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ABSTRACT

The efferent pathways from the striatum to the other nuclei of the
basal ganglia were examined biochemically and histochemically. Acetylcho-
line, GABA, enkephalin and substance P have all been suggested to occur in
striatal neurons, and markers for these possible transmitters were therefore
measured in various nuclei of the basal ganglia following knife cuts of the
striatal efferent fibres. These studies confirmed the existence of GABA
projections from the head of the striatum to the globus pallidus (GP),
entopeduncular nucleus (EP) and substantia nigra (SN). In addition the
presence of substance P in the striatal projection to the EP was demonst-=
rated and the substance P projection to the SN was confirmed using a radio-
immunoassay. The first evidence suggesting the presence of both substance P
and methionine-enkephalin in the striatopallidal fibres was also obtained.
Also the important observation that methionine-enkephalin is not present in
the projections from the head of the striatum to the EP and SN was noted.

In order to visualize substance P fibres in the brain a new method for
immunohistochemical studies of the nervous system was developed based on the
biotin-avidin system. Using this powerful technique substance P fibres and
terminals were observed in the striatum, GP, EP and SN, as well as in
various other areas including the amygdaloid complex, the habenula and the
interpeduncular nucleus. This represents the first report of substance P
fibres in the basal ganglia demonstrated using an immunoperoxidase procedure.

The enzyme GABA-transaminase (GABA-T) was examined as a potential
marker for the GABA neurons of the basal ganglia. Using selective lesions
and a biochemical assay procedure the enzyme was found to be present in the
neurons of the striatum and in the striatonigral pathway. GABA-T was
apparently not present in the glial elements of the striatum nor was it

present in the nigrostriatal dopamine neurons. Histochemical experiments
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demonstrated GABA-T to be present in the terminals of the striatal and
pallidal efferents which are thought to use GABA as a transmitter.
These experiments establish the usefulness of GABA-T histochemistry as
a new method for the analysis of the topography of the GABA systems in
the basal ganglia.

The response of the GABA and substance P cells in the basal ganglia
to the selective removal of the dopamine cells of the SN was examined
and compared with the pathological findings observed in Parkinson's
disease. In contrast with the decrease reported in glutamate decarboxylase
activity in the basal ganglia in Parkinson's disease, an increase in the
activity of this enzyme was observed in the animal model. Also, a
significant decrease in nigral and striatal substance P levels occurred
following this lesion. The implications of these findings for the etiology
and pharmacological therapy of Parkinsonism are discussed.

Finally, the nigrotectal pathway was examined ultrastructurally and
biochemically since it represents a major output pathway of the basal
ganglia. A selective decrease was found in the glutamate decarboxylase
activity of the superior colliculus following lesions of the SN. This
observation provides the first indication that the nigrotectal projection
may use GABA as a transmitter. Electron microscopic examination of axon
terminals of the nigrotectal pathway indicated the axons were probably
myelinated and that the terminals form symmetric synapses with the major

dendrites of neurons in the deep layers of the superior colliculus.
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INTRODUCT ION

The basal ganglia are a group of subcortical nuclei which includes the
striatum, globus pallidus (CP), entopeduncular nucleus (EP), subthalamic
nucleus and substantia nigra (SN). Together these structures comprise a
major portion of what has been termed the extrapyramidal motor system and
are involved in the control of posture and locomotion. Dysfunction of the
basal ganglia result in a variety of clinical conditions involving motor
behaviour. Parkinson's disease is the best understood of these disorders
and is characterized by a loss of the dopamine-containing neurons of the SN
and a corresponding reduction in striatal dopamine levels (Hornykiewicz,
1973).

Huntington's disease is another disorder involving the basal ganglia.
It is characterized by neuropathological changes in the cortex and the stria-
tum (Lange et al., 1976). Although choreiform movements are the hallmark of
this disease, dementia is also a striking feature of Huntington's chorea
(Garron, 1973).

The basal ganglia have also been implicated in the etiology of schizo-
phrenia. Motor disturbances including chorea, akathisia, and oral
dyskinesias occur frequently in psychotics, and this observation led Mettler
(1955) to propose originally that schizophrenia is a disorder of the basal
ganglia. With the introduction of the neuroleptic drugs for the symptomatic
treatment of this disease attention has focused particularly on the role of
the nigral dopamine neurons in schizophrenia.

These clinical conditions illustrate that disorders of the basal
ganglia may be characterized not only by impairments of motor behaviour, but
also by disruptions of cognitive function. Thus, study of the basal ganglia
may provide insight into the neural mechanisms involved in both of these

important processes. In particular, a study of the output pathways of the



basal ganglia may indicate the sites at which this system can interact with
the rest of the nervous system to influence behaviour.

The striatum is the largest structure included in the basal ganglia
and indeed, is the largest subcortical cell-mass in the mammalian brain.

As such it probably represents the main integrative center of the basal
ganglia. The striatum receives projections from all parts of the neocortex,
including motor areas as well as areas implicated in perception, association
and memory (Carmen et al., 1963; DeVito and Smith, 1964; Garcia-Rill et al.,
1979; Glees, 1944; Goldman and Nauta, 1977; Jones et al., 1977; Kemp and
Powell, 1970; Kunzle, 1975; 1977; Niimi et al., 1963; Webster, 1961; 1965;
Yeterian and van Hoesen, 1978). This is the major input to the striatum and
accounts for approximately one third of the afferent terminals to this nucleus
(Kemp and Powell, 1971b). The cortico-striatal pathway is thought to be
excitatory (Kitai et al., 1976a; 1976b; Kocsis et al., 1977) and to use
glutamate as a transmitter (Divac et al., 1977; Kim et al., 1977b; McGeer

et al., 1977; Reubi et al., 1979; Spencer, 1976). Electrophysiological
(Kitai et al., 1976b) and anatomical (Endo et al., 1973) evidence indicates
that the corticostriatal fibers are independent of the corticospinal or
corticobulbar systems.

Although the parafasicular and centromedian nuclei provide the major
thalamic inputs (Kuroda et al., 1975; Kalil, 1978; Royce, 1978) all of the
intralaminar nuclei appear to project to the striatum (Jones and Leavitt,
1974). Together these inputs make up one quarter of the afferent terminals
in the striatum (Kemp and Powell, 1971b). Although changes in choline acetyl-
transferase (CAT) and acetylcholine levels have been reported in the head of
the striatum following parafasicular lesion (Saelens et al., 1979; Simke and
Saelens, 1977) the anterior one-third of the striatum receives few if any

parafasicular afferents (Jones and Leavitt, 1974). This and the lack of



staining of parafasicular cells for CAT (H. Kimura, personal communication)
raises doubt about this being a cholinergic tract. Thus, at present the
biochemical nature of this input remains a matter of speculation, although
electrophysiological results suggest that it is an excitatory pathway

(Kocsis et al., 1977; Malliani and Purpura, 1967; Purpura and Malliani, 1967).

The third major striatal afferent arises in the midbrain and supplies
the striatum with approximately fifteen percent of its afferent terminals
(Kemp and Powell, 1971b). This pathway contains dopamine and arises from
both the SN and the adjacent ventral tegmental area (Andén et al., 1964;
Beckstead et al., 1979; Fallon and Moore, 1978; Lindvall and Bjorklund,
1974). The nigro-striatal system was originally thought to be an inhibitory
projection; but there is now considerable evidence that the dopamine ter-
minals depolarize striatal neurons (Davies and Tongroach, 1978; Kitai et al.,
1975; Richardson et al., 1977). A second non-dopaminergic nigrostriatal
system has also been suggested on both physiological and biochemical grounds
(Feltz and deChamplain, 1972; Fibiger et al., 1972; Ljundahl et al., 1975;
Guyenet and Aghajanian, 1978).

In addition to these major striatal afferents, two aminergic afferents
from the brainstem have also been identified. Serotonin is contained in the
striatal afferents from the dorsal raphé nucleus (Azmitia and Segal, 1978;
Jacobs et al., 1978; Miller et al., 1975). Biochemical studies suggest that
this projection is most concentrated in the ventrocaudal region of the
striatum (Ternaux et al., 1977). Also, the ubiquitous axons of the locus
coeruleus have been shown to project to the striatum, providing a noradrener-
gic innervation to this area (Mason and Fibiger, 1979; Moore, 1978).

In contrast to the diversity of the afferents to the striatum, the out-
put of this nucleus is quite restricted. The striatum is known to innervate

directly only three structures, the GP, EP and SN. Thus, the entire output



of the striatum is confined to other nuclei within the basal ganglia. All
parts of the striatum, including the head (Cowan and Powell, 1966;
Graybiel et al., 1979, Nagy et al., 1978a, Tulloch et al., 1978) and tail
(Tulloch et al., 1978) project to the pallidum. Although the EP receives
fibers from the head of the striatum (Adinolfi, 1969; Nagy et al., 1978a)
the extent to which it receives afferents from the tail of the striatum is
uncertain. The SN receives a rich innervation from diverse areas of the
striatum (Bunney and Aghajanian, 1976; Grofova, 1975; Kanazawa et al.,
1976; Nagy et al., 1978a; Richardson et al., 1977; Tulloch et al., 1978)
both to the pars compacta (SNC) and to the pars reticulata (SNR).

Which of the neuronal types of the striatum gives rise to these
efferent pathways has been a matter of some debate. It has been estimated
that over 95% of striatal neurons are medium size spiny cells (Kemp and
Powell, 1971a). The striatum also contains a few small neurons as well as
a population of giant aspiny cells (Kemp and Powell, 1971a). These giant
cells, which account for only about omne percent of the striatal neurons
(Kemp and Powell, 1971a) were originally suggested on the basis of Golgi
material to be the projection neurons of the striatum (Fox et al., 1971).
However, with the introduction of retrograde transport as an anatomical
tool, this conclusion has been questioned. Thus, these giant cells have
not been labeled following the injection of horseradish peroxidase into
the GP, EP or SN. Recently, however, some large neurons have been labeled
following injections into the retrorubral area (Grofovd, 1979), a dorsal
extension of the SN (Beckstead et al., 1979; Nauta et al., 1978).

Although horseradish peroxidase injections into the GP, EP or SN proper
have failed to label the giant aspiny neurons of the striatum, many medium
size cells are labeled following these injections (Bunney and Aghajanian,

1976; Graybiel et al., 1979; Grofovd, 1975; Kanazawa et al., 1976; Tulloch



et al., 1978). This indicates that these cells provide the major pathways
for the striatal outflow.

Evidence indicates that the inhibitory neurotransmitter y-aminobutyric
acid (GABA) is contained in the striatal afferents to the GP (Fonnum et al.,
1978; Hattori et al., 1973; Nagy et al., 1978a) EP (Fonnum et al., 1978a;
Nagy et al., 1978a) and SN (Brownstein et al., 1977; Fonnum et al., 1978a;
1974; Gale et al., 1977b; Hattori et al., 1973b; Jessel et al., 1978; Kim
et al., 1977a; Nagy et al., 1978a). This suggests that GABA is contained
in at least some of the medium spiny cells of the striatum, and in fact some
of these cells have been found to stain for the GABA synthetic enzyme
glutamate decarboxylase (GAD) in immunohistochemical studies (Ribak et al.,
1979).

Recently, evidence has been obtained that the neuropeptide substance P
is also contained in the striatal projections to the nigra (Hong et al.,
1977c; Kanazawa et al., 1977a; Mroz et al., 1977; Palkovits et al., 1978;
Paxinos et al., 1978a) and EP (Paxinos et al., 1978b), suggesting that some
of the medium spiny cells should contain this peptide. In fact, immuno-
histochemical studies have shown some small and medium size striatal cells
do contain substance P immunoreactive material (Cuello and Kanazawa, 1978;
Ljtingdahl et al., 1978a). Recent biochemical experiments have shown that
the GABA and the substance P projections arise from different sites within
the striatum (Brownstein et al., 1977; Gale et al., 1977; Jessel et al.,
1978) indicating that these transmitters are probably contained in separate
populations of striatal neurons.

The striatum has also been found to contain other peptides that may
function as neurotransmitters. In particular some evidence suggests that
the endogenous opioid peptides methionine- and leucine—enkephalin may be

present in striatopallidal fibers (Cuello and Paxinos,1978b; Hong et al.,



1977a).

Although the direct output of the striatum is confined to the basal
ganglia, pathways must exist to transmit this output beyond this system,
ultimately to the motor neurons. Both the EP (Carpenter, 1973; Kim et al.,
1976; Kuo and Carpenter, 1973; Larsen and McBride, 1979; Nauta and Mehler,
1966) and SN (Beckstead et al., 1979) send projections to the pars compacta
of the nucleus tegmenti pedunculopontis, a mesencephalic reticular formation
nucleus lying within the brachiumconjunctivum. The efferent connections
of this nucleus are unknown, but preliminary reports suggest that its
axons descend to the spinal cord (Ross et al., 1979) and ascend towards the
forebrain, perhaps synapsing in the pallidum (Gonya-Magee and Anderson,
1979).

A population of dopamine cells in the medial SN and the ventral tegmen-—
tal area (Fuxe et al., 1974; Lindvall et al., 1974; Thierry et al., 1973)
and a population of cholinergic cells in and around the GP and EP (Kelley
and Moore, 1978a; Lehmann et al., 1980) project to the cerebral cortex.
However, these pathways have only recently been discovered and their
connections with the striatum and their role in mediating basal ganglia
output have not been examined.

The pathways most commonly thought to provide the main output for the
basal ganglia arise from the EP and from the SNR. As discussed above these
two nuclei both receive direct inputs from the striatum. In addition the
GP projects directly to the SN (Bunney and Aghajanian, 1976; Grofovd, 1975;
Hattori et al., 1975; Kanazawa et al., 1976; Kim et al., 1976; Tulloch
et al., 1978) and to the subthalamic nucleus (Hattori et al., 1975; Kim
et al., 1976; Nauta and Mehler, 1966) which in turn projects to the EP
(Carpenter and Strominger, 1967; Nauta and Cole, 1978; Whittier and Mettler,

1949) and the SN (Hammond et al., 1978; Kanazawa et al., 1976; Nauta and



Cole, 1978; Tulloch et al., 1978; Whittier and Mettler, 1949).

A major projection from the EP to the lateral habenula (Carter and
Fibiger, 1978; Herkenham and Nauta, 1977; Kim et al., 1976; Larsen and
McBride, 1979; Nauta, 1974) has been demonstrated and biochemical studies
have suggested that GABA is a transmitter in this pathway (Gottesfeld et al.,
19775 Nagy et al., 1978b). However, the lateral habenula is not thought to
be critically involved in the control of motor behaviour. Rather, the
projection from the EP to the thalamus has been suggested to serve such a
function (Hassler, 1978). The principal sites of termination of pallidal
fibers in the thalamus are the centromedian and parafasicular nuclei, and
more importantly, the ventrolateral-ventroanterior complex and the ventro-
medial nucleus (Carter and Fibiger, 1978; Kim et al., 1976; Kuo and
Carpenter, 1973; Larsen and McBride, 1979; Nauta and Mehler, 1966). Since
the nucleus ventralis lateralis projects to the motor cortex areas four and
six, the pallidal projection to this nucleus provides a pathway for the
basal ganglia to affect directly the motor output of the cortex.

A substantial projection to the thalamus from the SNR has also been
demonstrated. This is a non-dopaminergic projection and is distributed to
the medial part of the nucleus ventralis lateralis, the magnocellular part
of the nucleus ventralis anterior and the paralaminar part of the nucleus
dorsomedialis (Beckstead et al., 1979; Bentiviglio et al., 1979; Carpenter
et al., 1976; Carpenter and Peter, 1972; Cole et al., 1964; Faull and Mehler,
1978; Fibiger, et al., 1972; Mettler, 1970; Rinvik, 1975). A projection
to the parafasicular nucleus has also been reported (Ahlenius, 1978;
Beckstead et al., 1979; Clavier et al., 1976). Again, via the connection
with the nucleus ventralis lateralis, this output pathway provides the basal
ganglia with access to the motor cortex.

Finally, fibers from the SNR, arising at least in part as collaterals



of the nigrothalamic projection (Anderson and Yoshida, 1977; Bentivoglio

et al., 1979), innervate the superior colliculus (Afifi and Kaelber, 19653
Beckstead et al., 1979; Faull and Mehler, 1978; Graybiel, 1978; Hopkins

and Niessen, 1976; Jayaraman et al., 1977; Rinvik et al., 1976). The
nigrotectal fibers terminate in the deeper layers of the superior colliculus
(Anderson and Yoshida, 1977; Beckstead et al., 1979; Graybiel, 1978,
Jayaraman et al., 1977; Rinvik et al., 1976), which are known to give rise
to the tectoreticular and tectospinal pathways (Kuypers and Maisky, 1975).
Indeed, electrophysiological experiments have indicated that the projection
from the SNR to the superior colliculus interacts with the tectospinal
system which regulates the neck muscles involved in head orientation (York
and Faber, 1977). Thus, this system could well be involved in the expression
of the motor asymmetries observed after unilateral manipulations of the

basal ganglia.



STATEMENT OF THE PROBLEMS TO BE EXAMINED

In the present study a biochemical and histological analysis of the
output pathways of the basal ganglia is presented. We begin with an
examination of the efferents of the caudate-putamen to the other nuclei
of the basal ganglia. As mentioned in the Introduction, GABA, acetylcholine,
enkephalin and substance P have all been suggested to be contained in
striatal cells. 1In Experiment 1 the existence of these transmitters in the
striatal projections to the GP, EP and SN was biochemically examined
following lesions of the striatal output pathways.

The biochemical approach used in Experiment 1 can provide evidence
that a chemical such as GABA or substance P is contained in a fibre tract.
This technique will not however give information regarding the topography
and synaptic relationships of the fibre systems. For this histological
methods are essential. Therefore in Experiment 2 the distribution of the
substance P fibres was examined using an immunohistochemical approach.

To study the GABA systems of the basal ganglia the localization of the
enzyme GABA-transaminase (GABA-T), which catabolizes GABA, was examined.
The biochemical studies in Experiment 3 suggest that GABA-T is localized
in the GABA neurons of the striatum. Therefore, in Experiment 4, a
histochemical method for this enzyme was adapted to examine the striatal
and pallidal GABA efferents.

The striatal efferents are intimately associated with the nigrostriatal
dopaminergic neurons. In order to examine the nature of this interaction
the responses of the striatal GABA and substance P cells to the selective
loss of the nigral dopaminergic neurons were biochemically examined in
Experiment 5. As this lesion of the dopaminergic neurons has been used as
a model of Parkinson's disease (Marsden, 1977), the results of this study

have been compared with the biochemical changes reported to occur in
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Parkinsonism.

Finally in Experiment 6 the biochemical nature of the nigrotectal
pathway, which probably represents a major output of the basal ganglia,
was examined by measuring various neurotransmitter markers in the superior
colliculus following nigral lesions. The morphology of the nigrotectal
projection was also examined using electron microscopy. The results provide
the first indication that GABA may be a transmitter in the nigral output
pathways. The implications of this observation for basal ganglia function

are therefore discussed.
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EXPERIMENT 1: NEUROTRANSMITTERS CONTAINED IN THE EFFERENTS OF THE STRIATUM

Three neurotransmitter candidates have been found to be contained in
the fibers emanating from the striatum. These are GABA, substance P and
enkephalin.

GABA has been shown to be contained in striatopallidal (Fonnum et al.,
1978a; Hattori et al., 1973b; Nagy et al., 1978a), striatoentopeduncular
(Fonnum et al., 1978a; Nagy et al., 1978a) and striatonigral (Brownstein
et al., 1977: Fonnum et al., 1978a; 1974; Hattori et al., 1973b; Jessel
et al., 1978; Kim et al., 1971; Nagy et al., 1978a) fibers. The striato-
entopeduncular and striatonigral projections have also been shown to
contain substance P by immunofluorescent (Paxions et al., 1978a; 1978b)
and radioimmunochemical (Brownstein et al., 1977; Gale et al., 1977;

Hong et al., 1977c; Jessel et al., 1978; Kanazawa et al., 1977a) techniques,
respectively. A striatopallidal leu-enkephalin~containing pathway has
been demonstrated by immunohistofluorescent methods (Cuello and Paxinos,
1978) and pallidal met-enkephalin levels have been observed to decrease
following kainic acid lesions of the striatum (Hong et al., 1977a). A
comprehensive and systematic examination of each of these systems has not
been conducted. The present study provides further information on the
contribution of each of these substances to the striatal projections
to the GP, EP and SN.

METHODS

Male Wistar rats weighing about 300 g in the hemitransection group
and 450 g in the GP island group were anesthetized with pentobarbital and
placed in a Kopf stereotaxic instrument. For the semicircular cuts
separating the GP from the striatum (GP islands) a Halasz knife four mm
in radius and three mm in height was fashioned from tungsten wire and

mounted in a 26 gauge cannula. After removal of a bonme flap and deflection
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of the dura the knife was iowered at a parasaggital orientation to an
empirically determined set of coordinates. The axis of rotation of the
knife was 3.5 mm posterior to bregma and 2.3 mm lateral to the midline.
The tip of the knife was 8.1 mm ventral to the cranial surface. Once
positioned the knife was rotated slowly 10-15 degrees towards the midline
and then rotated 130 degrees laterocaudally. After returning to the
entry orientation the knife was withdrawn and the wound treated with

0.1% Zephiran.

Hemitransections just anterior to the GP were produced with a
straight tungsten wire lowered at the midline to the ventral surface of
the brain and drawn to the lateral extreme in the plane of the anterior
commissure.

Animals were sacrificed two to three weeks postoperatively by
cervical fracture and the brains rapidly removed and placed on ice. All
areas were dissected freehand from sections obtained on a freezing micro-
tome. The head of the striatum was dissected only from those sections
not visibly damaged by the knife. The GP was not assayed in animals in
which the knife cut encroached on this area. The tail of the striatum
'was dissected from the same sections as the GP.

For enzyme activity measurements tissues were homogenized in 20 to 50
volumes of 50 mM Tris-—acetate buffer, pH 6.4, containing 0.2% v/v Triton
%-100. Protein was determined on these homogenates according to the
method of Lowry et al. (1951).

A modification of the method of Albers and Brady (1959) was used for
the assay of GAD activity (Chalmers et al., 1970). Tissue homogenate
(20 pl) was added to 50 pl of incubation mixture containing (final
concentrations) 2.0 mM [1-1%C]lglutamate (specific activity 0.1 to 0.2 mCi/

mmol, Amersham), 0.02% bovine serum albumin (Sigma) and 0.1 mM pyridoxal
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phosphate (Calbiochem) in 20 mM potassium phosphate buffer, pH 7.4 in a
small glass tube. Each tube was placed in a scintillation vial with half

a gelatin capsule (Parke-Davis) containing a piece of filter paper to which
0.1 ml of hyamine hydroxide was added. The vials were capped with rubber
septums and incubated at 37°C for 30 min. The reaction was stopped by the
injection of 0.2 ml of 2M H,SO, into the incubation tube through the

rubber septum with a 19 gauge needle. After two hr the reaction tubes

were removed from the vials and the trapped 1”002 counted in ACS

(Amersham) with a liquid scintillation counter.

CAT was assayed according to the method of Fonnum (1975). The reaction
was started by adding 20 ul of tissue homogenate to 50 ul of a mixture
which contained (final concentrations) 300 mM NaCl, 8.0 mM choline chloride,
0.1 mM eserine, 20 mM EDTA, and 0.2 mM [1-1"%Clacetyl coenzyme A (Amersham,
specific activity 0.05 mCi/mmol) in 50 mM sodium phosphate buffer pH 7.4.
The mixture was incubated at 37°C for 20 min in a scintillation vial. The
reaction was then stopped by adding seven ml of a solution consisting of
two parts acetonitrile and five parts ten mM sodium phosphate buffer pH 7.4
containing two mg/ml sodium tetraphenyl boron. Ten ml of toluene containing
0.47 2,5—dipheny1—oxazole (PPO) and 0.015% E;bis-[2-(5—phenyloxazolyl)]ben—
zene (POPOP) were then added and the l4C-acetylcholine produced during the
incubation was extracted into the organic phase with the tetraphenyl boron
and counted in a liquid scintillation counter.

Substance P and met-enkephalin jevels were determined by radio-
immunoassay on lyophilized 1.0 N acetic acid extracts of weighed tissue
(see Appendix).

RESULTS
The extent to which the knife cuts isolated the GP from the striatum

(GP islands) is shown in Fig. 1. Rostrally, the jesions started just lateral
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The knife cuts separating the globus pallidus from the
striatum.

The diagram on the left represents a horizontal section
through the forebrain showing the sites of both the
circular cut forming the GP island (arrow) and the
hemitransection (double arrow). The photograph on the
right is a coronal section through the anterior globus
pallidus showing the circular knife cut. The circular
cut is seen lateral to the globus pallidus which is out-
1lined in white dots. Shrinkage of striatal tissue is
evidenced by the 