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The role of glycoproteins in neurite outgrowth in vitro has been examined using the protein glycosylation inhibitor, tunicamycino 
The concentration-dependent inhibitory effects of tunicamycin on neuritic outgrowth from goldfish retinal explants closely 
paralleled its effects on the dolichol pathway of glycoprotein biosynthesis. The neurite membrane assembled in the presence of an 
intermediate dose of tunicamycin (5 /,g/ml) was deficient in carbohydrate, as indicated by a reduced capacity to bind the lectins 
Concanavalin A, wheat germ agglutinin and ricin. These results suggest that tunicamycin may prove useful in assessing the role of 
cell surface carbohydrate in neuronal recognition phenomena. 

INTRODUCTION 

Although glycoproteins are major constituents of  

plasma membranes,  including axonal membranes, 
little is known about  their function. Speculation has 

included possible roles for cell surface carbohy-  

drates in neuronal recognition, synaptogenesis and 

l igand-receptor  interactions 2,~9. Assessment of  the 

functional significance o f  glycoproteins has been 

aided by studies on their structure and biosynthesis 
and by the discovery of  a specific inhibitor of  the 

latter. The majority o f  the prote in-bound carbo- 

hydrate in brain, as well as in other tissues, is linked 

via N-acetylglucosamine residues to the amide ni- 

trogen of  asparagine and contains a mannose-rich 
inner core region 21. This core oligosaccharide is 

assembled (Fig. 1) while bound to a lipid carrier, 

dolichol pyrophosphate ,  then subsequently attached 
to protein aT. Membrane preparations f rom calf 
brain :36 and chick or  bovine retinasS, 1G have been 

shown to carry out the reactions o f  the dolichol 
pathway. The antibiotic tunicamycin has been 
found to inhibit protein glycosylation by blocking 
the first step in this pathway34, aS. The availability o f  

this inhibitor offers the oppor tuni ty  to examine the 
glycoprotein requirement o f  various neuronal  func- 
tions. 

Prior studies o f  lectin binding to regenerating 

goldfish optic nerve, using retinal explants as an in 

vitro model, indicated the presence of  mannose and 

N-acetyl glucosamine residues on the axolemma of  

the growing neuritesg, lo. Since these two carbohy- 
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Fig. 1. Schematic of dolichol pathway of core oligosaccharide 
synthesis. Dol-P, dolichol phosphate; UDP, uridine diphos- 
phate; GIcNAc, N-acetylglucosamine; GDP, guanosine di- 
phosphate; Man, mannose; Glc, glucose; Asn, asparagine. 
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drates are components of  the core oligosaccharide. 
tunicamycin might be expected to interfere with 
their appearance at the neurite cell surface. This 
report demonstrates that the neuritic membrane 
elaborated in the presence of tunicamycin has a 
reduced lectin binding capacity. In addition, tuni- 
camycin was found to inhibit neuritic outgrowth in a 
concentration-dependent manner which could be 

correlated with the metabolic effects of the antibio- 
tic. Part of this work has been presented in a pre- 
liminary form li,l'-'. 

MATERIALS AND METHODS 

Explant preparation 
Retinas were removed from goldfish (Caras~sius 

auratus, 7-11 g, Ozark Fisheries) at t0-14 days 
following optic nerve crush, explanted as previously 
described 17 onto polylysine coated plastic dishes or 
glass coverslips la and maintained at 20-22 <~C in 

humid chambers. Tunicamycin (gift of G. Tamura,  
or of  R. Hamill, Eli Lilly) was stored at - -20  'C  as a 
stock solution of 200 #g/ml in 0.025 N NaOH.  
(Although not used for these experiments, tunica- 
mycin purchased from Calbiochem had effects simi- 
lar to those described here.) Prior to use, the stock 
solution was diluted with L-15 tissue culture me- 
dium (Gibco) to give a final concentration of  1 10 
ug/ml. The resulting solution was filter sterilized 
before addition to the culture dishes. After 6 days in 
culture, the extent of neuritic outgrowth was esti- 

mated TM. Briefly, the average length of the neurites. 
in units of  500 #m, was multiplied by an estimate of 
the neuritic density, on an arbitrary scale of 1-4, to 
give a nerve growth index (NGI).  For each experi- 
mental group, 3 dishes, each containing 16 explants, 

were scored. 

Leetin binding 
The rhodamine-labeled lectins, Concanavalin A 

(Con A), wheat germ agglutinin (WGA) and ricin 
(RCA 1) were purchased from Vector Laboratories. 
The lectins were diluted to 25-200/~g/ml in phos- 
phate-buffered saline 6 (PBS) prior to use. Cultures 
were grown on no. 1 1/2 glass coverslips in either 

control medium or medium containing 5 ug/mt 
tunicamycin. The latter was added at day 2 cff 
culture in order to permit sufficient growth to pre~ 
vent detachment of  the explants during the subse~ 
quent rinses and incubations ~ilh tectin. After 6 
days in vitro (4 days exposure to tunicamycin), 
cultures were rinsed 3 times ~ith PBS, incubated 
with lectin solution for 30 rain al room temperature, 
rinsed again, then examined by fluorescence micros- 
copy (Leitz Diavert). There ~as no binding of ('oi~ 

A, WGA and RCA 1 in the presence of their 
respective competing sugars, ,,-mothyl mannosidc 
(50 raM), N,N',N"-triacetylchitotriose (20 mM) and 
lactose (50 m M ). The l ipophilic [t uorcscent dye, .L 3'- 
dioctadecylindocarbocyanine (dil), x~as a gift ~t' D 
Axelrod (University of Michigal; }, 

Precursor hworporation 
Control or tunicamycin-treated cultures were in- 

cubated, with or without tunicamycin, in fresh me- 
dium with 20 #Ci/ml of either D-[6-aH(N)]glucosa - 
mine hydrochloride (New England Nuclear, 19 
Ci/mmol), I>[2-aH]mannose iAmersham. 12 
Ci/mmol) or I.-[2,3-aH]prolinc (New England 
Nuclear, 23.7 Ci/mmol). Prot-ein-bound radio- 
activity was determined by a modification of the 
rCA-fil ter paper method of Mans and Novelli ~°, 
followed by solubilization with Soluene (Packard). 
Protein was determined spectrophotometricallyl:L 

For incorporation experiments with intact retinas, 
the incubation medium of Dunlop et alS, with 10 
mM pyruvate substituted for glucose, was used. 
Retinas could be incubated in this medium at 20 T '  
under 95°;  Oe/5g~ CO2 for at least 6 h with no loss 
of their ability to incorporate labeled amino acids or 
sugars into protein. Retinas were routinely preincu- 
bated in the presence or absence of tunicamycin for 
4 6 h, then transferred to [¥esh medium, :: tunica- 
mycin, with the appropriate radioactive precursor 
and incubated for a further 60 rain. Incorporation, 
which was linear throughout this time, was stopped 
by dilution with 20 vols. ice-cold saline. Retinas 
were then either frozen over dry-ice and stored at 

20 ~C prior to analysis, or homogenized imme- 
diately in groups of 3 or 4 in 0.4 ml H~_O. Aliquots 

Fig. 2. Inhibition of neurite outgrowth by tunicamycin. Dark-field (a -d) and phase (e h) photornicrograpi~s o[ explants exposed to 
the following concentrations oftunicamycin for 6days:0/tg/ml(a,e); 1 l~g/ml(b, fl; 5 !~g/ml(c. g); 10!~g/sal]  fd ,  hL Iga~ ~ 20( ' l !m~ 
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were removed for the TCA-filter paper assay and 
protein determination. The remainder was sequen- 
tially extracted with chloroform :methanol (I :1) and 
chloroform :methanol :water (I 0:10:3) as described 
by Schmitt and Elbein 2s to isolate dolichol mono- 

saccharides and dolichol oligosaccharides, respec- 
tively. Mild acid hydrolysis was carried out as 
described by Chambers et al. 4. For gel electropho- 
resis, retinas labeled with [aH]glucosamine or 1~-[4,5- 
3H]leucine (New England Nuclear, 60 Ci/mmol), 
were homogenized in 0.0625 M Tris-HCl,  pH 6.8, 

then brought to a final concentration of 2 ~ in SDS 
and 8 M in urea. Insoluble material was removed by 
centrifugation at 100,000 ;.:: g for 120 rain. Slab gel 

electrophoresis (10% polyacrylamide) was carried 
out as described by O'Farrell  z=' and the protein 

labeling pattern was examined following fluoro, 
graphy:~. 

RES U L'FS 

E[:['ect,s on neurite growth 

Goldfish retinal explants were cultured for 6 days 
in the presence of 0-10 #g/ml tmlicamycin, at which 
time the extent of neurite outgrowth was estimated. 
Dark-field and phase photomicrographs of reprc- 
sentativc cultures are shown m Fig. 2, Control 
explants (Fig, 2a, e) exhibited a neuritic growth 
index (NGI)  of  5.22 -~ 0.74 (mean : i  S.D., n 
144). Tunicamycin at I, 5 or 10 l~g/ml (Fig. 2 b d .  
f-h) inhibited neurite outgrowth by 31,63 and 85 0',,, 
respectivel3 (f'  : 0.05). The inhibitory effects of 

Fig. 3. Effect of tunicamycin (5 #g/ml) on binding of fluorescent markers to retinal explant neurites. Fluorescence photomicro- 
graphs of control (a, c) and tunicamycin-treated (b, d) neurites labeled with rhodamine Con A (a, b) or the tipophilic dye, dil (c, d). 
Bar .... tO0 pro. 



tunicamycin could be reversed if the antibiotic was 

removed from the medium. Cultures exposed to 
tunicamycin (5 #g/ml) for 24 h, from day 2 to day 3 

of explantation, exhibited, at day 6, an NGI  only 

14 o/,, below control values. 

Effects on lectin binding 
Neurites which grew out in the presence of 10 

/~g/ml tunicamycin appeared to be deteriorating, but 

with lower doses, the neurites, although shorter and 

less abundant, seemed normal in morphology. To 

determine if their surface glycoprotein content had 

been altered, fluorescent lectin binding experiments 

were carried out. It had previously been shown that 

the retinal explants neurites contain receptors for 

Con A, WGA and RCA, indicating the presence of 

mannose, N-acetyl glucosamine (or sialic acid) and 

galactose, respectively, on the neurite membrane TM. 
Tunicamycin treatment (5 /~g/ml) was found to 

decrease the binding of Con A (Fig. 3a, b) and to 

have similar effects on WGA and RCA. This reduc- 
tion in lectin binding did not occur with other agents 

that inhibit neurite outgrowth such as the cholester- 

ol synthesis inhibitor, diazacholesteroU 1. Some indi- 

cation that the tunicamycin-induced reduction was 

specific for lectin receptors was obtained by exami- 
ning the binding of the lipophilic dye, dil. This 

fluorescent probe intercalates into the plasma mem- 
brane and can give an estimate of the membrane 

TABLE l 

E[]ects c~f tunicamycin on protein and glycoprotein synthesis 
in retinal explants 

On day 6 of culture, explants were preincubated with tuni- 
camycin (5/,g/ml) for 16 h, then incubated in fresh medium 
containing tunicamycin with 10 ¢¢Ci/ml of [aH]g[ucosamine, 
[3Hlmannose or [:3H]proline for 4 h. TCA precipitable radio- 
activity was determined and compared with that of control 
cultures not exposed to tunicamycin. Three culture dishes 
were pooled for each analysis. Data are expressed as dpm//¢g 
protein ± S.D. (n :: 4). 

Control Tunicamycin 

[3H]glucosamine 5[6 ~ 88 271 ~ 30* 
[3H]mannose 106 ~ 13 48 2 10* 
[3Hlproline 4903 5 319 4273 2. 253** 

* Significantly different from control atP < 0.005 (Student's 
t-test). 

** Significantly different from control at P < 0.025. 

100 

90 

80 

7O 

60 

os0 

%0 

~ . 3 o  

2o 

311 

A ~o01~ B 
, ~ 8O \\ 

\ ° t , . . . . .  

o 

' I I 

/UNICAMYCIN (pg/ml) 

Fig. 4. Concentration dependence (A) and time course (B) of 
the effects of tunicamycin on explant neurite outgrowth (O),  
and on whole retina glycoprotein synthesis ( I I )  or dolichol 
oligosaccharide synthesis (<)). Data are expressed as ~ of  the 
fol lowing control values (~: S.D.) : neurite outgrowth (NG I) 
= 5.22 ± 0.74', glycoprotein synthesis ..... 76,370 ± 5200 
dpm/retina; dolichol oligosaccharide synthesis == I0,780 
1510 dpm/retina. Each point in A represents the mean of 
determinations from 3 separate experiments, each carried out 
in triplicate. For the single experiment on B, 5 /~g/ml of 
tunicamycin was used. All tunicamycin-treated values were 
significantly different from control at the P 0.05 level. 

surface areat  When labeled with dil, the control 

and tunicamycin-treated neurite membranes could 

not be distinguished from each other (Fig. 3c, d). 

Effects on hworporation o f  labeled precursor 

The effects of tunicamycin on glycoprotein and 

protein synthesis were then examined (Table I). 

Following exposure to 5 /~g/ml tunicamycin, the 

incorporation of [3H]glucosamine and [3H]mannose 

into protein was inhibited 47 and 54 ~,, respectively. 

At this same concentration of the antibiotic, protein 

synthesis, as measured by [3H]proline incorpora- 

tion, declined by only 13 ~. No inhibition of glyco- 

protein synthesis was seen if a tunicamycin preincu- 

bation of only 30 min was used, in agreement with 
previous reports of a lag period before maximal 
effects of the drug were manifested in other cultured 
cells3% The lack of inhibition after brief pretreat- 

ment argues against a direct effect of tunicamycin on 
uptake of labeled precursor into the explants. These 
observations suggest that the functioning of the 
dolichol pathway is required for retinal glycoprotein 
synthesis and that neurite elongation is inhibited 
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C TM C TM 
Fig. 5. Effect of tunicamycin on retina SDS gel pattern. Fluorography of [:~H]glucosamine (A) or [JHlleucine I B) labeled protem~ 
from control (C) or tumcamycin (TM, 5/,g 'ml) treated retinas. In each panel, the same amount of protein-bound radioactivit ; was 
applied to each lane. The average specific radioactivity of the TM-treated [aH]glucosamine-labeled proteins wa, 55 o: of control 
while that of the TM-treated [3H]leucine-labeled proteins was 86 ?,/. of control. Arrows indicate the posnions of the molecular 
weight standards, bovine serum albumin (68.0001. ovalbumin (45,000) and ribonuclease t14.000). 

when  p ro t e in  g lycosy la t ion  is inhibi ted .  

D i r ec t  d e m o n s t r a t i o n  o f  the  effects o f  tunica-  

myc in  on  the  do l i cho l  sugar  p a t h w a y  in the  re t inal  

exp lan t s  was n o t  p rac t ica l  due  to  the  smal l  a m o u n t  

o f  t issue avai lable .  F o r  this roast:n, fu r the r  s tudies  

were car r ied  out  us ing in tac t  goldl ish  re t inas  incu- 

ba ted  in vi t ro .  F o l l o w i n g  incuba t ion  o f  re t inas  ~ i th  

[3H]g lucosamine  for  1 h, a p p r o x m l a t e t y  80':,, of the 



incorporated radioactivity was found in the glyco- 
protein fraction, while in the lipid-extractable frac- 
tions, non-dolichol glycolipids (including ganglio- 
sides) accounted for 4.8~,  dolichol monosaccha- 
rides 1.2 ~ ,  and dolichol oligosaccharides 14 ~ of the 
total incorporation. Radioactivity in the lipid-sugar 
fractions was distinguished from that in gangliosides 
by lability to weak acid hydrolysis. All of the chloro- 
form :methanol :water (10:10:3) fraction (containing 
dolichol oligosaccharides) was made water soluble by 
this treatment, while in the chloroform:methanol 
( l : l )  extract (containing dolichol monosaccharides 
and gangliosides) only 20 ~ was acid labile, corre- 
sponding to the fraction of radioactivity in N-acetyl 
glucosaminylpyrophosphoryl-dolichol. The identity 
of the dolichol oligosaccharide was further support- 
ed by its chromatographic behavior on DEAE- 
cellulose 36 and by its ability to incorporate [aH]- 
mannose. 

The concentration dependence of the effects of 
tunicamycin on retina glycoconjugate synthesis was 
then examined and compared with that for neurite 
outgrowth inhibition (Fig. 4a). Preincubation of 
retinas with 5 or 10/~g/ml tunicamycin resulted in 
inhibition of [aH]glucosamine incorporation into 
glycoprotein to an extent similar to that observed 
with the retinal explants. The remaining 50 ~ of the 
labeling which was resistant to tunicamycin is most 
likely due to the incorporation of [aH]glucosamine 
into O-linked glycoproteins or into pre-existing gly- 
coprotein at a step beyond core oligosaccharide 
synthesis. Effects of tunicamycin on the immediate 
precursor of the latter, dolichol oligosaccharide, 
were much more dramatic and closely paralleled 
neurite outgrowth inhibition. The maximum reduc- 
tion in dolichol oligosaccharide was obtained after 
4-6 h preincubation with a given dose of tunica- 
mycin (Fig. 4b). The latter did not inhibit uptake of 
the precursor or of the total chloroform :methanol 
(1:1) fraction although the radioactivity in the acid 
labile component of this extract was reduced to 40 
of control. Incorporation of [3H]mannose into gly- 
coprotein and dolichol oligosaccharide in the pre- 
sence of tunicamycin was inhibited to the same 
degree as was [aH]glucosamine. 

Effects on SDS gel electrophoretic pattern 
In order to determine if tunicamycin was inhibi- 
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ting the synthesis of any particular glycoprotein(s), 
SDS gel electrophoresis of [3H]glucosamine or [3H]- 
leucine-labeled retinal proteins was carried out. The 
same amount of protein-bound radioactivity was 
applied to each lane in order to more clearly visu- 
alize any changes in the relative pattern of labeling. 
The most striking effect in the [3H]glucosamine gels 
(Fig. 5A) was the absence in the tunicamycin- 
treated retinas of a heavily labeled band moving just 
behind the dye front, comigrating with a 14,000 
molecular weight protein standard. This material is 
most likely dolichol oligosaccharide, since it was 
absent in chloroform :methanol :water-treated samp- 
les. All of the other bands were of similar relative 
intensity except for a band in the 30,000 molecular 
weight area. Tunicamycin appears then, at this level 
of resolution, to decrease the amount of carbohy- 
drate incorporated into protein and not to grossly 
alter the pattern of glycoproteins made by the retina. 
The gel electrophoretic profiles of proteins labeled 
by [3H]leucine in control and tunicamycin-treated 
retinas were also similar except for a novel band in 
the latter (Fig. 5B, asterisk). The altered migration 
of this protein may be due to a change in its state of 
glycosylation. 

DISCUSSION 

Evidence is accumulating in support of the postu- 
lated role of oligosaccharides as carriers of bio- 
logical information (for reviews see refs. 29, 30). The 
heterogeneity of glycoproteins resides not only in 
the type and sequence of sugar residues but also in 
the nature of the linkages present and the occurrence 
of branch points. Thus, glycoproteins have much 
more potential tbr structural diversity than proteins 
or nucleic acids. While in some systems it has been 
possible to directly demonstrate a role for cell 
surface carbohydrates in various cellular processes 
(see refs. 28, 29), further information on the signifi- 
cance of protein-bound carbohydrate to cellular 
recognition phenomena has been obtained by the 
use of inhibitors of protein glycosylation. Among 
these, tunicamycin has been especially valuable be- 
cause of its specificity and well-characterized mecha- 
nism of action, i.e. noncompetitive, irreversible inhi- 
bition of N-acetylglucosaminyl pyrophosphoryl do- 
lichol transferase la. Studies with tunicamycin have 
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been useful in either confirming 8.t~,27 or eliminat- 

ingZS, 32 postulated roles of N-linked glycoproteins 
in many biological processes. In the present study, 
both neurite outgrowth and lectin binding were 
found to be inhibited by tunicamycin treatment of 

goldfish retinal explants. The effects on neurite 
outgrowth appeared not to be due to non-specific 
toxicity, since the inhibition was reversed upon 
removal of  the drug. That  a defect in glycosylation 
was the cause of the reduced outgrowth is indicated 

by the minimal effects of  tunicamycin on protein 
synthesis (with either [3H]proline or [3H]leucine as 
precursor) and the close parallel between inhibition 
of neuritic outgrowth and of dolichol oligosaccha- 
ride synthesis. While the concentrations of TM used 
here were approximately 10-fold higher than those 
found to be effective in muscle cells ~:~,'4,''6, adipo- 
cytes 27 or sea urchin embryos t4, they are similar to 

or lower than those used in studies of oviduct 
slices ,~z, retina z5 and myelin 31. In addition, the rela- 

tive purity of  the various TM preparations is a 
confounding factor in direct comparisons of dose 

response. 
The requirement of protein glycosylation for neu- 

rite elongation could be a manifestation of any of 
several possible functions of the protein-bound oli- 
gosaccharide. These include adhesion to the sub- 
stratum, fasciculation of the neurites or mainte- 

nance of the structural integrity of the axolemnua. 
There was no obvious effect of tunicamycin on 
fasciculation in these experiments except that those 
explants with fewer neurites had thinner fascicles. At 
the highest dose used, 10 #g/ml, deterioration of the 
neurites was noted. Perhaps this observation, and 
the growth inhibition at the lower doses of tuni- 
camycin as well, relates to the postulated role of the 
carbohydrate chain in protecting against proteolysis 
of  glycoproteins 24,'~6. In this regard, a preliminary 
experiment with the protease inhibitor, leupeptin 
(0.5 raM) showed no reversal of  the effects of 

tunicamycin. The adhesion of the explants to the 
polylysine substratum was not altered by tunicamy- 
cin, although effects on the adhesivity of the neurites 
cannot be ruled out. Other possible glycosytation- 
sensitive cellular functions whose disruption might 
affect neurite growth include membrane transport 
of nutrients '-':~ and axonal transport. Although glyco- 
proteins are prominent constituents of the rapid 
phase of axonal transport, there has thus far been 11o 
report of  an effect of glycosylation inhibition on this 

process. 
The reduction in neurite lectin binding capacity 

lbllowing treatment with tunicamycin, although in- 
dicating a decrease in axolemmal carbohydrate, 
does not of itself prove that unglycosylated glyco- 
proteins are being inserted into the neurite mem- 
brane. The latter seems likely, ho~evcr, in vie~ of 
results in other systems. Thus, although tunica- 
mycin blocked glycosylation, it had no effect on the 
insertion of rhodopsin into the disk membrane of the 
rod outer segment 2'~' or on association of  the Pi~ 
protein with PNS myelin membrane :n. The possibi- 
lity remains that the tunicamycin-treated neurite 
membrane may exhibit an overall deficit in protein 
concomitant with the decrease in glycoprotein. 
Nevertheless, these experiments demonstrate 
that conditions can be obtained wherein a carbo- 
hydrate-deficient neurite membrane can be elabo- 
rated in vitro and suggest the usefulness of ttmica- 
mycin in evaluating the role of cell surface carbo- 
hydrate in recognition and synaptic connectivity in 

other neuronal culture systems. 
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