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Fig. 3. The results of pairwise comparison in level 2 (functions required for the bioreactor).

Jjudgments were based on the results of referenced papers
[11-27]. We set up the five criteria in third level. How-
ever, limited information was available in some criteria (i.e.
the information related safety, scalability and handling were
limited) because of the limitation of original results in the
references. In this third level comparison, we performed the
pairwise judgment based on these “limited” information.
Therefore, the results of criteria included relative and tem-
porary assessments, Table 3 shows the overall judgment re-
sults of these pairwise comparisons. Almost all the CR val-
ues were below 0.1 except safety and mimicking liver func-
tions in panelist 3. Therefore, these weight value were not
consistent. For the criterion of “safety,” the capillary net-
work hollow fiber, which has actually been used for human
patients, showed the highest rating value. For “scalability”
and “cell growth environment,” the radial flow bioreactor
and “Cygnus,” which have showed good performance in in-
dustrial mammalian cell culture processes, had good scores

Table 2
Rankings for level 2 criteria
Criterion Weight

Panelist | Panelist 2 Panelist 3
Safety 0.439 0.404 0.662
Scalability - 0.043 0.044 0.13%
Cell growth environment 0.135 0.139 0.054
Mimicking liver finctions 0.118 0.122 0.038
Handling 0.265 0.291 0.167
CR 0.050 0.032 0.131

in panelists 1 and 2. On the other hands, panelist 3 eval-
uated that the MC-PUF/spheroid had a good performarice
of scalability. “Mimicking native liver functions™ is a most
impeortant consideration for the replacement of a real liver.
The MC-PUF/spheroid module, which showed superior per-
formance for spheroid formation and maintenance, was the
most suitable reactor for mimicking liver functions in pan-
elists 1 and 2. For evaluation of handling, panelists 1 and 2
thought that the radial flow reactor and Cygnus were good
petformance for handling though the panelist 3 evaluated
that the only Cygnus was convenient.

The conclusions as to the final overall rankings of the
BAL systems in panelists 1 and 2 are shown in Fig. 4. The
capillary network hollow fiber is the best selection for a
BAL system, but the radial flow and Cygnus bioreactors
had comparable scores in panelist 1. In panelist 2, ranked
the radial flow bioreactor to the best one but the capillary
network hollow fiber and Cygnus had comparable scores.
In this comparison, we assume use of the same porcine hep-
atocytes. The AHP method can be expanded for selection
of a suitable BAL system containing different types of cells
also determined by using the AHP method. Recently, a vari-
ety of suitable materials has been developed for hepatocyte
scaffolds to support liver functions [28]. The evaluations of
these novel scaffolds should be included in future. In this pa-
per, the ranking of evaluation criteria shown in Table 3 was
similar between panelists. However, the reactor evaluation
varied with panelists. In order to conclude the various points
of view in the pairwise evaluation, it is necessary to organize
the “panel expert members” who had various backgrounds
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Table 3

Overall results for pairwise comparison m level 32

(1) Safety (2) Scalability (3) Cell growth (4) Mimicking (5) Handling
environment liver functions

Collagen entrapped hollow fiber Panelist 1 0.037 0.047 0.041 0247 0113
Panelist 2 0.037 0.047 0.041 0.247 0.113
Panelist 3 0.04 0.031 0,041 0.249 0.037

Capillary network hollow fiber Panelist ] 0.364 0.207 0.086 0.107 0.102
Panelist 2 0.364 ¢.207 0.086 0.115 0.102
Panelist 3 0.609 0.139 0.041 0.289 0.042

Radial flow reactor Panelist 1 0.075 0.391 0.409 0.14 0.326
Panelist 2 0.075 0.391 0.409 0.143 0.326
Panelist 3 0.072 0.158 0.206 0.206 0.177

MC-PUF/spheroid Panelist 1 0.122 0.08 0.132 0.303 0.074
Panelist 2 0.122 0.08 0.132 0.281 0.074
Panelist 3 0.068 0.492 0.289 0.145 0.089

Packed-bed with PVF Panelist 1 0.261 0.115 0.12 0.091 0.149
Panelist 2 0.201 0.115 0.12 0.098 0.149
Panelist 3 0.048 0.04 0.134 0.041 0.177

Cygnus Panelist 1 0.201 0.16 0.212 0.112 0.237
Panelist 2 0.201 0.16 0.212 0.115 0.237
Panelist 3 a.162 0.139 0.289 0.07 0.478

CR Panelist ] 0.073 0.079 0.054 0.083 0.078
Panelist 2 0.073 0.079 0.054 0.075 0.078
Panelist 3 0.124 0.066 0.074 0.16 0.067

 The results in CR > .1 are in italics,
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Fig. 4. Finat overall rankings of BAL systems using AHP method (pan-
elists 1 and 2).

(i.e. medical doctor, physician, surgeon, biclogist, chemical
engineer and so on). Using AHP methodology, it is possible
to conclude such various different evaluations into hierar-
chical constructed criteria. The AHP method should be an
appropriate tool for evaluating future BAL systems.

4. Conclusion

To develop a method of evaluation in tissue engineering
and regenerative medicine, we applied the AHP method to

evaluate tissue engineering reactors and different media. In
the case of reactor selection for a BAL system, we selected
five criteria and successfully ranked six BAL bioreactors
using the AHP method.
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Cytochrome P-450s (CYPs) are important biopolymers for the maintenance of cellular function. If

" metabolic activity of the CYP in the cells can be estimated, so can the function of metabolism,
which is closer to the organism. In this research, the method of measuring the drug metabolic acti-
vity inside the cell by making use of an electrochemical technique was examined. Human hepatoma
GS-3A4-HepG2 cells of which the cytochrome P-4503A4 (CYP3A4) drug metabolic activity is found
to be the same as that of primary hepatocytes were used in the experiment. The GS-3A4-HepG2
cells were cultured on an indium-tin oxide {(ITO} electrode until they became confluent. Substrate
testosterone and inhibitor ketoconazole of CYP3A4 were exposed to cells cultured on an ITO elec-
trode, and the reaction was observed by noting the electrochemical impedance measurement. Impe-
dance was decomposed into the resistance component and the reactance component, and each was
examined in detail. As a result, according to testosterone concentration change, there was a remar-
kable time change in the reactance component. A similar impedance measurement was done by
using human hepatoma HepG2 cells in which the drug metabolic activity had extremely decreased.
Nevertheless, no time change in the reactance component that was noticed in G5-3A4-HepG2 cells
was observed. Next, the amount of metabolite in the solution after impedance measurement was
measured by means of liquid chromatography-tandem mass spectroscopy (LC-MS/MS). In the
experiment with GS-3A4-HepG2 cells, a testosterone conceniration-dependent correlation was
observed between the reactance component change and the amount of metabolite. But, in the impe-
dance measurement by ketoconazole, the change in reactance components was not observed in
either the GS-3A4-HepG2 cells or the HepG2 cells. Ketoconazole and the heme iron in CYP3A4
effect the coordination bond, but ketoconazole was not metabolized by CYP3A4. It was confirmed
that the time change in the reactance component which was caused by the testosterone was detected
neither in the cells that take up the substrate, nor in the coordination bond between the CYP
enzyme and the drug. Therefore, the time change in the remarkable reactance component observed
by this electrochemical impedance measurement is dependent on drug metabolic activity. An elec-
trochemical drug metabolic activity measuring method with the human hepatoma GS-3A4-HepG2
cells was able to be established. Copyright © 2004 John Wiley & Sons, Ltd.

KEYWORDS: bioengineering; biomaterials; electrochemistry; sensors; cytochrome P4503A4(CYP3A4)

INTRODUCTION

Cytochrome P-450s (CYPs) are hemoprotein enzymesand are
important biopolymers for the maintenance of cellular fune-
tion. CYPs play a significant role in important biochemical
processes, such as vitamin D; activation'™ and steroid hor-
mone biosynthesis and degradation.*” They are also impor-

*Correspondence to: N. Negishi, Graduate School of Medicine,
Shinshu University, 3-1-1 Asahi, Matsumoto, Nagano 390-
8621, Japan.

E-mail: negishi@sch.md.shinshu-u.acjp

tant for the oxidative metabolism of xenobiotics®” and for
drug metabolism.>® CYPs play an active part when the
heme iron inside the enzyme receives the electron, and the
CYP redox cycle catalyzes the mono-oxygenation reaction
of the drug. CYPs are therefore heme-containing mMono-oxy-
genases.'’

It is important for pharmacological and toxicological
evaluation to measure the energy of binding of drugs to
CYPs and/or the metabolic activity of CYPs. Various
methods have been tried and assessed in order to detect
these reactions. When CYPs show drug metabolic activity,

Copyright © 2004 John Wiley & Sons, Ltd.



PAT

the excitation wavelength of the heme iron in the enzyme
shifts from 412 to 390 nm due to bonding of the drug to the
heme iron. In addition, the energy level of the heme iron
changes from 340 to 170 meV after connection of the substrate
to the heme iron.'’"'* These reactions can be measured
optically. Moreover, there are other methods to measure
metabolic activity indirectly by determining the amount of
metabolite. For instance, metabolite quantity has been
measured by means of high performance liquid chromato-
graphy (HPLC) analysis,**° and inhibitory effects of various
compounds on CYPs have been assessed by using fluoro-
metric substrates.'® However, these methods entail compli-
cated processes and it takes a long time to obtain the results.
In addition, the method to monitor the energy level of the
heme iron cannot determine whether the metabolite was
generated or not, while the method to measure the amount of
metabolite cannot directly evaluate the metabolic activity of
CYP.

In a number of studies, the drug activity of an enzyme
placed on an indium-tin-oxide (ITO) electrode was measured
electrochemically to test receipt of the electron of the enzyme,
because metabolic activity increases when the heme iron in
the CYP receives the electron.'”~*® The CYP redox reaction
was then measured by means of cyclic voltammetry (CV} and
the changes in measurement were related to enzymatic
activity of CYP.”” CV measurement can analyze this enzy-
matic activity as a single unit, but it is difficult to obtain
information related to enzymes which are relatively close to
the vital reaction. Thus, metabolic activity measurement by
means of cells has been researched, because cells possess the
sequential function of metabolism which is closer to the
organism than to the single enzyme unit.>*=2 The cell is a
complex which contains all the conditions required for drug
metabolic reaction of CYPs. If metabolic activity of the CYP in
the cell can be estimated, so can the function of metabolism,
which is closer to the organism. However, there have been no
reports to indicate that the changes in enzyme activity inside
the cell can be measured.

In the study reported here, electrochemical techniques,
which have many advantages, such as simple and easy
procedures and a low error margin as a result of multi-
plication, were used to develop a method for detecting the
CYP redox reaction inside the cell. G5-3A4-HepG2 cells from
a human hepatoma,” which have the same cytochrome
P-4503A4 (CYP3A4) activity as the primary hepatocyte, were
used for the measurement. The reaction between testoste-
rone, which is the substrate of CYP3A4, and GS-3A4-HepG2
cells was investigated by comparing the electric parameters.
The substrate testosterone is used as the most general reagent
to evaluate the activity of CYP3A4. Therefore GS-3A4-HepG2
cells were exposed to the testosterone cultured in the
confluent monolayer on an ITO electrode, and the physico-
chemical changes inside the cells were identified with the
electrochemical impedance method. If the information
obtained with this method does not only effect monitoring
of the morphological changes in the cells, but can also
monitor the metabolic reaction of CYP3A4 in the cells and the
drug in real time, it can be expected to be effective for the
development of new medicines. By applying the impedance
measuring method used in electrochemistry, it was possible

Copyright © 2004 John Wiley & Sons, Ltd.
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to show that the detection of physico-chemical changes inside
the cells is achievable.

EXPERIMENTAL

Chemicals and reagents

The RDF (HO} culture medium extracts glutamine and
glucose from the mixed culture medium of RPMI1640:
DMEM:F12=2:1:1 which was purchased from Wako Pure
Chemical Industries, Ltd. Dulbecco’s modified Eagle’s med-
ium (DMEM) was purchased from SIGMA. PSN Antibiotic
Mixture (PSN) was purchased from GIBCO. The Leibovitz's
L-15 Medium (L-15) of the CO, non-dependent culture med-
iurm was purchased from GIBCO, Sterile Foetal Bovine Serum
(FBS) was purchased from MoreGate. Testosterone was pur-
chased from Wako Pure Chem. Ketoconazole was purchased
from Daiichi Pure Chemicals Co., Ltd. Dimethylsulfoxide
{DMSO) was purchased from Daiichi Pure Chemicals Co.,
Ltd. Penicillin G Sodium Salt and Streptomycin Sulfate
were purchased from Wako Pure Chemical Industries. Zeo-
cin was purchased from Invitrogen. Glucose and NaHCO,
were purchased from Dafichi Pure Chemicals Co., Ltd.
Glutamine was purchased from GIBCO.

Electrode preparation and measuring apparatus
The core components of the experimental apparatus are the
impedance measurement container shown in Fig. 1{A). The
principal components of the impedance measurement con-
tainerare the ITO electrode and the cloning ring made of glass
in the form of a cylinder. The ITO sheet glass (30 cm x 30 cm)
was purchased from the Nippon Sheet Glass Co., Ltd and it
was cut into 1.5 cm x 1.5 ¢ size pieces and used as ITO elec-
trodes. The cylindrical cloning ring with an external diameter
of 1.2 em, an inside diameter of 1 cmand a height of 1 cm (pur-
chased from IWAKI) was arranged at the center of the elec-
trode side where ITO was evaporated. The cloning ring and
ITO electrode were fixed with epoxy adhesives. Conse-
quently, the impedance measurement container had a base
area of 0.785cm” and a volume of 0.785 cm®, Conductivity
and visibility are securable enough by using an ITO electrode
for cells adhesion portion. Verifying that the ITO electrode
and the cloning ring had adhered completely, the impedance
measurement container was sufficiently washed by ultraso-
nic cleaning and sterilized by the usual autoclave technique.
The electrode compoesiion used the three-electrode
method most generally used for electrochemistry measure-
ment.”""? An ITO electrode at the bottom of an impedance
measurement container was used as a working electrode, and
it was connected to the measurement machine by means of a
platinum wire 1 mm in diameter. The cells were cultured on
this'ITO electrode. For the reference electrode and counter
electrode 1 mm diameter platinum wires were used, respec-
tively. In order to increase the surface area and to keep the
distances from the reference electrode equal, the counter
electrode was processed circular with a 64mm inner
diameter, as shown in Fig. 1(A), and was arranged with the
reference electrode at the center. Moreover, each electrode
was fixed in position with a cork made from silicone for good
insulation so that the distances between the ITO electrode
and reference electrode and counter electrode could be kept

Polym. Adv. Technol. 2004; 15: 232-243
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Figure 1. (A) Schematic drawing of the impedance measurement container.
Details of container construction are given in Experimental section. {B)
Experimental apparatus for recording impedance data. A measuring container
as shown in (A} is fixed on a small metal tabls with a built-in plastic electrode
holder that serves to contact the platinum electrodes. The elactrodes are
connected to the impedance meter (3532-80). To apply the substances under
study, a sterife syringe is used to add the medium above the cell layer with
minimal mechanical or thermal disturbance.

at 0.5mm and 1.0mm, respectively. During an experiment
the impedance measurement container was placed in a 37°C
incubator in atmosphere. The incubator was placed near
the impedance meter to minimize parasitic effects of the
connecting ¢ables {(Fig. 1B), The impedance measurement
container was fixed in position on the metal stand. Fach
electrode was connected to the equipment with a sui-
table metallic clip. The syringe shown in Fig. 1(B) was used
to administer the compounds suited to the cells under
investigation.

Cell culture

GS-3A4-HepG2 culture method

A human hepatoma GS-3A4-HepG2 cell line with CYP3A4
activity of same strength as the primary hepatocyte was
established by Omasa ef a.** GS-3A4-HepG2 cells were sus-
pended in the FBS solution to which was added 10% {v/v}
DMSO. The cells were cryopreserved at —150°C until use,
Just before use, the cryopreserved cells were thawed in a ther-
mostat water bath at a temperature of 37°C. The cells were

Copyright © 2004 John Wiley & Sons, Ltd,

seeded 3 x 10° cells/well in the impedance measurement
container (base area of 0.785 cm?), and were grown to conflu-
ence in a humidified incubator with 5% CO, at 37°C. The RDF
(HO) medium served as the culture medium and was supple-
mented with 10% (v/v) FBS, 2.576 g/1 glucose, 2g/1 NaH-
C0;3, 0.333g/1 glutamine, 58.8mg/1 penicillin G, 120ml1/1
streptomycin, and 0.2% {v/v) Zeocin and was used 500 pl/
well. The culture medium was changed every 12 hr, and the
morphology of the cells was observed by means of a micro-
scope. The impedance measurement container in which the
cells on the ITO electrode proliferated to confluence was
used for the impedance measurement. In order to keep the
condition of the cells constant, the culture medium was chan-
ged to 500 ul of supplemented RDF (HO) culture medium as
described earlier, but without FBS, 12 hr before measurement
started.

The HepG2 culture method

The human hepatoma HepG2 cells were purchased from
GENTEST, and were preserved and cultivated like the G5-
3A4-HepG2 cells, but the DMEM served as the culture and

Polym. Adv. Technol, 2004; 15: 232-243
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was supplemented with 1% (v/v} PSN and 10% (v/v) FBS.
Moreover, 12 hr before the start of measurement, the culture

medium was changed to the earlier mentioned supplemen-
ted DMEM without FBS.

Impedance measurement and data analysis

The whole system image is shown in Fig. 1(B}. A HIOKI 3532-
80 Chemical Impedance Meter (HIOKI EE. Corporation,
Japan} was used for the electrochemical impedance measure-
ment. The apparatus was controlled by a computer to RS-
232C communication and the frequency was changed from
100Hz to 1MHz, and the impedance modulus Z and the
phase-shift & between the voltage and current were mea-
sured. .

The output terminal voltage of the apparatus was set at
40 mV as the excitation signal ensuring an adequate signal-to-
noise ratio and minimal disturbance of the system. On each
measurement frequency, two measured values were aver-
aged. Measuring speed was set to slow and increased
measuring accuracy. When such a data set was measured,
sweeping the frequency from 100Hz to 1MHz, took about
1min. The measurement interval for each frequency was
adjusted to 2 min, Impedance Z is a vector. The impedance Z
for each frequency was decomposed into the resistance
component (R) and the reactance component (X) by using the
phase-shift 6, and each component was evaluated. Fach
component, Z, Rand X was evaluated as a percentage of ratio
of the standard value based on each measurement just after
addition of the drug (time: #=0) and each measurement at
elapsed time (). Thereby, external error factors, such as
contact resistance at the electrode connection and/or the
amount of error due to addition of the sclution ete., could
cancel out, and minute cell changes could be measured with
sufficient sensitivity. A new impedance measurement con-
tainer was used for each measurement. The reference
electrode and the counter electrode were washed by
ultrasonic cleaning for 15 min before starting measurements,
and error due to impurities adhering to the elecirodes was
kept to a minimum. All data were measured five imes or
more for every drug conceniration and every baich of cells,
respectively, and the average was recorded.

CYP3AA4 substrate testosterone reaction
experiment

Both G5-3A4-HepG2 cells and HepG2 cells were subjected to
electrochemical impedance measurements, Substrate testos-
terone was dissolved to a 100 mM concentration in DMSQ in
advance and was kept at —20°C until used. The stock solution
was thinned to L-15 culture medium immediately before the
experiment. The impedance measurement container in
which cells on the ITO electrode proliferated to confluence
verified by microscopy was used for the impedance measure-
ment.

The culture medium was changed to FBS additive-free L-15
medium 200}, 2hr before measurement. The impedance
measurement container was moved to the inside of the in-
cubator, and a reference electrode and counter electrode were
positioned. Each electrode was connected to the impedance
meter, and measurement was done without drug addition for
2hr until the measured value was stabilized in a humidified

Copyright © 2004 John Wiley & Sons, Ltd.
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incubator in atmospheric CO; at 37°C. After verifying that the
measuring system had stabilized sufficiently, testostercne
was dissolved in the L-15 medium so that the final density
might become 300, 150, 75, 50 and 0 uM (only DMSQ 0.3% v/
v), respectively. To apply the substrate under study, a sterile
syringe is used to add 200 ul of the medium above the cell
layer and the testosterone was exposed to the cells. The
reaction between the substrate and cells was measured for
2hr, and the amount of the last solution used was 400 pl. In
each experiment, the final DMSO concentration in the
medium was fixed at 0.3% (v/v).

CYP3A4 inhibitor ketoconazole

obstruction experiment

Both GS-3A4-HepG2 cells and HepG2 cells were subjected to
electrochemical impedance measurements. The inhibitor
ketoconazole was dissolved to a 100mM concentration in
DMS0 in advance and was kept at —20°C until used. The
stock solution was thinned to L-15 culture medium immedi-
ately before the experiment. The impedance measurement
container in which cells on the ITO electrode proliferated to
confluence verified by microscopy was used for the impe-
dance measurement.

The culture medium was changed to FBS addifive-free L-15
medium 200 pl, 2hr before measurement. The impedance
measurement container was moved to the inside of the in-
cubator, and the reference electrode and counter electrode
were positioned. Each electrode was connected to the’
impedance meter, and measurement was done without drug
addition for 2 hr until the measured value was stabilized in a
humidified incubator in atmospheric CO, at 37°C. After
verifying that the measurement system had stabilized
suffidently, inhibitor ketoconazole was dissolved in the L-
15 medium so that the final densities might become 3, 1.5,
0.75, 0.3 and 0 puM (only DMSO 0.3% v/v), respectively. To
apply the inhibitor under study, a sterile syringe is used to
add 200pl of the medium above the cell layer and the
ketoconazole was exposed to the cells, The reaction between
the inhibitor and cells was meastred for 2 hr, having used
400 pl of the last solution. In each experiment, the final DMSO
concentration in the medium was fixed at 0.3% (v/v).

Testosterone metabolite verification experiment
with LC-MS/MS

After the impedance measurement, 400 1] cold methanol of
the same quantity as the measured solution was added and
the metabolicreaction was stopped. After sufficient agitation,
all the measured solutions were gathered. Impurities were
precipitated by centrifugation at 15500 x g for 10 min, The
supernatant fluid was extracted and the amount of 6-8-
hydroxy testosterone that is a testosterone metabolite was
immediately analyzed by liquid chromatography-tandem
mass spectroscopy (LC-MS/MS). For metabolite mass
spectroscopy verification an Applied Biosystems-MDS Sciex
API 3000 triple quadrupole mass spectrometer equipped
with a turbo ion spray source working in the positive jon
mode was used. The column for HPLC was a Develosil
ODS-HG-3 (inner diameter 2mm x length 50 mm, particle
diameter 3pM) manufactured by Nomura Chemical Co.,
Ltd. The running buffer consisted of 0.1% acetic acid in water.
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The gradient buffer was 100% methanol. The proportion of
gradient buffer increased linearly from 10 to 90% of the eluate
in 15 min. Aliquots of 10 ul of each sample were loaded onto
the column. The column temperature and flow rate were 40°C
and 300 ul/min, respectively. The metabolite and their inter-
nal standard were detected by means of multiple reaction
monitoring (3053 —+269.0 for 6-p-hydroxy testosterone)
operated in a positive ion mode.

RESULTS

General considerations
When the GS-3A4-HepG2 cells and the HepG2 cells were
seeded in the impedance measuring container, the cells

PAT

adhered in 3 hr. After that the respective cells continued pro-
liferation. Moreover, the GS-3A4-HepG2 cellsand the HepG2
cells became confluent in up to 48 and 32 hr, respectively.
Although the cells were observed with the microscope, mor-
phological cell death inside the impedance measurement
container was not observed. And either cell culture for
160 hr or more was possible on the ITO electrode. Morpholo-
gical changes before and after the impedance measurement
were evaluated, and after impedance measurement, the rate
of survival of the cells was confirmed by trypan blue dyeing
assay. Figure 2 shows micrographs of GS-3A4-HepG2 cells
and HepG2 cells. Figure 2(A) and 2(F) are the micrographs
before measurement. The micrographs after impedance mea-
surement with a substrate testosterone concentration of

Figure 2. Momphology of GS-3A4-HepG2 cells {A-E) and HepG2 cells (F-J)
before and after impedance measurement, And the trypan blue dyeing assay for
the cells survivability check atter impedance measurement. {A, F) Before impedance
measurement; (B, G) after 300 uM testosterone measurement; (C, H) trypan
blue dyeing assay after testosterone measurement; (D, 1) after 3uM ketoconazole
measurement. (E, J) trypan blue dyeing assay after ketoconazols measurement.
The morphological changes in the drugs and in voltage were not ascertained, and
the cell death after measurement was not confirmed either Magnification x 200.

Copyright © 2004 John Wiley & Sons, Ltd.
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150 uM are shown in Fig. 2(B) and 2(G), and the micrographs
obtained with trypan blue dyeing assay after measurement
are shown in Fig. 2(C) and 2(H). The micrographs after impe-
dance measurement with an inhibitor ketoconazole concen-
tration of 1.5uM are shown in Fig. 2(D) and 2{I), and the
micrographs obtained with trypan blue dyeing assay after
measurement are shown in Fig. 2(E) and 2(J). Figure 2 shows
that the cells had few morphological changes after the impe-
dance measurement, and almost all cells which survived
were shown by trypan blue dyeing assay. These result
show that neither the electric stimulus by impedance mea-
surement nor the drug stimulus caused morphological
changes in the cells or affected cell viability.

In electrochemical impedance measurement, the selection
of measurement frequency is important. If a measurd
frequency which is sensitive to the change inside the cell is
found, high sensitivity measurement is possible at that
frequency. To find a sensitive frequency, the testosterone
was added and the time course change in impedance Z,
resistance R and reactance X were measured with an
impedance measurement container where the GS-3A4-
HepG2 cells are cultured in confluence. As a comparison,
similar measurements were done with an impedance
measurement container in which the cells were not cultured.
In both cases the L-15 medium serves as the bulk electrolyte.
Concerning each of the earlier mentioned components,
measurement A(f=0hr) [where A is either Z, R or X] just
after the drug addition was designated as standard at every
frequency. TA(f =2hr) = %}Eﬁ%}was defined as having used
the measurement 2 hr after drug addition as A(f=2hr) and
was compared with the presence of the cells. Impedance Z
and resistance R, tZ(t =2hr) and tR(t = 2 hr} hardly change
regardless of the existence of cells. Atalmost every frequency
there was a fixed value (data not shown)}, but at reactance X,
©X(#=2hr} frequency dependence was greatly changed by
the cell cultured impedance measurement container. Figure 3
shows the 7X(t=2hr} change according to the existence of
cells at each frequency. When substrate testosterone was
added when there were no cells, there was no time course or
frequency dependence change in tX(f==2hr). In the condi-
tion with GS5-3A4-HepG2 cells, tX(f=2hr) was increased
greatly by the frequency band centered on a frequency of
100kHz. The amount of change was about 7% at the
maximum. Consequently, measurement frequency was
determined as 100kHz because the change in tX(t=2hr)
reaches its maximum. From these results, X(#) obtained from
reactance X was used for measurement evaluation.

Substrate metabolism reaction experiment

The time course change in zX{#) caused by the reaction of G5
3A4-HepG2 cells and substrate testosterone is shown in
Fig. 4(A). The horizontal axis shows the time course for 2 hr
from just after the addition of testosterone. The vertical axis
shows tX(t). Figure 4(A) shows that addition of a testosterone
concentration of 0 pM (selution only of DMSO (0.3% v/v)
which is the solvent for substrate dissolution) is increasing
7X(t) from just after substrate addition at an almost fixed
rate. But when the substrate testosterone was added, another
change in X(t) was observed. tX(f) increases like the testos-
terone 0 pM reaction for 10min after testosterone addition

Copyright © 2004 John Wiley & Sons, Ltd.

Metabolic activity of cells monitored by impedance measurement 237

1.08
107 +
1.06 T

—+—with cells
~o—without cells

105 T
1.04 +
1.03 1
102 1
1.01 4
1.00 ¥ oo ooesomgg
0.99 +

0.98 T S DTV R P
1.0E+02 1.06+03 1.0E+04 1.0E+05

frequency(Hz)

T X(t=2h)

1.0E+08

Figure 3. Time dependent typical tX{t=2hr) spectrum of
an ITO electrode covered with a confluent monolayer of GS-
3A4-HepG2 cells and of an [TO electrode not covered with
cells. When substrate testosterone was added in the
condition without cells, thers was no time courss or frequency
dependence change in tX{t=2 hr), Whereas the presence of
the cell layer was indicated by the change in 1 X{t=2hr) in the
frequency band centered on 100 kHz.

regardless of the substrate density. After that, 7X(f} shows
reactions according to the concentration of testosterone for
60 min.

In order to compare the time change in zX{#) at each
testosterone density, the testosterone concentration 0puM is
designated as the standard. It appeared that the change in
7X(#) according to the concentration of testosterone reached
the maximum at 40 min after adding the substrate. Then, as
shown in Fig. 4(A), tX{#) at each testosterone concentration
40min after substrate addition is considered. tX(®) at a
concentration of 0 pM is set to 10X, and =X{(f) at each
concentration is set to taX. AtX = |70X — +aX| is defined
using these.

The change in tX(#) at each concentration is confirmed. The
tilt angle of zX(f) became gradual at a substrate density of
50 pM compared with 0 uM. ArX between these concentra-
tions was 0.016. At a substrate concentration of 75 uM, 1X(#)
decreased gradually with ime and AtX was 0.023. Moreover,
with 150 and 300 pM, the reduction in £X(t) became more
intense and AtX was 0.041 and 0.048, respectively. In
addition, at 300 uM, ArX reached a maximum in 40 min.
After that the same AtX value was maintained for approxi-
mately 20min. When 60min or more had passed since
substrate testosterone was added, «X(#) increased gradually
at any substrate concentration. As a result, it was observed
that ArX was multiplied according to the increasein substrate
testosterone density. But, at testosterone concentrations of
150 and 300 pM, the values for ArX were 0.041 and 0.048,
respectively. Although the testosterone concentration was
doubled, AzX was not greatly multiplied.

Each measurement solution was extracted and refined
after the impedance measurement was terminated, and the
amount of 6-8-hydroxy testosterome that was a metabolite of
testosterone was confirmed by means of LC-MS/MS. A ratio
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Figure 4. Time course change in tX(f) caused by the reaction of (A) (GS-3A4-HepG2
cells and (B) HepG2 cells when the cells were treated with 300, 150, 75, 50 and 0 uM {onty
DMSO 0.3% (v/v)) substrate testosterone. The horizontal axis shows tha time course for
2hr from just after the addition of testosterons. The vertical axis shows TX{t). AzXis the
difference between the z0X{40min) for OuM testosterone density and teX(40 min) for

each testosterone density at 40 min.

of the amount of 6-f-hydroxy testosterone in each concentra-
ton that was standardized to the amount of metabolite in
50 pM is shown in Fig. 5. Figure 5 shows that the amount of 6
B-hydroxy testosterone has increased according to the
increase in testosterone density. This tendency was observed

Copyright © 2004 John Wiley & Sons, Ltd.

up to a testosterone concentration of 150uM, and the
substrate density and the amount of metabolite proportion-
ally increased. But, between 150 and 300 uM, the amount of
metabolite was not proportionality related, and the tilt angle
decreased. AzX shown in Fig. 4(A) is plotted in Fig. 5. It
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Figure 5. The ratio of the amount of 6-8-hydroxy testoster-
one in each concentration that was standardized by the
amount of metabolism in 50 pM (@). The change in AzX ([1),
is shown in Fig. 4{A). The amount of testosterone metabolite
has increased as the testosterone concentration rises and
the same tendency was observed in AzX.

becomes a straight line as shown in Fig. 5. This shows a
similar change to the concentration dependent change in the
amount of metabolite. Therefore, a correlation between the
ArX impedance measurement and the amount of metabolite
obtained in the LC-MS5/MS experiment was confirmed.

A similar testosterone metabolism experiment was done
on HepG2 cells that have low drug metabolizing ability. As
shown in Fig. 4(B), but there was no change in ArX
accompanying the increase in the testosterone concentration
as shown in Fig. 4(A). tX(t} increased almost constantly at
every testosterone concentration. Next, each measurement
solution was extracted and refined, and the amount of
metabolite was measured by LC-MS/MS, but the metabolite
was not detected regardless of the testosterone concentration
(data not shown).

Ketoconazole inhibition experiment

The redox reaction of the heme iron originates after the coor-
dination bond of the substrates and the heme iron in the
enzyme, and the drug metabolic reaction by CYP3A4
progresses. The coordination bond of ketoconazole and the
heme iron in the enzyme is reversible, and the reaction after
the coordination bond hardly progresses.?® Then, the cells
were exposed to the inhibitor ketoconazole, and the change
in =X(f) was evaluated. If the same change as in the testoste-
rone experiment was observed, there would be a change in
zX(f) when monitoring the cells take up of a drug or/and
the coordination bond of the enzyme and the drug. However,
the same change was not observed, the change in tX(f) was
monitored for the drug metabolicreaction included the redox
reaction of the heme iron.

A time course change in tX{f) caused by the reaction of GS-
3A4-HepG2 cells and inhibitor ketoconazole is shown in
Fig. 6(A). The horizontal axis shows the time course for 2 hr
from just after adding ketoconazole. The vertical axis shows
1X{f). The time course change in X{#) when the ketoconazole

Copyright © 2004 John Wiley & Sons, Ltd.
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concentration is changed from 3 to 1.5, 0.75, 0.3 and O0pM is
shown in Fig. 6(A). The 7X{f) value increased at a constant
rate regardless of the ketoconazole concentration. No
remarkable concentration dependence change in zX{f} was
detected. Moreover, a similar inhibitor ketoconazole experi-
ment was conducted to examine the HepG2 cells. Figure 6(B)
shows the result. In this case no ketoconazole dependence
change in tX(¢} was detected at all.

DISCUSSION

When the G5-3A4-HepG2 cells were exposed to testosterone,
the time course change in tX{¢) was found to be concentration
dependent, and the correlation was confirmed to depend on
the increase in ArX and substrate concentration (Fig. 4A). The
cause of being assumed that the change in 7X{(#) detects the
alteration of the measurement solution composition by meta-
bolism. Nevertheless, tX{f} increased for about the first
10min regardless of the substrate concentration as shown
in Fig. 4(A). Afterwards X(t) decreased until 60 min depen-
dent on the substrate concentration. Thereafter X(f)
increased continuously at any density. The substrate density
decreases due to metabolism with the passage of time, and,
conversely, the amount of the metabolite increases with the
passage of time. The solution composition changein the med-
ium was only a unidirectional change with the passage of
time. Consequently a complex change in zX({t} in a short
time and a simple change in the measurement solution com-
position were unrelated. No remarkable change in the cells
was detected in microscopic observation and trypan blue
dyeing assay. Therefore, no morphological change or death
of cells caused by drug stimulus was found. And there was
no cell multiplication. And, as shown in Fig. 4(B), In the
experiment on HepG2 cells, no change in +X(f) according to
a change in the substrate concentration was observed, nor
in the experiment in which the cells were exposed to theinhi-
bitor ketoconazole (shown in Fig. 6), was a change in tX{)
with the change in the inhibitor concentration observed.
And also no change in the cells were observed under the
microscope after drug stimulation (for instance intracellular
or intercellular volume change, changes in cell adhesion,
etc.).

As shown in Fig. 5, up to a testosterone concentration of
150uM, AtX and testosterone density are proportionally
related. But at a testosterone concentration of 150 uM or more,
the increase in substrate density and AzX are not proportio-
nally related, but the inclination of A7X becomes weaker. The
amount of metabolite obtained in the LC-MS/MS experiment
was confirmed. Even in the metabolite measurement experi-
ment with the LC-MS/MS, up to a testosterone concentration
of 150 uM, the amount of metabolite and the testosterone
concentration have a proportional relationship, but above a
testosterone concentration of 150 pM, the amount of substrate
metabolite was saturated and the inclination of the metabolite
becomes weaker. Because these two results correspond, it is
seen that there is an interrelationship between ArX and LC-
MS/MS in the metabolic quantity.

For comparison, the same testosterone metabolite experi-
ment was done to observe the change in ArX by using HepG2
cells in which the drug metabolic activity was extremely
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Figure 6. The time course change in tX{f) caused by the reaction of (A) GS-3A4-
HepG2 cells and (B} HepG2 cells when the cells were treated with 3,1.5,0.7505and
0 M (only DMSO 0.3% (vAY) inhibitor ketoconazole. The horizontal axis shows the
time course for 2 hr from just after the addition of ketoconazole. The vertical axis shows
zX(t). Each cell change in tX{t) only increased regardless of the inhibitor ketoccnazole

density.

decreased. As Fig. 4(B) shows, no change in tX(t) depending
on the substrate concentration with the passage of time was
confirmed, and X{#) only increased at a fixed rate. Although
the amount of metabolite was measured by LC-MS/MS, no
metabolite was detected regardless of the substrate concen-

Copyright © 2004 John Wiley & Sons, Ltd.

tration {data not shown). This result leads to a correlation
between the change in AzX in impedance measurement and
the metabolite content measured by LC-MS/MS.

The main differences in the drug metabolism processes of
the GS-3A4-HepG2 cells and the HepG2 cells are the
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existence of the activity of CYP3A4. It was regarded that the
time course change in tX(t} depending on the substrate
testosterone density is based on the drug metabolic reaction
between the CYP3A4 enzymeand the substrate testosterone.
Therefore, the results of these experiments suggest that the
metabolicactivity of the cells depending on drug density can
be detected by the change in AtX according to the substrate
testosterone concentration. Specifically, the increase in AzX
is reflected in the increase in metabolic activity, and the
decrease in the ArX indicates a reduction in the metabolic
activity. Therefore, as shown in Fig. 5, it is expected that the
metabolic activity of the G5-3A4-HepG2 cells depends on
the drug density to the limit of metabolic capacity. Asuptoa
testosterone concentration of 150 uM, the cells respond to
the increase in drug density by increasing the metabolic
activity, which was detected by the change in ArX. And
substrate metabolism around the cells is completed at the
almost same time regardless of substrate density. The
change in tX(#) increases after about 40 min regardless of
the substrate density. This explains how all the substrate
testosterone around cells was metabolized in about 40 min
and the metabolic response was completed. So the metabolic
activity of the cells decreases. After all the substrate
testosterone around cells was metabolized and the meta-
bolic response was completed, tX(f) started to increase. This
can explain why tX(f) increases at every concentration after
40min. Moreover, at a substrate testosterone density of
300 uM, cell metabolic capability reaches its limit, Therefore,
the metabolism of the substrate around the cells was not
terminated in 40min and the metabolism continues for a
while. The change in ArX also reached its maximum in

(A)

culture mediym

extracellutar matrix
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40 min. The maximum level was maintained for 20 min after
that, and this portion may have detected metabolic
continuation.

The inhibitor ketoconazole bonds to the heme iron in the
CYP3A4 enzyme and inhibits enzyme revitalization. The
coordination bond between ketoconazole and the heme iron
in the enzyme is reversible, and the reaction after coordina-
tion bonding hardly progresses. If the same change as in the
substrate testosterone experiment is observed in the inhibjtor
ketoconazole experiment, there would be a change in tX(#)
when monitoring the cells take up of a substrate or/and
the coordination bond of the enzyme and the drug. But in
the present experiment, tX(f) increased af comstant rate
regardless of the ketoconazole concentration. No remarkable
concentration dependent change in tX(#) was detected.
Although the tX(f) of the HepG2 cells was also compared
by conducting the same experiment (Fig. 6B), no change in
7X(f) was detected, namely the zX(f) in both the GS-3A4-
HepG2 cells and the HepG2 cells was altered to almost the
same degree. Therefore, it was verified that tX{(t) was
detected neither in the cells that take up the substrate, nor
in the coordination bond between the enzyme and the drug,.
The results suggested that the change in tX(f) was monitored
in the drug metabolic reaction including the redox reaction of
the heme iron.

Next, the electrochemical implications of the measured
values are considered. Figure 7 shows an electrochemical
equivalent circuit in confluent cultured of the cell on the
electrode in this measurement, Microscopic observation of
this model (Figure 7(A)), shows complex equivalent circuits.
The electrical properties of the naked electrode in contact

(B)

Rec extracellular
resistance
R Cies
* ok coll layer
impedance

Figure 7. Equivalent circuit representations for the confiuent monclayer of GS-3A4-
HepG2 cells. {A) Microscopic equivalent circuit (Rouik: resistance of the L-15 medium; C,,

Gy, capacitanca of the apical (subscript a) or basal (subscript b) celi membrane; Z

neell

impedance of intracellular element; Ry, resistance of the tight jJunctions; Bggy, resistance
of extracellular matrix; Acpe, resistance due to a constant-phase element of the ITQ
electrode). (B} Macroscopic equivalent circult (R.., resistance of the extracellular
element; R, resistance of the intercellular element; Ci, capacitance of the cell

monolayer).
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with the bulk electrolyte are described by a series combina-
tion of a constant-phase element (CPE) that accounts for the
impedance associated with the electrode/electrolyte inter-
face,”***” and a resistance due to the conductivity of the bulk
medium (Ryup). The cells which were adhered to the
extracellular matrix (Rgen on the ITO electrode require
sotne additional impedance elements, an intracelludar impe-
dance(Zincen), cell membrane capacitors (C,, Cy), a resistor for
the tight junction (R;) arranged in complex combination, that
account for the electrical properties of the ceil?® In order to
detect minute changes in the ITO electrode with sufficient
sensitivity, a three-electrode method was used. Therefore, the
influence of the counter electrode and reference electrode
was negligible in this equivalent circuit. In this article the
focusing reaction was the intracellular metabolic response
between drugs and metabolism enzymes. Therefore, it is
necessary to pay attention to the parameter that penetrates a
cell membrane and changes with the influences of intracel-
lular disturbance. In macroscopic observation of the model
(Fig. 7B), the electrical properties of constant extracellular
resistance and cell layer impedance are shown by a series
combination. The constant properties of extracellular resis-
tance include a CPE, a bulk medium (Rp,;) and extracellular
matrix {Rgcns). The properties of the cells layer were a
capacitor Cand a resistor R arranged in parallel, that account
for the resistive and capacitive properties of the cell
monolayer as an insulation layer. Evaluation has already
been proven in many experiments.”” From a macroscopic
equivalent circuit, the formula for impedance Z near the
electrode is as follows:

Rea . wR2,Ca
S e——— v —— 1
]+(wRedC‘id)"+Rm I + (wRea Cict)* @

Where j is the imaginary unit and @ is the angler frequency.
In many reports, impedance Z is used as an evaluation
value. The change in impedance Z, morphological change
in adhesion, and expansion, efc. of cells on the electrodes
is observable,®* but impedance is a vector ingredient
and can be decomposed into a resistance ingredient and a
reactance ingredient. By observing reactance, it is expected
that the electric charge movement or/and energy change in
the ion and enzyme within a cell membrane (i.e. intracellu-
lar) will be detected. In this analysis, the reactance ingredi-
ent for each time is calculated as a ratio based on the
reactance ingredient X{(0) just after drug addition. When
the reactance after time f progress from drug addition is
defined as X(t), the reactance ratio zX(t) is expressed with
the following formula:

X(9)
The component that changes depending on time progress is
only capacitance influenced by the intracellular alteration.
When capacitances in X(0) and X(t} are assumed to be C,
and Cj, respectively, the reactance in eq. (1) is substituted
in eq. (2). The function is given as:

1+ (wReaCo)* G

X T RaG? <G

@)
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By choosing high frequency to which TtT}RE becomes suffi-
ciently small compared with capacitance C in eq. (3) then
it can be expressed as follows:

xBTS G G @)
o e S

The dielectric constants of Cg and C, are postulated to be ¢,
and g, Tespectively. The electrode area is assumed to be §
and the thickness of the cell layer is assumed to be 4. Since
the electrode area and thickness of the cell layer do not
change with time, the following formula is obtained:

Co € =

“'X(f)—a—;g—s—t (5)
From this formula, attention is paid to the change in the
reactance component, and when the ratio of time course
reactance is considered, tX(t} expresses the ratio of the
dielectric constant in the capacitance. Since the dielectric
consfant is a component of the capacitance of the cells,
intraocular change is detected by tX{#). In this experiment,
tX(f) decreased within 40 min after drug addition depend-
ing on drug density. From eq. (5), as & was not changed, the
decrease in tX(f) was caused by the increase in &. An
increase in the permittivity indicates a polarization gain in
the dielectric substance. The substance noted in this experi-
ment is the heme iron in the drug metabolism enzyme, and
the redox reaction of the heme iron originates in the drug
metabolism process. It is supposed that the heme iron
which received the electron is easily polarized. As metabolic
activity increases with the increase in the substrate concen-
tration, the rate of heme iron which received the electrons in
metabolic process will increase relatively. Consequently, the
intracellular polarization ratio increases and dielectric cons-
tant also increases. It is expected that the polarization ratio
can be detected in the increase in the dielectric constant.

CONCLUSION

In the present study it was indicated that the metabolic acti-
vity of the cells was able to be detected by the method of elec-
trochemical impedance measurement. Moreover, the change
in rX{#) is not detected in the morphological change in the cell
but in the enzyme intracellular activity. For this reason, this
procedure be considered a revolutionary measuring method
which can determine the metabolic activity of CYPs in the
cells, so that the function of metabolism, which is closer to
the organism, can be evaluated.
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ABSTRACT

Gene amplification has been developed as an indispensable technique for the bio-pharmaceutical
production by recombinant mammalian cells. The most commonly used technique is likely dihydroforate
reductase (d7fr} gene amplification system in Chinese hamster ovary (CHO) cell line. In this gene
amplification system, high productive CHO cells can be selected by “time-consuming” stepwise Increases
of methotrexiate (MTX) concentration in culture medium. However, it is of great significance to shorten
the time for constructing the stable and productive recombinant CHO cel! line in the industrial process. In
this study, we focused on a rapid construction method for gene-amplified cell line. We employed the
human granulocyte-macrophage colony stimulating factor (hGM-CSF) as a model of glycoprotein and
investigated the relationship among the productivity and stability of amplified gene, the location of the
amplified gene and the MTX concentration. The distribution of amplified gene on the chromosome was
analyzed using fluorescence in situ hybridization (FISH). Based on the FISH image analysis, we
speculated the specific chromosome location suitable for gene amplification.
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gene amplification, chromosome targeting, CHO, fluorescence in sifu hybridization



INTRODUCTION

Gene amplification 1s a widespread phenomenon in eukaryotes. It is an important process in the
development of many organtsms, emergence of drug resistance in tumor cells and some human parasites,
and maturation of cancer cells. Furthermore, using cultured cells, the gene amplification phenomenon has
been applied to the production of recombinant pharmaceuticals such as erythropoietin (EPO),
granulocyte-colony-stimulating factor (G-CSF), and various antibodies (omasa, 2002). However, effective
industrial process of recombinant protein production using mammalian cell lines has not been completely
established because general methods for the construction of gene amplified cell lines have not yet been
developed. Among those gene amplification techniques, the dihydrofolate reductase (dhfr) gene
amplification system in the Chinese hamster ovary (CHO) cell line is the most widely used. For the
application of a gene amplification system to industrial processes, one of the most important factors is the
selection method employed for obtaining highly productive recombinant CHO cell lines that can stably
produce desired recombinant proteins. However, the selection methods have so far been carried out only
empirically and have been performed by trial and error. In this article, we analyzed the distribution of
amplified gene on the chromosome using fluorescence in situ hybridization (FISH). Based on the FISH
image analysis, we speculated the chromosome location suitable for gene amplification.

MATERIALS AND METHODS

The CHO DG44 cell line (dhfr), provided by Dr. L. Chasin of Columbia University, and was used as a
host. The host cells were maintained in Iscove’s modified DMEM (IMDM) (Sigma 1-7633) with 10 %
fetal bovine serum (FBS; Gibco), hypoxanthine (13.6 mg / L, Yamasa), and thymidine (242 mg / L,
Yamasa). Transformants (dhfr"; derived from DG44) were cultivated in a selection medium, IMDM with
10 % dialyzed FBS without hypoxanthine and thymidine. Cells were incubated under 5 % CO2 at 37 °C.
For dhfr gene amplification, 10 to 1000 nM (final concentrations) of methotrexate (MTX) was added to
the selection medium according to one of five pattems (Yoshikawa ef al,, 2000a). We named these five
heterogeneous cell pools DRIOOOL-1 to L-5. All these cell pools were obtained under a MTX
concentration of 1000 nM. Using a limiting dilution assay, cell lines were cloned from these
heterogeneous cell pools. In the limiting dilution assay, a cell suspenston was diluted by IMDM medium
to a concentration of one cell per 200 pL, and the diluted cell suspension was dispensed into a 96-well
plate. These cloned cells were cultivated to a concentration of 10° cells per ml of medium. These selection
steps were performed over one month.

The pSV2-dhfi/hGM-CSF vector was constructed from pSV2-dhfr (ATCC 37146) and pcD-hGM-CSF
(ATCC 57594). The pSV2-dhfr vector contained mouse dhfr gene and the pcD-hGM-CSF vector



contained human GM-CSF gene. The promoter for both vectors was SV40 early promoter and the
terminator was SV40-polyA. The details of the procedure for transfection were described previously
(Yoshikawa et al., 2000a,b).

Calculation of specific growth and hGM-CSF production rates

In order to evaluate the kinetic parameters for constructed cell pools and cell lines, we measured cell
and hGM-CSF concentrations using batch cultures. Cell samples (1 vol.) were diluted with 0.16% trypan
blue-0.85% NaCl solution, which stained only dead cells. The viable cell number was measured using a
Biirker-Tirk hemacytometer. This measurement method was described in detail by Omasa et al. (1992).
The specific growth rate based on viable cells was calculated using the following equations (eqgs. 1 and 2).

dXit
—_—= teasesn . I
7 wXv eq

In(X?)= I (%)dt +1n(X2), +vr..neq. 2

X, and X, are total and viable cell concentrations (cells / L), respectively. p is specific growth rate (1/
h).t is cultivation time (h). The hGM-CSF concentration was measured by sandwich Enzyme-Linked
Immunosorbent Assay (ELISA) using 96-well plates (Greiner 655061). The 96-well plate was previously
coated over night at 4 °C with sheep anti-hGM-CSF antibody (580ng per well) (Endrogen P521). A100 !
of culture supematant was applied to each well and plates were incubated for 2 hr at 37 °C. Polyclonal
rabbit anti-hGM-CSF antibody (Genzyme LP-714) was applied as the primary anttbody (0.2ug per well)
and plates were incubated for 2 hr at 37°C. Alkaline phosphatase-conjugated anti-rabbit IgG antibody
(Tago ALI3405) was used as the secondary antibody (0.1pg per well) and plates were incubated for 2 hr
at 37°C. After incubation, p-nitropheny! phosphate (pNPP) (Sigma N-9389) was used as a substrate for
alkaline phosphatase (0.2mg per well) and enzyme reaction was carried out for 1 hr at 37°C. Purified
recombinant hGM-CSF (Genzyme RH-CSF-C) was used as a standard. The absorbance of the samnple was
measured at 405 nm using an ELISA microplate reader (Tosoh MPR A4). The specific hGM-CSF
production rate was calculated using the following equations (eqs. 3 and 4).

P is hGM-CSF concentration in the medium (g /L) and p 1s specific human GM-CSF production rate



(g / cell / h). In order to evaluate the kinetic parameters of the constructed cell pools and lines, it is
necessary to calculate the specific growth and human GM-CSF production rates with 95% confidential
level based on Student’s t distribution (Chatterjee et al., 1991). As the results, the confidential level is less
than 5% of specific rates. Therefore, the specific growth and human GM-CSF production rates were
estimated by short batch cultures using the constructed cells (4 days).

Fluorescence in situ hybridization (FISH)

Chromosome spreads were prepared from exponential phase cultures using standard techniques
(Carroll e al.1988). The cells were treated with colcemid (10 ug / ml) for 5 to 6 hr at 37 °C. The cells
were suspended in a hypotonic solution (1.5 ml of 75 mM KCl) for 20 min at room temperature. After the
hypotonic solution was decanted, freshly made fixative (3:1 Methanol / Acetic acids) was added. This
procedure was repeated three times, and drops of the suspension were placed on a slide (Matsunami,
S-2124) (Kuriki et al. 1993, Okumura, 1992). Fluorescence in situ hybridization (FISH) was performed as
described by Pinkel ef al. (1986). The details of FISH have been described previously (Yoshikawa et al

2000). Based on the FISH image data, we constructed the ideogram using image analyzing system (Kato
and Fukui 1998).

RESULTS AND DISCUSSION

We carried out stepwise increase in MTX concentration with five different selective conditions (pattern 1

to 5 in Figure 1). The specific growth (1) and human GM-CSF production (p) rates in these cell pools
were calculated at each stepwise increase in MTX concentration (Figure 1).
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Figure 1 Relationship between patterns of increase in MTX concentration and specific growth and
production rates and stepwise selection. The calculations of the specific growth rates are based on the use
of heterogeneous cell pools.

The results revealed that the DR100OL1, L2 and L3 cell pools, cultivated in the presence of gradually
increasing MTX concentrations, exhibited higher specific production rates than the other cell pools
(DR1000L4 and L5). From these cell pools, we constructed cell lines for detail evaluation. The cell lines
which had higher specific production rate were frequently obtained from the DR1000L1, 1.2 and L3 cell
pools (Yoshikawa ez al. 20002). In the previous study, we classified the location of amplified genes into
chromosomal DNA by observations (Yoshikawa ef al, 2000a,b and 2001). In this study, we classified cell
pools (DR1C00L1 and L5) using image analysis. Figure 2 shows the 1deogram patterns of DR1000L1 and
L5 cell pools. We identified the twenty chromosomes in the amplified CHO cell. The amplified location
was shown as a short bar. Each bar corresponds to the one observation of amplified gene.



