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A B S T R A C T   

Aims: Relapse is a common characteristic of compulsive behaviors like addiction, where in-
dividuals tend to return to drug use or overeating after a period of abstinence. PFC (prefrontal 
cortex) neuronal ensembles are required for drug and food-seeking behaviors and are partially 
regulated by Norepinephrine (NE). However, the contributions of neuromodulators, such as the 
adrenergic system, in food-seeking behavior are not fully understood. 
Main methods: To investigate this, we trained male and female rats to press a lever in an operant 
chamber to obtain banana-flavored food pellets for ten days. We then administered DSP-4 (N-(2- 
chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride), a neurotoxin that diminishes norepi-
nephrine levels in the brain. The rats were kept in their home cages for ten more days before 
being returned to the operant chambers to measure food-seeking behavior. 
Key findings: Despite receiving DSP-4, the PFC neuronal ensembles measured by Fos and food- 
seeking behavior did not differ between groups, but rather sex. 
Significance: Although both NE and Fos expressing neurons are implicated in food-seeking, they do 
not seem to be involved in a cue-contextual induced re-exposure response.   

1. Introduction 

The recurrence of drug-seeking is a common characteristic of addiction, which can occur following a period of voluntary or forced 
abstinence [1,2]. This phenomenon has been observed in animal models of addiction, where stimuli present during initial substance 
use (e.g., cues) can trigger drug-seeking behavior even after a period of abstinence [3], for review see [4]. Furthermore, responding to 
palatable food such as sugar follows a similar behavioral trajectory where responses are initially low but begin to increase over days. 
After forced abstinence, responses to obtain palatable food can be reinstated by reintroducing the stimuli available during food 
conditioning [5–7]. 

Cell assemblies [8], now commonly referred to as ‘neuronal ensembles,’ are groups of coactivated neurons sparsely distributed 
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throughout the mammalian brain that are believed to be critical for cues predicting drug or food taking and seeking [9–11]. One way to 
identify these neuronal ensembles is by their expression of Fos, a protein product of the immediate-early gene Fos; Fos is found in 
highly active neurons [12] and has been studied by several researchers within the medial prefrontal cortex (mPFC) in relation to 
different phases of food-seeking behavior [9,13–15]. For example, exposure to cues predicting food delivery induces Fos mRNA in 
multiple cortical and subcortical regions [16]. Finally, chemogenic disruption of Fos-expressing neurons in the mPFC that predicted 
food delivery attenuated previously established food-seeking behavior [13]. 

The locus coeruleus (LC) is the primary source of Norepinephrine (NE) innervating the Prefrontal Cortex (PFC). Several studies 
have established a strong connection between the LC and PFC [17–20]. When the LC is electrically stimulated, the firing rate of PFC 
neurons increases [20], and lesions of the LC lead to an augmented firing rate of PFC neurons [19]. Tracing studies have also 
demonstrated direct afferent inputs from the LC to the PFC, and feedback projections from the PFC to the LC [18]. 

Manipulation of the NE system has resulted in changes to drug and food-seeking behavior. For instance, the non-selective 
β-antagonist propranolol retards the escalation of cocaine intake across days [21], and the selective depletion of mPFC NE results 
in diminished conditioned place preference (CPP) for amphetamine [22]. Additionally, norepinephrine-uptake inhibitors desmethyl 
imipramine (DMI) and thionisoxetine (TNIX) can suppress the intake of palatable food [23]. Even a human Positron Emission To-
mography (PET) of the insular cortex has revealed a negative correlation between the NE transporter and hunger levels [24]. Com-
bined evidence from preclinical and human studies suggests a critical involvement of NE in reward-seeking behaviors. However, the 
role of NE in Fos ensembles and food reward seeking has not been fully explored. 

We hypothesized that disruption of the LC-NE system would decrease Fos expressing neurons in the PFC and food-seeking behavior 
after forced abstinence. To do this, we pharmacologically ablated LC-NE using the selective neurotoxin for the LC (N-(2-chloroethyl)- 
N-ethyl-2-bromobenzylamine hydrochloride) or DSP-4 and measured, Fos and DβH (dopamine-β-hydroxylase) protein levels and food- 
seeking behavior after forced abstinence. When injected systemically, the compound DSP-4 undergoes a chemical transformation, 
forming a reactive aziridinium derivative. It accumulates in the NE terminals and inhibits the noradrenaline transporter [25], resulting 
in reduced NE levels in multiple brain regions [26]. This reduction can manifest itself in a decrease in dopamine-β-hydroxylase [DβH] 
as measured by immunofluorescence [27–29]. Our results showed that despite DSP-4 injections, food-seeking and Fos-expressing 
neurons in the PFC were preserved. 

2. Materials & methods 

2.1. Subjects 

Male and female Wistar rats [weighing ~250 g at the beginning of the study] (8 saline, 8 DSP-4, N = 16) were bred in-house and 
maintained on a 12/12 light on-off cycle. All experiments were conducted during the light phase. Food and water were available ad 
libitum. The Mercer University Animal Care and Use Committee approved all experiments. 

2.2. Procedure 

Behavioral procedures: For ten days, all rats were trained to lever press on a fixed ratio schedule of reinforcement (FR1) for banana- 
flavored sugar pellets (see Fig. 1); each response resulted in the delivery of a single banana-flavored food pellet, lever pressing during 
the ITI (which was 20s) did not have any programmable consequences. The chambers (Med Associates, VT) maintained a house light 
and a discrete light cue above the active lever, indicating reward availability. Sessions lasted for 1 h each day for 10 days. On day 10, 
after food training, all rats received a single injection of either saline (0.9 %) or DSP-4 (50 mg/kg/ml/i.p.) [Sigma (CAS No 40416-75- 
9)]. Rats were counterbalanced and divided into the DSP-4 and saline groups based on their last day of lever pressing. Rats that 
exhibited high and low levels of lever-pressing were evenly allocated to saline and DSP-4 groups. Rats were returned to their home 
cages for 10 days to allow for DSP-4 incubation and NE depletion. On test day, the rats were placed in the operant chambers, with 
access to both levers (light cue still present). No reward or consequence was implemented for either lever. Ninety minutes following the 
start of the re-exposure session, the rats were transcardially perfused with 4 % paraformaldehyde, and their brains were frozen to − 20 

Fig. 1. Experimental timeline.  
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◦C for cryosectioning and immunofluorescence analysis. 
Lavage: Cytological assessment of the female rat estrus cycle was performed as described previously [30]. Female rats were lavaged 

during the last five days of acquisition. A small amount of sterile saline (~200 μl) was inserted at the entrance of the vaginal canal and 
collected again in the glass dropper. Immediately after, the smear was placed on a microscope slide, and was imaged with a light 
microscope for cytological and staging profiles. The males received sham lavage. 

Cryosectioning and Immunofluorescence: 30 μm coronal sectioning of the PFC at stereotaxic coordinate 3.20 from bregma [31] was 
used for free-floating immunofluorescence of Fos and Dopamine β Hydroxylase DβH [Sigma (CAS No MAB308)]. The sections were 
washed with 1X PBS (Phosphate-buffered saline), blocked with 0.2 % Triton X [Sigma (CAS No 9002-93-1)], 5 % BSA (Bovine serum 
albumin) in 1X PBS, and then incubated with primary antibodies overnight at 4 ◦C [Fos: Cell Signaling, DβH: Sigma]. The next day, 
after washing the sections with 1X PBS, secondary antibodies Alexa 488 for Fos [Abcam (CAS No Ab150077) and Alexa 555 for DβH 
[Abcam (CAS No Ab150170) were applied at room temperature for 3 h. The sections were then washed with PBS +0.3 % tween and 
placed on slides for microscopy. The cells were imaged with a Zeiss Epifluorescence microscope aided by an Apotome at 20X 
magnification; each image’s exposure time was constant. The right and left hemispheres of the cingulate (Cg), prelimbic (PrL), and 
infralimbic (IL) cortex were imaged, and the hemispheres for each area were averaged. 

2.3. Data analysis 

Behavioral and Immunofluorescent data were analyzed separately. Acquisition data from sessions 1–10 was analyzed using a mixed 
model ANOVA, and lever press-type (Active vs. Inactive) as a factor. Since sphericity was violated in this data set, the Geiser- 
Greenhouse correction was used. Re-exposure data was analyzed using a two-way ANOVA and independent sample T-test. DβH and 
Fos data were analyzed with a 3-factor-MANOVA with brain regions (Cg, IL, PrL), Group (Saline vs. DSP-4) and Sex (M, F) serving as 
factors. Notable interactions were followed up with Bonferroni post hoc. 

Fos and DβH cells were quantified by two experimenters blind to the conditions (see representative images). The number of Fos- 
positive cells was counted manually, while DβH was quantified by selecting ‘total red’ areas using FIJI ImageJ. Pearson’s correlations 
were used to compare total session lever pressing with total Fos per PFC subregion, delineating the relationship between lever presses 
during reinstatement and Fos activation. Simple linear regression was used to correlate Fos counts with the number of lever presses on 
re-exposure day. Due to procedural issues leading to poor image quality or missing data points, results from two males and one female 
were omitted. We used SPSS v29 and Prism 10 to analyze and graph all data; the significance threshold was set at p ≦ 0.05. 

3. Results 

Behavioral Results: Acquisition session results varied [main effect of session: F(2.10, 54.59) = 12.64, p < 0.05]. During the sessions, 
rats preferred the active lever [main effect of lever: (1, 26) = 33.4, p < 0.05], and the number of active lever presses increased [lever ×
session interaction F(9, 234) = 12.46, p < 0.05]. Post-hoc comparisons showed that active lever pressing had increased as early as day 
five (p < 0.05, Fig. 2). 

On the re-exposure day (Fig. 2), After ten days of forced abstinence in the home cage, lever pressing was still greater for the active 
than the inactive lever [main effect of Lever Type F(1,16) = 19.87, p < 0.001]. On the re-exposure day, both the Saline and DSP-4 

Fig. 2. Banana-flavored sugar pellets are reinforcing. Before receiving DSP-4 or saline, all rats were provided with an opportunity to lever press 
for banana-flavored sugar pellets for 10 days. There was a main effect of Lever-type F(1, 26) = 33.4, p < 0.05, session F(2.1, 54.59) = 12.6, p < 0.05 
and Lever-type X Session interaction F(9,234) = 12.6, p < 0.05. Post-hocs showed that by day 5, lever pressing for the active lever was greater than 
the inactive one. * = p < 0.05 vs. inactive lever. 
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groups were pressing the active lever more than the inactive (p < 0.01 for both groups) (Fig. 3). Females also had higher total lever 
presses [main effect of Sex F(1,16) = 7.19, p < 0.05], and active lever pressed more than males [Lever Type × Sex interaction, F(1, 16) 
= 6.56, p < 0.05]. Lever pressing during the first 15 min also did not differ between DSP-4 and saline-treated rats (Fig. 4). Lavage Data: 
By the end of food-seeking training, most female rats were in the non-estrus phase (data not shown). 

Immunofluorescent results: DβH immunofluorescence showed that rats injected with DSP-4 had lower DβH levels in the prefrontal 
cortex (IL, Prl and Cg) [main effect of Group F(1,27) = 9.7, p < 0.05.] and females tended to have lower DβH [main effect of Sex F(1,27 
= 13.99, p < 0.01]. The males in the saline group had higher DβH as well [GroupXSex Interaction: F(1, 27) = 7.550, p < 0.05] (Fig. 5 
Left and Right). Representative images of Immunofluorescence for Fos and DβH is shown in Fig. 8. 

The number of Fos-positive cells in the PFC also did not differ between the saline and DSP-4 groups (Fig. 6 left). However, when 
collapsed across groups, females had higher Fos-positive counts in the PFC [Main effect of Sex, F(1,27) = 8.77, p < 0.01] [Fig. 6 right] 
overall and in particular, males in the saline group had higher Fos numbers [SexXGroup Interaction: F(1,27) = 7.69, p < 0.05]. When 
we assessed the correlation between the number of Fos-positive cells and the number of lever-pressing during the entire reinstatement, 
we observed a positive correlation in the number of lever presses and Fos number for the females, and a negative correlation in males. 
However, both of these effects only approached significance (p = 0.057 in males, and p = 0.06 in females) [Fig. 7]. 

4. Discussion 

4.1. NE and lever pressing 

Here, we tested the hypothesis that NE in the PFC regulates Fos-expressing neurons associated with palatable food-seeking behavior 
following forced abstinence. Our hypothesis, however, was not confirmed. We found that rats injected with DSP-4 or saline exhibited 
similar lever-pressing responses after forced abstinence in the home cage. This was observed for the first 15 min and throughout the re- 
exposure session. Similarly to the behavioral data, the number of Fos-positive cells in the PFC did not differ between the DSP-4 and the 
saline groups. 

It is worth mentioning that lever pressing increased over consecutive days of palatable food seeking, consistent with previous work 
[13,15,32] and the rats preferred the active lever even after ten days of forced abstinence, which is consistent with previous research 
[13,15,32]. Reports on the role of NE in food reinstatement to palatable food-seeking behavior are infrequent [33,34]. However, 
several findings indicate the involvement of NE in multiple drug relapse paradigms [35–37]. For example, the ⍺-2 receptor agonists 
clonidine and lofexidine block stress induced reinstatement to cocaine [35], while yohimbine [an ⍺-2 receptor antagonist] enhances 
priming induced reinstatement [36]. The selective β hydroxylase inhibitor nepicastat can also block cue-induced reinstatement [37]. 
The potential for these pharmacological interventions to influence the reinstatement of food-seeking behavior following a period of 
abstinence remains an open question that needs to be explored. 

Our assessment was confined to only rats tested on cue/contextual re-exposure. NE could modulate stress and/or priming-induced 
reinstatement to palatable food seeking. It is important to note that despite the different uses of the reinforcer (sugar in our study vs. 
cocaine in other studies), the above studies all employed an extinction period before reinstatement testing. The absence of an 
extinction phase in our study may have diminished the role of norepinephrine (NE) in the resurgence of food (or drug) seeking be-
haviors. This could explain the lack of observable effects in our investigation. However, there are advantages and disadvantages to 

Fig. 3. Rats remember the active lever after 7 days in the home cage. When exposed to the self-administration chamber after forced abstinence, 
rats pressed the active lever more than the inactive one [main effect of Lever Type F(1,16) = 19.87, p < 0.001], active lever responses did not differ 
between the Saline and DSP-4 groups however. Additionally, we observed a higher number of lever presses in females [main effect of Sex F(1,16) =
7.19, p < 0.05], and females pressed active lever more than males [Lever Type × Sex interaction, F(1, 16) = 6.56, p < 0.05]. 
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using voluntary and involuntary abstinence paradigms [4]. Like using an extinction period, our method covers more scenarios where 
an individual cannot obtain the reward (for example, due to incarceration). However, situations where responses could give access to 
the reward or an alternative option (such as interaction with another rat) could be used to validate the effectiveness of natural re-
inforcers like sugar and further examine Fos expressing neurons. In future studies, it is recommended to use an extinction period and 
other relapse models, such as priming or stress-induced reinstatement, after providing access to palatable food while disrupting 
norepinephrine (NE) activity. Moreover, future research should broaden beyond the conventional relapse models, such as cue, stress, 
and priming-induced reinstatement, and encompass modifications to the re-exposure environment. The aim would be to increase the 
challenge for animals in recalling the context/cues of the self-administration box. Changes in cognitive demand have been reported to 
require NE [38], and our previous [26,39] work with odor conditioning [39] and spatial memory [26] corroborte this effect. We are 
investigating this phenomenon in the PFC with direct pharmacological manipulations of NE. 

Several investigators have reported an incubation of craving effect with food [32] and drugs [40]. Incubation of craving is defined 
as a time-dependent increase in cue-induced responses to stimuli previously associated with reward. We did not observe such an effect 

Fig. 4. Comparable levels of lever pressing in all rats re-exposed to the self-administration chamber (First 15 min).  

Fig. 5. DSP-4-treated rats and females have lower DβH: The area quantified for DβH by Immunofluorescence showed a reduction in rats given 
DSP-4 [Main effect of group: F(1,27) = 9.7, p < 0.05], and females tended to have lower DβH in the PFC [Main effect of Sex F(1, 27) = 13.99, p <
0.01. The males in the Saline group had higher DβH as well [Group × Sex Interaction: F(1, 27) = 7.55, p < 0.05]. 
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in our study as the number of lever presses during re-exposure had actually dropped. Two reasons may explain this: 1, We did not wait 
long enough to see an incubation effect. The sucrose incubation effect has been documented at 30 days or more after abstinence [41], 
and 2, our lever pressing during acquisition has been lower; compared to previous reports [9,32]. As an added complication, studies 
that normally examine an incubation of craving effect test the animals 1 day after the last day of training [42,43]. Without this 24-h 
test, we can only make our re-exposure day comparison to the last day of self-administration. 

Fig. 6. Females have higher Fos in the prefrontal cortex [Main effect of Sex F(1, 27) = 8.77, p < 0.01] and a Sex × Group Interaction F(1,27) = 7.69, 
p < 0.05. 

Fig. 7. PFC Fos Correlation with Lever-pressing on the re-exposure day. Males (F([1,4] = [6.97], p = [0.057]. Females (F([1,5] = [5.86], p 
= [0.06]. 

Fig. 8. Representative images of Fos and DβH. Green stained cells are Fos and Red stained ones are DβH. Blue cells are DAPI.  
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4.2. DSP-4 and DβH in the PFC 

Despite having no effect on the number of lever presses on re-exposure day, DβH in the PFC were shown to be decreased, an effect 
that was predominately driven by females. The LC has been shown to be a very sexually dimorphic brain nucleus [44–46]. The female 
LC has more synaptic contacts, longer dendrites [44], and a larger soma [47]. The reduction in DβH levels in this study are consistent 
with our previous work with the same dosage and timeline showed decreases in the PFC [26]. Nevertheless, previous work has shown 
that the use of 50/mg/kg/ml/i.p of DSP-4 rapidly decreases NE but has a more delayed effect on DβH [25]. 

Despite the lack of a behavioral effect, we are confident that our injection of DSP-4 effectively attenuated NE in the PFC, as our 
previous work with the same dosage and timeline showed decreases in the PFC [26]. Another possibility is that a higher dose of DSP-4 
or a longer waiting period may be required for DβH levels to decrease. This is because 50/mg/kg/ml/i.p of DSP-4 rapidly decreases NE 
but has a slower effect on DβH. Since our work was not sufficiently powered to perform group X sex comparisons, future studies should 
use a higher dose, multiple injections of DSP-4, and larger sample sizes. To our knowledge, DβH levels in the PFC have not been 
compared between sexes, and our results may be the first to show an effect. Although the PFC receives a large amount of input from the 
brain stem, anatomical innervation of the PFC by the LC is not a homogeneous process [48]; for instance, fiber volume is denser in the 
more ventral areas [48]. However, we did not observe any differences in DβH staining of the cingulate, prelimbic, or infralimbic 
regions. 

4.3. PFC and fos expressing neurons 

Several investigators have shown the upregulation of Fos-expressing neurons in the PFC as a result of food reinforcement learning 
[9,13,49]. Our experiment did not possess a non-trained group of animals; therefore, we cannot conclude if re-exposure to 
self-administration chambers increased Fos number in the PFC, as our design was not aiming to answer this question. Nevertheless, our 
results found no difference between the saline and DSP-4 groups in Fos-positive cell numbers within tested areas. Another open 
question is: what psychological processes are encoded in the Fos cells when confronted with the self-administration environment? 
Computation in this brain region could result from attention, the memory that the environment predicts reward availability, the 
environment now being imbued by incentive salience or a combination of all three. Single-neuron activity in the PFC has been shown 
to code for all three phenomena [50,51]. Future work should focus on what psychological process or a combination of processes the Fos 
expressing neurons within particular PFC sub-regions are performing. 

The number of cells positive in the PFC of our study matches that of previous work (Quintana-Feliciano, 2021) in that less than 10 % 
of cells in the PFC are active during recall of a food-associated area. However, we did not find differences in the number of Fos in the 
three subregions (Cingulate, Prelimbic, and Infralimbic). Studies have shown that these regions may participate in different phases of 
reinforcement learning. For example, regional inactivation studies have shown PFC subregional specificity in food-seeking behavior 
[52,53]. Pharmacological inhibition of the infralimbic cortex reinstates food seeking (Peters & De Vries, 2013), while inhibition of the 
prelimbic cortex decreases reinstatement (Calu et al., 2013). Other studies have found that Fos-expressing neurons mediating 
extinction and reward are intermingled in the infralimbic cortex (Warren et al., 2016). Although significant Fos differences were 
observed for sex, the correlational design used here does not exclude their involvement in palatable food re-exposure responses. 
Therefore, it cannot be assumed that since Fos levels were not different between the DSP-4 and saline group, this excludes the 
requirement of Fos and LC-NE in the PFC. In future studies, experiments should be designed where the LC and PFC neuronal expressing 
neurons are ablated in the same animal. A surprising finding of the study was the trending negative correlation between the number of 
Fos and the frequency of lever pressing in males. The administration of stimulants [54], locomotor activity [55], and food-seeking [56] 
all increase Fos activity, which was indeed found in females in our study. Therefore, it is possible that Fos-expressing neurons in males 
may represent extinction learning during the re-exposure day. There is evidence for this notion as functional studies have revealed 
distinct Fos expressing neurons dedicated to conditioned learning and extinction [49]. Future work can test this possibility using 
correlational methods where ensembles for two distinct episodes of experience can be captured in the same animal [57]. 

4.4. Sex differences in food reinforcement 

There are significant sex differences in humans’ consumption of palatable foods. Women rate low-calorie food images higher 
(Legget et al., 2023) and report liking unhealthy foods less than men [58]. Images of food increase activation of the lateral dorsolateral 
prefrontal cortex in women more than in men [59]. Additionally, intranasal insulin increases PFC activity in both women and in men 
[60]. Differences in responding to palatable foods have also been reported in rodent studies. Intact females self-administer more 
palatable foods than males or ovariectomized females [61]. Females show greater reinstatement to palatable food-seeking, and in a 
food renewal test [62], the number of Fos-positive cells in the Prelimbic cortex decreases for females and increases for males [63]. We 
tracked the female estrus cycle in the acquisition phase of this study. By the last acquisition day, most female rats were in non-estrus, 
and the lever-pressing change was unrelated to the estrus cycle. Our study lacks the statistical power to draw any definitive conclusions 
regarding Sex by Group interactions; however, future work should benefit from using both sexes and higher numbers to provide 
sufficient power for analysis. 

5. Conclusion 

In summary, although we did not observe a DSP-4 effect on lever pressing after forced abstinence in the same self-administration 
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context, we did observe several sex differences in both Fos-positive counts and NE DβH levels. Further exploration of these differences, 
along with other models of relapse to rewards involving drugs or natural stimuli, will undoubtedly aid in therapeutic options for 
disorders of consumption. 
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