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Hep G2 is a highly differentiated human hepatoma cell 
line which has retained many of the specialized functions 
normally lost by hepatocytes in culture [l]. There have 
been a number of reports suggesting that Hep G2 cells 
may provide a suitable in vitro system for studying drug 
metabolism and toxicity directly in man. These cells can 
carry out cytochrome P450 dependent mixed function 
oxidase (MFO*) and conjugation reactions and are capable 
of activating several xenobiotics to form cytotoxic and/or 
mutagenic metabolites [26]. The activity of these drug 
metabolizing enzymes in the Hep G2 cells can be 
manipulated by altering the composition of the growth 
medium [5] and several groups have shown that the activity 
of the MFO system can be increased by inducing agents 
such as benz(a)anthracene and phenobarbitone [2,4,7]. 

There is still some debate about the extent to which the 
metabolic profile of Hep G2 cells reflects that of normal 
human hepatocytes and the activities of several drug 
metabolizing enzymes have been compared in the two cell 
types [4,8]. In general, the activity of the MFO system is 
lower in Hep G2 cells than in freshly isolated hepatocytes 
and the activities of epoxide hydrolase and DT-diaphorase 
(M. H. Grant and S. J. Duthie, unpublished results) are 
elevated in the hepatoma cells. These observations are 
typical of the changes which occur in the liver during de- 
differentiation of preneoplastic tissue [9] and, together 
with the absence of the cystathionine pathway in the Hep 
G2 cells [lo], they suggest that these cells have undergone 
de-differentiation to some extent. 

Primary cultures of hepatocytes are known to undergo 
rapid de-differentiation within 24-72 hr of culture and the 
activity of the MFO system is particularly unstable in 
cultured hepatocytes from animals and man [8,11]. Several 
attempts have been made to modify media.and substrata 
composition to resolve this problem. Dimethylsulphoxide 
(DMSO) has been shown to increase the secretion of 
albumin in cultured rat hepatocytes and hepatoma cells 
[12,13], to elevate the level of cytochrome P450 in primary 
cultures of rat hepatocytes [14] and to promote cell 
differentiation in a variety of cell systems [15,16]. In the 
present study we have investigated the effects of DMSO 
and 5aminolaevulinic acid (ALA), a precursor required 
for haem synthesis, on the activities of the MFO system 
and UDP-glucuronosyltransferase (GT) in Hep G2 cells. 
The experiments were carried out in two different growth 
media-Dulbecco’s modification of Eagle’s medium, which 
is the medium usually used for growing Hep G2 cells, and 
Williams’ E medium, which is extensively used for 
maintaining primary hepatocyte cultures. 

Materials and Methods 
MateriaLF. Dulbecco’s and Williams’ E media were from 

ICN Flow Laboratories (Irvine, U.K.) and foetal calf serum 

* Abbreviations: MFO, mixed function oxidase; GT- 
UDP-elucuronosvl transferase; DMSO, dimethylsulph- 
oxide;” ALA, 5-aminolaevulinic acid; ALAD, 5Lamino- 
laevulinic acid dehvdratase: EROD, ethoxvresorufin O- 
dealkylation; MRGD, methoxyresorufin 0:dealkylation; 
PROD, pentoxyresorufin 0-dealkylation and BROD, 
benzyloxyresorufin 0-dealkylation. 

was from Gibco (Paisley, U.K.). l-Naphthol, l-naphthol 
glucuronide, testosterone, bilirubin, UDP-glucuronic acid, 
5-aminolaevulinic acid and NADPH were obtained from 
the Sigma Chemical Co. (Poole, U.K.). Methoxyresorufin, 
ethoxyresorufin, pentoxyresorufin and benzyloxyresorufin 
were synthesized as described by Burke and Mayer [17]. 
The Hep G2 Cell line was obtained from Prof. C. N. Hales, 
Department of Clinical Biochemistry. Addenbrooke’s 
Hospital, Cambridge. 

Cell culture. Hep G2 cells were grown as monolayer or 
multilayer cultures in 75cmZ flasks in either Dulbecco’s 
modified Eagle’s medium or Williams’ E medium 
supplemented with 10% (v/v) foetal calf serum, penicillin 
(100 units/L) and strentomvcin (lOOme/L). Thev were 
subcultured every 7 day; at a i:3 split ratiov’(sdeding density 
3.5 x lo6 cells in a 75 cm’ flask). The medium was renewed 
routinely at 3 and 6 days after passage and all enzyme 
measurements were carried out on confluent cells at 7 days 
after subculture. To investigate the effects of DMSO (2% 
v/v) and ALA ( 10e4 M), they were added either alone or 
in combination at the time of subculture and metabolism 
was measured 7 days later. 

Analytical methods. Enzyme activities were measured in 
cell homogenates prepared in 0.1 M sodium phosphate 
buffer, pH 7.6, as described previously [4]. MFO activities 
were measured by the 0-dealkylation of ethoxyresorufin 
(EROD), methoxyresorufin (MROD), benzyloxyresorufin 
(BROD) and pentoxyresorufin (PROD), using 5 ti of 
each substrate as described previously [4]: Glucuionidation 
was assessed using 50 PM l-naphthol, 0.4 mM bilirubin or 
1 mM testosterone as substrate. 1-Naphthol GT activity 
was quantified in the presence of 0.5 mM UDP-glucuronic 
acid and 5 mM MgCl, by continuous fluorescence detection 
of the glucuronide formed [18]. Bilirubin and testosterone 
activities were measured in the presence of 4 mM UDP- 
glucuronic acid and 10mM MgQ, the former using the 
diazotization procedure and the latter using “C-1abelled 
substrate as described previously [19]. Celi protein was 
measured by the method of Lowry et al. [20] using bovine 
serum albumin as the standard. 

Results 

The activities of both the MFO system and GT in the 
Hep G2 cells were influenced by medium composition. 
Table 1 shows that there was a substrate-dependent increase 
in the enzyme activities of cells grown in Williams’ E 
medium compared with those grown in Dulbecco’s. The 
greatest increase was observed in the activities with EROD 
and MROD, substrates with selectivity for the P450IA 
family [21]. 

The effects of DMSO and ALA on the activities of the 
MFO and GT enzymes were investigated in both media. 
Figure 1A and B illustrates that not only is the basal 
enzyme activity affected by medium composition but the 
choice of medium is also crucial for observing the influence 
of other chemicals on the enzyme activity. There was a 20- 
25-fold increase in MFO activities towards the ethoxy-, 
methoxy- and benzyloxyresorufins by the separate addition 
of either DMSO or ALA to cells grown in Dulbecco’s 
medium (Fig. 1A). This marked increase in MFO activity 
did not occur, however, with pentoxyresorufin as substrate; 
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Table 1. Mixed function oxidase and UDP-glucuronosyl 
transferase activities in control Hep G2 cells grown in 

Williams’ E and Dulbecco’s media 

Dulbecco’s Williams’ E 
(pmol/min/mg protein) 

EROD 2.30 2 0.17 13.20 * [5.7] 

0 . 97’3’0 + . 13 

?3$0 

MROD 5.00 ? 0.75 [5.2] 

0.66’3’0 19 
(3) 

BROD + . 0.77 +- 0.07 Il. 21 
- - 

PROD 0.41’3’0 (;) . 05 
(3) 

0.52 2 0.19 [l. 31 
(3) 

NGT 573.0 f 47.0 1269.0 +- 160.0 12.21 

3.75(1)0.11 
(10) - - 

BGT 
(;) 

13.75 2 1.25 [3.7] 
(8) 

TGT 16.0’?‘0.10 13.0 +- o.io 

(3) (5) 

EROD, ethoxyresorufin 0-dealkylation; MROD, 
methoxyresorufin 0-dealkylation; BROD, benzyl- 
oxyresorufin 0-dealkylation; PROD, pentoxyresorufin O- 
dealkylation; NGT, 1-naphthol glucuronosyl transferase; 
BGT, bilirubinglucuronosyl transferase;TGT, testosterone 
glucuronosyl transferase activities. All enzyme activities 
were measured on confluent cultures 7 days after passage. 

Results are means ? SEM with the number of 
experiments given in parentheses. 

Figures in square brackets refer to the fold increase in 
activities measured in cells cultured in Williams’ E medium 
compared with those cultured in Dulbecco’s medium. 

PROD increased only 3-4-fold in the presence of DMSO 
or ALA. The effects of DMSO and ALA on the MFO 
activities were not additive. In cells grown in Williams’ E 
medium the effects of DMSO and ALA were very much 
less, and did not show the selective effect of MROD and 
EROD activities. BROD activity was increased selectively 
compared with MROD, EROD and PROD activities by 
ALA, but not by DMSO. 

Figure 2A and B shows the effect of DMSO and ALA 
on GT activities in the Hep G2 cells cultured in Dulbecco’s 
and Williams’ E media, respectively. The glucuronidation 
of 1-naphthol and testosterone were unaffected by either 
DMSO or ALA, either alone or in combination. In 
contrast, bilirubin GT activity was increased 8-9-fold by 
either DMSO or ALA added separately to cells cultured 
in Dulbecco’s medium (Fig. 2A). In contrast to the effect 
on MFO activities, the effect on bilirubin GT was additive, 
and when both DMSO and ALA were added together, 
bilirubin GT activity was increased 19-fold in cells grown 
in Dulbecco’s medium. The effects of DMSO and ALA 
on bilirubin GT activity were also observed in Williams’ E 
medium but to a lesser extent. The maximum effect when 
both agents were present was a 5-fold increase in GT 
activity (Fig. 2B). 

The results of this study illustrate the importance of 
defining and standardizing the culture conditions used for 
investigating factors affecting drue metabolism and 
cytotoHcity_in cultured cells.” Alth&gh the effects of 
DMSO and ALA were marked in the Heu G2 cells cultured 
in Dulbecco’s medium, they would not have been detected 
if the experiments had been carried out entirely in Williams’ 
E medium. 

DMSO is known to induce cellular differentiation and it 
is possible that the effects on enzyme activities could be 
due to different growth characteristics of cells cultured in 
DMSO. However, this is unlikely because there is no 
evidence that ALA can induce cellular differentiation, it 
produced effects on enzyme activities similar to those of 
DMSO and the effect of DMSO and ALA together was 
not additive, suggesting that they are acting through a 
common mechanism. Furthermore, the protein content of 
control cell homogenates and cells treated with DMSO 
and/or ALA were not significantly different (results not 
shown), suggesting that the growth rate of the cultures had 
not been altered by the treatment. 

In rodent liver, BROD and MROD activities are 
catalysed preferentially by the polycyclic, aromatic, 
hydrocarbon-induced P450IA family of isoenzymes, 
whereas PROD activity is catalysdd mainly by the 
nhenobarbitone-induced P450IIBl isoenzvme: BROD 
Activity reflects both the induced families: P450IA and 
P450IIB [21]. It should be noted, however, that the 
substrate specificities of the P450 isoenzymes of human 
liver tissue for resorufin ethers have not been fully 
investigated. DMSO and ALA caused a 20-25-fold increase 
in EROD. MROD and BROD activities in cells erown in 
Dulbecco’s medium, compared with only a 2-4fold-increase 
in PROD activity. The effect of these agents on P450- 
dependent activities appeared, therefore, to be isoenzyme 
selective and apparently occurred with the P450IA family 
of isoenzymes but not with P450IIB. 

Galbraith et al. [22] have shown that the addition of 2% 
(v/v) DMSO to Hep G2 cells grown in a minimal essential 
medium results in a 2-fold increase in the concentration 
andactivityof5-aminolaevulinicacid dehydratase (ALAD), 
the second enzyme in the haem biosynthetic pathway. The 
increase in ALAD was due to de nova induction of enzyme 
protein in the Hep G2 cells and as a result of the induction 
the concentration of haem in the cells increased [23]. Haem 
is known to regulate a variety of cellular processes, such 
as differentiation, transcription and post-translational 
processing in different systems [24,25]. In the rat, in vivo, 
haem has been shown to be a positive regulator of 
cytochrome P450 gene transcription and it also stabilizes 
freshly synthesized P450 apoprotein [26]. These published 
studies showed that haem optimized the transcription rates 
of cytochrome P450IAl and P450IA2 [27], and P450IIBl 
and P450IIB2 1261 at concentrations very much lower than 
those required to exert feedback regulation on its own 
biosynthesis. This mav explain whv the effects of DMSO 
and ALA on MFO actihties were not additive in our 
experiments. 

In the present study DMSO treatment did not increase 
the PUOIIBl-associated PROD activity to the same extent 
as it increased the MROD and EROD activities associated 
with the P450IA family. Transcription of P450IIBl may 
not be modulated by haem in Hep G2 cells. On the other 
hand, the expression, activity and induction of P450IIBl 
has been difficult to demonstrate both in hepatocyte 
cultures and in cell lines [28,29]. There may be some defect 
in the transcription process for this P450 isoenzyme in 
partially de-differentiated tissue which prevents a response 
both to inducers and to modulators like haem. Recent 
studies have demonstrated in vitro induction of P450IIBl 
and P450IIB2 in rat hepatocytes cultured in serum-free 
medium with up to a 90-fold increase in PROD activity 
[30]. These studies showed that the presence of 10% foetal 
calf serum inhibited the induction process by more than 
90%. The media used to culture HepG2 cells in the present 
study also contained 10% foetal calf serum and this may 
have influenced the effect of DMSO on the P450IIBl- 
associated PROD activity. The effect of serum on the 
response of Hep G2 cells to inducing agents is currently 
being investigated. 

DMSO and ALA increased GT activity towards bilirubin 
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Fig. 1. Mixed function oxidase (MFO) activities of Hep G2 cells cultured in Dulbecco’s medium (A) 
and Williams’ E medium (B), and supplemented with 2% (v/v) dimethylsulphoxide (DMSO) and/or 
lo-‘M 5-aminolacvulinic acid (ALA). MFO activity is measured as the 0-dealkylation of 
methoxyresoru6n (MROD), ethoxyresorufin (EROD), pentoxyresorufin (PROD) and benzyl- 
oxyresorutm (BROD) as described in Materials and Methods. Results are means of three experiments 
and error bars represent SEM. *P < 0.01, using ANOVA followed by Dunnett’s test. Significance 
values refer to differences between enzyme activities in control and treated cells. Fold increase values 

represent the increase in activities of treated cells compared with controls. 
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COIWROL %DMSO 

Fold 
inc- 1 1.4 

n I-Naphthol 

ALA 2%DMSO+ALA 

1 1.7 

N 3 3 4 3 3 3 3 3 

CONTRQL 2%DMSO ALA 2%DMSO+ALA 
Fold 
inc- 1 1 7.6 - 9.2 1.2 19.2 1 

Fig. 2A. 
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n 1-Naphthol 

COITPRGL 2%DMsG ALA Z%DMSO+ALA 

NK 3 

CONTRQL 
Fold 
increase 1 1 

I 3 3 6 8 5 

2%DMsG ALA B%DMSG+ALA 

as 1.8 2 1.2 5.1 - 

Fig. 2B. 

Fig. 2. UDP-glucuronosyl transferase activities of Hep G2 cells cultured in Dulbecco’s medium (A) 
and Williams E medium (B), and supplemented with 2% (v/v) dimethyisulphoxide (DMSO) and/or 
10S4M 5-~nolae~~c acid (ALA). For I-naphthol the results are means of five experiments in 
Dulbecco’s medium and 10 experiments in Wiiams’ E medium. The number of experiments (N) for 
biirubin and testosterone are shown. Error bars represent SEM. *P < 0.01, using ANOVA followed 
by Dunnett’s test. Significance values refer to differences between enzyme activities in control and 
treated c&Is. Fold increase values represent the increase in activities of treated cells compared with 

controls. 
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but not towards 1-naphthol or testosterone. Bilirubin is the 
breakdown product of haem metabolism and it is further 
metabolized exclusively by conjugation with glucuronic 
acid prior to biliary excretion. A specific GT isoenzyme 
responsible for conjugating bilirubin has been identified in 
rat liver [31,32]. Pretreatment of Hep G2 cells with either 
DMSO or ALA resulted in a 2-fold increase in the 
concentration of total bilirubin (conjugated and free) 
excreted into the medium and treatment with both agents 
together caused a3-foldincrease (H. Doostdar, unpublished 
results). The elevated concentrations of intracellular 
bilirubin appear to result in an increase in the specific GT 
isoenzyme activity required for detoxification. Whether or 
not this increase reflects de nouo synthesis of the GT 
protein is not known at present. GT is a membrane-bound 
latent enzyme [32] and its activity may, therefore, be 
modulated not only by synthesis of new protein but also 
by modification of its relationship with the endoplasmic 
reticulum membrane. 

This study has shown that the choice of growth medium 
is of crucial importance when investigating control of drug 
metabolism in cultured cells. Nevertheless Hep G2 cells 
provide a useful in vitro model system in which to study 
the regulation of enzyme activities in human liver. We 
have shown that both_DMSO and ALA can increase the 
activities of the MFO svstem and GT and thev are believed 
to act by increasing intracellular haem concentrations. 

Acknowledgements-This study was supported by the 
Advisory Committee on Research of Aberdeen University 
and by the Wellcome Trust. 

Departments of 
*Medicine and 
Therapeutics, 
tBiochemistry and 
$Pharmacology 

Aberdeen University 
Polwarth Building 
Foresterhill 
Aberdeen AB9 220, U.K. 

HAMED DoosTDAR*t$ 
M. DANNY BURKE* 

WILLIAM T. MELvINt 
M. HELEN GRANT*$ 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

REFERENCES 

Knowles BB, Howe CC and Aden DP, Human 
hepatocellular carcinoma cell lines secrete the major 
plasma proteins and hepatitis B surface antigen. Science 
209: 497-499, 1980. 
Dawson JR, Adams DJ and Wolf CR, Induction of 
drug metabolising enzymes in human liver cell line 
Hep G2. FEBS Lett 183: 219-222, 1985. 
Sassa S, Sugita 0, Galbraith RA and Kappas A, Drug 
metabolism by the human hepatoma cell line, Hep G2. 
Biochem Biophys Res Commun 143: 52-57, 1987. 
Grant MH, Duthie SJ, Gray AG and Burke MD, 
Mixed functionoxidase and UDP-glucuronvltransferase 
activities in the human Hep G2- hepatoma cell line. 
Biochem Pharmacol37: 4111-4116. 1988. 
Doostdar H, Duthie SJ, Burke MD, Melvin WT and 
Grant MH, The influence of culture medium 
composition on drug metabolising enzyme activities of 
the human liver derived Hep G2 cell line. FEBS Len 
241: 15-18, 1988. 
Huh N, Nemoto N and Utakoji T, Metabolic activation 
of benzo(a)pyrene, aflatoxin Bl, and dimethyl- 
nitrosamine by a human hepatoma cell line. Mutat Res 
94: 339-348, 1982. 
Bock KW and Bock-Hennig BS, Differential induction 
of human liver UDP-glucuronosyltransferase activities 

8 Address correspondence to: Dr M. Helent Grant, 
Bioengineering Unit, Wolfson Centre, University of 

8. 

9. 

10. 

11. 

12. 

by phenobarbital-type inducers. Biochem Pharmacol 
36: 4137-4143, 1987. 
Grant MH, Burke MD, Hawksworth GM, Duthie SJ, 
Engeset J and Petrie JC, Human adult heoatocvtes in 
primary monolayer culture. Maintenance of ‘mixed 
function oxidase and conjugation pathways of drug 
metabolism. Biochem Pharmacol36: 2311-2316. 1987. 
Buchmann A, Kulmann W, Schwartz M, Kunz W, 
Wolf CR. Mall E. Friedbere T and Oesch F. Renulation 

v 

and expression of four cyt&hrome P-450 isoenzymes, 
NADPH cytochrome P-450 reductase, the glutathione 
transferases B and C and microsomal epoxide hydrolase 
in preneoplastic and neoplastic lesions. Carcinogenesis 
6: 513-521, 1985. 
Duthie SJ, Coleman CS and Grant MH, Status of 
reduced glutathione in the human hepatoma cell line, 
Hep G2. Biochem Pharmacol37: 3365-3368, 1988. 
Grant MH, Melvin MAL, Shaw P, Melvin WT and 
Burke MD, Studies on the maintenance of cvtochromes 
P-450 and monooxygenase and cvtochromd reductases 
in primary culturesof rat hepatocytes. FEBS Lett 190: 
99-103, 1985. 
[som HC, Secott T, Georgoff I, Woodworth CJ 
and Mumman J, Maintenance of differentiated rat 
hepatocytes in primary culture. Proc Nat1 Acad Sci 
USA 82: 3252-3256, 1985. 

13. Higgins PJ and Borenfreund E, Enhanced albumin 
production by malignantly transformed hepatocytes 
during in vitro exposure to dimethylsulphoxide. 
Biochim Biophys Acta 610: 174-180, 1980. 

14. Maukkassah-Kelly SF, Bieri F, Waechter F, Bentley P 
and Staubli W, Long term maintenance of hepatocytes 
in primary culture in the presence of DMSO: further 
characterisation and effectof nafenopin, a peroxisome 
proliferator. EXD Cell Res 171: 37-51. 1987. 

15. Huberman E. ’ Heckman C and Langenbach R, 
Stimulation of differentiated functions in human 
melanoma cells by tumor-promoting agents and 
dimethyl sulfoxide. Cancer Res 39: 26182624, 1979. 

16. Chang CS and Sassa S, Induction of delta-aminolevuhnic 
acid dehydratase in mouse Friend virus-transformed 
erythroleukemia cells during erythroid differentiation. 
Blood 64: 64-70, 1984. 

17. Burke MD and Mayer RT, Differential effects of 
phenobarbitone and 3-methylcholanthrene induction 
on the hepatic microsomal metabolism and cytochrome 
P450 binding of phenoxazone and a homologous series 
of its n-alkylethers (alkoxyresorufin). Chem Biol 
Interact 45: 243-258, 1983. 

18. MacKenzie PI and Hanninen 0, Sensitive kinetic assay 
for UDP-glucuronyhransferase using 1-naphthol as 
substrate. Anal Biochem 109: 362-368, 1980. 

19. Dutton GJ, Principles of assay of glucuronidation in 
biological tissues or fluids and selected practical 
procedures. In: Glucuronidation of Drugs and Other 
Compounds, p. 183-204. CRC Press, Boca Raton FL, 
1980. 

21 

20. Lowry OH, Rosebrough NJ, Farr AL and Randall RJ. 
Protein measurement with the Fohn phenol reagent. J 
Biol Chem 193: 265-275, 1951. 
Burke MD, Thompson S, Elcombe CR, Halpert J, 
Haaparanta T and Mayer RT, Ethoxy-, pentoxy- and 
benzyloxy-phenoxazones and homologues; a series of 
substrates to distinguish between different induced 
cytochromes P-450. Biochem Pharmacol34: 337-3345, 
1985. 
Galbraith R, Sassa J and Kappas A, Induction of haem 
synthesis in Hep G2 human hepatoma cells bv 
dimethylsulphoxide. Biochem J 237:‘597-600, 1986. * 
Galbraith RA, Sassa S and Fuiita H. Regulation of 
heme synthesis in Hep G2 human hepatoga cells by 
dimethyl sulfoxide. Biochem Biophys Res Commun 

22 

23 

Strathclyde, 106 Rottenrow, Glasgow G4 ONW, U.K. 153: 869-874, 1988. 



Short communications 1313 

24. Marks PA, Rafkind RA, Gambari R, Epner E, 
Chen Z-X and Banks J, Commitment to terminal 
differentiation and the cell cycle. Curr Top Cell Regul 
21: 189-203, 1982. 

25. Ochoa S, Regulation of protein synthesis initiation 
in eucaryotes. Arch Biochem Biophys 223: 325-349, 
1983. 

26. Dwarki VJ, Francis VNK, Bhat GJ and Padmanaban 
G, Regulation of cytochrome P-450 messenger RNA 
and apoprotein levels by heme. J Biol Chem 262: 
1695816962, 1987. 

27. Bhat GJ and Padmanaban G, Heme is a positive 
regulator of cytochrome P-450 gene transcription. Arch 
Biochem Biophys 264: 584-590, 1988. 

28. Owens IS and Nebert DW, Aryl hydrocarbon 

hydroxylase induction in mammalian liver-derived cell 
cultures. Mel Pharmacol II: 94-104, 1975. 

29. Fahl WE, Michalopoulos G, Sattler GL, Jefcoate CR 
and Pitot HC, Characterisation of microsomal enzyme 
controls in primary cultures of rat hepatocytes. Arch 
Biochem Biophys 192: 61-72, 1979. 

30. Waxman DJ, Morrissey JJ, Naik S and Jauregui HD 
Phenobarbital induction of cytochromes P450. Biochem 
J 271: 113-119, 1990. 

31. Burchell B , Isolation and purification of bilirubin UDP- 
glucuronyltransferase from rat liver. FEBS Lett III: 
131-135, 1980. 

32. Burchell B and Coughtrie MWH, UDP-glu- 
curonosyltransferases. Phamac Ther 43: 261-289, 
1989. 

Biochemical Pharmacology, Vol. 42, No. 6, PP. 1313-1316, 1991. ocn%z952/91 s3.00 + 0.00 
Printed in Gnat Britain. Q 1991. Pergamon Press plc 

Influence of halothane on the interactions of serotoniq* and adenosine Al 
receptors with G proteins in rat brain membranes 

(Received 17 January 1991; accepted 3 May 1991) 

Certain volatile general anesthetics depress synaptic 
transmission by interfering with receptor-G protein 
interactions [l]. Halothane and other volatile anesthetics 
disrupt signal transduction by two neurotransmitter 
receptors, the muscarinic acetylcholine and cr>-adrenergic 
receptors, whose synaptic actions are mediated by pertussis 
toxin-sensitive G proteins [l-5]. This disruption is seen as 
a depression of the guanine nucleotide sensitivity of agonist 
binding, as well as an interference with the inhibitory 
control of these receptors over adenylate cyclase activity. 
In contrast, halothane does not affect the stimulation of 
adenylate cyclase activity by /I-adrenergic receptors, an 
action which is mediated by the stimulatory, pertussis 
toxin-insensitive G, protein [6]. 

These findings raise the possibility that volatile anesthetic 
disruption of receptor-G protein coupling is restricted 
to the family of neurotransmitter receptors which 
preferentially couple to G proteins which serve as substrates 
for ADP-ribosylation catalyzed by pertussis toxin, 
particularly Gi and G,. To examine the validity of this 
suggestion, we examined the effects of halothane on 
adenosine A, and serotonin,, (5-HT,,) receptors. A, and 
5-HTu, receptor agonists inhibit adenylate cyclase activity 
through Gi protein activation [7,8]. Moreover, the 
involvement of A, and 5-HTrA receptors in the regulation 
of sleep and analgesia makes them reasonable potential 
targets of anesthetic action [Q-11]. 

Materials and Methods 

Rats were decapitated and brain tissue was removed and 
homogenized in 15 mL of 50 mM Tris-HCl buffer, pH 7.4, 
containing 2 mM MgClr and 1 mM dithiothreitol. The 
homogenate was centrifuged at 15,000 g for 20 min. The 
supematant was discarded and the pellet washed twice by 
resuspension and centrifugation under the same conditions. 
The final pellet was sus ended in buffer at a final protein 
concentration of 1 mg mL. The G protein interactions P 
of muscarinic and or-adrenergic receptors in neural 
membranes prepared in SOmM Tris-HC1/2 mM MgC12 
buffer were disrupted by anesthetics (e.g. (41). Moreover, 
inclusion of 1 mM dithiothreitol in the buffer (as in the 

present experiments) did not alter these actions of halothane 
(e.g. [2]). Hippocampal membranes were used for 5-I-IT,, 
binding assays, while forebrain membranes were used 
for A, binding assays. Membranes used in [3H]- 
cyclohexyladenosine ([3H]CHA) binding assays were 
incubated for 30 min at room temperature with adenosine 
deaminase (0.2 unit/ml) to remove endogenous adenosine. 

Assays were initiated by addition of the membranes to 
a binding medium containing either 1 nM 8-hydroxy- 
dipropylaminotetralin ([3H]8-OH-DPAT; DuPont-NEN; 
142.9 Ci/mmol) or 1 nM cyclohexyladenosine ([3H]CHA; 
DuPont-NEN; 34.4 Ci/mmol). Incubations were carried 
out at 37“ .until binding ’ equilibrium was reached 
(10 min, [3H]8-OH-DPAT; 60 min, [)H]CHA). GuanylJ’- 
imidodiphosphate (Gpp(NH)p; Sigma), a stable analogue 
of GTP, was included in some assays. Non-specific binding 
was determined in the oresence of 100 UM 5-I-H or 1 mM 
theophylline in the 5-H’?,* and Al receptor binding assays, 
respectively. Specific binding represented 8&90% of the 
total binding of either probe at 1 nM. Membranes were 
collected by vacuum filtration on glass fiber filters, and the 
radioactivity content of the filters was determined by liquid 
scintillation counting. 

Under these conditions, the density of [3H]8-OH-DPAT 
binding sites was 258 + 35 fmol/mg membrane protein, 
while the dissociation constant was 1.1 f 0.2 nM 
(means * SD, N = 4). [)H]CHA labeled 222 + 19 fmol 
binding sites/mg membrane protein with a dissociation 
constant of 39 f 0.5 nM (means + SD, N = 4). 

Anesthetics were added to assay tubes as aliquots from 
stock buffers. Anesthetic concentrations were verified by 
gas-liquid chromatographic analysis of 1-d aliquots 
obtained from sham reaction tubes. 

Results 

Halothane inhibited the binding of [)H]8-OH-DPAT to 
5-HTtA receptors in hippocampal membranes by up to 23% 
at 1.8 mM (Fig. 1A). Inclusion of the guanine nucleotide, 
Gpp(NH)p, during the incubation had little effect on the 
inhibition by halothane. 

In agreement with previous reports [12,13], Gpp(NH)p 

BP 42:6-K 


