Protein Modification by Amino Acid Addition Is
Increased in Crushed Sciatic But Not Optic Nerves

S. SHYNE-ATHWAL, R. V. Riccio, G. CHAKRABORTY, N. A. INGOGLI1A

Rat optic and sciatic nerves were crushed, and 10 minutes to 3 days later nerve
segments between the crushed site and the cell body were removed and assayed for
posttranslational protein modification by amino acid addition. Protein modification
was comparable in intact optic and sciatic nerves, but in sciatic nerves increased to 1.6
times control levels 10 minutes after crushing and reached a maximum of ten times
control levels by 2 hours. In optic nerves activity was decreased throughout the time
course studied. The results indicate that, in a nerve which is capable of regeneration
(sciatic), protein modification by the addition of amino acids increases immediately
after injury, but a nerve incapable of regeneration (optic) is incapable of activating the
modification reaction. These findings may be important in understanding the reasons
for the lack of a regenerative response after injury to central mammalian nerves.

XONS OF NEURONS WITH CELL

bodies in the mammalian central

nervous system (CNS) fail to regen-
erate after injury, while axons that extend
from the CNS into the peripheral nervous
system do regenerate (1). There has been
much speculation as to the reasons for this
phenomenon, but recent results (2) have
supported the view, first enunciated in 1928
(3), that the lack of regeneration in the
mammalian CNS is not due to an intrinsic
inability of a central neuron to regrow but is
dictated by environmental events at the site
of the injury. Thus, the. response of
Schwann cells to the injury of a peripheral
nerve appears to be supportive or permissive
to growth, whereas central glia either do not
support growth or actively inhibit it.

The biochemical events taking place im-
mediately after injury by crushing are likely
to be critical in determining whether subse-
quent nerve regeneration will be successful.
Crushed optic nerves are capable of reactive
sprouting within 1 week of injury, but the
sprouts never extend more than a few milli-
meters into the damaged region (3, 4). This
suggests that the sprouts may encounter an
impenetrable barrier, such as an astrocytic
scar (5). Since peripheral nerve sprouts are
able to traverse the region of the injury, it
appears that the early response of a central
nerve to injury is different from that of a
peripheral nerve.

For several years we have been investigat-
ing a group of reactions that occur in axons
(6) (as well as in glia and Schwann cells) and
that increase in activity 10 to 100 times in
the rat sciatic nerve 6 days after injury (7).
These reactions involve the posttranslational
addition of a variety of amino acids to
axonal and glial proteins; in the case of the
neuron this process appears to be a way of
modifying axonally transported proteins.
The reactions are likely to utilize transfer
RNA (tRNA) as the amino acid donor and
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are regulated (or inhibited) in vivo by the
presence of low molecular weight substances
(6, 7). Thus far we have studied these
reactions in vertebrate nerves capable of
regeneration. In the experiments reported
here, we examined the early response (from
10 minutes to 3 days after crushing) of the
rat optic nerve (a central nerve, incapable of
regeneration) and the rat sciatic nerve (a
peripheral nerve, capable of regeneration)
with respect to posttranslational protein
modification by amino acid addition and
protein synthesis.

Intact rat sciatic nerves are capable of a

5000 -
=
g ] Optic nerve
5 VLA Sciatic nerve
S 4000 -
2
o
<
; -
e 3000
[
-
3
£
€
- 2000
°
a
o
c
2
2 1000 |
o
®
-
£
2
=3

o

Arg Lys Leu
Fig. 1. Comparison of the posttranslational incor-
poration of [*H]Jarginine, [*H]lysine, and
[*H]leucine into proteins in intact rat sciatic and
optic nerves. Values are based on 40 pg of protein
(the average amount of protein per reaction), and
controls for nonspecific binding (inactivated by
the addition of 200 pl of 10 percent TCA to each
sample) have been subtracted from the enzymati-
cally-active fractions. Assays for each amino acid
were performed in triplicate; data are expressed as
means + standard errors for five (sciatic nerve) or
ten (optic nerve) separate experiments.

low level of protein modification by the
addition of amino acids (7). To determine
whether these reactions occur in intact optic
nerves, male Sprague-Dawley rats (125 to
150 g) were decapitated and two sciatic or
four optic nerves were rapidly removed,
desheathed, pooled, homogenized in buffer,
and assayed for the modification reaction
(8). Samples obtained from intact optic
nerves were able to incorporate [*H]Jargin-
ine and [*H]lysine into protein to approxi-
mately the same extent as sciatic nerve seg-
ments. Leucine was also incorporated into
protein in the optic nerve, but at somewhat
higher levels than in sciatic nerves (Fig. 1).
Thus intact optic nerves, like sciatic nerves,
are capable of the posttranslational addition
of amino acids to endogenous proteins.

In the next series of experiments we exam-
ined the posttranslational addition of
[*H]lysine to proteins after the nerves were
crushed (lysine was chosen as the repre-
sentative amino acid for the remainder of
the experiments). Animals were anesthe-
sized with ketamine (10.0 mg per 100 kg)
and the right optic or sciatic nerve was
crushed (9). The contralateral nerve re-
mained intact and served as a control. Ten,
30, 60, or 120 minutes or 3 days later the
rats were decapitated and nerve segments
between the crushed site and the cell body
(6 mm of sciatic nerve and 3 mm of optic
nerve) were pooled and assayed.

Crushing the optic nerve also compresses
the optic artery, so it is important that the
blood supply to the optic nerve and retina
remain intact after surgery. The following
results indicate that the optic artery re-
mained patent. Six rats were anesthesized
and the left optic nerve was crushed as
described above. The contralateral optic
nerve was cut and both eyes were continual-
ly irrigated with normal saline. The retinal
blood vessels in both eyes were examined 10
to 15 minutes after surgery with a Wild
Heerbrugg dissecting microscope (10X)
and compared with normal retinas. The
retina associated with the crushed nerve was
indistinguishable from retinas of unoperated
controls, while blood vessels in the retina
associated with the cut nerve were either not
visible or were shrunken. In addition, lenses
of rats with cut optic nerves became opaque
within 20 minutes of surgery, while lenses
associated with crushed nerves remained
clear. In three of the six rats, the crushed
nerve was cut and lens opacification devel-
oped within 15 to 20 minutes. Further-
more, histological examination of horizontal
sections of the optic nerve 6 days after
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crushing showed zones of (i) degeneration
at and central to the crushed site; (ii) dying
back, with end bulb formation (1 to 2 mm
retinal to the crushed site); and (iii) intact
myelinated axons (2 to 3 mm retinal to the
crushed site). There was no evidence of
ischemic necrosis. These results indicate that
the optic artery and hence the blood supply
to the optic nerve and retinal ganglion cells
remained patent.

Protein modification in injured optic
nerves decreased approximately 40 percent
10 minutes after crushing and remained
depressed by 40 to 60 percent for up to 3
days after the injury (Fig. 2). In contrast, the
posttranslational incorporation of [*H]ly-
sine into protein in the sciatic nerve was 1.6
times higher than that in controls 10 min-
utes after injury and continued to increase to
a maximum of ten times control values 2
hours after injury (Fig. 2). Thus, while

* elements in the sciatic nerve responded to
injury by an immediate (10-minute) activa-
tion of the protein modification reaction,
protein modification in the optic nerve de-
creased in response to injury.

We also examined the ability of the nerve
to synthesize proteins under the same condi-
tions. Five groups of four rats each were
injected intravenously with 100 wCi of a
mixture of [*H]arginine, [*H]lysine, and
[*H]leucine. One hour later, sciatic or optic
nerves were crushed bilaterally in half of
these rats and in the remainder (the con-
trols) the nerves were left intact. The rats
were killed 10, 30, 60, 120 minutes, or 3
days after nerve crushing. Nerve segments
comparable to those used in the experiments
described above were removed and assayed
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Fig. 2. Posttranslational incorporation of [*H]ly-
sine into proteins in rat sciatic and optic nerves 10
minutes to 3 days after injury. Contralateral non-
injured nerves served as controls so that compari-
sons of protein modification activity could be
made in each experiment. Values are for single
experiments and are expressed as the ratio of
crushed to intact nerves (values for TCA-inacti-
vated samples have been subtracted from active
samples). Circles represent individual data points
at 30 and 120 minutes. Each data point represents
two pooled sciatic nerves or four pooled optic
nerves.
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for incorporation of label into protein (10).

Protein synthesis in injured sciatic nerves
decreased initially but by 2 hours had in-
creased to approximately twice control lev-
els, an increase that was still sustained 3 days
later (Fig. 3, top). Protein synthesis in in-
jured optic nerves decreased within 10 min-
utes and remained low (Fig. 3, bottom).

Since protein synthesis has not been dem-
onstrated in axons, it is likely that the activi-
ty observed occurred in nonneuronal ele-
ments of the nerve. Thus the increased
incorporation of tritiated amino acids into
proteins in the sciatic but not the optic nerve
suggests that cells in the sciatic nerve re-
spond to nerve injury by activating their
protein-synthesizing machinery while cells
in the optic nerve do not.

The protein modification experiments
show that both optic and sciatic nerves
contain the elements necessary for modifica-
tion of proteins by amino acid addition.
However, after being crushed, the optic
nerve is unable to activate these reactions for
at least 3 days. In contrast, the sciatic nerve
responds to such injury by an immediate and
sustained activation of the reactions.

The increase in protein modification ac-
tivity in the sciatic nerve could be due to
increased synthesis of components of the
reaction or to activation of elements already
in the nerve. Since protein modification
activity is elevated at 10, 30, and 60 minutes
after crushing—time points when protein
synthesis is decreased (Fig. 3)—this increase
is probably not due to increased synthesis of
any of the reaction components, but rather
to activation of components already in the
nerve. Another possibility is that endoge-
nous modification reactions decrease in sci-
atic and increase in optic nerves in response
to injury, resulting in more (sciatic) or fewer
(optic) sites for in vitro modification by
[*H]lysine. These experiments do not dis-
criminate between this possibility and the
possibility that there is an activation of
components in the sciatic nerve and a failure
to activate these components in the optic
nerve.

The molecules required for these reactions
are present in nerves as high molecular
weight complexes of enzymes (aminoacyl
tRNA synthetases and protein transferases),
tRNA, and a low molecular weight inhibitor
(7). This inhibitor appears to be linked to a
component of the reaction, preventing its
expression in vivo and in unfractionated
homogenates of nerve. Removal of the in-
hibitor by gel filtration chromatography re-
sults in activation of the reactions (6). We
propose that the activation in the rat sciatic
nerve results from removal of the inhibitor
from the high molecular weight complex,
thus releasing the protein modification reac-

tions. If this is the case, then the failure of
the activation in the optic nerve may be due
to failure to “disinhibit” the protein modifi-
cation reactions.

The modification reactions may be occur-
ring in axons or in nonneuronal cells of the
nerve. In nerves we examined previously
[squid stellate (6), rat sciatic (7), and gold-
fish optic (11)], the reaction did occur in
axons, but the present experiments do not
yield any direct evidence that the changes
are due to increases in these reactions in
axons. However, the fact that increases in
protein synthesis do not appear to be requi-
site for increases in the modification reac-
tions is consistent with an axonal locus for at
least some of the protein modification activi-

The role of these reactions in injured
sciatic nerves is not known. A modified
protein might be retrogradely transported
to signal the cell body that axonal damage
has taken place (12). This view is supported
by the finding that mouse and rat retinal
ganglion cells do not respond to nerve inju-
ry by increasing their synthesis of RNA and
protein (suggesting that they may not re-
ceive a signal of axonal injury), as do cells
capable of regeneration (13). Another possi-
bility is that certain axonal or Schwann cell
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Fig. 3. Protein synthesis in sciatic and optic nerves
at various times after crushing. Values give the
ratio of radioactivity incorporated into hot and
cold TCA-insoluble material to the total radioac-
tivity in the nerve segment (TCA-soluble plus
-insoluble). Each data point represents values for
two sciatic or four optic nerves; error bars repre-
sent the standard error of the mean for three or
four separate experiments at those time points.
The mean value for all controls (nine sciatic and
ten optic nerves) is shown by the dashed lines,
with the standard error indicated by the dotted
lines.
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enzymes, which play a role in sealing off
membranes of cut nerve endings (14) and in
establishing a path for regeneration, may
become activated subsequent to modifica-
tion. A third possibility is that these reac-
tions may be involved in proteolytic events.
The nonlysosomal ubiquitin proteolytic
pathway, a system for hydrolyzing damaged
proteins, has an absolute requirement for
tRNA (15). The function of tRNA in the
ubiquitin reaction is not known; it may
serve as a posttranslational amino acid do-
nor to damaged proteins, thereby targeting
those proteins for degradation. If that is the
case, then the modification reactions could
act to participate in the breakdown of dam-
aged proteins, thus clearing the way for
successful regeneration.

In conclusion, both sciatic and optic
nerves contain the components necessary
for, and are capable of, protein modification
by the addition of amino acids. However,
the finding that these reactions are dramati-
cally increased in sciatic but not optic nerves
after injury suggests a fundamental bio-
chemical difference between them, a differ-
ence that may be related to the ability of one
and the inability of the other to regenerate.
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Herbivores’ Direct and Indirect Effects on

Algal Populations

ROBERT W. STERNER

The increase in algal reproductive rates caused by nitrogen regeneration from
herbivorous zooplankton approximately equaled the zooplankton-caused mortality.
This result demonstrates that nutrient regeneration by herbivores is at least sometimes
a strong indirect effect in natural communities.

ERBIVORES AFFECT THE POPULA-
tion dynamics of plants in at least
two distinct ways: directly through
consumption and indirectly through regener-
ation of limiting nutrients. Although there has
been interest in this dual role of herbivory in
both terrestrial (1) and aquatic (2) plant
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Fig. 1. The difference between growth rates of

orophyll fluorescence in each vessel and the
mean growth rate for controls—as determined
from final densities by the equation

[In F — (mean In F for controls))/6

where F is fluorescence on day 6—shows a signifi-
cant nitrogen effect [F(1, 11) = 86.90, P <
0.005]. The mean for the nitrogen flasks was
0.348 (SE, 0.067), and the mean for the nonni-
trogen flasks was —0.035 (SE, 0.068). Nitrogen
regeneration could potentially stimulate phyto-
plankton growth.

communities and in indirect effects in general
(3), until now there have been no studies that
have simultaneously assessed the relative im-
portance of these two processes in a natural
community. Such experiments were conduct-
ed on a natural algal community with a co-
occurring crustacean herbivore, Daphnia pu-
lex, to separate the direct effect of herbivory
from the indirect effect of fertilization. The
indirect effect caused by nitrogen regeneration
had about as large an impact on the phyto-
plankton community as the direct grazing
effect did.

The general experimental procedure con-
sisted of establishing an herbivore gradient
and monitoring phytoplankton growth rates
when influenced by both grazing and nutri-
ent regeneration and when influenced by
only nutrient regeneration. In addition, I
performed nutrient addition experiments to
establish whether regenerated nitrogen or
phosphorus or both were potentially limit-
ing (4).

In the absence of grazers the algae were
limited by nitrogen, but not by phosphorus,
as shown by chlorophyll fluorescence (5)
(Fig. 1) and population densities. Chloro-
phyll increased at 0.41 per day (SE, 0.09)
faster in the nitrogen treatments than in the
nonnitrogen ones, providing an estimate of
the maximum potential effect of nitrogen
regeneration on algal reproductive rates.
Population densities of two of four domi-
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