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BACKGROUND AND PURPOSE
5-HT6 receptors are abundant in the hippocampus, nucleus accumbens and striatum, supporting their role in learning and
memory. Selective 5-HT6 receptor antagonists produce pro-cognitive effects in several learning and memory paradigms while
5-HT6 receptor agonists have been found to enhance and impair memory.

EXPERIMENTAL APPROACH
The conditioned emotion response (CER) paradigm was validated in rats. Then we examined the effect of the 5-HT6 receptor
antagonist, EMD 386088 (10 mg·kg-1, i.p.), and agonists, E-6801 (2.5 mg·kg-1, i.p.) and EMD 386088 (5 mg·kg-1, i.p.) on
CER-induced behaviour either alone or after induction of memory impairment by the muscarinic receptor antagonist,
scopolamine (0.3 mg·kg-1, i.p) or the NMDA receptor antagonist, MK-801 (0.1 mg·kg-1, i.p).

KEY RESULTS
Pairing unavoidable foot shocks with a light and tone cue during CER training induced a robust freezing response, providing a
quantitative index of contextual memory when the rat was returned to the shock chamber 24 h later. Pretreatment (-20 min
pre-training) with scopolamine or MK-801 reduced contextual freezing 24 h after CER training, showing production of
memory impairment. Immediate post-training administration of 5-HT6 receptor antagonist, SB-270146, and agonists, EMD
386088 and E-6801, had little effect on CER freezing when given alone, but all significantly reversed scopolamine- and
MK-801-induced reduction in freezing.

CONCLUSION AND IMPLICATIONS
Both the 5-HT6 receptor agonists and antagonist reversed cholinergic- and glutamatergic-induced deficits in associative
learning. These findings support the therapeutic potential of 5-HT6 receptor compounds in the treatment of cognitive
dysfunction, such as seen in Alzheimer’s disease and schizophrenia.
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Abbreviations
5-HT6, 5-hydroxytryptamine6; CER, conditioned emotion response; CS–US, conditioned stimulus and unconditioned
stimulus; E-6801, (6-chloro-N-(3-(2-(dimethylamino)ethyl)-1H-indol-5-yl)imidazo[2,1-b]thiazole-5-sulfonamide); EMD
386088, 5-chloro-2-methyl-3-(1,2,3,6-tetrahydropyridin-4yl)-1H -indole; Jab1, Jun activation domain-binding protein 1;
MK-801, dizocilpine; mTOR, mammalian target of rapamycin; MWM, Morris water maze; NOR, novel object
recognition; SB-271046, [5-chloro-N-(4-methoxy-3-piperazin-1-yl-phenyl)-3-methyl-2-benzothiophenesulfonamide]

Introduction
The 5-hydroxytryptamine6 (5-HT6) receptor is the most recent
addition to the 5-HT receptor family, and is almost exclusively
expressed within the CNS, with high abundance in areas
associated with learning and memory, such as the hippocam-
pus, amygdala and cerebral cortex (Monsma et al., 1993; Ruat
et al., 1993; Kohen et al., 2001). 5-HT6 receptor antagonists
elicit pro-cognitive effects in several preclinical behavioural
tasks thought to have translational relevance to divergent
cognitive domains; including novel object recognition (NOR,
non-spatial visual learning and memory) (King et al., 2004;
Lieben et al., 2005; Hirst et al., 2006; de Bruin et al., 2011),
social recognition (social cognition) (Schreiber et al., 2007;
Schaffhauser et al., 2009) and the Morris water maze (MWM,
spatial visual learning and memory) (Rogers and Hagan, 2001;
Woolley et al., 2001; Hirst et al., 2006) and improve extra-
dimensional shifts in the attentional set-shifting task (reason-
ing and problem solving) task (Hatcher et al., 2005) (see
reviews by Mitchell and Neumaier, 2005; Fone, 2008; Marsden
et al., 2011). In contrast, in passive avoidance and food-
motivated conditioned operant tasks (associative learning),
5-HT6 receptor antagonists have relatively little effect when
given alone to adult rats, but reverse scopolamine-induced
deficits (Bos et al., 2001; Meneses, 2001a; Foley et al., 2004;
Schreiber et al., 2007). However, some groups have failed to
replicate the pro-cognitive effects of 5-HT6 receptor antago-
nists possibly because of methodological issues (Russell and
Dias, 2002; Lindner et al., 2003; Gravius et al., 2011), dis-
cussed in more detail later.

Several groups have also utilized the muscarinic receptor
antagonist, scopolamine (cholinergic), and non-competitive
NMDA receptor antagonist, dizocilpine (MK-801) (gluta-
matergic), to impair memory in preclinical behavioural para-
digms, and have also shown that 5-HT6 receptor antagonists
reverse these drug-induced deficits in NOR, passive avoid-
ance, social recognition, autoshaping associative and MWM
learning (Bos et al., 2001; Woolley et al., 2001; Meneses,
2001b; Foley et al., 2004; King et al., 2004; Mitchell et al.,
2006; Schreiber et al., 2007). Collectively, these behavioural
findings and neurochemical evidence that 5-HT6 receptor
antagonists increase cortical and hippocampal ACh and
glutamate release (Dawson et al., 2000; Riemer et al., 2003)
provide strong evidence that modulation of cholinergic and
glutamatergic function contributes to the acute reversal of
drug- and time delay-induced impairment of learning and
memory produced by 5-HT6 receptor blockade.

Recently, potent selective 5-HT6 receptor agonists have
been developed, and paradoxically, these also enhance learn-
ing and memory in the attentional set-shifting (Burnham
et al., 2010) and NOR tasks (Kendall et al., 2011), but con-
versely, not in the social recognition paradigms (Loiseau et al.,

2008). There is considerable current interest in how both
5-HT6 receptor agonist and antagonist compounds could have
acute pro-cognitive effects (Fone, 2008; Marsden et al., 2011).
Interestingly, the 5-HT6 receptor interacts with Fyn (a non-
receptor protein-tyrosine kinase), Jun activation domain-
binding protein 1 (Jab 1, a co-activator of c-Jun-mediated
transcription) (Yun et al., 2007; 2010; Riccioni et al., 2011)
and possibly also mammalian target of rapamycin (mTOR)
(Meffre et al., 2010), a PK involved in the initiation of mRNA
translation important for consolidation of memory, as well as
Gs (Monsma et al., 1993; Kohen et al., 1996); and differential
effects of agonist and antagonist compounds on these signal-
ling pathways could provide one mechanism to explain their
apparent paradoxical similar beneficial effect on learning and
memory (Codony et al., 2011; Marsden et al., 2011).

Surprisingly little research has been performed on the
cognitive effects of 5-HT6 receptor modulation in fear-
motivated associative learning using the conditioned
emotion response (CER) task, an extremely well-
characterized, species conserved, hippocampal, amygdala
and cortical-dependent learning and memory task (Anagnos-
taras et al., 1999; Fanselow, 2000; Sigurdsson et al., 2007). As
5-HT6 receptor compounds are being evaluated in clinical
trials to treat cognitive dysfunction (Codony et al., 2011;
Liem-Moolenaar et al., 2011; Maher-Edwards et al., 2011), it is
also essential that they are tested in a range of preclinical
behavioural paradigms that have translational relevance to
cognitive domains impaired in common CNS disorders
(Young et al., 2009). Associative learning, including long-
term memory of emotionally based preference conditioning
is impaired in schizophrenia (Rushe et al., 1999; Herbener,
2009) and Alzheimer’s disease (Belleville et al., 2008; Hoefer
et al., 2008), making it important to evaluate these com-
pounds in a preclinical associative learning task. Therefore, in
the present study we analysed the effects of high-affinity
selective 5-HT6 receptor full agonists, EMD 386088 (Mattsson
et al., 2005; Nikiforuk et al., 2011) and E-6801 (Romero et al.,
2006; Kendall et al., 2011) and a well-characterized antago-
nist, SB-271046 (Bromidge et al., 1999), which has no inverse
agonist properties in this paradigm (Routledge et al., 2000).
Initially, the CER task was validated to determine the optimal
number of conditioned and unconditioned stimulus (CS–US)
pairs required to produce a robust association. Following this,
the strength of the association formed was evaluated by
increasing time between training and test trials, and the
speed that memory extinction occurred was observed by
repeated re-exposure of the rats to the apparatus without any
further US. The effect of acute treatment with SB-271046,
EMD 386088 and E-6801 at various time points during the
CER paradigm was examined to elucidate the particular
process of learning and memory that was affected by the
5-HT6 receptor. Finally, the ability of the 5-HT6 receptor
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antagonist and agonists to reverse the memory impairment
induced with either scopolamine or MK-801 was determined.
The present data show that SB-271046, EMD 386088 and
E-6801 had little effect on CER when administered alone in
healthy adult rats. Interestingly, both 5-HT6 receptor antago-
nist and agonists reversed cholinergic- and glutamatergic-
induced memory impairments in CER when tested 24 h
following training and the potential mechanism involved in
this action are discussed.

Methods

Animals
Adult male Lister hooded rats (Charles River, Kent, UK or
Biomedical Services Unit, University of Nottingham derived
from Charles River Stock) were used for all experiments; the
total number of rats used was 414. Rats were group housed
(3–5) and kept on a 12-h light–dark cycle (07:00–19:00 h) and
room temperature (21 � 2°C) and humidity (55–65%) were
kept constant, with food and water available ad libitum. All
experiments were performed in accordance with the UK
Animals (Scientific Procedures) Act 1986 and approval of
local ethical review committee using procedures that were as
humane as possible. All studies involving animals are
reported in accordance with the ARRIVE guidelines (Kilkenny
et al., 2010; McGrath et al., 2010).

CER
The CER paradigm utilized an equal-sized two compartment
shuttle box [510 (W) ¥ 250 (D) ¥ 240 (H) mm internal; 580 ¥
360 ¥ 305 mm external, PanLab, LE 916 (Harvard Apparatus
Ltd., Holliston, MA, USA)], having one light white-walled and
one dark black-walled chamber, separated by a computer-
operated door (100 ¥ 100 mm). Within each chamber an
independent grid floor was linked to a shock box (PanLab, LE
100-26), a light was connected to the shuttle box control unit
(PanLab, LE 900) and a speaker in the back wall between each
chamber administered sound to both chambers simultane-
ously. The position of the rat in the apparatus was detected by
weight transducers located below the grid floor in the two
chambers. Operation of the shuttle box used the software
programme ShutAvoid v.1.8.2. (Harvard Apparatus Ltd).
Before each experiment the test arena was thoroughly cleaned
with 20% v v-1 ethanol to remove any olfactory cues and all
experiments were performed in constant light (125 Lux at
floor level in the dark chamber) between 8:00 and 16:00 h.

Optimization of CS–US associations
during training
Rats, weighing 325–425 g, were randomly assigned into six
treatment groups (n = 7–8 each); receiving 1, 2 or 5 foot
shocks with cue or cue alone in the initial validation experi-
ment or no cue or shocks (control) and three shocks with cue
in all subsequent drug studies. Rats were left to acclimatize in
the behavioural suite, where CER was performed for 1 h
before training. Individual rats were placed into the light
chamber of the CER apparatus for 30 s free exploration before
the intra-chamber door was temporarily opened allowing
their spontaneous transfer into the dark chamber, which then

automatically closed the door. After a further 30 s of explo-
ration, the rat received 5 s combined light and tone (40 Lux,
89 dB, 3 KHz, CS), and an unavoidable foot shock (1 s,
0.4 mA, US) was delivered in scrambled format through the
grid floor during the last second of the CS. Rats remained in
the conditioning chamber throughout training and following
a 1-min interval, the light, tone and shock were repeated
twice for all drug studies or as appropriate to deliver a total of
either cue alone or one, three or five CS–US pairings in the
validation study. Immediately following the last CS–US
pairing (or at the equivalent time in experiments with cue
alone or where fewer than three CS–US pairs were delivered),
the rat was removed from the apparatus and returned to the
home cage. Preliminary studies (data not shown) established
that the CS tone was insufficient to induce a startle response
or freezing when given alone, but induced freezing when
administered alone without any further foot shocks 48 h after
conditioning with the CS–US pairing (Jones et al., 2011).

On the test day, 24 h post-training, individual rats were
placed directly into the dark chamber for 480 s, but no
stimuli were administered. The total cumulative time spent
freezing (defined as an absence of any visible movement
other than thoracic volume associated with respiration;
including ambulatory, stereotypy, or sniffing and vibrissae
movement) was recorded manually using a stopwatch by an
observer blind to the treatment, who was sat 1 m from the
apparatus. The number of bouts of freezing was not recorded
but this rarely exceeded two to three further (typically short-
duration) bouts once movement was re-initiated. In addition,
behaviour was recorded by a custom-made camera located on
the top of the dark chamber, using an Ethovision Animal
Tracking System software (Noldus, Tracksys Ltd., Notting-
ham, UK) to permit re-analysis if required.

For all drug studies the CER experimental protocol
described earlier with three CS–US pairings during training
was used, as this was found to elicit a robust submaximal
freezing response in the post-training test trial (which was
shortened to 300 s because all rats regained exploration
within this time). The weight range of rats utilized across all
the studies reported was relatively large. However, in all cases,
the weight was balanced across groups in each separate study
and heavier rats were only utilized in the pilot optimization
and extinction studies. The weight range of rats utilized in
the pharmacological studies was relatively small (210–360 g).
Furthermore, there was no correlation between body weight
and freeze duration in the retention trial when data from all
the rats that received three shocks during conditioning and
either vehicle or no drug (validation studies) were examined
(linear regression; F(1,84) = 0.0747; r2 = 0.00089).

Effect of extinction and varying time between
training and testing on memory retention in
drug-naïve rats
Two separate groups of rats (n = 6–8 per experiment) were
employed to determine the effect of extinction with repeated
exposure to the context without further CS–US presentation,
and secondly, increasing the time between training and the
retention test on memory retention in the CER. To test extinc-
tion drug-naïve rats, weighing 365–455 g, were sequentially
re-exposed to the dark chamber at 24, 48, 72 and 96 h
post-training without receiving any further CS–US pairings.
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Freezing behaviour was recorded during each 300-s test period
and would be expected to decrease if relearning occurred. To
determine the effect of increased time delay between training
and test on memory retention in the CER paradigm without
further exposure to the context, drug-naïve rats, weighing
260–560 g, were tested once either 24, 48, 72 or 96 h post-
training, and the duration of the freezing response compared
to assess the period over which associative learning was
retained.

Effect of acute SB-271046 on CER-induced
freezing behaviour and pharmacologically-
induced memory deficits
Three separate experiments were performed to determine the
effects of SB-271046 on memory acquisition, consolidation
and retention in CER. To test memory acquisition, rats were
randomly assigned into one of four groups (n = 7–8, 230–
270 g); receiving vehicle with or without shock or SB-271046
with or without shock. In this study, SB-271046 was admin-
istered to rats that received no shock to establish if it had any
confounding non-specific (e.g. sedative) adverse effects on
CER. To test memory consolidation and retention, two sepa-
rate groups of rats (weighing 240–300 g, n = 8–9, and 280–
310 g, n = 9–11, respectively) received one of three
treatments: vehicle with no shock or shock and SB-271046
with shock. On the training day, for memory acquisition and
consolidation experiments, each rat received SB-271046
(10 mg·kg-1) or vehicle; 30 min before training or immedi-
ately following training, respectively, and to test memory
retention, SB-271046 was administered 30 min before the
24-h retention trial.

Two separate experiments analysed the effects of
SB-271046 on scopolamine-induced (n = 6–8, 240–300 g) or
MK-801-induced (n = 8–10, 240–360 g) cognitive deficits.
Saline (1 mL·kg-1), scopolamine (0.3 mg·kg-1, selected on the
basis of similar experiments, (Anagnostaras et al., 1999) or
MK-801 [0.1 mg·kg-1, based on (Csernansky et al., 2005;
Nilsson et al., 2007) ] were administered 20 min before train-
ing, then immediately following training rats received either
vehicle (0.5% methylcellulose, 3 mL·kg-1) or SB-271046 (10 or
15 mg·kg-1).

Effect of 5-HT6 receptor agonists, EMD
386088 and E-6801, on CER-induced
freezing behaviour
Two experiments were performed to establish any effect of the
5-HT6 receptor agonists given alone on memory acquisition
and or consolidation. The highest dose of both agonists (EMD
386088 10 mg·kg-1 and E-6801 5 mg·kg-1 or vehicle) was
administered 30 min before CER training in the absence or
presence of foot shocks to determine any effect on learning or
any non-specific confounding effect on behaviour (n = 48,
eight per group, 210–240 g). In a separate experiment, EMD
386088 (n = 7–9, 260–325 g, 5 or 10 mg·kg-1) or E-6801 (n =
7–8, 250–310 g, 2.5 or 5 mg·kg-1) were also administered
immediately following CER training to determine the effect of
5-HT6 receptor activation on CER-induced memory 24 h post-
training. To reduce use of animals, as neither agonist at either
pretreatment time had any effect on the 24 h post-training
freeze time, the effect of giving the agonist immediately before

the test day was not performed. As no pharmacological inter-
action studies were performed herein administering a drug
immediately prior to the retention trial, such studies would
also have little relevance to interpretation of the current data.

Four further experiments determined the effect of both
EMD 386088 (n = 7–9, 245–310 g) and E-6801 (n = 7–9,
240–305 g) on a scopolamine-induced and MK-801-induced
impairment of CER. Using a protocol similar to SB-271046
studies, saline (1 mL·kg-1), scopolamine (0.3 mg·kg-1) or
MK-801 (0.1 mg·kg-1) were administered 20 min before train-
ing, and immediately following CER vehicle (0.5% methyl
cellulose, 3 mL.kg-1), EMD 386088 (5 mg·kg-1) or E-6801
(2.5 mg·kg-1) was administered.

Materials
SB-271046 was provided by GlaxoSmithKline (Harlow, UK),
EMD 386088 was purchased from Tocris (Bristol, UK) and
E-6801 was a gift from Esteve (Barcelona, Spain). SB-271046 is
a high-affinity (pKi = 9) competitive antagonist (Bromidge
et al., 1999), and EMD 386088 (Mattsson et al., 2005) and
E-6801 (Romero et al., 2006; Kendall et al., 2011) are full
agonists (1 and 7 nM affinity, respectively) at the human (h)
5-HT6 receptor expressed in HEK293 cell lines, all three com-
pounds have 20- to 50-fold selectivity over other 5-HT recep-
tors and have all been used before at similar doses to those
reported herein for behavioural studies (Routledge et al.,
2000; Meneses et al., 2008; Kendall et al., 2011). All 5-HT6

receptor compounds were dissolved in 0.5% methyl cellulose
(w v-1) and administered in a volume of 3 mL·kg-1, i.p. Sco-
polamine hydrobromide and (+)-MK-801 hydrogen maleate,
were purchased from Sigma-Aldrich (Dorset, UK), and were
dissolved in sterile saline (0.154 M) and administered in a
volume of 1 mL·kg-1, i.p. The nomenclature used in this
paper conforms to that provided in the Guide to Receptors
and Channels (Alexander et al., 2011).

Data and statistical analysis
During each test trial, the total cumulative time spent freez-
ing (s) was recorded in the dark chamber of the apparatus, as
an index of fear-motivated contextual learning and memory.

In experiments with equal-balanced group sizes, a
between-groups comparison of freezing behaviour was per-
formed using two-way ANOVA followed by a Tukey’s post hoc
test. To maintain a robust parametric statistical analysis of
data where the study design was unbalanced (when inclusion
of drug no shock treatment group/s was considered unneces-
sary and unethical having shown that no non-specific drug-
induced behaviours occurred) two separate analyses were
performed. Firstly, to confirm whether freezing behaviour
required the CS–US association, a Student’s t-test was per-
formed between the saline + vehicle no shock- and saline +
vehicle shock-treated groups. The saline no shock control
group was then omitted from further analysis of the effect
and the effect of drug treatment in all groups that received
shocks was analysed separately. Dependent on group size, the
between-conditions analysis of drug treatment was deter-
mined using either a one-way ANOVA with Tukey’s post hoc
test, or a Student’s t-test, on all shock-treated groups. Statis-
tical significance was achieved if P � 0.05 and all data are
presented as mean � SEM.
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Results

Effects of increasing the CS–US pairings on
CER-induced freezing in drug-naïve rats
During the 24-h retention trial, none of the no shock control
groups (receiving tone and light cues alone) froze for more
than 1% of the total test period when returned to the condi-
tioning chamber, showing that rats did not find the CER test
apparatus sufficiently aversive to induce contextual freezing
without accompanying US foot shocks. Increasing the
number of foot shock pairings caused a progressive increase
in the duration of freezing behaviour when the rats were
returned to the chamber where CS–US was presented 24 h
post-training, such that three and five shock pairs caused
freezing for a significantly greater time than a single shock
(P � 0.001, Table 1). Although no significant difference
occurred between the three and five shock pair groups there
was still an obvious trend for an increase in freezing duration
(Table 1). Three CS–US pairings was chosen for all subsequent
studies as it induced a robust, reproducible significant freez-
ing behaviour in the 24 h retention trial, with the potential
that this response could be further increased so allowing
detection of a pro-cognitive drug enhancement of freezing
behaviour, as well as pharmacological attenuation of the
response.

Evaluation of extinction and post-training
retention of contextual freezing in
drug-naïve rats
Extinction of the fear-motivated memory occurred when
drug-naïve rats were tested on consecutive days, 24–96 h
post-training, such that repeated measures ANOVA showed a

significant main effect of test day; F(1,10) = 25.879, P = 0.001 on
freezing duration (Table 2). The vehicle shock-treated rats
froze significantly longer than the no shock control group
(P � 0.001, Table 2) in both the 24 and 48h retention trial,
but the time spent freezing decreased significantly (P � 0.001)
from the 24 to 48 h post-training session. A similar progres-
sive decrease in freezing duration occurred in the 72 and 96 h
time points, such that there was no longer any significant
difference between freezing duration in the shock and no
shock-treated groups at either of these extinction time points
(Table 2).

Importantly, CER induced a robust readily quantifiable
freezing behaviour indicative of fear-motivated associative
learning and memory that was retained up to 96 h post-
training in rats on their first re-exposure to the context where
the CS–US was presented. During each of the individual
retention trials, the rats that received shock froze significantly
longer than the no shock controls for that particular trial (P �

0.001, Table 2). Irrespective of the time between training and
the following first contextual test, all rats that received three
shocks spent an equal time freezing, showing that there was
little temporal diminution of contextual freezing over the

Table 1
The cumulative duration of the conditioned emotional freezing
response, induced by returning a rat to a chamber where it had
received conditioning, progressively increased with the number of
CS–US pairings

Conditioning

Cumulative freezing
response (s, mean �
s. e. mean.)

One CS 1.3 � 0.6***†††

One CS–US 26.7 � 5.9***†††

Three CS 2.3 � 1.6***†††

Three CS–US 221.7 � 53.7

Five CS 0.6 � 0.4***†††

Five CS–US 289.4 � 30.8

The total cumulative time spent freezing (s, mean � SEM)
during a 24 h retention trial (n = 7–8 each group) following
training in a chamber where the rat was exposed to either one,
three or five light and tone cue (5 s, 40 lux, 89 dB, 3KHz,
conditioning stimulus, CS) alone or combined with an unavoid-
able foot shock (0.4 mA for 1 s, unconditional stimulus, US).
***P < 0.001 versus three CS–US pairs; †††P < 0.001 versus five
CS–US pairs (Tukey’s post hoc following two-way ANOVA).

Table 2
Exposure to three unavoidable light, tone and foot-shock pairs in a
chamber caused a robust freezing behaviour when rats were
returned to the conditioning chamber either (A) sequentially at 24,
48, 72 and 96 h post-training with no further CS–US pairings to
examine the process of extinction, or (B) on a single occasion at
either 24, 48, 72 or 96 h post-training to determine the duration of
retention of learning

No shock control Shock

(A) Consecutive post-training exposure time (h)

24 3.5 � 2.7 203.8 � 40.7***

48 1.9 � 0.7 75.2 � 15.5*++

72 0.7 � 0.3 27.2 � 6.1+++

96 2.9 � 1.6 4.6 � 2.1+++

(B) Single post-training exposure time (h)

24 5.3 � 3.2 244.7 � 15.8†††

48 0.0 � 0.0 247.9 � 20.8†††

72 2.0 � 1.2 225.8 � 26.4†††

96 4.9 � 1.6 192.2 � 36.0†††

Data show total cumulative time spent freezing (s,
mean � SEM, n = 6–8) at the post-training exposure time indi-
cated in separate groups of rats. In (A), shock-conditioned rats
froze for significantly longer than non-shocked controls in 24
and 48 h test sessions, ***P � 0.001; *P � 0.05 Student’s t-test
versus own no shock control group at that particular exposure
time. One-way ANOVA also revealed shock-treated rats under-
went extinction (F(3,23) = 16.37, P = 0.001) P � 0.001; ++P �

0.001 versus a 24 h test point, Tukey’s post hoc. In (B), there was
no significant difference in freezing time between each separate
shock-treated group at each retention trial (one-way ANOVA,
F(3,29) = 1.024, P = 0.398) and shock-treated rats froze signifi-
cantly longer than no shock controls at every exposure time
†††P � 0.001 versus no shock control (Student’s one-tailed
t-test).
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time period examined and the 24 h post-training period was
used for all subsequent pharmacological studies.

Effect of acute SB-271046 on CER-induced
freezing behaviour and pharmacologically
induced memory deficits
Figure 1A shows that pre-training administration of
SB-271046 (10 mg·kg-1 i.p.) significantly attenuated CER-
induced freezing behaviour in the 24 h retention trial such
that two-way ANOVA showed a significant shock ¥ drug inter-
action (F(1, 30) = 6.45, P = 0.017). Post hoc analysis showed the
vehicle + shock group froze significantly longer than all other
groups (P � 0.001 vs. both no-shock and P � 0.01 vs.
SB-271046 + shock), and the SB-271046 + shock group froze
significantly longer than both no shock controls (P � 0.05,
Figure 1A), but froze for less than half the time of vehicle +
shock rats, which was significant (P � 0.01). In this initial
study with SB-271046, the antagonist given alone without
shock exposure had absolutely no effect on freezing time
compared with the vehicle-treated no shock control, con-
firming that it had no indirect adverse confounding effect
upon CER-induced freezing. To prevent any unnecessary
animal experimentation SB-271046 was therefore not re-
examined with no shock in further drug-response studies.
When SB-271046 was injected immediately following CER
training, there was a small but significant reduction in freez-
ing duration compared with the vehicle + shock group (P �

0.05, Figure 1B). As with previous experiments, shock treat-
ment induced a robust freezing behaviour significantly (P �

0.001) greater than seen in the vehicle + no shock group. In
contrast, when SB-271046 was administered 30 min before
the retention test (24 h post-conditioning), it had no effect
on CER-induced freezing behaviour (Figure 1C) such that
vehicle and SB-271046 + shock groups spent an equal time
freezing (>70% of the total test period). Analogous to the
previous experiments, shock treatment caused a significant
freezing response (P � 0.001) compared with the no shock-
treated group. Previous data suggest that the 5-HT6 receptor
antagonist and agonists affect acquisition and/or consolida-
tion, but not retention (King et al., 2004; Kendall et al., 2011),
so the current studies were designed to ensure optimal plasma
drug concentration during the appropriate test period, but to
simultaneously have minimal associated behavioural effects,
which could confound interpretation of the paradigm. Thus,
as the agonists had no impact on CER-induced freezing (see
later) and the antagonist had much less impact on freezing
when it was administered immediately after (rather than
before) training, in all subsequent pharmacological studies
SB-271046 or the 5-HT6 receptor agonists, EMD 386088
and E-6801, were administered immediately following CER
training.

As the cholinergic system is involved in learning and
memory including fear conditioning (Anagnostaras et al.,
1999) the effect of SB-271046 on a scopolamine-induced
impairment of CER was examined (Figure 2). Shock treat-
ment induced a significant freezing response (P � 0.001,
Student’s t-test) compared with that in the vehicle no shock
control group confirming that robust fear-motivated contex-
tual associative learning had occurred. To enable robust para-
metric analysis of data to be performed, subsequent analysis

Figure 1
Comparison of the effect of the 5-HT6 receptor antagonist,
SB-271046, injected at different stages of learning and memory on a
fear-motivated conditioned emotional freezing behaviour (s, mean �

SEM) induced 24-h post-training. Three separate groups of rats
received SB-271046 (10 mg·kg-1, i.p.) either: (A) 30 min before
training (n = 7–8); (B) immediately after training (n = 8–9); or (C)
30 min before the 24-h retention test in the chamber where the
CS–US pairing had been presented (n = 9–11). As there were bal-
anced group sizes in the initial experiment, a two-way ANOVA (shock
and drug treatment; F(1,30) = 6.45, P = 0.017) was performed, fol-
lowed by Tukey’s post hoc. As there were only two drug groups in
experiments depicted in (B) and (C), Student’s t-tests were used to
determine independent effects of shock and drug treatment on
CER-induced freezing behaviour. ***P � 0.001 and *P � 0.05 versus
own no shock control group, or †††P � 0.001; ††P � 0.01; †P � 0.05
versus vehicle shock group, ###P � 0.001; #P � 0.05 versus
SB-271046 shock group. SB = SB-271046, Veh = vehicle.
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was performed on the four groups that received CS–US shock
pairings (excluding the no shock control group). ANOVA

revealed a significant main effect of drug treatment on freez-
ing duration in shock-treated rats (F(3,30) = 12.422, P = 0.001).
Pre-training scopolamine (-20 min) administration attenu-
ated the CER-induced freezing duration (by 72% from
control, P < 0.001, Figure 2). Both doses of SB-271046 (10
and 15 mg·kg-1) partially reversed the scopolamine-induced
reduction in freezing duration (P � 0.05), but these two
5-HT6-treated groups still froze significantly less than the
saline + vehicle, shocked rats (P � 0.05).

To examine the interaction of the 5-HT6 receptor antago-
nist with glutamatergic processes involved in CER, freezing
duration was attenuated by pretreatment with the NMDA
receptor antagonist, MK-801 (Figure 3). Between-conditions
analysis revealed an overall main effect of drug treatment on
freezing behaviour 24 h post-training (ANOVA F(2,26) = 4.266,
P = 0.026), such that MK-801 administered 20 min before
training significantly attenuated freezing behaviour in the
24-h retention trial compared with that seen in the saline +
vehicle shock group (P � 0.05, Figure 3). Post-training admin-
istration of SB-271046 reversed the MK-801-induced impair-
ment (P � 0.05) to levels comparable to that in the saline +
vehicle shock group.

Effect of 5-HT6 receptor agonists, EMD
386088 and E-6801, on CER-induced
freezing behaviour and pharmacological
deficits
Consistent with all previous experiments, in all three 5-HT6

receptor agonist studies the vehicle shock-treated rats froze
significantly longer than the no-shock control groups (P �

0.001, Student’s t-test). When administered before condition-
ing at the highest dose or immediately post-conditioning (at
either dose) neither agonist (EMD 386088 or E-6801) caused
any freezing behaviour in non-shocked control rats, nor did
they have any effect on CER-induced freezing behaviour
compared with vehicle-treated shock-exposed rats in the 24 h
retention trial (Figure 4A–C).

As in the previous experiment with SB-271046, pre-
training administration of scopolamine significantly reduced
freezing behaviour, in both 5-HT6 receptor agonist studies,
compared with that of the saline + vehicle shock-treated
group (Figure 5). In both studies, ANOVA showed a main effect
of drug treatment on freezing behaviour (F(3,34) = 61.05, P =
0.001, EMD 386088 and F(3,33) = 9.363, P = 0.001, E-6801).
However, the reversal of the cholinergic-induced memory
impairment was not dose-related, such that in both 5-HT6

receptor agonist studies, the lower dose of each agonist pro-
duced a greater reversal of the scopolamine-induced memory
deficit. EMD 386088 (5 mg·kg-1) increased freezing duration
(by 49%) compared with that in the scopolamine vehicle-
treated rats, although this just failed to reach significance
(Figure 5A, P = 0.08, Tukey’s post hoc following ANOVA of all

Figure 2
Post-training administration of SB-271046 partially reversed a
scopolamine-induced deficit of freezing behaviour (s, mean � SEM)
in a CER paradigm during a 24-h retention trial. Rats were assigned
to five groups (n = 6–9), receiving either saline (1 mL·kg-1) or
scopolamine (0.3 mg·kg-1) 20 min before training, and either
vehicle [0.5% methyl cellulose, (3 mL·kg-1) or SB-271046 (10 or
15 mg·kg-1) ] given immediately following training. Student’s t-test
was performed to determine the effect of shock on freezing behav-
iour between vehicle no shock and vehicle shock-treated groups;
***P � 0.001. To determine the effect of drug treatment on the
CER-induced freezing response, ANOVA was performed on the four
remaining groups that received CS–US pairings (F(3,30) = 12.422,
P = 0.001) followed by Tukey’s post hoc test. †††P � 0.001 and
†P � 0.05 versus vehicle-vehicle shock group, #P � 0.05 versus the
scopolamine vehicle shock group. SB = SB-271046, Scop = scopo-
lamine, Veh = vehicle. Note none of the rats which did not receive a
shock during training froze when re-introduced into the test
chamber.

Figure 3
Post-training administration of SB-271046 reversed an MK-801-
induced deficit in CER-induced freezing behaviour during the 24-h
retention trial of CER (s, mean � SEM). Rats were assigned into four
treatment combination groups (n = 8–10), saline (1 mL·kg-1) or
MK-801 (0.1 mg·kg-1) was administered 20 min before training,
with vehicle 0.5% methyl cellulose (3 mL·kg-1) or SB-271046
(10 mg·kg-1) immediately following training. Effect of shock on CER-
induced freezing was analysed with a Student’s t-test between
vehicle shock and no shock-treated rats, ***P � 0.001 versus vehicle
no-shock control group. Between-conditions ANOVA followed by
Tukey’s post hoc was utilized to determine effect of drug on shock-
treated CER-induced freezing responses, F(2,26) = 4.266, P = 0.026,
†P � 0.05 versus vehicle shock group, #P � 0.05 versus MK-801
shock group. MK = MK-801, SB = SB-271046, Veh = vehicle.
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shock treated groups). E-6801 (2.5 mg·kg-1) produced a com-
parable reversal of the scopolamine-induced memory deficit
(a 44% increase, Figure 5B), but in this agonist group the
effect reached significance (Tukey’s post hoc, P � 0.05).

In the last set of experiments, the effects of post-training
administration of the 5-HT6 receptor agonists on a
glutamatergic-induced deficit in CER were examined
(Figure 6). ANOVA revealed a significant main effect of drug
treatment on freezing behaviour in both the EMD 386088
(F(2,21) = 5.794, P = 0.011), and E-6801 (F(2,24) = 7.923, P = 0.003)
groups. Post hoc analysis showed that EMD 386088

Figure 4
Lack of effect of administration of either 5-HT6 receptor agonist; (A)
EMD 386088 (10 mg·kg-1, n = 8 per group) or E-6801 (5 mg·kg-1

i.p., n = 8) or vehicle (3 mL·kg-1 i.p., n = 8) 30 min before training or
(B) injecting EMD 386088 (5 or 10 mg·kg-1, n = 7–9) or (C) E-6801
(2.5 or 5 mg·kg-1 i.p., n = 7–8) immediately post-training on the total
cumulative CER-induced freezing time (s, mean � SEM) recorded in
the 24-h retention trial in rats receiving no shocks (control) or three
shocks during conditioning (as indicated by the bar). ***P � 0.001
versus vehicle + no-shock control group and ###P � 0.001 versus
EMD 386088 (10 mg·kg-1) or E-6801 (5 mg·kg-1) + no shock group,
Student’s t-test. There were no significant differences in freezing time
between any shocked-treated groups (ANOVA). EMD = EMD 386088,
Veh = vehicle.

Figure 5
Post-training administration of 5-HT6 receptor agonists, EMD
386088 and E-6801, reversed a pre-training scopolamine-induced
memory deficit in the 24 h retention trial. Histograms represent the
total cumulative time spent freezing (s, mean � SEM) in rats treated
with either (A) EMD 386088 (5 and 10 mg·kg-1, n = 7–9) or (B)
E-6801 (2.5 and 5 mg·kg-1, n = 8–9) following a cholinergic-induced
memory impairment produced by administration of scopolamine
20 min before CER training trial. ANOVA on all shock-treated groups
showed a main effect of drug treatment on freezing behaviour
(F(3,34) = 61.05, P = 0.001, EMD 386088 and F(3,33) = 9.363, P = 0.001
E-6801, respectively). ***P � 0.001 versus saline + vehicle + no shock
control group, Student’s t-test, and †††P � 0.001 and ††P � 0.01
versus saline + vehicle shock group, #P � 0.05 versus scopolamine +
vehicle shock group (Tukey’s post hoc test). EMD = EMD 386088,
Scop = scopolamine, Veh = vehicle.
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(5 mg·kg-1) and E-6801 (2.5 mg·kg-1) administered post-
training significantly reversed (P � 0.05) the attenuation of
freezing behaviour induced by pre-training administration of
the NMDA receptor antagonist MK-801 (Figure 6). Taken
together these results provide strong evidence that activation
of the 5-HT6 receptor by two different agonists reversed both
a cholinergic- and a glutamatergic-induced memory deficit in
a rat fear conditioning-associative learning paradigm.

Discussion

The present studies validated a fear-motivated learning para-
digm, which, essential for pharmacological quantification,

induced a robust, reproducible, CER readily quantified by
measuring the duration of contextual freezing behaviour
(time spent immobile). Data were consistent with those from
previous studies showing that freezing behaviour is an estab-
lished index of conditioned fear, amenable to pharmacologi-
cal studies and parametric analysis (Anagnostaras et al., 1999;
Stiedl et al., 2000; Csernansky et al., 2005). The paradigm was
then used to assess the stage(s) of learning and memory
affected by acute administration of the 5-HT6 receptor
antagonist, SB-271046, and agonists, EMD 386088 and
E-6801. Subsequently, the ability of SB-271046, EMD 386088
and E-6801 to reverse cholinergic- (scopolamine) and
glutamatergic- (MK-801) induced memory deficits in CER was
quantified.

Fear conditioning is a robust paradigm for studying
learning and memory and many studies show rats form a
strong association between a context (CS) and foot shock
(US) (Maren and Fanselow, 1997; Sigurdsson et al., 2007).
However, rats shocked immediately after placement into a
context exhibit little or no freezing on return to that context
(Landeira-Fernandez et al., 2006; McHugh and Tonegawa,
2007), a phenomenon called immediate shock deficit, which
is prevented if time is allowed to explore the context before
shock delivery. Thus, a period of 30 s for exploration of the
light compartment occurred before the rat was allowed to
transfer to the dark compartment where the shock was
received. The current study showed that three CS–US pairings
caused reproducible contextual freezing typically lasting for
200–250 s without diminution even when first was tested
96 h post-training. This freezing, as expected, disappeared
when further US was not provided during consecutive returns
to the training context, as observed previously (Tronson et al.,
2008). Other studies have found that rats can remember a
fearful context after 16 months (Gale et al., 2004), further
supporting the view that CER produces a robust long-term
memory suitable for pharmacological analysis.

An array of preclinical studies have shown that
5-HT6 receptor antagonists restore drug-induced,
neurodevelopmental- or age-related memory impairment or
time-dependent natural forgetting in rats (Woolley et al.,
2004; Schreiber et al., 2006; Fone, 2008; Marsden et al., 2011).
However, the precise impact of these drugs on learning and
memory depends on the task used, the time of antagonist
administration and the age of the animal. Relatively few
studies have examined the effect of 5-HT6 receptor antago-
nists on associative learning, such as the CER paradigm used
in this study, a form of learning and memory impaired in
schizophrenia (Rushe et al., 1999) and Alzheimer’s disease
(Belleville et al., 2008; Hoefer et al., 2008) making it impor-
tant to determine whether these compounds affect this
behaviour as they are in phase I and II clinical trials as
potential adjunct therapy to treat the cognitive impairment
in these disorders (Codony et al., 2011; Maher-Edwards et al.,
2011). Interestingly, when given alone just before the condi-
tioning, SB-271046 reduced freezing behaviour, inconsistent
with the expected improvement in learning and memory, but
rather suggesting that it caused memory impairment. Impor-
tantly, no reduction in freezing behaviour was seen when the
drug was administered immediately before testing 24 h later,
but a small reduction also occurred when SB-271046 was
administered immediately after conditioning. One possible

Figure 6
Post-training administration of 5-HT6 receptor agonists, EMD
386088 or E-6801, reversed pre-training MK-801-induced memory
deficit during the 24 h retention trial. Total cumulative time spent
freezing (s, mean � SEM) in rats treated with either (A) EMD 386088
(5 mg·kg-1, n = 6–8) or (B) E-6801 (2.5 mg·kg-1, n = 8–9) following
a glutamatergic-induced memory impairment produced by admin-
istration of MK-801 (0.1 mg·kg-1 i.p.) 20 min before conditioning.
ANOVA on all shock-treated rats showed a main effect of both EMD
386088 (F(2,21) = 5.794, P = 0.011), and E-6801 (F(2,24) = 7.923, P =
0.003) on freezing behaviour. ***P � 0.001 versus saline + vehicle
no-shock control group, Student’s t-test, and ††P � 0.01 and
†P � 0.05 versus saline + vehicle shocked group, #P � 0.05 versus
MK-801 + vehicle shock group (Tukey’s post hoc test). EMD = EMD
386088, MK = MK-801, Veh = vehicle.
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interpretation of these data is that the 5-HT6 receptor antago-
nist impairs acquisition and, to some extent, consolidation,
but has no effect on retention in this paradigm. However, this
is inconsistent with the reversal of time-dependent natural
forgetting or drug-induced learning and memory impairment
produced by this and many other 5-HT6 receptor antagonists
in several cognitive paradigms; including NOR (King et al.,
2004), social recognition (Loiseau et al., 2008), attentional
set-shifting (Hatcher et al., 2005) and MWM learning (Marcos
et al., 2008). It is therefore more likely that the inhibition of
freezing behaviour seen when rats are conditioned in the
presence of SB-271046 is due to non-specific reduction in the
effect of conditioning. Interestingly, 5-HT6 receptor antago-
nists are anxiolytic in Vogel-punished drinking and elevated
plus maze (Wesolowska and Nikiforuk, 2007; Wesolowska
et al., 2007), which could reduce the strength of the associa-
tion between the aversive, nociceptive foot shocks and the
context where they are received and hence reduce CER-
induced freezing behaviour. However, the 5-HT6 agonists,
WAY-181187 and EMD 386088, are also anxiolytic in a
schedule-induced polydipsia model of obsessive compulsive
disorder (Schechter et al., 2008a) and Vogel conflict and
elevated plus maze tests (Nikiforuk et al., 2011), respectively.
Yet, in the current study, the agonists did not attenuate freez-
ing when administered before or immediately after training
and the antagonist did not attenuate freezing when given
before retention, so an acute anxiolytic action is unlikely to
explain why only the antagonist decreased contextual freez-
ing when given pre-training. The 5-HT6 antagonist is antino-
ciceptive in a formalin-evoked pain behaviour (Finn et al.,
2007), and such an action would reduce the effectiveness of
the US–CS association if drug was present during training, but
not if given before the retention task (as observed herein).
However the effect of 5-HT6 receptor agonists has not been
examined in such paradigms.

Therefore, administering SB-271046 before conditioning
by attenuating the aversive nature of the foot shocks would
reduce the time spent freezing on return to the conditioned
environment. In agreement with this hypothesisLindner
et al. (2003) also found that SB-271046 attenuated freezing in
a very similar two shock CER paradigm when administered
before conditioning, but they interpreted this as failure to
demonstrate any pro-cognitive effect rather than questioning
possible confounding affects. Following validation studies,
CER was used herein to determine the stage(s) of learning and
memory affected by acute systemic administration of the
5-HT6 receptor antagonist, SB-271046, and agonists, EMD
386088 and E-6801, when administered alone, and then to
examine their ability to reverse cholinergic- or glutamatergic-
induced memory impairment.

Consistent with the current observations acute adminis-
tration of 5-HT6 receptor antagonists has little effect in
passive avoidance (a fear-motivated behavioural paradigm)
but reverses a scopolamine-induced deficit in both young and
old rats (Bos et al., 2001; Riemer et al., 2003; Foley et al.,
2004), although not all groups have replicated these findings
(Lindner et al., 2003; Gravius et al., 2011). In the current
study, pre-training scopolamine administration significantly
attenuated freezing behaviour, probably due to attenuation
of central cholinergic neurotransmission, as no effect was
observed with methylscopolamine (data not shown), an

antagonist that does not cross the blood–brain barrier.
Indeed, many studies have utilized scopolamine to disrupt
conditioning and reduce contextual freezing behaviour
(Anagnostaras et al., 1999; Wallenstein and Vago, 2001;
Lindner et al., 2003; Gravius et al., 2011). The non-
competitive NMDA receptor antagonist, MK-801, also
induces a memory deficit in several behavioural tasks, includ-
ing fear conditioning (King et al., 2004; Csernansky et al.,
2005) consistent with the current findings. Results obtained
after administration of MK-801 at various stages during the
learning and memory process suggest it impairs encoding
and/or acquisition rather than consolidation or retrieval
(Nilsson et al., 2007), so in the current study, this drug was
also administered immediately before conditioning. Further-
more, intra-hippocampal administration of the NMDA recep-
tor antagonist, DL-2-amino-phosphonovaleric acid, or the
muscarinic receptor antagonist, scopolamine, before fear con-
ditioning attenuates subsequent contextual freezing (Kim
et al., 1991; Stiedl et al., 2000; Wallenstein and Vago, 2001)
consistent with the involvement of this area in the response.
SB-271046 ameliorated the memory deficits induced by both
scopolamine and MK-801 in CER, suggesting that blockade
of 5-HT6 receptors may reverse cognitive impairment by
enhancing both cholinergic and glutamatergic neurotrans-
mission. In agreement with results from the present study,
SB-271046 has been shown to reverse MK-801 deficits in
spatial learning in the water maze (Marcos et al., 2008), and
prevent the Ro-046790-induced improvement in NOR (King
et al., 2004). However, in a very recent rat CER study,
two 5-HT6 receptor antagonists failed to reverse either
scopolamine- or MK-801-induced contextual freezing impair-
ments, but the drugs were administered before conditioning,
which may have reduced the effectiveness of the condition-
ing process, as discussed earlier. 5-HT6 receptor antagonists
increase microdialysate ACh and glutamate overflow in both
the prefrontal cortex and dorsal hippocampus (Dawson et al.,
2000; 2001; Hirst et al., 2006), while activation of 5-HT6

receptors enhances hippocampal GABAergic neurotransmis-
sion, as measured using microdialysis (Schechter et al.,
2008b) or electrophysiology (West et al., 2009); these areas are
known to be involved in fear conditioning and these results
are consistent with the current data. However, discrete micro-
injection of the compounds is required to establish the
precise CNS site/s of action in this paradigm.

The original hypothesis was that 5-HT6 receptor agonists
would have opposing actions to the antagonists and impair
learning and memory (Fone, 2008; King et al., 2008).
However, initial preclinical learning and memory experi-
ments proved controversial. The 5-HT6 receptor agonist, WAY
181187, impaired social recognition in normal adult rats
(Loiseau et al., 2008), but facilitated memory in the atten-
tional set-shifting paradigm (Burnham et al., 2010). The
agonist EMD 386088 impaired performance in the operant
autoshaping task (Meneses et al., 2008). Viral vector-induced
5-HT6 receptor overexpression in the dorsal striatum impaired
acquisition of food-motivated operant learning, which was
reversed by pretreatment with the 5-HT6 receptor antagonist,
SB-258585 (Mitchell et al., 2007). In contrast, we recently
showed that EMD 386088 and E-6801 both improved natural
forgetting and reversed a cholinergic or glutamatergic impair-
ment in NOR in adult rats (Kendall et al., 2011). To date, no
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studies have evaluated the effects of 5-HT6 receptor agonists
on fear-motivated learning, as performed herein. Neither
EMD 386088 nor E-6801 given alone altered CER-induced
freezing, either when given before or immediately after train-
ing, and although no rat froze for >300 s, as the response is
near maximal in this protocol, a ceiling effect may have
prevented observation of any further enhancement.

Pre-training administration of scopolamine impaired CER
in both sets of agonist experiments. When either agonist was
administered following training in scopolamine-pretreated
rats, freezing increased close to that in vehicle controls (being
significant with E-6801 but not quite with EMD 386088),
indicating that the agonists restore memory via modulation
of cholinergic neurotransmission. This result is consistent
with results from our recent NOR studies (Kendall et al.,
2011), which showed that E-6801, at identical doses, reversed
a scopolamine-induced deficit. Of note, both agonists showed
a bell-shaped dose-response curve for the NOR (Kendall et al.,
2011), similar to the pattern observed in the present study,
where the highest dose of both EMD 386088 and E-6801
failed to reverse the scopolamine-induced deficit in CER. As
neither drug produced any locomotor hyperactivity or other
marked behaviour (data not shown) at the doses used there is
no other obvious explanation for the alteration in freezing
behaviour than reversal of amnesia. Both EMD 386088 and
E-6801 reversed MK-801-induced memory impairments seen
24 h post-training in the CER. Although the 5-HT6 receptor
agonists reverse the cognitive impairment produced by
antagonism of the NMDA receptor they may not mediate this
by increasing glutamate release, as recent electrophysiologi-
cal studies suggest 5-HT6 receptor activation inhibits prefron-
tal cortex and striatal glutamate neurotransmission (Tassone
et al., 2011) and attenuates potassium- or sodium azide-
enhanced cortical glutamate release in microdialysates
(Schechter et al., 2008a). So the precise mechanism by which
the 5-HT6 receptor agonists modify glutamate function to
reverse the NMDA-induced impairment of contextual freez-
ing is currently unclear.

The current study shows that 5-HT6 receptor antagonists
and agonists paradoxically both have little effect on CER
freezing when given alone, but reverse the memory deficits
caused by modulation of cholinergic or glutamatergic neuro-
transmission. Preclinical studies investigating the effects of
5-HT6 receptor compounds on anxiety, depression, obesity
and feeding behaviour have also shown paradoxical effects
with 5-HT6 receptor antagonists and agonists (Woolley et al.,
2001; Fisas et al., 2006; Svenningsson et al., 2007; Wesolowska
et al., 2007; Heal et al., 2008; Nikiforuk et al., 2011). As previ-
ously stated, 5-HT6 receptor antagonists improve drug-
induced learning and memory in a variety of preclinical
behavioural paradigms, and more recent studies have found
that agonists also share this effect (Fone, 2008; Burnham et al.,
2010; Kendall et al., 2011), although some groups have found
amnesic effects with the agonists (Loiseau et al., 2008;
Meneses et al., 2008). From the literature, and the current
study, it is clear that antagonists and agonists acting at the
5-HT6 receptor can induce similar behavioural responses,
although the underlying mechanisms are unclear. Dual-
labelled immunohistochemistry shows that there is little
coexistence between 5-HT6 receptors and choline acetyltrans-
ferase, and lesions of the cholinergic system using the immu-

notoxin 192-IgG-saporin has no effect on 5-HT6 receptor
mRNA or protein levels (Woolley et al., 2004; Marcos et al.,
2006), suggesting that few 5-HT6 receptors are located on
cholinergic neurones. In contrast, there appears to be exten-
sive coexistence of the receptor with glutamic acid decarboxy-
lase 67, suggesting extensive localization on GABAergic
neurones (Woolley et al., 2004). Therefore, within the hippoc-
ampus, agonists may act upon the few 5-HT6 receptors that are
located directly on the cholinergic and/or glutamatergic neu-
rones, which receive little tonic 5-hydroxytryptaminergic
input, whereas the antagonists may primarily act on 5-HT6

receptors located on upstream inhibitory GABAergic
interneurones, receiving active 5-hydroxytryptaminergic
input that disinhibits ACh and glutamate release. A recent
neurotoxin study (King et al., 2009) showed that reversal of a
time-delay induced impairment in learning and memory by
the 5-HT6 receptor antagonist, Ro-04 6790, on NOR was abol-
ished by the destruction of midbrain raphe neurones, consist-
ent with its action requiring tonic 5-HT release, but no similar
study has been performed with 5-HT6 receptor agonists.
Therefore, both agonist and antagonist may enhance gluta-
mate function and ACh neurotransmission in the cortex
and/or hippocampus by different loci of action, accounting
for their ability to reverse scopolamine- and MK-801-induced
deficits in CER. An alternative or additional possibility is that
the 5-HT6 receptor antagonists and agonists operate through
modulation of distinct intracellular signalling pathways. In
vitro studies show that 5-HT6 receptors expressed in cell lines
are positively coupled to cAMP production by coupling to
Gs (Ruat et al., 1993; Shen et al., 1993; Kohen et al., 1996).
However, recent studies show that the human 5-HT6 receptor
also interacts with Fyn-tyrosine kinase (Yun et al., 2007), the
transcription factor jab1 (Yun et al., 2010) and mTOR (Meffre
et al., 2010), a PK involved in the initiation of mRNA transla-
tion and thought to be important for consolidation of learn-
ing (Myskiw et al., 2008). Furthermore, the 5-HT6 receptor
agonist, LY-586713, has been found to increase expression
of frontal cortical brain-derived neurotrophic factor and
the immediate early gene activity-regulated cytoskeletal-
associated, neither of which were not antagonized by 5-HT6

receptor antagonist SB 271046 (De Foubert et al., 2007), con-
sistent with the suggestion that they could regulate different
molecular mechanisms. The agonists and antagonists could
therefore act differentially on these various pathways in dif-
ferent neuronal populations and ultimately produce similar
beneficial effects on learning and memory.

These results provide further evidence for the potential
use of 5-HT6 receptor ligands to treat learning and memory
deficits, such as those seen in Alzheimer’s disease and/or
schizophrenia. As both 5-HT6 receptor antagonists and ago-
nists can reverse drug-induced impairment in CER, it will be
interesting to determine their respective underlying molecu-
lar mechanisms and establish in clinical trials (Upton et al.,
2008; Maher-Edwards et al., 2010; 2011) which has the great-
est efficacy, if any, in treating cognitive disorders in man.
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