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Behavioral/Cognitive

Changes in Appetitive Associative Strength Modulates
Nucleus Accumbens, But Not Orbitofrontal Cortex Neuronal
Ensemble Excitability
X Joseph J. Ziminski, X Sabine Hessler, X Gabriella Margetts-Smith, X Meike C. Sieburg, Hans S. Crombag,
and X Eisuke Koya
Sussex Neuroscience, School of Psychology, University of Sussex, Falmer BN1 9QG, United Kingdom

Cues that predict the availability of food rewards influence motivational states and elicit food-seeking behaviors. If a cue no longer predicts food
availability, then animals may adapt accordingly by inhibiting food-seeking responses. Sparsely activated sets of neurons, coined “neuronal
ensembles,” have been shown to encode the strength of reward– cue associations. Although alterations in intrinsic excitability have been shown
to underlie many learning and memory processes, little is known about these properties specifically on cue-activated neuronal ensembles. We
examined the activation patterns of cue-activated orbitofrontal cortex (OFC) and nucleus accumbens (NAc) shell ensembles using wild-type and
Fos-GFP mice, which express green fluorescent protein (GFP) in activated neurons, after appetitive conditioning with sucrose and extinction
learning. We also investigated the neuronal excitability of recently activated, GFP⫹ neurons in these brain areas using whole-cell electrophysiology in brain slices. Exposure to a sucrose cue elicited activation of neurons in both the NAc shell and OFC. In the NAc shell, but not the OFC,
these activated GFP⫹ neurons were more excitable than surrounding GFP⫺ neurons. After extinction, the number of neurons activated in both
areas was reduced and activated ensembles in neither area exhibited altered excitability. These data suggest that learning-induced alterations in
the intrinsic excitability of neuronal ensembles is regulated dynamically across different brain areas. Furthermore, we show that changes in
associative strength modulate the excitability profile of activated ensembles in the NAc shell.
Key words: appetitive learning; Fos; intrinsic excitability; neuronal ensemble; nucleus accumbens; prefrontal cortex

Significance Statement
Sparsely distributed sets of neurons called “neuronal ensembles” encode learned associations about food and cues predictive of its
availability. Widespread changes in neuronal excitability have been observed in limbic brain areas after associative learning, but
little is known about the excitability changes that occur specifically on neuronal ensembles that encode appetitive associations.
Here, we reveal that sucrose cue exposure recruited a more excitable ensemble in the nucleus accumbens, but not orbitofrontal
cortex, compared with their surrounding neurons. This excitability difference was not observed when the cue’s salience was
diminished after extinction learning. These novel data provide evidence that the intrinsic excitability of appetitive memoryencoding ensembles is regulated differentially across brain areas and adapts dynamically to changes in associative strength.

Introduction
Animals use cues that predict the availability of food rewards to
guide their behavior and maximize food-seeking strategies (Petrovich,
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nating the mechanisms underlying disorders characterized by excessive food intake, such as obesity.
Exposure to food-associated cues activates brain areas that
subserve motivational processes, such as the nucleus accumbens
(NAc) and prefrontal cortex, which also play a pivotal role in
encoding food-predictive cues and changes in cue–reinforcer
contingencies (Annett et al., 1989; Schoenbaum et al., 2003; Day
et al., 2006; Schoenbaum et al., 2007; Singh et al., 2010; Flagel et
al., 2011; Petrovich, 2011; Burger and Berner, 2014; Warren et al.,
2016). Moreover, there is now evidence indicating that, within
both of these regions, associative memories may be encoded in
sparsely activated subsets of neurons called neuronal ensembles
(Pennartz et al., 1994; Koya et al., 2009; Fanous et al., 2012; Cruz
et al., 2013; Warren et al., 2016; Whitaker et al., 2016). These
ensembles exhibit synaptic adaptations that are not observed in
surrounding nonactivated neurons after learning (Koya et al.,
2012; Gouty-Colomer et al., 2016; Whitaker et al., 2016). Therefore, appetitive associations may be encoded through adaptations
occurring in multiple neuronal ensembles existing in multiple
brain areas.
During experience-dependent plasticity, neurons may fine-tune
information transfer by modifying their connectivity to surrounding
neurons at the synapse, but also by adapting their intrinsic excitability (Dong et al., 2006; Kourrich et al., 2015). Alterations in neuronal
excitability modulate neuronal firing properties and thus the ability
of neurons to influence the activity of local and distal postsynaptic
neurons (Nisenbaum and Wilson, 1995; Daoudal and Debanne,
2003; Santini et al., 2008). These excitability changes have been
widely observed after aversive conditioning in brain areas that encode emotionally salient stimuli, such as the amygdala and prefrontal cortex (Quirk and Mueller, 2008; Santini et al., 2008; Sehgal et al.,
2014). However, in these studies, neuronal excitability was measured
from a randomly sampled neuronal population within a given brain
area without taking neuronal activation history into account. Therefore, little is known about changes in the intrinsic excitability of
neurons that occur in behaviorally relevant ensembles activated by
appetitive cues.
The aim of this study was to characterize intrinsic excitability
changes of cue-activated neuronal ensembles in the shell portion
of the NAc and orbitofrontal cortex (OFC) after appetitive conditioning with sucrose reward and extinction learning using FosGFP mice, which express green fluorescent protein (GFP) in
strongly activated neurons (Barth et al., 2004; Koya et al., 2012;
Whitaker et al., 2016). Both the NAc shell and OFC are activated
by food-associated cues and are implicated in appetitive behaviors that are guided by learned associations and updating changes
in learned contingencies (e.g., extinction; Schoenbaum et al.,
2003; Day et al., 2006; Schoenbaum et al., 2007; Singh et al., 2010;
Fanous et al., 2012; Moorman and Aston-Jones, 2014). We hypothesized that changes in associative strength may modulate the
excitability properties of the cue-activated neuronal ensembles in
these areas.

Materials and Methods
Animals
Male Fos-GFP mice (https://www.jax.org/strain/014135; RRID:IMSR_
JAX:014135) previously bred onto a C57BL/6 background were bred
with wild-type C57BL/6 females obtained from Charles River Laboratories at the University of Sussex. Heterozygous Fos-GFP male mice continued to be bred at the University of Sussex ancillary unit with wild-type
C57BL/6 females obtained from Charles River Laboratories UK. Fos-GFP
male mice were used for electrophysiology and immunofluorescence experiments and C57BL/6 wild-type males were used for in situ hybridization studies. All mice were housed under a 12 h light/dark cycle (lights on
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at 7:00 A.M.) at the maintained temperature of 21 ⫾ 1°C and 50 ⫾ 5%
relative humidity. Animals were aged 10 –12 weeks at the beginning of
behavioral testing and were food restricted (90% baseline body weight) 1
week before behavioral testing until the completion of the behavioral
experiments. All experiments were conducted in accordance with the UK
1986 Animal Scientific Procedures Act and received approval from the
University of Sussex Ethics Committee.

Behavioral experiments
Apparatus
All behavioral experiments were performed in standard mouse operant
chambers (15.9 ⫻ 14 ⫻ 12.7 cm; Med Associates), each housed within a
sound-attenuating and light-resistant cubicle. The conditioning chamber front and rear access panels and ceiling were constructed from clear
Plexiglas and the side walls were made from removable aluminum panels
atop a stainless steel grid floor. Each chamber was fitted with a recessed
magazine situated in the center of one side wall that dispensed a 10%
sucrose solution serving as the unconditioned stimulus (US). An infrared
beam detected head entries into the food magazine. The house light was
situated in the side panel and was on for the duration of the behavioral
experiments. A mechanical click generator provided a broad-frequency
(0 –15 kHz) sound, which served as a conditioned stimulus (CS) (Med
Associates). Initiation and running of behavioral protocols, including the
recording of head entries into the food magazine, was performed using
Med-PC IV (Med Associates).

Procedures
Magazine training and Pavlovian conditioning. Mice were randomly assigned to the 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. One day after magazine training, in which Paired mice were
pretrained to the sucrose-delivery magazine, where they received a 10%
sucrose solution under a random interval-30 (RI-30) schedule, mice underwent 12 acquisition sessions over a 7 d period in the morning (8:00
A.M. to 12:00 P.M.) and/or afternoon (12:00 P.M. to 5:00 P.M.) for 1–2
sessions per day. Each acquisition session lasted approximately 24 min and
consisted of six 120 s CS presentations separated by 120 s RI intertrial interval
(ITI) periods. During each 120 s CS period, 13.3 l of 10% sucrose solution
was delivered into the magazine on an RI-30 s schedule (Paired mice) or was
unrewarded (Unpaired mice). Twelve acquisition sessions produced selective responding to the CS (see Fig. 2A).
Behavioral testing for Pavlovian approach conditioning (Histology and
Electrophysiology Experiments 1). At 7–9 d (histology experiment) and
7–13 d (electrophysiology experiment) after the last acquisition session,
both Paired and Unpaired mice were placed in the conditioning chamber
and tested under extinction conditions (see Fig. 1A).
Behavioral testing for extinction learning experiments (Histology and Electrophysiology Experiments 2). After magazine training and acquisition, mice
in the extinction (EXT) experiments (Paired EXT and Unpaired EXT) underwent either 8 (histology) or 7–13 (electrophysiology) once-daily extinction sessions until test day (the final extinction session). During each
extinction session, only the CS was presented in the absence of sucrose delivery. In the histology experiments, a third group (Paired No EXT) was
included and the experiment was conducted identically to the Paired
mice in the previous Pavlovian approach experiments (see Fig. 1B).
Spontaneous recovery (SR) of Pavlovian approach. An additional group
of Paired wild-type mice underwent conditioning and extinction sessions similar to the Paired EXT mice described above. After the last
extinction session (EXT final), they remained in the colony room for an
additional 6 –7 d and were subsequently tested for SR of Pavlovian approach responding (see Fig. 5B).

Histology experiments
GFP immunofluorescence histochemistry
Ninety minutes after initiating the final test session, Fos-GFP mice were
anesthetized with 200 mg/kg sodium pentobarbital and transcardially
perfused with 4% paraformaldehyde. GFP immunofluorescence was
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Table 1. Basic membrane properties from the NAc shell (MSNs) and OFC (pyramidal neurons) after Pavlovian approach test
NAc shell

OFC

Unpaired
GFP⫺

Paired
GFP⫹

GFP⫺

Unpaired
GFP⫹

GFP⫺

Paired
GFP⫹

GFP⫺

GFP⫹

Resting Vm (mV)
⫺80.43 ⫾ 0.47 ⫺79.00 ⫾ 1.05 ⫺79.94 ⫾ 0.64 ⫺76.77 ⫾ 1.14
⫺77.08 ⫾ 1.49 ⫺77.92 ⫾ 1.28 ⫺77.33 ⫾ 1.20
⫺76.05 ⫾ 1.16
Rheobase (pA)
52.43 ⫾ 4.39
52.00 ⫾ 4.76
51.79 ⫾ 3.41
39.38 ⫾ 3.24
108.54 ⫾ 16.81 120.71 ⫾ 13.75 107.08 ⫾ 23.72
106.46 ⫾ 13.75
387.60 ⫾ 24.17 385.52 ⫾ 46.69 351.23 ⫾ 14.77 498.15 ⫾ 39.64***,# 158.36 ⫾ 15.63 162.74 ⫾ 15.29 227.21 ⫾ 26.90† 186.79 ⫾ 18.19†
Ri (m⍀)
AP peak (mV)
60.8 ⫾ 2.36
61.62 ⫾ 4.37
71.05 ⫾ 2.00
67.40 ⫾ 3.24
82.19 ⫾ 2.01
77.34 ⫾ 2.43
78.53 ⫾ 2.28
79.50 ⫾ 1.73
AP half-width (ms)
1.78 ⫾ 0.04
1.79 ⫾ 0.12
1.62 ⫾ 0.09
1.67 ⫾ 0.10
1.22 ⫾ 0.03
1.33 ⫾ 0.5
1.25 ⫾ 0.03
1.18 ⫾ 0.04
fAHP (mV)
⫺9.66 ⫾ 0.60 ⫺10.15 ⫾ 0.76 ⫺10.95 ⫾ 0.54
⫺9.86 ⫾ 0.79
⫺7.21 ⫾ 1.37
⫺9.10 ⫾ 0.67 ⫺10.47 ⫾ 0.95† ⫺10.27 ⫾ 0.62†
⫺8.10 ⫾ 0.87
⫺8.79 ⫾ 0.82
⫺7.20 ⫾ 1.19
⫺8.31 ⫾ 1.23
mAHP (mV)
⫺8.08 ⫾ 0.44
⫺8.20 ⫾ 0.52
⫺9.64 ⫾ 0.47
⫺8.57 ⫾ 0.67
Data are expressed as mean ⫾ SEM (***p ⬍ 0.001, †p ⬍ 0.05, #p ⬍ 0.05). #Significant interaction of Condition ⫻ GFP; ***significant differences between Paired GFP ⫹ compared with Paired GFP⫺; †main effect of Condition. Liquid
junction potential was ⫺11.1 mV and was not adjusted for. Spike characteristics were determined from the first action potential (AP) of spike runs consisting of 6 – 8 spikes. Input resistance was calculated from slope of the I/V curve
measured in response to 2 pA (NAc shell) or 5 pA (OFC) current steps. The AP threshold was calculated by the third-order derivative method (Cotel et al., 2013) using Mini Analysis software. (In this method, the maximum value of the third
derivative of the AP trace (d3Vm/dt3) was utilized to determine onset time of the AP and then the critical membrane voltage that was required to elicit an AP (AP threshold) was determined.) The AP peak was calculated as the difference
between the AP peak and the AP threshold. Half-width was measured as the AP width at half-maximal spike. Postspike fAHPs and mAHPs were measured 3 and 30 ms after the AP threshold, respectively, similar to Ishikawa et al. (2009).
Vm , Resting membrane potential; Ri , input resistance; fAHP, fast AHP; mAHP, medium AHP.

performed as described previously (Koya et al.,
2012) and, unless specified otherwise, all steps
were performed at room temperature. To assess GFP expression, free-floating sections
were washed in Tris-buffered saline (TBS;
0.025 M Tris-HCl, 0.5 M NaCl, pH 7.5) and
blocked in 10% normal goat serum (catalog
#S-1000, RRID:AB_2336615; Vector Laboratories) in TBST (TBS, 0.2% Triton X-100).
Slices were then incubated at 4°C overnight in
anti-GFP primary antibody (catalog #ab13970,
RRID:AB_300798; Abcam) diluted 1/16000 in
3% normal goat serum TBST. The following
day, slices were incubated for 2 h in antichicken 568 (catalog #SAB4600039, RRID:
AB_2631230; Sigma-Aldrich) at 1/200 in TBST.
Slices were mounted on Superfrost Plus slides
(catalog #UY-48512-00; Cole Parmer) air-dried,
and coverslipped with PermaFluor (catalog
#TA-030-FM, RRID: SCR_014787; Thermo
Scientific). Fluorescence images of GFP staining from left and right hemispheres of the NAc
shell and OFC of 1–2 coronal sections per animal, corresponding to approximately bregma
1.18 and 2.46 (Paxinos and Franklin, 2001),
respectively, were captured using a QI click
camera (Qimaging) attached to an Olympus
Bx53 microscope. GFP⫹ nuclei were quantified using iVision software (version 4.0.15,
RRID: SCR_014786; Biovision Technologies).
The shell portion of the NAc was selected for
this study because pilot experiments revealed
sucrose-cue-induced GFP in this area.

In situ hybridization
Forty-five minutes after the final test session,
mice were killed and their brains were removed
and rapidly frozen in isopentane at ⫺50°C.
Then, 10 m sections containing the NAc shell
(bregma 1.18) and OFC (bregma 2.46) were
prepared using a Leica CM1900 cryostat. RNAscope in situ hybridization was performed as
described previously (Rubio et al., 2015). All
target probes were designed by Advanced Cell
Diagnostics and targeted the mRNA of Fos
(GenBank accession number NM_010234.2:
target region, 443–1447), Slc17a7 (glutamate
transporter; GenBank accession number NM_
182993.2: target region, 464 –1415), Slc32a1
(GABA transporter; GenBank accession num-

Figure 1. Timeline for Pavlovian approach and extinction experiments. A, In Pavlovian approach experiments, two groups of
mice underwent 12 acquisition (Pavlovian conditioning) sessions. In each session, Paired mice received sucrose during CS presentations in the conditioning chamber, whereas Unpaired mice received only CS presentations and instead were given sucrose in their
home cage at random times before or after each session. At 7–9 d (histology experiments) or 7–13 d (electrophysiology experiments) after the last acquisition session, on test day, all mice were tested under extinction conditions and their brains were
removed at 45 (Fos analysis) or 90 min (GFP immunohistochemistry and electrophysiology) after initiating testing. B, In Extinction
experiments, Paired and Unpaired mice underwent similar acquisition sessions as during Pavlovian approach experiments. One
day after the last acquisition session a group of Paired and a group of Unpaired mice (EXT) underwent an extinction phase in which
only the cue was presented. Another group of Paired mice did not undergo extinction learning (No EXT). One extinction session was
conducted per day and this phase lasted 8 d (histology experiments) or 7–13 d (electrophysiology experiments). Mice were killed
on the final extinction session and their brains were removed at 45 min (Fos analysis) or 90 min (electrophysiology) after initiating
testing.
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Electrophysiology experiments
Separate cohorts of mice were run for NAc
shell and OFC recordings (Experiment 1: n ⫽
20/12 Paired/Unpaired and Experiment 2:
n ⫽ 16/18, Paired/Unpaired).

Brain slice preparation and recording
Ninety minutes after the final behavioral test,
mice were anesthetized with ketamine (100 mg/
kg)/xylazine (16 mg/kg) and brains were removed and placed in ice-cold cutting aCSF
containing the following (in mM): 75 sucrose, 87
NaCl, 2.5 KCl, 0.5 CaCl2, 7.0 MgCl2, 1.25
NaH2PO4, 25 NaHCO3, and 10 D-glucose (bubbled with 95% O2/5% CO2, pH 7.4) for ⬃2 min.
Then, 250-m-thick coronal slices that corresponded to approximately bregma 1.18 –1.10 for
the NAc shell and 3.08 –2.68 for the OFC were
sectioned on a Leica VT1200S vibratome. After
slicing, sections were briefly held in cutting aCSF
for 5 min at 32°C before resting in recovery aCSF
containing the following (in mM): 125 NaCl, 3
KCl, 0.5 CaCl2, 3.5 MgCl2, 1.25 NaH2PO4, 25
NaHCO3, and 10 D-glucose (bubbled with 95%
O2/5% CO2, pH 7.4) at room temperature.
Single slices were hemisectioned along the
midline and transferred to a recording chamber
perfused with 30 –32°C recording aCSF containing the following (in mM): 2 CaCl2 and 2 MgCl2.
Differential interference contrast (DIC) imaging
was undertaken using an Olympus BX51WI microscope and the fluorescent signal was captured
using an attached Revolution XD spinning disk
confocal system (Andor Technology). GFP⫹
neurons were identified using a 488 nm laser line;
cells that did not express GFP were considered to
Figure 2. Sucrose cues evoke Pavlovian approach responses and enhance GFP expression in the NAc shell and OFC. A, Head be GFP⫺. Whole-cell recordings from NAc shell
entries into the magazine in Unpaired and Paired mice during the CS and ITI periods (n ⫽ 20/group) during acquisition. B, Head medium-sized spiny neurons (MSNs) or OFC
entries at test; CS head entries are significantly higher than ITI entries in the Paired, but not Unpaired group (***p ⬍ 0.001). pyramidal neurons were performed using boroAsterisk indicates Paired CS compared with Paired ITI. C, GFP expression in the NAc shell and OFC; GFP expression is significantly silicate capillary glass-pipettes (1.5 mm outer dihigher in the Paired group compared with the Unpaired group for both brain areas (**p ⬍ 0.01, *p ⬍ 0.05; NAc shell n ⫽ ameter, 0.86 mm inner diameter) filled with the
16 –17/group, OFC n ⫽ 16/group). D, Representative images of GFP immunohistochemistry in the NAc shell and OFC in Unpaired following (in mM): 135 K-gluconate, 3 MgCl2, 4
NaCl, 5 HEPES, 5 EGTA, 2 Mg-ATP, 0.3 Na3and Paired mice; white arrows indicate GFP⫹ neurons. Data are expressed as mean ⫾ SEM.
GTP, pH 7.25, and 100 M Alexa Fluor 568 dye
(A10437; Thermo Fisher Scientific). Patched cells
were confirmed to be GFP⫹ by colocalization
ber NM_009508.2: target region, 894 –2037), Drd1a (dopamine receptor
of GFP and Alexa Fluor 568 observed before recording. Pyramidal neu1; GenBank accession number NM_010076.3: target region, 444 –
rons were identified based on their morphology under DIC microscopy
1358), and Drd2 (dopamine receptor 2; GenBank accession number
(e.g., a prominent apical dendrite) and by their distinct firing patterns in
NM_010077.2: target region, 69 –1175). Probes were incubated with secresponse to current injections in current-clamp mode [e.g., action potions for 2 h at 40°C. Fos, Drd1a, and Drd2 mRNA were used as a marker
tential (AP) frequency accommodation; Cifani et al., 2012]. MSNs were
for activated D1R- or D2R-expressing cells in the NAc shell, which form
identified based on their morphology, resting membrane potential, AP
the direct and indirect pathways, respectively, that target overlapping but
waveform and response to a 100 pA hyperpolarizing current injection
also distinct basal ganglia structures (Smith et al., 2013). OFC(Ishikawa et al., 2009).
containing sections were hybridized with probes against Fos, Slc17a7a
The liquid junction potential was ⫺11.1 mV and was not corrected.
(vesicular glutamate transporter; VGLUT1) and Slc32a1 (vesicular
The current-clamp protocol consisted of 1 s positive current injections
GABA transporter; VGAT ) to visualize Fos⫹ pyramidal neurons or
beginning at ⫺30 pA and incrementing in 2 pA (NAc shell) or 5 pA
GABAergic interneurons, respectively. Sections were then incubated
(OFC) steps. MSNs were held at ⫺75 mV and pyramidal neurons were
with three-step preamplifier and amplifier probes before being incubated
held at ⫺70 mV for the duration of recordings. Data were collected
with fluorescently labeled probes (Alexa Fluor 488, Atto 568, and Atto
with a Multiclamp 200B amplifier (Molecular Devices) combined
647). Finally, a DAPI solution was briefly applied (for visualization of
with Digidata BNC-20190 A (Molecular Devices) and WinWCP Softnuclei) and the slides were coverslipped with Vectashield Hard Set Antiware (courtesy of Dr. John Dempster, University of Strathclyde, Glasfade mounting medium (catalog #H-1400, RRID:AB_2336787; Vector
gow, UK; http://spider.science.strath.ac.uk/sipbs/software_ses.htm, RRID:
Laboratories).
SCR_014713). Signals were digitized at 10 kHz and filtered at 5 kHz (PCI
Images of the NAc shell and OFC were taken using a Leica TCS SP8
6024E; National Instruments) and 50 kHz noise was filtered out using a
confocal system attached to a DMI 6000 AFC Inverted Motorized ReHumBug (Quest Scientific) module. Spike kinetics were calculated using
search Microscope at 20⫻ magnification (HC PL APO 20⫻/0.70 CS),
Mini Analysis Software (version 6.0; Synaptosoft) or manually [fast
zoom factor 0.75. The images were collected using Leica Application
afterhyperpolarization (fAHP) and medium afterhyperpolarization
Suite X Confocal Software and analyzed in Fiji (RRID:SCR_002285).
(mAHP)] as described in Table 1.
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The current-clamp protocol consisted of 1 s
positive current injections beginning at ⫺30
pA and incrementing in 2 pA and 5 pA steps for
MSNs and pyramidal neurons, respectively.
MSNs were held at ⫺75 mV and pyramidal
neurons were held at ⫺70 mV for the duration
of recordings. More detailed information
about the measured passive and active membrane properties are described in the legend of
Table 1.

Data analysis
For the histology experiments, the group sizes
for the GFP and Fos analyses are slightly less
than that for behavioral analyses because a
small number of sections could not be analyzed
due to issues with transcardial perfusions and
cryostat malfunctioning. In addition, for these
experiments, cell counts that exhibited frequencies that were 2 SDs from the mean were
excluded from analysis. Data from behavioral,
histological, and electrophysiological experiments were analyzed using Prism software
(RRID:SCR_002798; GraphPad Software)
and SPSS software (RRID:SCR_002865; IBM).
Group data are presented as mean ⫾ SEM.

Behavior
Total head entries into the sucrose-delivery magazine during CS and ITI presentation during acquisition and extinction were analyzed using a
three-way mixed ANOVA including the factors
of Condition (Paired, Unpaired), CS Presentation (CS, ITI) and a repeated-measures factor of
session (1–12 for acquisition, 1–7 for extinction).
Pavlovian approach test data were analyzed using
a two-way ANOVA using CS Presentation (CS,
ITI) and Training Condition (Paired, Unpaired).
Spontaneous recovery test data were analyzed using a two-way ANOVA using CS Presentation
(CS, ITI) and Test (EXT Final, SR Test) as factors.
Pavlovian approach test data following extinction learning were analyzed using a two-way
ANOVA using CS Presentation (CS, ITI), and
Group (Paired No EXT, Unpaired EXT, Paired
EXT) as factors.

GFP and Fos mRNA expression

Figure 3. Characterization of activated neurons in the NAc shell and OFC after Pavlovian approach responding. A, Head entries
of mice used in in situ hybridization experiments at test (n ⫽ 11–12/group; *p ⬍ 0.05). B, Fos expression in the NAc shell and OFC
after Pavlovian approach test expressed as percentage of Unpaired group; Fos expression is significantly higher in the Paired
compared with the Unpaired group for both areas (*p ⬍ 0.05; n ⫽ 7–11/group). C, Proportion of Fos⫹ neurons coexpressing
either Drd1 (Fos⫹Drd1) or Drd2 (Fos⫹Drd2) in the NAc shell. D, Proportion of Fos⫹ neurons coexpressing either VGLUT1 (Fos⫹
VGLUT1) or VGAT (Fos⫹ VGAT ). The vast majority of the Fos⫹ neurons are pyramidal neurons and only a small minority are
interneurons. For A–D, data are expressed as mean ⫾ SEM. E, Representative images of Fos, Drd1, and Drd2 labeling from the NAc
shell (top row) and Fos, VGLUT1, and VGAT labeling from the OFC (bottom row). DAPI (blue) was used to visualize cell nuclei. White
arrows indicate colabeled Fos⫹ cells.

In Experiments 1 and 2, t tests on the number
GFP⫹/Fos⫹ neurons per square millimeter
were conducted independently in the NAc shell
and OFC using Condition (Paired, Unpaired) as
a factor. In Experiment 3, a one-way ANOVA between Groups (Paired No
EXT, Paired EXT, Unpaired EXT) was conducted on the number of Fos⫹
neurons per square millimeter.

Electrophysiology
Resting membrane potential, input resistance, rheobase, and spike kinetics
data were analyzed using two-way ANOVAs for Experiments 1 and 2 using
Condition (Paired, Unpaired) and GFP (GFP⫹, GFP⫺) as factors. Spike
counts for Experiments 1 and 2 were analyzed using a three-way mixed
ANOVA including the factors of Condition (Paired, Unpaired), GFP
(GFP⫹, GFP⫺), and a repeated measures factor of Current Injections.

Results
Experiment 1: Pavlovian approach and neuronal activation in
the NAc shell and OFC
For mice to acquire the relationship between the sucrose reward
and a cue that predicts its availability, we used an appetitive Pav-

lovian conditioning procedure. To this end, we trained two
groups of Fos-GFP mice, in which mice in the Paired group received auditory cue (CS) presentations paired with 10% sucrose
solution (US) during each acquisition session (Fig. 1A) for a total
of 12 sessions. In contrast, the Unpaired group received only cue
presentations during each session and received similar amounts
of sucrose in their home cages at random times before or after
each session. Therefore, the CS in these mice remained neutral.
As the training progressed, mice in the Paired group made significantly more CS entries compared with ITI entries (Fig. 2A). In
contrast, CS and ITI entries remained low throughout the 12
acquisition sessions in mice in the Unpaired group. A three-way
ANOVA revealed a significant effect of Condition ⫻ CS Presentation ⫻ Session interaction (F(11,836) ⫽ 3.34, p ⬍ 0.001), indicating
that mice in the Paired group had reliably acquired the CS–US
association.
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NAc shell (144% increase; t(31) ⫽ 2.75,
p ⬍ 0.05) and the OFC (193% increase;
t(30) ⫽ 3.23, p ⬍ 0.01; Fig. 2C). Therefore,
mice in the Paired, but not the Unpaired,
group exhibited Pavlovian approach responses and significant activation of NAc
shell and OFC neurons, suggesting that
these areas are activated by sucrose
memories.
Phenotype of Fos-expressing neurons in
the NAc shell and OFC
We next examined the phenotype of activated neurons in the NAc shell and OFC
using RNAscope-based in situ hybridization. Consistent with the immunohistochemical findings, we found that Fos
mRNA expression levels were significantly increased in the NAc shell (156%
increase; t(14) ⫽ 2.57, p ⬍ 0.05) and OFC
(208% increase; t(20) ⫽ 2.31, p ⬍ 0.05) of
Paired compared with Unpaired mice
(Fig. 3B).
In the NAc shell, we delineated Fos⫹
MSNs by their expression of either the
Dopamine D1 receptor (Drd1), or Dopamine D2 receptor (Drd2) mRNAs (Fig.
3E). In the OFC, pyramidal neurons and
interneurons were distinguished by their
expression of their respective vesicular
transporter mRNAs, VGLUT1 and VGAT
(Fig. 3E). In these brain areas, these neurons play important yet distinct roles in
information processing (Dilgen et al., 2013;
Smith et al., 2013).
The phenotype distribution of D1R- or
D2R-expressing Fos⫹ neurons in the NAc
shell was similar between Paired and Unpaired mice (Drd1 48.7% vs 48.7%; Drd2
Figure 4. GFP⫹ neurons activated by sucrose cues are more excitable compared with their surrounding GFP⫺ neurons in the 43.8% vs 34.5%; Paired vs Unpaired; Fig.
NAc shell but not the OFC. A, In the NAc shell, the spike counts of Paired group GFP⫹ neurons were significantly increased compared with
3C). A small proportion of Fos⫹ neurons
the GFP⫺ neurons after current injections (GFP⫺, n ⫽ 19/9; GFP⫹, n ⫽ 16/9). *p ⬍ 0.01. In contrast, in the Unpaired groups, the
expressed both Drd1 and Drd2 (3.2% vs
spike counts of GFP⫹ and GFP⫺ neurons were similar (GFP⫺, n ⫽ 14/7; GFP⫹, n ⫽ 9/5). The I/V curve (inset) indicated that
there was a large increase in the input resistance of GFP⫹ neurons in Paired mice, but no difference in the Unpaired mice. *p ⬍ 11.5%) or could not be identified as Drd10.05. Example traces of GFP⫹ and GFP⫺ neurons at ⫹70 pA from the NAc shell of Paired and Unpaired mice. Scale bar, 25 mV, 250 or Drd2-expressing (3.8% vs 5.3%; Paired vs
ms. B, In the OFC, no difference in spike counts was observed between GFP⫹ and GFP⫺ neurons in the Unpaired mice (GFP⫺, Unpaired; data not shown). This suggests
n ⫽ 12/5; GFP⫹, n ⫽ 14/5) and in Paired mice (GFP⫺, n ⫽ 11/5; GFP⫹, n ⫽ 17/5). The I/V curves of GFP⫹ and GFP⫺ neurons that a similar proportion of D1R- and D2Rin Paired and Unpaired mice are shown in the inset. Example traces of GFP⫹ and GFP⫺ neurons in the OFC of Paired and Unpaired expressing neurons were activated after
mice at ⫹140 pA are shown. Scale bar, 25 mV, 250 ms. C, I/V curves of GFP⫺ neurons from Paired and Unpaired mice from the OFC. the Pavlovian approach test.
*p ⬍ 0.05. Data are expressed as mean ⫾ SEM; values to the right of GFP⫺ and GFP⫹ denote number of cells recorded/number
The OFC Fos⫹ ensemble consisted
of mice used.
largely of VGLUT1⫹ neurons (97.5% vs
94.4%; Paired vs Unpaired) and a small
minority of VGAT⫹ neurons (2.3% and
When Paired and Unpaired mice were tested 1 week after
4.9%; Paired vs Unpaired; Fig. 3D). This suggests that primarily
acquisition, Paired mice demonstrated a significant increase in
pyramidal neurons were activated in the OFC after Pavlovian
number of head entries during presentation of the CS, a twoapproach test.
way ANOVA revealed a significant interaction of Condition ⫻
CS presentation (F(1,76) ⫽ 10.65, p ⬍ 0.01; Fig. 2B). Post hoc
analysis revealed significantly higher CS (cue presentation) comExperiment 2: Electrophysiological properties of GFPⴙ and
pared with ITI (no cues) responses in the Paired group (p ⬍ 0.001),
GFPⴚ neurons in the NAc shell and OFC after Pavlovian
but not in the Unpaired group (p ⫽ 0.73).
approach
Next, we examined neuronal activation in the NAc shell and
NAc shell
We measured the firing capacity of NAc shell MSNs after depothe OFC in the same mice by counting GFP⫹ neurons in these
larizing current injections across a 0 –100 pA range. A three-way
brain areas. The number of GFP⫹ neurons in the Paired mice was
ANOVA revealed a significant interaction of Condition ⫻ GFP ⫻
significantly higher compared with Unpaired mice in both the
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Current Injection (F(9,486) ⫽ 2.76, p ⬍
0.01) and GFP ⫻ Current Injection
(F(9,486) ⫽ 4.23, p ⬍ 0.001) and main effect for GFP (F(1,54) ⫽ 4.92, p ⬍ 0.05) with
no other effects (Fig. 4A). Therefore, after
sucrose memory retrieval, GFP⫹ neurons
were more excitable compared with the
surrounding GFP⫺ neurons.
We assessed the possible source of this
enhanced firing capacity by examining
other active and passive membrane properties. No significant interactions for Condition ⫻ GFP were observed for the resting
membrane potential, rheobase, or spike kinetics of GFP⫹ and GFP⫺ neurons in either group (Table 1). However, a two-way
ANOVA revealed a significant interaction of
Condition ⫻ GFP (F(1,54) ⫽ 5.63, p ⬍ 0.05;
Table 1) for the input resistance. Post hoc
analysis indicated a significant increase in
the input resistance of GFP⫹ neurons compared with GFP⫺ neurons in Paired (p ⬍
0.001) but not Unpaired mice (p ⫽ 0.97).
Furthermore, the increase in the input resistance in the Paired group was associated with a
shift in the I/V curve at both positive and negative potentials; Condition ⫻ GFP ⫻ Current Injection (F(25,1175) ⫽ 4.96, p ⬍ 0.001;
Fig. 4A).
OFC
In the OFC, spike counts of pyramidal
neurons were measured across a 20 –300
pA range. A three-way ANOVA did not
reveal a significant interaction of Condition ⫻ GFP ⫻ Current Injection
(F(14,700) ⫽ 0.53, p ⫽ 0.92; Fig. 4B), so
Pavlovian conditioning did not modulate the excitability of GFP⫹ neurons.
However, there was a significant inter- Figure 5. Characterization of activated neurons in the NAc shell and OFC after extinction of Pavlovian approach responding. A, Head
entries of mice used in in situ hybridization extinction experiments at test (n ⫽ 8 –12/group; ***p ⬍ 0.001 comparing CS entries and ITI
action of Condition ⫻ Current Injecentries). After extinction, head entries made during the CS presentation are reduced in Paired mice. B, Extinction of Pavlovian approach
tion (F(14,700) ⫽ 2.28, p ⬍ 0.01). We then respondingcanrecoverspontaneously(SRtest)afterexposuretotheCS6 –7dafterthefinalextinctionsession(EXTfinal;n⫽24;***p⬍
compared only the GFP⫺ neurons in 0.001 comparing CS entries and ITI entries). C, Fos expression in the NAc shell and OFC of Paired No EXT, Paired EXT, and Unpaired EXT mice
the Paired and Unpaired mice to inves- at testing expressed as a percentage of the Paired EXT group. Fos expression is significantly reduced after extinction in both areas (**p ⬍
tigate generalized changes to the major- 0.01;*p⬍0.05;n⫽5–11/group).D,PercentageofNAcshellFos⫹neuronsthatcoexpressDrd1orDrd2;theproportionofFos⫹Drd1and
ity of neurons, but found no significant Fos⫹Drd2 neurons was similar between groups. E, Proportion of Fos⫹ neurons in the OFC coexpressing VGLUT1 or VGAT. Fos⫹ neurons
difference in spike counts of GFP⫺ neu- were primarily VGLUT1 expressing in all groups. All data are expressed as mean ⫾ SEM.
rons between Paired and Unpaired mice
Experiment 3: Extinction of Pavlovian approach and NAc
in the OFC (F(14,294) ⫽ 1.26, p ⫽ 0.23).
shell and OFC Fos expression
There was no significant interaction for Condition ⫻ GFP and
We examined the effect of extinction learning on the size and
there were no main effects for Condition or GFP for the resting
phenotype distribution of NAc shell and OFC ensembles in
membrane potential or spike kinetics of GFP⫹ and GFP⫺ neuPaired No EXT, Paired EXT, and Unpaired EXT mice. On test
rons in the OFC (Table 1). However, there was a main effect of
day, a two-way ANOVA revealed a significant interaction of
Condition for the input resistance (F(1,51) ⫽ 5.69, p ⬍ 0.05) and
Group ⫻ CS Presentation (F(2,29) ⫽ 11.38, p ⬍ 0.001; Fig. 5A).
fAHP (F(1,51) ⫽ 6.09, p ⬍ 0.05). Comparison of GFP⫺ neurons
Post hoc analysis revealed no differences between CS and ITI refrom both groups revealed that the input resistance (F(1,22) ⫽
sponses in the Paired EXT group ( p ⫽ 0.61) or in the Unpaired
4.89, p ⬍ 0.05), but not the fAHP (F(1,22) ⫽ 3.84, p ⫽ 0.06), was
EXT group ( p ⫽ 0.06), but Paired No EXT mice made signifilarger in Paired compared with Unpaired mice. Furthermore,
cantly more head entries into the magazine during the CS comthere was a significant shift in the I/V curve between Paired and
pared with ITI period ( p ⬍ 0.001).
Unpaired GFP⫺ neurons (F(12,264) ⫽ 4.77, p ⬍ 0.001; Fig. 4C).
Extinction is thought to be a process in which the original
Therefore, conditioning produced generalized changes to
CS–US association is actively suppressed or “masked” rather than
passive membrane properties that were reflective of ion channel
being passively forgotten (Pavlov, 1927; Mackintosh, 1983; Bouopening at rest.
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35.5%; F(2,22) ⫽ 4.06, p ⬍ 0.05; Fig. 5C).
Post hoc analyses revealed that Fos levels
were significantly lower in the Paired EXT
group compared with the Paired No EXT
group for both brain areas (NAc shell and
OFC, p ⬍ 0.05). Therefore, after extinction, the number of CS-activated neurons
was reduced.
Phenotype of Fos-expressing neurons in
the NAc shell and OFC after extinction
In the NAc shell, the number of Fos⫹ neurons that coexpressed either Drd1 or Drd2
was similar across all groups (Drd1 38.2%
vs 43.9% vs 42.9%; Drd2 48.9% vs 43.06%
vs 49.28%; Paired No EXT vs Unpaired
EXT vs Paired EXT; Fig. 5D). A small proportion of Fos⫹ neurons expressed both
Drd1 and Drd2 (6.8% vs 5.3% vs 3.3%) or
could not be identified as Drd1- or Drd2expressing (6.1% vs 7.7% vs 4.1%; Paired
No EXT vs Unpaired EXT vs Paired EXT
data not shown).
In the OFC, the Fos⫹ neuronal ensemble consisted almost entirely of VGLUT1
neurons (97% vs 100% vs 96.9%) in all
conditions and only an extremely small
proportion were VGAT neurons (1.9% vs
0% vs 3.1%; Paired No EXT vs Unpaired
EXT vs Paired EXT; Fig. 5E).
Experiment 4: Electrophysiological
properties of GFPⴙ and GFPⴚ neurons
Figure 6. GFP⫹ neurons activated after extinction are of similar excitability to surrounding GFP⫺ neurons in both the NAc in the NAc shell and OFC after
shell and OFC. A, There was no significant difference between spike counts of GFP⫹ and GFP⫺ neurons in the NAc shell of Paired extinction of Pavlovian approach
EXT mice (GFP⫺, n ⫽ 18/6; GFP⫹, n ⫽ 12/6). In the Unpaired EXT group, spike counts of GFP⫹ and GFP⫺ neurons were also We examined the excitability properties
similar (GFP⫺, n ⫽ 13/7; GFP⫹, n ⫽ 12/6). Example traces of GFP⫹ and GFP⫺ neurons at ⫹70 pA from NAc shell Paired EXT of Paired EXT and Unpaired EXT mice in
mice are shown. Scale bar, 25 mV, 250 ms. B, In the OFC, there was no difference between spike counts of GFP⫹ and GFP⫺ the NAc shell and OFC. After extinction,
neurons in the Paired EXT group (GFP⫺, n ⫽ 19/7; GFP⫹, n ⫽ 18/6) or the Unpaired EXT group (GFP⫺, n ⫽ 24/7; GFP⫹, we found no difference in the firing capacn ⫽ 16/8). Example traces of GFP⫹ and GFP⫺ neurons at ⫹140 pA from OFC Paired EXT mice. Scale bar, 25 mV, 250 ms. Data are
ity of either NAc shell or OFC neurons. In
expressed as mean ⫾ SEM; values to the right of GFP⫺ and GFP⫹ denote number of cells recorded/number of mice used.
the NAc shell, a three-way ANOVA did
not reveal a significant interaction of Conton, 2004; Quirk and Mueller, 2008). We investigated whether
dition ⫻ GFP ⫻ Current Injection (F(9,414) ⫽ 0.87, p ⫽ 0.55; Fig.
the Pavlovian approach response could spontaneously recover
6A) and no significant main effects (Current Injection nor Conafter extinction, which would suggest that the original CS–US
dition) or further interactions. In the OFC, no main interaction
association was suppressed rather than masked. A separate group
(F(14,1008) ⫽ 0.45, p ⫽ 0.96; Fig. 6B) or further effects were
of wild-type mice underwent acquisition and extinction similar
observed.
to the Paired EXT mice described above and were then tested for
No significant interactions in any other measured electroSR 6 –7 d after the final extinction session (Fig. 5B). A two-way
physiological parameters were observed (Table 2). However,
ANOVA revealed a significant interaction of CS Presentation ⫻
there was a main effect of GFP for the fAHP (F(1,73) ⫽ 4.46, p ⬍
Test (F(1,44) ⫽ 5.30, p ⬍ 0.05) and main effects for CS Presenta0.05) in the OFC. Overall, after extinction of Pavlovian respondtion (F(1,44) ⫽ 6.48, p ⬍ 0.05) and Test (F(1,44) ⫽ 28.83, p ⬍
ing, no increases in the excitability of GFP⫹ neurons were ob0.001). Post hoc analysis revealed a significant difference between
served in either the NAc shell or the OFC of Paired EXT mice.
CS and ITI entries at the SR test ( p ⬍ 0.001), but not after the final
extinction session ( p ⫽ 0.73). These data suggest that the suppression of Pavlovian approach that we observed here represents
Discussion
an active masking of the CS–US memory.
We examined the size, phenotype, and excitability of NAc shell
We next investigated the size of the NAc shell ensemble after
and OFC ensembles after changes in reward– cue association
extinction by quantifying Fos⫹ neurons in Paired No EXT,
strength; that is, after sucrose conditioning and after extinction
Paired EXT, and Unpaired EXT mice. A one-way ANOVA relearning. We found that exposure to a sucrose-predictive cue
vealed a significant effect of Group on Fos expression in the NAc
activated neurons in both the NAc shell and OFC, whereas cueshell (percentage of Paired No EXT: Paired EXT ⫽ 73.2%; Uninduced activation was reduced after extinction learning. In the
paired EXT ⫽ 51.2%; F(2,21) ⫽ 8.68, p ⬍ 0.01) and OFC (percentage of Paired No EXT: Paired EXT ⫽ 39.1%; Unpaired EXT ⫽
NAc shell, similar levels of D1R- and D2R-expressing neurons
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Table 2. Basic membrane properties from the NAc shell (MSNs) and OFC (pyramidal neurons) following extinction of Pavlovian approach
NAc shell

OFC

Unpaired

Resting Vm (mV)
Rheobase (pA)
Ri (m⍀)
AP Peak (mV)
AP Half-Width (ms)
fAHP (mV)
mAHP (mV)

Paired

Unpaired

Paired

GFP⫺

GFP⫹

GFP⫺

GFP⫹

GFP⫺

GFP⫹

GFP⫺

GFP⫹

⫺79.09 ⫾ 1.00
41.15 ⫾ 4.96
418.36 ⫾ 24.83
62.99 ⫾ 3.81
1.71 ⫾ 0.07
⫺10.68 ⫾ 0.61
⫺8.77 ⫾ 0.47

⫺76.18 ⫾ 0.86
38.18 ⫾ 5.50
475.79 ⫾ 52.81
66.18 ⫾ 3.12
1.78 ⫾ 0.09
⫺12.00 ⫾ 1.03
⫺8.99 ⫾ 0.50

⫺77.60⫹0.66
45.56 ⫾ 4.72
438.83 ⫾ 37.22
67.82 ⫾ 2.85
1.62 ⫾ 0.04
⫺10.72 ⫾ 0.72
⫺8.31 ⫾ 0.45

⫺76.83 ⫾ 1.05
45.00 ⫾ 4.99
454.78 ⫾ 48.13
61.55 ⫾ 3.26
1.79 ⫾ 0.08
⫺9.28 ⫾ 0.88
⫺7.95 ⫾ 0.77

⫺77.71 ⫾ 0.63
88.13 ⫾ 10.00
207.12 ⫾ 14.67
107.11 ⫾ 1.72
1.01 ⫾ 0.03
⫺19.17 ⫾ 2.26
⫺6.86 ⫾ 1.18

⫺77.13 ⫾ 1.19
107.72 ⫾ 11.99
196.56 ⫾ 14.38
102.51 ⫾ 3.40
1.04 ⫾ 0.04
⫺25.57 ⫾ 2.54*
⫺6.42 ⫾ 0.83

⫺76.16 ⫾ 0.94
121.05 ⫾ 18.30
182.57 ⫾ 18.97
106.52 ⫾ 1.71
0.96 ⫾ 0.03
⫺17.37 ⫾ 2.40
⫺7.83 ⫾ 0.87

⫺77.11 ⫾ 0.82
119.38 ⫾ 14.56
169.24 ⫾ 21.71
98.61 ⫾ 2.81
1.00 ⫾ 0.04
⫺21.38 ⫾ 2.79*
⫺7.84 ⫾ 1.38

Data are expressed as mean ⫾ SEM (*p ⬍ 0.05). Asterisk indicates main effect of GFP. Liquid junction potential was ⫺11.1 mV and was not adjusted for. Spike kinetics were calculated as detailed in Table 1.
Vm , Resting membrane potential; Ri , input resistance; fAHP, fast AHP; mAHP, medium AHP.

were activated across conditions, whereas in the OFC, the majority of activated neurons were pyramidal cells.
We observed dynamic adaptations in the excitability of neuronal ensembles involved in encoding associative memories,
which did not generalize across brain areas. In the NAc shell, but
not the OFC, neurons activated after sucrose cue exposure were
more excitable than surrounding neurons. Furthermore, after
extinction learning, the behaviorally activated ensemble in the
NAc shell was no longer more excitable. Our findings provide
novel insight into how NAc shell ensembles encode changes in
associative strength by recruiting neurons with a different excitability phenotype compared with their surrounding neurons.
Investigating neuronal excitability in the Fos-GFP mouse:
methodological considerations
We have characterized recently behaviorally activated neurons
that express GFP (which is highly correlated with Fos expression)
from Fos-GFP mice (Koya et al., 2012). It has been shown previously that Fos labels ensembles that are causally involved in the
expression of conditioned behaviors (Koya et al., 2009; Fanous et
al., 2012; Cruz et al., 2013; Warren et al., 2016). In addition, Fos
expression requires sustained calcium signaling and ERK/MAPK
phosphorylation (Cruz et al., 2013), but it is not necessarily a
direct correlate of spike activity (Luckman et al., 1994). Therefore, similar to other Fos-GFP mice studies (Koya et al., 2012;
Whitaker et al., 2016), we suggest that we are mainly recording
from neurons with robust, prolonged activation after cue exposure. It should also be noted that certain NAc neurons decrease
their firing rate in response to appetitive Pavlovian cues and this
decrease is thought to play an important role in appetitive behaviors (Pennartz et al., 1994; Wan and Peoples, 2006; Day et al.,
2006). Therefore, intrinsic excitability changes on inhibitory
neuronal ensembles may also underlie sucrose and extinction
memory recall. However, methods to characterize inhibited neurons electrophysiologically are currently unavailable.
Potential implications and mechanisms for increased
excitability of NAc shell ensemble after sucrose memory
retrieval
GFP⫹ neurons in the NAc shell were more excitable than surrounding GFP⫺ neurons after sucrose cue exposure. This excitability change was associated with an increase in the input
resistance, which was underpinned by a shift in the I/V curve at
both depolarized and hyperpolarized potentials. MSNs express a
pronounced inwardly rectifying potassium current, IKir, as well as
voltage-gated currents such as IA-type currents, which regulate
the voltage response at hyperpolarized and depolarized potentials, respectively (Nisenbaum and Wilson, 1995; Perez et al.,

2006; Hibino et al., 2010). At depolarized potentials, shifts in the
I/V curve may also be influenced by voltage-gated Ca 2⫹ and Na ⫹
currents (Nisenbaum and Wilson, 1995). Therefore, it is possible
that the change in input resistance was primarily due to a modulation of intrinsic K ⫹ or Na ⫹/Ca 2⫹ currents at the dendritic/
somatic level. Interestingly, similar adaptations have been observed
in the NAc of obesity-prone rats that consume more food (Oginsky et al., 2016). It is tempting to speculate that the increase in the
relative excitability of GFP⫹ neurons represents a potential
mechanism to promote “normal” adaptive and “out-of-control” appetitive and consummatory behaviors by increasing the sensitivity to
reward-associated cues. Further electrophysiological investigation
is necessary to identify the precise intrinsic factors underlying
these excitability changes in GFP⫹ neurons after Pavlovian
conditioning.
It is possible that the changes that we observed are short-term
homeostatic mechanisms that are elicited after acute activation.
Homeostatic adaptations in response to high-frequency stimulation or prolonged excitation are, however, typically hyperpolarizing (Turrigiano, 1999; Barth et al., 2004), whereas increased
excitability usually occurs after decreased excitatory input
(Ishikawa et al., 2009). Furthermore, we did not observe such
changes in strongly activated neurons in the OFC and NAc shell
after exposure to a cocaine-associated context (J.J. Ziminski, G.
Margetts-Smith, E. Koya, unpublished observations). Therefore,
we favor the argument that the enhanced excitability that we
observed occurred before testing is related to associative memory
encoding.
Similar levels of Fos⫹ and Drd1- and Drd2-expressing neurons were observed in the NAc shell after Pavlovian approach.
This finding indicates recruitment of ensembles from both direct
(Drd1⫹) and indirect (Drd2⫹) pathways that target overlapping,
but also distinct structures (Smith et al., 2013), and is consistent
with studies that have examined Fos expression during motivated
behaviors (Li et al., 2015; Rubio et al., 2015; Caprioli et al., 2017;
Soares-Cunha et al., 2016). However, the functional roles of
accumbens D1R- and D2R-expressing neurons are complex. Previous studies that used global manipulations of D1R- or D2Rexpressing accumbens neurons indicated opposing (Robinson
and Berridge, 2001; Lobo et al., 2010; Chandra et al., 2015) and
similar (Soares-Cunha et al., 2016) roles for motivated behaviors
mediated by drug and natural rewards, respectively. Such discrepancies may arise from globally manipulating neurons regardless of their behavioral relevance, which may have different effects
from neuronal ensemble specific manipulations. For example,
neuronal ensemble, but not global, lesioning of the infralimbic
cortex altered cue-elicited reward-seeking behavior (Pfarr et al.,
2015). To elucidate precisely the functions of D1- and D2R-
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expressing neurons in appetitive behaviors, future studies should
use methods that manipulate Fos-expressing neurons from these
populations selectively.
Potential implications and mechanisms for the lack of
excitability changes in NAc shell ensemble after extinction
After extinction, it is possible that we recorded from a small portion of the original ensemble activated during the initial Pavlovian approach responding. This is consistent with the idea that
extinction learning represents a suppression of the original memory (Pavlov, 1927; Mackintosh, 1983; Bouton, 2004; Quirk and
Mueller, 2008). Supporting this, we observed SR of responding
after extinction. Therefore, it is possible that the excitability of the
original NAc shell ensemble activated during appetitive memory
recall is reduced after extinction. Extinction learning induces
neural adaptations that have been shown to suppress reward
seeking (Sutton et al., 2003; Knackstedt et al., 2010), whereas
manipulating the excitability of the NAc shell is sufficient to
modulate shell-dependent behaviors such as drug-induced locomotor activity (Dong et al., 2006). This suggests that decreasing
the excitability in a CS–US coding ensemble in the NAc shell may
be sufficient to modify conditioned approach behaviors.
However, recent studies have also suggested that extinction
learning may result in the creation of a new neuronal ensemble
that mediates the new CS–US contingency (Orsini et al., 2013; Warren et al., 2016). Warren et al. (2016) performed pharmacogenetic
lesioning of ventromedial prefrontal cortex Fos-expressing neurons
in an operant food self-administration procedure and demonstrated that ablation of Fos-expressing neurons after extinction
and food self-administration disinhibited and attenuated nonreinforced food-seeking, respectively. This suggests that, in this
area, extinction learning results in the recruitment of a new
ensemble distinct from the ensemble activated during initial
memory recall. Therefore, in our extinction experiments, GFP⫹
neurons after extinction may represent a new “extinction” ensemble rather than the same ensemble that encoded the original
CS–US association.
Potential reasons for lack of differences in OFC ensemble
excitability after sucrose memory retrieval
Unlike the NAc shell, OFC GFP⫹ neurons did not differ in their
excitability compared with GFP⫺ neurons after sucrose memory
retrieval despite associated increases in the number of GFP⫹
neurons. This lack of excitability may be due to the fact that these
neurons may have undergone transient changes in neuronal excitability during conditioning to confer a permissive learning
state (Saar et al., 1998; Mozzachiodi and Byrne, 2010). In support,
previous studies have demonstrated that excitability changes in cortical areas may be transient and uncorrelated to the expression of
learned behaviors (Moyer et al., 1996). Alternatively, OFC GFP⫹
neurons may encode a sudden unexpected change in cue–reward
associations rather than the retrieval of sucrose memories. However,
in vivo electrophysiology studies suggest that the activity of OFC
neurons is most robust during presentation of a reward-associated
stimulus and reward seeking (Moorman and Aston-Jones, 2014). In
addition, pharmacogenetic lesioning of Fos-expressing OFC neurons activated by drug-associated cues attenuate subsequent cueinduced drug seeking (Fanous et al., 2012). Therefore, we favor
the explanation that the recruitment of GFP⫹ neurons in the
OFC represents the retrieval of sucrose memory into an ensemble
that does not differ in its excitability compared with surrounding
neurons rather than recruitment of neurons into an “extinction”
ensemble.
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Concluding remarks
By recording selectively from behaviorally activated neurons, here,
we illuminate a potentially novel ensemble coding mechanism that
reflects changes in appetitive strength associations in the NAc shell.
One issue that needs to be resolved here is whether these changes in
ensemble excitability in the NAc play a causal role in encoding sucrose and extinction memories. Therefore, future studies may use
transgenic tools to manipulate the excitability of these NAc neuronal
ensembles directly, for example, by altering Kv channel expression
(Dong et al., 2006) in Fos-expressing neurons using the Fos-tTA
mouse (Kandel et al., 2014) and testing their effects on appetitive and
extinction memory recall.
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