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 27 

Abstract 28 

Glutamatergic input via NMDA and AMPA receptors within the mesolimbic dopamine 29 

pathway plays a critical role in the development of addictive behavior and relapse towards 30 

drugs of abuse. Although well-established for drugs of abuse, it is not clear whether glutamate 31 

receptors within the mesolimbic system are involved in mediating chronic consumption and 32 

relapse following abstinence from a non-drug reward. Here we evaluated the contribution of 33 

mesolimbic glutamate receptors in mediating chronic sugar consumption and the sugar 34 

deprivation effect (SDE), which is used as a measure of relapse-like behavior following 35 

abstinence. We studied four inducible mutant mouse lines lacking the GluA1 or GluN1 36 

subunit in either dopamine transporter (DAT) or D1R-expressing neurons in an automated 37 

monitoring system for free-choice sugar drinking in the home cage. Mice lacking either 38 

GluA1 or GluN1 in D1R expressing neurons (GluA1D1CreERT2 or GluN1D1CreERT2 mice) have 39 

altered sugar consumption in both sexes, whereas GluA1DATCreERT2 and GluN1DATCreERT2 do not 40 

differ from their respective littermate controls. In terms of relapse-like behavior, female 41 

GluN1D1CreERT2 mice show a more pronounced SDE. Given that glutamate receptors within the 42 

mesolimbic system play a critical role in mediating relapse behavior of alcohol and other 43 

drugs of abuse, it is surprising that these receptors do not mediate the SDE, or in the case of 44 

female GluN1D1CreERT2 mice, show an opposing effect. We conclude that a relapse-like 45 

phenotype of sugar consumption differs from that of drugs of abuse on the molecular level, at 46 

least with respect to the contribution of mesolimbic glutamate receptors. 47 

  48 
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Significance Statement 49 

Here we provide evidence from various inducible and site-specific transgenic mouse models 50 

that glutamate receptors within the mesolimbic dopamine system do not play a critical role in 51 

relapse behavior in chronically sugar-drinking male and female mice. This differentiates a 52 

natural reward from drugs of abuse on the molecular level, as mesolimbic NMDA and AMPA 53 

receptors are essential for drug-induced neuroplasticity and subsequent relapse behavior. 54 

  55 
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Introduction 56 

It is assumed that the problematic chronic use of sugar, similar to chronic consumption of 57 

drugs of abuse, can lead to an addictive-like phenotype. However, the concept of “sugar 58 

addiction” is controversial and only a few studies have attempted to determine the addictive 59 

properties of sugar using rigorous scientific criteria (Avena et al., 2009; Wiss et al., 2018).  60 

These studies suggest that behavioral phenotypes associated with chronic consumption of 61 

drugs of abuse and sugar consumption are similar with respect to withdrawal responses, 62 

compulsive over-consumption, craving, and loss of control (Avena et al., 2009; Wiss et al., 63 

2018). After deprivation even relapse behavior can ensue. Thus, rats trained for 28 days to 64 

drink a sucrose solution and deprived for 14 days displayed a sugar-deprivation effect (Avena 65 

et al., 2005).  In a more recent study (Wei et al., 2021), the addictive-like properties of sugar 66 

were systematically examined in male and female mice using established paradigms and 67 

models from the drug addiction field (Sanchis-Segura and Spanagel, 2006; Wei et al., 2021). 68 

In this study, female mice were more vulnerable to the addictive-like properties of sugar than 69 

male mice, showing higher long-term, excessive sugar drinking, and a more pronounced 70 

relapse-like sugar consumption as assessed by measuring the sugar deprivation effect (SDE) 71 

(Wei et al., 2021). The deprivation effect is a measure of consumption during a relapse-like 72 

situation in the addiction field (Vengeliene et al., 2014; Spanagel, 2017). 73 

 74 

Given the similarities of phenotypes for the chronic use of drugs of abuse and sugar, we 75 

speculated that there may also be similarities on the molecular level. In the addiction field, 76 

there is strong evidence that an interaction between the glutamatergic and mesolimbic 77 

dopamine (DA) systems is critical for mediating the reinforcing effects of drugs of abuse and 78 

consequently addictive behavior and relapse (Gass and Olive, 2008). In particular, 79 

glutamatergic synapses on DA neurons in the ventral tegmental area (VTA) and D1 receptor-80 

expressing medium spiny neurons (MSNs) of the nucleus accumbens (NAc) both modulate 81 
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the reinforcing properties of drugs of abuse and reward-dependent learning processes 82 

(Lüscher and Malenka, 2011; Lüscher, 2013; Scofield et al., 2016). In support of this, 83 

disruption of NMDA receptors in midbrain DA neurons abolishes enduring cocaine-induced 84 

plasticity in the NAc, thus reducing the incubation of craving and subsequent relapse behavior 85 

(Engblom et al., 2008; Mameli et al., 2009). Furthermore, using different mutant mouse lines 86 

that lack GluN1 and GluA1 receptor subunits in DA transporter (DAT) and D1R-expressing 87 

neurons, respectively, it was shown that GluN1 and GluA1 receptor subunits within these 88 

neuronal subpopulations mediate the alcohol deprivation effect (ADE), which is a measure for 89 

relapse behavior (Eisenhardt et al., 2015a). 90 

 91 

Some drug-induced neuroplastic changes within the mesolimbic system may also occur 92 

following consumption of natural rewards. For example, sucrose intake increases the 93 

phosphorylation and trafficking of accumbal AMPA receptor GluA1 subunits (Tukey et al., 94 

2013) and alters the morphology of the MSNs (Klenowski et al., 2016). In addition, other 95 

studies have shown that a natural reward experience activates VTA dopamine cells and alters 96 

AMPA and NMDA receptor distribution and function in the NAc similar to psychostimulants 97 

(Beloate et al., 2016; Pitchers et al., 2012). Therefore, mesolimbic glutamate receptors may, at 98 

least in part, be involved in mediating chronic sugar consumption and relapse following 99 

abstinence. Furthermore, there may be sex-dependent effects in sugar consumption and 100 

relapse, as female rats have increased levels of the AMPA receptor GluA1 and NMDA 101 

receptor NR1 subunits within the mesolimbic system after cocaine, methamphetamine or 102 

ethanol self-administration, relative to male rats (Bechard et al., 2018; Pena-Bravo et al., 103 

2019; Devaud and Alele, 2004). 104 

 105 

The aim of the present study was to systematically examine the involvement of AMPA and 106 

NMDA receptors within the mesolimbic system in mediating chronic long-term sugar 107 
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consumption and the SDE in a sex-dependent manner. Here, we generated inducible mutant 108 

mice expressing GluN1 or GluA1 mutations under the control of the DAT (Slc6a3) or D1 109 

(Drd1a) promoter following the previously described procedure (Mameli et al., 2009; 110 

Parkitna et al., 2009, 2010; Eisenhardt et al., 2015a). We focused on AMPA and NMDA 111 

receptors in D1-receptor-containing MSNs, as several studies (Bilbao et al., 2020; Calipari et 112 

al., 2016, Hikida et al., 2010, Lobo and Nestler, 2011, Ma et al., 2018, Soares-Cunha et al., 113 

2016) suggest that this neuronal population is more involved in mediating the chronic effects 114 

of drug of abuse and natural rewards than D2-containing MSNs. Using a fully automated, 115 

highly precise home cage monitoring system (Eisenhardt et al., 2015b) for sugar drinking in 116 

mice, we systematically examined GluN1DATCreERT2, GluA1DATCreERT2, GluN1D1CreERT2, and 117 

GluA1D1CreERT2 male and female mice in a long-term free choice sugar drinking procedure and 118 

studied the SDE following an abstinence phase.  119 

 120 

  121 
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Materials and Methods 122 

Animals 123 

We generated mutant mice expressing GluN1 or GluA1 mutations under control of the DAT 124 

(Slc6a3) or D1 (Drd1a) promoter following the previously described procedure (Mameli et 125 

al., 2009; Parkitna et al., 2009, 2010; Eisenhardt et al., 2015a). In short, GluN1DATCreERT2, 126 

GluA1DATCreERT2, GluN1D1CreERT2, and GluA1D1CreERT2 mice were generated by crossing mice 127 

with an inducible Cre-recombinase under the DAT- or D1-promoter with mice carrying 128 

floxed alleles for GluN1or GluA1. The DATCreERT2 and D1CreERT2 mice were generated 129 

by recombining a construct containing an improved Cre-recombinase fused to a modified 130 

ligand binding domain of the estrogen receptor (CreERT2) into a bacterial artificial 131 

chromosome containing the gene encoding DAT (Slc6a3) or D1 (Drd1a) by recombineering. 132 

GluN1fl/fl and GluA1fl/fl mice, having exons 11–18 of the Grin1 or exon 11 of the Gria1 alleles, 133 

respectively, flanked with loxP sites were generated by gene targeting in embryonic stem cells 134 

(Zamanillo et al., 1999; Niewoehner et al., 2007). For induction of the mutation, mice were 135 

treated with 1 mg of tamoxifen dissolved in neutral oil intraperitoneally twice a day for 5 136 

consecutive days (Erdmann et al., 2007). Mice were treated with tamoxifen at an age of 8-10 137 

weeks old and were allowed to recuperate for at least 3 weeks before experiments started. For 138 

genotyping of the DATCreERT2 and D1CreERT2 transgene, we used the primers GGC TGG 139 

TGT GTC CAT CCC TGA A and GGT CAA ATC CAC AAA GCC TGG CA. The GluN1 140 

and GluA1 flox variants were genotyped using the primers GGA CAG CCC CTG GAA GCA 141 

AAA T and GGA CCA GGA CTT GCA GTC CAA AT for GluN1, and CAC TCA CAG 142 

CAA TGA AGC AGG AC and CTG CCT GGG TAA AGT GAC TTG G for GluA1. For all 143 

experiments, adult male and female GluN1DATCreERT2, GluA1DATCreERT2, GluN1D1CreERT2, and 144 

GluA1D1CreERT2 and their wild-type littermate mice from at least six consecutive backcrosses 145 

with C57BL/6N were used (8–10 weeks at the beginning of the experiments). As controls, 146 

floxed littermates not carrying the Cre-recombinase were used.  147 
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 148 

Mice were single-housed in standard hanging cages at 21 ±1°C and 50±5% relative humidity 149 

on a reversed 12h light/dark cycle, with lights on at 7:30 p.m. The animals were provided 150 

with standard rodent food (Altromin Spezialfutter GmbH & Co, LASQC diet Rod16-H. 151 

Composition: cereals, vegetable by-products, minerals, oils and fats, yeast; crude nutrients: 152 

16.30 % crude protein, 4.30% crude fat, 4.30% crude fibre, 7.00% crude ash), a bottle 153 

containing 5% (w/v) sugar solution during the long-term sugar paradigms (see below for 154 

details) and tap water ad libitum. All the experiments were performed in the dark cycle. All 155 

mice were handled on a daily basis before starting the experiments and were habituated to the 156 

behavioral testing environments. Procedures for this study complied with the regulations 157 

covering animal experimentation within the European Union (European Communities 158 

Council Directive 86/609/EEC) and Germany (Deutsches Tierschutzgesetz) and the 159 

experiment was approved by the German animal welfare authorities (Regierungspräsidium 160 

Karlsruhe).  161 

 162 

Home cage two-bottle free choice sugar drinking and assessment of relapse-like drinking 163 

by means of the sugar deprivation effect (SDE)  164 

For this experiment 360 mice were used in total, 49 GluN1DATCreERT2 (25 males and 24 165 

females), 41 GluN1D1CreERT2 (21 males and 20 females), 53 GluA1DATCreERT2 (26 males and 27 166 

females), 37 GluA1D1CreERT2 (17 males and 20 females), and 180 respective control littermates 167 

(90 males and 90 females) were used. Mice had continuous free choice access to a bottle 168 

containing a sugar solution (sucrose 5% w/v) and a bottle with tap water in the homecage for 169 

8 weeks. During the last 3 days of sugar exposure, sugar and water intake and locomotion 170 

were recorded using a Drinkometer system (Eisenhardt et al., 2015a, 2015b; Bilbao et al., 171 

2019) and were used as baseline for comparison with the SDE. Mice were afterwards 172 

deprived from sugar for 12–15 days, during which they only had access to two bottles of tap 173 
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water. After the deprivation period, the SDE was tested for 24 h by reintroducing the sugar 174 

bottle. 175 

 176 

Assessment of drinking patterns by a fully automated drinkometer device 177 

Sugar and water intake, preference over water and locomotor activity were measured during 178 

baseline and SDE measurements with a fully automated, highly precise monitoring system as 179 

described previously (INFRA-E-MOTION) (Eisenhardt et al., 2015a, b; Bilbao et al., 2019). 180 

Briefly, during recording, the standard lid of the mouse home cage was replaced with the 181 

Drinkometer lid containing two holes for special Drinkometer bottles with a curved 182 

bottleneck and different tips for water (0.8 mm opening) and sugar (1.5 mm opening) 183 

solutions. The Drinkometer system was configured to sample every 4 min, the amount (g) of 184 

sugar and water each mouse consumed. Sugar and water intake, preference over water and 185 

locomotor activity were calculated every 4h to assess circadian drinking patterns and to obtain 186 

a temporal dissection of the SDE. The SDE in mice is usually short-lasting (Vengeliene et al., 187 

2014) and therefore the first 4 h during the SDE provide the most valid measurement 188 

(Eisenhardt et al., 2015a). 189 

 190 

Sugar (g/kg) and water (ml) intake, sugar preference (% of total fluid intake) and locomotor 191 

activity were calculated per day. During baseline and SDE measurements, sugar and water 192 

intake and locomotion were additionally calculated in 4 h time intervals. Baselines were 193 

calculated as the mean of the last 3 days of baseline recording. 194 

 195 

Statistics 196 

Statistical analyses were performed by one-way or two-way ANOVA with repeated measures 197 

and Newman–Keuls test for post hoc comparisons using Statistica 10 (StatSoft). All values 198 

are given as mean ± SEM, and statistical significance was set at p < 0.05. 199 
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The ANOVA model for the long-term free choice home cage drinking and sugar deprivation 200 

effect (SDE) contained the fixed effects of sugar deprivation (baseline and relapse), gene (wild-201 

type and GluA1 or GluN1), and the interaction deprivation x gene.  202 

 203 

  204 
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Results 205 

Specific GluN1 receptor subunit gene inactivation 206 

After eight weeks of chronic, 24h free choice sugar exposure, male and female 207 

GluN1DATCreERT2 mice did no differ from their wild-type littermates in the daily sugar intake 208 

(Fig. 1A&G, one-way ANOVA for A: F(1,49) =0.06, p=0.8 and for G: F(1,47) =2.7, p=0.1). 209 

Male GluN1DATCreERT2 mice displayed a decreased baseline locomotion compared to wild-210 

types (Fig. 1B, F(1,49) =4.4, p<0.05), which was not the case for females, showing no 211 

difference between genotypes (Fig. 1H, F(1,47) =0.2, p=0.7).  212 

 213 

A  period of sugar deprivation significantly increased the sugar intake in all mutants, and the 214 

respective wild-type mice (Fig. 1 C&I), indicative of a SDE (two-way ANOVA, Deprivation 215 

effect for C: F(11,539) =62.3, p<0.0001 and for I: F(11,517) =72.8, p<0.0001). The dissection of 216 

the baseline and SDE drinking into 4h time interval points showed the typical diurnal pattern 217 

of intake, characterized by higher drinking during the dark, active phase, and lower drinking 218 

during the light, inactive phase of the day. Specifically, during the SDE (i.e., relapse), sugar 219 

intake was strongly pronounced during the first 4h-8h of re-exposure and lasted not longer 220 

than 24h in all genotypes (two-way ANOVA, Gen effect for C: F(1,49) =1.3, p=0.7 and for I: 221 

F(1,47) =0.07, p=0.8, Neuman Keuls post-hoc p<0.001). A similar diurnal pattern was observed 222 

in the locomotor activity (Fig. 1 D&J) during baseline and SDE. A period of sugar 223 

deprivation also influenced locomotor activity (Deprivation effect for D: F(11,539) =58.5, 224 

p<0.0001 and for J: F(11,517) =66.2, p<0.0001), by increasing locomotion in mutant males and 225 

in wild-type females at the end and the beginning of the SDE, respectively, a phenomenon not 226 

related to GluN1 mutations (Gen effect for D: F(1,49) =1.6, p=0.2 and for J: F(1,47) =2.3, p=0.1, 227 

Neuman Keuls post-hoc p<0.001). Supporting these results, the percentage of relapse over 228 

baseline during the first 4h of sugar re-exposure for intake and locomotion (Fig. 1 E&K and 229 

F&L) indicated similar SDE magnitude in mutant and control mice (one-way ANOVA for E: 230 
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F(1,49) =1.7, p=0.2 and for K: F(1,47) =3.8, p=0.06; for F: F(1,49) =2.5, p=0.1 and for L: F(1,47) 231 

=2.5, p=0.1). 232 

 233 

In contrast to the DAT-containing neurons, GluN1 mutation onto D1-containing neurons 234 

(GluN1D1CreERT2 mice) had an effect on chronic sugar drinking. As depicted in Figure 2, male 235 

(A) and female (G) GluN1D1CreERT2 mice showed a significant decrease in the total, 24h free 236 

choice sugar drinking (one-way ANOVA for A: F(1,38) =4.5, p<0.05 and for G: F(1,37) =5.9, 237 

p<0.05). No differences were found between genotypes in locomotor activity at baseline (Fig. 238 

2B: F(1,38) =1.3, p=0.3 and Fig. 2H: F(1,37) =0.001, p=1). 239 

 240 

Furthermore (and in contrast to the DAT-containing neurons), GluN1 mutation onto D1-241 

containing neurons (GluN1D1CreERT2 mice) had an impact on the SDE. Thus, although a period 242 

of sugar deprivation significantly increased the sugar intake in all mice (Fig. 2 C&I), 243 

indicating a SDE (two way ANOVA, Deprivation effect for C: F(11,418) =63.5, p<0.0001 and 244 

for I: F(11,407) =66.6, p<0.0001), statistical analysis also showed a Gen x Deprivation 245 

interaction effect (for C: F(11,418) =4.4, p<0.0001 and for I: F(11,407) =1.9, p<0.05, Neuman 246 

Keuls post-hoc p<0.05). Again, the SDE was strongly pronounced during the first 4h-8h of re-247 

exposure and lasted not longer than 24h in all mice. Locomotor activity (Fig. 1 D&J) was also 248 

influenced by the SDE, with males showing increased activity at the end of the SDE period 249 

(Deprivation effect for D: F(11,418) =55.3, p<0.0001, Neuman Keuls post-hoc p<0.05 and for J: 250 

F(11,407) =54.2, p<0.0001). When calculating the percentage of relapse over baseline during the 251 

first 4h of sugar re-exposure for intake and locomotion, male GluN1D1CreERT2 mice did not 252 

differ from their wild-type littermates (Fig. 2 E&F, one-way ANOVA for E: F(1,37) =1.9, 253 

p=0.2 and for F: F(1,37) =0.3, p=0.6). However, in females, the SDE magnitude was higher for 254 

the intake (Fig. 2K: F(1,37) =8, p<0.01) and lower for the locomotion (Fig.2L: F(1,37) =6.2, 255 

p<0.05). 256 
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 257 

Specific GluA1 receptor subunit gene inactivation 258 

Deletion of the AMPA receptor GluA1 subunit onto DAT-containing neurons did not have 259 

any effect on chronic sugar drinking, as the phenotypes displayed by both male (Fig. 3A&B) 260 

and female (Fig. 3G&H) GluA1DATCreERT2 mice did not differ from their respective wild-type 261 

littermates after eight weeks of chronic, 24h free choice sugar exposure. As shown in Figure 262 

3, daily sugar consumption (one-way ANOVA for Fig.3A: F(1,50) =0.1, p=0.7 and for Fig. 3G: 263 

F(1,50) =1.3, p=0.3) as well as locomotor activity (Fig. 3B: F(1,50) =1.5, p=0.2, Fig. 3H: F(1,50) 264 

=0.1, p=0.7) remained unaltered in the mutants.  265 

 266 

Deletion of the AMPA receptor GluA1 subunit onto DAT-containing neurons did not have a 267 

role in relapse to sugar, as measured by the SDE (Fig. 3C-F and I-L). During baseline and 268 

SDE, the intake during 4h intervals resembled the one already observed with GluN1 269 

mutations. That is, all mice showed the typical diurnal pattern of consumption, and a strongly 270 

pronounced sugar intake during the first 4h-8h of re-exposure which lasted not longer than 271 

24h. Statistical analysis showed a Deprivation effect for male (Fig. 3C: F(11,550) =60.7, 272 

p<0.0001, Neuman Keuls post-hoc p<0.01) and female (Fig. 3I: F(11,550) =85.2, p<0.0001, 273 

Neuman Keuls post-hoc p<0.01), which was not GluA1-dependent (Gen effect for 3C: F(1,50) 274 

=2.4, p=0.1 and for 3I: F(1,50) =1, p=0.3). Locomotor activity did not differ between baseline 275 

and SDE (Fig. 3D&J) for mutants and controls (two-way ANOVA for D: F(1,50) =0.1, p=0.7 276 

and for J: F(1,50) =0.1, p=0.8), though statistical analysis showed a Deprivation effect (Fig.3D: 277 

F(11,550) =42, p<0.001 and Fig.3J: F(11,550) =70, p<0.001). In line with these results, the 278 

percentage of relapse over baseline during the first 4h of sugar re-exposure for intake and 279 

locomotion, did not differ in male (Fig. 3E: F(1,50) =3.9, p=0.06 and Fig. 3F: F(1,50) =1.1, 280 

p=0.3) or female (Fig. 3 K: F(1,50) =0.7, p=0.4 and Fig. 3L: F(1,50) =0.7, p=0.4) GluA1DATCreERT2 281 

mice from their wild-type littermates.  282 
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 283 

As observed with the GluN1 mutant mice, GluA1 mutation onto D1-containing neurons (in 284 

contrast to the DAT-containing neurons), had an effect on chronic sugar drinking behavior 285 

(Fig. 4). That is, regardless of the sex, GluA1D1CreERT2 mice showed a significant increase in 286 

the total, 24h free choice sugar drinking (one-way ANOVA, Fig. 4A: F(1,35) =4.3, p<0.05 and 287 

Fig. 4G: F(1,38) =17.1, p<0.001). Regarding locomotor activity, it did not change in male 288 

mutants (Fig. 4B, F(1,35) =0.9, p=0.3), but it was significantly increased in female 289 

GluA1D1CreERT2 mice (Fig. 4H, F(1,38) =6.9, p<0.05).  290 

 291 

Similar to the DAT-containing mutant mice, GluA1 mutation onto D1-containing neurons did 292 

not influence the SDE (Fig. 4), and all mice showed increased sugar intake after deprivation 293 

during the first 4h-8h of re-exposure (two-way ANOVA, Deprivation effect for Fig. 4C: 294 

F(11,550) =60.7, p<0.001 and Fig. 4I: F(11,418) =73, p<0.001, Neuman Keuls post-hoc p<0.05). 295 

However, locomotor activity was not only influenced by a sugar deprivation period (Fig. 4D: 296 

F(11,550) =55, p<0.001 and Fig.4J: F(11,418) =55.6, p<0.001, Neuman Keuls post-hoc p<0.05), 297 

but also by the GluA1 receptor (Two-way ANOVA, Gen effect: Fig. 4D: F(1,50) =4.2, p<0.05 298 

and Fig.4J: F(1,38) =12.3, p<0.01; Gen x Deprivation interaction effect: Fig. 4D: F(11,550) =1.8, 299 

p<0.001 and Fig.4J: F(11,418) =4.6, p<0.001) as only the male and female mutants showed an 300 

increased locomotor activity at the end of the SDE period. Calculating the percentage of 301 

relapse during the first 4h of sugar re-exposure for intake and locomotion similar SDE 302 

magnitudes were found in both males (Fig. 4E: F(1,50) =0.006, p=1 and Fig.4F: F(1,50) =0.06, 303 

p=0.08) and females (Fig. 4K: F(1,38) =2, p=0.2 and Fig. 4L: F(1,38) =0.005, p=0.9) compared to 304 

their respective wild-type littermates.  305 

 306 

  307 
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Discussion 308 

Here we report on three findings in different inducible mouse mutant lines lacking either 309 

GluN1 or GluA1 receptor subunits in DAT or D1-containing neurons in a chronic free choice 310 

sugar consumption paradigm and the SDE model. First, long-term sugar intake is modulated 311 

by AMPA and NMDA receptors in D1-containing neurons in an opposing manner. The 312 

specific deletion of the GluA1 subunit, which yields non-functional AMPA receptors in 313 

primarily D1-containing MSNs, increases excessive sugar drinking in male and female mice, 314 

whereas mice with  inducible GluN1 receptor subunit  deletion in D1-expressing neurons 315 

show significantly reduced chronic sugar intake. Second, neither AMPA nor NMDA 316 

receptors in DA neurons influence the development and maintenance of sugar consumption. 317 

Third, female GluN1D1CreERT2 mice show a more pronounced relapse-like behavior in the SDE 318 

model. 319 

 320 

The four genetic mouse models used here have some advantages over other approaches for 321 

gene targeting, allowing a more precise demonstration of the functional role regarding the 322 

gene of interest. First, these mutant models have high specificity of the deletion of GluN1 or 323 

GluA1 in DAT- or D1-expressing neurons, as shown by previous co-localization studies 324 

(Engblom et al., 2008; Eisenhardt et al., 2015). Cre-expression patterns fit with that described 325 

for DAT with strong expression in the VTA and for D1Rs with strong expression in the NAc 326 

and dorsal striatum. From previous studies (Engblom et al., 2008; Eisenhardt et al., 2015), we 327 

conclude that we primarily have an ablation of individual glutamate receptor subunits within 328 

the mesolimbic DA system in our four mutant mouse lines. Second, the use of a temporally 329 

controlled gene deletion (induced by tamoxifen injections) circumvents potential 330 

developmental compensatory mechanisms, which may offset the loss of the gene and 331 

consequently mask its functional role.  332 

 333 
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As previously reported (Wei et al., 2020), mice show a typical diurnal pattern of sugar 334 

consumption. In all four mouse lines, such a pattern is maintained, and females showed 335 

consistently higher intake of a sugar solution relative to male mice. Long-term sugar intake 336 

was significantly more pronounced in GluA1D1CreERT2 male and female mice, suggesting that 337 

functional AMPA receptors onto D1-containing neurons play a role in the regulation of 338 

excessive sugar consumption. Our finding largely agrees with a previous report that studied 339 

the regulation of AMPA receptors on NAc synapses by sucrose intake. Tuckey et al. (2013) 340 

showed that repeated daily ingestion of a sucrose solution potentiated accumbal synapses 341 

through incorporation of calcium permeable AMPA receptors. In contrast, deletion of 342 

functional NMDA receptors on D1-expressing neurons reduced excessive sugar intake in both 343 

sexes. This finding is consistent with the few studies to date that have addressed the role of 344 

NMDA receptors in food or sugar binging, which have reported a reduction after systemic 345 

administration of the NMDA receptor antagonist memantine (Popik et al., 2011; Bisaga et al., 346 

2008). A reduction of binge eating following memantine treatment was also seen in a human 347 

study (Brennan et al. 2008). These results and the fact that our GluN1DATCreERT2 and 348 

GluN1D1CreERT2 mutant mice showed no change in sugar binging suggest that non-mesolimbic 349 

brain regions may also contribute to sugar binging. 350 

 351 

In terms of relapse-like behavior, we tested the four mutant mouse lines in the SDE model and 352 

found that neither AMPA nor NMDA receptors in dopamine neurons influenced augmented 353 

sugar consumption following a deprivation period. However, female GluN1D1CreERT2 mutant 354 

mice showed a more pronounced SDE. In contrast, relapse behavior to drugs of abuse is 355 

strongly under the control of mesolimbic glutamate receptors, especially the alcohol 356 

deprivation effect (ADE), like the SDE a measure of relapse-like behavior (Vengeliene et al., 357 

2014). All four mouse mutant lines tested here were also tested in a previous study for alcohol 358 

relapse behavior. All mutant mice showed a significantly reduced ADE, results supported by 359 
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intra-VTA and intra-accumbal pharmacological blockade of AMPA and NMDA receptors 360 

(Eisenhardt et al., 2015a). Similarly, the AMPA antagonist GYKI 54266 completely 361 

abolished the ADE in rats (Sanchis-Segura et al., 2006) and a variety of NMDA receptor 362 

antagonists dose-dependently inhibited the ADE in rats (Hölter et al., 1996; 2000; Vengeliene 363 

et al., 2005; Kolik et al., 2017). For other drugs of abuse there are also consistent findings 364 

demonstrating that mesolimbic AMPA and NMDA receptors are critical for relapse behavior. 365 

Accumbal blockade of AMPA or NMDA receptors by various antagonists blocks relapse 366 

behavior for cocaine, heroin, and nicotine (Bäckström and Hyytiä, 2007; LaLumiere and 367 

Kalivas, 2008; Gipson et al., 2013; Doyle et al., 2014) and deletion of NMDA receptors in 368 

D1-containing neurons reduces the incubation of cocaine-seeking and relapse (Mameli et al., 369 

2009). In conclusion, pharmacological inhibition or genetic inactivation of acccumbal NMDA 370 

receptors reduces relapse to drugs of abuse / alcohol, whereas GluN1D1CreERT2 female mutant 371 

mice exhibit an augmented SDE. 372 

 373 

In summary, a previous study demonstrated the occurrence of an addictive-like phenotype for 374 

sugar in male and female mice similar to that of drugs of abuse (Wei et al., 2021). Here we 375 

show that mesolimbic AMPA and NMDA receptor do not play a critical role in relapse to 376 

sugar consumption. These findings differentiate a natural reward from drugs of abuse on the 377 

molecular level, as mesolimbic NMDA and AMPA receptors are essential for drug-induced 378 

neuroplasticity and subsequent relapse behavior. 379 

 380 

  381 
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FIGURE LEGENDS 532 

 533 

Figure 1. Characterization of chronic sugar drinking, SDE and locomotor activity in 534 

male and female GluN1DATCreERT2 mice.  535 

(A, G) Baseline sugar intake in g/kg per day after free choice access to a bottle containing a 536 

sugar solution (5% w/v) and a bottle with tap water in the homecage for 8 weeks in wild-type 537 

male (n=26), female (n=25) and GluN1DATCreERT2 male (n=25) and female (n=24) mice. (B, H) 538 

Baseline locomotor activity after 8 weeks of free choice sugar drinking. (C, I) Diurnal 539 

drinking pattern during baseline sucrose consumption and during the SDE. (D, J) Diurnal 540 

activity pattern during baseline sucrose consumption and during the SDE. (E, K) Relapse 541 

behavior measured in % change from baseline during the first 4 h of the SDE. (F, L) Relative 542 

change in locomotor activity during the first 4 h of the SDE in relation to baseline activity. * 543 

indicates significant changes (p<0.001) in sucrose consumption or activity during the SDE 544 

when compared to baseline. (#) indicates significant (p<0.05) genotype differences.  545 

 546 

Figure 2. Characterization of chronic sugar drinking, SDE and locomotor activity in 547 

male and female GluN1D1CreERT2 mice.  548 

(A, G) Baseline sugar intake in g/kg per day after free choice access to a bottle containing a 549 

sugar solution (5% w/v) solution and a bottle with tap water in the homecage for 8 weeks in 550 

wild-type male (n=19), female (n=20) and GluN1D1CreERT2 male (n=21) and female (n=19) 551 

mice. (B, H). Baseline locomotor activity after 8 weeks of free choice sugar drinking. (C, I) 552 

Diurnal drinking pattern during baseline sucrose consumption and during the SDE. (D, J) 553 

Diurnal activity pattern during baseline sucrose consumption and during the SDE. (E, K) 554 

Relapse behavior measured in % change from baseline during the first 4 h of the SDE. (F, L) 555 

Relative change in locomotor activity during the first 4 h of the SDE in relation to baseline 556 

activity. * indicates significant changes (p<0.05) in sucrose consumption or activity during 557 
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the SDE when compared to baseline. # indicates significant (p<0.05 or p<0.01 for A, G, L and 558 

K, respectively) genotype differences. 559 

 560 

Figure 3. Characterization of chronic sugar drinking, SDE and locomotor activity in 561 

male and female GluA1DATCreERT2 mice.  562 

(A, G) Baseline sugar intake in g/kg per day after free choice access to a bottle containing a 563 

sugar solution (5% w/v) solution and a bottle with tap water in the homecage for 8 weeks in 564 

wild-type male (n=26), female (n=25) and GluA1DATCreERT2 male (n=26) and female (n=27) 565 

mice. (B, H) Baseline locomotor activity after 8 weeks of free choice sugar drinking. (C, I) 566 

Diurnal drinking pattern during baseline sucrose consumption and during the SDE. (D, J) 567 

Diurnal activity pattern during baseline sucrose consumption and during the SDE. (E, K) 568 

Relapse behavior measured in % change from baseline during the first 4 h of the SDE. (F, L) 569 

Relative change in locomotor activity during the first 4 h of the SDE in relation to baseline 570 

activity. * indicates significant changes (p<0.01) in sucrose consumption or activity during 571 

the SDE when compared to baseline.  572 

 573 

Figure 4. Characterization of chronic sugar drinking, SDE and locomotor activity in 574 

male and female GluA1D1CreERT2 mice.  575 

(A, G) Baseline sugar intake in g/kg per day after free choice access to a bottle containing a 576 

sugar solution (5% w/v) solution and a bottle with tap water in the homecage for 8 weeks in 577 

wild-type male (n=19), female (n=20) and GluA1D1CreERT2 male (n=18) and female (n=20) 578 

mice. (B, H) Baseline locomotor activity after 8 weeks of free choice sugar drinking. (C, I) 579 

Diurnal drinking pattern during baseline sucrose consumption and during the SDE. (D, J) 580 

Diurnal activity pattern during baseline sucrose consumption and during the SDE. (E, K) 581 

Relapse behavior measured in % change from baseline during the first 4 h of the SDE. (F, L) 582 

Relative change in locomotor activity during the first 4 h of the SDE in relation to baseline 583 
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activity. * indicates significant changes (p<0.05) in sucrose consumption or activity during 584 

the SDE when compared to baseline. # indicates significant (p<0.05) genotype differences. 585 










