enables one to make more meaningful as-
sumptions concerning the intracellular
fraction of the label. The stimulation of
influx due to purified C5a and to NFP
gives supportive evidence that the influx
due to AS is related to its chemotactic po-
tential.

Gallin and Rosenthal (I/8) demon-
strated a stimulation of calcium efflux by
activated serum. We also observed an in-
crease in the washout of label from cells
incubated for 1 hour in a medium con-
taining **Ca and exposed to AS. Lantha-
num chloride in concentrations up to 1.0
mM did not inhibit this effect. The stimu-
lation of calcium efflux by AS may be
due to release of a bound intracellular
pool of calcium, which is subsequently
pumped from the cell. Wilkinson (19) has
postulated that intracellular release of
calcium has a role in neutrophil chemo-
taxis. However, the data presented here
suggest that release of an intracellular
pool is insufficient to promote chemotax-
is or that such a pool is dependent on cal-
cium influx.

It appears that calcium influx is corre-
lated with chemotaxis, and the amount
of calcium that moves into the cell is suf-
ficient to activate a contractile process.
The observed calcium influx is unlikely
to be an energy-requiring event since the
gradient of Ca?* across the plasma mem-
brane would favor calcium movement in-
to the cell as in other well-studied cellu-
lar systems. An interaction between
La®* and the chemotactic factor is not
supported by the data, since concentra-
tions of La®** below 1.0 mM selectively
blocked calcium influx due to AS. Fur-
thermore, La®* inhibited cellular motility
in the absence of a chemoattractant. The
role of Ca®' efflux may be secondary
since concentrations of La*" that
blocked chemotaxis inhibited only cal-
cium influx. Although there was no gross
chemical gradient of the chemotactic
agents during our calcium flux experi-
ments, these agents may exert their cellu-
lar effects in the absence of a gradient.
To induce chemotaxis, the gradient
would provide direction through a sens-
ing mechanism. The directional polariza-
tion may be separate but related to the
contractile action initiated by the abso-
lute concentration of the attractant.
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Cytochrome P-450 Induction by Phenobarbital and
3-Methylcholanthrene in Primary Cultures of Hepatocytes

Abstract. The characteristic hepatocellular changes resulting from phenobarbital
administration in vivo, namely an increase in the levels of cytochrome P-450 and pro-
liferation of membranes of the smooth endoplasmic reticulum, have been demon-
strated in primary cultures of nonreplicating hepatocytes on floating collagen mem-
branes. Addition of methylcholanthrene to the medium resulted in an increase in cy-
tochrome P-448 within 48 hours, whereas the phenobarbital induction of P-450
required 5 days. These results demonstrate that responses induced in adult liver cells
in vivo by phenobarbital can be reproduced in cultured hepatocytes, contrary to pre-

vious reports.

Cytochrome P-450 plays a crucial cata-
lytic role in the activities of several liver
microsomal enzymes which, known col-
lectively as mixed function oxidases, are
involved in the activation of carcinogens
and the detoxification of drugs by liver
(1). The concentration of cytochrome P-
450 in liver is increased by the adminis-
tration in vivo of a number of chemical
compounds, including phenobarbital and
3-methylcholanthrene (MC) (2). The mo-
lecular forms of cytochrome P-450 in-
duced by these two compounds exhibit
difference spectra with absorption maxi-
ma at different wavelengths (3); they also
give different signals when tested by elec-
tron paramagnetic resonance ). We use
the terms cytochrome P-450 and cy-
tochrome P-448 for the cytochromes in-
duced by treatment with phenobarbital
and MC, respectively (5).

In addition to its effect on cytochrome
P-450, phenobarbital administered to ani-
mals causes a characteristic proliferation
of membranes of the smooth endoplas-
mic reticulum (SER) in the cytoplasm of
hepatocytes and a simultaneous increase
in the levels of several microsomal
mixed function oxidases 2, 6).

In the systems of primary cultures of

hepatocytes reported so far (7, 8), the ad-
ministration of such compounds as phe-
nobarbital and MC has not resulted in
quantitative changes in cytochrome P-
450 levels, nor has it elicited the charac-
teristic, phenobarbital-associated prolif-
eration of SER membranes. The inability
to induce cytochrome P-450 and to elicit
the characteristic responses to phenobar-
bital administration in primary cultures
of hepatocytes has restricted the use of
these systems in studies of drug and car-
cinogen metabolism in vitro. It has also
raised the question of whether it is pos-
sible to induce in any culture system the
phenobarbital-characteristic form of cy-
tochrome P-450 and the associated prolif-
eration of SER (8).

Here we report the induction of cy-
tochrome P-450 by phenobarbital, and
cytochrome P-448 by MC, in primary cul-
tures of adult rat hepatocytes on floating
collagen membranes. We also report that
the proliferation of vesicles of smooth en-
doplasmic reticulum occurs in the cy-
toplasm of the cultured hepatocytes after
the administration of phenobarbital.

In a system (9) for the primary culture
of parenchymal hepatocytes on floating
collagen gels, the cultured hepatocytes
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Fig. 1 (left). Effects of (A) phenobarbital (PB) on the concentration of cytochrome P-450 and
(B) 3-methylcholanthrene (MC) on the concentration of cytochrome P-448 in primary cultures
of rat hepatocytes. Points represent the mean of five experiments + standard error. Bottom
curves in each graph show data for control experiments. (A) Absolute values are expressed as
nanomoles of cytochrome P-450 per milligram of microsomal protein. Cells at 5 days: 0.045 =
0.003; control cells at 10 days: 0.026 + 0.002; treated cells at 10 days: 0.072 = 0.004. (B) Ab-
solute values are expressed as nanomoles of cytochrome P-450 per milligram of microsomal
protein. Cells at 5 days: 0.054 = 0.003; control cells at 7 days: 0.065 = 0.001; treated cells at
7 days: 0.204 = 0.017. (MC 5 uM and MC 2 uM are values from experiments performed

once.)

Fig. 2 (right). Comparison of the carbon monoxide difference spectra of dithionite-

reduced microsomes of (a) normal rat liver, (b) MC-treated cells, and (c) phenobarbital-
treated cells. [Concentrations of microsomal protein: (a) 1.05 mg/ml, (b) 1.29 mg/ml, and (c) 1.70

mg/ml.]

maintain epithelial morphology and re-
spond to hydrocortisone, glucagon, and
cyclic adenosine monophosphate with an
increase in the activity of tyrosine ami-
notransferase (E.C. 2.6.1.5) for periods
of at least 20 days. Cytochromes P-450
and b; decrease in concentration within
the first 5 days of culture but remain at
measurable levels for at least 10 days,
and cytochrome P-448 can be stimulated
to higher levels if hydrocortisone is ad-
ministered during the culture period
10).

For the study reported herein, primary
cultures of hepatocytes from adult rat liv-
er were prepared as described (9). Fetal
calf serum was added to a final concen-
tration of 5 percent by volume to the nu-
trient medium. Phenobarbital sodium
(Baker) was dissolved in the nutrient me-
dium, and the solutions were titrated to
pH 7.4 with hydrochloric acid. 3-Meth-
ylcholanthrene (Calbiochem) was dis-
solved in dimethyl sulfoxide, and the fi-
nal concentration of dimethyl sulfoxide
in the MC-treated and control samples
was 0.5 percent by volume. For the anal-
ysis of the cytochromes the floating colla-
gen gels carrying the hepatocytes (60-
mm plates, 30 plates per sample) were
homogenized with a glass homogenizer
in ice-cold 0.5M tris-HCI buffer [tris-
(hydroxymethyl)aminomethane] at pH
7.5. The homogenates were spun at
12,000¢ for 10 minutes to remove the nu-
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clei, mitochondria, and insoluble colla-
gen gel fragments. The supernatants
were frozen at —70°C. Microsomes were
prepared on the day of the assay by cen-
trifugation of the thawed supernatant at
108,000¢ for 90 minutes. The sedimented
microsomal pellets were resuspended by
sonication in 0.5M tris-HCI buffer, pH
7.5, to a final volume of 2.2 ml. Two por-

Fig. 3. Electron micrograph of hepatocytes
cultured on floating collagen gel for 10 days.
Phenobarbital was added to the medium on
day S. The area containing abundant smooth
endoplasmic reticulum (SER) lacks rough en-

doplasmic reticulum (RER), mitochondria
(M), and other typical cytoplasmic organelles
(X 17,500). Inset shows a higher magnification
of SER (x 43,000).

tions (0.1 ml) of the microsomal suspen-
sion were taken for the protein assays.
Spectral assays of cytochromes P-450 and
P-448 were performed in a Cary spectro-
photometer (model 15) calibrated with a
crystal of holmium oxide. The method of
Omura and Sato (/1) was used to mea-
sure cytochrome P-450 and cytochrome
P-448. Protein was measured by the meth-
od of Lowry er al. (12). Student’s t-test
was used for the statistical evaluation of
the results.

The effects of phenobarbital on cy-
tochrome P-450 are shown in Fig. 1A.
Phenobarbital (2 x 10°M) added to
the culture on day S5 significantly in-
creases the amount of cytochrome P-450
compared to that in untreated cultures
both at day 5 (P < .01) and day 10
(P < .001). The time course of these ef-
fects in vitro follows closely the rate of
induction of cytochrome P-450 by pheno-
barbital in rat liver in vivo, where the con-
centration of P-450 usually reaches a
maximum after 4 to 5 days of continuous
phenobarbital administration (2, 6). The
level of induction, however (160 percent
and 275 percent over the control cells at
days 5 and 10, respectively), is less than
that occurring in the liver of the intact an-
imal where phenobarbital usually causes
a four- to fivefold increase in cytochrome
P-450.

The effects of MC on microsomal cy-
tochromes are shown in Fig. 1B. There
is a significant (P < .001) increase in cy-
tochrome P-448. Again the rapid time
course of the action of MC and the
amounts of induction are comparable to
the results obtained in vivo (2). The total
concentration of cytochrome P-450, as
well as the percentages of induction (377
percent and 313 percent over the control
cells at days 5 and 7, respectively) ob-
tained with MC, are higher than the cor-
responding levels obtained with pheno-
barbital. This is in contrast to the results
in vivo, where the opposite usually oc-
curs. The reason for this difference is un-
known.

The difference spectra of the cy-
tochromes induced by phenobarbital and
MC in the hepatocyte cultures are com-
pared in Fig. 2. The peak of absorp-
tion of the phenobarbital-induced cyto-
chrome P-450, located at 449.25 nm, is
almost identical to that obtained with cy-
tochrome P-450 from normal rat liver (lo-
cated at 449.4 nm). With MC-treated
cells, the absorption peak shifts toward
the blue part of the spectrum by about 2
nm to give a maximum at 447.1 nm,
which characterizes this form of cy-
tochrome as P-448. Thus, the cy-
tochromes induced in these cultured hep-
atocytes by phenobarbital and MC ex-
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hibit the same spectral characteristics as
those induced in vivo (5).

Cytochrome P-420, considered to be a
degradation product of cytochrome P-
450 (13), occurred in large amounts in the
microsomes isolated from cultured cells
but not in the microsomes isolated from
rat liver under identical conditions. We
cannot ascertain whether the cy-
tochrome P-420 in vitro is intracellular,
as appears to be the case with Morris
hepatomas (/4), or whether a factor or
factors (such as lysosomal proteases) lib-
erated from ruptured cells during homog-
enization produce cytochrome P-420
during the isolation procedure.

Hepatocytes cultured in the presence
of phenobarbital (2 X 10~3M) from day 5
to day 10 were examined by electron mi-
croscopy and compared with cells cul-
tured in the absence of phenobarbital.
The hepatocytes on the floating collagen
gels were fixed first with 3 percent glutar-
aldehyde at room temperature and then
with 2 percent osmium oxide on ice. The
cells were stained with a 2 percent aque-
ous uranyl acetate; the sections were
stained with lead citrate. Subcellular or-
ganelles and lamellar rough endoplasmic
reticulum were adequately preserved.
Clusters of tightly aggregated vesicles of
SER were seen in abundance (Fig. 3) in
the cytoplasm of the phenobarbital-
treated hepatocytes. The proliferation of
SER was not restricted to any particular
region of the cytoplasm and occurred in
most of the phenobarbital-treated hepato-
cytes. Comparable proliferation of vesi-
cles of SER did not occur in cells cultured
in the absence of phenobarbital.

In previous studies of primary hepatic
cultures and of cell lines derived from
normal and neoplastic liver there were dis-
similarities in the structure and biochemi-
cal function of these cells compared with
liver parenchymal cells in vivo [see Bis-
sel et al. (15)]. In this laboratory we have
demonstrated (I6) the similarity between
the ultrastructure of hepatic cells main-
tained on floating collagen membranes
and the ultrastructure of these cells in
vivo. We have also shown that the en-
zyme ornithine oxoacid aminotransferase
(E.C. 2.6.1.13) can be induced by glu-
cagon in vitro as well as in vivo (I7). The
data reported herein may be useful in
studies of drug metabolism, carcinogen-
esis in vitro, and the rapid assay of
environmental carcinogens.
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Ischemic Areas in Perfused Rat Hearts:

Measurement by NADH Fluorescence Photography

Abstract. Fluorescence emission of reduced nicotinamide adenine dinucleotide
(NADH) from the surface of perfused rat hearts was photographed to provide a two-
dimensional recording of NADH levels. Sodium Amytal inhibition of NADH oxida-
tion resulted in a homogeneous increase in NADH fluorescence, while lowering the
perfusion pressure from 55 to 10 torr caused a heterogeneous increase in NADH fluo-
rescence, reflecting the heterogeneous oxygen delivery at this low pressure. Local is-
chemia resulted in a well-defined region of high NADH fluorescence that correspond-
ed to the region of ischemic insult. The sharp transition between the ischemic and
normoxic areas demonstrated that the hypoxic interface separating the two areas

must be quite small.

Coronary artery occlusion, the com-
mon cause of heart attacks, results in re-
gional derangements of normal myocar-
dial function and metabolism that may re-
sult in irreversible tissue damage. Efforts
now under way to minimize the size of
the ischemic area caused by a coronary
occlusion (/) require techniques suitable
to determine the exact size of the ischem-
ic area (2).

We report the direct measurement of
the area of the epicardium after an is-
chemic insult in a perfused rat heart. The
basis of the technique is the fluorescence
of the reduced nicotinamide adenine
dinucleotide (NADH) component of the
NADH-NAD couple. This filuorescent
property has been particularly useful in
monitoring metabolic processes in tis-
sues, especially processes occurring dur-
ing mitochondrial metabolism (3). Mito-
chondrial NADH fluorescence is an effi-
cient indicator of intracellular oxygen
concentrations (¢) and changes in meta-
bolic states (5).

Two-dimensional scanning (6) and pho-
tographic recording (7) of NADH fluores-
cence in the cerebral cortices of rats
have been reported; however, the meth-
ods used had insufficient time resolution
to ‘‘freeze’”’ mechanical and metabolic
fluctuations in a perfused heart beating
three to five times a second. Therefore,

an approach was developed whereby the
ultraviolet component of a xenon flash
was used as an excitation source. This
technique allows photographic recording
of NADH fluorescence emission from
the heart with good time and spatial reso-
lution.

Fluorescence photographs were taken
with a Fairchild oscilloscope camera
(model 453-1) with a 40-mm focal length
lens added to the front of the existing
lenses to provide an image on the film
twice the actual size of the heart. A filter
pack containing a Corning 9788 and a
Wratten 45 filter was placed over the
camera lens to allow transmission of
NADH fluorescence in the 430- to 510-nm
region. Photographs were recorded on
Kodak Royal Pan film.

Fluorescence excitation was provided
by two xenon flashtubes (EG&G FX-
100), one mounted on either side of the
camera lens. Flashtubes were covered
by Corning 5840 filters to provide 330- to
380-nm excitation. Triggering of the flash
was synchronized to occur during the
diastolic phase of the cardiac cycle.

Hearts were rapidly excised from male
Sprague-Dawley rats (weighing 200 to
220 g and anesthetized with sodium pen-
tobarbital) and immediately perfused at
30°C with Krebs-Ringer bicarbonate buf-
fer containing 5 mM glucose and 2.5 mM
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