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Separate groups of food-deprived rats were given 2-hr access to food after receiving bilateral 

nucleus accumbens infusions of the muscarinic antagonist scopolamine methyl bromide (at 0, 1.0, 

and 10.0 micrograms/side), the M2-preferring agonist oxotremorine sesquifumarate (Oxo-S; at 0, 

1.0, or 10.0 micrograms/side) or the M2 antagonist AFDX-116 (at 0, 0.2, or 1.0 

micrograms/side).  Injections of scopolamine or Oxo-S, but not AFDX-116, reduced food 

consumption across the two hours.  These experiments confirm a critical role for Acb 

acetylcholine in promoting food ingestion, and suggest that decreased acetylcholine tone at post-

synaptic muscarinic receptors disrupts normal consummatory behavior. 

 

Keywords: Nucleus accumbens; acetylcholine; muscarinic receptors; feeding; food intake; 

scopolamine; AFDX-116; oxotremorine sesquifumarate.
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 The nucleus accumbens (Acb) is known for its role in coordinating goal-directed 

behaviors, including those aimed at acquiring natural (i.e., food) and drug reinforcement.  

Separate neurotransmitter systems within the Acb serve complementary but distinct roles to 

coordinate the appetitive and consummatory phases of goal acquisition.  For instance, intra-Acb 

injections of dopaminergic agonists influence effort and incentive motivation directed toward 

food-associated cues in rats, while having limited effects on free-feeding.  In contrast, Acb 

opioid receptor stimulation increases food ingestion, particularly on palatable diets, but does not 

increase lever-pressing for conditioned cues associated with food delivery [3, 12, 25].   

The Acb regulates motivated behavior via projections from its medium spiny neurons to 

other structures within basal ganglia motor pathways.   These neurons integrate inputs from 

extrastriatal limbic regions, but are also heavily influenced by acetylcholine output from striatal 

giant aspiny interneurons.  Acetylcholine modulates striatal function via its actions on 

muscarinic and nicotinic receptors on striatal neurons and incoming axons from the cortex, 

thalamus, and tegmentum [28].  Recent research suggests that Acb acetylcholine plays an 

important role in learning and motivational processes.  For instance, striatal cholinergic neurons 

respond to primary rewards and cues that predict them [1].  Rats self-administer acetylcholine 

agonists directly into the Acb [9], and selective lesions of Acb cholinergic interneurons alter 

food intake patterns and impair learning directed toward food reinforcement [6, 13].  

Furthermore, antagonism of Acb muscarinic receptors with scopolamine methyl bromide impairs 

learning and performance of a lever-pressing task in the rat, reduces progressive ratio breakpoint 

for obtaining sucrose reinforcement, lessens 15-min sucrose intake in hungry animals, and 

diminishes feeding on rat chow over a 24-hour period [19, 20].  Acb muscarinic receptor 
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antagonism also decreases the ingestion of palatable diets that is induced by Acb opioid mu 

receptor activation [26].   

Although Acb muscarinic receptors appear to serve a critical role in coordinating food-

directed behavior, it is not yet clear what the specific mechanisms are for these behavioral effects.  

Global muscarinic receptor antagonism of the Acb with scopolamine may serve to reduce 

feeding behavior and food motivation by blocking post-synaptic muscarinic signaling on axonal 

processes within the striatum and the cell bodies of medium spiny neurons.  This would be 

consistent with prior research suggesting that increased Acb acetylcholine receptor activation (or 

“tone”) is rewarding, and that acetylcholine is necessary for food-reinforced learning and normal 

food intake (see above).  Alternatively, the effects of scopolamine infusions into the Acb may be 

mediated by antagonizing acetylcholine autoreceptors, causing a corresponding increase in Acb 

acetylcholine outflow that has been argued to be fundamental for initiating satiety mechanisms.  

This would be consistent with reports by Hoebel and colleagues, who have demonstrated that 

Acb acetylcholine rises during the course of a meal, peaking as rats begin to reduce their rate of 

feeding [15].   

 Of the five different muscarinic subtypes, both the M2 and M4 receptor have been argued 

to function as autoreceptors [4, 27].  Microdialysis studies have shown that M2 receptor 

stimulation reduces cholinergic levels in both cortex and striatum, while M2 receptor antagonism 

increases acetylcholine outflow [4, 23, 24].  These experiments were designed to characterize the 

time course of the acute food intake deficit of rats with Acb muscarinic receptor antagonism, and 

test whether the known behavioral effects of global muscarinic receptor blockade of the Acb core 

could be replicated by antagonism or stimulation of the muscarinic M2 receptor subtype.  If the 

effects of intra-Acb scopolamine on food motivation are predominantly due to increases in 
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acetylcholine outflow, then M2-specific antagonism with AFDX-116 (at drug doses that have 

been shown to increase acetylcholine levels in brain) should lead to a similar feeding reduction.  

Alternatively, if scopolamine’s effects are the result of diminished cholinergic tone on post-

synaptic sites, stimulation of the M2 autoreceptor (with oxotremorine sesquifumarate) should 

cause decreased food intake. 

All experiments were conducted in accordance to NIH animal care guidelines and were 

approved by the Wake Forest University Animal Care and Use Committee.  30 adult male 

Sprague-Dawley rats (Harlan, Madison, WI) were acclimated to dual housing in a colony room 

maintained at ~21 °C with a 12-hr light–dark cycle (lights on at 7 a.m.).  Standard aseptic 

procedures were used to implant indwelling stainless steel guide cannulas (23 gauge) bilaterally 

above the Acb core (flat skull; 1.3 mm anterior and 1.7 mm lateral to bregma, 5.0 mm ventral to 

skull surface), as described previously [19].  After one week of recovery, rats were food 

restricted and gradually reduced to approximately 90% of their ad libitum body weight.  Water 

was available at all times.  

 Feeding chambers were constructed from clear acrylic, with internal dimensions of 42 cm 

wide, 30.5 cm deep and 33 cm tall.  A water bottle was hung at one end of the chamber, and a 

food intake monitor (Med Associates, St. Albans, VT) was filled with standard rat chow at the 

opposite end (head entry at 6.4 cm above the wire floor).  Infra-red eyebeams were located along 

the floor at three locations (5 cm above the wire floor) to measure ambulation; four additional IR 

beams were placed at a height of 16 cm above the floor to index rearing behavior.  IR beam 

interruption (including at a sensor at the entry to the food intake monitor) was continually 

recorded by Med-PC software (Med Associates, St. Albans, VT).  The weights of the food 
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monitors were recorded at 10-sec intervals throughout each feeding session.  A speaker 

maintained an ambient level of white noise at 65 dB in the experimental room. 

 Rats received six days of habituation to the feeding chambers prior to pharmacological 

treatments.  Each session consisted of 2 hours of free access to rat chow and water.  On the final 

two days of habituation, rats received mock infusions to allow acclimation to microinfusion 

procedures, as previously described [26].  Experimental treatments began 48 hrs after the last 

mock infusion.  During vehicle and drug infusions, injection cannulas (30 gauge) were lowered 

into the Acb and 0.5 l of solution was delivered (at a rate of 0.32 l per minute) by a Harvard 

Apparatus (Holliston, MA) microinfusion pump.  Injectors remained in place for one minute to 

allow for diffusion, and rats were then immediately placed in the feeding chambers.  Dependent 

measures included the amount of chow eaten over the 2-hr period, the number of approaches to 

the food chamber, ambulation within the chamber (assessed as the number of complete crossings 

of the chamber from end to end), number of rears recorded, and total water intake during the 

feeding session.   Feeding data was analyzed utilizing two-way repeated measures ANOVAs, 

comparing food intake assessed across time (at 5-min intervals within each 2-hr session) and 

drug doses.  Locomotion, water intake, and head entry measures were analyzed with one-way 

repeated measures ANOVAs with drug dose as the independent variable; Bonferroni-corrected 

paired t-tests were conducted as post-hoc analysis when appropriate, comparing drug doses with 

behavior on vehicle days. 

Three groups of rats (N = 10 per group) were used in these experiments.  Each group 

received three bilateral Acb infusions of the muscarinic receptor antagonist scopolamine methyl 

bromide (at 0, 1.0, and 10.0 micrograms/0.5 microliter/side), the M2 receptor antagonist AFDX-

116 (at 0, 0.2, and 1.0 micrograms/side), or the M2 preferential agonist oxotremorine 
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sesquifumarate (Oxo-S, at 0, 1.0, and 10.0 micrograms/side).  Scopolamine and Oxo-S were 

mixed in 0.9% sterile saline; AFDX-116 was dissolved into 0.1% DMSO in saline.  Oxo-S drug 

solutions were Ph-balanced to the saline vehicle.  Drug doses were at or above those previously 

shown to be physiologically effective [4, 19, 22-24].  Each rat received all three doses of drug 

within its drug group (scopolamine, Oxo-S, or AFDX-116), the order of which was randomly 

determined for each animal.  Experimental treatments were separated by at least 48 hours.  Two 

scopolamine and three AFDX animals were omitted from analysis due to misplacement of 

cannulas, necrosis surrounding the infusion site, or equipment failure. 

  The results from the scopolamine group confirm and expand upon previous reports 

examining the effects of muscarinic receptor blockade on feeding behavior.  As shown in Figure 

1, broad acetylcholine muscarinic receptor antagonism of the Acb dose-dependently reduced 

feeding in food-deprived animals across the 2-hour experimental session (drug effect: F2,14 = 

3.38, p = .006; drug x time interaction: F46,322 = 1.5, p = .025).  This reduction of food intake was 

accompanied by a corresponding decrease in drinking, with total water consumption reduced 

significantly on days that rats received scopolamine treatment (F2,14 = 21.554, p < .001).  

Reduced feeding was not likely the result of rats avoiding the food or being unable to visit the 

food intake chamber, as 1.0 microgram of scopolamine did not alter locomotion but did cause a 

significant decrease in feeding behavior.  Additionally, although the high drug dose significantly 

increased rearing behavior (F2,14 = 8.86, p = .003) and ambulation across the chamber (F2,14 = 

22.8, p < .001), the rats also dose-dependently increased the number of approaches to the food, 

as measured by head entries into the food intake monitor (F2,14 = 13.8, p < .001; see figure 1).  

Thus, muscarinic receptor blockade preserved food-seeking behavior, but reduced overall 

ingestion. 
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 M2 receptor inactivation did not cause the same reduction of consummatory activity that 

follows antagonism of all muscarinic receptor subtypes with scopolamine.  Infusions of AFDX-

116, at concentrations equal to or higher than those shown to promote acetylcholine output in 

cortex and striatum [4, 23, 24], did not affect food intake when injected into the Acb (drug effect: 

F2.10 = 0.43, p = .66; drug x time interaction: F46,230 = .71, p = .92; see Figure 2).  Additionally, 

there was no effect of M2 receptor antagonism on ambulation (F2,12 = 1.48, p = .27), rearing 

(F2,12 = 0.09, p = .91), water intake (F2,12 = 1.18, p = .34), or the number of approaches made to 

the feeding chamber (F2,12 = 1.73, p = .22).   

 Rats treated with the high dose of Oxo-S, a preferential M2 receptor agonist, significantly 

reduced food consumption across the 2-hr feeding session (see Figure 3).  Intra-Acb Oxo-S 

treatment resulted in a significant drug effect (F2,18 = 35.06, p < .001) and drug x time interaction 

effect (F46,414 = 8.63, p < .001) on food intake.  As with scopolamine, this reduction was 

accompanied by a decrease in drinking; total water consumption was significantly smaller on 

days that rats received the high dose of the drug (F2,18 = 13.41, p < .001).  Unlike the locomotor 

increases observed with scopolamine, Oxo-S treatment caused an overall decrease in rearing 

(F2,18 = 7.13, p = .005) and ambulation across the chamber (F2,18 = 4.73, p = .022).  However, 

reduced locomotor output did not lead to a parallel decrease in the approaches to the food intake 

monitor (F2,18 = 0.57, p = .57).  Thus, similar to global muscarinic blockade with scopolamine, 

Oxo-S treatment of the Acb reduced food consumption without affecting food approaches. 

 Altogether, these experiments confirm a critical role for Acb acetylcholine in regulating 

ingestive behaviors.  Intra-accumbens injections of both scopolamine, which antagonizes 

muscarinic receptors, and Oxo-S, which stimulates the M2 autoreceptor and lowers striatal 

cholinergic outflow [17, 23], reduced feeding within the experimental chambers in a time- and 
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dose-dependent manner.  AFDX-116, at doses previously shown to increase brain acetylcholine 

output [4, 23], did not affect food intake in this paradigm.  These data suggest that intra-Acb 

scopolamine blocks feeding by decreasing, rather than increasing, acetylcholine tone within 

ventral striatal feeding circuitry.   

 Interestingly, these data also provide an explanation for an apparent discrepancy between 

results derived from behavioral pharmacological work and that which has been observed 

utilizing microdialysis in feeding rats.  As noted above, Hoebel and colleagues have shown that 

Acb acetylcholine rises during meal ingestion, reaching a peak as rats slow their food intake [15].  

Furthermore, subsequent work has shown that Acb acetylcholine levels do not rise in sham-fed 

rats (that are presumably not sated), and hypothalamic manipulations that reduce feeding also 

promote Acb acetylcholine release [2, 8]. The authors have suggested that a rise in ventral 

striatum acetylcholine may serve as a defining marker for behavioral satiety.  Thus, it could be 

argued that reduced activity at post-synaptic acetylcholine receptors in the Acb might block 

satiety and therefore increase, rather than reduce, overall feeding.  The current data do not 

support this prediction, but neither do they suggest that muscarinic receptor blockade impacts 

feeding due to enhancing satiety mechanisms.  Although we did not specifically measure the 

behaviorally-defined satiety sequence as others have done [7], one would expect that any 

manipulation that advanced satiety would cause a normal pattern of food intake followed by a 

drug-dependent early cessation of feeding.  Furthermore, treated rats should approach the feeding 

chamber fewer times during the session, as food-approach behavior would be replaced by 

behaviors that are characteristic of satiety (e.g., grooming, resting).  Neither scopolamine nor 

Oxo-S treatment reduced entries to the food intake monitor (see Figs 1 and 3), nor did the drug-

induced feeding patterns demonstrate normal food intake early in the session followed by an 



Nucleus accumbens acetylcholine and feeding 

10 

 

early cessation.  Thus, although heightened Acb acetylcholine outflow may be a characteristic 

physiological feature of satiety, reductions of the normally high cholinergic tone on Acb 

muscarinic receptors (caused by scopolamine or Oxo-S) disrupts feeding at some point prior to 

satiety onset. 

Despite the similar patterns of feeding results, the behavioral profiles of scopolamine and 

Oxo-S were not identical; Acb scopolamine infusions increased ambulatory and rearing 

behaviors while Oxo-S decreased locomotor behavior.  Although the affinity of Oxo-S is highest 

at the M2 receptor, its actions are preferential, rather than selective [5].  It is possible that the 

doses utilized here caused some activation at other muscarinic receptor subtypes, which may 

have affected motor output and reduced food motivation.  Alternatively, reduced Ach influence 

on dopamine-enhancing nicotinic receptors may explain the locomotor inhibition.  In either case, 

the current food intake reduction following Oxo-S treatment is most plausibly explained by 

decreased muscarinic receptor activation at post-synaptic sites within the Acb, as it has been 

previously shown that direct stimulation of Acb cholinergic receptors (with an 

Ach/physostigmine cocktail) has no effect upon rats’ feeding on a palatable diet [26].   This is 

consistent with the results of the current study, as M2 receptor antagonism with AFDX-116 (at 

doses known to increase brain Ach concentrations), also did not affect ingestion in hungry rats.  

Together, these data suggest that although reduced Acb muscarinic receptor tone decreases 

feeding, enhanced Acb acetylcholine receptor activation does not cause a corresponding increase 

in food intake.  

The current experiments specifically targeted the nucleus accumbens core, to be 

consistent with much of our previous work examining the role of Acb acetylcholine on food-

motivated behavior [19-21, 26].  The Acb is divided into both core and shell subregions based 
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upon anatomical connectivity and cellular morphology, and there is substantial evidence that the 

two areas serve distinct roles in directing appetitive behaviors [10, 16].  However, muscarinic 

receptor blockade of either the shell or the core of the Acb cause comparable reductions in 

instrumental learning and responding for sucrose reinforcement, and scopolamine injections into 

both regions reduce short-term (15-min) intake of freely-available sucrose [19].  It seems likely 

that muscarinic receptors of the Acb core and shell serve similar functional roles in promoting 

food-directed behavior, although additional research is needed to verify this claim. 

These current data are consistent with the hypothesis that Acb muscarinic receptor 

activity is required to direct normal consummatory behavior.  What then is the nature of the 

feeding deficit observed?  Previous experiments targeting the role of Acb glutamate, dopamine, 

opiate, and cannabinoid receptors have suggested that each plays a complementary but unique 

function in modulating the appetitive and consummatory phases of food intake [3, 12, 14].  

Dopaminergic antagonism reduces the vigilance in appetitive processes directed at cues and 

behaviors leading to the availability of food as a reinforcer, while leaving ingestion of freely-

available foods intact.  Cannabinoid and mu-opioid receptors within the Acb promote hedonic 

reactions to palatable foods, and stimulation of their receptors increase consummatory behavior 

accordingly.  In this experiment, although food consumption was reduced following M2 receptor 

stimulation with Oxo-S or muscarinic receptor antagonism with scopolamine, appetitive food-

seeking (as measured by head entries into the food intake monitor) was unchanged (for Oxo-S) 

or increased (for scopolamine).  Reduced muscarinic receptor tone may therefore selectively 

block the consummatory phase of feeding behavior, perhaps by reducing the hedonic or 

reinforcing properties of the food itself.  We have previously shown that reduced 24-hr feeding 

following scopolamine infusions into the Acb is accompanied by reduced preproenkaphalin 
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expression throughout the striatum [20], and that antagonism of muscarinic receptors reduces 

palatable diet intake that follows Acb opioid stimulation [26].  Thus, Acb cholinergic and opioid 

systems likely serve as part of an interconnected neural system that regulates the consummatory 

phase of food ingestion, possibly by modulating feeding in response to the hedonic/reinforcing 

value of the diet [11].   
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Figure Captions 

Figure 1.  Nucleus accumbens (Acb) muscarinic receptor blockade with scopolamine methyl 

bromide dose-dependently decreases intake of rat chow during a 2-hr feeding session.  Left 

panels depict the location of the injector tips and a representative photomicrograph for the rats 

included in the analysis (N = 8; adapted from [18]).  Feeding on rat chow was significantly 

reduced on days that rats received 1.0 and 10.0 micrograms/side of scopolamine injected into the 

Acb (top right panel); water intake was also reduced.  Muscarinic receptor antagonism also 

increased locomotor activity at the high dose, as assessed by ambulation across the chamber and 

rearing activity (bottom panels).  Reduced consumption was not the result of avoidance of the 

food; scopolamine dose-dependently increased approaches to the food intake monitor.  *p < 0.05, 

**p < 0.01 for drug effects;  p < .01 for drug x time interaction effect; D indicates a 

significant difference from vehicle infusion according to post-hoc tests (see text). 

Figure 2.  Antagonism of Acb M2 receptors with AFDX-116 does not affect ingestion of rat 

chow during a 2-hr feeding session.  Left panels depict the location and provide a representative 

photomicrograph of the injector tips for the animals included in the analyses (N = 7).  Neither 

food or water intake (top right panels), nor locomotor or food approach measures (bottom right 

panels) were affected by intra-accumbens AFDX-116. 

Figure 3.  Acb treatment with the M2-preferring muscarinic agonist oxotremorine sesquifumarate 

decreases rat chow intake during a 2-hr feeding session.  Left panels depict locations of injection 

and provide a representative photomicrograph for rats included in analysis (N = 10).  10 

micrograms of Oxo-S delayed feeding onset and reduced overall intake of food and water across 

the 2-hr period.  Oxo-S also significantly reduced ambulation and rearing measures, although 

food approaches were unaffected by the drug treatment.  Statistical symbols as in Fig. 1. 
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