after medial preoptic lesions 3, 7, 8, 14).
However, neither of these factors ap-
pears to be responsible for death, since
there were no apparent differences in the
degree of hyperthermia or hyperactivity
between those rats that lived and those
that died. Our data do not support the
hypothesis that rats with preoptic lesions
typically die of pulmonary edema. Au-
topsies and macroscopic inspection of
lung tissue revealed signs of pulmonary
edema only in one rat that died 2 hours
after the lesion was made. This rat had
the classical symptoms including pink
frothy fluid exuding from its mouth and
nostrils and enlarged lungs 8, 15). Al-
though the lesion placement in this ani-
mal was indistinguishable from those of
the others, lesions that produce pulmo-
nary edema have generally been report-
ed to lie more posteriorly than those pro-
duced here (/5).

Medial preoptic lesions disrupt cardio-
vascular function, and moderate cold
stress lessens this disruption. Although
the mechanism of this protection is un-
clear, our results describe a simple meth-
od for keeping rats with large bilateral
medial preoptic lesions alive and in good
health while greatly impairing their abili-
ty to maintain normal body temperatures
in the cold.

JENNIFER A. NAGEL
EVELYN SATINOFF
Departments of Psychology and
Physiology and Biophysics, University
of Illinois, Champaign 61820
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Retrograde Axonal Transport of Endogenous Proteins in

Sciatic Nerve Demonstrated by Covalent Labeling in vivo

Abstract. Extracellularly applied N-succinimidyl [2,3-3H]propionate was used in
vivo to covalently label intra-axonal proteins in the rat sciatic nerve. This technique
permitted a unique view of axonal transport of proteins independent of biosynthesis.
The proteins detected in slow anterograde transport (1 to 2 millimeters per day) cor-
respond to cytoskeletal proteins described in previous reports. The slowly retro-
gradely transported component (3 to 6 millimeters per day) was composed primarily

of a single protein with a molecular weight of 68,000.

The movement of cytoplasm and intra-
cellular particles in axons, referred to as
axonal transport, is governed by elabo-
rate mechanisms (/). The use of pulse-la-
beling (in which de novo synthesized pro-
teins labeled by radioactive amino acids
applied to the neuron perikarya are ob-
served being transported intra-axonally)
has provided a wealth of data about an-
terograde axonal transport (/, 2). This ap-
proach, however, cannot be applied to

retrograde transport, because the distal
axons and nerve terminals do not synthe-
size proteins.

The existence of retrograde transport
has been established by direct microscopic
visualization of intra-axonal particles (3),
the use of exogenous macromolecular
tracers ), and ligation (5, 6). Attempts to
use pulse-labeling in combination with the
ligation approach has led to the hypothesis
that the macromolecules are transported
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Fig. 1. Labeling of intra-axonal proteins that undergo axonal transport. (A) Distribution of TCA
in 3-mm segments of nerve after injection of *H-N-SP into the sciatic nerve. Immediately after
injection, virtually all the labeled protein was confined to the segment containing the injection
site. At 5 days, significant labeled protein was found in segments greater than 20 mm proximal
to and distal from the injection site. (B) Polyacrylamide gel electrophoresis of labeled proteins.
Segments were homogenized in 0.1N HCI and, after TCA precipitation, were subjected to elec-
trophoresis on 11 percent polyacrylamide gels in SDS. The gels were sliced into 1.5-mm slices,
and the radioactivity of each slice was determined by liquid scintillation counting. The antero-
grade-transported proteins constitute a complex pattern including major peaks and complexes.
In contrast, the retrograde transport shows only one major peak.
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similarly in anterograde and retrograde
directions (6). We now report the use of a
new approach in the study of intra-axonal
movement of proteins, one well adapted to
the study of the retrograde transport of
endogenous proteins.

We covalently labeled intra-axonal pro-
teins with radioactive agents (7) in a re-
stricted zone of axons of the rat sciatic
nerve. In this manner, a localized labeling
of all the axoplasmic proteins is produced,
independent of de novo protein biosyn-
thesis, so that the bidirectional movement
of labeled proteins away from the injected
site can be followed. We used N-succi-
nimidyl [2,3-*H]propionate (*H-N-SP) as
the covalent labeling reagent since (i) it
dissolves in aqueous solutions and reacts
rapidly at physiologic pH, (ii) it dissolves
in lipids and rapidly permeates all mem-
branes, (iii) it labels intracellular proteins
whether they are cytoplasmic or in parti-
cles, and (iv) it does not harm the cell’s
vital functions (7, 8).

Female Sprague-Dawley rats, weigh-
ing between 350 and 400 g, were lightly
anesthetized with ether. The sciatic
nerve was exposed and 1 ul of saline
containing 100 mCi of *H-N-SP (specific
activity, 50 Ci/mmole, Amersham) was
injected into the nerve over a period of 5
minutes, through a 29-gauge stainless
steel hypodermic needle attached to a
Harvard infusion pump. The animals
were allowed to recover from anesthesia
and, at invervals after the injection, were
killed by decapitation. The nerve was re-
moved from each and divided into 3-mm
segments, which were each homoge-
nized in 2 ml of 0.1IN HCIl. Radioac-

tivity was determined from samples-

through the use of trichloroacetic acid
(TCA) precipitation and the convention-
al filter paper method. Samples were pre-
pared for electrophoresis by TCA pre-
cipitation; the precipitated pellets were
washed twice with acetone and ether to
remove the TCA; and the residue was
dissolved in sodium dodecyl sulfate
(SDS) and urea containing sample buffer
before electrophoresis on 11 percent
polyacrylamide gel in SDS with the buf-
fer system described by Neville (9).
Immediately after injection, virtually
all the labeled proteins were found in the
3-mm segment at the injection site (Fig.
1A). The amount of TCA-precipitable ra-
dioactivity on either side fell exponen-
tially to background levels. By 1 day
after injection, significant amounts of
radioactively labeled proteins were found
bidirectionally, substantially outside the
initial injection site. A sample taken $
days after injection is shown in Fig. 1A.
Similar observations were made at times
ranging from 2 to 45 days after the injection.
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The intra-axonal location of the radio-
activity from the injection site was deter-
mined by autoradiography. At 5 and 10
days after injection, the nerve was re-
moved, fixed in Formalin, embedded in
paraffin, sectioned at 7 um, and pro-
cessed for autoradiography (/0). A low-
magnification view of a nerve S days af-
ter injection is shown in Fig. 2A. At the
injection site (asterisk), which in this
nerve was confined to a distance of less
than 1.5 mm, all the elements in the pe-
ripheral nerve were labeled. However, in
both directions from the injection site,
silver grains could be seen in a more de-
fined linear pattern, extending to the
most distant regions of the nerve sec-
tions (as far as 30 mm). Views of both
longitudinal and cross sections at higher

Fig. 2. Autoradiographs of injected nerves 5
days after *H-N-SP labeling. Nerves were
fixed in Formalin, and processed for autoradi-
ography. Myelin was stained with toluidine
blue. (A) Low-power view. The injection site
(asterisk) shows diffuse staining of all tissue
components. Extending from the injection
site, the silver grains form a linear pattern,
consistent with their being restricted to ax-
ons. Scale, 100 um. (B) Longitudinal section 5
days after injection, proximal to injection site.
Silver grains in less densely labeled axon are
confined to the axonal region, and the myelin
is principally unlabeled. Scale as in (C). (C)
Cross section 5 days after injection, distal to
injection site. The majority of the silver grains
are confined to the axons. Scale, 12 um.

magnification (Fig. 2, B and C) show that
the silver grains are primarily intra-ax-
onal. Myelin, Schwann cell nuclei, and
blood vessels in areas away from the in-
jection site were not significantly la-
beled. The intra-axonal pattern of label-
ing was identical in both the retrograde
and anterograde direction and at both 5
and 10 days after injection.

The SDS gel pattern of the transported
proteins at S days is illustrated in Fig.
1B. The labeled proteins 8 mm in the an-
terograde direction from the injection
site, corresponding to a transport rate of
1 to 2 mm per day, are complex but re-
semble those previously reported mov-
ing at this rate in the rat sciatic nerve
(11). This pattern differs from the gel pat-
tern of labeled proteins that remained at
the injection site (/2).

In sharp contrast, the nerve segment 8
mm proximal to the injection site (retro-
grade or toward the cell body) shows a
much simpler pattern (Fig. 1B). There is
only one major peak, at a molecular
weight of about 68,000, and various oth-
er minor peaks. Similar patterns (not il-
lustrated) were found in the nerve at po-
sitions from 8 to 20 mm proximal to (ret-
rograde from) the injection site. The dra-
matically different patterns of labeled
proteins moving in the anterograde and
retrograde directions argues against dif-
fusion as the mode of translocation. Fur-
thermore, the fact that the proteins
which moved distally are so similar to
those found in the slow component by
traditional pulse-labeling (//) indicates
that normal slow axonal transport mech-
anisms were not disturbed by our label-
ing method (/3).

This finding of a prominent 68,000
peak in the injection site (/2) which is
then transported slowly (3 to 6 mm per
day) in the retrograde direction is the
most significant observation of this
study. A protein of similar size is abun-
dant in neurofilament preparations from
sciatic nerve (/4). Investigators have re-
cently found two distinct proteins with
molecular weight 68,000 in that neuro-
filament preparation, one of which repre-
sents the neurofilament subunit; the oth-
er, 50 times more abundant, they pro-
posed might be a serum albumin contam-
inant of the preparation (/5). The equally
abundant 68,000 protein we have ob-
served was transported selectively in the
retrograde direction and was located ex-
clusively intra-axonally. It is possible
that this intra-axonal protein may be re-
lated to serum albumin since serum pro-
teins have recently been detected by
immunocytochemical techniques in cen-
tral neurons whose axons terminate out-
side the central nervous system (/6).
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We have shown that *H-N-SP when
applied extracellularly in vivo can label
intracellular proteins with no apparent

deleterious effects on cell function. In-

addition to providing a unique view of
axonal transport, *H-N-SP and other re-
lated agents (7, 8) can be used as radio-
active vital stains to investigate a variety
of biological phenomena. This vital stain
has the additional unique feature of po-
tentially providing information about the
nature of the proteins involved.
Davip J. Fink*

HAROLD GAINER
Laboratory of Developmental
Neurobiology, National Institute of
Child Health and Human Development,
National Institutes of Health,
Bethesda, Maryland 20205
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Substance P: Does It Produce Analgesia or Hyperalgesia?

Abstract. In the hot plate test, substance P given intravenously at doses of 5 X
1075 and 5 X 10~* gram per kilogram caused analgesia, while lower doses caused
hyperalgesia. The influence of substance P on nociception depended on the individ-
ual mouse’s sensitivity to pain (control response latency). Analgesia was produced
by substance P administered to mice with high sensitivity to thermic stimulation,
whereas hyperalgesia occurred in mice whose control latencies were longer than
normal. This result is interpreted as an indication that substance P is capable of

Substance P (SP) produces potent,
long-lasting analgesic activity in mice as
determined by the hot plate technique
(I, 2). Substance P was found to be a
long-lasting analgesic also in the tail-flick
test of rats to which it had been intra-
cerebrally administered (3). Oehme et al.
4) reported, in contrast, that SP pro-
duced hyperalgesia. Frederickson et al.
(2) have partly resolved those conflicting
observations by showing that SP has a
dual action on nociception; their studies
indicated that SP in small doses pro-
duced analgesia in mice and that this an-
algesic effect was blocked by naloxone.
With higher doses of SP the analgesic ac-
tivity was lost and hyperalgesia occurred
when the higher doses were given in
combination with naloxone. Frederick-
son et al. (2) concluded that very small
doses of SP probably released endor-
phins, while higher doses caused direct
excitation of neuronal activity in noci-
ceptive pathways. Our experiments sug-

. normalizing responsiveness to pain and could be classified as a regulatory peptide.

gest that the capability of SP to produce
analgesia or hyperalgesia may depend al-
so on the responsiveness of the animals
to pain (as indicated by response la-
tency) before the SP is administered.
We tested SP for its action on nocicep-
tion by means of the hot plate procedure
and acetic acid-induced writhing ).
ICR standard mice (18 to 22 g) were
used. The temperature of the hot plate
was controlled thermostatically at 57°C.
A plexiglass cylinder (10.0 cm in height,
20.5 cm in inner diameter, and with open
top) was used to confine the mice to a
restricted area of the plate surface. Sub-
stance P was administered intra-
peritoneally or intravenously. Control
mice were given isotonic saline. The
time, in seconds, from first contact with
the plate to first hind-paw licking was re-
corded as response latency. Control la-
tencies were estimated 1 day before test-
ing and also 15 minutes before SP treat-
ment. The values 15 minutes before SP
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