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ABSTRACT Striatal cell bodies and fibers expressing
[Metlenkephalin ([Met]Enk)-like immunoreactivity were stud-
ied with two variants of the peroxidase-antiperoxidase method
in normal primates and cats and in cats pretreated with colchi-
cine. Strikingly different patterns of [Met]Enk-like immunore-
activity were observed, both in fiber and cell body immuno-
staining, depending on the technical protocols followed; no single
histochemical protocol fully revealed the compartmentaliza-
tion present. In the dorsal striatum, patches of [Met]Enk-posi-
tive neuropil, known to line up with the acetylcholinesterase-
poor striatal zones called striosomes, appeared in sections
treated by protocols favoring fiber immunostaining. In sec-
tions stained by procedures favoring perikaryal staining, the
striosomes appeared as Enk-poor patches in a field of immu-
noreactive cells and neuropil. When cell-body staining was en-
hanced by pretreatment with colchicine, cells expressing
[Met]Enk-like immunoreactivity appeared both in and out of
striosomes, and the striosomal neuropil appeared Enk-rich.
These results suggest that there are subtypes of Enk-positive
neurons in the striatum, including a "colchicine-dependent
subtype" in dorsal striosomes, and suggest that the Enk-posi-
tive striatal neuropil is also made up of different components.
Immunospecificity of this dorsal striosomal system was further
demonstrated by the finding that neurons expressing intense
immunoreactivity to substance P and to dynorphin B were
largely confined to striosomes.

There is convincing evidence from histochemical localiza-
tion studies that a subset of the opioid peptides and opioid
binding sites present in the caudate-putamen are concentrat-
ed in circumscribed tissue compartments called striosomes
(1-5). In particular, immunostaining for [Met]enkephalin
([Met]Enk) appears in macroscopic patches or annuli em-
bedded in regions having less immunoreactivity (1, 3); and a
distinct patchiness of a opioid binding sites has been demon-
strated (4, 5). Both the [Met]Enk-positive patches (1) and the
patches of heightened ,u binding (5) have been shown to line
up with acetylcholinesterase-poor zones visualized in serial-
ly adjoining sections. Therefore, the uneven peptide and
binding-site distributions appear to reflect a common com-
partmental organization of the striatum, one followed also by
several other neurotransmitter-related compounds and en-
zymes in the striatum (2, 3).

This modular striatal chemoarchitecture is of special inter-
est because certain afferent and efferent connections of the
caudate-putamen also observe a striosomal ordering (see
refs. 2 and 3). Therefore, differential chemical gating of the
pathways associated with the basal ganglia seems highly
probable. Nonetheless, specific interpretation of the histo-
chemical findings has been sharply limited because it has
proven difficult to determine the cellular location of the lig-

and binding sites and immunoreactive elements making up
the patch and nonpatch regions detected. For the ligand-
binding material, adequate resolution is a major constraint,
but for the immunohistochemistry, there are additional prob-
lems. It is often difficult to bring about simultaneously ade-
quate staining of fibers and cell bodies (6, 7), and it is often
necessary to block axonal transport with pharmacological
agents such as colchicine in order to achieve maximal im-
munostaining of cell bodies (see ref. 7).
The study reported here was prompted by an unexpected

observation made when we developed immunohistochemical
protocols to favor perikaryal over fiber staining (8, 9): with
the new protocols, the patches originally found to be [Met]-
Enk-rich appeared to be [Met]Enk-poor. To follow up this
observation we made systematic comparisons between pat-
terns of perikaryal [Met]Enk-like immunoreactivity in the
striatum and the distribution of immunoreactive fibers seen
by means of protocols designed to demonstrate immunoreac-
tivity in the neuropil. We further made preliminary tests of
the effects of colchicine pretreatment on the generation of
these patterns of cell-and-fiber immunostaining. Dramatic
differences in the compartmental organization of striatal ele-
ments were observed under the different experimental con-
ditions, raising general issues both for studies of the basal
ganglia and for the use of immunohistochemistry to study
the distribution of neuropeptides in the brain.

METHODS
Observations were made on the brains of 11 adult and ado-
lescent (8-9.5 mo old) cats, two squirrel monkeys, and one
marmoset. In 3 of the 11 adult cats, 0.25 mg of colchicine in 5
,ul of 0.9% saline was injected into each lateral ventricle 24-
48 hr before perfusion for a retrograde fast-blue study to be
reported elsewhere. Brains were fixed by perfusion with 4%
paraformaldehyde/3-5% sucrose/0.1 M sodium potassium
phosphate buffer/0.9% saline (phosphate-buffered saline) or
with 10% formalin/0. 1 M sodium potassium phosphate buff-
er, pH 7.4. Frozen sections cut at 15 or 30 ,m were proc-
essed by the peroxidase-antiperoxidase method (10) with
protocols designed to reveal staining of striatal neuropil
("protocol A") or perikarya ("protocol B"). Series of sec-
tions were processed for [Met]Enk immunostaining and, in
most cases, for substance P (SP) and dynorphin B immuno-
staining. Adjacent sets of sections were stained for acetyl-
cholinesterase activity.

Protocol A, used in the initial demonstration of [Met]Enk-
positive striosomes (1), included (i) a buffer wash, occasion-
ally containing 0.2% Triton X-100; (ii) primary incubation in
diluted antiserum for 1-5 days at 4°C; (iii) incubation in 1:50
IgG overnight at 4°C; and (iv) incubation in 1:50 peroxidase-
antiperoxidase for 60 min at room temperature. All incuba-
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tion solutions contained 0.3% Triton X-100; some also con-
tained 1% normal goat serum. Protocol B differed from pro-
tocol A in (0) including obligatory pretreatments with 10%
MeOH/3% H202 and with Triton X-100 (usually 0.2% but
occasionally 2%), (ii) in lacking Triton X-100 in the incuba-
tion steps but always including 1% normal goat serum and
usually 1% conspecific serum, and (iii) in having IgG steps at
1:10 and peroxidase-antiperoxidase steps at 1:30 for 30 min
at room temperature. For both protocols, each step was pre-
ceded and followed by buffer washes, usually 0.5 M Tris
buffer containing 0.9% saline (Tris-buffered saline) but occa-
sionally phosphate-buffered saline. General methods were
carried out as described elsewhere (1).
Antiserum generated against [Met]Enk was provided by

R. P. Elde (R153H, 1982-1984, usually diluted 1:600); antise-
rum against SP by R. Ho (G6, 1983-1984, diluted 1:250); and
antiserum against dynorphin B by E. Weber (R2-4, diluted
1:100 to 1:500). Specificity of the immunohistochemical re-
actions was tested by (i) omitting antiserum from the primary
incubation step, (ii) carrying out primary incubations in the
presence of a saturating concentration of the respective syn-
thetic peptide, and (iii) comparing the efficacy of homolo-
gous and heterologous peptides in preventing immunostain-
ing.

RESULTS
Protocol-Dependent Patterns of Perikaryal and Fiber Im-

munostaining. In sections processed by protocol B for peri-
karyal immunoreactivity, there was pronounced heterogeneity
in the distribution of medium-sized striatal neurons express-
ing [Met]Enk-like immunoreactivity both in the primates
(Fig. 1) and in the cats (Fig. 2). Fields of intensely immuno-
reactive neurons appeared throughout the caudate nucleus
and putamen, but these were interrupted by rounded and ir-
regularly shaped zones in which most neurons were un-
stained or stained at background levels. In each species, the
zones containing few immunoreactive cell bodies were typi-
cally characterized by a near-absence of immunostaining in
the neuropil.

Fig. 2 contrasts such patterns of perikaryal immunostain-
ing in the dorsal half of the cat's caudate nucleus with the
distribution of Enk-rich patches of neuropil similar to those
previously observed with protocol A (1). The section shown
in Fig. 2A was stained for perikaryal [Met]Enk-like immuno-
reactivity by protocol B and illustrates parts of two [Met]-
Enk-poor patches. The section shown in Fig. 2C was treated
by the original protocol A. No immunoreactive cell bodies
could be detected, but the striatal neuropil shows character-
istic patches of [Met]Enk-positive granular reaction product
lying in a background of lower immunoreactivity. Both
patches of scant cell-body immunoreactivity such as that
shown in Fig. 2A and patches of high neuropil immunoreac-
tivity such as that shown in Fig. 2C lined up with acetylcho-
linesterase-poor striosomes seen in sections adjacent to
them (see Fig. 2 B and D). These striosomal matches clearly
imply that both the apparently [Met]Enk-poor patches re-
vealed with protocol B and the apparently [Met]Enk-rich
patches demonstrated with protocol A represented the same
compartments. A direct neighboring-section demonstration
of this coincidence is given in Fig. 2 E and F.
Immunostaining After Pretreatment with Colchicine. The

patterns of immunostaining achieved with protocols A and B
suggested that the striosomal patches, though innervated by
a [Met]Enk-containing afferent system, might lack Enk-im-
munoreactive neurons. However, a second possibility was
that [Met]Enk-containing cell bodies in fact were present in
the striosomes (in addition to [Met]Enk-positive fibers), but
that the immunoreactivity of these neurons was difficult to
demonstrate compared to that of surrounding neurons. To
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FIG. 1. Patches of low [MetlEnk immunostaining (pale zones,
examples at arrowheads) detected in the striatum of marmoset (A)
and of squirrel monkey (B) by protocol B favoring perikaryal [Met]-
Enk-like immunoreactivity. CN, caudate nucleus; P, putamen; IC,
internal capsule. (Bars in A and B = 0.5 mm.)

help decide between these alternatives, we carried out pre-
liminary experiments in which we pretreated cats with col-
chicine.

In protocol B sections from cats exposed to colchicine for
48 hr (Fig. 3), [Met]Enk-positive neurons appeared both in-
side and outside of patches of dense fiber immunostaining.
In fact, without the patches of intense [Met]Enk-like immu-
noreactivity in the neuropil and the unreactive septa sur-
rounding some of the patches, it would not have been possi-
ble to determine from the distribution of immunostaining
where the striosomal patches lay. With 24-hr exposure, the
patterns of cell-and-fiber immunostaining seemed intermedi-
ate between those observed in the untreated cats and in the
cats receiving 48-hr exposures.
Topography. There were pronounced spatial gradients in

the intensity of immunostaining for [Met]Enk in the striatum
and also regional differences in the patch-patterns visible.
These will be described elsewhere (see also refs. 1, 8 and 9),
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FIG. 2. Complementary striosomal patterns of [Met]Enk immunostaining produced by different immunohistochemical protocols in dorsal
caudate nucleus of cat. (A) Patches of low cell body and neuropil [Met]Enk-like immunoreactivity in a field of immunostained cell bodies and
neutopil demonstrated by use of protocol 13. The Enk-poor patches match acetylcholinesterase-poor striosomes seen in the serially adjacent
section (B). (C) Enk-positive patches (as originally described in ref. 1) detected by use of protocol A. These also match acetylcholinesterase-
poor striosomes visualized in the serially adjoining section (D). (E and F) Near-serial sections showing that a single patch can appear Enk-poor
with protocol B (E) and Enk-rich with protocol A (F). (G) View at high magnification of neuropil indicated by arrow in F. (Bars: A-F = 500 ,um;
G, 50 Am.)

but important general points include: (i) that [Met]Enk im-
munostaining was densest ventrally; (it) that patches of low
cell-body immunostaining were clearest in the caudate nu-
cleus but were present also in the putamen; and (hii) that
zones of low cell-body immunostaining (and matching immu-
noreactive fiber patches) were sharply defined in the dorsal
part of the caudate nucleus in the cat, but that patterns were
different and complex ventrally (see refs. 9 and 11). All ex-
amples illustrated for the cat are from this dorsal division.
Complementary Distributions of Perikarya Expressing Im-

munoreactivity to [Met]Enk-and to SP and Dynorphin B. Par-
allel observations with protocol B in untreated cats demon-

strated unequivocally that the patches of low cell body
[Met]Enk-like immunoreactivity in the dorsal caudate nucle-
us were zones in which many neurons expressed intense SP-
like immunoreactivity and dynorphin B-like immunoreactiv-
ity. Conversely, outside the striosomes, where [Met]Enk-
positive neurons were readily demonstrable with protocol B,
neurons expressing SP-like and dynorphin B-like immunore-
activity were rarely seen. SP-positive, dynorphin B-positive
cell patches were also present in colchicine-pretreated
brains. These contrasting patterns, illustrated in Fig. 4, em-
phasize that there is not a general difficulty in achieving peri-
karyal immunostaining in the dorsal striosomes.
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FIG. 3. Cell bodies expressing [Met]Enk-like immunoreactivity
appear both inside and outside of striosomes in dorsal caudate nu-
cleus of a cat pretreated with colchicine (0.5 mg) for 48 hr and pro-
cessed by protocol B. Patches of dense neuropil staining mark strio-
somes, some of which are bordered by clear septa. (Bar = 0.5 mm.)

DISCUSSION
Immunohistochemistry has become a crucial link between
studies of the biochemistry and the anatomy of the mammali-
an nervous system. The distributions of many neurotrans-
mitters and neurotransmitter-related compounds, including
neuropeptides, are now considered reproducible enough so
that standard immunohistochemical reference maps are rou-
tinely constructed for the brain and spinal cord. There is
growing evidence, however, at least for the hypothalamus,
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that the distributions of immunohistochemically observed
peptides can be changed as a result of manipulating the func-
tional activity of the peptidergic neurons in question (11, 12).
It is further known, both for neuropeptides and for other
substances, that different maps often must be constructed
for immunoreactive nerve fibers and perikarya and, in par-
ticular, that intense perikaryal immunostaining of large num-
bers of neurons may require colchicine (7). The experiments
described here demonstrate that, in addition to shifts in the
numbers of neurons (or fibers) detected with a given antise-
rum, dramatic changes can be brought about in the relative
distributions of immunoreactive cell bodies and immunore-
active fibers demonstrated in a given region, depending on
the technical protocols followed.
The principal observations made in the brains not exposed

to colchicine were that dorsal striosomes were striatal re-
gions of dense [Met]Enk immunostaining when the elements
stained were fiber processes and varicosities in the neuropil
or simply a granular reaction product in neuropil (protocol
A), but that these striosomes were regions of low [Met]Enk
immunostaining when demonstrated with protocol B permit-
ting immunostaining of cell bodies as well as neuropil. Both
forms of immunostaining were blocked by absorption of the
antiserum with synthetic [Met]Enk but not by absorption
with synthetic SP or dynorphin B. The mechanisms underly-
ing this differential detection of fiber and perikaryal [Met]-
Enk-like immunoreactivity with the two protocols are not
clear. The fact that the pretreatment steps seem critical con-
firms contrasting [Met]Enk immunostaining described by
Arluison et al. (6) for sections from the rat striatum pretreat-
ed with H202 (for cell bodies) and Triton X-100 (for fibers
and varicosities). The present findings differ, however, in
that there was simultaneous immunostaining of cell bodies
and neuropil with protocol B, in which both MeOH/H202
and Triton X-100 pretreatments were included.
Remarkably, the striatal neuropil was intensely immuno-

reactive in protocol A sections, but it was often nearly un-
stained in protocol B sections, even though the extrastrioso-
mal neuropil (as well as extrastriosomal cell bodies) ex-
pressed [Met]Enk-like immunoreactivity. This suggests that
the immunostaining of neuropil achieved with a single immu-
nohistochemical protocol may not fully represent the immu-
noreactive elements present, even within a circumscribed re-
gion.
Although immunostaining of striatal cell bodies was in-
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FIG. 4. Striosomal patches followed through three serially adjacent sections (A-C) processed consecutively by protocol B to show immuno-
staining for [Met]Enk (A), dynorphin B (B), and SP (C) in the dorsal caudate nucleus of adolescent cat processed without colchicine treatment.
(Bar = 0.5 mm.)
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tense in both primates and cats in sections treated by proto-
col B, the colchicine experiments in the cats suggest that it
also was incomplete. The colchicine effect appeared to be
time dependent and did not seem to result from nonspecific
immunoreactivity of all striatal neurons because, in other
sections from the same brains, intensely SP- and dynorphin
B-positive neurons lay mainly in the dorsal striosomes, as

they did in the untreated cats.
These findings strongly suggest that, even within a single

local region of the brain, "[Met]Enk-positive neurons" may

not consist of a single class of neurons but instead may com-

prise subtypes with distinct immunohistochemical proper-

ties. Specifically, the experiments suggest the existence of at
least two types of [Met]Enk-positive neurons in the striatum:
one, accounting for perikaryal [Met]Enk-like immunoreac-
tivity appearing outside the striosomes; and a second, a "col-
chicine-dependent subtype," appearing prominently, but not
necessarily exclusively, within the striosomes. No kittens
have yet been exposed to colchicine, but it is interesting that
low perikaryal [Met]Enk-like immunoreactivity of strioso-
mal neurons is particularly striking in young kittens (8, 9).

It is not yet clear whether the colchicine induced qualita-
tive or quantitative changes in immunogenicity in the colchi-
cine-dependent neurons. The colchicine could have ren-

dered another molecular form open to recognition by the
antiserum. The peptide detected as a consequence could be
unrelated to [Met]Enk except for a shared exposed antigenic
site but would more likely be a precursor or a processed
opioid peptide related to [Met]Enk. Noteworthy here is Wil-
liams and Dockray's report of perikaryal [Met]Enk-Arg6-
Phe7 immunostaining in rat striatum (13).

If the antigen detected in the colchicine-dependent neu-

rons were in fact [Met]Enk, then the change in perikaryal
immunostaining could have resulted from an increase in their
content of immunoreactive [Met]Enk by blockade of trans-
port or degradation or by release of bound or otherwise un-

reactive [Met]Enk. An interesting possibility is that differ-
ences in the functional activity of the colchicine-dependent
and extrastriosomal neurons might be responsible for their
contrasting [Met]Enk immunostaining in the normal striatum
as a result of differences in rates of peptide synthesis, pro-

cessing, or transport (for example, proportional to their fir-
ing rates or to the lengths and branching patterns of their
axons). If so, immunohistochemical methods may provide a

means to gauge the activity of different subsets of neurons

containing the same peptide.
The finding of subtypes of Enk-positive striatal neurons,

including a colchicine-dependent subtype, is of interest for
analysis of the basal ganglia, as these might have different
morphological characteristics, patterns of neurotransmitter
coexistence, or connections (see refs. 2 and 14-17). The fact
that SP-positive and dynorphin B-positive neurons are selec-
tively concentrated in dorsal striosomes, whereas the largest
number of Enk-positive neurons lie outside these zones, is
also noteworthy: Enk-like, dynorphin-like and SP-like pep-

tides are the principle neuropeptides so far identified in the
output pathways of the striatum and have nonmatching dis-
tributions in each of the main zones of termination of striato-
fugal fibers (18). Therefore, the modular arrangements of
peptidergic neurons described here probably are related di-
rectly to the organization of biochemically specified subsets
of striatal efferents (3).
The present observations also raise new questions about

the origin of Enk-containing fibers in the striosomes and
about the relationship between the prominent opioid recep-
tor patches of the striatum (4, 5) and its [Met]Enk-immuno-
reactive elements. The opioid binding site clusters, by virtue
of their alignment with acetylcholinesterase-poor striosomes
(5), have been envisioned as corresponding to the Enk-rich
striosomes originally demonstrated with a version of proto-
col A (1). This suggests a simple receptor-rich, peptide-rich
match, but it is clear that the binding site clusters would be
inversely related to sites of intense perikaryal and neuropil
[Met]Enk-like immunoreactivity revealed by protocol B. In-
stances of apparent failure of matching between binding site
distributions and the distributions of corresponding peptides
have been reported for the striatum (19) and elsewhere and
have become a general issue in localization studies. The
findings reported here suggest that the concomitant use of
different immunohistochemical protocols may help to re-
solve some of these discrepancies not only on strictly techni-
cal grounds but because, much as there are different recep-
tor subtypes, there may be different subtypes of neurons
containing a given peptide.

We thank Ms. Dianne Sahagian, Ms. Lisa Metzger, and Mr. Hen-
ry Hall for their help; Drs. Elde, Ho, and Eckenstein for their gifts of
antisera; and the Seaver Institute, National Science Foundation
(BNS8112125 and BNS8319547), and Fogarty Foundation (Fellow-
ship 1505TWO3204-01) for their support.

1. Graybiel, A. M., Ragsdale, C. W., Jr., Yoneoka, E. S. &
Elde, R. P. (1981) Neuroscience 6, 377-397.

2. Graybiel, A. M. & Ragsdale, C. W., Jr. (1983) in Chemical
Neuroanatomy, ed. Emson, P. C. (Raven, New York), pp.
427-504.

3. Graybiel, A. M. (1984) in Functions ofthe Basal Ganglia, Ciba
Foundation Symposium 107, eds. Evered, D. & O'Connor, M.
(Pitman, London), pp. 114-149.

4. Young, W. S., III, & Kuhar, M. J. (1979) Brain Res. 179, 255-
270.

5. Herkenham, M. & Pert, C. B. (1981) Nature (London) 291,
415-418.

6. Arluison, M., Conrath-Verrier, M., Tauc, M., Mailly, P., Sera-
phin de la Manche, I., Cesselin, F., Bourgoin, S. & Hamon, M.
(1983) Brain Res, Bull. 2, 555-571.

7. Hokfelt, T., Johannsson, O., Ljungdahl, A., Lundberg, J. M.
& Schultzberg, M. (1980) Nature (London) 284, 515-521.

8. Graybiel, A. M. & Chesselet, M.-F. (1984) Anat. Rec. 208,
64A (abstr.).

9. Graybiel, A. M. & Chesselet, M.-F. (1984) Neurosci. Abstr.
10, 514 (abstr.).

10. Sternberger, L. A. (1979) Immunocytochemistry (Wiley, New
York).

11. Kiss, J. Z., Mezey, E. & Skirboll, L. (1984) Proc. Natl. Acad.
Sci. USA 81, 1854-1858.

12. Sawchenko, P. E., Swanson, L. W. & Vale, W. W. (1984)
Proc. Natl. Acad. Sci. USA 81, 1883-1887.

13. Williams, R. G. & Dockray, G. J. (1982) Brain Res. 240, 167-
170.

14. DiFiglia, M., Aronin, N. & Martin, J. B. (1982) J. Neurosci. 2,
303-320.

15. Pickel, V. M., Sumal, K. K., Beckley, S. C, Miller, R. J. &
Reis, D. J. (1980) J. Comp. Neurol. 189, 721-740.

16. Aronin, N., DiFiglia, M., Graveland, G. A., Schwartz, W. &
Wu, J.-Y. (1984) Brain Res. 300, 376-380.

17. Larsson, L. I., Childers, S., & Snyder, S. H. (1979) Nature
(London) 282, 407-410.

18. Chesselet, M.-F. & Graybiel, A. M. (1983) Life Sci. 33, 37-40.
19. Goedert, M., Mantyh, P. W., Emson, P. C. & Hunt, S. P.

(1984) Nature (London) 307, 543-546.

Proc. NatL Acad Sci. USA 81 (1984)


