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Abstract

Following intraocular injection of [°*H]fucose, which labels many glycoproteins of retinal ganglion
cells, the accumulation of transported radioactivity arriving at the superior colliculus (nerve
terminals) peaks within a few hours and decays with a time course of hours. Then, over a period of
several days, radioactivity again accumulates at the superior colliculus and then decays with a half-
life of days. The second peak also represents fast transported material since it occurs almost
simultaneously along the optic nerve and tract as well as at the nerve endings. Such data have been
interpreted as evidence for both a group of rapidly released, rapidly transported glycoproteins (first
peak) and a group of slowly released but rapidly transported glycoproteins (second peak). We
investigated this supposition by studying in more detail the metabolism of some individual
fucosylated proteins in both the retina and superior colliculus. We noted that much of the
radioactivity incorporated in fucosylated glycoproteins at the retina was rapidly metabolized (with
a turnover on the order of hours), while the remainder of the fucosylated moieties had a metabolic
half-life on the order of days. This was also true of the metabolic behavior of several individual
glycoproteins, selected for study because they are major components of the group committed to
transport and accumulating in two waves at the superior colliculus. In other experiments we injected
[**S]methionine intraocularly and examined the metabolism in the retina and the kinetics of
transport to the superior colliculus of the peptide backbone of these same individual proteins. In
contrast to the two waves of accumulation of radioactivity from [*H]fucose, accumulation of
radioactivity of the peptide backbone of the same glycoproteins was monophasic.

Our explanation of these data involves the presence of two types of fucose moieties on the
peptides. One group of fucose moieties is labile and is lost from the peptide backbone over a period
of hours. Other fucose moieties are approximately as metabolically stable as the peptide backbones
to which they are attached. The actual peptide backbones of the glycoproteins are committed to
rapid transport over a period of several days. Thus, the first (and most prominent) peak of
transported radioactivity in [*H]fucosylated glycoproteins does not represent a discrete phase of
transport but, rather, is the summation of kinetics of gradual arrival of proteins and the rapid drop
in their specific radioactivity as the more labile moieties of [*H]fucose are lost. In contrast,
accumulation at the superior colliculus of the more metabolically stable [*H]fucose moiety coincides
with the accumulation of the actual peptide backbone; there is a period of several days during which
the pool of labeled peptides is slowly committed to rapid transport. Analysis of the kinetics of
turnover of fucose on proteolytic cleavage products of transported glycoproteins suggested that, at
least in one case, the rapidly and slowly metabolized moieties are on different carbohydrate chains
of the same peptide.

Rapid axonal transport can be studied by presenting a determining the time of appearance of biosynthesized
specific radioactive precursor to the cell body and then radioactive macromolecules at various points on their
way to the nerve terminals. The rapid component of
axonal transport contains predominantly membrane
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protein (Willard et al., 1974; Tytell et al., 1981) or lipid
(Haley et al., 1979: Toews et al., 1979; Toews and Morell,
1981) initially accumulates in the nerve endings; this is
followed by a decay phase when catabolism and other
processes removing the protein or lipid from the nerve
ending exceed the ever diminishing accumulation of ra-
dioactivity.

However, a complication occurs when data from stud-
ies using glycoprotein precursors are considered. Follow-
ing intraocular injection of [*H]fucose in rodents, radio-
activity in glycoproteins arriving at the superior collicu-
lus is detectable within 3 hr (rapid transport) and peaks
within a day. There is then a decline over the next day
or two, and then accumulation of radioactivity resumes
until there is another peak at about a week following
injection (Specht and Grafstein, 1977; Goodrum et al.,
1979; Goodrum and Morell, 1982). The material in the
second peak is also rapidly transported since the rise in
radioactivity occurs almost simultaneously along the op-
tic nerve and optic tract as well as at the superior
colliculus. Similar observations have been made in other
nerve tracts of the rat (Padilla and Morell, 1980), and
replotting of the data of Bennet et al. (1973) suggests
biphasic accumulation of fucosylated glycoprotein in the
chick ciliary ganglion.

The molecular weight distribution of labeled glycopep-
tides and their partition into particulate and soluble
fractions are similar at both accumulation peaks (Good-
rum et al., 1979; Goodrum and Morell, 1982). Thus, the
accumulation of radioactivity in many of the individual
glycoproteins at the superior colliculus appeared to be
biphasic in contrast to the expectation, in the simple
case, of a monophasic accumulation and decline of radio-
activity. To resolve this discrepancy, we followed the lead
of Specht and Grafstein (1977) in interpreting such data
in terms of a model of a glycoprotein-containing vesicular
or membranous structure being partitioned into two
pools, one rapidly released and rapidly transported and
the other slowly released but rapidly transported (Good-
rum and Morell, 1982).

A prediction to be made from the above model is that
the rapidly transported fucosylated proteins should show
a biphasic accumulation when labeled with a radioactive
amino acid. Therefore, we have re-examined this problem
by analyzing the synthesis in the retina, transport to and
accumulation in the superior colliculus, and metabolic
turnover in both tissues, of the [*H]fucose moiety and
the [**S]methionine-labeled peptide backbone of individ-
ual peptides separated by two-dimensional gel electro-
phoresis. The results did not support the model of two
pools of transported proteins. Instead, the biphasic ac-
cumulation of the [*H]fucose radioactivity in the superior
colliculus results from the summation of a gradual ac-
cumulation of the rapidly transported glycoproteins at
the nerve ending (committed to rapid transport over a
period of days from a single pool of peptides in the retina)
and a biphasic turnover of the fucose moieties of those
glycoproteins.

Materials and Methods

Long-Evans rats, 30 to 60 days of age, bred from
Charles River (Wilmington, MA) stock were used. L-
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[5,6-*H]Fucose (60 Ci/mmol), L-[**S]methionine (800
Ci/mmol), and Enhance were obtained from New Eng-
land Nuclear Corp. (Boston, MA). Chymotrypsin was
from Sigma Chemical Co. (St. Louis, MO). Pharmalyte
3-10 ampholites were obtained from Pharmacia Fine
Chemicals (Piscataway, NY). X-ray film (XAR-5) and
processing chemicals were from Eastman Kodak (Roch-
ester, NY). All other chemicals were reagent grade.

Precursor injection and tissue preparation. Radioactive
precursor was injected into the left vitreous chamber in
4 ul of 0.9% NaCl as previously described (Goodrum et
al., 1979). Animals were killed at 8 hr (first wave peak),
1 day, 2 days, 4 days, and 7 days (second wave peak)
following injection, and the left retinas and right superior
colliculi were removed. Tissues were homogenized in 0.2
ml of water, lyophilized, and frozen at —70°C until used.

Gel electrophoresis. For two-dimensional gel electro-
phoresis, lyophilized tissues were solubilized in 100 pl of
5% Nonidet P-40 (Particle Data Labs, Elmhurst, IL), 8
M urea, 5% B-mercaptoethanol, and 5% Pharmalyte 3-
10 by sonication in an ultrasonic cleaning water bath
(Branson). The samples were then centrifuged for 5 min
at 7000 X g in a Fisher model 59 centrifuge. Ten micro-
liters of retina and 40 ul of superior colliculus superna-
tants were used for nonequilibrium pH gradient electro-
phoresis (NEPHGE) at 400 V for 4 hr, performed ac-
cording to the method of O’Farrell et al. (1977). The
second-dimensional separation was on 7 to 15% linear
gradient polyacrylamide slab gels run at 25 mA/gel until
the tracking dye reached the bottom of the gel. All [*H]
fucose- and [*S]methionine-labeled samples from the
same time points for each tissue were subjected to elec-
trophoresis simultaneously to facilitate matching of
bands and spots. One-dimensional gradient gel electro-
phoresis was performed as previously described (Good-
rum and Morell, 1982).

Peptide mapping. Peptide mapping of transported gly-
coproteins was performed by a slight modification of the
method of Cleveland et al. (1970). Labeled proteins were
initially separated on 7.5% polyacrylamide gels (Good-
rum et al., 1979). These gels were sliced into 1.1-mm
slices, and the proteins were eluted from each slice for
24 hr at room temperature in 1 ml of electrophoresis
buffer. Aliquots from each gel slice were counted for
radioactivity, and eluates from gel slices corresponding
to single radioactivity peaks were pooled. In some cases,
corresponding peaks from several superior colliculus gels
were pooled. One-fifth volume of 100% trichloroacetic
acid and 5% phosphotungstic acid was added to the
pooled samples at room temperature, and the samples
were placed on ice for 1 hr. The precipitated proteins
were collected by centrifugation and washed with ethanol
and then diethyl ether. The pellet was dissolved in 200
pl of sample buffer (Cleveland et al., 1977) and was
incubated for 30 min at 37°C with varying amounts of
chymotrypsin. 3-Mercaptoethanol and SDS were then
added to final concentrations of 10% and 2%, respec-
tively, and the samples were boiled for 2 min. The
peptides in the digested samples were separated on 15%
polyacrylamide gels. These gels were sliced, and radio-
activity distribution was determined as described previ-
ously (Goodrum et al., 1979).
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Results

Time course of transport. Following intraocular injec-
tion, retinal incorporation peaks within the first few
hours for both precursors (Goodrum et al., 1979; Blaker
et al., 1981), and thereafter radioactivity in the retina
declines (Fig. 1A4). With both precursors, transported
radioactivity arrives in the superior colliculus within 3
hr (Fig. 1B). It is noteworthy that (except for a temporal
delay in accumulation corresponding to the time required
for rapid transport), the peak of accumulation and the
time course of initial decline of radioactivity in fucosyl-
ated glycoproteins in the superior colliculus follow a
pattern remarkably similar to that in the retina. The
continued accumulation of [*H]fucose-labeled material
exhibits the biphasic pattern described above. In con-
trast, the accumulation of [**S]methionine-labeled ma-
terial in the superior colliculus is multiphasic due to both
the arrival and heterogeneous turnover of each of the
different transport rate components (Fig. 1B) (see also
Karlsson and Sjostrand, 1971; Blaker et al., 1981).

Peptide composition of synthesized and transported
proteins. Fluorographs of one-dimensional gels of retina
and superior colliculus samples at 8 hr to 7 days after
injection of either [*H]fucose or [**S]methionine are
shown in Figure 1. In many cases the retinal [*H]fucose-
labeled polypeptides correspond to relatively minor com-
ponents of the more complex pattern of [**S]methionine-
labeled peptides. The glycoprotein bands tend to be
broader than most of the [**S]methionine-labeled gel
bands, presumably due to the heterogeneity of glyco-
sylation. The gel pattern of [*H]fucose-labeled glycopro-
teins in the superior colliculus is similar to that in the
retina. This is true at all times studied (Fig. 1B). Many,
although not all, of the glycoproteins are transported in
quantities roughly proportional to their synthesis (most
of the bands prominent in the gel of retinal proteins are
prominent also in the superior colliculus). In contrast,
the gel pattern of [**S]methionine-labeled transported
proteins arriving in the superior colliculus at 8 hr is very
simple compared to that in the retina. Although this may
be partly an artifact of the film exposure (longer expo-
sures would reveal minor bands), it is clear that the
quantitative distribution of the transported [*S]methi-
onine-labeled proteins is very different from the popu-
lation of proteins originally labeled in the retina.

At early time points, the gel pattern of the [°H]fucose-
labeled protein is similar to the distribution of label from
[**S]methionine, suggesting that the majority of rapidly
transported proteins are glycoproteins (see also Tytell et
al., 1980). This similarity is not found at the later time
points. While the [*H]fucose-labeled glycoprotein pat-
tern does not change with increasing time after injection
(no new bands appear), the [**S]methionine-labeled pat-
tern changes in a complex fashion at later times, as some
labeled bands disappear while new ones appear (presum-
ably representing arrival of the slower components of
transport in the superior colliculus).

Two-dimensional gel electrophoresis of labeled retina
and superior colliculus was carried out at the same time
points as shown in Figure 1. Results at 8 hr and at 7
days after injection of [*H]fucose are shown in Figure 2.
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Proteins forming single, broad bands on the one-dimen-
sional gels were resolved into families of spots forming
slightly diagonal bands on the two-dimensional gels. This
pattern is a feature common to glycoproteins separated
on two-dimensional gels (Baumann and Doyle, 1979;
Wenthold and McGarvey, 1982). Most of the labeled
glycoproteins of the optic pathway have acidic isoelectric
points, the 28,000-dalton protein being conspicuous by
its more basic isoelectric point. In the nonequilibrium
system, it is the most rapidly migrating labeled glycopro-
tein (see Fig. 2), and in a pH 4 to 8 isoelectric focusing
gel it remains at the basic end of the gel (not shown).
There is heterogeneity in the metabolic turnover of the
label from [*H]fucose since many of the retina peptides
that were well labeled at 8 hr were among the most
poorly labeled at 1 to 2 days and were nearly undetectable
by 7 days.

By 8 hr the two-dimensional gels of superior colliculus
already contain almost all of the major [*H]fucose-la-
beled peptides present in the retinal gels (Fig. 2). At no
later time were any new labeled proteins identified on
the gels of the superior colliculus. From 8 hr to 7 days,
the gel pattern became progressively simpler in a manner
roughly parallel to the results from gels of retina.
This trend toward a less complex labeling pattern con-
tinues even during the arrival of the second wave (4 to 7
days) when total radioactivity is increasing in the supe-
rior colliculus (i.e., no new proteins are arriving). At 7
days after injection, the two-dimensional gel patterns of
transported proteins in the superior colliculus still re-
semble the corresponding retinal gel, not only qualita-
tively, but in the relative quantitative relationship of the
proteins. Note that this similarity between superior col-
liculus and retina is not necessarily expected since there
is no a priori reason to suggest, even if exported glyco-
proteins are representative of those in the cell body, that
the concentration of ganglion cell proteins would mimic
that of other types of cells in the retina. These observa-
tions suggest that those transported glycoproteins poorly
represented in the gels of second-wave material are those
whose fucose moieties turn over rapidly in the retina
and, therefore, are poorly labeled by the time they are
committed to transport.

Fluorographs of two-dimensional gels of [**S]methio-
nine-labeled retina and superior colliculus at 8 hr and at
7 days after injection are shown in Figure 3. In contrast
to the two-dimensional gels of [°H]fucose-labeled retinal
glycoproteins, the two-dimensional gels of [**S]methio-
nine-labeled retinal proteins were much more complex
than the corresponding one-dimensional gels, hundreds
of methionine-labeled proteins being resolved over a wide
range of pH (Fig. 3). This is not unexpected since pre-
sumably more proteins contain methionine than contain
fucose. Most of these labeled proteins are seen as distinct
spots rather than more diffuse diagonal bands, as in the
case of the glycoproteins. The [**S]methionine-labeled
proteins in the superior colliculus at 8 hr after injection
are confined primarily to the acidic portion of the gel,
and many of the more prominent spots correspond to the
[’H]fucose-labeled glycoproteins present at 8 hr (Fig. 4).
At later times this pattern changes due to the appearance
of new [**S]methionine-labeled spots. At all times stud-
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Figure 1. Time course and one-dimensional gel electrophoretic peptide composition of synthesized and transported proteins
following intraocular injection of [*H]fucose or [**S]methionine. Data are expressed as counts per minute incorporated per
microcurie of precursor injected. A, Time course of retinal incorporation and turnover. B, Time course of transport in the superior
colliculus. Data points are means + SEM (n = 4 to 7) of pooled data from this and previous reports (Goodrum and Morell, 1982).

For each time point equal amounts of protein were applied to the gels.
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Figure 2. Fluorographs of two-dimensional gels of retina and superior colliculus 8 hr and 7 days after intraocular injection of
400 pCi of [*H]fucose. Samples were prepared and gels were run as described in the text. The acidic end of the gel is to the right,
and the 49,000- (49K) and 28,000-dalton (28K) proteins are indicated. The asterisk marks a retinal glycoprotein which is absent
from the retina by 1 to 2 days and does not appear in the superior colliculus. Numbered spots are for comparison with Figures 3

and 4.

ied, the retinal gel pattern remains more complex than
that in the superior colliculus. This is in contrast to the
results obtained with the [*H]fucose-labeled glycopro-
teins; the [**S]methionine results demonstrate that the
population of proteins transported to the nerve endings
of retinal ganglion cells is a subclass of the total protein
population synthesized by the many cells of the retina.
Transport time course of individual glycoproteins. Two
of the major transported glycoproteins have M, = 49,000
and 28,000 (see Figs. 1B and 2). Both of these [*H]
fucose-labeled glycoproteins exhibit a biphasic accumu-
lation in the superior colliculus (see Fig. 1B and for more
detail, Goodrum and Morell, 1982). To estimate the
transport time course for the peptide backbone of these
glycoproteins, the corresponding [**S]methionine-la-
beled proteins on the two-dimensional gels (see Fig. 4)
were cut out, and radioactivity was determined by liquid
scintillation counting (Fig. 5). In contrast to the labeled
fucose moieties, the labeled peptide backbones of these
two glycoproteins accumulate in the superior colliculus
for several days. The [*S]methionine label in other
glycoproteins also appears to persist for many days.
While the backbones of the glycoproteins accumulate

over several days, many other [**S]methionine-labeled
proteins in the superior colliculus accumulate and turn
over more rapidly. The accumulation of the major trans-
ported protein (24,000 daltons) peaks between 1 and 2
days and then declines (see Fig. 3 and Wagner et al,,
1979; Kelly et al., 1980). Another transported protein
(about 100,000 daltons) is well labeled at 8 hr but absent
from the fluorographs by 1 day after injection (see
Fig. 3).

Peptide mapping of fucosylated glycoproteins. Our pres-
ent results and those we have previously reported suggest
that the fucose moieties on at least several individual
transported glycoproteins turn over with biphasic kinet-
ics (Goodrum and Morell, 1982). We postulated that this
may be due to the presence, on the same protein, of
several fucose moieties, perhaps with different metabolic
half-lives. These fucose moieties could be on the same or
different carbohydrate chains of the protein. If the latter
were the case, proteolytic cleavage might form peptides
bearing carbohydrate chains containing only the rapidly
or the slowly turning over fucose moieties. To test this
hypothesis, the 49,000-dalton [*H]fucose-labeled peak
was excised from one-dimensional gels of both retina and
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Figure 3. Fluorographs of two-dimensional gels of retina and superior colliculus 8 hr and 7 days after intraocular injection of
400 uCi of [*S]methionine. The transported 49,000- (49K) and 28,000-dalton (28K) proteins are indicated in the superior
colliculus gels. These proteins cannot be resolved in the much more complex pattern on the retinal gels. The asterisk marks the
major, 24,000-dalton, transported protein. The dagger indicates a very rapidly turning over transported protein which is present

at 8 hr but absent by 1 day. Numbered spots are for comparison with Figures 2 and 4.

Basic € Acidic
O [”S] methionine p MW-B
S5 X 10
.[“S] methionine + on'Sl { — 260
2 -,
[‘H]fucose g_ 130
) [*H] fucose onl -
[ ] y — 68
E - 43
— 13

Figure 4. Comparison of fluorographs of [*H]fucose- and
[**S]methionine-labeled transported proteins in the superior
colliculus 8 hr after intraocular injection. This composite was
drawn by overlaying the fluorographs from the 8-hr time points
in Figures 2 and 3. Numbered spots are for comparison with
Figures 2 and 3. The protein indicated by dashed lines had so
high a ratio of fucose to methionine that the [**S]methionine
presumably present could not be detected on fluorographs
exposed to allow resolution of most proteins.

of superior colliculus at 8 hr, 1 day, 2 days, and 5 days
after injection (the two-dimensional gels indicated that
this band is nearly homogeneous; see Fig. 2), and the
eluted proteins were subjected to limited proteolysis by
chymotrypsin. The resulting peptide fragments were sep-
arated on 15% polyacrylamide gels, and the distribution
of radioactivity was determined. In Figure 6 the distri-
bution of radioactivity among the peptide fragments is
plotted as a percentage of the total radioactivity in the
digested sample. Plotted this way peptide fragments with
rapidly turning over fucose will, with time, contain pro-
gressively smaller percentages of the total radioactivity
(these peaks will diminish, relative to peaks correspond-
ing to fragments with slow turnovers). In both the retina
and superior colliculus, the same labeled peptide frag-
ments were produced at each time point from 8 hr to 5
days after injection (Fig. 6 contrasts results from the 8-
hr and 5-day time points). However, the distribution of
radioactivity among these peptides changed with time
after injection, indicating that there are at least two
major rates of turnover for the fucose moieties of this
glycoprotein which correspond to fucose moieties local-
ized to separate peptide fragments. We suggest that the
bulk of the rapidly turning over fucose moieties are on
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Figure 5. Time course of accumulation of [*H]fucose and
[**S]methionine radioactivity in the 49,000- (49K) and 28,000-
dalton (28K) proteins in the superior colliculus. Appropriate
regions were excised from the two-dimensional gels, and radio-
activity was determined by liquid scintillation counting.

carbohydrate chains which are distinct from those con-
taining the more metabolically stable fucose moieties.

Discussion

Detailed studies of the accumulation of transported
[*H]fucose-labeled glycoproteins at nerve endings have
revealed two phases of accumulation separated by a
period of days (this report and Specht and Grafstein,
1977; Goodrum et al., 1979; Goodrum and Morell, 1982).
The first phase of accumulation has been generally in-
terpreted as representing glycoproteins which were rap-
idly committed to axonal transport and which turned
over rapidly at the nerve endings. This interpretation
implied that the second phase represent a separate pool
of glycoproteins with different somal processing and
different metabolism. We thought that this might be
expected if two different types of glycoproteins were
involved; however, we failed to find any differences in
composition or subcellular distribution for the trans-
ported material in the two phases (Goodrum and Morell,
1982). In addition, the original model is complicated by
the data indicating simultaneous transport of different
membrane constituents (Abe et al., 1973). Also, studies
using high resolution separation techniques do not pro-
vide any data suggestive of biphasic transport behavior
of any membrane constituents (Willard et al., 1974;
Haley et al., 1979; Toews et al., 1979; Tytell et al., 1981)
(with the possible exception of Fodrin, a protein found
to be transported at more than one rate (see Baitinger
et al., 1982)).

In trying to account for the discrepancies, we realized
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Figure 6. Peptide maps of the 49,000-dalton (49K) protein
from retina and superior colliculus at 8 hr and 5 days after
injection. Chymotrypsin digestion and gel electrophoresis were
as described in the text. Shaded regions illustrate the changes
from 8 hr to 5 days. The hatched and cross-hatched regions
show areas of decrease and increase in relative labeling, respec-
tively. The dotted line indicates sample incubated without any
chymotrypsin present.

that it was not necessary to assume that the turnover of
labeled fucose moieties represented that of the entire
glycoprotein molecule. In fact, it has recently been ob-
served, for rat liver and hepatocyte cultures, that the
fucose moieties of plasma membrane glycoproteins may
turn over more rapidly than the peptide backbones (Kre-
isel et al., 1980; Baumann et al., 1983; see Baumann and
Doyle, 1982, for a review). Our present studies indicate
that the biphasic accumulation of radioactivity is not
due to two waves of transport of material but results
from the heterogeneous metabolic properties of fucose
moieties on individual glycoproteins. This conclusion is
based on three observations.

First, the initial accumulation and decline of trans-
ported radioactivity in the superior colliculus mimics the
incorporation and initial decay time course of the retina
(see “Results” and Fig. 1). In addition, following the
second phase of accumulation in the superior colliculus,
the subsequent decline of total radioactivity, as well as
the metabolic decay noted for certain individual glyco-
proteins, is similar to the second phase of the biphasic
decay kinetics in the retina. This result is better sup-
ported by data from a previous publication (Goodrum
and Morell, 1982) which includes a more detailed time
course (multiple observations at five time points) allow-
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ing for a determination of the turnover times during the
second phase as about 8 days for both retina and superior
colliculus. These data suggest that the initial pattern of
accumulation and both periods of decline of radioactivity
in the superior colliculus are dominated by the metabolic
properties of the glycoproteins, not by their transport
kinetics.

Second, when the accumulation of radioactivity in the
superior colliculus from corresponding spots of two-di-
mensional gels labeled with either [°*H]fucose or [**S]
methionine are compared, the [?H]fucose radioactivity
follows a biphasic pattern while the [**S]methionine
radioactivity follows a monophasic one. Thus, the poly-
peptide backbones of at least two glycoproteins accu-
mulate monophasically over a period of days.

Third, at least one individual glycoprotein in both
retina and superior colliculus was found to contain mul-
tiple fucose-containing carbohydrate chains with differ-
ing turnover rates. Although this is probably the case for
many of the transported glycoproteins, it is possible
either that some have only the rapidly metabolized fucose
moieties or that the entire peptide turns over with a
short half-life, accounting for the rapid disappearance of
a few fucosylated proteins from the retina (see Fig. 2).
However, many of the glycoprotein backbones do appear
to be relatively stable metabolically, as compared to the
rapid turnover of a number of the rapidly transported
[**S]methionine-labeled proteins (see “Results” and
Wagner et al., 1979). This observation is consistent with
recent hypotheses that the carbohydrate moieties con-
tribute directly to the metabolic stabilization of mem-
brane glycoproteins (see Olden et al., 1982, for a review).

Therefore, it appears that the two waves of accumu-
lation of transported [*H]fucose radioactivity in (individ-
ual) glycoproteins in the superior colliculus are due to
the summation of a gradual accumulation of transported
glycoproteins and the biphasic turnover of the fucose
moieties on these glycoproteins. Figure 7 illustrates the-
oretical curves demonstrating how this can come about.
A combination of a prolonged release from the retina
and gradual accumulation of the peptide backbone of
glycoproteins in the superior colliculus (Fig. 74) and
biphasic turnover of fucose moieties on those glycopro-
teins (Fig. 7B) can produce a biphasic accumulation of
fucose radioactivity in the superior colliculus (Fig. 7C).
Thus, the first pulse-like wave of accumulation and
decline of [*H]fucose radioactivity, which was thought to
represent rapidly released and transported glycoproteins,
is in a sense an artifact of the metabolic properties of
the fucose moieties. The transport and accumulation of
the peptide backbone of the glycoproteins are mono-
phasic and involve commitment to rapid transport over
a period of days.

This interpretation of the [*H]fucose-labeled glycopro-
tein transport data presented here is consistent with
results concerning the rapid transport of other mem-
brane constituents. In this interpretation, the rapid com-
ponent of axonal transport is seen as consisting predom-
inantly of a single cell body membrane pool which con-
stantly supplies the axon and terminals. The time course
of accumulation and decay of a specific labeled mem-
brane macromolecule at the nerve endings is determined
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Figure 7. Hypothetical model curves describing transport
and metabolism of fucosylated glycoprotein. A, Rapidly trans-
ported labeled glycoproteins accumulate for several days in the
superior colliculus. We assume that this curve approximates
the accumulation of the peptide backbone. B, The metabolic
turnover of fucose in glycoproteins is biphasic. This curve
approximates the actual turnover of fucose in the retina (see
Fig. 1). C, The product of curves A and B (protein present (4)
X specific activity (B)) results in a biphasic accumulation (C)
of total fucose radioactivity in the superior colliculus.

by its metabolic turnover rate. A labeled molecule with
a rapid turnover (e.g., the 100,000- and 24,000-dalton
proteins; see “Resuits”) will reach peak accumulation of
radioactivity at the superior colliculus within a few hours
or days and will then decline. Those radioactive mole-
cules with longer half-lives, such as many of the glyco-
proteins (see “Results”) and phospholipids (Haley et al.,
1979; Toews et al., 1979), will accumulate in the superior
colliculus for several days before starting to decline. A
very stable molecule, such as cholesterol, will continue
to accumulate for many weeks (Blaker et al., 1979). Note
also that in this model (Fig. 7) the turnover of fucose
moieties is the same or very similar whether the protein
is in the cell body or the nerve ending.

Two alternative explanations of the biphasic accumu-
lation were considered and rejected. One was reutiliza-
tion of the [*H]fucose. A report by Margolis and Margolis
(1972) indicating little or no reutilization of [*H]fucose
in brain due to loss of the tritium through exchange with
water suggests that this is unlikely. The other alternative
is the possibility of redistribution (exchange) of trans-
ported material along the axon. However, it has been
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previously shown (Goodrum and Morell, 1982) that there
are only two specific glycoproteins deposited in the ax-
ons, while past (Goodrum and Morell, 1982) and present
data show that the second accumulation of radioactivity
contains a large complement of transported glycopro-
teins.

A limitation in our interpretation of the data is the
heterogeneity of the system. There are many cell bodies
involved, and axons differ in length. Comparison of
labeled proteins at the nerve endings with those in the
cell body is limited because of the large number of cell
types in the retina (although it is noteworthy that much
of the radioactive fucose is localized to the retinal gan-
glion cell layer at early times (Blanks, 1978)). Also, we
could not test the hypothesis that there are several
“waves” of transport in the first few hours, as has been
shown by Ambron et al. (1974) in the giant neuron of
Aplysia. However, even with these restrictions our inter-
pretation of the data clarifies a long-standing puzzle in
the literature. Why, following intraocular injection of the
appropriate precursors, does radioactivity in fucosylated
glycoproteins at the nerve endings peak within hours, a
time when only a small fraction of the radioactive
glycerophospholipid has accumulated? The expectation
would have been that large amounts of phospholipid
should accompany the fucosylated glycoprotein which is
largely in particulate (membrane) fragments (see
Schwartz, 1979, for review of evidence that particles
destined for rapid transport are coordinately assembled).
Our scheme (represented in Fig. 7 for proteins) suggests
that the fucosylated glycoprotein is, in fact, committed
to transport over a time course similar to that reported
for phospholipids (Haley et al., 1979; Toews et al., 1979).
A question remaining to be answered is whether the
rapidly metabolized [*H]fucose moieties on glycoproteins
are replaced with unlabeled fucose, or whether there is
heterogeneity in terms of degree of fucosylation during
the time course of commitment to transport and during
transport itself.
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