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6-HYDROXYDOPAMINE LESIONS OF THE 
NIGROSTRIATAL PATHWAY ALTER THE EXPRESSION 
OF GLUTAMATE DECARBOXYLASE MESSENGER RNA 

IN RAT GLOBUS PALLIDUS PROJECTION NEURONS 
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Abstract--h siru hybridization was used to study the effect of 6-hydroxydopamine-induced damage to 
the midbrain dopaminergic neurons on the level of glutamate decarboxylase mRNA in globus pallidus 
neurons in the rat. Some animals received an injection of Fluoro-gold in the entopeduncular nucleus or 
the substantia nigra prior to the Ghydroxydopamine lesion in order to identify glutamic acid decarboxy- 
lase mRNA levels in pallidal neurons that project to one of these targets. Analysis was carried out on 
a sample of all pallidal neurons as well as neurons that were identified as projection neurons in control 
and lesioned groups. 

The loss of the dopamine-containing neurons in the substantia nigra resulted in significant increases 
in the percentage of globus pallidus neurons that expressed glutamate decarboxylase mRNA and in the 
amount of glutamate decarboxylase mRNA per globus pallidus neuron. These increases were noted in a 
sample of all pallidal neurons, as well as pallidal neurons that were identified as projecting to either the 
entopeduncular nucleus or the substantia nigra. in control animals, glutamate decarboxylase mRNA was 
clearly identified in globus pallidus neurons projecting to the entopeduncular nucleus, indicating that this 
recently reported projection is at least partially GABAergic. 

The results of this study indicate that substantia nigra dopaminergic neurons regulate globus pallidus 
neurons in Ihe rat, and that removal of the dopaminergic input to the corpus slriatum results in a 
significant increase in the amount of glutamate decarboxylase mRNA in pallidal neurons. The decreased 
firing rate of pallidal neurons that is Seen following the loss of dopamine input appears to be ~~~companied 
by an increase in the level of glutamate decarboxylase mRNA in these neurons. 

The importance of the midbrain dopaminc-contain” 
ing neurons in motor control has been established 
by the characteristic motor disturbances that occur 
in Parkinson’s disease, a disease that is distinguished 

by a loss of dopaminergic neurons of the substan- 
tia nigra (SN) pars compacta. Loss or blockade of 
dopamine (DA) input results in a variety of physio- 
logical and neurochemical changes in basal ganglia 
structures.‘.8 Although much attention has been 
focused on the striatum, changes have been noted 
in other basal ganglia nuclei as well. Neurons in the 
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rodent globus pallidus (GP: homologous to the pri- 
mate external GP) demonstrate a decrease in spon- 
taneous neuronal activity and an altered firing 
pattern, as well as a decrease in GABA receptor 
binding following an ipsilateral U~ydroxydopamine 
(6-OHDA) lesion of the nigrostriatai system.‘“.J’l 
Similar changes in firing rate and GABA receptor 
binding have been reported in the external segment 
of the primate GP in animals treated with N-methyl- 
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a selec- 
tive neurotoxin that eliminates nigrostriatal neur- 
ons..4.32,4s These changes suggest an increase in GABA 
inhibition of pallidal neurons from striatal effer- 
ent neurons, which arc known to contain GABA 
and glutamate decarboxylase (GAD), the synthetic 
enzyme and a marker for GABA.“.‘X,~h.‘X.4?,~4 This 
hypothesis is consistent with evidence for an increase 
in striatal cell firing rate and an increase in gluta- 
mate decarboxytase mRNA levels in striatal neurons 
following blockage of DA transmission.~x.“.“‘.J”.5” 
Thus, the activity of GP neurons may be regulated 
by the SN DA input to the striatum, via the striatal 
input to the GP. 

The rodent GP is proving to have more cxtensivc 
efferent connections with other brain nuclei than 



previously thought. In addition to its reciprocal 
connections with the striatum,h.“.C’ the subthalamic 
nuc]eus5.?’ and the SN 5.2’1 51 the GP reportedly 
projects to the paraventricular nucleus of the thala- 
mus.” the reticular nucleus of the thalamus” and 
the cerebral cortex.” Recently the GP has been 
shown to send a substantial, topographically orga- 
nized projection to the entopeduncular nucleus (EP: 
homologous to the primate medial GP.2’.‘” While 
GABA has been identified as a neurotransmitter of 
pallidal projection neurons to the subthalamic 
nucleus and the SN,‘X.“1.47.” the identity of the neuro- 

transmitter(s) used in other efferent pro.jections of the 
GP is not known. 

In the first part of this study we tested the hypo- 
thesis that GP neurons projecting to the EP are 
GABAergic by combining in situ hybridization for 
GAD mRNA with Fluoro-gold (FG) tract tracing.” 
In addition, using a rodent model for Parkinson’s 
disease we investigated the effect of unilateral h- 
OHDA lesions on the level of GAD mRNA in 
pallidal neurons. Some of these animals received a 
FG injection into the EP or SN prior to the 6-OHDA 
lesion to identify specific pallidal neurons that pro- 
jected to one of these targets. Relative levels of GAD 
mRNA were then measured in a sample of all pallidal 
neurons in control and lesioned animals, and a subset 
of measurements was taken from FG-filled neurons 
to specifically determine the effect of 6-OHDA lesions 
on pallidal neurons projecting to the EP and the SN. 

EXPERIMENTAL PROCEDURES 

Siereoruxic .rurgery 

Adult male SpragueDawley rats (Harlan Labs, Indiana- 
polis) (244-398 g) were anesthetized with ketamine/xylazine 
(10: 3 ratio, 1.0 cc/kg, i.p.) prior to receiving an iontophor- 
etic injection of FG (Fluoro-chromes, Englewood, CO; 
2.0% in acetic acid, pH 3.3) into either the EP (n = 13) or 
the SN (n = 8). Injection coordinates were taken from the 
atlas of Paxinos and Watso# and for the EP were: AP, 
-2.6 to -2.8mm; ML, -3.0 to -3.2mm; DV. -7.4 to 
-7.5 mm; for the SN the coordinates were: AP, - 5.5 mm; 
ML, -2.0 mm; DV, -7.5 to -8.5 mm. The FG injections 
were made via a glass micropipette with an inside tip 
diameter of IO-35 pm for S-10 min using 3 nA of current 
(7s on, 7s off). 

Six to eight days later the animals received an injection of 
the neurotoxin, 6-OHDA,s6 or vehicle in the SN ipsilateral 
to the FG injections. Thirty minutes prior to anesthesia with 
sodium pentobarbitol (35 mg/kg, i.p.), desipramine-HCI 
(Research Biochemicals Inc., Natick, MA; 20mg/kg, i.p.) 
was administered to protect noradrenergic neurons. Ani- 
mals were again placed in the stereotaxic unit and injected 
in the SN with 8 fig of 6-OHDA (Sigma; n = 13) in 4 ~1 of 
0.01% ascorbate (Sigma) in saline over 8 min. Controls 
(n = 6) were injected with the same volume of vehicle in the 
SN. The pipette was left in place for S--IO min after the 
injection, After 17-20 days, to allow for complete degener- 
ation of the SN dopaminergic neurons,s6 the animals were 
anesthetized and transcardially perfused with lOOmI of 
0.1 M sodium phosphate-buffered saline with 0.1% sodium 
nitrite, followed by 300 ml of 4% paraformaldehyde with 
0.2% saturated picric acid in 0.1 M sodium phosphate 
buffer (pH 7.4). The brains were removed, p&fixed in the 

tixattve for 2~ 3 h at 4 c‘ and cryoproteckd urcmph~ III JO”.; 

sucrose in 0.1 M sodium phosphate huh’ct :irtl: :“,, 
polyethylene glycoLJ 

The brains were cut coronaUy mto three blocks contan- 
ing the GP, the midbrain, or the cerebellum. Blocks with 
the GP or cerebellum were covered with embedding mat- 
rix and stored at -70-Y until they were cut for in riru 
hybridization. 

Coronal sections from the midbrain bloch were cut 
(40 pm) on a freezing microtome and processed for tyrosine 
hydroxylase (TH) immunocytochemistry. These sections 
were collected sequentially into six vials containing 0.02 M 
potassium phosphate-buffered saline (KPBS) with 0.01% 
sodium azide. Every other section was washed and incu- 
bated with a mouse monoclonal antibody against TH 
(Incstar. Stillwater. MN: 1: 10.000 dilution) for 24 h at 4 C. 
After washing, the sections were incubated in goat anti- 
mouse IgG (Jackson Immunoresearch, West Grove, PA; 
1 : 100 dilution) for 1 to 2 h at room temperature. Sections 
were washed and incubated in mouse peroxidase-anti- 
peroxidase (Jackson Immunoresearch; 1: 200 dilution) with 
4% normal goat serum for l--2 h at room temperature. After 
washing, the sections were then placed in freshly made 
diaminobenzidine tetrahydrochloride in KPBS (0.125%) 
with 0.015% nickel chloride and 0.06% hydrogen peroxide. 
After 5 7min this reaction was stopped with live quick 
rinses of distilled water and the sections were transferred to 
KPBS. All washes were carried out in KPBS and all 
incubations were carried out in KPBS with 0.3% Triton X 
(Sigma). The sections were mounted on to gel-subbed slides. 
dehydrated in graded alcohols, cleared in xytene and cover- 
slipped with Permount. Control sections were run simul- 
taneously with either the primary or secondary antibody 
omitted. The presence and location of midbrain TH- 
immunoreactive neurons were determined with the aid of a 
microprojector and a Leitz Dialux microscope. Only those 
animals with a complete loss of the SN DA cell group, in 
the case of the experimental group (total n =: 6). or those 
animals with no apparent loss of TH-immunoreactive neur- 
ons, in the case of the control group (total II -: 4). were 
processed for irz siru hybridization. 

In situ hybridization histochemist,:l 

Sections from the tissue blocks that contained the GP 
or the cerebellum were cut (12 rm) in the coronal plane 
on a cryostat at -24°C and thaw-mounted onto poly- 
t.-lysine-subbed slides (50 lig/ml). These sections were 
stored at -70’C until processed for in siru hybridization 
histochemistry. 

The mounted sections were washed three times in 0.1 M 
sodium phosphate-buffered saline and placed in 0.25% 
acetic anhydride in 0.1 M triethanolamine-0.9% NaCI, 
pH 8, for 10 min. The slides were then dehydrated in 70% 
(I min), 80% (1 min), 95% (2 min) and 100% (I min) alco- 
hols, transferred to chloroform (5 min) and returned to 
100% (1 min) and 95% (1 min) alcohols. The tissue was 
thoroughly air-dried prior to the incubation in hybridization 
buffer. 

Thirty base oligonucleotide probes complementary to 
(antisense), or matching (sense) bases 1561-1590 of feline 
GAD cDNA*‘,~~ were synthesized on Applied Biosystems 
Inc. automated DNA synthesizers at the University of 
Michigan DNA Synthesis Core Facility. The probes were 
purified by reverse-phase high performance liquid chroma- 
tography (HPLC) using C-4, 300A columns from Rainin 
Instrument Corp. Both probes were 3’-end labeled with 
[“S]ATP by 3’-terminal deoxynucleotidyl transferase using 
a commercially available kit (NEN/Dupont), The labeled 
probes were purified using NENSORB (NEN/Dupont) 
purification cartridges. 
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These probes were diluted to 4.6 ~7.3 x 10’d.p.m. in 
hybridization buffer containing 50% formamide, 10 mM 
Tris (pH 8), 100 mM dithiothreitol, 1 x Denhardt’s sol- 
ution (I x Denhardt’s = 0.02% polyvinylpyrrohdone, 
0.02% ficoll, 0.02% bovine serum albumin), 10% dextran 
sulfate, I mM EDTA and 0.3 M NaCI. Each section was 
hybridized with 40~1 of buffer and covered with a glass 
coverslip. sealed with rubber cement and incubated for 
24 h at 37’C in a humid chamber. Following removal of 
the coverslips, the sections were washed in 2 x sodium 
citrate-sodium chloride (SSC; I x SSC = 0.15 M NaCl and 
0.015 M NaCitrate) (30min). 1 x SSC (30min) and 
0.5 x SSC (15 min) at room temperature. This was followed 
bv a wash in 0.5 x SSC at 37 ‘C (60 min) and a wash in 
Or5 x SSC at room temperature (jOmin)‘after which the 
slides were drained and air-dried. All solutions, except 
the alcohols, were made in distilled water treated with 
diethyl pyrocarbonate (1 ml/l) and all glassware was either 
autoclaved or baked to prevent RNAase contamination. 

Slides were dipped in photographic emulsion (Kodak 
NTB-2). stored in light-tight containers at 4 C and allowed 
to expose for 23-26 days. Subsequently they were devel- 
oped in Kodak D-19 at 18 C, counterstained with Cresyl 
Violet for fluorescence,’ dehydrated. cleared with xylene and 
coverslipped with DPX (Gallard-Schlesinger. Carle Place. 
NY). 

Several controls were used to determine the specificity of 
the antisense probe. Some sections were (i) treated with 
RNAase (Sigma; 100 pggl’ml in 10 mM Trisq.5 M NaCl, 
pH 8) for 30 min at 37’C prior to incubation with labeled 
probe to remove RNA from the tissue (ii) incubated m 
hybridization buffer without probe, or (iii) incubated in the 
same amount of radiolabeled sense-strand probe. These 
controls tested for (i) specificity of the probe for RNA, 
(II) signal due to positive chemography. or (iii) specific 
hybridization between the probe and its target mRNA that 
is based on its base sequence and not its physical properties. 
respectively. 

Recently two different forms of the synthetic enzyme 
GAD have been identified.” These two enzymes have 
different molecular weights, subcellular locations and affini- 
ties for the cofactor pyridoxal-5’-phosphate.23 The two 
synthetic enzymes are known as GAD,, and GAD,, and are 
encoded by two mRNAs that are the product of two genes.“’ 
It has previously been reported that both forms of GAD 
are found in all brain areas that contain GABA neurons 
except the GP and the triangular nucleus of the septum. 
where only GAD,, is found; ” however, recently it has been 
reported that both isoforms of the enzyme are present in 
the GP.“,” The probes used in these experiments were the 
same or complementary to a portion of the nucleotide 
sequence for GAD,,.” 

Examination of GP neurons was carried out using a Leitz 
L,aborlux microscope equipped with epifluorescence. Palli- 
dal neurons stained with Cresyl Violet were identified using 
an N2 filter block (green excitation; 530-560.nm range). 
inducing red emission. To view silver grains over these 
pallidal neurons, indicating the presence of GAD mRNA. 
;I combination of bright-field and fluorescence microscopy 
was used. With the epifluorescence light source on, silver 
grains over these neurons were viewed by slowly increas- 
mg the intensity of the bright-field lamp. By balancing the 
intensity of the two light sources, silver grains were clearly 
Identified over the fluorescent, Cresyl Violet-stained neur- 
ons. Only those silver grains directly over the cell body and 
proximal processes were counted. Background levels were 
determined for each section by counting the number of silver 
grains overlying adjacent areas of neuropil in the GP that 
were the same size as GP neurons. Neurons in the GP that 
had 5 x the background number of silver grains were 
consldered to contain GAD mRNA. Counts of the number 

of labeled cells were made at 250 x magnification. and grain 
counts over individual cells were performed manually at 
630 x magnification. 

Three to five sections through the GP from each animal 
were coded so that data analysis was performed without 
knowledge of the animal’s experimental group. Pallidal 
neurons were identified in dorsal, middle and ventral regions 
of GP (seven neurons in each area). analysed for the 
presence of GAD mRNA, and those containing GAD 
mRNA were examined for the number of silver grains in the 
emulsion overlying the neurons. Those pallidal neurons with 
projections to EP or SN were identified by the presence of 
golden granules in their somata and prbximaj dendrites 
using a D filter block (wide band UV excitation: 355-425. 
nm yange), inducing green-gold emission from FG. All 
pallidal neurons that were retrogradely labeled with FG 
were then analysed for number of silver grains in the 
overlying photographic emulsion. 

Quantitative comparisons were made on sections from 
two different hybridization experiments. These groups were 
treated identically except for the amount of radio-labeled 
probe; one group receiving 4.6 x IO’ and the other group 
receiving 5.2 x IO”d.p.m. Both control and lesioned sec- 
tions were processed in each of the two groups. These two 
hybridization groups were exposed for the same length of 
time (26 days) and developed under identical conditions. 
Within either the control group or the lesioned group 
neurons from the two hybridizations had very similar 
amounts of label per neuron and very similar, low back- 
ground levels. Sections hybridized under these conditions 
were chosen for quantitative analysis because of the excel- 
lent signal-to-noise ratio and because the lack of fused sliver 
grains over pallidal neurons made counting of these grains 
more accurate. 

Statistical analysis using a non-parametric Mann 
Whitney rank sum test compared the mean percentage 01 
GAD mRNA-containing pallidal cells per animal, and the 
mean hybridization signal per neuron per animal between 
control (n = 4) and lesioned (n = 6) groups. The mean 
percentage of GAD mRNA containing FG-labeled cells ner 
animal and the mean hybridization signal in FG-labeled 
cells per animal between control (n = 3) and lesioned (n = 5) 
groups were compared using the same statistical test. 

RESULTS 

Following hybridization with the ?S-labeled GAD 

oligonucleotide probe, label was restricted to the 
area over neuron cell bodies and was seen only in 
the regions of the brain that have been reported 
previously to contain GAD or GAD mRNA using 
immunocytochemistry or in situ hybridization histo- 
chemistry, respectively.7.‘~.‘4.~6.~,~’ Areas that were 
examined and noted to have high levels of GAD 
mRNA included the GP (Figs IA, 2A), the reticular 
nucleus of the thalamus (Fig. IB) and the Purkinje 
cell layer of the cerebellum. Tissue sections that 
were incubated in hybridization buffer without 
probe, or incubated with the labeled sense strand 
probe (Fig. 2B) did not contain any specific labeling. 
In addition, RNAase pretreatment reduced specific 
labeling in all areas. The results of these control 
procedures indicated that the GAD antisensc probe 
was hybridizing to its target mRNA and that the 
labeling was not due to positive chemography 
artifact. 
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Table t. 

All GP Neurons Projection Neurons 
Controf Lesion Control Lesion 

Percentage of GP neurons with GAD mRNA 67 + 5.3 87 f 2.9’ 56$- 1.7 85 &, 1.8* 
Number of silver grains per neuron 16 + 1.4 31 + 3.3* 9 + 0.5 16 I 1.1% 

Top: percentage of GP neurons that contained GAD mRNA in control and h-ONDA lesioned animals. Bottom: number 
of silver grains per neuron in control and lesioned animals. Left column: measurements taken from a sample af all GP 
neurons (control n = 4 animals; lesioned n = 6 animals). Right column: measurements taken from GP neurons that 
proiected to either SN or EP [control n = 3 animals; lesioned n = 5 animals). Measurements are mean + %E.M. 
i P -< 0.05. 

The FG-containing neurons were easily identified 
by the presence of golden granules in their somata 
and proximal dendrites under UV excitation and 
were noted to be a subpopulation of paflidaf neurons 
(Fig. 3A). The retrogradefy labeled pallidaf neurons 
were located in subdivisions of GP topographically 
related to the injection site, as previously described.24 
In animals without a lesion in the SN 55% of the 
FC-containing neurons contained GAD mRNA 
fevefs above background (42 of 76 neurons from three 
animals; two with FG injection in EP and one with 
FG injection in SN) indicating that some of these 
projection neurons use GABA as a neurotransm~tter 
(Fig. 3B), 

Regulation of glutamate decurboxyluse mRNA leveh 

in pallidal neurons 

The specificity of the TH antibody used in this 
experiment to evaluate the 6-OHDA lesions has 
been demonstrated previousfy.bo Selectivity of the 
TN immunocytochemistry method was demon- 
strated by the efimination of all TH immunostain- 
ing in control sections when either the primary or 
secondary antibody was efjminated from the incu- 
bation. The efficacy of the &OHDA lesions was 
demonstrated by TH immunocyt~h~mistry of the 
mesencephalon. Vehicle injections did not affect TH 
immunoreactivity in the mesencephalon (Fig. 4A), 
whereas animals that received a unilateral 6-OHDA 
lesion in the midbrain had a complete loss of TH 
immunoreactivity in neurons of the SN on the side 
of the injection (Fig. 4B). TH immunoreactivity in 
the contralateral SN did not appear to be affected by 
the neurotoxin. 

Animals that received 6-OHDA lesions of the mid- 
brain had a higher pecerttage of paffidaf neurons 
expressing GAD mRNA than animafs with control 
injections. The number of pallid&l neurons that 
expressed GAD mRNA increased from an average of 
67% in control animals (316 neurons counted in 
four animals) to 87% in the fesioned animals (499 
neurons counted in six animals; Table 1). There 

was also a significant increase in the average 
amount of GAD transcript per neuron in fesioned 
animals (31 silver grains/neuron; 430 neurons 
counted in six animals) compared to controls (16 

silver graj~s~n~uron; 218 neurons counted in four 
animals; Table 1, Fig. 5). Both the increase in the 
percentage of GP neurons expressing GAD mRNA, 
and the increase in GAD mRNA levef per neuron 
following the 6-OHDA lesions were statistically sig- 
nificant from control levels using a non-parametric 
Mann-Whitney rank sum test (P < 0.05 for both 
measurements). 

Similar relative differences between control and 
lesioned animals were seen in palfidal neurons that 
were identified as projection neurons by the presence 
of FG in their somata and proxima1 processes. Three 
of the four control animals had successfuf FG injec- 
tions (two in EP, one in SN) and five of the six 
fesioned animafs had successful FG injectmns (three 
in EP, six in SN). Careful analysis reveafed no 
apparent difference between animals that received 
an FG injection into the EP vs the SN with regard 
to the percentage of projection neurons that con- 
tained GAD mRNA, or with regard to the amount 
of GAD mRNA prr neuron in both control and 
fesioned animals. Because there was no apparent 
difference, these animals were combined in the same 
groups for statistical analysis. The number of FG- 
labeled neurons that expressed GAD mRNA in GP 
projection neurons increased from an average 56% 
in control animals (76 neurons counted in three 
animals) to 85% in the fesioned animals (115 neurons 
counted in five animals; Table 1). There was also a 
significant increase in the average amount of GAD 
transcript per projection neuron in fesioned animals 
(16 silver grains/neuron; 99 neurons counted in five 
animals) compared to controls (X.5 silver 
grains/neuron; 42 neurons counted in three ani- 
mals; Table 1, Fig. 6). This increase in the percent- 
age of CP projection neurons expressing GAD 
mRNA, and the increase in GAD mRMA Ievel per 
neuron foffowing the S-UHDA lesions were afso 
statistically significant from control levels using the 
Mann-Whitney rank sum test fP -C 0.05 for both 
measurements). 

DX5CUSSION 

Evidence provided here indicates that the dopa- 
minergic neurons of the SN regulate the level of GAD 
mRNA in paflidal neurons, including palfidal neur- 
ons that project to the EP or SN, and that removal 
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of the DA neurons in the SN results in an increase of express it. Alternatively, this change may reflect an 

GAD mRNA in GP neurons. The relative proportion increase in GAD gene transcription or increased 

of pallidal neurons that contain detectable levels of stability of GAD mRNA in neurons that normally 

GAD mRNA, and the amount of GAD mRNA per produce levels of GAD mRNA that are below the 

neuron increased significantly following the removal sensitivity of this technique. The latter situation 

of the dopaminergic projection to the corpus stria- appears to exist in the striatum where there are two 

turn. These results are consistent with a preliminary populations of neurons that express GAD mRNA. 

report by Soghomonian and Chesselet.52 Although it The majority of striatal neurons in normal ani- 

was not possible to determine whether the GP neur- mals express low levels of GAD mRNA while a 

ons in their study were projection neurons, these small percentage express high levels.7.‘x Follow- 

authors reported a similar increase in the number ing 6-OHDA lesions of the ipsilateral midbrain 

of GAD mRNA-labeled pallidal neurons, and an there is an increase in the proportion of striatal 

increase in the intensity of label per neuron, in neurons expressing high levels of GAD mRNA. 

animals that received a 6-OHDA lesion of the SN but not an increase in the absolute number of 

compared to control animals. neurons expressing GAD mRNA.‘X 

The specificity of the antisense oligonucleotide 
probe used in this study has been demonstrated 
previously by detection of a single band of the correct 
molecular weight for GAD mRNA, using Northern 
blot analysis, and by a good correlation between 
regional Northern analysis and in situ hybridization.” 
Previous experiments have demonstrated a good 
correlation between the intensity of hybridization 
signal over neurons and the amount of mRNA in 
the cells quantified using Northern and dot blot 
analysis.‘X~J6 Consequently, quantitative differences 
seen in this study in the autoradiographic signal 
over neurons were interpreted to indicate relative 
levels of mRNA. 

A greater average number of silver grains per 
neuron was counted in both control and lesioned 
animals when all pallidal neurons were sampled, as 
compared to the average number of silver grains 
recorded when the analysis was restricted to GP 
neurons that project to the EP or SN (Table I). It is 
not known whether this difference in the number of 
silver grains reflects a real variation in the amount of 
GAD mRNA in these two populations of pallidal 
neurons, or if this disparity is an artifact of the 
techniques utilized in this experiment. Potential 
sources of artifact include a possible discrepancy 
between the area of neuronal cytoplasm stained with 
Cresyl Violet and the degree of filling of the neuronal 
cytoplasm with FG. It is possible that Cresyl Violet 
stains more of the GP neuronal cytoplasm than FG 
fills, resulting in the counting of a greater number of 
silver grains overlying these apparently larger Cresyl 
Violet-stained neurons. Another feasible technical 
source of error may be that the presence of FG in the 
neuron over the 23-28-day survival period lowers the 
level of GAD mRNA in these neurons. While these 
technical considerations may explain the differences 
noted, it is also conceivable that this discrepancy is 
real, and that GP neurons projecting to the EP and 
SN contain less GAD mRNA than other pallidal 
neurons. 

Whether the effect of the dopaminergic deatrer- 
entation is direct, via decreased dopaminergic 

innervation of the GP. or indirect. via altered 
dopaminergic regulation of striatal neurons pro- 
jecting to the GP remains to be determined. The 
rat GP receives a modest, direct dopaminergic 
projection from the SN from collaterals of the 
nigrostriatal projection.“’ These fibers provide a 
potential direct route for dopamincrgic regulation 
of transcription in pallidal neurons. On the other 
hand, indirect dopaminergic regulation of tran- 
scription in pallidal neurons could be mediated hy 
the striatal~pallidal projection, which is extensive 
and known to contain the neurotransmitters 
GABA and [Leu]enkephalin.” “)“.” DA has been 
shown to regulate both the biochemistry and 
electrical activity of striatal neurons. Lesions ol 

the nigral dopaminergic ccl1 group are known to 
result in increases in striatal GAD activity,“‘-‘” 
GAD mRNA levels.~x~“‘~‘x and increases in spon- 
taneous neuronal firing rate?.“.” These findings 
suggest a tonic inhibitory action of DA on stri- 
atal neurons and a release of inhibition follow- 
ing lesions of the SN pars compacta. These changes 
in striatal ncuronal properties could result in 
changes “downstream” in the GP. 

The increase in the number of pallidal neurons 
expressing GAD mRNA following 6-OHDA lesions 
of the midbrain may be a result of induction of 
GAD mRNA in neurons that normally do not 

Based on the results of previous studies, DA 
regulation of GAD mRNA levels in the GP via 
the indirect nigral-striatal-pallidal projection is 

more likely. As mentioned above. there is substan- 
tial evidence for increased GABA neurotrans- 
mission in striatal-pallidal fibers following SN 
dopaminergic lesions, This evidence includes a 
down-regulation of GABA receptor binding in GP 
and a decrease in pallidal firing rates following 
6-OHDA lesions in SN.“.4” It is interesting that the 
increase in pallidal GAD mRNA levels reported 
here might be associated with a decrease in neur- 
onal firing rate in the same neurons. This is in 
contrast to a recent study by Litwik et al.‘” who 
reported a positive correlation between firing rate 
and transcription rate in GABAergic Purkinje 
cells of the cerebellum. In this experiment the 
authors noted an increase in GAD mRNA levels 
in Purkinje cells following climbing fiber lesions 



and an increase in GAD activity in PurkinJe 

cell axon terminals. Since lesions of the climb- 
ing fibers result in an increase in Purkinje cell 
firing rates, the authors suggest that increased 
Purkinje cell activity induces transcription of 
GAD mRNA.” This is similar to the situation in 
the striatum where striatal neurons demonstrate 
an increase in firing rate and an increase in GAD 
mRNA levels following 6-OHDA lesions. The 
results reported here indicate that the level of 
GAD mRNA in pallidal neurons is either inversely 
related to neuronal firing rate. or that firing rate 
of GP neurons does not affect GAD mRNA levels 
in the same neurons. 

Another possible explanation for changes in 

GAD mRNA levels in GP neurons is that the 
amount of message is related to a characteristic 
of neuronal firing other than firing rate. Pre- 
vious studies have shown that GP neurons fire 

in burst discharges and that the bursting pattern 
of GP neurons is regulated by striatal input.2.4x 

It has also been demonstrated that pallidal 
bursting increases following the loss of DA input 
to the corpus striatum.“” Since neuronal bursting 
has been hypothesized to optimize neurotrans- 
mitter release,20 the increase in GAD mRNA seen 
in GP neurons in this study may be associated 
with an increase in GABA release in pallidal 

target areas. 

CONCLCSION 

While it is known that most pallidal neurons arc 
projection neurons and contain GABA,“.“-” 42 the 
neurotransmitter in GP neurons that project to the 
EP has not been identified. Evidence presented here 
demonstrates that many of these neuron5 contam 
GAD mRNA and are therefore GABAergic. It is 
worth noting that not all pallidal neurons contained 
GAD mRNA in either the control or lesioned groups 
in this study, suggesting that some pallidal neurons 
may not be GABAergic. However, there is the possi- 
bility that the lack of GAD mRNA in GP neuron5 
seen in this experiment was due to the hybridization 
parameters used or that the non-labeled neurons 
contained the GAD,, isoform. 

The existence of a projection from the E,P to the 
GP has recently been described.1° Since most EP 
neurons are known to contain GABA,‘,‘” it appears 
that this reciprocal projection between the GP and 
the EP may be an inhibitory loop. Although the 
functional significance of this relationship is not 
known, reciprocal connections with other baaal 
ganglia nuclei is a characteristic feature of the GP. 
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