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Abstract

Stress, such as social isolation, is a well-known risk factor for depression, most probably in

combination with predisposing genetic factors. Physical exercise on the other hand, is

depicted as a wonder-treatment that makes you healthier, happier and live longer. How-

ever, the published results on the effects of exercise are ambiguous, especially when it

comes to neuropsychiatric disorders. Here we combine a paradigm of social isolation with a

genetic rat model of depression, the Flinders Sensitive Line (FSL), already known to have

glutamatergic synaptic alterations. Compared to group-housed FSL rats, we found that

social isolation further affects synaptic plasticity and increases basal synaptic transmission

in hippocampal CA1 pyramidal neurons. These functional synaptic alterations co-exist with

changes in hippocampal protein expression levels: social isolation in FSL rats reduce

expression of the glial glutamate transporter GLT-1, and increase expression of the GluA2

AMPA-receptor subunit. We further show that physical exercise in form of voluntary running

prevents the stress-induced synaptic effects but do not restore the endogenous mecha-

nisms of depression already present in the FSL rat.

Introduction

Depression is a mood disorder characterized by both emotional and cognitive symptoms.
Despite the intense research in the field, the neurobiology of depression remains elusive, how-
ever emerging evidences place the glutamatergic system as central to the neurobiology and
treatment of the mood disorders [1]. Our understanding of the etiology of the disease is limited
to a list of risk factors where genetic predisposition and environmental risk factors, such as
stressful life events, are thought to interact. If the stress-induced mechanisms of depression dif-
fers from the endogenous (genetic) factors is not clear.
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Social isolation is known to be a strong stressor for both rodents and humans. In humans,
social isolation is associated with higher risk of mental health problems, such as depressive and
anxiety disorders [2, 3] and increased risk of mortality [4]. In rodents, social isolation induces
anxiety- and depressive-like behaviors, aggression and memory impairments [5–7], whereas
social interactions has been shown to be protective against stress-induced changes [8]. Recent
work shows how neurobiological factors affected by stress can be studied to understand resil-
ience to stress [9], an important way to understand psychiatric disorders [10]

Here we studied the effect of social isolation on the hippocampal glutamatergic system of a
selectively bred strain of rats: the Flinders Sensitive Line (FSL). The FSL rat has been exten-
sively used as a model for depression since it exhibits several depressive-like responses in
behavioral tests [11–14]. The strain was originally created to be supersensitive to acetylcholine
esterase [15], and it is possible that the increases sensitivity to cholinergic agents is associated
with the increased sensitivity to stress displayed by these animals [16–18], but it should be
noted that FSL rats also have deficiencies in many other systems, including dopaminergic and
glutamatergic transmission [14]. Our lab have associated the depressed behavior in FSL rats
with alterations in the hippocampal glutamatergic system, including impairments in synaptic
transmission and plasticity (LTP), down-regulation of the glial glutamate transporter GLAST,
and decreased levels of the NMDA receptor co-agonist D-serine [11]. These identified hall-
marks in the FSL rat make them an optimal model to investigate the potential converging
endogenous and stress-induced mechanisms of depression. Endurance exercise has been show
to protect the brain from the stress [19], and previous work has shown that running partly
reduces the depressive like behavior in FSL rats [20, 21]. Thus, we used voluntary running as
an intervention that reduces depressive symptoms [22, 23] and found that running differen-
tially affects the mechanisms affected by stress but not the endogenous mechanisms.

Methods

The Flinders Sensitive Line (FSL) is a selectively bred rat line derived from Sprague-Dawley rats
[15, 24]. The animals used in this study were bred at the Karolinska Institute and the Ethical
committee for animal research in Stockholm, Sweden approved all animal experiments. The
animals had free access to food and water and housed in a controlled environment of 12-h
light/dark cycle.

10–12 weeks old male Sprague Dawley (SD) and FSL rats were divided in three groups:
group-housed (GH; 3–4 rats per cage), individually housed (SI) and individually housed with
free access to a running wheel (34 cm in diameter) for five weeks (SI+R). Running behavior
was recorded every tenth minute by a computer-based data system with customized software
and animal run on average 1250 ± 146 m per day. Note that in the SI group the running wheel
was present and accessible to explore during the whole period but blocked for running, in
order to not have differences in environmental enrichment between the two groups. After 5
weeks, animals were anesthetized with isoflurane and decapitated. One of the hippocampi was
immediately frozen down to -80°C and kept for posterior molecular analysis. The second hemi-
sphere was cut into 400 μm hippocampal slices and LTP induction protocol was performed in
CA1 area as previously described [25].

Electrophysiology

Briefly, slices were incubated in an interface chamber containing artificial cerebrospinal fluid
(aCSF) (in mM): 130 NaCl; 3.5 KCl; 1.25 NaH2PO4, 24 NaHCO3, 2 CaCl; 1 MgCl and 10 glu-
cose, pH 7.4) for at least 2 h and then transferred to the recording chamber. Field excitatory
post-synaptic potentials (fEPSP) at Schaffer collateral (SC)-CA1 synapses were elicited at 10-s
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intervals with a bipolar concentric electrode (FHC, ME, USA) and a extracellular recording
pipette (filledwith regular aCSF) placed in the stratum radiatum. Input-output (I/O) curves
were obtained. The stimulus intensity was set to approximately 60% of the intensity that trig-
gered population spikes and was determined empirically for each cell. For measuring long-
term plasticity (LTP) in the CA1 region, stimuli were applied every 60 s for at least 20 min
before LTP was induced using three trains of high frequency stimulation (HFS; 100 pulses at
100 Hz applied at 20-s intervals). Synaptic strength was monitored for 60 min and calculated
using the initial rising slope phase of the fEPSP. The data was normalisedwith respect to the
mean fEPSP slope that was recorded during the last 20 min of the baseline period. I/O curves
were constructed using the Prism 5 program (GraphPad software, Inc., USA) following soft-
ware instructions: first the X values (Intensity) of the I/O curve data were transformed to log
form and the Y values (response: fEPSP slope) normalized. Data was fit to a sigmoid curve
defined in Prism and the best-fits values of the curves from the different experimental groups
were compared statistically using the F test, which compares the difference in sum-of-squares
with the difference you would expect by chance. The result is expressed as the F ratio, from
which a P value is calculated.

Western blotting

Rats were anesthetized with isoflurane, sacrificedby decapitation and the brains were quickly
removed to dissect the hippocampi. The tissue was immediately sonicated in MAPK-buffer
(containing Triton-X, SDS, Tris-HCl, NaCl, EDTA and H2O) with two types of protease inhib-
itors (1:100 from Sigma #P8340 and 1:10 from Roche #04693124001) and one phosphatase
inhibitor (1:7 from Roche #04 906 837 001). The samples were centrifuged at 13.200 rpm dur-
ing 10 minutes at 4°C and supernatant was kept for protein analyses. BCA colorimetricmethod
was used to determine the total amount of protein obtained. Equal amounts of protein (30 μg)
were loaded onto a NuPAGE 4–12% Bis-Tris gel, Novex (Life Technologies, Glasgow, UK) and
transferred to PVDF membranes (0.45μm) Immubolon-FL (Millipore, Temecula, CA, USA).
Detectionwas based on a fluorescent secondary antibody that was visualized using the LICOR
(Lincoln, NE, USA) Odyssey infrared fluorescence detection system. The data were quantified
using ImageJ software (NIH, Bethesda,MD, USA) normalizing the values with β-actin. The
primary antibodies used were at the following concentrations: GluA1 (1:100; Millipore, Temec-
ula, CA, USA), GluA2 (1:1000; Millipore, Temecula, CA, USA), GluN1 (1:500; SYSY, Got-
tingen, Germany), GluN2A (1:1000; Tocris Bioscience, Bristol, UK), GluN2B (1:1000; Abcam,
Cambridge, UK), GLAST (1:5000; human EAAT1) (Abcam, Cambridge, UK) and GLT-1
(1:5000; human EAAT2) (Abcam, Cambridge, UK) and β-actin (1:10000; Millipore, Temecula,
CA, USA).

Enantioselective liquid chromatography—fluorescence detection

Tissue samples were prepared by sonicating fresh frozen hippocampi in 500 ml of 0.1M
NHClO4. Each standard/sample was neutralizedwith an equal amount of 0.1M NaOH, and 9
ml of the neutralized standard/sample was derivatized using 9 ml of the o-phthalaldehyde/N-
isobutyryl-L-cysteinemixture. The enantioselective chromatography experiments were per-
formed using a Shiseido capcell pak MG C18 column (Analis, Namur, Belgium). The com-
pounds were eluted by gradient elution with a mobile phase that was delivered at a rate of
0.17ml/min. The gradient elution was performed using mobile phase A (0.025M phosphate
solution, pH 9) and mobile phase B (methanol:water 60:40). For fluorescence detection, a RF-
10Axl Shimadzu spectrofluorometricdetector was modifiedby introducing a 2-ml semi-micro-
cell (Shimadzu, Duisburg, Germany). The derivatives were measured with excitation and
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emission wavelengths of 340 and 450 nm, respectively. The integration computer programme,
Clarity (DataApex, Antec, Zoeterwoude, the Netherlands), was used to integrate the chromato-
grams. A scientist blinded to the rat strain performed all analyses.

Statistical analysis

Statistical analysis was performed using the Prism 5 program (GraphPad software, Inc., USA).
Statistical significancewas tested using the unpaired two-tailed Student’s t-test and one-way
ANOVA where applicable.

Results

Basal synaptic transmission from hippocampal slices from FSL and SD rats that had been
groups housed (GH), socially isolated (SI) or socially isolated with access to a running wheel
(SI+R) was measured using extracellular field recordings to generated input-output (I/O)
curves to assess the differences in the responses to stimuli of a given intensity (from 10–70 μA)
(Fig 1). In FSL rats, the I/O curves from the three groups were calculated independently and
followed a sigmoidal function (r2 = 0.53, no difference between the groups), but while the GH
and SI+R groups share the same curve (P = 0.74), the one from the SI group was significantly
left shifted (Fig 1A1; ���P< 0.0001), indicating an increase in basal synaptic transmission. No
significant changes were observed in any of the groups of SD rats (Fig 1B1).

We then showed that social isolation reduces long-term potentiation (LTP) in the FSL rats
and, remarkably, running can prevent this reduction (Fig 1A2). At 45–55 min post-induction,
potentiation in the GH and SI+R group was 121± 13% and 125 ± 6% respectively, versus
111 ± 8% in the SI group (�P< 0.05 vs. GH and SI+R; one-way ANOVA followed by Bonferro-
ni’s multiple comparisons test; Fig 1C). As we previously reported (13), CA1-LTP was signifi-
cantly decreased in FSL rats compared to SD rats (124.2± 8% vs. 148 ± 9%; ���P<0.001; one-
way ANOVA followed by Bonferroni’s multiple comparisons test; Fig 1C). Importantly, we did
not observe any effect of social isolation or running on plasticity (LTP) in the SD rats (Fig 1B1
and 1B2) confirming that the effect synaptic transmission and plasticity that we observe in the
FSL rats upon social isolation is associated with their increased vulnerability to stress.

To understand if the changes in I/O-curve and LTP were associated with presynaptic
changes we studied PPF in slices from FSL rats, applying two consecutive pulses with the same
intensity but at different intervals (from 50–750 ms). We found a reduction in the PPF ratio
only at the 50 ms interpulse interval in the SI group (�P<0.05; one-way ANOVA followed by
Bonferroni’s multiple comparisons test; Fig 1A3), which was again reversed in the SI+R group.

Previously, we reported that the reduced LTP in FSL rats compared to SD rats was partially
due to decreased levels of D-serine [25], a NMDA co-agonist known to enhance synaptic plas-
ticity [26]. We therefore hypothesized that D-serinemight be involved in the effect of social
isolation on LTP. However, using enantioselective chromatography, we found similar D-serine
levels in hippocampal homogenates from the three groups (Fig 2).

To further explore the mechanisms responsible for the changes in synaptic transmission
and plasticity due to social isolation, and the effect of voluntary running, we analyzed the
expression levels of several proteins involved in glutamatergic transmission (Fig 3). We did not
find any alterations in any of the NMDA-R subunits (GluN1, GluN2A, GluN2B; data not
shown). However, we found that social isolation induces a significant decrease in the protein
expression level of the AMPA receptor subunit GluA2 (53.3 ± 5.6% of GH; ���P<0.0005 vs.
GH; one-way ANOVA followed by Bonferroni’s multiple comparisons test; Fig 3B left), with
no effect on the GluA1 subunit (Fig 3B right). Interestingly, running partially rescued the
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decrease in GluA2 protein levels (72.7 ± 6.5% of GH; �P<0.05 vs. GH; one-way ANOVA fol-
lowed by Bonferroni’s multiple comparisons test) (Fig 3B left).

Next, we observed that social isolation decreased the levels of the glial fibrillary acidic pro-
tein, (GFAP) and that this protein remains decreased in the running group (65± 6.6% and 67.1
± 5.2% of GH, respectively; ���P<0.0005; one-way ANOVA followed by Bonferroni’s multiple
comparisons test) (Fig 3C). This is in agreement with findings from stress-induced depression
[27] and opposite to the increase in GFAP levels observed in the FSL rats compared to the SD
rats [25]. Giving these two opposing results we consider that more work is needed to interpret
and understand the functional consequences of changes in GFAP levels. In addition, we also
observed that the levels of the glial Glutamate Aspartate Transporter (GLAST), already reduced
in FSL rats, showed a non-significant decreasing trend in the SI rats (87.1 ± 4.3% of GH;
P = 0.08; one-way ANOVA followed by Bonferroni’s multiple comparisons test) that was

Fig 1. A1-B1. Input/output (I/O) curves obtained in CA1 area following Schaffer collateral stimulation in hippocampal slices from the

three experimental groups of FSL rats (A1) and SD rats (B2). In all groups, the I/O curves were fitted to a sigmoid curve and the fitting

resulting curve compared statistically according to the F test (see Material and Methods). According to this analysis, in FSL rats the

sigmoid curve from the social isolation group (SI) differs significantly from the rest of the groups (GH and SI+R; ***P<0.0001),

indicating an increase in synaptic transmission after social isolation. In SD rats (B1), each experimental group has its own sigmoidal

function but they are not significantly different from each other. (N = 7 slices; 7 animals per group). A2-B2. LTP of Shaffer collateral

(SC)-CA1 pyramidal cells synapses from FSL (A2) and SD (B2) hippocampal slices. Potentiation was measured as the slope of the

fEPSP normalized to the average slope before high frequency stimulation (HFS). Time 0 indicates the onset of 3 HFS. (N = 7 slices, 7

animals per group). Top traces in A2 represent averaged fEPSPs from 5–0 minutes before stimulation (1) or 35–40 minutes after

stimulation from representative slices taken from FSL:SI and FSL:SI+R groups. A3. Paired-pulse facilitation (PPF) obtained in CA1 area

following collateral stimulation in hippocampal slices from the three experimental groups of FSL rats. PPF ratio: second fEPSP slope/

first fEPSP slope. (N = 7 slices; 7 animals per group). C. Summary of the experiments shown in A2-B2. At 45–55 min after post-

induction, potentiation in the FSL_SI group is decreased compared to FSL_GH group (*P<0.05). Running counteracts this effect (*
P<0.05). SD rats show a higher level of potentiation compared to FSL rats (*** P<0.001 FSL_GH vs. SD_GH) no affected by social

isolation or running. Bar-graph data in C represent means ± s.e.m. GH:group-housed, SI: social-isolated, SI +R: social-isolated with

access to a running wheel.

doi:10.1371/journal.pone.0165071.g001
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Fig 2. Quantification of the D-serine content in the hippocampal homogenates by enantioselective chromatography (N = 7–8 animals

per group). Bar-graph represent means ± s.e.m. GH:group-housed, SI: social-isolated, SI +R: social-isolated with access to a running wheel.

doi:10.1371/journal.pone.0165071.g002
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further decreased by running (78.5 ± 4.2% of GH; �P<0.05 vs. GH; one-way ANOVA followed
by Bonferroni’s multiple comparisons test) (Fig 3D left). In contrast, the protein expression
levels of the other glial glutamate transporter (i.e., GLT-1) was significantly decreased in the SI
group (79.2 ± 4.2% of GH; ��P<0.005; one-way ANOVA followed by Bonferroni’s multiple
comparisons test) and fully restored by running (#P<0.05 vs. SI; one-way ANOVA followed by
Bonferroni’s multiple comparisons test) (Fig 3D right). GLT-1 is not affected in the FSL model
compared to SD rats [25] but a decreased level of this transporter has been reported in the
chronic mild stress model of depression [27].

Discussion

The selectively bred FSL rat strain is extensively used as an animal model for depression, and
one of its characteristic behavior is increased sensitivity to stress [13, 18]. One neurobiological
mechanism associated with its depressed behavior is increased glutamate transmission and
reduced plasticity in the hippocampus, conveyed by reduced levels of the glutamate transporter
GLAST and reduced levels of D-serine [11]. Here we show that social isolation further
enhances glutamate transmission and decreases synaptic plasticity in the FSL rats by targeting
a different set of proteins involved in the glutamatergic system: GLT-1 and GluA2. Interest-
ingly, we demonstrate that five weeks of voluntary running protects the brain against social iso-
lation but does not affect the mechanisms already affected in the FSL rat.

A reduction in synaptic plasticity in the hippocampus is one of the most robustly proven
neurobiological consequences of stress, whereas the change in basal glutamate transmission
has been shown to increase, decrease or not change at all, depending on animal strain, stress

Fig 3. A-C. Representative western blots with their corresponding molecular weights (kDa) (A) and densitometry analysis for the different

tested proteins: AMPA-R subunits: GluA1-2 (B), the astrocytic marker GFAP (C) and glial glutamate transporters: GLAST and GLT-1 (D)

presented as percentage (%) of GH (control group) after normalization to β-actin or vinculin (loading control). Bar-graph data represent

means ± s.e.m. (N = 6–8 animals per group). GH: group-housed, SI: social-isolated, SI +R: social-isolated with access to a running wheel.

***, * vs. GH; # vs. SI+R; one-way ANOVA followed by Bonferroni’s multiple comparisons test. GH:group-housed, SI: social-isolated, SI +R:

social-isolated with access to a running wheel.

doi:10.1371/journal.pone.0165071.g003
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protocol, age of the animals etc. [6, 28–30]. In our experiments, social isolation induced a
potentiation of glutamate transmission (as assessed by a shift in the I/O curve). This increase is
compatible with the observed reduction of the glutamate transporter GLT-1, since reduced lev-
els of glutamate uptake will directly lead to increased levels of extracellular glutamate and a
concomitant increase in glutamate transmission. A reduction of GluA2 seems more paradoxi-
cal, however, AMPA receptors lacking the GluA2 subunit have significantly different proper-
ties compared to GluA2 containing AMPA receptors, one of the most important being that
they are permeable to calcium [31]. Indeed, it has been shown that activation of GluA2-lacking
receptors induces a retrograde signal that enhances release probability at the presynaptic termi-
nal [32]. Thus, a reduction of GluA2 could lead to increased glutamate transmission through
an increase in release probability.

We have previously reported that the decreased hippocampal synaptic plasticity in the FSL
compared to SD rats is due to decreasedD-serine levels, a NMDA co-agonist known to
enhance synaptic plasticity [11]. However, the effect of social isolation on synaptic plasticity is
independent of D-serine, since we did not observed any differences in D-serine levels between
these groups (Fig 2). Interestingly, we observed that although running restores LTP to the level
of group-housed FSL, it does not increase LTP to the level of SD rats, suggesting that running
does not affect LTP in the CA1 per se; rather it is protective from the deleterious effect of social
isolation on LTP, maybe through the restoration of the synaptic proteins, GLT-1 and GluA2.
On the other hand, social isolation has been shown to reduce hippocampal neurogenesis [33,
34] and one study in mice showed that running increases LTP in the DG by increasing neuro-
genesis in this area [35]. In this sense, we cannot exclude the possibility that the beneficial effect
of voluntary running on SC-CA1 synapses may be mediated by increased hippocampal neuro-
genesis. In fact, since the hippocampus is a feed-forward network it is possible that the increase
in number of young dentate granule cells after voluntary running can be accompanied by func-
tional changes in the CA1 area. In fact, the antidepressant effect of both selective serotonin
reuptake drugs and voluntary running has been suggested to occur through neurogenesis in
the DG [20, 36–38].

The astrocytic proteins GLAST, GLT-1 and GFAP are differentially regulated by social iso-
lation and running. This fact illustrates the complex effect of physical activity and stress on the
brain (for review, see [39]). Both treatments have a direct effect on the HPA axis- and sustained
physical exercise can reduce the response to stress on the HPA axis on several parameters,
including reducing the levels of peripheral glucocorticoids [40, 41]. Paradoxically though,
physical activity also activates the HPA axis functioning as a stressor [42, 43]. Finally, running
also triggers other processes, such as oxidative stress, metabolic rate and blood flow, which
affect the brain independently of the HPA axis illustrating the multiple and complex mecha-
nisms underlying both the benefits and caveats of running [44–46]. The fact that social isola-
tion and running have differential effect on specific astrocytic proteins in our model highlights
this complexity and places the astrocytes as main actors in the mechanisms underlying the
stress and running response in the brain.

In summary, our results show that in the FSL model of depression running counteracts
stress-induced mechanisms of depression, but not endogenous mechanisms. Since most exper-
imental depression models are stress-induced, these findings explain why physical exercise has
consistently given good results in animal experiments [47, 48], while effects are less clear in
patients [49]. They are also in line with the recommendation [50] that endurance activity is a
good therapy for stress-induced depression, and that running can increase resilience to depres-
sion in individuals with a genetic predisposition for depression by acting on compensating
mechanisms.
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