulation of D1 receptors was proconvulsant, whereas stimulation of D2
receptors was anticonvulsant [60]. Using a variety of monoamine reuptake blockers and
glutamatergic drugs, Smolders et al reported that compounds that significantly increased
dopamine levels in the hippocampus acted as anticonvulsants in the pilocarpine model of
limbic seizures and as antidepressants in both the FST and TST [26]. Moreover, KA
administration that elicited seizures and depressive behaviors significantly lowered
dopamine levels in the hippocampus [17]. SwLo rats are also known to have decreased
tissue dopamine levels and dopamine release in the prefrontal cortex, and reduced locomotor
response following infusion of dopaminergic drugs into the nucleus accumbens [43, 45].
Interestingly, infusion of amphetamine into the nucleus accumbens decreased immobility in

Biochem Pharmacol. Author manuscript; available in PMC 2014 July 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Epps and Weinshenker Page 9

the FST [44]. Further studies to assess the contribution of dopamine to seizure susceptibility
in the SwLo rat would be helpful.

Dopamine has also been implicated in rodent models of absence epilepsy and depression
comorbidity. Wag/Rij rats exhibited elevated levels of cFos immediate early gene activation
in multiple terminal regions for the dopaminergic system, including the frontal cortex,
nucleus accumbens, and striatum [36]. Furthermore, administration of a D2/D3 agonist
showed antidepressant activity in the Wag/Rij rats, whereas a D2/D3 antagonist exacerbated
depressive phenotypes in the FST [61]. These compounds produced very little effect in
Wistar control rats, indicating the dopaminergic system plays a key role in the Wag/Rij
phenotypes; however, additional studies in the Wag/Rij rats did not implicate dopaminergic
system dysfunction as a cause for SWD [62]. These findings suggest that dopaminergic
alterations in Wag/Rij rats are more strongly related to depression-like phenotypes than
seizure-related SWD, meaning dopaminergic abnormalities may only underlie certain
aspects of the comorbidity.

Collectively, the current results support alterations in the dopaminergic systems of rodent
models of partial and absence epilepsy, and these alterations could be behind certain
components of the depression and epilepsy comorbidity phenotypes. Furthermore,
pharmacological elevation of dopaminergic function may have both antidepressant and
anticonvulsant efficacy, as well.

3.1.3 GABA—GABAA receptors are ligand-gated Cl channels that hyperpolarize the cell,
whereas GABAGR receptors are metabotropic, G protein-coupled receptors that activate a
signaling cascade that opens a K* channel, allowing for a slower but more prolonged
hyperpolarization of the cell. Decreases in GABA transmission have been implicated in the
excess excitation that is characteristic of epilepsy. Accordingly, some models of generalized
convulsive seizures and depression comorbidity were associated with decreases in GABA,
and increases in GABA levels can be therapeutic. For example, androstenol, which is
thought to potentiate GABAA receptor function [63], decreased immobility in the FST and
protected against 6 Hz and PTZ-induced seizures in a dose-dependent fashion in mice.
Although GABAg receptors have been implicated in seizure susceptibility and depression
individually, little is known about the role of these receptors in convulsive comorbidity
models.

In animal models of absence epilepsy and depression comorbidity, GABA has complex
effects that depend on the particular receptor subtype and brain region involved. Wag/Rij
rats have decreased cortical GABAg receptor function [64], and antagonism of GABAA
receptors by bicuculline administration in the ventrobasal thalamic complex increased the
magnitude of SWD and was alleviated by co-administration of a GABAg antagonist.
However, administration of the GABARg antagonist alone had no effect on SWDs,
suggesting GABAGg receptors serve primarily as modulators of GABA function [65].
Vigabatrin and ethosuximide, two anticonvulsants that increase GABA levels, were found to
exhibit both anticonvulsant and antidepressant effects in Wag/Rij rats, supporting a role for
GABA in this comorbidity model [66, 67]. In GAERS, GABA, inhibitory postsynaptic
currents in the nucleus reticularis thalami had an increased amplitude and slower decay, as
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well as decreased paired-pulse depression, reminiscent of human epilepsy and computer-
generated models of absence epilepsy [68]. Because these changes were present prior to the
onset of seizures, they are unlikely to represent a compensatory response to absence
epilepsy. Collectively, these results imply that subtle, region-specific alterations in
GABAergic function may underlie the absence seizure phenotype, and perhaps the
depressive phenotype of these animals, with alterations in GABA in some brain regions
potentially increasing seizure susceptibility, and alterations in GABAg playing a modulatory
role in neural excitation [68]. Further research on the role of GABA in depression-related
behaviors of these models is needed.

3.1.4 Glutamate—As the primary excitatory neurotransmitter in the brain, changes in the
levels and function of glutamate are often a component of epilepsy. lonotropic glutamate
receptors, consisting of NMDA, AMPA, and kainate subtypes, are ligand-gated cation
channels that depolarize the cell. Metabotropic glutamate receptors, or mGIuRs, are G
protein-coupled receptors that signal via second messenger pathways and allow for slower,
more prolonged actions.

lonotropic glutamate receptors are clearly implicated in epilepsy and depression separately,
but have rarely been evaluated for simultaneous seizure and depression-like phenotypes in
comorbidity models. For example, in the kainic acid model of comorbid epilepsy and
depression, kainate induced seizures by activating kainate receptors. Antagonism of NMDA
or AMPA receptors had a therapeutic effect on the progression of amygdala kindling [69]
and self-sustaining SE induced by electrical stimulation of the perforant pathway [70].
NMDA antagonists such as ketamine decreased immobility in the FST and protected against
stress-induced depression phenotypes in the sucrose preference test [71]. In regards to
metabotropic glutamate receptors, administration of AIDA, an mGIuR1 antagonist,
decreased seizure severity following pilocarpine administration and decreased immobility in
the TST (but not the FST) [26].

In the GAERS absence seizure model, cortical NMDA responses were much more widely
distributed and of longer duration, perhaps contributing to their hyperexcitable synchronicity
[72]. Additionally, ionotropic glutamatergic receptors were found to interact in the Wag/Rij
model. Administration of NMDA increased the frequency of SWD, but this increase could
be blocked by co-administration of an AMPA antagonist. Similarly, administration of
AMPA alone increased the frequency of SWD [73], but co-administration of an NMDA
receptor-antagonist was sufficient to block this increase. In GEPRs, inhibition of glutamate
synthesis, NMDA, or AMPA receptors attenuated seizure severity [74]. Contrary to the
pilocarpine-SE model, where decreases in mGIuR 2/3 activation increased with seizure
sensitivity, mGIuR 2/3 antagonists decreased seizure frequency in Wag/Rij rats [75].

Combined, these observations hint at a role for both ionotropic and metabotropic glutamate
receptors in comorbid epilepsy and depression and point to a therapeutic role for antagonists
of these receptors. However, determining the contribution of various glutamate receptors
and their therapeutic potential in seizure and depression phenotypes simultaneously will
require more research.
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3.1.5 Norepinephrine (NE)—As part of the monoamine hypothesis of depression,
noradrenergic dysfunction has been implicated in the etiology and treatment of that disorder,
and NE has less well known but potent anticonvulsant properties [76], as well, meaning
alterations in this system may both underlie comorbidity and serve as a novel therapeutic
target.

NE function has been studied in some animal models of depression and epilepsy
comorbidity. Perhaps the best characterized of these is the GEPR model, which has
profound and widespread deficits in NE transmission in both GEPR-3s and GEPR-9s,
including impairments in the telencephalon, thalamus/hypothalamus, midbrain, pons/
medulla, and cerebellum [77]. 6-OHDA lesions of the noradrenergic system in the GEPR
model exacerbated seizure severity, whereas increasing NE signaling using NE reuptake
inhibitors or al, $1, or 2 agonists dose-dependently relieved seizures [78, 79]. SwLo rats
have a specific decrease in NE in the hippocampus [45], and chronic, but not acute,
treatment with NE reuptake inhibitors rescued the depression-like phenotype of these rats in
the FST [42]. It would be interesting to see whether noradrenergic drugs are also
antidepressant in GEPR rats and anticonvulsant in SwLo rats.

Mice that lack norepinephrine (Dbh —/-) showed decreased seizure thresholds, enhanced
seizure severity, and increased mortality in response to flurothyl-, PTZ-, kainic acid-and
sound-induced seizures, and seizure susceptibility is rescued by restoring NE transmission
[47, 80, 81]. Somewhat surprisingly, Dbh —/= mice had no baseline immobility differences
in the FST or TST; however, they were resistant to the effects of multiple classes of
antidepressant drugs. Restoration of NE levels with L-threo-3,4-dihydroxyphenylserine
(DOPS) reinstated the antidepressant effect of desipramine in FST, demonstrating the
importance of NE transmission for antidepressant efficacy [50].

Norepinephrine transporter (NET) knockout (NET —/-) mice have increased basal
extracellular NE levels and show decreased immobility in the FST and TST and decreased
PTZ and kainic acid seizure threshold [82, 83]. These results indicate that NET —/- mice
may be a model of comorbidity resilience, although other studies have seen a proconvulsant
phenotype under some conditions [84].

Additional support for the role of NE in epilepsy and depression comorbidity comes from
rats kindled with PTZ; they exhibited decreased immobility in the FST and TST following
treatment with NET inhibitors [15]. NE transporter abundance was significantly increased in
the perirhinal cortex following PTZ kindling, which would presumably decrease
extracellular NE levels, suggesting that the noradrenergic dysfunction may be directly
involved in this model of the comorbidity [15]. Finally, NE depletion attenuated the
anticonvulsant activity of the ketogenic diet, vagus nerve stimulation, and valproic acid [49,
85, 86]. Taken as a whole, these findings argue strongly that NE plays a role in epilepsy and
depression comorbidity, as well as treatment efficacy.

3.1.6 Serotonin—Serotonin, the other monoamine implicated in depression, also
modulates seizure susceptibility and may be involved in at least some aspects of depression
and epilepsy comorbidity in a variety of models.
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The pilocarpine-induced SE paradigm, which produced spontaneous seizures and increased
immobility in the FST, decreased hippocampal serotonin concentration, turnover, and
release [20, 24]. Furthermore, several compounds that produce anticonvulsant and
antidepressant effects in the pilocarpine model, such as citalopram, imipramine, MK-801,
and MPEP, also increased hippocampal serotonin release [26].

Several studies have assessed the role of various serotonergic subtypes. Specifically, a
number of studies have revealed increases in the function of the presynaptic serotonin 1A
autoreceptor and expression of the serotonin 2C receptor following pilocarpine-induced
seizures [23, 25]. The depression-like phenotypes associated with these models were
reversed by the 5-HT1A agonist 8-OH-DPAT, and b. monnieri, an herbal remedy which
increases hippocampal serotonin levels. Expression of the 5-HT5b gene and hippocampal 5-
HT levels were reduced following KA-induced seizures and were associated with increased
immobility in the FST and decreased sucrose preference [16, 17].

GEPR-9s exhibited deficits in serotonergic transmission, including impaired tryptophan
hydroxylase activity, widespread decreases in concentration and uptake of 5-HT, and
alterations in 5-HT receptor abundance [87, 88]. Carbamazepine, which increases serotonin
levels, also decreased seizure severity in a dose-dependent fashion in both GEPR-3s and
GEPR-9s [89]. Coadministration of a 5-HT 1A receptor antagonist (pindolol or LY 206130)
with fluoxetine made fluoxetine more effective at reducing seizures in GEPR-9s [90]. Thus,
studies with KA and the GEPRs point to the involvement of deficits in serotonergic tone in
multiple animal models of comorbid epilepsy and depression and reveal candidate targets
for treatment.

3.2 Other mechanisms of interest

Beyond the classical neurotransmitters, there are several other classes of molecules and
systems that are worthy of discussion. Although some of these have been implicated in
epilepsy or depression individually, they deserve consideration for future investigation in the
context of comorbidity.

3.2.1 lon channels—Many different ion channels have been implicated in epilepsy,
including voltage-gated Na*, Ca2*, and K* channels. Rare mutations in ion channels cause
familial epilepsy, and mood disorders are included in the phenotypic spectrum of some
epilepsy-associated ion channel mutations [91], which means that ion channel dysfunction
may also contribute to comorbidity.

Amiloride, which blocks epithelial Na* channels, was an effective antidepressant in the FST
and anticonvulsant in the PTZ and ICES paradigms [92]. JPZ-4, a dual Na* and Ca?*
channel blocker, also decreased immobility in the FST and increased seizure thresholds in
the 6 Hz, MES, and PTZ models [93]. However, another Na* channel blocker, lamotrigine,
has been associated with increased risk of suicidality in the clinical population [6-11]. These
results highlight the necessity of improvements in our understanding of the role of Na*
activity in these phenotypes and their treatment.
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Ca?* channels are also implicated in rodent models of comorbid epilepsy and depression,
and Ca?* channel blockers have been put forward as effective treatment strategies. In the
GEPR model, Ca%* channel current and subunit abundance were increased in the inferior
colliculus [94], and a variety of Ca2* channel antagonists had anticonvulsant properties [95].
Additionally, in Wag/Rij rats, expression of Cav2.1 channels in the reticular thalamic
nucleus increased along with the appearance of SWD [96]. Treatment with ethosuximide,
which likely acts by blocking Ca2* channels, decreased both SWD and FST immobility. Na*
channel blockers, such as zonisamide or carbamazepine, did not impact FST performance,
suggesting that Ca2* channel activity may be more relevant for the comorbidity in this
model, with more therapeutic potential [67]. Interestingly, an increase in suicidality has been
suggested following treatment with levetiracetam [5, 7, 10, 11], which may act through
inhibition of Ca2* channels [97]. Additional studies are therefore clearly warranted to
elucidate the role of Ca2* channels in epilepsy, depression, and/or suicidality.

Entry of K* helps the neuron return to its resting potential, thereby terminating the action
potential, and K* channel dysfunction can cause neuronal hyperexcitability. Several K*
channel subunits and channel function were reduced in the hippocampus and cortex of
GEPR rats [98]; similar changes in K+ channel subunits could be blocked by treatment with
ethosuximide in Wag/Rij rats [99]. Additionally, certain K* channel knockout mice
demonstrated depression-like phenotypes. Knockout of the Kv4.2 K* channel produced
fluoxetine-resistant FST immobility in mice [100]. TASK3 knockout mice, which lack
expression of the Kenk9 K* channel, also displayed increased immobility in both the FST
and TST [101]. Importantly for the comorbidity of depression with epilepsy, mutations in
the TASK3 gene have also been identified in the GAERS model of absence epilepsy [102].
Interestingly, the deletion of other Trek-1 (Kcnk2) K* channels was associated with
depression resistance [103]. Together, these findings hint at an intriguing role for K*
channel dysfunction in both depression and epilepsy, but determining whether K* channels
are a viable therapeutic target for comorbidity awaits further studies targeting these
phenotypes simultaneously.

3.2.2 Hypothalamic-Pituitary-Adrenal Axis—Stress plays a major role in the
development of depression and is also a common trigger for seizures in epileptic patients.
Stress exerts many of its effects on the brain and body via regulation of the hypothalamic-
pituitary-adrenal axis (HPA). Stress triggers the release of corticotrophin releasing hormone
(CRH) from the hypothalamus, which stimulates the release of adrenocorticotropic hormone
(ACTH) from the anterior pituitary, which in turn elicits the release of glucocorticoids
(cortisol in humans, corticosterone in rodents; CORT) from the adrenal cortex. A negative
feedback loop decreases the activity of this pathway when glucocorticoid levels are high by
acting at the level of the pituitary and hypothalamus.

In general, the HPA axis is overactive in several animal models of depression and epilepsy
comorbidity. For example, exposure to early life stress increased CORT levels and lowered
the number of stimulations required to achieve amygdala kindling in Wistar rats [104]. Rats
exposed to pilocarpine-induced SE showed an elevation of CORT levels that was not
suppressed with dexamethasone administration, and a positive correlation was seen between
the degree of CORT elevation and immobility in the FST [22]. In this model, administration
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of CRH increased CORT levels and immobility in the FST. Blocking glucocorticoid
receptors with intra-raphe (but not intra-hippocampal) mifepristone improved FST scores
only in the most severely depressed rats [23].

HPA axis activation has also been linked to the severity of seizure phenotypes in models of
absence epilepsy. Wag/Rij rats exhibited an elevation in foot shock stress-induced CORT
levels. Interestingly, SWD were significantly decreased in the first 15 minutes following
foot shock, while CORT levels were still elevated, and then SWD were increased after
CORT levels return to baseline, suggesting that the period of HPA hyperactivity may
worsen seizure frequency [105]. While the connections between HPA axis activity and
comorbid epilepsy and depression are still unclear, there does appear to be a relationship that
merits further investigation.

3.2.3 Neuroinflammation—Neuroinflammatory responses are frequently linked with
depression and epilepsy clinically and have also been assessed in rodent models of their
comorbidity. In the pilocarpine-induced SE model, intrahippocampal delivery of an
interleukin-1 receptor antagonist (IL-1ra) decreased FST immobility and increased
preference for saccharin solution. Basal CORT levels were normalized, and serotonin
release and response to dexamethasone were both partially restored following IL-1ra;
however, there were no effects on seizure frequency [21]. Coadministration of fluoxetine
and IL-1ra, but not fluoxetine alone, was also effective at improving the depression-like
phenotypes, but again had no effect on seizure frequency [24]. Other studies using animal
models of comorbid epilepsy and depression have found varying effects of IL-1 alterations
on seizure frequency. For example, IL-1B activation was elevated in GAERS, and blockade
of IL-1P synthesis decreased SWD duration and number [106]. In contrast, IL-1
administration was anticonvulsant in an amygdala kindling paradigm [107]. These studies
indicate that neuroinflammatory molecules like IL-1 may contribute to some aspects of
comorbid epilepsy and depression, but the precise nature of these effects remains a mystery
for now.

3.2.4 Neurotrophins—Neurotrophins, particularly brain derived neurotrophic factor
(BDNF) and its receptor, TrkB, likely contribute to depression and epilepsy and mediate
therapeutic efficacy. Indeed, decreases in BDNF are seen in adults with epilepsy [108] and
depression, and these abnormalities can be reversed following antidepressant treatment
[109]. TrkB and BDNF have also been implicated in animal models of epilepsy and
depression. For example, overexpression of hippocampal BDNF decreased the severity of
spontaneous seizures following pilocarpine-induced SE, pointing to an anticonvulsant effect
of BDNF signaling [110]. By contrast, in a kainic acid-induced SE paradigm, transgenic
mice with increased TrkB expression showed accelerated development of spontaneous
seizures, while mice expressing a dominant negative form of TrkB showed delayed
development of spontaneous seizures, indicating TrkB signaling has a proconvulsant effect
[111]. Likewise, deletion of TrkB in the hippocampus inhibited amygdala and hippocampal
kindling epileptogenesis, suggesting a proconvulsant effect of TrkB activation [112].
Interestingly, this effect of TrkB knockout was not phenocopied by BDNF knockout,
implicating another TrkB ligand.
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BDNF and TrkB have also been assessed in rodent models of depression. Exercise, which
has antidepressant and anticonvulsant properties, causes an increase in BDNF expression
[113] (discussed further in section 3.4.2). Mice expressing a VVal66Met mutation that leads
to decreased BDNF exhibited decreased sucrose preference and increased FST immobility
following restraint stress [114], implying BDNF may serve as a protective mechanism
against the harmful effects of stress on depression phenotypes. Similarly, blockade of TrkB
with K252a prevented lamotrigine from exerting antidepressant effects in a variety of tests,
suggesting that TrkB is also important for antidepressant drug efficacy [115]. Despite these
studies on the role of neurotrophic factors in depression and epilepsy separately, more work
is needed to uncover the role of BDNF and TrkB in the comorbidity of these disorders,
especially in terms of the seemingly contradictory findings concerning seizure susceptibility.
Moreover, the dual antidepressant and proconvulsant effects of BDNF/TrkB signaling
highlight the difficulties of finding treatment strategies that are not contraindicated.

3.3 Brain regions of interest

Several regions of the brain have been implicated in animal models of comorbid epilepsy
and depression. Because the hippocampus and amygdala show structural and metabolic
abnormalities in patients with depression and epilepsy, can be electrically kindled, and
experience profound neuronal loss following pilocarpine-or KA-induced SE, these regions
are of interest for TLE models [19, 29]. The vast majority of animal models of comorbid
limbic epilepsy and depression are associated with changes in structure, neurotransmitters,
ion channels, and other mechanisms discussed above that lead to dysfunction of the
hippocampus and/or amygdala.

Other neuroanatomical substrates are also implicated in depression and epilepsy
comorbidity. A large body of evidence has demonstrated a role for the inferior colliculus and
other midbrain regions in the comorbid phenotype of the GEPRs [94, 116]. In Wag/Rij rats,
the frontocortical regions, striatum, and nucleus accumbens appear to be important for the
seizure and depression-related phenotypes [61]. Of these regions, the prefrontal cortex and
nucleus accumbens are also implicated in the SwLo rat phenotypes [44, 45], while the
thalamus appears to be a key region in GAERS and GEPRs [68, 77].

Each of these brain regions has been discussed in depth in the individual sections on
mechanisms underlying co-morbid epilepsy and depression (for further detail, see sections
3.1 and 3.2). Though not reiterated here, it is important to note that a contribution of these
same regions in multiple paradigms is suggestive of a causal role or potential therapeutic
target for depression and epilepsy co-morbidity.

3.4 Non-pharmacological therapies

Difficulties with safe and efficacious treatment are a major clinical problem in depression
and epilepsy comorbidity; patients are often refractory to treatment, and many
anticonvulsants have depressant effects, while several antidepressants have proconvulsant
effects [3, 4], meaning non-pharmacological therapies may be especially useful for this
clinical population. Three such therapies, vagus nerve stimulation, exercise, and the
ketogenic diet, have demonstrated both anticonvulsant and antidepressant properties in
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animal models. Because these therapies appear to have the potential for clinical efficacy
while simultaneously lacking adverse effects on one disease or the other, they may represent
the best therapeutic strategies to explore in the future for the treatment of epilepsy and
depression comorbidity.

3.4.1 Vagus nerve stimulation—Vagus nerve stimulation (VNS) is used clinically to
treat otherwise refractory depression and epilepsy as separate conditions. Stimulation of the
vagus nerve decreased immobility in the FST in mice in a 5-HT-dependent manner [117],
while it also reduced PTZ-induced cortical electrographic spiking in rats [118]. Consistent
with the antidepressant and anticonvulsant properties of NE discussed in section 3.1.5,
multiple effects of VNS were dependent upon an intact locus coeruleus [86], suggesting the
augmentation of noradrenergic function underlies its therapeutic efficacy. Despite these
promising results, little is known about the effects of VNS on comorbid epilepsy and
depression symptoms, which should be explored for their therapeutic potential.

3.4.2 Aerobic exercise—Aeraobic exercise has both anticonvulsant and antidepressant
effects clinically and in animals. Rats exposed to 3 weeks of voluntary wheel running
showed decreased KA-induced seizure severity associated with increased expression of
galanin mRNA in the locus coeruleus, and the anticonvulsant effects were blocked by
pretreatment with a galanin receptor antagonist [119]. Additionally, 28 days of voluntary
wheel running increased hippocampal BDNF levels and decreased immobility in the FST
and TST in mice [113]. While research in this area is just taking off, exercise nevertheless
shows great promise as a non-pharmacological therapy for comorbid epilepsy and
depression.

3.4.3 Ketogenic diet—The ketogenic diet (KD) is a high-fat, low-carbohydrate, low-
protein diet used for nearly 100 years to control refractory epilepsy. Interestingly, rats fed a
ketogenic diet displayed decreased immobility in the FST, indicating the diet may also have
antidepressant properties [120]. The anticonvulsant effects of the KD may be mediated at
least in part by NE, as demonstrated by loss of efficacy in Dbh —/— mice [85]. Whether the
ketogenic diet can alleviate both depression-and seizure-related phenotypes in an animal
model of comorbidity has yet to be determined.

4. Conclusion

The bidirectional comorbidity between depression and epilepsy has become recognized as a
serious clinical problem due to its negative impact on patients’ quality of life and challenges
to successful treatment and prognosis. The high incidence and impact of depression in
epilepsy has raised enough alarm that an expert panel of neurologists and psychiatrists from
the Epilepsy Foundation’s Mood Disorders Initiative wrote and published a “Consensus
Statement” to improve the recognition and treatment of depressive disorders in patients with
epilepsy [121]. The establishment of several chemical, electrical, and genetic animal models
of this comorbidity is a crucial step toward a better understanding of the underlying
neurobiological substrates and potential therapeutics.
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Though these animal models have revealed some useful information, this field is still in its
infancy, with many issues that need to be addressed. Despite the wealth of animal models of
epilepsy that also show depression-related phenotypes, there is currently only one model of
depression that also shows enhanced seizure susceptibility and epileptogenesis: the SwLo
rat. More models addressing this direction of the comorbidity are needed for a better
understanding of the similarities and differences in causes, mechanisms, and treatment
strategies for this half of the comorbidity equation. Additionally, many of the current models
focus on seizure susceptibility rather than true epilepsy (i.e. the development of unprovoked,
spontaneous seizures). Because the clinical comorbidity is between depression and epilepsy,
rather than depression and seizure susceptibility per se, a stronger emphasis on animal
models of epileptogenesis may be more clinically relevant.

Future studies on the genetic underpinnings of this comorbidity are also needed. Since both
diseases are known to have a large genetic component, it seems likely that genetic risk
factors also contribute to comorbidity [122]. Genetic/selective breeding models of
comorbidity represent valuable resources for the identification of susceptibility genes.
Quantitative trait loci (QTL) and linkage mapping studies, microarrays, and/or analysis of
protein expression could all be used to uncover candidates for predictive screening or targets
for novel therapeutics. Targeting these candidates with site-specific genetic manipulations
and/or viral vectors and assessing the effect on the phenotypes of interest would also
contribute a great deal to both our understanding of and ability to treat epilepsy and
depression comorbidity.

In conclusion, further investigation of current animal models and the development of
entirely new animal models are critical for the discovery of neurobiological substrates
underlying epilepsy and depression comorbidity, for identifying novel therapeutic targets,
and as a screening tool for testing the safety and efficacy of such new treatments.
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