mechanism for the acute production
of axonal dystrophy. Mitochondrial
swelling has been noted together with
axonal dystrophy following neuronal
injury by x-irradiation (Andres, see 2;
Forssmann et al., 12) and by plasmocid
(D’Agostino, see 2) and cyanide (I3,
14) poisoning. However, these two le-
sions have not hitherto been causally
linked. I have found that several meta-
bolic inhibitors with different modes of
action, including cyanide, arsenious
oxide, ouabain, and methionine sulfoxi-
mine, when injected into the lumbar
theca of cat, cause mitochondrial swell-
ing in spinal neurons and dystrophic
changes in their axons (/4).

Although the proximodistal transport
of axonal material is a well-documented
physiological phenomenon, the mech-
anism responsible for this transport is
still obscure (15). The present study
may shed some light on this subject.
It is known that the respiratory en-
zymes embedded within the mitochon-
drial membrane, in addition to cata-
lyzing the coupled generation of aden-
osine triphosphate, perform osmotic
and mechanical work involving con-
formational changes in the mitochon-
drion (11). Respiration-linked mechano-
chemical changes in mitochondria
analogous to the ‘“small amplitude”
swelling-contraction cycles produced in
vitro (/6) and the configurational and
volumetric changes observed in fibro-
blast mitochondria in tissue culture
(17) probably occur in nervous tissue.
Thus it seems reasonable to envisage
neuronal (and -axonal) mitochondria
as pulsating organelles with a pump-like
action that serves to propel the axonal
stream in a proximodistal direction.

HaroLp KOENIG
Veterans Administration Research
Hospital and Department of
Neurology and Psychiatry,
Northwestern University Medical
School, Chicago, Illinois 60611
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Complementation Analysis on
Virus-Fused Chinese Hamster
Cells with Nutritional Markers

Abstract. Cell fusion experiments
have been carried out with Chinese
hamster cell mutants with different nu-
tritional growth requirements. Condi-
tions have been devised in which ap-
proximately 1 to 2 percent of the cell
population remaining ajter fusion are
fused, hybrid cells. The all-or-none
nature of the genetic markers employed
and the extremely low reversion rates
insure that no contamination of the
hybrid population with parental forms
occurs. Hybrids between glycine- and
hypoxanthine-requiring mutants are pro-
totrophic, which indicates that both mu-
tations are recessive. Hybrids between a
glycine-deficient mutant and a single-
step mutant which requires glycine,
hypoxanthine, and thymidine are re-
lieved of the glycine dependency, an
indication that the two loci associated
with glycine dependence are different.
This mutation to the triple-supplement
requirement as well as a proline defi-
ciency were also shown to be recessive
mutations. The system appears appli-
cable to a variety of genetic problems.

Experiments have been described (7)
in which single-step gene mutations
could be induced in Chinese hamster
cells grown in tissue culture for long
periods and possessed of reasonably
stable karyotypes. These mutations are
produced by standard mutagens such as
ethyl methanesulfonate and N-methyl-
N'-nitro-N-nitrosoguanidine; they have
spontaneous reversion frequencies vary-
ing between 10—6 and 2 X 10-8; their
corresponding reverse mutations can
also be elicited by standard mutagens;
and the nutritional requirements intro-
duced appear to be absolute, since no
growth whatever is exhibited by defi-
cient mutants in the absence of the
specific supplement. In the case of a
spontaneous proline-deficient mutation,
it was demonstrated that the mutant
makes no proline, that the block in the
biosynthetic chain lies in the step con-
verting glutamic acid to its gamma-
semialdehyde, and that the revertant to
proline independence obtained from
the mutant cell behaves like a hetero-
or a hemizygote with respect to this
gene (2). Availability of these markers
makes possible application of the cell
fusion technique (3) to obtain rapid
and convenient quantitation and isola-
tion of hybrid cells carrying combined
genetic markers, without contamination

SCIENCE, VOL. 164 -



by the parental forms. It also permits
conclusions about dominance and re-
cessiveness, gene dosage effects, and
linkage in relatively well-characterized
genetic markers.

In all cases, the growth medium con-
sisted of F12 (4) plus the macromolec-
ular component of fetal calf serum,
with specific omissions of metabolites
as indicated. Mutants of the Chinese
hamster ovary cell (CHO) were pre-
pared by chemical or x-ray treatment,
and clonal stocks were isolated by
means of the 5-bromodeoxyuridine
(BUdR)-*“visible” light technique pre-
viously described (5). The parental
form, CHO-K1, has a requirement for
proline, a modal chromosome number
of 20, and a reasonably constant karyo-
type which is shared by all the biochem-
ical mutants derived from it through
mutagenesis. These include glycine-

requiring (gly~) and hypoxanthine-
requiring (hyp~) mutants. In addition,
a mutant derived from a Chinese ham-
ster lung cell (CHL), in which a triple
requirement for glycine, hypoxanthine,

and thymidine was obtained (gly—-hyp—-
thy-) in a single treatment with ethyl
methanesulfonate, was utilized. This
cell and mutants derived from it have
no proline requirement, and their
growth rate is maximal even in the ab-
sence of added proline, an indication
that they contain at least two functional
proline genes (2). All of the mutant
cells employed have plating efficiencies
of zero in the absence of their specific
nutritional supplements, while the wild
types have a plating efficiency of about
80 percent either in the presence or
absence of supplements.

The following standard cell fusion
procedure was adopted: 5 X 105 cells
of each desired type are added to a
final volume of 1.0 ml of F12 minus
the critical nutrilites. Ultraviolet-inac-
tivated Sendai virus is added to produce
a final titer of 200 hemagglutinating
units. The mixture is kept at 4.0°C for
15 minutes, and then transferred to a
shaker bath (37°C) for 15 minutes.

Experiments were designed to pro-
vide good yields of fused cells in which
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the binucleate forms predominate, thus
avoiding the additional complications
of the more highly polyploid forms. In
a typical experiment, utilizing gly— and
hyp~— mutants, aliquots were plated out
after the fusion period and the per-
centage of mono- and multinucleate
cells present was counted microscopic-
ally. The resulting cell population con-
tained 86.5 percent mono-, 8.5 percent
bi-, 3.8 percent tri- and 0.9 percent
tetranucleate cells.

When the entire cell population re-
maining after such fusions was plated
in F12 lacking both glycine and hy-
poxanthine, approximately 1 to 2 per-
cent of the plated cells grew into col-
onies. This represents a relatively high
efficiency of hybrid recovery, since fu-
sion is presumably random, so that
homologous or heterologous cell fusion
is equally likely. Control experiments
carried out with cells of a single geno-
type yielded the same pattern of multi-
nucleate cells as when two different
auxotrophs were employed, but no
growth whatever occurred when such
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Fig. 1 (left). The appearance of plates seeded with identical numbers of single cells in the various selective media and incubated for 7
days. (A) The gly— mutant in complete medium. (B) The gly— mutant in the glycine-deficient medium. The hyp~ mutant exhibits a
similar contrast in complete and hypoxanthine-deficient media, respectively. (C) The gly—hyp— hybrid in complete medium. (D) The
gly—hyp— hybrid in medium lacking both glycine and hypoxanthine. Fig. 2 (right). Comparison of the chromosomal number dis-
tribution in the parental and hybrid cells. (A) chromospomal distribution of either parental cell. (B-E) Chromosomal distribution of a
typical hybrid cell clone, as determined at various periods of growth after the fusion. The initial counts approximate the tetraploid
number, but also contain appreciable numbers of more polyploid forms. With the passage of time, the modal number decreases
by 5 to 10 percent, and most of the forms with chromosome numbers greater than 40 disappear. By the 116th generation, the
distribution of chromosome counts appears to have stabilized, and has remained essentially unchanged after 200 generations. A
concomitant increase in plating efficiency from about 50 percent to 70 to 80 percent occurs during this period, presumably because
of the population drift to a distribution of forms with more stable chromosomal constitutions.
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Table 1. Demonstration that while each of the mutant cells grows only in the supplemented
medium, their fused hybrids grow without supplementation.

Plating efficiency

Generation time (hours)

Clone Complete F12 minus Complete F12 minus
F12 (gly + hyp) F12 (gly + hyp)
Wild-type CHO-K1 86.5 84.8 122 +04 12.0 £ 0.3
Gly~ mutant 84.3 12104 0
Hyp~ mutant 85.2 12.3 = 0.5 0
Hybrid clones:
807-3 47.0 49.5 12.3 =04 12.3 = 0.6
807-4 - 56.8 59.0 11.8 = 0.3 12.0 = 0.5
807-6 55.6 53.5 12.0 = 0.5 12.1 = 0.5

fused cells were plated in medium lack-
ing both glycine and hypoxanthine.

Four colonies were picked and clonal
cultures were established. All of these
exhibited excellent single cell growth in
the doubly deficient medium. Since the
spontaneous reversion rate of each of
the two parental auxotrophs is less than
5 X 1078, there is no doubt that all of
these clones arose from the fusion proc-
ess (Fig. 1 and Table 1). These data
permit the conclusion that unless
strange processes are operating, each of
the mutations to glycine and hypoxan-
thine requirement, respectively, is reces-
sive, since the fused cells show neither
deficiency. Table 1 also demonstrates

" that the growth rate (as revealed by the
generation time) of the colonies formed
by the hybrids is maximally rapid and
identical to the wild type, both in the
deficient and the complete media.

In Fig. 2 a comparison of the paren-
tal and hybrid chromosomal counts is
presented. As expected, the modal chro-
mosome number of the hybrid clearly
approximates twice that of the parental
forms. ‘With the passage of time, the
hybridized cells at first lose chromo-
somes, eventually reaching a stable
modal chromosome number of about
37 to 38. This behavior accords with
that noted by previous investigators (6)
[except for one case involving fusion
of human and mouse cells which has
been described, in which the loss of
human chromosomes was extensive (6)].
Concomitant with these karyotypic
changes, a definite increase in the plat-
ing efficiency of the clones occurs,
raising their plating efficiency close to
that of the parental forms in the sup-
plemented medium.

It has been demonstrated (/) that a
class of mutants can be produced which
acquire simultaneously the need for
supplementation with glycine, hypoxan-
thine, and thymidine for cell growth. It
was postulated that only a single gene
change had occurred, perhaps the one
involved in the synthesis of tetrahydro-
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folic acid. If these three deficiencies re-
sult from a single gene change, it would
necessarily be a different gene from
that responsible for the glycine defi-
ciency alone. In that case fusion be-
tween a mutant deficient for glycine
only, and a triply deficient mutant,
should produce a cell with no glycine
requirement for growth.

A standard fusion experiment was
performed between a glycine-deficient
CHO-K1 cell and the triply deficient
gly—-hyp—-thy— CHL cell. Abundant
colony formation from the fused cells
was obtained in the absence of any
added glycine. Four clones were picked

and all exhibited excellent growth

(plating efficiencies varying between 21
and 68 percent; generation times of
about 12 hours) which was identical in
the presence or absence of glycine.
Hence the gene responsible for the
single glycine deficiency must be dif-
ferent from that involved in the gly-
hyp-thy requirement.

The CHO-K1 cell employed in this
experiment also requires proline, while
the CHL cell does not. The fused cells

grew with maximum plating efficiency

and growth rate in the presence or ab-
sence of any of the following combina-
tions of supplements: proline; glycine;
glycine plus thymidine plus hypoxan-
thine; or all four metabolites com-
bined. Hence the proline gene defect
as well as that responsible for the triple
deficiency are recessive mutations.

It is of interest that the proline-
independent hybrid cell obtained has a
maximally high growth rate even in the
absence of added proline, which is in
contrast to the behavior of the pro+
revertant obtained from the pro— cell
(2). This result follows expectation,
however, because as was shown previ-
ously, the pro* revertant behaves like
a hetero- or hemizygote, whereas the
hybrid cell has presumably received at
least two proline genes from the CHL

cell so that it should have sufficient:

proline-synthetic capacity to be inde-

pendent of any exogenous supplemen-
tation (2).

The change in chromosome number
with time in these clones, together with
the gradual increase in plating efficiency
during the first several weeks following
clone isolation, is consistent with the
idea that the initial, chromosomally un-
stable hybrid cell eventually achieves a
stable form.

Since the mutations to deficiency for
glycine, hypoxanthine, proline, and the
triple  glycine-hypoxanthine-thymidine
deficiency are all recessive by the com-
plementation test utilized here, it is
likely that each of the original muta-
tions involves change such as inactiva-
tion of a structural gene, rather than ac-
tivation of regulatory substances capa-
ble of shutting off intact structural genes.

The methodologies applied here can
be used for further complementation
studies. For example, experiments have
shown that fusion of two glycine mu-
tants of independent origin, each re-
quiring glycine alone, has produced a
fully glycine-independent hybrid. There-
fore, these forms, with exactly the same
nutritional requirement, are probably
mutated in two different genes of the
glycine synthetic chain (or may be ex-
hibiting intragenic complementation, al-
though the latter possibility is unlikely
since a high frequency of prototrophs
was obtained and these exhibited maxi-
mum growth rate in glycine-free medi-
um). The highly selective nature of the
genetic markers described here makes
this system ideal for other investiga-
tions such as gene linkage, and the
search for genetic recombination.

FA-TEN KA0, ROBERT T. JOHNSON
TraeEODORE T. Puck
University of Colorado Medical
Center, Denver 80220

References and Notes

1. F. T. Kao and T. T. Puck, Proc. Nat. Acad.
Sci. U.S. 60, 1275 (1968).

2. T. T. Puck and F. T. Kao, ibid., p. 561; F.
T. Kao and T. T. Puck, Genetics 55, 513
(1967),

3. H. Harris, and J. F. Watkins, Nature 205,
640 (1965); B. Ephrussi and M. C. Weiss,
Proc. Nat. Acad. Sci. U.S. 53, 1040 (1965),

4. R. G. Ham, Proc. Nat. Acad. Sci. U.S. 53,
288 (1965).

5. T. T. Puck and F, T, Kao, ibid. 58, 1227
(1967).
6. M. C. Weiss and B. Ephrussi, Genetics 54,

1095 (1966); M. C. Weiss and H. Green, Proc.

Nat. Acad. Sci. U.S. 58, 1104 (1967).
7. This is contribution No. 357 from the Eleanor
Roosevelt Institute for Cancer Research and
the Department of Biophysics, University of
Colorado Medical Center, Denver. This in-
vestigation, which is No. VIII in a series
entitled “Genetics of Somatic Mammalian
Cells,” was aided by PHS grant No. 5 PO1
HD02080 from the National Institute of Child
Health and Human Development. R.T.J. is a
postdoctoral fellow, Damon Runyon Memorial
Fund for Cancer Research, Inc. T.T.P. is an
American Cancer Society research: professor.

30 December 1968
SCIENCE, VOL. 164



