
Kindling Induces Long-Lasting Alterations in Response of 

Hippocampal Neurons to Elevated Potassium Levels in vitro 

Abstract. The cellular basis of kindling was studied electrophysiologically with 
slices of guinea pig hippocampus. Normally, epileptiform activity can be induced in 
the slices only by combined exposure to elevated potassium levels and a chemical 
convulsant such as penicillin. In hippocampal slices from pentylenetetrazole-kindled 
animals, however, elevated potassium alone can induce seizures. These data suggest 
that kindling elicits long-term changes in neuronal excitability that may involve ionic 
mechanisms. 

Kindling, the progressive lowering of 
seizure thresholds with repeated stimula- 
tion, has been demonstrated in several 
different brain areas, most notably the 
hippocampus and other limbic regions. 
Hippocampal kindling, induced with 
electrical (1) or chemical (2) methods, 
leads to prolonged, perhaps irreversible 
changes in neuronal excitability that are 
often studied as a model for epilepsy. 
Kindling has been chemically induced by 
daily administration of convulsant or 
subconvulsant doses of several ex- 
citatory agents including acetylcholine, 
pentylenetetrazole (PTZ), and lidocaine 
(3-5). Although there is evidence for the 

involvement of cholinergic (6) and cate- 
cholaminergic (7) systems in kindling, 
little is known of the physiological sub- 
strate. In part, this uncertainty reflects 
difficulties in studying epileptiform dis- 
charge in the living, intact animal, in 
which seizures are often accompanied by 
marked motor changes and hypoxia. 

Recently, we reported on conditions 
necessary for generating epileptiform ac- 
tivity in hippocampal slices in vitro (8). 
In this preparation, seizure activity was 
readily maintained without the constitu- 
tional or indirect changes seen in the in- 
tact animal. We found that exposure to 
both elevated K+ and a chemical con- 

Fig. 1. Characteristics 8 K + 
of IIS's in kindled 
slices. (A) Interictal 
spikes initiated in kin- A 
died slices by increas- 
ing the concentration 
of K+ (8K = 8 mM -0.6 Ca2+ 
K+). Spiking is rhyth- + 
mic and of large am- 
plitude. Above the B l 
calibration marks is 
an oscilloscope trace 
made at high sweep Tetanizing stimuli 1 minute 
speed showing the de- , 
tailed configuration of C 
an IIS as described in . m 
(9) (horizontal cali- 
bration, 20 msec; vertical calibration, 500 /,V). (B) Reduction of Ca2+ concentration by 0.6 mM 
increases the frequency of spiking in medium containing 8 mM K+. The normal Ca2+ concentra- 
tion in superfusion medium is 2.4 mM. (C) Tetanizing stimuli (arrow) do not cause rhythmic 
discharge at the normal concentration of K+ (6.2 mM). Tetanizing stimuli were delivered to the 
fimbria via a concentric electrode. Stimulus parameters were as described in (12). 

Fig. 2. (A) The proba- 
bility of obtaining 
spontaneous IIS's 
with elevated K+ con- 
centrations is depen- 
dent on the number of 
PTZ-induced sei- 
zures. Each point on 
the curve is derived 
from data for at least 
two slices from each 
of seven animals. (B) 
Probability of sponta- 
neous abnormal dis- 
charge induced by K+ 
remains high for at 
least 20 days after the 
last injection. 
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vulsant such as penicillin is necessary to 
elicit seizures in hippocampal slices from 
normal animals. Once triggered, the epi- 
leptiform activity can be modulated by 
alterations in Ca2+ concentrations, with 
decreased levels increasing the frequen- 
cy of interictal spikes (IIS's) and in- 
creased levels decreasing that frequency 
(9). (Calcium concentration changes 
alone, however, cannot initiate epilepti- 
form activity.) Finally, the rate of IIS 
discharge is consistently related to the 
steady-state concentration of K+ in the 
medium (8). 

Since we could define many of the ini- 
tiating and modulatory influences for epi- 
leptiform activity in an isolated mamma- 
lian central nervous system preparation, 
we felt that the hippocampal slice would 
be ideal for studying any changes elicited 
by kindling. We now report that slices 
from kindled animals do not require a 
chemical convulsant, but manifest epi- 
leptiform activity with elevated K+ 
alone. Furthermore, this change persists 
for at least 20 days after the last kindling 
trial. 

Groups of male Hartley guinea pigs 
(seven per group) were kindled with PTZ 
(50 mg/kg per day, intraperitoneally) for 
1 to 5 days (10), and drug-induced sei- 
zures were evaluated behaviorally (11). 
The animals were killed 3 to 20 days after 
the last injection, and slices of hippo- 
campus were prepared (12). 

Little change in spontaneous action 
potential activity of single cells was seen 
in the slices from kindled animals. How- 
ever, sustained spontaneous IIS dis- 
charges (9) were triggered in kindled ani- 
mals simply by elevating K+ levels (Fig. 
1A), without addition of a chemical con- 
vulsant. Interestingly, the rate of IIS dis- 
charge in slices from kindled animals 
with various levels of elevated extra- 
cellular K+ was strikingly similar to IIS 
discharge rates in slices from normal ani- 
mals exposed to penicillin and similar 
levels of K+ (12). In many other respects 
there was little difference in comparison 
with slices from normal animals. Thus 
tetanizing electrical stimuli did not trig- 
ger sustained IIS's (Fig. 1C). Interictal 
spike frequency was increased by reduc- 
ing extracellular calcium concentration 
and decreased by increasing it (Fig. lB). 

Several considerations suggest that 
the alteration in the electrophysiological 
properties of the slice are causally re- 
lated to the preceding period of kindling. 
First, the probability of abnormal epi- 
leptiform discharge triggered by elevated 
K+ alone was clearly related to the num- 
ber of seizures (and PTZ injections) giv- 
en during the kindling period (Fig. 2A). 
Slices from fully kindled animals had a 
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virtually 100 percent probability of mani- 
festing IIS's when challenged with ele- 
vated K+ alone; fewer PTZ injections re- 
duced this probability in a dose-depen- 
dent manner (Fig. 2A). Second, in 
animals given five PTZ injections, the 
K+-induced epileptiform discharge per- 
sisted for at least 20 days (Fig. 2B) after 
the last injection (13). In rodents, less 
than 5 percent of an injected dose of PTZ 
remains in the brain after 24 hours (14). 
Furthermore, no spontaneous con- 
vulsions were observed after termination 
of the injections, suggesting that there 
was not a prolonged drug exposure at 
convulsant levels. However, this is, at 
best, indirect evidence that does not en- 
tirely preclude the presence of some 
small level of compartmentalized PTZ in 
the tissue. To test this possibility, we 

placed enough PTZ (5 to 10 ,ug/ml) in the 
superfusion medium of control slices to 
generate IIS directly, and recorded the 
washout time. Enough PTZ could be 
washed out of the slice in i hour to termi- 
nate spontaneous spiking. Together with 
the previously cited data, this result 
makes it seem unlikely that residual PTZ 
is responsible for the heightened ex- 
citability found in kindled slices.. 

In conclusion, our data show that hip- 
pocampal slices from kindled animals no 
longer require a chemical convulsant in 
the medium to trigger epileptiform activi- 
ty when the concentration of K+ is ele- 
vated. Since the sensitivity to elevated 
K+, modulatory influences of divalent 
cations, and responses to electrical teta- 
nization are similar to those seen in 
slices from control animals, we hypothe- 
size that kindling induces a change in 
basic membrane or synaptic properties 
similar to that induced acutely by con- 
vulsants such as penicillin. In view of the 
postulated relation between kindling and 
epilepsy (15) and enduring neuropsy- 
chological changes such as learning and 
memory (16), future research employing 
the model described in this report may 
provide important insights into normal 
and abnormal neuronal function. 
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Infects Turnips (Brassica rapa) 
Abstract. Cauliflower mosaic virus DNA cloned in the Sal I site of bacterial plas- 

mid pBR322 infects turnip plants. The cloned viral DNA must be excised from the 
recombinant plasmid to infect, but need not be circularized and ligated in vitro. The 
cloned viral DNA lacks site-specific single-strand breaks found in DNA obtained 
directly from the virus. However, these breaks are reintroduced into the viral genome 
during multiplication of the virus in the plant host. 
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Abstract. Cauliflower mosaic virus DNA cloned in the Sal I site of bacterial plas- 

mid pBR322 infects turnip plants. The cloned viral DNA must be excised from the 
recombinant plasmid to infect, but need not be circularized and ligated in vitro. The 
cloned viral DNA lacks site-specific single-strand breaks found in DNA obtained 
directly from the virus. However, these breaks are reintroduced into the viral genome 
during multiplication of the virus in the plant host. 

Cauliflower mosaic virus (CaMV) has 
attracted attention in the past few years 
because of its possible use in plant "ge- 
netic engineering" studies. Cauliflower 
mosaic virus is one of the few plant vi- 
ruses containing double-strand DNA, 
and the DNA, when isolated from the vi- 
rus, can infect plants (1). These proper- 
ties have led to the suggestion that the 
CaMV DNA could be used as a vehicle 
for introducing foreign DNA in plant 
cells (2) in much the same fashion as 
SV40 viral DNA has been used to in- 
troduce DNA in animal cells (3). Since 
the construction of a CaMV DNA ve- 
hicle would involve recombinant DNA 
technology, it is important to show first 
that cloned CaMV DNA can infect 
plants. 
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plants. 

Szeto et al. (2) dampened much of the 
optimism for using CaMV DNA as a ve- 
hicle in plants. They found that plants 
could not be infected by cloned CaMV 
DNA or by CaMV DNA cleaved at a 
single site by a restriction enzyme and 
religated in vitro. They attributed the 
failure to one of several factors, includ- 
ing the possibility that some secondary 
structure of the DNA, crucial for infec- 
tivity, was lost when the viral DNA was 
cleaved (2). 

Since the report by Szeto et al. (2), 
several studies have shown that, indeed, 
the CaMV genome has an unusual sec- 
ondary structure. The genome isolated 
from the virus is found in both linear and 
open (noncovalently closed) circular 
forms (4) with two or three (depending 
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