in the traumatically injured spinal cord of
mammals, including humans. Whereas
such agents as methylprednisolone sodi-
um succinate, naloxone, TRH, and e-
ACA must be used promptly to prevent
damage during the early, acute phase of
injury, clonidine administration can wait
until the vital signs have stabilized after
spinal shock. Nevertheless, the sooner
clonidine is administered the more likely
it is to minimize the muscular atrophy
and occurrence of other dysfunctions
associated with the flaccidity of the
acute phase of traumatic injury. Cloni-
dine stimulates the ao-receptors in the
intermedio-lateral cell columns of the
spinal cord and in the ventral horn which
in turn inhibit v- and a-motor neurons.
The random visceral and somatic affer-
ent inputs into the distal stump of the
traumatically injured spinal cord of hu-
mans and other animals that cause auto-
nomic dysreflexia (3) and spasticity
(Fig. 3) are thus blocked by clonidine’s
tonic stimulation of a,-adrenergic recep-
tors.

Clonidine has been administered oral-
ly to more than 30 humans with spastic-
ity resulting from a traumatic cervical or
thoracic transverse myelopathy (i6).
The drug has served to check the poten-
tially dangerous increases in arterial
blood pressure during episodes of auto-
nomic dysreflexia (7). It has also pre-
vented the spasticity (Fig. 3) of muscula-
ture which debilitates most of these pa-
tients and frequently retards their reha-
bilitation. Because of the depressive
effect of clonidine on sympathetic pre-
ganglionic outflow, this drug must be
used with caution.

This new approach to the restoration
of function in the traumatically injured
CNS of mammals may find use in the
immediate or delayed treatment of trau-
matic injuries to the spinal cord as well
as brainstem lesions and cerebrovascular
accidents.

N. ERric NAFTCHI
Laboratory of Biochemical
Pharmacology, New York University
Medical Center, New York 10016
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Polyamine Depletion Influences Drug-Induced

Chromosomal Damage

Abstract. Polyamines have been implicated in the intracellular stabilization of
DNA. Depletion of intracellular polyamines influences the cytotoxicity of 1,3-bis(2-
chloroethyl)-1-nitrosourea and cis-diamminedichloroplatinum II. By means of the
sister chromatid exchange assay, it was found that intracellular polyamine depletion
can also alter the induction of chromosomal damage by these cytotoxic agents.

The polyamines putrescine, spermi-
dine, and spermine have been implicated
in the regulation of both normal and
neoplastic cell proliferation (Z, 2). There
are several proposed roles for these
polycations in cellular metabolism in-
cluding the stabilization of nuclear DN A
(3). Polyamines stabilize cell-free DNA
to enzymatic degradation (4), denatur-
ation by x-rays (5), and thermal denatur-
ation (6). X-ray diffraction studies sug-
gest that primary and secondary amine
groups of spermidine and spermine bind
ionically to adjacent phosphate groups
on one strand of DNA, and the four-
carbon chain stretches across the minor
groove of the double helix to form a
cross bridge between phosphate groups
on opposite strands (7). However, on the
basis of the theory of counterion conden-
sation, Bloomfield and Wilson postulate
that the polyamine-mediated stabiliza-
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tion of DNA is the result of relatively
nonspecific electrostatic interactions be-
tween polyanionic DNA and the cationic
polyamines (3). Although the specific
interactions of the polyamines and DNA
have not been clearly defined, it does
appear that they are important in stabi-
lizing DNA structure. Viscoelastometry
experiments indicate that there is an
alteration in the conformation of DNA or
its susceptibility to shear in x-irradiated
cells made deficient in polyamines (8).
Analyses of the structure of Z-DNA (9,
10), indicate that spermine is located not
only adjacent to the phosphate groups
but also adjacent to DNA bases.

The stabilizing effect of polyamines on

the structure of DNA, the probable tar-
get of many antineoplastic drugs, sug-
gests a possible role for the depletion of
polyamines in cancer chemotherapy.

Cellular polyamine concentrations can
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be depleted by treatment with a-difluo-
romethylornithine (DFMO); an irrevers-
ible inhibitor of ornithine decarboxylase
(ODCQ), the first and rate-limiting enzyme
of the polyamine biosynthetic pathway
(11). Treatment of rat 9L brain tumor
cells in vitro with a noncytotoxic con-
centration of DFMO (10 mAM) for 48
hours depresses putrescine dnd spernii-
dine to less than 5 percent of control
levels with spermine remaining essential-
ly unchanged (/2). Using this DFMO
treatment protocol, Hung et al. (13) dem-
onstrated that polyamine deficiency in-
creases the cytotoxicity of 1,3-bis-(2-
chloroethyl)-1-nitrosourea (BCNU), a
nitrosourea generally considered to kill
cells through alkylation of DNA fol-
lowed by the formation of interstrand
DNA-DNA cross-links (/4). This effect
was réversed by the addition of putres-
cine to the culture medium after deple-
tion with DFMO but before treatment
with BCNU, thus indicating specificity
for polyamine depletion. Hung et al: (13)
postulate that DFMO, by inhibiting po-
lyamine synthesis, destabilizes DNA
rendering it more susceptible to alkyl-
ation and subsequent intérstrand cross-
linking by the reactive moiety of BCNU.
Recently, we showed that DFMO does
not affect the alkylation of DNA by
1-(2-chloroethyl)-3-trans-4-methylcyclo-
hexyl-1-nitrosourea (MeCCNU);, a nitro-
sourea that is also an alkylating agent
that induces cross-link formation (15).
The effects of DFMO on interstrand
cross-linking, the event considered to be

Table 1. The effects of DEMO on sister chro-
matid exchanges (SCE’s) induced by BCNU.
Cells were incubated with 10 mM DFMO for
72 hours and then with 1 wM BCNU for 1
hour. In the putrescine reversal experiments
the above protocol was followed except that
after 48 hours of incubation with DFMO,
putrescine was added to achieve a final con-
centration of 1 mM. After drug treatment, the
cells were rinsed and fresh medium was added
containing 10 wM bromodeoxyuridine. Cells
were then allowed to replicate for two cell
cycles and collected for SCE analysis (24).
Values represent thé means * standard devi-
ation. Numbers in parentheses indicate the
number of metaphases scored.

Treatment SCE’s per
metaphase
Control 11.6 = 3.1 (40)
DFMO 14.7 £ 4.8 (20)
Putrescine 13.1 £ 42 (20)
DFMO plus putrescine 14.1 = 3.7 (40)
BCNU (1 wM) 27.2 = 6.1 (40)
Putiescine plus BCNU 26.0 = 4.4 (20)
(1 pM)
DFMO plus BCNU 51.4 £ 11.0 41)
(1nM)

DFMO plus putrescine
plus BCNU (1 uM)

26.1 = 4.4 (40)
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responsible for most MeCCNU- and
BCNU-induced cytotoxicity, remains to
be determined.

Oredsson et al. (16) showed that treat-
ment of 9L cells with DFMO decreased
the cytotoxicity of cis-diamminedichloro-
platinum II (cis-DDP), a compound that
is thought to kill cells by forming DNA-
DNA inter- and intrastrand cross-links
(17). This decreased cytotoxic effect was
also reversed by the addition of putres-
cine. Laurent et dl. (18) have presented
data from alkaline elution studies sug-
gesting that the cross-links formed by
cis-DDP are different from those formed
by chloroethylnitrosoureas. The two
chlorine atoms, the active groups in cis-
DDP, are separated by 3.3 A (19), which
is similar to the interplanar distance of
DNA bases (3.4 A) (20); a number of
nucleophilic groups in native DNA are
also separated by 3.4 A (21). Therefore,
a possible explanation for the DFMO-
mediated decrease in cis-DDP cytotoxic-
ity is that polyamine deficiency, result-
ing in an alteration in DNA structure,
might change the distance between'these
nucleophilic groups and thus prevent
cross-link formation (16).

Thus polyamine deficiency can either
increase or decrease drug-induced death
of cells, depending on the mechanism of
drug action. If these effects are indeed
the result of DNA destabilization caused
by polyamine deficiericy, then changes
of an equivalent nature should be detect-
ed on a chromosomal level. The sister
chromatid exchange assay is a sensitive
yet relatively simple method for the mea-
surement of chromosomal damage (22);
the induction of such exchanges by com-
pounds that damage DNA has been
clearly established (23). Therefore, to
determine the effects of polyamine defi-
ciency on drug-induced chromosomal
damage, we have examined the ability of
DFMO to modify the induction of sister
chromatid exchanges in 9L cells treated
with BCNU and cis-DDP.

Rat 9L brain tumor cells were seeded
and cultured as described (/3). For the
treatment of cells with DFMO or DFMO
plus putrescine in combination with ei-
ther BCNU or cis-DDP we used the
same procedures as described ir the
aforementioned cytotoxicity experi-
ments (I3, 16). The sister chromatid ex-
change assay of Perry and Wolff (24) was
used (Tables 1 and 2).

Treatment of cells with DFMO alone
did not alter the number of chromatid
exchanges, whereas 1 wM BCNU in-
creased the exchanges with respect to
control levels (Table 1). However, in
cells treated first with DFMO and then
with BCNU, the number of exchanges

increased approximately twofold over
the number in cells treated with BCNU
alone. Cells treated with putrescine as
well as DFMO before being exposed to
BCNU eliminated this increase indicat-
ing that, as with cytotoxicity, the DFMO
potentiation of BCNU-induced sister
chromatid exchanges is due to polya-
mine deficiency.

Although cis-DDP was effective in in-
ducing sister chromatid exchanges in 9L
cells, if the cells were treated with
DFMO before being exposed to cis-DDP
the number of exchanges was reduced
(Table 2); this effect. was eliminated by
addition of putrescine. Thus, polyamine
deficiency not only decreases cis-DDP-
induced cytotoxicity, but also decreases
cis-DDP-induced sister chromatid ex-
changes.

Polyamine deficiency has been postu-
lated to destabilize DNA and thus alter
the interactions between chemothera-
peutic agents and DNA. Our experi-
ments demonstrate that DFMO-mediat-
ed polyamine deficiency also modifies
the induction of chromosomal damage
by BCNU and cis-DDP, as measured by
sister chromatid exchange assay, and
thus lenids support to this concept. Inhib-
itors of polyamine biosynthesis are being
investigated as potential biological re-
sponse modifiers for use in cancer che-
motherapy, and it appears that their use
may either increase or decrease the in-
tracellular action of a chemotherapeutic
agent, depending on the agent’s mecha-
nism of action. Therefore, optimal com-
binations of and administration sched-

Table 2. The effects of DFMO on sister chro-
matid exchanges (SCE’s) induced by cis-
DDP. Cells were incubated with 10 mM
DFMO for 72 hours and then with 0.5 wM cis-
DDP for 1 hour. In the putrescine reversal
experiments the above protocol was followed
except that after 48 hours of incubation with
DFMO, putrescine was added to achieve a
final concentration of 1 mM. After drug treat-
ment, the cells were rinsed and fresh medium
was added containing 10 wM bromodeoxyuri-
dine. The cells were then allowed to replicate
for two cell cycles and collected for sister
chromatid exchange analysis (24). Values rep-
resent the means * standard deviation. Num-
bers in parentheses indicate the number of
metaphases scored.

SCE’s per

Treatment
metaphase

Control

cis-DDP (0.5 pM)

Putrescine plus cis-
DDP (0.5 uM)

DFMO plus cis-DDP
(0:5 pM)

DFMO plus putres-
cine plus cis-DDP
(0.5 pan .

125 & 3.3 20)
56.5 + 12.4 (40)
54.3 = 12.6 (20)

29.7

i+

7.0 (41)

50.0 + 11.1 21)
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ules for antineoplastic drugs and polya-
mine biosynthesis inhibitors should be
determined in the laboratory before the
compounds are used in the clinical set-
ting.
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Human B-Globin Gene Sequences Injected into Mouse

Eggs, Retained in Adults, and Transmitted to Progeny

Abstract. Foreign gene sequences were retained in two adult mice (out of 62
analyzed) from fertilized eggs injected with a recombinant plasmid containing the
human B-globin genomic region and the herpes simplex viral thymidine kinase gene.
The intact human and viral genes were found in DNA of one of the animals and, in
the other, at least part of the human globin gene was present. The latter individual
transmitted these sequences to its progeny in a Mendelian ratio. Thus, human DNA
may be incorporated into the germ line of mice for in vivo studies of regulation of
gene expression in development, genetic diseases, and malignancy.

In a recent study, we demonstrated
that human and viral genes introduced
into fertilized mouse eggs by microinjec-
tion of recombinant DNA into a pronu-
cleus could later be found intact in DNA
prepared from fetuses near the end of
their prenatal development (/). In the
present report, eggs injected with the
same genes were allowed to develop to
adulthood. Persistent foreign genetic ma-
terial was detected in some adults, and
biological evidence for integration in
host DN A was obtained through Mende-
lian transmission of human B-globin se-
quences to progeny.

1046

Approximately 3000 copies of the bac-
terial plasmid PtkHB1 were injected into
the male pronucleus of (C3H X DBA/2)F,
fertilized mouse eggs, as previously de-
scribed (7). The plasmid consists of a
pBR322 vector with a 7.6-kb Hind III
insert carrying the human -globin
(HBG) genomic region and a 3.6-kb
Bam HI fragment containing the thymi-
dine kinase (tk) gene of herpes simplex
virus (HSV) (2, 3). Of 394 eggs injected,
304 survived the injection and were sur-
gically transferred to the oviducts of
pseudopregnant Icr random-bred fe-
males. At 8 to 10 weeks of age, partial
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splenectomy was performed on 62 sur-
vivors, and the DNA was extracted (¢,
35).

Some of the DNA was digested with
the restriction endonuclease Pst I and
tested by the Southern procedure (6-8)
for hybridization with the 3?P-labeled
7.6-kb globin gene insert. The DNA’s of
two of the spleens hybridized with the
HRBG probe and therefore contained
some gene sequences of human origin.
One of the positive experimental animals
(designated Exp. 1), a female, had the
diagnostic 4.4-kb Pst I fragment that
spans the entire coding region and also
the neighboring 3.9-kb fragment (9),
thereby indicating retention of the entire
intact human globin insert, as seen by
comparison with a control digest of the
injected plasmid (Fig. 1A). When the
animal was ultimately autopsied, after
breeding, the DNA digests from its five
other tested organs (liver, kidney, heart,
lung, brain) showed the same result as
the spleer, with approximately two
copies of the HBG per cell in all tissues.
The second éxperimental animal with
HBG sequences (Exp. 2), a male, had a
higher molecular weight band of 13 kb,
which hybridized with the 7.6-kb human
gene insert. This band was present in all
seven organs eventually tested, at an
estimated copy number of one per cell
(Fig. 1C). In subsequent experiments
aimed at identifying these sequences,
Bam HI and Eco RI digests were exam-
ined for hybridization with the same
HBG probe (Fig. 2A, lanes F| a’ and F,
a"); they did not display the bands ex-
pected if the coding region were present.
In addition, no hybridization with an
HBG complementary DNA (cDNA)
probe was observed (data not shown).
The 13-kb band was, however, seen
when the probe was a 3.6-kb Eco RI
fragment including most of the 3’ end of
the genomic region. Therefore, the HBG
sequences in this second animal included
at least some of the 3’ sequences flanking
the coding region of the human B-globin
gene,

DNA'’s from the same spleen samples
were also analyzed for presence of HSV
tk gene and pBR322 sequences by diges-
tion with Bam HI and hybridization with
32p_labeled Ptk. This probe represents
the vector after insertion of the HSV tk
gene into the Bam HI site of pBR322 (3)
and before introduction of the HRG frag-
ment. The animal (Exp. 1) that was posi-
tive for the intact HBG gene also exhibit-
ed Ptk-hybridizing sequences, at approx-
imately two copies per cell, in all five
organs eventually analyzed (Fig. 1B).
The other HBG-positive individual, Exp.

SCIENCE, VOL. 217, 10 SEPTEMBER 1982





