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Abstract 

In the mammalian central nervous system, high concentrations of Leu-enkephalin, an opioid 
pentapeptide, have been found within the globus pallidus and caudate-putamen, where opiate 
receptors also are found in abundance. Opiate analgesics and opioid peptides have been proposed to 
interact with known neurotransmitters in the neostriatum and globus pallidus. With the use of the 
peroxidase-antiperoxidase method, we examined the light microscopic and ultrastructural localiza- 
tion of immunoreactive Leu-enkephalin-containing neurons and axon terminals in the monkey 
caudate-putamen, globus pallidus, and substantia nigra. Only neostriatal neurons contained immu- 
noreactive Leu-enkephalin. Labeled somata were medium size (12 to 20 pm) and were located 
primarily in the caudate nucleus and the ventral and medial portions of the putamen. Immunoreac- 
tive Leu-enkephalin fibers were present, in order of greatest density, in the outer segment of the 
globus pallidus, substantia nigra pars reticulata, and neostriatum. Fiber staining in the inner pallidal 
segment was sparse. At the electron microscopic level, labeled neostriatal somata had relatively 
large, slightly indented nuclei and scant cytoplasm. Primary dendrites were smooth and distal 
branches had numerous spines. Together, these features have been shown previously in the monkey 
by the Golgi-EM technique to distinguish spiny type 1 neurons. In the neostriatum and outer 
segment of the globus pallidus, small diameter unmyelinated (about 0.2 pm) and myelinated (about 
1 pm) axons contained immunoreactive Leu-enkephalin. Labeled boutons were 0.5 to 1.5 pm in size 
and had small clear round and/or ovoid vesicles and also large granular vesicles. The majority of 
labeled terminals appeared to make symmetric contacts. In the neostriatum, they formed synapses 
with unlabeled somata which had cytologic features of spiny type 1 and aspiny type 1 neurons and 
with the primary and distal branches of unlabeled spiny (shafts) and aspiny dendrites. Few 
immunoreactive boutons synapsed with unlabeled dendritic spines. Positive boutons were found also 
to synapse upon the axon hillocks and axon initial segments of unlabeled somata. Other types of 
axoaxonic synapses were not found. Some immunoreactive Leu-enkephalin terminals formed syn- 
apses with cell bodies and dendrites which also were positively labeled for Leu-enkephalin. Within 
the globus pallidus, nearly one-half of all axon terminals that ensheath and synapse with pallidal 
dendrites contained immunoreactive Leu-enkephalin. From the anatomic observations, it appears 
likely that immunoreactive Leu-enkephalin is found within medium size spiny neurons (spiny type 
1 in the monkey), which are known to have axon collaterals intrinsic to the caudate-putamen and to 
project to the globus pallidus and substantia nigra. The high density of enkephalin-positive terminals 
found in the latter two structures is consistent with the presence of a striatofugal enkephalin 
pathway which may have a direct influence on the efferent systems originating in the globus pallidus 
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and substantia nigra. Furthermore, these findings support the notion that, within the neostriatum, 
enkephalin neurons may interact directly with other cells that are postulated to contain y-amino- 
butyric acid and acetylcholine. The absence of axoaxonic synapses may indicate that enkephalin 
modulates dopamine release in the neostriatum by other types of neuronal interactions. 

In the mammalian central nervous system, a high 
concentration of the enkephalins, opioid pentapeptides 
(Hughes et al., 1975), is found in the globus pallidus and 
caudate-putamen (neostriatum) (Simantov et al., 1976; 
Yang et al., 1977; Gramsch et al., 1979; Rossier and 
Bloom, 1979). A high content of opioid receptors also has 
been identified in the monkey neostriatum (Kuhar et al., 
1973). Evidence for a neurotransmitter role of enkephalin 
within the basal ganglia (includes, for the purposes of 
this study, neostriatum, globus pallidus, substantia nigra, 
and the subthalamic nucleus) has been suggested by the 
in vitro release of immunoreactive enkephalin in rabbit 
and guinea pig caudate tissue slices after K’ and verat- 
ridine application (Henderson et al., 1978) and from rat 
globus pallidus after K+ administration (Iversen et al., 
1978). Immunohistochemical studies in the rat have 
shown cell bodies with immunoreactive (IR) enkephalin 
(enk) in the caudate nucleus (Hokfelt et al., 1977; Sar et 
al., 1978) and dense fiber staining in the caudate and 
globus pallidus (Elde et al., 1976; Watson et al., 1977; Sar 
et al., 1978; Wamsley et al., 1980). At the ultrastructural 
level in the rat neostriatum, IR Met-enk has been found 
in medium size neurons and in terminals that form 
mainly asymmetric, axodendritic synapses (Pickel et al., 
1980). Immunofluorescence cytochemistry has shown re- 
cently that a high density of enkephalin fibers is present 
in the primate globus pallidus (Haber and Elde, 1981). 
To date, there is no information in the primate on the 
light microscopic distribution of IR Leu-enk in other 
parts of the basal ganglia or on its electron microscopic 
localization. In view of organizational differences between 
the rodent and primate basal ganglia systems (for review, 
see Graybiel and Ragsdale, 1979), we investigated by the 
immunoperoxidase method of Sternberger (1974) the lo- 
cation of IR Leu-enk neuronal elements in the monkey 
neostriatum, globus pallidus, and substantia nigra. Fur- 
thermore, electron microscopic localization of IR Leu- 

enk was undertaken in both the monkey neostriatum and 
the globus pallidus. Some of this work has been presented 
in a preliminary form (DiFiglia et al., 1980a). 

Materials and Methods 

Animals. Observations were made on five cynamologus 
monkeys (Macaca fascicularis) weighing between 2.5 
and 6.0 kg. One monkey was treated with 100 pg of 
colchicine stereotaxically administered into the left lat- 
eral ventricle and, after 24 hr, perfused with 4% paraform- 
aldehyde in 0.15 M phosphate buffer (pH 7.3) containing 
0.2% glutaraldehyde. The brain was removed and placed 
in buffered paraformaldehyde fixative for 18 hr prior to 
immunohistochemistry. One other animal was perfused 
with 3% buffered paraformaldehyde and the tissue then 
was treated in a similar manner. Tissue from the remain- 
ing monkeys was fixed by immersion in 3% buffered 
paraformaldehyde for 6 to 8 hr prior to processing for 
immunohistochemistry. The brains and other organs of 
these animals also were used in other scientific studies, 
none of which affected the integrity of the basal ganglia. 

Immunohistochemistry. The protocol was adapted 
from the technique of Pickel et al. (1977), which was 
based on the Sternberger (1974) peroxidase-antiperoxi- 
dase method. After dissection, blocks of tissue from the 
caudate-putamen, globus pallidus, and substantia nigra 
were cut (20 to 25 pm) with a Vibratome (Oxford) con- 
taining cold phosphate buffer. Sections were washed 
twice in 0.2 M Tris/saline (TS, pH 7.5), transferred to 
30% normal goat serum in TS for 30 min, washed twice 
in TS, and then incubated for 18 to 36 hr at 4’C in 
antiserum directed against Leu-enk at a dilution of 1:400 
(see below for antiserum characterization). Control sec- 
tions were processed similarly but without exposure to 
the Leu-enk antiserum or were incubated with antiserum 
(500 ~1) preabsorbed with 10 pg of synthetic Leu-enk for 
1 to 6 hr. All tissues were washed twice in TS containing 

Figure 1. IR Leu-enk in the caudate nucleus. The colchicine-treated monkey shows numerous labeled fibers and cell bodies, 
some of which appear in clusters (arrows) surrounded by regions containing relatively few labeled neurons. The ventricular 
surface is at the upper left. Scale bar, 200 ,sm. 

Figure 2. Enkephalin-containing caudate neurons. A group of labeled medium size neurons, some with emerging dendrites 
(ringed arrows), near to medium (crossed arrow) and large size (large arrow) neurons which are unlabeled is shown. Note the 
dense network of positively stained processes at the upper left. Phase contrast photography was used. Scale bar, 40 pm. 

Figure 3. Preincubation control of the caudate nucleus. A section, near to the one in Figure 1, in which Leu-enk antisera were 
preabsorbed with excess Leu-enk peptide prior to incubation with tissue, shows an absence of immunoreactive fibers and cell 
bodies. Scale bar, 200 pm. 

Figure 4. Enkephalin-positive axons in the caudate nucleus. Labeled punctate elements presumed to be axon terminals appear 
in close contact with unlabeled medium size somata (ringed arrows) and emerging processes (crossed arrow). Some IR Leu-enk 
axons are also near to Leu-enk-positive neurons (large arrow). Phase contrast photography was used. Scale bar, 40 pm. 

Figure 5. IR Leu-enk axons in the caudate nucleus. Some of the IR Leu-enk terminals in this field appear in close association 
with unlabeled neurons of medium (large arrow) and large size (N; ringed arrow). Note the eccentric location of the nucleus in 
N which is characteristic of the large aspiny (type 2) neuron. Other Leu-enk-positive boutons are near to a medium size unlabeled 
neuron and the emerging dendrite of an enkephalin-containing cell (crossed arrow). Phase contrast photography was used. Scale 
bar, 40 Wm. 
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1% normal goat serum, transferred to goat anti-rabbit 
IgG (dilution of 1:20) for 30 min, again washed in TS, 
and incubated with the peroxidase-antiperoxidase com- 
plex at a 1:30 dilution for 30 min. Following brief washes, 
the sections were passed to diaminobenzidine (0.013%) 
with Hz02 (0.003%) for 6 to 10 min and then washed in 
distilled water. 

For examination at the light microscopic level, sections 
were mounted on glass slides with 0.5% gelatin. Tissue 
from the colchicine-treated and glutaraldehyde-fixed an- 
imal was used for electron microscopic examination. Sec- 
tions were cut into smaller pieces, treated for 1 hr with 
2% osmium tetroxide, stained in 1% uranyl acetate for 2 
hr, and embedded in Epon supported by a plastic cover- 
slip. Areas with IR Leu-enk were identified by light 
microscopy, dissected from the plastic, and mounted on 
Epon blocks. Serial thin sections were placed on Form- 
var-coated slot grids. The sections were examined in the 
electron microscope before application of lead citrate 
counterstain. 

Antiserum specificity. The Leu-enk antiserum (Bio- 
Flex) used in the immunocytochemistry showed molar 
cross-reactivities of <0.2% with synthetic Met-enkepha- 
lin, 3% with Leu-enk-Arg’ (Peninsula Laboratories), 
<0.3% with dynorphin-( l-13), and no cross-reactivity 
with /3,-lipotropin, (Y-, y-, or &endorphin, or pACTH- 
(l-39) on standard radioimmunoassay as previously de- 
scribed (Aronin et al., 1981). From previous studies, it 
has been suggested that a free terminal Leu5 may be 
necessary for full immunologic recognition (Aronin et al., 
1981). 

Results 

Light microscopy 

Cell bodies containing IR Leu-enk were found only in 
the caudate-putamen, while labeled fibers were distrib- 
uted in the neostriatum, outer globus pallidus, and the 
pars reticulata of the substantia nigra. 

The neostriatum of untreated monkeys contained cell 
bodies and processes which were lightly to heavily la- 
beled for IR Leu-enk. Of those areas examined (anterior 
caudate and the rostra1 and mid regions of the putamen), 

the medial regions of the caudate and the ventral and 
medial portions of the putamen (near the globus pallidus) 
were consistently positive. The lateral caudate nucleus 
and the anterior dorsal putamen were either lightly im- 
munoreactive or exhibited no staining. Colchicine treat- 
ment greatly enhanced the staining of cell bodies and 
fibers throughout the neostriatum (Fig. 1) and especially 
near the lateral ventricle at the site of injection, where 
intense staining of numerous cell bodies and fibers ex- 
tended at least 2.0 mm deep to the ventricular surface. 
In each of five 20-pm sections, cell counts were made in 
1.8 mm2 of caudate tissue near the lateral ventricle. 
Results showed that the mean number (E = 56.2; SD = 
7.1) of IR Leu-enk neurons represented 49% of the total 
caudate neurons present in each sample. 

Labeled somata were of medium size (12 to 20 pm). 
They were either distributed uniformly or appeared in 
clusters of four to seven neurons (Figs. 1 and 2), which 
were surrounded by regions containing IR Leu-enk fibers 
and unlabeled cells (Fig. 2). Reaction product also was 
present in primary and secondary dendrites and in thin- 
ner processes which were presumed to be axons. Labeled 
small varicosities (1 to 2 pm in size) could be seen 
surrounding both IR Leu-enk-positive and unlabeled 
cells of medium size (Fig. 4). A few varicosities could be 
seen also in close proximity to large fusiform (Fig. 4) and 
globular shaped (Fig. 5) neurons. 

The lateral segment of the globus pallidus in all ani- 
mals contained the most dense staining of IR Leu-enk 
axons (Figs. 6 to 8). Beaded varicosities could be seen 
coursing in parallel and ensheathing the dendrites of 
pallidal neurons. The medial pallidal segment, by con- 
trast, contained very few IR Leu-enk fibers, most of 
which were observed in its lateral region. 

Fibers and terminals with IR Leu-enk reaction product 
were also abundant throughout the substantia nigra, 
especially in the immersion-fixed preparations. They 
were numerous in the pars reticulata where they ap- 
peared as long beaded elements coursing through the 
neuropil (Fig. 12) or as punctate swellings in close prox- 
imity to cell bodies and dendrites (Fig. 9). Fewer labeled 
axons were observed in the pars compacta (Fig. 10). IR 
Leu-enk fibers appeared to enter the nigra through the 

Figure 6. IR Leu-enk in the globus pallidus. The outer pallidum (OP) showed an intense staining of numerous fibers and 
terminals, while the inner segment (IP) was only lightly labeled. The tissue was fixed by immersion and the nonspecific staining 
in blood vessels, due probably to the presence of endogenous peroxidase, usually was seen in this type of preparation. Scale bar, 
500 pm. 

Figure 7. Preincubation control of the globus pallidus. This section, which was near to the one in Figure 6, showed an absence 
of IR fibers in both outer (OP) and inner (IP) pallidal segments when the Leu-enk antisera were preabsorbed with excess Leu-enk 
peptide prior to incubation with tissue. Scale bar, 500 pm. 

Figure 8. IR Leu-enk axons in the outer globus pallidus. Labeled “enpassant” axons appear to envelope long pallidal dendrites 
(crossed arrow). Some immunoreactive terminals were also near cell bodies (arrow). Phase contrast photography was used. Scale 
bar, 40 pm. 

Figure 9. IR Leu-enk axons in the substantia nigra, pars reticulata. A dense network of labeled fibers appeared to surround 
dendrites (crossed arrow) and cell bodies (arrow). Phase contrast photography was used. Scale bar, 40 pm. 

Figure 10. IR Leu-enk in the substantia nigra, pars compacta. Labeled processes were observed throughout the neuropil 
(crossed arrow) and in association with cell bodies (arrow) but were relatively sparse when compared to their presence in the 
reticulata (see Fig. 9). Phase contrast photography was used. Scale bar, 40 pm. 

Figure 11. Preincubation control of the substantia nigra, pars reticulata. Fiber staining was reduced markedly. Phase contrast 
photography was used. Scale bar, 40 pm. 

Figure 12. IR Leu-enk axon in the substantia nigra. The varicose fiber was typical of the labeled processes seen coursing 
through the reticulata. Phase contrast photography was used. Scale bar, 20 pm. 
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comb bundle pathway (Fox and Rafols, 1976). A few 
positive axons were seen also in the cerebral peduncle. 
Some labeled fibers were visible in the subthalamic nu- 
cleus and in the ventral tegmental region where they 
coursed in a dorsoventral direction. 

In all of the areas described above, control sections 
treated without antiserum or preincubated with Leu-enk 
peptide either failed to exhibit (Figs. 3 and 7) or showed 
greatly diminished (Fig. 11) immunocytochemical stain- 
ing. 

Electron microscopy 

Neostriatum. Well stained regions of the caudate-pu- 
tamen of the colchicine-treated monkey were examined 
at the ultrastructural level. The IR Leu-enk-positive 
neuron was characterized by a relatively large nucleus 
with few indentations and a scant cytoplasm (Fig. 13). 
Reaction product was deposited within the nucleus and 
the matrix of the cytoplasm and on the membranes of 
organelles including mitochondria (outer membrane) and 
smooth endoplasmic reticulum. Positive somata were 
postsynaptic to IR Leu-enk boutons (Fig. 14; see below) 
and to small unlabeled axon terminals containing pleo- 
morphic vesicles. 

The primary dendrites of IR Leu-enk neurons had 
smooth surfaces and their secondary and tertiary 
branches had thin, stubby, and mushroom-shaped spines 
(Figs. 15 and 16). In one section, 10 spines were found to 
arise from an immunoreactive dendrite which was 9 pm 
in length. Also, numerous dendritic spines containing IR 
Leu-enk were present throughout the neuropil (Fig. 16). 
Peroxidase reaction product within dendrites was depos- 
ited on the cytoplasmic matrix, the outer membranes of 
mitochondria, and the cisterns of the spine apparatus. 
Profiles with round or pleomorphic vesicles contacted 
Leu-enk-positive dendrites. Synaptic contacts were usu- 
ally asymmetric onto spines and symmetric onto den- 
drites. 

Immunoreactive Leu-enk-positive fibers had a diame- 
ter of about 0.2 to 1.5 pm. The larger axons were myeli- 
nated and were observed coursing in small bundles (Fig. 
17). Positive boutons were about 1.0 to 1.5 pm and 
contained round and ovoid vesicles (35 to 45 nm; Figs. 
14, 18, and 19). Some terminals contained large granular 
vesicles (100 to 120 nm; Fig. 25). Reaction product was 
present throughout the axoplasm, around the membranes 
of small vesicles, and within large granular vesicles. 

Many IR Leu-enk boutons in the neostriatum formed 
synapses with unlabeled cell bodies and primary den- 
drites of medium size neurons which could be distin- 
guished into at least two types. One type contained a 

scant cytoplasm and a relatively large, slightly indented 
nucleus (Fig. 20). The other had an eccentric, deeply 
invaginated nucleus and a relatively rich cytoplasm (Fig. 
22). These features have been identified as belonging to 
spiny type 1 and aspiny type 1 neurons, respectively, in 
electron microscopic studies of neurons impregnated by 
the Golgi method (DiFiglia et al., 1980b). Some of the 
axosomatic synapses involving IR Leu-enk boutons were 
associated with subsurface cisterns (Fig. 22, inset). IR 
Leu-enk terminals also formed synapses with axon hil- 
locks and axon initial segments (Fig. 21 and inset), some 
of which were observed to arise from unlabeled perikarya 
with cytological features common to spiny type 1 cells. 
Initial segments that were postsynaptic to enkephalin- 
positive boutons were contacted also by unlabeled axons. 

In addition, IR Leu-enk terminals contacted the distal 
branches of spiny (Fig. 23) and aspiny (Figs. 24 and 25) 
dendrites. Most synapses onto spiny dendrites were on 
the shaft, frequently at the base of an emerging spine 
which usually was contacted by an unlabeled bouton 
containing pleomorphic or round vesicles. Occasionally, 
IR Leu-enk terminals synapsed with dendritic spines. In 
such cases, the spines also usually were contacted by an 
unlabeled bouton. Finally, some IR Leu-enk boutons 
were observed to synapse with cell bodies (Fig. 14) and 
dendrites (Fig. 18) which were also Leu-enk positive. 
Most of the synapses formed by labeled terminals in the 
neostriatum appeared to be symmetric and, in some 
cases, were characterized by a small swelling of the 
postsynaptic element penetrating the IR Leu-enk bouton 
(Figs. 18, 21, inset, and 26). Synapses onto spines ap- 
peared to be asymmetric. In rare instances, the same IR 
Leu-enk terminal could be seen to form both a symmetric 
and an asymmetric synapse (Fig. 26). 

Globuspallidus: Outer segment. Immunoreactive Leu- 
enk fibers in the outer pallidal segment were 0.15 to 1.0 
pm in diameter (Fig. 28) and some of the larger axons 
were thinly myelinated. Labeled terminals were 0.5 to 1.5 
pm in size and most appeared to contain pleomorphic 
vesicles, many of which were ovoid shaped. In well 
stained regions, many positive boutons together with 
unlabeled terminals surrounded and synapsed with the 
shafts of pallidal dendrites (Fig. 27). An examination of 
20 pallidal dendrites cut either in cross-section or longi- 
tudinally revealed that 49% (N = 107) of the total (N = 
219) boutons surrounding them contained IR Leu-enk, 
with the proportion of labeled elements ranging from 20 
to 70%. Some positive terminals also made synapses with 
pallidal cell bodies (Fig. 29). Although IR Leu-enk ter- 
minals were present in regions of neuropil containing 
serial and triadic synapses which involved presynaptic 

Figure 13. IR Leu-enk neuron in the putamen. Reaction product is present in the cytoplasm and the nucleus which occupies 
a relatively large portion of the cell and contains one shallow indentation (arrow). An enkephalin-positive axon synapses with 
soma (in square; see also serial section in Fig. 14). Note the other enkephalin-positive axons in the neuropil. Scale bar, 1 pm. 

Figure 14. Axosomatic synapse. A serial section near to the one in the square of Figure 13 shows an enkephalin-positive 
neuron postsynaptic (arrow) to an IR Leu-enk bouton. Note that, within the terminal, peroxidase reaction product is deposited 
in the axoplasm and on the membranes of vesicles. A nearby unlabeled bouton with round vesicles (R) synapses with an unlabeled 
spine. Scale bar, 0.5 pm. 

Figure 15. Enkephalin-positive spiny dendrite in the caudate nucleus. Peroxidase reaction product is deposited in the 
cytoplasmic matrix, the outer membranes of mitochondria, and the spine apparatus. The spine is postsynaptic to an axon terminal 
(P) with pleomorphic vesicles. Scale bar, 0.5 ,um. 
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dendrites (Fig. 30; see also DiFiglia et al., 1979), they 
were not observed to participate in these complex syn- 
aptic arrangements. Unlabeled en passant or terminal 
varicosities of small to medium size (0.5 to 1.5 pm) which 
contained round or pleomorphic vesicles (35 to 40 nm) 
and fewer terminals of large size (1.5 to 3.0 pm) which 
contained small (30-nm) pleomorphic vesicles formed 
synapses with cell bodies and dendrites postsynaptic to 
IR Leu-enk boutons (Figs. 27 and 29). 

Most of the synapses made by IR Leu-enk terminals 
appeared to be symmetric with short surface contacts of 
about 0.2 pm (Fig. 30). Some of the larger IR Leu-enk- 
positive terminals formed asymmetric contacts with den- 
drites (Fig. 31) or the necks of dendritic spines where 
they made ring synapses (Fig. 32). 

Discussion 

The presence of IR Leu-enk in cell bodies and axons in 
the monkey neostriatum is in agreement with similar 
findings in the rat caudate nucleus (Elde et al., 1976; 
Hokfelt et al., 1977; Simantov et al., 1976; Watson et al., 
1977; Sar et al., 1978). Regional variations in the distri- 
bution of IR Leu-enk in the monkey neostriatum corre- 
spond to prior observations in the rat caudate (Watson 
et al., 1977; Sar et al., 1978; Pickel et al., 1980), although 
it should be emphasized that these reports, including the 
present study, are based upon relatively small samples of 
neostriatal tissue. Although not observed in the present 
study, a patch-like distribution of enkephalin-like im- 
munoreactivity has been found in the cat caudate nucleus 
(Graybiel et al., 1981). The increased number of cell 
bodies and processes detected by immunohistochemistry 
after intraventricular treatment with colchicine has been 
noted by other investigators (Hokfelt et al., 1977; Bayon 
et al., 1980). 

Leu-enkephalin-labeled elements in the neostriatum: 
Comparison with prior Golgi and electron microscopic 
classifications. The ultrastructural features of IR Leu- 
enk neurons in the monkey are similar to those of spiny 
type 1 neurons (DiFiglia et al., 1976) as identified by the 
combined Golgi-electron microscopic method (DiFiglia 
et al., 1980b; Dimova et al., 1980). The labeled neurons 
in the present study also show close correspondence with 
the IR Met-enk cells found in the rat caudate nucleus 
and classified as the medium size, spiny type (Pickel et 
al., 1980). In addition, it is likely that most of the IR Leu- 
enk terminals found in the monkey neostriatum originate 
from spiny neurons, since Golgi impregnations have 
shown that spiny neurons have numerous intrinsic axon 
collaterals in addition to their long, efferent axons (Di- 
Figlia et al., 1976). Also spiny neurons have been found 

to synapse with other spiny cells (Wilson and Groves, 
1980), a feature consistent with the synaptic interaction 
between IR Leu-enk profiles observed in the present 
study. 

The types of synapses made by IR Leu-enk boutons 
also provide a clue to their intrinsic origin and possible 
function. Quantitative studies show that the preponder- 
ance (about 82%) of all synaptic contacts in the monkey 
caudate nucleus are axospinous (Pasik et al., 1976) and 
most of the presynaptic elements are considered to be- 
long to afferent axons (Kemp and Powell, 1971). Boutons 
containing IR Leu-enk only rarely synapsed with dendri- 
tic spines; instead, they participated most frequently in 
contacts comprising a smaller proportion of the total 
synapses and were presynaptic to unlabeled somata, 
proximal dendrites, the shafts of distal dendrites, and 
axon initial segments. The same types of contacts appear 
to survive following neostriatal deafferentation (Kemp 
and Powell, 1971) and are made by axon collaterals of 
spiny neurons, which have been identified by intracellu- 
lar horseradish peroxidase injection (Wilson and Groves, 
1980). 

It is possible that neostriatal enkephalin-containing 
neurons, via intrinsic axon collaterals, could modulate 
afferent input onto spines. Met-enkephalin has been 
found to inhibit markedly both the spontaneous activity 
of caudate neurons and their late phase responses to 
cortical stimulation (Fry and Zieglgansberger, 1979). The 
authors noted “only slight reductions” in the spike dis- 
charge frequency of cortical evoked primary responses. 
The latter effect, although small, could be related to 
present observations showing that some IR Leu-enk ter- 
minals synapse also upon axon initial segments. 

Enkephalin-positive boutons in the monkey neostria- 
turn (and globus pallidus) formed synapses with predom- 
inantly symmetric and few asymmetric contacts, in con- 
trast to the rat caudate, where IR Met-enk elements 
appear to make synapses which are primarily asymmetric 
(Pickel et al., 1980). Since the cells identified in both 
studies are of the medium spiny type, the results are 
difficult to reconcile. Following intracellular horseradish 
peroxidase injection of individual spiny neurons in the 
rat, most boutons formed symmetric contacts, but a small 
portion did make asymmetric synapses (Wilson and 
Groves, 1980). These authors, however, attributed the 
latter finding to an inadvertent injection of a nearby 
axon. Evidence from the present study showed that, in 
some cases, the same IR Leu-enk bouton appeared to 
form synapses containing different postsynaptic mem- 
brane densities. These results may indicate functional 
differences in the postsynaptic effects of enkephalin. 

Figure 16. IR Leu-enk dendrite and spines in the putamen neuropil. A labeled dendrite with an emerging thin spine (crossed 
arrow) which is postsynaptic to axon terminal (P) which contains pleomorphic vesicles is shown. Other enkephalin-positive spines 
postsynaptic to P-type boutons are present also. Note the unlabeled dendrite (D) with spine (s). Scale bar, 0.5 pm. 

Figure 17. Enkephalin-containing myelinated axons in the caudate nucleus. Thinly myelinated IR Leu axons frequently were 
observed to join small bundles of fibers. Note also the unmyelinated axon nearby (arrow). Scale bar, 0.5 pm. 

Figure 18. Interactions between IR Leu-enk profiles in the caudate nucleus. An enkephalin-positive bouton contains round 
and ovoid-shaped vesicles and synapses with a dendrite which is lightly labeled for Leu-enk. The plane of the section reveals 
presynaptic dense projections (arrows). Scale bar, 0.5 pm. 

Figure 19. Axodendritic synapse in the caudate nucleus. An IR Leu-enk terminal synapses (arrow) with smooth surfaced 
unlabeled dendrite. Scale bar, 0.5 pm. 
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Alternatively, it is possible that the influence of enkeph- 
alin-containing neurons may be independent of the syn- 
aptic membrane densities associated with its terminals. 
Finally, it has been suggested that neostriatal enkephalin 
may act in part at nonsynaptic locations (Pickel et al., 
1980). 

Possible associations of enkephalin elements with 
neostriatal neurotransmitters. Some of the unlabeled 
neurons postsynaptic to IR Leu-enk boutons were found 
also to have features of spiny neurons. The latter may 
contain y-aminobutyric acid (GABA), since in the rat, 
numerous medium size spiny neurons have been shown 
to stain for immunoreactive glutamic acid decarboxylase 
(Ribak et al., 1979), an enzyme of GABA synthesis. It is 
possible, therefore, that the morphine-related decrease 
in GABA turnover in the rat caudate previously reported 
(Moroni et al., 1978a) may have an anatomic correlate as 
an enkephalinergic axon synapsing upon a GABAergic 
neuron. 

Other unlabeled cells which receive input from IR Leu- 
enk axons were observed to have morphologic features 
similar to aspiny type 1 neurons. This cell type, which is 
numerous and has a short axon (DiFiglia et al., 1976; 
Pasik et al., 1979), may be cholinergic since the high 
content of neostriatal acetylcholine is thought to be 
intrinsic (McGeer et al., 1971). Some recent findings in 
the rat have shown that neostriatal interneurons with 
ultrastructural features similar to aspiny cells are heavily 
stained for acetylcholinesterase (Henderson, 1981). Re- 
cent reports on the effects of opiate analgesic and opioid 
peptides on acetylcholine turnover in the rat have shown 
either a decrease in turnover with etorphine, a synthetic 
opioid analogue with high affinity for the mu type of 
enkephalin receptors (Wood and Stotland, 1980), or no 
demonstrable change in turnover (Costa et al., 1978; 
Moroni et al., 1978b; Schmidt and Buxbaum, 1978; Wood 
and Stotland, 1980). A morphine-induced stimulatory 
influence on cholinergic neurons in the striatum has been 
observed (Redburn and Chentanez, 1979). 

A direct interaction of enkephahnergic axons onto 
dopamine terminals has been postulated. Chemical (Pol- 
lard et al., 1978) and mechanical (Schwartz et al., 1978) 
lesions of the dopamine nigrostriatal pathway have been 
shown to result in a decrease in opioid receptors in the 
rat caudate. ,@Endorphin, a 31-amino-acid opioid pep- 
tide, has been found to inhibit K+-stimulated dopamine 
release in rat striatal slices in vitro (Loh et al., 1976). 
However, axoaxonic synapses have been observed infre- 
quently in the monkey neostriatum (Pasik et al., 1976) 
and IR Met-enk axons were not found to form such 
contacts in the rat caudate (Pickel et al., 1980). Alto- 
gether, the anatomic observations suggest that presyn- 

aptic inhibition of dopamine release by opioid peptides 
in the caudate nucleus may involve unconventional types 
of neuronal interactions. 

Immunoreactive Leu-enk in the globus pallidus and 
substantia nigra. The dense distribution of IR Leu-enk 
fibers in the monkey globus pallidus, especially in the 
outer zone, is likely to originate from somata in the 
neostriatum. In the rat, disruption of the striatopallidal 
pathway has resulted in a marked decrease in immuno- 
reactive enkephalin content in the globus pallidus (Hong 
et al., 1977; Cuello and Paxinos, 1978). Indirect evidence 
for this projection is provided by the observations that 
(I) in the monkey, a major afferent input to the pallidum 
has been found to originate from the caudate-putamen 
(Wilson, 1914; Szabo, 1962, 1970); (2) as previously dis- 
cussed, IR Leu-enk was contained within a category of 
neostriatal neurons (spiny cells) known to have long 
axons (Leontovich, 1954; DiFiglia et al., 1976); and (3) by 
intracellular horseradish peroxidase injection, axons from 
spiny neurons have been shown to enter the globus 
pallidus (Preston et al., 1980). In addition, the category 
of small boutons with ovoid vesicles, many of which were 
found to label with IR Leu-enk, have been shown to 
degenerate following striatal lesions (Kemp and Powell, 
1971; see also Fox and Rafols, 1976). The recent report 
that, in the cat, Met-enk release following K+ or gluta- 
mate application in the caudate is found in caudate and 
not in the globus pallidus has been interpreted as evi- 
dence against the existence of such a pathway (Cesselin 
et al., 1981). However, in view of the absence of enkeph- 
alin-containing somata within the monkey globus palli- 
dus (Haber and Elde, 1981; this study) and in prior 
reports in rat (Sar et al., 1978) and within the subthalamic 
nucleus, which is the major extra-caudate projection to 
the pallidum (Carpenter and Strominger, 1967), it ap- 
pears that the principal source of enkephalins in the 
globus pallidus arises from neostriatal neurons. 

The more intense labeling for IR Leu-enk in the outer 
pallidal segment than in the inner segment corresponds 
to the differential distribution of IR Met-enk in immu- 
nofluorescent fiber staining in the monkey (Haber and 
Elde, 1981) and biochemical concentrations by radioim- 
munoassay in the human of IR Met-enk (Emson et al., 
1980) and IR Leu-enk (Kubek and Wilber, 1980). In 
contrast to these findings, Met-enk content measured by 
radioreceptor assay has been reported to be nearly equal 
in both palhdal segments in the monkey (Simantov et al., 
1976). Technical differences in the quantification of pep- 
tide may account for the apparently discrepant biochem- 
ical results. 

The content of IR Leu-enk (Kubek and Wilber, 1980) 
and IR Met-enk (Gramsch et al., 1979) in the substantia 

Figure 20. Axosomatic synapses with a spiny neuron in the putamen. The unlabeled cell is contacted by numerous IR Leu-enk 
terminals (arrows) and also unlabeled boutons (ringed arrows). The region in the square is shown at higher magnification in the 
inset at the lower left. Note that the neuron has a relatively large nucleus with one shallow indentation (arrowhead) and a scant 
cytoplasm. Collectively, these features are common to spiny type 1 neurons. Scale bar, 1 pm; inset scale bar, 0.5 pm. 

Figure 21. Axoaxonic and axosomatic synapses in the putamen. An unlabeled neuron with an emerging axon (IS) which is 
postsynaptic to an IR Leu-enk bouton (in rectangle and also shown in inset at the lower right). The soma also is contacted 
(ringed arrows) by enkephalin-positive boutons, all of which were seen to form synapses when followed in serial sections. The 
neuron has features characteristic of spiny type 1 cells. Scale bar, 2 pm. Inset: At the synapse site (ringed arrow), the axon initial 
segment forms a slight swelling into the IR Leu-enk bouton. The axon exhibits undercoating (double arrows) and fasciculation 
of microtubules (crossed arrow) which are features distinguishing the initial segment. Scale bar, 0.5 pm. 
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nigra in the human has been reported to be in the range 
found in areas of the corpus striatum (Gramsch et al., 
1979; Emson et al., 1980; Kubek and Wilber, 1980), in 
contradistinction to the much lower levels of immuno- 
reactive enkephalins quantified in the rat substantia 
nigra (Staines et al., 1980). The numerous IR Leu-enk 
terminals observed in the pars reticulata of the monkey 
substantia nigra probably originate from cells in the 
neostriatum, which is known to be the principal source 
of afferent input to the reticulata (Grofova, 1975; Bunney 
and Aghajanian, 1976). It is of particular interest that, in 
Huntington’s disease, which shows a loss of small and 
medium size cells in the neostriatum (Bruyn et al., 1979), 
there is a significant depletion of IR Met-enk measured 
by radioimmunoassay throughout the substantia nigra 
(Emson et al., 1980). Immunoreactive enkephalin fibers 
in the pars compacta, which also have been observed in 
the rat in close association with dopamine-containing 
neurons (Johnson et al., 1980), may originate from the 
nucleus accumbens, central nucleus of the amygdala, or 
lateral hypothalamus, all of which have been observed in 
the rat to project to the nigra (for review, see Graybiel 
and Ragsdale, 1979) and to contain somata with enkeph- 
alin-like immunoreactivity (Hokfelt et al., 1977; Sar et 
al., 1978). It is also likely that the dendrites of pars 
compacta neurons which penetrate the pars reticulata 
(Rinvik and Grofova, 1970; Schwyn and Fox, 1974) are 
contacted by striatonigral enkephalin-containing axons. 

In conclusion, the present results in the monkey to- 
gether with previous findings (Haber and Elde, 1981) 
suggest that striatofugal enkephalin fibers could have 
direct influences on basal ganglia efferent pathways orig- 
inating in the globus pallidus and the substantia nigra. 
These efferent systems may include pallidosubthalamic 
connections (Nauta and Mehler, 1966) and nigral fibers 
to the thalamus, neostriatum (Carpenter and Peter, 
1972), and tectum (Faull and Mehler, 1978). 

Possible enkephalin-like peptides recognized in the 
immunohistochemistry. The Leu-enk immunoreactivity 
observed in the present system may include several en- 
kephalin-like peptides of varying molecular weights. A 
large enkephalin-like substance (Mr = -31,000; Lewis et 
al., 1978) and smaller Met-enk-like substances (Stern et 
al., 1979) have been identified in the bovine striatum. In 

a preliminary study (DiFiglia et al., 1980a), we have 
found three Leu-enkephalin-like peptides (Mr = -31,000, 
-4,000, and -600) in tissue extracts of monkey neostria- 
turn that were identified with the same antiserum used 
in the immunohistochemistry reported here. Therefore, 
despite the use in the immunohistochemistry of Leu-enk 
antiserum having low cross-reactivity with known en- 
kephalin-like peptides in radioimmunoassay, it may be 
speculated that, at the high concentrations necessary for 
the immunoperoxidase method, the antiserum employed 
may recognize any or all of these larger, possibly related 
peptides. 
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Figure 27. Axodendritic synapses in the globus pallidus. Many IR Leu-enk axon terminals synapse with a dendrite (D) in the 
outer pallidum (ringed arrows). Some unlabeled axon terminals also form synapses (arrowheads). The neuropil contains other 
dendrites which are surrounded by both enkephalin-positive and unlabeled boutons. Scale bar, 1 pm. 

Figure 28. IR Leu-enk fibers in the globus pallidus. Small diameter, unmyelinated axons such as these frequently were 
observed coursing in bundles throughout the pallidal neuropil. Scale bar, 0.5 pm. 

Figure 29. Axosomatic synapses in the globus pallidus. A portion of a pallidal neuron is postsynaptic at the arrowhead to a 
category of axon terminal (AX) which was never positively labeled for Leu-enk. The bouton is relatively large and contains small 
pleomorphic vesicles. Nearby a small enkephalin-positive bouton may be synapsing with the same cell body (ringed arrow). Note 
also IR Leu-enk fibers (arrow). Scale bar, 0.5 pm. 
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Figure 30. Axodendritic synapses: globus pallidus. An IR Leu-enk bouton which contains round and ovoid vesicles synapses 
with a dendrite (D) at the arrowhead. An unlabeled profile, R, with round vesicles synapses with a vesicle-containing profile, Pd, 
and a dendritic spine, s. Pd also may be synapsmg with s at the arrow. Complex synaptic arrangements were never observed to 
include IR Leu-enk boutons. Scale bar, 0.5 pm. 

Figure 31. Symmetric and asymmetric synapses in the globus pallidus. A large IR Leu-enk terminal which contains numerous 
vesicles arises from a thin axon (arrow) and makes an asymmetric synapse with a dendrite, D. Part of the postsynaptic region 
contains dense bodies (ringed arrow). D is also in contact with two smaller enkephalin-positive boutons (arrowheads). Scale bar, 
0.5 pm. 

Figure 32. Axospinous synapse in the globus pallidus. IR Leu-enk bouton exhibits some large granular vesicles (arrow) and 
forms a ring synapse with the neck of dendritic spine, s. Scale bar, 0.5 pm. 
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