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Abstract

To determine the response of recombinant Chinese hamster ovary (rCHO) cells subjected to hypoosmotic pressure,
rCHO cells (CS13∗–1.0) producing a chimeric antibody were cultivated in the hypoosmolar medium resulting
from NaCl subtraction. At hypoosmotic pressure, CS13∗–1.0 cells displayed decreased specific growth rate (µ)
and increased specific antibody productivity (qAb). When the medium osmolality was decreased from 300 mOsm
kg−1 (physiological osmolality) to 150 mOsm kg−1, µ was decreased by 68% and qAb was increased by 128%.
To understand the mechanism of enhanced qAb resulting from hypoosmotic pressure, cellular responses of cells
in the exponential phase of growth were observed at the transcription level. Total cytoplasmic RNA content per
cell at 150 mOsm kg−1 was increased by 140%, compared with that at 300 mOsm kg−1. On a per µg RNA basis,
immunoglobulin (Ig) mRNA levels at 150 mOsm kg−1 were comparable to those at 300 mOsm kg−1, indicating
that hypoosmotic pressure did not lead to the preferential transcription of Ig mRNAs. Taken together, the data
obtained here suggest that the increase in total RNA pool is primarily responsible for the enhanced qAb of CS13∗–
1.0 cells subjected to hypoosmotic pressure.

Introduction

Osmolality is one of the most important physical prop-
erties of culture media. Most cell culture media are
designed to have an osmolality of 280–320 mOsm
kg−1, which is known to be quite acceptable for most
cells (Freshney, 1994). As the osmolality goes far
from this standard range, hybridomas, transfectomas,
and recombinant Chinese hamster ovary (rCHO) cells
showed some obvious changes in cell size, nutrient
transport, cellular synthesis, specific growth rate (µ)
and specific antibody productivity (qAb). Among these
changes, the most important changes for cell culturist
are probably those in µ and qAb.

When subjected to hyperosmotic pressure, hy-
bridomas (Lee and Park, 1995; Oh et al., 1993, 1995;
Ozurk and Palsson, 1991; Øyaas et al., 1994a, b;
Reddy and Miller, 1994), transfectomas (Lee and Lee,
2000), and rCHO cells (Kim et al., 2000; Ryu et al.,

2000) display increased qAb and decreased µ. Hence,
the enhanced qAb during batch culture does not result
in a substantial increase in the final antibody con-
centration due to the depressed cell growth at higher
osmolality (Lee and Park, 1995; Oh et al., 1993, 1995;
Ozurk and Palsson, 1991; Øyaas et al., 1994a, b;
Reddy and Miller, 1994). Because of the potential
of commercial strategies based on hyperosmotic pres-
sure induced by addition of cheap salts to media,
physiological responses of hybridomas, transfectoma,
and rCHO cells to hyperosmotic pressure have been
extensively studied. As a result, various strategies to
overcome depressed cell growth at elevated osmolality
were developed. They are the adaptation of cells to
hyperosmolality (Lin et al., 1999; Oh et al., 1993), the
use of osmoprotective compound like glycine betaine
(Øyaas et al., 1994a, b; Ryu et al., 2000) and the im-
mobilized cell culture where cell growth and antibody
production stages are separated (Park and Lee, 1995).
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Physiological responses of hybridomas to hypo-
osmotic pressure have been studied (Ryu and Lee,
1997). Furthermore, the hypoosmotic pressure has
been successfully applied to fed-batch culture of hy-
bridoma cells for improvement of culture longevity.
The use of hypoosmolar medium as an initial me-
dium in fed-batch culture improved culture longevity
of S3H5/γ 2bA2 hybridoma, resulting in a substantial
increase in a final antibody titer (Ryu and Lee, 1999).

While much work has been performed on the re-
sponse of rCHO cells to hyperosmotic pressure (Chen
et al., 1998; Kim et al., 2000; Ryu et al., 2000; Takagi
et al., 2000), there are, to date, few reported studies on
the response of rCHO cells to hypoosmotic pressure.
Considering the importance of rCHO cells as a popu-
lar mammalian host for the commercial production of
therapeutically important proteins (Hayter et al., 1991;
Kaufman et al., 1983; Wurm et al., 1996), physiolo-
gical responses of rCHO cells to hypoosmotic pressure
need to be studied. In this study, we investigated the
responses of rCHO cells producing chimeric antibody
(CS13∗–1.0) to hypoosmotic pressure in regard to µ

and qAb. Furthermore, to understand the effect of hy-
poosmotic pressure on qAb of rCHO cells at the basic
cellular levels, possible changes in Ig mRNA levels
caused by hypoosmotic pressure were examined.

Materials and methods

Cell line, medium, and culture maintenance

The rCHO cells (CS13∗–1.0) expressing a chimeric
antibody directed against hepatitis B virus (HBV)
were used in this study, and their establishment was
described previously (Kim et al., 1998). Briefly, they
were established by transfection of the light chain
(LC) and heavy chain (HC) expression plasmids into
dihydrofolate reductase (DHFR)-deficient CHO cells
(DG44) and subsequent dhfr/methotrexate (MTX)-
mediated gene amplification. The rCHO cells (CS13∗–
1.0) were selected at 1.0 µM MTX.

The medium for culture maintenance was α-
minimal essential medium (α-MEM, Gibco Laborat-
ories, Grand Island, NY) supplemented with 10% dia-
lyzed fetal bovine serum (dFBS, Gibco), and 1.0 µM
of MTX. The cells were maintained as monolayer
cultures in 75 cm2 T-flasks (Bellco Glass, Vineland,
NJ) in a humidified 5% CO2 incubator at 37 ◦C. The
cells were passed every 3 to 4 days upon reaching
confluency.

Hypoosmolar culture media with various osmolal-
ities were prepared by reducing NaCl concentration in
the standard medium, while the concentrations of all
other medium components were kept constant. The
standard medium with physiological osmolality was
α-MEM supplemented with 10% dialyzed fetal bovine
serum (dFBS, Gibco), and 1.0 µM of MTX. The os-
molalities of standard and hypoosmolar media were
300, 250, 200, and 150 mOsm kg−1.

Batch culture

Exponentially growing cells in a standard α-
MEM/10% dFBS were inoculated into 6 well plates
containing 5 ml of media with various osmolalities.
The initial viable cell concentration was approxim-
ately 1 × 105 cells ml−1. One well was sacrificed
every 24 hr for determination of cell concentration.
The supernatant was aliquoted and kept frozen at –
20 ◦C for antibody, glucose and lactate assays. The
cultures were performed in a humidified 5% CO2 in-
cubator at 37 ◦C. Experiments were repeated three
times.

Analytical methods

Cell concentration was estimated using a hemacyto-
meter. Viable cells were distinguished from dead cells
by the trypan blue dye-exclusion method. The super-
natant was aliquoted and kept frozen at –20 ◦C for
later analyses. Osmolality was measured using an os-
mometer (Automatic semi-micro osmometer, model
A0300, Knauer, Berlin). Glucose and lactate concen-
trations were measured using a glucose/lactate ana-
lyzer (Model 2300 STAT, Yellow Springs Instruments,
Yellow Springs, OH). The secreted chimeric anti-
body demonstrating anti-S specificity was measured
by enzyme-linked immunosorbant assay (ELISA) as
described previously (Hong et al., 1992; Kim et al.,
1996).

Evaluation of specific growth, consumption, and
production rates

The specific growth rate (µ), specific glucose con-
sumption rate (qglc), specific lactate production rate
(qlac) and specific antibody productivity (qAb) were
based on data collected during the exponential growth
phase and were evaluated as described earlier (Lee et
al., 1991).



63

Figure 1. Batch cultures of CS13∗–1.0 rCHO cells at various osmolalities. Viable cell concentration (A) and antibody concentration (B). (�)
150 mOsm kg−1; (�) 200 mOsm kg−1; (�) 250 mOsm kg−1; (�) 300 mOsm kg−1.
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Table 1. Effect of hypoosmotic pressure on µ, qAb, maximum viable cell concentration, maximum antibody concentration, qglc, qlac,
and Ylac/glc in batch culturesa

Medium µ qAb Max viable cell Max antibody qglc qlac Ylac/glc

osmolality concentration concentration

(mOsm kg−1) (day−1) (µg 10−6 (106 cells ml−1) (µg ml−1) (µmol 10−6 (µmol 106 (mol mol−1)

cells day−1) cells day−1) cells day−1)

150 0.19±0.11 31.93±3.15 0.24±0.07 31.27±0.35 5.26±0.37 9.01±0.63 1.87±0.07

200 0.46±0.02 23.77±2.10 0.62±0.02 20.66±0.16 5.24±0.37 8.17±1.80 1.56±0.26

250 0.58±0.06 18.75±0.14 0.74±0.07 34.24±1.29 4.42±0.26 7.43±0.83 1.68±0.11

300 0.60±0.03 14.02±0.42 0.92±0.04 34.68±0.41 2.46±0.02 4.10±0.32 1.67±0.09

a Mean ± SD. This experiment was performed three separate times.

Figure 2. The effect of hypoosmotic pressure on DCW (�) and total intracellular protein content (�).

Table 2. Effect of hypoosmotic stress on total cytoplasmic RNA content and relative transcription
levels of HC and LC mRNAs of exponentially growing rCHO cellsa

Medium Total cytoplasmic Relative total Relative transcription levelb, c

osmolality RNA content RNA contentb

(mOsm kg−1) (µg 10−6 cells) HC mRNA LC mRNA

150 23.40±0.90 2.40±0.09 2.62±0.27 2.83±0.08

200 21.91±3.03 2.25±0.31 2.23±0.04 2.57±0.07

250 17.61±2.38 1.81±0.24 1.92±0.42 1.99±0.01

300 9.73±1.08 1 1 1

a Mean ± SD. This experiment was performed three separate times.
b The values at various osmolalities were normalized by those at standard medium (300 mOsm
kg−1).
c The relative mRNA levels were quantified on the basis of cells.
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Figure 3. Northern blot analysis of CS13∗–1.0 rCHO cells at vari-
ous osmolalities. Heavy chain (A) and light chain (B). Lane 1, DG44
as a negative control; lane 2–5, CS13∗–1.0 cells (150, 200, 250,
300 mOsm kg−1, respectively).

Dry cell weight and total intracellular protein content

For the determination of dry cell weight (DCW) and
intracellular protein content, the cells in the mid-
exponential phase of growth were harvested by centri-
fugation and were washed twice with cold phosphate
buffered saline (PBS). Analyses of DCW and intra-
cellular protein content were performed as described
previously (Lee and Lee, 2000).

Total cytoplasmic RNA content and Northern blot
hybridization

Total cytoplasmic RNA was isolated from cells in the
exponential growth phase using the NP-40 method
described by Sambrook et al. (1989). The concentra-
tion of isolated RNA was determined by measuring
the OD260 of the sample, assuming that an OD of
1.0 corresponds to 40 µg of single-stranded RNA.
Isolated RNA was of high purity, with OD260/OD280
ratios over 1.7. After electrophoresis of equal amounts
of total cytoplasmic RNA on a 0.8% agarose form-
aldehyde gel, Northern blot analyses of LC and HC
mRNAs were performed as described previously (Ryu
et al., 2000).

Results

Cell growth, antibody production, glucose
consumption, and lactate production

To determine the effect of hypoosmotic pressure on
rCHO cells (CS13∗–1.0) in regard to growth, antibody
production, glucose consumption, and lactate produc-
tion, batch cultures with various osmolalities in the
range of 150–300 mOsm kg−1 were performed three
separate times.

Figure 1 shows typical profiles of cell growth and
antibody production during batch culture. The osmo-
lality did not change significantly during the culture
(data not shown). When subjected to hypoosmotic
pressure, cell growth was depressed. The cells could
still grow at 200 mOsm kg−1, though their growth
and antibody production were decreased. At this os-
molality, cell viability remained over 75% during
exponential growth phase. When the medium osmo-
lality was further decreased to 150 mOsm kg−1, cell
growth was significantly suppressed. The maximum
viable cell concentration obtained at 150 mOsm kg−1

was only 0.24 ±0.07 (mean ± standard deviation, n
= 3) × 106 cells ml−1 which is approximately 26%
of that at 300 mOsm kg−1. Antibody production was
also decreased at 150 mOsm kg−1, but to a lesser ex-
tent. The maximum antibody concentration obtained
at 150 mOsm kg−1 was 31.27 ± 0.35 µg ml−1 which
is approximately 90% of that at 300 mOsm kg. This
result implies that hypoosmotic pressure, like hyperos-
motic pressure (Ryu et al., 2000), enhances qAb. The
qAb at 150 mOsm kg−1 was 31.93±3.15 µg 10−6 cells
day−1, which is 128% higher than that at 300 mOsm
kg−1. Thus, hypoosmotic pressure induced by NaCl
subtraction suppresses the growth of CS13∗–1.0 cells
while it increases their qAb. The µ, maximum viable
cell concentration, qAb, and maximum antibody con-
centration at various osmolalities are summarized in
Table 1.

Glucose and lactate concentrations were measured
during the culture. Glucose utilization was accompan-
ied by a corresponding accumulation of lactate (data
not shown). Like qAb, both qglc and qlac was also in-
creased at hypoosmolalities. Because these metabolic
rates increased to a similar extent, the ratio of lact-
ate produced to glucose consumed, Ylac/glc, did not
change significantly regardless of osmolalities. The
qglc, qlac, and Ylac/glc were also summarized in Table 1.
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Figure 4. The ratio of Ig mRNAs to total cytoplasmic RNA. (�) heavy chain; (�) light chain. To get Ig mRNA/total RNA, the relative Ig
mRNA level (on a per-cell basis) was divided by the relative total RNA (on a per-cell basis) at corresponding osmolalities.

Dry cell weight (DCW) and total intracellular protein
content

To determine DCW and total intracellular protein con-
tent, cells in the mid-exponential phase of growth were
sampled from batch cultures with various osmolalities.

Figure 2 shows DCW and intracellular protein
content at various osmolalities. When subjected to hy-
poosmotic pressure, DCW was increased. The DCW
at 150 mOsm kg−1 was 520.53±2.32 µg 10−6 cells
which is 76% higher than that at 300 mOsm kg−1.
The changes in intracellular protein content caused by
hypoosmotic pressure were similar to those in DCW.
Thus, the ratio of intracellular protein to dry cell
weight remained almost constant at 0.70±0.06.

Total cytoplasmic RNA and Ig mRNA levels

To understand the effect of hypoosmotic pressure on
qAb of rCHO cells at the basic cellular levels, possible
changes in Ig mRNA levels caused by hypoosmotic
pressure were examined. Cells in the mid-exponential
phase of growth were sampled from batch cultures
with various osmolalities.

Total cytoplasmic RNA content was measured at
various osmolalities. No gross degradation of RNA
was detected by an electrophoretic method utilizing
formaldehyde (data not shown). When subjected to
hypoosmotic pressure, total cytoplasmic RNA was

increased. At 150 mOsm kg−1, the total cytoplas-
mic RNA content was increased by 140%, compared
with that at 300 mOsm kg−1. Total cytoplasmic RNA
content at various osmolalities are summarized in
Table 2.

To determine the relative levels of HC and LC
mRNAs in the total cytoplasmic RNA, Northern blot-
ting analyses were carried out. Equal amounts of total
cytoplasmic RNA were electrophoresed. The total
cytoplasmic RNA of exponentially growing DG44
cells was used as a negative control.

Figure 3 shows the autoradigrams obtained as a
hybridization of HC and LC probes to the total cyto-
plasmic RNA. DG44 cells used as a negative control
did not show any detectable hybridization signal. On
a per-total cytoplasmic RNA basis, the HC mRNA
level was kept almost constant, and the LC mRNA
level was slightly increased at hypoosmolalities. Thus,
hypoosmotic pressure did not induce preferential tran-
scription of Ig mRNAs. When the relative mRNA
levels were calculated on a per-cell basis, the relat-
ive HC and LC mRNAs levels at 150 mOsm kg−1

were increased by 162 and 183%, respectively. This
result suggests that the enhanced qAb of CS13∗–1.0
cells subjected to hypoosmotic pressure mainly resul-
ted from the increase in total RNA pool. The relative
transcription levels of HC and LC of cells in the ex-
ponential phase of growth are also summarized in
Table 2.
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Figure 5. The relationship between relative transcription level of Ig mRNA and relative qAb. (�) heavy chain; (�) light chain.

Discussion

Hyperosmotic pressure, which can be induced by addi-
tion of cheap salts to media, has been suggested as an
economical solution to increase antibody production
in rCHO cell cultures. When subjected to hyper-
osmotic pressure, rCHO cells displayed increased
qAb and decreased µ. Furthermore, transcriptional
regulation was found to be responsible in part for
qAb enhancement of rCHO subjected to hyperosmotic
pressure.

While much work have been performed on the ef-
fect of hyperosmotic pressure on rCHO cells, there
are, to date, few reported studies on the effect of
hypoosmotic pressure on rCHO cells. In an effort to
increase antibody production from rCHO cells, the
physiological response of rCHO cells (CS13∗–1.0) to
hypoosmotic pressure resulting from NaCl subtraction
from media was investigated.

Like hyperosmotic pressure, hypoosmotic pressure
also increased qAb and decreased µ of rCHO cells.
This response of rCHO cells in regard to qAb is in
contrast with that of hybridoma cells. When subjected
to hypoosmotic pressure, S3H5/γ 2bA2 and DB9G8
hybridomas did not display enhanced qAb at hypo-
osmotic pressure (Ryu and Lee, 1997). Thus, the
response of mammalian cells to hypoosmotic stress in
regard to qAb appears to vary among cell lines.

Dry cell weight of CS13∗–1.0 cells increased at
hypoosmotic pressure. This increased cell biomass at
hypoosmotic pressure may be due to the enhanced
transport of nutrients, particularly amino acids, as at
hyperosmotic pressure (Christensen, 1984; Oh et al.,
1993, 1995). Thus, feeding of excess nutrients into
the cells could lead to an increase in total cytoplasmic
RNA, cellular protein, and cell mass. This increased
cell mass may influence the way that specific meta-
bolic rates are interpreted, because these rates are
calculated based on cell numbers, not based on cell
mass. When the medium osmolality was decreased
from 300 mOsm kg−1 to 150 mOsm kg−1, qAb of
CS13∗–1.0 cells was increased by 128%. On the other
hand, total cytoplasmic RNA, intracellular protein and
DCW was increased by 140, 44, and 76%, respect-
ively. Thus, it is likely that increased total cytoplasmic
RNA is primarily responsible for enhanced qAb.

The detailed mechanism of enhanced qAb resulting
from hypoosmotic pressure has not been investigated
at the transcription level. As shown in Figure 4, the
hypoosmotic pressure did not substantially change the
ratio of Ig mRNAs to total cytoplasmic RNA, sug-
gesting that the hypoosmotic pressure did not induce
preferential transcription of Ig mRNAs. Thus, the
enhanced qAb resulting from hypoosmotic pressure
could be achieved primarily because the increase in
total RNA pool lead to the increased transcription of Ig
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mRNA. This relationship between transcription levels
of Ig mRNAs and qAb is shown in Figure 5.

The rCHO cells could grow at 200 mOsm kg−1 and
displayed enhanced qAb. This result suggests that the
potential use of hypoosmolar medium in a fed-batch
culture in order to maximize cell culture longevity.
The culture longevity in a fed-batch culture is of-
ten limited by the elevated medium osmolality caused
by repeated nutrient feeding (Bibila and Robinson,
1995; Bibila et al., 1994). Although S3H5/γ 2bA2
hybridoma cells did not show enhanced qAb at hypo-
osmotic pressure (Ryu and Lee, 1997), the use of hy-
poosmolar medium as an initial medium in fed-batch
culture improved culture longevity of S3H5/γ 2bA2
hybridoma cells, resulting in a substantial increase
in the final antibody concentration. Accordingly, it is
likely that the use of hypoosmolar medium improves
the culture longevity in a fed-batch culture of rCHO
cells and thereby, increases the antibody production.

In conclusion, when subjected to hypoosmotic
pressure, rCHO cells (CS13∗–1.0) displayed de-
creased µ and increased qAb. At hypoosmotic pres-
sure, the extent of increase in total cytoplasmic RNA
content was similar to that in qAb. In addition, the
hypoosmotic pressure did not induce preferential tran-
scription of IgG mRNAs. Thus, the enhanced qAb
subjected to hypoosmotic pressure is primarily due to
the increased total cytoplasmic RNA pool.
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