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GABA and its associated benzodiazepine interactions play an important role in basal ganglia function. 
Distinctive GABA, benzodiazepine and opiate receptor changes occur in response to striatal lesions and 
in the human neurodegenerative disorder, Huntington's disease (HD). In animal experiments, the in vivo 
administration of [3H]flunitrazepam labels benzodiazepine receptors and can demonstrate the receptor 
changes seen after striatal lesions. It should be possible to measure these receptors in vivo in humans us- 
ing positron-emission tomographic scanning. 

The role o f  GABA in basal ganglia function. As in the rest of the nervous system, 
GABA has been found to play an important role in basal ganglia function 
[5,9,11,13,14,20]. The caudate nucleus and putamen have high levels of GABA and 
glutamic acid decarboxylase (GAD) activity as do the lateral and medial globus 
pallidus and the substantia nigra pars reticulata [5,14,17]. The caudate nucleus and 
putamen receive excitatory input from all regions of the cerebral cortex and from 
the parafascicular nuclei of thalamus [5,14]. They receive inhibitory input from the 
substantia nigra pars compacta and the raphe nuclei. The outputs of caudate 
nucleus and putamen go to the lateral and medial globus pallidus (LGP and MGP) 
and also to the pars reticulata of substantia nigra (SNr). The MGP and SNr project 
to ventral medial thalamus, which in turn projects to cerebral cortex. 

A large proportion of striatal output cells are medium-sized spiny neurons which 
contain GAD-like immunoreactivity [17]. They have extensive local axon collaterals 
and send output to LGP, MGP and SNr [5,9,14]. These GABA neurons make direct 
connections with LGP, MGP and SNr neurons which also contain GABA [10,14]. 
The GABAergic neurons in LGP project to subthalamic nucleus and those in MGP 
and SNr project to thalamus. 
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There are many other transmitters and neuromodulators in caudate-putamen in 
addition to GABA [5]. Only two important classes of  modulators, the opiate pep- 
tides and the benzodiazepines, will be discussed here. The benzodiazepines interact 
with specific receptors in brain which are physiologically, pharmacologically and 
biochemically related to GABA receptors [7,8]. Most evidence would suggest that 
the benzodiazepines interact with a subunit of  the GABA receptor-chloride 
ionophore receptor complex [7,8]. Leu-enkephalin, Met-enkephalin and dynorphin 
are all opiate peptides that are present in the caudate-putamen and at least some of  
these peptides appear to coexist in GABA neurons [4,5,9,10]. These peptides may 
control the release of  GABA or modify the action of  GABA on the postsynaptic 
neurons. The presence of  opiate peptides in the GABAergic striatal neurons 
distinguishes these GABA cells from those in MGP and SNr which do not contain 
opiate peptides [9]. Further work is needed before the role of  these peptides in 
striatal function is defined. 

The GABAergic output neurons of  the caudate-putamen make synapses on 
GABAergic MGP/SNr  cells [10]. Neurophysiologically, the MGP and SNr neurons 
are spontaneously active and the caudate-putamen output inhibits their activity [14]. 
The caudate-putamen is therefore in a position to function as a disinhibitor of  the 
thalamus [14,18]. Disinhibition of the thalamus is one mechanism by which the 
caudate-putamen may function to facilitate a particular behavior and surround-in- 
hibit conflicting behaviors via local axon collaterals [14]. Diseases of the basal 
ganglia cause a disruption of  this function. Parkinson's disease, which causes a 
slowness of movement, tremor and rigidity, results from loss of  dopaminergic in- 
hibitory input to caudate-putamen and therefore an over-activity of caudate- 
putamen GABAergic inhibitory output to MGP and SNr. Patients with Parkinson's 
disease appear to have excessive reinforcement of  ongoing behaviors and difficulty 
stopping one motor behavior to initiate a new one. Interestingly, atypical parkin- 
sonism is frequently caused by pathology directly in the MGP and SNr, thereby 
directly disrupting GABAergic MGP and SNr output to thalamus [14]. 

Huntington's  disease (HD), often thought of  as the clinical opposite of Parkin- 
son's disease, is characterized by excessive motor activity, loss of motor  persistence 
and difficulty carrying out coordinated motor tasks. In this disease, the caudate- 
putamen shows profound neuronal loss and the MGP and SNr are deafferented [14, 
19]. Unwanted behaviors are no longer suppressed and ongoing ones are not 
facilitated via disinhibition of  the thalamus resulting in a breakdown of coordina- 
tion and an excess of random movements. 

Receptors in Hungtinton's disease and rats with striatal kainate lesions. We have 
investigated neurotransmitter receptors in animal models of  Huntington's  disease 
and postmortem tissues of patients dying with Huntington's  disease. Although in- 
vestigators have studied receptors in these preparations using homogenate techni- 
ques, only limited attention has been paid to striatal projection areas and to quan- 
titative measurements in each sample [4,16,20]. We have focused on quantitative 
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autoradiographic measurements of  GABA, benzodiazepine and opiate receptors in 
these preparations to see whether the drug receptor changes are characteristic of  the 

particular disease. 

Using the kainic acid model of  Huntington's  disease in rats [3], we have examined 
receptors both acutely and chronically after lesions of  the striatum. Acutely (1 week) 
after striatal kainate lesions, GABA receptors, as measured by [3H]muscimol bind- 
ing, decrease locally in striatum but increase in globus pallidus (GP) (the murine 

counterpart of  LGP), entopeduncular nucleus (EPN) (the murine counterpart of  
MGP) and SNr [11]. Benzodiazepine receptors decrease locally in striatum at 1 week 

but show no change in the striatal projection areas [12]. In contrast, opiate receptors 
as measured by [3H]D-Ala-D-Leu-enkephalin (DADL) binding decrease locally in 
striatum and in the striatal projection areas [1]. Chronically (8 weeks) after the le- 

sions, [3H]muscimol binding in both striatum and striatal projection areas is virtual- 

ly identical to that seen in the acute animals [11]. [3H]Flunitrazepam binding is now 

decreased in striatum and increased in GP, EPN and SNr [12] (Table I). [3H]DADL 
binding is decreased in all regions (Table I). The results suggest that destruction of  
striatal neurons leads to local receptor loss because of  the loss of  neuronal cell 
bodies and axon collaterals. In striatal projection areas, GABA and benzodiazepine 

receptors increase on the postsynaptic neurons in response to deafferentation, and 

opiate receptors decrease presumably because of  their location on the striatal 
presynaptic terminals (Fig. 1). No changes in receptor affinity for any of  the ligands 
were seen in any region [1,11,12]. 

TABLE I 

BENZODIAZEPINE AND OPIATE RECEPTORS IN BASAL GANGLIA OF RATS 8-12 WEEKS 
AFTER UNILATERAL STRIATAL KAINATE LESIONS 

Values represent Bm~ values + S.E.M. for each ligand in a particular region. Bmu data were derived 
by exposing serial sections of a region to 6 concentrations of ligand and then analyzing the 
autoradiographic data by Scatchard analysis as previously described [1,11,12]. *P < 0.02, **P < 0.001, 
significantly less than control by two-tailed paired t-test. 

Bmax of bound ligand (fmol/mg protein) 

Ligand Striatum Glubus pallidus Substantia nigra 
pars reticulata 

[3H]Flunitrazepam (n = 8) 
(fmol/mg protein) 

Lesioned 200 _+ 40** 1020 _+ 160" 2000 + 320* 
Control 650 + 90 720 _ 110 1500 + 380 

[3H]DADL (n = 6) 
(fmol/mg protein) 

Lesioned 35 + 6** 29 +_ 2* 56 _+ 10" 
Control 195 +_ 24 40 _+ 2 76 _+ 12 
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Fig. 1. Schematic of GABAergic connections in basal ganglia. GABA (plus opiate) neurons in caudate- 

putamen send inhibitory projections to MGP/SNr.  The MGP/SNr  neurons are GABAergic in turn and 

project to ventral medial thalamus. Opiate receptors (e) appear to be located presynaptically on 

caudate-putamen neurons and nerve terminals and therefore decrease in both caudate-putamen and 

MGP/SNr  after striatal lesions. GABA and benzodiazepine receptors (A) are located postsynaptically on 

caudate-putamen and MGP/SNr  neurons and decrease locally but increase in MGP/SNr  after striatal 

lesions. 

The same autoradiographic methods used in the animal studies were applied to 
the investigation of  receptors in postmortem tissues of  controls and patients dying 
of  Huntington's disease (Table II). Virtually identical changes were seen in the 

TABLE I1 

GABA, BENZODIAZEPINE AND OPIATE RECEPTOR BINDING IN CONTROL AND HUN- 

TINGTON'S DISEASE BRAINS a 

[3H]Muscimol binding was used to measure GABA receptors, [3HI flunitrazepam binding to measure ben- 

zodiazepine receptors and [3H]DADL binding to measure opiate receptors as previously described 

[13,15,21]. The values represent the Bmax + S.E.M. of binding. No significant changes in Kd were seen. 

*P < 0.02 by two-tailed independent t-test. 

Ligand Striatum Lateral globus pallidus 

[3H]Muscimol ( fmol/mg protein) 

Cont ro l (n  = 5) 1.16 +_ 0.10 0.62 _+ 0.13 
HD (n = 6) 0.65 + 0.16" 1.28 +_ 0.48* 

[3H]Flunitrazepam (pmol/mg protein) 

Control (n = 5) 0.54 + 0.10 0.43 _+ 0.05 
HD (n = 6) 0.24 _+ 0.14" 0.74 _+ 0.19" 

[3H]DADL (fmol/mg protein) 
Control (n = 5) 350 + 100 34 _+ 10 

H D ( n  = 5) 103 _+ 31" 6 +_ 1" 

aAll brains were removed and frozen within 24 h of death. Average age _+ S.D. of controls was 63 +_ 
8 years and of  HD 64 _+ 11 years. None of the controls was on centrally active drugs. Two of the HD 

patients were on neuroleptics. Four controls died from sudden cardiac death and one during coronary 
artery surgery. All HD patients had family histories of HD and died of complications of HD. 
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Fig. 2. 'in vitro" and 'in vivo' images of benzodiazepine binding in the substantia nigra pars reticulata 
(SNr) of rats with left striatal kainate lesions. In both images the left (SNr) has significantly more binding 
than the right. A: 'In vitro' binding: 3 months post-lesion this 20-/zm frozen section through SNr was 
incubated in 4 nM [3H]flunitrazepam in 50 mM Tris-HC1 (pH 7.4) for 30 min at 37°C. The section was 
then rinsed twice in cold buffer for 5 min and exposed to Ultrofilm 3H (LKB) for l0 days. Non-specific 
binding in the presence of 1/zM clonazepam represented less than 5% of total binding. B: 'In vivo' bind- 
ing: 3 months post-lesion 400 t~Ci [3H]flunitrazepam in saline was given in an intravenous bolus fol- 
lowed by a l0 #Ci/min infusion. The animal was decapitated at 10 min, the brain was frozen and sec- 
tioned on a cryostat. This 20-/zm section through SNr was exposed to Ultrofilm 3H (LKB) for 30 days. 
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human material as in the chronic animal preparations [13,15,21]. Thus GABA and 
benzodiazepine receptors decrease in striatum and increase in globus pallidus, and 
opiate receptors decrease in both striatum and globus pallidus. The receptor changes 
appear to occur early in Huntington's  disease as evidenced by the observation of  
decreased striatal and increased pallidal GABA and benzodiazepine receptors in the 
brains of  two Huntington's  disease cases who died early in the disease. These brains 
showed no gross atrophy and only minimal neuronal cell loss in caudate-putamen 
at autopsy [21]. 

In vivo imaging of  receptor changes in rat. The distinctiveness of  the drug recep- 
tor changes in Huntington's  disease suggests that measurement of  receptors in vivo 
might show changes early in the disease and, possibly, even presymptomatically. 
With the recent discovery of  a linkage marker in Huntington's  disease [6], it will 
be important to define objective measures of  the earliest changes in brain so that 
potential therapies can be started prior to substantial brain damage. It would then 
be possible to assess prospectively the deterioration of  brain function and the ability 
of  therapies to retard or halt the progression of  disease. 

We have investigated the ability of  in vivo administration of [3H]flunitrazepam 

to image benzodiazepine receptor changes in striatal lesioned rats [B.J. Ciliax, H.S. 
Pan, J.B. Penney and A.B. Young, in preparation]. [3H]Flunitrazepam enters brain 
rapidly and binds to benzodiazepine receptors. Non-specific binding is defined as 
binding in the presence of  excess clonazeparn (5 mg/kg) administered intravenously 
30 min prior to [3H]flunitrazepam administration. After a bolus injection followedby 
a constant infusion, [3H]flunitrazepam binding equilibrates within 30 min and 
shows specific-to-nonspecific binding ratios of 2:1. Non-specific binding can be 
directly related to the circulating blood concentration of  [3H]flunitrazepam and 
therefore estimated from blood-curve measurements. Administration of [3H]- 
flunitrazepam to 12-week striatal-lesioned animals demonstrates decreased bind- 
ing in striatum and increased binding in globus pallidus and substantia nigra pars 
reticulata similar to that seen by in vitro techniques (Fig. 2). Previous investigators 
have successfully labeled flunitrazepam with carbon-11 in the methyl position [2]. 
This agent therefore shows great promise as an imaging agent for positron-emission 

tomographic scanning in humans. 
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