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Abstract--Ethoxyresorufin O-deethylase activities of individual isolated hepatocytes, from control or 
3qaethylcholanthrene pretreated rats, were measured by a new direct microfluorimetric method. There 
was a wide inter-individual variation in ethoxyresorufin O-deethylase activity among the hepatocytes 
isolated from a 3-methylcholanthrene pretreated rat. The mean activity for a sample of eighty 
individual hepatocytes from a 3-methylcholanthrene pretreated rat was 0.8 × 10 :~ pmoles/min/cell, 
with a spread of activities of approximately 0.2-2.7 x 10 a pmoles/min/cell. In contrast, there was only 
a very small intercellular variation in the much lower deethylase activities of hepatocytes from a 
control rat, with a mean activity of 0.01 x 10 -:~ pmoles/min/cell. The mean ethoxyresorufin O-deethylase 
activity of a sample of individual hepatocytes isolated from a 3-methylcholanthrene pretreated rat 
was inhibited approximately 60 per cent by 12.5/~M c~-naphthoflavone but was inhibited only 
approximately 22 per cent by 125 ,uM metyrapone. 

On the a s s u m p t i o n  that  s u s p e n s i o n s  of  isola ted 
h e p a t o c y t e s  are a more  physiological  sys t em than 
l iver mic rosoma l  p r epa ra t i ons ,  the re  is an  e x p a n d i n g  
in te res t  in the  inves t iga t ion  of  drug me tabo l i sm 
u s i n g  isola ted h e p a t o c y t e s [ l ] .  Dea lky la t ion  and  
h y d r o x y l a t i o n  r e a c t i o n s [ I - 8 ] ,  con juga t ions  [5, 7, 
8], c y t o c h r o m e  P450 [9], and  its Type  I b inding of 
drug subs t r a t e s  [2, 9, 10], have  all been  measu red  
with isola ted hepa tocy te s .  

S tudies  of  drug m e t a b o l i s m  with isola ted hepa to-  
cyte  s u s p e n s i o n s  h a v e  usual ly  m e a s u r e d  the  mean  
e n z y m e  ac t iv i t ies  for  s amples  of  ~ b u l k e d "  hepa to-  
cy tes ,  con ta in ing  genera l ly  abou t  1 × 10 ~ cells per  
sample .  H o w e v e r ,  becaus e  mos t  t i ssues  con ta in  a 
h e t e r o g e n e o u s  cell popu la t ion ,  accu ra t e  b iochemi-  
cal a s s e s s m e n t  requi res  the  m e a s u r e m e n t  of e n z y m e  
ac t iv i t ies  in individual  cells.  M e a s u r e m e n t  of  en-  
z y m e s  and  c o f a c t o r s  a s s soc i a t ed  with drug-  and  
s t e ro id -me tabo l i sm has  been  less sa t i s fac to ry  for  
individual  cells  than  for  s u s p e n s i o n s  of bu lked  iso- 
la ted hepa tocy t e s .  Semi -quan t i t a t i ve  h i s tochemica l  
m e t h o d s  have  been  d e v e l o p e d  for  de tec t ing  ani l ine  
hyd roxy l a se  [ 11 ], g l ucos e - 6 - phos pha t e  d e h y d r o g e n -  
ase  and  N A D P H - d i a p h o r a s e [ 1 2 ] ,  in t issue micro-  
tome  sec t ions .  Aryl  h y d r o c a r b o n  h y d r o x y l a s e  can  
be e s t ima ted  h i s tof luor imet r ica l ly  in t issue sec t ions  
con ta in ing  d a m a g e d  cel ls[13] ,  while  there  is a 
soph i s t i ca ted  microf luor imet r ic  t e c h n i q u e  for  the 
s emi -quan t i t a t i ve  ana lys i s  of  the  re la ted  enzyme ,  
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b e n z o ( a ) p y r e n e  hyd roxy l a se ,  and  of N A D P H  con-  
c en t r a t i ons  in asc i tes  EL 2 cells [14, 15]. 

We  repor t  here  a quan t i t a t ive  microf luor imet r ic  
s tudy of the  act iv i ty  of  e thoxyreso ru f in  O-dee thy lase  
in individual  isola ted rat  hepa tocy te s .  This  e n z y m e  
is identif iable with  c y t o c h r o m e  P448 (or P~450) [ 16, 
17]. 

M A T E R I A L S  A N D  M E T H O D S  

Animals. Male S p r a g u e - D a w l e y  rats ,  200 g were  
used.  They  were  a l lowed food  (pellet diet "'R3"', 
m a n u f a c t u r e d  by As t r a -Ewas ,  S6dert~ilje, Sweden)  
and  wa te r  ad libitum. Some  ra ts  were  in jec ted  with 
3 - m e t h y l c h o l a n t h r e n e  (20 mg/kg body wt,  as a 
5 mg/ml  solut ion in corn  oil; i .p.,  daily for  3 days) ,  
while  o the r s  were  in jec ted  with co rn  oil (0.5 ml i.p., 
daily for  3 days).  

Chemicals. Ethoxyreso ru f in  (99 per  cen t  pure  by 
high p ressu re  l iquid c h r o m a t o g r a p h y )  was syn the-  
sised as desc r ibed  e l sewhere [16] .  Resoruf in  was 
ob ta ined  f rom M a t h e s o n ,  Co l eman  and  Bell (East  
Ru the r fo rd ,  N J, U.S .A.) .  

Preparation of  isolated hepatocytes. H e p a t o c y t e s  
were  isola ted by  a modif ica t ion  of the  m e t h o d  of 
Ber ry  and  F r i end  [18], as de sc r ibed  e l s ewhe re  [19]. 
The  f resh ly  i so la ted  h e p a t o c y t e s  were  of good 
cond i t ion ,  with  more  than  90 pe r  cen t  of the  sample  
exc lud ing  N A D H  [20], or T rypan  Blue. 

Micro]tuorimetric measurement of  ethoxyreso- 
rufin deethylase activity with individual hepatocytes. 
A modif ied Lei tz  mic rospec t ro f luo r ime te r ,  as pre- 
v iously  desc r ibed  was used[21] .  A mercu ry  lamp 
(Phil ips CS 100 W-2) was emp loyed  to exc i te  the 
sample  with light f rom the 492 nm (minor)  and  
546 nm (major)  me rcu ry  lines,  se lec ted  with an 
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i n t e r f e r ence  filter (50 per  cent  t r ansmis s ion  at 
527 nm;  half  w i d t h +  13 nm).  Epi - i l luminat ion  and  a 
x 25 Fluor i te  o i l - immers ion  ob j ec t i ve  were  used to 
exc i te  and  o b s e r v e  the  sample .  P h o t o d e c o m p o s i t i o n  
of  e t hyoxy r e s o r u f i n  or resoruf in  did not  occur ,  as 
e v i d e n c e d  by the  s tab le  f luorescence  of so lu t ions  of 
e i the r  c o m p o u n d  w h e n  exc i ted  in the  microfluori-  
meter .  Sca t t e red  exc i t a t ion  light was  exc luded  f rom 
the  sample  f luorescence  by m e a n s  of  a ba r r i e r  filler 
in the f luorescence  light path .  F l u o r e s c e n c e  spec t ra  
were  r eco rded  using a bar r ie r  filter with  50 per  cent  
t r ansmis s ion  at 550 nm (half  width  + 10 nmt .  The  
f luorescence  was ana ly sed  with a s cann ing  m o n o -  

c h r o m a t o r  and  a pho lomul t ip l i e r  (EM 1 9590 AQ). I hc 
signal f rom which  was passed  to an X-Y recorder .  
All f luorescence  spec t ra  were  unco r r ec t ed .  Fh~or- 
e s c e n c e  in tens i ty  m e a s u r e m e n t s  for  reac t ion  ra les  
were  r eco rded  at 595 nm (se lec ted  with the mono-  
c h r o m a t o r )  and  us ing  a ba r r i e r  filter with  50 per  cent  
t r an smi s s ion  at 580 nm (half  w i d t h + l O  nm). The  
pho tomul t ip l i e r  signal was  fed to a digital volt-  
meter ,  wh ich  au tomat i ca l ly  r eco rded  on a mag- 
net ic  tape a m e a s u r e m e n t  eve ry  2.5 sec. For  bo th  
spec t ra  and  ra te  m e a s u r e m e n t s  the  d i ame te r  of the 
c i rcu la r  s ample - f luo re scence  measu r ing  area  was 
set at 40/z  with  a var iab le  d iaphragm.  For ty  /~ was 
slightly less than  the  ave rage  d i a m e t e r  of  the hepa-  
tocy tes ,  wh ich  were  not  exac t ly  round .  I n s t r u m e n t  
s tabi l i ty  was  d e t e r m i n e d  wi th  the f luorescence  of 
a so lu t ion  of  r h o d a m i n e  B {1 /zg/ml in e thy lene  
glycol).  

A 0.1 m m  d e p t h  dry glass Bi i rker  c h a m b e r  with 
cover - s l ide  in place,  was  p laced  unde r  the micro-  

f luor imeter  ob j ec t i ve  and  the  coun t ing  grids were  
focussed .  The  o p t i m u m  reac t ion  cond i t ions  for  
dee thy l a t i on  of  e thoxyre so ru f in  were  d e t e r m i n e d  
prev ious ly  with bu lked  isola ted hepa tocy t e s [19 ] .  
To 'a 0.2 ml suspens ion  of h e p a t o c y t e s  in well- 
o x y g e n a t e d ,  a lbumin - f r ee  K r e b s - H e n s e l e i t  buffer  
con ta in ing  4 mM sal icylamide  (in a small  tube)  was  
added  0.3 ml of e thoxyreso ru f in  solut ion (in K r e b s -  
Hensele i l  buffer ,  giving a final c o n c e n t r a t i o n  in the 
rcactJoil mix ture  of 6 / , M ) .  This  mix ture  was rapidly 
mixed in the tube  and  a sample  was t r a n s f e r r e d  with 
a Pas teur  p ipet te  to the  Biirker  c h a m b e r .  The  
c h a m b e r  filled i n s t an t aneous ly  by capi l lary  ac t ion  
and  f luorescence  readings  were  taken  as soon  as 
an appa ren t ly  u n d a m a g e d  single h e p a t o c y t e  was 
focussed  in the cen t re  of the ob j ec t i ve  fe ld .  The  
var iable  d i aphragm,  set at 4 0 / t ,  a l lowed the 
f luorescence  f rom within an individual  h e p a t o c y t e  
to be m e a s u r e d  exc lus ive  of f luorescence  f rom the 
cx t race l lu la r  med ium.  When ,  a l t e rna t ive ly ,  40 #- 
d i a m e t e r  a reas  of ex t race l lu la r  m e d i u m  were  mea-  
sured  for  r e s o r u f n ,  these  a reas  were  c h o s e n  to be at 
leasl 100 tz d i s tan t  f rom a hepa tocy te .  F l u o r e s c e n c e  
readings  could be rou t ine ly  taken  within 30 sec of 
mixing cells and  subs t ra te .  A c o n c e n t r a t i o n  of 500 
hepa tocy te s /0 .5  ml of total  r eac t ion  mix ture  gave  a 
high enough  cell dens i ty  in the c h a m b e r  to faci l i ta te  
rapid choos ing  of a sui table  hepa tocy t e ,  yet not so 
high a dens i ty  as to cause  difficulty in finding single 
:is opposed  to g rouped  cells.  Sa l icy lamide  ( 1.6 mM) 
was added  to p r even t  con juga t ion  of the  resoruf in  
f o r m e d  by the dee thy l a t i on  reac t ion  [ 19]. BSA was 
omi t t ed  because  it in te r fe red  with the dee thy la t ion ,  
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Fig. I. Fluorescence spectrum of an individual hepato~:~te, which is active in ethoxyresorufin 
O-deethylation 

An individual hepatocyte from a 3-methylcholanthrene pretreated rat was incubated with ethoxy- 
resorufin (6/,M) and salicylamide ( 1.6 mM) in a B/irker chamber and observed with a microfluorimeter. 
see Methods. The figure shows the fluorescence spectrum of the hepatocyte at 1 min (D) and 3 rain 
(El after mixing it with ethoxyresorufin. It also shows the fluorescence spectra of buffer alone CA). 
ethoxyresorufin (6 #M) in buffer (without hepatocytes) (B) or a hepatocyte from a control rat in the 
presence of ethoxyresorufin (C). The construction of the scanning monochromator resulted in a 
non-linear wavelength scale. Curve IF) is the fluorescence spectrum of a solution of authentic 

icsoritfin in buffcr. 
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bound resorufin and quenched  its f luorescence  [19]. 
The  tempera ture  of  the Bfirker chamber  in the 
microf luor imeter  was 29-31 °. 

R E S U L T S  

Qualitative identification of ethoxyresorufin de- 
ethylation. When hepa tocytes  f rom 3-methyl- 
cholanthrene  pre t reated rats were  mixed with 
e thoxyresoruf in  in Krebs -Hense l e i t  buffer contain- 
ing 1.5/~M sal icylamide and observed  by eye  in a 
microf luor imeter  (see Methods) ,  most of  the cells 
showed  a bright pink f luorescence  that increased in 
intensity during the first 2-3 rain af ter  mixing with 
substrate.  The f luorescence of  the extracel lular  
medium remained green.  The  pink f luorescence  was 
character is t ic  of the single product  of  e thoxyreso-  
rufin deethyla t ion,  resorufin[16].  This was con- 
firmed by the intracellular microf luorescence  
spec t rum of a single pink-fluorescing hepa tocyte ,  
which showed a peak at 585 nm (Fig. IE) and was 
identical with the spec t rum of a solution of  authent ic  
resorufin in the Biirker chamber  (Fig. IF). Spec t rum 
E in fig. I was recorded  3 min af ter  mixing hepato-  
cytes  with e thoxyresoruf in .  The  same hepa tocyte  
obse rved  I min af ter  mixing showed appropria te ly  
less f luorescence (Fig. 1D). The assymetr ic  shapes 
of  the microf luorescence  in Fig. 1 are due to a sharp 
cut-off  below 570 nm, caused by the 550 nm (50% 
T) barrier filter. The  broad intense peak f rom ap- 
proximate ly  520-550 nm was residual sca t tered  ex- 
ci tat ion light. The microf luor imeter  itself showed an 
inherent  small f luorescence peak at 575 nm, which 
was probably due to exci ta t ion light f rom the mer- 
cury line at 577 nm, and which was apparent  with 
ei ther just air, buffer,  e thoxyresoruf in  solution or  
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Fig. 2. Deethylation of ethoxyresorufin with an individual 
hepatocyte from a 3-methylcholanthrene pretreated rat 

An individual hepatocyte in the presence of ethoxy- 
resorufin (6/~M) and salicylamide (1.6 raM) was observed 
with a microfluorimeter, see Methods. The Fig. shows the 
change in the fluorescence at 595 nm of the hepatocyte 
after its mixing with ethoxyresorufin: a fluorescence read- 
ing was taken automatically every 2.5 sec. The vertical 
bar indicates the fluorescence of 6.2 × 10 -4 pmoles of 

resorufin measured in the buffer in the same way. 

individual hepatocytes 154-1 

inact ive hepa tocytes  (from acont ro l  rat) (Fig. I A-C) .  
An exci tat ion wavelength  of  595 nm gave the best 
ratio of  resoruf in- to-background f luorescence and 
was therefore  used for subsequent  quant i ta t ive  
measurements  of  resorufin fo rmed  during the de- 
ethylat ion react ion.  A 580 nm (50% T) barrier filter 
was used for the quant i ta t ive  measurements ,  be- 
cause it ensured a more comple te  removal  of  
scat tered exci tat ion light with little loss of  595 nm 
f luorescence,  compared  to the use of  a 550 nm barrier 
filter. 

Quantitative determination of ethoxyresorufin 
deethylase activity. Direct  kinetic analysis of 
e thoxyresoruf in  O-deethylase  act ivi ty within one 
hepa tocyte  is shown in Fig. 2. Each datum-point  
represents  this hepa tocyte ' s  intracellular resorufin 
(595 nm) f luorescence at the indicated t imes after 
mixing a populat ion of isolated hepatocytes  with 
e thoxyresoruf in .  It was not possible to measure  the 
f luorescence sooner  than 30 sec after  the mixing. 
The f luorescence at zero time was taken as being 
equal  to that of the substrate solution itself [Fig. 
IA-C) .  The  reason for the apparent  cessat ion of 
deethylase  act ivi ty after  3 rain is discussed later. 

If sal icylamide was omit ted f rom the reaction 
mixture,  then there was only a small increase in 
intra- or  extra-cel lular  resorufin f luorescence.  Sali- 
cylamide inhibited the convers ion  of resorufin to 
non-f luorescent  conjugates[19] .  The  intracellular 
deethyla t ion  react ion was slightly inhibited by the 
presence  of  BSA (2% w/v)[19] ,  (data not shown).  

Microf luorescence  determinat ion  of e thoxyreso-  
rufin deethylase  act ivi ty  was calibrated by subse- 
quent  compar ison  with the f luorescence of a solution 
of  authent ic  resorufin in buffer, measured separately 
but  using the same BiJrker chamber .  The concen-  
tration of  s tandard resorufin was routinely 5/~M, 
which cor responded  to 6.2 × 10 -4 pmoles of reso- 
rufin actually observed  (the vo lume in the ob jec t ive  
field, with a 40 # d iameter  measur ing area and a 0. I 
mm depth BiJrker chamber ,  = 126 × 10 -9 ml). The 
f luorescence due to 6.2 × 10 -4 pmoles of  resorufin is 
shown by a vert ical  bar in each of Figs. 2 4 .  
Resorufin f luorescence measured  in the microfluori-  
meter  was l inearly related to resorufin concent ra-  
tion up to 12.5/zM. For  compar ison ,  when using 
a s tandard 1 cm-square  cuve t te  in a normal fluori- 
meter ,  l inearity is lost above  400 nM [16]. The ex- 
tended linear response  of the microf luor imeter  was 
probably due to the very short light path (0. I mm) 
through the f luorescent  solution in the BiJrker cham- 
ber,  which greatly reduced the inner f l t e r  effect.  
When hepa tocytes  were  suspended in resorufin solu- 
tion, in the p resence  of  sal icylamide,  the resorufin 
rapidly en te red  the cells,  since its f luorescence was 
found to be the same both inside and outside the 
individual hepatocytes .  In the presence  of salicyl- 
amide,  the intracellular f luorescence of  authentic 
resorufin was identical with all the cells of a sample 
of hepatocytes ,  and it was not influenced by the 
presence  of  e thoxyresoruf in .  This was observed  at 
any resorufin concentra t ion  up to 12.5/~M. 

Inter-individual variation between isolated hepa- 
tocytes in their ethoxyresorufin deethylase activities. 
Some of the hepatocytes  in a sample mixed with 
e thoxyresoruf in  showed much less pink fluor- 
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Fig. 3. Ezhoxyresorufin deethylase activities of different individual hepatocytes from control or 
3-methylcholanthrene pretreated rats 

A sample of isolated hepatocytes, from either a control CA) or a 3-methylcholanthrene pretreated 
(O) rat, in the presence of ethoxyresorufin (6 #M) and salicylamide (1.6 raM), was observed with a 
microfluorimeter, see Methods. The Fig. shows the fluorescence at 595 nm of different individual cells 
in the samples after mixing with ethoxyresorufin. A different cell, chosen by systematic searching of 
the Biirker chamber, was measured every 10 sec. The fluorescence is also shown of different areas 
of the extracellular medium (©t surrounding a sample of hepatocytes from a 3-methylcholanthrene 
pretreated rat in the presence of ethoxyresorufin. The vertical bar indicates the fluorescence of 
6.2 × 10 4 pmoles of resorufin measured in the same way. The curve for 3-methylcholanthrene pre- 
treated rats was fitted to the mean fluorescence values for all the hepatocytes measured within 
successive minute intervals, i.e. the mean for the 0-1 rain group, the mean for the 1-2 min group, etc. 
This curve is shown horizontal from 5 min, since data gathered up to 12 rain (but not shown) indicated 

that the mean intracellular fluorescence remained constant. 

e s c e n c e  than  o thers .  A b road  sp read  of  
e thoxy- re so ru f in  d e e t h y l a s e  ac t iv i t ies  was  o b v i o u s  
w h e n  quan t i t a t i ve  m e a s u r e m e n t s  were  made .  F igure  3 
is a " f i e ld -p lo t "  of  in t race l lu la r  resoruf in  (595 nm) 
f luorescence  for  individual  h e p a t o c y t e s  a f t e r  
mixing a popu la t ion  wi th  e thoxyreso ru f in .  In this  
plot each  d a t u m - p o i n t  r e p r e s e n t s  the  f luorescence  of 
a d i f ferent  individual  hepa tocy te ,  se lec ted  e v e r y  
10 sec by sys t ema t i c  s ea rch ing  of the  Bi i rker  cham-  
ber  count ing-gr id .  A cu rve  has  been  fitted to the  
da ta ,  to ind ica te  the  mean ,  increas ing  resoruf in  fluor- 
e s c e n c e  in the total  cell popula t ion .  Dur ing  the  
per iod  4~ ,  min,  w h e n  there  was  no  f u r t h e r  inc rease  
in m e a n  in t race l lu la r  resoruf in  f luorescence ,  the re  
was  an a p p r o x i m a t e l y  s ym m et r i c a l  d i s t r ibu t ion  of  
individual  in t race l lu la r  f luorescence  a b o u t  the  m e a n  
for  the  popula t ion .  

The  ex t race l lu la r  resoruf in  f luorescence ,  of a 
sample  of h e p a t o c y t e s  mixed  wi th  e t hoxy r e so ru f in ,  
i nc reased  more  s lowly than  the  in t race l lu la r  fluor- 
e s c e n c e  (Fig. 3). T he  ex t race l lu la r  f luo rescence  
even tua l ly  r e a c h e d  the  m e a n  in t race l lu la r  va lue  s o m e  
10 min a f te r  this  had  r e a c h e d  a c o n s t a n t  level.  Pre- 
sumab ly ,  resoruf in  f o r m e d  dur ing  the  in t race l lu la r  
dee thy l a t i on  reac t ion  was pass ing  out  of  the  
cells. 

The  m e a s u r e d  initial ra te  of e thoxyre so ru f in  de-  
e thy la t ion  (i.e. in t race l lu la r  resoruf in  accumula t i on )  
was very  p robab ly  inf luenced by  the  ra te  of  resoruf in  
loss f rom the cells.  Thus ,  the  t rue  dee thy l a t i on  ra te  

was p r o b a b l y  f a s t e r  than the m e a s u r e d  rate.  The  
cessa t ion  of dee thy l a t i on  act ivi ty  a f te r  3-5 min 
(Figs. 2 and  3) was  not  due  to dep le t ion  of subs t r a t e  
(higher  e thoxyre so ru f in  c o n c e n t r a t i o n s  did not  pro- 
long the reac t ion) ,  no r  was it b ecause  the intra-  
cel lular  resoruf in  c o n c e n t r a t i o n  b e c a m e  high enough  
to ev ince  f luorescence  se l f -quench ing  effects  ( these  
did not  b e c o m e  a p p a r e n t  be low 12.5/zM resorufin) ,  
The  fac t  tha t  the ex t race l lu la r  resoruf in  c o n c e n t r a -  
t ion c o n t i n u e d  r is ing for  severa l  minu tes  a f te r  the 
mean  in t race l lu lar  c o n c e n t r a t i o n  had  s tabi l ised,  sug- 
ges ts  Tha t  dee thy l a t i on  ( a c c o m p a n i e d  by resoruf in  
leakage)  c o n t i n u e d  for  severa l  minu tes  longer  in 
some  cells than  in o thers .  The  mean  in t race l lu lar  
f luorescence  would  have  fal len if the c o n t i n u e d  ex- 
t race l lu lar  f luorescence  inc rease  had  been  ent i re ly  
due to leakage  of  a c c u m u l a t e d  resoruf in  f rom cells 
which  had  ceased  metabo l i s ing  e thoxyresoru f in .  
Poss ib ly ,  the  ces sa t ion  of dee thy l a t i on  act iv i ty  was 
due  to p roduc t - inh ib i t ion ,  ar is ing f rom high con-  
c en t r a t i ons  of a c c u m u l a t e d  in t race l lu la r  resoruf in .  
This  might  have  o c c u r r e d  if passage  of  resoruf in  
out  of the  h e p a t o c y t e s  was a non-ac t ive  p rocess ,  
d e p e n d e n t  on  the  resoruf in  c o n c e n t r a t i o n  grad ien t  
ac ross  the  cell m e m b r a n e ,  so tha t  loss of resoruf in  
f rom the  cells would  have  b e c o m e  s lower  as the 
ex t race l lu la r  c o n c e n t r a t i o n  rose.  P roduc t - inh ib i t ion  
of e thoxyre so ru f in  dee thy l a t i on  has  been  no ted  with 
l iver mic rosoma l  p repa ra t i ons  (M. D. Burke ,  un- 
pub l i shed  obse rva t ions ) .  A fu r t he r  cause  for  the  
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Fig. 4. The effect of ~-naphthoflavone or metyrapone on 
the ethoxyresorufin O-deethylase activities of individual 
hepatocytes from a 3-methylcholanthrene pretreated rat. 

A sample of isolated hepatocytes in the presence of 
ethoxyresorufin (6/~M) and salicylamide (1.6 raM) either 
alone (----O--) or the presence of either ANF (12.5/zM) 
(I) or metyrapone (125 ,uM) (-A-),  was observed with a 
microfluorimeter, see Methods. The fluorescence of a 
different hepatocyte was measured every 10 sec. The 
vertical bar indicates the fluoresence of 6.2 × 10 -4 pmoles 
of resorufin measured in the same way. The curves were 

fitted to the data as described in Fig. 3. 

cessation of deethylation activity might have been 
anaerobiosis of the hepatocytes. 

When the hepatocytes in ethoxyresorufin were 
observed by eye in the microfluorimeter, the pink 
fluorescence of the cells faded after about 4 min of 
reaction. This apparent fading was probably due to 
a gradual loss of contrast between the cell and the 
medium as the fluorescence of the latter increased. 
It was probably not due to any loss of resorufin from 
the hepatocytes. 

The increase in intracellular fluorescence was 
much slower when ethoxyresorufin was mixed with 
hepatocytes isolated from a control rat, compared 
to hepatocytes from a 3-methylcholanthrene pre- 
treated rat (Fig. 3). The inter-individual variation 
in ethoxyresorufin deethylase activity was also very 
much less with hepatocytes from control compared 
to 3-methylcholanthrene pretreated rats. 

Inhibition of deethylation by ~-naphthoflavone or 
metyrapone. Liver microsomal reactions catalysed 
by 3-methylcholanthrene induced cytochrome P448 
are generally more strongly inhibited by ANF than 
by metyrapone[22-24]. Liver microsomal ethoxy- 
resorufin O-deethylation follows this trend[25]. 
Similarly, the increase in intracellular resorufin 
fluorescence after mixing ethoxyresorufin with 
hepatocytes from 3-methylcholanthrene pretreated 
rats was approximately 60 per cent inhibited by 
A N F  (12.5/~M), but was hardly affected by a 10-fold 
higher concentration of metyrapone (125/zM) (Fig. 
4). ANF-inhibition also markedly decreased the 
inter-individual variation in the ethoxyresorufin de- 
ethylase activity of the hepatocytes. Metyrapone 
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possibly inhibited the deethylase to a greater extent 
in some hepatocytes than in others, but this was not 
investigated further. Neither ANF nor metyrapone 
directly affected the fluorescence of resorufin. 

D I S C U S S I O N  

Studies of the activities of the monooxygenase 
enzymes responsible for metabolising drugs have 
been reported for samples of bulked isolated hepa- 
tocytes in suspension[I-10]. Methods currently 
available are unsuitable for the quantitative 
measurement of drug metabolising reactions with 
individual isolated cells, whereas inter-individual 
differences in enzyme activities between cells may 
be highly important for tissues comprised of several 
different cell types. We describe here the first direct 
kinetic measurement of a cytochrome P450 type 
monooxygenase enzyme activity, ethoxyrcsorufin 
O-deethylase, within individual isolated hepato- 
cytes. 

The initial ethoxyresorufln O-deethylase activity 
in the single hepatocyte (from a 3-methylcholan- 
threne pretreated rat) measured for Fig. 2 was 
2 x 10-:~pmoles/min, which is equivalent to 2 
nmoles/min/106 cells. This value, determined using 
an enzyme-saturating substrate concentration, was 
similar but not identical to the apparent V .... de- 
termined for a mixture of ! × 104 hepatocytes (10 
nmoles/min/106 cells)[19]. However,  as shown in 
Figs. 3 and 4, there was a very great variation in the 
deethylase activity between the individual cells of 
a sample of hepatocytes isolated from the same rat 
liver. The mean initial activity for the sample of 
80 hepatocytes (from a 3-methylcholanthrene pre- 
treated rat) measured for Fig. 3 was approxi- 
mately 0.8 × 10 _3 pmoles/min/cell, with a spread of 
activities of approximately 0.2-2.7 × l0 :~ pmoles/ 
min/cell. The intercellular variations in apparent 
rates of deethylation were very probably due to real 
differences in deethylase activity, rather than to 
differences in rates of resorufin breakdown or loss 
from the cells, or to differences in cell-protein bind- 
ing and fluorescence quenching of resorufln. Thus, 
the differences were largely abolished by ANF inhi- 
bition of the deethylase, while hepatocytes from a 
control rat showed uniformly low deethylase acti- 
vities (mean activity = 0.01 x 10 :~ pmoles/min/cell). 
Cellular uptake of trypan blue in the absence of 
ethoxyresorufin indicated that there was no signifi- 
cant intercellular variation in cell viability. Reso- 
rufin conjugation was totally inhibited in these 
experiments by salicylamide [19], and there was no 
net disappearance of resorufin from the hepato- 
cytes, due to either metabolism or leakage, as mea- 
sured after the active period of deethylation. The 
fluorescence vs concentration curve for authentic 
intracellular resorufin, measured in the presence of 
salicylamide to inhibit conjugation, indicated that 
resorufin was not bound or quenched more strongly 
by some hepatocytes than by others. Neither was 
the fluorescence of resorufin different when mea- 
sured in different parts of the Biirker chamber. It is 
possible that salicylamide inhibited the ethoxyreso- 
rufin deethylase to different extents with d i f fe ren t  
cells, but the concentration used did not inhibit the 
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react ion when measured  with samples  of  1 x 10" 
bulked hepa tocy t e s  in the s tandard  f luorimeter  [ 19]. 
The areas  of extracel lular  med ium measured  were  
at least 100/z dis tant  f rom any hepa tocy te .  This 
would probably  have a l lowed the different  resorufin 
concen t r a t ions  put out by each hepa tocy te  to have 
comple te ly  equi l ibrated in the medium,  and would 
account  for  the lack of  variat ion in resorufin con-  
cent ra t ion  be tween  different  areas  of the extracel -  
lular medium.  A similar intercellular  variat ion in 
aniline hydroxy lase  activity has been  repor ted  for  
h is tochemical ly  ana lysed  liver sec t ions  f rom pheno-  
barbital p re t rea ted  rats [26], and occurs  also with 
g lucose-6-phospha te  d e h y d r o g e n a s e  and succ ina te  
d e h y d r o g e n a s e  in normal  rat liver.$ 

The sensi t ivi ty  of e thoxyresoruf in  dee thy lase  in 
the individual isolated hepa tocy te s  to inhibition by 
A N F  was  in clear cont ras t  to the lack of inhibition 
by me ty rapone .  This d i f fe rence  in r e sponse  to the 
two agents  showed  that  a similar effect  seen,  for  
e thoxyresoruf in  O-deethyla t ion  [25] and o ther  cyto-  
ch rom e  P448 media ted  react ions[23] ,  with liver 
microsomal  p repara t ions  was  not an ar t i fact  of cel- 
lular subf rac t iona t ion .  It was remarkable  that  af ter  
A N F  inhibition there  was very little intercellular  
variation in dee thy lase  activi ty.  A gradual diminu-  
tion of the intercel lular  variat ion occur red  conco-  
rnittantly with an increasing inhibition as higher  
A N F  concen t r a t ions  were  used  (data not shown) .  

These  expe r imen t s  also p rov ided  a direct  meas-  
urement  of the m o v e m e n t  of  the dee thy la t ion  reac- 
tion p roduc t ,  resorufin,  into or out of  hepa tocy tes .  
Previous  s tudies  have necess i t a t ed  removal  of  hepa-  
tocytes  f rom their  extracel lular  med ium af ter  a 
per iod of intrac~,llular reac t ion  [3]. Exogenous  res- 
orufin equi l ibrated itself rapidly (within 30 sec,  the 
d e a d - r e s p o n s e  t ime of  the method)  on e i ther  side of 
the hepa tocy t e  cell membrane .  It was  equally able to 
move out f rom the hepa tocy te s .  In cont ras t ,  some 
hydroxy la ted  benzo(a )pyrene  metabol i tes  are 
preferent ia l ly  e i ther  re ta ined or exc luded  f rom 
hepa tocy te s  [31. 

In conc lus ion ,  we have repor ted  here  a 
microf luor imetr ic  analysis  of  e thoxyresoruf in  O- 
dee thy lase  activity in individual isolated rat hepa-  
tocytes .  There  was  a wide inter- individual  variat ion 
in the dee thy lase  activity among  the liver cells of a 
3 -methy lcho lan th rene  p re t rea ted  rat. It is clear  that 
m e a s u r e m e n t  of  m o n o o x y g e n a s e  activi t ies with 
both isolated bulked hepa tocy t e s  and individual 
cells is necessa ry  for  a true descr ip t ion  of the acti- 
vity of  a whole  liver. 

The abbreviations used are: BSA--bovine serum 
albumin; A N F-----~-naphthofl avone. 

$ J. R. Fry, personal communication. 
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