Degenerating Nerve Fiber Products Do Not Alter Physiological

Properties of Adjacent Innervated Skeletal Muscle Fibers

Abstract. Partial denervation of rat extensor digitorum longus and soleus muscles
resulted in the appearance of denervated and innervated surface muscle fibers lying
adjacent to one another. The denervated muscle fibers showed the typical signs of
denervation while the innervated muscle fibers were similar to those of control mus-
cles. We conclude that denervated fibers do not induce substantial physiological
changes in adjacent innervated muscle fibers.

The maintenance of the morphological
and physiological properties of the skele-
tal muscle fiber is dependent on the in-
tegrity of its innervation. The precise
mechanisms underlying this neural influ-
ence remain obscure but, in addition to
neuromuscular transmission (1), appar-
ently include the release of trophic sub-
stances from the nerve terminal (2).

This interpretation has been ques-
tioned by Jones and colleagues (3).
These authors have suggested that in-
flammation associated with nerve degen-
eration rather than loss of trophic influ-
ences may cause denervation changes in
muscle since (i) implantation of a piece
of either degenerating nerve or silk
thread onto rat extensor digitorum lon-
gus (EDL) or soleus muscles causes lo-
cal inflammation which is accompanied
by a decrease in resting membrane po-
tential (RMP) and an increase in acetyl-
choline (ACh) sensitivity of the under-
lying normally innervated muscle fibers;
(ii) denervation of rat soleus muscle
leads to the appearance of inflammatory
cells along the entire length of the muscle
fibers; and (iii) treatment with inhibitors
of cell division such as vincristine or
fluorouracil prevents both the prolifera-
tion of inflammatory cells as well as the
increase in ACh sensitivity which nor-
mally follow nerve section.

Cangiano and Lutzemberger (¢) in ex-
tending this concept reported that partial
denervation of the EDL muscle in rats
results in the appearance of tetrodotox-
in (TTX)-resistant action potentials, a
well-known effect of denervation, not
only in the denervated muscle fibers but
also in the adjacent innervated muscle fi-
bers as well. They concluded (i) that
nerve degeneration is responsible for
some changes in denervated muscle fi-
bers; (ii) that products of nerve degener-
ation diffuse to and cause denervation
changes in adjacent innervated muscle
fibers; and (iii) that this process along
with the cessation of nerve impulse
transmission can account for all of the
changes in skeletal muscle properties
caused by denervation. Their inter-
pretations thus cast serious doubt on the
idea that normal muscle properties are
also maintained by neurotrophic sub-
stances.
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Because of the importance of the neu-
rotrophic hypothesis, we have reexam-
ined Cangiano and Lutzemberger’s pro-
posal in more detail by partially dener-
vating both EDL and soleus muscles of
female Wistar rats (200 to 250 g). Partial
denervation was accomplished by two
methods. In the first method, either spi-
nal nerve L4 or L5 (5) was completely
sectioned 2.0 to 2.5 mm from the intra-
vertebral foramen through a dorsolateral
incision at the lumbar region in rats
anesthetized with chloral hydrate (400
mg/kg, given intraperitoneally). In the
second method, the sciatic nerve branch
supplying the EDL was exposed 1.0 to
1.5 cm from the EDL muscle while the
animals were under ether anesthesia; ap-
proximately half of this branch was then
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Fig. 1. Frequency histograms of the resting
membrane potential of surface fibers of EDL
and soleus muscles. (A) Contralateral control
muscles. (B) Partially denervated muscles 48
to 216 hours after 1.4 section. (C) Partially de-
nervated muscles 72 to 120 hours after LS
nerve section. (D) Muscle fibers present in
partially denervated muscles displaying
MEPP’s where either L4 section, L5 section,
or partial sciatic nerve crush was performed.

crushed. Both surgical treatments were
performed on the right side, and the con-
tralateral muscles served as unoperated
control muscles. The RMP, extra-
junctional sensitivity to ACh, and TTX-
resistance of directly elicited action po-
tentials of surface fibers were assessed
48 to 216 hours after the operation, most
experiments being done 54 to 84 hours
after surgery.

Examination of the surface fibers of
the partially denervated EDL or soleus
muscles revealed typically denervated fi-
bers lying adjacent to normal innervated
ones (Tables 1 and 2; Figs. 1 and 2).
Transection of spinal nerve L4 or partial
crushing of the nerve supplying the EDL
caused an average decrease in RMP of 67
and 49 percent of EDL surface fibers, re-
spectively (Table 1). Transection of L5
had less effect on the EDL but did cause,
on the average, a decreased RMP in 67
percent of soleus surface fibers (Table 1).
Figure 1 shows that fibers with normal
RMP and fibers with low RMP were both
present in partially denervated muscles.
Furthermore, the two kinds of fibers,
those with normal and low RMP, were
found adjacent to one another. The sur-
face fibers that were partially depolar-
ized appeared to be denervated because
spontaneous miniature end-plate poten-
tials (MEPP’s) were not detected and
nerve stimulation failed to elicit either
end-plate potentials or action potentials
at the junctional muscle membrane. The
other group of muscle fibers appeared to
be normally innervated because their
RMP’s were similar to those of control
unoperated muscles, they had MEPP’s
of normal amplitude and frequency
(Table 2), and they all responded with an
action potential and twitch to nerve stim-
ulation.

Examination of extrajunctional ACh
sensitivity (7) of partially denervated
EDL and soleus muscles gave a similar
result. Marked extrajunctional ACh sen-
sitivity was found along the entire sur-
face in each fiber examined of the EDL
and soleus muscles which was partially
depolarized and without MEPP’s,
whereas fibers with normal RMP’s and
MEPP’s never showed increased extra-
junctional ACh sensitivity (Table 2).

The innervated and denervated muscle
fibers of the partially denervated muscles
were also compared with respect to the
action of TTX (1 x 107®M) in blocking
the muscle action potential (8, 9). Again,
two distinct groups of muscle fibers were
found. In the denervated muscle fibers
(those with low RMP’s and without
MEPP’s), TTX only partially blocked
the muscle action potential and over-
shooting action potentials were com-
monly observed (Fig. 2). However, in-
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Table 1. Effect of partial denervation on resting membrane potential.

RMP (mv) of cells with: LAy

Treatment low RMP (%)
MEPP’s* Low RMPY Mean Range

EDL

Control — 78.5 £ 0.3

Partial nerve crush - 779 £ 0.5 - 537+ 1.0 49 30 to 60

L4 section - 78.0 = 0.6 — 58.1 = 0.4 67 45 to 95

LS section - 77.1 £ 0.6 - 63.5+0.8 16 5to25
Soleus

Control - 73.8 04

L4 section - 74.8 £ 0.5 - 63.1 1.7 5 0to 8

LS5 section - 74.1 £ 0.6 - 61.6 £ 0.3 67 45 to 95

*Data (mean + S.E.M.) represent 23 to 190 muscle fibers from 4 to 13 muscles. tAverage RMP (mv) of
those cells whose RMP was more than two standard deviations below the mean RMP of contralateral control
muscles.

Table 2. Effect of partial denervation on MEPP’s, extrajunctional ACh sensitivity, and directly
elicited action potentials.

Fibers with overshoot-

ACh sensitivity ing action potentials

MEPP*

(mv/nanocoulomb) in presence of
Treatment 1 x 107%M TTXT
Amplitude Frequency Inner- Dener- Ivr::zg 1331:(11‘-
-1
(mv) (sec™) vatedt vated§ %) %)
EDL after 0.53 = 0.06 2.8 = 0.1 < 0.001 92.5 = 10.7 0 95 to 100
L4 section
Soleus after 0.49 = 0.08 1.2 =02 < 0.01 115.0 = 22.2 0 95 to 100
L5 section

*The values shown for MEPP amplitude and frequency were not significantly different from those of control
muscles. The data are means = S.E.M. of at least ten surface fibers from at least three muscles. +Approx-
mately 20 percent of the innervated muscle fibers displayed an action potential which did not reach zero po-
tential (see Fig. 2). tInnervated fibers refer to fibers which displayed MEPP’s and normal RMP. §De-
nervated fibers refer to those fibers which were lacking MEPP’s and were partially depolarized.

Fig. 2. Typical records of
directly elicited action
potentials and extra-
junctional ACh sensitivi-
ty of EDL muscles. (A)
Contralateral control
muscle fibers. (B) In-
nervated muscle fibers of
partially denervated mus-
cles. (C) Denervated
muscle fibers of partially
denervated muscle. 1.
Action potentials elicited
in normal Ringer  solu-
tion. 2. Action potentials
elicited in presence of
1 X 107M TTX. In each
panel of 1 and 2, the up-
per trace indicates zero
membrane potential and
the middle and bottom
traces show the action
potential and its rate of
rise (dv/dt), respectively.
3. ACh sensitivity of the
extrajunctional ~muscle
membrane. For each pair
of traces, the upper one
shows the membrane re-
sponse to the micro-
iontophoretically applied
ACh. The bottom one
shows the current ap-
plied to the ACh pipette.
For the lower pair of '
traces in B3 the recording electrode was close to the end plate region (note MEPP) but the
iontophoretic pipette was placed 200 to 300 wm from the end plate region so that junctional ACh
sensitivity would not be observed. The ACh potential shown in C3 was elicited by a current
pulse that was 0.2 msec in duration.

5msec

30 msec
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nervated muscle fibers (those with nor-
mal RMP’s and MEPP’s) did not show
overshooting action potentials. In fact,
in most of the innervated fibers the phas-
ic potential elicited by the current pulse
junctionally as well as extrajunctionally
could be attributed to delayed rectifica-
tion by the muscle meémbrane of the ap-
plied square current pulse. In many
muscle fibers though (20 percent), TTX
was unable to block completely the action
potential of the innervated surface fibers
of partially denervated EDL and soleus
muscles. However, this behavior was ob-
served similarly in the normally in-
nervated EDL. Therefore, the
innervated muscle fibers did not acquire
resistance to the blocking action of TTX
in the manner observed in denervated
muscles (Fig. 2) (9). In addition, it may
be expected that the presence of TTX-
resistant action potentials at the muscle
end plate is not necessarily a sign of de-
nervation since Thesleff et al. (10) have
shown that TTX-resistant action poten-
tials commonly occur in innervated end
plates of the rat diaphragm.

We have found that partially dener-
vated EDL and soleus muscles display
two distinct classes of surface muscle fi-
bers: one class which represents dener-
vated fibers with denervation changes
similar to those which have been estab-
lished for completely chronically dener-
vated muscle, and a separate class which
represents remaining normally innervat-
ed muscle fibers whose membrane prop-
erties do not differ substantially from
control unoperated muscle fibers. These
innervated and denervated fibers were
commonly found adjacent to one anoth-
er. Furthermore, even in those prepara-
tions that were predominantly dener-
vated, any cell which displayed MEPP’s
always had a RMP, extrajunctional ACh
sensitivity, and TTX-sensitivity com-
parable to control muscle fibers. These
results show that innervated and dener-
vated fibers can exist next to each other
without the innervated fibers developing
any obvious signs of denervation. This
finding, therefore, does not support the
suggestion (4) that nerve degeneration
products resulting from partial denerva-
tion of a muscle induce denervation-like
changes in the remaining innervated fi-
bers.

THOMAS N. TIEDT
EpsoN X. ALBUQUERQUE
Department of Pharmacology and
Experimental Therapeutics,
University of Maryland, School of
Medicine, Baltimore 21201
LrLoyp GUuTH
Department of Anatomy,
University of Maryland, School of
Medicine, Baltimore

SCIENCE, VOL. 198



References and Notes

1. R. Jones and G. Vrbovd, J. Physiol. (London)
236, 517 (1974); D. K. Berg and Z. W. Hall, ibid.
244, 659 (1975); T. Lemo and R. H. Westgard,
ibid. 252, 603 (1975); P. A. Lavoie, B. Collier,
A. Tenenhouse, Exp. Neurol. 54, 148 (1977).

2. R. Miledi, J. Physiol. (London) 151, 1 (1960); E.
X. Albuquerque, J. E. Warnick, J. R. Tasse, F.
M. Sansone, Exp. Neurol. 37, 607 (1972); T. N.
Tiedt, P. Lewis-Wisler, S. G. Younkin, ibid. §7,
766 (1977).

3. R. Jones and G. Vrbovd, J. Physiol. (London)
236, 517 (1974); R. Jones and F. Vyskocil, Brain
Res. 88, 309 (1975); R. J. Blunt, R. Jones, G.
Vrbova, Pfluegers Arch. 335, 189 (1975).

4. A. Cangiano and L. Lutzemberger, Science 196,
542 (1977).

S. Spinal nerves L4 and LS were designated as de-
scribed by E. C. Greene [The Anatomy of the
Rat (American Physiological Society, Phila-
delphia, 1935; Hafner, New York, reprint,
1968)]. The more rostral of the two spinal nerves
comprising the sciatic nerve is therefore referred
to as L4, whereas Cangiano and Lutzemberger
(4) refer to this nerve as L5.

6. E. X. Albuquerque and R. J. Mclsaac, Exp.
Neurol. 26, 183 (1970); S. S. Deshpande, E. X.
Albuquerque, L. Guth, ibid. 53, 151 (1976).

7. Extrajunctional ACh sensitivity was determined
by microiontophoretic application of ACh, with
high-resistance glass micropipettes (150 to 300
megohms) filled with 2.5M acetylcholine chlo-
ride. Current pulses were 2 x 1078 to 6 X 1077
amp and 0.05 to 20.0 msec in duration. For the
innervated muscle fibers, current pulses of 5 to

20 msec in duration were routinely used in order
to assess adequately the presence of measurable
extrajunctional ACh sensitivity.

8. Directly elicited action potentials were obtained
by inserting two microelectrodes into the same
surface fiber 50 to 100 um apart, one to pass cur-
rent and the other to record the voltage re-
sponse. The RMP was set at —90 mv to obtain
more homogeneous responses by applying a hy-
perpolarizing current through the current elec-
trode [T. Narahashi, J. Cell. Comp. Physiol. 64,
73 (1964); E. X. Albuquerque and S. Thesleff,
Acta Physiol. Scand. 73, 471 (1968)]. In many
cells, the depolarizing current pulse was also de-
livered with the RMP set at —120 mv to ensure
that the pattern of TTX-resistance which we ob-
served was not dependent on the membrane
holding potential. The effect of TTX (1 x
107%M) on directly elicited action potentials was
then compared in the two classes of surface
muscle fibers to determine whether the action
potentials of innervated muscle fibers of partial-
ly denervated muscles develop resistance to the
blocking action of TTX in a similar way to that
observed in denervated muscle fibers.

9. P. Redfern and S. Thesleff, Acta Physiol.
Scand. 82, 70 (1971); E. X. Albuquerque and J.
E9 7Vgarnick, J. Pharmacol. Exp. Ther. 180, 683
(1972).

10. S. Thesleff, F. Vyskocil, M. R. Ward, Acta
Physiol. Scand. 91, 196 (1974).

11. Supported in part by PHS grants NS-12063 and
NS 12847 and by a grant from the Muscular Dys-
trophy Association of America.

22 June 1977; revised 22 July 1977

Phototoxic Keratoconjunctivitis from Coal-Tar Pitch Volatiles

Abstract. Roofers working with coal-tar pitch develop burning eyes and con-
Junctivitis which they subjectively associate with sun exposure. A coal-tar pitch dis-
tillate instilled in the conjunctivae of rabbits produced minimal or mild irritation in
the absence of ultraviolet radiation, but irradiation with long-ultraviolet produced
marked photophobia and severe keratoconjunctivitis.

Photosensitization reactions induced
by exogenous agents have not been
clearly shown to cause human eye dis-
ease. In this report we describe observa-
tions on humans employed in the roofing
trade and on New Zealand white rabbits
which demonstrate that ultraviolet (UV)
radiation of wavelengths present in sun-
light, and volatiles from coal-tar pitch,
can act in concert to produce injury to
the cornea and conjunctiva (keratocon-
junctivitis). This injury appears analo-
gous to phototoxic injury to the skin
from coal-tar pitch and sunlight (1, 2).

Two groups of U.S. roofers occupa-
tionally exposed to coal-tar pitch were
examined. Six of 34 roofers in one group
and 11 of 17 roofers in the other had clin-
ical signs of keratoconjunctivitis. There
were statistically significant (P < .05,
Fisher’s exact test) correlations between
the presence of conjunctivitis on examina-
tion and occupational exposures to air-
borne polycyclic particulate organic mat-
ter of = 0.20 and = 0.18 mg/m3, respec-
tively, for the two groups (3). In each
case the personal exposures represented
a time-weighted average value for the en-
tire work period. Affected roofers com-
plained of severe burning in the eyes on
exposure to the sun. In addition, the ma-
jority of roofers in each group gave a his-
tory of severe episodes of probable kera-
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toconjunctivitis in the past, which they
related to exposure to pitch vapors or
dusts. Other authors have described
both acute and chronic ocular changes as
a result of human exposure to coal-tar
pitch or its components (/, 4, 5). Susorov
(5) noted that eye irritation in workers
unloading pitch was more pronounced
when the work was carried out in clear
sunlight. -

Table 1. Subjective assessment by 11 white

journeyman roofers of the relative influence
of environmental variables and different roof-
ing materials on the development of skin and
eye symptoms. Symptoms were scored as
very bad, 5; bad, 3; occasional, 1; and none,
0.

Mean score

Variable Eye Skin

symp- symp-

toms toms
Sunny day 3.9 2.5
Summer 3.7 2.7
Windy day 2.9 2.7
Very humid 2.8 2.3
Still day 2.0 1.8
Not humid 1.4 1.3
Winter 1.0 1.0
Cloudy day 0.9 1.0
Pitch (about 260°C) 3.6 2.5
Pitch (about 200°C) 2.2 1.6
Asphalt 0.1 0.1
Gravel 0.2 0.1

Fifteen journeyman roofers rated from
personal experience the relative influ-
ence of certain environmental variables
in producing eye and skin symptoms. Se-
lected ratings obtained from 11 white
males are shown in Table 1. Although
only the skin manifestations are general-
ly considered phototoxic, subjective as-
sociations with sunny days or summer
were stronger for eye symptoms than for
skin symptoms. Four black male roofers
gave rankings for eye symptoms similar
to those of the white roofers, but only
one black reported any skin symptoms.
Both eye and skin symptoms were clear-
ly associated with the use of coal-tar
pitch rather than other roofing materials
and were more pronounced when pitch
was used at a higher temperature, where
more would be volatilized.

As these observations suggested a role
for photosensitization in producing eye
irritation, the results of controlled expo-
sures of the eye to UV and pitch alone
and in combination were examined in
New Zealand white rabbits. The animals
weighed between 3 and 4 kg and were
maintained in UV-free quarters. Thirty
minutes before treatment acepromazine
(2 mg/kg) was given subcutaneously and
eyelashes were trimmed to a length of 3
mm. One eye of each rabbit was exposed
to radiation from a bank of BLLB40 fluo-
rescent black lights (predominantly 330
to 380 nm), passed through a window-
glass filter to remove radiation below 320
nm. Total radiant exposure was con-
trolled by using a photodosimeter. Dur-
ing irradiation the other eye was covered
with an opaque shield and reflective sur-
faces in the room were covered with
black cloth. Roofing coal-tar pitch vola-
tiles were prepared by collecting vapors
from a large sample maintained at 200°C,
using Romovacek’s method (6). Gross
and biomicroscopic observations of the
eyes were made 5, 24, 48 and 72 hours
after treatment (longer if abnormalities
persisted) by an observer who did not
know how each eye had been treated.

Preliminary studies showed that rab-
bits irradiated shortly after conjunctival
instillation of 10 wl of coal-tar pitch distil-
late to both eyes would tightly close only
the irradiated eye within about 3 minutes
(4 x 10% joule/m? UV) and keep that
eye closed until irradiation was ceased.
As aresult it was necessary to use an eye
speculum to keep the lids open during
irradiation.

Each final evaluation group consisted
of six rabbit eyes. In all instances both
conjunctival sacs of a rabbit were in-
stilled with 10 ul of either pitch volatiles
or distilled water and one eye was subse-
quently irradiated with UV at 2.0 x 10°
joule/m?. No changes were observed in
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