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Repeated activation of neural pathways by kindling induc- 
es brief seizures, permanent increases in seizure suscep- 
tibility, neuronal loss in the hippocampus, and mossy fiber 
sprouting in the dentate gyrus. Because kindling induces 
permanent cellular alterations in hippocampal pathways 
that have been implicated in memory, it was of interest to 
determine if kindling also induces long-lasting impairments 
in a spatial memory task in rats. In this study, the effects 
of kindling on memory were investigated by assessing kin- 
dled rats in a radial arm maze behavior that is impaired by 
hippocampal damage. Kindled rats studied at 1 month after 
the last of 30-134 evoked generalized tonic-clonic seizures 
acquired competence in the performance of the radial arm 
maze task at a rate that was indistinguishable from age- 
matched normal controls, but demonstrated a deficit in the 
ability to repeat the task on consecutive days. The repeti- 
tion deficit was not observed in rats that experienced three 
afterdischarges or three generalized tonic-clonic seizures, 
and the severity of the deficit varied directly with the num- 
ber of evoked kindled seizures. Repeated brief seizures 
evoked by kindling induced a long-lasting deficit in a radial 
arm maze task that is a rodent model of memory. The ob- 
servation of a long-lasting deficit in radial arm maze per- 
formance in kindled rats suggests that the cellular altera- 
tions induced in the hippocampus by seizures could con- 
tribute to the memory dysfunction in human epilepsy. 
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The hippocampal formation has been implicated in human learn- 
ing and memory by clinical studies in people with amnestic 
syndromes. Evidence for the role of medial temporal lobe struc- 
tures in human memory includes the pioneering observation that 
bilateral medial temporal lobe resection in patient H.M. pro- 
duced severe chronic anterograde amnesia with little change in 
other cognitive functions (Scoville and Milner, 1957). Subse- 
quent studies of human amnesia in people with focal hippocam- 
pal lesions have also implicated the hippocampus and its specific 
subregions in learning and memory (Squire et al., 1990; Zola- 
Morgan et al., 1989). 
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The relationship between the hippocampal formation and 
memory has been systematically investigated by experimental 
studies in nonhuman primates with surgically circumscribed le- 
sions (Zola-Morgan et al., 1989; Squire and Zola-Morgan, 
1991). In these studies, damage to the hippocampus and adjacent 
cortex produced a deficit in visual recognition tasks such as de- 
layed nonmatch to sample. These observations supported the 
view that the hippocampus and adjacent structures in the medial 
temporal lobe are critical for entering new factual information 
into long-term memory (Zola-Morgan and Squire, 1990), and 
are components of a “medial temporal lobe memory system” 
(Squire and Zola-Morgan, 199 1; Squire, 1992; Zola-Morgan and 
Squire, 1993; Treves and Rolls, 1994). 

Experimental studies in rodents have implicated the hippo- 
campus in spatial learning and memory (Jarrard, 1993). Hip- 
pocampal pyramidal cells in rats discharge at specific locations 
in the environment (Muller et al., 1987), and maintain their re- 
ceptive field in the absence of spatial and visual cues (Quirk et 
al., 1990). These observations have suggested that the hippo- 
campus may perform spatial computations by means of a cog- 
nitive map (O’Keefe and Nadel, 1978; O’Keefe, 1990). The hip- 
pocampus may also play a role in nonspatial learning such as 
odor discrimination (Eichenbaum et al., 1990). 

Hippocampal lesions in rats produce an impairment in ability 
to perform tasks that involve place learning and spatial naviga- 
tion, such as the radial arm maze and the Morris water maze 
(O’Keefe and Nadel, 197X; Jarrard, 1980; Morris et al., 1982). 
On the basis of the behavioral effects of experimental hippocam- 
pal lesions in both primates and rodents (Jarrard, 1980, 1993; 
McNaughton et al., 1989; Moser et al., 1993), pathological pro- 
cesses that induce hippocampal damage may be accompanied by 
impairments in spatial and other behavioral tasks requiring in- 
tegrity of the hippocampus and,related adjacent limbic cortex. 
For example, as recent studies in the kindling model of epilepsy 
have demonstrated that brief repeated seizures induce hippocam- 
pal and limbic neuronal loss (Cavazos and Sutula, 1990; Cava- 
zos et al., 1994) kindled rats might be expected to have a def- 
icits in radial arm maze performance. 

Kindling has been extensively studied as a model of temporal 
lobe epilepsy because it induces permanent increases in seizure 
susceptibility and recurrent spontaneous seizures (Goddard et al., 
1969; McNamara, 1986). Kindled seizures are accompanied by 
neuronal loss in dentate gyrus, hippocampus, and adjacent lim- 
bit cortex (Cavazos and Sutula, 1990; Cavazos et al., 1994), and 
by mossy fiber sprouting and synaptic reorganization in the den- 
tate gyrus (Sutula et al., 1988; Cavazos et al., 1991) which 



8296 Sutula et al. - Memory Dysfunction Induced by Kindling 

progress in parallel with the evolving seizures, and like kindling, 
are permanent. 

The aim of this study was to determine if kindled seizures 
induce long-term deficits in a radial arm maze learning task that 
is dependent on integrity of the hippocampus. The ability to 
learn and repeat a radial arm maze task was evaluated in pairs 
of age-matched unstimulated rats and kindled rats. Because pre- 
vious studies have demonstrated that radial arm maze behavior 
is acutely disrupted by electrical stimulation of hippocampal 
pathways (Knowlton et al. 1985) and seizures (Lopes da Silva et 
al., 1986; Knowlton et al., 1989; Leung et al., 1990; Feasy- 
Tiuger et al., 1993), kindled rats were evaluated at 1 month after 
the last evoked seizure. At this time point, the effects of kindling 
could be assessed independently of the effects of recent evoked 
seizure activity. 

Materials and Methods 
Surgical procedures. Adult male Sprague-Dawley rats (250-350 gm) 
were anesthetized with a combination of ketamine 80 mg/kg i.m. and 
xylazine 10 mg/kg i.m., and were stereotaxically implanted with an 
insulated stainless steel bipolar electrode for stimulation and recording 
in the olfactory bulb (9 mm anterior, 1.2 mm lateral, 1.8 mm ventral to 
bregma). The olfactory bulb was chosen because stimulation of this site 
rapidly induces kindled seizures, and the potential confounding effects 
of damage from direct placement of the electrode into the hippocampus 
could be avoided. After a recovery period of 2 weeks, age-matched 
pairs of electrode implanted rats were randomly assigned to a group 
that received kindling stimulation, or to a paired control group that was 
similarly handled, but did not receive electrical stimulation. 

Kindling procedures. The unrestrained awake animals in the kindling 
group received twice daily kindling stimulation (5 d per week) with a 
1 set train of 62 Hz biphasic constant current 1.0 msec square wave 
pulses. The stimulation was delivered at the lowest intensity that evoked 
an afterdischarge (AD) according to standard procedures (Cavazos et 
al., 1994). The electroencephalogram and AD were recorded from the 
electrode in the olfactory bulb, which could be switched to the stimu- 
lator by a digital circuit for the delivery of the kindling stimulation. 
The evoked behavioral seizures were classified according to standard 
criteria (Sutula and Steward, 1986). Rats received stimulation until three 
ADS, or 3, 30, 70-100, or greater than 100 Class V seizures were 
evoked. Class V seizures are characterized by bilateral tonic-clonic 
movements and loss of postural tone, and are comparable to partial 
complex seizures with secondary generalization, which are frequently 
observed in human temporal lobe epilepsy (McNamara, 1986). 

Control procedures. A group of paired age-matched control rats were 
handled and placed in the recording cage twice daily according to the 
same protocol, but did not receive stimulation. Each control rat was 
handled twice daily until its paired kindled rat experienced the assigned 
number of Class V seizures. 

Behavioral testing. After completion of the last kindling stimulation, 
the kindled rats were treated with a 1 month rest interval. During this 
interval, the kindled rats were placed into the recording cage and han- 
dled twice daily in the same manner as the control rats, but did not 
receive electrical stimulation. Control rats continued to undergo twice 
daily handling and placement in the recording cage. After the third week 
of the rest period, the paired kindled and control rats were weighed and 
placed on calorie restriction consisting of two pellets of standard rat 
chow daily to achieve weight reduction to 85-95% of the initial mea- 
sured weight. During the last week of the 4 week rest period, each rat 
also received four raisins daily in order to become familiar with the bait 
that would be used in subsequent radial arm maze testing. Calorie re- 
striction was continued for the duration of behavioral testing, and each 
rat was weighed three times per week. The daily food ration was ad- 
justed as necessary to insure that weight was maintained in range of 
85-95% of the initial measurement. 

After completion of the 1 month rest interval, behavioral testing in 
an eight-arm radial maze was performed at the same time each day for 
5 d per week. The design and dimensions of the radial arm maze con- 
formed to specifications in previous studies (Leung et al., 1990). For 
the duration of the study, the same four arms of the eight-arm radial 
maze were baited with a raisin, which was hidden from view in a recess 
at the end of the arm. Each rat was placed in the center of the maze, 

and was observed for the sequence of arm entries and consumption of 
the raisins. Criterion performance was defined as consumption of the 
raisin in all four baited arms during no more than five entries. Rats were 
removed from the maze after failure to consume the four raisins within 
10 min, or after 30 entries without consumption of the bait. 

The sequence of entries into baited and unbaited arms of the radial 
maze was recorded during daily behavioral trials. According to termi- 
nology in previous studies (Jarrard, 1980; Lopes da Silva et al., 1986; 
Leung et al., 1990), entry into an unbaited arm was scored as a reference 
error. Reentry into a baited arm was scored as a working error. Reentry 
into an unbaited arm was scored as a reference and a working error. 
Completion of the behavioral task was defined as achievement of cri- 
terion performance on each of five consecutive daily trials. 

After achievement of criterion performance on 5 consecutive days, 
the rats continued daily behavioral trials for 1 additional week, and were 
then evaluated for recall or memory of the correct baited arms by an 
additional testing procedure. In this additional testing procedure, all 
arms of the radial maze were unbaited. Each rat was then placed in the 
center of the maze, and the ratio of entries into previously baited and 
unbaited arms was recorded during a 10 min period of observation. 

Histological procedures. After completion of behavioral testing, each 
rat was deeply anesthetized and perfused transcardially with an aqueous 
solution of 10% (v/v) formalin in 0.9% (w/v) NaCl for lo-20 min. The 
brains were removed, postfixed for at least 10 d in same solution, and 
were embedded and prepared for cresyl staining and histological anal- 
ysis according to previously published methods (Cavazos et al., 1994). 
Electrode placement in the olfactory bulb was confirmed by visual in- 
spection of the brain after removal and by histological analysis. 

Statistical procedures. Differences between the kindled and matched 
control groups were reported as the mean + SEM. Parametric statistical 
tests were not employed because preliminary analysis with the Kol- 
mogorov-Smirnov test revealed that the data did not conform to a nor- 
mal distribution. Differences were therefore analyzed for statistical sig- 
nificance by the Kruskal-Wallis nonparametric analysis of variance and 
the Mann-Whitney rank sum test. 

Results 

A total of 32 pairs of kindled and control rats completed the 
study. The kindled rats had a mean initial AD threshold of 648 
-C 35 pamps, experienced the first evoked Class V generalized 
tonic-clonic seizure after a mean of 5.9 t 0.4 ADS, and had a 
final AD threshold of 289 t- 79 p,amps. Six rats received twice 
daily stimulation that evoked three ADS. Of the remaining 26 
kindled rats, six rats received twice daily stimulation that evoked 
three Class V seizures, five rats experienced 30 Class V seizures, 
10 rats experienced 70-100 Class V seizures, and five rats ex- 
perienced a total of loo-134 Class V seizures. There were no 
differences in initial AD thresholds or numbers of stimulations 
required to achieve the first Class V seizure among these groups. 

There was no difference between the kindled and control 
groups in the number of daily trials required to achieve the first 
criterion performance of entering the four baited arms within the 
first five entries. The mean number of trials to the initial criterion 
performance was 10.4 + 0.8 in the control group and 10.5 1- 
0.9 in the kindled group. There was no significant difference in 
motor performance of kindled and control rats, as indicated by 
the average time required to initially traverse an arm of the maze 
(2.2 -C 0.1 set in kindled versus 2.4 -+ 0.1 set in control rats, 
p = 0.35). 

Differences between the kindled and control groups emerged 
in the number of trials required to repeat the criterion perfor- 
mance on consecutive days (H = 11.66, df = 1, p = 0.001, Fig. 
1). There were significant differences in the number of trials 
required to achieve three, four, and five consecutive criterion 
performances. Kindled rats required 25.4 + 2.1 trials to achieve 
3 consecutive days of criterion performance, but controls re- 
quired only 20.7 + 2.2 trials @ = 0.032). A total of 30.5 -+- 2.1 
trials were required by kindled rats to achieve 4 consecutive 
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Figure I. Deficits in the repetition of criterion radial arm maze per- 
formance in kindled rats. Kindled rats required more daily trials to 
achieve three, four, and five consecutive criterion performances. Crite- 
rion performance was defined as consumption of the bait in the four 
baited arms of the radial maze during no more than five entries. There 
was no difference in the average number of trials required by kindled 
and control rats to achieve the initial criterion performance. 

days of criterion performance, but controls required only 25.4 
2 2.5 trials (p = 0.021). A total of 35.9 ? 3.5 trials were 
required by kindled rats to achieve 5 consecutive days of crite- 
rion performance, but controls required only 28.7 2 2.6 trials 
(p = 0.038). 

The control rat of the matched pairs completed the behavioral 
task of five consecutive criterion performances prior to its paired 
kindled rat in 15 of the 20 matched pairs that experienced 30 or 
more Class V seizures (p = 0.04, sign test). Among the 12 
matched pairs of kindled rats that experienced only three ADS 
or three Class V seizures, initial completion of the behavioral 
task of five consecutive criterion performances was evenly dis- 
tributed between controls rats (N = 6) and kindled rats (N = 
6). This observation suggested that a performance deficit was 
present in kindled rats that experienced 30 or more Class V 
seizures, but was not present in kindled rats with three ADS or 
three Class V seizures. 

Analysis of the number of trials required to repeat the criterion 
performance on consecutive days confirmed that there was no 
difference between the control and kindled groups with three 
ADS and three Class V seizures (H = 3.55, df = 1, NS, Fig. 2), 
but significant differences in the number of trials required to 
achieve four and five consecutive criterion performances were 
demonstrated in kindled rats that experienced 30 or more Class 
V seizures (H = 7.26, df = 1, p = 0.007, Fig. 3). Kindled rats 
with 30 or more Class V seizures required 34.7 2 2.9 trials to 
achieve 4 consecutive days of criterion performance, but con- 
trols required only 27.1 t 3.5 trials (p = 0.014). A total of 41.1 
2 4.8 trials were required by kindled rats to achieve 5 consec- 
utive days of criterion performance, but controls required only 
30.8 ? 3.6 trials (p = 0.017). 

The additional trials required to achieve criterion performance 
on successive days in kindled rats with 30 or more Class V 
seizures were due to significantly more cumulative reference er- 
rors than in the normal controls (Fig. 4). The average number 
of reference errors per rat was similar in the control and kindled 
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Figure 2. Deficits in the repetition of criterion radial arm maze per- 
formance were not observed in kindled rats that experienced only three 
afterdischarges or three Class V generalized tonic-clonic seizures. 
There was no difference in the average number of trials required by 
kindled and control rats to achieve the initial criterion performance. 

groups to the stage of two consecutive criterion performances, 
but thereafter, reference errors were more frequently observed 
in the kindled rats than in controls. The number of reference 
errors committed by the kindled rats was directly proportional 
to the number of evoked ADS (r = 0.69, p = 0.00001, Fig. 5). 
There was also a correlation of the number of references errors 
with the number of evoked generalized tonic<lonic seizures (r 
= 0.70, p < 0.0001, data not shown). There were no significant 
differences in working errors in control and kindled rats (Fig. 

6). 
Although there were differences in the number of trials re- 

quired to achieve four and five consecutive criterion perfor- 
mances, all kindled and control rats eventually learned to cor- 
rectly complete the task of entering the four baited arms within 

45 

40 c 

z 35- 

i% 
2 30 - 
.E 
t "0 25- 

2 10 - 
E 
z 
20 IS - 

6 
& IO- 

S- 

Mann-Whitney 

0’ I 8 I I I 
I 2 3 4 5 

Consecutive days of criterion performance 

Figure 3. Deficits in the repetition of criterion radial arm maze per- 
formance were observed in kindled rats that experienced 30 or more 
Class V generalized tonic-clonic seizures. These kindled rats required 
more daily trials to achieve four and five consecutive criterion perfor- 
mances. There was no difference in the average number of trials re- 
quired by kindled and control rats to achieve the initial criterion per- 
formance. 
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Figure 4. In kindled rats that experienced 30 or more Class V gen- 
eralized tonic-clonic seizures, the additional trials required by to 
achieve consecutive criterion performances were due to additional ref- 
erence errors, which were defined as entry into an unbaited arm. 

Figure 5. Scatter plot of the number of reference errors by each kin- 
dled rat as a function of the number of afterdischarges. Rats that ex- 
perienced greater numbers of afterdischarges made more reference er- 
rors during radial arm maze testing (r = 0.69, p = 0.00001). 

five attempts on 5 consecutive days. Additional evidence that 
the kindled and control groups both successfully learned the task 
was demonstrated by preference for entry into previously baited 
arms when placed in the unbaited maze at 1 week after 5 con- 
secutive days of criterion performance. At this time, rats in both 
the kindled and control groups entered previously baited arms 
more frequently than the unbaited arms. The ratio of entries into 
previously baited versus unbaited arms was 1.9 ? 0.1 in the 
kindled group, and 1.8 -C 0.1 in the control group. The prefer- 
ences for entry into baited arms in both kindled and control rats 
were significantly different from the expected ratio of 1.0 for 
random choices @ = 0.0001, Student’s t test). 

Discussion 

This study revealed quantitative performance deficits in kindled 
rats in a radial arm maze behavior that is impaired by hippo- 
campal damage. Kindled rats acquired competence in the initial 
performance of a radial arm maze task at a rate that was com- 
parable to age-matched unstimulated normal controls, but dem- 
onstrated an impairment in the ability to consistently repeat the 
task in consecutive trials. The results demonstrated that the long- 
term alterations induced by kindling, which include hippocampal 
neuronal loss and mossy fiber sprouting in the dentate gyrus, 
were accompanied by significant behavioral deficits. These ob- 
servations in kindled rats suggest that long-lasting cellular al- 
terations induced by seizures in the hippocampus could contrib- 
ute to memory dysfunction in human epilepsy. 

Features of the behavioral impairment in kindled rats 

There were no significant differences between kindled and con- 
trol rats in overall activity or motor performance measured by 
average time required to initially traverse an arm of the maze. 
As the number of trials required by kindled rats to initially enter 
the four baited arms within five attempts did not differ from 
normal rats, any sensory or motor impairments that may have 
been induced by kindled seizures did not impair the ability to 
acquire competence in the radial arm maze task. 

There was a clear difference, however, in the ability of kindled 
rats to repeat the criterion performance on consecutive days. As 
there was no evidence of a motor deficit in kindled rats, this 
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difference suggested a deficit in the ability to store or retrieve 
recently acquired information that was used in preceding per- 
formances of the radial arm maze task. The deficit was most 
obvious in the number of trials required to achieve five consec- 
utive criterion performances, but was also demonstrated by the 
additional trials required by kindled rats to complete three and 
four consecutive criterion performances. 

Several additional aspects of the results supported the inter- 
pretation that the observed differences between kindled and nor- 
mal rats were due to a defect in storage or retrieval of recently 
acquired information, rather than deficits in sensory, motor, or 
cognitive functions that were required for successful completion 
of the task. Despite the greater number of trials required by the 
kindled rats to consecutively repeat the criterion performance, 
all kindled rats eventually did achieve five consecutive criterion 
performances. As the additional testing in an unbaited maze 
demonstrated comparable strong preferences for entry into pre- 

I00 [ 

90 - 

5 80 - 

B ‘O- 
2 
g 
b 

60- 

Ef 2 so- 

5 40 - 
“M 
$ 30- 

-*-control 

-A- kindled 

(33 I34 Class V) 

n = 20 pm 

“.J. 

Krurkal-Wallir 

0 I 1 I I I 
I 2 I 4 5 

Consecutive days of criterion performance 

Figure 6. There were no significant differences between kindled and 
control rats in the number of working errors, which were defined as 
reentry into a previously visited arm of the maze during each daily trial. 
Reentry into an unbaited arm was scored as a reference and working 
error. 
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viously baited arms by both kindled and control rats, it is un- 
likely that enhanced sensitivity to olfactory cues from the bait 
accounted for the superior performance of the control rats. 

From the design of this study, which evaluated radial arm 
performance for 2-3 months following a 1 month rest interval 
after the last evoked seizure, it can be concluded that deficits 
induced by repeated seizures persisted for as long as 4 months. 
Additional studies that begin radial arm maze testing at rest pe- 
riods of greater that 1 month after the last evoked seizure could 
provide more information about the duration of the performance 
deficit. Because of the long intervals required to prepare and test 
highly kindled rats in these paragdigms, aging effects will be an 
interpretive issue in behavioral testing that extends for longer 
periods. In the current experiments, the potential contribution of 
aging effects was excluded by use of age-matched paired con- 
trols. 

Radial arm maze petiormance deficits and memory 
The additional trials required by kindled rats to achieve consec- 
utive criterion performances were due to entries into unbaited 
arms, which were defined as reference errors. There was no dif- 
ference between kindled and normal rats in working errors, de- 
fined as reentry into arms previously entered during the same 
trial. In previous studies of radial arm maze behavior in rodents, 
working errors have sometimes been regarded as “short-term” 
memory deficits. Reference errors have been regarded as evi- 
dence of “long-term” memory deficits (Lopes da Silva et al., 
1986; Leung et al., 1990). 

Although the interpretation of these errors as evidence of 
“short-term” or “long-term” memory deficits is at least in part 
a matter of definition or convention, the design and results of 
this study permitted relatively precise characterization of the 
temporal features of the radial arm maze impairment in kindled 
rats. The observation that kindled rats achieved the initial cri- 
terion performance at a rate that was indistinguishable from con- 
trols provides evidence that procedural learning in the maze, 
defined as the process of learning how to search for food, was 
unaffected by kindling. This observation was of interest, since 
humans with temporal lobe amnesia have preserved procedural 
memory (Squire and Zola-Morgan, 1991). 

As there was no difference in the tendency of both kindled 
and control rats to reenter already visited arms during the same 
trial, it can be concluded that the underlying neural mechanisms 
for storage and retrieval of recently visited locations during the 
10 min time interval of a testing session were not disrupted by 
kindling to stages of 30-134 Class V seizures. The difficulty 
encountered by kindled rats in repeating the procedure 24 hr 
later is consistent with the possibility that kindling selectively 
disrupted neural mechanisms which play a role in storage or 
retrieval of this information during this 24 hr interval. The char- 
acterization of the time course of the deficit revealed in this 
study may be pertinent to concepts of “short-term” and “long- 
term” memory, and the “medial temporal lobe memory system” 
(Squire and Zola-Morgan, 1991; Zola-Morgan and Squire, 
1993). 

Kindled seizures as cause of the performance de&it 
There was a direct relationship between the number of evoked 
ADS and cumulative reference errors in each rat. Rats that ex- 
perienced the largest numbers of evoked seizures had the most 
severe deficits, as indicated by higher numbers of reference er- 
rors. This observation implied that there was a causal relation- 

ship between the kindled seizures and the behavioral deficit, but 
the specific contributions of the many long-lasting cellular al- 
terations induced by kindling (Sutula et al., 1992) to the perfor- 
mance deficit in radial arm maze were uncertain. 

In previous radial arm maze studies in kindled rats, transient 
impairments in working and reference memory have been de- 
tected at 2-24 hr after Class V seizures (Lopes de Silva et al., 
1986; Leung et al., 1990; Feasy-Truger et al., 1993), but refer- 
ence memory impairments recovered by 21 d after 12 Class V 
seizures (Feasy-Truger et al., 1993). Other studies of spatial 
memory assessed by the Morris water maze have not revealed 
impairments at 24 hr after six kindled generalized tonic-clonic 
seizures (McNamara et al., 1992) or at 20 d after 20 evoked 
generalized tonic-clonic seizures (Holmes et al., 1993). In this 
study, the deficit in radial arm maze performance was observed 
as long as 4 months after about 40 ADS or 30 evoked Class V 
seizures. 

Kindling, hippocampal sclerosis, and memory disorders 

Previous studies in the kindling model have demonstrated that 
brief, repeated seizures evoked by kindling induce a specific 
pattern of hippocampal and limbic neuronal loss, that progresses 
in parallel with the number of evoked seizures, and resembles 
hippocampal sclerosis (Cavazos et al., 1990, 1994). There is a 
close correlation between brief, repeated kindled seizures and 
progressive loss of neurons in the hilus of the dentate gyms, 
CA3, CAl, and other limbic structures (Cavazos et al., 1994). 
It is possible that seizure-induced neuronal loss in the hippocam- 
pus of kindled rats caused the deficits in radial arm maze per- 
formance, which is vulnerable to hippocampal damage (Jarrard, 
1980; McNaughton et al., 1989). 

The neuronal loss induced by kindling is initially most ap- 
parent in the hilus of the dentate gyrus, and gradually develops 
in CAl, CA3, and eventually in other limbic areas such as the 
endopyriform cortex and the entorhinal cortex. Although some 
neuronal loss also eventually occurs in CA2 and the granule cell 
layer of the dentate gyrus, these regions are relatively resistant 
to excitotoxic injury and are relatively spared (Cavazos et al., 
1994). The predictable, regionally specific progressive features 
of seizure-induced neuronal loss in the kindled rats may be use- 
ful to investigate the behavioral effects of relatively subtle, well- 
defined hippocampal lesions. Studies using quantitative stereo- 
logical methods to assess the relationship between seizure-in- 
duced hippocampal neuronal loss and the performance deficit 
the radial arm maze are in progress. 

There is remarkable correspondence between the long-lasting 
cellular alterations induced by kindling and pathological abnor- 
malities that are frequently observed in the human epileptic tem- 
poral lobe, which include hippocampal neuronal loss (Babb and 
Brown, 1987; Gloor, 1993) and mossy fiber sprouting (de- 
Lanerolle et al., 1989; Represa et al., 1989; Sutula et al., 1989; 
Houser et al., 1990). The pattern of neuronal loss induced by 
brief, repeated kindled seizures (Cavazos et al., 1994) closely 
resembles hippocampal sclerosis, which is characterized by neu- 
ronal loss and gliosis in the hilus of the dentate gyrus, CAl, and 
CA3, and is the most common lesion observed in human epi- 
lepsy (Babb and Brown, 1987; Gloor, 1993). In people with 
temporal lobe epilepsy, the CA2 region and the granule cells of 
the dentate gyms are often relatively spared, but in some cases 
there is neuronal loss in all regions of the hippocampal forma- 
tion, including extrahippocampal limbic cortex (Kim et al., 
1990). Thus, patterns of selective vulnerability and the extreme 
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range of widespread neuronal loss observed in human temporal 
lobe epilepsy can be induced by repeated kindled seizures. 

Memory impairment is also common in people with temporal 
lobe epilepsy, but it has been difficult to determine if the mem- 
ory deficits are an intrinsic feature of temporal lobe epilepsy, or 
are effects of treatment with potentially sedating anticonvulsants 
or underlying primary pathological lesions. Despite these con- 
founding variables, tests of memory in people who have under- 
gone temporal lobectomy for treatment of seizures have dem- 
onstrated a negative correlation between preoperative measures 
of verbal memory impairment and neuronal density in CA3 and 
the hilus of the dentate gyrus (Sass et al., 1990). Additional 
e’vidence of a relationship between memory dysfunction and hip- 
pocampal neuronal loss includes the observation that patients 
with mild or no preoperative memory deficit showed only mild 
or no hippocampal sclerosis in postsurgical pathological analy- 
sis, but were at risk for increased memory dysfunction after 
surgery (Hermann et al, 1992). This latter observation suggested 
that removal of relatively normal hippocampus interfered with 
learning and memory. 

In the context of these clinical observations, the demonstra- 
tion in this study of an acquired deficit in radial arm maze per- 
formance in kindled rats is of potential significance. The direct 
correlation of the severity of the performance deficit with in- 
creasing numbers of evoked seizures suggests that seizure-in- 
duced hippocampal neuronal loss may cause an incremental, 
progressive memory deficit. The repetition deficit observed in 
kindled rats was remarkably similar to memory problems in peo- 
ple with temporal lobe epilepsy, who perform relatively well in 
tests of short-term memory, but perform less well or poorly in 
measures that assess ability to enter new information into long- 
term memory (for a review, see Chelune, 1995). These obser- 
vations in kindled rats suggest that seizures in people may also 
induce hippocampal sclerosis and memory dysfunction. 

There is considerable experimental and clinical evidence that 
intense, continuous seizure activity as in status epilepticus in- 
duces excitotoxic neuronal loss and long-term cognitive impair- 
ment (Meldrnm et al., 1973; Hauser et al., 1983; Dodrill, 1986; 
Sloviter, 1987). This study, in addition, suggests that brief, re- 
peated seizures induce long-lasting defects in the medial tem- 
poral lobe memory system. These disturbing observations, and 
the evidence that long-term strnc&al and functional effects of 
seizures can be modified by therapeutic intervention (Sutula et 
al., 1992), emphasize the potentially devastating consequences 
of uncontrolled seizures, and the urgent needs for development 
of prompt effective therapeutic intervention, fundamental in- 
sights, and improved treatment of this common disorder. 
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