
investigations of the effect of size on met­
abolic rate. 
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H YPOXIA CAUSES BODY TEMPERA-

ture to fall in a number of different 
animals, from crayfish to mammals 

(1). In all the animals previously studied, 
thermoregulation is controlled by a nervous 
system. In mammals, hypoxia induces hypo­
thermia by decreasing heat production and 
increasing heat loss. In ectotherms, hypoxia 
induces behavioral selection of a lower am­
bient temperature. Hypoxia-induced hypo­
thermia is beneficial, primarily because it 
lowers metabolic rate, and thus 0 2 need, 
when 0 2 availability is limited. Hypother­
mia should enhance survival, but this has 
never been directly tested. The purpose of 
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our study was to determine whether hy­
poxia-induced hypothermia can occur in an 
organism without a nervous system (for 
example, the protozoan Paramecium cauda-
tum) and whether the response would en­
hance survival. Two specific hypotheses 
were tested: (i) Hypoxia causes paramecia to 
select a lower temperature in a thermal 
gradient, (ii) Survival of hypoxic paramecia 
is increased at lower temperatures. 

To test the first hypothesis, selected tem­
perature (Ts) of paramecia was determined 
in an aquatic thermal gradient (0.4° ± 0.6° 
to 34.6° ± 1.4°C) placed in a petri dish at 
different ambient oxygen pressures (Po2) 
(2). Thermocouples were placed at each end 
of the gradient and ten intermediate loca­
tions for measuring gradient temperatures. 

Behavioral Hypothermia and Survival of Hypoxic 
Protozoans Paramecium caudatum 
GARY M. MALVIN AND STEPHEN C. W O O D 

Hypoxia has been shown to elicit behavioral hypothermia in a number of different 
metazoan species, all with nervous systems. The protozoan, Paramecium caudatum, has 
no nervous system and was not expected to display behavioral hypothermia. However, 
this species was also found to select a lower temperature in a thermal gradient under 
hypoxic conditions. This response proved to be beneficial as survival of hypoxic 
paramecia was greatly increased at lower temperatures. This unicellular species may 
provide a useful model to investigate the cellular and molecular basis of adaptive 
thermoregulatory behavior. 
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A microscope was positioned to visualize exposure caused T, to increase from 11.7" * 
1.2" to 26.8" ? 0.7"C, which was not sig- 
nificantly different from T, under normoxic 
conditions before N, exposure (P > 0.05). 

To determine whether this hypoxia-in- 
duced hypothermia may facilitate survival, 
suspensions of paramecia were equilibrated 
with Po,'s of 127, 0.3, or 0.0 torr. Each gas 
mixture was tested at five different temper- 
atures (34.3", 26.6", 22.0°, 16.3", .11 .TC)  

torr, no decrease in paramecium concentra- 
tion occurred after 7 hours at 11 .6"C. How- the paramecia in the gradient, and magnified 
ever, at higher temperatures, T5,'s were 
353, 280, 120, and 47 min at temperatures 
of 16.3", 22.0°, 26.6", and 34.3"C, respec- 
tively. In anoxia, paramecium concentration 
decreased at all temperatures tested. The 
T5,'s were 168, 65, 45, 38, and 23 min at 
temperatures of 11.6", 16.3", 22.0°, 26.6", 
and 34.3"C, respectively. 

Our results indicate that hypoxia-induced 
hypothermia is extremely widespread 
among taxa, occurring even in a single-celled 
organism, Paramecium caudatum. This re- 
sponse is clearly beneficial to this animal 
because decreasing temperature increases 
survival under hypoxic conditions. Thus, if 
T, were not affected by hypoxia, paramecia 
would rapidly die. 

The threshold of the hypoxia-induced hy- 
pothermia is between 1.3 and 2.6 torr. A 
previous study of the effects of hypoxia on 
Paramecium caudatum showed a decrease in 

images were recorded by video microscopy. 
Po, within the gradient was adjusted by 

covering the petri dish with glass and flow- 
ing humidified gas mixtures through it. Six 
different 0,-N, mixtures were tested having 
Po,'sof127,2.5, 1.3,0.6,0.3,andO.O torr. 
The rate of Po, equilibration between the 
gas and the medium inside the gradient was 
measured in preliminary experiments by 
placing in the gradient an aquatic gas probe 
connected to a mass spectrometer (3). Gra- 
dient Po, was monitored continuously be- 

(6). Samples from the paramecium suspen- 
sion were analyzed to determine the para- 
mecia concentration at 15- to 90-min inter- 
vals. Survival was assessed by plotting the 

fore and after the Po, of the gas flowing into 
the petri dish was lowered from 127 to 0.0 
torr. After 80 min, no 0, was detected in 
the gradient. 

To determine the effect of PO, on T,, 

percentage of initial paramecium concentra- 
tion against time and calculating the time for 
the paramecium concentration to fall to 
50% of the initial concentration (TS0). 
There was no apparent decrease in para- 
mecium concentration under normoxic con- 250 p,1 of a paramecium suspension were 

placed in the thermal gradient, and a gas 
mixture flowed through the petri dish. After 
2 hours the distribution of T,'s under each 

ditions at any temperature (Fig. 2A). In 
contrast, hypoxic conditions caused parame- 
cium concentration to decrease with time 
(Fig. 2, B and C). This decrease varied swimming speed at a threshold Po, of about 

1 torr (7). The stimulus that elicits the 
change in T, is not known (8). Whether 
ambient Po, is directly sensed by the animal 
or whether hypoxia elicits a change in a 
cellular variable that then leads to a reduc- 

experimental condition was determined by 
video recording for 20 s the 12 gradient inversely with temperature. At a PO, of 0.3 
positions containing a thermocoupk. Ther- 
mocouple temperatures were recorded im- 
medately before video taping. From the 
tapes, the number of animals present at each 

tion in T, is not known. Because the thresh- 
old Po, is so low, it is likely that, below the 
threshold, 0, flux into the cell does not 

location was determined. 
Under normoxic conditions, T, was 28.0" 

2 O.l°C (Fig. 1) (4). Reducing ambient 
Po, to 2.6 torr had no statistically signifi- 
cant effect on T, (P > 0.1) (5 ) .  However, 
reducing Po, to 1.3 torr or below caused T, 
to decrease (P < 0.01). To test whether this 

provide enough 0, to meet the normal 0, 
requirements of the cell. Changes in many 
cellular variables would probably occur un- 
der such conditions. 

hypoxia-induced hypothermia is reversible, 
another experiment was performed in which 
T, was determined 2 hours after gas Po, 
was increased to 127 torr after a 2-hour 
exposure to 100% N,. Normoxia after N, 

REFERENCES AND NOTES 

1. S .  C. Wood, Annu. Rev. Physiol. 53, 71 (1991); 
- and G. M. Malvin, in Strategies of Physiolog- 
ical Adaptation, S .  C. Wood, R. Weber, A. Hargens, 
R. M. Millard, Eds. (Dekker, New York, 1991), pp. 
295-312. 

2. Paramecium caudatunt were cultured in Cerophyl me- 
dium (Ward's Natural Science Establishment) at 
23°C. Animals in mid-log phase growth were isolat- 
ed by centrifugation at 1008 for 2 min and then 
washed three times in Cerophyl medium. The con- 
centration of the final suspension was adjusted to 
about 1300 cells per milliliter. The gradient (80 mm 
long, 3 mm wide, and 1.5 mm deep) was consuuct- 
ed with Tygon tubing cut length-wise and glued to 
the bottom of a glass petri dish. One end was cooled 
by a copper tube beneath the petri dish which 
carried chilled polyethylene glycol. The other end 
was warmed by heating tape. The temperatures 
(mean 2 SD) of the 12 thermocouples during the 
measurements were (in degrees Celsius): 34.6" * 
1.4", 29.5" -+ 1.0", 28.2" _t 0.9",27.1° -+ 0.8", 26.1" 
-+ 0.6",23.4"-+ 0.4",20.3"-+ 0.5", 16.6"* 0.6", 
14.0" -+ 0.5", 8.8" -+ 0.6", 2.4" _t 0.6", and 0.4" + 
0.6". 

3. The mass spectrometer was based on a Balzers QMA 
120 mass analyzer. The gas probe was manufactured 
by AMISIAS, Odense, Denmark. 

4. Thermoregulation in paramecia under normoxic 
conditions was first investigated by M. Mendelssohn 
[Pfliigers Arch. Ges. Physiol. 60, 1 (1895)l who 
showed that paramecia accumulate between 24" and 
28°C in a thermal gradient. 

5. The effect of ambient PO, on T, was evaluated with 
one-way analysis of variance. Post hoc comparisons 
were performed with a Newman-Keuls test. Statis- 

\/'=------o 

\ PO2= 0.3 torr 

b 
125 PO2 = 0 torr 

75 

25 

0 
0 50 100 150 200 

0.0 0.5 1.0 1 .5  2.0 2.5 3.0 130 
PO, (torr) 

Fig. 1. The effects of gradient Po, on T,. Values 
are means ~r SEM. Numbers in parentheses de- 
note the number of animals (n) observed in 
determining T, at each Po,. The filled circle 
represents T, at a Po, of 127 torr after N, 
exposure. Single and double asterisks indicate that 
the mean T, is significantly different (5) from the 
mean T, at a Po, of 127 torr (hollow circle). The 
double asterisk also indicates that the mean T, is 
significantly different (P < 0.01) from all other 
values. 
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Fig. 2. The effects of temperature on paramecia 
survival at ambient Po,'s of 127,0.3, and 0.0 torr. 
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Suppression of Gene Amplification in Human 
Cell Hybrids 
THEA D. TLSTY,* ALICIA W H I T E , JANET SANCHEZ 

Gene amplification, one example of genetic instability, is of prognostic and clinical 
importance in neoplasia. In tumorigenic cells, gene amplification occurs at a very high 
frequency, whereas in normal diploid fibroblasts the event is undetectable by the 
clonogenic assay. To investigate genetic control of gene amplification, amplification 
frequency was measured in hybrids of tumorigenic cells and normal diploid cells. The 
ability to amplify an endogenous gene behaved as a recessive genetic trait, and control 
of gene amplification potential segregated independently of tumorigenicity and im­
mortality. 

CURRENTLY, THE DEVELOPMENT OF 

multiple genetic alterations is 
thought to be a basis of neoplasia 

(:/), and increased genetic instability might be 
necessary to produce these changes (2-4). 
Tumorigenic cells may form from accelerated 
genetic changes coupled with selection pres­
sures exerted by the surrounding microenvi-
ronment (2). In such a model, the accumula­
tion of random genetic changes would 
ultimately lead to neoplasia. Indeed, various 
karyotypic changes, including aneuploidy, 
deletions, inversions, translocations, amplifi­
cations, and point mutations, are apparent in 
tumor cell populations. Such changes may 
contribute to the generation of cellular and 
biochemical heterogeneity, a hallmark of tu­
mor cell populations (4). 

One marker of genomic instability is gene 
amplification (5, 6), that is, an increase in 
the number of copies of a particular gene at 
a specific locus. Tumorigenic cells display a 
high rate of spontaneous gene amplification 
(5), as can be measured by their ability to 
become resistant to N-(phosphonoacetyl)-L-

Lineberger Comprehensive Cancer Center, Department 
of Pathology and Curriculum in Genetics, School of 
Medicine, University of North Carolina, Chapel Hill, 
NC 27599. 

*To whom correspondence should be addressed. 

aspartate (PALA). PALA specifically inhib­
its the aspartate transcarbamylase activity of 
the multifunctional enzyme that contains 
carbamyl phosphate synthase, aspartate 
transcarbamylase, and dihydro-orotase 
(CAD) activities. The frequency of gene 
amplification-the proportion of surviving 
colonies in PALA relative to the number of 
surviving colonies without PALA—ranges 
from 10 ~3 in highly tumorigenic cell lines to 
10~6 in nontumorigenic but immortalized 
cell lines (5). In contrast, gene amplification 
is undetectable ( < 1 0 - 9 ) in primary, diploid 
cell populations (7, #), reflected in the in­
ability of normal cells to make drug-resistant 
clones. 

We used somatic cell hybrids of cells that 
have a high frequency of amplification and 
those that have no detectable frequency of 
amplification to determine if the ability to 
amplify is a dominant or recessive trait (Ta­
ble 1) (9-13). Such hybrids were suppressed 
in their ability to amplify the gene encoding 
the CAD enzyme. By measuring PALA re­
sistance we analyzed both parental and hy­
brid cells for their ability to amplify the 
endogenous CAD gene. Every PALA-resist-
ant subclone examined to date, both in 
rodent (5, 14, 15) and in human (16) cells, 
carried additional CAD gene copies and 
arose by amplification of the CAD locus 

(17). Although normal diploid fibroblasts 
showed no detectable gene amplification 
(7), highly tumorigenic fibrosarcoma and 
carcinoma cell lines amplified the CAD gene 
at high frequencies (Table 1). The SFTH400 
hybrid cells, a fusion of a normal fibroblast 
and a fibrosarcoma cell line, displayed an 
amplification frequency several orders of 
magnitude lower than that measured in the 
tumorigenic parental cell line, HT1080 (Fig. 
1 and Table 1). Similar results were seen with 
other nontumorigenic hybrid cell lines, 
SFTH300(S) and ESH5(S) (Table 1). 

The expression or suppression of the abil­
ity to amplify was independent of the tu­
morigenic phenotype of the hybrid. Fusion 
of a normal (nonneoplastic) cell population 
with a highly tumorigenic cell line results in 
hybrid progeny with the malignant pheno­
type suppressed (9). As the hybrid cell line is 
propagated, however, chromosomes are 
lost, and rare tumorigenic segregants ap­
pear, which suggest that a specific chromo­
some involved in the suppression of malig­
nancy is lost when the malignant phenotype 
reappears (9-11, 18). Reintroduction of the 
lost chromosome into the tumorigenic cell 
can completely suppress tumorigenicity 
(19). By comparing the amplification poten­
tial in suppressed hybrids and their tumori­
genic segregants, we determined that sup­
pression of gene amplification was not 
coupled to suppression of tumorigenicity 
(Fig. 1). Both SFTH400(S) cells and their 

1 2 3 4 5 6 7 8 9 10 
PALA concentration (x LD50) 

Fig. 1. Selection of somatic cell hybrids for PALA 
resistance. Cells were propagated and selected as 
in (5). They were plated at appropriate densities 
and placed in the indicated concentrations of 
PALA. When colony size exceeded 50 cells, plates 
were fixed, stained, and counted (5). Relative 
plating efficiency is the ratio of cells surviving in 
PALA to cells surviving in the absence of it. 
Amplification potential was determined at 9 x 
L D 5 0 . Each curve is the average of a min imum of 
four separate determinations. Parents: open cir­
cles, G M 2 2 9 1 ( L D 5 0 = 1.5 |xM); open squares, 
H T 1 0 8 0 ( L D 5 0 = 6 p M ) . Hybr ids : closed cir­
cles, SFTH400(S) ( L D 5 0 = 10 p M ) ; closed 
squares, S F T H 4 0 0 ( T ) ( L D 5 0 = 20 |xM). Dashed 
line represents curve for G M 2 2 9 1 . 
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