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hydrophobic cleft is unlikely therefore to include reactive 
nucleophiles unless the catalytic mechanism proceeds via a 
covalently modified enzyme intermediate. There is kinetic 
[18] and stereochemical [lP] evidence that this is not the 
case. The findings of this work are therefore compatible 
with the sequential mechanisms that have been proposed 
on kinetic lyounds [18]. 
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Decreased hepatic glu~~one S-transferase A, AA and L concentration produced 
by prolonged thyroid hormone administration 

(Received 25 January 1988; accepted 24 March 1988) 

The glutathione S-transferases (GST) are a complex group 
of enzymes that possess several biological functions but 
the primary function of GST is considered to be one of 
detoxification [l]. The cytosolic GST forms are comprised 
of two subunits of approximately similar size and in rat 
liver the major subunit forms are Ya (M, 2S,SOO), Yc (M, 
U,SoO), Yb, and Ybr (both M, 26,300). These subunits 
may combine to produce various GST isoenzymes as 
summarized in Table 1 but the homodimers of the Ya, Yb, 
and Yc subunits account for approximately 60% of the total 

hepatic GST [1,2]. Some degree of differentiation of the 
GST subunits in crude tissue extracts may be obtained by 
using different substrates [l] but a more reliable approach 
to quantitating the GST isoenzymes is to measure specifi- 
cally the concentration of each of the GST using 
~~oi~unoassay. 

In the rat, surgical th~oidectomy results in a 30% 
increase in the hepatic concentration of GST L (YaYa, 
previously called “ligandin”) and normal GST con- 
centrations are restored following daily intraperitoned 
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injection of 50pg/kg of thyroxine (T4) [3]. Chemically- 
induced hypothyroidism in mice produces differential 
effects on the expression of various GST activities but 
again these effects may be reversed by intraperitoneal 
administration of 2 ma/kg triiodothvronine for 3 davs 141. 

In both the above &dyes [3,4] the doses of the thyro;d 
hormone injected were vastly in excess of what would be 
required to compensate for thyroid failure. For example, 
in man the average total amount of T, and T3 produced by 
the body is only 90 pgg/day and 30 pgg/day respectively. Also 
thyroid hormones were given over a period of only a few 
days, a time-period at which steady state concentrations of 
thyroid homones would not have been achieved. 

We recently studied the effects of prolonged oral thyroid 
hormone administration on rat hepatic GST L con- 
centration [S]. Thyroid hormones were administered to 
euthyroid rats at doses which approximated to the equiv- 
alent body weight-related doses given to hypothyroid 
patients and for time-periods sufficient to produce steady- 
state plasma concentrations. Using these conditions there 
was a decrease in the hepatic content of GST L; i.e. the 
opposite of the effect seen in hypothyroidism. We did not 
study the effects of thyroid hormone administration on the 
concentration of other GST but such data would be of 
interest since animals pre-treated with thyroid hormones 
show an increased susceptibility to drug-induced hepatic 
damage particularly by hologenated hydrocarbons [6,7]. 

In the present study we have quantitated, using specific 
radioimmunoassays, the effect of thyroid hormone adminis- 
tration on the major hepatic forms of GST namely GST L 
(YaYa), GST A (YbiYb,) and GST AA (YcYc). 

Materials and methods 

Radioimmunoassay of GST in hepatic cytosols. The GST 
were purified as previously described [2] and antisera were 
raised in rabbits to GST L, GST A and GST AA (subunit 
composition YaYa, Yb,Yb, and YcYc respectively) using 
standard immunisation techniques [S]. The preparation of 
iodinated GST and the radioimmunoassay procedure was 
as described previously [5]. The specificities (cross-reac- 
tivities) of the three antisera were assessed by determining 
the amount of each GST, compared with the immunogen, 
which was required to displace 50% of bound label. 

Total GST activity. The activity of GST in hepatic cyto- 
sols was measured at 37” using a centrifugal analyser with 
1 mM 1-chloro-2,4_dinitrobenzene and 2 mM-reduced 
glutathione as substrates [5]. 

Plasma measurements. The concentration of total T3 and 
total T4 were measured by radioimmunoassay [8]. The 

activity of alanine aminotransferase was measured using 
a Sequential Multiple Analyser with Computer (SMAC) 
system (Technicon Instrument Corporation, Basingstoke, 
U.K.). 

Effect of T, and T3 administration on hepatic GST icvels. 
Three groups of male Sprague-Dawley rats (each approx. 
400 g) were used. Eight animals were given T4 (7.5 mg/l) 
in their drinking water ad libitum for four week and six 
animals were given T3 (750 yg/l) in their drinking water ad 
Zibitum for two weeks. These doses and times were as used 
previously [5] and were chosen for the reason stated in the 
introduction. Eight control animals were also used which 
were kept on a normal diet for 6 weeks. 

Blood was collected after decapitation and plasma 
prepared. The livers were removed, weighed, placed 
immediately into 20 mmol/l sodium phosphate buffer, pH 
7.4, and kept on ice. Cytosols were prepared within 2 hr of 
sacrifice as follows: 

Livers were individually homogenised in 20 mmol/l 
sodium phosphate buffer pH 7.4 (25% w/v) and the homo- 
genates centrifuged at 100,000 g for 1 hr at 4”. A portion of 
the supernatants were assayed immediately for GST activity 
and the remainder were stored at -70” for subsequent 
analysis. On thawing supernatants were diluted 10,000 
times with assay diluent prior to analysis for GST 
concentration. 

Results 

Specificity of antisera. The cross-reactivities of the GST 
antisera with the various rat GST are shown in Table 1. In 
each case, the antisera showed little or no cross-reactivity 
with GST other than the immunogen. Thus the 3 RIA 
developed were specific for GST A (Yb,Yb,), GST AA 
(YcYc) and GST L (YaYa). 

Plasma analytes. The changes in the levels of various 
plasma analytes in these animals have previously been 
reported in detail [5] and are summarized in Table 2. 

The dose of T4 given to the animals resulted in T4 being 
increased approximately 5-fold and T, 7-fold above the 
concentrations in control animals. The dose of T, given to 
the animals resulted in suppression of T, synthesis but the 
mean plasma T3 concentration in these animals was only 
60% higher than in the control animals (Table 2). 

Hepatic GST concentration and activity. The changes in 
the hepatic concentration of GST L have previously been 
reported and are summarized in Table 3 [5]. 

Administration of T4 resulted in a significant increase in 
the concentration of cytosolic protein but no significant 
difference was found between control and the Ts-treated 

Table 1. The cross-reactivities of the antisera for hepatic GST A, AA and L with various 
GST, as measured by radioimmunoassay 

Cross-reactivities (%) 

GST 
Subunit 

composition Family 
Anti-A 

(YbiYb,) 
Anti-AA 
(YCYC) 

Anti-L 
(YaYa) 

AA 
L 
F 
B 
K 
A 
P 
C 
R 
D 
N 
S 
H 

YCYC 
YaYa 
YaYa 
YaYc 
YkYk 

YblYb, 
YbiYn 
Yb,Ybz 
YbzYb, 
Yb,Yb, 
YnYn 
Yb,Yn 
YfYf 

II 
II 
II 
II 
II 
II 
III 

<O.l 
<O.l 
<O.l 
co.1 
co.1 

100 
3.9 

22.5 
0.9 

co.1 
co.1 
co.1 
co.1 

100 0.1 
4.1 100 
I.7 100 
7.1 <O.l 

co.1 <O.l 
co.1 <O.l 
co.1 <O.l 
co.1 <O.l 
co.1 to.1 
co.1 <O.l 
CO.1 <O.l 
co.1 to.1 
<o. 1 to.1 
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Table 2. Summary of changes in plasma analytes in the various groups of animals 

Analyte 

Thyroxine (nmol/l) 

Triiodothyronine (nmol/l) 

Alanine aminotransferase (U/L) 

Control 
(N = 8) 

68 *13 

1.1 + 0.2 

73 2 15 

Animal group 
T&reated T,-treated 

(N = 8) (N = 6) 

365 f 57 18 27 
(P < 0.001) (P < 0.001) 

7.6 2 3.2 1.8 + 0.3 
(P < 0.001) (P < 0.001) 
109 *20 80 28 
(P < 0.002) (NS) 

Full details can be found in Ref. 5. 
Means 2 SD are shown. 

Table 3. The effect of Tr or Tg administration on hepatic cytosolic protein concentration, GST concentration 
and GST activity 

GST mass (pg/mg cytosolic protein) 
Animal Total protein GST activity 
treatment (g/l) (pm01 CDNB/min/mg) A AA L 

Control 36.5 + 2.0 1.96 f 0.2 25.2 + 1.37 18.9 + 3.8 20.1 + 5.8 
Ts-treated 39.0 + 5.8 1.03 2 0.09 19.4 & 3.18 14.6 + 3.7 13.3 f 4.0 

46 !?5 0 
(P < 0.001) (P < 0.05) (P < 0.03) 

T,-treated &I&) 
(P 2 

0.61 f 0.17 
ipg;l.p;) 

(P < 0.001) (P’< 
:.O&, 12.9 + 3.2 13.3 + 3.4 

(P < 0.01) (P < 0.01) 

Mean * SD are shown and where values differ significantly from control values the significance values 
are shown in brackets 

NS = not significant 

animals (Table 3). However, administration of Td or Ts 
resulted in a significant decrease in the total cytosolic con- 
tent of GST A (YbiYbi), AA (YcYc) and L (YaYa) (Table 
3). The total enxymic activity of GST in rat liver cytosol 
was also significantly reduced following thyroid hormone 
administration (Table 3). In Ts-treated animals GST 
activity was only 47% of control values and in T,-treated 
animals GST activity was reduced to 30% of control values. 

Signiiicant differences in GST concentration or activity 
were found irrespective of whether data were related to 
cytosolic protein concentration or the wet weight of liver. 

We were unable to measure the concentration of GST D 
(YbrYbr) or the heterodimeric forms of GST but it seems 
unlikely that the concentrations of the GST that were not 
determined were preferentially increased. A plot of total 
GST against the sum of GST A, AA and L for each of the 
three groups gave a linear relationship. If thyroid hormone 
administration had produced preferential induction of GST 
forms not measured, then such a clear linear relationship 
would not result. Also since GST A, AA and L were 
decreased by approximately the same extent in the T3- 
and T,-treated animals it appears highly unlikely that the 
heterodimers of the Ya, Yb and Yc subunits, not measured 
by the radioimmunoassays, would be affected disparately. 

Discussion 

The data presented here show that prolonged adminis- 
tration of TJ or T4 at non-pharmacological doses to euthy- 
roid rats results in a marked decrease in hepatic GST A, 
GST AA and GST L concentration; the isoenzymes that 
constitute approximately 60% of total liver GST [2]. 

The decrease in hepatic GST is unlikely to be entirely 
due to hepatic damage and release of GST from the 
hepatocyte. The increases in plasma GST L concentration 
and plasma ALT activity observed in our Trtreated were 
small and, the total hepatic cytosolic protein concentration 

* To whom correspondence should be addressed. 

was increased in these animals, probably as a result of Tr 
induced protein synthesis. In our Ts-treated rats there was 
no change in plasma ALT (Table 2) and there was only a 
modest 2-fold increase in plasma GST L concentration 
[5] yet hepatic GST L concentration still decreased by 
approximately 25%. A likely major contributing factor for 
the decreased hepatic GST concentration is a reduced 
synthesis or increased turnover of GST as suggested by 
Arias and his colleagues [4]. 

It is of relevance to note that the changes in plasma Ts 
observed in the T3-treated animals were similar to the 
magnitude of the changes in plasma T3 seen in T,-treated 
hypothyroid patients [9]. It seems possible, therefore, that 
hypothyroid patients receiving thyroid hormone replace- 
ment may also have a reduction in hepatic GST that may 
increase their vulnerability to drug-induced liver damage. 
In this respect it has been demonstrated that abnormal liver 
function can occur in Trtreated hypothyroid patients [9]. 

In summary, prolonged administration of thyroid 
hormones at non-pharmacological doses produces a 
marked decrease in all the major forms of hepatic GST 
probably as a result of reduced hepatic synthesis or 
increased turnover. This reduction in GST concentrati 

bi? 
n 

may explain, at least in part, the increased susceptr rty 
that thyroid hormone-treated animals have to drug-induced 
liver damage. 

Acknowledgements-We wish to thank Professor L. G. 
Whitby for his advice in the preparation of this manuscript 
and also Mrs E. Ward for her secretarial assistance. We 
also wish to thank Miss A. J. Hussey for her help with 
immunising animals. 

University Department of 
Clinical Chemistry, 

The Royal Infirmary, 
Edinburgh EH3 9YW, 
Scotland, U.K. 

GEOFFREY J. BECKEIT’ 
RUSSELL Bon, 

SARAH E. BEDDOWS 
JOHN D. HAYES 



3204 Short communications 

REFERRNCEX guthathione S-transferase YaYa concentrations. C&n 
Chim Acta 161: 69-79, 1986. 

1. Mannervik B, The isoenzymes of glutathione 
transferase. Adu Enzymol57: 357-417, 1985. 

6. Calvert DN and Brody TM, The effects of thyroid func- 

Hayes JD, Rat liver glutathione S-transferase. Biochem 
tion upon carbon tetrachloride hepatotoxicity. J Phnr- 
macol Exn Ther 134: 304-310. 1961. 

J 213; 625-633, 1983. 
Arias IM, Fleischer G, Kirsch R, Mishkin S and Gat- 
maitan Z, On the structure, regulation and function 
of ligandin. In: Glutathione: Metabolism and Function. 
(Eds. Arias IM and Jakoby WD) pp. 175-188. Raven 
Press, New York, 1976. 
Williams MT, Carrington H and Herrera A, Stimulation 
of mouse liver glutathione Stransferase activity in nro- 
pythiouracil-treated mice in oiuo by . triiodo- 
thvronine. Bichem J 233: 595-598. 1986. 
Beckett GJ, Hunter JE and Hayes’JD, Hepatic damage 
in the rat following administration of thyroxine or tri- 
iodothyronine, assessed by measurement of plasma 

7. Wood M: Berman ML, Harbison RD, Hoyle P, Phy- 
thyon JM and Wood AJJ, Halothane-induced hepatic 
necrosis in triiodothyronine-pretreated rats. Anaes- 
thesiol52: 470-476, 1980. 

8. Ratcliffe WA, Challand GS and Ratcliffe JG, A critical 
evaluation of separation methods in radioimmunoassays 
for total triiodothyronine and thyroxine in unextracted 
human serum, Ain Clin Biochek 11: 224-229, 1974. 

9. Gow SM. Caldwell G. Toft AD. Seth J. Hussev AJ. 
Sweeting’VM and Beckett GJ, The relationship beiween 
pituitary and other target organ responsiveness in hypo- 
thyroid patients receiving thyroxine replacement. J C&r 
Endocrin Metub (64: 364-370, 1987. 

Biochemicd Pharmacology, Vol. 37, No. 16, pp. 3204-3206, 1988. Mx)6-295yE8 s3.00 + 0.00 
Printed in Great Britain. 0 1988. Pergamon Press plc 

Development and characterization of anti-spiroperidol antibodies* 

(Received 7 December 1987; accepted 3 March 1988) 

Ligand-specific antibodies arc valuable tools for several 
types of applications. For example, antibodies specific for 
neuroleptic antipsychotic drugs are used to measure serum 
levels of these drugs in medicated patients [ 11. Anti-ligand 
antibodies can also be used to induce anti-idiotypic anti- 
bodies that cross-react with receptors to which the hapten 
binds [2,3], and it has been suggested [4] that the use of 
primary sequence information and X-ray crystallographic 
studies to construct three-dimensional models of the ligand 
binding site of an antibody may aid in constructing models 
of binding sites on receptors that are membrane-bound and 
difficult to crystallize. To measure serum levels of a drug 
it is necessary to have antibodies very selective for that 
drug, but for other applications antibodies that recognize 
a number of ligands are preferred. Thus, when anti-hgand 
antibodies are used to induce cross-reactive anti-idiotype 
antibodies, or as models for receptors, the primary antibody 
should recognize many ligands, mimicking as closely as 
possible the pharmacologi~l profile of the receptors. 

A panel of anti-~inospirope~dol and anti-lri-amino- 
phenethyl-spiroperidol (NAPS) monoclonal antibodies 
with high affinity for the dopamine D-2 receptor ligand 
spiroperidol and other butyrophenones, and high affinity 
for the non-butyrophenone D-2 ligand domperidone, has 
been produced [4]. These antibodies were elicited from 
mice in an early stage of the immune response by immu- 
nizing the mice once, then boosting those mice that had 
the highest titer 3 days before preparation of hybridomas. 
We now describe three monoclonal antibodies isolated 
from a mouse in a later stage of the immune response. 
These antibodies have the highest affinity for spiroperidol 
and related iigands of any antibodies produced to date. 

Merhods 

NAPS and NAPS-KLH (keyhole limpet hemacyanin) 
were synthesized as described previously [4]. Brietly, 
0.01 mmol of NAPS was reacted with 0.04 mmol of bro- 
moacetic acid in 1 .O ml of N,N-dimethylformamide in the 
presence of 0.04 mmol of dicyclohexyl carbodiimide. The 
reaction mixture was incubated for 16 hr at 25”, at which 

* Supported by the Veterans Administration Research 
Program and the Scottish Rite Schizophrenia Research 
Program, U.S.A. 

time conversion of NAPS to its N-bromoacetyi derivative 
appeared to be complete. The ether-precipitated bro- 
moacetyl derivative was dissolved in l.Oml of dime- 
thyifor~amide and added to 4.0 mt of a solution containing 
5.0 me/ml of KLH in 0.5 M NaHCO, buffer at oH 10.0. 
To soTubilize KLH, 0.2 ml of 10% sodium dodecyl sulfate 
in water was added to the protein solution. The coupling 
reaction was carried out for 16 hr at 4”. Uncoupled hapten 
was separated from the NAPS-KLH conjugate using Sepha- 
dex G-50 equilibrated in 50 mM sodium phosphate buffer 
containing 150 mM NaCl and 0.01% NaN3 at pH 7.4. 

Female BALB/c mice (6-8 weeks old) were immunized 
with equal volumes of Freund’s Complete Adjuvant and 
NAPS-KLH (1.0 mg/ml). Mice received intraperitoneat 
and multiple subcutaneous injections of a totat of 0.4 mi of 
the emulsion. The mice received subsequent injections of 
NAPS-KLH and Freund’s Incomplete Adjuvant (0.4 ml, 
i.p.) at approximately l-month intervals. One month after 
the third immunization one mouse was treated with NAPS- 
KLH in saline (0.2 ml, i.p.). Three days after this boost, 
splenocytes were removed for the preparation of hy- 
bridomas using the method of Kennett etnl. [5] as described 
previously [4]. A charcoal adsorption assay (41 was used 
with minor modifications to measure the binding of [‘HI- 
spiroperidol to the monoclonal antibodies. Diluted hy 
bridoma supernatant (50 ul) was incubated for 1 hr at 37” 
in 1.5-ml microfuge tubes with Tris-buffered saline (50 mM 
Tris-HCI, pH 7.4, and 0.9% NaCI), [3H]-spiroperidol, and 
appropriate drugs, in an assay volume of 1 ml. Direct 
binding experiments were carried out using various con- 
centrations of [3H]-spiroperidol in the absence of an 
inhibitor. Competition experiments were carried out using 
six concentrations of inhibitor with approximately 1 nM 
~3H]-spirope~doi in each assay. Nonspecific binding was 
determined by replacing hybridoma supernatant with con- - . 
trol tissue culturemedium. For each competing drug, values 
for IQ” and Hill coefficient were obtained from indirect Hill 
plots,.and K, was calculated by the method of Cheng and 
Prusoff [6]. Statistical comparisons of the geometric means 
of K, and Kd values were made using Student’s t-test. Light 
chain type and isotypes were identified by Dr. Rob&t 
Luedtke at the University of Pennsylvania. 

Spiroperidol, haloperidol, pipamperone, ketanserin, and 
domperidone were donated by Janssen Pharmaceutics 


