Opiates and Pain Pathways: Demonstration of Enkephalin

Synapses on Dorsal Horn Projection Neurons

Abstract. The participation of the opiate peptide enkephalin in the neural circuitry
of the dorsal horn was examined at the light and ultrastructural level through the use
of the combined techniques of immunocytochemistry and retrograde transport of
horseradish peroxidase. Enkephalin immunoreactive axonal endings made direct
synaptic contact with the soma and proximal dendrites of dorsal horn thalamic
projection neurons. This observation demonstrates that one major synaptic site of
enkephalin modulation of the transfer of nociceptive information in the dorsal horn is

on the projection neurons themselves.

Enkephalin, an opiate peptide that
may represent one of the natural ligands
of opiate receptors, can be localized to
several different laminae in the medul-
lary and spinal dorsal horns (MDH and
SDH) (I-3). Several studies have dem-
onstrated that enkephalin mediates inhi-
bition of the response of neurons to
noxious stimulation as well as inhibition
of the behavioral response to painful
stimuli (4, 5). An understanding of the
neural circuitry accessed by enkephalin
is thus critical to the elucidation of the
mechanisms of pain and analgesia. Fur-
thermore, demonstration of the site of
action of enkephalin in the dorsal horn
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Fig. 1. Phase contrast photomicrograph of a 1-
pm toluidene blue stained plastic section of a
retrogradely labeled MDH neuron from lami-
na V. The section plane passes through the
cell soma at a point where a prominent nucle-
olus is seen in the nucleus (N). The granular
retrograde HRP reaction product (arrows) is
found in the cytoplasm, but not in the nucle-
us. This thalamic projection neuron is sur-
rounded along its soma and proximal den-
drites by enkephalin immunoreactive varicos-
ities (arrowheads). Since the section plane
passes through the cell, the labeled endings
line the edge of the cell, and the retrograde
HRP is clearly within the cell. Bar represents
10 pm.
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will provide insights into the localization
of opiate receptors.

Biochemical evidence suggests a pre-
synaptic site of opiate receptors on pri-
mary afferent axons (6), while physiolog-
ical studies present evidence for a post-
synaptic site of action of opiates in the
dorsal horn (5, 7). Studies of cell cultures
provide evidence for both a presynaptic
and postsynaptic action of opiates (8).
Ultrastructural studies of enkephalin lo-
calization in the dorsal horn demonstrate
that enkephalin axons synapse primarily
on intrinsic dorsal horn neurons (9). This
study examines potential synaptic inter-
actions between thalamic projection neu-
rons (TPN’s) and enkephalin-containing
axonal endings by combining the tech-
niques of immunocytochemistry for en-
kephalin and retrograde transport of
horseradish peroxidase (HRP) to label
TPN’s. The TPN’s represent a distinct
population of dorsal horn neurons (10),
most of which respond to noxious stimu-
lation (/7). The relationship of TPN’s to
the opiate system is thus important in
that these neurons are responsible for
the transmission of noxious input from
the dorsal horn to higher centers of the
neuraxis.

Several large injections of 50 percent
solution of HRP were made into the
thalamus of four adult cats. After a sur-
vival time of 68 to 72 hours, the brain and
spinal cord were fixed by vascular perfu-
sion with 4 percent paraformaldehyde
and 0.2 percent glutaraldehyde in 0.1M

phosphate buffer, pH 7.4. Transverse '

sections of the medulla and spinal cord
were cut with a vibratome. The thalamus
was sectioned on a freezing microtome.
To identify the injection site and the
retrogradely labeled neurons, the tissue
was processed with cobalt chloride in-
tensified diaminobenzidine (/2), which
produces a black reaction product. The
injection sites centered around the ven-
tral posterior complex of the thalamus
and did not spread across the midline or
caudal to the magnocellular part of the
medial geniculate body. Sections con-
taining the retrogradely labeled neurons
were processed for enkephalin by the
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peroxidase-antiperoxidase (PAP) im-
munocytochemical staining method of
Sternberger (13) to produce red-brown
labeled profiles. The antiserum to Leu-
enkephalin shows appreciable cross-re-
activity with Met-enkephalin, but no
cross-reactivity with B-endorphin (Im-
munonuclear). As a control, the primary
antiserum was serially diluted and some
sections were incubated with antiserum
to enkephalin that had been absorbed
with an excess of antigen (Boehringer-
Mannheim). Results of all control proce-
dures were negative.

After the immunocytochemical proce-
dure was completed, sections from the
MDH and cervical and lumbar SDH
were cleared in glycerin and examined
with the light microscope for the pres-
ence of red-brown immunocytochemi-
cally labeled profiles adjacent to neurons
retrogradely labeled with blackened
HRP granules. For electron microscopy,
selected examples were fixed in osmium
tetroxide, dehydrated, and embedded in
Araldite resin (Polysciences) on a plastic
slide. Serial 0.5-pm sections were cut
until the retrogradely labeled neuron was
located. The tissue was then trimmed to
the size of an electron microscope block
face and serial thin sections were cut,
collected on Formvar-coated slot grids,

Fig. 2. (A) At the ultrastructural level, the
enkephalin immunoreactive endings that syn-
apse (arrow) on thalamic projection neurons
contain primarily round agranular synaptic
vesicles, which are frequently associated with
the PAP reaction product (arrowheads). Bar
represents 0.5 wm. (B) The synaptic contact is
asymmetrical. Bar represents 0.1 um. (C) At
the ultrastructural level, the granular retro-
gradely transported HRP can be localized to
vesicular structures. Bar represents 0.1 um.
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and examined with an electron micro-
scope (Zeiss EM 10C). Several ultrathin
sections were scanned before being
counterstained with lead citrate to un-
equivocally localize the electron-opaque
peroxidase reaction product. In the
MDH, four retrogradely labeled neurons
in lamina V were examined in more than
50 semiserial sections per cell at the
ultrastructural level.

The retrogradely labeled TPN’s are
readily identified at the light microscopic
level by the presence of blackened HRP
granules throughout the cell soma and
proximal dendrites (Fig. 1). In lamina V,
one morphological type of TPN is dense-
ly surrounded along its soma and proxi-
mal dendrites with enkephalin immuno-
reactive profiles. The large number of
labeled enkephalin varicosities delineate
the contours of the projection neuron,
outlining the large caliber dendritic
shafts for several micrometers. These
heavily enkephalin-innervated neurons
may represent a distinct population of
TPN’s that have a large multipolar cell
soma in the transverse plane and that are
located in the middle or lateral part of
lamina V.

At the ultrastructural level, lamina V
multipolar TPN’s are characterized by a
moderately dense cytoplasm and a large
centrally placed, unindented nucleus
with a prominent nucleolus. The diame-
ter of the cell soma ranges from 25 to 35
wm. A few short, stubby spines occur on
the soma and proximal dendrites. The
granular retrogradely transported HRP
observed with the light microscope can
be localized with the electron micro-
scope to membrane-bound organelles
dispersed throughout the cell cytoplasm
(Fig. 2C) (14).

Enkephalin-immunoreactive  axonal
endings, which outline the multipolar
lamina V TPN'’s at the light level, are
identified at the ultrastructural level by
the presence of flocculent electron-
opaque PAP reaction product (Fig. 2A).
The reaction product occurs in discrete
foci within the ending, where it is primar-
ily associated with the agranular vesicles
and the outer mitochondrial membrane.
The numerous labeled enkephalin-con-
taining axonal endings that are observed
electron microscopically surrounding the
lamina V TPN’s are dome-shaped with
long axes ranging from 0.8 to 2.8 pm.
They contain mainly round agranular
synaptic vesicles (Fig. 2A). An occasion-
al dense-core vesicle is also present. All
labeled enkephalin-containing axonal
endings adjacent to the retrogradely la-
beled cell form asymmetrical synapses
on the cell (Fig. 2B). At least ten enkeph-
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alin endings synapsed on each of the four
neurons examined ultrastructurally. The
neuron illustrated in Fig. 3 was examined
in more than 66 semiserial sections,
where it was contacted by 31 enkephalin
immunoreactive axonal endings.

The enkephalin immunoreactive axo-
nal endings that synapse on lamina V
TPN’s may originate from either intrin-
sic enkephalin-containing dorsal horn
neurons or those at more rostral levels of
the neuraxis (3, 15). Although recent
evidence has identified a population of
enkephalin-containing neurons in the
brainstem that project to the spinal cord,
three observations suggest that the end-
ings identified in this study originate, at
least in part, from intrinsic dorsal horn
neurons. (i) Studies of enkephalin con-
centrations after spinal cord transection
have shown only a small decrease, sug-
gesting that most of the enkephalin in the
cord originates from intrinsic neurons
(2). (ii) Both enkephalin-containing neu-
rons and projection neurons are found in
the same laminae of the dorsal horn so

Fig. 3. At the ultrastructural level, the retro-
gradely labeled neurons were examined in
semiserial sections. This line drawing repre-
sents a tracing of a photomontage reconstruc-
tion of a single ultrathin 400-A section drawn
at a final magnification of x24,000. The sec-
tion plane passes through the nucleus (N) of
the cell. Numerous retrogradely transported
HRP granules (drawn actual size) are dis-
persed in the cytoplasm. In this individual
section, eight enkephalin profiles surround
the neuron. The position of the enkephalin-
containing axonal ending illustrated in Fig. 2
is indicated by an arrow. Bar represents 10.0
pam.

that the axonal plexus of the enkephalin-
containing neurons are strategically situ-
ated to ramify within the area of the
projection neurons. (iii) Studies of dis-
persed spinal cord cell cultures have
demonstrated a population of neurons
that receive along their soma and proxi-
mal dendrites a dense plexus of enkepha-
lin-containing axonal endings that origi-
nate from enkephalin-containing neurons
in the dissociated cell culture (I6).

The presence of somatic enkephalin
synapses is consistent with observations
after the iontophoretic application of en-
kephalin onto lamina V neurons in the
dorsal horn. The response of the lamina
V neurons to both noxious and nonnox-
ious stimulation was inhibited by en-
kephalin (5). Enkephalin-containing axo-
nal endings on the cell soma are strategi-
cally situated to modulate the total re-
sponse repertoire of a neuron.

The observation that second-order
projection neurons are the recipients of
enkephalin-mediated input implies that
opiates play a role in the transmission of
nociceptive information from the periph-
ery to higher centers of the neuraxis by
directly modulating the response of
TPN’s in the dorsal horn to primary
afferent input. Moreover, the presence
of enkephalin-mediated synapses on pro-
jection neurons suggests that opiates act,
at least in part, on postsynaptic recep-
tors located on dorsal horn thalamic pro-
jection neurons.

M. A. Rupa
Neurobiology and Anesthesiology
Branch, National Institute of Dental
Research, National Institutes of
Health, Bethesda, Maryland 20205
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The Origin of Man: A Chromosomal Pictorial Legacy

Abstract. Man, gorilla, and chimpanzee likely shared an ancestor in whom the fine
genetic organization of chromosomes was similar to that of present man. A com-
parative analysis df high-resolution chromosomes from orangutan, gorilla, chim-
panzee, and man suggests that 18 of 23 pairs of chromosomes of modern man are
virtually identical to those of our “‘common hominoid ancestor,”” with the remaining
pairs slightly different. From this lineage, gorilla separated first, and three major
chromosomal rearrangements presumably occurred in a progenitor of chimpanzee
and man before the final divergence of these two species. A precursor of the
hominoid ancestor and orangutan is also assumed.

Comparisons of banded metaphase
chromosomes (320 to 500 bands per hap-
loid set) of man, chimpanzee, gorilla,
and orangutan have revealed a general
homology of chromosomal bands in the
four species and suggested a common
ancestor for chimpanzee, gorilla, and
man (I, 2). Using high-resolution G-
banded chromosomes from late pro-
phase (1000 bands. per haploid set) (3),
we can now accourt for every nonhet-
erochromatic G-positive and G-negative
band in the four primates. Furthermore,
by comparing chromosomes of humans,
apes, and some Old World monkeys, we
have been able to work backward in
evolution to suggest likely karyotypes
for three presumed common ancestors of
apes and man. This study was based on
the remarkable similarity of chromo-
somes of man, chimpanzee, gorilla, and
orangutan, the few changes needed to
explain their differences, and the use of
ancestral chromosomal patterns to de-
rive the general sequénce of events that
might have taken place in primate evolu-
tion prior to man’s emergence. Such an
approach suggests (i) the existence of a
precursor to orangutan and a hominoid
ancestor of gorilla, chimpanzee, and
man; (i) the emergence of the hominoid
ancestor; and (iii) the existence of a
progenitor of chimpanzee and man after
the divergence of gorilla.

Cultured lymphocytes from two male
and three female orangutans (Pongo pyg-
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maeus), one male and four female goril-
las (Gorilla gorilla), four male and five
female chimpanzees (Pan troglodytes),
and ten women and 21 men (Homo sapi-
ens) were examined by use of a high-
resoliition  chromosome-methotrexate
cell synchronization technique (3). To
test for equivalence between chromo-
somes and bands in the four species, we
photographed 20 relatively straight, G-
banded, late-prophase examples of each

chromosome from the four species

(x1600). The photographs were enlarged
twice and matched side by side for a
detailed analysis of reproducibility of
banding patterns, band thickness, and
staining intensity (Fig. 1). Additional
chromosome preparations were stained
with the C-banding technique (¢) to de-
termine to what extent the banding pat-
terns observed were related to hetero-
chromatin. Descriptions were simplified
by ascribing the new international hu-
man high-resolution chromosome no-
menclature (5) to the chromosomes of
the great apes. Occasionally, when a
question arose regarding chromosomal
ancestry of the four species, individual
chromosomes from more primitive spe-
cies were studied. These included two
male and two female rhesus monkeys
(Macaca mulatta) and one male baboon
(Papio papio). The results illustrate a
remarkable similarity in the banding pat-
terns of most chromosomes. Except for
differences in nongenic constitutive het-
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erochromatin (6), chromosomes 6, 13,
19,21, 22, and X appear to bé identical in
all four species; chromosomes 3, 11, 14,
15, 18, 20, and Y look the same in three
species; and chromosomes 1, 2p, 2q (7),
5, 7 to 10, 12, and 16 are alike in two
species (Figs. 1 and 2).

Most chromosomal differences in the
four species consist of inversions of
chromosomal segments and variations in
constitutive heterochromatin. The most
common inversions are of the pericentric
type, although a few are paraceritric.
Chromosomes 4, 5, 9, 12, 15, and 16 of
man and chimpanzee differ by a pericen-
tric inversion, whereas chromosome 7 of
chimpanzee and gorilla differ by a para-
centric inversion. Occasionally, both
peri- and paracentric inversions appear
to be involved, as shown by comparisons
of chromosome 16 of man and gorilla and
chromosomes 3 and 17 of man and
orangutan.

Differences in constitutive heterochro-
matin among the four species are caused
by (i) variations in amount for the centro-
meric and paracentromeric regions (par-
ticularly in chromosomes 1, 9, 16, and
the short arm of acrocentric chromo-
somes 13 to 15, 21, and 22) (6); (ii) the
presence of intercalary bands in chim-
panzee (added to subbands 7q22.2 and
13q14.2) and orangutan (additional to the
distal end of band 4q12); and (iii) differ-
ences in size of the Y chromosome,
which tend to obscure the basic homolo-
gy of the nonheterochromatic segment
(p11.32q11.23) in the four species (Fig.
2). In addition, telomeric or terminal
bands are found in approximately half of
all the chromosome arms from chimpan-
zee and in nearly all of those from goril-
la, but they are conspicuously absent in
chromosomes from man and orangutan
(Fig. 2). Polymorphic variations of het-
erochromatin were commonly found in
the four species and were particularly
dramatic in the telomere of the short arm
of gorilla chromosomes 2q, 13 to 15, and
18.

In addition to inversions and varia-
tions in heterochromatin, a few chromo-
somes of the four species showed recip-
rocal translocation (5; 17 in gorilla), band
insertion (terminal band 20p13 on centro-
meric band 8q11.2 in orangutan), differ-
ences in the number and position of
nucleolar organizers (8), and telomeric
fusion (chromosomes 2p and 2q, with
inactivation of the 2q centromere in man)
(I, 2). Humans have nucleolar organizers
on chromosomes 13 to 15, 21, and 22; in
chimpanzee, they are on chromosomes
13, 14, 18, 21, and 22; in gorilla on
chromosomes 13, 21, 22; and in orang-
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