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ABSTRACT

Fixation of ®'-serum albumin by Ehrlich ascites tumor cells in suspensions and sarcoma
S-180 monolayers was measured under experimental conditions. Anaerobic incubation
and inhibitors of the oxidative metabolism critically restricted the range of glucose con-
centrations capable of supporting cell life; in glucose concentrations higher than 1072 M,
Ehrlich cells suffered from their own acid production; in concentrations 1072 M, lower than
they underwent damage by starvation. Both types of damage were accompanied by in-
creased albumin fixation unrelated to pinocytosis. Different procedures recommended to
enhance the uptake of infectious viral RNA by animal cells in culture were tested for their
ability to increase albumin uptake. They enhanced the penetration of both albumin and
vital dyes and decreased the viability of cell populations. Their effect, therefore, is related
to cell damage. It was postulated that reversible damage to cells favors RNA infection by
leading to abnormal uptake processes and by decreasing intracellular digestion. This
abnormal uptake is different from pinocytosis and also from the massive fixation of albumin
to dead cells. The latter phenomenon is due to adsorption by intracellular sites exposed by
disruption of the cell membrane. Polycations are able to induce all three forms of fixation
depending on the experimental conditions.

A number of cytochemical and electron micro-
scopic studies from this and other laboratories
have demonstrated beyond doubt that protein
molecules can be taken up by intact tumor cells
in suspension (15, 42) and by different normal
tissues in vivo (21, 23, 29, 49, 50). This uptake
occurs by pinocytosis and micropinocytosis and
is considered a normal function of living cells.
Studies on the kinetics of this process have indi-
cated that Ehrlich ascites carcinoma cells in
suspension (41), as well as sarcoma 180 cells in

monolayer (40), take up a small but statistically
significant amount of albumin-'*I within 1 hr
of exposure. The low rate of albumin uptake,
measured in normal growth media, has spurred
interest in devising ways to stimulate this trans-
port. Work along this line has led to one re-
markable instance of physiological stimulation
and to several examples of pathological responses.
On one hand, it has been shown that histones
and basic polyamino acids such as poly-L-orni-
thine and poly-p-lysine can stimulate albumin
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uptake severalfold at concentrations that are
too low to interfere with normal cell growth
(43). On the other hand, attempts to increase
albumin uptake by other means have led only to
apparent stimulation, due in reality to cell
damage. Although the occurrence of such pseudo-
stimulation in the measurement of macromolecu-
lar penetration has been pointed out (40, 41),
recent literature indicates that the subject deserves
more emphasis. This paper, therefore, illustrates
and discusses some of the deceiving phenomena
encountered in measuring the uptake of macro-
molecules. The presentation will be restricted
to those experimental conditions most likely to
be used in attempts to stimulate pinocytosis.
Because, during the past 8 yr, there has been
great interest in the possibility of stimulating the
cellular uptake of nucleic acids, special considera-
tion will be given to procedures recommended
for this purpose. These include the use of hyper-
tonic solutions (1, 18, 25, 32), polybasic macro-
molecules (2, 31, 47, 48), unphysiological pH
(32), and cell dehydration (46). The influence of
such procedures on the cellular uptake of albumin
will be examined. This will lead to a reassessment
of the mechanisms underlying the enhanced
penetration of infectious nucleic acids, and will
point to the need for distinguishing among three
separate processes in order to account for the
various forms of fixation of foreign macromole-
cules by mammalian cells.

METHODS
Cells, Incubation, and Counting

Procedures described elsewhere have been followed
to prepare Ehrlich ascites carcinoma cells (41), and

rat thymus lymphocytes (39), to incubate tumor cell
suspensions in the presence of ¥-labeled albumin,
and to measure albumin uptake (41). Anaerobic
conditions were achieved by maintaining an atmos-
phere of 95%, N3 and 59, CO: in a Dubnoff shaking
incubator. Unless otherwise noted, the final glucose
concentration of the incubation medium was 8 X
1078 m.

Starvation conditions were realized by incubating
cells anaerobically in the absence of glucose, or at
very low glucose concentration. In a few experiments
the conditions were modified to match those of
Meizel and Kay (36) or Koch et al. (31). In experi-
ments on the effect of hypertonic solutions, suspen-
sions with twice the number of cells were diluted
twofold, at time zero, with hypertonic solutions of the
appropriate concentration. These solutions were
rendered hypertonic by adding NaCl or sucrose to
Tyrode-bicarbonate in amounts appropriate to
achieve simple multiples of the osmotic pressure of a
physiological salinc. Experiments on the effect of
nonphysiological pH were started by resuspending
cells in a Tyrode-maleate buffer of appropriate pH.
At the end of incubation the suspended cells were
washed and treated with trichloroacetic acid. The
radioactivity of the extracted precipitate was counted
on filters in a low background (3-counter (41).

Sarcoma 180 monolayers were handled as previ-
ously indicated (40). In dehydration experiments
the growth medium was poured off and drained
thoroughly by placing the T-flasks in a test tube
rack with their unstoppered ends down; the mono-
layers were kept in this position at room temperature
for 1 min—4 hr. Before adding albumin-"*, whatever
fluid had collected in the neck of the flask was
drained. The label was added in a total volume of
0.2 ml to match the conditions described by Smull
et al. (46). This volume was spread out by gravity
as evenly as possible over the monolayer and left in
contact with the cells for 5 min. The monolayers then

Figure 1 Time curve of albumin-'*'1 fixation by
Ehrlich ascites tumor cells incubated at 87°C
under anaerobic conditions (upper curve) com-
pared with controls incubated aerobically (lower
curve). Glucose concentration in the medium:
8 X 1072 m. The numbers next to single points
indicate the pH of samples taken at the given
times. The signs + and — refer to the viability of
the cell population as tested by reinjection of the
sample intraperitoneally into mice. Uptake of
albumin in control cells (aerobic incubation) is
not detectable in all experiments with Ehrlich
cell suspensions (41), but is easy to measure in a
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reproducible way with tumor cells grown in
monolayers (40, 43).
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were rinsed twice with a balanced salt solution,
trypsinized, washed and treated with trichloroacetic
acid, and processed as described (40). In these ex-
periments the dye exclusion test (see below) was
carried out directly on a monolayer treated in the
same fashion up to the stage of the double rinsing.
In some experiments the processing of either sarcoma
180 cells or Ehrlich cells was simplified by filtering
the trichloroacetic acid-insoluble cell residue directly
onto Millipore filters (Millipore Filter Corp., Bed-
ford, Mass.) and washing it on the filter with 59, tri-
chloroacetic acid. All results are expressed in radio-
activity per mg of cell protein. The protein content
was determined either gravimetrically, after protein
purification, or chemically (34), on aliquots taken
before trichloroacetic acid treatment.

Substances

1f-human serum albumin, purchased from Ab-
bott Laboratories, North Chicago, Ill. was checked
chromatographically (40) for homogeneity and con-
tamination with free 13!I. Experiments indicated
that a low level of free 1!1 of the order of 1-49, did
not interfere with our measurements of albumin
uptake. Within those limits, albumin-*!1 was used
without prior purification; it could be stored at 4°C
for up to 3 wk after shipment without undergoing
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Ficure 2 Influence of the buffer capacity of the
medium on the albumin-*I fixation by Ehrlich ascites
tumor cells. Anaerobic incubation at 37°C in saline
containing 8 X 1072 M glucose and different Na-bi-
carbonate concentrations, namely 0.001 M (upper
curve), 0.01 M (middle curve), and 0.07 m (lower
curve). Characteristic pH values measured in the
course of incubation are given next to the corresponding
time points.
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Ficure 8 Fixation of albumin-'¥1 by Ehrlich ascites
tumor cells incubated for 2 hr at different pH (closed
circles). The increase in fixation in the acid region
correlates with an increase in the percentage of cells
permeable to nigrosine (open circles, interrupted line).
The symbols + and — refer to the viability of the cell
population (see Methods). Incubation at 37°C, under
02/C0O3, in Tyrode solution buffered with 0.03 M
maleate of different pH.

chromatographically detectable modification. The
activity in the medium used in different experiments
varied between 5 X 10° and 8 X 10° cpm/ml.

The polyamino acids and histones used to test the
effect of polycations were described in an earlier
study (43).

Dye Exclusion and Cell Viability Tests

The permeability to vital dyes was tested with
either eosin Y (45) or nigrosine (28). The reliability
and reproducibility of the procedure have been estab-
lished and discussed elsewhere (20). The ability of
Ehrlich cells to survive various exposures was tested
by intraperitoneally reinjecting 5 X 107 cells into
mice and by following the formation of an ascitic
tumor in these mice. The test was called negative
when no growth had developed 3 wk after inocula-
tion. The outcome was designated =+ when only
minimal ascites was detected after 3 wk.

RESULTS
Pseudostimulation due to Low pH

The importance of pathological uptake re-
sulting from exposure to pH 5-7 was first recog-
nized in the course of experiments in anaerobic
conditions. These experiments tested whether
an increased rate of glycclysis was associated
with increased protein uptake. This was of in-
terest because a comparable association had been
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Ficure 4 Fixation of albumin-'!1 by
Ehrlich ascites tumor cells in four dif-
ferent conditions which stimulate their
rate of glycolysis. The increased gly-
colytic activity is indicated indirectly
by the drop of pH in the incubation
media (see figures below first column in

each quadrangle}, and by the corrective
effect of adding Na-iodoacetate (IAC,
8 X 107° M), Na-fluoride (NaF, 5 X
1073 m), or of lowering (1:10) the glu-
cose concentration in the medium. In-
cubation for 5 hr (4 hr in the case of
Na-arsenate) in 8 X 1072 glucose and
in aerobic conditions (except upper
left). Results expressed in multiples of
the albumin fixation by controls incu-
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bated under aerobic conditions without

observed in white blood cells engaged in phagocy-
tosis (37, 44). In the course of anaerobic incuba-
tion, a marked increase in albumin fixation could
be measured in our system (Fig. 1). It became
apparent, however, that this increase was as-
sociated, not with the rate of glycolysis, but with
the acidification of the medium resulting from
anaerobic acid production (see pH values in
Fig. 1). When, for instance, the experiments of
Fig. 1 were carried out in incubaticn media of
increasing buffer capacity, glycolysis was not
influenced by these modifications, but the pro-
tein fixation was delayed or suppressed (Fig. 2).
Furthermore, fixation curves of increasing steep-
ness and comparable in shape to that of Fig. |
could be obtained even under aerobic conditions,
when the cells were incubated in media of de-
creasing pH. In all three types of experiments,
exposure to a low pH was accompanied by cell
damage. In Fig. 1 severe cell damage is indicated
by the failure of cells to divide when reinjected
intraperitoneally into living mice. In order to
demonstrate more clearly the association be-
tween cell damage and albumin fixation, cell
samples were tested for their ability to exclude
vital dyes, and the percentage of dye-permeable
cells was plotted together with the albumin-**I
fixation measured at different pH (Fig. 3). That
the two curves are parallel is striking.

Such artificial albumin fixations also could be
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metabolic agents.

observed when cells incubated under aerobic
conditions were expased to inhibitors of the oxida-
tive metabolism, such as DNP (2 ,4-dinitrophenol),
arsenate, and cyanide. By inhibiting oxidative
substrate utilization, such compounds cause a
relative increase of glycolysis (6) and acid produc-
tion which, in our experiments (Fig. 4), led to the
same type of pH effect. A more unexpected find-
ing was the pronounced increase in albumin
fixation caused by steroid hormones (Fig. 4). All
four types of increases could be prevented by
adding iodoacetate or NaF to the incubation
mixture or by reducing the glucose concentration
in the medium (Fig. 4). The pH values recorded
in Fig. 4 indicate that in these conditions steroid
hormones act like DNP or arsenate by stimulating
glycolysis and, thereby, acidifying the incubation
medium.

Most tumor celis differ from their normal
counterparts in that they display a greater rate
of anaerobic glycolysis. It could be anticipated,
therefore, that normal cells would be less likely
to undergo cell damage of the nature just de-
scribed. In a comparison of thymus lymphocytes
and lymphoma cells, it was found that anaerobio-
sis, DNP, arsenates, and steroid hormones did not
elicit a glycolytic response in the lymphocytes
which was strong enough to influence the pH
of a well-buffered incubation medium. Conse-
quently, only negligible increasesin albumin fixation
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Figure 5 Comparison of the response of lymphocytes and lymphoma cells to three conditions which
increase glycolysis. 1, anaerobic incubation; 2, aerobic incubation in the presence of 8 X 1074 m
Na-arsenate; 3, aerobic incubation in the presence of 8 X 10~° m corticosterone. Incubation for 5 hr
in Tyrode solution containing 8 X 1072 m glucose, and either 30 mm Na-bicarbonate (left and middle
sections) or 0.8 mm Na-bicarbonate (section to the right). Ordinate: albumin fixation expressed as %
increases above control values. The lymphoma, an ascitic tumor of thymic origin in the mouse, was

kindly supplied by Dr. Emma Shelton.
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Ficure 6. Fixation of albumin-'*'1 by Ehrlich ascites

tumor cells incubated in isotonic (1 X) and hypertonic
saline (2 X, 4 X). Hypertonicity achieved by adding
NaCl to Tyrode solution and expressed as multiple of
the osmotic pressure of isotonic saline. The pH was
7.1-7.3 throughout.

were observed (Fig. 5, middle section). When,
however, the buffer capacity of the medium was
reduced strongly, these same conditions led to a
glycolytic response that lowered the pH and
increased the albumin fixation to values almost
indistinguishable from those obtained with tumor
cells (Fig. 5, right section). This effect could be
prevented again by inhibiting glycolysis with
iodoacetate or lowering the glucose concentration.

Hucues J.-P. Ryser Protein Uplake by Isolated Tumor Cells

Hence, both normal and tumor cells respond in a
qualitatively similar way to factors that stimulate
glycolysis and both are affected by low pH.

Pseudostimulation Produced by
Hypertonic Media

Short exposure of cell cultures to hypertonic
media is a procedure currently used by virologists
to enhance the biological effects of nucleic acids
on animal cells (1, 18, 25, 32). It was of interest,
therefore, to explore whether this procedure also
would enhance albumin uptake. The conditions
of exposure were made to match as closely as
possible those used by Colter et al. (14) in the
Mengo RNA-L-cell system.

Doubling the osmotic pressure of the physi-
ological saline by adding NaCl did not produce
any significant change in protein fixation within
a 60 min incubation (Fig. 6). Quadrupling the
osmotic pressure, however, led to an immediate
effect on albumin fixation, amounting to a 3- to
5-fold increase over the control values after ex-
posures of 15 and 60 min, respectively (Fig. 6).
Raising the NaCl concentration further produced
greater effects (Fig. 7). They were of the same
magnitude as those observed after exposure to
low pH, and likewise were associated with cell
damage. This association is indicated in Fig. 7
by the percentage of dye-permeable cells, and
by the inability of severely exposed cells to grow

741



160
<
3 120 +
o
S
o
€
~
E sor
<
c
o
©
x
-

40 F

oL L 1 1 1 1 1
1% 2x 3x 4% 5x

osmolarity (multiples of isotonicity)

in mice after intraperitoneal injection. The
transition from a viable to a nonviable cell popu-
lation occurred after 15-30 min exposure to a
medium having four times the osmotic pressure
of physiological saline. Other techniques of short-
term exposure using tissue culture monolayers
yielded similar results. Qualitatively similar
but less pronounced effects were obtained with
media made hypertonic by the addition of sucrose.
Ellem and Colter (19) reported that the intensity
of response to hypertonic sucrose varies with the
cell type.

Pseudostimulation Initiated by Exposure to
Polycations and Dehydration

The marked increases in albumin fixation ob-
served after osmotic shock suggested that other
manipulations used to enhance the infectivity of
RNA preparations might have similar effects.
Two other procedures known to serve the same
purpose were tested in our system: (a) progressive
dehydration (46), and (b) exposure to protamine
(2), histones (47, 48), and basic polyamino
acids (31), in concentrations up to 300 ug/ml.
The experiments on polycations, performed on
Ehrlich ascites tumor cells in suspension, are
sumrmarized in Table I. All three basic compounds
tested produced a very marked, concentration-
dependent increase of albumin fixation, which
correlated very well with a concomitant increase
in the percentage of injured cells. The data
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Ficure 7 Effect of a 30 min exposure of
Ehrlich ascites tumor cells to Tyrode
solution of increasing osmotic pressures.
Hypertonicity (abscissa) was produced
by NaCl addition to medium and ex-
pressed as multiples of the osmotic pres-
sure of isotonic Tyrode (control medium,
1 X). Hypertonicity produces an in-
crease in albumin fixation (closed circles)
and a concomitant increase in the per-
centage of cells permeable to dye (open
circles, interrupted line). Signs 4 and
— refer to the viability of the cell popula-
tion (see Methods).
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demonstrate also, as has been pointed out in a
different context (43), that poly-L-ornithine is
much more potent on a weight basis than either
protamine or histones, and that, in this system,
the first signs of abnormal permeability are
observed with 3 ug of poly-L-ornithine per ml.
In contrast, when administered to monolayers of
Sarcoma S-180 incubated in Eagle’s medium,
poly-L-ornithine alters the permeability to dyes
only at concentrations of 30 ug/ml (43) and pro-
duces physiological stimulation of albumin uptake
at concentrations as low as 0.01 pg/ml!

The experiments on the effect of dehydration,
carried out on cell monolayers to match the
conditions described by Smull and TLudwig
(46), produced similar results: a simultaneous
increase in the fixation of both albumin and vital
dyes (Table II). A third procedure known to
enhance RNA infectivity is the exposure of cells
to an unphysiological pH (32). In the light of
our data on pH (see Figs. 1-5) it can be assumed
that the conditions found effective in the RNA
system also would produce an abnormal per-
meability to albumin and dyes.

Pseudosttmulation due to the Lack
of Glucose

In the course of experiments on glucose re-
quirement, it was found that Ehrlich ascites

! Ryser, H. J.-P. Data in preparation.
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TABLE I

Correlation between Albumin Fixation and Cell
Damage in Ehrlich Ascites Cell Suspensions Exposed
to a Medium Containing Increasing Concentrations
of Basic Proteins.

30 min exposure 60 min exposure

Fixation Damage Fixation Damage

(multiples (%  (multiples (4
of stained of stained
control) cells) control) cells)
pg/ml

Protamine 0 1.0 7.0 1.0 6.5
100 4.9 14.5 5.0 22.0
300 9.9 27.0 11.4 40.0
Histone 0 1.0 0.5 1.0 2.0
100 4.8 9.5 4.0 13.0
300 10.8 52.0 7.2 85.0
Poly-1- 0 1.0 8.0 1.0 9.1
ornithine 3 20.7 10.2 17.9 38.0
10 — 35.5 11.0 45.2
20 29.6  99.0 22.0 100.0
100 63.5 99.4 54.7 100.0

The fixation, originally measured as cpm of albu-
min-B¥0 per mg of cell protein, is expressed here as
multiples of the control values (fixation of controls
= 1). The damage is indicated by the percentage
of cells permeable to nigrosine. Incubation at
37°C, room atmosphere, in Eagle’s medium con-
taining 19, horse serum. The values are averages
of two to four samples.

tumor cells tolerated very well the absence of
glucose in the medium, when incubated under
aerobic conditions. Presumably they were capa-
ble of deriving enough metabolic energy from
the oxidative utilization of endogenous sub-
strates. However, in the absence of both glucose
and oxygen, the cells developed a pronounced
and time-dependent ability to bind albumin-"*'1
(Fig. 8). This effect was different from that ob-
tained in anaerobiosis with high glucose concen-
trations (see Fig. 1), since it was not accompanied
by a drop in the pH of the incubation medium.
Yet, like the other increases in 1 activity so far
described, it also was associated with a change in
cell permeability to vital dyes. Fig. 8 shows this
correlation as it develops with time, and Fig. 9
depicts the albumin fixation as a function of the
glucose concentration. In this experiment, the
consequences of glucose deprivation appeared at

Hvucues J.-P.

TABLE 1I

Correlation between Albumin Fixation and Cell
Damage Seen in Cell Monolayers of Sarcoma-180
Exposed to Dehydration of Increasing Duration.

Duration of exposure Fixation (multiples
to dehydration of controls)

Damage (9 of
stained cells)

min

0 1.0 9.3
30 3.6 12.5
60 — 15.4
90 6.0 32.0

120 4.5 39.2
180 7.6 100.0

Fixation and damage expressed as in Table I.
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Ficure 8. Effect of omitting glucose from the medium
of Ehrlich ascites tumor cells incubated in anaerobic
(upper curve) as opposed to aerobic conditions (lower
curve). The increase in albumin fixation seen in anae-
robiosis (closed circles, solid line) is accompanied by an
increase in the percentage of dye-permeable cells (open
circle, interrupted line). The pH of the medium after a
5 hr incubation was 7.5 in both conditions. The signs
+ and — refer to the viability of the cell population
(see Methods).

an initial concentration of about 1072w, and
became more pronounced with decreasing glu-
cose concentrations. To make the curve of Fig.
9 complete and more intelligible, the samples
exposed to the two highest glucose concentrations
were treated with 8 X 107 iodoacetate in order

RyseEr Protein Uptake by Isolated Tumor Cells 743
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Ficure 9. Effect of varying the glucose concentrations
in the medium of Ehrlich ascites tumor cells incubated
in anaerobic (upper curve) as opposed to aerobic con-
ditions (lower curve). At the highest concentration
(8 X 1072 m), acidification of the medium was avoided
by adding 8 X 1075 m iodoacetate (half-closed circle).
This addition did not affect the albumin fixation meas-
ured in 8 X 10~ m glucose (compare closed and half-
closed circles). The pH remained at 7.3-7.5 in all
samples during a 5 hr incubation.

to inhibit excessive glycolysis and thus avoid
the acidification of the medium described in Fig.
1. In this way a 7.3~7.5 pH was maintained at
all glucose concentrations. The overlapping of the
two values obtained with and without iodoacetate
in 8 X 107% M glucose indicates that the inhibitor
by itself did not damage the cells in these condi-
tions. There can be little doubt that the increases
in albumin fixation measured in these experiments
result from cell injury by starvation.

The same association of albumin fixation and
cell injury was observed in a number of other
unphysiological conditions, such as exposure to
detergents, heavy metal ions, or excessive con-
centrations of trypsin or metabolic inhibitors.
Inappropriate handling of cells during prepa-
ration and incubation under suboptimal condi-
tions produced noticeable damage. It was found,
for instance, that washing Ehrlich ascites cells
four times in cold saline after withdrawal from
the animal, a procedure used in certain studies,
produced a measurable impairment of dye ex-
clusion. When incubated as concentrated suspen-
sions in weakly buffered saline with inadequate
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TABLE III
Correlation between Albumin Fixation and Cell
Damage to Ehrlich Ascites Tumor Cells Prepared
and Incubated as Described by Meizel and Kay (36).

Fixation Damage (% stained cells)
Incuba-
tion Test Control Test Control
min cpm/mg cpm/mg

1 404 255 22.5 2.5
616 420 25.5 16.5
15 — — 31.8 2.5
30.5 16.5
30 997 645 45.0 2.2
1140 440 42.5 11.5

The test cells were washed four times in cold iso-
tonic saline and incubated in isotonic saline con-
taining 0.02 M glucose, 0.0125 M phosphate buffer
at pH 7.4, and 0.1 M sucrose. Control cells were
washed once in Tyrode solution at room tempera-
ture and incubated in Eagle’s medium with 19
horse serum. Incubation temperature: 37°C. In
both cases there was 0.5 ml of packed cells in 4 ml
of medium (36).

glucose concentrations (36), such cells developed
additional injury. This is shown in Table III,
which uses as controls the data obtained with the
same cells prepared and incubated under more
favorable conditions.

DISCUSSION
Effect of pH

The pH artefact observed, when cells were
incubated in high glucose concentrations, is
particularly insidious because it lends itself to
obvious misinterpretations. Finding, for instance,
that albumin fixation is decreased by NaF ap-
peared to bear out the view that albumin up-
take, like phagocytosis (37, 44), depends on glyco-
lysis. Following this line of thought, the increased
fixation recorded under the effect of DNP or
anaerobiosis could have been considered further
evidence for a preferential use of glycotically
supplied energy by this uptake process. Meizel
and Kay (36) have followed this reasoning in the
interpretation of similar data. In fact, the in-
creased albumin fixation is not the expression of
any physiological uptake process, but rather the
result of a pathological response to low pH. Other
reports on the uptake of macromolecules by Ehr-
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lich ascite cells have failed to consider this po-
tential artefact and, therefore are open to question
(12, 13). It has been shown elsewhere that the use
of Ehrlich ascites cells grown in mice is not suited
ideally for the demonstration of small, quantita-
tive differences in albumin uptake (40); the
question whether, under optimal testing con-
ditions, a correlation between uptake and glyco-
lytic activity is at all detectable, will be examined
in a later publication.!

Another pitfall must be avoided when inter-
preting increases in albumin fixation at low pH.
It is known that in amebae albumin stimulates
pinocytosis at acid, but not at neutral, pH (11).
An increased albumin fixation by mammalian
cells exposed to an acid medium, therefore, could
be attributed, by analogy, to a stimulation of
pinocytosis. Our data do not present any evi-
dence for such a stimulation. They demonstrate,
on the contrary, that Ehrlich ascites tumor cells,
in contrast to amebae, suffer severe damage when
exposed to an acid pH, and that gross changes
in the permeability to macromolecules can ac-
count for the marked increase in albumin fixa-
tion. It is conceivable that some intensification of
membrane movements might occur under the
effect of low pH before the occurrence of cell dam-
age. However, when measured in a cell population
undergoing injury, a stimulation of this kind
necessarily is obscured by the gross changes in
permeability which prevail under these conditions.

The results of the comparison of normal and
tumor lymphoid cells also call for a reappraisal
of interpretation. It had been postulated that
tumor tissues have a greater rate of pinocytotic
protein uptake than normal tissues (8, 9). Fig. 5
illustrates the kind of marked difference in al-
bumin fixation by normal and tumor cells that
could have been interpreted erroneously as
supporting this postulate. Upon closer considera-
tion of the buffer capacity of media, however, the
described difference only indicates that tumor cells
are more prone than normal cells to be harmed
by their own glycolytic acid production.

Besides this specific vulnerability, large tumors
in situ are known to be vascularized poorly and
to undergo central necrosis. Since there is un-
doubtedly a strong albumin fixation by dead
cells, it can be assumed that the initial observa-
tions on the high rate of protein uptake by tumor
tissues in vivo (9) were due, in large part, to a
pathological uptake by injured cells. Since it
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first was expressed (40, 41), this critical view has
received support from studies of Walker sarcoma
in vivo, showing that necrotic areas of the tumor
bind on the average 10 times more gamma
macroglobulin than do nonnecrotic regions of
the same tumor (27). Moreover, histological
studies have indicated that necrotic centers are
capable of retaining more vital dyes than the
nonnecrotic periphery of the tumor (22), and
that undamaged tumor cells are not characterized
by any higher ability to take up fluorescein-
labeled proteins (16).

Lack of Glucose

It is worth noting that the absence of glucose
and oxygen does not change the environment in
any way that could have a direct or specific
effect on the cell membrane. In this case the
impairment of the membrane function is se-
condary to a shutdown of the energy metabolism.
Evidently the concentration of glucose necessary
to maintain tumor cells in a viable state varies
with the degree of oxygen saturation of the
medium. Thus, for instance, a level of 8 X 1075m
was tolerated well in aerobic, but proved in-
suffictent in anaerobic conditions; on the other
hand 8 X 1072m glucose was satisfactory in
aerobic but foo high in anaerobic conditions. It fol-
lows that, in anaerobiosis, the glucose concentration
is a critical parameter that must be kept within a
narrow range if severe cell damage from either
cause is to be avoided.

The optimal glucose requirement also is likely
to depend on the cell concentration in the medium.
This is particularly true for tumors which, like
the Ehrlich ascites carcinoma, are noted for a
very high degree of glucose utilization. An ex-
cessive cell concentration, for instance, may create
conditions of relative glucose starvation. Poor
oxygenation of the medium also is more likely
to happen in the presence of high cell concen-
trations and thus may narrow the range of glucose
concentrations in which cells can remain healthy.
Such unfavorable conditions of incubation seem
to have prevailed in several published studies
(12, 13, 36).

In a recent paper comparing the effect of 2 X
10~* M and 2 X 1072 m glucose on the incorporation
of DNA by nuclei of Ehrlich ascites carcinoma cells
(36), the unexplained high values obtained with the
lower glucose concentration are strongly reminiscent
of the starvation artefact just described, whereas the
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marked response elicited by DNP reported in the
same publication is superimposable on our data on
DNP (Fig. 4) which, as we have seen, must be inter-
preted as a pH artefact due to an increased glycolysis
in a medium of high glucose content. The nonphysi-
ological character of the reported nuclear incorpora-
tion of DNA (36) also follows from the fact that
strong cytoplasmic uptake of ferritin (42) or histones
(43) by intact tumor cells is not accompanied by any
detectable nuclear localization, whereas marked nu-
clear staining with fluorescein-labeled histones is
seen afier exposure of cells to acid media.?

Besides binding abnormal amounts of protein
and vital dyes, a damaged cell also can be ex-
pected to show an abnormal leakage of its own
cellular proteins. Data have been published on
the release of soluble protein by ascites tumor
cells incubated with or without glucose in the
presence or absence of oxygen (35). The data
show that several of the conditions that produce
abnormal albumin fixation in our experiments
produce increased leakage of protein in the ex-
periments of others (35). Such leakage again can
be explained on the basis of a pathological change
of membrane permeability and, hence, contributes
independently to the strength of our argument.

Hypertonicity and Other Infection-
Enhancing Procedures

The same correlation between increased albu-
min fixation and cell damage is evident when
cells are exposed to hypertonic media, to de-
hydration, and to high concentrations of poly-
cations. As stated above, these three manipula-
tions have been used by virologists to enhance
the susceptibility of cultured cells to infectious
RNA of viral origin. No definitive mechanism
has been proposed yet to explain the infection-
enhancing effect of procedures so different in
nature (7, 46). Several authors have considered
the possibility of a direct action on the stability
of nucleic acid molecules (25, 32) or cellular
ribonuclease (14, 25). One way to evaluate the
merit of these two suggestions was to study, under
similar conditions, the uptake of a macromole-
cule other than a nucleic acid. Because such
enhancing conditions not only promote infec-
tivity, but also lead to an enhanced albumin

2] am indebted to Doctors R. Hancock and H.

Amos for their communication of this unpublished
result.
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fixation, it can be concluded that they involve
the cell rather than the macromolecule under
consideration. This action on the cell could be
demonstrated directly, in dye exclusion tests,
by an abnormal cell permeability to dyes, oc-
curring simultaneously and in close quantitative
correlation with the increased albumin fixation.
It is likely that specific factors of cellular compe-
tence are involved in the production of RNA-
infection and that the uptake of albumin and
infectious RNA are not comparable in every
respect. The analogies between them, however,
are worth pointing out. They suggest that RNA
infection is initiated by a nonspecific process of
macromolecular uptake. The comparison also
draws attention to a major difference between
these two processes, namely the absence of a
distinct optimum in the case of albumin fixation.
It should be noted that conditions which produce
optimal enhancement, such as NaCl at 4-fold
osmolarity (14), correspond in our experiments
to the region of transition from a viable to a
nonviable cell population. This observation sup-
ports the view expressed by Koch et al. (31, 32),
Holland et al. (25) and Ellem and Colter (19)
that the sharp decrease in the yield of infection
centers, seen after severe exposures, is due to a
loss of cell viability and to a failure of the damaged
cells to support viral infection. The existence of
such a well-defined optimum of enhancement,
invariably followed by a drop in the yield of in-
fection, appears to be characteristic of all the
enhancing procedures that have so far been
described (19, 25, 31, 32, 46, 47). We suggest,
therefore, that the optimal enhancing conditions
can be defined as those producing the maximal
degree of cell damage still compatible with cell
life. Accordingly, maximal enhancement of RNA
infection would be due to a form of severe but
reversible cell damage, elicited nonspecifically
by a variety of adverse conditions.

It must be noted that the damage produced
by polycations is preceded by a striking, physi-
ological effect. Certain basic proteins and poly-
amino acids in concentrations as low as 0.01]
to 0.1 pg/ml can trigger significant stimulations
of albumin uptake without altering the integrity
of the cell (43).1 This effect has been attributed to
increased pinocytosis, a view that is now sup-
ported by electron microscopic data.® At high

3 Revel, J.-P., and H. J.-P. Ryser. Data in prepara-
tion.
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concentrations, however, the same compounds
undoubtedly lead to cell damage, as shown in
previous studies (4, 33, 43) and as demonstrated
above.

The concentrations at which this second effect
occurs depend upon both the compound and the
cell line under study and vary further with incubation
conditions. For instance, Ehrlich ascites carcinoma
cells grown in mice and studied in vitro generally
appear to be much more delicate and sensitive than
sarcoma 180 monolayers studied in Eagle’s medium,
and the presence of increasing serum concentration
in this medium further decreases the susceptibility
of the cells to the effect of polycations. This is illus-
trated by the fact that 20 ug of poly-L-ornithine per
ml of serum-free saline markedly impair the ability
of Ehrlich cells to exclude vital dyes (Table I),
whereas the same concentration does not affect the
integrity of sarcoma cells kept in 1%, Eagle’s medium
(43). These considerations are essential for interpret-
ing the cellular effects of polycations. Obviously, these
compounds, in spite of their interesting effects at
low concentrations, may, at higher concentrations,
act in the same general way as hypertonic saline and
produce reversible as well as permanent cell damage.
This conclusion is consistent with recent data on the
enhancing effect of polycations which show that the
dose-effect curves of the most powerful polycations
display a characteristic maximum followed by a
drop in the yield of infections (31). It is worth noting
that maximal enhancement was produced in the
study of Koch et al. (31) by 20 ug/ml! poly-L-orni-
thine, a concentration which produces considerable
cell damage to Ehrlich cells incubated in comparable
conditions (Table I)

The exact mechanisms by which cell damage
might enhance RNA infections are not known.
It is useful to recognize that such an effect does
not require an increased uptake, but might be
due to factors favoring the biological expression
of ingested macromolecules. Under normal
conditions, ingested macromclecules are segre-
gated in membrane-bounded vesicles, the phago-
lysosomes (49), where they wundergo di-
gestion by lysosomal enzymes. It is reasonable to
postulate that cell damage modifies this trapping
process by creating new paths of uptake and new
patterns of segregation, and by interfering with
intracellular digestion. This view is consistent
with the morphological picture of cells under-
going damage. Electron microscopic studies of
the early effects of anoxia have revealed the oc-
currence of focal ruptures of the plasma mem-
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brane (3) and the formation of large vacuoles in
the cell periphery (3, 38). This vacuolization is
considered a common cellular response to a
variety of adverse conditions (5) and as an early
and at first reversible indicator of cellular injury
(3). Furthermore, tumor cells incubated in the
presence of ferritin during the occurrence of cell
damage develop large peripheral vacuoles con-
taining an appreciable number of marker mole-
cules (42).¢4 Similar observations have been made
in anoxic liver tissue after injection of colloidal
mercury as a marker (38). These large cytopathic
uptake vacuoles could therefore account for an
increased or an abnormal penetration of nucleic
acids into cells exposed for a short time to ad-
verse conditions.

Whether these uptake vacuoles result from the
fusion of small pinocytotic vesicles is not es-
tablished. However, the uptake process can be
distinguished from what usually is called pinocy-
tosis by the following criteria: (o) unlike pinocy-
tosis, it is a pathological response to a variety of
unphysiological conditions; (5) the uptake vacuoles
are larger in size than pinocytotic vesicles; (c)
vacuolization can occur without concurrent in-
crease of pinocytosis. The last characteristic is
illustrated by exposures to hypertonic solutions
or acid pH, which produce large uptake vacuoles
but no apparent increase in the number of pino-
cytotic vesicles (42).4

Such morphological differences can be expected
to influence the fate of ingested macromolecules
in several ways. Points of rupture of the vacuolar
membrane, similar to those described by Trump
and Janigan in cells exposed to sucrose (51), may
allow macromolecules to reach the cytoplasm and
thus to escape digestion. Also, the digestive func-
tions of uptake vacuoles might be inadequate
compared to those of ordinary phagolysosomes,
either because of an insufficient enzyme content
or because of suboptimal reaction conditions in
the vacuolar medium. Methods developed re-
cently for studying the function of lysosomes
should allow the testing of these postulates, and
make it possible to clarify the role of reversible
cell damage in the enhanced biological expression
of ingested macromolecules.

The mechanism of vacuolization just described.
although it may be basic to the phenomenon of
RNA infection, is probably of minor importance

4 Caulfield, J. B., and H. J.-P. Ryser. Unpublished
data.
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in explaining the massive albumin fixation to
irreversibly damaged or dead cells. In contrast
to what is observed in the enhancement of in-
fection, there is no transient optimum of albumin
fixation during exposures of increasing severity.
This indicates that viability is not required for
albumin fixation and that albumin fixation is,
in fact, increasing with cell damage. In our ex-
posures to hypertonic NaCl, for example, the
BT -activity leveled off only at what appeared to
be a stage of complete disruption of the cell
population. Similar results have been obtained
by Ellem and Colter (19) in their measurements
of the cellular fixation of ¥P-RNA by cells ex-
posed to 0.9 M NaCl.

Electron microscopic studies have demon-
strated that debris or bodies of tumor cells killed
by exposure to hypertonic saline or other agents
can absorb enormous amounts of ferritin (10),
colloidal gold (42), or thorotrast.® Strong ad-
sorption of fluorescein-labeled proteins to other
cells damaged by other means, has been reported
(17, 26, 30). These observations can account for
the massive albumin-"*1 fixation measured in our
experiments in conjunction with all forms of cell
damage.

One purpose of this study was to distinguish
among three different forms of fixation en-
countered in the interaction of mammalian cells
and foreign macromolecules. It was mentioned
in the introduction that, under most physiological
growth conditions, only small amounts of albumin
are taken up by cells in culture, an observation
that is consistent with the low yield of RNA in-
fection recorded by virologists under such con-
ditions. This physiological uptake can be stimu-
lated, without concomitant cell damage, by very
low concentrations of basic polyamino acids
(0.01-10 ug/ml) and is believed to occur by
pinocytosis and micropinocytosis (43).2 The
present publication, on the other hand, shows

8 Revel, J.-P. Personal communication.
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