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Dormancy of lnhi bitory lnterneurons in a 
Model of Temporal Lobe Epilepsy 

Jonathan W. Bekenstein and Eric W. Lothman* 
In humans temporal lobe epilepsy (TLE) is characterized by recurrent seizures, neuronal 
hyperexcitability, and selective loss of certain neuronal populations in the hippocampus. 
Animal models of the condition indicate that a diminution of inhibition mediated by gamma- 
aminobutyric acid (GABA) accounts for the altered function, and it has been hypothesized 
that the diminution arises because GABAergic basket interneurons are "dormant" as a 
result of their being disconnected from excitatory inputs. In hippocampal slices, inhibitory 
postsynaptic potentials (IPSPs) were elicited in CAI pyramidal cells by activation of basket 
cells; responses from an animal model of TLE were compared to those from control tissue. 
lPSPs evoked indirectly by activation of terminals that then excited basket cells were 
reduced in the epileptic tissue, whereas lPSPs evoked by direct activation of basket cells, 
when excitatory neurotransmission was blocked, were not different from controls. These 
results provide support for the "dormant basket cell" hypothesis and have implications for 
the pathophysiology and treatment of human TLE. 

There has been long-standing controversy 
over whether a diminution of inhibition 
mediated by the amino acid GABA causes 
epilepsy and, if so, how this comes about. 
The premise that a decrease in GABAergic 
inhibition participates in epileptogenesis 
arose from observations made decades ago 
that several drugs that block GABA-medi- 
ated inhibition produce acute seizures (I). 
However, proper investigation of this issue 
requires the study of tissue from a persistent- 
ly epileptic brain. This approach has been 
hampered by limited availability of brain 
tissue from humans with epilepsy. Recently, 
appropriate animal models of epilepsy, shar- 
ing critical characteristics with the condi- 
tion in human patients, have been devel- 
oped (2-4). These features include neuronal 
hyperexcitability, distinctive neuropatho- 
logical changes such as loss of neurons and 
sprouting of certain axon terminals, and 
recurrent spontaneous seizures. 

Models of epilepsy established with elec- 
trical stimulation are associated with an 
enduring, apparently permanent loss of 
GABAergic inhibition (3-5). Furthermore, 
in one of these models, an intriguing para- 
dox was reported: physiological studies in- 
dicated loss of GABA-mediated inhibition 
of principal cells in the hippocampus, 
whereas immunohistochemical studies re- 
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vealed survival of GABAergic interneurons 
in that structure (3). This led to the con- 
cept that the basket cell interneurons that 
exert an inhibitory effect in the hippocam- 
pus by releasing GABA onto principal cells 
(pyramidal cells in Ammon's horn and 
granule cells in the dentate gyrus) are "dor- 
mant" rather than dysfunctional (4). There 
has been controversy (6) over whether 
GABAergic interneurons do survive in this 
situation and, if so, how this relates to 
heightened epileptogenesis. 

If the dormant basket cell hypothesis is 
correct, several predictions can be made. 
The first two relate to stimuli delivered at a 
site distant to a CAI pyramidal cell that 
indirectly engage basket cells by initially 
exciting terminals presynaptic to the basket 
cell (Fig. 1). Under these conditions, intra- 
cellular recordings would be predicted to 
show inhibitory postsynaptic potentials 
(IPSPs) elicited in CAI pyramidal cells 
from epileptic tissue that are smaller than 
corresponding IPSPs in neurons from con- 
trol tissue. The second prediction is that 
under these conditions GABAA IPSPs and 
GABA, IPSPs should be affected to the 
same degree. The third prediction is that 
IPSPs evoked in CAI pyramidal cells by 
direct near-site stimulation of basket cells, 
in the presence of agents that block excit- 
atory neurotransmission, should not differ 
between epileptic and control tissue. Thus, 
there should be substantial differences be- 
tween the results with near- and far-site 
stimulation. 

We have now tested these predictions. 
Experimental arrangements are schematized 
in Fig. 1. Intracellular recordings were tak- 
en from pyramidal cells in CAI. Slices were 
obtained either from control animals or 
from animals that had experienced a previ- 
ous episode of self-sustaining limbic status 
epilepticus (9, 1 O ) ,  which leads to persis- 
tent sequelae of hyperexcitability of hippo- 
campal slices under conditions that precip- 
itate epileptiform discharges (5), neuro- 
pathological changes like mesial temporal 
sclerosis (I I), and recurrent hippocampal 
seizures (5). Stimuli were given at three 
sites. Near-site stimulation was done in the 
presence of pharmacological antagonists 
6-cyano-7-nitro-quinoxaline-2,3-dione 
(CNQX) and D-2-amino-5-phosphonoval- 
erate (APV) to block excitatory synapses 
utilizing non-N-methyl-D-aspartate (non- 
NMDA) and NMDA-type glutamate recep- 
tors, respectively. Far-site stimulations, 
done without the antagonists, activated 
GABAergic basket cells either "antidromi- 
cally," by first discharging CAI pyramidal 
cells, or "orthodromically," by first activat- 
ing Schaeffer .collaterals. 

In response to challenges with elevated 
concentrations of extracellular potassium 
([K+],), slices from epileptic animals are 
hyperexcitable relative to slices from con- 
trol animals, as determined by measure- 
ments of population spikes in the stratum 
pyramidale of CAI (5). However, under 
conditions with [K+], of 3 mM, the normal 
concentration in brain and the value used 
in the current study, population spike re- 
sponses from the two types of slices are the 
same, without epileptiform discharges. This 
latter condition was maintained in the pres- 
ent study. There were no differences in 
intrinsic membrane properties between 
neurons studied in slices from normal ani- 
mals and in those from epileptic animals 
(Table 1). 

In slices from control animals, the two 
far-site stimuli produced IPSPs in CAI 
pyramidal cells (Fig. 2) identical to those 
previously described (1 2-1 4). Orthodromic 
stimulation elicited a biphasic IPSP, with 
an earlier peak occurring at about 40 ms 
and a later peak at about 110 ms. Anti- 
dromic stimulation evoked a monophasic 
IPSP, with a peak at about 40 ms. Investi- 
gators (1 2, 13) have previously established 
that (i) all three IPSPs are mediated by 
GABA; (ii) both the earlier component of 
the orthodromic IPSP and the antidromic 
IPSP result from activation of GABAA 
receptors that open C1- channels, whereas 
the later component of the orthodromic 
IPSP arises from activation of GABA, re- 
ceptors that open K+ channels; and (iii) 
the magnitude of the IPSPs increases with 
stimulus strength to reach maximal values. 
Thus, stimulus intensity was adjusted in our 
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Flg. 1. Experimental setup for recording lPSPs 
in CAI pyramidal cells (p.c.). Hippocampal 
slices (7) were prepared from two groups of 
animals. One group of rats had experienced a 
period of self-sustaining, nonconvulsive limbic 
status epilepticus evoked by 90 min of "contin- 
uous" electrical stimulation through a bipolar 
ventral hippocampal electrode 2 to 5 months 
previously (9, 10). One week after the status 
epilepticus had abated, the rats were anesthe- 
tized with halothane and the electrodes re- 
moved. The second group of rats was age- 
matched controls. Previous studies (5) have 
shown that electrode implantation without stim- 
ulation does not affect morphological or func- 
tional aspects of the contralateral hippocampus 
(the aspect examined in our experiments). 

Table 1. Comparison of membrane properties 
of CAI pyramidal cells recorded in slices from 
animals with previous limbic status epilepticus 
and from control animals. There were no signif- 
icant differences ( t  test, P > 0.05) in any of the 
parameters reported below. Means (2 SEM) 
are for 23 cells in 19 slices for the control group 
(n = 12 animals) and for 21 cells in 16 slices for 
the post-limbic status epilepticus group (n = 7 
animals). 

Membrane Status Post-limbic 
property epilepticus control 

Resting -62.5 2 1.5 -62.0 +. 1.8 
membrane 
potential (mV) 

Action potential 72.5 +. 1.7 73.4 2 1.9 
height (mV) 

Input resistance 51.2 +. 2.2 47.3 2 0.9 
(megohm) 

experiments to give maximal-amplitude 
IPSPs. Monitoring of population spikes, 
measured with extracellular recordings ob- 

LJ 

tained either from another microelectrode 
positioned in the stratum pyramidale adja- 
cent to the intracellular electrode or from 
the intracellular electrode before and after 
penetration of CAI neurons, assured con- 
stant effectiveness of the far-site stimuli. 

In slices from control animals, the max- 
imal amplitudes of the three IPSPs under 
consideration (early GABA, component of 
orthodromic response, late GABA, compo- 
nent of orthodromic response, and GABA, 

1 (A) Control (B) Post SE Fig. 2. Loss of GABAergic lPSPs 
1 evoked by far-site stimulation with 
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antidromic response) were comparable in 
peak amplitude (Fig. 3). In slices from 
epileptic animals, the three types of maxi- 
mal IPSPs produced by both types of far-site 
stimulation were markedlv attenuated (Fie. , - 
2), and their amplitudes were statistically 
different (Fig. 3A) from control values. The 
stimuli used to elicit maximal-amplitude 
IPSPs also evoked action potentials in the 
CAI pyramidal cells under examination. 
Because post-action potential potassium 
conductances could influence measure- 
ments of IPSPs, we also studied IPSPs 
evoked by stimuli that did not cause action 
potentials. Under these conditions, IPSPs 
in slices from epileptic animals were also 
smaller than those in slices from control 
animals (Fig. 3B). These results confirm the 
first two predictions made above. 

IPSPs produced by near-site stimulation 
in slices from control animals were as de- 
scribed previously (1 5 ) ,  consisting of an 
early peak at about 17 ms and a later peak at 
about 120 ms. The effectiveness of blockade 
of non-NMDA and NMDA glutamatergic 
receptors was corroborated by the absence 
of excitatory postsynaptic potentials. As 
with the far-site stimulation, the magnitude 
of IPSPs increased with stimulus intensity 
to a maximal value. In contrast to the 
findings with the far-site stimuli, the max- 
imal IPSPs with near-site stimulation in 
slices from epileptic animals were the same 
size as in control animals (Figs. 2 and 4). 

retention of lPSPs evoked by 
near-site stimulation. Responses 
recorded in CAI pyramidal cells 
and evoked by far (trace 1, ortho- 
dromic; trace 2, antidromic) and 
near (traces 3 to 5) stimulation. 
lntracellular recordibgs obtained 
from control group (A) or from 
group with previous limbic status 
epilepticus (Post SE) (B). Sepa- 
rate components of lPSPs are la- 
beled. Far-site stimulation: OP1, 
first orthodromic peak; OP2, sec- 
ond orthodromic peak; AP, an- 
tidromic peak. Near-site stimula- 
tion: N1, first peak; N2, second 
peak. Traces 4 and 5: Near-site 
stimulation with CNQX and APV 
together with saclofen (trace 4) or 
picrotoxin (trace 5). All responses 
are maximal-amplitude IPSPs. 
Action potentials are truncated. 
Calibration is at lower left. 

To establish that the hyperpolarizations 
detected with the near-site stimulation in 
the slices from animals with ~revious limbic 
status epilepticus were G~BA-mediated 
IPSPs, we compared their properties to 
those already established for normal CAI 
pyramidal cells. In slices from normal rats, 
Davies and co-workers (1 5) have shown . , 

that the earlier component is mediated by 
GABA, receptors and has a reversal poten- 
tial near -75 mV, whereas the later com- 
ponent is mediated by GABA, receptors 
and has a reversal potential near -95 mV. 
In the slices taken from animals with pre- 
vious limbic system status epilepticus, the 
early component of the near-site stimulus 
IPSP was blocked by the GABA, receptor 
antagonist picrotoxin (Fig. 2B, trace 5), 
whereas the late component was blocked by 
the GABA, receptor antagonist saclofen 
(Fig. 2B, trace 4). Determinations of rever- 
sal potentials for the near-site stimulation 
response showed a value of about -75 mV 
for the early GABA, component and about 
-95 mV for the later GABA, component. 
Hence. the changes detected in IPSPs with - 
the far-site stimulation cannot be ascribed 
to changes in their driving force. These 
results confirm the third prediction of the 
dormant cell hypothesis presented above, 
that IPSPs elicited with near-site stimula- 
tion should not differ in epileptic and con- 
trol tissue. Thus. the confirmation of all 
three predictions provides strong support 

SCIENCE VOL. 259 1 JANUARY 1993 



tt 
0 

OPI OP2 AP 
Fig. 3. Amplitudes (means ? SEM) of CAI 
pyramidal cell lPSPs evoked by far-site stimu- 
lation in slices from control animals (open bars) 
and from animals with previous limbic status 
epilepticus (filled bars). 'statistically significant 
differences (P < 0.005, t tests) are indicated by 
asterisks. (A) Maximal-amplitude lPSPs for ten 
cells in ten slices from control animals (n = 7) 
and for ten cells in nine slices from post-SE 
animals (n = 4). (B) lPSPs for stimulus strength 
at threshold for population spike. No action 
potential resulted in the CAI pyramidal cell 
under study. lPSPs were obtained for six cells 
in six slices from control animals (n = 6) and for 
six cells in six slices from post-SE animals (n = 
4). For the data in (B), there were no discernible 
OP1 lPSPs for the post-SE condition. 

for the dormant basket cell hypothesis. 
Our experiments focused on basket cells 

in the CAI region of Ammon's horn of the 
hippocampal region. The classic descrip- 
tion of the operation of these cells is that 
they participate in a feedback inhibitory 
circuit (1 6). More recent work has shown 
that they also function in a feedforward 
fashion (12, 17). The two far-site stimula- 
tion protocols we used studied both the 
feedback and feedforward operations of bas- 
ket cells (Fig. 1). The antidromic protocol 
examined the feedback mode. Because of 
the high intensity of the orthodromic far- 
site stimuli, this protocol activated basket 
cells by both the feedforward and feedback 
routes. However, even a high degree of 
feedback activation with the orthodromic 
far-site stimulation would not have masked 
an inability of the Schaeffer collaterals to 
excite basket cells. Thus, our results indi- 
cate that the basket cells are "disconnect- 
ed" irrespective of the routes by which 
inhibitory interneurons are excited. 
Whether the disconnection of inhibitory 

Fig. 4. Comparison of maximal-amplitude 
lPSPs evoked by near-site (N1 and N2) stimu- 
lation. Symbols are as in Fig. 3. There were no 
statistically significant differences (t test). Re- 
sponses for eight cells in three slices from 
control animals (n = 3) and for eight cells in five 
slices from post-SE animals (n = 4). 

interneurons is global, including isolation 
from inhibitory inputs, remains to be ex- 
plored. 

Because the dormant inhibitory inter- 
neurons establish a defect presynaptic to 
the CAI pyramidal cell, both GABAA and 
GABA, responses were attenuated. The 
relative role of these two subclasses of in- 
hibitory responses in opposing the genera- 
tion and elaboration of epileptiform dis- 
charges is not known. Nevertheless, the 
therapeutic implications of the current 
study are twofold. First, the CAI pyramidal 
cells, which are responsible for generating 
epileptic discharges in this region (1 B ) ,  are 
fully capable of responding in a normal 
fashion to the inhibitory neurotransmitter 
GABA. Therefore, a firm rationale is pro- 
vided for strategies that seek to promote 
GABA-mediated inhibitory events in epi- 
leptic tissue. Second, the local circuit com- 
posed of the CAI pyramidal cell and its 
associated basket cell is intact, opening up 
the possibility of activating the inhibitory 
interneuron so that it, in turn, provides 
appropriate regulation of the pyramidal 
cells. 

Changes in GABAergic inhibition in 
the hippocampus have been examined in 
other models of temporal lobe epilepsy. A 
diminution of GABA-mediated IPSPs in 
CAI pyramidal cells and dentate granule 
cells follows direct injections of the excito- 
toxin kainic acid into the hippocampus 
(1 9). However, GABA-mediated inhibi- 
tion also recovers over several weeks after 
the injection. Alternatives to kainic acid in 
establishing experimental epilepsy are the 
models that develop as sequelae to acute 
limbic system status epilepticus triggered 
with electrical stimulation (3, 5). Under 
these circumstances, changes in inhibition 
appear to be permanent (4). In the model 
we studied, the disturbance of inhibition 
lasts at least 5 months, the longest time 
interval so far examined. Understanding 
why inhibition recovers in the kainic acid 

model but not in the electrical stimulation 
models should provide important insight 
into the pathophysiology of epilepsy. Our 
model also has striking parallels with a 
common human clinical condition, the me- 
sial temporal lobe epilepsy syndrome (20). 
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Selectivity for Polar, Hyperbolic, and Cartesian 
Gratings in Macaque Visual Cortex 

Jack L. Gallant," Jochen Braun, David C. Van Essen* 
The neural basis of pattern recognition is a central problem in visual neuroscience. Re- 
sponses of single cells were recorded in area V4 of macaque monkey to three classes of 
periodic stimuli that are based on spatial derivative operators: polar (concentric and radial), 
hyperbolic, and conventional sinusoidal (Cartesian) gratings. Of 118 cells tested, 16 
percent responded significantly more to polar or hyperbolic (non-Cartesian) gratings than 
to Cartesian gratings and only 8 percent showed a significant preference for Cartesian 
gratings. Among cells selective for non-Cartesian gratings, those that preferred concentric 
gratings were most common. Cells selective for non-Cartesian gratings may constitute an 
important intermediate stage in pattern recognition and the representation of surface 
shape. 

Neurons in the primary visual cortex (area 
V1) typically display tuning for elementary 
stimulus dimensions such as position, ori- 
entation, and spatial frequency (I). In the 
macaque monkey, subsequent stages of form 
processing are believed to take place in a 
hierarchv of extrastriate areas that includes 
areas ~ 2 ,  V4, and the inferotemporal cor- 
tex (IT) (2, 3). Although complex pattern 
recognition probably occurs in area IT and 
some IT cells are selective for faces, hands, 
or other highly complex stimuli (4, 5 ) ,  
little is known about the intermediate stag- 
es of processing involved in the generation 
of these higher order receptive field proper- 
ties. We have addressed this ~roblem bv 
analyzing the receptive field characteristics 
of cells in area V4, an intermediate stage of 
the visual hierarchy. The stimulus set used 
in our experiments (Fig. 1A) was designed 
to meet several criteria: (i) it is rich enough 
to elicit responses from cells with complex 
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tuning properties, (ii) it is mathematically 
defined and permits calculation of tuning 
curves, (iii) it is based on specific compu- 
tational theories of vision, and (iv) psycho- 
physical and physiological observations 
have suggested the existence of cells tuned 
to these stimuli. 

The stimuli were sinusoidally modulated 
gratings from three distinct classes, which 
we call Cartesian, polar, and hyperbolic. 
Each class is defined by the coordinate 
system in which the modulation functions 
form a linear, orthogonal basis. Thus, the 
Cartesian modulation functions form a basis 
in Cartesian coordinates whose cardinal 
axes generate conventional horizontal and 
vertical gratings. The intermediate func- 
tions generate Cartesian gratings at inter- 
mediate orientations. The polar functions 
form a basis in polar coordinates whose 
cardinal axes generate concentric and radial 
gratings, and the intermediate functions 
generate spiral gratings. Finally, the hyper- 
bolic functions form a basis in hyperbolic 
coordinates whose cardinal axes generate 
hyperbolic gratings that differ in orientation 
by 45", and the intermediate functions gen- 
erate hyperbolic gratings at intermediate 

orientations. The three stimulus classes are 
closely related to Lie differential operators, 
which take continuous derivatives of an 
imaee with resDect to different coordinate - 
systems. These operators may aid perceptu- 
al constancy by compensating for affine 
transformations of the retinal image that 
arise from changes in viewpoint and object 
orientation (6-8). The stimulus classes are , , 
also related to those used to identify cells in 
the medial suoerior temooral area that are 
selective for changes in rotation and in 
ex~ansion and contraction (9): when inte- ~, 

grated over time, rotating flow fields form 
concentric patterns, and expanding and 
contracting flow fields form radial patterns. 
Similar stimuli have been used in psycho- 
physical studies (10) and have provided 
some support for mechanisms selective for 
polar or hyperbolic stimuli. 

We first looked for cells in area V4 that 
respond more strongly to polar or hyperbol- 
ic gratings than to any Cartesian grating. 
We recorded extracellularly from single 
units in area V4 of anesthetized, paralyzed 
macaque monkeys (1 1, 12). In our primary 
test, we used polar and hyperbolic gratings 
that varied in spatial frequency and phase 
and Cartesian eratines that varied in orien- - - 
tation, spatial frequency, and phase (Fig. 
1A). Figure 1, B to D, illustrates three types 
of selectivity that we encountered. The cell 
represented in Fig. 1B responded vigorously 
to concentric stimuli but poorly to all Car- 
tesian gratings. The cell represented in Fig. 
1C also oreferred non-Cartesian stimuli. 
but the most effective stimulus was a hyper- 
bolic grating. The cell represented in Fig. 
1D preferred Cartesian gratings and was 
tuned for both orientation and spatial fre- 
quency. 

All 118 V4 neurons studied with this 
stimulus set gave responses significantly 
above the base-line rate. With a t test, we 
compared the normalized firing rate ob- 
tained with the best Cartesian grating to 
that obtained with the best non-Cartesian 
grating (13). By this measure, 19 cells 
(16%) showed a statistically significant 
preference for non-Cartesian gratings, 
whereas 10 (8%) preferred Cartesian grat- 
ings (14). Out of 19 cells classified as - ~ ,  

non-Cartesian, 12 preferred concentric 
gratings, only 3 preferred radial gratings, 
and 4 preferred hyperbolic gratings. The 
preferences seem to reflect a continuum of 
selectivity rather than distinct cell classes. 
For the remaining 89 cells (78%), the 
resoonses to the best Cartesian and non- 
Cartesian gratings could not be distin- 
guished statisticallv. Manv cells in this last 
:ategory showed sharp &ing profiles in 
both Cartesian and non-Cartesian stimulus 
spaces, which suggests a form of multiplex- 
ing in the representation of pattern infor- 
mation. 
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