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Kainic acid, an analog of the excitatory amino acid L-gluta- 
mate, induces acute hyperexcitability and permanent struc- 
tural alterations in the hippocampal formation of the adult 
rat. Administration of kainic acid is followed by acute sei- 
zures in hippocampal pathways, neuronal loss in CA3 and 
the hilus of the dentate gyrus, and reorganization of the 
synaptic connections of the mossy fiber pathway. Rats with 
these hippocampal structural alterations have increased 
susceptibility to kindling. To evaluate the role of the acute 
seizures and associated hippocampal structural alterations 
in the development of this long-lasting susceptibility, rats 
that received intraventricular kainic acid were cotreated with 
phenobarbital (60 mg/kg, s.c., once daily). Treatment with 
this dose for 5 d after administration of kainic acid sup- 
pressed acute seizure activity, protected against excitotoxic 
damage in the dentate gyrus, reduced mossy fiber sprouting, 
and completely abolished the increased susceptibility to 
kindling associated with kainic acid. Brief treatment with 
phenobarbital modified the pattern of damage and synaptic 
reorganization in the dentate gyrus in response to seizure- 
induced injury, and altered the long-lasting functional effects 
associated with hippocampal damage. As phenobarbital 
treatment did not protect against neuronal damage in CA3 
or other regions of the hippocampus, the circuitry of the 
dentate gyrus was implicated as a locus of cellular altera- 
tions that influenced the development of kindling. These 
observations are evidence that pharmacological intervention 
can prevent the development of epilepsy in association with 
acquired structural lesions, and suggest that pharmacolog- 
ical modification of cellular responses to injury can favorably 
alter long-term functional effects of CNS damage. 

Pathways in the CNS undergo reorganization of synaptic con- 
nections in response to a variety of experimental lesions (Cot- 
man et al., 198 1). For example, in the hippocampal formation, 
kainic acid (KA) induces neuronal loss in CA3, CAl, and the 
hilus ofthe dentategyrus (DG), which is accompanied by sprout- 
ing and synaptic reorganization of the mossy fiber pathway. In 
addition, there is now evidence that brief seizures evoked by 
kindling (Goddard et al., 1969) also induce neuronal loss in the 
hilus of the DG, which is accompanied by sprouting and per- 
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manent reorganization of the synaptic connections of the mossy 
fiber pathway (Sutula et al., 1988; Cavazos and Sutula, 1990, 
199 1; Cavazos et al., 199 1). Physiological studies have dem- 
onstrated that sprouted pathways can reestablish functional syn- 
aptic transmission (Steward et al., 1973, 1976; Tauck and Nad- 
ler, 1985), but the specific effects of mossy fiber sprouting and 
other forms of synaptic reorganization on the physiological 
properties and function of hippocampal circuitry are uncertain. 

The structural alterations induced by KA have attracted con- 
siderable attention, as similar patterns of neuronal loss and 
synaptic reorganization have been observed in hippocampal 
sclerosis, a lesion frequently associated with human epilepsy 
(Babb and Brown, 1987; Sutula, 1990). The role of hippocampal 
sclerosis as a cause or effect of epilepsy has been controversial 
for more than a century, but the neuronal loss and synaptic 
reorganization in the KA-treated hippocampus are accompa- 
nied by hyperexcitability (Franck and Schwartzkroin, 1985; 
Tauck and Nadler, 1985; Franck et al., 1988), spontaneous sei- 
zures (Cronin and Dudek, 1988), and increased susceptibility 
to development of epilepsy by kindling (Feldblum and Acker- 
mann, 1987; Sutula et al., 1987). Because the increased suscep- 
tibility to kindling has been observed as long as 34 months 
after induction of a hippocampal lesion by KA (Sutula et al., 
1987), it was of interest to identify the specific alterations in- 
duced by KA that play a role in this long-lasting increased 
susceptibility. 

In vivo administration of KA induces a complex sequence of 
functional and structural alterations that develop with a pre- 
dictable time course in the hippocampus and other structures 
of the CNS (Ben-Ari, 1985). Systemic, intraventricular, or in- 
traparenchymal administration of KA induces intense contin- 
uous seizure activity in limbic pathways that resembles status 
epilepticus (Lothman et al., 198 1; Ben-Ari, 1985). The acute 
seizures induced by KA are nearly continuous for 48 hr, but 
gradually resolve within 4-5 d after administration (Ben-Ari, 
1985). Neuronal degeneration in the hilus and inner molecular 
layer of the DG develops within hours to days after adminis- 
tration of KA, and histological evidence of mossy fiber sprouting 
and synaptogenesis in the denervated inner molecular layer be- 
comes evident 7-10 d later (Nadler and Cuthbertson, 1980; 
Nadler et al., 1980a,b; Laurberg and Zimmer, 198 1). 

The time course for development of increased susceptibility 
to kindling after administration of KA may provide a clue about 
the cellular and molecular alterations in hippocampal circuitry 
that play a role in the induction of kindled seizures. The possible 
causes for the increased susceptibility to kindling after admin- 
istration of KA include acute alterations such as seizures or 
neuronal loss, or more slowly developing structural alterations 
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such as sprouting and synaptic reorganization. As the increased 
susceptibility to kindling is present as early as l-2 weeks after 
administration of KA (Feldblum and Ackerman, 1987), the acute 
seizures, neuronal loss, or synaptic reorganization occurring in 
the 2 weeks after administration of IL4 might play an important 
role in the increased susceptibility to development of epilepsy 
by kindling. 

The purposes of this study were (1) to evaluate the role of 
acute LA-induced seizure activity in the long-lasting increased 
susceptibility to kindling associated with hippocampal lesions, 
and (2) to consider whether structural alterations in hippocam- 
pal circuitry, independently of KA-induced seizures, play a role 
in the long-lasting increased susceptibility. Rats were treated 
with the anticonvulsant phenobarbital after intraventricular in- 
jection of KA. The effects of phenobarbital on acute seizure 
activity, neuronal degeneration, mossy fiber synaptic reorga- 
nization, and the rate of kindling development were evaluated. 

A preliminary report has appeared in abstract form (Sutula 
et al., 1990). 

Materials and Methods 
Administration of kainic acid. After induction of anesthesia with pen- 
tobarbital (50 mg/kg, i.p.), Spragu+Dawley male rats (300-350 gm) 
received a unilateral intraventricular injection of KA (OS-O.75 gm in 
0.5-0.75 ~1 of deionized H,O) via a Hamilton syringe, according to 
published techniques (Franck and Schwartzkroin, 1985). Rats that re- 
ceived KA were randomly divided into groups that received pheno- 
barbital at a variety of doses and for variable intervals. Normal unle- 
sioned rats and rats that received only KA served as controls. 

Administration of phenobarbital. Rats that received phenobarbital 
were divided into groups that received either a dose of 60 mg/kg or 30- 
40 mg/kg. The first dose was administered by intraperitoneal injection 
immediately after unilateral intraventricular injection of KA. On sub- 
sequent days, each rat received phenobarbital at the designated dose by 
subcutaneous injection at a fixed time each day (about 2 P.M.). This 
administration schedule was chosen because previous studies have re- 
vealed that the half-life of phenobarbital is about 8-9 hr in Sprague- 
Dawley male rats, and the estimated average steady state phenobarbital 
level in rats treated with the 60 mg/kg dosage was about 55 j&ml 
(Rouse-Brouwer et al., 1984a,b). Phenobarbital levels in the range of 
15-40 &ml, or about 120 mM, have been associated with anticonvul- 
sant effects in vivo, and suppression of repetitive firing in vitro (Mac- 
Donald and McLean, 1986). In a previous study, a single dose of pheno- 
barbital (60 mp/kg, i.p.) was also reported to be effective as an 
anticonvulsant against KA-induced seizures during the first 24 hr after 
intraparenchymal injection of KA into hippocampus (Feldblum and 
Ackermann, 1987). 

Procedures for monitoring KA-induced epileptic activity. A subset of 
rats cotreated with KA and phenobarbital were implanted with elec- 
trodes in the DG for monitoring KA-induced epileptic activity. Surgical 
anesthesia was maintained in these rats with an initial dose of pento- 
barbital (50 mg/kg, i.p.), followed by supplemental intraperitoneal doses 
of 5 mg/kg, as necessary. The anesthetized rats were then implanted 
with a stainless steel electrode for chronic recording in the DG (3.3 mm 
posterior, 1.7 mm lateral, 3.5 mm deep to bregma). This electrode was 
insulated except at the exposed recording surface near the tip, and was 
fixed to the skull with acrylic. 

The spontaneous EEG from the DG in the anesthetized rats was 
preamplified by a field-effect transistor in a headstage, recorded by dif- 
ferential AC amplifiers referenced to ground, and displayed on a poly- 
graph for 15 min as a baseline period of control recording prior to 
intraventricular injection of KA. The rats then received intraventricular 
KA, which was immediately followed by intraperitoneal phenobarbital 
at doses of either 60 mg/kg or 30-40 mg/kg. The spontaneous EEG was 
continuously recorded from the DG for 8 hr. 

On days 2-4 after KA injection, the EEG was also recorded from the 
DG for 15 min daily just prior to administration of the next dose of 
phenobarbital (i.e., 2 P.M.). This recording schedule provided a sample 
of electrographic activity corresponding to the trough level of pheno- 
barbital. 

Measurement of phenobarbital levels. Steady state trough plasma 

phenobarbital levels were measured in the phenobarbital-treated rats 
that were studied with EEG recording. At 24 hr after the last dose of 
phenobarbital on day 14 after KA injection, these rats were deeply 
anesthetized with pentobarbital(50 mg/kg, i.p.). The steady state trough 
plasma levels of phenobarbital were obtained from venous blood just 
prior to perfusion for histological examination. Plasma phenobarbital 
levels were determined by capillary column gas chromatography with 
flame ionization detection, calibrated to known concentrations of phe- 
nobarbital. Pentobarbital did not interfere with the assay method. 

Timm histochemistty. The distribution of lesions induced by KA was 
assessed by examination of neuronal loss and gliosis in cresyl violet- 
stained horizontal sections of the hippocampal formation. Lesion-in- 
duced synaptic reorganization of the mossy fiber pathway was evaluated 
in experimental and control groups by Timm histochemistry. Synaptic 
reorganization of the mossy fiber pathway can be easily observed with 
the Timm method, a histochemical technique that labels the synaptic 
terminals of the mossy fibers due to their high content of Zn (Danscher, 
1981; Frederickson et al., 1983; Danscher et al., 1985). Details of per- 
fusion, fixation, and histological methods for cresyl violet staining and 
Timm histochemistry are available in previous publications (Sutula et 
al., 1988; Cavazos et al., 199 1). 

Scoring methods for Timm histochemistry. The extent of mossy fiber 
sprouting and synaptic reorganization in rats that achieved only KA 
and rats that were cotreated with phenobarbital was analyzed indepen- 
dently by three observers who were unaware of the identity of each 
brain section, using a previously published, standardized scoring pro- 
cedure (Cavazos et al., I99 1). Kindled rats in this study were not eval- 
uated by the scoring methods for Timm histochemistr-y, but have been 
reported in a previous publication that also includes the theoretical 
basis, procedures, and statistical analysis for this method (Cavazos et 
al., 1991). Rats with depth electrodes for recording in the DC were 
included in the scoring analysis. 

Mossy fiber synaptic reorganization was evaluated by rating the dis- 
tribution of Timm granules, which correspond to synaptic terminals of 
the mossy fiber pathway, in the supragranular layer at standardized 
locations in the dorsal (septal) and ventral (temporal) DC, as described 
in previous publications (Cavazos et al.. 199 1. 1992) The distribution 
of Timm gr&ules in the supragranular region &as rated on a scale of 0 
to 5 according to the following criteria: 

O-No granules between the tips and crest of the DG. 
1 -Sparse granules in the supragranular region in a patchy distribution 

between the tips and crest of the DG. 
2-More numerous granules in the supragranular region in a contin- 

uous distribution between the tips and crest of the DG. 
3-Prominent granules in the supragranular region in a continuous 

pattern between tips and crest, with occasional patches of conflu- 
ent granules between tips and crests of the DG. 

4-Prominent granules in the supragranular region that form a con- 
fluent dense laminar band between tips and crest. 

5-Confluent dense Iaminar band of granules in the supragranular 
region that extends into the inner molecular layer. 

A Timm score was calculated for each rat by averaging the independently 
derived scores ofthe three observers at the septal and temporal locations. 
Mean Timm scores for experimental and control groups were calculated 
by averaging the Timm scores of each animal in a given group. The 
differences in mean Timm scores between experimental and control 
groups were analyzed for statistical significance with the two-tailed Stu- 
dent’s t test. 

Fink-Heimer histochemistry. The Fink-Heimer method (method II 
in de Olmos et al., 1981) was used to assess neuronal and terminal 
degeneration in additional groups of rats that received only intraven- 
tricular KA, or KA followed by phenobarbital (60 mg/kg) once daily 
for 3 d. Rats in these groups were perfused with a 10% (w/v) solution 
of formalin on the third day after intraventricular injection of KA. 
Details of the Fink-Heimer method are available in previous publica- 
tions (Fink and Heimer, 1967; de Olmos et al., 1981). 

Surgical procedures and stimulation methods for perforant path kin- 
dling. Another group of rats were implanted with a twisted Teflon-coated 
stainless steel bipolar electrode (0.15 mm diameter) for chronic stim- 
ulation and recording in the perforant path near the region of the angular 
bundle (8.1 mm posterior, 4.4 mm lateral, 3.5 mm deep to bregma), 
and were then cotreated with KA and phenobarbital. After KA injection 
and implantation of the electrodes, rats in this group received pheno- 
barbital in doses of either 60 mg/kg or 30 mg/kg once daily for 5 d. 
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Two weeks after KA injection and implantation of the electrodes, and 
9 d after the last dose of phenobarbital, kindling was induced according 
to standard methods described in previous publications (Goddard et 
al., 1969; Sutula and Steward, 1986; Sutula et al., 1988). Normal unle- 
sioned rats that did not receive phenobarbital served as controls. 

A potential confounding feature of this experiment was the possibility 
that phenobarbital might delay the development of kindled seizures by 
direct anticonvulsant action against evoked afterdischarge (AD) at the 
time of the initial kindling stimulation 2 weeks after KA administration. 
This possibility was unlikely based on pharmacokinetics of phenobar- 
bital in the Sprague-Dawley rat (Rouse-Brouwer et al., 1984a,b). Phe- 
nobarbital has a half-life of 8 hr in the rat, and the mean steady state 
plasma levels for the 60 mg/kg dose (24.7 ? 5.7 &ml in pilot studies; 
see Results) would decline to negligible levels during the 9 d interval, 
or 27 half-lives, between the last dose and the initiation of kindling 
stimulation. 

Results 
Induction of lesions by intraventricular kainic acid 
As reported previously (Ben-Ari, 1985; Franck and Schwartz- 
kroin, 1985; Franck et al., 1988), the lesions induced by intra- 
ventricular IL4 consisted of neuronal loss in the CA3 region 
and the hilus of the DG, which was accompanied by gliosis (Fig. 
IA-C). Rats were included in the study only if neuronal loss 
and gliosis were observed in the CA3 region in at least two 
consecutive sections separated by 240 pm. This criterion en- 
sured that KA was appropriately administered in all subjects of 
the various experimental groups. In addition, rats with implant- 
ed electrodes were included in the study only if the implanted 
electrodes were appropriately located in either the perforant 
path, or the DG. A total of 82 rats satisfied these criteria and 
were included in the study; 15 rats were excluded. 

The most extensive neuronal loss was typically observed in 
the dorsal hippocampus adjacent to the injected ventricle, but 
the extent of the lesions in the ventral hippocampus was variable 
(see Figs. lC, 4C, 5C, 6C, 7C). 

Eflects of phenobarbital on seizures induced by KA 

Previous studies have reported that a single dose of phenobar- 
bital (60 mg/kg, i.p.) was an effective anticonvulsant against 
acute KA-induced seizures for at least 24 hr in rats (Feldblum 
and Ackermann, 1987). To assess the effects of phenobarbital 
against KA-induced seizures for longer intervals, spontaneous 
EEG was recorded from the DG of rats cotreated with pheno- 
barbital administered immediately after completion of the KA 
injection and at daily intervals, according to methods described 
above. 

In four of four rats that were injected with KA and treated 
with phenobarbital at a dose of 30-40 mg/kg, continuous elec- 
trographic seizure activity consisting of trains of irregular spike 
and spike-wave discharges was observed in the DG throughout 
the entire 8 hr recording period after KA injection (see Fig. 2). 
During the 15 min period of recording at 24 hr after IL4 injec- 
tion, the electrographic discharges were no longer continuous, 
but diminished to frequent episodes of prolonged irregular spike 
and spike-wave activity, which were interrupted by runs of low- 
amplitude theta activity. During the 15 min period of recording 
on days 3-5 after KA injection, occasional runs of irregular spike 
and spike-wave activity were still observed, but were typically 
of shorter duration than on day 2. 

Ih six of six rats that received phenobarbital at a dose of 60 
mg/kg, there was continuous electrographic seizure activity in 
the DG consisting of irregular spike and spike-wave discharges 
for the first 4 hr of the initial 8 hr recording period after injection 

Table 1. Effect of phenobarbital on KA-induced seizures 

Phenobarbital 

60 mg/kg 30 mg/kg 

DG EEG 
Day 1 

Day 2 

Day 311 

Continuous seizures 

(W W 
Episodic seizures 

(4-8 hr) 
Rare seizures 
Interictal spikes 
No seizures 

Continuous seizures 
(O-8 hr) 

Frequent seizures 

Rare seizures 
Interictal spikes 

Phenobarbital 
trough level 

(&ml) 

24.7 k 5.7 1.98 + 0.3 

of KA. In contrast to rats that received phenobarbital at doses 
of 3040 mg/kg, the continuous electrographic seizure activity 
diminished during the 4-8 hr after IL4 injection to episodic 
seizures consisting of irregular runs of spike and spike-wave 
activity, which were interrupted by runs of low-amplitude theta 
activity (see Fig. 2). During the 15 min period of recording at 
24 hr after KA injection in the 60 mg/kg group, there were only 
rare, brief runs of electrographic seizure activity, and occasional 
isolated interictal spikes. During the 15 min period of recording 
on days 3-5 after IL4 injection, there were no recorded episodes 
of electrographic seizure activity, and only rare interictal dis- 
charges. 

The mean steady state trough plasma phenobarbital level for 
the group that received phenobarbital at a dose of 60 mg/kg 
was 24.7 * 5.7 &ml, a steady state trough level of phenobar- 
bital that was within a range associated with anticonvulsant 
effects in vivo, and with suppression of repetitive firing in vitro 
(15-40 &ml, or about 120 mM) (MacDonald and McLean, 
1986). The mean steady state trough plasma phenobarbital level 
for the group that received phenobarbital at a dose of 30-40 
mg/kg was 1.98 f 0.26 &ml. Rats treated with phenobarbital 
at a dose of 60 mg/kg were initially sedated for 4-6 d, and 
appeared lethargic throughout the 2 week period of observation. 
The results of recording from the DG are summarized in Ta- 
ble 1. 

Eflects of phenobarbital on neuronal degeneration after KA 

The Fink-Heimer method was employed to assess neuronal and 
terminal degeneration in a separate group of rats at 72 hr after 
intraventricular IL4 followed by phenobarbital (60 mg/kg daily 
for 3 d), and was compared with a group that received only 
intraventricular KA. In agreement with previous reports (Nadler 
and Cuthbertson, 1980; Nadler et al., 1980a), there was evidence 
of extensive neuronal degeneration manifested by dark-stained, 
pyknotic pyramidal neurons in CA3, CA 1, and the hilus of the 
DG in five of five rats that received only KA (Fig. 3B,E,F,;,H). 
A laminar band of degenerating terminals and axons indicated 
by fine dark granules was observed in the supragranular and 
inner molecular layer of the DG in a distribution that included 
the termination of the commissural-associational pathway from 
degenerating neurons in the hilus (Fig. 3H, arrows). 

The pattern of degeneration in rats that were cotreated with 
KA and phenobarbital (60 mg/kg for 3 d) was different than in 
rats that received only KA. Although neuronal degeneration was 
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Baseline 3 hrs. 6 hrs. Day 4 

KAINIC ACID 

Pheno 6Omg ? 
Figure 2. The effects of phenobarbital 
treatment on spontaneous EEG activity 
recorded from the DG of rats that re- 
ceived intraventricular KA coadmin- 

KAINIC ACID 

Pheno 3Omg ‘wbb” 

istered with phenobarbital. Represen- 
tative recordings from the baseline 
period just prior to administration of 
KA, at 3 and 6 hr after administration 
of KA. and 4 d later. Phenobarbital was 

OSmV 
I- 

0.5 set 

administered in doses of either 30 mg/ 
kg or 60 mg/kg. Polygraph records of 
the EEG were retraced for clarity. 

consistently observed in CA3 (Fig. 3A, C’) and in CA 1 (Fig. 30) 
there was no evidence of degeneration in the supragranular layer 
of the dentate gyrus in seven of seven rats cotreated with pheno- 
barbital (Fig. 3G). In comparison to the extensive neuronal 
degeneration in the hilus of the DG in rats treated only with 
KA, degenerating neurons were rarely observed in this area in 
the phenobarbital-treated group. 

duced the extent of mossy fiber synaptic reorganization (mean 
score of 1.20 + 0.24 in the treated group vs. 2.30 -t 0.25 in the 
group that received only KA, p < 0.01; see Table 2). 

Eflects of phenobarbital on mossy fiber sprouting and synaptic 
reorganization 

The effect of phenobarbital treatment on Timm granules was 
dose dependent. In four of four rats from the group that received 
KA and phenobarbital at doses of 30-40 mg/kg once daily for 
14 d, the pattern of Timm granules in the supragranular layer 
was not significantly different than in rats that received only KA 
(see Table 2, and compare Fig. 1 D,E with Fig. 5D,E). 

The supragranular layer of the DG in the normal rat is not 
innervated by mossy fibers (Amaral, 1979; Claibome et al., 
1986). In normal rats examined with Timm histochemistry, 
Timm granules that correspond to synaptic terminals of mossy 
fibers are densely packed in the hilus of the DG, but are usually 
sparse or absent in the supragranular layer, except at the most 
temporal pole of the dentate gyrus (Cavazos et al., 1992). 

In agreement with previous studies (Nadler et al., 1980b; 
Laurberg and Zimmer, 198 1; Ben-Ari, 1985) Timm histochem- 
istry performed in 11 rats at 2 weeks after intraventricular ad- 
ministration of KA alone demonstrated Timm granules in a 
patchy distribution in the supragranular layer of the DG (Fig. 
lD,E). The Timm granules in this region are evidence of sprout- 
ing and synaptic reorganization of the mossy fiber pathway 
(Nadler et al., 1980b; Laurberg and Zimmer, 198 1). 

It was of interest to determine the time course of action of 
phenobarbital on mossy fiber sprouting and synaptic reorgani- 
zation after administration of KA. In nine of nine rats that 
received intraventricular KA and phenobarbital 60 mg/kg dur- 
ing days l-5 after injection of the KA, Timm granules were 
markedly reduced in the supragranular layer compared to the 
rats that received only KA (see Table 2, and compare Fig. 6D,E 
with Fig. 1 D,E). This effect was quite specific to days l-5 after 
KA administration, as five of five rats that received phenobar- 
bital during days 9-14 demonstrated patterns of Timm granules 
in the supragranular layer that did not differ significantly from 
rats that received only KA (see Table 2, and compare Fig. lD,E 
with Fig. 7D,E, and Fig. 6D,E with Fig. 7D,E). Treatment with 
phenobarbital (60 mg/kg) for 1 d after KA did not reduce mossy 
fiber synaptic reorganization in the supragranular layer. 

In 10 of 11 KA-treated rats with comparable lesions of CA3 
that were cotreated with phenobarbital (60 mg/kg once daily for 
2 weeks), Timm granules were markedly reduced in the supra- 
granular layer (compare Fig. 1 D, E with Fig. 40, E). Large lesions 
were observed in CA3 in rats cotreated with phenobarbital (see 
Fig. 4A-C), but the Timm granules in the supragranular region 
in this group were quite sparse, and resembled the pattern ob- 
served in normal rats. 

Effects of brief phenobarbital treatment on development of 
kindling 

To determine the effect of brief treatment with phenobarbital 
on the development of kindling, rats with a perforant path elec- 
trode were cotreated with intraventricular KA and phenobar- 
bital (60 mg/kg daily for 5 d). Kindling stimulation was delivered 
according to standard methods beginning 2 weeks after intra- 
ventricular injection of KA. 

To assess more quantitatively the effect of cotreatment with Rats that received phenobarbital at a dose of 60 mg/kg for 5 
phenobarbital on mossy fiber synaptic reorganization, the dis- d after intraventricular KA administration developed general- 
tribution of Timm granules in the supragranular layer was eval- ized tonic clonic seizures (class V) after 15.7 + 1.9 ADS, a rate 
uated by the scoring techniques described in Materials and that was not distinguishable from normal unlesioned controls 
Methods. The Timm scores confirmed that treatment with that did not receive phenobarbital (15.5 * 1 .O ADS). Rats that 
phenobarbital (60 mg/kg) for 14 d after KA administration re- received perforant path stimulation 2 weeks after intraventric- 

t 

Figure 1. Hippocampal damage and synaptic reorganization induced by KA. A-C, Cresyl-stained horizontal sections of hippocampus and DG of 
a rat that received intraventricular KA. There is neuronal loss and gliosis that involves CA3 and the hilus of the dentate gyrus in the dorsal 
hippocampus (A, B). The lesion extends into CA3,, in the more ventral section in C. Open arrows indicate the borders of the observable lesion. 
D, Adjacent horizontal Timm-stained section from the location indicated by the diamond in B demonstrates a dense laminar band of Timm 
granules in the supragranular region that correspond to labeled synaptic terminals of the mossy fiber pathway (solid arrows). E, A similar section 
obtained from the crest of the DG indicated by the diamond in C also demonstrates Timm granules in the supragranular region (solid arrows). 
Abbreviations: H, hilus of the DG; sg, stratum granulosum. Scale bars: A and B, 1000 Frn; C, 200 I.rrn; D and E, 100 pm. 
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Table 2. Timm scores 

Group 

KA 
KA, Pb 60 mg/kg 
KA, Pb 30-40 mg/kg 
KA, Pb 60 mg/kg 
KA, Pb 60 mg/kg 
KA, Pb 60 mg/kg 

Pb, phenobarbital. 

Treatment 
duration Timm score 
(4 (mean + SEM) II 

- 2.30 k 0.25 11 
O-14 1.20 t- 0.24a lid 
O-14 1.74 * 0.50b 4d 
l-5 1.64 L 0.23< 9 
9-14 2.46 + 0.36 5 
1 2.60 k 0.48 2 

y Versus KA, p < 0.0 I, two-tailed t test. 
h Versus KA, not significant. 
‘ Versus KA, p = 0.075, two-tailed t test. 
rl Rats with recording electrodes in the DG were included in these groups. 
* Kindled rats were not included in this group. 

ular IL4 that induced a lesion in CA3 developed class V seizures 
more rapidly than normal rats without lesions (10.5 + 0.8 ADS 
vs. 15.5 + 1 .O ADS, p < 0.00 1; see Table 3, Fig. 8). Thus, brief 
treatment with phenobarbital (60 mg/kg for 5 d) abolished the 
increased susceptibility to kindling associated with hippocampal 
lesions induced by KA. 

The effect of phenobarbital on kindling was also dose depen- 
dent. Rats that received phenobarbital at a dose of 30 mg/kg 
for 5 d after intraventricular KA developed class V seizures after 
1 1.4 -t 2.6 ADS, a rate that was not distinguishable from KA- 
lesioned controls (10.5 ? 0.8 ADS). 

Discussion 

In this series of in vivo experiments, brief treatment with pheno- 
barbital suppressed acute KA-induced seizure activity, pre- 

vented neuronal degeneration in the supragranular layer of the 
DG, reduced mossy fiber synaptic reorganization, and abolished 
the long-lasting increased susceptibility to kindling associated 
with hippocampal lesions. This discussion will address the fol- 
lowing major points: (1) pharmacological issues in the assess- 
ment of the effect of phenobarbital on functional and structural 
alterations induced by KA in hippocampal circuitry, (2) evi- 
dence that modulation of KA-induced seizures by anticonvul- 
sant action of phenobarbital altered specific patterns of neural 
degeneration and synaptic reorganization in the dentate gyrus, 
and (3) the role of seizures and associated reorganization of 
circuitry in the DG in the development of long-lasting increased 
susceptibility to kindling after administration of KA. 

Assessment of the effects of phenobarbital on seizures, 
neuronal degeneration, and reorganization of 
hippocampal circuitry after KA 

Pharmacokinetics of phenobarbital in the rat. Several aspects of 
the pharmacokinetics of phenobarbital in Sprague-Dawley rats 
were exploited in the design of these experiments. Repeated 
administration of phenobarbital (60 mg/kg, i.p. or s.c., once 
daily) resulted in steady state trough phenobarbital levels that 
have been associated with anticonvulsant effects both in vivo 
and in vitro (MacDonald and McLean, 1988). As trough levels 
represent the lowest plasma concentration of phenobarbital pri- 
or to the next dose interval, it can be concluded that the steady 
state plasma levels achieved by the once-daily dose of 60 mg/ 
kg were in excess of levels that would be expected to suppress 
seizure activity during the 24 hr interval between doses. This 
prediction was confirmed by recordings from the DG on days 
l-5 after KA injection in rats that received phenobarbital at 
doses of 60 mg/kg. 

Anticonvulsant effects of phenobarbital against KA-induced 
+ 

Fiaure 3. Effect of phenobarbital treatment on KA-induced degeneration in the hippocampus and DG. A, C, D, and G are horizontal sections of 
hippocampus and DG stained with the Fink-Heimer method from a rat that received intraventricular KA and phenobarbital (60 mg/kg once daily). 
B, E, F, and H are from a rat that received only KA. A and B, In the CA3, region of the phenobarbital-treated (A) and untreated (B) rats, there 
was extensive neuronal degeneration indicated by numerous dark-stained, pyknotic cell bodies. The punctate dark-stained granules in the stratum 
oriens and stratum radiatum in B are degenerating synaptic terminals. The lucent band adjacent to the stratum pyramidale corresponds to the 
terminal field of the mossy fibers arising from granule cells in the DG, which are relatively resistant to the neurotoxic effects of KA. C, Higher 
magnification of the region in CA3, indicated by the arrow in A from a rat treated with phenobarbital demonstrates numerous degenerating pyknotic 
cell bodies, and degenerating synaptic terminals in the stratum oriens and stratum radiatum C. D, In the CA1 region of the phenobarbital-treated 
rat, there were numerous degenerating, dark, pyknotic cell bodies. E, Higher magnification of the region of CA3, indicated by the arrow in B from 
a rat that received only KA demonstrates numerous degenerating pyknotic cell bodies, and degenerating fibers and synaptic terminals in the stratum 
oriens and stratum radiatum. F, There was extensive neuronal degeneration in CA1 of the untreated rat that extended into the CAl-subiculum 
transitional zone. G, Despite extensive degeneration in CA3 and CA1 of the rat treated with phenobarbital (A, C’, D), a horizontal section of the 
DG from this rat reveals no evidence of degeneration in the inner molecular layer (arrows), and only very rare degenerating neurons in the hilus. 
H, A horizontal section of the DG from the rat that received only KA demonstrates numerous degenerating neurons in the hilus, and a dense band 
of degenerating terminals in the inner molecular layer (arrows). Scale bars: A,B.D, and F, 100 pm; C and E, 25 pm; G and H, 50 pm. 

Figure 4. Effects of phenobarbital (60 mg/kg once daily for 14 d) on hippocampal lesions and synaptic reorganization induced by KA. A-C, Cresyl- 
stained horizontal sections of hippocampus from a rat that received intraventricular KA coadministered with phenobarbital (60 mg/kg, i.p.) once 
daily for 14 d. There is neuronal loss and gliosis in CA3 in the dorsal hippocampus (A, B) and that extends into more ventral sections of CA3, in 
C. Open arrows indicate the borders of the lesion. The electrode track for recording from the DG is apparent in A and B. D, In an adjacent horizontal 
Timm-stained section from the location indicated by the diamond in A, Timm granules were only rarely observed, and did not form patches of 
confluent granules or laminar bands in the supragranular region (open arrows), as was commonly observed in rats that were not treated with 
phenobarbital (compare to Fig. 1 D). E, Timm granules were not apparent in the supragranular region in a similar section obtained from the crest 
of the DG indicated by the diamond in C. H, hilus of the DG. Scale bars are as in Figure 1. 

Figure 5. Effects of phenobarbital (30 mg/kg once daily for 14 d) on hippocampal lesions and synaptic reorganization induced by KA. A-C, Cresyl- 
stained horizontal sections of hippocampus from a rat that received intraventricular IL4 coadministered with phenobarbital (30 mg/kg, i.p.) once 
daily for 14 d. There is neuronal loss and gliosis in CA3 (A, B). Open arrows indicate the borders of the lesion, which does not extend into more 
ventral hippocampus in C. The electrode track for recording from the DG is apparent in the hilus and stratum granulosum in A and B. D, Adjacent 
horizontal Timm-stained sections from the location indicated by the diamondin B demonstrate a laminar band of Timm granules in the supragranular 
region (solid arrows). E, A similar section obtained from near the crest of the DG indicated by the diamond in C also demonstrates confluent 
patches of Timm granules in the supragranular region (solid arrows). The effectiveness of phenobarbital doses of 60 mg/kg in reducing synaptic 
reorganization compared to 30 mg/kg doses is indicated by the minimal evidence for Timm granules in 40 and 4E versus Figure 5, D and E, 
despite the larger size of the lesion (compare Fig. 4A-C with Fig. 5A-C’). H, hilus of the DG. Scale bars are as in Figure 1. 
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Table 3. Rate of kindling 

ADS (to 1st 
q Unlesioned Control ii 

class V, mean Stimulus intensity KA = Kafnic Acid Lesion 

n -c SEM) 1st AD Last AD 

KA 26 10.8 ? 0.90 842 t 51 513 k 63 
Controls 17 15.5 + 1.0 870 k 58 412 -t 67 
KA-Pb 60 mg/kg I 15.7 + 1.96 864 f 43 686 + 107 
KA-Pb 30 mg/kg 7 11.4 f 1.5c 814 + 86 716 + 93 

y versus Controls, p < 0.00 I. 

h Versus KA, p < 0.02. 

c Versus KA-Pb 60 mg/kg, p < 0.05. KA KA 
PH 60mg PH 30mg 

N=26 17 7 7 

seizures. The first anticonvulsant effects of phenobarbital in dos- 
es of 60 mg/kg were noted at 4-8 hr after initial administration. 
This onset of action probably reflected the gradual approach 
toward anticonvulsant levels that would be expected on the basis 
of the 8 hr half-life of phenobarbital in Sprague-Dawley rats 
(Rouse-Brouwer et al., 1984a,b). Seizures were suppressed by 4 
hr after KA injection, and recordings from the DG correspond- 
ing to trough levels on days 2-4 after KA administration re- 
vealed only rare interictal epileptic discharges. In contrast, phe- 
nobarbital treatment in doses of 30-40 mg/kg once daily, which 
resulted in a steady state trough level of 1.98 ~fr 0.26 &ml, 
failed to suppress epileptic activity during days l-5. Both the- 
oretical pharmacokinetic considerations and EEG recordings 
were consistent with a direct anticonvulsant action of pheno- 
barbital on acute seizures induced by KA. 

Dose-response of phenobarbital eflects on degeneration and 
synaptic reorganization. Phenobarbital treatment with doses of 
60 mg/kg once daily prevented degeneration in the inner mo- 
lecular layer of the DG in rats that received KA. Sprouting and 
synaptic reorganization of the mossy fiber pathway in the inner 
molecular layer were also markedly reduced in rats treated with 
this dose, as indicated by the statistically significant reduction 
of Timm scores. In contrast, phenobarbital treatment with doses 
of 30-40 mg/kg once daily failed to suppress epileptic activity 
effectively in the DG during days l-4 after KA administration, 
and did not reduce mossy fiber synaptic reorganization. The 
similar dose-response relationships for phenobarbital action on 
seizures, degeneration, and mossy fiber synaptic reorganization 
suggested that the effects of phenobarbital were a consequence 
of suppression of the acute seizure activity. 

Time course ofphenobarbital eflects on seizures, degeneration, 
and synaptic reorganization. Further support for this interpre- 
tation was provided by study of the time course of action of 
phenobarbital on mossy fiber sprouting and synaptic reorgani- 
zation. Phenobarbital treatment with doses of 60 mg/kg once 
daily during days 1-5 after KA injection, an interval charac- 
terized by intense sustained seizure activity, also markedly re- 
duced mossy fiber sprouting and synaptic reorganization. When 
seizures were untreated during days l-5 after KA injection and 
phenobarbital was administered at doses of 60 mg/kg once daily 
during days 9-14, the pattern of mossy fiber synaptic reorga- 
nization was comparable to rats that received only KA. This 
observation and the similar dose-response relationships for 
phenobarbital action on seizures, degeneration, and Timm scores 
support the interpretation that suppression of seizures during 
the 5 d after KA administration prevented neural degeneration 
and reduced synaptic reorganization in the DG. 

Figure 8. Effects of phenobarbital treatment on rate of kindling after 
induction of hippocampal lesions by K.A. Rats treated with phenobar- 
bital in a dose of 60 mg/kg once daily on days l-5 after intraventricular 
administration of KA developed class V seizures more slowly than rats 
that received only KA. Error bars are the SEM. The rate of development 
of kindling in rats treated with this dose of phenobarbital did not differ 
from normal unlesioned controls (CON). Rats treated with lower doses 
of phenobarbital (30 mg/kg once daily for days l-5) that were insufficient 
to suppress acute seizures, prevent degeneration, and reduce synaptic 
reorganization, developed class V seizures at a rate comparable to rats 
that received only KA. 

Acute seizures induced by kainic acid as a cause of specific 
patterns of neuronal damage, reactive sprouting, and 
synaptic reorganization 

Neurons in the hilus of the DG are known to be specifically 
vulnerable to “excitotoxic” damage as a consequence of sus- 
tained seizures induced by KA (Ben-Ari et al., 1979; Nadler and 
Cuthbertson, 1980; Nadler et al., 1980a) and other experimental 
manipulations (Sloviter and Damiano, 1981; Sloviter, 1987). 
This study directly confirmed that polymorphic neurons in the 
hilus of the DG are specifically vulnerable to seizure-induced 
injury. Anticonvulsant treatment that protected against seizure- 
induced damage in the DG also reduced sprouting and synaptic 
reorganization of the mossy fiber pathway, but did not signifi- 
cantly protect pyramidal neurons in CA3 and CA 1 from damage 
after KA administration. Other factors appear to play a more 
dominant role in the neuronal damage observed in CA3 and 
CA1 in association with KA (Sater and Nadler, 1987; Ault et 
al., 1986; Gruenthal et al., 1986). 

The results of this study demonstrated that the modifying 
effect of phenobarbital on neuronal damage and reactive sprout- 
ing after administration of KA was mediated by suppression of 
acute KA-induced seizures. Previous studies have demonstrated 
that drugs that enhance GABA-mediated inhibition can modify 
seizure-induced damage (Ben-Ari et al., 1979; Ylinen et al., 
199 l), and it is likely that the anticonvulsant action of pheno- 
barbital in this study was at least partially caused by its en- 
hancement of GABA-mediated inhibition. However, the pres- 
ent experiments were not sufficient to exclude the possibility 
that other molecular actions of phenobarbital in the doses em- 
ployed in this study might also directly reduce neuronal vul- 
nerability to injury. 

Seizure-induced alterations in hippocampal circuitry as a 
cause of increased susceptibility to kindling 

The results of this study identified days 1-5 after KA admin- 
istration as a critical period in the induction of long-lasting 
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increased susceptibility to kindling. Rats treated with pheno- 
barbital in doses that suppressed seizures in the DG during the 
l-5 days after KA administration developed kindled seizures 
at rates that were comparable to normal control rats. In contrast, 
rats treated with doses insufficient to suppress seizures in the 
DG during the l-5 d after KA administration developed kindled 
seizures at rates comparable to lesioned rats that received only 
KA. 

These observations implicated KA-induced seizures and as- 
sociated alterations in circuitry of the DG as a possible cause 
of increased susceptibility to kindling after KA. Results of other 
studies support the interpretation that cellular alterations in the 
DG may play an important role in the development of kindling. 
In contrast to hippocampal lesions, which induced mossy fiber 
synaptic reorganization and increased the rate of kindling (Su- 
tula et al., 1987; Feldblum and Ackermann, 1987), destruction 
of granule cells in the DG markedly impairs the development 
of kindling (Dasheiff and McNamara, 1982; Frush et al., 1986; 
Sutula et al., 1986). These observations do not exclude the pos- 
sibility that other neuronal populations also influence the de- 
velopment of kindling, but support the interpretation that spe- 
cific cellular alterations in the DC play an important role in the 
development of kindling, and are unlikely to be mere epiphe- 
nomena associated with critical changes in other regions. 

The specific cellular and molecular alterations in the DG that 
are responsible for the increased susceptibility to development 
of kindled seizures were not identified in this study. The DG is 
the site of numerous molecular and cellular alterations induced 
during the development of kindling, including sprouting with 
synaptic reorganization (Sutula et al., 1988; Represa et al., 1989a), 
potentiation of synaptic efficacy and enhancement of NMDA- 
mediated synaptic transmission (Mody et al., 1988), alterations 
in Ca*+ currents (Mody et al., 1990), changes in shape of the 
dendritic spines of granule cells (Geinisman et al., 1988, 1990), 
and alterations in the ionic composition of the extracellular 
environment (Wadman et al., 1985). In addition, kindling is 
also associated with complex alterations in a variety of neuro- 
transmitter and neuromodulatory systems (McNamara, 1984; 
Stanton et al., 1989; Chen et al., 1990; Jarvie et al., 1990; Wu 
et al., 1990), second messenger systems (Akiyama et al., 1989; 
Bronstein et al., 1990), and glia (Hansen et al., 1990). These 
and other unrecognized cellular and molecular alterations in 
reorganized circuitry of the DG could individually or in com- 
bination play a role in the generation of epileptic activity. Al- 
though mossy fiber sprouting could increase recurrent excitation 
in pathways of the DG that normally lack recurrent excitatory 
circuits (Fricke and Prince, 1984; Cronin et al., 1992), efforts 
to characterize the role of synaptic reorganization and other 
specific cellular and molecular alterations in the generation of 
epileptic activity need to address the variety and complexity of 
potential mechanisms (Sloviter, 1992; Sutula et al., in press). 

Implications of pharmacological alteration of cellular 
responses to seizure-induced hippocampal injury 

The results of these experiments may have clinical importance. 
Hippocampal sclerosis, the most common lesion associated with 
human epilepsy, is characterized by hippocampal neuronal loss 
and mossy fiber synaptic reorganization. In this study, experi- 
mental hippocampal lesions with neuronal damage and synaptic 
reorganization that resembled many features of human hippo- 
campal sclerosis (de Lanerolle et al., 1989; Represa et al., 1989b; 
Sutula et al., 1989; Houser et al., 1990; Babb et al., 1991) were 

accompanied by increased susceptibility to development of ep- 
ilepsy by kindling. The increased susceptibility to kindling was 
completely abolished by brief treatment with phenobarbital, 
which protected against seizure-induced neurotoxic damage and 
reduced mossy fiber sprouting in the DG. Pharmacological in- 
terventions that reduce excitatory amino acid neurotoxicity after 
sporadic seizures or brain injury may prevent long-term cellular 
consequences of uncontrolled seizures such as neuronal death, 
axonal sprouting, and synaptic reorganization. Prevention of 
these long-lasting structural effects of uncontrolled seizures may 
protect against the development of medically refractory epilep- 
sy, and favorably alter the prognosis and natural history of 
epileptic syndromes (Sutula, 1990). 

Of more general significance, the observations of this study 
provided evidence that brief pharmacological intervention can 
modify cellular responses to injury and structural damage in the 
CNS, and alter the long-lasting functional effects of injury. Our 
observations were confined to the effects of phenobarbital on 
lesion-induced plasticity of the mossy fiber pathway in the den- 
tate gyrus, but similar phenomena may occur in other pathways 
of the brain and with other pharmacological agents. 
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