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Abstract: A prominent feature of drug addiction is that drug-associated cues can elicit drug-seeking behaviors and  

contribute significantly to the high propensity to relapse. We have been investigating the notion that the dopamine D1  

receptor and the immediate early gene product c-Fos expressed in D1 receptor-bearing neurons mediate the development 

of persistent neuroadaptation in the brain dopamine system by regulating cell signaling and gene expression. We gener-

ated and analyzed genetically engineered mouse models and found that the D1 receptor and c-Fos expressed in D1 recep-

tor-bearing neurons mediate the locomotor sensitization and reinforcing effects of cocaine. Moreover, these molecules 

regulate cocaine-induced dendritic remodeling, electrophysiological responses, and changes in cell signaling and gene ex-

pression in the brain. Notably, a lack of Fos expression in D1 receptor-bearing neurons in mice results in no change in the 

induction but a significantly delayed extinction of cocaine-induced conditioned place preference. These findings suggest 

that D1 receptor-mediated and c-Fos-regulated changes in cell signaling and gene expression may play key roles in the  

extinction process, and they provide a foundation for further exploring mechanisms underlying extinction of cue-elicited 

cocaine seeking. 
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INTRODUCTION 

 Drug addiction is a brain disease that is characterized by 

the compulsive seeking and taking of drugs despite known 

negative consequences [1]. A key feature of drug addiction is 

that individuals experience intense drug craving after long 

abstention and are susceptible to relapse to drug seeking by 

exposure to drugs or drug-associated cues [1]. Memories of 

the drug effects or the learned association between cues and 

the rewarding properties of drugs are difficult to extinguish 

and contribute significantly to the high propensity to relapse 

[2]. The development of effective treatment strategies of 

drug addiction depends on an understanding of mechanisms 

underlying the development and extinction of drug-induced 

behaviors.
 

 
Dopamine (DA) pathways that project from the midbrain 

to the nucleus accumbens (NAc), amygdala (AMG), hippo-

campus (HIP), caudoputamen (CPu), and prefrontal cortex 

(PFC) play a key part in mediating the behavioral effects of 

drugs of abuse [3-7]. Abused drugs increase synaptic levels 

of DA that mediate reward and reinforcement [8, 9]. DA D1 

receptors are expressed in the NAc, AMG, HIP, CPu and 

PFC [10]. D1 receptor agonists and antagonists can influence 

cocaine-induced locomotor responses, discriminative stimu-

lus, reinforcing effects, escalated intake and reinstatement 

[11-17]. Using mutant mice carrying a D1 receptor gene  

mutation, we have demonstrated that this receptor is neces-

sary in mediating cocaine-induced behavioral, electrophysi-

ological, signaling and gene expression changes [18-26]. These 
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results support the view that the D1 receptor is a key cell 

surface receptor in mediating the neurobiological effects of 

cocaine. 

 The persistent nature of drug addiction suggests that re-

peated exposure to drugs leads to stable alterations involving 

long-lasting changes in neuronal circuits, cell signaling and 

gene expression in the brain DA system [3, 4, 6, 7]. Some of 

these alterations are mediated by transcription factors FosB 

and the cAMP-response element binding protein (CREB) via 
regulation of gene expression [3, 27]. The complexity of 

neuroadaptations and the multi-faceted nature of behavioral 

changes induced by repeated exposure to cocaine suggest the 

involvement of additional signaling molecules and their tar-

get genes [28]. The most obvious molecular response to 

acute stimulations by D1 receptor agonists or cocaine is a D1 

receptor-dependent transient up-regulation of the immediate 

early gene Fos in the NAc, CPu, AMG and PFC [3, 20, 27]. 

Repeated exposure to cocaine leads to increases in Fos ex-

pression in the NAc [29]. c-Fos proteins form heterodimers 

with Jun family proteins and the resulting AP-1 transcription 

complexes regulate gene expression. To test the notion that 

c-Fos may mediate neurobiological responses to cocaine by 

regulating gene expression in D1 receptor-bearing neurons, 

we previously generated a mouse in which Fos is selectively 

mutated in this group of neurons [30]. During the course of 

our studies, we found that a lack of Fos expression in D1 

receptor-bearing neurons in mice results in no change in the 

induction but a drastically delayed extinction of cocaine-

induced conditioned place preference (CPP) [30]. These 

findings suggest that D1 receptor-mediated and c-Fos-

regulated changes may play key roles in the extinction proc-

ess, and they provide new opportunities to explore mecha-

nisms underlying extinction of cue-elicited cocaine seeking.
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METHODS 

 For details of the generation of the Fos mutant mice and 

subsequent analyses, see Zhang et al. [30, 31].  

RESULTS 

The D1 Receptor Neuron-Specific Fos Mutant Mouse 

Model 

 We previously used a Cre/loxP-mediated DNA mutation 

strategy to engineer a mouse with a selective Fos mutation in 

D1 receptor-bearing neurons [30, 31]. We established that 

the acute c-Fos induction by a D1 receptor agonist 

SKF81297 or by cocaine was greatly reduced in the CPu and 

NAc of Fos mutant mice 7 weeks of age or older compared 

to that in wild-type mice [30]. Importantly, Fos can be sig-

nificantly induced by haloperidol in both Fos mutant mice 

and wild-type. These results indicate that the Fos mutation is 

primarily limited to D1 receptor-bearing neurons in the age 

range we used. The Fos mutant mice appear healthy with no 

obvious abnormalities in the brain. Fos mutant and wild-type 

mice exhibit similar baseline motor activity, acute locomotor 

responses to SKF81297, quinpirole and haloperidol treat-

ment, and baseline dendritic structures and dendritic spine 

density compared to wild-type mice [30]. Basal gene expres-

sion levels are also similar in the two groups of mice [30]. 

These results suggest that the Fos mutation did not drasti-

cally affect the development of the DA system in Fos mutant 

mice. 

c-Fos is an Intracellular Regulator of Cocaine-Induced 
Long-Term Changes 

 To investigate how c-Fos may mediate cocaine-induced 

persistent neurobiological changes, we previously analyzed 

the Fos mutant mouse in response to cocaine challenges us-

ing a multi-faceted approach. We found that while there 

were no differences in baseline activity after saline injections 

between Fos mutant mice and wild-type mice, acute cocaine 

administration induced significant locomotion compared to 

saline injections and repeated cocaine injections induced 

behavioral sensitization in wild-type but not in Fos mutant 

mice [30]. Whereas there was no obvious baseline differ-

ence, the number of dendrites and density of dendritic spines 

of neurons in the NAc shell and CPu were significantly dif-

ferent between the two groups of mice following repeated 

cocaine administration [30]. Medium spiny neurons in  

the NAc of mutant mice exhibited increased excitability  

and attenuated inhibitory responses to stimulation of D1  

receptors compared to those in wild-type mice [32]. A lack 

of Fos expression in D1 receptor-bearing neurons affected 

FosB and FosB levels and AP-1 transcription complex 

formation in the NAc and CPu following cocaine treatment 

[30]. The Fos mutation also affected the expression of at 

least two classes of target genes [30]. The first class encodes 

subunits of glutamate receptors including the N-methyl-D-

aspartate receptor 1 subunit and the -amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid receptor subunit 2. The 

second class encodes signaling molecules -catenin, Cdk5 

and p35. Together, these findings suggest that c-Fos is an 

intracellular regulator of cocaine-induced alterations in gene 

expression and neuronal activity, reorganization of neuronal 

circuits, and the development and manifestation of behav-

ioral sensitization.  

c-Fos is Involved in Regulating the Extinction of  

Cue-Elicited Cocaine Seeking 

 Environmental cues previously associated with reinforc-

ing drugs can play a key part in relapse to drug seeking be-

haviors in humans [1, 2]. This classical conditioning in 

which previously neutral cues acquire secondary reinforcing 

properties when paired with a primary reinforcer can be 

tested in the CPP paradigm [17, 33]. CPP is thought to 

model aspects of cue-elicited drug seeking behaviors because 

experimental animals approach and remain in contact with 

cues that have been paired with the effects of the drugs. CPP 

is thus useful in studying mechanisms related to cue-elicited 

drug seeking and its extinction. CPP is sensitive and can be 

reliably produced at low doses of drugs and with as little as 

one pairing of drugs. This paradigm typically produces a 

monophasic dose-response curve. Testing for CPP is under 

drug-free conditions and drug-induced effects do not influ-

ence the final behavioral outcome. For these reasons, the 

CPP paradigm has been increasingly used to dissect neurobi-

ological mechanisms underlying aspects of acquisition, ex-

tinction and reinstatement of drug seeking behaviors, par-

ticularly in genetically modified mouse models [17].  

 We investigated whether c-Fos-mediated intracellular 

changes contribute to the development and extinction of cue-

elicited cocaine seeking by using Fos mutant mice to per-

form a CPP study. We found that neither Fos mutant nor 

wild-type mice showed bias in freely exploring the two com-

partments [30]. Following four pairings each with cocaine 

and saline, both Fos mutant mice and wild-type mice devel-

oped CPP at two cocaine doses whereas saline-paired groups 

did not [30]. Significantly, there was no difference in the 

expression of CPP between the two groups of mice under 

any of the training conditions [30]. Wild-type mice showed 

CPP extinction after 10 days of training. In sharp contrast, 

Fos mutant mice still exhibited CPP after 10, 12, 14, 16 and 

18 days of extinction training and they did not exhibit extinc-

tion till after 22 days of training [30]. Wild-type and Fos 

mutant mice exhibited similar cocaine-induced reinstatement 

of CPP [30]. These results demonstrate that a Fos mutation 

in D1 receptor-bearing neurons does not obviously affect 

acquisition and reinstatement but significantly delays extinc-

tion of cocaine-induced CPP, and they suggest that D1 re-

ceptor-mediated and c-Fos-regulated changes may play key 

roles in the extinction of cue-elicited cocaine seeking. 

DISCUSSION 

 Repeated exposure to cocaine induces long-lasting 

changes in behavior, neuronal circuits and gene expression 

via DA D1 receptors. c-Fos is a transcription factor that is 

robustly induced by D1 receptor agonists and cocaine in D1 

receptor-bearing neurons. By generating and analyzing  

a mouse in which Fos is mostly mutated in D1 receptor-

bearing neurons, we found that c-Fos is an intracellular  

regulator of cocaine-induced alterations in gene expression 

and neuronal activity, reorganization of neuronal circuits, 

and the development of behavioral sensitization. Moreover, 

our findings suggest that c-Fos-regulated mechanisms within 
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the D1 receptor-bearing neurons may play key roles in the 

extinction of cue-elicited cocaine seeking.  

 Much has been learned about the basis of the develop-

ment of cocaine-induced persistent changes. Mechanisms 

underlying the extinction of such long-lasting changes, how-

ever, remain much less investigated. Multiple DA signals 

exist during the extinction of cocaine self-administration 

[34]. Moreover, DA is involved in reward-related learning 

[35]. Our results together with these findings strongly impli-

cate the involvement of dopaminergic mechanisms in the 

extinction of cocaine seeking behaviors. One of our ongoing 

research directions is to identify DA receptor subtypes, sig-

naling pathways as well as target molecules that are involved 

in the extinction process. Cocaine can induce D1 receptor-

dependent activation of ERK and CREB and expression of c-

Fos and FosB, and regulates PKA signaling in locomotor 

activation, reward and relapse behavioral paradigms [3, 19, 

24, 26, 27]. Based on available evidence, we expect most if 

not all of these signaling molecules and transcription factors 

to be involved in CPP acquisition. Because extinction likely 

involves new learning to inhibit previous mechanisms [36], 

and extinction can be readily reinstated by a single cocaine 

injection, we expect the time course and levels of activation 

and expression of these molecules to be quantitatively differ-

ent from the induction phase following extinction training. 

There might also be shifts in the pattern of activation of the 

signaling molecules and transcription factors following ex-

tinction training compared to the acquisition phase. Neu-

rotrophic factors and glutamate receptors may also be in-

volved in the extinction process [36]. 

 The basolateral AMG (BLA) mediates both acquisition 

and extinction of conditioned fear, and the PFC, HIP and 

NAc modulate these processes [36, 37]. These same brain 

structures are also part of the circuitry underlying cue-

elicited cocaine seeking, including acquisition and extinction 

[38]. The BLA mediates learning conditioned associations 

between the rewarding effects of cocaine and cues. The NAc 

modulates motivation for cocaine seeking by integrating 

information from the AMG and PFC and relaying it to motor 

output structures, and it mediates reinforcement. Our find-

ings suggest that D1 receptor-mediated signaling through c-

Fos is necessary for changes in neuronal activity and synap-

tic transmission that underlie the acquisition and extinction 

of cue-elicited cocaine seeking [30, 32]. These findings and 

the Fos mutant mouse model provide new opportunities to 

dissect D1 receptor-mediated and c-Fos-regulated electro-

physiological changes following acquisition and especially 

extinction of cue-elicited cocaine seeking in the reward cir-

cuitry.  

 CPP is thought to reflect aspects of cue-elicited drug 

seeking yet this paradigm may not fully model addicted 

states in humans as drugs are delivered non-contingently and 

only a few pairings are required to produce CPP. We will 

consider using the self-administration paradigm which is 

thought to reflect active drug seeking and taking as an alter-

native in the future [18, 34]. We have been using this para-

digm to study roles of DA receptors in the positive reinforc-

ing effects of cocaine [18]. Another concern with the CPP 

paradigm is that pharmacological investigations are difficult, 

as it is difficult to generate graded dose-effect relationships. 

To overcome this, we may need to train mice with one of 

several cocaine doses in one context and with a reference 

dose in another context. Despite these unresolved issues, our 

findings should provide new opportunities to explore mecha-

nisms underlying extinction of cue-elicited cocaine seeking.  
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