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ABSTRACT. Isatin, a stress-related biological substance, increases in rat urine in association with elevated
catecholamine biosynthesis during stress. The goal of this study was to unravel how the biosynthetic pathway of
isatin is related to stress response. The importance of the serotonergic compounds in anxiety, which is the major
emotional process of stress response, has emerged. m-Chlorophenylpiperazine (m-CPP), a 5-HT A 1524/2¢
receptor agonist, and (=)-1-(4-iodo-2,5-dimethoxyphenyl)-2-aminopropane hydrochloride [(#)-DOI], a
5-HT, 4/, agonist, both of which have anxiogenic properties, induced a marked increase in 24-hr urinary isatin
excretion, whereas neither 1-(m-chlorophenyl)-biguanide (m-CPBG), a 5-HT; agonist, nor 2-methyl-5-HT, a
5-HT; , agonist, affected urinary isatin excretion. 5-HT, 4, receptor antagonists such as ketanserin and
ritanserin prevented the increase in urinary isatin excretion induced by the 5-HT, 4 ¢ receptor agonist m-CPP.
These findings are the first to provide evidence that pharmacological substances cause increases in urinary isatin
excretion via specific 5-HT receptors, probably 5-HT, 4, receptors. In addition, both the synthetic
glucocorticoid dexamethasone and diazepam prevented the m-CPP-induced increase in urinary isatin excretion.
These observations suggest that the mechanism by which m-CPP elicits enhancing effects on urinary isatin
excretion has something in common with stress response involving activation of hypothalamic CRF cells and the
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sympathetic nervous system.
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Isatin (indole-2,3-dione) is well known to have a broad
range of pharmacological effects [1, 2]. Until it was identi-
fied as one component of tribulin [3], an endogenous
monoamine oxidase inhibitory activity, isatin had not
generated significant interest in relation to stress. Isatin has
a discontinuous distribution in the brain and other tissues
in rats, with markedly higher concentrations being detected
in the vas deferens and seminal vesicles [1, 4]. There is
some evidence from animal studies of a link between stress
and isatin concentration in the brain [5]. More recently,
24-hr urinary isatin excretion was found to be elevated
during stress [6]. The blockade of catecholamine biosynthe-
sis completely abolishes the stress-induced increase in
urinary isatin. This observation suggests that isatin produc-
tion is stress-related and under noradrenergic control [6]. A
pharmacological substance that triggers a “stress”’-like re-
sponse and also simultaneously induces an increase in isatin
production is needed to unravel the stress-related biosyn-
thesis of isatin.

The serotonergic compounds have emerged as playing
key roles in anxiety, the major emotional process of stress
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response. 5-HT,,, 5-HT, 4, and 5-HT, receptors have
been suggested as being involved in anxiety. 5-HT,, and
5-HT, receptors show great similarities not only in terms
of second messengers and pharmacology but also in terms of
molecular structure [7]. It is difficult in practice to distin-
guish the functions of 5-HT, s and 5-HT, receptors.

In the last decade, several reports have been published
indicating that m-CPP§ has anxiogenic effects in both animals
and humans [8-13]. Although m-CPP, a 5-HT1ppa/c
agonist, is not truly selective for 5-HT,- receptors, the
antagonism of its effects by a variety of antagonists known to
interact with 5-HT, receptors provides circumstantial sup-
port for the possible involvement of 5-HT, receptors [14].
m-CPP mimics the action of 5-HT to evoke hypothalamic
CREF release, which is antagonized by ketanserin and ritanserin
(5-HT, 5 ¢ antagonists) [15]. In addition, activation of the
hypophysis—pituitary—adrenal (HPA) axis due to m-CPP has
been suggested to be primarily CRF dependent [16]. The
proposed 5-HT,~-mediated effects of m-CPP include hypo-
phagia (also attributed to activation of central CRF type 2

§ Abbreviations: m-CPP, m-chlorophenylpiperazine; (*)-DOI, (*)-1-(4-
iodo-2,5-dimethoxyphenyl)-2-aminopropane hydrochloride; m-CPBG,
1-(m-chlorophenyl)-biguanide; CRF, corticotropin-releasing factor; DEX,
dexamethasone; AADC, aromatic amino acid decarboxylase; DOPA,
3-hydroxy-l-tyrosine; 5-HTP, 5-hydroxytryptophan; PVN, paraventricular
nucleus; and SNS, sympathetic nervous system.
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receptors) and penile erection (of psychozenic type; initiated
by the supraspinal centers and attributed to lumbar sympa-
thetic activation) [17].

Taken together, the molecular basis of the anxiogenic
property of m-CPP may include activation of hypothalamic
CREF secretion and sympathetic outflow, both of which play
key roles in stress response. We expect that m-CPP is a
candidate for a pharmacological substance that connects a
quantitatively “stress”-like response with the increase in
urinary isatin.

Previous studies have focused mainly on pharmacological
or behavioral actions of exogenous isatin [18-21]. The
anxiogenic action of exogenous isatin has been suggested to
involve 5-HT and dopamine systems [22]. However, these
findings do not necessarily reflect putative physiological
actions of endogenous isatin. Thus, the putative physiolog-
ical roles and the regulatory mechanism of isatin biosyn-
thesis remain to be elucidated.

In an attempt to determine the regulatory mechanism of
peripheral isatin production, especially in terms of stress
response, we investigated whether a pharmacological sub-
stance, m-CPP, instead of a stressor, could increase urinary
isatin excretion. The molecular basis of this mechanism
may be related, at least in part, to that of stress response and
can serve to unravel the stress-related biosynthesis of isatin.

MATERIALS AND METHODS
Subjects

All procedures were approved by The Animal Research
Committee and met the Guidelines for the Care and Use of
Laboratory Animals on the Hongo Campus of the School of
Medicine, University of Tokyo.

Male Wistar rats (Japan Biological Materials Center),
weighing 180-200 g upon arrival in our laboratory, were
used in these experiments. The animals were housed in
metabolic cages, had easy access to food pellets and tap
water, and were maintained on a 12-hr light cycle. Rat
urine samples were collected every day at 1:00 p.m. during
the experiments.

Extraction of Isatin

Rat urine (1 mL) was diluted with 5 mL of distilled water
and acidified with 6 M HClI to pH 1. Then the urine sample
was heated for 10 min in a boiling water bath to solubilize
the urine sediment. After cooling at room temperature,
isatin was extracted with 10 mL of ethyl acetate. Next, the
organic layer was evaporated under a stream of nitrogen;
the residue was dissolved in 0.3 mL of methanol and then
diluted with 5 mL of 50 mM potassium phosphate buffer,
pH 7.4. Isatin was extracted using a disposable solid-phase
column, the Mega Bond Elut Cig column (Varian), as
described previously [23]. Each column was conditioned by
washing with 6 mL of acetonitrile followed by washing with
6 mL of distilled water and 6 mL of 50 mM potassium
phosphate buffer, pH 7.4. Then each sample was applied to
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the Mega Bond Elut C,g column, which was rinsed subse-
quently with 6 mL of 50 mM potassium phosphate buffer,
pH 7.4, and 6 mL of distilled water; finally, the sample was
eluted with 6 mL of 50 mM potassium phosphate buffer (pH
7.4):acetonitrile (85:15, v/v). The eluate was analyzed by
HPLC.

HPLC Analyses

Reversed-phase HPLC analyses were performed using a
Hitachi 655A chromatograph (Hitachi), as described pre-
viously [23]. Partial purification of isatin was carried out
using a Shodex ES-502C column (100 X 7.6 mm i.d., 9.0
wm particle size; Showa Denko) under the following
conditions: mobile phase, 50 mM potassium phosphate
buffer (pH 7.4):acetonitrile (85:15, v/v); flow rate, 1.0
mL/min; 50°. The final HPLC analysis was carried out using
a Kaseisorb LC ODS Super column (250 X 4.6 mm i.d., 5
pm particle size, and 120 A pore size; Tokyo Chemical
Industries). The column was equilibrated with 50 mM
potassium phosphate buffer (pH 7.4):acetonitrile (85:15,
v/v) at a flow rate of 1 mL/min. The fraction corresponding
to isatin in the first-step analysis was injected directly onto
the column. Separation was carried out at 50°, and the
eluate was monitored by UV detection at 240 nm.

Drugs

All drugs were freshly prepared before use by dissolving in
saline or 1% Tween 80 in saline and were administered by
i.p. injection. Various 5-HT receptor agonists and antago-
nists, such as ()-DOI, 2-methylserotonin maleate, tropi-
setron, methiothepin mesylate, LY-53857 maleate,
m-CPBG, m-CPP dihydrochloride, ketanserin tartrate, and
ritanserin, were obtained from the Funakoshi Pharmaceu-
tical Co., Ltd. DEX (Wako Pure Chemical Industries) and
diazepam (Sigma) also were prepared as mentioned above.
HPLC-grade acetonitrile, methanol, and ethyl acetate were
purchased from Wako Pure Chemical Industries. All other
chemicals were of analytical grade.

Data Analysis

For the experiments on the effects of 5-HT receptor
agonists on urinary isatin excretion, two-way ANOVA was
used to determine the significance of changes in total isatin
excretion as a function of time and treatment. For the
experiments on the inhibitory effects of 5-HT, receptor
antagonists on m-CPP-induced increase in urine isatin, the
data from the m-CPP-injected group were subjected to
one-way ANOVA with Bonferroni’s test to determine the
significance of the drug effect. The data from the ketanserin
(ritanserin)-injected group were subjected to one-way
ANOVA with Bonferroni’s test to determine the signifi-
cance of the dose effect. For the experiments on the effects
of either DEX or diazepam in m-CPP-injected animals, data
from vehicle-treated and DEX- or diazepam-treated animals
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FIG. 1. Changes of the amount of isatin excreted into urine over
a 24-hr period before and after administration of saline (O) and
m-CPP (@). m-CPP dissolved in saline was administered i.p. at
a dose of 0.1 mg/kg body weight. The arrow indicates m-CPP or
saline administration. Each point represents the mean = SEM of
three rats. Key: (*) P < 0.001, compared with the saline group.

were compared, and statistical significance was calculated
by Student’s t-test.

RESULTS
Effects of m-CPP on Urinary Isatin Excretion

As shown in Fig. 1, urinary isatin excretion over a 24-hr
period increased significantly in rats treated with m-CPP
(0.1 mg/kg), while the amount of isatin excreted into urine
over a 24-hr period did not change significantly in rats
treated with saline. However, the increase in urinary isatin
excretion was not apparent on day 2 following m-CPP
administration.

Effects of Serotonergic Agonists on Urinary
Isatin Excretion

Various doses (0.05 to 5.0 mg/kg) of m-CPP were admin-
istered to rats, and the 24-hr excretion of urinary isatin over
a 24-hr period was determined before and after m-CPP i.p.
administration. Moreover, we tested various serotonergic
drugs to identify those that affected urinary isatin excretion.
The data from the drug-injected group were subjected to
two-way ANOVA. Among the serotonergic agonists tested,
m-CPP (a 5-HT | /152 /2c Teceptor agonist) and (#)-DOI
(a 5-HT, ¢ agonist) increased urinary isatin excretion
(Table 1). The peak effect of m-CPP was observed at a dose
of 0.1 mg/kg, although no significant concentration—effect
relationship was found by ANOVA. On the other hand,
m-CPBG (a 5-HTj; agonist) and 2-methyl-5-HT (a 5-HTj; 4
agonist) did not affect urinary isatin excretion.

1331

TABLE 1. Effects of 5-HT receptor agonists on urinary isatin
output

Isatin in urine (pg/day)

Dose
5-HT (mg/kg Before After
agonists body wt) administration  administration
m-CPP 0.05 998 = 1.41  23.74 * 4.68*
0.1 12.28 £ 0.48 81.96 * 30.52%*
1.0 13.50 =255  61.89 = 15.79*
5.0 741 +£2.16  60.32 + 17.37*
(£)-DOI 0.05 1042 = 1.68  24.94 = 3.017
0.1 1132 £0.63  44.10 = 9.667
1.0 1057 £ 241 3747 = 7.72%
5.0 12.44 £ 0.60  30.17 = 1.83%
m-CPBG 0.1 1210 £3.82  11.67 = 2.25
1.0 1097 £2.06  10.53 = 1.60
5.0 8.70 =495  10.07 = 2.55
20.0 9.97 = 3.59 9.27 = 2.74
2-Methyl-5-HT 0.1 9.83 = 1.29 9.33 = 2.50
1.0 11.17 = 1.55 10.55 = 0.57
5.0 11.67 = 3.22 9.0 = 1.59
20.0 9.77 = 0.38 8.70 £ 1.73

Drugs were administered intraperitoneally. Each value represents the mean = SEM
of three rats.

*P < 0.05, compared with the values before administration (by ANOVA).

FP < 0.025, compared with the values before administration (by ANOVA).

Inhibitory Effects of 5-HT,4;,c Receptor Antagonists on
the m-CPP-Induced Increase in Urinary Isatin Excretion

If urinary isatin excretion is mediated via 5-HT,,) ¢
receptors, 5-HT, 4 ,¢ receptor antagonists should suppress
the m-CPP-induced increase in the urinary isatin excretion.
Total isatin excretion during 24 hr of treatment with drugs
or saline is shown in Fig. 2. Pretreatment of rats with
ketanserin or ritanserin suppressed the m-CPP-induced
increase in isatin excretion. The doses of ketanserin (0.01,
0.1, 1.0, and 5.0 mg/kg, i.p.) significantly reduced m-CPP-
evoked isatin excretion, which was less at higher doses.
Similarly, the doses of ritanserin (0.01, 0.1, 1.0, and 5.0
mg/kg, i.p.) significantly reduced m-CPP evoked isatin
excretion, which also was less at higher doses. The data
from the ketanserin- and the ritanserin-injected groups
were subjected to one-way ANOVA with Bonferroni’s test,
and showed a significant dose effect (P < 0.01). These
results support the hypothesis that urinary isatin excretion
is mediated via 5-HT, 5, receptors.

Effects of DEX on the m-CPP-Induced Increase in

Urinary Isatin Excretion

In an attempt to determine whether CRF release in the
PVN, the site of direct serotonergic synaptic input to CRF
cells, plays a critical role in mediating the selective 5-HT
receptor stimulation, we investigated the effects of DEX
pretreatment on the m-CPP-induced increase in urinary
isatin excretion.

Pretreatment with DEX (1 mg/kg, i.p.) prevented the
m-CPP-induced increase in urinary isatin excretion signif-
icantly in comparison with vehicle pretreatment (Fig. 3).
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Effects of Diazepam on the m-CPP-induced Increase in
Urinary Isatin Excretion

A benzodiazepine drug, diazepam, is known to enhance
vy-aminobutyric acid activity and to elicit its inhibitory
effects on stress-induced activation of the SNS and CRF
cells. The aim of this experiment was to determine whether
the actions of m-CPP on urinary isatin excretion have
something in common with stress response. Pretreatment
with diazepam (1 mg/kg, i.p.) suppressed the m-CPP-
induced increase in urinary isatin excretion in comparison
with vehicle pretreatment (Fig. 4).

DISCUSSION

In the present study, we demonstrated that urinary isatin
excretion in rats is modulated by 5-HT receptor agonists
and antagonists. A 5-HT, 5/1pja/c receptor agonist, m-
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FIG. 3. Effect of DEX (1 mg/kg, i.p.) on the m-CPP-induced
increase in urinary isatin excretion. m-CPP (0.1 mg/kg) dis-
solved in saline was administered i.p. Each value is the mean *
SEM of 3 determinations in each group. Key: ( 1 ) DEX or saline
injections; [{J] m-CPP injection; (®) saline-pretreated and
m-CPP-injected group; (M) DEX-pretreated and m-CPP-in-
jected group; and (*) P < 0.01, compared with the saline-
pretreated and m-CPP-injected group.

48 Time (hour)

CPP, and a 5-HT, ;¢ receptor agonist, (#+)-DOI, in-
creased urinary isatin excretion, whereas a 5-HTj 4 receptor
agonist, 2-methyl-5-HT, and a 5-HT; receptor agonist,
m-CPBG, did not affect the isatin excretion values (Table
1). It should be noted that the doses of the 5-HT,, ¢
antagonists ketanserin and ritanserin (0.01, 0.1, 1.0, and
5.0 mg/kg) significantly reduced m-CPP-evoked urinary
isatin excretion, which was less at higher doses (Fig. 2). The
blockade of 5-HT), 4, receptors with selective 5-HT, 5 ¢
receptor antagonists such as ketanserin, LY53857, and
ritanserin tended to decrease urinary isatin excretion in rats
without m-CPP treatment (data not shown). But the
inhibitory potency of these 5-HT) 4, antagonists on isatin
excretion was not high enough to explain the complete
blockade of the m-CPP-induced increase in urinary isatin
excretion by these 5-HT, 5 ,c antagonists. For instance, the
low doses of ritanserin (0.1 and 1.0 mg/kg), which when
given alone did not decrease urinary isatin excretion,
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FIG. 4. Effect of diazepam (1 mgkg, i.p.) on the m-CPP-
induced-increase in urinary isatin excretion. m-CPP (0.1 mg/kg)
was administered i.p. Each value is the mean * SEM of 3
determinations in each group. Key: (1) diazepam or saline
injections; [\}] m-CPP injection; and (*) P < 0.01, compared
with the saline-pretreated and m-CPP-injected group.
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produced a significant inhibition of the m-CPP-induced
increase in urinary isatin excretion. Thus, it is strongly
suggested that the enhancing effects of both m-CPP and
(£)-DOI on urinary isatin are mediated by stimulation of
5-HT, 55c receptors. Finally, isatin has been shown to be
related not only to stressors but also to pharmacological
substances through specific 5-HT receptors.

The goal of our study on isatin is to correlate isatin
production to the stress response and to unravel the
biosynthetic pathway and physiological role of isatin.

How can the mechanism by which m-CPP causes the
increase in urinary isatin excretion be connected with
“stress response”!

CREF, which stimulates primarily pituitary ACTH secre-
tion, is thought to be an important integrative factor
capable of coordinating endocrine, autonomic, and behav-
ioral responses to stress [24-26]. CRF and the central
noradrenergic systems participate in a positive feedback
loop, with each system reinforcing the function of the
other. The peripheral “limb” of the latter is known as the
SNS, which is also activated directly by the central CRF.
Thus, both the CRF and the SNS play essential roles in
stress response.

In the present study, pretreatment with DEX (1 mg/kg)
completely abolished the m-CPP-induced increase in uri-
nary isatin excretion. This dose of DEX has been reported
to suppress CRF mRNA synthesis and CRF release in the
PVN [27, 28]. The in wvivo action of m-CPP to evoke
pituitary ACTH secretion via CRF release was abolished
completely by DEX in the previous study. m-CPP mimics
the action of 5-HT in witro to evoke hypothalamic CRF
release, which is antagonized by the 5-HT,), receptor
antagonist metergoline and, with similar potency, by the
5-HT, 55c receptor antagonists ketanserin and ritanserin.

Furthermore, by acting directly at 5-HT,~ receptors,
m-CPP is suggested to cause hypophagia, which has been
attributed recently to the activation of CRF type 2 recep-
tors. The CRF cells in the PVN receive direct serotonergic
input via 5-HT, receptors. The stress-induced increase in
urinary isatin excretion was also abolished by 0.5 to 2.0
mg/kg doses of DEX. Thus, m-CPP may employ a mecha-
nism similar to that hypothesized in the case of stress for
increasing urinary isatin excretion, including enhanced
CREF secretion in the PVN.

The observation in the present study that diazepam also
suppressed m-CPP-induced isatin excretion supports this
hypothesis because diazepam completely abolishes the
stress-induced increase in urinary isatin excretion [6].

A recent study has shown that activation of catechol-
amine biosynthesis is essential to the stress-induced in-
crease in urinary isatin [6]. The stress-induced increase in
urinary isatin excretion may be based on the activation of
the SNS. The proposed 5-HT,~—mediated effects of m-CPP
include penile erection. Because 5-HT,- receptors are
heavily localized in the CNS and mediate direct serotoner-
gic input to the CRF cells in the PVN, m-CPP may evoke
lumbar sympathetic activation leading to psychogenic-type
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penile erection through a centrally controlled mechanism.
Also, it should be noted that isatin distributes into rat
tissues richly innervated by the sympathetic nerves, with
the highest concentrations being detected in the vas
deferens and seminal vesicles. Sympathetically mediated
smooth muscle contraction of the vas deferens and seminal
vesicles initiates the third phase of the sexual response in
the male. Although a specific neurotransmitter pathway
recruited by m-CPP remains to be elucidated, the enhanc-
ing effect of m-CPP could include the activation of the
SNS.

In fact, central administration of CRF is well known to
stimulate sympathetic outflow and to induce anxiety. Most
physical symptoms caused by anxiety are closely related to
sympathetic activation. Further substantial evidence is
needed to establish what neurotransmitter pathway m-CPP
employs to elicit its anxiogenic action. m-CPP may evoke a
“stress-like” response in the CNS.

The biosynthetic pathway of isatin in mammals has
remained unclear thus far, despite extensive studies. One
candidate pathway is a constituent of oxidative pathways of
l-tryptophan. This idea may generate much interest in
terms of a putative mutual regulatory action among the
aromatic amino acids to form neurotransmitters that play
key roles in stress response. Two points should be stressed
primarily. First, AADC, commonly employed to decarbox-
ylate both DOPA and 5-HTP, has a low K, and a high
V e With respect to DOPA. In addition, AADC does not
appear to be modulated by the activation of sympathetic
neurons that increase mRNA for tyrosine hydroxylase and
dopamine B-hydroxylase. Thus, in a rapid activation of the
SNS, possible saturation of AADC with a large amount of
DOPA may result in the blockage of 5-HTP synthesizing
pathway through 5-HTP. This may shift tryptophan me-
tabolism to an alternative oxidative pathway such as the
kynurenine pathway. The facts that the systemic adminis-
tration of m-CPP induces decreased 5-HT metabolism and
that acute food deprivation causes a significant decrease in
the levels of tryptophan and 5-HT may provide circumstan-
tial support to the idea. Second, oxidative [-tryptophan
metabolism, besides modulating to the formation of 5-HT
via 5-HTP, is known to generate various kinds of oxidative
metabolites such as kynurenine and anthranilate. Some of
them have potent antioxidant properties and serve as a
local antioxidant defense during oxidative stresses such as
infections. The synthetic pathway of isatin via indole-3-
acetic acid towards anthranilic acid has been described in
bacteria [29]. The idea that isatin is one constituent of
these oxidative [-tryptophan metabolites may be well sup-
ported by the observation that isatin has a potent antifun-
gal action.

The levels of these antioxidants are subjected to enzy-
matic up- and down-regulation in response to oxidative
stress. Among these, indoleamine-2,3-dioxygenase, which
is the rate-limiting enzyme in [-tryptophan catabolism in
mammalian cells, is induced strongly by interferon-y and
interleukin-1 as well as by oxidative stress, leading to
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markedly elevated levels of oxidative compounds along the
kynurenine pathway both centrally and peripherally during
stress [30]. Finally, it can be hypothesized that some kinds
of stress cause an increase of interleukin-1 and a shift of
l-tryptophan metabolism towards overproduction of oxida-
tive metabolites, including isatin, rather than towards
5-HT synthesis.

In conclusion, a pharmacological substance, m-CPP, can
induce a marked increase in urinary isatin excretion. The
action of m-CPP may implicate the activation of CRF
secretion and of sympathetic neurons. Considering the
recent report on the involvement of the SNS in isatin
production [6], elevated DOPA derived from the sympa-
thetic neurons may promote the change in [-tryptophan
metabolism during stress, leading to the increase in isatin
production.
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