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Long-term dopamine (DA) replacement therapy in Parkinson’s dis-
ease (PD) leads to the development of abnormal involuntary
movements known as L-Dopa-induced dyskinesia (LID). The tran-
scription factor AFosB that is highly up-regulated in the striatum
following chronic L.-Dopa exposure may participate in the mecha-
nisms of altered neuronal responses to DA generating LID. To
identify intrinsic effects of elevated AFosB on L-Dopa responses,
we induced transgenic AFosB overexpression in the striatum of
parkinsonian nonhuman primates kept naive of L-Dopa treatment.
Elevated AFosB levels led to consistent appearance of LID since the
initial acute L-Dopa tests. In line with this motor response, striatal
projection neurons (SPNs) responded to DA with changes in firing
frequency that reversed at the peak of the motor response, and
these unstable SPN activity changes in response to DA are typi-
cally associated with the emergence of LID. Transgenic AFosB
overexpression also induced up-regulation of other molecular
markers of LID. These results support an autonomous role of
striatal AFosB in the adaptive mechanisms altering motor re-
sponses to chronic DA replacement in PD.

AFosB | .-Dopa-induced dyskinesia | striatal projection neurons |
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Levodopa-induced dyskinesia (LID) in Parkinson’s disease (PD)
is a disabling complication of dopamine (DA) replacement
therapy commonly generated in the context of extensive nigrostriatal
DA loss and chronic drug exposure. LID development has been
associated with dysregulated mechanisms in striatal microcircuits
altering the function of striatal projection neurons (SPNs) (1-3).
These neurons undergo progressive morphological and excitability
changes that largely affect their response to DA modulation (3, 4).
In dyskinetic parkinsonian primates with pathological SPN hy-
peractivity, the neuronal responses to dopaminergic stimulation
are typically unstable. DA induces firing rate changes that are
reversed during the peak of the response in a large number of
neurons, thereby causing an imbalance of striatal discharges and a
reversal of parkinsonism complicated by dyskinesias (5, 6). The
underpinnings of these physiological changes are not clear, but
several signaling molecules have been identified to play a role in
LID mechanisms. Among the most established markers are phos-
phorylated ERK1/2 (extracellular signal-regulated kinase) and
DARPP-32 (DA- and cAMP-regulated phosphoprotein, 32 kDa),
modified H3 and H4 (SerlO-histone H3), and overexpressed
AFosB (7-12). These molecules participate in regulating tran-
scription and translation that can lead to persistent plasticity changes
in striatal neurons. p-ERK1/2 activates mTORC1, the mammalian
target of rapamycin complex 1, and thus participates in the reg-
ulation of mRNA translation for various cellular responses, in-
cluding synaptic plasticity (13, 14). p-DARPP-32 activates protein
phosphatase 1 (pp-1), which in turn regulates a number of down-
stream signaling molecules, including the phosphorylation of glu-
tamate receptor subunits (15, 16). Of particular interest are the
posttranslational modifications of H3/H4 and up-regulation of the
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transcription factor AFosB, which highly impact the expression of
multiple genes (10, 17, 18).

AFosB (the truncated splice variant of FosB) is up-regulated
in models of drug addiction and other chronic stimuli (19). A key
element in LID development is also chronic drug exposure, i.e.,
the nonphysiologic, pulsatile L-Dopa administration. The striatal
AFosB content is significantly elevated across rodent and pri-
mate models and correlates with the severity of LID (11, 20).
This Fos family member that is highly stable (18, 21) can induce
the long-lasting gene regulation underlying chronic plasticity changes
in striatal neurons. Continuous recordings of SPNs during L-Dopa
administration in primates reveal profoundly altered SPN re-
sponses to DA (5, 22). The large and steady AFosB accumulation
in SPNs may thus be a primary driver in the molecular cascade of
LID mechanisms.

To determine whether AFosB may trigger LID development,
we induced transgenic overexpression of AFosB in the striatum
of parkinsonian (macaque) primates with extensive DA deple-
tion but naive of chronic L-Dopa treatment. Behavioral and
electrophysiological analyses showed that striatal AFosB over-
expression directly leads to abnormal SPN responses to dopa-
minergic stimulation and LID expression. In addition, elevated
AFosB levels induced molecular changes typically associated with
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LID such as p-DARPP32 increase, indicating a primary role of
this transcription factor in LID development.

Results

Transgenic AFosB Overexpression in the Striatum Generates Dyskinetic
Responses to L-Dopa in Parkinsonian Primates. To determine the
behavioral effects of transgenic AFosB overexpression, 9 pri-
mates with stable parkinsonism (see Methods for description
of the animal model developed after a series of systemic MPTP
[1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine] injections and SI
Appendix, Table S1 for demographics and clinical characteristics)
and naive of chronic dopaminergic drug exposure received bi-
lateral striatal injections of rAAV-AFosB (n = 5) or rAAV-
eGFP (n = 4) as control virus. During the month prior to virus
injection, 3 tests of subcutaneous (s.c.) L-Dopa injections at in-
tervals of 7 d provided the baseline (previrus) response, con-
firming the lack of LID in the absence of chronic L-Dopa
treatment in all animals. In 2 animals of each virus group, vectors
were injected into the striatum through surgically implanted re-
cording chambers after electrophysiologic mapping (animals
prepared to analyze effects on neuronal activity). In the remaining
animals, vectors were injected surgically with stereotaxic guid-
ance. Beginning at 4 wk post viral vector injections, the response
to the predetermined s.c. L-Dopa dose was tested at weekly in-
tervals for a total of 3 mo (see timeline and location of virus
injections in Fig. 1). Striatal rAAV-AFosB injection induced LID
from the first L-Dopa test post virus injection, and LID pro-
gressed in successive weeks, reaching maximal scores between
weeks 6 and 8, followed by a slight decline between weeks 9 and
12 (P < 0.001; Fig. 2 A4, B, and D). LID was not expressed in the
control group injected with rAAV-eGFP during the entire as-
sessment period of 12 wk with the exception of 1 animal that
began to develop LID by the ninth week (P > 0.05; Fig. 2 A-C).
rAAV-AFosB-induced LID was mild to moderate choreodys-
tonic movements variably expressed in the face, neck, and limbs
with the usual predominance in lower limbs, all features in-
distinguishable from typical LID in the primate model (ST Ap-
pendix, Fig. S1 A-C). The time course of L-Dopa response shows
a single peak of dyskinesias reaching the highest scores between
50 and 90 min post s.c. injection (Fig. 2D and SI Appendix, Fig.
S1 D-F), which parallels the monophasic peak-dose LID also
commonly seen in the primate. Striatal rAAV-AFosB injection
did not induce dyskinesias without L-Dopa administration, and
no animal in either rAAV group showed additional motor ab-
normalities or other adverse reactions post virus injection. Re-
sults in control animals exposed to the same schedule of discrete
(weekly) L-Dopa tests pre and post rAAV-eGFP virus injection
showing mild dyskinesias starting by week 9 indicate that LID
development requires a higher level of exposure, as typically
occurs with chronic daily L-Dopa treatment. In contrast, the
rapid LID development in animals naive of chronic L-Dopa ex-
posure but injected with rAAV-AFosB indicates a primary role
of striatal AFosB in LID mechanisms.

Striatal rAAV-AFosB injection did not induce changes in the
parkinsonian “off” state (basal motor disability scores, MDS),
which remained the same throughout the 12-wk assessment pe-
riod (SI Appendix, Fig. S24). More importantly, striatal rAAV-
AFosB injection had no impact on the antiparkinsonian action of
L-Dopa measured by MDS in the “on” state (reversal of par-
kinsonian motor disability), which remained unchanged from pre
to post virus L-Dopa responses and were not different between
the 2 animal groups (SI Appendix, Fig. S2 B-D). Thus, striatal
rAAV-AFosB injection did not lead to overall sensitization to
DA with augmented L-Dopa responses that could accelerate LID
development but had a specific impact on the molecular events
leading to LID.
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Fig. 1. Timeline and design of experiments. (A) Timeline. Studies began for
all MPTP-treated primates with assessment of the response to s.c. .-Dopa
injections (blue arrows) during 3 to 4 wk in order to determine effective
“on" response of the selected dose and the absence of LID in acute tests. At
week 4, recording chambers were implanted surgically (only in a subgroup
of 4 animals used for physiology), and, 4 wk later, viral vectors (rAAV-AFosB
or rAAV-eGFP) were infused into the striatum accessed through the cham-
bers (S/ Appendix, Table S1). In the remaining 5 animals, viral vectors were
infused under stereotaxic surgery. In all animals, 4 wk after virus infusion,
weekly acute L-Dopa tests began and continued until the 12th week (red
arrows). (B) Schematic drawing of the virus injection sites illustrating the
injectrode locations in the putamen and the caudate and putamen planes
from anterior to posterior regions.
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Striatal AFosB Overexpression Induces the Pathological Responses of
Striatal Projection Neurons to DA That Are Associated with Dyskinesias.
To determine the effect of AFosB overexpression on SPN re-
sponses to DA, we analyzed striatal recordings performed once
weekly postvirus injections (see Fig. 3 for the timeline of contin-
uous recordings while the animal transitioned to motor states in-
duced by L-Dopa administration). In the control rAAV-eGFP
group, the “on” state was characterized by a large predominance
of stable firing changes in SPNs with either a D1-like response
(increases in 75% units) or D2-like response (decreases in 88%
units) during the first month of recordings (see Methods for def-
inition of stable and unstable responses; Fig. 4 A-F). Increasing
L-Dopa exposure with weekly injections led to reduction of the
stable responses and increase of unstable responses in the second
and third months, ending in a similar percentage of SPNs with
stable and unstable responses by the ninth week when dyskinesias
began to express in this group, i.e., 50% unstable DI1-like re-
sponses and 43% unstable D2-like responses (Fig. 4 G and H; P <
0.01 for differences at months 1 and 2).

Notably, in the rAAV-AFosB group, unstable responses
largely predominated from the first month of recordings post
virus injections (Fig. 5 A-F). The proportion of SPNs with un-
stable responses was significantly higher in most recordings from
the first to the 12th week (Fig. 5 G and H; P < 0.01; see details in
SI Appendix, Table S2). In the first month, such pathological
instability of DA responses developed in 77% of the total SPNs
with D1-like response and 75% of the total SPNs with D2-like
response. Usually, unstable responses develop in ~50% of units
in each SPN subset (D1- or D2-like response) following chronic
daily L-Dopa treatment (5). The effects of AFosB overexpression
observed in SPNs with either D1- or D2-like responses were
maintained throughout the 3 mo of the testing period, oscillating
between 50% and 75% unstable firing changes (Fig. 5 G and H).
Taken together, these data show the correlative development of
LID and unstable SPN responses to DA (Fig. 64), with over 50%
SPNs in both subsets exhibiting unstable responses to DA, but
with different timing, i.e., early in the rAAV-AFosB group and
late in the control rAAV-eGFP group (Fig. 6 B and C). This
physiological correlate indicates engagement of AFosB in the
molecular pathways controlling responses to DA extensively
across SPNs, and thereby generating dyskinesias.
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Fig. 2. Striatal overexpression of AFosB leads to appearance of .-Dopa-in-
duced dyskinesias. (A and B) Total (A) and peak (B) LID scores following s.c.
injection of L-Dopa are shown before (pre AAV) and after striatal infusions
of rAAV-AFosB (n = 5) or rAAV-eGFP (n = 4). Total LID scores are calculated
as the sum of scores from all postinjection time points, and peak scores are
the highest LID scores taken at any one interval (usually 50 to 70 min post
injection). Animals infused with rAAV-AFosB developed LID from the first s.c.
L-Dopa test (week 1) after virus injection and continued to show higher LID
scores during the successive 12 wk (red), while only 2 animals infused with
control virus developed mild LID starting between 9 and 10 wk after virus
injection (black). (C and D) Time course of absolute LID scores after s.c. in-
jection of L-Dopa in animals infused with rAAV-eGFP (C) or rAAV-AFosB (D)
showing LID development. Scores before rAAV injection (pre-AAV, blue) and
following rAAV injection at weeks 1 (red), 5 (green), 9 (purple), and 12 (light
blue) are compared. At each week after rAAV-AFosB injection, animals
showed LID progressing to the maximal level at 9 wk after virus injection.
After control rAAV-eGFP injection, mild LID developed (small peak between
50 and 90 min) in 2 animals by the end of the testing period (weeks 9
and 12). OFF, before s.c. .-Dopa injection. Data are means + SEM (*P < 0.05,
2-way ANOVA for repeated measures followed by Fisher’s PLSD test).

Analysis of pools of neurons in the “off” state showed similar
SPN firing frequencies in the 2 viral vector groups and no sig-
nificant differences in successive weeks (SI Appendix, Fig. S3),
indicating no effect of the transgenes (AFosB or eGFP) on basal
SPN activity.

Increased FosB Immunopositive Neurons and AFosB Proteins in the
Striatum Confirms Transgenic Overexpression. High FosB expres-
sion was detected in striatal neurons of animals injected with
rAAV-AFosB in comparison with control animals injected with
rAAV-eGFP. The antibody used for immunostaining reacts
with the N terminus of FosB/AFosB, and since the virus plasmid
was constructed with AFosB cDNA, the protein highly expressed
in the rAAV-AFosB group is presumed to be largely AFosB (Fig. 7
A-D). Therefore, the robust staining of FosB proteins in the
rAAV-AFosB group was produced by the specific transgene
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expression. Double staining with antibodies against FosB and the
neuronal marker NeuN showed that 86% of FosB immunopositive
cells costained for NeuN (Fig. 7 E-G). These findings indicate that
a large majority of recorded neurons likely expressed the trans-
gene. Cell counting in both virus groups showed a large difference
in FosB expression (Fig. 7H), and the efficiency of rAAV-eGFP
infection in control animals was also confirmed by eGFP immu-
nostaining (Fig. 7).

Increased AFosB expression was confirmed by Western blot-
ting as well. While some variability was seen in the degree of
overexpression among animals injected with rAAV-AFosB, a
clear difference with an 8-fold increase in mean AFosB protein
content was detected in comparison with the control rAAV-
eGFP injected group (Fig. 8 A4 and B).

Impact of AFosB Overexpression on Molecular Markers of LID.
Comparison of striatal tissue samples between animals injected
with TAAV-AFosB versus rAAV-eGFP showed significant dif-
ferences in additional molecular markers associated with LID
(Fig. 84). Phosphorylation of DARPP-32 at Thr34, which is
augmented in LID (7), doubled in the rAAV-AFosB group
compared with the control group (Fig. 8C). No significant dif-
ference was detected in total DARPP-32 level. Similarly, the
expression of cyclin-dependent kinase 5 (Cdk5), another protein
increased in LID (23), was more than double in the AFosB group
compared with the rAAV-eGFP group (Fig. 8D). Similar to
AFosB, the levels of these markers also correlated with the se-
verity of LID (Fig. 8 F-H). Another kinase, ERK, which is ac-
tivated during priming rather than maintenance of dyskinesia
(24), was not different between the 2 groups (Fig. 8 E and [).
These molecular changes suggest that elevated striatal levels of
AFosB in parkinsonian primates can mimic the molecular mi-
croenvironment of LID.
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Decrease Response Increase Response
OFF OFF
2 E 0.4
E
N ON 0.4 ON
0.4
> 2
E 2
- -0.4

LID LID
2 0.4
E
-2 0.4 _—
1 5s - 0.4 5s
— | mV - | mV
0.5ms 0.5ms

1 -0.4

Fig. 3. Timeline of recordings and typical SPN responses. (A, Left) A coronal
section of the primate brain with a small scar at the site of guide cannula
penetration. The dashed blue line represents the injectrode trajectory. L,
lateral; M, medial. (A, Right) Timeline of the continuous single-cell recording
showing data storage before s.c. injection of L-Dopa (“OFF” state, black box),
after transitioning to the “ON" state (green box) 20 min following L-Dopa
injection, and the subsequent dyskinesia (LID) state (purple box) at the peak-
dose L-Dopa effect. (B) Examples of typical activity changes in SPNs through
the transition to motor states. Spiking activity recorded in the putamen
continuously while the monkey passed from the “OFF” state (black) to the
“"ON" (green) and to ON-with-dyskinesias (“LID", purple) states are shown.
The 2 examples depict spiking raw data in each motor state with stable
changes of frequency (sustained decreased [Left] or increased [Right] activity
throughout the ON-LID state). The analysis after spike sorting confirmed the
observed activity changes corresponding to single SPNs.
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Fig. 4. SPNs predominantly show stable responses to DA in control animals infused with rAAV-eGFP. (A and B) Examples of SPN stable activity changes in
response to s.c. L-Dopa injection in animals infused with rAAV-eGFP. Short (12 s) raster plots and spectrograms for the whole segment duration (180 s) are
shown for each segment (OFF, ON, and DYS). Firing rates of SPNs were increased (A) or decreased (B) from the OFF to the ON state. In DYS state, SPNs with
increase or decrease in ON continued to change their firing rates in the same direction, ie, increase (A) or decrease (B). (C-F) Changes of SPN firing frequency
(in Hertz) across units grouped by the type of response: stable and unstable increase in ON-LID transition (C and E, respectively) or stable and unstable
decrease in ON-LID transition (D and F, respectively). In each of the 4 types of response, units recorded weekly in each month are presented in separate
graphs. In each graph, each curve represents an individual SPN. Responses were classified as increase or decrease depending on significant firing frequency
change from OFF to ON and as stable or unstable by significant firing frequency change in the same or opposite direction in the transition from ON to LID, all
taken at P < 0.01. No significant change from ON to LID was also taken as stable. SPN firing rasters in A and B are derived from SPNs shown as a thick green
curve in month 1 of Cand D, respectively. (G and H) The proportion of SPNs with stable (blue bars) or unstable (red bars) responses through the recordings of
each month. In the group of SPNs with increased activity in the ON state (G), a progression to reduced stable responses in the transition to LID was found from
month 1 to month 2 and to month 3 (75%, 62.5%, and 50% of SPNs in each month). In the group of SPNs with decreased activity in the ON state (H), more
rapid reduction of stable responses in the transition to LID developed after month 1 (87.5%, 47%, and 57% of SPNs in each month; *P < 0.05 versus SPNs with
unstable changes in the same month).

Discussion movement (AIMs) (7-11), particularly using transgenic models

Elevated striatal levels of AFosB by transgenic induction, instead
of the typical chronic exposure to L-Dopa, sufficed to generate
LID in the parkinsonian primate. Following regular r-Dopa
therapy, there are various molecular changes in striatal neurons
leading to the pathogenetic cascade underlying altered neuronal
responses to dopaminergic stimulation and LID development (1, 2).
Previous rodent studies have strongly supported a causal re-
lationship between AFosB up-regulation and abnormal involuntary

Beck et al.

(25). This relationship could not be predicted using standard
animal models of LID in the context of multiple interacting
changes induced by long-term L-Dopa treatment. In the present
study, LID developed in response to acute L-Dopa administra-
tion in primates with transgenic overexpression of striatal AFosB
but lacking the effects of “chronic” L-Dopa treatment, which
likely induces additional molecular changes. Control animals
(rAAV-eGFP) had a similar degree of parkinsonism and identical
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shown for each segment (OFF, ON, and DYS). Firing rates of SPNs were increased (A) or decreased (B) from the OFF to the ON state. In DYS state, SPNs with
increase (A) or decrease (B) in ON changed their firing rates in the opposite direction (inverted response), creating unstable firing rate changes during the
whole ON state (pre and post LID occurrence). (C—F) Changes of SPN firing frequency (in Hertz) across units grouped by the type of response: stable and
unstable increase in ON-LID transition (C and E, respectively) or stable and unstable decrease in ON-LID transition (D and F, respectively). Other details of
graphs are shown in the homologous panels of Fig. 4. SPN firing rasters in A and B are derived from SPNs shown as a thick green curve in month 1 of Eand F,

respectively. (G and H) The proportion of SPNs with stable (blue bars) or unsta

ble (red bars) responses through the recordings of each month. In the group of

SPNs with increased activity in the ON state (G), unstable responses in the transition to LID fully developed in month 1 and remained high in subsequent
months 2 and 3 (76.5%, 80%, and 75% of SPNs in each month). In the group of SPNs with decreased activity in the ON state (H), unstable responses in the
transition to LID also developed rapidly in month 1 and remained high but more variable in months 2 and 3 (75%, 50%, and 61% of SPNs in each month; *P <

0.05 versus SPNs with unstable changes in the same month).

exposure to acute L-Dopa injections, but did not exhibit LID. The
induced AFosB overexpression acted as a primary molecular
mediator of the dyskinesias induced by rL-Dopa, and the high
AFosB levels attained by the transgene were similar to the con-
sistent up-regulation induced by chronic L-Dopa treatment (25).
Therefore, these results support an autonomous role of AFosB in
the pathogenetic signaling cascades underlying the dyskinesias
induced by chronic L-Dopa treatment. Furthermore, the induced
AFosB up-regulation was associated with typical abnormal SPN
responses to DA. A rapid development of “unstable” firing
changes in the “on” state (a correlate of LID in primates exposed
to chronic L-Dopa therapy [5, 6, 22]) was present in animals with
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AFosB overexpression. In addition, up-regulation of other striatal
signaling molecules also known as LID markers correlated with
higher AFosB levels. Together, the behavioral, physiological, and
molecular correlates of increased AFosB levels validate its leading
role in LID development.

Differences in motor responses to DA between the AFosB
transgene and control groups were robust, and Western blot
analysis confirmed large differences in AFosB levels. In 2 rAAV-
eGFP-injected control animals, LID began to appear between
the 11th and 12th week of weekly L-Dopa exposure. This was
accompanied by an increase in AFosB expression as determined
after euthanasia by Western blot analysis of striatal tissue at the
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Fig. 6. Correlation between unstable SPN responses to DA and the devel-
opment and severity of LID. (A) The correlation between unstable SPN re-
sponses to DA and LID scores shows a strong relationship with the
appearance of mild LID following the development of ~50% of unstable SPN
responses. The regression analysis (exponential model) used averages of
total LID scores paired with the percentages of SPNs with unstable responses
per week in each group (control, black squares; transgenic AFosB, orange
diamonds). (B and C) Proportions of SPNs with unstable responses to DA as
recorded every week and grouped by the firing frequency change in the ON
state (increase or decrease depicted as plain or dashed lines, respectively)
after striatal infusion of rAAV-AFosB (B) and rAAV-eGFP (C). After rAAV-
AFosB infusion (B), unstable responses to DA highly predominated in both
types of SPN responders: ON-increase (D1-like SPNs) and ON-decrease (D2-
like SPNs). LID (shaded area) also developed rapidly and persisted at a high
level during the 12-wk assessment period, while unstable responses to DA of
either type remained above 50%. After rAAV-eGFP infusion (C), unstable
responses to DA progressed to reach 50% in both types of SPN responders
toward the end of the testing period. Note also the size difference in LID
shaded area that indicates mild and partial LID development (2 of 4 animals)
in the control group. Percentages of unstable responses were calculated
from all SPNs recorded every 2 wk for each group of virus infusion.

end of assessments (12th week). Nevertheless, AFosB levels by
the 12th week were significantly lower in the control group.
Previous studies had shown AIMs induced by transgenic AFosB
expression in rats naive of L-Dopa treatment (25). Here, we used
the primate model of PD that fully reproduces the motor phe-
notype including pathological L-Dopa responses in humans (26),
and these results are therefore translatable to the LID devel-
opment that occurs in patients (2). There are key points in the
experimental design that validate the results of the present pri-
mate study. To assess differences induced mainly by AFosB
overexpression, the dopaminergic stimulation in both animal
groups was limited to a minimum pre- and post-AAV injections
(3 L-Dopa tests at baseline to select doses for equivalent effects
in each subject and 12 injections after the virus, all exposures at
weekly intervals). In fact, only by the end of the treatment period
did 2 control animals begin to develop LID. To create a similar
propensity to developing LID among subjects and across the
2 groups, an advanced parkinsonism at the level of moderate
motor disability scores was reached in all subjects. This level of
disability was selected to ensure survival without regular dopa-
minergic therapy, but having sufficient DA lesion to develop
LID. Also, the attained degree of disability prevented sponta-
neous recovery (26), which can introduce variable responses to L-
Dopa and interfere with LID development. Critically, all animals
in AFosB and control virus groups had similar predisposing
conditions to develop LID, but differ only in one factor: striatal
AFosB levels. After transgenic overexpression of AFosB, LID
develops with the same topographic distribution as observed
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following long-term L-Dopa therapy (27) (SI Appendix, Table
S3), suggesting a common pathophysiology in both conditions.
Finally, the lack of changes in motor disability scores over the
course of weekly tests in both groups excludes the possibility of
motor changes due to nonspecific effects of viral injections.
Striatal injection of rAAV-AFosB induced a single behavioral
effect, i.e., the early and rapid generation of LID, indicating the
specificity of this transcription factor for mechanisms related to
dyskinetic responses to DA stimulation in PD.

Striatal AFosB overexpression was also associated with rapid
development of altered SPN responses to DA. Firing rate changes
in the “on” state were unstable in a large proportion of SPNs very
early in primates with elevated striatal AFosB levels and cor-
related with early development of dyskinetic responses to acute
L-Dopa administration. Increased or decreased SPN activity in re-
sponse to DA is sustained throughout the peak-dose effect (stable
SPN responses) in the absence of dyskinesias, but the activity
changes are typically reversed (unstable SPN response) in ~50%
of SPNs in dyskinetic responses to L-Dopa (5, 22). This creates
imbalance of outputs between and within striatal circuits. While
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Fig. 7. Transgenic expression of AFosB in the primate striatum. (A-D) FosB
staining in the striatum of monkeys that were infused with rAAV-eGFP (A
and B) or rAAV-AFosB (C and D). Animals were euthanized 16 wk after virus
infusion. B and D are high magnifications of the squares denoted in A and C,
respectively. Images show a large difference in FosB expression between
animals infused with rAAV-AFosB (C and D) and those infused with rAAV-
eGFP (A and B). (E-G) Double immunofluorescence with FosB and NeuN
staining in the striatum of animals infused with rAAV-AFosB. FosB is
expressed in striatal neurons that are also positive for NeuN (merge in G). (H)
Cell counting of neurons positive for FosB in the striatum of animals infused
with rAAV-AFosB (n = 3) or rAAV-eGFP (n = 3). Striatal neurons positive for
FosB were counted in 10 microscopic fields in each monkey. (/) eGFP im-
munofluorescence in the striatum of animals infused with rAAV-eGFP (*P <
0.01 versus animals infused with rAAV-eGFP). (Scale bars: A and C, 100 pm;
B, D and E-G, 25 um; and /, 50 pm.)
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Fig. 8. Regulation of molecular markers of LID induced by AFosB overexpression. (A) Western blot analyses of striatal tissue lysates for the indicated proteins.
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unpaired t tests). (F-/) Correlations between protein levels and LID scores. For linear regression analyses, the total LID scores taken at the ninth week (highest
levels) of the 12 post-AAV assessments were paired with the level of protein (relative band intensity as expressed in B-E) in each animal (n = 9).

SPN responses to DA in the control group progressed slowly to
the unstable type in 50% of units by the third month of testing,
unstable responses in the transgenic AFosB group were already
developed in more than 75% of SPNs during the first month.
The different evolution of SPN responses between the 2 groups
correlated with the timing of LID development, indicating an as-
sociation between AFosB expression and the unstable SPN re-
sponses to DA leading to LID emergence.

The mechanisms responsible for altered SPN responses to DA
are unclear (6). Unstable SPN responses in the “on” state can be
produced by interrupting DA modulation of cell excitability at
the molecular pathways transducing D1IR and D2R signaling.
However, nondopaminergic signaling mechanisms may interfere
with DA modulation, reversing the induced “on” response. In
particular, glutamatergic and cholinergic signals that are highly
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dysregulated in advanced stages of PD may play a role in altered
responses to DA (15, 28, 29). AFosB can function as a tran-
scriptional activator or a repressor for a variety of genes that likely
induce molecular changes affecting various signaling mechanisms
in SPNs. Using candidate gene approach, some target genes of
AFosB have been identified in the striatum in models of stress and
other disorders (18). Of interest, target genes include the AMPA
receptor subunit GIuR2 and the Ca®*/calmodulin-dependent
protein kinase II (CaMKII), whose regulation may have a signif-
icant impact on SPN excitability (30, 31). While the present data
do not address the molecular changes resulting from striatal
AFosB up-regulation in PD, the strong association between ele-
vated AFosB levels and development of unstable SPN responses
to DA suggests that genes regulated by AFosB are involved in the
cellular/circuit signaling generating LID.
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The molecular changes detected in striatal lysates following
transgenic overexpression of AFosB reflect some of the alter-
ations seen in the context of chronic L-Dopa exposure. Increased
phosphorylation and activation of the key regulator of striatal
neuronal signaling DARPP-32 at Thr34 as well as up-regulation
of Cdk5 were present in this gene delivery model. Our molecular
analyses in transgenic AFosB versus control animals suggest that
overexpression of the transcription factor induces upstream gene
regulation likely involving key kinases and phosphatases, which
can mediate the increase in p-DARPP-32 (12, 32). CdkS5 is a direct
target of the transcriptional activity of AFosB (33). Changes in
both of these markers are typically present in models of dyskinesia
(23) induced by chronic L-Dopa treatment in both primate and rat
models, and can be reversed by antidyskinetic drugs (34). Ad-
ditionally, p-ERK, which is activated primarily following acute
L-Dopa administration in rodent models of LID (7) and diminishes
with chronic L-Dopa therapy in parkinsonian primates (24), is not
altered with sustained AFosB overexpression. The link between
these molecular changes and altered neuronal activity in response
to dopamine necessitates further investigation. Nevertheless, these
findings collectively support that AFosB overexpression per se can
lead to the molecular and physiological changes forming the LID
substrate (S Appendix, Fig. S4). In contrast, such an autonomous
role cannot be attributed to other molecular markers of LID that
are also regulated by chronic exposure to L-Dopa but remain to be
examined further.

In conclusion, the results of transgenic AFosB overexpression
in the striatum of parkinsonian primates implicate a primary,
leading role of this transcription factor in the mechanisms of LID
development. Accordingly, AFosB or its regulated genes may be
candidate targets for gene therapy strategies to control disabling
LID in patients with advanced PD. This premise also under-
scores the importance of profiling the striatal genes regulated by
this transcription factor in the context of PD. Furthermore, un-
derstanding the molecular substrates of AFosB and its associated
activator protein-1 (AP-1) underlying altered SPN responses to
DA may also help identify pharmacological targets to treat LID.
In addition to previously identified genes (e.g., MAPK-related
genes, Rgsl6, somatostatin/G-coupled receptor genes, Nurrl,
Trh) that are significantly regulated in LID models (32), AP-1-
mediated transcriptional changes may also lead to aberrant
regulation of glutamate receptor subunits through increased
expression or changes in membrane trafficking and phosphory-
lation states, which are known to occur after long-term DA de-
pletion and replacement (15, 35). Overall, the present data
encourage developing strategies for targeting AFosB or its reg-
ulated genes as a therapy for LID.

Materials and Methods

Detailed information on the experimental methods and materials used are
provided in S/ Appendix, Materials and Methods.

Animal Preparation. Studies in nonhuman primates (9 adult macaques) were
conducted in accordance with the NIH Guide for the Care and Use of Lab-
oratory Animals. All animals received systemic weekly administration of MPTP
(0.2 to 0.4 mg/kg i.v.) until stabilization of moderate parkinsonism. The
baseline motor response to L-Dopa (s.c.) was assessed acutely previrus in-
jection. Animals were maintained without regular .-Dopa treatment.

Overexpression of AFosB. rAAV-AFosB and rAAV-eGFP vectors were con-
structed as described before (25). Plasmids were constructed with a cassette
containing chicken p-actin-promoter/cytomegalovirus enhancer (CAG pro-
moter), which yields high expression in striatal cells. The virus was injected
either under stereotaxic surgery (animals used only for behavioral assess-
ment) or through the recording chamber after electrophysiologic mapping
(animals used also for neural recordings) (5). Both viruses were injected at
equal particle doses (1 x 10'2 GCU/mL) into the striatum bilaterally. A total of
104 pL was injected in each hemisphere between the putamen (90 pL) and
the caudate nucleus (14 pL), and this volume was distributed in 16 sites using
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1 or 2 depths per injection track (total injection tracks: 12). The volume was
estimated to cover entirely the posterolateral putamen and posterior por-
tion of the caudate body, plus a large precommissural portion of both nuclei
(see Fig. 1B).

Behavioral Assessment. L-Dopa responses were assessed at baseline and post
virus injection using the standardized Motor Disability Scale for MPTP-
treated nonhuman primates, Part I-MDS and Part 1I-LID (27, 36). The
L-Dopa dose for each animal was predetermined before AAV injection during
baseline assessments (Fig. 1A), and the individual dose (14 to 21 mg/kg, s.c.)
remained unchanged in all 12 postvirus assessments. In recording experi-
ments, animals were scored while freely moving in the cage at the end of
the recording. All tests were videotaped for blinded scoring.

Electrophysiology. Two animals from each group (rAAV-AFosB and rAAV-
eGFP) were used for single-cell recordings every week at the same time as
the behavioral assessments of weekly L-Dopa responses to avoid additional
drug exposure for collection of neural data. After behavioral assessment and
recordings in the “off” state, the animal received the predetermined s.c. L-
Dopa dose, and the recording of neuronal activity continued during the
transition to L-Dopa-induced motor states, collecting data at the onset of
the “on” state and at the time corresponding to LID peak, whether or not
dyskinesias were observed (see timeline of recordings in Fig. 3A). As animals
were not exposed to regular daily L.-Dopa treatment, LID was generally not
present in the rAAV-eGFP group. In the absence of LID, data were stored at
the equivalent time frame of LID in the other group. Subsequently, the
animal was rapidly transferred to the cage for complete behavioral assess-
ment during the “on” state as proceeded in the other animals. Single-cell
recordings in the striatum were performed using tungsten microelectrodes
and standard techniques (15, 22) for isolation and continuous recording of
SPNs. The final classification of units was always performed with offline
analysis. During “off” state, 624 SPNs were analyzed from week 1 to week 12.

As reported previously in continuous recordings of individual neurons
during the transition to motor states, the SPN activity in the “on” state in-
creased or decreased, showing a D1- or D2-like response to DA, respectively
(Fig. 3B). A total of 98 (rAAV-eGFP group) and 83 (rAAV-AFosB group) SPNs
were recorded continuously from “off” to “on” and to dyskinesia states
throughout the 12 wk of recordings post virus injection. D2-like responses
slightly predominated in both virus groups (54 of 98 in eGFP group and 48 of
83 in AFosB group; S/ Appendix, Table S2), likely due to better isolation of
units with higher level of hyperactivity. Nevertheless, a considerable number
of SPNs with D1-like response was recorded in each virus group (44 and 35 in
eGFP and AFosB groups, respectively). In dyskinetic animals, the increase or
decrease in SPN activity developed initially in the “on"” state usually reverses
at the peak of the motor response in a large number of neurons, typically
50% and above. This reversal of the SPN activity changes by a significant
difference (P < 0.01 in each neuron) during the “on” state, which is called
"unstable” response, reveals the inability to sustain the response to DA
modulation (5, 15, 22). Such widespread pathological instability of SPN re-
sponses is distinctively associated with the expression of dyskinesias. By
contrast, a “stable” response to DA is characterized by an increase or de-
crease in SPN firing frequency that does not significantly change during the
peak-dose effect.

Immunohistochemistry and Immunoblotting. Brain tissues from a total of
6 randomly selected animals, 3 monkeys injected with rAAV-AFosB and
3 monkeys injected with rAAV-eGFP, were used for IHC. Samples of dissected
striatum from each animal in both viral groups were used for IB (antibodies
used are listed in S/ Appendix).

Statistics. All data composed continuous variables (including noninteger
individual MDS and LID values) and were analyzed with ANOVA for repeated
measures and post hoc Fisher’s test (behavioral data) or Bonferroni’s test
(firing frequency data) if the ANOVA F value was significant. The obtained
sorted and classified spiking data were then minimally postprocessed using
Matlab (MathWorks). All units with statistically significant changes in the
“on" state were used to classify SPN responses to DA (increase or decrease
firing rate). Significant firing rate changes in the “dyskinesia” state in the
opposite direction to the changes developed in the onset of the “on” state
were classified as unstable responses.
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