tical information on the occurrence fre-
quency of REP events is sparse, such
events appear to be more prevalent at
night. The average occurrence rate prob-
ably amounts to at least one event each
day. It therefore seems fair to conclude
that radiation belt REP may provide a
significant natural sink for upper strato-
spheric Oj.

One must, however, recall that the Oy
destruction associated with REP (and so-
lar proton) events will be primarily con-
fined to altitudes above 30 km. This natu-
ral sink for upper stratospheric O; can be
expected to be most pronounced (im-
plying minimum O, content) during solar
maximum conditions. Such a behavior
makes the observed solar cycle variation
of stratospheric O; (I16) even more diffi-
cult to understand, since it is anticorre-
lated with the anticipated response of
lower stratospheric O; to GCR (I7). It is
therefore clear that detailed models of
the vertical transport of NO will be re-
quired in order to assess the ultimate re-
sponse of terrestrial O; to variations in
particle precipitation over the solar
cycle.

RICHARD MANSERGH THORNE
Department of Atmospheric Sciences,
University of California,

Los Angeles 90024
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Oncornavirus: Isolation from a

Squirrel Monkey (Saimiri sciureus) Lung Culture

Abstract. An oncornavirus isolated from a squirrel monkey (Saimiri sciureus) lung
culture has a density of 1.16 to 1.17 grams per milliliter, contains 70S RNA, and has
an RNA-directed DNA polymerase that prefers Mg?* over Mn**in an assay in which
polyribocytidylate - oligodeoxyguanylate (12-18) is used as a synthetic template.
Morphologically, the virus resembles Mason-Pfizer monkey virus but is antigenically
distinct from this virus. The virus grows in cells of human, chimpanzee, rhesus mon-
key, canine, and mink origin, but not cells of squirrel monkey origin. On the basis of
its properties, the newly isolated virus can be classified as a retravirus.

A number of oncornavirus isolates
have been recovered from tumors and
various ‘‘normal’’ cell cultures of avian
and mammalian tissues. Not all members
of this group of viruses have been shown
to produce cancer in vivo or cell transfor-
mation in vitro, but their common prop-
erties have led to the proposal that they
should be grouped, along with slow and
foamy viruses, in the family Retraviridae
(1). Members of this family have envel-
oped virions (about 100 nm in diameter)
that mature by budding from cy-
toplasmic membranes. They contain
single-stranded RNA, an antigenically
specific RNA-directed DNA polymerase
(RDDP), and several proteins showing
different degrees of antigenic specificity.
The oncornaviruses, on the basis of mor-
phological criteria, have been placed in
four genera, oncornavirus A, B, C, or D.
A number of these viruses are endoge-
nous and may (ectropic) or may not
(xenotropic) grow in cells of their natural
host. An endogenous, xenotropic pri-
mate type C oncornavirus has been iso-
lated from fetal and postnatal baboon
(Papio cynocephalus, P. hamadryas) tis-
sues, including the placenta (2).

Although type C viral particles have
been observed in other primate pla-
centas, including human, attempts to
propagate these viruses in culture have
been unsuccessful (3, 4). Mason-Pfizer
monkey virus (M-PMV), type species,
for the candidate oncornavirus D group,

has been isolated from the rhesus mon-
key (Macaca mulata) placenta and oth-
er fetal and postnatal tissues, including a
mammary tumor (5). Both the baboon
and rhesus are Old World monkey spe-
cies. Although type C virus particles
have been observed under the electron
microscope in cebus and marmoset tis-
sues ¢, 6) and a type C virus, woolly
monkey sarcoma virus, was isolated
from a woolly monkey tumor (7), there
have been no previous reports of a type
D oncornavirus in tissues of these or any
other New World monkey species. We
are now reporting the isolation of an on-
cornavirus with properties similar to M-
PMV from a squirrel monkey lung-cell
culture.

Lung tissue was obtained from a still-
born, term, male squirrel monkey (Saimi-
ri sciureus) shortly after delivery. The tis-
sue was finely minced, trypsinized at
room temperature and the cells were sus-
pended in Eagle’s minimal essential me-
dium containing fetal bovine serum (10
percent) and antibiotics (100 units of pen-
icillin, 100 ug of streptomycin, 1 unit of
bactracin, and 100 ug of neomycin per
milliliter). After three passages of the re-
sulting cell outgrowth, attempts were
made to isolate an endogenous virus by
cocultivating the squirrel monkey lung
cells (SqMLu) with a fetal canine thymus
culture (FCf2Th) (8), a continuous dog
kidney cell culture (MDCK), or a
diploid chimpanzee fetal lung culture

Table 1. Divalent cation and template preference for viral DNA polymerase (10). Results are
expressed as 103 counts per minute. The figures in parentheses represent the ratio of Mg?* to

Mn?* results.

Poly(rA) - oligo(dT);s— s

Poly(dA) - oligo(dT);,-1s

Poly(rC) - oligo(dG);z-s

Virus

Mg?* Mn2+ Mgz*+ Mn2+ Mgz+ Mn2+

SMRV 636.6 279.2 69.0 39.4 519.7 13.2
2.3) (1.8) (39.4)

M-PMV 75.7 16.8 7.6 39 142.0 5.6
4.5) (1.9) (25.2)

M7 5.7 315.9 2.1 3.9 6.0 6.8
(0.02) (0.6) 0.9)

RLV 10.9 527.5 59 3.2 12.9 44.8
(0.02) (1.9) : 0.3)
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(SFRE:CL-1) (9). Concomitantly, SqMLu
cells were treated with iododeoxyuridine
(IdU) (25 pg/ml) for 4 days prior to co-
cultivation.

Cultures were split weekly by trypsini-

zation, and culture fluids were tested 7
days after the fourth passage in cocultiva-
tion for the presence of RDDP activity
(10). At this time, polymerase was de-
tected in cocultures with and without

Table 2. Host range of the squirrel monkey lung viral isolate. The assay is described in (10).
Results are given as 10 counts per minute of 3H-labeled thymidine monophosphate incorporat-
ed. Poly(rA) - oligo(dT),;—,s was used as template.

Host cell culture

RDDP assay (10° count/min)

Control cultures  Inoculated cultures

Source Cell line Mg2+ Mn2+ Mgz+ Mg’*
Canine thymus FCf2Th 4 5 530 104
Canine kidney MDCK 2 5 528 209
Human fetal fibroblasts HSO0410 5 4 92 93
Human rhabdomyosarcoma A204 2 4 35 23
Chimpanzee fetal lung SFRE:CL-1 3 S 56 41
Rhesus monkey foreskin rhfs-2 2 3 49 92
Baboon fetal skin BFS 3 S 2 4
Owl monkey kidney OMK 2 3 3 5
Howler monkey skin HMS 4 6 4 4
Squirrel monkey lung SqMLu 2 3 2 6
Marmoset kidney MAK 10 S 8 S
Mink lung MviLu 5 11 238 285
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Fig. 1. (a) Budding intracytoplasmic type A particle (x 175,000). (b) Crescent-shaped budding
structure (X 175,000). (c) Immature virus particle (X 175,000). (d) Appearance of SMRV when
stained with phosphotungstic acid (X 175,000). All preparations were fixed in glutaraldehyde,
and then in osium tetroxide; sections were stained with uranyl acetate and lead citrate. (¢) Many
mature viruses. The arrows indicate double nucleoids in two viruses (X 78,000).
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IdU treatment, but not in SqMLu,
FCf2Th, MDCK, or SFRE:CL-1 cul-
tures alone. The RDDP activity has
been detectable through more than 20
passages of SQMLu-FCf2Th coculture,
without detectable cytopathology, an
indication of the persistent nature of
the virus-cell interaction. Electron micro-
scopic examination of RDDP positive
cultures revealed intracytoplasmic type
A virus particles (60 to 75 nm in diame-
ter) that appeared to migrate to the
plasma membrane and bud extracellu-
larly (Fig. 1a). Although crescent-shaped
budding structures similar to those found
with type C oncornaviruses were occa-
sionally seen (Fig. 1b), there were no ma-
ture type C particles. Immature extra-
cellular virus particles (100 to 120 nm)
had an electron-lucent core surrounded
by an electron-opaque layer and a less
opaque layer (Fig. 1c), which was sepa-
rated from the surrounding envelope by
a space. Mature virus (100 to 140 nm)
had a centrally located, electron-opaque
nucleoid, which was generally spherical
but occasionally appeared rod-shaped.
This was separated from the envelope by
an electron-opaque intermediate layer
with an electron-transparent space on ei-
ther side of it (Fig. le). Spikes were not
observed on the envelope at any stage of
development, nor did the nucleoid ap-
pear to be eccentric. When virus purified
on a sucrose gradient was negatively
stained with phosphotungstic acid (pH
7), virus particles displayed typical head-
tail configurations without envelope
spikes (Fig. 1d). In general, the squirrel
monkey virus morphologically appeared
to resemble M-PMV (5, 11).

The virus, detected by RDDP activity,
banded at a density of 1.16 to 1.17 g/ml in
a 12 to 60 percent sucrose gradient. The
cation and synthetic template preference
of the squirrel monkey virus polymerase
was compared to that of M-PMV, ba-
boon endogenous type C virus (M7), and
Rauscher leukemia virus (RLV) (Table
1). All of the viruses showed a marked
preference for ribopolyadenylate - oligo-
deoxyribothymidylate (12-18) [poly(rA) -
oligo(dT),,—,s] over polydeoxyriboade-
nylate - oligodeoxyribothymidylate (12—
18) [poly(dA) - oligo(dT),,-,s] Which is
indicative of a viral RNA-directed DNA
polymerase (/2). The squirrel monkey
virus and M-PMV could only effec-
tively utilize polyribocytidylate - oligo-
deoxyriboguanylate (12-18) [poly(rC) -
0ligo(dG),,_s] in the presence of Mg?*
but not Mn?*. These two viruses also
show a preference for Mg?* when
poly(rA) - oligo(dT),,_,s was used as a
template, whereas type C viruses M7
and RLV prefer Mn?*.
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It is probable that the higher polymer-
ase activity noted for M-PMV with
poly(rC) - oligo(dG),;—;s compared to
poly(rA) - oligo(dT),-4s in contrast with
the findings of Abrell and Gallo (/3), isre-
lated to differences in KCI concentration
in the reaction mixtures employed (10,
13).

Further biochemical characterization
of squirrel monkey virus, by means of
the simultaneous detection technique of
Schlom and Spiegelman (/4), showed the
presence of a 70§ RNA. In addition, tri-
tiated uridine was incorporated into parti-
cles banding at a density of 1.16to 1.17 g/
ml.

Although the squirrel monkey lung vi-
rus is similar to M-PMYV in its morpholog-
ical and biochemical properties, initial
studies indicate that it is antigenically dis-
tinguishable from M-PMV. The goat an-
tiserum to M-PMYV did not neutralize the
infectivity of this virus (/5). Indirect im-
mune electron microscopy, with horse-
radish peroxidase labeled rabbit antise-
rum to goat serum IgG and the same goat
antiserum to M-PMV, showed coating of
M-PMV nparticles with antibody, but no
reaction was found with the squirrel mon-
key virus (/6). Rabbit antiserum pre-
pared against the M-PMV RDDP (/7)
partially inhibited the squirrel monkey
polymerase (40 percent inhibition with
10 ug of rabbit IgG compared to 94 per-
cent inhibition of the M-PMV poly-
merase). Therefore, we feel the squirrel
monkey lung virus is distinct from
M-PMV.

In a host range study, the squirrel mon-
key virus was inoculated into a variety of
cell cultures (8). These included FCf2Th,
MDCK, human fetal fibroblasts, human
rhabdomyosarcoma, SFRE:CL-1, rhe-
sus monkey foreskin, baboon (Papio cy-
nocephalus) fetal skin, owl monkey
(Aotus trivirgatus) kidney, howler mon-
key (Alouatta palliata) skin, marmoset
(Saguinus fuscicollis) kidney, mink lung,
and SqMLu; the SqMLu culture was the
source of the squirrel monkey virus.
RDDP activity was detected in culture
fluids from inoculated canine, human,
chimpanzee, rhesus, and mink cells, but
it was not detected in the squirrel mon-
key lung that was the source of the squir-
rel monkey virus (Table 2). Cocultiva-
tion of infected FCf2Th cells with KC
cells resulted in syncytium formation
us).

The low ratios of Mg?* to Mn?* ob-
tained from the human, rhesus, and mink
cultures inoculated with the squirrel
monkey virus may be the reflection of a
type C virus, as well as a M-PMV-like vi-
rus in the isolate (Table 2). As was noted
earlier, however, extracellular type C vi-
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rus has not been detected in electron mi-
croscopic studies. The relatively low ac-
tivity with Mn?* where poly(rC) - oli-
go(dG),,-5 is used as a template also
indicates the absence of type C virus.
The occurrence of occasional type C vi-
rus buds has also been reported for M-
PMV. When these cultures were in-
cubated at 40°C, a transitory increase in
these budding type C virus particles was
observed (/9). However, this was not as-
sociated with an increase in extracellular
type C virus. Whether a similar phenom-
enon is associated with the squirrel mon-
key virus remains to be determined.

The properties of the squirrel monkey
virus resemble those of the genus can-
didate oncornavirus D which includes
M-PMYV and isolates from a variety of hu-
man sources (I, 20). Morphologically, it
is similar to M-PMV. Its RDDP shows a
preference for Mg2* over Mn?*; a proper-
ty of M-PMV, mouse mammary tumor vi-
rus (MMTV), and bromodeoxyuridine-
induced guinea pig virus (/3, 21). Anti-
genically, it is distinct from M-PMV. The
host range is similar to M-PMV and M7
and, as with these viruses, syrncytium for-
mation is observed on KC cells (2, 5, 22).
Lack of growth on SqMLu cells suggests
that the isolate is a xenotropic, endoge-
nous squirrel monkey virus. Nucleic acid
hybridization studies are required to con-
firm this. It should be pointed out that M-
PMV or other oncornavirus D strains
were not knowingly in our laboratory at
the time of isolation of the squirrel mon-
key virus. In addition, this virus has
been reisolated from the SqMLu culture
on two separate occasions, and viruses
with similar properties have been iso-
lated from a lung culture derived from a
newborn female squirrel monkey and a
variety of tissue cultures from two adult
female squirrel monkeys including brain,
lung, thymus, kidney, spleen, adrenal,
uterus, mammary gland, lymph node,
and bone marrow. In no instance was Vvi-
rus detected by polymerase assay or elec-
tron microscopy in these squirrel mon-
key cultures prior to cocultivation with a
susceptible cell culture (FCf2Th or
MvlLu). )

These findings represent the first isola-
tion (to our knowledge) of an oncorna-
virus with xenotropic properties from a
New World monkey. It is of interest that
it resembles the oncornavirus D group
and not the type C oncornaviruses. This
type C group has been observed in the
placentas of Old and New World pri-
mates by electron microscopy, but only
baboon tissues have produced a virus ca-
pable of continued growth in culture (2).
The M-PMV has been isolated from a
mammary tumor as well as from normal

tissues of the rhesus monkey, where on-
ly a portion of the proviral DNA was de-
tected. Therefore, M-PMV ddes not ap-
pear to be a true endogenous virus of the
rhesus monkey. There is similar evi-
dence that M-PMV DNA sequences oc-
cur in other Old World monkeys, but not
in New World monkeys (23). It remains
to be seen how widespread the squirrel
monkey virus is in other New World
monkey species, what relationship it has
to M-PMYV and other candidate oncorna-
virus D isolates, and whether it has an
etiologic role in neoplasia or other dis-
ease. We are proposing the designation
of squirrel monkey retravirus (SMRYV)
for this oncornavirus isolate (24).
R. L. HEBERLING

S. T. BARKER, S. S. KALTER

G. C. SMITH, R. J. HELMKE
Division of Microbiology and Infectious
Diseases, Southwest Foundation for
Research and Education,
San Antonio, Texas 78284

References and Notes

1. A.J. Dalton, J. L. Melnick, H. Bauer, G. Beau-
dreau, P. Bentvelzen, D. Bolognesi, R. Gallo,
A. Graffi, F. Haguenau, W. Heston, R. Hueb-
negr, G. Todaro, U. I. Heine. Intervirology 4, 201
(1974).

2. R. L. Heberling, S. S. Kalter, S. T. Barker, R. J.
Helmke, G. C. Smith, Abstr. Annu. Mtg. Am.
Soc. Microbiol. (1975), p. 261 (S289); S. S.
Kalter and R. L. Heberling, ibid. (1974), p. 233
(V194); R. E. Benveniste, M. M. Lieber, D. M.
Livingston, C. J. Sherr, G. J. Todaro, S. S.
Kalter, Nature (London) 248, 17 (1974); S. S.
Kalter, R. J. Helmke, M. Panigel, R. L. Heber-
ling, P. J. Felsburg, L. R. Axelrod, Science 179,
1332 (1973); R. J. Goldberg, E. M. Scolnick, W.
P. Parks, L. A. Yakovleva, B. A. Lapin, Inz. J.
Cancer 14, 722 (1974); G. Schidlovsky, G. Ah-
med, M. Ahmed, J. Natl. Cancer Inst. 51, 2257
(1973).

3. S. S. Kalter, R. J. Helmke, R. L. Heberling, M.
Panigel, A. K. Fowler, J. E. Strickland, A.
Hellman, J. Natl. Cancer Inst. 50, 1081 (1973);
G. J. Todaro, C. J. Sherr, R. E. Benveniste, M.
M. Lieber, J. L. Melnick, Cell 2, 55 (1974).

4. S. S. Kalter, R. L. Heberling, A. Hellman, G. J.
Todaro, M. Panigel, Proc. R. Soc. Med. 68, 135
(1975).

5. M. Ahmed, G. Schidlovsky, W. Korol, G. Vid
rine, J. L. Cicmanec, Cancer Res. 34, 3504
(1974); R. E. Benveniste and G. J. Todaro,
Proc. Natl. Acad. Sci. U.S.A. 71, 4513 (1974);
H. C. Chopra and M. M. Mason, Cancer Res.
30, 2081 (1970); H. C. Chopra, I. Zelljadt, N.
Woodside, M. J. Walling, Cancer 28, 1406
(1971); H. C. Chopra and H. K. Oie, J. Natl.
Cancer Inst. 48, 1059 (1972); E. M. Jensen, 1.
Zelljadt, H. C. Chopra, M. M. Mason, Cancter
Res. 30, 2388 (1970).

6. S. S. Kalter, R. E. Kuntz, R. L. Heberling, R. J.
Helmke, G. C. Smith, Nature (London) 251, 440
(1974); G. Seman, B. M. Levy, M. Panigel, L.
Dmochowski, J. Natl. Cancer Inst. 54, 251
(1975).

7. G. H. Theilen, D. Gould, M. Fowler, D. L.
Dungworth, J. Natl. Cancer Inst. 47, 881 (1971).

8. The FCf2Th, HSO410, and A204 cells were pro-
vided by contract E-73-2001-NO1, within the Vi-
rus Cancer Program, National Cancer Institute
through the courtesy of Dr. W. A. Nelson-Rees;
MDCK and MVILu cells were obtained from the
American Type Culture Collection; OMK and
HMS cells were provided by Dr. M. D. Daniel,
New England Regional Primate Research Cen-
ter; rhfs-2 cells were obtained from Dr. D. L.
Fine, Frederick Cancer Research Center; all
others were developed in this laboratory.

9. R. J. Helmke, R. L. Heberling, S. S. Kalter,
Proc. Soc. Exp. Biol. Med. 139, 1367 (1972).
10. Incorporation of *H-labeled deoxyribonucleo-
side monophosphate (count per minute) was
measured in the presence of magnesium (Mg?*)
and manganese (Mn?*) with exogenous tem-
plates poly(rA) - oligo(dT),-1s, poly(dA) - oligo-

291



13.
14.
15.

16.

17.

18.
19.

20.
21.

22

23.

24.

(dT)y2-18, and poly(rC) - oligo(dG)s-1s. Ten
microliters of virus (which was concentrated
100-fold by centrifugation and then suspended
in 50 mM tris-HCI, pH 7.3, 10 mM dithio-
threitol, and bovine serum albumin, 1 mg/
ml) were incubated with 10 ul of 50 mM tris-
HCI, pH 7.3, 10 mM dithiothreitol, 0.06 percent
Triton X-100 for 10 minutes at 2°C. A portion (20
ul) of assay mixture was added, and the result-
ing 40-ul reaction mixture was incubated for 60
minutes at 37°C. The reaction was stopped by
the addition of 0.5 ml of 80 mM sodium pyro-
phosphate, 25 ul of bovine serum albumin (5 mg/
ml), and 0.5 ml of 25 percent trichloroacetic acid
at 2°C. Acid-insoluble material was collected on
glass fiber filters, washed extensively with 10
percent trichloroacetic acid, dried, and dis-
solved in NCS tissue solubilizer; the radio-
activity was then counted in toluene-based
scintillation fluid. The reaction mixtures with
poly(rA) - oligo(dT);2-;s and poly(dA) - oligo
(dT)y,-1s consisted of: 50 mM tris-HCl, pH
7.3, 70 mM KCl, 10 mM dithiothreitol, 0.1 mM
each of deoxyriboadenosine triphosphate (dATP),
deoxyriboguanosine  triphosphate  (dGTP),
deoxyribocytidine triphosphate (dCTP), 2.3
uM *H-labeled thymidine triphosphate (40,000
count/min per picomole), 20 ug of poly(rA) or
poly(dA) per milliliter, 20 ug of oligo(dT)-1s
per milliliter, and either 5 mM MgCl, or 0.4
mM MnCl,. The reaction mixture containing
poly(rC) - oligo(dG),,-,s consisted of: 50 mM
tris-HCl, pH 7.3, 50 umg of actinomycin D
per milliliter, 15 mM KCl, 10 mM dithiothreitol,
10.7 uM *H-labeled dGTP (6500 count/min per
picomole), 40 ug of poly(rC) per milliliter, 40
ug of oligo(dG),—ys per milliliter, and either
25 mM MgCl, or 0.4 mM MnCl,.

. R. C. Nowinski, E. Edynak, N. H. Sarkar,

Proc. Natl. Acad. Sci. U.S.A. 68, 1608 (1971);
H. C. Chopra, 1. Zelljadt, E. M. Jensen, M. M.
Mason, N. J. Woodside, J. Natl. Cancer Inst.
46, 127 (1971).

. N. C. Goodman and S. Spiegelman, Proc. Natl.

Acad. Sci. U.S.A. 68, 2203 (1971).
J. W. Abrell and R. C. Gallo, J. Virol. 12, 431
(1973). .
.(I . Schlom and S. Spiegelman, Science 174, 840
1971).
Serum was neutralized by titrating the virus on
FCf2Th cells before and after reacting serial ten-
fold dilutions of virus with an equal volume of
antiserum diluted 1 : 5 at room temperature for
1 hour. Inoculated cultures were split 1 : 10 by
trypsinization at weekly intervals. After two
passages, RDDP activity in the culture fluids
was determined. The titer of the virus was 10**
tissue culture infective doses (50 percent effec-
tive) per 0.1 ml with and without serum. The
antiserum used was prepared in goats against
intact virus and was obtained from Dr. R. Wil-
snack, Huntingdon Research Center, Brookland-
ville, Md. Mouse mammary tumor virus, ba-
boon type C virus (M7), and woolly monkey
sarcoma virus antiserums from the same source
also failed to neutralize the squirrel monkey
virus when similarly tested.
P. K. Nakane and G. B. Pierce, J. Histochem.
Cytochem. 14, 929 (1966); E. H. Leduc, R.
Wicker, S. Aurameus, W. Bernhard, J. Gen.
Virol. 4, 609 (1969).
The rabbit antiserum to M-PMV polymerase
was supplied by Dr. M. Ahmed, Pfizer Inc.,
Maywood, N.J.
K. H. Rand and C. Long, Nature New Biol. 240,
187 (1972).
M. Ahmed, G. Schidlovsky, D. L. Larson, M.
Manousos, S. A. Mayyasi, J. Gen. Virol. 30, 11
(1976).
A. F. Bykovsky, L. S. Irlin, V. M. Zhdanov,
Arch. Gesamte Virusforsch. 45, 144 (1974).
R. S. Howk, L. A. Rye, L. A. Killeen, E. M.
Scolnick, W. P. Parks, Proc. Natl. Acad. Sci.
U.S.A. 70, 2117 (1973); D. H. Moore, Cancer
Res. 34, 2322 (1974); A. S. Dion, A. B. Vaidya,
G. S. Fout, ibid., p. 3509; D. L. Fine and L. O.
Arthur, Abstr. Annu. Mtg. Am. Soc. Microbiol.
(1974), p. 246 (V273); R. Michalides, J. Schlom,
J. Dahlberg, K. Perk, J. Virol. 16, 1039 (1975).
A. Hellmanet al., J. Virol. 14, 133 (1974); K. H.
Rand, C. W. Long, T. T. Wei, R. V. Gilden, J.
Natl. Cancer Inst. 53, 449 (1974).
J. Schlom, G. Schochetman, D. Colcher, W.
Drohan, Abstracts, VII International Sympo-
sium on Comparative Leukemia Research No.
C-11 (1975); D. Colcher, W. Drohan, J. Schlom,
J. Virol. 17, 705 (1976).
Supported by contract NO1-CP-43214 within the
Virus Cancer Program, National Cancer Insti-
tute. We thank A. Bodenman, C. Thomas, and
G. Peacher for technical assistance.

18 June 1976; revised 15 July 1976

292

Sodium-Specific Membrane Channels of Frog Skin Are Pores:
Current Fluctuations Reveal High Turnover

Abstract. The reversible sodium transport blocker amiloride causes current fluc-
tuations at the apical membrane of the outer stratum granulosum of frog skin. Their
power density spectra reveal that single transport sites translocate more than 10 so-
dium ions per second, which indicates a pore mechanism. The density of open plus
amiloride-blocked pores is in the order of 108 pores per square centimeter of skin
area with 60 millimolar sodium and 18 micromolar amiloride in the outer solution.

Carrier- and pore-mediated transport
through biological membranes can be dis-
tinguished by the turnover number of in-
dividual transport sites (/). While a car-
rier molecule, which has to move
through the lipid phase of the membrane,
is not likely to transport more than 10*
ions or molecules per second, the trans-
port rate of a pore can be several orders
of magnitude larger (2). Applying this
idea to the Na-selective membrane of
frog skin, we have attempted to deter-
mine the Na turnover of individual trans-
port sites by an evaluation of current
fluctuations. The fluctuations were in-
troduced artificially by addition of the
drug amiloride, a pyrazine diuretic
known to block Na transport reversibly
from the outside (3). A reversible
blocker can be expected to randomly in-
terrupt the Na turnover of individual
transport sites. A site will then either
conduct fully or, when blocked, not con-
duct at all. The continuous current i pass-
ing one site is thus chopped up into small
current pulses of varying duration but
equal amplitude (7). The pulses add up to
a mean current which on close in-
spection will show random fluctuations.
The mean current per square centimeter
will be

Iy, = IMP, (0))

where M (cm™2) is the mean density of
unblocked plus amiloride-blocked trans-
port sites. The steady-state probability
P, represents the fraction of M not
blocked by amiloride and MP, the mean
density of open sites. Statistical evalua-
tion of the fluctuations permits computa-
tion of i and thus the Na turnover of indi-
vidual transport sites in the open state.
Isolated abdominal skin of Rana escu-
lenta was used at room temperature. It
was mounted in a Lucite chamber which
left 3 cm? exposed to the bathing solu-
tions. The outer solution was K or Na
sulfate Ringer solution containing vary-
ing concentrations of amiloride. The in-
ner one was K sulfate Ringer solution,
which can be expected to depolarize the
K-selective inward-facing membranes of
the epithelium and to increase their con-
ductance. Thus, transepithelial resist-
ance and potential were largely deter-

mined by the apical membrane of the
stratum granulosum ). The current
component that did not pass the Na-spe-
cific channels was determined as the cur-
rent flowing in the presence of 35 uM
amiloride, and was subtracted from the
total current to obtain the transcellular
Na current, Iy,.

Transepithelial voltage was clamped
to 0 mv by a voltage clamp circuit with
continuous feedback. The input stage of
the voltage-sensing amplifier was de-
signed around a matched pair of low-
noise transistors (National Semiconduc-
tor 2N4250) to minimize feedback cur-
rent fluctuations arising from this stage.
The open-loop clamp gain was 25,000.
The short-circuit current was amplified
with a gain of 50 wv/na, fed through a
high-pass RC-filter with a characteristic
frequency of 0.007 hertz, amplified 400
times, and recorded on magnetic tape.
Recording periods were 10 to 30 minutes
for each amiloride concentration.

The amplified a-c current signal was
sampled from the magnetic tape at fre-
quencies of 50 and 5000 hertz by use of an
anti-aliasing filter of the Butterworth
type (72 db per octave, characteristic fre-
quency set at 80 percent of the maximal
analyzed frequency). The digitized signal
was divided into 20 records of 4096
words each. A power density spectrum
was computed from each record on an
IBM 370/58 by use of a fast Fourier trans-
form program. The spectra of 20 records
were averaged.

Figure 1A shows five power density
spectra in the range 0.3 to 100 hertz.
Curves a to d were obtained with a so-
dium activity of (Na), = 60 mM in the
outer solution and amiloride concentra-
tions of (A), = 1.4,4.3,12.7, and 35 uM.
Spectrum e was obtained with (Na), =
0. Spectra a to d are of the Lorentz
type expected for exponential re-
laxation phenomena. They obey the
relationship

S = So/[1 + (f/fo)] @

" where S is the power density (amp? sec),

S, the plateau value, f the frequency
(hertz), and f; the corner frequency. The
exponent a was found to be in the range
1.75 to 2 (1.8 in Fig. 1A). It is evident
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