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Abstract—Modifications of the single-section Golgi-impregnation procedure of Gabbott and Somogyi®
are described. The modifications allow easier and more rapid preparation of the sections for Golgi-
impregnation and easier handling of large numbers of serial sections. The technique consists of placing
a section that has been treated with osmium tetroxide and potassium dichromate on a microscope slide
and “sandwiching” it with a second microscope slide. The two slides are held together at one end by tape
and the assembly is dipped into a solution of silver nitrate. Golgi-impregnation of neurons occurs within

a few hours and is generally complete within 12 h.

The technique has been applied to sections through the caudate nucleus of the cat and ferret in order
to define the morphological characteristics of striatal substance P- and methionine enkephalin-
immunoreactive neurons. Sections were first incubated to reveal the immunoreactive structures and then
subjected to the Golgi method. Golgi-impregnated neurons that were immunoreactive for either substance
P or methionine enkephalin had medium-size perikarya from which several dendrites emerged. The
dendrites branched close to the perikaryon; secondary and higher order dendrites were densely laden with
spines, as many as 15 spines per 10 um of dendrite. It is concluded that both striatal substance
P-containing and methionine enkephalin-containing neurons are of the medium-size densely spiny type.
Medium-size densely spiny neurons may be homogeneous with respect to their somatodendritic mor-

phology but heterogeneous with respect to their chemical characteristics and axonal morphology.

The application of Golgi-impregnation to electron
microscopy, particularly in combination with antero-
grade and retrograde tract tracing methods, has led
to advances in the elucidation of the position of
morphologically characterized neurons within the
neural circuits of the central nervous system.® To
gain a better understanding of the role of a particular
neuron in the circuits, it is important to know the
chemical characteristics of the neuron and its afferent
synapses. A major innovation in this field was the
combination of immunocytochemistry or histo-
chemistry for a neurotransmitter or related substance
with Golgi-impregnation which allowed chemical
characteristics of a Golgi-impregnated neuron as well
as its afferent synapses to be established.?>** This was
not possible with classical Golgi techniques because
immunoreagents have only limited penetration into
tissue in the order of 50 ym maximum whereas the
Golgi procedures require thick slices of tissue that are
at least 1 mm thick. Freund and Somogyi® overcame
this problem by first carrying out immunocyto-
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chemistry or histochemistry on sections of 80—100 pm
thickness and then stacking them together to form a
“block” of about 1 mm thick which was embedded in
agar and treated as a standard Golgi block. The
procedure has been successfully applied to sections
incubated to reveal intracellularly injected or retro-
gradely transported horseradish peroxidase,” sec-
tions stained by immunocytochemical methods*2'4
and sections stained histochemically to reveal acetyl-
cholinesterase (AChE).’

The original procedure of Freund and Somogyi*
was modified by Gabbott and Somogyi® to allow
Golgi-impregnation of a single section of about
80-100 pm without having to stack them together
into a block. Golgi-impregnation is effected by
“sandwiching” single sections between microscope
cover slips and then exposing the “assembly” to the
reagents for Golgi-impregnation. This modification
has all the advantages of the method of Freund and
Somogyi® but in addition is easier to perform; it
minimizes the handling of the sections so that much
less damage occurs and it allows the degree of cell
staining to be assessed in the light microscope during
the impregnation.

In carrying out a study of the relationship of the
histochemical compartments of the striatum to the
types and form of Golgi-impregnated neurons, we
made modifications to the single-section Golgi tech-
nique of Gabbott and Somogyi® in order to make the
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technique more reliable and more easily and rapidly
performed. We have combined the single-section
procedure with immunocytochemistry in sections
of cat and ferret forebrain and describe in this paper
the modifications of the procedure and the mor-
phological characteristics of Golgi-impregnated
substance P- and [Metlenkephalin-immunoreactive
neurons in the caudate nucleus.

EXPERIMENTAL PROCEDURES

Tissue from 3 cats (4-16 months) and 2 ferrets (about 6
months) was used in this study. The animals were deeply
anaesthetized and perfused through the heart with
200-500 m! 0.9% NaCl at room temperature followed by
approximately 21 of fixative (10-15°C) over a pericd of
5-10 min. The fixative consisted of either 4% paraform-
aldehyde and 0.05% glutaraldehyde, or 2% paraform-
aldehyde and 0.1% glutaraldehyde in 0.1 M Na phosphate
buffer (pH 7.4) containing 0.9% NaCl. After perfusion, the
brains were removed from the skull, cut into blocks which
included the caudate nucleus and putamen and stored in
0.1 M phosphate buffer (pH 7.4) at 4°C for about 48 h. They
were then washed in buffer and sectioned at 80 pum on a
Vibratome. The sections were then washed in phosphate-
buffered saline (0.01 M phosphate, PBS) at pH 7.4 and
processed for immunocytochemistry with antisera directed
against substance P and [Metlenkephalin. One of the cats
received bilateral injections of colchicine (500 g in 10 ul
saline) into the lateral ventricles 24 h before perfusion. In all
the animals every third section was cut at 50 um and stained
for AChE by a modified version of that described by
Geneser-Jensen and Blackstad.”

Immunocytochemical procedure

Immunocytochemistry was carried out by the
peroxidase-antiperoxidase (PAP) technique.® For sub-
stance P, sections were washed in 20% (1 h) then 1% (0.5 h)
normal rabbit serum in PBS. They were then incubated as
follows: 70 h in monoclonal antibodies against substance P'*
(1:1000 dilution in 1% normal rabbit serum) at 4°C; 3h in
rabbit anti-rat IgG (Miles) (1:50 dilution in 1% normal
rabbit serum in PBS) at room temperature and 3 h in rat
PAP (Sternberger, Meyer Inc.) (1:100 dilution in PBS) at
room temperature. Each incubation was followed by three
washes in PBS over a period of 30 min. The same protocol
was used for the rabbit anti-{Metjenkephalin antiserum
(1:600 dilution, antiserum number R170 donated by R. P.
Elde®) except that the normal serum was from goat, the
secondary antibody was goat anti-rabbit IgG (1:50 dilu-
tions; Miles) and the PAP was prepared in rabbit (1:100
dilution; Miles). Some sections were incubated by a protocol
which includes methanol and hydrogen peroxide pre-
treatments and the use of a higher molarity buffer; details
of this protocol are given elsewhere.”’ The antigens were
then localized by incubation (5-15 min) in 3,3’-diamino-
benzidine (50 mg/100 ml in 0.05 M Tris HCI buffer pH 7.6,
containing 0.01% H,0,). The sections were then washed in
Tris buffer, and postfixed (30 min) in 1% osmium tetroxide
in 0.1 M phosphate buffer. Care was taken at this stage to
ensure that the sections were flat.

Golgi-impregnation procedure for single sections

After osmium postfixation the sections were washed in
buffer and free-floated in a solution of K,Cr,0; (3.5%,
aqueous) for {-3 h. Each section was then laid flat on the
centre of a microscope slide using a fine artist’s brush.
Excess K,Cr,0, was removed from the slide with filter
paper and another microscope slide was placed on top of the
section so as to “sandwich” it between the two slides. Care
was taken to avoid crushing the section or shearing it by
allowing the slides to move with respect to one another. The
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two slides were held in position by gently taping them
together at one end with electrical insulation tape. The slide
assemblies were then placed in an upright position (taped
side up) in 1-2% AgNO, solution in a small beaker.

The essential differences between the method that we used
and that described by Gabbot and Somogyi® are as follows:
(1) microscope slides are used instead of cover slips to
“sandwich” the sections; (2) the slides are not glued together
but adhere to each other by surface tension and are lightly
held together at one end with tape; (3) one end (non-taped
end) of the slide assembly is immersed in the silver nitrate
solution in an upright position, rather than having the
assembly totally immersed.

The duration of AgNO; treatment was determined by
monitoring the course of impregnation with a light micro-
scope. The time varied from 6 to 24 h. When satisfactory
impregnation occurred the process was terminated and the
sections gold-toned. If the impregnation was not satis-
factory the sections were washed well in distilled H,O and
returned to the K,Cr, O, step.

Section removal

Sections were retrieved from the slide assemblies by
removing the tape, gently separating the slides with the aid
of a razor blade and removing the section with a fine artist’s
brush or razor blade. They were then either mounted in dry
glycerol between coverslips for subsequent gold-toning and
processing for light and electron microscopy or washed in
distilled H,O for re-impregnation. Gold-toning was carried
out by a modified version of the method of Fairén et al.’®
(for details see Ref.??). The sections were dehydrated and
embedded on microscope slides in epoxy resin (Durcupan
ACM, Fluka).

Factors influencing impregnation

The most important factor governing the Golgi-
impregnation of neurons was the manner of diffusion of the
silver nitrate solution into the tissue. We believe that it is
necessary for the silver nitrate to penetrate the sections from
their edges, i.e. in the plane parallel to the plane of section.
If the silver solution flows over the section, the surface
becomes covered in crystals (presumably silver chromate);
under these conditions, impregnation rarely occurs. When
the silver solution does not flow over the section and diffuses
slowly in from the edges, then good impregnation usually
follows. If physical barriers to the diffusion of the silver
solution are present, e.g. air bubbles, cerebral ventricles or
large masses of myelinated fibres, then the impregnation is
usually much poorer or does not occur at all. In studying
the caudate nucleus we therefore (1) removed the septum to
obviate the barrier of the lateral ventricle, (2) cut off the
corpus callosum, (3) oriented the section so that the caudate
would be the first area to be exposed to the silver solution,
and (4) positioned the section so that when they were first
dipped into the silver solution they were quickly surrounded
by it without the formation of bubbles. This final pre-
cautionary step permits the diffusion of the silver from all
edges of the sections. If air bubbles form around the section
they can sometimes be removed by carefully inserting a
razor blade between the slides at the untaped end and
carefully forcing them apart until the fluid retreats past the
air bubble; the slides are then slowly lowered together again.
If AgNO, solution runs over the surface of the section,
crystals form and the section should be removed, washed in
distilled H,0O and returned to the K, Cr,O,. Silver chromate
crystals sometimes form in the ridges left by the Vibratome
blade; to have the smoothest surface possible, sections
should be cut with high amplitude of vibration and slow rate
of blade advance. Finally, the quality of impregnation is
dependent upon the state of the tissue; well-fixed and
“robust” sections were invariably impregnated to a better
degree than poorly fixed sections or those exposed to
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penetration enhancement techniques (freeze-thawing or
detergent treatment).
Light and electron microscopy

After curing the resin for 48 h at 60°C all sections were
examined in the light microscope. The immunostaining and
Golgi-impregnation were assessed and neurons that were
both Golgi-impregnated and immunostained were identi-
fied. Selected neurons in the cat material were drawn with
the aid of a microscope drawing tube (Leitz) and measure-
ments of the size of perikarya and dendrites were made from
these drawings using a Bioquant image analysis system. No
account was taken for shrinkage of the tissue.

To confirm the presence of immunoreactivity in the
perikarya of Golgi-impregnated neurons, some neurons
were re-embedded in blocks of resin suitable for re-
sectioning. From these, | pm sections for light microscopy
and ultrathin (silver/grey) sections for electron microscopy
were cut. The latter sections were collected on Formvar-
coated single-slot grids counterstained with lead citrate and
examined in a Philips EM20! electron microscope. To
improve contrast for electron microscopy, the tissue was
stained en bloc with 1% uranyl acetate (in 70% ethanol)
during dehydration.

RESULTS

The degree and quality of Golgi-impregnation was
similar to that seen with conventional Golgi tech-
niques. The impregnated neurons appeared some-
times in groups but were often isolated (Figs 1B, and
3A). Perikarya, dendrites, dendritic spines and axons
were all impregnated (Figs 1 and 3). The types of
neurons that were impregnated were similar to those
described on previous occasions in rat, cat and
monkey (see Refs 3, 10, 28, 40 and 52). Although the
majority of impregnated neurons were the medium-
size densely spiny type (see Figs 1 and 3), other types
including large neurons and medium-size aspiny neur-
ons were also observed. No obvious differences were
seen between the caudate nucleus and putamen, or
between the cat and ferret.

Immunostaining

Substance P. At the light microscopic level sub-
stance P-immunoreactivity in the neostriatum was
remarkably uneven. In the caudate and particularly
in its rostral part, high concentrations of immuno-
reaction product were present in patches of irregular
shape (see Fig. 1B). These regions represent the
striosomal compartments of the caudate nucleus and
correspond to AChE-poor regions.”’ Detail of the
structure of substance P-positive/AChE-poor patches
and their relationship to Golgi-impregnated neurons
will be the subject of a separate communication.

Most of the immunoreaction product was associ-
ated with neuronal perikarya and sometimes prox-
imal dendrites (Fig. 1B). The immunoreactive neur-
ons were of medium-size and the majority were
similar to the type 1 substance P-positive neuron
described in the rat.’ The neuronal staining occurred
predominantly in the striosomes (as defined by the
dense neuropil staining; see Fig 1B), but there were
also many immunoreactive perikarya with no appar-

ent association with the striosomes. Immunoreactive
axon or fibre-like structures were also present; these
were predominantly in the superficial layers of the
tissue and appeared evenly distributed throughout
the sections.

Immunoreactive neurons, in which indentations of
the nucleus were visible in the light microscope, were
rarely seen. These neurons probably correspond to
the type 2 substance P-immunoreactive neurons ob-
served in the rat.® The apparent rarity of these cells
probably reflects their low density in the striatum and
the difficulty in identifying indented nuclei in the light
microscope.

Methionine enkephalin. [Met]enkephalin immuno-
reaction product was present within medium-size
perikarya, their proximal dendrites and many appar-
ently isolated dendrites (Fig. 3A, B). In addition, in
some areas terminal staining occurred in the most
superficial layers of the sections. Perikaryal staining
was most prominent in the colchicine-treated cat. The
distribution of the immunoreactive neurons was
different for colchicine and non-colchicine animals as
has been reported previously;”’ in the latter animals
the immunoreactive-neurons tended to avoid the
striosomes (i.e. AChE-poor zones) while in the
colchicine-treated cat they were distributed more
evenly throughout the caudate nucleus and putamen.

Specificity and controls. The specificity of the anti-
bodies used in the present experiments has been
characterized previously'*?? (see also Refs 5, 27 and
47). In sections that were incubated by the immuno-
cytochemical procedure but with omission of the
primary antibodies, no specific immunostaining
occurred. In addition, some sections from each ani-
mal were incubated with other antisera raised in
rabbits (directed against glutamate decarboxylase,
tyrosine hydroxylase, somatostatin) and monoclonal
antibodies (directed against choline acetyltrans-
ferase). The patterns of staining obtained with these
antibodies were markedly different from those ob-
tained with the anti-substance P or anti-enkephalin
antibodies. The pattern of staining described above is
therefore specific to the substance P and [Metlen-
kephalin antibodies we used and not a result of other
steps in the procedure.

Golgi-impregnation combined with immunostaining

A total of 33 Golgi-impregnated neurons that were
also immunoreactive for substance P were identified
(25 in cat, 8 in ferret). In the [Metlenkephalin-
immunoreacted material 55 Golgi-impregnated im-
munoreactive neurons were identified (41 in cat and
14 in ferret). The immunoreaction end product
appeared as a brown homogenous staining of the
perikarya and was easily distinguishable from the
grey/black secondary Golgi deposit. Immunoreaction
product was identified in Golgi-impregnated neurons
at the light microscopic level when (1) the gold-toning
of the perikarya was pale (Fig. 1B), (2) Golgi-
impregnated dendrites arose from non-impregnated



Fig. 1. (A) Drawing of a Golgi-impregnated, gold-toned neuron that is also immunoreactive for sub-
stance P. Micrographs of this neuron are shown in subsequent figures. The unshaded dendrite on the left
was not Golgi-impregnated but expressed immunoreactivity; see the dendrite labelled d in (B) and (C).
This neuron was found within a substance P-immunoreactive “patch”, the boundaries of which are shown
by the solid black lines above and below the neuron. The dendritic spines were drawn free-hand and are
therefore an approximation of the true density. The neuron shows the characteristics of medium-size
densely spiny neurons, i.e. medium-size perikaryon, secondary and higher order dendrites densely laden
with spines. (B) Partial light microscopic photomontage of the same neuron (N) as in (A). Note the high
density of spines on the second and higher order dendrites and the non-impregnated but immunoreactive
dendrite (d) emerging from the left of the perikaryon. Note the darker appearance of the neuropil below
and lower right of the perikaryon; this is due to the high density of substance P-immunoreactive structures
forming the “patch”. Three immunoreactive perikarya are indicated by stars. A non-impregnated,
non-immunoreactive neuron (n) and a capillary (c) are labelled for correlation with electron micrograph
(C). (C) Low power electron micrograph of the perikaryon of the Golgi-impregnated, immunostained
neuron (N) and its immunostained proximal dendrite (d). Bars: (A) 50 um; (B) 25 um; (C), 10 pm.

Fig. 2. (A) Medium power electron micrograph of the same neuron (N) shown in Fig. 1. Note the round
nucleus with smooth unindented nuclear envelope and the relatively small area of cytoplasm, features that
are typical of medium-size densely spiny neurons. The cytoplasm is darker than the surrounding neuropil
because of the Golgi-deposit and the immunoreaction product. The proximal dendrite (d) is only
immunostained. The boxed areas and (B) and (C) are shown at higher power. (B and C) Higher power
electron micrographs of the regions shown by boxes in (A). In both micrographs the electron dense
granules of the secondary Golgi-deposit are indicated by arrowheads. The immunoreaction product
(arrows) appears as an amorphous electron dense material, often associated with organelle membranes
and often in clumps. An immunoreactive profile in the neuropil is also shown in (B). Bars: (A) 2 um;
(B and C) 0.5 pm.

Fig. 3. (A) Low power light micrograph of a section through the caudate nucleus of the cat, processed
to demonstrate [Met]enkephalin-immunoreactivity and then Golgi-impregnated. The field contains many
immunoreactive perikarya, some of which are indicated by open arrows, and several unstained neurons
indicated by stars. The neurons labelled N, and N, are both immunoreactive and Golgi-impregnated. The
perikaryon of N, was only partially impregnated by the Golgi deposit (small arrow in (B)) which enabled
easy identification of the immunoreaction product. Two of the dendrites (arrowheads) of this neuron are
in the plane of the micrograph and are densely laden with spines. The perikaryon of neuron N, was not
impregnated but one of its dendrites is impregnated (small arrows) and is densely laden with spines.
(B) High power light micrograph of Golgi-impregnated, [MetJenkephalin-immunoreactive neuron N, in
(A). The arrowheads indicate part of the perikaryon that is partially impregnated. [Met]enkephalin-
immunoreactive neurons are indicated by open arrows and non-immunoreactive neurons by stars.
(C) Drawings of the two neurons in (A) and (B). The unshaded parts of the cells are those regions that
were not Golgi-impregnated but displayed [Met]enkephalin-immunoreactivity. The dendrites indicated by
arrows or arrow heads are the same as those that appear in light micrograph (A). Bars (A) 25 um; (B)
12.5 um; (C) 50 um.
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or partially impregnated perikarya (Fig. 3A), or (3)
non-impregnated processes of the neuron displayed
immunoreactivity (Fig. 1B). The immunostaining of
some of the neurons was confirmed by taking semi-
thin (1 um) sections of the perikarya (not illus-
trated) and/or by electron microscopy (Fig. 2). In
semi-thin sections the brown immunoreaction prod-
uct was much easier to identify because the secondary
Golgi-deposit was usually confined predominantly to
the cell membrane. In the electron microscope the
immunoreaction product appeared as an electron
dense deposit associated with the external membranes
of subcellular organelles and the internal side of the
cell membrane (Fig. 2). The secondary Golgi-deposit
was distinguishable from the peroxidase reaction

product by its greater electron density and its granu-
lar form (Fig. 2B, C).

Golgi-impregnated substance P-positive neurons

All neurons that were both Golgi-impregnated and
substance P-immunoreactive were medium-sized
neurons and displayed characteristics of the class of
neuron that is described as medium-sized and densely
spiny® (Figs 1 and 2). The main features of these
neurons include: {a) the medium-size, round or oval
perikaryon (mean of 14.5 by 18.2 um; cross-sectional
are 206.3 +12.3 um?), (b) 3-5 primary dendrites
(mean diameter at first branch point; 3.6 ym) that
branch within 20 um of the mid-point of the cell
body, and (c) the presence of spines on secondary and
higher order dendrites, with densities as high as 15
spines/10 ym.

Ultrastructural examination of the substance P-
immunoreactive, Golgi-impregnated neurons in the
electron microscope showed that the perikarya of
these neurons all had round unindented nuclei sur-
rounded by a scant rim of cytoplasm which was poor
in organelles (Fig. 2).

None of the Golgi-impregnated, substance P-
positive neurons had their axons impregnated by the
Golgi deposit to any significant degree. In some of the
neurons the axon initial segment was impregnated;
this emerged from the perikaryon or a thick primary
dendrite.

Golgi-impregnated [Metlenkephalin-positive neurons

As with the substance P-immunostained neurons,
all neurons that expressed immunoreactivity for
[Metlenkephalin were of the medium-size densely
spiny type (Fig. 3). Thus they possessed medium-size
perikarya (mean of 13.8 by 18.4 um; cross-sectional
area 196.5 + 8.8 um?) and three to five primary den-
drites (mean diameter 3.8 pm at first branch point)
that branch within 22.5 um of the mid-point of the
perikaryon. Spines were only present on secondary
and higher order dendrites with a density of up to 16
spines/10 um of dendrite. When impregnated, the
axon initial segment was seen to emerge from the
perikaryon or a proximal dendrite.
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Golgi-impregnated substance P- and [Metlen-
kephalin-immunoreactive neurons were indistin-
guishable upon visual comparison. Comparison of 10
substance P- and 11 [Metlenkephalin-positive neur-
ons from cat caudate nucleus, revealed no statistically
significant differences between cross-sectional area
and dimensions of cell bodies, numbers and di-
ameters of primary and higher order dendrites or the
distance from the mid-point of the perikaryon to the
densely spiny part of the dendrites.

In the sections immunostained with antibodies
against choline acetyltransferase, somatostatin or
glutamate decarboxylase, Golgi-impregnated medi-
um-size densely spiny neurons were never immuno-
stained.

DISCUSSION

The relative advantages and disadvantages of the
use of single sections for Golgi impregnation have
been discussed extensively on previous occasions.”?
The only comment required here is that we believe the
minor modifications of the technique developed by
Gabbott and Somogyi*® make the preparation of the
section/slide assembly much easier, more rapid and
more reliable. The procedure, as modified, allows the
manipulation of large numbers of serial sections.
Finally, single section methods allow the impreg-
nation of very large sections; in the present experi-
ments sections as large as 7 x 10 mm were success-
fully impregnated.

Our results demonstrate that the predominant type
of striatal neuron that expresses substance P-like
immunoreactivity and probably the only type of
striatal neuron that expresses [Metlenkephalin-
immunoreactivity are of similar somatodendritic
morphology and are categorized as medium-size
densely spiny neurons. These observations support
the conclusions of previous ultrastructural studies of
substance P-immunoreactive’ and [Metlenkephalin-
immunoreactive neurons'®® in which it was demon-
strated that both types of neuron have the uitra-
structural characteristic of medium-size densely spiny
neurons. Similarly, medium-size densely spiny neur-
ons have been shown to be the major type of striatal
projection neuron** and neurochemical or immu-
nochemical studies have shown the presence of both

Substance P7‘8x24.31735‘38,4l.49 and enkephalinlz.l3.!5.l7,49 or
related opiate peptides’™ in striatal output path-
ways.

The finding that striatal neurons expressing sub-
stance P or [Metlenkephalin immunoreactivity are of
a similar somatodendritic morphology raises the
question of whether substance P and [Met]enkephalin
co-exist in the same neurons. One might expect that
neurons of a similar somatodendritic morphology
would have similar chemical characteristics. Indeed
Penny et al*® have recently demonstrated that a
population of medium-sized striatal neurons express
both neuropeptides, however the larger proportion of
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the neurons expressed only one of the peptides. There
is further evidence to support the view that substance
P and [Metlenkephalin are mainly present in separate
populations of spiny neurons. First, immunocyto-
chemical studies of substance P- and [Metlen-
kephalin-immunoreactive neurons in the caudate
nucleus of the cat have shown that the neurons
expressing these peptides have different distributions.
Substance P-immunoreactive neurons are primarily
located in striosomes, i.e. in zones that are AChE-
poor, whereas [Metlenkephalin-immunoreactive
neurons are primarily located outside these zones (at
least in the absence of colchicine).?” Second, the three
major regions that receive fibre projections from the
striatum have sharply different distributions of these
neuropeptides. The entopeduncular nucleus (internal
segment of the globus pallidus) and the substantia
nigra are rich in substance P-containing terminals
and have restricted distributions of [Metlenkephalin
immunoreactive neuropil, whereas the external seg-
ment of the globus pallidus is rich in [Metlen-
kephalin-containing terminals and has only limited
amounts of substance P-positive neuropil #!!16.2629.30.3¢
Since the substance P in the substantia nigra and the
[Metlenkephalin in the pallidum are thought to be
derived predominantly from striatal afferents termi-
nating in these regions and since there is evidence in
primates that the striatonigral and the striatopallidal
projections arise mainly from different populations of
striatal neurons,’®* it seems likely that substance P
and enkephalin are expressed mainly in separate
populations of spiny efferent neurons.

In view of these observations and our finding that
striatal neurons expressing substance P-like immu-
noreactivity have a somatodendritic morphology vir-
tually indistinguishable from that of striatal neurons
expressing [Metlenkephalin-like immunoreactivity
makes it possible that neurons of a similar mor-
phological type have different neuropeptide contents.
This conclusion supports the view that separate
control can be exerted over the morphology and
neurotransmitter content of a given neuronal popu-
lation.
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The chemical differences between populations of
medium-size densely spiny neurons may be reflected
in differences in axonal morphology even though the
somatodendritic morphology of these neurons is
similar. There is evidence that they may be sub-
divided on the basis of the patterns of arborization of
their axons. In an analysis of striatal neurons labelled
by the intracellular injection of horseradish per-
oxidase, Chang et al’° identified two groups of
medium-size densely spiny neurons with different
axonal arbors. Both types had extensive local axon
collaterals in the vicinity of their dendritic trees but
there were differences in their patterns of innervation
of the globus pallidus. One type had extensive axonal
arbors in the globus pallidus arising from more than
one branch of the main axon. The second type gave
rise to only sparse terminal fields in the globus
pallidus, and these arose from a few fine collaterals
of the main axon. For both types there was evidence
that the neurons also innervated other (more caudal)
structures. The axons of our Golgi-impregnated im-
munoreactive neurons were never impregnated be-
yond their initial segments, so we cannot directly
compare our sample of Golgi-impregnated immuno-
stained neurons to the two types described by Chang
et al’ Nevertheless, it seems plausible that the sub-
stance P-containing medium-size densely spiny neur-
ons are of the class that only gives rise to a sparse
innervation of the external pallidum and that the
other medium-size densely spiny type of Chang et a/.’
represents the [Metlenkephalin-containing medium-
size densely spiny neuron giving rise to the dense
plexus of [Metlenkephalin-containing (and presum-
ably GABA-containing') terminals in the pallidum.
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