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Abstract

Weight-loss dieting often leads to loss of control, rebound weight gain, and is a risk factor for 

binge pathology. Based on findings that food restriction (FR) upregulates sucrose-induced 

trafficking of glutamatergic AMPA receptors to the nucleus accumbens (NAc) postsynaptic 

density (PSD), this study was an initial test of the hypothesis that episodic “breakthrough” intake 

of forbidden food during dieting interacts with upregulated mechanisms of synaptic plasticity to 

increase reward-driven feeding. Ad libitum (AL) fed and FR subjects consumed a limited amount 

of 10% sucrose, or had access to water, every other day for ten occasions. Beginning three weeks 

after return of FR rats to AL feeding, when 24-hour chow intake and rate of body weight gain had 

normalized, subjects with a history of sucrose intake during FR consumed more sucrose during a 

four week intermittent access protocol than the two AL groups and the group that had access to 

water during FR. In an experiment that substituted noncontingent administration of d-

amphetamine for sucrose, FR subjects displayed an enhanced locomotor response during active 

FR but a blunted response, relative to AL subjects, during recovery from FR. This result suggests 

that the enduring increase in sucrose consumption is unlikely to be explained by residual 

enhancing effects of FR on dopamine signaling. In a biochemical experiment which paralleled the 

sucrose behavioral experiment, rats with a history of sucrose intake during FR displayed increased 

abundance of pSer845-GluA1, GluA2, and GluA3 in the NAc PSD relative to rats with a history 

of FR without sucrose access and rats that had been AL throughout, whether they had a history of 

episodic sucrose intake or not. A history of FR, with or without a history of sucrose intake, was 
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associated with increased abundance of GluA1. A terminal 15-min bout of sucrose intake 

produced a further increase in pSer845-GluA1 and GluA2 in subjects with a history of sucrose 

intake during FR. Generally, neither a history of sucrose intake nor a terminal bout of sucrose 

intake affected AMPA receptor abundance in the NAc PSD of AL subjects. Together, these results 

are consistent with the hypothesis, but the functional contribution of increased synaptic 

incorporation of AMPA receptors remains to be established.
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INTRODUCTION

Weight-loss dieting often leads to loss of control, poor food choices, and the regain or 

surpassing of baseline body weight (Rogers and Hill, 1989; Vitousek et al., 2004a; Vitousek 

et al., 2004b; Polivy and Herman, 2006; Polivy et al., 2008). In fact, a history of weight-loss 

dieting predicts future weight gain (e.g., Lowe et al., 2006) and may contribute to obesity 

(Polivy and Herman, 2006). In addition, dieting periods are common in the history of binge 

eaters (Stice et al., 2008), and cycling between food restriction (FR) and free feeding is a 

strong predictor of overeating palatable food in response to stress (Wardle et al., 2000).

Previously, it was demonstrated that FR induces neuroadaptations that increase intracellular 

signaling and gene expression downstream of D1 dopamine (DA) receptor stimulation in 

nucleus accumbens (NAc; Carr et al., 2003; Haberny et al., 2004; Haberny and Carr, 2005; 

Carr et al., 2010). Among the behavioral concomitants are increased rewarding effects of D1 

receptor agonists and psychostimulant drugs, and resistance to extinction of a cocaine 

conditioned place preference acquired during a prior ad libitum fed (AL) state (Cabeza de 

Vaca and Carr, 1998; Zheng et al., 2013). In light of evidence that drug addiction represents 

a “hijacking” of the neurocircuitry that mediates appetitively motivated behavior (Kelley 

and Berridge, 2002; Cardinal and Everitt, 2004; Di Chiara, 2005; Volkow et al., 2008; Davis 

and Carter, 2009; Frascella et al., 2010), the enhanced responsiveness to drugs and 

associated cues during FR likely reflect exploitation of neuroadaptations that normally 

promote foraging, reward-related learning, and ingestive behavior during periods of food 

scarcity. Recent developments in Western societies, including prevalent dieting and an 

abundance of supranormally rewarding energy-dense food, present a set of conditions with 

potential to ingrain another type of maladaptive behavior, namely, excessive reward-driven 

feeding. Evidence in support of a lasting alteration of CNS responsiveness to palatable food 

among historical dieters was recently provided by a fMRI study demonstrating that, in the 

fed state, historical dieters show increased activation of reward-related brain regions in 

response to highly palatable food when compared to nondieters and current dieters (Ely et 

al., 2013).

The mesoaccumbens DA pathway is involved in normal and abnormal eating behavior 

(Bassareo and Di Chiara, 1999a,b; Palmiter, 2007; Kenny, 2011), and mediates the 

reinforcing effects of most drugs of abuse (Wise and Bozarth, 1985; Pontieri et al., 1995; 
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Feltenstein and See, 2008). Addiction research indicates that enduring changes in NAc 

neuronal circuitry, resulting from repeated strong activation of convergent DA- and 

glutamate-coded inputs, plays an important role in drug craving and compulsive use (Hyman 

et al., 2006). Electrophysiological studies support a view of NAc organization in which 

distinct neuronal ensembles encode behavior associated with different rewards, with reward 

type-selectivity and number of dedicated neurons subject to change as a result of experience 

(Pennartz et al., 1994; Carelli and Ijames, 2001; Peoples and Cavanaugh, 2003; Deadwyler 

et al., 2004; Cameron and Carelli, 2012). A common molecular mechanism of activity-

dependent synaptic plasticity in the CNS involves trafficking of GluA1-containing AMPA 

receptors (Hollmann and Heinemann, 1994; Malinow, 2003; Kessels and Malinow, 2009). 

AMPARs are co-expressed with DA receptors in striatal neurons (Bernard et al., 2007; Glass 

et al., 2008), and most NAc AMPARs are either GluA1/GluA2 or GluA2/GluA3 heteromers 

(Reimers et al., 2011). GluA2/GluA3 traffic constitutively to synapses, while trafficking of 

GluA1-containing receptors is dependent on synaptic activity (Barry and Ziff, 2002; Greger 

et al., 2007). AMPAR trafficking in NAc has been implicated in sensitization, craving, and 

relapse to cocaine seeking (Cornish et al., 1999; Cornish and Kalivas, 2000; Boudreau and 

Wolf, 2005; Conrad et al., 2008; Famous et al., 2008; Wolf and Ferrario, 2010; 65-71; Xie et 

al., 2011), and Ca2+-permeable AMPARs in NAc have been implicated in the enhanced 

rewarding effects of amphetamine and D1 receptor stimulation in FR rats (Carr et al., 2010; 

Peng et al., 2014).

Phosphorylation of GluA1 on Ser845 by the D1 receptor-regulated cAMP pathway (Roche 

et al., 1996; Greger and Ziff, 2002; Esteban et al., 2003; Boehm et al., 2006; Oh et al., 2006; 

Ehlers et al., 2007; Man et al., 2007; He et al., 2009; Lee, 2012), or the NMDA receptor-

regulated cGKII pathway (Serulle et al., 2007) increases neuronal excitability and serves as 

the first of two steps whereby cytoplasmic AMPARs are trafficked to the synapse as the 

mechanistic underpinning of experience-dependent behavioral plasticity (Shi et al., 2001; 

Barry and Ziff, 2002; Derkach et al., 2007; Kessels and Malinow, 2009). Activation of this 

mechanism in D1 DA receptor-expressing NAc medium spiny neurons (MSNs) would be 

expected to increase reward-directed behavior (Lobo et al., 2010; Lobo and Nestler, 2011). 

It is therefore of interest that brief intake of 10% sucrose was shown to increase NAc 

phosphorylation of GluA1 on Ser845 in FR but not AL rats (Carr et al., 2010). Further, 

seven consecutive daily 5-min episodes of sucrose intake increased GluA1 abundance in the 

NAc postsynaptic density (PSD), and quantitative electron microscopy revealed an increased 

intraspinous GluA1 population (Tukey et al., 2013). Comparing AL and FR rats, it was 

found that sucrose intake increased GluA1 and GluA2 abundance in the PSD with a greater 

effect in FR rats (Peng et al., 2011). Given the role of AMPARs in synaptic strengthening 

(Malinow, 2003; Whitlock et al., 2006; Greger et al., 2007) and behavior modification 

(Kessels and Malinow, 2009; Whitlock et al., 2006), the FR-induced upregulation of 

sucrose-induced AMPAR trafficking may cause episodes of loss of control during severe 

dieting to increase vulnerability to excessive sucrose consumption after free feeding 

conditions have resumed.

To test predictions of this hypothesis, subjects in the present study had episodic limited 

access to sucrose or tap water during FR or AL diet conditions. FR subjects were then 

returned to AL feeding and experimental testing was initiated only after daily chow intake 
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had normalized. Testing consisted either of measuring 1-h intake of 10% sucrose three times 

per week for four weeks, or obtaining nucleus accumbens tissue samples for biochemical 

assay following 15-min access to sucrose or water, or removal of subjects from the home 

cage without fluid access. Two predictions were tested: 1. Rats with a history of episodic 

sucrose intake during FR would consume more sucrose than both (i) rats with an identical 

history of FR but without sucrose intake, and (ii) rats with an identical history of sucrose 

intake but without FR; 2. Rats with a history of episodic sucrose intake during FR would 

display increased AMPAR abundance in the NAc PSD relative to both (i) rats with an 

identical history of FR but without sucrose, and (ii) rats with an identical history of sucrose 

intake but without FR.

EXPERIMENTAL PROCEDURES

Experimental procedures were approved by the Institutional Animal Care and Use 

Committee at the New York University School of Medicine and were consistent with the 

Principles of Laboratory Animal Care (NIH Publication no. 85-23).

Experiment 1

Subjects and feeding regimens—Subjects were 40 mature, male Sprague Dawley rats 

(Taconic Farms, Germantown, NY) weighing between 350-450g at the start of the 

experiment. They were individually housed in plastic cages with bedding, had ad libitum 

access to tap water, and were maintained on a 12:12 h light:dark cycle with lights on at 0700 

h. Half of the subjects had ad libitum access to LabDiet 5001 (LabDiet, St. Louis, MO). The 

remaining half were FR, initially receiving 10-12 g provided as a single daily meal at 1800 

h. Once body weight of the FR subjects had decreased by 20% (~2 weeks) from the initial 

value, daily feeding was titrated (8-16 g) to clamp body weight for the remainder of the FR 

phase of the experiment. A treatment consisting of episodic limited access to sucrose or tap 

water (see below) was initiated for both AL and FR groups once the FR group had been 

stabilized for one week at the target body weight (i.e., ~3 weeks after implementation of 

FR). The treatment period continued for 21 days. This was followed by a return of all FR 

rats to AL feeding conditions.

Treatment with episodic limited sucrose access—On Monday, Wednesday and 

Friday of each week, subjects had access to a graduated drinking tube placed in the home 

cage for one hour. The tube, inserted at 1200 h, contained 26 ml of either 10% sucrose (w/v; 

Sigma-Aldrich, St. Louis, MO) or tap water. Bottle weights were recorded before and after 

each session. No spillage was observed during intermittent observation of animals, and no 

additional method of detecting or correcting for spillage was implemented. The volume and 

period of availability were chosen based on previous work indicating that AL and FR 

subjects would consume ~20 ml, which was the maximum volume that could be obtained 

based on shape and angle of the drinking tube. Neither diet group consumed appreciable 

amounts of tap water. Each subject had a total of ten sessions of fluid access.

Despite the above-described strategy for matching sucrose consumption between diet groups 

during treatment, AL rats drank slightly less (~10%), on average, than FR rats. This 

difference is deemed unlikely to account for outcomes of the study based on previous and 
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present results. For example, when AL and FR rats consumed identical volumes of 10% 

sucrose, FR rats displayed a rapid increase in Ser845-GluA1 phosphorylation not seen in AL 

rats (Carr et al., 2010), as well as markedly greater synaptic insertion of GluA1 and GluA2 

(Peng et al., 2011). More importantly, despite repeated consumption of large volumes of 

sucrose by AL rats in the present study, they showed no changes in future sucrose 

consumption or AMPA receptor abundance relative to controls (see Results).

Testing for sucrose intake with intermittent unlimited access—Following 

restoration of AL feeding in FR rats, 24-h chow intake and body weight were measured in 

all subjects daily during the first two weeks and every 2-3 days thereafter. When daily food 

intake of the previously FR subjects did not differ from AL subjects for three consecutive 

measurements, confirmed by mixed 2-way ANOVA, testing was initiated. This criterion was 

satisfied by the 22nd day after the previously FR subjects had been returned to AL feeding. 

In the test phase, all rats had 1-h access to 10% sucrose on Monday, Wednesday and Friday 

of each week for four consecutive weeks as in the protocol of Corwin and colleagues 

(Wojnicki et al., 2001; Corwin and Wojnicki, 2013). Drinking tubes containing 200 ml of 

10% sucrose were placed in home cages at 1800 h. Bottles were weighed before and after 

each test session and sucrose consumption was recorded.

The volume of sucrose solution consumed by each rat on each test day was averaged for 

each test week. These results were analyzed by three-way mixed ANOVA (2×2×4) with 

previous diet and previous fluid as between-subjects factors and test week as the within-

subject factor. Significant interaction effects were followed by lower order ANOVAs. 

Additional comparisons of interest were performed by protected t-test using the pooled error 

term from the appropriate ANOVA in the denominator of the t-statistic.

Experiment 2

Subjects and feeding regimens—Subjects and feeding regimens were as in 

Experiment 1, with the exception that a total of ninety rats were evenly divided between the 

AL and FR diet regimen. Initial treatment with episodic sucrose access was also as in 

Experiment 1, with the exception that 30 of the 45 subjects in each diet group had access to 

10% sucrose and 15 had access to tap water.

Testing for AMPAR phosphorylation and abundance in the NAc PSD—Once 24-

h chow intake of the previously FR groups had normalized (confirmed as above), the 

terminal day of the experiment was scheduled. As terminal treatment, one half of the 

subjects in each diet group with a history of sucrose intake (i.e., 15 subjects) were given 15-

min access to 10% sucrose immediately prior to sacrifice. The remaining half with a history 

of sucrose intake were taken directly from home cage for sacrifice. The subjects from each 

diet group with a history of access to tap water (i.e., 15 subjects) were given 15-min access 

to water immediately prior to sacrifice. Fifteen subjects were sacrificed per day between 

1030 h and 1200 h. For sacrifice, subjects were briefly exposed to CO2 and decapitated by 

guillotine. Brains were rapidly extracted and NAc was dissected on ice. Bilateral NAc 

samples from three rats per treatment condition were pooled for fractionation, yielding a 

total of five tubes for each of the six terminal treatment conditions. Protease inhibitor 
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cocktail and phenylmethanesulfonyl fluoride (PMSF) were added to 0.32M sucrose solution 

containing 1 mM NaHCO3, 1 mM MgCl2, and 0.5 mM CaCl2 (Solution A). Brain tissue 

was rinsed, homogenized, and subsequently diluted to 10% weight/volume in Solution A. 

After being well mixed, 50 μl of the whole cell homogenates were stored at −80°C until use 

as described in (Peng et al., 2011).

Subcellular fractionation and Western analyses—The whole cell homogenate was 

centrifuged at 2000g for 10 minutes, after which intact cells and nuclei formed a pellet at the 

bottom of the tube. The supernatant was saved, and the pellet was resuspended in Solution 

A. The homogenate was again centrifuged at 1400g for 10 minutes. The supernatant was 

collected and combined with the previously collected supernatant. They were centrifuged 

together at 1400g for 10 minutes and then at 13,800g for 30 minutes. The pellet was 

collected and homogenized in 0.32 M sucrose solution containing 1 mM of NaHCO3, 

protease inhibitor cocktail, and PMSF (Solution B). This homogenate was placed on a 

sucrose gradient and centrifuged for 2-hr at 82,500g. The synaptosomal layer was collected 

from the interface of the 1 M and 1.2 M sucrose layers. The sample was then resuspended in 

Solution B and centrifuged at 82,500g for 45 minutes. After centrifugation, the upper liquid 

was discarded, and the pellet was resuspended in a solution of 25 mM Tris, at pH 7.4.

To isolate the PSD fraction, an equal volume solution containing 1% Titron X-100, 0.32 M 

sucrose, and 12 mM Tris, at pH 8.1 was added to the resuspended sample. The mixture was 

then rocked at 4°C for 15 minutes, followed by centrifugation at 13,800g for 30 minutes. 

After centrifugation, the upper liquid was discarded, and the pellet was resuspended in a 

solution of 25 mM Tris, at pH 7.4 with 2% SDS and stored at −80°C until use (Peng et al., 

2011).

Western blotting—Proteins were separated by electrophoresis on precast 4%-12% 

sodium dodecyl sulfate polyacrylamide gels (Lonza, Rockland, ME). Dual-colored protein 

standard molecular weight markers (Bio-Rad, Hercules, CA) were loaded to assure complete 

electrophoretic transfer and estimate the size of bands of interest. Proteins were 

electrophoretically transferred to nitrocellulose membranes and blocked for 60 minutes with 

5% nonfat milk in phosphate buffered saline with 0.05% Tween-20 (PBST) with shaking at 

room temperature. The blots were cut at the 70kDa mark. The upper halves of the blots were 

incubated with primary antibodies for target proteins, and the lower halves of the blots were 

incubated with primary antibody for the protein loading control, α-tubulin by shaking 

overnight at 4°C (in 3% nonfat milk/PBST).

Primary antibodies included rabbit polyclonal anti-phospho-Ser845-GluA1 (1:1,500; 

AB5849, Millipore, Temecula, CA), mouse monoclonal anti-GluA1 (1:1500; MAB2263, 

Millipore, Temecula, CA), rabbit polyclonal anti-GluA2 (1:1000; PA1-4659, Thermo 

Scientific, Rockford, IL), mouse monoclonal anti-GluA3 (1:500; MAB5416, Millipore), 

rabbit polyclonal anti-PSD95 (1:1000; AB9708, Millipore, Temecula, CA) and mouse 

monoclonal anti-α-tubulin (1: 5000; T6199, Sigma-Aldrich, St. Louis, MO). Blots were 

washed 3 × 8 minutes in PBST, incubated with the appropriate secondary antibodies (1: 

15,000) for 1 hour at room temperature (in 3% nonfat milk/PBST), washed 2 × 8 minutes in 
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PBST, and 1 × 8 minutes in PBS, then treated with West Pico enhanced chemiluminescence 

(ECL) reagent (Pierce, Rockford, IL) and exposed to film to visualize bands of interest.

Data were based on at least triplicate immunoblots analyzed using NIH Image J software. 

Following densitometry, intensities of bands corresponding to GluA1, GluA2 and GluA3 for 

each sample were divided by intensities of the corresponding α-tubulin bands. Intensities of 

bands corresponding to pSer845-GluA1 were divided by intensities of the corresponding 

total GluA1 protein. Results were expressed in comparison to the normalized control, 

defined as the group that had been AL throughout and had a history of access to tap water. 

Results were analyzed by 2-way ANOVA, with significant interaction effects followed by 

planned comparisons, based on predictions, or post-hoc comparison of cell means using 

Tukey’s HSD test.

Experiment 3

Following observation in Experiment 1 that rats engaging in episodic sucrose intake during 

FR displayed persistently elevated sucrose intake despite six weeks of restored AL food 

access (see Results below), an experiment was conducted to determine whether a parallel 

phenomenon occurs in subjects treated and then challenged with d-amphetamine.

As with effects on food motivation and reward, rewarding and stimulant effects of 

amphetamine are enhanced by FR (Deroche et al., 1995; Cabeza de Vaca and Carr, 1998). In 

addition, behavioral cross-sensitization occurs between sucrose and amphetamine, such that 

intermittent exposure to one augments the locomotor-activating effect of the other (Avena 

and Hoebel, 2003a, 2003b), providing additional evidence of overlapping mechanisms of 

their incentive effects. It was reasoned that if enhanced sucrose intake in Experiment 1 were 

mediated either by incomplete recovery of CNS or metabolic effects of FR despite 

restoration of free feeding, or by neuroplastic changes induced by sucrose during FR which 

are similarly induced by amphetamine, locomotor-activating effects of amphetamine would 

be augmented both during active FR and during recovery. If, on the other hand, 

responsiveness to amphetamine were to normalize following return to AL feeding, a role of 

sucrose-specific neuroplastic changes induced during FR, enduring beyond the conditions 

that prevailed during induction, would be supported.

Subjects and feeding regimens—Subjects were 32 mature, male Sprague Dawley rats 

(Taconic Farms, Germantown, NY) weighing between 350-450g at the start of the 

experiment. They were individually housed in plastic cages with bedding, had ad libitum 

access to water, and were maintained on a 12:12 h light:dark cycle with lights on at 0700 h. 

Half of the subjects had ad libitum access to LabDiet 5001. The remaining half were 

maintained FR as in Experiment 1. A treatment consisting of intermittent administration of 

d-amphetamine or saline vehicle was initiated for both AL and FR groups once the FR group 

had been stabilized for one week at the target body weight (i.e., ~3 weeks after 

implementation of FR). The treatment period continued for 10 days and consisted of 5 daily 

injections given at 48-72 h intervals. This was followed by a return of all FR rats to AL 

feeding conditions.
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Treatment with d-amphetamine—On six occasions prior to the initiation of treatment, 

rats were habituated to transport to the laboratory from the vivarium and were handled in the 

test room where treatment was to be administered in the first and fifth treatment sessions. 

Subsequently, every 48-72 hours, 8 rats in each diet group were injected with d-

amphetamine (Sigma-Aldrich; 1.0 mg/kg, i.p.) and the other 8 with saline vehicle (1.0 

ml/kg, i.p.). Each rat received a total of 5 injections during this ~10 day period. Prior to the 

first and fifth injections, rats were placed in a locomotor activity test chamber where 

horizontal and vertical activity were measured for 1 h using the VersaMax System 

(Accuscan, Columbus, OH, USA) which monitored animal activity via a grid of 16×16 

infrared light beams that traverse the chamber (42×42×30 cm) front to back and left to right. 

Information about beam status, scanned at a rate of 100 times per second, was stored to disk. 

Rats were then injected and activity measured for another 1 h period. The second, third, and 

fourth injections were administered to rats in their home cages. Following the fifth session, 

all FR rats were returned to AL feeding. Body weights and 24 h chow intake of all animals 

were measured regularly. When 24 h intake and rate of body weight gain of the previously 

FR rats had stabilized for one week and did not differ from the AL group, the test phase was 

initiated.

Testing for d-amphetamine-induced hyperactivity—Once per week for 3 

consecutive weeks each rat was placed in a locomotor test chamber and activity was 

measured for a 1 h habituation period. Rats were then injected with d-amphetamine (1.0 

mg/kg, i.p.), returned to the test chamber, and activity was measured for an additional 1 h.

RESULTS

Experiment 1

Across the ten treatment sessions of 1-h access to 10% sucrose, AL rats consumed an 

average of 17.4 ± 0.31 and FR rats consumed an average of 19.1 ± 0.28 ml per session. 

Following the return of FR rats to AL feeding conditions, daily monitoring suggested that 

24-h intake of chow normalized during the third week (Fig 1). This was confirmed by 

absence of difference between groups across the final three measurement days (Fdiet;1,38 = 

1.35, p>.10; Fdiet × days; 2,76 = 0.13). During the 22 days of intake normalization, body 

weights of the previously FR group increased from 323 ± 3.0 to 494 ± 7.8 g. During the 

same period, body weights of the AL group increased from 512 ± 8.5 to 547 ± 10.6 g (Fig 

2). The rate of body weight gain from day 22 through the end of the testing phase, four 

weeks later, did not differ appreciably between groups; slope of the regression line 

describing body weight gain over test days in previously FR rats was 10.67, and the slope in 

AL rats was 8.97 (Fig 2). Consequently, in the fourth week of testing body weights of the 

previously FR and AL groups were 532 ± 7.0 and 575 ± 8.1 g, respectively. In order to 

assess whether the previously FR subjects were likely to have normalized metabolically at 

this time point, blood was sampled from two additional groups (n=8), one of which 

underwent six weeks of FR followed by six weeks of recovery and the other of which 

remained AL throughout. Plasma leptin levels, determined by ELISA (kit #ab100773; 

Abcam, Cambridge MA) did not differ between these groups (AL: 1387 ± 249 pg/ml, 

former FR: 1098 ± 131 pg/ml; t(14)=1.03).
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Analysis of sucrose intake across the four weeks of testing indicated a 3-way interaction 

between previous feeding condition, previous fluid, and week (F3,108 = 3.6, p<.025), and 2-

way interactions between previous feeding condition and week (F3,108 = 2.7, p<.05), and 

previous fluid and week (F3,108 = 3.5, p<.025; Fig 3). Subsequent analysis of the AL groups 

indicated no main effects of week (F3,54 = 0.8) or previous fluid (F1,18 = .02), and no 

interaction (F3,54 = 2.0, p>.10). Additional analyses therefore focused on the previously FR 

groups. Two-way ANOVA indicated interaction between previous fluid and week (F3,54 = 

4.95, p<.01), and an effect of test week (F3,27 = 10.2, p<.001). These effects were 

characterized by a linear trend of increasing sucrose intake (F1,9 = 16.6, p<.01) in the group 

with previous access to tap water (F1,9 = 16.6, p<.01). Comparison of the previously FR 

group with exposure to sucrose to the two AL groups combined, indicated that the former 

consumed more sucrose throughout the four weeks of testing (F1,28 = 5.4, p<.05). In 

addition, the FR groups combined consumed more sucrose than AL groups during weeks 3 

(t(114)=2.28, p<.01) and 4 (t(114)=2.62, p<.01).

Finally, in the fourth week of testing there was no correlation between body weight and 

sucrose consumption in either the previously FR group (r=0.10) or the AL group (r=0.06).

Experiment 2

Across the ten treatment sessions of 1-h access to 10% sucrose, AL rats consumed an 

average of 17.0 ± 0.4 and FR rats consumed an average of 19.1 ± 0.8 ml per session. During 

the three weeks of intake normalization, body weights of the previously FR group increased 

from 303 ± 3.0 to 473.8 ± 5.2 g. During the same period, body weights of the AL group 

increased from 506 ± 11.1 to 541.4 ± 12.4 g. On the terminal day, the previously FR rats 

that were given access to sucrose prior to sacrifice consumed 15.3 ± 1.1 ml, and the AL rats 

consumed 13.3 ± 1.1 ml.

In whole cell homogenates prepared from NAc, no differences were observed in levels of 

total GluA1, GluA2, or GluA3 as a function of previous diet, fluid treatment, or their 

interaction (Fig 4). This suggests that treatments had no long term effects on synthesis 

and/or degradation of AMPARs.

In the PSD fraction (Fig 5), levels of pSer845-GluA1 were higher in previously FR rats that 

consumed sucrose prior to sacrifice relative to all other groups except for the previously FR 

group with a history of sucrose intake but no sucrose prior to sacrifice (Fdiet × fluid; 2,24 = 

4.88, p<.025; Tukey comparisons at least, p<.05). The previously FR group with a history of 

sucrose intake but no sucrose on the day of sacrifice showed higher levels of pSer845-

GluA1 than each of the three AL groups (all at least, p<.05).

Levels of total GluA1 in the PSD were higher in previously FR groups relative to AL groups 

(Fdiet,1,24 = 30.3, p<.0001). While there were trends suggesting that previously FR rats with 

a history of sucrose intake had higher levels of GluA1 than those with a history of water 

access, these effects were not significant.

Levels of total GluA2 were higher in previously FR relative to AL rats (F diet; 1,24 = 20.0, 

p<.001), and planned comparisons attributed this difference to the FR group with a history 
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of sucrose access and sucrose prior to sacrifice, which had higher levels than all other 

groups (p at least <.05), and the FR group with a history of sucrose access that did not have 

sucrose prior to sacrifice, which had higher levels than all AL groups (p at least <.05).

Levels of total GluA3 were also higher in previously FR groups relative to AL groups 

(F diet; 1,24 = 21.5, p<.0001), and planned comparisons attributed this difference to the two 

FR groups that had a history of sucrose intake whose levels were higher than all AL groups 

(p at least <.05).

Levels of the control synaptic protein, PSD95, did not differ among groups.

Experiment 3

In the two locomotor activity test sessions, which bracketed three home-cage injection 

treatments, amphetamine increased horizontal (F1,44 = 61.2, p<.001) and vertical activity 

(F1,44=33.8, p<.001), and FR rats displayed greater activity than did AL rats on both 

measures (horizontal: F1,44=13.1, p<.001; vertical: F1,44=4.52, p<.05). In addition, both 

feeding groups displayed an increase in amphetamine-induced activity between the first and 

fifth injection, indicating sensitization (Fig 6; horizontal: F1,44=21.6, p<.001; vertical: 

F1,44=15.6, p<.001).

Following the return of FR rats to AL feeding conditions, daily monitoring suggested that 

24-h intake of chow normalized by the end of the second week (Fig 7). This was confirmed 

by absence of difference between groups across the final four measurement days of the third 

week (Fdiet;1,44 =0.25; Fdiet × days; 3,138 =1.0). During the 21 days of intake normalization, 

body weights of the previously FR group increased from 296 ± 4.1 to 473 ± 9.7 g. During 

the same period, body weights of the AL group increased from 455 ± 7.7 to 499 ± 8.6 g (Fig 

8). The rate of body weight gain from day 22 through the end of the testing phase, three 

weeks later, did not differ between groups; slope of the regression line describing body 

weight gain over test days in previously FR rats was 6.75, and the slope in AL rats was 6.15.

In the first follow-up amphetamine challenge test session, the two diet groups previously 

treated with amphetamine responded differently in horizontal (Fdiet × test;1,22 = 14.99, p<.

001) and vertical activity (Fdiet × test;1,22 = 16.09, p<.001) relative to their 5th treatment 

session three weeks earlier (Fig 6);. A three-way ANOVA over the three weeks of 

amphetamine challenge testing, showed that vertical activity was overall greater in the AL 

groups than in the groups that had previously been FR (Fdiet;1,44=5.47, p<.025) with a 

similar, but not significant, trend in horizontal activity (Fdiet;1,44=3.3, p=.076).

DISCUSSION

In the behavioral component of the present study, half of the subjects in each diet group had 

a history of ten 1-h sessions in which they consumed a limited amount of sucrose. The 

rationale for this treatment was based on previous biochemical observations. It had been 

observed that when AL and FR rats consumed a relatively small and equal volume of 10% 

sucrose solution, FR but not AL rats displayed increased NAc phosphorylation of GluA1 on 

Ser845 (Carr et al., 2010). This effect was likely a consequence of increased sucrose-
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induced DA release, as demonstrated by Avena and coworkers in underweight rats (Avena 

et al., 2008b), and upregulated signaling downstream of the D1 DA receptor and/or NMDA 

receptor, as previously demonstrated using the present FR protocol (Carr et al., 2003; 

Haberny et al., 2004; Haberny and Carr, 2005; Carr et al., 2010). In addition, when AL and 

FR diet groups consumed sucrose in a series of daily brief access periods, both displayed 

increased synaptic abundance of GluA1 and GluA2 immediately after the final episode of 

intake, with a greater effect in FR than AL rats (Peng et al., 2011). Thus, based on the role 

of GluA1-containing AMPA receptor phosphorylation and trafficking in synaptic plasticity 

and behavior modification, it was hypothesized that following the restoration of AL feeding 

and normalization of daily chow intake, rats with a history of sucrose intake during FR 

would continue to display greater abundance of AMPARs in the NAc PSD, relative to rats 

with a history of sucrose intake without FR, and rats with a history of FR without sucrose, as 

well as an overall greater intake of sucrose during intermittent 1-h access periods. The 

overarching hypothesis, of which this study was an initial test, is that episodic intake of 

highly palatable food during periods of severe dieting interact with upregulated mechanisms 

of synaptic plasticity to produce a long-lasting increase in reward-driven feeding.

Results indicated that subjects with a history of sucrose intake during FR maintained a high 

level of sucrose consumption throughout the four weeks of testing, which was greater than 

both of the groups that had been AL. This behavior was not likely a result of prior FR alone 

because the pattern of sucrose consumption in rats that had been FR without prior sucrose 

intake was significantly different. This difference is one finding suggesting that the 

sustained increase in sucrose intake is not simply residual homeostatic overconsumption. 

Additional findings supporting this conclusion are: (1) 24-h chow intake did not differ 

between groups after the second week of restored AL feeding, (2) the rate of body weight 

gain in the AL groups and former FR groups were similar across the four weeks of sucrose 

intake testing, (3) there was no correlation between sucrose intake and body weight in either 

of the feeding groups, (4) circulating leptin levels at a time-point corresponding to the 4th 

week of sucrose testing did not differ between former FR and AL groups, and (5) former FR 

subjects were less, rather than more, responsive to the locomotor-activating effect of 

amphetamine than subjects which had been AL throughout. This latter finding is of 

particular interest in as much as it suggests that the increased responsiveness to both sucrose 

(Domingos et al., 2011) and amphetamine (Deroche et al., 1995; Cabeza de Vaca and Carr, 

1998) during active FR do not carry over together into recovery. This would seem further 

evidence that the CNS underpinnings of enhanced incentive effects during FR are no longer 

present, or at least no longer predominant, after 3-7 weeks of recovery. In fact, the 

divergence of sucrose and amphetamine responsiveness during recovery from FR is similar 

to the divergence seen in AL subjects maintained on a palatable high-energy diet; rewarding 

effects of sucrose escalate (La Fleur et al., 2007) while rewarding effects of 

psychostimulants diminish (Wellman et al., 2007; Davis et al., 2008). The present 

divergence is the first evidence, to our knowledge, that recovery from underfeeding is 

accompanied by diminished responsiveness to a psychostimulant drug of abuse. The 

amphetamine protocol used in this study is one that has been shown to facilitate future 

acquisition and progressive ratio responding for i.v. self-administration of d-amphetamine 

(Vezina, 2004). Thus, it may be the case that rebound hyperphagia and weight gain, which 
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are common in abstinent psychostimulant addicts (Edge and Gold, 2011), provide some 

degree of buffering against relapse.

The biochemical results indicate that a history of sucrose intake during FR produces changes 

in synaptic abundance of AMPARs in NAc that are evident ~4 weeks after subjects have 

been returned to AL feeding. The subset of these subjects taken directly from the home cage 

displayed higher levels of GluA2, GluA3, and pSer845-GluA1 in the PSD relative to the FR 

group with no history of sucrose intake and all groups that had been AL fed throughout the 

study. A speculative interpretation of these findings is that the increased synaptic abundance 

of GluA1 and GluA2 observed in FR rats immediately after a bout of sucrose intake (Peng et 

al., 2011) were replaced by constituitively cycled GluA2/GluA3, which have been shown to 

preserve synaptic strength following a transient activity-dependent synaptic incorporation of 

GluA1-containing AMPA receptors (Shi et al., 2001). The elevated level of pSer845-GluA1 

in this group suggests that even several weeks out from FR, GluA1-containing AMPARs are 

being stabilized in the membrane and primed for synaptic delivery. Phosphorylation on 

Ser845 prevents lysosomal degradation of surface GluA1-containing AMPARs (He et al., 

2009) and facilitates trafficking to the extrasynaptic membrane (Oh et al., 2006). Synaptic 

incorporation may depend on presentation of an adequate stimulus and resultant 

phosphorylation on Ser818 by protein kinase C (Boehm et al., 2006). Recently, the two-step 

mechanism of synaptic incorporation, involving D1 DA receptor mediated phosphorylation 

on Ser845 and PKC-dependent synaptic incorporation triggered by Ca2+ has been 

demonstrated in striatal MSNs in culture (Tukey and Ziff, 2013). Moreover, in AL fed rats 

that engaged in daily brief bouts of sucrose intake, electron microscopy revealed that a 

terminal bout of sucrose intake was the adequate stimulus for rapid synaptic incorporation 

(Tukey et al., 2013).

Interestingly, rats with a history of FR, irrespective of sucrose intake, displayed elevated 

levels of GluA1 in the NAc PSD. This increase was previously seen in subjects during 

active FR (Peng et al., 2011; Peng et al., 2014). Because GluA1 is the only AMPAR subunit 

with increased abundance in the PSD of “unstimulated” FR rats it was hypothesized that FR 

increases synaptic incorporation of GluA2-lacking, Ca2+-permeable AMPARs. This 

hypothesis was supported by findings that NASPM, a selective antagonist of Ca2+-

permeable AMPARs, microinjected in NAc, reversed the enhancing effect of FR on 

rewarding effects of amphetamine (Peng et al., 2014) and a D1 DA receptor agonist (Carr et 

al., 2010). The apparent continuation of increased GluA1 in the NAc PSD after restoration 

of AL feeding may contribute to the sustained increase in sucrose consumption of rats with a 

history of sucrose intake during FR, and the escalation of sucrose consumption over weeks 

in rats with a history of FR without sucrose. The continued elevation of GluA1 raises the 

question of why rats with a history of FR did not display an enhanced response to 

amphetamine after restoration of AL feeding. One possibility is that the separable ventral 

striatal neuronal populations that mediate reward and locomotor stimulation are 

differentially subject to the synaptic incorporation of GluA1 or its continuation after restored 

AL feeding (Sellings and Clarke, 2003). A second possibility concerns the involvement of 

ventral tegmental area and NAc in the induction and expression, respectively, of locomotor 

sensitization (Perugini and Vezina, 1994; Cador et al., 1995); recovery from FR may alter 

the dynamic between these two brain regions in such a way that sensitization is reversed 

Peng et al. Page 12

Neuroscience. Author manuscript; available in PMC 2016 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and/or the mechanism accounting for “incubation” of sensitization during the 3-wk hiatus 

between treatment and the first challenge is impeded. It is also possible that unidentified 

CNS concomitants of recovery from FR supersede the contribution of increased GluA1 in 

relation to amphetamine- but not sucrose-induced behavior. Finally, a more complete 

understanding of biochemical findings as they relate to both sucrose and amphetamine 

behavioral effects will be enabled by differential evaluation of D1- vs D2-expressing 

medium spiny neurons (MSNs) in NAc, in as much as excitation of D1-expressing MSNs 

facilitates reward and locomotor activity while excitation of D2-expressing MSNs inhibits 

both (Lobo et al., 2010; Lobo and Nestler, 2011; Kravitz et al., 2012). Methods of the 

present study do not enable this differentiation.

Overall, the present study provides evidence suggestive of both synaptic strengthening and 

priming for further activity-dependent synaptic plasticity in rats with a history of sucrose 

intake during FR. Among the many key questions to be addressed going forward are how 

long these changes continue beyond the return to AL feeding, and whether a causal 

relationship between AMPAR trafficking/synaptic abundance and sucrose seeking and 

consumption can be demonstrated. The present finding that rats with a history of sucrose 

intake during FR consume more sucrose than rats that have always been AL, with or without 

a history of sucrose intake, is consistent with this possibility. In addition, the finding that a 

terminal bout of sucrose intake in rats with a history of FR and sucrose showed the highest 

levels of pSer845-GluA1, GluA2, and a trend toward higher GluA1, in the PSD would seem 

consistent with the idea that a history of FR and sucrose primes activity-dependent 

trafficking of AMPARs.

Excessive reward-driven feeding is a significant public health problem. The oftentimes 

counterproductive, or “boomerang”, effect of dieting on future food intake and body weight, 

and the role of severe dieting as a risk factor for binge pathology are well established. 

Similarly, episodes of loss of control during periods of severe dieting are common. The 

present study supports the possibility that in mimicking an adaptive response to food 

scarcity, severe dieting upregulates mechanisms of synaptic plasticity in NAc, such that 

episodic intake of highly palatable energy-dense food ingrains that behavior in a manner that 

leads to excessive intake after free feeding conditions have been restored.
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Abbreviations

NAc nucleus accumbens

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

PSD postsynaptic density

FR food restriction

AL ad libitum
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Highlights

Episodic sucrose intake during food restriction increases future sucrose intake;

Recovery from food restriction decreases sensitivity to amphetamine;

A history of food restriction with episodic sucrose intake increases pSer845-GluA1, 

GluA2, and GluA3 in the accumbens PSD
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Figure 1. 
Mean (± s.e.m) 24 hour intake of LabDiet 5001 for each treatment group (n=10) during each 

phase of Experiment 1. During weeks 1-5, two groups were food-restricted (FR) and intake 

data are omitted. Following the restoration of ad libitum (AL) feeding, the two FR groups 

displayed a compensatory increase in 24 h intake. Their intakes normalized during the third 

week, in which there was no difference across the final three measurements between 

subjects that did and did not have a history of FR.
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Figure 2. 
Mean body weights (± s.e.m) of the four treatment groups (n=10) during each of the four 

phases of Experiment 1: (i) at baseline, before diet manipulation and treatment, (ii) when 

two groups were food-restricted (FR) and all groups received treatment with episodic 

limited intake of 10% sucrose or water, (iii) during restoration of ad libitum (AL) feeding in 

the FR groups, and (iv) during the four week intermittent testing of sucrose intake. The rates 

of body weight gain during the four weeks of testing were similar for rats with and without a 

history of FR.
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Figure 3. 
Mean (± s.e.m) 1-h intake of 10% sucrose during each week in which tests were conducted 

Monday, Wednesday and Friday. Results for ad libitum fed (AL) and previously food-

restricted (FR) subjects with and without a history of episodic sucrose intake are displayed 

in the left and right panels, respectively. The group with a history of sucrose intake during 

FR (filled triangles in right panel) consumed more sucrose during test weeks than AL groups 

and the group with a history of water access during FR (see text for details).
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Figure 4. 
Effects of a history of food restriction (FR), with and without episodic intake of 10% 

sucrose, on AMPA receptor GluA1, GluA2 and GluA3 abundance in nucleus accumbens 

whole cell homogenate. Previously FR and control ad libitum fed (AL) subjects were either 

taken from the home cage, or had 15-min access to 10% sucrose or tap water prior to brain 

harvesting. Following densitometry, intensities of bands corresponding to the target AMPA 

receptor protein for each sample were divided by the intensities of the corresponding α-

tubulin bands. Results (mean ± s.e.m.) are expressed in comparison to the normalized 

control, defined as the AL group with a history of episodic access to tap water and a 

terminal treatment of 15-min access to tap water. n=15 per group, with 3 NAc pooled per 

tube for fractionation.
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Figure 5. 
Effects of a history of food restriction (FR), with and without episodic intake of 10% 

sucrose, on abundance of pSer845-GluA1, GluA1, GluA2, and GluA3 in nucleus accumbens 

postsynaptic density. Following densitometry, intensities of bands corresponding to the 

target AMPA receptor protein for each sample were divided by the intensities of the 

corresponding α-tubulin bands. Results (mean ± s.e.m.) are expressed in comparison to the 

normalized control, defined as the AL group with a history of episodic access to tap water 

and a terminal treatment of 15-min access to tap water.

Representative immunoblots are included in sequence corresponding to bars immediately 

above. n=15 per group, with 3 NAc pooled per tube for fractionation. * greater than all AL 

groups and the previously FR group with access to tap water, p at least <.05; + greater than 

all AL groups, p at least <.05.
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Figure 6. 
Mean (± s.e.m) difference scores (post-injection minus pre-injection) for horizontal (top) 

and vertical activity (bottom) induced by d-amphetamine (1.0 mg/kg, i.p.) or saline vehicle 

during the treatment (left) and challenge (right) phases of d-amphetamine-induced 

hyperactivity testing. During treatment, separate groups of ad libitum fed (AL) and food-

restricted (FR) rats (n=8) were injected with d-amphetamine or saline every 48-72 hours. 

Activity was recorded in response to the first and fifth injections, with intervening injections 

administered in the home cage. The test phase was initiated 3 weeks after all FR rats had 
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been returned to AL feeding. D-amphetamine was injected once per week for 3 consecutive 

weeks and activity measures were taken in the two former FR groups and the two groups 

that had been AL throughout (see text for statistical analyses).
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Figure 7. 
Mean (± s.e.m) 24 hour intake of LabDiet 5001 for each treatment group (n=8) in 

Experiment 3. Following the restoration of ad libitum (AL) feeding, the two FR groups 

displayed a compensatory increase in 24 hr intake. Their intakes normalized during the third 

week, in which there was no difference across the final four measurements between subjects 

that did and did not have a history of FR.
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Figure 8. 
Mean body weights (± s.e.m) of the four treatment groups (n=8) during each phase of 

Experiment 3: (i) at baseline, before diet manipulation and treatment, (ii) when two groups 

were food-restricted (FR) and all groups were then habituated to the activity chamber on 6 

occasions followed by sensitizing (sntz) injections of d-amphetamine (1.0 mg/kg, i.p.) or 

saline vehicle on five occasions, (iii) during restoration of ad libitum (AL) feeding in the FR 

groups, and (iv) during the three weekly d-amphetamine challenge test sessions. The rates of 

body weight gain during the four weeks of testing were similar for rats with and without a 

history of FR.
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