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Abstract

Identifying the role of GABA neurons in the development of an epileptic state has been 

particularly difficult in acquired epilepsy, in part because of the multiple changes that occur in 

such conditions. Although once questioned, there is now considerable evidence for loss of GABA 

neurons in multiple brain regions in models of acquired epilepsy. This loss can affect several cell 

types, including both somatostatin- and parvalbumin-expressing interneurons, and the cell type 

that is most severely affected can vary among brain regions and models. Because of the diversity 

of GABA neurons in the hippocampus and cerebral cortex, resulting functional deficits are 

unlikely to be compensated fully by remaining GABA neurons of other subtypes. The 

fundamental importance of GABA neuron loss in epilepsy is supported by findings in genetic 

mouse models in which GABA neurons appear to be decreased relatively selectively, and 

increased seizure susceptibility and spontaneous seizures develop. Alterations in remaining GABA 

neurons also occur in acquired epilepsy. These include alterations in inputs or receptors that could 

impair function, as well as morphological reorganization of GABAergic axons and their synaptic 

connections. Such axonal sprouting could be compensatory if normal circuits are reestablished, 

but the creation of aberrant circuitry could contribute to an epileptic condition. The functional 

effects of GABA neuron alterations thus may include not only reductions in GABAergic inhibition 

but also excessive neuronal synchrony and, potentially, depolarizing GABAergic influences. The 

combination of GABA neuron loss and alterations in remaining GABA neurons provides likely, 

though still unproven, substrates for the epileptic state.
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12.1 Introduction

The question of whether GABA neuron loss gives rise to the epileptic state in acquired 

epilepsy has persisted for many years. Indeed, even the occurrence of GABA neuron loss 
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was questioned at one time. While progress has been made, and a loss of GABA neurons has 

been convincingly identified in humans with temporal lobe epilepsy (TLE) and in many 

related animal models, determining the functional consequences of GABA neuron loss in 

epilepsy remains a major challenge. This review will focus on some of the complexities 

associated with interneuron loss and their role in epilepsy and suggest that GABA neuron 

loss could indeed give rise to the epileptic state through both direct and indirect routes.

12.2 Loss of GABA Neurons Is a Consistent Finding in Models of Acquired 

Epilepsy

Interneuron loss is one of the most frequently observed alterations in models of TLE, and 

the consistency of GABA neuron loss provides a solid base for suggesting the potential 

importance of this alteration in creating an epileptic state. Although loss of GABA neurons 

has been identified in multiple brain regions, loss of somatostatin (SOM)-expressing GABA 

neurons in the hilus of the dentate gyrus remains one of the clearest and most consistent 

findings (Fig. 12.1a, b). Loss of these GABA neurons has been found in virtually all models 

of acquired epilepsy, including kindling, status epilepticus and traumatic brain injury models 

[7, 25, 32, 44, 45]. Importantly, loss of SOM/GABA neurons in the dentate hilus is also 

found in human TLE, as part of the broader loss of neurons in typical hippocampal sclerosis, 

as well as in pathological conditions with more limited cell loss such as end-folium sclerosis 

[14, 35, 42, 48, 49].

SOM neurons in stratum oriens (s. oriens) of CA1 are also among the vulnerable 

interneurons in several models of acquired epilepsy [1, 11, 27, 36]. As SOM neurons in both 

the hilus and s. oriens provide GABAergic innervation of dendrites of granule cells and 

pyramidal cells, respectively, they are ideally positioned to control excitability of the 

principal cells directly at the sites of their major excitatory inputs. This pattern of GABA 

neuron loss has led to the suggestion that interneurons that provide dendritic innervation are 

more vulnerable to damage in epilepsy than those which provide primarily perisomatic 

innervation, such as basket cells and axo-axonic cells, many of which express the calcium 

binding protein parvalbumin (PV). Electrophysiological findings of decreased dendritic 

inhibition, with preservation of somatic inhibition, in pyramidal cells of CA1 in models of 

recurrent seizures support this idea [11].

While the distinction between dendritic and perisomatic innervation provides a useful frame-

work for considering GABA neuron loss, the differences in vulnerability among the broad 

types of interneurons are not clear-cut, and additional complexities exist. While PV-

expressing neurons are a major source of perisomatic innervation of pyramidal cells in the 

hippocampus, cholecystokinin (CCK)-expressing interneurons also provide perisomatic 

innervation of these neurons in CA1 [3, 23]. In a mouse pilocarpine model of recurrent 

seizures, this CCK innervation appeared to be decreased while the PV innervation was 

preserved [51]. This could create an imbalance in perisomatic control that could favor 

synchronizing actions of PV basket cells, with loss of major modulatory inputs from CCK 

neurons.
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Perisomatic innervation includes both basket cells and axo-axonic cells [22], and these cell 

types could be affected differentially in epilepsy. Decreased innervation of the axon initial 

segment by PV-expressing axo-axonic neurons has been found in the hippocampus and 

cerebral cortex in several epilepsy conditions, suggesting that axo-axonic cells could be 

more vulnerable than basket cells [13, 15, 41].

Thus loss of PV neurons can occur and has been described in the dentate gyrus in several 

animal models, without distinctions between basket cells and axo-axonic cells [1, 25, 29]. 

However, when both PV and SOM neurons have been studied in the same animals, the loss 

of PV-expressing neurons in the dentate gyrus is generally less severe than that of SOM 

interneurons [7] (Fig. 12.1a, b).

A decrease in numbers of PV-expressing interneurons has now been identified in several 

other regions of the hippocampal formation where their loss could be particularly important 

in regulating activity within the broader hippocampal circuit. A significant decrease in PV 

neurons has been identified in layer II of the entorhinal cortex where loss of these neurons 

could contribute to increased excitability of the perforant path input to the dentate gyrus 

[30]. Interestingly, lower densities of PV-containing neurons have also been identified in the 

subiculum, where their loss could lead to increased excitability of this major output region 

of the hippocampal formation, a region that is otherwise generally well preserved [2, 16].

Thus decreases in both SOM and PV neurons can occur in epilepsy, and the particular 

pattern of loss may vary among epilepsy models, species, brain regions and even rostral-

caudal levels of the hippocampal formation. The types of GABA neurons that are affected 

remain important as they will determine the specific functional effects. However, loss of 

GABA neurons remains a unifying theme.

Despite strong evidence for GABA neuron loss in many brain regions, direct relationships to 

the epileptic state have been difficult to demonstrate. This could be in part because GABA 

neuron loss does not occur in isolation in most forms of acquired or lesion-induced epilepsy. 

In human TLE and related epilepsy models, extensive cell loss can occur in many regions, 

including CA1 and CA3 as well as the dentate hilus and extra-hippocampal regions. This 

neuronal loss generally involves both principal cells and interneurons, making it more 

difficult to link GABA neuron loss directly to development of an epileptic state. However, 

findings in several genetic mouse models provide support for the importance of GABA 

neuron loss in the development of epilepsy, and these findings also have relevance for 

acquired epilepsy.

12.3 Selective Loss of GABA Neurons Can Lead to an Epileptic State in 

Genetic Models

Some of the strongest evidence for loss of GABA neurons giving rise to the epileptic state 

has come from genetically-modified mice in which GABA neurons are selectively affected, 

and increased seizure susceptibility and spontaneous seizures occur. In mice with loss of the 

Dlx1 gene, a transcription factor that regulates development of GABAergic interneurons 

originating in the medial ganglionic eminence, there is a time-dependent reduction in the 
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number of interneurons in the cerebral cortex and hippocampus and development of an 

epilepsy phenotype [10]. SOM and calretinin-expressing neurons were reduced in number 

whereas PV-expressing neurons appeared to be unaffected. Because the loss of GABA 

neurons is apparently selective in these mice, the findings provide strong support for loss of 

GABA neurons giving rise to an epileptic state and also suggest that the loss of GABA 

neurons does not need to be extensive. In these mice, behavioral seizures were selectively 

induced by mild stressors by 2 months of age when there was an approximately 22 % 

reduction in GAD67-labeled neurons in the cerebral cortex and 24 and 29 % reduction in the 

dentate gyrus and CA1 respectively. Comparable or even greater GABA neuron loss has 

been observed in the hippocampal formation in models of acquired epilepsy [37, 50].

Similarly, in mice with mutation of the gene encoding urokinase plasminogen activator 

receptor (uPAR), a key component in hepatocyte growth factor activation and function, 

interneuron migration is altered, and the mice have a nearly complete loss of PV neurons in 

the anterior cingulate and parietal cortex [40]. These mice also developed spontaneous 

myoclonic seizures and increased susceptibility to pharmacologically-induced convulsions. 

Thus the apparently selective loss of either of two major groups of interneurons supports the 

importance of GABA neuron loss in the development of epilepsy.

12.4 Remaining GABA Neurons Could Play a Critical Role in Development 

of Epilepsy

Despite clear evidence for loss of GABA neurons in virtually all models of acquired 

epilepsy and human TLE, some GABA neurons invariably remain, and alterations in these 

neurons could contribute to the creation of an epileptic condition. Indeed, it may be difficult 

to separate the effects of loss of GABA neurons from altered function of remaining neurons 

as the initial loss of GABA neurons may be a stimulus for the subsequent changes in 

remaining GABA neurons. Critical changes may include impaired function of remaining 

GABA neurons and morphological reorganization of remaining interneurons that could lead 

to altered or aberrant circuitry.

12.4.1 Impaired Function of Remaining Interneurons

Remaining GABA neurons often appear particularly prominent in tissue from animal models 

of epilepsy, and the preservation of some GABA neurons has suggested that GABA neuron 

loss may be of limited importance in establishing the epileptic state. However, the function 

of remaining GABA neurons could be altered, leading to inadequate control of principal cell 

activity. In the dentate gyrus and hippocampus, the functional state of remaining basket cells 

has been debated for many years. Specific details of the “dormant basket cell” hypothesis 

[46, 47] have been questioned, including the role of hilar mossy cell loss in reducing basket 

cell activity [5, 18]. However, the broad suggestion that basket cells and other GABAergic 

neurons might be functioning sub-optimally due to decreased or impaired excitatory input 

remains plausible. Recent studies have identified deficits in basket cell function in the 

dentate gyrus that could indicate a decrease in excitatory afferent input or reduction of the 

readily releasable pool of synaptic vesicles, in association with an increased failure rate at 

basket cell to granule cell synapses [53].
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Alterations in the receptors and channels of remaining GABA neurons also could reduce the 

activity of these neurons. In both the rat and mouse pilocarpine model, expression of the δ 

subunit of the GABAA receptor is increased in subgroups of GABA neurons in the dentate 

gyrus [38, 52]. As GABAA receptors expressing the δ subunit are responsible for the 

majority of tonic inhibition in these neurons [24], an increase in δ subunit expression in 

interneurons could reduce their excitability and impair inhibitory control of the network 

[38]. Recent studies have demonstrated that tonic inhibition is indeed enhanced in fast-

spiking basket cells of the dentate gyrus at 1 week after pilocarpine-induced status 

epilepticus [52]. However, additional changes, including decreased KCC2 expression in the 

basket cells, appeared to compensate partially for the increased tonic inhibition of the basket 

cells, and dentate excitability was not increased. Nevertheless, simulation studies suggested 

that the changes in tonic inhibition, in combination with other recognized alterations in 

dentate gyrus circuitry in epilepsy models, could lead to increased granule cell firing and 

self-sustained seizure-like activity in a subset of simulated networks [52]. Thus occasional 

alterations in interneuron activity, when combined with other changes in the network, may 

be sufficient to overrule compensatory changes and lead to sporadic seizure activity. While 

regulation of δ subunit-containing GABAA receptors by neurosteroids and other endogenous 

modulators could play important roles [21], changes in numerous other channels and 

receptors in remaining GABAergic interneurons could reduce their effectiveness and 

contribute to the epileptic state.

Functional alterations in interneurons and their relationship to seizure activity are 

demonstrated convincingly in genetic mouse models in which specific channels have been 

deleted relatively selectively in interneurons. As a key example, loss of the alpha subunit of 

the Nav1.1 sodium channel, that is encoded by the SCN1A gene, impairs sodium currents 

more severely in GABAergic neurons than in pyramidal cells [8, 17, 34]. Such changes limit 

the ability of the inhibitory interneurons, including PV neurons, to fire action potentials at 

high frequency, and the animals develop spontaneous generalized seizures.

Similarly, loss of function of the CaV2.1 voltage-gated Ca2+ channel reduces GABA release 

from cortical PV neurons, and generalized seizures occur in mice with such loss [43]. While 

decreased expression of this calcium channel was found in both PV and SOM neurons, only 

the loss in fast spiking, presumably PV, interneurons led to spontaneous seizures. 

Compensation by N-type Ca2+ channels appeared to maintain function of the SOM 

interneurons but was insufficient for adequate function of the PV neurons.

Finally, elimination of the voltage-gated potassium channels of the Kv3 subfamily, that are 

particularly prominent in fast-spiking interneurons in the deep layers of the neocortex, led to 

an inability of these interneurons to fire at their normal high frequency and an increased 

susceptibility to seizures [31].

Thus in several genetic models, impairment of fast-spiking PV neurons, particularly a 

reduction in their ability to fire action potentials at high frequency, can lead to increased 

seizure susceptibility. Although these functional deficits are induced by specific genetic 

modifications, similar alterations in remaining GABA neurons may occur in acquired 
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epilepsy, and even small functional impairment in remaining neurons could tip the balance 

toward seizure activity.

12.4.2 Morphological Reorganization of Remaining Interneurons

Clear demonstrations of loss of GABA neurons in acquired epilepsy have often been 

obscured by the plasticity of remaining interneurons. Remaining GABA neurons frequently 

express increased levels of GABA neuron markers, including the mRNA and protein of two 

isoforms of the GABA synthesizing enzyme, glutamic acid decarboxylase 65 and 67 

(GAD65 and GAD67), as well as GABA [9, 19, 20]. Similarly the expression of peptides 

such as SOM and neuropeptideY (NPY) within specific subclasses of GABA neurons are 

frequently upregulated [6, 33, 44]. These changes can be substantial and, during the chronic 

period, labeling of remaining GABA neurons can be quite strong and can suggest that either 

little loss of GABA neurons has occurred or that axons of remaining GABA neurons have 

sprouted [12]. It has remained particularly difficult to distinguish morphological growth and 

reorganization of GABAergic axons from an increase in GABAergic markers within 

remaining neurons [4, 27].

Additional support for sprouting of existing SOM neurons in the dentate gyrus has been 

obtained from mice that express enhanced green fluorescent protein (eGFP) in a subgroup of 

SOM neurons [54]. By studying the labeled interneurons in pilocarpine-treated mice, 

Buckmaster and colleagues demonstrated that SOM neurons that survive in the ventral 

(caudal) dentate gyrus can re-innervate the outer half of the dentate gyrus that was partially 

deafferented by loss of hilar SOM neurons. Such reorganization has generally been 

presumed to be compensatory as remaining GABA neurons are replacing the innervation of 

neurons of a similar type and function [26, 54].

Axonal reorganization of remaining GABA neurons can also create aberrant GABAergic 

circuitry as has been observed in the rostral dentate gyrus in the pilocarpine mouse model 

[39]. Apparent reinnervation of the dentate molecular layer was observed during the chronic 

period, but, in contrast to the previous study, few remaining SOM neurons were found in the 

rostral hilus. To determine if the innervation could be derived from other sources, SOM 

neurons in s. oriens of control and pilocarpine-treated SOM-Cre recombinase mice were 

selectively labeled with a viral vector containing Cre-dependent channel-rhodopsin2 (ChR2) 

fused to enhanced yellow fluorescent protein (eYFP). In control mice, the axons of many 

labeled SOM neurons in s. oriens formed a dense plexus of fibers in s. lacunosum-

moleculare of CA1 (Fig. 12.2a, c). This plexus was sharply delineated by the hippocampal 

fissure, and relatively few fibers crossed the fissure to enter the adjacent molecular layer of 

the dentate gyrus (Fig. 12.2c). In contrast, in pilocarpine-treated mice, an extensive axonal 

plexus of eYFP-labeled fibers was evident in the outer two-thirds of the dentate gyrus during 

the chronic period (Fig. 12.2b, d). Thus SOM neurons in s. oriens exhibited an unexpected 

capacity for morphological growth and reorganization, and created an aberrant circuit 

between hippocampal interneurons in s. oriens and granule cells of the dentate gyrus. The 

reorganized axons formed symmetric synaptic contacts with presumptive granule cell 

dendrites and spines, and optogenetic stimulation demonstrated that activation of the 

reorganized neurons produced GABAergic inhibition in dentate granule cells [39].
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The in vivo effects of the altered circuit are not known, but it is unlikely to provide normal 

control of granule cell activity. Because the reorganized fibers originated from GABA 

neurons in s. oriens of CA1, they would not receive the normal input from dentate granule 

cells that would be required for efficient feedback inhibition. However, strong activity of 

CA1 pyramidal cells could potentially activate these SOM neurons and produce inhibitory 

responses in the granule cells, although through an indirect circuit with presumably altered 

timing.

These results emphasize that the reemergence of a GABAergic axonal plexus does not 

necessarily indicate establishment of normal circuitry, and the reorganized circuit could be 

ineffective in controlling activity of principal cells. Such findings demonstrate yet another 

way in which GABA neuron loss could lead to altered inhibitory control and thus contribute 

to an epileptic state.

12.5 Replacement of GABA Neurons Supports Their Functional Importance 

in Epilepsy

Recent studies of transplantation of GABA neurons in the hippocampal formation of 

pilocarpine-treated mice support contributions of GABA neuron loss to the epileptic state 

[28]. After GABA neuron transplantation in the hippocampal formation, the number of 

spontaneous seizures in these mice was reduced, despite the maintained presence of mossy 

fiber sprouting in the inner molecular layer and, presumably, loss of mossy cells in the 

dentate hilus. While these findings are consistent with a loss of GABA neurons leading to 

the epileptic state, it remains possible that the transplanted GABA neurons could be 

counteracting other fundamental epilepsy-producing alterations through compensatory 

increases in inhibition.

12.6 GABA Neuron Loss Has Multiple Effects in Epilepsy

Loss of even a small fraction of GABA neurons can have profound functional effects due to 

the innervation of numerous principal cells by the expansive axonal plexus of many 

interneurons. However the effects of an initial loss of GABA neurons could be enhanced 

further by alterations of remaining GABA neurons. Despite having some basic 

compensatory effects, the remaining GABA neurons could contribute periodically to the 

epileptic state through multiple mechanisms. These could include creation of excessive 

synchronous activity within the network and an inability of aberrant GABAergic circuitry to 

respond appropriately when increased inhibitory control is required. While still speculative, 

there is increasing evidence that GABA neuron loss, through both direct and indirect 

mechanisms, could give rise to the epileptic state.
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CCK Cholecystokinin

eGFP Enhanced green fluorescent protein

eYFP Enhanced yellow fluorescent protein

GABA Gamma aminobutyric acid

GAD Glutamic acid decarboxylase

NPY Neuropeptide Y

PV Parvalbumin

SOM Somatostatin

s. oriens Stratum oriens

TLE Temporal lobe epilepsy

uPAR Urokinase plasminogen activator receptor
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Fig. 12.1. 
Comparisons of somatostatin (SOM)- and parvalbumin (PV)-labeled neurons in the rostral 

dentate gyrus of control (a) and pilocarpine (Pilo)-treated (b) mice. (a) In the control dentate 

gyrus, cell bodies of SOM neurons are located primarily within the hilus (H) whereas those 

of PV neurons are positioned predominantly along the base of the granule cell layer (G). 

PV-labeled axon terminals are concentrated in perisomatic locations within the granule cell 

layer (arrows) while SOM terminal fields are located in dendritic regions in the outer 

molecular layer (not shown). (b) In the pilocarpine-treated mouse at 2 months after status 

epilepticus, a severe loss of SOM neurons is evident in the hilus whereas many PV neurons 

and their axon terminals (arrows) in the granule cell layer are preserved. Scale bars, 100 μm
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Fig. 12.2. 
Axonal reorganization of remaining somatostatin (SOM) neurons in pilocarpine (Pilo)-

treated mice at 2 months after status epilepticus, illustrated schematically in (a, b) and in 

confocal images in (c, d). (a) This schematic illustrates the normal circuitry of SOM neurons 

in the hilus (red) and s. oriens (green) and the labeling protocol. In a control SOM-Cre 

mouse, selective labeling of SOM neurons in s. oriens (O) of CA1, by Cre-dependent AAV 

transfection of ChR2-eYFP, leads to labeling of their axon terminals that are confined to s. 

lacunosum-moleculare (LM). SOM neurons (red) in the hilus (H) innervate the outer 

molecular layer (M) of the dentate gyrus where they form synapses with dentate granule 

cells (G, blue). These hilar SOM neurons are not labeled by the injection in s. oriens. (b) In 

pilocarpine-treated mice, similar labeling of SOM neurons in s. oriens leads to axonal 

labeling not only in s. lacunosum-moleculare of CA1 but also in the molecular layer of the 

dentate gyrus, a region that was previously innervated by vulnerable SOM neurons (red) in 

the hilus. (c) In a control SOM-Cre mouse, eYFP-labeled axons are concentrated in s. 

lacunosum-moleculare (LM), and only a limited number of labeled fibers cross the 

hippocampal fissure (dashed line) to enter the molecular layer (M) of the dentate gyrus. (d) 

In a similarly transfected pilocarpine-treated mouse, numerous labeled fibers cross the 

hippocampal fissure and form an extensive plexus in the outer two-thirds of the dentate 

molecular layer, where they innervate dentate granule cells. Scale bars, 20 μm (Adapted 

from data in Peng et al. [39])
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