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Axonal Transport of Monoclonal Antibodies 
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Three monoclonal antibodies against rat brain synaptosomes, 
produced by conventional hybridoma techniques, were screened 
for their ability to undergo uptake and axonal transport in viva 
Injections of ascitic fluid or of purified immunoglobulin G (IgG) 
were made into the vitreal chamber of the eye in anesthetized 
rats to test for anterograde transport in retinal afferents to the 
contralateral superior colliculus. Retrograde transport by facial 
nucleus motoneurons was evaluated after injections of antibody 
into the mystatial vibrissal skin and musculature. Transported 
immunoglobulins were localized in tissue sections using a mod- 
ification of the peroxidase-antiperoxidase technique. One 
monoclonal antibody, S-2C10, was found to undergo antero- 
grade transport in retinal ganglion cells and retrograde axonal 
transport in facial motoneurons. Transported immunoglobulins 
were detectable even after injections of dilute antibody solution 
(0.01-0.05°~ IgG), and the uptake-transport process for this an- 
tibody appeared saturable. Two other antibodies tested, S-4E9 
and S-lG10, exhibited the ability to undergo retrograde trans- 
port, but only after injections at relatively high antibody con- 
centrations (L 1.0% IgG). Neither of these antibodies was shown 
to undergo anterograde transport. Following retrograde trans- 
port in motoneurons, the S-2ClO antibody was localized in neu- 
ronal perikarya, proximal dendrites, and the adjacent neuropil 
of the facial motor nucleus. In contrast, the WE9 and S-1GlO 
antibodies were localized in punctate granules within neuronal 
cell somata following transport. The findings suggest that the 
uptake-transport process for the S-2ClO antibody is mediated 
by adsorptive endocytosis following binding of the antibody to 
a plasma membrane component (or components) present in soma- 
dendritic and nerve terminal membranes. Preliminary studies 
indicate the antigen recognized by S-2ClO is likely to be an 
intrinsic membrane protein or proteoglycan. Uptake of both the 
S-4E9 and S-lG10 antibodies appears to involve nonspecific, 
fluid-phase endocytosis. These results indicate that the uptake 
and axonal transport of monoclonal antibodies will be useful as 
in viva and in vitro probes for characterizing neuronal plasma 
membrane composition and the intracellular processing of mac- 
romolecules internalized by these membranes. 

Antisera generated against rat brain synaptic membrane and 
protein fractions contain antibodies that undergo retrograde ax- 
onal transport following uptake at nerve terminals (Fabian et 
al., 1984; Ritchie et al., 1984, 1985b; Wenthold et al., 1984; 
also R. H. Fabian, T. C. Ritchie, J. V. A. Choate, and J. D. 
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Coulter, unpublished observations). The uptake-transport pro- 
cess for antibodies to neural antigens appears to be mediated 
by binding to nerve membranes, since small amounts of injected 
antibodies lead to detectable retrograde transport, saturation of 
the uptake-transport process appears to occur, and the uptake- 
transport process can be blocked by neutralization of the anti- 
bodies with excess antigen (Ritchie et al., 1985b; and R. H. 
Fabian, T. C. Ritchie, J. V. A. Choate, and J. D. Coulter, un- 
published observations). These studies suggested the feasibility 
of developing specific antibodies to neuronal membrane com- 
ponents as probes for characterizing the neuronal cell surface, 
and for examining the molecular composition and processing 
of axonally transported materials. 

The goal of the current study was to produce monoclonal 
antibodies to neuronal membrane components and to evaluate 
the ability of these antibodies to be taken up and axonally trans- 
ported in vivo. Somatic cell hybridization methods were used 
to generate monoclonal antibodies to elements of synaptosomal 
membranes, and studies of three of the antibodies are presented 
here. One monoclonal antibody was found to be taken up by 
adsorptive endocytosis and to undergo both anterograde and 
retrograde axonal transport. The other two antibodies could not 
be shown to be transported anterogradely, but some retrograde 
transport could be demonstrated when large amounts of anti- 
body were injected. The uptake of these latter antibodies is likely 
to be via nonspecific, fluid-phase endocytosis. Preliminary re- 
sults of these studies have been reported previously (Ritchie et 
al., 1985a). 

Materials and Methods 

Preparation of synaptosornes and immunization 
Synaptosomes were prepared from rat brains by differential centrifu- 
gation according to Gurd et al. (1974). The preparation has been de- 
scribed in detail elsewhere (Ritchie et al., 1985b). The washed synap- 
tosomal pellet was lyophilized, and the protein content was determined 
by the method of Lowry et al. (195 1). Synaptosomes (2 mg protein) 
were suspended in Freund’s complete adjuvant (0.2 ml) and distilled 
H,O (0.2 ml) and injected at multiple sites intraperitoneally (ip) and 
subcutaneously (SC) in 6-week-old female Balb/c mice. Beginning 4 weeks 
after the initial immunization, the mice were injected (ip and SC) with 
synaptosomes (2 mg protein) suspended in Freund’s incomplete adju- 
vant and distilled H,O on each of 3 consecutive days. 

Monoclonal antibody production and initial screening 
On the day following the third booster injection, the spleen was removed 
from an anesthetized, hyperimmunized mouse, and the spleen cells were 
fused with P3X63 Ag8 myeloma cells according to the method of Ken- 
nett et al. (1978, 1980) using polyethylene glycol (PEG 1000, Koch- 
Light). Hybridomas were selected, and screening for the production of 
relevant antibodies was begun at 13 d postfusion. 

Culture supematants were screened for the presence of antibodies 
against synaptosomal constituents using a dot-immunobinding assay, 
modified from Hawkes et al. (1982). Synaptosomes were suspended in 
phosphate buffer (PB 0.1 M, pH 7.2) and spotted (1 pg protein/well) 
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onto nitrocellulose membrane covering the bottom of Microtitre HA 
Plates (Millipore). The plates were dried, and after rinsing and blocking 
(PB containing 0.5% gelatin and 0.2% Triton X-100) undiluted culture 
supematants were applied and incubated l-2 hr. After additional rinsing 
and blocking steps, the wells were incubated in goat anti-mouse IgG- 
peroxidase conjugate (1: 1000) for 1 hr, rinsed, and incubated with 0.05% 
diaminobenzidine (DAB) containing 0.02% COCl,, 0.0 16% 
NiNH,SO,, and 0.0 1% H,O, (Adams, 198 1). The plates were then rinsed 
and dried. This procedure results in a deposit of black reaction product 
on the nitrocellulose membrane of positive wells. The immunoglobulin 
class of the antibodies was identified by substituting immunoglobulin 
class-specific, peroxidase-labeled antibodies (e.g., anti-&M) for goat anti- 
mouse IgG in the dot-immunobinding assay. 

Twentv-one clones were selected by positive staining for synapto- 
somes on the dot-immunobinding assay and expanded. This report 
nresents studies on three of the clones (S-2ClO. S-4E9. S-IGlO), each 
of which secretes antibodies of the IgG class. Ascitic kuids were pro- 
duced from these clones by conventional methods in Balb/c mice. All 
ascitic fluids were tested for synaptosome binding activity at dilutions 
from 1: 1 to 1: 128,000 on the dot-immunobinding assay. The cell line 
secreting antibody S-2ClO was subcloned twice by limiting dilution and 
ascites was produced for further testing. 

Antibodies (IgG fractions) produced by all three clones were purified 
from ascitic fluid by chromatography on DEAE Affi-gel blue (Bio-Rad) 
using a modification of the method of Bruck et al. (1982). With the 
protocol utilized, some contamination by transferrin occurs, but the IgG 
fraction is free of albumin and proteases. The fractions corresponding 
to the IgG peak were pooled, the total protein content was determined, 
and the solution was dialyzed against 50 mM phosphate buffer for 24- 
48 hr at 4°C prior to lyophilization for storage. 

Screening antibodies for axonal transport 
Ascitic fluid, or the purified IgG fraction, produced by the three clones- 
S-2C10, S-4E9, and S-lGlO-were evaluated for the presence of anti- 
bodies that undergo anterograde or retrograde axonal transport. For 
screening in rats, injections of ascitic fluid or dilute IgG (10 ~1) were 
made into the vitreal chamber of the eye to test for anterograde axonal 
transport in the retinal ganglion cell projections to the superior collicu- 
lus. Injections of ascitic fluid or IgG (50 pl total volume) were also made 
at multiple sites into the facial vibrissal skin and underlying musculature 
to examine retrograde transport in facial nucleus motoneurons and 
transganglionic transport in trigeminal afferent projections to the spinal 
trigeminal complex. Injections were restricted to one side of each rat, 
and the contralateral side served as control. 

After survival times of 4-72 hr, the rats were anesthetized and per- 
fused with saline followed by 3.5% paraformaldehyde in PB, then 30% 
sucrose. Transported mouse immunoglobulins were localized in frozen 
sections with a modification of the peroxidase-antiperoxidase (PAP) 
method of Stemberger (1978), by the procedure detailed previously 
(Ritchie et al., 1985b), using goat anti-mouse IgG (heavy and light chains 
specific, without cross-reactivity to rat immunoglobulin; Cappel) and 
mouse PAP (Stemberger-Meyer). The species-specific anti-mouse IgG 
was used successfully to abolish the “spurious” staining that often occurs 
when staining rat tissue to localize mouse antibodies (Houser et al., 
1984; see Fig. 2F). The specific staining for mouse IgG was amplified 
by sequentially repeating the incubation steps in anti-mouse IgG and 
mouse PAP prior to the peroxidase reaction (Lansdorp et al., 1984). In 
all cases the peroxidase reaction was carried out as described above. 

In order to study the effect of antibody concentration on antibody 
transport, the purified antibodies (IgG fractions) were diluted with H,O 
to concentrations ranging from 0.0 1 to 5.0% (wt/vol) and injected into 
rats as described above. It was assumed in preparing the antibody so- 
lutions that all of the protein in the lyophilized samples (see above) was 
active monoclonal IgG. The absolute concentration of active antibody 
was likely somewhat less, but care was taken to standardize the puri- 
fication procedure to facilitate comparisons between the different an- 
tibodies at the concentrations utilized. The total volumes injected were 
always 50 ~1 for the vibrissal injections and 10 ~1 for the eye injections. 
After survival periods of 30-36 hr, the rats were perfused, and frozen 
sections were stained for mouse immunoglobulin with two sequential 
incubations in the snecies-snecific link antiserum and PAP prior to the 
peroxidase reaction: The intensity of staining in the superior colliculus 
and both the intensity of staining and the numbers of labeled neurons 
in the facial nucleus were compared in at least two animals for each 
antibody concentration. 

Immunocytochemical localization of antigens 
The three monoclonal antibodies were used to stain rat brain sections 
with the PAP immunocytochemical procedure. Particular emphasis was 
placed on the distribution of labeling in the facial motor nucleus, the 
spinal trigeminal nucleus and tract, and the superficial laminae of the 
superior colliculus for correlations with the axonal transport of the 
antibodies in these systems. Rats were perfused as described, and frozen 
sections of the brain were cut in the transverse plane. Sections were 
incubated overnight in ascitic fluid diluted to 1: 10,000 to 1: 100,000. 
The immunocytochemical staining was completed utilizing the proce- 
dure and reagents described above. The specificity of the staining was 
indicated by the decrease in staining density that occurred with increas- 
ing dilutions of the monoclonal antibodies. Additional controls con- 
sisted of omitting the monoclonal antibodies from the overnight in- 
cubation solution or of substituting P3x63 Ag8 culture supematant 
(diluted 1: 10) for the monoclonal ascites in this step. The control sec- 
tions were reacted simultaneously with the sections stained with the 
monoclonal antibodies. No staining was observed on the control sec- 
tions. 

Preliminary antigen characterization 
Initial experiments to identify the synaptosomal components recognized 
by the antibodies utilized electrophoresis and Western immunoblotting 
of synaptosomal proteins. Dot-immunobinding assays of detergent-sol- 
ubilized and lipid-extracted synaptosomes were also performed. 

For electrophoresis (Laemmli, 1970), lyophilized samples of synap- 
tosomes were dissolved in treatment buffer: 1 .O% SDS, 1 .O% mercap- 
toethanol in 50 mM PB (pH 7.2), heated at 100°C for 5 min and applied 
to 10% polyacrylamide gels. After electrophoresis, proteins were elec- 
trophoretically transferred to nitrocellulose paper (Towbin et al., 1979). 
Western blots were immunocytochemically stained with culture super- 
natants produced by S-2C10, S-4E9, and S- 1 G 10 (diluted 1: lo), or with 
ascitic fluids (diluted 1: 1 OO- 1: 1000) from the three hybridoma cell lines. 
The blots were incubated in 0.5% Triton X-100, 1.5% gelatin in PBS 
for 30 min, washed briefly, and incubated in the primary antibodies for 
1 hr with agitation. After thorough washing with 0.1% Triton X-100 
PBS, the blots were incubated in 1: 1000 goat anti-mouse IgG-peroxidase 
conjugate (Cappel) in 0.1% Triton X-100 PBS. The blots were then 
washed and the peroxidase reaction was carried out as described above. 

The S-2ClO antibody did not exhibit binding to the denatured and 
reduced synaptosomal proteins on the immunoblots, so the ability of 
S-2ClO to bind to various treated synaptosomal fractions was deter- 
mined by dot-immunobinding assay. Lyophilized synaptosomes were 
solubilized with nonionic (T&on X- 100). zwitterionic (CHAPS). and 
ionic (SDS, deoxycholate) detergents (0.512.0% detergent solutions in 
50 mM Tris buffer, pH 7.2) with stirring for 4-48 hr at 4°C. The sus- 
pensions were then centrifuged at 100,000 x g for 1 hr, and both pellets 
and supematants were collected and analyzed on the immunodot system 
for binding activity. Lyophilized synaptosomes were also repeatedly 
extracted with chloroform and methanol as described by Gombos and 
Zanetta (1977). The protein content of each fraction was determined 
(Lowry et al., 195 1) prior to the application of 1 fig protein/well onto 
the nitrocellulose membrane of the microtiter plates. The wells were 
incubated with S-2ClO ascites, or with ascites produced by the other 
clones, at dilutions ranging from 1: lOO-1:300,000, and stained with the 
protocol described above. 

Results 

Axonal transport 
As shown in Figure 1, monoclonal antibody S-2ClO was an- 
terogradely transported by retinal ganglion cells. Immunocy- 
tochemical staining for the presence of transported mouse im- 
munoglobulin demonstrated intense staining in the superficial 
layers of the superior colliculus contralateral to the injected eye, 
while no staining was present on the control side (Fig. 1, A and 
I?). At the light microscope, it was not possible to localize the 
transported antibody to specific neuronal elements (Fig. lB), 
although staining for the antibody presumably included the nerve 
endings of the retinotectal afferents that terminate in the su- 
perficial tectal layers (Drager and Hubel, 1976; Kanaseki and 
Sprague, 1974). 
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Figure 1. Monoclonal antibody S-2ClO localized with immunocytochemistry following anterograde axonal transport in retinal ganglion cells and 
retrograde transport in facial motoneurons. The survival period was 2 d. A, Anterogradely transported S-2ClO in the retinorecipient laminae of 
the superior colliculus contralateral to the injected eye. B, Higher magnification of the medial superior colliculi. C, Retrogradely transported S- 
2ClO antibody in motoneurons and neuropil of the facial motor nucleus, ipsilateral to the injected vibrissal musculature. D, Higher magnification 
of C showing individually labeled motoneurons and stained neuropil. Calibration: A and C, 1 .O mm; B and D, 100 pm. 

Anterogradely transported S-2C10 antibody was first detect- 
able in the superior colliculus 6 hr after injection, giving an 
estimated maximum transport velocity of 100 mm/d, which 
includes the time for uptake and processing of the antibody by 
the retinal ganglion cells prior to axonal transport. Varying the 
postinjection survival period from 24 to 72 hr resulted in little 
change in the intensity or appearance of staining for the trans- 
ported antibody in the superior colliculus. Longer time intervals 
were not examined. 

Injections of the S-2ClO antibody into the eye also produced 
detectable anterograde transport to other areas that receive ret- 
inal projections, including the dorsal lateral geniculate nucleus 
and the pretectal area. Occasionally, retrogradely transported 
immunoglobulins were evident in the oculomotor nucleus ip- 
silateral to the injected eye. This labeling was most likely due 
to leakage of the injected antibody from the eye to nerve endings 
innervating the extraocular muscles. 

Injections of S-2ClO ascites into the vibrissal musculature 
resulted in retrograde axonal transport to ipsilateral facial nu- 
cleus motoneurons (Fig. 1). Punctate as well as diffuse cyto- 
plasmic staining occurred in motoneuron cell bodies and prox- 
imal dendrites. In addition, there was intense staining of the 
surrounding neuropil of the facial motor nucleus (Fig. 1, C and 
D). The reaction product in the neuropil of the facial nucleus 
could not be localized to specific elements, but may be located 
in fine dendritic branches of the labeled motoneurons. Alter- 
natively, this staining may reflect the presence of immunoglob- 
ulins in elements other than the motoneurons in which the 

antibody was originally transported, i.e., some of the antibody 
may have diffused or been transferred out of the motoneurons 
subsequent to retrograde transport. 

In some cases, a small number of retrogradely labeled mo- 
toneurons were present in the contralateral facial nucleus. These 
cells were always located at the medial edge of the lateral di- 
vision of the nucleus. In addition, retrogradely labeled moto- 
neurons were sometimes observed in the trigeminal motor nu- 
cleus on the injected side, indicating involvement of the masseter 
muscles in some injections. The vibrissal injections of S-2ClO 
ascites did not, however, produce detectable labeling in the spi- 
nal trigeminal complex, indicating that transganglionic trans- 
port by trigeminal afferents did not occur in any appreciable 
amount. 

Axonal transport of the other two antibodies, S-4E9 and 
S- 1 G 10, could not be demonstrated in the anterograde direction 
following intraocular injections. Retrograde transport in facial 
motoneurons, however, could be obtained, but only when large 
amounts of these antibodies were injected (see below) or when 
other measures were used to maximize detection. In the latter 
instance, rats received injections of these antibodies (~1% IgG) 
into the vibrissal musculature on each of two successive days. 
The next day, the animals were perfused and sections were 
stained with repeated incubations of goat anti-mouse IgG an- 
tibody and PAP prior to the peroxidase reaction. These mea- 
sures led to just-detectable staining in the soma and proximal 
dendrites of some facial nucleus motoneurons (Fig. 3, D and 
E). The staining was largely punctate within the cell cytoplasm, 



1180 Ritchie et al. Vol. 6, No. 4, Apr. 1986 

Figure 2. Retrogradely transported antibodies in the facial nucleus, 30-36 hr after injections of purified monoclonal IgGs at different concentrations 
into the vibrissal musculature. A, 1 .O% solution of S-2C10 IgG, B, 0.1% solution of S-2ClO IgG, C, 0.05% solution of S-2ClO IgG; 0, 1 .O% solution 
of S-4E9 IgG, E, 1 .O% solution of S-lGl0 IgG, F, facial nucleus ipsilateral to the control, noninjected side after immunocytochemical staining. 
Calibration, 250 pm. 

only a few neurons showed any staining, and no staining was 
present in the neuropil of the facial nucleus. Both of these an- 
tibodies produced this pattern of staining following transport 
under these conditions. No evidence of transganglionic trans- 
port in trigeminal afferents was obtained. 

Antibody concentrations and axonal transport 
Antibodies (purified IgG fraction) were injected at concentra- 
tions varying from 0.01 to 5.0% to determine the lowest con- 

centrations at which axonal transport could be detected and to 
examine the appearance and relative intensity of staining with 
injections of higher antibody concentrations. 

Following intraocular injections of S-2ClO IgG, anterograde 
transport to the superior colliculus could first be detected at 
antibody concentrations of 0.05%. As the concentration of the 
injected antibody increased, the density of staining for the trans- 
ported antibody increased until antibody concentrations reached 
the range of O.l-OS%. Higher concentrations, from 1 to 5%, 
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Figure 3. Immunocytochemical staining of rat brain sections with monoclonal antibodies S-2ClO (A-C), S-4E9 (D-F), and S-1GlO (G-r). The 
spinal trigeminal complex is illustrated in A, D, and G; the facial motor nucleus in B, E, H, and the medial portion of the superior colliculi in C, 
F, and I. Calibration, 300 pm. 

produced little detectable increase in staining intensity and did 
not alter the appearance of the staining for the transported an- 
tibody. As noted previously, neither the S-4E9 nor the S-1GlO 
antibodies could be determined to undergo anterograde trans- 
port following intraocular injections, even at concentrations ex- 
ceeding 1% IgG. 

Following injections of the S-2ClO antibody into the vibrissal 
musculature, retrograde axonal transport of the antibody could 
be detected at concentrations as low as 0.0 1% IgG. As shown 
in Figure 2, raising the concentration of the injected antibody 
in the range between 0.05 to 0.1% resulted in an increase in the 
number of facial motoneurons that contained the transported 
antibody, as well as producing more intense staining in the facial 
nucleus. Increasing the concentrations of injected antibody be- 
yond 0.5-l .O% concentrations, however, resulted in little, ifany, 
change in the number of facial motoneurons labeled or the in- 
tensity of staining. 

In contrast, the retrograde axonal transport of the S-4E9 and 

S-lGl0 antibodies was difficult to detect unless they were in- 
jected at concentrations at or above 1.0% IgG (Fig. 2, D and 
E). Even at these higher concentrations, some of the motoneu- 
rons failed to show the presence of transported antibody and 
the staining intensity was light. 

Immunocytochemical staining 
Immunocytochemical staining of rat brain sections using the 
S-2C 10 antibody revealed staining of gray matter that was par- 
ticularly dense in zones of high nerve-terminal density. This 
includes the superficial laminae of the spinal trigeminal nucleus 
(Fig. 3A) and the superficial laminae of the superior colliculus 
(Fig. 3C). Neuronal cell bodies were not stained in most regions, 
but appeared as clear areas surrounded by stained elements. 
However, some large neurons, such as facial motoneurons (Fig. 
3B), did exhibit light cytoplasmic staining. The white matter, 
myelinated axons and fiber tracts, did not exhibit staining. 

The immunocytochemical staining with S-4E9 (Fig. 3, D-F) 
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and S-1GlO (Fig. 3, G-I) indicated that both ofthese antibodies, 
unlike S-2C10, stained both gray and white matter. As noted 
for S-2C 10, both S-4E9 and S- 1 G 10 stained most intensely brain 
regions of high terminal density. S-4E9 produced granular la- 
beling of presumptive nerve terminals and staining of axoplasm 
in fiber tracts. Scattered populations of neuronal cell bodies 
exhibited punctate staining in the perinuclear cytoplasm. S- 1 G 10 
produced diffuse staining of neuronal cytoplasm, as well as the 
axoplasm of selected fiber tracts. 

Initial characterization of antigens 
Immunochemical staining of Western blots of synaptosomal 
proteins separated on SDS-PAGE produced no staining by 
S-2C10, while S- lGl0 and S-4E9 exhibited binding to bands 
with electrophoretic mobilities corresponding to 32 and 24 kDa, 
respectively. 

Analysis of the binding of S-2C10 to various detergent-sol- 
ubilized fractions of synaptosomes on the dot-immunobinding 
assay indicated no binding of S-2ClO to any of the detergent- 
solubilized fractions. In preparations solubilized with various 
detergents (Triton X-100, CHAPS, deoxycholate), binding of 
the antibody was associated with the detergent-insoluble frac- 
tions. Exposure to SDS, however, abolished the ability of S-2C 10 
to bind to either the soluble or insoluble fractions, suggesting 
that the epitope may be destroyed by the denaturing conditions 
with this detergent. Delipidization of synaptosomes with re- 
peated extractions with chloroform-methanol did not diminish 
the binding of S-2ClO to the synaptosomal membranes, indi- 
cating that the antigen is unlikely to be a lipid. 

Discussion 
The results of these studies indicate that the uptake and axonal 
transport of monoclonal antibody S-2ClO is likely to be me- 
diated by specific binding of the antibody to neuronal plasma 
membranes. Injections of as little as 0.01% IgG (50-100 pmol) 
led to detectable transport, and the uptake-transport process 
appeared saturable, since increasing amounts of injected anti- 
body beyond the range of 0.5-1.0% produced little increase in 
the amount transported. In contrast, detection of retrograde 
transport of the S-4E9 and S- lGl0 antibodies required sub- 
stantially higher concentrations of injected antibody and satu- 
ration of the uptake transport process could not be demonstrat- 
ed. The uptake mechanism for S-2C10 thus resembles that of 
other macromolecules, both endogenous (NGF) and exogenous 
(antibodies to dopamine+hydroxylase, cholera and tetanus 
toxins, lectins), that are internalized by adsorptive or “recep- 
to?-mediated endocytosis after binding to components of the 
cell surface (Dumas et al., 1979; Fillenz et al., 1976; Gonatas 
et al., 1979; Grafstein and Forman, 1980; Kristensson, 1978; 
Schwab et al., 1978; Schwab and Thoenen, 1978, 1982; Silver- 
stein et al., 1977; Steinman et al., 1983; Thoenen and Barde, 
1980; Trojanowski, 1983; van Heyningen, 1974; Wan et al., 
1982; Ziegler et al., 1976). Uptake of these substances depends 
on the number, affinity, rate of turnover, and function of the 
cell-surface binding sites (Schwab and Thoenen, 1982; Silver- 
stein et al., 1977; Steinman et al., 1983). The process is selective 
in that specific receptors mediate the uptake of specific ligands, 
and the mechanism has a defined capacity and is, therefore, 
saturable (Dumas et al., 1979). Although the process ofreceptor- 
mediated endocytosis, in the strict sense, refers to the uptake 
of naturally occurring endogenous ligands, the adsorptive uptake 
of exogenous molecules, including antibodies, which bind to 
neuronal membranes should mimic most aspects of the natural 
process. To the extent examined here, the uptake-transport of 
antibody S-2ClO appears to conform to this model. 

In contrast, the uptake of the other two antibodies, S-4E9 and 
S- 1 G 10, appears to be mediated by fluid-phase endocytosis, a 
nonspecific process dependent on the extracellular concentra- 

tion of the ligand (Kristensson, 1978; Silverstein et al., 1977; 
Steinman et al., 1983). Many macromolecules (e.g., HRP, serum 
albumin, native ferritin), which do not bind or bind only weakly 
to membranes, gain entry into cells by this means. Antibodies 
without accessible surface membrane binding sites would pre- 
sumably fall into this category. Although S-4E9 and S-lG10 
exhibited binding to synaptosomal components on Western im- 
munoblots, the epitopes may not be accessible on the cell surface 
for binding the antibodies in vivo. The alternative, which cannot 
be ruled out at the present time, is that the S-4E9 and S-1GlO 
antibodies may bind to accessible synaptosomal membrane 
components with low affinity or that the sites themselves are 
few in number and/or turn over slowly on the surface mem- 
brane. 

Since the S-2ClO antibody readily undergoes both antero- 
and retrograde axonal transport, the surface membrane com- 
ponent to which it presumably binds to gain entry to the cell is 
present on both somato-dendritic and nerve terminal plasma 
membranes. Major constituents of these membranes include 
various glycoproteins, glycolipids, and other complex carbo- 
hydrate-containing macromolecules (Gombos and Zanetta, 1977; 
Gurd, 1977; Kelly, 1984; Mahler, 1979; Margolis and Margolis, 
1979). To date, it has not been possible to identify the antigen 
recognized by the S-2ClO antibody. It seems unlikely to be a 
glycolipid or to be among the major classes of glycosaminogly- 
cans, as most of these are readily solubilized by the treatments 
employed for the immunobinding assays used here (Margolis 
and Margolis, 1979). As noted, the antigen recognized by the 
S-2C 10 antibody remains associated with the insoluble fraction 
of synaptosomal membranes following organic solvent (chlo- 
roform-methanol) extraction or treatment with various non- 
ionic or zwitterionic detergents. SDS treatment, on the other 
hand, which denatures proteins, appears to destroy the epitope 
recognized by the antibody, since neither the soluble nor in- 
soluble fractions bind the antibody after SDS exposure. Based 
on these initial observations, the antigen recognized by the S- 
2ClO antibody is likely to be an integral membrane protein or 
possibly a proteoglycan. 

The antigen to which S-2ClO antibody binds is apparently 
synthesized and axonally transported both retrogradely and an- 
terogradely in peripheral nerves (Ritchie et al., 1985a). Immu- 
nocytochemical staining of peripheral nerves using the S-2C 10 
antibody reveals light staining of individual fibers in normal 
nerves. When the nerves are ligated to block axonal flow, how- 
ever, very intense staining appears proximal to the ligation, and 
to a lesser extent distally. These recent studies are consistent 
with the findings regarding transport of the antibody in both 
the antero- and retrograde directions. 

Immunocytochemistry in rat brain revealed widespread dis- 
tributions of staining for each of the three antibodies. Although 
differences in the staining patterns were noted, it was not pos- 
sible to correlate the immunocytochemical staining with the 
ability of the different antibodies to undergo axonal transport 
in the test systems utilized. Immunoreactivity for S-2C10, S-4E9, 
and S-lG10 was evident in the retinorecipient laminae of the 
superior colliculus, as well as in the motoneurons and neuropil 
of the facial nucleus; this finding is consistent with each of the 
antigens being synthesized by retinal ganglion cells and facial 
motoneurons. However, examination of the ganglion cell soma- 
dendritic membranes and motoneuron terminals at the electron- 
microscopic level will be required to localize the antigens in the 
membranes at the uptake sites. 

The S-2ClO antibody may have been released by the facial 
motoneurons after retrograde transport to the cell bodies in the 
facial nucleus, i.e., the antibody may have undergone retrograde 
transcellular transport. This phenomenon has been previously 
documented for both tetanus toxin (Price et al., 1975; Schwab 
and Thoenen, 1976; Schwab et al., 1979) and a wheat germ 
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agglutinin (WGA) HRP conjugate (Harrison et al., 1984). Im- 
munocytochemical staining to localize S-2ClO antibody after 
retrograde transport in facial motoneurons resulted in staining 
within motoneurons, as well as the surrounding neuropil of the 
facial nucleus. A similar pattern of staining was noted previously 
after retrograde transport of antibodies in a polyclonal anti- 
serum made against synaptosomes (Ritchie et al., 1985b). At 
the light-microscopic level it has not been possible to determine, 
in either case, whether the transported antibodies are located 
within fine dendritic processes of the motoneurons or have been 
transferred transcellularly. Regardless of whether ultrastructural 
analysis reveals that the S-2ClO antibody is transferred trans- 
cellularly, this pattern of neuropil labeling is distinctly different 
from that seen after retrograde transport of other macromole- 
cules, such as various lectins, HRP (Borges and Sidman, 1982; 
Gonatas et al., 1977, 1979; IaVail and LaVail, 1974; Schwab 
and Thoenen, 1982), or the other antibodies studied here. This 
differential localization of the S-2ClO antibody subsequent to 
retrograde transport presumably reflects a unique mode of in- 
tracellular processing of the antibody, compared to other mac- 
romolecules transported by nerve cells. 

It is of interest that the S-2ClO antibody undergoes fast an- 
terograde axonal transport in retinal ganglion cells. Other an- 
tibodies that have been studied, including both monoclonal and 
polyclonal antibodies (Ritchie et al., 1985b; and R. H. Fabian, 
T. C. Ritchie, J. V. A. Choate, and J. D. Coulter, unpublished 
observations) have not exhibited anterograde axonal transport. 
Other exogenous proteins that have been demonstrated to 
undergo anterograde transport after intravitreal injections are 
HRP, the lectin WGA, and three mannose binding lectins (Fa- 
bian and Coulter, 1985; Hansson, 1973; Itaya and Van Hoesen, 
1982; Margolis and IaVail, 198 1, 1984; Mesulam and Mufson, 
1980; Ruda and Coulter, 1982). It is notable that the anterograde 
transport velocity of the S-2ClO antibody (approximately 100 
mm/d) is 3-4 x faster than the anterograde transport of WGA 
lectin from the eye (22-44 mm/d), although it is comparable to 
that of HRP (120 mm/d). The fast axonal transport of the an- 
tibody would be consistent with the antibody being transported 
in association with newly synthesized proteins destined for the 
plasma membrane. Many of the constituents of nerve terminal 
membranes (glycoproteins and other glycoconjugate macro- 
molecules) are considered to be transported at the fastest rates 
(100-400 mm/d) (Hoffman and Lasek, 1980; Karlsson, 1980; 
Willard et al., 1974; see Grafstein and Forman, 1980). 

The results of the current study, as well as previous studies 
of the axonal transport of polyclonal antibodies (Ritchie et al., 
1985b; and R. H. Fabian, T. C. Ritchie, J. V. A. Choate, and 
J. D. Coulter, unpublished observations), indicate that the up- 
take and intracellular processing of antibodies may differ from 
that of other ligands that are taken up and transported by nerve 
cells. It also appears that antibodies directed at different classes 
of membrane antigens may be processed differently within neu- 
rons. So far, this has only been documented by observing dif- 
ferences in the immunocytochemical staining patterns for dif- 
ferent antibodies subsequent to their transport. Presumably, 
differences in the transport and processing of different antibodies 
reflect differences in the intracellular processing of their respec- 
tive membrane antigens. This assumes that the antibody and 
antigen are processed conjointly. However, the characteristics 
of antibody transport and processing compared to that of their 
homologous antigens are in need of investigation. Transport 
and processing of an antibody may not reflect that of its cor- 
responding antigen, since the antibody could alter normal pro- 
cessing of the antigen. Alternatively, the antibody and antigen 
could be dissociated within the cell with the antibody being 
processed independently. Ultrastructural analysis of the sub- 
cellular mechanisms involved in the in viva processing of the 
antibody, compared to corresponding analyses of antigen pro- 

cessing, using the antibody for immunocytochemistry, should 
be helpful in resolving these questions. 
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