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 Lg cells (39), were released. The
low infectivity was related to the re-
duced amount of glycoprotein preserit 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 effect is compound specific since serotonin and N-acetylsero-
tonin are without effect, and it is similar to shedding in vivo because it is evoked by
light and is quantitatively comparable to a normal intact animal response. The
results suggest the involvement of 5-methoxyindoles in 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 (/). 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 (/), 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 or 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 (= 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 evaludted
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 25°C 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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reported for colchicine (8). Melatonin
was effective only when included in both
dark preliminary incubation and light in-
cubation periods (Fig. 1). In these ex-
periments eye cups were incubated in
dark before the beginning of light expo-
sure or continued maintenance in dark-
ness. Neither preliminary incubation
only in 0.5 mM melatonin nor the addi-
tion of 0.5 mM melatonin at the time of
light onset caused significant shedding.
In this series of experiments melatonin at
1.0 mM had no effect (Fig. 1). This result
is similar to our finding that colchicine’s
effect was diminished at higher concen-
tration (8). The medium used for Fig. 1
can be made permissive for disk shed-
ding without the addition of melatonin by
raising the HCO3;™ concentration to 35
mM (7); under this condition, melatonin
did not cause a further significant (a =
.05) increase in disk shedding.
Melatonin also mimics darkness by
activating shedding in eye cups from
animals treated with constant light (Fig.
2). For these experiments, animals were
kept in constant light for 4 days to block
disk shedding, and eye cups were pre-
pared in white light. As demonstrated
previously (7, 8), in vitro incubation for 3
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Fig. 1. Effects of melatonin on in vitro shed-
ding. Means and standard errors are based on
the number of eye cups indicated at the bot-
tom of the columns. Asterisks signify values
significantly different from controls (*P < .025)
based on analysis of variance followed by
Dunnett’s T statistic (/8). For all groups,
preparation of eye cups in dim red light was
followed by a preliminary incubation (P) in
darkness (D) of 45 minutes, followed by incu-
bation (I) in light (L) or D for 2.5 hours.
Melatonin (M) was initially dissolved in di-
methyl sulfoxide (DMSO), which was present
in each incubation at 0.2 percent. The DMSO
had no effect on disk shedding. As indicated
by the key, melatonin was absent (bar with
vertical stripes) or was present either continu-
ously in light (white bar) or darkness (horizon-
tal stripes), during the preincubation only
(diagonal stripes) or during the light incuba-
tion only (stippled bars). The medium was
composed of 82.5 mM NaCl, 2 mM KCI, 1.8
mM CaCl,, 1.0 mM MgCl,, 25 mM NaHCO;,
5 mM glucose, and a mixture of amino acids
(7). It was equilibrated with 95 percent O, and
5 percent CO, (final pH of 7.4 = 0.1).
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Table 1. Activation of rod disk shedding in
light by 6-chloromelatonin and 5-methoxy-
tryptophol. Dimethyl sulfoxide (DMSO) used
to increase drug solubility was present at 0.2
percent. Statistical comparisons with control
data were made with analyses of variance
followed by Dunnett’s T statistic. 5-Methoxy-
tryptophol was soluble at 100 wM without
DMSO; in a separate experiment without the
solvent, it resulted in a twofold activation of
shedding in light but not in darkness.

Con- . Phago-
ye somes per
cen- fon
Treatment . ups  millimeter
tration .
(No.) of pigment
(nM) :
epithelium
Control 12 10.2 £ 1.6
6-Chloro- 0.1 4 89 +22
melatonin 1 4 13.1 £ 5.4
10 8 28.2 + 3.8%
50 4 32.9 = 5.9*
100 8 22.8 = 3.1t
500 4 11.0 £ 2.9
Control 8 13.2 £ 2.0
5-Methoxy- 1 4 18.3 = 4.4
tryptophol 10 4 324 *5.4%
100 8 34.8 + 7.3*
*P < .005. TP < .01, P < .025.

hours in darkness or for 1 hour of dark-
ness followed by 2 hours of light led to
substantially more shedding than incuba-
tion in light alone did (Fig. 2). Although
little shedding occurred in light alone,
the addition of 0.5 mM melatonin in-
creased shedding to a level comparable
to that seen in 3-hour dark incubations.
In contrast, 0.05 mM melatonin was inef-
fective.

Because of the high concentration (0.5
mM) of melatonin needed to elicit a
response, we evaluated the effects of 6-
chloromelatonin, whose half-life in blood
and potency as an inhibitor of gonadal
function in rats are greater than those of
melatonin (I1). The 6-chloromelatonin
also activated shedding in a dose-related
manner (Table 1), but was effective at
1/50 the concentration (10 wM) of mela-
tonin. Like colchicine (8) and melatonin,
it was less effective at high concentration
(0.5 mM). Its greater potency suggests
that it may be more stable than melato-
nin under our culture conditions or that it
may interact more effectively with mela-
tonin receptors.

As a test of specificity, we examined
the effects of serotonin, N-acetylsero-
tonin, and S5-methoxytryptophol, com-
pounds normally found in pineal and
retinal tissue. Neither serotonin nor N-
acetylserotonin promoted significant (« =
.05) shedding at concentrations of 0.1
and 0.5 mM. However, 5-methoxytryp-
tophol was a potent activator of shedding
with an effective concentration for the
full response at 1/50 the required concen-
tration of melatonin (Table 1). This re-

sult, along with the observation that 5-
methoxytryptophol is synthesized in the
retina (/2) through a pathway with differ-
ent components than that for melatonin
(13), is consistent with a role for the
compound as a physiological effector of
photoreceptor metabolism.

The similarity of the effects of meth-
oxyindoles and colchicine suggests that
they may activate shedding through a
similar mechanism. Melatonin at high
concentration affects events presumed to
be mediated by microtubules and may
act by binding to tubulin (9). However, it
is questionable whether melatonin inter-
acts with tubulin as colchicine does (10).
Without further information, colchicine
in our system could equally well be
thought to mimic melatonin through ef-
fects on melatonin receptors. Under-
standing the nature of both drug effects
may ultimately provide insight into the
normal mechanisms of methoxyindole
action or, conversely, into the nature of
colchicine side effects unrelated to mi-
crotubules.

The demonstration of melatonin- and
S-methoxytryptophol-activated disk
shedding in vitro represents the first di-
rect evidence of a relationship between
retinal methoxyindole metabolism and
photoreceptor disk shedding. In the ear-
liest study of photoperiod-related shed-
ding in rats, such a relationship was
suggested because both phenomena oc-
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Fig. 2. Eye cups were prepared in room light
from animals maintained in constant light for
4 days and placed in medium identical to that
in Fig. 1 except that NaHCO; was raised to 35
mM (equilibrated with 95 percent O, and 5
percent: CO,; pH 7.7). The increase in
NaHCO; made the medium permissive for
dark-induction of shedding (see bars ‘‘Dark ™
and ‘‘Dark — light’’) (7). Before fixation, eye
cups were maintained for 3 hours under con-
ditions indicated on the abscissa. ‘‘Dark —
light”” signifies darkness for 1 hour followed
by 2 hours of light. Asterisks signify values
significantly different from controls (*P < .025;
P < 005).
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curred rhythmically and because reser-
pine, a drug known to block the rhythm
of melatonin synthesis in the pineal
gland, also blocked disk shedding (5). It
is now known, however, that an intact
pineal is not necessary for rhythmic disk
shedding in rats or for light-evoked shed-
ding in frogs (/4). In addition, many
experiments including studies of in vitro
disk shedding (7, 15) strongly suggest
that the principal features of the shed-
ding control system are intrinsic to the
eye (16). A role for methoxyindoles in
the regulation of shedding remains ten-
able, however, because such compounds
are actively synthesized within the retina
@, 3, 17).

Note added in proof: Subsequent to
the acceptance of this report for publica-
tion we found that melatonin in a medi-
um containing ascorbic acid, but lacking
DMSO, significantly activated shedding
at concentrations of 0.05 to 0.5 pM.

JosePH C. BESHARSE
DaiGga A. Dunis
Departments of Anatomy and
Ophthalmology, Emory University
School of Medicine,
Atlanta, Georgia 30322
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Collagen Formation by the Hepatocyte in Primary

Monolayer Culture and in vivo

Abstract. Immunohistochemical techniques were used to confirm biochemical

evidence that parenchymal cells isolated from adult rat liver and maintained in
nonreplicating monolayer culture for 2 days synthesized type IV basement mem-
brane collagen. On continued incubation in serum-free medium, the hepatocytes
also synthesized the interstitial collagens, types I and IIl. Consistent with these
results in culture, type IV collagen was localized to the hepatocytes in slices of
pathologic rat liver. Hence collagen formation is a previously unrecognized function
of the hepatocyte that may be important in the pathogenesis of liver fibrosis or
cirrhosis.

A fundamental, but as yet unan-
swered, question about the pathogenesis
of liver fibrosis is which type of cell in
the liver is responsible for production of
collagen, the major protein component
of extracellular matrix (/). Although it is
widely assumed that in the liver, as in
most other tissues, collagen is efaborated

exclusively by fibroblasts (2), or possibly
by resting fibroblast precursors (3), we
have provided evidence that the liver
parenchymal cell also synthesizes colla-
gen (4-6).

We have shown that the hepatocyte
contains a substantial portion of total rat
liver prolyl hydroxylase, a key enzyme

Fig. 1. (A) The presence of type IV collagen in 8-day-old rat hepatocytes in primary monolayer
cultures was identified by indirect immunofluorescence. The cultures were reacted with rabbit
antibodies to type IV collagen and then with fluorescein isothiocyanate-conjugated goat
antibody to rabbit immunoglobulin (9). Exposure of parallel cultures to antibodies against type I
and type III collagen (/7) also resulted in positive staining (not shown). (B) The same cells
stained with antibodies to albumin, then with rhodamine-conjugated immunoglobulin against
the first antibodies. Hepatocyte cultures were prepared from livers of male Sprague-Dawley
rats by perfusion in situ with 0.03 percent crude bacterial collagenase (type I, Sigma) (5). The
hepatocytes were suspended in culture medium and plated at a density of 3.5 x 10° cells in 60-
mm plastic culture dishes (5). Highly purified, undenatured collagens were used as antigens in
the rabbits to prepare the specific antibodies to collagen types I, III, and IV (9, 17). The
collagens were prepared by a series of salt fractionations followed by selective chromatography
on DEAE-cellulose (/7). Contaminating antibodies reacting to other types of collagens were
removed by cross absorption and coupling the absorbed antiserums to immobilized purified
antigen, washing, and then recovering type-specific antibodies by elution (/7).
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