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Animals selectively respond to environmental cues associated with food reward to optimize nutrient intake. Such appetitive
conditioned stimulus– unconditioned stimulus (CS-US) associations are thought to be encoded in select, stable neuronal popula-
tions or neuronal ensembles, which undergo physiological modifications during appetitive conditioning. These ensembles in the
medial prefrontal cortex (mPFC) control well-established, cue-evoked food seeking, but the mechanisms involved in the genesis of
these ensembles are unclear. Here, we used male Fos-GFP mice that express green fluorescent protein (GFP) in recently behavior-
ally activated neurons, to reveal how dorsal mPFC neurons are recruited and modified to encode CS-US memory representations
using an appetitive conditioning task. In the initial conditioning session, animals did not exhibit discriminated, cue-selective food
seeking, but did so in later sessions indicating that a CS-US association was established. Using microprism-based in vivo 2-Photon
imaging, we revealed that only a minority of neurons activated during the initial session was consistently activated throughout
subsequent conditioning sessions and during cue-evoked memory recall. Notably, using ex vivo electrophysiology, we found that
neurons activated following the initial session exhibited transient hyperexcitability. Chemogenetically enhancing the excitability
of these neurons throughout subsequent conditioning sessions interfered with the development of reliable cue-selective food
seeking, indicated by persistent, nondiscriminated performance. We demonstrate how appetitive learning consistently activates a
subset of neurons to form a stable neuronal ensemble during the formation of a CS-US association. This ensemble may arise from
a pool of hyperexcitable neurons activated during the initial conditioning session.
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Significance Statement

Appetitive conditioning endows cues associated with food with the ability to guide food-seeking, through the formation of a
food-cue association. Neuronal ensembles in the mPFC control established cue-evoked food-seeking. However, how neurons
undergo physiological modifications and become part of an ensemble during conditioning remain unclear. We found that only a
minority of dorsal mPFC neurons activated on the initial conditioning session became consistently activated during conditioning
and memory recall. These initially activated neurons were also transiently hyperexcitable. We demonstrate the following: (1) how
stable neuronal ensemble formation in the dorsal mPFC underlies appetitive conditioning; and (2) how this ensemble may arise
from hyperexcitable neurons activated before the establishment of cue-evoked food seeking.
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Introduction
Through Pavlovian associative learning, a conditioned stimulus
(CS) that reliably predicts food reward (unconditioned stimulus
[US]) is endowed with motivational significance and the ability
to activate and retrieve food memories (Pavlov, 1927; Jansen,
1998; van den Akker et al., 2018). These CS-activated food repre-
sentations can elicit actions to facilitate food procurement. For
animals, this maximizes caloric intake while minimizing time
and energy spent searching for food (MacArthur and Pianka,
1966; Carthey et al., 2011). In humans, food-associated cues can
elicit food cravings and produce eating in the absence of hunger,
which may contribute to eating disorders involving binge eating
(Jansen, 1998; van den Akker et al., 2018). Elucidating the neu-
robiological mechanisms underlying the establishment of appet-
itive CS-US associations is important for understanding both
adaptive and maladaptive eating (Jansen, 1998; van den Akker et
al., 2018).

The motivational functions of CS-activated memory repre-
sentations involve activation of sparse sets of neurons or “neuro-
nal ensembles” in the medial prefrontal cortex (mPFC), a brain
region implicated in various appetitive behaviors (Koya et al.,
2009; Cruz et al., 2013; Riga et al., 2014; Suto et al., 2016; Whita-
ker and Hope, 2018). Accordingly, selective silencing of mPFC
ensembles attenuates cue-evoked food-seeking (Suto et al.,
2016). These findings offer compelling evidence that CS-
activated mPFC ensembles stably encode associative memories
that elicit and guide appetitive performance. The establishment
of an appetitive CS-US association is readily examined using a
Pavlovian conditioning task. In the initial conditioning sessions,
animals do not exhibit discriminated cue-evoked food seeking,
but in later sessions this behavior becomes more discriminated,
indicating an establishment of a CS-US association (Ziminski et
al., 2017). However, we have yet to understand how CS-US en-
coding neuronal ensembles are formed as these associations be-
come established (i.e., as a function of conditioning).

We addressed this issue here by visualizing ensemble forma-
tion and activation patterns across conditioning sessions using
microprism-based 2-Photon (2P) in vivo imaging (Low et al.,
2014). Unlike conventional cranial window 2P imaging, using a
microprism allowed us to access the mPFC. We focused on the
anterior cingulate cortex (ACC) region of the dorsal mPFC

(dmPFC) because it plays a role in facilitating attentional pro-
cesses and discriminating between food-predictive and nonpre-
dictive cues (Parkinson et al., 2000; Cardinal et al., 2002; Totah et
al., 2009; Bryden et al., 2011). Furthermore, we crossed Fos-GFP
and GAD-tdTomato mice to generate Fos-GFP � GAD-tdTomato
(FGGT) mice. These mice express GFP in recently behaviorally
activated (GFP�) neurons with a similar time course to the acute
neuronal activity marker Fos (Barth et al., 2004; Whitaker et al.,
2016; Ziminski et al., 2017). Also, they express the red fluorescent
protein tdTomato in interneurons (Besser et al., 2015). This en-
abled us to selectively track activation patterns of pyramidal cells
(tdTomato�) and interneurons (tdTomato�) across learning
and recall sessions in mice trained on a Pavlovian appetitive con-
ditioning task.

Physiological adaptations in CS-activated ensembles are
thought to play a role in establishing associative memories;
changes in appetitive associative strength modulate ensemble ex-
citability (Whitaker et al., 2017; Ziminski et al., 2017), whereas
the formation of an appetitive association induces synaptic re-
modeling in an ensemble-specific manner (Whitaker et al.,
2016). Similarly, fear conditioning studies have identified a crit-
ical role of increased synaptic strength and connectivity between
learning-activated neurons in the establishment of aversive asso-
ciative memories (Ryan et al., 2015; Choi et al., 2018). However,
we do not know how similar physiological alterations shape re-
cruitment of neuronal ensembles in the dmPFC that encode ap-
petitive CS-US associations. Hence, we compared changes in
excitability, synaptic physiology, and connectivity of behaviorally
activated neurons during the early stages (i.e., before the estab-
lishment of robust CS-evoked food seeking) and late stages of
conditioning. Finally, we directly tested the importance of neu-
ronal excitability changes in conditioned performance using a
chemogenetic (designer receptor exclusively activated by de-
signer drugs [DREADD]) approach.

Materials and Methods
Animals
Heterozygous (het) male Fos-GFP (RRID:IMSR_JAX:014135), Fos-tTa
(RRID:MMRRC_031756-MU), GAD-tdTomato mice (RRID:IMSR_EM:
10422) (Besser et al., 2015) mice were bred onto a C57BL/6 background.
TRE-H2B-GFP (RRID:IMSR_JAX:005104) (Tumbar et al., 2004) mice
previously bred onto a CD-1 background were bred with WT C57BI/6
females obtained from Charles River at the University of Sussex. het
TRE-H2B-GFP mice were bred onto a C57BL/6 background for at least 6
generations before being bred with het Fos-tTA mice to generate double-
transgenic TetTag H2B-GFP mice. Het male GAD-tdTomato were bred
with het Fos-GFP female mice to produce double-transgenic Fos-GFP �
GAD-tdTomato (FGGT ) mice. The Fos-GFP het male mice used to char-
acterize the time course of Fos-GFP expression (see Fig. 2) were bred in a
similar manner at the National Institute on Drug Abuse Intramural Re-
search Program (Bruce Hope laboratory, Baltimore). FGGT male mice
were used for 2P imaging experiments (Experiment 1), Fos-GFP and
TetTag H2B-GFP male mice were used for ex vivo electrophysiology ex-
periments (Experiment 2). Fos-tTa and WT male mice were used for
chemogenetics experiments (Experiment 3). All mice were housed under
a 12 h light/dark cycle (lights on at 7:00 A.M.) at the maintained temper-
ature of 21 � 1°C and 50 � 5% relative humidity. Mice used in the
Fos-GFP expression time course experiment were �20 –25 weeks old at
the time of testing. For Experiments 1–3, mice were 7–13 weeks of age at
the beginning of experimental procedures and were food restricted (90%
baseline body weight) 1 week before behavioral testing until the comple-
tion of behavioral experiments. The Fos-GFP expression time course
experiment was performed according to National Institutes of Health
guidelines under experimental protocols that were approved by the An-
imal Care and Use Committee of National Institute on Drug Abuse In-
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tramural Research Program. Experiments 1–3 were conducted in
accordance with the UK 1986 Animal Scientific Procedures Act and re-
ceived approval from the University of Sussex Animal Welfare and Ethics
Review Board.

Surgical procedures
Microprism implantation in FGGT mice (Experiment 1). At ages 10 –13
weeks, FGGT mice were implanted with a microprism in the mPFC.
Microprism constructs were built by assembling 2 circular glass windows
(5 and 3 mm diameter; #1 thickness, catalog #64-0700 and 64-0720,
Warner Instruments) and a 1.5 mm-coated microprism (model MPCH-
1.5, part #4531-0023, Tower Optics) using optical glue (Norland Optical
Adhesive), such that the microprism rested on the 3 mm window with its
vertical imaging edge on the diameter. Mice were anesthetized with iso-
flurane 3% dilution in O2 (0.8 L/min) and NO2 (0.5 L/min) and main-
tained between 1% and 2% dilution throughout the surgery. They first
received an injection of dexamethasone (Dexadreson, 5 mg/kg, s.c. or
i.m.) to reduce cerebral inflammation. The skin on their scalp was sec-
tioned off, and the skin around the section was glued to the skull (Vet-
bond, 3M). The bone was then scored before a set of custom headbars
was fixed to the skull using dental cement (Unifast TRAD). A 3 mm
circular opening was created in the skull centered at bregma 0.8 mm
(�0.2 mm according to the location of blood vessels).The final area
observable through the microprism spanned approximately from
bregma 0.05 mm to 1.55 mm on the rostrocaudal axis and from 0 to 1.5
mm on the dorsoventral axis (of note, the most dorsal section was usually
obscured by the central sinus). The vast majority of this area constitutes
the ACC of the mPFC (see Fig. 3A) (Paxinos and Franklin, 2001). Micro-
prism implantation occurred similarly as described by Low et al. (2014).
The dura was removed, and the microprism construct was lowered into
the brain using a custom-built holder such that the microprism was
positioned between the hemispheres with the imaging surface placed
against the sagittal surface of one of the hemispheres (see Fig. 3A). The
construct was glued with Vetbond and further fixed with dental cement.
Following implantation, mice received buprenorphine (0.1 �g/kg, i.m.)
and were left to recover in a heated chamber for an hour. Following
surgery, they received 3 d of oral meloxicam (Metacam, Boehringer). All
mice recovered for a minimum of 2 weeks before undergoing any further
procedures. The first imaging session typically occurred 3– 4 weeks fol-
lowing surgery to allow inflammation in the imaging area to subside.

Generation of adeno-associated virus (AAV) particles. All AAV trans-
genes were packaged into AAV capsids, serotype AAV2. HEK293 cells
were cotransfected with the transgene construct plasmid pAAV-PTRE-
tight-hM3Dq-mCherry, which was a gift from Prof. William Wisden
(Zhang et al., 2015) (Addgene, plasmid #66795), the adenovirus helper
plasmid pHelper (Stratagene), and the AAV2 helper plasmid pRC (Strat-
agene) using the calcium phosphate method. The cells were harvested
and pelleted 72 h after transfection and resuspended in lysis buffer (150
mM NaCl, 20 mM Tris, pH 8.0). Benzonase endonuclease (Merck; E1014)
was added, and the cell lysate was incubated at 37°C for 30 min, before
being centrifuged and the supernatant purified by the iodixanol gradient
method. Optiseal tubes (Beckman Coulter; 361625) were prepared with
iodixanol gradients overlaid in the following order; 5 ml 15% in PBS-
MK, 5 ml 25% in PBS-MK with phenol red, 6 ml 40% in PBS-MK, and 9
ml 60% with phenol red. The supernatant was then overlaid and the tube
sealed, then centrifuged at 461,000 � g for 1 h at 18°C. The AAV particles
were collected from the 20% layer by piercing the tube horizontally
with an 18G needle, and concentrated using Amico Ultra-4 (Merck;
UFC810008) at 2000 � g for a minimum of 20 min. The elution was
resuspended with 250 �l dPBS and aliquoted and stored at �80°C. The
final titer was 1.67 � 10 10 copies/ml.

Virus microinjection in the mPFC of Fos-tTa and WT mice (Experiment
3). Seven- to 12-week-old Fos-tTa and WT mice received bilateral injec-
tions of AAV2-TREtight-hM3Dq-mCherry (Zhang et al., 2015) in the
mPFC (coordinates: AP: bregma 1.2, ML �0.5, DV �1.2). Mice were
anesthetized with isoflurane 3% dilution in O2 (0.8 L/min) and NO2 (0.5
L/min) and kept between 1% and 2% dilution throughout the surgery.
Using a mounted drill, openings were created at the anteroposterior and
mediolateral coordinates. Custom-built infusers, assembled from 26G 30

mm and 33G 65 mm stainless-steel tubes (Coopers Needle Works), were
then lowered to the dorsoventral coordinates, and 0.5 �l/hemisphere of
virus was injected at a rate of 0.1 �l/min. The infusers remained in the
brain 7 min before being raised gradually. Mice received meloxicam
(Metacam, Boehringer) orally for 1 d before and 3 d after surgery for
analgesia and reducing inflammation. A week following surgery and for
the duration of the experiment, all mice received doxycycline in their
drinking water (0.1 mg/ml) to prevent any unwanted transgene
expression.

Behavioral experiments
General procedures (Experiment 1–3). Similar behavioral experimental
procedures and apparatus were used as in Ziminski et al. (2017). Briefly,
behavioral experiments were performed in standard mouse conditioning
chambers (15.9 � 14 � 12.7 cm; Med Associates), each fitted with a
recessed magazine that dispensed 10% sucrose solution serving as the US
and a mechanical click generator providing a sound, which served as a
CS. An infrared beam detected head entries into the food magazine. Mice
were randomly assigned to Paired or Unpaired groups that underwent
identical procedures, except that Unpaired mice only received sucrose in
the home cage 1– 4 h at random times before or after each conditioning
(acquisition) session. As such, this group controlled for factors such as
the effects of handling, chamber, and CS and US exposure. One day
following magazine training (in which Paired mice were pretrained to the
sucrose delivery magazine), mice underwent 12 acquisition sessions over
a 7 d period for 1 or 2 sessions per day. Each 25 min acquisition session
consisted of six 120 s CS presentations, separated by 120 s random-
interval intertrial interval (ITI) periods. During each CS period, 10%
sucrose was delivered to the magazine (Paired mice) or was unrewarded
(Unpaired mice) at a random-interval 30 schedule.

Experiment-specific procedures. Time course of Fos-GFP expression
measured by GFP immunofluorescence: Fos-GFP mice in the 1.5, 8, and
18 h condition were initially exposed to a novel context (Plexiglas loco-
motor activity chamber, dimensions 43 (width) � 43 (length) � 30
(height) cm) for 25 min and then remained in their home cages for an
additional 65 min, 7 h 35 min, and 17 h 35 min, respectively, and were
subsequently deeply anesthetized and transcardially perfused with 4%
paraformaldehyde (PFA). Fos-GFP mice in the 0 h condition were tran-
scardially perfused without being exposed to the novel context. GFP
immunofluorescence was performed as described previously (Ziminski
et al., 2017). Unless specified, all steps were performed in room temper-
ature. The 30 �m sections containing the ACC were prepared using a
CM1900 cryostat (Leica Microsystems), and sections were collected in
TBS (0.025 M Tris-HCl, 0.5 M NaCl, pH 7.5). Free-floating sections were
washed in TBS and blocked in 10% normal goat serum (catalog #S-1000,
RRID:AB_2336615; Vector Laboratories) in TBST (TBS, 0.2% Triton
X-100). Next, slices were incubated at 4°C overnight in anti-GFP pri-
mary antibody (catalog #ab13970, RRID:AB_300798; Abcam) diluted
1/16,000 in 3% normal goat serum TBST. The following day, slices were
incubated for 2 h in anti-chicken Alexa-488 (catalog #A-11039, RRID:
AB_2534096, Thermo Fisher Scientific) at 1/200 in TBST. Slices were
mounted on Superfrost Plus slides (catalog #10149870; Thermo Fisher
Scientific), air-dried, and coverslipped with PermaFluor (catalog #TA-
030-FM; Thermo Fisher Scientific).

Fluorescence images of GFP staining from left and right hemispheres
of the dmPFC from two coronal sections per animal, corresponding to
approximately bregma 0.7 and 1.2 (Paxinos and Franklin, 2001), were
captured using a QI click camera (Qimaging) attached to an Olympus
Bx53 microscope. GFP �-immunoreactive nuclei were quantified using
iVision software (version 4.0.15, RRID:SCR_014786; Biovision Technol-
ogies). Layers II/III were selected for this analysis similar to our in vivo
imaging and ex vivo electrophysiology experiments.

Experiment 1 (in vivo imaging). Acquisition sessions proceeded in
Paired and Unpaired groups as described in General procedures with a
protruding feeding port to accommodate mice equipped with a head-
restraint device. For acquisition Sessions 1 (S1), 5 (S5), and 11 (S11),
Unpaired mice received sucrose 10 min before training in their home
cage; for all other sessions, sucrose was delivered at a random time during
the day. Three days following the last acquisition session, mice were
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tested for Pavlovian conditioning with a cue exposure test: both Paired
and Unpaired mice were placed in the conditioning chamber and tested
under extinction conditions for 3 CS presentations.

Experiment 2 (ex vivo electrophysiology). Fos-GFP mice were randomly
assigned to S1 and S11 groups. Mice in the S1 group received only a single
acquisition session (Paired or Unpaired as described in General proce-
dures) following magazine training before being killed for electrophysi-
ology recordings. Unpaired mice received sucrose in their home cage 10
min before this session. Mice in the S11 group received 11 sessions of
conditioning before being killed for electrophysiology recordings. Un-
paired mice received sucrose in their home cage 10 min before this ses-
sion; for all other sessions, it was delivered at a random time. TetTag
H2B-GFP mice received only a single S1 acquisition session (Paired or
Unpaired as described in General procedures) following magazine train-
ing. Likewise, Unpaired mice received sucrose 10 min before the session;
3–7 d following this acquisition session, they were killed for electrophys-
iology recordings.

Experiment 3 (chemogenetics). All mice were trained under Paired con-
ditions, and two main experiments S1 tag and novel context (NC) tag
were performed here. In both experiments, Fos-tTA and their negative,
WT littermates (same genetic background) were injected with AAV2-
TREtight-hM3Dq-mCherry and underwent identical behavioral proce-
dures, except for the tagging session, which could either be a
conditioning session as described in General procedures (S1 tag) or a 25
min novel context exposure (NC tag). Previous studies have shown that
novel context exposure recruits neurons that are unrelated to appetitive
learning (Cruz et al., 2014); thus, this exposure served to tag such neu-
rons here. Immediately following Magazine training, doxycycline was
removed from the drinking water for 48 h, at which point mice under-
went the tagging session to label activated neurons in Fos-tTa mice with
hM3Dq. Importantly, hM3Dq expression persisted many days following
the acquisition and recall sessions (see Fig. 8B), indicating the reliability
of our neuronal manipulation. An hour following this tagging session,
mice received high doxycycline drinking water (1 mg/ml) for 24 h before
undergoing a normal conditioning session and receiving low doxycycline
drinking water (0.1 mg/ml) for the remainder of the experiment. Condi-
tioning sessions then proceeded as described in General procedures until
the completion of a total of 12 conditioning sessions. Mice received
injections of the hM3Dq agonist clozapine (0.1 mg/kg, i.p.) (Gomez et
al., 2017) 15 min before the beginning of every two sessions (see Fig. 8A).
This compound is a metabolite of the widely used hM3Dq agonist clo-
zapine-N-oxide; clozapine has recently been shown to serve as the ago-
nist at hM3Dq (Gomez et al., 2017). Thus, clozapine compared with
clozapine-N-oxide has a direct mode of action at hM3Dq and does not
depend on metabolic function. To habituate mice to injections, 4 or 5
saline injections were delivered to them over the week preceding training.
Three days following the last acquisition session, mice were tested for
Pavlovian conditioning with a cue exposure test: Paired mice were placed
in the conditioning chamber and tested under extinction conditions for
6 CS presentations.

Electrophysiology (Experiment 2)
Brain slice preparation. Ninety minutes following the initiation of S1 or
S11 (Fos-GFP mice) and 3–7 d following the initiation of S1 (TetTag
H2B-GFP mice), mice were deeply anesthetized with ketamine and xyla-
zine and transcardially perfused with ice-cold NMDG-HEPES recovery
aCSF (in mM as follows: 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3,
20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5
CaCl2 � 4H2O, and 10 MgSO4 � 7H2O, bubbled with 95% O2/5% CO2, pH
7.4, 305–310 mOsm/kg) (Ting et al., 2014). The brain was quickly re-
moved and sliced in NMDG-HEPES aCSF on a VT1200S vibratome
(Leica Microsystems) to 250-�m-thick sections between bregma 1.70
and 0.86 mm containing the mPFC. Sections were incubated in 34°C
NMDG-HEPES aCSF for 5 min and transferred to standard recording
aCSF (in mM as follows: 126 NaCl, 4.5 KCl, 1 MgCl2, 2.5 CaCl2, 1.2
NaH2PO4 11 D-(�)-glucose, 26 NaHCO3 bubbled with 95% O2/5%
CO2, pH 7.4) at room temperature for the remainder of the recording
day. Slices were transferred to a recording chamber perfused with 30°C-
32°C standard aCSF at 2–3 ml/min. Neurons were visualized with differ-

ential interference contrast using an Olympus BX51WI microscope
attached to a Revolution XD spinning disk confocal system (252, Andor
Technology) for fluorescence microscopy.

GFP � neurons were identified with a 488 nm excitation wavelength;
neurons that did not express visible GFP were considered to be GFP-
negative (GFP �). Whole-cell recordings on layers II-III dmPFC pyrami-
dal neurons were performed using borosilicate capillary glass pipettes
(1.5 mm outer diameter, 0.86 mm inner diameter) for intrinsic excitabil-
ity and connectivity recordings filled with the following (in mM): 135
K-gluconate, 3 MgCl2, 4 NaCl, 5 HEPES, 5 EGTA, 2 Mg-ATP, 0.3 Na3-
GTP, pH 7.25, and 100 �M Alexa-568 dye (A10437, Thermo Fisher Sci-
entific), and for synaptic recordings (in mM: 0.1 spermine, 120
CsCH3SO3, 5 NaCl, 10 TEA-Cl, 10 HEPES, 1.1 EGTA, 4 MgATP, 0.3
Na-GTP, 0.001 QX314 [lidocaine, Sigma-Aldrich] and 1% biocytin
[Sigma-Aldrich]). Pipette resistances ranged from 4 to 7 M�. Neurons
were confirmed to be GFP � during recording by colocalization of GFP
and Alexa-568. Pyramidal neurons were identified based on their mor-
phology and/or characteristic firing properties (Cao et al., 2009). Data
were collected with a Multiclamp 700B amplifier (Molecular Devices),
A/D board (PCI 6024E, National Instruments), and WinWCP and
WinEDR Software (courtesy of Dr. John Dempster, University of Strath-
clyde, Glasgow, UK; http://spider.science.strath.ac.uk/sipbs/software_
ses.htm). Signals were amplified, filtered at 4 kHz, and digitized at 10
kHz. The Hum Bug noise eliminator (Quest Scientific) was used to re-
duce noise.

Intrinsic excitability recordings. Pyramidal neurons were held at �65
mV for the duration of recording. The current-clamp protocol consisted
of 800 ms positive current injections from �60 pA incrementing in 4 pA
steps. The liquid junction potential was �13.7 mV and was not ac-
counted for. Spike counts were conducted using Stimfit (Guzman et al.,
2014), whereas spike kinetics were analyzed with MiniAnalysis software
(Synaptosoft). For details on spike kinetic analysis, see Table 1.

Synaptic physiology recordings. Recordings were undertaken in the
presence of the GABAA channel blocker picrotoxin (100 �M; Sigma-
Aldrich). sEPSCs were analyzed over a 30 s period with MiniAnalysis.
Responses were evoked using 0.1 ms pulses through bipolar theta glass
pipettes filled with extracellular solution, within 200 �m of the neuron.
Series resistance was monitored using �10 mV voltage steps (100 ms),
and only cells maintaining stable access (�15% change) were included in
the analyses. Paired-pulse ratios (PPRs) were calculated by stimulating
twice in succession and dividing second peak by the first peak (average of
triplicate), across interstimulation intervals of 20, 40, 60, 80, 100, 150,
and 200 ms. AMPA receptor/NMDA receptor (AMPAR/NMDAR) cur-
rent ratios were calculated from the averages of 10 –20 evoked EPSCs at
�40 mV with and without D-APV (50 �M, catalog #HB0225, Hello Bio).
For each neuron, the AMPAR current (with D-APV) was subtracted from
the combined current (without D-APV) to yield the NMDAR current.
AMPAR current peak was divided by NMDAR current peak to yield
AMPAR/NMDAR ratios. Traces in figures have stimulus artifacts re-
moved.

Connectivity recordings. Pairs of pyramidal neurons located within 60
�m were targeted for dual recordings. Single action potentials were elic-
ited from Presynaptic neurons in current-clamp mode using a 5 ms step
current. Postsynaptic neurons were held in voltage-clamp mode at �70
mV. A connection was deemed present when a presynaptic AP elicited an
EPSC response in at least 50% of 50 sweeps. Upon completion of record-
ing, assessment of connectivity was conducted in the opposite direction.

Histology (Experiment 3)
Fos-tTa and WT mice were anesthetized with 200 mg/kg (i.p.) sodium
pentobarbital and transcardially perfused with 4% PFA. To assess
mCherry expression, free-floating sections were washed in TBS (0.025 M

Tris-HCl, 0.5 M NaCl, pH 7.5) and blocked in 10% normal goat serum
(catalog #S-1000, Vector Laboratories, RRID:AB_2336615) in TBST
(TBS, 0.2% Triton X-100). Slices were incubated at 4°C overnight in
anti-mCherry primary antibody (catalog #ab205402, Abcam, RRID:
AB_2722769) diluted 1/2000 in 3% normal goat serum TBST. The fol-
lowing day, slices were incubated 2 h in anti-chicken 568 antibody
(catalog #20104-1, Biotium, RRID:AB_10853460) at 1/200 in TBST.
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Slices were mounted on Superfrost Plus slides (catalog #UY-48512-00,
Cole-Parmer), air-dried, and coverslipped with PermaFluor (catalog
#TA-030-FM; Thermo Fisher Scientific). Fluorescence images of
mCherry staining (see Fig. 7B) from both left and right hemispheres of
the ACC of 2– 4 coronal sections per animal, corresponding approxi-
mately to bregma 1.2 (Paxinos and Franklin, 2001), were captured using
QI click camera (Qimaging) attached to a Bx53 microscope (Olympus).
Fos-tTA mice not expressing mCherry (n 	 2) were excluded from the
study.

In vivo 2P imaging (Experiment 1)
Habituation and imaging sessions. Imaging sessions took place on head-
fixed, awake mice that were able to freely run on a polystyrene cylinder
(see Fig. 3C). For �1 week before the first imaging session, mice were
habituated to being restrained by being head-fixed regularly for progres-
sively increasing durations. Following habituation, the brain surface un-
der the microprism was assessed and 2 or 3 areas of interest were defined.
In each area of interest, z stacks in both the red and green channels were
recorded simultaneously at an excitation wavelength of 970 nm ( power
at the objective: 70 –130 mW; pixel dwell time: �3.9 ns) from the pial
surface to a depth of �300 �m. Each slice of the stack was an average of
two 660.14 � 660.14 �m images (corresponding to 512 � 512 pixels;
pixel size: 1.2695 � 1.2695 �m). Images were captured in predefined
areas of interest using a multiphoton microscope (Scientifica) with a 16�
water-immersion objective (CFI LWD Plan Fluorite Physiology objec-
tive, NA 0.8, WD 3 mm; Nikon) and a Chameleon Vision-S Ti:Sapphire
laser with dispersion precompensation (Chameleon, Coherent). The
software used for recording was ScanImage r3.8 (Pologruto et al., 2003).

Imaging sessions took place 75 min following initiation of the 1st, 5th,
and 11th conditioning session as well as the cue exposure test (see Fig.
3C). Another two imaging sessions took place directly from the home
cage (2–3 d before conditioning and 5– 8 d after the cue exposure test).
Imaging sessions typically lasted 40 min to an hour. Of note, GFP expres-
sion observed during imaging is unlikely to be caused by previous behav-
ioral sessions as imaging took place exclusively following AM sessions,
�18 h from the previous PM session where GFP expression returns to
baseline levels (see Fig. 2A). Due to poor imaging quality on one or
several imaging sessions, 3 mice (1 Unpaired, 2 Paired) were excluded
from image analysis.

Analysis
Image analysis. Initial image processing took place in FIJI ImageJ (Schin-
delin et al., 2012). tdTomato images within a stack were aligned to each
other on x and y axes with MultiStackReg (Thévenaz et al., 1998). The
resulting transformation was then applied to the GFP image stack. Stacks
were aligned between sessions using the Landmark Correspondence pl-
ugin (Stephan Saalfeld, HHMI Janelia Research Campus). A volume
within layers II/III common to all sessions was identified and selected. All
images in the selected stacks were despeckled, and an FFT bandpass filter

(upper threshold 40 pixels, lower threshold 5 pixels) was applied. Local
maxima (noise tolerance: 30 pixels) were identified and the signal within
a disk around the maxima (12 pixel diameter [15.234 �m] for GFP signal
and 16 pixels diameter [20.312 �m] for tdTomato signal) was compared
with the “noise” surrounding it (2.5390-�m-thick band, 1.2695 �m
away from the disk). A cell was considered GFP � or tdTomato � (as
appropriate) if “signal” 
 “noise” � 2.3 SD (noise) for at least two
consecutive slices in the stack (see Fig. 3B). Positive cells were recorded in
an empty 3D matrix the size of the stack, and later the x, y, z coordinates
of each cell were extracted from the matrix using 3D object counter
(Bolte and Cordelières, 2006).

A custom MATLAB (2016a, MathWorks) script defined whether each
cell was a putative interneuron or pyramidal cell according to whether
tdTomato signal was detected in a cell for a majority of recorded sessions.
Repeatedly activated neurons were then identified by sorting cells ac-
cording to their expression in all recording sessions. For each session, a
cell’s x, y, z coordinates were compared with those obtained from previ-
ous sessions. If the x, y, and z coordinates fell within a 20 pixel interval
(25.390 �m) of existing coordinates, it would be considered the same
cell. If several existing coordinates fulfilled this condition, the cell was
assigned to the closest set of coordinates on the x, y plane as defined by
Euclidean distance. If no coordinates fulfilled this condition, the cell was
considered newly activated. To account for interindividual difference in
cell density, GFP expression as well as any possible damages cause by
microprism implantation to the tissue, all variables relating to GFP �

quantification were normalized to the average number of GFP � cells
detected in home cage sessions, which was considered our baseline acti-
vation level (see Fig. 3D).

Experimental design and statistical analysis
In the main text, we report all main and interaction effects that are key to
data interpretation. All data were analyzed using Prism (RRID:
SCR_002798, GraphPad Software) and SPSS (IBM, version 23.0, 2015).
Group data are presented as mean � SEM.

Fos-GFP time course expression data. All sample sizes are detailed in the
Figure 2 legend. The goal of this experiment was to measure the number
of activated neurons expressing GFP in the dmPFC at different time
points following novel context exposure (see Fig. 2A). To this end, Fos-
GFP mice were randomly assigned the 0, 1.5, 8, and 18 h groups. Thus,
depending on condition, Fos-GFP mice in the 1.5, 8, and 18 h condition
were initially exposed to a novel context for 25 min and then re-
mained in their home cages for an additional 65 min, 7 h 35 min, and
17 h 35 min, respectively, and subsequently were deeply anesthetized
and transcardially perfused with 4% PFA. Fos-GFP mice in the 0 h
condition were transcardially perfused without being exposed to the
novel context. Following perfusions, we removed their brains and
processed them for GFP immunohistochemistry. GFP expression

Table 1. Passive and active membrane properties following S1 and S11a

Session 1 (S1) Session 11 (S11)

Unpaired Paired Unpaired Paired

GFP � GFP � GFP � GFP � GFP � GFP � GFP � GFP �

Resting Vm (mV) �69.35 � 0.96 �67.30 � 1.18 �68.73 � 0.69 �68.95 � 0.76 �66.75 � 0.71 �67.16 � 0.52 �68.42 � 0.82 �68.32 � 0.74
Rheobase (pA) 77.33 � 6.83 103.27 � 18.58 121.00 � 16.69 75.14 � 8.24* 82.57 � 14.37 79.20 � 5.36 86.71 � 8.46 91.37 � 10.26
Ri (M�) 160.38 � 9.20 151.10 � 14.11 138.48 � 13.81 193.82 � 15.19** 181.62 � 21.67 143.14 � 9.01 165.31 � 13.39 161.89 � 8.70
AP peak (mV) 67.00 � 4.47 66.38 � 3.26 68.71 � 2.37 65.76 � 3.53 68.40 � 2.66 70.61 � 2.22 67.19 � 2.47 73.40 � 2.23
AP half-width (ms) 1.30 � 0.09 1.33 � 0.07 1.21 � 0.04 1.21 � 0.05 1.28 � 0.04 1.32 � 0.04 1.33 � 0.05 1.34 � 0.04
Threshold (mV) �36.51 � 0.85 �36.06 � 1.47 �34.36 � 1.00 �36.57 � 0.94 �35.46 � 0.74 �36.43 � 0.77 �35.86 � 0.65 �38.39 � 0.54
fAHP (mV) �3.01 � 0.40 �2.48 � 0.35 �3.33 � 0.42 �3.72 � 0.47 �4.10 � 0.52 �3.69 � 0.48 �2.01 � 0.30 �3.56 � 0.42*
mAHP (mV) �11.12 � 0.68 �9.93 � 0.69 �11.91 � 0.54 �10.51 � 0.44 �11.54 � 0.86 �10.37 � 1.32 �9.39 � 0.63 �11.47 � 0.48
aElectrophysiological properties of GFP � and GFP � pyramidal cells from Paired and Unpaired mice across conditioning sessions. Data are mean�SEM. Liquid junction potential was�13.7 mV and was not adjusted for. Spike characteristics
were determined from a single action potential (AP). When a doublet was elicited, the second spike was analyzed. Input resistance Ri was calculated from the slope of the I–V curve measured in response to 4 pA current steps ranging from
�60 to 40 pA. Spike threshold was measured using the third differential with Mini Analysis software. The AP peak was calculated as the difference between the AP peak and AP threshold. Half-width was measured as the AP width at
half-maximal spike. Postspike fast and medium afterhyperpolarizations (fAHPs and mAHPs) were measured �3 and �40 ms following the AP threshold, respectively. Sidak post hoc tests between GFP � and GFP � are indicated.

*p � 0.05. **p � 0.01.
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data were analyzed using a one-way ANOVA in Prism, followed by
post hoc testing (Sidak correction).

Experiment 1: behavior and in vivo 2P imaging. All sample sizes are
detailed in the Figures 1, 3, and 4 legends. The broad aim of this experi-
ment was to characterize Fos-GFP expression patterns in activated pyra-
midal cells (Fos-GFP �/tdTomato � cells) and interneurons (Fos-GFP �/
tdTomato � cells) as a function of appetitive conditioning and memory
recall (see Figs. 3, 4). To this end, FGGT mice were randomly divided into
Paired (conditioned) and Unpaired (control) groups, then underwent
behavioral training (see Fig. 1) and 2P imaging following S1, S5, and S11
of conditioning and a test for Recall (see Figs. 3C, 4).

First, to determine whether Paired FGGT mice acquired a CS-US as-
sociation, we measured head entries into the sucrose delivery magazine
during the CS (cue-on) and ITI (no cue) periods (see Fig. 1 A, B). These
data were analyzed using a three-way mixed ANOVA using the factors
Cue (cue-on, no cue), Session, and Group (Paired, Unpaired; Fig. 1B).
Additionally, for the Paired group only, we calculated selectivity indices
(CS entries � ITI entries)/Total entries) and analyzed them using one-
way repeated-measures ANOVA in SPSS (see Fig. 1D). A proportion of
mice from these groups were randomly selected to undergo cue-evoked
food seeking in Recall (see Fig. 1C). These data were analyzed using a
two-way mixed ANOVA in Prism using the factors Cue and Group.
Following the two-way mixed ANOVA, a further post hoc test was per-
formed (Sidak correction) since an interaction was observed ( p � 0.05).

We performed 2P imaging of GFP � pyramidal cells and interneurons
during baseline, conditioning, and Recall. Pyramidal cells and interneu-
rons are affected differently by glutamatergic signaling (Riebe et al.,
2016), suggesting distinct Fos induction thresholds; as such, they were
analyzed separately. Due to poor imaging quality on one or several im-
aging sessions, 3 mice (1 Unpaired, 2 Paired) were excluded from image
analysis. To determine whether baseline GFP � counts for pyramidal cells
and interneurons were similar between groups, we examined the number
of GFP � neurons per mm 3 with a two-way mixed ANOVA using the
factors Group and Session in Prism (see Fig. 3D). Subsequent GFP �

counts were normalized to this baseline. To examine whether the num-
ber of GFP � neurons were modulated as a function of conditioning, we
performed two-way mixed ANOVAs using the factors Group � Session
in Prism (see Fig. 4A). We also examined whether conditioning modu-
lated the number of repeatedly activated neurons according to their S1
activation history (S1 �� S5 � S11 �, S1 � S5 � S11 �), and performed
two-way mixed ANOVAs using the factors Activation History and Group
in Prism (see Fig. 4C). Following two-way mixed ANOVAs, further post
hoc tests were performed (Sidak correction) if an interaction was ob-
served ( p � 0.05). The results from the Recall test were analyzed for
differences in Fos-GFP � neurons using t tests in Prism (see Fig. 4E).
Additionally, to determine whether conditioning modulated the number
of recall-activated GFP � neurons with a repeated activation history dur-
ing conditioning according to their S1 activation (S1 �� S5 � S11 � R � or
S1 �� S5 � S11 � R �), we performed two-way mixed ANOVAs using the
factors Activation history and Group (see Fig. 4F ). Further post hoc tests
were performed (Sidak correction) if an interaction was observed ( p �
0.05). Also, to better characterize the proportion of neurons recruited in
S1 and Recall according to their subsequent (see Fig. 4D) and previous
reactivation patterns (see Fig. 4G), as well as characterizing the reactiva-
tion of repeatedly activated neurons (S1 �� S5 � S11 �) in Recall (see Fig.
4H ), � 2 tests were performed on pooled neurons (Activation history �
Group) in SPSS and further post hoc procedures (Bonferroni correction)
(Beasley and Schumacker, 1995) performed if a significant interaction
was observed ( p � 0.05).

Experiment 2: ex vivo electrophysiology. All sample sizes are detailed in
the legends of Figures 5, 6, and 7. The purpose of the electrophysiological
experiments was to reveal the intrinsic, synaptic, and connectivity prop-
erties of recently activated GFP � neurons and their surrounding GFP �

neurons following the early (S1) and late (S11) phases of conditioning.
Similar to Experiment 1, Fos-GFP and TetTag H2B-GFP mice were ran-
domly assigned into Paired (conditioned) and Unpaired (control)
groups and underwent identical behavioral training procedures. At 1.5 h
following training session onset at S1 or S11 (Fos-GFP mice) and 3–7 d
following S1 (TetTag H2B-GFP mice), their brains were removed for

electrophysiological analyses. Spike counts (see Fig. 5A–C) were analyzed
separately at S1 and S11 (unless specified otherwise in text), using three-
way mixed ANOVAs, including the factors Group, GFP (GFP �, GFP �),
and a repeated-measures factor of Current (12 pA increments) in SPSS.
Other intrinsic active and passive membrane properties (Tables 1, 2) and
synaptic properties (AMPAR/NMAR ratio, sEPSC amplitude and fre-
quency; see Fig. 6A–C) were analyzed using two-way ANOVAs with
Group and GFP as factors, with S1 and S11 analyzed separately in Prism.
PPRs were analyzed using a three-way mixed ANOVA, including the
factors Group, GFP, and interstimulus interval (20, 40, 60, 80, 100, 150,
and 200 ms) in SPSS (see Fig. 6D). Connectivity (see Fig. 7) was deter-
mined using Fisher’s Exact test on 2 � 2 frequency matrices (column:
Paired, Unpaired; row: Connected, Unconnected) separately for each
pair type (�/�, �/�, �/�) and session condition (S1, S11) in SPSS.
Average connectivity was calculated as follows: (sum of all connected
pairs/total connections tested) � 100. Outliers were detected using
GRUBBS detection test (� 	 0.05) in Prism and excluded from analyses.
Post hoc tests were conducted using a Sidak’s multiple-comparisons test,
if significant interactions were observed.

Experiment 3: DREADD manipulation of S1- and NC-tagged neurons.
All sample sizes are detailed in the Figure 8 legend. The goal of this experi-
ment was to examine the behavioral effects of chemogenetically, repeatedly
increasing the excitability of S1-tagged (activated) neurons on appetitive
conditioning. The experimental timeline is shown in Figure 8A. To this end,
Fos-tTA mice and their negative, WT littermates were injected with AAV2-
TREtight-hM3Dq-mCherry in the dmPFC for two separate experiments, S1
tag and novel context or NC tag (to rule out effects of general tagging).
Fos-tTA and WT mice were randomly assigned to the S1 and NC tag condi-
tions. Data from these conditions were analyzed separately.

To determine whether repeated hM3Dq activation of S1- and NC-
tagged neurons via clozapine modulated conditioning, head entries (see
Fig. 8 D, G) were analyzed using three-way mixed ANOVAs using the
factors Genotype (Fos-tTA, WT), Cue, and Session in SPSS, and the
Selectivity Index data (see Fig. 8C,F ) were analyzed using two-way mixed
ANOVAs using the factors Genotype and Session in Prism. Following
two-way mixed ANOVAs, further post hoc tests were performed (Sidak
correction) if an interaction was observed ( p � 0.05). To test the effects
of repeated hM3Dq activation on cue-evoked food-seeking during Re-
call, head entries were analyzed using two-way mixed ANOVAs using the
factors Genotype and Cue in Prism (see Fig. 8 E, H ).

Results
Appetitive conditioning shapes CS-selective approach
behaviors in FGGT mice
Microprism-implanted Fos-GFP � GAD-tdTomato (FGGT)
mice were trained on a simple appetitive conditioning task (Fig.
1A) under freely moving conditions. Across the 12 acquisition
sessions (1 or 2 sessions per day), mice assigned to the Paired
group received repeated trials during which an auditory cue (CS)
was paired with liquid sucrose delivery (US). Mice in the Un-

Table 2. Passive and active membrane properties from TetTag H2B-GFP mice 3–7 d
following S1a

H2B-GFP

Unpaired Paired

GFP � GFP � GFP � GFP �

Resting Vm (mV) �66.42 � 0.67 �68.19 � 1.00 �66.37 � 0.79 �66.63 � 0.56
Rheobase (pA) 76.92 � 3.63 76.57 � 4.47 77.00 � 6.52 67.38 � 4.43
Ri (M�) 177.11 � 9.04 200.33 � 7.57 195.55 � 9.74 216.52 � 9.22
AP peak (mV) 63.38 � 2.27 58.62 � 2.55 62.09 � 2.24 61.44 � 3.19
AP half-width (ms) 1.36 � 0.05 1.30 � 0.05 1.42 � 0.04 1.34 � 0.05
Threshold (mV) �34.62 � 0.64 �33.57 � 0.57 �34.64 � 0.54 �34.70 � 0.71
fAHP (mV) �4.27 � 0.43 �3.87 � 0.48 �3.71 � 0.44 �4.36 � 0.50
mAHP (mV) �12.62 � 0.85 �11.00 � 0.78 �12.75 � 1.07 �11.41 � 2.22
aElectrophysiological properties of H2B-GFP � and H2B-GFP � neurons from Paired and Unpaired mice. Data are
mean � SEM.
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paired (control) group received an equal number of CS presen-
tations in the conditioning chamber, but received sucrose in their
home cage only. As such, this group controlled for factors, such as
the effects of handling, and exposure to the conditioning cham-
ber, CS and US. Three days following the last acquisition session,
mice were tested on a CS-US memory recall test conducted under
extinction conditions (Fig. 1A). Similar to our recent study (Zim-
inski et al., 2017), initial analysis of acquisition and recall test
performance revealed significant interaction effects of Cue �
Session � Group (Fig. 1B; F(11,220) 	 5.94, p � 0.001) and
Group � Cue (Fig. 1C; F(1,11) 	 15.46, p � 0.01), respectively,
indicating cue-selective approach responding or food seeking
during the CS versus the ITI (no cue) periods. We further as-
sessed conditioning performance by calculating a Selectivity In-
dex (Fig. 1D) by subtracting ITI from CS-trial head entry counts
and normalizing to total head entries. During acquisition, there
was a significant effect of Session (F(11,121) 	 9.50, p � 0.001) in
the Paired group, indicating that Paired mice came to selectively
respond to the CS as a function of training.

The time course of Fos-GFP expression
In Fos-GFP mice, a transgene containing a c-fos promoter drives
expression of a gene encoding a fusion protein of Fos and GFP,
Fos-GFP, in behaviorally activated neurons (Barth et al., 2004;
Koya et al., 2012). We characterized the time course of GFP
expression in the dmPFC following 0, 1.5, 8, and 18 h exposure
to a novel context (locomotor activity chamber). A one-way
ANOVA followed by post hoc testing revealed that GFP expres-
sion was significantly elevated at 1.5 compared with 0, 8, and
18 h and that there were no differences between the 0, 8, and
18 h groups (F(3,15) 	 19.72, p � 0.001; Fig. 2A). Thus, GFP
expression peaked at 1.5 h and returned to baseline levels at 8
and 18 h. These and other findings (Barth et al., 2004; Cifani et
al., 2012) further validate the use of Fos-GFP as a recent, but
not a remote marker, of neuronal activity. Hence, we per-
formed our in vivo imaging and ex vivo electrophysiological
characterization of Fos-GFP-expressing neurons following
�1.5 h from the initiation of behavioral testing.

As the CS-US association is established, a stable neuronal
ensemble is recruited from a wider pool of neurons activated
in the initial conditioning session
We used 2P imaging in microprism-implanted FGGT mice to
characterize activation among pyramidal cells (tdTomato�) and in-
terneurons (tdTomato�) in layers II/III of the dmPFC (Fig. 3A–C).
To assess baseline GFP expression, we first examined the number of
GFP� pyramidal cells and interneurons per mm3 in mice that have
been in the home cage (HC) for at least 24 h. Imaging sessions were
conducted both before (HC1) and after (HC2) mice underwent be-
havioral training. We observed no significant interaction effect of
Group � Session for pyramidal cells (F(1,17) 	 0.02, p 	 0.89) and
interneurons (F(1,17) 	 1.84, p 	 0.19; Fig. 3D). Thus, behavioral
training did not modulate baseline GFP expression for both cell
types. In further analyses, to account for interindividual differences
in cellular density and GFP expression, the number of HC1 and HC2
GFP� pyramidal cells and interneurons were averaged for each
mouse and used to normalize subsequent GFP� cell counts.

Approximately 80 –90 min following the initiation of the 1st,
5th, and 11th acquisition sessions and the recall session, we used

Figure 1. Experimental timeline and conditioned approach performance in FGGT mice. A, Timeline of conditioning and imaging sessions (1 or 2 sessions per day). B, Head entries into the
magazine during the CS (cue-on) compared with ITI (no cue) periods as a function of conditioning session. C, Approach responses during CS and ITI trials during the test for recall by Paired and
Unpaired groups. D, Selectivity Index (CS-ITI/total number head entries) of Paired mice during Acquisition and Recall. Data are mean � SEM. ***p � 0.001. Paired (P), n 	 12; Unpaired (UP), n 	
10. Paired (P), n 	 6; Unpaired (UP), n 	 6 for Recall.

Figure 2. dmPFC Fos-GFP expression peaks at 1.5 h and returns to baseline at 8 and 18 h. A,
Time course of GFP expression and approximate location of cell counts. Data are from naive
Fos-GFP mice that were perfused at 0, 1.5, 8, and 18 h following exposure to a novel context. B,
Representative images of GFP labeling from the dmPFC. White arrows indicate Fos-GFP � cells.
Dashed white line indicates position of midline. Data are mean � SEM. ***p � 0.001 (n 	 5,
5, 5, and 4 mice for 0, 1.5, 8, and 18 h groups, respectively).
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2P imaging to characterize neuronal activation patterns among
pyramidal cells and interneurons in the dmPFC (Fig. 3A–C).
Hence, the observed GFP expression reflects neuronal activity of
the dmPFC during the behavioral sessions under freely moving
conditions. We first assessed the overall number of strongly acti-
vated, GFP� pyramidal cells and tdTomato� interneurons on
the 1st (S1), 5th (S5), and 11th (S11) conditioning sessions (Fig.
4A), which occurred 2–3 d apart from each other (since 1 or 2
sessions are conducted per day). No significant interactions of
Group � Session were observed in pyramidal cells (F(2,34) 	 0.20,
p 	 0.82) or interneurons (F(2,34) 	 0.06, p 	 0.95), indicating
that the total number of activated neurons across acquisition
sessions did not fluctuate as a function of conditioning for either
cell type in the dmPFC.

Repeated, persistent activation of the same set of neurons in
the nucleus accumbens underlies conditioning using a drug re-
ward, suggesting that such neurons with repeated activation his-
tory encode associative information (Mattson et al., 2008).
Moreover, activity in the motor cortex early in learning of a sim-
ple motor task is a critical determinant for ensemble consolida-
tion (Cao et al., 2015). Thus, we investigated whether appetitive
Pavlovian conditioning preferentially recruits a learning-relevant,
repeatedly activated ensemble from a wider pool of candidate

neurons activated at S1, before the development of a robust CS-
evoked food seeking response. To this end, Unpaired and Paired
groups were assessed and compared for the number of GFP�

neurons in two distinct Activation History categories: neurons
that were persistently activated (�) in S5 and S11, following ac-
tivation in S1 (S1�� S5� S11�), or neurons activated in S5 and
S11, but that were not activated on the initial conditioning ses-
sion (S1�� S5� S11�; Fig. 4B,C). In pyramidal cells, there was a
significant interaction effect of Activation History � Group
(F(1,17) 	 5.97, p � 0.05), followed by a significant main effect of
Activation History (F(1,17) 	 61.75, p � 0.001), but not Group
(F(1,17) 	 1.17, p 	 0.29). Conversely, there was no significant
interaction effect of Activation History � Group in interneurons
(F(1,17) 	 0.17, p 	 0.68), but a significant main effect of Activa-
tion History (F(1,17) 	 8.10, p � 0.05), but not Group (F(1,17) 	
1.10, p 	 0.31). Hence, conditioning recruited a repeatedly acti-
vated ensemble from a pool of pyramidal cells activated in S1.

Having established the relevance of S1 activation to the devel-
opment of a neuronal ensemble as a function of conditioning, we
wanted to better characterize neurons recruited in S1 and in par-
ticular, their subsequent reactivation patterns (Fig. 4D). To this
end, we assessed the proportion of S1-activated neurons that were
reactivated in S5 only (S1�� S5� S11�), S11 only (S1�� S5� S11�),

Figure 3. Experimental timeline, methods of 2P imaging, and baseline Fos-GFP expression. GFP expression was longitudinally monitored in pyramidal cells and interneurons. A, Microprism
placement for dmPFC imaging. B, Representative in vivo 2P image of dmPFC from Fos-GFP � GAD-tdTomato (FGGT ) mice. Green arrow indicates GFP. Gray arrow indicates tdTomato. Blue arrow
indicates GFP �tdTomato. GFP � neurons were selected by comparing Signal intensity with Background. C, Imaging timeline and schematic representation of imaging session in head-fixed mice
following behavioral training under freely moving conditions (S1, S5, S11, and Recall) or from home cage (HC1, HC2). D, Number of GFP � pyramidal cells (green) and interneurons (red) per mm 3

in imaging sessions taking place directly from home cage both before (HC1) and after (HC2) behavioral training. Data are mean � SEM. Paired (P), n 	 10; Unpaired (UP), n 	 9.
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or S5 and S11 (S1�� S5� S11�) as well as neurons activated in S1
but not S5 and S11 (S1�� S5� S11�). During conditioning, there
was a significant interaction of Activation History � Group for
both pyramidal cells (� 2

(3) 	 58.98, p � 0.001) and interneurons
(� 2

(3) 	 41.63, p � 0.001). Of note, there was a significantly higher
proportion of S1�� S5� S11� neurons reactivating in Paired
mice compared with Unpaired mice (p � 0.05) for both pyrami-
dal cells and interneurons. Furthermore, only 29% of S1-
activated neurons were recruited into the persistently activated
ensemble (S1�� S5� S11�).

We also characterized neuronal activation patterns of pyrami-
dal cells and interneurons following the Recall test (Fig. 4E). We
observed a significantly higher number of pyramidal cells re-
cruited following Recall in Paired mice compared with Unpaired
mice (t(10) 	 2.40, p � 0.05). We did not observe a significant
effect in interneurons (t(10) 	 0.67, p 	 0.52).

Next, we compared the number of GFP� neurons activated
during the test for recall with a S1�� S5� S11� or S1�� S5� S11�

activation history (Fig. 4F). In pyramidal cells, there was a signif-
icant interaction effect of Activation History � Group (F(1,10) 	

Figure 4. Conditioning and memory recall recruit a stable pyramidal cell (PC) ensemble from the initial acquisition session. A, Normalized GFP � counts of PCs (green) and interneurons (IN) (red)
during acquisition sessions. B, Representative image of longitudinal GFP imaging (S1 and S5). Green arrow indicates S1 ��S5 � neurons. Gray arrow indicates S1 ��S5 � neurons. C, Normalized
GFP � counts of PCs and INs with an S1 (���) or no S1 (���) activation history. D, Distribution of GFP � PCs and INs activated during S1 classified according to their subsequent reactivation
patterns (S1 ��S5 �,S11 �; S1 ��S5 �, S11 �; S1 ��S5 �, S11 �; S1 ��S5 �,S11 �) for Paired and Unpaired mice. E, Normalized GFP � counts of PCs and INs following the test for memory recall.
F, Normalized GFP � counts of PCs and INs recruited during the test for recall that had been persistently activated during training, as a function of their S1 activation history (��� R or ���
R). G, Distribution of GFP � PCs and INs activated during the test for recall, classified according to their activation patterns from S1 onwards in Paired and Unpaired mice. Other, Neurons recruited
during recall that did not demonstrate activation histories of interest (e.g., S1 ��S5 �, S11 �). H, Proportion of S1 ��S5 � S11 � PCs and INs that were reactivated in Recall for Paired and Unpaired
mice. Data on bar graphs are mean � SEM. Normalization of GFP � counts was performed using the average number of GFP � neurons in HC (number of GFP � cells/average number of GFP � in
HC) �100). Interaction effect: #p � 0.05. Post hoc analysis: **p � 0.01. Paired (P), n 	 10; Unpaired (UP), n 	 9 for acquisition; Paired (P), n 	 6; Unpaired (UP), n 	 6 for Recall.
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7.65, p � 0.05), and main effects of Activation History (F(1,10) 	
155.3, p � 0.001) and Group (F(1,10) 	 5.90, p � 0.05). Post hoc
testing revealed a significant increase in the number of S1�� S5�

S11� neurons activated during Recall (S1�� S5� S11� R�) in
Paired mice compared with Unpaired mice (p � 0.01). There was
no significant interaction of Activation History � Group in in-
terneurons (F(1,10) 	 0.24, p 	 0.64), but a significant main effect
of Activation History (F(1,10) 	 44.69, p � 0.001), but not Group
(F(1,10) 	 1.93, p 	 0.20). Thus, similar to the conditioning phase,
memory recall recruited an ensemble that was persistently acti-
vated from a pool of pyramidal cells activated in S1.

We also assessed the proportion of Recall-activated neurons
that had been repeatedly reactivated in Acquisition following ac-
tivation in S1 (S1�� S5� S11�, S1�� S5� S11�, and S1�� S5�

S11�; Fig. 4G). There was a significant interaction of Activation
History � Group for both pyramidal cells (� 2

(3) 	 77.51; p �
0.001) and interneurons (� 2

(3) 	 13.54; p � 0.001). Notably, there
was a significantly higher proportion of Recall-activated pyrami-
dal cells, and interneurons also activated in Acquisition S1, S5,
and S11 in Paired mice compared with Unpaired mice (p � 0.05).
There was also a higher proportion of pyramidal cells with a S1��
S5� S11� history, suggesting that S1 recruitment may be in-
volved in conditioning-specific activation dynamics beyond the
recruitment of a stable ensemble. Furthermore, only 23% of
Recall-activated pyramidal cells exhibited a repeated activation
history during conditioning (S1�� S5� S11�).

Of note, 65% (UP) to 66% (P) of pyramidal cells and 61%
(UP) to 63% (P) of interneurons that were repeatedly activated in
acquisition (S1��S5� S11�) were reactivated in Recall (Fig. 4H).
There was no significant interaction of Group � Activation his-
tory for pyramidal cells � 2

(1) 	 0.42, p 	 0.52) or interneurons
� 2

(1) 	 0.55, p 	 0.46), suggesting that conditioning does not
modulate the likelihood of reactivation of persistently activated
neurons in Recall. A point to consider here is that, while a similar
proportion of persistently activated neurons are reactivated in
Recall in both groups, this reflects a greater number of these
persistently activated neurons in the Paired group compared with
the Unpaired group following conditioning.

Together, we demonstrate that, during the establishment and
recall of a CS-US association, a stable neuronal ensemble is re-
cruited in the mPFC from a pool of pyramidal cells that were
initially activated in S1, when the acquisition of robust CS-US
representations is yet to occur. Thus, activation in early learning
may be a factor in allocating neurons to a stable conditioning
specific ensemble.

Activation of a hyperexcitable pool of neurons following the
initial conditioning session
Having established activation at S1 as a potential factor that mod-
ulates recruitment of neurons into an ensemble, we next deter-
mined the physiological properties of pyramidal cells activated
during the initial conditioning session, before the development of
cue-selective food seeking. The regulation of GFP�/GFP� excit-
ability is thought to improve the signal-to-noise ratio of activated
ensemble neurons (Whitaker and Hope, 2018). Thus, we initially
analyzed the excitability of GFP� and GFP� pyramidal cells in
Paired and Unpaired Fos-GFP mice 90 min following initiation of
S1 and observed significant alterations in firing capacity across
groups (Fig. 5A; Group � Cell type � Current F(12,600) 	 6.38,
p � 0.001). Further analysis revealed a significant difference in
excitability between GFP� and GFP� neurons in Paired (Cell
type � Current, F(12,348) 	 9.42, p � 0.001), but not Unpaired
mice (Fig. 5A; F(12,252) 	 0.69, p 	 0.76). We then examined the

underlying intrinsic adaptations that may contribute to the in-
creased firing capacity of GFP� neurons (Table 1). In Paired mice
only, the input resistance (Ri), as measured by shifts in the
current-voltage ( I–V) curves of GFP� neurons, increased fol-
lowing S1 (Group � Cell type � Current, F(25,1200) 	 3.81, p �
0.001; Paired: Cell type � Current, F(25,700) 	 6.85, p � 0.001).
Similarly, we observed a decrease in the rheobase or current nec-
essary to elicit an action potential (Group � Cell Type, F(1,49) 	
6.64, p � 0.05). We observed no other interaction effects for the
action potential peak, half-width, threshold, or afterhyperpolar-
ization (both fast and medium). Together, S1 activated a pool of
GFP� neurons that were hyperexcitable compared with GFP�

neurons. This hyperexcitability is associated with conditioning,
as it was not observed in GFP� neurons of control mice that
received unpaired presentation of sucrose and the cue.

Next, we determined whether the hyperexcitability of neu-
rons activated on S1 persisted across days following acquisi-
tion (Fig. 5C). To address this question, we tagged neurons
activated following S1 in Paired and Unpaired TetTag H2B-
GFP mice (Tayler et al., 2013) and measured their intrinsic
excitability 3–7 d following training under baseline condi-
tions.

We observed no selective alterations in firing capacity
(Group � Cell type � Current, F(12,588) 	 1.77, p 	 0.97) nor any
significant interactions of Group � Cell Type for all other intrin-
sic properties (Table 2). We did observe a main effect of Cell Type
in the firing capacity (F(12,588) 	 3.62, p � 0.001) associated with
an increase in the I–V curves of H2B-GFP� neurons (F(25,1225) 	
5.01, p � 0.001), indicating that behaviorally activated dmPFC
neurons generally exhibit a mild increased baseline excitability
(Fig. 5C; Table 2). Thus, although we did not examine excit-
ability properties related to acute behavioral arousal immedi-
ately following S1 in TetTag H2B-GFP mice, together with the
Fos-GFP mice, findings from S1 suggests that the hyperexcit-
ability of the S1-activated neuronal pool is not persistently
maintained.

We next determined the excitability properties of neurons
activated in late conditioning following S11. We analyzed the
excitability of GFP� and GFP� pyramidal cells following S11.
We observed no alterations in firing capacity across groups (Fig.
5B; Group � Cell type � Current, F(12,744) 	 1.21, p 	 0.27). We
did observe a significant interaction effect in the I–V curves
(Group � Cell type � Current, F(25,1550) 	 2.16, p � 0.001),
underpinned by a GFP� increase in Unpaired mice (Cell type �
Current, F(25,700) 	 2.93, p � 0.001) and a significant fast after-
hyperpolarization interaction (Group � Cell Type, F(1,61) 	 4.73,
p � 0.05) driven by a GFP� decrease in Paired (p � 0.05) but not
Unpaired (p 	 0.50) mice, suggesting that some modulation of
underlying parameters did occur (Table 1). We detected no other
interaction effects in any other measured electrophysiological
properties.

To confirm that the hyperexcitability of activated neurons we
had observed in S1 was transient, we directly compared the firing
capacity of GFP� and GFP� neurons across S1 and S11 in Paired
mice. As expected, we observed a significant change in firing
capacity between S1 and S11 (Session � Cell type � Current,
F(12,756) 	 4.38, p � 0.001). This was driven by an increase in the
excitability of GFP� neurons in S1 compared with S11 (F(12,384)

	 2.70, p � 0.01) concurrent with a decrease in the excitability of
GFP� neurons (F(12,372) 	 1.81, p � 0.05). Underpinning this
alteration was a shift in the I–V curves of Paired mice (Fig. 5A,B,
inset; Session � Cell type � Current, F(25,1550) 	 5.02, p � 0.001),
due to an increase in GFP� neurons (F(25,800) 	 3.34, p � 0.001)
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and a decrease in GFP� neurons (F(25,750) 	 1.89, p � 0.01). We
also observed a significant change in the medium afterhyperpo-
larization (Session � Cell Type, F(1,62) 	 10.50, p � 0.01) deter-
mined by an increase in GFP� neurons (p � 0.05) but not GFP�

neurons at S1.
In the Unpaired group, we observed no significant changes in

firing capacity of GFP� and GFP� neurons between S1 and S11
(Group � Cell type � Current, F(12,588) 	 0.88, p 	 0.57). We did
observe an interaction effect on S1 and S11 I–V curves (Fig. 5A,B,
inset; Session � Cell type � Current, F(25,1200) 	 1.54, p � 0.05),
underpinned by an increase in GFP� (F(25,575) 	 3.13, p � 0.001)
but not GFP� (F(25,625) 	 0.45, p 	 0.99) neurons and in the
rheobase (F(1,62) 	 4.79, p � 0.05). Together, our findings reveal
how hyperexcitability in behaviorally activated neurons occurs
via bidirectional modulation of excitability in activated and non-
activated neurons.

Conditioning-selective synaptic
alterations are not observed in neurons
activated in S1 and S11
Alterations in synaptic strength are thought
to encode associative memories (Takeu-
chi et al., 2014). We therefore examined
glutamatergic presynaptic and postsynap-
tic function in GFP� and GFP� neurons
following S1 and S11. We assessed synap-
tic strength using the AMPAR/NMDAR
ratio, sEPSC, and presynaptic release
properties using PPRs. AMPAR/NMDAR
ratios (Fig. 6A; Group � Cell Type, F(1,19) 	
0.39, p 	 0.54), sEPSC frequency (Fig. 6B;
Group � Cell Type, F(1,73) 	 1.75, p 	
0.19), and amplitude (Fig. 6C; Group �
Cell Type, F(1,73) 	 0.74, p 	 0.39), and
PPRs (Fig. 6D; Stimulus Interval �
Group � Cell Type, F(6,156) 	 0.38, p 	
0.89) were not modulated in S1.

Equally, following S11, we measured
no significant interaction for AMPAR/
NMDAR ratios (Fig. 6A; Group � Cell
Type, F(1,19) 	 0.01, p 	 0.92), although
there was a main effect of Cell Type (F(1,19)

	 5.66, p � 0.05). Furthermore, we found
no interaction effects for the sEPSC fre-
quency (Fig. 6B; Group � Cell Type,
F(1,76) 	 0.20, p 	 0.66) or amplitude (Fig.
6C; Group � Cell Type F(1,76) 	 0.05, p 	
0.83). However, we detected a main effect
of Cell Type on the sEPSC frequency (Cell
Type, F(1,76) 	 12.41, p � 0.001). This fre-
quency alteration was not due to changes
in presynaptic function (Fig. 6D; Stimulus
Interval � Group � Cell Type, F(6,150) 	
1.01, p 	 0.42).

Connectivity changes are not observed
in neurons activated in S1 and S11
Increased connectivity between neurons
is thought to facilitate the establishment
of CS-US representations (Ryan et al.,
2015; Choi et al., 2018). We thus targeted
GFP� and GFP� neurons with paired
electrophysiological recordings to deter-
mine whether appetitive conditioning in-

creased ensemble connectivity. We analyzed the probability of a
connection between GFP� to GFP� (�/�), GFP� to GFP�

(�/�) and GFP� to GFP� (�/�) neurons across groups on S1
and S11 (Fig. 7A). Average connectivity probability was 9.88%
between pyramidal pairs, in line with previous reports (Markram
et al., 1997). We observed no change in connection probability
between any neuron type in S1 and S11 (Fisher’s exact test;
Group � Connection, S1: �/�, p 	 0.61; �/�, p 	 0.23; �/�,
p 	 0.34; S11: �/�, p 	 1.00; �/�, p 	 1.00; �/�, p 	 1.00;
Fig. 7B).

Persistent excitability enhancement of S1-activated neurons
impairs learning
Neurons activated during S1 were hyperexcitable when mice did
not exhibit cue-selective food seeking. To examine their behav-
ioral role, we tagged neurons activated during S1 with the excit-

Figure 5. The firing capacity of S1-activated pyramidal cells is enhanced but is not observed several days following S1 or at S11.
A, Following S1, GFP � spike frequency is significantly higher than GFP � neurons in Paired, but not Unpaired mice (Paired: GFP �

n 	 5/15, GFP � n 	 5/16; Unpaired: GFP � n 	 6/11, GFP � n 	 6/12). B, Following S11, GFP � and GFP � spike frequency is
similar in both Paired and Unpaired mice (Paired: GFP � n 	 6/19, GFP � n 	 6/17; Unpaired: GFP � n 	 6/16, GFP � n 	 6/14).
Right top, Representative image of a patched GFP � pyramidal cell in the dmPFC of a Fos-GFP mouse. Scale bar, 20 �m. Right,
Representative traces from GFP � and GFP � pyramidal cells of Paired and Unpaired mice at 120 pA stimulation. C, The spike
frequency of neurons activated at S1 of Acquisition returns to baseline 3–7 d following training in TetTag H2B-GFP mice (Paired:
H2B-GFP � n 	 6/13, H2B-GFP � n 	 6/12; Unpaired: H2B-GFP � n 	 6/14, H2B-GFP � n 	 6/14). Right, Representative traces
from H2B-GFP � and H2B-GFP � pyramidal cells of Paired and Unpaired mice at 120 pA stimulation. Calibration: 25 mV, 250 ms.
Inset, I–V curves. Data are mean � SEM. n 	 number of animals/number of cells total. ***p � 0.001 (two-way mixed ANOVA Cell
type � Current).
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atory DREADD hM3Dq in Fos-tTA mice
using the TetTag DREADD approach
(Fig. 8A,B) (Zhang et al., 2015). We re-
peatedly activated these tagged neurons
using systemic injections of the hM3Dq
agonist clozapine (0.1 mg/kg) (Gomez et
al., 2017) to artificially enhance excitabil-
ity throughout conditioning. This com-
pound is a metabolite of the widely used
hM3Dq agonist clozapine-N-oxide, and
has recently been shown to serve as the
agonist at hM3Dq in vivo (Gomez et al.,
2017). Fos-tTA mice and control WT mice
not tagged with hM3Dq underwent ac-
quisition and recall test sessions as before.

During acquisition (Fig. 8D), there was
a significant interaction effect of Cue �
Session (F(11,176) 	 6.94, p � 0.001) and a
significant effect of Cue during Recall
(Fig. 8E; F(1,16) 	 9.03, p � 0.01) on
discriminated approach performance.
Moreover, we observed a significant inter-
action effect of Cue � Session � hM3Dq
(F(11,176) 	 2.00, p � 0.05) on the number
of responses (Fig. 8D). As before, we cal-
culated the Selectivity Index (Fig. 8C)
and found a significant interaction of
hM3Dq � Session (F(11,176) 	 3.81, p �
0.001), and post hoc testing revealed sig-
nificantly decrease cue-selective respond-
ing in Fos-tTA mice on a number of
sessions (p � 0.05). Thus, persistently en-
hancing the excitability of S1-activated
neurons interfered with conditioning.
During the test for recall, we observed a
near significant interaction of hM3Dq �
Cue (Fig. 8E; F(1,16) 	 3.82, p 	 0.068) on
the number of approach responses.

To confirm that these effects were rel-
evant to S1-activated neurons, we repeat-
edly enhanced the excitability of neurons
tagged following exposure to a neutral,
NC exposure (Fig. 8F). The exposure pro-
cedure activates neurons that are distinct
from those activated by discrete (would-
be) appetitive cues (Fanous et al., 2012;
Cruz et al., 2013). We observed a signifi-
cant interaction effect of Cue � Session
on approach responses during acquisition
(F(11,176) 	 5.19, p � 0.001) and a signifi-
cant effect of Cue during recall (F(1,16) 	 45.53, p � 0.001; Fig.
8H), again indicating robust conditioning in our procedure.
However, we observed no significant effect of hM3Dq in acqui-
sition (Fig. 8G) on the number of approach responses, and anal-
ysis of the Selectivity Index also revealed no significant
interaction effect of hM3Dq � Session (F(11,176) 	 0.32, p 	 0.97;
Fig. 8F). Furthermore, we did not observe a significant interac-
tion effect of hM3Dq � Cue on the number of responses during
recall (Fig. 8H; F(1,16) 	 0.32, p 	 0.88). Thus, in contrast to
S1-tagged neurons, persistently enhancing the excitability of NC-
tagged neurons did not affect conditioning.

Of note, all sessions in which clozapine was delivered were
performed in the afternoon, closer to feeding time. We have pre-

viously observed in our that PM sessions often show poorer re-
sponse selectivity than AM session in our task (Fig. 1C). Thus,
while we did observe decreased performances at sessions 2, 4, 6, 8,
10, and 12, this is not likely due to clozapine delivery.

Discussion
We show that the establishment of a CS-US association and cue-
selective food-seeking is associated with the recruitment of a sta-
ble, repeatedly activated subset of pyramidal cells in the dmPFC
from a wider pool of neurons activated in the initial conditioning
session (S1), when mice did not exhibit cue-selective food-
seeking. A minority (29%) of pyramidal cells from this wider pool
of candidate neurons were recruited into this ensemble. This

Figure 6. Conditioning-selective synaptic alterations are not observed in neurons activated on S1 and S11. A, No differences in
AMPAR/NMDAR ratios between GFP � and GFP � neurons in S1 in Paired and Unpaired mice (Paired: GFP � n 	 6/8, GFP � n 	
4/5 Unpaired: GFP � n 	 4/5, GFP � n 	 5/5). Decreased AMPAR/NMDAR ratios in GFP � neurons in S11 in Paired and Unpaired
mice (Paired: GFP � n 	 5/5, GFP � n 	 6/7); Unpaired: GFP � n 	 4/5, GFP � n 	 6/6). Top, Representative traces of
AMPA/NMDAR recordings from layers II/III dmPFC pyramidal cells. Calibration: 20 pA, 50 ms. B, No differences in the frequency of
sEPSCs between GFP � and GFP � neurons in S1 in Paired and Unpaired mice. Decreased sEPSC frequency in GFP � neurons in S11
in Paired and Unpaired mice. Top, Representative images of sEPSC recordings at �65 mV. Calibration: 15 pA, 75 ms. Bottom,
Cumulative probability plots of sEPSC frequency. C, No differences in sEPSC amplitudes between GFP � and GFP � neurons in S1
and S11. Bottom, Cumulative probability plots of sEPSC amplitudes (S1: Paired: GFP � n	8/19, GFP � n	8/21; Unpaired: GFP �

n 	 8/18, GFP � n 	 8/19, Session 11: Paired: GFP � n 	 8/20, GFP � n 	 8/24; Unpaired: GFP � n 	 7/19, GFP � n 	 7/17).
D, No differences in PPRs of GFP � and GFP � neurons in S1 and S11 (Paired: GFP � n 	 7/8, GFP � n 	 7/9; Unpaired: GFP � n 	
4/6, GFP � n 	 5/7, S11: Paired: GFP � n 	 8/9, GFP � n 	 7/7; Unpaired: GFP � n 	 7/7, GFP � n 	 6/6). Data are mean �
SEM. n 	 number of animals/number of cells total. *Main effect of Cell Type in a two-way ANOVA p � 0.05.
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recruitment was indicated by consistent reactivation across
conditioning and in memory recall. S1-activated neurons ex-
hibited hyperexcitability, which was not observed at later
stages of conditioning when mice acquired cue-selective food
seeking. Repeatedly enhancing the excitability of S1-tagged
neurons during conditioning disrupted acquisition of a cue-
discriminated appetitive performance. We provide novel in-
sights into neuronal ensemble formation and how they may
encode cue-evoked appetitive memories that control food
seeking. Moreover, we identify a potential mechanism that
determines which neurons become incorporated to form these
ensembles.

Appetitive memory formation recruits a stable group of
pyramidal cells from the initial conditioning session
CS-activated neurons are a small subset (�6%-12%) of the total
neuronal population (Bossert et al., 2011; Fanous et al., 2012),
and their selective silencing in the mPFC disrupts reward seeking,
indicating their role in CS-US memory encoding (Bossert et al.,
2011; Suto et al., 2016). However, these studies did not examine
whether a subgroup of these neurons were repeatedly activated
during learning. During CS-evoked memory recall, we revealed
increased recruitment of a pyramidal cell ensemble that exhibited
a stable activation history during conditioning, suggesting its role
in cue-selective food seeking. These stably activated neurons were
originally recruited in the initial conditioning session, and that
activation history may influence their inclusion into a condition-
ing ensemble. Moreover, only 23% of neurons activated during
memory recall exhibited persistent activation throughout acqui-
sition. Our findings illuminate how a subgroup of neurons within
a population of CS-activated neurons may encode a CS-US mem-
ory. They raise the intriguing possibility that methods which ma-
nipulate appetitive behaviors by silencing CS-activated neurons

(Suto et al., 2016) may exert their effects
through such a neuronal subgroup with a
repeated learning activation history.
However, the tools to selectively manipu-
late this subgroup to confirm this idea are
currently unavailable. Finally, in general,
more neurons were persistently activated
in all sessions compared with neurons ac-
tivated in mid and late, but not early con-
ditioning, a similar pattern also observed
in Recall-activated neurons. Since mPFC
neurons participate in contextual encod-
ing during exploration (Hyman et al.,
2012), such persistently activated neurons
may encode environmental features of the
training context following its repeated
exposure.

We did not observe the enhanced re-
cruitment of a repeatedly activated sub-
set of interneurons during conditioning
and memory recall (Fig. 4C,F ). How-
ever, we did observe an increased reac-
tivation likelihood following S1 at an
overall population level (Fig. 4 D, G).
These seemingly discrepant findings
may arise from individual variability
across mice, which the population anal-
ysis does not consider. Also, we did not
account for the various interneuron
subclasses with different functional

characteristics, which exhibit differential activity during food-
seeking (Gaykema et al., 2014). Moreover, in the hippocam-
pus certain interneuron subclasses are recruited during
learning and regulate excitatory ensemble recruitment (Ste-
fanelli et al., 2016), and hippocampal interneurons exhibit
excitability alterations following conditioning (McKay et al.,
2013). Additional work is necessary to elucidate the role of
specific dmPFC interneuron subtypes and their excitability
alterations during appetitive conditioning.

Conditioning-related parameters modulate the excitability of
behaviorally activated neurons
We identified a hyperexcitable pool of pyramidal cells activated
on the initial, but not late conditioning session in Paired mice.
These excitability alterations might be related to temporally con-
tiguous CS and US presentations, as they were not observed in
GFP� neurons of Unpaired mice that received CS and US
presentations at disparate times. Currently, we cannot rule out
whether this hyperexcitability was present before S1. There-
fore, in Paired mice, a preexisting elevated baseline excitability
may have rendered certain neurons to become activated in S1
and thus express GFP (Yiu et al., 2014; Gouty-Colomer et al.,
2016).

The hyperexcitability in Fos-GFP mice following conditioning
was observed several hours after behavioral testing. This pro-
longed excitability increase may induce long-term plasticity,
which functions to promote memory consolidation following the
conditioning session, by facilitating ensemble reactivation that
occurs many hours following training (de Sousa et al., 2019). An
interesting future investigation is to determine how a baseline or
training-induced hyperexcitability of dmPFC S1-activated neu-
rons influences ensemble recruitment. However, a direct link
between such hyperexcitability and ensemble recruitment is dif-

Figure 7. No connectivity differences between GFP � neurons and between GFP � and GFP � neurons across Paired and
Unpaired groups in S1 and S11. A, Representative traces of connected (Con.) and unconnected (Uncon.) pairs recorded from a
GFP � to GFP � neuron (�/�), GFP � to GFP � neuron (�/�), and GFP � to GFP � neuron (�/�). Neurons were stimulated
in current clamp (CC) and postsynaptic excitatory currents recorded in voltage clamp (VC). Calibration: 25 mV (CC)/25 pA (VC), 10
ms. B, Percentage of�/�,�/�, and�/� connections in Paired and Unpaired mice from S1 and S11. There were no significant
alterations in connectivity between groups.
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ficult to establish. Currently, we cannot identify and measure the
excitability in vivo from those S1-activated neurons that will
become recruited to the ensemble throughout conditioning.
Nevertheless, the proposed roles of hyperexcitability in memory
and our imaging findings raise the possibility that the stable
conditioning-related ensemble emerges from a hyperexcitable
neuronal pool activated in the initial conditioning session.

Implications of excitability alterations on behaviorally
activated neurons
Chemogenetically enhancing the excitability of the neuronal pool
activated in S1 throughout conditioning interfered with mice
acquiring a reliable cue-evoked food-seeking response. Thus, the
dissipation of neuronal hyperexcitability may be necessary to ac-
quire robust cue-evoked food seeking. However, in a study by

Figure 8. Persistently enhancing the excitability of S1-activated neurons impairs conditioning. A, Timeline of tagging and conditioning. All mice received clozapine injections on
Sessions 2, 4, 6, 8, 10, and 12 (purple arrows). Doxycycline was presented in the drinking water of all mice at all times, with the exception of its removal 48 h before the tagging session,
which lasted until 1 h following the tagging session. B, Representative image of mCherry staining in dmPFC of Fos-tTa mice tagged during S1 or by exposure to a NC. Arrows indicate
hM3Dq � neurons. C, F, Selectivity Index of responses (CS-ITI/total number head entries) during acquisition in Fos-tTA (hM3Dq �; orange) and WT (hM3Dq �; black) mice following S1
or NC tagging. D, G, CS and ITI responses during Acquisition in Fos-tTA (hM3Dq �; orange) and WT (hM3Dq �; black) mice following S1 or NC tagging. E, H, CS and ITI responses during
recall in Fos-tTA (hM3Dq �; orange) and WT (hM3Dq �; black) mice following S1 or NC tagging. I, Schematic representation of injection sites. Data are mean � SEM. *p � 0.05. S1 tag 	
6, 12; NC tag: n 	 8, 10.
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Volle et al. (2016), increasing mPFC hyperexcitability using
widespread hM3Dq expression resulted in potentiated trace con-
ditioning. They proposed that this manipulation facilitated ani-
mals to acquire low-grade associations (e.g., under conditions of
low temporal contiguity or poor contingency) that would other-
wise fail to support robust learning. Therefore, our mice with
enhanced excitability may have learned relevant, but also irrele-
vant or spurious associations between the US and other stimuli
(or interoceptive events), leading to disrupted discriminative
performance. In support, lesion studies suggest that the dmPFC
promotes the formation of relevant and precise associations that
enable proper cue discrimination (Bussey et al., 1997; Parkinson
et al., 2000; Cardinal et al., 2002). Although we used activity-
based tagging, our DREADD manipulation was not cell-type spe-
cific. However, we observed that the vast majority of GFP�

neurons were pyramidal cells (Fig. 3D), consistent with our re-
cent study (Ziminski et al., 2017).

From a behavior ecology perspective, MacArthur and Pianka
(1966) theorized that animals would tend toward optimal forag-
ing behaviors in which they minimize time and energy spent food
seeking. In our learning task, this is related to reduced nonspecific
responses (i.e., high Selectivity Index). We observed attenuated
selectivity and high nonselective responses following repeated
chemogenetic excitability enhancements of S1-activated neu-
rons. Collectively, we theorize that early conditioning activates a
hyperexcitable neuronal pool in the dmPFC to facilitate the se-
lection of neurons into a stable ensemble that eventually supports
a robust CS-US association. Given the role of the dmPFC in
attention and motivation (Parkinson et al., 2000; Cardinal et al.,
2002; Totah et al., 2009; Bryden et al., 2011), neuronal hyperex-
citability helps engage these processes during initial CS-US for-
mation. However, this hyperexcitability nonselectively amplifies
environmental stimuli and decreases the signal-to-noise ratio of
extracted information. Therefore, this excitability needs to renor-
malize during the transition from nonselective to selective re-
sponding to food cues, to promote to optimal food-seeking.

No observed learning-relevant changes in synaptic properties
and connectivity
We observed no selective learning-induced changes in the synap-
tic strength nor connectivity of activated neurons, in contrast to
other observations following establishment of aversive associa-
tions (Ryan et al., 2015; Gouty-Colomer et al., 2016; Choi et al.,
2018). Several factors may have contributed to this difference.
First, mice received sucrose under food restriction, which can
induce synaptic strength alterations (Peng et al., 2015). We ob-
served decreases in AMPAR/NMDAR ratios and sEPSC fre-
quency in GFP� neurons in Paired and Unpaired mice at S11.
Thus, synaptic alterations in neurons repeatedly activated by su-
crose may have masked learning-related synaptic adaptations
that contribute to stable ensemble formation. Also, mPFC syn-
aptic changes may not occur immediately following learning but
develop later in a hippocampal-dependent process (Restivo et al.,
2009). Thus, a prolonged delay following appetitive learning
(e.g., weeks) that is associated with memory engram maturation
(Kitamura et al., 2017) may better reveal learning-selective
synaptic changes. Finally, recent studies have demonstrated
learning-induced increases in ensemble intraconnectivity by us-
ing optogenetic ensemble stimulation in one brain area while
recording from a target ensemble neurons in another (Ryan et al.,
2015; Choi et al., 2018). Our lack of observed connectivity
changes may be due to utilization of paired recordings, in which

connections between individual activated neurons were locally
assessed rather than across two different brain areas.

Conclusions and future directions
In conclusion, despite appetitive conditioning’s importance in
survival, few studies have established its precise mechanisms at
the neuronal ensemble level in the mPFC. We provide the initial
key evidence regarding dmPFC ensemble recruitment and corre-
sponding excitability alterations that reflect different stages of
optimal food-seeking. Further investigations are necessary to deter-
mine which hyperexcitable neurons activated early in our condition-
ing procedure will become allocated to the CS-US ensemble. Hence,
tools to measure neuronal excitability and recruitment in vivo need
to be developed to identify the properties that determine this recruit-
ment process. This will allow us to better grasp the principles that
govern neuronal ensemble recruitment and its alterations for estab-
lishing associative memories.
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