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Distinct components of working memory are coordinated by different classes of inhibitory interneurons in the PFC, but the role of
cholecystokinin (CCK)-positive interneurons remains enigmatic. In humans, this major population of interneurons shows histological
abnormalities in schizophrenia, an illness in which deficient working memory is a core defining symptom and the best predictor of
long-term functional outcome. Yet, CCK interneurons as a molecularly distinct class have proved intractable to examination by typical
molecular methods due to widespread expression of CCK in the pyramidal neuron population. Using an intersectional approach in mice
of both sexes, we have succeeded in labeling, interrogating, and manipulating CCK interneurons in the mPFC. Here, we describe the
anatomical distribution, electrophysiological properties, and postsynaptic connectivity of CCK interneurons, and evaluate their role in
cognition. We found that CCK interneurons comprise a larger proportion of the mPFC interneurons compared with parvalbumin
interneurons, targeting a wide range of neuronal subtypes with a distinct connectivity pattern. Phase-specific optogenetic inhibition
revealed that CCK, but not parvalbumin, interneurons play a critical role in the retrieval of working memory. These findings shine new
light on the relationship between cortical CCK interneurons and cognition and offer a new set of tools to investigate interneuron
dysfunction and cognitive impairments associated with schizophrenia.
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Introduction
Cognitive processing in cortical networks relies on microcircuit
interactions between principle cells and a diverse population of

GABAergic interneurons. Inhibition provided by interneurons
coordinates pyramidal cell ensembles and oscillatory activity both
spatially and temporally (Klausberger and Somogyi, 2008; Tani-
guchi, 2014), allowing for meaningful neural activity patterns for
cognition (Goldman-Rakic, 1996; Isaacson and Scanziani, 2011).
The wide range of GABAergic interneurons have been broadly
grouped into subclasses based on distinct combinations of features,
such as by their molecular expression profiles, electrophysiological
properties, developmental origins, and synaptic targeting of partic-
ular subcellular compartments (Kepecs and Fishell, 2014; Lim et al.,
2018).
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Significance Statement

Cholecystokinin-expressing interneurons outnumber other interneuron populations in key brain areas involved in cognition and
memory, including the mPFC. However, they have proved intractable to examination as experimental techniques have lacked the
necessary selectivity. To the best of our knowledge, the present study is the first to report detailed properties of cortical chole-
cystokinin interneurons, revealing their anatomical organization, electrophysiological properties, postsynaptic connectivity, and
behavioral function in working memory.
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Cholecystokinin (CCK) interneurons are a subclass of
interneurons found to be highly abundant throughout the neo-
cortex and hippocampus (Whissell et al., 2015). While being a
relatively heterogeneous population, several common features
have been described (Armstrong and Soltesz, 2012; Savanthrapa-
dian et al., 2014; Pelkey et al., 2017). A majority of CCK interneu-
rons are basket cells (Cope et al., 2002; Pawelzik et al., 2002;
Freund, 2003; Bezaire and Soltesz, 2013), which densely inner-
vate the cell soma, proximal dendrites, and axon initial segment
of pyramidal cells (Halasy et al., 1996; Megías et al., 2001). CCK
interneurons largely display regular-spiking (RS) activity (Kawa-
guchi and Kubota, 1998; Pawelzik et al., 2002) and exert strong
rapid feedforward inhibition onto pyramidal cells (Basu et al.,
2013). This powerful postsynaptic inhibition is also long-lasting
in nature in accordance with their asynchronous GABA release
(Hefft and Jonas, 2005; Daw et al., 2009). Moreover, CCK in-
terneurons express several neuromodulatory receptors, such as
those for 5HT3a, nicotinic and muscarinic acetylcholine recep-
tors, and the endocannabinoid CB1 receptor (Cea-del Rio et al.,
2012; Keimpema et al., 2012), implicating them in behavioral
state-dependent processing (Freund, 2003; Wester and McBain,
2014). In particular, high expression of presynaptic CB1 recep-
tors suggests the role of CCK interneurons in synaptic plasticity
changes underlying learning and memory (Katona et al., 1999;
Bodor et al., 2005; Dudok et al., 2015). Both short-term depo-
larization-induced suppression of inhibition and inhibitory long-
term depression reduce the feedforward inhibition provided by
CCK interneurons (Wilson and Nicoll, 2001; Lee et al., 2011;
Basu et al., 2013, 2016). The role of CB1 receptors in synaptic
plasticity mechanisms is also consistent with the amnestic effects
of exogenous cannabinoids, particularly during working mem-
ory performance (Ranganathan and D’Souza, 2006).

Working memory is a short-term multistage process involv-
ing information encoding, the maintenance of internal represen-
tations, and the retrieval and usage of such representations to
guide goal-directed behavior (Eriksson et al., 2015). The mPFC is
a key substrate for working memory (Curtis and D’Esposito,
2004; Sreenivasan et al., 2014) and displays behavioral correlates,
such as sustained population activity and sequential neuronal
firing during working memory maintenance (Fuster and Alexan-
der, 1971; Fujisawa et al., 2008; Liu et al., 2014), as well as task
phase-specific oscillations and long-range communication with
structures supporting memory and behavioral execution (Jones
and Wilson, 2005; Ito et al., 2015; Spellman et al., 2015; Lundqvist
et al., 2016; Bolkan et al., 2017). These activity signatures of work-
ing memory in the mPFC rely on tightly controlled network ex-
citation and inhibition (Carter and Wang, 2007).

The involvement of mPFC CCK interneurons in working
memory is indirectly evidenced by the impairments observed
following local mPFC application of CB1 receptor agonists (De
Melo et al., 2005; Rodrigues et al., 2011). Moreover, adolescent
cannabinoid use is associated with the increased risk of develop-
ing schizophrenia (Moore et al., 2007), a condition in which
working memory impairments are a core deficit (Forbes et al.,
2009; Gold et al., 2010; Anticevic et al., 2011). Postmortem stud-
ies in schizophrenia also show dysfunctional PFC GABAergic
interneurons, including CCK interneurons (Eggan et al., 2008;
Hashimoto et al., 2008; Curley and Lewis, 2012; Fung et al., 2014;
Marsman et al., 2014). However, cognitive deficits in schizo-
phrenia have primarily been attributed to the disruption of
PFC parvalbumin (PV) interneurons (Lewis, 2012), the other
major subclass of basket cells (Pawelzik et al., 2002; Baude et al.,
2007; Freund and Katona, 2007; Jiang et al., 2015).

Cortical PV interneurons have been extensively studied over
the last decade in a wide variety of cognitive processes (Hu et al.,
2014; Pinto and Dan, 2015; Canetta et al., 2016; H. Kim et al.,
2016; Abbas et al., 2018) and exhibit task-related firing during
spatial and nonspatial working memory (D. Kim et al., 2016;
Lagler et al., 2016; Kamigaki and Dan, 2017). In contrast, chal-
lenges to the selective genetic labeling of CCK interneurons have
left this population relatively underinvestigated (Bartos and El-
gueta, 2012). In this study, we overcame the technical obstacles of
studying CCK interneurons in isolation and investigated their ana-
tomical distribution, electrophysiological properties, and postsyn-
aptic connectivity in the mPFC. With in vivo optogenetic silencing,
we evaluated the behavioral role of CCK interneurons in working
memory. We found that CCK interneurons comprised a large pro-
portion of the mPFC GABAergic interneuron population, targeting
a wide range of neuronal subtypes. At the behavioral level, CCK
interneuron activity was found to be required specifically during the
retrieval of working memory. These characteristics of CCK in-
terneurons provide a mechanistic understanding of the devastating
consequences their disruption may have for working memory and
executive functioning in neuropsychiatric conditions.

Materials and Methods
Animals. Triple-transgenic CCK-Cre;Dlx5/6-FLPe;RC::FrePe mice (termed
CCK-FrePe mice) and PV-Cre;Dlx5/6-FLPe;RC::FrePe mice (termed PV-
FrePe mice) were generated as follows: homozygous RC::FrePe mice
(Bang et al., 2012) were crossed with Dlx5/Dlx6-FLPe mice [Tg(mI56i-
FLPe)39Fsh/J,JAX#010815] to generate double-transgenic Dlx5/6-FLPe;
RC::FrePe mice, which were then crossed with either homozygous CCK-
ires-Cre mice [B6N.Cg-Ccktm1.1(cre)Zjh/J, JAX#019021] or PV-ires-Cre
mice [B6;129P2-Pvalbtm1(cre)Arbr/J, JAX#008069]. Triple-transgenic
CCK-Cre;Dlx5/6-FLPe;RC::PFArchT mice (termed CCK-ArchT mice)
were generated as follows: Dlx5/Dlx6-FLPe mice were crossed with ho-
mozygous CCK-ires-Cre mice to generate double-transgenic Dlx5/6-
FLPe;CCK-Cre mice, which were then crossed with RC::PFArchT mice
(obtained from the laboratory of Dr. Itaru Imayoshi). Mice were group
housed with ad libitum access to food and water in a temperature-
controlled room on a 12 h light/dark cycle. Experimental procedures
were in accordance with the guidelines of the Canadian Council on An-
imal Care and the local Animal Care Committee at the University of
Toronto.

Drugs. For slice electrophysiology experiments, bicuculline (Tocris
Bioscience, 10 �M) was used to block GABA-A receptors and CGP52432
(Tocris Bioscience, 1 �M) was used to block GABA-B receptors. CNQX
(Alomone Labs, 20 �M) and APV (Alomone Labs, 50 �M) were used to
block AMPA receptors.

Stereotaxic surgery. Stereotaxic surgery was performed on 3-month-
old male mice for behavioral testing and histology experiments, and male
and female mice aged 3– 6 months for electrophysiological recordings.
Mice were anesthetized with isoflurane and mounted onto a stereotaxic
frame. For viral delivery of opsins and reporters, PV-Cre mice were in-
jected with an adeno-associated vector (AAV) containing Cre-dependent
Archaerhodopsin (ArchT) (AAV5-EF1�-DIO-eArch3.0-EYFP, UNC
Vector Core, 4 � 10 12 particles/ml) or EYFP (AAV5-EF1�-DIO-EYFP,
UNC Vector Core, 6 � 10 12 particles/ml), and CCK-Cre mice received
an injection of AAV containing Cre-dependent Channelrhodopsin (ChR2)
under the control of the Dlx5/6 enhancer (AAV1-Dlx5/6-DIO-ChR2-EGFP,
Vigene Biosciences, custom production, 2 � 1013 particles/ml).

All viral infusions were performed bilaterally into the mPFC using the
following coordinates: AP 1.90 mm, DV �2.30, ML �0.50 mm. A volume of
0.3 �l was delivered via an internal cannula (33 gauge, Plastics One) con-
nected by Tygon tubing to a 10 �l Hamilton syringe. The internal cannula
was left in place for 10 min after infusion to prevent solution backflow. Viral
expression was restricted to the cingulate and prelimbic cortex, which span
�1.5 mm rostrocaudally and 1.5 mm in depth.

In both PV-ArchT and CCK-ArchT mice, optic fiber probes were
implanted bilaterally above the mPFC (AP 1.90 mm, DV �1.75, ML
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�0.75 mm) at a 10° angle away from the midline. The optic fiber probes
were secured to the skull using dental cement (RelyX Unicem; 3M). After
surgery, mice were individually housed and allowed 1 week to recover
before beginning behavioral experiments. Optogenetic manipulations
were conducted a minimum of 4 weeks after viral infusion to allow for
adequate opsin expression.

Electrophysiology. Electrophysiology was performed on adult male and
female mice (3–12 months); no age and sex differences were observed.
Animals were anesthetized with an intraperitoneal injection of chloral
hydrate (400 mg/kg) and then decapitated. The brain was rapidly ex-
tracted in ice-cold sucrose aCSF (254 mM sucrose, 10 mM D-glucose, 26
mM NaHCO3, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl, and 1.25 mM

NaH2PO4); 400-�m-thick slices of the PFC (bregma 2.4 –1.1) were ob-
tained on a Dosaka linear slicer (SciMedia). Slices were allowed to re-
cover for 2 h in oxygenated (95% O2/5% CO2) aCSF (128 mM NaCl
instead of sucrose, otherwise as above aCSF) at 30°C before being used
for electrophysiology.

For whole-cell patch-clamp electrophysiology, brain slices were trans-
ferred to a chamber mounted on the stage of a BX51WI microscope
(Olympus) and constantly perfused with oxygenated aCSF at 30°C. The
recording electrodes (2– 4 M�) were filled with patch solution composed
of 120 mM potassium gluconate, 5 mM KCl, 10 mM HEPES, 2 mM MgCl2,
4 mM K2-ATP, 0.4 mM Na2-GTP, and 10 mM sodium phosphocreatine,
pH adjusted to 7.3 using KOH. Data were acquired with a Multiclamp
700B or an Axopatch 200B amplifier at 20 kHz with Digidata 1440A and
pClamp 10.7 acquisition software (Molecular Devices). All recordings
were compensated for the liquid junction potential (14 mV). Identifica-
tion and optogenetic stimulation of labeled CCK interneurons were
achieved using an LED (Thorlabs, 473 nm, 2 mW through the 60� lens,
5 ms light pulses) to excite ChR2 or using an X-Cite (Excelitas) to visu-
alize CCK FrePe and CCK-ArchT-GFP interneurons (467– 498 nm exci-
tation filter) and to activate ArchT (532–554 nm excitation filter). For
characterizing intrinsic properties and input– output characteristics,
neuronal responses were recorded to current steps delivered from rest.
For recording light-evoked postsynaptic responses in voltage clamp, cells
were held at �60 mV to permit visualization of either inhibitory or
excitatory responses. For identifying postsynaptic targets of CCK in-
terneurons, both pyramidal and interneurons were patched based on
morphology, and the different types were distinguished by their firing
patterns to current injection. To determine the effect of CCK interneu-
ron stimulation on postsynaptic neuron firing, we injected a step current
to elicit firing in the postsynaptic neuron and then compared the average
firing rate in the presence and absence of optogenetic stimulation of CCK
interneurons over 5 trials.

The patching of potential postsynaptic partner neurons was guided by
IR-DIC morphology and their identification informed by electrophysio-
logical parameters. Neuronal properties of these pyramidal cell and in-
terneuron populations are illustrated in Tables 1 and 2, respectively.
Pyramidal neurons were identified and patched on the basis of morphol-
ogy and divided into two subtypes based on their electrophysiological
signatures to depolarizing steps in current clamp. Burst spiking (BS)
pyramidal neurons were distinguishable by the presence of a burst of AP
firing at the beginning of the current step. Regular Spiking (RS) pyrami-
dal neurons lacked bursts and exhibit spike frequency accommodation.

Interneurons were selected on the basis of morphology and their subtype
identified on the basis of electrophysiological characterization. Low
threshold firing interneurons were characterized by their low rheobase;
that is, they required very small current injections (�20 –30 pA) to spike.
RS interneurons were characterized by their sharp AHPs and spike fre-
quency accommodation. Fast-spiking (FS) interneurons showed charac-
teristic high-frequency action potential firing.

Since a proportion of interneurons are CCK-positive, it was not sur-
prising that a subset of the interneurons tested for postsynaptic connec-
tivity also expressed ChR2 or were gap junction-coupled to other
interneurons that expressed ChR2 (Galarreta and Hestrin, 1999). In this
proportion, direct or gap junction-coupled ChR2 photocurrents oc-
curred with submillisecond timing upon light onset (latency: 0.36 � 0.08
ms, n � 10). We examined these traces carefully for evidence of light-
evoked IPSCs on top of the ChR2 photocurrent; and where possible,
neurons were held at more depolarized potentials to reduce the ChR2
current and confirm apparent presence/absence of light-evoked IPSCs.

Behavioral apparatuses and testing procedures. Handling and food de-
privation began 1 week after surgery. Mice were first tested for working
memory in an olfactory delayed-nonmatch-to-sample task (DNMS)
task. One week after the completion of DNMS testing, mice were trained
in a Go/No-go olfactory discrimination task as a control to evaluate
changes in nonworking memory processes. A between-subjects design
was used for both tasks.

Apparatus. Olfactory DNMS was tested in a gray Plexiglas apparatus
composed of three serial compartments separated by sliding doors. The
first and second compartments were square in shape with dimensions of
15 cm � 15 cm � 20 cm. The third compartment was a semicircular
platform (25 cm radius). Odors were powdered spices (cinnamon or
thyme) mixed with Aspen woodchips and were presented in metal wells
(3.5 cm diameter). A single sucrose pellet was placed beneath the wood-
chips of both wells to prevent the use of the sucrose scent to guide choice
behavior. The testing room was illuminated with 150 lux lighting, and
background noise was masked with a white noise generator. Animal
movements were tracked using ANY-maze (Stoelting).

Habituation. Five days before testing, mice were handled daily for 5
min. During this time, mice were food deprived and maintained at 85%
of their free feeding weight throughout testing. Two days before testing,
mice were habituated to the apparatus and to the test handling procedure
for 30 min. During these sessions, mice were handled in the same manner
as during testing. Mice were trained to dig by burying the sucrose pellet
successively deeper. After habituation sessions, sucrose pellets were pro-
vided overnight.

Olfactory DNMS procedure. Testing occurred on consecutive days 7 d a
week. Mice were acclimated to the testing room for 5 min before the
beginning of the test. At the start of each trial, one scented well, either
cinnamon or thyme (sample odor), was placed in the first compartment,
and two scented wells, one of each odor, were placed in the third com-
partment. Individual mice were placed in the first compartment and

Table 1. Electrophysiological properties of pyramidal neurons assessed for
postsynaptic responses to light excitation of CCK-ChR2 interneuronsa

RS (n � 14) BS (n � 9)

Membrane potential (mV) �84 � 2 �84 � 1
Input resistance (M�) 207 � 24 193 � 11
Capacitance (pF) 57 � 3 82 � 5****
Spike threshold (mV) �50 � 1 �49 � 1
Spike amplitude (mV) 69 � 3 67 � 5
aPyramidal neurons recorded to test for postsynaptic responses to CCK neurons could be classified as either Regular
Spiking (RS) or Burst Spiking (BS). These two classes did not differ in their electrophysiological properties, including
the resting membrane potential, input resistance, action potential threshold, and spike amplitude. However, they
differ significantly in their membrane capacitance (unpaired t test: t(21) � 4.6). Data are mean � SEM.

****p � 0.0001.

Table 2. Electrophysiological properties of interneurons assessed for postsynaptic
responses to light excitation of CCK-ChR2 interneuronsa

LT (n � 16) RS (n � 14) FS (n � 18)

Membrane potential (mV) �78 � 1 �79 � 2 �80 � 2
Input resistance (M�) 533 � 40aa,bb 259 � 26aa,c 144 � 12bb,c

Capacitance (pF) 41 � 2aa 65 � 6aa,cc 41 � 2cc

Spike threshold (mV) �55 � 1aa,bb �50 � 1aa �49 � 1bb

Spike amplitude (mV) 74 � 3bb 66 � 3 58 � 2bb

aInterneurons recorded to test for postsynaptic responses to CCK neurons could be segregated into one of three
electrophysiological classifications based on their spiking characteristics: Low Threshold (LT), Regular Spiking (RS) or
Fast Spiking (FS). These three different classes of interneurons did not differ statistically in the resting membrane
potential, but one-way ANOVA found that there were significant group differences on all the other measures,
including input resistance (F(2,45) � 53.7, p � 0.0001), capacitance (F(2,45) � 13.7, p � 0.0001), spike threshold
(F

(2,45)
� 15.4, p � 0.0001), and spike amplitude (F(2,45) � 9, p � 0.01). Post hoc comparison results show that the

low threshold group differed significantly from the FS group on input resistance, spike threshold, and spike ampli-
tude and differed from the RS group on input resistance, capacitance, and spike threshold. The RS interneurons
differed significantly from the FS group in terms of input resistance and capacitance. Data are mean � SEM.

Comparisons between interneuron groups are denoted by the pairs of superscript letters: Superscript a denotes
comparison between low threshold and RS interneurons. Superscript b is between low threshold and FS interneu-
rons. Superscript c is between RS and FS interneurons. a,b,cp � 0.05; aa,bb,ccp � 0.01; Tukey’s post hoc test.
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allowed to retrieve and consume the reward (sample phase), after which
they were enclosed in the second compartment for 5 s (delay phase).
After the delay, the partition was removed, and the mouse was allowed to
enter the third compartment and dig in one of the two odors (response
phase). Digging in the nonmatching odor constituted a correct response
and permitted the retrieval of reward. Digging in the matching odor was
considered incorrect and the well was immediately removed. Digging
behavior was scored as the displacement of woodchips with either the
nose or forepaws. The mouse was then placed in the home cage for a 1
min intertrial interval, after which the next trial was conducted as de-
scribed above.

The sample odor was randomized across trials with no more than 2
consecutive trials for a given odor. In the response compartment, the
positions of the matching and nonmatching odors were counterbalanced
across trials, such that the nonmatching odor was encountered first in
half the trials and second in the other half in a randomized order. On
trials in which the nonmatching odor was encountered first, mice were
required to immediately dig (hit response), while encountering the
matching odor required withholding of digging and moving to dig in the
second nonmatching odor (correct rejection response). Withholding
digging in the nonmatching odor was scored as a miss response, while
digging in the matching odor was scored as a false alarm. The spatial
locations of the odors on the platform were also randomized and coun-
terbalanced to limit proactive interference and response bias. Shaping
took place over 4 d with one session of 16 trials each day. After shaping, a
total of 36 trials were performed in each daily session until criterion was
reached. Criterion was defined as a percent correct performance of either
�70% on 2 consecutive days or �80% on a single day. The percent
correct performance was calculated as follows: (number of correct trials
over the total number of trials) � 100. The percentage of each response
type (hit, correct rejection, miss, false alarm) was calculated as follows:
(number of a given response type over the total number of possible trials
for that type) � 100.

To test the effect of delay interval length on performance, mice were
first trained with a 5 s delay interval until criterion performance was
reached and were then tested with a variable delay interval over 2 d.
Delays of 5, 20, and 60 s were tested in one session, and 15, 25, and 45 s in
the other session, with session counterbalanced between days. Each delay
interval was conducted on 12 trials for a total of 36 trials per session and
were pseudorandomized such that a given interval did not occur on 	2
consecutive trials and occurred at least once across 5 trials.

Olfactory DNMS testing with optogenetics. After reaching criterion,
mice were tested with light delivery via optic fiber probes. Optic fiber
probes were constructed from optical fibers (single mode, 0.35 NA, 200
�m diameter; Thorlabs) secured to ceramic ferrules (1.25 mm diameter,
230 �m bore; Precision Fiber Products). Ceramic mating sleeves (Preci-
sion Fiber Products) connected these implants to optic patch cables (0.37
NA; Doric Lenses). For bilateral light delivery, two such cables were
connected to a 1–2 splitting optical commutator (Doric Lenses), which
was in turn connected to an additional patch cable (0.37 NA; Doric
Lenses). This patch cable was coupled to a diode-pumped solid-state
laser, emitting green light (532 nm; Laserglow). Laser light was applied
continuously at a power intensity of 15 mW from the optic fiber probe tip
during the sample, delay, or response phase of the task. Under these
conditions, we estimate that an effective power density for 50% ArchT
activation (7.5 mW/mm 2) was applied at a maximum distance of �1
mm from the optic fiber tip, within the boundaries of the mPFC (Deis-
seroth Lab, Brain tissue light transmission calculator). Light delivery was
controlled via transistor-transistor logic signals, which triggered and de-
activated the laser output. Transistor-transistor logic signals were sent
based on the animal’s center body position in the apparatus using ANY-
maze (Stoelting), such that, for a given phase, entry and exit from the
corresponding chamber triggered the onset and offset of light, respec-
tively. Light illumination was presented during each phase for 12 trials,
for a total of 36 trials in a single session. Sample, delay, and choice light
illumination were pseudorandomized across trials such that light deliv-
ery in a given phase occurred on no more than 2 consecutive trials and
occurred at least once over 5 trials. The percent correct performance for
each illumination phase was calculated as follows: (number of correct

trials for that illumination phase over total number of trials for that
illumination phase) � 100.

Go/No-go olfactory discrimination procedure. Following testing in the
olfactory DNMS task, mice were trained to perform a simple Go/No-go
olfactory discrimination task in the same apparatus. One of two odors,
either cardamom or coriander spice, was paired with the sucrose reward
throughout all trials. Testing followed the same procedures as with the
DNMS task, except that no sample odor was presented. Mice were placed
into the first compartment, then held in the delay compartment for 5 s,
after which the partition door was removed, and they entered the re-
sponse compartment where they were presented with the two odors.
Digging in the paired odor constituted a correct response, and mice were
allowed to retrieve the reward, whereas digging in the unpaired odor was
unrewarded and resulted in termination of the trial. Mice were trained to
a criterion performance of �75% in one session and then tested with
optogenetics to inhibit either PV or CCK interneurons.

Histology. Mice were transcardially perfused with PBS, pH 7.4, fol-
lowed by 4% PFA. Brains were extracted and postfixed overnight in 4%
PFA at 4°C and then cryoprotected with PBS containing 30% sucrose.
Brains were sectioned coronally at 40 �m thickness using a cryostat
(Leica Microsystems, CM 1520). For immunostaining, free-floating
brain sections were blocked with 5% normal donkey serum in 0.1%
Triton X-100 in PBS (PBS-T) for 1 h. Sections were then incubated for
48 –72 h at 4°C with PBS-T containing a combination of the following
primary antibodies: rabbit polyclonal anti-PV antibody (1:1000, Abcam,
ab11427), rabbit polyclonal anti-CCK (1:1000, Sigma Millipore, C2581;
Frontier Institute, Af350), rabbit polyclonal anti-GABA (1:1000, Sigma
Millipore, A2052), rabbit polyclonal anti-vasoactive intestinal peptide
(VIP) (1:500, Immunostar, 20077), chicken polyclonal anti-GFP (1:
1000, Abcam, ab13970), and goat polyclonal anti-mCherry (1:1000, Sic-
gen, AB0040-200). Primary antibody incubation was followed by
incubation for 2 h at room temperature with PBS-T containing the fol-
lowing secondary antibodies: AlexaFluor-488-conjugated donkey anti-
rabbit (1:1000, Jackson ImmunoResearch Laboratories, 711545152),
AlexaFluor-594-conjugated donkey anti-rabbit (1:1000, Jackson Immu-
noResearch Laboratories, 715515152), Cy5-conjugated donkey anti-
rabbit (1:1000, Jackson ImmunoResearch Laboratories, 711175152),
AlexaFluor-488-conjugated donkey anti-chicken (1:1000, Jackson Immu-
noResearch Laboratories, 703545145), and AlexaFluor-594-conjugated
donkey anti-goat (1:1000, Jackson ImmunoResearch Laboratories,
705515147).

Statistical analysis. For light-evoked IPSC analysis, parameters were
estimated using the template detection option in Clampfit 10.7 (Molec-
ular Devices), and IPSCs were fit as product of exponentials. Parameters,
including peak amplitude and onset latency, were averaged over 5 trials
(with 10 s intertrial intervals). Graphs and statistics were obtained using
Prism (GraphPad) and MATLAB (The MathWorks). Bar graphs repre-
sent mean � SEM wherever applicable. Cell counting data were analyzed
using mixed ANOVAs with genotype (CCK-FrePe or PV-FrePe) as the
between-subjects factor and cortical layer as the within-subjects factor.
Post hoc analyses comparing CCK- and PV-FrePe data were performed
using planned pairwise comparisons with unpaired Student’s t tests,
whereas within-subjects multiple comparisons were performed with
paired Student’s t tests with Bonferroni correction. Behavioral data were
analyzed separately for CCK-Cre and PV-Cre groups. Mixed ANOVAs
were performed with treatment (ArchT 
 or ArchT �) as the between-
subjects factor and test phase as the within-subjects factor. Statistically
significant interactions were followed by planned pairwise comparisons
using unpaired Student’s t test. Statistical analyses were performed using
SPSS Statistics version 21 (IBM).

Results
Intersectional genetic targeting of CCK interneurons
Due to broad CCK expression in both CCK interneurons and
pyramidal neurons (Dimidschstein et al., 2016), CCK interneu-
rons cannot be selectively targeted with conventional single re-
combinase methods. Consistently, we found that infusion of the
AAV vector containing Cre-dependent EYFP into the mPFC of
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CCK-Cre mice resulted in widespread expression of EYFP through-
out the targeted area (data not shown). Therefore, we applied a dual
recombinase-based intersectional approach (Awatramani et al.,
2003; J. C. Kim et al., 2009), using both the Cre/loxP and FLPe/FRT
systems, to selectively target CCK interneurons (Whissell et al.,
2015). To this end, we crossed the forebrain pan-GABAergic
driver Dlx5/6-FLPe (Miyoshi et al., 2010) with the dual-
recombinase reporter line RC::FrePe (Engleka et al., 2012).
Subsequently, we crossed the double-transgenic offspring (Dlx5/
6-FLPe, RC::FrePe) with CCK-Cre mice to generate triple-
transgenic CCK-FrePe mice (CCK-Cre, Dlx5/6-FLPe, RC::
FrePe). The Cre/FLPe-dependent reporter allele, RC::FrePe,
contains two transcriptional stop cassettes (Fig. 1A): FRT sites
flank the first stop cassette, whereas loxP sites flank the second
cassette and mCherry sequences. FLPe-mediated excision alone,
in GABA neurons, results in mCherry expression, while the re-
maining loxP-flanked stop cassette prevents GFP expression.
Thus, in triple-transgenic mice containing all three alleles

(CCK-Cre, Dlx5/6-FLPe, RC::FrePe), FLPe- and Cre-mediated ex-
cisions together allow for GFP expression only in CCK interneurons
(Fig. 1A,C). For comparison, the same approach was applied to the
PV-Cre mouse line to generate triple-transgenic PV-FrePe mice
(PV-Cre, Dlx5/6-FLPe, RC::FrePe).

Consistent with our previous study (Whissell et al., 2015), we
found that 93% and 91% of GFP-positive cells in the mPFC of
CCK-FrePe mice were positive for CCK and GABA immunore-
activity, respectively, and that 78% of cells positive for both CCK
and GABA were GFP-positive, indicating specific and high effi-
cacy labeling of CCK interneurons by the intersectional approach
(Fig. 1B), whereas a relatively small number (�19% of GFP-
positive cells) were positive for PV immunoreactivity (Fig. 1B),
which is consistent with previous reports that a small subset of FS
PV interneurons express a low level of CCK and represent a mo-
lecularly distinct interneuron population that express both CCK
and PV (Tricoire et al., 2011; Harris et al., 2018).
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Figure 1. Intersectional genetic labeling and mPFC distribution of CCK and PV interneurons. A, Dual recombinase-responsive reporter allele, RC::FrePe, containing FRT-flanked and loxP-flanked
transcriptional stop cassettes. Middle, FLPe-mediated stop cassette removal results in mCherry expression. Bottom, Additional Cre-mediated excisions remove mCherry and the second stop cassette,
resulting in GFP expression. The RC::FrePe allele is knocked in to the Gt(ROSA)26Sor(R26) locus with CAG (chicken �-actin and CMV enhancer) promoter elements. B, Percentage of GFP-labeled cells
(i.e., CCK interneurons) that are positive for CCK, GABA, or PV immunoreactivity. N � 3. Data are mean � SEM. C, Representative confocal images of mPFC from CCK-Dlx5/6-FrePe (left) or PV
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CCK interneurons are differentially distributed from PV
interneurons in the mPFC
A previous study using the same intersectional approach reported
differences in the overall density of CCK and PV interneurons in the
mPFC (Whissell et al., 2015). Since functional differences exist be-
tween layers of the neocortex (Douglas and Martin, 2004; van
Aerde and Feldmeyer, 2015), we determined whether the inter-
sectionally labeled CCK and PV interneurons exhibit differential
laminar localization in the mPFC. Cell counting in the prelimbic
cortex was performed to determine the distribution of each in-
terneuron type and their relative abundance to the whole GABA
interneuron population. The total number of GABA interneu-

rons labeled in CCK- and PV-FrePe mice
did not significantly differ (unpaired t
test, t(4) � �1.07, p � 0.345). The major-
ity of PV interneurons were located in
layer 5 (Fig. 1D; 70.1 � 5.9%) and were
rarely observed in superficial layers (Fig.
1D; layer 1: 0.3 � 0.6%, layer 2/3: 6.0 �
5.2%). CCK interneurons, on the other
hand, were spread more evenly, with
comparable levels in layers 2/3, 5, and 6
(Fig. 1D; pairwise comparisons with Bon-
ferroni correction, p 	 0.05). Overall,
CCK interneurons comprised a larger
proportion of the mPFC GABA interneu-
ron population relative to PV interneu-
rons (CCK: 16.7 � 2.1%, PV: 5.8 � 1.9%
unpaired t test, t(4) � 6.80, p � 0.01). This
relationship was maintained across corti-
cal layers (Fig. 1E; mixed ANOVA, main
effect of group, F(1,4) � 97.63, p � 0.001;
main effect of layer, F(3,12) � 5.13, p �
0.05; phase � group interaction, F(3,12) �
18.01, p � 0.0001), with the exception of
layer 5 (Fig. 1E; unpaired t test, layer 1: t(4)

� 6.96, p � 0.01, layer 2/3, t(4) � 8.50, p �
0.001, layer 6: t(4) � 4.29, p � 0.05, layer 5:
t(4) � 1.43, p � 0.225), in which CCK and
PV interneurons comprised a similar pro-
portion of GABA interneurons (CCK:
11.3 � 3.1%, PV: 8.2 � 2.1%). Together,
these data indicate that CCK and PV in-
terneurons exhibit differences in their
abundance and distribution across layers of
the mPFC, which supports potential func-
tional differences in their circuit perfor-
mance and possibly behaviors mediated by
the mPFC.

Electrophysiological properties of
CCK interneurons
Next, we characterized electrophysiologi-
cal properties of CCK interneurons in
patch-clamp recordings from mPFC slices
of CCK-FrePe mice. The putative CCK in-
terneurons were identified by GFP fluo-
rescence and patched under visual control
using IR-DIC for whole-cell recording
(Fig. 2A). Of a total of 22 cells recorded, 16
(73%) cells displayed non-Fast Spiking
(nFS) and 6 cells (27%) Fast Spiking (FS)
activity (Fig. 2B–D). FS cells were clearly

distinguishable based on their sudden transition from no spiking
to high-frequency, nonaccommodating spiking in response to
stronger depolarizing current steps, a feature known as Type II
excitability (Prescott, 2014). These cells fit within the category of
PV-positive FS interneurons well described in the literature
(Kawaguchi and Kubota, 1997, 1998; Kawaguchi and Kondo,
2002). The FS CCK interneurons were able to sustain high firing
rates (	100 Hz) at higher current injections (peak frequency,
196 � 19 Hz, n � 5), whereas stronger depolarizations in a nFS
cell failed to further increase firing rates (peak frequency, 40 � 6
Hz, n � 14). There was no overlap in the firing rates of the two
groups of CCK interneurons. The nFS and FS cells also differed
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Figure 2. Electrophysiological properties of GFP-positive CCK interneurons from CCK-FrePe mice. A, Schematic of the mPFC with
the green box representing where whole-cell patch-clamp recordings of GFP-positive CCK interneurons were performed. The
IR-DIC image with GFP fluorescence overlay shows an example GFP-positive CCK interneuron. B, Pie chart represents the distribu-
tion of GFP-positive CCK non-Fast Spiking (nFS) and Fast-Spiking (FS) interneurons (INs). C, A representative current-clamp trace
shows the electrophysiological signature of an nFS IN in response to 25 pA depolarizing and hyperpolarizing current steps. D, A
representative current-clamp trace shows the electrophysiological signature of an FS IN in response to 150 pA depolarizing and
hyperpolarizing current steps. E, Bar graph represents a more depolarized resting membrane potential (RMP) in nFS INs than FS INs
(unpaired t test, t(20) � 3.2, **p � 0.005). F, Bar graph represents a higher input resistance in nFS INs than FS INs (unpaired t test,
t(20) � 3.3, **p � 0.004). G, Bar graph shows that the current required to elicit a single action potential is smaller in nFS INs than
FS INs (unpaired t test, t(12) � 4.1, **p � 0.002). H, The representative current-clamp traces show the response of an nFS IN and
an FS IN to a 200 pA depolarizing step. The representative traces were chosen to illustrate that FS cells need a much higher current
step to start firing. I, Graph shows that the percent peak firing is greater in nFS INs (N � 14) than FS INs (N � 5) at lower current
injections (two-way ANOVA, effect of cell type, F(1,68) � 18.4, p � 0.0001). **p � 0.01 (Bonferroni’s post hoc test). ****p �
0.0001 (Bonferroni’s post hoc test). Data are mean � SEM.
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in other electrophysiological properties:
compared with the FS-CCK interneurons,
nFS-CCK interneurons had a more depo-
larized resting membrane potential (Fig.
2E; �76 � 1 mV, N � 16 vs �84 � 1 mV,
N � 6; unpaired t test, t(20) � 3.2, p �
0.005), a higher input resistance (Fig. 2F;
350 � 41 M�, N � 16 vs 124 � 24 M�,
N � 6; unpaired t test, t(20) � 3.3, p �
0.004), and a lower minimum current
(rheobase) required to evoke an action
potential (Fig. 2G; 55 � 9 pA, N � 11 vs
185 � 56 pA, N � 3; unpaired t test, t(12)

� 4.1, p � 0.002). Consistently, the out-
put in firing frequency in response to in-
cremental current steps (input– output
curve) revealed that nFS-CCK interneu-
rons are more excitable compared with
FS-CCK interneurons (Fig. 2H; two-way
ANOVA, effect of cell type, F(1,68) � 18.4,
p � 0.0001). Thus, our data suggest that,
based on their electrophysiological prop-
erties, CCK interneurons in the mPFC are
divided largely into two distinct subtypes.

Postsynaptic targets of
CCK interneurons
Specific synaptic connectivity among ex-
citatory and inhibitory neurons is essen-
tial for information processing in cortical
circuit operations. To reveal the postsynap-
tic cell responses evoked by CCK interneu-
ron activity, we virally expressed ChR2 in
CCK interneurons using a Cre-responsive
AAV vector that drives transgene expression
under the control of the Dlx5/6 enhancer
(AAV-Dlx5/6-DIO-ChR2) (Miyoshi et al.,
2010). Similar to the dual recombinase-
based intersectional approach using CCK-
Cre and Dlx5/6-FLPe, the intersectional
viral vector restricts transgene expression
exclusively in cells where both the CCK
promoter and Dlx5/6 enhancer are active
(i.e., CCK interneurons). The infusion of
AAV-Dlx5/6-DIO-ChR2 into the mPFC
of CCK-Cre mice produced robust ChR2
expression across all layers of the mPFC,
consistent with the pattern observed in
CCK-FrePe mice. Labeled CCK interneu-
rons were identified by their fluorescence
and further confirmed by their direct re-
sponse to optogenetic stimulation (Fig. 3A).
As found previously in CCK-FrePe mice,
nFS and FS CCK interneurons were identi-
fied based on differences in their firing pat-
tern to current injection (Fig. 3B) and
electrophysiological properties (Fig. 3C,D).
Non-FS CCK interneurons showed a more depolarized resting
membrane potential (�62.3 � 2.1 mV, N � 8) compared with FS
CCK interneurons (�76.5 � 1.6 mV, N � 5) (unpaired t test, t(11) �
4.77, p � 0.001) and higher input resistance (229 � 20 M�) com-
pared with FS interneurons (149 � 17 M�) (unpaired t test, t(11) �
2.74, p � 0.02). Action potentials could be elicited in both neuronal

types by 5 ms pulses of blue light delivered at 10 Hz (Fig. 3E,F). The
mean photocurrent elicited did not differ statistically between the FS
(5.1 � 1.8 nA, N � 5) and the nFS interneurons (4.8 � 2.7 nA, N �
8) (unpaired t test, t(11) � 0.14, p � 0.9).

To identify the postsynaptic targets of CCK interneurons, we
patched nearby pyramidal neurons and interneurons (Fig. 4A,B;
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Figure 3. Characterization of virally transfected ChR2-eYFP expression in CCK GABAergic interneurons. A, Schematic showing
recording site in PFC. Right, Example non-Fast Spiking (nFS) and Fast Spiking (FS) ChR2-eYFP-expressing interneurons in virally
transfected mice. The IR-DIC and fluorescence images are shown together for each neuron. B, Pie chart represents the recorded
proportions of these two types of CCK interneurons. C, Bar graph shows that FS and nFS interneurons differ significantly in their
resting membrane potential (RMP). ***p � 0.001 (unpaired t test). D, Bar graph shows that FS and nFS interneurons also differ
significantly in their input resistance. *p � 0.05 (unpaired t test). Example traces showing the sustained action potential firing in
a CCK-positive nFS interneuron: (E) to a 100 pA step current injection and (F ) to a 10 Hz train of light flashes. Example traces for a
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Figure 4. CCK interneurons have widespread inhibitory effects in PFC. A, Illustration of recording site in the mPFC. B, Schematic of experimental paradigm to determine the postsynaptic targets
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Tables 1, 2), and stimulated neurotransmitter release from CCK
interneurons and axons with brief pulses (5 ms) of blue light.
Light-evoked IPSCs showed rapid latency of onset from the light
(Fig. 4C; mean latency � 2.3 � 0.1 ms, N � 50), consistent with
a monosynaptic effect. The IPSCs were significantly reduced by
the GABA-A receptor antagonist bicuculline (Fig. 4D; IPSC am-
plitude at baseline: 122 � 24 pA, with bicuculline: 43 � 12 pA;
N � 13; paired t test, t(12) � 4.5, p � 0.001). A subset of neurons
also showed a prominent residual GABA-B component to the
IPSC, which was reduced by subsequent addition of the GABA-B
receptor antagonist CGP 52432 (IPSC amplitude in the presence
of bicuculline: 94 � 36 pA, IPSC amplitude after CGP 52432 

Bic: 30 � 7 pA, N � 2). The different neuronal subtypes (illus-
trated in Fig. 4B,G1–G5) showed distinct postsynaptic IPSC am-
plitudes (Fig. 4E; one-way ANOVA: F(4,46) � 13.7, p � 0.00001)
and connection probabilities (Fig. 4H1–H5). A high connection
probability (�80%-100%) was found between CCK interneu-
rons and several neuronal subtypes, including regular and burst
firing pyramidal neurons and low threshold, regular spiking in-
terneurons. Fast spiking interneurons were the exception, with a
much lower connection probability (�40%). Consistently, we
found that CCK interneuron activation (by a 10 Hz light train for

1 s) significantly suppressed current-induced spiking across these
postsynaptic targets (N � 12; paired t test, t(11) � 7, p � 0.0001)
(Fig. 4I1–I5). Interestingly, in addition to the light-evoked IPSCs,
a subset of neurons (11 of 79 cells) showed reliable, seemingly
monosynaptic, glutamatergic EPSCs following light-evoked CCK
interneuron stimulation (Fig. 5). The average EPSC amplitude
across cells was 36 � 6 pA (N � 11) and occurred at a character-
istic latency (6.2 � 0.3 ms, range: 5–9 ms) following light onset.
The light-evoked EPSCs were sensitive to the glutamate receptor
antagonists CNQX and APV (EPSC amplitude before: 19.1 � 7.6
pA, after CNQX 
APV: no detectable EPSC, N � 3), leaving the
light-evoked IPSC. These excitatory responses were predomi-
nantly found in the RS interneuron subtype of prefrontal neu-
rons, occurring in �50% of all the neurons recorded in this
group. In visualizing and recording from CCK-ChR2-eGFP neu-
rons, we did not observe any labeled neurons with either the
morphological or electrophysiological features of pyramidal neu-
rons. There is compelling evidence, however, for the expression
of the glutamate transporter VGluT3 by CCK interneurons (So-
mogyi et al., 2004) and the ability of VGluT3 to permit glutamate
corelease from GABAergic terminals (El Mestikawy et al., 2011).
Thus, our observation of light-evoked glutamate release follow-
ing optogenetic stimulation of CCK interneurons is consistent
with the expression of the vesicular glutamate transporter VGluT3
by this class of interneurons.

Together, these data demonstrate the ability of CCK interneu-
rons to inhibit the firing of a wide range of cell types in the mPFC
and place CCK interneurons in a strong position to control mPFC-
dependent cognitive activities.

Optogenetic silencing of CCK interneurons
Next, we optogenetically silenced CCK interneurons to assess
their behavioral contribution. ArchT expression was restricted to

4

(Figure legend continued.) firing rate of postsynaptic neurons to a depolarizing step was inhib-
ited by the light-evoked excitation of CCK-positive interneurons. ****p � 0.0001 (paired t
test). Of note, CCK interneurons could suppress spiking in all their postsynaptic targets. G1–G5,
Illustrative action potential firing pattern to step current injection in different types of postsyn-
aptic neurons recorded. H1–H5, Example light-evoked IPSC trace for each type of postsynaptic
neuron. Inset, Pie chart represents the connection probability for each group: the proportion of
neurons that show light-evoked IPSCs versus no response. I1–I5, Example traces showing the
inhibition of spiking in different postsynaptic neurons by CCK interneuron stimulation. The
neuronal firing elicited by current injection is shown at baseline (black) and during light activa-
tion of CCK-positive interneurons (blue). Data are mean � SEM.
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CCK interneurons by crossing the double-transgenic CCK-Cre,
Dlx5/6-FLPe mice to the RC::PFArchT-GFP line (Fig. 6A). Con-
sistent with the pattern observed in CCK-FrePe mice, the triple-
transgenic CCK-ArchT mice expressed ArchT selectively in CCK
interneurons. A high proportion of ArchT-GFP
 cells were im-
munoreactive for CCK (Fig. 6B,D; 93.8 � 0.9%), and for GABA
(Fig. 6B,D; 94.2 � 3.2%). Furthermore, a small percentage of
ArchT-GFP
 cells were immunoreactive for PV (Fig. 6C,D;
20.0 � 3.4%), or VIP (Fig. 6C,D; 9.8 � 2.0%).

In agreement with our previous findings with CCK-FrePe mice,
patch-clamp recordings showed that ArchT-expressing CCK in-
terneurons can be divided into nFS (72%) and FS (28%) subtypes
based on their firing rates (Fig. 7A,B). Notably, the amplitude of
inhibitory currents evoked by a green laser pulse were greater in
the FS subtype (154 � 16 pA, n � 5) compared with the nFS
subtype (57 � 7 pA, n � 13; unpaired t test, t(16) � 6.6, p �
0.0001) (Fig. 7C). The current-induced AP firing rates in both
nFS (n � 8, two-way repeated-measures ANOVA, effect of light,
F(1,77) � 59.3, p � 0.0001) and FS subtypes (n � 4, two-way
repeated-measures ANOVA, effect of light, F(1,33) � 59.8, p �
0.0001) were efficiently suppressed by light (Fig. 7D,E).

Behavioral function of CCK interneurons in olfactory
working memory
Working memory was tested in an olfactory DNMS task conducted
in a linear three-compartment maze with scented woodchips
presented in wells (Fig. 8A). On a given trial, an odor to-be-
remembered was presented in the sample compartment, after

which the mouse traversed to the delay compartment where it
was confined for 5 s. Subsequently, in the response compartment,
both matching and nonmatching odors were presented (Fig. 8A,B).
A digging response to the nonmatching odor was rewarded, whereas
digging in the matching odor was unrewarded and terminated the
trial (Fig. 8B). For each trial, correct responses (hits and correct
rejections) and incorrect responses (misses and false alarms) were
scored.

We first evaluated the validity of this task in engaging working
memory. Working memory is a capacity-limited process that de-
grades with longer retention times. Consistently, we found that
performance declined with longer delay interval durations (Fig.
8C; one-way repeated-measures ANOVA, effect of interval,
F(5,20) � 10.37, p � 0.0001; linear trend, F(1,4) � 49.69 p � 0.01),
which was accounted for by the increase in false alarms with
longer delay lengths (Fig. 8D; one-way repeated-measures
ANOVA, effect of interval, F(5,20) � 13.75, p � 0.00001; linear
trend, F(1,4) � 145.71, p � 0.001). Miss responses were not sig-
nificantly affected by delay interval length (Fig. 8D; one-way
repeated-measures ANOVA, effect of interval, F(5,20) � 1.65, p �
0.192).

To silence CCK interneurons during working memory test-
ing, triple-transgenic CCK-ArchT
 and littermate control CCK-
ArchT� mice were implanted with optic fibers bilaterally above
the prelimbic cortex. Both groups learned to perform the olfac-
tory DNMS task with a 5 s delay (Fig. 9A; mixed ANOVA, main
effect of day, F(11,143) � 18.65, p � 0.000001), without significant
differences in their acquisition (Fig. 9A; mixed ANOVA, main
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effect of group, F(1,13) � 1.92, p � 0.19), or criterion-level per-
formance (Fig. 9A; unpaired t test, t(14) � �0.54, p � 0.60).
Previous studies have reported dissociable neural circuits under-
lying the sample, delay, and response phases of working memory
tasks (Spellman et al., 2015; Bolkan et al., 2017). Therefore, we
delivered laser light during these phases in a pseudorandomized
order to evaluate the phase-specific requirement of CCK in-

terneurons (Fig. 9C). Light illumination during the sample and
delay phase did not significantly affect the working memory per-
formance of CCK-ArchT
 mice compared with CCK-ArchT�

controls (Fig. 9E; unpaired t test, sample: t(16) � �0.02, p � 0.99;
delay: t(16) � 0.54, p � 0.60). However, CCK interneuron inhi-
bition during the response phase significantly reduced the per-
centage of correct responses (Fig. 9E; mixed ANOVA, main effect
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of group, F(1,16) � 10.96, p � 0.01; main effect of phase, F(2,32) �
15.36, p � 0.0001; phase � group interaction, F(2,32) � 7.37, p �
0.01; unpaired t test, t(16) � 6.77, p � 0.00001). This impairment
in performance was a result of increases in both the percentage of
false alarms (Fig. 9F; mixed ANOVA, main effect of group, F(1,16) �
15.62, p � 0.01; main effect of phase, F(2,32) � 20.96, p � 0.0001;
phase � group interaction, F(2,32) � 7.10, p � 0.01; unpaired t
test, t(16) � �5.96, p � 0.0001), and the percentage of misses (Fig.
9G; unpaired t test, t(16) � �2.41, p � 0.029).

Our previous colocalization analysis revealed that �20% of
ArchT-expressing cells in CCK-ArchT mice are positive for PV
immunoreactivity (Fig. 6C,D). Thus, response phase-specific
working memory impairments observed in CCK-ArchT mice
could be caused in part by silencing PV interneurons. To address
this, we examined the phase-specific requirement of PV interneu-
rons in the same olfactory DMNS task. Interestingly, inhibiting
PV interneurons during the task resulted in a pattern of effects
distinct from CCK interneuron inhibition, and both impaired
and improved performance depending on the phase (Fig. 9H;
mixed ANOVA, phase � group interaction, F(2,20) � 8.41, p �
0.01). Light delivery during the sample phase did not significantly
impair working memory performance; however, a trend towards
a reduction of percentage of correct responses was observed (Fig.
9H; unpaired t test, t(10) � 1.89, p � 0.09). Light delivery during
the delay phase significantly impaired performance (Fig. 9H; un-
paired t test, t(10) � 2.27, p � 0.05), by increasing the percentage
of false alarms (Fig. 9I; mixed ANOVA, phase � group interac-
tion, F(2,20) � 10.46, p � 0.001; unpaired t test, t(10) � �2.68, p �
0.05), while no significant change in the percentage of misses was
observed (Fig. 9J; unpaired t test, t(19) � �0.05, p � 0.96). Light
delivery during the response phase led to a greater percentage of
correct responses in PV-ArchT mice compared with PV-EYFP con-
trols (Fig. 9H; unpaired t test, t(10) � �2.91, p � 0.05). Although no
statistically significant changes were observed in a single error type,
there was a trend towards a reduction in the percentage of false
alarms (Fig. 9I; unpaired t test, t(10) � 1.95, p � 0.08).

Together, these results point to differential functional roles of
CCK and PV interneurons during working memory. PV interneu-
ron activity was found to be important for working memory main-
tenance, whereas CCK interneuron activity was required during the
retrieval or use of working memory representations to guide goal-
directed actions.

CCK and PV interneuron inhibition does not disrupt Go/
No-go olfactory discrimination
Changes in performance in the DNMS task may not necessarily
reflect disrupted working memory and could instead result from
disturbances in a number of behavioral processes, such as odor
recognition and discrimination, or impulsive action. To investi-
gate these alternatives, we performed a Go/No-go olfactory dis-
crimination test using the same apparatus and general procedure
as the DNMS test, with the exception that the reward-paired odor
was kept constant on all trials throughout training and testing
(Fig. 10A). Mice transitioned through the first compartment
(pseudo-sample) and were confined for 5 s (pseudo-delay) in the
middle compartment before reaching the third compartment
where a response to the paired odor was rewarded (Fig. 10A).
Unlike the DNMS task, no significant differences in performance
were observed following phase-specific inhibition of either
mPFC CCK interneurons (Fig. 10B; mixed ANOVA, main effect
of group, F � 1; main effect of phase, F � 1; no phase � group
interaction, F(2,12) � 1.50, p � 0.26), or PV interneurons (Fig.
10C; mixed ANOVA, main effect of group, F(1,9) � 3.27, p � 0.10;
main effect of phase, F(2,18) � 2.60, p � 0.10; no phase � group
interaction, F(2,18) � 2.60, p � 0.10). Therefore, the behavioral
changes observed following CCK and PV interneuron inhibition
in the DNMS task may be attributed to disruptions in working
memory rather than to odor processing or impulsivity.

Discussion
Cortical CCK interneurons constitute a major subclass of GABAergic
interneurons, which have so far escaped systematic characterization.
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Using an intersectional genetic approach, we selectively targeted
CCK interneurons in the mPFC and investigated their anatomical
distribution, physiological properties, postsynaptic connectivity,
and behavioral contribution in working memory.

At the anatomical level, we found that mPFC CCK interneu-
rons spread evenly across cortical layers and comprise a large
proportion of the mPFC GABA interneuron population. Differ-
ences in the laminar localization of CCK and PV interneurons,
consistent with other reports (Kubota and Kawaguchi, 1997; Xu
et al., 2010), point to a possible differentiation in circuit partici-
pation. Furthermore, the comparable abundance of PV and CCK
interneurons in layer 5 suggests that they share inhibitory control
of the major pyramidal output neurons of PFC, which project to

the hippocampus and subcortical structures, such as the stria-
tum, lateral hypothalamus, thalamus, amygdala, and spinal cord
(Sesack et al., 1989; Gabbott et al., 2005; E. J. Kim et al., 2015;
Zhang et al., 2016).

In converging intersectional transgenic and viral mouse mod-
els (CCK-Frepe, CCK-ArchT, and CCK-ChR2), our electrophys-
iological characterization of CCK interneurons revealed an
unusual electrophysiological heterogeneity. The majority of CCK
neurons exhibited spiking features that would lead to their clas-
sification as non-Fast spiking interneurons with intrinsic prop-
erties that would predict their rapid recruitment by incoming
stimuli. A substantial minority of CCK interneurons, by contrast,
exhibited Fast-spiking characteristics and a right-shifted input–
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output curve. This minority is consistent with the subgroup of
intersectionally labeled CCK interneurons in both CCK-FrePe
and CCK-ArchT mice with immunostaining for PV, widely
considered a marker of FS activity (Kubota and Kawaguchi, 1997;
Galarreta and Hestrin, 1999; Gibson et al., 1999; Hu et al., 2017).
The proportions of the PV-negative and PV-positive CCK in-
terneurons from our anatomical analysis are consistent with the
proportions of nFS CCK interneurons and FS CCK interneurons
that we identified in the slice electrophysiology experiments.

To identify the targets of prefrontal CCK interneurons, we
optogenetically stimulated CCK interneurons labeled intersec-
tionally with ChR2 while recording from potential postsynaptic
neurons. These recordings from multiple subtypes of prefrontal
neurons reveal that CCK interneurons possess a postsynaptic
profile distinct from that of any previously characterized interneu-
ron group. They target a striking variety of different subtypes of
pyramidal neurons and GABAergic interneurons with high con-
nection probability. The intrinsic and spiking properties of the
pyramidal neurons targeted are consistent with Regular-spiking
intratelencephalic corticostriatal neurons as well as Burst spiking
corticothalamic neurons (Hattox and Nelson, 2007; Llano and
Sherman, 2009). The interneurons targeted include the low-
threshold spiking and Regular spiking subgroups, broadly con-
sistent with the somatostatin (SST) and VIP subclasses (Ma et al.,
2006; Prönneke et al., 2015; Batista-Brito et al., 2017; Nigro et al.,
2018). Of the different cellular targets examined, only the Fast
spiking, likely PV-positive, interneurons showed a lower probability
of being synaptically targeted by the CCK neuronal population.
Overall, the diverse pattern of CCK interneuron innervation sug-
gests that this population is positioned to exert a sudden and strong
inhibition of prefrontal cortical activity.

The connectivity pattern of CCK interneurons is distinct from
that of other interneuron types in the cortex, such as VIP, SST,
and PV interneurons. VIP interneurons preferentially innervate
PV and SST interneurons forming a disinhibitory circuit (Lee et
al., 2013; Pi et al., 2013; Kepecs and Fishell, 2014). SST interneu-
rons target pyramidal neuron dendrites and PV and VIP in-

terneurons, and avoid innervating other
SST interneurons (Xu et al., 2013; Trem-
blay et al., 2016), whereas PV interneu-
rons target other PV interneurons and
pyramidal cells (Pfeffer et al., 2013; Jiang
et al., 2015). Thus, the broad innervation
profile of the CCK interneurons in con-
necting to output pyramidal cells as well
as all the intermediary interneuron types
in the cortex is distinct from the connec-
tivity profile of any one cortical interneu-
ron group and potentially places them in a
distinctive regulatory role.

It is well known that widespread inhi-
bition is a mechanism that can synchro-
nize neural activity, which can be
important for information processing by
prioritizing task relevant information
over background noise (Dipoppa et al.,
2016). This would support the role for
CCK interneurons during the response
phase of a working memory task in which
synchronized prefrontal activity is a fea-
ture (Goldman-Rakic, 1995; Compte et
al., 2000). Of note, our work measures the
many to one connection probability from

CCK interneurons to a given postsynaptic neuron type. However,
more information about the local inhibitory circuits controlled
by CCK interneurons might be gleaned by measuring the one to
one connection probabilities between pairs of neurons. In addi-
tion, the inputs to CCK interneurons and which of the postsyn-
aptic connections made by CCK interneurons are involved in
different phases of the working memory task are yet to be char-
acterized and will shed more light on the cortical circuits involved
in working memory.

Coordination within precise neural circuits underlies discrete
cognitive epochs of working memory, namely, the processing,
storage, and use of information to guide goal-directed behaviors
(Baddeley, 2003). These epochs correspond to the sample, delay,
and response phases of delayed-nonmatch-to-sample tests of
working memory (Dudchenko, 2004), and involve activity in the
mPFC (Jones and Wilson, 2005; Hyman et al., 2010; Parnaudeau
et al., 2013; Ito et al., 2015; Spellman et al., 2015; Bolkan et al.,
2017). Optogenetic silencing of CCK or PV interneurons during
specific phases of the working memory task resulted in different
behavioral changes. We found that PV interneuron activity was
important for working memory maintenance, while CCK in-
terneuron activity was required during the retrieval or use of
working memory representations to guide goal-directed actions.

Approximately 20% of intersectionally labeled CCK interneu-
rons in both CCK-FrePe and CCK-ArchT mice expressed PV,
while the remaining 80% were PV-negative. It is well established
that nearly all PV-positive interneurons display FS activity
(Kawaguchi and Kubota, 1997; Galarreta and Hestrin, 1999; Gib-
son et al., 1999; Hu et al., 2017). Therefore, the PV-positive and
PV-negative CCK interneurons account for FS CCK interneu-
rons and nFS CCK interneurons, respectively. It is likely that
these PV-expressing CCK interneurons were labeled with ArchT
in PV-ArchT mice as a subgroup of the PV interneuron popula-
tion. Importantly, however, inhibiting the PV-expressing CCK
interneurons during the response phase did not impair working
memory performance. Therefore, our findings suggest that working
memory retrieval may require the activity of nFS CCK interneurons,

P-S R R R
532 nm
Laser P-S P-SP-D P-D P-D

A

5 s ITI

B

5 s ITIB 5 s

....

B

Trial 1 Trial 2 Trial 3

A

A

A

CB

50

60

70

80

90

100

Pseudo-
Sample

Pseudo-
Delay

Response

Pe
rc

en
tC

or
re

ct

CCK-ArchT+

50

60

70

80

90

100

Pseudo-
Sample

Pseudo-
Delay

Response

Pe
rc

en
tC

or
re

ct

PV-EYFP
PV-ArchT

CCK-ArchT-

Figure 10. Phase-specific inhibition of mPFC CCK or PV interneurons during Go/No-go odor discrimination performance. A,
Schematic of light illumination at different task phases across trials. B, C, Percentage of correct responses following light illumi-
nation during the pseudo-sample, pseudo-delay, and response phases of (B) CCK-ArchT and control (N�4 each), and (C) PV-ArchT
(N � 6) and PV-EYFP (N � 5). Data are mean � SEM.

Nguyen, Venkatesan et al. • Cholecystokinin-Expressing Interneurons of the mPFC J. Neurosci., March 11, 2020 • 40(11):2314 –2331 • 2327



but not FS CCK or PV interneurons. Future experiments will have to
address how the FS CCK interneurons functionally differ from other
PV interneurons that do not express CCK.

During the delay interval, mPFC neurons display temporally
limited sequential firing. It has been proposed that this mPFC
delay activity directly represents sensory features of information
maintained in working memory (Goldman-Rakic, 1995; Fu-
jisawa et al., 2008; Liu et al., 2014; Bolkan et al., 2017), or alter-
natively, that it helps keep active the sensory representations that
are encoded in primary sensory cortex (Postle et al., 2003). This
mPFC delay activity is facilitated by inputs arriving from the
mediodorsal thalamus (Parnaudeau et al., 2013; Bolkan et al.,
2017; Schmitt et al., 2017), which appear to preferentially excite
PV interneurons (Kuroda et al., 2004; Rotaru et al., 2005; Delev-
ich et al., 2015; Schmitt et al., 2017), contributing to suppression
of weakly active pyramidal neurons and sparse delay activity
(Schmitt et al., 2017). PV interneuron activity may be sustained
through recurrent excitation of pyramidal neurons in layers II/III
allowing for reverberation of activity within the mPFC (Goldman-
Rakic, 1996; Moghaddam and Adams, 1998; Constantinidis and
Wang, 2004; Wang et al., 2013). Persistent activity during cognitive
performance is associated with gamma oscillations (Fries, 2009;
Buzsáki and Wang, 2012; Cho et al., 2015; H. Kim et al., 2016;
Lundqvist et al., 2016). Gamma band power and the frequency of
gamma bursts increase with working memory load, both as a
function of the number of items-to-be-remembered and reten-
tion interval length (Howard et al., 2003; Roux et al., 2012; Honk-
anen et al., 2015; Kornblith et al., 2016; Lundqvist et al., 2016).
Importantly, gamma oscillations in the mPFC require PV in-
terneurons for the fast synchronization of pyramidal cells
(Freund, 2003; Tukker et al., 2007; Cardin et al., 2009; Sohal et al.,
2009). This has been demonstrated bidirectionally as selective
optogenetic activation of PV interneurons in vivo at 40 Hz en-
hances gamma frequency power (Cardin et al., 2009; Cho et al.,
2015), while PV interneuron inhibition suppresses these oscilla-
tions (Sohal et al., 2009). Therefore, the working memory im-
pairment we observed upon inhibiting PV interneurons during
the delay period may involve diminished gamma frequency os-
cillations and disrupted persistent delay activity.

The retrieval and adaptive use of information during the re-
sponse phase of working memory requires coordination between
the mPFC and long-range memory-associated networks. In
particular, coupling of mPFC and dorsal hippocampus (dHPC)
activity has been consistently implicated in successful choice be-
havior during spatial working memory performance (Kupfer-
schmidt and Gordon, 2018). Both local theta and gamma
oscillations and single units in the mPFC become synchronized
with dHPC theta oscillations at the choice point of delayed-
nonmatch-to-sample tasks, particularly on correct trials when
working memory is appropriately used (Fujisawa and Buzsáki,
2011; O’Neill et al., 2013; Hallock et al., 2016; Tamura et al.,
2017). Furthermore, theta frequency synchronization between
dHPC and mPFC has been observed during goal selection in
long-term memory tasks (Benchenane et al., 2010; Preston and
Eichenbaum, 2013; Place et al., 2016), and may therefore gener-
ally reflect the retrieval of task-relevant representations to guide
decision-making. In the dHPC, CCK interneurons have been im-
plicated in maintaining local theta power as well as precise and
stable spatial representations (Del Pino et al., 2017). Thus, inhib-
iting mPFC CCK interneurons during the response phase may
disrupt the retrieval of task-relevant representations and theta
frequency synchronization between the mPFC and dHPC, lead-
ing to impaired working memory performance.

In addition to working memory, the mPFC has been impli-
cated in long-term memory retrieval, suppressing impulsive
actions, and selecting task-appropriate behaviors (Euston et al.,
2012; H. Kim et al., 2016). These processes are unlikely to be
affected by either CCK or PV inhibition since performance on the
Go/No-go odor discrimination task was left intact. This experi-
ment served as an important control because it required mice to
perform the same actions without engaging working memory.
The deficits we observed with inhibition during the delay interval
and response period may be accounted for by disruptions to pre-
cise processes involved in each phase of working memory perfor-
mance. PV interneuron inhibition during the delay interval may
have affected the maintenance of content information, attention,
or resistance to distractors (Lara and Wallis, 2015; Riley and Con-
stantinidis, 2016); while CCK interneuron response inhibition
may have impaired task-dependent retrieval, the representation
of rules or their use to organize goal-directed behaviors (Euston
et al., 2012; Preston and Eichenbaum, 2013).

Of note, CCK-GABA cells are the only type of cortical in-
terneuron that express CB1 receptors (Marsicano and Lutz, 1999;
Takács et al., 2015). Consistent with our finding, impaired work-
ing memory is a well-established consequence of CB1 receptor
binding by exogenous cannabinoids applied systemically and lo-
cally in the mPFC (Varvel et al., 2001; Varvel and Lichtman, 2002;
De Melo et al., 2005; Avdesh et al., 2013). Adolescent cannabi-
noid use has been implicated in the increased risk of developing
schizophrenia (Moore et al., 2007), a condition in which working
memory impairments are a core deficit (Forbes et al., 2009; Gold
et al., 2010; Anticevic et al., 2011). In addition, schizophrenia
postmortem studies found decreased levels of CB1 receptors at
both the mRNA and protein level in the PFC (Eggan et al., 2008,
2010). In the same area of the same subjects, mRNA levels of CCK
were also found to be significantly reduced (Eggan et al., 2008;
Curley and Lewis, 2012). While both CCK and PV interneurons
provide strong feedforward inhibition onto pyramidal neurons,
differences in their electrophysiological properties, synaptic re-
ceptors, neurotransmitter release, and postsynaptic connectivity
can collectively shape their unique roles in cortical processing
and cognition (Daw et al., 2009; Armstrong and Soltesz, 2012).
Our results support the idea that CCK and PV interneurons in the
mPFC differentially regulate specific processes involved in work-
ing memory. PV interneurons may support information mainte-
nance while CCK interneurons contribute to task-appropriate
behavioral responding. Dysfunction in CCK interneurons in the
mPFC may underlie a distinct aspect of the working memory
impairment observed in cannabinoid use as well as neuropsychi-
atric illnesses, such as schizophrenia.

CCK interneurons are a large and complex class of GABA
interneurons whose functional role we are only beginning to
elucidate. Here, we have used an intersectional approach to sys-
tematically characterize, for the first time, their anatomical dis-
tribution, physiological properties, postsynaptic connectivity,
and behavioral contribution in working memory. We find that
there are two major subclasses of CCK interneurons, and their
differing characteristics will shape their recruitment. CCK in-
terneurons as a population target a variety of different subtypes of
pyramidal neurons and other GABAergic interneurons, implying
that they can exert strong and certain inhibition of mPFC activity.
Acute optogenetic inhibition of this population impairs working
memory retrieval in a phase-specific manner, suggesting that the
coordinated activity of CCK interneurons may act as a trigger to
reset ongoing network activity and initiate goal-directed actions.
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Kim H, Ährlund-Richter S, Wang X, Deisseroth K, Carlén M (2016) Pre-
frontal parvalbumin neurons in control of attention. Cell 164:208 –218.

Kim JC, Cook MN, Carey MR, Shen C, Regehr WG, Dymecki SM (2009)
Linking genetically defined neurons to behavior through a broadly appli-
cable silencing allele. Neuron 63:305–315.

Klausberger T, Somogyi P (2008) Neuronal diversity and temporal dynam-
ics: the unity of hippocampal circuit operations. Science 321:53–57.

Kornblith S, Buschman TJ, Miller EK (2016) Stimulus load and oscillatory
activity in higher cortex. Cereb Cortex 26:3772–3784.

Kubota Y, Kawaguchi Y (1997) Two distinct subgroups of cholecystokinin-
immunoreactive cortical interneurons. Brain Res 752:175–183.

Kupferschmidt DA, Gordon JA (2018) The dynamics of disordered dia-
logue: prefrontal, hippocampal and thalamic miscommunication under-
lying working memory deficits in schizophrenia. Brain Neurosci Adv
2:239821281877182.

Kuroda M, Yokofujita J, Oda S, Price JL (2004) Synaptic relationships be-
tween axon terminals from the mediodorsal thalamic nucleus and
�-aminobutyric acidergic cortical cells in the prelimbic cortex of the rat.
J Comp Neurol 477:220 –234.

Lagler M, Ozdemir AT, Lagoun S, Malagon-Vina H, Borhegyi Z, Hauer R,
Jelem A, Klausberger T (2016) Divisions of identified parvalbumin-
expressing basket cells during working memory-guided decision making.
Neuron 91:1390 –1401.

Lara AH, Wallis JD (2015) The role of prefrontal cortex in working mem-
ory: a mini review. Front Syst Neurosci 9:173.
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