The longitudinal muscles of the chaetog-
naths have a well-developed sarcoplas-
mic reticulum (27) and are therefore pre-
sumably not obligated to use extracellu-
lar calcium for contraction, as they have
an internal source of the ion. They could
use sodium rather than calcium currents
to depolarize the muscle and trigger
force generation mainly by release of
calcium from the sarcoplasmic reticu-
lum. One possible selective pressure that
would favor the use of sodium rather
than calcium currents would be the fast-
er kinetics afforded by the use of the
former, which would in turn allow faster
muscle responses. This feature is of ob-
vious value to predatory animals such as
chaetognaths (8, 9). At this point one can
only speculate about the evolution of
sodium channels in muscle. It is possible
that sodium action potentials are a trait
of all deuterostome muscles that have a
well developed sarcoplasmic reticulum.
Alternatively, sodium channels could
have evolved independently in the mus-
cles of both sagitta and the chordates.
With the development of the loose patch
clamp, it will now be possible to examine
the small muscles of other invertebrate
phyla and perhaps provide some insight
into this question.

LAWRENCE M. SCHWARTZ*

WALTER STUHMERT

Department of Physiology and
Biophysics, School of Medicine,
University of Washington, Seattle 98195

References and Notes

1. A. L. Hodgkin and A. F. Huxley, J. Physiol.
(London) 116, 449 (1952).

. 8951;) Huxley and R. Stampfli, ibid. 112, 496

. W. L. Nastuk and A. L. Hodgkin, J. Cell.
Comp. Physiol. 35, 39 (1950).

. S. Hagiwara and L. Byerly, Annu. Rev. Neuro-
sci. 4, 69 (1981); S. Hagiwara and K. Naka, J.
Gen. Physiol. 48, 141 (1964); D. A. Weisblat, L.
Byerly, R. L. Russell, J. Comp. Physiol. 111, 93
(1976); Y. Kidokoro, S. Hagiwara, M. P. Hen-
kart, ibid. 90, 321 (1974).

5. F. M. Ashcroft and P. R. Stanfield, J. Physiol.
(London) 323, 93 (1982).

6. Y. Naitoh, R. Eckert, K. Friedman, J. Exp.
Biol. 56, 667 (1972).

7. P. 1. Baccaglini and N. C. Spitzer, J. Physiol.
(London) 271, 93 (1977); C. S. Goodman and N.
C. Spitzer, Nature (London) 280, 208 (1979).

8. R. D. Barnes, Invertebrate Zoology (Saunders,
Philadelphia, ed. 3, 1974).

9. L. H. Hyman, The Invertebrates (McGraw-Hill,
New York, 1959), vol. 5, pp. 1-71.

10. Sagitta elegans were obtained from plankton
tows at a depth of 200 m from Puget Sound and
kept at 4°C. Sagitta are approximately 1.5 cm
long and torpedo shaped, with a diameter of
about 1.0 mm. Experiments were performed in
artificial seawater (ASW): 460 mM NaCl, 6.7
mM KCl, 2.5 mM CaCl,, 1.3 mM MgSO,, 4.4
mM Na,HPO,, 10 mM Hepes buffer, pH 7.4.
(Sodium-free ASW had the same composition
except that tris-chloride replaced NaCl). Unless
stated otherwise, all experiments were per-
formed at 4° to 6°C.

11. J. W. Moore, M. P. Blaustein, N. C. Anderson,
T. Narahashi, J. Gen. Physiol. 50, 1401 (1967).

12. For electrophysiological examination, animals
were opened mid-dorsally and the viscera were
removed to expose the longitudinal muscles
running the length of the body. These muscles
have 2.4-um repeating sarcomeres and a diame-
ter of approximately 15 um. These preparations
were then mounted in a plexiglass chamber and

HOWN

3 AUGUST 1984

flooded with ASW. Resting and action poten-
tials were recorded with intracellular glass mi-
croelectrodes filled with 3M KCl and having
resistances of 7 to 15 megohms. Action poten-
tials from Sagitta were elicited with extracellu-
lar bipolar platinum electrodes. Action poten-
tials were generated in pharate adult Manduca
by stimulating the ventral nerve cord with bipo-
lar platinum electrodes while recording from the
lateral intersegmental muscle of the fifth abdom-
inal segment. The composition of the saline was
35 mM KCl, 9.2 mM NaCl, 4.2 mM CaCl,, 16
mM MgCl,, 172 mM glucose, 2.5 mM phosphate
buffer, pH 6.7. The action potential in the frog
sartorius muscle was produced by stimulating
the muscle directly with bipolar platinum elec-
trodes. The saline consisted of: 115 mM NaCl,
2.5 mM KClI, 1.8 mM CaCl,, 3 mM phosphate
buffer, pH 7.25.

13. Voltage-clamp measurements were performed
with the extracellular loose-patch clamp as de-
scribed elsewhere (15). Briefly, glass capillaries
with fire-polished tips apgroximately 10 pm in
diameter were filled with saline and pressed
against a fiber to electrically isolate a patch of
the sarcolemma. Voltage steps were applied to
the electrode, and the resulting current flow was
measured and corrected for leakage and capaci-
tive artifacts. A holding potential of —20 mV
was applied to the patch. In some experiments,
muscles were initially treated for 5 minutes at
0°C with 1 mg of type III collagenase (Sigma)
(E.C. 3.4.24.3) per milliliter of ASW to disrupt
the connective tissue over the muscle to achieve
tighter seals between the electrode and mem-
brane. The results obtained were identical to
those of muscles without collagenase treatment.

14. W. Stithmer and W. Almers, Proc. Natl. Acad.
Sci. U.S.A. 79, 946 (1982); W. Stiihmer, W.

Roberts, W. Almers, in Single Channel Record-
ing, B. Sakmann and E. Neher, Eds. (Plenum,
New York, 1983), pp. 123-132.

15. W. Almers, P. R. Stanfield, W. Stithmer, J.
Physiol. (London) 336, 261 (1983).

16. B. Hille, in Handbook of Physiology, section 1,
vol. 1, E. R. Kandel, Ed. (Williams & Wilkins,
Baltimore, 1977), pp. 99-136.

17. S. H. Thompson, J. Physiol. (London) 265, 465
(1977).

18. J. A. Sanchez and E. Stefani, ibid. 283, 197
(1978); W. Almers and P. T. Palade, ibid. 312,
159 (1981).

19. J. Lehoueller, J. Cundras, J. Bruner, Neurosci.
Lert. 37, 227 (1983).

20. S. Suzuki and H. Sugi, in The Role of Calcium in
Biological Systems, L. J. Anghiteri and A. M.
Tuffet-Anghiteri, Eds. (CRC Press, Boca Raton,
Fla., 1982), vol. 1, pp. 201-217.

21. M. Camatini and L. Lanzauvecchia, Atti. Ac-
cad. Naz. Lincei Mem. Cl. Sci. Fis. Mat. Nat.
Sez. 3a, 41, 392 (1966).

22. We thank W. Almers and B. Hille for both a
critical reading of the manuscript and helpful
comments throughout the course of this study.
We also thank M. R. Landry, C. Green, and the
Water Column Group for providing animals.
L.M.S. held a fellowship from the American
Heart Association of Washington. Supported by
PHS grant AM17803 to W. Almers.

* Address after 15 August: Department of Biolo-
gy, Wilson Hall, University of North Carolina,
Chapel Hill 27514.

t Present address: Max-Planck-Institit fiir Bio-
hysikalische Chemie, D-3400 Gottingen-Niko-
ausberg, Am Fassberg, Federal Republic of

Germany.

9 January 1984; accepted 13 March 1984

Increased Numbers of Thoracic Dorsal Root Axons in Rats

Given Antibodies to Nerve Growth Factor

Abstract. Sensory axons were counted in untreated I1-month-old rats and in
littermates that were injected with antibodies to nerve growth factor. There were 45
percent more unmyelinated and 17 percent more myelinated axons in dorsal roots of
the fifth thoracic spinal segment in treated rats. This suggests that the number of
sensory axons can be changed by postnatal inactivation of nerve growth factor.

Nerve growth factor (NGF) affects the
growth and development of sensory and
sympathetic neurons (/, 2). On the sen-
sory side, this compound is necessary
for the survival of dorsal root ganglion
cells and the outgrowth of sensory pro-
cesses in vitro (3). Furthermore, it has
been suggested that NGF is transported
from peripheral endings to appropriate

Fig. 1. Electron micrograph of a cross section
of a dorsal root, showing a myelinated axon
(right) surrounded by smaller, unmyelinated
axons. Because of their distinctive morpholo-
gy, myelinated and unmyelinated axons can
readily be counted with the electron micro-
scope. Scale bar, 1 pm.

neuronal cell bodies and that this serves
as a signal that innervation is being main-
tained (4). In vivo, treatment with anti-
bodies to NGF before birth reduces the
number of primary sensory cells (5), but
there is no demonstrable postnatal effect
on these cells (5, 6). It was recently
discovered, however, that postnatal ma-
nipulation of NGF levels changes the
number of axons in a peripheral nerve (7)
and in the dorsal root after spinal injury
(8, 9). This suggests that sensory axons
might be influenced by postnatal inacti-
vation of NGF even if the number of
sensory cells does not change.

Pregnant Sprague-Dawley rats were
obtained from Texas Inbred Mouse
Company. When the pups were born
they were given daily injections (3 ul/g
subcutaneously) of antibodies to NGF
(anti-NGF; undiluted rabbit antiserum)
at a site near the dorsal fat pad for 4
weeks. The anti-NGF was prepared
against the purified mouse B-NGF sub-
unit as described by Beck and Perez-
Polo (10). In bioassays of embryonic
chick sensory ganglia or of human neuro-
blastoma cells, a 1:500 dilution of the
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antiserum was found sufficient to
“block’ exogenously applied NGF at
concentrations containing one biological
unit of activity per milliliter. Conse-
quently, the use of undiluted antisera in
these experiments was deemed sufficient
to block endogenous levels of NGF,
which are known to be in the nanogram
range (/1). As a control, samples of
whole serum from the same rabbits that
were later used to produce the anti-NGF
were given to rats as described above.
Axon numbers in these rats were the
same as in normals (8).

After 28 days the rats were anesthe-
tized by intraperitoneal injection of sodi-
um pentobarbital (40 mg/kg) and per-
fused with 0.9 perent NaCl containing
0.2 ml of 1.0 percent NaNO, and 200 U
of heparin per 100 cm®. When the efflu-
ent from the right auricle was free of
blood, the perfusion fluid was changed to
3 percent glutaraldehyde, 3 percent para-
formaldehyde, and 0.1 percent picric
acid in 0.1M cacodylate buffer (pH 7.4).
After 1 to 3 hours, the dorsal roots were
removed and placed in the aldehyde so-
lution overnight. The following day the

.tissue was placed in a solution of 1
percent osmic acid and 1.5 percent po-
tassium ferricyanide (/2) in 0.1M caco-
dylate buffer (pH 7.4) for 1 to 2 hours.
The tissue was then stained in 0.5 per-
cent uranyl acetate and embedded in a
mixture of Epon and araldite. Thin sec-
tions were cut with a diamond knife,
placed on single-hole grids covered with
Formvar film, stained with 0.1 percent
lead citrate or left unstained, and exam-
ined in a Philips 300 or 301 electron
microscope (Fig. 1). All myelinated and
unmyelinated axons were counted. Error
in repeated counts of the tissue was *+3
percent. Statistical significance (P <
0.05) was determined by Student’s ¢-test.

Counts of axons in dorsal roots of the
fifth thoracic spinal segment (TS) of un-
treated rats and anti-NGF-treated litter-
mates are presented in Table 1. There
were, on average, 1358 myelinated and
4097 unmyelinated axons in the roots
from untreated rats and 1595 myelinated
and 5944 unmyelinated axons in the
same roots from treated rats. Thus, there
were 17 percent more myelinated and 45
percent more unmyelinated axons in the
roots from treated animals. These differ-
ences are significant at P < 0.017 and
P < 0.0001, respectively.

To our knowledge, this is the first
demonstration of a postnatal change in
the number of dorsal root axons caused
by manipulation of NGF only. The ob-
servation that axonal numbers increase
after anti-NGF treatment is surprising,
because it was previously reported that
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Table 1. Counts of myelinated and unmyelin-
ated axons from rats treated with anti-NGF
and from untreated littermates. The counts
were made from the left and right dorsal roots
of the fifth thoracic segment.

Untreated rats égeii-eNd(iaﬁ;
Myeli-  Unmyeli-  Myeli- Un-
nated nated nated myeli-
axons axons axons nated

axons
Left dorsal root
1236 4276 1660 6053
1263 3364 1319 5343
1520 4135 1496 6868
1271 4066 1928 6073
Right dorsal root
1371 3574 1678 5622
1439 4643 1794 6498
1381 4295 1624 5979
1379 4423 1260 5116
Mean * standard error
1358 4097 1595 5944
+34 +152 +80 +204

the number of cells or processes in-
creases when NGF is present and de-
creases when NGF is not present or is
inactivated (2, 5, 6). As an explanation,
we suggest that NGF acts as a signal
from a target cell to the neuron indicating
that normal connections are being main-
tained (3). Thus, withdrawal of NGF
might indicate that axonal connections
are not present, which leads to compen-
satory sprouting (4, 9, 13). Since the
axons in the dorsal root are the structural
basis of dermatomes, studies are needed
to determine whether the qualities of
sensation and the size of dermatomes
change as a result of such treatment. We
also need to determine whether these
changes occur in other spinal segments

and in other mammals and whether they
still occur if the anti-NGF is adminis-
tered earlier or later in development. Our
findings raise the possibility of increas-
ing the number of sensory axons by a
noninvasive postnatal technique.
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Mating in Bighorn Sheep: Multiple Creative Male Strategies

Abstract. Rocky Mountain bighorn rams obtained copulations by defending single
estrous ewes (tending), fighting tending rams for temporary access to defended ewes
(coursing), or moving and holding ewes away from other rams beyond the periphery
of a traditional tending area (blocking). Coursing and blocking illustrate a feature of
many male alternative mating strategies: the ability of males regularly to create

mating opportunities.

A primary and one or more alternative
strategies are typically distinguished
when different male mating strategies
coexist within populations (/). Males
that use primary strategies generally
‘‘create’’ mating opportunities with
some form of sustained intrasexual ag-
gression, of which territorial and harem
defense are examples. In contrast, males
that use diverse alternative strategies are

often depicted as ‘‘opportunists,’’ taking
advantage of mating chances provided
by various extrinsic causes, such as a
territorial dispute that leaves females un-
guarded (/). I now present evidence that
Rocky Mountain bighorn rams (Ovis
canadensis canadensis) mate in three
distinct ways. A primary strategy, tend-
ing, coexists with two alternatives,
blocking and coursing. Most males both
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