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Effects of Sustained Phencyclidine Exposure on

Sensorimotor Gating of Startle in Rats
Zoé A. Martinez, M.A., Gaylord D. Ellison, Ph.D, Mark A. Geyer, Ph.D,

and Neal R. Swerdlow, M.D., Ph.D

Phencyclidine (PCP), a non-competitive NMDA
antagonist with actions at multiple other central nervous
system receptors, can cause both acute and lasting
psychoses in humans, and has also been used in cross-
species models of psychosis. Acute exposure to PCP in rats
produces behavioral changes, including a loss of prepulse
inhibition (PPI) of the startle reflex, which parallels the loss
of PPI observed in schizophrenia patients. Sustained
exposure to PCP in rats produces neuropathological
changes in several limbic regions and prolonged behavioral
abnormalities that may parallel neuropsychological deficits
in schizophrenia. It is unclear whether sustained PCP
exposure will also produce a loss of prepulse inhibition

which parallels the decrease observed in schizophrenia
patients. In the present study, we examined changes in PPI
during and after sustained PCP administration, using
5-day PCP exposure via subcutaneous osmotic minipumps,
or 14-day PCP exposure via repeated intraperitoneal
injections. In both forms of drug delivery, PPI was
disrupted during, but not after, sustained drug exposure.
PPI does not appear to be sensitive to neuropathological
effects of sustained PCP exposure.
[Neuropsychopharmacology 21:28-39, 1999]
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Schizophrenia patients demonstrate abnormalities in
information processing as measured by deficits in spe-
cific behavioral measures. Among these abnormalities,
schizophrenia patients exhibit deficient prepulse inhibi-
tion (Braff et al. 1978, 1992; Swerdlow et al. 1994).
Prepulse inhibition (PPI) is the reduction in startle mag-
nitude that occurs when the startling stimulus is pre-
ceded 30-500 msec by a weak stimulus, or “prepulse.”
A relationship between PPI and clinical symptoms in
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schizophrenia is demonstrated by the significant corre-
lation between PPl and measures of thought disorder
(Perry and Braff 1994) and positive and negative symp-
toms (Braff et al. 1995) in schizophrenia patients.

PPI can be studied across species and has been
shown to be useful in animal studies of sensorimotor
gating. In rats, PPl is disrupted by acute treatment with
dopamine (DA) agonists (Swerdlow et al. 1986, 1990a,b;
Mansbach et al. 1988) or N-methyl-D-aspartate (NMDA)
antagonists (Mansbach and Geyer 1989, 1991); the ef-
fects of DA agonists can be reversed by typical or atypi-
cal antipsychotics, while those of NMDA antagonists
are reversed preferentially by clinically atypical antipsy-
chotics (Keith et al. 1991; Swerdlow and Geyer 1993;
Hoffman et al. 1993; Swerdlow et al. 1994; Bakshi et al.
1994). In addition, neuroanatomical and neurochemical
manipulations in rats within brain circuitry implicated
in the neuropathology of schizophrenia also produce
these schizophrenia-like PPI deficits (cf. Swerdlow and
Geyer 1998). These findings provide insight into neural
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circuit abnormalities that might contribute to the loss of
PPl in schizophrenia patients.

PPI deficits in schizophrenia presumably reflect neu-
ronal perturbations that are long-standing, and which
may not be modelled optimally by acute and transient
drug effects (Sams-Dodd 1998). Although no studies
have examined the effects on PPI of sustained or re-
peated exposure to NMDA antagonists, lasting neuro-
pathological and behavioral effects of prolonged expo-
sure to NMDA antagonists have been reported. For
example, neuropathological damage is observed after
sustained phencyclidine exposure via subcutaneous
minipumps (Ellison and Switzer 1993; Ellison 1994) and
lasting behavioral deficits are reported after repeated
systemic injections of PCP (Jentsch et al. 1997). In the
present studies, we examined the effects of sustained or
repeated exposure to PCP on PPI in rats, using the pre-
cise methodologies reported by different investigative
groups to produce neuropathological damage (Ellison
and Switzer 1993; Ellison 1994) and/or significant be-
havioral abnormalities in rats (Jentsch et al. 1997) that
may parallel specific abnormalities in schizophrenia pa-
tients.

METHODS
Rats

A total of 115 female Sprague-Dawley rats, weighing
225-275 g and 32 male Sprague-Dawley rats (Harlan Lab-
oratories, San Diego, CA), weighing 250-300 g were used
in these experiments. Female rats were used for experi-
ments utilizing minipump delivery of PCP, while male
rats were used for experiments utilizing repeated PCP
injections, according to the published literature for these
two models of sustained and subchronic PCP exposure
(Ellison and Switzer 1993; Ellison 1994; Jentsch et al. 1997).
Rats were housed in same-sex groups of two or three,
except for those with implanted minipumps, which were
housed singly, to prevent excessive perturbation of the
pumps. A reversed 12-hour light/dark cycle was used
(lights on at 1900, off at 0700); surgery and all testing oc-
curred between 1000 and 1700. Rats were handled prior
to any procedures to minimize stress during behavioral
testing, and were given ad libitum access to food and
water except during surgery and behavioral testing.

Drugs

In studies examining acute drug effects on PP, saline (1 =
8) or phencyclidine (PCP HCI) (0.25,0.75, 1.5 mg/kg, n =
8, 8, and 9, respectively) was administered subcutane-
ously (SC) to female rats, and saline or 10 mg/kg PCP
(n = 16 per group) was administered intraperitoneally
(IP) to male rats. An additional study was conducted to
establish a dose-response curve for apomorphine in fe-
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male rats; in this study, vehicle (0.01% ascorbate/saline
solution, n = 9) or apomorphine (0.1, 0.2, 0.4 mg/kg,
n=29,9,and 8, respectively) was administered subcuta-
neously to female rats. In studies examining acute drug
effects on animals pre-exposed to sustained administra-
tion of PCP, PCP (0.75 mg/kg) or apomorphine (0.2
mg/kg) was administered SC to female rats, based on
dose-response effects in naive rats. For sustained ad-
ministration, osmotic minipumps (Alza Corporation,
Palo Alto, CA) filled to deliver 2.73 (n = 15) or 5.45 (n =
14) mg/day PCP HCl were implanted SC under hal-
othane anesthesia. Control rats (n = 18) received silastic
polymer pellets of approximately the same size and
shape as the minipumps (Lipton et al. 1991). For experi-
ments with repeated daily injections, male rats received
IP injections of saline or 10 mg/kg PCP HCl daily for 14
consecutive days.

Surgery

Implantation of the subcutaneous minipumps was per-
formed under halothane anesthesia. Rats were initially
anesthetized by exposing them to a bell jar containing
vaporized halothane. After this, a small area on the
back, directly behind the head, was shaved and the rat
was placed into a stereotaxic apparatus with a nose
cone that delivered a mixture of halothane and air. The
area to be incised was cleaned with an alcohol swab,
while tail pinch and visual observation of respiratory
movements were used to assess sufficient levels of an-
esthesia. Once the animal was sufficiently and stably
anesthetized, a small incision was made with a scalpel,
a small subcutaneous pocket was created using blunt
dissection, a pump or two pellets were inserted and the
incision was closed with wound clips. Explantation in-
volved a similar procedure, with an incision made be-
low the previous incision through which the pump or
pellets were removed.

Apparatus

All 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. Each startle chamber consisted of a plexiglas cyl-
inder 8.2 cm in diameter resting on a 12.5 X 25.5 cm
plexiglas stand. Acoustic stimuli and background noise
were presented via a Radioshack Supertweeter mounted
24 cm above the plexiglas cylinder. Startle magnitude
was detected and recorded by a microcomputer and in-
terface assembly (San Diego Instruments) as transduced
cylinder movement via a piezoelectric device mounted
below the plexiglas stand. Startle magnitude was de-
fined as the average of 100 readings collected every 1
ms beginning at the onset of the acoustic noise burst.
Acoustic stimulus intensities and response sensitivities
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were calibrated (using an SR-LAB Startle Calibration
System) to be nearly identical in each of the four startle
chambers (maximum variability <1% of stimulus range
and <5% of response ranges). Chambers were also bal-
anced across all experimental groups. Sound levels
were measured and calibrated with a sound level meter
(Quest Electronics, Oconomowoc, WI), A scale (relative
to 20 pN/M2), with microphone placed inside the
plexiglas cylinder. Airpuff stimuli (10 psi, 40 ms dura-
tion) were regulated at the air supply, and were di-
rected 2.0 cm above the animal’s back via a copper tube
of 0.5 cm diameter. The SR-LAB system controlled de-
livery of acoustic and airpuff stimuli. Methodological
details can be found in published material (Geyer and
Swerdlow 1998).

Testing Procedures

Three to seven days prior to testing, all rats were ex-
posed to a brief “matching” startle session. Rats were
placed in a startle chamber, (a closed plexiglas cylinder)
and exposed to 5 minutes of 70-dB background noise
followed by 17 PULSE trials of 40 ms 120-dB noise
bursts (PULSE ALONE) and 5 PREPULSE + PULSE tri-
als consisting of an 82-dB (12 dB above background)
prepulse followed 100 ms by a 120-dB pulse. Data from
this session were then used to assign rats to balanced
groups according to their average PULSE ALONE star-
tle magnitude.

Behavioral testing began 8-14 days after rat ship-
ment arrival. Rats were brought to the laboratory for 30
minutes and then either treated with vehicle or drug
(PCP or apomorphine) 10 minutes prior to a test session
(Acute Test) or simply placed into the startle chamber
(Sustained Test). Each session was approximately 19
minutes long and consisted of 5 minutes of 70-dB back-
ground followed by four trial types: PULSE ALONE
noise bursts; and PREPULSE trials which consisted of
20 ms noise bursts 3, 6, or 12 dB above 70-dB back-
ground noise followed 100 ms by a PULSE. The session

Table 1. Treatment and Testing Schedule
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consisted of four “blocks”: blocks 1 and 4 consisted of
four PULSE ALONE trials, and blocks 2 and 3 included
both PULSE ALONE (eight trials per block) and 3, 6,
and 12 PREPULSE + PULSE trials (five trials each per
block), presented in pseudorandom order with a vari-
able inter-trial interval (average of 15 seconds). In addi-
tion, interspersed between each stimulus trial, 100 ms of
response was recorded during periods where no stimu-
lus was presented. These trials were called NOSTIM tri-
als and were used to assess gross motor activity during
the test session but were not included in the calculation
of intertrial intervals. Importantly, while NOSTIM ac-
tivity can be used as a gross measure of drug “bioactiv-
ity,” it is not comparable to more sophisticated mea-
sures of rat locomotion or stereotyped behaviors. For
example, doses of amphetamine that reduce PPI and
stimulate locomotor activity have no significant effect
on NOSTIM values (Mansbach et al. 1988).

Blocks 1 and 4 were used to calculate acoustic startle
reflex habituation (magnitude reduction with repeated
stimulus presentations). Although schizophrenia patients
exhibit deficits in acoustic startle habituation (Geyer and
Braff 1982), tactile (airpuff) startle habituation is more
reliably affected by drugs (Geyer and Braff 1982). Hence,
immediately upon completion of acoustic startle test-
ing, startle was measured in some rats during exposure
to 100 tactile stimuli (10 psi 40 ms airpuffs; PUFF) with
a fixed inter-trial interval of 10 seconds.

TREATMENT AND TEST SCHEDULE

For a summary of treatments and test schedules, see
Table 1.

Experiment 1: Subcutaneous PCP Minipumps

No published studies have documented the effects of
PCP on acoustic startle in female rats. To assess the ef-

Experiment 1

Group Treatment Day 1 Day 3 Day 5 Day 15 Day 16
1 SC PCP injection Test
(veh, 0.25,0.75, 1.5 mg/kg) 10 min post-PCP
2 PCP Minipump Pump Test Pump Test  PCP challenge -Group 2A
0,2.73,5.45 mg/d) implanted removed APO challenge-Group 2B

Experiment 2
Group Treatment Day 1 Day 3 Day14 Day16 Days 24/31
3 Daily ip PCP injection Test Test

(veh, 10 mg/kg) 10 min post-PCP 10 min post-PCP
4 Daily ip PCP injection Injections Test Final daily = Test Test

(veh, 10 mg/kg) begin 6 h post-PCP injection
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fects of subcutaneous PCP administration on the critical
behavioral variables, startle and PPI were measured in
one group of female rats (Group 1) 10 minutes after SC
injection of vehicle or one of three doses of PCP (0.25,
0.75, and 1.5 mg/kg). These doses were selected based
on published dose-response effects in male rats (Mans-
bach and Geyer 1989). A second group of rats (Group 2)
was tested, 3 days after implantation of subcutaneous
osmotic minipumps, to assess the effects of sustained
PCP administration on startle, at a time when blood lev-
els of PCP are elevated. Minipumps were removed after
the fifth day of PCP exposure. Ten days later, these rats
were retested to assess any lasting effects of the 5-day
PCP exposure on startle, at a time when neurotoxic ef-
fects of such exposure have been observed (Ellison and
Switzer 1993; Ellison 1994). Finally, in two “challenge”
experiments, PPl was assessed in these rats after treat-
ment with “threshold” doses of either PCP (Group 2A)
or the DA agonist apomorphine (Group 2B), to deter-
mine whether sustained exposure to PCP increased the
sensitivity of the rats to the PPl-disruptive effects of
these agents. Some reports suggest that schizophrenia
patients exhibit an increased behavioral and neuro-
chemical responsivity to acute challenge with NMDA
antagonists (cf. Domino 1964; Lahti et al. 1995a,b).

Experiment 2: Repeated Intraperitoneal
PCP Injections

Startle was assessed in one group (Group 3) of rats 10
minutes after a single IP injection of vehicle or PCP (10
mg/kg), to determine the acute effects of a single IP in-
jection of this dose of PCP on startle. These rats then re-
ceived daily injections of vehicle or PCP. Startle was re-
assessed in these rats 10 minutes after their third daily
IP injection, to determine the effects of these repeated
injections on startle at a time of elevated PCP blood lev-
els. A separate group of rats (Group 4) was given iden-

PCP acute dose and "challenge"

60
S0 i
40 -

30 4

> D e

20 1

.

% Prepulse Inhibition

VEH 0.25 0.75 1.5

dose PCP (mg/kg sc)

Drug naive
Sustained - vehicle
Sustained - 2.73 mg/d
Sustained - 5.45 mg/d
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tical daily injections of vehicle or PCP, and was tested 6
hours after their third daily injection, to assess any last-
ing effects of PCP on startle that might be evident at
that time. These rats continued to receive daily injec-
tions of either vehicle or PCP (10 mg/kg) for 14 consec-
utive days, and startle was assessed 2, 10, and 17 days
after cessation of these repeated injections, at times
when lasting behavioral and neurochemical effects of
repeated PCP injections have been observed (Jentsch et
al. 1997).

Data Analysis

For all ACUTE studies, rats were tested only once. For
the SUSTAINED studies, rats remained in only one
drug group (e.g., vehicle or PCP) and were tested re-
peatedly. All data were analyzed using an analysis of
variance (ANOVA) with drug treatment as a between-
subject factor and block and trial type as within-subject
repeated measures. All post hoc comparisons were con-
ducted using the Tukey-Kramer test. Due to the multi-
ple comparisons pursued in these experiements, alpha
was set at 0.01.

RESULTS
Experiment 1: PCP Minipumps

Effects on Startle Magnitude. PCP had no significant
effects on startle magnitude in any of the acute or sus-
tained treatment phases (data not shown). For female
rats treated acutely with PCP via SC injections (to deter-
mine whether PCP reduces PPI in female rats), ANOVA
revealed no significant effect of PCP dose on startle
magnitude (F[3,28] = 2.83, ns). On day 3 after mini-
pump implantation, ANOVA revealed no significant
effect of PCP dose on startle magnitude (F[2,45] < 1).

Figure 1. Percent prepulse inhibition, col-
lapsed across all three prepulse intensities
(3, 6, and 12 dB), in drug naive female rats
treated with PCP (vehicle, 0.25, 0.75, or 1.5
mg/kg SC, n = 8, 8, 8, and 9) and female
rats exposed to 5 days of continuous admin-
istration of vehicle (n = 9) or PCP (2.73, 5.45
mg/day, n = 8, 7) administered a sub-
threshold dose of PCP (0.25 mg/kg SC).
Error bars indicate SEM.
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Similarly, on day 15 (10 days after minipump removal),
ANOVA of startle magnitude revealed no significant
effect of PCP dose (F[2,45] < 1). Lastly, on day 16 (11
days after minipump removal), ANOVA of startle mag-
nitude revealed no significant effect of prior PCP dose
(i.e., minipump group assignment) in rats challenged
with subthreshold doses of PCP (F[2,21] < 1), or apo-
morphine (F[2,21] = 2.40, ns).

Effects on PPI.  Acute SC administration of PCP in fe-
male rats resulted in a dose-dependent reduction in PPI,
at doses comparable to those reported to reduce PPI in
male rats (Mansbach and Geyer 1989) (Figure 1). No
analyses of PPI revealed significant interactions of drug
dose X trial block. For ease of presentation, all data are
presented collapsed across Blocks 2 and 3. ANOVA of
PPI with dose of PCP as a between-subject factor, and
with prepulse intensity as a within-subject factor re-

A.
DAY 3 of Minipump
c
L2
=
=
£
[}
N
]
o
e
o
®
-20
VEH 2.73 5.45
dose PCP (mg/d)
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DAY 10 Post Minipump
70 -

LA}
o
i —

(9]
o
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vealed a significant effect of dose (F[3,28] = 8.38, p <
.0004) and a significant effect of prepulse intensity
(F[2,56] = 35.65, p < .0001), but no significant dose X in-
tensity interaction. Tukey-Kramer comparisons re-
vealed that, compared to vehicle and lower doses of
PCP, 1.5 mg/kg PCP significantly reduced PPI (p < .01,
all comparisons). Sustained PCP administration (Figure
2A) via osmotic minipump significantly reduced PPI on
day 3 after minipump implantation. ANOVA of PPI
with dose of PCP as a between-subject factor, and with
prepulse intensity as a within-subject factor revealed a
significant effect of PCP dose (F[2,45] = 26.32, p < .0001),
a significant effect of prepulse intensity (F[2,45] = 53.68,
p < .0001), and a significant dose X intensity interaction
(F[4,45] = 3.29, p < .02). Tukey-Kramer comparisons re-
vealed that both “high”-dose (5.45 mg/day) and “low”-
dose PCP rats exhibited significantly less PPI compared to
saline rats (p < .01 all comparisons).

Prepulse
Intensity (dB(A)):

Figure 2. (A) Percent prepulse inhi-
bition in female rats treated with PCP
for 3 days continuously via implanted
subcutaneous pellets (vehicle, n = 18)
or minipumps (2.73, 5.45 mg/d, n =
15, 14). [* indicates statistically signifi-
cant reduction of PPI by both low
(2.73 mg/d) and high (5.45 mg/d)
doses of sustained PCP compared to
vehicle by Tukey post-hoc analysis
(alpha = 0.01).] (B) Percent prepulse
inhibition in female rats 10 days after
treatment with PCP for 5 days contin-
uously via implanted subcutaneous
pellets (vehicle) or minipumps (2.73,
5.45 mg/d). Error bars indicate SEM.

Prepulse
Intensity (dB(A)):




NEUROPSYCHOPHARMACOLOGY 1999—VOL. 21, NO. 1

Sustained PCP exposure did not produce lasting PPI
deficits (Figure 2B). Rats were tested on day 10 after re-
moval of the minipumps, at which time long-term neu-
ropathological changes have been observed (Ellison and
Switzer 1993; Ellison 1994). ANOVA of PPI with PCP
dose as a between-subject factor, and prepulse intensity
as a within-subject factor revealed no significant effect of
PCP dose (F[245] = 1.08, ns), a significant effect of
prepulse intensity (F[2,45] = 81.87, p < .0001), and no
significant dose X intensity interaction (F[4,45] < 1).

After sustained exposure to PCP, rats did not exhibit
changes in sensitivity to PCP effects on PPI (Figure 1).
Half of these rats (n = 24) were “challenged” on day 11
after removal of minipumps with a subthreshold dose
of PCP (0.25 mg/kg; based on ACUTE SC administra-
tion, Figure 1) to assess whether or not sensitivity to
PCP had been altered by sustained treatment. ANOVA
of PPI, with previous sustained PCP dose as a between-
subject factor, and with prepulse intensity as a within-
subject factor, revealed no significant effect of previous
PCP dose (F[2,21] < 1), a significant effect of prepulse
intensity (F[2,21] = 72.05, p < .0001) and a significant
dose X intensity interaction (F[4,21] = 3.09, p < .03).
This significant interaction reflected the fact that, com-
pared to vehicle and high-dose PCP groups, PPI in low-
PCP-dose group rats was nonsignificantly reduced for
6- and 12-dB trials, but not for 3-dB trials (p > .05, all
comparisons). The other half of the rats (n = 23) were
challenged on day 11 after minipump removal with a
subthreshold dose of apomorphine (0.2 mg/kg; based
on ACUTE SC administration, Figure 3) to assess
whether or not sensitivity to dopamine receptor-medi-
ated effects of apomorphine on PPI had been altered by
sustained treatment with PCP. ANOVA of PPI with
previous PCP dose as a between-subject factor, and with
prepulse intensity as a within-subject factor, revealed no
significant effect of previous PCP dose (F[2,21] < 1), a
significant effect of prepulse intensity (F[2,21] = 24.75,
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p < .0001) and no significant dose X intensity interac-
tion (F[4,21] < 1).

Effects on Habituation. Lastly, 10 days after minipump
removal, sustained exposure to PCP did not produce
long-term effects on startle habituation to repeated
acoustic PULSES or to repeated “airpuffs” (Table 2). For
acoustic stimuli (Blocks 1 vs. 4), ANOVA of startle mag-
nitude with previous PCP dose as a between-subject
factor revealed no significant effect of dose (F[2,45] =
1.14, ns), a significant effect of trial block (F[2,45] =
68.24, p < .0001) and no significant dose X block inter-
action (F[4,45] < 1). For tactile stimuli (10 blocks of 10
trials), ANOVA of startle magnitude revealed no signif-
icant effect of previous PCP dose (F[2,45] < 1), a signifi-
cant effect of block (F[9,45] = 19.13, p < .0001) and no
significant dose X block interaction (F[4,45] = 1.62, ns).
Lastly, ANOVA of percent change score revealed no
treatment effects on reflex habituation (data not shown).

Experiment 2: Repeated PCP Injections

Effects on Startle Magnitude. To assess a model of
subchronic PCP administration (Jentsch et al. 1997), rats
were tested at specific time points during and after
daily administration of vehicle or 10 mg/kg PCP IP. Via
this route of administration, PCP had no significant ef-
fects on startle magnitude. ANOVA of startle magni-
tude with PCP dose as a between-subject factor re-
vealed no significant effect of acute PCP (F[1,14] < 1).
Similarly, ANOVA of startle magnitude with PCP dose
as a between-subject factor revealed no significant ef-
fects of PCP dose on startle magnitude, when measured
on day 3 out of the 14 days of repeated daily injections
(either 10 minutes or 6 hours after PCP injection; 10
minutes: (F[1,6] < 1), 6 hours: (F[1,14] < 1), on day 2 af-
ter cessation of repeated injections (F[1,14] = 2.13, ns),
on day 10 after cessation of repeated injections (F[1,14] <

Apomorphine acute dose and "challenge"

50 -
45
40
35 -
30 -
25 -
20
15
10
5-

% Prepulse Inhibition

Vehicle 0.1 0.2 0.4

dose Apomorphine (mg/kg sc)

© Drug naive

A Sustained - vehicle

4 Sustained - 2.73 mg/d
A Sustained - 5.45 mg/d

Figure 3. Percent prepulse inhibition,
collapsed across all three prepulse inten-
sities (3, 6, and 12 dB), in drug naive
female rats treated with apomorphine
(vehicle, 0.1, 0.2, or 0.4 mg/kg SC,n =9,
9,9, and 8) and female rats exposed to 5
days of continuous administration of
vehicle (n = 9) or PCP (2.73, 545 mg/
day, n = 7, 7) administered a subthresh-
old dose of apomorphine (0.2 mg/kg
SQ). Error bars indicate SEM.
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Table 2.
Startle Magnitude (SEM))
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Effects of Sustained PCP Exposure on Startle Magnitude and Habituation (Mean

Acoustic

Tactile

First Trial Block Last Trial Block First Trial Block Last Trial Block

Experiment 1

10 d post
veh pump

10 d post
2.73mg/d
PCP pump

10 d post
5.45mg/d
PCP pump

Experiment 2

2 d post daily
veh injections

2 d post daily
PCP injections

10 d post daily
veh injections

10 d post daily
PCP injections

17 d post daily
veh injections

17 d post daily
PCP injections

897.64 (124.22)

701.11 (63.98)

822.77 (117.96)

895.69 (113.37)
1198.16 (209.48)
973.97 (96.17)
1142.47 (186.51)

1040.09 (91.57)

1273.09 (208.24)

343.10 (46.10)

288.19 (29.35)

298.25 (20.32)

280.44 (37.97)
397.69 (93.72)
364.81 (66.28)

527.94 (149.09)

502.74 (42.36) 333.461 (39.33)

574.31 (31.81) 368.40 (46.40)

501.60 (44.75) 323.20 (39.82)

317.50 (55.60)

572.54 (227.51)

316.30 (37.95) 251.66 (58.68)

489.16 (109.78)  376.83 (80.18)
426.11 (95.98) 330.45 (80.24)

490.50 (90.05) 354.44 (77.20)

1), or on day 17 after cessation of repeated injections
(F[1,14] = 2.94, ns) (data not shown).

Effects on PPI.  Acute IP administration of PCP sig-
nificantly decreased PPI on day 1. ANOVA of PPI with
PCP dose as a between-subject factor, and with
prepulse intensity as a within-subject factor, revealed a
significant effect of PCP (F[1,14] = 141, p < .0001), a sig-
nificant effect of prepulse intensity (F[2,14] = 11.90, p <
.0002) and no significant dose X intensity interaction
(F[2,14] = 3.04, ns) (Figure 4). As in Experiment 1, no
analyses of PPI revealed significant interactions of drug

dose X trial block. For ease of presentation, all data are
presented collapsed across Blocks 2 and 3.

On day 3 of 14 days of repeated injections, PCP sig-
nificantly decreased PPI 10 minutes, but not 6 hours af-
ter IP administration (Figure 5). For rats tested 10 min-
utes after IP PCP injection, ANOVA of PPI with PCP
dose as a between-subject factor, and with prepulse in-
tensity as a within-subject factor, revealed a significant
effect of PCP (F[1,6] = 33.59, p < .002), no significant ef-
fect of prepulse intensity (F[2,6] < 1) and no significant
dose X intensity interaction (F[1,6] = 2.31, ns). For rats
tested 6 hours after IP PCP injection on day 3 out of

90
C 80
2 . Prepulse
) Intensity (dB(A)):
= 60
o (] 3
§ 40 1 6 Figure 4. Percent prepulse inhibition in
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DAY 3 OF REPEATED INJECTIONS OF PCP (ip)

A. 10 min after ip injection
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Figure 5. (A) Percent prepulse inhi-
bition in male rats 10 minutes after
treatment with PCP (vehicle or 10
mg/kg IP, n = 8 for both groups) on
day 3 of repeated injections of PCP
(vehicle or 10 mg/kg IP). (B) Percent
prepulse inhibition in male rats 6

B. 6 h after ip injection
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14 days of repeated daily injections, ANOVA of PPI with
PCP dose as a between-subject factor, and with prepulse
intensity as a within-subject factor, revealed no signifi-
cant effect of PCP (F[1,14] < 1), a significant effect of
prepulse intensity (F[2,14] = 99.55, p < .0001) and no sig-
nificant dose X intensity interaction (F[2,14] < 1).

Rats demonstrated no significant effects of PCP on
PPI, when tested 2, 10, or 17 days after administration of
the last of 14 daily injections of PCP, during a time pe-
riod reported by others (Jentsch et al. 1997) to be charac-
terized by both neurochemical and “cognitive” changes
resulting from repeated PCP administration (Figure 6).
For post-PCP day 2, ANOVA of PPI with PCP dose as a
between-subject factor, and with prepulse intensity as a
within-subject factor, revealed no significant effect of
PCP (F[1,14] = 3.32, ns), a significant effect of prepulse
intensity (F[2,14] = 39.99, p < .0001) and no significant
dose X intensity interaction (F[2,14] = 1.61, ns) (Figure
6A). For post-PCP day 10, ANOVA of PPI with PCP

hours after treatment with PCP (vehi-
cle or 10 mg/kg IP, n = 8 for both
groups) on day 3 of repeated injec-
tions of PCP (vehicle or 10 mg/kg IP).
Error bars indicate SEM.

Prepuise
Intensity (dB(A)):

dose as a between-subject factor, and with prepulse in-
tensity as a within-subject factor, revealed no significant
effect of PCP (F[1,14] = 1.80, ns), a significant effect of
prepulse intensity (F[2,14] = 14.44, p < .0001) and no
significant dose X intensity interaction (F[2,14] < 1). For
post-PCP day 17, ANOVA with PCP dose as a between-
subject factor, and with prepulse intensity as a within-
subject factor, revealed no significant effect of PCP
(F[1,14] < 1), a significant effect of prepulse intensity
(F[2,14] = 68.89, p < .0001) and no significant dose X in-
tensity interaction (F[2,14] < 1) (Figures 6B and C).

Effects on Habituation. Tested 10 or 17 days after ex-
posure to 14 days of daily PCP injections, rats did not
demonstrate long-term effects on habituation to re-
peated acoustic PULSES or to repeated “airpuffs” (day
10) (Table 2). For acoustic stimuli (Blocks 1 vs. 4),
ANOVA of startle magnitude with PCP dose as a be-
tween-subject factor revealed no significant effects of
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A. 2 days after 14 daily injections
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Figure 6. (A) Percent prepulse inhibi-
tion in male rats 2 days after 14 daily
injections of PCP (vehicle or 10 mg/kg
IP). (B) Percent prepulse inhibition in
male rats 10 days after 14 daily injections
of PCP (vehicle or 10 mg/kg IP). (C) Per-
cent prepulse inhibition in male rats 17
days after 14 days of daily injections of
PCP (vehicle or 10 mg/kg IP). n = 8 for
each group. Error bars indicate SEM.
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PCP dose (day 10: F[1,14] = 1.04, ns; day 17: F[1,14] =
1.46, ns) and no significant dose X block interactions
(days 10 and 17: F[1,14] < 1). For tactile stimuli (10
blocks of 10 trials), ANOVA of startle magnitude re-
vealed no significant effect of PCP dose (day 10: F[1,14] =
2.14, ns; day 17: F[1,14] < 1) and no significant dose X
block interactions (days 10 and 17: F[9,14] < 1) (data not
shown). Lastly, as in Experiment 1, ANOVA using a
percent change score revealed no significant treatment
effects on reflex habituation (data not shown).

DISCUSSION

The “NMDA Hypothesis” of schizophrenia has been
strengthened by reports of the effects of PCP and ket-

Intensity (dB(A)):

amine in normal subjects and schizophrenia patients,
and of the effects of acute and chronic PCP administra-
tion in preclinical models. In humans, acute exposure to
PCP or ketamine has been reported to produce both
symptoms (e.g., hallucinations and sensory distortions)
and cognitive deficits on formal neuropsychological
testing, similar to those observed in patients with
schizophrenia (cf. Pearlson 1981; Javitt 1987); occasion-
ally, symptoms of PCP “psychosis” can become a last-
ing condition (Rainey and Crowder 1975; Burns and
Lerner 1976; Allen and Young 1978; McCarron et al.
1981; Javitt and Zukin 1991). Acute administration of
another NMDA antagonist (ketamine) can produce
both “positive” and “negative” schizophrenia-like symp-
toms in control subjects (Krystal et al. 1994; Malhotra
et al. 1996; Breier et al. 1997; Malhotra et al. 1997), and
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can increase glucose metabolism in prefrontal cortex
(Breier et al. 1997); similar regional metabolic abnormal-
ities are associated with both schizophrenia symptoms
and neuropsychological performance deficits (cf. Frith
1996; Andreasen 1997). Sustained PCP exposure in non-
schizophrenic humans who abuse PCP has been associ-
ated with lasting neurological and behavioral abnor-
malities (Fauman and Fauman 1980; Graeven and
Sharp 1981) that have been compared to some of the ab-
normalities seen in schizophrenia patients.

Other observations suggest that schizophrenia pa-
tients may also be specifically clinically and neuro-
chemically responsive to NMDA antagonists. Studies of
schizophrenia patients exposed to NMDA antagonists
have identified ketamine-induced increases in blood
flow (rCBF) in anterior cingulate cortex (Lahti et al.
1995a), and an exacerbation of patient-specific symp-
toms with PCP (cf. Domino 1964) or ketamine (Lahti et
al. 1995b).

In rats, acute administration of PCP produces changes
in behavior (Mansbach and Geyer, 1989), neurochemis-
try (Snell et al. 1988), and brain metabolism (Tamminga
et al. 1987; Weissman et al. 1989; Ellison and Keys 1996)
that have been used to model pathological processes as-
sociated with schizophrenia. Long-standing changes in
behavioral and brain measures also result from sustained
PCP exposure in rats. Methods of sustained or sub-
chronic PCP administration, via sustained-release os-
motic minipumps or repeated daily injections, produce
lasting changes in behavior, neurochemistry (Jentsch et
al. 1997, 1998), brain metabolism and cell morphology
(Ellison and Switzer 1993; Ellison 1994).

Neurochemical changes after repeated daily IP ad-
ministration of PCP include decreased dopamine utili-
zation in prefrontal cortex (Jentsch et al. 1997, 1998),
and these changes are accompanied by behavioral defi-
cits in T-maze alternation (Jentsch et al. 1997) and stress
and psychostimulant-induced hyperlocomotion (Jentsch
et al. 1998). The neuropathological changes associated
with sustained PCP exposure include neuronal degen-
eration in retrosplenial cortex, posterior cingulate cor-
tex, entorhinal cortex, hippocampus and olfactory re-
gions (Ellison and Switzer 1993; Ellison 1994). Metabolic
changes in rats after sustained PCP exposure include el-
evations in glucose utilization in some of those same ar-
eas (Ellison and Keys 1996).

Studies of the neuroanatomy and pharmacology of
PPI suggest that it is regulated by brain circuitry that
includes the hippocampus, medial prefrontal cortex,
nucleus accumbens, basolateral amygdala, striatum,
pallidum and pontine tegmentum (cf. Swerdlow and
Geyer 1998). Investigations of the specific neuroana-
tomical substrates for NMDA antagonist effects on PPI
have demonstrated that PPI is reduced after infusion of
NMDA antagonists into the amygdala (Wan and Swer-
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dlow 1997; Bakshi and Geyer 1998), the nucleus accum-
bens (Reijmers et al. 1995), and the dorsal hippocampus
(Bakshi and Geyer 1998). It has been suggested that the
loss of PPI after systemic administration of NMDA an-
tagonists—as was observed in the present studies—
may reflect the activity of these drugs within multiple
brain regions (Bakshi and Geyer 1998).

The present studies were designed to determine
whether sustained PCP exposure could reproduce in
rats a specific deficit in sensorimotor gating that has
been reported in schizophrenia patients (Braff et al.
1978, 1992; Grillon et al. 1992; Bolino et al. 1994). Rats
implanted with osmotic minipumps releasing a contin-
uous amount of PCP over a 5-day period exhibited PPI
deficits while the minipumps were in place. However,
10 days after removal of the pumps, at a time when sig-
nificant neuropathological and neurochemical changes
have been reported (Ellison and Switzer 1993; Ellison
1994; Ellison and Keys 1996), no significant PCP-
induced changes in PPI were evident. On day 3 of a 14
daily repeated-injection paradigm, PCP produced PPI
deficits 10 minutes but not 6 hours after injection (i.e.,
an effect linked with acute but not subchronic PCP ef-
fects). In this paradigm, PCP-induced changes in PPI
were not observed after cessation of 14 consecutive
daily injections, at times when other significant behav-
ioral and neurochemical effects of PCP have been re-
ported (Jentsch et al. 1997, 1998).

While the neurochemical, metabolic, and neuro-
pathological changes caused by sustained and/or sub-
chronic exposure to PCP may certainly model brain
processes that are critical to the pathophysiology and
cognitive deficits in schizophrenia, the present studies
demonstrate that these lasting PCP-induced changes do
not cause a lasting functional disturbance in substrates
regulating sensorimotor gating in rats. Certainly, this
lack of sustained changes in PPI, at times when other
behavioral effects of PCP are reported, may reflect a rel-
ative insensitivity of PPI to meaningful effects of sus-
tained or subchronic PCP on the brain. To the degree
that PPl is regulated by brain substrates responsible for
cross-species changes in sensorimotor gating, the
present results suggest that the relative loss of sen-
sorimotor gating in schizophrenia does not reflect brain
pathology modelled solely by sustained or subchronic
PCP exposure.
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