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washed three times with Dulbecco’s minimum
essential medium (DMEM; Gibco) containing 1
percent heat-inactivated FBS (Gibco). Identifi-
cation of cells that contained GFAP was done by
an indirect immunofluorescence technique.

Cells were fixed at —20°C for 30 minutes with 90
percent acetone and 10 percent acetic acid (by
volume). Cover slips were dipped sequentially
in 100 percent acetone, 70 percent ethanol, PBS,
and DMEM-1 percent FBS. Rabbit antiserum to
human GFAP (Dako) was diluted 1:200 with
DMEM containing 1 percent goat serum and
was applied directly to the cover slips. Cover
slips were incubated for 45 minutes at 37°C in a
high-humidity atmosphere (95 percent air, 5
percent CO,) and washed with DMEM-1 per-
cent FBS. A goat antibody to rabbit immuno-
globulin G conjugated with rhodamine isothio-
cyanate and diluted 1:100 with DMEM-1 per-
cent goat serum was then applied for 45 minutes
at 37°C. Cover slips were washed five times with
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rcent goat serum.
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without serum. IL-1 was released from the
AMolL cells after 24 hours of culture at 37°C in
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H 8.0, buffer A) and applied to a TSK DEAE-
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. L. B. Lachman, S. O. Page, R. S. Metzgar, J.

Supramol. Struct. 13, 457 (1980).

.E. A. Ling, in Advances in Cellular Neurobiolo-

gy Regeneration, S. Federoff and L. Hertz, Eds.
(Academic Press, New York, 1981), vol. 2, p.

26 APRIL 1985

33; A. J. Aguayo, S. David, G. M. Bray, J. Exp.
Biol. 95, 231 (1981).

18. E. A. Ling, C. Kaur, S. C. Wong, J. Anat. 135,
385 (1982).

19. D. Giulian, Proc. Natl. Acad. Sci. U.S.A. 81,
3567 (1984).

20. We thank A. Mazumder for prepared and puri-
fied IL-2; T. Inagami for the rabbit antiserum to
GC; and R. Allen, D. C. Brown, H. Hindman,
L.-C. N. Smith, and J. Walker for technical
assistance. Supported by NIH grants RR5511

(L.B.L.), EY04915 (D.G.), and R0O1CA38043
(L.B.L.); by Teacher Investigator Award
NS00806 (D.G.); by a Basil O’Conner Starter
Research Grant from the March of Dimes
(D.G.); and by funding from the Kroc Founda-
tion (D.G.).

* To whom correspondence should be sent at the
Department of Neurology, Baylor College of
Medicine, One Baylor Plaza, Houston 77030.

16 October 1984; accepted 18 December 1984

A Specific 37,000-Dalton Protein That Accumulates in
Regenerating but Not in Nonregenerating Mammalian Nerves

Abstract. A 37-kilodalton protein is synthesized at higher rates in the peripheral
and central nervous system of newborn rats than in adult animals. As a specific
response to denervation, the synthesis of the 37-kilodalton protein is increased in the
mature peripheral and central nervous system; however, this protein accumulates
only in the peripheral nervous system. The differences in accumulation of the protein
correlate with the apparent differences in the ability of peripheral and central axons
to regenerate. The synthesis of the 37-kilodalton protein is inhibited when proper

innervation or reinnervation is established.

Axons in the peripheral nervous sys-
tem (PNS) of mammals can regenerate
after injury, whereas axons in the adult
mammalian central nervous system
(CNS) typically show only abortive
sprouting after lesions (/-3). Experi-
ments showing extensive elongation of
central axons into peripheral nerve grafts
(4) suggested that the microenvironment
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of regrowing axons plays a decisive role
in the success or failure of regeneration.
Additional evidence supporting this hy-
pothesis was obtained from experiments
showing that PNS axons, which are
known to have a capacity to regenerate,
did not elongate into an environment of
CNS glia (3, 5). Molecular interactions
between axons and their adjacent glial

— Fig. 1. Synthesis and secretion
of the 37-kD protein in the
developing PNS and CNS of
newborn rats. Analyses of iso-
=566 topically labeled proteins cor-

responding to (a) four sciatic

nerves (wet weight of tissue,
-45 ~7 mg by weight), (b) a0.5-cm
segment of spinal cord (12 mg
by weight), (c) eight optic
nerves (4 mg by weight), and

(d) a portion of cerebral hemi-

sphere (20 mg by weight) are

shown. The dissected nervous
tissue was chopped and incu-
bated with 100 pCi of

- [>*S]Imethionine in Dulbecco’s

modified Eagle’s medium for 4
hours at 37°C. Extracellular

e soluble and secreted proteins

released by the nerves were
collected in the incubation me-
dium, which was then dialyzed
against 50 mM ammonium ac-
etate before lyophilization.

5 The dried protein samples

were analyzed by 2D PAGE as

31
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described (7). The first dimension was isoelectric focusing (IEF) in 4.2 percent polyacrylamide
gels containing 4 percent ampholytes at pH 3.5 to 10 and 2 percent ampholytes at pH 4 to 6
(LKB-Produkter AB). The second dimension was carried out in 10 percent polyacrylamide gels
containing sodium dodecyl sulfate under reducing conditions (12). Gels were stained with
Coomassie brilliant blue before autoradiographic image enhancement with EN’HANCE (New
England Nuclear) and then dried and exposed to presensitized Kodak XAR-5 film. The amount
of protein in a, b, and ¢ was approximately 50 pg and in d was 5 to 10 p.g. The arrows indicate
the position of the 37-kD protein. The numbers to the right indicate molecular mass standards
(Bio-Rad): bovine serum albumin (66 kD), ovalbumin (45 kD), and carbonic anhydrase (31 kD).
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cells are likely to play an important role
in effective neuronal regeneration after
axonal injury (6). Recently, Skene and
Shooter (7) described the increased syn-
thesis and secretion of a 37-kilodalton
(kD) protein in the distal segment of
crushed rat sciatic nerve. The increased
synthesis of a homologous 37-kD protein
after injury in the CNS has also been
shown in rat optic nerve (7, 8). It is of
interest to determine whether or not the
change in the expression of this protein
is a result of altered relations between
axons and glia.

We now describe the expression of the
37-kD protein during de novo nerve
growth in the PNS and CNS of newborn
rats, the specific differences in post-trau-
matic expression of this protein in adult
rat PNS and CNS, and the inhibition of
synthesis of the protein apparently by a
signal or signals from regenerating ax-
ons.

To investigate the expression of the
37-kD protein during de novo nerve
growth in the PNS and CNS, we dis-
sected sciatic nerve, spinal cord,
optic nerve, and brain from 1-week-old

Sprague-Dawley rats. Proteins in the iso-
lated nerve tissue were metabolically la-
beled by incubation with [>*S]methionine
as described (7). Extracellular soluble
and secreted proteins released by the
nerves into the incubation medium were
separated by two-dimensional polyacryl-
amide gel electrophoresis (2D PAGE) as
described (9). Isotopically labeled pro-
teins were subsequently identified by
fluorography. The 37-kD protein was
synthesized in both the developing PNS
and CNS at similar rates (Fig. 1). These
rates were increased compared to those
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Fig. 2 (left). Comparison of synthesis and
accumulation of the 37-kD protein in dener-
vated PNS and CNS of adult rats. Sprague-
Dawley rats weighing 180 to 200 g were anes-
- thetized with sodium pentobarbital (4 to 6 mg
per 100 g of body weight) and chloral hydrate
(10 mg per 100 g of body weight) administered
intraperitoneally. Sciatic nerves were crushed
with jeweler’s forceps at the upper thigh, and
- optic nerves were crushed in the orbit as
described (7). Hemisection of spinal cord was
carried out with a pair of scissors between the
last thoracic and the first lumbar segment
after laminectomy. The neural tissue was re-
moved 10 to 14 days after surgery, chopped
into 1- to 2-mm segments, and incubated with
[>*SImethionine, and the labeled proteins re-
leased into the medium were analyzed by 2D
PAGE as described in the legend of Fig. 1. (a
to ¢) Fluorographs of labeled proteins from
undamaged (control) sciatic nerve (a), spinal
- cord (b), and optic nerve (c) of sham-operated
animals. (d to f) Fluorographs of labeled pro-
teins from the distal segments of a crushed sciatic nerve (d), the thoracic region of a hemisected spinal cord (e), and the distal stump of a crushed
optic nerve (f). (g to i) Corresponding Coomassie-blue staining of the gels represented by d, ¢, and f. The amounts of protein loaded on the gels
were approximately 100 pg for sciatic nerve and spinal cord and approximately 50 pg for optic nerve. For the optic nerve, the incubation medium
of eight crushed nerves was pooled to increase the amount of protein for analysis. The arrows indicate the position of the 37-kD protein. The as-
terisks in (a) and (d) mark a 43-kD protein in sciatic nerve medium whose relative labeling did not change upon injury. The numbers and marks to
the right of the gels indicate the position of molecular mass standards (see Fig. 1). Fig. 3 (right). Relative rates of synthesis of the 37-kD
protein in uninjured (M), permanently denervated ((J), and regenerating (®) rat sciatic nerves. Vertical bars represent the standard deviation of
four to six experiments with individual nerves. The value estimated for the 4-week time point in the permanently denervated nerve represents the
mean of two independent experiments. In one series of experiments, the left sciatic nerves of 13 adult rats were exposed, and two double ligations
with 4-0 suture thread were applied in close proximity on the nerve at the upper thigh. The nerves were then transected with a pair of fine scissors
between the ligations, and both stumps were oriented away from each other and sewed into local muscle tissue. In another series of experiments,
the left sciatic nerves of 15 rats were crushed with jeweler’s forceps. The sciatic nerves of four sham-operated animals were used as controls.
Proteins in the nerve segments were metabolically labeled by incubation with [**S]methionine, and the labeled proteins released into the medium
were analyzed by 2D PAGE as described in the legend of Fig. 1. The relative rate of incorporation of [>’SImethionine into the 37-kD protein was
measured by 2D densitometric scanning of fluorographs (RFT Scanning Densitometer) and compared with the labeling of an internal standard
protéin (43-kD) in the nerve medium (see asterisks in Fig. 2, a and d). The relative labeling of the 43-kD protein compared to the total amount of
[>*SImethionine incorporated into the extracellular soluble proteins remained unchanged in the distal stump of sciatic nerves after axotomy.
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in adult control (sham-operated) animals
(see Fig. 2, a to ¢).

In fluorographs of labeled extracellu-
lar soluble proteins from intact control
PNS and CNS tissue (Fig. 2, a to c), the
synthesis of the 37-kD protein appeared
to be low. However, within 10 to 14 days
after a hemisection of the spinal cord
(Fig. 2e) and after a crush-induced lesion
of the optic nerve (Fig. 2f), the synthesis
of the protein was increased to rates
similar to those in crushed sciatic nerve
(Fig. 2d). The 37-kD proteins in the PNS
and CNS had an identical molecular
weight and isoelectric point of pH 5.4,
and their synthesis increased with a simi-
lar time course, which suggests that
these proteins are homologous. When
the protein-stained gels (Fig. 2, g to i)
corresponding to the fluorographs in Fig.
2, d to f, were compared, the 37-kD
protein was detected only in the sciatic
nerve (Fig. 2g). In the distal stump of
injured rat sciatic nerve, the protein ac-
cumulated to approximately 2 to 5 per-
cent of the total extracellular protein (7).
Despite its high rate of synthesis, the 37-
kD protein did not accumulate in rat
spinal cord (Fig. 2h) or optic nerve (Fig.
2i). Even prolonged synthesis of the pro-
tein at its maximum rate for at least 3
months after crushing the optic nerve did
not increase its concentration of this
protein.

The rapid disappearance of the 37-kD
protein from the extracellular space in
spinal cord and optic nerve may be due
to proteolytic degradation, because up-
take (or reuptake) and intracellular accu-
mulation of the protein in these CNS
tissues was not observed. A similar de-
gradative mechanism was either absent
or inhibited in the peripheral nerve.

The effect of permanent denervation
and axonal regeneration on the synthesis
of the 37-kD protein in rat sciatic nerve
was also examined. In one group of adult
Sprague-Dawley rats, sciatic nerves
were unilaterally transected with a per-
manent separation of the proximal and
distal nerve stumps. In another group,
sciatic nerves were unilaterally crushed.
The nerve stumps distal to the site
of lesion were removed between 1 and
8 weeks after injury, and extracellular
soluble proteins were labeled with
[>*SImethionine and analyzed by 2D
PAGE and fluorography as described for
developing nerves. The relative rate of
[**SImethionine incorporation into the
37-kD protein was estimated by densito-
metric scanning of the fluorographs. The
synthesis of the protein increased to sim-
ilar maximum rates in both crushed and
transected sciatic nerves within 1 week
after injury. In nerves with crush lesions
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that allowed subsequent axon elongation
from the proximal into the distal nerve
stump, the rate of 37-kD protein synthe-
sis declined slowly to rates near control
within 8 weeks after the lesion. Howev-
er, in a transected sciatic nerve where
regeneration of axons into the distal
stump was prevented, the synthesis of
the protein did not return to the low
control rates but remained at a maximum
rate for at least 8 weeks after injury.
Further, experiments on the exact spa-
tial distribution of the sites of synthesis
of the 37-kD protein in longer sciatic
nerves from rabbits (/0) revealed that it
is synthesized exclusively in those seg-
ments of a severed nerve where the
axons degenerate (/). These results con-
firm the earlier observation (7) but sug-
gest further that regenerating axons in
sciatic nerve may provide a signal to
decrease the synthesis of the 37-kD pro-
tein in nerve. The determination of the
cellular origin of the protein should be
important in exploring the nature of this
signal.

The expression of a 37-kD protein
during development as well as after inju-
ry of the PNS and CNS suggests that it
plays a role in de novo nerve growth and
in nerve repair. The potential to increase
the rate of synthesis and secretion of the
37-kD protein after axotomy was re-
tained in both the mature PNS and CNS.
However, the protein accumulated only
in the PNS. The lack of accumulation of
the protein in the adult mammalian CNS
may represent one of the critical molecu-
lar differences between PNS and CNS
that limit the ability of central axons in
mammals to regenerate. Although the
function of the 37-kD protein in nerve
development or regeneration is still un-
known, the time course and spatial dis-
tribution, as well as the possibility that

its synthesis is axon-regulated, favor a
function related to some aspects of nerve
growth and maturation that require con-
tact between axons and their sheath cells
un.
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Genetic Origin of Mutations Predisposing to Retinoblastoma

Abstract. Retinoblastoma is one of several human tumors to which predisposition
can be inherited. Molecular genetic analysis of several nonheritable cases has led to
the hypothesis that this tumor develops after the occurrence of specific mitotic
events involving human chromosome 13. These events reveal initial predisposing
recessive mutations. Evidence is presented that similar chromosomal events occur in
tumors from heritable cases. The chromosome 13 found in the tumors was the one
carrying the predisposing germline mutation and not the homolog containing the
wild-type allele at the Rb-1 locus. These results suggest a new approach for
identifying recessive mutant genes that lead to cancer and a conceptual basis for
accurate prenatal predictions of cancer predisposition.

Retinoblastoma, a childhood tumor of
embryonic neural retina, occurs in heri-
table and nonheritable forms. Genetic
and physical mapping data implicate the
Rb-1 locus on human chromosome 13 in

the development of both forms of the
tumor (/-6). Knudson has proposed that
the conversion of a normal retinal cell to
a malignant retinoblastoma cell requires
two events (7-9). In this model, heritable
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