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Abstract
Whereas cholecystokinin (CCK) has long been known to exert anxiogenic effects in both animal
anxiety models and humans, the underlying cellular and molecular mechanisms are ill-defined.
CCK interacts with CCK-1 and CCK-2 receptors resulting in up-regulation of phospholipase C
(PLC) and protein kinase C (PKC). However, the roles of PLC and PKC in CCK-mediated
anxiogenic effects have not been determined. We have shown previously that CCK facilitates
glutamate release in the hippocampus especially at the synapses formed by the perforant path and
dentate gyrus granule cells via activations of PLC and PKC. Here we further demonstrated that
CCK enhanced NMDA receptor function in dentate gyrus granule cells via activation of PLC and
PKC pathway. At the single-channel level, CCK increased NMDA single-channel open
probability and mean open time, reduced the mean close time and had no effects on the
conductance of NMDA channels. Because elevation of glutamatergic functions results in anxiety,
we explored the roles of PLC and PKC in CCK-induced anxiogenic actions using the Vogel
Conflict Test (VCT). Our results from both pharmacological approach and knockout mice
demonstrated that microinjection of CCK into the dentate gyrus concentration-dependently
increased anxiety-like behavior via activation of PLC and PKC. Our results provide a novel
unidentified signaling mechanism whereby CCK increases anxiety.

Keywords
NMDA receptor; hippocampus; anxiety; synaptic transmission; peptide; glutamate

INTRODUCTION
Cholecystokinin (CCK) is one of the most abundant neuropeptides in the brain (Beinfeld et
al., 1981) where it interacts with two G protein-coupled receptors: CCK-1 and CCK-2
(Wank, 1995). Activation of both CCK receptors increases the activity of phospholipase C
(PLC) leading to the hydrolysis of phosphatidylinositol 4, 5-bisphosphate (PIP2) into
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inositol trisphosphate (IP3) to increase intracellular Ca2+ release, and diacylglycerol to
activate protein kinase C (PKC) although CCK-1 receptors also increase adenylyl cyclase
activity which enhances the generation of cyclic AMP and subsequent activation of protein
kinase A (Wank, 1995). Although CCK-1 receptors are distributed in the peripheral tissues
and in limited brain regions including the postrema, interpeduncular nucleus and nucleus
tractus solitarius (Hill et al., 1987; Hill et al., 1990; Moran et al., 1986), CCK-2 receptors are
the predominant CCK receptors in the brain (Van Dijk et al., 1984). Interestingly, CCK is
highly expressed in the limbic structures including the hippocampus (Greenwood et al.,
1981; Hefft and Jonas, 2005), cingulate gyrus (Beinfeld et al., 1981), subiculum (Kohler and
Chan-Palay, 1982) and entorhinal cortex (Beinfeld et al., 1981; Greenwood et al., 1981;
Kohler and Chan-Palay, 1982; Lotstra and Vanderhaeghen, 1987). Consistent with the
distribution of CCK, high density of CCK binding sites, possibly CCK-2 receptors, have
also been detected in the limbic structures (Kohler and Chan-Palay, 1988; Kritzer et al.,
1988). The selective expression of CCK and its receptors in the limbic system likely
explains the physiological and pathological functions of CCK in the brain because CCK has
been demonstrated to modulate physiological functions including satiety, analgesia, learning
and memory (Beinfeld, 2001; Rehfeld, 2000; Sebret et al., 1999) and pathological disorders
such as anxiety (Bradwejn and Koszycki, 1994; Crawley and Corwin, 1994; Noble and
Roques, 1999; Rehfeld, 2000; Rodgers and Johnson, 1995). For example, application of
CCK or CCK-2 receptor agonists or elevating CCKergic tone in the brain produces
significant anxiogenic effects (Chen et al., 2006) whereas application of CCK-2 receptor
antagonists (Hughes et al., 1990; Singh et al., 1991; Wang et al., 2005) or down-regulation
of endogenous CCK precursor (Cohen et al., 1998) generates anxiolytic actions.
Paradoxically, the cellular and molecular mechanisms whereby CCK exerts the anxiogenic
effects remain to be determined.

Recent development in the neurobiology of anxiety has highlighted glutamate as a mediator
in anxiety (Bergink et al., 2004; Gorman, 2003; Kent et al., 2002). Presynaptically released
glutamate binds to three classes of ionotropic glutamate receptors including NMDA, AMPA
and kainate receptors (Dingledine et al., 1999; Hollmann and Heinemann, 1994; Seeburg,
1993). Preclinical data in rodents and human subjects have shown that compounds that
inhibit glutamatergic function either by blocking glutamate receptors or by reducing
glutamate release elicit anxiolytic actions (Bergink et al., 2004) indicating that elevation in
glutamatergic function underlies anxiety. Consistently, we have recently demonstrated that
CCK facilitates glutamate release in the hippocampus via activation of PLC/PKC pathway
(Deng et al., 2010). However, the roles of CCK-induced facilitation of glutamatergic
transmission in CCK-mediated anxiogenic effects have not been determined. In the present
study, we first investigated the effects of CCK on NMDA type of glutamate receptors and
our results demonstrate that CCK facilitates NMDA receptor function via activation of PLC/
PKC pathway. Because PLC/PKC pathway is required for CCK-mediated facilitation of
both glutamate release and NMDA receptor function, we further explored the roles of this
pathway in CCK-mediated facilitation of anxiety using the Vogel Conflict Test (VCT). Our
results demonstrate that CCK-induced increases in anxiety-like behavior require the
functions of CCK-2 receptors, PLC and PKC. Our results provide a novel signaling
mechanism whereby CCK augments anxiety.

METHODS
Preparation of hippocampal slices

Horizontal brain slices (300 μm) were cut using a vibrating blade microtome (VT1000S;
Leica, Wetzlar, Germany) from 15- to 22-day-old Sprague Dawley rats as described
previously (Deng and Lei, 2007; Deng et al., 2006). After being deeply anesthetized with
isoflurane, rats were decapitated and their brains were dissected out in ice-cold cutting
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solution containing (in mM) 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 5.0
MgCl2 and 10 glucose, saturated with 95% O2 and 5% CO2, pH 7.4. Slices were initially
incubated in the above solution at 35°C for 40 min for recovery and then kept at room
temperature (~24°C) until use. All animal procedures conformed to the guidelines approved
by the University of North Dakota Animal Care and Use Committee.

Recordings of AMPA and NMDA receptor-mediated EPSCs at the synapses formed
between the perforant path and dentate gyrus granule cells

Whole-cell patch-clamp recordings using a Multiclamp 700B amplifier in voltage-clamp
mode from hippocampal slices were used to record AMPA and NMDA receptor-mediated
EPSCs from dentate gyrus granule cells visually identified with infrared video microscopy
and differential interference contrast optics (Deng and Lei, 2006; Deng et al., 2010).
Recording electrodes were filled with the solution containing (in mM) 100 Cs-gluconate, 0.6
EGTA, 5 MgCl2, 8 NaCl, 2 ATP2Na, 0.3 GTPNa, 40 HEPES and 1 QX-314, pH 7.3. The
holding potential was at -60 mV for both AMPA and NMDA EPSCs. For AMPA EPSCs,
the extracellular solution comprised (in mM) 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25
NaH2PO4, 2.5 CaCl2, 1.5 MgCl2, 10 glucose and 0.01 bicuculline, saturated with 95% O2
and 5% CO2, pH 7.4. For NMDA EPSCs, Mg2+ in the above extracellular solution was
omitted and DNQX (10 μM) was included to block AMPA EPSCs. Synaptic currents were
evoked by placing a stimulation electrode in the middle to the inner one third of molecular
layer of dentate gyrus to stimulate the medial perforant path. Series resistance was
rigorously monitored by the delivery of 5 mV voltage steps after each evoked current.
Experiments were discontinued if the series resistance changed by >15%. Data were filtered
at 2 kHz, digitized at 10 kHz, acquired on-line and analyzed after-line using pCLAMP 9
software (Molecular Devices, Sunnyvale, CA). To avoid potential desensitization induced
by repeated bath applications of CCK, one slice was limited to only one application of CCK
and only one cell was recorded from each slice.

Preparation of dissociated cells and whole-cell recordings of NMDA currents
Granule cells in the dentate gyrus were acutely isolated using a method modified from the
procedures described previously (Lei et al., 2001). Slices cut with the above methods were
digested in the above cutting solution supplemented with 0.5 μM tetrodotoxin and 4 mg/ml
papain (papaya latex, Sigma) at room temperature (~24°C) for 40 min. After washing with
the cutting solution without papain for at least three times, slices were kept in this solution
oxygenated with 95% O2 and 5% CO2 at room temperature until use. The dentate gyrus
granule cell layer was micro-dissected out under a microscope and then triturated with a
fire-polished glass pipette. The dissociated cells were adhered to the bottom of a 35 mm
Petri dish and placed under a phase contrast microscope (Olympus 1X70) for recordings.
The cells were bathed in an extracellular solution containing (in mM) 140 NaCl, 1.3 CaCl2,
5 KCl, 25 HEPES, 33 glucose and 0.0005 tetrodotoxin (pH 7.4). The internal solution for
the recording electrodes consisted of (in mM) 70 Cs methylsulphonate, 70 CsF, 35 CsOH,
10 HEPES, 2 MgCl2, 2 tetraethylammonium, 1.1 EGTA, 0.25 CaCl2, 0.3 GTPNa and 4
Na2ATP, pH 7.3 (osmolarity, 300 mOsm). A computer-controlled, multi-barreled fast
perfusion system (SF-77B Perfusion Fast Step, Warner) was used to achieve exchange of
solutions. NMDA (50 μM) and glycine (3 μM) was applied to neurons via one barrel for 2
sec to evoke NMDA receptor-mediated currents. CCK and other drugs were applied to the
cells through both the control and the agonists-containing barrels. After formation of whole-
cell configuration, the cells were voltage-clamped at -60 mV and lifted into the stream of the
solution from the control barrel. In this condition, the recorded currents were completely
blocked by DL-APV (50 μM) confirming that they were mediated by NMDA receptors. To
monitor access resistance, a voltage step of -10 mV was made before the application of each
agonist. Data were included for analysis only from the cells showing <15% changes of series
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resistance. Data were filtered at 2 kHz, digitized at 10 kHz, acquired on-line and analyzed
after-line using pCLAMP 9 software (Molecular Devices, Sunnyvale, CA).

Cell-attached single channel recordings
Detailed methods for recording and analyzing NMDA single channel currents were
described in previous publication (Lei et al., 2001). Dissociated dentate gyrus granule cells
were bathed in and perfused with the above extracellular solution. After being coated with
Sylgard, the electrodes (~10 MΩ) were filled with the above extracellular solution
containing NMDA (5 μM) and glycine (3 μM). Cell-attached patch was formed on the
isolated granule cells. The holding potential of patches was usually 0 mV, but various
potentials were used when acquiring data to calculate the single-channel conductance.
NMDA single channel currents were recorded with Clampex 9. Recordings were filtered at
2 kHz and analyzed off-line with Clampfit 9. Channel openings and closings were
determined by using a 50% crossing threshold. Mean open time and mean close time were
calculated by integration of the mixture of exponential components fitted to open-time and
close-time distributions, respectively. The open probability (Po) was calculated by dividing
the mean open time by the sum of mean open time and mean close time. Single-channel
current amplitudes were calculated from means of Gaussian fits to all-point amplitude
histograms. Single channel conductance was computed by linearly fitting the amplitudes
recorded at different holding potentials versus the corresponding voltages. Open dwell-time
histograms were best fit with two to three components, and close dwell-time histograms
were best fit with four to five components. Adequacy of the number of components fitting
the histogram was determined by the program. For a better comparison, the mean open or
close dwell time was calculated as the weighted dwell time.

Animals used for behavioral experiments
Sprague-Dawley rats weighing 220-260 g (male, 7-9 weeks), wild-type and knock-out mice
weighing 20-23 g (8-10 weeks) at the time of surgery were housed with free access to food
and water in a room with a 12:12 h light/dark cycle and controlled temperature (~23°C).
Heterozygous mating pairs (F1 hybrid crosses from 129 PLC-β1+/- × C57BL/6J PLC-β1+/-)
were obtained from Korea Institute of Science and Technology and used to derive wild-type,
heterozygous and homozygous pups for experimental analysis. PCR genotyping from
purified genomic DNA was performed as described previously (Deng et al., 2006; Kim et
al., 1997). Wild-type (WT) and homozygous knockout (KO) mice were used for
experiments and the heterozygous mice were used for breeding. Because of the scarcity of
the homozygous KO and WT mice, both male and female mice of this strain were used for
experiments. However, the ratio of male and female in each group was kept approximately
the same to minimize the influence of sex. Pairs of WT (C57BL/6J/129sv) and homozygous
KO mice for CCK-2 receptors were provided by Kobe University (Japan) and detailed
methods for the generation and genotyping of KO mice for CCK-2 receptors were described
previously (Nagata et al., 1996). Pups derived from the homozygous KO or WT mating pairs
were bred in the animal facility of the University of North Dakota and used for experiments.
Only male WT and male homozygous CCK-2 KO mice were used for experiments to
exclude the influences of sex on the results. WT and homozygous PKCγ KO mice
(002466B6; 129P2-Prkcc<tm1Stl>/J) were purchased from The Jackson Laboratory. Only
male WT and male homozygous PKCγ KO mice were used for experiments. To minimize
individual variation of the animals from different batches, animals of the same batches were
equally and randomly assigned to each experimental group for each experiment. To avoid
the influences of drugs and experiences of the animals on the results, each animal was
limited to only one experiment.
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Stereotaxic surgery and microinjection
Detailed procedures for stereotaxic cannulation and microinjection were described
previously (Deng et al., 2009). Animals were anesthetized intraperitoneally with
pentobarbital (50 mg/kg) and placed in a stereotaxic instrument. An adaptor purchased from
World Precision Instruments was used for mice. Stainless steel guide cannulae (23-gauge for
rats, 26-gauge for mice) were implanted to the right and left dentate gyrus. For rats,
stereotaxic coordinates (-6.0 mm posterior to bregma, ±4.0 mm lateral to the midline and
-4.2 mm in depth from the dura) for injection to dentate gyrus region were based on the
brain atlas (Paxinos and Watson, 2009) and our preliminary experiments. For mice,
stereotaxic coordinates were -3.3 mm posterior to bregma, ±2.0 mm lateral to the midline on
each side and -2.3 mm in depth from the dura. The cannulae were fixed to the skull with
acrylic dental cement. Animals were allowed for 5-7 days to recover from surgery. For
microinjection, animals were anesthetized briefly with isoflurane to prevent struggling.
Drugs in the volume of 0.5 to1 μl were infused into the dentate gyrus bilaterally by means of
an internal cannula terminating 1 mm below the tip of the guides connected by polyethylene
tubing to a 5-μl Hamilton syringe over a period of 2 min with a syringe pump (WPI,
SP230IW). The inner cannula was left in place for an additional 60 s to allow diffusion of
the solution. Intra-dentate gyrus injections were made ~15 min before testing. For those
experiments requiring injection of CCK with other drugs, the interval between the two
injections was ~5 min.

Vogel Conflict Test (VCT)
VCT was conducted in polycarbonate cages (42 × 25 × 20 cm for rats and 42 × 25 × 10 cm
for mice) possessing a grid floor (Dekeyne et al., 2000). The metallic spout of a drinking
bottle containing water projected into the box. Both the grid and the spout were connected to
an Anxiometer (Columbus Instruments, Ohio, USA). The contact of the animal with the
spout and the grid floor closed an electrical circuit that was counted as a lick by the
Anxiometer. The animal received a mild electrical shock (0.3 mA for 0.5 s) every 20 licks.
During the 3 days preceding the test, animals were restricted to 1 hr-per-day access to tap
water (from 9:00 to 10:00 am). On day 4, just after water delivery, they were isolated in
cages with a grid-floor. Testing took place on day 5. Each animal was placed in the test cage
and the session was initiated after the animal had made 20 licks and received the first shock
through the spout. Thereafter, a shock was delivered to the animal every twentieth lick
during a period of 3 min. Data were the number of licks emitted by the animal during the 3-
min session. When test was completed, animals were given overdose of pentobarbital and
pontamine sky blue (Sigma) was microinjected through the same guide cannulae to mark the
injection site. The brains were intracardially perfused with 0.1 M phosphate buffered saline
(PBS) followed by 4% paraformaldehyde prepared in 0.1 M PBS. The brains were taken out
and kept in 4% paraformaldehyde prepared in 0.1 M PBS for 24 h. Coronal brain sections
(40 μm) were cut using a Leica cryostat (CM3050S). The sections were counterstained with
neutral red, dehydrated in graded ethanol (30, 50, 70, 90, 95 and 100%) cleared in xylene,
mounted with clarion mounting medium and coverslipped. The injection sites were
examined and photographed under a light microscope. Data were included for analysis only
from those animals showing that the injection sites were in the dentate gyrus.

Statistical Analysis
Data were presented as the means ± S.E.M. For the electrophysiological data, paired t-test or
Two-Way ANOVA were used for statistical analysis as appropriate. For the behavioral
experiments, data obtained by application of the inhibitors were analyzed by One-Way
ANOVA followed by Dunnett or Tukey post-tests. Two-Way ANOVA (Drugs × Strains)
was used for analysis of the data obtained from the experiments involving the KO mice.
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Post-hoc analysis was performed using the Bonferroni test. Significance was defined as
p<0.05.

RESULTS
CCK induces a greater extent of facilitation of NMDA EPSCs than AMPA EPSCs at the
perforant path-granule cell synapses

We have previously shown that application CCK facilitates glutamate release assessed by
measuring the evoked AMPA EPSCs at the perforant path-granule cell synapses (Deng et
al., 2010). Whereas CCK does not modulate AMPA receptors (Deng et al., 2010), a
potential effect of CCK on NMDA receptors at this synapse type has not been determined.
We therefore examined the effects of CCK on glutamatergic transmission assessed by
measuring NMDA receptor-mediated EPSCs evoked by stimulation of the medial perforant
pathway. Application of CCK (0.5 μM) significantly increased NMDA EPSCs to 306±13%
of control (n=9, p<0.001, Fig. 1) whereas the AMPA EPSCs recorded at this synapse in an
interleaved manner were facilitated only to 166±21% of control (n=10, p=0.011, Fig. 1). The
extent of CCK-induced increases in NMDA EPSCs was significantly larger than that of the
AMPA EPSCs (p<0.001, two-way ANOVA, Fig. 1). One explanation for the discrepancy of
CCK-mediated facilitation of AMPA and NMDA EPSCs is that CCK also facilitates NMDA
channel function in addition to increasing glutamate release at this synapse type.

CCK increases NMDA receptor-mediated currents in acutely isolated granule cells
To avoid the influence of CCK-mediated facilitation of presynaptic glutamate release on
postsynaptic NMDA receptors at the perforant path-granule cell synapses, we examined the
effects of CCK on NMDA currents recorded from acutely isolated dentate granule cells by
exogenous application of NMDA. Application of CCK (0.5 μM) significantly increased the
peak of NMDA currents (172±11 % of control, n=11, p<0.001, Fig. 2A) whereas application
of vehicle (0.004% NH4OH) used to dissolve CCK did not significantly change NMDA
currents (104±8% of control, n=5, p=0.64, Fig. 2A). The EC50 of CCK was measured to be
78 nM (Fig. 2B). CCK-mediated increases in NMDA currents were not voltage-dependent
(Fig. 2C).

CCK increases NMDA currents via activation of CCK-2 receptors
CCK interacts with CCK-1 and CCK-2 receptors and CCK-2 receptors are expressed in the
hippocampus (Shigeyoshi et al., 1994). We next examined the role of CCK-2 receptors in
CCK-mediated increases in NMDA currents. Acutely dissociated granule cells were
pretreated with LY225910 (5 μM), a selective CCK-2 receptor blocker, for ~20 min and the
same concentration of LY225910 was continuously bath-applied. CCK failed to
significantly increase NMDA currents in the presence of LY225910 (99±4% of control, n=8,
p=0.98, Fig. 3A). Furthermore, application of CCK (0.5 μM) did not significantly increase
NMDA currents (97±5% of control, n=13 cells, p=0.54) in the granule cells acutely isolated
from 4 CCK-2 KO mice (Fig. 3B) whereas application of the same concentration of CCK
still enhanced the peak of NMDA currents (155±11% of control, n=9 cells, p<0.001) in
granule cells isolated from 3 WT mice (Fig. 3B). Together, these results indicate that CCK
enhances NMDA currents via activation of CCK-2 receptors.

CCK-mediated increases in NMDA currents require the functions of PLC, intracellular Ca2+

release and PKC
Activation of CCK-2 receptors results in up-regulation of PLC generating IP3 to increase
intracellular Ca2+ release and diacyglycerol to activate PKC. We further examined the role
of this pathway in CCK-mediated enhancement of NMDA currents. The dissociated cells
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were pretreated with the PLC inhibitor U73122 (10 μM) for 20 min and the same
concentration of U73122 was applied in the bath. Under this circumstance, application of
CCK (0.5 μM) failed to significantly increase NMDA currents (98±3% of control, n=6,
p=0.57, Fig. 4A) whereas application of CCK to the dissociated granule cells treated with
the inactive analog U73343 (10 μM) in the same fashion still increased NMDA currents
(169±15% of control, n=7, p=0.003, Fig. 4A). Among the 4 isoforms of PLCβ, PLCβ1 is
expressed in the hippocampus (Watanabe et al., 1998). We thereby examined the role of
PLCβ1 in CCK-mediated enhancement of NMDA currents using PLCβ1 KO mice (Deng et
al., 2006; Deng et al., 2010; Kim et al., 1997; Lei et al., 2007). Application of CCK (0.5
μM) failed to significantly increase NMDA currents (108±4% of control, n=11 cells,
p=0.09, Fig. 4B) in granule cells isolated from PLCβ1 KO (n=3) mice whereas CCK still
significantly increased NMDA currents (166±8% of control, n=9 cells, p<0.001, Fig. 4B) in
WT (n=3) mice. These data together indicate that PLCβ1 is necessary for CCK-mediated
increases in NMDA currents.

We then examined the roles of intracellular Ca2+ release and PKC in CCK-mediated
increases in NMDA currents. Inclusion of BAPTA (10 mM) in the recording pipettes
blocked CCK-mediated increases in NMDA currents (99±2% of control, n=6, p=0.64, Fig.
4C) suggesting that intracellular Ca2+ release is required for the effect of CCK on NMDA
currents. Pretreatment of cells with and inclusion of GF109203X (0.5 μM) in the recording
pipettes blocked CCK-induced increases in NMDA currents (99±4% of control, n=7,
p=0.87, Fig. 4D) suggesting that the conventional, Ca2+-dependent PKC is required for the
effect of CCK on NMDA currents.

The conventional PKCs include PKCα, PKCβ and PKCγ. We next examined the roles of
PKCγ in CCK-mediated facilitation of NMDA currents by using PKCγ KO mice based on
the following two reasons. First, the expressions of PKCγ in dentate gyrus granule cells are
much higher than those of the PKCα and PKCβ (Van der Zee et al., 2004) and if PKC is
required, PKCγ should be the major type to be involved. Second, we have shown previously
that CCK increases glutamate release at the perforant path-granule cell synapses via
activation of PKCγ (Deng et al., 2010). In granule cells isolated from PKCγ KO mice,
application of CCK (0.5 μM) increased NMDA currents only to 113±3% of control (n=12
cells from 3 PKCγ KO mice, p=0.001, Fig. 4E) which was significantly smaller compared
with CCK-mediated increases in NMDA currents from WT mice (153±6% of control, n=11
cells from 3 WT mice, p<0.001, towway ANOVA, Fig. 4E) demonstrating that PKCγ is
involved in CCK-mediated increases in NMDA currents in dentate gyrus granule cells.

CCK increases the open probability of NMDA receptors in cell-attached patches
We then examined the effects of CCK on the properties of NMDA single channels recorded
from dissociated granule cells with cell-attached patches (see methods). Bath application of
CCK (0.5 μM) significantly increased NMDA single-channel open probability (PO) to
187±15% of control (n=10 patches, p=0.004, Fig. 5A, 5B and 5G left) but did not alter the
conductance of NMDA receptors (Control: 50.5±1.4 pS, CCK: 52.6±1.2 pS, n=10 patches,
p=0.18, Fig. 5G right). Further analysis of the kinetics of single channels showed that CCK
significantly increased the mean open dwell time (n=10 patches, p<0.001, Fig. 5C, 5E and
5H left) but reduced the mean close dwell time (n=10 patches, p=0.01, Fig. 5D, 5F and 5H
right).

CCK increases anxiety-like behavior via activation of PLC/PKC pathway
Our previous study and present results demonstrate that CCK increases glutamate release at
the perforant path-granule cell synapses (Deng et al., 2010) and NMDA channel function in
dentate granule cells via activation of CCK-2 receptors and PLC/PKC pathway. We next
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examined the functions of CCK-mediated facilitation of glutamatergic transmission in vivo.
CCK has been known for decades to exert anxiogenic effects (Bradwejn and Koszycki,
1994; Crawley and Corwin, 1994; Noble and Roques, 1999; Rehfeld, 2000; Rodgers and
Johnson, 1995). However, the cellular and signaling mechanisms whereby CCK exerts the
anxiogenic effects remain to be determined. Because elevation of glutamatergic function
results in anxiety (Bergink et al., 2004; Gorman, 2003; Kent et al., 2002) and CCK elevates
glutamatergic function in the dentate gyrus via activation of PLC/PKC pathway, we
examined the roles of this pathway in CCK-induced anxiogenic effects by microinjecting
CCK and other drugs into the dentate gyrus and then assessed the anxiety-like behavior of
the animals. Because the anxiogenic effects of CCK have already been tested in animal
anxiety models like the elevated-plus maze and open-field test (Fink et al., 1998; Wang et
al., 2005) and multiple tests are required for assessing the effects of drugs on anxiety
(Ramos, 2008), we used the VCT, another widely used anxiety model. We chose dentate
gyrus for the following reasons. First, the dentate gyrus expresses the highest density of
CCK receptors (Kohler and Chan-Palay, 1988; Kritzer et al., 1988). Second, our previous
results have shown that the highest responsive ratio of CCK-induced augmentation of
glutamate release was observed at the synapses formed between the perforant path and
dentate gyrus granule cells (Deng et al., 2010). Third, our present study showed that CCK
increased NMDA receptor-mediated glutamatergic transmission at the perforant path-
granule cell synapses by enhancing NMDA receptor function in the granule cells. Fourth,
dentate gyrus is involved in the modulation of anxiety (Chuang et al., 2011; Spolidorio et al.,
2007; Tsetsenis et al., 2007). Finally, anxiety is related to changes of neural network
activities majorly mediated by the limbic system in which dentate gyrus is the first station of
the synaptic connection in the hippocampus and hippocampus is an important component of
the limbic system.

Fig. 6A shows the representative photographs of microinjection sites from a rat and a
mouse. Experiments were divided into 4 groups and each group comprised 7-10 animals;
Control group was microinjected with vehicle (4% NH4OH) used to dissolve CCK and the
other 3 groups were microinjected with 0.01, 0.1 and 0.5 nmol CCK, respectively.
Microinjection of CCK at 0.01 nmol did not significantly alter the number of licks in the
VCT (F(3,24)=1.96, p>0.05, Fig. 6B) whereas the number of licks was significantly reduced
in rats microinjected with CCK at 0.1 nmol (F(3,24)=3.71, p<0.01, Fig. 6B) and 0.5 nmol
(F(3,24)=5.23, p<0.01, Fig. 6B). These data together demonstrate that microinjection of
CCK into the dentate gyrus exerts anxiogenic effects. For the rest of the experiments, we
microinjected CCK at 0.5 nmol to further determine the mechanisms whereby CCK
facilitates anxiety-like behavior.

Because our data showed that CCK-induced increases in glutamate release and facilitation
of NMDA receptor function are mediated via activation of CCK-2 receptors (Deng et al.,
2010), we tested the involvement of CCK-2 receptors in CCK-induced enhancement of
anxiety-like behavior by microinjecting the selective CCK-2 receptor inhibitor, LY225910.
The effective dose of LY225910 for in vivo microinjection was reported to be 0.05-1 nmol
(Bertoglio et al., 2006; Bertoglio and Zangrossi, 2005; Rezayat et al., 2005). Microinjection
of LY225910 at 0.05 nmol failed to block CCK-induced reduction of the number of licks
statistically (F(5,43)=3.53, p<0.05, Fig. 6C) whereas CCK-mediated reduction of the
number of licks was counteracted by injection of LY225910 at 0.2 nmol (F(5,43)=1.45,
p>0.05, Fig. 6C) and 1 nmol (F(5,43)=0.75, p>0.05, Fig. 6C) demonstrating that CCK-2
receptors are required for CCK-induced anxiogenic effects. Furthermore, microinjection of
CCK into the dentate gyrus of WT mice significantly reduced the number of licks
(F(1,24)=3.78, p<0.01, Fig. 6D) whereas it had no statistically significant effects on the
number of licks in CCK-2 KO mice (F(1,24)=0.56, p>0.05, Fig. 6D). The number of licks in
CCK-2 KO mice was significantly larger than that of the WT mice (F(1,24)=2.86, p<0.05,
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Fig. 6D). One explanation for the difference between the WT and CCK-2 KO mice is that
endogenous CCK exerts an anxiogenic effect. Together, these results indicate that CCK-2
receptors are required for CCK-mediated anxiogenic effects.

Activation of CCK-2 receptors increases PLC activity and CCK-mediated augmentations of
glutamate release (Deng et al., 2010) and NMDA currents are mediated via activation of
PLC. Accordingly, we probed the roles of PLC in CCK-induced increases in anxiety-like
behavior. Microinjection of U73122, a selective PLC inhibitor, at a low dose (0.5 nmol), did
not block CCK-induced reduction of the number of licks (F(7,50)=3.84, p<0.01, Fig. 7A1).
However, CCK-induced reduction of the number licks was blocked by injection of U73122
at 2 nmol (F(7,50)=1.83, p>0.05, Fig. 7A1) and 10 nmol (F(7,50)=2.24, p>0.05, Fig. 7A1)
whereas CCK still reduced significantly the number of licks in rats injected with the U73343
(the inactive analog) at 10 nmol (F(7,50)=4.18, p<0.01, Fig. 7A1). Rats injected with high-
dose of U73122 (10 nmol) showed significantly larger number of licks than those injected
with the same concentration of U73343 (F(7,50)=3.46, p<0.05, Fig. 7A1) suggesting a role
for endogenous PLC in the modulation of anxiety. We further used PLCβ1 KO mice to test
the roles of PLC in CCK-induced increases in anxiety-like behavior. Microinjection of CCK
reduced significantly the number of licks in WT rats (F(1,24)=3.99, p<0.01, Fig. 7A2)
whereas application of CCK failed to change significantly the number of licks in PLCβ1 KO
mice (F(1,24)=2.37, p>0.05, Fig. 7A2). In addition, PLCβ1 KO mice licked significantly
more than the WT mice (F(1,24)=3.17, p<0.01, Fig. 7A2) suggesting that endogenous
PLCβ1 activity exerts control of anxiety. Consistent with our results, deletion of PLCβ1
gene has been found to result in reduction of anxiety (McOmish et al., 2008). Together,
these data support a critical role of PLCβ1 in CCK-mediated facilitation of anxiety-like
behavior.

Activation of PLC results in diacylglycerol which further activates PKC. We have
demonstrated that PKCγ is required for CCK-induced facilitation of glutamate release
(Deng et al., 2010) and NMDA receptor function. We therefore tested whether PKC is
involved in CCK-induced anxiogenic effect by using the selective and potent PKC inhibitor,
GF109203X. The reported effective dose of GF109203X for microinjection in vivo is 25
pmol (Johnston et al., 2002). Microinjection of GF109203X at 5 pmol did not block CCK-
mediated reduction of the number of licks (F(5,39)=3.82, p<0.01, Fig. 7B1) whereas CCK-
mediated reduction of the number of licks was blocked by microinjection of GF109203X at
25 pmol (F(5,39)=1.38, p>0.05, Fig. 7B1) and 50 pmol (F(5,39)=0.77, p>0.05, Fig. 7B1)
demonstrating the requirement of PKC for CCK-mediated facilitation of anxiety-like
behavior. Our results are consistent with the notion that PKC is an important target for
emotional control (Bowers et al., 2000; DiazGranados and Zarate, 2008; Szabo et al., 2009;
Varadarajulu et al., 2011).

We also tested the roles of PKC by using PKCγ KO mice. Microinjection of CCK
significantly reduced the number of licks in WT mice (F(1,30)=3.61, p<0.01, Fig. 7B2) but
had no significant effect on the number of licks in PKCγ KO mice (F(1,30)=1.06, p>0.05,
Fig. 7B2). Consistently, PKCγ (Bowers et al., 2000) and PKCε (Van Kolen et al., 2008) KO
mice exhibit decreased anxiety-like behavior.

DISCUSSION
Whereas CCK facilitates glutamate release at the synapses formed between the perforant
path and dentate gyrus granule cells, its potential effects on NMDA receptors in the granule
cells have not been determined. We have shown for the first time that CCK exerts a larger
scale of facilitation of glutamatergic transmission assessed by measuring NMDA receptor-
mediated EPSCs by up-regulating NMDA receptor function in the granule cells. CCK-
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mediated facilitation of NMDA receptor function requires the functions of CCK-2 receptors,
PLC and PKC. At the level of single channels, CCK increases PO and mean open time,
decreases mean close time but has no effects on the conductance of NMDA channels.
Because CCK-mediated augmentations of both glutamate release and NMDA receptor
function are mediated via PLC/PKC pathway and up-regulation of glutamatergic function
exacerbates anxiety, we have further explored the roles of these signaling molecules in
CCK-induced facilitation of anxiety-like behavior. To our knowledge, this is the first study
demonstrating that two intracellular signaling molecules, PLC and PKC, are essential for
CCK-mediated exacerbation of anxiety-like behavior although CCK has been known to
exert anxiogenic effects for decades.

High density of CCK-binding sites has been detected in the entorhinal cortex and the
molecular layer of the dentate gyrus (Kohler and Chan-Palay, 1988; Kritzer et al., 1988).
Because the perforant pathway encompasses the axons of entorhinal neurons which form
synapses with the dendrites of the granule cells in the molecular layer of the dentate gyrus,
the localization of CCK receptors in the presynaptic terminals suggests a presynaptic
function for CCK at the perforant path-granule cell synapses. Consistent with the anatomical
distribution of CCK receptors, we have shown previously that CCK facilitates glutamate
release at the perforant path-granule cell synapses (Deng et al., 2010). However, high-
density of CCK receptors has also been detected in the granule cell layer of the dentate
gyrus (Kritzer et al., 1988) suggesting that CCK may also exert postsynaptic effects at this
synapse type. In line with the expression of CCK receptors in dentate granule cells, we
found that CCK facilitates glutamatergic transmission to a larger scale if assessed by
measuring NMDA instead of AMPA EPSCs. This result prompted us to examine further the
effects of CCK on NMDA receptors. To avoid the contaminant effect arisen from CCK-
induced increases in presynaptic glutamate release, we measured NMDA currents evoked by
exogenous application of NMDA from acutely isolated granule cells. In this preparation, we
demonstrate that CCK facilitates NMDA currents via activation of CCK-2 receptors.
Consistent with our results, another neuropeptide, substance P, also enhances NMDA
receptor function in the dentate gyrus granule cells of the hippocampus (Lieberman and
Mody, 1998) suggesting that the NMDA receptors in dentate gyrus granule cells are
subjected to functional up-regulation by neuropeptides.

Our results indicate that both PLCβ1 and PKCγ are involved in CCK-mediated
enhancement of NMDA currents. Consistent with our results, NMDA currents are up-
regulated by the PLC/PKC signals in response to a series of G protein-coupled receptors
including the group I metabotropic glutamate (Skeberdis et al., 2001), corticotrophin-
releasing factor (CRF) (Ungless et al., 2003), somatostatin (Pittaluga et al., 2005), orexin A
(Borgland et al., 2006), muscarinic (Lu et al., 1999) and pituitary adenylate cyclase-
activating peptide (PACAP) (Macdonald et al., 2005; Yang et al., 2010) receptors. It is
interesting to note that activation of these receptors also generates anxiogenic effects. For
example, activation of group I metabotropic glutamate receptors in the dorsolateral
periaqueductal gray facilitates defensive responses and anxiety-like behavior (Lima et al.,
2008). It is well established that CRF is involved in stress and anxiety (Binder and
Nemeroff, 2009; Hauger et al., 2009). Microinjection of orexin in the paraventricular
nucleus of the thalamus region elicits anxiety-like response (Li et al., 2010). Genetic
deletion of muscarinic M4 receptors produces anxiolytic effects (Degroot and Nomikos,
2006). Mice deficient in PACAP (Hashimoto et al., 2001) and PACAP type 1 receptors
(Otto et al., 2001) exhibit less anxiety. These results together support the idea that PLC/PKC
signals modulate anxiety (see below).

Neuronal NMDA receptors include the synaptic and extrasynaptic populations and recent
studies suggest that activation of these two pools of NMDA receptors exerts distinct
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functions (Gladding and Raymond, 2011; Hardingham and Bading, 2010). Our result that
CCK facilitates NMDA EPSCs evoked by stimulation of the perforant path suggests that
CCK targets synaptic NMDA receptors. Moreover, NMDA receptors on the acutely
dissociated granule cells should be extrasynaptic because almost all the spines on the
dendrites of the neurons where synaptic NMDA receptors reside are lost after dissociation.
Exogenous application of NMDA still enhances NMDA currents recorded from the
dissociated granule cells thereby supporting that CCK targets the extrasynaptic NMDA
receptors as well. There is compelling evidence indicating that activation of PKC enhances
NMDA receptor function via activation of Src tyrosine kinase (Grosshans and Browning,
2001; Lu et al., 1999; Macdonald et al., 2005; MacDonald et al., 2001) or increases
membrane trafficking of NMDA receptors (Carroll and Zukin, 2002; Ferreira et al., 2011;
Fong et al., 2002; Lan et al., 2001a; Lan et al., 2001b; Lau et al., 2010). Further studies will
determine the roles of Src and membrane trafficking in CCK-mediated augmentation of
NMDA currents in dentate gyrus granule cells.

Whereas our results demonstrate that CCK enhances NMDA currents recorded from dentate
granule cells, there is a study showing that application of CCK to cultured hippocampal
neurons induces < 20% of inhibition in a non-concentration and non-competition manner
(Wei et al., 2009). However, this study did not test whether vehicles used to dissolve CCK
mediate the response because CCK induces the same level of inhibition from 0.01 to 1 μM
suggesting a non-biological effect of CCK receptors. Furthermore, it is unknown whether
CCK receptors are involved in CCK-mediated inhibition of NMDA currents in cultured
hippocampal neurons. Without sufficient information, it is really difficult to compare our
results with the effects of CCK on NMDA currents in cultured hippocampal neurons.
Another factor contributing to the difference is the density of CCK receptors in cultured
hippocampal neurons because CCK receptors are most concentrated in the dentate granule
cell layer with only moderate to light expression in other regions including CA3, CA2 and
CA1 regions (Kritzer et al., 1988) and cultured hippocampal neurons likely include many
hippocampal cells other than granule cells.

Whereas CCK has long been known to generate anxiogenic effects in both humans and
animal models (Bradwejn and Koszycki, 1994; Bradwejn et al., 1990; Crawley and Corwin,
1994; Noble and Roques, 1999; Rehfeld, 2000; Rodgers and Johnson, 1995), the underlying
mechanisms are elusive. Compelling evidence indicates that elevation of glutamatergic
function increases anxiety (Bergink et al., 2004; Gorman, 2003; Kent et al., 2002). CCK
exerts powerful up-regulation of glutamatergic function in the hippocampus. First, CCK
increases glutamate concentration in the perfusate of hippocampal slices (Migaud et al.,
1994) and hippocampal synaptosomes (Breukel et al., 1997). Second, CCK facilitates
presynaptic glutamate release in the hippocampus especially at the synapses formed between
the perforant pathway and dentate gyrus granule cells (Deng et al., 2010). Third, the present
study indicates that CCK facilitates NMDA receptor functions in the dentate gyrus granule
cells. Because CCK-mediated facilitations of both glutamate release and NMDA receptor
function require the functions of PLC and PKC, we focus on the roles of this pathway in
CCK-mediated increases in anxiety-like behavior. With both pharmacological as well as
genetic approaches, we have demonstrated that microinjection of CCK into the dentate gyrus
of the hippocampal formation concentration-dependently facilitates the level of anxiety-like
behavior via activation of CCK-2 receptors, PLCβ1 and PKCγ. Consistent with our results,
deletion of the genes for PLCβ1 (McOmish et al., 2008), PKCγ (Bowers et al., 2000) and
PKCε (Van Kolen et al., 2008) has been shown to inhibit anxiety. Furthermore, there is
increasing evidence demonstrating that the activity of PKC exerts close control for
emotional responses (Bowers et al., 2000; DiazGranados and Zarate, 2008; Szabo et al.,
2009; Varadarajulu et al., 2011).
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In addition to facilitating glutamate release, CCK also transiently increases (Deng and Lei,
2006; Földy et al., 2007; Karson et al., 2008; Miller et al., 1997) followed by a persistent
reduction in GABA release (Deng and Lei, 2006). Theoretically, CCK-mediated transient
increase in GABA release should result in anxiolytic effect whereas CCK-induced persistent
reduction in GABA release should lead to anxiogenesis. However, we have further shown
that CCK-mediated modulation of GABAergic transmission is overwhelmed by its strong
facilitation of glutamatergic transmission when both GABAergic and glutamatergic
functions are active (Deng et al., 2010). Furthermore, we have shown previously that CCK-
mediated modulation of GABA release is independent of PLC and PKC (Deng and Lei,
2006) whereas the functions of PLC and PKC are required for CCK-induced facilitations of
both glutamate release and NMDA receptor function. These results together indicate that it
is unlikely that CCK enhances anxiety-like behavior via modulation of GABAergic
transmission. In agreement with our results, injection of bicuculline
intracerebroventricularly (Biro et al., 1997) or into the hippocampus CA1 region (Rezayat et
al., 2005) failed to affect CCK-induced anxiogenesis although there are conflict results as to
whether application of bicuculline by itself alters the level of anxiety (Dalvi and Rodgers,
1996; Sanders and Shekhar, 1995; Zarrindast et al., 2001) possibly depending on the
injection sites (Rezayat et al., 2005). Collectively, our results demonstrate that activation of
CCK-2 receptors increase the functions of PLC and PKC to enhance anxiety-like behavior.
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Fig. 1.
CCK induces a larger scale of increase in NMDA EPSCs than AMPA EPSCs at the
perforant path-granule cell synapses of the hippocampus. A, Representative NMDA (upper)
and AMPA (lower) EPSCs recorded from a perforant path-granule cell synapse before (left)
and after (right) application of CCK (0.5 μM). B, Summarized data for CCK-mediated
facilitation of NMDA (n=9 cells) and AMPA (n=10 cells) EPSCs.
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Fig. 2.
Exogenous application of CCK increases NMDA currents recorded from acutely dissociated
dentate gyrus granule cells. A, Left, NMDA currents recorded from the same cells before (a)
and after (b) the application of vehicle (upper) or CCK (lower). Right, Summarized time
course of the NMDA currents from cells treated with vehicle (n=5 cells) and CCK (n=11
cells). B, Concentration-response curve of CCK-mediated enhancement of NMDA currents.
Numbers in the parenthesis were numbers of cells recorded for each concentration. C,
Voltage-current relationship of CCK-mediated facilitation of NMDA currents averaged from
5 cells. Currents recorded at different voltages from the same cell before (upper) and after
(lower) the application of CCK are shown on right panel.

Xiao et al. Page 19

Hippocampus. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
CCK enhances NMDA receptor currents via activation of CCK-2 receptors. A, Pretreatment
of cells with and continuous bath application of LY225910 (5 μM) blocked CCK-induced
enhancement of NMDA currents. Left, NMDA currents recorded before (upper) and after
(lower) the application of CCK in the presence of LY225910. Right, Pooled data from 8
cells. B, Application of CCK failed to facilitate NMDA currents in granule cells (n=13 cells)
isolated from 4 CCK-2 KO mice whereas application of CCK still significantly increased
NMDA currents in granule cells (n=9 cells) isolated from 3 WT mice.
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Fig. 4.
CCK-mediated augmentation of NMDA currents requires the functions of PLC, intracellular
Ca2+ and PKC. A, Pretreatment of cells with and continuous bath application of U73122
blocked CCK-induced increases in NMDA currents (n=7) whereas application of U73343
(the inactive analog, n=6) in the same fashion had no effects on NMDA currents. B,
Application of CCK did not increase NMDA currents in granule cells (n=11 cells) isolated
from PLCβ1(-/-) mice but still enhanced NMDA currents in granule cells (n=9 cells)
isolated from WT mice. C, Inclusion of BAPTA (10 mM) in the recording pipettes blocked
CCK-mediated enhancement of NMDA currents (n=6 cells). D, Pretreatment of cells with
and inclusion of GF109203X (0.5 μM) in the recording pipettes blocked CCK-induced
increases in NMDA currents (n=7 cells). E, Application of CCK induced a significantly
smaller scale of increase in NMDA currents in dentate granule cells (n=12 cells) isolated
from PKCγ KO mice compared with CCK-induced facilitation of NMDA currents (n=11
cells) in granule cells from WT mice.
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Fig. 5.
Bath application of CCK increases open probability and open time, decreases close time and
has no effects on the conductance of NMDA single channels in cell-attached patches. A,
NMDA single-channel currents recorded from an acutely dissociated granule cell before
(upper) and during (lower) the application of CCK. B, A continuous record of NMDA
single-channel open probability (PO) recorded from a granule cell in cell-attached patch
before, during and after application of CCK in the bath. NMDA single-channel PO was
calculated in bins of 10 sec duration. C, Dwell-time histogram of open time in a patch
before application of CCK. The time constant and the relative percentage of each
component, as well as the weighted mean open time are displayed. D, Dwell-time histogram
of close time from the same patch before application of CCK. The time constant and the
relative percentage of each component, as well as the weighted mean close time are shown.
E, Dwell-time histogram of open time from the same patch after application of CCK. F,
Dwell-time histogram of close time from the same patch after application of CCK. G,
Summarized data for NMDA single-channel PO (left) and conductance (right) from 10
patches before and after the application of CCK. Solid circles represent average values. H,
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Summarized data for NMDA single-channel weighted open time (left) and close time (right)
from 10 patches before and after application of CCK. Note that CCK significantly increased
PO and weighted open time, decreased weighted close time and had no effects on the
conductance of NMDA single channels.
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Fig. 6.
Microinjection of CCK into the dentate gyrus concentration-dependently increases anxiety-
like behavior via activation of CCK-2 receptors. A, Representative coronal sections showing
microinjection sites for rats (left) and mice (right). Arrow shows the point of microinjection.
CT: Cannula Track. B, CCK reduced the number of licks at 0.1 nmol and 0.5 nmol without
effect at 0.01 nmol measured by VCT. ** p<0.01 (One-way ANOVA followed by post hoc
Dunnett test). C, Microinjection of the CCK-2 receptor antagonist, LY225910, at 0.05 nmol
did not, but at 0.2 nmol and 1 nmol blocked CCK-mediated reduction of the number of licks.
* p<0.05. D, Microinjection of CCK significantly reduced the number of licks in WT mice
(** p<0.01) but had no significant effect in CCK-2 KO mice. Note that CCK-2 KO mice
injected with vehicle showed significant higher number of licks than the WT counterparts
injected with vehicle (* p<0.05).
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Fig. 7.
CCK-mediated increases in anxiety-like behavior require the functions of PLC and PKC.
A1, Microinjection of the PLC inhibitor, U73122, at 0.5 nmol did not (** p<0.01), but at 2
nmol and 10 nmol blocked CCK-induced reduction of the number of licks. Application of
CCK following microinjection of the inactive analog, U73343 (10 nmol), still significantly
reduced the number of licks (** p<0.01). The number of licks for the group of rats injected
with 10 nmol U73122 was significantly higher than that of rats injected with 10 nmol
U73343 (* p<0.05). A2, Microinjection of CCK significantly reduced the number of licks in
WT mice (** p<0.01) but had no effect in PLCβ1 KO mice. The number of licks of WT
mice injected with vehicle was significantly lower than that of the PLCβ1 KO mice (**
p<0.01). B1, Microinjection of the PKC inhibitor, GF109203X, at 5 pmol did not, but at 25
pmol and 50 pmol blocked CCK-induced reduction of the number of licks. B2,
Microinjection of CCK reduced the number of licks in WT mice but did not significantly
alter the number of licks in PKCγ KO mice.
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