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Social Isolation in the Rat Produces 
Developmentally SpecifIc DefIcits in Prepulse 
Inhibition of the Acoustic Startle Response 
Without Disrupting Latent Inhibition 
Lawrence S. Wilkinson, Ph.D., Simon S. Killcross, Ph.D., Trevor Humby, B.Sc., 
Frank S. Hall, B.A., Mark A. Geyer, Ph.D., and Trevor W. Robbins, Ph.D. 

A series of experiments examined the effects of 8 weeks of 
social isolation on spontaneous locomotor activity, 
prepulse inhibition (PPl) of the acoustic startle response, 
latent inhibition (LI) in a conditioned suppression 
paradigm, and basal and d-amphetamine stimulated 
dopamine (DA) release in the ventral striatum, as 
measured by in vivo microdialysis. Both isolation-reared 
animals (those isolated from the weaning age) and 
isolation-housed animals (those isolated as adults) were 
hyperactive when placed in a novel environment. Social 
isolation also led to deficits in PPI of the acoustic startle 
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Variations in early social experience have been shown 
to have profound effects on the adult behavior, brain 
morphology, and neurochemistry of a variety of spe
cies (Sachser 1986; Lewis et al. 1990; Martin et al. 1991; 
Jones et al. 1992). For example, rearing rats in social iso
lation from the weaning age produces behavioral ab
normalities that include increases in spontaneous and 
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response that were specific to isolation-reared animals. 
Isolation rearing was without effect on the expression of 
LI but did lead to an enhanced response to systemic 
d-amphetamine in terms of striatal DA release. The data 
are discussed with respect to the involvement of ventral 
striatal DA mechanisms in the expression of PPI and LI, 
differences in the impact of social isolation in young and 
adult animals, and the utility of social isolation model as 
a nonlesion, nonpharmacologic means of perturbing 
ventral striatal DA function. 
[Neuropsychopharmacology 10:61-72, 1994J 

conditioned locomotor activity (Gentsch et al. 1981; Sa
hakian et al., 1982; Jones et al., 1990), altered responses 
to environmental novelty (Sahakian et al. 1977; Gentsch 
et al. 1982a, 1982b, 1983), impairments in discrimina
tion learning (Jones et al. 1991), and resistance to ex
tinction (Einon et al. 1975; Morgan et al. 1977). Rats iso
lated in this way also show an increased sensitivity to 
psychomotor stimulant drugs such as d-amphetamine 
and cocaine, both in terms of the locomotor enhancing 
properties of these agents and their ability to induce 
stereotyped behaviors (Sahakian et al. 1975; Jones et 
al. 1990, 1992), responses that depend on the meso lim
bic and mesostriatal dopamine (DA) projections, respec
tively (Kelly et al. 1975). Consistent with these be
havioral data are studies utilizing in vivo microdialysis 
techniques, which have provided evidence that isola
tion-reared rats exhibit greater elevations in extracellu
lar DA in both dorsal and ventral striatum in response 
to systemic d-amphetamine (Jones et al. 1992), thereby 

0893-133X/94/$7.00 



62 L.S. Wilkinson et al. 

substantiating the hypothesis that early social isolation 
produces enduring changes in central dopaminergic 
function. 

Recently, there has been considerable interest in 
the modeling of aspects of the attentional defIcits in 
schizophrenia by paradigms that can be used in both 
humans and experimental animals. In this regard, 
schizophrenic patients have been reported to show 
defIcits in both prepulse inhibition (PPI) of the startle 
response, in which a weak lead stimulus markedly re
duces the response to strong startle-eliciting stimuli 
(Ison and Hoffman 1983; Braff et a1. 1992), and latent 
inhibition (LI), a procedure in which nonreinforced 
preexposure to a stimulus retards subsequent condi
tioning to that stimulus (Lubow 1973; Baruch et a1. 
1988). Both PPI and LI have been shown to be affected 
by treatments that alter central dopaminergic transmis
sion. For example, PPI is disrupted by systemic adminis
tration of d-amphetamine or the direct DA agonist 
apomorphine, effects that can be blocked by neurolep
tic drugs such as raclopride (Davis et a1. 1990; Mans
bach et a1. 1988; Swerdlow et a1. 1991). Similarly, the 
LI effect is abolished by systemic d-amphetamine, 
whereas neuroleptic drugs enhance the LI effect 
(Weiner et a1. 1988; Weiner and Feldon, 1987). In the 
case of PPI, there is strong evidence that some of the 
effects of dopaminergic manipulations involve the ven
tral striatum and its associated neural circuitry. Thus, 
infusions of DA directly into the nucleus accumbens 
(NAC) have been shown to disrupt PPI (Swerdlow et 
a1. 1990a): an effect that can be reversed by infusion of 
the gamma-aminobutyric acid (GABA)-ergic agonist 
muscimol into the ventral pallidum, a major target area 
of the NAC (Swerdlow et a1. 1990b). The situation with 
LI is less clear, in that recent evidence has indicated 
that the disruption of LI induced by systemic d-amphet
amine is unlikely to be due to DA-dependent mecha
nisms of the ventral striatum (Killcross and Robbins 
1993). Furthermore, discrete lesions of the ventral subic
ulum, the source of a major connection between the 
hippocampus and the ventral striatum (Groenewegen 
et a1. 1991) are without effect on LI (Clarke et a1. 1992). 
It would seem that, although the LI effect is sensitive 
to treatments that perturb DA transmission, the pre
cise neuroanatomic substrate for these effects remains 
unknown. 

The changes in central DA function brought about 
by social isolation suggest that it may be of interest to 
compare the effects of this manipulation on PPI and LI. 
Given the basic fInding that treatments that enhance 
dopaminergic transmission in the striatum reduce PPI, 
one main prediction would be that isolates should show 
similar defIcits in PPI. In fact, previous experiments 
have indicated that early social isolation does indeed 
impair PPI (Geyer et al. 1993). Nevertheless, these data 
leave several questions unresolved: in particular, the 
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developmental specifIcity of the effects of isolation. That 
is to say, does a period of isolation as an adult give rise 
to the same changes in PPI as that seen in animals iso
lated at the weaning age. This issue is important be
cause both manipulations might be hypothesized to be 
forms of chronic mild stress, which is known to affect 
the functioning of the mesolimbicocortical dopaminer
gic systems (LeMoal and Simon 1991). It has rarely been 
considered, however, that stressors might affect these 
systems differentially depending on the age of the 
animal. Therefore, the fIrst experiment compared the 
effects of isolation rearing (i.e., isolating weanlings) and 
isolation housing (i.e., isolating adults) on PPI of the 
acoustic startle response. The second experiment ex
amined the effects of isolation rearing on the develop
ment of LI in a within-subject, conditioned-suppression 
paradigm. Here, any predictions must be less fIrm in 
that, as mentioned previously, the precise role of stria
tal DA mechanisms in the expression of LI is not set
tled. Accordingly, it could be predicted that social iso
lates would show no defIcits in LI, with the caveat that 
isolation may modify LI by producing changes in DA 
function at sites other than the ventral striatum. In view 
of the particular uncertainty regarding the effects on 
LI of elevating DA transmission in ventral striatum, 
these animals were also subsequently assessed for lev
els of extracellular DA in the NAC utilizing in vivo 
micro dialysis, a technique that provides a direct mea
sure of presynaptic transmitter dynamics (Ungerstedt 
1984). 

MATERIALS AND METHODS 

Subjects and Housing Conditions 

The experiments used a total of 64 male, Lister Hooded 
rats, 40 weanlings (21 days postnatal) and 24 adults 
(weighing approximately 300 g). All rats were obtained 
from Harlan Olac Ltd (Bicester, U.K.). On arrival at our 
laboratory, the animals were divided into two rearing 
conditions counterbalanced by weight. Animals were 
housed either in isolation or in social groups for the du
ration of the experiment. Social groups were housed 
in fours in cages 56 x 38 x 18 cm, and isolated animals 
were housed singly in cages 45 x 20 x 20 cm. All cages 
were of plastic construction with steel grid floors and 
underhanging sawdust trays (North Kent Plastic Cages 
Ltd, Dartford, U.K.). The animals were kept in a colony 
room maintained at 21 DC on a 12-hour light/12-hour 
dark cycle (light on 0700) with free access to food and 
water. All rats could see, hear, and smell the other rats 
in the colony. 

Experimental Groups 

Testing began after 8 weeks of the various housing con
ditions. All animals were fIrst scored for spontaneous 
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activity in a novel environment. Thereafter, rats entered 
one of two experimental pathways. In the fust experi
ment, a total of 48 animals were assessed for acoustic 
startle and PPI of startle. This group contained rats that 
had been isolated from weaning age as well as rats iso
lated as adults together with their respective social con
trols (n = 12 for each group). The former group was 
defmed as isolation-reared animals and the latter as 
isolation-housed animals to distinguish between the 
two isolation conditions. In the second experimental 
pathway, 16 animals (eight isolation reared and eight 
social controls) were tested for the expression of LI in 
an on-baseline, within-subjects, conditioned-suppres
sion paradigm followed by assessment of DA levels in 
the NAC using in vivo micro dialysis techniques. 

Assessment of Spontaneous Activity 

Apparatus. Spontaneous locomotor activity was 
monitored in 16 individual wire-mesh photocell cages 
(40 x 25 x 18 cm). Each cage was fItted with two paral
lel horizontal infrared beams, 1 cm above the floor, 
spaced equally along the long axis of the cage. Inter
ruption of either beam resulted in an incremental count 
for that cage. Beam breaks were the dependent mea
sure and were recorded on-line in an adjacent room by 
a BBC Master Series microcomputer equipped with a 
SPIDER extension (Paul Fray Ltd, U.K.). Data from the 
2-hour session were collected in 12, 10-min time bins. 

Behavioral Procedures. All animals were naive to the 
activity boxes and were tested in batches of 16 between 
1600 and 1800 hours, that is, towards the end of their 
light period. 

Assessment of Startle and Prepulse 
Inhibition of Startle 

Apparatus. A SR-LAB (San Diego Instruments, San 
Diego, CA) test station was used to detect startle re
sponses. The illuminated, ventilated chamber con
tained a stabilimeter composed of an 8.2-cm diameter 
Plexiglas cylinder mounted on a Plexiglas base as de
scribed previously (Swerdlow et a1. 1991). A speaker 
mounted 24 cm above the animal provided the back
ground noise, prepulse stimuli, and startle stimuli, 
which were controlled by the SR-LAB. Startle responses 
were transduced by a piezoelectric accelerometer 
mounted below the cylinder, digitized (0-4095), recti
fIed, and recorded as 100 1-millisecond readings, start
ing at the onset of each startle stimulus. The average 
of these 100 readings was used as the dependent measure. 

Behavioral Procedures. For testing, rats were placed 
into the startle apparatus and allowed a 5-minute ac
climation period during which a 65-dB [A] (all sound 
levels refer to the A scale) background noise was ad-
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ministered. The startle session began with three suc
cessive 120-dB startle stimuli of 30-millisecond duration, 
followed by fIve blocks of trials, each comprising two 
120-dB startle stimuli alone, four prepulse stimuli + 
startle stimuli, and two no-stimuli trials. Within each 
block, individual trials were distributed in a pseudo
random fashion. Four different intensities of acoustic 
prepulse stimuli (2, 4, 8, and 16 dB above background) 
were used, each prepulse being 30 millisecond in du
ration. The time from onset of the prepulse to onset of 
the startle stimulus was always 100 milliseconds. In all 
experiments, the variable interval between trials aver
aged 10 seconds; hence, the session lasted approxi
mately 15 minutes. 

Assessment of Latent Inhibition in a Within-Subjects 
Conditioned-Suppression Paradigm 

Apparatus. Four standard operant chambers (26.5 x 
22 x 20 cm; Campden Instruments) housed in light
and sound-attenuating boxes were used for the proce
dures. The chambers were illuminated by a diffuse light 
source located above the translucent plastic ceiling. The 
floor of the chambers consisted of 16, 5-mm diameter, 
steel rods spaced 5 mm apart. These grids were each 
connected to a shock generator (ModeI512/C; Camp
den Instruments), and a shock scrambler (ModeI512/S; 
Campden Instruments), set at 0.3 rnA. Two discrete au
ditory stimuli were available in each chamber: one was 
a 3-kHz tone, produced by a Sonalert module (Model 
SC 628) and delivered through a wall-mounted speaker 
located opposite to the food magazine, and the other 
derived from a heavy-duty relay mounted behind the 
back wall providing a 10-Hz clicker. Each chamber con
tained a single lever, 3.8-cm wide, located to the left
hand side of a central, recessed magazine that provided 
access, via a hinged Plexiglas panel, to a dipper deliv
ering 20% sucrose solution. Lever presses were the de
pendent measure (see below). A BBC Master-128 micro
computer, equipped with a SPIDER extension for on-line 
control (Paul Fray Ltd., UK), controlled the equipment 
and recorded the data. 

Behavioral Procedures. Two days before the begin
ning of the test procedures, the animals were placed 
on a 22.5-hour schedule of food deprivation and main
tained on this schedule throughout the rest of the ex
periment. Water was available ad libitum. All animals 
received two initial 30-minute magazine-training ses
sions with the levers removed from the chambers; su
crose was delivered according to a variable time 60-
second (VT60) schedule. The levers were then replaced 
and two 30-minute sessions given on a continuous rein
forcement schedule in which every lever press was re
warded, up to a maximum of 60 rewards per session. 
For the next two sessions, a variable interval 30-second 
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(VI30) schedule was employed: the fIrst session lasting 
30 minutes and the second 40 minutes. Thereafter 40-
minute sessions on VI60 were used. After three such 
40-minute VI60 sessions had been given, the pre ex
posure phase of the experiment began. 

Isolated and social animals were divided randomly 
into two groups. One group in each of the two condi
tions was assigned to preexposure to the 3-kHz tone 
and the other to preexposure to the 10-Hz clicker (n = 
4 in all cases). Preexposure consisted of three 40-minute 
on-baseline VI60 lever-press sessions during which the 
to-be-conditioned stimulus was presented 12 times ac
cording to a pseudo-random schedule. Each presenta
tion lasted 30 seconds, and the average lSI was approx
imately 3 minutes. The preexposure sessions and all 
subsequent sessions were conducted on alternate days. 
On the intervening days, animals were given one, 30-
minute VI60 lever-press session to maintain baseline 
responding. Following the preexposure sessions, an as
sessment of unconditioned suppression to the non
preexposed stimulus was made. This session served to 
remove the initial disruption of lever pressing observed 
following presentation of any novel stimulus (Baker and 
Mercier 1982) and also provided a demonstration that 
the animals could, in fact, distinguish between the two 
auditory stimuli. During a VI60 lever-press session, both 
auditory stimuli were presented twice to every animal, 
in a counterbalanced order, and at equal intervals 
throughout the session. Finally, conditioning to both 
of the auditory stimuli occurred over four subsequent 
conditioning sessions. In each of these sessions, each 
of the auditory stimuli was presented once, again in 
a counterbalanced order, but in this case, the fmal 0.5 
seconds of the stimulus presentation was accompanied 
by a 0.3-mA electric shock, delivered through the grid 
floor of the cage. The first conditioned stimulus was 
presented 10 minutes after the start of the session, and 
the second conditioned stimulus came 23 minutes later. 
This interval provided a sufficiently long period be
tween the two shock presentations to allow for recov
ery from any suppression of baseline responding fol
lowing shock presentation. 

Measurement of Extracellular Dopamine 
in Nucleus Accumbens 

Apparatus. Basal and d-amphetamine stimulated lev
els of extracellular DA in the nucleus accumbens were 
assessed using in vivo microdialysis. Animals were 
anesthetized with halothane (0.9% in 02) and placed 
in a stereotactic frame with the incisor bar set at + 5 mm. 
The skull was exposed, a burr hole made, and a 2-mm 
dialysis probe lowered into the brain so that the tip of 
the probe was at the following stereotactic coordinates, 
AP: + 3.4 mm, L: -1.5 mm (from bregma), V: -7.5 mm 
(from dura). The dialysis probe was of a concentric de-
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sign, made of 23-gauge steel tubing coupled to Hospal 
dialysis membrane (nominal 5000 molecular weight cut 
off). The probe was perfused with ACSF at a flow rate 
of 2 J.1l1min. The composition of the ACSF was as fol
lows: NaCl 120 mmollL, NaHC03 27 mmollL, KCl 2.5 
mmollL, NaH2P04 0.6 mmollL, Na2HP04 1.27 
mmollL, Na2S04 1 mmollL, MgCh 0.47 mmollL, CaCh 
1.5 mmollL, pH 7.4. At room temperature, the in vitro 
recovery of the probe for DA was 12% to 14%. The dial
ysis data were not corrected for recovery. Dialysates 
were collected every 30 minutes and immediately in
jected into a microbore high-performance liquid chro
matography (HPLC) system. The HPLC system con
sisted of a BAS PM-60 pump connected via a column 
splitter to a reverse-phase analytical column (Spherisorb 
30DS2; 10 cm x 1 mm inner diameter). The mobile 
phase, flowing at 70 J.1l1min, was composed of 152 
mmollL citric acid, 15 mmollL sodium acetate, 1 mmollL 
octyl sulphate, 0.8 mmollL ethylenediaminetetraacetic 
acid and 8% methanol, pH 3.6. Separated compounds 
were detected using a BAS LC-4B cell, fitted with a 
glassy carbon electrode held at a potential of + 0.7 V 
relative to Ag/ AgCl reference electrode. The output 
from the detector was analyzed by an integrator. 
Identification and quantification of the DA peak was 
achieved by comparison with external standards of 
known concentration. The identity of the DA peak was 
further confIrmed by spiking with an internal standard. 
Under the conditions described the maximum sensi
tivity for DA was 0.25 pg (signal-to-noise ratio of 3). 

Dialysis Procedures 

All the dialysis experiments followed the same pattern. 
After a I-hour postimplantation period, 3 hours of base
line determinations were taken followed by a further 
3 hours of collection after the administration of d-amphet
amine (free base, 2 mg/kg in 0.5 ml saline IP). Under 
the general conditions described, both basal and stim
ulus-evoked (75 mmollL K+) release of DA were cal
cium dependent (60% reduction in basal levels, 75% 
reduction in stimulus-evoked levels; data not shown). 
Throughout the experiment, the core temperature of 
the animal was monitored with a rectal probe and main
tained at 3TC. 

Histologic VerifIcation of Probe Placements 

Immediately after the final dialysis sample, animals 
were killed by intraperitoneal injection of pentobarbi
tal and perfused transcardially with phosphate buffered 
saline (PBS), pH 7.4, containing 1% sodium nitrite for 
2 minutes, followed by 250 ml of 4% paraformaldehyde 
in PBS containing 0.4% picric acid. The brains were re
moved from the skull, postfixed in the same solution 
for 1 hour, and transferred to 25% sucrose in Tris-
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buffered saline. After equilibration in the sucrose, sec
tions were cut on a freezing stage sledge at 4°C prior 
to staining. One in fIve series was mounted on gelatin
coated slides and stained for cresyl violet and acetyl
cholinesterase, respectively. After staining, slides were 
dehydrated in alcohols, cleared in xylene, and mounted 
in DPX. 

Statistical Analyses 

Spontaneous Activity Scores. The activity data (beam 
breaks) were analyzed using a three-way analysis of 
variance (ANOV A), with two between-subjects factors, 
Social Experience (i.e., social or isolate) and Age (i.e., 
weanling or adult when treatment commenced), and 
one repeated within-subjects factor, Time Bin. 

Startle and Prepulse Inhibition of Startle. Startle re
sponses were analyzed using two- and three-way 
ANOV As, with two between-subjects factors, Social Ex
perience and Age, and one within-subjects factor, 
Block. Prepulse inhibition was defIned as the difference 
between the responses on the 120-dB pulse-alone trials 
and the responses on the prepulse + 120-dB pulse trials 
divided by the average response on the corresponding 
120-dB pulse-alone trials multiplied by 100. Prepulse 
inhibition data for each prepulse-type (i.e., 2, 4, 8, or 
16 dB above background) were analyzed using two- and 
three-way ANOV As with two between-subjects factors, 
Social Experience and Age, and one within-subjects fac
tor, Block. Where appropriate, post hoc specifIc com
parisons were made using Duncans Multiple Range 
Test (Winer, 1971). 

Latent Inhibition. Because the experiments presented 
here used a within-subjects design, the analyses were 
performed on the number of lever presses made dur
ing the conditioned stimulus. The standard measure 
of conditioned suppression, namely a suppression ra
tio, is designed to reduce between-subject variance. Be
cause the comparison of major interest in the present 
study is a within-subjects comparison and there were 
no differences in baseline rates of lever pressing be
tween isolation- and socially reared groups in any of 
the experiments (see Results), use of suppression ra
tios would have been inappropriate and unnecessary. 
The variance of the data was found to increase with the 
mean. Accordingly, all lever press data presented were 
subjected to a square-root transformation prior to two
and three-way ANOV As, with one between-subjects 
factor, Social Experience, and three within-subjects fac
tors, Preexposure, Trial, and Response Bin. 

Dialysis Data. Extracellular levels of DA were ex
pressed in picomoles per 60 Jll of dialysate and were 
not corrected for probe recovery. The data were ana
lyzed using a two-way ANOV A with one between-
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subjects factor, Social Experience, and one within
subjects factor, Time Bin. To meet the assumptions of 
equal variance and normality, basal and drug response 
data were analyzed separately and log transformed. 
Where appropriate, post hoc specifIc comparisons were 
made using Duncans Multiple Range Test (Winer, 1971). 

RESULTS 

Spontaneous Activity in Novel Environment 

Figure 1 shows the activity scores in 10-minute time bins 
for isolation-reared and isolation-housed animals, to
gether with their respective social controls on exposure 
to the activity cages. All four groups showed evidence 
of habituation over the 2-hour test period, as indicated 
by a signifIcant main effect of Time Bin (F[11,660] = 

80.41, P < .0001) in the three-way repeated-measures 
ANOV A with factors Social Experience, Age, and Time 
Bin. The ANOV A also revealed a signifIcant main effect 
of Social Experience (F[1,60] = 19.89, p< .0001), reflect
ing increased activity in isolated animals. This effect was 
independent of the age of the animal when isolated; 
there was no signifIcant Age by Social Experience in
teraction and was not related to any group differences 
in the rate of change of activity over the test period; 
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Figure 1. Time course of the locomotor activity of isolation
reared (_) and isolation-housed (e) animals together with 
their social control groups, SOcially reared (0) and socially 
housed (0). The data are expressed as the number of beam 
breaks per 10-minute bin (n = 12). The error bar represents 
twice the standard error of the difference between means 
(SED) for the three-way interaction with factors Social Ex
perience, Age, and Time Bin. The SED is the denominator 
for making pairwise comparisons post hoc. Hence, the error 
bar provides an appropriate means of visually evaluating 
SignifIcance between pairs of points. The relevant formulae 
are given in Cochran and Cox (1957). 
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Figure 2. A: Startle responses for the initial three succes
sive, 120-dB startle stimuli of the startle session as exhibited 
by isolation-reared (IR), isolation-housed (IH), socially reared 
(SR), and socially housed (SH) animals. The data are ex
pressed in arbitrary startle units and are the mean plus or mi
nus standard error of the mean (SEM) (n = 12). * Denotes 
a significant difference (p < .05) between the mean values ob
tained for isolates (both isolation reared and isolation housed) 
and social controls (Duncans Multiple Range Test). B: Mean 
startle responses to the 120-dB startle stimuli measured over 
the five blocks of trials comprising the remainder of the star
tle session and from which the exten t of any PPJ was assessed. 
The key to experimental groups is the same as in Figure 1. 
The bar represents twice the SED between means for the three
way interaction with factors Social Experience, Age, and 
Block. 

there was no signifIcant interaction involving Time Bin. 
Therefore, social isolation for a period of 8 weeks, in 
both the weanling and the adult rats, led to increased 
activity in the novel surroundings of the activity cages. 

Startle and Prepulse Inhibition of Startle 

Startle. Figure 2A illustrates acoustic startle responses 
for isolation-reared and isolation-housed animals, to-
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gether with their respective social controls, for the hrst 
three presentations of the 120-dB startle stimulus. The 
two-way ANDY A of these data with factors Social Ex
perience and Age revealed a signihcant main effect of 
Social Experience (F[l,44] = 5.51, P < .05) and no inter
action, reflecting the fact that isolated animals (both iso
lation reared and isolation housed) were hyperreactive 
to these initial stimuli. Specihc post hoc comparisons 
conhrmed this conclusion. By contrast, there were no 
signifIcant between-group differences in the subsequent 
responses to the 120-dB stimuli used to assess PPJ (see 
Fig. 2B). Clearly, however, there was some degree of 
habituation on repeated presentation of the startle 
stimulus in all groups. This habituation was conhrmed 
by a main effect of Block (F[4, 176] = 20.37, P < .0001) 
in the three-way ANOY A with factors Social Ex
perience, Age, and Block. No-stimulus values, which 
averaged approximately 8 startle units, did not differ 
over Block or between groups. 

Prepulse Inhibition of Startle. Because the 2-dB and 
4-dB pre pulse stimuli failed to alter startle responses 
in all experimental groups, these data are not shown. 
Figure 3A illustrates the effects of the 8-dB prepulse 
stimulus on startle response. It is important to note that 
the data are collapsed across blocks of trials. This ma
neuver was justihed because the three-way ANOY A 
with factors Social Experience, Age, and Block failed 
to detect any effects of, or interactions with Block. That 
is, for all groups, prepulse effects were remaining con
stant over the session. Hence, any between-group 
differences were not due to differential rates of habitu
ation of the startle response itself. From Figure 3A, it 
can be seen that in three of the experimental groups, 
the 8-dB prepulse reduced startle responses by some 
50%, a typical PPJ effect. By contrast, in the isolation
reared group, this prepulse essentially failed to modify 
responding to the startle stimulus. The two-way 
ANOY A, with factors Social Experience and Age, re
vealed a signihcant Social Experience by Age interac
tion (F[l,44] = 6.44, P < .002). Specihc post hoc com
parisons indicated that the isolation-reared group was 
signihcantly different from the other three groups, 
conhrming the above conclusions. The effects of the 16-
dB prepulse stimulus on acoustic startle are shown in 
Figure 3B. This larger prepulse stimulus increased the 
degree of PPJ in all experimental groups, although 
again, the absolute extent of PPJ appeared to be less 
in the isolation-reared group. Nevertheless, increasing 
the intensity of the prepulse stimulus from 8 dB to 16 
dB abolished the signifIcant difference between groups, 
possibly due to a ceiling effect. Together, these data are 
consistent with the following conclusions: PPJ of acous
tic startle was selectively reduced in animals isolated 
at weaning age; the effect was not dependent on un
derlying changes in startle itself; and given the ability 
of more intense prepulse stimuli to elicit inhibition in 
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Figure 3. A:  The percentage inhibition of startle produced 
by a prepulse stimulus 8 dB above the 65-dB background 
presented 100 milliseconds prior to the 120-dB startle stim
uli, meaned over five blocks of trials. The key to experimen
tal groups is the same as in Figure 2A. * Denotes a significant 
difference (p < .05) between isolation-reared animals and the 
other three experimental groups (Duncans Multiple Range 
Test). B: Percentage inhibition of startle produced by a larger 
prepulse stimulus, 16 dB above background. In both cases, 
the data are the mean ± SEM (n = 12). 

this group (albeit less than that seen in other experimen
tal groups), it was specifIcally the threshold for inhibi
tion that seemed to have been altered. 

Latent Inhibition in a Conditioned-Suppression 
Paradigm 

Baseline Rates. One animal from the tone preexposed 
isolation-reared group and one from the tone preex
posed socially reared group failed to respond follow
ing the fIrst shock presentation; thus, they were 
dropped from the study and all subsequent analyses. 
Baseline rates of lever pressing in the isolate and social 
groups were not signifIcantly different. The mean rates 
of lever pressing during the 3D-second period immedi
ately prior to the conditioned-stimulus onsets (precon
ditioned-stimulus period) across all conditioning trials 
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for isolation-reared and socially reared controls were: 
Isolates = 7.8; Socials = 5.7. A two-way ANOVA with 
Social Experience and Preexposure did not reveal any 
signifIcant main effects or any interaction. 

Unconditioned Suppression. Figure 4A shows the 
mean number of lever presses made during presenta
tion of the preexposed and nonpreexposed stimuli from 
the two unconditioned stimulus exposures and from 
the fIrst conditioning trial. Clearly, both groups of 
animals could discriminate between the two stimuli and 
demonstrated a signifIcant degree of unconditioned 
suppression to the novel stimulus. This unconditioned 
suppression habituated at the same rate in both the iso
lated and social groups, and there was no difference 
in the suppression of lever pressing caused by either 
stimulus in either group by the fIrst conditioning trial 
(see Fig. 4B). These conclusions are supported by the 
three-way ANOVA with Social Experience, Pre ex
posure, and Trial that showed no signifIcant main effect 
of Social Experience or interaction involving this fac
tor. There were, however, signifIcant main effects of 
Trial (F[2,24] = 12.224, P < .001) and Preexposure 
(F[l,12] = 20.945, P < .001), together with a signifIcant 
Trial by Preexposure interaction (F[2,24] = 8.563, P < 
.005). Analysis of Simple Effects from this interaction 
indicated a signifIcant effect of Trial on the preexposed 
stimulus (F[2,24] = 11.814, P < .001) and a signifIcant 
effect of preexposure on the fIrst unconditioned pre
sentation (F[l, 12] = 23.697, P < .001) but not on the sec
ond or third presentation. It would seem, therefore, that 
lever pressing was signifIcantly suppressed on the ini
tial presentation of the nonpreexposed stimulus, but 
that this suppression had habituated by the fIrst condi
tioning trial. 

Conditioned Suppression. Figure 4B shows the mean 
number of lever presses made by isolates and socials 
during presentation of the preexposed and nonpreex
posed stimuli for the four conditioning trials. As ex
pected, socials showed a strong LI effect manifest as 
a slowed conditioning to the preexposed stimulus rel
ative to the nonpreexposed stimulus. Isolates showed 
qualitatively similar effects but the absolute values for 
lever pressing were higher during both preexposed and 
nonpreexposed stimuli. Thus, although there was no 
evidence of any reduction in LI in isolates, it would ap
pear that lever pressing was influenced by some type 
of generalized response disinhibition in this group. 
These conclusions were supported by the three-way 
ANOV A with Social Experience, Preexposure, and 
Trial, which revealed no main effect of Social Experience 
but signifIcant main effects of Pre exposure (F[l,12] = 

13.233, P < .005) and Trial (F[3,36] = 10.866, P < .001). 
None of the interactions were signifIcant. 

Shock-Induced Suppression. Figure 4C shows the dis
tribution of lever press responding for isolates and so-



68 L. S. Wilkinson et al . 

A 12 2SED I 

W 10 
III 
6 8 � 
en 
u 6 " 
Z 
a: 4 :J 
C 
Il. 2 
..J 

0 
1 2 3 

UNCONDITIONED PRESENTATIONS 

Figure 4. A: Mean number of lever presses made during 
presentations of preexposed and nonpreexposed stimuli prior 
to conditioning. Closed symbols refer to isolation-reared 
animals, open symbols to socially reared animals. Circles show 
responding to the nonpreexposed stimulus, squares to the 
preexposed stimulus. n = 4 in each cell. The bar represents 
twice the SED between means for the three-way interaction 
with factors Social Experience, Preexposure, and Trial . B: 
Mean number of lever press made during presentations of 
preexposed and nonpreexposed stimuli during conditioning. 
Note the appearance of LI (retarded conditioning to the preex
posed stimulus) in both groups and the general retardation 
of conditioning in isolation-reared animals. Again, the bar 
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cials meaned across the four conditioning sessions. It 
can be seen that there was a reduced degree of sup
pression postshock in animals reared in isolation. This 
impression was supported statistically. The three-way 
ANOV A with Social Experience, Response Bin, and 
Trial revealed a signifIcant main effect of Response Bin 
(F[8,96] = 3.979, P < .001) and a signifIcant Social Ex
perience times Response Bin interaction (F[8,96] = 

2.186, P < .05). Analysis of Simple Effects on this inter
action revealed that although there was a signifIcant 
effect of Response Bin in control animals (F[8,96] = 

5.229, P < .001), there was no such effect in the isolation
reared animals (F[8,96] < 1, NS). It would seem then, 
that the elevated rates of responding manifest by iso
lates in the conditioning stimuli were probably the re
sult of a reduced impact of the shock in this group; the 
critical point being that such an effect would general
ize across preexposed and nonpreexposed stimuli, pre
cisely what was observed. 

Extracellular Levels of Dopamine in 
Nucleus Accumbens 

Figure 5 shows the basal and d-amphetamine stimu
lated levels of extracellular DA in the NACs of those 
animals assessed for LI, as measured by in vivo dialy
sis. All dialysis probes were placed accurately within 
the medial portion of the nucleus (see Fig. 6) with an 
anteroposterior range of less than 1 mm. In both social 
and isolation-reared animals, basal levels of DA were 
within the range of values reported by others (Zetter
strom et al. 1983). A two-way ANOV A involving So
cial Experience and Time Bin failed to reveal any sig
nifIcant effects of either of these factors on basal levels 
of DA. By contrast, main effects of Time Bin (F[8,96] = 

12.449, P < .0001) and Social Experience (F[1,12] = 

23.317, P < .0005), together with a signifIcant Social Ex
perience by Time Bin interaction (F[8,96] = 5.418, P < 
.0001), were present in the postamphetarnine data. That 
is to say, although there were no differences in basal 
levels of DA, the administration of d-amphetamine had 
a much greater effect in enhancing DA levels in the 
isolation-reared animals than in the socially reared con-

represents twice the SED between means for the three-way 
interaction with factors Social Experience, Preexposure, and 
Trial. C: Pattern of lever press responding across condition
ing sessions presented as the mean number of presses made 
during nine, equally sized time bins across the 40-min ses
sion. Arrows indicate the points of postconditioned stimu
lus (CS) shock presentation (after 10 minutes and 33 minutes). 
Note the reduced degree of suppression in the isolation-reared 
animals (_) compared to SOcially reared controls (0). The bar 
represents twice the SED between the means for the three
way interaction with factors Social Experience, Response Bin, 
and Trial. 
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Figure 5. Levels of extracellular DA in dialysates obtained 
from NACs of isolation-reared (_) and socially reared (0) 
animals under basal and d-amphetamine stimulated condi
tions. The animals were anesthetised with 0.9% halothane 
in 02. d-Amphetamine (free base, 2 mg/kg) was administered 
intraperitoneally at the time point shown by the arrow. The 
data are expressed as picomoles per 60 III dialysate and are 
not corrected for probe recovery. Basal and postamphetamine 
data were analyzed separately. In each case, the bars repre
sent twice the SED between means for the two-way interac
tion with factors Social Experience and Time Bin. * (p< .001), 
** (p < .02), and *** (p < .05) denote signifIcant differences 
between isolation-reared and socially reared animals (analy
sis of Simple Effects from the signifIcant interaction between 
factors Social Experience and Time Bin). 

troIs. Furthermore, there were additional group differ
ences manifest over time, in that OA levels returned 
to basal levels 3 hours postamphetamine in the socials, 
whereas levels were still elevated in the isolates. SpecifIc 
post hoc comparisons con&rmed these conclusions. 

DISCUSSION 

The main &nding of the experiments was that social iso
lation from the weaning age in rats disrupted perfor
mance in only one of the two attentional paradigms that 
have been suggested as animal models related to 
schizophrenia. This treatment had no effect on LI but 
conhrming previous observations (Geyer et al. 1993), 
reduced PPI of the acoustic startle response. Further
more, there was evidence that the effects of social iso
lation on PPI were developmentally speci&c in that so
cial isolation in adult rats was without effect on PPI. 

The disruption of PPI following isolation rearing 
is consistent with the neurochemical changes in OA 
function produced by this manipulation, namely, en
hanced effects of systemic d-amphetamine challenge on 
DA release in the ventral striatum. Both the indirectly 
acting agonist d-amphetamine and direct agonists, such 

Social Isolation: Prepulse and Latent Inhibition 69 

Figure 6. Distribution of dialysis probe placements within 
the ventral striatum. Sites were verifIed from sections stained 
with cresyl violet that were examined under the microscope. 
Isolation reared animals (e), socially reared animals (0). 
NAcc - nuc\eus accumbens, CPu-caudate putamen. 

as apomorphine or quinpirole, have been shown to dis
rupt PPI, effects that can be blocked by 02-receptor an
tagonists (Geyer et al. 1990; Swerdlow et al. 1991). 
Given the additional evidence that the disruption of PPI 
by isolation rearing can be reversed by treatment with 
nonsedative doses of the selective, 02 antagonist 
raclopride (Geyer et al. 1993), it would seem probable 
that the perturbations in OA transmission seen in 
animals reared in isolation are involved, to some ex
tent, in the impairments seen in PPI. 

By contrast, the data provide no support for the in
volvement of ventral striatal dopaminergic mechanisms 
in the expression of LI. Although published results have 
suggested an effect of dopaminergic drugs on LI 
(Weiner et al. 1988; Killcross and Robbins 1993; Kill
cross et al. in press), these &ndings are not inconsis
tent with the present lack of effect of isolation rearing. 
A recent study has shown that behaviorally active doses 
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of d-amphetamine infused directly into the ventral stri
atum have no effect on LI in the same within-subjects 
conditioned-suppression LI procedure as used here 
(Killcross and Robbins 1993). Therefore, the lack of effect 
of isolation rearing might be expected, even though this 
treatment evidently leads to increases in DA activity 
in the ventral striatum. Presumably, the disruptive 
effects of systemic d-amphetamine on LI that we have 
also observed (Killcross and Robbins, 1993) are occur
ring at a site or sites other than the ventral striatum. 

Although not affecting LI, isolation rearing de
creased the suppression of lever pressing observed in 
the presence of aversive conditioned stimuli, suggest
ing impaired mechanisms of behavioral inhibition. This 
finding is worthy of note as the disinhibition produced 
by isolation rearing was paralleled by intraaccumbens 
d-amphetamine (Killcross and Robbins, 1993) and le
sions of the ventral subiculum (Clarke et al. 1992), both 
of which failed to impair LI. This parallel suggests a role 
for altered mesolimbic DA in the behavioral disinhibi
tion exhibited by isolates, both here, and in other situ
ations (Morgan et al. 1977). 

The effects of isolation rearing on PPI were specific 
in several ways. First, they were independent of any 
underlying baseline changes in the startle response it
self, as the reduction in PPI was present at all stages 
of habituation to the startle stimulus. Second, the right
ward shift in responsivity to the prepulse stimuli, sug
gestive of an elevated threshold for PPJ in isolation
reared animals, was probably not due to basic sensory 
loss, because the response to the 120-dB startle stimu
lus was unaffected, whereas it would be expected to 
be reduced in rats with hearing impairments. Third, 
although isolation rearing increases general locomotor 
activity, this behavior cannot account for the reductions 
in PPI because activity within the startle apparatus (as 
indicated by the No-Stimulus values) was not affected 
by isolation, and rats isolated as adults, which were also 
hyperactive, did not show deficits in PPI. 

The sparing of PPI in animals isolated as adults is 
of particular interest because it occurred, as noted 
above, in parallel with increases in both initial startle 
reactivity and spontaneous locomotor activity that were 
common to both isolated groups. It seems unlikely, 
therefore, that the differential effect of the two isola
tion conditions on PPI was due to the fact that 8 weeks 
of isolation has quantitatively less impact as a stressor 
when experienced as an adult. Furthermore, adults iso
lated for periods of up to 24 weeks continue to show 
normal PPI (our unpublished data). Rather, the be
havioral dissociations suggest that the changes in PPI, 
startle, and locomotor activity were not redundant 
measures of the same effect of social isolation and that 
in young animals, this treatment exerts a qualitatively 
different effect on brain function than in older animals, 
perhaps as a result of differences in plasticity between 
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the developing and mature brain. With regard to the 
impact of isolation housing on DA function in ventral 
striatum, it would be of clear interest in future studies 
to conduct dialysis experiments on animals isolated as 
adults. Such studies would aid in the interpretation of 
the behavioral differences between isolation-reared and 
isolation-housed subjects in terms of neural substrates. 

The differential effects of isolation rearing on PPI 
and LI also provide strong evidence that these two 
phenomena do in fact represent the expression of two 
quite different psychological functions. Although they 
have both been considered to reflect attentional mech
anisms (Weiner 1990; Braff and Geyer 1990), it is clear 
that they are psychologically and neurally distinct. In
deed, recent analyses have considered the possibility 
that LI is a function of associative rather than attentional 
processes (Killcross et al. in press), whereas PPI has 
been attributed to a hypothetical "sensory gating" sys
tem (Braff and Geyer, 1990). Within this theoretical 
framework, common deficits in PPI in schizophrenia 
and in the rat reared in social isolation, perhaps related 
to ventral striatal dysfunction, could be seen as impair
ments in sensory fIltering of the pre pulse stimulus. Al
ternatively, DA-dependent ventral striatal outflow may 
exert descending influences on the expression and 
modulation of sensorimotor reflexes at the brain stem 
level. According to this view, neurochemical changes 
in the ventral striatum produced, for example, by 
dopaminergic drugs or as in the present case, by isola
tion rearing, occasion changes in state that indirectly 
affect the processing of prepulse stimuli, rather than 
modifying perception of the stimuli per se. 

In summary, the present investigation directly com
pared two putative models of the attentional deficits 
seen in schizophrenia. The results indicate a develop
mentally specifIc effect of social isolation on PPI of the 
acoustic startle response but no effects of isolation rear
ing on LI. The use of social isolation in the weanling 
rat is particularly relevant given that it provides a non
pharmacologic, nonlesion means of perturbing ventral 
striatal DA function thought to be important in the neu
ropathology of schizophrenia. Further studies will be 
required to characterize possible neurochemical 
changes underlying the other aspects of the isolation 
syndrome described here. In this regard, isolation
induced alterations in serotonin transmission might be 
of particular signifIcance (Jones et al. 1992). 
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