0270-6474,/82/0207-0861$02.00/0
Copyright © Society for Neuroscience
Printed in U.S.A.

The Journal of Neuroscience
Vol. 2, No. 7, pp. 861-878
July 1982

IMMUNOCYTOCHEMICAL AND ULTRASTRUCTURAL
DIFFERENTIATION BETWEEN MET-ENKEPHALIN-,
LEU-ENKEPHALIN-, AND MET/LEU-ENKEPHALIN-
IMMUNOREACTIVE NEURONS OF FELINE GUT"

LARS-INGE LARSSON? anp KRISTIAN STENGAARD-PEDERSEN

Institute of Medical Biochemistry, University of Aarhus, DK-8000 Aarhus C, Denmark

Received November 18, 1981; Accepted January 15, 1982

Abstract

Selective immunocytochemical procedures, applied at the light and electron microscopical level,
have resulted in the identification of three types of enkephalin-immunoreactive nerves in the feline
gastrointestinal tract, including neurons containing either Met- or Leu-enkephalin immunoreactivity
or those simultaneously storing both Met- and Leu-enkephalin immunoreactants. The three different
types of enkephalin nerves show a similar distribution in the gut with the exception of the small
arteries which frequently appear to be innervated only by Met-enkephalin-immunoreactive termi-
nals. Electron microscopical identification using optimally fixed, osmicated, and contrasted tissue
revealed ultrastructural differences between the three types of nerve terminals. Thus, the terminals
contained variable proportions of large granular and large opaque p-type vesicles. Large granular
vesicles were associated predominantly with Met-enkephalin immunoreactants, whereas large
opaque vesicles were associated predominantly with Leu-enkephalin immunoreactants. It is pres-
ently impossible to decide whether the different p-type vesicles reflect a continuous processing of a
precursor contained within them or whether they are truly different in peptide content. Thus,
granular vesicles had cores of either high or medium electron density. Medium electron-dense
granular vesicles were sometimes difficult to distinguish from large opaque vesicles, suggesting the
existence of possible transitional forms. All types of enkephalin terminals also contained small clear
(“cholinergic-like”) vesicles which were not immunoreactive to enkephalins. These data indicate
that multiple enkephalin precursors/enkephalin-containing peptides occur in the gut or, alternatively
or additionally, that a common Met/Leu-enkephalin precursor is processed differently in different

neurons.

Leu- and Met-enkephalin are a pair of opioid penta-
peptides first isolated from the brain and subsequently
shown to be present in many other organs, including the
gastrointestinal tract and adrenal glands. Immunological
differentiation between the two pentapeptides has been
troublesome since they differ only in that their COOH-
terminal amino acid is either leucine or methionine.
Moreover, many other molecules are known to contain
the enkephalin sequence. Thus, B-lipotropin (8-LPH),
B-endorphin (8-LPH-(61-91)), peptides E, F, and I, BAM
22P, and several others are known to contain the se-
quence of Met-enkephalin, whereas a-neoendorphin,
peptides E and I, and dynorphin contain the Leu-en-
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kephalin sequence (for review, see Rossier, 1981). Thus,
peptides E and I contain both Met- and Leu-enkephalin
(peptide E = peptide 1-(15-39)) (Rossier, 1981). Peptide
I is currently believed to form part of an even larger
(>50,000) precursor molecule, containing six or seven
copies of the Met-enkephalin sequence and one copy of
the Leu-enkephalin sequence (Jones et al., 1980, Kimura
et al., 1980). Since the sequences of dynorphin (Goldstein
et al,, 1979) and a-neoendorphin (Kangawa et al., 1979)
differ, at most, one of them may occur in the above-
mentioned precursor. This indicates that at least one
more Leu-enkephalin precursor exists.

The available evidence indicates that 8-endorphin does
not function as a precursor to Met-enkephalin (Rossier,
1981). It is quite possible that some of the other peptides
to which we referred above are not simple enkephalin
precursors but represent messenger molecules in their
own right.
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So far, only one report has appeared where immuno-
cytochemical differentiation between Leu- and Met-en-
kephalin immunoreactants has been achieved (Larsson
et al., 1979). Using improved immunocytochemical pro-
cedures at the light and electron microscopical level,
together with model-staining techniques, we now report
on the occurrence of three types of enkephalin-immu-
noreactive nerves in the feline gut, including nerves con-
taining either Leu- or Met-enkephalin immunoreactants
as well as nerves containing both types of immunoreac-
tants. The ultrastructural properties of the nerves have
been identified in optimally fixed, osmicated, and con-
trasted ultrathin sections. Our results may suggest either
that the proteolytic processing of a common large Leu/
Met-enkephalin precursor may differ between individual
neurons or that multiple enkephalin precursors or en-
kephalin-containing peptides occur and show a differen-
tiated distribution in the body.

Materials and Methods

Tissue material

Young and adult cats (body weight, 500 gm to 3 kg) of
either sex were anesthetized with chloralose/Mebumal
Sodium and were perfused intracardially with saline,
followed by fixative. For light microscopy, 4% paraform-
aldehyde in 0.1 M sodium phosphate buffer, pH 7.3, was
employed and for electron microscopy, a mixture of 2%
paraformaldehyde and 3% glutaraldehyde in the same
buffer was used. Specimens from the gastrointestinal
tract were postfixed in the same fixative for 24 hr (light
microscopy) or 30 min (electron microscopy) at 4°C.
Specimens for light microscopy then were rinsed in 20%
sucrose in 0.1 M sodium phosphate buffer, pH 7.3, over-
night and frozen in melting Freon 22 for cryostat section-
ing. Specimens for electron microscopy were rinsed in 0.1
M sodium cacodylate buffer, pH 7.3, postfixed in 1%
osmium tetroxide, dehydrated, and embedded in Epon
812 over propylene oxide (polymerization at 45°C). Epon
sections were cut on an LKB Ultrotome III. Adjacent
ultrathin sections were cut so that sections 1 and 3 were
mounted on glass slides for immunocytochemical staining
for either Met- or Leu-enkephalin immunoreactivity,
whereas section 2 was mounted on a copper grid and
conventionally contrasted (uranyl acetate/lead citrate)
for electron microscopical identification of the immuno-
reactive structures detected in sections 1 and 3. Electron
microscopy was done with a JEOL 100C electron micro-
scope. In addition, whole mount preparations from cat
gastric muscle wall were prepared. Stomach strips from
formaldehyde-perfused cats were postfixed in 4% para-
formaldehyde for 24 to 48 hr, dehydrated in graded
ethanols and xylene, and rehydrated. The mucosa, sub-
mucosa, inner circular muscle layer, and outer longitu-
dinal muscle layer (the latter together with the myenteric
plexus) were separated with forceps (Costa et al., 1979).
The sheets were stained with enkephalin antisera by
procedures described below.

Antisera

The antisera included rabbit antisera against Leu-en-
kephalin (L. and SM) coupled with carbodi-imide or
glutaraldehyde to bovine serum albumin or keyhole lim-
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pet hemocyanin as well as rabbit antisera to Met-en-
kephalin (M12, M14, and KA;) similarly conjugated. The
production and evaluation of these antisera have been
detailed elsewhere (Childers et al., 1977; Larsson et al.,
1979; Larsson and Stengaard-Pedersen, 1981). All anti-
sera were pretreated with an excess of the conjugating
protein prior to use. Antisera Lo, M12, and M14 were
kindly donated by Drs. S. Childers and S. H. Snyder
(Department of Pharmacology and Experimental Ther-
apeutics, Johns Hopkins Medical School, Baltimore,
MD).

Antisera characterization

The specificities of the antisera were analyzed in two
ways.

Model-staining experiments. Model-staining experi-
ments, including the immobilization of various concen-
trations of different Met- and Leu-enkephalin congeners
on strips of Whatman No. 1 filter papers, were performed
as described previously (Larsson, 1981a). The paper
models were fixed with paraformaldehyde vapors and
were stained immunocytochemically by procedures iden-
tical to those used for tissue sections. The peptides
immobilized included: synthetic Met- and Leu-enkepha-
lin, B-endorphin, y-endorphin, B-LPH-(61-69), dynor-
phin-(1-13), a-neoendorphin, Met-enkephalin-Arg®-Phe’,
gastrin-17, ACTH-(1-39), ACTH-(1-24), ACTH-(18-39),
a-melanocyte-stimulating hormone (a-MSH), and highly
purified (99% pure) porcine cholecystokinin-33 (CCK-33).
All peptides were obtained from Peninsula Laboratories,
San Carlos, CA, except CCK-33, which was a kind gift
from Professor V. Mutt (Department of Biochemistry,
Karolinska Institutet, Stockholm, Sweden) and synthetic
human gastrin-17, which was kindly donated by Dr. J.
Morley (ICI, Alderley Park, England).

Absorption controls. Absorption controls, including
the pretreatment of the antisera with the above peptides,
covalently coupled to Sepharose 4B beads (Larsson et
al., 1979), also were used. Such solid phase absorptions
were carried out with peptide concentrations up to 200
pg/ml of diluted antiserum.

Immunocytochemical staining

Epon sections were deplasticized in saturated KOH in
ethanol, post-treated with 1% periodic acid in distilled
water for 7 min, and rinsed in distilled water (details
summarized in Larsson, 1981b). Cryostat sections cut at
4 pm, the deplasticized and deosmicated Epon sections,
and the paper models were all soaked in Tris-buffered
saline (TBS), pH 7.4, containing 1% Triton X-100 for 30
min, exposed to a 1% solution of human serum albumin
in TBS for 30 min, and after a brief rinse, exposed to
varying dilutions of the antisera for 20 hr at 4°C, followed
by 2 hr of re-equilibration at room temperature. The site
of the antigen-antibody reaction was revealed either by
the peroxidase-antiperoxidase (PAP) method of Stern-
berger (1979) (in which case, the optimal dilutions of the
primary antibodies were: L., 1:800; KA; 1:1000; M14,
1:800; and SM, 1:600) or by indirect immunofluorescence
using fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit IgG (SBL, Stockholm, Sweden; optimal dilu-
tions: L, 1:100; KA;, 1:200; M14, 1:200; and SM, 1:200).
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Immunofluorescence preparations were examined in a
Zeiss standard 18 microscope employing epi-illumination
with a xenon XBO 75 lamp and selective interference
filters to produce exciting light of 490 nm. PAP prepa-
rations were developed either with the diaminobenzidine
(DAB) technique (Sternberger, 1979) or, when restaining
was desired, with 3-amino-9-ethylcarbazole (Graham et
al., 1965).

Immunocytochemical double staining

Two variations of double staining were employed.

Mixed PAP/indirect immunofluorescence (Larsson et
al., 1979). The preparations were first stained with one
of the antisera using the PAP procedure and develop-
ment with DAB. Subsequently, antibodies, but not the
DAB reaction product, were removed by the elution
procedure of Tramu et al. (1978). Following rinsing, the
sections were checked for remaining immunoglobulins by
application of FITC-labeled anti-rabbit IgG and, if neg-
ative, were restained with another primary antiserum
and indirect immunofluorescence. This method has been
detailed previously (Larsson et al., 1979; Larsson, 1981b).
If two immunoreactive peptides are present in different
nerves, it produces a very clear picture of the inter-
relationships of the immunoreactive structures. If, how-
ever, there is a total or partial overlap between the two
Immunoreactive structures, it is essential also to use
sequential staining.

Sequential PAP staining. Sections were first stained
with one of the primary antisera using the PAP method
and development with 3-amino-9-ethylcarbazole (Gra-
ham et al, 1965). After photography, antibodies and
peroxidase reaction product were eluted using the
method of Tramu et al. (1978), followed by a dehydration-
rehydration sequence in graded ethanols to assure com-
plete removal of all reaction product. Subsequently, the
specimens were checked for remaining immunoglobulins
by exposure to anti-rabbit IgG and PAP complexes and
3-amino-9-ethylcarbazole development. If negative, they
then were restained with another primary antiserum,
exposed to the PAP sequence, and developed in 3-amino-
9-ethylcarbazole, and the previously photographed areas
were rephotographed.

Controls

Controls included both specificity and staining controls
(Sternberger, 1979; Larsson, 1981b). The specificity con-
trols were carried out using the peptides listed in Table
I covalently coupled to cyanogen bromide-activated
Sepharose 4B beads as immunosorbents. Staining con-
trols included the use of sequential deletions of the
various antibody layers as well as the substitution of the
primary antisera for other unrelated hyperimmune sera
(gastrin antiserum 4562 and somatostatin antiserum
R213/3) as well as nonimmune and preimmune sera.

Ultrastructural immunocytochemistry

Ultrathin sections were collected on unsupported 200
mesh nickel grids, etched for 5 to 25 min in 10% H,0,,
pretreated as described for the light microscopical spec-
imens, and exposed to the different antibodies (in dilu-
tions of 1:500 to 1:50,000) for 24 hr at 4°C. The site of the
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antigen-antibody reaction was revealed either by
(1) the PAP method of Sternberger (1979), including
postosmication but no contrasting; (2) the gold-labeled
antigen detection (GLAD) method (Larsson, 1979,
1981b), using 12- or 18-nm colloidal gold granules coated
with Leu- or Met-enkephalin conjugated to bovine serum
albumin by glutaraldehyde or carbodi-imide as described
previously (Larsson, 1979, 1981b); or (3) the protein A-
colloidal gold technique, using protein A-coated 18-nm
colloidal gold granules prepared as described by Roth et
al. (1978). With the methods employing colloidal gold
granules, sections were contrasted in lead citrate and
uranyl acetate after immunocytochemical staining.

Results

Susceptibility of enkephalins to oxidation and
degradation

Antisera that had been inactivated by the addition of
surplus amounts of enkephalins did not stay inactivated
when stored at 4°C. Presumably this was caused by slow
proteolytic degradation of the peptide by the serum since
the “reactivation” of the antisera could be stopped by
the addition of the protease inhibitor bacitracin (100 ug/
ml of diluted antiserum). Bacitracin alone did not inac-
tivate the antisera even when added in large quantities.
We speculated whether the proteases present in the
antisera also could degrade enkephalins present in tissue
sections and, as previously reported (Larsson and Sten-
gaard-Pedersen, 1981), found that the addition of baci-
tracin to the antisera used for staining improved the titer
of the antisera without in any way qualitatively changing
the outcome of the staining. As a consequence, antisera
fortified with 100 ug/ml of bacitracin were used. More-
over, absorption (inactivation) controls were always per-
formed with the antigen coupled to a solid support (Seph-
arose 4B beads) and using bacitracin-pretreated antisera.

The methionine residue of Met-enkephalin is suscep-
tible to oxidation and this has been exploited previously
for differentiating between Met- and Leu-enkephalin in
radioreceptor assays, radioimmunoassays, and immuno-
cytochemistry (cf., Larsson et al., 1979). Many antisera,
like the L; antibody used by us, are unable to detect Met-
enkephalin when oxidized. Thus, if no oxidation is un-
dertaken, antibody L. reacts with both Leu- and Met-
enkephalin. However, if Met-enkephalin is preoxidized,
antibody L. is unable to react with it. We have used the
oxidation-L; sequence previously for selectively demon-
strating Leu-enkephalin-like immunoreactivity (Larsson
et al,, 1979). The availability of antibody SM, which,
when preabsorbed against an excess of Met-enkephalin,
detects only Leu-enkephalin immunoreactivity (vide in-
fra), has corroborated the applicability of the oxidation-
L. sequence.

Due attention must be paid to oxidation when tissue
sections are stained. Thus, both the elution method
employed for removing antibodies, when using double
staining techniques, and the hydrogen peroxide or pe-
riodic acid treatments of Epon sections may oxidize the
methionine residue of Met-enkephalin. Interestingly, in
our model-staining experiments, we found that, although
both of these pretreatments make Met-enkephalin un-
detectable by antibody L., other enkephalin antisera are
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less dependent upon the presence of an unoxidized me-
thionine. Thus, antisera M14 and KA; reacted also with
oxidized Met-enkephalin. This may be related to the fact
that no specific precautions were taken against sponta-
neous oxidation of Met-enkephalin during the immuni-
zation schedule. The animals may, therefore, have been
immunized with a mixture of oxidized and unoxidized
Met-enkephalin and may have produced antibodies
against both derivatives. Alternatively, although these
latter antibodies evidently require the presence of a
COOH-terminal methionine, they may be unable to dif-
ferentiate between its oxidized and reduced form.

The susceptibility of Met-enkephalin to oxidation has
two important implications for enkephalin immunocyto-
chemistry: (1) spontaneous oxidation of Met-enkephalin
in tissue sections and cytochemical models must be
avoided (e.g., by always staining fresh specimens) and (2)
the effects of “intentional” oxidation (induced, e.g., by
H.0, or by KMnO,/H;SQ, pretreatment) on the ability
of different antisera to react with different Met-enkeph-
alin congeners must be tested in cytochemical models.
Moreover, when double staining and sequential staining
of enkephalins are attempted, it is of course essential to
use a sequence of antisera so that the necessary oxidative
removal of antibodies does not interfere with subsequent
enkephalin immunocytochemistry. Although alternative,
presumably nonoxidative, procedures for antibody re-
moval exist, these are, according to our experiences, not
efficient enough to remove high avidity antibodies (cf.,
Larsson, 1981b).

Antibody characterization

The results are illustrated in Table I and show that
Leu-enkephalin-preabsorbed antiserum M14 detected
only Met-enkephalin and not Leu-enkephalin, dynor-
phin-(1-13), a-neoendorphin, or the COOH-terminally
elongated Met-enkephalin congeners, Met-enkephalin-
Arg®-Phe’, y-endorphin, -endorphin, 8-LPH-(61-69), or
other unrelated peptides. When unabsorbed, the antise-
rum reacted with both Met- and Leu-enkephalin, dynor-
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phin-(1-13), a-neoendorphin, and Met-enkephalin-Arg®-
Phe’. Antiserum KAj; when used unabsorbed, reacted
with the same peptides and, in addition, also reacted with
a-, 8-, and y-endorphins. When preabsorbed against Leu-
enkephalin, this antibody only reacted with Met-enkeph-
alin and the a-, 8-, and y-endorphins. When preabsorbed
against dynorphin-(1-13), both antisera M14 and KA;
were still able to react with Leu-enkephalin and Met-
enkephalin but not with the other peptides tested. Anti-
body SM reacted with both Met- and Leu-enkephalin,
dynorphin-(1-13), and a-neoendorphin. After preabsorp-
tion against Met-enkephalin, antibody SM reacted exclu-
sively with Leu-enkephalin, dynorphin-(1-13), and «-
neoendorphin. Antibody L. displayed the same reactivity
pattern as antibody SM when used unabsorbed. How-
ever, when used after absorption against either Leu-en-
kephalin, Met-enkephalin, or dynorphin-(1-13), antibody
L. failed to react with any of the peptides tested. After
oxidative pretreatment, as already reported, antibody L,
failed to react with Met-enkephalin but still reacted with
the Leu-enkephalin congeners tested.

These results were reproduced exactly at the level of
tissue sections using preoxidation and/or antisera preab-
sorbed with all peptides listed in Table I. For these
reasons, we used Leu-enkephalin-preabsorbed antisera
M14 and KA; for the detection of Met-enkephalin-like
immunoreactivity, dynorphin-preabsorbed antiserum
KA; for detecting Met- and Leu-enkephalin immuno-
reactivity, without detecting COOH-terminally elongated
Met/Leu-enkephalin congeners, and Met-enkephalin-
preabsorbed antiserum SM, as well as the oxidation-L,
sequence for detecting Leu-enkephalin immunoreactivity
(including dynorphin- and a-neoendorphin-like immu-
noreactivity).

Distribution of enkephalin immunoreactants
in feline gut
The Met-enkephalin-directed antibodies (Leu-enkeph-
alin-preabsorbed antisera KA; and M14) detected more
nerve profiles than did the Leu-enkephalin-directed anti-

TABLE 1
Immunocytochemical specificities of enkephalin antisera as determined by model-staining experiments and by absorption controls
Antisera
Peptides kae KA KA, KA, KA, a0 M4 M4 MU o % L L L . SM SM
T4+ +2 +4 +9 +1 +2 +4 2 Le T1 +2 +9 SM™ LY 42
1. Met-enkephalin +¢ - + + + + - + + o+ = = = - o+ - -
2. Leu-enkephalin + - - + + + - - + + + - - - + + -
3. Met-enkephalin-Arg®-Phe’ + - - - - + - -+ = - - - -
4. B-Endorphin + - + - - - - - — — - - - _ _ _
5. B-Endorphin-(61-69) (+) - - - — - - — - - - - - - - - -
6. a-Endorphin + - + - - — - - - - - - - - _ _ _
7. y-Endorphin + - + - - - - - — - - - - - _ _ _
8. a-Neoendorphin + - - n.t - + - - + + + - - - + + -
9. Dynorphin-(1-13) + - - n.t - + - - + + + - - - + + -
10. Others® - - - - - - - - — - - - - - — _ _

¢ Unpretreated antisera.

b Antiserum designation followed by a number x designates antiserum preabsorbed with peptide number x. Thus, KA; + 1 designates antiserum
KA; preabsorbed with Met-enkephalin, KA; + 2, preabsorbed with Leu-enkephalin, etc.

¢ Oxidation-L, sequence.

4 4+ denotes a positive reaction, (+) indicates a weak reaction, and — shows an absence of reaction with the peptide tested in the cytochemical
model systems. Absorption controls performed on tissue gave equivalent results. n.t., not tested.
¢ Others include ACTH-(1-39), ACTH-(1-24), ACTH-(18-39), a-MSH, CCK-33, and gastrin-17.
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bodies (Met-enkephalin-preabsorbed antiserum SM and
the oxidation-L. sequence, vide supra). Although differ-
ing in frequency, the Leu- and Met-enkephalin-immu-
noreactive nerves were distributed very similarly in the
cat gut and only one major anatomical discrepancy was
noted. This discrepancy involves blood vessels (mainly
small sized arteries), which were moderately well sup-
plied with Met-enkephalin-immunoreactive nerve ter-
minals but which contained very few or no Leu-enkeph-
alin-immunoreactive terminals (Fig. 1), indicating an in-
nervation of the blood vessels. Additionally, small tran-
sected bundles of both Leu- and Met-enkephalin-immu-
noreactive nerves were detected in the vascular adven-
titia, clearly separated from the tunica media. The latter
bundles probably represent nerve fibers entering (or leav-
ing) the gut wall. The bundles also contained variable
numbers of nonimmunoreactive axons.

Apart from the vascular nerves, the Leu- and Met-
enkephalin-immunoreactive nerves showed similar dis-
tributions, as they were most numerous in the external
muscle coat of all gut regions (Fig. 2). Immunoreactive
nerve cell bodies were detected with all antisera in both
the myenteric and submucous plexuses. They were much
more numerous in the former location and seemed par-
ticularly frequent in the upper part of the gut (Fig. 2).
Both nervous plexuses also received numerous, beaded
enkephalin-immunoreactive terminals. In the small in-
testines, the inner, circular muscle layer also contained
numerous bundles and individual fibers displaying Leu-
or Met-enkephalin immunoreactivity, whereas the outer,
longitudinal muscle layer contained few such nerves.
Also, in all divisions of the stomach and the colon, the
external muscle coat and nervous plexuses were richly
endowed with enkephalin-immunoreactive nerves (Fig.
3).

Occasional blood vessels traversing the muscle coat
carried with them enkephalin-immunoreactive nerves
(Figs. 1 and 3). Again, nerves occurring at the zone
between the media and adventitia were mainly of the
Met-enkephalin-immunoreactive variety, whereas nerves
occurring within the adventitia or more loosely associ-
ated with the vessels belonged to either variety. At the
juxtasubmucosal face of the inner circular muscle layer,
enkephalin nerves of both varieties were often very nu-
merous and made up a small plexus one to three muscle
cells away from the submucosa.

In the submucosa, both Leu- and Met-enkephalin
nerves and cell bodies were less numerous and were
associated mainly with the plexus of Meissner. The lam-
ina muscularis mucosae received a moderate number of
Leu- and Met-enkephalin nerves. The nerves were very
sparse or absent from the lamina propria mucosae. Scat-
tered endocrine-like cells of the gastrointestinal epithe-
lium displayed enkephalin immunoreactivity. These have
been described and analyzed in detail previously (Larsson
and Stengaard-Pedersen, 1981).

Immunocytochemical double staining

Sections were stained for both the simultaneous and
sequential detection of Leu- and Met-enkephalin-immu-
noreactive nerves. For simultaneous demonstration, we
stained first for either Leu- or Met-enkephalin using the
PAP method and, after antibody elution, for the remain-
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ing enkephalin using indirect immunofluorescence (cf.,
“Materials and Methods”). When staining for Met-en-
kephalin with the PAP method (using Leu-enkephalin-
preabsorbed antisera KA; or M14) was followed by im-
munofluorescence for Leu-enkephalin (using Met-en-
kephalin-preabsorbed antiserum SM or the oxidation-Ls
sequence), it was possible to detect numerous immuno-
fluorescent nerves (and cell bodies) that were devoid of
PAP reaction product. Thus, these nerves were Leu-
enkephalin-immunoreactive but had not reacted for Met-
enkephalin (in the preceding PAP sequence) (Fig. 4).
This result leads us to conclude, in agreement with a
previous report (Larsson et al., 1979), that the feline gut
contains Leu-enkephalin-immunoreactive nerves that
are devoid of detectable Met-enkephalin immunoreactiv-
ity. Parallel sections were first stained for Leu-enkephalin
(Met-enkephalin-preabsorbed antiserum SM), using the
PAP method and subsequently for Met-enkephalin im-
munoreactivity, using indirect immunofluorescence
(Leu-enkephalin-preabsorbed antisera M14 or KA3). Nu-
merous Met-enkephalin immunofluorescent nerves, de-
void of PAP reaction product, were detected (Fig. 5).

These experiments lead us to conclude that the feline
gut contains (1) Leu-enkephalin-immunoreactive nerves
that are devoid of Met-enkephalin immunoreactivity and
(2) Met-enkephalin-immunoreactive nerves devoid of
Leu-enkephalin immunoreactivity. This staining pattern
was detected in both nerve cell bodies and in beaded,
terminal-like portions of the axons.

Since the PAP reaction product effectively quenches
subsequent immunofluorescence of the same structures
(but not of neighboring structures as demonstrated in
Figs. 4 and 5), it was quite possible that some nerves that
contained both Met- and Leu-enkephalin would escape
detection since they would already be PAP positive in
the first step of the double staining procedure. Careful
quantitative comparisons indicated, in fact, that this
could be the case since the total number of exclusively
Leu-enkephalin-immunoreactive nerves plus exclusively
Met-enkephalin-immunoreactive nerves was lower than
the total number of enkephalin-immunoreactive nerves.

We therefore supplemented our double staining data
with the use of sequential staining. In this procedure,
one antigen is first visualized by the PAP procedure and
the peroxidase activity is demonstrated by a reagent (3-
amino-9-ethylcarbazole), giving an ethanol-soluble reac-
tion product. After photography, both antibodies and
reaction product are removed (cf., “Materials and Meth-
ods”) and the second antigen can be demonstrated with-
out the interference of the pre-existing stain (Fig. 6). Use
of this procedure confirmed our above suspicions and
documented that three types of enkephalin-immunoreac-
tive nerves occurred in the feline gut: (I) exclusively Leu-
enkephalin-immunoreactive nerves, (2) exclusively Met-
enkephalin-immunoreactive nerves, and (3) nerves dis-
playing both Leu- and Met-enkephalin immunoreactiv-
ity.

Ultrastructural identification of enkephalinergic
nerve terminals

In order to be useful for subsequent and independent
ultramorphological studies, ultrastructural identification
of peptidergic nerve terminals requires the use of opti-
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mally fixed, osmicated, and contrasted specimens. En-
kephalin-immunoreactive nerve terminals were identi-
fied using several independent techniques.

Adjacent ultrathin section technique. A series of three
ultrathin sections were cut. Since the diameter of the
enkephalin terminals averaged 0.5 to 2 pm, these sections
all contained parts of the same terminals cut in series.
The first and last sections were mounted on glass slides
and immunocytochemically stained for Leu-enkephalin
(using Met-enkephalin-preabsorbed antiserum SM or the
oxidation-L; sequence) and for Met-enkephalin immu-
noreactivity (using Leu-enkephalin-preabsorbed antisera
M14 or KAj), respectively. The middle ultrathin section
was mounted on a copper grid and conventionally con-
trasted. The immunoreactive structures in the first and
last section were photographed and were all identified in
the intervening section in the electron microscope. Figure
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7 shows an example of such an experiment. Two of the
serially cut nerve terminals show immunofluorescence
for both Leu- (section 1) and Met-enkephalin (section 3),
whereas the remaining terminals are either Leu- or Met-
enkephalin immunoreactive. All terminals can be iden-
tified in the electron micrograph of the middle section.
Nerve terminals displaying exclusively Met-enkephalin
immunoreactivity contain small agranular (“cholinergic-
like”) vesicles as well as larger granular vesicles (diame-
ter, 100 to 183 nm). The larger vesicles contain an elec-
tron-dense core surrounded by a well defined clear halo
and a membrane (Figs. 7 and 8). Nerve terminals dis-
playing exclusively Leu-enkephalin immunoreactivity
contain similar small agranular vesicles as well as larger
opaque vesicles, with a granular/filamentous content of
medium electron density (diameter, 140 to 230 nm). The
latter granules are devoid of a wide halo and the mem-

Figure 2. Cat duodenum, immunocytochemically stained for Met- and Leu-enkephalin (unpretreated antiserum KA, indirect
immunofluorescence). Note the occurrence of numerous terminals and cell bodies in the myenteric plexus and of numerous single
fibers and bundles in the circular muscle layer (CM). The submucosa (SM), longitudinal muscle layer (LM), and serosal layer
(S) contain much fewer enkephalin nerves. Magnification X 310.

Figure 1. Cat antrum (a, ¢, and f) and duodenum (b, d, and e). Immunocytochemical staining for Met- and Leu-enkephalin
immunoreactivity reveals numerous cell bodies and fibers in and around the myenteric plexus of the antrum (a; antibody KA,,
PAP technique) and duodenum (&; antibody KA, indirect immunofluorescence). The vessels in the serosal (S) lining of the
stomach (c) and penetrating the external muscle (EM) wall of the stomach (f) or duodenum (d and e) on their way to the
submucosa (SM) are moderately well supplied with Met-enkephalin-immunoreactive fibers (Leu-enkephalin-preabsorbed anti-
serum KA,, PAP technique in ¢ and f; same antiserum, indirect immunofluorescence in e). Leu-enkephalin (LE)-immunoreactive
fibers are rarely found associated with such vessels (d; Met-enkephalin-preabsorbed antiserum SM, indirect immunofluorescence)
but elsewhere seem to follow the pattern of the Met-enkephalin (ME )-immunoreactive fibers (compare d and e). Note that the
Met-enkephalin-immunoreactive fibers occur at the zone of junction between the vascular adventitia and media (arrows in ¢) and
that veins (V) generally are not innervated. Leu- and Met-enkephalin fibers are more scarce in the submucosa (SM) and around
the lamina muscularis mucosa (MM in f). As discussed in the text, scattered endocrine (gastrin) cells, immunoreactive with the
KA; antiserum occur in the mucosa (M in f). Magnification: @ and &, X 360; ¢, X 540; d and e, X 80; f, % 200.
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Figure 3. Whole mount preparations of cat stomach myenteric plexus—longitudinal muscle layer (a) and inner, circular muscle
layer (b) stained with Met-enkephalin antibody KAs (PAP method). Note the presence of numerous beaded enkephalin nerve
terminals in both ganglionic parts and interconnecting strands (stars) of the myenteric plexus. The ganglia also contain a fair
number of enkephalin-immunoreactive nerve cell bodies. Only a few enkephalin fibers are detected in the external longitudinal
muscle layer. In b, numerous enkephalin fibers surround a blood vessel (arrows) passing through the muscle layer. Note that the
inner circular muscle is well supplied with enkephalin fibers running in parallel with the smooth muscle bundles. Magnification:
a, X 150; b, x 120.
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Figure 4. Simultaneous demonstration of Leu-enkephalin (LE)- and Met-enkephalin (ME)-immunoreactive nerve cell bodies
and terminals in the cat corpus-fundus region of the gastric muscle wall. This section was first stained for Met-enkephalin
immunoreactivity using Leu-enkephalin-preabsorbed antiserum M14 and the PAP method (¢). Subsequently, antibodies, but not
the peroxidase reaction product, were eluted and the section was stained for Leu-enkephalin using the oxidation-L; sequence and
indirect immunofluorescence (a). In the section photographed in fluorescent light and phase contrast (&), it is easy to see that the
immunofluorescence and the PAP reaction product reside in separate nerve cell bodies (arrows) and terminals. By comparing a
and b with ¢, it is also evident that the Leu-enkephalin immunofluorescent cells and terminals are devoid of PAP reaction product
and, hence, of immunocytochemically detectable Met-enkephalin. Thus, from experiments such as this, we conclude that the gut
contains Leu-enkephalin-immunoreactive nerves that are not Met-enkephalin immunoreactive. Magnification x 580.
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Figure 5. Cat duodenum stained for simultaneous visualization of Leu-enkephalin (LE) and Met-enkephalin (ME) immuno-
reactivity by procedures identical to those described in Figure 4. In this experiment, however, we stained first for Leu-enkephalin
by the PAP procedure (Met-enkephalin-preabsorbed antiserum SM) and, after antibody elution, for Met-enkephalin using
indirect immunofluorescence (Leu-enkephalin-preabsorbed antiserum M14). Note that, in this sequence, which is the reverse of
that used in Figure 4, numerous Met-enkephalin immunofluorescent nerve fibers are devoid of PAP reaction product (arrows)
and, hence, of detectable Leu-enkephalin immunoreactivity. Thus, from results such as this, we conclude that the gut contains
Met-enkephalin-immunoreactive fibers that are not Leu-enkephalin immunoreactive. Magnification X 110.

brane is often indistinct and sometimes appears disrupted
(Figs. 7 and 8).

Interestingly, the terminals displaying both Leu- and
Met-enkephalin immunoreactivity contained a mixture
of granular vesicles, resembling those seen in exclusively
Met-enkephalin-immunoreactive terminals, and opaque
vesicles, resembling those seen in exclusively Leu-en-
kephalin-immunoreactive terminals. In addition, the lat-
ter, “mixed” terminals also contained numerous small
agranular vesicles. In all types of terminals, the latter
vesicles often occupied a distinct pole of the terminal.

Immunocytochemical staining on grids. We were con-
cerned with sectioning artifacts in the above identifica-
tion procedures since, apparently, the distribution of the
various vesicle subtypes was not random in the terminals.
Therefore, our data were substantiated by direct immu-
nocytochemical staining on grids.

Use of the PAP procedure of Sternberger (1979) con-
firmed the presence of both reactive and unreactive
larger vesicles in nerve terminals stained for either Met-
or Leu-enkephalin. Unfortunately, the contrast of the
specimens was too low to allow ready distinction between
the different subtypes of larger (granular/opaque) vesi-
cles (Fig. 8).

Use of colloidal gold techniques (the GLAD procedure

as well as the protein A-colloidal gold procedure) allowed,
however, contrasting of the immunocytochemically
stained specimens and thereby distinction between the
vesicle subtypes (Figs. 8 and 9). The results confirmed
that the large granular vesicles were associated with Met-
enkephalin immunoreactivity and that the large opaque
vesicles were associated with Leu-enkephalin immuno-
reactivity. In terminals containing both large opaque
vesicles and large granular vesicles, some labeling for
Met-enkephalin also was seen occasionally over the for-
mer vesicles. The colloidal gold techniques also permitted
further subdivision of the large granular vesicles. Thus,
in some of these vesicles, the core was highly electron
dense. Such electron-dense granular vesicles varied in
their stainability with Met-enkephalin antisera from
completely negative to strongly stained. A second sub-
class of granular vesicles had a core of medium electron
density and these vesicles were invariably strongly
stained with Met-enkephalin antisera. Occasionally,
these vesicles also reacted weakly with Leu-enkephalin
antisera. Since such vesicles sometimes were difficult to
distinguish clearly from the large opaque vesicles in
etched and immunocytochemically stained sections, we
are at present hesitant in making a distinct subdivision
of Leu- and Met-enkephalin-immunoreactive vesicles on
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Figure 6. Cat antropyloric region of stomach stained for sequential visualization of Met-enkephalin (ME) and Leu-enkephalin
(LE). The section was first stained for Met-enkephalin (a; Leu-enkephalin-preabsorbed antiserum M14, PAP method, 3-amino-
9-ethylcarbazole development) and photographed. Subsequently, all antibodies and all peroxidase reaction product were removed,
the completeness of the elution was checked as described in the text, and the section was restained for Leu-enkephalin
immunoreactivity (b; Met-enkephalin-preabsorbed antiserum SM, PAP method). By carefully comparing the two pictures, it can
be seen that many nerve profiles contain both Met- and Leu-enkephalin immunoreactivity but also that some regions of the
myenteric plexus (such as those indicated with the numbers 1, 2, and 4 and the asterisk) contain Met-enkephalin-immunoreactive,
but Leu-enkephalin-unreactive, terminals and that others (such as the region indicated by 3) contain terminals that are Leu-
enkephalin immunoreactive, but Met-enkephalin unreactive. Results like this allow us to conclude that the feline gut contains at
least three types of enkephalin-immunoreactive nerves, including those exclusively Met-enkephalin immunoreactive (as in areas
1, 2, 4, and asterisk), those exclusively Leu-enkephalin immunoreactive (as in area 3), and those immunoreactive for both Met-
and Leu-enkephalin. The reader may wish to make comparisons in the muscle coat outside of the myenteric plexus, where all
three types of terminals also can be seen. Magnification x 350.
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LE

Figure 7. Three adjacent ultrathin sections of cat antropyloric gastric muscle wall. Section 1 (a) was stained for Leu-enkephalin
(LE) immunoreactivity (Met-enkephalin-preabsorbed antiserum SM, indirect immunofluorescence) and section 3 () was stained
for Met-enkephalin (ME) immunoreactivity (Leu-enkephalin-preabsorbed antiserurn M14, indirect immunofluorescence). The
intervening section 2 (¢) was examined in the electron microscope and the immunofluorescent terminals in sections 1 and 3 were
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ultrastructural grounds only (Fig. 9). Labeling for either
Met- or Leu-enkephalin was never present over the small,
clear vesicles or over other types of terminals. Absorp-
tions of the antisera with the corresponding peptide
completely abolished labeling. Occasionally, mixed Met/
Leu-enkephalin-immunoreactive terminals were seen to
make synaptic contacts with nonimmunoreactive nerve
cell bodies of the myenteric plexus (Fig. 9).

To summarize, the above data indicate that exclusively
Met-enkephalin-immunoreactive terminals contain small
agranular vesicles, devoid of detectable enkephalin im-
munoreactivity, as well as larger granular vesicles. Exclu-
sively Leu-enkephalin-immunoreactive terminals contain
similar small agranular and immunologically unreactive
vesicles as well as larger opaque vesicles. Finally, a third
type of terminal contains nonimmunoreactive small clear
vesicles and both large granular and large opaque vesicles
that look similar to those seen in the above described
terminals. The granular vesicles seen in these “mixed”
terminals seem to be exclusively associated with Met-
enkephalin immunoreactivity. With regard to the large
opaque vesicles of the “mixed” terminals, our data defi-
nitely show the presence of Leu-enkephalin immunoreac-
tivity but do not allow us to exclude the coexistence of
Met-enkephalin immunoreactivity. At present, therefore,
we caution against overinterpretation of the morpholog-
ical appearances of these vesicle subtypes. It is presently
impossible to exclude the possibility that the different
vesicle morphologies may reflect different stages in the
processing of granule-bound precursor(s).

Discussion

Our results concerning the distribution of immuno-
reactive enkephalin nerves in the feline gut agree with
previous observations made in other species (Elde et al.,
1976; Hughes et al., 1977; Larsson et al., 1979; Linnoila et
al., 1978; Polak et al., 1977; Schultzberg et al., 1980). In
general, both Leu- and Met-enkephalin-immunoreactive
nerves showed similar distributional profiles. Blood ves-
sels supplying the gut, however, were more commonly
associated with Met-enkephalin-immunoreactive nerves
than with Leu-enkephalin-immunoreactive nerves. The
nerves supplying the vessels (mainly small arteries) were
terminal-like and beaded and occurred at the zone of
junction between the vascular media and adventitia,
suggesting true innervation. The occurrence of a possible
Met-enkephalinergic innervation of the quantitatively
important gastrointestinal vascular bed is of interest in
view of the documented effects of enkephalins on blood
pressure and hypertension (cf., Di Giulio et al., 1979;
Konturek et al., 1978). In the cat, such vascular inner-
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vation appeared most abundant in the proximal gut and,
so far, has not been seen in extragastrointestinal blood
vessels (L. -I. Larsson and K. Stengaard-Pedersen, un-
published observations).

The finding of separate populations of Met- and Leu-
enkephalin-immunoreactive nerves confirms a previous
report (Larsson et al., 1979) and raises important ques-
tions concerning the biosynthetic pathway(s) for the
enkephalins. Before embarking upon a discussion of the
implications of our finding of Met-, Leu-, and Met/Leu-
enkephalin-immunoreactive nerves, it is essential to
point out that, as demonstrated in model-staining exper-
iments (Table I), many of the antisera used in this study
do not react only with pentapeptide enkephalins but also
may recognize COOH-terminally extended enkephalin
congeners. Therefore, the immunoreactivity detected is
specific for the presence of a Leu- or Met-enkephalin-like
sequence but does not allow us to conclude whether the
pentapeptides per se or larger (precursor?) forms are
detected. Unfortunately, since it has yet to be isolated,
the postulated common 30,000- to 50,000-dalton precur-
sor to Met- and Leu-enkephalin (Kimura et al., 1980)
cannot be tested for immunological reactivity. However,
since enkephalin antibodies previously have been re-
ported to be unable to react with this molecule and since
it occurs in low concentrations (Kimura et al., 1980;
Rossier, 1981), its contribution to the immunocytochem-
ical staining is less likely.

Our finding of a separate population of Leu-enkepha-
lin-immunoreactive nerves goes along with recent obser-
vations that at least two distinct molecules, a-neoendor-
phin (Kangawa et al., 1979) and dynorphin (Goldstein et
al., 1979), contain the Leu-enkephalin sequence. Since
the common precursor to Leu- and Met-enkephalin con-
tains only one Leu-enkephalin copy (Kimura et al., 1980;
Rossier, 1981), it is evident that at least two different
Leu-enkephalin-containing peptides occur indepen-
dently. Whether these peptides represent precursor
forms or messengers in their own right is unknown. Both
a-neoendorphin and dynorphin-(1-13) react with the
Leu-enkephalin-directed antibodies used in this study,
and these molecules therefore may contribute to the
staining observed.

Our finding of a population of nerves that simultane-
ously react with both Met- and Leu-enkephalin antisera
seemingly goes along with the finding of a precursor
common to the two pentapeptides. Simultaneously, how-
ever, we do detect another population of nerves, immu-
noreactive only with Met-enkephalin antisera. Since the
common precursor is believed to contain six or seven
copies of Met-enkephalin (Kimura et al., 1980), it is
presently difficult to know whether all Met-enkephalin-

identified. As can be seen from the drawing (d), made by tracing the contours of neighboring structures and immunoreactive
terminals in sections 1 and 3 on transparencies, two of the terminals (numbers 2 and 4) are both Leu- and Met-enkephalin
immunoreactive, whereas those remaining are either Leu- (numbers 1 and 5) or Met-enkephalin immunoreactive (number 3).
When identified at the ultrastructural level, it can be seen that all immunoreactive terminals contain small agranular (“cholinergic-
like”) vesicles and that the exclusively Leu-enkephalin-immunoreactive terminal (number 1) contains large opaque vesicles of
medium electron density, whereas the exclusively Met-enkephalin-immunoreactive terminal (number 3) contains more electron-
dense vesicles with a clear halo, separating the granular core from the surrounding membrane. The terminals displaying both
Met- and Leu-enkephalin immunoreactivity (numbers 2 and 4) contain two types of vesicles, morphologically resembling those
seen in the exclusively Leu- and Met-enkephalin-immunoreactive terminals, respectively. Magnification X 21,100.
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) . Ultrastructural immunocytochemistry of Met (ME)- and Leu-enkephalin (LE) in cat duodenum. Ultrathin sections
were stained on grids with the gold-labeled antigen detection (GLAD) method for revealing Met-enkephalin immunoreactivity
(a and b). The terminal shown is printed both in an optimally (a) and a suboptimally exposed (b) version since the granular

vesicles in this optimally contrasted section are sufficiently electron dense to mask the gold particles, indicating the site of Met-
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containing peptides so far isolated form a part of it. Only
B-endorphin can, with some confidence, be believed to
be absent from the precursor (Rossier, 1981). The con-
tributions of B-endorphin and its fragments, a- and y-
endorphin, to our staining results with the KA; antibody
cannot be excluded, but since the M14 antibody, which
does not recognize a-, 8-, or y-endorphin, gave quantita-
tively and qualitatively identical results, the presence of
the endorphins is an unlikely explanation of our results.

The occurrence of the three above-mentioned types of
enkephalin-immunoreactive nerves may be explained in
two ways. Do multiple and independent Met- and Leu-
enkephalin congeners (precursors?) exist? This view is,
as pointed out above, supported by the discoveries of a-
neoendorphin and dynorphin. Alternatively or addition-
ally, does the processing of the common, nonimmuno-
reactive Met/Leu-enkephalin precursor differ between
neurons? This view also can be supported by several
arguments. Thus, the amino acid sequence of peptide I
contains both the Met- and Leu-enkephalin sequences.
The sequence (15-39) of peptide I corresponds to the
entire sequence of peptide E, which still contains one
copy each of Met- and Leu-enkephalin (Rossier, 1981).
Interestingly, however, the 22-amino-acid peptide BAM
22P (Mizuno et al., 1980) corresponds to the sequence
(1-22) of peptide E (Rossier, 1981). BAM 22P contains
one Met-enkephalin copy but contains only the 2 NHo,-
terminal amino acids of the Leu-enkephalin copy present
in peptide E (Table II). Therefore, if BAM 22P is formed
in vivo in some tissues by the putative biosynthetic
sequence: peptide I — peptide E — BAM 22P, the single
Leu-enkephalin copy present in the common large pre-
cursor is automatically destroyed by cleavage (Table II).
Only studies on the biosynthesis of these molecules can
confirm or refute this view. Presently, therefore, the
possibility that a differentiated post-translational pro-
cessing of a single large common precursor may (partially
or totally) explain the differentiated distributions of Met-
and Leu-enkephalin cannot be dismissed. Much evidence
is beginning to accumulate in other cell systems for a
differentiated processing of other precursors to secretory
peptides. Thus, in the anterior pituitary, cleavage of the
common 31,000-dalton ACTH-S-LPH (pro-opiomelano-
cortin) precursor proceeds to ACTH-(1-39) and S-LPH,
whereas in the intermediate lobe, the same precursor is
processed further to «-MSH (N-acetylated and amidated
ACTH-(1-13)), CLIP (ACTH-(18-39)), and N-acetylated
B-endorphin (8-LPH-(61-91)) (for references, see Eipper
and Mains, 1978). Similarly, the postulated pancreatic
glucagon precursor, glicentin, seems to be processed to
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glucagon in A cells but to exist as a larger molecule in
intestinal L cells (see Thim and Moody, 1981) and a
differentiated processing of several other hormones/neu-
ropeptides, including gastrin and cholecystokinin, has
been postulated (for references, see Larsson, 1980, 1981d).
In all instances studied, such selective processing seems
to lead to the destruction of one type of biological activity
and the creation of another (cf., ACTH-(1-39)/a-MSH,
glicentin/glucagon, and CCK-8/CCK-4).

The observations of a differentiated distribution of
Met- and Leu-enkephalin in the gut and in the brain
(Larsson et al., 1979; K. Stengaard-Pedersen and L. -I.
Larsson, manuscript in preparation) goes along with the
observations of a differentiated release of the enkephalins
(Corbett et al., 1980) and of a differentiated activity of
Leu- and Met-enkephalin in at least one biological system
(Gibson et al., 1980). The distribution of Met- and Leu-
enkephalin-immunoreactive nerve terminals in brain also
agrees with the distribution of two types of opiate recep-
tors with different sensitivity to the enkephalins (Good-
man et al., 1980).

Our electron microscopical identification of Met-,
Leu-, and Met/Leu-enkephalin-immunoreactive termi-
nals also agrees with the above data. Interestingly, Met-
and Leu-enkephalin-immunoreactive vesicles, which
should be considered to belong to the class of “p-type”
vesicles (Baumgarten et al.,, 1970), have distinct ultra-
structural properties, which also allow their identification
in preparations not immunocytochemically stained. All
three types of terminals also contain small clear vesicles
of the type seen in, e.g., cholinergic terminals. The latter
vesicles do not seem to be associated with immunoreac-
tive enkephalins. Whether they contain any other trans-
mitter-like molecule is unknown, although it is of interest
to note that a co-storage of acetylcholine and enkephalins
has been postulated in nerves innervating the adrenal
medulla (cf., Kumakura et al., 1980; Schultzberg et al.,
1978). These data agree with a report by Pickel (1979) on
enkephalin-immunoreactive nerve endings in the brain,
which were described as containing both large vesicles
and small clear vesicles. Further ultrastructural charac-
terization of the vesicles was not possible in that study
due to the use of pre-embedding PAP staining, which
obscured a significant part of the vesicle morphology.

Previously, many other neuropeptides, like the vaso-
active intestinal polypeptide (Larsson, 1977) and sub-
stance P (Pickel et al., 1977), have been ultrastructurally
localized to large p-type vesicles. This study, employing
optimally fixed, contrasted, and osmicated specimens, to
our knowledge, represents the first in which the ultra-

enkephalin immunoreactivity (Leu-enkephalin-preabsorbed antiserum M14 and Met-enkephalin-coated gold particles). Note
that, in this mixed terminal (a and ), the gold particles are almost exclusively associated with the large granular (“ME-type”)
vesicles but that, in addition, weak labeling over one large opaque granule occurs. As discussed in the text, it is presently
impossible to determine whether large opaque vesicles in such mixed terminals also contain Met-enkephalin immunoreactivity.
In ¢ and d, Leu-enkephalin immunoreactivity has been localized by the protein A-gold technique (¢) or by the PAP method (d)
in mixed terminals. Note in ¢ that Leu-enkephalin immunoreactivity appears exclusively associated with the large opaque vesicles.
In d, PAP reaction product, indicating Leu-enkephalin immunoreactivity, is localized over four out of five vesicles in a terminal.
The reactive vesicles have diameters and contours compatible with those of the large opaque vesicles but cannot, in contrast to
the case with the gold techniques, be accurately identified due to lack of ultrastructural detail. In e, a conventional electron
micrograph of mixed terminals, containing both granular and opaque vesicles as well as small agranular vesicles is displayed. In
f, a mixed terminal (number 1) is shown along with a presumptive adrenergic (number 2) terminal. Note the difference in size
between the granular vesicles of the Met/Leu-enkephalin terminal and the adrenergic terminal. Magnification X 32,000.
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Figure 9. Ultrastru d
on grids using the same procedures as in Figure 8. In a is shown a mixed enkephalin terminal stained with an antiserum reacting
with both Met- and Leu-enkephalin (L). Note the presence of colloidal gold particles, indicating sites of Met/Leu-enkephalin
immunoreactivity over all types of vesicles. In the inset to a is shown a similar mixed terminal stained with Leu-enkephalin/
Sepharose-preabsorbed antiserum M14. Note the presence of gold particles, indicating Met-enkephalin immunoreactivity over
large granular vesicles and weak or no labeling over large opaque vesicles. Note also that some vesicle subtypes look intermediary
between large opaque and large granular vesicles. In the inset to b is shown a similarly stained mixed terminal, which is making
a synaptic contact (arrow) with a neuronal cell body of the myenteric plexus. Magnification: a, X 44,000; b, X 33,000.
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TABLE I
Amino acid sequences of some enkephalin congeners
These sequences were collected from Goldstein et al., 1979; Kangawa et al., 1979; Mizuno et al., 1980; and Rossier, 1981.

1

Peptide I:

10

Ser-Pro-Thr-Leu-Glu- Asp-Glu-His-Lys-Glu-Leu-Gln-Lys-Arg-

20

Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-

30

39

Met-Asp-Tyr-Gln-Lys-Arg-Tyr-Gly-Gly-Phe-Leu

1

10

Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-

Peptide E:

20 25

Met-Asp-Tyr-Gln-Lys-Arg-Tyr-Gly-Gly-Phe-Leu

BAM 22P:

Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-

Met-Asp-Tyr-GIn-Lys-Arg- Tyr-Gly

Leu-enkephalin:
Met-enkephalin:

Tyr-Gly-Gly-Phe-Leu

Tyr-Gly-Gly-Phe-Met

a-Neoendorphin:
Dynorphin:
B-Endorphin:

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Arg--
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile--

Tyr-Gly-Gly-Phe-Met-Thr-Ser--

structural details of peptidergic nerve terminals have
been analyzed.

Our studies also reveal that different p-type terminals
contain different types of vesicles and that the peptide
content of these may differ. Previous studies, employing
conventional electron microscopy, have emphasized the
ultrastructural heterogeneity of gut p-type terminals
(Burnstock, 1975; Daikoku et al., 1975; Fehér et al., 1974;
Gabella, 1972). We wish to emphasize that our designa-
tion of these vesicles as “large granular” and “large
opaque” is purely descriptive and does not intend to
correlate to the “LGV” and “LOV” vesicles of Burnstock
(1975). As indicated by Burnstock (1975), these vesicles
may be subdivided into several different subtypes. Fi-
nally, our results reveal a considerable heterogeneity
between vesicles within peptidergic nerve terminals. This
is particularly evident in the “mixed” Met/Leu-enkeph-
alin terminals, which contain both small clear vesicles
and large granular and large opaque vesicles. Interest-
ingly, evidence for similar granule heterogeneity in pep-
tide-secreting endocrine cells, not only with respect to
morphology but also with respect to peptide content, is
beginning to emerge (cf., Larsson, 1981c; Larsson and
Stengaard-Pedersen, 1981). Whether these observations
reflect a continuous processing of precursors to active,
immunoreactive forms or a differentiated packaging of
different secretory products in different vesicles or gran-
ules is currently unknown.
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