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Abstract 

Background: In highly complex social settings, an animal’s motivational drive to pursue an object depends not 
only on the intrinsic properties of the object, but also on whether the decision‑making animal perceives an object as 
being the most desirable among others. Mimetic desire refers to a subject’s preference for objects already possessed 
by another subject. To date, there are no appropriate animal models for studying whether mimetic desire is at play in 
guiding the decision‑making process. Furthermore, the neuropharmacological bases of decision‑making processes 
are not well understood. In this study, we used an animal model (rat) to investigate a novel food‑foraging paradigm 
for decision‑making, with or without a mimetic desire paradigm.

Results: Faced with the choice of foraging in a competitive environment, rats preferred foraging for the desirable 
object, indicating the rats’ ability for decision‑making. Notably, treatment with the non‑competitive N‑methyl‑d‑aspar‑
tate receptor antagonist MK‑801, but not with the dopamine D1 or D2 receptor antagonists, SCH23390 and haloperi‑
dol, respectively, suppressed the food foraging preference when there was a competing resident rat in the cage. None 
of these three antagonists affected the food‑foraging preference for palatable food. Moreover, MK‑801 and SCH23390, 
but not haloperidol, were able to abolish the desirable environment effect on standard food‑foraging activities in 
complex social settings.

Conclusions: These results highlight the concept that mimetic desire exerts a powerful influence on food‑foraging 
decision‑making in rats and, further, illustrate the various roles of the glutamatergic and dopaminergic systems in 
mediating these processes.
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Background
Because rodents are highly social animals, many of their 
important social decisions, including choice of mate and 
food-foraging, are made within the social setting [1, 2]. 
Social decision-making, an enormously complex cogni-
tive function, is typically made by cooperation with and 
conflict among conspecifics [3, 4]. In social psychology, 
the mimetic desire phenomenon, recognized as social 

contagion and a widespread strategy in nature, is one in 
which an object belonging to one person tends to become 
a goal for the observer. In humans, mimetic desire is able 
to effectively influence pursuit of an object [5]. In addi-
tion to competitive food-snatching from other animals 
in the social setting, food-foraging decision-making is 
a process modulated by environmental factors and/or 
nutritional needs [6–9]. Due to the complexity of these 
processes, both the required interactive scenario, along 
with straightforward experimental manipulations, pre-
sent challenges in the controlled laboratory setting. Our 
previous investigations successfully created an ideal food-
foraging animal (rat) model capable of quantitatively 
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demonstrating natural food-foraging behavior without 
either artificial interventions or training [10]. We found 
that food-foraging is associated not only with the choices 
animals make but also with higher cognitive functions 
[11, 12].

A growing body of studies in behavioral economics 
have used non-invasive neuroimaging techniques, such as 
functional magnetic resonance imaging (fMRI) and mag-
netoencephalography, and computational approaches to 
investigate the neural mechanisms behind sophisticated 
decision-making strategies [13–16]. A recent fMRI study 
reported that the human anterior cingulate cortex (ACC) 
is able to encode environmental signals as reflecting esti-
mates of the richness and cost of the foraging environ-
ment [17].

Many psychiatric disorders involve deficits in decision-
making, as well as dysregulated dopamine and/or dopa-
mine receptor expressions [18, 19]. Additional studies 
have suggested that dopamine and/or dopamine recep-
tors play vital roles in modulating the balance between 
effort and benefit, and goal-directed action selection, 
encoding the differences between actual and expected 
rewards [20, 21]. Dopamine receptors interact strongly 
with N-methyl-d-aspartate (NMDA) receptors, and the 
activities of each receptor mediates dissociably cost/
benefit decision-making processes by means of effort- or 
delay-discounting procedures [22, 23]. Using the Iowa 
Gambling Task (IGT), Ness et  al. found that polymor-
phisms of the NMDA receptor 2B subunit gene influ-
ence decision-making [24]. Low-impulsive rats showed 
a greater preference for immediate and smaller rewards 
after ketamine or memantine manipulation [25].

In the present study, we developed a model for test-
ing decision-making in both desirable and non-desirable 
environments, and examined the notion that social-based 
decisions in food-foraging contexts may be differentially 
mediated by NMDA versus dopamine receptors.

Methods
Animals
Male Sprague–Dawley (SD) rats (inbred strain), each 
weighing 250–300  g at the beginning of the experi-
ment, were obtained from the Animal Center of Central 
South University. Animals were housed in a temperature 
(23 ±  2  °C) and humidity (50 ±  5 %) controlled animal 
facility. All experimental rats were housed together in 
50 × 35 × 20 cm cages (n = 3/cage) and maintained on 
a 12-h light/dark cycle with free access to food and water. 
All animals were adapted to laboratory conditions for 
1 week prior to experimental manipulations. The experi-
mental protocol was approved by the Animal Care and 
Use Committee of Central South University and con-
formed to the National Institutes of Health Guide for 

the Care and Use of Laboratory Animals. All efforts were 
made to minimize the number of rats used, as well as any 
suffering. Each treatment group comprised 8–16 rats. We 
tested several different procedures, but no animal experi-
enced more than one procedure/session. Rats were ran-
domly assigned to experimental procedures, as described 
below.

Behavioral procedures
Each test rat was placed in a sound-attenuating envi-
ronment consisting of an open-field apparatus 
(150 ×  150 ×  50  cm) constructed of black wood. Pro-
cedures were conducted as previously reported, with 
several modifications [10, 12]. Food pellets (200 g) were 
placed in two small plastic cages (30 ×18 × 16 cm), each 
equipped with a removable metal wire lid. On test days, 
test rats were removed from their home cages, placed in 
the open-field apparatus, and allowed to acclimate for 
2 h, after which one of the following conditions was ran-
domly applied: (Fig. 1).

Condition 1
No rats in cages; access to standard food pellets on the 
removable wire lid (Fig. 1a).

Condition 2
Two cages with standard food pellets on the removable 
wire lid. Two rats of the same gender, one in a cage and 
the other in the open field (Fig. 1b).

Condition 3
No rats in either cage, with standard food pellets on the 
removable wire lid of one cage and sweet (10  % sugar) 
food pellets on the lid of the other cage (Fig. 1c).

Condition 4
One rat in cage with standard food pellets, and one cage 
with sweet food pellets and one other rat of same gender 
in the open field (Fig. 1d).

The test rat in the open field was allowed to navigate 
freely to the cages and forage the food pellets from 7:00 
to 9:00  pm. The quantity of food pellets moved to the 
open field and the quantity of food pellets left in the food 
containers were each determined at 9:00  pm. In these 
experiments, the quantity of foraged food was calculated 
by the formula: 400 g minus the amount left in both food 
containers. The amount of food eaten was calculated 
by the formula: 400 g minus the amount of food pellets 
moved to the open field minus the amount left in both 
food containers. The percentage of foraged food pellets 
from one food container was calculated by the formula: 
the amount of foraged food divided by the difference 
between 200 g and the amount left in the food container 
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during the 2-hour test. Two removable wire lids were 
placed in the rat-containing cage to isolate the rat and 
food pellets in the container under Conditions 2 and 4, 
such that the rat in the cage has no access to the food on 
top of the cage.

Effects of social information on food‑foraging 
decision‑making after pharmacological manipulations
To determine whether NMDA- and dopamine receptors 
-modulated social information in food-foraging decision-
making is dose-dependent, we tested various dosages of 
MK-801, SCH23390, and haloperidol, according to pre-
vious studies, but with several modifications [10, 26–30]. 
MK-801 (0.05, 0.1, 0.15, or 0.2  mg/kg, catalog number: 
M107), SCH 23390 (0.005, 0.015, or 0.025  mg/kg, cata-
log number: D054), or haloperidol (0.01, 0.015, 0.02, or 
0.05 mg/kg, catalog number: H1512) were administered 
intraperitoneally and represented NMDA, D1-like, and 
D2-like receptor antagonists, respectively, for each task. 
All drugs were purchased from Sigma (Sigma-Aldrich, 
St. Louis, MO, USA) and were dissolved (with the excep-
tion of haloperidol) in saline. Haloperidol was dissolved 
in 10  % glacial acetic acid, brought to volume with 
saline, and pH-adjusted to 6.5 with NaOH. Sterile 0.9 % 
saline was used as the vehicle. Rats were assigned ran-
domly to different drugs and dosage groups, with each 

rat receiving only one injection of vehicle or drug. For 
each drug tested, rats were allowed to perform decision-
making tasks 30 min after treatment with drug or vehicle 
(Conditions 1–4).

Statistical analyses
Statistical analyses were performed using version 13.0 
SPSS software (SPSS Inc., Chicago, IL, USA) and Prism 
5.0 software (Graphpad Software, San Diego, CA, USA). 
Results are presented as mean ± SEM. Statistical differ-
ences in behavioral results were determined using one- 
or two-way analysis of variance (ANOVA), followed by 
post hoc Dunnet’s test, Tukey post hoc multiple com-
parison test, or Bonferroni post-test, where appropriate. 
Unpaired two-tailed Student’s t test was used if only two 
groups were applied. Differences were considered signifi-
cant when the p-value <0.05.

Results
Social influence on food‑foraging decision‑making
As seen in Fig. 1, rats were able to freely forage food pel-
lets from two food containers to the field under all con-
ditions (1–4). The percentages of foraged standard food 
pellets from the right and left cage were 51.48 ± 5.74 and 
48.33  ±  4.39  %, respectively. No significant difference 
was observed between these cages under Condition  1 

Fig. 1 Schematic photographs of the decision‑making paradigm designs and performances with or without social information. Two small wire‑
topped plastic home cages (30 × 18 × 16 cm) with 200 g standard rodent food pellets on both side of cages, a, b (white); right side cage, c, d 
(white); or sweet food on left side cage, c, d (red) on the removable wire mesh placed in the open field. A rat of the same gender resided on the 
right side of cage for at least 1 week before the experiment (b, d). For each trial, the open‑field rat had to make a choice and select to forage food 
from either or both of the two cages. a Student’s t‑ test indicated that there was no significant difference in the ratio of foraged standard food from 
either side of cages; b the percentage of foraged standard food pellets was increased significantly from the rat‑residing cage relative to that from 
the no‑rat cage; c rats preferred to forage sweet food pellets. The percentage of foraged standard food pellets was less than that of foraged sweet 
food pellets; d there was no significant difference between the percentage of foraged standard food pellets from the rat‑residing cage and foraged 
sweet food pellets from the no‑rat cage. ***p<0.001 represents statistically significant differences compared to foraged standard food pellets from 
the no rat cage (b), ***p<0.001 represents statistically significant differences compared to foraged sweet food (c)
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(t = 0.436, p = 0.669, n = 9) (Fig. 1a). Conversely, under 
Condition  2, the test rat in the open field in the com-
pany of a conspecific showed a preference for forag-
ing standard food pellets from the rat-residing cage 
(65.62  ±  4.34  %) compared to the cage with no rat 
(34.38 ± 4.34 %, t = −5.085, p < 0.001, n = 9) (Fig. 1b). 
Under Condition  3, the percentage of foraged stand-
ard food pellets (30.53 ± 6.08 %) was lower than that of 
foraged sweet food pellets (69.47 ±  6.09  %, t =  4.522, 
p  <  0.001, n  =  12) (Fig.  1c). However, under Condi-
tion  4, no significant difference between foraged sweet 
(47.28 ± 6.23 %) and foraged standard (52.72 ± 6.23 %) 
food pellets was observed (t = −0.617, p = 0.547, n = 8) 
(Fig. 1d).

NMDA and DA antagonists in modulating food‑foraging 
decision‑making
Under Condition 2, control rats with injected vehicle 
and experimental rats with various doses of haloperidol, 
MK-801, or SCH 23390 were tested for food-foraging 
behaviors.

After MK-801 treatment, there was a dose-dependent 
effect on the percentage of foraged food. The quantity 
of foraged food in the cage with a resident rat increased 
significantly (t =  2.700, p  <  0.05, n =  10) after vehicle 
treatment. MK-801, at a dosage of 0.05  mg/kg, had no 
effect on the amount of foraged food, i.e., the amount of 
foraged food from the cage with a resident rat had still 
increased (t = 4.639, p < 0.01, n = 8), with no difference 
compared with control rats. In contrast, MK-801, at the 
higher doses of 0.1 mg/kg (t = 1.866, p > 0.05, n = 16), 
0.15 mg/kg (t = 0.4192, p > 0.05, n = 11), and 0.2 mg/kg 
(t =  1.858, p  >  0.05, n =  14) suppressed the preference 
of food-foraging completely when there was a compet-
ing rat in the cage. These results suggest that glutamater-
gic neurotransmission is involved in the food-foraging 
decision-making process in the social environment. One-
way ANOVA indicated that the total amount of foraged 
food decreased in parallel with increased in MK-801 
dosage[F(4,58) = 4.173, p < 0.01, n = 8–14] (Fig. 2d). How-
ever, no obvious alterations in the amount of food eaten 
occurred after treatment with various dosages of MK-801 
[F(4,58) = 0.994, p > 0.05, n = 8–14] (Fig. 2g).

Low dosage (0.01–0.02  mg/kg) treatment with halo-
peridol did not affect the decision-making process on 
the preference for foraging from the social environ-
ment, as the percentage of foraged food from the cage 
with a resident rat had still increased [F(4,78)  =  0.003, 
p < 0.05, n = 8–10]. However, a higher (0.05 mg/kg) dos-
age abolished this preference, as there was no difference 
in the amount of foraged food between the two cages 
(t =  1.623, p  >  0.05, n =  8, Fig.  2b). One-way ANOVA 
showed that the total amount of foraged food (Fig.  2e) 

[F(4,43) =  3.189, p  <  0.05, n =  8–10] and the amount of 
eaten food [F(4,43)  =  7.929, p  <  0.001, n  =  8–10] had 
decreased with increased haloperidol dosages (Fig. 2h).

Treatment with SCH 23390 did not alter the prefer-
ence for social-environment food-foraging. Compared 
with vehicle-treated rats, there was no difference in the 
percentage of food foraged from the rat-residing cage 
after SCH 23390 treatment at all dosages [F(3,31) = 0.248, 
p > 0.05, n = 8] (Fig. 2c). One-way ANOVA indicated that 
the total amount of foraged food decreased with increas-
ing dosages of SCH 23390 [F(3,32)  =  2.949, p  <  0.05, 
n = 8] (Fig. 2f ), but there were no outstanding changes 
in the amount of food eaten after SCH 23390 treatment 
[F(3,32) = 2.029, p > 0.05, n = 8] (Fig. 2i).

We selected 0.1 mg/kg MK-801, 0.015 mg/kg haloperi-
dol, and 0.015 mg/kg SCH23390 for the other three test-
ing sessions. As shown in Fig. 3a, no primary effects were 
associated with side-of-cage [F(1,50) =  0.0768, p  >  0.05, 
n  =  7–8], drug treatment [F(3,50)  =  0.0000, p  >  0.05, 
n = 7–8], or their interactions [F(3,50) = 0.0000, p > 0.05, 
n = 7–8] on the percentage of food foraged under Condi-
tion 1. Bonferroni post-tests revealed no dramatic effects 
of vehicle, MK-801, haloperidol, or SCH 23390 treat-
ments on the percentage of food foraged from either side 
of cages (p > 0.05, n = 7–8).

Under Condition  3, dissimilar foods (standard or 
sweet) affected the percentage of food foraged (Fig.  3b) 
[F(1,54) = 183.6, p < 0.0001, n = 7–10], Drug treatment had 
no major contributing effect [F(3,54) =  0.0000, p  >  0.05, 
n = 7–10], nor a significant interaction [F(3,54) = 0.0000, 
p  >  0.05, n =  7–10], on foraged food preference. These 
results suggest that rats treated with MK-801, haloperi-
dol, or SCH 23390 were not affected significantly in their 
preference for sweet food foraging.

Under Condition  4, two-way ANOVAs indicated that 
the percentage of foraged food (Fig.  3c) was affected by 
food type (standard or sweet) [F(1,60) = 28.56, p < 0.0001, 
n = 8–11] as well as an interaction between food type and 
the drug used [F(3,60) = 2.897, p < 0.05, n = 8–11]. Similar 
to unmanipulated condition, vehicle treatment in the pres-
ence of a conspecific led to no significant differences in 
foraging from standard chow or palatable food (t = 1.100, 
p > 0.05, n = 8) (Fig. 3c). Treatment with either MK-801 
(t =  4.560, p  <  0.001, n =  8) or SCH23390 (t =  3.573, 
p < 0.01, n = 8), but not haloperidol (t = 1.621, p > 0.05, 
n = 11), significantly decreased the percentage of foraged 
standard food pellets compared with foraged sweet food 
pellets in the other cage when the test rat confronted a rat 
in one cage with standard food pellets (Fig. 3c).

Discussion
Extrapolating food-foraging decision-making behav-
iors of animals in the natural social-setting to the 
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Fig. 2 Effects of different dosages of MK‑801, haloperidol, and SCH23390 on the percentage of foraged standard food pellets (a–c), amount of for‑
aged food (d–f), and amount of eaten food (g–i) under Condition 2. a There are no differences in the ratio of foraged standard food pellets from the 
cage with or without a residing rat after administration of 0.1, 0.15, or 0.2 mg/kg MK‑801; b–c. the percentage of foraged standard food pellets from 
the rat‑residing cage in vehicle, haloperidol, and SCH23390 treatment groups were significantly increased compared with the no‑rat cage. *p<0.05, 
**p<0.01, ***p<0.001 represent statistically significant differences compared to foraged standard food pellets from the no‑rat cage; d–f. The total 
amount of foraged food decreased with increasing dosages of MK‑801, haloperidol, and SCH 23390 treatment. d *p<0.05 vs veh group, ##p<0.01 
vs veh, 0.05 mg/kg and 0.10 mg/kg group, $p<0.05 vs 0.15 mg/kg group; e *p<0.05 vs veh group, ##p<0.01 vs veh group, $p<0.05 vs 0.01 mg/kg 
group; f *p<0.05 vs veh group; g–i no obvious alterations of the amount of food eaten were observed after MK‑801 or SCH 23390 treatment; The 
amount of food eaten decreased after 0.05 mg/kg haloperidol injection. **p<0.01 vs the other group

Fig. 3 Effects of MK‑801, haloperidol, and SCH 23390 on the percentage of foraged food pellets under Conditions 1, 3, and 4. a Bonferroni post‑
tests revealed no significant effects of vehicle, MK‑801, haloperidol, or SCH 23390 treatment on the percentage of foraged food from both side 
cages under Condition 1; b rats preferred foraging sweet food pellets to standard food pellets among the four groups under Condition 3. Bonferroni 
post‑tests revealed significant effects of vehicle, MK‑801, haloperidol, and SCH 23390 treatment on the percentage of foraged of sweet food pellets 
compared with standard food pellets. ***p<0.001, represents statistically significant differences compared with foraged sweet food pellets; c when 
the test rat confronted a rat in one cage with standard food pellets, the percentage of foraged standard food pellets after MK‑801 and SCH23390 
treatment decreased significantly compared with foraged sweet food pellets in the other cage. No distinct differences between the two kinds of 
food pellets were observed after vehicle or haloperidol treatment under Condition 4. **p<0.01, ***p<0.001 represents statistically significant differ‑
ences compared with foraged sweet food pellets
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laboratory-setting requires an understanding of the spe-
cific neurobiological and pharmacological bases respon-
sible for integrating complex social interactions. In 
humans, mimetic desire as a socially meaningful stimuli, 
has a great impact on social interactions in everyday 
adult life [31]. Despite broad interest in the neural mech-
anisms involved in decision-making, little is known about 
the effects of mimetic desire on decision-making and its 
underlying mechanism(s). In our double-blind, placebo-
controlled study, we (1) used different food-foraging 
contexts to determine how mimetic desire is involved in 
foraging food from cages with another conspecific; (2) 
investigated the role(s) of glutamate and dopamine recep-
tors in modulating mimetic desire in the decision-mak-
ing process; and (3) uncovered various neural substrates 
associated with food-foraging decision-making in the 
social setting. Our multi-perspective approach allowed 
for a greater understanding of animal social decision-
making because it included a variety of food-foraging 
tasks, in combination with pharmacological manipula-
tion, that compelled the animal to make different choices.

Notably, the ratio of foraged standard food pellets 
from the rat cage-residing to that of the open-field rat 
was significantly greater under Condition  2. We specu-
late that the open-field rat was able not only to interact 
with the cage rat by means of olfactory, acoustic, and 
non-contact visual cues, but also viewed the food pel-
lets from the cage-residing rat as more “likable” objects 
than those from no rat residing cage. In social perception 
and behaviours, mimetic desire, represents a special case 
of evaluative conditioning, is examined by target’s facial 
trustworthiness paradigm [32]. The vicarious observa-
tion of the outcomes of others can guide action options, 
resulting in the adoption of advantageous behavioral 
traits and adaptation to changing environments [33]. 
Interestingly, the decision for preferentially foraging food 
from a socially desirable environment was disrupted by 
manipulation of MK-801, but not SCH23390 or halop-
eridol, indicating that NMDA receptors, but not dopa-
mine receptors, are required for regulating food-foraging 
decision-making processes within the social context. 
In our previous study, treatment with MK-801 reduced 
competitive food foraging, but did not affect the food for-
aging behavior in non-competitive and no-hurdle food 
foraging tests, suggesting that the NMDA receptor may 
be involved in regulating competitive activity [10]. The 
residing rat in the small home cage can interact with the 
test rat, which was defined as a potential competitor and 
sought to forage food from the wire mesh under Condi-
tion 2. We presume that the observed decrease in the 
amount of foraged food in a socially competitive envi-
ronment after MK-801 administration (i.e., 0.1, 0.15, or 
0.2  mg/kg) could have been due to blockade of NMDA 

receptor, resulting in disruption of competitive activ-
ity and disrupting the modulation dynamics of a socially 
competitive environment on food foraging decision mak-
ing. We observed that 0.02 and 0.05  mg/kg haloperidol 
treatment decreased the total amount of foraged food, 
which is consistent with our prior observation of a dra-
matic decrease in foraged food by rats after higher-dose 
haloperidol (0.1 mg/kg) in the competitive, non-compet-
itive, and no-hurdle food foraging tests [10]. A limitation 
of the current research is that we have not delineated the 
precise mechanism by which the glutamatergic system 
influences the process. In this regard, it is interesting to 
note that glutamate in the perigenual ACC plays a vital 
role in regulating impulsiveness and risk probability dur-
ing decision-making in the Cambridge Gambling Task 
[34]. Frye et al. showed that glutamate levels in the ante-
rior cingulate/medial prefrontal cortex  was significantly 
elevated in bipolar depressed subjects with maladaptive 
decision making behavior relative to that in healthy con-
trols [35]. Hoerst et  al. observed a correlation between 
glutamate concentrations in the dorsal anterior cingu-
late cortex and impulsive decision making [36]. Based on 
these findings, we infer that the activity of glutamatergic 
synapses in the ACC may underlie the observed phe-
nomenon. Moreover, the hippocampus and amygdala are 
important for decision making, asides from their roles in 
memory encoding and retrieval [37, 38]. Further stud-
ies are necessary to determine the brain regions that are 
involved in food foraging decision-making strategies.

It is well known that many rodents (including rats) have 
an inherent preference for sweet foods. Standard food 
represents a low-value reward, whereas sweet food is a 
high-value reward. In our experiments, rats selected the 
sweet reward as the optimal choice. In addition, foraged 
sweet-food pellets were significantly increased compared 
to standard food pellets under Condition 3, a finding that 
is consistent with the fact that rats preferred choosing 
a high-value reward [39]. Manipulations with MK-801, 
SCH23390, and haloperidol had no effects on foraging 
decision in the presence of high-value foods, indicating 
that neither NMDA nor dopamine receptors are involved 
in modulating value-based decision-making under Con-
dition 3. These results differ from those of previous stud-
ies, in which it was reported that dopamine receptors 
are able to modulate effort-related cost-benefit decision-
making in T-maze performance and lever-pressing/feed-
ing choice tasks [26, 40–42]. We posit that the differential 
results may be due, at least in part, to drugs having diver-
gent effects in different paradigms. Although we did not 
find evidence of NMDA and dopamine receptors-medi-
ated effects on decision-making, the existence of multi-
ple diverse evaluation circuits in the brain for numerous 
behavioral strategies cannot be ruled out.
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In contrast to the simple scenarios under Conditions 2 
and 3, when both high-value food and standard desira-
ble food were presented in the presence of a conspecific 
under Condition  4, the ratio of foraged standard food 
pellets in the rat- residing cage did not differ significantly 
from that of foraged sweet food in the no-conspecific 
cage. It is reasonable to suppose that there are at least 
two types of food-foraging decision-making pathways: 
social-based and value-based [43–45]. Rats traded the 
preferences of both scenarios and foraged equal amounts 
of food from both cages. Rats not only made choices for 
high-value food and a socially desirable environment, but 
also balanced contextual differences between high-value 
food and the socially desirable scenario. This circum-
stance is similar to social context alterations and other 
multiple contextual factors that are able to modulate both 
behaviors and signals in task-relevant neural networks 
[46]. Both MK-801 and SCH23390 disrupted the ability 
for balancing the preference for foraging high-value food 
over food from a socially desirable environment, sug-
gesting that NMDA receptors are able to modulate deci-
sion-making vis-à-vis high-value rewards and socially 
desirable contexts. We speculate that D1 receptors play 
roles in modulating the influence of complex (Condi-
tion  4), but not simple (Condition  2), social dynamics 
on food-foraging decisions. Moreover, there was no sig-
nificant difference between foraged sweet-food pellets 
and standard food pellets after haloperidol treatment 
(Condition 4) compared with SCH23390 treatment. This 
is explained by previous findings, i.e., that D1 and D2 
receptors, each with distinct pharmacological profiles, 
play dissociable roles in the reinforcement of learning 
underlying decision-making [47].

Entrainment to food regulated by a food-entrainable 
oscillator  (FEO) with circadian properties can mediate 
food-anticipatory activity in mammals that is charac-
terized by a daily increase in locomotor activity before 
mealtime when food availability is restricted to a par-
ticular time each day. FEOs driving anticipatory rhythms 
are embedded in hypothalamic circuits responsible for 
the homeostatic regulation of eating and metabolism 
[48]. Feeding behavior is thought to be under the con-
trol of circulating hormones, including ghrelin, gluca-
gon-like peptide-I, leptin, insulin, as well as central 
factors, such as neuropeptide Y and agouti-related pro-
tein (AgRP), which have been shown to be altered before 
meal times in a manner that parallels increases in food 
anticipatory activity [49–54]. These appetite-related 
factors (i.e. ghrelin, leptin, AgRP and neuropeptide Y) 
have been reported to moderate overeating/obesity, 
affecting the anticipation, consumption, and acquisi-
tion of food [55]. Indeed, studies have suggested that 

ghrelin and glucagon-like peptide-I may mediate gut-
brain crosstalk and may be involved in the generation 
of food anticipatory activity, which precedes food forag-
ing [54, 56]. In studies examining the overlapping neu-
ral circuitry active in behaviors related to consumption 
of drugs of abuse and food addiction (excess intake of 
palatable foods), endocrine signals have been shown to 
have effects on dopaminergic function in the mesolimbic 
circuitry, which has involved in the motivation for drug 
intake and food [57]. Dagher et  al. found that circulat-
ing peptides are detected by the appetitive network cent-
ers around four interconnected brain regions including 
insula, amygdala, striatum and orbitofrontal cortex [58]. 
In the light of the evidence indicating that food anticipa-
tory activity can modulate food foraging strategies, fur-
ther work should be conducted to delineate the roles of 
FEOs, neuroendocrine hormones, and gut hormones on 
food foraging decision making, particularly in a socially 
competitive environment.

Conclusion
While NMDA receptors play essential roles in decision-
making in both social- and value-settings, it is likely that 
complex neurotransmitters also play roles in influenc-
ing decision-making processes in social contexts. In our 
study, we made use of an animal model to examine the 
significance of mimetic desire on decision-making. It is 
our hope that future studies will: (i) provide information 
on the brain area networks/circuits involved in these pro-
cesses, such as the ACC, ventromedial prefrontal cor-
tex, medial prefrontal cortex, orbitofrontal cortex, and 
nucleus accumbens; and (ii) assess potential therapeutic 
interventions. Such gains in knowledge could revolu-
tionize the diagnosis and treatment of neurological and 
psychiatric patients with pathological social decision-
making difficulties.

Authors’ contributions
FL performed the behavioral procedures and drafted the manuscript. WYC, 
FLH and WJK performed the pharmacological manipulations. XLZ, ZLH, HTW 
and JZ were involved in collecting data and undertook the statistical analyses. 
JYZ, RPD and XFZ helped to conceive of the study and edit the manuscript. 
The corresponding author CQL designed the study and provided funds. All 
authors contributed to the study. All authors read and approved the final 
manuscript.

Author details
1 Department of Anatomy and Neurobiology, School of Basic Medical Science, 
Central South University, Tongzipo Road 172, Changsha 410013, Hunan, China. 
2 Department of Anesthesia, the Second XiangYa Hospital, Central South 
University, Ren‑Min Road 86, Changsha, Hunan, China. 3 School of Phar‑
macy and Medical Sciences, Sansom Institute, University of South Australia, 
Adelaide, SA, Australia. 

Acknowledgements
This study was supported by National Natural Science Foundation of China 
(Grant No: 31171151 and 31371212 to C‑Q L, Grant No: 81471372 to F L) and 
China Postdoctoral Science Foundation (Grant No: 2015M580703) to F L.



Page 8 of 9Li et al. BMC Neurosci  (2016) 17:3 

Competing interests
The author(s) declare that no financial support or compensation has been 
received from any individual or corporate entity over the past 3 years for 
research or professional service and there are no personal financial holdings 
that could be perceived as constituting a potential conflict of interest. The 
authors declare that they have no competing interests.

Received: 12 February 2015   Accepted: 8 December 2015

References
 1. Westneat DF, Walters A, McCarthy TM, Hatch MI, Hein WK. Alterna‑

tive mechanisms of nonindependent mate choice. Anim Behav. 
2000;59(3):467–76.

 2. Robinson EJ, Feinerman O, Franks NR. Experience, corpulence and deci‑
sion making in ant foraging. J Exp Biol. 2012;215(Pt 15):2653–9.

 3. Seo H, Lee D. Neural basis of learning and preference during social 
decision‑making. Curr Opin Neurobiol. 2012;22(6):990–5.

 4. Lee VK, Harris LT. How social cognition can inform social decision making. 
Front Neurosci. 2013;7:259.

 5. Lebreton M, Kawa S, d’Arc BF, Daunizeau J, Pessiglione M. Your goal 
is mine: unraveling mimetic desires in the human brain. J Neurosci. 
2012;32(21):7146–57.

 6. Toth AL, Kantarovich S, Meisel AF, Robinson GE. Nutritional status influ‑
ences socially regulated foraging ontogeny in honey bees. J Exp Biol. 
2005;208(Pt 24):4641–9.

 7. Katsnelson E, Motro U, Feldman MW, Lotem A. Individual‑learning 
ability predicts social‑foraging strategy in house sparrows. Proc Biol Sci. 
2011;278(1705):582–9.

 8. Milward K, Busch KE, Murphy RJ, de Bono M, Olofsson B. Neuronal and 
molecular substrates for optimal foraging in Caenorhabditis elegans. Proc 
Natl Acad Sci USA. 2011;108(51):20672–7.

 9. Marshall HH, Carter AJ, Coulson T, Rowcliffe JM, Cowlishaw G. Exploring 
foraging decisions in a social primate using discrete‑choice models. Am 
Nat. 2012;180(4):481–95.

 10. Li F, Cao WY, Li MB, Xu Y, Zhang JW, Zhang JY, Luo XG, Dai RP, Zhou XF, Li 
CQ. A simple method for detection of food foraging behavior in the rat: 
involvement of NMDA and dopamine receptors in the behavior. Neuro‑
science. 2012;205:73–80.

 11. Yang CR, Zhang ZG, Bai YY, Zhou HF, Zhou L, Ruan CS, Li F, Li CQ, Zheng 
HY, Shen LJ, et al. Foraging Activity is Reduced in a Mouse Model of 
Depression. Neurotox Res. 2013;25(3):235–47.

 12. Li F, Li M, Cao W, Xu Y, Luo Y, Zhong X, Zhang J, Dai R, Zhou XF, Li Z, et al. 
Anterior cingulate cortical lesion attenuates food foraging in rats. Brain 
Res Bull. 2012;88(6):602–8.

 13. Meyniel F, Sergent C, Rigoux L, Daunizeau J, Pessiglione M. Neurocompu‑
tational account of how the human brain decides when to have a break. 
Proc Natl Acad Sci USA. 2013;110(7):2641–6.

 14. Hunt LT, Kolling N, Soltani A, Woolrich MW, Rushworth MF, Behrens TE. 
Mechanisms underlying cortical activity during value‑guided choice. Nat 
Neurosci. 2012;15(3):470–6 (S1–3).

 15. Chau BK, Kolling N, Hunt LT, Walton ME, Rushworth MF. A neural mecha‑
nism underlying failure of optimal choice with multiple alternatives. Nat 
Neurosci. 2014;17(3):463–70.

 16. Kolling N, Wittmann M, Rushworth MF. Multiple neural mechanisms of 
decision making and their competition under changing risk pressure. 
Neuron. 2014;81(5):1190–202.

 17. Kolling N, Behrens TE, Mars RB, Rushworth MF. Neural mechanisms of 
foraging. Science. 2012;336(6077):95–8.

 18. Salamone JD, Correa M, Nunes EJ, Randall PA, Pardo M. The behavioral 
pharmacology of effort‑related choice behavior: dopamine, adenosine 
and beyond. J Exp Anal Behav. 2012;97(1):125–46.

 19. Baarendse PJ, Winstanley CA, Vanderschuren LJ. Simultaneous blockade 
of dopamine and noradrenaline reuptake promotes disadvanta‑
geous decision making in a rat gambling task. Psychopharmacology. 
2013;225(3):719–31.

 20. Tai LH, Lee AM, Benavidez N, Bonci A, Wilbrecht L. Transient stimulation 
of distinct subpopulations of striatal neurons mimics changes in action 
value. Nat Neurosci. 2012;15(9):1281–9.

 21. Pasquereau B, Turner RS. Limited encoding of effort by dopamine neu‑
rons in a cost‑benefit trade‑off task. J Neurosci. 2013;33(19):8288–300.

 22. Floresco SB, Tse MT, Ghods‑Sharifi S. Dopaminergic and glutamatergic 
regulation of effort‑ and delay‑based decision making. Neuropsychop‑
harmacology. 2008;33(8):1966–79.

 23. Wang M, Wong AH, Liu F. Interactions between NMDA and dopamine 
receptors: a potential therapeutic target. Brain Res. 2012;1476:154–63.

 24. Ness V, Arning L, Niesert HE, Stuttgen MC, Epplen JT, Beste C. Variations in 
the GRIN2B gene are associated with risky decision‑making. Neurophar‑
macology. 2011;61(5–6):950–6.

 25. Cottone P, Iemolo A, Narayan AR, Kwak J, Momaney D, Sabino V. The 
uncompetitive NMDA receptor antagonists ketamine and memantine 
preferentially increase the choice for a small, immediate reward in low‑
impulsive rats. Psychopharmacology. 2013;226(1):127–38.

 26. Bardgett ME, Depenbrock M, Downs N, Points M, Green L. Dopamine 
modulates effort‑based decision making in rats. Behav Neurosci. 
2009;123(2):242–51.

 27. Bardgett ME, Points M, Roflow J, Blankenship M, Griffith MS. Effects of 
the H(3) antagonist, thioperamide, on behavioral alterations induced 
by systemic MK‑801 administration in rats. Psychopharmacology. 
2009;205(4):589–97.

 28. Huang AC, Shyu BC, Hsiao S. Dose‑dependent dissociable effects of halo‑
peridol on locomotion, appetitive responses, and consummatory behav‑
ior in water‑deprived rats. Pharmacol Biochem Behav. 2010;95(3):285–91.

 29. Morales M, Spear LP. The effects of an acute challenge with the 
NMDA receptor antagonists, MK‑801, PEAQX, and ifenprodil, on social 
inhibition in adolescent and adult male rats. Psychopharmacology. 
2014;231(8):1797–807.

 30. Morales M, Varlinskaya EI, Spear LP. Low doses of the NMDA receptor 
antagonists, MK‑801, PEAQX, and ifenprodil, induces social facilitation in 
adolescent male rats. Behav Brain Res. 2013;250:18–22.

 31. Chartrand TL, Lakin JL. The antecedents and conse‑
quences of human behavioral mimicry. Annu Rev Psychol. 
2013;64:285–308.

 32. Treinen E, Corneille O, Luypaert G. L‑eye to me: the combined role of 
need for cognition and trustworthiness in mimetic desires. Cognition. 
2012;122(2):247–51.

 33. Rendell L, Fogarty L, Hoppitt WJ, Morgan TJ, Webster MM, Laland KN. 
Cognitive culture: theoretical and empirical insights into social learning 
strategies. Trends Cogn Sci. 2011;15(2):68–76.

 34. Fujihara K, Narita K, Suzuki Y, Takei Y, Suda M, Tagawa M, Ujita K, Sakai Y, 
Narumoto J, Near J, et al. Relationship of gamma‑aminobutyric acid and 
glutamate + glutamine concentrations in the perigenual anterior cingu‑
late cortex with performance of Cambridge gambling task. NeuroImage. 
2015;109:102–8.

 35. Frye MA, Watzl J, Banakar S, O’Neill J, Mintz J, Davanzo P, Fischer J, 
Chirichigno JW, Ventura J, Elman S, et al. Increased anterior cingulate/
medial prefrontal cortical glutamate and creatine in bipolar depression. 
Neuropsychopharmacology. 2007;32(12):2490–9.

 36. Hoerst M, Weber‑Fahr W, Tunc‑Skarka N, Ruf M, Bohus M, Schmahl C, Ende 
G. Correlation of glutamate levels in the anterior cingulate cortex with 
self‑reported impulsivity in patients with borderline personality disorder 
and healthy controls. Arch Gen Psychiatry. 2010;67(9):946–54.

 37. Yu JY, Frank LM. Hippocampal‑cortical interaction in decision making. 
Neurobiol Learn Mem. 2015;117:34–41.

 38. Lopez‑Ramos JC, Guerra‑Narbona R, Delgado‑Garcia JM. Different forms 
of decision‑making involve changes in the synaptic strength of the 
thalamic, hippocampal, and amygdalar afferents to the medial prefrontal 
cortex. Front Behav Neurosci. 2015;9:7.

 39. Kim H, Sul JH, Huh N, Lee D, Jung MW. Role of striatum in updating values 
of chosen actions. J Neurosci. 2009;29(47):14701–12.

 40. Jones‑Cage C, Stratford TR, Wirtshafter D. Differential effects of 
the adenosine A(2)A agonist CGS‑21680 and haloperidol on food‑
reinforced fixed ratio responding in the rat. Psychopharmacology. 
2012;220(1):205–13.

 41. Mai B, Sommer S, Hauber W. Motivational states influence effort‑based 
decision making in rats: the role of dopamine in the nucleus accumbens. 
Cogn Affect Behav Neurosci. 2012;12(1):74–84.

 42. Randall PA, Pardo M, Nunes EJ, Lopez Cruz L, Vemuri VK, Makriyannis A, 
Baqi Y, Muller CE, Correa M, Salamone JD. Dopaminergic modulation of 
effort‑related choice behavior as assessed by a progressive ratio chow 



Page 9 of 9Li et al. BMC Neurosci  (2016) 17:3 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

feeding choice task: pharmacological studies and the role of individual 
differences. PLoS One. 2012;7(10):e47934.

 43. Rangel A, Camerer C, Montague PR. A framework for studying the 
neurobiology of value‑based decision making. Nat Rev Neurosci. 
2008;9(7):545–56.

 44. Rilling JK, King‑Casas B, Sanfey AG. The neurobiology of social decision‑
making. Curr Opin Neurobiol. 2008;18(2):159–65.

 45. Payzan‑LeNestour E, Dunne S, Bossaerts P, O’Doherty JP. The neural 
representation of unexpected uncertainty during value‑based decision 
making. Neuron. 2013;79(1):191–201.

 46. Engelmann JB, Hein G. Contextual and social influences on valuation and 
choice. Prog Brain Res. 2013;202:215–37.

 47. Frank MJ, Hutchison K. Genetic contributions to avoidance‑based 
decisions: striatal D2 receptor polymorphisms. Neuroscience. 
2009;164(1):131–40.

 48. Patton DF, Mistlberger RE. Circadian adaptations to meal timing: neuroen‑
docrine mechanisms. Front Neurosci. 2013;7:185.

 49. Girardet C, Mavrikaki M, Southern MR, Smith RG, Butler AA. Assess‑
ing interactions between Ghsr and Mc3r reveals a role for AgRP in the 
expression of food anticipatory activity in male mice. Endocrinology. 
2014;155(12):4843–55.

 50. Keen‑Rhinehart E, Bartness TJ. Peripheral ghrelin injections stimulate food 
intake, foraging, and food hoarding in Siberian hamsters. Am J Physiol 
Regul Integr Comp Physiol. 2005;288(3):R716–22.

 51. Sandoval DA, Davis SN. Leptin: metabolic control and regulation. J Diabe‑
tes Complicat. 2003;17(2):108–13.

 52. Chambers AP, Woods SC. The role of neuropeptide Y in energy homeosta‑
sis. Handb Exp Pharmacol. 2012;209:23–45.

 53. Kanoski SE, Fortin SM, Ricks KM, Grill HJ. Ghrelin signaling in the ventral 
hippocampus stimulates learned and motivational aspects of feeding via 
PI3K‑Akt signaling. Biol Psychiatry. 2013;73(9):915–23.

 54. Dailey MJ, Stingl KC, Moran TH. Disassociation between preprandial 
gut peptide release and food‑anticipatory activity. Endocrinology. 
2012;153(1):132–42.

 55. Keen‑Rhinehart E, Ondek K, Schneider JE. Neuroendocrine regulation of 
appetitive ingestive behavior. Front Neurosci. 2013;7:213.

 56. LeSauter J, Hoque N, Weintraub M, Pfaff DW, Silver R. Stomach ghrelin‑
secreting cells as food‑entrainable circadian clocks. Proc Natl Acad Sci 
USA. 2009;106(32):13582–7.

 57. Stice E, Figlewicz DP, Gosnell BA, Levine AS, Pratt WE. The contribution 
of brain reward circuits to the obesity epidemic. Neurosci Biobehav Rev. 
2013;37(9 Pt A):2047–58.

 58. Dagher A. Functional brain imaging of appetite. Trends Endocrinol 
Metab. 2012;23(5):250–60.


	Roles of NMDA and dopamine in food-foraging decision-making strategies of rats in the social setting
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Behavioral procedures
	Condition 1
	Condition 2
	Condition 3
	Condition 4

	Effects of social information on food-foraging decision-making after pharmacological manipulations
	Statistical analyses

	Results
	Social influence on food-foraging decision-making
	NMDA and DA antagonists in modulating food-foraging decision-making

	Discussion
	Conclusion
	Authors’ contributions
	References




