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The molecular regulation of tubulin synthesis was investigated in the regenerating goldfish retina. Previous

in vivo studies pointed to an increase in tubulin synthesis in the retina during regeneration of the injured

goldfish optic nerve. Using labeled cDNA probes, we showed that this increase occurs as a result of

enhanced tubulin mRNA levels. Analysis of labeled in vivo products revealed enhanced &»-tubulin

synthesis accompanied by an increase in the level of the low-M; microtubule-associated proteins identified

as TAU factors. The results are discussed with respect to the possible involvement of these proteins in the
process of nerve regeneration.

Regeneration

1. INTRODUCTION

Neurons of the central nervous system (CNS) of
lower vertebrates, unlike most of the neurons in
mammalian CNS, are endowed with a high
regenerative capacity. The goldfish visual system
undergoes functional recovery following optic
nerve lesion and is therefore often used as a model
for investigating the mechanisms underlying the
regenerative process [1-5]. Restoration of axonal
connections with the target, tectum, is preceded by
a series of biochemical changes in the retinal
ganglia cells; i.e., the cell bodies of the injured ax-
ons [4,6—9]. During the recovery process, changes
in the composition of the proteins and the rate of
their axonal transport were reported [10—13]. In
addition to the events described in the cell bodies,
changes in the target of the regenerating fibers
were also observed [14,15]. Tubulin, the major
proteinaceous component of microtubule, is one
of the proteins that undergoes enhanced labeling
during regeneration.

We have investigated whether there is any selec-
tive increase of certain tubulin isoforms and
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Tubulin sequence

TAU factor

whether the increased labeling of tubulin is accom-
panied by an increased labeling of microtubule-
associated proteins (MAPs) which may indicate
their involvement in the process of nerve
regeneration.

To elucidate the regulation of tubulin synthesis
in nerve regeneration, we have used cDNA probes
specific for tubulin. The results reveal that enhanc-
ed tubulin labeling is due to an increase in mRNA
sequences specific for tubulin.

2. MATERIALS AND METHODS

Goldfish Carassius auratus (10—12 cm) were
purchased from Assia Maabaroth (Israel) and
maintained at 20 + 2°C. Fish were anesthetized
with 0.05% tricaine methansulfonate (MS222,
Sigma). The right optic nerve was then crushed
with forceps, taking care to injure the nerve only
while the surrounding tissue remained intact [16].

2.1. Labeling of
[’S]methionine
Dissected tissues were incubated for 1 h at room
temperature in Dunlop buffer (25 mM HEPES,
1.3mM MgSO4, 2.6mM CaCl,, 1.2 mM

retinal  proteins  with
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K>HPO,, 5.9 mM KCl, 106.5 mM NacCl, 12 mM
giucose and NaOH to pH 7.4) containing L-
[**S]methionine (5 #Ci/retina, 600 Ci/mmol) [7].
The reaction was stopped by dilution with L-
methionine (2 mM, 2 vol.). The tissue was then
homogenized, centrifuged (airfuge, 25 1b.in"2,
10 min) to obtain the S-100 pellets and super-
natants. Protein-bound radioactivity was deter-
mined by precipitation with trichioroacetic acid.
Labeled proteins were electrophoresed on
QnQ_nnhmr‘rvlamldp ap] (8—120]9 gradient) to
separate o~ and §- tubuhn subunits. Running buf-
fer consisted of 50 mM Trizma base, 384 mM
glycine and 0.1% SDS. This was followed by

autoradiography.

2.2. mRNA purification

The isolation of mRNA from tecta and retinae
A L1V 1oVvidlivii vl llll\L Ni R 11V AWwiLiialew

was performed at 10 days post-operation of the
right optic nerve. RNA was extracted using a solu-
tion of 3 M LiCl, 6 M urea and 10 mM sodium
acetate pH 6 [17]. Poly(A)-containing RNA was
purified by passage on oligo(dT)-celluiose column.

o e 3 ootraophoretic an
hdsod s BT LT u‘l'lu’ Ciiv Wi

Sformaldehyde—agarose gels

The poly(A)-containing RNA was fractionated
by electrophoresis on 1.2% formaldehyde—agarose
slab gels. RNA samples (2 xg) were processed as in
[17]. Foliowing electrophoresis, the gei was soaked
for 30 min in 20 x SSC (1 x SSC contains 0.15 M
NaCl, 0.015 M Na-citrate) and blotted during
12—15 h with 10 x SSC onto nitrocellulose filters
[17-19]. Hybridization was done with 10% cpm/ml
of nick-translated pT25 tubulin [*P]JcDNA probe
[17]. Quantitative determination of the amount of
hybridized mRNA was performed by scanning the

autoradiograms at 560 nm with a Gilford Spectro-
nhnfnmptf-\r

nalvsis nf brain mRNA in
VS am <NA N

o TrbANL NS

2.4. Preparation of MAPs from goldfish brains
and labeled MAPs from goldfish retinae

Goldfish brains (350) were homogenized in buf-
fer ‘A’ (MES 0.1 M, 0.5 mM MgCi,;, i mM EGTA
and 0.1 mM EDTA) and after 2 cycles of
polymerization the last pellet was resuspended in
100 x«l1 buffer A. Aggregates were removed by air-
fuge centrifugation (Beckman, 5 min, 25 1b.in.™?).
The aggregate-free supernatant fraction was load-
ed on a phosphocellulose column. The flow-
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through fraction contained mainly tubulin. The
column was then washed with 3—4 mi buffer A
after which the retained protein was eluted with
0.8 M Na(Cl in buffer A. The eluted material was
then precipitated with 4 vol. acetone at —20°C.
The pellet was resuspended in sample buffer and
analyzed by SDS—-PAGE (8% acrylamide).

Ten days following the lesion of the right optic
nerve, retinae from both sides were excised
separately and pulse-labeled with [**S]methionine

li u(“l/rphr'm\ for 1h at room temperature in

Dunlop buffer. Following labeling the retinae were
homogenized in 300 xl buffer A (30 strokes). The
homogenate was centrifuged at 100000 x g for
30 min at 4°C. To the supernatant, carrier calf
brain microtubuie was added and loaded onto a

1 ml phosphocellulose column. MAPs were eluted
from the column with 0.8 M Nn(”l concentrated

1441 1Ll

with acetone and then subjected to SDS—PAGE.

3. RESULTS

Retinai proteins were puise Iiabeied with
[*°SImethionine and analyzed by SDS—-PAGE. The

results indicated that there is an increase in the

......

labeling of several proteins in the preparation ob-
tained from the regenerating, post-crush (PC)
retinae relative to those obtained from control,
normal (N) retinae. Tubulin is one of the proteins
undergoing increased iabeiing (fig.1) as reported in
[7]1. Here, we have found that the &-subunit is
preferentially labeled as compared with the a-
subunit (fig.1). Moreover, the increase in labeling
of the #-subunit was more pronounced in one of
the faster migrating #-tubulin isoforms.

The particulate membrane fractions obtained
from the in vivo labeied preparations were aiso
analyzed: there were no significant differences in
the level and the ratios between o- and #-tubulin
subunits of normal and regenerating retinae
(fig.1). These results indicate that the major
changes in the level and distribution of the &-
tubulin in regenerating retinae are confined to the
cytoplasmic pool.

To elucidate the regulation of tubulin synthesis
in regenerating retinae, we used cDNA probes
specific for tubulin to measure the amount of
tubulin sequences in mRNA preparations from
both regenerating and normal components of the
goldfish visual system. From each mRNA prepara-
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tion 2 g were subjected to 1.2% agarose gel, and
hybridized with labeled tubulin ¢cDNA clone. The
autoradiogram of the exposed blot was scanned
(fig.2) indicating an increased level of hybridiza-
tion with mRNA from regenerating retinae (PC) as
compared to the level observed with mRNA from
the control, ipsilateral retinae (N). In addition,
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Fig.1. Analysis of in vivo labeled proteins by
SDS—polyacrylamide 8-12%  gradient slab gel
electrophoresis. (A) Post-crush (PC) and control (N)
retinae  were pulse-labeled with  [**S]methionine
(5 uCi/retina) 10 days following lesion of the right optic
nerve. High-speed supernatants (airfuge, 25 b.in.”2,
10 min) designated (S) and the corresponding pellet
fractions (P) were collected. The pellets were
resuspended in the homogenizing buffer containing
0.75% SDS and centrifuged (1300 x g, 10 min).
Aliquots from all these supernatants were mounted on
the gel. 45 k and 50 k are M,-values (X 107%) of actin
and tubulin, respectively.

mRNA isolated from the regenerating tecta, left
tecta contralateral to the side of the injury (PC)
showed a higher hybridization level than that ob-
tained with mRNA isolated from the control, ip-
silateral right tecta (N).

MAPs are known to enhance assembly of
microtubules in vitro [20]. It was therefore of in-
terest to determine whether parallel changes in the
synthesis of MAPs during the regenerative process
could be detected. MAPs from goldfish brain were
isolated by the method described for the isolation
of these proteins from several sources {21]. Accor-
dingly, the depolymerized microtubules were ap-
plied onto a phosphocellulose column in low salt
solution (0.1 M NaCl). The fractions obtained
were analyzed on SDS-PAGE followed by stain-
ing with Coomassie brilliant blue. The flow-
through fraction of the phosphocellulose column
consists mainly of tubulin whereas the protein
fraction which is retained on the column and
eluted with 0.8 M NaCl is enriched in MAPs, and
contains only small amounts of tubulin and actin
as compared to their initial concentration (fig.3A
(2)). Both the high-M, MAP; and MAP; as well as
the TAU factors are seen in the fraction eluted
from the column (fig.3A (2)). The eluted fraction
was added to purified tubulin from goldfish brain
to examine its ability to induce microtubule
assembly. Addition of the protein factors induced
tubulin polymerization as well as shortened the lag
period (fig.3B).

Under the same experimental conditions, the ex-
tent of polymerization was lower probably due to
the lower concentrations of tubulin in the assay
mixture as compared to the homogenate.
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Fig.2. Hybridization of tubulin c¢cDNA to size
fractionated RNA isolated from goldfish retinae and
tecta. Poly(A)-containing RNA was fractionated by
electrophoresis on 1.2% formaldehyde denaturing
agarose gels (2 #g). Following the electrophoresis the gel
was blotted for 12-15h with 10 x SSC onto
nitrocellulose filters. The hybridization was performed
as in section 2. LT and RT are left and right tecta
representing regenerating and control tecta, respectively.
The autoradiograms presented in the upper part were
scanned and the intensity of hybridizable tubulin mRNA
in the normal (N) and post-crush (PC) retina and tectum
are presented in the bottom part.
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The proteins which were eluted from the column
were considered as goldfish brain MAPs based on
their electrophoretic mobility and on their ability
to induce polymerization of tubulin. Therefore, it
was adequate to adapt this procedure to obtain
factors from retina as well. Fig.3C shows the
autoradiogram of the radioactive MAPs isolated
from in vivo, [>*S]methionine-labeled proteins of
post-crush (PC) and control (N) retinae. The
relative amount of the labeled TAU factors in the
PC and control retina was evaluated by den-
sitometric scanning of the autoradiograms. The
results indicate a significant increase in the amount
of two TAU species (fig.3C). Moreover, the TAU
species from the regenerating retinae migrated at a
slightly faster rate than the corresponding TAU
species from normal retinae.

The methionine content of mammalian TAU
factors is very low [22] as compared to that of
tubulin or actin, so that the actual amount of TAU
proteins may be higher than reflected from the ex-
tent of [**S]methionine incorporation. In these
retinal fractions, MAP; and MAP; could not be
detected.

4. DISCUSSION

Following crush injury of the optic nerve several
changes occur in the respective retina
[4-6,9,10,23-25]. Since changes in tubulin label-
ing [7] were shown to occur only in the retina of
the injured side, we used the retinae of the con-
tralateral side as an intrinsic control in these
experiments.

Increased tubulin labeling was shown to reach its
maximal level about 10 days following the optic
nerve injury [7]. Therefore we analyzed the syn-
thesis of tubulins in the retinae at this period post
injury. Our results (fig.1) demonstrate an increase
in both a- and @-tubulins in the regenerating
retina; however this increase is more pronounced
in the #-subunits. The observation that the A-
isoform of tubulin is increased in the process of
regeneration may suggest that the #-tubulin has a
role in neuritic extension. This concurs with
evidence that neuritic extensions from neuroblas-
toma cells are associated with increased synthesis
of G,-tubulin [26].

An increase in tubulin synthesis in cell-free
system was directed by mRNA isolated from
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Fig.3. Analysis of MAPs isolated from brain and regenerating retinae of goldfish. (A) Gel analysis of goldfish brain
MAPs stained with Coomassie brilliant blue. Tubulin (Tub) and TAU factors of calf brains were run in parallel as
markers. (B) The functional activity of the factors prepared from the goldfish brain was assayed by their ability to
induce polymerization of goldfish brain tubulin [32]. This graph measured the formation of microtubules based on
turbidimetric assay in preparation of: (O) goldfish brain homogenate (5 mg protein/ml); (@) a mixture of goldfish
brain tubulin (effluent from phosphocellulose column, 840 xg/ml) and goldfish MAPs (0.8 M NaCl eluate from
phosphocellulose column 396 x#g/ml). (C) Autoradiogram of labeled TAU factors from regenerating (PC) and normal
(N) retinae. Ten days following lesion of the right optic nerve, retinae from both sides were excised and pulsed labelled
with [**S]methionine (5 zCi/retina) for 1 h at room temperature in Dunlop buffer. The factors were isolated as in
section 2. Following electrophoresis and fluorography the gels were autoradiographed. The densitometric traces of the
autoradiograms were obtained by scanning at 560 nm: T, tubulin; A, actin; (——-) position of the slower moving TAU
band from normal retinae.

regenerating retinae [26]. Thus tubulin synthesis Therefore, we have investigated the molecular
during the regeneration process could be controll- regulation of tubulin synthesis using labeled cDNA
ed by an increase in tubulin mRNA levels. probes specific for tubulin. It should be noted that
However, these studies lack evidence that this under these experimental conditions, clone pT 25
variation in tubulin synthesis is due to an increase recognizes both a- and @-tubulin mRNA species
in mRNA sequences specific for tubulin. [19]. The results strongly suggest that the pro-
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moted synthesis of tubulin in the course of the
regenerative process is regulated mainly by increas-
ed mRNA levels and not by increased translatabili-
ty of pre-existing mRNA.

The increase in tubulin sequences in the
regenerating tectum may be associated with cell
division which occurs when the regenerating fibers
reach their target; i.e., the contralateral tectum
[14,15]. In the retina the increase in tubulin mRNA
could be related to the formation of new
microtubules required for axonal growth and
elongation.

We have also found that enhanced synthesis of
tubulin is accompanied by a selective increased
labeling of TAU factors. These particular isoforms
may be associated with neurite extension. These
TAU proteins could participate in establishing
microtubule organizing centers, in determining the
spatial organization of the growing microtubules
or in their stabilization within the axon. Both
tubulin and TAU factors undergo a similar rate of
axonal transport [28].

The selective enhanced labeling of the TAU pro-
teins may be directly associated with the enrich-
ment of the #-tubulin subunit in the regenerating
retina. If each isotubulin species has its own
specific binding site for a certain TAU species,
then the selective synthesis of TAU species could
be brought about by an increase in the level of the
G-tubulin subunit. Developmentally determined
changes in the composition and distribution of
tubulin and TAU proteins have been described
[29,30]. Expression of the genes coding for TAU
proteins is regulated at the mRNA level [31].
Therefore, the various isotubulin and TAU
isoforms could be non-randomly distributed
within a given microtubular system.

The process of optic nerve recovery is probably
a result of several molecular events. The increased
synthesis of tubulin in the cell body of the ax-
otomized nerve may be a prerequisite for the
regenerating process. This study demonstrates the
molecular regulation of tubulin synthesis, and may
throw some light on the control mechanism of
other proteins associated with nerve regeneration.
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