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which showed that the neonatally thymecto-
mized animal is more susceptible than the
normal animal to the oncogenic activity of
some chemical(16) or viral(17,18) carcino-
gens. They show, in addition, that genetically
determined strain resistance to a carcinogen
can be abolished by neonatal thymectomy.
Interference with the cellular immune me-
chanism may thus be necessary, in some
cases, to allow the full expression of a car-
cinogenic process. It is felt that the experi-
mental system used here is a very convenient
model with which to evaluate the role of host
factors in the natural resistance to tumor
growth,

Summary. Mice of the C57BL strain are
normally highly resistant to the oncogenic
activity of polyoma virus. Such mice were
thymectomized at 3 days and injected with
the virus at 4 days. Controls were sham-
operated and injected with virus. Most of the
thymectomized mice gained weight at the
same rate as the controls and produced
hemagglutination inhibiting antibodies. Pleo-
morphic tumors of the salivary glands de-
veloped within 2 months in 18 of 20 thymec-
tomized mice and in only 1 of 16 controls at
4 months. Tt is suggested that the resistance
of the C57BL strain to the oncogenic action
of polyoma virus has an immunologic basis.
Impairment of the maturation of immuno-
logic faculty in mice of this strain allows the
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progression of antigenically distinct neoplastic
clones induced by the virus.
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An extensive literature is available on the
osmotic behavior of mammalian erythrocytes
[Ponder(1,2)] while the osmotic behavior of
nucleated mammalian cells has been studied
less extensively. Past studies have dealt with
osmotic behavior of isolated cells and have
been largely concerned with changes in total
cell volume as a function of extracellular

* Supported by USPHS grant.

osmotic pressure. The present experiments
were designed to study changes in nuclear
and total cell volume as a function of chang-
ing effective extracellular osmotic pressure on
surviving rat liver slices. In addition, changes
in liver cell O, uptake were studied in rela-
tion to cell water content.

Materials and methods. Male Sprague-
Dawley rats weighing 150-200 g were main-
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tained on a diet suggested by Griffith et al
(3) with free access to water. The diet is
balanced in respect to calories, vitamins, and
minerals. The diet was used because the
original experimental plan called for induc-
tion of butter yellow liver tumors in another
group of rats in order to study the osmotic
behavior of malignant cells in response to
osmotic gradients. This part of the study
had to be abandoned because lack of dis-
tinctive cell type in the tumors made meas-
urement of cell volumes impossible by the
methods employed herein.

Rats were sacrificed by decapitation and
allowed to exsanguinate through the carotid
vessels, the liver was removed in foto and
placed in a petri dish over cracked ice in
an ice chest. Liver slices approximately 0.5
mm in thickness and weighing between 80-140
mg were obtained with a Stadie-Riggs tissue
slicer and placed in the main compartments
of Warburg flasks. Each flask contained 2
ml of calcium free Krebs-Ringer Phosphate
solution at pH 7.4 adjusted to 300 millos-
moles (mos) with an Advanced Instruments
Osmometer. One-half ml of calcium free
Krebs-Ringer’s Phosphate solution hypertonic
to the solution in the main compartment was
placed in the sidearms. These solutions had
been previously adjusted by addition of
NaCl so that when tipped into the main
compartments the final osmolarities would be
300, 400, or 500 mos. One ml of ion free
H.O was used in the sidearms of those
flasks where, after tipping, the final osmo-
larity was 200 mos. All solutions contained
100 mg % glucose.

Fluted filter paper strips moistened with
10% KOH were placed in the center wells.
The flasks were gassed for 5 minutes wth
O. and equilibrated in a water bath at 37.5°
before the stopcocks were closed. The flasks
oscillated through an arc of 45° at a rate of
120 oscillations per minute. After the first
30 minutes the apparatus was stopped and
the flasks tilted to mix the contents of the
sidearms with the main compartments and
the O. uptake was then measured for the
next 90 minutes, and was recorded as micro-
liters of Os consumer per mg dry weight per
90 minutes. At the end of this period the
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tissue was removed and placed in Bouin’s
solution. The osmolarity of the remaining
extracellular solutions was measured.

Tissues were sectioned at 5 p and stained
with hematoxylin and eosin. Liver cell nu-
clear diameters were measured to the nearest
0.5 p under oil immersion, with an occular
micrometer. As not all sectioned nuclei repre-
sented half spheres, frequency distributions of
nuclear diameters were plotted for tissue
slices at all final osmolarities. These fell into
a normal distribution. Four hundred liver cell
nuclei were measured at each final osmolarity
in liver slices from 4 different animals. The
edges of the tissue slice were avoided in
measuring nuclear diameters as these con-
tained fragmented cells, pyknotic nuclei, and
staining characteristics suggesting damage
during the sectioning process. The nuclear
volume was calculated from the mean radius
at each final osmolarity assuming the liver
cell nuclei to be spherical. The mean nuclear-
cytoplasmic ratio was calculated using the
method of Chalkley(4) with 400 “hits” on
the nuclei at each final osmolarity. The mean
cytoplasmic volume (nuclear volume multi-
plied by the reciprocal of the nuclear cyto-
plasmic ratio) and the mean total cell volume
(nuclear volume 4 cytoplasmic volume) were
calculated at each final osmolarity.

Results. Data on change in nuclear di-
ameter, nuclear volume, cytoplasmic volume,
and total cell volume as a function of final
extracellular osmolarity are shown in Table I.

The equation of Lucké and McCutcheon
(5) compares the cell volume (V°,) at iso-
tonic extracellular osmotic pressure (mo) with
that cell volume (V) at some hypertonic or
hypotonic extracellular osmotic pressure (.):
b) =7 (V=) (1)

cell

e (V

cell
where b is the non-solvent volume, then:
Vcell_b = (mo/me) (Vgnl}”b) (2)

and replacing Vo, ~b by Vg ,, the isotonic
cell water volume, results in:

Vcell — (77'0/77'(-.\) VHzO —|— b. (3)

In the present study =, and =, were meas-
ured by the thermodynamically equivalent



CELL WATER EXCHANGE AND RESPIRATION

329

TABLE I. Change in Liver Cell Volume with Change in Extracellular Osmolarity.

Final mean extra-
cellular osmolarity Mean nuclear

Mean nuelear

(mos) diameter (u) vol (u*) A B C
228 ( .75) 7.00 (.060) 179.6 06597 (.0030) 2807.5 2087.1
320 (1.00) 6.41 (.104) 138.2 06776 (.0032) 2039.7 2177.9
420 (1.75) 5.72 (.047) 98.0 .05590 (.0015) 1753.2 1851.2
513 (1.55) 5.57 (.044) 90.5 .05965 (.0018) 1517.1 1607.6

( ) Standard error of mean.

A. Nuclear/cytoplasmic ratio based on 400 random nuclear hits taken in 16 units of 25 hits.
B. Mean relative cytoplasmic volume in y4® (nuelear volume multiplied by reciprocal of nu-

clear/eytoplasmic ratio).

C. Mean total cell volume in y® (nuclear volume + cytoplasmic volume).

freezing point depression (At) of the isotonic
(A%) and the final hypo- or hypertonic extra-
cellular solution (A%). It is clear from equa-
tion 3 that if the total liver cell and liver cell
nucleus behaved as osmometers their volumes
should be a linear function of Ay/A;. Fig. 1
shows this to be the case.

O, uptake for the final 90 minutes in which
the liver slices were suspended in extracellular
solutions of varying osmolarity is recorded in
Table II. Regression analysis of data relat-
ing O: uptake of liver slices as a function
of extracellular osmolarity fails to show a
significant correlation at the 95% level. How-
ever, O, uptake of liver slices respiring in the
228 mos extracellular solutions is signifi-
cantly greater (p<.05) than O, uptake of
liver slices respiring in the 513 mos extra-
cellular solutions. Neither O» uptake in the
hypertonic or hypotonic solutions is signifi-
cantly different from that of liver slices in
the isotonic solution (320 mos). In short,
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FIG. 1. Total cell and nuclear volume in ,* (or-
dinate) as a function of the ratio of freezing
point depression of the extracellular fluid at iso-
tonicity (A%) to the final freezing point depression
of the extracellular fluid (A%) 90 min after chang-
ing extracellular osmolarity (abseissa).

a 37.2% increase or a 22.3% decrease in cell
water volume does not significantly change
the Oy uptake of liver slices when compared
with liver slices respiring at isotonicity.
Discussion. In vitro studies have generally
shown that nucleated cells behave approxi-
mately as osmometers. Hempling(6) study-
ing Ehrlich ascites tumor cells by densimetric
methods showed that these cells followed the
Boyle-van’t Hoff Law in hypertonic solutions.
Dick(7) using immersion refractometry de-
monstrated that chick heart fibroblasts be-
haved as predicted by the Boyle-van’t Hoff
equation, over extracellular osmotic ranges
from 130 to 587 mos and Lucké ef al(8)
arrived at a similar conclusion for the osmotic
behavior of rat lymphocytes and lymphosar-
coma cells. The present study is in agree-
ment with these findings and indicates that
both the nuclear and total volume of the
respiring rat liver cell behave approximately
as osmometers over extracellular osmotic
ranges from 218 to 513 mos. Furthermore,
this cellular volume response to osmotic gra-
dients is maintained for at least 90 minutes
under the conditions of the experiment.
Isolated nuclei of amphibian oocytes have
been found to be permeable to water and
physiological electrolytes. [Goldstein and
Harding(9) and Battin(10)]. Isolated rat
liver cell nuclei are permeable to such high
molecular weight substances as hemoglobin,
gelatin, beef serum albumin. Nucleases [An-
derson(11)], antigen [Crampton and Hauro-
witz(12)], and RNA [Jenner and Szarfarz
(13)] have been found to penetrate intact
tissue nuclei. In view of these findings and
the fact that the intact rat liver cell nucleus
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TABLE II. Relationship of O, Uptake to Water Content of Liver Cells.

Mean final extra- No. of % cell H,O 90 min
cellular osmolarity slices from Qo0, Standard
(mos) tested isotonicity (pl/mg dry wt) error
228 23 +37.2 4.82 .40
320 16 0 4.26 43
420 20 ~14.8 4.32 34
513 22 -22.3 3.72 27

behaves approximately as an osmometer, it
would appear that the intracellular water
phase is continuous throughout the cytoplasm
and nucleus; i.e., the H,O activity is equal in
the cytoplasm and nucleus and the total cell
H;O responds to changes in extracellular
osmotic gradients by exchange of water be-
tween the extracellular and intracellular
phases. The fact that salt, water, and high
molecular weight substances can exchange be-
tween the nucleus and the cytoplasm suggest
that it is the semipermeable cell membrane
that is ultimately responsible for nuclear vol-
ume under osmotic stress.

The effect of cell HyO volume on cellular
respiration has been studied primarily in
erythrocytes. Hunter(14,15) found irrevers-
ible depression of respiration in chicken
erythrocytes in markedly hypertonic media
but no change in O, consumption of chicken
erythrocytes nor in anaerobic glycolysis in
beef erythrocytes upon swelling in aqueous
solutions. Tipton(16) found that the respira-
tion of erythrocytes was not influenced by
wide variations of extracellular osmolarity.
Olmstead(17) showed that O, uptake via the
hexose monophosphate shunt in rabbit eryth-
rocytes, although dependent upon substrate
concentration, temperature, and pH was in-
dependent of rather large changes in cell
H,0 content,

Robinson(18) studying the respiration of
rat liver tissue as a function of extracellular
osmolarity reported that O, consumption was
reduced in both hypotonic (200 mos) and
hypertonic (450 mos) solutions. The present
study suggests that Q. uptake is slightly re-
duced in hypertonic solutions and slightly in-
creased in hypotonic solutions but more gen-
erally supports the previous work on erythro-
cytes indicating that O, consumption is
largely independent of rather large variation
in cell HyO volume.

The reduction in O, uptake by liver slices
in hypertonic solutions compared with O
uptake in hypotonic solutions could be ac-
counted for by changes in cell water volumes
or intracellular NaCl level. It is more prob-
able that these differences in O2 uptake were
due to changes in cell water volume for the
fact that the cells behaved as osmometers
over the ranges of extracellular osmolarity
reported suggest that the NaCl was effec-
tively partitioned extracellularly.

Summary. Nuclear and total cell volume
changes have been studied as a function of
extracellular osmotic gradients in respiring
rat liver slices. The nucleus and intact cell
respond approximately as osmometers in a
manner suggesting that the intracellular water
activity is the same in the nucleus and cyto-
plasm of the cell. A mean increase of 37.2%
or a mean decrease of 22.3% of cell water
volume did not significantly change the cell
O, uptake when compared with cell O, up-
take at isotonicity although the O, uptake
was significantly increased in cells respiring
in hypertonic solutions when compared with
cells respiring in hypotonic solutions.
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Early investigations by Youmans e al(1,2)
gave results which indicate the importance
of the structural groups of the epinephrine
molecule for various excitatory and inhibitory
actions. They proposed that there are two
or more receptive mechanisms. More recent
investigations(3,4) have added further em-
phasis to the concept of 2 distinct epineph-
rine-sensitive receptors and have provided
additional knowledge of the importance of
various structural groups for the effects ob-
tained.

The nature of the receptor in the heart
mediating cardio-acceleration has continued
to defy easy classification although results ob-
tained with the blocking agent, dichloroiso-
proterno(5) are in agreement with the hypo-
thesis that these receptors are of the beta
type which usually subserve inhibitory func-
tion in other organs innervated by the sympa-
thetic nervous system. This concept applied
to sympathomimetic amines as a class, would
lead to the generalization that those which
induce cardio acceleration would also cause re-
laxation of the smooth muscle of the bron-
chioles. Availability in our laboratories of
a large number of structurally diverse sympa-
thomimetic amines has permitted us to extend
earlier investigations of cardiac receptor af-
finity and to correlate these results with
action in other organs.

Material and methods. Cardiac activity
was determined in vitro by perfusion of the
isolated heart of albino rabbits(6). Inotropic

activity was measured with a Grass FT .03
force displacement transducer and recorded
on a Grass polygraph. Initial diastolic tension
was set at 10 g at the beginning of each ex-
periment and changes in isometric tension
recorded. Chronotropic changes were deter-
mined from the above described recording.
All drugs were administered directly into the
aortic cannula at a constant volume of 0.1
ml and the dosage expressed in terms of the
base. Unless otherwise indicated, all drugs
are the racemic mixture. Each drug was
tested on a fresh heart preparation at 3 or
more doses. Cardiac responses were plotted
on semilog graph paper and the dose produc-
ing a 20% increase in force or rate estimated
from this plot.

Bronchodilator action was determined by
the method of Luduena et a/(6). Data shown
in Table I include also representative values
taken from published reports or from earlier
experiments carried out in our laboratories
and are cited in order to provide a broader
comparison with the recent results obtained
with the N-cyclopentyl substituted amines.

This investigation includes the following
commercially available drugs, in addition to
the experimental compounds shown in Table
I:  1-(3,4-dihydroxyphenyl)-2-isopropylami-
noethanol (isoproterenol) levo-1-(3,4-dihy-
droxyphenyl-2-aminoethanol  (levarterenol),
1- (3,4-dihydroxypheny!) -2-amino-1-propanol
(nordefrine), 1-(3,4-dihydroxyphenyl)-2-iso-
propylamino-1-butanol (isoetharine), 3,4-di-



