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ABSTRACT By use of a rapid technique, initial rates of D-glucose transport
were obtained during the lifespan in vitro of a commercially available strain of
human embryo lung fibroblasts (Flow 2000). The apparent Km of the D-glucose
carrier did not change during senescence in vitro: X = 1.8 mM (range 1.3-2.3) in
phase II, X = 1.8 mM (range 1.5-2.2) in phase III. Transport rates remained
constant in stationary phase II cultures, which had completed between 30% and
80% of their replicative lifespan. A wide variation, however, was observed in
terminally differentiated cells (phase III), which showed a two- to threefold in-
crease in average cell size and protein content. In some senescent cultures, glucose
transport calculated on a per cell basis was also two- to threefold increased, while it
was strongly decreased (—75%) in others. When calculated per unit of cell water,
protein, and surface area, respectively, transport rates in phase III cultures ranged
from values established for stationary phase II cultures down to very low values.
Detaching cells flushed off from senescent cultures did not show measurable rates
of glucose transport into the inulin impermeable cell space. Present evidence
argues against the idea that an impairment of D-glucose transport might precede
loss of replicative potential in aging human fibroblasts. Instead our data indicate
that the transport capacity of cell membrane finally decreases during postreplica-

tive senescence in terminally differentiated cells.

Loss of reproductive capacity of human fibro-
blast cultures has been observed in phase III of
their replicative lifespan (Hayflick and Moor-
head, ’61). It has been suggested that a deterio-
ration of cell membrane functions could play an
important role in reproductive cell death and
finally in cell degeneration (Berumen and
Maciera-Coelho, *77; Zs.-Nagy, *79). Formation
of additional plasma membrane material
should be expected in senescent cells, due to
additional surface area necessary to envelop
the enlarged cells (Simons, ’67; Haslam and
Goldstein, ’74; Schneider and Fokles, *76) and
to plasma membrane turnover (Roberts and
Yuan, ’75; Kaplan and Moskowitz, *75; Hirsch-
berg, 77). Biosynthesis, degradation, and as-
sembly of membrane components may, how-
ever, be altered (Zs.-Nagy, *79). This may influ-
ence the number and function of carriers for
specific compounds or allow uncontrolled influx
and efflux of substances whose transport is
otherwise mediated by specific carrier mole-
cules.
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As an approach to answering these ques-
tions, we investigated the affinity of the glucose
carrier for D-glucose, the velocity of the
carrier-mediated D-glucose uptake and the
proportion of nonmediated diffusion of D-glu-
cose both in phase II cultures and phase III
cultures. We expected that any impairment of
D-glucose transport would become the more
pronounced the longer senescent cells were
maintained in the postreplicative state (Martin
et al., ’75). For this reason we have tried to
maintain cultures that had essentially ex-
hausted their replicative lifespan for several
weeks before assays were performed. Glucose
transport in these cultures was compared with
stationary phase II cultures maintained under
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a routine subculturing regimen. The initial
transport rates of the glucose carrier were
measured using silicone layer filtering cen-
trifugation (Klingenberg and Pfaff, ’67; Heldt,
’80). Briefly, suspended cells were incubated
with radioactive compounds for a number of
seconds and subsequently separated from the
incubation medium by rapid filtration through
silicone oil. This method has been found (1) to
be rapid enough to allow use of D-glucose in-
stead of resort to analogues, and (2) to cause no
change in Km and Vmax of the carrier-me-
diated glucose transport during suspension of
human fibroblasts in 0.2% trypsin over a lim-
ited period of time (Werdan et al., "80).

EXPERIMENTAL PROCEDURES
Cell strain and culture conditions

A strain of commercially available human
embryo lung fibroblasts (HELF), which was de-
rived from lung tissue of a 14- to 15-week-old
male Negro fetus, was obtained from Flow
Laboratories at population doubling level 18
(Flow 2000, code 0-13200). Q-banding revealed
a normal male karyotype (courtesy of D. Hager
and U. Miiller, Institute of Anthropology and
Human Genetics, University of Heidelberg).
Culture medium was Eagle’s MEM with
Earle’s salts supplemented with 12% FCS,
non-essential amino acids, penicillin (100
U/ml), streptomycin (100 ug/ml) and NaHCO3
(2.2 gm/l). Medium was freshly prepared and
adjusted to pH 7.4 before use. Cultures were
incubated in a humidified atmosphere at 37°C
with 5% CO, and 95% air. Culture medium (0.3
ml/em? of growth area) was replaced by fresh
medium twice weekly in all phase II and phase
111 cultures. Periodic tests of phase IT and phase
III cultures for mycoplasma contamination
using the method of double labeling with *H-
uracil and "“C-uridine gave negative results
(Schneider and Stanbridge, 75). Serial sub-
cultivation was started from a common frozen
stock of cells. Subcultivation of confluent cul-
tures was performed as described by Hayflick
(’65). 8 x 10° cells were plated per cm? growth
area in phase II. When cell growth slowed down
in late passage cultures, the time interval be-
tween subcultures was increased from 1 to 3
weeks, and subcultures were established at a
1:2 split ratio. Cultures were routinely grown
in plastic vessels with 75 em? growth area (Fal-
con). In order to obtain enough cell material for
biochemical purposes, vessels with 174 cm?
growth area (Nunc) were used. In several series
the replicative capacity of the cultures was
exhausted after 68-76 cumulative population
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doublings (CPD) (Smith and Whitney, ’80). The
number of CPD allowed us to calculate retro-
spectively the percentage of completed repro-
ductive lifespan of individual cultures in each
series.

Labeling indices

At each subcultivation, cultures were labeled
with *H-thymidine (0.1 uCi/ml) for 3 days and
processed for autoradiography thereafter
(Cristofalo and Sharf, ’73). The percentage of
labeled nuclei was only slightly increased
by exposure of the cultures to *H-thymidine up
to 7 days (Stevenson et al., "77).

Protein determination

Protein was determined by the method of
Lowry et al. (51), using crystalline bovine
serum albumin as a standard.

Preparation of cell suspensions for D-glucose
uptake measurements

If not stated otherwise, cell suspensions from
phase II cultures were prepared 7 days after
subcultivation, when these cultures had
achieved saturation density. Cell suspensions
from phase III cultures were obtained following
an extended period of 3-10 weeks, with two
changes of medium per week after the last sub-
cultivation at a 1:2 split ratio. Growth of senes-
cent cultures was examined twice weekly in an
inverted microscope, and cultures were used for
D-glucose uptake studies at times when no fur-
ther increase in cell number could be observed
for at least 2 weeks. In one experiment (No. 1) a
final subcultivation of senescent cultures was
performed at a 1:1 ratio 1 week before assay in
order to get rid of degenerating cells. This
treatment resulted in a very substantial loss of
cells (up to 80%), which did not reattach. Final
cell densities in senescent cultures varied be-
tween 3,300 and 19,600 cells/cm?, while cell
densities of confluent phase II cultures varied
between 40,000 and 90,000 cells/cm? at differ-
ent passage levels. These low values indicate
that senescent cultures had reached the very
end of their replicative lifespan. In order to use
similar cell numbers for uptake studies in
phase II and phase III, additional subcultures
were established when cultures approached the
end of phase II so that a sufficient number of
phase ITI cultures could be pooled in each exper-
iment. Routinely, all phase III and phase II
cultures were provided with fresh medium 24
hours before assay. For enzymatic digestion,
0.2% trypsin (Serva, 1:250, Cat. No. 33634) was
dissolved in a salt solution containing 137 mM
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NaCL, 54 mM KCl, 4.8 mM NaHC03, 20 mM
HEPES, 0.1 mM EDTA, and 0.001% phenol red
as pH indicator; the final pH was adjusted to 7.4
at 20°C (Werdan et al., ’80). Cultures were
washed three times with the salt solution be-
fore trypsin solution was applied. Phase III cul-
tures were gently shaken for 2 minutes before
each wash to remove loosely attached senescent
cells and cell debris. Phase contrast observa-
tion of these “degenerating cell fractions”
showed large senescent cells and small vesicles
that may have formed from membranes of de-
generating cells. Firmly attached cells and de-
generating cell fractions were separately pro-
cessed for uptake measurements. The time
interval between the start of trypsinization and
measurement of glucose uptake was 30 min-
utes in all experiments. Cell counts were per-
formed under phase contrast in three Neubauer
chambers.

Estimation of cell surface area

Phase contrast micrographs from suspended
cells in Neubauer chambers were taken ran-
domly. The area occupied by each of approxi-
mately 1,000 cells was determined by pla-
nimetry from enlarged negatives. Surface
areas of individual cells were estimated by as-
suming the cells to be smooth spheres. Average
volumes per 10°¢ cells when estimated under
this assumption were in good agreement with
volumes obtained by a biochemical method de-
scribed below. The cell surface area per 10° cells
was estimated either by integrating the surface
area of approximately 1,000 individual cells or
by simply taking into account the mean cell
space, assuming the cell sample to be uniform
in size. Both estimates agreed closely, in spite
of the large heterogeneity of cell size in phase
1T cultures.

Determination of cell space

A silicone oil filter-centrifugation technique
(Klingenberg and Pfaff, '67; Heldt, ’80) was
adopted for work with human diploid fibro-
blasts (Werdan et al., ’80). Determination of
cell space was achieved by measuring the total
“H-water space in the sediment and subtracting
from it the extracellular space of medium adhe-
rent to the sedimented cells. Correction was
achieved (1) by measuring the “C-inulin space
(Haslam and Goldstein, 74), and (2) by meas-
uring *C-glucose uptake within the linear
range and interpolating graphically to time
zero. This value indicates the amount of glucose
present in the extracellular space and thus al-
lows calculation of this space (Werdan et al.,
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’80). The amount of **C-inulin found in the sed-
iment remained constant with increasing incu-
bation time (1-15 min). Procedures 1) and 2)
gave identical values for the extracellular
space.

Measurement of D-glucose uptake

Measurement of sugar uptake into sus-
pended human fibroblasts has been described
in detail elsewhere (Werdan et al., ’80). Briefly,
the fibroblasts were equilibrated with *H-H,O
in the incubation medium and thereafter incu-
bated with *C-glucose for a number of seconds.
Incubation was terminated by centrifugation
through silicone oil. Decays per minute of *C-
glucose and *H-H,0O were determined both in
the sediment and in an aliquot of the incuba-
tion medium. The amount of the *C-radioac-
tivity determined in the sediment was cor-
rected for the extracellular space as described
above and served to calculate D-glucose uptake
per ul cell space. All measurements were per-
formed in triplicate. The sensitivity of the
method to measure very low transport rates is
limited by the accuracy with which the extra-
cellular space in the sediment can be deter-
mined after filtering centrifugation.

RESULTS

In vitro senescence of human diploid embryo
lung fibroblasts (HELF) strain Flow 2000

Figure 1 shows the *H-TdR labeling index
(Cristofalo and Sharf, '73) as a function of the
exhausted replicative lifespan for this strain of
fibroblasts. The labeling index decreased only
slightly during the course of phase II. Cultures
that had completed more than 90% of their
replicative lifespan showed thereafter a sharp
drop in the labeling index. A two- to threefold
increase of the mean cell volume was found in
phase IIT cultures as compared to stationary
phase II cultures (Fig. 2, Table 1). The mean
volume obtained from exponentially growing
cultures was somewhat smaller (1.6 = 0.2 ul/
108 cells) than that of confluent phase II cul-
tures (2.6 = 0.4 ul/10°8 cells). Figure 2 shows
that the increase in the mean volume of senes-
cent cultures was associated with an increase
in the mean protein content (Schneider and
Shorr, '75; Schneider and Fokles, *76). The pro-
tein content per ul cell water did not change
during in vitro senescence in this cell strain: In
six phase II cultures that had completed be-
tween 60% and 80% of their replicative life-
span, we found 0.23 + 0.060 mg protein per ul
cell water, while 0.21 = 0.052 mg protein per ul
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Fig. 1. Subcultures were incubated in the presence of

SH-tdR for 72 hours and processed for autoradiography. The
percentage of labeled nuclei was determined as a function of
completed replicative lifespan of the human embryo lung
fibroblast (HELF) strain Flow 2000.
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Fig. 2. The cell space and protein content of HELF-strain
Flow 2000 are shown as a function of completed replicative
lifespan. Each point represents the average cell space of a
culture obtained by triplicate measurements with silicone
layer filtering centrifugation. Columns represent the protein
content measured in three to five cultures; standard errors
are indicated. A significant increase of cell space and protein
content is observed in phase IIT cultures.

T. CREMER ET AL.

TABLE 1. Cell space and intial transport rates at 0.1 mM
D-glucose in phase II and phase III HELF-cultures

Cell space Transport rate
Exp. No. ul/10° cells nmoles x 10%ul x min
phase I  phase III  phase II  phase III
1 25+015 71+022 120e 14 73+ 6
2 29x016 47013 136+ 7 51 + 4
3 23024 63025 158 + 17 13 = 10
4 24022 68015 101 +£13 108+ 7
5 24010 73013 149+ 7 58 + 7
x 2.5 6.4 133 61
range 2.3 — 2.9 47 - 1.3 101 — 158 13 - 108

Measurements were performed in triplicate. Average values and
standard deviation are indicated in each experiment.

cell water were determined in seven senescent
cultures that had been maintained between 1
and 10 weeks after their final subcultivation.

D-glucose uptake of phase II and phase III
HELF-cultures

Five experiments were performed to compare
the D-glucose uptake of phase II and phase III
cultures at saturation density. For each exper-
iment cell suspensions were prepared from
phase II and phase III cultures on the same day
and were measured under identical conditions.
In vitro aging experiments were carried out in
two laboratories from common frozen stock,
and senescent cultures were used for uptake
measurements after the labeling indices had
dropped below 5% and cultures showed no fur-
ther proliferation. This indicates that the large
majority of cells in these cultures were in a
terminally differentiated state (Martin et al.,
’75). Phase II cultures used for comparison
showed labeling indices between 80% and 95%,
and parallel cultures grew vigorously at fur-
ther subcultivation.

All experiments included controls to check
that the uptake of D-glucose was linear within
the time range of measurements. At five glu-
cose concentrations in the medium from 0.1-10
mM, uptake was measured for different incuba-
tion times ranging from 10-50 sec. For the
range of D-glucose concentrations used in the
present experiments, it was confirmed that
linear extrapolation of glucose uptake from
10-20 sec to zero time yielded zero uptake into
the inulin-impermeable cell space of phase II
and phase III cultures. We suggest, therefore,
that D-glucose uptake was linear within the
first 20 sec (see also Werdan et al., ’80). The
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extracellular space in the sediment determined
by C-inulin was 27.1 = 2.5% (S.E.M.) of the
total water space in phase Il and 26.3 + 2.2% in
phase III (Haslam and Goldstein, *74). Corre-
sponding values obtained by linear extrapola-
tion of D-glucose to zero time were 25.8 = 1.0%
in phase Il and 26.7 + 2.6% in phase III. These
data argue against an increased leakiness of
senescent cell membrane to inulin. It may be
noted, however, that cell suspensions from
phase III cultures were prepared from firmly
attached cells after removal of loosely attached
cells and cell debris. Measurements performed
with this “degenerating cell fraction” (see Ex-
perimental Procedures) revealed that both the
"C-inulin space and the “C-glucose space ob-
tained by extrapolation to zero time incubation
were considerably increased in comparison
with firmly attached senescent cells and phase
II cells, and varied between 40% and 60% of the
total water space in the sediment. This could be
due to an increased leakiness of plasma mem-
brane of degenerating cells or an increased ad-
sorption of inulin and glucose to these mem-
branes. Degenerating cell fractions incubated
with 0.1 and 1 mM D-glucose for 10 and 20 sec
did not show measurable initial rates of uptake
into the inulin-impermeable cell space. By the
sensitivity of the method applied, we should
have detected rates in the range established for
suspensions from firmly attached cells de-
scribed below.

The stereo-specifity of the transport process
for D-glucose was demonstrated by the fact that
initial rates of uptake of L-glucose were only
2% of the rates obtained for D-glucose. Trans-
port rates obtained for D-glucose-6-phosphate,
D-fructose, D-fructose-6-phosphate, and su-
crose were also more than one order of mag-
nitude lower than the rates for D-glucose (Wer-
dan et al., ’80). Figure 3 demonstrates typical
transport kinetics of phase II cultures and ter-
minal phase III cultures as a function of D-glu-
cose concentration in the medium. S/v versus S
plots as shown in Figure 3 were preferred to the
widely used Lineweaver-Burk plots. In this
way, the participation of a non-saturable com-
ponent could easily be detected by a deviation
from linearity at increasing D-glucose concen-
trations. A straight linearity of S/v versus S
was observed between 0.1 mM and 6 mM D-glu-
cose. Linear regression lines when calculated
for this range of concentrations showed correla-
tion coefficients r between 0.995 and 0.999 in
all experiments, except for phase III cultures in
experiment 3. In this experiment uptake of se-
nescent cells was too low to be accurately
measured by the present method. In the other
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Fig. 3. Plots of S/v against S (mM) D-glucose concentra-
tion in the incubation solution are shown. v: rate of D-glucose
uptake in nmoles D-glucose/ul cell space X min. Open sym-
bols indicate the concentration dependence of the uptake
rates of phase II cultures; closed symbols, of late phase III
cultures (completed replicative lifespan 100%). Uptake was
measured in all cultures on the same day and under identical
conditions. Each point represents the average of triplicate
measurements. Round and square symbols represent cell re-
suspensions from cultures separately processed for uptake
measurements.

experiments regression analysis served to es-
timate the apparent Km and Vmax of the
carrier-mediated D-glucose transport. At the
highest D-glucose concentration (10 mM), a
slight drop in linearity was occasionally ob-
served. The non-saturable component, how-
ever,did never exceed 20% at 10 mM and wasin
most cases much smaller. There was no indica-
tion of any increase of the non-saturable com-
ponent during aging in vitro.

The average value and the range of Km-
values were the same in phase II and phase III
(Table 2, Fig. 4). In contrast to Km, a large
variation of transport rates was observed in
phase III cultures obtained by different in vitro
aging experiments. As an example, Table 1
shows initial transport rates per ul cell space
obtained at 0.1 mM D-glucose. Transport rates
obtained for phase III cultures were compared
with the transport rates for phase II cultures at
all D-glucose concentrations tested. This com-
parison was performed with phase II cultures
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TABLE 2. Apparent Km and Vmax of the D-glucose carrier in phase II and phase III HELF-cultures

Km Vmax n moles x 10%um?

Exp. No. m moles n moles/ul X min n moles/10¢ cells cell surface X min
phase Il  phase III  phase II  phase III  phase Il  phase IIl  phase II  phase III

1 161 1.64 2.17 1.09 5.42 7.73 6.51 4.26

2 1.34 1.47 2.14 0.76 6.20 3.57 6.40 2.99

3 1.96 * 2.99 * 6.88 * 8.95 *

4 2.28 2.07 2.20 1.97 5.28 13.40 6.03 7.75

5 1.65 1.87 2.31 1.09 5.54 7.96 6.41 4.38

e 1.77 1.76 2.36 1.23 5.86 8.16 6.86 4.84
range 1.34 — 2,28 1.47 — 2.07 2.14 — 299 0.76 - 1.97 5.28 — 6.20 3.567 — 13.406.03 — 895 2.99 - 7.75

* Initial transport rates measured in phase I1I cultures of exp. 3 were too low to allow meaningful calculations of Km and Vmax. x and range of
Km and Vmax in phase 111 is indicated for experiments 1, 2, 4 and 5. Maximum transport rates per mg protein are not included, but can easily be
calculated by the ratio given for protein content per ul cell water in the text.
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Fig. 4. The apparent Km of the D-glucose carrier of
HELF-strain Flow 2000 is shown as a function of completed
replicative lifespan. Km values obtained for late phase III
cultures were in the range of the Km values obtained for 19
phase II cultures.

included as a control in each of the experiments
1-5, as well as with a total of 19 phase II cul-
tures, which had completed between 30% and
80% of their replicative lifespans (Fig. 5).
Transport rates per ul cell space were found to
be significantly decreased by the paired t-test
at all D-glucose concentrations in phase III cul-
tures of experiments 1, 2, 3, and 5 (p < 0.05 in
all cases, p < 0.01 in most cases). The same was
true when transport rates were expressed per
mg protein in these experiments. These data
are not included in Table 1 but can simply be
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Fig. 5. Maximum transport rates Vmax per ul cell space
are shown as a function of completed replicative lifespan. A
decrease of Vmax was noted in three experiments performed
with late phase III cultures. In one experiment, Vmax ob-
tained for late phase III cultures was in the range of 19 phase
11 cultures, which had completed between 30% and 80% of
their replicative lifespan. In another experiment, transport
rates measured in phase III cultures at D-glucose concen-
trations between 0.1 mM and 10 mM were too low to deter-
mine Vmax by linear regression (compare Table 2).

calculated from the ratio mg protein/ul cell
space given above. In experiment 3, transport
rates calculated per 106 cells were only 25% or
less of the rates of phase II cells within the
range of D-glucose concentrations tested
(0.1-10 mM), in spite of a nearly threefold in-
crease of senescent cell volume. In experiments
1, 2, and 5, values for Vmax of senescent cul-
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tures ranged between 32% and 46% of phase IT
cultures per unit of cell volume and protein,
respectively, between 61% and 136% per 10°
cells, and between 44% and 64% per unit of cell
surface area (100% = average Vmax of phase I1
cultures in Table 2). In experiment 4, Vmax of
the senescent cultures was within the range
obtained for phase II cultures when calculated
per unit of cell volume, protein, or surface area.
Vmax expressed on a cellular basis, however,
showed a two- to threefold increase (228%) over
phase II cultures. Figure 5 shows the relation-
ship between Vmax calculated per ul cell space
and completed replicative lifespan. These
measurements were performed throughout the
course of 1 year and did not reveal a change of
Vmax between 30% and 80% completed rep-
licative lifespan. Whatever the reasons for the
variation of transport rates in senescent cul-
tures may be, this variation does not appear to
be simply a question of length of incubation
time after the last subcultivation in different
aging experiments in vitro. These times were 1
week in experiment 1, 3 weeks in experiment 4,
6 weeks in experiment 2, 8 weeks in experiment
3, and 10 weeks in experiment 5. The validity of
phase II cultures maintained for prolonged
periods of time as controls seemed question-
able, since these cultures form tightly packed
cell layers. In contrast, senescent cultures were
no longer able to reach confluency and were lost
after further subcultivation. The only feasible
way to maintain these cultures for some time
was application of fresh medium at regular
intervals. Phase II cultures were routinely used
for assay at saturation density 1 week after
subcultivation. In this way, transport rates
during postreplicative senescence of terminally
differentiated cells (Martin et al., ’75) were
compared with rates of non-growing phase II
cells from cultures maintained under the nor-
mal subculturing regimen. No decrease of
Vmax was observed in assays with phase II
cultures grown for 3 weeks, in contrast to phase
III cultures of experiment 1, which showed a
decreased Vmax 1 week after a final subculti-
vation.

DISCUSSION

The role of plasma membrane in cellular
aging is far from clear (Zs.-Nagy, *79). Present
data suggest that certain functions of the
plasma membrane are altered during cellular
senescence, while others are not (Grinna, *77;
Kelley et al., "78; Schachtschabel and Wever,
78; Polgar et al., ’78; Aizawa and Mitsui, ’79).
Here we have investigated D-glucose transport
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during the lifespan in vitro of human embryo
lung fibroblasts. D-glucose plays an essential
role in the energy metabolism of cultivated
cells. Transport as well as the number of glu-
cose binding sites in plasma membrane appear
to be altered after malignant transformation
(Plagemann, "73; Bramwell and Harris, '78).
Since clonal senescence is a characteristic
parameter of untransformed cells, it seems im-
portant to elucidate the possible significance of
glucose transport in this process. We shall con-
sider first the validity of initial rates of D-glu-
cose transport obtained for phase II and phase
1II cultures, and secondly, possible relation-
ships between alterations of glucose transport
and in vitro senescence.

1. The advantages and possible shortcomings
of the filtering centrifugation method used for
measurements of transport rates have been
discussed in detail elsewhere (Werdan et al.,
’80). Uptake kinetics of suspended cells were
measured with trypsin still present in the incu-
bation medium. Our data suggest that the glu-
cose carrier does not expose trypsin-sensitive
sites to the cell exterior (Plagemann and
Richey, 74). We have shown that trypsin does
not alter Vmax and Km of human embryo lung
fibroblasts (Werdan et al., ’80). There was no
indication of any changes of transport capa-
bility of phase II and phase III cells during a
period of about half an hour, necessary to
measure the concentration dependence of D-
glucose uptake.

In the present investigation, initial transport
rates of D-glucose were estimated from uptake
times as short as 10 sec. We have reason to
assume that this time was short enough to ob-
tain valid estimates, probably still somewhat
too low for initial transport rates. Let us con-
sider some quantitative aspects concerning the
possible influence of backflow and metabolism
of “C-glucose on the estimated rates. Since D-
glucose is rapidly phosphorylated and the cell
membrane is nearly impermeable for phos-
phorylated hexoses, one cannot refer to the
total intracellular activity when considering
the problem of backflow. An estimate of back-
flow can be performed as follows. After 20 sec of
incubation with 1 mM D-glucose, intracellular
radioactivity had attained 25% equilibrium.
About 50% of this activity consisted of free **C-
glucose, the rest of phosphorylated compounds
(Werdan et al., ’80). Furthermore, uptake was
linear during the first 20 sec and mainly car-
rier-mediated both in phase II and phase III
cultures. Assuming that Km and Vmax of the
carrier for D-glucose are identical in both di-
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rections of the cell membrane, one can calculate
that backflow within this time range was
smaller than 10%. At 0.1 mM D-glucose the
relative transport velocity v/S was about 50%
higher than at 1.0 mM, and backflow increased
accordingly but did not exceed 15% of uptake
during the first 20 sec. At higher glucose con-
centrations the error due to backflow became
even smaller than at 1 mM.

Loss of radioactivity due to the production of
“CO, and “C-lactate seems to be of minor im-
portance, since D-glucose uptake measured
after 20 sec remained unaltered when the
glycolytic pathway was blocked by the inhibi-
tion of glyceraldehyde-3-phosphate dehydro-
genase by iodoacetic acid (Werdan et al., ’80).
The effect of metabolism on D-glucose uptake
was only investigated with phase II cells be-
cause of the limited amount of cell material
availablein phase I11. Available data, however,
do not suggest an underestimation of the rates
in senescent cells due to a more rapid CO, and
lactate formation. There is no indication that
the cellular aging process is accompanied by
changes in the glycolytic capacity of WI-38 fi-
broblasts (Cristofalo and Kritchevsky, '66).
Using a cell strain derived from skin of a nor-
mal 22-year-old male, Goldstein and Trieman
(’75) have shown that late passage fibroblasts
consume 1.5-3 times more glucose per cell than
early passage cells. This difference correlated
with the increase of cell volume and protein
content in late passage cells and was abolished
when the data were expressed per unit of vol-
ume or protein.

When comparing present data for D-glucose
transport and utilization, the different genetic
origin of cell strains used by Cristofalo and
Kirtchevsky (°66), Goldstein and Trieman (75),
and our group is a potential problem. Fur-
thermore, their studies on glucose utilization
were performed with late passage cultures,
which were still one to several population
doublings before the end of the replicative life-
span, while in the present experiments senes-
cent cultures had completely exhaused their
replicative lifespans. However, if any changes
of glucose metabolism in senescent Flow 2000
fibroblasts would have profoundly affected
measurements of transport rates during the
first 20 sec of incubation, we should have ob-
served a detectable deviation from linearity.

The choice of a “best” denominator to express

transport rates deserves special consideration.
The supply of cells of different size with glucose
may be best compared by expressing data per
unit of volume or protein, while a comparison of
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transport rates per unit area of cell surface is
necessary in order to discuss differences of
membrane function. Reliable estimates of cell
surface area are difficult to obtain. Our estima-
tion was based on the assumption that cells in
suspension are smooth spheres. This may not
necessarily be valid, especially in late passage
cells, which frequently have odd shapes. Fur-
thermore, the cell surface is not smooth, and
differences in the surface topography of young
and senescent cells were not taken into consid-
eration (Bowman and Daniel, '75; Blomquist et
al., ’77). In spite of these deficiencies, the sur-
face estimates should be sufficient for the
present purpose. The assumption of spheres
tends to minimize the increase of cell surface
with increasing cell volume. Therefore, trans-
port rates per unit area of senescent cells when
compared to rates in phase II cells may be over-
estimated rather than underestimated. We
conclude that estimates of D-glucose transport
that we have presented for the different denom-
inators discussed above are valid both for phase
IT and phase III cultures.

2. A number of authors favor the idea that
proteins are altered in aging cells (for review,
see Martin, ’77; Rothstein, '77; McKerrow, ’79).
Although senescent cultures were maintained
in the postreplicative state for prolonged
periods of time in order to observe the
maximum effect, we did not find any change of
the affinity of the carrier for D-glucose. In con-
trast to Km, a large variation of transport rates
was observed in senescent cultures. Several
reasons for this variation may be considered.
Due to the wide variation in the proliferative
potential of clones and subclones, senescent
mass cultures are composed of cells from few
clones which outlive the other (Smith and Hay-
flick, 74; Harley and Goldstein, *78; Smith and
Whitney, ’80). Thus, variation of glucose trans-
port in senescent mass cultures may reflect var-
iation of transport in different aging clones.
The length of time for which postreplicative
senescent cells were maintained may be a criti-
cal parameter. A comparison of these times in
different aging experiments is not feasible,
merely on account of time periods for which
phase 1II cultures were maintained after their
last subcultivation. Furthermore, some differ-
ences in handling of senescent cultures may
have escaped our notice and profoundly af-
fected transport rates, although much care was
taken to standardize culture conditions.

Recently, Germinario et al. ("80) have re-
ported an investigation of 2-deoxy-D-glucose
transport in human skin fibroblast cultures
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that had completed between 20% and 90% of
the life span in vitro. Their results confirm our
previous observation that the Km of the glucose
carrier does not change during aging in vitro
(Cremer et al., 79). The maximum transport
capacity per cell for 2-DG transport increased
almost twofold with increasing age in vitro. No
increase, however, was found when the results
were expressed per mg protein. Taking into
account the correlation between an increase of
protein content and cell volume in aging fibro-
blast cultures (Haslam and Goldstein ’74;
Schneider and Shorr, '75; this paper), this in-
crease may merely reflect the larger surface
area of older cells as compared with younger
cells and does not necessarily indicate any
change in the transport capability of plasma
membrane per se during aging in vitro. In our
study only a slight increase of cell size was
noted between 30% and 80% of the replicative
lifespan, while Vmax per ul cell space and um?
surface area remained fairly constant. After
having completely exhausted their replicative
lifespan, some senescent cultures had still
maintained glucose transport rates of phase II
cells when expressed per unit of cell volume,
protein, and surface area, respectively, but
showed a more than twofold increase of Vmax
per 10 cells.

Other senescent cultures were no longer able
to compensate for the increase in cell size and
showed only slightly increased or even strongly
decreased transport rates per 10° cells. Present
data (Cristofalo and Kritchevsky, '66; Gold-
stein and Trieman, ’75; Germinario et al., '80;
this paper) argue against the idea that an im-
pairment of D-glucose transport and glucose
metabolism might precede the loss of replica-
tive potential observed in phase III cultures.
Instead our data point to a correlation between
a decrease of D-glucose transport during post-
replicative senescence in terminally differ-
entiated cells (Martin et al., ’75) and degenera-
tion of these cells. This suggestion is supported
by the finding that no D-glucose uptake was
observed into the inulin-impermeable space of
degenerating cells flushed off from senescent
cultures, while cell suspensions prepared from
firmly attached cells of the same cultures still
showed considerable transport rates. A re-
markable increase of the space freely accessible
to inulin and glucose was noted in “degenerat-
ing cell fractions,” suggesting gross perme-
ability defects in some of the degenerating
cells.

Impairment of D-glucose transport in termi-
nally differentiated cells may indicate a gen-
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eral phenomenon including other substances as
well. Polgar et al. ("78) have investigated
uridine transport in young and old human em-
bryo lung fibroblasts and did not detect any
differences in Km. In late passage cultures, in
which only 5% of the cells could be stimulated
to divide with fresh culture medium, a 1.5-fold
increase of Vmax per cell as compared with
early passage cells was found. Since the aver-
age cell volume of late passage cells was 3.5-
fold increased (6.4 w«1/10° old cells versus 1.8
wl/10% young cells), this means a considerable
decrease of Vmax when expressed per unit of
cell volume and surface area, respectively.
While it is tempting to suggest that a normal
Km combined with a decrease of Vmax per unit
of surface area reflects decreased numbers of
carriers in senescent cell membrane, alter-
ations of carriers itself or other changes in cell
membranes during aging, which may indi-
rectly influence the transport capacity of carri-
ers, should also be taken into consideration.
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