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Abstract 

The axonal transport, metabolism, and transcellular transfer of uridine, adenosine, putrescine, 
and spermidine have been examined in intact and regenerating optic nerves of goldfish. 

Following intraocular injection of labeled nucleosides, axonal transport was determined by 
comparing left-right differences in tectal radioactivity, and transcellular transfer was indicated by 
light autoradiographic analysis. The results demonstrated axonal transport, transcellular transfer, 
and periaxonal cell utilization of both nucleosides in intact axons and severalfold increases of all of 
these processes in regenerating axons. 

Experiments in which the metabolism of the nucleosides was studied resulted in data which 
suggested that uridine and adenosine, when delivered to the tectum by axonal transport, are 
protected from degradation and thus are relatively more available for periaxonal cell utilization than 
nucleosides reaching these cells via the blood. In intact axons, the majority of the nonmetabolized 
radioactivity was present as UMP, UDP, and UTP following [3H]uridine injections, whereas the 
majority of the radioactivity following [3H]adenosine injections was present as adenosine, with the 
phosphorylated derivatives constituting a smaller proportion. During nerve regeneration, the relative 
proportion of nucleosides to nucleotides was reversed, with uridine being the principal labeled 
compound in the first case, and AMP, ADP, and ATP being the major labeled compounds in the 
latter case. The nucleosides also were found to be different from each other in that adenosine, but 
not uridine, can be taken up by optic axons and transported retrogradely from the tectum to retinal 
ganglion cell bodies in the eye. 

Following intraocular injection of r3H]spermidine, radioactivity was transported to the optic 
tectum and transferred to tectal cells in the vicinity of the regenerating axons. Following [3H] 
putrescine injections, silver grains were found over periaxonal glia, but preliminary findings suggest 
that they are not present over tectal neurons nor over radial glial cells in the periependymal layers. 
Analysis of tectal radioactivity showed in each case that it was composed primarily of the injected 
compounds. These studies indicate that, following axonal transport, the polyamines do not remain 
within regenerating axons but are transferred to cells surrounding the axon. 

On the basis of these and previous findings, we speculate that the axonal transport and transcellular 
transfer of uridine, adenosine, polyamines, and perhaps other small molecules are means of com- 
munication between axons and periaxonal cells; that the axon can affect RNA and protein synthesis 
in periaxonal cells by regulating the availability of these small molecules; and that, during nerve 
regeneration, the increased metabolic needs of periaxonal cells are met by an increased axonal 
supply of precursors (adenosine and uridine) and other molecules (polyamines) critical for protein 
synthesis. 
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A wide variety of molecules are delivered into an axon axonal but, like nucleosides, are transferred from axons 
from a neuronal cell body and then moved along the to periaxonal cells. 
axon by axonal transport. The substances transported, Based on these and other data, we speculate that the 
including both macromolecules and small molecules, gen- axonal transport, transcellular transfer, and periaxonal 
erally are assumed to play important roles in maintaining cell utilization of a variety of small molecules, including 
the physical integrity of the axon as well as participating but not limited to those described above, represent a 
in the physiological activity of the neuron (for a compre- system whereby an axon can control or influence the 
hensive recent review of the subject, see Grafstein and metabolism of surrounding cells. This system, which has 
Forman, 1980). been suggested in part by others (Gambetti et al., 1973; 

Proteins, the most widely studied of the macromole- Droz et al., 1978; Grafstein and Forman, 1980; Haley and 
cules, are transported axonally, with a small component Ledeen, 1979; Politis and Ingoglia, 1979), is proposed as 
being transferred to postsynaptic neurons (transneuronal a potentially critical element in the trophic regulation by 
transport). The component transferred to postsynaptic axons of adjacent glial cells and postsynaptic neurons. 
neurons may be intact proteins or amino acids which 
then are incorporated into proteins in postsynaptic cells Materials and Methods 
(Grafstein, 1971; Grafstein and Laureno, 1973; Heacock 
and Agranoff, 1977; Barber and Raisman, 1978). Except Goldfish (Carassius auratus, 10 to 12 cm in length) 
for the case of [3H]proline injected into the CNS of cats were obtained from Merrit Imports, Paramus NJ. Radio- 
(Berkley et al., 1981), there have been no reports of a active isotopes, r3H]adenosine (14.2 Ci/mmol), r3H]uri- 
significant transfer of axonally transported proteins or of dine (30.0 Ci/mmol), [“Hlputrescine (18.7 Ci/mmol), and 
labeled amino acids from axons to periaxonal glial or [“Hlspermidine (43.0 Ci/mmol), were obtained from 
Schwann cells (Barber et al., 1978; Griffin et al., 1976). Amersham/Searle Corp., Arlington Heights, IL. 
This also appears to be the case for another macromol- Injection and surgical procedures. To study antero- 
ecule, 4 S RNA, which is transported along regenerating grade axonal transport, 5 ~1 (5 PCi) of the radioactive 
optic axons of goldfish (Gambetti et al., 1978; Ingoglia, compound was injected into the right eye as described 
1982). previously (Ingoglia et al., 1973). For retrograde trans- 

However, following the application of [3H]uridine to a port, injections were made intracranially according to the 
neuronal cell body, labeled RNA is found primarily in techniques of Agranoff and Klinger (1964). In experi- 
Schwann or glial cells along the length of the axon ments in which nerve regeneration was studied, fish were 
(Peterson et al., 1968; Gambetti et al., 1973; Lindquist et anesthetized by immersion for 5 min in ice water and the 
al., 1981). In goldfish, this transfer of label from axon to nerves were crushed under a dissecting microscope by 
glia is increased significantly during nerve regeneration compressing the optic nerve a few millimeters behind the 
(Ingoglia et al., 1975). There is also evidence for the eye with curved jeweler’s forceps. In those experiments 
transfer of axonally transported adenosine from axons to in which optic nerves were cut, the same procedure was 
glia (Wise et al., 1978) and from axons to neurons (Schub- used except that the nerves were transected completely 
ert and Kreutzberg, 1974). Following the administration using fine dissecting scissors. 
of [3H]choline (Droz et al., 1978) or [3H]serine (Haley Analysis of tissue radioactivity. At various times after 
and Ledeen, 1979) to a neuronal cell body, labeled phos- the injection of labeled compounds, tecta were removed 
pholipids are found associated with the myelin sheath as and analyzed for radioactivity in trichloroacetic acid 
well as with the axoplasm, indicating that, like nucleo- (TCA)-soluble and -insoluble fractions. The TCA-insol- 
sides, choline and serine as well as phospholipids are uble material, or, in some cases, fresh tissue, was made 
transferred from axons to surrounding cells. This more suitable for liquid scintillation counting by dissolving it 
general transfer of radioactivity from an axon to a variety in a tissue solubilizer (Protosol, New England Nuclear, 
of cells in the vicinity of the axon, rather than to specific Boston, MA) for 1 hr at 55°C. All samples were acidified 
postsynaptic neurons, has been termed “transcellular before counting and radioactivity was measured in a 
transfer” to distinguish it from the more specific trans- Beckman liquid scintillation counter. 
neuronal transfer described above for proteins (Wise et To determine the degree of metabolism of the “H- 
al., 1978). nucleosides, samples of TCA-soluble radioactivity were 

In the present experiments, we have examined further obtained from the right retina and left and right tecta 3 
the axonal transport and transcellular transfer of uridine days after the injection into the right eye of either [3H] 
and adenosine in the goldfish visual system and studied uridine or [3H]adenosine. Half of each sample was as- 
the changes in these processes occurring during nerve sayed directly for radioactivity, while the other half was 
regeneration. In addition, we have studied the distribu- lyophilized to dryness and then brought back to its 
tion following axonal transport of the diamine putrescine original volume with distilled deionized HzO. Samples 
and the polyamine spermidine, small molecules which were counted and the percentage of loss of radioactivity 
are transported axonally in regenerating optic nerves of due to conversion to a volatile substance (probably “HZO) 
the goldfish visual system (Ingoglia et al., 1977). was determined. The same procedure was applied to the 

Our principal findings are that adenosine, like uridine, injected nucleosides which were found to be free of 
is transported axonally, transferred to periaxonal cells, volatile metabolites. In some experiments, nonlyophiliz- 
and utilized by these cells for macromolecular synthesis able TCA-soluble radioactivity was analyzed for phos- 
in normal optic axons; that these processes are increased phorylated derivatives by thin layer chromatography. 
during nerve regeneration; and that, following axonal In experiments involving the polyamines, analysis of 
transport, putrescine and spermidine do not remain intra- total radioactivitv was done bv digesting tissue samnles Y LI” v L 
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in Protosol followed by liquid scintillation counting. To 
identify the nature of the radioactivity transported to the 
tectum, TCA-soluble extracts were analyzed using an 
amino acid analyzer in conjunction with a flow cell scin- 
tillation counter as described previously (Ingoglia et al., 
1977). 

Autoradiography. Fish with regenerating optic nerves 
were injected with C3H]adenosine, [3H]putrescine, or C3H] 
spermidine into the right eye and sacrificed 3 or 6 days 
later. Fish were perfused intracardially with goldfish 
Ringer’s solution followed by 2.5% glutaraldehyde. Iso- 
lated pieces of tectum were immersed in fixative for 1 hr, 
osmicated, and processed for Epon embedding. One- to 
2-pm sections were prepared for autoradiography. 

Results 

The first experiments were performed to determine 
whether adenosine is transported axonally in the goldfish 
visual system and to study the effect of nerve regenera- 
tion on its axonal transport. 

[3H]Adenosine was injected into the right eye of six 
normal fish (without regenerating optic nerves) and into 
the right eye of fish in which both optic nerves had been 
crushed 18 days prior to injection. Radioactivity in left 
and right tecta was assayed in TCA-soluble and -insolu- 
ble fractions at various times after injection. Since fibers 
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from the right eye only project to the left tectum, sig- 
nificant differences in left versus right tectum radioactiv- 
ity suggest axonal transport. The right tectum, on the 
other hand, receives no axonally transported radioactiv- 
ity and serves as an index of the fate of injected material 
reaching the tectum via the general circulation. 

The results showed significant differences in left versus 
right tectum radioactivity in TCA-soluble fractions of 
normal fish and a severalfold increase in this difference 
during regeneration of the optic nerves (Fig. lA). This 
indicates that, following intraocular injection of [3H] 
adenosine, radioactivity is transported axonally in nor- 
mal optic axons of goldfish and that the amount trans- 
ported increases significantly during nerve regeneration. 
The TCA-insoluble fraction also exhibits left versus right 
differences in radioactivity (Fig. 1B). This could be due 
to either axonal transport of a labeled macromolecule or 
the axonal transport of adenosine (or a derivative) fol- 
lowed by its transfer to a periaxonal cell where it then is 
utilized for nucleic acid synthesis. 

Autoradiographic data indicate that at least part of 
the insoluble fraction is due to the transfer of [3H]aden- 
osine or a derivative to periaxonal cells and the incorpo- 
ration of the radioactivity into nucleic acids (Fig. 2). In 
these experiments, optic nerves were crushed, and 18 
days later, [3H]adenosine was injected into the right eye. 
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Figure 1. Radioactivity in TCA-soluble and -insoluble fractions in the goldfish optic tectum following the intraocular injection 
of [3H]adenosine. The regenerating values are from fish in which both optic nerves were crushed 18 days prior to injection. The 
values are means f SEM of four to six fish. 
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Fish were killed 6 days later and both optic tecta were 
processed for autoradiography. Negligible silver grains 
were found over the right optic tectum. However, the left 
tectum contained silver grains over the SFGS (strata 
fibrosum et griseum superficiale) as well as the SPV 
(stratum paraventricularis) (Fig. 2A ). Grains (Fig. 2, B 
and C) are clearly localized over cells in both regions. In 
the SFGS, these cells include both glia and neurons, 
while in the SPV, grains are primarily over postsynaptic 
neurons (Romeski and Sharma, 1979). In separate exper- 
iments, tectal radioactivity was analyzed for the presence 
of [3H]RNA by tissue extraction and polyacrylamide 
tube gel electrophoresis as described elsewhere (Ingoglia, 
1982). Approximately 50% of the radioactivity was asso- 
ciated with ribosomal RNA and the remainder was as- 
sociated with 4 S RNA (data not shown). Using [3H] 
uridine as a precursor, other studies have shown that 
ribosomal RNA is derived only from periaxonal cells 
while 4 S RNA is derived mainly from axons (Ingoglia, 
1982). Thus, we conclude that a portion of the axonally 
transported [3H]adenosine, or a derivative, is transferred 
out of the axon to a variety of tectal cells; these cells then 
utilize transcellularly transferred precursors for nucleic 
acid synthesis. 

The nature of the axonally transported TCA-soluble 
material following intraocular injection of [3H]adenosine 
or [3H]uridine was examined initially by determining 
what fraction of it had been converted to 3Hz0. [3H] 
Uridine or [3H]adenosine was injected into the right eye, 
and 3 days later, the total TCA-soluble radioactivity and 
the radioactivity remaining after lyophilization were de- 
termined for the right retina and left and right tecta. The 
results showed that approximately 25% of the retinal 
radioactivity was lost as a result of lyophilization (Table 
I). While the percentage of loss of tectal radioactivity 
was somewhat different following the injection of either 
[3H]uridine or E3H]adenosine, in both cases, approxi- 
mately twice as much radioactivity was lost from the 
right tectum compared with the left. Since the radioac- 
tivity in the right tectum is derived exclusively from the 
blood and left tectum radioactivity is largely a result of 
axonal transport, the data indicate that uridine and aden- 
osine (or their derivatives), which are delivered to the 
tectum by axonal transport, are less susceptible to met- 
abolic degradation than if they are delivered to the 
tectum via the blood. 

The nature of the nonlyophilizable TCA-soluble ma- 
terial arriving in the optic tectum by axonal transport 
was determined by chromatography on polyethylene- 
imine/celIulose thin layer plates (Brinkmann) in a lith- 
ium chloride gradient (Spencer and Chargaff, 1963). In 
normal fish, radioactivity was found primarily as the 
phosphorylated derivatives of uridine, whereas during 

Figure 2. Autoradiogram showing the labeled areas in the 
left optic tectum 21 days after both optic nerves were crushed 
and 6 days after [3H]adenosine was injected into the right eye. 
A shows two areas (indicated by white double headed arrows) 
where the grain density is maximal. The upper area is the 
SFGS; the lower area is the SPV. B and C are high magnifi- 
cation photographs of the SFGS and SPV, respectively, showing 
heavily labeled cells (arrows) in both regions. Scale bars: A, 
100 pm; B and C, 20 pm. 
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TABLE I 

Vol. 2, No. 10, Oct. 1982 

Effect of lyophilization on TCA-soluble radioactivity in retina and tecta 3 days after the injection of either (3HJuridine or [3HJadenosine 
into the right eye 

The values are the means t- SEM of four to six fish. 
[“H]Uridine [:‘H]Adenosine 

Retina Left Tectum Right Tectum Retina Left Tectum Right Tectum 

TCA-soluble radioactivity 
Radioactivity remaining 

after lyophilization 

dpm/pCi injected 

18,063 + 1,735 722 f 63 246 f 22 132,738 t 23,052 4,907 -t 488 677 +- 74 

13,616 t 1,813 439 + 80 48 f 9 105,372 + 21,013 3,453 -c 395 306 + 25 

Percentage of loss 25.7 + 5.0 40.0 f 8.0 80.0 f 3.4 24.7 f 5.7 29.6 k 3.0 55.2 -r- 4.5 
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Figure 3. Thin layer chromatographic analysis of TCA-soluble radioactivity transported to the tectum 6 days after the 
intraocular injection of [“Hluridine or [“Hladenosine. The values are the means f  SEM of three experiments. 

LEFT TECTUM MINUS RIGHT TECTUM 

nerve regeneration, a greater proportion was present as 
the parent, injected compound (Fig. 3). Following injec- 
tions of [3H]adenosine, the majority of the radioactivity 
transported is present as the parent compound, whereas 
during nerve regeneration, there is a greater conversion 
to the phosphorylated derivatives of adenosine (Fig. 3). 
Thus, while both adenosine and uridine are transported 
axonally, transferred to cells surrounding the axon, and 
utilized by these cells for nucleic acid synthesis, the 
profile of the TCA-soluble radioactivity arriving in the 
tectum is different for each. 

The nucleosides also differ in that adenosine, but not 
uridine, can be taken up by optic axons (or axon termi- 
nals) and transported retrogradely back to the retina. 
This conclusion is based on data derived from experi- 
ments in which 5 PCi of either [3H]adenosine or [3H] 
uridine was injected intracranially, and at the same time, 
the right optic nerve was cut just behind the eye. One, 3, 
or 7 days later, both retinae were removed and digested 
in Protosol, and radioactivity was determined in a liquid 
scintillation counter. Since the right nerve was cut, ra- 

dioactivity transported retrogradely can reach the left, 
but not the right, retina. Therefore, significant differ- 
ences in left versus right retina radioactivity suggest 
retrograde axonal transport. Significant differences were 
found following intracranial injections of [3H]adenosine 
but not following injections of [3H]uridine (Fig. 4A and 
B). This suggests that adenosine, but not uridine, is 
transported retrogradely. Since the right nerve was cut, 
it seemed possible that the retinal differences shown in 
Figure 4A might be due to a decrease in the uptake of 
circulating [3H]adenosine by the cells of the axotomized 
right retina. If this was the case, then the same results 
should be obtained when [3H]adenosine is injected sys- 
temically. However, when [3H]adenosine was injected 
intraperitoneally, no difference was found in the amount 
of radioactivity taken up by each retina (Fig. 4C). Thus, 
we conclude that adenosine, but not uridine, can be taken 
up by axons or axon terminals and transported retro- 
gradely along optic axons to retinal ganglion cells of the 
goldfish eye. 

Next, an attempt was made to determine if polyamines, 
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Figure 4. Radioactivity present in the left and right retinae (LR and RR, respectively) of fish at various times after the 
intracranial (A and B) or intraperitoneal (C) injection of [“Hladenosine or [3H]uridine. In A and B, the right optic nerve was cut 
at the time of injection so that retrograde axonal transport is suggested by significant differences in left versus right retinal 
radioactivity. In C, the right optic nerve also was cut, but this did not affect the amount of [“Hladenosine accumulated from the 
general circulation by retinal cells. See the text for further details. The values are the means f  SEM of four to six fish. 

which are known to be transported axonally in this 
system, remain within axons following axonal transport 
or, like uridine and adenosine, are transferred out of the 
axon to periaxonal cells. Since, in goldfish, putrescine is 
transported only during optic nerve regeneration and the 
amount of spermidine transported is increased during 
nerve regeneration (Ingoglia et al., 1977), we have focused 
our attention on these two compounds. To determine if 
polyamines are transferred out of the axon following 
axonal transport, the tectal distribution of axonally trans- 
ported radioactive polyamines was examined autoradi- 
ographically. In these experiments, both optic nerves 
were crushed and 18 days later, [3H]putrescine or [3H] 
spermidine was injected into the right eye. Fish were 
sacrificed 3 or 6 days later and tecta were prepared for 
light autoradiography as described under “Materials and 
Methods.” Fixation with glutaraldehyde complexes the 
polyamines in situ so that they can be visualized when 
the tissues are processed for autoradiography. 

Following injections of [3H]spermidine, few silver 
grains were found in the tectum ipsilateral to the injected 
eye. However, following injections of [3H]putrescine, a 
relatively high level of labeling was found over the right 
tectum. This indicates a delivery of radioactivity via the 
blood and is consistent with the finding that putrescine, 
but not spermidine, is able to cross the blood-brain 
barrier (Kremzner et al., 1970). 

Following injections of [3H]putrescine, the tectum re- 
ceiving axonally transported radioactivity contained sil- 
ver grains primarily over the SFGS (Fig. 5A). Clear 

evidence was found for the presence of silver grains over 
glia in this region (Fig. 5B), but no grains above back- 
ground were found over tectal neurons in the SFGS nor 
over tectal cells in the SPV. The data indicate that, 
following axonal transport, putrescine is transferred out 
of the axon to some periaxonal glial cells but may not be 
transferred to tectal neurons nor to radial glia in the SPV 
(Stevenson and Yoon, 1981). This possibility is currently 
being investigated. Following injections of [3H]spermi- 
dine, silver grains were found over the SFGS and SPV 
(Fig. 6A). In both layers, cellular elements were clearly 
labeled (Fig. 6 B and C). In the SPV, most cells, including 
radial glia, showed heavy labeling (Fig. 6C), unlike the 
results seen following putrescine injections. These pre- 
liminary findings suggest that, while spermidine is trans- 
ferred to both glia and neurons, putrescine may be trans- 
ferred only to specific glial cells (not radial glia in the 
SPV) and not to neurons. 

Additional experiments were performed to be sure that 
the silver grains shown in Figures 5 and 6 originated from 
radioactive polyamines. Thus, the experiments described 
above were repeated except that, instead of analyzing the 
radioactivity by autoradiography, 24 tecta were pooled 
and TCA-soluble radioactivity was assayed using an 
amino acid analyzer. Virtually all of the radioactivity was 
present as putrescine, spermidine, or spermine in the 
proportions shown in Table II. This indicates that the 
radioactivity represented histologically by silver grains 
shown in Figures 5 and 6 originates from one of the 
polyamines and not from a nonpolyamine metabolite. 
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Figure 5. Autoradiogram showing the labeled areas in the 
left optic tectum 21 days after both optic nerves were crushed 
and 3 days after r3H]putrescine was injected into the right eye. 
A shows grains concentrated over the SFGS (indicated by the 
white doubleheaded arrow) but not over the SPV. B is a high 
magnification photograph of the SFGS showing a heavily la- 
beled glial cell (arrow). Scale bars: A, 100 pm; B, 20 pm. 

Figure 6. Autoradiogram showing the labeled areas in the 
left optic tectum (A) 24 days after both optic nerves were 
crushed and 6 days after [3H]spermidine was injected into the 
right eye. The distribution of grains (white double headed 
arrows) is similar to that described in Figure 2, with cells 
labeled (arrows) in both the SFGS (B) and SPV (C). Scale 
bar: A, 100 pm; B, 20 pm. 
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TABLE II RNA synthesis in lateral geniculate cells are detected 
Distribution of radioactivity in the goldfish optic tectum 3 or 6 days 
after the intraocular injection of [3H]putrescine or [3H]spermidine 

only when the labeled nucleosides are delivered from an 
axonally transported pool and not when they are derived 

The values are the percentages of radioactivity associated with each 
of the polyamines. 

from systemically available labeled precursors (Politis 
and Ingoglia, 1979). Data from the latter study was 

Injected Compound Putrescine Spermidine Spermine interpreted as indicating that, in the neonatal rat, the 
% radioactivity axonal delivery of uridine may be critical to support the 

[3H]Putrescine 90.0 8.9 1.1 increased metabolic demands of geniculate cells during 
(3 days after injection) 

[3H]Spermidine 
the growth and maturation of optic axons. We suggest 

10.0 70.0 20.0 
(6 days after injection) 

that, in the systems referenced above, where periaxonal 
cells utilize axonally transported [3H]uridine, the axon, 
at least in part, is meeting the demands for RNA precur- 

Discussion 
sors of periaxonal cells. 

These experiments describe the axonal transport and 
transcellular transfer of uridine, adenosine, putrescine, Adenosine 

and spermidine in normal and regenerating optic nerves Following intraocular injections of [3H]adenosine, 
of goldfish. many of the findings obtained were similar to those 

Uridine 
reported for uridine. There is an axonal transport of 
TCA-soluble radioactivity which increases severalfold 

Uridine (or a nucleotide derivative) is transported ax- during nerve regeneration (Fig. IA) and a transfer of 
onally in the goldfish visual system, and the amount radioactivity to periaxonal cells where it is utilized for 
transported is increased significantly during nerve regen- nucleic acid synthesis (Figs. 1B and 2). Since the TCA- 
eration (Ingoglia et al., 1975). Changes in the amount of insoluble fraction, which is found in the tectum as a 
radioactivity transported in regenerating nerves may be result of axonal transport, also increases during nerve 
due either to an increase in the uptake of the precursor regeneration (Fig. lB), we conclude that, like uridine, 
with no change in the proportion transported or to a there is an increase in the transcellular transfer and 
selective shunting of labeled precursors into the regen- utilization of adenosine (or a derivative) associated with 
erating axons with or without a change in uptake. We the growth of the nerve. 
cannot distinguish between these two possibilities in the The movement of axonally transported adenosine from 
present experiments. However, whichever is the case, it the axon to neighboring cells has been reported previ- 
is clear that, during nerve regeneration, the metabolism ously (Schubert and Kreutzberg, 1974; Wise et al., 1978; 
of the retinal ganglion cell is altered so that increased Hunt and Kunzle, 1976; Kruger and Saporta, 1977). While 
amounts of labeled uridine (and the other precursors the term “transneuronal” transfer has been applied to 
used in these experiments), enter into the regenerating this phenomenon (Schubert and Kreutzberg, 1974), the 
axons and are delivered via axonal transport to the optic balance of the data indicates that this term is too restric- 
tecta. tive and that adenosine escapes from the axon to label a 

Approximately 18% of the TCA-soluble radioactivity variety of cells in its vicinity, not only postsynaptic 
which appears in the tectum as a result of axonal trans- neurons (Hunt and Kunzle, 1976; Wise et al., 1978; see 
port (calculated by subtracting the radioactivity in the Fig. 2). Therefore, we agree with Wise et al. (1978) that 
right tectum from that in the left) is present as a volatile a more appropriate term for the phenomenon is 
metabolite (probably 3H20) of the injected compound, “transcellular” labeling. In this respect, except perhaps 
while 80% of the soluble radioactivity arriving in the for the degree of transcellular transfer, uridine and aden- 
tectum by the blood (indicated by radioactivity in the osine appear to be handled similarly by most neurons. 
right tectum) is volatile (Table I). This is also true in The nucleosides are not handled similarly with regard 
nerves which are regenerating (data not shown). These to retrograde axonal transport. The experiments pre- 
findings are similar to those reported in the visual system sented here indicate that adenosine, but not uridine, can 
of rats (Politis and Ingoglia, 1979) and suggest that be taken up by optic axons and transported back to 
uridine is metabolized when it enters the general circu- retinal ganglion cells in the eye. The uptake of adenosine 
lation, probably outside of the brain, but is protected by synaptosomes has been demonstrated (reviewed by 
from degradation when it reaches nervous tissue by ax- Stone, 1981) and its retrograde transport has been re- 
onal transport. Data obtained following similar experi- ported in a variety of systems (Hunt and Kunzle, 1976; 
ments with [3H]adenosine (Table I) indicate that aden- Kruger and Saporta, 1977; Wise et al., 1978). The data of 
osine is also part of this protected intra-axonal pool. Wise et al. (1978) are similar to ours in that they too were 

In the optic nerve of the goldfish (Gambetti et al., unable to demonstrate a significant uptake or retrograde 
1978), chick (Por et al., 1978), rat (Politis and Ingoglia, axonal transport of uridine. Those experiments were 
1979), and rabbit (Gambetti et al., 1973) and in the sciatic performed in chick and rat brain so that it seems likely 
nerve of the chicken (Peterson et al., 1968; Gunning et that it is a general phenomenon of CNS neurons that 
al., 1979) and rat (Lindquist and Ingoglia, 1979; Lindquist adenosine, but not uridine, can be taken up by axons or 
et al., 1981), periaxonal cells utilize transcelhilarly trans- axon terminals and transported retrogradely. The phys- 
ferred uridine for RNA synthesis. In the visual system of iological significance of this cellular differentiation be- 
the neonatal rat, developmentally related “bursts” in tween the two nucleosides remains to be described. 
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Putrescine and spermidine 

Experiments examining the fate of axonally trans- 
ported putrescine and spermidine indicate that, like uri- 
dine and adenosine, these aminee undergo transcellular 
transfer following axonal transport. This conclusion is 
based on the autoradiograms shown in Figures 5 and 6. 
In the case of spermidine, the light labeling of the right 
tectum precludes the possibility that the labeling seen in 
cells in the tectum is due to blood-borne radioactivity. 
Thus, the silver grains derived mainly from [3H]spermi- 
dine (Table II) must have arisen from material which is 
transported axonally, some of which then is transferred 
to cells surrounding the axon. In the case of putrescine, 
labeling in the right tectum is significantly greater than 
that following [3H]spermidine injections. However, the 
grains in the left tectum are concentrated in the SFGS 
(Fig. 5A) and are frequently over cells in this layer (Fig. 
5B). Therefore, it seems likely that, following the axonal 
transport of putrescine, a portion of the transported 
radioactivity is transferred from axons to periaxonal cells. 
The finding that putrescine may be transferred only to 
certain glia and not to tectal neurons, while spermidine 
is transferred to both (compare Figs. 5 and 6) is currently 
under further investivation. 

Speculation on the significance of the axonal transport 
and transcellular transfer of small molecules 

Based on the current and previous findings, we pro- 
pose: that the axonal transport and transcellular transfer 
of certain molecules is a significant physiological event; 
that this axonal supply system is responsible, at least in 
part, for meeting the metabolic demands of the cells 
(both glia and neurons) with which it comes in contact; 
that, during the growth of the axon (either development 
or regeneration), the altered metabolic needs of periax- 
onal cells are met in part by changes in the axonal 
transport and transcellular transfer of specific, critical 
molecules; and that, in this way, the axon is able to 
control or influence the metabolism of periaxonal cells. 
This system would form, at least in part, the biochemical 
basis for the “trophic” control that axons are able to 
exert on periaxonal cells. We base this hypothesis on the 
following observations and arguments. 

The axonal transport of small molecules is not a 
random phenomenon. The neuronal cell body contains 
pools of small molecules, some of which are restricted to 
the soma, while others enter the axon and subsequently 
undergo axonal transport. Uridine, adenosine (see refer- 
ences above), spermidine, spermine (Ingoglia et al., 1977), 
taurine (Ingoglia et al., 1976b), and choline (Droz et al., 
1978; Gould et al., 1979) pass into the axon from the 
soma, while most amino acids (Ochs et al., 1970; Karlsson, 
1977; but see Weiss et al., 1980; Beaudet et al., 1981) and 
putrescine in normal optic nerves of goldfish (Ingoglia et 
al., 1977) are restricted from entering the axon. A good 
example of the selectivity of the transport system is 
demonstrated in experiments in which radioactive cys- 
tathionine was injected into the goldfish eye and its 
axonal transport was examined (Ingoglia et al., 1978). 
When radioactivity in the retina was assayed, label was 
found associated with cystathionine, cysteine, protein, 

and taurine, with the latter being products of cystathio- 
nine metabolism. When radioactivity transported to the 
tectum was examined, radioactive taurine and protein, 
but not cysteine or cystathionine, were found. Thus, the 
retinal ganglion cell had “allowed” the sulfonic amino 
acid taurine to pass into the axon but did not allow the 
passage of cystathionine or cysteine. The evidence sup- 
ports the concept of a selective gating mechanism be- 
tween the cell body and the axon, a gate which allows 
the transport of certain small molecules (either as free 
molecules or bound to axonally transported macromole- 
cules) but restricts the transport of others. 

The axonal transport of small molecules is altered 
during the growth of the axon. The axonal transport of 
small molecules is affected by whether the axon is grow- 
ing. When the nerve is elongating (during development 
or regeneration), there is an initiation of the flow of 
putrescine in goldfish optic nerves (Ingoglia et al., 1977); 
an increase in the amount of uridine (Ingoglia et al., 1975; 
Politis and Ingoglia, 1979)) adenosine (these studies), and 
spermidine (Ingoglia et al., 1977) transported; a decrease 
in the proportion of spermine transported (Ingoglia et al., 
1977); and no change in the amount of taurine trans- 
ported (N. A. Ingoglia and J. A. Sturman, unpublished 
findings). 

Thus, in a neuron capable of regeneration following 
axotomy, the cell body responds to injury by altering the 
nature or amount of small molecules transported. This 
may reflect a change in the synthesis of these molecules 
or an alteration in the selective gating mechanism. In the 
case of those molecules which are destined for utilization 
by periaxonal cells (uridine, adenosine, putrescine, and 
spermidine), we propose that the axon increases the 
transport of these molecules to either participate in the 
initiation of new genetic program (e.g., to induce glia to 
form channels for regenerating axons or to produce mye- 
lin) or to meet the increased metabolic demands of 
periaxonal cells. 

The transcellular transfer of small molecules is not 
random: Not all small molecules present in the axon 
are transferred to periaxonal cells. A selective gating 
mechanism also is found for axonally transported mate- 
rials between the axon and periaxonal cells. While it is 
known that there is some breakdown of transported 
labeled proteins along the length of the axon (Droz et al., 
1973; Heacock and Agranoff, 1977), thus resulting in free 
amino acids in the axoplasm, and that some labeled 
amino acids are transported axonally (Weiss et al., 1980; 
Beaudet et al., 1981), there has been only one report of 
glial or Schwann cell protein labeling from labeled amino 
acids in axons. In these studies, r3H]proline, when in- 
jected into various nuclei of the cat CNS, was found to 
label glia along the length of the axon. The other amino 
acids tested labeled only axons as is the usual finding 
(Berkley et al., 1981). In squid axons, iontophoretically 
injected 3H-amino-acids only lightly labeled surrounding 
glia (Heuser and Miledi, 1970). In vertebrates, a careful 
analysis of tissue labeling following axonal transport of 
[3H]proline-labeled proteins in the mouse olfactory nerve 
showed significant transneuronal label, but virtually no 
label was found over glia (Barber et al., 1978). The 
reasons for the differences in these results and those of 
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Berkley et al. (1981) remain to be explained. However, it 
appears that, under most conditions, amino acids are not 
transferred from axons to periaxonal glial cells. 

Radioactive sugars used to study glycoprotein trans- 
port also remain intra-axonal and do not label myelin 
proteins or glycoproteins (Droz et al., 1973; Autilio-Gam- 
betti et al., 1975; Matthieu et al., 1978; Tessler et al., 
1980; Griffin et al., 1981). The same conclusion was 
reached with regard to axonally transported taurine; that 
is, following axonal transport, taurine is not transferred 
out of the axon to surrounding cells (Ingoglia et al., 1978). 
Recently, studies involving [3H]thymidine injections into 
the goldfish eye have shown that thymidine is trans- 
ported along optic axons and is incorporated into DNA 
in axonal mitochondria but is not transferred to periax- 
onal cells (P. Gambetti, personal communication). 

Other molecules undergoing axonal transport are 
transferred transcellularly. Studies in the PNS (Droz et 
al., 1978) and CNS (Haley and Ledeen, 1979) have shown 
that both choline and serine, as well as phospholipids, 
can be transferred from the axon to supporting cells to 
be utilized in the formation of myelin lipids. Transported 
radioactivity also is transferred transcellularly following 
injections of adenosine, uridine, putrescine, or spermidine 
(see discussion above). Thus, the transcellular “gate” is 
open to some small molecules (adenosine, uridine, pu- 
trescine, spermidine, choline, and serine) but closed to 
others (most amino acids, including taurine, and thymi- 
dine). An alternative explanation, not ruled out by the 
current experiments, is that axons release all small mol- 
ecules but that there is selective uptake of certain mole- 
cules by periaxonal cells. 

The blood- brain barrier and active metabolism in the 
blood prevent some small molecules from getting to 
periaxonal cells from the general circulation, making 
these cells more dependent on an axon delivery system. 
A barrier exists to the passage of adenosine from the 
blood to brain cells (Berne et al., 1974). Following intra- 
cranial or intraventricular injections of [3H]uridine, ra- 
dioactive RNA is localized to a large extent over pial and 
ependymal cells with only poor incorporation into neu- 
ronal or glial RNA (Ingoglia et al., 1976a). Thus, there 
appear to be barriers (blood-brain, cerebrospinal fluid- 
brain) to the entrance of uridine to glia and neurons from 
surrounding tissue. Kremzner et al. (1970) have described 
a blood-brain barrier to spermidine but not putrescine 
and this fits our data. In support of our current hypoth- 
esis, we argue that these molecules are less accessible or 
are inaccessible to brain cells when delivered by the 
blood but are readily accessible and utilized when deliv- 
ered to cells by axonal transport. The finding that both 
uridine and adenosine are less likely to be metabolized 
during transit in the axon compared with distribution via 
the blood (see Table I; Politis and Ingoglia, 1979) sup- 
ports this idea. 

In summary, we propose that, under normal physiolog- 
ical conditions, the axon “feeds” critical small molecules 
to periaxonal cells by axonal transport followed by trans- 
cellular transfer. These molecules are not available (or 
are available in limited supply) from the blood because 
of the blood-brain barrier or active metabolism in the 
blood, and thus, periaxonal cells are, to some extent, 

metabolically dependent on the axonal delivery of these 
molecules. Further, we propose that the “trophic” control 
exerted by axons over postsynaptic neurons or glia is due, 
at least in part, to the axon’s role in regulating the 
availability of these molecules to these cells. In cases of 
an altered functional state of the axon (during develop- 
ment or nerve regeneration, for example), the new met- 
abolic “needs” of periaxonal cells are met, at least in part, 
by supplies arriving by axonal transport along regener- 
ating axons. 

More specifically, we reason that, in the case of nu- 
cleosides, uridine and adenosine are being transported 
axonally not because of the specific requirements of the 
axon but rather because the axon is supplying them to 
periaxonal cells for RNA synthesis. Thus, axonally de- 
rived RNA precursors may be rate limiting to cells which 
cannot accumulate significant amounts of the nucleosides 
from the blood or from de novo synthesis. This seems to 
be a reasonable possibility since, in several other systems, 
the synthesis of nucleic acids has been shown to be 
influenced by nucleotide concentration (Friedland, 1974; 
Lowry et al., 1977). 

In the case of polyamines, we speculate that they too 
are transported axonally not for an intra-axonal purpose 
but rather for delivery to periaxonal cells, where they are 
to be used as they are in other cells as essential partici- 
pants in nucleic acid and protein synthesis (Bachrach, 
1973). The delivery of polyamines from axons to periax- 
onal cells is particularly intriguing because of their role 
in gene expression (Kramer et al., 1979; March and 
Benicourt, 1970; Das and Kanungo, 1979), their part in 
tRNA synthesis (Lovgen et al., 1978; March and Beni- 
court, 1970; Quigley et al., 1978), and their regulatory 
functions during translation (Goertz, 1979; Kramer et al., 
1979). 

This axonal delivery system may form part of the 
biochemical basis for the transformation of a glial scar 
into a glial channel by a regenerating axon (Reier, 1979), 
the general axonal “guidance” phenomenon attributed to 
glia in development and regeneration (Singer et al., 1979), 
the mitotic induction of radial glial cells by regenerating 
optic axons of goldfish (Stevenson and Yoon, 1981), and 
the axonal determination of myelinogenesis (Spencer and 
Weinberg, 1978). 

Finally, we view the phenomena described in this paper 
as a limited component of a larger system of “metabolic 
cooperation” between axons and periaxonal cells. This 
system may involve not only the transcellular transfer of 
nucleosides and polyamines but also of lipids and other 
molecules not yet identified to a variety of periaxonal 
cells as well as the reverse transfer from glia to axons. 
The anatomical substrate mediating the transfer of mol- 
ecules between axons and periaxonal cells is not known. 
However, the recent description of “pores” between ax- 
ons and glia in crayfish (Peracchia, 1981) could serve this 
purpose if these channels are found to be present between 
vertebrate axons and glia. 
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