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ABSTRACT

Objective(s): Cholecystokinin (CCK) has been proposed as a mediator in stress. However, it is still not
fully documented what are its effects. We aimed to evaluate the effects of systemicadministration of CCK
exactly before induction of stress on spatial memory and synapticplasticity at CA1 in rats.

Materials and Methods: Male Wistar rats were divided into 4 groups: the control, the control-CCK, the
stress and the stress-CCK. Restraint stress was induced 6 hr per day, for 24 days. Cholecystokinin
sulfated octapeptide (CCK-8S) was injected (1.6 pg/kg, IP) before each session of stress induction.
Spatial memory was evaluated by Morris water maze test. Long-term potentiation (LTP) in Schaffer
Keywords: collateral-CA1 synapses was assessed (by 100 Hz tetanization) in order to investigate synaptic plasticity.
CAl1 Results: Stress impaired spatial memory significantly (P<0.01). CCK in the control rats improved

Cholecystokinin sulfated - memory (P<0.05), and prevented the impairmentsin the stress group. With respect to the control group,
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octapeptide both fEPSP amplitude and slope were significantly (P<0.05) decreased in the stress group. However,
Hippocampus o there were no differences between responses of the control-CCK and Stress-CCK groups compared to
Long-term potentiation the control group.

Memory Conclusion: The present results suggest that high levels of CCK-8S during induction of stress can
Stress

modulate the destructive effects of stress on hippocampal synaptic plasticity and memory. Therefore,
the mediatory effects of CCK in stress are likely as compensatory responses.
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of excitatory synaptic transmission after a brief and

Stress is defined as any challenge to the
homeostatic balance that requires an adaptive
reaction of the organism (1). It is well documented
that both acute and chronic stress has profound
effects on brain-body interactions and considerably
result in cognitive deficits (2). One of the main
physiological processes in response to stress is the
activation of hypothalamic-pituitary-adrenal (HPA)
axis (3) which regulates the cognition, memory and
stress related behaviors (4).

Hippocampus plays a crucial role in the explicit
memory function and spatial memory formation (5).
It is involved in the regulation of HPA axis (6) and
neuroendocrine regulation of stress hormones (7).
Some previous data suggest that the hippocampus has
an inhibitory effect on HPA activity (8). However, this
brain structure is shown to be especially susceptible
to stress. The responses of the hippocampus could be
affected by the amount of stress-related hormones
(4), and long-term exposure to the stress stimuli such
as chronic restraint stress, reduces hippocampal
volume and causes cognitive impairments (9). Long-
term potentiation (LTP), a long lasting augmentation

high-frequency electrical stimulation (10), is also
affected by stress. Increased glucocorticoid release
in stress has destructive effects on LTP in the
hippocampus (11). Depending upon the brain region,
LTP is differently affected by stress exposure. For
example, chronic stress has been shown to nearly
abolish LTP induction in hippocampal CA1 area,
whereas it exerts no effect on dentate gyrus LTP (12).

Cholecystokinin (CCK) was first found as a
gastrointestinal hormone (13) and was later
identified as one of the most widely distributed
neuropeptides within the brain, where it acts as a
neurotransmitter (14). CCK is greatly expressed and
distributed in the hippocampus, which is involved in
multiple physiological processes associated with
memory functions (15). There are two types of G
protein-coupled cholecystokinin receptors: CCK-A
(mainly distributed in peripheral tissues and some
brain regions) and CCK-B (the predominant form in
the CNS) (16). Cholecystokinin sulfated octapeptide
(CCK-8S) is one of the most abundant molecular
isoforms of cholecystokinin in the brain (17). CCK
results in marked neuromodulatory effects on the
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release of neurotransmitters such as gamma-amino-
butyric acid (GABA) (18) and glutamate (16). It signi-
ficantly mediates the endocannabinoid (central neuro-
modulatory lipid) system activities (19), the expression
of neurotrophic factors specially brain-derived neuro-
trophic factor (BDNF) (20), neuronal apoptosis and
neurogenesis (21). Increasing evidences show the
ameliorative influences of CCK on hippocampal synaptic
plasticity (22). Preclinical studies document that acute
intraperitoneal (IP) injection of CCK-8S before each test
in Morris water maze task, improved spatial memory in
rats (23). As previously reported, CCK exerts an
excitatory effect on perforant path-dentate gyrus (DG)
granule cells, CA3-CA3 and Schaffer collateral-CAl
synapses (16). In stress, the CCK level fluctuations
within the hypothalamus and hippocampus indicate the
possiblerole of this neuropeptide in the regulation of
HPA activity, glucocorticoid concentrations, learning
and memory processing (24, 25). Nevertheless, the
precise effects of cholecystokinin on memory
formation at the time of stress exposure remains
poorly understood. In this study, we examined the
effect of CCK treatment just before induction of
restraint stress using Morris water maze test and field
potential recording at Schaffer collateral synapses in
hippocampal area CA1.

The experiments were carried out on male Wistar
rats (250-280 g) that were housed under standard
conditions of temperature (22 + 2°C) and light (12h
light-dark cycle). Food and water were available ad
libitum, except during the stress situations. The Ethic
Committee for Animal Experiments at Isfahan
University of Medical Sciences approved the study,
and all experiments were conducted in accordance
with the National Institute of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications
No. 80-23) revised in 1996.

The animals were randomly divided into four
groups (n=10): the control, the control-CCK, the stress
and the stress-CCK.

To induce chronic stress, the rats were
individually restrained for 6 hr/daily in plexiglas
cylinders (20x7 cm) which had holes for air exchange
from 8:00 to 14:00 (26) for 24 days.

The rats in the CCK treated groups received CCK-
8S (1.6 pg/kg, IP, dissolved in saline; Sigma-Aldrich)
(23, 27, 28) before daily placing in restraint chambers.
Animals in the control and stress groups received the
same volume of saline.

Five days before beginning the induction of stress
and the treatments, all rats were habituated to the
water and apparatus. The apparatus was consisted of
circular tank (180 cm in diameter) that filled with
water (22+2 °C) made opaque and was surrounded by
a variety of extra-maze cues. The tank was divided
into four quadrants, and four start positions were
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located at the interactions ofthe quadrants. Data were
recorded using custom software (Radiabl).

In the spatial acquisition phase that performed
during 4 days before the stress induction and the
treatments, the rats learned to find a submerged
platform using extra-maze cues. A transparent Lucite
platform (10 cm) was submerged 2 cm underneath
the water in North-east quadrant of the tank, where it
remained for all spatial trials. Each rat participated in
16 trials, which were organized into daily block of
four trials (1 trial/start position within a block) for 4
consecutive days. For each trial, the rat was given a
maximum time of 60 sec to locate the platform, after
which the rat remained there for 30 sec; if the rat did
not locate the platform within 60 sec, it was guided to
it by the experimenter. The next trial started
immediately after removal of rat from the platform.
Escape latencies (s) was recorded.

In the retention phase, 24 hr after the last session
of stress induction and treatments a 60 sec probe trial
was conducted to examine how well the rats had
learned the exact location of the platform. During this
trial, the platform was removed from the tank. The
swim time was measured inside a circular area (70 cm
diameter) around the center of last place of the
platform. To test possible deficits in sensorimotor
processes, rats were tested in the water maze with a
visible platform after probe trial. Four cued trials
were conducted, with start locations randomized and
the platform located in a different quadrant during
each trial. Rats were allowed to swim for up to 60 sec
to locate the platform. The criterion for impaired non-
mnemonic aspects was inability to locate the platform
within 60 sec, more than two times of four cued trials
(29, 30). All rats located the platform within 60 sec.

After behavioral test, rats were anesthetized with
urethane (1.8 g/kg, IP) and their heads were fixed in
a stereotaxic frame. Body temperature Kkept at
36.5+0.5 °C with a heating pad. The skull was exposed
and two small holes were drilled at the positions of
the stimulating and recording electrodes. The
exposed cortex was kept moist by the application of
paraffin oil. A concentric bipolar stimulating electrode
(stainless steel, 0.125 mm diameter, Advent, UK) was
placed in the right Schaffer collateral pathway (AP=-
4.2 mm; ML=3.8 mm; DV=-2.7--3.8 mm), and a
stainless steel recording electrode was lowered from
the left side of skull into the right CA1 area until the
maximal response was observed (AP=-3.4 mm;
ML=1.5 mm; DV=-4.4--5.1 mm; at an angle of 52.5
degrees) (31). In order to minimize trauma to brain
tissue, the electrodes were lowered very slowly (2
mm/min). Implantation of electrodes in the correct
position was determined by physiological and
stereotaxic indicators.

Extracellular evoked responses were obtained
from the CA1 pyramidal cell population following
stimulation of the Schaffer collateral pathway.
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Figure 1. Schematic diagram of field excitatory post-synaptic
potential (fEPSP). The fEPSP amplitude parameters analyzed as:
difference between B and D, and fEPSP slope analyzed as: AB slope

Extracellular field potentials were amplified
(x1000) and filtered (1 Hz to 3 KHz band pass).
Signals were passed through an analogue to digital
interface (Electro module D3111, Science Beam
Institute, Tehran, Iran) to a computer and data were
analyzed offline using eProbe software (Science Beam
Institute, Tehran, Iran). As shown inFigure 1, the field
excitatory post-synaptic potential (fEPSP) amplitude
was measured as the difference in voltage between
the negative peak of the fEPSP wave and the baseline
(between Band D) and the fEPSP slope was measured
as the slope between the baseline and the peak of the
negative wave (between A and B). In order to evaluate
synaptic potency, stimulus-response or input/output
(I/0) functions were acquired by systematic variation
of the stimulus current (50-1000 pA) before
induction of LTP. After that, paired pulse facilitation
was measured by delivering five consecutive evoked
responses of paired pulses at 50ms inter-stimulus
intervals at a frequency of 0.1 Hz (10 s interval). The
fEPSP amplitude ratio (second fEPSP amplitude/first
fEPSP amplitude) and the fEPSP slope ratio (second
fEPSP slope/first fEPSP slope) were measured.

To evaluate long-term changes in the synaptic
response of CA1l neurons, fEPSPs were evoked in the
CA1 region using 0.1 Hz, 30 min prior to LTP induction
and 90 min after that. LTP was induced using high-
frequency stimuli protocols of 100 Hz (4 bursts of 50
stimuli, 0.15 ms stimulus duration, 10 s interburst
interval). All potentials employed as baseline and high
frequency stimuli were evoked at a stimulus intensity
which produced 50% of the maximal response of the
fEPSP (32).

Implantation of electrodes in the correct location
was determined by histological verification. For histolo -
gical verifications at the end of each experiment, rats
were perfused transcardially with a 10% formalin
solution and the brain removed and fixed in 10%

Figure 2. Histological representation of A) stimulating electrode
location in Schaffer collateral B) recording electrode location in
CA1.Thearrow indicates the stained places

formalin for at least 3 days. Subsequently, transverse
sections through the brain were cut using a freezing
microtome to locate electrode tracts. The sections
were examined under a microscope and compared to
the rat brain atlas (Figure 2) (31).

Adrenal weights were evaluated to assess the HPA
activity (33). Hence, at the end of the electrophysio -
logical study, rats were dissected and adrenal glands
were removed and weighed.

Data were analyzed using the SPSS version 21 for
windows (IBM Corporation). The data were analyzed
statistically by repeated measures analyze of variance
(ANOVA) followed by Tukey Post hoc for between
subjects’ differences and within effects, across the
blocks of MWM and the data from LTP induction and
maintenance; and the data from paired pulse
facilitation, probe trial of MWM and adrenal weight
were analyzed by one-way ANOVA followed by Tukey.
The significant level was set at P<0.05. Results are
expressed as mean+SEM.

All rats showed a reduction in escape latencies
(BLOCK effect, F (3, 108) = 60.59, P<0.001; Figure 3)
across the blocks of trials, indicating spatial acquisition.
The pattern of reduction in escape latencies to locate the
platform across the blocks was the same between the
groups.

For the results of probe trial as measured by the
mean time spent inside a circular area (70 cm
diameter) around the center of the plat form, the
between group
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Figure 3. The escape latencies at different blocks of Morris water
maze, before stress induction and treatments. Each point
represents the block, mean+SEM of 4 swims. Lower numbers
indicate better performance (n=10)
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20 4 * comparison indicated that CCK-8S significantly

18 4 - I increased this time in CO-CCK group with respect

ij: T l to the CO group (17.6%x1.14 s and 14.9+0.78 s,

‘g . *T* respectively; P<0.05; Figure 4). Stress decreased the

S 10 T time significantly in ST group (11.1#1.15 s; P<0.01).

PO However, CCK-8S prevented this reduction in

£ 6 stressed rats as there was no difference between the
4 A CO and the ST-CCK groups (15.6+2.42 s; Figure 4).

2 As itis shown in Figure 5, the effects of high systemic

¢ ‘ ' : levels of CCK-8S on LTP induction and maintenance in CA1

Control CCK Stress Stress-CCK

Figure 4. Effects of systemic administration of cholecystokinin
sulfated octapeptide (CCK-8S) exactly before induction of stress on
performance during the probe trial of Morris water maze as
measured by the mean time spent inside a circular area (70 cm
diameter) around the center of the platform, 1 day after the last
session of stress induction and treatment. * P<0.05 and ** P<0.01
with respect to the control group (n=10)
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area of the stressed and intact rats were determined. A
repeated measures ANOVA revealed that fEPSP amplitude
(Time effect, F (8, 256) =30.86, P<0.001; Figure 5A) and
fEPSP slope (Time effect, F (8, 256) =17.9, P<0.001; Figure
5B) reduced inall the groups over the time.
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Figure 5. Effects of systemic administration of cholecystokinin sulfated octapeptide (CCK-8S) exactly before induction of stress on long-term
potentiation (LTP) induction and maintenance in CA1 area of the hippocampus using tetanic stimulation at A: the field excitatory
postsynaptic potential (fEPSP) amplitude and B: fEPSP slope. Data are plotted as the average percentage change from baseline responses.
Values are % mean+SEM. * P<0.05 and ** P<0.01 with respect to the control group. # P<0.05, ## P<0.01 and ### P<0.001 with respect to
the stress-CCK group (n=10). C: Single traces recorded before and after induction of LTP in CA1 area of the hippocampus
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Figure 6. Effects of systemic administration of cholecystokinin sulfated octapeptide (CCK-8S) exactly before induction of stress on paired-
pulse facilitation at inter-stimulus interval 50 ms in CA1 area of the hippocampus. A: the fEPSP amplitude ratio, (percentage of mean Amp2
/ Amp1+SEM), and B: fEPSP slope ratio (percentage of mean fEPSP2 / fEPSP1 + SEM). C: single traces recorded at inter -stimulus interval 50

ms were shown in (n=10)

In stress group, stress decreased the fEPSP ampli -
tude (94.37+13.72) and fEPSP slope (96.46+ 14.43%)
significantly with respect to the control group after
tetanization (amplitude: 144+15.34% and slope:
149.76+16.47%, respectively; P<0.05; Figure 1 A, B).
Although CCK-8S had no effects on fEPSP in CCK group,
but in the stress-CCK group, it increased fEPSP amplitude
(13697+14.46% and 140.58+14.46%, respectively) and
fEPSP  slope (145.04£15.52% and 142.08+15.52%,
respectively), as there was no significant difference

between the control and the stress-CCK groups (Figure 5).
CCK-8S and stress had no significant effects on paired -
pulse facilitation at inter-stimulus interval 50 ms in
CA1 area of the hippocampus (Figure 6).

The weight of the adrenal glands was increased
significantly (P<0.001) in the stress group compared
to the control group. CCK-8S significantly (P<0.001)
decreased weight of adrenal gland in control-CCK
group and there was a significant difference between
the stress and the stress-CCK group (Figure 7).

Iran J Basic Med Sci, Vol. 20, No.12, Dec 2017
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Figure 7. Effects of cholecystokinin octapeptide sulfated (CCK-8S)
and stress on adrenal gland weight. Data are expressed as
mean+SEM. (n = 10). *** P< 0.001 withrespectto thecontrol group,
### P <0.001 with respect to the stress group

In this study, we report that chronic stress impairs
recall performances of the rats in Morris water maze
task (Figure 4) as well as long-term plasticity in the
hippocampal CA1 area (Figure 5). These results are
consistent with previous data that demonstrated the
detrimental effects of stress on hippocampal LTP (10)
and spatial memory tasks (34). As previously shown,
chronic restraint stress leads to increase in HPA
activity and adrenal glucocorticoid production (35,
36). High glucocorticoid levels are shown to alter
some of the brain characteristics and functions such
as hippocampal dendritic structures (37), the
expression of neurotrophic factors like BDNF and
subsequent neurogenesis (38), action of neuromedu -
latory systems including endocannabinoids (39), release
of neurotransmitters like GABA (40) and Glutamate
(41), and postsynaptic LTP induction at CA1 area of
the hippocampus (42). Stress reduces the after-
hyperpolarization amplitude, while it enhances the
amplitude of Calcium influx, the activity of NMDA
receptors and glutamatergic transmission in CA1l
pyramidal neurons. All of these changes can affect the
membrane potential and LTP induction (43). On the
other hand, some evidence suggests that prolonged
corticotropin-releasing hormone (CRH) augmenta -
tion and its interaction with CRH receptor type-1
(located in dendrites of CA1 pyramidal cells) in the
hippocampus underlies the impairment of LTP and
cognition associated with chronic early life stress
(44).

As a secondary observation, our results indicated
that CCK-8S significantly increases the time spent
around the center of the platform within the control-
CCK group, indicating an enhanced retention of the prior
platform location in the water maze performance
(Figure. 4). The same resulthas been shown in aged rats
following repeated IP injection of CCK-8S with a same
dose (1.6 ug/kg) (23). CCK-B receptors probably play a
key role in the performance of visual recognition tasks
(45). Moreover, studies have documented impaired
spatial memory performance of the rats lacking CCK-A
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receptors (46). However, this spatial memory
improvement in intact rats was not supported by our
electrophysiological data, because there was no
significant difference in the fEPSP slope and amplitude
between the control-CCK and control groups.
Therefore, the exact mechanisms underlying the
memory enhancement followed by long-term CCK
treatment remains to be understood.

CCK-8S increased fEPSP amplitude and slope
within the stress-CCK group compared to those of the
stress group, as there was no significant difference
between the control and stress-CCK groups (Figure.
5). Analogously, cholecystokinin reduced spatial
memory impairment in the stress-CCK group, and there
was no difference between the control and stress-CCK
groups (Figure 4). In other words, CCK administration
substantially improved special memory performance
after a long period of merging with chronic restraint
stress, and this result was supported by increased LTP
induction and maintenance in CA1l area of the
hippocampus. The enhancement of the LTP induction
could be due to a reduction of K*conductance at CA1
pyramidal cells mediated by CCK-B receptors (47). CCK
has been shown to induce the [Ca2+] signaling via an
influx of extracellular calcium, leading to inhibition of
NMDA receptors (48). Furthermore, a reduction of
glutamate transmission in excitatory synapses via
CCK-B receptors is reported (49). The decreasein GABA
transmission via the activation of endocannabinoid
system (50) as well as the enhancement of BDNF
expression (2) are another mechanism probably
mediated by CCK (19, 20).

Prolonged administration of CCK-8S significantly
compensates the stress-dependent memory impairment
and notably reduces HPA activity in chronic stress
(Figure. 7) (27). Itis well documented thatboth the CCK-
A and CCK-B receptors contribute to the regulation of
the HPA axis (51, 52), and repeated treatment with CCK
decreases the expression of these receptors within the
pituitary gland (53). Subsequently, the activation of
the HPA axis may be suppressed by lower efficacy
receptors. Furthermore, increasing evidence suggests
that chronic stress results in a marked reduction of
BDNF (a neurotrophic protein linked to various
aspects of synaptic plasticity in CNS) expression
mediated by glucocorticoids, leading to suppressed
hippocampal neurogenesis and memory deficits (54).
CCK was shown to augment the expression and
function of BDNF (2). A repeated local administration
of CCK-8S was reported to enhance neuronal network
interconnections such as hippocampal excitatory
synapses (49) and dendritic growth, leading to protect
the hippocampus against atrophy (55). Accordingto the
inhibitory influence of the hippocampus on the HPA
response to stress (8), it could be supposed that the
activity of the HPA axis may be indirectly modified by
CCK following a protective effect on hippocampus in
stress conditions. As reported previously (56),
expression of the cholecystokinin gene is increased
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during periods of chronic stress. We suggest that such
enhancement in CCK expression is probably to
prevent destructive effects of HPA responses on
hippocampal synaptic plasticity and spatial memory
formation.

Previous data demonstrated that chronic restraint
stress reduces the DSI (depolarization-induced
supperssion of inhibition / a short-term plasticity at
GABAergic synapses) in the hippocampus, which is
possibly associated with a dysfunction in presynaptic
CB1 (cannabinoid receptorl- notably distributed
in stress-responsive brain regions such as the
hippocampus) modulation of GABAergic transmission
(57). Another study has indicated the ameliorative
effects of the CB1l-dependent endocannabinoid
signaling on impaired hippocampal long-term poten -
tiation following chronic restraint stress (58). Endo -
cannabinoids organize a neurotransmitter system,
which is activated by glucocorticoid rising during
stress. They inhibit the excitation of the HPA axis
regulating endocrine response to stress (59). CB1
receptors are expressed on CCK positive interneurons
in the hippocampus (60). Therefore, the stress
induced destruction of DSI is suggested to result from
altered functional integrity of the CCK interneuron
network (57). Cholecystokinin activates postsynaptic
mGlu-R5-mediated  retrograde  endocannabinoid
signaling via CCKA/B receptors (19). A recent data
indicated that CB1 is also mostly expressed
in pyramidal cells of CAl and CA3, and the granular
cells of the dentate gyrus (61). The above data suggest
that CCK can possibly activate the endocannabinoid
system by which may reduce the detrimental effects
of chronic stress on synaptic plasticity and memory
formation within the hippocampus through yet
poorly known regulatory mechanisms (62).

Furthermore, stress also affects synaptic plasticity
via altering glutamate transmission. It has been
indicated that LTP may be induced due to the
activation of glutamate receptors (63), and N-methyl-
D-aspartate (NMDA) receptor is crucially needed for
LTP induction in the CA1l area (64). Furthermore,
chronic stress leads to a considerable increase in the
expression of AMPA and NMDA receptor subunits,
presumably due to an overproduction of glucocorticoids
(65, 66). Enhanced expression of these receptor subunits
may raise vulnerability to glutamate neurotoxicity (67).
Preclinical studies suggest that cholecystokinin protects
neuronal cells against glutamate neurotoxicity via CCK-
B receptors. This neuronal protection is probably through
inhibition of NO-formation triggered by NMDA receptors
(68). On the other hand, cholecystokinin crucially
modulates glutamatergic synaptic transmission mediated
by CCK-B receptors (49).

In paired-pulse experiments, we observed no
significant effect of CCK-8S and stress on paired-pulse
facilitation at inter-stimulus interval 50 ms in
hippocampal CA1 sub-region (Figure. 6). Contrarily to
our result, other data demonstrated altered paired-

pulse responses following stress at CA1 area. These
contradictory results could be dependent on the type
(69) and duration (70) of stress.

Taken together, our findings demonstrated that
chronic immobilization stress attenuates the LTP
induction and maintenance in CA1l area, with a
parallel destruction of spatial memory in the water
maze task. A repeated treatment with CCK-8S along
with induction of restraint stress improved both the
LTP deficit and spatial memory impairment toward
normal, indicating reversibility of stress-related
changes in the hippocampus. The present data
represent a compensatory role of cholecystokinin in
stress. Hence, we suggest that the high concentration
of CCK during exposure to stressful stimuli may
inhibit the response to stress.

The present study was financially supported by
Isfahan University of Medical Sciences, Isfahan, Iran.
Grant number was 393635. The results described in
this paper were part of student thesis.
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