In the first set of experiments, to
test cytotoxicity, the following mixed
lymphocyte cultures were prepared:
(C3H + C3D2F;) and (DBA/2 +
C3D2F,;). The target was a mouse
lymphoma line, L5178-Y, originating
from DBA/2 (H-2%) mice and carried
both in vivo and in vitro (). Con-
trols consisted of (i) cultures con-
taining cells derived from one donor
only, (ii) PHA-stimulated cultures,
which were collected on the third day,
and (iii) supernatant culture fluid from
all of the various cultures. As con-
trol for spontaneous ®!Cr release,
target cells were incubated with fresh
medium only; the maximum amount
of label that can be released nonspe-
cifically was determined by freezing and
thawing a portion of labeled cells three
times (Table 1). Only lymphocytes ob-
tained from cultures 'specifically sensi-
tized against antigens present in the
target (C3H + C3D2F,; H-2* +
H-2%k/2) caused a specific release of
the label. A significant proportion of
the label was already released after 3
hours of incubation and reached 80
to 90 percent of the maximum release
at 16 hours (Fig. 2). Cells obtained
from the other mixed culture, sensi-
tized against the other set of the hy-
brid’s antigens (DBA/2 + C3D2Fy;
H-2¢+4 H-2%/2)  or from PHA-sensi-
tized lymphocytes were ineffective; nor
did nonstimulated (nonmixed) cultures
or any of the medium controls cause
any specific release within the time of
observation (Table 1). »

To determine the specificity of the
target cell, C3H and DBA/2 lympho-
cytes were similarly sensitized with
C3D2F;-hybrid cells in vitro and as-
sayed against lymphoma cell lines
originating from either of the parental
strains, L5178-Y from DBA/2 and
6C3H-ED from C3H. The release of
the 5Cr in these experiments was
equally specific and took place only
when the sensitization in vitro in the
lymphocyte cultures was directed
against antigens present in the respec-
tive target cells (Table 2). In other
words, the sensitized lymphocytes from
the combination (DBA/2 + C3D2F,;
H-2% 4 H-2"/%) produced release of the
label in a significant amount only from
6C3H-ED (H-2%) cells and not from
L5178-Y (H-2%) cells or vice versa.

Although it has been shown in a
xenogeneic system that rat lymphocytes
cultivated on mouse fibroblast mono-
layer do become sensitized against the
mouse cells and eventually kill them
(12), this has not yet occurred in an
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allogeneic system without the use of
a mitogenic agent, such as PHA (7).
However, a specific sensitization in
vitro of mouse lymph node cells by a
transplantation antigen preparation re-
sults in (i) a specific cytotoxic inter-
action, as tested by the plaque-reduc-
tion assay (I1), or (ii) in agglutination
of sensitized lymphocytes around tar-
get cells (1/3). The mixed lymphocyte
interaction is considered the initial or
“sensitizing” ‘phase of the allograft im-
mune response in vitro. The essential
immunologic requirements for the re-
action, that is, selectivity and specificity,
have also been demonstrated (2, 9).
Although there was some preliminary
evidence that the MLI would culmi-
nate in the production of “killer” lym-
phocytes (14), the immunologic speci-
ficity of the effector mechanism was
not verified.

The destructive phase of the MLI is
equally specific. Cytotoxic effect can be
demonstrated only in cases where lym-
phocytes in mixed cultures are sensi-
tized against antigens present in the
target. The lack of effect of any of the
medium controls, within the time of
observation, also rules out nonspecific
factors released to the medium (I5).

In view of the specificity for both
the afferent and the efferent responses,
it is possible to consider the MLI a
complete in vitro model for allograft
rejection.

PEKKA HAYRY*
VITTORIO DEFENDI
Wistar Institute of Anatomy and
Biology, Philadelphia, Pennsylvania
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Mitochondrial RNA Synthesis
during Mitosis .

Abstract. HeLa cells arrested in
metaphase synthesized relatively normal
amounts of mitochondrial RNA, while
little RNA synthesis associated with the
nucleus was detected. The RNA syn-
thesized resembled the portion of mito-
chondrial RNA sensitive to ethidium
bromide in interphase cells, with major
peaks at 21, 12, and 4S. Unlike that in
interphase cells, RNA synthesis in the
mitochondrial fraction of mitotic cells
was completely inhibited by ethidium

bromide.

The mitochondria of eukaryotic cells
appear to be organelles possessing some
degree of autonomy from the nucleus.
In addition to DNA, both high molecu-
lar weight and 4§ RNA, which is
uniquely associated with the mitochon-
dria of wunicellular organisms, have
been described (Z).

The RNA specifically associated with
mitochondria has been identified in
animal cells. Cytoplasmic RNA which
hybridizes with high efficiency to the
circular DNA obtained from mitochon-
dria has been described (2). Large molec-
ular weight RNA associated with the
mitochondria has been further charac-
terized (3-5) and consists of two major
species plus a large amount of hetero-
geneous RNA, as judged by acrylamide-
gel electrophoresis. These two species
have electrophoretic mobilities expected
for RNA whose sedimentation constants
would be 12 and 21§ when compared
to ribosomal RNA (4). The sedimenta-
tion velocity of the major species in
sucrose-density gradients indicates a
slightly different sedimentation constant
than that predicted by electrophoretic
analysis (3, 4). In lieu of a true sedi-
mentation constant determination the
values indicated by electrophoresis will
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be used here. Low-molecular-weight
RNA corresponding to 4S is also
uniquely associated with mitochondria,
and it can be distinguished from bulk
cytoplasmic RNA by several criteria
©, 7).

The RNA synthesis associated with
the mitochondria can be distinguished
from that of the nucleus in several ways.
Ethidium bromide is a strongly selective
inhibitor of the RNA synthesis system
in mitochondria (5, 7). The RNA ob-
tained from mitochondrial fractions of
cells grown in tissue culture contains
both RNA sensitive to ethidium and a
heterogeneous class of RNA resistant to
ethidium which appears to be of nu-
clear origin. The RNA resistant -to
ethidium may be associated with rough
endoplasmic reticulum contaminating
these preparations. In addition, nuclear

RNA synthesis is much more sensitive
than mitochondrial RNA synthesis to
inhibition by ultraviolet irradiation (4)
and virus infection (8). The heteroge-~
neous background present in mitochon-
drial preparations shows the same sensi-
tivity in these agents as does nuclear
RNA synthesis. ‘

Here we demonstrate another method
of distinguishing nuclear from mitochon-
drial RNA synthesis. Nuclear RNA syn-
thesis is inhibited in HeLa cells arrested
at metaphase, while mitochondrial RNA
synthesis continues. Our results are in
agreement with the conclusion that
RNA sensitive to ethidium is of mito-
chondrial origin and RNA resistant to
ethidium in the mitochondrial fraction
originates in the nucleus.

HeLa cells (S-3) were grown in sus-
pension culture as previously described

(9) and synchronized by the double thy-
midine block technique (/0). The syn-
chronization procedure was carried out
in suspension culture initially, and after
the second release from S phase arrest,
the cells were allowed to attach to plastic
tissue culture dishes (10-cm dishes,
4 x 106 cells per dish). Colcemid (0.6
pg/ml) was added 5 hours after release
from the second thymidine block. About
11 hours after release approximately
90 percent of the cells were accumulated
in metaphase. The cells arrested in meta-
phase, which are loosely attached to
the surface (/1), were pipetted gently
from the tissue culture dishes and main-
tained in suspension culture. The non-
mitotic cells, which usually amount to
10 to 20 percent of the population, re-
mained attached to the surface and were
not collected. This method yields large
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Fig. 1. Sedimentation profiles of RNA labeled in mitotic and nonmitotic HelLa cells. (a) Cells (4 X 10") were concentrated
to 2 X 10° per milliliter and 100 uc of [*Hluridine (22 ¢/mmole was added. After incubation for 30 minutes labeling was stopped by

placing the culture tubes in ice. Interphase nuclei or mitotic chromatin was isolated, and RNA was extracted by the hot phenol-
SDS method (12). The purified RNA was resuspended in 1 ml of SDS buffer and layered onto 15 to 30 percent SDS-sucrose gradi-
ents and centrifuged in a Spinco SW25.3 rotor at 25,000 rev/min for 82 hours. The gradients were fractionated, and the fractions
were assayed for radioactivity (5). — @ — @—, Radioactivity from interphase cells; —Ill—M—, radioactivity from 97 percent mitotic
cells. (b) Cells (4 X 107) were concentrated to 2 X 10° per milliliter and actinomycin D was added to a concentration of 0.04 ug/ml. The
cultures were divided in half, and one half was also treated with ethidium bromide at 1 ug/ml. After 30 minutes the cells were
labeled as in Fig. 1a, but the period of labeling was 2 hours. The RNA extracted from the nuclear fraction of 93 percent mitotic
and interphase cells is shown. Centrifugation was the same as Fig. 1a. —@—@®—, RNA from interphase cells; —— A —— A ——, RNA
from interphase cells treated with ethidium; —J—M—, RNA from mitotic cells; ——X—-X--, RNA from mitotic cells treated
with ethidium. (c) After the mitochondria were removed, aliquots from the supernatants of the cytoplasms from the cells labeled
in Fig. 1b were made 0.01M in ethylenediaminetetraacetate and 0.5 percent SDS. The samples were layered directly onto 15 to 30
percent SDS sucrose and centrifuged as above. The results were corrected to show radioactivity in the total cytoplasmic super-
natant. — @ — @ —, Radioactivity from interphase cells; — —A— —A——, interphase cells treated with ethidium; —l—M—, mitotic cells;
— —X——X-—, mitotic cells treated with ethidium.
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numbers of cells arrested in metaphase
with a high degree of purity.

Interphase cells were fractionated by
swelling in hypotonic buffer (reticulocyte
standard buffer, 0.01M NaCl, 0.0015M
MgCl,, 0.01M tris (hydroxymethyl)-
aminomethane, pH 7.4) followed by
gentle homogenization with a Dounce
homogenizer (4). Immediately after
homogenization, sucrose was added to
0.25M and nuclei were removed by
centrifugation. A crude mitochondrial
fraction was prepared by centrifugation
of the cytoplasm at 8000 rev/min for
10 minutes. The supernatant was re-
moved, and the mitochondrial fraction
was further purified by centrifugation
through a sucrose gradient at 25,000
rev/min for 30 minutes (4). Mitotic
cells were fractionated in the same way.
No nuclei are present in mitotic cells;
nevertheless the centrifugation deposits
over 85 percent of the DNA in the
“nuclear” pellet. )

The RNA was extracted with hot
phenol-SDS (sodium dodecyl sulfate)
(I2) and analyzed either by SDS-
sucrose density-gradient centrifugation
(I3) or by acrylamide-gel electrophore-
sis (14).

The major RNA species originating
in the nucleus are not labeled during
metaphase as shown by autoradiography
(I5). Our data (Fig. 1) confirm these
findings by more sensitive measurements
of extracted RNA. After the cells were
labeled for 30 minutes in [3H]uridine,
the total nuclear RNA from interphase
and mitotic cells was analyzed in SDS-
sucrose gradients (Fig. 1a). The inter-
phase nuclei contained the ribosomal
precursor RNA molecules which sedi-
ment at 45 and 32§ as well as a large
amount of nuclear heterogeneous RNA
(4, 16, 17). By contrast, the fraction
containing the chromatin from mitotic
cells showed almost no RNA labeling.
The lack of labeled RNA in the chroma-
tin preparation from mitotic cells was
not due to loss of RNA to the cytoplasm
in the absence of a nuclear envelope be-
cause very little labeled RNA was also
found in the cytoplasm of these cells.

The nuclei of the cells were incubated
for 2 hours with [3H]uridine in the
presence of a concentration of actinomy-
cin D (/8) which selectively suppresses
ribosomal RNA synthesis (Fig. 1b) (/7,
19). Ethidium bromide, which inhibits
mitochondrial RNA synthesis, had little
or. no effect on nuclear heterogeneous
RNA in either interphase or mitotic
cells (5). The small amount of labeled
RNA present in mitotic cell prepara-
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tions was possibly exaggerated since
radioactive precursor may have been
exhausted in the interphase culture.
The RNA from the cytoplasms from
which the mitochondria were removed
yielded the pattern shown in Fig. lc.
A large amount of 45 RNA and a small
amount of messenger RNA are labeled
in interphase cells. The messenger RNA
is only partly resolved by the centrifuga-
tion used in these experiments. Mitotic
cells show a small amount of labeling
of transfer RNA (tRNA) which is
probably due either to a small inter-
phase contaminant or to labeling of the
terminal of preexisting tRNA. Ethidium
bromide has no effect on the labeling of
these species. :
Acrylamide-gel electropherograms of
RNA were obtained from the mitochon-
drial fractions of interphase and mitotic

cells (Fig. 2). These are tandem gels
with a high concentration of acrylamide
at the bottom for displaying the 4§
RNA and with a low concentration at
the top for resolving the higher molec-
ular weight components. The electro-
pherogram of the RNA obtained from
interphase mitochondria shows the
principal peaks at 4, 12, and 21§ with
the 4§ RNA partially resolved into
several distinct species (Fig. 2a). The
12 and 21§ RNA'’s are prominent com-
ponents of a heterogeneous class of
RNA molecules. The RNA labeled in
the presence of ethidium bromide con-
stitutes an essentially smooth back-
ground which becomes appreciable at
the high-molecular-weight end of the
gel. There is, in addition, a small peak
of RNA resistant to ethidium. at 4S.
This peak originates from polyribo-
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Fig. 2. Gel electrophoresis of RNA in the mitochondrial fraction of mitotic and inter-
phase cells. The mitochondria from the cells labeled in Fig. 1, b and ¢, were collected
by centrifugation at 8000 rev/min for 10 minutes. The crude mitochondrial fraction
was then further purified by centrifugation through a sucrose gradient (3). The mito-
chondrial fractions were resuspended in SDS buffer and sonicated to disrupt con-
taminating DNA. The RNA was then extracted as in Fig. 1, resuspended in 0.1 ml of
sample buffer, and layered onto tandem polyacrylamide gels. These gels consist of a
5 cm, 3.5 percent acrylamide gel polymerized on top of a 5 cm, 10 percent acrylamide
gel. Electrophoresis was carried out at 10 volt/cm in normal conditions. Gels were
fractionated and assayed for radioactivity (I4). (a) Mitochondrial RNA from inter-
phase cells. — @ — @ —, Control; — - @~ — @——, treated with ethidium. The ethidium-
sensitive material is shown in the shaded area. (b) Mitochondrial RNA from mitotic
cells. — @ — @ —, Control; — - @ — - @— —, treated with ethidium.
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somes attached to contaminating rough
endoplasmic reticulum in these prepara-
tions (5, 20).

The labeled RNA obtained from the
mitochondria of mitotic cells resembles
the RNA sensitive to ethidium of inter-
phase cells (Fig. 2b). There is, how-
ever, no RNA resistant to ethidium
labeled in the mitochondria of mitotic
cells, presumably because RNA syn-
thesis of nuclear origin has been in-
hibited.

The incorporation of radioactivity in
the mitochondrial fraction of mitotic
and interphase cells cannot be used to
compare the relative amounts of RNA
synthesis because the labeling conditions
are quite different. The equilibration of
the pyrimidine precursor pools with
exogenous material is probably quite
different in mitotic and interphase cells
because in mitotic cells there is no
appreciable nuclear RNA synthesis.
Also, no attempt was made in these ex-
periments to insure a continuous uptake
of exogenous precursor. However, the
label in mitochondrial RNA of mitotic
cells constitutes a much larger fraction
of total cell incorporation than is the
case in interphase cells. The radioactivity
in the mitochondrial fraction of mitotic
cells is therefore not due to incorpora-
tion by contaminating interphase cells.
Unlike nuclear RNA synthesis, mito-
chondrial RNA synthesis continues in
mitotic cells.

The observation that mitochondrial
RNA in mitotic cells is labeled at nearly
the same rate as in interphase cells
further suggests that radioactive precur-
sors in fact do enter the cell in relatively
normal amounts. Thus, the inhibition of
radioactive precursor uptake seen at
mitosis is due to a true inhibition of
RNA synthesis and is not the result of
the exclusion of the radioactive isotope.

Two conclusions can be drawn from
the results shown in Fig. 2. First, the
RNA associated with the mitochondrial
fraction and which is sensitive to ethi-
dium bromide is independent of the
control mechanisms which inhibit nu-
clear RNA synthesis at mitosis. Addi-
tionally, the complete disappearance of
an ethidium-resistant background during
the time that nuclear synthesis is in-
hibited further supports the hypothesis
that RNA resistant to ethidium in the
mitochondrial fraction is actually of
nuclear origin.

HunG Fan
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Department of Biology, Massachusetts
Institute of Technology, Cambridge

138

References and Notes

=+ M. R. Rifkin, D. D. Wood, D. J. L. Luck,
Proc. Nat. Acad. Sci. U.S. 58, 1025 (1967);
H. Kuntzel and H. Noll, Nature 215, 1340
(19¢=+ L. S. Dure, J. L. Epler, W. E. Barnett,
Proc. Nat. Acad. Sci. U.S. §8, 1883 (1967);
P. J. Rogers, B. N. Preston, E. B. Titchener,
A. W. Linnane, Biochem. Biophys. Res. Com-
mun. 27, 405 (1967); S. A. Leon and H. R.
Mahler, Arch. Biochem. Biophys. 126, 305
(1968): E. Wintersberger, Biochem. Z. 341, 409
(19¢ =+ W. E. Barnett, D. H. Brown, J. L. Ep-
ler, Proc. Nat. Acad. Sci. U.S. §7, 1775 (1967);
D. H. Brown and B. G. D. Novelli, Biochem.
Biophys. Res. Commun. 31, 262 (1968); Y.
Suyama and J. Eyer, ibid. 28, 746 (1967).

=+ G. Attardi and B. Attardi, Proc. Nat. Acad.
Sci. U.S. 58, 1051 (19¢ =+ ibid. 61, 261 (1968);
I. B. Dawid, Control of Organelle Develop-
ment, 24th Symp. Soc. Exp. Biol.,, London,
1969, in press.

3. D. Dubin, Biochem. Biophys. Res. Commun. 29,
655 (1967); 1. B. Dawid, Fed. Proc. 28, 349
(1969).

4. C. Vesco and S. Penman, Proc. Nat. Acad. Sci.
U.S. 62, 220 (1969).

5. E. Zylber, C. Vesco, S. Penman, J. Mol. Biol.
44, 195 (1969).

=# C. Buck and M. K. Nass, Proc. Nat. Acad.
Sci. U.S. 60, 1045 (1968); M. S. Fournier and
M. V. Simpson, in Biochemical Aspects of the
Biogenesis of Mitochondria, E. C. Slater, J. M.
Tager, S. Papa, E. Quagliariello, Eds. (Adri-
atica Editrice, Bari, Italy, 1968), p. 227; C.
Buck and M. K. Nass, J. Mol. Biol. 41, 67
(1969); M. K. Nass and C. Buck, Proc. Nat.
Acad. Sci. U.S. 62, 506 (1969); D. Dubin, Fed.
Proc. 28, 349 (1969); J. B. Galper and J. E.

Darnell, Biochem. Biophys. Res. Commun. 34,
205 (1969).

7. E. Zylber and S. Penman, J. Mol. Biol. 46, 201
(1969); E. Knight, Biochemistry, in press.

8. C. Vesco and S. Penman, Nature 224, 1021
(1970).

9. H. Eagle, Science 130, 432 (1959).

10. T. Puck, Cold Spring Harbor Symp. Quant.
Biol. 29, 167 (1964).

11. T. Terasima and L. Tolmach, Exp. Cell Res.
30, 344 (1963).

12. S. Penman, J. Mol. Biol. 17, 117 (1966).

13. W. Gilbert, ibid. 6, 389 (1963).

14. R. Weinberg, U. Loening, M. Willems, S. Pen-
man, Proc. Nat. Acad. Sci. U.S. 62, 220 (1967).

15. J. H. Taylor, Ann. N.Y. Acad. Sci. 90, 409
(1960); D. M. Prescott and M. A. Bender,
Exp. Cell. Res. 26, 260 (1962); C. G. Konrad,
J. Cell Biol. 19, 267 (1963); 1. E. Feinendigen
and V. P. Bond, Exp. Cell Res. 30, 393 (1963).

16. K. Scherrer and J. E. Darnell, Biochem. Bio-
phys. Res. Commun. 9, 451 (1962).

17. K. Scherrer, L. Marcaud, F. Zajdela, I. London,
F. Gros, Proc. Nat. Acad. Sci. U.S. 66, 1571
(1966); J. Warner, R. Soeiro, C. Birnboim, J.
E. Darnell, J. Mol. Biol. 19, 349 (1966); G.
Attardi et al., ibid. 20, 145 (1966); W. K. Rob-
erts and J. Newman, ibid., p. 63; S. Penman,
C. Vesco M. Penman, ibid. 34, 49 (1968).

18. A gift of Merck Sharpe & Dohme.

19. R. Perry, Exp. Cell Res. 29, 400 (1963).

20. E. Zylber, personal communication.

21. Supported by NIH award CA-08416-04 and
NSF award GB-5809. S.P. is a PHS career
development awardee, GM-16127-04. We
thank D. Fowler, M. Penman, L. Colwell for
assistance.

5 December 1969; revised 26 January 1970 »

Radio-Frequency Thrombosis of Vascular Malformations

with a Transvascular Magnetic Catheter

Abstract. A tiny magnetic electrode catheter introduced into the human carotid
artery has been mechanically and magnetically propelled, with fluoroscopic con-
trol, to cranial arteriovenous malformations. Radio-frequency heating of the
catheter tip in successive positions occludes abnormal blood vessels.

Cerebral aneurysms and arteriove-
nous malformations present a formid-
able mortality and morbidity in spite of
the best existing medical and surgical
treatment. All current methods of surgi-
cal treatment require an opening in the
skull and a transcortical or pericortical
approach which in itself may have dis-
advantages. Indeed some of these condi-
tions cannot be treated by any current
technique because of their location or
size. We have partly obliterated two
extracranial arteriovenous malforma-
tions by a new technique that employs
a magnetically and mechanically guided
intravascular electrode and radio-fre-
quency thrombosis.

The coagulating and hemostatic cut-
ting effects of high-frequency electrical
currents have been used in brain sur-
gery since 1926 (I) and magnetic guid-
ance of a catheter for selective angi-
ography of the aorta was described in
1951 (2). Recently magnetically con-
trolled brain catheters have been used
in humans (3).

We designed a variety of multipur-

pose, magnetic-tipped catheters small
enough (0.5 mm in diameter) to enter
human cerebral arteries. A cylindrical
samarium-cobalt magnet (4) 0.5 mm
in diameter and 1.5 mm in length is

.t

Fig. 1. (Left) Photograph of the trans-
vascular magnetic electrode catheter.

(Right) A radio-frequency lesion that has
been made by immersing the catheter tip
in egg albumin at 70 ma for approxi-
mately 5 seconds. The catheter was rap-
idly moved through the egg white as the
lesion was being made to attempt to
simulate heat dispersion by blood flow
such as might occur in an artery.
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