
Introduction

The prefrontal cortex (PFC) is a major associ-
ation area connected to all areas of the neocor-
tex and to various allocortical, limbic, and
subcortical brain regions. It is also a terminal
region of the mesocorticolimbic dopamine
(DA) system that innervates the NAc and the
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Abstract

Chronic exposure to psychostimulants induces neuro-adaptations in ion channel function of
dopamine (DA)-innervated cells localized within the medial prefrontal cortex (mPFC) and
nucleus accumbens (NAc). Although neuroplasticity in ion channel function is initially found in
drug-sensitized animals, it has recently been believed to underlie the withdrawal effects of
cocaine, including craving that leads to relapse in human addicts. Recent studies have also
revealed remarkable differences in altered ion channel activities between mPFC pyramidal neu-
rons and medium spiny NAc neurons in cocaine-withdrawn animals. In response to psychostim-
ulant or certain “excitatory” stimuli, increased intrinsic excitability is found in mPFC pyramidal
neurons, whereas decreased excitability is observed in medium spiny NAc cells in drug-with-
drawn animals compared to drug-free control animals. These changes in ion channel function are
modulated by interrupted DA/Ca2+ signaling with decreased DA D2 receptor function but
increased D1 receptor signaling. More importantly, they are correlated to behavioral changes in
cocaine-withdrawn human addicts and sensitized animals. Based on growing evidence,
researchers have proposed that cocaine-induced neuro-adaptations in ion channel activity and
DA/Ca2+ signaling in mPFC pyramidal neurons and medium spiny NAc cells may be the funda-
mental cellular mechanism underlying the cocaine withdrawal effects observed in human addicts.
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ventral tegmental area (VTA). The NAc is a
limbic structure that receives glutamatergic
and dopaminergic inputs from the amygdala,
hippocampus, medial dorsal thalamus, medial
PFC (mPFC), and VTA. Functioning as an
“interface” in the mesocorticolimbic DA sys-
tem, the NAc participates in the regulation of
motivation-driven behaviors. In humans, both
the PFC and NAc are implicated in the control
of cognitive tasks (e.g., attention, perception,
thinking, learning, working memory, and exec-
utive functioning) and underlie several neuro-
logical disorders, including cocaine addiction
(1–4). In rodents, the PFC and NAc are neces-
sary for the induction of behavioral sen-
sitization (e.g., increased locomotion and
stereotypy) and increased self-administration
(“incubation” of cocaine craving), two estab-
lished animal models for the study of drug
addiction (5–9). Lesions of the mPFC abolish
psychostimulant-induced neuro-adaptations in
the mesocorticolimbic DA system (also known
as the reward pathway) and prevent cocaine
sensitization (6,10,11). Deficiency of the DA
D1-class receptor in the NAc also results in the
abolishment of cocaine-induced behavioral
sensitization (e.g., increased locomotor activity
and stereotypy; ref. 12). Because behavioral
sensitization and incubation of cocaine crav-
ing only occur in withdrawn animals in
response to drug/cue-associated stimuli, these
findings indicate that the glutamatergic out-
put originating from the mPFC to the NAc
plays a critical role in the development of
cocaine withdrawal symptoms, including crav-
ing and relapse.

Chronic exposure to cocaine induces numer-
ous changes in the activity of the mesocorticol-
imbic DA system. Previous clinical studies
have indicated that the basal neuronal activity
(reflected by glucose utilization) in the
orbitofrontal cortex (OFC; including the
mPFC) of cocaine-withdrawn human addicts
is markedly decreased (13,14). However, this
reduction in functional energy metabolism is
rapidly reversed and remarkably increased in
the OFC of these addicts in response to drug
reinstatement (an additional challenge dose of

cocaine-like drug). A similar increase in func-
tional metabolism to drug reinforcement is
found in the mPFC of cocaine-withdrawn non-
human primates after chronic self-administra-
tion of the drug (15,16). These findings reveal
that the neuronal activity is reduced in the
mPFC during drug withdrawal but is
increased with additional drug-associated
stimuli in cocaine-withdrawn subjects.

Cocaine-induced changes in the PFC neu-
ronal activity are associated with apparent
neuro-adaptive alterations in the intrinsic
excitability of mPFC pyramidal neurons and
medium spiny NAc neurons. Recent investiga-
tions have demonstrated that noncontingent
repetitive cocaine administration increases
evoked Na+ and Ca2+ action potentials in
mPFC pyramidal neurons in drug-withdrawn
animals in response to excitatory stimuli
(17–19). Importantly, these changes persist for
at least 3 wk, revealing a neuroplasticity in ion
channel activity. Conversely, an enduring
decrease in the frequency of evoked sodium
spikes is found in medium spiny NAc neurons
of cocaine-withdrawn rats compared to drug-
naive control animals (20–23). Although the
decreased firing is recorded in vitro with brain
slice preparations, this remarkable difference
in the intrinsic excitability between NAc spiny
cells and mPFC pyramidal neurons indicates
that the cellular mechanisms underlying
psychostimulant-induced modulation of ion
channel activity are distinct in the two cell
populations.

Although the exact mechanisms underlying
cocaine-induced neuro-adaptations in the mPFC
and NAc of drug-withdrawn animals remain
unknown, recent studies have revealed that
psychostimulant-induced neuroplasticity in ion
channel activity is modulated by altered
DA/Ca2+ signaling. Here, our work provides a
perspective on the literature that integrates the
findings with respect to functional and confor-
mational changes in membrane ion channels
and DA/Ca2+ signaling into a hypothesized
working model (Fig. 1). In this model, decreased
basal neuronal activity in the reward pathway
during cocaine withdrawal and increased mPFC
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Fig. 1. Chronic cocaine-induced neuroadaptations in behaviors, neuronal activity and ion channel function of
mPFC pyramidal neurons and medium spiny NAc cells either with or without drug-associated or other excitatory
stimuli. Cocaine-induced neuroplasticity is found in subcellular, neuronal, system, and behavioral levels in
cocaine-withdrawn animals. The maladaptations in ion channel function and DA/Ca2+ signaling could cause
significant changes in the intrinsic excitability, basal and evoked neuronal activity, and neurotransmission out-
put from the mPFC and NAc. Eventually they would lead to alterations in motivated behaviors, including drug
craving and relapse. Based on these findings, it is proposed that neuro-adaptations in mPFC pyramidal neurons
and medium spiny NAc cells are fundamental to, and critical for, the mechanisms underlying the withdrawal
effects of cocaine in human addicts.



excitatory drive to the NAc with drug-associ-
ated stimuli are considered to underlie various
withdrawal effects of cocaine.

DA Modulation of Ion Channel
Activity in the Reward Pathway

The DA innervation of the mPFC and NAc
modulates various higher order behavioral
and cognitive processes (24,25). DA modula-
tion is executed in part via a regulation of the
activity of the glutamatergic pyramidal neu-
rons localized in the mPFC and of the
GABAergic medium spiny neurons in the NAc
(26,27). Activity of these cells depends on their
intrinsic excitability, which is primarily con-
trolled and dynamically regulated by various
voltage-gated Na+, Ca2+, and K+ channels (a
class of transmembrane ion channels activated
by membrane depolarization near the chan-
nel). However, although membrane depolar-
ization is essential and required for the
activation of these ion channels, channel func-
tion in cortical and striatal neurons is also
modulated by DA (28–34), Ca2+, and glutamate
signaling, as well as by other intracellular
pathways (27,35,36).

D1R Modulation of Ion Channel Activity

Interacting with different signaling path-
ways, DA modulates the activity of voltage-
gated ion channels by stimulating the DA
D1-like receptor (D1R, including D1,5 subtypes)
and D2-like receptor (D2R, including D2,3,4 sub-
types) in the mesocorticolimbic DA system
(26,27). Previous findings have indicated that
stimulation of D1Rs usually facilitates the
intrinsic excitability of PFC pyramidal neurons,
resulting in an increase in evoked firing
(28,35–38). This excitatory effect of D1R stimu-
lation on evoked action potentials is apparently
associated with increased persistent Na+ cur-
rents (INa-per; refs. 28 and 30, but see also ref. 39),
enhanced high-voltage-activated (HVA-) L-
type Ca2+ currents (ICa; refs 40 and 41), and
decreased voltage-gated K+ currents (VGKCs

or IK; refs. 31,42, and 43). Moreover, it is also
associated with an increased surface expression
of α-mino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid (AMPA) receptors (44) and excita-
tory postsynaptic N-methyl-D-aspartic acid
(NMDA) currents (45–47), along with the gen-
eration of “upstate”-like membrane potentials
(48,49). Conversely to voltage-gated ion chan-
nels, AMPA and NMDA receptors are ligand-
gated transmembrane ion channels (also
referred to as ionotropic receptors), which are
opened in response to binding of glutamate
(or AMPA and NMDA receptor agonists,
respectively).

D1R stimulation also enhances the function of
L-type Ca2+ channels of the medium spiny stri-
atal neurons by increasing the activity of the
cyclic adenosine monophosphate (cAMP)/pro-
tein kinase A (PKA) cascade (50,51), which facil-
itates phosphorylation of the L-channel, thereby
increasing Ca2+ influx and the excitability of
these cells in response to membrane depolariza-
tion. Most of these ion channel activities modu-
lated by D1Rs are implicated in an increased
suprathreshold excitability, which would facili-
tate neuronal responsiveness to various excita-
tory stimuli and, therefore, increase either
spontaneous or evoked firing.

D1R stimulation may also decrease the PFC
and NAc excitability by suppressing voltage-
sensitive INa (20,39), evoking Ca2+-activated
K+ currents with increased Ca2+ influx from L-
type Ca2+ channels (52), diminishing non-L-
type HVA-Ca2+ potentials and currents (21,28),
increasing activity of GABAergic interneurons
(42), and enhancing GABAA receptor-medi-
ated inhibitory postsynaptic currents (IPSCs)
(53). Additionally, activation of D1Rs can also
increase or decrease the inwardly rectifying K+

currents via different signaling pathways
(31,32,54). Although these findings regarding
D1R regulation of excitability appear contro-
versial, they actually unmask the existence of
a dynamic D1R modulation of ion channel
activity through multiple signaling pathways.
Therefore, the final effect of D1R modulation
on the excitability and activity of a neuron
depends on the integrated balance of the func-
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tion of all membrane ion channels mediated
by D1Rs.

D2R Modulation of Ion Channel Activity

Conversely to the effects of D1R stimulation
on neuronal discharge (firing), activation of
the D2R usually suppresses evoked action
potentials in PFC pyramidal neurons as well
as in medium spiny NAc cells of rats
(35,55–58). This inhibitory effect of D2R regu-
lation on Na+ spike firing most likely is medi-
ated partly by the activation of A-type K+

channels through a signaling pathway in
which D2R-coupled neuronal Ca2+-sensor pro-
teins are functionally and conformationally
involved (refs. 59–64; Fig. 2A). D2R stimula-
tion also decreases NMDA currents and atten-
uates the facilitating effects of NMDA/AMPA
on evoked Na+ spikes (35,65), thereby dimin-
ishing the excitatory mPFC output to the NAc
(33). These inhibitory effects of D2Rs on the
regulation of ion channel activity and evoked
firing should be mainly attributed not only to
its coupling with neuronal Ca2+-sensor pro-
teins and A-type K+ channels that increases
A-type K+ outflow (Fig. 2A) but also to D2R-
facilitated dephosphorylation of Ca2+ chan-
nels by calcineurin (CaN; protein phosphatase
2B or PP-2B) that decreases Ca2+ influx (our
unpublished observation). Together, these
findings show that D2R modulation could
decrease the intrinsic excitability in DA-tar-
geted neurons with interaction of DA, gluta-
mate, and Ca2+ signaling.

Nevertheless, the D2R also regulates the
excitability of mPFC pyramidal neurons and
NAc spiny cells in certain positive ways. For
example, we have determined that D2R stimu-
lation induces a significant increase in whole-
cell voltage-sensitive Na+ currents (VSSCs or
INa) in the majority of freshly dissociated
medium spiny NAc neurons (66). This D2R
action has been attributed to decreased PKA
activity and enhanced dephosphorylation of
the Na+ channel by activation of Ca2+/CaM-
dependent calcineurin following increased
cytosolic-free Ca2+ levels (Fig. 3A). Addition-

ally, activation of D4Rs also diminishes IPSCs
by facilitating dephosphorylation of GABAA
receptors (53,54,67). Obviously, these discrep-
ancies observed in D2R-regulated responses
complicate the interpretation of D2R modula-
tion of neuronal excitability and have confused
our understanding of the modulatory effects of
D2R (and DA) on the activity of mPFC and
NAc neurons.

Similarly to D1R modulation of intrinsic
excitability and neuronal activity, these “contro-
versial” findings in D2R modulation should not
simply be concluded as “opposite” results.
Because the D2R regulates the activity of vari-
ous types of ion channels in a dynamic manner,
the overall excitatory or inhibitory response of
DA-innervated neurons to D2R stimulation
depends on the integration of the responses of
all types of membrane ion channel at any time-
point, which may differ from each other in dif-
ferent types of neurons or the same type of cells
but different individual. Furthermore, many
D2R-modulated neuronal responses depend
on cytosolic-free Ca2+ levels and on various
DA/Ca2+ signaling-related proteins. It is well-
established that stimulation of D2Rs leads to a
drastic increase in intracellular Ca2+ release in
the medium spiny neurons of the ventral and
dorsal striatum (NAc and caudate-putamen
CPu, respectively) (68). This increase in Ca2+

mobilization parallels the activation of protein
phospholipase C (50,51) and the inhibition of
cAMP/PKA activity (refs. 23 and 66; Fig. 2A).
These changes in DA/Ca2+ signaling also func-
tionally modulate ion channel activity in
medium spiny neurons, thereby altering the
intrinsic excitability and tonic activity of these
cells. Although a thorough understanding of the
exact mechanism underlying D1R and D2R
modulation of voltage-sensitive sodium (VSSCs
or INa), calcium (VSCCs or ICa), and potassium
currents (VGKCs or IK) requires further investi-
gation, previous findings have demonstrated
that a dynamic and integrated interaction
among DA, glutamate, and Ca2+ signaling is
essential in regulating the intrinsic excitability,
basal neuronal activity, and information output
from the mesocorticolimbic DA system.
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Fig. 2. Chronic exposure to cocaine alters D2R-modulation of membrane ion channel activity by interrupting
the D2R/Ca2+/NCS1-KChIPs/IA pathway in mPFC pyramidal cells. (A), Stimulation of the D2R may activate A-
type K+ channels and increase IK, thereby suppressing firing of mPFC pyramidal cells in drug naïve rats. This
D2R modulation is regulated by inhibiting PKA, disinhibiting IP3Rs, increasing Ca2+ release, and activating the
neuronal Ca2+ sensor (NCS) proteins. D2R-mediated inhibition of PKA activity also results in an increase in Na+

but a decrease in Ca2+ influx with reduced phosphorylation. The integrated changes in ion channel activity lead
to a decrease in the intrinsic excitability. Arrows in brackets indicate the changes in activity. (Abbreviations: AC,
adenylyl cyclase; PKA, c-AMP-dependent protein kinase A; VSSC, voltage-sensitive Na+ current; VSCC, voltage-
sensitive Ca2+ current; IP3R, IP3 receptor; ER, endoplasmic reticulum; NCS-1, NCS protein 1; KChIPs, K+ chan-
nel interacting protein (another type of NCS protein); circled p, phosphorylation.) (B), Repeated cocaine
administration increases D1R signaling but decreases D2R function. 1. Cocaine withdrawal without drug or cer-
tain excitatory stimuli: mPFC pyramidal cells show a decreased basal activity with decreased INa (X) and conse-
quently reduced neuronal activity. Reduced D2R function also results in a decreased intracellular Ca2+ release
(X) and a compensatory D2R proliferation, which is associated with increased protein levels of L-channels.

2. Cocaine withdrawal with drug or certain excitatory stimuli: increased Ca2+ influx via the L-channels and
decreased VGKC through the A-channels occur in pyramidal cells, leading to an increase in firing. Whether the
surface expression of the L-channels and A-channels is increased and decreased, respectively, requires further
investigation. Filled arrows indicate cocaine-induced alterations in conductances.



Chronic Cocaine Exposure Decreases
D2R Signaling but Increases
D1R/PKA Signaling

Attenuated D2R Function in Medium Spiny
NAc Cells and mPFC Pyramidal Neurons

Chronic cocaine alters motivated behaviors in
drug-withdrawn human addicts, whereas drug
abstinence causes the withdrawal symptoms,
including but not limited to anergia, anhedonia,
apathy, depression, and craving, which leads to
relapse. Associated with these cocaine with-
drawal effects, there is a marked decrease in the
basal neuronal activity in the OFC of human
addicts compared to drug-free control subjects.
Meanwhile, D2R availability is also remarkably
reduced in the striatum of drug-withdrawn
human addicts (69–71), suggesting a decreased
D2R function in this brain region. Under these
conditions, a psychostimulant-induced “high”—
a surge of euphoric pleasure that rapidly follows
administration of the drug—is experienced by
human addicts, but only in those who have
decreased D2R availability in the dorsal and ven-
tral striatum (70,72). Moreover, the decreased
D2R availability is associated with a reduced
D2R/Gi/o protein coupling and an increased
gene expression of cAMP response element
binding proteins in the NAc of cocaine-pre-
treated animals. Nestler and colleagues (73,74)
have demonstrated that the activity and protein
levels of D2R-coupled Gi/o α-subunits are sig-
nificantly reduced in medium spiny NAc
neurons following repeated cocaine treat-
ment. Additionally, D2R-mediated inhibition in
evoked Na+ spike firing is diminished in mPFC
pyramidal neurons in cocaine-withdrawn rats
(75). These findings indicate that D2R function
is reduced in the DA-innervated mPFC pyrami-
dal neurons and medium spiny NAc cells of
cocaine-withdrawn human addicts as well as in
animal models.

However, unlike the decreased D2R avail-
ability in the NAc, an increase in the D2R pro-
tein levels is found in the mPFC of
cocaine-withdrawn rats (75). This unique
change in the D2R levels lasts for at least 3 wk

with drug abstinence, indicating a neuro-
adaptive proliferation of the D2R as a com-
pensatory responsiveness to decreased D2R
function in the mPFC (Fig. 2B). Interestingly,
previous studies have shown that selectively
increasing D2R activation in the mPFC blocks
the initiation and attenuates the expression of
cocaine-induced behavioral as well as neu-
rochemical sensitization in cocaine-with-
drawn rats (76,77). Based on these findings,
researchers have proposed that D2R regula-
tion of neuronal activity is decreased in the
drug-withdrawn mPFC and NAc following
chronic exposure to cocaine. It is currently
unknown why D2R proliferation occurs in the
mPFC, whereas reduced D2R availability
takes place in the striatum of cocaine-with-
drawn subjects. However, decreased D2R
function in the mPFC—especially a reduction
in D2R-mediated dephosphorylation of L-
type Ca2+ channels, which would lead to an
increased Ca2+ influx in mPRFC pyramidal
neurons—should play an important role in
the increased glutamate output seen in
response to the psychostimulant-reinstated
increase in neuronal activity. The increased
PFC neuronal activity and excitatory gluta-
mate output could trigger drug-awarded
behavioral activity, particularly craving and
relapse.

Enhanced D1R Signaling in Medium 
Spiny NAc Neurons and mPFC
Pyramidal Neurons

Earlier electrophysiological studies on
medium spiny NAc neurons have shown that
psychostimulant-induced behavioral sensiti-
zation is associated with a persistent attenua-
tion of excitatory responsiveness to glutamate
but enhanced inhibitory responses to D1R reg-
ulation (78–81). Recent investigations have
further revealed that in vitro evoked Na+

spikes and HVA-Ca2+ plateau potentials are
suppressed in NAc spiny cells of cocaine-
withdrawn rats (20,22). These findings indi-
cate a decreased intrinsic excitability of these
neurons, even in response to excitatory stimuli
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(e.g., in anesthetized rats with iontophoreti-
cally applied glutamate or in brain slice prepa-
rations with membrane depolarization).

This decrease in NAc excitability during
drug withdrawal results primarily from
cocaine-induced alterations in the activity of
voltage-gated ion channels in NAc spiny cells.
We have determined that, along with sup-
pressed Na+ and Ca2+ spikes, whole-cell Na+

and Ca2+ conductances are decreased in
medium spiny NAc neurons of cocaine-with-
drawn rats (20–23). Meanwhile, the outward
rectification during membrane depolarization,
which reflects an increased outflow of IK, is
also enhanced in these cells. These findings
suggest that NAc spiny cells become much less
excitable in vitro following repeated noncontin-
gent cocaine treatment and drug withdrawal, a
result that is supported by investigations
focusing on excitatory synaptic transmission.
Evidence from an AMPA-receptor- to NMDA-
receptor-mediated excitatory postsynaptic
current ratio study showed that the magnitude
of long-term depression was decreased at
synapses made by PFC afferents onto these
cells because the excitability of NAc spiny cells
had been suppressed in cocaine-withdrawn
animals (82). Accordingly, another study indi-
cated that enhanced long-term potentiation
(LTP) in field potential recordings of excitatory
postsynaptic potentials could be induced in
psychostimulant-withdrawn NAc spiny cells
(83), apparently from reduced basal activity
levels.

Previous findings have also uncovered an
enhanced D1R signaling in the NAc of
cocaine-withdrawn rats, which is generally
regulated by increased PKA activity beyond
the D1R. For example, increases in the activi-
ties of adenylate cyclase (AC), Gs proteins,
cAMP, and PKA are found in NAc spiny neu-
rons after repeated cocaine administration
(73,74). Increased PKA activity downstream
from D1Rs could affect ion channel function
in different ways in sensitized animals. First,
it decreases INa by enhancing phosphoryla-
tion of the Na+ channel (20,23). Second, even
with facilitated L-type Ca2+ channel activity,

it actually decreases whole-cell ICa and sup-
presses HVA-Ca2+ plateau potentials by
reducing N- and R-type ICa (21,22). This
reduction in Ca2+ influx is most likely regu-
lated by PKA-activated protein phosphatase
1 (PP1) through dephosphorylation of non-L-
type Ca2+ channels (21,84). Finally, it may
also increase activity of certain subtypes of
Ca2+-activated and voltage-gated K+ chan-
nels by phosphorylation (22,85,86). Notably,
however,  under these circumstances, direct
stimulation of D1Rs no longer induces fur-
ther decreases either in Na+ or Ca2+ currents
(20,21) or in LTP (82) in NAc spiny cells in
cocaine-withdrawn rats. These findings sug-
gest that a “ceiling effect” regarding adapted
D1R modulation might have occurred,
through which the increased PKA activity
achieved its maximal effects on regulating
ion channel activity in these cocaine-with-
drawn neurons. Based on these findings,
researchers have proposed that cocaine-
induced neuroplasticity in the activity of
Na+, Ca2+, and K+ channels results partly
from the increased D1R/PKA and decreased
D2R signaling with reduced CaN activity,
leading to a decreased intrinsic excitability in
NAc spiny cells (Fig. 3B).

Conversely to that observed in medium
spiny NAc cells, the intrinsic excitability of
mPFC pyramidal neurons in cocaine-with-
drawn rats is increased concurrently with
increased whole-cell ICa and decreased IK in
response to excitatory stimuli (17–19). These
changes in mPFC excitability are also associ-
ated with a significant increase in PKA activity.
However, the cellular mechanism underlying
the increased mPFC excitability is not fully
understood. First, although it is well-estab-
lished that the activity of ion channels primar-
ily depends on three major factors (the number
of ion channels available for opening; the open
probability of the channel; and the opening
time of the channel when it is activated [86]), it
is unknown which one plays a predominant
role in the cocaine-induced alterations in Ca2+

and K+ conductances. Second, it is unclear
which subtypes of Ca2+ and K+ channels are
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involved in the altered excitability. Third, it is
not known whether other types of voltage-
gated ion channels also participate in the
altered PFC excitability. Finally, (and more
importantly), given the differential alterations
in excitability within the mPFC and NAc net-
works in cocaine-withdrawn animals, it needs
to be determined whether and how DA/Ca2+

signaling (which regulates ion channel func-
tion) is interrupted.

Chronic Exposure to Cocaine
Interrupts Ca2+ Signaling and Ion
Channel Function With Increased
Phosphorylation and Decreased
Dephosphorylation

Decreased Ca2+ Signaling in Medium 
Spiny NAc Neurons in Cocaine-
Withdrawn Animals

A question arises from previous findings
regarding drug-induced alterations in ion
channel function: How does chronic cocaine
exposure alter the intrinsic excitability of DA-
innervated neurons in drug-withdrawn ani-
mals that leads to subsequent changes in
neuronal activity? Based on the information
described earlier, the decreased excitability of
NAc spiny neurons in cocaine-withdrawn rats
could be attributed to interruption of DA/Ca2+

signaling with altered phosphorylation and
dephosphorylation. It has been established
that D1R stimulation decreases INa in drug-
naïve animals, whereas this decreased INa is
normally regulated by D1R-coupled PKA acti-
vation with facilitated phosphorylation of the
Na+ channel (87–89). However, in medium
spiny NAc neurons in psychostimulant-with-
drawn animals, the reduced INa is regulated
not only by an enhanced phosphorylation fol-
lowing increased PKA activity (20,21,73,74,
88,89) but also by a decreased dephosphoryla-
tion of the Na+ channel with diminished cal-
cineurin activity (23,66). Moreover, we have
also discovered that the chronic cocaine-

induced decrease in dephosphorylation results
from a decreased Ca2+ influx passing N- and R-
type Ca2+ channels as well as a reduced cytoso-
lic Ca2+ release associated with suppressed
D2R function (21–23). Both changes lead to a
decrease in Ca2+ signaling (Fig. 3B).

The decreased NAc excitability may also be
regulated by psychostimulant-induced changes
in presynaptic DA neurons. Gene expression of
the L-type Ca2+ channel α1-subunit (90) is
increased in midbrain DA neurons located
within the VTA following repeated ampheta-
mine treatment (91). Such an elevation in mes-
senger RNA (and possibly in protein levels) of
L-type Ca2+ channels would facilitate sponta-
neous activity of VTA DA neurons, thereby
increasing DA release in the NAc and mPFC,
which usually decreases the firing of NAc neu-
rons (12,92,93). Accordingly, the increased L-
channel gene expression is associated with a
transient enhancement in glutamate (and
AMPA)-induced firing in VTA DA neurons in
either cocaine- or d-amphetamine-withdrawn
rats (94). Importantly, even a single cocaine
exposure in vivo could induce LTP in DA neu-
rons, which lasts for a short (5 d) but not a long
period (95). This unique transient change in VTA
DA neurons has been considered to contribute to
the mechanism underlying the early stage of the
development of drug addiction as well as behav-
ioral sensitization. Because the increased excita-
tory responsiveness of VTA DA neurons to
glutamate lasts only a few days in drug-with-
drawn rats, it will be interesting to see if the
increased gene expression of Cav1.2 channels
persists in DA cells after a long-term with-
drawal. On the other hand, investigators need to
determine whether a similar increase in gene
expression of L-type Ca2+ channels also occurs
in medium spiny NAc cells in cocaine-with-
drawn animals as a compensatory response to
decreased whole-cell ICa and intracellular Ca2+

release. Therefore, it is clear that besides
increased PKA activity, a decreased D2R/Ca2+

signaling and increased presynaptic DA release
could also play an important role in the
decreased NAc excitability in cocaine-with-
drawn rats.
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Increased Ca2+ Influx in mPFC Pyramidal
Neurons in Cocaine-Withdrawn Animals

The increased intrinsic excitability in mPFC
pyramidal neurons of drug-withdrawn rats in
response to excitatory stimuli should also be
attributed to the interruption of DA/Ca2+ sig-
naling, but through remarkably different mech-
anisms. It has been demonstrated that repeated

cocaine administration prolongs the duration of
evoked HVA-Ca2+ plateau potentials with
increased density of whole-cell ICa in mPFC
pyramidal neurons of rats after either a short-
term (3-d) or a long-term (3-wk) withdrawal
(18,19). These results are consistent with and
supportive of previous findings that have indi-
cated an increased glutamatergic output from
the PFC of sensitized animals in response to
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cocaine-associated challenge or other excitatory
stimuli (96). Additionally, it has also been noted
that the increased Ca2+ influx and prolonged
duration of evoked Ca2+ action potentials
observed in mPFC pyramidal neurons differs
dramatically from that in medium spiny NAc
cells, which shows a decreased ICa and reduced
duration of Ca2+ action potentials following
repeated cocaine administration.

This discrepancy in Ca2+ influx between
mPFC pyramidal neurons and medium spiny
NAc cells in cocaine-withdrawn animals is
apparently related to the expression and activa-
tion of different subtypes of HVA-Ca2+ chan-
nels. Although decreased N- and R-type ICa in
medium spiny striatal cells may be attributed
to enhanced PP1 activity (21,84), the increased
Ca2+ influx in mPFC pyramidal neurons most
likely results from chronic cocaine-induced

adaptations in L-type Ca2+ channels. In fact,
blocking the L-channel in mPFC pyramidal
neurons of cocaine-withdrawn rats shortens
the increased duration of Ca2+ plateau poten-
tials to levels comparable to that found in
saline-pretreated rats (19). Combined with an
increased PKA activity (17), which facilitates
phosphorylation of L-type Ca2+ channels
(50,51), these results strongly suggest that the
L-type Ca2+ channel plays a predominant role
in increasing Ca2+ influx in mPFC pyramidal
neurons of cocaine-withdrawn rats, particu-
larly in response to excitatory stimuli. Subse-
quent investigations have also revealed that the
increased Ca2+ influx in cocaine-withdrawn
mPFC pyramidal neurons is regulated not only
by increased activity but also by proliferation of
the L-type Ca2+ channel because the membrane
protein levels of the L-type Ca2+ channel are
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Fig. 3. The cellular mechanisms underlying DA D1R/D2R modulation of ion channel activity in medium spiny
NAc neurons in drug-free control and cocaine-withdrawn rats. The models incorporate some well-established
previous findings from other research groups and recent findings from our laboratory. (A), The D1R and D2R
modulate ion channel activity by regulating the cAMP/PKA cascade and Ca2+ signaling in medium spiny NAc
neurons of drug-free rats. D1R stimulation increases cAMP/PKA activity, whereas D2R stimulation decreases
activity of cAMP/PKA cascade but induces intracellular Ca2+ release. D1R-activated PKA phosphorylates various
types of ion channels, IP3 receptors (105), and other signaling-related proteins (e.g., DARPP-32 at threonine 34).
D2R/Ca2+/calmodulin-coupled activation of calcineurin (PP2B) dephosphorylates these substrates. Phosphoryla-
tion and dephosphorylation dynamically modulate activity of ion channels and DA/Ca2+ signaling-related pro-
teins in different ways, thereby regulating the intrinsic excitability of NAc neurons. The integrated D1R and D2R
modulation leads to a balanced activity of ion channels and Ca2+ signaling in drug-naïve NAc spiny cells. (B),
Chronic exposure to cocaine upregulates activity of the D1R/Gs/AC/cAMP/PKA pathway. Enhanced D1R/PKA
activity and reduced D2R function interrupts activity of voltage-sensitive Na+, Ca2+, K+ channels and IP3 recep-
tors in cocaine-withdrawn NAc spiny cells in several ways, causing a decrease in whole-cell VSSCs (INa), VSCCs
(ICa), and intracellular Ca2+ release, but an increase in K+ outflow. Decreased INa and intracellular Ca2+ release
should be attributed to an enhanced phosphorylation by PKA and a decreased dephosphorylation of the Na+

channel and IP3 receptors by calcineurin, respectively. Diminished ICa mainly results from increased dephos-
phorylation of N- and R-type Ca2+ channels, probably by protein phosphatase 1 (PP1) activated by PKA. More-
over, chronic cocaine exposure may also reduce dendritic propagation of Ca2+ and Na+ action potentials in
drug-withdrawn NAc cells. Additionally, outflow of K+ currents is enhanced by activating various K+ channels,
including K+ channels activated at RMP (IKir-rest, “leak” currents), voltage-gated slowly inactivating rectifiers (IKs),
and Ca2+-activated BK channels. These changes in K+ channel function may also be associated with increased
PKA activity. Together, the integrated neuroadaptations in activity of ion channels and the D1R/Gs/AC/
cAMP/PKA pathway lead to a decrease in the intrinsic excitability of medium spiny NAc neurons during cocaine
withdrawal. Moreover, even with drug reinstatement or other excitatory stimuli, these cells are still less excitable
than drug-naïve controls. (Open arrows, cocaine-induced alterations in the ion channel function and the mem-
brane excitability.)



significantly increased in the rat mPFC (97).
Importantly, this distinctive change in the L-
type Ca2+ channel is subtype- and region-spe-
cific because it is neither found in other
subtypes of Ca2+ channels nor detected in the
motor cortex of the same rats. These findings
indicate that chronic cocaine-induced adapta-
tions in DA and Ca2+ signaling are regulated
by increased phosphorylation and decreased
dephosphorylation along with integrated func-
tional and conformational changes in certain
types of voltage-gated ion channels (Figs. 2B
and 3B). Further study should focus on
determining whether the increased protein
levels of L-type Ca2+ channels are functionally
expressed on the surface of cocaine-withdrawn
mPFC pyramidal cells.

Cocaine-Induced Neuro-Adaptations
in Ion Channel Function and
DA/Ca2+ Signaling Are Associated
With Different Withdrawal Effects
of Cocaine

Cocaine-induced neuroplasticity in ion
channel activity that modulates the intrinsic
excitability results in remarkable alterations in
neuronal activity within the mPFC and NAc.
These alterations in either basal or evoked neu-
ronal activity are essential to behavioral
changes in animals sensitized to psychostimu-
lants. However, the withdrawal effects of
cocaine are found to be dramatically different
between drug-withdrawn subjects with certain
stimuli (e.g., drug/cue challenge, increased
DA or glutamate neurotransmission, and
membrane depolarization) and those without
such stimuli. For example, after chronic expo-
sure to cocaine, anergia, anhedonia, apathy,
and depression-like motional/behavioral
changes are found in cocaine-withdrawn
human addicts. Conversely, additional admin-
istration of psychostimulant (drug reinstate-
ment) increases mood and drug craving that
leads to persistent drug-seeking and drug-tak-
ing. Additionally, cocaine craving evoked by

drug-associated cue also triggers an increase in
PFC activity (98–100). Moreover, expectation
for cocaine, which is associated with drug-
related learning and memory, also enhances
the effects of drug reinstatement, not only on
functional metabolism but also on its reinforc-
ing action (e.g., self-report of drug-induced
“high”) in human addicts (101,102).

Consistent with the changes in motivated
behaviors in cocaine-withdrawn human addicts,
cocaine-withdrawn rats show a comparable non-
sensitized behavioral activity profile during absti-
nence. Morphine-abstained animals also exhibit
withdrawal symptoms similar to those found in
human heroin addicts. These abstinence (or
“nonsensitized”) behaviors are associated with a
marked reduction in mesocorticolimbic DA
release, which appears to be a common feature
of ethanol, morphine, cocaine, and ampheta-
mine abstinence in rats (103). Moreover, as in
cocaine-withdrawn human addicts, a challenge
dose of reinstated cocaine also induces signifi-
cant increases in locomotion and stereotypy
in drug-withdrawn rats compared to saline-
pretreated animals, indicating that “psychostim-
ulant-sensitized” neurons localized in the mPFC
and the NAc control and regulate the drug-stim-
ulated behaviors.

Interestingly, recent studies have shown that
with or without certain excitatory stimuli,
behavioral changes in psychostimulant-sensi-
tized animals correlate to the alterations in
excitability (reflecting drug-induced maladap-
tations in ion channel function) and neuronal
activity of both mPFC pyramidal neurons and
NAc spiny cells. For example, a decreased
basal neuronal activity (expressed by reduced
functional glucose metabolism) is found in the
PFC of cocaine-withdrawn human addicts
with decreased mood, whereas an increased
neuronal activity evoked by an additional
drug challenge in the PFC of cocaine-with-
drawn human addicts is associated with
increased mood. Furthermore, in sensitized
animals during withdrawal, psychostimulant-
induced locomotion and stereotypy also
correlate to increased excitability of mPFC
pyramidal neurons in response to excitatory
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stimuli. Although researchers need to identify
whether the correlations observed in the sub-
cellular (ion channels and receptors), neuronal
(firing), system (DA, glutamate, and GABA),
and behavioral (natural- and drug-awarded)
levels are only a covariation, these findings
clearly indicate involvement of altered mem-
brane ion channel function and DA/Ca2+ sig-
naling in the cellular mechanisms underlying
the withdrawal effects of cocaine.

Decreased basal neuronal activity in the
mPFC during cocaine withdrawal reduces the
excitatory glutamatergic output to the NAc,
resulting in a decrease in the excitability and
basal activity of medium spiny NAc neurons.
Previous studies have demonstrated that unlike
mPFC pyramidal neurons, NAc spiny cells in
withdrawn rats may not be able to fully recover
from cocaine-induced decrease of excitability.
Therefore, even with an overwhelmingly
enhanced glutamatergic input from the mPFC
in response to psychostimulant/cue-associated
(or other excitatory) stimuli, their activity may
still be lower than that found in drug-free con-
trol animals. Because cocaine-induced behav-
ioral changes are regulated with neuroplasticity
in ion channel function and DA/Ca2+ signaling,
it is proposed that the neuro-adaptations found
in mPFC pyramidal neurons and medium spiny
NAc cells of drug-withdrawn animals are fun-
damental and critical in the development of
cocaine addiction.

Conclusion

Reduced intrinsic excitability and basal
activity in mPFC pyramidal neurons and
medium spiny NAc neurons could contribute
to the mechanism underlying certain “nega-
tive” withdrawal symptoms of cocaine regard-
ing decreased mood, which include but are not
limited to anergia, anhedonia, apathy, and
depression. Therefore, medium spiny NAc
neurons in withdrawn subjects after chronic
exposure to cocaine would be less excitable
and responsive to activation induced by non-
drug-related motivational stimuli during drug

abstinence. However, additional drug/cue-
associated stimuli would evoke a remarkable
increase in the intrinsic excitability and firing
of mPFC pyramidal neurons, thereby increas-
ing the excitatory PFC output to the NAc (and
other subcortical areas). This change in the
function of mPFC-NAc circuits would tem-
porarily (and repetitively) reverse or at least
alleviate the decreased NAc neuronal excitabil-
ity. In response to direct psychostimulant/cue-
associated stimuli, the increased neuronal
activity in both the mPFC and NAc could lead
to a dramatic change in motivational behav-
iors. Instead of a decreased motivation to seek
biological rewards observed in drug-with-
drawn subjects, craving would occur and
uncontrollable drug-seeking behaviors would
be reinforced (96).

Together, these findings indicate that chronic
cocaine-induced neuro-adaptations in the meso-
corticolimbic DA system (104) result partly from
the neuroplasticity in ion channel function and
DA/Ca2+ signaling. This neural plasticity alters
the intrinsic excitability and responsiveness of
the cells located in the reward pathway to excita-
tory inputs. Although the molecular mecha-
nism(s) underlying the alterations in neuronal
excitability remain unknown, psychostimulant-
induced neuroadaptations in voltage-gated ion
channel function may play a critical role in the
development of the cocaine-withdrawal effects.
Based on the findings discussed in this article, it
is concluded that cocaine-induced neuro-adapta-
tions in mPFC pyramidal neurons and medium
spiny NAc cells result partly from enhanced D1R
signaling but reduced D2R function, both of
which are related to dyregulation of intracellular
signaling. Because cocaine-induced changes in
DA neurotransmission affect both D1R and D2R
population at the same time period, neuro-adap-
tations in the function of the two receptor classes
could occur concurrently. Additionally, because
an early change in the activity of VTA DA neu-
rons may be regulated by increased glutamater-
gic inputs from the PFC, it is possible that
functional alterations in the PFC may initiate the
cocaine-induced maladaptations in the reward
pathway. Figure 1 schematically summarizes the
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findings in which chronic exposure to cocaine
causes neuro-adaptations not only in behavioral
activity of human addicts and sensitized ani-
mals but also in the neuronal activity and ion
channel function of mPFC pyramidal neurons
and medium spiny NAc cells, either with or
without drug-associated or other excitatory
stimuli (Fig. 1).
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