
TESTING THE CONTRIBUTIONS OF STRIATAL DOPAMINE LOSS
TO THE GENESIS OF PARKINSONIAN SIGNS

Vanessa Franco1 and Robert S. Turner1,2

1Center for Neuroscience, University of Pittsburgh, Pittsburgh, PA 15261-0001, USA
2Department of Neurobiology and Center for the Neural Basis of Cognition, University of
Pittsburgh, Pittsburgh, PA 15261-0001, USA

Abstract
The diverse and independently-varying signs of Parkinson’s disease (PD) are often attributed to
one simple mechanism: degeneration of the dopaminergic innervation of the posterolateral
striatum. However, growing recognition of the dopamine (DA) loss and other pathology in extra-
striatal brain regions has led to uncertainty whether loss of DA in the striatum is sufficient to cause
parkinsonian signs. We tested this hypothesis by infusing cis-flupenthixol (cis-flu; a broad-
spectrum D1/D2 receptor antagonist) into different regions of the macaque putamen (3
hemispheres of 2 monkeys) while the animal performed a visually-cued choice reaction time task
in which visual cues indicated the arm to reach with and the peripheral target to contact to obtain
food reward. Following reward delivery, the animal was required to self-initiate release of the
peripheral target and return of the chosen hand to its home position (i.e., without the benefit of
external sensory cues or immediate rewards). Infusions of cis-flu at 15 of 26 sites induced
prolongations of reaction time (9 of 15 cases), movement duration (6 cases), and/or dwell time of
the hand at the peripheral target (8 cases). Dwell times were affected more severely (+95%) than
visually-triggered reaction times or movement durations (+25% and +15%, respectively).
Specifically, the animal’s hand often ‘froze’ at the peripheral target for up to 25-s, similar to the
akinetic freezing episodes observed in PD patients. Across injections, slowing of self-initiation did
not correlate in severity with prolongations of visually-triggered reaction time or movement
duration, although the latter two were correlated with each other. Episodes of slowed self-
initiation appeared primarily in the arm contralateral to the injected hemisphere and were not
associated with increased muscle co-contraction or global alterations in behavioral state (i.e.,
inattention or reduced motivation), consistent with idea that these episodes reflected a fundamental
impairment of movement initiation. We found no evidence for an anatomic topography within the
putamen for the effects elicited. We conclude that acute focal blockade of DA transmission in the
putamen is sufficient to induce marked akinesia-like impairments. Furthermore, different classes
of impairments can be induced independently, suggesting that specific parkinsonian signs have
unique pathophysiologic substrates.
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INTRODUCTION
Given the spectacular therapeutic efficacy of dopamine-replacement therapies
(Hornykiewicz and Kish, 1987), there is little doubt that the core motor signs of Parkinson’s
disease (akinesia, bradykinesia, rigidity and tremor) arise from a loss of dopamine (DA) in
the central nervous system. Historically, loss of DA from the posterolateral striatum (i.e., the
skeletomotor region of the putamen) has been thought to be the primary factor that leads to
parkinsonism (Damier et al., 1999; Forno, 1996). Indeed, the largest loss of DA in absolute
terms is from the posterior putamen (Ehringer and Hornykiewicz, 1960; Kish et al., 1988)
and symptom severity does correlate with the level of putamenal DA depletion (Bernheimer
et al., 1973; Morrish et al., 1996; Nandhagopal et al., 2009; Seibyl et al., 1995). Putamenal
DA depletion, however, is not a perfect predictor of symptom severity or symptom
progression in individual patients (Gallagher et al., 2011; Pavese et al., 2011; Pirker, 2003),
suggesting that factors other than putamenal DA influence the genesis of parkinsonian
symptoms. Dopamine loss in PD is not restricted to the striatum (reviewed by
Rommelfanger and Wichmann, 2010), but has also been observed in the subthalamic
nucleus, thalamus, globus pallidus, and cortex (Francois et al., 2000; Freeman et al., 2001;
Jan et al., 2000; Scatton et al., 1983; Scatton et al., 1982). Thus, the minimal pathologic
defect necessary to induce parkinsonian signs remains unknown.

The diverse topography of DA loss in PD is mirrored by a variety of motor signs, which can
be broken down into relatively independent groupings (Parkinson, 1817). Akinesia is a
multi-component sign, characterized by a poverty of willed movement, slowness to initiate
sensory-triggered movement (i.e., lengthened reaction times, RTs), and particular difficulty
initiating movements in the absence of external sensory cues (Flowers, 1976; Morris et al.,
1996; Oliveira et al., 1997). Freezing episodes, a facet of akinesia characterized by a
temporary inability to initiate movement (Fahn, 1995; Jankovic, 2008; Nieuwboer et al.,
2009) are difficult to treat, but can often be overcome with the help of external sensory cues
(Arias and Cudeiro, 2008; Dietz et al., 1990; Marchese et al., 2000; Praamstra et al., 1998).
Bradykinesia refers exclusively to slowed execution of movement (measurable as prolonged
movement durations, MDs, Hallett and Khoshbin, 1980), while rigidity and tremor manifest
as increased muscular resistance to passive joint movement and involuntary 4–6 Hz
tremulous movements of one or more body part, respectively (Jankovic, 2008). Each of
these parkinsonian signs varies independently in severity, rate of progression, and response
to therapy (Espay et al., 2009; Evarts et al., 1981; Jankovic, 2008; Jordan et al., 1992;
Kimber et al., 1999; Kishore et al., 2007; Meyer, 1982; Nieuwboer et al., 1998; Selikhova et
al., 2009; Temperli et al., 2003; Zetusky and Jankovic, 1985), implying that different
parkinsonian signs may have unique pathophysiologic substrates. Similarly, the fact that
anatomically-segregated regions of the striatum are devoted to skeletomotor, associative and
limbic functions (Alexander et al., 1990; Kelly and Strick, 2004; Worbe et al., 2009) has
prompted proposals that dissociable symptoms of PD arise from loss of DA from separate
functional regions of the striatum (Alexander et al., 1986; Joel and Weiner, 1994;
Wichmann et al., 2011). It is therefore important to determine whether DA loss in specific
striatal regions elicits separate parkinsonian signs.

Here, we sought to establish whether acute focal blockade of striatal DA neurotransmission
is sufficient to induce behavioral changes that reflect parkinsonian signs. This question is
not amenable to current DA-targeted neurotoxin approaches (i.e., using 6-OHDA or MPTP,
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Emborg, 2007). Administration of these agents leads to degeneration of dopaminergic
somata in the substantia nigra compacta (Oiwa et al., 2003; Sauer and Oertel, 1994) and of
their extensive multi-nuclear axonal arborizations (Debeir et al., 2005; Freeman et al., 2001;
Pifl et al., 1991) even when the neurotoxin is infused directly into the striatum (Debeir et al.,
2005; Freeman et al., 2001). Neurotoxin models, therefore, cannot rule out the potential
roles of extra-striatal DA loss, degeneration of the somata of dopaminergic neurons, or
chronic DA depletion in the development of parkinsonian signs.

An alternative approach involves the selective blockade of DA receptors in the striatum.
Infusions of DA receptor antagonists into the striatum are known to elicit catalepsy in
rodents (Amalric and Koob, 1987; Ellenbroek et al., 1985; Hauber et al., 2001; Kaur et al.,
1997; Salamone et al., 1993; Yoshida et al., 1994). It is difficult, however, to relate the
cataleptic state, a nonspecific combination of abnormal posturing and immobility, to specific
signs of human parkinsonism. To our knowledge, only one previous study examined the
behavioral effects of intra-striatal DA blockade in non-human primates (Hikosaka et al.,
2006). In that study, small intra-striatal infusions of D1- or D2-specific antagonists disrupted
the normal relationship between oculomotor reaction times and size of rewards (Hikosaka et
al., 2006), but overt signs of parkinsonism were not noted. By infusing large volumes of a
non-specific D1/D2-receptor antagonist at various sites in the putamen, we tested whether
acute blockade of striatal DA transmission is sufficient to cause changes in motor
performance reflective of parkinsonian signs.

METHODS
Animals and task

Two monkeys (Macaca mulatta; D, male ~7.5 kg; E, female ~6 kg) were used in the study.
All aspects of animal care were in accord with the “Guide for the Care and Use of
Laboratory Animals” (National Academy Press, 1996), and all procedures were approved by
the institutional animal care and use committee. An animal was seated in a primate chair
facing a vertically-mounted response panel ~31 cm in front of the animal’s sternum (Fig.
1A). The panel contained two identical bi-colored LED “targets”, aligned with the animals’
left and right shoulders. Infrared proximity sensors (Takex, GS20N) were mounted above
each LED to detect hand contact with the colored LEDs. Two metal rods (“homekeys”, also
equipped with proximity sensors) were mounted on the left and right sides of the primate
chair ~7 cm lateral to the animal’s body. The vertical distance from the animals’ shoulder to
the homekeys was ~26 cm. The linear distance between each homekey and the ipsilateral
and contralateral panel-mounted LED was ~34 and ~40 cm, respectively.

The bimanual reaching task required an animal to reach to the lit LED target with the left or
right hand to obtain a food reward (Fig. 1). Which hand to reach with (left or right) was
signaled by the color of the LED target (red and yellow, respectively). During an initial start
position hold period (SPHP, 2.6–4.8 second duration, randomized trial-to-trial following a
uniform distribution) left and right hands remained stationary on their respective homekeys
(Fig. 1B). At the end of the SPHP, one of the target LEDs was illuminated [four trial types
(left or right target position red or yellow LED) selected at random]. Cross-body and same-
side reaches were generated to targets that were contralateral and ipsilateral to the reaching
arm, respectively.

The animal was required to lift the appropriate hand from the homekey and move it to the
correct target in ≤ 1 second. The animal was then required to hold its hand at the correct
target for 0.5–1 second (randomized) to receive a drop of liquid food reward delivered via a
sipper tube. The animal was then allowed to return the hand to the homekey with no external
cues and no time requirements. On 3/26 injection days, the animal performed the task with
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only the arm contralateral to the infusion site while the ipsilateral arm was loosely restrained
in a padded splint. This was done while one of the animals was being trained to accept
external EMG leads on the contralateral arm. On other days, the animal performed the task
bimanually. Use of a bimanual reaching task allowed us to determine if behavioral effects
were restricted to the contralateral side of the body, thus resembling specific parkinsonian-
like motor impairments, or affected both arms equally, thereby more likely reflecting a
global dysfunction of cognition, attention or motivation.

Structural MRI
Prior to implantation surgery, MRI images were obtained using a Magnetom Allegra 3 Tesla
MR scanner (Siemens Medical Solutions USA, Malvern, PA). The animal was anesthetized
with Isoflurane and placed into a MR-compatible stereotactic holder (Crist Instrument Co.,
Hagerstown, MD) built into an MR transmit/receive coil (Nova Medical Inc., Wilmington,
MA). The birdcage-style coil (16 cm I.D.) operated in quadrature mode. Three-dimensional
T1 images of the whole head were acquired using a MPRAGE sequence with 0.6 mm
isotropic voxels. Four successive scans were averaged to improve the signal-to-noise ratio.
The resulting images were used for stereotaxic targeting in the subsequent surgery and for
later reconstruction of injection locations (see below).

Surgical procedures and targeting
Many of the methods have been described previously (Desmurget and Turner, 2008).
Animals were prepared surgically using aseptic technique under Isoflurane anesthesia. Two
cylindrical titanium recording chambers (18 mm ID) were affixed to the skull over
craniotomies at stereotaxic coordinates to allow transdural access to the right and left
putamen from a coronal approach. The chamber was fixed to the skull with bone screws and
dental acrylic. Bolts embedded in the acrylic allowed fixation of the head.

After the animal recovered from the implantation surgery, the boundaries of cortex,
putamen, and the globus pallidus were located with respect to chamber coordinates using
standard microelectrode mapping techniques (Turner and DeLong, 2000). The resulting 3-
dimensional information regarding the locations of nuclear boundaries was overlaid onto
each monkey’s MRI using Cicerone, a purpose-designed neurophysiologic mapping
software (Miocinovic et al., 2007). Microelectrode mapping continued until putamenal and
globus pallidus borders were localized with a high degree of confidence (Fig. 2A). The
skeletomotor region of the putamen was located as the region where microstimulation (40–
60 μA constant current, 10 biphasic pulses 200 μsec duration at 300–400 Hz) evoked
reliable muscle contractions in the leg, arm, or face. The neurophysiologic mapping
information was brought into register in 3-dimensions with the animal’s own structural MRI
and atlas-derived nuclear boundaries (Martin and Bowden, 1996) using Cicerone. Additional
microelectrode mapping tracks performed on days following an injection yielded nearly
identical locations for the nuclear boundaries, reinforcing the conclusion that our recording
system and the Cicerone software allowed reliable targeting of sites within the putamen.

Electromyographic (EMG) data were collected from multiple arm muscles in both monkeys.
For monkey D, surface EMG was collected from biceps and triceps muscles using gold cup
electrodes (Grass, Inc.) attached to the upper arm. These electrodes were removed after each
experimental session. In monkey E, pairs of Teflon-insulated multi-stranded stainless steel
wires were implanted chronically into four muscles of the arm (biceps, triceps, latissimus
dorsi, and deltoid muscles) in a separate surgery. The wires were led subcutaneously to a
connector fixed to the skull implant. Accurate placement of the wires was verified post-
surgically by: 1) determining that each electrode pair provided independent EMG-like
signals (thereby ruling out cross talk); and 2) observing palpable contraction of the
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appropriate muscle when electrical stimulation was applied to each electrode. Following
both surgeries, animals were given prophylactic antibiotics and analgesics. After recovery
from surgery, animals resumed behavioral testing.

Injection procedures
Injection Apparatus—An evenly-distributed set of putamenal injection sites was selected
using microelectrode mapping results, each monkey’s MRI, and the Cicerone software
system. The custom-built microinjection cannula consisted of a piece of fused silica tubing
140 cm in length (99 μm ID, 196 μm OD, Polymicro Technologies, L.L.C.) glued to a Leur-
lock fitting, allowing attachment of a 25 μl Hamilton syringe for drug delivery. The end of
the fused silica to be lowered into the brain was glued inside of a nested series of stainless
steel cannulae, leaving 3–5 cm of bare silica tubing exposed at the end. Using this design,
only silica tubing entered the brain. The tip of the injection apparatus was lowered into the
brain through a dura-piercing guide tube held in a 1-mm resolution grid mounted in a
microdrive (MT, Alpha Omega Co. USA). The Hamilton syringe (Hamilton Co.) was placed
in a motorized syringe pump (Harvard Apparatus) which controlled the rate and volume of
solution infused.

Injection Protocol—Infusions of either cis-(Z)-Flupenthixol dihydrochloride (cis-flu;
antagonist to D1- and D2-families of dopamine receptors, Sigma-Aldrich) or 0.9% sterile
saline were performed at various sites (Fig. 2B) using convection-enhanced delivery, a safe
and effective way to deliver large volumes of solution into the primate brain at a slow
constant rate using a motorized syringe pump (Bankiewicz et al., 2000; Krauze et al., 2005;
Saito et al., 2004). On the day of an infusion, cis-flu was dissolved in 0.9% sterile saline (5–
10 μg/μl) and filter-sterilized (0.22 micron Milipore filter) before infusion. After filling the
injection cannula with cis-flu and attaching it to a Hamilton syringe loaded with cis-flu, the
Hamilton syringe was placed into the syringe pump. One-half microliter of sterile saline was
then drawn into the tip of the cannula so that any leakage from the tip into neuronal tissue
during cannula placement would contain only saline. The tip of the injection cannula was
then lowered manually into the brain through a dura-piercing guide tube mounted on a
microdrive. Once the cannula was at the appropriate depth, behavioral data from the task
were collected before (15–20 min), during (10.5 min), and after each injection. The monkey
was allowed to perform the behavioral task until satiation (total duration of data collection
~90–120 min). The rate (1 μL/min) and volume (10.5 μL) of the infusion was controlled by
the syringe pump. The infusion cannula was left in place at the injection site throughout the
post-injection recording period.

We infused a large volume of solution in order to block DA transmission in relatively large
regions of the striatum. Based on previous studies that used similar techniques (Vogelbaum,
2005), this method of infusion affects a sphere of tissue around the injection site ~4.6 mm in
diameter. On saline injection days, 10.5 μl of sterile saline was infused using the same
apparatus and identical methods. At the end of each experiment session, the injection
cannula and microdrive were removed. Injections were performed, at minimum, 7 days
apart. To reduce inhomogeneous spread of injectate, due to recent nearby penetrations for
example (Alexander et al., 2009), injection locations alternated between anterior and
posterior regions of the striatum to maximize the distance between consecutive injections.

Data collection
The timing of behavioral events was stored with 40 sec accuracy. EMG signals were
amplified (×10k), band-pass filtered 100–5000 Hz, digitized at 6104 Hz, rectified, then low-
pass filtered (500 Hz cutoff) and down-sampled to 1017 Hz. All of the data were collected
using a real-time processor (RZ2, Tucker-Davis Technologies). A separate video capture
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system (Nuvico EV-4000) recorded the animal’s general behavior and movement while
performing the task.

Data analyses
Measures of task performance reflective of the speed of movement initiation included
reaction time (RT; the time interval between illumination of a target LED and lifting of the
appropriate hand from the homekey; Fig. 1) and dwell time (DT; the time interval the
animal’s hand remained at a peripheral target following reward delivery and before onset of
a return movement to the homekey). It is important to differentiate between RTs and DTs.
RTs reflect the time needed to initiate an externally-triggered and rewarded movement to a
visible target location. DTs are a measure of the time needed to initiate a movement without
the benefit of external sensory cues, promised rewards, or a visible target location.
Movement durations (MDs; the time required to transport the hand from the homekey to the
appropriate peripheral target) were used to quantify the degree of bradykinesia. The
durations of return movements (moving the hand from the target to the homekey) were
highly variable, even on non-injection days, and thus were not analyzed.

Significant effects of injections were detected using a chi-square analysis. The first half of
the ~10.5 minute injection period was considered part of the “pre-injection” period. The
beginning of the “post-injection” period included the last half of the injection period. While
this approach could eliminate the possibility of detecting an effect that occurred during the
first half of the injection period, preliminary analyses found no evidence that behavioral
effects occurred this early.

The chi-square analysis compared the number of trials pre- versus post-injection in which a
behavioral measure deviated ≥ 3.5 standard deviations from the pre-injection mean. A chi-
square analysis was performed on trial-by-trial measures of task performance (RT, DT, MD)
separately for each arm (contralateral and ipsilateral to the injection site) and each injection.
Behavioral effects were tested for significance using one-tailed chi-square tests (p < 0.05).

We measured the mean magnitude (i.e., severity) of injection-induced changes in behavior
using a moving average (20 consecutive trials of the same trial type) stepped trial-by-trial
through the post-injection data. The resulting four moving averages (one for each trial type:
left-arm left-target, left-arm right-target, right-arm right-target, right-arm left-target) were
normalized to reflect percent change from that measure’s pre-injection mean such that 0%
indicated no change from pre-injection. Based on our prediction that DTs, RTs, and MDs
would increase following injections, the maximum increase across the four post-injection
moving averages was taken as the magnitude of the injection-related behavioral change.
Results are reported as means ±SEM unless noted otherwise.

We tested for co-variations in the severity of different injection-induced impairments.
Specifically, we identified the maximum change in each behavioral measure for each
injection using the same moving average approach. The magnitudes of injection-related
changes in DTs, RTs, and MDs were then correlated with each other across all injections
using Spearman correlation analyses.

To test for a topography of injection effects, we categorized each injection experiment
according to its location relative to striatal functional territories. The locations of anatomic
boundaries between the general skeletomotor, associative, and limbic territories of the
striatum were taken from reports of consistent boundary locations in recent physiologic
mapping studies (Worbe et al., 2009; Worbe et al., 2011), in tract tracing studies of the
corticostriatal projections from motor, associative and limbic cortical regions (Flaherty and
Graybiel, 1991; Fudge et al., 2004; Kunzle, 1975; Selemon and Goldman-Rakic, 1985;
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Yeterian and Van Hoesen, 1978), and in studies of variations in the density of calbindin-
immunoreactivity across striatal territories (Francois et al., 1994; Parent et al., 1996). [Note:
we did not attempt to address the finer-grained functional topographies known to exist
within each of the general functional territories (Inase et al., 1999; Takada et al., 2001).]
Individual injections were categorized according to whether they were placed in
skeletomotor or non-skeletomotor (i.e., associative or limbic) territories. Injections located
close to a boundary between skeletomotor and non-skeletomotor territories were excluded
from the functional topography analysis.

RESULTS
A total of 26 cis-flu injections were performed in three hemispheres across two monkeys (18
injections across two hemispheres in monkey D, 8 injections in one hemisphere in monkey
E; Fig. 2B). Three saline injections into the putamen were also performed, one in each
hemisphere (Table 1).

Pre-injection task performance
Both animals performed the bimanual reaching task reliably prior to injections. Mean DTs
were relatively brief and consistent across trials (503±33 and 527±20 msec for monkeys D
and E, respectively) suggesting that the animals initiated these non-cued non-rewarded
movements efficiently in order to proceed to the next rewarded trial. Mean RTs (320±7 and
343±5 msec) and MDs (204±4 and 207±3 msec) were within ranges that are common for
choice reaction time tasks such as this one (Gardinier et al., 2006).

On non-injection days, the two animals performed an average of 854 (±24) trials and 1169
(±60) trials per day over the course of approximately 1–2 hours. Day-to-day variability in
the number of trials and the overall duration of task performance was due to: 1) gradual
improvements in task performance over the several months these experiments required; and
2) daily variations in an animal’s satiety.

General effects of intra-striatal cis-flu injections
Following intra-striatal injections of cis-flu, animals continued to perform the behavioral
task and displayed no gross abnormalities in behavioral state (e.g., no signs of catalepsy,
agitation, or intrusion of grossly interfering movements or behaviors). However, marked
changes in task performance were often noted. Figure 3 shows results from one cis-flu
injection (injection site “a” in Fig. 2B) that induced significant increases in DT, RT, and MD
for the arm contralateral to the injected hemisphere. Soon after injection onset (~10
minutes), the animal exhibited prolonged DTs (p < 0.05; χ2 = 9.7), which were more
pronounced when the hand was held at the target ipsilateral to the moving arm (i.e., the
“same-side” target) as compared with the cross-body target (454% and 173% increase for
same-side and cross-body trials respectively, p < 0.05; Fig. 3A). During each prolonged DT,
the animal’s arm appeared to be “frozen” in an elevated and extended posture with the
animal’s hand touching the peripheral target. The animal continued to perform normal
chewing, licking, and eye movements during these freezing events, so it is unlikely they
reflected a global impairment such as general catalepsy. In this example, the prolongation of
DTs peaked ~20 minutes following injection onset, was no longer evident ~37 minutes after
injection onset, and only appeared in a subset of trials (i.e., of the 20 same-side movements
that exhibited the maximal change in DTs during the post-injection period, only 45% were
significantly prolonged).

The animal’s RTs and MDs began to slow as well starting ~20 minutes following injection
onset (p < 0.05, χ2 = 4.4, Fig. 3B; p < 0.05, χ2 = 27.7, Fig. 3C, respectively). Injection-
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related increases in RT were comparable for cross-body (18%) and same-side (21%)
movements. Increases in MD were greater for cross-body movements (32% increase) than
for same-side reaches (17%; p < 0.05). Note that the increases in RT and MD appeared later
and were of smaller magnitude than the increase in DT. Also note that for this injection, the
animal was performing the task only with the arm contralateral to the infusion site.

Electromyographic (EMG) activity collected during the same experiment suggested that the
prolongation of DTs was not attributable to exaggerated co-contraction of antagonist muscle
pairs or a simple loss of muscle tone (Fig. 4A). EMG activity during the DT period (pink
shading in Fig. 4A) changed very little following this and other cis-flu injections. More
specifically, triceps and biceps EMG were not elevated tonically throughout prolonged DTs,
contrary to what would be expected if co-contraction was a major contributor to DT
prolongation. The initial ramp up of EMG leading to the onset of return movements (vertical
dashed line in Fig. 4A) was also unchanged following this and other injections. Triceps
activity was tonically elevated during the SPHP following completion of return movements
(Fig. 4A) and prior to the onset of outward reaches (Fig. 4B). This elevation reflected the
animal’s idiosyncratic tendency to push down on the homekey with more force later in a
data collection session. Similar tonic elevations in triceps activity were also observed on
non-injection days and following saline injections (Fig. 4C).

Injection-related increases in MD were accompanied by changes in peri-movement EMG
activity. Figure 4B illustrates mean EMG averaged around the onset of reach movements to
the peripheral targets. As compared with EMG from the pre-injection period, triceps activity
during post-injection trials was characterized by a slower rate of rise and a later peak in
activity during movement (Fig. 4B, green shading). Consistent with the effects of cis-flu on
MDs (Fig. 3C), these EMG changes were more prominent for cross-body movements
(bottom row, Fig. 4B) than for same-side movements.

Qualitative assessments indicated that striatal DA blockade increased limb rigidity, but did
not elicit tremor. Specifically, experimenter-imposed passive flexions and extensions of the
arm contralateral to the injection site revealed subjective evidence of increased rigidity
following a subset of injections. Tremor was not observed after any injection.

Frequency and magnitude of behavioral effects
Fifteen of the twenty-six cis-flu injections induced some behavioral effect (prolonged DTs,
RTs, and/or MDs, according to the χ2 tests; Table 1). Of the 15 injections that induced
behavioral effects, 8 injections prolonged DTs, 9 injections prolonged RTs, and 6 prolonged
MDs (Fig. 5A). The majority of the behavioral effects (13/15 cases, 87%) consisted of
changes in DTs and/or RTs. Only rarely (2/15 cases, 13%) did an injection lengthen MDs
alone. Injections of saline never prolonged DTs or RTs, although one saline injection did
prolong MDs. Overall, impairments in movement initiation (lengthened DTs and/or RTs)
were observed more than twice as frequently as bradykinesia-like effects (lengthened MDs;
p < 0.05, χ2 = 4.1). RT and MD effects combined did not occur any more or less often than
DT effects (p > 0.05, χ2 = 0.75).

On average, maximal effects of cis-flu on DTs amounted to a near doubling of dwell time
duration for the contralateral arm (95±33% increase; mean ±SEM of moving average
maxima; Fig. 5B). Maximal effects of cis-flu on contralateral RTs (25±8% increase) and
MDs (15±2%) were small in comparison to those on DTs (both p’s < 0.05, Mann-Whitney
test; Fig. 5B). Across all effects, there was no difference in the magnitude of effects on same
side movements and cross-body movements (paired t-tests, all p’s > 0.05). This suggests that
the effects were more specific to the contralateral arm itself rather than for a specific
reaching direction.
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In summary, intra-striatal cis-flu injections slowed movement initiation (DTs and RTs) more
frequently than movement execution (MDs). Furthermore, the initiation of non-cued non-
rewarded movements (measured as a lengthening of DTs) was affected more severely than
the initiation of externally-cued movements (measured as prolongation of RTs).

Behavioral abnormalities were induced independently
On many occasions, an injection affected one of the three measures of task performance
without affecting the other two (Fig. 5A). In other cases, when multiple effects were induced
by the same infusion, they often emerged with different latencies and severities (e.g.,
compare Fig. 3A–C). Thus, qualitative observations suggested that cis-flu injections could
affect DTs, RTs, and MDs independently.

Consistent with that idea, we found no correlation between the effects of injections on DTs
and RTs or between effects on DTs and MDs (p > 0.05, Spearman R values < 0.25; Table 2).
Interestingly, injection-induced changes in RTs and MDs were well correlated across
injections (p < 0.05, Spearman R = 0.56; Table 2) but only for the arm contralateral to the
site of infusion, not for the ipsilateral arm (p = 0.56, Spearman R = 0.13).

Topography of behavioral effects
We found no clear relationship between the location of an injection in the putamen and the
pattern of behavioral deficits induced (Fig. 6). Contrary to predictions that depletion of the
posterolateral skeletomotor region contributes most directly to motor impairments
(Alexander et al., 1990; Kelly and Strick, 2004), many of the strongest effects on task
performance were elicited by injections into pre-commissural regions of the putamen (Fig.
6A). Injections into areas of the putamen where arm movements were evoked by
microstimulation (underlined letters and dots, Fig. 6B) did not elicit consistent behavioral
effects.

Of the 26 cis-flu injections, 12 injections were located well within established boundaries
for the skeletomotor territory (SM in Table 1 and white regions in Fig. 6B) and 12 injections
were placed in associative or limbic regions of the putamen (light and dark gray regions in
Fig. 6B). Two injections were located close to the boundary between skeletomotor and non-
skeletomotor territories and thus were excluded from the analysis of functional topography.
Injections of cis-flu into the skeletomotor region prolonged MDs in 33% of cases (4 of 12
injections) compared with MD effects in 17% of cases for injections into associative and
limbic regions (2 of 12 injections; p=0.35, χ2 = 2.1). Significant effects on DTs and RTs
appeared at approximately equal frequencies for injections into skeletomotor and associative
or limbic striatal regions (both p’s>0.38, χ2 < 1.8). Similarly, the mean magnitudes of
significant effects on DTs, RTs and MDs did not differ significantly for injections into
skeletomotor and non-skeletomotor territories (all p’s>0.25, Mann Whitney test).

No evidence of general impairment in motivation or attention
Next, we tested whether intra-striatal infusions of cis-flu selectively impaired food-
motivated operant responding, as predicted by a previous report (Beninger et al., 1993). We
found no evidence that cis-flu injections reduced the rewarding nature of food or reduced an
animal’s willingness or motivation to perform the operant task. When cis-flu was injected
into monkey D’s left putamen, the monkey performed an average of 714±41 trials before
reaching satiation. When saline was infused into the same hemisphere, the monkey
performed only 519 trials. He therefore completed more trials after infusions of cis-flu than
after saline. The same monkey performed 1093±92 trials when cis-flu was injected into the
right hemisphere, similar to the 1094 trials he performed when saline was infused into the
same hemisphere. Similarly, monkey E worked an average of 1227±29 trials on cis-flu
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injection days, equivalent to the 1230 trials she completed when saline was infused into the
same hemisphere. In summary, both animals performed comparable numbers of trials on
saline and cis-flu infusion days, providing no evidence that intra-putamenal cis-flu injections
reduced an animal’s general motivation, attentiveness, or willingness to perform an operant
task for food reward.

The laterality of cis-flu effects was also inconsistent with the idea that injections affected
global motivation, cognition, or attention. Such effects would impair task performance
equally for both arms, ipsilateral and contralateral to the injected hemisphere. Instead, the
preponderance of behavioral effects appeared for reaches with the arm contralateral to the
site of infusion (p < 0.05, χ2 = 11; Table 1). Specifically, 11 of the 15 injections that
induced significant effects selectively affected performance of the contralateral arm, while
only 2 of 15 selectively affected the ipsilateral arm and 2 of 15 induced bilateral effects.

DISCUSSION
For decades, the pathophysiology of PD has been routinely attributed to loss of DA from the
skeletomotor region of the posterior putamen. It has become increasingly unclear, however,
whether simple under-activation of DA receptors in this region is sufficient to induce
parkinsonian signs. Recent studies have suggested possible roles for loss of DA from non-
skeletomotor striatal regions, chronic striatal DA depletion, and extra-striatal DA loss in the
emergence of parkinsonian signs (Francois et al., 2000; Freeman et al., 2001; Jan et al.,
2000; Scatton et al., 1983; Scatton et al., 1982). Furthermore, some studies that blocked DA
receptors in the striatum reported no evidence of parkinsonian signs (Beninger et al., 1993;
Nakamura and Hikosaka, 2006). Given current efforts to develop genetic and transplant
therapies to restore DA levels at selected sites in the CNS (Forsayeth et al., 2010; Wakeman
et al., 2011), it is all the more important to establish the specific roles of striatal DA loss in
the genesis of parkinsonian signs.

Intra-striatal DA receptor blockade is sufficient to induce parkinsonian signs
Intracerebral infusion of DA antagonists is one of few methods available that can block DA
function at one CNS location in relative isolation. We used the DA antagonist approach to
determine if acute focal blockade of striatal DA function can, by itself, generate the cardinal
signs of PD. Although numerous studies in rodents have shown that intra-striatal infusions
of DA receptor antagonists elicit a cataleptic state (Amalric and Koob, 1987; Ellenbroek et
al., 1985; Hauber et al., 2001; Kaur et al., 1997; Salamone et al., 1993; Yoshida et al., 1994),
it is unclear how those observations relate to the specific clinical signs of PD. Furthermore,
not all studies of intra-striatal DA receptor blockade have observed catalepsy. When
Beninger et al. (1993) infused cis-flu into the rat striatum, they observed only a time-
dependent decline in operant responding that resembled extinction, with no evidence of
parkinsonian signs. We know of only one previous report on the behavioral effects of DA
antagonists infused into the striatum of monkeys (Nakamura and Hikosaka, 2006). In that
study, intra-caudate infusions altered the normal variation of oculomotor RTs with the size
of a reward, but did not elicit overt signs of parkinsonism. Because those infusions were
performed in the oculomotor territory of the striatum, however, they may have induced other
impairments that were not tested for (Chan et al., 2005; Shibasaki et al., 1979; White et al.,
1983).

In contrast to those studies, we found that intra-putamenal infusions of cis-flu induced
specific motor impairments reminiscent of parkinsonian signs. We found no evidence that
cis-flu injections had a global impact on the rewarding nature of food or on an animal’s
general attentiveness, willingness, or motivation to perform the operant task. Both animals
performed comparable numbers of trials on saline and cis-flu infusion days. Furthermore,
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cis-flu infusions seldom (2 of 15 significant effects) affected task performance in both arms
(i.e., contralateral and ipsilateral to the site of injection) as would be expected if those
effects were mediated by a general impairment of cognition, motivation, reward processing
or attention. Rather, cis-flu injections primarily affected performance of the contralateral
arm, consistent with the idea that these were specific impairments of motor control.

Our results may diverge from previous reports because of differences in injection location
[i.e., putamen here versus caudate and nucleus accumbens in previous studies (Beninger et
al., 1993; Nakamura and Hikosaka, 2006)], agents used, species, tasks, and behavioral
measures. Unlike the intra-caudate infusions performed previously in macaques (Nakamura
and Hikosaka, 2006), we infused large quantities of the active agent, affected both major
classes of DA receptors with the same infusion, and we targeted the putamen. Furthermore,
our animals performed a task designed to measure motor deficits relevant to the cardinal
skeletomotor signs of PD rather than eye movements specifically.

Intra-striatal cis-flu impaired movement initiation
Movement initiation was affected more frequently and more severely by intra-striatal DA
receptor blockade than movement execution. Interestingly, movement initiation was affected
more severely in the absence of direct exteroceptive cues of when to move and the promise
of immediate future rewards. Similarly, PD patients are particularly impaired at initiating
and executing internally-generated movements (Cooke et al., 1978; Flowers, 1976; Morris et
al., 1996; Oliveira et al., 1997). The importance of this specific impairment in the overall
disability of PD is highlighted by the success of assistive technologies that provide external
sensory cues during activities that would otherwise require self-initiated movements (Arias
and Cudeiro, 2010; Bachlin et al., 2010; Cunningham et al., 2009).

It is likely that intra-striatal infusions of cis-flu triggered pathophysiologic mechanisms
similar to those explicated previously for other models of PD. Loss of striatal DA induces an
imbalance in activity between striatal D1-receptor bearing direct pathway neurons and D2-
receptor bearing indirect pathway neurons (Albin et al., 1989; Kravitz et al., 2010; Shen et
al., 2008; Wichmann and DeLong, 1996), which in turn induces pathologic disturbances in
neuronal signaling in whole basal ganglia-thalamocortical circuits (DeLong and Wichmann,
2007; McIntyre and Hahn, 2010). Why intra-striatal infusions of cis-flu induced the specific
pattern of behavioral impairments observed here remains a matter of speculation. One
potential explanation is that striatal DA, or more generally, the BG, plays a particularly
important role in the generation of self-initiated movements (Cunnington et al., 2002; van
Donkelaar et al., 1999; van Donkelaar et al., 2000). An alternative explanation is that neural
systems that mediate self-initiated movement may be more susceptible to disruption because
of an absence of redundant and compensatory mechanisms for that type of motor control.
Irrespective of the specific mechanisms involved, our results indicate that initiation of
movement in the absence of immediate sensory cues is especially susceptible to disruption
by transient blockade of putamenal DA transmission.

In addition to prolonged DTs and RTs, we observed prolongation of MDs following a subset
of cis-flu injections. Changes in MDs, however, were fewer in number and milder in
severity than changes in DTs and RTs. This result raises the possibility that development of
severe bradykinesia, as observed in many PD patients, depends on loss of DA at sites
outside of the putamen (Rommelfanger and Wichmann, 2010) or perhaps chronic DA
deficiency (Mallet et al., 2008).
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Specific parkinsonian signs may have distinct pathophysiologies
A related implication of our results is that different parkinsonian signs are a product of
different abnormalities in neuronal function. We were able to elicit one form of akinesia
(prolongation of DTs) independent of other signs (prolongation of RTs and MDs).
Following many injections, only one of the three measures of task performance showed
significant prolongation (DTs, RTs, or MDs). Even when multiple effects were detected
after an injection, the timing and severity of effects often varied considerably (Fig. 3). These
observations are consistent with the general idea that different parkinsonian signs have
separable pathophysiologic substrates.

The magnitude of cis-flu-related changes in RTs and MDs were correlated with each other,
but neither was correlated with the magnitude of change in DTs. The correlation between
RTs and MDs was observed only for movements of the arm contralateral to the infusion site,
suggesting that increased RTs and MDs arose from one lateralized pathophysiologic
mechanism. The independence of effects on DTs from those on RTs and MDs suggests that
impairments of self-initiation and impairments of visually-triggered movement arise from
different pathophysiologic substrates. Clearly, this is a topic for future study.

More generally, our findings are consistent with the many studies showing that subgroups of
parkinsonian signs vary independently. It is now firmly established that patients with PD can
be classified into subtypes characterized by postural instability/gait difficulty versus tremor
dominant symptoms (Zetusky and Jankovic, 1985). The severity and rate of progression of
these symptom subtypes varies independently between patients (Nieuwboer et al., 1998;
Selikhova et al., 2009; Temperli et al., 2003; Zetusky and Jankovic, 1985). Our data support
the idea that impairments in self-initiation and in the control of sensory-cued movement also
vary independently in parkinsonism and that each may arise from different pathophysiologic
substrates. While acute striatal DA loss appears to be an adequate trigger to produce akinetic
signs, other defects such as extra-striatal DA loss or chronic striatal DA may be necessary to
produce the profound impairments in sensory-cued movement observed in idiopathic PD.

Lack of Topographic organization of effects
The striatum is divided into anatomically segregated regions devoted to skeletomotor,
associative, and limbic functions (Alexander et al., 1990; Kelly and Strick, 2004; Worbe et
al., 2009). Loss of DA from the skeletomotor region is traditionally assumed to be the
primary factor that leads to parkinsonian motor signs (Damier et al., 1999; Forno, 1996)
while DA loss from associative and limbic regions has been proposed to underpin
impairments of cognition and motivation (Redgrave et al., 2010; Salamone et al., 2003).

Our results are not consistent with that view. DA receptor blockade in posterior
skeletomotor regions of the striatum was not more likely to elicit motor impairments than
that into associative and limbic regions nor did it elicit more severe impairments (Fig. 6).
Our observation of severe behavioral effects following injections into anterior/medial
regions of the putamen is consistent with several radioligand imaging studies in human
subjects showing that measures of symptom progression (e.g., akinesia measured as
prolonged reaction times) correlate with the degree of DA loss from medial regions of the
striatum, but not with DA loss in the dorsolateral “skeletomotor” region of putamen
(Gallagher et al., 2011; Morrish et al., 1996; Pirker, 2003). These results also fit well with
the recent finding that injections of bicuculline into the anterior-medial putamen induce
hypoactivity in non-human primates (Worbe et al., 2009). This striatal location may
correspond to the rostral ventromedial striatal site strongly associated with catalepsy in
rodent microinjection studies (Yoshida et al., 1994).
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Several factors may explain the apparent absence of an effect topography. From previous
studies (Vogelbaum, 2005), we estimate that the drug diffused into a roughly spherical
volume ~4.6 mm in diameter around the injection site, which amounts to ~11% of the total
volume of the macaque putamen (Harman and Carpenter, 1950). Given this volume, it is
likely that some injections affected more than one striatal functional region, especially when
the injections were performed near functional boundaries (see Fig. 6). Cross-territory spread,
however, is unlikely to account completely for the jumbled topography in our results. One
possible explanation is that our results agree with the general idea that the striatum is
organized as a patchy functional mosaic (Gerfen, 1992; Goldman and Nauta, 1977; Malach
and Graybiel, 1986). Recent studies performed in rodents describe similar heterogeneous
functional topographies (Aragona et al., 2009; Mahler et al., 2007). The limited number of
injections performed in the current study prevent firm conclusions regarding this idea,
however (see below). Taken together, our results indicate that components of the
parkinsonian state can be elicited by transient interruption of DA signaling at a variety of
putamenal locations, including sites in motor, associative, and limbic regions.

Limitations and Potential Confounds
Many infusions (42%) elicited no apparent behavioral effect. Some of these infusions may
have altered behaviors that were not assayed by the arm movement task [e.g., changes in
facial or leg motor control or in higher cognitive functions (Cooper et al., 1991; Dubois and
Pillon, 1997; Lees and Smith, 1983; Owen et al., 1992; Pessiglione et al., 2003)]. Consistent
with previous studies, however (Beninger et al., 1993; Costall et al., 1972; Nakamura and
Hikosaka, 2006), we found that acute infusions of cis-flu can induce robust behavioral
effects within sixty minutes or less. Additional variability may arise from cumulative tissue
damage and the resulting low resistance paths for injectate reflux (Alexander et al., 2009).
Importantly, failure to produce detectable behavioral effects in a large fraction of
experiments is a common feature of intra-striatal pharmacologic manipulations in macaques
(Bronfeld et al., 2011; McCairn et al., 2009; Worbe et al., 2009).

It is possible that larger areas of DA receptor blockade or longer periods of blockade would
have yielded additional or more severe behavioral effects. Bilateral intra-striatal infusions
also might have yielded more severe behavioral effects, although the strongly lateralized
output organization of the basal ganglia (Hoover and Strick, 1993; Kelly and Strick, 2004)
argues against that idea. Also, our experiments did not include the ventral-most portion of
the posterior putamen, a region that appears to relay limbic cortical inputs to skeletomotor
cortical regions (Kelly and Strick, 2004).

The pharmacodynamics of cis-flupenthixol must also be considered. While cis-flu binds
with strong affinity to both the D1 and D2 receptors, the drug exhibits a slightly greater
affinity for D2 over D1 receptors (Reimold et al., 2007). Cis-flu also binds with low affinity
to 5-HT2 receptors, alpha 1-adrenergic receptors, and some cholinergic and histamine
receptors (Hyttel et al., 1985; Reimold et al., 2007). It is therefore possible that some of the
behavioral effects we observed were mediated by blockade of non-dopaminergic receptors,
or preferential blockade of D2 receptors over D1 receptors. Further studies are needed to
exclude these possibilities.

One additional point that may be seen as a limitation is that we were unable to elicit tremor.
This is not surprising, however, because resting tremor is rarely observed in macaque
models of parkinsonism, even following near total loss of putamenal DA (Bergman et al.,
1994; Eberling et al., 2000). Furthermore, tremor is an outlier among the cardinal signs in
that it’s severity does not correlate with the degree of striatal DA loss (Pirker, 2003) and
some therapies (i.e., thalamotomy and thalamic stimulation) are effective only for tremor
(Lyons and Pahwa, 2008; Walter and Vitek, 2004). It is difficult to interpret the effects of
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intra-striatal dopamine receptor blockade on rigidity, as the measurements of rigidity
obtained here were unblinded and subjective. Importantly, we were able to elicit other
cardinal signs of parkinsonism independently and with differing degrees of severity.

Conclusions
Our results indicate that acute, focal blockade of striatal DA receptors is sufficient to induce
motor deficits reflective of specific parkinsonian signs. Intra-striatal infusion of a D1- and
D2-receptor antagonist in awake, behaving macaques was found to slow the initiation of
movement more than it’s execution. Paralleling observations in PD patients, the initiation of
self-generated movements was impaired more severely than initiation of externally-cued
movements. Additionally, motor deficits reminiscent of specific parkinsonian signs were
often induced independently, thereby suggesting the existence of distinct pathophysiologic
substrates for different signs. Finally, the less-frequent and weak effects of striatal cis-flu on
movement speed (reflecting bradykinesia) accentuate the potential importance of extra-
striatal DA loss in the genesis of that specific sign.
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Highlights

Is focal striatal dopamine loss sufficient to elicit parkinsonian signs in primates?

D1/D2 antagonist infusion into putamen variably elicited akinesia and bradykinesia.

Akinesia was most severe for self-initiated non-rewarded reaching movements.

Acute focal blockade of putamenal dopamine is sufficient to induce akinesia.

Elicting individual signs in isolation suggests they have distinct pathophysiologies.
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Figure 1.
Figure 1A) Schematic of the reaching task. B) Each trial began with a mandatory hold
period (SPHP) during which the animal was required to hold right and left homekeys for a
variable period of time. One of the target LEDs was then lit and the animal was required to
move to the correct target with the correct hand and hold the hand at the target for a variable
time interval (Targ hold) to receive a reward (Rew). After the reward, the animal was
allowed to initiate a return movement (Return mvt) to the homekey whenever the animal
wanted. There were no cues, time limits, or rewards for the return movement. Each segment
of one example trial is depicted along a timeline, color-coded by the key time intervals. RT:
the period of time between cue presentation and movement initiation. MD: the duration of
movement execution. DT: dwell time – the time interval during which the animal’s hand
remained at the target after reward delivery and before initiation of a return movement.
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Figure 2.
Anatomic localization of injection locations using microelectrode mapping and structural
MRI. A) Representative coronal plane of MRI and corresponding microelectrode mapping
results. Sites along parallel recording tracks are color-coded based on the characteristic
neurophysiologic activity observed at those locations (blue = cortex, orange = striatum,
green = external globus pallidus, red = internal globus pallidus). Estimation of the exact
position of the implanted recording chamber (light blue cylinder, upper left) relative to the
striatum was determined by finding the best fit between microelectrode mapping results and
MRI-defined structural landmarks integrated across multiple coronal planes (not shown). As
seen for this exemplar plane, microelectrode mapping results aligned very well with
structural boundaries visible in the animal’s MRI. B) Localization of injection sites.
Mapping-based alignment of the recording chamber with an animal’s MRI allowed
estimation of intracerebral location of injections. For monkey E and monkey D, each
injection site is marked by a black square (cis-flu), black triangle (cis-flu into microexcitable
arm area of the putamen) or white x (saline). Injection sites are collapsed across coronal
slices (≤ 3 mm per section). The distance ranges below each figure represent the AP planes
collapsed into that figure (in mm relative to the anterior commissure). For monkey D,
injection sites from right and left hemispheres are collapsed onto one hemisphere.
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Figure 3.
Exemplar data from one cis-flu injection experiment. Dwell times at the peripheral target
(DTs) were prolonged markedly following this injection (A) while reaction times (RTs; B)
and movement durations (MDs, C) showed smaller changes. During this experiment, the
animal performed the task with the left arm only (contralateral to the infusion site). Data
points represent the DTs (pink), RTs (blue), and MDs (green) of individual trials. Circles
and triangles denote data from reaches to cross-body (right) and same-side (left) targets.
Shaded box: period during which cis-flu was injected. Vertical dashed line: delineation
between “pre-“ and “post-injection” periods used for all behavioral analyses. Dotted and
continuous lines: moving averages (20 trials of the same trial type) for cross-body and same-
side reaches, respectively.

Franco and Turner Page 24

Neurobiol Dis. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Peri-event EMG activity from one cis-flu injection (same experiment as in Fig. 3). A) Mean
“peri-return” EMG activity (mean rectified EMG averaged around the onsets of return
movements) during pre- (black) and post- (red) injection periods. There was no evidence of
increased co-contraction or loss of muscle tone to explain the lengthened DTs of the post-
injection period. ΔDT: Difference in mean DTs from pre- and post-injection periods (black
and red asterisks, respectively). Triceps EMG was elevated post-injection during the start
position hold period, i.e., following return movements (A) and before outward movements
(B). B) Mean EMG averaged around onsets of outward movements before (black) and after
(red) the cis-flu injection. The peri-movement burst of triceps EMG showed a slowed rate of
rise following the injection, particularly for cross-body movements (bottom row). Data in B
were taken from the 20-trial epoch during which a maximal increase in MDs was observed.
C) Peri-movement EMG activity before (black) and after (red) a saline infusion. Asterisks
and horizontal error bars indicate means ± SEMs for DTs (panel A), and RTs and MDs
(panels B and C). Shaded boxes indicate mean post-injection DT (pink), RT (blue) and MD
(green). These EMG data were from the same cis-flu injection day as illustrated in Figure 3.
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Figure 5.
Summary of the behavioral effects following intra-striatal DA receptor blockade. A) Venn
diagram of numbers of injections that induced one or multiple effects. RT (blue rectangle)
and DT (pink rectangle) effects frequently occurred alone. In comparison, MD effects (green
rectangle) did not typically occur alone. B) Mean (±SEM) magnitude of significant effects
of cis-flu on DT, RT, and MD. Prolongations of DTs were significantly greater in magnitude
than prolongations of RTs and MDs. * = p<0.05; ns = not significant; Mann-Whitney U test.
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Figure 6.
Anatomical reconstruction of injection sites and their effects. A) Each injection site is
represented by a square color-coded by the type of impairment elicited and scaled in size
according to the severity of the effect. Results are collapsed across the sagittal plane.
Boundaries of the putamen in sagittal view (thick line) were taken from Francois et al.
(1996). Crossed lines indicate the position of the anterior commissure. B) The locations of
significant DT, RT, and MD effects are plotted onto standard coronal planes of the striatum
adapted from (Martin and Bowden, 1996). Black dots: injection sites that elicited no effect.
Underlines: injections performed at sites in the putamen where microstimulation evoked
movement of the arm. Distances (top) indicate distance of each coronal plane anterior (+) or
posterior (−) to the anterior commissure. Cd = caudate and Put = putamen. Approximate
locations of the general skeletomotor, associative, and limbic functional territories of the
striatum are indicated by white, light gray, and dark gray shading, respectively (see
Methods).
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Table 2

Correlations between injection-induced changes in specific behaviors. The severity of injection-related
changes in RTs and MDs was correlated for movements of the contralateral arm (Spearman correlations). The
magnitude of cis-flu related changes were not correlated for any other behavioral measure.

HT/RT HT/MD RT/MD

Contralateral arm p = 0.3, R = 0.2 p = 0.27, R= 0.22 p = 0.003, R = 0.56*

Ipsilateral arm p = 0.9, R = −0.03 p = 0.75, R = 0.07 p = 0.56, R = 0.13
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