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Abstract

Central noradrenergic (NA) signaling contributes critically to multiple behavioral effects of 

cocaine administration, particularly stress- and anxiety-related effects. The present study examined 

the ability of acute cocaine to induce the immediate early gene product, cFos, in NA neurons and 

stress-related neural circuits in rats that were cocaine-naïve, or had a history of cocaine self-

administration with or without extinction. Rats implanted with jugular catheters were trained to 

self-administer cocaine (0.5 mg/kg/infusion), with a subset subsequently trained on extinction. 

Cocaine-naïve controls were handled daily. After a final day of self-administration, extinction, or 

handling, rats received an i.p. injection of either cocaine (20 mg/kg) or saline, and 90 minutes later 

were anesthestized and perfused. Tissue sections were processed for immunoperoxidase labeling 

of nuclear cFos with either immunoperoxidase or immunofluorescent cytoplasmic labeling of 

dopamine beta hydroxylase or tyrosine hydroxylase. Acute cocaine increased the number of 

activated NA neurons within the caudal nucleus of the solitary tract (NTS; A2 cell group) in 

cocaine-naïve and extinguished rats, but not in rats that only self-administered. Extinction 

attenuated cocaine-induced cFos activation in NA neurons of the caudal ventrolateral medulla 

(A1/C1 cell groups), and attenuated cFos within the paraventricular nucleus of the hypothalamus, 

the apex of the central neuroendocrine stress axis. Cocaine consistently increased cFos in the bed 

nucleus of the stria terminalis, regardless of history. NA neurons of the locus coeruleus (A6 cell 

group) were not activated after cocaine in any experimental group. Thus, the ability of cocaine to 

activate central stress circuitry is altered after cocaine self-administration. Our results suggest a 

unique role for the NTS in cocaine-induced reinstatement, as extinction training enhanced the 

ability of cocaine to activate NA neurons within this region. These findings suggest central NA 

systems originating in the caudal brainstem as potential targets for the treatment of cocaine 

addiction.

Cocaine addiction is a major health and social problem that affects millions of individuals. 

Cocaine blocks monoaminergic reuptake transporters (1) which leads to increased 

monoaminergic synaptic transmission (2, 3). Although cocaine increases transmission of all 
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monoamines, investigations into the effects of cocaine on brain activity have classically 

focused on mesolimbic and mesocortical dopaminergic systems. More recent studies have 

revealed an important role for noradrenergic (NA) systems in mediating the behavioral 

effects of cocaine exposure [cf. (4, 5)]. For example, NA enzymes, transporters, and 

receptors are critical for cocaine-induced locomotion and sensitization (6), and 

manipulations of the NA system alter the ability of cocaine to support conditioned place 

preference (7) or aversion (8). Increased NA transmission has been identified as a significant 

contributor to aversive and stressful effects of acute cocaine administration (9), and to 

anxiety produced by cocaine withdrawal (10). Further, decreased NA transmission can 

interfere with cocaine self-administration (11), while increases can enhance such behavior 

(12). A role for NA transmission in reinstatement of cocaine-seeking behavior after 

extinction has been particularly well documented. Central injections of norepinephrine elicit 

reinstatement of cocaine-seeking behavior (13), and decreased NA signaling via adrenergic 

receptor blockade attenuates stress-induced (14) or cocaine-primed reinstatement (15). 

Inhibition of dopamine-beta hydroxylase (DbH, the rate-limiting enzyme for NA synthesis) 

decreases multiple forms of reinstatement (11), while selective inhibition of NA reuptake 

decreases cocaine-seeking behavior triggered by exposure to cocaine-paired cues (16).

Despite strong evidence that NA participates in the effects of acute cocaine, cocaine self-

administration, and reinstatement of cocaine-seeking, little is known regarding how cocaine 

affects NA neurons in either cocaine-naïve animals, or animals with a history of cocaine 

self-administration and extinction. Previous reports indicate that acutely administered 

cocaine increases cFos, a marker of neuronal activation, within the nucleus of the solitary 

tract (NTS) and locus coeruleus (LC) (17, 18). However, the phenotypic identity of activated 

neurons has not been reported. The present study sought to elucidate the effect of acute 

cocaine on medullary and pontine NA cell groups, and in two primary projection targets of 

medullary NA neurons (19-22), i.e., the paraventricular nucleus of the hypothalamus (PVN), 

and the anterior ventral lateral subdivision of the bed nucleus of the stria terminalis 

(vlBNST). We also examined how a history of cocaine self-administration and extinction 

might alter the ability of acute cocaine to activate neurons in these regions.

2.0 Materials and Methods

2.1 Subjects

Male Sprague-Dawley rats (Harlan, Indianapolis) weighing 225-250g upon arrival were 

individually housed in a humidity- and temperature-controlled (21-22° C) vivarium on a 

reversed light-dark cycle (lights off 07:00 hours, on 19:00 hours) with unlimited access to 

water. Rats received 20g of food daily between the hours of 14:00-16:00. Training and 

experimental sessions were conducted during the dark phase at the same time each day 

(09:00-15:00) and perfusions were performed between 11:00-14:00. All experimental 

procedures were carried out in accordance with the National Institutes of Health Guide for 

the Care and Use of Laboratory Animals and under local IACUC approval.
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2.2 Surgery

A control group of rats (n=14) was handled daily for 5 days before acute cocaine or vehicle 

injection. A second group (n=29) was anesthetized with isoflurane and implanted with 

jugular catheters as described previously (23). These rats were allowed at least 7 days to 

recover from surgery. For the first 2 weeks after surgery, catheters were flushed daily with 

0.1 ml of sterile saline containing heparin (30units/ml), timentin (66.67mg/ml), and 

streptokinase (9333 U/ml) to maintain catheter patency and prevent infection. Thereafter, 

catheters were flushed with heparinized saline before and after each experimental session 

throughout the cocaine self-administration experiments.

2.3 Self-administration training

Self-administration and extinction training was conducted in operant conditioning chambers 

within sound-attenuating, ventilated cubicles (Med Associates, St. Albans, VT, USA). The 

chambers were equipped with two retractable response levers on one side panel, with a 28-V 

white light above each lever, and a red house light near the chamber ceiling. Intravenous 

cocaine infusions were delivered via syringe pump controlled by a drug delivery system 

(Med Associates). Experimental events and data collection were automatically controlled by 

interfaced computer software (Med Associates).

After recovery from surgery, rats were trained to intravenously self-administer cocaine on a 

fixed-ratio 1 (FR1) schedule in operant chambers. Daily self-administration sessions were 

initiated by the extension of two levers into the chamber and illumination of the red house 

light. During each 2 hr session, each active lever press resulted in an infusion of cocaine (0.2 

mg/kg/50ul infusion) along with presentation of a 5-sec light-tone stimulus complex, 

followed by a 20-sec timeout period during which active lever responses were recorded but 

resulted in no programmed consequences. Inactive lever presses were always recorded but 

had no programmed consequences. Rats received 12 2-hr cocaine self-administration 

sessions (one session per day), during which all rats achieved a criterion of receiving least 

10 infusions of cocaine.

2.4 Extinction training

After completing the self-administration phase, a subset of rats (n=13) was subjected to 

daily extinction sessions. Extinction sessions were initiated by extension of the two levers 

into the chamber and illumination of the red house light. Sessions lasted 2 hr, during which 

active and inactive lever presses were recorded but resulted in no programmed 

consequences. All rats received 8 days of extinction training, during which responding 

decreased to <20% of responding recorded during the final 3 days of cocaine self-

administration.

2.5 Treatment-induced cFos induction

After 5 days of daily handling (controls, n=14), 12 days of cocaine self-administration 

without extinction (n=16), or 12 days of self-administration followed by 8 days of extinction 

(n=13), rats were injected with either cocaine (20 mg/kg, i.p.) or saline, then returned to 

their home cage for 90-120 minutes before perfusion. This post-treatment survival time is 

similar to that used in previous studies examining the effects of acute cocaine on cFos 
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induction (24, 25). Perfusion and tissue collection have been previously described (26). 

Briefly, rats were deeply anesthetized with sodium pentobarbital (Nembutal, 10 mg/kg BW 

i.p.) and transcardially perfused using aqueous 0.15M NaCl for 1 min followed by 4% 

paraformaldehyde in 0.1M phosphate buffer (pH 7.4) for 10 min. Fixed brains were removed 

from the skull, blocked, frozen, and sectioned coronally (35 μm) on a freezing-stage 

microtome. Sections from the upper cervical spinal cord through the rostral corpus callosum 

were collected in six adjacent sets and stored in cryopreservant solution (27) at −20°C prior 

to processing for immunohistochemistry.

2.6 Immunohistochemistry

One set of tissue sections from each rat (i.e., representing brain regions sampled at 210 μM 

intervals) was processed for dual immunoperoxidase localization of nuclear cFos and 

cytoplasmic DbH, as previously described (26), the latter to identify NA neurons and fibers. 

DbH immunolabeling also was used as a guide to standardize selection of anatomical 

regions and subnuclei for quantitative analyses. A second set of sections was processed for 

immunoperoxidase localization of cFos followed by immunofluorescent localization of 

cytoplasmic tyrosine hydroxylase (TH) to identify both NA neurons within the LC. This 

procedure was used to obviate the problem of overly dark DbH peroxidase staining within 

the LC, that can impede visualization of nuclear cFos immunoperoxidase labeling (see 

Results). cFos protein was localized using a rabbit antiserum provided by Dr. Phillip Larsen, 

Denmark (1:50K). The specificity of this antibody has been reported (28). Tissue sections 

were processed as previously described (21) and reacted with nickel-intensified 

diaminobenzidine (DAB) to produce a blue-black nuclear peroxidase label for cFos protein. 

DbH was subsequently localized in cFos-reacted tissue sections using a mouse monoclonal 

antibody (1:30K; Millipore, AB1585) as previously described (21). Sections were reacted 

using plain DAB to produce a brown cytoplasmic peroxidase label. An alternate set of cFos-

reacted tissue sections was labeled using a monoclonal antibody raised against TH (1:5K, 

Sigma-Aldrich, T2928), followed by donkey anti-mouse IgG conjugated to Dylight-488; 

Jackson ImmunoResearch, 1:300). Double-labeled tissue sections were then rinsed and 

mounted, dehydrated in a graded series of ethanols, defatted in xylene, and placed under 

coverslips using Cytoseal (Richard Allan Scientific).

2.7 Quantification

Cell counting in double-labeled tissue sections was performed as previously described to 

document the extent of treatment-induced cFos immunoreactivity in the NTS, caudal 

ventrolateral medulla (VLM), LC, PVN, and anterior vlBNST (26). Anatomical landmarks 

were defined with reference to the atlas of Paxinos and Watson (29), with sampling regions 

further standardized across animals based on the subregional distribution of DbH 

immunolabeling. DbH-positive neurons exhibited a brown cytoplasm with a clearly defined 

nucleus, and were classified as cFos-positive if the nucleus contained visible blue-black 

labeling, independent of intensity. Alternate sections labeled for TH immunofluorescence 

were analyzed to identify any NA neurons within the LC that displayed cFos-positive nuclei.

Each area of interest was sampled bilaterally in sections spaced by 210 μM. The NTS and 

VLM were partitioned along their rostral-caudal extent, based on previous evidence for 
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rostrocaudal differences in NA activation within the NTS and VLM in rats after stressful or 

rewarding stimuli (30, 31). For this purpose, data were collected and averaged for the caudal 

NTS/VLM (i.e., 5-6 tissue sections per rat located caudal to the area postrema, AP), mid 

NTS/VLM (i.e., 3-4 sections per rat through the level of AP), and rostral NTS/VLM (i.e., 

approximately 3 sections per rat located rostral to the AP but caudal to the level at which the 

NTS pulls away from the walls of the 4th ventricle). cFos-positive cells within the PVN and 

anterior vlBNST were counted bilaterally in 2-3 sections per region, with counts 

standardized to include only the subregions that are most densely innerved by DbH-positive 

NA fibers (i.e., see Fig. 2A, C). For each brain region, the total number of neurons counted 

was divided by the number of sections in which counts were made in order to derive the 

average number of immunopositive cells per section for each rat.

2.8 Statistical analysis

The number of infusions, active lever responses during extinction, and cell count data are 

presented as group means ± SEM. The number of cocaine infusions received by rats during 

the last 2 days of self-administration was analyzed using two-way ANOVA to ensure 

equivalent drug exposure in rats subsequently divided into different extinction groups. 

Terminal responding during the last 2 days of extinction was compared using a t-test to 

ensure equivalent levels of responding in rats that received a final injection of cocaine vs. 

vehicle before perfusion fixation. Cell count data from the NTS and VLM were initially 

analyzed using three-way ANOVAs to determine effects of drug history, acute injection, and 

rostral-caudal level on NA activation. Since the NTS and VLM caudal to the AP displayed 

minimal cFos and DbH double-labeling (see Results), a subsequent analysis eliminated the 

most caudal NTS and VLM counts (i.e., caudal to the AP) and collapsed the data for 

sections through and rostral to the AP. Two-way ANOVAs were then performed to further 

examine main effects of (and interactions between) drug injection and history on cFos 

activation within the NTS and VLM. Cell counts in the PVN and anterior vlBNST were 

similarly analyzed using two-way ANOVA. Significant main effects and interactions were 

further investigated using Bonferroni post-hoc tests. Correlational analyses were performed 

to evaluate potential within-subjects relationships between cocaine-induced cFos activation 

in the NTS, VLM, PVN, and BNST, and whether these relationships were altered by cocaine 

history. Differences were considered statistically significant when p<0.05. Tissue sections 

from one rat were excluded from analysis because count data from this rat were >3 standard 

deviations from the group mean.

3.0 Results

3.1 Self-administration and extinction

All animals readily acquired cocaine self-administration and maintained stable levels of 

responding throughout the maintenance phase of the experiment. The number of infusions 

received by rats during maintenance of self-administration was statistically similar between 

groups that subsequently were or were not exposed to extinction training (F(1,24)=0.53, 

p>0.05), and final acute cocaine/saline injections (F(1,24)=2.23, p>0.05), with no interactions 

(F(1,24)=0.03, p>0.05). Thus, cocaine intake was similar between groups before extinction 

and/or acute cocaine or saline injections (Table 1).
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Rats decreased active lever responding during extinction, when cocaine infusion and cue 

presentations were removed. Comparison of active lever responding prior to the final acute 

injection of cocaine or saline (i.e., before perfusion) revealed no significant differences 

between groups (t(11)=0.53, p>0.05), evidence that animals were drug-seeking to a similar 

degree before terminal injection and perfusion (Table 1).

3.2 Central cFos immunolabeling

DbH-positive NA neurons at different rostrocaudal levels of the NTS and VLM were 

differentially activated to express cFos, as evidenced by a main effect of rostrocaudal level 

(F(2,37)=34.63, p<0.0001). NA neurons located within the most caudal levels of the NTS and 

VLM displayed minimal activation, regardless of final acute injection or cocaine/extinction 

history. Conversely, acute cocaine treatment significantly increased NA neuronal activation 

within the NTS and VLM at the rostrocaudal level of the AP and just rostral to it (Fig. 1A, 

C). Thus, subsequent analyses were conducted on collapsed data obtained from tissue 

sections through the AP and rostral to it, eliminating the more caudal sections.

3.2.1 NTS

There was a significant interaction between prior self-administration/extinction history and 

acute cocaine/saline injection on activation of NA neurons within the NTS (F(2,36)=4.45, 

p<0.02). There was a significant main effect of acute treatment, such that cocaine 

significantly increased the number of NTS neurons that were double-labeled for cFos and 

DbH (F(1,36)=46.85, p<0.0001). There also was a significant main effect of prior history, 

with significantly more NTS NA neurons in extinguished rats expressing cFos than the other 

two groups (F(2,36)=6.13, p<0.005). Bonferroni post-hoc tests revealed that, compared to 

acute saline, cocaine increased the number of cFos-positive NA neurons in the NTS only in 

control cocaine naïve (p<0.01) and extinguished (p<0.001) groups (Figure 1B). Further, 

cocaine-induced activation of NTS NA neurons was greater in rats that experienced 

extinction training compared to activation in handled controls (p<0.01). There was no 

significant effect of history and/or injection on the total number of DbH-positive NA 

neurons counted within the NTS (data not shown).

3.2.2 VLM

There was a significant interaction between prior history and acute cocaine/vehicle injection 

on NA activation within the VLM (F(2,36)=7.17, p<0.002), as well as a significant main 

effect of acute cocaine treatment to increase the number of VLM neurons that were double-

labeled for cFos and DbH (F(1,36)=28.93, p<0.0001). However, there was no significant main 

effect of prior history on VLM neuronal activation (F(2,36)=3.10, p=0.056). Bonferroni post-

hoc tests revealed that, compared to the effects of saline injection, cocaine increased the 

number of cFos-positive NA neurons within the VLM only in cocaine naïve rats (p<0.001, 

Figure 1D). Further, after acute cocaine treatment, significantly more NA VLM neurons 

were activated to express cFos in naïve rats compared to rats with a history of self-

administration (p<0.001) or extinction training (p<0.05). There was no significant effect of 

history and/or injection on the total number of DbH-positive NA neurons counted within the 

VLM (data not shown).
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3.3.3 LC

No cFos labeling was observed within the LC, regardless of rats’ prior history or final acute 

treatment. The lack of cFos labeling included immunoperoxidase-labeled DbH-positive LC 

neurons (A6 cell group) as well as the much smaller number of non-DbH-positive neurons. 

The LC comprises a densely-packed population of DbH-positive NA neurons, which impairs 

cFos visualization in tissue sections reacted for dual immunoperoxidase localizations. To 

ensure that this did not contribute to the perceived absence of double-labeled LC neurons, an 

alternate set of tissue sections was processed for cFos immunoperoxidase followed by 

immunofluorescent localization of TH. Microscopic analysis of these tissue sets confirmed 

the virtual absence of cFos immunolabeling among TH-positive LC neurons in rats from all 

experimental treatment groups (not shown).

3.3.4 PVN

There was a significant interaction between prior history and acute injection on cFos 

activation within the PVN (F(2,37)=3.46, p<0.05) (Fig. 2A,B). There also was a significant 

main effect of acute injection, such that cocaine increased cFos immunolabeling in the PVN 

above levels measured in rats after acute saline (F(1,37)=6.19, p<0.02). The interaction effect 

was due to cocaine-induced PVN cFos activation only in control rats that were cocaine-naïve 

(Fig. 2B). Rats with a history of self-administration plus extinction displayed a trend towards 

more cocaine and saline-activated PVN neurons compared to rats in other groups, but this 

effect did not reach significance (F(2,37)=3.46, p=0.08).

3.3.5 Anterior vlBNST

There was no significant interaction between prior history and acute injection on cFos 

activation within the BNST (F(2,37)=0.36, p>0.05) (Fig. 2C). Compared to acute saline 

injection, acute cocaine produced a significant increase in cFos immunolabeling within the 

anterior vlBNST (F(1,37)=14.81, p<0.001), with no main effect of prior self-administration/

extinction history (F(2,37)=1.0, p>0.05) (Fig. 2D).

3.3.6 Correlational analyses

Correlational analyses of cocaine-induced cFos across analyzed brain regions in previously 

cocaine-naïve rats revealed a significant positive correlation between activation of DbH-

positive NTS neurons and activation of anterior vlBNST neurons (R2=0.68, p<0.05, Table 

2), with no other significant correlations. In rats with a history of cocaine self-

administration, there was a significant positive correlation between activation of DbH-

positive NTS and VLM (R2=0.59, p<0.05), and between cFos activation within the PVN and 

anterior vlBST (R2=0.63, p<0.01). Activation of DbH-positive NTS neurons was no longer 

correlated with cFos activation in any other region in rats with a history of cocaine self-

administration and extinction. However, activation within the PVN and anterior vlBNST 

remained significantly positively correlated (R2=0.93, p<0.001). Activation of DbH-positive 

VLM neurons was correlated with cFos activation within the anterior vlBNST (R2=0.57, 

p<0.05). This group also displayed a non-significant trend for correlated cFos activation 

between the VLM and PVN (R2=0.48, p=0.058).
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4.0 Discussion

Previous studies have demonstrated that acute cocaine increases neuronal expression of cFos 

in multiple brain regions, including those examined here (17, 24, 32). However, those 

experiments did not examine cFos in neurochemically identified cell populations or in their 

primary projection targets. This is the first study, to our knowledge, to report cocaine-

induced cFos in NA hindbrain neurons. Further, while data exist regarding how the route of 

administration (i.e., self- or experimenter-administered) alters neuronal responses to cocaine 

(18), the present study is unique in several respects. First, we used a stimulus (i.e., acute 

noncontingent cocaine injection) that elicits reinstatement in cocaine-trained rats, and we 

kept that stimulus consistent across groups. Second, we examined the ability of this stimulus 

to increase cFos expression in rats after extinction training, which is the period most relevant 

to reinstatement. While many studies have examined central induction of cFos protein in 

multiple brain regions in rats during reinstatement (33-36), cFos expression in those studies 

could be due to the presented stimulus (stress, drug-paired cues, or drug prime), or to the 

drug-paired context in which the animals lever press, or to the lever press behavior itself. In 

order to avoid these confounds, we examined cFos in response to the reinstatement stimulus 

alone (i.e., acute cocaine injection) in the absence of other factors.

Our results demonstrate that acute cocaine activates regions of the brain most often 

associated with stress-related behavior in cocaine-naïve rats, specifically NA neurons of the 

caudal brainstem, the PVN, and the anterior vlBNST. Cocaine-induced activation of NA 

neurons was specific to the NTS and VLM. The most caudal levels of the NTS and VLM 

(i.e., the caudal A2 and A1 cell groups, respectively) were less sensitive to acute cocaine 

compared to more rostral levels (i.e., the A2/C2 and A1/C1 cell groups), regardless of 

cocaine history. The A6 NA cell group within the LC was not activated to express cFos in 

rats after cocaine treatment, regardless of drug history, consistent with prior evidence that 

direct manipulation of NA neurons within the LC has no effect on reinstatement of cocaine-

seeking behavior (37).

4.1 NTS and VLM

The ability of cocaine to activate NA neurons within the NTS and VLM was altered by a 

prior history of cocaine self-administration and extinction. A history of self-administration 

without extinction suppressed the ability of acute cocaine injection to activate NA neurons 

within both the NTS and VLM, whereas extinction training increased the ability of acute 

cocaine to activate NA neurons within the NTS but not VLM above levels measured in drug-

naïve controls. These findings suggest a previously unidentified participation of hindbrain 

NA cell groups in the ability of prior drug history to alter sensitivity to acute cocaine 

administration, with potential relevance to cocaine-induced reinstatement behavior.

4.2 PVN and BNST

The ability of acute cocaine to activate cFos within the PVN was attenuated in rats with a 

prior history of cocaine self-administration, with or without extinction, whereas prior 

cocaine history did not alter acute cocaine-induced cFos within the anterior vlBNST. Thus, 

enhanced activation of NTS neurons after extinction, which may play a role in reinstatement, 
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is likely not due to enhanced NTS recruitment by activated PVN or BNST neurons, as the 

latter regions did not display enhanced activation after extinction. This is consistent with 

previous reports that the BNST and PVN are unnecessary for cocaine-induced reinstatement 

(38, 39).

4.3 Correlational analyses

The relationship between cocaine-induced cFos activation across the four brain regions of 

interest (NTS, VLM, PVN, and BNST) was altered by previous history with cocaine self-

administration and extinction training. In cocaine-naïve rats, the only significant relationship 

was a positive correlation between activation of NA neurons in the NTS and neurons in the 

anterior vlBNST. Thus, in cocaine-naïve rats, NTS activation might contribute to activation 

of the anterior vlBNST, which could drive the acute effects of cocaine to increase aversive 

responses and anxiety-like behavior (40). However, this relationship was no longer 

significant in rats with a history of cocaine self-administration, consistent with a previous 

report that rats with a history of cocaine self-administration display less cocaine-induced 

anxiety (41). Conversely, rats with a history of cocaine self-administration displayed a 

positive correlation between activation of NA neurons within the NTS and VLM. This may 

be driven, in part, by the diminished cocaine-induced activation of NA neurons in both 

regions after self-administration. Finally, in rats with a history of cocaine self-administration 

followed by extinction, activation of NA neurons within the NTS was no longer correlated 

with cFos activation in the other brain regions examined, consistent with the hypothesis that 

extinction training differentially and uniquely increases NTS neural activation compared to 

activation in other stress-related brain regions.

4.4 Functional implications of history-dependent recruitment of hindbrain NA neurons

NA neurons within the caudal NTS and VLM have been implicated in behavioral state 

regulation, modulation of stress responses, and affective learning [for review, see (42)]. NA 

signaling from the NTS and VLM to the extended amygdala, including the BNST, appears to 

be critical for generating negative affective states associated with opiate withdrawal (21, 43). 

Reduction of NA signaling via NA autoreceptor stimulation by systemic guanfacine, an 

alpha-2a receptor agonist, reduces anxiety-like behavior during early withdrawal from 

cocaine, and can attenuate subsequent reinstatement of cocaine-seeking behavior (10). 

Further, alpha-2 receptor agonists given on reinstatement test day can reduce stress- and cue-

induced reinstatement (44), and NA signaling within the BNST participates in stress-induced 

reinstatement of cocaine-seeking (14). Lesions of ascending NA fibers also block stress-

induced reinstatement of heroin-seeking (37). While a specific role for NA NTS or VLM 

neurons in reinstatement triggered by cocaine priming injections has not yet been 

demonstrated, systemic blockade of alpha-1 receptors blocks cocaine primed reinstatement 

(15), and footshock stress (which increases central NA signaling) potentiates cocaine-

induced reinstatement of drug-seeking (45). Our results suggest that NA neurons within the 

NTS play a critical role in cocaine-primed reinstatement, given their uniquely enhanced 

sensitivity to cocaine injection after extinction training. Additional studies employing direct 

manipulation of NA signaling from the NTS will be necessary to confirm a functional role in 

cocaine reinstatement.
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Previous studies have reported differential activation of caudal and rostral portions of NTS 

by psychological and physical stressors as well as rewarding stimuli (sweetened milk) (30, 

31). While physiological stressors such as immune challenge or hemorrhage preferentially 

increase cFos activation in more rostral NA neurons of the NTS (i.e., A2/C2 neurons), 

psychological stressors such as restraint or forced swim preferentially activate NA neurons 

in more caudal NTS regions (i.e., caudal A2 cell group) (31). Our regional analysis revealed 

that the effect of acute cocaine treatment was more pronounced in rostral vs. caudal levels of 

the NTS and VLM, similar to activation patterns associated with other physiological 

stressors. Thus, this activation may be related to the physiological stress associated with 

acute cocaine administration.

Cocaine-induced activation of the endocrine hypothalamic-pituitary-adrenal axis (HPA) 

stress axis has been reported in rats (46, 47) and humans (48), consistent with the significant 

cocaine-induced activation of PVN cFos expression in previously cocaine-naïve rats 

observed in the present study. Interestingly, however, a prior history of cocaine self-

administration followed by extinction significantly attenuated the ability of acute cocaine 

treatment to activate PVN neurons, consistent with other reports that reinstatement behavior 

does not depend on the release of stress hormones (49). Tolerance to cocaine may contribute 

to the reduced sensitivity of VLM and PVN neurons in rats with a history of self-

administration, similar to a previous report for the PVN (18). At the behavioral and neuronal 

level, both tolerance and sensitization to cocaine have been reported depending on cocaine 

dose, route of administration, and treatment regimen (18, 50-52). In the current study, a prior 

history of cocaine self-administration followed by extinction led to a nearly significant 

increase in “baseline” PVN cFos activation in rats injected acutely with saline (p=0.07). 

Indeed, previous findings demonstrate an increase in basal corticosterone levels in rats 

during cocaine withdrawal (53, 54). Although the effect of prior cocaine self-administration 

and extinction on baseline PVN cFos activation did not reach statistical significance, it might 

have masked an effect of acute cocaine treatment to further increase PVN cFos in 

extinguished rats. Similarly, clinical studies demonstrate that basal cortisol levels are 

elevated in alcohol-addicted human subjects, which may contribute to more rapid stress-

induced relapse (55).

4.5 Conclusions

In summary, results from the present study demonstrate that a history of cocaine self-

administration and extinction can alter the ability of a reinstatement stimulus (i.e., acute 

noncontingent cocaine injection) to elicit cFos in isolation from placement in the self-

administration context or performance of the response behavior. As reinstatement aims to 

model relapse, and relapse is the largest challenge to the successful treatment of addiction, 

our new findings may offer insight into brain regions that play a potentially critical role in 

relapse. Further, these data suggest that NA projection pathways arising from neurons within 

the caudal medulla, rather than the pontine LC, may be an appropriate experimental target 

for the continued development of novel pharmacotherapies for addiction treatment.
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Highlights

Cocaine activates NA neurons of the nucleus of the solitary tract and ventrolateral 

medulla

Cocaine activation of NA neurons is altered by cocaine self-administration and extinction 

history

NA neurons of the nucleus of the solitary tract show enhanced activation after cocaine 

self-administration and extinction.
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Figure 1. 
Photographic images (A, C) and summary data (B, D) demonstrating treatment-induced 

cFos (black nuclear label) in NA neurons (brown cytoplasmic label) within the NTS (A) and 

VLM (C) just rostral to the level of the AP. NTS immunolabeling (A) is from a 

representative cocaine-injected rat (20 mg/kg, i.p.) with a history of cocaine self-

administration and extinction. VLM immunolabeling (C) is from a control handled rat after 

acute cocaine injection (20 mg/kg, i.p.). Inset in A: arrows indicate a few activated DbH-

positive NTS neurons. Activated DbH-positive VLM neurons are evident in C. Summary 

data (B, NTS; D, VLM) show the average number of activated neurons per section after 

acute saline vehicle (VEH; white bars) or cocaine (COC; black bars) injections in rats with a 

history of control handling (CTRL), cocaine self-administration (COC SA), or self-

administration and extinction (EXT). In panels B and D, * indicates cocaine-induced cFos 

that is significantly greater than cFos after saline vehicle in control handled (B and D) or 

extinguished rats (D); Φ indicates cocaine-induced cFos that is significantly greater in 

extinguished rats than cocaine-induced cFos in control handled rats.
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Figure 2. 
Photographic images (A, C) and summary data (B, D) demonstrating cocaine-induced cFos 

(black nuclear label) within the PVN and anterior vlBNST. Cocaine-induced cFos activation 

in the PVN in a cocaine-naïve (A) and anterior vlBNST (C) is present within regions that are 

densely innervated by DbH-positive NA fibers (brown label). PVN immunolabeling in (A) is 

from a rat with a history of cocaine self-administration, vlBNST immunolabeling in (C) is 

from a rat with a history of control handling. Summary data (B, PVN; D, BNST) show the 

average number of activated neurons per section after acute saline vehicle (VEH; white bars) 

or cocaine (COC; black bars) injections in rats with a history of control handling (CTRL), 

cocaine self-administration (COC SA), or self-administration and extinction (EXT). In panel 

B, * indicates cocaine-induced cFos that is significantly greater than cFos after saline 

vehicle in control handled rats. In panel D, * indicates cocaine-induced cFos that is 

significantly greater than cFos after saline vehicle in all three drug history groups.
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Figure 3. 
Significant correlations between cocaine-induced cFos activation of DbH-positive NA 

neurons within the NTS (A, B) or VLM (D) and activation within NA projection targets in 

the PVN (C) or anterior vlBNST (A,C,D). A significant correlation between cocaine-

induced activation of NA NTS neurons and neurons within the anterior vlBNST existed only 

in cocaine-naïve rats (A), while a significant correlation between cocaine-induced activation 

of NA neurons within the NTS and VLM was only present in rats after cocaine self-

administration (B). A significant correlation between cocaine-induced activation of neurons 

within the PVN and anterior vlBNST was observed in rats with a history of cocaine self-

administration (○) and/or extinction (□) (C). A significant correlation between cocaine-

induced activation of NA VLM neurons and neurons within the anterior vlBNST also was 

present in rats after extinction (D).
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Table 1

Infusions during self-administration (top rows) and Active Lever Responding (bottom rows) in rats that 

received saline (left column) or cocaine (middle column). There were no significant differences between 

groups as noted by p-values (right column).

SELF-ADMINISTRATION INFUSIONS (Days 11-12) SALINE COCAINE

Drug Naïve n/a n/a

Self-administration 42.7±9.8 48.9±7.6 P=0.4

Self-administration and extinction 39.5±7.8 47.4±7.4 P=0.3

EXTINCTION ACTIVE LEVER RESPONDING (Days 7-8)

Drug Naive n/a n/a

Self-administration n/a n/a

Self-administration and extinction 8.8±2.7 7.4±0.9 P=0.6
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Table 2

Correlations (R2 - top number, p values – bottom number) between cocaine-induced cFos activation of DbH-

positive NA neurons (NTS, VLM) or activation in NA projection targets (PVN, anterior vlBNST).

COCAINE-NAIVE SELF-ADMIN EXTINCTION

NTS VLM PVN NTS VLM PVN NTS VLM PVN

NTS n/a 0.50
0.07

0.004
0.21

n/a 0.59

0.02
*

0.01
0.78

n/a 0.009
0.82

0.002
0.91

VLM 0.50
0.07

n/a 0.04
0.67

0.59

0.02
*

n/a 0.02
0.73

0.009
0.82

n/a 0.48
0.06

PVN 0.004
0.21

0.04
0.67

n/a 0.01
0.78

0.02
0.73

n/a 0.002
0.91

0.48
0.06

n/a

BST 0.68

0.02
*

0.54
0.09

0.47
0.13

0.02
0.73

0.04
0.62

0.63

0.01
*

0.019
0.74

0.57

0.03
*

0.87

0.0007
*

*
(bold) indicates statistically significant positive correlation
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