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Abstract

To test current hypotheses on the contribution of the basal ganglia (BG) to motor control, we
examined the effects of muscimol-induced inactivations in the skeletomotor region of the internal
globus pallidus (sGPi) on visually-directed reaching. Injections were made in 2 monkeys trained
to perform four out-and-back reaching movements in quick succession toward four randomly-
selected target locations. Following sGPi inactivations: (1) Peak velocity and acceleration were
decreased in nearly all sessions whereas movement duration lengthened inconsistently. (2)
Reaction times were unaffected on average, although minor changes were observed in several
individual sessions. (3) Outward reaches showed a substantial hypometria that correlated closely
with bradykinesia, but directional accuracy was unaffected. (4) End-point accuracy was preserved
for the slow visually-guided return movements. (5) No impairments were found in the rapid
chaining of out-and-back movements, in the selection or initiation of four independent reaches in
quick succession, or in the quick on-line correction of initially mis-directed reaches. (6)
Inactivation-induced reductions in the magnitude of movement-related muscle activity (EMG)
correlated with the severity of slowing and hypometria. There was no evidence for inactivation-
induced alterations in the relative timing of EMG bursts, excessive co-contraction, or impaired
suppression of antagonist EMG. Therefore, disconnecting the BG motor pathway consistently
produced bradykinesia and hypometria, but seldom affected movement initiation time, feedback-
mediated guidance, the capacity to produce iterative reaches, or the ability to abruptly reverse
movement direction. These results are discussed with reference to the idea that the BG motor loop
may regulate energetic expenditures during movement (i.e., movement “vigor”).
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What does the basal ganglia (BG) contribute to the normal control of movement? Since the
early work of Wilson (1914) and Vogt (1911), the BG has been thought to play important
roles in the control of movement and posture. This inference was based primarily on the
motor consequences of degenerative diseases affecting the BG, Parkinson's Disease (PD)
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being the most common. The pathology of these diseases consists, however, of networks of
dysfunction, not only in the BG but also in cortical and subcortical structures (e.g. Berardelli
et al. 2001; Braak and Braak 2000). Therefore, it is difficult to determine conclusively that a
motor sign reflects impaired function of the BG per se, rather than dysfunction in other,
possibly connected, brain areas (DeLong and Wichmann 2007). A complementary approach
is to study the behavioral effects of lesioning specific territories of the BG. Of particular
interest are the effects of lesions placed in the principal output nuclei of the BG (the internal
segment of the globus pallidus, GPi, or substantia nigra reticulata, SNr). Such lesions can be
conceived of as disconnecting the BG from the thalamocortical and brainstem structures
normally influenced by BG outflow. This approach has been used extensively in non-human
primates in the last three decades (Horak and Anderson 1984a; Hore and Vilis 1980; Inase et
al. 1996; Kato and Kimura 1992; for review see Mink 1996; Mink and Thach 1991b;
Wenger et al. 1999). Unfortunately, divergent results were often found. For instance,
following inactivation of the GPi, a systematic tendency toward hypometria was reported in
some experiments (Inase et al. 1996; Mink and Thach 1991b) but not in others (Horak and
Anderson 1984a; Kato and Kimura 1992; Wenger et al. 1999). In the same vein, most
studies found no effect of GPi inactivation on Reaction Time (RT) (Mink and Thach 1991b;
Wenger et al. 1999; for reviews see Mink 1996 and Wichmann and DeLong 1996) while
others did. In particular, Kato and Kimura reported a quasi-systematic increase of the RT for
extension movements (Kato and Kimura 1992). Likewise, Inase et al. found that "the RT
could increase, decrease or show a mixed change depending on the target direction” (Inase et
al. 1996, p. 1093). Horak and Anderson also reported a significant decrease in RT 30
minutes after the injection of kainic acid within the GPi (Horak and Anderson 1984a).
Although confusing, the variability observed among and within inactivation studies is not
surprising given current understanding that output from the BG is organized into
anatomically-segregated functionally-distinct territories that contribute to motor, associative,
and limbic functions (Grabli et al. 2004; Middleton and Strick 2000). When inactivated or
lesioned, these different territories are likely to induce different deficits.

In the present study, we used microinjection of muscimol, a GABA-A receptor agonist, to
inactivate restricted regions of the motor territory of GPi. This territory, here designated
skeletomotor (sGPi), is the main output of the BG loop that projects via thalamus to frontal
motor regions (Hoover and Strick 1999). It is confined to the posterior-ventrolateral two-
thirds of the nucleus where the discharge of a large proportion of the neurons is correlated
with movement of one or another contralateral body segment (Anderson and Horak 1985;
DelLong et al. 1985; Mink and Thach 1991a; Turner and Anderson 1997). Injections were
coupled with a reaching task that required out-and-back movements to four visual targets
presented in quick succession and random order. The task was designed to test three current
hypotheses concerning the functional roles of the sGPi. First, converging evidence suggests
the BG may contribute to the regulation of movement effort (i.e., controlling how much
energy or “vigor” is devoted to individual movements; Horak and Anderson 1984b;
Mazzoni et al. 2007; Niv et al. 2007; Pope et al. 2005; Turner et al. 2003b; Vaillancourt et
al. 2004a). This predicts that sGPi inactivation will impair the control of movement speed
and extent, while not affecting aspects of movement that are relatively energy-neutral such
as RT or the direction of movement (Vindras et al. 2005; Vindras and Viviani 2002).
Second, the BG may contribute to on-line feedback control of movement trajectory (Smith
et al. 2000; Smith and Shadmehr 2005). Interruption of such a feedback mechanism would
be expected to cause movement variability to increase progressively during movement
because of the accumulation of uncorrected execution-related errors (Desmurget and
Grafton 2003; Desmurget et al. 2005). Third, the BG may be important for rapidly
alternating the action of agonist-antagonist muscles groups (Beuter et al. 1994, Hermsdorfer
et al. 1999) and for generating discrete movements in quick succession (Houk 2001, Novak
et al. 2002, Desmurget et al. 2004a). This hypothesis predicts that sGPi inactivation should
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differentially impair the rapid execution of out-and-back movements and the iterative
production of independent motor responses.

MATERIALS AND METHODS

Animals and apparatus

Two monkeys (Macaca mulatta) were involved in this study, one male (monkey H, ~12 kg)
and one female (monkey C, ~7.5 kg). The experimental protocol was approved by the UCSF
Animal Care and Use Committee. Animals were cared for in accordance with the American
Physiological Society Guiding Principles in the Care and Use of Animals (1991).

Animals were seated in a primate chair with the right hand holding a vertically oriented
joystick (40 cm axis of rotation). The joystick was held at midline at the height of the mid-
sternum thereby realizing bi-dimensional, quasi-horizontal movements of the right hand and
arm. Voltages reflecting x and y position of the joystick were digitized at 1 kHz. A vertical
LCD monitor (60 Hz refresh frequency) was placed in front of the monkeys, at eye level. A
3 mm white square cursor represented the position of the joystick with a gainof 2 (i.e.a 1l
cm displacement of the joystick was represented as a 2 cm displacement of the cursor).
Sagittal joystick movements moved the cursor along the monitor's vertical dimension while
fronto-parallel joystick movements moved the cursor along the horizontal dimension. Five
empty gray circles (& 40 mm), used as target zones, were displayed continuously on the
LCD monitor: one central start position and four peripheral target zones positioned in the
diagonal of each quadrant at a radius of 140 mm (Fig. 1A). Therefore, due to the gain of 2, a
joystick displacement of 70 mm was required to move the cursor center-to-center from the
central target to any of the peripheral targets. Both animals achieved these joystick
displacements through combinations of shoulder and elbow rotations. Note that injection-
induced hypometria was sometimes too large to allow reliable capture of the peripheral
visual targets. To avoid rejecting a substantial fraction of trials and because these
hypometric trials were 'representative’ of the injection effect, the behavior control software
was adjusted to accept movements that ended within an “end-point target zone™ that was
larger than the visual target zone (& 80 mm instead of @ 40; which allowed an additional 20
mm hypometria). In this case, movements were accepted even if the visual cursor did not
enter the visual target zone. This was done in 8 experimental sessions (4 in monkey H -
a,b,e,c2-, 4 in monkey C -A,B,D,G-). The size of the target zone was always consistent pre-
and post-injection.

Behavioral task

The task required an animal to perform four out-and-back movements in quick succession
between the central start position and a series of four peripheral targets (Fig. 1B). All of the
results reported here address a task condition in which peripheral targets were presented in
random order with replacement (i.e., on any one trial, any target could appear between zero
and four times).

A single trial progressed as follows: (1) At the start of a trial, a filled white circle
("instruction cue", 23.5 mm diameter) appeared within the start position (gray circle),
instructing the animal to move the cursor into this area (Fig. 1A). The animal was required to
maintain the cursor in this area for a random period of 1 to 2 sec. (2) The filled white
instruction cue jumped to one of the four possible target zones instructing the animal to
initiate a movement to this zone. The target zone was randomly selected from the four
possible locations. (3) The animal was allowed 800 ms to place the cursor in the target zone
(i.e. in the empty gray target circle). (4) Immediately upon completion of the outward reach,
the instruction cue jumped back to the central start position prompting the animal to return
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the cursor to this area. (5) A bolus of food was delivered when the cursor entered the start
position. Stages 2-5 of the task were repeated four times in quick succession. For the
second, third and fourth out-and-back movements the instruction cue jumped to a peripheral
target 230 ms after reward delivery for the previous movement. Note that there was a delay
between the instant when the cursor entered the start position and the actual termination of
the return movement. On average, this delay was ~150 ms, such that the instruction cue
jumped to the next peripheral target ~80 ms before completion of the previous out-and-back
movement (see results). When the animal’s task performance did not meet the timing or
spatial requirements of the task, the trial was aborted and a 1 sec inter-trial interval ensued
without reward. Note that the number of movements was not strictly identical in all
experimental sessions. It varied from 75 to 296 in monkey C (mean 173) and from 166 to
428 in monkey H (mean 252).

For each experiment session, pre- and post-injection data were recorded on the same day.
Pre-injection data were collected first. Task performance and post-injection data collection
commenced immediately after completion of the injection procedure. Both animals practiced
the task a minimum of 6 months (>25,000 trials) prior to collection of the results presented
here.

Surgery, electrophysiological mapping and microinjections

Animals were prepared for microinjections using aseptic technique under Isoflurane
anesthesia. A cylindrical titanium recording chamber (18 mm ID) was affixed to the skull
over a craniotomy in stereotaxic coordinates (Szabo and Cowan 1984) to allow trans-dural
access to the left globus pallidus from a 45 deg lateral approach (for detailed description of
surgical techniques, see Turner and Anderson 1997). The chamber was fixed to the skull
with bone screws and dental acrylic. Bolts embedded in the acrylic allowed fixation of the
head. In one animal (monkey C), pairs of fine Teflon-insulated multistranded stainless steel
wires were implanted during surgery into five muscles: brachioradialis, triceps longus
brachii, pectoralis, posterior deltoid, and trapezius. The wires were led subcutaneously to a
connector fixed to the skull implant. Accurate placement of EMG electrodes was verified
post-surgically by: (1) determining that each electrode pair provided independent EMG-like
signals (thereby ruling out cross-talk); (2) observing palpable contraction of the appropriate
muscle when electrical stimulation was applied to each electrode. Following surgery,
animals were given prophylactic antibiotics and analgesic medication.

After recovery from surgery, animals resumed behavioral testing. During the performance of
the behavioral task a single glass coated platinum/iridium electrode (FHC Bowden USA)
piloted by a hydraulic microdrive (MO-95, Narishige International Japan) was used to map
the boundaries of the GPi. Electrophysiological data were acquired, displayed and sorted on-
line (Plexon Instruments, Dallas TX, USA). Pallidal skeletomotor territories were delineated
based on anatomical boundaries and responses to active and passive movements of
contralateral joints (DeLong 1971; Turner and Anderson 1997). EMG signals were
differentially amplified (gain = 10k) and band pass filtered (200 Hz — 5k Hz).

Following identification of the pallidal borders, microinjection experiments were performed.
Microinjections used the GABAa agonist muscimol hydrobromide (Sigma, St. Louis, MO)
dissolved in artificial cerebrospinal fluid at a concentration of 1ug/ul. Injections were
performed through one of two "injectrode" designs: either a silica tube fixed with
cyanoacrylate glue to the side of a standard recording electrode (Kliem and Wichmann
2004) or a 30 gauge stainless steel cannula containing an in-dwelling tungsten microwire (50
micron dia., AM Systems; (Hamada and DeLong 1992). Injections were delivered by means
of a 10ul Hamilton syringe attached to the silica or stainless steel tubing via Teflon tubing.
Injection volumes ranged from 0.5ul to 2.0ul (see Table 1). The muscimol was injected at a
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Histology

rate of 0.2ul/min and the injection cannula was left in place throughout post-injection data
collection. By recording single- or multi-unit neuronal activity near the site of injection we
confirmed that unit activity was reduced immediately following the muscimol infusion (data
not shown). At the completion of post-injection data collection, the cannula was withdrawn
from the brain and the microdrive was removed from the cranial chamber. Patency of the
injection system was then verified by looking for a small droplet of injectate at the cannula
tip when additional injectate was expressed from the Hamilton syringe.

The methods used to reconstruct microinjection locations have been described in detail
previously (Turner and Anderson 1997). Briefly, animals were killed by transcardial
perfusion (saline followed by 10% phosphate-buffered formalin). The brains were blocked
in place in the stereotaxic coronal plane, removed, fixed in formalin, cryoprotected with
sucrose, frozen, cut into 50 um sections, and stained with cresyl violet. The approximate
location of each injection site was estimated by comparing the location of a penetration in
the chamber, the position of injection sites along a penetration relative to
electrophysiologically-identified borders, and the position of marking lesions made in the
same and/or adjacent penetrations during final recording sessions.

Data analyses

All analog signals and event times were digitized online with 1 msec temporal resolution.
EMG signals were full-wave rectified and low-pass filtered (500 Hz low-pass two-pole
Sallen-Key filter; AD637, Analog Devices Inc.) before digitizing. Following digitization, x
and y position signals from the joystick were filtered at 10 Hz with a finite impulse response
dual pass filter using 33 coefficients. Movement velocity was computed from the filtered
position signal using a two-points central difference derivative algorithm (Bahill and
McDonald 1983). The same method was used to compute the hand's acceleration from the
velocity signal. The onset and the end of the movements were computed automatically as the
instant when the hand velocity reached 30 mm/sec. The results of this procedure were
checked off-line and corrected, if necessary.

The characteristics of each movement (outward and return) were analyzed. Several
parameters were computed including: Reaction Time (RT), Movement Duration (MD),
movement Peak Acceleration (PA), Peak Velocity (PV), symmetry (SYM) and shape
indexes (SHA) of the velocity profile, movement path curvature (PC), movement initial
direction (DIR), hand starting location (SL), the mean movement error (SE, i.e., constant
error), the spatial variability (i.e., variable error) at movement onset (IVAR) and movement
end (EVAR). Measures of the shape of velocity profiles (i.e., SYM and SHA) provided
information about the involvement of visual feedback in movement execution (Desmurget et
al. 2005; Jeannerod 1988; Milner and ljaz 1990). SYM was determined by computing the
relative time to peak velocity (TPV/MD * 100). Perfectly symmetric profiles have a
symmetry value of 50%. When the acceleration phase is shorter than the deceleration phase,
the symmetry value is smaller than 50%. When the acceleration phase is longer than the
deceleration phase, the symmetry value is higher than 50%. SHA was estimated by dividing
the peak velocity by the average velocity of the movement. If two profiles have the same
shape, this ratio is constant (Desmurget et al. 2005; Soechting 1984). Measures of hand path
curvature (i.e., PC) provided additional information about the involvement of online error
corrective mechanisms. PC was defined as the ratio of the largest deviation of arm trajectory
from the line connecting the start and end points of the movement to the length of this line
(Atkeson and Hollerbach 1985). Convex curvatures (angle between the movement line and
the line joining the starting point to the point of largest deviation between 0 and 7/2) were
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associated with positive numbers and concave curvatures (angle between 0 and —n/2) with
negative numbers.

A variety of measures of movement accuracy were computed. DIR, initial movement
direction, was defined as the orientation of the tangential velocity vector at the time to peak
acceleration. SL, start location, was defined as the x, y coordinates of the hand, at rest,
immediately prior to movement onset. SE, mean systematic error in movement, represented
the mean error vector between positions of the hand and target at the time of movement
termination. An hypothesis-free approach defined SE in Cartesian coordinates (SEy, SEy).
Secondary analyses designed to test effects on control of movement extent defined SE in a
polar frame of reference and decomposed this parameter into amplitude and direction errors
(SEamp: SEgir). Amplitude errors were defined as the difference between the actual
movement amplitude (norm of the vector joining the starting point to the movement end-
point) and the required movement amplitude (norm of the vector joining the starting point to
the target). Direction errors were defined in the same way as the angular difference between
the actual movement direction (eccentricity of the movement end-point) and the required
movement direction (eccentricity of the target). IVAR and EVAR, variable error at onset
and end of movement, were represented by the surface of the 95% confidence ellipse of the
starting and end-point distributions; the lengths of the axes of this ellipse are the square roots
of the eigenvalues of the variance-covariance matrix of the end-point distribution scaled to
contain 95% of the theoretical end-point population (Johnson and Wichern 1982).

Data from an experiment session were included in the formal statistical analyses described
below only if the following criteria were met: (1) successful infusion of muscimol was
confirmed by observing a cessation of pallidal activity near the cannula tip and the post-
infusion patency test was positive; and (2) more than 6 valid movements were collected for
each target both pre- and post-injection. Between-by-within subjects ANOVA and
MANOVA designs were used to determine significant differences between experimental
conditions for movement variables across all valid injection sessions. MANOVA designs
were used only for 2-dimensional measures such as SL and SE, and for these, the F value
was determined from the Wilk's lambda, using the Rao's approximation (Maxwell and
Delaney 1990). A first set of analyses was conducted to identify the general features of the
control movements [between factor, monkeys (2 levels: H and C); within factors: movement
direction (2 levels: outward, return) and target position (4 levels: T4, Ty, T3, T4)]. A second
set of analyses was conducted to determine the influence of sGPi inactivation on the
characteristics of the movement. These analyses were carried out independently for the
outward and return movements [between factor, monkeys; within factors: injection (2 levels:
pre-injection, post-injection) and target position]. A last set of analyses was conducted to
determine the influence of sGPi inactivation on the ability to chain successive movements.
In this case, the kinematic parameters were not averaged by target, but by ordinal position of
the movement [between factor, monkeys; within factors: injection and rank (4 levels:
movement 1, movement 2, movement 3, movement 4)]. For all these analyses, the different
injection sessions were used as repetitions. The Tukey significant difference test was used
for post-hoc comparisons of the means (Winer 1971). Since there is no unambiguous choice
for an appropriate error term for post-hoc comparisons involving between by within-factor
interactions (Winer et al. 1991), post-hoc evaluations involving the monkey factor were
conducted using independent ANOVA (or MANOVA) for each animal (Maxwell and
Delaney 1990). Note that the effects of the injection factor on the angular parameters (DIR,
SEgir) was evaluated with regular statistics rather than circular statistics. This approach was
valid in the context of the present study considering that these effects were well within the
90° range for which the real angular mean and the real angular standard-deviation equal the
arithmetic mean and the standard-deviation (Batschelet 1965). To avoid ambiguity it should
be mentioned that the effects involving the injection factor (main effect and interaction)
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remained strictly unchanged when the movement direction (which varies within a 360 deg
range) was normalized by rotating the individual end points according to the target angle
(e.g. T1: — 45 deg). For all the above analyses, the threshold for statistical significance was
set at 0.05.

Additionally, within session investigations were carried out using a two-way ANOVA
design for each experimental session with injection and target as the factors. Further
analyses were also conducted to determine whether individual session-by-session variations
were significant at the sample-level. The logic of the sample-level analysis was as follows.

If the manipulation of interest had no effect (null hypothesis), then each Fisher test is
supposed to be drawn from an F distribution with n1 and n2 degrees of freedom. The two-
sample Kolmogorov-Smirnov (KS) goodness-of fit test uses the cumulative probabilities to
assess whether two samples have been drawn from populations with the same theoretical
distribution (Siegel 1956). Thus, if the null hypothesis holds, then this test should find that
the measured F is drawn from the same distribution as a sample obtained by performing
many (>10000) random draws of every F(df1, df2) of our observed F distribution (as already
mentioned, the number of movements, and hence the degrees of freedom were not strictly
identical in all sessions). The null hypothesis is rejected if the KS test finds that the 2
samples are not drawn from the same distribution (Desmurget et al. 2000; Vindras et al.
2005). Because the sample size was relatively small (monkey H, n = 7; monkey C, n=11) the
statistical threshold was set at p < 0.01 to avoid false positive inferences (Vindras et al.
2005). A p < 0.01 threshold was also used for the individual within-session analyses to
compensate for multiple comparisons (n = 18; Keppel 1973).

For the sake of clarity, statistical results associated with the ANOVA and MANOVA will be
presented using a standard convention: (p value, variable; factors, F value). Abbreviations
for the variable of interest are stated in the paragraphs above. The main factors will be
designated as follows: Monkey (M; 2 levels: C, H), Target (T; 4 levels: T1, T2, T3, T4),
Injection (I; 2 levels: Control and Muscimol), Rank (R; 4 levels: R1, R2, R3, R4),
movement Direction (D; 2 levels: Outward, Return). A monkey by injection by target design
will thus be noted: MxIxT. The factor(s) associated with the reported F values will be
underlined. For instance MxIxT, F(1 16) = 2.36 will define the F value associated with the
main effect of the injection factor while MxIxT, F(; 15) = 4.25 will refer to the monkey by
injection interaction term.

Electromyographic (EMG) data were analyzed using methods similar to those described
previously (Turner et al. 1995). For each muscle, peri-movement means were constructed of
the digitized EMG signals for all valid movements to each target. The averages were aligned
on the onset of outward movement and separate averages were constructed for trials
performed pre- and post-injection. The EMG data were analyzed quantitatively as follows:
(1) A muscle’s “preferred” and “anti-preferred” directions were identified as the target
directions associated with maximal and minimal peri-movement EMG in the interval —100
to 100 msec around movement onset. (2) Epochs for measuring preferred, anti-preferred,
and baseline EMG were defined manually by inspection of peri-movement means. Steps (1)
and (2) were performed using grand means of each muscle’s EMG across all pre-injection
recording sessions. (3) Values were obtained for a muscle’s mean preferred, anti-preferred,
and baseline EMG for individual sessions pre- and post-injection (EMGpye and EMGpqst,
respectively). Means for baseline EMG were averaged across target directions. (4) Injection-
induced changes in EMG for individual sessions were computed as 100*(EMGpost/ EMGpye)
—100.
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RESULTS

A total of 18 muscimol injection sessions met the criteria for inclusion in formal statistical
analysis, at 16 sites in the sGPi of two monkeys (monkey H: n = 7; monkey C: n = 11; Table
1). An additional control injection of artificial CSF was made in the same structure in
monkey C. All injections sites were in the skeletomotor portion of sGPi at locations where
previous electrophysiological mapping demonstrated peri-movement changes in activity.
The volumes and doses of each of these injections are shown in Table 1. The locations of all
injections are summarized in Figure 1C.

Task performance: general features pre-injection

As shown in Figure 2 (left top), outward movements followed roughly straight hand paths
with a slight bias toward a concave path curvature (PC; monkey H: —0.023, C: —0.020).
They also presented nearly bell-shaped velocity profiles, even though the acceleration phase
lasted slightly longer than the deceleration phase (SYM; monkey H: 0.56; C: 0.55).
Movements had short durations (MD; H: 305 ms; C: 234 ms) and relatively high velocity
peaks (PV; H: 426 mm/sec; C: 594 mm/sec). A substantial undershoot was observed for all
targets, probably because entry of the cursor into even the proximal rim of the target circle
was considered a successful target capture (undershoot; H: 29.3 mm; C: 30.8 mm).

As can be seen on the velocity profiles displayed in Figure 2 (left bottom), outward and
return movements unfolded in quick succession. The latency was extremely short between
the end of an outward reach and the beginning of the subsequent return movement (means
H: 16 ms; C: 20 ms). In comparison, reaction times for outward movements were longer
than 190 ms (RT; H: 191 ms; C: 194 ms). This suggests strongly that return movements
were not planned after completion of the outward displacement. The short outward-to-return
inter-movement delay is compatible with the conclusion that the two movements were "pre-
planned” as a two-stroke out-and-back response.

A variety of observations suggested that return movements involved greater online error
correction compared with the relative open-loop nature of outward movements. For both
animals, return movements were distinguished by: (1) larger path curvatures that reversed
toward convexity (see Table 2 and supplementary Table 3 for statistics); (2) longer durations
and lower peaks velocities; (3) asymmetric velocity profiles with significantly longer
deceleration phases; (4) improved end-point accuracy. (All above comparisons were
significant at p < 0.001. Details for statistics are presented in supplementary Table 3.)
Reinforcing the evidence for improved accuracy, only 22% of outward movements entered
the visually-salient white filled instruction cue (though they did enter the larger diameter
target zone). In contrast, 87% of return movements entered the central instruction cue. This
suggests that, during return movements, animals actively guided the hand into the visually-
salient cue in order to maximize accuracy and hence the probability of reward. The inference
that return movements engaged visual feedback is consistent with the lower peak velocities,
increased movement duration, and lengthened deceleration phase for these movements
(Desmurget et al. 2005;Jeannerod 1988;Milner and ljaz 1990). The greater involvement of
feedback control in return movements is used below to test the hypothesized role of the BG
motor circuit in feedback control mechanisms. The next three sections, however, focus on
outward movements.

Inactivations consistently reduced movement speed

Movement velocity—The peak velocity (PV) of outward movements was reduced
consistently following sGPi inactivation (p < 0.001; Table 2; see supplemental Table 4 for
detailed statistical results). The effects on velocity were often large enough to be evident in
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individual comparisons of movements pre- versus post-injection (Fig. 2, compare left versus
right columns). The decrease was of similar magnitude in both animals (p > 0.15; MXIxT,
F1,16) = 2.20) and it was very robust across sessions (Fig. 3). In monkey H, inactivation
caused PV to decrease in all 7 sessions, of which 5 were significant. In monkey C, a
decrease was observed in 9 out of 11 sessions, of which all 9 were significant. Because the
effect was consistent across sessions, sample-level KS statistics were highly significant for
both animals (p < 0.001). sGPi inactivation also strongly reduced peak acceleration (PA; p <
0.01; Table 2) and this decrease was significant in both animals at the sample-level (p <
0.002 for both).

As the examples in Figure 2 (bottom) suggest, SGPi inactivations had no detectable effect on
the shape of velocity profiles. Across sessions, neither measure of profile shape was affected
by inactivation (p > 0.55 for SYM; p > 0.80 for SHA; Table 2 and supplemental Table 4),
and there was no difference in this result between animals (p > 0.33 for both SYM and SHA,;
MxIXT, Fs(q,16) > 1.01). Within individual injection sessions in monkey H, only SYM
changed significantly and then, only in one injection session (Fig. 3; p > 0.15; sample-level
KS < 0.39). For monkey C, no injection induced a significant change in either SYM (Fig. 3)
or SHA.

Movement duration—sGPi inactivations increased movement durations only slightly, but
significantly (p < 0.025, MD; mean change —12 msec; Table 2 and supplemental Table 4).
Although no monkey-by-injection interaction was observed (p > 0.08, MD; MXIxT, F(1 1) =
3.49), MD increases were more prominent in monkey C. Increases were observed in 9
sessions out of 11 (6 significant; Fig. 3), leading to a significant sample-level increase (p <
0.0001, mean = +21 ms; KS >0.63). In monkey H, MD increased in 5 sessions out of 7 (only
one significant, Fig. 3), leading to no significance at sample-level (p > 0.20, mean = +3 ms;
KS < 0.38). We show below that movement durations were less affected than might be
expected because reductions in movement velocity were accompanied by substantial
reductions in movement extent.

Hand paths—Movement trajectories (i.e., hand path curvatures) were not altered by sGPi
inactivation (p > 0.45, PC; Table 2). This result was consistent for both monkeys (p > 0.65,
PC; MxIXT, F(1,16) = 0.17; p > 0.20 for sample-level KS statistics for both animals). As
illustrated in Figure 3, no within-session analyses reached significance for either animal.

Reaction Time—sGPi inactivation did not influence mean reaction times (p > 0.50, RT;
Table 2). Although no monkey-by-injection interaction was observed (p > 0.10, RT; MXxIxT,
F,16) = 2.63), lengthened RTs were slightly more prevalent in monkey C (mean 10 ms
increase) than in monkey H (5 ms decrease). Session-by-session analyses echoed this
disparity. For monkey H, increases and decreases were equally prevalent and no change was
significant (p > 0.03, sample-level KS statistic < 0.52; Fig. 3). For monkey C, 8 sessions
showed a slight increase (3 significant) leading to marginal significance at the sample-level
(p <0.01, KS >0.47; 0.01 being the pre-defined alpha for sample-level tests).

Inactivations induced a modest postural drift

sGPi inactivation induced a significant drift in initial position of the hand in every injection
session but two. Postural drift was most evident during the initial 1-2 second central hold
period of trials (Fig. 4, thick gray traces). However, this drift was relatively mild and
animals compensated for it such that they were able to maintain hand position within the
home target (Fig. 4, right). Postural drift was less evident during the short reaction time
intervals between subsequent movements (Fig. 4, thick black traces).
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For each inactivation experiment, the degree and direction of postural drift was quantified as
the mean positional shift of the hand relative to the center of the home target immediately
prior to first movement (i.e., SL; Fig. 5A). In monkey H, significant shifts were observed in
5 of 7 injection sessions, but the direction of the effect was not consistent across sessions
(Fig. 5A, left; p < 0.0001, sample-level KS >0.86). In monkey C, all injections caused a
significant shift of the hand (within-session analyses) and that shift was toward the body in
all cases but one (Fig. 5A, right; p < 0.0001, sample-level KS statistic >0.99). Because the
direction of the shift was not consistent in monkey H, mean injection-induced shifts differed
significantly between animals (means = 1.8 mm and 7.5 mm for monkeys H and C,
respectively; p < 0.02, SL; MxIXT, F(;,15) = 5.71). Post-hoc analyses confirmed that
inactivation induced a systematic shift in hand position in monkey C (p < 0.02, SL; IxT,
F(2,9) = 7.72) but not in monkey H (p > 0.50, SL; IXT, F(; 5) = 0.69). Session-by-session
positional shifts were taken into account (below) in our analyses of the effects of sGPi
inactivation on movement planning and execution.

Extent planning was impaired by sGPi inactivations

End-point accuracy—An initial analysis in Cartesian coordinates (i.e., SEy)
demonstrated that sGPi inactivation reduced movement accuracy (p < 0.05, SEyy; MXIXT,
F(2,15) = 3.69). As the two examples in Figure 5B illustrate, a large fraction of the increased
error could be attributed to uncompensated inactivation-induced shifts in the initial position
of the hand. Interestingly, the initial shift was not corrected during movement execution,
causing pre- and post-injection trajectories to unfold along roughly parallel paths for all
directions of movement.

Three complementary analyses confirmed that the initial shift was not compensated for
during movement planning. First, a MANOVA tested for significant differences between the
initial shift and the systematic end-point shift (i.e. the mean error vector across all target
location). No effect was found, indicating that the initial hand location and the final end-
point distribution were shifted by a common vector (p > 0.35, SLyy Vs. SExy*M; F(2 15) =
1.05). Second, multivariate correlations were computed to investigate between-session
variations of the components of the initial and end-point shift vectors (canonical
correlations; Thompson 1984). A significant correlation was found, indicating that
variations of the initial postural shift caused concomitant variations of the final end-point
shift (p < 0.03, R =.60). Third, an ANOVA was carried out to determine whether the initial
trajectory unfolded along truly parallel paths for pre- and post-injection trials. Results
supported this idea by showing that the movement direction was identical in the pre- and
post-injection trials at the time to peak acceleration (p > 0.15 for main effect and all
interactions, DIR; MxIxT). This result also shows that the planning of movement direction
was not altered following sGPi inactivation. We will return to this point later.

End-point errors associated with movement execution were identified by subtracting from
the end-point distribution the systematic end-point shifts attributable to hand localization
errors (Desmurget et al. 2003; Vindras et al. 1998; Vindras et al. 2005). Two examples of
the result of this procedure are show in Figure 5B (right column). Following this subtraction,
it became clear that hypometria was increased post-injection (p < 0.0005, SE;mp; Table 2).
The absence of a target-by-injection interaction indicated that the effect on extent was
comparable for all target locations (p > 0.05, SEamp; MXIXT, F(3 4g) = 2.75). As shown in
Figure 6A, hypometria was increased in all sessions in monkey H (5 significant) and in 10 of
11 sessions in monkey C (5 significant; p < 0.001 for both animals, sample-level KS).

A highly significant finding was that the severity of hypometria induced by individual
injections correlated very closely with decreases in both peak velocity (p < 0.01 for both
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animals; Fig. 6C) and peak acceleration (p < 0.05 for both animals; Spearman’s R for
monkey H = 0.74; and for monkey C = 0.94).

sGPi inactivation did not influence mean directional accuracy (p > 0.10; Table 2,
supplemental Table 4) and this result did not differ between animals or targets (p > 0.10 for
all interactions, SEgjr; MXIXT, MxIXT and MxIxT). For monkey H, sGPi inactivation
introduced a small counterclockwise rotation of movement end-point in most sessions (6 out
of 7, 2 significant; Fig. 6B, right), although at the sample-level these changes were not
significant (p > 0.05, KS < 0.48). For monkey C, a mixture of counterclockwise (7 sessions,
1 significant) and clockwise (4 sessions, 1 significant; Fig. 6B, left) rotations were observed,
which, again, were not significant at sample-level (p > 0.10, KS < 0.35). These results agree
with observations reported above showing that the initial direction of movement was not
modified following sGPi inactivation. Preserved control of movement direction helps us
dismiss the potential explanation that sGPi inactivation induced a general impairment in
motor control (e.g., an increase in execution noise).

End-point variability—Injections increased the variability of hand position at the end of
outward movements (p < 0.03, EVAR,; pre-inj: 426 mm2, post-inj: 626 mmz2; Mx|IxT,
F(1,16) = 6.01; Fig. 7). This increase was equally present in both animals (p > 0.50, MxIxT,
F(1,16) = 0.36) and it was quite robust across sessions. sGPi inactivation increased variable
error in 6 of the 7 sessions in monkey H, and in 9 of the 11 sessions in monkey C. Contrary
to the interpretation that increased variability was due to noisier motor output or impaired
feedback processing, variable error did not accumulate during movement execution.
Although sGPi inactivation increased hand position variability (p < 0.0005, VAR;
Mx]xInitialEndxTarget, F(1 16) = 19.77), the effect did not differ between the pre- and post-
movement estimates (p > 0.20, IVARyt and EVARq; MxIxInitialEndxTarget, F(1 1) =
1.63). This observation was consistent in both animals (p > 0.50, IVARy,: and EVARqt;
MxIxInitialEndxTarget, F(y 16) = 0.38).

Error correction remained intact during sGPi inactivations

We investigated involvement of the sGPi in online error correction by capitalizing on
evidence that return movements depended differentially on online correction. Outward and
return movements were affected similarly by sGPi inactivation in most respects (see Return
in Table 2 and supplementary Table 4). For return movements, sGPi inactivation decreased
peak velocity and peak acceleration and increased movement duration (p < 0.05 for PV, PA
and MD; Table 2). The shape of the velocity profile was unchanged (p > 0.05, for SYM and
SHA). In contrast to what was observed for outward movements, however, the curvature of
return movements decreased following sGPi inactivations (p < 0.003, PC). A change in hand
path curvature is consistent with a contribution of corrective feedback loops to movement
accuracy (see below).

The most striking difference in effects of injections on return movements, relative to effects
on outward movements, was for systematic end-point errors. An initial analysis of overall
movement accuracy in Cartesian coordinates demonstrated that the accuracy of the return
movements was not affected by injections (p > 0.07, SEyy; MxIXT, F( 15 = 3.07). A
significant animal-by-injection interaction was observed however (p < 0.05, SEyy; MxIXT,
F(2,15) = 3.78). Post-hoc analyses indicated that injections affected accuracy of return
movements in monkey C (p < 0.02, SEyy; IXT, F(2 9y = 6.40) but not in monkey H (p > 0.60,
SEyy; IXT, F(2,5) = 0.45). This difference between animals is related to the presence of a
systematic injection-induced bias in initial hand location, in monkey C only (see Fig. 5A).
Return movements were directed toward the biased initial location from which outward
movements were triggered, thereby inducing a systematic error in return movement
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endpoints in monkey C, but not in monkey H. This conclusion is supported by the close
similarity between mean start locations of outward movements and end-point locations of
return movements (p > 0.25, SLqytward VErsus SEretyrm; MxIxXTxOutwardReturn, F; 15) =
1.39). This identity was true irrespective of monkey (p > 0.45; MxIxTxQutwardReturn,
F(2,15) = 0.79) and injection (p > 0.30; MxIxTxQutwardReturn, F(; 15) = 1.22).

After correcting for injection-induced biases in initial posture, there was no residual effect of
sGPi inactivation on the accuracy of return movements (p > 0.25 for main effect and all
interactions, SEyy; MxIXT, MxIxT, MxIxT, and Mx1xT). In other words, although the final
resting hand position was shifted post-injection, the accuracy with which this posture was
reached was equivalent before and after sGPi inactivation. As suggested previously, it is
likely that feedback loops contributed to this preserved accuracy. In agreement with this
idea, sGPi inactivation did not degrade the animal’s ability to capture the central visually-
salient instruction cue (p > 0.35; pre-inj: 87 %; post-inj 83 %; MxIxT, F(; 16) = 0.85). This
point is illustrated in Figure 8A, which displays end-point locations for individual outward
and return movements performed by monkey H during a single session (session “b”).

Another indication that return movements remained under the control of healthy feedback
loops came from an analysis of variable errors. As shown in Figure 7, variability in hand
position decreased during return movements relative to variability at the end of outward
movements (p < 0.005, EVARgytward Versus EVARetym; MxIxInitialEndxTarget, F1,15) =
11.27). This decrease was present both pre- and post-injection (p > 0.45;
MxIxInitialEndxTarget, F(1 15) = 0.49), and it was present in both animals (p > 0.40;
Mx]xInitialEndxTarget, F1,15) = 0.75).

Inactivation did not impair abrupt changes in movement direction or iterative responses

Time to reverse direction—Mean latencies between outward and return movements
(i.e., the period when velocity fell below 30 mm/sec) were not affected by sGPi inactivation
(p > 0.07 for main effect and all interactions; MxIxR; Return in Table 2 and supplemental
Table 4). Examples of the short latencies for direction reversal are shown, pre- and post-
injection, in Figure 2. For individual sGPi inactivation sessions, the time required to reverse
movement direction did increase slightly in 6 of the 7 sessions in monkey H, but none of
these changes were significant (p > 0.07, sample-level KS < 0.46). In monkey C, 3 sessions
showed a small decrease (0 significant) and 8 an increase (3 significant), again yielding non-
significant results at the sample-level (p > 0.15, KS < 0.35).

Quick successive movements—Latencies were very short between completion of one
movement (first through third) and presentation of the target cue for the next movement
(second through fourth) (mean = 77 ms; pre-injection: 82 ms, post-injection: 71 ms; Mx]xT,
Fa, 16=1.9, p > .15). Therefore, analyses of the effects of sGPi inactivation as a function of
movement order allowed us to address potential roles of the sGPi in the execution of discrete
movements in quick succession. Principal kinematic measures of outward movements were
averaged according to their rank [first through last (4™) movement] rather than target
position (as was used in most of the preceding analyses). Several of these measures changed
as a function of rank, presumably due to idiosyncratic strategies adopted by the animals.
(See supplemental Fig. 11 for examples and supplemental Table 5 for statistical details.) Not
one of the effects of movement rank was altered by sGPi inactivation (supplemental Fig. 11
and supplemental Table 5). Injection-by-rank interactions did not approach significance for
reaction time, movement duration, peak acceleration, peak velocity, shape or symmetry of
the velocity profile, movement curvature or absolute accuracy (p > 0.3 for all comparisons;
details in supplemental Table 5). In other words, the idiosyncratic changes in kinematics
across the four successive movements were unaffected by sGPi inactivation, even when
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sGPi inactivation had a significant main effect on the measure (e.g., peak velocity in
supplemental Fig. 11).

Corrective reaction time—Here, we investigated individual movements in which an
animal (1) initiated a movement that was directed to the wrong target and then (2) produced
a discrete corrective sub-movement to reach the correct target location (Fig. 9; Meyer et al.
1988,Novak et al. 2002,Desmurget et al. 20044, for a discussion of the discrete nature of
these large corrections). We found 28 individual movements that matched this set of
conditions, 16 for monkey H (7 pre-injection, 9 post-injection) and 12 for monkey C (7 pre-
injection, 5 post-injection). We then measured correction times as the interval from the onset
of the mis-directed movement to the inflection in the velocity profile that reflected initiation
of the corrective movement (e.g., arrowhead in Fig. 9A and B). Independent t-tests for each
monkey indicated that the time required to redirect movement to the correct target did not
increase following sGPi inactivation (monkey H: p > 0.25; mean lag pre-inj = 137 ms, post-
inj = 157 ms; monkey C: p > 0.95; mean lag pre-inj = 117 ms, post-inj = 117 ms). Thus, we
found no evidence that sGPi inactivations impaired an animal's ability to detect errors in
execution and correct them rapidly.

Control injection, EMG data and anatomo-functional correlations

Infusion of pure artificial CSF had no effect on task performance. Performance data from the
one control session performed in monkey C were subjected to within-session analysis. This
injection had no effect on movement peak velocity (p > 0.10; pre-inj: 703 mm/sec, post-inj:
680 mm/sec; F(1 306) = 2.43) or movement amplitude (p > 0.90; pre-inj: —27.2 mm, post-inj:
—27.1 mm; F(1 306) = 0.01). Movement duration (p > 0.10; pre-inj: 203 msec, post-inj: 210
msec; F(1,306) = 2.24) and reaction time (p > 0.90; pre-inj: 174 msec, post-inj: 173 msec;
F(1,306) = 0.01) were also preserved post-injection.

EMG recordings demonstrated reductions in movement-related EMG that correlated with
the severity of inactivation-induced slowing and hypometria (Fig. 10). Successful EMG
recordings were obtained during the six initial injection sessions performed in monkey C.
Two of those sessions were included in the formal statistical analyses reported above
(sessions “C” and “D”). One was the control injection session described in the paragraph
above. The three remaining EMG recording sessions were excluded from formal statistical
analysis because an inadequate number of trials were collected pre-infusion. Figure 10A
illustrates the principal effects of sGPi inactivation on mean EMG during outward
movements. Muscimol injections reduced the magnitude of both agonist and antagonist
bursts in brachioradialis, triceps, pectoralis and deltoid muscles (Fig. 10A). Note that the
relative timing of EMG bursts in the different muscles was preserved despite the major
changes in burst magnitude. This was most obvious for target 1 by comparing the pre-
movement onset times of pectoralis activity (pre-inj: —46 msec and post-inj: —55 msec) with
the late onsets of triceps activity (pre-inj: +19 msec and post-inj: +24 msec). The control
infusion had very little effect on peri-movement EMG (supplementary Fig. 12). Although
baseline muscle tone (i.e., tonic EMG prior to the initial agonist burst) was modestly
elevated post-injection in brachioradialis, deltoid, and trapezius, increases of similar
magnitude were also observed following the control infusion (supplementary Fig. 12).
Perhaps of greatest importance, sGPi inactivations did not affect peri-movement EMG for a
muscle’s anti-preferred direction (i.e., for the direction associated with minimum peri-
movement EMG). This was most obvious for trapezius, which was nominally involved as an
agonist, but showed a marked reduction in activity before the onset of movement to target 1
(arrow in Fig. 10A). Despite an increase in baseline tone post-injection, the peri-movement
reduction maintained the same magnitude and timing. Close inspection of EMGs from the
prime moving muscles yielded similar qualitative observations (see insets with expanded
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scales for anti-preferred EMG from brachioradialis, pectoralis and deltoid; dotted boxes in
Fig. 10A).

Quantitative analysis across the 6 EMG recording sessions confirmed these observations.
Injection-induced slowing and hypometria correlated closely with reductions in the size of
peri-movement EMG bursts (p<0.00001; Spearman’s R = 0.82 for both PV and SEgy,, for
movements in preferred directions for brachioradialis, triceps, pectoralis and deltoid; results
for PV plotted in Fig. 10B left). Slowing and hypometria had no relationship, however, with
changes in peri-movement EMG during movements in a muscle’s anti-preferred direction
(p>0.5; Spearman’s R = 0.14 for both PV and SEyp; Fig. 10B right) or with post-injection
changes in baseline muscle tone (p>0.5; Spearman’s R = 0.15 for both PV and SEamp). The
magnitude of initial postural drift showed a weak relationship with changes in EMG only
during movement in muscle anti-preferred directions, and in that case the correlation was
negative (p<0.03; Spearman’s R = —0.48 for SL vector length). In other words, postural drift
was greatest when peri-movement muscle tone was reduced below normal.

Figure 1C illustrates the anatomical distribution and magnitude of effects on posture, peak
velocity, and reaction time. We found no clear relation between the location of injections
and the patterns of behavioral deficits induced.

DISCUSSION

For the sake of clarity, we will partition the effects of SGPi inactivation into two categories:
robust and variable. Effects that were consistent across sessions and animals qualify as
robust. Robust effects included: slowing of movement, reduced amplitude for the rapid
uncorrected outward movements, preserved accuracy for the slower visually-guided return
movements and, preserved ability to chain successive motor acts. Effects that were
inconsistent across sessions and animals qualify as variable. Variable effects concerned
mainly movement reaction times and the existence of a flexed arm posture at rest.

Technical considerations and potential confounds

First, it is important to consider the general experimental design and the scope of our results.
The inactivation technique used here shares some of the inherent limitations of any attempt
to infer brain function from lesion-induced dysfunction (Aparicio et al. 2005). For instance,
some impairments may not have been observed due to compensatory mechanisms operating
at neuronal or behavioral levels. The use of transient pharmacologic inactivations (as
opposed to permanent lesions) reduces the likelihood of compensatory mechanisms but does
not eliminate it completely (Martin and Ghez 1999).

Another potential concern is that the relatively small number of infusions performed
combined with the small infusion volumes may not have affected a large enough fraction of
the GPi motor territory to test adequately the hypotheses posed. Additional motor
impairments might have been evoked if larger injection volumes had been used. Other
impairments might have been produced if injections had been placed in sub-regions of the
sGPi we did not explore. Importantly, the current study did not address the possible
importance of associative and limbic BG circuits, or bilateral BG circuits in the behaviors
studied here. Although these are valid concerns, a strength of our results is that we observed
a discrete yet consistent subset of motor impairments from focal inactivations distributed
across a significant fraction of the posterior GPi. These results allow us to make inferences
about functions that are common to the BG motor circuit as a whole.

A related concern is that no clear topography of effects was found within the GPi motor
territory. Tract-tracing studies have identified clearly separate regions of the posterior GPi
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that project via thalamus to primary motor cortex (M1) and the various premotor cortices
(e.g., supplementary motor cortex, SMA; Hoover and Strick 1993; Hoover and Strick 1999).
One might predict different behavioral effects from inactivations of GPi regions projecting
to M1, SMA, and the other motor cortices. The sGPi is also somatotopically organized
(DeLong et al. 1985; Hamada et al. 1990; Romanelli et al. 2005) such that one might predict
more dramatic impairments from inactivations centered on arm-related regions. In fact,
some of the between-session variability we observed may be attributable to the topographic
complexity of GPi subcircuits. For instance, the variable effects on reaction times and arm
posture could be explained if specific subregions of the SGPi were devoted to movement
initiation and maintenance of posture.

Another limitation concerns the generality of these results. It is possible the present results
may not generalize to all task or motor control contexts. For example, peri-movement
inhibition of antagonist EMG might be more impaired and co-contraction increased in tasks
that require greater postural stabilization and suppression of antagonist muscles (Mink and
Thach 1991b; Wenger et al. 1999). Similarly, significant impairments in movement
initiation or execution might become evident in tasks that are more cognitively-complex,
less dependent on exteroceptive sensory cues (Basso and Liu 2007; Hikosaka and Wurtz
1985; Turner and Anderson 2005), or less familiar to the subjects. It is also possible that
additional task impairments might have been observed if we had also inactivated the
substantia nigra pars reticulata (SNr; the other output channel of the BG). This hypothesis
seem unlikely however. Indeed, few SNr neurons respond to visually-directed reaching
(~20%) and the vast majority of these neurons (~75%) shows premotor responses (i.e. the
response occurs before target presentation and stops around target appearance, before
movement onset; Wichmann and Kliem 2004). In addition, when SNr is inactivated in
monkeys, axial postural anomalies and rotational behavior are found, without limb
dysfunction (Burbaud et al. 1998).

Slowing and hypometria after sGPi inactivation

Slowing of movement was observed in both animals and in most inactivation sessions (16
out of 18 sessions; see PV in Fig. 3). This observation is consistent with many previous
reports that slowing is one of the primary motor sequelae of pallidal lesions or inactivations
in neurologically-normal animals (Horak and Anderson 1984a;Hore et al. 1977;Hore and
Vilis 1980;Mink and Thach 1991b). Results from earlier studies have been questioned on
the grounds that the effect might be attributable to spread of damage or inactivation to
surrounding structures (e.g., to GPe) (DeLong and Georgopoulos 1981;Mink 1996). Recent
well-controlled experiments have confirmed, however, that infusions of small volumes of
muscimol into the GPi slow planar reaching (Inase et al. 1996) and free reach-and-grasp
movements (Wenger et al. 1999). A potential limitation of previous studies is that relatively
stringent accuracy requirements could have led to an adaptive slowing in response to
inactivation-induced increases in movement variability (Sheridan and Flowers 1990). We
used relaxed accuracy constraints, however, and slowing of movement was observed
nonetheless. Thus, the present results confirm and extend the previous observations from
Mink's (Mink and Thach 1991b;Wenger et al. 1999) and Anderson's groups (Horak and
Anderson 1984a;Inase et al. 1996).

We found large and consistent reductions in movement extent post-injection (17 of 18
sessions; see Amplitude error in Fig. 6). Several previous studies also reported reductions in
movement extent after SGPi inactivation (Inase et al. 1996;Mink and Thach 1991b) although
this observation was not universal (Horak and Anderson 1984a). It is quite likely that the
degree of hypometria observed during sGPi inactivation depended on the timing and
accuracy constraints of the task. Using relatively stringent accuracy constraints, Horak and
Anderson (1984a) found no change in accuracy but consistent increases in movement
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duration. Using relaxed accuracy constraints, we found large reductions in movement extent
but only inconsistent increases in movement duration. By controlling for injection-induced
postural biases, we showed that the severity of hypometria was consistent across directions
of movement and that the control of movement direction was preserved (see Direction
error,Fig. 6). The dissociation here between impaired control of movement extent and
preserved directional control fits well with other evidence that motor planning involves a
parametric stage at which movement extent and direction are specified independently
(Desmurget et al. 1998;Sainburg et al. 2003;Vindras et al. 2005).

Interestingly, extent errors correlated closely with decreases in peak acceleration and peak
velocity (see Fig. 6C), thus suggesting that all three impairments arose from one underlying
defect. The early timing of peak acceleration makes it unlikely that these deficits arose from
impairment of some aspect of feedback control (Desmurget and Grafton 2003;Desmurget et
al. 2005). (Findings regarding feedback control are discussed further below.)

Previous studies put forth two potential explanations for sGPi inactivation-induced slowing
and hypometria: (1) under-activation of a normally-timed agonist/antagonist pattern of
activation due to impaired feed-forward planning (Horak and Anderson 1984a); or (2) co-
contraction of agonist/antagonist muscle pairs due to impaired suppression of postural
reflexes (Mink and Thach 1991b; Wenger et al. 1999). The previous studies each presented
EMG data consistent with the divergent interpretations (Horak and Anderson 1984a; Mink
and Thach 1991b). Our EMG results, although limited in quantity, were fully consistent with
the feed-forward planning hypothesis. Burst magnitudes were attenuated for muscle
preferred directions, but the relative timing of activity in different muscles was maintained.
The attenuation of preferred direction EMG correlated closely with the severity of injection-
induced slowing and hypometria. Contrary to predictions from the impaired suppression
hypothesis, we found no evidence of increased EMG during movements in a muscle’s anti-
preferred direction (i.e., in a direction for which inappropriate activity could oppose, slow,
and shorten the movement). Peri-movement reductions in EMG were preserved post-
injection. Baseline muscle tone was increased post-injection in some muscles, thereby
providing nominal support for the concept that sGPi inactivation can cause muscle co-
contraction, but the increase in tone did not correlate with severity of bradykinesia or
hypometria. Moreover, baseline tone was also increased following the one control injection.
Therefore, whatever the explanation for the increase in resting EMG observed here, it cannot
account the sGPi inactivation-induced movement slowing and hypometria.

Also bearing on the relative merit of feed-forward planning versus impaired suppression
explanations, we found that the degree of slowing and hypometria was similar across four
orthogonal directions of movement and that directional accuracy was unaffected by sGPi
inactivation. Studies in humans have shown that maintaining constant directional accuracy
despite a relatively small shift in initial posture of the arm requires substantial alterations in
joint torques (Sainburg et al. 2003) and presumably in the pattern of muscle activation.
Thus, it is difficult to conceive of a general disturbance in muscle agonist/antagonist balance
(e.g. co-contraction) that would affect extent and speed equally for all directions of
movement but have no effect on initial direction of movement, final directional accuracy, or
path curvature (Inase et al. 1996; Mink and Thach 1991b; Wenger et al. 1999).

Recent models of motor control recognize the need for a general mechanism to regulate the
“effort” or motor “energy” expended during a movement (Guigon et al. 2007; Todorov and
Jordan 2002). This effort term, which scales with both the velocity and amplitude of
movement, may link movement-related expenditure of energy to the demands of the task
(Mazzoni et al. 2007) and to an animal’s previous experience of the cost/benefit
contingencies of the task (Niv et al. 2007; Niv et al. 2006). (E.g., animals move more
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quickly to targets that predict larger rewards (Takikawa et al. 2002).) In addition to the
present results, many other lines of research implicate the BG motor circuit in some aspect
of motor control related to movement effort or energy expenditure: (1) single unit recording
(Georgopoulos et al. 1983; Turner and Anderson 1997) and functional imaging (Turner et al.
2003b; Turner et al. 1998) have both demonstrated close correlations between activity in the
BG motor circuit and the velocity or extent of movement; (2) functional imaging during an
isometric task found similar correlations between motor circuit activity and the rate of
change of force (Spraker et al. 2007; Vaillancourt et al. 2004a); (3) using PET imaging, we
showed that pre-planning the amplitude of an upcoming movement increased BG activation
relative to the pre-planning of direction or no planning (Desmurget et al. 2004b); (4) using
PET imaging, Krakauer and colleagues showed that learning a new visuomotor gain
selectively activates the BG network, while learning a new visuomotor rotation does not
(Krakauer et al. 2004; but see Seidler et al. 2006); (5) electrical stimulation of BG output
nuclei has been shown to alter reaching speed (Horak and Anderson 1984b) or saccade
extent (Basso and Liu 2007); (6) numerous studies have shown that the bradykinesia
associated with BG disorders (i.e., PD, Huntington’s disease, primary dystonia) reflects a
sub-optimal scaling of the initial burst of agonist EMG with respect to the demands of the
task (Berardelli et al. 2001; Godaux et al. 1992; Hallett and Khoshbin 1980; MacKinnon et
al. 2004; Mazzoni et al. 2007; Pfann et al. 2001); (7) we found that parkinsonian hypometria
is indeed a specific defect in controlling movement amplitude after subtracting systematic
errors in the estimation of initial hand location (Desmurget et al. 2003); (8) focal lesions of
the posterior “motor” basal ganglia in otherwise normal individuals often show
parkinsonian-like bradykinesia and hypometria (Bhatia and Marsden 1994) and reductions
in the rate of change of force (Aparicio et al. 2005), often with few other motor impairments.
Recent reports indicate that motor slowing is also a common side-effect of therapeutic high
frequency stimulation (deep brain stimulation, DBS) of the sGPi for cranial-cervical
dystonia, Huntington’s disease, and Tourette’s syndrome (Diederich et al. 2005; Moro et al.
2004; Ostrem et al. 2007). Interestingly, DBS-induced slowing was observed in body
segments that were unaffected by dystonia and had otherwise normal motor function
(Ostrem et al. 2007). All of the findings cited above implicate the BG motor circuit in some
aspect of motor control related to the “effort” or “energy” expended during a movement.

The concept that the BG motor circuit regulates motor effort is consistent with the more
global hypothesis that the BG and its dopaminergic innervation regulates action motivation
or “vigor” (Niv et al. 2007; Robinson et al. 2005; Salamone et al. 2007). Limbic circuits of
the BG have been implicated in the appropriate scaling of response “vigor” (i.e., rate of
responding or choice of effortful responses) to match the cost/benefit tradeoff of a task or
context (Cagniard et al. 2006).

Preserved feedback control following sGPi inactivation

When contrasted with outward movements, return movements were characterized by
decreased velocity, prolonged movement duration, elongated deceleration phase (Fig. 2),
preserved final accuracy and reduced final variability relative to initial variability (Fig. 7).
These characteristics suggest that return movements were performed under greater feedback
guidance than the outward movements (Desmurget et al. 1995;Desmurget et al.
2005;Jeannerod 1988;Milner and ljaz 1990). Given this assumption and the observation that
these characteristics were preserved following sGPi inactivation, we conclude that sGPi
inactivation did not affect on-line feedback control. This result agrees with the preserved
ability of PD patients to modulate ongoing motor commands in response to small reaching
errors (Desmurget et al. 2004a). It is also compatible with an absence of significant
activation within the BG when requirements for feedback control are increased by
subliminal target jumps (Desmurget et al. 2001). These specific results do not address,
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however, the hypothesis that the BG is involved in discrete path corrections in response to
large target jumps triggered after movement onset (Desmurget et al. 2004a;Smith et al.
2000;Smith and Shadmehr 2005).

Preserved ability to reverse movement direction abruptly and produce iterative responses

In the present study, sGPi inactivations did not impair: (1) the short-latency transitions
between outward and return-to-center movements; (2) the reaction times or kinematics of
four movements performed in quick succession; (3) the production of discrete iterative
corrections in the context of misdirected movements. These results are consistent with
previous inactivation studies showing that GPi blockade did not impair (i) the reach-to-
retrieval transition, in a reach-grasp-and-retrieve task (Wenger et al. 1999) and (ii) the
generation of discrete corrective sub-movements in a single-joint reaching task (Kato and
Kimura 1992). At the same time however, our observations do not echo clinical data from
patients with BG-centered degenerative disorders. It is well known, for instance, that the
ability to rapidly reverse movement direction is impaired in PD patients (Beuter et al. 1994,
Hermsdorfer et al. 1999). It is also established that these patients are not able to generate
discrete corrective sub-movements when required to correct large planning errors
(Desmurget et al. 2004a). Because this type of corrective sub-movement can overlap the
primary movement (Flash and Henis 1991, Milner 1992, Novak et al. 2000, 2002), it has
been suggested (Desmurget et al. 2004a) that the inability of PD patients to generate discrete
corrective sub-movements reflects, in part, a difficulty in stringing together successive
motor acts (Agostino et al. 1992; Benecke et al. 1987) or to switching quickly from one
coordinated movement to another (Cools et al. 1984, Giladi et al. 1997; Weiss et al. 1997).
The present study does not allow conclusive testing of the idea that the BG is involved in
switching or chaining mechanisms. However, the reasoning that normal functions of the BG
can be inferred with good reliability from patient-based observations is brought into
question. An alternative interpretation is that parkinsonian signs arise from a network of
dysfunction, not only in the BG but also in cortical and other subcortical structures (e.g.
Berardelli et al. 2001; Braak and Braak 2000, Turner et al. 2003a). Another possible
alternative is that some of these functions may be mediated by other BG output circuits (i.e.,
anterior medial GPi or SNr; see above) that were preserved during our inactivations of sGPi.
Further investigations are required to discriminate between these possibilities.

The paradox of pallidal-directed therapies

Consistent with previous studies, we found that sGPi inactivation in normal animals
reproduced some of the features of PD: bradykinesia and hypometria in the presence of
preserved online error correction (Desmurget et al. 2004a; Desmurget et al. 2003). These
results may be seen as paradoxical from a clinical perspective, considering that ablation
(pallidotomy) or DBS of sGPi reduces the same signs when they are present as components
of idiopathic PD (Baron et al. 1996; Laitinen et al. 1992; Lang et al. 1997; Marsden and
Obeso 1994) or experimentally-induced parkinsonism (Baron et al. 2002; Boraud et al.
1996; Lonser et al. 1999). A potential explanation arises from observations that the efficacy
of pallidotomy as a treatment for bradykinesia correlates with the degree of pre-surgical
impairment (Bastian et al. 2003) and that pallidotomy can attenuate the efficacy of
dopamine replacement drugs (i.e., levodopa) in reducing bradykinesia (Pfann et al. 1998).
Thus, the effects of pallidal-directed therapies appear to be two-edged: (1) Providing
significant therapeutic benefit by eliminating the abnormal BG outflow known to be a
correlate of BG disorders (Filion and Tremblay 1991; Miller and DeLong 1987; Starr et al.
2005; Wichmann and DeLong 1996). (2) Blocking any residual normal functions that the
same circuit might perform. Both Pfann et al. (1998) and Bastian et al. (2003) found
evidence for such a two-edged effect specifically with respect to the control of movement
speed. The present results are consistent with the thesis, advanced previously by others

J Neurophysiol. Author manuscript; available in PMC 2010 July 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Desmurget and Turner Page 19

Summary

(Berardelli et al. 1996; Pfann et al. 1998; Vaillancourt et al. 2004b), that the bradykinesia
and hypometria associated with BG disorders arise, at least in part, from direct impairment
of a normal function of the BG.

In summary, we analyzed the effects of sGPi inactivations on visually-directed reaching
movements. Because these inactivations transiently blocked output from the primary BG
motor pathway, the effects on task performance allowed us to test several current hypotheses
on the contribution of this circuit to motor control. The results indicated that sGPi lesions
affect the planning of movement velocity (bradykinesia) and movement gain (hypometria).
These deficits could reflect a general contribution of the BG motor pathway to the allocation
of motor effort. Movement initiation, movement guidance and the ability to rapidly chain
successive movements were not affected.
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Abbreviations

RT reaction time

MD movement duration

PA peak acceleration

PV peak velocity

SYM symmetry of the velocity profile

SHA shape of the velocity profile

PC movement path curvature

DIR initial direction of movement

SL hand starting location

SE systematic movement error

IVAR and EVAR spatial variability (i.e., variable error) at movement onset (IVAR) and

movement end (EVAR)
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Figure 1.

(A-B) Schematic representation of the behavioral task and apparatus. Each successful out-
and-back movement was followed by a food reward (Rew). Each "trial" was composed of
four-such out-and-back movements (B). Numbers 1 to 4 in the first panel of A define target
numbers referred to in text. Open circles: target locations. White filled circle: instruction
cue. Small white square: joystick-controlled cursor. Movements of the cursor are denoted by
a dotted trail. (C) Sites of individual injections reconstructed from histology in monkeys H
(lower-case letters), and C (capital letters). Letters at sites of individual injections are also
listed in Table 1 and Fig. 3. Distances indicate the estimated position of the coronal section
relative to the anterior commissure. The nuclear boundaries shown were derived as line
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drawings from a standard atlas (Szabo and Cowan, 1984) subsequently warped to align with
nuclear boundaries reconstructed from histologic sections from both animals. (Ci-iii) Plots
illustrate the magnitude of effects on initial posture (i), movement speed (ii), and reaction
times (iii) for each injection location. Symbol sizes indicate effect magnitude (see scales at
right of each row). Increases and decreases are denoted by crosses (+) and filled circles (¢),
respectively. Anatomical scales = 2 mm in both dorso-ventral (Dors.) and medio-lateral
(Lat.) dimensions.
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Representative pre- (left column) and post- (right column) injection movements performed
by monkey C toward the 4 targets. (Movements were selected from session “G”.) The top
and bottom rows show hand paths and tangential velocities, respectively. Outward
movements are displayed in gray and return movements in black. For the top row,
continuous gray circle (center) and arcs (peripheral targets in each corner) indicate positions
of the visible targets. Dotted gray arcs indicate the peripheral target zones for cursor
movements, which were larger than the visible targets to allow continued task performance
following sGPi inactivation. To improve visibility of individual trajectories, the figure is
scaled to show only the central region of the workspace.
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Figure 3.

Variations of the main kinematic markers following sGPi inactivation. Each bar represents
the difference between the pre- and post-injection phase for one injection session. (*)
specifies significant effect at the sample-level (Kolmogorov-Smirnov test across sessions).
Black bars indicate significant within-sessions variations. Grey bars indicate non-significant
changes. Session labels (monkey H: a — f; monkey C: A —J) correspond to those used in
Figure 1C and Table 1.
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Figure 4.

Hand position drifted slightly during the initial hold period, prior to the first movement
(thick gray traces). This drift was corrected by the animal to keep the cursor within the
center home target (see plot of cursor positions at right). No drift was evident between
subsequent movements (thick black traces), due to the short reaction time-length delays
between the end of one movement and start of the next. Data are from one trial in monkey C
session “G”. Left: X and Y positions and tangential velocity as a function of time. Right:
movement of the cursor in the task plane.
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(A) Summary of the direction and magnitude of shifts in the initial position of the hand
following sGPi inactivation. Shift direction was systematically toward flexion across
sessions in monkey C (right), but inconsistent in monkey H (left). Each line (terminated by a
dot) represents the mean difference vector between pre- and post-injection initial hand
positions for one injection session. Continuous lines denote significant shifts (within-session
MANOVA) whereas dashed lines represent non-significant shifts. Thick gray lines and large
dots represent the mean shift across sessions. (B) Exemplar trajectories for outward
movements performed pre- and post-injection (black and gray traces, respectively) by
monkey C session “G”. The top row shows representative individual trials while the bottom
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row shows mean trajectories across all trials. The left (Pre-subtraction) column illustrates
the systematic positional bias in hand position post-injection. This shift was not
compensated for during movement planning or execution, resulting in roughly parallel hand
trajectories for pre- and post-injection movements. The right (Shift-subtracted) column
shows the same data after removal of the postural bias. Only hypometria remained following
this correction. Other conventions follow those of Figure 2.
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(A-B) sGPi inactivation consistently induced hypometria while seldom affecting movement
direction. Mean difference in amplitude error (SEamp, top row) and directional error (SEgjr,
bottom row) pre- versus post-injection for individual injection sessions. Other conventions
follow those of Figure 3. (C) Injection-induced change in SEqmp (A movement amplitude)
correlated closely with injection-induced slowing of movement (A peak velocity). Each point
represents mean results from one injection session. Correlation analyses were based on
Spearman’s R (r values shown) and the continuous gray lines show the principal axis of the
correlation (Sokal and Rohlf 1981 pg. 594). Results are plotted separately for monkeys H

(left) and C (right).
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Figure 7.

sGPi inactivation did not increase execution-related variability or impair online correction of
return movements despite an overall increase in positional variability post-injection. Mean
variability in hand position is plotted for the beginning of outward movements (IVARgyt),
the end of outward movements (EVAR;) and the end of return movements (EVAR gtyrn)-
Injections did not increase the execution-related accrual of variable errors during outward
movements (EVARq — IVARqt), nor did they attenuate the feedback-related reduction in
error during return movements (EVAR eturm— EVARgt). Data are means across all sessions
in both animals pre- (black) and post- (gray) injection. Error bars = SD.
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Figure 8.

(A) Return movements remained accurate following sGPi inactivation, despite frank
hypometria in outward movements. End-point locations are plotted for individual outward
movements (filled circles) and return movements (open circles) of pre-injection (black) and
post-injection (gray) trials from one exemplar session (“b” in monkey H). Other conventions
follow those of Fig. 2. (B): Pre- and post-injection return movements had lower peak
velocities and longer deceleration phases compared with outward movements, consistent
with the view that return movements were influenced strongly by feedback control. Mean
tangential velocities are shown for the trials plotted in the top panel. To aid comparison, the
durations of all velocity profiles have been normalized to one standard duration.
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Figure 9.

sGPi inactivation did not impair the quick correction of mis-directed movements. (A):
Individual hand paths are plotted in which the monkey (C) moved initially toward the wrong
target before redirecting the movement toward the correct target. Two exemplar movements
(distinguished by solid and dashed lines) were selected from data collected pre-injection
(black traces) and post-injection (gray traces). (For the sake of clarity, all movements are
displayed from a common starting location.) (B): Corresponding tangential velocity profiles
are plotted. Arrowheads: The time of correction onset for one of the four traces.
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Figure 10.

A Preferred EMG (% control)

-80 40 0 40 80
A Anti-prefd EMG (% control)

sGPi inactivations attenuated peri-movement muscle activity, but did not alter relative
timing or antagonist-related activity. (A): Mean rectified EMG from one injection session is
plotted for two opposing directions of outward movement (left and right columns). Black
and gray traces denote averages from pre- and post-injection phases, respectively. Vertical
dotted lines indicate the onset of movement. Vertical scales for EMG are arbitrary but fixed
for each muscle’s matching pre- and post-injection traces and left and right columns. Inset
plots show averages on expanded scales around the onset of movement in anti-preferred
directions for three muscles. These plots provide no evidence for injection-induced increases
in co-contraction or antagonist activity. Arrow indicates a notable example of a peri-
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movement reduction in trapezius activity that is unaffected post-injection. Note that trial-to-
trial variability in timing led to temporal smearing of later (i.e., >200 msec) aspects of the
EMG and velocity averages. (B, left): Bradykinesia correlated closely with the injection-
induced attenuation of agonist EMG. Mean injection-induced changes in peak velocity are
plotted relative to mean changes in preferred-direction EMG for each of the six EMG
recording sessions (including one control injection). (See Methods for details on EMG
analysis.) A point is plotted for each muscle studied per session. Spearman correlation
analysis was performed across all sessions and all muscles except trapezius (which showed
nominal agonist-like activity compared with other muscles). A continuous gray line
indicates the principal axis of the correlation (Sokal and Rohlf 1981 p. 594). (B, right):
Bradykinesia had no consistent relationship with inactivation-induced changes in EMG
during movements in muscle anti-preferred directions. Conventions follow those used in left
panel.
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Injection sessions that met inclusion criteria for formal statistical analysis.

Table 1

MONKEY Location Injection Volume Distance from
(see Figure 1C) anterior commissure
H a muscimol 0.5ug / 0.5ul -4.6
H b muscimol 1ug/ 1ul) -4.6
H Cy muscimol 0.5pug / 0.5pl -5.5
H Cy muscimol 0.5pug / 0.5ul -5.5
H d muscimol 2ug / 2pl -5.5
H e muscimol 2.5pug/ 2.5pl -5.9
H f muscimol 0.5ug / 0.5ul —6.4
C A muscimol 0.5ug / 0.5ul -3.7
Cc B muscimol 0.5pg / 0.5pl -3.7
C C muscimol 0.5ug / 0.5ul —4.6
C D muscimol 0.5ug / 0.5ul -4.6
Cc E; muscimol 0.5pg / 0.5pl —4.6
C E, muscimol 0.5pg / 0.5ul -4.6
C F muscimol 0.5ug / 0.5ul -4.6
C G muscimol 0.6pg/ 0.6pl -5.5
Cc H muscimol 0.5ug / 0.5pl —6.4
C | muscimol 0.5ug / 0.5ul —6.4
C J muscimol 0.5pug / 0.5ul —6.4
C Ej Artificial CSF 0.5l —4.6

Subscripts denote repeated injections at one location.
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