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Abstract 54 

Animals must learn relationships between foods and the environmental cues that predict 55 

their availability for survival. Such cue-food associations are encoded in sparse sets of 56 

neurons or ‘neuronal ensembles’ in the nucleus accumbens (NAc). For these ensemble-57 

encoded, cue-controlled appetitive responses to remain adaptive, they must allow for their 58 

dynamic updating depending on acute changes in internal states such as physiological 59 

hunger or the perceived desirability of food. However, how these neuronal ensembles are 60 

recruited and physiologically modified following the update of such learned associations is 61 

unclear. To investigate this, we examined the effects of devaluation on ensemble plasticity at 62 

the levels of recruitment, intrinsic excitability, and synaptic physiology in sucrose conditioned 63 

Fos-GFP mice that express green fluorescent protein (GFP) in recently activated neurons. 64 

Neuronal ensemble activation patterns and their physiology were examined using 65 

immunohistochemistry and slice electrophysiology, respectively. Reward-specific 66 

devaluation following four days of ad lib sucrose consumption, but not general caloric 67 

devaluation, attenuated cue-evoked sucrose seeking. This suggests that changes in the 68 

hedonic and/or incentive value of sucrose, and not caloric need drove this behavior. 69 

Moreover, devaluation attenuated the size of the neuronal ensemble recruited by the cue in 70 

the NAc shell. Finally, it eliminated the relative enhanced excitability of ensemble (GFP+) 71 

neurons against non-ensemble (GFP–) neurons observed under Non-devalued conditions, 72 

and did not induce any ensemble-specific changes in excitatory synaptic physiology. Our 73 

findings provide new insights into neuronal ensemble mechanisms that underlie the changes 74 

in the incentive and/or hedonic impact of cues that support adaptive food seeking. 75 

 76 

 77 

 78 

 79 
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Significance statement 80 

Learned associations between food and the cues that predict their availability are encoded in 81 

neuronal ensembles in reward-relevant brain areas, such as the nucleus accumbens. Such 82 

learning is often accompanied by synaptic and intrinsic plasticity within these ensemble 83 

neurons. However, it is unclear how these plasticity changes manifest specifically in cue-84 

activated neurons in response to decreases in reward value, e.g. following reward-specific or 85 

general (caloric) devaluation. We reveal that shifts in excitability, but not excitatory synaptic 86 

physiology between ensemble and non-ensemble neurons in the nucleus accumbens shell 87 

coincide with reward-specific devaluation. Our findings provide new insights into how 88 

changes in the perceived properties of food reward update cue-food associations by 89 

potentially fine-tuning neuronal excitability.  90 

 91 

 92 

 93 

 94 

 95 

  96 
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Introduction 97 

Animals and humans form associations between environmental cues and the foods whose 98 

availability they predict (Jansen et al., 2016; Petrovich, 2013). Such cues obtain motivational 99 

significance following Pavlovian conditioning and exert powerful control over food seeking  100 

(Day & Carelli, 2007; Petrovich, 2013). Critically, organisms have to adapt their appetitive 101 

behaviors and related physiological responses not only according to the changing external, 102 

but also internal environment. For instance, excessive consumption of a certain type of food 103 

can alter its current attractiveness via changes in homeostatic need or its incentive and/or 104 

hedonic properties to regulate cue-responsivity (Goldstone et al., 2009; Holland & Rescorla, 105 

1975; West & Carelli, 2016). The malfunctioning of such behavioral flexibility may lead to 106 

inappropriate responding to food cues and dysregulation of food intake (i.e. overeating), and 107 

contribute to excessive weight gain (Boswell & Kober, 2016; Jones et al., 2018; Kosheleff et 108 

al., 2018). These are pressing issues in today’s society, in which we are surrounded by cues 109 

associated with unhealthy foods (e.g. junk food advertisements). Hence, elucidating the 110 

neurobiological processes underlying the updating of cue-food associations is crucial to 111 

obtain a better understanding of maladaptive eating behaviors.  112 

 113 

It has been shown that associations between cues and rewarding substances such as food 114 

and drugs of abuse are dependent on sparsely distributed sets of neurons called neuronal 115 

ensembles (Pennartz et al., 1994; Carelli et al., 2000; Koya et al., 2009a; Whitaker et al., 116 

2016, 2017; Ziminski et al., 2017, 2018). These neurons can act as memory engrams to 117 

encode and store cue-reward memory representations (Tonegawa et al., 2015; Whitaker & 118 

Hope, 2018). In addition to other mesocorticolimbic structures, these appetitive memory 119 

ensembles are found in the nucleus accumbens (NAc); a brain area well-established to play 120 

a causal role in hedonic processing and incentive learning (Castro et al., 2015; Day & 121 

Carelli, 2007; Kelley, 2004; West & Carelli, 2016). 122 
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Importantly, intrinsic and synaptic plasticity modulate neuronal network function in the wider 123 

mesocorticolimbic network and plays a pivotal role in many forms of associative learning 124 

(Kourrich et al., 2015; Stuber et al., 2008; Whitaker et al., 2017). The former primarily 125 

involves changes in the neuron’s electrical or excitability properties that influence neuronal 126 

firing, while the latter involves changes in neuronal communication at the synapse (Kourrich 127 

et al., 2015). For instance, studies using Fos-GFP mice that express GFP in behaviorally 128 

activated neurons have shown that intrinsic and synaptic plasticity within NAc ensembles, 129 

particularly in the shell region, help to encode cue-reward associations (Barth, 2004; 130 

Whitaker et al., 2016; Ziminski et al., 2017). Recently, it was found that changes in appetitive 131 

associative strength following extinction learning restricted the ability of food cues to recruit a 132 

hyperexcitable neuronal ensemble in the NAc shell subregion (Ziminski et al., 2017). Also, 133 

studies have shown that NAc shell neurons activated by specific drug-cue associations 134 

exhibit remodeling of excitatory glutamatergic synapses (Koya et al., 2012; Whitaker et al., 135 

2016). Taken together, physiological modifications in a select group of neurons are likely to 136 

establish highly specific appetitive associative memories.  137 

 138 

Here, we examined how ensemble-specific changes in intrinsic and synaptic plasticity 139 

underlie updating of cue-food associations using a reward-specific devaluation procedure. 140 

This approach is widely used to assess behavioral flexibility following changes in the 141 

rewarding value of food (West & Carelli, 2016). To this end, we devalued sucrose reward 142 

using a reward-specific, sucrose satiation procedure and compared it to a non-reward 143 

specific satiation manipulation. Subsequently, we examined plasticity changes in 144 

behaviorally activated NAc shell neurons in sucrose conditioned Fos-GFP mice at the levels 145 

of ensemble size, excitability, and synaptic physiology following reward-specific devaluation.  146 

  147 
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Material and Methods 148 

Animals 149 

Male wild-type C57BL/6 mice were purchased from Charles River UK. Male heterozygous 150 

Fos-GFP mice (https://www.jax.org/strain/014135, RRID:IMSR_JAX:014135) on a C57BL/6 151 

background that originated from the laboratory of Allison Barth (Carnegie Mellon University) 152 

were obtained from the in-house breeding programme at the University of Sussex (UK). All 153 

mice were housed 2-3 per cage and maintained on a 12:12 hour light/dark cycle (lights on at 154 

7:00) at a temperature of 21±1 °C and 50±5% humidity, and had access to standard chow 155 

(BK001 E Rodent Breeder and Grower diet, SDS) and ad libitum (ad lib) water. Unless 156 

noted, one week prior to and for the entire duration of the behavioral experiments, mice were 157 

food restricted to 90% of their free-feeding body weight (adjusted for age).  Mice were 9-10 158 

weeks old at the beginning of behavioral testing. Fos-GFP mice were used for experiments 159 

examining the effects of devaluation on Pavlovian approach (cue-evoked food seeking), Fos 160 

expression, and physiological parameters. These mice condition and exhibit food seeking 161 

similarly to wild-type mice (Ziminski et al., 2017). Wild-type mice were used for the 162 

experiments examining the effects of caloric satiation on Pavlovian approach. All 163 

experiments were conducted during the light phase.  All animal procedures were performed 164 

in accordance with the University of Sussex animal care committee’s regulations. 165 

 166 

Behavioral experiments 167 

Apparatus 168 

All behavioral procedures were carried out in conditioning chambers (15.9 x 14 x 12.7 cm, 169 

Med Associates, Vermont, USA) each enclosed within a sound attenuating and light 170 

resistant cubicle. The conditioning chamber was fitted with a recessed magazine situated in 171 

the center of one side-wall which dispensed 10 % sucrose solution serving as the 172 
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unconditioned stimulus (US). An infrared beam detected head entries into the magazine. 173 

The house light was situated in the side panel and was on for the duration of each training or 174 

test session. A mechanical relay served as an auditory (click) conditioned stimulus (CS) 175 

(Med Associates). Initiation and running of behavioral protocols, including the recording of 176 

head entries into the food magazine, was performed using Med-PC IV (MedAssociates Inc., 177 

RRID:SCR_012156).   178 

 179 

Behavioral procedures 180 

Prior to conditioning, mice underwent a single session of magazine training, which began 181 

following the initial head entry into the food magazine. During this session they received 40 182 

presentations of 10% sucrose solution (~15 μl) in the food magazine on a random interval 30 183 

(RI30) schedule in order to get accustomed to the sucrose delivery procedure. Starting the 184 

next day, mice underwent 11-12 Pavlovian conditioning sessions (on average 24 minutes 185 

per session; 1-2 times daily in the morning (8 am-12 noon) and/or afternoon (12 noon-5 pm) 186 

over 7 consecutive days. The illumination of the house light indicated the start of each 187 

session, which consisted of six 120 s CS presentations (yoked across conditioning 188 

chambers), separated by 120 s RI intertrial interval (ITI) periods. During each 120 s CS 189 

period, ~15 μL of 10% sucrose solution was delivered into the magazine on a RI-30 s 190 

schedule. Following conditioning, mice remained in the colony room for 7-9 days until test 191 

day. Three days following the final conditioning session (Figure 1A), mice were randomly 192 

allocated to one of two groups for the remaining 4-6 days for: 1) Reward-specific devaluation 193 

experiments in which all mice continued to be food restricted, and one group of mice 194 

(Devalued group) received ad lib sucrose solution in their home cage whereas the control 195 

(Non-devalued) group received an additional water bottle; 2) caloric satiation experiments in 196 

which one group of mice (ad lib chow group) received ad lib chow in their home cage 197 

whereas the Control group continued to be food restricted until test day. On test day, mice 198 
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underwent Pavlovian approach testing, to assess cue-evoked sucrose seeking which 199 

consisted of a single session that was similar to the conditioning session, but under 200 

extinction conditions (i.e. in the absence of sucrose delivery in order to avoid the interference 201 

of acute sucrose consumption).  202 

 203 

Fos immunohistochemistry 204 

Following testing for Pavlovian approach, mice from the devaluation experiments remained 205 

in the conditioning chambers for an additional ~1 h to allow for optimal Fos expression. 206 

Subsequently, they were anaesthetized using sodium pentobarbital in saline (1:10, 200 207 

mg/kg, i.p.). Mice were transcardially perfused with ice-cold PBS (concentrations in mM: 208 

NaCl 137, KCl 2.7, Na2HPO4 10, KH2PO4 1.8, pH 7.4) for 5 minutes (5 ml/min) and with ice-209 

cold 4 % paraformaldehyde (PFA, Sigma-Aldrich cat. no. 158127) for 20 minutes (5 ml/min) 210 

using a peristaltic pump (Masterflex L/S, Cole Parmer). Thirty minutes after the end of the 211 

perfusion brains were removed, post-fixated in 4% PFA at 4 ºC for approximately 22 h, and 212 

then cryoprotected in 30% sucrose solution in PBS for 3-5 days. Brains were frozen on dry 213 

ice and stored at -80 ºC until further use. Brains were sliced into 30 μm coronal sections 214 

containing NAc (AP 1.5 from bregma; Paxinos, G and Franklin, 2012) using a cryostat (Leica 215 

CM 1900, Leica Microsystems) and stored in PBS with sodium azide (0.02%) or 216 

cryopreservant. 217 

Free-floating slices were washed 3 times for 10 minutes in PBS, incubated in 0.3% hydrogen 218 

peroxide in PBS for 15-20 minutes to block endogenous peroxidase activity and 219 

subsequently washed 3 times in PBS. To block non-specific binding sites and permeabilize 220 

cell membranes, slices were incubated in 3% NGST (normal goat serum with Triton X-100; 221 

Vector Laboratories) for 1 h. Slices were incubated in primary antibody (rabbit anti c-Fos, sc-222 

52, LOT: A2914, Santa Cruz Biotechnology, 1:8000, RRID:AB_2106783) in 3% NGST over 223 

night at 4 ºC. Next, slices were washed 3 times in PBS and incubated in the secondary 224 
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antibody (biotinylated goat anti-rabbit lgG H+L, Vector labs, 1:600, RRID:AB_2313606) in 225 

1% NGST for 2 h. After 3 subsequent washes in PBS slices were incubated in ABC solution 226 

(RRID:AB_2336818, Vectorlabs) for 1 h and then washed twice in PBS.  Slices were 227 

incubated in 0.04% DAB, 0.05% nickel ammonium sulfate, 0.04% hydrogen peroxide in PBS 228 

for approximately 30 minutes and washed 3 times in PBS. Slices were mounted in water 229 

onto Superfrost slides (Fisher) and dried overnight. For dehydration, slides went through the 230 

following steps: 2 x distilled water on ice 3 minutes, 30% ethanol 2 minutes, 60% ethanol 2 231 

minutes, 90% ethanol 2 minutes, 95% ethanol 2 minutes, 100% ethanol 2 minutes, 100% 232 

ethanol 2 minutes, 2 x HistoClear (National Diagnostics) 10 minutes. Finally, slides were 233 

coversliped using Histomount (National Diagnostics), dried overnight and stored at room 234 

temperature. 235 

Brightfield images of the NAc shell (hereafter NAc) were taken using a QI click camera 236 

(Qimaging) attached to an Olympus BX53 brightfield microscope and iVision-Mac software 237 

(Biovision Technologies, version 4.0.15, RRID: SCR_014786). Fos-positive neurons were 238 

counted manually bilaterally in a blind manner at a magnification of 100x using iVision 239 

software. Two images were taken per hemisphere (dorsal and ventral) and numbers of Fos-240 

positive neurons were added to get one value per hemisphere. Between hemispheres values 241 

were averaged to get one value per animal. Our Fos analysis was restricted to medial 242 

proportions of the NAc due to low Fos expression in the lateral NAc.  243 

 244 

Electrophysiology 245 

Ex vivo brain slice preparation 246 

Ninety minutes after the start of Pavlovian approach testing, mice were deeply anaesthetized 247 

with ketamine and xylazine (Anaesktin©, Dechra Veterinary Products; Rompun©, Bayer 248 

Healthcare) in saline, and then transcardially perfused with ice-cold NMDG solution 249 

(concentrations in mM: NMDG 93, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, D-250 
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glucose 25, C6H7NaO6 5, SC(NH2)2 2, C3H3NaO3 3, MgSO4H20 10, CaCl2.2H20 0.5, 251 

osmolarity 300 - 310 mOsm, pH 7.4) (Ting et al., 2018). Following perfusions, the brains 252 

were immersed in ice-cold filtered NMDG solution for 2 minutes. The cerebellum was 253 

removed and the brain was mounted onto a stage and placed in a slicing chamber filled with 254 

ice-cold NMDG solution. 250 μm thick coronal slices were cut corresponding to 255 

approximately 1.5 mm AP from Bregma. Slices were stored in NMDG solution for 5 minutes 256 

at 32 °C and then transferred to aCSF at room temperature until recording. NMDG solution 257 

and aCSF (artificial CSF, concentrations in mM: NaCl 126, KCl 4.5, MgCl2 1, CaCl2 2.5, 258 

NaH2PO4 1.2, D-glucose 11, NaHCO3 26, pH 7.4) were continuously bubbled with a 95% 259 

O2:5% CO2 mixture. 260 

 261 

Electrophysiological recording 262 

We recorded from NAc shell medium spiny neurons (MSNs) which are the principal neurons 263 

of this area using similar criteria as reported in (Ziminski et al., 2017).  For NAc current 264 

clamp recordings, the slices were hemisectioned and transferred to the recording chamber 265 

continuously refilled with aCSF at 32 °C (flow rate approximately 2 ml/min). GFP+ neurons 266 

were identified using a 488 nm laser line from a Revolution XD spinning disk confocal 267 

system (Andor) attached to an Olympus BX51W1 microscope (Figure 3B). Whole-cell patch 268 

clamp recordings were performed using ICS (intracellular solution, concentrations in mM: K-269 

gluconate 125, KCl 10, HEPES 10, MgCl2*6H2O 2, EGTA 1, CaCl2*2H2O2  0.1, Mg-ATP 2, 270 

Na-GTP 0.2, pH 7.25)-filled borosilicate capillary glass-pipettes (inner diameter 0.86 mm, 271 

outer diameter 1.5 mm, resistance 5-7 MOhm; Sutter Instruments) using a P-97 electrode 272 

puller (Sutter Instruments). Alexa Fluor 568 dye (100 μM, cat. no. A10437, Thermo Fisher 273 

Scientific) was added to the ICS to confirm patched neurons by colocalization with GFP. 274 

MSNs were identified using morphology, resting membrane potential (RMP), and action 275 

potential (AP) waveform and held at -75 mV for the duration of the recordings. Liquid 276 
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junction potential was -13.7 mV and was not adjusted for. The current clamp recording 277 

protocol consisted of 800 ms current injections starting at -60 pA and increasing in 4 pA 278 

steps. 279 

Data were collected with a Multiclamp 700B amplifier (Molecular Devices), WinEDR (version 280 

3.7.5) and WinWCP Software (version 5.2.2, courtesy of Dr. John Dempster, University of 281 

Strathclyde, Glasgow, UK; http://spider.science.strath.ac.uk/sipbs/software_ses.htm, RRID: 282 

SCR_014713). Signals were digitized at 10 kHz and filtered at 5 kHz (PCI 6024E; National 283 

Instruments) and low-frequency noise was filtered out using a HumBug (Quest Scientific) 284 

module. The input resistance (Ri) was calculated as the slope of the I/V curve between -60 285 

pA and 20 pA injections. Rheobase was calculated manually. Spike kinetics (amplitude and 286 

half-width) and afterhyperpolarization (AHP) were calculated using Mini Analysis Software 287 

(version 6.0; Synaptosoft, RRID:SCR_002184) and spike counts were calculated using 288 

Stimfit 0.14 software (Python 2.7.9) (Guzman et al., 2014). The amount of GFP+ and GFP– 289 

neurons recorded per mouse was kept approximately constant at 2-4 neurons in voltage 290 

clamp recordings and 4-6 neurons in current clamp and the order of recordings was 291 

counterbalanced.  292 

 293 

Voltage clamp recordings were conducted in the presence of the GABAA receptor channel 294 

blocker, picrotoxin (100 μM; Sigma-Aldrich) using ICS (concentrations in mM: Spermine 0.1, 295 

CsCH3SO3 120, NaCl 5, TEA-Cl 10, HEPES 10, EGTA 1.1, MgATP 4, Na-GTP 0.3, QX314 296 

4.6  (Lidocaine, Sigma-Aldrich). Spontaneous EPSCs (sEPSCs) were analyzed over a 30 s 297 

period. Responses were evoked through bipolar stimulating electrodes (FHC, CBASD75), 298 

within 400 μm of the neuron with 0.1 ms pulses at 0.033 Hz.  Series resistance was 299 

monitored using -10 mV voltage steps (100 ms) and only neurons maintaining stable access 300 

(<15% change) were included in the analyses. Paired-pulse ratios (PPR) were calculated by 301 

stimulating twice in succession and dividing second peak by the first peak (average of 302 
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triplicate), across interstimulus intervals (ITIs) of 20, 40, 60, 80, 100, 150 and 200 303 

milliseconds. AMPAR/NMDAR current ratios were calculated from the averages of 10-20 304 

evoked EPSCs at +40 mV with and without D-APV (NMDA receptor antagonist, 50 μM, Hello 305 

Bio). For each neuron, the AMPAR current (with D-APV) was subtracted from the combined 306 

current (without D-APV) to yield the NMDAR current (Koya et al., 2012). AMPAR current 307 

peak was divided by NMDAR current peak to yield AMPAR/NMDAR current ratios. AMPAR 308 

rectification curves were produced by averaging triplicate stimulations at -80, -60, -40, -20, 0, 309 

20 and 40 mV in the presence of D-APV. The AMPAR rectification index was calculated by 310 

dividing the excitatory post-synaptic current (EPSC) peak amplitude at -80 mV by the peak 311 

amplitude at +40 mV. The ratio of the chord conductance (G=I/V) was calculated by dividing 312 

the chord conductance at +40 mV by the chord conductance at -80 mV (G+40 mV / G-80 mV). 313 

Traces in figures have stimulus artefacts removed. 314 

 315 

Experimental Design and Statistical Analysis 316 

Data were analyzed and visualized using GraphPad Prism 6 (Graphpad software, 317 

RRID:SCR_002798), SPSS (IBM SPSS statistics, RRID:SCR_002865), and Excel 318 

(Microsoft).  Spontaneous EPSCs were analyzed using Mini Analysis Software (version 6.0; 319 

Synaptosoft, RRID:SCR_002184) whereas evoked EPSCs (e.g. PPRs) were analyzed using 320 

WinWCP Software. Statistical analyses are summarized in Table 2. All data are presented 321 

as mean ± SEM. Data points exceeding ± 2 SD or greater from the mean were excluded 322 

from the analyses. Group data are presented as mean ± SEM. ANOVAs were followed up by 323 

Fisher’s LSD test. 324 

 325 

Behavioral data 326 
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Total number of head entries into the sucrose-delivery magazine during acquisition were 327 

analyzed using a two-way repeated measures ANOVA including cue presentation (ITI, CS) 328 

and session (1-12) as within-subjects factors. Two-way mixed ANOVAs were used to test for 329 

pre-existing differences in Pavlovian approach, using session (1-12) as within-subjects factor 330 

and caloric satiation (control, ad lib chow) or devaluation (Non-devalued, Devalued) as 331 

between-subjects factor. The test data was analyzed using two-way mixed ANOVAs using 332 

cue presentation (ITI, CS) as within-subjects factor and devaluation (Non-devalued, 333 

Devalued) or caloric satiation (Control, ad lib chow) as between-subjects factor. Body 334 

weights were analyzed using unpaired two-tailed t-tests. A total of four mice from the ad lib 335 

chow and Devalued groups were excluded from the test analyses due to equipment 336 

malfunction.   337 

 338 

Fos expression 339 

Fos quantification data was analyzed using a two-tailed t-test comparing the number of Fos+ 340 

neurons per square mm between Non-devalued and Devalued conditions. Brain sections 341 

from two mice were damaged and could not be used for cell quantification. 342 

 343 

Electrophysiology 344 

Spike counts and I/V curves were first analyzed using a three-way mixed ANOVA with 345 

devaluation (Non-devalued, Devalued) and GFP (+/–) as between-subjects factors and 346 

current step as the within-subjects factor. This was followed up by two-way mixed ANOVAs 347 

using current step as within-subjects factor and GFP (+/–) or devaluation (Non-devalued, 348 

Devalued) as between-subjects factor. 349 
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RMP, rheobase, Ri, AHP, spike amplitude and half-width were analyzed using two-way 350 

ANOVAs with devaluation (Non-devalued, Devalued) and GFP (+/–) as between-subject 351 

factors.  352 

sEPSC frequency and amplitude, and AMPAR rectification index were analyzed using two-353 

way ANOVAs with devaluation (Non-devalued, Devalued) and GFP (+/–) as between-354 

subjects factors. The ratio of the chord conductance (G=I/V) at +40 mV over -80 mV (G+40 mV 355 

/ G-80 mV) was analyzed using a one-sample t-test against the population mean of 1, which 356 

indicates a lack of rectification (Bonferroni corrections were used to control for multiple 357 

comparisons). PPRs were analyzed using a three-way mixed ANOVA with devaluation (Non-358 

devalued, Devalued) and GFP (+/–) as between-subjects factors and interstimulus interval 359 

as within-subjects factor. AMPAR/NMDAR current ratios and sEPSC parameters were 360 

analyzed using a two-way ANOVA with devaluation (Non-devalued, Devalued) and GFP (+/–361 

) as between-subjects factors.  362 

  363 
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Results 364 
 365 

Acquisition of Pavlovian conditioning 366 

We assessed the establishment of a cue-sucrose association following 12 sessions of 367 

Pavlovian conditioning, during which an auditory cue (clicker) was repeatedly paired with 368 

10% sucrose solution delivery (Figure 1A). With conditioning, mice made a significantly 369 

greater number of head entries into the sucrose delivery magazine during the CS period 370 

(cue and sucrose presentation) versus non-CS/ITI period; this difference was mainly due to 371 

a progressive decrease in responding during the ITI as conditioning progressed (Figure 1B). 372 

A two-way repeated measures ANOVA revealed a significant interaction of cue presentation 373 

(CS, ITI) and session (F11,341 = 18.12, p < 0.0001) and significant main effects of cue 374 

presentation (F1,31 = 321, p < 0.0001) and session (F11,341 = 9.957, p <  0.0001). This finding 375 

indicates that mice learned the association between the cue and sucrose delivery.  376 

 377 

Reward-specific devaluation attenuates Pavlovian approach 378 

Seven days after the last acquisition session and after 4-6 days of either ad lib chow or 379 

sucrose solution in the home cage, mice underwent Pavlovian approach testing under 380 

extinction conditions (Figure 1A).  381 

We first assessed the effect of sucrose devaluation on Pavlovian approach. A two-way 382 

mixed ANOVA showed a significant interaction of cue presentation x devaluation (F1,28 = 383 

5.275, p = 0.0293) and a significant effect of cue presentation (F1,28 = 27.84, p < 0.0001). 384 

Post-hoc group differences are presented in Figure 1C, indicating a reduction of cue-evoked 385 

sucrose seeking in Devalued mice. Importantly, no pre-existing differences between groups 386 

were detected during acquisition (interaction of devaluation x session F11, 330 = 0.6798, p = 387 

0.7577; session F11, 330 = 26.67, p < 0.0001; devaluation F1, 30 = 0.016, p = 0.9002).   388 
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Frequent sucrose consumption results in weight gain (Te Morenga et al., 2013). Thus, as a 389 

measure for sucrose consumption, we measured the body weights of Devalued mice 390 

following ad lib sucrose consumption and compared them to Non-devalued mice. A t-test (t30 391 

= 8.629, p < 0.0001) revealed that mice in the Devalued group exhibited significantly higher 392 

body weights than their Non-devalued counterparts (Figure 1D), indicating that mice in the 393 

Devalued group consumed a significant amount of sucrose.  394 

 395 

Caloric satiation does not modulate Pavlovian approach 396 

Next, we assessed whether increased caloric consumption alone would result in reduced 397 

cue reactivity. To this end we trained an additional group of mice using the same behavioral 398 

procedure as above, but instead of sucrose we provided them with ad lib chow in their home 399 

cage. Caloric satiation did not modulate cue-evoked sucrose seeking (Figure 1E), but cue 400 

presentations increased the number of head entries during the CS, as shown by a two-way 401 

ANOVA (interaction cue presentation x caloric satiation F1,24 = 0.3335, p = 0.569, cue 402 

presentation F1,24 = 14.26, p = 0.0009; caloric satiation F1,24 = 1.081, p = 0.3089). Post-hoc 403 

comparisons are shown in Figure 1E. Again, no pre-existing differences between groups 404 

were detected during acquisition (interaction caloric satiation x session F11, 308 = 0.8548, p = 405 

0.5853; session F11, 308 = 10.54, p < 0.0001; caloric satiation F1, 28 = 0.907, p = 0.3491). Also, 406 

similar to ad lib sucrose consumption, ad lib chow also increased body weight (t26 = 10.62, p 407 

< 0.001; Figure 1F). This suggests that cue-evoked sucrose seeking was not attenuated by 408 

caloric need alone.  409 

 410 

Devaluation attenuates NAc Fos expression 411 

Next, we assessed the effects of reward-specific devaluation on neuronal ensemble activity 412 

in the NAc, by examining the number of Fos-expressing neurons (Figure 2A). A t-test 413 
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revealed a significant reduction in Fos positive neurons in NAc (t27 = 2.376, p = 0.0249) in 414 

the Devalued group compared to Non-devalued group, indicating that a smaller ensemble 415 

was recruited in the NAc following reward-specific devaluation (Figure 2B, C). 416 

 417 

Devaluation is associated with lack of excitability differences between ensemble and non-418 

ensemble neurons.  419 

In a separate cohort of mice, we assessed the excitability of cue-responsive, GFP+ 420 

‘ensemble’ and surrounding GFP– ‘non-ensemble’ MSNs 90 min following the initiation of 421 

Pavlovian approach testing (Figure 3A). We injected increasing amounts of current into the 422 

neurons and quantified the number of action potentials fired in response to assess the firing 423 

capacity of these neurons (Figure 3). A three-way mixed ANOVA showed an interaction of 424 

current step x devaluation x GFP (F8, 304 = 3.115, p = 0.002), an interaction of current step x 425 

GFP (F8,304 = 6.784, p < 0.0001), as well as a significant main effect of current step (F8,304 = 426 

53.88, p < 0.0001) and GFP (F1, 38 = 8.364, p = 0.006) but not devaluation (F1, 38 = 0.012, p = 427 

0.912). In order to determine what is driving this three-way interaction, we further conducted 428 

a two-way ANOVA comparing the firing rates (spike counts) of GFP+ and GFP– neurons 429 

within Non-devalued mice separately. This revealed an interaction of current step x GFP 430 

(F8,152 = 11.84, p < 0.0001), as well main effects of current step (F8,152 = 35.64, p < 0.0001) 431 

and GFP (F1,19 = 18.57, p = 0.0004) (Figure 3C). This indicates that in Non-devalued mice, 432 

GFP+ and GFP– neurons differed significantly in firing capacity. A similar ANOVA comparing 433 

GFP+ and GFP– neurons within the Devalued group yielded a main effect of current step 434 

(F8,152 = 21.43, p < 0.0001), but no effect of GFP (F1, 19 = 0.3584, p = 0.5565) or interaction 435 

(F8, 152 = 0.5413, p = 0.8239) (Figure 3D). Hence, in the Devalued group GFP+ and GFP– 436 

neurons did not differ in firing capacity. Post-hoc tests are indicated in Figure 3C, D). Taken 437 

together, these results indicate that differences in excitability between GFP+ and GFP– 438 

neurons are eliminated following reward-specific devaluation.  439 
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Excitability changes in both ensemble and non-ensemble neurons underlie alterations in 440 

appetitive learning (Whitaker et al., 2017; Ziminski et al., 2017, 2018). Therefore, we 441 

compared the spike counts of GFP+ and GFP– neurons separately across conditions. For 442 

the GFP– non-ensemble neurons (Figure 3E), we discovered an interaction of current step x 443 

devaluation (F8,152 = 2.048, p = 0.0444), a main effect of current step (F8,152 = 15.91, p < 444 

0.0001) but no main effect of devaluation (F1, 19 = 3.271, p = 0.0864). Post-hoc analysis 445 

revealed a slight, but significant increase in spike number in GFP– neurons from the 446 

Devalued group, which was not accompanied by any changes in the I/V curves nor any of 447 

the active and passive membrane properties (Figure 3, 4). For the GFP+ ensemble (Figure 448 

3F), two-way mixed ANOVAs revealed no significant interaction of current step x devaluation 449 

(F8, 152 = 1.33, p = 0.2324) or main effect of devaluation (F1, 19 = 1.152, p = 0.2966) but a 450 

significant main effect of current step (F8,152 = 38.45, p < 0.0001). These findings indicate 451 

that a slight increase in excitability in GFP– non-ensemble neurons contributed to the lack of 452 

excitability differences between the GFP+ and GFP– neurons as a function of reward-453 

specific devaluation.  454 

Analysis of I/V curves with a three-way mixed ANOVA did not reveal aninteraction of current 455 

step x GFP x devaluation (F 20, 780 = 1.212, p = 0.236) but a significant interaction of current 456 

step x GFP (F20, 780 = 11.031, p < 0.0001), as well as a significant effect of current step (F20, 457 

780 = 430.768, p < 0.0001), GFP (F1,39 = 16.829, p < 0.0001), but not devaluation (F1, 39 = 458 

0.789, p = 0.38). To determine what is driving these effects, further analysis using a two-way 459 

ANOVA comparing GFP+ and GFP– neurons separately within Non-devalued and Devalued 460 

groups was conducted. It revealed a significant interaction of current step x GFP (F20,360 = 461 

7.951, p < 0.0001), as well as main effects of each factor (current step F20,360 = 185.5, p < 462 

0.0001; GFP F1,18 = 11.5, p = 0.0033) in the Non-devalued group (Figure 3C inlay), similar to 463 

the effect observed in the number of spikes. Post-hoc comparisons between GFP+ and 464 

GFP– neurons in negative and positive potential are indicated in Figure 3C inlay. In the 465 

Devalued group, a two-way ANOVA comparing GFP+ and GFP– neurons yielded an 466 
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interaction of current step x GFP (F20,380 = 2.931, p < 0.0001), as well as main effect of both 467 

factors (current step F20,380 = 217.6, p < 0.0001, GFP F1,19 = 4.504, p = 0.0472, Figure 3D 468 

inlay). Post-hoc tests are indicated in Figure 3D inlay. Similar to our previous analysis of 469 

excitability, we next conducted additional two-way ANOVAs in GFP+ or GFP– neurons 470 

between the Devalued and Non-devalued groups. For both, GFP+ and GFP– neurons, no 471 

significant interaction or effect of GFP, but an effect of current step (GFP+: F20, 360 = 177.5, p 472 

< 0.0001, GFP–: F20,380 = 267.7, p < 0.0001) were revealed (Figure 3 E, F inlays). In 473 

summary, the differences in the I/V curves of GFP + and GFP– neurons seen prior to 474 

devaluation were still present afterwards, but less pronounced and restricted to negative 475 

potentials. 476 

To investigate the source of the differences in firing capacity, we examined the resting 477 

membrane potential (RMP), rheobase, Ri, AHP, and AP half-width and amplitude of GFP+ 478 

and GFP– neurons from Non-Devalued and Devalued groups using two-way ANOVAs 479 

(Figure 4, Table 1). For rheobase (F1,37 = 4.57, p = 0.0392, Figure 4B), but none of the 480 

remaining parameters, we found a significant interaction of devaluation x GFP. Post-hoc 481 

testing revealed decreased rheobase in GFP+ neurons compared to GFP– neurons in the 482 

Non-Devalued, but not Devalued group.  This suggests that devaluation eliminated the 483 

differences in the minimum amount of current needed for spiking between ensemble and 484 

non-ensemble neurons (Table 1). We only found a main effect of GFP for Ri, (F1,38 = 13.47, 485 

p = 0.0007, Figure 4C) and AP half-width (F1,37 = 6.004, p = 0.012, Figure 4D). There was a 486 

main effect for devaluation for AHP (F1,38 = 6.07, p = 0.02, Figure 4E), AP half-width (F1,37 = 487 

4.31, p = 0.04, Figure 4D) and rheobase (F1,37 = 7.02, p = 0.01, Figure 4B). Post-hoc tests 488 

are indicated in Figure 4 and Table 1. We did not reveal any effects on RMP and AP 489 

amplitude (Figure 4 A, F). Hence, devaluation did not modulate these properties in an 490 

ensemble-specific manner.  491 

 492 



 

 20 

Devaluation does not modulate synaptic properties in an ensemble-specific manner 493 

We next investigated the synaptic properties of GFP+ and GFP– neurons in Non-devalued 494 

and Devalued groups. We first measured the synaptic strength in these neurons by 495 

assessing the AMPAR/NMDAR ratios. A two-way ANOVA did not reveal a significant 496 

interaction of devaluation x GFP (F1, 19 = 0.35, p = 0.56, Figure 5A), indicating a lack of 497 

differences in synaptic strength across ensembles and conditions. The insertion of GluA2-498 

lacking AMPARs enhances excitatory transmission and neurons expressing these receptors 499 

display inward rectification (Cull-Candy et al., 2006). Therefore, we measured rectification of 500 

AMPAR EPSC by dividing the EPSC amplitude at -80 mV by the amplitude at +40 mV in the 501 

presence of the NMDA-antagonist APV. We observed no significant interaction of GFP x 502 

devaluation (F1, 15 = 0.37, p = 0.55, Figure 5B), indicating no differences in the expression of 503 

GluA2-lacking AMPARs across ensembles and conditions.  504 

Previous studies have shown that food restriction and palatable food consumption increase 505 

the expression of GluA2-lacking AMPARs in the nucleus accumbens (Oginsky et al., 2016; 506 

Ouyang et al., 2017).  As such, we examined whether inward rectification was generally 507 

present in Devalued and Non-devalued mice that underwent both food restriction and 508 

repeated sucrose consumption during training. We calculated the ratio of the chord 509 

conductance (G) at +40 mV over -80 mV (G+40 mV / G-80 mV). If rectification is present, then this 510 

value is lower than 1.  A one-sample t-test against a population of mean of 1 revealed that in 511 

the Devalued group, GFP+ neurons did not display rectification (0.70 ± 0.11; t4 = 2.67, p = 512 

0.0559), but was observed in GFP– neurons (0.58 ± 0.09; t4 = 4.48, p = 0.0110). Also, 513 

rectification was observed in GFP+ and GFP– neurons in the Non-devalued group (GFP+: 514 

0.57 ± 0.02, t3 = 20.16, p = 0.0003; GFP–: 0.56 ± 0.04, t4 = 10.32, p = 0.0005). Collectively, 515 

these data suggest that devaluation did not modulate synaptic strength and AMPA receptor 516 

function on NAc ensembles. However, these data suggest that we observed widespread 517 

expression of GluA2-lacking AMPARs, as indicated by rectification in GFP– non-ensemble 518 

neurons regardless of Devaluation. 519 
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Next, we examined the sEPSC frequency and amplitude. We observed no significant 520 

interaction of GFP x devaluation in sEPSC frequency (F1, 65 = 0.03, p = 0.85, Figure 5C) or 521 

amplitude (F 1,65 = 0.71, p = 0.40, Figure 5C). There was a main effect of devaluation for 522 

sEPSC frequency (F1, 65 = 6.46, p<0.05), suggesting a generalized decrease in sEPSC 523 

frequency in Devalued mice (Figure 5C). Finally, we observed no interaction or main effects 524 

in presynaptic release probability as measured using the PPR (GFP x devaluation x 525 

interstimulus interval F6,180 = 0.53, p = 0.78), suggesting the group differences in sEPSC 526 

frequency were not driven by presynaptic adaptations (Figure 5D).  527 

  528 
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Discussion  529 

Here we examined the effects of devaluation on ensemble plasticity at the levels of 530 

recruitment, excitability, and synaptic physiology in sucrose conditioned Fos-GFP mice. After 531 

conditioning we provided mice with four days of ad lib sucrose or standard chow. Sucrose 532 

access, but not caloric satiation alone attenuated cue-evoked sucrose seeking and hence 533 

led to devaluation. This reward-specific devaluation: i) reduced the size of the behaviorally-534 

activated NAc shell neuronal ensemble; ii) eliminated differences in excitability between 535 

ensemble and non-ensemble neurons that was observed under Non-devalued conditions. 536 

Interestingly, devaluation did not alter any ensemble-specific synaptic alterations. Our 537 

findings provide new insights into how changes in the rewarding properties of food modulate 538 

cue-evoked sucrose seeking by potentially modifying the background excitability of NAc non-539 

ensemble neurons.  540 

 541 

Implications and mechanisms of reduced cue-evoked sucrose seeking and ensemble size 542 

following devaluation 543 

Reward-specific devaluation, but not general caloric satiation alone, decreased cue-evoked 544 

sucrose seeking. Hence, the incentive and/or hedonic properties of sucrose, but not 545 

homeostatic need may control this behavioral change. The incentive properties relate to the 546 

inclination to seek food, whereas the hedonic properties relate to the pleasurable properties 547 

associated with food consumption (Castro et al., 2015). One possibility then is that ad lib 548 

sucrose decreased the sucrose-associated cue’s incentive properties. In support, selective 549 

satiation reduces breakpoints on a progressive-ratio appetitive task (Baxter et al., 2000). 550 

Alternatively, mice in our study may have updated the reward representation according to 551 

the new and less attractive value and adapted their food-seeking because sucrose 552 

overconsumption lead to decreases in palatability or hedonic properties (Thompson et al. 553 

1976; Strickland at al., 2018). In order to directly determine the factors that decreased 554 
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sucrose seeking, a future study incorporating sucrose consumption and orofacial reactivity 555 

during a sucrose consumption test would be needed (Berridge et al., 1981; Castro et al., 556 

2015; Johnson et al., 2009). 557 

Devaluation decreased NAc Fos expression consistent with NAc’s role in mediating the 558 

hedonic and incentive properties of sucrose and associated cues (Kelley et al., 1996; Taha, 559 

2005; Cacciapaglia et al., 2012). At the circuit level, neuronal activation after devaluation 560 

may be reduced via inhibition from local interneurons that control ensemble size. 561 

Additionally, decreased excitatory drive from cortical afferents mediating goal-directed 562 

behaviors from areas such as the basolateral amygdala and ventral hippocampus may 563 

contribute (Taverna et al., 2005; Wilson, 2007; Shiflett & Balleine, 2010; Stefanelli et al., 564 

2016; LeGates et al., 2018). The result is reduced output into areas such as the lateral 565 

hypothalamus and ventral tegmental area, and thus attenuation of cue-evoked sucrose 566 

seeking (Kelley et al., 2005; Castro et al., 2015; Yang et al., 2018).  567 

NAc neurons expressing either the dopamine 1 or 2 receptor (D1R, D2R) project to different 568 

mesocorticolimbic structures and play distinct roles in reward-related behaviors (Smith et al., 569 

2013). Here, we did not distinguish neurons based on their D1R/D2R expression. It has 570 

recently been observed that conditioning and extinction learning does not modulate the 571 

proportion of  D1R- and D2R-expressing ensembles following cue exposure (Ziminski et al., 572 

2017). Also, there are no clear differences in goal-directed behavior upon optogenetic 573 

stimulation of either subpopulation (Natsubori et al., 2017). Hence, it is likely that devaluation 574 

recruits an ensemble with similar levels of D1R and D2R-expressing neurons. However, 575 

additional investigations are necessary to confirm this. 576 

 577 

Implications for lack of ensemble excitability differences following devaluation 578 

Following reward-specific devaluation, the previous excitability differences observed 579 

between ensemble and non-ensemble neurons were eliminated. In vivo, such shifts in 580 
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excitability may modulate neuronal firing in response to cue presentations. In support, 581 

devaluation reduces the number of phasically firing NAc neurons in response to sucrose 582 

cues (West & Carelli, 2016). But what is the identity of this ensemble activated following 583 

devaluation that does not differ in excitability from non-ensemble neurons? After devaluation 584 

we may have recorded from a smaller subset of the same ensemble that was activated 585 

under Non-devalued conditions during sucrose seeking, which may have updated the cue-586 

reward association. Alternatively, others have reported that ensembles that promote and 587 

inhibit food-seeking co-exist in the same brain area (Suto et al., 2016; Warren et al., 2016). 588 

Therefore, after devaluation we may have recorded from a different and incidentally smaller 589 

ensemble which represented the changed reward value. While distinguishing these two 590 

possibilities is challenging, future studies may longitudinally monitor cue-activated NAc 591 

neurons with and without devaluation and functionally interrogate them using 592 

opto/chemogenetics to determine which of the above possibilities are relevant. 593 

The elimination of excitability differences between ensemble and non-ensemble neurons 594 

following devaluation arose from a slight enhancement of excitability only in non-ensemble 595 

neurons. These excitability differences are thought to boost the signal-to-noise ratio of 596 

information processing of ensemble neurons (Nicola et al., 2000; Ziminski et al., 2018) and 597 

its elimination may thus attenuate the responsivity to food-associated cues following 598 

devaluation. The cause for this increased background excitability is unclear, but we note that 599 

sucrose consumption increases NAc shell dopamine transmission (Roitman et al., 2008). 600 

This dopamine release resulting from daily sucrose consumption may enhance MSN 601 

excitability through D1R activation (Hernandez-Lopez et al., 1997). Here, we did not observe 602 

any associated changes in active and passive membrane properties in these non-ensemble 603 

neurons. This observed lack of change may have resulted from not distinguishing our NAc 604 

MSNs based on dopamine receptor-expression, which may have masked any subtle cell-605 

type specific changes. Finally, enhancements in firing capacity have been observed 606 

following D1R activation without any changes in Ri, spike threshold, and duration (Tseng & 607 
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O’Donnell, 2004), despite the known role of D1R activation enhancing L-type Ca+2 currents 608 

that regulate repetitive firing (Hernandez-Lopez et al., 1997). This indicates that subtle 609 

changes in passive and active membrane properties may not always be detected despite 610 

alterations in firing capacity. Further studies are required to parse out the cellular and 611 

intrinsic factors that resulted in this minor, but widespread enhancement in neuronal firing 612 

following devaluation.    613 

 614 

Potential reasons for lack of learning- or devaluation-induced ensemble specific differences 615 

in synaptic physiology 616 

Surprisingly, despite the role of glutamate synapse alterations in appetitive learning, we 617 

found no alterations in sEPSC frequency and amplitude, AMPAR/NMDAR current ratio, 618 

AMPA rectification index, and PPR. We however observed a generalized reduction in 619 

sEPSC frequency, indicating synaptic alterations induced by ad lib sucrose consumption. 620 

This contrasts with studies using drug rewards demonstrating increased spine dynamics in 621 

NAc ensembles selectively activated in response to drug-associated cues (Singer et al., 622 

2016; Whitaker et al., 2016). This difference between natural and drug rewards in their ability 623 

to generate synaptic alterations in NAc may be due to natural rewards being less potent at 624 

eliciting behavioral and neurophysiological changes (Grimm et al., 2003; Chen et al., 2008; 625 

Gipson et al., 2013). Additionally, for associative learning paradigms using natural 626 

reinforcers, an extended timeframe, or paradigms with more CS-US pairings may be needed 627 

to induce synaptic alterations (Cifani et al., 2012; Guegan et al., 2013a; Counotte et al., 628 

2014). Taken together, the lack of indices of plasticity at glutamatergic synapses we 629 

demonstrate in NAc neuronal ensembles may reflect inherent differences of natural and drug 630 

rewards and the way their behavioral outcomes are manifested.  631 

 632 

The role of ensemble changes in intrinsic excitability, but not synaptic physiology   633 
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Few studies to date have examined the role of both intrinsic and synaptic plasticity in 634 

appetitive associative learning. So far, fear conditioning studies have demonstrated the 635 

concomitant alterations of intrinsic excitability and synaptic physiology following associative 636 

learning (Rosenkranz & Grace, 2002). In contrast, we found neuronal excitability, but not 637 

excitatory synaptic physiology to be altered by devaluation. In line with our findings, previous 638 

studies have reported excitability changes independently of synaptic plasticity (Egorov et al., 639 

2002; Labno et al., 2014). It is proposed that alterations in excitability may serve as a 640 

transient priming mechanism for initial associative memory formation before synaptic 641 

changes take place (Moyer et al., 1996; Janowitz & Van Rossum, 2006; Mozzachiodi & 642 

Byrne, 2010). Further research is needed to determine if our observed excitability changes 643 

constitute a transient priming mechanism active during rule learning of the updated reward 644 

value and whether synaptic alterations consolidating this updated value might be detectable 645 

later on. 646 

 647 

Limitations and conclusion 648 

Reward-specific devaluation, but not caloric satiation, attenuated cue-evoked sucrose 649 

seeking. Thus, it is conceivable that the associated physiological effects on Fos expression 650 

and ensemble excitability are due to a decreased value of sucrose reward. However, the 651 

present study cannot rule out the possibility that our observed Fos and excitability alterations 652 

were modulated by caloric satiety provided during sucrose devaluation. Therefore, even 653 

though caloric satiation alone did not attenuate sucrose seeking, it would be critical in future 654 

studies to determine whether caloric satiation attenuates Fos expression and eliminates 655 

excitability differences between ensemble and non-ensemble neurons in the absence of CS 656 

exposure. 657 

Fos expression requires sustained neuronal activity and therefore only labels strongly 658 

activated neurons, which play a role in cue-evoked behaviours (Koya et al., 2009; Cruz et 659 
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al., 2013; Warren et al., 2016; Whitaker et al., 2016). In Fos-GFP rats and mice, GFP is co-660 

expressed with Fos and peaks 2 hours after induction and is back to baseline by 24 hours 661 

(Barth, 2004; Cifani et al., 2012; Koya et al., 2012). Hence, it is unlikely that many of the 662 

GFP+ neurons in the current study were activated long before the Pavlovian approach test, 663 

although GFP+ neurons might have been activated by other events close in time. Thus, in 664 

our Devalued group, recent sucrose consumption may have induced Fos (Sheng & 665 

Greenberg, 1990; Cruz et al., 2015). However, Fos induction in the striatum habituates 666 

rapidly and consumption of a sweet solution has been shown to not alter Fos expression in 667 

NAc (Duncan et al., 1996; Struthers et al., 2005). Hence, our GFP+ neurons likely represent 668 

neurons activated during Pavlovian approach testing rather than recent sucrose 669 

consumption. However, to establish this possibility we would need to employ strategies that 670 

would label neurons activated by both recent sucrose consumption and CS exposure. 671 

Activity-sensitive immediate early genes, homer1a and arc, may be useful for such studies 672 

as they are used to label neurons activated by distinct stimuli presented at two different time 673 

points (Grosso et al., 2015).  674 

 675 

Differences in Fos induction based on satiety state have been observed previously. Ad lib 676 

chow maintained rats exhibited no change in NAc Fos protein or mRNA upon consumption 677 

of a sweet solution or pellets (Duncan et al., 1996; Gao et al., 2017). However, when mice 678 

are food restricted, palatable food consumption has been shown to increase Fos expression 679 

in NAc (Latagliata et al., 2018). In the current study, we did not see this satiety-based 680 

increase in Fos, as after 4 days of sucrose consumption effects of reward devaluation on 681 

Fos expression may outweigh the satiety effects of sucrose consumption, resulting in the 682 

observed decrease in Fos levels. In order to shed light on this, future studies could 683 

investigate Fos levels after shorter periods of sucrose consumption. 684 

 685 

In this study, all of our mice were trained under ‘Paired’ conditions in which CS and US 686 

presentations occurred in temporal proximity. We did not employ an ‘Unpaired’ control group 687 
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which receives CS and US presentations at disparate times (e.g. CS in the conditioning 688 

chamber, US in the home cage) to prevent their association. This control group is used to 689 

parse out neuronal activation and excitability patterns that are induced by general stimuli that 690 

are not explicitly paired with the US. We observed enhanced excitability in CS-activated 691 

neurons in our Non-Devalued control group. Ziminski and colleagues (2017) demonstrated in 692 

Fos-GFP mice that sucrose-associated CS’s increased GFP expression by 1.4-fold and 693 

recruited a hyper-excitable GFP+ ensemble in Paired compared to the Unpaired group. 694 

These additional GFP+ neurons likely represent those that are recruited by sucrose cue 695 

exposure. Thus, the ensemble hyper-excitability in the Non-devalued control group occurred 696 

as a result of the CS being paired with sucrose and is not a general property of activated 697 

neurons. Interestingly, Fos expression decreased by 1.4-fold following devaluation (Figure 698 

2B), which suggests that devaluation reduced Fos expression related to sucrose cue 699 

exposure. However, it remains to be determined if ad lib sucrose consumption alone is 700 

capable of attenuating Fos expression in Unpaired mice.  701 

 702 

As Devalued mice made fewer head entries during the CS they may have experienced a 703 

reduced amount of extinction learning compared to Non-devalued mice. These differences in 704 

extinction learning may have elicited devaluation-independent consequences on NAc 705 

activation patterns and hence decreased Fos expression. However, Ziminski and colleagues 706 

demonstrated that extinction learning decreased NAc Fos expression (Ziminski et al., 2017). 707 

As Non-devalued mice with more opportunity for extinction learning expressed more Fos 708 

than Devalued mice, this reduction is unlikely due to the reduced opportunity to engage in 709 

extinction learning in Devalued mice.  710 

 711 

Here we revealed that devaluation was associated with altered ensemble size and intrinsic 712 

excitability, but not synaptic plasticity in behaviourally activated neuronal ensembles in the 713 

NAc shell. Our findings reveal novel mechanisms underlying cognitive and behavioural 714 

flexibility. However, future studies are required to elucidate the functional role of devaluation-715 
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activated neuronal ensembles. For instance, chemogenetic or optogenetic approaches using 716 

Fos-tTA mice that allow tagging and stimulation of Fos-expressing neurons will allow us to 717 

reveal if activation of Fos-expressing neurons following Devaluation is sufficient to reduce 718 

cue-evoked sucrose seeking (Cruz et al., 2013).  Additionally, we need to identify the 719 

afferent brain areas that regulate these forms of ensemble plasticity and the downstream 720 

areas that are modulated as a result to further elucidate mechanisms that suppress food 721 

seeking. Such processes are important to understand why certain individuals are 722 

hypersensitive to food cues and resistant to internal signals that help limit food intake.  723 

  724 
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Figure legends 996 

Figure 1: Sucrose reward devaluation, but not caloric satiation, attenuates Pavlovian 997 

approach behaviour. (A) Timeline for Pavlovian approach behavioural paradigm with 998 

devaluation and caloric satiation. (B) Number of head entries in sucrose delivery magazine 999 

during acquisition in response to sucrose-associated cue (CS) are significantly higher than 1000 

during intertrial interval (ITI), n = 32 asterisks indicate main effect of trial, ***p < 0.001. (C) 1001 

Number of head entries during Pavlovian approach test in Non-devalued and Devalued 1002 

mice. Head entries during the cue are significantly higher only in the Non-devalued 1003 

condition. **p = 0.008, ***p < 0.001. n = 14-16 per group. (D) Body weight normalized to free 1004 

feeding body weight in Non-devalued mice is significantly lower than in Devalued group. ***p 1005 

< 0.001. n = 16 per group. (E) No difference in number of head entries during Pavlovian 1006 

approach test during sucrose associated cue (CS) and intertrial interval (ITI) between ad lib 1007 

chow and Control mice. Head entries during the cue are significantly higher. *p = 0.03, **p = 1008 

0.007. n = 12 - 14 per group. (F) Body weight normalized to free feeding body weight in food 1009 

restricted mice is significantly lower than in ad lib chow group independently of conditioning. 1010 

***p < 0.001. n = 12 - 14 per group. All values are mean ± SEM. Figure contributions: MCS, 1011 

JJZ, GMS, HR, LSB performed experiments; MCS analysed the data 1012 

 1013 

 Figure 2: Fos expression in the Nucleus accumbens (NAc) shell. (A) Timeline for Pavlovian 1014 

approach behavioural paradigm with devaluation and subsequent Fos analysis. (B) Reward-1015 

specific devaluation decreased the Fos expression. N = 14 per group, *p < 0.05. (C) 1016 

Representative images of Fos staining in NAc shell in Non-devalued and Devalued groups. 1017 

All values are mean ± SEM. Arrows indicate exemplary Fos positive cells, scale bar 100 μm, 1018 

schematic overview modified after Paxinos and Franklin, 2001. Figure contributions: MCS 1019 

performed experiments; MCS analyzed the data 1020 

 1021 
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Figure 3: The increased excitability of GFP+ neurons compared to surrounding GFP– 1022 

neurons in NAc shell is attenuated by reward devaluation. (A) Timeline for Pavlovian 1023 

approach behavioural paradigm with devaluation. (B) Differential Interference Contrast  1024 

(DIC) optics and confocal microscopy (GFP) were used to identify GFP+ (white arrow) and 1025 

GFP– (red arrow) neurons, scale bar 20 μm. (C) In the Non-devalued group, GFP+ cells 1026 

exhibit increased spiking in response to increasing current injections compared to 1027 

surrounding GFP – cells. The I/V curve (inlay) for GFP+ cells are shifted in positive and 1028 

negative current steps, but not in the intermediate range (GFP – n = 10/6, GFP + n = 11/6). 1029 

Representative traces from injections at 116 pA (top). (C) After sucrose devaluation there is 1030 

no difference in firing capacity between GFP+ and GFP– cells. Only a mild downward shift is 1031 

observed for the I/V curves (inlay) from GFP+ and GFP – cells (GFP – n = 11/9, GFP + n = 1032 

11/8). Representative traces from injections at 116 pA (top). (D) GFP – cells exhibit an 1033 

increased number of spikes after sucrose devaluation.  (E) There is no difference in firing 1034 

capacity or I/V curves (inlay) in GFP+ cells between Devalued and Non-devalued groups. *p 1035 

< 0.05, **p < 0.01, ***p < 0.001.  All values are mean ± SEM, values to the right of GFP− and 1036 

GFP+ denote number of cells recorded/number of mice used, scale bar in representative 1037 

traces 20 mV and 100 ms. Figure contributions: MCSperformed experiments; MCS, GMS 1038 

analyzed the data 1039 

 1040 

Figure 4: Basic passive membrane and action potential parameters in GFP+ and GFP– cells 1041 

with and without devaluation. (A) RMP (resting membrane potential) was unchanged by 1042 

devaluation or ensemble identity. (B) Rheobase was lower in GFP+ compared to GFP – 1043 

cells without devaluation, **p = 0.0047, (Non-devalued: GFP – n = 9/5, GFP + n = 10/6, 1044 

Devalued: GFP – n = 11/9, GFP + n = 10/8) (C) Input resistance was specifically increased 1045 

in GFP+ cells without devaluation, **p 0.0021, (Non-devalued: GFP – n = 10/6, GFP + n = 1046 

10/6, Devalued: GFP – n = 11/9, GFP + n = 10/8)  (D) AP half-width was specifically 1047 

increased in Non-devalued GFP+ neurons, *p = 0.0103, **p = 0.0052. (Non-devalued: GFP 1048 
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– n = 10/6, GFP + n = 11/6, Devalued: GFP – n = 10/9, GFP + n = 10/8)  (E) AHP 1049 

(Afterhyperpolarisation) was unchanged by devaluation or ensemble identity.  (F) AP 1050 

amplitude was unchanged by devaluation or ensemble identity. All values are means ± SEM, 1051 

values to the right of GFP− and GFP+ denote number of cells recorded/number of mice 1052 

used, asterisks indicate post-hoc comparisons after two-way ANOVAs. Figure contributions: 1053 

MCS, JJZ performed experiments; MCS analyzed the data 1054 

 1055 

Figure 5: Devaluation did not modulate the synaptic strength of GFP+ neurons. (A) 1056 

AMPAR/NMDAR ratios between GFP+ and GFP– neurons were similar in both Non-1057 

devalued and Devalued groups (Non-devalued GFP– 7/7, GFP+ 6/5; Devaluation GFP– 6/6, 1058 

GFP+ 4/3). Above: Representative AMPAR/NMDAR traces from GFP+ and GFP– neurons. 1059 

Scale bar 50 pA, 50 ms. (B) AMPAR rectification was similar in activated ensembles 1060 

following Non-devaluation and devaluation (Non-devalued GFP– 5/4, GFP+ 4/4; Devalued 1061 

GFP– 5/4, GFP+ 5/3). Data shown are normalized to the current peak at -80 mV.  Right: 1062 

representative images of Non-devalued and Devalued rectification curves in GFP+ and 1063 

GFP– neurons at +40 mV (grey) and -80 mV (black). Scale bar 50 pA, 10 ms. (C) 1064 

Representative sEPSC traces from Non-devalued and Devalued mice. Scale bar 20 pA, 100 1065 

ms. Spontaneous excitatory post-synaptic potential (sEPSC) frequency (left) and amplitude 1066 

(right) were not selectively modulated in GFP+ and GFP– neurons (Non-devalued GFP– 1067 

19/8, GFP+ 15/8; Devalued GFP– 17/6, GFP+ 18/6). However, reward devaluation reduced 1068 

sEPSC frequency non-selectively across both neuron types (* p < 0.05). (D) Paired pulse 1069 

ratios were similar in GFP+ and GFP– neurons from Non-devalued and Devalued mice 1070 

(Non-devalued GFP– 13/10, GFP+ 8/8; Devalued GFP– 8/7, GFP+ 5/4). Scale bar 100 pA, 1071 

10ms. Data are expressed as mean ± SEM; values to the right of GFP− and GFP+ denote 1072 

number of cells recorded/number of mice used. Figure contributions: JJZ, MCS performed 1073 

experiments; JJZ analyzed the data 1074 
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 1075 

 1076 

Table legends 1077 

Table 1: Data in first four columns are expressed as mean ± SEM. *p < 0.05, **p < 0.01 post-1078 

hoc comparison GFP+ vs GFP–. ^p < 0.05 post-hoc comparison non devalued vs devalued, 1079 

RMP = resting membrane potential, AHP = afterhyperpolarisation 1080 

 1081 

Table 2: Summary of statistical analyses 1082 

 1083 

 1084 

 1085 

 1086 

 1087 

 1088 

 1089 

 1090 

 1091 

 1092 

 1093 

 1094 
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 Non-devalued Devalued Interaction Main effect 

 
GFP - GFP + GFP - GFP + GFP x 

Devaluation 
GFP Devaluation 

RMP (mV) -70.8 ± 
0.7 

-69.4 ± 
1.1 

-69.1 ± 
0.8 

-70.3 ± 
0.8 

F(1,38)=2.28, 
p=0.14 

F(1,38)=0.19, 
p=0.66 

F(1,38)=0.02, 
p=0.9 

Rheobase 
(pA) 

115.0 ± 
10.5** 

63.2 ± 
4.0** 

96.7 ± 
13.5 

91.2 ± 
11.9 

F(1,37)=4.57, 
p=0.04 

F(1,37)=0.20, 
p=0.66 

F(1,37)=7.02, 
p=0.01 

Input 
resistance 
(MΏ) 

151.2 ± 
10.7*** 

246.5 ± 
27.6*** 

160.2 ± 
12.0 

200.6 ± 
17.2 

F(1,37)=1.28, 
p=0.26 

F(1,37)=13.04, 
p<0.01 

F(1,37)=0.34, 
p=0.57 

AHP (mV) -8.9 ± 
0.5 

-9.8 ± 
0.8^ 

-7.7 ± 
0.8 

-7.3 ±  
0.8^ 

F(1,38)=0.78, 
p=0.38 

F(1,38)=0.07, 
p=0.79 

F(1,38)=6.07, 
p=0.02 

AP half- 
width (ms) 

1.4 ± 
0.1** 

1.8 ± 
0.15**^ 

1.4 ± 
0.03 

1.4 ± 
0.04^ 

F(1,37)=2.9, 
p=0.1 

F(1,37)=6.0, 
p=0.02 

F(1,37)=4.31, 
p=0.04 

AP 
amplitude 
(mV) 

67.4 ± 
1.9 

58.7 ± 
4.2 

65.9 ± 
3.3 

63.5 ±  
3.8 

F(1,37)=0.82, 
p=0.37 

F(1,37)=2.53, 
p=0.12 

F(1,37)=0.22, 
p=0.64 

 

Table 1: Basic membrane properties from the NAc shell in Non-devalued and Devalued mice 
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 Data structure Type of 
test 

Confidence interval 95% 

Check for pre-
existing 
differences in 
acquisition of 
Pavlovian 
conditioning 
between (future) 
groups: Devalued 
vs. Non-devalued 
and ad lib chow 
vs. control 

Quantification 
of head entries 
during 
acquisition of 
Pavlovian 
conditioning 
during CS and 
ITI, displayed 
as difference 
score. 

Two-way 
mixed 
ANOVAs 

session 1 2 3 4 5 6 7 8 9 10 11 12 

Non-
devalued 

0.14- 
0.02 

0.0069 - 
0.16 

0.18 - 
0.30 

0.15 - 0.33 0.24 - 0.40 0.28 - 0.40 0.19 - 0.35 0.21 - 0.35 0.22 - 0.38 0.29 - 0.41 0.34 - 0.44 0.30 - 0.46 

Devalued -0.25 -  
0.055 

0.014 -  
0.29 

0.13 - 
0.27 

0.033 - 0.25 0.25 - 0.39 0.29 -  0.45 0.18 -  0.32 0.17 - 0.35 0.21 - 0.39 0.31 - 0.49 0.41 - 0.51 0.25 -  0.41 

control -0.28 - 
0.059 

-0.0060 -  
0.21 

0.057 - 
0.26 

0.0019 - 0.22 0.074 - 0.25 0.053 - 0.27 0.14 - 0.38 0.18 - 0.40 0.24 -  0.32 0.13 - 0.25 0.21 - 0.35 0.23 - 0.37 

Ad lib chow -0.066 - 
0.088 

0.030 - 
0.19 

0.22 - 
0.34 

0.044 -  0.28 0.11 -  0.25 0.20  -  0.34 0.16 - 0.34 0.18 - 0.34 0.19 - 0.33 0.17 - 0.35 0.23 - 0.35 0.11 - 0.35 

Acquisition of 
Pavlovian 
conditioning 
(Figure 1B) 

Quantification 
of head entries 
during 
acquisition of 
Pavlovian 
conditioning 
during CS and 
ITI. 

Two-way 
repeated 
measures 
ANOVA 

session 1 2 3 4 5 6 7 8 9 10 11 12 

CS 41.34 -  
56.04 

62.12 - 
74.76 

58.39 
- 
72.25 

48.13 - 
62.31 

53.28 
- 
64.16 

49.29 
-  
61.15 

55.64 - 66.48 50.85 - 62.33 65.36  -  76.70 59.76 - 71.30 53.28 - 67.84 49.93 -  
59.59 

ITI 46.08 - 
56.86 

50.13 - 
61.81 

37.22 
- 
48.16 

31.68 - 
39.76 

27.73 
-  
34.59 

23.32  
- 
30.24 

29.49 - 37.29 28.78 - 35.60 33.18 - 44.58 25.32 -  32.56 20.90 -27.16 22.41 -  
29.53 

Pavlovian 
approach test 
(Figure 1C, E) 

Quantification 
of head entries 
during 
Pavlovian 
approach test 
during CS and 
ITI in Devalued 
vs. Non-
devalued and 
ad lib chow vs. 
control groups. 

Two-way 
mixed 
ANOVAs 

 CS ITI 

Non-devalued 12.28 - 20.60 6.35 - 11.27 

Devalued 8.61 - 13.11 5.20 - 8.80 

control 13.68 - 19.74 8.73 - 15.27 

Ad lib chow 9.90 - 21.26 6.84 - 11.50 

Body weights 
(Figure 1D, F) 

Body weights 
normalized to 
free feeding 
body weight in 
Devalued vs. 
Non-devalued 
and ad lib chow 
vs. control 
groups. 

Unpaired 
two-tailed 
t-tests 

Non-devalued 0.91 - 0.93 

Devalued 0.99 - 1.01 

control 0.89 - 0.91 

Ad lib chow 1.01 - 1.05 
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Fos quantification 
(Figure 2B) 

Quantification 
of Fos+ cells in 
NAc shell in 
Devalued and 
Non-devalued 
groups. Two 
images were 
taken per 
hemisphere 
(dorsal and 
ventral) and 
numbers of 
Fos+ neurons 
were added to 
get one value 
per 
hemisphere, 
between 
hemispheres 
values were 
averaged to get 
one value per 
mouse. 

Two-tailed 
t-test 

Non-devalued 58.01 - 98.83 

Devalued 39.83 - 64.97 

Excitability data 
(Figure 3C, D, E, 
F) 

Quantification 
of action 
potentials after 
injection of 
increasing 
current steps 
(20pA – 
116pA)  in 
GFP+ and 
GFP– neurons 
in Devalued 
and Non-
devalued 
groups. 

Three-way 
mixed 
ANOVAs, 
Two-way 
mixed 
ANOVAs 

 current step (pA) 20 32 44 56 68 80 92 104 116  

Non-devalued GFP– 0.0 - 0.0 0.0 - 
0.0 

0.0 - 0.0 0.0 - 0.0 0.0 - 0.0 0.0 - 0.0 -0.41 -  4.41 -0.20 - 7.80 1.53 - 
11.27 

 

 GFP+ 0.0 - 0.0 0.0 - 
0.0 

0.0 - 0.0 -0.21 -  0.87 2.35 - 8.01 5.25 - 13.65 8.42 - 18.12 10.48 - 21.52 11.95 - 
24.77 

 

Devalued GFP– 0.0 - 0.0 0.0 - 
0.0 

0.0 - 0.0 -0.15 -  0.37 -0.71 - 3.51 1.07  -  8.93 2.32 -  12.22 2.92 - 14.36 4.16 - 
15.48 

 

 GFP+ 0.0 - 0.0 0.0 - 
0.0 

0.0 - 0.0 -0.38 -  3.78 -0.59 - 8.19 -0.66 - 11.46 1.32 -  15.28 3.62 - 18.78 6.38 - 
22.02 

 

I/V curves (inlays 
Figure 3C, D, E, 
F) 

Voltage 
displacement 
(mV) to 
subthreshold 
current 
injections in the 
range of (-60pA 
– 20 pA) in 
GFP+ and 
GFP– neurons 
in Devalued 
and Non-
devalued 
groups. 

Three-way 
mixed 
ANOVAs, 
Two-way 
mixed 
ANOVAs 

  -60 -56 -52 -48 -44 -40 -36 -32 -28 -24 -20 -16 -12 -8 -4 0 4 8 12 16 20  

Non-
devalued 

GFP– -8.59 - 
-4.92 

-8.39 
- -
6.02 

-7.82 - 
-5.62 

-7.52 
- -
5.35 

-7.01 
- -
5.04 

-
6.40 
- -
4.50 

-
6.03 
-  -
4.32 

-5.21 
-  -
3.61 

-
4.89 
-  -
3.34 

-
4.36 
- -
3.03 

-3.84 
-  -
2.48 

-
3.84 
- -
2.48 

-
2.30 
- -
1.50 

-
1.49 
- -
0.99 

-0.83 
- -
0.49 

-
0.049 
- 
0.61 

1.08 
- 
1.70 

1.58 
- 
2.71 

2.21 
- 
3.28 

2.90 
- 
4.39 

3.80 -  
5.37 

 

 GFP+ -13.6 - 
-9.3 

-13.6 
- -8.8 

-12.4 - 
-8.1 

-11.7 
- -7.6 

-11.0 
-  -
7.1 

-9.9 
- -
6.4 

-
9.60 
- -
6.14 

-8.47 
- -
5.32 

-
7.47 
- -
4.80 

-
6.95 
-  -
4.17 

-6.13 
-  -
3.47 

-
5.18 
- -
2.95 

-
4.11 
- -
2.37 

-
2.73 
- -
1.49 

-1.80 
- -
0.40 

-0.30 
- -
1.18 

1.11 
- 
2.13 

1.89 
- 
4.02 

3.004 
- 
4.56 

3.61-  
6.26 

4.95 - 
10.081 

 

Devalued GFP– -8.45 - 
-6.88 

-
7.90-  
-6.31 

-7.48 - 
-5.97 

-7.78 
- -
5.85 

-7.31 
- -
5.37 

-
6.46 
- -
4.73 

-
5.70 
- -
4.54 

-5.69 
- -
3.96 

-
4.60 
-  -
3.54 

-
4.10 
- -
3.19 

-3.56 
- -
2.85 

-
2.73 
-  -
2.08 

-
2.81 
-  -
1.82 

-
1.42 
- -
0.99 

-1.18 
- -
0.22 

-0.32 
- 
0.70 

0.88 
- 
1.92 

1.96 
- 
2.53 

2.46 
- 
4.09 

2.66 
- 
4.09 

3.66 - 
5.12 

 

 GFP+ -
11.510  
- -8.13 

-
11.75 
- -
7.70 

-
11.056 
- -7.33 

-
1.005 
-  -
7.058 

-
9.102 
- -
6.49 

-
8.09  
- -
5.73 

-
8.28 
- -
5.59 

-
7.088 
- -
4.76 

-
6.53 
- -
4.28 

-
5.29 
- -
3.53 

-
4.52- 
-3.18 

-
4.25 
- -
2.67 

-
3.18 
-  -
2.12 

-
1.72 
- -
1.21 

-
1.056 
- 
0.46 

-0.16 
- 
1.10 

1.07 
- 
1.75 

1.87 
-
3.52 

2.71 
– 
4.50 

3.79 
– 
5.54 

4.90 – 
7.73 
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Membrane and 
AP parameters 
(Figure 4A – F, 
Table 1) 

RMP, input 
resistance, 
AHP, AP 
amplitude and 
half-width, 
Rheobase in 
GFP+ and 
GFP– neurons 
in Devalued 
and Non-
devalued 
groups. 

Two-way 
ANOVAs 

RMP Non-devalued GFP– -72.30 - -69.30  

GFP+ -71.82 - -66.90 

Devalued GFP– -70.88 - -67.30 

GFP+ -72.15 - -68.45 

Input resistance Non-devalued GFP– 127.02 - 175.28  

GFP+ 185.04 - 308.02 

Devalued GFP– 131.78 - 170.12 

GFP+ 161.81 - 239.41 

AHP Non-devalued GFP– -10.02 - -7.82  

GFP+ -11.49 - -8.09 

Devalued GFP– -9.60 - -5.88 

GFP+ -9.18 - -5.38 

AP amplitude Non-devalued GFP– 67.83 - 72.03  

GFP+ 49.43 - 67.99 

Devalued GFP– 58.67 - 73.17 

GFP+ 54.98 - 72.08 

AP half-width Non-devalued GFP– 1.17 - 1.61  

GFP+ 1.42 - 1.94 

Devalued GFP– 1.29 - 1.43 

GFP+ 1.35 -1.51 

rheobase Non-devalued GFP– 91.26 - 138.74  

GFP+ 54.17 - 72.23 

Devalued GFP– 61.02 -120.98 

GFP+ 64.20 - 118.20 
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AMPAR/NMDAR 
current ratio 
(Figure 5A) 

Ratios of 
AMPAR to 
NMDAR 
currents 
(recorded at 
+40 mV) in 
GFP+ and 
GFP– neurons 
in Devalued 
and Non-
devalued 
groups. 

Two-way 
ANOVAs Non-devalued GFP–  0.88 - 2.24  

GFP+  0.93 - 1.37 

Devalued GFP– 0.95 - 1.59 

  GFP+ 0.95 - 1.23 

AMPAR 
rectification index 
(Figure 5B) 

Absolute ratios 
of AMAR 
EPSC recorded 
at -80 mV to 
the EPSC 
recorded at 
+40 mV in 
GFP+ and 
GFP– neurons 
in Devalued 
and Non-
devalued 
groups. 

Two-way 
ANOVA Non-devalued GFP– 2.91 - 4.43 

GFP+ 3.11 - 3.97 

Devalued GFP– 1.88 - 5.98 

  GFP+ 1.65 - 4.73 

Chord 
Conductance 
Ratios 

Chord 
Conductance 
(G=I/V) at +40 
mV was 
divided by the 
chord 
conductance at 
-80 mV in 
GFP+ and 
GFP– neurons 
in Devalued 
and Non-
devalued 
groups. 

 

Non-devalued GFP– 0.44 - 0.68 

   

GFP+ 0.50 - 0.64 

   

Devalued GFP– 0.32 - 0.84 

   

GFP+ 0.39 - 1.01 

sEPSC Frequency 
(Figure 5C) 

Number of 
sEPSCs over a 
30 second 
period 
expressed in 
Hz in GFP+ 
and GFP– 
neurons in 
Devalued and 
Non-devalued 
groups. 

Two-way 
ANOVA Non-devalued GFP– 2.37 - 6.59 

GFP+ 2.63 - 5.83 

Devalued GFP– 1.66 - 3.42 

  GFP+ 1.60 - 3.48 

sEPSC Amplitude 
(Figure 5C) 

Mean 
amplitude of 
sEPSCs over a 
30 second 
period 
expressed in 
Hz in GFP+ 
and GFP– 
neurons in 
Devalued and 
Non-devalued 

Two-way 
ANOVA Non-devalued GFP– 14.05 - 18.59 

GFP+ 14.77 - 19.91 

Devalued GFP– 16.73 - 19.31 

  GFP+ 15.07 - 19.57 
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groups. 

Paired Pulse 
Ratios (Figure 5D) 

Ratio of second 
to first evoked 
EPSC over 
inter-stimulus 
intervals of 20, 
40, 60, 80, 100, 
150 and 200 
ms in GFP+ 
and GFP– 
neurons in 
Devalued and 
Non-devalued 
groups. 

Three-way 
mixed 
ANOVA 

 ISI 

20 40 60 80 100 150 200 

Non-devalued GFP– 1.01 - 1.29 1.11 - 1.51 0.96 - 1.28 0.86 - 1.34 0.83 - 1.41 0.86 - 1.20 0.65 - 1.51 

GFP+ 0.92 - 1.34 0.89 - 1.37 0.94 - 1.42 0.90 - 1.42 0.93 - 1.19 0.89 - 1.11 0.90 - 1.10 

Devalued GFP– 0.96 - 1.56 0.92 - 1.36 0.93 - 1.35 0.93 - 1.29 0.84 -1.22 0.88 - 1.06 0.84 - 1.06 

  GFP+ 0.90 - 1.40 0.73 - 1.81 0.88 - 1.52 0.70 - 1.70 0.93 - 1.19 0.56 - 1.34 0.25 - 1.27 

Table 2: Summary of statistical analyses  


