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Abstract. To determine whether specific asparagine-
linked (N-linked) oligosaccharides present in cell sur-
face glycoproteins are required for cell-cell interac-
tions within the peripheral nervous system, we have
used castanospermine to inhibit maturation of N-linked
sugars in cell cultures of neurons or neurons plus
Schwann cells. Maximally 10-15% of the N-linked
oligosaccharides on neuronal proteins have normal
structure when cells are cultured in the presence of
250 pg/ml castanospermine; the remaining oligosac-
charides are present as immature carbohydrate chains
not normally found in these glycoproteins. Although
cultures were treated for 2 wk with castanospermine,
cells always remained viable and appeared healthy. We
have analyzed several biological responses of em-
bryonic dorsal root ganglion neurons, with or without

added purified populations of Schwann cells, in the
presence of castanospermine. We have observed that a
normal complement of mature, N-linked sugars are not
required for neurite outgrowth, neuron-Schwann cell
adhesion, neuron-induced Schwann cell proliferation,
or ensheathment of neurites by Schwann cells. Treat-
ment of neuronal cultures with castanospermine in-
creases the propensity of neurites to fasciculate. Ex-
tracellular matrix deposition by Schwann cells and
myelination of neurons by Schwann cells are greatly
diminished in the presence of castanospermine as as-
sayed by electron microscopy and immunocytochemis-
try, suggesting that specific N-linked oligosaccharides
are required for the expression of these cellular func-
tions.

ulate adhesive interactions between cells (Roseman,
1970), but corroboration of this hypothesis has been
forthcoming in relatively few systems. Notable among these
is an O-linked oligosaccharide on a zona pellucida protein
responsible for binding of egg to sperm (Florman and Was-
serman, 1985); this oligosaccharide may be recognized by a
galactosyl transferase present on the sperm cell surface (Lo-
pez et al., 1985). A mannose phosphate is known to be in-
volved in the binding of lymphocytes to the endothelium of
postcapillary venules as an initial step in migration from the
bloodstream into lymph nodes (Stoolman et al., 1984). Also,
the highly sialated neural cell adhesion molecule (N-
CAM)! modulates varying degrees of neuron-neuron adhe-
sivity depending on its carbohydrate content (Rutishauser et
al., 1978, 1985; Cunningham et al., 1983). While in the
former two cases the carbohydrate is presumed to act as a
ligand in the adhesive system, in the latter case the carbohy-
drate alters the conformation of N-CAM to facilitate homo-
philic binding.
In many other instances, evidence for the involvement of
protein-linked carbohydrates in cell recognition phenomena

1. Abbreviations used in this paper: Endo H, endoglucosaminidase H;
N-CAM, neural cell adhesion molecule; NGF, nerve growth factor.

IT has been proposed that complex carbohydrates reg-
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is indirect, since modification of cell surface carbohydrate is
difficult. For example, enzymatic treatment to remove carbo-
hydrate residues is often incomplete and selective for certain
proteins. The use of tunicamycin as an inhibitor of protein
glycosylation yields results that often are difficult to inter-
pret, because protein synthesis may be affected by long ex-
posure to tunicamycin and because proteins completely lack-
ing N-linked carbohydrate may accumulate at intracellular
sites and not reach the cell surface (Elbein, 1984; Olden et
al., 1985).

Recently, a series of inhibitors has been identified that
block specific steps in the processing of asparagine-linked
oligosaccharides (Elbein, 1984). In the presence of these in-
hibitors, proteins retain N-linked carbohydrate but the struc-
ture of these oligosaccharides is altered. In general proteins
with altered carbohydrate chains will appear in the proper
cellular location; however, some exceptions have been noted
(see for example Lodish and Kong, 1984; Schlessinger et al.,
1984; and Repp et al., 1985). The use: of these inhibitors al-
lows a test of whether specific N-linked oligosaccharides are
required in cell-cell interactions. We report here the use of
castanospermine, an inhibitor of the endoplasmic reticulum
enzyme glucosidase I (the first enzyme required for trim-
ming the high mannose core sugars), to examine whether
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specific asparagine-linked sugars are required for a defined
series of cell-cell interactions.

The interaction of Schwann cells with neurons is particu-
larly useful for this study because a well-established cell cul-
ture system is available in which five different functional
interactions can be monitored: (a) Schwann cell-neurite
adhesion, (b) mitogenic response of Schwann cells to a
neurite surface mitogen, (c) ensheathment of neurites by
Schwann cells, () basal lamina formation by Schwann cells,
and (¢) myelination. In addition, the possible role of
N-linked sugars in neurite growth and neurite-neurite inter-
action (fasciculation) can be directly observed in this system.
We report that of the neuron-Schwann cell interactions
listed, only basal lamina formation and myelination require
normal N-linked oligosaccharides. Neurite fasciculation is
enhanced in the presence of castanospermine.

Materials and Methods

Neurite Outgrowth and Fasciculation

Embryonic day 15 lumbar dorsal root ganglia were dissected from rat spinal
cord (Salzer et al., 1980b), and three ganglia were placed in each Aclar
minidish (Bunge and Wood, 1973) on freshly prepared air-dried rat tail col-
lagen substratum (Wood, 1976) in Leibowitz’s L-15 medium with 10% fetal
calf serum (KC Biological Inc., Lenexa, KS) for 2 h in a 5% CO, at-
mosphere to promote attachment of ganglia to the substratum. The medium
was then removed and replaced with L-15 medium with 10% fetal calf se-
rum, 1% L-glutamine, 0.6 % glucose, 100 ng/ml of 2.5S nerve growth factor
(NGF), 105 M cytosine arabinoside (Sigma Chemical Co., St. Louis,
MO), and penicillin/streptomycin, with or without 250 pg/ml castanosper-
mine, diluted from a 10 mg/ml stock in water. Fresh medium was added ev-
ery 2 d. After 3-7 d, cultures were fixed with 4% buffered glutaraldehyde,
rinsed overnight in 0.1 M phosphate buffer, pH 7.2, postfixed 1 h in 0.1%
050, in 0.1 M phosphate, rinsed 1 h in the same buffer, dehydrated to 70%
ethanol, and stained for 1 h in 0.5% Sudan black in 0% ethanol. Cultures
were destained briefly in 70% ethanol and then rehydrated and mounted cul-
ture side down in warmed (65°C) glycerin jelly. To measure the extent of
neurite outgrowth, the images of the Sudan black-stained cultures were
projected through a macrolens onto a graphics tablet. Tracings of the explant
border and the outgrowth front were digitized and the data collected and
processed as described by Argiro and Johnson (1982). Photographs were ob-
tained using an Olympus OM-1 camera with a macrolens or a Zeiss Univer-
sal microscope with a 10X objective lens.

Preparation of Dorsal Root Ganglion
Neuron-Schwann Cell Co-cultures

Embryos were removed from pregnant rats on embryonic day 15 and dorsal
root ganglia removed from spinal cords (Salzer et al., 1980b). Ganglia were
dissociated using 0.25% trypsin (TPCK, Cappel Laboratories, Cochran-
ville, PA) in Hanks’ balanced salt solution, triturated to a single cell suspen-
sion, and plated in a small drop (one to two ganglia equivalents of cells)
onto the center of a layer of ammoniated rat tail collagen (Wood, 1976) in
Aclar minidishes (Bunge and Wood, 1973) in Eagle’s minimum essential
medium with 10% human placental serum, 1% L-glutamine, 0.6% glucose,
and 100 ng/m! of NGF, and maintained for 2 wk in the same medium with
alternate changes of medium with and without 10-5 M fluorodeoxyuridine
and 1073 M uridine (Sigma Chemical Co.). After 2 wk, cultures were free
of non-neuronal cells (Schwann cells and fibroblasts) and they were then
seeded with pure Schwann cells obtained as described earlier (Ratner et al.,
1984). Schwann cells were allowed to expand their number by contact with
neurons in a defined, serum-free medium (N2) (Bottenstein and Sato, 1979).
The N2 medium we use differs in that Hepes and bicarbonate are not added
for additional buffering capacity, no antibiotics are used, glutamine is pres-
ent at 3.9 mM, and purified 2.58 NGF (100 ng/ml) is added (Bunge et al.,
1982b); also we now use rat rather than human transferrin (10 pg/ml). Co-
cultures were used after several days for cell proliferation experiments (see
below), or after 1 mo (when Schwann cells had fully populated the neuritic
outgrowth) for experiments involving immunocytochemistry, electron mi-
croscopy, and Sudan black staining.
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Schwann Cell Proliferation

In three independent experiments, co-cultures of purified neurons and
Schwann cells in N2 medium (see above) were treated for 2-3 d with or
without castanospermine (250 pg/ml), and then [*H]thymidine was added
for a further 24 h in the presence or absence of the drug. Cultures were
fixed, processed for autoradiography, stained with toluidine blue, and ana-
lyzed for percent labeled Schwann cell nuclei as previously described (Rat-
ner et al., 1985). All experiments were performed in duplicate.

Ensheathment and Myelination

It has been shown that networks of dorsal root ganglion neurons fully popu-
lated with Schwann cells in defined, serum-free medium (N2) are poised
to form basal lamina and myelin when given appropriate medium (Moya et
al., 1980; Carey, 1983; Eldridge et al., 1984, 1985; Bunge et al., 1986). Cul-
tures prepared as in the references cited were maintained in N2 mediuvm or
shifted to myelin-promoting medium for 2 wk (unless stated otherwise) in
the presence or absence of 250 ug/ml castanospermine. Myelin-promoting
medium (medium M) consisted of the basic N2 medium (see above) sup-
plemented with 15% dialyzed fetal calf serum and SO pg/ml ascorbic acid
(Eldridge et al., 1985). Media were stored in aliquots at ~70°C, and fresh
medium was added to cultures every 2-3 d.

Immunofiuorescence. Formation of basal lamina was assayed by staining
cultures after 2 wk in medium M with antibodies to three of the major com-
ponents of Schwann cell basal lamina: laminin (Cornbrooks et al., 1983),
heparan sulfate proteoglycan (Eldridge et al., 1986), and type IV collagen
(Carey et al., 1983). Cultures were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.3-7.4) and stained with primary antibody and then
rhodamine- or fluorescein-conjugated secondary antibodies (Cappel Labo-
ratories) as described (Cornbrooks et al., 1983; Eldridge et al., 1986). As-
sessment of galactocerebroside-positive Schwann cells was made under the
same conditions (Ranscht et al., 1986). Rabbit antisera against mouse lami-
nin and the NCI domain of mouse type IV collagen were the gifts of Dr.
Rupert Timpl (Timpl et al., 1979, 1981), and monoclonal antibodies against
galactocerebroside were provided by Dr. Barbara Ranscht (Ranscht et al.,
1982). Monoclonal antibody against heparan sulfate proteoglycan was from
Dr. Carson Cornbrooks (Eldridge et al., 1986).

Electron Microscopy. Formation of basal lamina, extent of ensheath-
ment, and morphology of myelin sheaths were assayed by analysis of cross-
sectioned fascicles from cultures maintained in N2, medium M, or medium
M plus castanospermine as described above. In one experiment medivm M
was replaced with Eagle’s minimum essential medium with 25% human
placental serum, 10% chick embryo extract, 1% t-glutamine, 10 BU/ml
NGF, and 06% glucose. Cultures were fixed in 2% glutaraldehyde (in 0.046
M phosphate buffer with 100 mM sucrose or, when grown in N2, in 0.1 M
phosphate buffer plus 80 mM sucrose), postfixed in 1% OsOq4 in 0.1 M
phosphate buffer, pH 7.4, dehydrated in ethanol, and embedded in Polybed
(Polysciences, Inc., Warrington, PA). Afier examination in the phase micro-
scope, comparable areas of control and drug-treated cultures were chosen
and scored for thin sectioning. Representative areas were chosen to meet
these criteria: (@) 1.25 mm from the edge of the central zone of the culture
containing neuronal somata, and (b) neurites both close to the collagen sub-
stratum and populated with flattened Schwann cells. Two areas of castano-
spermine-treated cultures were specifically chosen to contain myelin seg-
ments. A total of five areas in two separate experiments were assessed by
electron microscopy for extent of ensheathment and extracellular matrix
deposition in cultures grown in medium M with and without castanosper-
mine; in addition, two areas were sampled from cultures maintained for the
duration of the experiment in N2 medium. Thin sections were stained with
uranyl acetate and lead citrate and photographed in a JEOL JEM-100 CX
11 or Philips 300 electron microscope at 60 kV. Entire nerve bundles were
photographed at a magnification of 10,000 for comparison of samples.

Sudan Black Staining. Number and length of myelin segments as well
as morphology of cells were assessed in Sudan black-stained cultures fixed
and processed as described above under “Neurite Outgrowth.” Myelin was
quantitated by counting numbers of internodes in 60 fields in Sudan
black-stained cultures (Eldridge et al., 1985). The lengths of individual my-
elin segments were measured using an eyepiece micrometer at 250X on a
Zeiss Universal microscope calibrated by means of a stage micrometer; 50
segments were measured in control and castanospermine-treated cultures,

Biochemical Analysis of the Effectiveness
of Castanospermine Treatment

Cultures of dissociated dorsal root ganglion neurons free of non-neuronal



cells were prepared as described on 35-mm dishes coated with ammoniated
rat tail collagen (Ratner et al., 1985). After 1 mo, cultures were incubated
for 2 h in glucose-free N2 medium in the presence or absence of 250 ug/ml
castanospermine, and then labeled for 8 h in glucose-free N2 medium con-
taining 2 mM uridine, 2 mM inosine (Wice and Kennell, 1983), and 200
uCi/ml 2-[*H]-p-mannose before solubilization of proteins as described
(Ratner et al., 1985). Uridine and inosine are added to prevent effects of
glucose degeneration without interfering with mannose uptake (Wice and
Kennell, 1983). Samples were loaded onto 10% polyacrylamide gels (I cul-
ture equivalent/gel lane), and gels were processed for fluorography (Ratner
et al., 1985). Alternatively, labeled solubilized material from control and
castanospermine-treated cultures was stored frozen at —70°C before pronase
digestion for analysis of oligosaccharides.

Isolation and Identification of Glycopeptides

The cell pellets were resuspended in 5 ml of 50 mM Tris-HCl buffer, pH
7.5, containing 1 mM CaCl, and 1 mg/ml of pronase. A few drops of tolu-
ene were added to prevent bacterial growth, and the tubes were incubated
for 18 h at 37°C. An additional 5 ml of pronase solution was added, and
incubations were continued for 18 h. The digestion was terminated by addi-
tion of trichloroacetic acid to a final concentration of 5% and, after cooling,
the precipitate was removed by centrifugation. The supernatant liquid was
extracted five or six times with diethyl ether to remove the trichloroacetic
acid, and the aqueous layer was concentrated to a small volume and ana-
lyzed by chromatography on columns of Biogel P4.

Oligosaccharides and glycopeptides were isolated by chromatography on
1.5 X 150-cm columns of Biogel P-4 (200-400 mesh). Aliquots of each frac-
tion were counted to determine their radioactive content, and peaks were
pooled for additional analysis. Appropriate fractions were digested with en-
doglucosaminidase H (Endo H), and the digests were rechromatographed
on the same Biogel P-4 columns. In these cases, the glycopeptide peaks were
concentrated to small volumes and adjusted to pH 6.0 by the addition of ci-
trate buffer to a final concentration of 50 mM. 5 mU of Endo H were then
added, and incubations were carried out under a toluene atmosphere for 18
h at 37°C. At the end of this time, another 5 mU of Endo H was added for
an additional 18 h of incubation. The products were analyzed on columns
of Biogel P-4. Oligosaccharides released by Endo H were treated with jack
bean g-mannosidase to determine their susceptibility to this enzyme. In
these studies, the incubation mixtures containing the appropriate oligosac-
charides were adjusted to pH 5.0 by the addition of acetate buffer, to a final
concentration of 50 mM. This solution aiso contained 1 mM ZnCl,. 1 U
of jack bean a-mannosidase was added and incubations were carried out
under a toluene atmosphere for 12-14 h. An additional unit of enzyme was
then added and incubations were continued for another 18 h. Qligosaccha-
rides were accurately sized on a long, calibrated column of Biogel P-4
(200-400 mesh).

Results

Synthesis of N-Linked Oligosaccharides in
the Presence of Castanospermine

To determine the effect of castanospermine on the structures
of the N-linked glycoproteins, ganglia were incubated in the
presence or absence of alkaloid, and 2-[*H]-D-mannose was
added to label the glycoproteins. After incubation for 8 h,
the cell homogenates were digested exhaustively with pro-
nase, and the glycopeptides were separated on columns of
Biogel P-4 (see Materials and Methods). Since these
columns did not completely resolve the complex types of
oligosaccharides from the high-mannose types, the entire
glycopeptide peak was pooled, digested with Endo H, and
rechromatographed on the column.

Fig. 1 B shows the gel filtration profiles of the oligosaccha-
rides and glycopeptides released by Endo H digestion. In the
control cells, three peaks were observed after Endo H diges-
tion. The first peak, whose migration was not altered by the
enzymatic treatment, contained ~28% of the total radioac-
tivity. This peak appears to be composed of complex types
of oligosaccharides. The second peak, which emerged in
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fractions 54-64, was shifted by the Endo H treatment to a
slower migrating peak. The elution position of this peak and
its susceptibility to a-mannosidase indicated that this was a
high-mannose structure of Mang ¢GIcNAc (see below). The
third sharp peak apparently is free mannose, since its elution
position is in the monosaccharide area of the column. In the
presence of castanospermine the first peak was greatly re-
duced and represented <10% of the total radioactivity. Again
the elution position of this peak was not shifted by the Endo
H treatment. On the other hand, the migration of the second
peak was altered by Endo H, and after treatment it emerged
in fractions 52-58. This peak is probably a GlcsMany.s
GlcNAc, based on its elution from calibrated columns and
its limited susceptibility to a-mannosidase (see below). It
can be seen that the high-mannose structures of control tis-
sue were absent in the presence of castanospermine.

Peak 2 of the control cells (fractions 54-64) and peak 2
of castanospermine-incubated cells (fractions 52-58) were
chromatographed on a long calibrated column of Biogel P-4
to determine their size. Fig. 1 4 shows the profiles obtained
on this column. A rather broad oligosaccharide peak was ob-
tained from the control cells and eluted at a position near to
that of the MangGlcNAc ManyGIcNAc standards. This
oligosaccharide was completely susceptible to digestion by
jack bean a-mannosidase and gave rise to a major peak of
free mannose and a small peak of Man-B-GlcNAc (data not
shown). Thus, the oligosaccharide present in peak 2 of con-
trol cells appears to be composed of typical high-mannose
structures of the Mang_sGlcNAc composition. The oligosac-
charide in peak 2 of the castanospermine-treated cells was
larger in size than that of control cells and eluted near the
hexoseGlcNAc and hexose; GleNAc standards. This oligo-
saccharide was only slightly susceptible to a-mannosidase
digestion and gave rise to products with sizes corresponding
to hexosesGlcNAc plus radioactive mannose (data not
shown). This new oligosaccharide produced in the presence
of a-mannosidase would appear to be GlcsMansGlcNAc
and the original oligosaccharide isolated from castanosper-
mine-treated cells is therefore a mixture of GlcsMan;Glc-
NAc and GlcsMansGlcNAc.

It is difficult to quantitate precisely the oligosaccharides
that retain normal structure in the presence of castanosper-
mine. Rough estimates based on the material that chromato-
graphs with control oligosaccharides as shown in Fig. 1, 4
and B suggests that maximally 10-15% of the oligosaccha-
rides have normal structure, representing that fraction of the
mannose-labeled oligosaccharides that has an apparent size
identical to that of control material.

Since these results pertain to the bulk sugars present in
dorsal root ganglion neurons, we have analyzed the major
glycoproteins in these neurons on one-dimensional poly-
acrylamide gels to ascertain whether the alterations in
N-linked oligosaccharides are reflected in a majority of cel-
lular glycoproteins. As shown in Fig. 1 (inset), all the detect-
able bands in fluorographs of one-dimensional gels of 2-
[*H)-p-mannose labeled proteins migrate at new positions
in the presence of castanospermine, while Coomassie Blue-
stained proteins do not shift. Because of the large number of
glycoproteins resolved by this technique, we cannot correlate
specific new bands with their associated proteins in control
cultures, but we conclude that most, if not all, major glyco-
proteins are affected by the drug.
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Figure 1. Effect of castanospermine
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on N-linked oligosaccharide syn-
thesis. Glycopeptides from control
(®) and castanospermine-treated
(0) cultures were isolated and
treated with Endo H as described in
Materials and Methods. The glyco-
peptides were separated on a Biogel
P-4 column (B). The material in
peak II (see text) was accurately
. sized in a Biogel P4 (200-400
mesh) 1.5 X 200-cm column. The
elution is shown in 4. The size
markers are I, hexoseGIcNAc; I,
hexosesGIcNAc; I, hexosesGlc-
NAc; 1V, stachyose; ¥, mannose.
The inset in A shows polyacryl-
amide gels from 2[°*H]-p-man-
nose-labeled cultures; the two left
_4 lanes are stained with Coomassie
Brilliant Blue “R” and the right
hand lanes are fluorographs of iden-
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A potential difficulty in the interpretation of results using
castanospermine is the possibility that a given protein might
have an extremely long half-life in the membrane, and there-
fore remain associated with the cell surface after treatment
with this alkaloid. We have estimated the turnover times of
dorsal root ganglion neuron proteins by labeling cultures
with 2-[*'H]}-D-mannose as described in Materials and
Methods, followed by solubilization of the cultures after 2,
4, 6, or 11 d of chase in serum-supplemented medium (Rat-
ner et al., 1985) and analyzing radioactivity in trichloroace-
tic acid-precipitable material after these times. We observed
that 60% of the proteins in these neurons turn over with a
half-life of 2 d, while 40% turn over with a half-life of 6 d.
Any slower component is not detectable using this method.
The possible slow turnover of a specific protein is probably
not a problem in experiments analyzing neurite outgrowth
and fasciculation, where a considerable amount of de novo
synthesis of membrane protein is required for neurite elonga-
tion, but must be considered in experiments such as those ex-
amining ensheathment and myelination (see below).
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tical lanes. (—) control cultures;
(+) castanospermine-treated cul-
tures. For details see text.
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Neurite Growth and Fasciculation

Examination of neurite outgrowth in the presence of castano-
spermine was undertaken using conditions in which non-
neuronal cell proliferation is retarded by the combination of
a specific substratum (air-dried collagen) (Roufa et al., 1983)
and tissue culture medium (Leibowitz’s L-15) (Pfenninger

Table I. Neurite Outgrowth from Castanospermine-treated
Dorsal Root Ganglion Neurons

Outgrowth

Days in vitro (-) (+) % Control
um + SD

3 1,652 + 58 1,496 + 96 90.6

5 2,142 + 178 1,918 + 102 89.5

6 2,866 + 63 2,543 + 315 88.7

7 2,534 + 210 2,260 + 284 89.2

This table illustrates the extent of neurite outgrowth in the absence (—) or presence
(+) of castanospermine. All results are the average of three to five experiments.
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and Maylié-Pfenninger, 1981). Migrating non-neuronal cells
from the explant do not catch up to the front of growing neu-
rites for as long as 7 d. We initially chose this combination
of methods to retard non-neuronal cell growth in order to
avoid the use of the antimitotic agent, fluorodeoxyuridine,
which has been observed to slow neurite outgrowth from
sympathetic ganglia (Argiro and Johnson, 1981). When we
compared neurite outgrowth in the presence of 10-3 M cyto-
sine arabinoside with that on air-dried collagen and in L-15,
however, no difference in outgrowth was observed under
these conditions, even after 7 d. Subsequent experiments
were performed, therefore, in the presence of cytosine
arabinoside to allow a clearer view of the state of fascicula-
tion of the dorsal root ganglion neurites. The extent of neu-
rite outgrowth in the presence of castanospermine was 90%
of the control growth. For example, after 5 d in culture
the outgrowth from control neurons was 2,142 + 178 um (n
= 6) and of castanospermine-treated neuron, 1,918 + 102
pum (n = 5) (Table I).

In seven experiments, we consistently observed an en-
hanced tendency of neurites to fasciculate in the presence of
the drug (Fig. 2, B and D). This effect varied in magnitude
in different parts of the outgrowth surrounding the gan-
glion, as did the extent of fasciculation in control cultures
(Fig. 2 C).

Neuron-Schwann Cell Adhesion and Neuron-induced
Schwann Cell Proliferation

In tissue culture, Schwann cells prefer adhering to neurons
more than to other substrata such as type I collagen or tissue
culture plastic; purified Schwann cells bind to neurons and
ignore areas of the substratum not covered by neuritic out-
growth, even when all areas of the neurite outgrowth are
covered by Schwann cells (Salzer and Bunge, 1980). The
molecules involved in this interaction have not been
identified, although some evidence has been presented that
the adhesive molecule(s) on the neuron are sensitive to

Figure 2. Influence of castanospermine on fasciculation of dorsal root ganglion neurons. Embryoenic day 15 dorsal root ganglion neurons
were allowed to grow neurites in the absence (4 and C) or presence (B and D) of 250 pg/ml castanospermine for 3 d; neurites are more
fasciculated in the presence of castanospermine (D). The data shown are representative of those obtained in three different experiments.
(A and B) Bar, 2 mm; (C and D) bar, 1 mm. C and D are from sister cultures of A and B.
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glutaraldehyde and trypsin (Salzer et al., 1980a) and distinct
from the Schwann cell mitogen (see below) (Ratner et al.,
1985; Sobue and Pleasure, 1985). We have not studied the
initial adhesive interaction between neuron and Schwann cell
directly. However, we have co-cultured the two cell types for
up to 7 wk in the presence of 250 pg/ml castanospermine in
defined medium. Whereas some atrophy of neurites (in the
form of retraction) is observed after these long times,
Schwann cells remain attached to the surviving neurites, in-
dicating that this interaction is not dependent on N-linked
sugars (data not shown).

Two additional types of experiments indicate that castano-
spermine treatment does not modify neuron-Schwann cell
adhesion. We routinely generated cultures in which Schwann
cells fully populated dorsal root ganglion neurons, then
added 250 pg/ml castanospermine for 2 wk in medium M.
Fig. 3 B shows a Sudan black-stained preparation of this type
in which Schwann cells retain their relationship to neurites.
An implicit thesis in this experiment is that the initial neu-
ron-Schwann cell recognition event is the same as the
molecular interaction maintaining the adhesion. After being
switched from defined N2 medium to medium M +
castanospermine (Fig. 3 B), Schwann cells in the presence
of the drug appear to enhance their adhesivity to the neurons
in that they become more flattened onto neurite bundles, los-
ing their tendency to aggregate and perch on neurites.
Schwann cells in drug-treated cultures (Fig. 3 B) also appear
more densely packed on neurites than do Schwann cells in
cultures in defined medium (Fig. 3 A), but less packed than
cells in myelinating M medium without castanospermine
(Fig. 3 C).

Schwann cells are known to express the myelin-related
glycolipid, galactocerebroside, on their surfaces only when
they are associated with axons (Sobue and Pleasure, 1984).
Expression of galactocerebroside in culture begins after
Schwann cells have populated neurons in defined medi-
um (Eldridge, C., personal communication), and rapidly
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disappears if neuronal somata are removed from such cul-
tures. Therefore, expression of galactocerebroside can be
used as an indicator of the interaction of Schwann cells with
neurons. Fig. 5, E and F (see below) show phase-contrast and
immunofluorescent images from a culture similar to that
shown in Fig. 3 B, in which neurons and Schwann cells were
treated for 2 wk with castanospermine in medium M. Galac-
tocerebroside expression is not altered, indicating that this
neuron-Schwann cell interaction is not inhibited.

When Schwann cells come into contact with dorsal root
ganglion neurons, the Schwann cells are stimulated to divide
by a mitogen present on the surface of the neurons (Salzer
etal., 1980a). A heparan sulfate proteoglycan present on the
surface of the neurites has recently been implicated as a com-
ponent of the cell surface mitogen (Ratner et al., 1985). Ad-
dition of castanospermine to co-cultures of Schwann cells
and neurons had no effect (91% of control) on the mitogenic
response observed after 3 d in the presence of the inhibitor,
indicating that the mitogenic response does not require the
presence of a specific N-linked oligosaccharide on the sur-
face of either the neuron or the Schwann cell. Interpretation
of these data depends on (a) the effectiveness of castanosper-
mine as an inhibitor of glycoprotein maturation and (b) the
rate of turnover of the mitogen on the neuronal membrane
and the mitogen receptor presumed to exist on the Schwann
cell surface. The rapid turnover of these proteins appears
likely because after trypsinization the neurite mitogen reap-
pears on the cell surface within 36 h (Salzer et al., 1980a),
indicating a relatively rapid rate of synthesis, and trypsin-
treated Schwann cells become responsive to the neurite mito-
gen within 24 h (Ratner et al., 1985).

Ensheathment of Neurons by Schwann Cells

In developing in situ peripheral nerve, Schwann cells ini-
tially are found around the periphery of bundles of small
neurites (Davison and Peters, 1970; Webster et al., 1973). As

Figure 3. Morphology of neuron-Schwann cell cultures after treatment with castanospermine. Schwann cells were allowed to fill the out-
growth of dissociated dorsal root ganglion neurons in defined medium. The figure shows bright field photographs of Sudan black-stained
preparations. Comparable areas of outgrowth (1.25 mm from the edge of the neuronal cell bodies in the middle of the culture) are shown
from cultures that were cultured an additional 2 wk in defined medium (4), medium M plus castanospermine (250 pg/ml) (B), or medium
M (C). In B, the arrow points to the Schwann cell associated with the single myelin segment in this field and the arrowheads delineate
the ends of the internode. Many myelin internodes are seen in C. Bar, 40 pm.
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the nerve matures, Schwann cell numbers increase (pre-
sumably due to the presence of the neurite mitogen, see
above), and Schwann cells invade axon bundles and begin to
segregate axons. In an intermediate state, a single Schwann
cell may surround several groups of small axons and one or
two larger axons with its processes. As the process of en-
sheathment is completed, a single nonmyelinating Schwann
cell surrounds several mature axons, providing each axon
with a collar of membrane-delineated cytoplasm. To my-
elinate nerve fibers, a Schwann cell enters into a one-to-one
relationship with an axon before beginning to form a myelin
sheath (Webster, 1971). Each Schwann cell associated with
neurites in either of these ways is surrounded by basal lam-
ina. The processes of Schwann cell proliferation, axon segre-
gation, wrapping, and myelination occur simultaneously
among neighboring cells. In tissue culture we can regulate
the expression of these events by controlling medium and
substratum components. In serum-free defined medium,
Schwann cells adhere to neurites and proliferate (Moya et al.,
1980) but assemble essentially no basal lamina (Moya et al.,
1980; Carey and Bunge, 1981; Bunge et al., 1986) and show
little tendency to begin ensheathing neurites; some axons
(primarily in small groups) become partly surrounded by
Schwann cell processes but (a) in the case of Schwann cells
associated with >1 axon, axons are not individually en-
sheathed, and (b) Schwann cells do not establish a one-to-
one relationship with axons.

As described in Materials and Methods, cultures were ana-
lyzed for ensheathment by electron microscopic analysis of
sections taken from cultures in defined N2 medium and cul-
tures shifted for 2 wk to medium M in the presence or ab-
sence of 250 ug/ml castanospermine. Sections taken from
such a castanospermine-treated culture showed some differ-
ences from the control, notably diminished extracellular ma-
trix deposition and myelination, as will be described below.
In the cytoplasm of Schwann cells, numerous small au-
tophagic vacuoles were present when medium M contained
the drug (not shown).

In agreement with earlier work (Moya et al., 1980),
Schwann cells in defined medium typically exhibited mean-
dering processes that casually contacted neurites but rarely
completely surrounded them. Under all culture conditions,
regions of bare neurites were present but, in cultures in
medium M without castanospermine, Schwann cells had be-
gun to ensheathe neurites and, even after only 2 wk, seg-
regated some axons individually (Fig. 4 B) and myelinated
a population of these (Fig. 4 ). In medium M with or with-
out castanospermine, the preliminary processes of ensheath-
ment had occurred in that a Schwann cell often surrounded
a single axon and also a group of axons. Fig. 4, C-G are rep-
resentative of Schwann cell-axon relationships in castano-
spermine-treated cultures, showing the range of interactions
observed. As shown in Fig. 4 (F and G), one-to-one relation-
ships between Schwann cells and larger diameter (myelin
competent?) axons developed in the presence of castano-
spermine. Axons (n = 120) ensheathed with %, 1, 1%, or
1% turns of Schwann cell cytoplasm were counted in cultures
grown in medium M with and without castanospermine; the
drug-treated culture did not differ significantly from the con-
trol in this 1:1 relationship. In contrast to medium M without
castanospermine, however, more than 1% turns of Schwann
cell cytoplasm were not observed in the presence of
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castanospermine (except in the rare instances in which a my-
elin sheath was present; Fig. 4 D and see below).

Basal Lamina Formation by Schwann Cells:
Electron Microscopy

It has been noted previously that conditions that inhibit
ensheathment also suppress basal lamina formation by
Schwann cells (Bunge et al., 1986). Castanospermine treat-
ment appears to be another example of this phenomenon be-
cause basal lamina formed in drug-treated cultures was
patchy and very much less extensive than that found in con-
trol cultures, although more than that observed in cuitures
in serum-free defined medium. The electron micrographs in
Fig. 4 show the typical extent of basal lamina formation (ar-
rowheads) observed in castanospermine-treated cultures.
Even when surrounding the rarely occurring myelinating
Schwann cell (Fig. 4 D), basal lamina was less than on my-
elinating Schwann cells grown in the absence of castano-
spermine. When basal lamina was present on Schwann cells
in the presence of castanospermine, it was more prominent
on the surface of those in a 1:1 relationship with axons, as
would be expected from previous work (Bunge et al.,
1982a). Thin collagen fibrils (arrows), which can be ob-
served in control cultures as early as 2 d after shifting from
serum-free medium to medium M (Tiffany, B., C. Eldridge,
and M. B. Bunge, unpublished observations), were rare in
castanospermine-treated cultures (Fig. 4, C, E, and G) and,
when present (Fig. 4 F), were not as closely related to the
Schwann cell surface as in the control (Fig. 4 B).

Basal Lamina Formation by Schwann Cells:
Immunofluorescence

In defined medium, neither type IV collagen nor heparan
sulfate proteoglycan is detectable on the Schwann cell sur-
face, whereas laminin is present at low levels in a punctate
pattern on the cell surface (Cornbrooks et al., 1983). After
2 wk in medium M, however, continuous basal lamina has
formed on Schwann cell exteriors in neuron-Schwann cell
co-cultures, as detected by immunofluorescent staining using
antibodies directed against type IV collagen, laminin, or
heparan sulfate proteoglycan (Eldridge et al., 1985). After
2 wk in medium M plus castanospermine, Schwann cells did
not assemble typical basal lamina by immunocytochemical
criteria. Fig. 5 shows typical areas from control and castano-
spermine-treated cultures stained with antibodies against
heparan sulfate proteoglycan (Fig. 5, 4-D). The distribution
of the three basal lamina antigens tested appears linked in
that the three classes of molecules are present in a tight net-
work associated with the Schwann cell surface under normal
conditions; castanospermine treatment depressed the depo-
sition of all three types of molecules (data not shown).
Nevertheless, all three antigens were present at higher levels
than in cultures maintained in N2 medium, in accordance
with areas of patchy basal lamina observed by electron mi-
croscopy (Fig. 4). In regions where Schwann cells were
clumped, brightly fluorescent patches were observed using
all three antibodies, and isolated Schwann cells were stained
in a punctate manner with anti-heparan sulfate proteoglycan
as well as anti-type IV collagen and anti-laminin antibodies.
In castanospermine-treated cultures, none of these antigens
were present at the levels or with the organization observed
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Figure 4. Effect of castanospermine on extracellular matrix production by Schwann cells. Electron micrographs of neuron-Schwann cell
cultures in myelin-promoting medium (4 and B) or in this medium plus castanospermine (C-G) for 2 wk. These areas are from cross-
sectioned fascicles in outgrowth regions. In all panels but C, myelinated or nonmyelinated axons in 1:1 relationships with Schwann cells
are illustrated; 1:1 relationships between Schwann cells and larger diameter axons develop in castanospermine-containing as well as normal
medium. The Schwann cells surrounding single larger axons possess the most prominent basal lamina at this time period in either medium,
but this population of Schwann cells exposed to castanospermine exhibits less basal lamina than the Schwann cells in normal medium (cf.
B with E-G). In the presence of castanospermine, myelinating Schwann cells may have nearly continuous basal lamina but it is very thin
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Figure 5. Immunofluorescence staining for a basal lamina antigen and galactocerebroside after castanospermine treatment. Fully populated
neuron-Schwann cell cultures in defined medium were switched to medium M for 2 wk in the absence (4 and B) or presence (C-F) of
250 ug/ml castanospermine. Cultures were then fixed in paraformaldehyde for 20 min before staining with an anti-heparan sulfate proteogly-
can (B and D) or anti-galactocerebroside (F) antibody followed by a rhodamine-conjugated goat anti-mouse secondary antibody. 4, C,
and E are phase micrographs; B, D, and F are the corresponding fluorescent images. In contrast to the normal linear pattern of basal lamina
staining in medium M (B), staining indicative of basal lamina assembly is greatly reduced in the presence of castanospermine (D). That
the neurons and Schwann cells are interacting in castanospermine is shown by positive staining for galactocerebroside (F). Bar, 20 pm.

in cultures of neurons and Schwann cells in medium M with- 40 myelin segments/1.25 mm? with many fields containing
out the inhibitor. too many myelin segments to count (i.e., >60 segments/
field). In contrast, castanospermine-treated cultures con-
tained <4 segments/field and, in some experiments, no my-
We have quantitated myelin formation in castanospermine-  elin was observed. Interestingly, the myelin internodes that
treated neuron-Schwann cell co-cultures. Cultures switched  did form in drug-treated cultures appeared normal in length
to medium M without castanospermine contained on average  (control, 95 + 23.2 um; castanospermine-treated, 89.9 +

Myelination

(D; arrowheads, E), and Schwann cells surrounding an axon with cytoplasm exhibit basal lamina that is also very thin or patchy (arrow-
heads, F and G). In normal medium, collagen fibrils dot the exterior of the basal lamina (arrows, B); in castanospermine-containing
medium, collagen fibrils are rare (C~-E and G) or are found in small clusters farther from the basal lamina (arrow, F). (4, C, and D)
Bar, 1 pm; (B and E-G) bar, 0.5 um.
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26.1 pm) and in compaction as observed by electron micros-
copy (Fig. 4, D and E).

Discussion

Since the biological reason for the enormous heterogeneity
in sugar chains on glycoproteins is not understood, we have
taken a defined system, easily accessible to manipulation
through tissue culture, and asked whether specific sugar
structures of the N-linked type are required for a variety of
biological functions. Inhibitors such as castanospermine al-
low a distinction between two possible roles for N-linked
oligosaccharides on cell surface glycoproteins involved in
cell-cell interactions. In the first, a cell-cell interaction re-
quires the presence of a specific carbohydrate structure; an
example is the interaction of a lectin with a sugar. In the sec-
ond, the carbohydrate, as a large, hydrophilic component of
the protein, may influence the conformation or characteris-
tics of the protein, but is not directly involved in the cell—cell
interaction. By generating glycoproteins with high mannose
cores but without mature (high mannose or complex) oligo-
saccharides, castanospermine should affect the former inter-
actions but not the latter. This is in contrast to inhibitors such
as tunicamycin which affect both types of molecules by com-
pletely blocking the formation of any N-linked oligosaccha-
rides.

Although most known cell surface proteins contain some
covalently bound sugar, the evidence that we have presented
suggests that one set of very well-defined cell-cell interac-
tions is not influenced (to our level of resolution) by the exact
structure of these sugar chains. These interactions include
neuron-Schwann cell adhesion, neuron-induced Schwann
cell proliferation, and neurite outgrowth. The independence
of these events from specific N-linked sugars introduces the
question of whether other types of sugar chains on proteins
might mediate these events. In parallel studies, the effects
of a competitive inhibitor of proteoglycan biosynthesis
have been analyzed in this system. The loss of a heparan
sulfate proteoglycan on the neuronal surface inhibits Schwann
cell proliferation (Ratner et al., 1985), but inhibition of
proteoglycan biosynthesis by over 85% does not affect
neuron-Schwann cell adhesion. Ensheathment of neurons
by Schwann cells and basal lamina formation by Schwann
cells also appear normal at the electron microscope level
in the presence of 1 mM 4-methylumbelliferyl-p-p-xylo-
side, although myelin formation is inhibited and the few
segments that do form are shorter than normal myelin
segments (Ratner et al., 1986). These results, taken to-
gether with the results using castanospermine, indicate
that it is possible to recognize by the use of appropriate
inhibitors specific classes of molecules that are essential,
by virtue of their sugar chains, to a given cell-cell inter-
action.

Castanospermine-treated cultures show enhanced neurite
fasciculation. Although data are not available for the rat,
chicken lumbar ganglia tend to fasciculate less than thoracic
dorsal root ganglia at the same age (Rutishauser et al., 1978).
Lumbar ganglia also contain more highly sialated (em-
bryonic) N-CAM than do thoracic ganglia in the mouse
(Chuong and Edelman, 1984), retaining the embryonic form
after birth. We have chosen conditions that maximize defas-
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ciculation, i.e., the use of air-dried collagen as a substratum
(Roufa et al., 1983) to test the effect of castanospermine on
the process. It has been reported that the neural cell adhesion
molecule, N-CAM, is at least in part responsible for fascicu-
lation of neurites since anti-N-CAM antibodies block fascic-
ulation (Rutishauser et al., 1978). The presence of polysialic
acid is one of the characteristic features of N-CAM, and a
decrease in the amount of sialic acid on N-linked sugars on
the molecule appears to enhance its rate of binding to cells
(Cunningham et al., 1983). We would therefore anticipate
that a block in the synthesis of specific N-linked oligosac-
charides should enhance fasciculation, and this was in fact
observed in our experiments (see Fig. 2). Monovalent frag-
ments obtained from anti-N-CAM antibodies can defascicu-
late the fascicles formed subsequent to alteration of the car-
bohydrate side chains by addition of castanospermine (data
not shown), suggesting that the major adhesive molecule in
this system appears to be N-CAM and that asparagine-linked
oligosaccharides (polysialic acid residues) modulate the
adhesion characteristics of N-CAM. While this work was in
progress, we were informed by Dr. U. Rutishauser of results
(now published, Rutishauser et al., 1985) that demonstrated
that treatment of chicken neuron cell surfaces with an en-
dosialidase increased N-CAM-dependent fasciculation in
vitro and in the optic nerve. These results and our results are
in agreement in that both sets of observations lead to the con-
clusion that N-CAM-dependent fasciculation is enhanced
when N-CAM lacks polysialic acid. Other cell surface glyco-
proteins have also been implicated in fasciculation (Stallcup
and Beasley, 1985; Stallcup et al., 1985) and the activity
could be altered by culture in the presence of castanosper-
mine; in all cases, however, our results substantiate other
data suggesting that the presence of specific N-linked sugars
minimizes the adhesion of neurites to each other at least un-
der our culture conditions.

It has been reported that tunicamycin treatment of cerebral
neurons inhibits neurite outgrowth when added 6-24 h after
plating neurons (Yavin et al., 1984); this effect may be due
to either toxicity of tunicamycin or its effect on transport of
proteins to the cell surface. The negative result we have ob-
tained using castanospermine indicates that the mature sugar
complement of glycoproteins is not required for neurite initi-
ation or neurite elongation.

The data presented herein suggest that castanospermine in-
hibits the initiation of myelin formation, specifically the initi-
ation of spiral wrapping of the Schwann cell mesaxon around
neurites. Schwann cells are able, in the presence of castano-
spermine, to segregate larger diameter axons and encircle
them with up to 1%2 turns of cytoplasm. Thus specific N-
linked sugars on either the neuron or Schwann cell appear
not to be involved in the segregation of a single axon by a
Schwann cell but are required for the initiation of wrapping
of the Schwann cell membrane around an axon. Very little
is known about the molecular components involved in en-
sheathment and beginning myelin formation; one molecule
which may play a role is the myelin-associated glycoprotein,
present in the inner mesaxon of Schwann cells (Trapp et al.,
1984).

An alternative explanation for the inhibition of beginning
myelination by castanospermine is that this effect is second-
ary to the Schwann cells’ failure to deposit an adequate ex-
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tracellular matrix (see Bunge et al., 1986). Previous data
show that the presence of neurons is essential (in myelin-
promoting medium) for Schwann cells to assemble basal
lamina (Bunge et al., 1982a). Moreover, contact between
neuron and Schwann celi is necessary (Clark et al., 1985).
It has been suggested that the formation of basal lamina by
Schwann cells may be regulated through adequate produc-
tion of type IV collagen (Carey et al., 1983; Bunge et al.,
1986; Eldridge et al., 1984, 1985). Other basal lamina com-
ponents such as laminin (Cornbrooks et al., 1983) and entac-
tin (Carlin et al., 1981), which are glycoproteins and
presumably sensitive to the action of castanospermine, are
not by themselves sufficient for normal basal lamina assem-
bly because they are secreted by Schwann cells in defined
medium, a condition in which little matrix is assembled
(Bunge et al., 1986). Procollagen contains N-linked oligo-
saccharides (Clark, 1979), and therefore the secretion of col-
lagen might be affected by castanospermine. We have shown
that type IV procollagen production (as assessed by assem-
bly of a basal lamina) is decreased along with that of heparan
sulfate proteoglycan (which should be unaffected by castano-
spermine treatment) and laminin. The presence of numerous
small autophagic vacuoles in Schwann cell cytoplasm in the
presence of castanospermine would be consistent with im-
paired secretion. This concerted inhibition of assembly of
the three major classes of molecules into basal lamina must
therefore be related to a fundamental disruption in neu-
ron-Schwann cell interaction which does not allow the estab-
lishment of polarity of the Schwann cell (Bunge and Bunge,
1983; Bunge et al., 1986). We therefore postulate that the
Schwann cell’s failure to begin myelination in the presence
of castanospermine is due to the drug’s direct effect on one
(or a few) cell surface glycoprotein(s) on either neuron or
Schwann cell which play(s) a role in directing the initiation
of wrapping of the Schwann cell membrane (beyond 1%
turns) around the neurite.

In the rare cases that myelin forms in the presence of
castanospermine, it is normal in both internode length and
in fine structure. It is known that myelin sheath formation is
related to properties of the axon, since in vivo and in vitro
it has been demonstrated that identical populations of
Schwann cells can be induced to myelinate some neurons but
not others (Hillorp and Olivercrona, 1946; Aguayo et al.,
1976; Weinberg and Spencer, 1975). In addition, the inter-
nodal length appears to reflect the diameter of the axon in
several species (Davison and Peters, 1970). We speculate,
therefore, that the inhibition of initiation of mesaxon wrap-
ping of axons in castanospermine prohibits the required steps
leading to myelin formation, and not myelination per se.
Thus, we propose that N-linked oligosaccharide(s) is (are)
involved in the initiation rather than the completion of
Schwann cell wrapping or the compaction of the mesaxon
into myelin.
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