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Abstract

Clinical and basic science investigation indicates a link between insulin resistance and anhedonia. 

Previous results of this laboratory point to impaired nucleus accumbens (NAc) insulin signaling 

as an underpinning of diet-induced anhedonia, based on use of a glucose lick microstructure 

assay. The present study evaluated whether advanced glycation end products (AGEs) and their 

receptor (RAGE), known to mediate obesogenic diet-induced inflammation and pathological 

metabolic conditions, are involved in this behavioral change. Six weeks maintenance of male 

and female rats on a high fat-high sugar liquid diet (chocolate Ensure) increased body weight 

gain, and markedly increased circulating insulin and leptin, but induced anhedonia (decreased 

first minute lick rate and lick burst size) in males only. In these subjects, anhedonia correlated 

with plasma concentrations of insulin. Although the diet did not alter plasma or NAc AGEs, 

or the expression of RAGE in the NAc, marginally significant correlations were seen between 

anhedonia and plasma content of several AGEs and NAc RAGE. Importantly, a small molecule 

RAGE antagonist, RAGE229, administered twice daily by oral gavage, prevented diet-induced 

anhedonia. This beneficial effect was associated with improved adipose function, reflected in 

the adiponectin/leptin ratio, and increased pCREB/total CREB in the NAc, and a shift in the 

pCREB correlation with pThr34-DARPP-32 from near-zero to strongly positive, such that both 

phospho-proteins correlated with the rescued hedonic response. This set of findings suggests 

that the receptor/signaling pathway and cell type underlying the RAGE229-mediated increase in 

pCREB may mediate anhedonia and its prevention. The possible role of adipose tissue as a locus 

of diet-induced RAGE signaling, and source of circulating factors that target NAc to modify 

hedonic reactivity are discussed.
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1. Introduction

It is estimated that nearly 10% of the US adult population are affected by type 2 

diabetes (T2D) and another 37% have pre-diabetes (U.S. CDC, National Diabetes Statistics 

Report, 2014). These statistics are alarming not only because of the associated risks of 

cardiovascular disease, renal disease, retinopathy and neuropathy, but also because of 

increasing evidence of a link to cognitive impairment (1–3) and depression (4–7). Major 

depression is at least twice as prevalent among individuals with T2D compared to the 

general population (8–10), and is associated with increased mortality (9,11).

Epidemiological studies reveal anhedonia as the dimension of depression that is of particular 

clinical importance in T2D (12). One study of nearly 6000 subjects indicates that among the 

distinct features of depression, it is specifically anhedonia, and not dysphoria or anxiety, that 

is strongly associated with T2D and increased mortality (9,13). Moreover, the association 

between insulin resistance and anhedonia is not limited to depressive illness. Anhedonia is 

also a cardinal feature of schizophrenia (14,15), where metabolic abnormalities are common, 

and the prevalence of T2D is two to three times higher than in the general population 

(16,17). Insulin resistance in this population has been shown to precede the effects of 

antipsychotic medications and correlate with the severity of negative symptoms (18).

As a core feature of two major psychiatric disorders, typified by diminished subjective and 

behavioral responses to reward stimuli, anhedonia is associated, in human neuroimaging 

studies, with decreased ventral striatal activity (19–23). Research in our laboratory, using a 

rat model of diet-induced insulin resistance, has produced evidence of anhedonia associated 

with nucleus accumbens (NAc) insulin receptor subsensitivity and suppression of insulin’s 

facilitatory effect on dopamine release (24–27). A causal connection between NAc insulin 

resistance and anhedonia is suggested by our finding that the anhedonic effect can be 

reproduced in chow-fed rats by inactivation of insulin in NAc (26).

A known mechanistic overlap between T2D and depression is increased inflammatory 

activity. In the case of T2D, a key role has been established for advanced glycation end 

products (AGEs) (28–30). AGEs form endogenously from the reaction of reducing sugars 

and reactive carbonyls with free amino groups (31). AGEs also originate exogenously; 

dietary sugar (32,33) and heat-processed high fat foods (34) are particularly rich sources. 

In animal models, sugar-derived AGEs have been shown to contribute to the activation of 

pro-inflammatory signals and development of pathological metabolic conditions (35,36). 

The receptor for AGEs (RAGE) (37,38), is a cell surface multiligand receptor of the 

immunoglobulin superfamily that binds AGEs, resulting in pro-inflammatory gene activation 

(for reviews: 28–30), and has been shown necessary for the induction of diet-induced T2D 

in mouse models (39). RAGE is expressed by epithelial cells, cardiomyocytes, macrophages, 

adipocytes, microglia, astrocytes, and neurons (28,30).
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The plausible involvement of RAGE in brain pathology induced by high energy 

diet is supported by findings that, in rats, a high fructose diet induces hippocampal 

neuroinflammation, hypothalamic NF-κB activation, and suppression of insulin signaling 

(40). In mice, both HF and HF/high sugar (HS) diets increase neocortical markers 

of inflammation and oxidative stress (41). Schmidt and coworkers compared HF diet-

induced inflammation in wild type and Ager (the gene encoding RAGE) null mice by 

immunohistochemical detection of Iba1, a marker of activated microglia. Ager null mice 

displayed fewer diet-induced Iba1-positive cells in hypothalamus than did wild type mice 

(39). In addition, it was recently shown that a HF/HS, but not HF diet, induces hypothalamic 

microgliosis that is attenuated in Ager null mice (42). Evidence linking RAGE to anhedonia 

is demonstration that chronic stress induces anhedonia in wild-type but not Ager null mice 

(43).

Most of the evidence indicating a link between inflammation and depressive illness is 

based on high levels of peripheral blood inflammatory markers (44) and neuroimaging 

that reveals microglial activation (45,46). Two animal studies that traced the link between 

diet, inflammation, and depression demonstrated that subjects switched from chow to 

HF or HF/HS displayed increased expression of inflammatory markers in hippocampus 

(47) and NAc (48), respectively, along with behavioral signs of depression and anxiety. 

Further, intracerebroventricular administration of the RAGE ligand, HMGB1, upregulated 

hippocampal TNF-α protein, and induced behavioral signs of depression (49).

In the first experiment of the present study, lick microstructure analysis was combined 

with analyses of plasma and NAc samples in subjects maintained on HF/HS or control 

diet in order to test the hypothesis that anhedonia is associated with insulin resistance and 

altered levels of RAGE and/or AGEs. In the second experiment, a small molecule RAGE 

antagonist was administered to test the hypothesis that diet-induced effects identified in the 

first experiment are RAGE-dependent. The method of sugar lick microstructure analysis has 

been used extensively to differentiate parameters indicative of hedonic impact, motivation to 

consume, and their underlying mechanisms (50–61). The small molecule RAGE antagonist, 

RAGE229, shows excellent distribution to brain (brain/plasma ratio = 0.88 at 2 h; based 

on intraperitoneal administration performed by Contract Research Organization, BioDuro 

LLC, Irvine, CA) and was previously shown to decrease RAGE ligand–mediated signaling, 

suppress the acute inflammatory effects of RAGE ligands, improve glucose, insulin, 

and lipid metabolism, and decrease cardiac and renal pathology in diabetic mice when 

administered by oral gavage or medicated chow at daily doses of 10–30 mg/kg (62,63).

2. Materials and methods

2.1. Rats

Male and female Sprague–Dawley rats were purchased from Taconic Farms (Germantown, 

NY) at 10–12 weeks of age. Rats were housed individually in plastic cages with bedding and 

free access to water. They were maintained on a 12 h light/dark cycle (lights on at 6 am), 

and allowed at least three days acclimation to vivarium housing prior to initiation of any 

experimentation. All experimental procedures were approved by the New York University 

Grossman School of Medicine Institutional Animal Care and Use Committee and were 
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performed in accordance with the “Principles of Laboratory Animal Care” (NIH publication 

number 85–23). All efforts were made to minimize animal suffering and to reduce the 

number of animals used.

2.2. Diets

All rats in Experiment 1 and Experiment 2 had free access to standard lab pellets 

(Rodent Diet #5001, Lab Diet, St. Louis, MO) and tap water in the home cage. Half the 

rats in Experiment 1 and all rats in Experiment 2 also had continuous access to Milk 

Chocolate Ensure, for which the ratio of % kcal from fat:carb:protein is 4:4:2 with 25% 

sugar (Abbott,Columbus, OH). We have previously shown that, relative to control, Ensure 

increases body weight gain and circulating insulin by ~50% over a 4 week period, and 

induces insulin receptor insensitivity in the NAc (24,25).

2.3. Methods of habituation, preliminary behavioral testing and group assignment

Rats underwent three to five habituation sessions in which they were transported to 

the laboratory from the vivarium, remained for several hours, and then returned. Upon 

completion of the habituation series, each rat was placed in a lickometry test chamber and 

given access to 6% unflavored glucose (Sigma-Aldrich). Sustained licking for a period of 

60 seconds (s) was criterion for advancing to the next phase of experimental preparation, 

and the subject was removed from the chamber. Otherwise, the session continued for up 

to 30 minutes (min). Any rat that did not meet criterion was retested on up to three 

additional occasions. All rats met criterion for advancement. Following satisfaction of the 

lick criterion, subjects underwent a series of three preliminary test sessions of 30 min 

duration, with access to unflavored 6% glucose. Results of the third test were considered 

to indicate baseline behavior. The total number of licks/30 min in the baseline session was 

used to assign subjects to matched groups for experimental testing. Within each sex, two 

equal sized groups were formed. In Experiment 1, one group was assigned to continue on 

standard lab chow and one group was supplemented with continuous access to chocolate 

Ensure. Behavioral testing resumed one week later and was conducted every seven days for 

a total of six test sessions. Males and females were tested in separate experiments as there 

were no a priori predictions regarding sex differences.

In Experiment 2, testing was limited to male subjects based on the robust diet-induced 

behavioral and associated metabolic effects observed in Experiment 1. Rats were assigned to 

two groups matched for baseline lick parameters and then provided with continuous access 

to chocolate Ensure for the next seven weeks. During the second week of Ensure access, 

twice daily oral gavage was initiated (0900 and 1700 h) with one group receiving RAGE229 

(10 mg/kg in a volume of 1 ml/kg) and the other receiving vehicle (physiological saline). 

The RAGE229 dose and route of administration were based on pharmacokinetic studies 

conducted in mice (62). Behavioral testing was conducted once per week beginning ten days 

after initiation of gavage treatment, and seventeen days after initiation of Ensure access.

2.4. Apparatus and behavioral measures

Testing was conducted in Med Associates (Georgia, VT) operant chambers with a contact 

lickometer using Med PC and custom software. The fluid available for consumption in 
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test sessions was 6.1% glucose. Each subject was tested in six (Experiment 1) or five 

(Experiment 2) 30 min sessions spaced one week apart. The lick parameters recorded 

included total number of licks per session, a proxy for total consumption, plus multiple 

measures of lick patterning. These included lick bursts, which are groups of licks separated 

by an inter-lick interval of > 1 s. This criterion for lick bursts is based on analyses of several 

laboratories which have concluded that an interval of 1 s is most likely to represent a true 

pause rather than “missed licks” or lateral tongue protrusions (for review see: 53). The 

number of bursts emitted per unit time is considered a measure of motivation to consume 

that is also subject to modulation by satiety. Burst size is the number of licks in a burst, 

where only bursts of > 3 licks are counted and is considered a measure of reward magnitude 

or hedonic impact. An additional measure of hedonic reactivity recorded was rate of licking 

in the first 60 s after the first lick of the session. All behavioral data were automatically 

collected by computer. 24-h intake of Ensure, chow, and total caloric intake were measured 

once per week and body weights recorded.

2.5 Plasma and tissue collection

Twenty four to forty eight hours after the final behavioral test session, while still maintained 

on assigned diets but including a terminal five hour fast, rats were briefly exposed to CO2, 

and decapitated by guillotine. Trunk blood was collected in BD vacutainer EDTA tubes. The 

samples were kept on ice for up to 60 min followed by centrifugation at 2,000 g for 20 

min at 4°C. The plasma layer was collected and stored at −80°C until assayed. Brains were 

immediately frozen in powdered dry ice and stored at −80°C. On a future occasion frozen 

punches (2.0 mm diameter) were collected from three consecutive 500 micron brain sections 

to obtain samples of NAc that were then stored at −80°C until assay.

2.6 Measurement of plasma glucose, insulin, adiponectin and leptin

Plasma concentrations of glucose were measured using a Accu-Check nano glucose meter. 

Concentrations of insulin, adiponectin and leptin were determined using rat-specific ELISA 

kits (Insulin: ALPCO Diagnostics, Cat # 80-INSRT-E01; Adiponectin: R&D R6000B; 

Leptin: ABCAM, #AB100773) following the manufacturer’s instructions. Absorbance 

readings were performed using a PowerWave XS2 microplate spectrophotometer (BioTek).

2.7 NAc sample preparation

Tissue samples were placed in 2 mL reinforced plastic tubes with RIPA buffer (Cell 

Signaling Technology; Cat # 9806) containing Pierce™ phosphatase and protease inhibitors 

(ThermoFisher Scientific; Cat # A32957 and A32953, respectively) and 0.5 mM PMSF 

Protease Inhibitor (ThermoFisher Scientific; Cat # 36978). Tissue homogenization was 

performed using a Bead Ruptor 12 bead mill (Omni International). Samples were 

homogenized for 3 min at 3.1 m/s, followed by incubation in ice for 10 min. The 

homogenization/incubation cycle was repeated an additional 2–3 times. NAc protein extracts 

were subjected to centrifugation at 4°C, 20,000 g for 15 min and the soluble homogenate 

was collected.
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2.8 Immunoblotting

Plasma AGEs, carboxymethyl lysine (CML), a specific AGE ligand of RAGE, and NAc 

RAGE, CML, AGEs, pCREB/CREB, and pDARPP-32(Thr34)/DARPP-32 were measured 

by immunoblotting. Sample protein concentration was quantified using a Pierce BCA 

Protein Assay Kit (Thermo Fisher Scientific). Samples were diluted to 1–6 μg/μL, mixed 

with sample reducing agent and loading dye (Thermo Scientfic; # NP0009 and NP0007, 

respectively), boiled, and separated in 10% Protean TGX gels (Bio-Rad). Individual gels 

contained at least 4 samples from each diet group, all of the same sex. The amount of 

total protein loaded ranged between 10 and 50 μg depending on the target protein. The 

separated proteins were blotted onto nitrocellulose membranes (Bio-Rad). Membranes were 

incubated in blocking buffer (5% bovine serum albumin (BSA) in Tris-buffered saline with 

0.1% Tween-20 (TBST) for p-DARPP32, Odyssey LI-COR Blocking Buffer for all other 

proteins) for 1 h at room temperature, followed by overnight incubation at 4°C with primary 

antibodies against the specific target protein (RAGE: R&D Systems, #AF1179; CML: 

R&D Systems, #MAB3247; AGEs: Abcam, #23722; CREB: Cell Signaling Technology, 

#9197; p-CREB: Cell Signaling Technology, #9196; DARPP-32: Cell Signaling Technology, 

#mAb2306; pDARPP-32 (Thr34): Cell Signaling Technology, #mAb12438) in 5% BSA 

TBST(p-DARPP32) or in a 1:1 LI-COR Blocking Buffer/TBST solution (all other 

proteins). Membranes were washed 3 times for 5 min in 0.1% TBS-T and incubated with 

secondary antibody (LI-COR #925–32214, #925–32214, #925–32214) in 1% BSA TBST 

(p-DARPP32) or TBST (all other proteins) for 1 h at room temperature. Membranes were 

washed twice in TBST and scanned with a LI-COR Odyssey Classic imaging system. 

Antibodies were stripped by incubating the membrane in a 0.2 M NaOH solution for 15 

min at room temperature followed by 3 washes in TBST. The membrane was blocked and 

incubated with a second primary antibody against a specific target and/or a reference protein 

(Transferrin: GeneTex, #GTX112729; b-Actin: Santa Cruz, #sc-69879) as described above, 

washed, incubated with secondary antibody and scanned. Target and reference protein bands 

were quantified and target protein fluorescence signal for each lane was normalized to the 

respective reference protein signal. Target protein levels from each individual blot were 

further normalized by the average target protein level of the control group samples.

3. Results

3.1 Experiment 1

Males: intake and body weight.—On the day of diet assignment, body weights of 

male subjects in the control and Ensure-supplemented groups were 440.7 (± 10.7) g and 

443.7 (± 9.9) g, respectively. During the six week period of testing, which began one 

week after diet initiation, the mean 24 hour caloric intake of subjects in the control and 

Ensure-supplemented groups was 105 (± 6.7) and 141.7 (± 7.1) kcal, respectively (t(22)=3.1, 

p<.01; Table 1), yielding a higher terminal body weight (t(22)=3.2, p<.01; Table 1) and 

percentage increase in body weight (t(22)=8.1, p<.01; Fig 1) in the Ensure-supplemented 

group.

Females: intake and body weight.—On the day of diet assignment, body weights of 

female subjects in the control and Ensure-supplemented groups were 289 (± 3.1) g and 289 
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(± 3.7) g, respectively. During the six week period of testing, the mean 24 h caloric intake 

of subjects in the control and Ensure-supplemented groups was 79.8 (± 4.8) and 103.1 (± 

2.9) kcal, respectively (t(22)=3.9, p<.001; Table 1), yielding a higher terminal body weight 

(t(22)=5.5, p<.001; Table 1) and percentage increase in body weight (t(22)=6.6, p<.001; Fig 

1) in the Ensure-supplemented group.

Males: plasma.—Subjects in the Ensure-supplemented group showed elevated plasma 

insulin (t(21)=3.36, p<.005), leptin (t(19)=3.9, p<.001) and adiponectin (t(19)=5.86, p<.001) 

when compared to subjects maintained on the control diet (Fig 1). Although fasting glucose 

did not differ between diet groups (156 (±6.7) vs 162 (±4.7) mg/dl, t(22)=.75, p>.05), insulin 

resistance, estimated from fasting glucose and insulin concentrations, using homeostatic 

model assessment (HOMA-ir; 64,65), was suggested (t(21)=2.83, p<.01) in the group 

consuming Ensure (Fig 1). The adiponectin/leptin ratio, which when decreased, suggests 

adipose tissue dysfunction, was unaffected by diet (t(19)=0.45).

Nε-carboxy-methyl-lysine (CML) is a major AGE and ligand of RAGE, found in tissue and 

blood, and is a key modulator of adipokine expression and insulin resistance (66). Western 

blot analyses probing for CML modifications produced multiple bands, suggesting that 

these post-translational modifications occurred on multiple different proteins. There were 

no diet-induced changes in CML modifications on plasma proteins (57 kDa: t(21)=1.05, 50 

kDa: t(21)=0.3; 25 kDa: t(21)=0.98); nor was there a difference in general AGE adducts 

(t(21)=.33) (Fig 2).

Females:plasma.—Subjects in the Ensure-supplemented group showed elevated plasma 

concentrations of insulin (t(17)=2.21, p<.05), leptin (t(18)=3.4, p<.01), and adiponectin 

(t(17)=3.65, p<.01) compared to subjects maintained on the control diet (Fig 1). Fasting 

glucose did not differ between groups (177 (±6.7) vs 161 (±6.1) mg/dl, t(17)=1.8, p>.05), 

and, as estimated from HOMA-ir, there was no evidence of insulin resistance (t(17)=1.74, 

p>.05). However, the adiponectin/leptin ratio was lower in the group consuming Ensure 

(t(17)=2.45, p<.05).

Western blot analyses indicated no diet-induced changes in plasma CML modifications (57 

kDa: t(16)=0.55, 50 kDa: t(17)=1.2; 25 kDa: t(17)=0.95); nor was there a difference in AGE 

adducts (t(17)=1.55, p>.05) (Fig 2).

Males: nucleus accumbens.—Western analyses probing for CML produced two bands. 

A marginally significant decrease in the 50kDA band was observed in the Ensure-consuming 

group (t(22)=1.98, p=.059). This decrease was not seen in the 45kDA band (t(22)=0.15); nor 

were there diet-related differences in AGE adducts (t(20)=0.9) or RAGE (t(21)=1.08) (Fig 

3).

Females: nucleus acumbens.—There were no diet-related differences in the 50kDA 

CML band (t(22)=0.27), the 45kDA CML band (t(22)=0.21), AGE adducts (t(22)=1.06), or 

RAGE (t(22)=1.38) (Fig 3).
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Males: lick microstructure and correlations with measures taken in plasma 
and nucleus accumbens.—Males with access to Ensure displayed a decrease in all 

three lick parameters across the six weeks of testing. Specifically, first minute lick rate 

(F(1,22)=4.8, p<.05), lick burst size F(1,22)=4.24, p=.05), and the number of lick bursts 

emitted per session (F(1,22)=4.48, p<.05) were all lower in the Ensure-consuming relative 

to control group (Fig 4). However, in the final test session, which preceded blood and brain 

collection by 24–48 h, only lick burst size, the measure of hedonic impact, was significantly 

decreased (t(22)=2.57, p<.025; Fig 5).

Spearman correlation coefficients were calculated to assess monotonic association between 

lick microstructure parameters and measures taken in plasma and NAc (Table 2). This 

assessment was confined to the final behavioral test that preceded plasma and brain sample 

collection in the Ensure-consuming group. Association was seen between anhedonia, as 

reflected in lick burst size, and plasma insulin (rs= −0.62, t(9)= 2.36, p<.05), as well as 

a trend toward association with NAc RAGE (rs= −0.53, t(10)= 1.98, p=.075). Marginally 

significant negative associations were also seen between first minute lick rate and plasma 

CML (50kDa; rs= −0.56, t(9)= 2.04, p=.071) and AGEs (rs= −0.54, t(10)= 2.05, p=.067).

There were no indications of association between any behavioral measure and adiponectin/

leptin ratio.

Females: lick microstructure and correlations with measures taken in plasma 
and nucleus accumbens.—Females displayed no diet-induced change in the two 

measures of hedonic impact. Specifically, first minute lick rate (F(1,22)=3.0, p>.05) and 

lick burst size (F(1,22)=0.5) were unchanged by Ensure consumption. Females did, however, 

show a diet-induced decrease in the motivational measure, number of lick bursts emitted 

(F(1,22)=5.77, p<.05) (Fig 4). However, in the final test session, which preceded blood and 

brain collection, neither the number of lick bursts (t(22)=1.43, p>.10; Fig 5) nor any other 

measure was significantly decreased in the Ensure-consuming group relative to control.

Positive associations were seen between motivation to consume, as reflected in number of 

lick bursts, and plasma insulin (rs= +.72, t(8)= 2.85, p<.05), HOMA-ir (rs= +.85, t(8)= 4.65, 

p<.01) and plasma CML (25kDA; rs= +.59, t(8)= 2.06, p=.073), but a negative association 

was seen with plasma AGEs (rs= −.71, t(8)= 2.84, p<.05) (Table 2).

There were no indications of association between any behavioral measure and adiponectin/

leptin ratio or measures taken in nucleus accumbens.

Summary and additional probes.—In contrast to females, male subjects displayed 

the predicted diet-induced anhedonia, robust increases in plasma insulin and HOMA-ir, 

and multiple associations between anhedonia and plasma and NAc levels of AGEs and/or 

RAGE. Their NAc samples were therefore also probed for two intracellular proteins, pCREB 

and pDARPP-32 (Thr34), which are known to be responsive to diverse reward stimuli 

and, in particular, palatable food. Past studies indicate that acute consumption increases 

phosphorylation of DARPP-32 (Thr34), and chronic consumption decreases phosphorylation 
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of CREB (67–72). Results for tissue samples obtained in Experiment 1 are presented 

together with results obtained in Experiment 2 below.

3.2 Experiment 2

This experiment was designed to test the potential effects of a small molecule antagonist 

of RAGE, RAGE229 in the above studies in male rats. Male rats were selected for study 

in this experiment, since only the male subjects displayed evidence of anhedonia. At the 

start of Experiment 2, male subjects assigned to vehicle-treatment weighed an average 

of 460 ± 9.2 grams, and subjects assigned to RAGE229-treatment weighed an average 

of 475 1± 7.2 grams. RAGE229 vs. vehicle gavage was instituted one week after the 

beginning of the Ensure consumption. During the six week period of combined Ensure 

consumption and daily gavage treatment, the mean 24 h intake of chow by vehicle-and 

RAGE229-treated subjects was 7.8 (±1.8) g, yielding 26.1 kcal, and 6.6 (±1.2) g, yielding 

22.2 kcal, respectively. The mean 24 hour intakes of Ensure were 73.6 (±2.8) ml, yielding 

an additional 78 kcal, and 69 (±3.0) ml, yielding an additional 73.1 kcal, respectively. The 

percentage body weight gain of the two groups during this period did not differ significantly, 

with the vehicle group gaining 22 (±1.7)% and the RAGE229 group gaining 18.6 (±0.9)% 

(t(36)=1.82, p>.05).

Treatment with RAGE229 had no effect on plasma glucose (t(36)=0.1), insulin (t(36)=.6) 

or adiponectin (t(36)=.0), but did result in lower leptin (t(36)=2.35, p<.05) and higher 

adiponectin/leptin ratio (t(36)=3.01, p<.01; Fig 6). AGEs and RAGE were not assayed in 

these subjects.

Across the five weekly tests of lick microstructure, all lick parameters were decreased 

compared to pre-diet baseline measures (see Fig 7). However, the two measures of hedonic 

impact, first minute lick rate (F(1,36)=4.97, p<.05) and lick burst size (F(1,36)=4.63, p<.05) 

were higher in the group treated with RAGE229, while the measure of motivation to 

consume, lick burst number, was not different (F(1,36)=1.85, p>.10; Fig 7). In the final 

test session, which preceded blood and brain collection by 24 h, first minute lick rate 

(t(36)=2.02, p=.05) and lick burst size (t(36)=2.24, p<.05) were greater in the RAGE229 

treated group, but number of lick bursts (t(36)=0.7) was not (Fig 8). There were no 

significant correlations between plasma hormone levels and behavioral measures.

In Experiment 1, there was no diet-related difference in pThr34-DARPP-32/total DARPP 

(Fig 9, left) and there were no differences observed in rats treated with RAGE229 vs. 

vehicle (Fig 9, right) (diet: t(22)=1.5, p>.05); RAGE229: t(20)=1.06, p>.05). With respect 

to pCREB, in Experiment 1, no diet-related difference was observed in pCREB in the NAc 

(t(18)=0.68). However, in Experiment 2, where both groups consumed Ensure, RAGE229 

increased pCREB (t(17)=4.62, p<.001; Fig 10). Although neither diet nor RAGE229 

affected the NAc level of p34Thr-DARPP-32, when considered at the level of the individual 

rat, pThr34-DARPP-32 correlated with lick burst size regardless of treatment (Fig 11, left 

panel; vehicle: rs= +.69, p<.05; RAGE229: rs= +.69, p<.05). Moreover, RAGE229 shifted 

the correlation between pCREB and pThr34-DARPP-32 from near-zero under vehicle 

treatment to +.75 (p<.025) under RAGE229 treatment (Fig 11, middle panel), and increased 
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the correlation between pCREB and lick burst size from near-zero to +.57 (p = ~.10) (Fig 

11, right panel).

4. Discussion

In previous studies in male rats, Ensure supplementation increased the rate of body weight 

gain, fasting plasma insulin, and induced NAc insulin insensitivity relative to chow-fed 

subjects (24). In a glucose lick microstructure study that included both sexes, acute 

inactivation of NAc insulin markedly decreased hedonic impact (lick burst size) with no 

effect on motivation to consume (number of lick bursts emitted). However, when effects of a 

solid HF/HS diet were evaluated, males displayed a decrease in hedonic impact and females 

displayed an increase. The purpose of the present study was therefore several-fold: First, 

to determine how Ensure supplementation, which produces a greater increase in the rate of 

body weight gain than the solid HF/HS diet (73,74), affects lick microstructure for glucose 

in male and female rats; second, to determine whether AGEs and their receptor, RAGE, are 

associated with anhedonia in the lick microstructure protocol; and third, to test for causal 

involvement of RAGE in behavioral and metabolic effects of Ensure supplementation using 

a novel small molecule RAGE antagonist, RAGE 229.

In the present study, Ensure supplementation was found to produce similar increases in body 

weight gain, fasting plasma insulin, leptin, and adiponectin in males and females. Insulin 

resistance, however, as estimated using the HOMA-ir method, was only confirmed in males. 

Behaviorally, males and females diverged as well, although not in the same manner seen 

previously in response to the solid HF/HS diet. Here, males displayed the predicted decrease 

in hedonic impact of glucose licking, reflected in both the first minute lick rate and mean 

burst size measures, while females did not; females displayed a decrease in motivation to 

consume, reflected in the number of lick bursts emitted per session. However, there was 

no effect of diet on burst number emitted by females in the final test preceding blood 

collection, though burst number showed a strong positive correlation with plasma insulin 

and HOMA-ir. This finding, and the female response to solid HF/HS diet (i.e., increased 

hedonic impact) suggest that diet-induced hyperinsulinemia and IR may drive increased 

sugar consumption in females, possibly in search of the nutritive signal that is blunted by 

NAc insulin receptor subsensitivity (24,25).

Whether the sex differences in lick microstructure induced by HF/HS diet in these studies 

are anomalous is difficult to assess given that induction of a depression-like phenotype 

by obesogenic diets has generally been only tested in male rats and mice (47,75–81). 

The observed sex differences do, however, lay the groundwork for future distinct studies 

testing the effect of estrous and estrogen-related hormones (vs. androgens) in consummatory 

anhedonia. Given that males have consistently met the behavioral criterion of diet-induced 

anhedonia, the remainder of the present study, including association between anhedonia and 

metabolic responses to diet, was focused on males.

Anhedonia correlated with the concentrations of plasma insulin. This association is 

consistent with past observations that hyperinsulinemia and NAc insulin resistance decrease 

the rewarding and reinforcing effects of glucose in male rats (24–26). There were also 
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several associations suggestive of a connection between anhedonia, AGEs and RAGE. For 

example, decreases in all lick microstructure parameters were associated with increased 

plasma CML modifications (25kDa and 50kDA), though only (marginally) significant for 

the 50kDA variant, and only in relation to the first minute lick rate. These trends were not 

seen in females. Also unlike females, Ensure-supplemented males displayed associations 

between decreased lick parameters and NAc level of RAGE, though only (marginally) 

significant in relation to lick burst size.

The present findings that HF/HS diet did not alter AGEs or RAGE cannot be considered a 

comprehensive assessment. AGEs are not the only endogenous ligands for RAGE. RAGE 

binds other ligands linked to inflammation such as HMGB1 and multiple members of the 

S100/calgranulin family, resulting in pro-inflammatory gene activation (28–30); none of 

which were assayed here but represent an avenue for future investigations. An additional 

caveat is in the emergence of the hypothesis that elevated AGEs in obese subjects are 

trapped in adipose, and contribute to adipose dysfunction and adipokine signaling. In 

that model, it is suggested that this may account for lower plasma AGE content (66). 

Specifically, it has been shown that there is CML accumulation, increased expression of 

Hmgb1 and increased expression of RAGE in adipose tissue of obese mice (39), which is 

associated with dysregulated inflammatory adipokines in adipocytes via a RAGE-dependent 

pathway. Moreover, mice with adipocyte-specific deletion of Ager (82), the gene that codes 

for RAGE, were protected from HF feeding in terms of adiposity and metabolic parameters, 

such as glucose and insulin tolerance (82). The increased adiponectin/leptin ratio observed 

in response to RAGE229 in the present study is indicative of improved adipose function 

(83,84), and draws attention to the possibility that the critical depot for AGEs and RAGE 

in the Ensure-consuming subjects may dwell, at least in part, in the visceral adipose tissue. 

If one of the initiating signal(s) for anhedonia is emitted from the adipocyte, one possibility 

is that exosomes derived from the adipose tissue cross the blood-brain barrier, as recently 

shown (85), and through their cargo, transport signals that affect NAc and/or other reward-

related brain regions (86). Alternatively, circulating factors that cross the blood-brain barrier 

may initiate these events.

Twice daily administration of RAGE229 did not alter 24 h Ensure consumption, total 

caloric intake, body weight gain, or fasting plasma insulin. However, both behavioral 

measures of anhedonia were less affected by Ensure-diet in the RAGE229-treated subjects 

than in vehicle-treated subjects. The behavioral measure of motivation to consume was 

unaffected by RAGE229. These results are consistent with previous findings indicating 

that the mechanistic underpinnings of lick burst size and lick burst number are dissociable 

(87). Moreover, they support two important conclusions. First, restoration of lick burst 

size and first minute lick rate by RAGE229 with no change in mean 24 h Ensure 

consumption suggests that the effect of Ensure on these measures reflects anhedonia rather 

than alternatives such as taste contrast or sensory-specific satiety. Second, these results tie 

RAGE to anhedonia. Despite the fact that sugar preference is a standard assay for anhedonia 

in rodent models of depression (88), it will be important to evaluate effects of the current 

HF/HS diet and RAGE229 on other domains of hedonic reactivity to determine whether 

the present diet- and RAGE229induced effects extend beyond consummatory behavior 
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to hedonic reactivity in general, consistent with other models of obesogenic diet-induced 

‘depression’ (47,75–81).

In an initial probe of potential mechanistic underpinnings, effects of diet and RAGE229 

on pThr34-DARPP-32, a marker of dopamine (D)1R signaling, and pCREB, a transcription 

factor that is activated by several receptor-activated protein kinases including Protein Kinase 

A (PKA) downstream of the D1R (70, 89–91), were determined. Despite the fact that 

Ensure-diet had no effect on levels of pThr34-DARPP-32 or pCREB, RAGE229 markedly 

increased the NAc level of pCREB, indicating that RAGE signaling directly or indirectly 

affects NAc function. pThr34-DARPP-32, which was unchanged by RAGE229, correlated 

with lick burst size regardless of gavage treatment. Interestingly, RAGE229 not only 

increased pCREB but shifted its’ correlation with pThr34-DARPP-32 from near-zero to 

+.75, as well as increasing its correlation with lick burst size. This set of findings suggests 

that the receptor/signaling pathway and cell type underlying the RAGE229-mediated 

increase in pCREB may mediate anhedonia and its prevention. Importantly, a limitation 

of the present study is that the entire NAc was profiled; therefore, future studies must 

investigate specific effects in neurons vs. non-neuronal cells, such as microglia, astrocytes or 

endothelial cells, as examples.

In summary, the present study has produced several findings suggesting a role for RAGE 

in HF/HS diet-induced anhedonia, and has pointed to several questions for continuing 

investigation. These questions center on (i) the sex difference in behavioral response to the 

liquid HF/HS diet despite similar weight gain and hyperinsulinemia, (ii) whether anhedonia 

extends to behavioral domains beyond consummatory, (iii) the possible involvement of 

RAGE ligands, other than AGEs, not assayed in the present study, (iv) adipose tissue as 

a depot for accumulation of RAGE ligands and signaling, (v) cell-type specific effects of 

RAGE229 on pCREB and pThr34-dDARPP-32 in the NAc, and (vi) whether circulating 

factors of adipose origin signal to NAc, target a subset of non-D1Rexpressing neurons, and 

modify hedonic reactivity.
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Highlights

• Six weeks of continuous access to a liquid high fat-high sugar diet, known to 

induce nucleus accumbens insulin resistance, induced anhedonia in a glucose 

lick microstructure assay in male, but not female, rats

• Anhedonia correlated with plasma concentrations of insulin and displayed 

marginally significant correlations with plasma advanced glycation end 

products and the expression of their receptor (RAGE) in nucleus accumbens.

• Diet-induced anhedonia was prevented by concurrent treatment with the small 

molecule RAGE antagonist, RAGE229.

• Treatment with RAGE229 increased pCREB/CREB in the nucleus accumbens 

and shifted its’ correlation with pThr34-DARPP-32/DARPP-32 from near-

zero to strongly positive, such that both phospho-proteins correlated with the 

rescued hedonic response.
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Figure 1. 
Effects of six weeks of diet supplementation with chocolate Ensure, relative to a chow 

control diet, on percentage body weight gain in male and female rats shown along with 

effects on plasma concentrations of insulin, leptin, and adiponectin. Insulin resistance, 

estimated by HOMA-IR and based on plasma glucose and insulin concentrations, is shown, 

as is the adiponectin/leptin ratio, a measure of adipose health. n= 12 males, 12 females per 

diet; ***p<.001, **p<.01, *p<.05
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Figure 2. 
Plasma CML modifications (three different molecular weights) and AGE adducts in male 

and female subjects consuming the Ensure-supplemented versus chow control diet were 

detected by Western blotting.
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Figure 3. 
Nucleus accumbens levels of CML modifications (two different molecular weights), AGE 

adducts, and expression of RAGE protein were detected by Western blotting in male and 

female subjects consuming the Ensure-supplemented versus chow control diet.

Carr et al. Page 21

Physiol Behav. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Lick microstructure for 6% glucose was tested in male and female subjects under baseline 

conditions (b), prior to diet assignment, and once each week during consumption of the 

Ensure-supplemented or chow control diet. Measures of hedonic impact, first minute lick 

rate (top) and average lick burst size (bottom), and motivation to consume, number of lick 

bursts emitted per session (middle), are shown. Triangles are mean values and lines represent 

individual subjects. *p<.05
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Figure 5. 
Lick microstructure results in the final test (session #6 in Figure 4) prior to collection of 

blood and brain. *p<.05
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Figure 6. 
Male subjects were maintained on the Ensure-supplemented diet for six weeks with twice 

daily oral gavage of RAGE229 (10 mg/kg) or saline vehicle beginning in week two and 

continuing through the end of the experiment. Percentage increase in body weight is shown 

along with plasma concentrations of insulin, leptin, and adiponectin. Insulin resistance, 

estimated by HOMA-IR and based on plasma glucose and insulin, is shown, as is the 

adiponectin/leptin ratio. n= 19/group; **p<.01, *p<.05
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Figure 7. 
Lick microstructure for 6% glucose was tested under baseline conditions (b), prior to diet 

implementation, and once each week during consumption of the Ensure-supplemented diet. 

Beginning in the second week of diet, one group received twice daily oral gavage of 

RAGE229 (10 mg/kg), and the other received saline vehicle. Measures of hedonic impact, 

first minute lick rate (top) and average lick burst size (bottom), and motivation to consume, 

number of lick bursts emitted per session (middle), are shown. Triangles are mean values 

and lines represent individual subjects. *p<.05
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Figure 8. 
Lick microstructure results in the final test (session #5 in Figure 7) prior to collection of 

blood and brain. *p<.05
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Figure 9. 
Western blotting of pThr34-DARPP-32/DARPP-32 in NAc of male subjects maintained on 

control chow versus the Ensure-supplemented diet in Experiment 1 (left). and Experiment 

2 (right). In experiment 2, male subjects were maintained on the Ensure-supplemented diet 

and treated twice-daily with oral gavage of saline vehicle versus RAGE 229 (10 mg/kg) 

(right). Representative blots included.
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Figure 10. 
pCREB/CREB in NAc of male subjects maintained on control chow versus the Ensure-

supplemented diet in Experiment 1 (left), and pCREB/CREB in NAc of male subjects 

maintained on the Ensure-supplemented diet and treated twice-daily with oral gavage of 

saline vehicle versus RAGE 229 (10 mg/kg) in Experiment 2 (right). Representative blots 

included. ***p<.001
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Figure 11. 
Spearman correlations between mean lick burst size and NAc pThr34-DARPP-32 (left), 

pCREB (right), and between pThr34-DARPP-32 and pCREB (middle) in vehicle-treated and 

RAGE229-treated male rats consuming Ensure. ▼=vehicle subject; ●=RAGE229 subject; 

correlation coefficients are shown.
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Table 1.

Intakes and Body Weights

Diet Initial BW Final BW Mean 24 h Chow Mean 24 h Ensure Mean 24 h Calories

Male

Chow 440.7 (±10.7) g 522 (±14.8) g 31.5 (±1.8) g 105.0 (±6.7) kcal

Chow + Ensure 443.7 (±9.9) g 590 (±15.2) g* 11.8 (±1.2) g 94.5 (±2.6) ml 141.7 (±7.1) kcal*

Female

Chow 289 (±3.1) g 323 (±4.3) g 23.9 (±1.5) g 79.8 (±4.8) kcal

Chow + Ensure 289 (±3.7) g 387 (±10.7) g* 8.2 (±0.8) g 71.5 (±5.0) ml 103.1 (±2.9) kcal*

*
p <.01
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Table 2.

Rank Order Correlations

Behavior Insulin HOMA-
ir

CML57kDa CML50kDa CML25kDa AGEs A/L NAcRAGE NAcCML50kDa NAcCML45kDa NAcAGEs

Male

1stm lick 
rate

+.02 -.07 -.17 -.56† -.43 -.54† -.15 -.34 +.17 -.07 +.15

# lick 
bursts +.32 +.30 0 -.44 -.43 -.25 -.27 -.45 -.02 -.54† -.04

licks/
burst -.62* -.51 -.06 -.41 −45 -.2 +.13 -.53† +.07 +.05 +.05

Female

1st m 
lick rate +0.3 +.43 -.20 +.03 +.65* -.36 -.09 -.04 -.14 -.10 -.31

# lick 
bursts +.72* +.85* +.43 -.44 +.59† -.71* -.54 -.33 -.14 -.13 -.16

licks/
burst -.26 -.35 -.62† +0.3 -.09 +.22 +.10 +.44 -.21 +.30 -.23

*
p at least <.05

†
marginally significant difference (p≤ .075)
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