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Forebrain  gene  expression  predicts  deficits  in  sensorimotor  gating

after  isolation  rearing  in  male  rats

Neal  R.  Swerdlowa,∗,  Gregory  A. Lighta,b,  Ryan  S. Trima,b,  Michelle  R. Breiera,
Samantha  R. Hinesa,  Susan  B.  Powell a,b

a Department of Psychiatry, UCSD School of  Medicine, 9500 Gilman Dr., La Jolla, CA 92093-0804, USA
b Research Service, VA San Diego Healthcare System, San Diego, CA, USA

h  i g  h  l  i  g  h  t  s

• PPI  was reduced in  isolation reared  (IR)  vs.  social housed (SH) adult  male BUF  rats.
• IR  did  not alter mPFC and NAC  expression of  seven PPI-  and schizophrenia-linked genes.
• In  IR  but not SH males, PPI  correlated positively  with  mPFC gene expression.
• In  IR  but not SH males, PPI  correlated negatively  with  NAC gene expression.
• IR  effects  on brain function are  expressed via altered gene-behavior  relationships.
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a  b s t  r  a c t

Compared  to socially housed (SH) rats, adult  isolation-reared  (IR)  rats  exhibit  phenotypes relevant  to

schizophrenia  (SZ),  including reduced  prepulse inhibition  (PPI) of  startle.  PPI is normally regulated by

the  medial  prefrontal cortex  (mPFC) and nucleus  accumbens  (NAC). We  assessed PPI, auditory-evoked

local  field  potentials (LFPs) and expression  of seven  PPI- and SZ-related  genes in  the  mPFC and NAC,  in

IR  and SH  rats. Buffalo (BUF) rats  were  raised  in same-sex  groups of  2–3  (SH) or  in isolation  (IR). PPI  was

measured  early  (d53)  and later in  adulthood  (d74);  LFPs were  measured approximately on d66. Brains

were  processed  for  RT-PCR measures of mPFC and NAC expression of  Comt,  Erbb4, Grid2, Ncam1, Slc1a2,

Nrg1  and Reln.  Male IR rats  exhibited  PPI deficits, most  pronounced  at  d53; male and female IR rats  had

significantly  elevated  startle magnitude on both test days.  Gene  expression levels were  not  significantly

altered  by  IR.  PPI levels  (d53)  were  positively  correlated with  mPFC  expression  of several genes,  and

negatively  correlated  with  NAC expression of several  genes, in  male  IR but not SH  rats. Late (P90) LFP

amplitudes  correlated  significantly  with  expression levels  of  6/7  mPFC  genes in  male rats, independent  of

rearing.  After IR that  disrupts early adult PPI in male BUF rats, expression levels of PPI- and SZ-associated

genes  in  the mPFC correlate positively  with  PPI, and levels in  the  NAC  correlate negatively with  PPI.  These

results  support  the  model  that  specific gene-behavior relationships moderate  the  impact of  early-life

experience  on  SZ-linked behavioral  and neurophysiological markers.

Published by Elsevier B.V.
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1. Introduction

Animal models of the pathophysiology of schizophrenia have

helped us understand the neurobiological and  behavioral conse-

quences of a number of neurodevelopmental insults, even if these

insults cannot be definitively linked to schizophrenia per se. One

such insult – isolation rearing (IR) in  rats –  is known to recreate a

number of deficits associated with schizophrenia [1,2], including

reductions in sensorimotor gating as  measured by prepulse inhibi-

tion of startle (PPI) [3,4] and sensory registration as measured by

auditory evoked potentials [5].

The nature of forebrain disturbances that mediate the behav-

ioral and neurophysiological impact of IR  in rats has been a  focus

of several reports, with evidence implicating both the medial pre-

frontal cortex (mPFC) and nucleus accumbens (NAC) –  two  regions

known to normally regulate PPI [6] – in  PPI deficits detected after

isolation rearing [7,8].  IR-induced PPI deficits are associated with

specific neurochemical and molecular changes in frontal cortex,

including alterations in levels of dopamine (DA), immunologic and

mitochondrial markers [9], synaptic proteins and  receptor levels

[10], expression of genes related to glutamate [11,12] and GABA

function [12], and structure, the latter attributed to a  loss of mPFC

neuropil [8]. Such a long list of alterations in  the mPFC suggests

that the impact of IR on mPFC function is both pervasive and non-

selective; it is  not yet clear which of these changes –  if any –  are

responsible for reduced PPI, a  phenotype associated with neurode-

velopmental brain disorders, including schizophrenia [13,14].

We [15] and others (e.g. [16])  have used gene expression pat-

terns across brain regions as a means to understand the role of

circuit dynamics in  the regulation of behaviours – such as PPI –

that are of relevance to  schizophrenia. We  reported significant dif-

ferences in the cortical (mPFC), subcortical (nucleus accumbens;

NAC) and ventral hippocampal (VH) expression of Comt, Grid2,

Nrg1 and other genes associated with PPI deficits in  schizophre-

nia patients [17–23] in  outbred rat strains that also differed in PPI

and PPI-sensitivity to  dopamine agonists [15,24]. More recently, we

found that neonatal lesions of the ventral hippocampus (NVHLs)

that disrupted PPI and auditory evoked local field potentials (LFPs)

were also associated with an abnormal “coupling” of mPFC and

NAC expression of several PPI-associated genes [25]. In the present

study, we assessed the impact of IR on PPI, LFPs and the expres-

sion of PPI- and SZ-associated genes in  the mPFC and NAC. Seven

genes were selected for  expression analyses, based on published

reports of single nucleotide polymorphisms (SNPs) associated with

PPI (COMT, GRID2, NRG1, NCAM, SLC1A2)  [22,23] and/or schizophre-

nia (GRID2, NRG1, RELN, ERBB4) [23].

2. Methods

All procedures conformed to NIH guidelines and  were approved

by the UCSD Animal Subjects Committee. Female Buffalo (BUF:

BUF/CrCrl) rats (Charles River; Portage, MI)  were housed individ-

ually in a temperature-controlled room utilizing a reverse 12:12

light/dark cycle. Food and water were offered ad lib. BUF rats were

selected for these gene expression studies because they are  an

inbred strain with a  PPI phenotype very comparable to that of

Sprague Dawley (SD) rats [26] that exhibit consistent PPI deficits

after isolation rearing [27,28].  Females were monitored daily until

delivery (total no. litters = 17; avg. size 3–4 pups/litter, typical of

BUF rats; www.harlan.com).  Pups were weaned on d24, and were

then housed either in isolation (n  = 29; M:F  = 13:16) or in  same-

sex SH groups of 2–3 (n = 35; M:F  = 13:22). Weaning weights were

comparable across rearing groups (Table 1). IR  and SH rats were

otherwise handled identically (primarily via tails) throughout the

experiment.

Table 1
Weight (g) (mean (SEM)).

Body: d24 Body: d53 Body:  d74 Brain

Male SH 59.46 (3.56) 208.62 (8.39) 284.46 (10.20) 1.73 (0.03)

Male  IR 58.77 (3.42) 210.77 (8.31) 287.23 (8.73) 1.72 (0.02)

Female  SH  58.96 (2.17) 155.91 (2.96) 186.15 (3.55) 1.64 (0.02)

Female  IR  53.19 (2.47) 158.38 (4.30) 193.33 (6.00) 1.59 (0.02)

Startle chambers (SR-LAB; San Diego Instruments) consisted of

Plexiglas cylinders (8.7  cm internal diameter) resting on Plexiglas

stands in a sound-attenuated room (60 dB ambient noise). Stimuli

were delivered by a mounted speaker located 24 cm above the

cylinder. Startle magnitude was detected in  100 1-ms bins and

recorded by  a  piezoelectric device located beneath the cylinder.

PPI testing first took place on PND 53, when deficits in  IR rats

have been reported previously [29];  weights at this time were also

comparable across groups (Table 1). Testing consisted of a 5 min

acclimation period of 70 dB(A) background noise followed by 4

blocks: blocks 1 and 4 had 4  and 3 120 dB(A) 40 ms noise pulses

(PULSE), respectively; block 2  and 3 had 5  trial types (1) PULSE; (2) 3

prepulse + PULSE trials (20 ms noise 3, 5, or 10 dB over background

followed 100 ms by a PULSE); (3) behavioral measurement with-

out stimulus delivery (NOSTIMs). Mean inter-trial interval was 15 s,

(range 6–24 s), and total session length was  19 min; the session had

a total of 106 trials, divided as follows: Blocks 1  and 4: 7  120 dB(A)

pulses and 7  NOSTIM trials; Block 2 and 3: 16 PULSE trials, 30 PPI

trials and 46 NOSTIMs.

On PND 57–62, rats were surgically implanted with stainless

steel EEG electrodes in the dentate gyrus. Rats received 0.1 mL

atropine sulfate subcutaneously (Vedco, 0.054 mg/mL) 15–30 min

before full anesthesia with sodium pentobarbital (Abbott, 60 mg/kg

i.p.), and then were secured in a Kopf stereotaxic instrument in

a flat skull position (tooth bar 3.3 mm below interaural line). An

uncut tripole electrode (Plastics One, Roanoke, Va., USA, 0.010)

was modified with Jam Nut fastener (Plastics One, 37761) placed

on the head plug for  precise placement of the connector cable

(Plastics One, 100 cm TT2, 335-000). A 2-cm incision exposed the

skull, and the skull surface was cleaned. Two holes were drilled for

ground and  reference wire placement on dura (AP: +2.0, L  ± 1.0).

Two holes were drilled for anchor screws (Plastics One, 0-80X3/32),

and another for the recording electrode, positioned with its ventral

tip in the dentate gyrus (DG: AP: −4.1, L:  1.0, DV: −3.2). Acrylic den-

tal cement (A-M Systems, Carlsborg, Wash., USA; Dental Cement

Powder, 525000 and Solvent, 526000) firmly attached the electrode

and anchor screws to  the skull, and the incision was  closed around

the head plug. Rats recovered on a  heating pad before being placed

in their home cages; three female rats (one IR, two SH) did not

survive surgery.

EEG testing began 7d post-surgery. A single startle chamber (SR-

LAB, San Diego Instruments, San Diego, Calif., USA) consisted of a

Plexiglas cylinder 8.2 cm in  diameter resting on a  12.5 × 25.5-cm

Plexiglas frame within a ventilated enclosure (background noise:

65 dB(A)). The cylinder was  modified with an elevated roof that

allowed animals to  move freely despite the presence of an EEG

headpiece. The test chamber was also modified with electrical insu-

lation, and an electrical interface cable that was  fastened to the

EEG headpiece. Otherwise, stimulus delivery methods were iden-

tical to those described above for startle testing. EEG signals were

recorded via a preamplifier cable connection from the rat to  an A-M

Systems 2 Channel Microelectrode AC Amplifier (Carlsborg, Wash.,

USA, Model 1800). The recording cable contained three male pins at

the proximal end, which connected to the preamplifier, and three

male amphenol pins at the distal end of the cable, to  connect with

the female pins in the head plug. The filter settings on the amplifier

were 1.0 Hz low cut-off and 500 Hz high cut-off. The notch filter
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was in the ‘out’ position; the mode was set for record, and gain

was set at 10 K. The amplified signals were recorded on the SR-

LAB microcomputer. Auditory stimuli (53 ms duration) consisted

of a frequent standard tone (8 kHz, 81.6 dB(A), 87.76% of trials), and

two rare “oddball” tones (7.5 kHz or 8.5  kHz, 87.0 dB(A), 12.24% of

trials) in an attempt to measure mismatch negativity (MMN), pre-

sented in pseudo-randomized sequences. After a  5 min  acclimation

period, each of 50 test blocks included 172 standard tones and 12

of oddball tone presentations, with a  constant inter-stimulus inter-

val of 300 ms;  total session length was 59 min. After inspection

of early data combined with separate audiometric evoked poten-

tial recordings revealed inadequate signal fidelity for  the oddball

stimuli, subsequent analyses focused on LFPs elicited in response

to the standard tones.

EEG data files were imported into Brain Vision Analyzer (v2.0.2)

and processed offline and  blind to condition using an  automated

processing script. EEG responses to standard tones were centered

across the 50 ms  prestimulus baseline period and screened for arti-

facts (activity exceeding ±300 digital units). LFP Averaging for each

rat was performed using remaining artifact-free segments (mean

number of accepted sweeps = 6253, SD = 1309, with no significant

SH vs. IR group differences). LFP peaks (screening window) were

identified for P30 (20–40 ms)  and N40 (30–60 ms). P90 was  calcu-

lated as the mean voltage across the 65–105 ms  range relative to

the 50 ms  prestimulus baseline.

Seven days after completion of EEG testing (d74), PPI testing was

repeated; weights at this time remained comparable across groups

(Table 1). Rats then remained housed for 7–14 d to minimize pos-

sible effects of startle and EEG testing on gene expression; they

were then sacrificed, their brains removed, weighed and placed in

ice-cold saline for 30 s. Coronal tissue slabs were cut with a wire

tissue slicer and the NAC and mPFC were removed bilaterally by

free-hand razor dissection. Each bilateral tissue sample was placed

onto dry ice and transferred to an RNase free tube, then stored at

−80 ◦C until analyzed for  gene expression. Remaining tissue caudal

to the thalamus was stored in a 10% formalin solution for histo-

logical assessment of EEG electrode placement. In this process, all

utensils were cleaned in between each rat brain dissection with

RNAlater (QIAGEN, Inc, Valencia, CA).

For Reverse Transcription Polymerase Chain Reaction (RT-PCR),

total RNA was isolated from brain tissue using an RNeasy Mini kit

(QIAGEN, Valencia, CA 91355) and  protocols followed as per manu-

facturer (QIAGEN). Samples were spot checked for quality using the

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA),

which provides a  RNA Integrity Number (RIN). An RIN > 7.0 indi-

cates good quality RNA; the RIN for all samples analyzed was  >8.50.

To measure RNA concentration, the optical density of 1.5 �L  of

total RNA at 260 nm was measured in a  spectrophotometer (Nano-

Drop, ND-1000, NanoDrop Technologies, Wilmington, DE). Equal

amounts of RNA/sample were used to make cDNA after DNase treat-

ment. First strand cDNA was synthesized using qScriptTM cDNA

SuperMix as per manufacturer (Quanta Biosciences, Gaithersburg,

MD). Real time RT-PCR was  performed using Applied Biosys-

tems’ TaqMan Gene Expression Assays in an Applied Biosystems

7900HT Fast Real-Time PCR System (Applied Biosystems, Foster

City, CA). Each 20 �L RT-PCR reaction contained 10 �L of 2× Uni-

versal PCR Master Mix, 1 �L of primer/probe mix  (900 nM/250 nM

final concentration), 4 �L of nuclease-free water, and 5 �L  of

cDNA template (40 ng). Reactions were performed in MicroAmp

Optical 384 well reaction plates (Applied Biosystems) as  per

manufacturer. Genes and assay ID numbers (Applied Biosystems)

included: comt rn00561037 m1;  nrg1 rn01482165 m1; grid2

rn00515053 m1;  erbb4 rn00572447 m1;  reln rn00589609 m1;

slc1a2 rn00691548 m1;  ncam1 rn00580526 m1  and glyceralde-

hyde 3-phosphate dehydrogenase (rgapdh) rn01775763 g1.  Assays

were performed in duplicate. Data were analyzed using SDS 2.3

software from Applied Biosystems. Amplification efficiencies were

validated and relative expression values calculated after normal-

ization to the rat GAPDH reference gene.

For histological assessment, 40 �m  thick brain sections were

mounted on microscope slides and Nissl stained. The ventral extend

of all electrode tips were visualized within the dentate gyrus and

plotted free-hand, blind to EEG results, onto a  corresponding atlas

page [30].

Statistical analyses: Prepulse inhibition was defined as

100 − [(startle amplitude on prepulse + pulse trials/startle ampli-

tude on PULSE trials) × 100], and was  analyzed by mixed-design

analyses of  variance (ANOVAs), with sex and rearing (SH vs. IR) as

between factors and prepulse interval, trial block and age as within

factors. Based on known significant sex differences in PPI and

IR effects [31–33], separate analyses were then pursued in  male

and female rats. Similar analyses were used to assess IR effects

on startle magnitude on PULSE trials, NOSTIM trials, and startle

habituation (startle magnitude on PULSE trials in Blocks 1  vs. 4).

LFP amplitude for P30, N40 and P90 were treated as  independent

variables and subjected to one-way ANOVAs with housing and

sex grouping factors. Litter effects were examined for  measures

exhibiting significant effects of housing or sex. For all comparisons,

alpha was 0.05.

For  gene expression data, fold change (FC) values for  all genes

were calculated relative to levels within a  single SH  group rat mPFC,

to which FC values of 1.0 were assigned. Values were treated as

continuous variables, and ANOVAs were conducted using rearing

(SH vs. IR) as  a between factor and region and gene as  within fac-

tors. Post-hoc comparisons examined expression separately within

each region. Correlations of gene expression with phenotypes (PPI,

startle magnitude, LFPs), and both within and across regions was

assessed using simple regression analyses and reported together

with alpha values corrected for multiple comparisons; regression

values across rearing groups were compared using the Fisher r-to-z

transformation. For regression analyses, one rat was treated as  an

outlier for PPI (mean values for 3, 5 and 10 dB prepulses all >90%;

mean %PPI >3  SD above group mean) and for P90 (magnitude > 5  SD

below mean).

The average litter size for BUF rats did not yield full repre-

sentation of the four possible sex × housing condition groups in

each litter. Nonetheless, subsets of groups did have adequate rep-

resentation to demonstrate that litter (as  a  grouping factor) did not

interact significantly with either sex or housing factors in analyses

of PPI (F < 1 for sex and housing), startle magnitude (F < 1  for sex;

F = 1.03 for housing) or gene expression levels (F < 1 and F < 1.07 for

NAC; F < 1.29 and F < 1.19 for mPFC). Thus, litter was not used as a

between-subject factor in  most subsequent analyses.

Lastly, structural equation modeling (SEM; [34]) was used in

exploratory analyses via MPlus software, version 7 [35] to under-

stand any potential relationships among regional patterns of  gene

expression, and PPI and startle abnormalities in IR rats. SEM can

simultaneously estimate both a measurement model (confirmatory

factor analysis) and a structural model (path/regression analyses),

and can specify latent variables that reflect unmeasured constructs

estimated by measured variables.

3. Results

Housing effects on growth and brain weight: No significant effects

of housing condition were detected on  body weight at days 53 or

74, or on brain weight at time of sacrifice (Table 1);  expected M > F

differences were detected in both measures, irrespective of  housing

status.

Behavior: No gross behavioral disturbances were noted in  IR vs.

SH rats. Startle and PPI data are displayed in  Fig. 1;  statistical terms
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Fig. 1. Effects of IR  vs. SH on PPI in male (A) and Female (B) BUF rats. Startle magnitude (mean (SEM)) on pulse alone trials is shown in insets. Statistical terms are shown in

Table 2.

are seen in Table 2. Repeated measures ANOVA of startle magni-

tude, with sex and housing condition as between-factors, and age

and trial block as within-factors, revealed that startle magnitude

was significantly potentiated among male and female IR  rats, that

this effect of housing was somewhat more robust in males, and

actually increased with age. ANOVA restricted to litters in which

both housing conditions were represented detected a  significant

effect of housing (F = 7.07, df. 1, 10, p  < 0.02) but not litter (F < 1),

and no significant interaction of litter × housing (F < 1).

Unlike startle magnitude, large sex differences (M > F) were

detected in measures of  %PPI of SH rats at both ages. Significant PPI-

reducing effects of IR were detected in  male, but not female rats;

this effect in males was most robust at day 53, and largely faded by

day 74. Significant IR-associated PPI  deficits in males at day 53 were

evident at all prepulse intensities, and remained robust among

subgroups matched for  startle magnitude, confirming the statis-

tical independence of PPI-reducing and startle-increasing effects

of IR. Furthermore, analysis of startle magnitude on PULSE and

Table 2
Startle statistical terms—significant findings.

Measure Factor(s) F P

Startle magnitude—PA trials Housing (H)  28.43 <0.0001

H  × sex 4.15 <0.05

Age  16.21 <0.0003

Startle  magnitude—PA and

prepulse trials

H 22.90 <0.0001

Trial type (T) 35.02 <0.0001

T  × sex 6.89 <0.0003

T  × H 16.29 <0.0001

T  × H × sex 3.57 <0.02

T  × H × sex × age 2.75 <0.05

PPI  all rats (%) Sex 12.73 <0.001

H  3.04 <0.09

H  × sex × age 3.06 <0.09

PPI  male rats (%) H 4.65 <0.05

H  × age 3.26 <0.09

PPI  male rats d53 (%) H 8.40 <0.009

prepulse + PULSE trials among PULSE startle-matched males con-

firmed that the loss of %PPI in  male IR rats reflected a true loss of

sensorimotor gating, i.e. a  reduction in the ability of  the prepulse

to inhibit the magnitude of the response to the PULSE (Table 2). As

with startle magnitude, housing effects on PPI were unrelated to lit-

ter identity: among litters with males in both housing conditions,

ANOVA detected a  significant effect of housing (F = 6.14, d  1, 11,

p < 0.02) but not litter (F < 1), with no interaction of  housing × litter

(F = 1.40, df. 11, 27, ns).

Electrophysiology: Electrode placements could be localized to the

DG region (Fig. 2A). Grand average LFPs are  seen in  Fig. 2B. Separate

ANOVAs were conducted on the amplitudes of three evoked field

potential components: P30, N40 and P90. None of these compo-

nents demonstrated significant effects of either sex or housing, or

sex × housing interactions.

We examined the relationships between LFP amplitude and

startle magnitude, focusing on P90 amplitude based on its known

sensitivity to early developmental manipulations [25].  Among SH

rats, significant correlations were detected between P90 and startle

magnitude at d53 (r = 0.53, p < 0.002) and at d74 (r = 0.40, p  < 0.025).

In contrast, no such relationships were detected in IR  rats (rs = 0.15

at d53 and −0.18 at  d74). We then examined the relationships

between LFP amplitude and  PPI. P90  magnitude was strongly cor-

related with d53 PPI among all IR rats (r  = 0.43, p < 0.025), and

particularly among male IR rats (r = 0.71, p  < 0.01), but not among

all SH rats (r  = −0.35, ns) or selectively male SH  rats (r = −0.51, ns).

These relationships of P90 magnitude to d53 PPI were significantly

different in SH vs. IR rats when all rats, or only male rats, were

compared (ps < 0.005 or 0.002, respectively).

Gene expression: Rearing condition had no significant effects on

the level of expression of the seven genes assessed in  either the

NAC or mPFC (Fig. 3). ANOVAs of fold-change values in the NAC

and mPFC detected no main effect of rearing or sex, and significant

effects of gene (i.e. different expression levels were detected among

the seven genes). The only significant interaction term was a  three-

way interaction for mPFC expression levels of rearing × gene × sex
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Fig. 2. Local field potentials: (A) Areas in which ventral tips of recording electrodes were located blind to LFP results. Male placements are shown on the left and female

placements  are shown on the right; many placements are overlapping. (B) Grand average LFPs across four groups, labeled for specific temporal components.
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Fig. 3.  Levels of gene expression (fold Change, mean (SEM)) in the NAC  and mPFC in SH and IR male and female BUF  rats.
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Table  3
Correlated gene expression (FC) within brain regions (n = 61).

mPFC

Comt Erbb4 Grid2 Ncam1  Slc1a2 Nrg1 Reln

NAC

Comt 0.493** 0.664** 0.447** 0.826** 0.591** −0.004

Erbb4  0.337* 0.749** 0.794** 0.311** 0.805** 0.763**

Grid2 0.490** 0.538** 0.757** 0.490** 0.882** 0.367*

Ncam1 0.514** 0.539** 0.823** 0.173 0.886** 0.746**

Slc1a2 0.567** 0.474** 0.760** 0.641** 0.385** −0.160

Nrg1  0.644** 0.497** 0.750** 0.746** 0.668** 0.484*

Reln 0.797** 0.370* 0.511** 0.546** 0.602** 0.620**

* p < 0.05.
** p < 0.0024.

(F = 2.79, df. 6, 342, p  < 0.015); this interaction reflected signifi-

cant increases in expression of mPFC Comt (p < 0.025) and Slc1a2

(p < 0.02) in IR females, and non-significant reductions in these

expression levels in IR males. Neither of these increases remained

significant when alpha was corrected for 14 (2 sexes × 7  genes)

comparisons.

While rat litter did not interact significantly with either sex or

housing conditions in analyses of the major behavioral variables in

this study, ANOVAs restricted to litters with more than one pup did

identify a significant main effect of  litter on mPFC gene expression

levels (F = 4.44, df. 13, 44,  p < 0.0001), and a  significant interac-

tion of gene × litter (F = 1.85, df. 78, 264, p < 0.0003). For the NAC,

the main effect of litter did not reach significance (F < 1), though

the interaction of litter × gene did (F = 1.69, df. 78,  264, p  < 0.002).

Correcting for multiple (14) comparisons, within the NAC, no indi-

vidual gene exhibited significant litter effects, but within the mPFC,

litter effects reached corrected levels of significance for Comt,  Grid2

and Slc1a2 (all ps < 0.0001), Nrg1 (p  < 0.0005) and Erbb4 (p  < 0.002),

with uncorrected significance levels achieved by  Ncam1 (p  < 0.015).

Thus, within this inbred strain, maternal factors may  play a  role in

the levels of brain regional gene expression, particularly within the

mPFC, but in this process, these maternal factors do not appear to

interact with either sex or housing condition.

Correlations among genes: Consistent with our  previous reports

[15,25], gene expression levels were generally correlated within

brain regions, but not across brain regions (Table 3).  Within both

the NAC and mPFC, of the 42 possible pair-wise relationships among

the 7  genes in  each region (e.g. NAC Comt vs. NAC Erbb4), 40 regres-

sion terms were positive, 35 reached corrected significance levels

(0.05/21 = 0.0024), and four reached uncorrected significance lev-

els (p < 0.05); similar patterns were detected among each of the

four subgroups based on sex and rearing (Appendices A and B).  In

contrast, across regions (e.g. NAC Comt vs. mPFC Comt), among the

inclusive sample of  rats, 7  out of 7  regression terms were negative

(rs = −0.01–(−0.24)), none reaching statistical significance.

Gene-behavior correlations: In general, levels of gene expres-

sion in  the NAC and  mPFC did not correlate significantly with

mean PPI levels; this was  true in  analyses that included all data

from tests in  which rats exhibited “normal” PPI levels, includ-

ing females (d53, d74,  SH, IR) and males (d53 SH, d74 SH and

IR). Of the 98 possible correlations (7 genes × 2  regions (NAC,

mPFC) × 7  groups), only three correlations achieved uncorrected

significance (p  < 0.02–0.045). However, in analyses limited to rats

with IR-induced PPI deficits (d53 IR  male rats), mean PPI levels

appeared to be associated with several gene expression levels in

both the mPFC (positively) and NAC (negatively) (five values reach-

ing ps < 0.02–0.0001; Table 4;  Fig. 4).

Fisher’s r-to-z  transformation confirmed significant differences

between gene-PPI correlations among d53 IR  vs. SH males for mPFC

genes (Comt and Grid2 achieving significance with corrected alpha

Table 4
Correlations of mean %PPI and gene expression (fold change).

NAC

d53 d74

Male Female Male Female

IR  SH IR SH IR SH IR SH

Comt −0.53 0.03 0.41 −0.07 0.49 −0.42 −0.03 −0.30

Erbb4  −0.33 −0.67* 0.53 −0.26 0.08 −0.54 0.12 0.05

Grid2  −0.67* −0.27 −0.06 −0.07 0.30 −0.07 0.04 −0.01

Ncam1  −0.02 −0.24 0.21 −0.13 −0.04 −0.25 0.08 0.08

Slc1a2  −0.71* 0.11 −0.18 −0.17 0.35 −0.30 −0.38 −0.06

Nrg1  −0.32 −0.14 0.25 −0.20 0.19 −0.08 0.13 −0.11

Reln  −0.09 −0.05 0.22 −0.16 0.37 −0.26 −0.24 −0.23

mPFC

d53  d74

Male  Female Male Female

IR  SH IR SH IR SH IR SH

Comt  0.90*** 0.08 0.17 0.03 −0.34 0.04 0.54 0.41

Erbb4  0.40 −0.09 −0.11 0.24 0.23 0.16 0.12 −0.13

Grid2  0.80** −0.37 0.00  0.02 −0.13 0.30 0.18 0.39

Ncam1  0.47 −0.27 0.08 0.28 −0.19 0.41 0.24 0.12

Slc1a2  0.75** 0.14 −0.01 0.08 −0.18 0.05 0.38 0.29

Nrg1  0.55 −0.21 0.07 0.18 −0.17 0.34 0.11 0.25

Reln  −0.06 0.10 −0.04 0.19 0.39 0.45 −0.18 −0.3

* p < 0.02.
** p < 0.005.

*** p < 0.0001.
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Fig. 4. Correlations of NAC  and mPFC gene expression with PPI in SH vs. IR rats.

(ps < 0.0035–0.0015); Ncam1, Slc1a2 and Nrg1 achieving trend lev-

els); among IR rats, correlations with PPI were significantly greater

for genes in the mPFC than for those in the NAC (Comt, Grid2 and

Slc1a2 achieving significance with corrected alpha (ps < 0.0001) and

Nrg1 achieving significance with uncorrected alpha (p  < 0.045)).

Startle magnitude on  PULSE trials was elevated among both

male and female IR rats, and  NAC gene expression levels were gen-

erally positively correlated with d53 PULSE amplitude in IR males

and females. Of the 14 possible d53 correlations in  these groups (2

sexes × 7 genes), all 14 values were positive, one achieved corrected

significance (NAC Comt levels in males, p < 0.0025), and 6  achieved

uncorrected significance (ps < 0.046–0.011) (Table 5). In contrast,

among SH males and females, these correlations were evenly split

between negative and positive values, none of which achieved even

uncorrected alpha levels (Appendices A  and  B).

Correlations of gene expression levels with P90  LFP amplitudes

exhibited patterns moderated by  sex but not housing condition

(Appendices A and B).

Structural equation modeling (SEM): Lastly, we estimated a  series

of models to establish the relations between the measured levels

of gene expression and the expression patterns of interest. Prelimi-

nary analyses first focused on  the expression values of the seven

genes in the two brain regions. Our a priori hypotheses (which

served as the basis for selecting these two structures for analysis)

and preliminary bivariate correlations led to the prediction that

the measured levels of gene expression would load on separate

latent factors specific to each  brain region examined (NAC, mPFC).

Exploratory factor analysis showed that the observed gene expres-

sion variables for the NAC appeared to load on a  single latent factor;

for the mPFC, however, expression levels loaded on two latent fac-

tors, with some genes (Grid2, Nrg1)  cross-loading on  both factors.

These results were used to construct latent variables within an SEM

framework in MPlus. All seven gene expression variables were used

as indicators for NAC; the latent factor for the mPFC that accounted

for the most variance (indicated by five gene expression variables)

was retained for these analyses in order to maximize the model fit

to the data. The outcome variables were regressed on both latent

variables for  the whole sample; however there was no significant

effect between NAC and mPFC expression patterns (Fig. 5A). When

these paths were examined separately for the housing subgroups,

there was a significant negative correlation between the NAC and

mPFC latent factors in SH rats (b = −0.42, p  = 0.005) but not IR rats

(b = 0.04, ns). In other words, the NAC and mPFC regional “gene

expression” factors were inversely related among SH rats, but this

normal inverse relationship was eliminated in  IR  rats.

Because phenotypic deficits in IR rats were sex- and time-

dependent, we examined these “phene-gene” paths in the relevant

subgroups of rats. Among IR  males, the NAC latent factor was  neg-

atively related to d53 PPI (b = −0.61, p  = 0.001) and the mPFC latent

factor was  positively related to d53 PPI (b = 0.64, p < 0.001); the
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Table  5
Correlations of mean startle magnitude and gene expression (fold change).

d53 d74

Male Female Male Female

IR  SH IR  SH IR  SH IR  SH

Comt −0.65* −0.47 0.03 0.21 −0.48 −0.35 −0.02 0.66**

Erbb4 −0.31 −0.04 0.24 −0.41 −0.04 0.07 0.10 0.10

Grid2  −0.15 0.09 0.60* 0.05 −0.12 −0.08 0.25 0.16

Ncam1  −0.49 −0.26 0.48 −0.01 0.09 −0.30 0.22 0.10

Slc1a2  −0.41 −0.24 0.37 −0.06 −0.42 −0.22 0.37 0.21

Nrg1  −0.54 −0.39 0.27 0.08 −0.05 −0.44 −0.10 0.38

Reln  −0.31 −0.46 0.30 0.01 −0.31 −0.48 0.42 0.47

d53  d74

Male Female Male Female

IR  SH IR SH IR  SH IR SH

Comt −0.07 0.09 −0.24 −0.17 0.22 −0.03 −0.45 −0.52*

Erbb4 −0.21 0.49 −0.38 −0.15 −0.26 0.24 −0.49 −0.13

Grid2  −0.07 0.77** −0.28 −0.11 0.03 0.39 −0.39 −0.29

Ncam1  −0.05 0.61 −0.21 −0.05 0.08 0.27 −0.42 −0.22

Slc1a2  −0.10 0.10 −0.03 −0.08 −0.07 −0.07 −0.04 −0.09

Nrg1  −0.09 0.68* −0.20 −0.18 0.12 0.39 −0.32 −0.35

Reln  −0.28 0.32 −0.52 0.00 −0.35 −0.14 −0.41 0.08

* p < 0.02.
** p < 0.005.

Fig. 5. Measurement model from confirmatory factor analysis shows pathways inter-relating gene expression, brain regions and behavioral phenotypes in all  SH and IR rats

(A)  and in males only (B). Statistically significant pathways between NAC and mPFC (Fig. 5A, SH)  and between brain regions and PPI (Fig. 5B,  IR) are shown within diamonds.
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latent factors did not predict d53 PPI among SH males (Fig. 5B).  Gene

expression also predicted PULSE magnitude elevations in male and

female IR rats. For IR males, the NAC latent factor was negatively

related to d53 PULSE magnitude (b = −0.75, p < 0.001), but the effect

of the mPFC latent factor was not significant.

For SH males, the opposite was true: the mPFC latent factor was

positively related to d53 PULSE magnitude (b  = −0.62, p  = 0.001),

but the effect of the NAC latent factor was not significant. In female

IR rats, the NAC latent factor was positively related to d53 PULSE

magnitude (b = 0.61, p  < 0.001), but the effect of the mPFC latent

factor was not significant. In SH females, neither factor was  related

to d53 PULSE magnitude.

4. Discussion

Consistent with many previous reports, isolation rearing was

associated with two behavioral phenotypes in this study: elevated

startle magnitude, and  reduced PPI. Startle potentiation was evi-

dent in both males and  females, while reduced PPI was  evident only

in males. Studies independently report IR-induced PPI deficits in

females (e.g. [7])  and  in males (e.g. [36]),  though few studies assess

both sexes. We  have observed strain differences in  sex-specific IR

effects in rats [31],  and  others have reported male > female IR effects

on various behaviors in mice [37];  the present study is the first

involving IR that we could identify in inbred BUF rats.

It is conceivable that substantial male > female PPI differences

in SH rats in the present study created a  “floor effect” that obviated

IR-induced deficits in females: at d53, PPI levels in  SH females were

actually lower than those in IR  males. While PPI and startle mag-

nitude are both startle phenotypes, the relative independence of

IR-induced PPI deficits and startle potentiation is suggested by four

findings: (1) sex differences were detected in  the former but not

the latter; (2) startle-potentiating effects of IR persisted through

the final test, while IR effects on  PPI did not; (3) IR-induced PPI

deficits were evident among subgroups of SH  and IR rats matched

for comparable levels of startle magnitude.

Robust IR-induced PPI deficits in male BUF rats were evident

only during the first test session. In previous reports, IR-induced

PPI deficits have been reported to diminish with repeated test-

ing [4,38,39] and with handling immediately post-weaning [40],

though the biological basis of this phenomenon is not clear. Other

studies have shown the enduring effects of isolation with repeated

testing [36,41]. In the present study, it is impossible to determine

whether the recovery of  PPI among IR rats by day 74 reflects the

impact of repeated testing, aging, surgery for electrode implanta-

tion, handling, or some combination of these processes.

Despite its potent effects on startle behavior, IR did not signif-

icantly alter expression levels of seven PPI- and/or SZ-associated

genes, within two brain regions known to regulate PPI. This obser-

vation is consistent with the lack of impact on expression levels of

these genes by another potent early developmental manipulation

– NVHLs – that also disrupts PPI [25]. However, the fact that PPI

levels had largely recovered to SH  levels by the time of tissue col-

lection makes the present “negative” finding (i.e. no difference in

gene expression levels between SH and IR rats) difficult to inter-

pret. Nonetheless, evidence that expression levels were not altered

among male IR rats whose PPI  levels were lowest at either day 53

or 74, or among those whose startle magnitude was  elevated at

both test dates, suggests that processes that generated IR-induced

behavioral changes in  this study did not generate changes in the

expression levels of these seven genes in the NAC or mPFC.

The present results confirm that the expression of  these seven

genes is strongly correlated within brain regions, but not across

two highly interconnected brain regions [15,25].  We  previously

reported that mPFC and  NAC expression levels of  Comt, Slc1a2

and Ncam1 became “coupled,” or significantly positively correlated,

in adult NVHL rats, and we  hypothesized that, developing in  the

absence of ventral hippocampal inputs, these two  brain regions

established stronger functional interconnections [25].  A similar

“coupling” of these mPFC and NAC genes was  not detected in IR

rats in the present study. However, in  the present study, we did

observe that PPI  deficits among male IR rats correlated signifi-

cantly with expression levels of several genes—particularly Comt

and Grid2 in  both the mPFC and NAC, with positive relationships

exclusively detected in the mPFC, and negative relationships exclu-

sively detected in  the NAC. Thus, as  with NVHLs, a developmental

manipulation that reduced PPI also altered the forebrain expres-

sion of several PPI- and/or SZ-associated genes; in  the case of IR,

this alteration resulted in  an aberrant and more pronounced rela-

tionship between expression levels and PPI levels.

Consistent with our past report [15], observed gene expression

variables loaded on a single latent factor for the NAC, and to a lesser

degree for  the mPFC. Regressing these latent factors with the IR

behavioral phenotypes identified significant relations for  the NAC

(negative for PPI, positive for startle magnitude) and mPFC (posi-

tive for PPI). This observation does not preclude the possibility that

these phenotypes are biologically linked to one or more of  these

individual genes, but suggests an alternative explanation: that IR-

induced changes in these phenotypes reflects a more generalized

impact on  NAC and mPFC function, e.g. changes in the levels of

metabolic or cellular activity within these regions, or alterations

in one or more signaling pathways that engage a number of these

different genes.

PPI is a complex phenotype, regulated by numerous brain

regions and neurotransmitters (cf. [14]). It is thus  not surprising

that, in  its “baseline” state, PPI levels do not correlate significantly

with the expression levels of a handful of forebrain genes, even ones

selected specifically based on associations between PPI and specific

SNPs in humans, and which in many cases influence dopaminergic

and glutamatergic activity in  brain regions known to  regulate PPI

[22,23]. However, the fact that these expression levels do become

correlated with IR-impaired PPI suggests that the developmental

intervention of isolation rearing may: (1) independently impact

both the phenotype and the gene expression levels, such that the

stronger correlations reflect a shared influence of IR; or (2) alter

forebrain organization in a  manner that gives activity levels in

the mPFC and NAC more potent control over this phenotype. The

present findings cannot distinguish between these possible expla-

nations.

IR did not significantly alter the amplitude of  either short or

longer latency local field potentials in  this study. Interesting and

systematic relationships were detected between LFP magnitudes

and levels of startle phenotypes, and  some of these relationships

appeared to be moderated by  rearing conditions. Superficially,

these observations are  not surprising, as both LFPs and startle phen-

otypes reflect neural mechanisms relevant to sensory processing,

hippocampal function and interconnected hippocampal-frontal

circuitries. However, beyond such a pseudo-mechanistic expla-

nation, the lack of robust a  priori hypotheses related to the

relationships of these complex phenotypes makes it prudent to

treat the observed LFP-startle and LFP–PPI correlations, and their

modification by  IR, as preliminary and in need of replication and

extension.

A strength of present findings is that clear effects of IR were

detected on  PPI and  startle magnitude, in  a heretofore unstudied

inbred rat strain, that are generally consistent with a literature rife

with repeatable and  often enduring (e.g. [36]), but sometimes “frag-

ile” effects that exhibit sex and strain differences, and sometimes

fade with repeated testing [38].  A major weakness of the present

findings is the fact –  beyond the largely “expected’ patterns of IR

effects –  the novel observations in this study related to the effects of
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IR were detected via a plethora of simple regression analyses, albeit

with corrections for multiple comparisons and  potential family-

wise error rates. Some coherence to these multiple comparisons

emerged from the use of structural equation modeling and con-

firmatory factor analyses. Making these novel findings even more

surprising is that many were detected only among groups with a

compressed range of PPI values, based on PPI deficits. The main

2 × 2 (sex, housing) experimental design was selected to test sim-

ple effects of IR on  the mean expression levels of specific PPI- and/or

schizophrenia-associated genes, and the most parsimonious con-

clusion based on our failure to detect such effects might be that

IR does not produce behavioral changes by  altering levels of these

genes.

However, another reasonable conclusion from the present

data is that modification of the post-weaning environment by IR

impacted mPFC and  NAC circuitry in a manner that strengthened

the relationships between activity in  these regions (and perhaps

secondarily, levels of gene expression) and  PPI, startle magnitude

and P90 LFPs. We can only speculate that similar (or more robust)

relationships would have been detected had gene expression been

assessed at d53, and  the fact  that these relationships persisted after

normalization of PPI levels suggests that these patterns of gene

expression were not sufficient to produce IR-induced PPI deficits.

Nonetheless, it would not be surprising if post-weaning social iso-

lation alters brain-behavior relationships by reorganizing existing

and developing neural elements, in a  manner that is  more subtle

and complex than we might expect from a  lesion, or even from

an in-utero intervention. To the extent that they occurred here,

these more complex processes escaped detection by  simple means

comparisons and  ANOVAs. That such reorganization would result

not in an absolute change in  gene expression levels, but rather in a

significantly stronger connection of those levels to  an aberrant phe-

notype, might have implications for the biological mechanisms of

IR-induced syndromes, and for the strategies to correct the clinical

conditions that they model.
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