of 6- to 8-nm thick filaments (Fig. 4, b
and c¢). Individual filaments had sub-
structural periodicity similar to that of
actin filaments (I5). The estimated num-
ber of filaments per cable varied from 10
to more than 80 (16).

Since actin filaments were the only
detectable linear components of the ca-
bles, it is likely that single actin filaments
are the structural units of the multiple
tracks at the surface of the cables. The
requirement of ATP to support organelle
movement along the actin filaments sug-
gests that an actin-activated adenosine-
triphosphatase was directly involved in
this process. Since movement did not
require Ca®", it may have been indepen-
dent of regulatory proteins associated
with the actin filament such as troponin
and tropomyosin (/7). Perhaps only actin
and an actin-activated adenosinetriphos-
phatase present at the surface of the
organelle are involved in movement in
this system. Evidence from several
physiological and pharmacological ex-
periments supports the contention that
myosin or a myosin-like adenosinetri-
phosphatase is responsible for the gener-
ation of the motive force (2, 18). Further
electron microscopy is needed to ascer-
tain whether small cross-bridging struc-
tures, similar to the myosin arms in
muscle (19), are involved in the interac-
tions between organelles and actin fila-
ments.

The observation that a single transport
substrate could support movement of
different organelles at different rates in-
dicates that only the part of the motile
machinery that is associated with an
organelle may modulate its rate of move-
ment (20). Although this may be the case
in other systems where a variety of pat-
terns of organelle movement has been
observed (I, 21), microtubules appear to
be the basic substrate for organelle mo-
tility in axons and cultured cells (27).

The preparation described here per-
mits extensive analysis of cytoplasmic
organelle movement in the absence of an
organized cytoplasm and without the in-
sulating effect of a plasma membrane. It
permits direct visualization and mea-
surement of organelle displacements
along the transport substrate. This prep-
aration is easy to obtain, highly repro-
ducible, and amenable to biochemical,
pharmacological, and mechanical ma-
nipulations.

BECHARA KACHAR
Laboratory of Neurobiology,
National Institute of Neurological
and Communicative Disorders
and Stroke, National Institutes of
Health, Bethesda, Maryland 20205
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Hormonal Control of the Anatomical Specificity of

Motoneuron-to-Muscle Innervation in Rats

Abstract. Motoneurons of the spinal nucleus of the bulbocavernosus innervate
bulbocavernosus muscles in male rats. Adult female rats normally lack both the
spinal nucleus and its target muscles. Prenatal treatment of females with testoster-
one propionate resulted in adults having, like males, both the spinal nucleus and its
target muscles. However, prenatal treatment with dihydrotestosterone propionate
preserves the muscles but not the motoneurons. This paradoxical condition might
result from (i) bulbocavernosus muscles without innervation; (ii) muscles innervated
by morphologically unrecognizable motoneurons; (iii) muscles innervated by a very
few spinal nucleus cells, each innervating many bulbocavernosus fibers; or (iv)
muscles innervated by motoneurons outside their normal anatomical locus in the
spinal nucleus. The results of retrograde marker injections into the bulbocavernosus
muscles of females treated with androgen refute the first three possibilities and
confirm the last: the different androgen treatments result in anatomically distinct
spinal motor nuclei innervating bulbocavernosus muscles.

The anatomical specificity of neural
connections is undoubtedly crucial to
behavioral function, and the achieve-
ment of this specificity poses one of the
fundamental questions for developmen-
tal neurobiology. Most studies address-
ing this question monitor the neural con-
nectivity in surgically manipulated indi-
viduals and then make inferences about

the mechanisms guiding the formation of
connections in normal subjects. Another
approach is to study neural systems that
differ anatomically between the two
sexes. These sexually dimorphic neural
systems can follow either of two devel-
opmental programs: that which results in
the masculine anatomical configuration,
or that which produces the feminine con-
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figuration. An advantage of this ap-
proach is that the experimenter can ma-
nipulate development by altering the
cues (steroid hormones) that normally
“determine the program to be followed.
One such sexually dimorphic system is
the spinal nucleus of the bulbocaverno-
sus (SNB), which consists of motoneu-
rons innervating the perineal bulbocav-
ernosus (BC) muscles in male rats (7).
While these striated muscles are crucial
for reproduction in male rats (2), adult
females normally lack the BC muscles
and have so few motoneurons in the
SNB region that no coherent nucleus is
formed. The BC muscles and SNB are
present in female rats at birth, but the
muscles disappear and most of the SNB
cells die shortly thereafter (3). Treatment
of females just after birth with either
testosterone propionate (TP) or dihydro-
testosterone propionate (DHTP) pre-
vents this dissolution and results in
adults which, like males, have an SNB
and the striated BC muscles. However,
prenatal administration of the two andro-
gens exerts disparate effects on the SNB
system. Prenatal treatment of females
with TP causes the muscles and the SNB

v
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Fig. 1. Schematic drawing of a transverse
section of the rat spinal cord showing the
location of motoneuronal nuclei in the fifth
and sixth lumbar segments. Both male and
female rats have a dorsolateral nucleus (DLN)
and a retrodorsolateral nucleus (RDLN).
Adult female rats do not normally have the
perineal bulbocavernosus (BC) muscles and
consequently have few motoneurons in the
region of the spinal nucleus of the bulbocaver-
nosus (SNB), which innervates the BC in
males. Prenatal treatment of female rats with
either of two androgens, testosterone propio-
nate (TP) or dihydrotestosterone propionate
(DHTP) will result in BC muscles in adult-
hood. Only the prenatal TP results in more
motoneurons in the medial SNB region. Ar-
rows indicate the midline; scale bar, 200 pm.
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to persist into adulthood. Prenatal DHTP
treatment also causes the BC muscles to
persist, but these animals have no more
motoneurons in the SNB region than
normal females, which lack the target
muscles altogether (4). This paradoxical
condition of females treated with DHTP
might result from (i) BC muscles without
innervation, (ii) muscles innervated by
morphologically unrecognizable moto-
neurons, (iii) muscles innervated by a
very few SNB cells, each innervating
many BC fibers, or (iv) BC muscles
innervated by motoneurons outside their
normal anatomical locus in the SNB. In
these experiments, I injected horserad-
ish peroxidase (HRP) into the BC mus-
cles of females treated with androgen to
demonstrate that the last possibility is
correct: the different androgen treat-
ments resulted in anatomically different
spinal motor columns innervating BC
muscles.

On each of gestational days 17 to 22,
pregnant Sprague-Dawley rats (Simon-
sen) were injected subcutaneously with 2
mg of either TP or DHTP (Steraloids).
Upon delivery (day 23), female pups
were toe-marked and cross-fostered to
untreated dams that had delivered the
same day. Pups were weaned at 21 days
of age and as adults received testoster-
one implants (5) to increase the size of
the BC muscles and thereby facilitate
later injections. At least 2 weeks after
the capsule was implanted, the treated
females were anesthetized (Chloropent,
3 ml/kg, intraperitoneally), and the later-
al-ventral BC muscles on each side were
injected with 0.5 to 1.0 pl of 30 percent
HRP (Sigma type VI) in saline delivered
through a microsyringe guided under a
dissection microscope (6). The rats were
killed with a barbiturate overdose 24 to
48 hours later and the spinal cords were
horizontally sectioned and stained for
HRP by a tetra-methylbenzidine method
(7). Most of the tissue was examined
without counterstaining to maximize the
detection of HRP-filled motoneurons.
Because the aim of the experiment was
to compare TP and DHTP females, the
animals were treated as seven yoked
pairs, each consisting of one DHTP and
one TP female. Each pair of animals was
treated together, through suckling, im-
planting with testosterone capsules, in-
jection with HRP, being killed, perfused,
sectioned, and stained together. The
HRP-stained sections from all treated
females, as well as from seven control
males (injected with 3 to 6 wl of HRP into
the BC on each side) were analyzed
together by an observer who was un-
aware of the treatment conditions.

Of the four possible explanations for

the paradoxical effects of prenatal
DHTP, HRP results rule out the first
three and conform to the last. HRP injec-
tions into the BC of DHTP-treated fe-
males retrogradely fill ventral horn cells,
which in Nissl counterstain reveal all the
morphological signatures of motoneu-
rons; that is, they are large, multipolar,
and densely Nissl-staining. Because the
BC is innervated by morphologically
normal motoneurons, the first two possi-
bilities are excluded. If the third possibil-
ity were correct—if the BC of DHTP-
treated females were innervated by the
very few remnant SNB motoneurons,
each innervating a large number of fi-
bers—one would expect a given volume
of HRP injected into the BC to fill fewer
motoneurons in the DHTP females than
in the TP females. However, there was
no significant difference in the number of
motoneurons filled by HRP injections in
the two groups [TP females: 42.3 + 9.7
(standard error of the mean) filled cells
per microliter of HRP solution injected;

DHTP Females
40 A

20 A

TP Females

40

20

HRP-Filled cells (%)

Normal males
40

20

1 2 3 4 5 6 7 8 9 10
Distance from midline (x 96 um)

Fig. 2. The medial-lateral position of moto-
neurons innervating the lateral-ventral bulbo-
cavernosus (BC) muscle revealed by retro-
grade HRP labeling. In normal males most
motoneurons innervating the BC are within
288 wm of the midline, within the boundaries
of the SNB. Female rats given TP before birth
(544 HRP-filled cells) show an identical distri-
bution of motoneurons innervating the BC,
but females prenatally treated with DHTP
show a different arrangement (representing
489 HRP-filled cells). In these females, the
motoneurons innervating the BC are in a
lateral column of the spinal cord, specifically
in the dorsolateral nucleus (Fig. 1). The num-
ber of HRP-filled motoneurons per volume of
injected HRP did not differ in the two groups
of females. This lateral position of BC moto-
neurons in DHTP-treated females explains
the absence of motoneurons in the SNB re-
gion of such females, despite the presence of
BC muscles.
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DHTP: 39.8 = 8.0 filled cells; P > 0.40,
matched-pairs ¢-test]. The ratio of moto-
neurons innervating muscle fibers is sim-
ilar in the two groups and cannot explain
the unusual condition of the DHTP-treat-
ed females.

On one feature, the anatomical loca-
tion of the HRP-filled motoneurons,
DHTP and TP females were drastically
different. In adult females given TP pre-
natally, most motoneurons innervating
the BC were found in the same location
as in males: the medial motoneuronal
column normally occupied by the SNB
(Figs. 1 and 2). However, the BC of
females treated with DHTP was inner-
vated by motoneurons in an anomalous,
lateral location—the DLN motoneuronal
column 500 pm away (Fig. 2). HRP
injections into male BC virtually never
labeled lateral motoneurons (Fig. 2).
Thus, TP produces females with BC
muscles primarily innervated by the
same motoneuron column as in males,
the medial SNB pool. But DHTP pro-
duces females with muscles innervated
by an anatomically different and, relative
to males, abnormal motoneuronal pool.

Vertebrate motoneurons innervating a
given muscle are organized in rostro-
caudally oriented columns occupying the
same spinal location with consistency
across individuals (8), making the neuro-
muscular system a valuable model of the
specificity of connections in the nervous
system (9). However, to my knowledge,
no one has completely accounted for the
development of this specificity. These
results represent an example of the effect
of manipulation of an identified, natural-
ly occurring developmental cue (andro-
gen) on the pattern of neuromuscular
connectivity. Testosterone is the princi-
pal androgen produced by rat testes, and
dihydrotestosterone is the major active
metabolite in the periphery (/0). The
different configurations of innervation
produced by the two androgens suggest
that the normal pattern of connectivity in
the SNB system may be determined by
relative contributions of the two hor-
mones, which is determined by the activ-
ity of Sa-reductase (E.C.1.3.99.5), the
enzyme controlling the irreversible con-
version of testosterone to Sa-dihydrotes-
tosterone (10). The activity of Sa-reduc-
tase varies considerably across rat brain
regions (/1), and there is evidence of
variable reductase concentrations in mo-
toneuronal nuclei of the rat lumbar spinal
cord (12). Development of the normal
innervation pattern by the SNB may
require the regional inhibition of testos-
terone’s conversion to dihydrotestoster-
one, which would be circumvented by
the direct administration of DHTP. Pre-
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natal DHTP treatment could accomplish
this unique innervation pattern by alter-
ing the migration, death, or axonal out-
growth of developing motoneurons. By
whichever mechanism such disparate re-
sults are accomplished, they represent a
unique example of alterations in the pat-
tern of motoneuron-to-muscle innerva-
tion through the use of normally relevant
developmental cues. An understanding
of how this anomalous pattern comes
about may elucidate mechanisms by
which normal innervation patterns are
achieved.

S. MARC BREEDLOVE
Department of Psychology,
University of California, Berkeley 94720
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Expression of Myelin-Associated Glycoprotein by Small

Neurons of the Dorsal Root Ganglion in Chickens

Abstract. Biochemical and immunocytochemical investigations have shown that
myelin-associated glycoprotein (MAG) is exclusively related to myelin and myelin-
forming cells in mammals. In the present study it was found that dorsal root ganglia
in young chickens display MAG-immunoreactive material in most small sensory
neurons. The presence of MAG at the surface of small sensory neurons raises the
question of whether this glycoprotein acts as a cell adhesion molecule in lower

vertebrates.

Myelin-associated glycoprotein (MAG),
an intrinsic glycoprotein of high molecu-
lar weight, is specifically located in mye-
linating oligodendrocytes but not in neu-
rons, astrocytes, or other cells of the
central nervous system in mammals (/-
3). In rat peripheral nerves antiserum to
MAG stains myelinating Schwann cells
and the periaxonal regions of myelinated
nerve fibers but not trigeminal ganglion
cells (3). Hence it has been postulated
that MAG may play a key role in starting
myelinogenesis before compaction of the
lamellae (/-3).

We used a rabbit antiserum raised
against MAG purified from rat myelin (4)
as an immunocytochemical probe of the
dorsal root ganglia (DRG) of 5- to 7-day-
old chickens. A first series of experi-
ments was carried out with light micro-
scopic immunocytochemical methods
(5). Except for the expected reaction in
myelinating Schwann cells (Fig. 1A),

small ganglion cell bodies located mainly
in the mediodorsal region of the DRG
displayed the strongest immunostaining
(Fig. 1A). Most of the small ganglion
cells reacted with antiserum to MAG,
whereas the large ganglion cells were
free of any staining (Fig. 1B). In the
small neurons the immunoprecipitate ex-
tended throughout the whole perikaryon,
with strong accumulation in cytoplasmic
areas suspected to correspond to the
Golgi apparatus (Fig. 1B). This location
was confirmed by electron microscopy
(Fig. 1C) with a preembedding immuno-
cytochemical procedure (5). The immu-
noreactive precipitates were related to
cisternal membranes of the rough endo-
plasmic reticulum and concentrated in
the saccules of the Golgi apparatus and
in a few vesicles (Fig. 1C). Furthermore,
reactive products were located at the cell
surface of small ganglion cells (Fig. 1, B
and D). The presence of MAG-immuno-
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