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Children who have status epilepticus have continuous or rapidly repeating seizures that may be life-
threatening and may cause life-long changes in brain and behavior. The extent to which status
epilepticus causes deficits in auditory discrimination is unknown. A naturalistic auditory location
discrimination method was used to evaluate this question using an animal model of status epilepticus.
Male Sprague-Dawley rats were injected with saline on postnatal day (P) 20, or a convulsant dose of
pilocarpine on P20 or P45. Pilocarpine on either day induced status epilepticus; status epilepticus at P45
resulted in CA3 cell loss and spontaneous seizures, whereas P20 rats had no cell loss or spontaneous
seizures. Mature rats were trained with sound-source location and sound-silence discriminations.
Control (saline P20) rats acquired both discriminations immediately. In status epilepticus (P20) rats,
acquisition of the sound-source location discrimination was moderately impaired. Status epilepticus
(P45) rats failed to acquire either sound-source location or sound-silence discriminations. Status
epilepticus in rat causes an age-dependent, long-term impairment in auditory discrimination. This
impairment may explain one cause of impaired auditory location discrimination in humans.
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_______________________________________________________________________________

Status epilepticus (SE), an acutely life-threat-
ening condition characterized by repetitive or
prolonged seizures (Lowenstein & Alldredge,
1998), may ultimately cause behavioral impair-
ment in rodents (Hoffman, Zhao, & Holmes,
2004) and humans who have developmental
disabilities (Holmes, 2004). The impairments
in behavior correspond to alterations in brain
connectivity and excitatory neurotransmitter
receptor distribution, and decreased neuro-
genesis. These alterations can occur in the
absence of cell loss. Although impaired behav-
ioral function and brain changes have been
well-documented following SE, the mechan-
isms of seizure-induced dysfunction remain
unclear (Holmes, 2004).

Severe impairment in learning and behavior
has been obtained in animals by inducing

SE with kainic acid (KA), an analog of
the excitatory neurotransmitter glutamate
(Holmes, Thompson, Marchi, & Feldman,
1988). However, neurobehavioral effects fol-
lowing KA administration may be caused by
the direct neurotoxic damage of KA, or by the
KA-induced seizures, or both. The present
experiment used a cholinergic muscarinic
agonist, pilocarpine (PI) hydrochloride, that
induces seizures and seizure-related brain
damage in rats following systemic administra-
tion (Cavalheiro et al., 1991; Cavalheiro et al.,
1987; Cilio et al., 2003; Corsellis & Bruton,
1983). Shortly after PI injection, behavioral
and electroencephalograph (EEG) SE ensues,
followed by a progressive normalization of
EEG and behavior. Chronic spontaneous re-
current seizures (SRS) develop following SE
induced with PI in adolescent or adult rodents,
but not in younger animals (Cavalheiro et al.,
1991). Although cell counts show that SE
causes a significant neuronal loss in the CA3
and CA1 subfields of the hippocampus in
adult rats, this loss is due directly to the initial
SE, because the resulting chronic seizures
produce no additional cell loss in those
regions (Gorter et al., 2003; Liu, Nagao,
Desjardins, Gloor, & Avoli, 1994). (Other
abberant alterations, discussed below, may
continue after the initial SE; e.g., Cha, Akman,
Siveira, Liu, & Holmes, 2004). The brain
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damage following PI-induced SE is similar to
damage observed in human temporal lobe
epilepsy (Corsellis & Bruton, 1983; Turski,
Ikonomidou, Turski, Bortolotto, & Cavalheiro,
1989).

In the present study, auditory discrimination
was tested in rats that were administered
seizures either just before weaning (postnatal
day 20; P20) or during adolescence (P45).
Thus these results in the rat may be compared
to the effects of SE in humans during infancy
and adolescence (Spear, 2000). Adolescent
and adult rats may develop hippocampal cell
loss and SRS, and profound cognitive and
behavioral impairments, whereas younger ani-
mals may not. SE in immature rats causes long-
term behavioral deficits in nonauditory tasks,
with a neuroprotective window occurring
during early postnatal development in the rat
in both KA and PI seizure models (Fisher,
Sperber, & Moshe, 1998; Liu, Gatt, Werner,
Mikati, & Holmes, 1994; Stafstrom, Chrono-
poulos, Thurber, Thompson, & Holmes, 1993;
Stafstrom, Thompson, & Holmes, 1992; Thur-
ber, Chronopoulos, Stafstrom, & Holmes,
1992).

Harrison (1984) demonstrated rapid acqui-
sition of sound-source location discrimination
(one trial) in normal rats. Using an analogous
procedure, Neill, Alvarez, and Harrison (1989)
demonstrated slow acquisition and erratic
performance of sound-source location discrim-
ination in adult humans who had chronic
epilepsy and mental retardation, but the
reasons for their impaired performance were
obscured by confounding variables, such as
chronic antiepileptic medications and uncon-
trolled histories. Hochester and Kelly (1981)
demonstrated that children with temporal
lobe epilepsy were able to localize a single
source of clicks and perceive the leading
sound as the sound source in pairs of clicks
with temporal separation of less than 8 ms.
However, in pairs of clicks with temporal
separation of 8, 16, and 20 ms, the children
did not perceive the leading sound as the
source, as normal children did. This finding
suggests that sound-source location discrimi-
nation may be impaired following seizure-
induced brain injury in immature mammals.
The present experiment tested this general
hypothesis in rats using naturalistic auditory
procedures and apparatus. Rapid conditioning
of sound-source location discrimination occurs

when the sound has complex spectral content
(Harrison & Beecher, 1969), is novel at the start
of training, and its source is located adjacent to
the response site (Harrison, 1979, 1981; Neill &
Harrison, 1987). Immediate acquisition of
sound-source location discrimination also is
obtained in squirrel and rhesus monkeys, cats,
dogs, and bats when these naturalistic features
are used (Harrison, 1984, 1992).

To assess the long-term effects of early onset
SE on sound-source location discrimination,
our rats began preliminary training on P105,
which is comparable to adulthood in humans.
We hypothesized that SE early in life would
cause a long-term impairment in sound-source
location discrimination, and that the nature
and degree of impairment would depend
upon the age of the rat at the time of SE.

METHOD

Subjects

The subjects were 11 male Sprague-Dawley
rats (Charles River Laboratories, Cambridge,
MA), 15 days (n 5 7) and 40 days (n 5 4) old
at the start of the experiment. The younger
rats were weaned at age 21 days. Rats were
housed individually in plastic cages on a stan-
dard 12 : 12 hr light/dark cycle. During de-
velopment, rats had free access to food and
water. Approximately 2 weeks before prelimi-
nary training began, rats were fed 10 to 12.5 g
per day so that each animal would weigh 80%
of its ad libitum weight before preliminary
training began on P105.

Electrodes

In order to record the EEG of the rats
following injections, bipolar electrodes were
implanted in all animals (Holmes & Thomp-
son, 1988; Holmes et al., 1988). Rats were
anesthetized with 50 mg/kg of pentobarbital
sodium intraperitoneally, and electrodes were
stereotaxically implanted into the right ventral
hippocampus using the following brain coor-
dinates: AP 5 0.12; ML 5 0.45; DV 5 0.40 cm
for P15 rats (Sherwood & Timiras, 1970) and
AP 5 0.32; ML 5 0.5; DV 5 0.65 cm for P40
rats (Paxinos & Watson, 1982). Electrodes
were anchored to the skull using stainless-steel
retaining screws and dental acrylic. The rats
were allowed 5 days for surgical recovery
before injections were administered.
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Injections

PI (Pilocarpine hydrochloride) (Sigma, St.
Louis, MO) was freshly dissolved in 0.9%
saline and administered i.p. on either P20
(200 mg/kg), or P45 (380 mg/kg). The sur-
viving rats are referred to as PI-P20 (n 5 3),
and PI-P45 (n 5 4), respectively. Doses of PI
were given to PI-P20 and PI-P45 rats that
produced SE for approximately 5.5 hr in each
age group, but resulted in a mortality of 30%
or less. Although the use of different doses of
PI may appear to be a confounding variable,
these doses were selected because they pro-
duced nearly equivalent seizures in PI-P20 and
PI-P45 rats. If equal doses of PI had been
administered to both age groups, either the PI-
P20 rats would not have survived at the higher
dose, or the PI-P45 rats would not have had SE
at the lower dose. Control rats (SA-P20) re-
ceived an equal-volume i.p. injection of SA
(normal saline) on P20 (n 5 4). Only one saline
control condition was used because parallel
research found no evidence of histological or
long-term behavioral changes due to a saline
injection on P45 (Liu, Gatt, et al., 1994).

EEG and Observation of Seizures

The hippocampal EEG was recorded
through the implanted electrodes with a Grass
Model 6 EEG apparatus. EEGs were recorded
for 10 min before and for 4 to 6 hr immedi-
ately after injections. During EEG recordings,
rats were observed and behaviors were scored
every 10 min for the first 2 hr after PI in-
jection, then every 15 min.

Each P45 rat was videotaped for 138 hr in 6-hr
sessions, alternating weekly between daytime
(9:00 a.m. to 3:00 p.m.) and nighttime (6:00
p.m. to 12:00 a.m.) over 35 days, beginning
1 day after injection. Each P20 rat was video-
taped for 240 hr (in 6-hr sessions) over 60 days,
beginning 1 day after injection. The P20 rats
had more monitoring than the P45 rats because
there was a longer interval between PI admin-
istration and behavioral testing. SRS were
counted when rats exhibited forelimb clonus
with rearing and falling. All videotapes were
viewed by an observer blind to treatment
groups. Intraobserver reliability was 100%.

Other Testing

On postnatal day 80, all rats were sub-
jected to a series of behavioral tests (not

reported here), including water maze, han-
dling, and open field tests (see Liu, Gatt, et al.,
1994).

Behavioral Apparatus

The experimental chamber consisted of
a wire cloth cage, 30 cm deep by 34 cm wide
by 30 cm high, with two response levers
mounted 5 cm from the corner and 5 cm
above the cage floor. A speaker (Radio ShackH
Model 40-130) was mounted above each lever.
Aluminum funnels cemented over the open-
ings of the speakers provided small (1 cm)
sources of sound adjacent to the top of each
lever. An automatic liquid dipper feeder was
mounted at the center of the opposite wall,
0.5 cm above the floor. The feeder operated
for 5 s, and delivered 0.1 cc of diluted
sweetened condensed milk (3 volumes water
to 1 volume of milk) each time. A 5-W
houselight, mounted on top of the wire mesh
chamber, was powered via a high-capacitance
direct current circuit to prevent stimulus-
correlated lighting artifacts. The experimental
chamber was housed inside an acoustical
chamber that isolated the rat from the solid-
state stimulus and control equipment. The
experiment was programmed to run 1 rat at
a time using an AppleH IIe computer, a custom-
built digital interface, and 28-V DC solenoid-
driver relays for the houselight and feeder.

Auditory Stimulus

The sound stimulus consisted of bursts of
broadband noise (40 ms on, 60 ms off, rise/
fall time , 1 ms). Sound with complex
spectral content (broadband noise with a rapid
rise/fall time) was chosen for the stimulus
because sine waves (pure tones) with slow rise
times are not part of the rat’s natural
environment, and sine waves do not control
auditory behavior as effectively (Harrison &
Beecher, 1969). During discrimination train-
ing, sound bursts were used instead of
continuous sound because sound bursts pro-
duce acquisition of sound-source location
discrimination more rapidly and maintain
higher asymptotic levels of accuracy than
continuous sound (Guen, 1987). Pulsed
sounds elicit a greater cardiac orienting re-
sponse than continuous sound in both pre-
weanling and adult rat (Richardson, Hess, &
Campbell, 1994).
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The noise had a continuous acoustic spec-
trum from 4 kHz to 50 kHz (Neill & Harrison,
1987). The intensities were set to 78 db sound
pressure level (SPL, ‘‘A’’ scale), 1 cm from
each speaker, using continuous (nonbursting)
stimuli. The intensities of the continuous
signals, 48 dB SPL at the center of the cage,
were measured with a Radio ShackH sound
level meter calibrated with a Bruel and Kjar
pistonphone (4220). The signal (Coulbourn
(CB) model S81-02) was gated in left and
right channels by two separate rise/fall gates
(CB model S84-04). Signals were amplified in
each channel by separate amplifiers (CB
model S82-24) and the background noise
levels of the power amplifiers were reduced
below the rat’s auditory threshold by connect-
ing the speakers to the amplifiers via –20 dB
attenuators.

Preliminary Training

The speakers were disconnected and
grounded during preliminary training, which
began on P105. The rats were trained to go to
the feeder when it operated, and lever
pressing was then established by differential
reinforcement of successive approximations
(‘‘shaping’’). After responding on both levers
was established, responses were reinforced by
deliveries of milk on a variable-interval (VI)
schedule of reinforcement, which was in-
creased gradually from VI 15 s to VI 45 s.
Availability of reinforcement was adjusted
whenever a side bias developed so that the
rats responded equally on both levers. For the
remainder of training, the availability of re-
inforcement alternated from side to side in
a predetermined pseudorandom order, such
that no more than three reinforcers were
available consecutively on one side. Sessions
occurred 7 nights per week, at approximately
the same time for each rat. Preliminary
training was completed within seven sessions
in all but 1 rat (R10, for which preliminary
training took 10 sessions).

The percentage of responses on the adja-
cent lever per session was calculated by di-
viding the total number of adjacent responses
per session by the total number of trials per
session, and then multiplying by 100. During
baseline, this percentage was based on the data
collected with the same identical procedure as
during sound sessions, but with the speakers
disconnected.

Sound Discrimination Training

The auditory stimulus was novel at the start of
discrimination training, because preexposure to
the sound retards acquisition of sound-source
location discrimination (Harrison, 1979; Neill &
Harrison, 1987). On the day before sound-
discrimination training, baseline data were
collected to determine if the rats’ responding
was at chance levels. Although the sound was
not presented in these sessions, the computer
collected data in terms of trials. These data were
used to calculate the percentage of ‘‘adjacent
responses’’ exactly as they were used during
discrimination training, and they provided
a baseline against which the acquisition of the
discrimination could be judged.

On the first day of sound-source location
discrimination training, before the speakers
were connected, each rat received a warm-up
period, consisting of 10 trials presented with
a variable 45-s intertrial interval, to ensure that
there was no side bias, and so the rats were
ready to respond to the novel sounds. The
speakers then were connected to the ampli-
fiers, and discrete sound trials were presented
on a variable 45-s intertrial interval schedule
composed of an arithmetic progression of 25
intervals ranging from 2 to 90 s. During each
trial, the pulsing sound (‘‘S+’’) was presented
either through the right or the left speaker.
A response on the lever adjacent to the sound-
ing speaker operated the feeder for 5 s, turned
off the pulsing sound, and started the next
intertrial interval. A response on the non-
adjacent lever turned off the sound and started
the next intertrial interval. The sound stimulus
alternated from side to side in a predetermined
pseudorandom order across trials, with the
restriction that there were no more than three
repetitions of a stimulus on one side in
succession. The stimulus was presented 20
times on each side, for a total of 40 trials in
each daily session. If an animal became
motionless and unresponsive, it was allowed
30 min to make a response before it was
removed from the chamber. Behaviors were
monitored via closed-circuit video by the first
author. Sound-source location discrimination
training was conducted for 14 sessions.

Histology

After completion of behavioral testing, rats
were anesthetized with ether and decapitated.
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Their brains were rapidly removed from the
skulls and frozen by immersion in isopentane
(250uC) and stored at –80uC. The frozen
brains were sectioned on a cryostat (217uC) at
20 mm in the coronal plane. One out of five
sections containing the hippocampus was
mounted onto gelatin-coated slides and
stained with cresyl violet. All slides were
analyzed for major cell loss in the hippocam-
pus.

RESULTS

Epileptiform EEG and Seizure Behaviors Induced
by Pilocarpine

Pilocarpine administration resulted in SE
and a mortality rate of less than 30%. Fifteen
min after injection, high-frequency spikes
accompanied clonic jerks in both age groups.
Thirty min after injection, continuous ictal
discharges occurred concurrently with contin-
uous head and forelimb clonus, and lasted
up to 4 hr when EEG recording stopped.
Additional descriptions of the effects of PI
are published elsewhere (Liu, Gatt, et al.,
1994).

The durations (in minutes) of SE in PI-P20
rats were: Rat R0 5 330, R1 5 350, R2 5 320
(mean 5 333 min); for PI-P45 rats the dura-
tions were: Rat R0 5 360, R11 5 340, R15 5
310, R18 5 380 (mean 5 347.5 min). Seizure
durations of the two groups did not differ
significantly, as indicated with tests of the
means (t test), and the medians (Mann-
Whitney Rank Sum Test).

Spontaneous Recurrent Seizures (SRS)

The PI-P45 rats had SRS, whereas the PI-P20
rats and saline P20 rats did not. These seizures
resembled Stage 4 or 5 amygdala kindling.
Table 1 displays the number of SRS for each
rat.

Acquisition of Sound-Source
Location Discrimination

Performance in the sound-source location
discrimination by saline control rats is shown
in the left column of Figure 1 in terms of the
percentage of adjacent (correct) responses for
each session. Acquisition of this discrimination
was extremely rapid, in some cases in one trial.
Two saline rats (R8 and R10) acquired the
discrimination with 0 errors (100% adjacent in
the first session 5 one trial acquisition). One
saline rat (R9) made one error in the first
session, and another saline rat (R7) made four
errors. A criterion level of 90% adjacent
responding is highlighted by dashed lines in
Figure 1. All saline rats responded at a mini-
mum of 90% adjacent responses throughout
training. The baseline percentages of no-
sound responses are presented for all groups
in Figure 1 (plotted above the point labeled
B). These data points were within the range of
chance (average 5 48.8%).

During 14 sessions of sound-source location
discrimination training, the PI-P20 rats’ as-
ymptotic levels of performance were erratic
and lower overall than those of the saline rats.
As seen in the center column of Figure 1, Rat
R0 (PI-P20) acquired the discrimination of the
location of the sound sources slowly (i.e.,
a learning curve was present), and its best
performance in the 14 sessions of training was
88% adjacent (Session 13). Rat R1’s (PI-P20)
performance in the first session reached 88%
adjacent, but performance declined in 12
subsequent sessions to levels that were sporad-
ically above chance (. 65% adjacent). Stimu-
lus control was not evident again until Session
14 (90% adjacent). The only PI-P20 rat to
perform above 90%, R2, performed at 95%
adjacent in Session 3, and 93% in Session 7.
However, its performance was also erratic, and
ranged between 65% and 95% adjacent over
the entire 14 days.

PI-P45 rats were profoundly impaired in
sound-source location discrimination. They
usually performed worse than PI-P20 rats.

Table 1

Average response latencies (s) for the last four sessions
and number of spontaneous recurrent seizures (SRS).

Rat Injection
Average

latency (SD)
Number
of SRS

R7 (SA-P20) 1.95 (0.96) 0
R8 (SA-P20) 1.33 (0.54) 0
R9 (SA-P20) 1.37 (0.22) 0
R10 (SA-P20) 9.78 (7.68) 0
R0 (PI-P20) 3.61 (1.16) 0
R1 (PI-P20) 8.12 (3.72) 0
R2 (PI-P20) 4.91 (1.84) 0
R0 (PI-P45) 4.86 (5.90) 3
R11 (PI-P45) 7.70 (3.30) 10
R15 (PI-P45) 9.43 (11.95) 8
R18 (PI-P45) 6.84 (1.99) 7

Note. Sessions with zero responses did not occur in the
last four sessions.

AUDITORY DISCRIMINATION FOLLOWING STATUS EPILEPTICUS 361



Three of 4 PI-P45 rats (R0, R11, and R18) did
not show any sign of acquiring the sound-
source location discrimination in 14 sessions
of training (see Figure 1, right column). Rat
R0 (PI-P45) performed the sound-source
location discrimination consistently around
chance levels (range, 35% to 66% adjacent)
throughout the 14 sessions. Rat R11 (PI-P45)
performed consistently at chance levels
(range, 37.5% to 62.5% adjacent). Rat R15

(PI-P45) acquired the discrimination practical-
ly at asymptotic level in one session, 80%
adjacent, and performed above chance levels
throughout training. Four of 14 of Rat R15’s
sessions were performed at 80% adjacent or
better, and it reached levels as high as 89%
adjacent in Session 10 and 90% in Session 13.
Rat R18 (PI-P45) operated the levers in only
71% (10/14) of training sessions (see Figure 1)
and performed the sound-source location

Fig. 1. Percentage of adjacent (correct) responses per session by 4 normal rats that had a saline injection on P20 (left
column), 3 rats that had a pilocarpine-induced seizure on P20 (middle column), and 4 rats that had a pilocarpine-
induced seizure on P45 (right column). The point marked B gives the percentage of reinforced responses during the last
session (VI 45 s) before the start of auditory discrimination training.
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discrimination slightly above chance level in
40% (4/10) of these sessions (Session num-
bers 5, 6, 12, and 13).

Side Bias

Side bias may develop in rats that are not
controlled by the location of the sound source.
However, only Rat R11 (PI-P45) displayed
a slight side bias, which became prominent
in Sessions 9 to 13 (70 to 80% of responses on
one lever).

Intertrial Responding

The behavior of the saline and PI-P20 rats
was differentially controlled rapidly by the
presence of sound (an S+) versus no sound
(an S–). Responding during the intertrial
interval declined to low rates by the end of
the first discrimination training session in
the saline rats and by Sessions 3 to 6 in the
PI-P20 rats (see Figure 2). Thus the sound/no
sound difference controlled the go/no-go
aspect of behavior equally well for saline and
PI-P20 rats.

PI-P45 rats responded at higher rates during
the intertrial intervals than both the saline and
the PI-P20 rats, demonstrating a lack of
control of behavior by the sound/no sound
difference. Two PI-P45 rats occasionally were
immobile and unresponsive to the sounds, and
made few or no lever presses for entire
sessions. In four sessions, Rat R18 (PI-P45)
did not respond at all, possibly because R18
experienced generalized seizures prior to
these sessions (see Figure 2, R18, Sessions 2,
8, 9, and 10). Rat R0 (PI-P45) made few
responses in Session 13, in marked contrast to
its high rates of responding in other sessions
(see Figure 2).

Response Latencies

Latencies to respond to the sound stimuli
usually were greater in rats that had PI-
induced SE, and this increase was greatest in
rats that had SE later in development. The
average response latencies were consistently
small for SA-P20 Rats R7, R8 and R9 (see
Table 1, which shows average response laten-
cies and standard deviations of the last four
sessions for all rats). These 3 saline rats’
average response latencies were typical of
normal animals studied in our laboratory,
and elsewhere (cf. Harrison, 1981, p. 474).

Rat R10’s (SA-P20) performance was un-
usual because of long response latencies and
variability compared to the other saline rats
(Table 1). This rat required 10 sessions of
preliminary training, and initially displayed
freezing in response to the sound of the liquid
dipper operation. Still, Rat R10 acquired the
sound-source location discrimination in one
trial, and also acquired the sound/no-sound
discrimination immediately. Two other saline
rats, R7 and R9, were feeder trained in only
one session, whereas Rat R8 was trained in four
sessions.

Table 1 shows that 3 of the saline rats’
latencies were less than latencies of PI-20 rats,
and that latencies of the P45 rats were largest
overall. The variability of response latencies
was small in 3 of 4 saline rats, medium for PI-
P20 rats, and largest for PI-45 rats.

The prolonged response latencies of PI-P20
and PI-P45 rats did not appear to be due
simply to normal freezing responses. From
time to time, these rats were nonresponsive
when the discriminative stimulus occurred,
possibly due to subtle (undetected) SRS. For
example, in Session 13, Rat R0 (PI-P45) failed
to respond to the auditory stimulus for 7 min
on Trial 21 and was constantly in motion
(biting, scratching, sniffing, climbing walls,
pressing the levers, running, and rearing)
during the remainder of the session. Rat R11
(PI-P45) also had long periods of unrespon-
siveness that alternated with hyperactivity. In
Session 2, on Trial 19, this rat responded to
the sound after a latency of 21 min 53 s. Rat
R15 (PI-P45) stopped moving in Session 12
and became unresponsive to stimulation for
30 min. Rat R18 (PI-P45) was the most
impaired animal, with consistently large aver-
age latencies, and several sessions (described
above) in which responding was completely
absent.

Some of the large response latencies of the
PI-P20 and PI-P45 rats were due to incorrect
orientation (e.g., animals would approach the
nonoperating feeder instead of the sounding
speaker). This occasional inability to respond
to the appropriate location also was evident
during presentation of the reinforcer, when
PI-injected rats appeared to ‘‘get lost,’’ going
to the corner of the cage instead of toward the
operating feeder. This phenomenon also
occurred during preliminary training, where
PI-injected rats occasionally missed a rein-
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forcer because they oriented to the wrong
location for the duration of the feeder
operation (5 s).

Histology

Gross cell loss was evident in the CA3 region
of the hippocampus in all PI-P45 rats. No
lesions were detected in PI-P20 rats or saline-
treated rats (see Figure 3). Electrode place-
ment was verified in all animals.

DISCUSSION

Status epilepticus caused an age-dependent
impairment in sound-source location discrim-
ination and sound/no-sound discrimination.
PI-P45 rats were most profoundly affected,
probably due to SRS and severe hippocampal
damage. The specific behavioral effects will be
reviewed, followed by analysis of the particular
adaptations that were likely disrupted by SE,

Fig. 2. Number of intertrial responses per session by 4 saline rats (left column), 3 rats that had a pilocarpine-induced
seizure on P20 (middle column), and 4 rats that had a pilocarpine-induced seizure on P45 (right column). The point
marked B gives the number of intertrial responses during the last session (VI 45 s) before the start of auditory
discrimination training.
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acute and chronic effects of seizures, and
implications for clinical intervention.

Sound-Source Location Discrimination

Saline (P20) rats acquired the sound-source
location discrimination immediately, confirm-

ing prior experiments with normal rats (Bur-
lile, Feldman, Craig, & Harrison, 1985; Harri-
son, 1979, 1981; Harrison, Downey, Segal, &
Howe, 1971). The rapid acquisition by control
animals shows that surgery did not cause
auditory impairment. Immediate acquisition

Fig. 3. Histology. Photomicrographs of coronal sections of dorsal hippocampus. Upper panel: Pilocarpine-P45 rat
(R0). Note substantial cell loss (soma) in area CA3 (arrow). Lower panel: Pilocarpine-P20 rat (R1). No difference was
detected between this slide and that of a saline (SA-P20) rat. Scale bar 5 450 mm.
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also suggests that the training method fits with
the rat’s behavioral adaptations to the natural
environment (Harrison, 1988, 1992; Neill &
Harrison, 1987).

SE induced by PI later in development
caused greater impairment in acquisition and
performance of the sound-source location
discrimination. This finding supports the
general conclusion that a neuroprotective
window occurs during early postnatal develop-
ment in the rat (Fisher et al., 1998; Holmes et
al., 1988; Stafstrom et al., 1993; Stafstrom et al.,
1992; Thurber et al., 1992). Another impor-
tant new discovery was that one episode of SE
at P20 caused a long-term impairment in
acquisition of sound-source location discrimi-
nation, even in the absence of SRS and
hippocampal cell loss. The PI-P20 rats were
able to perform the sound-source location
discrimination after extended training (data
not shown), thus the behavioral effects of SE
on P20 can be overcome by persistent behav-
ioral intervention.

Intertrial Responding

Saline rats responded at relatively high rates
during preliminary training on variable-interval
schedules of reinforcement. After sound dis-
crimination training began, responding during
the silent intertrial intervals (i.e., the extinction
component) declined rapidly to minimal levels.
Other investigators obtained similar results
(Burlile et al., 1985; Harrison, 1979, 1981). PI-
P20 rats did not develop high levels of ITI
responses. In contrast, PI-P45 rats made many
more responses during the silent intertrial
intervals. In addition, these animals were
hyperactive in the operant chamber and in
other settings (Liu, Gatt, et al., 1994). The
operant hyperactivity is consistent with Harri-
gan, Peredery, and Persinger (1990) who
injected adult rats with lithium plus PI, and
trained their rats using differential-reinforce-
ment-of-low-rate (DRL) schedules of reinforce-
ment. Their seizure rats’ IRTs did not conform
to the demands of the DRL schedules after
extended training. These findings, in concert,
suggest that a single SE episode in an adolescent
animal can cause hyperactive operant behavior.

Response Latencies

Three quarters of the saline control rats had
short response latencies. The PI rats typically

had longer response latencies, with the great-
est latencies found in the PI-P45 rats. Occa-
sional long latencies are also a characteristic
feature of humans with intractable generalized
seizures and mental retardation and are
usually associated with generalized epilepti-
form EEG activity (Neill et al., 1989).

Disruption of Auditory Adaptations by
Status Epilepticus

Here we consider how SE may have affected
the following adaptations to the auditory world:
auditory thresholds, detection of interaural
time and intensity differences, and reinforce-
ment of responses to novel sound sources.

The PI-P20 rats may have had slightly
elevated auditory thresholds, as indicated by
their lower than normal asymptotes of sound-
source location discrimination. The PI-P45 rats
may have had moderate to profound bilateral
hearing loss, as suggested by their greater
impairment in sound-source location discrim-
ination and sound/no-sound discrimination.
A similar effect was reported by Harrison
(1981), who found that 30-month-old Spra-
gue-Dawley rats had lower asymptotic levels of
sound-source location discrimination than 12-
month-old rats, which he attributed to changes
in auditory threshold with age. It would be
interesting to investigate behaviorally (Harri-
son & Turnock, 1975) or with auditory evoked
potentials (Meeren, van Cappellen van Wal-
sum, van Luijtelaar, & Coenen, 2001) whether
SRS causes a change in auditory sensory
thresholds. Patients with generalized epilepsy
show abnormal auditory evoked potentials that
correlate with the duration of epilepsy (Verle-
ger, Lefebre, Wieschemeyer, & Kompf, 1997).

Animals localize sound sources primarily by
detecting interaural amplitude and time dif-
ferences (Gourevitch, 1987). In the present
experiment, all PI-P20 rats and some PI-P45
rats could hear, as indicated by varying degrees
of differential control of responding by the
sound/no-sound difference, but their sound-
source localization was moderately to severely
impaired, possibly due to impairment in
detection of interaural cues. Hochester and
Kelly (1981) found that children with tempo-
ral lobe epileptic foci could localize single
clicks, but when paired clicks with small time
differences were used, the children were
impaired in localizing the leading click, which
depends upon interaural cues. Burlile et al.
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(1985) used a procedure similar to this study’s
to train normal and unilateral incudectomized
rats. (Unilateral incudectomy removes the
incus bone from one middle ear, and causes
a high auditory threshold in one ear, effec-
tively eliminating interaural cues). The incu-
dectomized rats could not perform sound-
source location discriminations, like the 2
most impaired PI-P45 rats in the present
experiment. In concert, these results suggest
that seizure-induced changes in brain may
produce long-term deficits in acquisition of
auditory spatial discriminations in rat and
human due, in part, to impairment in inter-
aural cue detection. Whether SE causes
localization impairments by increasing audito-
ry thresholds or by disrupting processing of
interaural cues is an intriguing question for
further investigation.

Orientation to novel stimuli is crucial for
rapid acquisition of auditory discrimination in
rat (Neill & Harrison, 1987). Without re-
inforcement of the novel stimulus-orienta-
tion-response relation, latent inhibition occurs
(Lubow, 1973) and further auditory condi-
tioning is slow in rats (Harrison, 1983). The
hippocampal structures damaged following
pilocarpine seizures are critical for auditory
conditioning (Luntz-Leybman, Bickford, &
Freedman, 1992; Sakurai, 1994) and memory
(Squire, 1993). Even a relatively minor surgical
manipulation of hippocampus causes a signifi-
cant impairment in auditory conditioning in
rats (Neill et al, 2001).

In PI-P45 rats, a continuous stream of
hyperactive behaviors precluded reinforce-
ment of orientation and exploration of the
novel sound sources. PI-P45 rats also displayed
persistent hyperactive exploration and loco-
motion in open field tests (Liu, Gatt, et al.,
1994). Similar effects were found by Stafstrom
et al. (1993). The amount of time spent
investigating novel objects was significantly
decreased by KA-induced SE at P30 and
P60 in rat; no difference was found in rats
exposed to SE at P5, P10 or P20 (Stafstrom
et al., 1993).

Reinforcement of a response in the pres-
ence of sound increases the probability of
orienting to and interacting with the sound
source. The salience of the location of the
sound source, and the biological predisposi-
tion to reapproach that location following
reinforcement, is prepotent in rat (Harrison,

1979; Neill & Harrison, 1987), dog (Konorski,
1967; Lawicka, 1964, 1968), cat (Grastyan &
Vereczkei, 1974), and monkey (Harrison et al.,
1971). The relation between orientation and
reinforcement may have been disrupted by SE,
especially at P45. Although the PI-P45 rats
often appeared to respond rapidly when
a stimulus occurred, responses frequently were
directed to the wrong location (e.g., toward
the nonoperating feeder instead of the sound-
ing speaker).

Acute Impairment Following Spontaneous Seizures

The durations of PI-induced seizures on P20
and P45 were not significantly different, yet SE
on P45 caused SRS and profound impairment
in auditory discrimination and lever pressing,
resulting from either epileptiform discharge
or prolonged postseizure effects. Short and
long response latencies alternated in PI-P45
rats, and transient impairments in these
animals could have occurred due to subtle
recurrent seizures. Such epileptic activity
would account for variability in performance
of the sound-source location discrimination
across trials. For example, Rat R15 (PI-P45)
responded correctly to the sound-source loca-
tions for extended blocks of trials, only to
become impaired later. PI-P45 rats had obvi-
ous SRS and became immobile and unrespon-
sive for entire sessions. Rat R18 (PI-P45) did
not respond during four sessions, and Rat R0
(PI-P45) made few responses in Session 13.
These long-duration impairments could have
been due to the postseizure effects of SRS,
a common pattern in cats following kindling
(Majkowski & Sobieszek, 1988) and in patients
who have intractable epilepsy and mental
retardation (Neill et al., 1989).

Chronic Impairment Following Status Epilepticus

In the present study, the PI-P45 rats, but not
PI-P20 rats, had substantial cell loss (soma) in
area CA3. Cell counting was not performed, so
we cannot rule out the possibility of hippo-
campal cell loss in the P20 rats. Liu, Nagao, et
al. (1994) showed that, although cell loss in
dorsal hippocampus clearly was evident on
visual inspection alone only with doses of PI of
380 mg/kg or greater, a computerized stereo-
logical estimation technique demonstrated
a significant reduction in neuron density in
the CA3 subregion at a lower dose (350 mg/
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kg). In the present study, only the hippocam-
pus was analyzed histologically, but impair-
ments in discrimination were probably due to
damage in other structures as well (Harrigan,
Peredery, & Persinger, 1990).

The question arises whether the hippocam-
pal damage in the P45 rats was due to the
initial SE, to SRS, or to both? Spontaneous
recurrent seizures following SE enhance den-
tate gyrus neurogenesis, and the production of
new neurons. These alterations may contribute
to ongoing pathological changes months
following SE (Cha et al., 2004). The so-called
‘‘two-hit’’ hypothesis suggests that SE may
render the immature brain vulnerable to
further seizure-induced injury (Hoffman et
al., 2004; Koh, Storey, Santos, Mian, & Cole,
1999; Schmid, Tandon, Stafstrom, & Holmes,
1999). The present data are in agreement with
this hypothesis, because only the PI-45 rats
developed SRS and had obvious hippocampal
damage with profound impairment of auditory
localization.

Implications for Clinical Intervention

An analog of the present behavioral method
has been used with adult humans who have
histories of SE from infancy or childhood,
poorly controlled epilepsy, and mental re-
tardation (Neill et al., 1989). These subjects
acquired the sound-source location discrimi-
nation slowly and erratically, in patterns re-
markably similar to those in the present
experiment. There is a strong association
between early onset seizures, cognitive impair-
ment, and developmental disorders (Besag,
2004; Holmes, 2004; Trevathan, 2004). Neill et
al. (1996) demonstrated that brief serial
seizures in rats caused a long-term impairment
in auditory location discrimination using the
go/no-go response paradigm. In concert,
these findings may have special importance
for evaluation and treatment of children who
may have suffered from seizures. We hypoth-
esize that the effects of seizures might not be
noticed until later, when severe impairments
in language and social behavior are noted. At
that point, extensive preliminary training of
developmentally delayed children (equivalent
to magazine training and shaping, followed by
extensive sound-source location training) may
be justified because such training may greatly
accelerate gains in social behaviors and lan-
guage acquisition.

The deleterious effects of SE and epilepsy
are compounded by the marked reduction in
reinforcement density that victims of SE can
experience. Low reinforcement density alone
may be responsible for low rates of appropriate
behavior. Conversely, reinforcement of audi-
tory discrimination probably decreased the
likelihood of abnormal brain electrical activity,
and contributed to improved performance
over time, in the auditory discrimination study
of epileptic mentally retarded humans by Neill
et al. (1989). Neill and Alvarez (1989) dem-
onstrated that a high frequency of prompts
and reinforcement for active behavior in the
everyday environment suppresses epileptiform
discharge by a factor of 10 in epileptic
mentally retarded humans. It is therefore
important to provide supplementary reinforce-
ment in the daily lives of children who have
such developmental disabilities, to ultimately
increase their own ability to obtain maximum
levels of reinforcers.

In conclusion, long-term damage due to SE
can be so monumental that prevention is an
important priority. Yang et al. (2000) were able
to protect the hippocampus from seizure-
induced damage using prenatal choline sup-
plementation in rats. Future behavioral inves-
tigations should focus on investigating the
impact of such effective preventive strategies
on auditory discrimination.
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