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In the cat, the smooth musculature of 
the pelvic viscera receives its innerva- 
tion indirectly from parasympathetic 
preganglionic neurons of the sacral spi- 
nal cord. The majority of these cells are 
located along the lateral border of the in- 
termediate and ventral gray matter of S2 
and upper S3 (1-5). In contrast, striated 
pelvic sphincter muscles are innervated 
by a column of motor neurons in the ven- 
tral horn, which extends from S, to up- 
per S2 (3). These neurons form the feline 
homolog of the motor column of Onuf 
(6). In light of previous studies that dem- 
onstrated enkephalin in the rat autonom- 
ic nervous system and our observations 
of enkephalin in the feline dorsal motor 
nucleus of the vagus (7), we sought to de- 
termine whether the influence of opiates 
on pelvic visceral reflexes (8) indicates 
an endogenous opioid preganglionic in- 
nervation. Our results indicate that sac- 
ral parasympathetic preganglionic neu- 
rons of the spinal cord synthesize the 
endogenous opiate receptor ligand leu- 
cine enkephalin ([Leu]enkephalin) and 
transport it intra-axonally to the peri- 
phery. 

We used immunocytochemical tech- 
niques to identify [Leu]enkephalin in 
both the sacral spinal cord and sacral 
ventral roots. Untreated and colchicine- 
treated cats were perfused via the aorta 
sequentially with 200 ml of 0.1M phos- 
phate buffer, 2 liters of 4 percent para- 
formaldehyde in 0. M phosphate buffer 
or the same fixative containing 0.2 per- 
cent glutaraldehyde, and finally with 500 
ml of 0. 1M phosphate buffer. Sacral seg- 
ments S, to S3 and the appropriate sacral 
roots were dissected, dehydrated, and 
embedded in paraffin. Leucine enkepha- 
lin was localized on 20-,um paraffin or 50- 
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/gm Vibratome sections by the unlabeled 
antibody peroxidase-antiperoxidase tech- 
nique (9) with specific antiserum to 
[Leu]enkephalin conjugated to keyhole 
limpet hemocyanin (10). To control for 
antibody specificity, adjacent sections 
were incubated with [Leu]enkephalin 
antiserum (diluted 1:1000) that had been 
preabsorbed with an excess of [Leu]- 
enkephalin [100 utg of [Leu]enkephalin 
(Boehringer-Mannheim) per milliliter of 
antiserum]. Results of all control studies 
were negative. 

In the sacral cord of untreated animals 
we found no enkephalinergic cell bodies. 
Enkephalin-like immunoreactivity in 
nerve processes was most densely con- 
centrated in the superficial dorsal horn 
(laminae I and II), in the intermediate 

/gm Vibratome sections by the unlabeled 
antibody peroxidase-antiperoxidase tech- 
nique (9) with specific antiserum to 
[Leu]enkephalin conjugated to keyhole 
limpet hemocyanin (10). To control for 
antibody specificity, adjacent sections 
were incubated with [Leu]enkephalin 
antiserum (diluted 1:1000) that had been 
preabsorbed with an excess of [Leu]- 
enkephalin [100 utg of [Leu]enkephalin 
(Boehringer-Mannheim) per milliliter of 
antiserum]. Results of all control studies 
were negative. 

In the sacral cord of untreated animals 
we found no enkephalinergic cell bodies. 
Enkephalin-like immunoreactivity in 
nerve processes was most densely con- 
centrated in the superficial dorsal horn 
(laminae I and II), in the intermediate 

gray matter, and around the central canal 
(Fig. i, A and E). In the second sacral 
segment, enkephalin staining was more 
intense along the ventrolateral border of 
the gray matter and adjacent lateral fu- 
niculus (Fig. IB). This area corresponds 
to the intermediolateral sacral autonomic 
nucleus (1-3). Thin varicose enkephalin- 
containing processes were scattered 
throughout the sacral ventral horn. The 
motor column of Onuf, however, con- 
tained a rich plexus of enkephalinergic 
processes throughout its rostral-caudal 
extent (Si to rostral S2) (Fig. IA). This 
dense pattern of enkephalin immuno- 
reactivity in the Onuf nucleus suggests 
that exogenous opiates exert a direct spi- 
nal action on somatic motor neurons of 
the viscera. 

The distribution of sacral enkephalin 
perikarya was studied in two cats pre- 
treated with colchicine. Twenty micro- 
grams of colchicine (Sigma) dissolved in 
2 ,1 of sterile saline was injected into the 
spinal cord at the L7-S1 junction. In addi- 
tion, a pledget of Gelfoam (Upjohn) satu- 
rated with colchicine (100 tg/lkl) was 
placed directly over the dorsal surface of 
spinal segments Si to S3. The wound was 
sutured with the Gelfoam in place, and 
the animals were killed 17 to 48 hours lat- 
er. 

Two groups of labeled enkephalin 
perikarya appeared in the intermediate 
gray matter of S2 to S3 in the colchicine- 
treated animals (Fig. IC). The distribu- 
tion and morphology of these cells were 
strikingly similar to those of the sacral 
parasympathetic preganglionic neurons 
(1-3) in the cat, identified either by chro- 
matolysis or by retrogradely transported 
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Fig. 1. Immunocytochemical localization of [Leu]enkephalin in the S, (A) and S2 (B and C) 
sacral spinal cord of the cat. In untreated spinal cord, enkephalin-immunoreactive nerve pro- 
cesses are concentrated in the superficial dorsal horn, intermediate gray matter, and around the 
central canal. No enkephalin cell bodies are labeled. Arrows point to dense reaction product in 
the motor column of Onuf (A) and sacral autonomic nucleus (B). In colchicine-treated cord (C), 
numerous enkephalin perikarya appear in the sacral autonomic nucleus. Scale bar is i mm in (A) 
and (B) and 400 ,m in (0 
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Leucine Enkephalin: Localization in and Axoplasmic 

Transport by Sacral Parasympathetic Preganglionic Neurons 

Abstract. Nerve processes and cell bodies containing leucine enkephalin were 
demonstrated in the sacral autonomic nucleus of the cat by immunocytochemical 
methods. Enkephalinergic preganglionic perikarya were seen only when axonal 
transport was blocked either by colchicine or by ventral root ligation. Ligation of the 
sacral ventral roots also produced damming of enkephalin immunoreactivity proxi- 
mal to the S2 ligature. These data indicate that parasympathetic preganglionic neu- 
rons synthesize and transport enkephalin or enkephalin-like immunoreactive com- 
pounds to the periphery. 
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Fig. 2. Effect of ventral root ligation on [Leu]enkephalin immunoreactivity. (A) S2 spinal cord. 
Enkephalin-immunoreactive perikarya are concentrated along lateral aspect of sacral autonom- 
ic nucleus (20 /,m, paraffin). (B) Ligated St and S2 ventral roots. Damming of enkephalin immu- 
noreactivity in axonal processes of S2 ventral root is proximal to ligature (L) (20 ,m, paraffin). 
Scale bar is 100 ,tm in (A) and 250 /um in (B). 

horseradish peroxidase (HRP). One 
group of enkephalin somata (- 40 by 60 
tum), whose dendrites were oriented dor- 
soventrally, was located along the lateral 
gray-white border. A second group of 
neurorin with mediolaterally oriented 
dendrites (- 30 by 60 ,m) was scattered 
throughout the intermediate gray matter, 
from the lateral edge of the gray matter 
to the central canal. No enkephalin peri- 
karya were found in the motor column of 
Onuf. 

To investigate whether these sacral 
enkephalinergic perikarya were, in fact, 
visceral motor neurons whose axons ex- 
tend from the spinal cord, we next ligat- 
ed the sacral ventral roots in untreated 
animals and studied the damming of en- 
kephalin immunoreactivity at the liga- 
ture. This procedure has often been used 
to demonstrate axonal transport of vari- 
ous compounds, particularly the biogen- 
ic amines (11). In one animal the S, and 
S2 ventral roots were tied together with a 
single ligature, approximately 4 mm dis- 
tal to their exit from the sacral cord. For- 
ty-eight hours after the roots were ligat- 
ed, the cat was perfused and the tissue 
was processed for immunocytochem- 
istry. Figure 2B illustrates a buildup of 
enkephalin immunoreactivity in the S2 
ventral root proximal to the ligature. No 
enkephalin-like reaction product was 
seen in axonal processes of the distal S2 
root or anywhere along the S, ventral 
root. In this animal, ventral root ligation 
also produced an increase in enkephalin 
immunoreactivity in motor neurons of 
the lateral component of the ipsilateral 
sacral autonomic nucleus (Fig. 2A). The 
average size of these labeled neurons 
was 22 by 50 ,m. Although significantly 
smaller than the enkephalin perikarya 
seen in the intermediolateral horn after 
colchicine treatment, these dimensions 
are consistent with those of sacral auto- 
nomic neurons labeled by HRP (1). Ap- 
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parently, colchicine produces an arti- 
factual swelling of neuronal perikarya. 
No other cell body labeling was ob- 
served in the sacral cord after ventral 
root ligation; this includes the medial en- 
kephalinergic, presumed parasympathe- 
tic preganglionic, neurons that were 
labeled after colchicine administration. 
Ligation of the S3 ventral root pru- 
duced no signs of enkephalin transport. 

To establish that the enkephalin immu- 
noreactivity at the ligature derived from 
axonal transport from the soma and not 
from local uptake at the ligature, the Si 
to S3 ventral roots and Si to S2 dorsal 
roots were individually tied with two lig- 
atures, approximately 2 cm apart. Twen- 
ty-four hours after ligation, orthograde 
axonal transport of enkephalin was again 
blocked in the S2 ventral root; in this 
case the buildup was significant only 
central to the most proximal ligature. 
Enkephalin immunoreactivity was ab- 
sent in the ligated dorsal roots and in the 
S, and S3 ventral roots. The failure to 
demonstrate enkephalin transport in the 
ligated S3 ventral root may be related to 
the small number of animals studied and 
variation within these animals; in a phys- 
iological study of a larger number of 
cats, the S3 ventral roots were shown to 
contain preganglionic axons in a consid- 
erable percentage of the animals (4). 

Our results demonstrate that enkepha- 
lin is contained within cell bodies of the 
sacral autonomic nucleus and in their ef- 
ferent axons in the S2 ventral root. The 
presence of enkephalin in the ligated S2 
ventral root, the major route of para- 
sympathetic outflow in the cat (2), con- 
firms that visceral motor neurons synthe- 
size enkephalin in the sacral autonomic 
nucleus. Enkephalin cell body labeling 
after ventral root ligation however, was 
confined to the intermediolateral auto- 
nomic column. The fact that a medial 
group of perikarya were enkephalin-im- 

munoreactive after colchicine but not af- 
ter root ligation suggests that these en- 
kephalin neurons may differ from the 
medial parasympathetic motor group la- 
beled by retrograde transport of HRP 
from the pelvic nerve. Alternatively, this 
medial enkephalin cell group may con- 
tain autonomic neurons with local arbo- 
rizations that provide additional routes 
for enkephalin transport. 

It was previously demonstrated that 
enkephalin is widely distributed in the 
autonomic nervous system (7). The role 
of enkephalin in autonomic ganglion 
transmission is, however, far from clear. 
Our demonstration of enkephalin in the 
S2 ventral root and its presence in both 
the vagus and splanchnic nerves (12) in- 
dicate that the peptide is transported and 
stored in preganglionic nerve terminals. 
Since preganglionic neurons contain ace- 
tylcholine, and since a large population 
also contains enkephalin, these data 
strongly suggest that parasympathetic 
preganglionic nerve terminals store and 
perhaps release both acetylcholine and 
enkephalin. This arrangement would be 
analogous to the coexistence of biogenic 
amines and peptides in some central and 
peripheral neuron populations (13). 
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nerican eel bladder wall. This volume must be re- 
llow fresh- placed in order to maintain the energetic 
nents to its advantage for horizontal swimming im- 
ither Sar- parted by neutral buoyancy (6). 
s exceeding I measured gas deposition rates in yel- 
on offshore, low (premetamorphic) and silver (post- 
amorphosis metamorphic) eel swim bladders and cal- 
ions in in- culated the maximum depths at which 
the visual their volume can be maintained. Eigh- 

swim blad- teen yellow eels and 22 migrating silver 
sformations eels, trapped in fresh and brackish water 
y are most in Rhode Island during the fall of 1978, 
ounced in- were gradually adapted to seawater and 
ration. The kept for 2 to 8 weeks before analysis. De- 
i capillaries termination of metamorphic phase was 
se in length based on integument pigmentation and 
linal diame- retial capillary length (in yellow eels 
ed counter- < 2.5 mm; in silver eels > 4.5 mm). 
by over 300 Methodology included preliminary 
ease in the surgical procedures to evacuate gas from 
)f the swim the swim bladder and pneumatic duct, 
ve gas loss followed by isolation of the gas-gener- 
east 15 per- ating region from the gas-reabsorbing 
luction, dif- pneumatic duct (7). Evacuation stimulat- 
h depth be- ed the eel to initiate gas deposition. The 
partial-pres- rate of deposition was determined in- 
s the swim directly as the change in buoyant mass of 

the eel over a test period during which it 
was allowed to swim freely in a blacked- 
out 150-liter aquarium (8). For every 

,f cubic centimeter of gas generated, 
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leased from blood circulating through the 
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tem increases the amount of gas avail- 
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phic increase in retial capillary length 
should contribute to maintenance of 
countercurrent function at higher rates 
of blood flow. Also, the amount of gas 
available for deposition can be increased 
by an elevation in hematocrit. In A. an- 
guilla, hematocrit increases from 26.5 per- 
cent in yellow eels to 36.4 percent in sil- 
ver eels (14). Because both species un- 
dergo nearly identical transformations 
during metamorphosis (2-4, 15), it is 
likely that A. rostrata also develops an 
elevated hematocrit. 
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Fig. 2. Rates of swim bladder oxygen loss and 
gas deposition relative to hydrostatic pressure 
for 545-mm yellow (A) and silver (B) eels (18). 
The intersection of the two curves represents 
the maximum pressure at which swim bladder 
volume can be maintained. It is assumed that 
the number of moles of gas generated per unit 
of time remains constant with increasing 
depth. 
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Abstract. Gas deposition rates in the swim bladders of postmetamorphic (silver) 
Anguilla rostrata eels are about five times greater than those of premetamorphic 
(yellow) individuals. This extends the maximum depth at which silver eels can main- 
tain swim bladder volume and prepares them for their spawning migration to the 
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