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Cell-Type-Specific CCK2 Receptor Signaling Underlies the
Cholecystokinin-Mediated Selective Excitation of
Hippocampal Parvalbumin-Positive Fast-Spiking
Basket Cells
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Parvalbumin-positive (PV�) fast-spiking basket cells are thought to play key roles in network functions related to precise time keeping
during behaviorally relevant hippocampal synchronous oscillations. Although they express relatively few receptors for neuromodula-
tors, the highly abundant and functionally important neuropeptide cholecystokinin (CCK) is able to selectively depolarize PV� basket
cells, making these cells sensitive biosensors for CCK. However, the molecular mechanisms underlying the CCK-induced selective and
powerful excitation of PV� basket cells are not understood. We used single and paired patch-clamp recordings in acute rat hippocampal
slices, in combination with post hoc identification of the recorded interneurons, to demonstrate that CCK acts via G-protein-coupled
CCK2 receptors to engage sharply divergent intracellular pathways to exert its cell-type-selective effects. In contrast to CCK2 receptors on
pyramidal cells that signal through the canonical Gq–PLC pathway to trigger endocannabinoid-mediated signaling events, CCK2 recep-
tors on neighboring PV� basket cells couple to an unusual, pertussis-toxin-sensitive pathway. The latter pathway involves ryanodine
receptors on intracellular calcium stores that ultimately activate a nonselective cationic conductance to depolarize PV� basket cells. CCK
has highly cell-type-selective effects even within the PV� cell population, as the PV� dendrite-targeting bistratified cells do not respond
to CCK. Together, these results demonstrate that an abundant ligand such as CCK can signal through the same receptor in different
neurons to use cell-type-selective signaling pathways to provide divergence and specificity to its effects.

Introduction
Cholecystokinin (CCK), a peptide initially discovered in the gas-
trointestinal tract, is one of the most widely expressed neuropep-
tides in the brain that is present at especially high levels in the
hippocampus (Beinfeld et al., 1981; Crawley, 1985). Two classes
of G-protein-coupled receptors mediate the actions of CCK, with
CCK2 receptors representing the predominant subtype found in
the brain and CCK1 receptors being expressed mainly in the gut
and a few discrete brain regions (Innis and Snyder, 1980; San-
karan et al., 1980; Honda et al., 1993). In general agreement with
their abundance and wide expression, CCK and CCK2 receptors
have been linked to a variety of functions, including learning and
memory and feeding and nociception, and they have also been

implicated in several neurological and psychiatric disorders in-
cluding anxiety, panic attacks, schizophrenia, and epilepsy (No-
ble and Roques, 2006; Lee and Soltesz, 2011a).

The cellular targets and molecular mechanisms underlying the
CCK effects are beginning to be identified, including the CCK-
mediated control of the perisomatically targeting GABAergic basket
cells in the hippocampus. The basket cells, characterized by their
strategic innervation of the somata and proximal dendrites of
postsynaptic neurons, play a critical role in regulating the output
and synchrony of large neuronal populations (Freund, 2003;
Freund and Katona, 2007). Basket cells can be divided into two
functionally distinct groups, the CCK-expressing (CCK�) and
the parvalbumin-expressing (PV�) basket cells. PV� basket cells
are fast-spiking and nonaccommodating in their spiking proper-
ties, have fast membrane time constants, and release GABA syn-
chronously, making them highly suitable for generating precisely
timed network oscillations. In contrast, CCK� basket cells fire at
lower frequencies, are accommodating in their firing, show
slower membrane time constants and asynchronous GABA re-
lease, and are influenced by a variety of neuromodulators. Thus,
basket cells contribute distinct, cell-type-specific functions re-
lated to the timing and plasticity of network activity (Hefft and
Jonas, 2005; Glickfeld and Scanziani, 2006; Soltesz, 2006).

CCK has been shown to act as a critical, cell-type-selective
modulator of these two basket cell classes. In particular, CCK
suppresses GABA transmission from CCK� basket cells onto
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CA1 pyramidal cells, but it strongly increases the output of PV�
basket cells through a powerful depolarizing action (Földy et al.,
2007). The mechanism underlying the actions of CCK on CCK�
basket cell to pyramidal cell transmission has been shown to in-
volve retrograde cannabinoid signaling and presynaptic cannabi-
noid type 1 receptors (CB1Rs) (Földy et al., 2007; Lee and Soltesz,
2011b), but the mechanisms responsible for the potent CCK-
mediated depolarization of PV� basket cells are not known. Our
data in this study show, for the first time, that although the same
type of CCK receptor (the CCK2 receptor) is involved in the
opposing actions of CCK on the two basket cell types, the CCK
receptor is differentially coupled to distinct G-protein-mediated
signaling pathways to exert its contrasting, cell-type-selective ef-
fects on CCK� versus PV� basket cell functions. These results
demonstrate a novel mechanism that enables an abundant neu-
ropeptide to achieve the seemingly contradictory dual goals of
diversity and specificity of its actions within the hippocampal
neuronal network.

Materials and Methods
All protocols were approved by the Institutional Animal Care and Use
Committee of the University of California, Irvine.

Electrophysiology. Transverse entorhinal– hippocampal slices (350
�m) were prepared from P16 –P22 Sprague–Dawley rats of either sex.
Slices were incubated for 1 h at 33°C in sucrose-containing artificial
cerebrospinal fluid (ACSF; 85 mM NaCl, 75 mM sucrose, 2.5 mM KCl, 25
mM glucose, 1.25 mM NaH2PO4, 4 mM MgCl2, 0.5 mM CaCl2, and 24 mM

NaHCO3), then transferred to an oxygenated standard ACSF solution
(126 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, 2 mM CaCl2, 2 mM MgCl2,
1.25 mM NaH2PO4, and 10 mM glucose) for electrophysiological record-
ings performed at 33°C. Slices were visualized with an upright micro-
scope (BX-50, Olympus) with infrared differential interference contrast
(IR-DIC) optics. Recordings were made using MultiClamp700A ampli-
fier (Molecular Devices). Signals were filtered at 4 kHz using a Bessel
filter and digitized at 10 kHz with a Digidata 1320A analog– digital inter-
face (Molecular Devices). Series resistances were carefully monitored and
the recordings were discarded if the series resistance changed signifi-
cantly or reached 20 M�. Drugs were purchased from either Tocris
Bioscience or Sigma and were dissolved according to manufacturers’
instructions. CCK-8s, the sulfated eight-amino acid C-terminal fragment
of CCK, was used in all experiments, as it is the predominant form of
CCK in the brain (Dockray, 1980).

PV� basket cells or PV� bistratified cells under voltage clamp at �60
mV were recorded with the following internal solution: 40 mM CsCl, 90
mM K-gluconate, 1.8 mM NaCl, 1.7 mM MgCl2, 3.5 mM KCl, 0.05 mM

EGTA, 10 mM HEPES, 2 mM MgATP, 0.4 mM Na2GTP, 10 mM phospho-
creatine, and 0.2% biocytin (pH 7.2, 270 –290 mOsm). In experiments
with GDP-�-S, the Na2GTP was omitted from the internal solution (note
that control experiments were performed to ensure that the longer re-
cording time alone did not affect the CCK-induced current; data not
shown). Summary graphs are presented with the plots normalized to the
baseline current before CCK application, and drug effects are compared
with the current plots aligned to the onset of the peak holding current.
The I/V curve of the CCK-induced current was measured with a ramp
protocol ranging from �100 mV to �20 mV applied at a rate of 0.05
mV/ms. Experiments for the I/V curve were conducted in the presence of
TTX (1 �M) and cadmium (100 � M) to reduce any confounding effects
from the opening of voltage-gated sodium and calcium channels. The
CCK-induced current was isolated by subtracting the I/V curve under
control conditions from the peak current seen in the presence of CCK.

For paired recordings, whole-cell recordings were obtained from pre-
synaptic CCK� basket cells with internal solution containing 126 mM

K-gluconate, 4 mM KCl, 10 mM HEPES, 4 mM MgATP, 0.3 mM GTP-Na,
10 mM phosphocreatine, and 0.2% biocytin (pH 7.2, 270 –290 mOsm).
The synaptically coupled postsynaptic cells were recorded under voltage
clamp, with internal solution containing 40 mM CsCl, 90 mM

K-gluconate, 1.8 mM NaCl, 1.7 mM MgCl2, 3.5 mM KCl, 0.05 mM EGTA,

10 mM HEPES, 2 mM MgATP, 0.4 mM Na2GTP, 10 mM phosphocreatine,
and 0.2% biocytin (pH 7.2, 270 –290 mOsm). Presynaptic interneurons
were held under current clamp at �60 mV and stimulated at 10 Hz, as
this frequency resulted in stable responses over time and allowed for a
sufficient number of events for reliable analysis (see Földy et al., 2006).
Effective unitary IPSCs (euIPSCs; events including both successes and
failures) were individually inspected and included in analysis based on
their onset latency (for details, see Neu et al., 2007) after the presynaptic
action potential. Because CCK actions on GABAergic transmission are
powerful but transient (Deng and Lei, 2006; Földy et al., 2007) (note that
the transiency is most likely due to receptor desensitization that was not
studied here), quantification of CCK effects during the paired recordings
was performed at three distinct time points (as in Földy et al., 2007; Lee
and Soltesz, 2011b): (1) immediately before CCK application (referred to
as “control” in the text and Figs. 2 and 3); (2) at the time of the maximal
effect during CCK application (“peak”; typically observed �3– 4 min
after the starting of the CCK application, with the peak effect lasting up to
1 min); and (3) �6 min after the start of the CCK application, past the
initial “peak” CCK effects (“postpeak”).

Recordings were analyzed using Clampfit software (Molecular De-
vices), MiniAnalysis (Synaptosoft), and SigmaPlot (Systat Software).
Data are presented as mean � SEM, and statistical significance of data
was determined using a one-way ANOVA followed by a post hoc Holm–
Sidak test, with a level of significance of p � 0.05.

Calcium imaging. Simultaneous whole-cell voltage-clamp recording
(as described above) and intracellular calcium imaging were performed
on PV� basket cells, using an electrophysiological setup equipped with
an Olympus BX61WI microscope and a spinning disk confocal system
(CSU 22, Yokogawa) coupled with an electron multiplying charge-
coupled device camera (iXon�, Andor Technology). For intracellular
calcium imaging, 50 �M Oregon Green 488 BAPTA-1 (OGB; Invitrogen)
was added to the recording internal solution and the dye was excited at
488 nm. Four frames were averaged during acquisition, resulting in a
final frame rate of �25 Hz. Images were analyzed in ImageJ (NIH;
Abramoff et al., 2004). �F/F represents the increase in fluorescence at the
time of the peak CCK effect (as determined with the simultaneous elec-
trophysiological recording) over baseline intensity.

Immunochemistry and neuroanatomy. Only cells fulfilling both immu-
nocytochemical and morphological criteria were used for data analysis.
After recording, slices were transferred into a fixative solution containing
4% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer.
Slices were resectioned into 50-�m-thin sections and immunoreactivity
for PV was tested with a rabbit polyclonal antibody (PV-28, Swant; di-
luted 1:1000 in Tris-buffered saline containing 2% normal goat serum
and 0.5% Triton-X); immunoreactivity for CCK was revealed with a
mouse monoclonal antibody (mAb 9303, generously provided by the
CURE Digestive Diseases Research Center, Antibody RIA Core, Los An-
geles; NIH Grant DK41301; diluted 1:1000). The reactions were visual-
ized with a goat anti-rabbit IgG conjugated to Alexa 488 (diluted 1:500 in
Tris-buffered saline containing 2% normal goat serum; Invitrogen) and a
goat anti-mouse IgG conjugated to Alexa 594 (diluted 1:500), streptavi-
din conjugated to Alexa-350 for biocytin (diluted 1:500). The sections
were then mounted in Vectashield (Vector Laboratories) and analyzed
with a fluorescent microscope. To reveal the axonal and dendritic arbors
of the interneurons in detail, the biocytin-filled cells were subsequently
visualized with 3,3	-diaminobenzidine tetrahydrochloride (0.015%) us-
ing a standard ABC kit (Vector) (as described by Szabadics et al., 2010).

Results
Data for this study were obtained using whole-cell recordings
from PV� basket cells, PV� bistratified cells, and paired record-
ings between synaptically coupled CCK� basket cells and pyra-
midal cells (see Figs. 1, 6A). The distinct responses to
hyperpolarizing and depolarizing current pulses were used as an
initial guide to identify the interneuronal subtype. The identity of
every interneuron included in this study was confirmed by both
immunocytochemistry (expression of PV vs CCK) and axonal
morphology (axonal arborization restricted mainly to the stra-
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tum pyramidale for PV� and CCK� basket cells and axons ram-
ifying predominantly in the stratum oriens and stratum radiatum
for the PV� bistratified cells).

Throughout this study, CCK was applied at one, high concen-
tration of 500 nM to evoke maximal responses to CCK. This also
ensured that any differences in signaling pathways would not
simply be due to variations in effective agonist concentration, as
it has been observed with other G-protein-coupled receptors
(GPCRs; see Discussion). Importantly, the opposing effects of
CCK on the PV� basket cells (excitation) and on the CCK�
basket cell to pyramidal cell transmission (inhibition) previously
have been shown to be present even at low nanomolar concen-
trations of CCK (Földy et al., 2007).

CCK acts via the CCK2 receptor on both the PV� basket cells
and the CCK� basket cell to pyramidal cell transmission
We first sought to definitively identify the CCK receptor subtype
responsible for the actions of CCK in both basket cell subtypes.
We have previously shown using current-clamp recordings that
CCK directly depolarizes PV� basket cells (Földy et al., 2007). To
determine the mechanism responsible for this depolarization, we
conducted voltage-clamp recordings of PV� basket cells at a
holding potential of �60 mV. Application of 500 nM CCK in-
duced an inward shift in the holding current in the PV� basket
cells (�91.4 � 17.4 pA; n 
 5) (Fig. 2A). As CCK2 receptors are
the prevalent form of CCK receptors in the brain (Innis and
Snyder, 1980; Honda et al., 1993), we tested the role of CCK2
receptors in this current with the selective CCK2 receptor antag-
onist YM022 (Nishida et al., 1994) and found that application of
1 �M YM022 was able to abolish the CCK-induced current
(�2.7 � 7.8 pA, n 
 5) (Fig. 2A).

It has been reported that CCK acts in an opposing (compared
with the excitation of the PV� basket cells) manner on CCK�
basket cell to pyramidal cell transmission by depressing GABA
release from these cells (Földy et al., 2007). We first confirmed the
latter finding with paired recordings between synaptically cou-
pled CCK� basket cells and pyramidal cells, showing that CCK
(500 nM) attenuates the amplitude of the euIPSCs (peak reduc-
tion by CCK: �34.7 � 7.8% compared with the pre-CCK control
period; control: �142 � 7.0 pA, peak: �91.8 � 7.0 pA, postpeak:
�102.7 � 5.4 pA; n 
 3) (Fig. 2B). Next, the same paired record-
ing experiment was conducted in the presence of the CCK2 re-
ceptor antagonist YM022 (1 �M), and the data showed that
YM022 was also able to block the CCK-induced depression of GABA

release from CCK� basket cells (peak re-
duction by CCK in YM022: 0% compared
with the pre-CCK control period; control:
�37.5 � 11.3 pA, peak: �39.2 � 10.9 pA,
postpeak: �36.9 � 9.2 pA; n 
 5) (Fig. 2C).

These results indicate that the CCK-
induced excitatory, depolarizing current
in PV� basket cells and the CCK-induced
inhibition of the CCK� basket cell to py-
ramidal cell transmission both require the
activation of CCK2 receptors.

CCK2 receptor signaling diverges in the
control of PV� versus CCK� basket
cell output
Next, we characterized the downstream
pathway following CCK2 receptor activa-
tion. CCK2 receptors are classified as GP-
CRs (Noble and Roques, 1999; Dufresne et

al., 2006), and blockade of GPCR activity with guanosine 5	-O-(2-
thiodiphosphate) (GDP-�-S), a nonhydrolyzable analog of GDP
that prevents GPCR activation, inhibits the CCK-induced depres-
sion of GABA release from CCK�basket cells (Földy et al., 2007). To
examine whether the CCK-induced excitation of PV� basket cells
also uses G-protein-dependent signaling, we conducted whole-cell
recordings with GDP-�-S (2 mM) dialyzed (15–20 min) into the
intracellular pipette. GDP-�-S significantly reduced the CCK-
induced inward current in PV� basket cells compared with control
(to �38.2 � 3.8 pA; n 
 5) (Fig. 3A), demonstrating that the depo-
larizing action of CCK on PV� basket cells also involves a
G-protein-coupled mechanism.

CCK2 receptors are classically thought to be linked to the Gq/11-
protein–phospholipase C (PLC) pathway, largely based on studies
using expression of CCK2 receptors in various cell lines or immuno-
blocking studies using anti-PLC or anti-Gq antibodies (Noble and
Roques, 1999; Dufresne et al., 2006). The actions of CCK on CCK�
basket cell transmission involve a CB1R-mediated mechanism
(Földy et al., 2007), and activation of Gq/11-linked receptors and PLC
enhances the synthesis of endocannabinoids (Piomelli, 2003;
Hashimotodani et al., 2005; Kano et al., 2009). Therefore, to examine
whether activation of PLC played a downstream role after CCK2
receptor activation, we preincubated the hippocampal slices for �1
h with U73122 (5 �M), a PLC inhibitor, to block PLC activity. As
expected, U73122 was able to significantly reduce the CCK-induced
depression of GABA release from CCK� basket cells (peak reduc-
tion by CCK in U73122: 9.6 � 7.6% compared with the pre-CCK
control period; control: �53.5 � 16.7 pA, peak: �48.7 � 14.2 pA,
postpeak: �48.1 � 12.9 pA; n 
 4) (Fig. 3B).

Next, we tested whether PLC was also involved in the down-
stream signaling leading to the CCK-induced effects on PV� basket
cells. Surprisingly, we did not find any significant change in the
CCK-induced inward current after blocking PLC, compared with
control (in U73122: �97.1 � 18.4 pA; n 
 7) (Fig. 3C), indicating
that in the PV� basket cells, the Gq/11–PLC pathway does not seem
to play a role in the CCK-induced effects. Note that in the gray traces
shown in the second panel (“peak”) of Figure 3B, application of CCK
after U73122 incubation increased the frequency of spontaneous
IPSCs in the postsynaptic pyramidal cell. As described by Földy et al.
(2007), the CCK-induced increase in the spontaneous IPSCs in the
pyramidal cells is due to the CCK-induced increase in the firing of
presynaptic firing PV� basket cells. Therefore, the finding that the
CCK-induced increases in spontaneous IPSCs persist in the presence
of U73122 while U73122 blocks the CCK-induced effects on the

Figure 1. Identification of recorded perisomatically targeting basket cells in the CA1 region of the hippocampus. A, B, Camera
lucida drawings of a representative PV� (A) and CCK� (B) basket cell used in this study; the dense axonal arborization is restricted
mainly to the stratum pyramidale. Photomicrographs show post hoc immunocytochemistry for the biocytin-filled recorded cell,
indicating expression of PV (A) or CCK (B). The current-clamp recording traces demonstrate the distinct responses of the two types
of cells in response to hyperpolarizing and depolarizing current steps; note the fast-spiking firing pattern of the PV� cell versus the
spike frequency adaptation in the CCK� cells. Str. Ori., Stratum oriens; Str. Pyr., stratum pyramidale; Str. Rad., stratum radiatum;
Str. L.-M., stratum lacunosum-moleculare.
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CCK� basket cell to pyramidal cell trans-
mission is in agreement with the hypothesis
that the mechanisms underlying CCK ac-
tions involving CCK2 receptors diverge in
PV� basket cells and pyramidal cells.

Agonist-binding and behavioral studies
(Scemama et al., 1988; Knapp et al., 1990;
Derrien et al., 1994; Lodge et al., 2003) have
suggested that there can actually be a heter-
ogeneity in CCK2 receptor signaling. More
recent studies have confirmed these initial
observations, showing that the CCK2 recep-
tors can also couple to Gi/o proteins, at least
in expression systems and in the spinal cord
(Pommier et al., 1999, 2003; Oz et al., 2007).
Therefore, we tested the possibility that in
the PV� basket cells, CCK2 receptors may
in fact be coupling with the less canonical
G-protein signaling pathway. Hippocampal
slices were preincubated (10–20 min) with
250 �M N-ethylmaleimide (NEM), which
alkylates the cysteine residue on Gi/o pro-
teins and thus uncouples the Gi/o proteins
from their associated receptors (Shapiro et
al., 1994). The presence of NEM signifi-
cantly reduced the CCK-induced current
(in NEM: �3.6 � 7.5 pA; n 
 4) (Fig. 3C),
suggesting that Gi/o proteins are involved in
the CCK-mediated effects on PV� basket
cells. As NEM can have other nonspecific
effects, we also used pertussis toxin (PTX), a
more specific blocker of Gi/o proteins that
acts by catalyzing the ADP-ribosylation of
the � subunit of the G protein (Katada et al.,
1982). Preincubation with PTX (�12 h)
also significantly reduced the CCK-induced
current (in PTX: �16.0 � 18.1 pA; n 
 3)
(Fig. 3C), further confirming that in con-
trast to CCK� basket cells, a Gi/o-mediated
pathway plays a critical role in CCK2 signal-
ing in PV� basket cells [control experi-
ments were performed to ensure that the
long incubation time (required for PTX ac-
tivity) alone did not affect the CCK-induced
current; data not shown]. Thus, these find-
ings show that although CCK activates the
CCK2 receptors to exert its effects on both
types of basket cells, the downstream intra-
cellular pathways begin to diverge sharply
depending on cell type. To depress CCK�
basket cell transmission, CCK2 receptors couple to a Gq/11-protein–
PLC to trigger cannabinoid-mediated depression of GABA release,
whereas in PV� basket cells, CCK2 receptors do not use PLC, but
instead couple to a pertussis-toxin-sensitive signaling pathway to
depolarize the cells.

Intracellular mechanism mediating the CCK-induced
depolarization of PV� basket cells
After establishing the initial steps in the actions of CCK in PV�
basket cells, we then examined the effector ion channel mediating
the CCK-induced current. Neither tetrodotoxin (TTX, 1 �M) nor
extracellular cesium (2 mM) had any significant effect on the
CCK-induced current (CCK current in TTX: �84.6 � 19.8 pA,

n 
 3; in cesium: �85.5 � 7.1 pA, n 
 4) (Fig. 4A), indicating
that most likely neither voltage-gated sodium channels,
h-channels, nor potassium channels are involved.

To determine which ion was contributing to the CCK-
induced inward current, we performed experiments in which
Na� and Ca 2� were substituted or reduced. In the first condi-
tion, extracellular Na� was reduced to 10% of the Na� concen-
tration (to 15.3 mM) in the control ACSF and substituted with an
equimolar amount of choline chloride. In the presence of this low
extracellular Na� concentration, the CCK-induced inward cur-
rent was abolished to 5.2 � 7.2 pA (n 
 5) (Fig. 4B). Similar
results were seen when the extracellular Na� was substituted with
an equimolar amount of N-methyl-D-glucamine, as the CCK-

Figure 2. Effects of CCK on both PV� basket cells and on the CCK� basket cell to pyramidal cell transmission are mediated by CCK2
receptors. A, Summary graph showing the effect of CCK (500 nM) on the holding current of PV� basket cells; the CCK-induced shift in
holding current can be blocked by application of YM022 (1�M), a selective CCK2 receptor antagonist (Vholding
�60 mV). B, CCK (500 nM)
significantlysuppressedtheamplitudesoftheeuIPSCinthepyramidalcellevokedbythepresynapticCCK�basketcell. Individual IPSCsare
shown in gray and the average is shown in black; summary data are shown on the right. C, CCK-induced suppression of the evoked euIPSCs
is blocked by YM022; summary data are shown on the right. Error bars represent SEM, and the asterisks denote significance at p � 0.05.
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induced current was reduced to �4.9 � 3.7 pA (n 
 5) compared
with pre-CCK control. Next, to assess the role of calcium in this
current, we used a low (0 – 0.2 mM) extracellular Ca 2� recording
medium by substituting Ca 2� with an equimolar amount of
Mg2� to maintain the divalent cation concentration. We found that
the CCK-induced current was greatly increased under these condi-
tions (to �307.2 � 95.7 pA; n 
 4) (Fig. 4B). These ionic properties
are most reminiscent of a nonselective cationic channel, where the
inward current mediated by extracellular sodium is increased when
the larger extracellular Ca2� ions are removed. A likely candidate for
such a channel is the nonselective cation-conducting transient re-
ceptor potential (TRP) channels, and indeed, the latter phenome-

non involving enhanced responses after the
removal of extracellular Ca2� ions has been
observed for CCK-mediated effects in other
regions of the brain (Tsujino et al., 2005;
Meis et al., 2007; Chung and Moore, 2009).

TRP channels were first identified in
Drosophila mutants carrying the trp mu-
tation in photoreceptors that showed
transient responses to continuous light
(Hardie and Minke, 1992; Niemeyer et al.,
1996). TRP channels are also widely ex-
pressed in mammalian systems and re-
spond to various stimuli from sensory
inputs, hormones, growth factors, and
neuromodulators. They play a critical role
in regulating Na� and Ca� levels in both
excitable and nonexcitable cells, and they
exhibit a wide variety of activation mech-
anisms (for review, see Clapham, 2003;
Abramowitz and Birnbaumer, 2009; Kise-
lyov and Patterson, 2009). Although TRP
channels generally have been thought to
associate with Gq/11-coupled pathways,
recent findings (Jeon et al., 2008; Otsu-
guro et al., 2008; Xiao et al., 2010) indicate
that TRP channels can in fact also be acti-
vated via pertussis-toxin-sensitive Gi/o-
protein pathways.

To assess the involvement of TRP
channels in the CCK-induced current,
various pharmacological agents were ap-
plied during the recordings. The TRP
channel blockers used here have nonspe-
cific effects, but they have all blocked
TRP-channel-mediated effects in numer-
ous studies looking at TRP channels and
are currently the best pharmacological
tools available to assess TRP channel ac-
tivity (Zhang et al., 2008; Qiu et al., 2010).
Bath application of 2-APB (100 �M) or
flufenamic acid (FFA) was able to signifi-
cantly attenuate the CCK-induced cur-
rent (in 2-APB: �17.7 � 5.1 pA; n 
 4; in
FFA: �26.3 � 11.4 pA; n 
 4; note that
2-APB can also block IP3 receptors, but, as
shown below, IP3 receptors do not appear
to be involved in the CCK-induced cur-
rent) (Fig. 4C).

To further describe this current, we
also looked at its I/V characteristics using
a ramp protocol ranging from �100 mV

to �20 mV (0.05 mV/ms). The CCK-mediated current was iso-
lated by subtracting the currents recorded before from the cur-
rent recorded during the time of the peak CCK effect. The current
showed a characteristic I/V shape, similar to what has been seen
with TRPC1/4 and TRPC1/5 subunit heteromers (Strübing et al.,
2001) (Fig. 5A), and a clear reversal at �22.1 � 3.2 mV (n 
 5),
indicating a mixed-cation conductance.

As TRP channel activation has been (albeit somewhat contro-
versially) linked to intracellular calcium store release (Minke and
Cook, 2002; Salido et al., 2009), we next investigated the role of
the IP3 and ryanodine receptors on the calcium stores. Addition
of 2 mg/ml heparin, an IP3 receptor blocker, into the intracellular

Figure 3. CCK2 receptors couple to different signaling pathways depending on cell type. A, GDP-�-S included in the recording
pipette significantly reduces the CCK-induced shift in the holding current of PV� basket cells. B, Blockade of phospholipase C by
U73122 abolishes the CCK-induced reduction of the euIPSCs by the presynaptic CCK� basket cell. Individual IPSCs are shown in
gray and the average is shown in black; summary data are shown on the right. C, U73122 does not abolish the CCK-induced effects
in the holding current of PV� basket cells. N-ethylmaleimide (NEM) or Pertussis toxin (PTX), both blockers of Gi/o-protein-coupled
receptors, prevents the CCK-mediated shift in holding current in PV� basket cells (Vholding 
�60 mV). Error bars represent SEM,
and the asterisks denote significance at p � 0.05.
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pipette had no significant effect on the CCK-induced current (in
heparin: �83.6 � 18.7 pA; n 
 6) (Fig. 5B), indicating that IP3

receptors are most likely not involved in the CCK-induced cur-
rent. This further suggests that the inhibitory effect of 2-APB on
the CCK-induced current (Fig. 4C) is indeed through the block-
ade of TRP channels rather than by blocking IP3 receptors. It is
also interesting to note that immunocytochemical studies in the
rat hippocampus and striatum have shown that IP3 receptors do
not colocalize with parvalbumin (Martone et al., 1997; Hertle and
Yeckel, 2007).

Ryanodine receptors are also located on the endoplasmic re-
ticulum and are involved in CCK-mediated signaling for the gen-
eration of Ca 2� oscillations (Cancela and Petersen, 1998). To test
the possibility that it may be the ryanodine receptors playing a
role, we tested two blockers of the ryanodine receptors. First, we
preincubated (�30 min) the hippocampal slices in 10 �M ryan-
odine to block ryanodine receptors and found that ryanodine
significantly reduced the CCK-induced current (to �26.3 � 11.9
pA; n 
 3) (Fig. 5B). As cyclic ADP-ribose, synthesized by ADP-
ribose cyclase, is an endogenous agonist for ryanodine receptor

(Galione et al., 1991; Morikawa et al., 2003), we also tested the
effect of applying 8-NH2-cADPR, a synthetic analog of cyclic
ADP-ribose that acts an antagonist, into the pipette. The latter
manipulation also significantly reduced the CCK-induced cur-
rent (to �28.7 � 11.6 pA; n 
 4) (Fig. 5B). These experiments
strongly suggest that perturbation of intracellular calcium stores,
specifically through ryanodine receptors, can play a critical role in
mediating the CCK-induced current.

To further confirm this hypothesis, we used calcium imaging
to directly visualize whether CCK would induce any Ca 2� release
from calcium stores in the PV� basket cells. We added 50 �M of
the calcium indicator OGB into the recording pipette and con-
ducted simultaneous voltage-clamp recording and calcium im-
aging of PV� basket cells. Application of CCK induced a rise in

Figure 4. Mechanism underlying the depolarizing actions of CCK in PV� basket cells. A,
Blockers of voltage-gated sodium channels, potassium, or h-channels with tetrodotoxin (TTX)
or cesium (Cs �) do not block the CCK-induced current in PV� basket cells. B, Low extracellular
calcium greatly potentiates the CCK-induced current, and low extracellular sodium abolishes
the current. C, Blockers of TRP channels significantly reduce the CCK-induced current (Vholding 

�60 mV). Error bars represent SEM, and the asterisks denote significance at p � 0.05.

Figure 5. Intracellular calcium stores are involved in the induction of the CCK-mediated
nonselective cationic current in PV� basket cells. A, I/V relationship of the CCK-induced
current. Inset shows schematic outline of ramp protocol (from �100 mV to 20 mV at 0.05
mV/ms). B, IP3 receptor blockade with heparin has no effect on the CCK-induced current,
whereas blocking ryanodine receptors with ryanodine or 8-NH2-cADPR significantly at-
tenuates the CCK-induced current. C, Simultaneous electrophysiological recording and
intracellular calcium imaging of a PV� basket cell filled with the calcium indicator Oregon
Green BAPTA (OGB, 50 �M). CCK-induced current (top trace, black) takes place in conjunc-
tion with an increase in intracellular calcium, as indicated by the increased fluorescence of
the OGB (bottom plot, blue) (Vholding 
 �60 mV). Error bars represent SEM, and the
asterisks denote significance at p � 0.05.
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intracellular calcium (�F/F: 11.5 � 4.2%, n 
 4; see Materials
and Methods) (Fig. 5C) in the PV� basket cells, indicating that
CCK2 receptor signaling involves the opening of intracellular
calcium stores. Together, these experiments identify the down-
stream intracellular messengers involved in the CCK2-receptor-
coupled signaling pathway that mediate the depolarizing effects
of CCK in PV� basket cells.

PV� dendrite-targeting bistratified cells do not respond
to CCK
In addition to the more widely known PV� basket cells that
innervate the perisomatic regions of postsynaptic neurons, the
PV� cell population also contains a subtype of cells whose axons
target the dendritic regions of principal cells. This subtype,
named the bistratified cells (as its axons mainly project into the
stratum radiatum and oriens; Buhl et al., 1994), is also fast spiking
and GABAergic, but they display important functional differences as
compared with the PV�basket cells. The bistratified cells, compared
with PV� basket cells, spike at different phases during various net-

work oscillations (Klausberger et al., 2004;
Tukker et al., 2007) and show different
forms of long-term plasticity (Nissen et al.,
2010), indicating their highly distinct con-
tributions to the modulation of network
activity.

To test whether the PV� bistratified
cells were also affected by CCK, we per-
formed voltage-clamp recordings from
post hoc identified PV� bistratified cells
(Fig. 6A). In contrast to the PV� basket
cells, the PV� bistratified cells showed
minimal response to CCK application
(�6.4 � 9.5 pA; n 
 5) (Fig. 6B). Note
that CCK did increase spontaneous IPSC
frequency onto the recorded PV� bis-
tratified cells, acting as a positive control
for CCK (control: 8.5 � 2.0 Hz, peak CCK
effect: 26 � 2.4 Hz). These data obtained
from the bistratified cells suggest that even
within a cell population, CCK can have
specialized actions by activating one sub-
group but not the other.

Discussion
CCK, a neuropeptide expressed at unusu-
ally high levels in the brain, plays key roles
in several types of normal and pathologi-
cal conditions. Despite its abundance,
CCK demonstrates exceptionally precise
specificity in its effects at the cellular level,
most notably in its control of the GABAe-
rgic basket cells of the hippocampus,
where CCK directly depolarizes the PV�
basket cells while indirectly suppressing
GABA release from CCK� basket cells
(Földy et al., 2007). Basket cells innervate
the perisomatic region of principal cells,
playing a crucial role in shaping the out-
put of principal cells to perform key oper-
ations within the network. By its precise,
opposing regulation of basket cell activity,
CCK acts as a molecular switch to gate one
source of functionally distinct inhibition
over the other.

However, the mechanism that enables CCK to exert its dual
actions in regulating basket cell output has been unclear. The
predominant form of CCK receptors in the brain are the
G-protein-coupled CCK2 receptors, with the G-protein-coupled
CCK1 receptors expressed in select few regions as well (Innis and
Snyder, 1980; Sankaran et al., 1980; Van Dijk et al., 1984; Hill et
al., 1987; Honda et al., 1993). In the present study, we first show
that both the CCK-induced depolarizing current in PV� basket
cells and the CCK-induced suppression of transmission from
CCK� basket cells require CCK2 receptors, and then demon-
strate that, surprisingly, CCK2 receptors couple to different in-
tracellular messengers in different cells, inducing the activation of
differing pathways to produce divergent effects (summarized in
Fig. 7).

A known source of complexity of ligand–GPCR signaling is
the expression of different receptors for a common ligand within
a given cell. In hippocampal oriens/alveus interneurons, for ex-
ample, application of DHPG can activate both metabotropic glu-

Figure 6. CCK does not activate PV� dendrite-targeting bistratified cells. A, Camera lucida drawings of a representative PV�
dendrite-targeting bistratified cell used in this study; note that the axonal arbor are not restricted to the stratum pyramidale as
seen in Figure 1. Instead, the axons sparsely traverse through the stratum pyramidale and extend primarily in the stratum radiatum
and stratum oriens. Photomicrographs show post hoc immunocytochemistry for the biocytin-filled recorded cell, indicating ex-
pression of PV. The current-clamp recording traces demonstrate the response of the recorded cell in response to hyperpolarizing
and depolarizing current steps; the dendrite-targeting cells also show a fast-spiking pattern and demonstrate a slight sag seen
during the hyperpolarizing pulse. B, Summary graph demonstrating that application of CCK (500 nM) does not elicit any response
in PV� dendrite-targeting bistratified cells. Error bars represent SEM, and the asterisks denote significance at p � 0.05. Str. Ori,
Stratum oriens; Str. Pyr., stratum pyramidale; Str. Rad., stratum radiatum; Str. L.-M., stratum lacunosum-moleculare.
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tamate receptor type 1a and type 5 to
generate distinct Ca 2�-signaling path-
ways and plasticity mechanisms (Topol-
nik et al., 2006), and in CA1 pyramidal
cells, vasoactive intestinal peptide (VIP)
can activate different VIP receptors to reg-
ulate synaptic transmission (Yang et al.,
2009). However, as our results show that
the same CCK receptor subtype mediates
the effects both on the PV� basket cells
and on the CCK� basket cell to pyramidal
cell transmission, a different mechanism
is likely to be involved that does not evoke
the need for the expression of different
receptors for a common ligand in these
two cell types.

The early traditional views on GPCR
signaling have proposed a relatively lin-
ear, narrow cascade, where one GPCR
would interact with one particular G pro-
tein (or G proteins within one family) to
exert its effects. CCK2 receptors, for ex-
ample, generally have been thought to be
coupled to a Gq/11-protein-mediated
pathway (Noble and Roques, 1999; Du-
fresne et al., 2006). However, it is increas-
ingly being recognized that a GPCR can,
in fact, couple through different G pro-
teins and pathways (Hermans, 2003;
Baker and Hill, 2007; Maudsley et al., 2007) to introduce greater
functional versatility in their responses. For example, GPCRs can
couple to two different pathways depending on the concentration
of agonist used, as seen with the gonadotropin-releasing hor-
mone receptor, where it is thought that certain conformations of
the receptor, sensitive to different agonist concentrations, couple
to multiple signaling pathways to influence GABAergic transmis-
sion (Krsmanovic et al., 2003; Chen and Moenter, 2009), and
with the V1a vasopressin receptor, where different concentrations
of vasopressin can trigger diverse pathways to affect vasoconstric-
tion (Henderson and Byron, 2007). However, because it has been
previously shown that even low nanomolar concentrations of
CCK can induce the same opposing effects in PV� basket cells
and CCK� basket cell transmission (Földy et al., 2007), and we
have used the same high-saturating concentration of CCK in all
of the present experiments, differences in agonist concentration
alone cannot explain the cell-type-specific CCK signaling in our
study.

Instead, the data in the present paper indicate that CCK2 re-
ceptor signaling is segregated according to cell type. The CCK-
mediated suppression of CCK� basket cell transmission involves
a CB1R-mediated mechanism (Földy et al., 2007; Lee and Soltesz,
2011b), and, as seen with other GPCR-mediated cannabinoid
signaling (Piomelli, 2003; Kano et al., 2009), we show here that
this CCK effect also involves the traditional Gq/11–PLC pathway.
As the mechanism for the CCK-induced activation of PV� bas-
ket cells was not known, we set to define the signaling pathway
underlying the depolarization of the PV� basket cells. Surpris-
ingly, our data demonstrated that in PV� basket cells, CCK2
signaling was not coupled to the Gq/11–PLC pathway, but instead,
to a pertussis-toxin-sensitive Gi/o-protein pathway. This pathway
has been alluded to in earlier studies (Knapp et al., 1990; Pom-
mier et al., 1999, 2003), and recently in spinal cord motorneurons

(Oz et al., 2007), but it has never been identified in cortical
regions.

Additional experiments aimed at further defining the intracel-
lular cascade indicated that the CCK-induced depolarizing cur-
rent in PV� basket cells was most likely mediated by a TRP-like
cationic conductance, based on our results with ion substitution
experiments, TRP channel blockers, and analysis of the current
reversal potential. The activation of the TRP channel was then
linked to the involvement of intracellular stores, specifically
through the ryanodine receptors, in the PV� basket cells. Due to
the lack of subtype-specific pharmacology, future studies will be
necessary for the precise identification of the exact subtype(s) of
TRP channels involved in the CCK-induced excitation of PV�
basket cells.

Thus, the present results indicate that CCK2 receptor signal-
ing may help define a new criterion for GPCR signaling selectivity
at the cell-type-specific level, where a highly abundant ligand
such as CCK can use the same GPCR subtype to distinguish dif-
ferent intracellular pathways, depending on the specific cell type.
In light of the fact that CCK is expressed at such high levels (up to
microgram quantities) in the brain (Crawley, 1985), this presents
an important mechanism for CCK to provide precise regulation
of its actions within the network. Interestingly, cell-type specific-
ity has been reported for the CCK-induced enhancement of glu-
tamate release as well (Deng et al., 2010), suggesting that highly
specific spatiotemporal patterns of CCK actions may underlie the
diversity of behavioral effects of CCK on learning and memory,
anxiety, satiety, and nociception (Noble and Roques, 2006; Lee
and Soltesz, 2011a).

In addition to PV� basket cells, PV� interneurons also con-
sist of a subgroup that targets the dendritic regions of principal
cells (Buhl et al., 1994). Therefore, we set out to investigate the
role of CCK in modulating PV� dendrite-targeting bistratified
cells as well. Unexpectedly, we found that the PV� bistratified

Figure 7. Schematic representation summarizing the cell-type-dependent selectivity of CCK2 receptor signaling. A, CCK signals
through the same CCK2 receptor to use divergent signaling pathways and exert opposing effects on hippocampal basket cells, as
described in B and C. B, In PV�basket cells, CCK2 receptors couple to an unusual, pertussis-toxin-sensitive pathway and ryanodine
receptors on calcium stores that ultimately activate a nonselective cationic conductance to depolarize the cells. C, CCK2 receptors
signal through the more canonical Gq–PLC pathway in pyramidal cells in conjunction with CB1 receptor signaling to regulate CCK�
basket cell transmission.
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cells, in fact, showed minimal response to CCK. In vivo data have
revealed sharp differences between the spike timing of PV� bas-
ket versus bistratified cells during behaviorally relevant neuronal
oscillations (Klausberger et al., 2003, 2004; Tukker et al., 2007),
and recent studies also have shown that PV� basket cells and
bistratified cells express different forms of long-term plasticity
(Nissen et al., 2010). Therefore, the current data on the differen-
tial effects of CCK on the two PV� cell populations are in general
agreement with the latter in vivo and plasticity studies (Klaus-
berger et al., 2003, 2004; Tukker et al., 2007; Nissen et al., 2010)
indicating the existence of significant differences in the factors
involved in the modulation of perisomatic versus dendritic inhi-
bition provided by fast-spiking cells.

The strict requirement for the identification of cell type by its
firing pattern, its immunopositivity for PV or CCK, and further
confirmation of its axonal morphology have enabled us to un-
equivocally distinguish between the different cell-type-specific
pathways. The effects of CCK, CCK2 receptors, and CB1 recep-
tors in anxiety and other mood disorders are well known; how-
ever, attempts to bring a CCK2 receptor antagonist to therapeutic
use have not been successful (Herranz, 2003; Wang et al., 2005;
Harro, 2006; Lee and Soltesz, 2011a). PV� interneurons have
been shown to be involved in cognitive functions, deletion of the
PV� interneurons within the network can cause deficits in spa-
tial working memory, and they are damaged in schizophrenia and
by various drugs of abuse (Lewis et al., 2005; Behrens et al., 2007;
Fuchs et al., 2007; Murray et al., 2011). Therefore, the present
results on the mechanisms underlying the excitatory effects of
CCK on PV� cells suggest that selective manipulation of the
differing CCK2 receptor signaling pathways may provide a more
targeted potential future therapeutic approach for cognitive,
mood, and neurological disorders.
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