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Abstract

Previous immunocytochemical studies have localized immunoreactive (i) somatostatin (SS) to cell
bodies and fibers in the rat neostriatum. In order to identify the population of neostriatal neurons
that contain iSS, we used the immunoperoxidase technique to study the localization of iSS at both
the light and electron microscopic levels. Light microscopic results showed that iSS was present
within small to medium size cell bodies (9 to 20 um in size) and their emerging processes which were
visible for long distances (up to 120 pum) away from the somata. Dendrites were of different diameters,
branched into secondary and tertiary processes, and exhibited smooth or irregular contours.
Dendrites contained prominent swellings, particularly at branch points, and gave rise to fine beaded
processes. At the ultrastructural level, iSS neurons contained deeply indented nuclei and a relatively
rich cytoplasm, including well developed Golgi apparatus and rough endoplasmic reticulum which
was organized into small stacks. Proximal and distal dendrites had an irregular or varicose appear-
ance, rarely exhibited spines, and were contacted by at least two types of unlabeled axon terminals.
Immunoreactive SS also was present in myelinated axons (0.2 to 0.5 ym) which were observed in
bundles of internal capsule fibers and in small diameter unmyelinated axons (0.1 to 0.2 um). The
latter coursed through the caudate neuropil and gave rise to swellings which made synapses en
passant. Somatostatin-containing axon terminals were about 0.5 ym in size, contained numerous
clear pleomorphic and few large granular vesicles, and made synaptic contact with dendrites and
dendritic spines.

The morphologic features of iSS neurons closely correspond to the category of medium size aspiny
neurons which have been recognized in Golgi studies and in electron microcospic studies of Golgi-
impregnated and intracellular horseradish peroxidase-labeled neurons, and they differ from those of
medium size spiny neurons identified by similar Golgi-electron microscopic methods. It is likely that
many of the iS8 fibers and boutons observed in the caudate originate from intrinsic cells. However,
extrinsic sources of somatostatin also may exist.

Somatostatin (SS), a tetradecapeptide, has been dem-
onstrated by radioimmunoassay (Brownstein et al., 1975;
Kobayashi et al., 1977) and immunohistochemistry
(Krisch, 1978; Bennett-Clark et al., 1980; Finley et al.,,
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nervous system, including the basal ganglia. Fibers and
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they may correspond. In this report, we present evidence
at the light and electron microscopic levels that iSS is
found within cells that have features similar to the me-
dium size aspiny neurons which have been described in
electron microscopic studies of Golgi impregnations
(DiFiglia et al., 1980; Dimova et al., 1980) and intracel-
lular labeled horseradish peroxidase (HRP) preparations
(Bishop et al., 1982).

Materials and Methods

In three Sprague-Dawley rats (280 to 300 gm), tissue
was fixed by intracardiac perfusion with 4% paraformal-
dehyde (n = 1) or with 4% paraformaldehyde containing
0.2% glutaraldehyde (n = 2). All fixatives were adjusted
to pH 7.3 with buffer (0.15 m phosphate buffer). Colchi-
cine (50 pg in 20 ul) was injected into the lateral ventricle
24 hr prior to perfusion with paraformaldehyde (n = 1)
or paraformaldehyde with glutaraldehyde (n = 1). The
peroxidase-antiperoxidase immunocytochemical method
used in this laboratory for light and electron microscopy
has been reported previously (Aronin et al., 1981). In
brief, sections of 20- to 30-um thickness were cut with a
Vibratome (Lancer) and serially incubated in 0.2 M Tris/
saline (T'S; pH 7.6; 20 min), 3% normal goat serum in TS
(30 min), SS antiserum (1:400 dilution; 18 to 36 hr at
4°C), TS with 1% goat serum (twice; 10 min), goat anti-
rabbit IgG (1:20 dilution; 30 min), TS (twice; 10 min),
and peroxidase-antiperoxidase complex (Miles; 1:30 di-
lution; 30 min). The sections then were treated with
diaminobenzidine (0.013%) containing H-0O: (0.003%) for
6 to 10 min. Controls included tissue incubated with the
SS antiserum preabsorbed with 20 ug/ml of synthetic SS
(tetradecapeptide; Bachem, Inc.) or 20 ug/ml of synthetic
S8.s (duodecapeptide; Peninsula, Inc.) or tissue not in-
cubated in SS antiserum. The SS antiserum used in this
study has been used previously (Feldman et al., 1979)
and, by immunohistochemistry or radioimmunoassay,
has no cross-reactivity with substance P, the enkephalins,
vasopressin, or oxytocin (G. Nilaver and E. Lichenstein,
personal communication).

For light microscopic review, sections were mounted
onto glass slides with 0.5% gelatin. Sections for electron
microscopy were taken from the glutaraldehyde-fixed
tissue and were incubated in 2% osmium tetroxide (1 hr
and 1% uranyl acetate (2 hr) and embedded in Epon
supported by a plastic coverslip. Those regions with iSS
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labeling were cut into serial thin sections supported by
Formvar-coated slot grids.

Results

Light microscopy. Immunoreactive SS cell bodies were
observed in all regions of the caudate-putamen. Labeled
neurons usually appeared singly. Occasionally, however,
clusters of 3 to 5 iSS neurons also were found in all areas
and they appeared more frequently in the ventral parts
of the caudate. The total number of darkly labeled cells
found in single coronal sections varied from 3 to 25 cells
per section. Immunoreactive neurons did not appear to
be more numerous in those animals treated with colchi-
cine.

Positive neurons were of medium size (Figs. 1 to 5) and
had round (9- to 15-um), ovoid, pyramidal (both 12- to
16-pym in length), or fusiform (up to 20-pm in length)
shapes. In some cells, the nuclei appeared clear and
unlabeled (Fig. 5). Two to four labeled processes arose
from each neuron and were observed to branch into
secondary and tertiary processes which could be followed
up to 120 ym from the cell body (Figs. 2 and 3). Emerging
processes had either smooth or irregular contours which
contained strictures (Fig. 2) and were of variable diame-
ters (0.2 to 2 pm). Many of them appeared to curve as
they coursed away from the cell body (Fig. 1). In addition,
some processes were beaded (Figs. 3 and 5) or exhibited
varicosities, the largest of which appeared at branch
points (Fig. 4). Swellings were present on two or more
processes and on thick as well as thin elements within
the same neuron, suggesting that they belonged to den-
drites as well as axons. Immunoreactive SS fibers also
were found in the internal capsule bundles and through-
out the caudate. Control sections in which the somato-
statin antibody was preabsorbed with SS,; (Fig. 6) or
SSys failed to exhibit specific staining.

Electron microscopy. Ten iSS neurons from non-col-
chicine- (n = 6 neurons) and colchicine-treated (n = 4
neurons) rats were examined in serial sections at the
electron microscopic level. The nuclei were usually de-
void of peroxidase reaction product and, in all cases,
exhibited indentations which were deep at some levels
(Figs. 7, 8, and 11). Smaller rounded neurons showed a
relatively thin rim of cytoplasm (Fig. 7) and larger ovoid
or fusiform cells had more cytoplasm (Figs. 8 and 11).
Peroxidase reaction product was deposited over the

Figures 1 to 5. Examples of immunoreactive SS neurons in the caudate nucleus of untreated (Figs. 1 to 4) and colchicine-

treated (Fig. 5) rats using phase contrast photography.

Figure 1. An elongated neuron with four emerging processes which are of different diameters and which curve as they course
away from the cell body. Note within each process the thicker (arrows) and thinner (crossed arrows) portions. Scale bar, 20 ym.

Figure 2. A neuron with two emerging dendrites, both of which give rise to thinner secondary branches. Note the constricted
portions of one dendrite (arrows) and the enlargement at a branch point of another (crossed arrow). Scale bar, 20 ym.

Figure 3. A pyramidal shaped soma with three emerging processes, one of which bifurcates (arrow) into two fine beaded
processes that are visible up to 80 um from the cell body. Scale bar, 20 pm.

Figure 4. A rounded soma from which arises a dendrite with a large swelling (arrow) that branches into two thinner processes.
One of the latter also exhibits a varicosity (crossed arrow). Scale bar, 20 ym.

Figure 5. An elongated iSS neuron in which the nucleus appears to be unlabeled. Three emerging processes of different
diameters are visible and one gives rise to a fine beaded branch (arrow). Scale bar, 20 ym.

Figure 6. Preincubation control. Neurons in the caudate failed to exhibit specific staining for iSS when SS antibody was
preabsorbed with SS,,. Phase contrast photography was used. Scale bar, 30 um.

Figure 7. Ultrastructural features of an iSS neuron from a colchicine-treated rat. At this level, the nucleus, which is unlabeled,
occupies a relatively large portion of the soma and has deep indentations (arrows). Strands of rough endoplasmic reticulum
(RER) (crossed arrow) and a Golgi apparatus (ringed arrow) are present within the cytoplasm. Scale bar, 2 um.
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Figure 8. Somatostatin-containing neuron with an emerging dendrite in a colchicine-treated rat. The nucleus has a deep fold
(arrow) and is surrounded by a rim of cytoplasm which contains y-shaped strands of RER (ringed arrow). A well developed
Golgi apparatus (G) is present at the emergence of the dendrite. The latter, which is only lightly labeled, exhibits a swelling
containing a Golgi apparatus (G) and stacks of RER (crossed arrow). The region in the square is shown in Figure 9. Scale bar,
2 pm.

Figure 9. Axodendritic synapse. The bouton contains numerous pleomorphic vesicles and forms a long synaptic contact
(arrows) with the dendritic varicosity belonging to the neuron shown in Figure 8 (inside square). Scale bar, 0.5 pm.

Figure 10. Immunoreactive SS dendrite. This portion of the dendrite extended from 12 (top left) to 32 pm (bottom right) from
an iSS soma and exhibits an irregular varicose appearance. Dendritic spines were not found in serial sections of the process.
Colchicine was not used in this animal. Scale bar, 2 ym.

Figures 11 to 14. These are photographs of the same neuron which is from an untreated rat caudate.

Figure 11. Fusiform-shaped iSS soma with an emerging dendrite. The nucleus is elongated and is deeply enfolded (arrows). A
stack of RER is present at one pole (crossed arrow). The dendrite is relatively thick, has irregular contours, and contains clusters
of mitochondria and parallel arrays of microtubules. A synaptic contact is present in the region in the square which is shown in
Figure 14. Scale bar, 2 ym.

Figure 12. Secondary dendrite of an iSS neuron. This portion of the dendrite, which was present 55 to 66 um from its cell body
(shown in Fig. 11), exhibits a varying diameter and contains parallel arrays of microtubules (arrow). A large granular vesicle is
indicated by the ringed arrow. A round vesicle profile forms an asymmetric synapse at the crossed arrow. Scale bar, 1 um.

Figure 13. Distal dendrite of an iSS neuron. This segment of the dendrite appeared about 70 to 78 ym from its cell body, which
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is shown in Figure 11, and was thought to belong to a tertiary branch. Note the constricted regions along the process (ringed
arrows). A spine-like protrusion emerges at the crossed arrow and is postsynaptic to a round vesicle profile. Scale bar, 1 ym.

Figure 14. A synapse on a primary dendrite. A large bouton containing numerous pleomorphic vesicles makes multiple synaptic
contacts with the dendrite of the iSS neuron shown in Figure 11 (squared region). Scale bar, 0.5 pm.
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Figure 15. Inmunoreactive SS myelinated axons. These labeled axons present in a bundle of internal capsule fibers are mostly
of small diameter. Scale bar, 1 um.

Figures 16 and 17. Serial sections of an iSS axon terminal. Figure 16 shows numerous clear pleomorphic vesicles on which
peroxidase reaction produce is heavily deposited. A possible synapse with a dendrite is present at the arrow. Note the adjacent
unlabeled bouton, also containing pleomorphic vesicles, which synapses with another dendrite (ringed arrow). Scale bar, 0.5 pm.
In Figure 17, the same iSS terminal contains a large granular vesicle (arrow) and appears to make a synaptic contact with
another dendrite (ringed arrow). Scale bar, 0.5 ym.

Figure 18. Axospinous synapse. An enlargement appears along a small diameter iSS axon, whose continuity was followed in
serial sections, and synapses with a dendritic spine (S). The latter is also postsynaptic to an unlabeled axon terminal. Scale bar,
0.5 pm.

Figure 19. Synapse en passant. A small diameter iSS axon which is typical of those frequently observed in the caudate neuropil
appears to contact a dendritic profile at the arrow. Scale bar, 0.5 pm.
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membranes of most subcellular organelles. The latter
included well developed Golgi apparatus (Figs. 7 and 8)
and strands of rough endoplasmic reticulum (Fig. 7)
which, in some cases, appeared as y-shaped structures
(Fig. 8) or accumulated into small stacks (Nissl bodies;
Fig. 11).

Eight of the neurons examined had emerging dendrites
which contained peroxidase reaction product. The pri-
mary processes had either a uniform diameter along their
course (Fig. 11) or a varicose appearance (Fig. 10). Most
contained microtubules arranged in parallel arrays. Mi-
tochondria, Golgi apparatus, and small stacks of rough
endoplasmic reticulum aiso were observed (Fig. 8). In 2
of the neurons from the untreated rat, labeled secondary
dendrites were followed up to 32 (Fig. 10) and 78 pm
(Figs. 12 and 13) from their somata and exhibited irreg-
ular shapes and/or swellings. Only one spine-like protru-
sion was found in one of the dendrites (Fig. 13); it was
located about 76 yum from the cell body and was postsyn-
aptic to a small axon terminal. It should be noted that, in
the neuropil, where labeled neurons and dendrites were
present, dendritic spines were never observed to contain
peroxidase reaction product.

Synaptic contacts onto iSS somata were observed in-
frequently. Those onto dendrites were more numerous
and included at least two types of unlabeled axons.
Profiles up to 1.5 um in size with numerous pleomorphic
vesicles (about 35 nm; Figs. 9 and 14) were seen to form
synapses most frequently on proximal dendrites and bou-
tons about 1.0 um in size with many round vesicles (about
40 nm) which usually contacted distal branches (Figs. 12
and 13). Some of the round vesicle profiles were observed
to contact both iSS dendrites and the spines of unlabeled
dendrites.

Small diameter myelinated axons (0.2 to 0.5 pm) con-
taining iSS were found in bundles of internal capsule
fibers together with unlabeled axons (Fig. 15). In addi-
tion, very small diameter (0.1- to 0.2-um) unmyelinated
SS-positive fibers were seen coursing throughout the
caudate neuropil. They formed swellings and made syn-
apses en passant (Fig. 19). Immunoreactive SS axon
terminals were relatively small in size (0.3 to 0.6 um) and
contained numerous pleomorphic vesicles (35 to 40 nm)
on whose membranes peroxidase reaction product was
heavily deposited (Figs. 16 and 17). Large granular vesi-
cles (120 nm) were observed also in these profiles (Fig.
17). Labeled boutons synapsed with the shafts of den-
drites (Figs. 16 and 17) and frequently with dendritic
spines (Figs. 18 and 19). Most of the latter contacts had
a short surface with symmetric membrane densities. Fre-
quently, an 1SS bouton contacted a dendritic spine which
also was postsynaptic to an unlabeled axon terminal (Fig.
18).

Discussion

The present results confirm previous observations that
iSS is contained within caudate cells of medium size
(Graybiel et al., 1981). They also suggest that iSS neurons
belong to the category of nonspinous or aspiny cells
which have been described in Golgi studies in the rat
(Mensah and Deadwyler, 1974; Lu and Brown, 1977), cat
(Kemp and Powell, 1971), and monkey (Fox et al., 1971/
72; DiFiglia et al., 1976), where they have been charac-
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terized by irregularly contoured and/or varicose den-
drites containing few or no spines. Electron microscopic
studies of Golgi-impregnated aspiny cells show that they
have deeply indented nuclei and a relatively rich cyto-
plasm, including well developed Golgi apparatus and
rough endoplasmic reticulum organized into stacks
(DiFiglia et al., 1980, aspiny type I; Dimova et al., 1980,
type I1I). Such ultrastructural features, which also resem-
ble those recently identified in a medium aspiny neuron
intracellularly labeled with HRP (Bishop et al., 1982),
are very similar to those of iSS-containing cells found in
the present study. Aspiny neurons have been observed
infrequently in both the rat and cat (Mensah and Dead-
wyler, 1974; Kemp and Powell, 1971), which may account,
in part, for the relatively sparse population of iSS somata
observed in both species (Bennett-Clark et al., 1980;
Graybiel et al., 1981). In the monkey, however, aspiny
neurons have been observed more frequently (Pasik et
al., 1979).

The morphologic features of 1SS “aspiny” neurons
contrast with those observed for medium spiny cells. The
latter have numerous spines on portions of dendrite 20
pm or more from the cell body, few or no nuclear inden-
tations, and a relatively scant cytoplasm (DiFiglia et al.,
1980, spiny type I; Dimova et al., 1980, type I; Bishop et
al., 1982, medium spiny). Electron microscopic immuno-
cytochemical studies have shown that spiny neurons
contain immunoreactive glutamic acid decarboxylase
(GAD; Ribak et al., 1979) and enkephalins (Pickel et al,,
1980; DiFiglia et al., 1982). Taken together, the above
findings suggest that, in the neostriatum, iSS is contained
within a population of neurons different from those which
contain enkephalins and GAD. It is of interest that, in
Huntington’s disease, which is characterized by a loss of
small and medium size neostriatal neurons (Bruyn et al.,
1979), the concentration of iSS in the neostriatum is
increased (Aronin et al., 1982). In contrast, the levels of
y-aminobutyric acid, enkephalin, and substance P, which
are found in striatopallidal and striatonigral projections
(Cuello and Paxinos, 1978; Hong et al., 1977; Jessel et al.,
1978), have been shown to be reduced (Perry et al., 1973,
Emson et al., 1980).

It is likely that many of the fine diameter fibers and
small boutons found to contain iSS in the neostriatum
belong to intrinsic iSS-containing somata. The axons of
aspiny neurons in Golgi preparations have been observed
to be thin, beaded processes which arborize locally
{(Kemp and Powell, 1971; Mensah and Deadwyler, 1974;
Fox et al.,, 1971; DiFiglia et al., 1976). However, it is
possible that some of the SS-positive axons are of extrin-
sic origin. The 1SS myelinated fibers which were found
within internal capsule bundles may belong, in part, to
an incoming pathway. Somatostatin-containing cells are
located in the cerebral cortex (Krisch and Leonhardt,
1980), which provides a major input to the caudate
(Webster, 1961). A decrease in iSS concentrations of 50
to 70% in the neostriatum has been reported following
mechanical lesions within the hypothalamus (Palkovits
et al., 1980), a region which also contains numerous 1SS
neurons (Elde and Parsons, 1975). Whatever the origin
of iSS labeled axons, their frequently observed synapses
onto dendritic spines suggest that they interact in part
with medium size spiny neurons. Somatostatin therefore
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may have several roles in the neostriatum related to both
intrinsic and afferent systems.

Finally, it is possible that some of the iSS neurons may
have axons projecting to the globus pallidus since ra-
dioimmunoassayable iSS in the rat is reduced in the
globus pallidus following kainate injection into the cau-
date (F. Beal and J. B. Martin, personal communication).
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