
Neurobiology of Disease

Cortical Stimulation Evokes Abnormal Responses in the
Dopamine-Depleted Rat Basal Ganglia
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The motor cortex (MC) sends massive projections to the basal ganglia. Motor disabilities in patients and animal models of Parkinson’s
disease (PD) may be caused by dopamine (DA)-depleted basal ganglia that abnormally process the information originating from MC. To
study how DA depletion alters signal transfer in the basal ganglia, MC stimulation-induced (MC-induced) unitary responses were
recorded from the basal ganglia of control and 6-hydroxydopamine-treated hemi-parkinsonian rats anesthetized with isoflurane. This
report describes new findings about how DA depletion alters MC-induced responses. MC stimulation evokes an excitation in normally
quiescent striatal (Str) neurons projecting to the globus pallidus external segment (GPe). After DA-depletion, the spontaneous firing of
Str-GPe neurons increases, and MC stimulation evokes a shorter latency excitation followed by a long-lasting inhibition that was invisible
under normal conditions. The increased firing activity and the newly exposed long inhibition generate tonic inhibition and a disfacilita-
tion in GPe. The disfacilitation in GPe is then amplified in basal ganglia circuitry and generates a powerful long inhibition in the basal
ganglia output nucleus, the globus pallidus internal segment. Intra-Str injections of a behaviorally effective dose of DA precursor
L-3,4-dihydroxyphenylalanine effectively reversed these changes. These newly observed mechanisms also support the generation of
pauses and burst activity commonly observed in the basal ganglia of parkinsonian subjects. These results suggest that the generation of
abnormal response sequences in the basal ganglia contributes to the development of motor disabilities in PD and that intra-Str DA
supplements effectively suppress abnormal signal transfer.

Introduction
Motor disabilities in patients and animal models of Parkinson’s dis-
ease (PD) may be due to abnormal and/or diminished capability of
data processing in dopamine (DA)-depleted basal ganglia. Data pro-
cessing may be compromised by alteration of synaptic responses,
generation of abnormal burst activity, and synchronized oscillations
in the basal ganglia (Filion, 1979; Wichmann et al., 1994; Bevan et al.,
2002, 2006; Boraud et al., 2002; Dejean et al., 2008; Israel and Berg-
man, 2008; Gatev and Wichmann, 2009). Because many in vitro
results showed altered synaptic responses in striatum (Str) after DA
depletion or application of DA-receptor (DA-R) agonists and antag-
onists (Flores-Hernández et al., 1997; Spencer and Murphy, 2000;
Bamford et al., 2004; Flores-Barrera et al., 2010; Surmeier et al.,
2010), it seems possible that altered Str synaptic responses trigger
abnormal data processing in the basal ganglia.

The Str is an input nucleus of the basal ganglia and receives
glutamatergic projections from the entire cortex and some tha-
lamic nuclei. DA depletion has been shown to increase respon-
siveness to excitatory inputs of one type of Str projection neurons

that project only to globus pallidus external segment (GPe; also
called globus pallidus in rodents) while decreasing that of another
projecting to GPe, globus pallidus internal segment (GPi; entope-
duncular nucleus), and the substantia nigra pars reticulata (SNr)
by changing their synaptic activity and membrane properties
(Hernandez-Lopez et al., 2000; Pang et al., 2001; West and Grace,
2002; Mallet et al., 2006; Shen et al., 2008; Flores-Barrera et al.,
2010; Surmeier et al., 2010). It is possible that these changes in Str
simply increase disynaptic motor cortex (MC)-Str-GPe inhibi-
tion and decrease MC-Str-GPi inhibition (Nambu et al., 2005).
However, involvement of other possible factors should be also
considered. For instance, MC stimulation evokes EPSPs followed
by a long hyperpolarization in Str projection neurons (Wilson et
al., 1983), but the hyperpolarization is invisible to its postsynaptic
neurons because the majority of the Str neurons are quiescent. In
contrast, the long inhibition evoked in DA-depleted Str neurons
with increased background firing will be visible to its postsynap-
tic neurons as a disinhibition. To examine this possibility, MC-
induced responses of basal ganglia neurons in control and
6-hydroxdopamine (6-OHDA)-treated rats (6-OHDA rats), a
rodent model of PD, were recorded in vivo.

This is the first documented report that increased spontane-
ous firing of Str-GPe neurons contributes substantially to the
alteration of MC-induced responses in both segments of globus
pallidus and subthalamic nucleus (STN) after DA depletion. To
study these results further, we analyzed effects of intra-Str injec-
tion of a behaviorally effective dose of DA precursor L-3,4-
dihydroxyphenylalanine (L-DOPA) on the altered MC-induced
responses in GPe and GPi. The local application of L-DOPA was
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used to selectively activate DA-Rs in Str
but not in other brain areas. This report
provides evidence that intra-Str L-DOPA
can reverse changes in MC-induced re-
sponse sequences in basal ganglia that are
attributed to the increased spontaneous fir-
ing of Str-GPe neurons. This suggests that
generation of abnormal response sequences
in the basal ganglia may be a contributor to
motor disabilities in PD and that treatment
to reduce tonic Str-GPe inhibition may help
to restore motor function.

Materials and Methods
The experiments were performed in adult male
Sprague Dawley rats (300 –380 g) in compli-
ance with the National Institutes of Health
Guide for the Care and Use of Laboratory An-
imals and the University of Tennessee Health
Science Center Guide for the Use and Care of
Laboratory Animals in Research.

Behavioral tests. All rats received two kinds
of behavioral tests two times before and two to
four times after the DA depletion surgery de-
scribed below. The rotational asymmetry test
monitored ambulatory movements of rats in a
1-m-diameter chamber for 15 min using a
video monitor system (Viewer; Biobserve),
which could identify and track the rats’ head,
body, and tail positions frame by frame (30
frames/s). The body location data were used to
calculate the distance and direction of the body
movement between frames. For the limb use
asymmetry test, rats were placed in a 28-cm-
diameter acrylic cylinder and videotaped for 10
min. The number of times the left and right
forelimbs touched the wall of the cylinder were
counted.

DA depletion and head-holder installation. After the behavioral tests, 10
rats were anesthetized with a mixture of ketamine (85 mg/kg, i.p.) and
xylazine (15 mg/kg, i.p.), treated with desmethylimipramine (25 mg/kg,
i.p.) and pargyline (5 mg/kg, i.p.), and placed in a stereotaxic apparatus.
A craniotomy was performed on the skull, and 6-OHDA (8 �g in 4 �l of
saline containing 0.1% ascorbic acid) in six rats or the vehicle in four rats
was injected into the left ascending mesotelencephalic DA-bundle. The
6-OHDA or vehicle was delivered slowly over a period of 10 min through
a glass micropipette (tip diameter, �50 �m) glued to the needle of a 10 �l
Hamilton syringe. The syringe plunger was advanced by a pulse motor-
driven actuator. After 2 weeks of recovery, the behavioral tests were
performed again. Four of the six 6-OHDA rats developed a strong left
turn preference in the rotational asymmetry test and a strong left fore-
limb use preference (�0.2 right/left touches in the cylinder test). The
6-OHDA rats that failed to meet these behavioral criteria were rejected
for unit recording study. None of the four rats injected with the vehicle
developed behavioral asymmetries.

After the behavioral tests, a second surgery was performed on the
control and 6-OHDA rats. The rats were anesthetized with a mixture of
ketamine (85 mg/kg, i.p.) and xylazine (15 mg/kg, i.p.) and mounted on
a stereotaxic apparatus. To fix the rats’ heads painlessly to a stereotaxic
frame, a plastic head holder made with polycarbonate and stainless steel
pipes was placed on the dorsal surface of the skull and secured with dental
acrylic. Also, a craniotomy was performed over the lateral agranular
cortex, which is the MC of rodents, and a parallel bipolar stimulus elec-
trode (100 �m insulated stainless steel wires with tip separation of 0.6 –
0.7 mm) was implanted. For three rats, a pair of silver ball electrodes was
also placed on the dura matter, one covering the right frontal agranular
cortex and the other covering the cerebellum to monitor the electrocor-
ticogram. Another craniotomy was performed over the pallidum and

STN for recording electrode penetration (Fig. 1 A). A thin layer of dental
acrylic was placed over the recording hole until needed for the recording
sessions. After the surgery, the rats were monitored until recovery from
anesthesia. If rats showed any sign of pain, buprenorphine (0.01– 0.05
mg/kg, i.p.) was administered.

Unit recordings. Unit recordings began 5–7 d after installation of the
head holder and stimulus electrodes. For the recordings, the rats were
anesthetized with 2.5% isoflurane in oxygen and mounted on the stereo-
taxic device using the head holder. The use of isoflurane allowed for quick
adjustment of the level of anesthesia. During the recording, the rats were
maintained with 0.5–1.0% isoflurane that was adjusted to eliminate
spontaneous whisker movements as well as any body movement to MC
stimulation. Under these conditions, the rats did not show movement
responses to light touch but responded to painful stimuli such as a foot
pinch. The level of anesthesia judged by electrocorticogram observation
was stage 2 or 3 sleep but not slow-wave sleep (data not shown). These
levels were chosen to avoid the induction of strong, synchronized, slow
oscillations during the slow-wave sleep that is induced by higher isoflu-
rane doses. On the opposite end of the spectrum, these levels also elimi-
nated potential activity changes of the cortex and basal ganglia induced
by sensory afferent inputs activated by spontaneous or MC stimulation-
induced (MC-induced) movement of body parts with lower isoflurane
doses.

Single-unit activities of Str, STN, and pallidal neurons were recorded
with insulated tungsten or Elgiloy alloy microelectrodes with AC resis-
tance of 1–2.5 M�. For juxtacellular labeling of Str neurons, glass mi-
cropipettes filled with 1 M NaCl and 2% Neurobiotin were used, and
recorded neurons were labeled by a method described previously
(Pinault, 1996). The spontaneous unit activity and responses to MC
stimulation were amplified, passed through a 0.7–2 kHz bandpass filter

Figure 1. A, An x-ray image shows a pair of stimulus electrodes in the motor cortex (MC stim.) and in the striatum (Str stim.), a
reference (Ref.) electrode in the lateral ventricle, a recording electrode in the STN, two silver balls for electrocorticogram recording,
and a ground wire located lateral to the right parietal bone. Some anatomical landmarks are also labeled. The results of Str
stimulation were not included in this report. B, A photomicrograph of a Nissl-stained sagittal section shows a lesion mark in STN.
ZI, Zona incerta; ic, internal capsule; ot, optic tract. C, A schematic presentation of typical MC-induced response components in the
globus pallidus and STN. The heavy line and two dotted lines mark the prestimulus mean firing rate and 95% confidence interval,
respectively. The short duration responses shown in the drawing exceed the confidence interval. The long inhibition and the slow
excitation exceed 50% of the prestimulus mean firing rate. The dark gray area of each response component marks the latency, the
duration, and the strength (i.e., the numbers of spikes that fill the area). The slow excitation was not quantified in this report.
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(Model 1800, home-modified; A-M Systems), and converted into digital
data by a homemade window discriminator. The parameters of MC stim-
ulation were 300 �s duration single pulse, strength 80 �A, and inter-
stimulus interval of 1.7 s. These parameters were adapted from previous
studies (Wilson et al., 1883; Kita, 1992; Fujimoto and Kita, 1993; West
and Grace, 2002). Digitized units, trigger signals, and electrocortico-
grams were recorded using a computer. The pallidal and STN neurons
were identified by their firing patterns (Fujimoto and Kita, 1993) and by
x-ray images of the skull and the electrode (Fig. 1 A). The locations were
also identified histologically at the end of the experiments as described
below.

Analysis of unit activity. STN and pallidal neurons were recorded from
every rat, and Str neurons were recorded from two control and two
6-OHDA rats. The data obtained from the rats were pooled into control
and 6-OHDA groups because the firing property and MC-induced re-
sponse patterns obtained from anesthetized rats within each group were
similar. The existence of the refractory period in single-unit recordings
was tested by calculating an autocorrelogram online for 50 s of digitized
spikes for pallidal and STN neurons and for 120 s of digitized spikes for
Str neurons. The digitized recordings were also used calculate the rate
and the burst index of firing of neurons. Bursts were detected using the
“surprise” method of Legéndy and Salcman (1985), with the surprise
value �3 and the number of spikes �3 in a burst. These values were
adopted from an extensive study of burst activity in monkey pallidum
and STN (Wichmann and Soares, 2006). The proportion of spikes in
bursts (%) was chosen as the index because this method has been fre-
quently used in other studies.

MC-induced neuronal responses were assessed by constructing post-
stimulus time histograms (PSTHs) with 1 ms bin widths (unless noted
otherwise) and 100 stimulation trials. The mean firing rate during the
100 ms preceding the stimulation was considered to be the baseline. For
the recording from excitatory responses from silent or low spontaneously
active Str neurons, single-unit recording was verified by the existence of
a refractory period in the autocorrelogram calculated from digitized
spikes during 100 stimulation trials. The components of MC-induced
responses in the pallidum and STN include an early excitation (also
called first excitation), a short inhibition (first inhibition), a late excita-
tion (second excitation), a long inhibition (second inhibition), and a
slow excitation (Fujimoto and Kita, 1993; Maurice et al., 1998; Ryan and
Clark, 1991, 1992) (Fig. 1C). Response components observed in Str in-
clude a short duration excitation, a long inhibition, and a rebound-like
excitation. The criterion for definition of the early and the late excitations
was that the firing rate of three consecutive bins of the PSTH exceeded the
95% confidence interval of the baseline (one-tailed t test for each bin).
The criterion for the short inhibition was same with the excitation crite-
rion for the neurons having a prestimulus firing rate higher than the 95%
confidence interval. For the neurons having a lower firing rate, the short
inhibition criterion was at least six consecutive bins of zero firing, which
was based on the following two reasons: (1) most of the short inhibitions
detected in both pallidum and STN by the 95% confidence interval
method had more than six bins and (2) there was no occurrence of
consecutive zero six bins at prestimulus portion of PSTHs. In many
neurons, the trough between the early and late excitations did not meet
the criteria for the inhibition. In these neurons, the lowest point of the
trough was defined as the separation point between the early and late
excitations. The criteria for the long inhibition and the slow excitation
were that the moving average with a 10 ms window exceeded 50% of the
average prestimulus rate and that the response duration exceeded 30 ms
(i.e., 3� the averaging window). These criteria also defined the onset and
offset times of the long inhibition, which are required for comparisons of
response parameters. The reason for the 50% threshold was that the
onset and the offset of the long inhibition with �50% (i.e., relatively
strong response) rate changes can be relatively easily defined. Test com-
parisons of prestimulus and defined slow response parts of PSTH in
several STN neurons by Mann–Whitney U test resulted in significant
differences with p � 0.001 (data not shown). The strength of the response
was a sum of the firings in the response that were above or below the
prestimulus mean rate (i.e., the area of the response) (Fig. 1C). The
existence of identifiable response components for every recorded neuron

was examined, and if a neuron had at least one response component that
met the criteria, the neuron was labeled MC-responsive.

Intrastriatal injections. The intra-Str injection of L-DOPA methyl ester
hydrochloride (methyl-L-DOPA, 4 �g in 0.2 �l of saline) or muscimol
(0.04 �g in 0.2 �l of saline) was performed in a similar manner to the
6-OHDA injection described above. The injection site in Str was first
determined by observing MC-induced unit responses recorded through
the injection micropipette and then the drugs were injected slowly for a
total of 0.2 �l over 5 min (0.04 �l/min) with an electric actuator on the
microsyringe plunger. A slow injection rate was used to control spread-
ing of drug, in particular, to avoid spreading to the GPe. The drug injec-
tion was performed with at least a 3 d interval between injections. The
methyl-L-DOPA dose was determined by the ambulatory direction and
distance tests on two 6-OHDA rats, as described in Results, below. The
muscimol dose was based on previous observations that 0.04 �g of mus-
cimol blocked MC-induced excitation in an �0.5 mm radius of the
injection area (data not shown). The present data confirmed that mus-
cimol did not spread to GPe and suppress the firing activity. The absence
of spreading into GPe also suggests a possibility that muscimol and
methyl-L-DOPA did not cover the entire Str and may have produced
submaximal effects in GPe. The spontaneous firing rate, the amplitudes,
and the duration of MC-induced responses obtained immediately before
and 10 –15 min after completion of drug injection, at which time the
effects of local drug injections on neural activity and animal behavior are
stable and near maximum (Nambu et al., 2000; Kita et al., 2004), were
evaluated by paired t test, and the data are expressed as mean � SD.

Histology. For the final experiment, two to three recording sites were
marked by passing a cathodal current (10 �A for 5 s) through metal
recording electrodes. Approximately 1–2 d after the lesion, rats were
deeply anesthetized with a mixture of ketamine (100 mg/kg) and xylazine
(20 mg/kg) and were perfused through the heart with 10 –20 ml of iso-
tonic saline followed by a fixative. The fixative was a mixture of 4%
formaldehyde and 0.2% picric acid in a 0.12 M sodium phosphate buffer
(200 –300 ml, pH 7.4). After perfusion, the brains were removed and
postfixed overnight at 4°C and then equilibrated in 10%, followed by
30%, phosphate buffered, pH 7.4, sucrose solution. The brains were cut
into 40 �m sagittal sections on a freezing microtome. Sections from
neurobiotin-injected brains were incubated for 5 h in PBS containing
0.5% skim milk, 0.05% Triton X-100, and ABC Elite (1:150 dilution;
Vector). After several washes with PBS, the sections were incubated for
10 –20 min in 0.05 M Tris-HCl buffered saline, pH 7.6, containing 0.04%
diaminobenzidine tetrahydrochloride, 0.04% NiCl2, and 0.001% H2O2

to reveal biotin containing neurons. Some of the sections were immuno-
stained for tyrosine hydroxylase (TH), and others were stained with 1%
cresyl violet to verify the recording sites (Fig. 1 B). The sections for TH
staining were incubated first for 5 h in PBS containing 0.5% skim milk
and 0.05% Triton X-100 and then for 48 h in PBS containing a mono-
clonal mouse anti-TH antibody (1:4000; Sigma), 0.5% skim milk, and
0.05% Triton X-100. Subsequently, the sections were incubated with
biotinylated goat anti-mouse IgG antibody (1:200 dilution; Vector) in
the PBS incubation medium for 2 h. The sections were treated with ABC
and diaminobenzidine tetrahydrochloride as described for the neurobio-
tin sections. The sections were mounted on gelatin-coated slides, air-
dried, dehydrated in graded alcohols to xylene, and coverslipped. All the
chemicals used for making the fixative, buffers, and other histological
solutions were obtained from Sigma-Aldrich.

Results
MC-induced responses of GPe neurons
Previous studies showed that DA depletion increases the respon-
siveness of Str-GPe neurons to excitatory inputs (Hernandez-
Lopez et al., 2000; Pang et al., 2001; West and Grace, 2002; Mallet
et al., 2006; Shen et al., 2008; Flores-Barrera et al., 2010; Surmeier
et al., 2010). The aim of the present GPe recordings was to exam-
ine how this increased responsiveness affects MC-induced re-
sponses in GPe. Previous studies have also shown that MC
stimulation typically induces a sequence of responses consisting
of an early excitation, a short inhibition, and a late excitation, of
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which the short inhibition was mediated by Str while both the
early and late excitations were mediated by STN (Ryan and Clark,
1991; Kita, 1992; Yoshida et al., 1993; Nambu et al., 2000; Kita
et al., 2004). These results were incorporated to develop the
hypothesis that MC-induced short inhibition increases after
DA depletion.

The GPe neurons included in this report were of the high-
frequency firing with pause type, which are the most common
type found in GPe (DeLong, 1971). The neurons with a slow, �10
Hz, rhythmic firing of large, broad spikes that were encountered
mainly in the caudomedial and ventral regions of the nucleus
were excluded from the present analysis. A total of 39 and 42 MC
responsive GPe neurons in control and in 6-OHDA rats, respec-
tively, were recorded. The mean firing rate was unchanged,
though the burst index significantly increased in 6-OHDA rats
(Table 1). These average firing rates were only slightly lower than
in paralyzed rats (Kelland et al., 1995), but much lower than in
awake primates (Albin et al., 1989; Bergman et al., 1994; Ni et al.,
2000; Kita et al., 2004; Wichmann and DeLong, 2006), probably
due to the isoflurane anesthesia given to the rats.

Figures 2, A and B, shows the two major response patterns
observed in GPe of control rats. Thirteen of 39 neurons re-
sponded with an early excitation, a short inhibition, and a late
excitation (Fig. 2A), and nine responded with an early excitation
followed by a late excitation (Fig. 2B). In the latter neurons, the
trough between the early and the late excitations did not meet the
criteria for an inhibition, even though an inhibition evoked by Str
inputs may have contributed to form the trough. The remaining
17 neurons exhibited other combinations of response compo-
nents (data not shown). Of the 42 MC-responsive GPe neurons
recorded in 6-OHDA rats, 20 responded with an early excitation,
a short inhibition, and a late excitation (Fig. 2C), and 12 re-
sponded with a short inhibition followed by a late excitation (Fig.
2D). The remaining 10 neurons exhibited other combinations of
the response components.

Table 1 compares the parameters of the MC-induced response
components. The population of neurons showing a short inhibi-
tion slightly increased from 21of 39 (53.9%) neurons in the con-
trol group to 32 of 42 (76.2%) in the 6-OHDA group. Also, the
latency of the inhibition decreased in the 6-OHDA rats (Table 1),
while their strength was unchanged. These observations do not

provide strong support for the hypothesis that the strength of the
inhibition increases after DA depletion. Instead, the most notable
difference was the significant increase in the duration and
strength of the late excitation in 6-OHDA rats (Table 1). The
population responses of all GPe neurons obtained from control
and 6-OHDA rats also show a shortening of the latency of the
short inhibition and a clear increase of the late excitation (Fig.
2E) in the 6-OHDA rats. The recordings in STN and GPi de-
scribed below suggest that the increased late excitation signifi-
cantly alters MC-induced responses in these nuclei. As a result,
experiments to identify the mechanism driving this increased late
excitation were performed.

Effects of NMDA receptor blockage in GPe
A possible mechanism for the strong late excitation in GPe may
be an augmentation of the response mediated by NMDA-R. To test
this possibility, the NMDA-R antagonist 3-(2-carboxypiperazin-4-
yl) propyl-1-phosphonic acid (CPP; 50 ng in 0.2 �l of saline, 0.04
�l/min) was injected into GPe of 6-OHDA rats. After the removal
of the injection pipette, neurons responding with an early excita-
tion, a short inhibition, and a late excitation were recorded from
the area within a 0.5 mm radius of the injection site within 30 min
of the injection. The mean firing rate of these eight neurons was
17.7 � 4.4 Hz, which was lower than that obtained under control
conditions, as expected from the results of a previous study (Kita
et al., 2004). Figure 2F compares the population PSTH obtained
after CPP injection with respect to the PSTH shown in Figure 2C,
in which the amplitude was reduced to make the average pre-
stimulus firing rates of both PSTHs equal. The long duration of
the late excitation was still observed after CPP, although the rising
phase of the excitation was much slower than those recorded
without CPP. These observations suggest that NMDA-R activa-
tion contributes only to the very early phase and not to the late
phase of the late excitation that developed after DA depletion.

MC-induced responses of STN neurons
The second possibility was that MC-induced excitation in STN
increased after DA depletion and that the increased excitation
drove the strong late excitation in GPe. This possibility was based
on the previous studies showing that the major driving forces for
both the early and late excitations in GPe originated from STN
(Nambu et al., 2000; Kita et al., 2004; Kita, 1992, 1994), that STN
neurons in PD patients respond strongly to sensory stimulation
(Rodriguez-Oroz et al., 2001), and that the responsiveness of the
cortico-STN-SNr pathway increased after DA depletion (Dejean
et al., 2008). In vitro studies also have shown that DA agonists
altered the membrane properties and the responsiveness of STN
neurons to glutamate and GABA (Gajendiran et al., 2005; Shen
and Johnson, 2005).

To test this possibility, 46 and 44 MC-responsive STN neu-
rons in control and 6-OHDA rats, respectively, were observed. A
majority of the neurons (27 of 46) recorded in control rats evoked
an early excitation, a late excitation, and a long inhibition after
MC stimulation (Fig. 3A). In these neurons, the trough between
the early and the late excitations did not meet the criteria for an
inhibition. Five neurons evoked an early excitation, a short inhi-
bition, and a late excitation (Fig. 3B). These response patterns
were very similar to previous reports (Kitai and Deniau, 1981;
Ryan and Clark, 1992; Fujimoto and Kita, 1993; Maurice et al.,
1998). The remaining 14 neurons exhibited other combinations
of the response components. The STN neurons in 6-OHDA rats
had a significantly higher average firing rate and a higher average
burst index than those in the control rats (Table 2). Like the

Table 1. Response parameters of MC-responsive GPe neurons

Control (N � 39) 6-OHDA (N � 42)

Average firing rate 30.4 � 11.4 ns 27.3 � 9.8
Burst index, % 12.6 � 14.9 p � 0.0001 45.6 � 16.2
Early excitation, n/N (%) 31/39 (79.5%) 26/42 (61.9%)

Latency (ms) 7.4 � 2.2 ns 6.8 � 1.5
Duration (ms) 4.9 � 2.1 ns 4.2 � 1.1
Strength (spikes) 36.2 � 25.9 ns 30.3 � 20.1

Short inhibition 21/39 (53.9%) 32/42 (76.2%)
Latency 13.4 � 1.5 p � 0.02 12.0 � 1.9
Duration 11.2 � 3.7 ns 10.6 � 4.3
Strength 28.9 � 14.6 ns 26.8 � 12.6

Late excitation 32/39 (82.1%) 41/42 (97.6%)
Latency 27.0 � 4.9 ns 26.4 � 7.5
Duration 39.8 � 51.6 p � 0.0001 129.0 � 82.6
Strength 180.3 � 303.1 p � 0.0001 412.5 � 301.6

Long inhibition 4/39 (10.3%) 5/42 (11.9%)
Latency 45.8 � 11.7 ns 33.6 � 7.5
Duration 145.3 � 59.0 ns 116.4 � 30.8
Strength 215.1 � 174.7 ns 252.8 � 111.3

Statistics: Mann–Whitney U test. N, Number of neurons; ns, not significant.
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controls, a majority of MC responsive neurons (28 of 44) in
6-OHDA rats evoked an early and a late excitation and a long
inhibition (Fig. 3C). Figure 3, D and E, shows that the second and
third most frequent response patterns were an early excitation
and a prominent long inhibition (Fig. 3D) and a long inhibition
only (Fig. 3E); this last response pattern was never observed in
control rats. Table 2 and all cell population PSTHs (Fig. 3F) show
that the strength of the early and the late excitations decreased in
6-OHDA rats, though the numbers of neurons evoking the early
and late excitations were similar in both the control and 6-OHDA
groups. These data does not support the hypothesis that the in-
creased late excitation in the GPe was driven by an increase in the
excitatory responses in STN. The most notable change was the
increase in the strength of the long inhibition with an increased
percentage of neurons showing the inhibition with decreased la-
tency, increased duration, and increased strength in 6-OHDA
rats (Fig. 3F; Table 2).

MC-induced responses of Str neurons
It was shown in an in vivo intracellular recording study that MC-
induced excitation in Str neurons is followed by a long inhibition
consisting of a GABAergic inhibition and cortical disfacilitation
(Wilson et al., 1983). The long inhibition evoked in normally

quiescent Str neurons is invisible to its
postsynaptic neurons. If DA depletion in-
creases the spontaneous firing of Str neu-
rons projecting to GPe, as suggested by
previous studies (Hernandez-Lopez et al.,
2000; Pang et al., 2001; Tseng et al., 2001;
West and Grace, 2002; Mallet et al., 2006;
Shen et al., 2008), the MC-induced long
inhibition in the Str neurons should be-
come visible as a disinhibition in GPe. To
test this possibility, the effect of DA deple-
tion on the spontaneous firing rate of Str
neurons and whether or not MC stimula-
tion induced a long inhibition in the spon-
taneously active neurons were studied.

The current results support those from
previous studies showing that MC stimu-
lation evoked a strong excitation in low-
activity neurons in the motor territory of
Str in control rats. The spontaneous firing
rate of the neurons recorded was 0 –3.7 Hz
(mean, 0.67 � 0.98 Hz), and the mean
latency of the excitation was 10.5 � 2.1 ms
(n � 23) (Fig. 4A). MC-induced excita-
tion disclosed numerous MC-responsive,
normally silent neurons in succession
during advancement of the recording
electrode. In 6-OHDA rats, neurons with
irregular spontaneous firing with a rate of
2–11 Hz (mean, 6.64 � 2.83 Hz; n � 20)
were more frequently encountered among
normally silent neurons than in the control
rats. The firing pattern of these neurons
differed from the tonic firing with large
single or double spikes of putative cholin-
ergic interneurons or the high-frequency
firing with sharp spikes of putative
parvalbumin-containing interneurons. The
irregularly firing neurons responded with
a strong excitation with a mean latency of

5.1 � 1.0 ms, a long inhibition with �250 ms duration, and a
slow excitation (Fig. 4B). The mean latency of the initial excita-
tion was significantly shorter than control (p � 0.0001). Juxtacel-
lular labeling of eight MC-responsive irregularly firing neurons
with neurobiotin confirmed that they were medium spiny neu-
rons. The axons of five neurons were traced to GPe, but the other
three faded out before entering GPe (data not shown). The five
axons traced to GPe formed extensive axonal arbors confined in
GPe, and none of these axons exited the GPe.

The present data of increased spontaneous activity could not
be compared statistically because there were too many silent neu-
rons that could not be counted reliably, but the data confirmed
the previous suggestion that DA depletion increases spontaneous
activity of some Str-GPe neurons (Pang et al., 2001; Mallet et al.,
2006). The present data demonstrate new aspects that MC stim-
ulation indeed induced a shorter latency excitation and a long
inhibition in the spontaneously active Str-GPe neurons.

Muscimol injection into Str
To validate the contribution of the long inhibition in Str neurons
to the generation of the strong late excitation in GPe neurons,
intra-Str injections of the GABAA receptor agonist muscimol was
performed. In this experiment, MC-induced multiunit excitatory

Figure 2. MC-induced responses in GPe. A, B, Population PSTHs of two major response patterns obtained in control rats. In these
and subsequent figures, population PSTH (i.e., average PSTH of multiple neurons) was constructed from 100 stimulation trials. The
bin width of PSTHs is 1 ms unless otherwise noted, and MC stimulation was given at time � 0 (arrow). The response pattern, the
number of neurons included in each population PSTH, and the average prestimulus firing frequency with 95% confidence interval
(solid line and dashed lines) are shown in each figure. Ex., Excitation; Inh., inhibition. C, D, Population responses of two major
response patterns obtained in 6-OHDA rats. Ex., Excitation; Inh., inhibition. E, Population PSTHs of all MC-responsive GPe neurons
in control and 6-OHDA rats. The green PSTH shows the delta between the control and 6-OHDA PSTHs. F, A population PSTH of
neurons that responded with an early excitation, a short inhibition, and a late excitation in 6-OHDA rats after injection of CPP, an
NMDA antagonist, into the recording sites. For comparison, the same PSTH (in green) shown in C is scaled to have the same
prestimulus firing rate and overlaid.
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responses were recorded using a micropi-
pette containing muscimol to guide the
pipette into the middle of the MC-
responsive area of the Str. Then, GPe neu-
rons responding with an early excitation,
a short inhibition, and a late excitation to
MC stimulation were recorded before and
10 –20 min after muscimol injection (0.04
�g in 0.2 �l of saline, 0.04 �l/min). Be-
cause of the selection of neurons with this
particular response type, the response pa-
rameters shown in Table 3 differ from
those of 6-OHDA GPe in Table 1. Injec-
tion of muscimol significantly increased
the prestimulus firing rate and burst index
of GPe neurons (Table 3). The increase in
firing indicated that Str provides tonic in-
hibition to GPe and that muscimol did
not spread into the GPe recording site.
The absence of spreading into GPe also
suggests the possibility that muscimol did
not cover the entire Str and may have pro-
duced submaximal effects in GPe. The
existence of the tonic inhibition is a nec-
essary condition for a disinhibition to take
place. Because of the increased firing rate,
the amplitude of the excitation measured
from the prestimulus firing rate de-
creased, resulting in a significant decrease
in the duration and the strength of the late
excitation (Fig. 5A, Table 3). These effects
were consistent with the expectation that
decreasing the Str-GPe background inhi-
bition by silencing Str neurons results in
decreased disinhibition in GPe. Muscimol
also significantly reduced the short inhibition occurring between
the early and late excitations (Fig. 5A, Table 3), which was ex-
pected because muscimol should increase the input conductance
of Str neurons and decrease MC-induced excitation in Str neu-
rons (Yoon et al., 1990).

Effects of L-DOPA injection into Str
To evaluate to what degree the changes described above could be
attributed to DA depletion in Str, the acute effects of intra-Str
injection of the DA precursor methyl-L-DOPA on the MC-
induced responses of GPe neurons in 6-OHDA rats were exam-
ined. Other than a few microdialysis studies, there has not been
any reported physiological or behavioral study that used injection
of methyl-L-DOPA into the Str of rats. Therefore, a behavioral
test was performed first to determine the appropriate dose of
methyl-L-DOPA for the recording experiments. Two rats were
prepared in a similar method to the recording rats, and various
doses of methyl-L-DOPA (0.5, 1, 2, and 4 �g in 0.2 �l of saline,
injection rate 0.04 �l/min) were injected into the left Str (i.e.,
ipsilateral to 6-OHDA treatment) of rats anesthetized with 1%
isoflurane. The volume of the vehicle was adapted from the mus-
cimol experiment as described above. After the injection, the rats
were removed from the head holder and allowed to recover from
anesthesia. The rats started to move 1–2 min after removal of
isoflurane and appeared completely recovered from anesthesia
after 5 min. The directional asymmetry test was initiated as de-
scribed in the Materials and Methods, above, 10 min after the
removal of anesthesia. The tests revealed that 2 or 4 �g of methyl-

L-DOPA changed the preferred turning direction from the left to
the right and also increased the total distance moved in the test
period (none statistically observed) (Fig. 5B,C). The L-DOPA
effects started to decrease �20 –30 min after the injection.

In the recording sessions, GPe neurons responding with an
early excitation, a short inhibition, and a late excitation to MC
stimulation were recorded before and 10 –20 min after methyl-L-

Figure 3. MC-induced responses in STN. A, B, Population PSTHs of two major response patterns obtained in control rats. C–E,
Population PSTHs of three major response patterns obtained in 6-OHDA rats. The neurons showing a long inhibition alone were
observed only in 6-OHDA rats. Ex., Excitation; Inh., inhibition. F, Population PSTHs of all MC-responsive STN neurons in control and
6-OHDA rats. The green PSTH shows the delta between the control and 6-OHDA PSTHs.

Table 2. Response parameters of MC-responsive STN neurons

Control (N � 46) 6-OHDA (N � 44)

Average firing rate 11.8 � 9.1 p � 0.0002 20.3 � 9.3
Burst index, % 35.0 � 16.7 p � 0.0001 54.1 � 15.6
Early excitation, n/N (%) 44/46 (95.7%) 39/44 (88.6%)

Latency (ms) 5.5 � 1.3 ns 5.9 � 1.6
Duration (ms) 6.5 � 2.2 p � 0.001 5.0 � 1.8
Strength (spikes) 51.3 � 32.3 p � 0.02 36.7 � 25.6

Short inhibition 10/46 (21.7%) 5/44 (11.4%)
Latency 10.4 � 2.3 ns 11.2 � 1.3
Duration 9.6 � 4.1 ns 8.4 � 3.6
Strength 14.6 � 9.8 ns 8.5 � 4.8

Late excitation 35/46 (76.1%) 31/44 (70.5%)
Latency 19.1 � 3.8 p � 0.05 16.7 � 3.2
Duration 14.5 � 6.8 ns 11.5 � 5.1
Strength 124.5 � 98.9 p � 0.05 84.4 � 74.3

Long inhibition 35/46 (76.1%) 43/44 (97.7%)
Latency 40.1 � 11.9 p � 0.001 31.5 � 7.3
Duration 134.9 � 57.2 p � 0.02 174.2 � 67.6
Strength 104.1 � 57.6 p � 0.0001 298.7 � 168.5

Statistics: Mann–Whitney U test. N, Number of neurons; ns, not significant.
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DOPA injections (4 �g in 0.2 �l of saline, 0.04 �l/min). Popula-
tion responses (Fig. 5D) and comparisons of response parameters
(Table 3) show that methyl-L-DOPA significantly increased the
prestimulus firing rate, decreased the burst index, and decreased
the strength of the late excitation. The duration of the short in-
hibition also decreased, while the peak amplitude and strength
were unchanged. These results show that in 6-OHDA rats, tonic
Str-GPe inhibition, and MC-induced Str-GPe disinhibition can
be removed by acute replacement of DA in Str.

MC-induced responses of GPi neurons
The MC induced responses in Str, GPe, and STN converge on GPi
neurons (Fig. 7). The increased late excitation in GPe and
increased long inhibition in STN should evoke a strong, long
inhibition in GPi. To confirm this hypothesis, 32 and 30 MC-
responsive GPi neurons were recorded from control and
6-OHDA rats, respectively. Their mean firing rates were similar,
while the burst index increased in the 6-OHDA rats (Table 4).
Figure 6, A and B, shows the two most popular response patterns
recorded from the control rats. MC stimulation induced combi-
nations of an early excitation, a short inhibition, and a late exci-

tation in most of the neurons recorded in control rats. The
response patterns observed in GPi of 6-OHDA rats differed
greatly from those observed in the controls. A majority of neu-
rons (16 of 30) evoked an early excitation followed by a strong,
long inhibition (Fig. 6C). The second most popular pattern was a
solo long inhibition (Fig. 6D), which was never observed in the
control rats.

Table 4 compares parameters of the response components,
and Figure 6E compares the population PSTHs of all recorded
neurons. One of the significant differences is an increased long
inhibition. In control rats, a detectable long inhibition was ob-
served in only 11 of 32 (34.4%) neurons, while all 30 MC respon-
sive neurons in 6-OHDA rats evoked a long inhibition with
significantly shorter latencies, with longer durations and greater
strengths (Table 4). The shortened latency may have contributed
to the significant decrease in the late excitation. Another signifi-

Figure 4. MC-induced responses in Str. A, A population PSTH shows MC-induced excitatory
response of 23 Str neurons in control rats. B, A PSTH shows a population PSTH constructed from
20 spontaneously active Str neurons recorded in 6-OHDA rats. The response consisted of an
excitation, a long inhibition, and a slow excitation. The latency of these excitations was signif-
icantly shorter than in the controls.

Figure 5. A, Population PSTHs compare MC-induced responses of six GPe neurons in 6-OHDA
rats recorded before and after intra-Str injection of muscimol. Neurons responding with an early
excitation, a short inhibition, and a late excitation to MC stimulation were selected for the
experiment. A, D, The bin width of the PSTHs is 4 ms and the green PSTH shows the delta of the
before and after PSTHs. B, C, Behavioral effects of intra-Str injection of methyl L-DOPA. Methyl
L-DOPA altered the preferred turning direction from left to right and increased the total distance
of ambulation of two 6-OHDA rats (a and b are before and a� and b� are after the injection.)
D, Population PSTHs of six GPe neurons that responded with an early excitation, a short inhibi-
tion, and a late excitation to MC stimulation in 6-OHDA rats recorded before and after intra-Str
injection of methyl L-DOPA.

Table 3. Effects of intra-Str injections of muscimol and methyl L-DOPA on response
parameters of MC-responsive GPe neurons

Muscimol (N � 6) Methyl-L-DOPA (N � 6)

Before After Before After

Average firing rate 28.3 � 5.8 p � 0.02 42.4 � 9.7 28.7 � 8.6 P � 0.05 40.6 � 13.6

Burst index, % 38.9 � 13.5 p � 0.001 17.1 � 2.2 43.0 � 8.2 P � 0.005 25.9 � 11.0

Early excitation, n 6 6 6 1

Latency (ms) 7.3 � 1.0 ns 8.0 � 1.7 7.3 � 1.5 —- 8.2

Duration (ms) 3.7 � 0.8 ns 4.2 � 0.9 3.5 � 0.8 —- 5.2

Strength (spikes) 14.6 � 3.7 ns 21.5 � 11.2 12.1 � 2.6 —- 15.2

Short inhibition 6 0 6 6

Latency 15.0 � 2.3 14.7 � 1.5 ns 16.2 � 2.0

Duration 11.0 � 4.6 14.2 � 2.0 P � 0.005 10.0 � 1.1

Strength 31.2 � 8.4 40.3 � 13.7 ns 38.1 � 12.8

Late excitation 6 6 6 6

Latency 34.0 � 4.3 ns 31.2 � 8.4 34.2 � 5.2 ns 38.7 � 10.8

Duration 80.0 � 33.6 p � 0.005 23.8 � 8.9 153.2 � 45.4 P � 0.02 66.2 � 38.3

Strength 214.9 � 102.7 p � 0.02 100.5 � 54.1 457.2 � 189.8 P � 0.02 222.2 � 116.2

Statistics: Paired t test. ns, Not significant; —-, not compared.
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cant change was a disappearance of the short inhibition. Twenty-
two of 32 (68.8%) neurons in the control group had the
inhibition, while none were found in the 6-OHDA rats. The dis-
appearance of the inhibition made it impossible to separate an
early and a late excitation in 20 of 32 neurons. Thus, the early
excitation in these neurons includes the late excitation compo-
nent and also contributed to the increase in their duration and
strength; because these components could not be separated, sta-
tistical comparisons were not calculated.

Intra-Str methyl-L-DOPA injection significantly altered re-
sponses of GPe neurons in 6-OHDA rats, as described above. To
confirm that those changes that occurred in GPe are transmitted
to GPi and also to examine whether or not an acute replacement
of DA in Str can restore the short inhibition, six GPi neurons
responding with an excitation and a long inhibition to MC stim-
ulation in 6-OHDA rats were tested with intra-Str methyl-L-
DOPA injection using a similar method to that described above.
Figure 6F compares the population responses of the neurons.
Methyl-L-DOPA significantly decreased the prestimulus firing
rate from 28.4 � 2.5 to 19.8 � 1.7 Hz (p �
0.0001, paired t, n � 6), decreased the
burst index from 28.4 � 2.5 to 19.6 �
1.7% (p � 0.001), and decreased the du-
ration (p � 0.05) and the strength (p �
0.01) of the long inhibition. These results
indicate that the changes that occurred in
the GPe were effectively transmitted to the
GPi. In contrast, the population responses
show no substantial increase in the short in-
hibition, though the number of neurons
showing the trough separating the early and
late excitations increased from two of six in
the control group to all six neurons after the
methyl-L-DOPA injection. There were still
none that had statistically identifiable inhi-
bition. These data, together with behavioral
data, show that the behaviorally effective
DA replacement in Str decreases the long
duration responses and burst generation in
GPi but not the short inhibition.

Discussion
Increased activity of DA-depleted Str
altered response patterns of GPe, STN,
and GPi neurons
This report is the first to suggest that in-
creased spontaneous firing of Str-GPe
neurons becomes a functionally domi-
nant factor in the MC-induced responses
of the basal ganglia after DA depletion.
MC stimulation evokes an EPSP followed
by a long hyperpolarization consisting of
IPSPs and disfacilitation of cortical inputs
in Str projection neurons (Wilson et al.,
1983). The long hyperpolarization in nor-
mally quiescent Str neurons is invisible to
its postsynaptic neurons. The intra-Str
muscimol experiment demonstrated that
the increased Str firing generated a back-
ground inhibition in GPe. DA depletion further enhanced the
Str-GPe inhibition by removing the D2-R- and D4-R-mediated
suppression (Floran et al., 1997; Cooper and Stanford, 2001; Shin
et al., 2003; Watanabe et al., 2009). Because of the increased back-

ground inhibition, the MC-induced long hyperpolarization in
Str-GPe neurons becomes visible to postsynaptic GPe neurons as
a disinhibition. The disinhibition could be brought on by the Str
neurons projecting solely to GPe and/or by Str-GPi/SNr neurons

Figure 6. MC-induced responses in GPi. A, B, Population PSTHs of two major response patterns obtained in control rats. C, D,
Population PSTHs of two major response patterns obtained in 6-OHDA rats. A majority of GPi neurons recoded from 6-OHDA rats did
not show the short inhibition but had a prominent long inhibition (C). The neurons showing only a long inhibition were observed
in 6-OHDA rats but not in control rats (D). Ex., Excitation; Inh., inhibition. E, Population PSTHs of all MC responsive GPi neurons in
control and 6-OHDA rats. E, F, The green PSTH shows the delta between the control and 6-OHDA PSTHs. F, Population PSTHs of six
GPi neurons that responded with an early excitation and a long inhibition to MC stimulation in 6-OHDA rats recorded before and
after intra-Str injection of methyl L-DOPA. The bin width of the PSTHs in F is 4 ms.

Table 4. Response parameters of MC-responsive GPi neurons

Control (N � 32) 6-OHDA (N � 30)

Average firing rate 28.0 � 9.1 Ns 29.3 � 11.3
Burst index, % 3.9 � 4.3 p � 0.0001 33.4 � 24.9
Early excitation, n/N (%) 20/32 (62.5%) 20/30 (66.7%)

Latency (ms) 6.0 � 0.9 Ns 6.9 � 3.3
Duration (ms) 5.4 � 2.5 p � 0.01 10.6 � 11.7
Strength (spikes) 31.3 � 17.7 p � 0.05 79.1 � 120.8

Short inhibition 22/32 (68.8%) 0/30 (0.0%)
Latency 13.4 � 1.5
Duration 11.2 � 3.7
Strength 28.9 � 14.6

Late excitation 32/32 (100%) 6/30 (20.0%)
Latency 24.3 � 4.2 Ns 21.3 � 3.7
Duration 12.4 � 6.1 p � 0.005 5.7 � 1.0
Strength 89.4 � 70.2 p � 0.01 26.5 � 12.3

Long inhibition 11/32 (34.40.3%) 30/30 (100%)
Latency 48.0 � 10.5 p � 0.0002 31.2 � 10.2
Duration 42.1 � 24.5 p � 0.0005 98.6 � 61.8
Strength 59.1 � 27.1 p � 0.0001 230.9 � 179.2

Statistics: Mann–Whitney U test. ns, Not significant.
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having collateral innervation to GPe (Kawaguchi et al., 1990;
Parent et al., 1995). A study using antidromic identification of
Str-SNr neurons (Mallet et al., 2006) and the present juxtacellular
labeling results suggest that DA depletion activated only Str-GPe
neurons. Possible factors for the increased activity include altered
synaptic inputs and membrane properties (Hernandez-Lopez et al.,
2000; Flores-Barrera et al., 2010; Surmeier et al., 2010) and changes
in thalamo-Str inputs.

Under normal conditions, STN-GPe inputs drive the late ex-
citation in GPe (Ryan and Clark, 1991; Kita, 1992; Nambu et al.,
2000; Kita et al., 2004). DA depletion decreased the strength of
the late excitation in STN and may decrease the STN-GPe
excitation. Thus, after DA depletion, the increased MC-Str-
GPe disinhibition overrides the decreased excitation and
forms a stronger and longer late excitation.

After DA depletion, the increased late excitation in GPe may
evoke a strong, long inhibition in STN by removing the presyn-
aptic D2-R-mediated suppression of GABAergic inputs (Shen
and Johnson, 2000, 2005; Baufreton and Bevan, 2008; Dejean et
al., 2008). The reciprocal connections between GPe and STN
form negative-feedback circuits. Thus, a long inhibition in STN
should provide a disfacilitation to GPe. The present observations
suggest that the force driving the late excitation of GPe is much
stronger than the GPe-STN-GPe negative feedback input. GPe-
STN projections converge (Baufreton et al., 2009), while STN-
GPe projections diverge (Parent and Hazrati, 1995). Thus, the
GPe-STN-GPe negative feedback may be a divergent system that
exerts moderate effects on neurons in a much wider area than the
area of original signal generation.

After DA depletion, the increased late excitation in GPe and
long inhibition in STN provided strong inhibition and disfacili-
tation, respectively, and together they generated a powerful long
inhibition in GPi, suggesting that a seemingly weak, long inhibi-

tion evoked in a subpopulation of Str-GPe neurons can be highly
amplified in the basal ganglia. The same mechanism may also be
inferred to cause the increased pauses and burst generations in
the pallidum and STN of parkinsonian subjects. The cortex, the
basal ganglia, and the thalamus form loop connections (Albin et
al., 1989; Bergman et al., 1994). It remains to be investigated how
the loops transmit the altered responses in GPi and shape the
responses of basal ganglia nuclei.

DA depletion altered short latency responses in STN and
short inhibition in GPi
DA depletion also virtually eliminated the MC-induced short
inhibition in GPi. This is consistent with the report that DA de-
pletion decreases the responsiveness of Str-GPi neurons to excit-
atory inputs (Flores-Barrera et al., 2010). However, it is uncertain
whether this decreased responsiveness alone can lead to the elim-
ination of the inhibition. DA depletion also decreased the MC-
induced early and late excitations in STN, contrary to studies
showing an increased responsiveness of STN neurons to gluta-
mate (Shen and Johnson, 2005) and showing that STN neurons
in PD patients responded strongly to sensory stimulation
(Rodriguez-Oroz et al., 2001). We infer that the increased firing
in STN is due to increased excitatory inputs and that the de-
creased MC-induced excitations was due to the increased potas-
sium conductance that underlies the slow firing adaptation
(Barraza et al., 2009) and to the increased spontaneous pauses
and bursts, which reduce the reliability of evoking the short la-
tency excitations (our unpublished observation).

Effects of intra-Str methyl L-DOPA injection
Injection of a behaviorally effective dose of methyl-L-DOPA or
muscimol into the DA-depleted Str increased the firing rate, de-
creased the bursts, and decreased the MC-induced late excitation

Figure 7. A, B, Diagrams show major synaptic connections from MC to GPi and a summary of observations from the present study. The connections are based on the data obtained in previous
studies (for review, see Kita, 1994, 2007). MC provides strong inputs to Str and STN. In the control group, MC stimulation induces a shorter latency excitation in STN compared with Str due to the
unique membrane properties of STN neurons (Farries et al., 2010). The early excitation in STN evokes an early excitation in GPe and GPi before the Str-mediated inhibition begins. The MC-induced
excitation in Str neurons projecting to GPi has a longer duration than that in Str neurons projecting to GPe under normal conditions (Flores-Barrera et al., 2010). The late excitation in STN, which may
be formed by various forces, drives the late excitation in GPe and GPi. B, In 6-OHDA rats, MC-induced excitation in Str neurons projecting to GPi decreased (Flores-Barrera et al., 2010). Also,
spontaneous firing of Str neurons projecting to GPe increased, which induced a tonic inhibition and disinhibition in GPe neurons. The mean latency of the excitation evoked in those neurons was
significantly shorter than in the control group and, as a consequence, the early excitation in GPe was reduced. These changes produce a cascade of changes in GPe and GPi. The short inhibition in GPi
was almost abolished after DA depletion, and the mechanisms driving this change are still under investigation.
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in GPe, indicating that both drugs decreased the background
Str-GPe inputs. We infer that these changes in GPe contributed
to the decreased bursts and decreased long inhibition in GPi ob-
served after intra-Str L-DOPA. The decreased burst activity is
consistent with the suggestion that the same mechanisms that
evoke strong, long inhibition in GPi contribute to generation of
strong bursts in GPi.

DA depletion increases D2-R expression in Str-GPe neurons
(Gerfen et al., 1990) and also sensitizes D2-Rs on cortico-Str
terminals (Bamford et al., 2004). Thus, activation of these D2-Rs
by DA converted from L-DOPA in Str may underlie the observed
effects (Xu and Dluzen, 1996; Tanaka et al., 1999). However,
intra-Str methyl-L-DOPA had a minor effect on the restoration of
the short inhibition in GPi. The present results suggest that the
increased ambulatory movements after acute replacement of DA
were due to the reduced late inhibition or reduced burst activity
in GPi.

A study in MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-
treated late-stage parkinsonian monkeys with fully developed
L-DOPA-induced dyskinesias showed that Str activity was signif-
icantly higher than normal, and an improvement of movement
by systemic L-DOPA injection was associated with an additional
increase in Str activity (Liang et al., 2008). We speculate that the
L-DOPA-induced increase in Str activity was due to altered ex-
pressions of various receptors and ionic channels in the basal
ganglia of animals with L-DOPA-induced dyskinesias (Gerfen et
al., 2002).

Firing rates and burst index
In this study, the average firing rate of GPe did not change signif-
icantly despite the increased Str-GPe inhibition and a downregu-
lation of HCN2 channel expressions in GPe that normally
enhance autonomous firing (Chan et al., 2011). These increased
inhibitory forces were inferred to be counterbalanced by in-
creased excitatory inputs from STN, which may due to increased
excitatory inputs, increased rebounds after pauses, and/or a re-
moval of presynaptic D2-R-mediated suppression of synaptic
transmissions (Shen and Johnson, 2000, 2005; Baufreton and
Bevan, 2008; Dejean et al., 2008). The firing rate of GPi neurons
was unchanged despite significantly increased STN activity,
probably because of frequent short pauses in firing generated by
strongly bursting GPe neurons and an intrinsic adaptation mech-
anism (Nakanishi et al., 1991). After DA depletion, GPe activity
seems to be controlled by increased inhibitory and excitatory
forces. Studies in animal models of PD reported no change in the
average firing rate of GPe and GPi and an increase in that of STN
neurons (Filion, 1979; DeLong, 1990; Hollerman and Grace,
1992; Bergman et al., 1994; Ni et al., 2000; Magill et al., 2001),
while others reported a significant decrease in the firing rate of
GPe and a significant increase in that of GPi neurons (Albin et al.,
1989; DeLong, 1990; Filion and Tremblay, 1991; Mallet et al.,
2008; for review, see Wichmann and DeLong, 2006). We infer
that the latter observations may be due to a slight dominance of
the inhibitory force occurring in GPe at an early stage of DA
depletion (Pan and Walters, 1988).

Functional implication
The most striking finding in the present study was that a seem-
ingly weak, long inhibition evoked in a subpopulation of neurons
in DA-depleted Str can be highly amplified in the basal ganglia
and generate abnormal responses in GPi, implying that the man-
ner of signal transfer from MC to the basal ganglia output nucleus
GPi changed substantially. Under normal conditions, movement-

related excitations of MC are transmitted through quiescent Str
neurons and induce a short inhibition in GPe. After DA deple-
tion, the MC excitation induces a shorter latency short inhibition
followed by a long disinhibition in GPe. This abnormal response
sequence in GPe is directly and multisynaptically transmitted to
GPi and generates an abnormally strong long inhibition in GPi,
which then generates a strong and long excitation in the thalamic
projection sites that are transmitted to the MC with incorrect
timing and information. It is possible that these changes contrib-
ute to the strong synchronization of a wide area of cortex, which
leads to abnormal muscle contractions such as rigidity and frozen
posture (Goldberg et al., 2002; Pelled et al., 2002).

Another striking finding was that DA depletion virtually elim-
inated MC-induced short inhibition in GPi and that intra-Str
injection of a behaviorally effective dose of methyl-L-DOPA only
partially restored the inhibition. Methyl-L-DOPA effectively re-
duced the abnormal long duration responses and burst genera-
tion in the pallidum and STN. Therefore, the generation of
abnormal signals in the basal ganglia may underlie the manifes-
tation of some parkinsonian symptoms, and complete restora-
tion of the Str-GPi input may not be required for restoration of
some functionality, such as ambulatory movements.
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