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Effects of excitotoxic striatal lesions on single unit activity in
globus pallidus and entopeduncular nucleus of the cat
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Striatal projections to the globus pailidus and entopeduncular nucleus are thought to be GABAergic and inhibitory. Thus, striatal
lesions might be expected to increase the spontaneous discharge rate of neurons in these nuclei. To test this prediction, we recorded
spontaneous single unit activity from awake cats sitting quietly before and 7-160 days after striatal lesions. Striatal lesions were
produced by injecting ibotenic acid into the caudate nucleus and putamen. Median, standard deviation, mean, and coefficient of
variation of the interspike intervals were calculated for each unit. In globus pallidus the striatal lesion resulted in a significant
decrease in median interval length, i.e. an increase in the discharge rate. The prelesion median of 36 ms (S.E.M. = 2.3) decreased
11% to a postlesion value of 32 ms (S.E.M. = 2.1). The lesion also resulted in a significant decrease in the variability of interspike
intervals. The coefficient of variation, 1.31 (§.E.M. = 0.08) before the lesion, decreased 25% to 0.97 (S.E.M. = 0.06) after the
lesion. In entopeduncular nucleus, the lesion had no statistically significant effect on the rate of activity, but a significant decrease
in the variability of activity occurred. The median interval was 33 ms (S.E.M. = 3.3) before the lesion and decreased 2% to 32
ms (S.E.M. = 2.4). The coefficient of variation decreased 48% from 1.44 (S.E.M. = 0.1) to 0.73 (S.E.M. = 0.03). These
observations support the hypothesis that loss of GABAergic inputs to the globus pallidus results in disinhibition. The discharge rate
in entopeduncular nucleus was not affected by the striatal lesion, suggesting that striatal substance P or subthalamic excitatory inputs

may have a role in regulating discharge rate in the entopeduncular nucleus.

INTRODUCTION

The striatum provides a major source of afferents
to the globus pallidus (GP) and entopeduncular
nucleus (EPN)!833-3361 " accounting for more than
50% of the input to the neurons of these nuclei":
341 The striatal input to both the GP and EPN
contains gamma aminobutyric acid (GABA), which
is thought to be inhibitory to neurons in these
nuclei?*>%*31_ Striatal inputs to the GP arise from
subsets of striatal neurons separate from those to the
EPN®. Striatal neurons projecting to the GP and
EPN can be differentiated also by their peptidergic
transmitter. Striatal substance P projections selec-
tively innervate the EPN and substantia nigra
whereas striatal enkephalinergic projections inner-
vate the GP??, Evidence suggests that the striatal

enkephalinergic projection is inhibitory®>>® and the
substance P projection is excitatory!*.

Striatal lesions in the rat result in a 90-95%
decrease in extracellular GABA®® and a decrease in
glutamic acid decarboxylase (GAD) activity in the
GP and SN'7?%40 Gtriatal lesions also result in
upregulation of GABA receptors in GP, EPN and
SN*2. Since current evidence indicates that the
striatal input to GP and EPN is GABAergic and
mainly inhibitory, lesions of the striatum should
increase the discharge rate of neurons in GP and
EPN. Surprisingly, however, following striatal abla-
tions the discharge rate in GP and EPN decreased™.
One potential explanation for the results obtained in
the earlier study may be that striatal ablations
remove axons of passage as well as cell bodies, thus
complicating the results. In this study we produced
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striatal lesions with the axon sparing excitotoxin
ibotenic acid and recorded single neuronal unit
activity from GP and EPN of awake cats. Excitotoxic
striatal lesions produce neuropathological and neu-
rochemical changes similar to those seen in Hun-
tington’s disease’"'""®*, Excitotoxic striatal lesions
may also indicate whether neuronal discharge pat-
terns are altered in this disease. Preliminary findings
from this study have been published™.

MATERIALS AND METHODS

Four cats were habituated to the recording pro-
cedures by training them to sit quietly in a loose
restraint. Two to three weeks later, they were
surgically prepared for chronic single unit recording.
The animals were anesthetized with pentobarbital to
fix stereotaxically a chamber to the left side of the
skull. The position of the chamber allowed access to
the caudate nucleus, putamen, GP and EPN. One
week after surgery the animals were rehabituated to
the recording apparatus and exploratory recordings
to locate the boundaries of the pallidum and the
striatum were initiated. Data collection began 2-3
weeks after surgery. Tungsten microelectrodes stiff-
ened by a cannula were prepared for unit recording
and used in all experiments. A hydraulic microdrive
was used to advance the microelectrodes to the
desired recording site within the basal ganglia.
Preamplified neuronal signals (gain 10,000, band-
width 300 Hz-5 kHz) from the recording sites were
led to an oscilloscope, audio monitor, and tape
recorder. Units with initially negative peaks were
isolated and unit activity was recorded on tape and
digitized off-line. In two cats, one control and one
lesioned, the spikes were digitized on-line', making
off-line digitization unnecessary. All units were
analyzed similarly with data analysis programs pre-
pared in our laboratory for a Compupro computer.
Units recorded at a particular site within the GP or
EPN were discriminated from each other and from
background noise on the basis of their negative peak
amplitude, positive peak amplitude, and peak to
peak time®. Discriminated units were used for all
subsequent analyses. For each unit, the mean inter-
val length, median interval length, S.D. of the
intervals, and coefficient of variation were calcu-
lated. The coefficient of variation (S.D./mean) en-

abled comparisons of variability between samples of
neurons with different rates.

Spontaneous unit activity was recorded from the
GP and EPN of restrained cats only when they were
awake and sitting quietly. Cats were trained to sit
quietly during the recording session. To ensure a
consistent, quiet behavioral state during recording,
we observed the cats with a video camera and
monitored their movements with a movement de-
tector consisting of a high impedance cable or an
accelerometer. EEG activity was recorded before
and after the lesion in the first two animals to
identify slow wave, large amplitude signals indicat-
ing early sleep stages. The cats rarely became drowsy
during recording sessions and visual observations
proved as useful as EEG, therefore, subsequent cats
were monitored with a video camera alone. Units
recorded during drowsiness were not used for anal-
ysis. Segments of unit activity recorded during
movement as indicated by direct observation or by
the movement detector were also not used for
analysis.

The first two cats were studied both before and
after the lesion. Before the lesion, penetrations
through GP and EPN were made through alternating
tracks in a checkerboard fashion. The remaining
tracks, neighboring those recorded prior to the
lesion, were studied after the lesion. This procedure
ensures that the recording sites within the GP and
EPN before and after the striatal lesion are similar.
One additional cat was studied as a non-lesioned
control and another was studied only after the
lesion.

Unilateral striatal lesions were produced by mul-
tiple injections of ibotenic acid (2 ug/200 ul phos-
phate buffer solution) into the caudate nucleus and
putamen. Eleven to 19 injection sites ranging from
0.25-1.5 ulisite were used to produce the striatal
lesions. To avoid unintentional damage to the GP,
smaller amounts of ibotenic acid were injected into
the putamen (3-5 injection sites) as compared to the
caudate nucleus (8-15 injection sites). Histologic
reconstructions of the recording sites were facilitated
by marking 6 recording tracks with deposits of iron
on the final day of recording. Direct current (100 uA
for 30-45 s) was passed through a bipolar steel
electrode providing iron deposits that were stained
blue by adding 1.5% potassium ferrocyanide to the



10% formalin perfusing solution. Animals were
perfused trans-cardially under deep barbiturate an-
esthesia. The brains were removed, postfixed in
sucrose/formalin solution, frozen, sectioned, and
stained with Cresyl violet. The recording tracks and
lesions were reconstructed and drawn on maps
traced from stained sections. An image analysis
computer was used to determine the lesion size. The
area of the striatum on the lesioned and control sides
of each coronal section were computed by interac-
tively tracing the striatal boundaries on digitized
images. Reconstructed tracks from all animals are
shown in Fig. 3. Snider and Niemer’s stereotaxic
atlas of the cat brain® was used as a guide in
reconstruction and in preparing Fig. 2.

The Mann-Whitney U test and the x* test were
used to assess the significance of changes in unit
activity.
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RESULTS

Histology

In all animals the lesion included the rostro-lateral
and the caudo-lateral regions of the head and body
of the caudate nucleus (Fig. 1A). Lesions within
the putamen were restricted to the rostro-lateral
regions and were smaller than lesions of the caudate
nucleus (Fig. 1). The lesions produced a 30 to 50%
loss of striatal tissue (Fig. 2). The lateral ventricle
ipsilateral to the lesion was enlarged and gliosis
was found at the site of the lesion (Fig. 1). The
lateral regions of the caudate nucleus were heavily
damaged while some medial regions were spared
(Fig. 1). In one cat, small lesions of the rostral
claustrum adjacent to the putamen were observed.
No damage to any other anatomical structure was
noted.

Fig. 1. Photomicrographs of Cresyl violet stained tissue sections illustrating the striatal lesions in two cats. A: the upper section is
from the rostral extent of the caudate nucleus. The lower section is from a more caudal level in the same animal. B: in a second
animal, the upper section is more rostral than the lower section. Note that in both animals the lesion affects the lateral regions of

the caudate nucleus more than the medial regions.
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Fig. 2. Lesion size. The striatal area on the lesioned side was
computed as a percentage of the striatal area on the control
side (y-axis), and is plotted as a function of the anterior-
posterior coordinates (x-axis).

Site of recording
In all animals, recordings were taken from similar
sites in the GP and EPN before and after the lesion

(Fig. 3).

Globus pallidus

Unit activity was recorded from the GP between
7 and 160 days after the lesion. Four hundred fifty
seven units were recorded. Of this total, 192 units
were recorded prior to the lesion and 265 units after
the lesion. The lesion resulted in a significant
decrease in the median length of the interspike
intervals (Table I). This decrease was due to the
presence of an increased proportion of units with
short median intervals (Fig. 4A,B). The lesion
altered the variability of the unit activity in GP. The
average coefficient of variation decreased by 25%
after the lesion (Table I). The decrease in the
coefficient of variation resulted from an increase in
the proportion of units with small coefficients of
variation (Fig. 4C,D).

The decrease in median interval was accompanied
by a significant (x* test P < 0.01) decrease in the
proportion of units containing long (>500 ms)
interspike intervals (Fig. 6A,B). Units with at least

AP16 AP 155 AP15
GP
AP14

AP125 AP12

EPN EPN

Fig. 3. Representation of all recording sites in all animals studied. Prelesion recording sites are plotted as filled circles and postlesion

recording sites are plotted as dashes.



TABLE 1

Globus pallidus and entopeduncular nucleus unit activity
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Globus pallidus Entopeduncular nucleus

Control Lesion Control Lesion
Median ISI (ms) 36 (2.3) 32 (2.1)* 33 (3.3) 32 (2.4)
Mean ISI (ms) 63 (5.3) 43 (2.9)*** 55 (5.7 46 (4.5)
Coefficient of variation 1.30 (0.08) 0.98 (0.03)* 1.42 (0.1) 0.74 (0.03)***
Standard deviation (ms) 111 (16.7) 41  (2.8)*** 79 (9.9) 34 (5.3)***
Number of units 192 265 65 70

P < 0.0001; **P < 0.001; *P < 0.05 as assessed by the Mann~Whitney U test; ISI = interspike interval; ms = milliseconds;

numbers in brackets represent standard errors.

one interval greater than 500 ms were compared to
units that had no intervals greater than 500 ms. Both
before and after the striatal lesion, units with at least
one interspike interval greater than 500 ms had
significantly larger (Mann—Whitney U test P <
0.0001) median intervals and higher coefficients of
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variation (Mann-Whitney U test P < 0.0001) than
units without long intervals (Table 1I).

Entopeduncular nucleus
Unit activity in EPN was recorded 25-145 days
after the lesion. A total of 135 units was recorded,
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Fig. 4. Distributions of median intervals and coefficients of variation of all units in the globus pallidus. A: prelesion and B: postlesion
distributions of median intervals. C: prelesion, and D: postlesion distributions of coefficients of variation. Note that the postlesion
distributions of the median intervals and coefficients of variation are shifted to the right, however, the prelesion and postlesion

distributions overlap.
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TABLE 11

Globus pallidus units containing long intervals

Control Lesion

ISI > 500 ms ISI< 500 ms I1S1> 500 ms ISI < 500 ms
Median ISI (ms) 51 (5.4) 27 (1.4)* 61 (8.5) 24 (1.0)*
Mean ISI (ms) 112 (12.3) 34 (1.6)* 91 (11.1) 31 (1.3)*
Coefficient of variation 2.12 (0.17) 0.83 (0.01)* 1.50 (0.09) 0.85 (0.02)*
Standard deviation (ms) 255 (46.6) 28 (1.4 101 (9.8) 26  (1.16)*
Number of units (% of total) 70 (37%) 122 (63%) 53 (19%) 212 (81%)

*P < (.0001 as assessed by the Mann—Whitney U test. Comparisons between ISI > 500 ms and ISI < 500 ms; ISI = interspike interval;

ms = milliseconds; numbers in brackets represent standard errors.

65 prior to the lesion and 70 after the lesion. The
lesion resulted in a non-significant 2% decrease in
median interspike interval (Table I). The distribu-
tion of median intervals in EPN is shown in Fig.
5A,B. Although the median rates of activity were
unaffected by the lesion, the proportion of spike-
trains with long intervals decreased significantly (x

P < 0.01) (Fig. 6). The lesion had a marked effect
on the variability of activity in EPN. The coefficient
of variation decreased by 48% as compared to
prelesion values (Table I). The decrease in the
coefficient of variation is related to an increase in the
proportion of units with small coefficients of varia-
tion (Fig. 5C,D).
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Fig. 5. Distributions of the median intervals and coefficients of variation of all units in the entopeduncular nucleus. A: prelesion
and B: postlesion distribution of median intervals. C: prelesion and D: postlesion distributions of coefficients of variation. Note that
the distribution of median intervals is unaffected by the lesion, but the distribution of coefficients of variation is shifted to the right.
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Fig. 6. Distributions of the largest interspike intervals of all cells in each spiketrain recorded from the globus pallidus and
entopeduncular nucleus. A: prelesion and B: postlesion distributions in globus pallidus. C: prelesion and D: postlesion distribution
in the entopeduncular nucleus. Note that the spiketrains in both globus pallidus and entopeduncular nucleus have a similar
proportion of large (>500 ms) intervals, both before and after the striatal lesion.

As in the GP, the subgroup of units with at least
one interval greater than 500 ms had, on average,
longer median intervals (Mann—-Whitney U test P <
0.05) and higher coefficients of variation (Mann—
Whitney U test P < 0.001) than units with no
intervals greater than 500 ms (Table III).

TABLE III

Entopeduncular nucleus units containing long intervals

Topography

Units in GP were grouped according to their
anatomical location. The GP was arbitrarily divided
into 4 anatomical quadrants®’: rostro-medial (ante-
rior-posterior (AP) coordinates = 13.5 and lateral
(L) coordinates < 7.5), rostro-lateral (AP = 13.5, L
> 7.5), caudo-medial (AP < 13.5, L < 9) and

Control Lesion

ISI > 500 ms ISI <500 ms ISI > 500 ms IS1 < 500 ms
Median ISI (ms) 43 (6.6) 26 (2.3)* 61 (17.1) 29 (1.7)
Mean ISI (ms) 82 (10.8) 34 (2.8)* 111 (38.4) 35 (2.3)
Coefficient of variation 1.93 (0.16) 1.04 (0.9)* 1.23 (0.09) 0.69 (0.02)
Standard deviation (ms) 140 (17.2) 34 2.9)* 131 (43.3) 25 (2.3)
Number of units (% of total) 28 (43%) 37 (57%) 6 (7%) 64 (93%)

*P < 0.0001 as assessed by the Mann—Whitney U test. Comparisons between ISI > 500 ms and ISI < 500 ms; ISI = interspike interval;

ms = milliseconds; numbers in brackets represent standard errors
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Fig. 7. Percentage change in the median intervals and coeffi-
cients of variation in each quadrant of the globus pallidus. A:
rostro-medial quadrant (anterior-posterior (AP) coordinates
= 13.5 and lateral (L) coordinates < 7.5). B: rostro-lateral
quadrant (AP = 13.5 and L > 7.5). C: caudo-medial quadrant
(AP < 13.5, L < 9). D: caudo-lateral quadrant (AP < 13.5,
L > 9). The bins with * represent significant changes in the
median intervals or coefficients of variation following the
lesion.

caudo-lateral (AP < 13.5, L = 9). Units collected
from each of these quadrants were grouped together
and statistics for each group were calculated. The
analysis indicated that the lesion affected the median
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Fig. 8. Graph of median intervals and coefficients of variation

in the 160 days after the striatal lesion in the caudo-lateral

quadrant of the globus pallidus only. Note that no consistent

trend towards recovery occurs for any of the statistics.

and coefficient of variation in the lateral quadrants
of GP alone (Fig. 7B,D). The medial quadrants of
GP had similar medians and coefficients of variation
both before and after the lesion (Fig. 6A,C).
Topographic differences in the rate and pattern of
activity in EPN were examined but no significant
differences between anterior-posterior or medio-
lateral quadrants were demonstrable.

Recovery

Trends towards recovery in the rate and variability
of interspike intervals in both GP and EPN were
assessed by examining changes in data obtained over
the months following the lesion. After the lesion,
data from successive 10-day periods were culled and
the median, mean, S.D., and coefficient of variation
from each 10-day period were compared. No con-
sistent trend towards recovery was demonstrable for
any of the statistics in either GP or EPN. Data
recorded from the caudo-lateral quadrant of GP, the
quadrant most affected by the lesion, are illustrated
in Fig. 8.

DISCUSSION

This study demonstrated that excitotoxic injury of
the striatum alters spontaneous neuronal activity in
the GP and EPN. The lesion resulted in an increase
in the discharge rate in the GP but not in the EPN
and a change in the variability of interspike intervals
in both nuclei.

The changes in spontaneous unit activity of
deafferented GP neurons are consistent with the loss
of a tonic inhibitory input from the striatum. The
lesion resulted in a significant decrease in median
interval, a decrease in the variability of discharge
and a decrease in the proportion of units containing
long intervals. The decrease in median interval, i.e.
an increase in firing rate, is the change expected
from loss of tonic inhibition. The decrease in
variability of firing is related to the decreased
proportion of slowly firing neurons, i.e., those
containing long intervals. The decrease in variability
may thus be related to loss of GABAergic striatal
input, the decrease in long intervals resulting from a
decrease in long lasting striatal inhibition**. GABA
is an inhibitory neurotransmitter and enkephalin,
the peptidergic neurotransmitter colocalized with



GABA in the striatal projections to GP, is thought
to be inhibitory as well*6-37-4%,

Excitotoxic injury of the striatum had no effect on
the discharge rate in EPN. This may be related to the
effects of substance P, a peptidergic neurotransmitter
present in the striatal projections to the EPN?-234%,
Substance P is thought to be excitatory'**" and its
absence following the striatal lesion may counteract
the loss of inhibitory GABAergic projections to
EPN. The interactive effects of the loss of two
transmitters may explain the lack of a change in rate,
but it does not explain the change in variability or
the change in the proportion of long intervals. An
explanation for the decrease in variability and the
decrease in the proportion of long intervals in EPN
may be that GABA release in the EPN normally
results in long intervals and therefore more vari-
ability. The loss of striatal GABAergic inputs to the
EPN therefore reduces the long intervals and the
variability of activity in EPN. Thus, the striatal
lesion results in the loss of two inhibitory transmit-
ters in GP and loss of one inhibitory and one
excitatory transmitter in EPN. This difference may
explain the different effects of the striatal lesion,
upon GP and EPN.

Other inputs to GP and EPN may also be affected
by the striatal lesion and contribute to the altered
discharge rates and variability. It is likely that the
striatal lesion indirectly affects subthalamic inputs to
the GP and EPN. The majority of excitatory inputs
to GP and EPN are from the subthalamic nucleus
and this nucleus in turn receives inhibitory inputs
from GP?193437 The increased discharge rate in GP
presumably increases inhibitory input to the subtha-
lamic nucleus, thus causing subthalamic neurons to
discharge more slowly. Slower discharge in subtha-
lamus would reduce the excitatory drive impinging
on GP and EPN neurons, thereby further reducing
the discharge rate in these nuclei. However, since
there is no evidence that subthalamic inputs have
different effects on GP than on EPN neurons, it is
unlikely that these inputs are responsible for the
different effects of the striatal lesion on the GP and
EPN discharge rate. The substantia nigra, another
input to the GP and EPN, may also be affected by
the striatal lesion*>. The substantia nigra receives
direct inhibitory projections from the striatum and
may, therefore, discharge faster after the lesion®’.
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However, there is no evidence that the substantia
nigra projections to GP are different from those to
EPN. Therefore, increased discharge rate in sub-
stantia nigra cannot account for differential effects of
the striatal lesion on GP and EPN discharge rate.

Alteration of neuronal membrane properties may
explain some of the changes in neuronal discharge
rate and variability of firing. Neuronal morphology
affects passive membrane properties?®?° and in
many systems, including the basal ganglia, neurons
that are deafferented undergo morphological reor-
ganization*>-*®, It is possible that the effects of the
striatal lesion on the variability and rate of activity
could be due, at least in part, to changes in
morphology. There is, however, no reason to expect
that the morphological changes in EPN would be
different than the morphological changes in GP.
Thus, changes in morphology following the striatal
lesion would not explain the different effects of the
striatal lesion on the rate of discharge in GP and
EPN.

An earlier study on the effects of striatal lesions
on GP and EPN disclosed a decrease in the rate of
activity in these structures®’. Methodologic factors
may account for the differences in results between
the previous study and the present one. In the earlier
experiments, ablations by suction were used to
produce striatal lesions. This type of ablation inter-
rupts fibers of passage in addition to lesioning cell
bodies. In the present study the axon sparing
excitotoxin ibotenic acid was used to produce the
striatal lesions. In the earlier study, lesions were
restricted to the caudate nucleus whereas in the
present study the caudate nucleus and parts of the
putamen were lesioned. Finally, in the earlier study
the animals were acutely prepared cats relaxed with
gallamine and locally anesthetized and in the present
study the animals were chronically prepared and
loosely restrained.

Spontaneous unit activity recorded in the lateral
and medial segments of the GP in the primate differs
from spontaneous unit activity recorded in the GP
and EPN of the cat. In the primate, within the lateral
segment of the GP, which is equivalent to the GP in
the cat, units with at least one long interval (one
interval >500 ms) constitute about 85% of the
units’>'®!?_ In the cat GP, long intervals are present
in only 37% of the units. The primate medial
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segment of GP, which is equivalent to the cat EPN,
has no units containing long intervals. In the EPN of
the cat, 43% of the spiketrains contain long inter-
vals. This difference in the proportion of units
containing long intervals suggests that the criteria
used to distinguish 3 patterns of activity in the
primate pallidum!>!%!® cannot be used in the cat
pallidum. It is possible that anatomical differences
between species such as the presence or absence of
recurrent axons®' may account for these differences
in unit activity.

Excitotoxic striatal lesions altered unit activity in
the lateral regions but not the medial regions of the
GP. These findings are consistent with the topo-
graphic distribution of projections from the striatum
to the GP and with the locations of the lesions placed
in the striatum®>®. The lateral regions of the
caudate nucleus project to the lateral regions of the
GP>3, Moreover, the projections from the caudate
nucleus to the GP and EPN maintain a mediolateral,
dorsoventral and anteroposterior topographic corres-
pondence™. The lesions in our animals were larger
in the lateral than the medial parts of the striatum
and thus the lateral regions of both the GP and EPN
are more likely to have been affected by the lesion
than the medial regions. The fact that striatal
projections to both GP and EPN are similarly
organized topographically>® indicates that the differ-
ent effects of the striatal lesion upon these structures
in the present study do not result from selective
deafferentation of only one of these structures.

The discharge rate of a neuron is one mechanism
for encoding and transmitting information in neuro-
nal systems®*. The discharge rate can potentially
determine: (a) the type of transmitter released by a
neuron**?; (b) the amount of transmitter released>
31 and (c) whether long-term potentiation occurs®.
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