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Analysis of the 5-HT 4 receptor involvement in passive avoidance in

the rat
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1 The effects of the 5-HT»4,oc agonist DOB, the selective 5-HT;, agonist NDO 008 (3-dipropylamino-
5-hydroxychroman), and the two enantiomers of the selective 5-HT, 5 agonist 8-OH-DPAT (R(+)-8-OH-
DPAT and S(—)-8-OH-DPAT) were studied in a step-through passive avoidance (PA) test in the male
rat.

2 The 5-HT, agonists injected prior to training (conditioning) produced a dose-dependent impairment
of PA retention when examined 24 h later. R(+)-8-OH-DPAT was four times more effective than S(—)-
8-OH-DPAT to cause an impairment of PA retention. Both NDO 008 and the two enantiomers of 8-
OH-DPAT induced the serotonin syndrome at the dose range that produced inhibition of the PA
response, thus, indicating activation of postsynaptic 5-HT, 5 receptors.

3 Neither NDO 008 nor R(+)-8-OH-DPAT induced head-twitches, a behavioural response attributed
to stimulation of postsynaptic 5-HT,, receptors. In contrast, DOB induced head-twitches at the
0.01 mg kg~! dose while a 200 times higher dose was required to produce a significant impairment of PA
retention.

4 The impairment of PA retention induced by both NDO 008 and R(+)-8-OH-DPAT was fully
blocked by the active S(+)- enantiomer of the selective 5-HT,, antagonist WAY 100135 and the mixed
5-HT,A/p-adrenoceptor antagonist L(—)-alprenolol. In contrast, the mixed 5-HT,s,c antagonists
ketanserin and pirenperone were found to be ineffective. Moreover, the ff,-adrenoceptor antagonist ICI
118551, the f;-antagonist metoprolol as well as the mixed f-adrenoceptor blocker D(+ )-alprenolol all
failed to modify the deficit of PA retention by NDO 008 and R(+)-8-OH-DPAT. None of the 5-HT,4 or
5-HT,a»c receptor antagonists tested or the f-blockers altered PA retention by themselves.

5 A 3 day pretreatment procedure (200+ 100+ 100 mg kg~") with the tryptophan hydroxylase inhibitor
p-chlorophenylalanine (PCPA) did not alter PA retention and did not prevent the inhibitory action of
the 5-HT,, agonists, indicating that their effects on PA do not depend on endogenous 5-HT.

6 The effects of NDO 008 on PA were also studied using a state-dependent learning paradigm. NDO
008 was found to produce a disruption of PA when given either prior to training or retention or both
prior to training and retention but it failed to affect PA retention when given immediately after training.
7 These findings indicate that the deficit of passive avoidance retention induced by the 5-HT,, agonists
is mainly a result of stimulation of postsynaptic 5-HT,, receptors but not 5-HT,, receptors. The 5-HT 5
receptor stimulation appears to interfere with learning processes operating at both acquisition and
retrieval.
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Introduction

At least 14 types of mammalian serotonin (5-HT) receptors
have been isolated and classified into seven major families
(5-HT, to 5-HT,) according to pharmacological, transduc-
tional and structural criteria (Hoyer et al., 1994; Hoyer &
Martin, 1997). In view of this receptor multiplicity, the
potential role of the 5-HT receptor subtypes in behavioural
and physiological functions has been studied extensively
(Saxena, 1995; Villalon & Terron, 1995).

Earlier studies showed that changes in serotonergic
transmission in the brain could markedly modify aversive
conditioning in the rat. For instance, treatments which
increase serotonergic (5-HT) activity in the brain were reported
to induce a marked impairment of active and passive
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avoidance (PA) learning (Ogren, 1982, 1985b, 1986a, b). The
impairment of PA by p-chloroamphetamine (PCA) appeared
to be related to 5-HT release and subsequent activation of 5-
HT ,-like receptors but not 5-HT,-like receptors (Ogren, 1985b,
1986b).

The development of selective 5-HT ligands has made it
possible to investigate the involvement of the 5-HT, 5 receptor
subtype in PA. The selective 5-HT,;, agonist 8-OH-DPAT
given subcutaneously (s.c.) prior to PA training was found to
produce a dose-dependent impairment of retention in the rat
when examined 24 h later (Carli ez al., 1992; Riekkinen, 1994).

Importantly, this impairment did not seem to be related to
unspecific effects of 8-OH-DPAT on behavioural performance
(Carli et al., 1992). However, it is noteworthy that the racemic
form of 8-OH-DPAT has been used as the ‘prototypical’ agent
in the investigation of 5-HT, receptors in most pharmacolo-
gical studies. Relatively few studies have exploited the
differences in the biological activities of the two enantiomers
of 8-OH-DPAT, i.e. R(+)-8-OH-DPAT and S(—)-8-OH-
DPAT (Arvidsson et al., 1981, 1984; Hjorth et al., 1982). The
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enantiomers of 8-OH-DPAT have been reported to differ in
their activities in a number of in vitro and in vivo assays, e.g.
5-HT,, and dopamine receptor binding studies (Bjork et al.,
1989; Lejeune et al., 1997), forskolin-stimulated adenylyl
cyclase model (Cornfield et al., 1991; Foreman et al., 1995),
inhibition of firing rate both in the dorsal raphe (Lejeune et al.,
1997) and the CA3 area of the dorsal hippocampus (Hadrava
et al., 1996), hypothermia (Bjork et al., 1989; Hadrava et al.,
1996; Yu et al., 1996) and PA (Jackson et al., 1994).
8-OH-DPAT which belongs to the chemical class of
tetralins (Thorberg et al., 1987; Liu et al., 1993; Yu et al.,
1993; Foreman et al., 1995; Lejeune et al., 1997) has been
studied extensively because of its 5-HT,, agonistic properties.
Chroman derivatives have received much less attention,
although in vitro studies have indicated that compounds like
5-MeO-DPAC and 5-OH-DPAC (also known as NDO 008)
have high affinities and selectivity for 5-HT,, receptors
(Cossery et al., 1987; Thorberg et al., 1987). Little information
exists on the in vivo activity of chromans including their
behavioural effects. In this context, NDO 008 seems to be of
particular interest as a pharmacological tool since it is
chemically related to 8-OH-DPAT (NDO 008 is a mono-
hydroxy derivative of 8-OH-DPAT) (Thorberg et al., 1987).

The objective of the present study was to examine further
the involvement of 5-HT,, receptor mechanisms in the
regulation of the PA response in the rat. The effects of the
two 5-HT s agonists 8-OH-DPAT (8-hydroxy-2(di-n-propyla-
mino)tetralin; R(+)- and S(—)-enantiomers, respectively)
(Arvidsson et al., 1981; Hjorth et al., 1982; Middlemiss &
Fozard, 1983; Hoyer et al., 1985) and NDO 008 (3-
dipropylamino-5-hydroxychroman) (Thorberg et al., 1987)
were compared with those of the 5-HT,a»c agonist DOB (1-
(4-bromo-2,5-dimethoxyphenyl)-2-aminopropane) (Glennon
et al., 1984; Titeler et al., 1985; Titeler & Lyon, 1987). In
addition, the possible cointeraction of 5-HT, 5 receptors and f-
adrenoceptors in the modulation of PA behaviour was
examined. To analyse whether the effects of the 5-HT,
agonists on PA were mediated via stimulation of pre- or
postsynaptic receptors, the serotonin syndrome (Tricklebank
et al., 1984; Berendsen et al., 1989; Blanchard et al., 1993) was
scored in the PA procedure. In addition, we investigated if the
effects of NDO 008 and R(+)-8-OH-DPAT were modulated
by pretreatment with the 5-HT synthesis inhibitor p-
chlorophenylalanine (PCPA). To examine the involvement of
5-HT,, versus 5-HT,, receptors in the modulation of PA
behaviour, the effectiveness of 5-HT agonists to induce head-
twitches was tested, since this behavioural response is mediated
via stimulation of the postsynaptic 5-HT,4 receptors (Ogren et
al., 1982; Peroutka & Snyder, 1982). The possible involvement
of state-dependent learning (Overton, 1966) in the PA
retention was assessed using NDO 008.

Parts of this work have been presented in preliminary form
at the 19th Annual Meeting of the European Brain and
Behavioural Society, 1987 (Novi Sad, Yugoslavia) (Johansson
et al., 1988).

Methods
Animals

Adult male Sprague-Dawley rats (B & K UNIVERSAL AB,
Sollentuna, Sweden) weighing 260—320 g were used in the
passive avoidance studies and rats weighing 150—165 g in the
head-twitch tests, respectively. The animals were allowed at
least 1 week of adaptation in the standard maintenance

facilities before the beginning of the experiments. The rats were
housed in Macrolon® cages, each cage containing 2— 6 animals
and maintained at an ambient room temperature (21 +1°C). A
12 h light/dark schedule was used throughout the experiment
and animals had free access to standard lab chow (Ewos R36,
Ewos AB, Sodertélje, Sweden) and tap water up to the time of
the experiments. An habituation period of approximately
60 min to the environmental conditions of the experimental
room always preceded any experimental procedure.

Passive avoidance (PA) and behavioural observations

PA was conducted as described in detail earlier (Ogren,
1985b; 1986a). Briefly, a modified shuttle-box with two
communicating (sliding door built into the separating wall)
compartments of equal size and a stainless steel bar floor was
used. The right-hand compartment (shock compartment) was
painted black to obtain a dark chamber. The left-hand
compartment was illuminated by a bulb installed on the top
plexiglass cover. The entire experiment was carried out by the
same experimenter.

Training was conducted in a single session (day 1) during
the light phase (09:00—16:00 h) of a 12 h day/night cycle.
The animals (n=6-10, for details, see Figure legends) were
treated with the test compounds as described below. After the
selected time interval following injection (day 1), rats were
placed into the light compartment (with no access to the dark
compartment) and allowed to explore for 3 min.

During the exploration phase in the PA apparatus, the
behaviour of the animals was assessed and the presence or
absence of the components of the serotonin (5-HT) syndrome
(flat body posture, lower lip retraction, reciprocal forepaw
treading, head weaving, hind-limb abduction and tremor)
(Tricklebank et al., 1984; Berendsen et al., 1989) and the
rearing frequency were noted. A more detailed behavioural
analysis was performed in the NDO 008 and DOB dose-
response studies. The serotonin (5-HT syndrome) was
quantified using a ranked intensity scale where: 0=absent,
1 =equivocal, 2=present, 3 =intense. In these studies rearing
was scored by counting the number of full rearings (move of
the body through the vertical plane).

When 3 min expired, the sliding door was automatically
opened by pressing a pedal and the rats were allowed to cross
over into the dark compartment. Once the rats had entered the
dark compartment with all four feet, the sliding door was
automatically shut and an unescapable, constant current,
scrambled shock (5s duration, 0.065 W) was delivered
through the grid floor. Latency to cross into the dark
compartment (training latency) was recorded. Few rats failed
to move into the dark compartment within 300 s (cut-off
latency). In this case the door was reopened and the rats were
gently moved by the experimenter into the dark compartment,
where they received the foot-shock. After the shock, the rats
were immediately removed from the PA apparatus.

Retention was tested 24 h later (day 2). The animals were
placed into the light (safe) compartment, with access to the
dark one (within 15 s) for a period of 300 s. The latency to
cross into the dark compartment with all four feet was
automatically measured (retention latency).

In most of the experiments, the drugs were injected prior to
the training session. A separate experiment was designed to
study the action of NDO 008 on PA retention in a state-
dependent learning paradigm. This paradigm was used since it
is well established that the drug-state at training and testing
can markedly influence retention performance in aversive
learning tasks (Overton, 1966). Thus, the animal may only be
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able to retrieve the memory at the time of retention testing
when the same drug-treatment is given both prior to
acquisition and retention testing. Therefore, the compound
was administered either prior to training (day 1) or prior to
retention (day 2) or both prior to training and retention (day 1
and 2). In addition, a group of rats also received NDO 008
immediately after training to investigate possible effects on
memory consolidation.

Head-twitches

In a separate experiment the ability of the 5-HT agonists to
induce head-twitches was studied. The head-twitch response is
a component of the 5-HT syndrome and is well-documented as
an in vivo model of postsynaptic 5-HT,, receptor function
(Ogren et al., 1982; Peroutka & Snyder, 1982).

The rats were placed in Macrolon® cages of the same size as
their home cages. Each cage contained six rats from each
treatment group. The animals were injected with R(+)-8-OH-
DPAT, NDO 008 or DOB and placed back into the same cage.
The number of head-twitches were counted for a total period
of 20 min (10—30 min post-injection) as described previously
(Ogren et al., 1982).

Drugs

The following compounds were used in the present study: 3-
dipropylamino-5-hydroxychroman hydrochloride, NDO 008
(Astra Arcus AB, Sodertélje, Sweden); two enantiomers of 8-
hydroxy-2-(di-n-propylamino)tetralin hydrobromide, R(+ )-8-
OH-DPAT and S(—)-8-OH-DPAT, respectively (kindly
supplied by Dr Lars Erik Arvidsson, Department of Organic
Pharmaceutical Chemistry, University of Uppsala, Sweden);
S(+)- N -tert - butyl-3-(4 - (2-methoxyphenyl)piperazin-1-yl-2-
phenylpropionamide dihydrochloride, S(+)-WAY 100135
(Wyeth Research, Taplow, U.K.); D(+)-alprenolol hydrogen
tartrate monohydrate (Héissle, Mdlndal, Sweden); L(—)-
alprenolol hydrogen tartrate monohydrate (Héssle, Mdlndal,
Sweden); (+)-1-(4-bromo-2,5-dimethoxyphenyl)-2-aminopro-
pane hydrochloride, DOB (synthesized by Dr Lennart
Florvall, Astra Arcus AB, Sdédertdlje, Sweden); DL(+)-p-
chlorophenylalanine, PCPA (Labkemi, Stockholm, Sweden);
ketanserin tartrate (Jansen, Beerse, Belgium); pirenperone
(Janssen, Beerse, Belgium); metoprolol tartrate (Hassle,
Molindal, Sweden); ICI 118551 hydrochloride (ICI, Maccles-
field, U.K.).

All the drugs with the exception of pirenperone, ketanserin
and PCPA were dissolved in saline (NaCl 0.9%). Pirenperone
and ketanserin were dissolved in a few drops of acetic acid and
distilled water and the pH was adjusted to 5.5. The test-drugs
were administered s.c. or i.p. (as indicated in the Figure
legends) in volumes of 2 ml kg=' or 5 ml kg™, respectively.
The 5-HT agonists NDO 008, R(+)- and S(—)-8-OH-DPAT
and DOB were administered 10 min before PA training (if not
otherwise indicated). With respect to the combination studies,
the different receptor antagonists were administered at the
following times before PA training: ketanserin at 20 min,
S(+)-WAY 100135 at 30 min and ICI 118551, metoprolol,
pirenperone, and D(+)- and L(—)-alprenolol at 40 min. All
the control rats received saline (NaCl 0.9%) injections and
they were run concurrently with drug-treated groups. PCPA
was suspended in 1% methylcellulose and administered for
three consecutive days at the doses 200 mg kg~' on the first
day and 100 mg kg=' on the second and third days (for
method description, see Ogren, 1985a). The animals were
exposed to PA training one day after the last PCPA injection.

The doses of the drugs tested refer to the base or salt of the
respective drug.

Statistics

The data obtained in the passive avoidance studies including
the counts of rearing were analysed using Kruskal-Wallis non-
parametric ANOVA. Post hoc testing with pair-wise compar-
isons between control groups and drug-treated groups were
performed by Mann-Whitney U-test using the Bonferroni-
correction for multiple comparisons. Head-twitch data were
analysed by parametric one-way ANOVA followed by
Dunnett’s r-test (Kirk, 1968). A probability level of P<0.05
was accepted as statistically significant. Corresponding levels
of probability considered for their significance in the passive
avoidance and head-twitch studies are shown in the Figures.

Results
Dose-related effects of 5-HT,;, agonists on PA retention

Figure 1 shows that when tested 24 h after training, the
retention latencies in the saline-treated control groups were
very high indicating that the animals had acquired the task. In
contrast, rats treated with the R(+)- (Figure 1A) and S(—)-
enantiomers (Figure 1B) of 8-OH-DPAT prior to training
displayed a dose-related decrease in retention latencies
(Kruskal-Wallis ANOVA: H(7)=39.0; P<0.001 for R(+)-8-
OH-DPAT and H(5)=23.5; P<0.001 for S(—)-8-OH-DPAT,
respectively). R(+)-8-OH-DPAT was about four times more
active than S(—)-8-OH-DPAT, producing a significant effect
from the 0.06 mg kg~! dose (P<0.05, Mann-Whitney U-test)
while S(—)-8-OH-DPAT was effective from the 0.25 mg kg™!
dose (P<0.02).

Neither R(+)-8-OH-DPAT nor S(—)-8-OH-DPAT af-
fected the training latency in crossing to the dark compartment
on day 1 (Table 1).

Similarly to the enantiomers of 8-OH-DPAT, NDO 008
induced a dose-related impairment of PA retention:
H(4)=25.1; P<0.001. A significant effect was found from the
0.25 mg kg=!' dose (P<0.002) (Figure 2). No significant
differences were found between control and NDO 008-treated
rats with regard to the training latencies (Table 1).

Based on the dose-response experiments, the 0.13 mg kg
dose of R(+)-8-OH-DPAT and the 0.25 and 0.5 mg kg™
doses of NDO 008 were chosen for all subsequent interaction
studies in the PA test.

—1

Effects of the 5-HT,, antagonists, [-adrenoceptor
antagonists and 5-HT,>c antagonists in counteracting
impairment of PA induced by 5-HT,, agonists

Neither D(+ )-alprenolol (non-selective f;, ff, and f; receptor
blocker) (4—8 mg kg~', s.c.); L(—)-alprenolol (non-selective
B-adrenoceptor/5-HT,, receptor antagonist) (4—8 mg kg™',
s.c.) nor S(+)-WAY 100135 (selective 5-HT,, receptor
antagonist) (1—-10 mg kg=', s.c.) when injected prior to
training, significantly affected PA retention by themselves
(data not shown).

Pretreatment with S(+)-WAY 100135 (3 and 10 mg kg™ ")
completely blocked the deficit of PA caused by R(+)-8-OH-
DPAT (0.13 mg kg~', s.c.) (Figure 3A). Similarly, L(—)-
alprenolol (4 mg kg™') fully antagonized the impairment of
PA by both R(+)-8-OH-DPAT (0.13 mg kg—') and NDO 008
(0.25 and 0.5 mg kg~', s.c.) (Figure 3B). In contrast, the
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D(+)-form of alprenolol failed to attenuate the disruptive
effects of NDO 008 (0.5 mg kg~') (Figure 3B).

Figure 4 shows that neither the f,-selective antagonist
metoprolol (4 mg kg™, i.p.), the B,-selective antagonist ICI
118551 (4 mg kg~', ip.) nor the 5-HT,s,c nonselective
antagonists ketanserin (I mg kg=', i.p.) and pirenperone
(0.1 mg kg~',i.p.) antagonized the impairment of PA retention
by NDO 008 (0.5 mg kg~') when administered prior to PA
training. In addition, ketanserin (1 mg kg~') did not attenuate
the inhibitory effects of R(+)-8-OH-DPAT (0.13 mg kg")
(Figure 4). None of f-adrenergic or 5-HT,a,c antagonists
tested had any significant effect on PA retention by themselves.

Effects of PCPA-induced brain 5-HT depletion on the
impairment of PA retention induced by NDO 008 and
R(+ )-8-OH-DPAT

Figure 5 shows that the tryptophan hydroxylase inhibitor
PCPA by itself (200+100+ 100 mg kg~', i.p., for three
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Figure 1 The dose-related effects of the two enantiomers of §-OH-
DPAT on passive avoidance (PA) retention in the rat. R(+)-8-OH-
DPAT (0.03-2.0 mg kg™ !, s.c.) (A) and S(—)-8-OH-DPAT (0.13—
2.0 mg kg™!, s.c.) (B) were administered 10 min before the training
session (exposure to unescapable foot-shock). The retention test was
performed 24 h later. Vertical bars represent medians of retention
latencies. Maximal time of latency was set at 300 s (cut-off time). The
statistical analysis was performed by Kruskal-Wallis ANOVA.
Pairwise comparisons with a corresponding saline control group
were made using Mann-Whitney U-test with the Bonferroni-
correction for multiple comparisons (*P<0.05, **P<0.02,
***P<0.002, n=23).

consecutive days) did not affect PA retention. The impairment
of PA caused by NDO 008 (0.5 mg kg™, s.c.) or R(+)-8-OH-
DPAT (0.13 mg kg', s.c.) was not modified by PCPA-
pretreatment.

Role of 5-HT,, receptors in PA and head-twitch
response

Figure 6 shows that DOB (0.1 -2.0 mg kg~!, s.c.) injected
prior to training induced an impairment of PA retention only
at the highest dose tested (2.0 mg kg~') (P<0.01) without
affecting PA training latency (Table 1).

The effect of DOB on PA retention was compared with its
ability to induce head-twitches. DOB (0.0025-0.1 mg kg™")
induced a dose-related increase in number of head-twitches:
F(6,35)=14.7, P<0.005. The minimum effective dose revealed
in these studies was 0.01 mg kg=' (P<0.01, Dunnett’s t-test),
(Figure 7A), i.e. 200 fold lower than the dose which disrupted
PA retention. Neither R(+)-8-OH-DPAT (0.1-1.0 mg kg™ ")
nor NDO 008 (0.25-5.0 mg kg~ ') induced head-twitches at
the dose range which impaired PA retention (Figure 7B).

Evaluation of state-dependent learning in PA

The effects of NDO 008 (0.5 mg kg~', s.c.) were examined in a
state-dependent learning paradigm. Kruskal-Wallis ANOVA
revealed significant main effect of NDO 008-treatment for the
PA retention: H(4)=26.6; P<0.002. The deficit of PA
retention was seen in animals treated with NDO 008 both
prior to training or prior to retention as well as prior to both
training and retention (Figure 8). On the other hand, when
injected immediately after training, NDO 008 did not affect
retention.

Behavioural observations in PA

Both, R(+)-8-OH-DPAT (0.03—-2.0 mg kg~ ', s.c.) and S(—)-
8-OH-DPAT (0.13—-2.0 mg kg~ ', s.c.) injected 10 min prior
to the observation period in the PA apparatus induced a
dose-related development of the 5-HT syndrome. The first
signs of 5-HT syndrome (lower lip retraction, flat body
posture, reciprocal forepaw treading) were noted at the
0.06 mg kg=' and 0.13 mg kg~' doses of R(+)- and S(—)-8-
OH-DPAT, respectively. All the components of 5-HT
syndrome (lower lip retraction, reciprocal forepaw treading,
head weaving, flat body posture and hind limb abduction)
but not tremor were present from the 0.13 mg kg~' dose of
R(+)-8-OH-DPAT and 0.25 mg kg=' dose of S(—)-8-OH-
DPAT. The further increase in doses resulted in aggravation
of 5-HT syndrome symptomology. A progressive decrease in
cage-supported rearing up to complete abolishment and
increase in forward locomotion correlated with the severity
of the 5-HT syndrome and was seen at the same dose-range.
The lowest 0.03 mg kg=' dose of R(+)-8-OH-DPAT failed
to produce visually detectable signs of the 5-HT syndrome
and it did not alter rearing. A quantitative analysis of 5-HT
syndrome and rearing was performed in the dose-response
studies of NDO 008 (0.1-1.0 mg kg~!, s.c.) and DOB (0.1—
2.0 mg kg ', s.c.) as presented in Table 2.

The threshold-dose of NDO 008 to induce the 5-HT
syndrome was 0.25 mg kg~'. Scores close to maximum for all
the components of the 5-HT syndrome (except tremor) were
found at the 0.5—1.0 mg kg~' dose-range of NDO 008. In
addition, a dose-related decrease in rearing up to complete
abolishment was seen in the NDO 008-treated animals from
the 0.25 mg kg~' dose (Table 2).
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Table 1 Dose-response effects of the selected 5-HT agonists on training latencies in passive avoidance task in the rat (day 1)

Compound
R(+)-8-OH-DPAT 0 0.03 0.06
33 23 29
(15-74) (17-56) (14-40)
H(7)=13.7 n.s.
S(—)-8-OH-DPAT 0 0.13 0.25
12 5 27
(3-150) (2-26) (10-35)
H(5)=4.2 n.s.
NDO 008 0 0.1 0.25
17 13 13
(9-37) (9-35) (6-40)
H(4)=0.3 ns.
DOB 0 0.1 1.0
33 17 23
(15-74) (14-25) (12-51)
H(3)=3.3 n.s.

Dose (mglkg)
Training latency (s)

(IQR)
0.13 0.25 0.5 1.0 2.0
11 13 17 24 27
(3-25) (5-21) (11-21) (14-30) (23-38)
0.5 1.0 2.0
11 15 11
(2-16) (15-32) (3-27)
0.5 1.0
13 14
(8-39) (9-94)
2.0
17
(11-30)

The 5-HT agonists were administered subcutaneously (s.c.) 10min prior to PA training. The values shown are median durations
(corresponding interquartile ranges (IQR) shown in parentheses). Statistical analysis was performed by Kruskal-Wallis ANOVA (H-
ratios shown). Mann-Whitney U-test with the Bonferroni-correction (n=6-10) was used to compare the different treatments of 5-HT
agonists versus corresponding saline controls (0). P values not shown because of their non-significance (n.s.:P>0.05). For details, see

Methods.
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Figure 2 The dose-related effects of NDO 008 on PA retention in
the rat. Rats were injected with NDO 008 (0.1—-1.0 mg kg~ ", s.c.)
10 min before the training session. The retention test was performed
24 h later. Vertical bars represent medians of retention latencies
(***P<0.002 versus saline control group, n=6). For details of
statistical analysis and general information, see legend to Figure 1.

DOB induced the 5-HT syndrome from the 1.0 mg kg '
dose. Unlike NDO 008, lower lip retraction was not seen and
head-weaving was occasional in DOB-treated animals. Tremor
and a marked decrease of locomotor activity was noted at the
highest dose of DOB (2.0 mg kg~'). In addition, respiration
was heavy and forced and some of the rats chewed vacuously
(1.0 and 2.0 mg kg~ doses). DOB also reduced the number of
rearings and a significant effect was found at the lowest
0.1 mg kg~ ' dose (P<0.05, Mann-Whitney U-test) (Table 2).
In addition, the animals treated with any of the 5-HT,s

agonists or DOB demonstrated an increase in arousal (startle
response to sudden noise). The threshold doses were as
follows: 0.13 mg kg=' for R(+)-8-OH-DPAT; 0.5 mg kg~'
for S(—)-8-OH-DPAT; 0.25 mg kg~' for NDO 008 and
2.0 mg kg~' DOB.

In combination studies, the 5-HT syndrome was blocked by
S(+)-WAY 100135 (3—-10 mg kg~") and L(—)-alprenolol
(4mgkg™") but not by D(+)-alprenolol (4 mgkg™"),
pirenperone (0.1 mg kg~"), ketanserin (1 mg kg~'), metopro-
lol (4 mg kg~") or ICI 118551 (4 mg kg~ ").

Discussion

In agreement with earlier reports (Carli et al., 1992; Jackson et
al., 1994; Riekkinen, 1994), the selective 5-HT,-receptor
agonist 8-OH-DPAT (both R(+)- and S(—)-enantiomers)
administered prior to training produced a dose-dependent
impairment of PA retention when tested 24 h later. The dose-
response curves clearly indicated that R(+)-8-OH-DPAT was
about four times more effective than S(—)-8-OH-DPAT.
However, these differences could not be directly related to
changes in preference for the dark compartment since none of
enantiomers affected the training latency (day 1). Another
potent and selective 5-HT,;, agonist, the chroman analogue
NDO 008, which is chemically related to 8-OH-DPAT
(Thorberg et al., 1987), also had disruptive effects on PA
retention.

Since drug-states at both training and retention tests are
known to influence subsequent retention performance in
aversive learning tasks (Overton, 1966), the effects of NDO
008 were examined in a state-dependent learning paradigm.
NDO 008 was found to impair PA retrieval when given prior
to retention. On the other hand, direct effects of NDO 008 on
memory consolidation does not seem likely since post-training
administration of NDO 008 did not affect PA retention when
tested 24 h later. Interestingly, our findings are only partly in
agreement with previously reported data (Carli et al., 1992;
Riekkinen, 1994) showing that 8-OH-DPAT produced a
marked deficit of PA retention when administered before
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training or retention but also when injected after training
(post-training injections varied from 0-30 min). However,
according to a recent report (Carli et al., 1993), impairment of
PA retention was found following pre-training but not post-
training (5 min) administration of 8-OH-DPAT into the CAl
region of the dorsal hippocampus. Taken together, the
present data indicate that stimulation of 5-HT,, receptors
results in interference with acquisition processes important for
avoidance learning and with the processing of information
from short- to long-term memory. Activation of 5-HT,,
receptors, on the other hand, appears not to interfere with the
post-trial consolidation processes. However, 5-HT ;5 receptors
appear to be involved in memory retrieval of an aversive
experience.

A major problem in studying the role of 5-HT in aversive
learning and memory is that changes in 5-HT neurotransmis-
sion can alter sensorimotor reactivity (Davis et al., 1980). It is
well-documented that 5-HT,;, agonists induce multiple
behavioural effects, e.g. modulate both general locomotor
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Figure 3 The effects of S(+)-WAY 100135 (A) and L(—)- and
D(+)-alprenolol (B) on the impairment of PA retention caused by
NDO 008 or R(+)-8-OH-DPAT in the rat. Rats were injected with
either S(+)-WAY 100135 (3 and 10 mg kg~ ', s.c.) or L(—)- and
D(+)-enantiomers of alprenolol (4 mg kg™, s.c.) 30 or 40 min
before the training session, respectively. Subsequently, NDO 008
(0.25 and 0.5 mg kg™', s.c.) or R(+)-8-OH-DPAT (0.13 mg kg™,
s.c.) was administered 10 min before the training session. Retention
test was performed 24 h later. Vertical bars represent medians of
retention latencies (¥** P <0.002 versus saline control group, n=28 (A)
and **P<0.02 versus saline control group, n=8-10 (B)). For details
of statistical analysis and general information, see legend to Figure 1.
L(—)-Alpr, L(—)-alprenolol; D(+)-Alpr, D(+ )-alprenolol.
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Figure 4 The effects of the 5-HT,a,c receptor antagonists
ketanserin and pirenperone and the f-adrenoceptor antagonists ICI
118551 and metoprolol on the impairment of PA retention induced
by NDO 008 and R(+)-8-OH-DPAT in the rat. The different
receptor antagonists were injected at the following times prior to PA
training:  ketanserin (I mg kg~', ip.) 20 min, pirenperone
0.1 mg kg™", ip.) 40 min, ICI 118551 (4 mgkg~', ip.) 40 min
and metoprolol (4 mg kg™', i.p.) 40 min. The 5-HT; agonists NDO
008 (0.5 mg kg~ !, s.c.) and R(+)-8-OH-DPAT (0.13 mg kg™, s.c.)
were administered 10 min prior to PA training. Retention test was
performed 24 h after the training session. Vertical bars represent
medians of retention latencies (***P<0.002 versus saline control
group, n=6-8). For details of statistical analysis and general
information, see legend to Figure 1. Ket, ketanserin; Pir, pirenperone;
Met, metoprolol.
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Figure 5 The effects of R(+)-8-OH-DPAT and NDO 008 on PA
retention after pretreatment with p-chlorophenylalanine (PCPA;
200+ 100+ 100 mg kg~ ", i.p., for three consecutive days) in the rat.
The PA training session was performed 24 h after the last PCPA
injection. R(+)-8-OH-DPAT (0.13 mg kg~ !, s.c.) and NDO 008
(0.5mgkg~!, s.c.) were administered 10 min before the training
session. Retention test was performed 24 h later. Vertical bars
represent medians of retention latencies (***P <0.002 versus PCPA-
treated group, n=06). For details of statistical analysis and general
information, see legend to Figure 1.
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activity (Dourish ez al., 1985; Curzon, 1990; Evenden &
Angeby-Moller, 1990), nociceptive thresholds (Hamon et al.,
1990) and elicit a characteristic behavioural syndrome (5-HT
syndrome) (Tricklebank et al., 1984; Berendsen et al., 1989;
Blanchard ez al., 1993). Therefore, it is quite possible that these
factors may interfere with learning performance (Ogren,
1985b) by alteration of sensory input at the initial stage of
information processing. Changes in nociceptive thresholds, e.g.
flinch and jump threshold elicited by electric shock, have been
reported to be reduced at the doses of 8-OH-DPAT producing
impairment of PA (Carli et al., 1992). However, alterations in
shock-sensitivity (or rather its expression, i.e. reactivity to
shock) are not likely to explain the present results. Thus, it was
observed that the animals reacted to the shock, mostly by a
flinch response or by moving, sometimes vocalizing. It should
be emphasized that the shock used in the present study was
scrambled and its level was well above the threshold for a
flinch response (withdrawal of forepaws from the grid floor).
Moreover, the increased startle-response was observed at the
high doses of R(+)- and S(—)-8-OH-DPAT and NDO 008
which induced both a loss of PA retention and a progressive
development of the 5-HT syndrome. These observations
suggest that the actual perception of shock might be increased
rather than suppressed by 5-HT;, agonists.

The present data have provided strong evidence for the view
that both 8-OH DPAT and NDO 008 produced their effects on
PA via stimulation of 5-HT 5 receptors. Both the non-selective
p-adrenoceptor/5-HT, 5 antagonist L(—)-alprenolol (Nahorski
& Willcocks, 1983; Middlemiss er al., 1985, 1986) and the
selective 5-HT,, receptor antagonist S(+)-WAY 100135
(Fletcher et al., 1993) completely blocked the impairment of
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Figure 6 The dose-related effects of DOB on PA retention in the
rat. Rats were injected with DOB (0.1-2.0 mg kg~ ', s.c.) 10 min
before the training session. The retention test was performed 24 h
later. Vertical bars represent medians of retention latencies
(**P<0.01 versus saline control group, n=8). For details of
statistical analysis and general information, see legend to Figure 1.

PA retention and the 5-HT behavioural syndrome as well as
the decrease in the rearing induced by NDO 008 and R(+)-8-
OH-DPAT. Interestingly, the blockade of 5-HT 5 receptors by
L(—)-alprenolol and S(+)-WAY 100135 itself failed to
produce any significant changes in retention suggesting that
the 5-HT 4 receptors play a permissive role in this behavioural
task. Consistent with the above interpretation, the 5-HT,a)2c
antagonists, ketanserin and pirenperone (Leysen et al., 1982;
1984; Pawlowski et al., 1983; Hoyer et al., 1994), both given at
doses which blocked brain 5-HTa »c receptor actions in vivo
(Ogren, 1986b), failed to reverse the actions of NDO 008 and
8-OH-DPAT. Therefore, 5-HT 4 receptors rather than 5-HT>4
receptors seem to be involved in the modulation of PA. This
conclusion was further corroborated by the results obtained
with DOB, a non-selective 5-HT,rnc receptor agonist
(Glennon et al., 1984; Titeler et al., 1985; Titeler & Lyon,
1987). DOB was found to be very effective in inducing head-
twitches, a response attributed to postsynaptic 5-HT,a
receptor stimulation (Ogren ez al., 1982; Peroutka & Snyder,
1982) from the 0.01 mg kg~ ' dose while a 200 fold higher dose
was needed to induce impairment of PA retention. However,
this impairment might be due to the observed toxic effects of
DOB or the hallucinogenic properties of the compound
(Martin & Sloan, 1986; Glennon et al., 1992). The possible
role of the 5-HT,c receptors in the inhibitory action of DOB
awaits further studies.

8-OH-DPAT is a relatively selective 5-HT, 5 agonist with at
least ten times higher affinity for the 5-HT;, receptor than for
any other receptor type according to the available radioligand-
binding data (Hoyer et al., 1994). Recent results show that
8-OH-DPAT also possesses a relatively high affinity for the
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Figure 7 The effectiveness of different 5S-HT agonists to induce head-
twitches in the rat. Rats were injected with selected doses of either
DOB  (0.0025-0.1 mgkg™', sc) (A) or R(+)-8-OH-DPAT
(0.1—1.0 mg kg™, s.c.) and NDO 008 (0.25—5.0 mg kg~ ", s.c.) (B).
The corresponding controls were injected with saline (2 ml kg ~', s.c.).
The number of head-twitches was counted for 20 min (10—-30 min
following injection). The results are expressed as means+s.e.m. (only
positive errors shown) for each of the doses tested. Statistical analysis
was performed by one-way ANOVA followed by Dunnett’s z-test
(one-tailed). **P<0.01 versus saline control group and ***P <0.005
versus saline control group, n=26.
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cloned rat and human 5-HT; receptors (Ruat et al., 1993;
Boess & Martin, 1994; Eglen et al., 1997). Therefore, an
involvement of this receptor subtype in the actions of §-OH-
DPAT could be hypothesized but seems unlikely. Firstly,
S(+)-WAY 100135, which completely antagonized the 8-OH-
DPAT-induced impairment in the PA task, has a negligible
affinity for the 5-HT; receptor (Hoyer et al., 1994; Routledge,
1996). Secondly, the present findings indicate that the non-
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Figure 8 The effects of NDO 008 on PA retention using a state-
dependent learning paradigm in the rat. Rats were injected with
NDO 008 (0.5 mg kg~ ", s.c.) either 10 min prior to training (day 1),
10 min prior to retention (day 2), or 10 min prior to both training
and retention (days 1 and 2). In addition, a group injected with NDO
008 immediately after the training session on day 1 was tested.
Retention test was performed 24 h after the training session. Vertical
bars represent medians of retention latencies (***P<0.002 versus
saline control group, n=6-38). For details of statistical analysis and
general information, see legend to Figure 1.

selective 5-HT,, »c antagonist ketanserin with a slightly lower
affinity for the 5-HT; receptor than 8-OH-DPAT (Hoyer et al.,
1994) did not counteract the inhibitory effect of R(+)-8-OH-
DPAT in the PA test.

Many 5-HT,, ligands currently used as pharmacological
tools also have notable affinities for f-adrenoceptors (Hjorth &
Carlsson, 1986; Sanchez et al., 1996). However, in these studies
none of the antagonists with a preferential binding to f-
adrenoceptors, i.e. the f§;-selective antagonist metoprolol or
the f,-selective antagonist ICI 118551 (Nahorski & Willcocks,
1983; Bylund et al., 1994; Hieble et al., 1995; Ruffolo et al.,
1995) or D(+)-alprenolol (f-adrenoceptor blocker nearly
equipotent at (f;, f,, and f; sites) (Middlemiss, 1986)
antagonized the effects of either R(+)-8-OH-DPAT or NDO
008. The importance of the relative selectivity for 5-HT; A
receptors over f-adrenoceptors was illustrated by L(—)-
alprenolol.

The role of presynaptic versus postsynaptic 5-HT;,
receptors in the disruptive actions of NDO 008 and 8-OH-
DPAT in PA are of particular importance for the analysis of
mechanisms underlying aversive conditioning. Some investi-
gators have suggested that the effects of 5-HT,, agonists on
aversive learning processes such as licking suppression or
conditioned emotional responses (CER) (Schreiber & de Vry,
1993) or the anticonflict action of 8-OH-DPAT (Engel et al.,
1984) are related to stimulation of presynaptic 5-HT;,
receptors. The present data, on the other hand, support the
view that the impaired PA retention caused by the 5-HT4
receptor agonists is mainly due to stimulation of postsynaptic
5-HT,4 receptors. Firstly, both NDO 008 and 8-OH-DPAT
induced the 5-HT syndrome indicative of a stimulation of
postsynaptic 5-HT, 4 receptors (Goodwin et al., 1987; Curzon,
1990) at the dose range at which they inhibited PA.
Furthermore, S(+)-WAY 100135 completely antagonized
both the impairment of PA retention and the 5-HT syndrome
induced by R(+)-8-OH-DPAT. Secondly, inhibition of 5-HT
synthesis by PCPA did not have any significant effect on PA.
PCPA markedly reduces the pool of available 5-HT in the
presynaptic neurones (Koe & Weissman, 1966). Thus, the
treatment paradigm with PCPA used in the present study has
been reported to result in about 80-90% 5-HT depletion in
the rat brain (Ogren, 1985b). In the present study pretreatment

Table 2 The behavioural responses (5-HT syndrome and rearing) to NDO 008 and DOB in the passive avoidance (PA) apparatus in

the rat
Intensity scores of 5-HT syndrome

Compound Lower lip  Reciprocal fore- Head Flat body Hind limb Rearing
(Dose, mglkg) retraction paw treading weaving posture abduction Tremor counts (IQR)
NDO 008
0 0 0 0 0 0 0 11.5 (10-16)
0.1 0 0 0 0 0 0 12.0 (9-19)
0.25 1 2 0 0 2 0 0.5 (0-4)**=
0.5 3 3 2 3 2 0 0.0 (0-1)**
1.0 3 3 3 3 2 0 0.5 (0-3)**
DOB
0 0 0 0 0 0 0 9.0 (7-18)
0.1 0 1 1 1 2 0 7.0 (3-11)*
1.0 0 3 1 3 3 0 2.0 (0-5)***
2.0 0 2 0 3 2 1 1.0 (0-3)***

The 5-HT syndrome was scored and number of rearings was counted in the PA apparatus during a 3 min exploration period prior to
training (day 1). The 5-HT agonists were administered subcutaneously (s.c.) 10min prior to observations (n=6-9 animals/group).
Intensity scores of 5-HT syndrome were as follows: 0 =absent, | =equivocal, 2=present and 3 =intense. The presented values for the
5-HT syndrome and rearing are medians (for rearing corresponding interquartile ranges (IQR) shown in parentheses). Statistical
analysis for rearing was performed by Kruskal-Wallis ANOVA: H(4)=22.1, P<0.002 and H(3)=24.7, P<0.002 for NDO 008- and
DOB-treatments, respectively. Mann-Whitney U-test with the Bonferroni-correction for multiple comparisons was used to compare the
treatments of 5-HT agonists versus corresponding saline controls (0): *P <0.05; **P<0.02; ***P<(.002. For details, see Methods.
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with PCPA attenuated neither the 5-HT syndrome nor the
deficit of PA induced by NDO 008 or R(+)-8-OH-DPAT.
Therefore, reduced impulse flow and/or diminished 5-HT
availability resulting from any presynaptic action of NDO 008
or 8-OH-DPAT on serotonergic neurones appears not to be
sufficient to alter PA retention.

However, the contribution of the presynaptic 5-HT receptor
mechanisms (5-HT s-related or non-related) in the regulation
of PA behaviour requires further analysis. It cannot be
excluded that the inhibitory action of 8-OH-DPAT on PA
also involves the recently discovered 5-HT,, binding sites
(5-HT 4% sites), apparently localized on the presynaptic
5-HT terminals both in the hippocampus and cortex
(Nenonene et al., 1994). These 5-HT, 4 binding sites which are
recognized by 8-OH-DPAT must be distinguished from
classical postsynaptic 5-HT,, receptors (5-HT, "M sites).
Thus, these novel 5-HT;,"°V sites are not affected by PCPA,
but ‘disappear’ following PCA-induced destruction of 5-HT
terminals (Nenonene et al., 1994). These particular binding
sites must also be distinguished from 5-HT terminal
autoreceptors of the 5-HTp type (Martin & Sanders-Bush,
1982; Hartig et al., 1996) which are little affected by 8-OH-
DPAT or NDO 008 (Hoyer et al., 1985, 1994; Engel et al.,
1986).

Consistent with previous data on 5-HT receptor activity in
vivo (Arvidsson et al., 1981; 1984; Bjork et al., 1989; Cornfield
et al., 1991; Hadrava et al., 1996), the two enantiomers of
8-OH-DPAT differed, since R(+)-8-OH-DPAT was about
four times more effective than S(—)-8-OH-DPAT to impair
PA retention. This difference in effectiveness is in agreement
with electrophysiological studies showing that the R(+)-
enantiomer is 2—3 times more potent than S(—)-8-OH-DPAT
in suppressing the neuronal firing both at the level of the dorsal
raphe (Lejeune et al., 1997) and in the dorsal hippocampus
(CA3 area) (Hadrava et al., 1996), thus indicating a greater
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