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Role of dynorphin and enkephalin in the regulation
of striatal output pathways and behavior

Abstract Projection neurons in the striatum give rise to
two output systems, the “direct” and “indirect” pathways,
which antagonistically regulate basal ganglia output.
While all striatal projection neurons utilize GABA as
their principal neurotransmitter, they express different
opioid peptide co-transmitters and also different dopa-
mine receptor subtypes. Neurons of the direct pathway
express the peptide dynorphin and the D1 dopamine re-
ceptor, whereas indirect pathway neurons express the pep-
tide enkephalin and the D2 receptor. In the present re-
view, we summarize our findings on the function of dy-
norphin and enkephalin in these striatal output pathways.
In these studies, we used D1- or D2-receptor-mediated in-
duction of immediate-early genes as a cellular response in
direct or indirect projection neurons, respectively, to in-
vestigate the role of these opioid peptides. Our results
suggest that the specific function of dynorphin and enke-
phalin is to dampen excessive activation of these neurons
by dopamine and other neurotransmitters. Levels of these
opioid peptides are elevated by repeated, excessive acti-
vation of these pathways, which appears to be an adaptive
or compensatory response. Behavioral consequences of
increased opioid peptide function in striatal output path-
ways may include behavioral sensitization (dynorphin)
and recovery of motor function (enkephalin).
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Introduction

The striatum (caudate nucleus, putamen, nucleus accumb-
ens) is among the brain regions with the highest levels of
opioid peptides and receptors. The striatum is the most
prominent portion of the basal ganglia, a group of fore-
brain nuclei that is part of the extrapyramidal motor sys-
tem. This nucleus receives and processes inputs from
most areas of the cerebral cortex, some regions of the
thalamus, and other brain areas and projects to the two
principal output nuclei of the basal ganglia, the pallidum
and the substantia nigra, which in turn provide input back
to the cortex (via the thalamus) and to the superior collic-
ulus and the pedunculopontine nucleus. The importance
of these circuits for normal behavior is emphasized, for
example, by the devastating functional deficits seen in
neurodegenerative disorders involving the basal ganglia,
such as Parkinson’s disease and Huntington’s disease.
Thus, balanced activity in striatal output pathways is re-
quired for normal motor functioning (Albin et al. 1989;
Alexander et al. 1990; DeLong 1990). Furthermore, basal
ganglia circuits are thought to be involved in psychotic
disorders, such as schizophrenia, and mediate behavioral
effects of drugs of abuse.

It has long been recognized that the striatum contains
the opioid peptides dynorphin and enkephalin and their
binding sites, kappa, mu, and delta opioid receptors.
The present review summarizes a series of studies, in
which we have investigated the functional role of these
opioid systems in the striatum. In these studies, we have
employed pharmacologically induced expression of cer-
tain genes, so-called immediate-early genes (IEGs), in
neurochemically identified neuron populations as a func-
tional marker to study the actions of opioid peptides in the
striatum. Gene expression was measured with quantitative
in situ hybridization histochemistry. Our results indicate
that these opioid peptides act in the striatum to regulate
the function of the striatal projection neurons in which
they are expressed.
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Fig.1 Simplified diagram of
basal ganglia nuclei and con-
nections. Note the distribution
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of dopamine-receptor subtypes
(D1, D2) and neuropeptides be-
tween the two striatal output
pathways. Neurons that project
to the substantia nigra and/or the
entopeduncular nucleus — the
“direct” pathway — contain dy-
norphin (DYN) and substance P
(SP) in addition to the inhibitory
neurotransmitter GABA. Neu-
rons that project to the globus
pallidus — the first segment of
the “indirect” pathway — contain
enkephalin (ENK) and GABA.
DA Dopamine, SN substantia
nigra, PC pars compacta, PR
pars reticulata, VTA ventral teg-
mental area
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Striatal projection neurons contain opioid peptides

The following provides a short overview of the structural
details of the striatum and its connections, that are rele-
vant for this review (Fig. 1) (for more extensive reviews
of the functional organization of the basal ganglia, see,
e.g., Gerfen 1992; Gerfen and Wilson 1996). About 90—
95% of striatal neurons are projection neurons. These
neurons can be divided into two subtypes depending on
their projection targets. One subtype — striatonigral neu-
rons — projects to the substantia nigra and/or the entope-
duncular nucleus (internal segment of the globus pallidus
in primates) and also gives off minor axon collaterals to
the globus pallidus (external segment of the globus pall-
idus in primates) (Kawaguchi et al. 1990). The other sub-
type — striatopallidal neurons — projects only to the globus
pallidus. Striatonigral neurons constitute the so-called
“direct” pathway from the striatum to the basal-ganglia
output nuclei, while striatopallidal neurons are the first
segment of the “indirect” pathway (Albin et al. 1989).
In addition to their efferent axon, these projection neurons
feature extensive axon collaterals within the striatum
(Park et al. 1980; Wilson and Groves 1980; Kawaguchi
etal. 1990). Striatonigral and striatopallidal neurons are
intermingled throughout the striatum and are approxi-
mately equal in number (Gerfen and Young 1988).
Besides the excitatory inputs from cortex and thala-
mus, the striatum receives further important input from
dopamine neurons in the substantia nigra pars compacta
and ventral tegmental area. Dopamine differentially af-
fects striatal projection neurons based on the dopamine re-
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ceptor subtypes they express. Thus, the two main sub-
types of dopamine receptors, D1 and D2 receptors, are
largely segregated between striatonigral and striatopalli-
dal neurons, with D1 receptors being mainly expressed
in the former and D2 receptors in the latter, and with only
a minor portion of neurons containing both receptors
(Gerfen et al. 1990; Le Moine et al. 1990, 1991; Curran
and Watson 1995; Le Moine and Bloch 1995). While
these earlier findings of differential dopamine receptor
expression were obtained in studies that colocalized re-
ceptor mRNAs with other markers, recent immunohisto-
chemical studies with receptor-selective antibodies con-
firmed the general segregation of D1 and D2 dopamine-
receptor subtypes between the two striatal output path-
ways (Hersch et al. 1995; Yung et al. 1995, 1996).

Both subtypes of striatal projection neurons use the in-
hibitory neurotransmitter GABA (Kita and Kitai 1988).
However, they also differ in a number of neuropeptides
they express (Fig. 1). Striatonigral neurons generally con-
tain dynorphin and substance P, whereas striatopallidal
neurons express enkephalin (Brownstein et al. 1977; Vin-
cent et al. 1982; Beckstead and Kersey 1985; Gerfen and
Young 1988; Reiner and Anderson 1990; Curran and
Watson 1995; Le Moine and Bloch 1995).

Dopamine receptors regulate neuropeptide gene
expression in striatal neurons

A great body of work has demonstrated that dopamine
regulates the expression of neuropeptides in striatal pro-
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jection neurons (for reviews, see Gerfen 1992; Angulo
and McEwen 1994; Gerfen et al. 1996). Consistent with
the differential distribution of dopamine receptors, gene
regulation by dopamine is opposite in the two subtypes
of projection neurons. For example, dopamine depletion
by the neurotoxin 6-hydroxydopamine (6-OHDA) leads
to a decrease in substance P and dynorphin expression
in striatonigral neurons (Young et al. 1986; Voorn et al.
1987; Gerfen etal. 1990, 1991; Li et al. 1990; Engber
et al. 1992), an effect that can be reversed with selective
D1-receptor agonists (e.g., Gerfen etal. 1990; Engber
etal. 1992). In contrast, dopamine denervation results in
increased levels of enkephalin mRNA and peptide in
striatopallidal neurons (Young et al. 1986; Voorn et al.
1987; Gerfen etal. 1990, 1991; Li etal. 1990; Engber
et al. 1992). This effect is reversible with D2-receptor ag-
onist treatment (e.g., Gerfen etal. 1990; Engber et al.
1992). Also, blockade of D2 receptors with neuroleptics
increases enkephalin expression (e.g., Hong et al. 1978;
Tang et al. 1983). Consistent with these findings, trans-
genic animals that lack functional D1 receptors (D1-re-
ceptor knockouts) display decreased expression of sub-
stance P and dynorphin, with minimal or no effects on en-
kephalin expression (Drago et al. 1994, 1996; Xu et al.
1994). On the other hand, mice that lack D2 receptors
show mostly increased enkephalin expression (Baik et al.
1995). These results demonstrate opposite gene regulation
by DI- and D2-receptor stimulation in striatonigral and
striatopallidal neurons, respectively. However, synergistic
interactions between D1 and D2 receptors also exist and
can be demonstrated at the level of gene expression
(e.g., Paul et al. 1992; LaHoste et al. 1993; Gerfen et al.
1995; Keefe and Gerfen 1995; see also Gerfen et al.
1996). It is thought that these interactions are mediated
by axon collaterals of projection neurons or by interneu-
rons that connect the two types of projection neurons
(Gerfen et al. 1995; Wang and McGinty 1996).

While selective dopamine receptor agonists are most
effective in altering gene regulation in striatal neurons af-
ter dopamine depletion (see above), indirect dopamine re-
ceptor agonists such as cocaine and amphetamine are very
potent in changing such gene expression in normal ani-
mals. These drugs, also called psychomotor stimulants,
promote dopamine release and/or inhibit reuptake and thus
produce increased extracellular levels of dopamine (Di
Chiara and Imperato 1988a; Hurd et al. 1989; Kuczenski
and Segal 1992) and, consequently, enhanced dopamine-
receptor stimulation. Numerous studies have shown that
treatment with cocaine or amphetamine increases mRNA
and peptide levels for dynorphin and to some degree sub-
stance P in the striatonigral pathway, with minor effects on
enkephalin expression (Hanson et al. 1987, 1988; Li et al.
1988; Sivam 1989; Smiley et al. 1990; Trujillo et al. 1990;
Hurd and Herkenham 1992; Hurd et al. 1992; Steiner and
Gerfen 1993; Spangler et al. 1993; Daunais and McGinty
1994; Wang et al. 1994).

Our series of studies, summarized below, provides ev-
idence for the functional significance of increased dynor-
phin expression in striatonigral neurons following treat-

ment with such dopamine agonists and indicates a role
for enkephalin in the regulation of striatopallidal neurons.

IEG induction in striatal projection neurons as a marker
for dopamine receptor responses

Pharmacologic treatments that target dopamine receptors
also increase the expression of IEGs, including c-fos
and zif 268 (NGFI-A), in striatal neurons. Such IEGs en-
code transcription factors that are part of the cellular ma-
chinery mediating transsynaptic gene regulation (Morgan
and Curran 1989; Sheng and Greenberg 1990; Robertson
1992). IEGs are rapidly and transiently activated by a va-
riety of experimental treatments, and it is assumed that
such gene expression is correlated to some degree with
neuronal activity, at least in some neuronal systems
(Sagar etal. 1988; Dragunow and Faull 1989; Melzer
and Steiner 1997).

As is the case for neuropeptide expression, D1 and D2
receptors exert opposite effects on IEG expression in stri-
atal projection neurons. Stimulation of D1 receptors in-
duces IEG expression principally in striatonigral neurons.
This was first shown with selective D1-receptor agonist
treatment in rats with 6-OHDA lesions by colocalizing
Fos-like immunoreactivity with retrograde tracers inject-
ed into the substantia nigra (Robertson etal. 1990,
1992). Moreover, in such dopamine-depleted animals,
D1-agonist-induced IEG expression occurs in striatal neu-
rons that do not contain enkephalin mRNA (Gerfen et al.
1995). In normal rats, the indirect dopamine-receptor ag-
onists cocaine and amphetamine also induce IEGs in the
striatum (Graybiel et al. 1990; Young et al. 1991; Berretta
etal. 1992; Cole et al. 1992; Hope et al. 1992; Moratalla
et al. 1992; Bhat and Baraban 1993; Steiner and Gerfen
1993; Daunais and McGinty 1994; Wang et al. 1994).
Various colocalization techniques have been used to dem-
onstrate that IEG induction by these drugs also predomi-
nantly occurs in striatonigral neurons (Cenci et al. 1992;
Johansson et al. 1994; Kosofsky etal. 1995). Further-
more, such gene induction is mediated by D1 receptors.
Thus, systemic (Graybiel et al. 1990; Young et al. 1991;
Cole et al. 1992; Moratalla et al. 1992; Bhat and Baraban
1993) and intrastriatal administration (Steiner and Gerfen
1995) of selective D1-receptor antagonists block IEG ex-
pression induced by psychomotor stimulants in striatal
neurons. Consistently, eliminating D1 receptors with gene
targeting also eliminates the IEG response to psycho-
motor stimulants in the striatum (Drago etal. 1996;
Moratalla et al. 1996). However, recent studies showed
that D2-receptor activation contributes to a full IEG re-
sponse to cocaine and amphetamine (Ruskin and Marshall
1994) or the selective DI1-receptor agonist SKF-38393
(Gerfen et al. 1995) in striatonigral neurons, an example
for synergistic interactions between D1 and D2 receptors.

In contrast to psychomotor stimulant-induced IEG ex-
pression in striatonigral neurons, which is mediated by
stimulation of D1 receptors, blockade of D2 receptors
increases IEG expression in striatopallidal neurons (Dragu-
now et al. 1990; Robertson et al. 1992; Robertson and Fi-
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biger 1992). Since this IEG response is also, at least in 60
part, dependent on glutamate (NMDA) receptor activation
or cortical input (Dragunow et al. 1990; Zidlkowska and 50
Hollt 1993; Boegman and Vincent 1996; Vargo and Mar- =
shall 1997), it is thought to reflect disinhibition of striato- £
pallidal neurons by blockade of inhibitory D2 receptors. g 401
IEG induction in striatal neurons after dopamine recep- <
tor agonist and antagonist treatments is very rapid and S 304
transient. Figure 2 shows the time course of c-fos and g
zif 268 expression in the striatum following high doses 2
of cocaine (30 mg/kg, i.p.) or the selective D2-receptor a 207
antagonist eticlopride (5 mg/kg, i.p.), doses we typically S
used in the experiments summarized below. Levels of c- 10 1
fos and zif 268 mRNAs peak about 30 min after cocaine
injection and return to baseline within 90 min to 3 h 0 .
(Fig. 2A). Following eticlopride administration, these 0 20 40 6|0 8|0 100

mRNAs reach peak levels also at 2040 min after the in-
jection and return to baseline within 4 h (Fig. 2B).

In our studies, we have employed dopamine receptor-
mediated IEG induction as a cellular response to investi-
gate how striatal opioid systems regulate the two striatal
output pathways. On the one hand, we examined cocaine-
and DI-receptor-agonist-induced IEG expression as a
marker for D1-receptor responses in striatonigral neurons.
On the other, IEG induction by the D2-receptor antagonist
eticlopride was used to investigate the effects of opioid-
receptor stimulation on striatopallidal neurons.

Dynorphin regulates responsiveness
of striatonigral neurons

IEG induction by cocaine is related to dynorphin
expression in striatal neurons

Negative correlation between acute IEG response
to cocaine and local dynorphin expression

The initial observation that led to this series of studies
was the finding that the magnitude of IEG induction by

dynorphin expression (basal)

Fig. 3 Correlation between c-fos induction by cocaine and local dy-
norphin expression in the striatum. Scatter plot depicts dynorphin
mRNA levels (mean density values, arbitrary units) measured in ve-
hicle-treated rats and c-fos mRNA levels in rats killed 30 min after a
cocaine injection (30 mg/kg) for 14 striatal regions, each represented
by a filled circle (for regions, see Steiner and Gerfen 1993). r Pear-
son’s correlation coefficient; * P<0.05, t-test

cocaine is related to the level of dynorphin expression
in a given striatal region (Fig. 3) (Steiner and Gerfen
1993). IEG induction by cocaine displays distinct regional
variations. This response is most pronounced in the dorsal
central striatum and considerably weaker in ventral and
medial striatal regions (Fig. 4A). A comparison with re-
gional levels of neuropeptide expression revealed a signif-
icant negative correlation between cocaine-induced c-fos
mRNA levels and basal levels of dynorphin mRNA, as
determined in 14 regions on three rostrocaudal levels of
the striatum (Fig. 3; Steiner and Gerfen 1993). Thus,
IEG induction is high in striatal areas with low levels of
dynorphin mRNA and low in areas with high levels of dy-
norphin expression. This relationship is unique in that
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Fig. 4A, B Inverse changes in
dynorphin expression and c-fos
induction in the striatum during
repeated cocaine treatment.

A Film autoradiograms depict
the expression of c-fos mRNA in
coronal sections through the
striatum (§) in animals that re-
ceived vehicle injections (left),
vehicle injections for 3 days
followed by one cocaine injec-
tion (30 mg/kg) on day 4 (mid-
dle), or cocaine twice daily for 4
days (right). All animals were
killed 30 min after the last in-
jection. Maximal hybridization
signal is black. The striatum is
outlined in the middle panel.

B Time course of changes in
dynorphin (left) and c-fos
mRNA levels (right) during re- B
peated cocaine treatment

(adapted from Steiner and Ger-
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there is no correlation between the c-fos response and the
expression of the neuropeptides substance P or enkephalin
(Steiner and Gerfen 1993). Therefore, local dynorphin
levels seem to determine the magnitude of this D1 recep-
tor response in the striatum.

Inverse changes in the IEG response and in dynorphin
expression during repeated cocaine treatment

As described above, repeated treatment with cocaine re-
sults in increased expression of dynorphin in the striatum.
If dynorphin regulated the IEG response to cocaine, then
such increased dynorphin expression could be expected to
affect the inducibility of IEGs by cocaine. To test this no-
tion, we treated animals twice daily for 4 days with co-
caine (30 mg/kg, i.p.), which is sufficient to produce in-
creased dynorphin expression (Steiner and Gerfen
1993), and examined the IEG response on the last treat-
ment day. Our results showed that this drug treatment re-
sults in significantly suppressed c-fos induction by co-
caine (Fig. 4) (Steiner and Gerfen 1992, 1993). This effect
is most dramatic in the dorsal striatum, where acute IEG
induction by cocaine is strongest. Suppressed IEG in-
duction after repeated cocaine treatment has also been

shown in the nucleus accumbens (Hope et al. 1992) and
has been confirmed for the dorsal striatum (e.g., Daunais
and McGinty 1994; Hope et al. 1994; Rosen et al. 1994).

We then investigated the temporal relationship be-
tween changes in dynorphin expression and those in the
IEG response. Again, rats were treated with cocaine twice
daily for up to 4 days. Results demonstrated that the
changes in dynorphin and c-fos expression followed an in-
verse time course (Fig. 4B; Steiner and Gerfen 1993). Dy-
norphin mRNA levels were significantly increased from
treatment day 2 on and remained elevated thereafter. In
contrast, c-fos induction was maximal after the first co-
caine administration. On the second day (i.e., after the
third drug injection), the IEG response was still compara-
ble to the acute response. However, from treatment day 3
on, this response was significantly attenuated (Fig. 4). Im-
portantly, repeated cocaine treatment for up to 10 days did
not completely suppress the IEG response (Steiner and
Gerfen, unpublished results). Thus, this D1 receptor re-
sponse is blunted, but not eliminated, by repeated cocaine
treatment.

Our studies showed that suppressed gene induction in
striatonigral neurons is not limited to IEGs. Acute cocaine
administration also increases the expression of substance
P in these neurons within 30 min (Steiner and Gerfen



1993; Drago et al. 1996). During repeated cocaine treat-
ment, this substance P response was also suppressed in
parallel to that of IEGs (Steiner and Gerfen 1993).

Together, these findings demonstrate that such psycho-
stimulant treatments attenuate these types of cellular re-
sponses in striatonigral neurons. The temporal relation-
ship between the increase in dynorphin synthesis and
the decrease in IEG (and substance P) induction is consis-
tent with a causal relationship between increased dynor-
phin function and suppressed responsiveness of these neu-
rons.

Increase in dynorphin expression after repeated
cocaine treatment is related to the magnitude of acute
IEG response

The distinct regional variation in the magnitude of acute
c-fos induction by cocaine allowed us to ask whether
there is a relationship between this acute D1-receptor re-
sponse in striatonigral neurons and the subsequent in-
crease in dynorphin expression in these neurons. Regional
comparisons revealed that the same striatal areas that
showed the strongest acute c-fos response to cocaine dis-
played the strongest increase in dynorphin expression
with repeated treatment, while areas with less initial c-
fos induction showed a reduced increase in dynorphin
mRNA (for 14 striatal regions, 7=0.91, P<0.01, Steiner
and Gerfen 1993). Thus, the magnitude of the initial
D1-receptor response predicted the magnitude of the sub-
sequent increase in dynorphin expression.

These results, together with the finding of blunted gene
induction after repeated cocaine treatment, suggest that
the increase in dynorphin expression is an adaptive or
compensatory response to repeated, excessive DI1-recep-
tor stimulation in striatonigral neurons, a mechanism that
seems to dampen the effects of subsequent D1-receptor
stimulation (Steiner and Gerfen 1993).

IEG induction by cocaine is inhibited by systemic
and intrastriatal administration of a dynorphin agonist

The results summarized above showed that the magnitude
of D1-receptor-mediated IEG induction in striatal neurons
is negatively correlated with the level of local dynorphin
expression in the striatum. To demonstrate a possible caus-
al relationship between dynorphin function and the IEG
response, we next tested whether dynorphin receptor stim-
ulation could indeed inhibit cocaine-induced IEG expres-
sion. Dynorphin is considered an endogenous ligand of
kappa opioid receptors, which are known to have inhibito-
ry effects in the nervous system (Chavkin et al. 1982; Cor-
bett et al. 1982). We examined whether the kappa-receptor
agonist spiradoline (U-62066) affects the IEG response to
cocaine. Spiradoline had been shown to inhibit D1-, but
not D2-, receptor-agonist-induced turning behavior after
6-OHDA lesions, indicating an inhibitory effect of this
drug on striatonigral activity (Engber etal. 1991). First,
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spiradoline was administered systemically. Animals re-
ceived different doses of spiradoline (0.5-10 mg/kg, i.p.)
15 min before the cocaine injection (30 mg/kg). Our re-
sults showed that systemic spiradoline reduced c-fos and
zif 268 induction by cocaine in striatal neurons in a
dose-dependent manner (Steiner and Gerfen 1995). Sys-
temic spiradoline also inhibited the acute behavioral acti-
vation by cocaine (Steiner and Gerfen 1995). Moreover,
recent studies showed that the initiation of behavioral
“sensitization” by cocaine, behavioral changes that occur
with repeated dopamine-agonist treatments (see below),
could be prevented by administration of kappa-receptor
agonists in conjunction with the repeated cocaine treat-
ment (Heidbreder et al. 1993, 1995).

While our results were consistent with an inhibitory
action of dynorphin/kappa receptors on gene regulation
in striatonigral neurons, the fact that spiradoline was giv-
en systemically disallowed conclusions regarding the site
of action of this drug. Moreover, our studies also showed
that effects of systemic spiradoline were not restricted to
the striatum. For example, IEG mRNA levels were also
suppressed throughout the cortex in these experiments
(Steiner and Gerfen 1995). This raised the possibility that
cortical input to the striatum was affected by systemic
spiradoline, possibly by kappa-receptor stimulation out-
side the striatum. Several studies have shown that both
dopamine-agonist-induced behavior and gene expression
in striatal neurons are dependent in part on input from
the cortex or glutamate-receptor stimulation (Karler et al.
1989, 1994; Cenci and Bjorklund 1993; Torres and Rivier
1993; Wang et al. 1994; Hanson et al. 1995; Vargo and
Marshall 1995; Konradi et al. 1996; for a review, see
Wang and McGinty 1996). Therefore, to ensure that kap-
pa-receptor action in the striatum was tested, we devel-
oped methods that allowed the measurement of striatal
gene regulation after intrastriatal infusion of kappa ago-
nists.

In these studies, spiradoline (1-50 nmol) was infused
into the central striatum prior to cocaine administration
with the help of chronically implanted guide cannulas.
Our results showed that spiradoline infusion suppressed
cocaine-induced IEG expression in the striatum in a
dose-dependent manner (Fig. 5; Steiner and Gerfen
1995). Increasing concentrations of the kappa agonist in-
hibited IEG induction in increasing regions around the in-
fusion cannula. These results demonstrate that kappa re-
ceptors located in the striatum are involved in the inhibi-
tion of cocaine responses in striatonigral neurons.

Further studies (Steiner and Gerfen 1999) indicated
that kappa receptors selectively regulate IEG induction
in striatonigral neurons, as kappa-agonist infusions into
the striatum did not affect IEG induction by D2-receptor
antagonists (see below), which occurs in striatopallidal
neurons.

Taken together, our results indicate that dynorphin acts
as a negative feedback mechanism to regulate striatoni-
gral neuron function.
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Fig. SA, B Suppression of cocaine-induced c-fos expression in the
striatum by the kappa-receptor agonist spiradoline (Steiner and Ger-
fen 1995). A Film autoradiogram shows an example of the inhibitory
effect of spiradoline (10 nmol) infused into the striatum (left side) on
c-fos induction by cocaine (30 mg/kg, i.p.). B Mean density values
(mean+SEM, arbitrary units) measured across the entire striatum on
the infused side (left) and size of the affected area (% of total striatal
area) (right) are depicted for animals having received an intrastriatal
infusion of spiradoline (0-50 nmol) prior to cocaine administration.
** P<0.01, *P<0.05; versus vehicle control (0 nmol), ANOVA,
Dunnett’s test

Mechanisms by which dynorphin could inhibit IEG
induction in striatonigral neurons

Several direct and indirect mechanisms by which dynor-
phin could affect striatonigral neurons are conceivable.
Such mechanisms include:

1. Dynorphin could inhibit dopamine release, which
would be expected to reduce IEG induction by cocaine
in striatonigral neurons:

a. Dopamine neurons express kappa receptors (Meng
et al. 1993; Minami et al. 1993; De Paoli et al. 1994;
Mansour et al. 1994b). Released in the substantia nigra
from terminals of striatonigral neurons (You et al.
1994), dynorphin could act on inhibitory kappa recep-
tors on dopamine neurons to inhibit nigrostriatal activ-
ity and dopamine release in the striatum (Reid et al.
1988).

b. Released in the striatum upon D1-receptor stimulation
(You et al. 1994) from axon collaterals (Wilson and
Groves 1980; Kawaguchi et al. 1990) of striatonigral
neurons or perhaps even from their dendrites (Drake
et al. 1994; Simmons et al. 1995), dynorphin could lo-
cally inhibit dopamine release by interacting with kap-
pa receptors on dopamine terminals (presynaptic kappa
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Fig. 6 Potential mechanisms mediating the inhibitory regulation of
dopamine input to striatonigral neurons by dynorphin/kappa opioid
receptors in the striatum. Presynaptic kappa receptors on terminals
of dopamine neurons appear to inhibit dopamine release. Postsynap-
tic kappa receptors on striatonigral neurons seem to participate by
inhibiting postsynaptic effects of D1-receptor stimulation in some
neurons. The contributions of these two mechanisms appear to vary
between dorsal and ventral striatal regions, with a predominant reg-
ulation of dopamine release in the dorsal striatum and additional
postsynaptic kappa-receptor effects in the ventral striatum (see text)
(Steiner and Gerfen 1996). k Kappa receptor, SN substantia nigra,
VTA ventral tegmental area

receptors) (Fig. 6). Evidence for such a mechanism has
been provided by both in vivo microdialysis and in vit-
ro studies (Mulder et al. 1984; Di Chiara and Imperato
1988b; Werling et al. 1988; Spanagel et al. 1992).

c. Dynorphin in the striatum may play a role in acetyl-
choline-regulated dopamine release (Gauchy et al.
1991).

2. Dynorphin could act on postsynaptic kappa receptors on
striatonigral neurons to inhibit IEG induction (Fig. 6).
Striatal projection neurons also express kappa receptors
(Meng et al. 1993; Minami et al. 1993; Mansour et al.
1994b), although the subtype of these neurons remains
to be determined. Released in the striatum, dynorphin
could conceivably directly inhibit effects of D1-receptor
stimulation in striatonigral neurons by acting on kappa
receptors expressed by these neurons (postsynaptic kap-
pa receptors). For example, inhibitory effects of dynor-
phin/kappa agonists on D1-receptor-stimulated adenyl-
ate-cyclase activity (Gentleman et al. 1983) or on Ca?*
currents (Gross and Macdonald 1987; Attali et al.
1989) have been reported. Both Ca®*- and cAMP-de-
pendent second messenger pathways, among others,
are important mediators of IEG induction (Morgan
and Curran 1989; Sheng and Greenberg 1990). In sup-
port of such a direct mechanism, dynorphin-immuno-
reactive terminals have been found to form synapses
with dendrites of dynorphin-containing neurons in
the ventral striatum (Van Bockstaele et al. 1995).

How is dopamine release affected by repeated treat-
ment with psychomotor stimulants? Several studies have
shown that cocaine- or amphetamine-induced dopamine
overflow in the striatum is indeed reduced for several
days after repeated treatment with cocaine or amphet-
amine (Hurd et al. 1989; Segal and Kuczenski 1992a, b;
Kalivas and Duffy 1993). Increased dynorphin release
in the substantia nigra could provide additional negative



Fig. 7A, B Changes in dynor- A
phin (left), c-fos (middle), and

zif 268 expression (right) in the
striatum after repeated treatment
with the selective D1-receptor
agonist SKF-38393 in animals
with unilateral dopamine deple-
tion by 6-OHDA (right side)
(adapted from Steiner and Ger-
fen 1996). A Film autoradio-
grams depict gene expression in
coronal sections through the
rostral striatum of animals that
received vehicle injections once
daily for 14 days (fop), vehicle
injections followed by one in-
jection of the D1-receptor ago-
nist SKF-38393 (2.0 mg/kg, i.p.)
(middle), or D1-agonist treat-
ment once daily for 14 days
(bottom). Maximal hybridiza-
tion signal is black. D/L Dorsal/
lateral striatum, NAC nucleus
accumbens. B Mean density
values (mean+SEM, arbitrary
units) for dynorphin, c-fos and
zif 268 expression measured in
the dorsal/lateral striatum (top)
or in the nucleus accumbens
(bottom) are given for animals
treated with vehicle injections
(0-day group) or with SKF-
38393 (2.0 mg/kg, i.p.) once
daily for 1, 3, or 5 days. **,

** P<0.01; *,* P<0.05; * ver-
sus O-day group, * versus 1-day
group; ANOVA, Tukey-Kramer
test
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feedback to the dopamine system and contribute to such a
reduction in dopamine release. However, our results, ob-
tained with intrastriatal infusions of the dynorphin agonist
spiradoline, together with the observed correlations be-
tween local dynorphin expression and the IEG response
in different striatal regions strongly indicate that dynor-
phin acts via local mechanisms in the striatum (Fig. 6).
In the following paragraphs, studies are summarized that
investigated such local mechanisms in different striatal
regions.

Pre- and postsynaptic kappa opioid receptors
in the striatum are involved

Using dopamine depletion by 6-OHDA, we tested the ef-
fects of eliminating dopamine terminals (i.e., presynaptic
kappa receptors) on the ability of dynorphin and agonists
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to inhibit IEG induction in striatal neurons (Steiner and
Gerfen 1996). First, we asked whether, in the absence
of presynaptic kappa receptors, upregulated dynorphin le-
vels could still suppress IEG induction, as was seen in the
normal striatum. Since cocaine can not be used in the 6-
OHDA model, IEGs in striatonigral neurons were induced
with the selective D1-receptor agonist SKF-38393 (Rob-
ertson et al. 1990, 1992). After 6-OHDA lesions, repeated
treatment with SKF-38393 produces increased dynorphin
mRNA and peptide levels in the striatum (e.g., Gerfen
et al. 1990; Engber et al. 1992). Thus, rats received injec-
tions of SKF-38393 (2 mg/kg) once daily for up to 14
days, which resulted in increased dynorphin expression
throughout the striatum (Fig. 7) (Steiner and Gerfen
1996). The IEG inducibility was tested on the last treat-
ment day. Acute D1-agonist treatment produces strong,
uniform IEG induction throughout the dopamine-depleted
dorsal and ventral striatum (Fig. 7). After repeated SKF-
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38393 treatment, the IEG response was sustained in dor-
sal and lateral areas of the striatum despite a considerable
increase in dynorphin expression in these regions (Steiner
and Gerfen 1996). In contrast, in the ventral striatum (nu-
cleus accumbens), the IEG response was significantly re-
duced in these animals (Fig. 7). These regional variations
match the known distribution of striatal neurons that ex-
press kappa receptors (i.e., postsynaptic kappa receptors).
Such kappa-receptor expression is minimal in dorsal/lat-
eral and substantially higher in ventral striatal regions
(Meng etal. 1993; Minami et al. 1993; Mansour et al.
1994b). Thus, in contrast to normal animals, the IEG re-
sponse was undiminished in regions with low levels of
postsynaptic kappa receptors and was only reduced in ar-
eas with significant amounts of postsynaptic kappa recep-
tors in the absence of presynaptic kappa receptors (dopa-
mine terminals).

Therefore, our results suggest that, in the dorsal/lateral
striatum with little or no postsynaptic kappa receptors, dy-
norphin normally predominantly inhibits dopamine re-
lease. This is inferred from the lack of suppression of
the IEG response after eliminating dopamine terminals,
despite considerably increased dynorphin levels. On the
other hand, in the ventral striatum, where D1-receptor-
mediated IEG induction in 6-OHDA-lesioned animals is
significantly reduced after increased dynorphin expres-
sion, postsynaptic kappa receptors seem to be able to
counteract the effects of D1-receptor stimulation to some
extent.

In a further study, this idea was confirmed with the dy-
norphin agonist spiradoline. Animals without dopamine
terminals (i.e., after 6-OHDA lesions) received an injec-
tion of spiradoline prior to acute SKF-38393 administra-
tion. Results showed that spiradoline had minimal effects
in the dorsal/lateral striatum, but significantly suppressed
D1-agonist-induced IEG expression in ventral striatal re-
gions (Steiner and Gerfen 1996).

These results indicate that both pre- and postsynaptic
kappa receptors are involved in the regulation of dopa-
mine-mediated IEG induction in the striatonigral pathway
(Fig. 6). In the dorsal/lateral striatum, inhibitory regula-
tion of dopamine release seems to be the predominant
mechanism. However, in the ventral striatum, postsynap-
tic kappa receptors on striatal neurons contribute to inhi-
bition of dopamine receptor responses in striatonigral
neurons.

Increased dynorphin expression
in the striatonigral pathway as an adaptive mechanism
and potential behavioral significance

Normal behavior is dependent on concerted and balanced
activity in the two striatal output pathways. Our findings
indicate that dynorphin regulates the function of striaton-
igral neurons by acting as a negative feedback system.
Moreover, our results and those of others also demon-
strate that repeated, excessive stimulation of D1 dopa-
mine receptors produces increased expression of dynor-

phin in these neurons. Increased dynorphin expression ap-
pears to be an adaptive or compensatory response to such
repeated dopamine receptor activation. Similar adaptive
changes in gene regulation after repeated drug exposure
have been demonstrated in other neuronal systems and
may represent a homeostatic mechanism to maintain an
equilibrium in cellular function (Hyman and Nestler
1996; Koob 1996). Our results indicate that increased dy-
norphin function in striatonigral neurons acts to blunt or
dampen subsequent dopamine input and/or the effects of
D1-receptor stimulation. However, while such an effect
may be “compensatory” at the cellular level, increased
negative feedback will affect the dynamics of activity in
this pathway and thus alter network properties and, conse-
quently, behavior.

Repeated exposure to psychomotor stimulants such as
cocaine and amphetamine is known to produce severe be-
havioral alterations, including addiction and dependence.
Some of the most obvious behavioral changes seen in an-
imal models are collectively termed “behavioral sensitiza-
tion” (e.g., Kalivas and Stewart 1991). Acute administra-
tion of psychomotor stimulants and other dopamine ago-
nists in moderate doses results in behavioral activation,
which includes increased rates of exploration, locomo-
tion, rearing, and sniffing in the rat (for a review, see,
e.g., Johanson and Fischman 1989). With repeated drug
treatment, the motor-activating effects become more
“pronounced”. For example, repeated cocaine administra-
tion produces increased levels of locomotor activity and
increasingly repetitive (“stereotyped”) behavior, in which
certain behavioral elements are repeated over and over for
a prolonged period of time. This effect is called “behav-
ioral sensitization”.

Such stimulant-induced behavioral changes are most
likely the result of complex neuronal alterations and inter-
actions in more than one brain system. It is generally
agreed that the acute motor-activating effects of these
drugs are mediated by the dopamine neurotransmission
in the forebrain, although other neurotransmitters are also
likely involved (Wise and Bozarth 1987; Koob and
Bloom 1988; Robinson and Berridge 1993; Koob 1996).
After repeated cocaine or amphetamine treatments,
changes in various aspects of the immediate dopamine
transmission have been described (e.g., Kalivas and
Stewart 1991; Kuhar and Pilotte 1996). However, it has
become clear that such alterations alone can not account
for the behavioral changes produced by psychostimulants
and that neuronal changes occurring downstream to the
immediate dopamine transmission, such as changes in do-
pamine-receptive neurons, likely contribute to altered
function of the affected pathways and behavior.

It is an intriguing question how much increased dynor-
phin function could contribute to the behavioral changes
seen after repeated dopamine-agonist treatments. Dynor-
phin expression is also increased in human cocaine ad-
dicts (Hurd and Herkenham 1993). In humans and exper-
imental animals, dynorphin agonists seem to be dyspho-
ric or aversive, and it has thus been suggested that in-
creased inhibition of the dopamine transmission by aug-



mented dynorphin function could contribute to the dys-
phoric state experienced after cessation of the cocaine ac-
tion, an effect that may contribute to motivational aspects
of drug withdrawal and addiction (Hyman et al. 1996;
Koob 1996).

In rats, repeated treatment with cocaine for a few days
is sufficient to produce increased locomotor activity and
the appearance of stereotypies, such as focussed sniffing
and head bobbing (e.g., Segal and Kuczenski 1992b;
Heidbreder et al. 1993, 1995; Kalivas and Duffy 1993).
In our earlier studies, we have not systematically investi-
gated behavioral correlates of altered gene regulation.
However, some observations suggest that increased dy-
norphin function may be related to the appearance of be-
havioral sensitization. For example, in our time-course
studies with cocaine (Steiner and Gerfen 1993), we noted
that rats showed increased rates of stereotyped head bob-
bing at time points when the IEG response to cocaine was
suppressed and dynorphin expression was increased.
Moreover, recent studies on cocaine effects in D3 dopa-
mine-receptor knockout mice revealed more pronounced
IEG induction in the striatum by acute cocaine adminis-
tration and an accelerated increase in dynorphin expres-
sion and accelerated development of behavioral sensitiza-
tion with repeated cocaine treatment in these mutants
(Carta et al., in preparation).

A relationship between behavioral sensitization and in-
creased dynorphin function is also indicated by results of
repeated dopamine-agonist treatment in dopamine-deplet-
ed animals. After unilateral 6-OHDA lesion, the increase
in dynorphin expression produced by repeated D1-agonist
treatment is accompanied by increasing rates of turning
behavior (e.g., Steiner and Gerfen 1996). In a recent
study, we observed a significant positive correlation be-
tween dynorphin mRNA levels in the dorsal, but not ven-
tral, striatum and the rate of contraversive turning pro-
duced by repeated treatment with the D1-receptor agonist
SKF-38393 (r=0.85, P<0.01) (Steiner and Gerfen 1996).
Similar results have been reported by others (Bejar et al.
1995). Our results summarized above indicate an inhibito-
ry function of dynorphin released in the striatum. Howev-
er, these latter results suggest that dynorphin released in
the substantia nigra (You et al. 1994) may have additional
inhibitory effects in this target nucleus (e.g., Thompson
and Walker 1990), which could contribute to functional
changes in this basal-ganglia output pathway. Future ex-
perimentation will have to elucidate the exact behavioral
consequences of altered dynorphin function in the stria-
tonigral pathway.

Summary

Our findings demonstrate that dynorphin-receptor stimu-
lation in the striatum inhibits IEG expression in striaton-
igral neurons induced by cocaine or D1-receptor agonists.
These results indicate that dynorphin acts as a negative
feedback mechanism to regulate striatonigral neuron
function. Increased dynorphin expression produced by re-
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peated D1-receptor stimulation appears to be a compensa-
tory mechanism, which blunts the effects of dopamine in-
put in these neurons. Such enhanced negative feedback
likely alters the dynamics of this pathway, which may
contribute to behavioral sensitization and other behavioral
alterations occurring during repeated treatments with do-
pamine agonists, including psychomotor stimulants.

Enkephalin regulates responsiveness
of striatopallidal neurons

Striatopallidal neurons express enkephalin. We have start-
ed to investigate whether enkephalin could play a similar
autoregulatory role in the striatopallidal pathway as we
propose for dynorphin in the striatonigral pathway. Our
results indicate that some aspects of enkephalin function
in the striatum are similar to that of dynorphin, whereas
others differ.

IEG induction by D2-receptor blockade
in striatal neurons is inhibited by enkephalin receptors

Blockade of D2 receptors has been shown to induce IEGs
in striatopallidal neurons (Dragunow et al. 1990; Robert-
son etal. 1992). To investigate enkephalin effects on
striatopallidal neurons, we have employed such D2 recep-
tor antagonist-induced IEG expression as a cellular re-
sponse. In these experiments, expression of c-fos and zif
268 mRNAs was measured after treatment with the selec-
tive D2-receptor antagonist eticlopride (1-5 mg/kg). En-
kephalin is an endogenous ligand of delta and mu opioid
receptors (Paterson et al. 1983; Mansour et al. 1995), both
of which are expressed in the striatum (Mansour et al.
1987, 1994a; Delfs et al. 1994). We first asked whether
this IEG response could be inhibited by intrastriatal infu-
sion of the delta-receptor-preferring agonist DADLE.
DADLE (0.03-3 pg) was infused via chronically implant-
ed guide cannulas in freely moving animals. Our results
showed that DADLE infusion into the striatum prior to
eticlopride injection suppressed IEG induction in striatal
neurons in a dose-dependent manner (Fig. 8) (Steiner
etal. 1995; Steiner and Gerfen 1999). Increasing doses
of DADLE inhibited IEG expression in increasing areas
around the infusion cannula.

Experiments with the nonselective opioid receptor an-
tagonist naloxone confirmed that this DADLE effect was
indeed mediated by opioid receptors. Thus, systemic in-
jection of naloxone (1-10 mg/kg) prior to intrastriatal in-
fusion of DADLE attenuated the suppressive effect of the
delta-receptor agonist on IEG induction by eticlopride in
a dose-dependent manner (Steiner and Gerfen 1999). Sim-
ilarly, coinfusion of naloxone (20 ug) together with DA-
DLE into the striatum reduced the delta-agonist effect
on gene induction by the D2 antagonist.

The opioid receptors involved were further character-
ized by assessing the effects of intrastriatal infusion of
the more selective delta receptor agonist deltorphin-IT
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Fig.8A, B Suppression of eti-
clopride-induced immediate-
early gene expression in the
striatum by the delta-receptor
agonist DADLE (Steiner and
Gerfen 1999). A Film autora-
diograms show c-fos (left) and
zif 268 expression (right) in co-
ronal brain sections of rats that
received a unilateral infusion of
vehicle (fop), or DADLE (0.3
ug) (bottom) into the striatum
(left side), followed by admin-
istration of the selective D2-re-
ceptor antagonist eticlopride

(1 mg/kg, i.p.). These rats were
killed 45 min later. B Mean
density values (mean+SEM, in
% of noninfused side) measured
across the infused striatum, for
c-fos (left) and zif 268 expres-
sion (middle), are depicted for
animals that received an infu-
sion of DADLE (0-3 pug) prior
to eticlopride injection. Turning
behavior (right) was measured
during minutes 41-42 after eti-
clopride administration. The
number (mean+SEM) of con-
traversive full turns is shown.
*#* P<(.01, versus vehicle con-
trol (0 png); ANOVA, Dunnett’s
test
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(2 pg) and of the classical mu-receptor agonist DAMGO
(0.5 pg) on D2-receptor-mediated IEG induction. More-
over, these effects were compared with those of a high
dose of the kappa-receptor agonist U-50488 (10 pg). Re-
sults showed that both the delta-receptor agonist and the
mu-receptor agonist suppressed IEG induction by eticlo-
pride (Steiner and Gerfen 1999). In contrast, infusion of
the kappa-receptor agonist did not affect this IEG re-
sponse. These results demonstrate that acute stimulation
of both enkephalin receptors (delta and mu), but not of
the dynorphin receptor (kappa), in the striatum suppresses
IEG induction in striatopallidal neurons.

Thus, enkephalin in the striatum does appear to func-
tion as a negative feedback mechanism to regulate the re-
sponsiveness of striatopallidal neurons. The exact under-
lying mechanisms are presently unknown. Recent colocal-
ization studies indicate that enkephalin could act directly
on opioid receptors on striatopallidal neurons (Guttenberg
et al. 1996; Svingos et al. 1996, 1998; Wang et al. 1996).
However, indirect mechanisms may also play a role (see
Steiner and Gerfen 1999 for a discussion).

Behavioral effects produced by intrastriatal infusion of
opioid receptor agonists and antagonists provide further
characterization of delta- and mu-receptor actions in the
striatum and indicate that enkephalin also affects other
striatal neuron populations. Unilateral infusion of the del-
ta-agonist DADLE induced contraversive turning behav-
ior in a dose-dependent manner (Fig. 8), an effect that
was also blocked by naloxone (Steiner and Gerfen
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1999). Such turning behavior was not affected by the sub-
sequent administration of the D2 antagonist. Similar re-
sults were obtained with the more selective delta agonist
deltorphin-II (Steiner and Gerfen 1999), consistent with
earlier findings (Longoni etal. 1991). Infusion of the
mu agonist DAMGO also produced contraversive turning.
However, in contrast to delta-agonist-induced behavior,
mu-agonist-induced turning was blocked by subsequent
D2-antagonist treatment (Steiner and Gerfen 1999). This
dissociation in opioid effects indicates that, in addition
to gene regulation in striatopallidal neurons, other striatal
mechanisms are also affected by enkephalin agonists.
Moreover, whereas both delta- and mu-receptor stimula-
tion suppresses IEG induction in striatopallidal neurons,
such other mechanisms are differentially regulated by del-
ta and mu receptors. The neuronal basis for these differ-
ential behavioral effects is not known, but they are likely
related to differential localization of these opioid receptor
subtypes on striatal neurons or afferent terminals. For ex-
ample, while delta-receptor expression and binding are
relatively uniform throughout the striatum, mu-receptor
expression and binding are highly enriched in the patch
compartment (Mansour et al. 1987, 1994a, 1995; Delfs
et al. 1994). Moreover, cholinergic interneurons seem to
express high levels of delta-, but not mu-, receptor
mRNAs (Le Moine et al. 1994; Mansour et al. 1994a),
and acetylcholine release is controlled by delta-, but not
mu-, receptors (Mulder et al. 1984; Schoffelmeer et al.
1988). Future studies will have to address the mechanisms



by which enkephalin receptors regulate striatopallidal
neuron function and behavior.

Increased enkephalin expression as an adaptive response?

Enkephalin mRNA and peptide levels in the striatum are
increased after dopamine depletion or repeated D2-recep-
tor-antagonist treatment (see above). Thus, it seems pos-
sible that upregulated synthesis of this opioid peptide is
also an adaptive or compensatory response to chronic lack
of D2-receptor activation and, presumably, resulting dis-
inhibition of striatopallidal neurons. For example, a recent
study reported suppressed inducibility of c-fos and other
IEGs in the striatum after repeated treatment with the
D2-receptor antagonist haloperidol (Konradi et al.
1993), suggesting that increased enkephalin function
could play a role in long-term inhibition of IEG induction
by D2-receptor blockade. We demonstrated such a sup-
pressed IEG response (c-fos, zif 268) after repeated treat-
ment with the selective D2-receptor antagonist eticlo-
pride, and also compared the time courses of changes in
enkephalin expression and IEG induction (Steiner and
Gerfen 1999). Similar to changes in dynorphin expression
and IEG induction in striatonigral neurons during repeat-
ed cocaine administration (see Fig. 4), enkephalin mRNA
levels increase with repeated daily eticlopride treatment,
whereas the IEG response to the D2-receptor antagonist
is maximal after the first drug administration and is sig-
nificantly suppressed after subsequent treatments (Steiner
and Gerfen 1999).

Having demonstrated that enkephalin-receptor activa-
tion in the striatum inhibits acute D2-receptor-antago-
nist-induced IEG expression, and that this effect can be
blocked with naloxone (Steiner and Gerfen 1999), we
asked whether the suppressed IEG inducibility after re-
peated D2 antagonist treatment could be the consequence
of enhanced enkephalin function in the striatum. Thus, an-
imals were treated with eticlopride (5 mg/kg) once daily
for 4 days, which produced increased enkephalin expres-
sion and a suppressed IEG response. On the last treatment
day, the effects of systemic (10-50 mg/kg) or intrastriatal
(20-50 pg) administration of naloxone on IEG induction
by eticlopride were examined. Results showed that nei-
ther systemic nor intrastriatal administration of naloxone
significantly affected the suppressed IEG response in this
situation (Steiner and Gerfen 1999). Since such naloxone
treatments attenuated the enkephalin-agonist effects on
IEG induction by acute eticlopride (see above) and also
influenced behavior after repeated eticlopride treatment
(see below), our results indicate that the suppressed IEG
response in the chronic situation can not simply be attrib-
uted to increased enkephalin action in the striatum.

Evidence for a compensatory role of increased enkeph-
alin function is provided by behavioral findings after re-
peated treatment with D2-receptor antagonists and in an-
imal models of Parkinson’s disease, such as the 6-OHDA
lesion model. Acute dopamine depletion by neurotoxins
such as 6-OHDA results in akinesia, sensorimotor ne-
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Fig. 9 Correlation between enkephalin expression in the dopamine-
depleted striatum and locomotor activity in an exploratory test at
different time points after a 6-OHDA lesion (Steiner and Kitai, un-
published results). Scatter plot shows enkephalin mRNA levels on
the side of the lesion (expressed as % of values in the intact stria-
tum) at a mid-striatal level and locomotor activity (line crossings,
in % of values in sham-lesion controls) in individual animals tested
2 days or 3 weeks after unilateral 6-OHDA injection into the rostral
substantia nigra (for methods, see Steiner and Gerfen 1996). Spon-
taneous behavior was examined for 10 min in a novel open field
(60x60 cm, divided into 3x3 squares by lines on the floor).
** P<0.001

glect, and other functional deficits (for a review see,
e.g., Schwarting and Huston 1996b). In animals with par-
tial loss of dopamine neurons, substantial functional re-
covery occurs during the first weeks after the lesion. Such
recovery is thought to be mediated mainly by various
compensatory alterations in residual dopamine neurons
that can produce and maintain near-normal extracellular
dopamine levels in the striatum (Schwarting and Huston
19964, b). In animals with near-total dopamine depletion
(<5-15% residual dopamine tissue content), such presyn-
aptic compensatory mechanisms are insufficient and ex-
tracellular dopamine levels are reduced. Nevertheless,
such animals also show some degree of behavioral recov-
ery. In such animals, various neuronal alterations in post-
synaptic, dopamine-receptive neurons have been de-
scribed that may act as compensatory mechanisms, in-
cluding dopamine-receptor supersensitivity. The dramatic
increase in IEG induction after D1-receptor stimulation in
striatonigral neurons of the dopamine-depleted striatum
(see Fig. 7) reflects such postsynaptic neuronal adapta-
tions.

The increase in enkephalin synthesis in striatopallidal
neurons is another example of such postsynaptic neuronal
changes. Increased enkephalin expression is only seen in
animals with near-total dopamine depletion (<10% resid-
ual tissue content; Li et al. 1990; Nisenbaum et al. 1996)
and is the result of insufficient stimulation of D2 recep-
tors, as this increase can be reversed by D2-receptor ago-
nist supplement (Gerfen et al. 1990; Engber et al. 1992).
Enkephalin expression mostly increases during the first
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week after the lesion (Nisenbaum et al. 1994). During the
same time period, rats with near-total dopamine depletion
show recovery from lesion-induced akinesia (Fornaguera
etal. 1994a, b). Functional recovery is not complete,
however, as such animals (with unilateral lesions) do
not recover from ipsiversive turning and scanning asym-
metries (Fornaguera et al. 1994a, b).

In a recent study, we found a positive correlation be-
tween behavioral recovery and changes in enkephalin ex-
pression in rats with a unilateral 6-OHDA lesion (Steiner
and Kitai, unpublished results). Rats examined 2 days af-
ter 6-OHDA administration displayed severe hypokinesia
in an open field test (locomotor activity, mean, 7.7% of
sham-lesion controls; Fig. 9) and had minimally increased
enkephalin expression in the striatum on the side of the
lesion (112.5% of intact side). In contrast, animals tested
3 weeks after the lesion showed significantly more loco-
motor activity (53.2% of controls; P<0.01) and displayed
significantly higher enkephalin mRNA levels (145.3%;
P<0.01). Although the 3-week group showed significant
recovery from akinesia, these rats had not recovered from
turning asymmetries, confirming earlier observations
(Fornaguera et al. 1994a, b). These results are consistent
with a compensatory role for increased enkephalin levels,
which may counteract consequences of lost D2-receptor
stimulation and thus allow some recovery of function.

Such a role for enkephalin was also indicated by find-
ings in our studies with acute and repeated treatment with
the D2-receptor antagonist eticlopride. Acute administra-
tion of D2-receptor antagonists produces catalepsy and
akinesia. We measured locomotor activity and rearing be-
havior in an open field test to determine behavioral corre-
lates of altered gene regulation by the D2-antagonist treat-
ments. These tests showed that, with repeated eticlopride
treatment that produced increased enkephalin expression,
animals recovered from akinesia to some extent. Thus, the
degree of akinesia was maximal after the first eticlopride
injection. With repeated administration, rats displayed
progressively more locomotor activity and rearing
(Steiner and Gerfen 1999). This effect is well-known
and is sometimes called “tolerance” to repeated D2-recep-
tor-antagonist treatment (e.g., Ezrin-Waters and Seeman
1977; Campbell and Baldessarini 1981; Masuda et al.
1982; Hess et al. 1988). To test whether recovery from
akinesia after repeated eticlopride was related to in-
creased enkephalin function, we investigated the behav-
ioral effects of blocking enkephalin receptors with the
opioid-receptor antagonist naloxone. Results showed that
naloxone indeed reinstated akinesia after repeated eticlo-
pride treatment, while having minimal effects on locomo-
tion in normal animals (Steiner and Gerfen 1999). These
results indicate that increased enkephalin levels after re-
peated D2-antagonist treatment do act as an adaptive
mechanism to “normalize” some aspects of basal-ganglia
function. Whereas enkephalin apparently is not involved
in long-term suppression of gene expression in striatopal-
lidal neurons, this neuropeptide may act by influencing
other striatal functions (see above) or by affecting neuro-
nal processes in target areas of the striatopallidal projec-

tion, such as regulating GABA release from striatopallidal
terminals (Dewar et al. 1987; Maneuf et al. 1994).

Summary

Our results demonstrate that enkephalin-receptor stimu-
lation in the striatum inhibits IEG expression in striato-
pallidal neurons induced by acute D2-receptor blockade,
indicating that enkephalin acts as a negative feedback
mechanism to regulate striatopallidal neuron function
in the normal brain. While increased enkephalin levels
do not appear to play a role in the suppressed IEG re-
sponse after repeated D2-antagonist treatment, this opio-
id peptide seems to be involved in other neuronal mech-
anisms that mediate recovery of function after such
chronic dopamine antagonist treatments or after dopa-
mine depletion.

Conclusions

In this series of studies, we have investigated the function
of the opioid peptides dynorphin and enkephalin in neu-
rons of the striatonigral and striatopallidal output path-
ways, respectively. We have used IEG induction by dopa-
mine-receptor agonists and antagonists as a cellular re-
sponse to examine the role of these opioid peptides in
the regulation of these striatal projection neurons. Our re-
sults indicate that both opioid peptides function, at least in
part, as autoregulatory mechanisms to modulate the path-
ways they are contained in. The synthesis of both neuro-
peptides is upregulated by chronic drug treatments and/or
lesions that tend to activate these pathways. Whereas psy-
chomotor stimulants produce increased dynorphin expres-
sion, repeated neuroleptic treatment or dopamine deple-
tion result in increased enkephalin expression. Our find-
ings indicate that these changes in gene regulation are
adaptive responses in these neurons — probably based on
homeostatic principles — which seem to counteract the
perturbations produced by the drug exposure/lesion. The
consequences of these cellular adaptive mechanisms for
the function of the affected basal-ganglia pathways and
behavior, however, appear to differ for the two opioid
peptides. While increased enkephalin expression seems
to play a role in recovery of function after loss of D2-re-
ceptor stimulation, increased dynorphin expression may
contribute to behavioral dysfunction produced by psycho-
motor stimulants, including addiction, dependence, and
behavioral sensitization. An understanding of the role of
these opioid peptides in the behavioral consequences of
such drug use/treatments may lead to improved therapeu-
tic approaches for the treatment of such behavioral alter-
ations.
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