muscle fibers and fast skeletal muscle
fibers, then the differences observed in
various aspects of this tension recovery
may reflect important differences in the
cross-bridge mechanism in the two mus-
cle types. To determine whether similar
processes underlie the fast phase for the
two muscle types, stiffness in the single
SMC was assessed with sinusoidal (250
Hz) length perturbations of small ampli-
tude during the fast phase of tension
recovery. In single SMC, as in fast skele-
tal muscle fibers (12), stiffness changed
less during the fast phase of tension
recovery than might be expected from
the known relationship of steady-state
force and stiffness. This suggests that
similar processes may underlie the fast
phases of tension recovery in smooth
muscle and fast skeletal muscle. In fast
skeletal muscle, this phase of tension
recovery has been interpreted as reflect-
ing transitions of a portion of the at-
tached cross-bridge population from an
attached low-force state to a high-force
state. Therefore, this transition may be
much slower in smooth muscle as pre-
dicted by our data.

During the fast phase, the rate of re-
covery varied little as the magnitude of
release was increased, but increased as
the magnitude of the stretch was in-
creased (Fig. 1F). This length depen-
dence of the rate constant for rapid ten-
sion recovery in single SMC is opposite
to that observed in fast skeletal muscle
fibers; in the latter, the rate constant
increases in magnitude from the largest
stretches to the largest releases (6). Ten-
sion transients in slow skeletal muscle
fibers of the tortoise (/3) show a length
dependence of the rate constant during
the fast phase of tension recovery similar
to that in our SMC. Tortoise skeletal
muscle is similar in structure to fast
skeletal muscle (/4) but resembles
smooth muscle in the high economy of
its contraction (/5). The similarity in the
length dependence of the rate constant in
the slow skeletal muscle of the tortoise
and in SMC may indicate that differences
in the inherent length dependence of
steps in the cross-bridge cycle may be a
common feature of slow economical
muscles.

Our results indicate that information
about the cross-bridge mechanism can
be obtained directly at the cellular level.
The tension transients observed in a sin-
gle SMC suggest that the elasticity of
cross-bridges in smooth muscle is linear
and more compliant than the elasticity of
cross-bridges in fast skeletal muscle and
that transitions between attached cross-
bridge states occur at least an order of
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magnitude more slowly in smooth mus-
cle. Further analysis of the tension tran-
sient in single smooth muscle cells
should aid our understanding of the char-
acteristic ability of smooth muscle to
produce forces equivalent to those of
striated muscle while using much less
energy and having considerably less my-
osin.

DaviD M. WARSHAW

FreDRrIC S. FAY

Department of Physiology,
University of Massachusetts Medical
School, Worcester 01605
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Overproduction and Elimination of Retinal Axons in the

Fetal Rhesus Monkey

Abstract. Quantitative electron microscopic analysis reveals 2.85 million retinal
axons in fetal rhesus monkeys—a number that is more than twice the 1.2 million
present in the adult. More than 1 million supernumerary optic axons are eliminated
before birth, simultaneously with the segregation of inputs from the two eyes into
separate layers of the lateral geniculate nucleus. Selective elimination of optic axons
may not only play a role in the segregation of binocular visual connections but,
secondarily, may establish the ratio of crossed and uncrossed retinogeniculate

projections.

In all vertebrate species the eyes are
connected with the brain by the optic
nerve, which contains axons that origi-
nate from retinal ganglion cells and ter-
minate in several diencephalic and mes-
encephalic structures. As a rule, the two
optic nerves converge and cross the mid-
line in the form of an X-shaped optic

chiasm before reaching the brain. In
most mammals a certain number of fibers
do not cross the midline but project
instead to the ipsilateral side of the brain.
The proportion of crossed to uncrossed
fibers generally correlates with the de-
gree of overlap between the two visual
fields (/). Thus, in rodents with laterally

Fig. 1. Cross-section-
al areas of 11 optic
nerves in a series of
monkeys of ascending
ages. The thin line
marks the nerve
boundary, and the
thick one, the menin-
geal membrane. The
two diagonal stripes
on nerve C illustrate
orientations of the
electron microscopic
photomontages used
for quantitative analy-
sis (for example, Fig.
2A).
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placed eyes and a minimal visual field
overlap, only a small percentage of reti-
nal fibers are uncrossed, whereas in spe-
cies with eyes closer to the midline and a
larger overlap of visual fields, the pro-
portion of uncrossed fibers is larger (2).
In most primates the eyes are placed
forward and their visual fields exhibit
virtually total overlap. In such species
almost half of the fibers are uncrossed (/,
2) and, in general, the numbers of
crossed and uncrossed fibers are roughly
proportional to the size of the territories
occupied by their terminals in the dorsal
lateral geniculate nucleus (LGd). In rhe-
sus monkeys and humans with a six-
layered LGd, layers 1, 4, and 6 receive
input from the opposite eye and layers 2,

3, and 5 from the eye of the same side
3.

The mechanism by which optic axons
become distributed to the two sides of
the brain and terminate in separate lay-
ers of the LGd has been a major concep-
tual issue in developmental neurobiology
(4). Of particular relevance to this issue
is the recent discovery that projections
from the two eyes are first intermixed in
the LGd and only later become segregat-
ed into appropriate laminar territories
(5). This finding could be explained ei-
ther by rearrangement of terminal
branches or by selective elimination of
inappropriate connections. According to
the selective elimination hypothesis su-
pernumerary axons from one eye would

retreat from layers 2, 3, and 5 in the
ipsilateral and 1, 4, and 6 in the contralat-
eral LGd. Two basic conditions are nec-
essary (but not sufficient) for validating
the selective elimination hypothesis: (i)
at some point in development the mon-
key must have at least twice as many
optic axons as the adult and (ii) the time
course of elimination of most optic fibers
must coincide with the period of segrega-
tion of projections from the left and right
eye within the LGd. We have tested
these two conditions in the study report-
ed here.

Eleven rhesus monkeys (Macaca mu-
latta) ranging in age from the 47th embry-
onic day (E47) to adulthood were fixed
by vascular perfusion with 1 percent

Fig. 2. (A) Low power (x90) electron micrograph of the transected optic nerve from an E69 monkey fetus, showing the two diagonal stripes
bleached by the electron beam. The stripes are wider than the actual width of the photomontages (Fig. 1C). (B-F) Higher power (X20,000)
electron micrographs of the optic nerves at selected embryonic ages: (B) E47, (C) E69, (D) E83, (E) E110, and (F) E149. Note the presence of ax-
onal growth cones (GC) at earlier ages and the development of myelin sheaths (My) by E110. Abbreviation: GI, glia.

1442

SCIENCE, VOL. 219



glutaraldehyde and 1.25 percent para-
formaldehyde in phosphate buffer. The
optic nerve was dissected midway be-
tween the eyeball and the optic chiasm
and embedded in Epon-Araldite. Thick
(1 wm) sections were stained with tolu-
idine blue and drawn to determine cross-
sectional areas (Fig. 1). Adjacent thin (50
nm) sections were placed on Formvar-
coated slot grids and stained with lead
citrate and uranyl acetate. Electron mi-
croscopic montages consisting of over-
lapping electron micrographs were made
across two diagonal radii of the optic
nerve (Figs. 1C and 2A) and reconstruct-
ed at a final magnification of x20,000.
All profiles of axons, growth cones, glial
cells, and other non-neuronal elements
were counted, and their cross-sectional
areas were measured in each montage.
The total number of axons was estimated
from the area of the optic nerve and
axonal density per unit area.

In agreement with previous studies (6)
we found that the adult optic nerve in the
rhesus monkey contained between 1.2
and 1.3 x 10° axons. Slightly different
numbers reported by some investigators
(7) are probably due to methodological
rather than to large individual variability.
We were able to make reliable compari-
sons of axonal numbers between animals
of different ages because the methods of
tissue preparation and counting of axons
were the same in all specimens.

During development, the cross-sec-
tional area of the optic nerve steadily
increased (Fig. 1), whereas the number
of axons showed a rapid initial increase
followed by a biphasic decrease. In the
E47 embryo retinal axons were unmy-
elinated and uniform in diameter (Fig.
2B), and they numbered 0.74 x 10°.
Within 1 week, the number of axons
almost tripled and surpassed that found
in the adult (Fig. 3). Thus, in the E54
specimen the optic fiber count reached
2.0 X 10°. A still higher complement of
axons, 2.85 x 10% was found in a fetus
killed at E69. This value exceeded the
adult number by a factor of 2.2 as did
axon counts in fetuses killed over the
next 3 weeks (Fig. 3). Although our [*H]-
thymidine autoradiographic analysis in-
dicates that all retinal ganglion cells were
generated before E80 (8) (arrow B in Fig.
3), axonal growth cones in the optic
nerve were present until E95. Given that
the peak axon count did not change over
a 3-week period, it is probable that the
actual number of generated axons was
even higher than the maximum values
reported here.

After E95 the number of axons began
to decrease rapidly. By E110, their diam-
eter had become highly variable, with
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Fig. 3. Number of ax-
ons in the optic nerve
in rhesus monkeys
of various embryonic
(E) and postnatal (P)
ages. The striped line
indicates the number
of optic axons in adult
monkeys. Arrow A
points to the fetal
age, according to our
[PH]thymidine auto-
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the largest axons beginning to acquire
myelin sheaths (Fig. 2E). In the E110
fetus the number of optic axons was
1.9 X 10° and in E135 and E149 speci-
mens the number had further diminished
to 1.7 and 1.8 x 10°, respectively (Fig.
3). Although few degenerating axonal
profiles were detectable, their number
does not reflect the magnitude of fiber
loss during this stage, probably because
of the rapid removal of cellular debris in
embryonic tissue. In spite of the reduc-
tion in axon number, the cross-sectional
area of the nerve continued to increase
because of the enlargement of fibers and
the expansion of non-neuronal elements
including myelin, which envelops about
one-third of optic axons in term fetuses
(Figs. 1 and 2F). After birth, the number
of axons decreased at a much slower rate
(Fig. 3), reaching a value of about
1.6 x 10° by the end of the second post-
natal month. By this time all optic fibers
were myelinated.

Our results provide evidence that both
conditions essential for the selective
elimination hypothesis are fulfilled in the
developing monkey. (i) The number of
optic tract axons at embryonic periods
was more than twice the number present
in the adult. (ii) The dramatic reduction
in axonal number occurred synchronous-
ly with the segregation of retinal termi-
nals from the two eyes into separate
territories of the LGd (5). Thus, 1 million
axons were eliminated during the segre-
gation phase, which occurs between E90
and about E120 (D in Fig. 3). The num-
ber of eliminated fibers resembles the
number of optic axons present in the
adult and theoretically allows clearing of
the three out of six cellular layers in each
LGd. The period of rapid decrease in
retinal input also coincides with the
emergence of six layers (8) and with a
burst of synaptogenesis in LGd (9).
Since monocular enucleation at or before
E90 prevents terminal segregation of ret-
inal input as well as cellular lamination in
the LGd (10), one can expect that lack of

competition between the inputs from the
two eyes may arrest the normal elimina-
tion of axons (/1) and secondarily affect
cellular events in the LGd (/0). Our
findings, of course, do not exclude the
possibility that some terminals are relo-
cated, as occurs in the cortex during
segregation of ocular dominance col-
umns (/2).

The selective elimination hypothesis is
attractive because it invokes interaction
between peripheral and central struc-
tures to explain both the segregation of
retinal terminals in the LGd as well as
the ratio between crossed and uncrossed
fibers at the chiasm. A previous study
has indicated that prior to E90 each eye
projects equally to both ipsilateral and
contralateral LGd’s (5). Therefore, elim-
ination of retinal input from three of the
six layers in each LLGd could result in an
approximately 1:1 ratio of crossed to
uncrossed fibers. Since the number of
optic axons in adult monkeys and hu-
mans are similar (/3) and since both
species have similar ratios of crossed to
uncrossed fibers (3) and similar distribu-
tions of terminals in the LGd (/, 3), our
data also provide insight into normal and
pathological development of the human
visual system.

If selective elimination of axons play a
role in establishing the ratio of crossed to
uncrossed fibers, one could predict that
in mammals with a smaller portion of the
LGd innervated by the ipsilateral eye, a
smaller fraction of crossed fibers would
be eliminated. Obviously, any prediction
about the extent of such elimination
must take into account both the initial
and final ratio of crossed and uncrossed
fibers, which may be different in each
species. For example, birds which have
completely crossed optic tracts as adults
nevertheless contain supernumerary op-
tic axons as embryos (/4), axons that
include transient ipsilateral projections
(15). However, since the retina also pro-
jects to structures where axonal elimina-
tion may play different roles (/6), one
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could expect a supplemental reduction of
axons. Indeed, we found that an addi-
tional half million optic fibers or roughly
50 percent of the adult number are de-
leted during a second, slow phase of
elimination that extends into postnatal
life (Fig. 3). This late phase of axonal
reduction may serve functions unrelated
to the establishment of connections me-
diating binocular vision since cell death,
withdrawal of axons, or both seem to be
a ubiquitous feature of the developing
brain (17).
Pasko RakiIC

KATHARINE P. RILEY
Yale University School of Medicine,
New Haven, Connecticut 06510
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A Developmentally Regulated Neuraminidase

Activity in Trypanosoma cruzi

Abstract. The human pathogen Trypanosoma cruzi (Y strain) contains a neur-
aminidase activity that varies widely in the different developmental stages of the
parasite. The specific neuraminidase activity of infective trypomastigotes obtained
Sfrom tissue culture and from the bloodstream of infected mice is 7 to 15 times higher
than that of the acellular culture forms. Amastigotes were devoid of enzyme activity.
The enzyme has a pH optimum of 6.0 to 6.5. Live trypanosomes released sialic acid
from human erythrocytes and plasma glycoproteins. Several sialyl compounds were
hydrolyzed by the parasite, but the best substrate was the protein orosomucoid.
Erythrocytes from infected mice with T. cruzi parasitemia were agglutinated by
peanut lectin and the hemagglutination titer was correlated with the degree of

parasitemia.

Chagas’ disease, which results from
infection with the protozoan parasite
Trypanosoma cruzi, is characterized by
an acute illness that is followed in some
patients by chronic cardiac and gastroin-
testinal sequelae (/). Little is known
about the molecular basis of the patho-
genic events.

In the experiments described here
a developmentally regulated neuramini-
dase activity was discovered in 7. cruzi
that may be relevant to the pathogenesis
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of Chagas’ disease. Viable parasites re-
leased sialic acid from human cells and
serum glycoproteins in vitro and from
erythrocytes of mice experimentally in-
fected with 7. cruzi. Erythrocytes that
had been incubated with T. cruzi were
agglutinated by peanut lectin (PNA).

It is widely accepted that sialic acid is
involved in physiological processes of
mammalian cells and glycoproteins (2).
Since it is a relatively strong acid
(@Ka = 2.6), it is essentially completely

deprotonated at physiological pH, there-
by providing a negative charge at the
surface of cells (3). Treatment of cells
with neuraminidase alters this charge.
Plasma glycoproteins and blood cells
that have been desialylated are rapidly
removed from the circulation and accu-
mulate in the spleen and liver (¢). Lym-
phocytes treated with neuraminidase
show altered functional properties (5).
Certain antigens present on the surface
of intact cells are more extensively ex-
posed after neuraminidase digestion (6).
Neuraminidase also has a functional ef-
fect on cardiac cells (7) and on the neuro-
muscular junction (8). These cells are

. potentially affected in 7. cruzi-infected

mammals.

The developmental forms of T. cruzi
were obtained as follows: Epimastigotes
were from 5-day-old cultures in an ox
liver infusion mixture containing tryp-
tose and supplemented with 10 percent
fetal calf serum at pH 7.2 (LIT) (9).
Trypomastigotes were purified from 20-
to 30-day-old LIT cultures on a DEAE-
cellulose column (9). Bloodstream trypo-
mastigotes were isolated from heparin-
ized blood of 6-day infected CF-1 mice
that had been irradiated 2 days before
infection with 600 rad from a cesium
source (9). Trypomastigotes were also
obtained from supernatants of primary
cultures of newborn human foreskin fi-
broblasts (/0). Amastigotes were ob-
tained from the fibroblast cultures 2 to 3
days after the trypomastigotes were har-
vested. They were washed twice with
RPMI-1640 medium and isolated from
the 20:25 percent interface of a discon-
tinuous gradient of 15, 20, and 25 percent
metrizamide after centrifugation at 1000g
for 60 minutes. If the parasites were to
be assayed live, they were washed three
times in RPMI-1640 medium contain-
ing protease inhibitors [2 wM leupeptin,
2 mM phenylmethylsulfonyl fluoride
(PMSF)] and 0.02 percent azide as pre-
servative. In the assays with lysed
trypanosomes, the organisms (~ 10% per
milliliter) were centrifuged at 1000g for
10 minutes. The pellet was resuspended
to the initial concentration in ice-cold
distilled water containing 2 wM leupep-
tin, 1 mM PMSF, and 0.02 percent sodi-
um azide and washed twice in distilled
water at 100,000g for 60 minutes before
the enzyme assay (11).

The rate of hydrolysis of several sialyl
compounds was linear for at least 3
hours in experiments with live parasites
or with suspensions of trypanosomes
lysed in distilled water under the assay
conditions (I1). The relation between
trypanosome concentration (viable and
lysed organisms) and enzyme activity
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