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Relationship Between Phosphorylation and Synthesis of Goldfish 
Optic Nerve Proteins During Regeneration 

Denis C. Larrivee and Bernice Grafstein 
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After intraocular injection of radiolabeled phosphate and 3H- 
proline, the labeling of goldfish optic nerve proteins was 
monitored over a 7 week period of regeneration following a 
lesion to the optic tract. Labeled phosphate incorporation 
into total nerve protein increased to a peak value about twice 
that in normal nerve at 3 weeks after injury, then declined 
to slightly above normal by 7 weeks. Incorporation of 3H- 
proline showed a higher rise and a steeper decline, with 
values still significantly above normal at 7 weeks. Two-di- 
mensional gel electrophoresis revealed that almost all the 
individual proteins examined underwent an increase in 3H- 
proline incorporation with a peak at about 3 weeks. However, 
only 4 proteins showed an increase in incorporation of 32P 
correlated with the increase in 3H-proline. The closest cor- 
relation was seen for protein 4, the equivalent of the growth- 
associated protein GAP-43; for the other 3 proteins (15, 31, 
and 38) 32P incorporation remained elevated even when 3H- 
proline incorporation had declined. Two other proteins (24e 
and 48) showed increased 32P incorporation not correlated 
with 3H-proline changes. Several proteins showed a de- 
crease in 32P incorporation, even though 3H-proline incor- 
poration was increased. For example, the phosphorylation 
of ON2, a neuronal intermediate filament protein, showed a 
long-lasting decline, which was already evident at 1 week 
and had not yet returned to normal by 7 weeks. Other pro- 
teins in this group (33,37, and 48) showed a faster recovery. 
Proteins 32, 44, 45 showed reduced 32P labeling only at 3 
weeks, whereas protein 9 showed a large reduction at 1 
week followed by a relatively rapid recovery. For a few pro- 
teins the changes in 3zP incorporation were accompanied by 
a shift in pl. Some proteins failed to show any significant 
change in phosphorylation despite increased 3H-proline in- 
corporation. The proteins that showed a correlation between 
32P and 3H-proline incorporation during the first 3 weeks of 
regeneration may be limited in their phosphorylation pri- 
marily by the amount of substrate protein present. Those 
that failed to show any correlation may be posttranslationally 
modified by protein kinase activity or may undergo early 
phosphorylation followed by a variable degree of dephos- 
phorylation. In some cases, the phosphorylation events ap- 
peared to be primarily associated with either axonal out- 
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growth (proteins 4, 9, 33, and ON2) or synaptogenesis 
(proteins 15, 31, 37, 38, and 48). Thus, the progress of re- 
generation is more closely correlated with changes in post- 
translational processing of these proteins than with changes 
in their gene expression. 

The goldfish optic nerve regenerates after injury, showing vig- 
orous axonal outgrowth and eventually reestablishing its syn- 
aptic connections with appropriate neurons in the optic tectum 
(Attardi and Sperry, 1963). The axonal events are accompanied 
by major metabolic alterations ofthe cell body (Grafstein, 1986), 
including a profound increase in protein synthesis (Grafstein et 
al., 1987; Perry et al., 1987). We have also observed prominent 
changes in phosphorylation of optic nerve proteins (Larrivee 
and Grafstein, 1987a, b). Phosphorylation is a mechanism that 
is known to be capable of modulating protein function (Nestler 
et al., 1984). Its possible role in neuronal regeneration is sup- 
ported by the importance of protein-phosphorylating mecha- 
nisms in neuronal development and differentiation (Murphy et 
al., 1983; Turner et al., 1984; Girard et al., 1985; Burgess et al., 
1986; Cremins et al., 1986). 

The object of the present study was to determine whether 
changes in phosphorylation were specifically associated with one 
or another stage of regeneration. The time course of regeneration 
in the goldfish optic axons has been well worked out (reviewed 
by Grafstein, 1986). Beginning a few days after a lesion, the 
retinal ganglion cell axons show rapid elongation until they reach 
the optic tectum at 2-3 weeks and then a slower rate of out- 
growth within the tectum, accompanied by profuse branching. 
Synapse formation commences shortly after the axons begin to 
enter the tectum, and synaptic density increases rapidly there- 
after. The number of synapses may already be close to normal 
by 4-5 weeks (Hayes and Meyer, 1986), but synaptogenesis 
continues for several months (Murray and Edwards, 1982) dur- 
ing which refinement ofthe retinotectal projection is proceeding. 

It might be expected that the various stages of regeneration 
would be characterized by the preferential production of differ- 
ent axonal constituents. Nevertheless, virtually all axonally 
transported proteins undergo increased synthesis with much the 
same time course (Grafstein et al., 1987; Perry et al., 1987). 
This may indicate that in this system protein synthesis is dom- 
inated by a requirement for replacement of many different ax- 
onal proteins that are turning over more rapidly during regen- 
eration (Whitnall and Grafstein, 1982), rather than a specific 
requirement for axonal constituents essential for one or another 
phase of regeneration. 

In contrast to the pervasive increase in synthesis of axonally 
transported proteins, there is much more variability in phos- 
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phorylation during regeneration. Some axonal proteins show 
an increase, others show a decrease (Larrivee and Grafstein, 
1987b). In our previous work, these changes were measured 
only at 3 weeks after a lesion of the optic axons. In the present 
study, we have systematically examined, throughout the course 
of regeneration, the relationship between changes in phospho- 
rylation and changes in amino acid incorporation in the same 
proteins. The observations were made in the intact segment of 
the optic nerve after an optic tract lesion and thus indicate 
alterations in the proteins in the axon segment that remains 
attached to the cell body (cJ: Perry et al., 1987). They could 
therefore represent changes in the synthesis, processing or ax- 
onal transport of proteins being conveyed to the regenerating 
segment of axon. We report here that in this case ,*P incorpo- 
ration into axonal proteins is usually not correlated with 3H- 
proline incorporation. 

Materials and Methods 
Animals. Experiments were done on goldfish (Carassius auratus) 3-4 
inches in body length (Ozark Fisheries, Stoutland, MO), which were 
maintained in 10 gallon tanks at 20°C on a schedule of 14 hr light/ 10 
hr dark. 

Surgical procedures. The left optic tract was cut intracranially about 
1 mm in front of the tectum as described previously (Larrivee and 
Grafstein, 1987a). 

Radioactive labeling. For in vivo labeling, 3 11 of an aqueous solution 
of H,‘*PO, (usually containing 50 &i; about 1000 mCi/mmol; New 
England Nuclear) was injected into the vitreous humor of the right eye, 
followed by 3 ~1 3H-l-proline solution (containing 50 &i; about 60- 
100 Ci/mmol; ICN). The animals were killed 17 hr later and a segment 
of nerve extending from about 1 mm behind the eye to the site of the 
lesion was taken. 

Two-dimensional gel electrophoresis. Groups of 3 nerves were ho- 
mogenized in 75 ~1 of lysis buffer containing 11.4 gm urea, 0.2 gm SDS, 
0.16 ml 5-7 ampholines, 0.16 ml 4-6 ampholines, 0.08 ml 3.5-10 
ampholines, and 0.154 gm dithiothreitoU20 ml of aqueous solution. A 
5 ~1 aliquot was removed for determination of the radioactivity in TCA- 
soluble and TCA-precipitable material, and the remainder ofthe sample 
was applied directly to the electrophoresis gel. 

Two-dimensional PAGE electrophoresis was performed according to 
the procedure of O’Farrell (1975), with modifications as described by 
Perry et al. (1985). Three to seven gels were prepared for each deter- 
mination. Preparation of autoradiograms from the gels and analysis of 
individual protein spots for measurement of 32P labeling were carried 
out as described previously (Larrivee and Grafstein, 1987b). For mea- 
surement of ‘H-proline content, the appropriate regions, determined by 
using the autoradiograms as templates, were cut out of the gels, solu- 
bilized, and subjected to liquid scintillation counting as described by 
Perrv et al. (1987). With this techniaue, it was possible to measure ‘H- 
prolme incorporation into some proteins, e.g., dN2, which had not been 
fluorographically detectable with ‘H-proline labeling alone (Perry et al., 
1987). 

Results 
Time course of labeling of total nerve protein during 
regeneration 
The incorporation of intraocularly injected radiophosphate into 
optic nerve protein was increased after transection of the optic 
tract (Fig. 1A). The maximum effect, seen at 3 weeks, repre- 
sented an increase to about twice that seen in the normal nerve. 
This level was maintained at 5 weeks, then declined signifi- 
cantly, but was still somewhat above normal at 7 weeks. The 
change in 32P incorporation was much smaller than that seen 
with incorporation of radioactively labeled amino acid, which 
was increased more than lo-fold at 3 weeks (Fig. 1B). In a 
previous study, the peak of 3H-proline incorporation was even 
higher (Perry et al., 1987) being seen at 2 weeks, a time point 
not included in the present study. By 5 weeks, 3H-proline in- 

corporation had declined precipitously to about 4 times control 
levels, and had declined further by 7 weeks, although it was still 
significantly above normal. Our previous observations indicate 
that ‘H-proline incorporation does not recover completely until 
after 12 weeks (Perry et al., 1987). 

Time course of changes in individual proteins 

Approximately 20 nerve proteins (Fig. 2) become labeled in the 
optic nerve after injection of inorganic radiophosphate into the 
eye (Larrivee and Grafstein, 1987b). Many of them showed 
substantial changes in phosphorylation in the course of regen- 
eration, involving either an increase or a decrease in 32P incor- 
poration. All of them are probably neuronal proteins, although 
some may be present in glial cells as well (Larrivee and Grafstein, 
1987b). 

Proteins showing increased phosphorylation in tandem with 
increased ‘H-proline incorporation. Proteins 4, 15, 3 1, and 38 
showed an increase in phosphorylation during the first 3 weeks 
of regeneration, concomitant with the increase in )H-proline 
incorporation (Fig. 3, A, B). The maximum relative increase in 
32P incorporation was generally less than that seen for 3H-proline 
(Table 1). By 1 week protein 4 already displayed a particularly 
large change in 32P incorporation, but significant changes were 
also observed for proteins 15 and 38. On the other hand, protein 
31 was still essentially unchanged at this time (Fig. 3B). After 
3 weeks 3H-proline incorporation into these 4 proteins declined 
sharply but 3zP incorporation remained almost constant in pro- 
teins 15, 3 1, and 38, whereas protein 4 showed a more marked 
decline. 

Other proteins showing increasedphosphorylation. A few pro- 
teins showed significantly increased incorporation of 32P not 
obviously linked to )H-proline incorporation (Fig. 3c). One 
such case was protein 24e, which showed an increase in 3zP 
incorporation that was relatively small (Table 1) but reprodu- 
cible, superimposed on an already high level of incorporation 
in the normal nerve (Fig. 2B). Some increase in incorporation 
was already evident in this protein by 1 week, followed by a 
slow rise to the maximum, which was reached at 5 weeks. In 
contrast, the maximum level of 3H-proline incorporation into 
this protein was more than IO-fold greater than normal and 
occurred at 3 weeks, as in most of the other proteins examined. 

A peak in 32P incorporation at 5 weeks was also seen for 
protein 48, although the change developed more slowly and 
showed a greater degree of variability. In this case, the magni- 
tude of the relative increase in 32P incorporation approached 
that seen with 3H-proline. 

Proteins showing no significant change in jrP incorporation. 
A number of proteins appeared to maintain a relatively constant 
level of phosphorylation throughout regeneration, despite the 
usual pattern of increased 3H-proline incorporation (Fig. 4). 
These included proteins 10,35,42, and 43, as well as NF [prob- 
ably the 130 kDa neurofilament subunit (Perry et al., 1985)]. 
Alpha-tubulin has also been included in this category: although 
it showed an increased mean level of 32P incorporation at 7 
weeks (Fig. 4, last panel), there was great variability in this value, 
so that statistically it did not differ significantly from normal. 

Proteins showing decreased phosphorylation. A striking find- 
ing was that some proteins showed a profound decrease in phos- 
phorylation, despite increased 3H-proline incorporation with a 
time course resembling that of most of the other proteins (Fig. 
5). One notable example was protein ON2 [an intermediate 
filament protein characteristic ofgoldfish optic axons (Quitschke 



576 Larrivee and Grafstein - Protein Phosphorylation in Regeneration 

---_ I 
1 

t-4 T ---- 1 
3 

---- ---- r 
5 7 

~ 
---_ 

3 

T 

Id- ---- ---_ 
5 7 

TIME AFTER LESION (weeks) 

Figure 1. In viva incorporation of (A) IZP and (B) ‘H-proline into total 
nerve protein during optic nerve regeneration. Goldfish were intraocu- 
larly injected with 50 &Ii inorganic ‘>P and 50 FCi ‘H-proline. Seventeen 
hours later the optic nerves were excised and homogenized in a lysis 
buffer (see Materials and Methods). A 5 ~1 aliquot was removed from 
each sample, precipitated with 5% TCA, and solubilized with Soluene 
100 before liquid scintillation counting. Each value is the mean of 4-6 
measurements. Error bars indicate the SEM. 

and Schechter, (1984)], in which incorporation was already sig- 
nificantly decreased by 1 week, reached its low of about 20% of 
normal by 3 weeks, and then showed some recovery, but was 
still at less than 50% of its normal value at 7 weeks (Fig. 54). 
The changes in proteins 33 and 46 were very similar, except 
that 33 showed a faster recovery, with a return to normal levels 
by 5 weeks (Fig. SA). Protein 37 showed the most profound 
decline, with its labeling virtually abolished at 3 weeks (Fig. 
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Figure 2. Representative map of phosphoproteins that become la- 
beled in vivo in normal or regenerating goldfish optic nerves (Larrivee 
and Grafstein, 1987b). Optic nerve proteins labeled with radiophos- 
phate as in Figure 1 were separated by 2-dimensional PAGE. Gels were 
then dried and exposed to Kodak X-OMAT film for 10 d. The individual 
protein spots were identified by arbitrarily assigned numbers, consistent 
with previous studies (Perry et al., 1985, 1987; Larrivee and Grafstein, 
1987b). Range of pI is from 7.0 (at left) to 4.4. 

SB). This protein also differed from the others in the group in 
that it did not yet show any significant decline at 1 week, its 
greatest decrease occurring between 1 and 3 weeks, and re- 
covered very rapidly, returning to nearly normal values between 
5 and 7 weeks. For another group of proteins, namely, 32, 44, 
and 45, the decrease in ‘*P labeling was evident only at 3 weeks 
(Fig. 5C). Protein 9 showed a unique pattern ofchanges, namely, 
a profound decrease in ‘*P incorporation that was almost com- 
pletely confined to the first week, whereas its ‘H-proline incor- 
poration showed an equally abrupt increase, reaching its peak 
at 1 week and gradually declining at 3 and 5 weeks. 

Proteins showing changes in isoelectric point. A number of 
proteins displayed changes in isoelectric point in addition to 
changes in the amount of 3zP incorporation (Fig. 6). A partic- 
ularly dramatic shift was observed for protein 9, which in nor- 
mal nerves appeared as a closely spaced row of 3 labeled spots. 
Following an abrupt decline in overall labeling intensity at 1 
week, labeling of the protein began to recover at 3 weeks but 
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Figure 3. Plots of the time course of 
incorporation of ,lP (open circles, bro- 
ken lines) and ‘H-proline (closed circles, 
solid lines) into proteins (identified as 
in Fig. 2) which show increased j2P in- 
corporation during regeneration. A-C 
illustrate different relationships be- 
tween incorporation of )*P and ‘H-pro- 
line. Both >*P and ‘H-proline measure- 
ments were normalized to 100% of the 
maximum value obtained during the 
course of the experiment, as indicated 
by the ordinate at the left of each panel; 
the ordinate at the right of each panel 
indicates ‘H-proline incorporation 
measured in cpm. Each value is the 
mean f  SEM of 3-6 measurements. See 
text for further details. TIME AFTER LESION (weeks) 
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showed a shift to a more acidic pZ with a somewhat broader 
displacement of the individual spots. The change in pZ, which 
amounted to about 0.3 pH units, persisted through weeks 5 and 
7. A prominent change during weeks 3-7 was also seen for 
protein 24e, which became more basic in the regenerating nerve, 
causing the spot corresponding to this protein to have a blunter 
shape at its basic end (Fig. 6, arrow 3). In addition, a new spot 
appeared, which may represent a more basic isoform of this 
protein. A possible shift in pZ of protein 33 at l-3 weeks was 
indicated by a relative increase in labeling of its more basic 
member (Fig. 6, arrow 5). 

Discussion 
Relationship of protein phosphorylation to nerve regeneration 
Most of the optic nerve proteins that we examined were present 
in relatively low abundance, even though they showed strong 

Figure 4. Plots of the time course of 
incorporation of 3zP (open circles, bro- 
ken lines) and 3H-proline (closed circles, 
solid lines) into proteins showing no sig- 
nificant change in zzP incorporation 
during regeneration. Details as in Fig- 
ure 3. 

incorporation of 32P. This evidence of high specific activity of 
labeling is an indication that their phosphorylation may be crit- 
ical to their function. 

A major objective in the present study was to determine which 
proteins showed specific modulation of phosphorylation during 
various stages of regeneration. It is difficult, however, to define 
the duration of these “stages” precisely, even to differentiate 
between periods of axonal outgrowth and synaptogenesis. One 
problem is that a lesion of the optic pathway does not entail 
the same challenge for the whole retinal ganglion cell population: 
some axons have to grow farther than others before reaching 
the topographically appropriate tectal region in which synap- 
togenesis can begin, Even in an individual axon the transition 
from elongation to synaptogenesis may be a gradual one: rapid 
elongation ceases as the axon reaches the tectum, but the de- 
mand for elongation-associated elements does not necessarily 

Table 1. Maximum changes in labeling of protein during regeneration of goldfish optic nerve 

Desig- 32p 
nation” RegenJnormal 

‘H-prolineb 
Regen./normal 

Proteins with decreased phosphorylation 

Proteins with increased phosphorylation 4 16Ok6 (3) 23@ k 40 (4) 
15 3.0 f  0.4 (4) 13.7 + 1.9 (6) 
24e 1.6 f  0.1 (5) 20 * 3 (4) 
31 9.4 + 1.7 (5) 53.4 zk 10.5 (4) 
38 22.5 k 2.7 (4) 9.5< f  3.7 (3) 
48 6.2 +- 2.0 (3) 6.2 + 0.3 (4) 

9 0.07 * 0.04 (3) 5.0 t 0.6 (5) 
32 0.15 f  0.07 (4) 19*4 (4) 
33 0.45 + 0.14 (4) 17k3 (4) 
37 0.03 + 0.01 (4) 10 L 2 (6) 
44 0.48 k 0.08 (2) l@ + 1 (4) 
45 0.35 * 0.10 (4) 7.4 f  1.0 (4) 
46 0.45 k 0.18 (3) 5.0 + 0.8 (5) 
ON2 0.20 + 0.05 (5) 12.8 + 1.8 (4) 
10 2.17 + 0.55 (5) 5.0 k 0.4 (4) 
35 1.58 + 0.34 (4) lYk3 (3) 
42 1.35 * 0.43 (4) 7.0 + 0.4 (6) 
43 1.85 k 0.51 (4) 14*3 (4) 
CYT 2.59 iz 1.03 (4) 37 k 7 (6) 
NF 1.52 f  0.40 (5) 18ck2 (4) 

u Within each group, proteins are listed in order of numeric designation. 
h Values are means f SEM; number of gels analyzed is given in parentheses. 
( Normal values were within range of background variance, so calculated change is the minimum value that applies. 

Proteins with no significant change in 
phosphorylation 
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Figure 5. Plots of the time course of 
incorporation of 32P (open circles, bro- 
ken lines) and ‘H-proline (closed circles, 
solid lines) into proteins showing de- 
creased 32P incorporation during regen- 
eration. A-D illustrate different rela- 
tionships between incorporation of ,lP 
and 3H-proline. Details as in Figure 3. 
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decline abruptly. Extensive axon branching occurs within the 
tectum, overlapping in time with synaptogenesis, and the axon 
branches continue to increase in volume for many weeks (Mur- 
ray, 1976). Nevertheless, the period up to 3 weeks after axonal 
injury is primarily characterized by axonal elongation, and syn- 
aptogenesis is at a high level for at least another 2-4 weeks, i.e., 
until the end of the period that we investigated in this study. 

Only a few of the proteins that we examined showed phos- 
phorylation changes specifically associated with one stage of 
regeneration. The changes in protein 9, for example, consisting 
of an abrupt decline during the first week and a rapid recovery 
thereafter, appear to be correlated with the period of rapid ax- 
onal outgrowth. By contrast, protein 48 showed a change in 
phosphorylation that can be related to synaptogenesis-a slowly 
developing increase that reached a peak at 5 weeks. 

Changes in some other proteins were less circumscribed but 
nevertheless appeared to be correlated more with one stage than 
the other. By the end of the first week of regeneration, phos- 
phorylation of proteins 4, ON2, and 33 had increased to more 
than 50% of the maximum change that they would undergo, 
and it already began to return toward normal between 3 and 5 
weeks. Thus, these proteins respond primarily during the axon 
elongation phase. The differences among the proteins indicate 
that a variety of phosphorylating mechanisms is probably par- 
ticipating in this phase of regeneration. 

The phosphorylation of several proteins, including 15,3 1,37, 
and 38, was relatively little altered during the first week of 
regeneration but showed pronounced changes by 3-5 weeks. 
This suggested that their phosphorylation may be associated 
with synapse formation. Since proteins 15, 3 1, and 38 showed 
very little recovery even at 7 weeks, their phosphorylation may 
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also be important for synapse maturation or refinement of the 
retinotectal projection (Constantine-Paton and Law, 1982; 
Schmidt and Edwards, 1983). 

Interestingly, proteins 32, 44, and 45 showed a decrease in 
phosphorylation confined to week 3. It is possible that decreased 
phosphorylation of these proteins is associated with the initia- 
tion of synaptogenesis or with proliferation of axon sprouts 
within the tectum. It may be relevant that all 3 of these proteins 
are synthesized to a large extent in glial cells (Larrivee and 
Grafstein, 1987b). 

SigniJicance of the changes in phosphorylation 
The absence of a correlation between phosphorylation and pro- 
tein synthesis, which was the case for most of the proteins ex- 
amined, implies that phosphorylation is a posttranslational event. 
In our system, much of the protein phosphorylation takes place 
within the axon (Larrivee and Grafstein, 1987~). The mecha- 
nisms regulating this phosphorylation are still unknown, but are 
likely to involve protein kinase activity. Another possibility is 
that phosphate residues are added at the time of synthesis but 
are removed to a variable degree by phosphatase activity (In- 
gebritsen and Cohen, 1983). Should this be the case, it would 
indicate a substantial elevation of phosphatase activity in the 
cell during regeneration, particularly in the case of proteins that 
show a net decrease in phosphorylation. 

The closest parallel between 32P and 3H-proline labeling was 
seen for protein 4, which is closely related to, but not identical 
with, the growth-associated protein GAP-43 (Skene and Wil- 
lard, 198 1; Benowitz and Lewis, 1983). This is a fast-transported 
protein that shows greatly enhanced expression during axonal 
regeneration and development (Benowitz and Routtenberg, 
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1987). It has been identified with neuromodulin, a neuron-spe- 
cific, calmodulin-binding protein, which it greatly resembles in 
amino acid sequence (Basi et al., 1987; Cimler et al., 1987). The 
close correlation that we have shown between phosphorylation 
of the protein and its incorporation of 3H-proline suggests that 
the increased phosphorylation may be largely the consequence 
of an increase in the amount of protein available. Increased 
phosphorylation of GAP-43 has been found to be associated 
with long-term potentiation in the mammalian hippocampus 
(reviewed by Benowitz and Routtenberg, 1987). It is possible 
that the increased phosphorylation of protein 4 during goldfish 
optic nerve regeneration is similarly responsible for an enhanced 
degree of posttetanic potentiation in this system (Schmidt, 1987). 

In addition to changes in the amount of 32P incorporated into 
various proteins during regeneration, we have found evidence 
of changes in the degree of phosphorylation of some proteins, 

Figure 6. Changes in isoelectric point 
of optic nerve phosphoproteins during 
regeneration. Autoradiograms of 32P- 
labeled proteins obtained from optic 
nerves 5 weeks after an optic tract le- 
sion (A) and normal optic nerves (B). 
Note the following changes during re- 
generation: The acidic (+) end of pro- 
tein 9 (arrow I) is shifted to the right, 
as indicated by the change in its posi- 
tion relative to the position of the non- 
labeled protein that serves as a marker 
(arrow 2). The basic (-) end of protein 
24e (arrow 3) is relatively enlarged, and 
a new labeled protein spot appears (ar- 
row 4), which may represent a more 
basic isoform of this protein. The more 
basic isoform of protein 33 (arrow 5) 
becomes more prominent relative to its 
more acidic neighbor. 

as indicated by changes in PI. Thus, there may be changes not 
only in the number of molecules of a particular protein species 
that become phosphorylated, but in the number of sites that are 
labeled per molecule (and possibly changes in the nature of these 
sites). In general, a decrease in the number of phosphate groups 
in a protein molecule can be expected to result in a shift of the 
protein to the more basic side (Nixon et al., 1987). The func- 
tional significance of addition or removal of phosphate groups 
is likely to be different for various proteins, depending on their 
individual roles in the neuron, which remain to be determined. 

The difficulties of interpreting the phosphorylation changes 
in the face of the multiplicity of mechanisms that might be 
involved have been well brought out by Nixon et al. (1987). It 
is clear that an understanding of the dynamics of phosphoryl- 
ation would require measurements of values not only for 32P 
incorporation, but for rates of synthesis, turnover, axonal trans- 
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port, and intra-axonal deposition of the individual proteins, as 
well as their abundance. 

Of the various proteins we examined, the most complete pic- 
ture is available for protein ON2. This is an intermediate fila- 
ment protein of neuronal origin (Quitschke and Schechter, 1984) 
which is conveyed by slow axonal transport (Perry et al., 1985). 
Our present observations of a large increase in incorporation of 
3H-proline, reaching its maximum at about 3 weeks, correspond 
well with the time course of increased production of mRNA for 
this protein in the retina (Tesser et al., 1986). We found that its 
phosphorylation was significantly reduced by 1 week and showed 
a maximum reduction at 3 weeks, with some recovery thereafter. 
In the segment of optic axons between the lesion and the brain, 
the abundance of this protein is reduced with virtually the same 
time course (Perry et al., 1985). These changes presumably re- 
flect the degeneration of the isolated axon segment followed by 
regeneration of axon sprouts that are initially deficient in neu- 
rofilaments (Lanners and Grafstein, 1980). Thus, the phosphor- 
ylation of this protein in the intact axon segment decreases in 
parallel with the decreased requirement for neurofilaments in 
the growing axon segment. In regenerating mammalian motor 
axons, there is likewise a reduction in the amount of phosphory- 
lated neurofilament protein passing through the intact segment 
(Hoffman et al., 1985). This is the result of reduced synthesis 
and axonal transport of the protein (Hoffman et al., 1987). In 
the regenerating mammalian dorsal root ganglion cell, reduced 
delivery of phosphorylated neurofilaments to the axon is ac- 
companied by their accumulation in the cell body (Goldstein et 
al., 1987) possibly indicating a defect in their transport into the 
axon. The decreased supply of phosphorylated neurofilament 
protein in the axon appears to be responsible for a reduction in 
axon diameter during regeneration (Hoffman et al., 1985). It 
may also enhance the rate of axonal elongation by reducing the 
likelihood of interaction between neurofilaments and neurotu- 
bules (Tetzlaff et al., 1987). It is interesting that in the goldfish 
optic nerve the reduction in the amount of phosphorylated neu- 
rofilament protein delivered to the regenerating axon is accom- 
plished by a different mechanism, namely, a decrease in phos- 
phorylation superimposed on an increase in synthesis. 

ON2 is only one of the proteins in which the changes in 3H- 
proline incorporation are not as well correlated with the progress 
of regeneration as the changes in phosphorylation. This indicates 
that, for regeneration of goldfish optic axons, regulation of post- 
translational mechanisms for processing of proteins may be at 
least as important as regulation of gene expression. 
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