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(1) 65–72, 2000.—A review of the literature suggests that
the dorsal hippocampal serotonergic system, and, in particular, the postsynaptic 5-HT

 

1A

 

 receptor, mediates an anxiogenic re-
sponse, whereas endogenous dorsal hippocampal cholinergic tone mediates an anxiolytic response. Accordingly, it has been
shown that direct dorsal hippocampal administration of the 5-HT

 

1A

 

 receptor agonist, 8-OH-DPAT, the nicotinic receptor an-
tagonist, mecamylamine, and the M

 

1

 

 muscarinic receptor antagonist, pirenzepine, all have anxiogenic effects in rats tested in
the social interaction test. It is therefore surprising that nicotine also has an anxiogenic effect in this test following dorsal hip-
pocampal administration. However, the anxiogenic effects of mecamylamine and nicotine in the dorsal hippocampus are
blocked by coadministration of the 5-HT

 

1A

 

 receptor antagonist, WAY 100635, suggesting that both of these compounds act
by enhancing hippocampal serotonergic transmission, thereby stimulating postsynaptic 5-HT

 

1A

 

 receptors. This conclusion is
supported by the observation that both nicotine and mecamylamine stimulate basal [

 

3

 

H]-5-HT release from dorsal hippocam-
pal slices. A possible mechanism by which nicotinic receptor ligands modulate hippocampal 5-HT release is discussed, and it
is proposed that the dorsal hippocampal serotonergic and cholinergic systems are tightly coupled and function antagonisti-
cally in the modulation of anxiety, as measured in the social interaction test. These systems are relatively unimportant in con-
trolling behaviour on trial 1 in the plus-maze. On trial 2 in the elevated plus-maze, a model of specific phobia, the endogenous
cholinergic system, nicotine, and the M

 

1

 

 receptor agonist, McN-A-343, all mediate an anxiolytic effect, whereas stimulation of
5-HT

 

1A

 

 receptors mediates an anxiogenic effect. It is proposed that the hippocampus may predominantly control the avoid-
ance components of phobic anxiety, with other regions, such as the dorsomedial hypothalamus, controlling the escape com-
ponents. © 2000 Elsevier Science Inc.
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THERE is considerable evidence that nicotine can modulate
anxiety, but it is also clear that it does not universally reduce
anxiety in the way that is observed with the benzodiazepines.
Several factors are crucial in determining not only whether ef-
fects of nicotine are observed but the direction of nicotine’s
effects on anxiety. Within a single test of anxiety, the social in-
teraction test, the effects of IP administration of (

 

2

 

)-nicotine
have been shown to be dose dependent, with low doses having
an anxiolytic, and high doses an anxiogenic, effect (22). The
same low dose (0.1 mg/kg) has been found to have different
effects at different times after injection, with an anxiogenic ef-

fect being observed at 5 min, followed by an anxiolytic effect
at 30 min, and a later anxiogenic effect at 60 min (37). In the
elevated plus-maze test of anxiety, Ouagazzal et al. (50) found
no effects of (

 

2

 

)-nicotine at doses of 0.001, 0.005, 0.01, 0.05,
and 0.1 mg/kg, but anxiogenic effects at 0.5 and 1 mg/kg; Bal-
four et al. (3) found no effect of the racemate at 0.4 mg/kg,
whereas Brioni et al. (5) found an anxiolytic effect at a single
dose of (

 

2

 

)-nicotine 0.3 mg/kg. It is possible that the different
effects observed by Brioni et al. (5) and Ouagazzal et al. (50)
were due to strain effects and/or the different baseline levels
of anxiety in the two experiments. The scores were much
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higher in the Ouagazzal et al. (50) study, indicating a lower
level of anxiety. The baseline level of anxiety, as generated by
the different test conditions, is also an important factor in de-
termining the effects of nicotine in the social interaction test.
Thus, in the condition generating the least anxiety (a familiar
test arena, lit by low light-LF) nicotine is without effect, as it
is in the condition of highest anxiety (an unfamiliar arena,
lit by high light-HU); it is in the two conditions generating
moderate levels of anxiety (unfamiliar arena lit by low light-
LU, and familiar arena, lit by high light-HF) that the bidi-
rectional effects of systemically administered nicotine can be
observed (22).

 

ROLE OF THE DORSAL HIPPOCAMPUS IN ANIMAL TESTS
OF ANXIETY

 

The dorsal hippocampus is one brain region that plays an
important role in anxiety (33), and both benzodiazepines and
drugs acting on the 5-HT system have been found to have ef-
fects in animal tests of anxiety after direct administration into
the dorsal hippocampus. However, it is also clear that this
brain region is more important for controlling behaviour in
some animal tests than in others.

 

Social Interaction

 

The social interaction test provides a good model of gener-
alised anxiety disorder (GAD), and the dorsal hippocampus
plays an important role in controlling behaviour in this test.
After direct administration to the dorsal hippocampus, mida-
zolam (1 and 2 

 

m

 

g) is anxiolytic in this test (30), whereas the
5-HT

 

1A

 

 receptor agonist, 8-OH-DPAT (100 ng) and the 5-HT

 

2C

 

receptor agonist, mCPP (500 ng) have anxiogenic effects
(2,17,67). In conditions of low anxiety, both the nicotinic re-
ceptor antagonist, mecamylamine, and the muscarinic cholin-
ergic receptor antagonists, pirenzepine and scopolamine,
have anxiogenic effects (18,58). These results suggest that the
endogenous cholinergic tone in the dorsal hippocampus plays
a modulatory role to reduce anxiety. It was therefore surpris-
ing that, under conditions of moderate anxiety, injection of
nicotine into this brain region has anxiogenic effects (22,50).

 

Vogel Punished Drinking

 

Factor analysis has shown that the type of anxiety detected
in the Vogel test is distinct from that measured in the social
interaction test (12), and hence, different brain regions and
neurotransmitters might be involved. In the Vogel punished-
drinking test, the hippocampus again seems to play a role,
although the doses of drugs administered to the dorsal hippo-
campus are extremely high, which raises the question of  phar-
macological and neuroanatomical specificity. Thus, the ben-
zodiazepines, midazolam (10 and 20 

 

m

 

g) and diazepam (40

 

m

 

g), the 5-HT

 

1A

 

 partial agonists, 8-OH-DPAT (1), buspirone,
ipsapirone (1 and 3 

 

m

 

g), gepirone (10 and 30 

 

m

 

g), and tan-
dospirone (30 and 60 

 

m

 

g), and the 5-HT

 

3

 

 receptor antagonist,
ondansetron (1 and 2 

 

m

 

g) have all been reported to have anxi-
olytic effects (39,53,59). There is one report of an anxiogenic
effect following 5 

 

m

 

g buspirone (59). The bulk of the evi-
dence, however, suggests that the hippocampal 5-HT

 

1A

 

 recep-
tors play an opposite role in modulating anxiety in the Vogel
punished-drinking test and in the social interaction test. This
could arise if the two tests generate quite distinct states of
anxiety, with distinct underlying neurobiological mechanisms.
This could account for the much higher doses of benzodiaz-
epines needed to modify behaviour in the Vogel test, com-

pared with the social interaction test, because not all anxiety
disorders are equally well treated by benzodiazepines. Addi-
tionally, or alternatively, the dorsal hippocampus may play a
less important role in the state generated by the Vogel test
than it does in the state generated by the social interaction
test.

However, there is an important, alternative explanation.
Using the USV test (ultrasonic vocalisations induced by foot
shock) Jolas et al. (38) found anxiolytic effects after adminis-
tration of 8-OH-DPAT (1–10 

 

m

 

g) into the dorsal hippocam-
pus. These doses are higher than those needed to produce an
anxiolytic effect after IV administration, which strongly sug-
gests that the hippocampus is not the main anatomical target
of anxiolytic action, and furthermore, that this area may medi-
ate an anxiogenic effect. This anxiogenic effect would act to
reduce the anxiolytic effect mediated in other areas. Jolas et
al. (38) further showed that the anxiolytic effect of these high
doses of 8-OH-DPAT was not due to a hippocampal site of
action, because the effect remained even when administered
to a dorsal hippocampus that had been lesioned with ibotenic
acid, thus destroying the 5-HT

 

1A

 

 receptors in this region. They
showed that these high doses of 8-OH-DPAT had diffused
back to the dorsal raphé nucleus, and that it was probably an
action in this brain region that accounted for both the ob-
served anxiolytic action and the reduction in raphé firing rate,
and hence, the release of 5-HT in limbic projection areas. Cer-
tainly, it has been shown that direct administration of 8-OH-
DPAT into the dorsal raphé nucleus has anxiolytic effects in
the 20–50-ng range in the social interaction and USV tests
(34,35,57) and in the 200–500-ng range in the Vogel test (34).
Eison et al. (8) found that 5,7 DHT lesions of the 5-HT neu-
rones blocked the anxiolytic effects of buspirone and gepirone
in the Vogel test, thus indicating a presynaptic site of action.

In the Vogel test, there is a fivefold difference in the effec-
tive anxiolytic doses of drugs stimulating 5-HT

 

1A

 

 receptors in
the raphé nuclei and the dorsal hippocampus. Whilst this may
be explained by diffusion of the drug from its site of injection
to a more distant site of action, it could also be explained by
the fact that the compounds act as full agonists at the presyn-
aptic sites, but as partial agonists at postsynaptic sites. For ex-
ample, in the dorsal hippocampus, 8-OH-DPAT has only
about one-quarter the intrinsic activity of 5-HT to inhibit neu-
ronal activity (1). Whether an agonist or antagonist action is
seen following administration of a partial agonist will depend
on the level of 5-HT tone. Thus, in rats depleted of 5-HT by
the administration of parachlorophenylalanine, 8-OH-DPAT
had clear anxiogenic effects in the Vogel test (9), probably
due to a postsynaptic site of action. In the conditioned sup-
pression of drinking test, the effect of 8-OH-DPAT was found
to be dependent on the arousal level of the animal; thus, it was
anxiolytic in naive rats and anxiogenic in habituated rats (7).
Habituation to handling has been shown to reduce the endog-
enous 5-HT tone in the hippocampus (16), and thus it is likely
that the anxiogenic effect of 8-OH-DPAT is observed in test
conditions that engender low levels of hippocampal 5-HT.

The endogenous 5-HT tone will also determine the pre-
and postsynaptic balance of effects, with high hippocampal
5-HT tone favouring a presynaptic action and a low 5-HT
tone a postsynaptic action. A high hippocampal 5-HT tone
would also favour detection of a 5-HT

 

1A

 

 antagonist action
from a partial agonist. The Vogel punished-drinking test, us-
ing 0.4-mA shock level, gives rise to plasma corticosterone
concentrations four times higher than the social interaction
test and three times higher than the elevated plus-maze (21).
Matsuo et al. (47) found increased dorsal hippocampal 5-HT
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release during punished drinking. Thus, the much greater
level of stress caused by the Vogel test is accompanied by high
5-HT concentrations in the dorsal hippocampus, and thus the
anxiolytic effects observed following administration of high
doses of 8-OH-DPAT and buspirone could be due due to
their 5-HT

 

1A

 

 receptor antagonist properties. This would be
supported by the finding that pindolol, a 5-HT

 

1A

 

 receptor an-
tagonist, was anxiolytic at a low dose (300 ng) when adminis-
tered to the dorsal hippocampus (52). Puzzlingly, another
5-HT

 

1A

 

 receptor antagonist, WAY 100635, was silent. Przega-
linski et al. (53) found that the effect of intrahippocampal ad-
ministration of ipsapirone was reversed by coadministration
of NAN-190, which would seem to argue against a 5-HT

 

1A

 

 re-
ceptor antagonist action underlying the anxiolytic effect of a
high doses of ipsapirone. However, both compounds also
have actions at 5-HT

 

7

 

 receptors (45,69), and thus the pharma-
cological specificity of their actions cannot be certain. In con-
clusion, whilst there is agreement between the social interac-
tion and Vogel tests that 5-HT

 

1A

 

 receptor agonist action in the
raphé nuclei gives rise to anxiolytic effects, the source of the
anxiolytic action following administration of high doses of
partial agonists to the dorsal hippocampus remains unclear. A
spread of the drugs back to the raphé is one possibility, but a
5-HT

 

1A

 

 receptor antagonist and/or a 5-HT

 

7

 

 receptor agonist
action are alternatives. Of course, it is possible that the an-
swer will differ for different drugs that vary in their intrinsic
activity at pre- and postsynaptic 5-HT

 

1A

 

 receptors and at
5-HT

 

7

 

 receptors.

 

Elevated Plus-Maze 

Trial 1—naive rats. 

 

File (12) showed that the elevated plus-
maze detects a quite different type of anxiety from either the
social interaction test or the Vogel punished-drinking test,
and Graeff et al. (31,32) has suggested that the plus-maze best
models aspects of panic disorder. There is strong evidence for
important control from midbrain regions, such as the raphé
nuclei and the periaqueductal grey (14,17,31), but the dorsal
hippocampus does not seem to play an important role in con-
trolling behaviour on trial 1 in the plus-maze. Thus, Treit and
Menard (62) found that lesions of the dorsal hippocampus
were without effect on performance in the plus-maze. File et
al. (18) found no effect of nicotinic or muscarinic receptor an-
tagonists administered directly to the dorsal hippocampus,
Ouagazzal et al. (50) found no effects of a wide dose range of
nicotine, Gonzalez et al. (30) found no effects of midazolam
(1 and 2 

 

m

 

g), and no effects of 8-OH-DPAT were found at 1

 

m

 

g (4) or 50–200 ng (17). However, in test conditions that
yielded a very low baseline level of responding (10% time
spent on open arms), an anxiolytic effect of R(

 

1

 

)8-OH-
DPAT has been found (48). Kostowski et al. (42) also re-
ported an increase in time spent on open arms after buspirone
(2.5 

 

m

 

g), but in this experiment the significance arose because
the groups differed in the variances of their scores (SEM 7.5
in the control group and 41.5 in the buspirone group). The ap-
parent difference in mean was therefore probably due to an
isolated high score. Entries into open arms were not reported,
so it is not possible to see whether there was an increase in the
other measure of anxiety, and because closed-arm entries
were not reported, it is not possible to see whether measures
of nonspecific activity were also changed. However, the Me-
nard and Treit finding does suggest that, in certain conditions,
the hippocampus can influence plus-maze performance. Prior
exposure to stress, for example, restraint stress or brief expo-
sure to cat odour (49,71) decreases the baseline scores in the

plus-maze. Thus, the lower scores in the Menard and Treit
study (48) could indicate that their rats are more stressed than
ours. Several procedural differences could contribute to this.
For example, the Menard and Treit rats arrive by air freight,
are immediately singly housed, and their behaviour on the
plus-maze is scored by an observer in the same room (Me-
nard, personal communication). Ours have a short road jour-
ney, have 1 week’s group housing and handling before single
housing, and are tested alone in a small room and observed
from a video monitor in an adjacent area.

One possibility, therefore, is that the hippocampus plays a
role in stress-induced decreases in behaviour, regardless of
the test situation in which they are detected. Thus, dorsal hip-
pocampal lesions prevented the decrease in locomotor activ-
ity induced by FG 7142 (44), and 8-OH-DPAT (5 

 

m

 

g) admin-
istration to the dorsal hippocampus reduced stress-induced
decreases in locomotor activity (6). Administration of the
nonselective 5-HT

 

1

 

 receptor agonist, 5-MeODMT, to the dor-
sal hippocampus immediately after 2 h of restraint stress was
able to reverse the decrease in percent time spent on open
arms and percent of open arm entries in the plus-maze that
was detected 24 h after the restraint and drug injection (49).
Thus, the dorsal hippocampal 5-HT

 

1A

 

 receptors seem to play
an important part in mediating stress-induced hypoactivity, as
detected both by decreased locomotor activity and by
changes in the plus-maze. However, this is not necessarily the
same as playing a direct role in mediating behaviour in the
plus-maze.

There is evidence that testing in the plus-maze increases
hippocampal 5-HT release, but unfortunately, the specific
role of the dorsal hippocampus has not been assessed. File et
al. (23) found increased [

 

3

 

H]-5-HT release and decreased up-
take in slices taken across the whole hippocampus and there-
fore including both dorsal and ventral hippocampus; and, us-
ing in vivo microdialysis, Wright et al. (70) and Voigt et al.
(66) found increased 5-HT in the ventral hippocampus. How-
ever, the increase was the same whether the animals were re-
stricted to the open or closed arms, and the 5-HT release was
not related to the level of anxiety displayed in the plus-
maze (70).

 

Trial 2. 

 

Dramatic changes occur during the first 5-min ex-
posure to the elevated plus-maze. On trial 1, the main source
of anxiety is the open nature of the arms (63), whereas by the
second 5-min trial it is the elevation of the arms that is the
controlling factor (10). The type of anxiety measured on trials
1 and 2 is quite distinct (10,13,15,54), and behaviour on trial 2
is insensitive to benzodiazepines (11,55,56). The lack of sensi-
tivity to benzodiazepines is not due to habituation of anxiety
because the scores on trial 2 either remain unchanged
(11,51,61) or decrease (4,29,56), indicating enhanced anxiety.
Nor is there any habituation from trial 1 to trial 2 of the corti-
costerone stress response (25,36). Because of the importance
of the fear of heights on trial 2 and the insensitivity to benzo-
diazepines, it has been suggested that trial 2 in the elevated
plus-maze may be a good model of simple, or specific, pho-
bias (15,19,20,26). Fear of heights is the most common of spe-
cific phobias (28), and benzodiazepines are ineffective against
them (46,64).

In contrast to trial 1, there is clear evidence that the dorsal
hippocampus plays a role in modulating behaviour on trial 2.
This is possibly because of the crucial role played by learning
in establishing the fear of heights on trial 2 (10,16). 8-OH-
DPAT (100 ng) had a significant anxiogenic effect on trial 2 in
the plus-maze after direct administration to the dorsal hip-
pocampus, and this effect was antagonised by the specific
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5-HT

 

1A

 

 receptor antagonist, WAY 100635 (17). The nicotinic
receptor antagonist, mecamylamine, and the M

 

1

 

 muscarinic
receptor antagonist, pirenzepine, had anxiogenic effects on
trial 2 after dorsal hippocampal administration (18), whereas
nicotine and the M

 

1

 

 muscarinic receptor agonist, McN-A-343,
had anxiolytic effects [(50); Fig. 1].

 

CHOLINERGIC AND SEROTONERGIC RELEASE IN THE
DORSAL HIPPOCAMPUS

 

Glutamatergic neurones comprise 90% of the neurones in
the hippocampus (pyramidal and granule cells), and the re-
maining 10% of cells are GABAergic interneurones (27), and
both glutamate and GABA are involved in synaptic interac-
tions. In addition, the hippocampal neuropil is enriched by
noradrenergic, serotonergic, and cholinergic axon terminals,
and the release of these neurotransmitters plays a modulatory
role. The serotonergic input to the dorsal hippocampus comes
mainly from the median raphé nucleus, and these fibres are
studded with boutons that form synapses (unlike the small fi-
bres from the dorsal raphé, which form nonsynaptic contacts).
The cholinergic input to the dorsal hippocampus comes from
the median septum, and acetylcholine (ACh) plays a role in
nonsynaptic interactions and can thus influence receptors
quite distant from the site of release. Stimulation of presynap-

tic muscarinic M

 

2

 

 autoreceptors inhibits the release of acetyl-
choline, whereas stimulation of presynaptic nicotinic autore-
ceptors stimulates acetylcholine release, through a nicotinic
receptor that does not contain the 

 

a

 

7 subunit [for review, see
(65)]. Serotonergic stimulation of the 5-HT

 

1B

 

 heteroreceptors
decreases acetylcholine release (65); thus, as the serotonergic
tone of the dorsal hippocampus is increased, so the cholin-
ergic tone is decreased. There is also good evidence for a cho-
linergic modulation of 5-HT release in the hippocampus.
Stimulation of the 5-HT

 

1B

 

 autoreceptors decreases 5-HT re-
lease in the dorsal hippocampus, as does stimulation of mus-
carinic M

 

1

 

 heteroreceptors located on the serotonergic termi-
nals. However, Lendvai et al. (43) showed that the nicotinic
receptor agonists, DMPP and lobeline, stimulate 5-HT re-
lease, although the release was not calcium sensitive, suggest-
ing a nonclassical mechanism.

 

ENDOGENOUS CHOLINERGIC AND SEROTONERGIC TONE IN 
DIFFERENT LEVELS OF ANXIETY

 

As previously stated, the social interaction test provides
the opportunity of varying the level of anxiety that is gener-
ated by the test conditions. Thus, anxiety is lowest when the
rats are tested under low light in an arena with which they are
familiar (LF test condition). In this test condition, there is
high cholinergic tone in the dorsal hippocampus, as indicated
by the anxiogenic effects of mecamylamine and pirenzepine
when they are injected directly into this area (18). However,
in test conditions that generate higher anxiety, mecamy-
lamine is without effect (22), suggesting that in these test con-
ditions there is relatively little endogenous cholinergic tone.
Thus, the endogenous cholinergic tone in the dorsal hippo-
campus decreases with increases in anxiety.

There is evidence for increasing serotonergic tone in the
dorsal hippocampus with increasing anxiety. Following ad-
ministration of pentylenetetrazole (15 mg/kg), rats had a sig-
nificant increase in anxiety and increased concentrations of
5-HT and glycine in the dorsal hippocampus, as measured by
in vivo microdialysis (see Fig. 2). However, it is not known
whether these increases in 5-HT and glycine will arise under
all conditions of increased anxiety, and it is possible that
some, but not all, of the anxiety tests will generate such
changes. Microdialysis experiments have also shown that ex-
posure to the Vogel punished-drinking test increases 5-HT
concentrations in the dorsal hippocampus of rats (47). In-
creases in [

 

3

 

H]-5-HT release from hippocampal slices that in-
clude both dorsal and ventral areas has been found in rats ex-
posed to the high light, familiar test condition of the social
interaction test (23).

 

EVIDENCE THAT THE ANXIOGENIC EFFECTS OF 
MECAMYLAMINE IN THE SOCIAL INTERACTION TEST ARE 

MEDIATED BY INCREASED 5-HT RELEASE IN THE
DORSAL HIPPOCAMPUS

 

The anxiogenic effects of mecamylamine when injected into
the dorsal hippocampus could be the result of an increase in
5-HT release, caused by antagonising the action of endogenous
acetylcholine acting at the nicotinic autoreceptor (N

 

A

 

 in Fig. 3),
thereby decreasing the inhibitory influence of the M

 

1

 

 receptor
on 5-HT release. To test this hypothesis, the effect of mecamy-
lamine on [

 

3

 

H]-5-HT release from hippocampal slices was in-
vestigated. Figure 4 shows that mecamylamine did indeed en-
hance 5-HT release. Further evidence that this increase in 5-HT

FIG. 1. Uppper panel: mean (6SEM) percent time spent on open
arms by rats on trial 2 in the elevated plus-maze after bilateral dorsal
hippocampal injections of artifical CSF (aCSF) or nicotine (0.1 and 1
mg/side). *p , 0.05 compared with aCSF control group. [Reproduced
with permission from Ouagazzal et al. (50).] Lower panel: mean
(6SEM) percnet open arms entries by rats on trial 2 in the elevated
plus-maze after bilateral dorsal hippocampal injections of artifical
CSF (aCSF) or McN-A-343 (1 mg/side). *p , 0.05 compared with
aCSF control group.
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release was mediated by reduced acetylcholine acting at a mus-
carinic M

 

1

 

 cholinergic heteroreceptor, as shown in Fig. 3,
comes from the increased 5-HT release induced by the M

 

1

 

 re-
ceptor antagonist, pirenzepine [(41); Fig. 4).

The ability of mecamylamine to increase 5-HT release was
antagonised by glycine, acting at a strychnine-insensitive re-
ceptor (see Fig. 4). The NMDA receptor, which possesses the
strychnine-insensitive glycine receptor at which glycine acts
as a coagonist, also has an inhibitory action on hippocampal
5-HT release (60,68). However, glycine alone was without ef-
fect on basal 5-HT release, but this may have been because
basal 5-HT release was already so low that it was not possible
to observe a further reduction.

 

The anxiogenic effects of mecamylamine were reversed by
coadministration of the 5-HT

 

1A

 

 receptor antagonist, WAY
100635 (see Fig. 5), thus suggesting that the anxiogenic effects
were due to increased 5-HT release, acting at postsynaptic
5-HT

 

1A

 

 receptors.

 

EVIDENCE THAT THE ANXIOGENIC EFFECTS OF NICOTINE IN 
SOCIAL INTERACTION ARE DUE TO INCREASED 5-HT RELEASE

 

The anxiogenic effects of nicotine in the social interaction
test were not reversed by coadministration into the dorsal
hippocampus of the M

 

1

 

 receptor antagonist, pirenzepine (40).
Thus, the effects of nicotine do not seem to be mediated by an
increase in cholinergic transmission. However, the anxiogenic
effects of nicotine were significantly reversed by coadminis-
tration of WAY 100635 [Fig. 5; (40)], suggesting that they
were mediated by increased 5-HT release acting at postsynap-
tic 5-HT

 

1A

 

 receptors. Although nicotine has been found to in-
crease 5-HT release in many brain regions, it was less effec-
tive at stimulating 5-HT release in the dorsal hippocampus
than were other nicotinic receptor agonists (43). It therefore
seems that the nicotinic receptor in this brain region might
differ in its subunit composition from that found in other re-
gions. Figure 4 shows that nicotine does significantly increase
[

 

3

 

H]-5-HT release from dorsal hippocampal slices, but at
rather high concentrations. The release of 5-HT from the dor-
sal hippocampus elicited by nicotinic agonists is calcium inde-
pendent and TTX insensitive (41,65). We therefore propose
that nicotine is acting at an atypical heteroreceptor on 5-HT
terminals (N

 

H

 

 in Fig. 3). The ability of nicotine to enhance 5-HT
release is potentiated by glycine, acting at a strychine-sensi-
tive receptor, in contrast to that induced by mecamylamine.
Glycine alone had no effect on resting release, which could be

FIG. 2. Median dorsal hippocampal concentrations of glycine
(pmol/ml) and 5-HT (pmol/100 ml) in a group of rats with low and
high levels of anxiety following injection of pentylenetetrazole (15
mg/kg). *p , 0.05 compared with control [see File et al. (24)].

FIG. 3. Proposed model by which nicotinic and M1 muscarinic
receptor ligands modulate hippocampal serotonin release. ACh, ace-
tylcholine; 5-HT, serotonin; MS, medial septum; MRN, median raphé
nucleus; M1, mucsarinic M1 receptor; M2, muscarinic M2 receptor; 1A,
postsynaptic 5-HT1A receptor; NA, nicotinic autoreceptor; NH, nico-
tinic heteroreceptor; (1), indicates a stimulatory action; (2), indi-
cates an inhibitory action.

FIG. 4. Left panel: mean (6SEM) percent increase in resting release
of [3H]-5-HT from rat dorsal hippocampal slices after mecamylamine
(50 mM; Mec), mecamylamine (50 mM) 1 Glycine (20 mM) (Mec 1
Gly), and mecamylamine 1 glycine (20 mM) 1 strychnine (20 mM)
(Mec 1 Gly 1 Stry) superfusion. Centre panel: mean (6SEM) per-
cent increase in resting release of [3H]-5-HT from rat dorsal hippo-
campal slices after pirenzepine (0.05 mM; Pir) superfusion. Right
panel: mean (6SEM) percent increase in resting release of [3H]-5-HT
from rat dorsal hippocampal slices after nicotine (250 mM; Nic), nico-
tine (250 mM) 1 Glycine (20 mM) (Nic 1 Gly) and nicotine 1 gly-
cine (20 mM) 1 strychnine (20 mM) (Nic 1 Gly 1 Stry) superfusion.
**p , 0.01 compared with control, *p , 0.05 compared with Mec, 1p ,
0.05 compared with Nic.
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because glycine only acts in this case to reduce the nicotine-
stimulated release of a second neurotransmitter (e.g., norad-
renaline), which has an inhibitory action on 5-HT release.

 

BALANCE BETWEEN CHOLINERGIC ANXIOLYTIC AND 
SEROTONERGIC ANXIOGENIC EFFECTS IN DIFFERENT TESTS

OF ANXIETY

 

Social Interaction

 

There is mutual inhibition between the cholinergic and se-
rotonergic systems, and we propose that, under low levels of
anxiety in the social interaction test, as generated in the LF
test condition, the endogenous cholinergic tone dominates
the endogenous serotonergic tone in the dorsal hippocampus.
This endogenous cholinergic tone has an anxiolytic modula-
tory effect, and hence, anxiogenic effects can easily be ob-
served following local injection of muscarinic or nicotinic re-
ceptor antagonists. The low serotonergic tone is accompanied
by low concentrations of glycine, and thus the nicotinic stimu-
lation of 5-HT release is not enhanced and is dominated by
the powerful inhibition of 5-HT release by endogenous ace-
tylcholine acting at M

 

1

 

 receptors. This powerful inhibition of
5-HT release is revealed by the effects of pirenzepine, which
at concentrations of 5 nM could increase 5-HT release (41).
This can be contrasted with the need for 100 

 

m

 

M nicotine to
increase 5-HT release.

In conditions of moderate anxiety, there is increased 5-HT
tone, and this now dominates the low cholinergic tone. Ac-
companying the increased 5-HT tone is an increase in glycine,
which acts to enhance the nicotine-induced increase in 5-HT
release. In the HU test conditon, which generates the highest
level of anxiety, nicotine may be unable to further enhance 5-HT

release, and hence, it remains behaviourally silent. Thus, the
dorsal hippocampal serotonergic and cholinergic systems are
both biochemically and behaviourally tightly coupled, and ap-
pear to have an antagonistic relationship in the modulation of
anxiety, as measured in the social interaction test.

 

Trial 1 in the Plus-Maze

 

As was reviewed in a previous section, the dorsal hippo-
campus in general, and in particular, the endogenous cholin-
ergic system, does not seem to play an important role in con-
trolling anxiety on trial 1 in the plus-maze. It may, however,
play an indirect role by mediating the effects of stress, that
can change baseline performance in the plus-maze.

 

Trial 2 in the Elevated Plus-Maze

 

In rats that have previously received a 5-min trial in the
plus-maze, the dorsal hippocampus becomes important in
modulating behaviour on trial 2. The endogenous dorsal hip-
pocampal cholinergic tone is anxiolytic in this test, with both
pirenzepine and mecamylamine having anxiogenic effects.
Furthermore, nicotine and McN-A-343 are able to further
add to this tone, and themselves exert anxiolytic effects. How-
ever, doses of nicotine higher than 1 

 

m

 

g were no longer anxi-
olytic (50), suggesting that at higher doses some other action
of nicotine was counteracting the anxiolytic effect. Phobic be-
haviour has two distinct components—avoidance of the pho-
bic object, and, when confronted with it, intense anxiety and
escape from it (46). It is possible that the dorsal hippocampus
is more concerned with the avoidance component, and that
other brain regions, such as the dorsomedial hypothalamus
(20), are more concerned with the escape components.

The moderate to high cholinergic tone on trial 2 would
seem to be accompanied by a fairly low serotonergic tone, as
revealed by the anxiogenic effects following direct dorsal hip-
pocampal 8-OH-DPAT (17). Thus, although the anxiolytic ef-
fects of hippocampally administered nicotine and McN-A-343
could arise through their ability to further reduce serotoner-
gic tone, this is not necessarily the mechanism and other neu-
rotransmitters could be involved.

In the social interaction test, a high cholinergic tone and
low serotonergic tone in the dorsal hippocampus was charac-
teristic of the least anxiety provoking test situation, i.e., LF. It
might therefore seem that trial 2 in the elevated plus-maze is
one that generates a low level of anxiety. This is certainly not
the case, as judged by both behavioural and corticosterone
measures. It therefore seems that in this test, in contrast to
the social interaction test, the degree of anxiety is not neces-
sarily reflected in changes in hippocampal tone. Because
other brain regions control the escape components in the test,
it is possible that changes in tone in these areas, rather than in
the dorsal hippocampus, might reflect the extent of the pho-
bic anxiety. The anxiolytic role of the endogenous cholinergic
dorsal hippocampal system might play an important compen-
satory role, limiting the activation of the brain-aversive sys-
tem mediating escape.

The close link between nicotinic modulation of anxiety
and the 5-HT

 

1A

 

 receptor established for the dorsal hippocam-
pus and the social interaction test may not hold for this brain
region in other tests of anxiety. It will also be important to es-
tablish whether there is a similar close link between the nico-
tinic and 5-HT

 

1A

 

 modulation of anxiety in the social interac-
tion test in other brain sites such as the lateral septum.

FIG. 5. Left panel: mean (6SEM) time spent in social interaction in
the low light-familiar (LF) test condition by rats tested after bilateral
dorsal hippocampal injections of artificial CSF (aCSF), mecamy-
lamine (100 ng/side; Mec), mecamylamine (100 ng/side), and WAY
100635 (200 ng/side) (Mec 1 WAY) or WAY 100635 (200 ng/side;
WAY). **p , 0.01 compared with aCSF control; (1)p 5 0.07 com-
pared with Mec, (Kenny, Cheeta, and File, unpublished observation).
Right panel: mean (6SEM) time spent in social interaction in the
high light-familiar (HF) test condition by rats tested after bilateral
dorsal hippocampal injections of aftificial CSF (aCSF), nicotine (8
mg/side; Nic), nicotine (8 mg/side), and WAY 100635 (200 ng/side;
Nic 1 WAY) or WAY 100635 (200 ng/side; WAY). *p , 0.05 com-
pared to aCSF control; 1p , 0.05 compared to Nic [see Kenny et al.,
[40]).



ANXIETY, NICOTINE, AND 5-HT 71

REFERENCES

1. Andrade, R.: Whole-cell and perforated-patch recording of sero-
tonin responses in the rat hippocampus. J. Chem. Neuroanat.
5:339–341; 1992.

2. Andrews, N.; Hogg, S.; Gonzalez, L. E.; File, S. E.: 5-HT1A recep-
tors in the median raphé nucleus and the dorsal hippocampus
mediate anxiolytic and anxiogenic effects respectively. Eur. J.
Pharmacol. 264:259–264; 1994.

3. Balfour, D. J. K.; Benwell, M. E. M.; Graham, C. A.; Vale, A. L.:
Behavioural and adrenocortical responses to nicotine measured
in rats with selective lesions of the 5-hydroxytryptaminergic
fibres innervating the hippocampus. Br. J. Pharmacol. 89:341–
347; 1986.

4. Belcheva, I.; Belcheva, S.; Petkov, V. V.; Petkov, V. D.: Hippo-
campal asymmetry in the behavioral responses to the 5-HT1A
receptor agonist 8-OH-DPAT. Brain Res. 640:223–228; 1994.

5. Brioni, J. D.; O’Neill, A. B.; Kim, D. J.; Buckley, M. J.; Decker,
M. W.; Arneric, S. P.: Anxiolytic-like effects of the novel cholin-
ergic channel activator ABT-418. J. Pharmacol. Exp. Ther.
271:353–361; 1994.

6. Carli, M.; Tatarczynska, E.; Cervo, L.; Samanin, R.: Stimulation
of hippocampal 5-HT1A-receptors causes amnesia and anxiolytic-
like but not antidepressant-like effects in the rat. Eur. J. Pharma-
col. 234:215–221; 1993.

7. Carli, M.; Samanin, R.: Potential anxiolytic properties of
8-hydroxy-2-(Di-N-propylamino)tetralin, a selective serotonin1A
receptor agonist. Psychopharmacology (Berlin) 94:84–91; 1988.

8. Eison, A. S.; Eison, M. S.; Stanley, M.; Riblet, L. A.: Serotonergic
mechanisms in the behavioral effects of buspirone and gepirone.
Pharmacol. Biochem. Behav. 24:701–707; 1986.

9. Engel, J. A.; Hjorth, S.; Svensson, K.; Carlsson, A.; Liljequist, S.:
Anticonflict effect of the putative serotonin receptor agonist
8-hydroxy-2-(Di-n-propylamino)tetralin (8-OH-DPAT). Eur. J.
Pharmacol. 105:365–368; 1984.

10. Fernandes, C.; File, S. E.: The influence of open arm ledges and
maze experience in the elevated plus-maze. Pharmacol. Biochem.
Behav. 54:31–40; 1996.

11. File, S. E.: One-trial tolerance to the anxiolytic effects of chlor-
diazepoxide in the plus-maze. Psychopharmacology (Berlin)
100:281–282; 1990.

12. File, S. E.: Behavioural detection of anxiolytic action. In: Elliot, J.
M., et al., eds. Experimental approaches to anxiety and depres-
sion. London: John Wiley; 1992:25–44.

13. File, S. E.: The interplay of learning and anxiety in the elevated
plus-maze. Behav. Brain Res. 58:199–202; 1993.

14. File, S. E.; Gonzalez, L. E.: Anxiolytic effects in the plus-maze of
5-HT1A-receptor ligands in dorsal raphé and ventral hippocam-
pus. Pharmacol. Biochem. Behav. 54:123–128; 1996.

15. File, S. E.; Zangrossi, H.: “One-trial tolerance” to the anxiolytic
actions of benzodiazepines in the elevated plus-maze, or the
development of a phobic state? Psychopharmacology (Berlin)
110:240–244; 1993.

16. File, S. E.; Andrews, N.; Zharkovsky, A.: Handling habituation
and chlordiazepoxide have different effects on GABA and 5-HT
function in the frontal cortex and hippocampus. Eur. J. Pharma-
col. 190:239–244; 1990.

17. File, S. E.; Gonzalez, L. E.; Andrews, N.: Comparative study of
pre- and postsynaptic 5-HT1A receptor modulation of anxiety in
two ethological animal tests. J. Neurosci. 16:4810–4815; 1996.

18. File, S. E.; Gonzalez, L. E.; Andrews, N.: Endogenous acetylcho-
line in the dorsal hippocampus reduces anxiety through actions
on nicotinic and muscarinic1 receptors. Behav. Neurosci.
112:352–359; 1998.

19. File, S. E.; Gonzalez, L. E.; Gallant, R.: Role of the basolateral
nucleus of the amygdala in the formation of a phobia. Neuropsy-
chopharmacology 19:397–405; 1998.

20. File, S. E.; Gonzalez, L. E.; Gallant, R.: Role of the dorsomedial
hypothalamus in mediating the response to benzodiazepines on
trial 2 in the elevated plus-maze test of anxiety. Neuropsycho-
pharmacology 21:312–320; 1999.

21. File, S. E.; Johnston, A. L.; Baldwin, H. A.: Anxiolytic and anxio-

genic drugs: Changes in behaviour and endocrine responses.
Stress Med. 4:221–230; 1988.

22. File, S. E.; Kenny, P. J.; Ouagazzal, A. M.: Bimodal modulation
by nicotine of anxiety in the social interaction test: Role of the
dorsal hippocampus. Behav. Neurosci. 112:1423–1429; 1998.

23. File, S. E.; Zangrossi, H., Jr.; Andrews, N.: Social interaction and
elevated plus-maze tests: Changes in release and uptake of 5-HT
and GABA. Neuropharmacology 3:217–221; 1993.

24. File, S. E.; Curle, P. F.; Baldwin, H. A.; Neal, N. J.: Anxiety in the
rat is associated with a decreased release of 5-HT and glycine
from the hippocampus. Neurosci. Lett. 83:318–322; 1987.

25. File, S. E.; Zangrossi, H., Jr.; Sanders, F. L.; Mabbutt, P. S.:
Raised corticosterone in the rat after exposure to the elevated
plus-maze. Psychopharmacology (Berlin) 113:543–546; 1994.

26. File, S. E.; Zangrossi, H., Jr.; Viana, M.; Graeff, F. G.: Trial 2 in
the elevated plus-maze: A different form of fear? Psychopharma-
cology (Berlin) 111:491–494; 1993.

27. Freund, T. F.; Buzsáki, G.: Interneurons of the hippocampus.
Hippocampus 6:347–470; 1996.

28. Goisman, R. M.; Allsworth, J.; Rodgers, M. P.; Warshaw, M. G.;
Goldenberg, I.; Vasile, R. G.; Rodriguez-Villa, F.; Mallya, G.;
Keller, M. B.: Simple phobia as a comorbid anxiety disorder.
Dep. Anx. 7:105–112; 1998.

29. Gonzalez, L. E.; File, S. E.: A 5-min experience in the elevated
plus-maze alters the state of the benzodiazepine receptor in the
dorsal raphé nucleus. J. Neurosci. 17:1505–1511; 1997.

30. Gonzalez, L. E.; Ouagazzal, A. M.; File, S. E.: Stimulation of ben-
zodiazepine receptors in the dorsal hippocampus and median
raphé reveals differential GABAergic control in two animal tests
of anxiety. Eur. J. Neurosci. 10:3673–3680; 1998.

31. Graeff, F. G.; Silveira, M. C. L.; Nogueira, R. L.; Audi, E. A.;
Oliveira, R. M. W.: Role of the amygdala and periaqueductal
gray in anxiety and panic. Behav. Brain Res. 58:123–131; 1993.

32. Graeff, F. G.; Viana, M.; Tomaz, C.: The elevated T-maze, a new
experimental model of anxiety and memory: Effect of diazepam.
Braz. J. Med. Biol. Res. 26:1–4; 1993.

33. Gray, J. A.: Precis of the neuropsychology of anxiety: an inquiry
into the functions of the septo-hippocampal system. Behav. Brain
Sci. 5:469–534; 1982.

34. Higgins, G. A.; Bradbury, A. J.; Jones, B. J.; Oakley, N. R.:
Behavioural and biochemical consequences following activation
of 5-HT1-like and GABA receptors in the dorsal raphé nucleus of
the rat. Neuropharmacology 27:993–1001; 1988.

35. Hogg, S.; Andrews, N.; File, S. E.: Contrasting behavioural
effects of 8-OH DPAT in the dorsal raphé nucleus and ventral
hippocampus. Neuropharmacology 33:343–348; 1994.

36. Holmes, A.; Rodgers, R. J.: Responses of swiss-webster mice to
repeated plus-maze experience: Further evidence for a qualitia-
tive shift in emotional state? Pharmacol. Biochem. Behav.
60:473–488; 1998.

37. Irvine, E. E.; Cheeta, S.; File, S. E.: Time-course of changes in the
social interaction test of anxiety following acute and chronic
administration of nicotine. Behav. Pharmacol. 10:691–697; 1999.

38. Jolas, T.; Schreiber, R.; Laporte, A. M.; Chastanet, M.; De Vry,
J.; Glaser, T.; Adrien, J.; Hamon, M.: Are postsynaptic 5-HT1A
receptors involved in the anxiolytic effects of 5-HT1A receptor
agonists and in their inhibitory effects on the firing of serotoner-
gic neurons in the rat? J. Pharmacol. Exp. Ther. 272:920–929;
1995.

39. Kataoka, Y.; Shibata, K.; Miyazaki, A.; Inoue, Y.; Tominaga, K.;
Koizumi, S.; Ueki, S.; Niwa, M.: Involvement of the dorsal
hippocampus in medication of the antianxiety action of tan-
dospirone, a 5-hydroxytryptamine1A agonistic anxiolytic. Neuro-
pharmacology 30:475–480; 1991.

40. Kenny, P. J.; Cheeta, S.; File, S. E.: The anxiogenic effects of nic-
otine in the dorsal hippocampus are mediated by 5-HT1A and not
muscarinic M1 receptors. Neuropharmacology 39:300–307; 2000.

41. Kenny, P. J.; File, S. E.; Neal, M. J.: Evidence for a dual influence
of nicotinic acetylcholine receptors on hippocampal serotonin
release. Br. J. Pharmacol. (in press).



72 FILE, KENNY AND CHEETA

42. Kostowski, W; Plaźnik, A.; Stefański, R.: Intra-hippocampal bus-
pirone in animal models of anxiety. Eur. J. Pharmacol. 168:393–
396; 1989.

43. Lendvai, B.; Sershen, H.; Lajtha, A.; Santha, E.; Baranyi, M.;
Vizi, E. S.: Differential mechanisms involved in the effect of nico-
tinic agonists DMPP and lobeline to release [3H]5-HT from rat
hippocampal slices. Neuropharmacology 35:1769–1777; 1996.

44. Lipska, B. K.; Jaskiw, G. E.; Weinberger, D. R.: Dorsal hippo-
campal lesion abolishes the response to FG-7142 in the rat. Phar-
macol. Biochem. Behav. 40:169–172; 1991.

45. Lovenberg, T. W.; Baron, B. M.; de Leces, L.; Miller, J. D.;
Prosser, R. A.; Rea, M. A.; Foye, P. E.; Racke, M.; Slone, A. L.;
Siegel, B. W.; Danielson, P. E.; Sutcliffe, J. G.; Erlander, M. G.: A
novel adenylyl cyclase-activating serotonin receptor (5-HT7)
implicated in the regulation of mammalian circadian rhythms.
Neuron 11:449–458; 1993.

46. Marks, I. M.: Fears, phobias and rituals. New York: Oxford Uni-
versity Press; 1987.

47. Matsuo, M.; Kataoka, Y.; Mataki, S.; Kato, Y.; Oi, K.: Conflict
situation increases serotonin release in rat dorsal hippocampus:
In vivo study with microdialysis and vogel test. Neurosci. Lett.
215:197–200; 1996.

48. Menard, J.; Treit, D.: The septum and the hippocampus differen-
tially mediate anxiolytic effects of R(1)-8-OH-DPAT. Behav.
Pharmacol. 9:93–101; 1998.

49. Netto, S. M.; Guimaraes, F. S.: Role of hippocampal 5-HT1A
receptors on elevated plus maze exploration after a single
restraint experience. Behav. Brain Res. 77:215–218; 1996.

50. Ouagazzal, A. M.; Kenny, P. J.; File, S. E.: Modulation of behav-
iour on trials 1 and 2 in the elevated plus-maze test of anxiety
after systemic and hippocampal administration of nicotine. Psy-
chopharmacology (Berlin) 144:54–60; 1999.

51. Pellow, S.; Chopin, P.; File, S. E.; Briley, M.: 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; 1985.

52. Przegalinski, E.; Tatarczynska, E.; Chojnacka-Wojcik, E.: The
role of hippocampal 5-hydroxytryptamine1A (5-HT1A) receptors
in the anticonflict activity of b-adrenoceptor antagonists. Neu-
ropharmacology 34:1211–1217; 1995.

53. Przegalinski, E.; Tatarczynska, E.; Klodzinska, A.; Chojnacka-
Wojcik, E.: The role of postsynaptic 5-HT1A receptors in the anticon-
flict effect of ipsapirone. Neuropharmacology 33:1109–1115; 1994.

54. Rodgers, R. J.; Johnson, N. J. T.: Cholecystokinin and anxiety:
Promises and pitfalls. Crit. Rev. Neurobiol. 9:345–369; 1995.

55. Rodgers, R. J.; Lee, C.; Shepherd, J. K.: Effects of diazepam on
behavioural and antinociceptive responses to the elevated plus-
maze in male mice depend upon treatment regimen and prior maze
experience. Psychopharmacology (Berlin) 106:102–110; 1992.

56. Rodgers, R. J.; Shepherd, J. K.: Influence of prior maze experi-
ence on behaviour and response to diazepam in the elevated
plus-maze and light/dark tests of anxiety in mice. Psychopharma-
cology (Berlin) 113:237–242; 1993.

57. Schreiber, R.; De Vry, J.: Neuronal circuits involved in the anxi-
olytic effects of the 5-HT1A receptor agonists 8-OH-DPAT ipsa-
pirone and buspirone in the rat. Eur. J. Pharmacol. 249:341–351;
1993.

58. Smythe, J. W.; Bhatnagar, S.; Murphy, D.; Timothy, C.; Costall,
B.: The effects of intrahippocampal scopolamine infusions on
anxiety in rats as measured by the black-white box test. Brain
Res. Bull. 45:89–93; 1998.

59. Stefanski, R.; Palejko, W.; Bidzinski, A.; Kostowski, W.; Plaznik,
A.: Serotonergic innervation of the hippocampus and nucleus
accumbens septi and the anxiolytic-like action of midazolam and
5-HT1A receptor agonists. Neuropharmacology 32:977–985; 1993.

60. Tao, R.; Auerbach, S. B.: Differential effect of NMDA on extra-
cellular serotonin in midbrain raphe and forebrain sites. J. Neuro-
chem. 66:1067–1075; 1996.

61. Taukulis, H. K.; McKay, R. W.: Postdrug retention of diazepam’s
effects on habituation to a novel environment in an animal model
of anxiety. Behav. Neural Biol. 53:286–293; 1992.

62. Treit, D.; Menard, J.: Dissociations among the anxiolytic effects
of septal, hippocampal, and amygdaloid lesions. Behav. Neurosci.
111:653–658; 1997.

63. Treit, D.; Menard, J.; Royan, C.: Anxiogenic stimuli in the ele-
vated plus-maze. Pharmacol. Biochem. Behav. 44:463–469; 1993.

64. Tyrer, P.: Choice of treatment in anxiety. In: Tyrer, P., ed. Psy-
chopharmacology of anxiety. Oxford, UK: Oxford Medical Publi-
cations;1989:254–282.

65. Vizi, E. S.; Kiss, J. P.: Neurochemistry and pharmacology of the
major hippocampal transmitter systems: Synaptic and nonsynap-
tic interactions. Hippocampus 8:566–607; 1998.

66. Voigt, J.-P.; Rex, A.; Sohr, R.; Fink, H.: Hippocampal 5-HT and
NE release in transgenic rat TGR(mREN2)27 related to behav-
ior on the elevated plus maze. Eur. Neuropsychopharmacol.
9:279–285; 1999.

67. Whitton, P.; Curzon, G.: Anxiogenic-like effect of infusing 1-(3-
chlorophenyl) piperazine (mCPP) into the hippocampus. Psy-
chopharmacology (Berlin) 100:138–140; 1990.

68. Whitton, P. S.; Richards, D. A.; Biggs, C. S.; Fowler, L. J.:
N-methyl-D-aspartate receptors modulate extracellular 5-hydroxy-
tryptamine concentration in rat hippocampus and striatum in
vivo. Neurosci. Lett. 169:215–218; 1994.

69. Williams, A. R.; Dourish, C. T.: Effects of the putative 5-HT1A
receptor antagonist NAN-190 on free feeding and on feeding
induced by the 5-HT1A receptor agonist 8-OH-DPAT in the rat.
Eur. J. Pharmacol. 219:105–112; 1992.

70. Wright, I. K.; Upton, N.; Marsden, C. A.: Effect of established
and putative anxiolytics on extracellular 5-HT and 5-HIAA in
the ventral hippocampus of rats during behaviour on the elevated
X-maze. Psychopharmacology (Berlin) 109:338–346; 1992.

71. Zangrossi, H.; File, S. E.: Behavioural consequences in animal
tests of anxiety and exploration of exposure to cat odour. Brain
Res. Bull. 29:381–388; 1992.


