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EDAMURA K., AND H. SASAL No self-injurious behavior was found in HPRT-deficient mice treated with 9-ethylade-
nine. PHARMACOL BIOCHEM BEHAYV 61(2) 175-179, 1998.—It has been reported that 9-ethyladenine (9-EA) is an effi-
cient inhibitor of APRT (adenine phosphoribosyltransferase) and that its administration causes self-injurious behavior (Le-
sch-Nyhan Syndrome-like symptoms) in HPRT (hypoxanthine-guanine phosphoribosyltransferase)-deficient mice. In
contrast, we found neither any self-injurious behavior (SIB), such as visible injury or hair loss, nor any apparent decrease in
APRT activity in HPRT-defecient mice treated with 9-EA. We also found that 9-EA has little irreversible or competitive in-
hibitory effect on APRT in vitro, even at a concentration of 1072 M. In light of the negative finding of SIB in APRT/HPRT
double-deficient mice, it seems unlikely that SIB in HPRT-deficient mice is caused by lowered APRT activity. It is concluded
that 9-EA is not a sufficient APRT inhibitor and cannot be used in experiments that mimic lowered APRT status in an ani-

mal model. © 1998 Elsevier Science Inc.
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Self-injurious behavior

Lesch-Nyhan Syndrome

LESCH-NYHAN syndrome (12) is an X-linked neurodevel-
opmental disorder characterized by choreoathetosis, dystonia,
self-injurious behavior, and hyperuricemia. It results from one
defective gene that encodes the purine salvage enzyme
HPRT. Over the past few years, a great deal of effort has been
devoted to characterizing genetic mutations in patients with
Lesch-Nyhan syndrome (16). With regard to a neurological
deficit in Lesch-Nyhan syndrome, Lloyd and his coworkers
reported reduced levels of dopamine in patients with Lesch-
Nyhan syndrome (13). This finding was subsequently corrob-
orated by the direct demonstration of reduced dopamine in a
patients with Lesch-Nyhan syndrome through PET analysis of
a compound binding to the dopamine transporter (4,17). De-
spite these efforts to understand the molecular and neurologi-
cal basis of Lesch-Nyhan syndrome, current treatment re-
mains largely unsatisfactory.

In recent years, several attempts have been made to gener-
ate animal models for Lesch-Nyhan syndrome as useful tools
to investigate new methods of treatment, including gene ther-
apy. As one of these attempts, HPRT-deficient mice were

produced from HPRT-deficient mouse embryonic stem (ES)
cells (6,10). However, they were essentially normal and dis-
played no obvious neurobehavioral abnormalities, in spite of
a specific deficit in basal ganglia dopamine systems that
emerges during the first 2 months of postnatal development
(7). There have been some attempts to produce pharmacolog-
ical models for Lesch-Nyhan syndrome based on treatment
with drugs like 6-hydroxydopamine, caffeine and amphet-
amine (1,8,9,15). But these models have yielded little informa-
tion on the relationship between HPRT deficiency and abnor-
malities in the dopamine systems in the brain. In 1993, Wu
and Melton reported that the administration of 9-ethylade-
nine (9-EA), which was thought to be an APRT inhibitor, to
HPRT-deficient mice induced persistent self-injurious behav-
ior (SIB) (18). APRT, a purine salvage enzyme similar to
HPRT, converts adenine to adenosine monophosphate. In
their study, they stated that APRT was much more dominant
than HPRT in the purine salvage system of mice compared
with humans. So they interpreted their results as meaning that
the partial inhibition of APRT activity in the brain of HPRT-
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TABLE 1
HPRT ACTIVITY IN MICE BRAIN CELL EXTRACTS

HPRT Activity

Strain HPRT (nmol/min/mg Protein)
C57BL/6 + 95=*1.1
C57/3B1 - 0.01 = 0.01*
Inactive protein 0.02 £0.02

HPRT activity in mice brain cell extracts of wild-type (n = 3) and
HPRT-deficient (n = 3) male mice.

Heated E14.1 cell extracts are used as inactive protein.

*p < 0.05 compared with the wild-type group by Student’s ¢-test.

deficient mice treated with 9-EA (80% of APRT activity rela-
tive to the saline-treated control group) induced SIB.

We are interested in an animal model for Lesch-Nyhan
syndrome and have reexamined whether or not SIB occurs in
9-EA-treated HPRT-deficient mice. Contrary to our expecta-
tions, we observed no SIB in HPRT-deficient mice treated
with 9-EA, and our treatment of the mice did not result in any
apparent decrease in brain APRT activity. What is more, we
found that 9-EA has little inhibitory effect on APRT in vitro .

RESULTS

We produced HPRT-deficient mice derived from a sponta-
neous HPRT-deficient ES cell, E14.1TG3B1 (5), which has a
203-bp insertion of a transposon sequence in exon 3 of the
HPRT gene. This mutation caused the HPRT gene to cease
functioning due to the frame shift, and the mice derived from
E14.1TG3B1 carry a nonfunctional HPRT gene. Indeed, the
incorporation of [“C]-hypoxanthine into cell extracts of
E14.1TG3B1 and the brain of HPRT-deficient mice was mea-
sured, and no HPRT activity in either material was found (Ta-
ble 1). These mice have none of the spontaneous behavioral
abnormalities that were previously reported. Next, we exam-
ined whether the administration of 9-EA to HPRT-deficient
mice induced persistent SIB. Three 8-week-old wild-type
male and HPRT-deficient male mice were placed in separate
cages and injected three times per week for 5 weeks with a sa-
line solution containing 2.5 X 10~% (Experiment 1) or 1.25 X
1073 (Experiment 2) mol of 9-EA. During this time, the fre-
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quency of stereotypic behavior was scored. Our definition of
stereotypic behavior includes all grooming with fore or hind
legs, nibbling, and biting. There was no significant difference
in the frequency of stereotypic behavior between wild-type
and HPRT-deficient mice injected with a saline solution con-
taning 2.5 X 107° mol of 9-EA (Table 2) . Furthermore, none
of the animals injected with 9-EA developed tissue injury or
hair loss within 120 days after the injections were started.

In Experiment 2, the frequency of stereotypic behavior
could only be scored during the first 3 weeks after the injec-
tions were started, and there was no significant difference in
the frequency of stereotypic behavior between wild-type and
HPRT-deficient mice injected with a saline solution contaning
1.25 X 107> mol of 9-EA (Table 2) . After 4 weeks, we could
not continue the experiment, because they became too sick to
move around during recording sessions, and one mouse died,
probably due to the chronic toxicity of 9-EA. Within 120 days
after the injections were started, none of the animals injected
with 1.25 X 1075 mol of 9-EA developed tissue injury or hair
loss, which is the same as the results obtained in Experiment
1. These results do not support Wu and Melton’s data. So we
examined whether 9-EA inhibited APRT activity in vitro and
in vivo.

To determine if 9-EA has an irreversible effect on APRT
activity in vitro, we preincubated E14.1 (11) cell extracts
with 9-EA prior to the ['*C]-adenine incorporation assay. An
inhibition of the incorporation of [“C]-adenine was found af-
ter incubation with at least 1.5 X 10~ M 9-EA for 1 h (Table
3). The concentration of 1.5 X 10~! M is 500 times greater
than the concentration of [*C]-adenine, which is a substrate
of APRT. Then we examined the competitive effect of 9-EA
on APRT activity in vitro. There was no significant reduction
in the incorporation of ['“C]-adenine into ES cell extracts
compared with the control value, even in the presence of
1.5 X 10" M 9-EA (data not shown). These data indicate that
9-EA has little irreversible or competitive inhibitory effect on
APRT.

We also examined the effect of 9-EA on APRT activity in
mouse brain. Eight-week-old wild-type male mice were in-
jected intraperitonealy with 9-EA on alternate days and sacri-
ficed after the fourth injection. The mice received 2.5 X 1079,
1.25 X 1075, or 2.5 X 10~° mol of 9-EA. However, four out of
the five male mice that received 2.5 X 107> mol died after the
first injection, and the remaining one died after the second in-

TABLE 2

COUNTS OF STEREOTYPIC BEHAVIOR AND SIB IN WILD-TYPE AND
HPRT-DEFICEINT MICE AFTER INJECTION WITH 9-EA

Stereotypic Incidence
Strain HPRT Treatment Behavior/min of Injury Hair Loss
<Exp. 1>
C57BL/6 + saline 0.17 = 0.09 0/3 0/3
C57BL/6 + 2.5 X 10~° moles 9-EA 0.09 = 0.08 0/3 0/3
C57/3B1 - saline 0.1 =0.08 0/3 0/3
C57/3B1 - 2.5 X 10~%moles 9-EA 0.12 = 0.07 0/3 0/3
<Exp.2>
C57BL/6 + saline 0.19 £ 0.01 0/3 0/3
C57BL/6 + 1.25 X 107> moles 9-EA 0.11 = 0.01 0/3 0/3
C57/3B1 - saline 0.07 = 0.01 0/3 0/3
C57/3B1 - 1.25 X 107> moles 9/EA 0.18 £ 0.02 0/3 0/3

Counts of stereotypic behavior in wild-type (n = 3) and HPRT-deficient (n = 3) male mice

after injection with 9-EA and saline.
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TABLE 3

THE IRREVERSIBLE EFFECT OF 9-EA ON APRT ACTIVITY
IN ES CELL EXTRACTS

APRT Activity Control
9-EA (nmol/min/mg Protein) (nmol/min/mg Protein)
1.5X104M 2602 27 x0.1
1.5xX1073*M 23*0.1 2.7*0.1
1.5x1072M 28*+0.1 3.0=x0.1
15X 107'M 0.01 = 0.01* 35+0.1

The irreversible effect of 9-EA on APRT activity in E14.1 cell
extracts (n = 3).

*p < 0.05 compared with E14.1 cell extracts not treated with
9-EA by Student’s r-test.

jection, probably due to the cytotoxity of 9-EA. We measured
the incorporation of ['“C]-adenine into cell extracts from the
brain of HPRT-deficient mice injected with 2.5 X 107% or 1.25 X
1073 mol of 9-EA. There was no significant reduction in the
incorporation at either concentration compared with a control
group treated with saline solution (Table 4). This indicates
that 9-EA does not act as an APRT inhibitor at these concen-
trations in vivo.

DISCUSSION

In the present study, we could not reproduce Wu and Mel-
ton’s finding that SIB was induced in HPRT-deficient mice
treated with 9-EA. We only noticed that some mice treated
with 9-EA were very sensitive to sound and the presence of
humans, even though there was no decrease in APRT activity.
Wu and Melton postulated that HPRT/APRT double defi-
ciency in rodents could be a good model for Lesch-Nyhan syn-
drome, which is based on the hypothesis that APRT is more
important than HPRT in rodents. Because APRT-deficient
mice were not available at that time to investigate the role of
APRT in SIB, they used purine analogues to inhibit APRT
activity. They used the purine analogue 9-EA to try to inhibit
APRT activity because they expected it to be less toxic from
its chemical structure, but still act as a competitive inhibitor of
the purine salvage pathway. In the present study, however, it
was found that 9-EA had little inhibitory effect on APRT ei-
ther in vitro or in vivo. In our experiments, the incorporation
of [*C]-adenine was found to be irreversibly inhibited after
incubation in at least 1.5 X 10~ M 9-EA for 1 h. This concen-
tration is 500 times greater than that of [*C]-adenine, which
forms the substrate of APRT. So it is clear that such a concen-

TABLE 4

APRT ACTIVITY IN MICE BRAIN CELL EXTRACTS AFTER
TREATMENT OF MICE WITH 9-EA

APRT Activity

Strain Treatment (nmol/min/mg Protein)

Experiment 1

C57BL/6 saline 0.25 = 0.05

C57BL/6 2.5 X 107 mol 9-EA 0.26 = 0.04
Experiment 2

C57BL/6 saline 0.12 = 0.02

C57BL/6 1.25 X 107> mol 9-EA 0.11 = 0.02

APRT activity in mice brain cell extracts after treatment of mice
(n = 5) with 9-EA and saline.
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tration of 9-EA caused an apparent reduction in [“C]-adenine
incorporation. In addition, no competitive inhibitory effect on
APRT was observed, even at this concentration. We believe
that our direct evaluation of APRT activity in cell extracts is
more straightforward than Wu and Melton’s indirect APRT
assay of adenine incorporation by cultured cells. Considering
the minimum concentration (1.5 X 10~! M) of 9-EA needed
to inhibit APRT in vitro, one should give mice a dose of 2.5 X
10~* mol, which is about 100 times greater than the one they
reported and is far greater than the lethal dosage.

To test the hypothesis that a decrease in the APRT activity
of HPRT-deficient mice may induce persistent SIB, we cre-
ated APRT +/— (heterozygote) mice from APRT-deficient
ES cells, which carry a large chromosomal deletion around
the APRT locus, and crossed them with HPRT-deficient mice.
We observed no SIB for 260 days in HPRT—/APRT+/— (het-
erozygote) mice, which had approximately half the normal
APRT activity (unpublished data). Engle generated APRT-
knockout mice and found that these mice develop 2,8-dihy-
droxyadenine (DHA) kidney stones and renal failure, just as
APRT-deficient humans do (2). They bred the nonfunctional
APRT allele into an HPRT-deficient mouse background (3).
HPRT/APRT double-deficient mice excreted adenine and
DHA but did not exhibit any obvious neurobehavioral abnor-
malities. They concluded that HPRT/APRT deficiency has
nothing to do with SIB and is not a good model for Lesch-
Nyhan syndrome, as previously suggested. On the basis of our
data and Engle’s results, Wu and Melton’s hypotheses that
9-EA is an APRT inhibitor and that lowered APRT activity
causes persistent SIB in HPRT-deficient mice is unlikely.

The question of why SIB was found in 9-EA-treated
HPRT-deficient mice in Wu and Melton’s study still remains
unanswered. With regard to this question, one possibility is
that different results might come from mice with different ge-
netic backgrounds. In fact, we used a hybrid strain, of mice
that were a cross between C57BL/6 and 129/Ola, while they
used mice with a 129/Sv background.

A reexamination of the effects of 9-EA on other strains of
HPRT-deficient mice is needed to determine whether 9-EA
really causes SIB or not. We still do not know the mechanism
by which HPRT deficiency causes peculiar symptoms, such as
athetose, self-injurious behavior, and mental retardation, nor
do we know an effective treatment for its severe symptoms.
Further efforts are needed to establish a more sophisticated
model to elucidate the etiology of, and a therapy for, Lesch-
Nyhan syndrome.

METHOD

Embryonic stem cell culture

E14.1, a wild-type ES cell line, and E14.1TG3B1, a sponta-
neous HPRT-deficient derivative of E14.1, were cultured in
Dulbecco’s Modified Eagle Medium with 15% (v/v) FCS, 0.1
mM B-mercaptoethanol and 1000 U/ml of leukemia inhibitory
factor (LIF).

Production of Germline Chimeras and Homozygous
HPRT-Deficient Mice

E14.1TG3B1 was expanded and injected into C57BL/6
blastocysts. The resulting male chimeric animals were mated
to C57BL/6 females to test for germ line transmission of the
HPRT mutation. Offspring derived from ES cells were identi-
fied by coat color, and germline transmission was identified
by PCR gene typing. After two backcrosses with C57BL/6,
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homozygous and hemizygous HPRT-deficient mice were cre-
ated and the colony was maintained by breeding among het-
erozygous female and hemizygous male mice. Genetically,
they are a hybrid between 129/0Ola and C57BL/6.

Administration of 9-EA to Mice and Measurement of
Stereotypic Behavior

C57BL/6 male mice and HPRT-deficient male mice (6-8
weeks old) were caged individually and maintained on a 12
L:12 D cycle.

9-EA (Sigma) (2.5 X 1072 M) solution dissolved in sterile
normal saline was stored at 4°C, and mice received 2.5 X 1076
or 1.25 X 107 mol of 9-EA by intraperitoneal injection three
times a week. To make video recordings, mice were trans-
ferred to a clear cage with bedding but no food and water for
10 min before treatment. Recording was initiated 10 min after
the animals had been returned to the cage following injection,
and the frequency of stereotypic behavior was determined
over a 20-min period by scoring all grooming with fore or hind
legs, nibbling, and biting. Recording was made on three mice
in each treatment group three times a week for 5 weeks (a to-
tal of 15 times/mouse), and the stereotypic behavior index was
calculated each day that 9-EA was administered.

Incorporation of Radiolabeled Purines into ES Cell Extracts

ES cells (1-2 X 107) were grown to 80% confluency. The
cells were trypsinized to release them from the plates, and the
cell pellets were washed twice with PBS on ice. The cells were
collected by centrifugation, and the final pellet was resus-
pended in 3 ml of 0.03 MTris-HCI, pH7.4, for the APRT and
HPRT assays. The cells were homogenized in a Polytron (Ki-
nematica), and the suspension was spun at 12000 rpm for 20
min at 4°C in a microfuge. The supernatant was put into a
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clean tube; this crude cell extract was used directly in assays.
The protein concentration was determined by using the Brad-
fold assay (Pierce Coomassie protein assay). The APRT and
HPRT assays were performed as described by Meuth et al. (14).

The Irreversible and Competitive Effect of 9-EA on
[1#C]-Adenine Incorporation in ES Cell Extracts

For irreversible assays, the crude cell extract from E14.1
was used. 9-EA was added to a reaction mixture without
[4C]-adenine for the APRT assay and incubated for 1 h. Then
[4C]-adenine was added and incubation continued for 1 more
hour. The labeled AMP was absorbed by DESI filters, and
the 4C count was determined with a scintillation counter.

Incorporation of Radiolabeled Purines Into Mouse Brain
Cell Extracts

Mouse brain cell extracts were obtained by sacrificing ani-
mals, removing the brain and homogenizing it, as described
above. To determine the effect of 9-EA on APRT activity in
mouse brain, 8-week-old wild-type (C57BL/6) male mice were
used. Five wild-type male mice received 2.5 X 1076 or 1.25 X
1075 mol of the drug by intraperitoneal injection three times a
week. Five wild-type male mice were injected in parallel with
saline. After the fourth injection, brain cell extracts were pre-
pared from each animal. The APRT assay was performed as
described by Meuth et al.
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