
I antigen alone. In the experiments of 
Faustman et al. (I), the immunogenic 
cells were eliminated by the treatment 
with antiserum to Ia; in our experiments 
Ia positive cells were left intact (even 
though the Ia antigens were identical 
between donor and recipient) with class I 
disparities alone and thus the class I 
antigenic disparity could be presented in 
an immunogenic manner leading to graft 
rejection. We cannot rule out that treat- 
ment with antiserum to Ia (I)  also re- 
duced the load of class I antigens in the 
transplanted tissues since passenger 
cells eliminated by such treatment would 
also express class I antigens. 

It is not clear why the K-region dispar- 
ity studied by us (B1O.AQR to B1O.A) 
and the K + D region disparities evalu- 
ated led to rejection in the great majority 
of grafts whereas the D-region disparity 
[BlO.A(2R) to BlO.A] did not. Further 
experiments will have to be performed to 
evaluate the relative immunogenicity of 
K- or D-encoded antigens and the effect 
of both recipient and donor genotype on 
transplant success. 

Thus we have found that mice differing 
at the H-2K or H-2K + H-2D histocom- 
patibility loci (encoding class I antigens) 
alone are capable of rejecting pancreatic 
islet allografts. It appears that the elimi- 
nation of allogeneic stimulation from I- 
region (class 11) antigens alone is not 
sufficient to ensure islet allograft surviv- 
al. Rather, we believe that the results of 
our experiments in vivo are consistent 
with the hypothesis that it is the Ia' cells 
in a graft that are immunogenic whether 
the Ia antigens are foreign to the recipi- 
ent or not. 
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Tunicamycin Enhances the Antiviral and 
Anticellular Activity of Interferon 

Abstract. The inhibitory effects of interferon on virus multiplication and cell 
growth are significantly enhanced by treatment with tunicamycin. Potentiation of 
antiviral activity was found only with enveloped viruses and not with nonbudding 
viruses. Changes in the plasma membrane of treated cells may account for this 
effect, since enveloped viruses bud from the cell surface as a terminal step. 

Interferons are proteins secreted by 
animal cells in response to viruses and a 
number of other stimulating substances. 
Originally described as antiviral (1, 2), 
interferons have many other biological 
effects, such as the formation of defec- 
tive virus particles (3-3, inhibition of 
cell growth (6), and regulation of the 
immune system (7, 8). 

The cell surface (9) is important in 
several phases of interferon's action. 
Binding of interferon to specific recep- 
tors on the surface results in chemical, 
morphological, physical, and immuno- 
logical alterations in the plasma mem- 
brane. These include changes in plasma 
membrane density (10) and cell surface 
charge ( l l ) ,  an increase in the number of 
intramembranous particles (lo), an al- 
tered capacity to bind thyroid-stimulat- 
ing hormone or cholera toxin (12), an 
increase in the binding of lectin (13) and 
in the toxicity of lymphocytes to target 
cells (14), an increase in the expression 
of cell surface antigens (14), an altered 
exposure of surface gangliosides (15), an 
increase in the concentration of intracel- 
lular adenosine 3'5'-monophosphate (16, 
17), changes in thymidine uptake (18), 
inhibition of cap formation (19), cyto- 
skeletal changes, and a decrease in plas- 
ma membrane fluidity (20). The relation 
between these diverse effects on cell 
membranes and the antiviral and anti- 
growth activities of interferons remains 
to be established. 

Tunicamycin, a glucosamine-contain- 
ing antibiotic (21) produced by Strepto- 
myces lysosuperficus, inhibits lipid bio- 
synthesis by blocking the transfer of N- 
acetylglucosamine-1-phosphate from uri- 
dine diphosphate N-acetylglucosamine 
to dolichylmonophosphate (22). Many 

important biochemical functions are in- 
hibited by tunicamycin, such as glyco- 
protein synthesis in yeast (23); the bacte- 
rial synthesis of polyisoprenol sugars 
(24), peptidoglycans (25), procollagen 
(26), and polymeric cell walls (27); cell 
division in Tetrahymena pyreformis (28); 
secretion of immunoglobulins A and E 
by plasma cells (29); and virus multipli- 
cation (30). Tunicamycin also has pro- 
found effects on the morphology and 
surface properties of prokaryotes and 
eukaryotes and causes changes in mem- 
brane organization (31). We have report- 
ed (32,33) that treatment of LB cells with 
interferon or tunicamycin reduces the 
production of infectious vesicular stoma- 
titis virus (VSV) particles, decreases the 
amount of glycoprotein and membrane 
protein in VSV released from treated 
cells, and inhibits an early step in the 
formation of asparagine-linked oligosac- 
charide chains, that is, the incorporation 
by membrane preparations from treated 
cells of N-acetylglucosamine into glyco- 
lipids with the properties of dolichol de- 
rivatives. 

The cell surface-altering properties of 
tunicamycin and interferon, coupled 
with the biological activities mentioned 
above, prompted us to investigate the 
role of these substances in the inhibition 
of virus multiplication and cell growth. 
We found that the antiviral and anti- 
growth effects of interferon are signifi- 
cantly enhanced by tunicamycin. Poten- 
tiation of antiviral activity was found 
only with enveloped viruses. Tunicamy- 
cin had no effect on the antiviral activity 
of interferon against encephalomyocar- 
ditis (EMC) virus, which is nonbudding. 

The Indiana strain of VSV, Sindbis 
(SB) virus, and EMC virus (originally 
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Table 1. Effect of interferon and tunicamycin Figure 1 shows the effect of tunicamy- 
on division of 3T3 cells. On day 2 of culture on the antiviral induced by 
the cells were washed and treated in triplicate 
with interferon (1F.J) 0,. tunicamycin (TM) or interferon in LB cells against three dis- 
both for 24 hours, at which point the medium tinct groups of animal viruses. At the 
was removed. The cells were then trypsinized concentration used, tunicamycin alone 
and enumerated with a Coulter counter. had no significant inhibitory effect 

- 

~ ~ h i b i ~ i ~ ~  against replication of any of the viruses. 

Treatment (percent However, when used in combination 
number 

of with various doses of interferon, the 
-- Of cells* contra]) drug potentiated interferon's activity 

Control 5.1 x 105 - against an enveloped ribovirus (VSV) 
IFN (100 U I ~ I )  4.3 x lo5 1s 
TM (0.1 pgiml) 4.2 x 10' 18 
IFN (100 Ulml) + 7.6 X lo4 85 

TM (0.1 pgiml) 

*Per 33-mm-diameter petri dish 

obtained from C. Buckler) were plaque- 
purified and passaged at  low multiplic- 
ities. Virus titers were expressed as  me- 
dian tissue culture infectious doses by 
monitoring cytopathic effects or plaques 
in microtiter plates. Vero cells were used 
for VSV, LB cells for SB and EMC 
viruses, and baby hamster kidney (BHK) 
cells for herpes simplex virus type 1 
(HSV-1). The L B  mouse cell line (ob- 
tained from D. Burke) is highly sensitive 
to mouse interferon. Mouse interferon 
was prepared and partially purified on an 
antibody affinity column (34). (The spe- 
cific activity of the preparations was 
greater than 4 x lo7 mouse reference 
units per milligram of protein). Interfer- 
on was assayed by determining its inhibi- 
tion of VSV-induced cytopathic activity. 
BHK and Vero cells (originally obtained 
from the NIH media section) were main- 
tained in Eagle's minimum essential me- 
dium (MEM) supplemented with 10 per- 
cent fetal bovine serum. Swiss 3T3 
mouse cells (obtained from the Imperial 
Cancer Research Fund, England) were 
maintained in Dulbecco's MEM with 10 
percent fetal calf serum. 

Fig. 1. Inhibition of 
virus yield by tunica- 
mycin and interferon 
in L, cells. The cells 
were set up in micro- 
titer plates and treat- 
ed with 3 to 100 U of 
interferon per millili- 
ter for 14 hours; all 
lnonolayers were then 
washed three times to 
remove residual inter- 
feron and infected 
with VSV, HSV-1, 
and EMC virus at a 

and against a deoxyribovirus (HSV-1). 
Similar enhancement of the antiviral ac- 
tivity of interferon was seen against SB 
virus. Tunicamycin did not enhance in- 
terferon's antiviral activity against 
EMC, a naked ribovirus. 

We also studied the effect of tunicamy- 
cin on the antimitogenic effects of inter- 
feron (Fig. 2). When tunicamycin and 
interferon were used in combination, the 
inhibitory effect on DNA synthesis was 
greater than that obtained when either 
substance was used singly. In Fig. 2 we 
have plotted on an arithmetic scale the 
dose of each drug that alone or in combi- 
nation produced a 50 percent reduction 
in the synthesis of DNA stimulated when 
quiescent 3T3 cells were exposed to 
fresh serum. The dashed line represents 
the dose of interferon or tunicamycin 
necessary to inhibit DNA synthesis 50 
percent. Data points below this line rep- 
resent the values obtained when various 
combinations of the two agents were 
used to achieve the same response. If 
interferon and tunicamycin had acted 
additively these points would be closer 
to the straight line. However, the points 
are closer to the origin, indicating a 
synergistic interaction between the two 
drugs. We also observed that tunicamy- 
cin enhances the inhibitory effect of in- 
terferon on 3T3 cell growth by a factor of 
3 to 4 (Table 1). 

Several studies (35-37) have shown ibii=\ I 

& 

I 
T 

Inhib~t ion by  
) in terferon only 

4- 2 Inhibition by 
/ interferon and  

tunicamycin 

Interferon (loglo unitlml) 

multiplicity of 5 to 10 median tissue culture infectious doses per cell. Tunicamycin (0.2 pgiml) 
(obtained from Calbiochem and the National Cancer Institute) was added after I hour. All 
monolayers were further incubated for 24 hours. Culture fluids were then harvested and assayed 
for virus yield. VSV was titered in Vero cells, EMC virus was titered in LB cells, and HSV-1 
was titered in BHK cells. Inhibition of virus titer was calculated in comparison to controls. 

Interferon (Ulml) 

Fig. 2. Effect of interferon and tunicamycin 
on DNA synthesis. Quiescent 3T3 cells were 
serum-stimulated and treated with various 
concentrations of the two drugs. All cells 
were then labeled with [3H]thymidine for 24 
hours, at which point the amount of radioac- 
tivity incorporated into acid-precipitable 
DNA was determined (41). 

that interferon treatment is associated 
with the induction of two double-strand- 
ed RNA-dependent enzymes, a 2'5'-oli- 
goadenylate synthetase and protein ki- 
nase. The 2'5'-oligoadenylate system is 
one possible biochemical pathway 
whereby interferon could effect its di- 
verse actions. In fact, the system has 
been implicated in the interferon-mediat- 
ed inhibition of certain viruses and of 
cellular growth. Therefore we examined 
the possible role of the 2'5'-oligoadenyl- 
ate system in the enhancement by tuni- 
camycin of the antiviral and antigrowth 
activities of interferon. Preliminary data 
suggest that the antibiotic does not en- 
hance the levels of interferon-induced 
2'5'-oligoadenylate synthetase and en- 
doribonuclease. This is not surprising in 
view of the lack of a synergistic effect of 
tunicamycin against EMC virus, and 
may indicate that the 2'5'-oligoadenylate 
system is not involved in the enhance- 
ment by tunicamycin of interferon's anti- 
viral and anticellular activity. 

We propose that the changes reported 
to  occur in the plasma membranes of 
cells treated with interferon and tunica- 
mycin may account for the potentiating 
effect of the antibiotic against VSV, SB 
virus, and HSV-1. These viruses bud 
from the cell surface as a terminal step. 
Perhaps the most interesting effect of 
interferon on cell membranes is its inhi- 
bition of assembly and release of murine 
leukemia virus (MLV) particles. Billiau 
et al. (38) reported that while interferon 
inhibited production of MLV in various 
cell lines, none of the intracellular events 
(such as synthesis of KNA, reverse tran- 
scriptase, and protein) were significantly 
affected. In some cases, interferon-treat- 
ed cells showed an increased number of 
membrane-associated particles, suggest- 
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ing an inhibition of virus release from the 
membrane. In other systems, virus parti- 
cles of low infectivity, such as MLV 
particles from interferon-treated TB cells 
(3) and VSV particles from interferon- 
treated LB cells (39), were released. The 
low infectivity was related to the re- 
duced amount of glycoprotein present in 
the released viruses and may have been 
attributable in part to a direct effect of 
interferon on the cell membrane. There- 
fore, it is possible that interferon and 
tunicamycin either markedly inhibit the 
release of membrane-associated viruses 
or cause an enhanced release of nonin- 
fectious virus particles lacking in glyco- 
proteins. The failure of tunicamycin to 
enhance interferon's antiviral activity 
against EMC and mengo viruses (40), 
which have no membrane component, is 
consistent with both possibilities. 
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Methoxyindoles and Photoreceptor Metabolism: 

Activation of Rod Shedding 

Abstract. Using an in vitro eye-cup preparation, we have evaluated a potential 
relationship between methoxyindole metabolism and photoreceptor disk shedding. 
Melatonin, 6-chloromelatonin, and 5-methoxytryptophol all activate rod disk shed- 
ding in culture. The e f ec t  is compound spec$?c since .serotonin and N-acetylsero- 
tonin are without effect, and it is similar to shedding in viva became it is evoked by 
light and is quantitatively comparable to a normal intact animal response. The 
reslnlts suggest the involvement o f  5 -m~ thoxy indo l~s  itz the control of rhythmic 
photoreceptor metabolism. 

The methoxyindoles, melatonin and 5- 
methoxytryptophol, are found in pineal 
tissue, where their synthesis and release 
occur in a circadian pattern with peak 
activity at night (1). The enzyme system 
for melatonin synthesis also exists in the 
retina (2) where the activity of seroto- 
nin N-acetyltransferase (NAT) (E.C.  
2.3.1.5), a key enzyme controlling pineal 
melatonin rhythmicity ( I ) ,  varies in a 
circadian pattern (3). The idea that 
rhythmic aspects of photoreceptor-pig- 
ment epithelial metabolism, such as disk 
shedding, may be controlled by melato- 
nin o r  a related compound (4) is support- 
ed by observations that retinal NAT ac- 
tivity (3) and photoreceptor disk shed- 
ding (5, 6) are influenced similarly by 
alterations in the daily light-dark cycle. 

We tested the hypothesis of a relation- 
ship between methoxyindoles and photo- 
receptor metabolism by evaluating the 
effects of such compounds on disk shed- 
ding in eye cups from Xenopus laevis (7). 
We based our approach on our previous 
observations that ( i )  light-evoked rod 
shedding occurs in culture provided that 
the medium-bicarbonate concentration is 

sufficiently high (2 30 mM), (ii) that a 
low-bicarbonate medium (20 to 27.5 mM) 
does not support light-evoked shedding, 
and (iii) that colchicine activates light- 
evoked shedding in low-bicarbonate me- 
dium (8). Melatonin is similar to colchi- 
cine structurally and at high concentra- 
tion has been reported to mimic some of 
its effects (9, 10). We therefore evaluated 
the effects of methoxyindoles by a proce- 
dure analogous to that used previously 
for colchicine (8). 

Eye cups were prepared by surgical 
removal of cornea, iris, and lens in dim 
red light from eyes of postmetamorphic 
X .  laevis that had been maintained in 
cyclic light (12 hours of light and '12 of 
darkness) at 25OC for at least 3 weeks 
before use. Disk shedding was evaluated 
as described previously (7) by counting 
the dense bodies (phagosomes) within 
pigment epithelium that were derived 
from the shed and internalized fragments 
of photoreceptor outer segments. Mela- 
tonin activated light-evoked disk shed- 
ding at a concentration of 0.5 mM (Fig. 
1). The response occurred only in light 
and did not differ significantly from that 
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