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2000.—NMDA antagonists and dopamine (DA) agonists produce neuropathological and/or behavioral changes in rats that
may model specific abnormalities in schizophrenia patients. In adult rats, NMDA antagonists and DA agonists disrupt sen-
sorimotor gating—measured by prepulse inhibition (PPI)—modeling PPI deficits in schizophrenia patients. In addition, high
doses of NMDA antagonists produce limbic system pathology that may model neuropathology in schizophrenia patients. We
examined these behavioral and neuropathological models across development in rats. Both the NMDA antagonist phencyclid-
ine (PCP) and the DA agonist apomorphine disrupted PPI in 16 day pups, demonstrating early developmental functionality in
substrates regulating these drug effects on PPI. In contrast, PCP neurotoxicity was evident only in adult rats. Brain mechanisms
responsible for the PCP disruption of PPI, and PCP-induced neurotoxicity, are dissociable across development. © 2000
Elsevier Science Inc.
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Sensorimotor Startle

 

STUDIES have demonstrated deficits in sensory and sensorim-
otor gating in schizophrenia spectrum patients (1–4,14,16,32).
One index of deficient sensorimotor gating in schizophrenia
patients—prepulse inhibition (PPI) of the startle reflex—can
also be measured across species, and is impaired in rats after
acute treatment with specific drugs, including dopamine (DA)
agonists (24,25,36,37,40) and NMDA antagonists (22,23).
Conceptual models link the substrates responsible for these
drug-induced PPI deficits in rats, with those that may underlie
PPI deficits in schizophrenia patients (38,39). Thus, informa-
tion regarding the neural basis for DA agonist or NMDA an-
tagonist effects on PPI in rats may ultimately advance our un-
derstanding of the pathophysiological basis for reduced PPI in
schizophrenia. The present studies were designed to assess
two aspects of these drug-induced PPI deficits in rats: (a) their
developmental time course, and (b) the developmental rela-
tionship between NMDA antagonist effects on PPI and

NMDA antagonist-induced neurotoxicity, which has also
been studied as a model for understanding the pathophysiol-
ogy of schizophrenia [cf. (30)].

The PPI-disruptive effects of the direct D
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/D
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 agonist
apomorphine (24) and the noncompetitive NMDA antago-
nist PCP (22) have been demonstrated by numerous labora-
tories using adult rats. One previous study demonstrated
PPI-disruptive effects of apomorphine in 36-day-old prepu-
bertal rats (21). No published studies have reported this
drug effect in younger rats, and no studies of the PPI-disrup-
tive effects of NMDA antagonists have been reported using
juvenile rats. An ability of these drugs to disrupt PPI early in
development would suggest functionality in brain substrates re-
sponsible for these drug effects; such information would be use-
ful for narrowing the list of candidate substrates for these effects.

Some animal models for the pathophysiology of schizo-
phrenia suggest that neonatal abnormalities in specific brain
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substrates lead to a delayed, postpubertal emergence of be-
havioral dysfunction (20,43,44). If prepubertal rats are sensi-
tive to DA agonist- and NMDA antagonist-induced disrup-
tions of PPI, the delayed postpubertal emergence of
behavioral abnormalities in animal models of schizophrenia
presumably would not reflect an immaturity within DA and
NMDA systems that regulate PPI.

Another effect of NMDA antagonists—cytotoxicity char-
acterized by vacuolization and other cellular changes—is de-
velopmentally sensitive, being evident in adult, but not juve-
nile rats (11). A second aim of this study was to examine the
temporal relationship between the neurotoxic and PPI-dis-
ruptive effects of PCP. A developmental dissociation between
these effects would suggest that the neural substrates respon-
sible for these effects might also be dissociable.

We now report that the PPI-disruptive effects of apomor-
phine and PCP are evident by 16–18 days of age in rats; but,
consistent with previous reports (11), only slight PCP-induced
neurotoxicity was observed in pups, and not until 30 days of
age. These findings suggest that the brain substrates regulat-
ing the apomorphine- and PCP-induced loss of sensorimotor
gating are functional early in the developing rat brain, and
that the brain substrates mediating PCP effects on PPI and
PCP-induced neurotoxicity are developmentally dissociable.

 

METHOD

 

Experimental Animals

 

A total of 179 Sprague–Dawley rat pups weighing 30–130 g,
16 pregnant adult female Sprague–Dawley rats weighing 250–
300 g, and 23 adult male Sprague–Dawley rats weighing 250–
300 g were used in these experiments. Timed pregnant female
rats were housed individually, and pups were housed with
their mothers until 5–7 days after birth; at that time rat pups
were sexed and “crossfostered,” i.e., redistributed so that each
litter was approximately the same size and contained an equal
number of male and female pups. At 21 days, rat pups were
weaned and housed in same-sex groups of three to five. Adult
male rats were housed in same-sex groups of two or three. A
reversed 12 L:12 D cycle was used (lights on at 1900, off at
0700 h) for at least 1 week prior to any testing or surgery. All
testing and drug administration occurred between 1000 and
1700 h, during the dark circadian phase. Rats were handled
prior to any procedures to minimize stress during behavioral
testing, and were given ad lib access to food and water except
during behavioral testing [for background for specific meth-
ods, e.g., circadian phase selection, animal handling proce-
dures, see (13)].

 

Drugs

 

PCP (saline vehicle, 0.5, 1.0, or 1.5 mg/kg) or apomorphine
(0.1% ascorbate/saline vehicle, 0.1, 0.25, or 0.5 mg/kg) was ad-
ministered subcutaneously (SC) to rat pups. For studies as-
sessing the effects of treatment with a neurotoxic dose of
PCP, saline vehicle or PCP (5.0 mg/kg) was administering sub-
cutaneously.

 

Apparatus

 

All startle experiments utilized four startle chambers (SR-
LAB; San Diego Instruments, San Diego, CA) housed in a
sound-attenuated room with a 60-dB ambient noise level. For
28–42-day-old rat pups, and adult rats, each startle chamber
consisted of a Plexiglas cylinder 8.7 cm in internal diameter
resting on a 12.5 

 

3

 

 25.5-cm Plexiglas stand. For 14-, 16-, and

18-day-old rat pups, each startle chamber consisted of a
smaller Plexiglas cylinder 3.75 cm in internal diameter resting on
a 12.5 

 

3

 

 25.5-cm Plexiglas stand. Acoustic stimuli and back-
ground noise were presented via a Radioshack Supertweeter
mounted 24 cm above the Plexiglas cylinder. Startle magni-
tude was detected and recorded as transduced cylinder move-
ment via a piezoelectric device mounted below the Plexiglas
stand. Acoustic stimulus intensities and response sensitivities
were calibrated (using an SR-LAB Startle Calibration Sys-
tem) to be nearly identical in each of the four startle chambers
(maximum variability 

 

,

 

1% of stimulus range and 

 

,

 

5% of re-
sponse ranges). Response sensitivities were calibrated for
adult and pup chambers separately, and recalibrated each
time the chambers were changed, always within the 

 

,

 

5% re-
sponse range. Chambers were also balanced across all experi-
mental groups. Sound levels were measured and calibrated
with a sound level meter (Quest electronics: Oconomowoc,
WI), A scale (relative to 20 N/M2), with microphone placed
inside the Plexiglas cylinder. Methodological details can be
found in published material (13).

 

Testing Procedures

 

In our testing apparatus, reliable measures of startle could
first be obtained in pups at 14 days of age. At 14, 28, or 42
days of age, different groups of rat pups were exposed to a
brief “matching” startle session. Adult rats (65–80 days of
age) were exposed to this “matching” session 3–7 days prior
to testing. Rat pups were placed in a startle chamber, and ex-
posed to 5 min of 70-dB background noise followed by 17
PULSE trials of 40-ms 120-dB noise bursts (“PULSE
ALONE”) and 5 PREPULSE 
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 PULSE trials consisting of a
20-ms 82-dB (12 dB above background) prepulse followed
100 ms by a 120-dB pulse (onset to onset). Data from this ses-
sion were used to assign rat pups to balanced groups accord-
ing to their average PULSE-ALONE startle magnitude.

For rat pups and juvenile rats, behavioral testing contin-
ued 2 days after the “matching” session. Sixteen- or 18-day-
old rat pups were brought to the laboratory in their home
cages, with their mothers to minimize stress before and after
testing. Weaned rats (30- or 32-day-old pups and 44-day-old
juvenile rats) were brought up to the lab with at least one lit-
termate to minimize stress. After 30 min, rat pups and juve-
nile rats were treated with either PCP (saline vehicle, 0.5, 1.0,
or 1.5 mg/kg) or apomorphine (0.1% ascorbate/saline vehicle,
0.1, 0.25, or 0.5 mg/kg) and placed immediately (apomor-
phine) or 10 min later (PCP) into the startle chambers, ac-
cording to established procedures [e.g., (13,21,22,24,38)]. We
previously reported that rat pups exhibit less robust PPI than
adult rats (21). For this reason, the test session for the rat
pups utilized a single relatively intense prepulse (15 dB above
background) to elicit maximal levels of PPI.

Each test session was approximately 20 min long, and con-
sisted of 5 min of 70-dB background followed by three trial
types: PULSE ALONE noise bursts; PREPULSE trials (20-
ms noise bursts 15-B above background, followed 100 ms by a
PULSE); and NOSTIM trials (stabilimeter recordings ob-
tained when no stimulus was presented). The session con-
sisted of 21 PULSE trials, 21 PREPULSE trials, and 21
NOSTIM trials presented in a balanced order so that
PREPULSE trials occurred immediately before and after
both PULSE and NOSTIM trials.

Adult rats were brought to the laboratory for 30 min and
then treated with saline or PCP (5 mg/kg) 10 min prior to a
test session. Each session was approximately 19 min long, and
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consisted of 5 min of 70-dB background of white noise fol-
lowed by four trial types: PULSE ALONE noise bursts; and
PREPULSE trials (20-ms noise bursts 3, 6, or 12 dB above
the 70-dB background noise, followed 100 ms by a PULSE).
The session consisted of four “blocks:” blocks 1 and 4 con-
sisted of four PULSE-ALONE trials, and blocks 2 and 3 in-
cluded both PULSE-ALONE (eight trials per block) and 3, 6,
and 12 PREPULSE 

 

1

 

 PULSE trials (five trials each per
block), presented in pseudorandom order with a variable in-
tertrial interval (average of 15 s). In addition, interspersed be-
tween each stimulus trial, stabilimeter readings were recorded
during periods where no stimulus was presented. These
“NOSTIM” trials were used to assess gross motor activity
during the test session, but were not included in the calcula-
tion of intertrial intervals.

 

Data Analysis

 

All startle data were analyzed using an analysis of variance
(ANOVA) with drug treatment, sex, and age as between-subject
factors, and block and trial type as within-subject repeated
measures. All post hoc comparisons were conducted using the
Tukey–Kramer test. Alpha was set at 0.05 for main effects
and interactions using ANOVA and 0.01 for post hoc com-
parisons.

 

Treatment and Test Schedule

Experiment 1A: Effects of PCP and apomorphine on PPI
in rat pups and juvenile rats. 

 

Sixteen- and 18-day-old rat pups:
rat pups (

 

n

 

 

 

5

 

 75) were tested on postnatal day 16 with acute ad-
ministration of PCP (saline vehicle, 0.5, 1.0, or 1.5 mg/kg; 

 

n

 

s 

 

5

 

18, 19, 19, and 19). Dose groups were then randomized, and
rats were retested on postnatal day 18 after acute treatment
with apomorphine (0.1% ascorbate/saline vehicle, 0.1, 0.25, or
0.5 mg/kg; 

 

n

 

s 

 

5

 

 18, 19, 19, and 19).
Thirty- and 32-day-old rat pups: rat pups (

 

n

 

 

 

5

 

 32) were
tested on postnatal day 30 following acute treatment with
PCP (saline vehicle, 0.5, 1.0, or 1.5 mg/kg). Dose groups were
then randomized, and rats were retested at postnatal day 32
after acute treatment with apomorphine (0.1% ascorbate/sa-
line vehicle, 0.1, 0.25, or 0.5 mg/kg).

Forty-four- day-old juvenile rats: juvenile rats (

 

n

 

 

 

5

 

 32)
were tested on postnatal day 44 following acute treatment with
PCP (saline vehicle, 0.5, 1.0, or 1.5 mg/kg). Apomorphine was
not tested in this age group, because previous reports have al-
ready documented the results of such studies (21).

 

Experiment 2: Effects of a neurotoxic dose of PCP on rat
pups and adult rats. 

 

Adult rats (

 

n

 

 

 

5

 

 17) and rat pups (

 

n

 

 

 

5

 

 20)
were treated with saline vehicle or PCP (5 mg/kg) and tested
in the startle paradigm. Other adult rats (

 

n

 

 

 

5

 

 2) and rat pups
(

 

n

 

 

 

5

 

 20) were treated with saline or PCP but not tested in the
startle paradigm. Brains were removed from animals approxi-
mately 4 h postinjection.

 

Histology/Tissue Preparation

 

Approximately 4 h after treatment with saline vehicle or 5
mg/kg PCP, rat pups (

 

n

 

 

 

5

 

 10 16-day-old and 

 

n

 

 

 

5

 

 10 30-day-old)
and adult rats (

 

n

 

 

 

5

 

 19) of both sexes were deeply anesthetized
with 420 mg/kg chloral hydrate/distilled water solution and per-
fused through the heart with physiological saline, followed by a
1.5% gluteraldelhyde/1% paraformaldehyde solution, and de-
capitated. Brains were removed and fixed in aldehyde for 24 h,
then cut into coronal sections using a razor-lade guillotine fash-
ioned to a sliding stage (patent pending SD 99-024). Brains

were then postfixed in 1.5% osmium tetraoxide for 1 h, dehy-
drated serially with ethanol,and cleared with propylene oxide.
Sections (0.5 mm

 

3

 

) of the posterior cingulate/retrosplenial (PC/
RS) cortex were then removed from these sections and embed-
ded in Embed (Epon 812, EMS Fort Washington, PA);
NMDA antagonist-induced neurotoxicity has previously been
observed within this region (8,9,11,12,28,29). Sections (0.5 

 

m

 

m)
were cut via an ultramicrotome, mounted on slides, and stained
with Azur II.

After reviewing this histologic material, an investigator
(NDH) chose a representative field of view within the PC/RS
from tissue within each drug, age, and sex condition (i.e., sa-
line vs. PCP; 16-day-old pup vs. 30-day-old pup vs. adult; and
male vs. female). Two other investigators “blind” to treat-
ment condition (ZAM, NRS) counted the number of neu-
ronal cell bodies in the representative view that were abnor-
mal, based on the presence of cytoplasmic abnormalities
previously described (11,12,28,29). Cell counts were com-
pared for interrater reliability using a Spearman Correlation
(

 

r

 

 

 

5

 

 0.90, 

 

p

 

 

 

,

 

 0.005).

 

RESULTS

 

Experiment 1: Effects of PCP and Apomorphine on PPI in 
Rat Pups and Juvenile Rats

Effects on startle magnitude. 

 

PCP: across development, star-
tle magnitude increased with age and PCP dose (Fig. 1, inset).
ANOVA with dose of PCP, sex, and age as between-subject
factors revealed a significant effect of PCP dose, 

 

F

 

(3, 115) 

 

5

 

4.11, 

 

p

 

 

 

,

 

 0.008, no significant effect of sex, 

 

F

 

(1, 115) 

 

5

 

 3.39,
NS, a significant effect of age, 

 

F

 

(2, 115) 

 

5

 

 80.02, 

 

p

 

 

 

,

 

 0.0001,
and a significant dose 

 

3

 

 age interaction, 

 

F

 

(6, 115) 

 

5

 

 2.22, 

 

p

 

 

 

,

 

0.05. No other interactions reached significance. In vehicle-
treated rats, the increase in startle magnitude occured be-
tween 30 and 44 days of age, 

 

F

 

(1, 16) 

 

5

 

 12.528, 

 

p

 

 

 

,

 

 0.003.
Apomorphine: in 18- and 32-day-old animals treated with

apomorphine, startle magnitude decreased with apomorphine
dose (Fig. 2, inset), and was also slightly lower in female vs.
male rats (data not shown). ANOVA with dose of apomor-
phine, sex, and age as between-subject factors revealed a sig-
nificant effect of apomorphine dose, 

 

F

 

(3, 91) 

 

5

 

 2.92, 

 

p

 

 

 

,

 

 0.04,
a significant effect of sex, 

 

F

 

(1, 91) 

 

5

 

 5.01, 

 

p

 

 

 

,

 

 0.03, a signifi-
cant effect of age, 

 

F

 

(2, 91) 

 

5

 

 32.27, 

 

p

 

 

 

,

 

 0.0001, and no signifi-
cant interactions.

 

Effects on PPI. 

 

PCP: PPI significantly increased with age,
and PCP significantly reduced PPI across development (Fig. 1).
ANOVA with PCP dose, sex, and age as between-subject fac-
tors revealed a significant effect of PCP dose, 

 

F

 

(3, 115) 

 

5

 

32.41, 

 

p

 

 

 

,

 

 0.0001, no significant effect of sex, 

 

F

 

(1, 115) 

 

5

 

 1.76,
NS, a significant effect of age, 

 

F

 

(2, 115) 

 

5

 

 3.88, 

 

p

 

 

 

,

 

 0.025, and
no significant interactions.

Apomorphine: apomorphine significantly reduced PPI
across development (Fig. 2). ANOVA with dose of apomor-
phine, sex, and age as between-subject factors revealed a sig-
nificant effect of apomorphine dose, 

 

F

 

(3, 91) 

 

5

 

 14.28, 

 

p

 

 

 

,

 

0.0001, no significant effect of sex, 

 

F

 

(1, 91) 

 

,

 

 1), a significant
effect of age, 

 

F

 

(1, 91) 

 

5

 

 3.99, 

 

p

 

 

 

,

 

 0.05, and no significant in-
teractions.

 

NOSTIM measures. 

 

Although NOSTIM data were used as
a gross measure of motor activity, it is important to note that
this measure is not comparable to more sophisticated mea-
sure of rat locomotion or stereotyped behavior. NOSTIM
data are included as an additional behavioral measure of drug
effects in these animals, across the developmental period of
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startle testing. Across development, PCP significantly in-
creased NOSTIM activity, and NOSTIM activity was greater
in males than in females. ANOVA with dose of PCP, sex, and
age as between-subject factors revealed a significant effect of
PCP dose, 

 

F

 

(3, 115) 

 

5

 

 9.55, 

 

p

 

 

 

,

 

 0.0001, a significant effect of
sex, 

 

F

 

(1, 115) 

 

5

 

 4.02, 

 

p

 

 

 

,

 

 [0.05, no significant effect of age,

 

F

 

(2, 115) 

 

,

 

 1, and no significant interactions (Table 1). Apo-
morphine significantly increased NOSTIM activity in both 18-
and 32-day-old rats, and NOSTIM activity was lower in 32-
day-old rats compared to 18-day-old rats. ANOVA with dose,
sex, and age as between-subject factors revealed a significant ef-
fect of apomorphine dose, 

 

F

 

(3, 91) 

 

5

 

 4.89, 

 

p

 

 

 

,

 

 0.004, no signifi-
cant effect of sex, 

 

F

 

(1, 91) 

 

,

 

 1, a significant effect of age, 

 

F

 

(1,
91) 

 

5

 

 8.72, 

 

p

 

 

 

, 0.004, and no significant interactions (Table 1).

Experiment 2: Effects of a Neurotoxic Dose of PCP on Rat 
Pups and Adult Rats

Histology. Sensitivity to PCP-induced neurotoxicity within
PC/RS cortex increased with age (Fig. 3). No abnormal cells
were observed in any saline-treated rats, and few or no abnor-
mal cells were observed in PC/RS cortex after PCP treatment
in 16-day-old pups. A small number of abnormal cells (ap-
proximately 10%) were observed in the PC/RS cortex of PCP-
treated 30-day-old pups; in PCP-treated adults, over 95% of
all cells were observed to be abnormal. In adults, abnormali-
ties observed in PC/RS neurons were pronounced, and consis-
tent with previous reports, included “foamy” cytoplasmic
changes with vacuolization (10,11,26,27) (Fig. 3).

Behavior. Sixteen-day-old pups: treatment with a neuro-
toxic dose (5 mg/kg SC) of PCP significantly decreased startle
magnitude in 16-day-old pups (Fig. 4A, inset). ANOVA with
PCP dose and sex as between-subject factors revealed a signifi-
cant effect of PCP dose, F(1, 16) 5 5.64, p , 0.04, no significant
effect of sex, F(1, 16) 5 3.39, p , 0.09, and no significant dose 3
sex interaction, F(1, 16) , 1. PCP also significantly reduced PPI
in 16-day-old pups (Fig. 4A). ANOVA with PCP dose and sex as
between-subject factors revealed a significant effect of PCP dose,
F(1, 16) 5 22.78, p , 0.0002, no significant effect of sex, F(1,
16) , 1, and no significant dose 3 sex interaction, F(1, 16) , 1.

Adult rats: treatment with neurotoxic doses (5 mg/kg SC)
of PCP had no significant effects on startle magnitude (Fig. 4B,
inset). ANOVA revealed no significant effect of PCP dose, F(1,
14) 5 1.37, NS). In contrast, PCP significantly reduced PPI (Fig.
4B). ANOVA revealed a significant effect of PCP dose, F(1,
14) 5 91.79, p , 0.0001, a significant effect of prepulse intensity,
F(2, 14) 5 8.78, p , 0.001, and no significant dose 3 intensity in-
teraction, F(2, 14) 5 2.76, p , 0.08. Because different startle
test session were used in pups and adult rats for this neurotox-
icity study (see above, Method section), it is not meaningful to
compare these particular PPI findings across age groups.

DISCUSSION

There is a paucity of information related to the develop-
mental time course of drug effects on PPI in rats. The ability
of drugs to modify PPI at a particular developmental stage in-

FIG. 1. Effects of PCP on PPI in 16- and 32-day-old rat pups and 44-day-old juvenile rats. Error bars represent SEM. PCP produced a reduction
of PPI in male and female rats. This reduction was statistically significant at the 1.0 and 1.5 mg/kg doses. *p , 0.01 vs. vehicle, by Tukey–Kramer
post hoc comparison, following significant main effect of dose by ANOVA. Inset: mean startle magnitude.
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dicates functionality within specific brain systems that regu-
late PPI. Because these drug effects have been used in models
for understanding the pathophysiology of schizophrenia, their
developmental course is quite relevant to the evolving neu-
rodevelopmental hypotheses for this disorder.

In the present study, both PCP and apomorphine signifi-
cantly disrupted PPI in rats by 16–18 days of age. It is very
conceivable that brain substrates responsible for these effects
predate this age, but earlier measures of PP and drug sensitiv-
ity could not be assessed in our present startle apparatus. At
this point in development, reports based on both behavioral
(17,18) and volumetric studies (42) indicate that prefrontal
cortex afferents and efferents are still developing. Although

the neural basis for the PCPdisruption of PPI is not known,
the present findings indicate that this behavioral effect does not
require full maturity within the prefrontal cortex. The ability of
apomorphine to disrupt PPI is thought to depend greatly on the
function of DA receptors within subcortical DA terminal fields
in the nucleus accumbens and striatum (36). Although D2/D3
DA receptors are not present at adult levels until after 21 days
of age (34), the present findings indicate that by 18 days of age,
DA receptors are present earlier in numbers capable of regulat-
ing PPI, presumably via their impact on descending circuitry
that innervates the primary startle pathway [cf.(16,39)].

The present findings demonstrate that the effects of PCP
and apomorphine on PPI are not dependent on postpubertal

FIG. 2. Effects of apomorphine on PPI in 18- and 32-day-old rat pups. Error bars represent SEM. Apomorphine produced a reduction of PPI in
male and female rats. This reduction was statistically significant at all the 0.5 and 0.25 doses. *p , 0.01 vs. vehicle, by Tukey–Kramer post hoc
comparison, following significant main effect of dose by ANOVA. Inset: mean startle magnitude.

TABLE 1
MEAN (SEM) NOSIM VALUES FOR  EXPERIMENT 1

Group n Acute Drug Dose

PCP dose vehicle 0.5 mg/kg 1.0 mg/kg 1.5 mg/kg
16 day olds 75 0.20 (0.10) 0.07 (0.05) 1.35 (0.31) 1.50 (0.46)
30 day olds 32 0.10 (0.10) 0.00 (0.00) 1.31 (1.30) 0.66 (0.22)
44 day olds 32 0.02 (0.02) 0.01 (0.01) 0.21 (0.10) 2.16 (0.76)

Apomorphine dose vehicle 0.1 mg/kg 0.25 mg/kg 0.5 mg/kg
18 day olds 75 0.20 (0.13) 1.21 (0.29) 2.87 (0.58) 1.18 (0.31)
32 day olds 32 0.03 (0.02) 0.05 (0.03) 0.60 (0.51) 0.76 (0.47)
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changes in the rat central nervous system. These drug effects
must, thus, be mediated by brain processes that differ funda-
mentally from those responsible for the delayed postpubertal
emergence of behavioral abnormalities observed in other ani-
mal models of the pathophysiology of schizophrenia, including
those resulting from neonatal lesions of the ventral hippocam-
pus (20,21). Evidence for apomorphine and PCP effects on
gross motor activity (NOSTIM measures) confirms the sensi-
tivity of other brain substrates to apomorprhine and PCP in
16–18-day-old pups. Numerous reports have confirmed the in-
dependence of drug effects on gross motor activity (e.g.,
NOSTIMs or startle magnitude) and PPI [cf. (35)]; in the
present studies, there was a clear dissociation between drug ef-
fects (both apomorphine and PCP) on startle magnitude and
PPI, and certain patterns of drug effects on NOSTIM activity
(e.g., “inverted-U” dose effects on NOSTIM activity of PCP in
30-day-old pups and apomorphine in 18-day-old pups, sex dif-
ferences, etc.) were clearly absent in measures of PPI.

The ability to characterize sensitivity to the PPI-disruptive
effects of apomorhine and PCP in rat pups may provide im-
portant logistical benefits in studies utilizing PPI as a pheno-
typic marker for identifying candidate genes in neuropsy-
chiatric disorders. Reports have identified differences in
apomorphine sensitivity across rat strains (33,41), and within
strains, across rat suppliers (33), suggesting that subtle genetic
drift might lead to marked changes in this phenotype. For ex-
ample, a recent report (15) noted that Sprague–Dawley-derived
rats from one supplier (Bantin-Kingman, Hull, UK) were in-
sensitive to the PPI-disruptive effects of apomorphine, in
stark contrast to the present findings, and to numerous other

reports with Sprague–Dawley-derived rats from another sup-
plier (Harlan Laboratories, Indianapolis, IN) [e.g., (21,23,
26,38)]. Initial pharmacogenetic strategies have been success-
fully applied to PPI, using apomorphine sensitivity as a defining
phenotype (7), and the present studies suggest that genera-
tional characteristics of this phenotype might be detectable as
early as 16 days of age, which should facilitate rapid “through-
put” and economical experimental designs.

No published data document the age of onset of PPI defi-
cits in individuals who develop schizophrenia. In one sce-
nario, PPI deficits might be expected to precede the onset of
schizophrenia symptoms, because these deficits are also de-
tected in unaffected family members and individuals with
schizotypal personality disorder (4,5), suggesting that these PPI
deficits may be a marker for a schizophrenia predisposition or
trait. Alternatively, it is possible that the drug-induced loss of
PPI in rat pups reflects experimentally induced neurochemical
conditions (e.g., hypoglutamatergic or hyperdopaminergic
states) similar to ones that evolve in schizophrenia (and per-
haps in unaffected family members), only postpuberty. If this
is the case, we might expect normal levels of PPI in children at
risk for schizophrenia. Clearly, longitudinal studies of at-risk
populations will add to our understanding of the develop-
mental relationship between brain systems regulating PPI,
and those responsible for the emergence of schizophrenia
symptoms.

In the present study, there was a dissociation between the
developmental time course for PCP effects on PPI and that
for PCP-induced neurotoxicity. Specifically, while rat pups
exhibited an “adult level” sensitivity to the PPI-disruptive ef-

FIG. 3. Neurons from PC/RS in 16-day-old male rat pups 4 h after subcutaneous administration of
saline vehicle (A) or 5 mg/kg PCP (B). Neurons from PC/RS in adult male rats 4 h after subcutaneous
administration of saline vehicle (C) or 5 mg/kg PCP (D).
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fects of PCP that was stable across development, sensitivity to
the neurotoxic effects of PCP was not readily observable in
16-day-old pups, and only emerged later in development. This
latter observation is consistent with previous reports of negli-
gible cytotoxicity produced by the noncompetitive NMDA
antagonist dizocilpine (MK-801) in rat pups (11), and might
conceivably be related to developmental changes in the sensi-

tivity to postketamine emergence phenomena in humans
(6,10,19,27,31,35). The present findings indicate that the PPI-
disruptive and neurotoxic effects of PCP are mediated by dif-
ferent brain substrates, or at least different neuronal mecha-
nisms. These findings of a dissociation between neurotoxic
and behavioral effects of PCP are also consistent with recent
work from our laboratory, which demonstrates intact PPI fol-

FIG. 4. (A) Effects of a neurotoxic dose (5 mg/kg SC) of PCP on PPI in 16-day-old rat pups, elicited by
15-dB prepulses. Error bars represent SEM. PCP significantly reduced PPI in male and female rat pups.
Inset: mean startle magnitude. (B) Effects of a neurotoxic dose (5 mg/kg SC) of PCP on PPI in adult
male rats, elicited by 3-, 6-, and 12-dB prepulses. Error bars represent SEM. For ease of presentation,
PPI values are presented as the average across all three prepulse intensities (3, 6, and 12 dB above back-
ground). PCP significantly reduced PPI in adult male rats. Inset: mean startle magnitude. *p , 0.05,
**p , 0.01 vs. vehicle by ANOVA.
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lowing sustained treatment with PCP at a time when neuroan-
atomic, neurochemical, and metabolic evidence of neurotox-
icity is found (26). However, this apparent dissociation
between neurotoxic and behavioral effects does not preclude
the possibility that diminished glutamate function in schizo-
phrenia may contribute both to the observed loss of PPI and
to the reported cytoarchitectural abnormalities in this disor-
der. If this is the case, the present results indicate that the PPI
deficits might be detectable at an earlier stage of development
(as in the present 16-day-old pups), prior to the postpubertal
maximal sensitivity to the neurotoxic effects of reduced
glutamate activity. Again, such an hypothesis could be best

tested via longitudinal measures of PPI in children and ado-
lescents at risk for developing schizophrenia.
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