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Most current animal models of schizophrenia are based on
invasive paradigms or pharmacologically induced states.
These non-naturalistic approaches, albeit useful to represent
specific aspects of the disorder, are poorly suitable for the
study of neurochemical and functional imbalances in
psychosis. An experimental model that more closely captures
the neurobiological relationship between environmental
stress and schizophrenia is the isolation-rearing (IR)
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Abstract

The isolation-rearing (IR) paradigm, consisting of the social

deprivation for 6–9 weeks after weaning, induces a spectrum

of aberrant behaviors in adult rats. Some of these alterations

such as sensorimotor gating deficits are reminiscent of the

dysfunctions observed in schizophrenia patients. Although

gating impairments in IR rats have been linked to impairments

in the cortico-mesolimbic system, the specific molecular

mechanisms underlying this relation are unclear. To elucidate

the neurochemical modifications underlying the gating distur-

bances exhibited by IR rats, we compared their pre-pulse

inhibition (PPI) of the acoustic startle reflex with that of socially

reared (SR) controls, and correlated this index to the results of

proteomic analyses in prefrontal cortex and nucleus accum-

bens from both groups. As expected, IR rats exhibited sig-

nificantly lower startle amplitude and PPI than their SR

counterparts. Following behavioral testing, IR and SR rats

were killed and protein expression profiles of their brain re-

gions were examined using two-dimensional electrophoresis

based proteomics. Image analysis in the Coomassie blue-

stained gel revealed that three protein spots were differentially

expressed in the nucleus accumbens of IR and SR rats. Mass

spectrometry (matrix-assisted laser desorption ionization-time

of flight and MS/MS) identified these spots as heat shock

protein 60 (HSP60), a-synuclein (a-syn), and 14-3-3 protein f/

d. While accumbal levels of HSP60 was decreased in IR rats,

a-syn and 14-3-3 proteins were significantly increased in IR in

comparison with SR controls. Notably, these two last altera-

tions were significantly correlated with different loudness

intensity-specific PPI deficits in IR rats. In view of the role of

these proteins in synaptic trafficking and dopaminergic regu-

lation, these findings might provide a neurochemical founda-

tion for the gating alterations and psychotic-like behaviors in

IR rats.

Keywords: 14-3-3 protein, a-synuclein, heat shock protein

60, isolation rearing, pre-pulse inhibition, proteomics.

J. Neurochem. (2009) 108, 611–620.

JOURNAL OF NEUROCHEMISTRY | 2009 | 108 | 611–620 doi: 10.1111/j.1471-4159.2008.05806.x

� 2008 The Authors
Journal Compilation � 2008 International Society for Neurochemistry, J. Neurochem. (2009) 108, 611–620 611



paradigm (for a review, see Fone and Porkess 2008). IR
consists of subjecting rats to the deprivation of social
interactions for 6–9 weeks after weaning, a critical phase of
rodent life span characterized by the development of social
play (Einon and Morgan 1977). As a result of this
manipulation, IR rats exhibit a spectrum of persistent
behavioral alterations in adulthood, including hyperactivity,
increased responsiveness to psychostimulants, perseverative
behaviors, cognitive deficits, and disruption of sensorimotor
gating (Weiss and Feldon 2001). These abnormalities are
paralleled by multiple neurochemical changes, such as
aberrant dopamine (DA), serotonin, and noradrenaline levels
in prefrontal cortex and nucleus accumbens (NAcc) (Fulford
and Marsden 1998; Brenes et al. 2008) and altered meso-
cortical transmission (Peters and O’Donnell 2005).

Some of these behavioral and neurochemical disturbances
are typically reminiscent of those observed in schizophrenia
patients. In particular, several lines of evidence suggest that
the deficit in pre-pulse inhibition (PPI) of the acoustic startle
may be the behavioral disturbance in IR rats with the highest
validity as a model of psychosis (Geyer et al. 1993). PPI is
the reduction in the startling reaction elicited by a strong
sensory stimulus that occurs when the latter is immediately
preceded by a weaker signal. PPI deficits are reflective of
gating abnormalities and are typically observed in schizo-
phrenia patients (Braff et al. 1992). In contrast with other
antipsychotic-resistant alterations in IR rats (Garzón and Del
Rı́o 1981), the PPI disruption produced by this manipulation
is efficiently and selectively reversed by antipsychotic agents
(Bakshi et al. 1998; Binder et al. 2001). Even though several
investigations have shed light on some of the neural
substrates of PPI impairments in IR rats, the biological
alterations generating this complex phenomenon still remain
to be investigated.

In recent years, technical developments in the field of
proteomics have generated advances in our understanding of
protein expression, function, and organization in signaling
processes and regulatory networks, providing deeper insight
in how cellular proteomes are regulated in the nervous
system. Two-dimensional electrophoresis offers a powerful
and efficient approach to measure abundant protein changes
in normal and pathological states. The major advantage of
two-dimensional electrophoresis lies in its potential to
simultaneously resolve thousands of proteins, reveal their
molecular weight and pI, and reflect changes in protein
expression and isoforms (Gorg et al. 2004; Carrette et al.
2006a). In the past decade, many studies based on 2D-
polyacrylamide gel electrophoresis followed by mass spec-
trometry (MS) have been published on different animal
models (mouse and rat) (Fountoulakis et al. 1999, 2005;
Fountoulakis 2004). Fountoulakis et al. (1999) described a
two-dimensional database of rat brain proteins including
approximately 200 different proteins. The establishment of
comprehensive brain proteome maps proves to be a useful

reference database for the study of changes in protein
expression levels associated with psychiatric and neuro-
degenerative disorders (Johnston-Wilson et al. 2000;
Teunissen and Scheltens 2007) as well as development and
aging (Carrette et al. 2006b). To identify the nature of the
changes which underlie psychotic-like abnormalities in IR
rats in this study we analyzed the correlation between their
PPI alterations and the changes in protein expression of their
medial prefrontal cortex (mPFC) and NAcc, as assessed by a
proteomic analysis.

Materials and methods

Isolation rearing
Experiments were approved by the local ethical committee and

performed according to the Guidelines for Care and Use of

Experimental Animals of the European Union (EEC Council 86/

609; D.L. 27/01/1992, n. 116). Sprague–Dawley dams were

received from the supplier (Harlan Italy, S. Pietro al Natisone,

Italy) each one with 10 pups aged 8 days on arrival. At postnatal day

21, male rats were weaned and assigned to either IR or social-

rearing (SR) groups, ascertaining that littermates were equally

distributed across the two groups (to avoid litter effects). When more

than two littermates were designated to SR groups, they were not

placed together in the same cage. IR rats were reared individually in

plastic cages, while SR rats were housed four per cage. Animals

were disturbed only for cleaning purposes, which consisted of

changing the cage once a week for IR and twice a week for SR

animals. Both groups were housed in the same room so that IR rats

maintained visual, auditory, and olfactory contact with the other

animals. The room was kept under standard conditions of

temperature and humidity, and food and water was available

ad libitum. Artificial light was on from 8 PM to 8 AM. Experiments

were conducted during the light-off phase of the day. After 8 weeks

of isolation-rearing, IR and SR animals (n = 16/group, from

different litters) were tested for startle and PPI evaluation.

Startle and pre-pulse inhibition
The apparatus used for detection of startle reflexes (Med Associates,

St Albans, VT, USA) consisted of four standard cages placed in

sound-attenuated chambers with fan ventilation. Each cage con-

sisted of a Plexiglas cylinder of 9 cm diameter, mounted on a

piezoelectric accelerometric platform connected to an analog-digital

converter. Background noise and acoustic bursts were conveyed by

two separate speakers, each one properly placed so as to produce a

variation of sound within 1 dB across the startle cage. Both speakers

and startle cages were connected to a main PC, which detected and

analyzed all chamber variables with specific software. Before each

testing session, acoustic stimuli and mechanical responses were

calibrated via specific devices supplied by Med Associates.

At 3 days before the experiment, all rats went through a brief

baseline startle session. Rats were exposed to a background noise of

70 dB and, after an acclimatization period of 5 min, were presented

with a randomized sequence of twelve 40-ms bursts of 115 dB,

interposed with three trials in which a 82 dB pre-stimulus preceded

the same pulse by 100 ms. On the testing day, each rat was placed in
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a cage for a 5-min acclimatization period with a 70 dB white noise

background, which continued for the remainder of the session. Each

session consisted of three consecutive sequences of trials (periods).

Unlike the first and the third period, during which rats were

presented with only five pulse-alone trials of 115 dB, the second

period consisted of a pseudorandom sequence of 50 trials, including

12 pulse-alone trials, 30 trials of pulse preceded by 73, 76, or 82 dB

pre-pulses (10 for each level of pre-pulse loudness), and eight no

stimulus trials, where only the background noise was delivered.

Inter-trial intervals were selected randomly between 10 and 15 s.

Proteomic analysis

Sample preparation
After 7 days from PPI disruption evaluation, rats were killed by

decapitation, and whole brains were rapidly removed, washed with

phosphate-buffered saline plus protease and phosphatase inhibitors

and areas of interest were dissected, according to the method

described by Heffner et al. (1980). Briefly, brains were placed in a

cutting block kept on ice, a razor blade was inserted tangential to the

most posterior aspect of the olfactory tubercle at the level of the

anterior commissure, and then three more anterior blades were

inserted at 1.5-mm interval. NAcc and mPFC were dissected from

the second and third slice, respectively (Fig. 1). Each sample was

immediately added with protease inhibitor cocktail (Sigma, St

Louis, MO, USA) and phosphatase inhibitor cocktail 1 and 2

(Sigma) according to the manufacturer’s instructions, flash frozen in

liquid nitrogen, and stored at )80�C until further use. Prior to their

use, the tissue was weighed and suspended (1 : 10, w/v) in a

solution of 7 M urea, 2 M thiourea, 2% 3-[(3-Cholamidopropyl)di-

methylammonio-1-propanesulfonate (CHAPS), 2% Triton X-100,

15 mM Tris, 2%(v/v) Ampholine pH 3.5–10 and 65 mM dith-

iothreitol. The suspension was homogenized under mechanic

stirring for 3 h and was then centrifuged at 14 000 g for 30 min

to remove cellular debris and insoluble materials. The resulting

supernatant was treated with 100 mM hydroxyethyl disulfide for 1 h

at 25�C to form mixed disulfides with cysteinyl thiols to reduce the

streaks caused by re-oxidation of disulphide bridges. Protein

concentrations were determined using the 2D-Quant Kit (GE

Healthcare, Uppsala, Sweden).

Two dimensional gel electrophoresis
For each sample, 7 cm immobilized pH gradient strips, pH 3–10

non-linear gradient (GE Healthcare) were rehydrated overnight. An

appropriate amount of the solubilized protein sample from each

brain area of interest was loaded onto each strip by cup loading.

Isoelectrofocusing was then performed on a IPGPHOR 3 apparatus

(GE Healthcare) at 20�C by a series of increasing voltage ‘steps’

from 50 to 5000 V, until the total voltage of 100 000 V · h was

reached. The strips were equilibrated sequentially for 15 min in

equilibration buffer (50 mM Tris–HCl, pH 8.8, 6 M urea, 2%

sodium dodecyl sulfate, 30% glycerol) containing 1% dithiothreitol

and then 2.5% iodoacetamide. For the second dimension, proteins

were separated by 9–16% gradient – sodium dodecyl sulphate–

polyacrylamide gel electrophoresis. Strips were held in place on top

of gels by 0.5% agarose in running buffer and electrophoresis was

performed on a Mini Protean III system (Bio-Rad Laboratories,

Hercules, CA, USA) for 15 min at 50 and 100 V until tracking dye

(bromophenol blue) reached the bottom of the gel. Proteins were

visualized by colloidal Coomassie or silver staining. Molecular

masses were determined by analyzing standard protein markers that

cover the range 10–200 kDa and pI values are used as given by the

supplier of the immobilized pH gradient strips. Suitable staining and

destaining protocols were followed before the gel imaging step. The

gels were scanned in a PHAROS FX apparatus (Bio-Rad Labora-

tories). Four gels were generated for each set of samples to minimize

experimental variability and allow for a statistically robust analysis.

Image analysis was performed using ImageMaster 2D Platinum

v6.0.1 software (GE Healthcare). The highest variable spots were

identified by matrix-assisted laser desorption ionization-time of

flight (MALDI-TOF) and MS/MS.

In situ digestion
The analysis was performed on the Coomassie blue-stained spots

excised from gels. The excised spots were washed first with

acetonitrile (ACN) and then with 0.1 M ammonium bicarbonate.

Protein samples were reduced by incubation in 10 mM dithiothreitol

for 45 min at 56�C. The cysteines were alkylated by incubation in

5 mM iodoacetamide for 15 min at 25�C in the dark. The gel

particles were then washed with ammonium bicarbonate and ACN.

Enzymatic digestion was carried out with trypsin (12.5 ng/lL) in
50 mM ammonium bicarbonate pH 8.5 at 4�C for 4 h. The buffer

solution was then removed and a new aliquot of the enzyme/buffer

solution was added for 18 h at 37�C. A minimum reaction volume

enough for the complete rehydratation of the gel was used. Peptides

were then extracted by washing the gel particles with 20 mM

ammonium bicarbonate and 0.1% trifluoroacetic acid in 50% ACN

at 25�C and then lyophilised.

MALDI-TOF mass spectrometry
Positive Reflectron MALDI spectra were recorded on a Voyager DE

STR instrument (Applied Biosystems, Framingham, MA, USA).

The MALDI matrix was prepared by dissolving 10 mg of a-cyano
in 1 mL of ACN/water (90 : 10 v/v). Typically, 1 lL of matrix was

Fig. 1 Schematic diagram showing the brain areas dissected for

proteomic analysis. Slices were cut at 1.5 mm interval, as described in

Materials and methods. Nucleus accumbens (NAcc) and medial pre-

frontal cortex (mPFC) were dissected from the second and third slice,

respectively.
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applied to the metallic sample plate and 1 lL of analyte was then

added. Acceleration and reflector voltages were set up as follows:

target voltage at 20 kV, first grid at 95% of target voltage, delayed

extraction at 600 ns to obtain the best signal-to-noise ratios and the

best possible isotopic resolution with multipoint external calibration

using peptide mixture purchased from Applied Biosystems. Each

spectrum represented the sum of 1500 laser pulses from randomly

chosen spots per sample position. Raw data were analyzed using the

computer software provided by the manufacturers and are reported

as monoisotopic masses.

NanoLC mass spectrometry
A mixture of peptide solution was analyzed by LC–MS analysis

using a 4000Q-Trap (Applied Biosystems) coupled to an 1100

nano HPLC system (Agilent Technologies, Wilmington, DE,

USA). The mixture was loaded on an Agilent reverse-phase pre-

column cartridge (Zorbax 300 SB-C18, 5 · 0.3 mm, 5 lm) at

10 lL/min (A solvent 0.1% formic acid, loading time 5 min).

Peptides were separated on a Agilent reverse-phase column

(Zorbax 300 SB-C18, 150 mm · 75 lm, 3.5 lm), at a flow rate

of 0.3 lL/min with a 0% to 65% linear gradient in 60 min (A

solvent 0.1% formic acid, 2% ACN in Milli-Q water; B solvent

0.1% formic acid, 2% MQ water in ACN). Nanospray source

was used at 2.5 kV with liquid coupling, with a declustering

potential of 20 V, using an uncoated silica tip from NewObjec-

tives (O.D.: 150 lm; I.D.: 20 lm; T.D.: 10 lm). Data were

acquired in information-dependent acquisition mode, in which a

full scan mass spectrum was followed by MS/MS of the five

most abundant ions (2 s each). In particular, spectra acquisition of

MS/MS analysis was based on a survey Enhanced MS Scan from

400 to 1400 m/z at 4000 amu/s. This scan mode was followed by

an Enhanced Resolution experiment for the five most intense ions

and then MS2 spectra Enhanced Product Ion (EPI) were acquired

using the best collision energy calculated on the bases of m/z
values and charge state (rolling collision energy) from 100 to

1400 m/z at 4000 amu/s. Data were acquired and processed using

Analyst software (Applied Biosystems).

MASCOT analysis
Spectral data were analyzed using Analyst software (version 1.4.1)

and MS/MS centroid peak lists were generated using the MAS-

COT.dll script (version 1.6b9, Matrix Science, London, UK). MS/

MS centroid peaks were threshold at 0.1% of the base peak. MS/

MS spectra having less than 10 peaks were rejected. MS/MS

spectra were searched against Swiss Prot database (2006.10.17

version, Swiss Institute of Bioinformatics, Geneva, Switzerland)

using the licensed version of Mascot 2.1 version (Matrix Science,

London, UK), after converting the acquired MS/MS spectra in

mascot generic file format. The Mascot search parameters were

taxonomy rat; allowed number of missed cleavages 2; enzyme

trypsin; variable post-translational modifications; methionine oxi-

dation; pyro-glu N-term Q; peptide tolerance 200 ppm and MS/MS

tolerance 0.5 Da; and peptide charge from +2 to +3 and top 20

protein entries. Spectra with a MASCOT score <25 were having

low quality and were rejected. The score used to evaluate quality of

matches for MS/MS data was higher than 30. However, spectral

data were manually validated and contained sufficient information

to assign peptide sequence.

Data analysis
For each animal, the mean startle amplitudes for the session as well

as the mean latency to peak values of startle were analyzed

with ANOVA, with treatment as a between-subject factor. Startle

habituation across the two halves of the session (blocks) was

evaluated as % inter-block reduction (IBR), using the following

formula: 100 ) [(mean startle amplitude for first block/mean startle

amplitude for second block)*100].

The %PPI was calculated using the following formula:

100 ) [(mean startle amplitude for pre-pulse pulse trials/mean

startle amplitude for pulse alone trials)*100] and analyzed by two-

way ANOVAs with rearing condition (i.e., isolation-reared vs. group-

reared) as a between-subjects factor and trial types as repeated

measures.

For proteomic analysis, representative subpopulations of IR and

SR rats (n = 4/group) were selected. To minimize sampling errors,

selection was performed with disproportionate stratification of the

animals in each group, based on ranking of the average %PPI values

and verification of the homoscedasticity of the sampling strata via

Bartlett’s test. We ascertained that mean %PPI of the representative

samples differed from the average %PPI of each group by no more

than 5%. Statistical effects on startle magnitude, %IBR, latency to

startle peak, and %PPI and DPPI were confirmed in the IR and SR

subgroups.

Proteomic data were evaluated using Student’s t-test to assess

statistical differences between comparison groups, which contained

at least four independent samples. Correlation between behavioral

and neurochemical data in IR rats was also studied by means of

linear regression analysis. Significance limit was set at 0.05.

Results

Startle and PPI analysis
Startle magnitudes were compared by one-way ANOVA, with
rearing condition as variable. Isolation-reared rats displayed a
significantly reduced startle amplitude [F(1,30) = 7.36, p <
0.05, ANOVA] (Fig. 2a). Conversely, no difference between
the two groups was identified in either latency to startle peak
[F(1,30) = 1.70, NS] or %IBR values [F(1,30) = 0.85, NS]
(data not shown).

Percent PPI analysis was performed by a two-way ANOVA

design, with rearing condition and pre-pulse levels as factors
(Fig. 2c). Statistical analysis detected that %PPI was signif-
icantly lower in isolation-reared rats when compared with
group-reared rats [F(1,30) = 13.23, p < 0.01]. Significant
effects were also found for pre-pulse levels [F(2,60) = 5.61,
p < 0.01]. Post hoc scrutiny of these effects detected a
significant difference between the %PPI elicited by 73 dB
in comparison with those generated by 76 dB (p < 0.05)
and 82 dB (p < 0.01). Finally, there were no significant
pre-pulse levels · rearing condition interactions [F(2,60) =
0.72, NS].

Although littermates were equally distributed in IR and SR
groups, to ensure the absence of potential litter-related effects
on the comparisons of startle and PPI data, we verified the
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absence of rearing conditions · litter interactions on all
startle and PPI parameters by multiway ANOVA analyses (data
not shown).

The analysis of startle and PPI values for the two
representative subgroups (n = 4), selected by ranking-based
disproportionate stratification for proteomic analysis, was
performed with the same statistical designs. As shown in
Fig. 2b, the selected IR rats displayed a significantly reduced
startle amplitude in comparison with SR counterparts
[F(1,6) = 8.91, p < 0.05, ANOVA] and confirmed no difference
in either latency to startle peak [F(1,6) = 0.01, NS] or %IBR
values [F(1,6) = 0.06, NS] (data not shown). Furthermore,
%PPI values were significantly lower in IR rats [%PPI:
F(1,6) = 8.63, p < 0.05] (Fig. 2d). Significant effects were
found for pre-pulse levels [F(2,612) = 4.65, p < 0.05] and for
pre-pulse levels · rearing condition interactions [F(2,12) =
4.30, p < 0.05] in the %PPI analysis. However, post hoc
comparison with Tukey’s test did not reveal any significant
difference between groups. We further ruled out sampling
bias by verifying the absence of significant differences
between the four animals selected and the residual animals in
each group for each startle or PPI parameter by ANOVA (data
not shown).

Proteomic analysis
About 300 proteins were detected by the 2D ImageMaster
software (GE Healthcare, Uppsala, Sweden) on the Coomas-

sie blue-stained gel (Fig. 3). Blue-stained spots indicated by
arrows and numbers in Fig. 3 and in Table 1 were selected
for mass spectral identification by the merging of image
analysis. Some spots gave no confident identification by the
peptide mass fingerprinting procedure. Additional data were
provided by nanoLC/MS/MS experiments. The peptide
mixtures were fractionated by nanoHPLC and sequenced
by tandem MS leading to the unambiguous identification of
the protein candidate. Thirty different proteins were identi-
fied by MALDI-time of flight MS on the basis of mass
fingerprint. In the NAcc of IR rats, expression level of two
proteins, 14-3-3 f/d protein and a-syn, was significantly
higher in comparison with the matched control (p < 0.05,
Student’s t-test), while the expression level of heat shock
protein 60 (HSP60) showed a significant decrease (p < 0.05,
Student’s t-test) (Fig. 4). In the mPFC, 14-3-3 protein
showed a slight, marginally significant (p = 0.0478, Stu-
dent’s t-test) decrease with respect to group-reared controls
(Fig. 4), while other protein expression levels were un-
affected.

Correlations between behavioral and neurochemical results
in IR rats
We first analyzed the correlation between startle amplitude
values and the accumbal levels of a-syn, 14-3-3 f/d protein,
and HSP60 proteins in IR rats. Linear regression analysis
revealed no significant correlations between startle values
and levels of any of these proteins (data not shown). The
regression analysis of PPI and a-syn levels in the NAcc in IR
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Fig. 2 Startle and pre-pulse inhibition (PPI) analysis in isolation-

reared rats (IR) and their socially reared controls (SR). Values rep-

resent mean ± SEM. for each group. Pre-pulses are indicated by the

intensity corresponding to decibels above background noise. a–c: total

groups (n = 16); b–d: subgroups selected for proteomic analysis

(n = 4). *p < 0.05; **p < 0.01 in comparison to SR. For further details,

see ‘Startle and PPI analysis’ section.

Fig. 3 Representative two-dimensional map of rat brain proteins.

Proteins were extracted, solubilized, and separated on a pH 3–10 non-

linear immobilized pH gradient strip, followed by a 8–16% polyacryl-

amide gel electrophoresis, as described in Materials and methods.

After electrophoresis the gels were stained with Coomassie blue and

the signed spots were analyzed by matrix-assisted laser desorption

ionization mass spectroscopy. Spot numbers refer to Table 1.

� 2008 The Authors
Journal Compilation � 2008 International Society for Neurochemistry, J. Neurochem. (2009) 108, 611–620

Gating deficits and protein expression alteration | 615



RSRS
3-3-41 ζ snebmucca suelcuN - 

* * 

3-3-41 ζ CFPm - 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

**

(b) (a) 

RI
RI

%
 V

ol
um

e

%
 V

ol
um

e * * 

RSRS

0.0 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

0.5 

SR (n = 4)SR (n = 4) IR (n = 4)IR (n = 4)

α -synuclein - mPFC

HSP60 - mPFC

-synuclein - Nucleus accumbens

HSP60 - Nucleus accumbens

α 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

* * 

RIRI

%
 V

ol
um

e
%

 V
ol

um
e

%
 V

ol
um

e

RSRS

SR (n = 4) IR (n = 4) SR (n = 4) IR (n = 4)

SR (n = 4) IR (n = 4) SR (n = 4) IR (n = 4)

RIRI

%
 V

ol
um

e

* * 

Fig. 4 Variation in expression level of three different proteins, 14-3-3 f/d protein, a-synuclein (a-syn), and heat shock protein 60 (HSP60) in the

medial prefrontal cortex (mPFC) and nucleus accumbens of isolation-reared (IR) and socially reared (SR) rats. **p < 0.05 (Student’s t-test).

Table 1 Rat brain proteins with altered

levels after IR treatment, identified by mass

spectrometry

2DE spot

number

Protein

name

Accession

number Mr (KDa) pI

Sequence

Coverage (%)

Mascot

Score

1 HSP60 P63039 61 5.91 26 165

2 HSP60 P63039 61 5.91 25 144

3 HSP60 P63039 61 5.91 23 130

4 14-3-3 f/d P63102 27.7 4.73 54 150

5 a-Synuclein P37377 14.5 4.74 51 82

HSP60, heat shock protein 60; pI, isoelectric point; Mr, molecular weight; IR, isolation reared; 2DE,

two-dimensional electrophoresis.
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rats revealed that the levels of this protein were significantly
correlated with the overall variation in average PPI values
[F(1,2) = 29.87, p < 0.05, R2 = 0.94] and PPI elicited by
82 dB (PP12) [F(1,2) = 122.6, p < 0.01, R2 = 0.98], but not
with the other PPIs induced by either 73 (PP3) or 76 dB
(PP6) (Fig. 5). We also identified a statistical trend for the
correlation between 14-3-3 f/d and average PPI values
(p < 0.10) in IR rats, which probably reflected a significant

correlation with PPI elicited by PP12 [F(1,2) = 18.59,
p < 0.05, R2 = 0.90] but not by other pre-pulse levels
(Fig. 6). No significant correlation was found between
HSP60 protein levels and PPI in IR rats (data not shown).
Finally, parallel analyses on the correlations between protein
levels in mPFC and behavioral data did not yield any
significant result (data not shown).

Discussion

In this study, we showed that under our experimental
conditions IR elicited profound PPI deficits in IR Sprague–
Dawley rats. These results are in keeping with numerous
lines of evidence documenting gating impairments following
this manipulation (Geyer et al. 1993; Cilia et al. 2001; but
see Domeney and Feldon 1998 for contrasting results),
together with other behavioral, morphological, and neuro-
chemical abnormalities which strongly resembles core
endophenotypes of schizophrenia (for a review, see Fone
and Porkess 2008). Furthermore, IR rats exhibited a signif-
icant decrement in startle amplitude and no changes in startle
habituation and latency. These findings are partially at
variance with previous reports showing enhanced startle
reflex (Krebs-Thomson et al. 2001). While the reasons of
these apparent discrepancies remain unknown, they may
reflect subtle differences in the conditions of isolation and
startle testing as well as the rat strain. Similar variations may
also account for the numerous inconsistencies in the effects
of IR on both parameters (Varty and Geyer 1998; Varty et al.
1999).

Proteomic analyses revealed significant increases in a-syn
and 14-3-3 f/dproteins as well as a decrease in HSP60 in the
NAcc of a representative subgroup of IR rats when compared
with SR controls. Notably, changes in a-syn and 14-3-3 f/d
proteins in IR rats are significantly correlated with variations
in intensity-specific PPIs, probably signifying a role of these
proteins in the pathophysiology of IR-induced gating deficits.

Regression analysis revealed a direct correlation between
accumbal levels of 14-3-3 f/dproteins and PP12-elicited PPI
in IR rats. This association was not paralleled by significant
correlations between startle amplitudes and protein levels.
The family of 14-3-3 proteins has been shown to serve a
number of critical functions in the regulation of many critical
signal transduction pathways, by interacting with protein
kinases (Aitken et al. 1990; McPherson et al. 1999) and
other enzymes (for a review, see Aitken 2002). In consid-
eration of the role of 14-3-3 proteins as pleiotropic effectors
of cell physiology and signaling, it is not possible to exactly
predict the significance of the enhancement in 14-3-3 f/d
protein levels observed in the NAcc IR rats and its role in
gating regulation. Nevertheless, previous evidence on the
involvement of 14-3-3 in synaptic vesicles transport and
exocytosis (Broadie et al. 1997; Roth et al. 1999; Lotharius
and Brundin 2002a) is in accord with previous evidence
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indicating pre-synaptic dysfunctions in the striatum of IR rats
(Hall et al. 1998; Barr et al. 2004). Specifically, the increase
in 14-3-3 proteins may reflect enhanced DA production in
NAcc as these molecules have been shown to bind and
activate tyrosine hydroxylase (Ichimura et al. 1988; Itagaki
et al. 1999), the rate-limiting enzyme in DA synthesis. Even
though no direct measure of DArgic system activity is
present in our study, this possibility is consistent with
previous studies documenting impairments in DArgic sig-
naling in the NAcc of IR rats (Jones et al. 1990; Fulford and
Marsden 1998) as well as the role of accumbal DA in gating
impairments in IR rats (Powell et al. 2003).

The levels of a-syn in NAcc of IR rats were significantly
correlated (positively and negatively, respectively) with
average values of PPI and PPI elicited by 82 dB pre-pulses
(12 dB above the background noise). Although the func-
tional role of a-syn is still largely elusive, emerging
findings indicate that this molecule shares physical and
functional homology with 14-3-3 proteins (Ostrerova et al.
1999). Accordingly, a-syn also participates in a number of
intracellular signaling pathways and binds to a broad array
of enzymes (Gallardo et al. 2008). The link between the
fourfold increase in a-syn and IR-caused PPI deficits may
be based on the role of this protein in synaptic dysfunc-
tions. For instance, a-syn exerts a negative control of
synaptic vesicle replenishment with several neurotransmit-
ters (Abeliovich et al. 2000; Yavich et al. 2004), and its
deficiency results in a markedly reduced number of synaptic
vesicles in the resting pool (Cabin et al. 2002) and
increased number of readily releasable vesicles (Senior
et al. 2008). Concurrently, alterations in a-syn have been
shown to affect the function of several neurotransmitters,
such as serotonin, norepinephrine, and glutamate
(Wersinger et al. 2006a,b; Gureviciene et al. 2007) which
play important roles in the behavioral outcomes of post-
weaning isolation in rats (Fulford and Marsden 1997, 1998;
Lapiz et al. 2003; Melendez et al. 2004). Notably, a-syn
has also been shown to play a key role in the modulation of
DArgic activity (Lotharius and Brundin 2002a,b; Sidhu
et al. 2004), and its over-expression in vivo has been
associated with higher DA synthesis rate (Caudle et al.
2007; Alerte et al. 2008). Furthermore, a-syn has been
shown to reduce DA re-uptake by a negative modulation of
the membrane DA transporter (Wersinger and Sidhu 2003
Sidhu et al. 2004) and the vesicular monoamine transporter 2,
which result in increased amphetamine-induced DA release
(Lotharius et al. 2002). It is worth noting that analogously
enhanced neurochemical and behavioral responses to
amphetamine have been observed in IR animals (Jones
et al. 1990; Hall et al. 1998).

The increased expression of a-syn and 14-3-3 proteins
may also reflect the existence of a neurodegenerative process.
In fact, these molecules have been involved in the patho-
genesis of numerous neurodegenerative disorders (Spillantini

and Goedert 2000; Dougherty and Morrison 2004), and
preliminary evidence has actually established that chronic
stress and social isolation can predispose to or induce
neurodegenerative alterations in brain (Bartesaghi and Severi
2004; Conrad et al. 2004).

Although the levels of HSP60 did not exhibit any
correlation with the behavioral data in IR rats, it is possible
that its decreased expression might also signify a reduction in
neuroprotective mechanisms, as this protein has been shown
to act as a molecular chaperon that plays an essential role for
recovery from stress-induced protein damage (Hartl and
Hayer-Hartl 2002). In general, HSPs are critical elements in
the cellular response to unfolded proteins and in promoting
proper protein folding to prevent aggregation as well as in
promoting ubiquitination and degradation of misfolded
proteins (Fink 1999). Accordingly, recent evidence indicates
that HSP proteins may also play a role in reducing a-syn
aggregation and toxicity (Klucken et al. 2004).

In conclusion, our findings suggest that the PPI deficits
induced by IR may be caused by imbalances in 14-3-3 and
a-syn expression in the NAcc. PPI has been extensively
validated as a dependable paradigm to measure integrity of
gating functions and pre-attentional filtering (Braff et al.
2001; Swerdlow et al. 2001), and its translational salience
for the experimental study of gating functions is supported
by the similar testing modalities between humans and other
vertebrates. Furthermore, spontaneous PPI deficits are
observed in schizophrenia and other psychiatric disorders
featuring gating dysfunctions, supporting the validity of this
paradigm as a dependable tool for the study of psychosis
(Braff et al. 2001). Accordingly, PPI disruption is triggered
by psychotomimetic substances and restored by antipsy-
chotic agents in both humans and animals (Mansbach and
Geyer 1989; Geyer et al. 1990; Johansson et al. 1995; Geyer
1998; Martinez et al. 1999). Based on these premises, the
identification of molecular markers correlated with IR-
induced PPI deficits holds great relevance for the study of
the pathophysiology of psychotic disorders and gating
dysfunctions, and warrants further studies on the role of
a-syn, HSP60, and 14-3-3 proteins in schizophrenia.
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