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Abstract

A variety of stressful events, including emotiona stress, cause a marked increase in noradrenaline release in several brain regions, and
especialy in the hypothalamus, amygdala and locus coeruleus, in the rat brain. These findings suggest that an increased noradrenaline
release could be closely related to the provocation of negative emotions such as anxiety and/or fear. In order to confirm this hypothesis,
we carried out severa studies. Diazepam, a typical benzodiazepine anxiolytic, significantly attenuated not only the immobilization
stress-induced increase in noradrenaline release in the three rat brain regions but also the emotional changes of these animals, and these
effects were antagonized by flumazenil, a benzodiazepine antagonist. Naloxone and opioid agents, such as morphine, 3-endorphin and
[Met®]-enkephalin, significantly enhanced and attenuated the stress-induced increase in noradrendine release in these regions and the
stress-induced emotional change, respectively. Two stressful events which predominantly involve emotional factors, i.e., psychological
stress and conditioned fear, caused significant increases in noradrenaline release selectively in these three brain regions and these
increases were aso significantly attenuated by pretreatment with diazepam in a flumazenil reversible manner. Yohimbine, an
a ,-adrenoceptor antagonist which caused a marked increase in noradrenaline release in the several brain regions, had an anxiolytic action
in the two behavioral tests involving anxiety, i.e., the conditioned defensive burying test and the modified forced swim test. -Carbolines,
which possess anxiogenic properties, significantly increased noradrenaline release in the hypothalamus, amygdala and locus coeruleus.
Taken together, these findings suggest that the increased release of noradrenaline in the hypothalamus, amygdala and locus coeruleus is,
in part, involved in the provocation of anxiety and/or fear in animals exposed to stress, and that the attenuation of this increase by
benzodiazepine anxiolytics acting via the benzodiazepine receptor /GABAA receptor / chloride ionophore supramolecular complex may be
the basic mechanism of action of these anxiolytic drugs. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction tems are thought to be involved in the provocation of
anxiety. Since the discovery of benzodiazepine receptorsin
the late seventies (Mohler and Okada, 1977; Squires and
Braestrup, 1977), studies have investigated the mechanism
of action of benzodiazepines. These drugs are believed to
bind to benzodiazepine receptors and to enhance GABAA
receptor function, which leads to the suppression of mem-
brane function as a result of hyperpolarization caused by
an increased influx of chloride ion. However, it still re-
mains to be determined which brain systems are affected
by these drugs. In this review, based upon our previous
findings, we suggest that the activity of the brain nor-
adrenaline system, in particular, in regions such as the

An increasing number of patients suffer from the anxi-
ety disorders. Recent advances in neurochemistry, psy-
chopharmacology and behavioral pharmacology have re-
vealed the neurochemical mechanisms underlying not only
the provocation of anxiety and but also the anxiolytic
actions of benzodiazepine anxiolytics and some 5-HT,,
receptor agonists. Brain serotonin and noradrenaline sys-
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hypothalamus, amygdala and locus coeruleus, is in part,
involved in the provocation and attenuation of anxiety
and/or fear.
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2. Strategies for neurochemical and behavioral studies
of anxiety in animals

Some types of anti-conflict tests, such as Geller and
Seifter type (1960) and Vogel type (1971), the elevated
plus maze test (Handley and Mithani, 1984; Pellow et al.,
1985) and socia interaction test (File and Hyde, 1978),
have been used to screen new anxiolytic drugs. Another
strategy for investigating anxiety is to use a stressor which
induces anxiety. Fig. 1 indicates a strategy for the neuro-
chemical investigation of anxiety where stress and drugs
are used. Various types of stressors involve both physical
and psychological factors, as shown by immobilization
stress (Tanaka et d., 1982a,b, 1983a,b) and electric shock
stress (limori et al., 1982), etc. Another type of stressor
involves psychological factors, as shown by psychological
stress (limori et al., 1982) and conditioned fear stress.
Thus, rats are exposed to stress situations which induce
anxiety and /or fear and the neurochemica changes during
stress are determined by measuring the levels of neuro-
transmitters and their metabolites in discrete brain regions
or in perfusates obtained by in vivo microdialysis. Another
approach is to use drugs which have been reported to
cause anxiety in humans, such as yohimbine (Charney et
al., 1983) and B-carbolines (Dorow et a., 1983), and then
to measure neurochemical changes in animals treated with
these anxiogenic drugs. When a certain neurochemical
change is found to occur during provocation of anxiety, it
should be confirmed whether this neurochemical change
can be reduced or abolished by the administration of
anxiolytic drugs and whether this change is associated with
any behaviora changes in the animals.

3. Strategies for establishing the noradrenaline hypoth-
esis of anxiety

While physical factors are involved in immobilization
stress, negative emotions, such as anxiety and/or fear,

may be provoked because immobilized animals show emo-
tional responses such as defecation, vocalization, and
struggling. Immobilization stress has been reported to cause
significant and marked increases in noradrenaline release
in several brain regions (Tanaka et al., 1982a,b, 1983a,b,
1985a,b; Glavin et al., 1983). This has been confirmed by
intracerebral microdialysis in the hypothalamus (Y okoo et
al., 1990a; Pacak et a., 1992), the basolateral nucleus of
the amygdala (Tanaka et a., 1991a,b), and hippocampus
(Abercrombie et al., 1988). Among severa brain regions
studied, the increase in noradrenaline release was shown to
be very marked in the hypothalamus, amygdala (Tanaka et
al., 1982ab, 1983a,b), and locus coeruleus regions (Tanaka
et a., 1985a,b). The fact that stress-induced increases in
noradrenaline release in the rat brain are greatly affected
by various psychological factors (Tanaka, 1999; Tanaka et
al., 1999), such as stressor controllability (Tsuda and
Tanaka, 1985;Tsuda et al., 1986a), stressor predictability
(Tsuda et a., 1989a ), expression of aggression (Tsuda et
al., 1988c; Tanaka et a., 1998), aging (Ida et al., 1984;
Wu et al., 1997, 1999), stressor cyclicity (Shimizu et al.,
1994), and activity-stress (Tsuda et al., 1982, 1983; Tsuda
and Tanaka, 1990), suggests that negative emotions such
as anxiety and/or fear may be caused by these stressful
situations. As mentioned above, rats exposed to stress
show negative emotional responses such as vocalization,
defecation and struggling, which are considered to be good
indices of anxiety and/or fear in animals. These findings
raise the possibility that an increased release of noradrena-
line in specific brain regions (hypothalamus, amygdala,
locus coeruleus) is the basic neurochemical mechanism for
the provocation of anxiety and/or fear in rats during
exposure to stress. Fig. 2 indicates a strategy to confirm
this hypothesis.

4. Main methods

In al experiments, male Wistar rats weighing around
200 g were used. The rats were exposed to various stresses
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Fig. 1. Strategies for the neurochemical study of anxiety in animals.
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and killed by decapitation. The brain was removed rapidly
and dissected on ice into the discrete brain regions accord-
ing to the method of Gispen et a. (1972), excluding the
locus coeruleus region, which was dissected out by the
method of Reis and Ross (1973). The levels of noradrena
line and 3-methoxy-4-hydroxyphenylethyleneglycol sulfate
(MHPG-S0,), the major metabolite of noradrendine in the
rat brain, in the discrete brain regions were simultaneously
determined by a fluorometric method (Kohno et al., 1979).

In the intracerebral microdialysis studies, the rats were
anesthetized with pentobarbital and the microdialysis probe
was implanted into the anterior hypothalamus (Y okoo et
a., 1990a,b) or the lateral and basolateral nuclei of the
amygdala (Tanaka et al., 1991a,b, 1998). All experiments
were started 24 h after surgery. Noradrenaline levelsin the
perfusates were determined by high-performance liquid
chromatography with chemical detection.

In the behaviora investigations, defecation, vocaliza
tion, struggling, and weight loss during stress exposure
were recorded as indices of negative emotional changes
(Tanaka et al., 1983a; Ida et al., 1985). In order to
determine the level of anxiety in the rats, two behaviora
tests for anxiety were used, i.e., the conditioned defensive
burying test (Tsuda et al., 1988a,b, 1989b) and the modi-
fied forced swim test (Nishimura and Tanaka, 1992;
Nishimura et al., 1988a,b, 1989, 1990, 1993).

All animal procedures were performed in accordance
with the Guiding Principles for the Care and Use of
Laboratory Animals, approved by The Japanese Pharmaco-

logical Society and approved by the Committee of Animal
Experimentation, Kurume University School of Medicine.

5. Brain noradrenaline release and anxiety

5.1. Effects of diazepam on stress-induced increases in
noradrenaline release in brain regions and on emotional
responses of the rats exposed to stress

In Fig. 2, the first question is whether diazepam, a
typical benzodiazepine anxiolytic, can attenuate not only
the increase in noradrenaline release in brain regions such
as the hypothalamus, amygdala and locus coeruleus caused
by immobilization stress but also the negative emotional
responses of the animals to stress and, if so, whether these
actions are mediated by benzodiazepine receptors. In vehi-
cle-treated rats, immobilization stress for 1 h caused a
significant increase in MHPG-SO, levels in al the nine
brain regions examined (hypothalamus, amygdala, hip-
pocampus, cerebral cortex, locus coeruleus region, thala-
mus, pons + medulla oblongata, midbrain, and basal gan-
glia) (Tanaka et al., 1982ab, 19833, Ida et al., 1985).
Pretreatment with diazepam at 2 and 5 mg/kg i.p. signifi-
cantly attenuated this increase in metabolite levels caused
by stress in the hypothalamus, amygdala, hippocampus,
cerebral cortex, and locus coeruleus region in a dose-de-
pendent manner as compared to the effect of vehicle (Ida
et al., 1985). Further, the attenuating effect of diazepam at
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5 mg/kg in these five regions was completely antagonized
by pretreatment with 5 or 10 mg/kg of flumazenil, a
benzodiazepine antagonist (Ida et al., 1985). However,
neither dose of flumazenil by itself affected the stress-in-
duced increase in MHPG-SO, levels in all five brain
regions (Ida et a., 1985). Diazepam at 5 mg/kg signifi-
cantly decreased the frequency of vocalization during the
first 30 min of the 1-h immobilization stress period and
significantly decreased the number of feces deposited dur-
ing the 1-h immobilization period (Ida et a., 1985). These
effects of diazepam on emotional responses were signifi-
cantly antagonized by flumazenil at 10 mg/kg, athough
flumazenil aone did not affect the number of vocalizations
or defecations (Ida et al., 1985). These behavioral results
are consistent with the finding that anxiety-like behavior
caused by electrical stimulation of the locus coeruleus in
the monkey is reduced by diazepam (Redmond, 1977,
1979, 1987; Redmond and Huang, 1979). In the intracere-
bral microdialysis study, we confirmed that the increase in
noradrenaline release in the anterior hypothalamus was
significantly attenuated by pretreatment with diazepam at 5
mg/kg i.p. before stress exposure in a flumazenil-reversi-
ble manner (Yokoo et al., 1991).

These findings suggest that the stress-induced increase
in noradrenaline release in brain regions such as the hypo-
thalamus, amygdala and locus coerulerus is closely related
to the provocation and that the attenuating effects of

Table 1

diazepam on this increase might be related to the anxi-
olytic property of the drug (Table 1).

5.2. Effects of opioid agents on stress-induced increases in
noradrenaline release in the hypothalamus, amygdala, tha-
lamus, hippocampus, midbrain, locus coeruleus region,
and emotional responses of the rats exposed to stress

We have reported that the increase in MHPG-SO,
levels caused by immobilization stress is significantly en-
hanced in the hypothalamus, thalamus and amygdala by
pretreatment with naloxone at 5 mg/kg, an opioid antago-
nist, and suggested that opioid peptides released during
immobilization stress attenuate stress-induced increases in
noradrenaline release in these regions (Tanaka et al.,
1982b). Furthermore, morphine, a potent analgesic opiate,
possesses anxiolytic properties in patients suffering from
severe pain. The anxiolytic mechanism of opioid agents is
considered different from that of benzodiazepine anxiolyt-
ics. In Fig. 2, the second question is whether opioid agents,
including morphine and some opioid peptides, can attenu-
ate not only stress-induced increase in noradrenaline re-
lease but also emational responses shown during stress
exposure. Pretreatment with morphine a 3 or 6 mg,/kg
significantly attenuated the increase in MHPG-SO, levels
caused by 1-h immobilization stress in brain regions such
as the hypothalamus, amygdala, thalamus, hippocampus,

Changes in brain noradrenaline release and behavior caused by various stresses and anxiogenic drugs and their modifications by drugs
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and midbrain, and these effects were significantly antago-
nized by pretreatment with naloxone at 0.5 or 5 mg/kg
(Tanaka et al., 1983a). Moreover, emotiona responses,
such as struggling (activity counts/h), vocaization
(frequency /h), defecation (number of feces/h) and weight
loss, were also significantly attenuated by pretreatment
with morphine a 6 mg/kg, and this attenuating effect of
morphine was significantly antagonized by naloxone at 5
mg/kg (Tanaka et a., 1983a). We adso reported that
[Met®]-enkephalin at 100 wg/rat or B-endorphin at 10
png/rat injected i.c.v. before exposure to immobilization,
stress significantly attenuated the stress-induced increase
in MHPG-SO, levels in the hypothalamus, amygdala, tha-
lamus, hippocampus, locus coeruleus region, and midbrain
(Tanaka et al., 1985a,b, 1986, 1989, 1990a). These pep-
tides also significantly attenuated the emotional changes
induced by stress. Pretreatment with naloxone at 5 mg/kg
significantly enhanced the stress-induced increase in nor-
adrenaline release and the emotional responses of the
stressed rats such as struggling and defecation (Tanaka et
al., 1982b, 1985h, 1986, 1988, 1990a).

These findings suggest that morphine and opioid pep-
tides, such as B-endorphin and [Met®]-enkephalin, attenu-
ate both the stress-induced increase in noradrenaline re-
lease in the brain and the emotional responses elicited by
exposure to stress (Table 1).

5.3. Effects of mainly emotional stress on stress-induced
increases in noradrenaline release in the brain

In order to investigate the effects of emotional stress
(the third question), we used the two paradigms, which
mainly evoke emotional stress, i.e., psychological stress
(limori et a., 1982; Tanaka et al., 1990b,c 1991a,b; Tsuda
et a., 1986b) and conditioned fear stress (Sueyoshi, 1989;
Tanaka et al., 1990b,c).

Stress was induced in a communication chamber, an
apparatus which was originally used for mice (Ogawa and
Kuwahara, 1966), but which was modified for use with
rats. The box measured 93 X 99 X 53 cm and the floor
composed of 0.3-cm stainless steel rods placed 1.3 cm,
center to center. The chamber was subdivided into 25
smaller compartments (18 X 19 cm) by the use of transpar-
ent plastic walls. The 21 rats of the foot shock group were
placed into the compartments individually and an electric
shock was delivered for 1 h. The four rats of the psycho-
logical stress group were placed in non-shock compart-
ments where plastic plates were placed on the grids to
prevent the rats from receiving the foot shock. Thus, these
rats did not receive an electric shock but were exposed to
the emotional responses, such as defecation, urination,
struggling, and jumping, shown by the rats received the
foot shock (limori et al., 1982). In the conditioned fear
stress paradigm, the rats were given an inescapable electric
shock for 1 h in the shock box and 24 h later they were

placed in the shock box but were not given an electric
shock (Sueyoshi, 1989; Tanaka et al., 1990b,c).

Both stresses for 1 h caused significant increases in
MHPG-SO, levels preferentially in the hypothalamus,
amygdala and locus coeruleus region (limori et al., 1982;
Tanaka et al., 1990b,c, 1991ab; Sueyoshi, 1989; Tsuda
and Tanaka, 1990). A microdialysis study further con-
firmed that conditioned fear increased noradrenaline re-
lease in the anterior hypothalamus (Y okoo et al., 1990b).
Furthermore, the increase in noradrenaline release caused
by these stressors was also attenuated by pretreatment with
diazepam at 2 and 5 mg,/kg and alprazolam a 2 and 5
mg/kg in a dose-dependent manner. The effects of di-
azepam were significantly antagonized by flumazenil
(Sueyoshi, 1989; Tanaka et al., 1991a,b).

These results suggested that stress with a predominantly
emotional component increases noradrenaline release pref-
erentially in the hypothalamus, amygdala, and locus
coeruleus, and that this increase can be significantly atten-
uated by diazepam or aprazolam in a flumazenil-reversi-
ble manner (Table 1).

5.4. Effects of yohimbine on anxiety-related behavior in
rats

Yohimbine, an o ,-adrenoceptor antagonist, is reported
to increase noradrenaline release in several brain regions
including the hypothalamus, amygdala, and locus coeruleus
(Oguchi, 1988; Ishii, 1994). In Fig. 2, the fourth question
is whether yohimbine, which increases brain noradrenaline
release, increases anxiety in the anxiety-related behavioral
tests. In order to investigate the effects of yohimbine on
behavior, we used two behavioral tests which elicit the
anxiety. In the conditioned defensive burying test, reported
by Pinel and Treit (1978) and by Treit (1985a), the rats
were placed in atest chamber with bedding material on the
floor and were given an electric shock with a wire-wrapped
prod mounted on one end wall of the chamber. The
amount of time the rats display burying responses (i.e.,
pushing and spraying the bedding material with snout and
forepaws toward and over the shock prod) was recorded
(Tsuda et al., 1988a,b, 1989b). Anxiolytic drugs such as
diazepam selectively suppressed the conditioned defensive
burying behavior in a dose-dependent fashion, whereas
non-anxiolytic drugs such as b-amphetamine had no effect
on this behavior (Treit et a., 1981). The effects of di-
azepam were produced through anxiolytic, rather than
analgesic, actions (Treit, 1985b) and did not reflect a
decrease in spontaneous activity (Blampied and Kirk,
1983). Yohimbine at 0.5 and 2 mg/kg significantly in-
creased both the duration and the number of burying
responses in a dose-dependent manner, and diazepam at
05 and 2 mg/kg significantly reduced these burying
responses (Tsuda et a., 1988b; Tanaka et al., 1990a). An
anxiogenic drug, ethyl-g-carboline-3-carboxylate (3-CCE),
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at doses ranging from 0.1, 0.5, 1 and 2 mg/kg, aso
significantly increased defensive burying behavior as com-
pared to the effect of vehicle (Tsuda et al., 1989b, Tanaka
et a., 1990a).

Another behavioral paradigm is the modified forced-
swim test with straw suspension (Nishimura et al.,
1988a,b), which was originally reported as a new model
sensitive for antidepressants by Porsolt et al. (1978). In
this paradigm, the apparatus used was a vertica glass
cylinder (height: 40 cm; diameter: 18 cm) equipped with
four pieces of black rope (length: 30 cm; diameter: 0.4
cm), which were suspended from above. These ropes were
made of cotton and the upper 18 cm was covered with
straw (Nishimura et al., 1988b). The rats were placed in
water for 5 min and immobility was measured. The rats
were then provided with four pieces of straws for a further
5 min and the number of attempts at straw-climbing was
measured. Straw-climbing was defined as escape-directed
movements from the water and was considered to be
closely related to anxiety and/or fear of the animas
(Nishimura and Tanaka, 1992; Nishimura et a., 1988b,
1989, 1990, 1993). Yohimbine at 0.2 and 0.5 mg/kg and
the anxiogenic drug B-CCE at 1 and 2 mg/kg signifi-
cantly increased straw-climbing; however, diazepam at 0.5
and 2 mg/kg, doses which were unlikely to cause muscle
relaxation and sedation, significantly decreased the number
of attempts at straw climbing (Nishimura et al., 1989;
Tanaka et al., 1990a).

These findings suggested that yohimbine, which in-
creases noradrenaline release in brain regions such as the
hypothalamus, amygdala and locus coeruleus, enhanced
anxiety in anxiety-related behaviora tests in rats, as re-
ported in humans (Charney et al., 1983) (Table 1).

5.5. Anxiogenic drugs and brain noradrenaline release

B-Carboline derivatives have been reported to cause
anxiety in humans (Dorow et al., 1983) and anxiety-like
behavioral changes in experimental animals (Skolnick et
al., 1984a,b) via benzodiazepine receptors. In Fig. 2, the
final guestion is whether anxiogenic drugs (B-carbolines)
increase noradrenaline release in rat brain regions. Admin-
istration of FG 7142 (methyl-B-carboline-3-carboxamide),
which has been reported to cause anxiety in humans
(Dorow et al., 1983), and B-CCE significantly increased
MHPG-SO, levels in the hypothalamus, amygdala and
locus coeruleus (Ida et al., 1988; Oguchi, 1988). These
findings indicate that anxiogenic drugs increase noradrena-
line release in specific brain regions (Table 1).

6. The neurochemical mechanism of the provocation
and reduction of anxiety

Based on these findings, we proposed a scheme to
explain the neurochemical mechanism underlying the
provocation of anxiety and the reduction of anxiety by
some anxiolytics in Fig. 3 (Tanaka, 1992, 1993, 1997;
Tanaka et a., 1990a, 1992a, 1992b, 1993). In this scheme
(Fig. 3), increased noradrenaline release in the hypothala-
mus, amygdala and locus coeruleus is considered to be the
most important event. A variety of stressful stimuli,
yohimbine acting via «,-adrenoceptors, and B-carbolines
acting via benzodiazepine receptors as inverse agonists of
benzodiazepines, increase noradrenaline release in the
hypothalamus, amygdala, and locus coeruleus, which re-
sults in the provocation of anxiety and/or fear. Under
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Fig. 3. Noradrenaline hypothesis proposed by the authors.
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stress situations, corticotropin-releasing factor (CRF) may
also have a critical role in the increased release of nor-
adrenaline in the brain because we have found that in-
creases in noradrenaline release in these brain regions are
significantly attenuated by pretreatment with «-helical
CRF, an antagonist of CRF (Emoto et al., 1993a), and that
CRF injected i.c.v. significantly increases MHPG-SO, lev-
elsin severa rat brain regions including the hypothalamus,
amygdala and locus coeruleus, which suggests that CRF
increases noradrenaline release in these brain regions
(Emoto et al., 1993b). This was confirmed in an in vivo
microdialysis study in which application of CRF through
the probe significantly increased noradrenaine levels in
the perfusates from the anterior hypothalamus (Emoto et
al., 1993c). Arginine®-vasopressin may also be involved,
because we have found that this peptide increases nor-
adrenaline release in the various brain regions (Tanaka et
al., 1977ab; Versteeg et a., 1978a,b).

Benzodiazepine anxiolytics acting via benzodiazepine
receptors, morphine and opioid peptides such as B-en-
dorphin and [Met®]-enkephalin, acting via opioid recep-
tors, - and d-opioidreceptors, attenuate the increases in
noradrenaline release in these brain regions, leading to the
relief of anxiety and/or fear. This hypothesis is basically
in agreement with areport by Gray (1981) that noradrener-
gic input via dorsal bundles to the midbrain-hippocampal
system is important for the provocation of anxiety, and
with the findings that B-adrenoceptor-blocking agents are
effective in the treatment of anxiety disorders (Granville-
Grossman and Turner, 1966; Kathol et al., 1980), that
diazepam combined with B-adrenoceptor-blocking agents
is more effective than diazepam aone for the treatment of
patients with chronic anxiety (Hallstrom et al., 1981), and
that clonidine, an o ,-adrenoceptor agonist, is effective for
anxiety disorders (Hoehn-Saric, 1982; Hoehn-Saric et al.,
1981). Many hypotheses have proposed that the increase in
brain noradrenaline release is involved in the provocation
of anxiety (Redmond, 1977, 1979, 1987; Redmond and
Huang, 1979; Charney et a., 1995; Stanford, 1995)

However, there have been reports against the noradrena-
line hypothesis of anxiety (Dantzer, 1984; File et al., 1979;
Mason and Fibiger, 1979; Sanghera et a., 1983; Stein et
al., 1973, 1977). Moreover, a hypothesis has been ad-
vanced that the brain serotonin system has a critical role in
the provocation of anxiety (File and Velucci, 1978;
Forscetti and Meek, 1981; Gallager, 1978, Graeff, 1974,
1984; Leroux and Hyers, 1975; Thiebot and Hamon, 1984;
Thiebot et a., 1980). It is well known that agonists of
5-HT,, receptor subtypes, such as buspirone and tan-
dospirone, and antidepressants that selectively inhibit sero-
tonin reuptake are clinically useful for the treatment of
various anxiety disorders.

We have also reported that psychological stress in-
creases serotonin release in the lateral and basolatera
nuclei of the amygdala and prefrontal cortex (Kawahara et
al., 1995) and that this increase is significantly attenuated
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Benzodiazepines Lactate
5-HT1A Agonists Op-Antagonists
SSRIs B-Carbolines
Tricyclic Diazepam binding inhibitor (DBI)
antidepressants Endozepines
Opioids
Antipsychotics Mediating
(some kinds) systems
Mediating Noradrenaline system
systems Serotonin system
Dopamine system
GA_BA system CRH system (?)
Opioid system CCK system (?)

Fig. 4. Anxiogenic and anxiolytic substances and the systems mediating
for the provocation and reduction of anxiety reported.

by pretreatment with midazolam at 0.1 and 0.3 mg/kg i.v.
These findings suggest that serotonin systems in the brain
are also involved in the provocation of anxiety and/or
fear.

We have aso found that psychological stress increases
dopamine release selectively in the nucleus accumbens and
the ventral tegmental area in the rat brain, and that this
increase is aso attenuated by pretreatment with diazepam
at 5 mg/kg in a flumazenil-reversible manner (Kaneyuki
et al., 1991).

It is unlikely that only one neurotransmitter or only one
brain region is involved in the provocation of anxiety;
rather several neurotransmitters, including noradrenaline
and serotonin, and several brain regions are probably
involved, as suggested by Braestrup and Nielsen (1982).
Further, anxiogenic or anxiolytic substances may be in-
volved. The systems mediating the provocation and reduc-
tion of anxiety are shown in Fig. 4. As for noradrenergic
systems, an increased release of noradrenaline in the hypo-
thalamus, amygdala and locus coeruleus is, in part, in-
volved in the provocation of anxiety and/or fear, and the
reduction of this increase may be related to the relief of
anxiety in animals.

Acknowledgements

We are very grateful to Professor Emeritus D. de Wied
and Professor D.H.G. Versteeg for the many kind sugges
tions made when M. Tanaka worked at the Rudolf Magnus
Ingtitute for Pharmacology, Faculty of Medicine, Utrecht
University, which have been very helpful for our later
research. We express our thanks to the following members
of the Department of Pharmacology, Kurume University
School of Medicine: Nagasaki, N., Kohno, Y., Nishikawa,
T., Glavin, G.B., Nakagawa, R., Ida, Y., limori, K., Hoaki,
Y., Tsuda A., Yokoo, H., Tanaka, T., Takeda, S., Noda,
Y., Tsyjimaru, S., Satoh, H., Shirao, I., Oguchi, M.,
Nishimura, H., Gondoh, Y., Ushijima, |., Mizoguchi, K.,



404 M. Tanaka et al. / European Journal of Pharmacology 405 (2000) 397—406

Sueyoshi, K., Matsuguchi, N., Koga, C., Shimizu, T.,
Kaneyuki, H., Ishikawa, M., Matsui, M., Koga S., Hamada,
N., Annoh, N., Nakahara, K., Kawahara, H., Kawahara,
Y., Nagamori, K., Tomita, M., Koga, K., Wu, L-Y.,
Miyagi, T., Yamaoka, T., Hasegawa, M., Noguchi, E. and
Abe, M.

References

Abercrombie, E.D., Keller, RW., Zigmond, M.J., 1988. Characterization
of hippocampal norepinephrine release as measured by microdialysis
perfusion: pharmacological and behavioral studies. Neuroscience 27,
897-904.

Blampied, N.M., Kirk, R.C., 1983. Defensive burying: effects of di-
azepam and oxprenolol measured in extinction. Life Sci. 33, 695—-699.

Braestrup, C., Nielsen, M., 1982. Anxiety. Lancet |1, 1030-1034.

Charney, D.S., Heninger, G.R.,, Redmond, D. Jr., 1983. Yohimbine
induced anxiety and increased noradrenergic function in humans:
effects of diazepam and clonidine. Life Sci. 33, 19-29.

Charney, D.S., Bremner, JD., Redmond, D.E., 1995. Noradrenergic
neural substrates for anxiety and fear. Clinical association based on
preclinical research. In: Bloom, F.E., Kupfer, D.J. (Eds.), Psychophar-
macology: The Fourth Generation of Progress. Raven Press, New
York, pp. 387-395.

Dantzer, R., 1984. Benzodiazepines and the limbic system. In: Trimble,
M.R., Zarifan, E. (Eds.), Pyschopharmacology of the Limbic Sytem.
Oxford Univ. Press, London, pp. 148-163.

Dorow, R., Horowski, R., Paschelke, G., Amin, M., 1983. Severe anxiety
induced by FG 7142, a B-carboline ligand for benzodiazepine recep-
tors. Lancet 11, 98—99.

Emoto, H., Koga, C., Ishii, H., Yokoo, H., Yoshida, M., Tanaka, M.,
1993a. A CRF antagonist attenuates stress-induced increases in NA
turnover in extended brain regions in rats. Brain Res. 627, 171-176.

Emoto, H., Tanaka, M., Koga, C., Yokoo, H., Tsuda, A., Yoshida, M.,
1993b. Corticotropin-releasing factor activates the noradrenergic neu-
ron system in rat brain. Pharmacol. Biochem. Behav. 45, 419-422.

Emoto, H., Yokoo, H., Yoshida, M., Tanaka, M., 1993c. Corticotropin-re-
leasing factor enhances noradrenaline release in the rat hypothalamus
assessed by intracerebral microdialysis. Brain Res. 601, 286—288.

File, S.E., Hyde, JR.G., 1978. Can social interaction be used to measure
anxiety? Br. J. Pharmacol. 62, 19-24.

File, SE., Vellucci, S.V., 1978. Studies on the role of ACTH and 5-HT in
anxiety, using an animal model. J. Pharm. Pharmacol. 30, 105-110.

File, S.E., Deskin, JF.W., Longden, A., Crow, T.J,, 1979. An investiga-
tion of the role of the locus coeruleus in anxiety and agonistic
behavior. Brain Res. 169, 411-420.

Forscetti, G.M., Meek, JL., 1981. Evidence for a tonic GABAergic
control of serotonin neurons in the median raphe nucleus. Brain Res.
206, 208-212.

Gallager, D.W., 1978. Benzodiazepines: potentiation of a GABA in-
hibitory response in the dorsal raphe nucleus. Eur. J. Pharmacol. 49,
133-143.

Geller, 1., Seifter, J, 1960. The effects of meprobamate, barbiturates,
p-amphetamine and promazine on experimentally induced conflict in
the rat. Psychopharmacology (Berlin) 1, 402—482.

Glavin, G.B., Tanaka, M., Tsuda, A., Kohno, Y., Hoaki, Y., Nagasaki,
N., 1983. Effects of atered brain noradrenaine level on acute stress
pathology in rats. Kurume Med. J. 30, 31-34.

Gispen, W.H., Schotman, P., De Kloet, E.R., 1972. Brain RNA and
hypophysectomy: a topographical study. Neuroendocrinology 9, 285—
296.

Graeff, F.G., 1974. Tryptamine antagonists and punished behavior. J.
Pharmacol. Exp. Ther. 189, 344-350.

Graeff, F.G., 1984. The anti-aversive action of minor tranquillizers.
Trends Pharmacol. Sci. 5, 230—233.

Granville-Grossman, K.L., Turner, P., 1966. The effect of propranolol on
anxiety. Lancet |, 788—790.

Gray, JA., 1981. Anxiety as a paradigm case of emotion. Br. Med. Bull.
37, 193-197.

Hallstrom, C., Treasaden, |., Guy Edwards, J., Lader, M., 1981. Di-
azepam, propranolol and their combination in the management of
chronic anxiety. Br. J. Psychiatry 139, 417-421.

Handley, S.L., Mithani, S., 1984. Effects of alpha-adrenoceptor agonists
and antagonists in a maze-exploration model of 'fear’-motivated
behaviour. Naunyn-Schmiedeberg’s Arch. Pharmacol. 327, 1-5.

Hoehn-Saric, R., 1982. Neurotransmittersin anxiety. Arch. Gen. Psychia-
try 39, 735-742.

Hoehn-Saric, R., Merchant, A.F., Keyser, M., Smith, V.K., 1981. Effects
of clonidine on anxiety disorders. Arch. Gen. Psychiatry 38, 1278—
1282.

Ida, Y., Tanaka, M., Tsuda, A., Kohno, Y., Hoaki, Y., Nakagawa, R.,
limori, K., Nagasaki, N., 1984. Recovery of stress-induced increases
in noradrenaline turnover is delayed in specific brain regions of old
rats. Life Sci. 34, 2357-2363.

Ida, Y., Tanaka, M., Tsuda, A., Tsujimaru, S.,, Nagasaki, N., 1985.
Attenuating effect of diazepam on stress-induced increases in nor-
adrenaline turnover in specific brain regions of rats. antagonism by
Ro 15-1788. Life Sci. 37, 2491-2498.

Ida, Y., Tsuda, A., Shireo, |., Tanaka, M., 1988. Effect of anxiogenic
agent FG 7142 on rat brain noradrenaline metabolism. Neurosciences
14, 105-107.

limori, K., Tanaka, M., Kohno, Y., Ida, Y., Nakagawa, R., Hoaki, Y.,
Tsuda, A., Nagasaki, N., 1982. Psychological stress enhances nor-
adrenaline turnover in specific brain regions in rats. Pharmacol.
Biochem. Behav. 16, 637—640.

Ishii, H., 1994. The activation of noradrenergic neurons in the rat locus
coeruleus and stress responses. J. Kurume Med. Assoc. 57, 1-13.
Kaneyuki, H., Yokoo, H., Tsuda, A., Yoshida, M., Mizuki, Y., Yamada,
M., Tanaka, M., 1991. Psychologica stress increases dopamine
turnover selectively in mesoprefrontal neurons of rats: reversal by

diazepam. Brain Res. 557, 154-161.

Kathol, R.G., Noyes, R. J., Slymen, D.G., Crow, R.R., Clancy, J,
Kerber, E., 1980. Propranolol in chronic anxiety disorders. Arch. Gen.
Psychiatry 37, 1361—1365.

Kawahara, H., Kawahara, Y., Yoshida, M., Yokoo, H., Nishi, M.,
Tanaka, M., 1995. Serotonin release in the rat amygdala during
exposure to emotional stress. In: Takada, A., Curzon, G. (Eds),
Serotonin in the Central Nervous System and Periphery. Elsevier,
Amsterdam, pp. 89-96.

Kohno, Y., Matsuo, K., Tanaka, M., Furukawa, T., Nagasaki, N., 1979.
Simultaneous determination of noradrenaline and 3-methoxy-4-hy-
droxyphenyl-ethyleneglycol sulfate in discrete brain regions of the rat.
Anal. Biochem. 97, 352—358.

Leroux, A.G., Hyers, R.D., 1975. Action of serotonin microinjected into
hypothalamic sites at which electrica stimulation produced aversive
responses in the rat. Physiol. Behav. 14, 501-505.

Mason, S.T., Fibiger, H.C., 1979. |. Anxiety: the locus coeruleus discon-
nection. Life Sci. 25, 2141-2147.

Mohler, H., Okada, T., 1977. Benzodiazepine receptor: determination in
the central nervous system. Science 198, 849-851.

Nishimura, H., Tanaka, M., 1992. Effects of alprazolam on anxiety-re-
lated behavior of rats in a modified forced-swim test employing straw
suspension. Pharmacol. Biochem. Behav. 41, 425-427.

Nishimura, H., Tsuda, A., Oguchi, M., Ida, Y., Tanaka, M., 1988a. Is
immunobility of rats in the forced swim test “behavioral despair’?
Physiol. Behav. 42, 93-95.

Nishimura, H., Tsuda, A., Ida, Y., Tanaka, M., 1988b. The modified
forced-swim-test in rats: influence of rope or straw-suspension on
climbing behavior. Physiol. Behav. 43, 665—668.

Nishimura, H., Ida, Y., Tsuda, A., Tanaka, M., 1989. Opposite effects of



M. Tanaka et al. / European Journal of Pharmacology 405 (2000) 397—406 405

diazepam and B-CCE on immobility and straw-climbing behavior of
rats in a modified forced-swim test. Pharmacol. Biochem. Behav. 33,
227-231.

Nishimura, H., Ida, Y., Tsuda, A., Tanaka, M., 1990. Enhancing effects
of Ro 15-1788 on straw-dimbing behavior as measured with the
straw-suspension method: reversal by diazepam. Pharmacol. Biochem.
Behav. 36, 183-186.

Nishimura, H., Tanaka, M., Tsuda, A., Gondoh, G., 1993. Atypical
anxiolytic profile of buspirone and a related drug, SM-3997, in a
modified forced swim test employing straw suspension. Pharmacol.
Biochem. Behav. 46, 647—651.

Ogawa, N., Kuwahara, H., 1966. Psychophysiology of emotion-com-
munication of emotion. J. Jpn. Psychosom. Soc. 6, 352—356.

Oguchi, M., 1988. Effects of anxiogenic drugs on noradrenaline
metabolism in rat brain regions. J. Kurume Med. Assoc. 51, 943-957.

Pacak, K., Armando, |., Fukuhara, K., Kvetnansky, R., Palkovits, M.,
Kopin, 1.J., Goldstein, D.S., 1992. Noradrenergic activation in the
paraventricular nucleus during acute and chronic immobilization stress
in rats: an in vivo microdiaysis study. Brain Res. 589, 91-96.

Pellow, S., Chopin, P., File, SE., Briley, M., 1985. Validation of open:
closed arm entries in an elevated plus-maze as a measure of anxiety in
the rat. J. Neurosci. Methods 14, 149-167.

Pinel, J.P.J, Treit, D., 1978. Burying as a defensive response in rats. J.
Comp. Physiol. Psychol. 92, 708—712.

Porsolt, R.D., Anton, G., Blavet, N., Jdfre, M., 1978. Behavioural
despair in rats: a hew model sensitive to antidepressant treatments.
Eur. J. Pharmacol. 47, 379-391.

Redmond, D.E. Jr., 1977. Alteration in the functions of the nucleus locus
coeruleus: a possible model for studies of anxiety. In: Hanin, I,
Usdin, E. (Eds.), Animal Models in Psychiatry and Neurology. Perga-
mon, New York, pp. 293—306.

Redmond, D.E. Jr., 1979. New and old evidence for the involvement of a
brain norepinephrine system in anxiety. In: Fann, W.E., Karacan, |.,
Porkorny, A.D. (Eds.), Phenomenology and Treatment of Anxiety.
Spectrum Publ., New York, pp. 153-203.

Redmond, D.E. Jr. et a., 1987. Studies of the nucleus locus coeruleus in
monkeys and hypotheses for neuropsychopharmacology. In: Meltzer,
H.Y. (Ed.), Psychopharmacology: The Third Generation of Progress.
Raven Press, New York, pp. 967-975.

Redmond, D.E. Jr., Huang, Y.H., 1979. Il. New evidence for a locus
coeruleus-norepinephrine connection with anxiety. Life Sci. 25,
2149-2162.

Reis, D.J,, Ross, R.A., 1973. Dynamic changes in brain dopamine-B-hy-
droxylase activity during anterograde and retrograde reactions to
injury of central noradrenergic axons. Brain Res. 57, 307—326.

Sanghera, M.K., McMillen, B.A., German, D.C., 1983. Buspirone, a
non-benzodiazepine anxiolytic, increase locus coeruleus noradrenergic
neuronal activity. Eur. J. Pharmacol. 86, 107—-110.

Shimizu, T., Tanaka, M., Yokoo, H., Gondoh, Y., Mizoguchi, K., Mat-
suguchi, N., Tsuda, A., 1994. Differential changes in rat brain nor-
adrenaline turnover produced by continuous and intermittent restrains
stress. Pharmacol. Biochem. Behav. 49, 905-909.

Skolnick, P., Ninan, P., Insel, T., Crawley, J., Paul, S., 1984a. A novel
chemically induced animal model of human anxiety. Psychopharma
cology 17 (Supplement 1), 25-36.

Skolnick, P., Crawley, JN., Glowa, JR., 1984b. B-carboline-induced
anxiety states. Psychopharmacology 17, 52—60, (Suppl. 3).

Squires, R.F., Braestrup, C., 1977. Benzodiazepine receptor in rat brain.
Nature 266, 732—734.

Stanford, S.C., 1995. Central noradrenergic neurones and stress. Pharma-
col. Ther. 68, 297—342.

Stein, L., Wise, C.D., Berger, B.D., 1973. Antianxiety action of benzodi-
azepines. decrease in activity of serotonin neurons in the punishment
system. In: Garattini, S., Mussini, E., Randall, L.O. (Eds), The
Benzodiazepines. Raven Press, New York, pp. 299—-326.

Stein, L., Belluzzi, J.D., Wise, C.D., 1977. Benzodiazepines. behavioral
and neurochemical mechanisms. Am. J. Psychiatry 134, 665—6609.

Sueyoshi, K., 1989. Effects of various anxiolytics on regional rat brain
noradrenaline release in response to fear conditioning. J. Kurume
Med. Assoc. 52, 1340-1358.

Tanaka, M., 1992. Neurochemical basis of stress and anxiety-involvement
of brain noradrenaline system. Auton. Nerv. Syst. 29, 199-216.

Tanaka, M., 1993. Brain noradrenaline system and emotional changes
caused by stress. J. Univ. Occup. Environ. Health 15, 256—263.

Tanaka, M., 1997. Anxiety and brain noradrenaline system. Jpn. J.
Psychosom. Med. 37, 231-239.

Tanaka, M., 1999. Emotiona stress and characteristics of brain nor-
adrenaline release in the rat. Ind. Health 37, 143—-156.

Tanaka, M., Versteeg, D.H.G., De Wied, D., 1977a. Regiona effects of
vasopressin on rat brain catecholamine metabolism. Neurosci. Lett. 4,
321-325.

Tanaka, M., De Kloet, R.E., De Wied, D., Versteeg, D.H.G., 1977h.
Arginine®-vasopressin affects catecholamine metabolism in specific
brain nuclei. Life Sci. 20, 1799-1808.

Tanaka, M., Kohno, Y., Nakagawa, R., Ida, Y., limori, K., Hoaki, Y.,
Tsuda, A., Nagasaki, N., 1982a. Time-related differences in nor-
adrenaline turnover in rat brain regions by stress. Pharmacol. Biochem.
Behav. 16, 315-319.

Tanaka, M., Kohno, Y., Nakagawa, R., Ida, Y., limori, K., Hoaki, Y.,
Tsuda, A., Nagasaki, N., 1982b. Naloxone enhances stress-induced
increases in noradrenaline turnover in specific brain regions in rats.
Life Sci. 30, 1663—-1669.

Tanaka, M., Kohno, Y., Tsuda, A., Ida, Y., limori, K., Hoaki, Y.,
Nagasaki, N., 1983a. Differential effects of morphine on noradrena
line release in brain regions of stressed and non-stressed rats. Brain
Res. 275, 105-115.

Tanaka, M., Kohno, Y., Nakagawa, R., Ida, Y., Takeda, S., Nagasaki, N.,
Noda, Y., 1983b. Regional characteristics of stress-induced increases
in brain noradrenaline release in rats. Pharmacol. Biochem. Behav.
19, 543-547.

Tanaka, M., Tsuda, A., Ida, Y., Ushijima, |., Tsujimaru, S., Nagasaki, N.,
1985a. Methionine—Enkephalin inhibits stress-induced increases in
noradrenaline turnover in brain regions of rats. Jon. J. Pharmacol. 37,
117-119.

Tanaka, M., Tsuda, A., Ida, Y., Ushijima, I., Tsujimaru, S., Nagasaki, N.,
1985b. Attenuating effects of opioid peptides on stress-induced in-
creases in noradrenaline release in rat brain regions. Ann. Rep.
Pharmacopsychiat. Res. Found. 16, 80-93.

Tanaka, M., Ida, Y., Tsuda, A., Nagasaki, N., 1986. Involvement of brain
noradrenaline and opioid peptides in emotional changes induced by
stress in rats. In: Oomura, Y. (Ed.), Emotions: Neural and Chemical
Control. Japan Sci. Soc. Press and Karger, Tokyo, pp. 417-427.

Tanaka, M., Ida, Y., Tsuda, A., 1988. Naloxone, given before but not
after stress exposure, enhances stress-induced increases in regional
brain noradrenaline release. Pharmacol. Biochem. Behav. 29, 613—
616.

Tanaka, M., Ida, Y., Tsuda, A., Tsujimaru, S., Shireo, |., Oguchi, M.,
1989. Met—Enkephalin, injected during the early phase of stress,
attenuates stress-induced increases in noradrenaline release in rat
brain regions. Pharmacol. Biochem. Behav. 32, 791-795.

Tanaka, M., Tsuda, A., Yokoo, H., Ida, Y., Nishimura, H., 1990a
Involvement of the brain noradrenaline system in emotional changes
caused by stressiin rats. Ann. N. Y. Acad. Sci. 597, 159-174.

Tanaka, M., Sueyoshi, K., Tsuda, A., Yokoo, H., Gondoh, Y., Matsug-
uchi, N., Yoshida, M., 1990b. Increases in noradrendine release
caused by emotional stresses in the rat brain regions are attenuated by
anxiolytics of benzodiazepines. Ann. Rep. Pharmacopsychiat. Res.
Found. 21, 83-91.

Tanaka, M., Sueyoshi, K., Tsuda, A., Yokoo, H., Gondoh, Y., Matsug-
uchi, N., Yoshida, M., 1990c. Increases in noradrenaline release
caused by emotional stresses in the rat brain regions are attenuated by
anxiolytics of benzodiazepines. Ann. Rep. Pharmacopsychiat. Res.
Found. 21, 83-91.

Tanaka, M., Tsuda, A., Yokoo, H., Yoshida, M., Mizoguchi, K., Shimizu,



406 M. Tanaka et al. / European Journal of Pharmacology 405 (2000) 397—406

T., 1991a Psychological stress-induced increases in noradrenaline
release in rat brain regions are attenuated by diazepam, but not by
morphine. Pharmacol. Biochem. Behav. 39, 191-195.

Tanaka, T., Yokoo, H., Mizoguchi, K., Yoshida, M., Tsuda, A., Tanaka,
M., 1991b. Noradrenaline release in the amygdala is increased by
stress: studies with intracerebral microdialysis. Brain Res. 544, 174—
176.

Tanaka, T., Yoshida, M., Yokoo, H., Tomita, M., Tanaka, M., 1998.
Expression of aggression attenuates both stress-induced gastric ulcer
formation and increases in noradrenaline release in the rat amygdala
assessed by intracerebral microdialysis. Pharmacol. Biochem. Behav.
59, 27-31.

Tanaka, M., Yoshida, M., Emoto, H., Ishii, H., 1999. Neurochemical
mechanisms of the onset process of psychosomatic disorders. In:
Yamashita, H. (Ed.), Control Mechanisms of Stress and Emotion:
Neuroendocrine-Based Studies. Elsevier, Amsterdam, pp. 71-79.

Thiebot, M.H., Jobert, A., Soubrie, P., 1980. Chlordiazepoxide and
GABA injected into raphe dorsalis release the conditioned behavioral
suppression induced by a conflict procedure without nociceptive
component. Neuropharmacology 19, 633-641.

Thiebot, M.H., Hamon, M., 1984. Serctonergic neurons and anxiety-re-
lated behavior in rats. In: Trimble, M., Zarifian, E. (Eds.), Psy-
chopharmacology of the Limbic System. Oxford Univ. Press, London,
pp. 164-173.

Treit, D., 1985a. Anima models for the study of anti-anxiety agents. a
review. Neurosci. Biobehav. Rev. 9, 203—222.

Treit, D., 1985b. The inhibitory effect of diazepam on defensive burying:
anxiolytic vs. analgesic effects. Pharmacol. Biochem. Behav. 22,
47-52.

Treit, D., Pinel, J.P.J., Fibiger, H.C., 1981. Conditioned defensive bury-
ing: a new paradigm for the study of anxiolytic agents. Pharmacol.
Biochem. Behav. 15, 619-626.

Tsuda, A., Tanaka, M., 1990. Neurochemica characteristics of rats
expose to activity stress. Ann. N. Y. Acad. Sci. 597, 146-158.

Tsuda, A., Tanaka, M., Kohno, Y., Nishikawa, T., limori, K., Nakagawa,
R., Hoaki, Y., Ida, Y., Nagasaki, N., 1982. Marked enhancement of
noradrenaline turnover in extensive brain regions after activity-stress
in rats. Physiol. Behav. 29, 337-341.

Tsuda, A., Tanaka, M., Kohno, Y., Ida, Y., Hoaki, Y., limori, K.,
Nakagawa, R., Nishikawa, T., Nagasaki, N., 1983. Daily increases in
noradrenaline turnover in brain regions of activity-stressed rats. Phar-
macol. Biochem. Behav. 19, 393-396.

Tsuda, A., Tanaka, M., 1985. Differential changes in noradrenaine
turnover in specific regions of rat brain produced by controllable and
uncontrollable shocks. Behav. Neurosci. 99, 802—817.

Tsuda, A., Tanaka, M., Ida, Y., Tsujimaru, S., Nagasaki, N., 1986a.
Effects of shock controllability on rat brain noradrenaline turnover
under FR-1 and FR-3 Sidman avoidance schedules. Pharmacol.
Biochem. Behav. 37, 945-950.

Tsuda, A., Tanaka, M., Ida, Y., Tsujimaru, S., Ushijima, |., Nagasaki, N.,
1986b. Effects of pre-shock experience on enhancement of rat brain
noradrenaline turnover induced by psychological stress. Pharmacol.
Biochem. Behav. 24, 115-119.

Tsuda, A., Ida, Y., Tanaka, M., 1988a. Behavioral field analysis in two
strains of rats in a conditioned defensive burying paradigm. Anim.
Learn. Behav. 16, 354—358.

Tsuda, A., Ida, Y., Tanaka, M., 1988b. The contrasting effects of
diazepam and yohimbine on conditioned defensive burying in rats.
Psychobiology 16, 213-217.

Tsuda, A., Tanaka, M., Ida, Y., Shirao, |., Gondoh, Y., Oguchi, M.,
Yoshida, M., 1988c. Expression of aggression attenuates stress-in-
duced increases in rat brain noradrenaline turnover. Brain Res. 474,
174-180.

Tsuda, A., Ida, Y., Satoh, H., Tsujimaru, S., Tanaka, M., 1989a. Stressor
predictability and rat brain noradrenaline metabolism. Pharmacol.
Biochem. Behav. 32, 569-572.

Tsuda, A., Ida, Y., Nishimura, H., Tanaka, M., 1989b. Anxiogenic effects
of B-CCE as measured in two different conditioning paradigms.
Psychobiology 17, 202—-206.

Vogel, JR., Beer, B., Clody, D.E., 1971. A simple and reliable conflict
procedure for testing antianxiety agents. Psychopharmacologia 21,
1-7.

Yokoo, H., Tanaka, M., Tanaka, T., Tsuda, A., 1990a Stress-induced
increases in noradrenaline release in the rat hypothalamus assessed by
intracranial microdialysis. Experientia 46, 290—292.

Yokoo, H., Tanaka, M., Yoshida, M., Tsuda, A., Tanaka, T., Mizoguchi,
K., 1990b. Direct evidence of conditioned fear-elicited enhancement
of noradrenaline release in the rat hypothalamus assessed by intracra-
nial microdiaysis. Brain Res. 536, 305—308.

Yokoo, H., Tanaka, M., Yoshida, M., Tsuda, A., Tanaka, T., 1991. Effect
of immobilization stress on noradrenaline release in the rat hypothaa
mus assessed by intracranial microdialysis method. Ann. Rep. Phar-
macopsychiat. Res. Found. 22, 69—74.

Versteeg, D.H.G., Tanaka, M., De Kloet, R.E., Van Ree, JM., De Wied,
D., 1978a. Prolyl-leucyl—glycinamide (PLG): regional effects on
a-MPT-induced catecholamine disappearance in rat brain. Brain Res.
143, 561-566.

Versteeg, D.H.G., Tanaka, M., De Kloet, R.E., 1978b. Catecholamine
concentration and turnover in discrete regions of the brain of the
homozygous Brattleboro rat deficient in vasopressin. Endocrinology
103, 1654-1661.

Wu, L-Y., Tanaka, M., Yoshida, M., Yokoo, H., Tanaka, T., Tomita, M.,
Ishikawa, M., 1997. Effect of aging on psychologica stress-induced
increases in noradrenaline release in the rat anterior hypothalamus: an
in vivo microdialysis study. Brain Res. 771, 347—-350.

Wu, L-Y., Tanaka, M., Yoshida, M., Yokoo, H., Emoto, H., 1999. Effect
of aging on noradrenaline level in the anterior hypothalamus of rats
exposed to repeated stressors. Biog. Amines 15, 341-354.



