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Proteins synthesized in retinal ganglion cells and conveyed
to the terminals of optic tract axons in the rapid phase of
axonal transport were analyzed at different developmental
stages in the hamster. Animals between 2 d of age and
adulthood were labeled intraocularly with **S-methionine, and
after a 4 hr survival time, the superior colliculus was dis-
sected out, subjected to subcellular fractionation, and ra-
dioiabzled proteins in the particulate fraction analyzed by
2-dimensional gel electrophoresis and fluorography. The
previously identified growth-associated phosphoprotein,
GAP-43 (GAP-48, B-50, F1, pp46), was synthesized and
transported at high levels in the neonate, but these ievels
declined precipitously after the second postnatal week. Im-
munohistochemical studies using a monospecific antibody
showed that GAP-43 was localized along the entire length
of retinal axons in the optic tract and target areas in P2
animals but was virtually absent in the adult visual pathway.
By metabolic labeling, 2 proteins with molecular weights of
about 230 kDa also showed a sharp decrease during de-
velopment. In contrast, acidic proteins of 27 and 64 kDa,
which were barely detectable in the neonate, increased
steadily to become the most heavily labeled proteins of rapid
axonal transport by the second postnatal week. Another
group of proteins, of about 94-110 kDa, also rose to peak
levels after birth but then declined. Temporal correlations
between the molecular changes described here and the
known anatomical events in optic tract development suggest
that the synthesis and transport of particular membrane pro-
teins may be directly related to the sequence of morpholog-
ical changes.

The development of the nervous system is marked by the for-
mation of precise connections among subsets of neurons that
are often separated by considerable distances. Molecular con-
stituents of the nerve terminal plasma membrane are likely to
play a major role in mediating many events that take place
during this process, including axon guidance, target recognition,
and the formation of end-arbors and synapses. Thus, the iden-
tification of specific proteins delivered to the growing tips of
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axons during critical stages of development is likely to contribute
to our understanding of the biological mechanisms that underlie
the formation and modification of synaptic relationships.

Many proteins destined for the nerve terminal membrane are
synthesized in the perikaryon and conveyed down the axon in
the rapid phase of axonal transport (Willard et al., 1974; Lorenz
and Willard, 1978; Grafstein and Forman, 1980; Hammerschlag
and Stone, 1982). Changes in this group of proteins have been
described in a variety of developing and regenerating systems.
Studies in regenerating optic nerves of lower vertebrates (Skene
and Willard, 1981a; Benowitz and Lewis, 1983; Perry et al.,
1987) and in regenerating mammalian peripheral nerves (Skene
and Willard, 1981b; Redshaw and Bisby, 1984) have revealed
the existence of rapidly transported proteins whose rates of syn-
thesis are associated with the regrowth of nerve fibers. One of
these proteins, GAP-43, has also been found in the normally
developing CNS of rabbit (Skene and Willard, 1981b), rat (Ja-
cobson et al., 1986), and hamster (Kalil and Skene, 1986; Moya
et al., 1987a), suggesting a possibly universal role in the for-
mation of neuronal pathways.

In the present studies we have examined the time course of
expression of a number of rapidly transported proteins in the
developing hamster retinofugal pathway. Since many of the
morphogenetic events have been previously characterized in
this system, we are in a position to suggest correlations between
protein changes and specific anatomical phenomena. In addi-
tion, the short gestation period (15.5 d) of the hamster makes
carlier stages of neuronal development accessible in the neonate.
Our results demonstrate a number of striking developmental
changes, some of which have not been previously described.
Each of the major rapidly transported proteins appears to have
a characteristic ontogenetic sequence, with some being ex-
pressed at high levels early in development but then diminish-
ing, others increasing continuously over the first 2 weeks of
postnatal life to achieve adult levels, and still others showing a
rise and fall over a relatively brief period. Results of preliminary
studies using a monospecific antibody to the previously iden-
tified growth-associated protein, GAP-43, parallel the results of
our metabolic labeling studies and show striking developmental
changes in both the level and localization of this protein in the
primary visual system.

Materials and Methods

Labeling of proteins rapidly transported to the SC. Syrian hamsters (Me-
socricetus auratus) were bred in our colony. The specific ages used in
this study were selected because of their correspondence with major
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Table 1. Quantitation of rapidly transported proteins

P2 P5 Adult
Contra Ipsi % of Contra Ipsi % of Contra Ipsi % of
(cpm) (cpm) transport (cpm) (cpm) transport {cpm) (cpm) transport
GAP-43 240.6 82.9 10.3 131.2 340 13.6 37.8 — 24
230 kDa b 280.4 96.9 12.0 60.2 0.0 8.4 3.9 - 0.2
230 kDa a 605.4 0.0 39.5 66.8 0.0 9.3 27.5 - 1.7
27 kDa 199.5 414 10.3 214.6 16.8 27.7 889.2 - 55.4
64 kDa 0.0 0.0 0.0 0.0 0.0 0.0 358.1 - 22.3
94 kDa 88.0 68.3 1.3 0.0 0.0 0.0 85.9 - 5.4
100 kDa 85.0 35.4 3.2 55.6 0.0 7.8 29.3 - 1.8
110 kDa 133.7 69.8 4.2 65.2 8.4 7.9 34.0 - 2.1
67 kDa 0.0 0.0 0.0 43.2 0.0 6.0 534 - 33
X 73.3 52.1 1.4 21.8 34 2.6 0.0 — 0.0
Y 174.0 71.7 6.3 67.8 8.4 8.3 45.0 — 2.8
VA 261.0 82.0 11.7 62.4 2.8 83 384 — 2.4
Total 15344 715.0 1602.5

Labeling of proteins in the contralateral SC in P2 and P5 neonates represents both transport and systemic labeling, whereas labeling in the ipsilateral SC represents
systemic labeling almost exclusively. The latter values were used to correct the values in the contralateral SC to estimate labeling due to axonal transport alone. By P12

virtually no systemic labeling occurs.

events in optic tract development (see Fig. 2J). Neonates (P2 and P5,
where PO = day of birth) were anesthetized by hypothermia and injected
in one eye with 100 xCi ¥*S-methionine (1000 Ci/mmol, New England
Nuclear, Boston; or Tran *S-label, 1100 Ci/mmol, ICN, Irvine, CA) in
1 ul 0.05 M PBS, pH 7.4. Earlier results have shown that in neonates
the high degree of nonspecific background labeling due to the immaturity
of the blood-brain barrier can be minimized by giving large systemic
injections of nonradioactive amino acid to compete with labeled pre-
cursor that diffuses out of the eye and into the circulation (Moya et al,,
1987a). Animals at P2, P5, and P12 were therefore injected intraperi-
toneally with nonradioactive leucine (Sigma, 1 mg/gm body wt) dis-
solved in PBS, administered at the same time as the intraocular injec-
tion. Labeling in P12, P17, and adult animals was achieved by
anesthetizing hamsters with Chloropent (0.35 mg/100 gm body wt, Fort
Dodge Laboratories) and injecting 100 uCi of **S-methionine dissolved
in 2 ul PBS into the eye. All animals recovered under a heat lamp. After
allowing 4 hr for the labeled methionine to be incorporated into newly
synthesized proteins within retinal ganglion cells and rapidly transported
to central targets, the ipsilateral and contralateral superior colliculi (SC)
were rapidly dissected out, frozen on dry ice, and stored separately at
—-70°C.

Tissues from 4—6 animals per age group were pooled and homogenized
in ice-cold sucrose buffer [0.32 M sucrose (Schwarz-Mann, Cambridge,
MA), 50 mm Tris-HCI, pH 7.4, 10 nm RNase, and 10 nm DNase (Sigma)]
and then centrifuged at 100,000 x g for 60 min at 4°C to yield a total
particulate fraction. This was lyophilized to remove water, then solu-
bilized in isoelectric focusing buffer [O’Farrell, 1975; 1 ug of protein/ul
of 9.5 M urea (Schwarz-Mann), 5% B-mercaptoethanol (BioRad), 6%
ampholines in a ratio of 2:2:1 of pH 3.5-5.0, pH 5.0-8.0, pH 3.5-10.0
(LKB, Gaithersburg, MD), 2% NP-40 (Nonidet, Particle Data Labo-

—

ratories, Elmhurst, IL)] for 30 min at 30°C. Between 200 and 400 ug of
total protein was subjected to isoelectric focusing (16 hr at 300 V, 4 hr
at 400 V). After completion of the run, gels were equilibrated in SDS-
gel buffer (pH 6.8: Solution “O”; O’Farrell, 1975) for at least 30 min
at room temperature and the proteins separated in the second dimension
by SDS-PAGE on a 5-15% linear acrylamide gradient. Gels were fixed
with acetic acid/methanol, stained with Coomassie brilliant blue (Sig-
ma), impregnated with a radiographic enhancer, Autofluor (National
Diagnostics, Somerville, NJ), dried under vacuum onto filter paper
(Whatman No. 1), and exposed to presensitized X-ray film (Kodak,
X-Omat AR) for times ranging from 40 to 60 d. Gel electrophoresis of
tissue from each age group was replicated in 6 separate experiments.
Three 2-dimensional gels from each age group were quantitatively ana-
lyzed as described below.

Quantitation of rapidly transported proteins. A tracing of each fluo-
rogram was prepared on acetate sheets and used as a template to cut
labeled proteins from the gels. Excised gel pieces were solubilized in 6%
Protosol in Econofluor (New England Nuclear/Dupont) and the amount
of radioactivity determined by liquid scintillation counting. In the P2
and P5 neonates, some systemic background labeling could still be
detected on the fluorograms, as indicated by the presence of certain
labeled proteins known not to be conveyed in the rapid phase of axonal
transport (e.g., actin and tubulin; see Fig. 14) in both the ipsi- and
contralateral colliculi. The ipsilateral SC, which receives only a relatively
minor retinal projection in the hamster, shows a labeling pattern that
predominantly reflects systemic labeling due to diffusion of *S-methi-
onine out of the eye (Moya et al., 1987a). In order to eliminate the
contribution of locally synthesized proteins from the quantitation of
transported proteins, the radioactivity for each protein observed in the
ipsilateral SC (i.e., background) was subtracted from that in the con-

Figure 1.

Rapidly transported proteins in the developing hamster retinofugal pathway. Proteins were labeled by intraocular injection of 38-

methionine; after allowing 4 hr for proteins synthesized in retinal ganglion cells and conveyed by rapid axonal transport to accumulate in the nerve
endings, particulate proteins in the SC were analyzed by 2-dimensional gel electrophoresis and fluorography. Fluorograms are shown with apparent
molecular weight in kilodaltons along the ordinate and isoelectric point (p]) along the abscissa. In the P2 and PS5 neonates (4 and B) several proteins
not conveyed in rapid axonal transport were systemically labeled due to the immaturity of the blood-brain barrier (e.g., actin, 4; and 8-tubulin,
8T). Other proteins that show marked developmentally regulated changes are indicated with arrows. 4, P2; B, PS; C, P12; D, P17; and E, adult.
F-H, Two-dimensional Western blot of total particulate brain proteins from neonatal hamsters reacted with an antiserum to GAP-43. Proteins
were separated by 2-dimensional gel electrophoresis under nonreducing conditions (F and G) or reducing conditions (1) and then transferred
electrophoretically to a nitrocellulose membrane. The resulting blots of proteins separated under nonreducing conditions were reacted with preim-
mune serum (F) or with an antiserum made against the GAP-43 protein of rat, which recognized hamster brain proteins (arrowheads, G) with the
identical p/ to GAP-43 (4.8) and apparent molecular weights of 50 and 100 kDa. When the blot of proteins separated under normal reducing
conditions was reacted with the anti-GAP-43 antiserum, a single protein with apparent molecular weight 50 kDa and p/ 4.8 was visualized (H).
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Figure 2. Quantitative analysis of rapidly transported proteins during development. Rapidly transported proteins were cut from the gels and
radioactivity determined by liquid scintillation counting. The radioactivity for each protein is expressed as a percentage of the total rapidly transported
radioactivity at each age. Each data point is the mean (+SEM) from 3 different experiments. In some cases the error bars are less than the size of
the symbol (@). Top row, Proteins that decline in synthesis and transport during development include (4) GAP-43 and two (B and C) 230 kDa
proteins, pl 4.9 and 5.0. Upper middle row, Proteins that increase during development and remain high include proteins with apparent molecular
weights (kDa) of (D) 27, (E) 64, and (F) 67. Lower middle row, Proteins that initially increase in synthesis and transport and subsequently decrease
include (G-1) the 100, 110, and 94 kDa proteins. Bottom, Schematic representation showing the time course of morphological changes in the

developing retinofugal pathway.

tralateral SC. The adjusted radioactivity for each protein was then nor-
malized to the total radioactivity in transported proteins on each fluo-
rogram. This normalization allowed us to express the labeling of each
protein as a fraction of total rapidly transported protein and also helped
to minimize the effects of possible age-dependent differences in protein
synthesis in the retina, rate of axonal transport, or number of labeled
proteins transported.

Immunohistochemical localization of GAP-43 in the developing visual
system. The preparation of the immune serum used to visualize one
identified growth-associated protein, GAP-43, has been described pre-
viously (Neve et al., 1987; Benowitz et al., 1988). To test this immune
serum for cross-reactivity and specificity for hamster GAP-43, 400 g
of particulate brain protein from neonatal hamsters was prepared by
subcellular fractionation and subjected to 2-dimensional gel electro-
phoresis as described above. In other experiments, separation on SDS-
slab gels was done under nonreducing conditions (i.e., without 8-mer-
captoethanol in the SDS-gel buffer: buffer “O”’; O’Farrell, 1975) in order
to minimize a staining artifact in the Western blots (see below). Proteins
were transferred electrophoretically to nitrocellulose as described by
Phelps (1984), with the modifications of Meiri et al. (1986), and the
resulting blot was reacted with the antibody to GAP-43 at a dilution of

1:1000. Immunoreactivity was visualized using a peroxidase-conjugated
secondary antibody. To enhance the contrast of the reaction product, a
double-chromogen method was used in which peroxidase was visualized
with 0.05% 4-chloro-napthol in 20% methanol and 0.05% H,O, in Tris-
buffered saline (TBS), followed by 0.05% diamino benzidine (DAB) in
TBS with 0.01% H,0,.

For immunohistochemistry, P2 and adult hamsters were deeply anes-
thetized with Chloropent and perfused transcardially with a brief saline
rinse, followed by 4% paraformaldehyde in 0.1 M PBS. Brains were
removed, postfixed for 2 hr at 4°C, and then cryoprotected in buffered
sucrose. Frozen 40 um sections were cut in the transverse plane on a
sliding microtome. Sections were placed in 0.3% H,O, in methanol for
30 min to neutralize endogenous peroxidases, washed in PBS containing
0.4% Triton X-100 (Sigma) and 0.5% NaNH, (PBSTN) and incubated
in a blocking solution (PBSTN with 20% normal rabbit serum) for 30
min. Sections were then incubated for 3 d with the primary antibody
or with nonimmune serum as a control, at a dilution of 1:2000, washed
in PBSTN, incubated for 1 hr with biotinylated rabbit anti-sheep IgG
(Vector Labs), washed again in PBSTN, and incubated for 1 hr with
avidin-biotin conjugated to HRP prepared according to the manufac-
turer’s directions (Vector Labs). Tissue was washed once in PBSTN



followed by 2 washes in TBS. Peroxidase was visualized histochemically
using DAB as the chromogen. Sections were mounted onto alum-gelatin-
coated slides, air-dried, and covered.

Results

Labeled proteins rapidly transported to the SC

The pattern of proteins synthesized in the retina and rapidly
transported to central targets was found to change markedly
during development (Fig. 1, 4-E). Table 1 presents quantitative
data for 3 representative ages and shows the degree of systemic
labeling in the P2 and P5 neonates. By P12, systemic labeling
became insignificant, diminishing to less than 0.3% of the total
label incorporated into the SC (data not shown).

Prominent among the proteins transported to the SC in P2
and P5 neonates was one with an apparent molecular weight of
50 kDa and pI of 4.8 (Fig. 1, A, B). This protein is similar in
its electrophoretic mobility, shape, and presence in the rapid
phase of transport to the identified growth-associated protein,
GAP-43 (Skene and Willard, 1981a, b; Jacobson et al., 1986;
Meiri et al., 1986; Moya et al.,, 1987a). The results of the
2-dimensional Western blot reacted with an immune serum
generated against GAP-43 from rat show that the 50 kDa, p/
4.8 protein in hamster is immunologically similar to the rat
protein (see below) and hence is referred to hereafter as GAP-
43. By P12 labeling of this protein had declined and was nearly
undetectable in the P17 and adult SC (Fig. 1, C-FE). Quantitative
analysis showed that GAP-43 accounted for 12.5 and 10.8% of
the total radioactivity transported to the SC at P2 and PS5, re-
spectively; at P12, it was about one-third this level, while at
P17 and in the adult, it was about 1% (Fig. 24).

Two high-molecular-weight proteins of about 230 kDa, p/ 4.9
and 5.1, also showed a striking decline during development.
The more acidic of these (Fig. 14), contained over 30% of the
label in rapidly transported proteins at P2, decreased to less
than 13% at P5, and to about 2% in the adult (Fig. 2C). The
more basic protein declined somewhat more gradually, going
from about 17% at P2 and P35, to a third of this level at P12,
and then diminishing further (Fig. 2B). By contrast, proteins Y
and Z (Fig. 1B) showed only a minimal decline with increasing
age (Table 1).

A 27kDa, pI 4.8 protein showed a complementary time course
of expression (Fig. 1, A-F). Its synthesis and transport increased
steadily throughout the first 3 weeks of postnatal life and re-
mained high in the adult. Quantitative analysis showed that at
P2, the 27 kDa protein accounted for 13.4% of the total label
in rapidly transported components in SC, whereas by P17 it was
about 50% (Fig. 2D). Two proteins with molecular weights of
64 kDa, p/ 5.5, and 67 kDa, pI 4.7, also increased sharply but
with a delayed onset. The 67 kDa protein was not observed on
P2 but increased abruptly at P5. The 64 kDa protein could not
be detected at P2 and P35, but by P12 (Fig. 1, C=E) this protein
comprised about 10% of the total labeling and about 20% in
the adult (Fig. 2E).

Proteins with apparent molecular weights of about 100 and
110 kDa showed a distinctive pattern of expression, increasing
rapidly and then decreasing again during later stages (Fig. 1, A-
E). Labeling of these 2 proteins was low in the SC on P2, in-
creased by P5, and then declined after P12. Another protein,
94 kDa, showed a more gradual rise and fall, as did the protein
labeled X in Figure 1B. In general, the mature pattern of protein
labeling appears to be achieved by P17.

The Journal of Neuroscience, December 1988, 8(12) 4449

Immunohistochemical localization of GAP-43 in the
developing visual system

The sheep antiserum raised against rat GAP-43 reacted specif-
ically with the apparently homologous protein on a 2-dimen-
sional gel Western blot containing all hamster brain particulate
proteins (Fig. 1, G, H). Under nonreducing conditions, 2 spots
with identical isoelectric points and apparent molecular weights
of 50 and 100 kDa were visualized (Fig. 1G). However, in the
presence of 8-mercaptoethanol, only a single spot of 50 kDa, p/
4.8, was seen (Fig. 1H). The 100 kDa, p/ 4.8, species recognized
by the antibody to GAP-43 in the nonreducing conditions is
likely to be a polymeric form of GAP-43, as suggested by results
from size-exclusion chromatography experiments (Benowitz et
al., 1987).

Use of this antibody in immunohistochemical studies re-
vealed marked differences in the abundance and distribution of
GAP-43 between neonatal and adult brain tissue. In general,
the neonatal brain sections were more darkly stained than the
adult (Fig. 3, B, C, E). This staining was specific for the antigen,
since sections reacted with nonimmune serum exhibited vir-
tually no staining (Fig. 34). Moreover, marked regional varia-
tions in staining patterns were observed in both the neonate and
the adult. In the immature brain, considerable amounts of GAP-
43 were detected along axon bundles, whereas in more mature
tissue, immunoreactivity was restricted to specific central nu-
clear groups and was virtually absent in most fiber tracts.

The optic tract was densely stained in the retinofugal system
of P2 neonates, as were fiber fascicles within the dorsal nucleus
of the lateral geniculate body (LGBd) and axons in the brachium
of the SC (Fig. 3E). In the SC, positively stained fiber bundles
were observed coursing longitudinally throughout the superficial
layers in a distribution similar to that of fascicles of retinal axons
at this age (Fig. 3, B, C). In contrast to this neonatal pattern,
the optic tract of adult hamsters was virtually devoid of staining,
while the neuropil of the lateral geniculate and the SC were only
lightly stained (Fig. 3, D, F). The detailed time course of im-
munohistochemical staining for GAP-43 is currently being in-
vestigated (see Movya et al., 1987b).

Discussion

During development, proteins conveyed to nerve terminal
membranes in the rapid phase of axonal transport are likely to
contribute to processes that underlie axon elongation and the
establishment of functional synapses, including growth cone
motility, target recognition, membrane turnover, cell-cell adhe-
sion, control of specific ion fluxes, and the development of syn-
aptic specializations. The results of the present study demon-
strate striking changes in the synthesis of many of these proteins
over time, some of which appear to be temporally correlated
with specific changes in the development of the retinofugal pro-
jection.

Technical considerations

Variability between fluorograms, due to differences in amount
of radioactivity and in the exposure of the photographic emul-
sion, limits the interpretations of qualitative comparisons to the
most obvious changes in labeling patterns. To overcome this
limitation, we have quantified the radioactivity in each rapidly
transported protein, eliminated background labeling, and used
a normalization procedure to allow comparisons to be made
over different ages. Background labeling was eliminated by sub-
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Figure 3.

Immunohistochemical localization of GAP-43 in transverse sections through P2 (a—c and ¢) and adult (4 and f) hamster brain. a,

Control section through midbrain of P2 animal incubated with nonimmune serum. b, Midbrain section reacted with monospecific antibody to
GAP-43. Note intense staining of axon bundles and fiber tracts. ¢, Higher-power view of superior colliculus from b. Thin black line delineates
ventral border of the retinal-recipient zone (SGS+SO0). Staining is restricted to axon bundles in the medial and superficial regions of this zone. d,
Similar section through SGS and SO of an adult brain. Only light staining in neuropil is evident. e and f, Staining pattern seen in lateral thalamus
of P2 and adult animals. Note positive staining in axons of the optic tract and eml in neonates, whereas retinal axons in mature animals are devoid
of reaction product. Abbreviations: Ag, aqueduct of Sylvius; BIC, brachium of the inferior colliculus; CG, central gray; CP, cerebral peduncle; em/,
external medullary lamina; LGBd and LGBy, dorsal and ventral nuclei of the lateral geniculate body; LP, lateral posterior thalamic nucleus; OT,
optic tract; SC, superior colliculus; SGS, superficial gray layer; SO, optic fiber layer. Scale bar, 100 gm in a, b, and f; 200 ym c-e.

tracting the counts for each protein in the ipsilateral SC from
those in the contralateral SC, assuming that the ipsilateral pat-
tern is primarily a reflection of systemic labeling (see Table 1).
The existence of a minor ipsilateral retinotectal projection re-
sults in a slight underestimation of the levels of contralaterally
transported protein using this method. However, the ipsilateral
retinotectal projection in adult hamsters derives from only 1.2-
1.7% of all retinal ganglion cells (Hsiao et al., 1984). While this
projection is somewhat larger in the neonates, estimates derived
from other rodent species suggest that in P2 and P5 animals,

the subtraction procedure would decrease actual values by less
than 6% and probably would not affect normalized values at
all.

The normalization of background-corrected radioactivity for
each protein to the total rapidly transported radioactivity was
done in order to take into consideration possible developmental
changes in rates of protein synthesis and axonal transport and
in the number of transported proteins. Such developmental
changes made it impossible to identify a single unchanging,
labeled protein to use as a reference. However, as a result of



applying this normalization procedure, we cannot rule out the
possibility, for example, that reported changes in the level of a
protein could result from a second molecular species dominating
the labeling pattern at a particular age rather than the level of
the first protein actually decreasing. While a comparison of ab-
solute levels of specific proteins would be interesting, this is
technically difficult, and our data should be viewed as showing
changes in the expression of each protein relative to the entire
pattern of rapidly transported proteins during development. The
reliability of this method is confirmed by the multiple replica-
tions for each age and by additional quantitative data on the
pattern of rapidly transported proteins in the lateral geniculate
body of these same cases, which is entirely consistent with the
present results (unpublished data). For one particular protein,
GAP-43, the validity of our results is also underscored by the
high correlation between the quantitative analysis and the im-
munohistochemical data on this protein (see also Moya et al.,
1987b). Finally, it should be noted that the data were derived
with the use of a single amino acid to label proteins. Use of
another amino acid (e.g., proline) would undoubtedly change
the relative levels of labeling in various proteins with respect
to one another but would not be expected to affect significantly
the temporal pattern of change for a particular protein during
development.

Development of the hamster retinofugal pathway

Anatomical studies in the hamster have provided considerable
data on the major developmental events in the primary visual
pathway (Frost et al., 1979; Jhaveri et al., 1983; Sachs and
Schneider, 1984; Schneider et al., 1985; cf. Sachs et al., 1986,
for a comparison of development in the mouse). In the hamster,
the first retinal axons leave the eye at embryonicday 11.5(E11.5;
day of mating = EO) and elongate rapidly, growing at a rate of
60-100 um/hr over the surface of the lateral geniculate and
reaching the caudal end of the SC by E13.5. At these early stages,
retinofugal axons have a simple morphology with numerous
varicosities and short filopodial extensions. Around the time of
birth (E15.5), collateral branches from these axons begin to
penetrate target zones. By P35, a single terminal arbor is being
elaborated on each axon in the SC, as extraneous branches are
being eliminated. Also by PS5, an adultlike precision in retino-
tectal topography is nearly established. During the next 2 weeks
arbors elaborate extensively and increasing numbers of synapses
develop with target cells in the brain. Eye opening occurs on
P14. Myelination of optic tract axons begins around the same
time and is accompanied by a dramatic increase in the diameter
of the axons.

Paralleling the normal progression of developmental changes
is a progressive decline in the plasticity of the optic axons in
response to injury. Prior to the time of retinotectal arbor for-
mation, transection of the optic tract just anterior to the SC
results in retinal axon regeneration, whereas axons cut after P3
fail to regrow across the region of transection (So et al., 1981).
On the other hand, the critical period for collateral sprouting
of retinal arbors into nearby vacated terminal space persists for
at least 2 weeks after birth (Schneider et al., 1985).

The timing of these anatomical phenomena is summarized
in Figure 2J. The temporal changes in the expression of certain
molecular species appear to be correlated with major events of
axonal growth (compare Figs. 24-I and 2J). For example, the
time at which retinal axons cease fasciculated elongation and
begin to arborize in target areas (i.e., between P2 and P5) co-
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incides with the decline in synthesis and transport of the 230
kDa proteins and the relative increase in the 67 and 110 kDa
proteins. This transition also coincides with the loss in the ability
of retinal axons to regenerate across a transection of the tract.
During the early period of active terminal arbor elaboration
(P5), 2 proteins that were low in the P2 neonate (e.g., 100 and
110 kDa) reach high levels; both proteins subsequently decline
at the time when the adult morphology is achieved. As retinal
axons arborize extensively in the SC from P5 to P12, the 50
kDa (GAP-43) and the basic 230 kDa protein diminish greatly.
Between P12 and P17, when retinal axons have eliminated ex-
traneous collateral branches and more mature terminal arbors
are formed, the transport of the 27 and 64 kDa proteins essen-
tially reaches mature levels. This period also coincides with the
time at which retinal axons lose their ability to extend collateral
branches into newly available target space.

GAP-43 in the developing optic pathway

One protein that shows a striking developmental regulation is
identical to the growth-associated phosphoprotein, GAP-43, in
terms of its apparent molecular weight, isoelectric point, de-
velopmental regulation, presence in the rapid phase of axonal
transport, and immunological characteristics (Skene and Wil-
lard, 1981a, b; Jacobson et al., 1986). GAP-43 in rat is also
similar to a protein described in regenerating goldfish optic nerve
(48K 4.8, GAP-48 or protein 4: Benowitz and Lewis, 1983;
Perrone-Bizzozero and Benowitz, 1987; Perry et al., 1987) and
is identical to the membrane phosphoprotein described as pp46,
B-50 or F1 (Zwiers et al., 1980; Katz et al., 1985; Nelson and
Routtenberg, 1985; Jacobson et al., 1986; Meiri et al., 1986;
Perrone-Bizzozero et al., 1986; Snipes et al., 1988). Convergent
studies from several laboratories show that GAP-43 is a mem-
brane-bound substrate of protein kinase C that is enriched in
growth cones and immature synapses (DeGraan et al., 1985;
Katz et al., 1985; Meiri et al., 1986; Skene et al., 1986). In
addition to its presence in the developing or regenerating optic
pathway (Benowitz et al., 1981, 1983; Skene and Willard, 198 1a,
b; Freeman et al., 1986; also preliminary studies in the hamster
visual system: Moya et al., 1987a, b), high levels of synthesis
and transport of GAP-43 have been observed in other immature
neuronal systems (Jacobson et al., 1986; Kalil and Skene, 1986),
cultured embryonic CNS neurons (Perrone-Bizzozero et al.,
1987), and pheochromocytoma cells undergoing NGF-induced
differentiation (Van Hooff et al., 1986; Basi et al., 1987; Karns
et al., 1987).

The present studies show that synthesis and transport of this
protein are high in the hamster retinofugal pathway during early
stages of arbor formation. Similarly, synthesis and transport of
GAP-43 are highest in the hamster pyramidal tract (Kalil and
Skene, 1986) at a time when corticospinal axons initiate col-
lateral penetration into thalamic and pontine nuclei (Reh and
Kalil, 1981, Fig. 8). In the developing rat cerebral cortex as a
whole, overall levels are greatest during the first week after birth
(Jacobsonet al., 1986), a time at which most axons have initiated
terminal arbor formation.

Use of a monospecific antibody also shows that at P2 high
levels of GAP-43 are present in the known position of the retinal
fibers in the optic tract, lateral geniculate nucleus, and SC. At
this time, corticotectal axons have not yet invaded the SC (Ra-
mirez et al., 1986), and hence the staining observed in the SC
most likely represents the distribution of this protein along ret-
inal fibers. Thus, high levels of GAP-43 in nerve terminals and
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along retinal axons are seen at the time at which the specific
target is reached. While synthesis of GAP-43 relative to other
rapidly transported proteins declines after P5, absolute amounts
of the protein in nerve terminals may remain high throughout
the period of elaboration of end arbors. In the regenerating
goldfish optic pathway, the expression of this protein remains
above baseline levels during the entire period in which activity-
dependent tuning of the retinotectal visual map occurs (Beno-
witz and Schmidt, 1987). Conceivably, the presence of GAP-
43, at least during the initial period of arborization in the
developing hamster optic pathway, may likewise be permissive
for activity-dependent tuning processes in this system.

While levels of GAP-43 become vanishingly low in the de-
veloping retinofugal pathway after the second postnatal week,
the protein continues to be synthetized at high levels in certain
other neurons (Neve et al., 1987) and is enriched in particular
regions of the adult brain (see LP in Fig. 3E; Oestreicher and
Gispen, 1986; Benowitz et al., 1988). In addition, changes in
this protein’s phosphorylation are highly correlated with long-
term potentiation in rat hippocampus (Nelson and Routtenberg,
1986; Lovinger et al., 1985). Thus, it is possible that in those
neural systems in which GAP-43 synthesis remains elevated
into maturity, the protein may play an ongoing role in the mod-
ulation of synaptic function.

Other protein changes

Levels of the rapidly transported acidic 230 kDa protein de-
clined even earlier than GAP-43. The protein resembles the
polysialated form of the neural cell adhesion molecule, N-CAM,
in terms of its apparent molecular weight (200-250k), and p/
(4.4-4.6; Hoffman et al., 1982). Should further studies dem-
onstrate (e.g., by immunological or sequence criteria) that the
230 kDa species is indeed a form of N-CAM, this would suggest
that the synthesis or posttranslational modification of this mol-
ecule may be precisely timed to regulate adhesive interactions
between cells during specific developmental events, e.g., the end
of fasciculated axon elongation (see Schlosshauer et al., 1984).

Three other constituents of fast axonal transport were found
to increase markedly during development. Two of these, the
acidic 27 and 94 kDa proteins, increased continuously after birth
and reached mature levels by P17. The 27 kDa protein appears
to be identical to a protein described as S1, which, in damaged
peripheral nerve, decreases sharply in synthesis and transport
after nerve damage but then returns to high levels at about the
time of synaptic contact (Redshaw and Bisby, 1985). The 94
kDa protein, which shows a more gradual increase, may be
homologous to protein S14 described by Shirao and Obata (1985),
which shows a similar increase during maturation of the chick
optic tectum. The developmental increase in the 27 and 94 kDa
proteins observed in the present study coincides with changes
in retinal axon size and the extent of terminal maturation (see
Fig. 2J). The third protein in this group, 64 kDa, showed an
abrupt increase, being undetectable in the P2 and P5 neonates
but achieving high levels by P12. Thus, maximal synthesis and
transport of the 64 kDa protein begin at a time when retinal
axons are actively elaborating terminal arbors and remain high
in the adult. A protein with a similar shape, apparent molecular
weight, and plI to the 64 kDa species is rapidly transported in
the intact hypoglossal nerve of rat but diminishes markedly in
peripheral nerves during axonal regeneration (see Redshaw and
Bisby, 1984, Fig. 5). The 27, 64, and 94 kDa proteins thus appear
to be associated with later stages of neural development and

may be components of presynaptic receptors, transmitter ves-
icles, membrane channels, or other synaptic specializations, or
could serve to stabilize the membrane or induce myelination.

Two acidic proteins with apparent molecular weights of 100
and 110 kDa were low in the neonate, increased to peak levels
by P5, and then declined to low levels in the adult. Hence,
although these proteins may be required for events such as target
recognition, they appear to be less essential once stable con-
nections have been established. In the goldfish retinotectal pro-
jection, several acidic proteins of similar apparent molecular
weights showed increased levels in synthesis and transport only
during the time of initial contact with the appropriate target
(Benowitz et al., 1983). Experimental verification of such target
regulation in the hamster retinotectal projection is also possible
by surgical manipulation that deprives axons of their appro-
priate targets (see Schneider, 1973; So and Schneider, 1978).
Studies combining metabolic labeling with such manipulations
may further show whether the macromolecular regenerative re-
sponse to injury is a complete reinduction of the protein syn-
thesis and transport patterns seen in the immature developing
animal or whether the regenerative response reflects a distinct
growth state.

It is interesting to note that in the present studies, essentially
every protein conveyed to the nerve terminal membranes in the
rapid phase of axonal transport underwent a marked change
during development so that between P2 and P17 the labeling
profile changed almost completely. Thus, in addition to the
identity and physiological significance of the individual proteins
visualized here, another question of interest concerns the nature
of the signals that orchestrate this complex pattern of metabolic
changes. In particular, it will be important to identify interactive
events in which the pattern of molecular changes determines
the morphological sequence of development and those in which
dynamically changing interactions with extrinsic constituents
induce the molecular changes observed. Recent reports have
made it clear that the neuronal as well as the glial and end-organ
environments can significantly alter the growth characteristics
(Lance-Jones and Landmesser, 1981; So and Aguayo, 1985;
Hantaz-Ambroise et al., 1987; Liuzzi and Lasek, 1987) and
underlying pattern of gene expression in neurons (Benowitz et
al., 1983; Redshaw and Bisby, 1985; Yoon et al., 1986; Baizer
and Fishman, 1987).
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