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Can neurobiological pathogenic mechanisms of depression 
facilitate the development of seizure disorders?
Andres M Kanner

People with epilepsy have a high risk of developing depressive disorders, and people with primary depressive 
disorders have a high risk of developing epilepsy. Furthermore, a lifetime history of depressive disorders has been 
associated with a poor response of the seizure disorder to pharmacotherapy and epilepsy surgery. The aim of this 
Review is to identify the principal neurobiological pathogenic mechanisms of depressive disorders with the potential 
to facilitate the epileptogenic process or cortical hyperexcitability in experimental animal studies or those that can 
aggravate known pathogenic mechanisms of epilepsy in human beings. These mechanisms include (1) a hyperactive 
hypothalamic–pituitary–adrenal axis; (2) structural and functional abnormalities of cortical structures; (3) increased 
glutamatergic and decreased GABAergic and serotonergic activity; and (4) immunological abnormalities. The data 
presented in this Review provide experimental evidence that might begin to explain the bidirectional relation between 
depressive disorders and epilepsy and that can be regarded as a source for future research. 

Introduction
Depressive disorders are the most common psychiatric 
comorbidity in patients with epilepsy, with lifetime 
prevalence rates of around 35% in population-based 
studies.1 Not only are people with epilepsy at high risk of 
developing depressive disorders, but people with primary 
depressive disorders have a high risk of developing 
epilepsy.2–4 Furthermore, a lifetime history of depressive 
disorders is associated with a poor response of the 
seizure disorder to pharmacological and surgical 
treatments.5–8 The occurrence of epileptic seizures in 
depressed patients is typically attributed by clinicians to 
the long-held belief that antidepressant drugs have a 
proconvulsant eff ect, whereas the worse course of the 
seizure disorder is blamed on the association between a 
depressed state and poor compliance of antiepileptic 
drugs (AEDs). However, proconvulsant eff ects of 
antidepressants have only been associated with overdoses 
or high serum concentrations resulting from slow 
metabolism. Yet, four antidepressants (clomipramine, 
amoxapine, maprotiline, and bupropion) can cause 
seizures at therapeutic doses.9,10

Thus, if depressive disorders play a part in the 
development or course of seizure disorders, their 
neurobiological pathogenic mechanisms would be ex-
pected to facilitate the epileptogenic process in some 
way. In this Review, we describe the available published 
work on several pivotal neurobiological pathogenic 
mechanisms of depressive disorders identifi ed in 
animal models of depression and in clinical studies of 
patients with a primary major depressive disorder 
(MDD) and bipolar disorders that had an infl uence on 
cortical excitability or facilitation of seizure occurrence, 
or both. 

Epidemiology and prevalence
Epidemiological and prevalence data of depressive 
disorders in people with epilepsy are derived from 
studies that use structured psychiatric interviews and 
clinical psychiatric assessments to calculate point or 

lifetime prevalence rates of well-defi ned mood disorders 
(according to a predetermined set of diagnostic criteria, 
such as the diagnostic and statistical manual of mental 
disorders, fourth edition [DSM-IV]11) or studies that use 
screening instruments (eg, the Center for Epidemiological 
Studies depression scale) to identify symptoms of 
depression over the previous 2–4 weeks. For the purpose 
of this Review, only population-based studies that 
included data on lifetime incidence of depressive 
disorders were selected, because these studies are more 
likely to be representative of the general population of 
people with epilepsy and to report more accurately the 
actual prevalence of depressive disorders, which can 
recur in more than 50% of patients over time.12,13

The largest and most methodologically sound data are 
derived from a Canadian population-based study,1 which 
showed the association between epilepsy and psychiatric 
comorbidities, in particular mood disorders. This study 
yielded a lifetime prevalence of mood disorders of 24·4% 
in patients with epilepsy (95% CI 16·0–32·8) compared 
with 13·2% (12·7–13·7) in control individuals; 17·4% 
(10·0–24·9) of patients with epilepsy had a lifetime 
prevalence of MDD compared with 10·7% (10·2–11·2) of 
control individuals. The lifetime prevalence of any mood 
disorder (including MDD, bipolar disorder, dysthymia, 
or cyclothymia) was 34·2% (25·0–43·3) in people with 
epilepsy compared with 19·6% (19·0–20·2) in those 
without epilepsy. Other epidemiological studies provide 
data that specifi cally suggest a bidirectional relation 
between epilepsy and psychiatric disorders. Not only are 
people with epilepsy at high risk of developing depressive 
disorders, but people with primary depressive disorders 
are at high risk of developing epilepsy, as shown in 
several population-based studies.2–4,14–16 In a study from 
Sweden, depressive disorder was seven times more 
common among patients with new-onset epilepsy, 
preceding the seizure disorder, than among age-matched 
and sex-matched control invidivuals.2 A second study 
undertaken in Olmstead County (MN, USA) included all 
adults aged 55 years and over at the time of onset of 
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epilepsy;3 a diagnosis of depression preceding their fi rst 
seizure was 3·7 times more frequent among cases than 
among control individuals, after adjusting for medical 
treatments for depression. In both studies, the increased 
risk was greater among patients with partial-onset 
seizures than among patients with generalised epilepsy. 
A third population-based study done in Iceland included 
324 patients aged 10 years and older with a fi rst 
unprovoked seizure or newly diagnosed epilepsy and 
647 control individuals.4 A major depressive episode, 
according to DSM-IV criteria, was associated with a 
1·7-times increased risk for developing epilepsy, whereas 
a history of attempted suicide was 5·1 times more 
common among cases than among control individuals. 
In a recent Swedish population-based study,14 inves-
tigators assessed the risk of developing unprovoked 
seizures or epilepsy among patients who had been 
admitted to hospital for a psychiatric disorder (n=1885) 
compared with control individuals who were matched for 
sex and year of diagnosis and who were selected 
randomly from the register of the Stockholm County 
population. The age-adjusted odds ratio (OR) for 
development of unprovoked seizures was signifi cantly 
higher for patients with any psychiatric disorder than for 
control individuals (2·7, 95% CI 2·0–3·6); the OR was 
2·5 (1·7–3·7) for MDD, 2·7 (1·4–5·3) for bipolar disorder, 
2·7 (1·6–4·8) for anxiety disorder, and 2·6 (1·7–4·1) for 
suicide attempt independent of a psychiatric disorder. 
The OR among depressed patients was higher for those 
who developed idiopathic or cryptogenic seizure 
disorders (3·9, 2·4–6·1) than for those who developed 
symptomatic seizures (1·5, 0·8–2·6). The association 
was highest when the depressive disorder was diagnosed 
less than 2 years before the seizure occurrence (6·3, 
2·8–14·6). Similar fi ndings were reported in a 
retrospective cohort study of 133 440 paediatric patients 
(age 6–17 years) without a history of seizures or previous 
use of AEDs.15 The incidence of seizures among children 
with a history of psychiatric diagnoses was more than 
three times higher (513 per 100 000 person-years, 95% CI 
273–878) than among children free of any psychiatric 
diagnosis other than attention defi cit hyperactivity 
disorder (ADHD; 149 per 100 000 person-years, 122–180). 
Similarly, in a study of the incidence of seizures 
experienced by patients with a primary MDD during 
randomised, placebo-controlled trials of selective 
serotonin-reuptake inhibitors (SSRIs) and serotonin-
norepinephrine-reuptake inhibitors (SNRIs), a higher 
incidence of epileptic seizures was identifi ed among 
depressed patients randomly assigned to placebo than 
among those assigned to antidepressant drugs 
(standardised incidence ratio 0·48, 95% CI 0·36–0·61);16 
furthermore, this incidence was 19 times higher than the 
rates published for the general population. Clearly, all of 
these population-based studies confi rm the high risk of 
developing epileptic seizures or epilepsy in patients with 
a history of depressive disorders. 

The eff ect of depression on the course of 
seizure disorders
A lifetime history of depression has been associated with 
a poor course of seizure disorders. For example, in a 
study of 780 consecutive patients with new-onset 
epilepsy,5 a psychiatric history and a history of depression 
were associated with amore than double the risk of 
developing treatment-resistant epilepsy compared with 
those with no lifetime psychiatric history. Likewise, in a 
study of 138 consecutive patients with new-onset 
epilepsy who were started on AEDs,6 those who were 
identifi ed as having symptoms of depression and anxiety 
in the A-B neuropsychological assessment schedule 
completed before the start of treatment were signifi cantly 
less likely to be seizure free after 12 months of treatment 
than those who did not have any psychiatric history. 
Furthermore, in a study of 100 consecutive patients who 
underwent an anterior temporal lobectomy for the 
treatment of refractory temporal lobe epilepsy,7 a lifetime 
history of depression was associated with worse post-
surgical seizure control than those who had no lifetime 
history of depression. Similar data have been published 
by others.8 

These fi ndings suggest that pathogenic mechanisms of 
depressive disorders might help mediate the high risk of 
developing epilepsy or the poor course of the seizure 
disorder, or both, in people with epilepsy. The next 
section examines this notion.

Pathogenic mechanisms of depression that 
might facilitate the epileptogenic process
There are several neurobiological pathogenic mecha-
nisms of primary depressive disorders.17 Among these 
are four categories of mechanisms that have an eff ect 
on cortical hyperexcitability and the epileptogenic 
process: (1) endocrine abnormalities; (2) structural and 
functional abnormalities of cortical and subcortical 
structures; (3) neurotransmitter abnormalities; and 
(4) immuno logical abnormalities.

Endocrine abnormalities
A hyperactive hypothalamic–pituitary–adrenal axis 
(HPAA) resulting in high blood cortisol concentrations 
was among the fi rst neurobiological abnormalities 
identifi ed in up to 50% of patients with a primary MDD 
by use of the dexamethasone suppression test.17 This 
abnormality is a trait of depressive disorders because it 
fails to normalise after remission of the depressive 
episode. Likewise, in experimental studies in rats, 
corticosterone facilitated the kindling process, one of the 
principal models of epileptogenesis.18–24 For example, in 
one study,18 male rats randomly assigned to corticosterone-
releasing pellets given before amygdala kindling 
displayed accelerated behavioural signs of epilepsy and 
severe tonic-clonic seizures compared with those 
assigned to placebo. In another study,19 Wistar rats 
pretreated with low-dose corticosterone achieved a fully 
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kindled state in the electrical amygdala kindling rat 
model with fewer stimulations than rats pretreated with 
saline (32 vs 81), and fewer stimulations were needed to 
reach the fi rst class V seizure (14 vs 57). The same group 
of investigators showed that this eff ect could be blocked 
with the use of corticosterone antagonists acting on 
mineralocorticoid and glucocorticoid receptors.20 

Separation of newly born pups from their dam has 
been used as an animal model of depression and 
anxiety, as well as to study its eff ect on HPAA function. 
An acceleration of the kindling process after early 
postnatal maternal separation has been reported in 
three studies.21–23 In particular, one of these studies 
compared seizure-induced serum corticosterone 
concentrations and CA3 pyramidal cell count in rats 
that underwent maternal separation with early 
handling.23 Female rats separated from their dams 
exhibited enhanced corticosterone responses during 
and after kindling. A similar pattern occurred in male 
rats, and there was a reduction in the total number of 
CA3 pyramidal cells in both sexes. Another study in rats 
investigated the eff ect of isolation at birth on the HPAA 
and on the development and course of seizures after 
status epilepticus at postnatal day 10 (P10) by use of the 
lithium-pilocarpine protocol.24 The group of isolated rats 
had higher corticosterone plasma con centrations after 
status epilepticus than non-isolated rats, whereas the 
rats subjected to both isolation and status epilepticus 
had a decreased seizure threshold at P100 compared 
with control individuals and rats that underwent only 
isolation or only status epilepticus.

High cortisol concentrations can aff ect cortical 
hyperexcitability through eff ects on neurotransmitters, 
including glutamate, serotonin, and GABA. For example, 
the decrease in glial cell density and function associated 
with high cortisol concentrations can result in an excess 
of synaptic glutamate.25 Primary depressive disorders 
have been associated with excessive glutamate activity 
(see below). Likewise, cortisol decreases the activity of 
serotonin, which has anticonvulsant eff ects in animal 
models of epilepsy (table 1).26–31 

Clearly, these studies show an association between 
high corticosterone concentrations and facilitation of the 
kindling process. In people with temporal lobe epilepsy, 
a hyperactive HPAA was noted, with the dexamethasone 
suppression test, that was of comparable magnitude to 
that in patients with a primary MDD.32 However, anti-
seizure activity has also been associated with sex 
hormones, including progesterone and testosterone, 
through the eff ects of their respective metabolites on 
GABAA receptors.33 

In animal models of depression and in studies done in 
patients with mood disorders, high serum cortisol 
concentrations have also been associated with structural, 
functional, and neuropathological abnormalities in 
temporal and frontal lobe structures, which are reviewed 
in the following section. 

Structural and functional abnormalities of cortical and 
subcortical structures 
In animal models of depression, a reduction in the total 
number of CA3 neuronal cells and interference with 
neurogenesis of granule cells in the adult hippocampal 
dentate gyrus have been reported23,34–36—changes that are 
typically noted in animal models of chronic temporal 
lobe epilepsy and that have been associated with 
persistence of spontaneous seizures.37 Furthermore, in 
patients with a primary MDD, a 10–20% bilateral 
decrease in hippocampal volume has been reported by 
several investigators,38–40 the magnitude of which was 
associated with the duration of the depressed state.39 

Likewise, high plasma cortisol concentrations have 
been associated with decreased cortical thickness in the 
frontal lobe of patients with a primary MDD, which has 
been attributed to a decrease in glial or neuronal cell 
density and size in the cingulate gyrus, in layers II, III, 
and IV of the rostral orbitofrontal cortex, in cortical 
layers V and VI of the caudal orbitofrontal cortex, and 
also resulting from a decrease in neuronal and glial 
density and size in all cortical layers of the dorsolateral 
prefrontal cortex.41–45 The next question to address is 
whether these neuropathological changes play a part in 
the worse seizure control of people with epilepsy with 
depressive disorders. Data from two studies seem to 
support this hypothesis. One study used voxel-based 
morphometric analyses in brain MRI scans of 48 adults 
with treatment-resistant temporal lobe epilepsy (24 with 
and 24 without a major depressive episode) and 
96 healthy control individuals.46 Patients with temporal 
lobe epilepsy and a major  depressive episode had a 
greater number of areas with bilateral grey matter 
volume loss in temporal and frontal lobe regions and in 
the left thalamus than those with only temporal lobe 
epilepsy. Using the same methodology, a second study 
measured the cortical thickness in MRI scans of 
165 patients with temporal lobe epilepsy secondary to 
mesial temporal sclerosis.47 Bilateral cortical grey matter 
atrophy involving the orbital cortex, cingulate gyrus, and 
temporal-lateral neocortex was signifi cantly more 
frequent among patients with treatment-resistant 
epilepsy than among seizure-free patients. 

Studies with PET that target the 5-HT1A receptor 
with the ligand ¹⁸F-trans-4-fl uoro-N-2-[4-(2-methoxy-
phenyl)piperazin-1-yl]ethyl-N-(2-pyridyl) cyclo hexane-
carb oxamide revealed functional abnormalities in 
patients with a primary MDD48–51 that were identical to 
those seen in patients with temporal lobe epilepsy who 
did not have depression. These abnormalities consisted 
of decreased binding of the ligand to the 5-HT1A receptor 
in the hippocampus, amygdala, cingulate gyrus, insula, 
and the raphe nucleus.48–51 High cortisol concentrations 
might play a part in this process, because high 
corticosterone concentrations in rats caused lower 
mRNA expression of 5-HT1A receptors and decreased 
binding of serotonin to the receptor in the hippocampus, 
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which was not noted after pretreatment with the tricyclic 
antidepressants imipramine and desipramine.52 The 
investigators analysed mRNA expression of 5-HT1A 
receptors in the brains of suicide victims who had 
depression and identifi ed the same fi ndings as those 
noted in the brains of rats.

Neurotransmitter abnormalities
The involvement of neurotransmitters as common 
pathogenic mechanisms in depression and epilepsy has 
been proposed for at least two decades. However, most of 
the attention has been focused on abnormalities of 
the mono aminergic neurotransmitters, particularly 
serotonin and norepinephrine.26–31,53–59 For example, in the 
pilocarpine-lithium animal model of status epilepticus, 
Mazarati and colleagues53 reported abnormal serotonin 
secretion in the raphe-hippocampal serotonergic path way, 
lower serotonin concentrations and turnover in the 
hippocampus, and decreased serotonin release from the 
hippocampus after raphe stimulation. Additionally, 
administration of fl uoxetine, a SSRI, reversed cortical 
hyperexcitability after status epilepticus. Several detailed 
reviews have been published on the pathogenic role of 
these two neurotransmitters in depression and their eff ect 
in epilepsy.26–31,54–59 Furthermore, an anticonvulsant eff ect of 
serotonin has been reported in several animal models of 
epilepsy.26–31,56–59 In an animal model of epilepsy in which 
seizures were induced in conscious rats with pilocarpine, a 

hippocampal perfusion of serotonin prevented limbic 
seizures when its extracellular concentrations ranged 
between 80% and 350% of baseline levels, whereas 
concentrations above 900% of baseline worsened 
seizures.31 These fi ndings suggest an inverted U-shaped 
antiepileptic eff ect of serotonin, which is in accordance 
with the clinical fi ndings that antidepressant-induced 
seizures (with SSRIs, SNRIs,  and tricyclic anti depressants) 
are typically associated with overdoses (tables 1 and 2). 

Glutamate and GABA are neurotransmitters with 
pivotal but opposing pathogenic roles in epilepsy: 
glutamate has excitatory properties, whereas GABA has 
widespread inhibitory eff ects. Thus, high glutamatergic 
and low GABAergic activity in depressive disorders could 
facilitate a hyperexcitable state. Data supporting the 
existence of such abnormalities have been identifi ed in 
animal models of depression as well as in people with 
major depressive and bipolar disorders and are 
summarised below. 

Glutamate
Excessive glutamate activity plays an important 
pathogenic part in major depressive and bipolar disorders. 
High plasma and CSF con centrations of glutamate were 
fi rst reported in the 1980s in patients with MDD and have 
been confi rmed by several investigators.60,61 Furthermore, 
an association between plasma glutamate concentrations 
and the severity of the depressive disorder has been also 

Serotonergic abnormalities or 
experimental procedure

Eff ects on epileptic activity

GEPR-3, 926,27 Abnormal serotonergic 
arborisation in the brain in general 
and defi cient postsynaptic 
5-HT1A-receptor density in the 
hippocampus

Predisposition to sound-induced generalised tonic-clonic seizures; marked acceleration of 
kindling; inhibition of serotonin synthesis with diet-free tryptophan worsens seizure 
severity; and the serotonin precursor 5-hydroxy-L-tryptophan has anticonvulsant eff ects 
when combined with the selective serotonin-reuptake inhibitor fl uoxetine 

Genetically prone mice and 
baboons and non-genetically 
prone cats, rabbits, and rhesus 
monkeys28–31

Administration of selective 
serotonin-reuptake inhibitors and 
monoamine oxidase inhibitors

Prevention of seizures

GEPR=genetically epilepsy-prone rat. 5-HT=5-hydroxytryptamine (serotonin). 

Table 1: Serotonergic abnormalities in animal models of epilepsy

Noradrenergic abnormalities or experimental procedure Eff ects on epileptic activity

GEPR-9>326,56,57 Defi cient arborisation of neurons arising from the locus coeruleus, and 
excessive presynaptic suppression of norepinephrine release in the 
terminal fi elds and absence of postsynaptic compensatory upregulation

Predisposition to sound-induced generalised tonic-clonic 
seizures; marked acceleration of kindling; and inhibition of 
norepinephrine synthesis worsens seizure severity, which is 
blocked by pretreatment with the noradrenergic tricyclic 
antidepressant desipramine 

GEPR-9>326 Administration of norepinephrine false transmitter α-methyl-m-tyrosine, 
the norepinephrine synthesis inhibitor α-methyl-Δ-tyrosine, and the 
serotonin synthesis inhibitor Δ-chlorophenylalanine

Facilitation of epileptic seizures

Rat58,59 Destruction of noradrenergic neurons in the locus coeruleus in rats 
subjected to electroshock or pentetrazol-induced seizures in which VNS 
had been implanted

VNS prevented seizures before destruction of norepinephrine 
cells, and destruction of the locus coeruleus prevented or 
signifi cantly reduced the anticonvulsant eff ect of VNS

GEPR-9>3 means that these abnormalities were more severe in the GEPR-9 strain than the GEPR-3 strain. GEPR=genetically epilepsy-prone rat. VNS=vagus nerve stimulation. 

Table 2: Noradrenergic abnormalities in animal models of epilepsy
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suggested.62 Although an association between plasma and 
CSF concentrations is yet to be established, the high CSF 
glutamate concentration is suggestive of the abnormal 
glial-neuronal glutamine-glutamate cycle associated with 
NMDA receptor systems in the brains of patients with 
depression.62 

Glutamate transporter proteins are one of the systems 
that maintain low extracellular concentrations of 
glutamate, through regulation of its packaging in 
presynaptic vesicles before release to the synaptic cleft and 
through regulation of the reuptake mechanisms into glial 
and neuronal cells.63 These transporters include the 
vesicular glutamate transporters (vGluT1, vGluT2, and 
vGluT3) and the excitatory aminoacid transporters 
(EAAT-1, EAAT-2, EAAT-3, and EAAT-4); EAAT-1 and 
EAAT-2 are found primarily in glial cells, EAAT-3 
principally in neurons, and EAAT-4 in the cerebellum. 
Abnormalities in the glutamate transporter system have 
been identifi ed in animal models of depression and in 
people with depressive disorders;64,65 these can result in 
neuronal hyperexcitability and death, as shown by the 
fi ndings from several studies. Using the learned 
helplessness animal model of depression, mRNA 
expression of glial glutamate transporters EAAT-2 and 
vGluT1 was measured in the hippocampus and cerebral 
cortex of Sprague Dawley rats and compared with 
expression in control rats or rats with mild symptoms of 
helplessness;65 there was a signifi cantly reduced expression 
of both glutamate transporters in rats displaying overt 
symptoms of helplessness. Likewise, in human beings, 
reduced expression of EAAT-1, EAAT-2, and glutamine 
synthetase were noted in the frontal cortex at post mortem 
in brain tissue from individuals with MDD, as were 
decreases in EAAT-3 and EAAT-4 mRNA expression in the 
striatum of individuals with mood disorders, which 
resulted in raised synaptic glutamate concentrations.66 In a 
separate study, substantial downregulation of two key 
members of the glutamate/neutral aminoacid transporter 
protein family solute carrier 1 (SLC1), SLC1A2 and SLC1A3, 
were found in the brains of patients with MDD.67 
Furthermore, raised extracellular glutamate con-
centrations, the development of epilepsy, and neuronal 
death were associated with decreased expression and 
function of glial glutamate transporters in a mouse model 
of tuberous sclerosis (Tsc1GFAPCKO mice), which involved 
inactivation of the Tsc1 gene in glial cells.68 

High concentrations of glutamate in the frontal lobe 
were reported in a study of the brains of patients with 
MDD at post mortem.69 Likewise, using proton magnetic 
resonance spectroscopy, Sanacora and colleagues70 
reported a signifi cant increase in occipital lobe glutamate 
signal in patients with MDD compared with healthy 
control individuals. 

The forced swim test is an animal model of depression, 
which is typically used to identify compounds with 
potential antidepressant properties. This test is based on 
the innate ability of rodents to react actively in stressful 

situations from which they see no escape, such as their 
placement in containers of water, which causes them to 
start swimming. Acquiring an immobile posture is 
indicative of a reaction to despair, which has been 
associated with depression.53 Trials with NMDA and 
metabotropic antagonists (including dizocilpine maleate, 
ketamine, the metabotropic glutamate receptor 5 
[mGluR5] antagonist 2-methyl-6-(phenylethynyl)-
pyridine [MPEP], and the mGluR2/3 antagonists 
LY341495 and MGS0039) have shown antidepressant 
eff ects, as evidenced by dose-dependent reductions in 
immobility time.64,71 The mechanism of action on 
glutamate receptors is complex: although it is achieved 
by blocking NMDA receptors, these drugs also enhance 
the presence of glutamate at AMPA receptors. A possible 
explanation lies in the role that NMDA receptors play in 
directly exciting interneurons. By blocking these NMDA 
receptors, a decreased excitability of interneurons can 
result, leading to disinhibition of primary glutamatergic 
synapses. In fact, pretreatment with the AMPA receptor 
antagonist NBQX diminished the antidepressant eff ect.72 
This eff ect was also identifi ed with other NMDA 
antagonists such as dizocilpine maleate and Ro25-6981. 

An antidepressant eff ect of NMDA receptor 
antagonists has been reported in patients with a 
treatment-resistant MDD, including in three double-
blind, placebo-controlled trials, two with ketamine73,74 
and one with the NR2B subunit-selective NMDA 
receptor antagonist CP-101,606.75 Findings from two 
open-label trials with riluzole76,77 also suggested an 
antidepressant eff ect, but these fi ndings must still be 
replicated in double-blind, placebo-controlled studies. 
Of note, antidepressants of the tricyclic, SSRI, and SNRI 
families downregulate glutamatergic receptors of the 
NMDA family and potentiate glutamatergic receptors of 
the AMPA family.65,78 

GABA 
Evidence of decreased GABAergic activity in patients with 
MDD is derived from the following data. A decrease in the 
CSF concentration of GABA was reported over 30 years 
ago and has since been confi rmed by others.79 GABA is 
synthesised by the enzyme glutamic acid decarboxylase 
(GAD) and its two isoforms, GAD65 and GAD67. A study of 
the brains of patients with bipolar disorder at post mortem 
revealed a decrease in the density of GAD65 and GAD67 
mRNA-positive neurons in the hippocampus by 45% and 
43%, respectively.80 Findings from a separate study showed 
decreased GAD65 mRNA expression in the cingulate 
gyrus, ranging from 27% to 37%.81 In another study of 
14 patients with MDD (nine of whom died by suicide) and 
nine control individuals who were assessed at post 
mortem, Rajkowska and colleagues82 noted a signifi cant 
decrease in GABAergic interneurons in the dorsolateral 
prefrontal cortex of the brains of the patients with MDD. 
Likewise, fi ndings from a study of the brains of suicide 
victims compared with the brains of control individuals 
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revealed a decrease in mRNA expression of GAD subunits 
α1, α3, α4, and δ in the frontal lobe.83

The fi rst study to investigate intra-cortical GABA 
concentrations was limited to occipital regions, because 
of technical reasons, and revealed lower GABA 
concentrations in patients with MDD compared with 
control individuals.84 These data were replicated in a 
larger study of 33 patients with MDD and 38 control 
individuals.85 Although low occipital GABA concentrations 
were suggested as a trait abnormality in a study of 
31 patients with a recurrent mood disorder (15 with MDD 
and 16 with bipolar disorder),86 other fi ndings have 
shown normalisation of GABA concentrations with 
antidepressant70 and electro shock87 therapy.

Decreased GABA concentrations have also been 
reported in frontal lobe structures, including in the 
dorsomedial and dorsal anterolateral prefrontal regions,88 
which are the cortical areas where decreased glial cell 
density was reported in the brains of patients with MDD 
at post mortem (see earlier).41–45 Similar fi ndings were 
reported in a study that included two groups of depressed 
patients, one with treatment-resistant MDD and one 
with MDD that did not meet the criteria of being resistant 
to treatment, and a control group of healthy individuals. 
The lowest GABA concentrations were identifi ed in 
patients with treatment-resistant MDD.89 

Transcranial magnetic stimulation has become a 
treatment modality for treatment-resistant MDD. It is 
based on the activation of cortical neurons with pulsatile 
magnetic fi elds and relies on GABAergic inhibition 
measured with two variables: short-interval cortical 
inhibition (SICI) and the cortical silent period (CSP). 
SICI is assessed by delivery to the motor cortex of an 
initial subthreshold conditioning stimulus followed by a 
suprathreshold test stimulus. Inhibitory GABAergic 
interneurons are activated when the interval between the 
two stimuli is between 1 and 5 ms, which is an expression 
of GABAA-mediated inhibitory activity,90 whereas the CSP 
measures GABAB activity.91 

Findings from several studies have suggested that 
GABAergic activity is decreased in MDD, evidenced by 
shorter SICI and CSP.92–94 Decreased cortical inhibition 
was reported in one study of 35 patients with MDD and 
35 healthy control individuals; shorter SICI and CSP 
were found in the left hemisphere of psychiatric patients 
than in the left hemisphere of control individuals.93 Data 
from another study suggested that loss of GABAA 
inhibitory eff ect is more likely to occur in patients with 
treatment-resistant MDD.94 This study included 
85 participants: 25 with treatment-resistant MDD, 
16 with MDD but who had not been on drug treatment 
for at least 1 month, 19 who had fully recovered from a 
major depressive episode on psychotropic drugs, and 
25 healthy control individuals. Compared with healthy 
control individuals, the three patient groups had lower 
CSP measurement, but abnormal SICI was only found 
in patients with treatment-resistant MDD.94 

Immunological abnormalities
Proinfl ammatory cytokines, in particular interleukin-1β 
(IL-1β), IL-2 IL-6, interferon-γ, and tumour necrosis 
factor-α (TNFα), have been identifi ed as pathogenic 
mechanisms in animal models of depression and in 
clinical studies in patients with mood disorders.95 Among 
these, IL-1β, has proconvulsant properties. For example, 
seizures triggered in rats with kainic acid and bicuculline 
are exacerbated with intracerebral injection of IL-1β,96 
while administration of its naturally occurring antagonist 
(IL-1RA) has anticonvulsant activity.97 Furthermore, IL-1β, 
its receptor type 1 (IL-1R1), and IL-IRA were upregulated 
in the brains of rats that underwent electrically and 
chemically induced seizures,98 and all three were over-
expressed in the brains of patients with temporal lobe 
epilepsy, cortical dysplasias, and tuberous sclerosis.99–101 

The mechanisms responsible for IL-1β proconvulsant 
properties involve a reduction in glutamate uptake by 
glial cells or an enhanced release of glutamate from these 
cells, mediated by TNFα.102,103 Other suggested mech-
anisms are thought to be mediated through IL-1R1 
activation of neuronal sphingomyelinase and Scr kinases, 
which also result in increased glutamatergic activation.104 

Other potential mechanisms
Do antidepressants have antiepileptic properties? 
The therapeutic pharmacodynamic eff ects of anti-
depressant drugs are based on an increase in CNS 
serotonergic, norepinephrinergic, or dopaminergic activ-
ity, or a combination thereof. By the same token, drugs that 
increase extracellular serotonin and norepinephrine, such 
as 5-hydroxytryptophan, SSRIs, and tricyclic anti-
depressants, have inhibited focal and generalised seizures 
in animal models of epilepsy.105–107 For example, in two 
strains (3 and 9) of the genetically epilepsy-prone rat 
(GEPR), compounds that interfere with the synthesis or 
release of norepinephrine (eg, reserpine and tetrabenazine, 
which inactivate norepinephrine storage vesicles; 
α-methyl-m-tyrosine, a false norepinephrine transmitter; 
and α-methyl-�-tyrosine, a norepinephrine synthesis in-
hibitor) or serotonin (�-chlorophenylalanine, a serotonin 
synthesis inhibitor) cause a worsening of seizures in both 
strains.26,27,56 Conversely, treatment with no repin ephrinergic 
(desipramine) and serotonergic drugs (SSRIs, such as 
fl uoxetine, citalopram, and sertraline) blocked seizures.26 
Furthermore, increase of extracellular serotonin in the 
GEPR (measured by microdialysis) contributes to the anti-
convulsant eff ects of AEDs including phenytoin, carba-
mazepine, valproate, lamotrigine, and zon isamide.108–110 
Similar anticonvulsant eff ects of sero tonergic and 
norepine phrinergic drugs have been reported in other 
animal models, including non-genetic animal models in 
the rat, rabbit, cat, and monkey.29,30,111,112 Findings from open-
label trials with SSRIs have shown an improvement in 
seizure frequency in patients with treatment-resistant 
epilepsy,113–115 but these data need to be replicated in double-
blind randomised placebo-controlled trials. 
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Alternative psychiatric episodes or forced normalisation
This phenomenon is another example of the close and 
complex relation between psychiatric disorders and 
epilepsy and consists of an inverse relation between 
seizure remission, after a long history of poorly 
controlled epilepsy, and the development shortly after of 
de-novo psychopathology.116,117 It was fi rst reported in 
1953 by Landoldt,18 who described the development of 
de-novo psychotic episodes in patients with intractable 
epilepsy whose seizures suddenly remitted and whose 
electro encephalogram recordings normalised; hence 
the term forced normalisation. Forced normalisation is 
rare, with a prevalence of less than 1% reported in a 
study of 611 consecutive patients,118 and has been 
identifi ed in patients with focal and generalised 
epilepsy. Although most reports have focused on the 
development of psychotic episodes, forced normalisation 
can present as non-psychotic episodes, including 
depressive, manic, and anxiety, and conversive episodes, 
which accounted for about half of the cases in one 
study of 44 occurrences of forced normalisation in 
36 patients.119 However, the actual prevalence of non-
psychotic episodes remains unknown, because more 
often than not they are not recognised. The pathogenic 
mechanisms that are operant in forced normalisation 
remain unknown. Forced normalisation has been 
associated with seizure remission resulting from 
various AEDs, including ethosuximide, topiramate, 
vigabatrin, and levetiracetam, as well as epilepsy surgery 
and vagal nerve stimulation.120

Conclusion
In this Review, we present data that establish an 
association between a lifetime history of psychiatric 
disorders (and in particular mood disorders) and an 
increased risk of epilepsy. Furthermore, psychiatric 
comorbidities have been associated with a worse 
response to treatment. The neurobiological pathogenic 
mechanisms of depressive disorders reviewed here 
seem to enhance cortical hyperexcitability or facilitate 
the epileptogenic process, or both, in experimental 
studies. Although data from clinical studies done in 
patients with mood disorders are supportive of the 
validity of animal data, no studies have been undertaken 
to prove that these are the actual pathogenic 
mechanisms mediating the increased risk of epileptic 
seizures or treatment-resistant epilepsy in depressed 
patients. Conversely, these data provide proof of 
principle to undertake experimental and prospective 
clinical research studies to identify which of and how 
these pathogenic mechanisms contribute to the 
bidirectional relation between epilepsy and depressive 
disorders. However, one can never exclude the 
possibility of an unrecognised partial seizure disorder, 
presenting with simple or complex partial seizures, or 
both, which can lead to the development of a mood 
disorder that is recognised before the fi rst identifi ed 

epileptic seizure. Over time, the untreated seizure 
disorder might facilitate the development of treatment-
resistant epilepsy.

The eff ect of psychiatric variables on seizure disorders 
is limited, because most patients with a lifetime history 
of a psychiatric disorder do not develop epilepsy. One 
important question is whether the neuropathological and 
neurochemical abnormalities caused by the psychiatric 
disorder make several neuroanatomical structures more 
vulnerable to endogenous or exogenous insults, which in 
turn might facilitate the development of the seizure 
disorder. This hypothesis can be tested, for example, in 
prospective studies of patients with new-onset epilepsy 
in whom some or all of the following independent 
variables can be obtained before the start of AED 
treatment: (1) a lifetime psychiatric history and a family 
psychiatric history (which is a signifi cant risk factor for 
psychopathology); (2) a dexamethasone suppression test; 
(3) measurement of IL-1β, 1IL-R1, and IL-1RA; (4) high-
resolution brain MRI with volumetric measurements of 
mesial temporal and frontal lobe structures and voxel 
based morphometric analyses; and (5) magnetic 
resonance spectroscopy studies of the brain with 
measurement of cortical glutamate and GABA signals. 
Seizure-freedom versus treatment-resistant epilepsy 
would be the dependent variables.

Space limitations precluded inclusion of all the known 
neurobiological pathogenic mechanisms of depres-
sive disorders that have proconvulsant potential 
(eg, corticotropin releasing factor, dopamine, and 
galanin). However, this Review does highlight the role of 
two potential common pathogenic mechanisms, 
glutamate and GABA, in depressive disorders. 

The data presented in this Review emphasise the need 
for early recognition and treatment of comorbid 
psychiatric disorders by any clinician treating people 
with epilepsy. However, whether early and successful 
treatment of a fi rst major depressive episode prevents an 
increased risk of developing epilepsy has not been 
investigated. Future research will hopefully provide 
answers to this complex problem.

Confl icts of interest 
I declare that I have no confl icts of interest. 

Search strategy and selection criteria

We did a search for original research and review articles in 
English, French, and Spanish through computerised searches 
of Medline, Embase, and Web of Science, with no date limits 
set. We identifi ed epidemiological studies of comorbid 
psychiatric disorders in epilepsy. Next, we searched for studies 
of animal models of depression, with a special focus on 
pathogenic mechanisms that are known to occur in the 
epileptogenic process (eg, kindling) or that have been 
identifi ed as playing a pivotal part in animal models of 
epilepsy or in epilepsy in human beings.



1100 www.thelancet.com/neurology   Vol 11   December 2012

Review

References 
1 Tellez-Zenteno JF, Patten SB, Jetté N, Williams J, Wiebe S. 

Psychiatric comorbidity in epilepsy: a population-based analysis. 
Epilepsia 2007; 48: 2336–44.

2 Forsgren L, Nystrom L. An incident case-referent study of epileptic 
seizures in adults. Epilepsy Res 1990; 6: 66–81.

3 Hesdorff er DC, Hauser WA, Annegers JF, Cascino G. Major 
depression is a risk factor for seizures in older adults. Ann Neurol 
2000; 47: 246–49.

4 Hesdorff er DC, Hauser WA, Ludvigsson P, Olafsson E, 
Kjartansson O. Depression and attempted suicide as risk factors for 
incident unprovoked seizures and epilepsy. Ann Neurol 2006; 
59: 35–41.

5 Hitiris N, Mohanraj R, Norrie J, et al. Predictors of 
pharmacoresistant epilepsy. Epilepsy Res 2007; 75: 192–96.

6 Petrovski S, Szoeke CEI, Jones NC, et al. Neuropsychiatric 
symptomatology predicts seizure recurrence in newly treated 
patients. Neurology 2010; 75: 1015–21.

7 Kanner AM, Byrne R, Chicharro A, et al. A lifetime psychiatric 
history predicts a worse seizure outcome following temporal 
lobectomy. Neurology 2009; 72: 793–99.

8 Anhoury S, Brown RJ, Krishnamoorthy ES, Trimble MR. 
Psychiatric outcome after temporal lobectomy: a predictive study. 
Epilepsia 2000; 41: 1608–15.

9 Preskorn S, Fast G. Tricyclic antidepressant induced seizures and 
plasma drug concentration. J Clin Psychiatry 1992; 53: 160–62.

10 Rosenstein D, Nelson J, Jacobs S. Seizures associated with 
antidepressants: a review. J Clin Psychiatry 1993; 54: 289–99.

11 American Psychiatric Association. Diagnostic and statistical manual 
of mental disorders, 4th edn. Washington, DC: American 
Psychiatric Press, 2000. 

12 Evans DL, Charney D. Mood disorders and medical illness: a major 
public health problem. Biol Psychiatry 2003; 54: 177–80.

13 Barry JJ. The recognition and management of mood disorders as a 
comorbidity of epilepsy. Epilepsia 2003; 40.

14 Adelow C, Anderson T, Ahlbom A, Tomson T. Hospitalization for 
psychiatric disorders before and after onset of unprovoked seizures/
epilepsy. Neurology 2012; 78: 396–401.

15 McAfee AT, Chilcott KE, Johannes CB, Hornbuckle K, Hauser WA, 
Walker AM. The incidence of fi rst unprovoked seizure in pediatric 
patients with and without psychiatric diagnsoses. Epilepsia 2007; 
48: 1075–82.

16 Alper KR, Schwartz KA, Kolts RL, Khan A. Seizure incidence in 
psychopharmacological clinical trials: an analysis of Food and Drug 
Administration (FDA) summary basis of approval reports. 
Biol Psychiatry 2007; 62: 345–54.

17 Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ. Neurobiology of 
depression. Neuron 2002; 34: 1325.

18 Karst H, de Kloet ER, Joëls M. Episodic corticosterone treatment 
accelerates kindling epileptogenesis and triggers long-term changes 
in hippocampal CA1 cells, in the fully kindled state. Eur J Neurosci 
1999; 11: 889–98.

19 Taher TR, Salzberg M, Morris MJ, Rees S, O’Brien TJ. Chronic 
low-dose corticosterone supplementation enhances acquired 
epileptogenesis in the rat amygdala kindling model of TLE. 
Neuropsychopharmacology 2005; 30: 1610–16.

20 Kumar G, Couper A, O’Brien TJ, et al. The acceleration of amygdala 
kindling epileptogenesis by chronic low-dose corticosterone 
involves both mineralocorticoid and glucocorticoid receptors. 
Psychoneuroendocrinology 2007; 32: 834–42.

21 Salzberg M, Kumar G, Supit L, et al. Early postnatal stress confers 
enduring vulnerability to limbic epileptogenesis. Epilepsia 2007; 
48: 2079–85. 

22 Jones NC, Kumar G, O’Brien TJ, Morris MJ, Rees SM, 
Salzberg MR. Anxiolytic eff ects of rapid amygdala kindling, and the 
infl uence of early life experience in rats. Behav Brain Res 2009; 
203: 81–87.

23 Kumar G, Jones NC, Morris MJ, Rees S, O’Brien TJ, Salzberg MR. 
Early life stress enhancement of limbic epileptogenesis in adult 
rats: mechanistic insights. PLoS One 2011; 6: e24033.

24 Lai MC, Holmes GL, Lee KH, Yang SN, et al. Eff ect of neonatal 
isolation on outcome following neonatal seizures in rats—the role 
of corticosterone. Epilepsy Res 2006; 68: 123–36.

25 Crossin KL, Tai MH, Krushel LA, Mauro VP, Edelman GM. 
Glucocorticoid receptor pathways are involved in the inhibition of 
astrocyte proliferation. Proc Natl Acad Sci USA 1997; 94: 2687–92.

26 Jobe PC. Aff ective disorder and epilepsy comorbidity in the 
genetically epilepsy-prone-rat (GEPR). In: Gilliam F, Kanner AM, 
Sheline YI, eds. Depression and brain dysfunction. London: Taylor 
and Francis, 2006: 121–57. 

27 Dailey JW, Mishra PK, Ko KH, Penny JE, Jobe PC. Serotonergic 
abnormalities in the central nervous system of seizure-naive 
genetically epilepsy-prone rats. Life Sci 1992; 50: 319–26.

28 Lopez-Meraz ML, Gonzalez-Trujano ME, Neri-Bazan L, Hong E, 
Rocha LL. 5-HT1A receptor agonists modify seizures in three 
experimental models in rats. Neuropharmacology 2005; 49: 367–75.

29 Meldrum BS, Anlezark GM, Adam HK, et al. Anticonvulsant and 
proconvulsant properties of viloxazine hydrochloride: 
pharmacological and pharmacokinetic studies in rodents and the 
epileptic baboon. Psychopharmacology (Berl) 1982; 76: 212–17.

30 Piette Y, Delaunois AL, De Shaepdryver AF, et al. Imipramine and 
electroshock threshold. Arch Int Pharmacodyn Ther 1963; 
144: 293–97.

31 Clinckers R, Smolders I, Meurs A, et al. Anticonvulsant action of 
hippocampal dopamine and serotonin is independently mediated 
by D2 and 5-HT1A receptors. J Neurochem 2004; 89: 834–43.

32 Zobel A, Wellmer J, Schulze-Rauschenbach S, et al. Impairment of 
inhibitory control of the hypothalamic pituitary adrenocortical 
system in epilepsy. Eur Arch Psychiatry Clin Neurosci 2004; 
254: 303–11.

33 Rhodes ME, Harney JP, Frye CA. Gonadal, adrenal, and neuroactive 
steroids’ role in ictal activity. Brain Res 2004; 1000: 8–18.

34 Sapolsky RM. Glucocorticoids and hippocampal atrophy in 
neuropsychiatric disorders. Arch Gen Psychiatry 2000; 57: 925–35.

35 Shirayama Y, Chen AC, Nakagawa S, Russell DS, Duman RS. 
Brain-derived neurotrophic factor produces antidepressant eff ects 
in behavioral models of depression. J Neurosci 2002; 22: 3251–61.

36 Bowley MP, Drevets WC, Ongur D, Price JL. Low glial numbers in 
the amygdala in major depressive disorder. Biol Psychiatry 2002; 
52: 404–12.

37 Hattiangady B, Shetty AK. Implications of decreased hippocampal 
neurogenesis in chronic temporal lobe epilepsy. Epilepsia 2008; 
49 (suppl 5): 26–41.

38 Sheline Y, Wang PW, Gado MH. Hippocampal atrophy in recurrent 
major depression. Proc Natl Acad Sci USA 1996; 93: 3908–13.

39 Sheline YI, Gado MH, Kraemer HC. Untreated depression and 
hippocampal volume loss. Am J Psychiatry 2003; 160: 1516–18.

40 Bremner JD, Narayan M, Anderson ER, Staib LH, Miller HL, 
Charney DS. Hippocampal volume reduction in major depression. 
Am J Psychiatry 2000; 157: 115–18.

41 Öngür D, Drevets WC, Price JL. Glial reduction in the subgenual 
prefrontal cortex in mood disorders. Proc Natl Acad Sci USA 1998; 
95: 13290–95.

42 Rajkowska G, Miguel-Hidalgo JJ, Wei J. Morphometric evidence for 
neuronal and glial prefrontal cell pathology in major depression. 
Biol Psychiatry 1999; 45: 1085–98.

43 Cotter DR, Pariante CM, Everall IP. Glial cell abnormalities in 
major psychiatric disorders: the evidence and implications. 
Brain Res Bull 2001; 55: 585–95.

44 Cotter D, Mackay D, Landau S, Kerwin R, Everall I. Reduced glial 
cell density and neuronal size in the anterior cingulate cortex in 
major depressive disorder. Arch Gen Psychiatry 2001; 58: 545–53.

45 Cotter D, Mackay D, Chana G, Beasley C, Landau S, Everall IP. 
Reduced neuronal size and glial cell density in area 9 of the 
dorsolateral prefrontal cortex in subjects with major depressive 
disorder. Cereb Cortex 2002; 12: 386–94.

46 Salgado PC, Yasuda CL, Cendes F. Neuroimaging changes in mesial 
temporal lobe epilepsy are magnifi ed in the presence of depression. 
Epilepsy Behav 2010; 19: 422–27.

47 Bilevicius E, Yasuda CL, Silva MS, Guerreiro CA, Lopes-Cendes I, 
Cendes F. Antiepileptic drug response in temporal lobe epilepsy: 
a clinical and MRI morphometry study. Neurology 2010; 75: 1695–701.

48 Sargent PA, Kjaer KH, Bench CJ, et al. Brain serotonin 1A receptor 
binding measured by positron emission tomography with [11C]
WAY-100635: eff ects of depression and antidepressant treatment. 
Arch Gen Psychiatry 2000; 57: 174–80.



www.thelancet.com/neurology   Vol 11   December 2012 1101

Review

49 Toczek MT, Carson RE, Lang L. PET imaging of 5-HT1A receptor 
binding in patients with temporal lobe epilepsy. Neurology 2003; 
60: 749–56.

50 Theodore WH, Giovacchini G, Bonwetsch R. The eff ect of 
antiepileptic drugs on 5-HT-receptor binding measured by positron 
emission tomography. Epilepsia 2006; 47: 499–503.

51 Hasler G, Bonwetsch R, Giovacchini G. 5-HT(1A) receptor binding 
in temporal lobe epilepsy patients with and without major 
depression. Biol Psychiatry 2007; 62: 1258–64.

52 López JF, Chalmers DT, Little KY, Watson SJ. Regulation of 
serotonin1A, glucocorticoid, and mineralocorticoid receptor in rat 
and human hippocampus: implications for the neurobiology of 
depression. Biol Psychiatry 1998; 43: 547–73.

53 Mazarati AM, Siddarth P, Baldwin RA, Sankar R. Depression after 
status epilepticus: behavioural and biochemical defi cits and eff ects 
of fl uoxetine. Brain 2008; 131: 2071–83.

54 Kanner AM. Mood disorder and epilepsy: a neurobiologic perspective 
of their relationship. Dialogues Clin Neurosci 2008; 10: 39–45.

55 Kanner AM. Mood disorders in epilepsy: a complex relation with 
unexpected consequences. Curr Opin Neurol 2008; 21: 190–94.

56 Jobe PC, Mishra PK, Browning RA, et al. Noradrenergic 
abnormalities in the genetically epilepsy-prone rat. Brain Res Bull 
1994; 35: 493–504.

57 Yan QS, Jobe PC, Dailey JW. Thalamic defi ciency in norepinephrine 
release detected via intracerebral microdialysis: a synaptic 
determinant of seizure predisposition in the genetically 
epilepsy-prone rat. Epilepsy Res 1993; 14: 229–36.

58 Naritokku DK, Terry WJ, Helfert RH. Regional induction of fos 
immunoreactivity in the brain by anticonvulsant stimulation of the 
vagus nerve. Epilepsy Res 1995; 22: 53.

59 Browning RA, Clark KB, Naritoku, DK, Smith DC, Jensen RA. 
Loss of anticonvulsant eff ect of vagus nerve stimulation in the 
pentylenetetrazol seizure model following treatment with 
6-hydroxydopamine or 5,7-dihydroxy-tryptamine. Soc Neurosci 
1997; 23: 2424.

60 Hashimoto K. The role of glutamate on the action of antidepressants. 
Prog Neuropsychopharmacol Biol Psychiatry 2011; 35: 1558–68.

61 Levine K, Panchalingam K, Rapaport S, Gershon S, McClure RJ, 
Pettegrew JW. Increased cerebrospinal fl uid glutamine levels in 
depressed patients. Biol Psychiatry 2000; 47: 586–93.

62 Mitani, H, Shirayama Y, Yamada T, Maeda K, Ashby CR Jr, 
Kawahara R. Correlation between plasma levels of glutamate, 
alanine and serine with severity of depression. 
Prog Neuropsychopharmacol Biol Psychiatry 2006; 30: 1155–58.

63 Zarate CA, Quiroz J, Payne J, Manji HK. Modulators of the 
glutamatergic system: implications for the development of 
improved therapeutics in mood disorders. Psychopharmacol Bull 
2002; 36: 35–83.

64 Kugaya A, Sanacora G. Beyond monoamines: glutamatergic 
function in mood disorders. CNS Spectr 2005; 10: 808–19.

65 Zink M, Vollmayr B, Gebicke-Haerter PJ, Henn FA. Reduced 
expression of glutamate transporters vGluT1, EAAT2 and EAAT4 in 
learned helpless rats, an animal model of depression. 
Neuropharmacology 2010; 58: 465–73.

66 McCullumsmith RE, Meador-Woodruff  JH. Striatal excitatory 
amino acid transporter transcript expression in schizophrenia, 
bipolar disorder, and major depressive disorder. 
Neuropsychopharmacology 2002; 26: 368–75.

67 Choudary PV, Molnar M, Evans SJ, et al. Altered cortical glutamatergic 
and GABAergic signal transmission with glial involvement in 
depression. Proc Natl Acad Sci USA 2005; 102: 15653–58.

68 Zeng LH, Bero AW, Zhang B, Holtzman DM, Wong M. Modulation 
of astrocyte glutamate transporters decreases seizures in a mouse 
model of tuberous sclerosis complex. Neurobiol Dis 2010; 37: 764–71.

69 Hashimoto K, Sawa A, Iyo M. Increased levels of glutamate in brains 
of patients with mood disorders. Biol Psychiatry 2007; 25: 1310–16.

70 Sanacora G, Mason GF, Rothman DL, Krystal JH. Increased 
occipital cortex GABA concentrations in depressed patients after 
therapy with selective serotonin reuptake inhibitors. Am J Psychiatry 
2002; 159: 663–65.

71 Machado-Vieira R, Salvadore G, Ibrahim LA, Diaz-Granados N, 
Zarate CA Jr. Targeting glutamatergic signaling for the development 
of novel therapeutics for mood disorders. Curr Pharm Des 2009; 
15: 1595–611.

72 Maeng CA, Zarate CA, Du J, et al. Cellular mechanisms underlying 
the antidepressant eff ects of ketamine: role of α-amino-3-hydroxy-5-
methylsoxasole-4-propionic acid receptors. Biol Psychiatry 2008; 
63: 349–52.

73 Berman RM, Cappiello A, Anand A, et al. Antidepressant eff ects of 
ketamine in depressed patients. Biol Psychiatry 2000; 47: 351–54.

74 Zarate CA Jr, Singh JB, Carlson PJ, et al. A randomized trial of an 
N-methyl-D-aspartate antagonist in treatment-resistant major 
depression. Arch Gen Psychiatry 2006; 63: 856–64.

75 Preskorn SH, Baker B, Kolluri S, Menniti FS, Krams M, Landen JW. 
An innovative design to establish proof of concept of the 
antidepressant eff ects of the NR2B subunit selective N-methyl-D-
aspartate antagonist, CP-101,606, in patients with treatment-refractory 
major depressive disorder. J Clin Psychopharmacol 2008; 28: 631–37.

76 Sanacora G, Kendell SF, Levin Y, et al. Preliminary evidence of 
riluzole effi  cacy in antidepressant-treated patients with residual 
depressive symptoms. Biol Psychiatry 2007; 61: 822–25.

77 Zarate CA Jr, Quiroz JA, Singh JB, et al. An open-label trial of the 
glutamate-modulating agent riluzole in combination with lithium for 
the treatment of bipolar depression. Biol Psychiatry 2005; 57: 430–32.

78 Bonanno G, Giambelli R, Raiteri L, et al. Chronic antidepressants 
reduce depolarization-evoked glutamate release and protein 
interactions favoring formation of SNARE complex in 
hippocampus. J Neurosci 2005; 25: 3270–79.

79 Gerner RH, Hare TA. CSF GABA in normal subjects and patients 
with depression, schizophrenia, mania, and anorexia nervosa. 
Am J Psychiatry 1981; 138: 1098–1101.

80 Heckers S, Stone D, Walsh J, Shick J, Koul P, Benes FM. 
Diff erential hippocampal expression of glutamic acid decarboxylase 
65 and 67 messenger RNA in bipolar disorder and schizophrenia. 
Arch Gen Psychiatry 2002; 59: 521–29.

81 Benes FM, Logiotatos P, Williams M. Glutamate decarboxylase(65)-
immunoreactive terminals in cingulate and prefrontal cortices of 
schizophrenic and bipolar brain. J Chem Neuroanat 2000; 20: 259–69.

82 Rajkowska G, O’Dwyer G, Teleki Z, Stockmeier CA, 
Miguel-Hidalgo JJ. GABAergic neurons immunoreactive for 
calcium binding proteins are reduced in the prefrontal cortex in 
major depression. Neuropsychopharmacology 2007; 32: 471–82.

83 Merali Z, Du L, Hrdina P, et al. Dysregulation in the suicide brain: 
mRNA expression of corticotrophin-releasing hormone receptors 
and GABA(A) receptor subunits in frontal cortical brain region. 
J Neurosci 2004; 24: 1478–85.

84 Sanacora G, Mason GF, Rothman DL, et al. Reduced cortical 
gamma-aminobutyric acid levels in depressed patients determined 
by proton magnetic resonance spectroscopy. Arch Gen Psychiatry 
1999; 56: 1043–47.

85 Sanacora G, Gueorguieva R, Epperson CN, et al. Subtype-specifi c 
alterations of gamma-aminobutyric acid and glutamate in 
patients with major depression. Arch Gen Psychiatry 2004; 
61: 705–13.

86 Bhagwagar Z, Wylezinska M, Jezzard P, et al. Reduction in occipital 
cortex gamma-aminobutyric acid concentrations in medication-free 
recovered unipolar depressed and bipolar subjects. Biol Psychiatry 
2007; 61: 806–12.

87 Sanacora G, Mason GF, Rothman DL, et al. Increased cortical 
GABA concentrations in depressed patients receiving ECT. 
Am J Psychiatry 2003; 160: 577–79.

88 Hasler G, van der Veen JW, Tumonis T, Meyers N, Shen J, 
Drevets WC. Reduced prefrontal glutamate/glutamine and 
gamma-aminobutyric acid levels in major depression determined 
using proton magnetic resonance spectroscopy. Arch Gen Psychiatry 
2007; 64: 193–200. 

89 Price RB, Shungu DC, Mao X, et al. Amino acid neurotransmitters 
assessed by proton magnetic resonance spectroscopy: relationship 
to treatment resistance in major depressive disorder. Biol Psychiatry 
2009; 65: 792–800.

90 Kujirai T, Caramia MD, Rothwell JC, et al. Corticocortical inhibition 
in human motor cortex. J Physiol 1993; 471: 501–19.

91 Davies CH, Davies SN, Collingridge GL. Paired-pulse depression of 
monosynaptic GABA-mediated inhibitory postsynaptic responses in 
rat hippocampus. J Physiol 1990; 424: 513–31.

92 Bajbouj M, Lisanby SH, Lang UE, et al. Evidence for impaired 
cortical inhibition in patients with unipolar major depression. 
Biol Psychiatry 2006; 59: 395–400.



1102 www.thelancet.com/neurology   Vol 11   December 2012

Review

93 Lefaucheur JP, Lucas B, Andraud F, et al. Inter-hemispheric 
asymmetry of motor corticospinal excitability in major depression 
studied by transcranial magnetic stimulation. J Psychiatr Res 2008; 
42: 389–98.

94 Levinson AJ, Fitzgerald PB, Favallli G, Blumberger DM, Daigle M, 
Daskalakis ZJ. Evidence of cortical inhibitory defi cits in major 
depressive disorder. Biol Psychiatry 2010; 67: 458–64.

95 Maes M. Major depression and activation of the infl ammatory 
response system. Adv Exp Med Biol 1999; 461: 25–45.

96 Vezzani A, Conti M, De Luigi A, et al. Interleukin-1beta 
immunoreactivity and microglia are enhanced in the rat 
hippocampus by focal kainate application: functional evidence for 
enhancement of electrographic seizures. J Neurosci 1999; 
19: 5054–65.

97 Vezzani A, Moneta D, Conti M, et al. Powerful anticonvulsant 
action of IL-1 receptor antagonist on intracerebral injection and 
astrocytic overexpression in mice. Proc Natl Acad Sci USA 2000; 
97: 11534–39.

98 Vezzani A, Balosso S, Ravizza T. The role of cytokines in the 
pathophysiology of epilepsy. Brain Behav Immun 2008; 22: 797–803.

99 Crespel A, Coubes P, Rousset MC, et al. Infl ammatory reactions in 
human medial temporal lobe epilepsy with hippocampal sclerosis. 
Brain Res 2002; 952: 159–69.

100 Ravizza T, Boer K, Redeker S, et al. The IL-1beta system in 
epilepsy-associated malformations of cortical development. 
Neurobiol Dis 2006; 24: 128–43.

101 Boer K, Jansen F, Nellist M, et al. Infl ammatory processes in 
cortical tubers, and subependymal giant cell tumors of tuberous 
sclerosis complex. Epilepsy Res 2008; 78: 7–21.

102 Hu S, Sheng WS, Ehrlich LC, Peterson PK, Chao CC. Cytokine 
eff ects on glutamate uptake by human astrocytes. 
Neuroimmunomodulation 2000; 7: 153–59.

103 Bezzi P, Domercq M, Brambilla L, et al. A. CXCR4-activated 
astrocyte glutamate release via TNFalpha: amplifi cation by 
microglia triggers neurotoxicity. Nat Neurosci 2001; 4: 702–10.

104 Viviani B, Bartesaghi S, Gardoni F, et al. Interleukin-1beta enhances 
NMDA receptor-mediated intracellular calcium increase through 
activation of the Src family of kinases. J Neurosci 2003; 
23: 8692–700.

105 Richerson GB, Buchanan GF. The serotonin axis: shared 
mechanisms in seizures, depression, and SUDEP. Epilepsia 2011; 
52 (suppl 1): 28–38.

106 Ba gdy G, Kecskemeti V, Riba P, Jakus R. Serotonin and epilepsy. 
J Neurochem 2007; 100: 857–73.

107 Ig elstrom KM. Preclinical antiepileptic actions of selective 
serotonin reuptake inhibitors—implications for clinical trial design. 
Epilepsia 2012; 53: 596–605.

108 Okada M, Kaneko S, Hirano T, et al. Eff ects of zonisamide on 
extracellular levels of monoamine and its metabolite, and on Ca2+ 
dependent dopamine release. Epilepsy Res 1992; 13: 113–19.

109 Da iley JW, Yan QS, Adams-Curtis LE, et al. Neurochemical 
correlates of antiepileptic drugs in the genetically epilepsy-prone rat 
(GEPR). Life Sci 1996; 58: 259–66.

110 Ah mad S, Fowler LJ, Whitton PS. Lamotrigine, carbamazepine and 
phenytoin diff erentially alter extracellular levels of 
5-hydroxytryptamine, dopamine and amino acids. Epilepsy Res 2005; 
63: 141–49.

111 Polc P, Schneeberger J, Haefely W. Eff ects of several centrally active 
drugs on the sleep wakefulness cycle of cats. Neuropharmacology 
1979; 18: 259–67.

112 Yanagita T, Wakasa Y, Kiyohara H. Drug-dependence potential of 
viloxazine hydrochloride tested in rhesus monkeys. 
Pharmacol Biochem Behav 1980; 12: 155–61.

113 Favale E, Rubino V, Mainardi P, et al. The anticonvulsant eff ect of 
fl uoxetine in humans. Neurology 2005; 45: 1926–27.

114 Favale E, Audenino D, Cocito L, et al. The anticonvulsant eff ect of 
citalopram as an indirect evidence of serotonergic impairment in 
human epileptogenesis. Seizure 2003; 12: 316–18.

115 Specchio LM, Iudice A, Specchio N, et al. Citalopram as treatment 
of depression in patients with epilepsy. Clin Neuropharmacol 2004; 
27: 133–36.

116 Wolf P, Trimble MR. Biological antagonism and epileptic psychosis. 
Br J Psychiatry 1985; 146: 272–76.

117 Schmitz B. Psychosen bei epilepsie. Eine epidemiologische 
untersuchung. PhD thesis, Freie Universitat Berlin, 1988. 

118 Landoldt H. Some clinical electroencephalographical correlations in 
epileptic psychosis (twilight states). 
Electroencephalogr Clin Neurophysiol 1953; 5: 121 (abstract).

119 Wolf P. The clinical syndromes of forced normalization. 
Folia Psychiatr Neurol Jpn 1984; 38: 1987–92.

120 Savard G, Andermann LF, Reutens D, Andermann F. Epilepsy, 
surgical treatment and postoperative psychiatric complications: 
a re-evaluation of the evidence. In Trimble M, Schmitz B, eds. 
Forced normalization and alternative psychosis of epilepsy. 
Petersfi eld: Writson Biomedical Publishing Ltd, 1998: 179–92. 


	Can neurobiological pathogenic mechanisms of depression facilitate the development of seizure disorders?
	Introduction
	Epidemiology and prevalence
	The effect of depression on the course of seizure disorders
	Pathogenic mechanisms of depression that might facilitate the epileptogenic process
	Endocrine abnormalities
	Structural and functional abnormalities of cortical and subcortical structures
	Neurotransmitter abnormalities
	Glutamate
	GABA

	Immunological abnormalities

	Other potential mechanisms
	Do antidepressants have antiepileptic properties?
	Alternative psychiatric episodes or forced normalisation

	Conclusion
	References


