Induction of stereotypy in dopamine-deficient mice
requires striatal D1 receptor activation
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Motor stereotypies are abnormally repetitive behaviors that can
develop with excessive dopaminergic stimulation and are features
of some neurologic disorders. To investigate the mechanisms
required for the induction of stereotypy, we examined the re-
sponses of dopamine-deficient (DD) mice to increasing doses of the
dopamine precursor L-DOPA. DD mice lack the ability to synthesize
dopamine (DA) specifically in dopaminergic neurons yet exhibit
robust hyperlocomotion relative to wild-type (WT) mice when
treated with L-DOPA, which restores striatal DA tissue content to
~10% of WT levels. To further elevate brain DA contentin DD mice,
we administered the peripheral L-amino acid decarboxylase inhib-
itor carbidopa along with .-DOPA (C/L-DOPA). When striatal DA
levels reached >50% of WT levels, a transition from hyperloco-
motion to intense, focused stereotypy was observed that was
correlated with an induction of c-fos mRNA in the ventrolateral and
central striatum as well as the somatosensory cortex. WT mice
were unaffected by C/L.-DOPA treatments. A D1, but not a D2,
receptor antagonist attenuated both the C/L.-DOPA-induced ste-
reotypy and the c-fos induction. Consistent with these results,
stereotypy could be induced in DD mice by a D1, but not by a D2,
receptor agonist, with neither agonist inducing stereotypy in WT
mice. Intrastriatal injection of a D1 receptor antagonist ameliorated
the stereotypy and c-fos induction by C/L.-DOPA. These results
indicate that activation of D1 receptors on a specific population of
striatal neurons is required for the induction of stereotypy in DD
mice.

otor stereotypies, which are excessive and repetitive be-

haviors, can be induced with repeated or high doses of
psychomotor stimulants and are features of some psychiatric and
neurologic disorders such as schizophrenia, obsessive-
compulsive disorder, and Lesch-Nyhan disease (1, 2). The last is
characterized by a substantial reduction in brain dopamine (DA)
levels early in development, with subsequent behavioral spas-
ticity and self-injurious behavior (2). Stereotypic behaviors due
to L-DOPA therapy have also been observed in Parkinson’s
disease patients (3). Lesion experiments using the catecholamine
neurotoxin 6-hydroxydopamine (6-OHDA), in adult or neonatal
rats, reproduced some of the motor dysfunctions of Parkinson’s
and Lesch—-Nyhan diseases, respectively (4—6). In each case, the
chronic reduction of DA leads to a compensatory increase in the
sensitivity to DA (7-9). The hypersensitivity to DA promotes
susceptibility to stereotypy when dopaminergic circuits are ac-
tivated, as may occur in schizophrenia (10) and with chronic
exposure to psychomotor stimulants like cocaine and amphet-
amine (11).

The role of DA and the striatum in the expression of stereo-
typy is well established, primarily from studies of animal models
of dopaminergic supersensitivity (12-14). Yet, there are sub-
stantial differences, depending on the model system studied,
particularly in the relative roles of D1 and D2 receptors. In
6-OHDA lesion experiments, the severity of the stereotypy that
can be elicited by DA receptor agonists and the contributions of
D1 and D2 receptors depends on the developmental timing of
the lesion and the extent of surviving dopaminergic neurons (6,
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15). In animals sensitized to amphetamine or lesioned with
6-OHDA, there is an enhancement of both pre- and postsynaptic
dopamine function (6, 11). Hence, the mechanisms underlying
the induction of stereotypy remain unclear, and several unre-
solved questions persist: (/) What are the relative roles of D1 and
D2 receptors in the induction of stereotypic behaviors when
dopaminergic neurons remain intact? (i) Is postsynaptic stim-
ulation of DA receptors sufficient to induce stereotypy?

To address these questions, we used mice with a selective
inactivation of tyrosine hydroxylase in dopaminergic neurons,
thus eliminating DA but not norepinephrine or epinephrine
synthesis (16). Dopamine-deficient (DD) mice are unique in that
the loss of DA is specific and complete, yet dopaminergic
neurons remain intact and presumably are capable of regulated
neurotransmitter release. DD mice are born normally, but by 3—4
weeks of age they become hypoactive and aphagic and will die
without intervention. Daily administration of L-DOPA restores
striatal DA to ~10% of normal levels for a few hours and results
in an intense bout of locomotion, during which time the mice eat
enough to survive (16, 17). This hypersensitivity is due to
enhanced responsiveness of postsynaptic neurons to DA with no
change in the abundance of DA receptors (18). DD mice were
used to address the above questions because the presence of
intact dopaminergic neurons made it possible to control DA
levels by exogenous L-DOPA administration, and in the absence
of DA, specific receptor agonists could be used to selectively
activate either D1 or D2 receptors.

Materials and Methods

Behavioral Studies. Mice were maintained under conditions ap-
proved by the National Institutes of Health and the University
of Washington Animal Care Committee. The wild-type (WT)
and DD mice used were 3- to 8-month-old male and female mice
maintained on a mixed 129/SvEv X C57BL/6J background. The
DD mice (Th~/~, Dbh™/") were created as described (16). The
WT mice used were littermate controls of the DD mice and were
any combination of the following genotypes: Th*/* or Th*/~ and
Dbh*'* or Dbh™/*. They were housed singly or in pairs and
maintained on a 12-h light/dark cycle with lights on at 07:00.
Food and water were freely available.

Drug Administration. Haloperidol (SoloPak Laboratories, Frank-
lin Park, IL) and SCH23390 (Research Biochemicals) were
dissolved in 10 mM sodium phosphate, 150 mM NaCl, pH 7.5
(PBS). (£)SKF81297 and quinpirole (Research Biochemicals)
were dissolved in water. Agonists and antagonists were injected

Abbreviations: DA, dopamine; DD, dopamine-deficient; C/L-DOPA, carbidopa plus .-DOPA;
6-OHDA, 6-hydroxydopamine; WT, wild type; VLSt, ventrolateral striatum; CSt, central
striatum; SSC, somatosensory cortex.
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in a volume of 10 ul/g. L-DOPA (Sigma) was prepared as a 1.5
mg/ml stock in a 2.5 mg/ml ascorbic acid solution dissolved in
PBS. S-(—)carbidopa (Sigma) was dissolved in the L-DOPA
solution. Unless noted, all drugs were administered i.p. in a
volume not exceeding 1 ml. All antagonists were delivered 15
min before either L-DOPA or carbidopa plus L-DOPA (C/L-
DOPA). DD mice were used 24 h after their last L-DOPA (50
mg/kg) injection.

Locomotor Activity. Activity chambers (40 X 20 X 20 cm) were
placed in a rack containing four infrared photobeams spaced 8.8
cm apart, and photobeam interruptions were recorded electron-
ically with PASF software (San Diego Instruments). One ambu-
lation was defined as two different sequential beam breaks and
was used as a relative measure of distance traveled (0.088 m per
ambulation). Mice naive to the activity chambers were allowed
to acclimate for 1 day before experiments and were then placed
in the chambers 2 h before treatment each subsequent day.

Stereotypy. Stereotypic behavior was recorded simultaneously
with locomotor activity. Mice were videotaped for a 5-min
interval at a specified time point after the administration of the
indicated dopaminergic drug. An observer blind to the treat-
ments scored the videotapes by glancing at the tape every 10 s
during that 5-min interval and recording the behavior. A mod-
ification of the stereotypy rating scale used by Creese and
Iverson (19) for amphetamine-treated rats was used: 0, no
movement; 1, ambulations; 2, eating; 3, sniffing; 4, rearing; 5,
vigorous grooming; 6, taffy pulling. “Taffy pulling” is defined as
a continuous movement of clasped forepaws toward and then
away from the mouth (5).

Dopamine Measurements. WT and DD mice were killed by CO,
asphyxiation, and the brains were immediately removed and
placed in ice-cold PBS for 2 min. Brain regions of interest were
dissected on a glass plate kept on wet ice, frozen in Eppen-
dorf tubes in dry ice, and stored at —80°C until analysis. Dopa-
mine and 3,4-dihydroxyphenylacetic acid measurements were
performed by HPLC with electrochemical detection as de-
scribed (20).

In Situ Hybridization. At a specified time after drug treatment,
mice were killed and the brains were removed and frozen in cold
isopentane kept on dry ice. Coronal sections (20 um) were cut
with a cryostat, thaw-mounted on Fisherbrand Superfrost mi-
croscope slides, and kept at —80°C until they were used in the
hybridization assay. Tissue sections were processed as described
(21). For the detection of c-fos mRNA, an antisense RNA probe
labeled with [3SJUTP was transcribed with SP6 RNA polymer-
ase from a linearized rat c-fos cDNA template. Tissue sections
were hybridized at 58°C and washed at 62°C. The final concen-
tration of the probe was 1.5 pmol probe/ml hybridization mix.
After washing and dehydration through a graded alcohol series,
slides were apposed to Hyperfilm-Bmax (Amersham Pharmacia)
for 6-10 days before development. Sense strand controls for the
c-fos riboprobe produced no detectable signal above back-
ground.

Cannula Implantation. Mice were anesthetized with ketamine/
xylazine (6.5 mg/ml and 0.44 mg/ml, i.p.) at a dose of 20 ul/g
(body weight). Animals were placed in a stereotaxic frame
(Anilam Instruments, Brea, CA), and the head was leveled, with
bregma, lambda, and the sagittal suture as landmarks. For
intracerebroventricular cannula placement, a single 24-gauge
cannula was placed in the lateral ventricle: —0.22 anterior—
posterior, 1.00 lateral, and 2.30 dorsal—ventral, with bregma as
the reference point (22). For bilateral intrastriatal cannula
placement, two 24-gauge cannulas were lowered simultaneously

10452 | www.pnas.org/cgi/doi/10.1073/pnas.181356498

Tt

ke

>

. 200
£
5w
o
£100
o™
&
< 5
[=]

0
wr © - 10 10 10 C(mgkg)
- 50 10 30 50 L(mgkg)
DD

B 2500 =&~ L-DOPA (50 mg'kg)
i - 4~ C/L-DOPA (10/10 mg/kg)
; 2000 —o—C/L-DOPA (1/30 mg/kg)
[ «a- C/L-DOPA (10/50 mg/kg)
2 1500 ]
=
2 1000
£ i‘!
< 500 -

12 15 18 21 24
ime (hr)

= Ambulations
[ Rearings
N Taffy pulling

50

Behavior (% time)

- 10 10 10
50 10 30 50

C (mg/kg)

L (mg/kg)

Fig. 1. Behavioral and neurochemical response of DD mice to increasing
doses of L-DOPA. (A) DA levels measured by HPLC from striatal tissue isolated
3 h after drug treatments (n = 4-9 per group). **, P < 0.001 compared with
DD mice plus L-DOPA (50 mg/kg); t and tt, P < 0.05 and P < 0.001 compared
with DD mice plus C/L-DOPA (10/10 mg/kg). One-way ANOVA with Tukey's
post hoc test. (B) Locomotor dose response of DD mice (n = 8) over 24 h.
Untreated WT mice average ~50 ambulations per hour. (C) Behavior of DD
mice (n = 6) is reported as the percentage of time spent ambulating, rearing,
or taffy pulling during a 5-min period 3 h after C/L-DOPA administration. C,
carbidopa; L, L-DOPA. Data are expressed as means + SEM.

to coordinates +0.86 anterior—posterior, £2.00 medial-lateral,
+3.25 dorsal-ventral. Animals were allowed to recover for 1
week before experimentation. Injections were done in a volume
of 1 ul per side at a constant rate of 0.33 wl/min, with 30-gauge
injector needles and an infusion pump (KD Scientific, New
Hope, PA). Cannula placement was verified after the experi-
ments by cresyl violet staining of 20-um coronal sections through
the appropriate regions.

Results

Behavioral and Neurochemical Responses to Increasing Brain DA
Content. Adult DD mice were treated with L-DOPA (50 mg/kg)
or with carbidopa (10 mg/kg) and increasing concentrations of
L-DOPA (10, 30, or 50 mg/kg) (C/L-DOPA 10/10, 10/30, or
10/50, respectively). Carbidopa blocks peripheral L-aromatic
amino acid decarboxylase activity, thus allowing more L-DOPA
to reach the brain. Three hours after drug administration, tissue
DA content was determined (Fig. 14). L-DOPA (50 mg/kg)
increased striatal DA content to 9% of WT levels. C/L-DOPA
at ratios of 10/10, 10/30, and 10/50 increased striatal DA to
26%, 58%, and 100% of WT levels, respectively. DA levels were
relatively low (=2 ng/mg protein) in the midbrain of WT mice,
and C/L-DOPA at ratios of 10/30 and 10/50 elevated midbrain
DA levels in the DD mice to 150% and 390% of WT, respectively
(data not shown). Tissue content of DA is not always a reflection
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of release, but the ratio of the DA metabolite 3,4-dihydroxy-
phenylacetic acid (DOPAC) to DA is an index of DA turnover
rate and is correlated with DA release. The DOPAC/DA ratio
for WT mice (0.038 £ 0.003 SEM) was similar to that for mice
treated with L-DOPA or C/L-DOPA at 10/10 or 10/30. How-
ever, DD mice treated with 10/50 C/L-DOPA had increased DA
turnover (DOPAC/DA = 0.129 = 0.012 SEM).

In a separate experiment, DD mice were treated with L-DOPA
or C/L-DOPA, locomotor activity was measured for 24 h, and
stereotypic behaviors were recorded by videotape 3 h after drug
administration (Fig. 1 B and C). C/L-DOPA at 10/10 induced
twice as much locomotor activity over a 24-h period as L-DOPA
alone (Fig. 1B), but the expression of rearing and taffy pulling
was the same (Fig. 1C). C/L-DOPA (10/30 and 10/50), however,
induced a dramatic shift in behavior: there was an abbreviated
period of locomotor hyperactivity that became increasingly
interspersed with stereotypic behaviors like rearing, vigorous
grooming, and taffy pulling (an extremely robust behavior where
the mice sit back on their hind legs and repeatedly draw their
front legs up to and away from their mouths) to the exclusion of
locomotion (Fig. 1 B and C). At 3 h after C/L-DOPA (10/30 or
10/50), DD mice were spending 75% or 64% of their time taffy
pulling, respectively. At ~8 h, mice treated with C/L-DOPA
(10/30 or 10/50) emerged from taffy pulling and became
hyperactive for the following 10-12 h (Fig. 1B).

Treatment of DD mice with carbidopa alone had no effect on
locomotion or feeding compared with saline injection (data not
shown). WT mice failed to show any behavioral responses to
L-DOPA or C/L-DOPA (10/50) that differed from saline injec-
tion (data not shown).

Induction of Striatal c-fos mRNA. The induction of the immediate
early gene c-fos is a reflection of increased cAMP and Ca?*-
dependent intracellular signaling and is often used as a marker
of neuronal activation (23). To assess the amount and neuro-
anatomical pattern of c-fos expression during the early locomo-
tor and later stereotypic phases of behavior, DD mice were
treated with saline, L-DOPA (50 mg/kg), or C/L-DOPA com-
binations and were killed 30 min or 2 h later. c-fos mRNA was
assessed in coronal sections at the level of the midstriatum by in
situ hybridization (Fig. 2). c-fos was induced in the lateral
striatum at 30 min by L-DOPA (50 mg/kg) or C/L-DOPA (10/30
or 10/50). There was no detectable c-fos mRNA in the striatum
at 30 min with the 10/10 C/L-DOPA dose. Low levels of c-fos
mRNA were detected in the cingulate cortex, but not in the
striatum, of DD mice treated with vehicle.

After 2 h, c-foo mRNA was gone from the striatum of
L-DOPA-treated animals but present throughout the cortex.
However, it was now detectable in the lateral striatum of 10/10
C/L-DOPA-treated animals. Interestingly, 2 h after C/L-DOPA
at 10/30 and 10/50, the two groups that transition into stereo-
typy, there was a remarkable induction of c-fos in the ventro-
lateral striatum (VLSt), central striatum (CSt), and somatosen-
sory cortex (SSC). There was little c-fos induction in the nucleus
accumbens at either time point. WT mice treated with 10/50
C/L-DOPA had a low level of c-fos induction in the cingulate
cortex (Fig. 2).

Dopamine D1, but Not D2, Receptor Antagonists Reduce Stereotypy.
To determine the contribution of D1 and D2 receptors to
C/L-DOPA-induced stereotypy, antagonists were administered
separately or together 15 min before 10/50 C/L-DOPA. A low
dose of haloperidol (1 mg/kg), a D2 receptor antagonist, had no
significant effect on either locomotor activity (Fig. 34) or the
percentage of time the animals spent rearing or taffy pulling
compared with C/L-DOPA alone (Fig. 3D), although there was
a slight trend toward increased locomotor activity during the
expression of focused stereotypies from 4 to 8 h (Fig. 34). A
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Fig. 2. Temporal and spatial expression of c-fos mRNA in response to
increasing DA concentrations. Coronal sections are from mice killed 30 min or
2 h after drug injection. LSt, lateral striatum; VLSt, ventrolateral striatum; CSt,
central striatum; NAc, nucleus accumbens; SSC, somatosensory cortex.

higher dose of haloperidol (4 mg/kg) reduced locomotor activity
slightly at 1.5 h after C/L-DOPA administration (Fig. 34) but
had no effect on the stereotypic response (data not shown). The
D1 receptor antagonist, SCH23390 (0.2 mg/kg), prolonged the
period of locomotor activity and delayed the C/L-DOPA-
induced transition from only locomotion to only taffy pulling
from 2 to 5 h (Fig. 3B). It reduced the percentage of time the
animals spent taffy pulling at 3 h by 48% (Fig. 3D). The
combination of haloperidol (1 mg/kg) and SCH23390 (0.2
mg/kg) completely prevented the decline in locomotion to only
taffy pulling typically observed between 2 and 6 h (Fig. 3C) and
reduced taffy pulling at 3 h by 55%, similar to the D1 receptor
antagonist alone (Fig. 3D).

Effect of Dopamine Receptor Antagonists on C/L-DOPA-Induced c-fos
mRNA. To test the hypothesis that induction of c¢-fos by C/L-
DOPA is correlated with the behavioral response, the effects of
DA receptor antagonists on C/L-DOPA-induced c-fos were
assayed. Haloperidol (1 mg/kg), SCH23390 (0.2 mg/kg), or both
antagonists were administered to DD mice 15 min before
C/L-DOPA (10/50), and 2 h later the mice were killed for in situ
hybridization. Haloperidol did not change the level or anatom-
ical distribution of c-fos expression in the striatum or the SSC
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or both antagonists 15 min before C/L-DOPA (10/50). *, P < 0.05 compared with C/L.-DOPA alone. One-way ANOVA with matched samples was done for each

behavior with Dunnett’s post hoc test.

(Fig. 4D) compared with C/L-DOPA (10/50) alone (Fig. 4C).
However, SCH23390 reduced c-fos expression in the VLSt and
CSt—the regions of strongest signal in C/L-DOPA-treated an-
imals—as well as the SSC (Fig. 4E). c-fos mRNA was still
detectable in the lateral striatum and was greater than saline-
treated controls (Fig. 4B). Haloperidol plus SCH23390 also
reduced c-fos induction (Fig. 4F), and there were no obvious
differences in this group versus SCH23390 alone plus C/L-
DOPA.
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Fig.4. Effect of DA receptor antagonists on c-fos mMRNA in DD mice 2 h after
C/L-DOPA injection. Antagonists were administered 15 min before C/L.-DOPA.
(A) Representative schematic of coronal brain section. Ctx, cortex; CPu, cau-
date putamen; NAc, nucleus accumbens. (B) Saline-injected control. (C) C/L-
DOPA (10/50 mg/kg). (D) Haloperidol (1 mg/kg) and C/L-DOPA. (E) SCH23390
(0.2 mg/kg) and C/L-DOPA. (F) Haloperidol (1 mg/kg), SCH23390 (0.2 mg/kqg),
and C/L-DOPA.
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Intrastriatal Injection of a D1 Antagonist Blocks Stereotypy and c-fos
Induction. To determine whether the induction of c-fos was due
to stimulation of striatal D1 receptors, SCH23390 (0.2 ng) was
administered into the right lateral striatum 15 min before
C/L-DOPA injection, and the mice were killed 2 h later for in situ
hybridization. c-fos mRNA expression was reduced in the right
striatum compared with the vehicle-treated left side (Fig. 5B).
There was a lack of c-fos expression on both sides directly around
the location of the cannula due to tissue damage, which can be
seen in the cresyl violet-stained brain section (Fig. 5C). The
extent of c-fos blockade by SCH23390 extended both dorsome-
dially and ventrolaterally to the cannula site (Fig. 5B) and
rostrally and caudally (not shown). Slight c-fos expression was
detected in the SSC, although the cannula track obscured much

Veh SCH23390

B L
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© 400+ £
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Fig. 5. Intrastriatal microinjection of SCH23390 reduces C/L.-DOPA-induced
stereotypy and c-fos expression. SCH23390 was administered via cannula 15
min before C/L-DOPA (10/50 mg/kg, i.p.). (A) Locomotor activity of DD mice
(n = 3) treated with bilateral injections of SCH23390 (0.2 g per side) and
C/L-DOPA (10/50 mg/kg, i.p.) (O) or vehicle and C/L-DOPA (10/50 mg/kg, i.p.)
(m) [*, P < 0.05, two-way ANOVA (drug X time) with Bonferroni’s post hoc
test]. (B) c-fos mRNA expression after unilateral injection of SCH23390 (0.2 ug
on the right side) and C/L.-DOPA (10/50 mg/kg, i.p.). (C) Cresyl violet stain of
adjacent coronal section adjacent to B. Arrows indicate cannula tracks.
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of it (Fig. 5B). The behavior of DD mice injected unilaterally
with the D1 receptor antagonist plus C/L-DOPA (10/50) was a
combination of turning ipsilateral to the SCH23390-injected side
and bilateral stereotypy (data not shown).

In a separate experiment, bilateral, intrastriatal administra-
tion of SCH23390 (0.2 ug per side) increased locomotor activity
and delayed the onset of stereotypy induced by peripheral
C/L-DOPA (Fig. 54), similar to what was observed with systemic
SCH23390.

A D1, but Not a D2, Receptor Agonist Induces Stereotypy in DD Mice.
The D1 receptor agonist SKF81297 (10 mg/kg, i.p.) or the D2
receptor agonist quinpirole (1 mg/kg, i.p.) was administered to
WT and DD mice, and then locomotor activity and stereotypy
were assessed (Fig. 6 4 and B). The doses of SKF81297 and
quinpirole were chosen to be higher than those used to elicit
locomotor behavior in DD mice (18). Taffy pulling was observed
in DD mice almost immediately after SKF81297 injection and
was scored at 15 min (Fig. 6B). At this time point, DD mice were
primarily engaged in taffy pulling (78% of time), with some
ambulations and rearing (Fig. 6B). At 2 h, they emerged from
stereotypy and became hyperactive for the next 3 h (Fig. 6A4).
WT mice treated with SKF81297 were hyperlocomotive (Fig.
6A) compared with saline-treated WT mice (data not shown) for
the first 2 h but did not exhibit taffy pulling (Fig. 6B8). DD mice
treated with quinpirole initially displayed behaviors such as
splaying of the hind legs, sniffing, uncoordinated locomotion,
and rearing (Fig. 6B). These behaviors evolved into more
coordinated hyperlocomotion at ~1.5 h, lasting until ~3.5 h (Fig.
6A4). WT mice treated with quinpirole appeared to be asleep or
resting and did not engage in any stereotypic behaviors during
the videotaped interval. Locomotor activity of quinpirole-
treated WT mice was significantly reduced compared with
saline-treated mice for the first hour after drug injection (data
not shown).

Discussion

Locomotor activity and stereotypic behaviors are thought to be
competing motor activities that are mediated by distinct mech-
anisms (24). The present studies demonstrate that a transition
from locomotor activity to intense stereotypic behavior occurs in
DD mice when striatal DA is restored to >50% of WT levels,
suggesting a threshold for the initiation of stereotypy. The time
course of behavioral activation in DD mice by C/L-DOPA
probably corresponds to the rise and fall of striatal DA levels.
For example, as DA levels rise after DD mice are treated with
C/L-DOPA at 10/30 or 10/50, the animals initially display
hyperactive locomotion, but as the DA levels continue to rise
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toward 50% of WT levels they lapse into stereotypy, which lasts
until DA levels fall below the threshold for stereotypy. At that
point the mice become hyperlocomotive again until DA levels
subside to <3% of WT, and then the mice become hypoactive.
Because the DD mice are supersensitive to DA receptor agonists
(16, 18), hyperactivity and stereotypy are achieved when DA
levels are much less than WT levels. Consequently, none of the
treatments that induce robust stereotypy in DD mice do so in
WT mice.

Previous studies have shown that rats lesioned with 6-OHDA
as neonates or adults or animals treated repeatedly with psy-
chomotor stimulants become supersensitive to DA receptor
agonists (5, 7, 11, 24). The emergence of focused stereotypies in
these animals in response to DA receptor agonists is a common
behavioral end point, suggesting similar underlying mechanisms.
Rats lesioned as adults with 6-OHDA initially exhibit aphagia
and akinesia, but a recovery of function usually arises from
augmented synthesis and release of DA from the surviving
dopaminergic terminals (6, 25), as well as enhanced signaling by
postsynaptic striatal neurons. D2 receptor levels are increased,
whereas D1 receptors are unchanged or decreased (26, 27).
Adult-lesioned rats are primarily supersensitive to D2 agonists;
quinpirole is able to induce stereotypic behaviors such as sniffing
and rearing, but not taffy pulling (6). Rats lesioned neonatally
with 6-OHDA have few behavioral deficits as adults, and the
sparing of function seems to depend on remaining dopaminergic
terminals (28). DA receptor levels are unchanged in neonatally
6-OHDA-lesioned rats (29), yet they are supersensitive primarily
to D1 receptor activation (30), although this supersensitivity
requires priming of the D1 receptor with repeated agonist
exposure (31). Both D1 and D2 agonists can elicit stereotypic
behaviors, including taffy pulling (15), and high doses of L-
DOPA induce self-injurious behavior, which is thought to re-
semble that seen in Lesch-Nyhan disease (5). In our study,
self-injurious behavior was occasionally observed in DD mice
treated with C/L-DOPA (10/50). There are generally no
changes in D1 or D2 receptor levels in rats sensitized to
amphetamine (11). Amphetamine-induced hyperactivity and
stereotypic behaviors can be blocked by either D1 or D2 receptor
antagonists, and once sensitization has been induced, stereotypy
can be elicited by agonists of either DA receptor (24, 32).

DD mice are also supersensitive to DA receptor agonists. We
have shown that there is no recovery of function (16), unlike in
neonatally 6-OHDA-lesioned rats. Despite the chronic absence
of DA, there are no gross deficiencies in neurodevelopment or
neuroanatomy; furthermore, D1 and D2 receptor levels and DA
transporter levels are normal (16, 18). DD mice become hyper-
active in response to either D1 or D2 receptor agonists, without
priming (16, 18). Note that DD mice exhibit increased locomotor
activity in response to a D2 receptor agonist, whereas locomo-
tion is inhibited in WT mice, because D2 autoreceptor-induced
inhibition of DA release is inconsequential in DD mice lacking
DA. L-DOPA-induced locomotor activity can be attenuated by
either D1 or D2 receptor antagonists (17, 18). These data
highlight the importance of both D1 and D2 receptor activation
for locomotor activity in DD mice.

Activation of the D1 receptor is primarily responsible for the
induction of stereotypy in DD mice because taffy pulling is
largely blocked by the D1 receptor antagonist SCH23390 but not
by the D2 antagonist haloperidol. Furthermore, in the total
absence of presynaptic DA, stimulation of striatal D1 receptors
is sufficient to drive the animals into taffy pulling. The induction
of taffy pulling by SKF81297 occurs almost immediately, sug-
gesting that it does not depend on transcriptional or translational
activation by DA. The combination of D1 and D2 receptor
antagonists blocked the transition from locomotion to taffy
pulling more effectively than the D1 receptor antagonist alone,
which may reflect a contribution of D2 receptor signaling to
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maintenance, but not initiation, of stereotypy. The importance of
D1 receptors for initiating stereotypy is substantiated by D1
receptor knockout mice, which are resistant to cocaine-induced
stereotypy (33). Mice lacking D2 receptors manifest normal
hyperlocomotion in response to amphetamine, but stereotypic
responses have not been reported (34). The data for DD mice
with intact dopaminergic neurons suggest, therefore, that either
D1 or D2 receptor agonists can elicit locomotion, but only the
D1 receptor can initiate the transition to stereotypy.

The dramatic induction of c-fos in the ventrolateral and central
striatum, as well as the SSC, by C/L-DOPA (10/50) in DD mice
suggests that these regions are important for mediating stereo-
typy, in agreement with reports that oral stereotypies can be
induced by direct injection of amphetamine into the VLSt of rats
(13). The induction of c-fos in the SSC is most likely due to the
continuous and intense sensory stimulation of the vibrissa that
occurs with taffy pulling. Psychostimulant-induced stereotypy
has been correlated with an increased ratio of striosome (patches
of the striatum enriched in D1 receptors) to matrix Fos expres-
sion (35). We predict that C/L-DOPA-induced c-fos mRNA
expression may be primarily striosomal in DD mice as well.

Previous work has shown that a D1 agonist induces a uniform
distribution of Fos protein expression in the striatum and nucleus
accumbens of DD mice (18). This uniform distribution of Fos
protein expression suggests that all D1 receptor-containing
neurons are equally sensitive to D1 receptor stimulation,
whereas the distinct regional patterns of c-fos mRNA observed
in our studies after C/L-DOPA treatment reflect activity-
dependent and regulated release of DA from dopaminergic
neurons. We suggest that convergence of glutamate stimulation
from cortical and thalamic inputs along with enhanced DA
release to the VLSt and CSt initiates the transition to stereotypy.
Preferential activation of these striatonigral neurons may be-
come self-perpetuating while also inhibiting dopaminergic and
cortical inputs to other striatal regions, which could account for
the repetition of some activities to the exclusion of others and
region-specific induction of c-fos. A circuit-based inhibition of
inputs to the nucleus accumbens could explain the lack of c-fos
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expression in that region. It is worth noting that most movement-
related striatonigral neurons decrease their firing rate as ste-
reotypy emerges after a high dose of amphetamine (36), sug-
gesting that D1 receptor activation does not necessarily translate
into an increase in neuronal firing.

We considered the possibility that initiation of taffy pulling in
DD mice may depend on activation of D1 receptors in the
substantia nigra because midbrain DA levels were almost 4 times
greater in C/L-DOPA-treated DD mice than in WT mice. In
support of this hypothesis, L-DOPA-induced rotations can be
blocked by intranigral infusion of SCH23390 (37). However;
intrastriatal microinjection of SCH23390 delayed the C/L-
DOPA transition from locomotor activity to stereotypy and
reduced the induction of c-fos mRNA. Thus, we favor the
interpretation that excessive D1 receptor activation in the VLSt
and CSt is primarily responsible for inducing stereotypy in DD
mice.

We have described behavioral and molecular responses of DD
mice to increasing concentrations of DA and have shown that
activation of postsynaptic striatal D1 receptors above a certain
threshold is both necessary and sufficient for the induction and
expression of the focused stereotypic behavior, taffy pulling. The
cascade of events downstream of D1 receptor stimulation leads
to increases in gene expression, for example, c-fos and neuropep-
tides such as neurotensin (E.H.C., unpublished observations),
which could further modulate behavioral responses. Future
studies identifying the molecular mechanisms underlying the
supersensitivity in DD mice that facilitates the expression of
DA-mediated stereotyped behaviors may help identify neuro-
chemical alterations in disorders such as schizophrenia and
amphetamine-induced psychosis.
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