
Brain Research, 91 (1975) 25~-2 25 
~ Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

EVALUATION OF [3H]PROLINE FOR RA D IO A U TO G RA P H IC TRACING 
OF AXONAL PROJECTIONS IN THE TELEOST VISUAL SYSTEM 

G. E. LANDRETH,  E. A. NEALE, J. H. NEALE, R. S. DUFF,  M. R. BRAFORD, JR., 
R. G. NORTHCUTT AND B. W. A G R A N O F F  

Nemvscience Laboratory and Department of Zoology, The University of Michigan, Ann Arbor, Mich. 
48104 and (E.A.N. and J.H.N.) The National htstitute of Child Health and Haman Development, 
National Institutes of Health, Bethesda, Md. 20014 (U.S.A.) 

(Accepted January 24th, 1975) 

SUMMARY 

The efficacy of [3H]proline radioautography for tracing retinal ganglion cell 
projections to the optic tectum of the jewel fish, Hemichromis bimaculatus, has been 
compared with that of degeneration techniques. There was good agreement between 
the various methods. Retinal projections to the optic tectum of two other teleosts, 
the oscar, Astronotus ocellatus, and the goldfish, Carrasius auratus, were examined 
radioautographically. 

In addition to conventional methods of analysis, radioautograms were scanned 
in a slit microdensitometer and by an automated isodensity scanning system. Results 
of studies with the protein synthesis inhibitor, cycloheximide, are compatible with the 
suggestion that axonally transported proteins labeled with [3H]proline may release 
diffusible precursors that are reincorporated into protein in adjacent regions. 

The possible advantages and limitations of radioautography of [3H]proline- 
labeled axonally transported protein in brief or extended studies are discussed in 
terms of the results obtained in the teleost visual system. 

INTRODUCTION 

Proteins synthesized in neuronal perikarya move within axons to nerve endings 
by the process of axonal transport 53. When nerve cells are provided with radioactive 
amino acids, their axons and terminals become radiolabeled with these transported 
proteins ~a, whose intracellular distribution in radioautograms constitutes a useful 
method for tracing neuroanatomical pathways 34. 
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Since the visual system in teleost tishes appears to be completely crossed, it 
serves as a suitable model tk)r studies of axonal transport4e,~:L !11 such studies, tabeied 
amino acids which have been introduced into the eye are incorporated into proteins 
in retinal ganglion cells and are transported within the optic nerve to brain regions 
contralateral to the injected eye. Brain regions ipsilateral to the injection site may then 
be utilized to control t\)r incorporation of labeled precursor that has escaped from 
the eye and reached the brain from the blood. 

When [3H]leucine is used as the precursor, the ratio of labeled protein in lhe 
contralateral to that in the ipsilateral tectum is 2:1, indicating the presence of axonal- 
ly transported protein in the contralateral tectum in addition to systemically labeled 
protein in both tecta 2a,as. The degree of 'background' labeling due to the systemic 
incorporation of [:~H]leucine into the brain, however, limits its use for radioauto- 
graphic studies. Biochemical studies with 18 labeled amino acids indicated that 
asparagine and proline produced a high ratio of contralateral-ipsilateral tectal radi(~- 
activity and would serve as better precursors for radioautography in the nervous 
system 17,is. In subsequent studies, we established the suitability of [:~H]proline a;s a 
radioautographic tool using the goldfish visual system 4~, and determined that the 
physiological basis of its superiority was its efficient incorporation into protein in 
the eye as well as its relatively poor incorporation into the brain via the blood ~", 

In the present report, our study of [aH]proline radioautography in the visual 
system has been extended and validated by comparison with degeneration techniques. 
The potential error in the radioautographic method attributable to the presence of 
unincorporated labeled proline in the contralateral optic rectum ~ 7,~0 was investigated 
by the combined use of intraocular injection (IO) of high specific activity [aH]- 
proline, and inhibition of protein synthesis with intracranial (IC) injection of cyclo- 
heximide (CXM). Since [3H]proline-labeled transported protein has a long apparent 
half-life 4°, the present report considers the distribution of radioactivity in the brain 
up to 240 days after injection. 

This study was restricted to the teleost visual system, where the neuroanatomy 
of retinal projections to the brain is of interest from developmental )l,zv and compara- 
tive 15 perspectives. Since the use of [3H]proline has been extended to numerous spe- 
cies2,°,s,"~,2°.:~L the results reported here may. accordingly, have wider relevance. 

MATERIALS AND METHODS 

Specimens of Hemichromis bimaculatus Gill 1862 (jewel fish) and Astronotus 
ocellatus Cuvier 1829 (oscar), weighing 7-11 g, were purchased locally and maintained 
in 30 gallon tanks at 28 ~ 1 ~C. Goldfish (Carassius auratus) were obtained from Ozark 
Fisheries (Stoutland, Missouri) and maintained at 20 ~= 1 °C. Tricaine methanesulfo- 
nate (MS-222, Finquel) was purchased from Ayerst Labs (New York, N.Y.), labeled 
amino acids from New England Nuclear (Boston, Mass.) and cychloheximide 
(Actidione, CXM) from Nutritional Biochemical Corporation (Cleveland, Ohio). 
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Degeneration 
Nine specimens of Hemichromis were subjected to unilateral enucleation under 

MS-222 anesthesia (50 rag/liter). After 5-25 days the animals were killed under 

anesthesia by transcardial perfusion with 10 °/ formalin. The brains were removed, /o 
fixed in 1 0 ~  formalin for at least one week and embedded in gelatin. Frozen sections 

were cut at 25 #m in transverse, sagittal or horizontal planes, and were subsequently 
processed by modifications of  the Nauta TM and Fink-Heimer  2° procedures for the 

demonstration of degenerating axoplasm. 

Radioautography 
Four specimens of Hemichromis were processed for radioautography following 

IO injection of 25 #Ci of  L-[4,5-3H]proline, 46 Ci/mmole, with a 50 #1 Hamilton 

syringe and 30-gauge needle fitted with a polyethylene sleeve which limited penetra- 
tion into the eye to 2 ram. The routine injection volume was 5 #1. Aqueous radio- 
active solutions were evaporated to dryness with nitrogen to remove 3H20 and 

redissolved in 0.15 N NaC1 immediately before use. Intraocular injections were 
similarly administered to the specimens of Carassius and Astronotus used in this 
study. 

Radioautographic procedures were essentially those described by Kopriwa 
and Leblond 3~. Brains were fixed in Bouin's solution for at least 48 h prior to dehy- 
dration and embedding in paraffin. The tissue was sectioned at 8 #m. Kodak  NTB3 
nuclear track emulsion was diluted 1:1 with distilled water at 40 °C, and slides with 
sections were dipped into emulsion and dried for approximately 1 h. Slides were 
stored in light-tight boxes with 10-15 g of  Drierite at 4 °C for 7-35 days. The exposed 

sections were developed in Kodak  Dektol for 3 rain at 16 °C, washed briefly in l ~,, 
acetic acid, fixed in Kodak Fixer for 6 min and in some cases stained with hematox- 
ylin-eosin. 

Goldfish were routinely prepared as indicated above; however, in one experi- 
ment (see Fig. 4), 12 goldfish were perfused with a solution containing 2~,~ para- 
formaldehyde, 2.5 ~ glutaraldehyde and 0.05 ~o calcium chloride in 0.14 M sodium 

cacodylate at pH 7.5. The optic tecta were removed, and a 1 mm thick cross-section 
was cut midway through each tectum. These slices were immersed in fresh fixative, 
rinsed, and postfixed in chrome osmium 9. After en bloc staining in uranyl acetate, 
the tectal slices were dehydrated and cut into quarters before final flat-embedment 
in Epon. Tectal cross-sections, 1 #m thick, were cut with glass knives using an LKB 
Ultrotome lII, and were mounted with heat on glass slides, which were then coated 
with emulsion, exposed and developed as described above. The dried slides were 
heated and the sections stained briefly with 0.1 ~ toluidine blue in 1 ~o sodium borate. 

Microdensitometry 
Bands of silver grains in unstained radioautographs of optic tectum were 

scanned with a microdensitometer. A Leitz Ortholux binocular microscope was 
fitted with a densitometer tube and a photomultiplier tube whose output was recorded 
on a Sargent recorder. A quartz-iodide light source was regulated by a Variac. The 
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Fig. I. Transverse sections through the optic tectum of Hemichromis. a: Bodian silver stain, b: Fink- 
Heimer degeneration stain, c: unstained radioautogram, d: microdensitometric scan. c and d were 
obtained from the same preparation after IO injection of 25/tCi of [aH]proline; survival time was 
24 h. Major tectal strata are as follows: SW, superficial white and gray; CG, central gray; D, deep 
white; PG, periventricular gray. The fiber components of the optic tract which terminate in the 
tectum are indicated (1-5). Since the fish selected for these experiments had different tectal thick- 
nesses and these differences were not corrected photographically, the corresponding tectal strata in 
a, b and c are not in exact register. 

densitometer tube held a 100-/~m fixed-width slit that scanned the tectal layers by 
means of a motor-driven stage at a rate of 2.5-10 #m/sec. The tectal area exposed 
to the photomultiplier was 1-2/~m × 30 #m, with a × 40 objective lens. The isodensi- 
ty scan was performed on an EDP scanning microscope, courtesy of Photometrics, 
Inc. (Lexington, Mass.). 

Biochemical analysis 
Brains were removed, rinsed with saline, and homogenized in distilled water at 

wtrious intervals after injections with labeled proline. Acid-soluble and insoluble 
fractions were obtained by a filter paper method 37, combusted in a sample oxidizer 
and radioactivity was measured by liquid scintillation spectrometry 4°. Portions of the 
homogenate were used to determine the protein content of each sample 36. Whole 
eyes, including lenses, were homogenized using a Brinkman Polytron Type PT-1020. 
When used, 10 #g of CXM was injected over the brain (IC) in 5 #1 of 0.15 N NaCI. 

RESULTS 

The optic tectum of Hemichromis is clearly divided into layers which have been 
described for a number of teleost taxa 14,35,44,47,5°,52. The nomenclature used in the 

present description follows the zones and strata of Leghissa 35. As the optic tract 
runs along the surface of the diencephalon and approaches the pretectum, it divides 
into lateral and medial optic tracts, which terminate in the superficial tectal zone 
(Fig. 1). In the tectum both tracts stratify into 4 components. The most super- 
ficial component (F1) is located at the boundary of the marginal fiber stratum and 
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terminates there. The second component (F2) forms tlle major optic fascicles/oc:Hed 
in the external plexiform stratum of the superficial white and gray zone, These Iibers 
terminate both between the optic fascicles and in a layer immediately deep to the 
fascicles. The third (F3)and fourth (F4)components are underlain by strata of nemo-, 
pil which appear to represent their respective terminal fields. It is possible /h¢~t a 
given terminal field may receive more than one fiber component. In particular, the 
terminals of F3 may overlap those of both F2 and F4. 

The majority of the retino-tectal fibers reach the optic tectum via the tx~o 
pathways just described. However, the periventricular gray zone receives direct 
retinal projections (F5) via two additional pathways. The retinal fibers destined for the 
dorsal tectal periventricular gray exit the medial optic tract at mid-thalamic levels 
and course caudally until they reach the level of the posterior commissure where 
they swing laterally into the deep white zone of the optic tectum. These fibers also 
appear to contribute to F4. The retinal fibers destined for the ventral tectal periven- 
tricular gray exit the optic tract at the point of its division into lateral and medial 
optic tracts. These fibers course caudally medial to the nucleus rotundus and then 
turn dorsally to skirt the nucleus corticalis and join the ventral tectal deep white 
zone. These pathways were followed in both the degeneration stained and ,'adio- 
autographic material, and both types of preparations demonstrated retinal projections 
throughout the entire rostrocaudal extent of the tectal periventricular gray zone. 

The optic tectum of tfemichromis is presented after the various preparations in 
Fig. 1. Degenerating ganglion cell projections were observed (Fig. lb) in the regions 
containing the highest density of radioautographic silver grains (Fig. lc). In this 
study, the radioautographic method demonstrated superior resolution, as can be seen 
from the microdensitometric scans (see below) of the exposed silver grains (Fig. l d). 

In preliminary studies with the related cichlid, Astronotus, optic tecta we,'e 
radioautographically analyzed in fish killed 3, 4, 5, 6, 7, 8, 10, 12, 24, 48 or 72 h after 
IO injection of [aH]proline. Three hours after injection the only areas with distinct 
patterns of silver grains were those adjacent to the medial and lateral optic tracts in 
the rostral tectum. Radioactive material appeared more caudally with time and by 5 
h all areas of primary retinal efferent terminals contained radioactivity. This pattern 
did not change up to 72 h after injection, but the overall grain density increased with 
the arrival of additional labeled protein. The distribution of radioactivity in Astrono- 

tus following the arrival of rapidly transported protein indicates a complex pattern 
of  retinal projections to the optic lecture (Fig. 2a and b), similar to that observed in 
Hemichromis (Fig. lc), and appears more complex than that found in Carassius, a 

cyprinid species of teleost lish (Fig. 5a). 

Microdensitometr), 

Densitometric (optical density) measurements of radioautograms of Astronotus 

optic tectum (Fig. 2c) and grain counts (Fig. 2d) of the same preparations appeared 
to correlate well (Fig. 2d, inset). The densitometric scan had greater apparent resolu- 
tion than the grain counts and clearly indicated that the wide band of  silver grains 
over the external plexiform layer of the superficial zone was composed of 3 distinct 
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Fig. 2. Radioautograms from an unstained transverse section midway through the contralateral 
optic tectum of Astronotus. a: photomicrograph using dark field optics, b: photomicrograph using 
bright field optics, c: microdensitometric scan. d: silver grain density. The correlation between 
optical density and grain density is presented in the inset in d. Survival time for this specimen was 
48 h after 10 injection of 65/lCi of [3H]proline. 
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terminal fields, as had been suggested by visual inspection. The radioautograpilic 
layering pattern was more apparent in isodensity scans of the optic tectum after ihe 
arrival of rapidly transported labeled protein (Fig. 31. 

~ o  

Fig. 3. lsodensity scan of a transverse section through the contralateral optic tectum of Asl#'OllOflt.~. 
The isodensity scan is composed of a series of lines of similar density value separated from each olhcr 
by constant optical density increments. The scan was obtained using an EDP scanning microscope 
at a magnification of 200 with a 13 ,urn scanning aperture. Radioautographic grain densities from 
the unstained section are plotted in 0.04 optical density increments separated by contour lines. 
Three distinct terminal fields are apparent in the external plexiform (EP) zone. Discrete high density 
regions are also present in the central gray (CG) and deep white (DW) zones. The preparation v, as 
obtained 12 h after 10 injection of 65 HCi of [aH]proline. 
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TABLE I 

EFFECT OF MULTIPLE INTRACRANIAL CYCLOHEXIMIDE INJECTION ON TECTAL LABELING FOLLOWING AN 

INTRAOCULAR INJECTION OF [3H]PROLINE 

CXM was administered at 3, 8, 13, and 18 h after injection of 6 t;Ci of [3H]proline. Animals were 
killed 24 h after 10 injection and the radioactivity was determined in 3 pools of 8 tecta or eyes. 
Data are presented ± the standard error of the mean. 

Radioactivity Specific Acid-soluble Radioactivity 
in proteht activity radioactivity in protein 
(10 2 disint./min/ (disint./min/l~g (10 ~ disint./min/ (10 6 disint./mhl/ 
tectum) protein) tectum) eye) 

Control 
Contralateral 163.8 ± 7.3 49.30 ± 0.57 5.74 :~: 0.47 3.65 ± 0.25 
lpsilateral 3.1 ± 0.1 0.85 L 0.02 2.22 J: 0.57 

CXM 
Contralateral 111.3 ± 11.9 32.50 ±2.36 11.88~ 1 . 1 2  3.05±0.18 
lpsilateral 2.1 3_ 0.3 0.68 -- 0.07 2.17 3_ 0.41 

C X M  inhibition o f  tectal  incorporation 

In a preliminary experiment, labeled proline was injected intraperitoneally 
15 min, 2.5 h or 4 h after the IC injection of  10 #g of CXM. This dose of the inhibitor 

was sufficient to reduce incorporation of [3H]proline into tectal protein by 97 ~ within 
15 min after the CXM was administered, and by no less than 8 4 ~  4 h later. 

A 10 #g dose of CXM was then injected IC 3, 8, 13 and 18 h after IO injection 
of [3H]proline. Tectal labeling was determined after 24 h (Table I) in CXM-treated 
fish and in control fish injected with saline IC. Protein-bound radioactivity in the 
contralateral tectum of the CXM-treated fish was depressed by 34~,, compared to 
control fish, while radioactivity incorporated in the eye decreased by 16~.  Since 
protein synthesis inhibitors do not block rapid axonal t ransport  per  se 38, the decrease 

in tectal labeling beyond that observed in the eye suggests that a significant portion of 
the contralateral tectal radioactivity is independent of  labeled transported protein 
synthesized in the eye in the absence of  CXM. Since the labeling of ipsilateral protein 
was only 2 ~ of that in the contralateral tectum, only a fraction of the CXM-blocked 
labeling in the contralateral optic tectum could be attributed to blood-borne precursor. 
The increased acid-soluble radioactivity in the CXM-treated contralateral optic 
tectum further suggests that the antimetabolite interfered with the incorporation of a 
small, but significant, amount  of  labeled amino acid in this brain region. In the ab- 
sence of CXM the acid-soluble radioactivity contralateral to the injected eye was 
2-fold greater than on the ipsilateral side. 

Radioautographic studies of  the optic tectum were performed after IO [ZH]- 
proline with (Fig. 4b) and without (Fig. 4a) multiple IC injections of  CXM. Under 
these conditions, there was a 10 ~ decrease in grain density in the external plexiform 
region, which contains the highest concentration of optic tract fibers and terminals. 
In the central gray, periventricular and efferent fiber layers, there was a 40-60~,, 
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decrease in grain density. The localized foci of  grains (arrows, Fig. 4b) in the central 
gray region persisted despite CXM administration, and most probably do not rep- 
resent local incorporation of labeled proline. With the arrival of slowly transported 
labeled protein in the rectum, a marked increase in grain density over the fascicles of 

optic tract fibers was observed (Fig. 4c). 

Long term studies in the goldfish 
Radioautograms were made of optic tecta of fish killed 1, 47, 113, and 240 

days after IO injection of [aH]proline (Fig. 5) and grain counts were obtained fi'om 

brain regions in and near the tectum (Table ll). Rapidly transported protein (24 h) 
primarily labeled the nerve ending regions (Fig. 5a) while after arrival of slowly 
transported protein (47 days and later) both turnover and redistribution of radio- 
activity was observed (Fig. 5b). While the grains over the external plexiform layer, a 
primary synaptic region, decreased dramatically between 47, 113, and 240 days (Fig. 
5b, c and d), other tectal strata varied (Table lI). In contrast, when the grain densities 
were normalized against the external plexiform layer, the relative grain density in 

other tectal regions (Table II, numbers in parentheses), the tectal efferents and the 
midbrain (torus semicircularis) increased between 47 and 240 days. The absolute 

grain density increased with time in the valvula of  the cerebellum, which borders the 
optic rectum but remains separated from it by the ventricle. 

DISCUSSION 

Radioautography of axonally transported proteins as a neuroanatomical 
tracing method presents several advantages over degeneration methods 5. The most 
fundamental one is that the mechanism whereby axonal relationships are traced is a 
physiological process occurring in an intact system. The method is thus not compli- 
cated by neuropathological changes secondary to neuronal degeneration. Further- 
more, radioautography clearly distinguishes fibers originating in a region from fibers 
of  passage, since precursors are incorporated significantly only in the cell bodies. The 
radiochemical method should prove useful in developmental studies in which ex- 
perimental degeneration is not compatible with the process under investigation. 

More practically, this technique saves time. Retinal projections in fish can be 
adequately labeled as early as 5 h after injection of [3H]proline. The time required 
for emulsion exposure can be as brief as a few days. In addition, radioautographic 
methods are consistently reliable, in contrast to the vagaries of  degeneration stains. 

Fig. 4. Radioautograms of transverse sections through the contralateral optic tectum after IO 
injection of 140-155/tCi of [3H]proline in the goldfish. Shown are l-/~m thick Epon sections taken 
from the rostromedial quadrant of the tectum, rich in fascicles of myelinated optic tract fibers. 
a: 24 h after injection. Rapidly transported labeled protein is concentrated in the layers (EP and S) 
containing optic tract terminals (t). b: 24 h after injection with CXM administered in multiple IC 
doses. Grain density in deeper tectal regions decreases under conditions of CXM inhibition, although 
discrete loci (arrows) persist in the central gray zone. c: 30 days after injection. Grain density in- 
creases markedly over the optic tract fiber region (f) with the arrival of slowly transported labeled 
protein. Toluidine blue stain. MF, marginal fiber; S, external synaptic; EP, external plexiform; 
CG, central gray; DW, deep white; PV, periventricular zones of the optic tectum. 



Fig. 5. Rad ioau iog rams  of  uns ta ined transverse sections of  the contrala ,eral  goldlish optic tecttu ~ i 
var ious  intervals after IO injection of  25/¢Ci o f  [aH]proline. Shown are mid-tecta! regions i~t ,~i~ici~ 
optic tract terminals  are dominan t  and  fascicles of  myelinated axons  are scanl in Ihe cxterllaI pJc,~ 
form layer. Postinjection survival t imes are as follows, a: 1 day. b: 47 days. c: 1 [3 days.  d: 240 d;~) ', 
MF,  marginal  fiber; S, external synaptic;  EP, external plexiform: CG,  cent.ral gra~: [ )~ ' .  deep 
white; PV, periventricular strata ~l" lhe oplic {ecttm~. 
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The fact th'_lt radioautography of proteins is compatible with paraftin embedding 
facilitates serial sectioning, in contrast to the frozen microtomy recommended ior 
degeneration stain techniques. Having sections in serial order greatly facilitatc~ lhe 
tracing of pathways, particularly in small brains in which a given liber pathwa3 or 
terminal field may extend for only a f'ew sections. 

A limitation of the radioautographic technique is that it does not define liber 
tracts with the precision of the Fink Helmet and Nauta methods, particularly when 
rapidly transported labeled proteins are examined after brief labeling pulses. Fil:er 
tracts are generally better visualized after labeling with slowly transported protein, 
but this may require several weeks, and incurs increased precursor reutilization with 
concomitant loss ol" definition. 

In He#nichromis, we have found good agreement between the radioautographic 
data and those obtained with Fink-Heimer as well as with Nauta degeneration stains. 
The methods complement each other in determining neuroanatomical relationships, 
although certain details are more readily apparent in one preparation than in the 
other. For example, in the radioautograms, a deep projection of the optic nerve is 
seen which reaches throughout the rostrocaudal extent of the tectum. A number of 
previous workers a,'~4,4s,r'~ have identified a deep projection, but found it to be re- 
stricted in its distribution to the rostral rectum. The more extensive distribution of 
this projection, which we initially observed in the radioautograms of Hemichromis, 

was confirmed by re-examination of degeneration material. A similar projection has 
also been observed in radioautograms of Aslronotus. The laminar arrays in the teleost 
optic tectum encouraged the use of scanning microdensitometry for quantification. 
This proved to be a rapid, high resolution method for the identification of hiyers 
within the major retinal synaptic region in the cichlid tectum which may be useful for 
experiments in which physiological variables are manipulated in attempts to alter the 
anatomical or metabolic relationships among the stratifications. 

In the visual system of Carassius, we found that the rapid phase of axonal 
transport preferentially labeled regions of axon terminals while the slow component 
labeled fiber tracts, observations which have been reported in a number of other 
studies a,'a,'6,'la,46. The physiological basis and significance of  this labeling pattern 
has been considered in the chick ciliary ganglion by Droz and colleagues 1.1l la,al 
who found that labeled proteins and glycoproteins carried by rapid axonal flow are 
distributed primarily to nerve endings and are associated with presynaptic membranes 
and synaptic vesicles whereas the slow component contributes labeled mitochondria 
and axoplasm. In this system, only 5"{i of the radioactivity carried by slow flow 
reached the nerve terminals. 

A number of biochemical observations suggest a possible complication in the 
use of  [ai-l]proline for radioautographic tracing of neuronal pathways, namely that 
transported labeled proteins may break down in situ and provide labeled precursors 
for reincorporation within neighboring cells. This is exemplified by an experiment 
(Table 1) in which multiple injections of CXM were administered, beginning 3 h 
after the IO injection, when the radioactivity in the acid-soluble fraction of the contra- 
lateral tectum was increasing, paralleling the arrival of labeled protein. Under these 
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conditions, CXM led to a reduction in labeling of the contralateral optic tectum. 
The reduction appears to be greater than could be accounted for as a result of de- 
creased incorporation in the eye together with that due to decreased systemic labeling 
(estimated from ipsilateral labeling, Table I). Additionally, in radioautographic 
experiments, CXM decreased the density of silver grains in the tectal regions adjacent 
to the primary terminal fields. These results are compatible with the proposed break- 
down, diffusion and reincorporation of radioactivity. 

While it has been reported that free amino acids are not transported axonally 
in the fish v, it remains possible that a small amount of free proline arrives from the 
eye and is subsequently incorporated into tectal protein. Axonal transport of free leu- 
cine has been reported in the cat a°, but in the carp very little soluble radioactivity was 
found in the distal portion of the optic nerve following IO injection of [aH]proline 7. 
Nerve-cut experiments in the goldfish suggest that the labeled leucine observed in the 
optic nerve close to the injected eye has little relationship to the contralateral tectal 
labeling t0. 

If neither axonal transport of free amino acid nor systemic circulation can 
account for the difference between contralateral and ipsilateral precursor, we are led 
to conclude that the release of labeled amino acid from breakdown of transported 
protein is the source of this difference. Such a proposal assumes the existence of 
rapidly transported proteins with relatively brief half-lives, as has been reported 
recently in the visual system 55. Similarly, radiochemical methods for tracing the 
distribution of [aH]fucose-labeled glycoproteins in the visual system 49 may be affected 
by reutilization of labeled fucose in the brain 2". 

Reincorporation may be a special problem when proline is used in radioauto- 
graphic studies to follow the axonal transport of labeled protein. In long-term turn- 
over studies, we have found that proline-labeled transported protein has a much longer 
half-life than leucine-labeled protein. This is probably due to differences in move- 
ment of  the precursors out of cells, as well as their rates of metabolism. While proline 
enters the brain from the blood much more poorly than leucine, once in the brain, it 
remains longer 40. The rapid breakdown of leucine in nerve endings 4 may account for 
this difference. While its apparent lower rate of reutilization would favor the use of 
leucine for neuroanatomical studies after intracerebral micro-injection, the high 
background labeling following IO injection renders it less useful than proline. 

The radioautographic and biochemical studies reported here with CXM 
suggest that the antimetabolite may be useful in decreasing reutilization of the labeled 
amino acid. Droz found that puromycin reduced 'background' labeling in the chick 
ciliary ganglion by nearly 9 0 ~  (ref. 13). Other possible ways to reduce proline re- 
utilization include saturation of endogenous amino acid pools with unlabeled pre- 
cursor following incorporation 22 or the administration of inhibitory amino acid 
analogs es. 

The physiological disposition of labeled proline is of interest beyond the ques- 
tion of its precision as a neuroanatomical tool. Proline has been reported to be taken 
up by synaptosomes in ritro by a high affinity uptake mechanism, and to be released 
by a cation-dependent process ag. Additionally, proline competitively displaces 
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labeled strychnine binding to spinal cord membranes associated with glycine recep- 

tors 56. Kfinzle has reported what appears to be a selective block of proline uptake 

by specific neuronal cells in the cat lateral reticular nucleusa:L and more recemiy 

in the cerebellum ~'a. It is possible that specialized cells compete successfully for pro- 

line by virtue of a high affinity uptake system, as has been postulated for neuro- 

transmitters and their precursors. 

The question has also been raised as to whether undegraded macromolecules 
can migrate transneuronally, perhaps transsynaptically 24-26,49. If this migration 

indeed occurred, it would be of great significance in understanding cell-cell inter- 

actions in the brain. We feel that a more parsimonious interpretation of movement ol 

radioactivity out of primary terminal fields is reutilization of precursor, and that 

this possibility should be rigorously considered in studies of  macromolecular migra- 

tion. Whatever the mechanism, the release of radioactivity from terminal fields and 

its subsequent uptake by neighboring cells could serve as a means of identifying the 
distribution of terminals from the cells upon which they synapse. Thus, Weisel et al. :'~ 

have recently confirmed the report of Grafstein "4 that intraocular injection of [:3H]- 

proline in a mammal results in the appearance of radioactivity in the striate cortex. 

In such studies the extensive reutilization of axonally transported radioactivity 

may have been exploited in defining the terminal fields of second-order neurons:'L 
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