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Abstract

Anorexia nervosa (AN) is an eating disorder observed predominantly in women and girls that is 

characterized by a low body-mass index, hypophagia, and hyperactivity. Activity-based anorexia 

(ABA), which refers to the weight loss, hypophagia, and hyperactivity exhibited by rodents 

exposed to both running wheels and scheduled fasting, provides a model for aspects of AN. 

Increased dopamine D2/D3 receptor binding in the anteroventral striatum has been reported in AN 

patients. We virally overexpressed D2Rs on nucleus accumbens core (D2R-OENac) neurons that 

endogenously express D2Rs, and tested mice of both sexes in the open field test, ABA paradigm, 

and intraperitoneal glucose tolerance test (IGTT). D2R-OENac did not alter baseline body weight, 

but increased locomotor activity in the open field across both sexes. During constant access to 

food and running wheels, D2R-OENac mice of both sexes increased food intake and ran more 

than controls. However, when food was available only 7 hours a day, only female D2R-OENac 

mice rapidly lost 25% of their initial body weight, reduced food intake, and substantially increased 

wheel running. Surprisingly, female D2R-OENac mice also rapidly lost 25% of their initial body 

weight during scheduled fasting without wheel access and showed no changes in food intake. In 

contrast, male D2R-OENac mice maintained body weight during scheduled fasting. D2R-OENac 

mice of both sexes also showed glucose intolerance in the IGTT. In conclusion, D2R-OENac alters 

glucose metabolism in both sexes but drives robust weight loss only in females during scheduled 

fasting, implicating metabolic mechanisms in this sexually dimorphic effect.
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INTRODUCTION

Anorexia nervosa (AN) is a complex illness mostly affecting women and girls1, and is 

characterized primarily by a low body-mass index2. A recent large-scale genetic analysis 

found that AN shows significant genetic correlations with both psychiatric disorders and 

metabolic traits, and should be reconceptualized as a metabo-psychiatric disorder3, 4. AN 

has the highest mortality rate of all psychiatric disorders, and affects approximately 1% of 

the population over the lifespan1. Despite the high mortality rate and prevalence in pediatric 

populations, no approved pharmacological treatments have been developed for AN, and its 

neurobiological underpinnings remain unknown.

The activity-based anorexia (ABA) phenomenon is observed in normal rodents and other 

mammals, and consists of several key behaviors that are also observed in AN patients5. In 

the ABA paradigm, rodents are singly housed with running wheels and exposed to scheduled 

fasting. Under these conditions, animals develop hypophagia and compulsive wheel running 

despite extreme weight loss, compared to rodents exposed to either scheduled fasting or 

running wheels5. Thus, during the development of ABA, underweight animals choose not 

to feed during times of food availability. If allowed to continue unchecked, ABA results in 

hypothermia, increased HPA axis activity, and ultimately stomach ulceration and death5–7. 

Female rodents develop greater hyperactivity and lose body weight more rapidly than males 

during ABA8–10. These findings in rodents parallel the clinical observation that AN affects 

approximately one tenth as many males as females1.

The dopaminergic system has been strongly implicated in the neurobiological mechanisms 

underlying AN. Recovered patients with AN restricting-type were reported to show reduced 

cerebral spinal fluid homovanillic acid (HVA)11, suggesting that postsynaptic DA receptors 

might be upregulated in compensation. In line with this finding, recovered AN patients 

also show increased dopamine D2/D3 receptor binding in the anteroventral striatum as 

measured by [11C] raclopride binding using positron emission tomography (PET)12. This 

finding suggests that upregulation of D2/D3 receptors in the anteroventral striatum in 

recovered AN patients might either predispose to the development of AN, or compensate for 

illness. However, others have failed to replicate this finding13. Further suggesting a role for 

dopamine D2 receptors in AN, the partial D2 receptor agonist aripiprazole was associated 

with weight gain in adolescent AN patients14.

ABA is also modulated by the dopaminergic system, and by dopamine D2 receptors in 

particular. Chronic systemic treatment with the dopamine D2 receptor (D2R) antagonist 

L-741,626, or the D2/D3R antagonists, eticlopride or amisulpride, reduced hypophagia and 

improved survival (the number of mice losing 25% of their initial body weight) in the 

ABA paradigm15. Although chronic treatment with the D3R antagonist SB277011A also 

increased survival, this effect was only observed at the high dose that might have also 

Welch et al. Page 2

Mol Psychiatry. Author manuscript; available in PMC 2021 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



have antagonized D2Rs15. Chronic systemic treatment with the dopamine D1-like receptor 

antagonist SCH23390 did not alter survival in the ABA paradigm15. Recently, the excitation 

of VTA-nucleus accumbens (NAc) projections using the excitatory DREADD receptor 

hM3D(Gq) was shown to reduce the ABA phenotype in rats; however the projections 

targeted in this study were not specifically dopaminergic, and the effects on reward circuitry 

remains unclear16. Thus, the role of the dopaminergic system in regulating ABA behavior is 

complex and circuit-dependent, and requires further study.

Overexpression of D2Rs on NAc core D2R-expressing neurons (D2R-OENac) in mice 

has been shown to increase locomotion, enhance motivation, and decrease inhibitory 

transmission to the ventral pallidum17, 18. D2R-expressing neurons in the NAc signal risky 

choices or punishment and are involved in maintaining behavioral flexibility in mice 19, 20. 

AN patients might also have altered function of NAc D2R-expressing neurons due to 

increased levels of D2R in the anteroventral striatum12, an idea supported by the observation 

that AN patients make more risky choices and exhibit cognitive inflexibility21–25. Here, we 

sought to determine whether D2R-OENac exacerbates ABA, which would suggest that D2R 

overexpression in the anteroventral striatum plays a causal rather than compensatory role in 

AN. We generated D2R-OENac mice of both sexes by infusing a Cre recombinase-dependent 

adeno-associated virus (AAV) expressing the D2R and/or a fluorophore into the NAc core of 

Drd2-Cre transgenic mice. Once viral expression was established, we assessed mice in the 

open field, ABA, and intraperitoneal glucose tolerance test (IGTT).

METHODS

Mice

Adult D2-Cre BAC transgenic mice (ER44 line; GENSAT) backcrossed >10 generations 

onto a C57BL/6J background were purchased and bred with C57BL/6J mice from Jackson 

Laboratories. Hemizygous adult mice of both sexes (12-15 weeks) were used for all studies. 

Mice were housed in a climate-controlled room maintained on a 12:12 light–dark cycle 

(lights on at 07:00) with food and water available ad libitum unless otherwise stated. 

All procedures were approved by the Institutional Animal Care and Use Committee at 

University of California, San Diego.

AAV generation and delivery

The AAV1-hSyn-DIO-D2R(L)-IRES-mVenus virus, described previously17, 18, was 

packaged by Vector Biolabs (Malvern, PA). The control AAV1-hSyn-DIO-eGFP virus was 

purchased and packaged from Vector Biolabs (Figure 1a). At 8 weeks of age, hemizygous 

transgenic mice of both sexes were bilaterally infused with 0.5 μL of D2R or eGFP AAVs 

to generate D2R-OENac and control mice, respectively. Viral infusions were directed at the 

stereotaxic coordinates A-P, +1.7 mm, M-L ±1.5 mm, and D-V −4.4 mm, relative to bregma 

(Figure 1b,c). Virus was infused at a rate of 0.1 μL/min for 5 mins per side, and cannula 

were left in place for an additional 5 mins to permit diffusion. Experiments began 4 weeks 

post viral infusion.
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Histology

To verify viral placements, mice were deeply anesthetized and then transcardially perfused 

with 4% paraformaldehyde in 0.2 M phosphate buffer. Brains were extracted and post-fixed 

overnight. Brains were then suspended in 30% sucrose cryoprotectant for 2 days and flash 

frozen in 2-methylbutane (Sigma-Aldrich, St. Louis, MO). Free-floating 30-μm coronal 

sections were taken using a Leica CM3050-S cryostat. Sections were mounted on slides 

using Vectashield hard set mounting medium with DAPI (Vector, Burlingame, CA). Digital 

images of mVenus or eGFP native fluorescence were taken using an Olympus BX51 

fluorescent microscope with Infinity Analyze software.

Locomotor Activity

D2R-OENac and control mice were tested in open field boxes to assess locomotor activity, as 

described previously26. Briefly, mice were placed into one corner of the open field chamber 

and activity was measured for 30 minutes. Output measures were automatically generated by 

the Versamax software (Accuscan, Columbus, OH).

Activity-Based Anorexia Paradigm

D2R-OENac and control mice were tested in the ABA paradigm. For ABA studies, home 

cages (19.56 × 34.70 × 14.41 cm) were equipped with wireless low-profile running wheels 

(Med Associates, St Albans, VT, USA), which were either locked or unlocked depending on 

the experiment. Unlocked running wheels transmitted running data every 30 s to a computer 

with Wheel Manager software 24 h a day. Food (standard chow) was provided in a glass jar 

(5 cm diameter × 4 cm height) resting on the cage floor, and tap water was always available 

in standard bottles.

Mice were acclimated for 2 days to single housing with the running wheel and eating from 

the food jar. Wheels were either locked or unlocked for the duration of the study, depending 

on the experiment. Then, all mice entered the baseline phase (4 days), during which food 

was constantly available. Next, all mice entered the restriction phase, during which food was 

available for 7 h a day beginning at 0900 h. Seven hours of daily food access induces a 

dropout rate of approximately 7 days, permitting detection of either increases or decreases in 

survival27. During restriction, mice “drop out” of the paradigm once they lose 25% of their 

baseline body weight (day 4 of baseline); mice that drop out are removed from the study and 

immediately sacrificed. Daily body weight, food intake, and wheel running were recorded 

during baseline and restriction conditions. The experimenter was blind to viral group but not 

sex of mice.

Intraperitoneal Glucose Tolerance Test

We performed the intraperitoneal glucose tolerance test (IGTT) as described previously 
28. Briefly, mice were fasted for 8 h. Then approximately 2 hours into their dark 

cycle, mice received IP injections of either vehicle or 10 mg/kg of the D2R agonist 

bromocriptine. Fifteen minutes later, 2 g/kg glucose was injected IP and glucose 

measurements were obtained 0, 30, 60, and 120 min later using a commercial handheld 

glucometer (AlphaTRAK, Zoetis). One week later, mice were tested in the same fashion 

as above, but received the alternate drug treatment. Drug treatments were administered in a 
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counterbalanced fashion and groups were assigned randomly. The experimenter was blind to 

viral group but not to sex or drug treatments.

Experiment 1: D2R-OENac and EGFPNAc male and female mice underwent open field 

testing as described above. Three days later, they were tested in the ABA paradigm. All mice 

had unlocked wheels for the duration of testing.

Experiment 2: D2R-OENac and EGFPNAc male and female mice underwent open field 

testing as described above. Three days later, they were tested in the ABA paradigm and had 

locked wheels for the duration of testing.

Experiment 3: Experimentally naïve D2R-OENac and EGFPNAc male and female mice 

underwent IGTT testing.

Data Analysis

Dependent measures in the open field were analyzed using repeated measures analysis 

of variance (ANOVA) with time bin as a repeated measure, and virus and sex as between­

subjects variables. Since open field testing was identical for Experiments 1 and 2 and 

mice were experimentally naïve, data were pooled for analysis. For the IGTT, drug was 

an additional within-subjects variable. Significant interactions were resolved using posthoc 

ANOVAs for within subjects factors, or Newman Keuls post hoc tests for between subjects 

factors. Significance was determined at p<0.05, and all tests were two-tailed. No animals 

were excluded from analyses.

Within the 14 days of the study duration, the time required for mice to meet the criterion 

for dropout (loss of ≥25% of day 4 baseline body weight) was analyzed using a Cox­

Proportionate Hazards Model (survival analysis). This model included factors for sex, virus, 

and day. Hazard ratios (and 95% confidence limits) were calculated and the effect of each 

condition determined with z-tests.

When analyzing body weight, food intake, and running, mouse dropout during the food 

restricted phase of the ABA paradigm creates statistical challenges due to missing values. 

Thus, general linear mixed models (proc glimmix; SAS v9.2) were used to assess the effects 

of day, virus, and sex on the percent change in body weight, food intake, and wheel running 

between baseline and restriction, and on food anticipatory activity (FAA), which consists of 

wheel running during the 4 hour period before feeding begins. Post hoc t-tests adjusted for 

multiple comparisons using the false discovery rate method were used to resolve significant 

interactions.

RESULTS

D2R-OENAc increases activity in the open field

A main effect of virus (F(1,39)=60.12, p<.01) and an interaction of sex and virus (F(1, 39)= 

4.74, p<0.05; Figure 1d) were found for total distance traveled. Newman Keuls post-hoc 

tests revealed that within each sex, D2R-OENAc mice traveled a greater distance than 
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EGFPNAc mice, and male and female mice did not differ from each other within either viral 

group (Figure 1d,e).

A main effect of virus (F(1, 39)= 36.17, p<0.01; Figure 1f) also showed that D2R-OENAc 

mice traveled more distance in the center than EGFPNAc controls. No interaction of sex and 

virus was observed (F(1, 39)= 2.45, p=0.13).

For rearing, a main effect was found for D2R-OENAc mice to rear more often than EGFPNAc 

mice (F(1, 39)= 10.10, p<0.01; Figure 1g). Therefore, D2R-OENAc increased both horizontal 

and vertical activity in the open field. Male mice also showed more rearing than female mice 

across viral groups (F(1, 39)= 22.68, p<0.01; Figure 1g).

D2R-OENAc increases food intake and wheel running during baseline

In the experiment with wheel access, male mice weighed more than female mice across viral 

treatment and day (F(1, 20)= 112.12, p<0.01; Figure 2a) during baseline. However, no effect 

of viral treatment on body weight was found. D2R-OENAc increased food intake across 

sex and day during baseline (F(1, 20)= 12.40, p<0.01; Figure 2b), and males ate more than 

females overall (F(1, 20)= 23.61, p<0.01; Figure 2b). Finally, an interaction of day and virus 

was found for wheel running (F(3, 60)= 3.46, p<0.05; Figure 2c). Post hoc analysis indicated 

that D2R-OENAc mice ran a greater distance than EGFPNAc mice, but only on day 1 of the 

baseline period (F(1, 20)= 9.00, p<0.01). No effects of virus were found on wheel running on 

days 2-4.

D2R-OENAc reduces survival in female, but not male, mice with wheel access

Cox-Proportionate Hazards Model found a significant interaction between sex and virus 

(Χ2=4.67, p<0.05) for the time to dropout during food restriction. Hazard Ratios indicated 

that D2R-OENAc females were substantially more likely to drop out of the study than 

EGFPNAc females [HR=0.096 (0.021–0.443), z=−3.00, p=0.003] (Figure 3a). Furthermore, 

D2R-OENAc females were substantially more likely to drop out of the study than D2R­

OENAc males [HR=0.088 (0.018-0.445), z=−2.94, p=0.003]. However, the risk of dropout 

for EGFPNAc males versus females was approximately equal [HR=0.761 (0.249-2.327), 

z=−0.47, p=0.63]. Likewise, D2R-OENAc males were no more likely to be withdrawn from 

the study than EGFPNAc males [HR=0.824 (0.239-2.849), z=−0.31, p=0.76].

D2R-OENAc reduces body weight and food intake in females with wheel access during 
restriction

An interaction of sex and virus (F(1, 20)= 6.57, p<0.05; Figure 3b) and post hoc tests 

indicated that D2R-OENAc decreased body weight during restriction as a proportion of 

baseline body weight compared to EGFPNAc in female (F(1, 12)= 17.78, p<0.01), but not 

male, mice.

Similarly, an interaction of sex and virus (F(1, 20)= 4.38, p<0.05; Figure 3c) and post hoc 

tests revealed that D2R-OENAc females (F(1, 12)= 11.61, p<0.01), but not males, decreased 

food intake during restriction as a proportion of baseline food intake compared to their 

EGFPNAc controls.
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D2R-OENAc induces larger increases in wheel running in females than males during 
restriction

A three-way interaction of sex, virus, and day (F(9, 188)= 4.31, p<0.01) was found for 

wheel running expressed as a percent of baseline running during restriction. Post hoc tests 

revealed a trend for D2R-OENAc females to run more than EGFPNAc females (p<0.08) and 

D2R-OENAc males (p<0.06) on day 4 (Figure 4d). Then on day 6, D2R-OENAc females 

ran more than EGFPNAc females (p<0.01) and D2R-OENAc males (p<0.05). On day 9, 

one remaining D2R-OENAc female exhibited more wheel running than EGFPNAc females 

(p<0.05). D2R-OENAc males did not show increased wheel running compared to EGFPNAc 

males until day 9 of restriction (p<0.05). This effect was also observed on days 10 (p<0.08) 

and 11 (p<0.06), but only at the trend level.

In addition, D2R-OENAc increased food anticipatory activity in female, but not male, mice 

during restriction. Analysis revealed a three-way interaction of sex, virus, and day on 

food anticipatory activity (F(8, 183)= 2.73, p<0.01). Post hoc tests showed that on day 5, 

D2R-OENAc female mice had larger food anticipatory activity values than EGFPNAc female 

(p<0.001) and D2R-OENAc male (p<0.0001) mice (Figure 3e). D2R-OENAc male mice did 

not show significant increases in food anticipatory activity compared to male controls.

D2R-OENAc increases food intake during baseline without wheel access

During the baseline period of the locked wheel study, male mice weighed more than female 

mice across viral treatment and day (F(1, 15)= 83.47, p<0.01; Supplemental Figure 1a). No 

effect of viral treatment on body weight was revealed. An interaction of viral treatment and 

day (F(3, 45)= 5.80, p<0.01; Supplemental Figure 1b) and Newman Keuls post hoc tests 

indicated that D2R-OENAc mice ate more than EGFPNAc mice only on day 3 of the baseline 

period.

D2R-OENAc reduces survival in female mice without wheel access

In the locked wheel study, Cox-Proportionate Hazards Model revealed a significant 

interaction between sex and virus (Χ2=4.67, p<0.05) for the time to dropout during food 

restriction. Hazard Ratios indicated that D2R-OENAc females were substantially more 

likely to drop out of the study than EGFPNAc females [HR=0.096 (0.021-0.443), z=−3.00, 

p=0.003](Figure 4a). Furthermore, D2R-OENAc females were substantially more likely to 

drop out of the study than D2R-OENAc males [HR=0.088 (0.018-0.445), z=−2.94, p=0.003]. 

However, the risk of dropout for EGFPNAc males versus females was approximately equal 

[HR=0.761 (0.249-2.327), z=−0.47, p=0.63]. Likewise, D2R-OENAc males were no more 

likely to be withdrawn from the study than EGFPNAc males [HR=0.824 (0.239-2.849), 

z=−0.31, p=0.76].

D2R-OENAc does not alter body weight or food intake in mice without wheel access

In the locked wheel study, D2R-OENAc did not alter body weight as a proportion of baseline 

body weight during restriction, and no interaction of virus and sex was observed (F(1, 144)= 

2.73, p=0.10)(Figure 4b). Furthermore, D2R-OENAc did not alter food intake as a proportion 

of baseline food intake during restriction, and no interaction of virus and sex was observed 

(F(1, 129)= 0.72, p=0.40)(Figure 4c).
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D2R-OENAc impairs glucose tolerance

D2R-OENAc mice exhibited glucose intolerance compared to EGFPNAc mice at the 30 

minute time point, as indicated by an interaction of virus and time (F (3,33)= 4.01, 

p<0.05) (Figure 5a). Following treatment with the D2R agonist bromocriptine (Figure 

5b), D2R-OENAc and EGFPNAc mice showed comparable blood glucose levels. Although 

bromocriptine treatment increased blood glucose levels in EGFPNAc mice at timepoints 30 

- 120 (Interaction of virus and time: F (3,21)= 8.93, p<0.01)(Figure 5d), bromocriptine 

only increased blood glucose levels at the trend level in D2R-OENAc mice (F (3,9)= 3.26, 

p=0.07)(Figure 5c). No interactions of virus and sex were found, indicating that the observed 

effects on blood glucose levels were comparable in males and females (Supplemental Figure 

2).

DISCUSSION

Our present findings identify a highly sexually dimorphic effect of D2R-OENAc on survival 

during scheduled fasting, with female but not male D2R-OENAc mice rapidly reaching 

the 25% weight loss criterion, either with or without running wheel access. Although 

female D2R-OENAc mice showed small reductions in food intake and increased wheel 

running during restriction, they also rapidly dropped out without running wheel access, and 

without reducing food intake. Therefore, D2R-OENAc reduces survival in females during 

scheduled fasting without altering behavior. On the other hand, male D2R-OENAc mice 

maintained body weight during scheduled fasting in either wheel condition. Paradoxically, 

D2R-OENAc increased food intake during ad libitum feeding in both sexes, revealing the 

state-dependency of this sexually dimorphic effect. We also found that D2R-OENAc mice of 

both sexes show glucose intolerance, indicating that D2Rs in the NAc core play a role in 

glucose homeostasis as well as body weight regulation. In summary, D2R-OENac female, but 

not male, mice showed reduced survival during scheduled fasting in the absence of running 

wheels or reduced food intake, suggesting that metabolic mechanisms contribute strongly to 

this sexually dimorphic effect.

We previously determined that viral D2R overexpression is selective for D2R-containing 

medium spiny neurons (MSNs) of the NAc core18. Using the same viruses, infusion site, 

and mouse line as in the present studies, we found that D2Rs and mVenus were coexpressed 

within cells and enriched in neuropil18. Furthermore, dense labeling of axonal terminals was 

found in the ventral pallidum, the projection target of NAc D2-MSNs18. We showed that 

viral expression was selectively targeted to D2-MSNs using Cre co-labeling. Furthermore, 

only a very small percentage (<5%) of mVenus-positive cells co-expressed tdTomato in 

D2-Cre x D1-tdTomato mice18. This amount of co-expression was expected based on 

reports estimating that approximately 3–6% of NAc core neurons co-express D1Rs and 

D2Rs29, 30. Since striatal cholinergic interneurons are also known to express D2Rs, we 

examined whether cells expressing the cholinergic marker choline acetyltransferase were 

transduced by our viral vector. Consistent with previous work using this D2-Cre mouse 

line31, we found that only 5.6% of choline acetyltransferase-positive cells co-expressed 

mVenus18. The lack of widespread D2R overexpression in cholinergic interneurons of the 

NAc is important to the interpretation of our results, because inhibition of these neurons 
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augments cue-motivated behavior, while activation of these neurons prevents cues from 

invigorating reward-seeking behavior 32. Since activation of D2Rs is inhibitory to cells, D2R 

overexpression in cholinergic interneurons of the NAc might have increased fasting and 

wheel running. Finally, using a [3H] N-methyl-spiperone binding assay, we found that viral 

upregulation of D2R in the NAc led to a threefold increase in binding capacity compared to 

EGFP-expressing NAc mice18.

We found that D2R-OENAc mice of both sexes showed increased distance traveled in the 

open field, consistent with an earlier report using males 18. This finding is consistent with 

the classical basal ganglia model in which D1R-containing direct pathway neurons and 

D2R-containing indirect striatal output pathway neurons are thought to exert opposing 

actions on the control of movement31, 33–35. In support of this theory, optogenetic 

activation of the direct or “go” pathway or inhibition of the indirect or “no go” pathway 

increases locomotion31, 3637, 38, while optogenetic activation of the indirect pathway neurons 

inhibits locomotion 31. Since activation of D2Rs inhibits neuronal activity17, 39, 40, D2R 

overexpression would be expected to reduce indirect pathway function and lead to increased 

locomotor activity, as we presently found in D2R-OENAc mice. However, recent studies 

have questioned the classical pro- versus anti-kinetic model, and suggest that both pathways 

act in concert to generate movements37, 41, 42. One hypothesis is that the opposing action 

of both pathways regulate different flexor/extensor muscle pairs whose coordinated action 

is necessary for coordinated movements35. Another complication is that genetic targeting 

of D1- versus D2-MSNs was found not to confer specificity for regulating NAc direct 

versus indirect projections to output nuclei of the basal ganglia, as observed in the dorsal 

striatum43. Rather, while D2-NAc MSNs densely innervate the VP, so do D1-MSNs 

although less densely, and both neuron types can inhibit or disinhibit thalamic activity 

depending on whether they initially project to the ventral mesencephalon or the mediodorsal 

thalamus44, 45. We also found that D2R-OENAc mice traveled a greater distance in the 

center of the open field, although this effect was likely driven by increases in locomotion. 

The increases in locomotor activity induced by D2R-OENAc likely reflect increases in 

exploration at least in part, since D2R-OENAc mice of both sexes also showed more rearing 

in the open field.

During the baseline period of ABA, D2R-OENAc mice showed modest increases in food 

intake. With running wheel access, D2R-OENAc mice also showed increased wheel running 

on day 1, consistent with observed increases in open field activity. The increase in food 

intake exhibited by D2R-OENAc mice might compensate for increased activity levels, since 

no differences in weight were observed between viral groups. D2R-OENAc mice without 

running wheel access also showed a small increase in food intake, but no difference in 

body weight compared to EGFPNAc mice. Even without running wheel access, D2R-OENAc 

mice might spend more energy than EGFPNAc controls, either due to increased energy 

expenditure and/or increased activity in the home cage. The effects of D2R-OENAc on food 

intake and wheel running during baseline were comparable in male and female mice.

The present studies revealed a highly sexually dimorphic effect of D2R-OENAc on survival 

during scheduled fasting, with only female D2R-OENAc mice rapidly reaching the 25% 

weight loss criterion, either with or without access to running wheels. Under the relatively 
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mild scheduled fasting conditions used (7 hours food availability) EGFPNAc mice of both 

sexes and D2R-OENAc male mice showed a very low rate of dropout, with only 5 mice 

within these groups dropping out within the 14 days of restriction. However, all of the 

D2R-OENAc female mice dropped out within 9 days of scheduled fasting with wheel 

access, and within 5 days without wheel access. Importantly, the results of the two studies 

cannot be directly compared since they were obtained separately. Although D2R-OENAc 

mice of both sexes showed increased wheel running during restriction, this increase was 

larger in magnitude and began earlier during restriction in females (day 6) than males 

(day 9). Furthermore, female but not male D2R-OENAc mice developed food anticipatory 

activity (FAA). The highly erratic levels of wheel running exhibited by D2R-OENAc female 

mice resulted from the combination of food restriction-induced hyperactivity and the large 

reductions in wheel running exhibited by mice shortly before dropout. Our finding that D2R­

OENAc female mice with running wheel access showed reduced food intake and increased 

wheel running during the restriction phase might suggest that these behavioral changes 

underlie the dramatic reduction in survival. Yet, D2R-OENAc female mice also showed 

robust reductions in survival during restriction without wheel access, without demonstrating 

any significant changes in food intake. Overall, the rapid weight loss leading to drop out 

in D2R-OENAc female mice in the absence of hypophagia or wheel running suggests that 

metabolic alterations contribute strongly to this sexually dimorphic phenotype.

Glucose tolerance refers to the clearing of glucose from the bloodstream after a meal 

or glucose administration, while glucose intolerance reflects an inability or delay in the 

clearance of elevated blood glucose28. Our finding that D2R-OENAc mice exhibit glucose 

intolerance is consistent with recent evidence suggesting that striatal dopamine regulates 

energy homeostasis28, 46, 47. In particular, Michaelides et al. (2017) recently showed 

that mice lacking dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP-32) 

exclusively in D2R-expressing cells exhibit glucose intolerance and upregulation of D2R 

mRNA selectively in the NAc28, and that direct infusion of the D2R agonist bromocriptine 

into the NAc of normal mice increases glucose intolerance28. Our present findings 

demonstrate that overexpression of D2Rs specifically within the NAc core induces glucose 

intolerance across both sexes (Supplemental Figure 2). Our blood glucose values at time 

zero are high relative to other published reports; however, the brand of glucometer we used 

has been reported to yield higher values than four other brands, and our values are consistent 

with measurements taken using the same glucometer in C57BL/6J mice48. Of interest, 

AN patients in the ill state exhibit glucose intolerance 49–53 and a low or delayed insulin 

response to glucose loading 52–54, which are associated with a poor refeeding outcome 49. 

Further, the anorectic anx/anx mouse model also shows marked glucose intolerance, reduced 

insulin release after glucose loading, and pancreatic beta cell dysfunction 55. Weight loss 

and muscle wasting occurs if blood glucose levels becomes too high and excess glucose is 

removed from the blood by the kidneys and excreted via the urine56. More work will be 

required to determine whether energy loss or other metabolic changes are responsible for the 

robust weight loss observed in D2R-OENAc female mice during scheduled fasting.

Many different mechanisms could underlie the observed sex difference in weight loss 

in D2R-OENac mice during scheduled fasting. Although ovarian steroids could be a 

culprit, ovariectomy has relatively little effect on the rate of weight loss in female 
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rodents exposed to scheduled fasting57. Sex steroids of gonadal origin are known to exert 

sexually dimorphic effects on the brain during early development, which might lead to the 

observed sex difference in D2R-OENac mice subjected to scheduled fasting. Alternatively, 

differences in gene expression exist between male and female developing brains due to 

Y chromosome-linked genes, and these differences precede the influences of gonadal 

hormones on neural development58. Intriguingly, the NAc core sends dense projections to 

the lateral hypothalamus59–61, which is sexually dimorphic62–64 and controls food intake, 

metabolism, and energy balance63, 65–67. Thus, the mechanism underlying the sexually 

dimorphic effect of scheduled fasting in D2R-OENac mice might be mediated at the level of 

the hypothalamus. Further work will be required to identify the mechanisms underlying the 

robust sex difference in response to scheduled fasting in D2R-OENac mice.

Our findings are the first to reveal the rapid and robust weight-loss induced by D2R 

overexpression in the NAc of female mice during scheduled fasting conditions. Our findings 

contribute to increasing evidence that striatal dopamine plays a role in the regulation of 

energy homeostasis. For example, deletion of DARPP-32 within D2R-expressing cells 

regulates glucose homeostasis and glucose-dependent reinforcement learning behaviors28. 

Within the dorsal striatum, genetically eliminating D2Rs selectively from iMSNs reduces 

physical activity in lean mice, while restoring Gi signaling in iMSNs increases activity in 

obese mice68. These manipulations of striatal D2Rs did not alter body weight, although mice 

were never subjected to fasting conditions 68. Furthermore, positron emission tomography 

(PET) studies show that the dorsal striatum exhibits robust alterations in a diet-induced 

obesity (DIO)-susceptible rat strain. DIO-susceptible rats show increased expression of the 

GTPase accelerating enzyme RGS4 in iMSNs, and knockdown of striatal RGS4 reduces 

food intake to control levels69. While dorsal striatal D2Rs and iMSNs modulate energy 

homeostasis in normal, DIO-susceptible, and DIO-resistant strains, their regulation of 

energy balance during scheduled fasting remains to be determined. Our experiments support 

the conclusion that increases in metabolism contribute strongly to the dramatic weight loss 

observed in D2R-OENac females during scheduled fasting.

Our present findings are consistent with the report that anorexic patients show increased 

dopamine D2/D3 receptor binding in the anteroventral striatum as assessed by positron 

emission tomography (PET) using [11C] raclopride12. Thus, increased D2Rs in the 

anteroventral striatum may be a trait marker in AN. Our findings are also in line with 

a recent genome-wide association study (GWAS) which found that AN shows significant 

genetic correlations with both psychiatric disorders and metabolic traits, and should be 

reconceptualized as a metabo-psychiatric disorder3, 4. Thus, our present results provide a 

potential link between these human studies by suggesting that increased D2R expression in 

the anteroventral striatum predisposes to AN by substantially increasing energy expenditure 

during fasting conditions. The remarkable increase in energy expenditure and wheel 

running triggered by scheduled fasting in the ABA paradigm might reflect a physiological 

mechanism for fleeing food depleted areas during conditions of famine, and could be 

upregulated in AN9, 70.

In summary, we found that female, but not male, D2R-OENAc mice develop rapid and 

robust weight loss during scheduled fasting, as well as hyperactivity when scheduled fasting 
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is combined with running wheel access. Moreover, we found that D2R-OENAc induces 

glucose intolerance in both sexes. Our findings are consistent with reports that D2/D3R 

binding is increased in the anteroventral striatum of recovered AN patients, and suggest that 

increased D2R expression in the NAc core of female AN patients may confer vulnerability 

to obtaining a low body-mass index during dieting. Future mechanistic studies will examine 

a potential ventral striatal circuit mediating the effects of intra-NAc D2R expression on ABA 

behavior.
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Figure 1. 
D2R viral overexpression in NAc core increases locomotion. (a) AAV1 vector 

overexpressing D2R in cre-dependent fashion. (b) mVenus expression in NAc core 6 weeks 

post infusion at 4x magnification. (c) Diagramatic representation of the maximum (colors) 

and minimum (grey) spread of D2R-mVenus (orange) and GFP (blue) in the NAc; numbers 

indicate distance from Bregma; anterior commissure, aca. (d) Total distance traveled in the 

open field over 30 min by D2R-OENAc and EGFPNAc male and female mice. (e) Distance 

traveled per 5 min bin in the open field by D2R-OENAc and EGFPNAc male and female 

mice. (f) Total center distance traveled in the open field over 30 min by D2R-OENAc and 

EGFPNAc male and female mice. (g) Total number of rearings in the open field over 30 
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min by D2R-OENAc and EGFPNAc male and female mice. Open field data are pooled for 

experiments 1 and 2. Mean ± s.e.m, n = 8-12/group, An asterisk indicates a significant effect 

of virus compared to same sex controls. A pound sign indicates a significant difference 

between sexes within the same viral condition.

Welch et al. Page 17

Mol Psychiatry. Author manuscript; available in PMC 2021 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Baseline phase of ABA with wheel access. (a) Body weight in grams of D2R-OENAc 

and EGFPNAc male and female mice averaged over 4 days. (b) Food intake in grams of 

D2R-OENAc and EGFPNAc male and female mice averaged over 4 days. (c) Wheel running 

revolutions of D2R-OENAc and EGFPNAc male and female mice are shown for each day of 

baseline. Data are mean ± s.e.m, n = 5-8/group. An asterisk indicates a significant effect of 

virus compared to controls on the same day.
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Figure 3. 
Restriction phase of ABA with wheel access. (a) D2R-OENAc (red) reduced the cumulative 

survival of female (left), but not male (right) mice compared to controls (black). (b) Percent 

change in body weight relative to baseline was reduced overall by D2R-OENAc in female, 

but not male, mice compared to EGFPNac mice. (c) Percent change in food intake relative 

to baseline was reduced overall by D2R-OENAc in female, but not male, mice compared to 

EGFPNac mice. (d) Percent change in running relative to baseline was increased in female 

D2R-OENAc mice compared to both EGFPNac females and D2R-OENAc males on day 6, 

Welch et al. Page 19

Mol Psychiatry. Author manuscript; available in PMC 2021 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and a trend for the same effects were found on day 4. Furthermore, male D2R-OENAc mice 

exhibited increased percent of baseline running compared to control males on day 9, and 

a trend for this same effect was found on days 10 and 11. (f) Food anticipatory activity 

was increased in female D2R-OENAc mice compared to both same sex EGFPNac mice and 

male D2R-OENAc mice on day 5. Data in (a) show the number of mice remaining in food 

restriction each day. Data in (b-e) are mean ± s.e.m, n = 5-8/group. An asterisk indicates 

a significant effect of virus compared to same sex controls. A pound sign indicates a 

significant difference between sexes within the same viral condition. Black symbols indicate 

p<0.05; blue symbols indicate a trend p<.1.
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Figure 4. 
Restriction phase of ABA without wheel access. (a) D2R-OENAc (red) reduced the 

cumulative survival of female (left), but not male (right) mice compared to controls (black). 

(b) Percent change in body weight relative to baseline was unaffected by D2R-OENAc in 

either sex. (c) Percent change in food intake relative to baseline was unaffected by D2R­

OENAc in either sex. Data in (a) show the number of mice remaining in food restriction each 

day. Data in (b-c) are mean ± s.e.m, n = 5-7/group. An asterisk indicates a significant effect 

of virus compared to same sex controls. A pound sign indicates a significant difference 

between sexes within the same viral condition.
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Figure 5. 
D2R-OENAc mice exhibit glucose intolerance. (a) D2R-OENAc mice show increased blood 

glucose levels at the 30 min timepoint in the intraperitoneal glucose tolerance test. (b) Blood 

glucose levels are comparable between D2R-OENAc and EGFPNac mice following 10 mg/kg 

bromocriptine treatment, and between D2R-OENAc mice receiving vehicle or bromocriptine 

(c). (d) Bromocriptine treatment induced glucose intolerance in EGFPNac mice compared to 

vehicle. Data are mean ± s.e.m, n = 6-9/group.
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