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Abstract Early life adversity has been associated with the
development of various neuropsychiatric disorders in adult-
hood such as depression and anxiety. The aim of this study
was to determine if stress during adulthood can exaggerate the
depression-/anxiety-like behaviour observed in the widely ac-
cepted maternally separated (MS) Sprague–Dawley (SD) rat
model of depression. A further aim was to determine whether
the behavioural changes were accompanied by changes in
hippocampal brain-derived neurotrophic factor (BDNF) and
the protein profile of the prefrontal cortex (PFC). Depression-/
anxiety-like behaviour was measured in the elevated plus
maze, open field and forced swim test (FST) in the MS SD
rats exposed to chronic restraint stress in adulthood. As ex-
pected, MS increased immobility of SD rats in the FST but
restraint stress did not enhance this effect of MS on SD rats. A
proteomic analysis of the PFC revealed a decrease in actin-
related proteins in MS and non-separated rats subjected to
restraint stress as well as a decrease in mitochondrial energy-
related proteins in the stressed rat groups. Since MS during
early development causes a disruption in the hypothalamic‐
pituitary‐adrenal axis and long-term changes in the response
to subsequent stress, it may have prevented restraint stress
from exerting its effects on behaviour. Moreover, the decrease
in proteins related to mitochondrial energy metabolism in MS
rats with or without subsequent restraint stress may be related

to stress per se and not depression-like behaviour, because rats
subjected to restraint stress displayed similar decreases in
energy-related proteins and spent less time immobile in the
FST than control rats.

Keywords Depression .Maternal separation . Restraint
stress . Behaviour . Proteomics

Introduction

Chronic exposure to stressful life events is considered a major
risk factor for the development of various psychiatric disor-
ders, including major depression (Kendler et al. 1998, 1999).
Moreover, individuals with a history of childhood trauma are
more vulnerable to developing depression than individuals
with no childhood trauma (Harkness et al. 2006). In addition,
the type of childhood trauma or recent stressful event has
differential effects on depression symptomatology (van Veen
et al. 2013). However, many other factors determine the out-
come of childhood trauma including genetic influences
(Rutter 2007, 2010).

Activation of the stress response via the hypothalamic‐
pituitary‐adrenal (HPA) axis is required to maintain homeo-
stasis and therefore minimize the impact of a threat
(O’Connor et al. 2000). However, chronic stress may ad-
versely impact brain function resulting in psychiatric disor-
ders such as depression and anxiety (McEwen 2000, 2008).
Limbic brain areas such as the hippocampus and prefrontal
cortex (PFC) not only regulate the stress response system
(Diorio et al. 1993; Herman and Cullinan 1997) but also
play a role in depression therefore providing an interface
between stress and neuropsychiatric disorders (McEwen
2000; Raison and Miller 2003). Various animal models, in-
cluding chronic restraint stress, have been developed to
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study the effects of chronic stress on the neurobiology of
depression. Restraint stress has proved to be a valid stress-
inducing animal model of depression and anxiety (Lee et al.
2013; Chiba et al. 2012). Previous studies showed that re-
straint stress repeated for 5 to 14 days induced an increase in
the duration of immobility in the forced swim test (FST) and
decreased sucrose consumption in rats, indicative of
depression-like behaviour (Lee et al. 2013; Cancela et al.
1991; Marais et al. 2008; Tabassum et al. 2010). These rats
also displayed more anxiety-like behaviour as evidenced by
decreased time spent in the open arms and increased time
spent in the closed arms of the elevated plus maze (EPM)
(Chiba et al. 2012; Tabassum et al. 2010). Some of these rats
had also been subjected to maternal separation (MS)
(Marais et al. 2008; Uchida et al. 2010).

Brain-derived nerve growth factor (BDNF) is densely
expressed in the hippocampus (Yan et al. 1997) and suggested
to be involved in the aetiopathology of depression (Castrén
and Rantamäki 2010). It has been reported that chronic stress
that results in depression-like behaviour in rodents, decreased
BDNF levels in the hippocampus and PFC (Ray et al. 2011;
Xu et al. 2004; Xu et al. 2006) although some studies have
reported an increase (Larsen et al. 2010; Naert et al. 2011) or
no effect on BDNF (Kuroda and McEwen 1998; Rosenbrock
et al. 2005).

Depression is a multifaceted disorder with various
causative factors involving multiple signalling pathways
that regulate the release of many neurotransmitters and
neurotrophins, as suggested by studies that investigated
the neurobiology of animal models of depression (Gass
and Riva 2007; Husum et al. 2008; Mathé et al. 2007;
Popoli et al. 2001; Ryan et al. 2009; Wörtwein et al.
2006). In view of a number of studies that reported mo-
lecular changes in a gene-environment model of depres-
sion (Blaveri et al. 2010; Carboni et al. 2010; Mallei
et al. 2011; Piubelli et al. 2011), it was considered nec-
essary to further investigate differently regulated proteins
also in an early environmental rat model subjected to
stress in adulthood. This may provide further insight into
the stress-induced pathology that gives rise to the
depression-like behaviour in rats. Proteomic analysis with
iTRAQ labeling allows separation and identification of
many proteins and provides a sensitive method to identi-
fy the molecular changes associated with depression
(Han et al. 2015; Wu et al. 2006).

The aim of the current study was therefore to measure the
BDNF concentration in the ventral hippocampus and to fol-
low with analysis of the proteomic profile of the PFC to iden-
tify differential protein expression related to depression-like
behaviour in rats exposed to early-life MS and restraint stress
in adulthood. This was the first proteomic study to assess
protein regulation in the PFC of the early life MS model of
depression that was also subjected to stress in adulthood.

Experimental procedures

Animals

The study was approved by the University of Cape Town
Faculty of Health Sciences Animal Ethics Committee (#010/
036) and conducted in accordance with the guidelines of the
South African National Standard: The care and use of animals
for scientific purposes (2008). A total of 51 Sprague–Dawley
(SD) rats that were bred in the Satellite Animal Facility at the
University of Cape Town, were used for the study. Rats were
housed in plexiglass cages with woodchip bedding in a
temperature-controlled room (23±1 °C) with food and water
available ad libitum. The housing facility was maintained on a
12 h light/dark cycle (lights on from 06 h00 to 18 h00). This
study consisted of 4 groups: control SD (Ctr, n=13), mater-
nally separated SD (MS, n=12), restraint stressed SD (RS, n=
13) and maternally separated SD rats that were restraint
stressed in adulthood (MS+RS, n=13).

Maternal separation

The date of birth was designated postnatal day (P) 0. On
P2, rats that were born in the Satellite Animal Facility
were culled to 8 pups per litter to allow equal nourishment
of litters. MS was carried out for 3 h per day between
09 h00 and 13 h00 from P2 to P14 (Daniels et al.
2004). Pups were transferred (together with some home
cage bedding to avoid handling of the pups) to a clean
cage and housed in a different room (31–33 °C, to prevent
hypothermia) to prohibit communication between pups
and dam by means of ultrasonic vocalizations. After 3 h
of separation, pups were returned to the home cage with
the dam. Care was taken to prevent handling of the pups.
Non-maternally separated control rats were normally
reared and left undisturbed during the MS procedure.
Cages of MS and non-maternally separated rats were
cleaned twice a week, half of the soiled bedding was
replaced with fresh bedding to prevent disturbance of
the pups. Pups were weaned at P21; males were separated
from females and housed 2–4 in a cage.

Restraint stress

Some rats were chronically stressed during adulthood accord-
ing to the restraint procedure employed by Marais et al.
(2008). Rats were restrained in a Perspex holder for 4 h on 5
consecutive days between 09 h00 and 13 h00 at P61-P67.
Following 5 days of restraint stress, rats were left undisturbed
for 7 days to overcome the short-term effects of stress before
depression-like behaviour was measured in the FST.
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Behaviour

Behavioural tests were conducted in the light phase (06 h00-
09 h00). Adultmale ratswere transferred to the behavioural room
on the morning of behavioural testing and allowed to habituate
for 1 h to the room conditions. The 51 rats were tested in batches
of 4–7 rats on different days according to their date of birth.

Forced swim test

Seven days after restraint stress (P72–P78), rats were placed in
individual transparent cylinders (40×19 cm) containing 30 cm
of water (23–25 °C). The FSTwas performed in 4 cylinders so
that four rats could be tested at the same time. Black cardboard
sheets were placed between the cylinders to prevent visual
contact between rats during the test and potentially alter their
behaviours. Each rat was allowed to swim for 15 min (habitu-
ation). After 24 h, the rats were exposed to a second 5-min test
swim session. The behaviour of rats was recorded from the
front with a Sony Handycam, DCR-SX83E video camera for
subsequent scoring. The FST behaviours included time spent
immobile (making only movements necessary for the rat to
keep its head above the water), swimming (horizontal move-
ment of the rat around the tank) and climbing (vertical move-
ments with the forepaws along the side of the cylinder) (Cryan
et al. 2002) and were measured manually and separately by an
experienced observer blind to the experimental conditions.

Elevated plus maze

Four days after the FST (P77–P83), anxiety-like behaviour was
measured using the EPM in a different room than the FST, with
lighting at 40 lux. The EPM consisted of two opposing open
arms 50×10 cm and two opposing closed armswith 40 cm high
walls and elevated 50 cm above the floor. The arms were con-
nected by a central 10×10 cm square. The rat was placed in the
central square facing one of the open arms and allowed to freely
explore the open and closed arms of the EPM for 5 min.
Between recordings, the arena was cleaned with 70 % ethanol
to prevent the scent of the previous rat in the apparatus from
influencing the behavior of other animals. An aerial view of the
EPM was recorded with a Sony Handycam, DCR-SX83E vid-
eo camera for subsequent scoring of time spent in the open
arms, closed arms and central square with Noldus Ethovision
XT version 7 software (Noldus, Wageningen, Netherlands).
Center-point detection was used with Noldus Ethovision to
track the movement of the rat in order to determine time spent
in the different zones of the EPM.

Open field test

The open field test (OFT) was performed immediately after
the EPM in the same room. The open field consisted of a

100×100 cm black arena with 50 cm high walls. The arena
was cleaned with 70 % ethanol after each behavioural record-
ing. The OFT was performed by placing the rat in one of the
corners of the open field facing the open arena. The rat was
allowed to explore the arena for 5 min. Behaviour was record-
ed with a video camera (Sony Handycam, DCR-SX83E,
Japan) and subsequently analyzed using Ethovision software
(Noldus,Wageningen, Netherlands). Locomotor activity (total
distance travelled) was scored.

Two days after behavioural assessment (P79–P85), rats
were decapitated, brains removed and the PFC and ventral
hippocampus rapidly dissected according to the rat brain atlas
of Paxinos andWatson (1986). Following dissection, the brain
areas were immediately snap frozen and stored in liquid nitro-
gen until later biochemical analysis. A total of 10 rats/group
were selected for determination of hippocampal BDNF levels
according to their immobility scores in the FST. The rats with
scores closest to the mean value of their respective group (Ctr,
MS, RS and MS+RS) were selected. The PFC of 6 of these
rats/group was used for proteomic analysis.

Biochemistry

BDNF determination with enzyme-linked immunosorbent
assay (ELISA)

The ventral hippocampus tissue samples of SD behavioural rat
groups (Ctr (n=10), MS (n=10), RS (n=10) and MS+RS (n=
10)) were used to determine BDNF concentration. Brain sam-
ples were weighed and sonicated for 15 s in 300 μl lysis buffer
(137 mM NaCl, 20 mM Tris–HCl (pH 8), 1 % Tergitol-type
nonyl phenoxypolyethoxylethanol (NP40), 10 % glycerol,
1 mM phenylmethanesulfonyl fluoride (PMSF), 10 μg/ml
aprotinin, 1 μg/ml leupeptin and 0.5 mM sodium vanadate).
Following sonication, samples were mixed on a vortex mixer
and centrifuged at 12, 000×g at 4 °C for 30 min. A volume of
40 μl of each sample supernatant was used for ELISA. The
BDNF concentration was determined according to the manu-
facturer’s instructions (Promega Corporation, Madison, WI,
USA). Determinations were done in duplicate. Results are
expressed as pg/mg wet weight (ww).

Proteomics

Samples of the PFC obtained from 3 SD rats per experimental
group were pooled (3 SD rats/digest), sonicated in 1 M
triethylammonium bicarbonate (TEAB) buffer and centri-
fuged at 17, 200×g for 30 min at 4 °C. Supernatants were
collected and protein concentration, iTRAQ labeling and liq-
uid chromatography and mass spectrometry (LC-MS) were
carried out by the Centre for Proteomic and Genomic
Research (CPGR) at the University of Cape Town.
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Protein concentration of the supernatant was determined
with a nanodrop at 280 nm. The samples were adjusted to
10 μg/μl with 50 mM TEAB and incubated for 1 h at 60 °C
with 100 mM Tris (2-carboxyethyl) phosphine (TCEP) reduc-
ing agent. Methyl methanethiosulfonate (MMTS) was added
to the samples to block reduced cysteines followed by incu-
bation for 15 min at room temperature. Following incubation,
samples were adjusted to 45 μl with 50 mM TEAB and 1 μg/
μl trypsin added. The reaction was allowed to proceed at
37 °C for 18 h where after the samples were suspended in
0.1 % trifluoroacetic acid (TFA). The digested samples were
reduced to a volume of 10 μl and made up to a final volume of
10 μl with 1 M TEAB to adjust the pH (>7.5). The iTRAQ
labeling was carried out using an 8-plex labeling kit for Ctr,
MS and RS rat groups (2 pooled PFC digests for each group)
and a 4-plex labeling kit for the Ctr and MS+RS rat groups (2
pooled PFC digests for each group). Labeling was performed
at room temperature for 2 h according to the manufacturer’s
instructions (Applied Biosystems).

Label confirmation was performed by applying the sample
mixture to a C-18 column conditioned with 20 μl of 100 %
acetonitrile (ACN) and equilibrated with 20 μl of 0.1 % TFA.
Volumes of 1 μl of each sample were pooled and desalted
using a C18 ZipTip, washed with 20 μl of 0.1 % TFA and
eluted with 10 μl of 50 % ACN and 0.1 % TFA. The desalted
sample was mixed with α-cyano-4-hydroxycinnamic acid
(CHCA, Sigma Aldrich) solution and spotted on a MALDI
target plate. Labeling was confirmed using tandemmass spec-
troscopy (MS/MS). After label confirmation, 100 μl of Milli
Q water was added to each sample and incubated at room
temperature for 30 min. The samples were pooled and the
volume reduced to 100 μl. The pooled sample was stored
for further LC-MS analysis.

The LC was performed using a Dionex Ultimate 3000
nano-HPLC system. The HPLC fractionated peptides were
dissolved in sample loading buffer (95 % water, 5 %
Acetonitrile, 0.05 % TFA) and loaded on a C18 trap column
(100 μm×20 mm×5 μm). Chromatographic separation was
performed with an Acclaim Pepmap (Thermo Fisher
Scientific, USA) C18 column (75 μm×250 mm×3 μm).
The mobile phases consisted of solvent A (0.1 % formic acid
in water) and solvent B (80 % ACN, 10 % water, and 0.1 %
formic acid). The gradient was delivered at 250 nl/min and
consisted of a linear gradient of mobile phase B initiating with
solvent B: 6–30 % over 148 min.

Mass spectroscopy was performed using an electron spray
ion source coupled to a Q-Exactive quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, USA). The MS was
operated in positive electron spray ionized mode with a cap-
illary temperature of 250 °C. The applied electrospray voltage
was set at 1.95 kV. Data were collected in the full scan mode
and data-dependent MS/MS modes with a maximum ion in-
jection time of 50ms. In full scanmode, ions were collected in

the mass range of 350–2000 m/z and acquired at a resolution
of 70,000 at m/z 200.

Data analysis was performed using Scaffold software
(Proteome software Inc., Portland, OR) using the Rattus se-
quence database (Source: UniprotKB-www.uniprot.org,
filtered by “Organism−‘Rattus’”, dated 22/03/2014) with the
MASCOT (Matrix Science, London, U.K.; version 2.1)
search algorithm. All identified peptides had an ion score
above the Mascot peptide identity threshold (a high
confidence score of 99 % and a low false discovery rate
(FDR) of 1 %), and a target protein was considered identified
if at least two such unique peptide matches were apparent for
the protein. Acquired intensities in the experiment were glob-
ally normalized across all acquisition runs. Individual quantita-
tive samples were normalized within each acquisition run.
Intensities for each peptide were normalized within the
assigned protein. The reference channels were normalized to
produce a 1:1 fold change. All normalization calculations were
performed using medians to multiplicatively normalize data.
Values for duplicate rat groups were averaged and MS, RS
and MS+RS rat groups expressed as fold difference relative
to the Ctr group. Rat groups were considered to be increased
or decreased if they were±0.2 fold different from Ctr rats
(Serang et al. 2013).

Statistical analysis

Behavioural and BDNF data were normally distributed
(Shapiro-Wilk test). The data were analyzed bymeans of anal-
ysis of variance (ANOVA), followed by Tukey’s post-hoc test
with correction for multiple comparisons. Behavioural and
BDNF data are presented as mean±SEM.

Results

Behaviour

Forced swim test

One-way ANOVA revealed a significant effect of stress on
immobility (F(3, 46)=19.56, p<0.001) and swimming (F(3,
46)=32.03, p<0.001) in the FST. Post-hoc comparisons re-
vealed that both MS (p<0.01) and MS+RS rats (p<0.05)
spent significantly more time immobile than Ctr rats and the
RS rats spent significantly less time immobile than Ctr
(p<0.05), MS (p<0.001) and MS+RS rats (p<0.001;
Fig. 1a). Both MS (p<0.001) and MS + RS rats (p<0.05)
spent significantly less time swimming than Ctr rats and RS
rats spent significantly more time swimming than Ctr, MS and
MS + RS rats (p<0.001; Fig. 1b).
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Elevated plus maze

One-way ANOVA showed no effect of stress on the amount of
time spent in the open and closed arms of the EPM
(Supplementary Fig. 3).

Open field test

One-way ANOVA revealed a significant effect of stress on
distance travelled (F(3, 47)=8.03, p<0.001) in the OFT. Post-
hoc comparisons revealed that both MS (p<0.001) and MS +
RS rats (p<0.05) travelled a significantly longer distance than
Ctr rats (Fig. 2).

Biochemistry

BDNF concentration in the ventral hippocampus

One-way ANOVA showed no effect of stress on BDNF con-
centration in the ventral hippocampus (Supplementary Fig. 4).

Proteomics

Using the Rattus sequence database, 814 proteins were
identified for the 8-plex (Supplementary table 3) and

Fig. 1 Immobility, swimming and climbing behaviours of control SD,
MSSD, restraint stressed SD and restraint stressedMSSD rats in the FST.
MS and MS+RS increased immobility (a) and decreased swimming (b)
behaviours. Restraint stress decreased immobility (a) and increased
swimming (b) behaviours in the FST. Restraint stress had no additional

effect on MS rats. * MS and MS+RS rats significantly different from Ctr
rats, p<0.05; ** RS rats significantly different fromCtr, MS andMS+RS
rats, p<0.001; Tukey’s post-hoc test (n=12-13/group). Data presented as
mean±SEM

Fig. 2 Distance travelled by control SD, MS SD, restraint stressed SD
and restraint stressed MS SD rats in the OFT. MS and MS+RS increased
activity in the OFTand restraint stress had no effect on distance travelled.
*MS and MS+RS rats significantly different from Ctr rats, p<0.05;
Tukey’s post-hoc test (n=12-13/group). Data presented as mean±SEM
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869 proteins (Supplementary table 4) identified for the 4-
plex with>95 % confidence. Proteomic analysis identified
qualitative differences in protein profiles of rats
representing different experimental groups. In the 8-plex,
32 proteins were found to be increased or decreased in the
PFC of MS and RS relative to Ctr rats (Table 1). In the 4-

plex, 29 proteins were found to be increased or decreased
in the PFC of MS+RS relative to Ctr rats (Table 2).

The 8-plex (Table 1) quantification revealed that MS
and RS rats had decreased actin-associated structural pro-
teins (Actin related protein 2/3 complex, subunit 3, Alpha
II spectrin or ARP10 actin-related protein 10 homolog)

Table 1 Proteins (8-plex) that differed by more than 20 % (1.2-fold change) from non-maternally separated, non-stressed rats (Ctr) in the proteomic
profile of the PFC of MS and restraint stressed (RS) rats (* greater than 20 % difference). Data presented as average fold difference relative to Ctr

Protein / function Accession no Ctr 1 Ctr 2 Avg Ctr/Ctr MS 1 MS 2 Avg MS/Ctr RS 1 RS 2 Avg RS/Ctr

Cytoskeletal/Structural

Actin related protein 2/3 complex, subunit 3 tr│B2GV73│ 1 1.20 1.10 1.00 0.80 0.80 0.80 0.73* 1.20 1.20 1.20 1.09

Alpha II spectrin sp│P16086│ 1 1.10 1.05 1.00 0.80 0.70 0.75 0.71* 0.90 1.30 1.10 1.05

ARP10 actin-related protein 10 homolog
(S. cerevisiae)

tr│Q5M9F7│ 1 1.00 1.00 1.00 1.10 0.70 0.90 0.90 0.80 0.80 0.80 0.80*

Myosin regulatory light chain tr│Q63781│ 1 1.00 1.00 1.00 1.20 1.20 1.20 1.20* 1.00 1.10 1.05 1.05

Myelin basic protein transcript variant 1 tr│I7FKL4│ 1 0.50 0.75 1.00 0.90 0.80 0.85 1.13 1.20 1.00 1.10 1.47*

Energy metabolism

Trifunctional enzyme subunit alpha,
mitochondrial

sp│Q64428│ 1 1.10 1.05 1.00 0.40 1.00 0.70 0.67* 0.90 0.70 0.80 0.76*

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 10, mitochondrial

sp│Q561S0│ 1 0.70 0.85 1.00 0.50 0.70 0.60 0.71* 0.70 0.70 0.70 0.82

ATP synthase subunit O, mitochondrial sp│Q06647│ 1 0.90 0.95 1.00 0.80 0.80 0.80 0.84 0.80 0.70 0.75 0.79*

ADP/ATP translocase 1 sp│Q05962│ 1 0.70 0.85 1.00 0.60 0.70 0.65 0.76* 0.80 0.70 0.75 0.88

Neurotransmission/Signalling

Adaptor protein complex AP-1, sigma 1
(Predicted), isoform CRA_b

tr│B5DFI3│ 1 1.00 1.00 1.00 1.10 1.30 1.20 1.20* 1.10 1.00 1.05 1.05

SH3-containing GRB2-like protein
3-interacting protein 1

sp│P0DJJ3│ 1 1.00 1.00 1.00 1.20 1.30 1.25 1.25* 1.20 1.10 1.15 1.15

Guanine nucleotide-binding protein G(k)
subunit alpha

sp│P08753│ 1 0.70 0.85 1.00 1.10 1.10 1.10 1.29* 0.80 0.90 0.85 1.00

Serine/threonine-protein phosphatase 2A
55 kDa regulatory subunit B
alpha isoform

sp│P36876│ 1 1.10 1.05 1.00 1.80 1.00 1.40 1.33* 1.00 1.10 1.05 1.00

Diphosphoinositol polyphosphate
phosphohydrolase 1

sp│Q566C7│ 1 1.00 1.00 1.00 1.10 1.40 1.25 1.25* 0.90 0.90 0.90 0.90

MAP/microtubule affinity-regulating kinase 3 sp│Q8VHF0│ 1 1.00 1.00 1.00 0.80 0.80 0.80 0.80* 1.00 1.00 1.00 1.00

Visinin-like protein 1 sp│P62762│ 1 1.00 1.00 1.00 1.10 1.00 1.05 1.05 1.20 1.20 1.20 1.20*

Annexin A3 sp│P14669│ 1 1.30 1.15 1.00 0.70 0.90 0.80 0.70* 0.90 1.20 1.05 0.91

Neuronal pentraxin receptor (Fragment) sp│O35764│ 1 0.90 0.95 1.00 0.80 0.80 0.80 0.84 0.70 0.80 0.75 0.79*

Protein synthesis/neurotrophic

RNA binding motif protein, X-linked-like-1 sp│D4AE41│ 1 0.80 0.90 1.00 0.80 0.70 0.75 0.83 0.70 0.70 0.70 0.78*

Scaffold attachment factor B1 sp│O88453│ 1 1.00 1.00 1.00 1.10 0.90 1.00 1.00 0.80 0.70 0.75 0.75*

Polyadenylate-binding protein 1 sp│Q9EPH8│ 1 0.90 0.95 1.00 1.10 1.00 1.05 1.11 0.80 0.70 0.75 0.79*

60S ribosomal protein L19 sp│P84100│ 1 1.00 1.00 1.00 1.20 1.20 1.20 1.20* 0.90 0.90 0.90 0.90

Peptidyl-prolyl cis-trans isomerase FKBP1A sp│Q62658│ 1 1.00 1.00 1.00 1.20 1.20 1.20 1.20* 1.00 1.00 1.00 1.00

Other

Ferritin tr│F1M5T1│ 1 0.90 0.95 1.00 1.20 1.10 1.15 1.21* 1.10 0.80 0.95 1.00

Nitrilase 1, isoform CRA_a tr│F7ESM5│ 1 0.90 0.95 1.00 1.10 1.20 1.15 1.21* 1.10 1.00 1.05 1.11

Adenine phosphoribosyltransferase sp│P36972│ 1 1.10 1.05 1.00 1.40 1.20 1.30 1.24* 1.20 1.20 1.20 1.14

Cysteine and glycine-rich protein 1 sp│P47875│ 1 1.00 1.00 1.00 1.30 1.10 1.20 1.20* 1.00 1.20 1.10 1.10

Neuromodulin sp│P07936│ 1 0.90 0.95 1.00 1.10 0.90 1.00 1.05 1.20 1.20 1.20 1.26*

Programmed cell death 6-interacting protein sp│Q9QZA2│ 1 0.90 0.95 1.00 1.10 1.20 1.15 1.21* 0.90 1.00 0.95 1.00

Protein RGD1304884 tr│D4A3C2│ 1 1.00 1.00 1.00 1.30 1.10 1.20 1.20* 1.10 1.10 1.10 1.10

Protein RGD1309586 tr│D3ZN21│ 1 1.50 1.25 1.00 1.40 1.70 1.55 1.24* 1.90 1.70 1.80 1.44

6-phosphogluconolactonase sp│P85971│ 1 0.90 0.95 1.00 1.00 1.10 1.05 1.11 1.10 1.20 1.15 1.21*
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compared to Ctr rats. The 8-plex and 4-plex (Tables 1 and
2) quantification revealed that MS, RS and MS+RS rats
had decreased mitochondrial energy-related proteins
(Trifunctional enzyme subunit alpha, NADH dehydroge-
nase [ubiquinone] 1 alpha subcomplex subunit 10, ATP
synthase subunit O, Cytochrome b-c1 complex subunit 1,
ATP syn thase gamma cha in , Mi tochondr ia l 2 -
oxoglutarate/malate carrier protein) compared to Ctr rats.
Neurotransmission/signalling proteins in MS, RS and

MS+RS rats were increased or decreased compared to
Ctr rats. However, proteins involved in glutamate and
opioid signalling (Opioid-binding protein/cell adhesion
molecule, Glutamate receptor 2) were decreased in the
MS+RS compared to Ctr rats. Furthermore, the 4-plex
revealed a decrease in proteins involved in protein syn-
thesis (Protein Tardbp, 40S ribosomal protein S12,
RCG45615, isoform CRA_a and Tyrosine–tRNA ligase)
and increase in proteins involved in protein degradation

Table 2 Proteins (4-plex) that differed by more than 20 % (1.2-fold change) from non-maternally separated, non-stressed rats (Ctr) in the proteomic
profile of the PFC of restraint stressed MS (MS+RS) rats (* greater than 20 % difference). Data presented as average fold difference relative to Ctr

Protein / function Accession No Ctr 1 Ctr 2 Avg Ctr/Ctr MS+RS 1 MS+RS 2 Avg MS+RS/Ctr

Cytoskeletal/Structural

Tropomyosin alpha isoform tr│Q91XN7│ 1 1.00 1.00 1.00 1.20 1.30 1.25 1.25*

Protein Twf2 tr│B0BMY7│ 1 1.00 1.00 1.00 1.20 1.20 1.20 1.20*

Neuronal migration protein doublecortin sp│Q9ESI7│ 1 1.00 1.00 1.00 0.80 0.80 0.80 0.80*

Paralemmin-1 sp│Q920Q0│ 1 1.00 1.00 1.00 0.80 0.80 0.80 0.80*

Energy metabolism

Cytochrome b-c1 complex subunit 1, mitochondrial sp│Q68FY0│ 1 0.80 0.90 1.00 0.80 0.60 0.70 0.78*

Cytochrome c oxidase subunit 6B1 tr│D3ZD09│ 1 0.70 0.85 1.00 0.70 0.60 0.65 0.76*

ATP synthase F(0) complex subunit B1, mitochondrial sp│P19511│ 1 0.70 0.85 1.00 0.80 0.50 0.65 0.76*

ATP synthase gamma chain tr│Q6QI09│ 1 0.80 0.90 1.00 0.80 0.60 0.70 0.78*

Mitochondrial 2-oxoglutarate/malate carrier protein tr│G3V6H5│ 1 0.90 0.95 1.00 0.80 0.70 0.75 0.79*

Neurotransmission/signalling

Opioid-binding protein/cell adhesion molecule sp│P32736│ 1 1.00 1.00 1.00 0.80 0.70 0.75 0.75*

Glutamate receptor 2 tr│F1LNE4│ 1 1.00 1.00 1.00 0.80 0.80 0.80 0.80*

Voltage-dependent anion-selective channel protein 1 sp│Q9Z2L0│ 1 0.70 0.85 1.00 0.80 0.50 0.65 0.76*

Dynein light chain 2, cytoplasmic sp│Q78P75│ 1 1.00 1.00 1.00 0.70 0.80 0.75 0.75*

Protein Ranbp1 tr│D4A2G9│ 1 1.00 1.00 1.00 1.30 1.20 1.25 1.25*

Mitochondrial 2-oxoglutarate/malate carrier protein tr│G3V6H5│ 1 0.90 0.95 1.00 0.80 0.70 0.75 0.79*

Rho guanine nucleotide exchange factor 2 sp│Q5FVC2│ 1 1.00 1.00 1.00 0.80 0.80 0.80 0.80*

Regulator of G-protein-signaling 6 tr│F1LS67│ 1 0.90 0.95 1.00 1.20 1.20 1.20 1.26*

Calcium/calmodulin-dependent 3′,5′-cyclic nucleotide
phosphodiesterase 1B

sp│Q01066│ 1 0.90 0.95 1.00 0.70 0.80 0.75 0.79*

Protein synthesis/neurotrophic

Protein Tardbp tr│I6L9G6│ 1 1.00 1.00 1.00 0.80 0.80 0.80 0.80*

40S ribosomal protein S12 tr│M0R9I8│ 1 1.00 1.00 1.00 0.70 0.80 0.75 0.75*

RCG45615, isoform CRA_a tr│B2RYU2│ 1 0.90 0.95 1.00 0.70 0.80 0.75 0.79*

Tyrosine–tRNA ligase, cytoplasmic sp│Q4KM49│ 1 1.00 1.00 1.00 0.80 0.80 0.80 0.80*

Protein degradation

F-box only protein 2 tr│G3V774│ 1 0.90 0.95 1.00 1.40 1.10 1.25 1.32*

COP9 (Constitutive photomorphogenic) homolog,
subunit 7a (Arabidopsis thaliana) (Predicted)

tr│G3V8Z9│ 1 0.90 0.95 1.00 1.10 1.20 1.15 1.21*

Carboxypeptidase E sp│P15087│ 1 1.10 1.05 1.00 0.80 0.80 0.80 0.76*

Other

Uncharacterized protein tr│M0R9D5│ 1 1.00 1.00 1.00 0.70 0.80 0.75 0.75*

Protein LOC679748 tr│D3ZE63│ 1 1.10 1.05 1.00 0.80 0.70 0.75 0.71*

Thiosulfate sulfurtransferase sp│P24329│ 1 1.00 1.00 1.00 1.10 1.60 1.35 1.35*

C-terminal-binding protein 1 sp│Q9Z2F5│ 1 1.00 1.00 1.00 0.80 0.80 0.80 0.80*

Ig kappa chain C region, A allele sp│P01836│ 1 1.00 1.00 1.00 1.10 1.30 1.20 1.20*
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(F-box only protein 2 and COP9 (Constitutive photomor-
phogenic) homolog, subunit 7a) in MS+RS compared to
Ctr rats. In further support of the disruption in protein
synthesis/degradation in MS+RS rats, carboxypeptidase
E appeared to be decreased.

Discussion

The main findings of this study support MS-induced depres-
sion-like behaviour but do not find that restraint stress exac-
erbated the MS effect. Biochemical studies of the ventral hip-
pocampus revealed no effect of MS and restraint stress on
BDNF levels. Proteomic analysis of the PFC revealed a qual-
itative decrease in actin-associated proteins in MS SD rats
(Actin related protein 2/3 complex, subunit 3 and Alpha II
spectrin) and non-separated SD rats subjected to restraint
stress (ARP10 actin-related protein 10 homolog) as well as a
decrease in mitochondrial energy-related proteins in MS SD
rats (Trifunctional enzyme subunit alpha, NADH dehydroge-
nase 1 alpha subcomplex and ADP/ATP translocase 1), non-
separated SD rats subjected to restraint stress (Trifunctional
enzyme subunit alpha and ATP synthase subunit O) and MS
SD rats subjected to restraint stress (cytochrome subunits,
ATP synthase andmalate carrier protein). Furthermore, a qual-
itative decrease in proteins involved in protein synthesis
(Protein Tardbp, RCG, 40s ribosomal protein S12,
RCG45615 protein and tyrosine-tRNA ligase) and an increase
in proteins involved in protein degradation (F-box protein and
COP9) were found in MS SD rats subjected to restraint stress.

Rats subjected to MS or MS and restraint stress displayed
depression-like behaviour as evidenced by increased immo-
bility and decreased swimming behaviour in the FST.
Restraint stress had no additive effect on MS rats. The
depression-like behaviour of MS SD rats in the FST is in
agreement with previous studies using the same MS protocol
(Desbonnet et al. 2010; Dimatelis et al. 2012b; Lambás-Señas
et al. 2009; Yoo et al. 2013). However, the current study
showed that restraint stress decreased immobility and in-
creased swimming behaviour in the FST. This is in contrast
to studies that showed a stress-induced increase in immobility
(Lee et al. 2013; Chiba et al. 2012; Ulloa et al. 2010). This
paradoxical effect of restraint stress on immobility in the FST
has been reported previously (Platt and Stone 1982; Swiergiel
et al. 2007), an effect further supported by data demonstrating
that chronically administered corticosterone decreased immo-
bility in the FST (Brotto et al. 2001). There is no obvious
reason for the decreased immobility following restraint stress
but it has been suggested to be the result of adaptation to
chronic stress and changes in the β-adrenergic receptor
(Platt and Stone 1982; Swiergiel et al. 2007). The inconsistent
effect of restraint stress on immobility between studies could
possibly be ascribed to the different restraint stress protocols

since different durations and intensity of restraint stress have
different effects on immobility in the FST (Cancela et al.
1991; Suvrathan et al. 2010). For example, the study by Lee
et al. (2013), Chiba et al. (2012) and Ulloa et al. (2010) found
that rats displayed increased immobility in the FSTafter being
restrained for 2 to 6 h for a much longer period (13 to 28 days)
than in the current study (5 days). In contrast, 2 h of restraint
stress for a shorter period (1 or 3 days) had no effect on im-
mobility in the FST (Cancela et al. 1991). Also, different time
points of behavioural testing may reveal different effects. The
study by Marais et al. (2008) used a similar restraint stress
protocol and measured depression-like behaviour in MS SD
rats (P66) 24 h after the restraint stress procedure. Therefore,
the fact that rats were left undisturbed for a period of 7 days
and not tested immediately after the restraint stress procedure
may have contributed to the lack of effect of restraint stress in
the current study. We were interested in studying the long-
term rather than the transient effects of stress, which is in
contrast to studies that observed depression-like behaviour
within 24 h after a similar restraint stress procedure (2–4 h
for 5–7 consecutive days) (Cancela et al. 1991; Marais et al.
2008; Tabassum et al. 2010; Tamburella et al. 2010; Wang
et al. 2015).

Maternal behaviour upon reunion with MS pups has been
proposed to play a role in the behavioural and neuroendocrine
responses to stress in adulthood (Meaney 2001; Zimmerberg
and Sageser 2011). More specifically, the offspring of mothers
that exhibited more licking and grooming of pups showed
reduced plasma adrenocorticotropic hormone and corticoste-
rone responses to acute stress and increased fearfulness in
novel environments (Caldji et al. 1998; Francis and Meaney
1999; Liu et al. 1997). Therefore, differences between studies
may be explained by differences in maternal care of the dam
(licking and grooming). This may be important, since in the
present study, litters were culled to 8 pups whereas several
articles did not specify the litter size which may impact the
amount of licking and grooming of the dam towards the pups
and ultimately alter their depression-/anxiety-like behaviour in
adulthood.

To exclude the possibility that the depression-like be-
haviour observed in the MS rats may be due to a change
in motor activity, the distance travelled by the rat was
determined in the OFT. Rats subjected to MS or MS
and restraint stress displayed increased locomotor activity
in the OFT compared to control rats. This is in line with
results obtained by Lambás-Señas et al. (2009) who
showed that MS SD rats displayed increased motor activ-
ity in a novel environment, using a similar MS protocol.
Therefore, the immobility and swimming behaviour of the
MS rats, with or without restraint stress, in the FST could
not be attributed to a decrease in motor activity.

MS and restraint stress did not induce anxiety-like behav-
iour as measured by time spent in the closed arms of the EPM.
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This is consistent with various studies that found no anxiety-
like behaviour in adult rats subjected to MS in early life
(Dimatelis et al. 2012b; Rüedi-Bettschen et al. 2005; van
Heerden et al. 2010; Yoo et al. 2013). However, when MS
rats were restrained for 6 h for a period of 21 days, they
displayed increased anxiety-like behaviour as evidenced by
decreased time spent in the open arms of the EPM (Eiland
and McEwen 2012). Anxiety-like behaviour may therefore
be observed following more severe restraint stress in combi-
nation with the stress of MS.

BDNF is highly expressed in the hippocampus (Yan et al.
1997) and the results of its action include neuronal sprouting,
synaptic reorganization and neurogenesis (Lindvall et al.
1994; McAllister et al. 1999). In the current study, MS and
restraint stress had no effect on BDNF concentration in the
ventral hippocampus. The results are in contrast to various
studies that showed decreased BDNF expression in the hip-
pocampus of MS or restraint stressed rats (Dimatelis et al.
2014; Xu et al. 2006). However, the neuronal mechanisms
involved seem complex, since other studies found increased
(Greisen et al. 2005) or even no effect of MS or restraint stress
on BDNF expression in the hippocampus (Kuroda and
McEwen 1998; Reagan et al. 2007; Roceri et al. 2004;
Rosenbrock et al. 2005). Evidence suggests that the depres-
sion phenotype may exist without changes in BDNF expres-
sion and antidepressant drugs may exert an antidepressant
effect without increasing BDNF expression (Hansson et al.
2011). It is also possible that the negative result in the current
study is due to a different time point compared to other stud-
ies. The studies by Dimatelis et al. (2014) and Xu et al. (2006)
showed decreased BDNF concentration in the hippocampus
of rats subjected to MS or restraint stress 24 h after the FST,
compared to 6 days in the current study. A transient decrease
in hippocampal BDNF mRNA levels was observed after
60 min of exposure to footshock stress which returned to
normal within 48 h (Rasmusson et al. 2002).

To further evaluate the effect of restraint stress and MS on
rats, a proteomic analysis of the protein profile of the PFC was
performed. Proteins that differed qualitatively in the PFC of
rats subjected toMS, restraint stress orMS and restraint stress,
fell into five broadly defined functional categories: (a) cyto-
skeletal, (b) energy metabolism, (c) neurotransmission, (d)
protein synthesis and (e) protein degradation.

Cytoskeletal proteins such as microfilaments, microtubules
and intermediate filaments play a central role in neuronal func-
tion and the creation and maintenance of cell shape (Pigino
et al. 2006). In the current study, actin microfilament-
associated proteins such as actin related protein 2/3, alpha II
spectrin and actin-related protein 10 appeared to be reduced in
rats subjected to MS or restraint stress. On the other hand, actin
binding proteins, such as the myosin regulatory light chain and
tropomyosin alpha isoform appeared to be increased in rats
subjected to MS or MS and restraint stress. It has previously

been shown that MS reduced actin microfilament-associated
proteins in the nucleus accumbens and ventral hippocampus
suggesting altered neurotransmission and synaptic function
(Daniels et al. 2012; Dimatelis et al. 2012a). Furthermore, it
has also been shown that a combination of various stressors
(restraint stress, forced swim stress and ether vapor) decreased
structural proteins in the ventral hippocampus (Uys et al. 2008).
In line with the current study, Daniels et al. (2012) found that
MS increased the expression of tropomyosin-5 in the ventral
hippocampus. Tropomyosin and myosin regulatory light chain
not only bind to actin, but also increase axoplasmic transport,
synaptic rearrangement, vesicle transport and neurotransmitter
release (Lees-Miller et al. 1990; Mochida 1995). It therefore
appeared that the stress of MS increased the expression of my-
osin regulatory light chain and tropomyosin alpha isoform in
the rats subjected to MS or MS and restraint stress, to compen-
sate for the loss of structural proteins. Thus, the stress of MS
and restraint mostly decreased actin-associated proteins, which
function to maintain the cytoskeletal network and may have
altered neuronal function in the PFC.

The results of the current study suggest a decrease in pro-
teins involved in mitochondrial energy metabolism in the PFC
of rats subjected to MS, restraint stress or MS and restraint
stress. These proteins included trifunctional enzyme subunit
alpha, ATP synthase subunit O, ATP synthase gamma chain,
cytochrome b-c1 complex subunit 1 and mitochondrial 2-
oxoglutarate/malate carrier protein. Most of these proteins
are involved in oxidative phosphorylation of ADP to produce
ATP (ATP synthase subunit O, ATP synthase gamma chain,
cytochrome b-c1 complex subunit 1 and mitochondrial 2-
oxoglutarate/malate carrier protein). Dysfunction of the mito-
chondrial electron transport chain has been suggested to be an
important factor in the pathogenesis of neuropsychiatric dis-
orders such as depression (Tobe 2013) as well as being asso-
ciated with cellular degeneration (Calabrese et al. 2001). The
findings of the current study are in line with previous studies
that showed decreased energy-related proteins in the hippo-
campus in response to chronic unpredictable stress (21 days),
learned helplessness and MS stress (Dimatelis et al. 2012a;
Mallei et al. 2011; Mu et al. 2007). Furthermore, chronic mild
stress (40 days) or restraint stress (7–21 days) in Wistar rats
has been previously shown to decrease energy-related proteins
in the PFC associated with oxidative phosphorylation
(Madrigal et al. 2001; Réus et al. 2014). Dysfunction of mi-
tochondrial energy metabolism may compromise neuronal
function as a possible consequence of mitochondrial dam-
age and degeneration in rats subjected toMS, restraint stress
or MS and restraint stress. The energy-related proteins that
appeared to be reduced in MS rats with or without restraint
stress also appeared to be reduced in non-maternally sepa-
rated rats subjected to restraint stress, suggesting that this
may be a common effect of stress on the PFC, unrelated to
depression-like behaviour.
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A number of proteins involved in neurotransmission/
signalling were differentially expressed in MS, non-
maternally separated rats and MS rats subjected to restraint
stress. The AMPA glutamate receptor 2 (GluR2) appeared
to be decreased in the rats subjected to MS and restraint
stress. The involvement of AMPA receptors in animal
models of depression and mechanism of antidepressant ac-
tion has been well documented (Chourbaji et al. 2008; Li
et al. 2001; Martinez-Turrillas et al. 2002; Martínez-
Turrillas et al. 2007). AMPA receptor knockout mice
displayed increased learned helplessness, decreased seroto-
nin and noradrenaline levels and increased NMDA receptor
expression in the hippocampus (Chourbaji et al. 2008). This
was further supported by evidence showing decreased
GluR2 mRNA expression in the hippocampus of Wistar rats
previously exposed to MS (3 h daily for 21 days) (Pickering
et al. 2006). Furthermore, AMPA receptor channel imper-
meability to calcium is dependent on the GluR2 subunit and
cells that contain AMPA receptors lacking the GluR2 sub-
unit show high calcium permeability and as a result, vulner-
ability to excitotoxicity (Liu and Zukin 2007). It is therefore
evident that modifications of AMPA receptors alter synaptic
function through various signalling proteins that underlie
the neuropathology of psychiatric disorders such as
depression.

Proteins involved in protein synthesis appeared to be
decreased (Protein Tardbp, 40S ribosomal protein S12,
RCG45615/ 60S ribosomal protein L12 and Tyrosine
tRNA ligase) and proteins involved in protein degradation
(F-box only protein 2 and COP9 homolog, subunit 7a)
appeared to be increased in the PFC of rats subjected to
both MS and restraint stress. Inhibition of protein synthesis
is a common response of cells to severe forms of stress
such as thermal, physical and metabolic stress and viral
infection (Clemens et al. 2000; Clemens et al. 1998; Gale
et al. 2000; Sheikh and Fornace 1999). Restraint stress for
1 h daily for 4 weeks produced increased protein degrada-
tion in the brains of SD rats (Hong et al. 2014). The appar-
ent decreased protein synthesis and increased protein deg-
radation in the current study may possibly result in atrophy
and reduced function of PFC neurons in rats subjected to
MS and restraint stress. In conclusion, rats exposed to early
life MS with or without additional restraint stress,
displayed depression-like behaviour in the FST. Since
MS on its own produced depression-like behaviour, it
may be suggested that restraint stress, that has similar ef-
fects on the HPA axis and acts on the same signalling
pathways, was prevented from exerting its depression-
like effects in MS rats. Furthermore, reduced mitochondri-
al energy-related, structural actin-associated proteins as
well as disruption in proteins associated with protein syn-
thesis and degradation, may be the result of the stress of
MS and restraint stress on the PFC.
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