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When the nuclear localization signal peptide (sp) of the SV 
40 large T antigen was coupled to human serum albumin 
(HSA), rhodaminated (r), and microinjected into axons of 
Aplysia neurons in vitro, the rHSA-sp was conveyed through 
the axon to the cell body and then into the nucleus (Ambron 
et al., 1992). But since rHSA-sp is an artificial construct, we 
needed to determine whether naturally occurring nuclear 
proteins use this pathway. We therefore injected calf thymus 
histone H-l and Xenopus oocyte nucleoplasmin into axons. 
By 3 hr both were retrogradely transported and targeted into 
the nucleus, though histone H-l less efficiently than rHSA- 
sp or nucleoplasmin. In contrast, neither rHSA, nor rHSA 
conjugated to a peptide with a random distribution of basic 
amino acids, was transported or imported. To see if proteins 
that use the pathway remain intact, we coupled sp to HRP. 
When injected into varicosities, the HRP-sp was transported/ 
imported to the nucleus, where it was enzymatically active. 

A key issue was to determine whether endogenous pro- 
teins use this pathway. Consequently, axoplasm was ex- 
truded from Aplysia nerves and the proteins were fraction- 
ated by size. SDS-PAGE and Western blots showed that two 
fractions contained proteins that were recognized by an af- 
finity-purified antibody to sp: fraction 3 included sp83, and 
fraction 4 contained sp75. In addition, these two proteins 
were found in nuclei isolated from neurons. To assess trans- 
port, the total proteins in the fractions were rhodaminated 
and injected into varicosities. Fraction 3, but not fraction 4, 
contained protein that was transported through the axon to 
the nucleus. Collectively, these data indicate that endoge- 
nous proteins, perhaps sp83, use the retrograde transport/ 
nuclear import pathway. Such proteins could inform the nu- 
cleus of events in the periphery as in injury or learning and 
memory. 
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We recently described an intracellular pathway in Aplysia neu- 
rons that conveys proteins from the axon periphery through the 
axon to the cell body and then into the nucleus (Ambron et al., 
1992). The pathway is formally composed of two processes, 
retrograde axonal transport and nuclear import. While studies 
of the latter have been taken to the molecular level (see reviews 
by Goldfarb, 1989; Garcia-Bustos et al., 199 1; Nigg et al., 199 1; 
Silver, 1991) our knowledge of retrograde axonal transport is 
rather limited (Vallee and Bloom, 199 1) and derives largely from 
studies of material endocytosed at nerve terminals. The dis- 
covery of this novel pathway allows us to view retrograde trans- 
port from a very different perspective. We initially assembled 
a construct consisting of the nuclear localization signal peptide 
(sp) of the SV-40 large T antigen conjugated to rhodaminated 
human serum albumin (rHSA) (Lanford et al., 1986). When 
injected into varicosities on axons of Aplysia neurons regener- 
ating in vitro, the rHSA-sp construct was rapidly transported 
through the axon exclusively in the retrograde direction. Trans- 
port could be blocked by nocodazole, implying a dependence 
on microtubules (Ambron et al., 1992). 

The fact that the construct gained access to retrograde trans- 
port from the axoplasm suggested that some soluble axonal 
molecules mimic the rHSA-sp and use the retrograde transport 
system to travel back to the cell body. It is significant that the 
sp provides access to retrograde transport as well as nuclear 
import. We base this idea on earlier experiments showing that 
whereas rHSA-sp was transported/imported, rHSA was neither 
transported nor imported, and rHSA coupled to a modified form 
of sp (msp) was transported and imported inefficiently (Ambron 
et al., 1992). We now provide direct evidence for the role of the 
peptide by showing that free sp prevents the transport of rHSA- 
sp. Thus, we believe that sp is the first signal to be identified 
that targets a protein for axonal transport. In addition, the ability 
of sp to inhibit the movement of rHSA-sp implies that retro- 
grade transport, like nuclear import (Garcia-Bustos et al., 199 1; 
Nigg et al., 199 1; Silver, 199 l), is a saturable process requiring 
specific receptors in the axoplasm. 

While the previous studies broadly defined the pathway, sev- 
eral important issues needed to be addressed. First, rHSA-sp is 
an artificial construct in which as many as 20 sp moieties are 
attached to a single molecule of HSA. Can naturally occurring 
nuclear proteins, which contain internal nuclear localization 
sequences (NLSs), also use this pathway? Here we show that 
they can. Xenopus oocyte nucleoplasmin, for example, is trans- 
ported and imported almost as efficiently as rHSA-sp. Second, 
we did not determine whether proteins that use this pathway 
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remain intact during transport and import; the movement of 
the rHSA-sp was judged solely by fluorescence. Finally, before 
we can begin to estimate the significance of the pathway to 
neurons, we have to identify the endogenous proteins that use 
the pathway. Several sp-containing proteins are present in the 
Aplysia nervous system (Ambron et al., 1992) and we now show 
that two of these, of 75 and 83 kDa, are present in axoplasm 
and the nucleus. In addition, the 83 kDa polypeptide is in a 
fraction of axoplasm that exhibits transport/import after injec- 
tion. Thus, the 83 kDa constituent has the properties that one 
would expect for a protein that uses the pathway. 

Materials and Methods 
Animals. Adult Aplysia caltfornica (100-250 gm), obtained from Mar- 
inus (Long Beach, CA), and juvenile animals, obtained from The Uni- 
versity of Miami School of Marine and Atmospheric Sciences (Miami, 
FL), were maintained in circulating, aerated artificial seawater (Aquar- 
ium Systems, Eastlake, OH) with seaweed as food. 

Preparation of the nuclear import signal sequence constructs for in- 
jection. The SD (Lanford and Butel. 1984) was synthesized and purified 
>s described iAmbron et al., 1992). Sp and thelysine/arginine -peptide 
(LAP; Calbiochem, La Jolla, CA) were coupled to HSA (Calbiochem) 
or horseradish peroxidase (type VIA, Sigma, St. Louis, MO) with n-mal- 
eimido-benzoyl-hydroxy-succinimide (Pierce Chemicals, Rockford, IL) 
(Goldfarb et al., 1986) and the number of peptides/molecule protein 
was calculated from the change in migration after SDS-PAGE (Dwor- 
etzky et al., 1988). 

Calf thymus histone H- 1 (Boehringer-Mannheim, Indianapolis, IN), 
nucleoplasmin (a gift from Dr. C. M. Feldherr, Univ. Florida), HSA- 
LAp, and HSA-sp were reacted with tetramethylrhodamine isothio- 
cyanate (TRITC) (isomer R, Sigma) (Newmeyer et al., 1986) under 
identical conditions. The rhodamine:protein ratio in the constructs var- 
ied from 3.5 to 7.0. Unreacted TRITC was removed by gel filtration or 
dialysis. 

Extrusion of axoplasm and isolation of proteins. The CNS of adult 
animals was excised intact and the right and left connectives and the 
pair of posterior pedal nerves were isolated. Axoplasm was extruded 
into iso-osmolar artificial seawater at 4°C (Sherbany et al., 1979). The 
extruded material was centrifuged at 125,000 x g and the supematant 
was processed on Centricon filters (Amicon, Beverly, MA) to obtain 
four fractions containing proteins of nominal < 10, 10-30, 30-100, and 
> 100 kDa. The total proteins in each fraction were conjugated to TRITC 
and concentrated to about 10 &PI in injection buffer. 

Isolation of nuclei. The cell bodies of large neurons, removed from 
the abdominal ganglion of adult animals, were placed in artificial sea- 
water at 4”C, and were manually dissected (Ambron, 1982). The bulk 
of the cytopiasm, which is bright orange, and the external envelope were 
removed and the nuclei were washed with medium until they were free 
of adherent cytoplasm. Intact nuclei were collected and broken by freez- 
ing and thawing, and a soluble fraction was obtained by centrifugation 
at 125,000 x g (Elliot et al., 1993). 

Growth and injection of neurons. Neurons, removed from the abdom- 
inal ganglion of juvenile Aplysia with a long segment of the original 
axon intact, were added to polystyrene dishes coated with polylysine 
and containing hemolymph:Ll5 (1: 1) at 15°C (Schacher and Proshanski, 
1983). Under these conditions the cut end of the axon seals over to 
form a large stationary varicosity from which neurites emerge (Ambron 
et al., 1992). Cells were injected during the second day of growth while 
their neurites were still elongating. Approximately I ng of protein in 
500-750 pl potassium phosphate buffer (pH 7.3) was injected by pres- 
sure into the cell body or varicosity using micropipettes with 0.5 pm 
tips fashioned with a Flaming, Brown electrode puller (Sutter Instrument 
Co.. Novato. CA). After iniection. cells were maintained at 15°C and 
then fixed with 4% paraformaldehyde in artificial seawater. 

Confocal microscopy. Fixed juvenile cells were examined using a Bio- 
Rad MRC-600 scanning laser confocal imaging system attached to a 
Leitz Ortholux microscope. Cells were examined with a 25 X, 0.75 NA 
objective and the black-level settings, laser intensity, and aperture open- 
ings were the same in all the experiments. Within each experiment, 
background fluorescence in the nucleus of cells that were not injected 
was nulled by adjusting the gain. Background in the nucleus varied less 
than 10% from one exoeriment to the next. Iniected cells were then 

examined by fluorescence and bright-field microscopy. Optical sections 
through the varicosity, axon, cytoplasm, and nucleus were examined to 
assess fluorescence. Data were collected only from cells with approxi- 
mately the same amount of fluorescence, and the source of the fluores- 
cence was localized by reducing the gain. The noise level was minimized 
by averaging, using a Kalman filter, and the image was stored on a 
Bernoulli disk. An estimate of the amount of fluorescence in each region 
was obtained using the AREA program of the MRC 600 image processing 
system. Briefly, the fluorescent region of the axon was outlined and 
scanned, yielding an average fluorescence per unit area. This value was 
then multiplied by the volume occupied by the fluorescence. The process 
was repeated with the nucleus and the two values were used to compute 
the percent transport. Images were combined and transferred to a Sony 
video printer. 

Horseradish peroxidase cytochemistry. Neurons in vitro were injected 
with HRP-sp. Three hours later they were fixed, washed, permeabilized 
with 0.1% Triton X- 100, and incubated in 0.2% 3,3’-diaminobenzidine 
(Sigma) in 50 mM Tris-HCI (pH 7.6) with the addition of 0.01% H,O, 
(Graham and Kamovsky, 1966). Noninjected neurons in the same dish 
had no staining of the nucleus. 

SDS-PAGE and Western blotting. Proteins were extracted into sample 
buffer containing SDS by heating at 70°C for 20 min. Insoluble material 
was removed by centrifugation and the supematant was electrophoresed 
on a 10% polyacrylamide gel according to Laemmli (1970). Polypeptides 
in the gel were either visualized by silver staining or transferred to 
nitrocellulose paper to be probed by an affinity-purified antibody to sp 
(Ambron et al., 1992). 

Results 
The sp provides access to the retrograde axonal transport 
portion of the transport/import pathway 
Previous studies suggested that the sp is recognized by some 
component of the retrograde transport system (Ambron et al., 
1992). To investigate the relationship between the sp and trans- 
port in greater detail, we microinjected terminal varicosities 
with proteins that contain an NLS and compared the extent to 
which they were transported. All these experiments were carried 
out under similar conditions: (1) four to nine cells were ex- 
amined in each case, (2) the injection site was between 300 and 
500 pm from the cell body, (3) cells were injected with approx- 
imately the same amount of rhodaminated protein and data 
were collected only from cells with comparable levels of fluo- 
rescence, and (4) the distribution of fluorescence m the cell was 
determined by confocal microscopy so as to determine the source 
of the fluorescence and to distinguish unequivocally the nucleus 
from cytoplasm. 

We first determined the time required for rHSA-sp to be 
transported to the nucleus. Six neurons were injected and in 
each the leading edge of the rHSA-sp traversed the axoplasm 
to the nucleus within about 20 min. By 3 hr, even in neurons 
with the longest axons, the transport and import processes were 
complete (Fig. IA). The two processes appeared tightly coupled 
since little rHSA-sp accumulated in the cytoplasm surrounding 
the nucleus. As previously reported (Ambron et al., 1992), the 
construct moved through the axon only in the retrograde di- 
rection and little remained at the injection site. During the course 
of these studies we injected both large and small varicosities 
and found that size had no influence on the rate or extent of 
transport. All subsequent studies were carried out on cells fixed 
3 hr after injection. 

The HSA-sp used in these experiments contained from 2 to 
20 peptides per molecule of HSA with a mean of about 12. 
Evidently only a few peptides are needed to ensure retrograde 
transport since essentially all of the construct was transported 
to the cell body. This efficiency indicated that the peptide is 
recognized bv a receptor and that the process should be satu- 



4066 Schmied et al. l The Retrograde Transport/Nuclear Import Pathway 

Figure 1. Distribution of fluorescent proteins 3 hr after microinjection into varicosities. Cells were fixed and examined simultaneously by confocal 
fluorescence microscopy (left panels) and by bright-field microscopy (right panels). The nucleus of Aplysiu neurons is large and often occupies much 
of the cell body. The arrows mark the injection site on the axon. A, rHSA-sp. All of the construct was transported retrogradely along the axon to 
the cell body and subsequently imported into the nucleus. None of the construct was transported in the anterograde direction into the growing 
neurites, many of which are out of focus. B, In contrast to the results in A, when the varicosity was injected with rHSA-sp plus a 50-fold excess 
of sp only a small amount of the rHSA-sp reached the nucleus; most was present in the varicosity and along the axon. The axon is fluorescent all 
the way to the cell body, but its proximal region is out of the plane of focus. Typical background fluorescence is seen in the nucleus and cytoplasm 
of the adjacent noninjected cells. C, rHSA-LAp. Coupling a basic peptide to the HSA did not result in any transport to the nucleus; all of the 
construct remained in the varicosity, where it was punctate. D, Rhodaminated nucleoplasmin injected into varicosities was transported efficiently 
along the axon and by 3 hr was in the nucleus. Scale bars, 250 pm. 

rable. To investigate this possibility we coinjected rHSA-sp and 
a 50-fold molar excess of free sp into the varicosities of four 
neurons. Under these conditions, the extent of transport was 
markedly reduced and between 40% and 50% of the construct 
was now found at the terminal and along the axon (Fig. 1B). 
Experiments using a 25-fold excess of the sp yielded similar 
results in three of five cells (data not shown). The finding that 
unconjugated sp competed with HSA-sp strengthens the idea 
that the sp moiety is required for transport. 

The sp contains 10 amino acids with a cluster of basic residues 
(Table 1) that is characteristic of many proteins that are im- 
ported into the nucleus (Goldfarb et al., 1986; Lanford et al., 
1986, 1990; Garcia-Bustos et al., 199 1). To see if such a cluster 
is also important for retrograde transport, a 19 amino acid pep- 
tide containing randomly distributed lys/arg residues was con- 
jugated to HSA (HSA-LAp; Table 1). After rhodamination, the 
rHSA-LAp was injected into the terminal varicosity. When ob- 
served 3 hr later, all of the fluorescent construct was seen in a 
pun&ate pattern at the site of injection (Fig. 1C). A similar 
distribution was seen after injection of rHSA (Ambron et al., 
1992). The rHSA-LAp had from two to six basic peptides per 
molecule of HSA and we would have seen movement of at least 

some of the construct had the LAp rendered HSA transport- 
competent. 

Since the sp units conjugated to HSA extend from the poly- 
peptide backbone, the construct might not be a good model for 
endogenous proteins in which the signal sequence is an integral 
part of the polypeptide chain. We therefore injected the nuclear 
proteins histone H- 1 and nucleoplasmin into varicosities. Nu- 
cleoplasmin has two internal NLSs, one of which is similar to 
that of the sp, and histone H-l is highly basic with an sp-like 
sequence (Table 1). When the cells were examined 3 hr after 
injection, both proteins had been transported, but not to the 
same extent. Four cells were injected with nucleoplasmin, and 
computations using an image analysis program showed that, on 
average, 93% of the fluorescent protein reached the cell body, 
where it was found in the nucleus (Fig. 1D). The rest was in the 
axon. Thus, nucleoplasmin was transported/imported almost as 
efficiently as rHSA-sp. 

Histone H-l, on the other hand, was transported relatively 
poorly (Fig. 2). We examined nine injected cells and in each 
found fluorescent protein along the axon (Fig. 2A). In seven of 
the cells some of the histone had reached the cell body and 
entered the nucleus where it was localized in patches (Fig. 2B). 
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Table 1. The retrograde transport and nuclear import capabilities of proteins and constructs 
microinjected into neurons 

Transport Nuclear 
Protein Sequencea efficiencyb import 

HSA-sp PKKKRK ++++ Yes 
HRP-sp PKKKRK ++++ Yes 
HSA-msp PKKTRK + Poor 
HSA-LAp CSKARKQAASIKVAVSAAsxK 0 No 
HSA - 0 No 
Histone H- 1 PKKAKK ++ Yes 
Nucleoplasmin RPAATKKAGQKKKKL +++ Yes 
Axoplasm PKKKRK ? ? Yes 

n The sequence for histone H-l was obtained from Van Holde (1989) and that for nucleoplasmin, from Garcia-Bustos 
et al. (1991). 
I’ The relative transport efficiency was based on the proportion of the protein that was conveyed back to the nucleus at 
3 hr after injection into the varicosity (see Results). 

Image analysis indicated that only about 38% of the histone 
reached the nucleus. The histone in the axon at 3 hr was not 
immobilized, however, and in two cells examined 24 hr after 
injection almost all of the protein had entered the nucleus (not 
shown). 

We followed fluorescence in these experiments and assumed 

Figure 2. Distribution of rhodaminated histone H-l 3 hr after injec- 
tion. Nine neurons injected with histone H- 1 were examined by confocal 
fluorescence microscopy and bright-field microscopy, Unlike rHSA-sp 
and nucleoplasmin (Fig. l), histone H-l was transported inefficiently. 
A, Most of the fluorescence was present along the axon and only a small 
amount reached the nucleus (N), which is not in focus. B, In some 
injected cells a detectable amount of the histone reached the nucleus 
where it was distributed in patches. In this cell the axon grew under the 
cell soma and was not in the confocal plane. Scale bar, 250 pm. 

that the proteins remained intact during both transport and 
import. To see if this assumption was correct, we conjugated sp 
to the enzyme HRP. The HRP-sp was microinjected into the 
terminal varicosity of four cells and 3 hr later the cells were 
assayed for activity. As can be seen in Figure 3, HRP reaction 
product was found in the nucleus. There was no staining in the 
nucleus of the noninjected cells (not shown). These results lead 
us to believe that enzymes and other proteins coupled to sp will 
retain their activity en route to the nucleus. 

Evidence that endogenous axoplasmic proteins use the 
transport/import pathway 
Polypeptides containing sp are present in axoplasm. An alhnity- 
purified antibody to sp recognizes soluble polypeptides of 75, 
83, 110, and > 200 kDa in the Aplysia nervous system (Ambron 
et al., 1992). Since we believe that sp-containing proteins use 
the transport/import pathway to communicate between the axon 
and nucleus, it follows that they would reside in axoplasm. 
Consequently, we extruded axoplasm from 20 Aplysia nerves, 
removing the organelles by centrifugation. The supernatant pro- 
teins were then separated by membrane exclusion filtration into 
four fractions nominally containing (1) < 10 kDa, (2) 1 O-30 kDa, 
(3) 30-100 kDa, and (4) > 100 kDa proteins. A dot blot assay 

Figure 3. Coupling sp to HRP results in transport of the enzyme to 
the nucleus. The HRP-sp was injected into the varicosity (arrow) and 
3 hr later the cell was fixed and processed to detect HRP enzyme activity 
(see Materials and Methods). The results from a tvuical cell are shown. 
The nucleus (iV) is prominently stained. Scale bar,*100 pm. 
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Figure 4. Identification of sp-containing proteins in fractions 3 and 4 
from axoplasm. Proteins in fractions 3 (30) and 4 (100) were extracted 
into sample buffer, placed on a slab gel in duplicate, and subjected to 
SDS-PAGE. The gel was cut in half; one half was stained with silver 
(A) and the other was transferred to nitrocellulose and exposed to the 
anti-sp antibody (B). The lanes are different in length due to distortions 
introduced during the silver staining. Notice that the filters did not 
separate by size alone. The exclusion limits are based on the behavior 
of globular proteins, however, and proteins with other shapes can prob- 
ably pass through the pores. Fraction 3 contains a stained band at 83 
kDa (arrowheadin A) that is also recognized by the antibody (arrowhead 
zn B). Fraction 4 has a 75 kDa band (asteruk zn A) that is also recognized 
by the antibody (asterisk in B). The 83 and 75 kDa polypeptides were 
also recognized by the antibody in total nervous tissue (Ambron et al., 
1992). 

showed that fractions 3 and 4, but not the others, contained 
proteins recognized by the anti-sp antibody (not shown). Thus, 
soluble sp-containing polypeptides are present in axoplasm. 
Fractions 3 and 4 contained 29% and 3 l%, respectively, of the 
total extruded soluble protein. 

To determine which of the sp-containing polypeptides were 
in these two fractions, we used SDS-PAGE, silver staining, and 
Western blots (Fig. 4). Soluble axoplasm contains roughly 70 
polypeptides, but fractions 3 and 4 had mainly the higher-mo- 
lecular-weight constituents. Fraction 3 contained an 83 kDa 
polypeptide (arrow, Fig. 4A) and a prominent 75 kDa polypep- 
tide was present in fraction 4 (asterisk, Fig. 4A). Neither poly- 
peptide was present in the other fraction. That these were the 
sp-containing constituents found previously (Ambron et al., 
1992) was shown on Western blots probed using the anti-sp 
antibody; the 83 kDa (~~83) and 75 kDa (~~75) polypeptides 
were recognized in their respective fractions (Fig. 4B). 

sp75 and sp83 are contained in the nucleus. We thought that 
axoplasmic sp75 and sp83, like exogenous HSA-sp, are capable 
of using the transport/import pathway and thus should be found 
in the nucleus. A major advantage to using large Aplysia neurons 
is the ability to obtain purified nuclei by manual dissection 
(Ambron, 1982; Elliot et al., 1993). We used the affinity-purified 
anti-sp antibody to probe Western blots of the soluble fraction 
from 60 nuclei (see Materials and Methods). Soluble axoplasm 
was used as a reference. As seen in Figure 5, the antibody rec- 
ognized sp75 and sp83 from both sources. 

Fraction 3, which contains sp83, exhibits transport after in- 
jection. To see if any proteins in these two fractions use the 
transport/import pathway, the total polypeptides in each were 
coupled to rhodamine and injected into varicosities. None of 
the protein in fraction 4 moved from the injection site (not 
shown). In contrast, fluorescent protein in fraction 3 was trans- 
ported rapidly through the axon and entered the nucleus. We 

Figure 5. Sp83 and sp75 are present in axoplasm and the nucleus. 
Axoplasm extruded from 10 nerves and nuclei isolated from 60 cells 
by manual dissection were separated by SDS-PAGE. The polypeptides 
were transferred to nitrocellulose and probed with the affinity-purified 
anti-sp antibody. Sp83 (arrow) and sp75 (asterisk) were detected in the 
lanes from both the nucleus (N) and axoplasm (A). 

injected a total of nine neurons with the fraction 3 proteins and 
transport/import was seen in each. A typical result is shown in 
Figure 6. Only a small percentage of the total rhodaminated 
protein reached the nucleus (Fig. 6AJ3). Most remained in the 
varicosity, where it was both diffusely and punctately distributed 
(Fig. 6C,D). Interestingly, some fluorescent protein was anter- 
ogradely transported into the neurites and growth cones. 

The sp is required for HSA to enter the nucleus 
The data obtained using constructs and identified proteins imply 
that if a protein is transported, then it will also be imported 
into the nucleus. We wished to establish that the sp is required 
for nuclear import in these neurons. We know that rHSA (Am- 
bron et al., 1992) and rHSA-LAp (Fig. 1 C) are not transported 
after injection into varicosities, but instead accumulate in dis- 
crete loci near the injection site. When rHSA and rHSA-LAp 
were injected into the cell body, neither was imported into the 
nucleus (Fig. 7AJ3). These results provide some additional evi- 
dence that the signals that mediate import and transport are the 
same. 

Discussion 

The retrograde transport and nuclear import processes 
recognize the same sps 
Proteins that use the nuclear import pathway have an NLS that 
mediates the entry of the protein to the nucleus. The sp of the 
SV 40 large T antigen is the most widely studied NLS and is 
characterized by a cluster of five basic amino acids (Table 1). 
Many other nuclear proteins have NLSs that are homologous 
to the sp and comparison of eight of these signals indicates that 
a four amino acid sequence, -lys-arg/lys-X-arg/lys- (-K-R/K- 
X-R/K-), is sufficient to mediate import (Garcia-Bustos et al., 
199 1). Proteins enter the nucleus through the nuclear pore in a 
two-step process (Feldherr et al., 1984; Newmeyer and Forbes, 
1988; Richardson et al., 1988) that can be blocked by WGA, a 
lectin that binds to O-linked glycoproteins of the pore complex 
(Finlay et al., 1987). The import process has been well studied 
in non-neuronal cells from yeast to mammals and appears to 
be universal (for reviews, see Goldfarb, 1989; Garcia-Bustos et 
al., 1991; Nigg et al., 199 1; Silver, 1991). Our studies indicate 
that nuclear import in Aplysia neurons conforms to the general 
model. For example, rHSA-sp and the nuclear proteins nucleo- 
plasmin and histone H-l are targeted to the nucleus after mi- 
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Figure 6. Soluble protein in fraction 3 from axoplasm is conveyed to the nucleus after injection. Rhodaminated proteins in fraction 3 from 
axoplasm were injected into varicosities and the neurons were examined 20 hr later. The results from a typical cell are shown. A and B, A focal 
plane through the middle of the soma. Fluorescent protein was transported from the injection site into the nucleus. This is a small percentage of 
the fluorescent protein in the cell, however. In C and D, Taken at the level of the neurites, most of the fluorescent protein in the cell was near the 
injection site, where it was diffusely distributed. At low gain settings of this region, punctate fluorescence was also evident (not shown). Notice the 
presence of fluorescent protein in the extensive network of neurites that emerged from the varicosity. Scale bar, 250 pm. 

croinjection into the cell body. The uptake into the nucleus is 
rapid and essentially complete, and occurs via a mechanism 
that can be blocked by prior injection of WGA (not shown). 

What makes neurons unique and exciting is the presence of 
an axonal retrograde transport mechanism for delivery of pro- 
teins to the cell body. The combination of transport and import 
thereby constitutes a pathway capable of conveying proteins 
from the axon periphery all the way to the nucleus. An important 
feature of this pathway is that access to both transport and 
import is mediated by sp. This conclusion is based on the fact 
that tinkering with sp affected both processes. Thus, both pro- 
cesses recognized HSA-sp (Fig. IA), but not HSA (Fig. 7A; Am- 
bron et al., 1992) or HSA-LAp (Figs. IC, 7B; Table 1). Also, 
when HSA was coupled to msp, in which a lysine was replaced 
by threonine, the rHSA-msp construct was as ineffective in me- 
diating retrograde transport (Ambron et al., 1992; Table 1) as 
nuclear import (Lanford and Butel, 1984). Finally, free sp ef- 
fectively competed for access to the retrograde transporter, since 
when rHSA-sp and sp were co-injected the proportion of rHSA- 
sp that reached the nucleus was markedly reduced (Fig. 1B). 

The ability of sp to compete with I-ISA-sp points to a saturable 
receptor in Aplysia nerves. We have examined the soluble frac- 
tion of extruded axoplasm and identified two polypeptides of 
approximately 60 and 67 kDa that bind specifically to a column 
of immobilized sp (M. Smith, R. Schmied, R. T. Ambron, un- 

published observations). These putative sp receptors are likely 
homologs of the approximately 59 and 69 kDa sp receptors 
found in the cytoplasm of other cell types (Garcia-Bustos et al., 
199 1) and would constitute another feature shared by both the 
import and transport processes. The cytoplasmic receptors are 
thought to facilitate the translocation of sp-containing proteins 
from the cytoplasm into the nucleus, but the details are not 
known (Nigg et al., 199 1). Homology between the cytoplasmic 
and axonal receptors would also indicate that the movement of 
NLS proteins from the cytoplasm to the nucleus is an active, 
vectorial process that is homologous to retrograde transport 
through the axon. Consistent with this idea is our observation 
that proteins that reach the cell body from the axon seem to go 
directly to the nucleus without disseminating throughout the 
cytoplasm. Thus, defining the relationship between the sp, its 
receptor, and the retrograde transport system might provide 
insight into the movement of nuclear proteins in non-neuronal 
cells. 

One way to characterize the receptor proteins is to assume 
that transport efficiency reflects the affinity of receptor binding. 
Ifwe correlate our previous studies using msp, mentioned above, 
with our recent findings, we can rank the proteins according to 
their ability to be transported: HSA-sp 2 nucleoplasmin > 
histone H-l > HSA-msp > HSA (Table 1). We would expect 
these constituents to bind to the isolated receptor in the same 
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Figure 7. rHSA and rHSA-LAp do not enter the nucleus (N) after 
microinjection into the cell body. Neurons were injected (arrow) with 
(A) rHSA, or (B) rHSA-LAp, and 3 hr later the cells were fixed and 
examined by confocal microscopy. Both constructs remained in the 
cytoplasm. Scale bar, 100 pm. 

order. This hierarchy also provides some insight into the re- 
quirements for binding to the receptor. Nucleoplasmin has two 
NLSs located in the C-terminal tail region (Table 1; Dingwall 
et al., 1988). One, -ala-lys-lys-lys-lys-, is similar to the min- 
imal NLS of the sp described above. The NLS of calf thymus 
histone H- 1 has not been conclusively identified, but the protein 
was actively imported when microinjected into kidney epithelial 
cells (Breeuwer and Goldfarb, 1990) and it contains a -pro-lys- 
lys-ala-lys-lys- sequence that is conserved in rabbit and trout 
(Van Holde, 1989). Also, the presence of a proline adjacent to 
a group of basic amino acids is a motif found in several NLSs 
(Garcia-Bustos et al., 199 1). If we assume that these sequences 
are recognized by the retrograde transport apparatus, then trans- 
port, like nuclear import, requires a cluster of at least four basic 
amino acids and substitution of lysine for arginine is acceptable. 
These findings provide direction for future research and must 
be interpreted cautiously since it has proven extraordinarily 
difficult to analyze the contributions made by the various com- 
ponents of an NLS (Lanford and Butel, 1986; Lob1 et al., 1990; 
Garcia-Bustos et al., 199 1). 

Endogenous axoplasmic proteins use the transport/import 
pathway 

The presence of receptors for sp in axoplasm and the fact that 
exogenous sp-conjugated proteins and constructs are transport- 
ed prompted a search for endogenous proteins that use the trans- 
port/import pathway. We used four criteria to identify such 
proteins. The proteins would (1) be present in the soluble frac- 

tion of axoplasm, (2) be present in the nucleus, (3) contain sp, 
and (4) be transported/imported when injected into the axon. 
We wish to point out that these criteria are restrictive and would 
cause us to miss some proteins. For example, proteins that enter 
the nucleus and remain there for only a short time might not 
be detected and therefore would not meet the second criterion. 
Also, isolated proteins in which the sp is not exposed (see below) 
will not be transported or imported. Nevertheless, we felt that 
by being stringent we would identify those proteins that were 
most likely to use the pathway. 

So far, sp83 meets at least the first three criteria. Sp83 was 
previously identified on Western blots of soluble Aplysia ner- 
vous tissue (Ambron et al., 1992). In a refinement of these earlier 
studies, we now found sp83 in fraction 3 from soluble extruded 
axoplasm (Fig. 4) and also in the nucleus (Fig. 5). When fraction 
3 was injected into the varicosities of nine cells, in each case 
one or more proteins used the transport/import pathway to the 
nucleus (Fig. 6). Fraction 3 contains 25 polypeptides, but we 
reasoned that the retrograde transport machinery would rec- 
ognize the sp-containing constituents and convey them to the 
cell body. Since sp83 is found in the nucleus and is the major, 
if not the only, sp-containing polypeptide in fraction 3, it is 
reasonable to assume that this constituent was transported/im- 
ported. If correct, then sp83 must have been transport com- 
petent at the time of its isolation (see below). Direct evidence 
to support these ideas awaits the isolation of this protein. 

A 75 kDa polypeptide (~~75) meets three of the criteria: it 
contains sp and is found in the axoplasm and nucleus (Figs. 4, 
5). It was interesting, therefore, that fraction 4 from the axo- 
plasm, which contains this protein, did not show transport after 
injection. As discussed below, this would be explained if the sp 
was masked through an association with another protein. The 
fact that sp75 was present in the > 100 kDa fraction supports 
this idea. Alternatively, the mere presence of the sp sequence 
may not be sufficient to cause transport. What argues against 
this is the fact that sp75 is in both the nucleus and axoplasm. 
Clearly, we need to know more about this constituent. 

Other proteins in these fractions behaved as expected of res- 
ident axoplasmic proteins that were removed and then inserted 
back into the axon; some moved in the anterograde direction 
into the neurites and growth cones, some remained in the axo- 
plasm, while others were taken up into organelles (Fig. 6C,D), 
probably to be destroyed (R. Schmied and R. T. Ambron, un- 
published observations). The anterogradely transported mate- 
rial is interesting since it presumably moved by associating with 
the surface of vesicles. Synapsin I is transported this way and 
a synapsin I homolog is present in Aplysia neurons (Bongiovi 
et al., 1992). 

We are actively attempting to isolate sp83 for injection. It is 
relevant, therefore, that an 83 kDa soluble glycoprotein, with 
single O-linked N-acetylglucosamine moieties, has been found 
in both the axoplasm and nucleus of Aplysia neurons (Elliot et 
al., 1993). Preliminary comparisons between the two suggest 
that this glycoprotein and sp83 are one and the same. Since 
O-linked N-acetylglucosamine is a conserved characteristic of 
several transcription factors in the nucleus and is present on a 
variety of proteins involved in regulating protein synthesis (see 
Elliot et al., 1993, for references), identity would strengthen the 
argument that axoplasmic sp83 is destined for transport to the 
nucleus. 

One of our goals is to characterize endogenous proteins that 
use the transport/import pathway, but there are alternatives to 
isolating sp83 and sp75. Another approach is to identify proteins 
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that are relatively abundant and have the properties expected 
of constituents that use the pathway. According to our hypoth- 
esis (Ambron et al., 1992) the signal sequence in such proteins 
is masked to allow the protein to enter the axon. Masking could 
occur, for example, by forming a complex with another protein 
(Nigg et al., 1991). According to this scenario, the sp would 
become exposed by having the complex dissociate in response 
to a transduction event (Ambron et al., 1992). Such events 
include nerve injury (Cragg, 1970; Walters et al., 199 l), the 
binding of a trophic factor that influences neuronal phenotype 
or survival (Ambron et al., 1985; Macagno et al., 1986; Schot- 
zinger and Landis, 1990; Oppenheim, 199 1; French and Kristan, 
1992), or the binding of a ligand that produces long-term struc- 
tural changes at the presynaptic terminal (Nguyen and Atwood, 
1992) such as occurs in learning and memory (Bailey and Chen, 
1983). 
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