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Abstract-Hepatocytes of adult rats were isolated by infusion of a hyaluromdase collagenase mixture. 
High yields of cells excluding trypan blue were obtained. These cells, in Hank’s buffer containing 
rat serum and 0.1’” glucose. N-demethylate [3H-CH,-N]ethylmorphine. The formaldehyde initially 
formed is further metabolized to tritiated water. Fifteen per cent of the original metabolic activity 
was observed after 21 hr at 37’ in 5”,, CO?--air. and cumulative metabolism is linear for up to 90min 
under these conditions. The K, for the Wdemethylation of [3H-CH,-N]ethylmorphine is 50 /tM, 20 
per cent of the value observed for this reaction by microsomal preparations. An active transport 
of the substrate into the cell is postulated to account for this difference. 

The study of drug metabolism in the past has gener- 
ally been restricted to the use of whole animals, per- 
fused organs or tissue homogenates. Although these 
studies have provided valuable information concern- 
ing the biochemical. physiological and pharmacologi- 
cal mechanisms regulating drug metabolism. they 
often have significant limitations. Whole animals or 
isolated organ studies are often subject to uncon- 
trollable and frequently unidentified factors which 
may have significant effects on the results. On the 
other hand. while more amenable to manipulations, 
tissue homogenates suffer from the fact that they do 
not retain much of the organization of the native cells. 
which may play a prominent role in the regulation 
of metabolism in the intact animal. 

Workers in many areas of biochemistry have 
sought models which retain cellular organization yet 
are readily manipulated. In the main they have devel- 
oped techniques for preparing isolated, metabolically 
active cells. Yet. in spite of the success over the years 
in culturing a wide range of mammalian cells. only 
recently have techniques been reported for the prcp- 
aration of hepatocytes which could serve as a poten- 
tial model in the study of drug metabolism. 

Nebert and G-elboin [I] first reported the use of 
the cultured explants or dispersions of fetal rodent 
livers for drug metabolism studies. Although studies 
with this model led to a marked increase in our 
knowledge concerning the inductive process. it does 
not appear to be a good model for the nonreplicating 
adult liver. Further, it is difficult to obtain large quan- 
tities of material for many biochemical studies. 
Finally. these cells, and the original tissue from which 

*Preliminary reports of these results were presented at 
the American Society for Pharmacology and Experimental 
Therapeutics Meetings in East Lansing, Mich. U.S.A. 
(August 1973) (Phar,tlucolo~ist 15. IO. 1973) and Montreal. 
Quebec (August 1974) (Phtrrrlltrcolo!list 16. 205. 1974). 

they are derived, seem to metabolize a relatively nar- 
row range of substrates [I]. These limitations place 
significant restrictions on the areas of drug metabo- 
lism which can be studied with this system. 

Mechanical [2.3], chemical [4] and enzymatic [S] 
methods have been utilized to prepare relatively pure 
suspensions of hepatocytes from adult animals. Of 
these methods. the perfusion of the liver with a mix- 
ture of collagenase and hyaluronidase gives cells 
which appeared to be the best model for metabolic 
studies 151. We [6]. Cantrell and Bresnick [7]. and 
Henderson and Dewaide [S] examined early versions 
of these enzyme techniques for the preparation of cells 
for drug studies. None proved to be very successful 
for broader investigations. 

Recently Seglen [S.lO] has reported a modification 
of these methods in which the liver is continuously 
perfused with the enzyme mixture at 37” using a per- 
fusion pump. Further. she added Ca’+ ion to the per- 
fusion medium. which is known to be an obligate 
cofactor for clostridinal collagenase [I 11 and which 
Howard et ~1. [ 121 have found will help to maintain 
the integrity of the mitochondria. This method gives 
a yield of cells of 50 per cent or more. Further. a 
much higher fraction of these cells excluded trypan 
blue, suggesting that they are metabolically active. 

We have examined this method for its application 
to drug studies by ascertaining the abilitv of these 
cells to metabolize [3H-CH,-N]ethylmorp<ine and at 
the same time sought to establish the ideal incubation 
conditions. Our studies indicate that these cells very 
actively metabolize this substrate in the presence of 
glucose as the sole source of energy and in the 
absence of added pyridine nucleotides or their precur- 
sors. Further, kinetic studies suggest that there is an 
active transport of ethylmorphine from the medium 
into the cell. Concurrent with these studies. Moldeus 
et d. [I31 have examined the activity of this prep- 
aration for another substrate. alprcnolol. and found 
excellent activity. 
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hlATbXI.4LS ANU METHODS 

[“H-CH,-N]cthylmorphinc was prepared as pre- 

viousl! described by the method of Abdcl-Monem 

and Par-toghesc [ 141. in which norethylmorphine 

l’hL’ng]carbnrnate was rcduccd by LiAljH,. HEPES 

buffer was obtained from Sigma Chemical Co. (St. 

Louis. Mo.): the hqaluronidasc and collagcnuso from 

Worthington Biochemical Corp. (Fro&old. N.J.): and 

the tr!pan blue (direct blue 14) from Matheson Scien- 

tific (Flk Grove Village. III.). 

All animal\ u\cd in thcsc c\;pcrimcnts zero fed malt 

(‘-II rat> (300 350 g) obtalncd from Charles Ruler 

(North Willmington. Mass.). 

Isolated hepatocytes were prcparcd essentially b) 

the method of Seglen [YJ. Thr animals wet-c ancsthc- 

ti/cd with ether. the abdomen wax opened bq a mid- 

line incision. and the portal vein was cannulated with 

a 21 gauge butterfly ncedlc. The liver was then infused 

i/r sirs with ou\gcnatcd 0.5 mM EGTA buffer* at 

20 ml min while the liver was being excised and 

placed in the pcrfusion apparatus. The perfusion rate 

ws then increased to 30 ml:min for 5 min. after which 

50 mM CaCl,t (4.5 ml) \+;Is added. followed by ca- 

cium-free HEPES buffer (6 ml) containing collagenasc 
(33 mp) and hyaluronidasc (3 mg). The perfusion was 

continued for 10 min. at which time the liver ~21s 

placed in a polqpropylcne beaker. the capsule rup- 

tured and the suspension filtered through I IO mesh 

nylon. The filtrate MX centrifuged at lOO(q for 2 min 

at room temperature. The supernatant was discarded 

and the pellet wus resuspcndcd in CaZi-free HEPES 
buffer: containing X’,, rot strum and 0.1”,, glucose. 

The cells were rcsedimented and washed twice. The) 

were finally suspended in Hanks buffer$ with X1”,, rat 

serum to the desired concentration and maintained 

at room termperaturc n;ith vcq gentle agitation un- 

der ;I constant R~L\ of air Llith S’,, COz. 

Three ml of the ccl1 suspension was placed III LIII- 

stoppercd serum vials and the substrate added. The 

viols wcrc mcubated in air for IO YOmin at 37 as 

indicated. The reaction w’as stopped b, adding 2 ml 

of 8.Y”,, ZnSO,.7I+O. In early experiments, an ali- 

quot (1 ml) of this mixture was diluted with H,O 

(5 ml) and ;I portion run through ;I column of XAD-7 

polJst)rcnc rain (Mallinckrodt Incorp.. St. Louis. 

MO.). prepared ;IS descrihcd previously [I h]. .Aliqunts 

(1 ml) of the untreated and resin-treated aolutionc 

were suspended in Aquasol (New England Nuclca~ 

Cot-p.. Boston. Mass.) and counted in ;I Beckman LS 

IO0 liquid scintillation counter. Wc h;i\e lpre\,iousl! 

shown that since eth~lniorphinc i5 quantitatrvclq 

absorbed h\ the resin [IS]. the radioactivity of the 

cfflucnt is due solely to ‘HCHO and ‘H,O. In later 

cxpcrimcnts. the incubation system was Iyophylizcd. 

the water trapped in ;I II-tuhc at -77 _ and the ‘Hz0 

activity dctcrmincd ;IS above. In the latter tcchniquc. 

the n’ater phase is trapped in ;I I’-tube v,hich is 

cooled in ;I dq ice ethanol bath. Since the formaldc- 

hyde remains with the wlitis. It can be scparatcd from 

the ethylmorphinc I~! Ill-min, 0 the dimcdon deri\ativc. 

precipitating the dcrl\ati\e. and counting the prcap- 

tatc [ 161. 

The cells were counted with ;I hcmocytometcr. A 

0.05”,, tr! pan hluc solution in Ca’ --I& bufTer was 

used to cletcrminc the integrity of the plasma mem- 

hranc. For the purposes of this study. those cells 

c\cluding the dye \vere defined as viable. although 

WC‘ rcaIi/c that this may or may not bc related to 

their metabolic acitivit). 

Glucose \\ 2s dctermincd 1~) the phosphomol! hdic 

acid method of Lauber and Matticc [ 171. Hepatic 

microsomes wcrc prepnrcd after homogcnirution 01 

the liver in KC’1 Tris (150 mM. 50 mM. pH 7.4) and 
dificrcntiul ccntrifugation in ;I Sorv;d KC-2B and 

Beckman L2-65 centrifuge [IX]. Microsomal protsin 

uas dctrrmincd b) the method of Sutherland c’t (~1. 

[ 191. Microsomal cthylmorphine %demethylasc wax 

dctermincd by incubating KU Tris Mg (150 mM. 

90 mM. 5 mM. pH 7.4) (3 ml) with NADP (0.33 mM). 

glucose h-phosphate (3 mM). and glucose h-phos- 

phatc dehqdrogenasc (0.67 units’ml) at 37 for IO min 

with 0.1 to 2 mM cthylmorphinc [IX]. The reaction 

was terminated by the addition of ZnSO, (I ml) fol- 

lowed b! BaOH (sat.1 (I.5 ml) and NaB207 (sat.) 

(0.5 ml) and the zuspcnzion centrifuged. The formaldc- 

hyde \+XS detcrmincd in the supern;ltant h!, the 

method of Nash [Xl. 

Metabolic activit\ was further assessed bq detcr- 

mination of oxy,gcn uptake. In these studies Hanks 

butTer M;IS equlhhrated Mith 5”,, CO- in air at 37 

The buffer w/as then placed in ;I jacket incubation 

\,essel fitted with ;I Y’S1 5331 oxygen electrode (Yellow 

Springs Instrument. Yellow Springs. Ohio). The rcac- 

tion 11~s initiated b! the addition of the cell suspen- 

sion. The concentration of oxygen wab derived from 

standard tables [IF], 

We obtained an average of 3.2 & 0.4 x 10’ cells 

from ;I liver. and 77 per cent of these cells excluded 

tr>pnn blue. These values agree with the report of 

Scglen [IO]. Further ciamination of the cell prep- 

aration at 400 x mugnilication revealed littlc conta- 

minating debris. A recent report by Ingcbretscn and 

Waglc [?I] suggested that satisfactory preparations 

could IX obtained in the absence of hyaluronidasc. 

Unfortunatclq. in our hands. deletion of this enrymc 

led to clumped cells with poor activity. 

t ‘2‘ hutrcr: 3.90 Na(‘l. 0.55 mg KU. 0.13 g Mg(‘l,.h 
H,O. ?.iXg HEPES. anti 7.3S.g C‘aCI,,2 Hz0 in I liter 
HLO. 

Examining the products of the !2’-demcthylatisn 01 

[“Hlethvlmorphine bk the cells. wc could not detect 

an> HC‘HO colorimctrically. although significant 
amounts of metabolism wcrc observed b! the radioas- 

say (0.Y I nmole HCHO 10” cells). This suggested that 
all the HCHO formed during the metabolism of the 
ethylmorphine was itself further metabolized to HzO. 

presumably by the mitochondrinl aIdehyde dehvdro- 

gcnasc. Further. wc found that all the enzymaticall! 
rcloascd activitv could bc Iconhvlircd. while in m-c- 
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Fig, 1. Etrect of hepatocyte concentration on N-demethyla- 
tion of [3H]ethylmorphine. Hepatocytes of increasing con- 
centrations were incubated with 2 mM [3H]ethylmorphine 
for 30 min as described in the text. Values are the average 

of triplicate incubations + S.E.M. 

vious studies (Thompson and Holtzman. unpublished 
data) we found that the formaldehyde remained 
behind with the solids. Finally. when carrier formal- 
dehydc was added and precipitated with dimedon. a 
procedure which removes all HCHO from solution 
[16], all the activity remained in solution. Because 
of the close agreement between the resin and lyophili- 
ration methods, the two were used interchangeably 
in subsequent experiments. 

In view of the significant activity of this prep- 
aration, we next investigated the behavior of the sys- 
tem with regard to a number of parameters. The first 
W;IS the effect of cell concentration on metabolism 

200 
1 
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Fig, 2. Cumulative metabolism of [3H]ethylmorphine by Fig. 3. Effect of incubation medium on ethylmorphine 

isolated hepatocytes. Isolated hepatocytes (3 x lo5 viable N-demethylation by isolated hepatocytes. The effect of 20’:: 

cells;‘ml) were incubated with 2 mM [3H]ethylmorphine in rat serum (open boxes) was assessed in Ca’+-free HEPES, 

medium containing 20”;, rat serum and 0,14/o glucose as HEPES with 5 mM Ca”, and in Hanks buffer. Cells were 
described in the text. The cumulative metabolism was incubated for 10 min at 37” in air (HEPES) or 5”i CO,-air 

measured at the times indicated. (Hanks). 

(Fig. 1). Clearly this preparation is quite linear to 
about 5 x IO” cells/ml. The loss of linearity after this 
concentration of cells is not due to a decrease in the 
glucose concentration or to a drop in the pH of the 
suspension medium since both are quite stable. Nor 
was there a significant decrease in the oxygen content 
over the IO min of the incubation. During subsequent 
incubations. the cell concentration was routinely 
maintained at 2 to 3 x 10’ cells/ml. 

We next examined the linearity of the activity with 
time and found that the reaction was quite linear to 
90min (Fig. 2). In view of the linearity with time and 
cell concentrations. we were able to compare the in- 
itial activity of cell preparations and the isolated mic- 
rosomes. In later studies, the activity of these cell 
preparations was about 3 nmoles/min-I Oh cells which 
is about equal to the I’,,,.,, usually observed for the 
isolated microsomes run under optimal conditions. 
This comparison is based on our usual yield of 20 mg 
of microsomal protein/g of liver. which is about half 
the microsomes present in the intact liver. Hence 
there would be about 40 mg of microsomal protein/g 
of liver. Further, it has been estimated that there are 
about 2 x IO8 cells/g so that IO’ cells would equal 
about 0.2 mg of microsomal protein and the metabo- 
lism would be about 15 nmolesimg of microsomal 
protein-min[22]. 

About the time we had completed this portion of 
the studies, it was reported that COz appeared to 
be an important nutrient for cells. above and beyond 
its buffering capacity 1231. Up to this time wc had 
been using the HEPES buffer of Seglen [IO], which 
contained neither CO1 nor Ca” ion. Hence, we 
decided to investigate the importance of these two 
components on cellular metabolism (Fig. 3). Clearly 
there is improved metabolism when CO, is included 
in the medium. All studies reported below were. there- 
fore, performed in Hanks bicarbonate buffer with 
Ca’ + included. 

In all of these studies, serum was added to give 
a concentration of about 202,. The reason for this 
requirement is unclear but has been reported for a 
wide variety of culture systems [24]. Yet it seems to 
be only beneficial in Hanks bicarbonate buffer (Fig. 
3). In view of these results, all subsequent studies were 
performed with Hanks bicarbonate buffer and 205,, 
rat serum. 

We next examined the viability of the hepatocytes 
as determined by three indices of function. The first 
was the ability of the cells to exclude trypan blue. 
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Fig. -1. ER‘ect ofprelncubation on oxygen uptake (top). for- 
maldehydc formatlon (middle) and trypan hluc exclusion 
(bottom) by isolated hepatocytes in the absence (O- 0) 
and presence (o-~ 0) of penicillin G (IOO~cg~ml) and 
streptomycin (1OO~~g,ml). Cells were withdrawn at the 
specified times and counted. Further, the oxygen uptake 
and formaldehyde formation were determined at 37 in 

Hanks buffer under i”,, CO2 aw. 

which indicates whether the plasma mcmhtxne is in- 

tact; second. the ~tbility of the cell to respire: and 

finally. the rate of cthyhnorphine .Y-dcmcthylation 

(Fig. 4). Clwrl~ on the basis of these indices. this 

preparation showed good but decreasing metabolism 

for at least several hr. Further. the three indices 
appear to parallel each other during the course of 

the preincubation. This is not unrcusonnblc MIL’C’ it 

is clear that the hcpatocytc with 2 ruptured plasma 

mcmhrane will not bc able to retain critical cofxtors. 

as the pyridinc nuclcotides. Yet. these studies WI-c 

not pcrformcd in ;I totall) aseptic cnvnxnmcnt. ho 

that it nxiy well bc kit bacterial contamination com- 

promised the ccllj. Wc than add4 penicillin 

(100 pg,‘ml) and strcptom!cm (IO0 pg, ml) and f()l- 
lowed thcsc same indice\ (k-ip. 3). izt the end 01’ 24 hi 

the concentration of ccll~ viable \\;Is t.S”,, of the /cl-o 

time. hut their spcciiic activit! ~\;Is constant. Intaut- 

ingly. at 74 hr the cclt~ 1% hich still exctudeti tr)pan 

blue tended to bc ~I~iii7lxd. suggcstinf that aggrcga- 
tion could pro\c tv lx ;I probtcm in further studies. 

The question also ;it-iwb ;15 to whcthcl- specific ho-- 

monc\. wch ;I\ insulin. cortiwnc and th\ro\inc. nip\ 

alrcct the stahllit> of the drL,g-mct~,boli/inr! b!\tctn\,. 

much ;IS thcsl: end other hormones ha\e been slw\~n 

to alf‘cct cxcin s~nthcsi5 in mamiixq gland c\plants 

125 271. Of these. only thyi-ovine appears to h;l\c ;I 

significant etTcct (Fig. >). This IS not surpriGng. since 

this hormone has been shobvn to huvc profound 

cfiiicts on do-ug mctaholim in intact hulyccts [JS]. 

But the Liilurc of insulin to bc xtivc i5 wrprisinp. 

since ;I number of vorkcrs haw shvv\n that it has 

significant cfLccts on isolated hcpatoqtcs [29 731. .AII 

these agents. honcwr. arc mctabolircd by the li\ct- 

so that the autud concentrations ;II’C not hnown. 

Hence. the cells ma! haw reduced hormone conccn- 

trations to :I point \zhcrc the! ha\e no ctfect. This 

question v,itl rcquirc furthct- c~aluatwn. In suh- 

sequent studies. hormoncs wcrc not included. 

In :I final stud!. WC c\amincd the substrate-dcpcn- 

dent kinetic.\ of the cthylmorphme :I’-dcmethyl;lse 

(Fig. 6). The h’,,, li)r this metabolism (50 ,IIV) i$ signifi- 

cantly lower than the K,,, found for the isolated mic- 

rosomcs (25O@l) detcrmincd in ;I patxllcl stud) in 

Hanks hicarbonatc. This difl’crcncc could hc due 10 

ii number of c;iiiscs in \uch ;i coniplc\ s)\tciii. I.oi- 

cramplc. osjpcn dcptction or whoptimat pbrldinc nw 

clcotidc concentrations could rcducc the K,,, lb! rcduc- 

itif the tut-iio\c‘r nunihsr 01’ the cw~nic. ;Iltcrnati\cl\. 

O0 “0, 60 80 Ibo1200 I80 200 220 240 260 

ml”“teS 

Fig. 5. EiTect of insulin (40 munits,‘ml) (O-~- -O), thyroxine (0.05 fig;rnl) ( x x ) and cortisone 
(30 pg,mt) (A- --A) on the control (+- 0) ethylmorphine N-demethylase of hepatocytes from malt 

rats. Cells were Incubated for IO min in Hanks buffer in Y’,, CO, air. 
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Fig. 6. K, for ethylmorphine N-demethylase of isolated 
hepatocytes. [‘Hlethylmorphine (0.01 to 2.0 mM) was in- 
cubated with I.3 x lo5 viable cells/ml in 20”. rat serum 
and O.l”,, glucose for IO min in 5”f0 CO2 -air at 37”. Meta- 

bolism was measured as described in the text. 

the cells may transport drug into the cytoplasm to 
increase the drug concentration bathing the enzymes. 
This point has been investigated in only a preliminary 
fashion. 

One possible explanation for the differences in K, 
values of N-demethylation observed for hepatocytes 
and microsomes could be due to the removal of prod- 
uct from the reaction site of the membrane by glucur- 
onidation. Hence, if the product acted as a competi- 
tive inhibitor of N-demethylation, then its removal 
by glucuronidation should decrease the apparent K,. 
To rule this out, varying concentrations of ethylmor- 
phine were incubated with microsomes and an 
NADPH-generating system in the presence and 
absence of 2 mM UDPGA. The K, for the demethy- 
lation of ethylmorphine was unaffected by the addi- 
tion of UDPGA, while the y,,~,, was slightly increased. 
Under similar conditions Von Bahr and Bestilsson 
[34] found that half of the 2-HO-desmethylimipra- 
mine formed from desmethylimipramine is conjugated 
with UDPGA, suggesting that the lack of effect is 
not due to a failure of our system to form the glucur- 
onide. Thus, if glucuronide formation takes place in 
the cells, there appears to be no effect on the K,. 

Interestingly. Moldeus ct LII. 1131 found no such 
difference in K, values for alprenolol. This agent is 
a highly lipid-soluble drug which exhibits first pass 
metabolism. much like its congener propranolol [35]. 
where a large fraction of the drug is removed from 
the portal system before ever entering the systemic 
circulation. This phenomenon has never been 
reported for ethylmorphine. It is unclear how this dif- 
ference between the kinetics of ethylmorphine and 
alprenolol metabolism could be related to the pres- 
ence or absence of first pass metabolism. 

These studies clearly indicate that the preparation 
of hepatocytes by the method of &glen gives an 
abundant yield of metabolically active cells capable 
of rapidly metabolizing ethylmorphine. In agreement 
with Bissell ct al. [36], this high activity can be 
observed on a chemically defined medium in the total 
absence of added cofactors. but in the presence of 
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