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Abstract--The reticular thalamic nucleus consists of densely packed neurons containing the neuro- 
transmitter GABA. It surrounds the lateral border of the thalamus, has extensive reciprocal connections 
with thalamocortical neurons, and is thought to be involved in attentional processes. The reticular thalamic 
nucleus also receives direct and indirect inputs from the basal ganglia, suggesting that it may be involved 
in relaying motor information to the thalamus and cortex. We examined the possibility that decreased 
dopaminergic transmission in the basal ganglia indirectly affects the reticular thalamic nucleus. Rats 
• received unilateral 6-hydroxydopamine lesions of the substantia nigra pars compacta and were killed two 
or three weeks after the lesion. Sections of the reticular thalamic nucleus were processed for in situ 
hybridization histochemistry at the single cell level with RNA probes for both isoforms of glutamate 
decarboxylase (M r 65,000: glutamate decarboxylase 65 and M r 67,000: glutamate decarboxylase 67), 
the rate limiting enzyme of GABA synthesis. Unilateral nigrostriatal dopaminergic lesions induced a 
topographically specific, bilateral increase in glutamate decarboxylase 67 messenger RNA in neurons of 
the lateral and ventral reticular thalamic nucleus. A much smaller increase in glutamate decarboxylase 
65 messenger RNA was observed which was significant only ipsilateral to the lesion. Short- (seven day) 
and long-term (eight month) treatments with the antipsychotic drug haloperidol, in regimens that 
preferentially block D 2 dopamine receptors, induced catalepsy and orofacial dyskinesia, respectively, 
but did not alter glutamate decarboxylase 67 messenger RNA levels in the reticular thalamic nucleus. 
Thus, loss of dopaminergic terminals, but not blockade of D 2 dopamine receptors, induced the effects 
observed in the reticular thalamic nucleus. 

The results reveal a novel bilateral effect of unilateral dopamine depletion. In view of the role of the 
reticular thalamic nucleus in tremor and attentional processes, which are altered in Parkinson's disease, 
this effect may contribute to the clinical manifestations of nigrostriatal dopamine depletion. 

Key words: basal ganglia, GABA, Parkinson's disease, rat, dopamine, haloperidol. 

The reticular thalamic nucleus (RTN) is a thin layer 
of  densely packed neurons which encapsulates the 
anterior and lateral aspects of  the dorsal thalamus. 32 
The R T N  projects to the dorsal thalamus and in 
return receives excitatory projections, in the form 
of collaterals, from nearly all thalamocortical  and 
cort icothalamic fibers. 32'44 Therefore, the R T N  is in 
a strategic position to control the flow of  neuronal 
information between the cortex and the thalamus. 13 

A series of  elegant studies by Steriade and 
colleagues have demonstrated the importance of  
the R T N  in the generation and synchronization of  
thalamocortical  oscillatory rhythms observed during 
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slow-wave sleep. 64 The R T N  may also play a role in 
two other rhythmic phenomena, the neocortical spike 
activity characteristic of  petit mal epilepsy and the 
resting tremor observed in Parkinson's disease. 7'46 
The R T N  has also been implicated in attentional and 
cognitive processes. 13'51 

Recent evidence indicates that, in addition to 
projections from the cortex and dorsal thalamus, the 
R T N  receives substantial projections from the basal 
ganglia, specifically the external pallidum (globus 
pallidus in rats) and substantia nigra pars reticu- 
lata.12,22,27'47 The globus pallidus projects to the output  

structures of  the basal ganglia (internal pallidum/ 
substantia nigra pars reticulata) both directly, and 
indirectly via the subthalamic nucleus." These output  
nuclei then project to the cortex via the ventral 
anterior and ventral lateral thalamic nuclei. 2 The 
novel finding of  a direct connection between the basal 
ganglia and the R T N  suggests an additional route by 
which the basal ganglia can influence thalamocortical  
activity. 48 
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Numerous  studies have shown tha t  nearly all 
neurons  of  the R T N  conta in  the inhibi tory  amino  
acid neuro t ransmi t t e r  G A B A )  °'43 The m R N A s  
encoding b o t h  isoforms of  the enzyme of  G A B A  
synthesis, g lu tamate  decarboxylase (GAD) ,  G A D 6 5  
( M  r 65,000) and  G A D 6 7  (Mr 65,000), are present  in 
neurons  of  the RTN.  9,19'2° Previous studies in o ther  

b ra in  regions have shown tha t  the levels of  m R N A  
encoding G A D 6 7  vary in relat ion to the electro- 
physiological  activity of  GABAerg ic  neurons.  5'3s'59'6° 

Al tera t ions  in G A D 6 5  m R N A  levels, however,  are 
less commonly  observed in the rat.  59'6° 

Both  uni lateral  dopamine  deplet ion and  shor t - te rm 
admin is t ra t ion  of  the dopamine  receptor  an tagonis t  
haloper idol  increase G A D 6 7  m R N A  levels in the 
globus pallidus. 14'15'35'59 In addit ion,  they alter the 

electrophysiological  activity of  neurons  in the globus 
pallidus and  the substant ia  nigra pars reticulata. 21'42'45'65 

The direct connect ions  of  the globus pall idus and  
subs tant ia  nigra pars ret iculata with the R T N  
suggest tha t  these changes in electrophysiological  
activity may  affect the RTN.  Indeed,  s t imula t ion of  
the subs tan t ia  nigra or ventral  pal l idum has been 
shown to al ter  the firing of  R T N  neurons.  36'47'68 The 

effects of  uni la teral  dopamine  deplet ion and  systemic 
haloper idol  admin is t ra t ion  on  neurons  of  the RTN,  

however,  has  no t  been explored. 
In the present  study, we have examined the effects 

of  nigrostr ia ta l  lesions and  haloper idol  t r ea tment  on 
the level of  G A D 6 7  and  G A D 6 5  m R N A s  in the R T N  
of  adul t  rats. 

EXPERIMENTAL PROCEDURES 

Animals 

All studies were performed on rats housed under standard 
conditions with food and water available ad libitum. All 
surgical procedures and behavioral testing were performed 
between 08.00 and 14.00, during the light cycle (07.00 19.00). 
All surgical procedures were performed under anesthesia 
with equithesin at a dose of 0.3 ml per 100 g body wt (pre- 
pared following protocol of Jensen-Salbutry Laboratories, 
Kansas City, MO). All procedures were done in accordance 
with the NIH Guide for the Care and Use of Laboratory 
Animals and were approved by the local animal care 
committees. 

All analysis of GAD gene expression in the RTN was 
done on tissue from rats used in previous studies. Therefore, 
the injection protocols correspond to those used in these 
studies. 14-16.59 

6-Hydroxydopamine lesions 

Three groups of rats with lesions induced by slightly 
different procedures were used in this study. All animals 
were male Sprague-Dawley rats (Charles River, initial 
weight 225 300 g). All injections were given over 2 min into 
the left substantia nigra. The stereotaxic coordinates of the 
injection site were AP, 3.4 mm from bregma; ML, 2.0 mm 
from midline; DV, + 2.2 mm from interaural zero based on 
the atlas of Paxinos and Watson .  49 In all cases, 6-hydroxy- 
dopamine (6-OHDA, bromide salt, Sigma) was dissolved in 
4/~1 of 0.9% sterile saline solution containing 1% ascorbic 
acid. 

In the first groups of animals (Group I), five rats received 
an injection of 8 pg of 6-OHDA and five rats received an 
injection of 0.9% sterile saline/0.1% ascorbic acid (controls). 

Thirty minutes before the stereotaxic injection into the sub- 
stantia nigra, both groups of rats received an injection of 
desipramine (25 mg/kg s.c., Sigma) to protect noradrenergic 
neurons. 67 All rats were injected with apomorphine one 
week after surgery to examine rotational behavior (see 
below). Rats from Group 1 were killed three weeks after 
lesion. 

The second group of rats (Group 2) received unilateral 
substantia nigra lesions with 8/~g of 6-OHDA or saline 
injected as above (n = 5 lesioned and 5 controls), but none 
of these animals received desipramine or apomorphine treat- 
ments to ensure that the effects observed were not due to 
these drugs. 59 They were killed two weeks after lesion. 

The third group of five animals (Group 3) received a 
unilateral injection of only 6 #g of 6-OHDA (n = 5) or saline 
(n = 5) into the substantia .nigra with the same protocol as 
G r o u p  1, 59 i.e. after pretreatment with desipramine. These 
animals received an injection of apomorphine one week later 
for behavioral testing as described below. They were killed 
three weeks after lesion. 

Lesioned animals from both Groups 1 (8 #g) and 3 (6 #g) 
displayed consistent rotational behavior in response to 
apomorphine (0.5 mg/kg s.c.) one week after lesion) 5'59 In 
addition, [3H]BTCP autoradiography on striatal sections 
from Group 1 demonstrated greater than 90% loss of 
dopamine uptake sites ipsilateral to the lesion) 5 

For all groups, sections from the substantia nigra were 
stained with hematoxylin and eosin, as well as with Nissl 
stain, and observed with bright-field microscopy to assess 
the location and extent of the lesions. As previously reported, 
all lesioned rats used in this study showed extensive cell loss 
in the subst~ntia nigra pars compacta. There was a minimal 
involvement of the lateral part of the ventral tegmental area 
only in Group 1, which received the largest dose of 6-OHDA 
after desipramine treatment. ~5'59 

Haloperidol treatments 

For the short-term haloperidol experiments, 16 male 
Spragu~Dawley rats (Charles River, initial weight 
225 250 g) received injections of either vehicle (Tween 80/ 
deionized water, n = 8) or haloperidol (1 mg/kg s.c., n = 8) 
once daily for seven days. An additional 16 animals received 
injections of either the muscarinic antagonist scopolamine 
(1 mg/kg s.c., n = 8), or a combination of haloperidol and 
scopolamine (each 1 mg/kg s.c., n = 8) for seven days. All 
animals were tested for catalepsy using the horizontal bar 
test on injection days 1, 3 and 7 as reported in Delfs et al. 14 
Animals were killed by decapitation 24 h after the final drug 
administration. This group of animals was used because this 
regimen of haloperidol was shown to induce catalepsy and 
increase GAD67 gene expression in the globus pallidus. Both 
effects were blocked by co-administration of scopolamine.~4 

For long-term administration of haloperidol, tissue from 
rats prepared by G. Ellison (UCLA) were used. For this 
study, 12 female Sprague-Dawley rats (Simonsen, Gilroy, 
CA, initial weight 200-250 g) received i.m. injections of 
haloperidol decanoate or vehicle (sesame oil) once every 
three weeks into the upper thigh muscle for seven months. 
As previously published by this group, t7'56 female rats were 
used because the behavioral model involves testing the 
animals over the course of many months, and since male rats 
are constantly growing it would necessitate habituating 
them to larger and larger tubes for computer-assisted 
recording of orofacial movements. The dose of haloperidol 
was 21 mg/kg, giving an average daily dose of 1 mg/kg per 
day. Due to the long clearance time of decanoate drugs, 
animals were switched to oral haloperidol for the final four 
weeks of drug administration (average intake 1.2-1.5 mg/kg 
per day). Animals were killed by decapitation one week after 
the final drug administration. This group of animals was used 
because this regimen of haloperidol has been shown to 
produce a tardive dyskinesia-like behavior in rodents ~7,56 and 
to decrease GAD67 mRNA in the globus pallidus) 6 
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In situ hybridization h&tochemistry 

Brains were rapidly removed after decapitation, frozen 
on powdered dry ice and stored at -70°C until sectioning. 
Brains were cut into 10#m sections on a Reichert-Jung 
cryostat, thaw-mounted on gelatin-coated slides and stored 
at -70°C until the day of the experiment. 

The cDNAs encoding GAD65 and GAD67 were gener- 
ously provided by Dr A. J. Tobin (UCLA, Los Angeles, 
CA). The cDNAs inserted into the transcription vectors 
Bluescript SK and PSP64/65, respectively, were linearized 
with appropriate restriction endonucleases. The GAD65 
cDNA consists of a 2.7 kb sequence isolated from a rat 
hippocampal library. The GAD67 cDNA consists of a 
full-length 2.3 kb sequence isolated from a feline occipital 
cortex library. It shows a 97% sequence identity with the 
cloned rat GAD67 cDNA. ~8'3a 

The protocol for probe synthesis and in situ hybridization 
has been described previously? Briefly, the synthesis mixture 
consisted of 10#M UTP, 2.5 v M  [35S]UTP (I000 Ci/mmol, 
NEN/DuPont, Boston, MA), ATP, CTP and GTP in excess, 
SP6 or T7 RNA polymerase, dithiothreitol (DTT), ribo- 
nuclease inhibitor and 2 #g of linearized DNA containing 
the insert. Due to the large size of the GAD65 and GAD67 
RNA probes, each was partially hydrolysed into 100-200 
base pair fragments for increased tissue penetration. 9 Follow- 
ing the synthesis, the probes were extracted in phenol- 
chloroform-isoamyl alcohol and precipitated overnight in 
ethanol at -70°C. 

For in situ hybridization histochemistry, experiments 
were performed on frontal sections through the RTN at the 
level of the entopeduncular nucleus (A-P -2 .56 mm from 
bregma, Fig. i) based on the atlas of Paxinos and Watson. 49 

Sections were brought to room temperature from -70°C 
under a stream of cool air, postfixed in 3% paraformaldehyde 
containing 0.02% diethylpyrocarbonate (Sigma), acetylated 
and dehydrated. Sections were incubated with 3-5 ng probe 
(400,000 d.p.m./ng) in humid chambers at 50°C for 3.5 h. 
Post-hybridization treatments included three washes in 50% 
formamide/2 x SSC (0.3 M NaCI/0.03 M sodium citrate) 
at 52°C and a 30min incubation in 100#g/ml RNase A 
(Sigma Chemical Co., St Louis, MO) at 37°C. After an 
overnight rinse in 2 × SSC/0.05% Triton X-100, sections 
were dehydrated in graded ethanols, defatted in xylene 
and desiccated. Sections were coated with Kodak NTB3 
emulsion diluted 1:I with 300 mM ammonium acetate or 
undiluted Ilford K.5D (Polysciences) for single-cell analysis. 
Test slides were developed at regular intervals to determine 
optimal exposure time, i.e. when specific labeling was robust 
but not saturating based on previous emulsion experiments. 
This corresponded to five to 10 days for the RTN. Emulsion 
autoradiograms were developed in Kodak D-19 developer 
and fixed in Kodak Rapid Fix. Emulsion-coated sections 
were lightly counterstained with hematoxylin and eosin 
and coverslipped with Eukitt mounting media (Calibrated 
Instruments, Hawthorne, NY). 

The anatomical specificity of autoradiographic labeling 
with each of the probes has been previously characterized 
and was verified in each individual experiment. No specific 
labeling was observed in control sections processed with 
sense RNA probes. 9 

Quantification 

The level of labeling over individual neurons in the RTN 
was measured on emulsion-coated slides with a MORPHON 
image analysis system. ~° This system conists of a MTI 65 

~-J \, \>-_-f/ /) / / / 

Fig. 1. Schematic illustration of a frontal section through the RTN at the level of the entopeduncular 
nucleus (EP). For quantification, the entire RTN was outlined and divided into two regions indicated by 
stippled and hatched areas, respectively. For all experiments, the number of pixels per neuron was 
measured ifi 50 neurons of the ventral two-thirds of the RTN (hatched area) on each side (lesion 
experiments) or one side (haloperidol experiments). In one lesion experiment, an additional 50 neurons 
was measured from the dorsal one-third of the RTN (stippled area) on both sides. GP, globus pallidus; 

STR, striatum; ZI, zona incerta. 
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video camera, a Leitz microscope, a Numonics Graphic- 
Master image digitizer and an IBM 212 computer. The 
anatomical structure of interest was outlined under low- 
power microscopy. Neurons were visualized under bright- 
field illumination with a 40 x objective and projected onto 
a video monitor with a resulting magnification of 1200 ×. 
Each neuron of interest was outlined using the digitizing 
tablet and the threshold gray value was adjusted to dis- 
tinguish grains from the cellular staining produced by 
hematoxylin-eosin. The portion of the enclosed area which 
was above threshold illumination was determined and 
expressed as the number of pixels occupied by silver grains. 
Linear regression analysis has shown a direct correlation 
(+  0.96 for 40 x magnification) between the number of pixels 
measured with the MORPHON system and visual grain 
countingJ ° For the present experiments, specific labeling 
was arbitrarily defined as the presence of 10 or more grains 
per neuron (approximately 10 pixels). 

For all experiments, a random sample of 50 labeled 
neurons per animal was measured in the ventral two-thirds 
of the RTN on one side (haloperidol experiments) or both 
sides (lesion experiments; Fig. I). In one lesion experiment, 
an additional 50 labeled neurons per animal were measured 
from the dorsal one-third of the RTN on both sides (Fig. 1). 
Random sampling was achieved by moving non-overlapping 
frames over the region, always starting at the same anatom- 
ical location, and measuring labeling in all neurons with at 
least 10 grains over the cell body until 50 labeled cells were 
analysed. We have previously verified that this sample size 
provides a very reliable estimate of the average level of 
labeling (J. J. Soghomonian and M. F. Chesselet, unpub- 
lished observations). Since the density of labeled cells did 
not change in controls versus treated animals in the con- 
ditions of the experiment (see Results), the same anatomical 
area was analysed in control and treated rats from each 
experiment. In the present experiments, autoradiographic 
background in areas devoid of labeled cells was extremely 
low and thus the values were not subtracted. A mean level 
of labeling per neuron was determined for each rat, and this 
value was used for statistical analysis. In addition, frequency 
distributions of the level of labeling were constructed for 
each group of rats. The density of labeled neurons in the 
RTN was determined from camera hicida drawings. 

Data analysis 

Only slides processed concurrently in individual exper- 
iments were compared statistically and all statistical analyses 
were done on absolute values with the Statview 512+ 
Interactive Statistics and Graphics Package (Version 1.0, 
Abacus Concepts). Comparisons were made between either 
the ipsilateral or the contralateral side of lesioned rats and 
the corresponding side of control rats using an unpaired 
two-tailed Student's t-test with P < 0.05 considered sig- 
nificant. Side-to-side comparisons in lesioned animals and 
comparisons between control and long-term haloperidol 
treated animals were also made using the Student's t-test. 
For short-term haloperidol experiments, ANOVA was used 
with the Dunnett's post hoc comparison with P < 0.05 
considered significant. 

RESULTS 

Effects o f  unilateral nigrostriatal lesions on glutamate 
decarboxylase 67 messenger RNA expression in the 
reticular thalamic nucleus 

A unilateral  6 - O H D A  lesion of  the subs tant ia  nigra 
(8 #g,  G r o u p  1) resulted in a bilateral  increase in the 
level of  G A D 6 7  m R N A  in the R T N  (Fig. 2C,D) as 
compared  with controls  (Fig. 2A,B). The magni tude  
of  the increased mean  level of  labeling per  neuron  

was similar ipsilateral and  cont ra la tera l  to the lesion 
(Table  1). There  was no  change in the n u m b e r  of  

labeled neurons  detected under  the condi t ions  of  the 
experiment,  indicat ing tha t  the changes in level of  
labeling are not  altered by the inclusion of  cells with 
levels of  labeling below the threshold  of  detect ion in 
controls  ~° (Table 1). Analysis  of  the frequency distri- 
but ions  of  the level of  labeling per  neuron  confirmed 
the bilateral  increase in level of  labeling by showing 
a shift to the r ight  of  the h is togram (Fig. 3C,D) 
and  an  increase in the median  of  the dis t r ibut ion 
for lesioned animals  (Table 1) as compared  with 
the cor responding  side of  controls  (Fig. 3A,B, 
Table 1). 

This bilateral increase in G A D 6 7  gene expression 
was only observed in the ventra l  two-thirds  of  the 
nucleus (Fig. 1) which has been shown to receive 
the mos t  substant ia l  innerva t ion  from basal  ganglia 
structures in the rat. m22 There  was no significant 

difference between the level of  labeling per  neuron  for 
G A D 6 7  in the dorsal one-third of  this nucleus (Fig. 1) 
when lesioned animals  were compared  with control  
(ipsilateral control ,  57.5 _+ 1.9; contra la tera l  control ,  
55.1 _+ 1.7; ipsilateral 6 -OHDA,  54.8 _+0.8; cont ra-  
lateral control ,  56.6 ± 2.3, mean  level of  labeling _+ 
S.E.M.; n = 4). Similarly, there were no significant 
changes in the n u m b e r  of  labeled neurons  detected 
under  the condi t ions  of  the exper iment  (ipsilateral 
control ,  96_+ 11; contra la tera l  control ,  122 +_ 17; 
ipsilateral 6 -OHDA,  109 +_ 9; contra la tera l  control ,  
122 _+ 13, mean  _+ S.E.M., n = 4). Fo r  the remainder  
of  the experiments,  only neurons  in the ventral  
two-thirds  of  the R T N  were analysed. 

Table 1. Means and medians of the distributions of labeling 
and number of neurons labeled for glutamate decarboxylase 
67 mRNA in the reticular thalamic nucleus after a unilateral 
6-hydroxydopamine lesion of the substantia nigra (8 #g 

after desipramine treatment, Group 1) 

CONT 6-OHDA 

Meanst 
Ipsilateral RTN 79.4 + 1.9 121.3 ± 6.0* 
Contralteral STN 82.7 ± 5.4 118.9 ± 6.5* 

Medians:~ 
Ipsilateral RTN 73.0 - 2.5 114.0 _+ 8.8* 
Contralateral RTN 77.0 ± 4.8 109.8 ± 6.2* 

Number of labeled neurons§ 
Ipsilateral RTN 94 ± 12 123 ± 4 
Contralateral RTN 128 ± 22 121 + 9 

?Mean level of labeling for for GAD67 mRNA in the ventral 
two-thirds of the RTN (see Fig. 1) both ipsilateral and 
contralateral to a unilateral 6-OHDA lesion of the sub- 
stantia nigra calculated as described in the Experimental 
Procedures. 

:~Medians of frequency distributions. Frequency distribu- 
tions of levels of labeling were constructed for individual 
animals and their medians were determined. 

§Number of labeled neurons per mm 2 were measured using 
camera lucida drawings. 

Data are mean ___ S.E.M. (n = 4 5). *P < 0.05 when com- 
pared with the corresponding side of control animals 
using two-tailed unpaired Student's t-test. 
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Fig. 3. Histograms of frequency distributions of labeling for GAD67 mRNA in the RTN of rats ipsilateral 
(left panels) and contralateral (right panels) to (A,B) a sham lesion (CONT) or (C,D) a unilateral 8 #g 
6-OHDA lesion of the substantia nigra (Group 1) as described in Experimental Procedures. Quantification 
of silver grains over individual neurons was done with the MORPHON image analysis system on sections 
processed for emulsion autoradiography. Data include 50 neurons analysed per rat (n = 4-5) from the 
ventral two-thirds of the ipsilateral or contralateral RTN. The medians of the frequency distributions are 

shown in Table 1. 

300 

To comfirm these effects and rule out a role for 
desipramine and/or the dopamine agonist apo- 
morphine, the level of labeling for GAD67 mRNA 
was measured in animals from another prior study. 59 
One group of animals (Group 2) received an 8 pg 
infusion of the 6-OHDA into the substantia nigra as 
did Group 1, but without desipramine pretreatment or 
subsequent apomorphine treatment. The other group 
(Group 3) received a 6 #g infusion of the neurotoxin 
after desipramine pretreatmentfl Confirming the 
results from our first experiment, rats from these two 
groups with a unilateral 6-OHDA lesion exhibited 
bilateral increases in GAD67 mRNA in the RTN 
(Tables 2, 3). As for Group 1, no change in the 
number of labeled neurons was observed in the 
conditions of the experiment for the lesioned rats 
(Tables 2, 3). Analysis of the frequency distributions 

of the level of labeling per neuron confirmed the 
bilateral increases observed in  both groups by show- 
ing a shift to the right of the histogram in lesioned 
animals (not shown), and an increase in the medians 
(Tables 2, 3) compared with controls. 

Effects o f  unilateral nigrostriatal lesions on glutamate 
decarboxylase 65 ¢nessenger RNA expression in the 
reticular thalamic nucleus 

The level of mRNA encoding GAD65, the other iso- 
form of the enzyme, was measured in the RTN of rats 
from Group 2 (8 #g 6-OHDAwithout desipramine). 
Although both the ipsilateral and contralateral sides 
of the RTN displayed a small increase in labeling in 
the lesioned animals, the effect only reached signifi- 
cance on the ipsilateral side, due to the greater 
variability of the contralateral effect (Table 2). This 
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Table 2. Medians of the distributions of labeling and number of neurons labeled for glutamate 
decarboxylase 65 and glutamate decarboxylase 67 mRNA in the reticular thalamic nucleus after a 

unilateral 6-hydroxydopamine lesion of the substantia nigra (8 #g without desipramine, Group 2) 

389 

GAD65 GAD67 
CONT 6-OHDA CONT 6-OHDA 

Meanst 
Ipsilateral RTN 101.7 _+ 3.2 126.1 _+ 4. I* 74.7 ___ 2.2 109.4 _+ 5.2* 
Contralateral RTN 102.3 __. 3.6 119.8 _+ 6.6 70.2 _+ 3.4 110.0 _+ 1.4" 

Medians~ 
Ipsilateral RTN 98.8 _+ 3.9 115.8 _+ 3.6* 71.3 _ 2.2 104.8 _+ 6.3* 
Contralateral RTN 93.8 + 3.6 114.3 + 8.1 64.8 + 2.8 104.0 __+ 1.7" 

Number of labeled neurons§ 
Ipsilateral RTN 117 _ 13 134 __+ 19 102 + 11 116 __+ 4.8 
Contralateral RTN 97 __+ 13 119 __+ 16 91 ___ 11 115 __+ 10 

tMean level of labeling for GAD65 and GAD67 mRNA in the ventral two-thirds of the RTN (see Fig. 
1), both ipsilateral and contralateral to a unilateral 6-OHDA lesion of the substantia nigra calculated 
as described in Experimental Procedures. 

++Medians of frequency distributions. Frequency distributions of levels of labeling were constructed for 
individual animals and their medians were determined. 

§Number of labeled neurons per mm 2 were measured using camera lucida drawings. Note that absolute 
values cannot be compared between GAD65 and GAD67 levels as the experiments were done 
separately. 

Data are mean + S.E.M. (n = 4-5). *P < 0.05 when compared with the corresponding side of control 
animals using two-tailed unpaired Student's t-test. 

effect was confirmed by analysis of  the frequency 
distributions of  the level of  labeling per neuron, 
which showed a shift to the right of  the histogram and 
an increase in the median of  the distribution on the  
ipsilateral, but not  the contralateral side of  lesioned 
animals (Fig. 4C,D) when compared with controls 
(Fig. 4A,B, Table 2). There were no significant 
changes in the number  of  labeled neurons detected 
under the conditions of  the experiment (Table 2). 

Table 3. Mean level of labeling, medians of the distributions 
of labeling and number of neurons labeled for glutamate 
decarboxylase 67 mRNA in the reticular thalamic nucleus 
after a unilateral 6-hydroxydopamine lesion of the sub- 
stantia nigra (6 pg after desipramine treatment, Group 3) 

Control 6-OHDA 

Means~ 
Ipsilateral RTN 60.7 + 3.1 93.9 __+ 1.7" 
Contralateral RTN 58.7 + 1.4 84.9 + 1.7" 

Medians++ 
Ipsilateral RTN 56.0 ___ 2.4 89.8 ___ 2.6* 
Contralateral RTN 57.3 + 1.8 79.3 __+ 1.4" 

Number of labeled neurons§ 
Ipsilateral RTN 55 + 5 71 + 10 
Contralateral RTN 57 + 9 80 ___ 10 

tMean level of labeling for GAD67 mRNA in the ventral 
two-thirds of the RTN (see Fig. 1), both ipsilateral 
and contralateral to a unilateral 6-OHDA lesion of the 
substantia nigra calculated as described in Experimental 
Procedures. 

++Medians of frequency distributions. Frequency distribu- 
tions of levels of labeling were constructed for individual 
animals and their medians were determined. 

§Number of labeled neurons per mm 2 were measured using 
camera lucida drawings. 

Data are mean +__ S.E.M. (n = 4-5). *P < 0.05 when com- 
pared with the corresponding side of control animals 
using two-tailed unpaired Student's t-test. 

NSC 71/2--D 

Effects o f  short- and long-term haloperidol adminis- 
tration on glutamate decarboxylase 67 messenger RNA 
levels in the reticular thalamic nucleus 

Short- and long-term haloperidol treatments, 
which cause catalepsy and orofacial dyskinesias, 
respectively, differentially alter the expression of  
GAD67  in the globus pallidus. 14'~6 Short-term halo- 
peridol treatments increase GAD67  m R N A  levels in 
the globus pallidus, an effect also observed after 
unilateral dopamine depletion. 14'm35'59 To determine 
whether the effects observed in the R T N  after 
6 - O H D A  lesions were related to the alterations in 
the pallidum seen after both 6 -OHDA lesions of  the 
nigrostriatal pathway and haloperidol administration, 
the level of  GAD67  m R N A  was also measured in the 
R T N  of  rats treated with haloperidol for seven days. 
This regimen of  haloperidol did not  alter the levels 
of  GAD67  m R N A  in the R T N  (Table 4). The lack of  
effect on GAD67 m R N A  was confirmed by analysis 
of  the medians of  the frequency distributions of  the 
level of  labeling (Table 4). Similarly, there were no 
changes in the number of  labeled neurons (Table 4). 

The R T N  receives a substantial cholinergic projec- 
tion from the basal forebrain and pedunculopontine 
tegmental nucleus. 26,5s'63 However,  the muscarinic 

antagonist, scopolamine, given at a dose (1 mg/kg s.c.) 
sufficient to block the catalepsy and the increase in 
pallidal GAD67  m R N A  induced by haloperidol, did 
not alter GAD67 m R N A  expression in the RTN 
when given either alone or in combinat ion with halo- 
peridol (1 mg/kg; Table 4). Similarly, there were no 
changes in the number of  labeled neurons or the 
median of  the frequency distributions (Table 4). 

We have previously demonstrated that long-term 
administration of  haloperidol decreases GAD67  gene 
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Fig. 4. Histograms of frequency distributions of labeling for GAD65 mRNA in the RTN of rats ipsilateral 
(left panels) and contralateral (right panels) to (A,B) a sham lesion (CONT) or (C,D) a unilateral 8/~g 
(6-OHDA) lesion of the substantia nigra (Group 2) as described in Experimental Procedures. Quantifi- 
cation of silver grains over individual neurons was done with the MORPHON image analysis system on 
sections processed for emulsion autoradiography. Data include 50 neurons analysed per rat (n = 5/group) 
from the ventral two-thirds of the ipsilateral or contralateral RTN. The medians of the frequency 

distributions are shown in Table 2. 

Table 4. Mean level of labeling, medians of the distributions of labeling and number of 
neurons labeled for glutamate decarboxylase 67 mRNA in the reticular thalamic nucleus 

after haloperidol (lmg/kg) and scopolamine (lmg/kg) treatments 

Control Haloperidol Scopolamine Combined 

Means? 
RTN 82.1 + 2.9 76.1 + 2.6 77.9 + 2.1 79.0 + 2.6 

Medians:~ 
RTN 79.2 4- 3.1 73.3 4- 2.5 74.7 _+ 2.6 75.3 __+ 2.5 

Number of 
labeled neurons§ 
RTN 106.94-8.9 90.0_+12.4 79.4+_12.0 88.1_+8.1 

%Mean level of labeling for GAD67 mRNA in the ventral two-thirds of the RTN (see 
Fig. 1) after seven day treatment with haloperidol, scopolamine or a combination of 
the two drugs. 

:~Medians of frequency distributions of labeling for GAD67 mRNA in the reticular 
thalamic nucleus. Frequency distributions of levels of labeling were constructed for 
individual animals and their medians were determined. 

§Number of labeled neurons per mm 2 were measured using camera lucida drawings. 
All data are expressed as mean + S.E.M. (n = 6-7). 
*P < 0.05 as compared with control with ANOVA and Dunnett's post hoc test. 

250 300 

300 
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Table 5. Mean level of labeling, medians of the distributions 
of labeling and number of neurons labeled for glutamate 
decarboxylase 67 mRNA in the reticular thalamic nucleus 

after chronic haloperidol (eight month) treatment 

Control Haloperidol 

Meanst 
RTN 91.6 + 1.9 90.0 + 4.9 

Medians:~ 
RTN 87.6 __+ 1.4 84.8 _+ 5.6 

Number of 
labeled neurons§ 
RTN 98.4 + 12.2 98.6 + 7.5 

tMean level of labeling for GAD67 mRNA in the ventral 
two-thirds of the RTN (see Fig. 1) following eight month 
administration of haloperidol (1 mg/kg). 

++Medians of frequency distributions of labeling for GAD67 
mRNA in the RTN. Frequency distributions of levels 
of labeling were constructed for individual animals and 
their medians were determined. 

§Number of labeled neurons per mm 2 were measured using 
camera lucida drawings. Data are expressed as mean + 
S.E.M. (n = 5). 

*P < 0.05 as compared with control using a two-tailed 
unpaired Student's t-test. 

expression in the globus pallidus. 16 This regimen of 
haloperidol also did not alter the levels of GAD67 
mRNA in the RTN (Table 5). Similarly, there were 
no changes in the number of labeled neurons or the 
medians of the frequency distributions of the level of 
labeling per neuron (Table 5). 

DISCUSSION 

The main finding of this study is that unilateral 
nigrostriatal lesions produce a bilateral increase in 
GAD67 mRNA in the lateral and ventral RTN. This 
effect was observed after nigrostriatal lesions per- 
formed under three different conditions and in animals 
killed two or three weeks after surgery. In two groups, 
dopamine depletion was achieved by local infusion of 
the neurotoxin 6-OHDA into the substantia nigra 
pars compacta after pretreatment with desipramine, 
an experimental model which has been shown to 
produce selective loss of dopaminergic neurons. 67 The 
alterations in GAD67 gene expression, however, were 
not attributable to desipramine administration, as 
one additional group of animals did not receive this 
drug. 

Under these experimental conditions, the lesion 
primarily affected the substantia nigra pars compacta, 
and only produced minimal cell loss in the most lateral 
part of the ventral tegmental area after injection of 
8 #g of the neurotoxin. ~5 The magnitude of increases 
in GAD67 mRNA were similar in the three separate 
groups of 6-OHDA lesioned animals, even after 
injection of a smaller dose (6/~g) of 6-OHDA. There- 
fore, the effects observed in the RTN are most likely 
secondary to the loss of the nigrostriatal dopamin- 
ergic pathway. A preliminary report indicated that 
G A D  mRNA levels increased in the RTN after 
an unspecified regimen of monoamine depletion. 29 
The present data are consistent with this observation, 

and suggest that loss of nigrostriatal dopamine is 
responsible for the effect observed in the RTN. 

Nigrostriatal lesions and regulation of messenger RNA 
encoding glutamate decarboxylase isoforms 

Lesions of the nigrostriatal pathway have been 
shown to produce profound alterations in the level 
of expression of GAD67 mRNA in the striatum 
and pallidum of rats and primates.15'35'37'59'6°'61'66 As in 

the present study, these effects were either unique to 
GAD67 mRNA or accompanied by much smaller 
changes in GAD65 mRNA. 59'6° These differences are 
likely due to the distinct physiological functions of 
each of the isoforms.18,40 It is postulated that GAD65, 
which is localized predominantly in nerve terminals, 
plays an important role in the rapid regulation of the 
GABA pool and is primarily regulated by its inter- 
action with the cofactor, pyridoxal phosphate. ~8,33,4° 
The GAD67 isoform, on the other hand, is distributed 
throughout the neuron, and is thought to be respons- 
ible for long-term regulation of GABA levels.18'33'4° In 
contrast to GAD65, GAD67 is primarily regulated at 
the translational and transcriptional level. 4° 

Neuronal pathways mediating the effects of nigrostriatal 
lesions on the reticular thalamic nucleus 

There are no known direct connections between the 
nigrostriatal dopaminergic pathway and the RTN. 
However, many brain regions directly or indirectly 
influenced by nigrostriatal dopamine send topo- 
graphically organized projections to the RTN. The 
most direct connections between nigrostriatal neurons 
and the RTN are by way of the recently described 
projections of the globus pallidus and substantia 
nigra pars reticulata to the R T N .  12'22'27'47 These pro- 
jections specifically innervate the ventral two-thirds 
of the RTN in the rat, ~2'22 the region in which the 
changes in GAD mRNA were observed. 

Nigrostriatal lesions increase GAD67 mRNA 
levels 15'35'59 and burst firing activity in the globus 
pallidus, 2~,45 suggesting that this brain region could 
mediate the effects observed in the RTN. This is 
unlikely, however, because Short-term haloperidol 
treatments, which similarly increase GAD67 mRNA 
levels in the globus pallidus, 14 did not reproduce the 
effects of dopaminergic lesions in the RTN. 

Alternatively, the substantia nigra pars reticulata 
may be involved in this effect either directly, through 
its projections to the RTN, 22'47 or indirectly, by way 
of the ventromedial nucleus of the thalamus or the 
pedunculopontine nucleus. These two brain regions 
receive inputs from the substantia nigra pars reticulata 
and also project to the lateral and ventral 
R T N .  4'26'28'31'58'62'63 Neurons of the substantia nigra 
pars reticulata are regulated by the descending 
striatonigral GABAergic pathway. 2 Release of GABA 
from these striatonigral neurons is modulated both by 
dopamine in the striatum, and by dopamine released 
from the dendrites of neurons of the substantia nigra 
pars compacta, which penetrate into the substantia 
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nigra pars reticulata. 8 In both cases, regulation of 
striatonigral neurons by dopamine is mediated by D~ 
dopamine receptors. 1,23 A preferential involvement 
of D~ receptors in the regulation of GAD mRNA 
in the RTN is compatible with our observation 
that this effect was not reproduced by halo- 
peridol at a dose which preferentially blocks D 2 
receptors. 52 

The activity of efferent neurons of the pars reticulata 
is increased after lesions of the nigrostriatal pathway. 2 
This results from a decreased inhibition of these 
neurons secondary to both decreased activity in 
the GABAergic striatonigral pathway 23 and loss of 
stimulation of the presynaptic D~ receptors, which 
normally increase GABA release from striatonigral 
terminals. 1 The result of this increased activation of 
nigral output neurons is an increased inhibition of 
target regions of the substantia nigra pars reticulata 
as demonstrated experimentally following electrical 
stimulation of the substantia nigra. 11,~5,39,47 

Interestingly, electrical stimulation of the substantia 
nigra pars reticulata has been shown to increase 
cerebral glucose metabolism bilaterally in the RTN in 
rats. 54 Direct projections from the substantia nigra 
to the RTN and the ventromedial thalamic nucleus 
are mostly ipsilateral. 22,28,47 However, lesions of the 
ventromedial nucleus abolish the bilateral changes 
in glucose utilization induced by stimulation of the 
substantia nigra pars reticulata, 54 suggesting that the 
projection from the substantia nigra to the thalamus 
can mediate bilateral effects in the RTN. It is un- 
known whether the ventromedial thalamic nucleus 
projects bilaterally to the RTN, but the RTN can 
influence its counterpart either directly by way of 
cross-connections to the contralateral RTN 3 or in- 
directly, by cross-connections to the contralateral 
ventromedial thalamic nucleus. 5° Alternatively, 
cortical output pathways, which are affected by 
thalamocortical neurons, may be responsible for 
the contralateral effects through a cortico-cortical 
and cortico-thalamic circuit. Finally, the bilateral 
effects could be mediated by the pedunculopontine 
nucleus, which can influence the contralateral RTN 
by way of crossed connections with its contralateral 
homologue. 53,~7 

Functional significance of  increased glutamate decarb- 
oxylase 67 messenger RNA in the reticular thalamic 
nucleus 

In many experimental models, changes in GAD67 
mRNA levels parallel changes in either the level 
or the pattern of firing activity in GABAergic 
neurons. 5'38'59'6° In the globus pallidus, for example, 
GAD67 mRNA levels decrease when the pattern 
of firing becomes more regular, and increase when 
neurons fire in bursts.~5 This may represent an adaptive 
response to the increased neurotransmitter release 
which usually accompanies increased burst firing, 24 
although this has not yet been demonstrated 
specifically for GABA. 

The pattern of activity of RTN neurons after uni- 
lateral dopamine depletion is unknown. Evidence 
suggests that unilateral dopamine depletion leads 
to increased inhibition of thalamocortical neurons, 2 
which send excitatory projections to the RTN. 32 The 
resulting inhibition of RTN however, may be masked 
by a decreased activity of cholinergic inputs from the 
pedunculopontine nucleus, which is also inhibited 
by the substantia nigra pars reticulata, z5 Decreased 
cholinergic inhibition of reticular thalamic neurons 
allows them to fire in an oscillatory mode, consisting 
of prolonged bursts of depolarizations followed by 
periods of inactivity. 41'64 This pattern of firing would 
be consistent with increased expression of GAD 
mRNA. 35'59 It is unclear, however, whether decreased 
cholinergic stimulation plays a role in the effects 
observed in the present study. The muscarinic 
antagonist scopolamine, at a dose sufficient to block 
catalepsy and changes in pallidal GAD mRNA 
induced by haloperidol, 14 failed to alter GAD67 
mRNA levels in the RTN. However, other doses 
and durations of treatment need to be examined 
before ruling out a role for decreased cholinergic 
transmission. 

Clinical implications 

It has been proposed that oscillations in neurons 
of the RTN may underlie the resting tremor observed 
in Parkinson's disease. TM The present data reveal a 
functional link between dopamine depletion and the 
RTN, which can provide a clue for the origin of 
tremor in patients with Parkinson's disease. Another 
consequence of alterations in GABAergic transmission 
in the RTN may be the cognitive and attentional 
deficits that have been observed in patients with 
Parkinson's disease and primates treated with low 
doses of MPTP. 6,55 Indeed, the RTN, which ultimately 
affects thalamocortical and corticothalamic process- 
ing, has been classically implicated in attentional and 
cognitive processes, ~3'51 although direct evidence is 
still lacking. 

In conclusion, these results demonstrate a novel 
bilateral effect of unilateral dopamine depletion. 
Considering that the RTN is integral in the control 
of thalamocortical and corticothalamic information 
flow, the data suggest an additional mechanism by 
which nigrostriatal dopamine depletion may have 
widespread effects on brain function. Changes in 
neuronal activity in t h e  RTN deserve further 
attention in the study of experimental models of 
Parkinson's disease. 
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