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Osmolarity is an important process variable during the cul- 
tivation of mammalian cells in vitro. Cell culture medium is 
designed to have osmolarity in the range of 260 and 320 mil- 
liosmoles (mOsm), basically to mimic the osmolarity of 
serum at 290 mOsm/kg. Fragmented information on the re- 
sponse of hybridoma cells to elevated osmolarity is avail- 
able. A decrease in cell growth and an increase in antibody 
production were reported at high o~molarit ies.~~ Influence 
of osmolarity on antibody productivity seems to be cell line 
dependent.12 Here we report the effects of osmolarity on 
hybridoma cell growth, metabolism, and antibody synthe- 
sis. The osmolarity of the medium was altered by the addi- 
tion of both ionic and non-ionic substances. 

MATERIALS AND METHODS 

Cell lines, Media, and Culture Maintenance 

A murine hybridoma cell line, 167.465.3, was used in the 
experiments. This cell line was provided by Dr. Latham 
Claflin from the Medical Center at The University of 
Michigan. The antibody produced by this cell line is an 
kG1, directed against phosphorylcholine.2 Hybridoma 
:ells were made by fusion of BALB/c spleen cells with 
the nonsecreting plasmacytoma fusion line P3X63- 
488.653. Antibody was generated from mice immu- 
iized with PC-keyhole limpet henemocyanin (KLH). 
“11s were propagated in T-flasks (Bellco Glass, Inc., 
Vineland, NJ) at 37°C in a humidified incubator under 
5% COz. The media used was Iscove’s Modified Dul- 
)ecco7s Medium (IMDM, Gibco Laboratories, Grand 
sland, NY) containing 5% Fetal Bovine Serum (FBS, 
3ibco). The media was supplemented by 100 Units/mL 
)otassium penicillin G, and 100 pg/mL streptomycin 
ulfate (Sigma Chemical, St. Louis, MO). 

Effect of Osmolarity on Cell Physiology 

:ells were inoculated into IMDM medium at different 
jsmolarities. Osmolarity in IMDM medium was in- 
:reased by the addition of either an ionic (NaC1 or PBS) 
)r nonionic (sucrose) species. The IMDM medium was 
repared from powder and the pH was adjusted to 7.4 
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by the addition of sodium bicarbonate. Medium osmo- 
larity was measured using an Osmometer (Osmette, 
model 2007, Precision Systems, Inc., Natick, MA) as 
290 mOsm. Media with osmolarities of about twice this 
value (580 mOsm) were prepared by dissolving IMDM 
in (1) 9 g/L NaC1, (2) in PBS, and (3) in 0.31M sucrose 
solution. The pH was also adjusted to 7.4 in these 
media. The osmolarities in these media preparations 
were measured. Then these IMDM preparations were 
mixed with standard IMDM media at 290 mOsm to give 
final osmolarities of 290, 338, 386, 435, and 580 mOsm. 

Cells growing exponentially in ordinary IMDM with 
5% FBS were spun down at 200g for 10 min. They were 
then washed with fresh IMDM and were inoculated 
with IMDM with different osmolarities. Fetal bovine 
serum was added to all the media preparations at 5%. 
Batch cultivations were carried out in 100-mL spinner 
flasks at an initial cell density of 4 x lo4 cells/mL. The 
volume in spinner flasks was 60 mL and they were kept 
at 37°C in a humidified incubator under 5% C02. Agi- 
tation at 100 rpm was provided by a MultiStir magnetic 
stirrer (Bellco). 

Cell Size Determination Under Different 
Osmolarit ies 

A Coulter counter (Model ZM with Channelyzer 256) 
was used for size determination. First, we studied cell 
volume changes in different osmolarities in nongrowth 
medium. Concentrated PBS was diluted in distilled 
water to give an osmolarity range of 200-500 mOsm. 
Cells were suspended in these solutions and the cell size 
distributions were determined. Second, we studied the 
kinetics of cell size changes during the batch culture 
experiments. Cell samples (4 mL) from duplicate flasks 
were combined and cell size was determined without 
any dilution. Cell size distributions were determined in 
a Coulter counter with channelyzer (Coulter) as de- 
scribed by Adams et al.’ 

Analytical Methods 

Usually a total of 1-mL samples was taken twice daily. 
Cell counts were performed using a hemacytometer. 
Cell viability was determined by the trypan blue exclu- 
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sion method. The samples were then centrifuged at 
200g for 10 min and the supernatants were kept frozen 
at -80°C for later analysis. For the cell size measure- 
ments, an additional 4 mL sample was taken. The cell 
suspensions from duplicate flasks were combined to 
give a volume of 8 mL and cell size was determined in 
the Coulter counter. 

The glucose and lactate concentrations were mea- 
sured using a model 2000 Glucose/L-Lactate analyzer 
(Yellow Springs Instruments, Yellow Springs, OH). 
Ammonia was measured with an ion selective electrode 
(Orion, Boston, MA). Samples (100 pL) were mixed 
with 500 p L  pH adjusting buffer solution (Orion, 
Boston, MA) and the response was recorded.' Anti- 
body, ZgG1, was quantified using an enzyme-linked im- 
munosorbent assay (ELISA), as described elsewhere.' 

Ma thema tical Methods 

The concentration time profiles were quantified in 
terms of growth rates, and metabolic uptake and waste 
production rates were evaluated during the exponential 
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growth, as decribed in Ozturk.' The standard deviation 
on the kinetic parameters calculated from duplicate ex- 
periments was less than 10%. 

RESULTS 

Cell growth, substrate, product, and antibody concen- 
tration during batch cultivation at different osmolarities 
are presented in Figure 1. At 580 mOsm, cells did not 
grow. Different osmolarities in Figure 1 were obtained 
by the addition of PBS components into IMDM, as de- 
scribed in the Materials and Methods section. Using 
PBS, the physiological Naf/K+ concentration ratio was 
kept constant. Similar data was obtained for the addi- 
tion of NaCl alone and for the addition of sucrose. 
Thus, these effects described below seem to be solely 
due to medium osmolarity. 

Cell Growth 

Cell growth was depressed at higher osmolarities, as il- 
lustrated in Figure l. Specific growth and death rates 
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Figure 1. The time profiles of (A) viable cells, (B) glucose and lactate concentration, (C) glutamine and ammonia concen- 
trations, and (D) monoclonal antibody concentrations for the batches of different osmolarities. Legend shows 290 mOsm (0), 
326 mOsm (O) ,  380 mOsm (O), and 435 mOsm (W). 
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were calculated in the exponential phase and summa- 
rized in Table I. Increasing osmolarity from 290 to 
435 mOsm decreased the specific growth rate by a fac- 
tor of about 2. The maximum cell concentrations ob- 
tained in the batch mode were also dependent on media 
osmolarity, as can be seen from Figure 1. The specific 
death rates evaluated in the exponential phase were 
also influenced by the media osmolarity (Table I). 
About a threefold increase in the death rate was ob- 
served at 435 mOsm compared to media at isotonic os- 
molarity. For a given osmolarity, the death rates 
evaluated in the decline phase were about one order of 
magnitude higher than those evaluated in the exponen- 
tial phase. The decline phase death rates were also 
higher at high osmolarities. 

The specific growth and death rates were normalized 
using the values obtained in an isotonic solution and 
presented as a function of normalized osmolarity, i.e., 
the ratio of media osmolarity to isotonic osmolarity. 
[Fig. 2(A)]. The growth and death rates obtained in 
sucrose-containing batches are also included in this fig- 
ure. It can be seen that the results presented here are 
independent of the source of increased osmolarity. Both 
ionic (PBS and NaCl) and nonionic (sucrose) compo- 
nents yielded similar rate parameters. 

Cell Metabolism 

The specific rates of consumption of glucose and glu- 
tamine, and the rates of production of lactate and am- 
monia were all increased at high osmolarities (Table I). 
An increase in osmolarity from 290 to 435 mOsm re- 
sulted in a more than twofold increase in these metabolic 
rates. In Figure 2(B), the metabolic rates were normal- 
ized to the values at isotonic media and plotted as a 
function of relative increase in osmolarity. We see that 
the metabolic rates increased essentially at the same 
rate. The yield coefficients of lactate from glucose and 
ammonia from glutamine remained constant in all os- 
molarities (Table I). 

Antibody Synthesis 

Although cell growth was lower at higher osmolarities, 
similar antibody concentrations were obtained for all 
the cultures [Fig. l(D)]. This result was due to altered 
specific antibody productivity. Monoclonal antibody 

Table I. Growth and metabolic rates at different osmolarities. 

production rates were calculated using an integral 
method; 

dMAb 
dt 

-- - q A b X v  or 

MAb = qAb I‘X,dt if qAb is constant 

where MAb is antibody concentration and q& is the 
specific production rate, hence obtained from a plot of 
antibody concentration (MAb) versus time integral of 
viable cells (JA X,dt). Figure 3(A) shows the curves ob- 
tained from the data presented in Figure 1. For all os- 
molarities we obtained straight lines, indicating a 
constant productivity for each culture. The slopes, 
hence the production, rates were different. Specific 
antibody production rates were higher at elevated os- 
molarities. More than a twofold increase in specific 
antibody production rate was obtained at 435 mOsm 
osmolarity [Fig. 3(B)]. 

0 

Kinetics of Cell Size Variation 

When the cells were suspended in PBS at different os- 
molarities, cell size rapidly equilibrated to the media 
osmolarity. Figure 4 summarizes the cell volume data at 
different osmolarities. Cells showed almost ideal os- 
motic volume responses to the external osmotic pres- 
sures. Ideal osmotic response of the cells to the external 
osmotic pressure is expressed by the Boyle-vant Hoff 
relation3: 

P(V - b) = Po(K - b) = const. (1) 
where Po and VO are the isotonic pressure and volume, 
respectively; P and V are the corresponding values for a 
given osmolarity; and b is the nonsolvent volume of the 
cells. When the above equation is rearranged we obtain: 

Then the plot of V/& vs. Po/P should give a straight 
line. Figure 4 shows that the initial response of 
167.405.3 hybridoma cells followed this relationship 
with constants of 6 = 1250 fL and b = 500 fL. The 
ratio of b/Y, = 0.4 shows that about 40% of the cell is 
“incompressible.” The balance of the cell volume swells 
in hypotonic solutions, and shrinks in hypertonic solu- 

Growth Death Glucose Lactate Glutamine Ammonia 
Osmolarity rate rate utilization production utilization production YL.WGI~ YNHd+/Gln 

(mOsm) W’) u - 7  rate rate rate rate (mol/mol) (mol/mol) 

290 0.040 0.003 0.247 0.396 0.047 0.028 1.60 0.60 
362 0.033 0.004 0.342 0.553 0.061 0.040 1.62 0.64 
398 0.028 0.006 0.478 0.794 0.087 0.054 1.66 0.62 
435 0.024 0.008 0.579 0.949 0.104 0.069 1.64 0.66 

~~ ~~ 

Metabolic rates are in pmo1/106 cell h. 
~ ~~ 
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Figure 2. Effect of osmolarity on cell growth and metabolism. 
The rates were normalized using the values at PO = 290 mOsm and 
plotted as a function of normalized osmolarity, P/Po: (A) growth 
and death rates for PBS addition (0)  and for sucrose addition 
(square); (B) metabolic rates for glucose uptake (0), glutamine 
uptake (W), lactate production (closed circle), and ammonia pro- 
duction (0). 

tion in a fashion consistent with eq. (1). Similar ideal 
osmotic responses of living (cell type) cells were also ob- 
served.' Data for human lymphocytes and granulocytes 
is included in Figure 4 for comparison.6 The hybridoma 
cells used showed similar response. 

The above data were obtained when the cells were 
kept in a nongrowth medium. The transient changes in 
cell volume during cultivation at various osmolarities 
were very different [Fig. 5(A)]. Cell sizes were measured 
during batch culture. Under normal conditions, we ob- 
served a constant cell volume in the exponential phase 
followed by a decrease in the late exponential and death 
phase." The cells when grown in hypertonic media ex- 
hibited significant change in the cell volume during the 
first 10 h of cultivation. Cells were smaller at higher 
osmolarities only at the beginning of the culture. This 
initial response was similar to that obtained in the 
nongrowth PBS media outlined above. The cell size in- 
creased during growth and the cells attained larger sizes 
at high osmolarities, which they kept for the rest of the 
experiment. This interesting behavior is illustrated in 
Figure 5(B). At the beginning of the experiment, cell 
size decreased after being introduced to high osmolari- 
ties, but after 24 hours of incubation, cell size had actu- 
ally increased. 
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Figure 3. Effect of osmolarity on antibody production: (A) the 
integral method of evaluating the specific antibody production; 
(B) the influence of media osmolarity on specific antibody produc- 
tion rate. 
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Figure 4. Effect of osmolarity on cell/cell size. Hybridoma cells 
were equilibrated with PBS at different osmolarities and the cell 
size was measured as Coulter volume. The volumes were normal- 
ized using isotonic volumes. The abscissa represents the isotonic 
osmotic pressure (PO = 290 mOsm) divided by the osmolarity of 
PBS solution. The data on human lymphocytes and granulocytes 
was taken from ref. 6. 

DISCUSSION 

Growth depression in hypertonic medium has been re- 
ported for MCLl cells and for other hybridoma  cell^.^,','^ 
This decrease in growth rate is expected since hyper- 
tonic medium represents stressful conditions. Lower cell 
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Figure 5. 
(B) the cell size at different osmolarities. 

(A) Time profile of cell size during the batch culture; 

concentrations were obtained per batch because of low- 
ered growth rates and increased death rates in hyper- 
tonic media. 

The increase in specific (per cell) antibody production 
rate under hypertonic conditions may be important for 
cost-effective production of antibodies. We have also 
observed an increase in specific antibody productivity 
under non-optimal pH conditions.” The increase in the 
specific antibody productivity induced by elevated os- 
molarity and lower pH may be related to the environ- 
mental stresses placed on the cells. 

However, the increase in specific antibody produc- 
tivity may not result in a substantial difference in the 
antibody concentration obtained due to decreased cell 
growth rate and increased death rate. In culture systems 
where cell growth and production are separated, the en- 
vironmental stress effects on antibody productivity can 
be utilized for a higher antibody concentration. In im- 
mobilized systems, such as hollow fibers, or beads, the 
cells are maintained at minimal growth rates. In these 
systems, media osmolarity can be increased to stimulate 
the productivity. 

The single volume of 167.465.3 hybridoma cells ini- 
tially exhibited an ideal response to changes in medium 
osmolarity in non-growth medium (PBS). These changes 
in cell volume were successfully described by eq. (l), 
and these volume changes were comparable to those 

observed in other cells such as lymphocytes and granu- 
locytes. However, changes in cell volume under non- 
growth conditions may be misleading. At elevated 
osmolarities, actively dividing cells actually increase 
their volume with time. The mechanism underlying this 
regulation is not known but this behavior may influence 
the way the specific (per cell) metabolic rates are in- 
terpreted. The increase in metabolic activities and the 
antibody production rate at high osmolarities can be 
partially explained by the increase in the cell volume. 
These rates, calculated based on cell numbers (Table I), 
increased by a factor of 2.5 (Fig. 2). The cell volume in- 
creased by a factor of 1.5. Hence, a part of the increase 
in the metabolic rates and the antibody production rate 
may be attributed to changes in cell volume. 
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