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Axonal Transport: Each Major Rate Component Reflects the 

Movement of Distinct Macromolecular Complexes 

Abstract. The proteins of the three mtljor rute components of 1r.ronn1 triinsport in 
guinea pig retinal ganglion cells lvere analyzed by one- and ticwdi~nensiond gel 
electrophoresis. Each rate component consisted of a different set of proteins that 
remained ussociated with euch other during transport. This slrggests thcit each rote 
component represents a distinct mcicromolec~rlar comp1e.u atld that these cotnpleses 
may be definable organelles such as microtlibirles, rnicroj?la/nents, cind smoorh 
endoplasmic reticullrm. Thus, the transport of radiolribeled proreins in rhc cixon 
reflects the movement of complete s~rbcellillar srriicrlrres rather than rhc mo~-etnent 
of individual proteins. 

The axon and its terminal depend on 
the continuous delivery of proteins syn- 
thesized in the cell body to maintain their 
structural and functional integrity. Axo- 
nal proteins leave the cell body as five 
separate groups, each different and mov- 
ing at a distinct rate (1-7). Some of these 
proteins have been associated with spe- 
cific structures in the axon, such as  
microtubules, neurofilaments, microfila- 
ments, and mitochondria (2-3, 8 ) .  These 
observations led us to propose a struc- 
tural hypothesis of axonal transport: pro- 
teins are transported in the axon as com- 
ponent parts of intact cytological struc- 
tures. 

Axonal transport was studied in Hart- 
ley guinea pig hypoglossal and retinal 
ganglion cells. The long hypoglossal ax- 
ons were used to study the kinetics of 
transport, and the retinal ganglion cell 
proteins, which could be radiolabeled to 
high specific activities, were used for 
more detailed analyses. Transported 
proteins were labeled by injecting 100 to 
500 pCi of either [35~]methionine or a 
1 : 1 mixture of ['Hllysine and [3H]proline 
into the hypoglossal nucleus or the pos- 
terior chamber of the eye (2, 9). At 
various times thereafter the labeled 
nerves were removed. The hypoglossal 
nerve was cut into 3-mm segments, and 
the radioactive proteins of each rate 
component of avonal transport were pre- 
cipitated from the segments with tri- 
chloroacetic acid. The polypeptides in 
each \v:~\,ii tiere analyzed in segments of 

optic nerve and tract by sodium dodecyl 
sulfate-polyacrylamide gel electrophore- 
sis (SDS-PAGE) alone or in combination 
with isoelectric focusing (two-dimen- 
sional PAGE) (10). Gels were stained 
with Coomassie blue and radioactive 

15 d a y s  
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Fig. 1. The distribution of radioactive proteins 
in the h>poglossal nerves of tu.o guinea pig3 3 
hours or 15 days after an injection of "H- 
labeled amino LICKIS. The scale of disintegr'l- 
tions per minute per segmenr is on the right 
for FC and on the left for SCa and SCb. The 
distance is measured from rhe hypoglo\hal 
nucleus. 

proteins were detected by fluorography 
( I  I ) .  

Three waves of labeled protems cor- 
respond to the major rate components 
of axonal transport in the hypoglossal 
nerve (Flg. 1). One wave, present 3 
hours after the injection of 'H-labeled 
amino acids, corresponds to the fast 
component (FC), which moves at about 
400 mmiday. Two other waves, one in 
the proximal portion and one in the distal 
portion of the nerve 15 days after the 
injection of 3H-labeled amino acids, cor- 
respond respectively to slow component 
a (SCa), moving at 0.3 to 1.0 mmiday, 
and slow component b (SCb), moving at 
2 to 4 mmiday (1,  3,  9). By selecting the 
injection and analysis intervals appropri- 
ately, it is possible to resolve SCa, SCb, 
and FC from each other and analyze 
separately the proteins in each rate com- 
ponent. Two other components of axo- 
nal transport, which have rates interme- 
diate to those of FC and SCb (6) and 
represent a much smaller proportion of 
the total transported radioactivity than 
that of SCa, SCb, and FC,  are not includ- 
ed in this analysis (6, 12). 

The SDS-PAGE analyses of SCa, 
SCb, and FC (Fig. 2) show that most of 
the radioactive bands are present in just 
one of the three components (13), but the 
resolution is insufficient to unequivocal- 
ly demonstrate that each polypeptide is 
present in only one rate component. For 
example, there is an overlap of bands in 
SCb and FC with molecular weights be- 
tween 47,000 and 92,000. To resolve 
these overlapping bands the polypep- 
tides comprising SCa, SCb, and FC were 
analyzed by two-dimensional PAGE. 
which separates polypeptides of similar 
molecular weight by their differences in 
charge (10). The results (Fig. 3) show 
that, with only one possible exception 
[the polypeptide enclosed by parenthe- 
ses in the fluorographs of SCa and SCb 
(Fig. 3)]. each of the more than 100 
polypeptides detected is present in only 
one rate component. This indicates that 
SCa, SCb, and FC each consists of dis- 
tinct polypeptides. Earlier SDS-PAGE 
studies (1-3, 8 )  showed that different 
polypeptides are transported at each of 
the five rates but did not reveal the 
distinctive composition of each rate 
component. The pattern of spots pro- 
duced by two-dimensional PAGE (Fig. 
3) may be used to identify and rigorously 
define the protein composition of each 
rate component. 

Any model to explain axonal transport 
must now account for the segregation of 
the proteins in one rate component apart 
from those in other ~-:itii components as 
the\ move p,i\t one L~rwther Some cur- 



rent models (14, 15) do not account for 
this observation. The results of our anal- 
yses can be explained by a model of 
axonal transport in which each rate com- 
ponent represents a discrete macromo- 
lecular assembly that moves as a unit. 
The structural hypothesis provides such 
a model, in that it holds that a particular 
protein is conveyed in the axon either as 
an integral part of a moving cytological 
structure or in long-term association 
with one of those structures. 

On the basis of current literature, it 
appears that each major rate component 
can now be related to a particular cyto- 
logical structure. The fast component, 
which is characterized by its membrane- 
associated proteins and its lipids, corre- 
sponds to the tubulovesicular compart- 
ment of the axon. These membranous 
structures are probably synthesized on 
the rough endoplasmic reticulum, pro- 
cessed through the Golgi complex (16), 
and then transported anterogradely in 
the axon as vesicles, dense core gran- 
ules, and membranous tubules (4 ,8 ,  17- 
19). After reaching the axon terminal, 
some of these materials may return to 
the cell body by retrograde transport as 
multivesicular and lamellar bodies that 
eventually interact with lysosomes in the 
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cell body (19, 20). The two slow compo- 
nents of axonal transport are character- 
ized by the presence of cytoskeletal pro- 
teins: SCa has been related to the micro- 
tubule-neurofilament network, and SCb 
may correspond to actin containing mi- 
crofilaments and the associated axoplas- 
mic matrix (21). If, as we propose, each 
group of proteins corresponds to a spe- 
cific structure, then the movement of the 
proteins in each group will be deter- 
mined by the motile properties of that 
structure. In our model, the proteins 
constituting FC are rapidly transported 
because they are part of the set of dis- 
crete membranous vesicles that move 
rapidly. Similarly, the proteins of SCa 
and SCb move at much slower rates 
because of the motility of the cytoskele- 
tal elements. The slower rates of axonal 
transport are similar to the rates at 
which some cells move and axons 
elongate during development or regener- 
ation (22). 

The structural hypothesis does not 
preclude the existence of interactions 
between the proteins of different rate 
components. Certain proteins in each 
complex may interact with those in other 
complexes to produce the different rates 
and directions of movement in the axon. 

Such proteins would be recognizable by 
their appearance in more than one rate 
component. Although few proteins ex- 
hibit such behavior in retinal ganglion 
cells, an example is the protein with 
molecular weight 230,000 that appears in 
both SCa and SCb (see parentheses in 
Fig. 3) (23). 

Remarkably, the coherent transport of 
proteins as part of specific axonal struc- 
tures extends to the soluble proteins of 
the neuron, which have been thought to 
be freely difFusable. For example, calmo- 
dulin and nerve-specific enolase are both 
readily solubilized from the nervous tis- 
sue, but these and many other soluble 
proteins are transported coherently in 
association with the SCb structures (24). 
Thus both calmodulin and enolase have a 
preferential affinity for the structural 
complex represented by SCb. The nature 
of the cytological structure that can en- 
compass the wide variety of easily solu- 
bilized proteins that are coherently 
transported as SCb is enigmatic. Howev- 
er, Ellisman and Porter (25) identified a 
highly ordered trabecular structure in the 
axoplasmic ground substance that might 
represent the structural assemblies of 
soluble proteins that correspond to SCb. 

Our observations that proteins are 

SCa SCb FC 

Fig. 2 (left). A comparison of the labeled polypeptides constituting the fast component and slow 
components (SCa and SCb) of axonal transport in retinal ganglion cells. The symbols enclosing 
specific bands in each column indicate those polypeptides that appear to be distinct to each 
component on the basis of multiple analyses. The radioactive bands below tubulin in the SCa 
profile are not SCa polypeptides but represent the trailing portion of the wave of SCb 
polypeptides (26). Known polypeptides are indicated: C is clathrin (27); A is actin (2, 9); NF 68, 
145, and 200 are the neurofilament polypeptides (1,3,9); and tubulin is a- and @-tubulin (1,3,9). 
Each component was radioactively labeled in a separate guinea pig with [3H]lysine and 
[3H]proline (I: I). To increase the yield of labeled fast transported proteins, the optic nerve was 
cut proximal to the chiasm just before the injection of 3H-labeled amino acids. This procedure 
causes no detectable changes in the labeled proteins observed when compared with the intact 
nerve (28). Segments (2 to 5 mm) of optic nerve, tract, or both containing the labeled proteins 
were removed from guinea pigs after 6 hours (FC), 6 days (SCb), or 38 days (SCa) and 

processed for SDS-PAGE. Fig. 3 (right). Fluorographs of the two-himenslonal gels of the polypeptides of the three major components of 
axonal transport in retinal ganglion cells. lsoelectric focusing was performed horizontally (approximate pH gradient is indicated along the bottom 
of each gel) and SDS-PAGE was performed vertically (apparent molecular weight is indicated to the left of each gel). Tubulin (TUB) and the 
neurofilament polypeptides (NF 68,145, and 200) are identified in the gel of SCa; NF 200 is a doublet in some of the guinea pigs of the strain used. 
In the gel of SCb, the known proteins are nerve-specific enolase (NSE)  and creatine phosphokinase (CPK) (24), in addition to actin (A). Clathrin is 
not indicated because it forms a streak that is too faint to be seen (28). Because these fluorographs were exposed for long periods to show minor 
polypeptides, small amounts of radioactivity corresponding to the tubulins and NF 68 were detected in the SCb fluorograph; this represents 
overlap of the leading edge of SCa with the trailing part of SCb (29). The smearing of spots in the FC pattern appears to be characteristic of glyco- 
proteins (30). Each component was labeled as described in the legend to Fig. 2, except that [''Slmethionine was used. The gels were exposed to 
the film for times sufficient to detect a polypeptide focused into a spot of 1 mm2 and containing as little as 0.9,0.3, or 0.1 disintegrations per min- 
ute for the fluorographs of SCa, SCb, and FC, respectively (If). 
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transported in segregated rate classes, 
each with a distinctive composition, sup- 
ports the structural hypothesis of axonal 
transport. Furthermore, these observa- 
tions are part of a growing body of data 
that indicate that the biologically rele- 
vant units of axonal transport are likely 
to be cytological structures and not indi- 
vidual protein molecules. 
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Abstract. For any time period, total basin sediment yield can be used to make 
reliable estimates of upland erosion rates only when no sign@cant change in 
sediment storage is in progress. In the case of Coon Creek, almost 50 percent of 
human-induced sediment has historically gone intoJZoodplain storage and less than 
7 percent has left the basin. However, some of the stored sediment is becoming 
mobile, and the present yield per unit area may actually be increasing downstream 
with the augmentation coming fiom the storage loss. 

Sediment yield is much less sensitive 
than change of sediment storage as an 
indicator of environmental change in 
some highly impacted stream basins (I). 
Because of these storage changes, there 
may be a poor correlation between mate- 
rial supplied to the stream by upland 
erosion and sediment yield at the lower 
end of the basin. These findings rein- 
force conclusions drawn from earlier re- 
search in the southeastern United States 
(2). 

A sediment budget was constructed 
for Coon Creek, a drainage basin of 360 
km2 in the Driftless Area of southwest- 
ern Wisconsin for two periods: 1853 to 
1938 and 1938 to 1975 (Fig. 1). Investiga- 
tors measured the storage of modern 
sediment (since 1853) during the period 
1974 through 1979, using techniques de- 
scribed in (3). Most storage is along 
streams, with alluvial deposits in the 
main valley accounting for about 75 per- 
cent of all measured sediment in the 
basin. 

The sediment yield of Coon Creek 
since the beginning of agricultural activi- 
ty was estimated on the basis of reser- 
voir sedimentation rates from the near- 
by, physically and agriculturally similar 
Beaver Creek Basin. The reservoir on 
Beaver Creek was built in 1867, and total 
sediment accumulation was measured in 
1939 (4) and in 1976-1977. The accumu- 
lation for both time periods was adjusted 
by means of the Brune trap efficiency 
curve (5) to estimate sediment inflow. 

Total sheet and rill erosion since 1853 
was estimated by applying the universal 
soil loss equation (6, 7) at different dates 
and Integrating the rates. Upland gully 
erosion was estimated by subtracting, 
during the period of peak erosion and 
sedimentation, the sum of the rates of 
upland sheet and rill erosion and the 
measured tributary erosion (3) from the 
sum of the rates of storage gain and 
sediment yield. This estimate is a mini- 
mal value: gully erosion was probably a 
greater proportion of the total erosion 
than indicated in Fig. 1. The overall 
average depth of erosion for 1853 to 1975 
is 13.2 cm and compares well with 9.3 cm 
from an earlier estimate (8), which was 
based on soil-profile truncations and on 
consideration of sheet erosion on open 
pasture and cultivated land. Had wood- 
land and gully erosion been included, the 
two estimates would have been closer. 

Colluvium is the residual after the sum 
of storage gain and sediment yield is 
subtracted from total erosion. It is the 
least reliably quantified component of 
the sediment budget. 

The most significant pattern to emerge 
from this sediment budget is that sedi- 
ment yield has been small compared with 
either erosion or change in sediment 
storage. In view of the fact that so much 
emphasis has been placed on sediment 
yield as an indicator of erosional pro- 
cesses ( 2 ) ,  it is instructive to realize that 
in this area sediment yield was only 
about 6 percent of all upland erosion 
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