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Abstract Stress affects the brain differently depending on the timing, duration and
intensity of the stressor. Separation from the dam for 3 h per day is a potent stressor
for rat pups which causes activation of the hypothalamic-pituitary-adrenal (HPA)
axis, evidenced by increased plasma levels of adrenocorticotropin (ACTH) and
glucocorticoids. Behaviourally, animals display anxiety-like behaviour while
structurally, changes occur in neuronal dendrites and spines in the hippocampus
and prefrontal regions involved in emotion and behaviour control. The aim of the
present study was to determine whether maternal separation alters expression of
synaptic markers, synaptophysin and calcium/calmodulin-dependent protein kinase
I (CaMKII), in rat hippocampus and prefrontal cortex. A second aim was to
determine whether voluntary exercise had a beneficial effect on the expression of
these proteins in rat brain. Maternal separation occurred from postnatal day 2 (P2) to
P14 for 3 h per day. Exercised rats were housed in cages with attached running
wheels from P29 to P49. At P65, the prefrontal cortex and hippocampus were
removed for protein quantification. Maternal separation did not have any effect
while exercise increased synaptophysin and CaMKII in the ventral hippocampus but
not in the dorsal hippocampus or prefrontal cortex. Since the ventral hippocampus is
associated with anxiety-related behaviour, these findings are consistent with the fact
that voluntary exercise increases anxiety-like behaviour and improves learning and
memory.
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Introduction

The effect of stress on the brain depends on the timing, duration and intensity of
the stressor as well as genetic predisposition and prior experience (Lupien et al.
2009). One of the most potent stressors for rat pups is separation from the dam
during the early postnatal period (Lupien et al. 2009). Separation for 3 h or more
per day activates the hypothalamic-pituitary-adrenal (HPA) axis, as evidenced by
increased plasma levels of adrenocorticotropin (ACTH) and glucocorticoids
(Daniels et al. 2004; Lupien et al. 2009). The interplay between the elements of
the HPA axis acts to maintain a balanced homeostatic environment. In humans
alterations to the HPA axis accompany psychiatric disorders such as depression and
anxiety (Kathol et al. 1989; Lupien et al. 2009). In maternally separated animals,
separation stress causes anxiety-like behaviour as well as cognitive impairment and
structural changes in neuronal dendrites and spines in the hippocampus and
prefrontal regions of the brain involved in emotion and behaviour control (Aisa et
al. 2007; Andersen and Teicher 2004; Bock et al. 2005; Pascual and Zamora-Ledn
2007; Lupien et al. 2009).

Voluntary exercise has been shown to enhance neurogenesis and improve
cognitive performance (Clark et al. 2008; Duman et al. 2008; Stranahan et al.
2007). One reason may be the increase in hippocampal brain-derived neurotrophic
factor (BDNF) levels seen in exercised rats (Vaynman et al. 2004). BDNF has been
shown to be positively correlated with nerve terminal proteins suggesting that BDNF
increases synaptogenesis (Ying et al. 2008).

The aim of the present study was to determine whether maternal separation alters
expression of synaptic markers in rat hippocampus and prefrontal cortex.
Synaptophysin, a vesicle-associated glycoprotein, was used as a presynaptic marker
of synaptic proliferation while calcium/calmodulin-dependent protein kinase II
(CaMKII) was used as a postsynaptic marker of glutamate activation of NMDA
receptors required for learning and memory formation. CaMKII phosphorylates and
up-regulates the number of AMPA receptors in the postsynaptic cell by either
phosphorylation to increase the conductance of sodium ions and/or by promoting the
movement of intracellular AMPA receptors into the membrane, making more
receptors available for glutamate to stimulate the postsynaptic neuron (Fukunaga et
al. 1996). Long-term potentiation (LTP), an activity-dependent strengthening of
synapses, considered to be an electrophysiological correlate of learning and memory,
induces the activation of CaMKII (Colbran and Brown 2004; Vaynman et al. 2007).
A second aim was to determine whether voluntary exercise had a beneficial effect on
synaptic function in maternally separated rats.

Materials and methods
Animals
Forty-five male Sprague-Dawley rats were obtained from the University of Cape

Town Animal Unit. On postnatal day two (P2) all litters were sexed and culled to
8 (with preference given to males) in order to standardize litter size. Rats were
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divided into 4 groups, maternally separated/non-runners (MSnR, n=10), maternally
separated/runners (MSR, n=11), non-separated/non-runners (nMSnR, n=13) and
non-separated/runners (nMSR, n=11). Dams and pups were housed in a 12-h light/
dark cycle, lights on at 06h00. On P21 rats were transferred to a new 12-h light/dark
cycle with the lights off at 11h00. Ambient temperatures were maintained at 23-25°C.
Food and water was available ad libitum. Rats were weighed on P49, P52, P55, P63
and P65. All experiments were approved by the Research Ethics Committee of the
University of Cape Town.

Maternal separation

Starting on P2, the dams of the maternally separated pups were physically removed
from the home cage and the pups were transferred in their home cage to a different
room in order to prohibit communication via ultra-sound vocalizations. The room
temperature was maintained at 32+1°C to prevent hypothermia. Pups were separated
for 3 h per day, until P14 after which normal interaction with the dam was resumed.
The control pups (nMSR and nMSnR) were not separated from the dams. On P21 all
rats were weaned. Males were housed communally until P29.

Voluntary exercise

On P29 rats were given free access to running wheels attached to their cages. The
number of revolutions was recorded on a counter mechanically activated by the
wheel. The distance run was calculated from the revolution count and circumference
of the wheel, where one revolution was equal to 1 m. Recordings were taken daily
1 h before the dark cycle began (when the rats became active) in order to get an
accurate reading of daily running distances. Non-exercised rats (MSnR and nMSnR)
were housed singly in standard plastic cages from P29-P49.

On P49 rats were removed from running wheels and all groups were then housed
in standard plastic cages in two’s or three’s, until termination of the experiment.

Behavioural testing

Behavioural tests (open field, elevated plus maze, Morris water maze and object
recognition tests) were performed between P49 and P63 as described in Grace et al. (2009).

Protein quantification

At P65, rats were lightly anaesthetized by placing them in a container filled with
halothane vapor and then decapitated using a guillotine. The brain was rapidly removed
from the cranium, placed on an ice-cold plate and the prefrontal cortex dissected out,
removing the olfactory bulbs. The cerebral hemispheres were separated at the
longitudinal cerebral fissure using a blade. The right half of the brain was placed on
the frontal surface and the cortex separated from the cerebellum. This exposed the
hippocampus which was then rolled away from the cortex and cut in half, separating the
dorsal and ventral sub-regions. Samples were placed in small plastic vials, frozen in
liquid nitrogen and transferred to a —80°C freezer where they were stored until analysis.
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For analysis samples were thawed, weighed, homogenized in 19 volumes
extraction buffer (1M Tris.HCl, Nonidet, 10% SDS, aprotonin, 0.1M phenyl-
methylsulphonyl fluoride) and stored at 4°C overnight. Samples were then
centrifuged at 4°C for 15 min at 12,000 g and the supernatant removed. A
bicinchoninic acid (BCA) assay kit (Pierce) was used for quantification of total
proteins.

SDS-PAGE and western blot analysis

Hippocampal samples were diluted in extraction buffer and proteins denatured in
boiling water for 2 min. Proteins were then resolved in a sodium dodecyl sulphate
(SDS)-polyacrylamide gel; a 12% Separating gel (30% Acrylamide:bis, 1.5M Tris,
10% SDS, 10% Ammonium persulphate, ten drops of Temed) and 5% stacking gel
(30% Acrylamide:bis, 0.5M Tris, 10% SDS, 10% Ammonium persulphate, ten drops
of Temed) was used. Approximately 20 pg of proteins in each sample were loaded
individually in the following order: MSR, nMSR, MSnR, nMSnR. Dorsal and
ventral hippocampal samples of the same rat (MSR, nMSR, MSnR, nMSnR) were
loaded onto a gel, together with a prefrontal cortex sample obtained from different
rats, giving a total of 45 rats, 11 x MSR, 10 x MSnR, 11 x nMSR, 13 x nMSnR.
Each rat brain tissue sample was analyzed individually. A peqGOLD prestained
marker (Octamer) was loaded. Gels were run at 180 V for 1.25 h. Proteins from the
gel were then electrophoretically transferred to a Hybond-enhanced electrochemilu-
minescence (ECL) nitrocellulose membrane at 100 V for 1 h.

Immunodetection

Membranes were blocked in 5% non-fat powdered milk in Tris-buffered saline-Tween
(TBS-T) for 1 h. A mouse monoclonal primary antibody to Synaptophysin (Abcam Inc)
was diluted (1:40,000) in 5% non-fat powdered milk in TBS-T and a rabbit-monoclonal
antibody to CaMKII (1:1000 dilution) were incubated with the nitrocellulose membrane
at 4°C overnight. Membranes were washed with TBS-T and then incubated for 1 h with
the secondary antibody, goat anti-mouse horseradish-peroxidase conjugate (HRP)
conjugate (Biorad, 1:5000 dilution in non-fat powdered milk) and goat-anti-rabbit HRP
conjugate (1:1500). The reaction was visualized using a Supersignal West Pico
chemiluminescence (ECL) detection kit (Pierce). X-ray film (AGFA) was used to detect
the reaction with the membranes. The X-ray film was placed on the membrane in the
dark room. The film was then placed in developer and fixed.

The density of each band was measured using a densitometer (Synergy) and
expressed as a percentage of the mean density of all the bands representing that
protein (either synaptophysin or CaMKII) on the X-ray film (Fig. 1). For the analysis
of CaMKII the density of only the lower band was quantified.

Statistical analysis
All statistical analyses were performed using Statistica version 8. Graphs were

plotted using Graph Pad Prism 5. Data are presented as the meanstSEM.
Statistically significant differences between groups were determined by 2-way
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A) CaMKII (54 kDa)
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B) Synaptophysin (38 kDa)
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Fig. 1 A representative Western blot analysis of CaMKII (a) and Synaptophysin (b) levels in dorsal
hippocampus (/HC) and ventral hippocampus (vHC) of a maternally separated runner (MSR), a non-
maternally separated runner (nMSR), a maternally separated non-runner (MSnR) and a non-maternally
separated non-runner (nMSnR) rat

ANOVA with maternal separation and exercise as factors. Post-hoc analysis was
performed using Fisher LSD test.

Results

There was no significant difference in either synaptophysin or CaMKII levels in the
prefrontal cortex of maternally separated and non-separated rats or between
exercised and non-exercised rats. However, exercise caused a trend towards an
increase in synaptophysin levels (but not CaMKII) in the dorsal hippocampus (F; 41y=
3.29, p=0.07, Figs. 2 and 3).

Fig. 2 Effect of maternal 150 -
separation and exercise on
CaMKII levels in dorsal hippo-
campus of maternally separated
rats (MS) and normally reared
rats (nMS) with significant
overall effect of exercise. R =
runners, NR = non-runner rats
that did not have access to a
running wheel. Results are
mean+SEM. No significant
difference was found
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Exercise significantly increased CaMKII levels in the ventral hippocampus of
exercised rats (F, 41)=4.5, p<0.05, Fig. 4). A post-hoc Fisher LSD test revealed a
significant difference between the nMSR and MSnR groups (p<0.05). Similar
differences between exercised and non-exercised rats were observed for synaptophysin
levels in the ventral hippocampus with a significant overall effect of exercise (F(j 41)=,5.6,
p<0.05, Fig. 5). Post-hoc Fisher LSD tests revealed a significant difference between the
nMSR and MSnR groups (p<0.05).

Discussion

Chronic stress experienced at an early stage of development can have a profound
influence on the brain in adulthood, including effects on prefrontal cortex and

Fig. 4 Effect of maternal
separation and exercise on 150
CaMKII levels in the ventral
hippocampus of maternally J |
separated rats (MS) and normally
reared rats (nMS) with signifi-
cant overall effect of exercise.

R = runners, NR = non-runner
rats that did not have access to
a running wheel. Results are
mean+SEM. *Significantly
different from non-runners
(Fa.41=4.5, p<0.05)
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hippocampal structure and function, neuroplasticity, cell survival and neurogenesis
as well as producing fear and anxiety-like behaviour (Pittenger and Duman 2008;
McEwen 1999; Bock et al. 2005; Pascual and Zamora-Ledén 2007; Lupien et al.
2009). Although the prefrontal cortex is critical for stress regulation and anxiety, no
changes were observed in synaptophysin and CaMKII in the prefrontal cortex of
maternally separated rats compared to their non-separated controls. In fact, maternal
separation did not alter synaptophysin or CaMKII levels in the prefrontal cortex or
hippocampus of exercised and/or non-exercised rats.

Voluntary exercise caused a significant increase in CaMKII and synaptophysin
levels in the ventral hippocampus which is critically involved in learning and
memory of anxiety-related experiences (Kjelstrup et al. 2002). This is in agreement
with the finding that exercised rats display increased anxiety-like behaviour when
removed from their cages with attached running wheels (Grace et al. 2009). The
hippocampus is a critical brain area involved in learning and memory whose
plasticity is significantly affected by exercise (Vaynman et al. 2004). Long-term
potentiation (LTP), an activity dependent strengthening of synapses believed to be an
electrophysiological correlate of learning and memory, induces the activation of
CaMKII (Vaynman et al. 2007). Pharmalogical and genetic manipulations have
demonstrated the importance of CaMKII for memory processes (Silva et al. 1992).
CaMKII inhibitors prevented the enhancement of learning and memory produced by
exercise (Vaynman et al. 2007).

Synaptophysin levels were increased in the ventral hippocampus which reinforces
the suggestion that exercise enhances learning and memory processes (Vaynman et
al. 2004). Exercise also tended to increase the dorsal hippocampal synaptophysin
levels, an area of the brain that is critically involved in spatial learning and memory
formation (Hunsaker et al. 2008, Lee 2005). This may explain the increased ability
of the exercised rats to find the platform in the Morris Water maze test of spatial
working memory (Grace et al. 2009). The exercised rats also performed better than
non-exercised rats in temporal order tasks, consistent with increased hippocampal
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function relative to non-exercised rats (Grace et al. 2009). The present findings are
consistent with the suggestion that stress is an important factor in the development of
the individual’s response to future stress.

Conclusion

No effect of maternal separation was seen whereas running significantly increased
expression of protein markers of pre- and postsynaptic activity in the ventral
hippocampus, an area associated with learning of anxiety-related behaviour. This is
consistent with the finding that exercised rats display increased anxiety-like
behaviour in the elevated plus maze and open field apparatus following removal
from their cages with the attached running wheels (Grace et al. 2009).

Running has been shown to activate the HPA axis (Coleman et al. 1998).
Stranahan et al. (2006) found that running increased the levels of glucocorticoids,
which were significantly higher in the rats running in isolation compared to the
socially grouped rats. It was therefore suggested by Stranahan et al. (2006) that
social interaction buffers the exercised rats from negative actions of high
glucocorticoid levels. This increase in glucocorticoid levels seen in isolated runners
could account for the increased anxiety-like behaviour observed in the exercised rats
(Grace et al. 2009).
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