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Abstract: The activities of uridine kinase (EC 2.7.1.48), uridine monophos- 
phate (UMP) kinase (EC 2.7.1.3.14), and uridine diphosphate (UDP) kinase 
(EC 2.7.4.6) were measured in retinal high-speed supernatant fractions follow- 
ing unilateral optic nerve crush in the goldfish. The enzyme activities followed 
a similar time course, with initial increases 2-3 days following nerve crush, 
peak activity at 4 days, and a gradual return to basal levels by day 21. The 
magnitude of the stimulation on day 4 was about 35% in each case. Activities of 
two enzymes of intermediary metabolism, pyruvate kinase (EC 2.7.1.40) and 
lactic dehydrogenase (EC 1.1.1.27), were not altered, indicating that the coor- 
dinate increases in nucleoside and nucleotide kinase activities were specific 
responses to the nerve injury. The increased labeling could not be explained by 
altered phosphohydrolytic activities. The nature of the enhancement was 
further studied in UDP kinase, the most active of the kinases examined. 
Neither low-molecular-weight components nor substrate availability could 
account for the observed increase in UDP kinase in the 4 day post-crush 
retinas. The K ,  for UDP was unaltered, and a mixing experiment did not 
support the possibility that stimulatory or inhibitory factors played a role. The 
enhancement of UDP kinase activity was blocked by injection of actinomycin 
D following nerve crush. The results suggest that the observed increases in 
enzymes of uridine metabolism result from their increased formation following 
nerve crush. Key Words: Uridine-Goldfish retina-Regeneration-Nucleo- 
side kinase-Nucleotide kinase. Kohsaka S. et al. Uridine metabolism in 
the goldfish retina during optic nerve regeneration: Cell-free preparations. 
J .  Neurochem. 36, 1166-1 174 (1981). 

Following crush of the goldfish optic nerve, a 
series of morphological and biochemical events en- 
sues that has been correlated with the eventual re- 
generation of the nerve and recovery of function 
(for review, see Cragg, 1970; Grafstein and 
McQuame, 1978). 

Involvement of RNA in these events is inferred 
from nucleolar prominence and cytoplasmic 
basophilia seen in retinal ganglion cells (Murray and 
Grafstein, 1969), from the autoradiographic dis- 
tribution of silver grains over regenerating retinal 

cells following intraocular injection of [3H]uridine 
(Murray, 1973), and from increased axonal transport 
of RNA-like substances in the newly regenerated 
goldfish optic nerve (Ingoglia, 1978). 

An increase in RNA labeling as well as in precur- 
sor utilization by incubated retinas has been corre- 
lated with increased labeling of poly(A)-containing 
RNA (Burrell et al., 1978), increased mRNA for 
tubulin (Burrell et al., 1979), and with increased 
tubulin labeling (Heacock and Agranoff, 1976; Giu- 
lian et al., 1980). 
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We recently proposed that an observed enhanced 
uptake of rH]uridine into the post-crush (PC) retina 
resulted from increased rates of its phosphorylation 
(Dokas et al., 1981). In the present study, we pro- 
vide details of the nature of the enhanced rate of 
utilization of uridine in the retina during optic nerve 
regeneration gained from studies in cell-free prepa- 
rations. 

MATERIALS A N D  METHODS 

Materials 

[5,6-3H]uridine (36.8 CUmmol) was obtained from New 
England Nuclear Corporation (Boston, Massachusetts). 
[5-JH]Uridine 5'-monophosphate (1  1.2 Cilmmol) and 
[5-JH]uridine 5'-diphosphate (12.7 Cilmmol) were obtained 
from Amersham Corporation (Arlington Heights, I1- 
linois). Unlabeled substrates, UDPG, dithiothreitol, 
bovine testis hyaluronidase, and rabbit muscle LDH were 
purchased from Sigma Chemical Company (St. Louis, 
Missouri). 

Animals 

Goldfish (Currusius uurutus) 6-7 cm in body length 
obtained from Ozark Fisheries (Stoutland, Missouri), 
were anesthetized with tricaine methane sulfonate 
(Ayerst Laboratories, New York, New York), and in- 
traorbital crush of the right optic nerve was performed as 
previously described (Heacock and Agranoff, 1976). The 
left optic nerve remained intact so that the left retina 
served as a control. In some fish, actinomycin D was 
injected intraocularly in a 5 pl vol. by means of a 30-gauge 
needle inserted through the sclera at the margin of the iris. 
Fish were stored at 20-22°C. 

Preparation of Retinal High-speed 
Supernatant Fractions 

At various times following axotomy, both PC and the 
contralateral control (normal, N) retinas were removed. 
Retinas were treated with hyaluronidase (0.4 mglml) in a 
HEPES-salts-glucose medium (Dunlop et al., 1974) at 
25°C for 20 min to remove adhering vitreous. This treat- 
ment with hyaluronidase was found not to affect sub- 
sequent measurements of nucleoside and nucleotide 
kinase activities. Five to 25 rinsed pooled PC or N retinas 
were then homogenized in 1-5 ml of 10 mM-Tris-HCI 
buffer (pH 7.4) containing 10 mM-KCI, 2 mM-MgCI,. and 
1 mM-dithiothreitol, and centrifuged at 100,OOO x g for 
60 min. The resulting high-speed supernatant fractions 
were subjected to nucleoside and nucleotide kinase as- 
says. In additional experiments, aliquots of PC and N 
retinal high-speed supernatant fractions were first 
dialyzed overnight against the homogenization buffer. 

Enzyme Assays of Nucleoside and 
Nucleotide Kinases 

An aliqqot of retinal high-speed supernatant fractions 
was preincubated at 25'C for 5 rnin in 400 pl of medium 

containing 50 mM-HEPES (pH 7.41, 0.2 mM-ATP, 5 
mM-MgSO,, and 0.5 m~-3-phospho-~-glyceric acid 
(PGA). Thereafter, the reaction was initiated by the addi- 
tion of 2.86 pCi of [3H]uridine (2 x lo-' M f ind concen- 
tration), 1.0 pCi of [3H]UMP (lo-' M), or 1.0 pCi of 
[JH]UDP ( M). After 5 min, reactions were terminated 
by the addition of 2 ml of 10% trichloroacetic acid (TCA). 
After being mixed well, samples were centrifuged at 800 
x g for 10 min and the resultant supernatant fractions 
were washed three times with the same volume of ether 
and then lyophilized. Residues were redissolved in 
100-200 pI of water and a portion of each sample was 
applied to premoistened Whatman No. I paper with 206 
pg each of unlabeled uridine, UMP, UDP, UTP, and 
UDPG as carriers, and high voltage electrophoresis 
(HVE) was carried out in 60 mM-sodium oxalate buffer, 
pH 1.5, for 30 rnin at 4ooo V or in pyridine acetate buffer, 
pH 4.3 (pyridine-acetic acid-water; 14:40:356) for 45 rnin 
at 4500 V as previously described (Dokas et al., 1981). 
Separated nucleotides were visualized following an am- 
monium molybdate spray and ultraviolet (UV) radiation 
(Bandurski and Axelrod. 1951). An appropriate region 
was cut out and oxidized in a Tricarb Oxidizer (Packard, 
Model 306), or eluted in 1 ml of water and counted for 
radioactivity in Monophase-40 scintillant (Packard In- 
struments, Downers Grove, Illinois). Protein content was 
determined by the method of Lowry et al. (1951). 

Lactic Dehydrogenase and Pyruvate 
Kinase Assay 

Retinas were homogenized in 50 mM-Tris-HCI buffer 
(pH 7.4) and centrifuged for 20 min at 30,000 x g. The 
activities of lactic dehydrogenase (LDH) and pyruvate 
kinase (PK) were assayed in the supernatant fractions 
according to the methods of Wroblewski and LaDue 
(1955) and Nicholas and Bachelard (1974), respectively. 

RESULTS 

Formation of Labeled Uridine Nucleatides in 
High-speed Supernatant Fractions of 

Normal Retina 

Figure 1 shows the distribution of labeled nucleo- 
tides formed from [3H]uridine, [3H]UMP, and 
rH]UDP and ATP in high-speed supernatant frac- 
tions of normal retina. When [3H]uridine was used 
as a substrate, the only labeled uridine nucleotide 
that accumulated in measurable amounts was UTP. 
No detectable radioactivity co-migrated with UMP, 
UDP, or UDPG. The rate of UTP formation from 
[-'H]uridine was 0.51 pmoYmg proteidmin (Table 1). 
When [SH]UMP was the substrate, measurable 
amounts of radioactivity were detected co-migrat- 
ing with UDPG, UDP, and UTP (about I%, 14%, 
and 85%, respectively), but not with uridine (Fig. 
1). The rate of UTP formation from [SH]UMP was 
11.0 nmoYmg proteidmin (Table 1). When [sH]- 
UDP was used as a substrate, over 99% of the 
recovered product was UTP, and the remainder 
co-migrated with UDPG (Fig. 1). The rate of UTP 

J .  Neurochem., Vol. 36. No.  3, 1981 



1168 S. KOHSAKA ET AL. 

FIG. 1. Phosphorylation of [3H]uridine 
(A), [3H]UMP (a), and [3H]UDP (C) by ATP 
in a high-speed supernatant fraction from 
normal goldfish retinas. An aliquot of a 
high-speed supernatant fraction prepared 
from normal retinas was incubated for 5 
min at 25°C with 2.9 pCi of [3H]uridine. 1 .O 
pCi of [3H]UMP, or 1 .O pCi of [3H]UDP at 
concentrations of 2 x lo-’ M, M, and 
lo-’ M, respectively. The TCA-soluble 
fraction was subjected to HVE as de- 
scribed in the text. 

UTP UDP UDPG UTP UDPG UTP 

formation from [3H]UDP was 202 nmoYmg pro- 
teidmin (Table 1). The results demonstrated that 
a retinal high-speed supernatant fraction phos- 
phorylated uridine and its nucleotides and, further, 
that there were no apparent hydrolytic activities. 
The stated reaction rates show that the rate-limiting 
step of uridine metabolism in the assay system 
employed involves uridine kinase. With UMP as 
substrate, the rate-limiting step involves UMP 
kinase. The rate of UTP labeling from [3H]uridine, 
[3H]UMP, and [3H]UDP therefore expresses ap- 
proximately the activities of uridine kinase, UMP 
kinase, and UDP kinase, respectively. 

Changes in Uridine Kinase, UMP Kinase, and 
UDP Kinase Activities in the Retina Following 

Optic Nerve Crush 

Since results of incubations of whole retina with 
[3H]uridine and [3H]-5’-deoxyadenosine (Dokas et 
al., 1981) suggest that nucleoside phosphorylation 

TABLE 1. The rate of utilization of [3H]uridine, 
t3H]VMP, and PHIVDP by 

retinal high-speed supernatants 

ratlfer than uptake is enhanced in the goldfish retina 
following optic nerve crush, we examined uridine 
kinase, UMP kinase, and UDP kinase activities by 
measuring UTP formation in N and PC retinal 
high-speed supernatant fractions, using [3H]uridine, 
[3H]UMP, and [3H]UDP as substrates. 

The rate of UTP labeling from [3H]uridine 
(uridine kinase activity) in PC retinal high-speed su- 
pernatants did not differ from that seen in N retinal 
preparations at 2 days PC. Thereafter, uridine 
kinase activity sharply increased, peaked by day 4 
(about 35% increased over N retina), and gradually 
returned to the normal retinal level by day 21 (Fig. 
2, A). At none of the times measured did the uridine 
kinase activity in the N retinas show significant de- 
viations from levels seen in unoperated fish. 

The changes in the rates of UTP labeling from 
[3H]UMP (UMP kinase activity) or from [3H]UDP 
(UDP kinase activity) in the PC retinas showed 
patterns quite similar to the change in uridine kinase 
activity during optic nerve regeneration (Fig. 2, B 
and C). The maximal enhancements in the UMP and 
UDP kinase activities were also seen at 4 days PC, 
and the percent stimulations over normal retina 
were about 35%. The N retinas showed no signifi- 
cant variations in the activities of UMP or UDP 
kinase at any of the times examined. 

_ _ _ _ ~ ~ ~ _ _ _ _  ~ ~ 

Labeled substrate Rate of UTP formation N 
Activities of Lactic Dehydrogenase and Uridine 0.51 2 0.02 pmoYmg proteidmin 15 

UMP 11 .O 2 0.3 nmollmg proteidmin 16 Pyruvate Kinase in the Retina After Optic 
UDP 203 2 4 nmoVmg proteidmin 16 Nerve Crush 

Retinal high-speed supernatant fractions were incubated with 
2.9 p c i  of [’HIuridine, 1.0 p c i  of [3HlUMP, Or 1.0 P c i  of 
[3H]UDP as described in Materials and Methods. Rates of UTP 
labeling were measured following separation of labeled uridine 
nucleoside and nucleotides by HVE. Values are the mean 2 
S.E.M. of the indicated number of individual experiments. 

The apparent coordinate activation of three sepa- 
rate enzymes involved in nucleoside and nucleotide 

raised the question as to whether these 
results reflect a generalized hypertrophic response 
of the retina to optic nerve crush. We therefore 
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FIG. 2. Changes in the activities of retinal uridine kinase (A), 
UMP kinase (B), and UDP kinase (C) during optic nerve re- 
generation. Retinal high-speed supernatant fractions were pre- 
pared from three to five groups of five pooled N or PC retinas 
at various times following optic nerve crush, and aliquots were 
incubated with [3H]uridine, [3H]UMP, [SH]UDP as described in 
Materials and Methods. Enzyme activities were measured by 
the rate of Conversion of each substrate to UTP. Results are 
expressed as the percent difference between N and PC reti- 
nal preparations. Vertical lines represent S.E.M. ' P  < 0.05; **P 
< 0.01 : ***P < 0.005. 

measured the activities of two cytosolic enzymes, 
LDH and PK, in N and PC retinas at 4 and 8 days 
PC (Table 2). Neither enzyme activity in the PC 
retinas differed from that in the N retinas at either 
time point. 

Characterization of Enhanced UDP Kinase 
Activity in Post-Crush Retina 

Given the greater activity of UDP kinase relative 
to uridine kinase and UMP kinase, we used this 

20 0 
0 5 10 15 

TIME (rnin) 
FIG. 3. Stability of [3H]UDP in retinal incubations in the ab- 
sence of ATP. Day 4 PC and N retinal high-speed supernatant 
fractions obtained from 25 fish were dialyzed overnight 
against homogenization buffer and 100 pl of each superna- 
tant retentate was incubated with l pCi of [3H]UDP (final 
M), 50 mM-HEPES (pH 7.4). and 5 mM-MgSO,. Protein con- 
centrations in PC and N retinal supernatants were 38 pg/100 
pI and 36 @g/lOO pl, respectively. The radioactivity of UMP. 
UDP, and UTP was examined by HVE. Each point represents 
mean c.p.m./assay tube from duplicate assays. o---O, N 
retina; 0- - -0. PC retina. 

enzyme to characterize in greater detail the nature 
of the enhancements seen during optic nerve regen- 
eration. The differences observed in UDP kinase 
activity between the PC and N retinas could be ex- 
plained by the following possibilities: (1) decreased 
phosphohydrolase activity in PC retinal prepara- 
tions; (2) altered availability (e.g., decreased degra- 
dation or increased synthesis) of ATP in PC retinas; 
(3) altered endogenous substrate concentrations; (4) 
presence of an activator or inhibitor of UDP kinase 
or UTP phosphohydrolase in PC or N retinas; or (5) 
increased amount of enzyme in PC retinas com- 
pared with N retinas. 

Mediation of the observed effect by a decrease in 

TABLE 2. Activities of lactic dehydrogenase and pyruvate kinase 
in goldfish retina 

Days post-crush Retina Lactic dehydrogenase F'yruvate kinase 

N 4.59 f 0.05 1.21 t 0.05 
Day 4 PC 4.63 i 0.07 1.19 t 0.03 

N 4.76 f 0.22 1.30 f 0.04 
pc 4.74 f 0.19 1.29 f 0.04 Day 8 

Each value represents mean t S.E.M. pmoUmg proteidmin obtained from five 
groups of five pooled N and PC retinas. 
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TABLE 3. Effect of pre-incubation on UDP kinase uctivity in goldfish retina 
~ 

UDP kinase activity % Difference 
Retina Pre-incubation (d.p.m. X 10-S/mg proteitdmin) (PC - N/N X 100) 

28 

27 

N 5 rnin 8.78 ? 0.13 
PC 5 min 11.3 ? 0.50 
N 20 min 8.88 ? 0.15 
PC 20 min 11.3 ? 0.40 

~ _ _ _ _  

An aliquot of high-speed supematant fractions prepared from day 4 PC or N retinas was pre- 
incubated for 5 or 20 min with assay medium containing 50 mM-HEPES, pH 7.4, 0.2 mM-ATP, 
0.5 mM-PGA, and 5 mM-MgC1,. The reaction was then initiated by the addition of 1.0 @Ci of 
[3H]UDP M) and 5 min later, was terminated by the addition of 10% TCA. UTP labeling 
was determined t ’ HVE. Each value is the mean ? S.E.M. obtained from three groups of five N 
and PC pooled retinas. The PC - N differences in both pre-incubation experiments are statis- 
tically significant (P < 0.01). 

pyrophosphohydrolase activity in PC retinal ex- 
tracts appears ruled out by an experiment in which 
labeled UDP was incubated with retinal extracts in 
the absence of ATP and PGA. Minimal breakdown 
was seen, and there was no difference between ac- 
tivities of PC and N preparations (Fig. 3). Minor 
amounts of UTP and UMP formed were the appar- 
ent products of UDP dismutation, e.g., by myoki- 
nase. To establish whether a specific UTP phos- 
phohydrolase was present, [3H]UDP was pre- 
incubated with either PC or N retinal extracts in 
the presence of ATP, PGA, ana Mg2+ and then in- 
cubated further in the presence of 2 x M- 
EDTA. Addition of the chelating agent lowered the 
kinase activities of PC and N extract incubations 
68% and 73%, respectively. Had UTP hydrolysis 
been responsible for the enhancement of labeling 
seen in PC retinal extracts, the inhibitory effect of 
EDTA should have been much greater in the N 
preparation. It was therefore concluded that nucle- 
otide phosphohydrolase activities did not play a 
significant role in the observed effect. 

In order to examine the second possibility, an 
assay medium containing ATP and PGA (see Mate- 
rials and Methods) was preincubated with day 4 PC 

or N retinal preparations for 5 or 20 min, and UDP 
kinase was subsequently measured by the addition 
of [3H]UDP (Table 3). After a 5- or 20-min pre- 
incubation the usual stimulation was observed in 
the PC retina compared with N retina, suggesting 
that degradation or synthesis of ATP in the prepa- 
rations did not account for the observed differences 
in UDP kinase activity between PC and N retinas. 

Table 4 shows UDP kinase activity obtained in 
dialyzed high-speed supernatant fractions obtained 
from PC and N retinas removed on day 4 PC. While 
the UDP kinase activity was more variable in each 
of three separate experiments than was observed in 
nondialyzed preparations, about the same mag- 
nitude of stimulation was observed in PC compared 
with N retinal preparations (Fig. 2, C), ruling out 
the possibility that a difference in endogenous sub- 
strate concentrations between N and PC retinal su- 
pernatant fractions could account for the observed 
stimulation. 

To examine the possible existence of an inhibitor 
or activator in either the PC or N retina, the high- 
speed supernatant fractions prepared from day 4 PC 
and N retina were mixed (1: 1) and UDP kinase ac- 
tivity was measured. A mixture of day 4 PC and N 

TABLE 4. UDP kinase activity in dialyzed retinal high-speed supernatants 

Enzyme preparation 
UDP kinase activity % Difference 

(d.p.m. x 10-5/mg proteitdmin) (PC - N/N x 100) 

Experiment I 
N 
PC 

N 
PC 

N 
PC 

Experiment I1 

Experiment 111 

8.98 
11.2 

7.58 
10.0 

13.0 
17.6 

25 

32 

35 

Day 4 PC and N high-speed supernatant fractions obtained from 25 retinas were 
dialyzed overnight against homogenization buffer and assayed with [3H]UDP as de- 
scribed in Materials and Methods. UTP labeling was examined by HVE. Each value is 
the mean d.p.m./mg protein/min from duplicate or triplicate assays of each preparation. 
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N PC N+K 
FIG. 4. Characterization of enhanced UDP kinase activities 
in day 4 PC and N retinas. High-speed supernatant fractions 
were prepared from day 4 PC and N retinas. Equal volumes of 
each sample were mixed where indicated. Each column is 
the average d.p.m./mg proteinlmin 2 S.E.M. obtained in UTP 
from three groups of five PC and N retinas. The dotted line 
represents the predicted value from the numerical average of 
PC and N preparations. 

retinal high-speed supernatant fractions possessed 
UDP kinase activity comparable to the numerical 
average of the activity of such enzyme preparations 
(Fig. 4). The K, values of UDP kinase for UDP 
were also examined, using dialyzed retinal high- 
speed supernatant fractions prepared from day 4 PC 
and N retinas. As shown in Fig. 5 ,  the K, values 
for UDP in PC retinas did not differ from that in N 
retinas (K, = 8.6 x M). 

The results, therefore, suggest that the amount of 
kinase is increased in the PC retinas following optic 
nerve axotomy. This conclusion is supported by the 
fact that the incremental activity of UDP kinase ob- 
served in day 4 PC retina was abolished by the prior 
intraocular injection of actinomycin D (0.1 and 0.5 
&eye), an inhibitor of RNA synthesis (Table 5). 

FIG. 5. Kinetics of UDP kinase activities. Day 4 PC and N 
retinal high-speed supernatant fractions were dialyzed over- 
night against homogenization buffer. An aliquot of each 
preparation was incubated for 1-2 min with 1.0 pCi of 
[WIUDP at final concentrations of 0.1 -1.0 mM. The concen- 
trations of ATP, PGA. and MgCI, were held constant at 0.2 
mM. 0.5 mM. and 5 mM, respectively. UDP kinase activity was 
measured as described in Materials and Methods. 

DISCUSSION 

A number of biochemical consequences in the 
retina that follow crush of its optic nerve have been 
reported, including increase in poly(A)-RNA (Bur- 
re11 et a!., 1978) and tubulin labeling (Heacock and 
Agranoff, 1976), as well as in tubulin mRNA (Bur- 
re11 et al., 1979). An increase in the utilization of 
uridine by PC retina incubated in the presence of 
the labeled nucleoside was inferred to be the conse- 
quence of increased phosphorylation of uridine and 
its nucleotides (Dokas et al., 1981). In the present 
study, we investigated further the nature of this in- 
crease, using cell-free preparations of PC and N 
goldfish retina. 

High-speed supernatant fractions of retinal ho- 
mogenates are shown to phosphorylate labeled 
uridine, UMP, and UDP in the presence of added 
ATP. In contrast to the whole retinal studies (Dokas 
et al., 1981), in which the intermediate nucleotides 
UMP and UDP, as well as UDP sugar accumulate, 
labeled UTP is the major product in cell-free prepa- 
rations (Fig. 1). The labeling pattern in the extracts 
is a consequence of the activities of the various 

TABLE 5.  Effect of actinomycin D on UDP kinase uctivitv in aoldfish retina 
~ ~~ ~ 

UDP kinase activity % Difference 
Actinomycin D Enzyme preparation (d.p.m. x lO-%ng proteidmin) (PC - NIN X 100) 

N 
Pc 
N 
Pc 

9.60 2 0.24 
10.4 t 0.27 
10.2 r 0.10 
9.74 r 0.44 

+8.1 

-4.5 

Each value is the mean r S.E.M. of three groups of five pooled N or PC retinas. Actinomycin D 
(0.1 pg or 0.5 pg/eye) was iqjected into both eyes at 2 and 3 days PC. Retinal high-speed supernatants 
were obtained at 4 days. UDP base  activity was measured as described in Materials and Methods. 
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kinases as shown in Table 1. The pattern seen in 
whole tissue (Dokas et al., 1981) may reflect in- 
tracellular compartmentation, ATP availability, or 
the selective loss of uridine kinase activity on 
homogenization. The lability of uridine kinase fol- 
lowing homogenization has been reported in other 
instances (Krystal and Scholefield, 1973; Valentin- 
Hansen, 1978). 

While labeled uridine is frequently used for 
studies on nucleotide metabolism because of its 
ready entry into intact cells, it must be borne in 
mind that its phosphorylation is part of the so-called 
salvage pathway, whose importance relative to the 
de novo pyrimidine pathway must be considered 
(Mandel, 1971; Levine et al., 1974). Activation of 
uridine metabolism has been studied extensively in 
cell culture systems. Intact GH,C, cells respond to 
added thryotropin-releasing hormone (TRH) with 
enhanced phosphorylation of added uridine. How- 
ever, if the cells are disrupted following exposure to 
TRH, they no longer exhibit the increased rate of 
phosphorylation (Martin and Tashjian, 1978). 
Likewise, Goldenberg and Stein (1978) have dem- 
onstrated that enhanced uridine phosphorylation in 
serum-stimulated 3T3 cells is lost on homogeniza- 
tion. These results suggest that the enhancement is 
mediated by an anisotropic membrane mechanism. 
In the present experiments, uridine kinase activities 
may be diminished, but a difference between PC 
and N retinas (about 35% at 4 days PC) in the high- 
speed supernatant fraction remains (Fig. 2, A). The 
activities of UMP kinase and UDP kinase increase 
in PC compared with N retinas in the same temporal 
pattern as observed for uridine kinase activity. The 
coordinate activation of three separate enzymes in- 
volved in nucleotide metabolism raised the question 
as to whether these results reflect a relatively 
nonspecific hypertrophic response of the retina 
following axotomy. Kaye et al. (1978) reported an 
increase in acid phosphatase activity in the rat 
nodose ganglia following unilateral cervical va- 
gotomy, and reports of enhanced utilization of 
[14C]-2-deoxyglucose (Singer and Mahler, 1979; 
Agranoff et al., 1980) and in protein synthesis 
(Agranoff et al., 1980) following axotomy of the rat 
hypoglossal nerve support this possibility. There is 
evidence, on the other hand, that the changes that 
occur in cell bodies following axotomy are selec- 
tive. For example, although there is some increase 
in protein synthesis, tubulin labeling appears to be 
selectively enhanced (Heacock and Agranoff, 1976; 
Giulian et al., 1980). Also, the fact that the activities 
of at ieast two enzymes, LDH and PK, are not al- 
tered as a result of crush (Table 2) suggests some 
degree of specificity of the kinase enhancements 
seen in the present study. 

While uridine kinase is specific to the salvage 
pathway, UMP and UDP kinase also subserve the 
de now pathway. Preliminary studies with [ 3 H ] ~ r ~ t -  

ic acid incubated with retinal extracts in the pres- 
ence of pyrophosphoryl-ribose phosphate (PRPP) 
indicate a 30% stimulation of its conversion to nu- 
cleotides following optic nerve crush, suggesting 
that de n o w  pyrimidine synthesis is enhanced as 
well as the salvage pathway. Of possible relevance 
is the finding of Kaye et al. (1978) that following 
unilateral cervical vagotomy in the rat, there is an 
increase in activity of giutamine-dependent car- 
bamoyl phosphate synthetase, a key enzyme in py- 
rimidine biosynthesis. The increase, however, is 
seen in both axotomized and contralateral “con- 
trol” ganglia. This enzyme has not yet been investi- 
gated in the goldfish system, although we recently 
found a generalized increase in ornithine decar- 
boxylase following nerve crush. The increase is 
found in both PC and N retinas as well as in the 
brain and kidney compared with unoperated control 
fish (Kohsaka et al., 1981). The maximum in- 
crease in ornithine decarboxylase (about two to 
three-fold that seen in unoperated fish) occurs at 
day 5 PC, in contrast to the unilateral nucleoside 
and nucleotide kinase effects, which are maximal on 
day 4 PC. While polyamines have been implicated 
in nucleic acid and protein synthesis, we presently 
speculate that the increase in ornithine decar- 
boxylase is mediated by a humoral mechanism and 
may be related to the degenerating optic nerve 
stump as well as to the ganglion cell response to 
crush (Kohsaka et al., 1981). 

The present studies have characterized the nature 
of the increase in uridine metabolism that occurs in 
the retina during optic nerve regeneration. The ab- 
sence of altered hydrolytic activity (Fig. 3) indicates 
the increased labeling involves kinase activities. 
Pre-incubation with ATP (Table 3) and studies with 
dialyzed preparations (Table 4) rule out the possi- 
bility that substrate dilution was responsible for the 
observed effects. Experiments in which PC and N 
retinal preparations were mixed (Fig. 4) are inter- 
preted to indicate that PC retina contains more ac- 
tive enzyme than N retina. Preliminary investiga- 
tions had suggested that the mixture of PC and N 
retinas gave rise to activities less than the mean, 
indicating the presence in normal retinas of an in- 
hibitory factor (Dokas and Agranoff, 1979). Exten- 
sive re-investigation of the paradigm did not con- 
firm the earlier finding, and it is concluded on the 
basis of present findings that there is no support for 
the existence of the putative inhibitory factor in 
normal retinas. 

Because of its greater activity, UDP kinase activ- 
ity was used as a model system for the effect. 
Whereas UMP kinase is reported to be specific for 
the uridine nucleotides (Anderson, 1973), phos- 
phorylation of UDP is generally attributed to an en- 
zyme that catalyzes transfer of the y phosphorus of 
ATP to a number of nucleoside diphosphate (NDP) 
acceptors (Agarwal and Parks, 1971). In the present 
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studies, the K, for UDP was unaltered between PC 
and N retinas (Fig. 5 )  and the enhancement was 
abolished by injection on days 2 and 3 of actinomy- 
cin D (Table 5).  The results suggest that the en- 
hanced NDP kinase activity in the preparation re- 
flects increased synthesis of the enzyme following 
optic nerve crush. Since a time course of increase in 
tubulin synthesis (Heacock and Agranoff, 1976) a p  
pears to correlate with that of the kinases, it is of 
interest that NDP kinase has been identified as a 
tubulin-associated protein (Watanabe and Flavin, 
1976; Nickerson and Wells, 1978). Furthermore, 
NDP kinase is believed to play a role in the regula- 
tion of microtubular assembly (MacNeal and 
Punch, 1978; Terry and Punch, 1979). 

Although ganglion cells represent only about 5% 
of the total retinal mass (Murray and Grafstein, 
1%9), that they are the principal site of the ob- 
served biochemical alterations is supported by his- 
tological studies (Murray and Grafstein, 1969; Mur- 
ray, 1973; Grafstein and McQuanie, 1978). As- 
suming that the nucleoside and nucleotide kinase 
enhancements are mediated purely by the ganglion 
cells, one can then calculate that a 35% stimulation 
actually represents an eight-fold increase in the en- 
zymes in the relevant cell bodies. 

The delay between injury and detectable bio- 
chemical alterations in the ganglion cells may yield 
information regarding the nature of the biological 
message that mediates the enhancement. One pos- 
sibility is that a growth-retarding substance that 
normally reaches the retina by retrograde axonal 
flow from synaptic terminals maintains a negative 
feedback control on retinal metabolism (Lynch 
and Cotman, 1975; Cotman and Nadler, 1978). 
Disruption of supply of the putative agent via retro- 
grade flow would then result in activation of the 
perikaryon. Eventual return of nucleoside and nu- 
cleotide kinase activity to normal levels may be 
related to the time that regenerated fibers reach the 
tectum and reestablish normal presynaptic physiol- 
ogy (Murray, 1976; Springer and Agranoff, 1977). 
Biochemical “handles” such as have been estab- 
lished in the present preparation may serve to 
further study this question, and more generally, to 
elucidate mechanisms of nerve regeneration. 
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