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ABSTRACT 

We labeled proteins in the cell bodies of rabbit retinal ganglion cells with 
[~S]methionine and subsequently observed the appearance of radioactive actin in 
tissues containing the axons and synaptic terminals of these neurons, i.e., the 
optic nerve (ON),  optic tract (OT),  lateral geniculate nucleus (LGN) and the 
superior colliculus (SC). The temporal  sequence of appearance of labeled actin 
(which was identified by its specific binding to DNase I,  its electrophoretic 
mobility, and its peptide map)  in these tissues indicated that actin is an axonany 
transported protein with a maximum transport  velocity of 3.4-4.3 mm/d.  

The kinetics of labeling actin were similar to the kinetics of labeling two 
proteins (M1 and M2) which resemble myosin; these myosin-like proteins were 
previously found to be included in the groups of proteins (groups I I I  and IV) 
transported with the third and fourth most rapid maximum velocities. The 
similarity in transport between actin and myosinqike proteins supports the idea 
that a number  of proteins in the third and fourth transport groups may be 
functionally related by virtue of their involvement in a force-generating mecha- 
nism and suggests the possibility that these proteins may be axonally transported 
as a preformed force-generating unit. 

KEY WORDS axonal transport �9 retinal ganglion 
cells actin myosin �9 gel electrophoresis 

Since the axons and synaptic terminals of neurons 
are severely limited in their capacity for protein 
synthesis (1, 11), many proteins must be supplied 
from the neuronal cell body. Axonal transport, 
the process which carries out this function, is 
complex. In the retinal ganglion cells of the rabbit, 
newly synthesized proteins undergoing axonal 
transport can be divided into at least five groups 1 

1 A group has been operationally defined as comprising 
those polypeptides which appear to become radioactively 
labeled simultaneously in a particular segment of axons 
after the cell bodies are labeled. 

(9, 28, 29). Each group is composed of a charac- 
teristic set of polypeptides, and moves with a 
characteristic maximum transport velocity (the 
estimated transport velocities range from -240  
mm/d (group I) to 1 mm/d (group V). While the 
identities of the transported proteins are known in 
only a few cases, certain shared characteristics of 
the proteins of each group suggest that the orga- 
nization of the transported proteins is a reflection 
of the movement of different organelles down the 
axons at different velocities (17). For example, 
the group I proteins are associated with an organ- 
elle (or organelles) with a density similar to that 
of the plasma membrane; several (but not all) 
group II polypeptides appear to be associated with 
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mitochondria;  groups III  and IV contain two 
proteins which resemble muscle myosin (27); and 
group V includes polypeptides similar to those 
suggested to be subunits of neurofilaments (8). 
The identification of additional axonally trans- 
ported proteins should serve to clarify further the 
nature of each group. 

Transport groups III and IV are intriguing since 
each includes a protein (M1 and M2, respectively) 
which, like muscle-myosin, binds to actin in an 
ATP-reversible manner (27). Analogous to the 
role of myosin in muscle, it is likely that M1 and 
M2 are involved in some form of force-generating 
mechanism and that this mechanism involves in- 
teraction between M1,  M2,  and actin. This consid- 
eration suggests the possibility that groups III and 
IV may represent,  at least in part, the movement  
of such a force-generating unit or  organelle down 
the axon. If so, it would be expected that these 
transport groups would also include actin and the 
proteins involved in the regulation of actin-myosin 
interactions. There are additional reasons to antic- 
ipate that actin is an axonally transported protein. 
First, actin is a major  component  of  neurons (7) 
(as well as o ther  eukaryotic cells [21]) and is 
present in the neurites of  cultured neuroblastoma 
cells (4). Second, certain axonal force-requiring 
processes (e.g., axonal transport itself) which 
could involve actin are independent  of the cell 
body (19); it would be expected that the proteins 
involved in such processes would be supplied by 
axonal transport. In the following experiments,  
we provide evidence that actin is indeed axonally 
transported, and that its maximum transport ve- 
locity is similar to that of M1 and M2 and other  
proteins of transport group IV ? 

M A T E R I A L S  A N D  M E T H O D S  

Labeling of Transported Proteins 
[~S]methionine (700 Ci/mmol, obtained from Amer- 

sham Searle) was lyophilized, suspended at a concentra- 
tion of 11 mCi/ml in a solution of dithiothreitol (0.1 
raM), and 0.44 mCi (0.04 ml) was injected into the 
vitreous of the locally anesthetized eyes of adult albino 
rabbits (28). After appropriate times, the rabbits were 
killed by intravenous injections of sodium pentabarbitol, 
and the optic nerve (ON), optic tract (OT), lateral 
geniculate nucleus (LGN), and superior colliculus (SC) 
were removed and frozen on dry ice. 

2 Black and Lasek (2) have recently reported similar 
results from studies of actin transport in the guinea pig 
visual system. 

Local Labeling of Visual System Proteins 
A rabbit was anesthetized with sodium pentabarbitol, 

and 100 /xCi of [~S]methionine (20 /zl) was injected 
near the OT, LGN, and SC through holes drilled in the 
skull. The ON was labeled via injection of isotope 
through the orbit. After 50 min, the animal was killed 
with sodium pentabarbitol and the ON, OT, LGN, and 
SC were removed and frozen on dry ice. 

Analysis of Actin 
The visual system tissues containing labeled, trans- 

ported proteins were homogenized in 5 ml of a solution 
containing CaCI~ (I mM) and Tris (10 raM), pH 7.5, in 
a glass-on-glass (ON) or teflon-on-glass (OT, LGN, and 
SC) homogenizer, The samples were subjected to sonic 
oscillation for 0.5 min at 30 W, centrifuged for 1 h at 
100,000 g, and the supernates were subjected to DNase- 
Sepharose affinity chromatography according to the pro- 
cedures of Lazarides and Lindberg (15) as follows: The 
supernates were applied to columns of DNase-Sepharose 
(0.7 ml, either obtained from Worthington Biochemical 
Corp., Freehold, N. J., or prepared according to the 
buffer method of Parikh et al. [20]) in 5-ml disposable 
pipettes at room temperature. The samples were applied 
to the columns twice, and then the column was washed 
with 7 ml of a solution containing CaCI2 (5 mM) and 
Tris (10 mM) pH 7.5, followed by 5.5 ml of 
guanidine �9 HCI (0.75 M) in Buffer A (0.5 M Na-acetate, 
1 mM CaCI2, 30% glycerol, pH 6.5). Actin was eluted 
from the column with 5.5 ml of guanidine. HCI (4 M) in 
Buffer A. The guanidine. HC1 washes (0.75 and 4 M) 
were dialyzed overnight against 10 liters of H20 (4~ 
and precipitated with 9% trichloroacetic acid. The pre- 
cipitates were washed with diethyl ether and resus- 
pended in 0.15 ml of denaturing solution (1.5% sodium 
dodecyl sulfate [SDS], i0 mM Tris, 5 mM EDTA, 30% 
glycerol, 2 mM dithiothreitol, pH 8) with bromphenol 
blue added as tracking dye, and samples (0.05 ml) were 
electrophoresed. 

Analysis of M1 and M2 
The ATP-sensitive actin-binding proteins M1 and M2 

were recovered from the pellets of the actin extractions 
by homogenization with 5 ml of a buffer of high ionic 
strength (20 mM Na~P~O~, 1 mM MgCI2, 0.6 M NaCI, 
1% Triton X-100, 1 mM dithiothreitol, pH 8.2). The 
supernate of a l-h, 100,000 g centrifugation was made 
to 60% of saturation at 0~ with (NI~)~SO4, and the 
precipitate was sedimented at 100,000g for 20 min. The 
precipitate was resuspended in 3 ml of a buffer contain- 
ing MgCI2 (5 raM), imidazole (25 raM), NaCI (0.2 M), 
Triton X-100 (0.1%), pH 7, and centrifuged for 1 h at 
100,000 g. The supernates were divided into two ali- 
quots (1.5 ml each); F-actin (100 ~g) was added to each 
aliquot, and ATP (0.34 raM) was added to one of the 
two. The actin was sedimented by centrifugation for 40 
min at 100,000 g, and the gelatinous pellet was resus- 
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pended in denaturing buffer (0.1 ml). A sample (0.05 
ml) was electrophoresed as described below. 

Electrophoresis 
Before electrophoresis, samples were heated for 5 

min at 90~ in denaturing buffer and applied to SDS 
gradient polyacrylamide slab gels. The running gels were 
usually 13 cm high, and contained a gradient of 4-12% 
acrylamide (acrylamide:bis-acrylarnide = 33.3:1) and 5- 
25% glycerol. The glycerol served to stabilize the acryl- 
amide gradient during polymerization. The stacking gel 
contained 3% acrylamide, 0.09% bis-acrylamide. The 
buffer system was that of Laemmli (10). After electro- 
phoresis, the gels were stained and destained according 
to the procedure of Fairbanks et al. (6). The gels 
containing M1 and M2 were impregnated with 2, 5- 
diphenyloxazole (PPO) according to the procedure of 
Bonnet and Laskey (3). The gels were dried on a Bio- 
Pad gel drier (Bio-Rad Laboratories, Richmond, Calif.), 
and exposed to x-ray film (Kodak XR-5). In the case of 
the PPO-impregnated gels, the film was preflashed to an 
optical density of 0.13 with a shielded electronic flash 
unit before autoradiography at -70~ The response of 
the preexposed film is linear with respect to radioactivity 
(13). Autoradiographs were developed under standard 
conditions in an automated film processor. 

Quantitative Analysis o f  Actin, M1, and M2 
The amount of radioactivity associated with actin was 

determined by two methods. First, the autoradiographic 
band associated with actin was scanned with a microden- 
sitometer (Joyce-Loebl) and the area under the actin 
peak was determined by computerized planimetry. Sec- 
ond, the actin band was excised from the get, dissolved 
in 0.5 ml of 30% H20,, and the radioactivity was 
determined in a scintillation counter after adding 2.5 ml 
of HzO and 10 mi of scintillation medium (3A70, 
Research Products International, Elk Grove, Ill.). The 
background radioactivity on the gel was determined as 
the average of counts in the two pieces of the gel 
adjacent to the actin band and of the same size. The 
activities obtained by both methods were corrected for 
radioactive decay from the time of isotope injection, and 
the total activity in the sample was calculated. The 
agreement of the two methods is shown by the similarity 
of the two actin curves in Fig. 7. In addition to the total 
radioactivity, the relative specific radioactivity of actin 
was calculated by dividing the actin-associated radioac- 
tivity by the relative protein contents of the actin bands 
determined by densitometry of the Coomassie blue- 
stained gels. However, no major differences were appar- 
ent between plots of specific activity and total activity; 
therefore, only total activity is shown in Fig. 7. 

The radioactivity associated with M1 and M2 was 
calculated from densitometry of the fluorographs as 
follows: The area associated with M1 and M2 was 
corrected for ATP-insensitive radioactivity with the same 

electrophoretic mobility. The resulting activity was cor- 
rected for radioactive decay from the time of isotope 
injection, and the numbers were converted to counts per 
minute (the conversion factor was obtained by directly 
counting M2-containing slices of the gel, as described for 
actin above). The activities were normalized so that the 
peak activity in each tissue segment corresponded to 1. 
The labeling pattern obtained in this way did not differ 
significantly from that obtained when the data were 
expressed as specific activities and corrected for differ- 
ences in recovery between the +ATP and - A T P  sam- 
ples. 

Peptide Maps 

Transported actin was obtained from the ON and OT 
of a rabbit 8 d after its retina was labeled with I mC of 
[s~S]methionine. Actin was extracted and purified by 
DNase chromatography as described above, except that 
a 3-ml column of DNase-Sepharose was used. The 
column eluate was dialyzed against H,O, concentrated 
to a volume of 1 ml by ultrafiltration on an Amicon PM 
10 filter (Amicon Corp., Scientific Systems Div., Lexing- 
ton, Mass.), and 530 /zg of skeletal muscle actin was 
added. Reagents were added to achieve the following 
concentrations: SDS (1.5%), glycerol (15%), dithiothre- 
itol (5 raM), Tris (10 mM), pH 8, and the sample was 
electrophoresed on a preparative polyacrylamide (8%) 
running gel (4 cm high, 15 mm inside diameter) with a 
3% acrylamide stacking gel (1.2 cm high) using the 
buffer system of Laemmli (10) and the apparatus from 
Savant Instruments. The protein was eluted from the 
bottom of the gel with the same buffer in which it was 
applied, and the fractions containing actin and radioac- 
tivity (the two peaks coincided) were pooled and di- 
alyzed against H20 and lyophilized. The protein was 
denatured in guanidine. HC1 (8 M), reduced with dithi- 
othreitol, carboxymethylated, digested with trypsin and 
subjected to two-dimensional thin-layer chromatogra- 
phy-electrophoresis as described by Stephens (23). The 
thin-layer plates were autoradiographed for 10 d with 
Kodak XR-5 x-ray film and then stained with fluoresca- 
mine as described by Stephens (23). The skeletal muscle 
actin standard was purified from rabbit muscle by the 
method of Spudich and Watt (22), followed by prepara- 
tive electrophoresis and digestion as described above. 

R E S U L T S  

We radioactively labeled newly synthesized pro- 
teins in the retinal ganglion cells of  rabbits by 
injecting [aSS]methionine into the posterior cham- 
ber  of  the eye. The  axons of  the retinal ganglion 
cells exit from the eye through the ON (~  17 mm 
long), pass through the contralateral O T  3 ( ~ 1 0  
mm long), and form synapses in the L G N  (~27  

a In albino rabbits, the great majority of retinal ganglion 
cell axons cross at the optic chiasm. 
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mm from the eye) and the SC ( - 3 5  mm from the 
eye). We isolated actin by a combination of 
DNase-Sepharose affinity chromatography and 
polyacrylamide gel electrophoresis from the ON, 
OT, LGN, and SC at various time intervals (3 h, 
1, 4, 8, 12, and 23 d) after labeling the retina, 
and determined the actin-associated radioactivity. 
Fig. 1 shows a stained gel illustrating the purifica- 
tion of actin from visual system structures by 
DNase I affinity chromatography. Figs. 2, 3, and 
4 show autoradiographs of similar gels at 4, 8, and 
23 d after the retina was labeled with 
[~S]methionine. Actin (i.e., a protein which 
bound to DNase I and had the same electropho- 
retic mobility as actin) was first labeled in the ON 
1 d after the retina was labeled (data not shown). 
By 4 d the protein was more heavily labeled in the 
ON (Fig. 2), and by 8 d it was labeled in the OT 
and LGN as well as in the ON. At  12 and 23 d 
(Fig. 4) actin was labeled in all four of the visual 
system tissues analyzed. Assuming that the se- 
quential appearance of labeled actin in visual 
system structures progressively more distal from 
the eye reflects its transport down the axon, these 
experiments suggest that actin moves at a maxi- 
mum velocity 4 of 3 . 4 4 . 3  mm/d. (This estimate is 
based on the observation that at 4 d no labeled 
actin was detected farther than 17 mm from the 
eye [i.e., in the OT] while by 8 d some labeled 
actin was detected 27 mm from the eye [i.e., in 
the LGN]).  The maximum transport velocity of 
actin is therefore most similar to the maximum 
velocity previously found (28) for group IV pro- 
teins, i.e., 2-4 mm/d. Groups I (240 nun/d) and 
II (34-68 mm/d) contain less actin than can be 
detected by our methods, since we found no 
labeled actin in the ON and OT at times when 
other proteins of these groups were labeled, i.e., 
6 h in the ON and OT, and 1 and 4 d in the OT. 

We previously observed that two polypeptides 
(M1 and M2) which resemble skeletal muscle 
myosin in their ATP-sensitive cosedimentation 
with actin are axonally transported in rabbit reti- 
nal ganglion cells with maximum velocities of 2-8 
mm/d (27). Since actin also appears to be trans- 
ported at a velocity in this range, we attempted to 

4 By "maximum velocity" we mean the velocity (aver- 
aged over time) at which the most rapidly transported 
actin moves. Operationally, the maximum velocity was 
estimated as the distance between the retina and a point 
in the axons, divided by the time of the first appearance 
of labeled actin at that same point in the axon. 

FIGURE 1 Stained SDS polyacrylamide gels showing 
the following: polypeptides which were not retained by 
DNase-Sepharose (columns labeled 1); polypeptides 
which were retained and eluted by 0.75 M guanidine- 
HC1 (columns labeled 2); polypeptides which were re- 
tained and eluted by 4 M guanidine-HCl (columns 
labeled 3). Column P shows the polypeptides in the 
residual particulate fraction of the optic nerve after the 
extraction of soluble proteins. Arrow A indicates the 
electrophoretic mobility of skeletal muscle actin. In 
columns 1, 2, 3, and P, 0.16, 0.33, 0.33 and 0.10, 
respectively, of the entire fraction was electrophoresed. 

characterize more precisely the relationship be- 
tween the transport of actin and that of the two 
myosin-like proteins. We therefore repeated the 
above experiment, analyzing radioactively labeled 
M1 and M2 as well as actin in rabbits whose 
retinas were labeled with [~S]methionine at inter- 
vals of 6 h, 1, 2, 4, 6, 8, 12, 23, and 36 d before 
the analysis. Actin was isolated from a soluble 
fraction of each tissue segment while M1 and M2 
were extracted at high ionic strength from the 
particulate fractions of the same tissues. M1 and 
M2 were identified by their ATP-sensitive cosedi- 
mentation with F-actin. Figs. 5 and 6 show exam- 
ples of autoradiographs of electrophoresed sam- 
ples of actin-cosedimented M1 and M2, and 
DNase-purified actin at increasing time intervals 
after labeling the retina, while Fig. 7 summarizes 
the relative amounts of label associated with these 
proteins at each time. The temporal sequences of 
labeling of actin, M1, and M2 in the visual system 
tissues were similar; in the ON, OT, LGN, and 
SC, respectively, actin was first labeled at 2, 6, 8, 
and 23 d, M2 at 2, 6, 6, and 23 d, and M1 at 1,6,  
6, and 8 d. The data summarized in Fig. 7 suggest 
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three additional conclusions. First, much more 
actin-associated label was recovered than label 
associated with M1 or M2 (see the legend of Fig. 
7). At the time of maximum labeling of each 
protein in the optic nerve, the ratios of actin: M2: 
M1 were 1.0:0.014:0.0025. This difference indi- 
cates that much more newly synthesized actin is 
transported than M1 or M2, although the exact 
proportions cannot be determined without know- 
ing the relative amounts of methionine in these 
three proteins and the relative efficiencies of their 
recovery. (However, we estimate that at least 
30% of the total M1 and M2 was recovered; 
therefore, the excess of labeled actin cannot be 
entirely explained by differences in the efficiencies 
of recovery.) The second conclusion drawn from 
Fig. 7 is that the maximum labeling of M1 pre- 
cedes the maximum labeling of actin and M2 in all 

Ft6URES 2--4 Autoradiographs of electrophoresed 
fractions from the DNase-Sepharose column at increas- 
ing time intervals after labeling the retina with 
[aSS]methionine. The columns labeled 1, 2, and 3 show 
the polypeptides which: (a) were not retained by the 
DNase; (b) were eluted with 0.75 M guanidine-HC1; 
and (c) were eluted with 4 M guanidine-HCl. Arrow A 
shows the position of actin on the gel. The exposure time 
for the autoradiographs was 8 d. Column P shows the 
radioactive polypeptides in the residual particulate ma- 
terial of the optic nerve following actin extraction. The 
asterisks and arrow 43 show polypeptides which are 
discussed in the text. The amount of each fraction 
electrophoresed is the same as in Fig. 1. 

structures more distal from the eye than the ON. 
The times of maximum labeling of M2 and actin 
were similar, although M2 became maximally 
labeled more rapidly than actin in the OT and SC. 
Finally, Figs. 2-7 show that the label associated 
with actin disappeared from the visual system 
tissues more slowly than the label associated with 
M1, M2, and certain other group IV polypeptides, 
e.g., 43. 

It is worth noting the behavior of several addi- 
tional labeled proteins which were retarded by the 
DNase-Sepharose column. While most of the la- 
beled polypeptides other than actin passed unre- 
tarded through the DNase-Sepharose (columns 1 
of Figs. 2-4), several were retained. One such 
protein (No. 43 in Figs, 2-4, column 2) was eluted 
from the column by 0.75 M guanidine. HCI and 
co-electrophoresed with a previously described 
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I~GURES 5 and 6 Fluorographs of electrophoresed actin, M1, and M2 extracted from the same tissue 
segments at increasing time intervals after labeling the retina with [~S]methionine. Actin was purified by 
DNase-Sepharose chromatography. The columns labeled A show the radioactive polypeptides which were 
eluted from the DNase with 4 M guanidine-HCl. The columns labeled ( - )  and (+) show the labeled 
proteins which cosedimented with actin in the absence ( - )  and presence (+) of ATP. "A" indicates the 
electrophoretic mobility of actin. One-third of each actin sample and one-half of each M1 and M2 sample 
were electrophoresed. Autoradiographic exposure times were: Fig. 5, actin = 10 d, M1 and M2 = 5 d; 
Fig. 6, aetin = 10 d, M1 and M2 = 5 d. 

t ranspor ted  polypept ide (No. 43 in reference 28).  
This polypept ide became labeled in a tempora l  
sequence similar to that  of actin, but  (like M I  and 
M2)  the label associated with it d isappeared from 
the ON and O T  more  rapidly than was the case 

for actin (Fig. 4). Polypeptide 43 migrates  on SDS 
polyacrylamide gels the same way as skeletal 
muscle fl t ropomyosin  (data not  shown);  if 43 and 
t ropomyosin  were related,  it would seem possible 
that  43 was re ta ined  on the column by virtue of 
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an interaction with the actin bound to the column. 
Two labeled polypeptides (mol wt =61,000 and 
58,000) were, like actin, eluted from the DNase- 
Sepharose column with 4 M guanidine. HCI (as- 
terisks in Figs. 3 and 4). The labeling pattern of 
these polypeptides was peculiar; while they were 
radioactively labeled in the ON from 8 d after the 
retina was labeled until the end of the experiment 
(23 d), they never became labeled in the OT, 
LGN, or SC. These labeled polypeptides co-elec- 
trophoresed on polyacrylamide gels with two 
stained polypeptides, one of which we have rou- 
tinely observed in the ON but not in the OT (data 
not shown); these polypeptides may therefore be 
associated with the nerve sheath. The simplest 
explanation for their pattern of labeling is that the 
two polypeptides are not axonally transported 
from the cell bodies but, instead, are locally 
synthesized by optic nerve satellite cells, s presum- 
ably from the labeled amino acids supplied by the 
breakdown of transported polypeptides. 

The Local Synthesis o f  Actin and Myosin- 

like Proteins in the ON, OT, LGN, and SC 

The possibility that proteins can become labeled 
in the visual system via the local incorporation of 
radioactive precursors supplied by the breakdown 
of axonally transported proteins led us to investi- 
gate the ability of the ON, OT, LGN, and SC to 
synthesize actin, M1, and M2 from locally sup- 
plied amino acids. We injected [aSS]methionine 
near these visual system tissues in an anesthetized 
rabbit, and after 50 min we assayed labeled actin, 
M1, and M2 by the same methods used in the 
transport experiments. Approx. 0.2% of the lo- 
cally incorporated label was recovered in actin 
(Fig. 8). An ATP-sensitive actin-binding protein 
with an electrophoretic mobility similar to M2 was 
also locally labeled, but the major fraction of the 
local ATP-sensitive actin-binding label appeared 
to electrophorese slightly farther than M2 (Fig. 
8). M1 was not labeled by the local application of 
[~SS]methionine. 

Peptide Mapping o f  Transported Actin 

As further confirmation of the relationship be- 
tween the labeled DNase I binding protein and 
skeletal muscle actin, we compared the methio- 

s Satellite cells, as used here, means all nonneuronal 
cells (e.g., glia and mesodermal and meningeal ele- 
ments) in the ON and OT. 
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Fmu~E 7 Radioactivity associated with actin, M1, and 
M2 after labeling the retina with [~S]methionine. The 
symbols are: (�9 actin-associated radioactivity deter- 
mined by densitometry of autoradiographs or (0) by 
directly counting excised gel slices: (A,) M1, and (A) 
M2, determined by densitometry of fluorographs. The 
curves are normalized so that in each case the highest 
value is 1.0. This peak value corresponds to the follow- 
ing values (cpm) of total recovered radioactivity in each 
tissue for M1, M2, and actin, respectively. ON: 152, 
889, 61,326; OT" 130, 274, 11,867; LGN: 43, 132, 
6,775; SC: 31,318, 9,187. 

nine-containing tryptic peptides derived from 
these two proteins. We used DNase-Sepharose 
chromatography to purify the presumptive trans- 
ported actin from the ON and OT of a rabbit 8 d 
after labeling its retina with 1 mCi of 
[~S]methionine. The presumptive transported ac- 
tin was mixed with an 18-fold excess of rabbit 
skeletal muscle actin and further purified by pre- 
parative gel electrophoresis. The resulting prepa- 
ration gave rise to a single stained band on 
analytical polyacrylamide gels and one major ra- 
dioactive band which comigrated with actin (Fig. 
9a).  16 of the 29 radioactive methionine-contain- 
ing tryptic peptides (arising from the transported 
protein) coincided on the peptide map with flu- 
orescamine-stained peptides arising predomi- 
nantly from the excess muscle actin (Fig. .9c) .  
Most of these same labeled peptides also corre- 
sponded to stained peptides on a simultaneously 
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FIOURE 8 Synthesis of actin and ATP-sensitive actin- 
binding proteins after local application of [~S]methio- 
nine to the ON, OT, and LGN. Columns labeled 
"actin" show autoradiographs of gels upon which actin 
purified from locally labeled ON, OT, and LGN was 
electrophoresed. Columns labeled myosin show fluo- 
rographs of gels containing polypeptides which cosedi- 
mented with actin in the absence ( - )  or presence (+) 
of ATP. The starting material in columns ON and 
LGN was locally labeled tissue, while the column 
labeled 8 d shows authentic M1 and M2 extracts from 
an ON + OT 8 d after labeling the retina with 
[~S]methionine. 

prepared map of muscle actin alone, but, due to 
the large number of spots and the variability in 
peptide separations, their coincidence in many 
cases was not a convincing proof of their identity. 
However, two of the labeled peptides corre- 
sponded to actin peptides with reproducibly dis- 
tinctive positions on the peptide map, and could, 
therefore, be confidently identified as actin pep- 
tides. Since only methionine-containing peptides 
were radioactive, the presence of stained but 
nonradioactive peptides was expected. Labeled 
polypeptides which did not comigrate with muscle 
actin peptides were also expected since there are 
at least 25 amino acid differences between skeletal 
muscle actin and cytoplasmic actins (24). The 
similarities between the peptide maps of the trans- 
ported protein and muscle actin provide additional 
evidence that the two are related. 

DISCUSSION 

We conclude that actin (identified by its affinity 
for DNase I, its electrophoretic mobility, and its 
peptide map) is a transported protein which moves 
down the axons of the retinal ganglion cells with a 
maximum transport velocity of 3.4-4.3 mm/d. 
This conclusion is significant in three respects. 
First, it establishes the identity of one of the 
transported proteins. Second, the transport veloc- 
ity of actin supports the idea that a number of 
proteins with maximum transport velocities be- 
tween 2 and 4 mm/d (group 1V proteins) may be 
related to each other by virtue of their mutual 
involvement in a force-generating mechanism 
(17). And third, the similarity in transport of actin 
and M2 suggests the possibility that the two 
proteins may be transported as part of a pre- 
formed force-generating unit or organeile. These 
possibilities are considered below. 

The transport of proteins at similar velocities 
(the basis for their division into transport groups) 
suggests that the proteins may move as an inter- 
acting unit, e.g., an assembled organelle, espe- 
cially when the proteins within the group are 
functionally related. For example, the transport of 
multiple mitochondrial proteins in group 11 can 
most easily be understood as the movement of 
pre-assembled mitochondria down the axon (17). 
The similarity in the transport velocities of actin 
and M2, as well as their potential functional 
relationship, suggests that the two proteins (per- 
haps together with other group IV proteins) are 
part of a force-generating organelle which is pre- 
assembled into a functional unit before its trans- 
port down the axon. Such a functional unit might 
then be distributed along the length of the axon, 
where it would participate in mechanochemical 
events, such as the movements of materials in 
other transport groups. The precise destination of 
such a force-generating unit can only be surmised 
from what is known about the organization of 
actin within neurons. Two possibilities are consid- 
ered here. First, Chang and Goldman (4) found 
actin filaments (identified by their decoration with 
heavy meromyosin) along the length of neurites. 
The density of these filaments was greatest under- 
lying the plasma membrane. An actual attachment 
of actin to the plasma membrane has been dem- 
onstrated in the microvilli of the intestine (18). In 
cultured fibroblasts, the distribution of actin (16), 
myosin (25)~ and tropomyosin (14) can be similar, 
indicating that these three proteins may be com- 
ponents of the same structure. It therefore seems 
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FIGURE 9 Tryptic peptide analysis of transported actin. The labeled transported polypeptide resembling 
actin was purified from ON + OT 8 d after labeling the retina with [sSS]methionine. (a) Column 1: a 
stained gel showing a skeletal muscle actin standard; Column 2: a stained gel showing material which 
subsequently served as the substrate for trypsin, i.e., the DNase purified ON + OT extract mixed with an 
excess of skeletal muscle actin, and further purified by preparative electrophoresis; Column 3: an 
autoradiograph of a gel upon which the labeled ON + OT material was electrophoresed after purification 
on DNase-Sepharose; Column 4: an autoradiograph of the gel in Column 2, showing the labeled material 
which was subsequently used as the substrate for trypsin. (b) Autoradiograph of the tryptic peptide map 
of the labeled transported protein mixed with an excess of skeletal muscle actin (220 /zg total). 
Chromatography is in the vertical direction while electrophoresis at pH 3.5 is in the horizontal direction. 
(c) Fluorescamine-stained peptide map of the labeled transported protein mixed with excess skeletal 
muscle actin. Fluorescamine-staining polypeptides which were also radioactive are indicated by solid spots. 
(d) Fluorescamine-stained peptide map of muscle actin (220/zg) alone. The solid spots indicate the two 
peptides which are most clearly identical to the methionine-containing peptides arising from the 
transported protein shown in 9 b. 
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reasonable to imagine that the actin transport 
observed here serves at least in part to replenish a 
sub-axolemmal force-generating apparatus, per- 
haps comprising M2, tropomyosin, and other 
group IV polypeptides, in addition to actin. It has 
been suggested by Lasek and Hoffman (12) that 
an interaction of neurofilaments with sub-axolem- 
mal actin filaments may provide the motile force 
for the slow movement of neurofilaments down 
the axon. It seems quite reasonable to suppose 
that a sub-axolemmal force-generating unit such 
as described above might be responsible for the 
transport of more rapidly moving materials, i.e., 
groups I or II. 

Alternatively, the morphological correlate of a 
group IV force-generating system could be the 
microtrabecular ground substance of the axo- 
plasm. The microtrabecular system of axons com- 
prises a lattice of interwoven strands which ap- 
pears to interconnect microtubules, neurofila- 
ments, smooth endoplasmic reticulum, and 
plasma membrane (5). The proteins that make up 
this system have not been directly determined, but 
similar systems in non-neuronal cytoplasms ap- 
pear to be closely associated with actin-containing 
fibers (26). The maintenance of the microtra- 
becular system has not been accounted for in 
terms of axonally transported proteins. It is there- 
fore worth considering that the axonal transport 
of actin, M2, and other group IV proteins may 
represent the replenishment of the elements of the 
microtrabecular system, either by deposition of its 
elements along the axon or by a growth of a 
continuous system down the axon. 

While the axonal transport of actin and myosin 
as part of a preformed functional force-generating 
unit is an intriguing possibility, other explanations 
for the similarity in axonal transport of several 
contractile proteins obviously have not been ex- 
cluded. For example, noninteracting proteins 
which shared the same transport mechanism might 
move at similar velocities, as might proteins whose 
interactions during transport did not reflect their 
functional interaction at their destination (e.g., if 
one protein was responsible for carrying another 
down the axon). On the surface, the difference in 
the apparent relative turnover rates of actin and 
M2 appears to favor such alternative explanations; 
while the various elements of a preformed func- 
tional force-generating unit might be expected to 
decay in the axon at similar rates, we observed 
that actin-associated label disappeared from the 
ON, OT, LGN, and SC more slowly than the 

label associated with M2, 43, and other group IV 
proteins. However, since the apparent turnover 
rate of actin in the ON, OT, LGN, and SC may 
be complicated by the synthesis of actin by satellite 
cells as discussed below, it remains possible that 
actin, M2, and certain other group IV proteins 
decay at similar rates within the axons. 

Two observations raise the possibility that actin 
may have become labeled on the ON, OT, LGN, 
and SC via local synthesis in these tissues as well 
as by axonal transport. First, satellite cells in these 
tissues can incorporate locally supplied amino 
acids into actin (Fig. 8). Second, since an ON 
protein, which was apparently not transported, 
eventually became labeled after the retina was 
labeled (asterisks in Figs. 3 and 4), it appears that 
some labeled amino acids became available for 
incorporation by satellite ceils during the transport 
experiments. (This labeled amino acid was proba- 
bly supplied by the transport process itself [e.g., 
by the intra-axonal breakdown of transported 
proteins] rather than by systemic uptake, since the 
ON contralateral to the labeled eye did not accu- 
mulate labeled actin [data not shown] although its 
access to systemic label was similar to that of the 
ON originating in the labeled eye.) However, we 
think it is unlikely that the labeling of actin by 
local synthesis can account for the pattern of actin 
labeling observed in the transport experiments, 
for the following reasons. The nontransported ON 
protein did not become labeled until 4 d after 
actin in the ON; if this nontransported protein is 
typical of locally synthesized proteins, this differ- 
ence in labeling time argues that at least the initial 
appearance of labeled actin in the ON and OT is 
the result of transport rather than local synthesis. 
Furthermore, we estimate (based upon the frac- 
tion of locally synthesized protein which was re- 
covered as actin) that a minimum of 4 • 107 cpm 
of transported label would have to be locally 
incorporated to achieve the observed labeling of 
actin in the ON 6 d after labeling the retina. Since 
the maximum total label in the ON at any time 
(also 6 d) was 1.5 x 10 v cpm, a substantial 
breakdown of transported proteins would be re- 
quired to supply enough label for a significant 
fraction of the observed labeled actin to have 
arisen from local incorporation. However, it does 
seem possible that the slow disappearance of 
labeled actin from the ON, OT, and LGN could 
be due in part to the continued local synthesis of 
actin from radioactive amino acid provided by the 
breakdown of transported proteins. 
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The distinction between transport and local 
synthesis is unambiguous in the case of M1, since 
it was not labeled by local administration of 
labeled amino acids and, in addition, its maximum 
labeling during transport preceded the maximum 
labeling of total protein in the OT, LGN, and SC. 
The failure to detect M1 among locally synthe- 
sized proteins is interesting since it suggests either 
that M1 may be involved in neuronal processes 
not shared by satellite cells or that M1 is enriched 
by the process of transport. The major ATP- 
sensitive actin-binding protein synthesized locally 
in the ON appeared to have a slightly greater 
electrophoretic mobility than M2; this observation 
makes it unlikely that M2 is labeled by local 
synthesis in the transport experiments. 
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