
p11 modulates L-DOPA therapeutic effects and
dyskinesia via distinct cell types in
experimental Parkinsonism
Nicoletta Schintua, Xiaoqun Zhanga, Alexandra Alvarssona, Roberta Marongiub, Michael G. Kaplittb, Paul Greengardc,1,
and Per Svenningssona,1

aTranslational Neuropharmacology, Department of Clinical Neuroscience, Center for Molecular Medicine L8:01, Karolinska Institute, 171 76 Stockholm,
Sweden; bDepartment of Neurological Surgery, Weill Cornell Medical College, New York, NY 10065; and cLaboratory of Molecular and Cellular
Neuroscience, The Rockefeller University, New York, NY 10065

Contributed by Paul Greengard, December 14, 2015 (sent for review November 16, 2015; reviewed by Ted M. Dawson, Fred H. Gage, and Tomas G. M. Hokfelt)

The reduced movement repertoire of Parkinson’s disease (PD) is
mainly due to degeneration of nigrostriatal dopamine neurons. Resto-
ration of dopamine transmission by levodopa (L-DOPA) relieves motor
symptoms of PD but often causes disabling dyskinesias. Subchronic
L-DOPA increases levels of adaptor protein p11 (S100A10) in dopa-
minoceptive neurons of the striatum. Using experimentalmousemodels
of Parkinsonism, we report here that global p11 knockout (KO) mice
develop fewer jaw tremors in response to tacrine. Following L-DOPA,
global p11KO mice show reduced therapeutic responses on rotational
motor sensitization, but also develop less dyskinetic side effects. Stud-
ies using conditional p11KO mice reveal that distinct cell populations
mediate these therapeutic and side effects. Selective deletion of p11 in
cholinergic acetyltransferase (ChAT) neurons reduces tacrine-induced
tremor. Mice lacking p11 in dopamine D2R-containing neurons have a
reduced response to L-DOPA on the therapeutic parameters, but de-
velop dyskinetic side effects. In contrast, mice lacking p11 in dopamine
D1R-containing neurons exhibit tremor and rotational responses to-
ward L-DOPA, but develop less dyskinesia. Moreover, coadministration
of rapamycin with L-DOPA counteracts L-DOPA–induced dyskinesias in
wild-type mice, but not in mice lacking p11 in D1R-containing neurons.
6-OHDA lesioning causes an increase of evoked striatal glutamate
release in wild type, but not in global p11KO mice, indicating that
altered glutamate neurotransmission could contribute to the reduced
L-DOPA responsivity. These data demonstrate that p11 located in
ChAT or D2R-containing neurons is involved in regulating therapeutic
actions in experimental PD, whereas p11 in D1R-containing neurons
underlies the development of L-DOPA–induced dyskinesias.
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Parkinson’s disease (PD) is characterized by a progressive
degeneration of dopaminergic neurons projecting from sub-

stantia nigra pars compacta (SNc) to striatum, eventually resulting
in bradykinesia, rigidity, resting tremor, and postural imbalance
(1). Dopamine replacement strategies are effective for many mo-
tor symptoms. At early stages, MAO-B inhibitors or dopamine D2
receptor agonists may provide sufficient symptomatic relief, but as
the disease progresses essentially all patients will require treatment
with levodopa (L-DOPA) (1). Following decarboxylation,
L-DOPA is converted to dopamine acting on both dopamine D1 and
D2 receptors. D1 and D2 receptors are segregated in striatonigral
and striatopallidal pathway neurons, respectively (2). Activation of
D1 and D2 receptors causes synergistic stimulation of locomotion,
explaining the stronger anti-Parkinsonian action of L-DOPA
compared with selective D2 receptor agonists (1, 2). Whereas
dopaminergic agents often successfully treat bradykinesia and ri-
gidity in PD, additional therapy with anticholinergic agents is
sometimes required for optimal treatment of resting tremor (1).
Moreover, the therapeutic effect of L-DOPA is gradually shortened
as disabling dyskinetic side effects emerge (3). There is no licensed
treatment against L-DOPA–induced dyskinesias (LIDs).

Targeting the serotonergic, glutamatergic, and/or cholinergic sys-
tems have been reported to counteract LIDs (3). p11 (i.e., S100A10)
is a member of the S100 EF-hand protein family, which increase the
levels of distinct serotonin (5-HT1BR and 5-HT4R) and glutamate
(mGluR5) receptors at the cell surface, resulting in enhanced effects
on cell signaling via these receptors (4, 5). p11 is widely expressed in
the brain with particularly high levels in cholinergic neurons (6–9).
p11 is regulated by a variety of stimuli and therapies, most notably
antidepressants (4). p11 is strongly up-regulated in the striatum
following repeated treatment with L-DOPA in the 6-OHDA–
lesioning model of experimental parkinsonism (10). p11 can there-
fore influence several pathways implicated in LIDs.
In the present study, we examined global and cell-specific con-

ditional p11 knockout (KO) mice in experimental Parkinsonism
models to identify the brain circuitries that mediate p11-dependent
therapeutic effects of L-DOPA as well as LIDs.

Results
Conditional Deletion of p11 from Distinct Cell Populations. As illus-
trated in Fig. 1 from the bregma levels 0 and −4.5 mm, p11
mRNA is widely expressed in the brain (6). Conditional
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knockout of p11 in D1R- or D2R-containing neurons led to
significant (P < 0.001) reductions (−64 and −58%, respectively)
of p11 mRNA in the striatum (Fig. 1 B and C). No significant
changes of striatal p11 mRNA were found in mice with condi-
tional knockout of p11 in choline acetyltransferase (ChAT) or
serotonin transporter (SERT)-expressing neurons (Fig. 1 D and
E). Conditional knockout of p11 in D1R-containing neurons also
led to a significant (P < 0.01) reduction (−60%) of p11mRNA in
the cortex (Fig. 1B). Mice with conditional knockout of p11 in
ChAT-expressing neurons showed lower expression of p11
mRNA in basal forebrain structures including substantia inno-
minata (Fig. 1D). At the pontine level (bregma −4.5 mm), no
significant changes of p11 mRNA were found in mice with
conditional knockout of p11 in D1R-, D2R-, or ChAT-expressing
neurons (Fig. 1 G, H, and I). p11 plays an important role in
modulating serotonin neurotransmission (4), and conditional
knockout of p11 in SERT-expressing neurons abolishes (−100%;
P < 0.001) p11 mRNA expression in the raphe nuclei (Fig. 1J). In
the following experiments, the phenotype of global p11KO mice
was compared with that of mice with conditional knockout of
p11 in the aforementioned cellular populations, hereafter re-
ferred to as D1R-p11cKO, D2R-p11cKO, ChAT-p11cKO, and
SERT-p11cKO mice, respectively.

Tacrine-Induced Jaw Tremor Movements Involve p11 in ChAT-
Containing Neurons. Treatment with the cholinesterase inhibitor
tacrine induces jaw movements with a frequency between 3 and
7 Hz, i.e., in the same range as human parkinsonian resting tremor
(1, 11). Because tacrine-induced jaw movements are diminished
by several anti-Parkinsonian treatments, it is used to model as-
pects of Parkinsonian tremor (11). As shown in Fig. 2, both
baseline alterations and responsivity to antitremor treatments
were compared between WT cohorts and global p11KO as well as
conditional p11KO mouse lines. There were significantly (P <
0.001) reduced tremorgenic effects of tacrine in global p11KO
mice (Fig. 2A) and in ChAT-p11cKO (Fig. 2D) compared with
WT littermates. The responses to tacrine per se were not altered
in D1R-p11cKO, D2R-p11cKO, or SERT-p11cKO mice (P =
0.14, P = 0.31, P = 0.65, respectively) (Fig. 2 B, C, and E).
As expected, scopolamine (a muscarine receptor antagonist),

L-DOPA, and ropinirole (a D2/3R agonist) significantly (P <
0.001) reduced tremors in all WT cohorts (Fig. 2 A–E). Global
p11KO mice did not respond to ropinirole (P = 0.25), but had
small, yet significant, responses to scopolamine (P = 0.046) and
L-DOPA (P = 0.03) (Fig. 2A). L-DOPA did not (P = 0.30)
counteract tremor in D2R-p11cKOmice (Fig. 2C). There was also
a comparably smaller response to ropinirole, but not scopolamine,
in these mice (Fig. 2C). D1R-p11cKO, ChAT-p11cKO, and
SERT-p11cKO mice responded significantly to scopolamine
(P < 0.001 in all lines), L-DOPA (P < 0.001, P = 0.04, P =
0.003, respectively) and ropinirole (P < 0.001 in all lines) (Fig.
2 B, D, and E).

Contralateral Rotations in Response to L-DOPA Involve p11 Expressed
in D2R-Containing Neurons. Contralateral rotations in unilaterally
6-OHDA–lesioned mice are commonly used to assess the anti-
parkinsonian potential of compounds (12, 13). The contralateral
turning response to L-DOPA sensitizes upon repeated admin-
istration (13). Two weeks of treatment with L-DOPA (10 mg/kg)
caused a significant (F2,12 = 9.71; P = 0.0003) sensitization of
contralateral rotation in WT mice (P = 0.01), but not in global
p11KO mice (Fig. 3A). Accordingly, a single injection of L-DOPA
caused a similar rotational response in WT mice and global
p11KO mice, but following repeated L-DOPA (10 mg/kg)
treatment, WT mice rotated significantly (P = 0.003) more than
p11KO mice (Fig. 3A). Likewise, subsequent treatment with an
escalated dose of L-DOPA (50 mg/kg) for another week signif-
icantly (F2,12 = 17.1; P < 0.0001) increased contralateral rota-
tions in WT mice (P = 0.04) but not in p11KO mice (P = 0.96),
and there was a significant (P = 0.0008) difference between WT
and p11KO mice (Fig. S1A).
Similar to global p11KO mice, D2R-p11cKO mice did not

(P = 0.31) develop sensitization of contralateral rotations to
repeated L-DOPA (10 mg/kg) (Fig. 3C). They differed signifi-
cantly (P = 0.008) fromWT littermates that develop sensitization
toward L-DOPA (Fig. 3C). Even at 50 mg/kg of L-DOPA, no
(P = 0.69) sensitization in D2R-p11cKO mice occurred, and they
continued to differ significantly (P = 0.01) from WT littermates
(Fig. S1C). The fact that global p11KO and D2R-p11cKO ex-
hibit significantly less sensitization of contralateral rotations
compared with WT at both L-DOPA doses demonstrates that
this phenotype cannot be explained only by a shifted dose–
response to L-DOPA.
In contrast to global p11KO and D2R-p11cKO mice, D1R-

p11cKO, ChAT-p11cKO, and SERT-p11cKO developed sensiti-
zation of contralateral rotations to repeated L-DOPA (10 mg/kg)
(P = 0.04, P = 0.04, and P = 0.002) (Fig. 3 B and D). Upon
repeated treatment with 50 mg/kg of L-DOPA, D1R-p11cKO
mice continued to develop sensitization (P = 0.04) (Fig. S1B).
No further sensitization toward 50 mg/kg of L-DOPA occurred
in the WT cohort matched with ChAT-p11cKO and SERT-
p11cKO (Fig. S1D), making it difficult to interpret the lack of
continued sensitization found in ChAT-p11cKO and SERT-
p11cKO mice following the higher dose of L-DOPA (Fig. S1D).

L-DOPA–Induced Abnormal Involuntary Movements Involve p11
Expressed in D1R-Containing Neurons. Abnormal involuntary move-
ments (AIMs) in rodents have been used as a model of LIDs in
human PD (14). Here, we used 6-OHDA–lesioned mice and a
modified protocol starting with a clinically meaningful dose, 10 mg/kg,
of L-DOPA for 14 d followed by an escalation to 50 mg/kg for 1 wk.
AIMs were assessed at days 14 and 21. Repeated treatment with
L-DOPA, both at 10 and 50 mg/kg, resulted in AIMs in WT mice,
which were significantly (P = 0.0006 and P = 0.0001, respectively)
lowered in global p11KO mice (Fig. 3A and Fig. S1A). This was

Wildtype D2R-p11cKOD1R-p11cKO

A B C

F G H I

ChAT-p11cKO
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SERT-p11cKO
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Bregma -4.5mm

Fig. 1. p11 mRNA expression in wild-type, D1R-p11cKO, D2R-p11cKO, ChAT-p11cKO, and SERT-p11cKO mice. In situ hybridization to detect p11 mRNA from
sections at (A–E) bregma level 0 and at (F–J) bregma level −4.5 mm. (A and F) Wild-type mice show a widespread distribution of p11 mRNA. Reductions of p11
mRNA are found in striatum in (B) D1R-p11cKO and (C) D2R-p11cKO mice, cortex in (B) D1R-p11cKO mice, basal forebrain in (D) ChAT-p11cKO mice, and the
raphe nuclei in (J) SERT-p11cKO mice. The number of mice per group was three. The experiment was repeated twice.
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reproduced by D1R-p11cKO mice, which developed significantly
(P = 0.003 and P = 0.04, respectively) fewer AIMs in response to
L-DOPA (10 and 50 mg/kg) compared with their WT littermates
(Fig. 3B and Fig. S1B).
In contrast, the development of AIMs in D2R-p11cKO, ChAT-

p11cKO, and SERT-p11cKO mice did not differ from WT mice
following L-DOPA at 10 mg/kg (P = 0.62 and F2,15 = 0.62; P = 0.55,
respectively) or 50 mg/kg (P = 0.39 and F2,15 = 1.90; P = 0.19, re-
spectively) (Fig. 3 C and D; Fig. S1 C and D).

p11 Is Required for the Inhibitory Influence of Rapamycin on L-DOPA–
Induced AIMs. To explore one potential mechanism whereby p11
may modulate L-DOPA–induced AIMs in D1R-expressing neu-
rons, we studied the role of p11 in a pharmacological intervention
known to occur through striatonigral neurons, namely rapamycin
inhibition of AIMs (15). In agreement with our previous experi-
ments, we found that D1R-p11cKO mice developed significantly
(P = 0.04) fewer AIMs toward L-DOPA than the p11 WT mice
(Fig. 4). Rapamycin significantly (P = 0.001) counteracted
L-DOPA–induced AIMs in WT mice, but not in D1R-p11cKO
mice (P = 0.80) (Fig. 4).

Evoked Glutamate Release Induced by 6-OHDA Lesioning Is Counteracted
in p11KO Mice. Because striatal glutamate influences responses to
dopamine replacement therapies (2, 16), we examined interactions
between p11 and the glutamate system. Electrophysiological (16)
and neurochemical (17) studies have demonstrated that de-
generation of nigrostriatal dopaminergic neurons leads to excess
of corticostriatal glutamatergic activity in the striatum. In agree-
ment with these data, we found that 6-OHDA lesioning signifi-
cantly (P < 0.0001) increased evoked glutamate release in striatum
in WT mice (Fig. 5). However, this induction of evoked glutamate
release was not found (P = 0.76) in p11KO mice (Fig. 5). It is
therefore possible that a reduced ability to evoke glutamate re-
lease in p11KO mice underlies some of the lowered responses to
L-DOPA in these mice.

Discussion
We report here that p11 affects experimental PD and L-DOPA
responses via different cell types. In accordance with the high
levels of p11 in cholinergic neurons, we found that global p11KO
mice develop less jaw tremors in response to tacrine. This ben-
eficial response was mimicked by selective deletion of p11 in
ChAT neurons. These data indicate that lowered levels of p11
per se may result in some anti-Parkinsonian effects. Interestingly,
in the PNAS paper by Marongiu et al. (18), it is shown that viral-
mediated reduction of p11 from dorsal striatum has anti-par-
kinsonian effects on gait and locomotion. Taken together, the
data indicate that p11 in cholinergic neurons from the dorsal
striatum may produce symptoms of PD. Moreover, these be-
havioral responses provide further evidence of an important role
of p11 in cholinergic neurons and add to the previous findings
that a depressive-like behavior is generated when p11 is deleted
from cholinergic neurons of the ventral striatum (i.e., nucleus
accumbens) (7, 8).
L-DOPA is very potent in alleviating parkinsonian bradyki-

nesia and fine-movement dysfunctions along with a modest ac-
tion against resting tremor (1). The reduced L-DOPA–induced
sensitization of contralateral rotations in unilaterally 6-OHDA–

lesioned mice found in global p11KO mice was reproduced in
D2R-p11cKO mice. There was also a reduced tremor response

0

A

B

C

D

E

Fig. 2. Jaw movement tremors in response to tacrine along with vehicle,
scopolamine, L-DOPA, and ropinirole in wild-type, global, and conditional
p11KO mice. (A–E) Jaw tremor was induced by tacrine (2.5 mg/kg, i.p.) in all
wild-type (WT) cohorts, and this effect was potently inhibited by scopol-
amine (1 mg/kg, i.p.), L-DOPA/benserazide (10/7.5 mg/kg, i.p.), and ropinirole
(3 mg/kg, i.p.). (A and D) Tacrine per se induced fewer jaw movements in
p11KO mice and ChAT-p11cKO mice. (C) L-DOPA did not reduce tacrine-
induced tremor in D2R-p11cKO mice. (B and E) D1-p11cKO and SERT-p11cKO
mice showed similar tremor responses as WT mice toward tacrine and

antitremor drugs. Values are expressed as percentage of jaw movements in
tacrine+vehicle-treated WT mice. The number of mice per group was 8–13.
Two-way ANOVA followed by Fisher’s LSD post hoc test: *P < 0.05, **P <
0.01, ***P < 0.001 versus corresponding vehicle; ###P < 0.001 versus corre-
sponding WT.
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to L-DOPA in D2R-p11cKO mice. However, the initial anti-
akinetic response to L-DOPA was not significantly affected in
global p11KO or D2R-p11cKO mice. The first exposure of single
housing and measurement of rotational response to L-DOPA

involve significant novelty and stress factors. p11KO mice may be
more reactive than wild-type mice to such factors overshadowing
a reduced L-DOPA responsivity. Nonetheless, our data indicate
that D2R-containing cells are critical in mediating certain p11-
dependent therapeutic responses to L-DOPA. Interestingly, the
L-DOPA–induced jaw tremor and rotational sensitization were
intact in D1R-p11cKO mice. In this context, it is noteworthy that
there are several selective D2R agonists used to treat PD in the
clinics (1), but no selective D1R agonists have proven beneficial
in this regard.
AIMs developed in D2R-p11cKO mice, but not in global

p11KO or D1R-p11 cKO mice. Thus, whereas no therapeutic
effects of L-DOPA involve p11 in D1R-containing cells, disabling
dyskinesias are generated from the D1R-containing cell pop-
ulation. There is a lack of positive correlations between sensiti-
zation of contralateral rotations and AIMs in global p11KO,
D2R-p11cKO, and D1R-p11 cKO mice. In a previous study (10),
where the primary objective was to examine the antidyskinetic
effect of a 5-HT1BR agonist in wild-type and p11KO mice, we
administered a high dose of L-DOPA (50 mg/kg) and studied
dyskinesias after 1 wk. Using this protocol, we could demonstrate
a reduced antidyskinetic effect of the 5-HT1BR agonist in p11
KO mice, but we found no obvious difference in the occurrence of
L-DOPA–induced AIMs between wild-type and p11KOmice. Here,
we used an improved protocol with escalating L-DOPA dosing,
starting with a clinically meaningful dose, and prolonged treat-
ment durations. These improvements in experimental design may
explain the differences in AIM scores between our current and
previous data. To further examine the role of D1R-containing cells
in the development of AIMs and to obtain some mechanistic in-
sight, we coadministered L-DOPA with vehicle or rapamycin, an
mTOR inhibitor. Rapamycin blocks L-DOPA–induced mTOR/
Akt/Rhes signaling in D1R-containing cells and thereby counter-
acts AIMs (15, 19). The fact that rapamycin was inefficient in
counteracting AIMs in D1R-p11cKOmice indicates that interference
with mTOR/Akt/Rhes signaling may underlie p11-dependent mod-
ulation of AIMs.

Fig. 3. L-DOPA–induced contralateral turning and AIMs in unilaterally
6-OHDA–lesioned wild-type, global, and conditional p11KO mice. Mice
were treated once daily with L-DOPA/benserazide (10/7.5 mg/kg, i.p.) for
2 wk. Contralateral rotations were assessed at days 1 and 14, and AIMs at
day 14. (A–D) L-DOPA induced significant sensitization of rotations in WT
cohorts, (B) D1R-p11cKO and (D) ChAT-p11cKO and SERT-p11cKO mice, but
not in (A) global p11KO or (C ) D2R-p11cKO mice. (E–H) L-DOPA induced
AIMs in all WT cohorts. There were significantly fewer AIMs in (E ) global
p11KO and (F ) D1R-p11cKO mice, but not in (G) D2R-p11cKO or (H) ChAT-
p11cKO or SERT-p11cKO mice. (A–D) Values are presented as the number
of contralateral rotations in 1 h. Two-way ANOVA followed by Fisher’s LSD
post hoc test: *P < 0.05, **P < 0.01, ***P < 0.001 versus L-DOPA day 1;
##P < 0.01 versus corresponding KO. (E–H) Values indicate seconds in AIMs
during a 5-min period. The number of mice per group was three to eight.
One-way ANOVA or two-tailed Student t test: **P < 0.01, ***P < 0.001
versus WT.

Fig. 4. Effects of rapamycin on L-DOPA–induced AIMs in unilaterally
6-OHDA–lesioned WT and D1R-p11cKO mice. Mice were treated once daily
with L-DOPA/benserazide (10/7.5 mg/kg, i.p.) together with vehicle or
rapamycin (5 mg/kg, i.p.) for 10 d. D1R-p11cKO mice developed fewer AIMs
than WT mice. Rapamycin reduced AIMs in WT mice, but not in D1R-p11cKO
mice. Values indicate seconds in AIMs during a 5-min period. The number of
mice per group was three to six. Two-way ANOVA followed by Fisher’s LSD
post hoc test: **P < 0.01 versus L-DOPA alone; #P < 0.05 versus WT and
L-DOPA alone.
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It is possible that p11 modulates L-DOPA responses by altering
serotonin and glutamate neurotransmission. p11 facilitates signal
transduction via serotonin 5-HT1BR and 5-HT4R and glutamate
mGluR5 (4, 5). Preclinical studies (10, 20) have shown that
5-HT1BR agonism counteracts L-DOPA responses via inhibition
of release of “false dopamine” from serotonin terminals (20)
and by counteracting D1-mediated signaling in striatonigral
neurons (10). In a previous (10) and an accompanying paper by
Marongiuet al. (18), we have shown that 5-HT1BR agonist-medi-
ated reduction of L-DOPA–induced AIMs involves p11. However,
lowered signaling via 5-HT1BR receptors cannot explain the re-
duced AIMs in p11KO mice, because it would be expected to
result in an increase, rather than the observed decrease, of AIMs.
Instead, our combined results indicate that reduced glutamatergic
neurotransmission via mGluR5 may underlie the lowered devel-
opment of AIMs in p11KO and D1R-p11cKO mice. This is
consistent with preclinical studies showing that antagonism of
mGluR5 counteracts AIMs in both rodent and monkey models of
parkinsonism (21). Our observation that evoked glutamate release
is reduced in p11KO mice provides additional support for a
blunted glutamatergic neurotransmission in these mice. Because
both 5-HT1A/BR agonists and mGluR5 antagonists have shown
antidyskinetic properties in PD patients with LIDs (22, 23), it will be
important to further delineate the pathways whereby p11 influences
serotonergic and glutamatergic mechanisms underlying LIDs.
It has been suggested that similar mechanisms underlie both

L-DOPA–induced locomotor sensitization and LIDs (e.g., 24).
However, here we demonstrate that the p11-dependent sensitiza-
tion of L-DOPA–induced contralateral rotations involves a D2R-
containing cell population that is distinct from a D1R-containing
population that generates LIDs. These results imply that reduc-
tions of p11 in D1R-containing cells, for example, by viral-medi-
ated gene transfer (18), may be a viable therapy against LIDs.

Materials and Methods
Wild-Type, Global, and Conditional p11KO Mice. Adult global p11KO mice and
WT littermates were used (6). Conditional p11KO mice were generated by
flanking exon 2 (containing ATG) of the p11 gene with LoxP sites. Floxed p11
mice were bred with BAC transgenic mice expressing CRE under the
promotors of D1R, D2R, ChAT, or SERT. The generated D1R-p11cKO, D2R-
p11cKO, ChAT-p11cKO, and SERT-p11cKO were used in the studies. All ex-
periments were performed in agreement with the European Communities
Council (86/609/ECC) and approved by the ethics committee at the Karolinska
Institute.

Unilateral 6-OHDA Lesioning. For 6-OHDA lesioning, mice were anesthetized
with 80 mg/kg ketamine i.p. (Parke-Davis) and 5 mg/kg xylazine i.p. (Bayer),
pretreated with 25 mg/kg desipramine i.p. (Sigma-Aldrich) and 5 mg/kg
pargyline i.p. (Sigma-Aldrich), placed in a stereotaxic frame, and injected,
over 2 min, with 3 μg of 6-OHDA in 0.01% ascorbate (Sigma-Aldrich) into the
median forebrain bundle of the right hemisphere. The coordinates for in-
jection were anteroposterior (AP), −1.1 mm; mediolateral (ML), −1.1 mm;
and dorsoventral (DV), −4.75 mm relative to bregma and the dural surface.
Two weeks after unilateral 6-OHDA lesioning, rodents were administered
1 mg/kg apomorphine i.p (Sigma-Aldrich). Only mice rotating >50 turns per
30 min were included in further experiments.

In Situ Hybridization. To detect p11 mRNA, a radioactive riboprobe in situ
hybridization experiment was carried out as described previously (6). Coronal
sections at the bregma levels 0 and −4.5 mm were exposed on Kodak MR
films. These films were digitized (EPSON), and the optical density values of
p11 mRNA in striatum, cortex, and raphe nuclei were measured using Image
J (NIH).

Tacrine-Induced Jaw Movements. To assess jaw movement in 3–7 Hz tremors,
mice were treated with tacrine (2.5 mg/kg i.p.; Sigma). After 20 min, mice
were treated with vehicle (saline), scopolamine (1 mg/kg i.p.; Sigma-Aldrich),
L-DOPA/benzerazide (10/7.5 mg/kg i.p.; Sigma-Aldrich), or ropinirole (3 mg/kg
i.p.; Sigma-Aldrich). Mice were then placed in a clean cage situated in an el-
evated position to allow complete observation of the experimental animal.
After 10 min of habituation, tremulous jaw movements—defined as vertical
and purposeless deflections of the lower jaw (11)—were manually scored for
5 min. Yawns, tongue protrusions, and stereotypes, such as grooming, were
not included in the evaluation.

Rotational Testing. Contralateral rotational turns were examined in unilat-
erally 6-OHDA–lesioned mice treated with 10/7.5 mg/kg L-DOPA/benserazide
(i.p., once daily) for 2 wk followed by 50/12.5 mg/kg L-DOPA/benserazide
(i.p., once daily) for another week. At days 1, 14, 15, and 21 the mice were
placed individually in clean cages, and their number of contralateral rotations
were counted for 60 min.

AIMs. AIMs were studied in unilaterally 6-OHDA–lesioned mice treated with
10/7.5 mg/kg L-DOPA/benserazide (i.p., once daily) for 2 wk followed by
50/12.5 mg/kg L-DOPA/benserazide (i.p., once daily) for another week. Imme-
diately after the quantification of rotational behaviors on days 14 and 21,
the incidence of AIMs, classified into forelimb, orofacial, axial, and loco-
motive behaviors, were quantified for 5 min (14). In a separate experiment,
unilaterally 6-OHDA–lesioned WT and D1R-p11cKO mice were treated with
10/7.5 mg/kg L-DOPA/benserazide (i.p., once daily) together with vehicle or
5 mg/kg of rapamycin (i.p., once daily) for 10 d. The AIMs were then quan-
tified as mentioned above.

Fig. 5. Evoked glutamate release in intact and 6-OHDA–lesioned hemispheres of wild-type and p11KO mice. Recordings of potassium chloride (KCl; 70 mM)-
evoked glutamate release amplitudes in the dorsal striatum of anesthetized unilaterally 6-OHDA–lesioned wild-type (WT) and p11KO mice. (A) The glutamate
concentration is increased in the 6-OHDA–lesioned hemisphere in WT, but not p11KO, mice. (B) Representative evoked glutamate peaks from 6-OHDA–
lesioned striata of WT and p11KO mice. The number of mice per group was 7–12. Two-way ANOVA followed by Fisher’s LSD post hoc test: ***P < 0.001 versus
intact hemisphere.
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Fast Analytical Sensing Technology Measurements of Evoked Glutamate
Release. Unilaterally 6-OHDA–lesioned mice were anesthetized with iso-
flurane (3% for induction, 0.7–1% for maintenance) and mounted in a
stereotaxic frame (David Kopf Instruments) fitted with a Cunningham mouse
adapter (Stoelting Co.). Small cranial windows were drilled over the striata
(AP: +1.3; ML: ±1.5; DV: −2.5 versus bregma), and microelectrode arrays
(MEAs) were inserted into dorsal striatum of the intact and dopamine-
depleted hemispheres. As previously described (17, 25), glutamate dynamics
were assessed on a subsecond timescale by MEA recordings with two of four
electrode sites coated with L-glutamate oxidase enzyme, which breaks down
L-glutamate into α-ketoglutarate and peroxide (H2O2). By using constant
voltage amperometry with application of a fixed potential, the H2O2 was
oxidized, with electron loss, and the resulting current was recorded using
a Fast Analytical Sensing Technology-16 electrochemistry instrument
(Quanteon). Depolarization-induced glutamate release was induced by an
isotonic solution of 70 mM KCl ejected for 1 s through a glass micropipette

positioned at a distance of 50–100 μm from the MEA recording sites. A
MATLAB graphic user interface was used to calculate concentrations of
glutamate from an average of 3–5 amplitudes per mouse.

Statistical Analyses. When two or more groups were analyzed, one- or
two-way ANOVAs followed by a Fisher’s Least Significant Difference
(LSD) test for pairwise comparisons were used. When two groups were
compared, Student’s t test was used. P values less than 0.05 were con-
sidered significant.
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