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Fine Structural Studies on a Type of
Somatostatin-Immunoreactive Neuron
and Its Synaptic Connections in the
Rat Neostriatum: A Correlated Light
and Electron Microscopic Study
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First Department of Anatomy, Semmelweis University Medical School, Budapest IX,
Hungary and University Department of Pharmacology, Oxford OXl 3QT, England

ABSTRACT
Somatostain-immunoreactive neurons in the rat neostriatum were studied
by correlated light and electron microscopy using the peroxidase-anti peroxidase immunocytochemical technique. Immunoreactivity was localized
in neuronal perikarya and processes. The perikarya were of spindle or fusiform shape (average length 16.9 /Lm) and were found in all parts of the
neostriatum. From each neuron there arose two to four straight immunoreactive dendritelike processes, which could frequently be traced as far as
about 130 /Lm from their perikaryon. Immunoreactive varicose axonlike
processes were occasionally found, some of which were proximal axons of
identified immunoreactive cells. Nine of the light microscopically identified
neurons showing somatostatin-immunoreactivity were studied in the electron microscope; two of them had proximal axons with varicosities. Each
neuron had an oval or elongated nucleus, which was always indented. These
morphological features correspond well to those of certain "medium-size
aspiny" neurons classified by Golgi studies. Although the immunoreactive
endproduct was diffusely located throughout the neuron, it was characteristically located in the saccules and large granules (diameter 133 nm) of
the Golgi apparatus, and large immunoreactive vesicles of similar size to
those in the Golgi apparatus frequently occurred in all parts of axon. Very
little synaptic input was found on the perikarya and dendrites of somatostatin-immunoreactive neurons. The perikarya and proximal dendrites received both symmetrical and asymmetrical synaptic input, while the distal
dendrites usually received boutons that formed asymmetrical contacts.
The somatostatin-immunoreactive boutons contained pleomorphic electron-lucent vesicles (diameter 39.3 nm) and a few large immunoreactive
granular vesicles; these boutons always formed symmetrical synapses. Their
postsynaptic targets were dendritic shafts, spines, and unclassified dendritic
profiles. On the other hand, the varicosities of identified proximal axons of
somatostatin-positive neurons did not form typical synapses, since they
lacked clusters of small vesicles, but some of them were in direct apposition
(via membrane specializations) to unlabelled perikarya or dendrites.
It is concluded that somatostatin is a useful marker for a particular
type of neuron in the neostriatum. The presence of somatostatin immunoreactivity in synaptic boutons is consistent with the view that somatostatin
could be a neurotransmitter in the neostriatum.
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Somatostatin immunoreactivity has been shown to be
present in the neostriatum of animals and man by radioimmunoassay (Brownstein et al., '75; Kobayashi et al.,
'77; Barden et al., '81) and by immunohistochemical studies (Hokfelt et al., '78; Bennett-Clarke et al., '80; Finley
et al. , '81; Graybiel et al., '81; Shiosaka et al., '81 ; Vincent
et al. '82). The latter studies demonstrated at the light
micr;scopic level that somatostatin immunoreactivity is
located in neuronal elements. Several anatomical, physiological, and pharmacological studies suggest that somatostatin may be a neurotransmitter or neuromodulator
in various regions of the central nervous system (see reviews by Elde and Hokfelt, '79; Moss, '79; McCann, '82)
and the level of somatostatin-immunoreactive material in
brain tissue or cerebrospinal fluid changes in some diseases of the central nervous system (Davies et al., '80;
Davies and Terry, '81 ; Rossor et al., '80; S~rensen et al. ,
'80; Cramer et al., '81; Dupont et al., '82).
Although the level of somatostatin immunoreactivity in
the neostriatum is lower than that in many other parts of
the brain (for references see above), there are indications
that it could play a role in the functioning of the basal
ganglia. Thus, the amount of somatostatin immunorea.ctivity in the cerebrospinal fluid is lower than normal m
patients with Parkinson's disease (Dupont et al., '82) or
with Huntington's disease (Cramer et al., '81 ), two syndromes where there is abundant evidence for pathological
changes in the striatum (see review by Dray, '79). Animal
experiments have shown that administration of somatostatin can alter locomotor activity (Cohn and Cohn, '75)
and cause changes in the turnover rate of dopamine and
5-hydroxytryptamine in the striatum (Garcia-Sevilla et
al., '78) . However, the relevance of these findings to any
possible function of somatostatin in the striatum is not
known , partly because of the lack of information about the
position of somatostatin-containing neurons in the neuronal circuits of the neostriatum.
In the present study, we have studied the localization
of somatostatin immunoreactivity in the neostriatum by
correlated light and electron microscopical observations,
using the unlabelled antibody-enzyme method (Sternberger et al., '70), in order to characterise the type and synaptic connections of immunoreactive neurons, thereby providing a morphological basis for understanding the possible
role of somatostatin in this region.

MATERIALS AND METHODS
Antisera
Primary antiserum against somatostatin was obtained
from Japan Immunoresearch Laboratory Co. Ltd. (Lot No.
LG-1). The characterization of this antiserum has been
described elsewhere (lnagaki et al., '81). Briefly, this antiserum was tested by radioimmunoassay: insulin, glucagon, ACTH, endorphins, enkephalins, substance P, neurotensin, LHRH, and TRH were found not to interfere with
the assay of somatostatin. In the present study absorption
of this antiserum with synthetic somatostatin (tetradecapeptide, Sigma Chemicals) completely abolished the immunostaining in the striatum.
The positive structures identified in this study should
correctly be described as showing somatostatinlike immunoreactivity, but in this paper we will use the simpler
term somatostatin-positive or somatostatin-immunoreactive.

Preparation of tissue sections
Five CFY strain male albino rats were used for this
study. Three of them received an injection of 75 f-Lg ~ol
chicine in 20 f-LI sterile saline into the lateral ventncle
about 24 hours before perfusion. The rats were anaesthetized with chloral hydrate (350 mglkg IP) and perfused
through the heart with Tyrode's solution (gassed with a
mixture of 5% CO 2 and 95% O 2 ) for 1 minute, followed by
approximately 200 ml of picric acid-paraformaldehydeglutaraldehyde fixative (Somogyi and Tak a~i, '82) over ~O
minutes at room temperature. After perfuslOn, the bra m
was removed from the skull and placed in the same fresh
fixative for 1-2 hours at 4°C.
Small blocks of the striatum and surrounding areas were
washed in several changes of 0.1 M sodium phosphate
buffer, pH 7.4, followed by 10% and then 20% sucrose
dissolved in the same buffer each time, until the blocks
sank. The blocks were then frozen in liquid nitrogen and
thawed in 0.1 M phosphate buffer at room temperature.
Seventy-micron-thick sections were cut on a Vibr atome
(Oxford Instruments) and washed in 0. 1 M phosphate buffer.
Frontal sections were taken from two different levels of
the brain, the rostral level containing commissura anterior and the caudal level containing the middle part of the
globus pallidus .

Immunocytochemical procedure
Incubation of sections was carried out in the following
order at room temperature unless otherwise stated: 1 hour
in 20% normal goat serum (Cappel); 1 hour wash; overnight at 4°C in the primary antiserum (sample from t~e
supplier diluted 1:50); 3 x 40-minute washes; 2 ho~rs m
goat antirabbit IgG (Miles) diluted to 1:40; 3 x 40-mmute
washes; 2 hours in rabbit peroxidase-antipe.roxidase complex (Cappel) diluted to 1:100; 3 x 40-mmute washes.
Phosphate-buffered saline was used for all the washes and
antibody dilutions. One percent normal goat serum was
included in all specific sera.
The sections were then preincubated for 10 minutes in
0.05% 3,3 ' -diaminobenzidine tetra HCl (Sigma) dissolved
in 0.05 M Tri s HCI buffe r , pH 7. 4, follo wed by a reac tion
for 6 minutes in the same solution containing 0.01 % hydrogen peroxide.
.
After washing, the sections were postfixed for 1 hour m
1% or 2% OS04 in 0.1 M phosphate buffer (pH 7.4) and
then dehydrated.
.
To enhance contrast for electron microscopy, the sectlOns
were stained with 1% uranyl acetate at the 70% alcohol
dehydration state. No lead staining was used. For correlated light and electron microscopic study, sections were
flat-embedded on slides in Durcupan ACM (Fluka) resin
according to the method described by Somogyi et a1. ('82a)
for immunostained sections.
Tbe flat-embedded sections were studied in the light
microscope. Selected immunoreactive neurons and processes were drawn with a camera lucida and photographed
prior to reembedding for electron microscopy. Seri~l ultrathin sections were mounted on formvar-coated smgle
slot (2 x 1 mm) grids. Electron micrographs were taken
at 60 kV on Philips 201C and JEOL 100B electron microscopes, using a 20- or 30f-Lm objective aperture. Quantitative analyses of the dimensions of vesicles were made
from photographic prints, without correction for shrinkage
during fixation. The outline of each vesicle was traced onto
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transparent plastic and the area was measured with a
Quantimet 720 picture analyser. The diameter of a circle
having the same area was calculated and was used as the
diameter of the vesicle for the statistical analysis.

RESULTS
Light microscopy
Somatostatin immunoreactivity was found in neuronal
perikarya and processes in the neostriatum (Figs. 4A, 7A).
Examination of sections (about 70-f.Lm thick) at low magnification revealed that somatostatin-positive neurons were
almost uniformly distributed, except that near the border
of the nucleus accumbens they were slightly more frequently found than elsewhere and along the walls of the
lateral ventricles they were less frequent. The distribution
of the somatostatin-positive neurons at the level just caudal to the nucleus accumbens in the frontal plane is shown
in Figure 1. Individual somatostatin-positive neurons usually occurred on their own but sometimes tended to form
small groups (Fig. 1). These findings are in good agreement
with a previous report in the cat (Graybiel et aI., '81).
Colchicine treatment enhanced somatostatin immunoreactivity of perikarya and dendritelike processes, resulting in the increase of the number of detectable immunoreactive neurons (Fig. 1). The colchicine-treated and
untreated animals did not show any significant differences
in the distribution of somatostatin-positive neurons. In
comparison with the occurrence of the somatostatin-positive neurons, somatostatin-positive axonlike processes were
less frequently found, both in normal and in colchicinetreated animals.
The somatostatin-positive neurons had fusiform perikarya with cross-sectional widths of 10.2 f..lm and lengths
of 16.9 f.Lm (Fig. 2). The neurons gave rise to two to four
straight immunoreactive dendritelike processes without
any apparent staining of spines (Figs. 2, 4A, 7 A, 8A). The
dendritelike processes could frequently be traced up to
about 130 f.Lm (maximum 230 f.Lm) from their parent cells
(Fig. 2).
Immunoreactive varicose fibres were found throughout
the neostriatum. Some of them were found to emerge directly from their parent cells and seemed to be axonal
profiles. However, those fibres in continuity with their
soma were limited to the proximal portion of the axon
(Figs. 2, 4A, 7 A, 8A).

Electron microscopy
Five different areas of the neostriatum were sampled
for study in the electron microscope (Fig. 3). By light and
electron microscopic correlation, nine somatostatin-positive neurons were observed: seven neurons from normal
animals, (Nos. 2, 6-9, 12, 13 in Fig. 2) and two neurons
from colchicine-treated animals. Immunoreactive axons
were analysed only from normal animals.

Somatostatin-positive perikarya
Immunoreactive endproduct was found diffusely
throughout the perikarya. It was especially associated with
the endoplasmic reticulum, ribosomes, and the outer membrane of mitochondria (Figs. 4B,C, 5, 7B,D). The Golgi
apparatus showed a characteristic staining, with immunoreactivity localised within some of the Golgi saccules
and in large granules (Figs. 4B,C, 7D). The average diameter of the immunoreactive granules associated with
the Golgi apparatus was 133 nm ± 26.3 nm (S.E.); the
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Fig. 1. Drawing of somatostatin-positive neurons (black dots, not to
scale) in the neostriatum of a colchicine-pretreated animal at the level of
the commissura anterior(CA). The locations of somatostatin-positive neurons were recorded from both sides of a 70-fLm section, indicated by the
framed area, with a camera lucida. The broken line indicates the approximate ventral border of the caudatus-putamen(CP), but it should be noted
that it is difficult to delineate areas like the ventral striatum in sections
incubated for immunohistochemistry. CC, corpus callosum; SL, nucleus
septi lateralis. Scale: 0.5 mm.

distribution of the different observed diameters is shown
in Figure 11B. Occasionally, large granulated vesicles of
similar size were present at a distance from the Golgi
apparatus. In general, not all the large granular vesicles
exhi bi ted immunoreacti vi ty.
All the perikarya observed in this study had similar
characteristic features: The oval or elongated nucleus was
always indented and centrally located in the perikaryon.
The cytoplasm seemed to be concentrated near the base of
dendrites. In such regions, there were a moderate number
of mitochondria, a well-developed Golgi apparatus, and
rough endoplasmic reticulum (Figs. 4B,C, 7B,D).
The perikarya contained large electron-dense membrane-limited structures resembling lysosomes or lipofuscin granules; these appeared to lack any immunoreactivity
(Fig. 4B).

Somatostatin-positive dendrites (Fig. 6)
The immunoreactivity was similar in appearance in both
the proximal and distal portions of dendrites. The reaction
endproduct was associated with microtubules, smooth endoplasmic reticulum, inner surface of the plasma membrane, and outer membranes of mitochondria. Immunoreactive large granulated vesicles were occasionally found
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Fig. 2. Camera lucida drawing of somatostatin-positive neurons . Cells
labelled la and 11 were drawn from an animal pretreated with colchicine.
The other cells were drawn from animals not so treated. An axon(ax) with
many varicosities can be seen arising from cells 12 and 13. Cells 1, 3, 4,

t

and 6-8 were from the region labelled IV in Figure 3; cells 2, 5, and 9 were
from region Ill; cell 12 was from region I, and cell 13 from region n. d,
dorsal; m, medial. Scale: 50 f.Lm .
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analysed. All of them showed relatively heavy immunostaining. Large/medium-size granulated vesicles
showing immunoreactivity in the same manner as those
in the initial segment were found (Fig. 8E,F). These vesicles measured 137 nm ± 27.7 nm (S.E.) in diameter. Small
vesicles were infrequently found, or were absent. The reaction endproduct was also attached to the outer surface
membranes of mitochondria and small vesicles and the
inner surface membranes ofthe cytoplasm. The varicosites
frequently contained one or two mitochondria which sometimes filled out the space of the varicosities (Fig. BD).

Synaptic input to the somatostatin-positive
neurons

Fig. 3. Schematic diagrams showing the level of section and regions
(dots I-V) sampled for electron microscopy. Region V was sampled from
an animal pretreated with colchicine, while the other regions were from
animals without colchicine. Drawings of somatostatin-inununoreactive cells
from the different regions are shown in Figure 2: the cell bodies and some
of the processes of cells 2, 6-9, 12, and 13 were studied in the electron
microscope. CA, commissura anterior; Cl, capsula interna; CP, nucleus
caudatus putamen; GP, globus pallidus; ST, bed nucleus of stria terminalis.

in the proximal dendrites (Fig. 6C). Serial sections of the
dendrites failed to show any spiny profiles in continuity
with them.

Somatostatin-positive axons
Initial segments and proximal portions of unmyelinated
axons were studied in the electron microscope from two of
the light microscopically identified neurons (Nos. 12 and
13, Fig. 2). Immunoreactive axons were also observed (Nos.
9 and 10, Fig. 4A) distributed throughout the neostriatum,
but these were not in continuity with any identified immunoreactive neuron. All the immunoreactive axons we
observed were unmyelinated.
Initial segments (Fig. 7B,C). Electron microscopic
findings confirmed the character of initial segments. They
emerged directly from the perikaryon and showed fasciculation of microtubules and an undercoating beneath the
plasma membranes, although the reaction end product may
partly obscure the appearance of these features. In comparison with the dendrites, where the immunoreaction did
not so obviously occur on the inner surface of the plasma
membrane (Fig. 6), the same surface in initial segments
showed a higher electron density, suggesting that the reaction endproduct might have become associated with this
element.
It is notable that fairly large granular vesicles containing reaction endproduct in their lumen as well as along
their limiting membrane were frequently found in the axon
initial segment. These vesicles measured 140 nm ± 11.5
nm (S.E.) in diameter.
Reaction endproduct was also attached to the outer
membranes of mitochondria, smooth endoplasmic reticulum, and occasional small clear vesicles.
Axonal varicosities of the neurons that had been
identified in the light microscope (Fig. 8). Thirty-two
varicosities on the proximal axons emanating from the
initial segments of neurons No. 12 and No. 13 (Fig. 2) were

Very little synaptic input was found on the perikarya
(Fig. 5). However, both types of synaptic contact, symmetrical and asymmetrical, were identified. The former
type of contact was more frequent than the latter. The
boutons forming symmetrical contacts were usually large
and contained loosely arranged flattened or pleomorphic
clear vesicles and very large mitochondria (Fig. 5B,C). On
the other hand, boutons forming asymmetrical synapses
were fairly small and contained rather densely packed,
small, round vesicles (Fig. 5A,C).
The synaptic inputs to the dendrites ofthe neurons were
also only sparsely found on both proximal and distal portion. The proximal dendrites received both symmetrical
(Fig. 6A) and asymmetrical synapses (Fig. 6B,C) from other
nonimmunoreactive boutons. Symmetrical synaptic contacts were predominant; these boutons were large to medium-sized and contained loosely arranged, flattened pleomorphic vesicles (Fig. 6A). The boutons forming
asymmetrical contacts were medium to small in size and
contained small round, occasionally pleomorphic, vesicles
(Fig. 6B,C). In contrast to the proximal dendrites, distal
dendrites usually received asymmetrical input from medium-sized, nonimmunoreactive boutons containing slightly
packed, small, round vesicles (Fig. 6D). We did not observe
any boutons in synaptic contact with any immunoreactive
axonal boutons.

Somatostatin-immunoreactive boutons and
their postsynaptic structures
Twenty-tree immunoreactive boutons were found to make
synaptic contacts with other neuronal elements. These
boutons were small to medium size. The immunoreactive
large granulated vesicles in the boutons measured 114 nm
± 22.7 nm (S.E.) in diameter (Figs. 9A, 10A,B,D). The
boutons also contained numerous densely packed pleomorphic vesicles (39.3 nm ± 3.99 nm [S.E.] diameter; see
Fig. llA) and a few mitochondria. All of the immunoreactive synaptic boutons we have observed formed symmetrical contacts with dendrites (Figs. 9, 10). Ofthe twentythree postsynaptic structures, five were dendritic spines
(Fig. 9); 14 were dendritic shafts (Fig. lOA-C), which were
sometimes laden with spines (Fig. 10C); and four were
small dendritic profiles which could not be classified as
small dendrites or spines (Fig. 10D). The spines postsynaptic to somatostatin-immunoreactive boutons were also
postsynaptic, via asymmetrical contacts, to a different type
of nonimmunoreactive bouton that contained round vesicles (Fig. 9).
In contrast to the above boutons, which could not be
directly traced to an identified neuron, the varicosities
along the proximal axons of light microscopically identi-
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Fig. 4. A. Photomontage of somatostatin-positive neuron which is labelled cell 12 in Figure 2. Many somatostatin-positive varicosities are present on the axon (ax) of this cell. In addition, some of somatostatin-positive
axons of unknown origin (arrows) are also present. d, dendrite. B. Lowmagnification electron micrograph of the perikaryon shown in A. Note the
indented (marked by large arrows) and oval shape of the nucleus and a
moderate amount of cytoplasm near the base of the dendrite; these factors
characterise the somatostatin-positive cell. Immunoreactive endproduct is

localised throughout the cytoplasm, especially in the Golgi apparatus (G),
and is associated with the rough endoplasmic reticulum (ER). A nonreactive lysosome is indicated by Ly. C. Electron micrograph of the cytoplasm
of the same cell at different level. Two Golgi apparatuses (G) have immunoreactivity in some parts of their cisternae. An immunoreactive granule (arrow) is present in the vicinity of the Golgi apparatus. Scale: A, 20
f.lm; B 1 f.lm; C, 0.5 f.lm.
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Fig. 5. Electron micrographs of serial sections of somatostatin-positive
perikaryon of cell 13 (Fig. 2) showing synaptic contacts with nonreactive
axon terminals (At! and Atz). Open and closed arrows indicate asymmetrical (A and C) and symmetrical contact (B and C), respectively . At! is of

small size and contains round vesicles, while Atz is a typical large bouton
having flattened pleomorphic electron lucent vesicles and large mitochondria. Scale: 0.2 !-lm.
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Fig. 6. Electron micrographs of somatostatin-immunoreactive dendrites(d) of some of the neurons illustrated in Figure 2 showing synaptic
contacts with nonreactive axon terminals. A. Nonreactive axon terminal
containing flattened vesicles forms a symmetrical contact (filled arrow)
with the proximal dendrite of neuron 13. B-D show axon terminals containing small round or pleomorphic vesicles making asymmetrical synaptic

fied neurons failed to exhibit typical synaptic specializations (Fig. SD-F). However, some of these varicosities
showed direct apposition to dendrites or somata with some
junctional complexes at the contact zone (Fig. SD,E). The
features of specialization are slight widening of the extracellular space, parallel alignment of the apposed membranes, and the presence of moderately electron-dense material in the extracellular space. In comparison with typical
synaptic contacts, these varicosities displayed no clusters
of small vesicles, nor electron dense material associated
with the inner surface of the membrane of the dendrite or
perikaryon. However, the varicosities invariably contained immunoreactive large granular vesicles.
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contact (open arrow) with immunoreactive dendrites (B, neuron 9; C, neuron 7; D, neuron 13). Band C show proximal portions of immunoreactive
dendrites, whereas D shows a more distal portion. Small arrows in C indicate immunoreactive large dense vesicles in the proximal dendrite. The
bouton in D contains similar vesicles to those present in another bouton
(asterisk) making synaptic contact with a spine. Scales: 0.2 fJ.m .

DISCUSSION
The fairly homogenous distribution of somatostatin-positive neurons throughout the rat neostriatum, with slight
regional variation, is consistent with observations in the
cat (Graybiel et aI., 'SI). Likewise, our light microscopic
findings agree with the descriptions ofthe general features
of somatostatin-positive neurons in previous reports (Hokfelt et aI., '7S; Bennett-Clark et al., 'SO; Graybiel et al.,
'SI; Finley et aI., '81).
However, we have been able to describe many new properties of somatostatin-positive neurons in the neostriatum
because of the procedure adapted, i.e., examination in the
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Figs. 7, 8. Light and electron micrographs of a somatostatin-immunoreactive neuron (No. 13 on Fig. 2) .
Fig. 7. A. Photomontage of the neuron. Two main dendrites (d), the
axon initial segment (IS) , and a capillary (ca) containing red blood cells
are indicated. B. Demonstration of somatostatin immunoreactivity in the
initial segment (IS) and soma of the neuron at the electron microscopic
level. C. Higher magnification of the framed area in B. Large immuno-
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reactive granules showing immunoreactivity are indicated by big arrows,
while small arrows indicate reaction endproduct associated with microtubule fascicles . D. Golgi saccules(G) in the soma ofthe same neuron exhibit
immunoreactivity (small arrows). Two large granules are located close to
the Golgi apparatus; one of them is immunoreactive (large arrow) while
the other (double-headed arrow) is not. Scales: A, 10 IJ-m; B, 1 IJ-m; C and
D,0.5IJ-m.
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electron microscope of somatostatin-positive structures
which had first been studied in the light microscope. Use
of this procedure has thrown light on the type of striatal
neuron that is immunoreactive for somatostatin, on the
nature of its synaptic input, and on the properties of its
local axons within the striatum.

Type of neuron
Graybiel et aI. ('81) suggested that the somatostatinpositive neurons in the cat striatum correspond to the medium-size neurons of Golgi classifications (e.g., Kemp and
Powell, '71a).
The present study provides evidence that somatostatinpositive neurons in the rat correspond to medium-size aspiny neurons which are much less frequently impregnated
than medium-size spiny neurons in Golgi studies (Kemp
and Powell, '71a; Fox et aI., '71/'72; Mensah and Deadwyler, '74; DiFiglia et aI., '76; Pasik et aI., '76; Dimova et
aI., '80; Danner and Pfister, '81). Examination of somatostatin-immunoreactive dendrites at either the light or
electron microscopic levels did not reveal any spinelike
structures in continuity with them. The somatostatin-positive neurons observed in this study always showed an
indented nucleus, which is characteristic of medium-size
aspiny neurons (Difiglia et aI., '80; Dimova et aI., '80),
while medium-size spiny neurons never show such striking indentations of the nucleus (Somogyi et aI., '79; DiFiglia et aI., '80; Dimova et aI., '80; Wilson and Groves,
'80; Frotscher et aI., '81; Somogyi et aI., '81; Bishop et aI.,
'82).
The medium-size aspiny neurons in the striatum have
been further classified into subtypes in various species
based upon differences in appearance (Kemp and Powell,
'71a; Fox et aI., '711'72; Pasik et aI., '79; Dimova et aI., '80;
Danner and Pfister, '81). Some of our somatostatin-positive
neurons seem to correspond to type IV neurons as described by Dimova et aI. ('80) in the same species. However,
a more detailed comparison of the immunoreactive neurons with subtypes of the Golgi classified neurons is limited, since (1) different procedures, including the fixative,
employed in the different methods might induce slight
changes in appearance; (2) neither previous studies nor
the present one indicate any qualitative morphological
feature which is unique to only one type of medium-size
aspiny neuron; and (3) the detail provided by the immunostaining is inferior to that given by Golgi impregnation.
In contrast to medium-size spiny neurons, little is known
about the properties and roles ofthese medium-size aspiny
neurons (Bishop et aI., '82). It has been suggested that
some local circuit neurons are cholinergic or GABAergic
(McGeer et aI., '71; Butcher and Butcher, '74; McGeer et
aI., '75) and that the latter might correspond to mediumsize aspiny neurons (Pasik et aI., '79). In recent studies in
which striatal neurons that take up [3H]GABA have been
characterised by electron microscopy and Golgi staining,
it has been shown unequivocally that such neurons are of
Fig. 8. A. Drawing of a somatostatin-immunoreactive neuron with part
of its axon (neuron 13 in Fig. 2). B, C. Light and electron micrographs of
two varicose axonal branches(asterisks) emerging from the main axon;
these branches pass on either side of a nonreactive neuron(N). D. Higher
magnification of the framed area in C, showing direct apposition (arrows)
between the somatostatin-positive varicosity (VI) and the nonreactive cell
soma; some membrane specialization can be seen, but there is no accumulation of vesicles in the varicosity. E. Axonal varicosity (V3 in A) which
contains a large immunoreactive granulated vesicle (large arrow) . This
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the medium-size aspiny type (Bolam et aI., '82). The latter
GABA-accumulating aspiny neurons are quite different
from the somatostatin-positive aspiny neurons described
here. Whereas the dendrites of the somatostatin neurons
are long and slender, those of the GABA-accumulating
neurons have many branches close to the soma and bend
frequently in a recurving fashion.

Input to somatostatin-positive neurons
It is notable that somatostatin-positive neurons received
very sparse synaptic input on both their perikarya and
dendrites. DiFiglia et al. ('80) reported that the mediumsize aspiny I neurons classified by them (DiFiglia et aI.,
'76) in the monkey neostriatum also receive few synapses
on the perikaryon, mostly of the symmetrical type. However, the small size of the terminals forming symmetrical
contact on the perikaryon of the aspiny type I neuron and
the frequent occurrence of synapses on its dendrites are
quite different from those on our somatostatin-positive
neurons. As to the other types of medium-size aspiny neuron, no information is available about their synaptic input.
The source of presynaptic boutons making contacts with
somatostatin-positive neuron fairly well in light and elecmetrical contacts survive in the isolated neostriatum, suggesting that asymmetrical synapses may be of extrinsic
origin (Hassler et aI., '77). It is well known that the cerebral cortex, thalamus, and substantia nigra are sources
of some of the boutons which form asymmetric contacts
(Chung et aI., '77; Hassler et aI., '78; Hattori et aI., '73;
Kemp, '68; Kemp and Powell, '71b; Rafols and Fox, '711
'72; Smith et aI., '81). An intracellular HRP study (Bishop
et aI., '82) demonstrated that a neuron resembling our
somatostatin-positive neurons fairly well in light and electron microscopic appearance is electrophysiologically excited following stimulation of the cortex or substantia nigra. Although the electrophysiological studies did not
establish whether the responses were monosynaptic, it could
be speculated that some of nonimmunoreactive boutons
forming asymmetrical synapses with somatostatin-positive neurons may belong to cortical or nigral afferents.
On the other hand, the majority of symmetrical contacts
in the neostriatum are thought to be of intrinsic origin
(Kemp and Powell, '71b; Hassler et aI., '77) and all identified axons of intra striatal origin have been found to make
symmetrical synaptic contacts (Wilson and Groves, '80;
Somogyi et aI., '81; Bishop et aI., '82) . It cannot be excluded,
however, that a small number of symmetrical contacts
may be given by extrinsic afferents and so the origin of
the boutons forming symmetrical contacts with somatostatin-positive neurons cannot be assigned without further
experiments.

Somatostatin-positive axon terminals
The present study has shown that somatostatin-positive
boutons are composed of two types: The first type is a
synaptic bouton, and the second one is a nonsynaptic varvaricosity forms a similar type of contact (small arrows) to that formed by
varicosity Vi> but the contact is with a dendrite (d). For comparison, an
asymmetrical synaptic contact (open arrow) between nonreactive neuronal
elements is indicated. F . Axonal varicosity (V 2) contains two large granulated vesicles, both of which are immunoreactive (white arrows). This
varicosity was not in direct contact with the soma of the neuron (N) and
was not seen to form any junction when examined in serial sections. Scales:
A, 20 ~m; B, 5 ~m; C, 1 ~m; D-F, 0.5 ~m.
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Fig. 9. Electron micrographs of somatostatin-immunoreactive boutons
in symmetrical synaptic contact (filled arrow) with dendritic spines (s). A
and B are serial sections which show a somatostatin-positive bouton containing an immunoreactive large dense vesicle (small arrow). The spines

in A, B, and C that are in contact with immunoreactive boutons are also
in asymmetrical synaptic contact (open arrows) with non reactive terminals
(asterisks) that contain round vesicles. Scales: 0.2 i-lm.
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Fig. 10. Electron micrographs of somatostatin-immunoreactive boutons
in symmetrical synaptic contact (large arrows) with dendritic shafts (d in
A-C) and with a small unidentified dendritic element. A and B are serial
sections. The immunoreactive boutons contain electron-lucent pleomorphic

vesicles and immunoreactive large granulated vesicles (small arrows in A,
B, and D). The dendrite postsynaptic to the somatostatin-positive tenninal
in C emits a spine (s). Scales: 0.2 IJ.m.

icosity. The former type of bouton always showed symmetrical contacts; these were usually with dendritic profiles, some of which were spines.
In the striatum symmetrical axospinous synapses are
found less frequently than asymmetrical axospinous synapses; thus Pasik et al. (,76) showed that, in the monkey
neostriatum, only 8% ofaxospinous contacts are symmetrical. The local collaterals of medium-size spiny striatonigral projecting neurons were recently shown to form
some of such symmetrical axospinous contacts (Somogyi
et al., '81); these boutons contained large, round vesicles
which are different from those of our somatostatin-positive
boutons, but which are similar to enkephalin-immunoreactive boutons in the neostriatum (Somogyi et al., '82b) . .
The cells of origin of the somatostatin-positive boutons
that form synapses is uncertain. The presence of numerous
somatostatin-positive cells in the striatum makes it likely
that the boutons are of intrinsic origin. However, the fact
that we were unable to trace an axon of one of these cells
far enough to find synaptic boutons means that we cannot

exclude an extrinsic origin. Three of the well-established
sources of striatal afferents-the thalamus, substantia nigra, and raphe nuclei (see review by Graybiel and Ragsdale, '79)-have not so far been found to contain any somatostatin-positive neuronal cell bodies in
immunohistochemical studies (Finley et al., '81; Shiosaka
et al., '81). Although the cerebral cortex has a number of
somatostatin-positive neurons, these cortical neurons seem
to be intrinsic neurons (Emson and Lindvall, '79) and not
pyramidal cells; the latter neuron type has been shown by
horseradish peroxidase studies to be the source of corticostriatal afferents (Hedreen, '77; Wise and Jones, '77). A
possible extrinsic source of somatostatin-positive fibres in
the striatum is the basolateral nucleus of the amygdala,
which has recently been shown to send a massive projection to the striatum in the rat (Kelley et al., '82) and which
contains somatostatin-positive cell bodies (Finley et al.,
'81; Roberts et al., '82). A narrow band of somatostatinpositive fibres has been found linking the striatum and
the amygdala in the rat (Roberts et al., '82) but their origin
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Fig. 11. Frequency distribution of the calculated diameters of vesicles
present in somatostatin-immunoreactive structures in the neostriatum. A.
Small electron-lucent vesicles in synaptic boutons. B. Large immunoreactive granulated vesicles present in synaptic boutons, preterminal axons,

has not been determined. Lesions placed in the medial
basal amygdala or in the stria terminalis did not affect
the somatostatin content of the striatum (Crowley and
Terry, '80). The finding that an extensive rostral lesion
caused a fall in the somatostatin content of the striatum
led Palkovits et al. ('80) to suggest that the periventricular
nucleus in the hypothalamus might be the source of some
somatostatin-containing fibres in the striatum; however,
more discrete lesion in the periventricular nucleus were
shown to be without effect on the somatostatin content in
the striatum (Crowley and Terry, '80).
Our findings give some hints about the postsynaptic targets of somatostatin-positive boutons; at least some of them
may be spiny neurons, as the boutons were frequently
found to make synapses on dendritic spines or on dendritic
shafts which had spines. The fine structural characteristics of these spines and spiny dendrites are very similar
to those of identified medium-size spiny neurons (Somogyi
and Smith, '79; Somogyi et al., '79; Frotscher et al., 'SI),
a high proportion of which have been shown to project to
the substantia nigra (Somogyi and Smith, '79; Bolam et
al., 'Sla; Somogyi et al., 'SI). Striatonigral spiny neurons
receive symmetrical synaptic contacts on their dendritic
shafts (Somogyi and Smith, '79), some of which may perhaps derive from somatostatin-positive neurons.
In contrast to the somatostatin-immunoreactive synaptic boutons which are of unknown origin, nonsynaptic
immunoreactive varicosities were found along the proximal axons of identified somatostatin-positive neurons. The
presence of nonsynaptic varicosities is consistent with the
concept that somatostatin could act as a neuromodulator
(Barchas et al., '78). An alternative explanation should,
however, be considered: somatostatin-positive, nonsynaptic varicosities may be formed by an accumulation of their
intracellular organelles such as mitochondria, since many
of the varicosities were occupied by them and contained
very few small vesicles. Although immunoreactive large
granulated vesicles, which seem to be storage sites of pep-
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axon initial segments, and perikarya. Because of the pleomorphic character
of the vesicles, the values represent the diameter of a circle whose area is
equal to that of an individual vesicle.

tides (Gainer et al., '77; H6kfelt et al., 'SO), were very often
found in the varicosities, it is likely that these vesicles are
there because they are in transport from the perikaryon
to more distal axon terminals (Smith, '71) since peptides,
including somatostatin, are thought to be produced in the
cell soma rather than by local synthesis in nerve endings
(Gainer et al., '77). The presence of immunoreactive material within the Golgi saccules and in large granules associated with the Golgi system, indicates that this peptide
is packed into granules in the Golgi apparatus (Smith, '71)
before it is transported along the axon. The occurrence of
such axonal transport is supported by our finding of numerous granules in the axon initial segment with an identical mean diameter to that of those in the Golgi region
of the perikaryon. The effect of colchicine treatment also
indicates that the axonal transport of somatostatin probably occurs in the central nervous system (Dube and Pelletier, '79).
Some of the somatostatin-positive, nonsynaptic varicosities exhibited certain membrane specializations which seem
to be somewhat similar to a synapse but do not fulfill all
the morphological criteria. It is not clear what these membrane specializations mean. If they indicate sites where
release can occur, then it is possible that occasional large
vesicles could release their contents from these varicosities.

Some oth er characteristics of somatostatinimmunoreactive neurons
The present study has demonstrated that immunoreactivity is occurs within the Golgi complex, as well as in
other parts ofthe perikaryon. The localization in the Golgi
region is consistent with the suggestion made on the basis
of light microscopy by Johansson ('78). This immunoreactivity in the Golgi complex may represent molecules of
somatostatin precursors as a result of cross-reaction between the antiserum and these molecules (Arimura et al.,
'7S; Johansson, '7S; Schally et al., '80). It is unknown to
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what extent the antiserum used in the present study crossreacts with such precursor molecules or reflects the immunostaining of somatostatin-14 itself. Immunoreactive
large granulated vesicles of similar size are distributed
throughout the perikaryon, mostly associated with the Golgi
complex, and in axons. The average diameter ofthese vesicles measured 128 nm ± 26 nm (S.E.). This is somewhat
larger than those calculated in previous studies on somatostatin-positive vesicles in other brain regions (Pelletier et al., '74, '77; Krisch, '80). These authors showed
that, in the rat hypothalamus, both nerve terminals and
perikarya contained vesicles of diameters between 90 and
120 nm. Furthermore, Krisch ('80) reported that smallersized (65 nm) vesicles are exclusively located in the perikarya of the rat cerebral cortex.

CONCLUSIONS
We have shown that somatostatin-immunoreactive material is present in a morphologically homogenous population of medium-size aspiny neurons in the neostriatum.
Previous studies on the localization of enkephalin-immunoreactive material have indicated that this is present
in a different population of neurons, i.e., in some of the
medium-size spiny neurons (Pickel et al., '80). Other peptides (substance P and avian pancreatic polypeptide) also
occur in neurons of medium size in the striatum (Ljungdahl et al., '78; Vincent et al., '82). Some of the somatostatin-positive neurons are also immunoreactive for avian
pancreatic polypeptide (Vincent et al., '82). However, the
morphological classes of medium-size neurons which contain substance P and avian pancreatic polypeptide are unknown, as are the transmitters for most of the morphologically characterized neurons (Smith et al., '81) including the second type of striatonigral neuron molam et al.,
'8Ib). It is hoped that peptides and other antigens in the
neostriatum might serve as markers for different types of
neurons so that the poorly understood neuronal networks
in the neostriatum may one day be described in terms of
chemically characterized neurons .
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