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The anatomical distribution and pharmacology of serotonin 6 receptors (5-HT6Rs) implicate them as contributors to the serotonergic

regulation of complex behavior. To complement the limited range of pharmacological tools available to examine 5-HT6R function, we

have generated a mouse line bearing a constitutive null mutation of the 5-HT6R gene. No perturbations of baseline behavior were noted

in a wide array of assays pertinent to multiple neurobehavioral processes. However, 5-HT6R mutant mice demonstrated reduced

responses to the ataxic and sedative effects of ethanol. No differences in ethanol metabolism were evident between wild-type and

5-HT6R mutant mice. These findings implicate 5-HT6Rs in the serotonergic modulation of responses to ethanol.
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INTRODUCTION

Serotonin (5-hydroxytryptamine, 5-HT) is an important
regulator of many complex neuropsychological processes,
including affect, exploration, motivation, feeding, and
responses to substances of abuse (Aghajanian and
Sanders-Bush, 2002; Barnes and Sharp, 1999). To date, 14
serotonin receptor subtypes that mediate the CNS actions of
5-HT have been identified (Hoyer et al, 1994; Barnes and
Sharp, 1999). The functional significance of a number of
these receptor subtypes remains unclear. This is the case for
the 5-HT6R, a G-protein-coupled receptor that is positively
linked to the adenylate cyclase second messenger system
(Monsma et al, 1993; Ruat et al, 1993; Kohen et al, 1996;
Branchek and Blackburn, 2000). Receptor expression in
rats, guinea pigs, and humans appears CNS-limited and
most prominent in the caudate-putamen, nucleus accum-
bens, and olfactory tubercle, with lesser expression in the
hippocampus, cortex, and amygdala (Monsma et al, 1993;
Ruat et al, 1993; Ward et al, 1995; Kohen et al, 1996; Roberts
et al, 2002). Several classes of psychotropic drugs such
as atypical antipsychotics, tricyclic antidepressants, and

hallucinogens bind with high affinity to 5-HT6Rs (Monsma
et al, 1993; Roth et al, 1994; Glatt et al, 1995). Thus, the
expression pattern and pharmacological properties of
5-HT6Rs indicate that they may contribute to serotonergic
modulation of clinically relevant neuropsychological pro-
cesses and psychopharmacological responses. Administra-
tion of 5-HT6R antagonists and antisense oligonucleotides
have been reported to produce several behavioral effects in
rodents, including feeding suppression (Svartengren et al,
2004), yawning and stretching (Bourson et al, 1995; Sleight
et al, 1996; Sleight et al, 1998; Bentley et al, 1999), decreased
anxiety-related behaviors (Hamon et al, 1999), and
improved performance in learning and memory tasks
(Meneses, 2001; Rogers and Hagan, 2001; Woolley et al,
2001; Russell and Dias, 2002; Lindner et al, 2003; Riemer
et al, 2003).

The prominent expression of 5-HT6Rs within dopami-
nergic terminal fields (Boess et al, 1998; Gérard et al, 1997;
Hamon et al, 1999), including the nucleus accumbens, raises
the possibility that these receptors may also play a role in
the serotonergic modulation of responses to substances of
abuse. Rats treated with 5-HT6R antagonists showed greater
sensitivity to the locomotor and reinforcing effects of
amphetamine, and elevated extracellular dopamine in the
prefrontal cortex compared to those treated with vehicle
(Frantz et al, 2002).

Genetic association studies also suggest that specific
5-HT6R polymorphisms may be associated with several
major neuropsychiatric diseases, including schizophrenia
(Tsai et al, 1999a; however, see Shinkai et al, 1999; Ohmori
et al, 2001) and Alzheimer’s disease (Tsai et al, 1999b;
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however, see Thome et al, 2001). 5-HT6R polymorphisms
may also influence clinical responses to atypical antipsy-
chotic drugs (Lane et al, 2004).

To examine functional roles of 5-HT6Rs, we used a gene
targeting approach to produce mice constitutively lacking
these receptors. Although extensive assessment of these
animals revealed no abnormalities of baseline behaviors,
marked abnormalities were observed in behavioral re-
sponses of these animals to ethanol. We report that mice
lacking 5-HT6Rs have decreased sensitivity to ethanol-
induced ataxia and sedation, and increased ethanol-induced
open field locomotion. These findings suggest that 5-HT6R
activity might influence susceptibility to the effects of
ethanol.

MATERIALS AND METHODS

Targeting Vector

An 11 kb DNA fragment encoding the first exon of the htr6
gene was obtained from a 129 mouse P1 bacteriophage
library (gift from Drs Mark Hamblin and Ruth Kohen,
Seattle, WA). Within this fragment, a 300 bp PstI–PstI
segment encoding a portion of the 5-HT6R protein from the
middle of the third to the end of the fifth transmembrane
domain was deleted and replaced by a neomycin-resistance
gene cassette (NEO) driven by a phosphoglycerate kinase
(PGK) promoter (PGK/NEO). A herpes simplex virus
thymidine kinase (TK) gene driven by a PGK promoter
(PGK/TK) was placed at the 30 end of the genomic sequence
to complete the p5HT6TKN targeting construct (Figure 1a).

Generation of Homologous Recombinant Clones

The p5HT6TKN construct was linearized and electroporated
into 129-derived JM1 embryonic stem (ES) cells (gift of
Dr Roger Pedersen), followed by application of a standard
positive–negative selection strategy (Mansour et al, 1988) to
enrich for targeted clones. The resulting ES cell colonies
were screened for homologous recombination by Southern
blot analysis. A genomic fragment (HindIII–XbaI) corre-
sponding to a region 30 to the expected integration site was
used to probe genomic DNA digested with XbaI. Wild-type
and mutant alleles were indicated by 11 and 7.5 kb
fragments, respectively (Figure 1a and b). Greater than 6%
of drug-resistant clones had undergone homologous
recombination, as confirmed by Southern blotting using
the indicated 50 probe with XbaI-digested genomic DNA
(data not shown).

Generation of 5-HT6R Null Mutant Mice

Male chimeras produced by injection of targeted ES cells
into C57BL/6J blastocysts were bred with C57BL/6J females.
Germline transmission of the targeted mutation was verified
by Southern blot analysis of tail DNA from F1 offspring.
Experimental animals were derived from heterozygote
crosses to produce wild-type, heterozygous, and homo-
zygous mutant mice (Figure 1c). All mice used in these
studies had a C57BL/6J allelic contribution of X75%.
Animal care and handling procedures were in accordance
with the UCSF institutional guidelines and federal regula-
tions.

Figure 1 Production of 5-HT6R null mutant mice. (a) A schematic representation of the native allele, targeting vector, and mutant allele following
homologous recombination. The 7.5 and 11 kb fragments obtained from Southern blotting are highlighted. (b) A representative Southern blot of XbaI-
digested ES cell genomic DNA; the wild-type allele is indicated by an 11 kb fragment, while the mutant allele is indicated by a 7.5 kb fragment. (c) A
representative Southern blot of XbaI-digested genomic DNA in wild-type ( + / + ), heterozygous ( + /�), and mutant (�/�) mice. (d) A representative
Northern blot of whole brain polyA+ RNA in wild-type, heterozygous, and mutant mice. X: XbaI, P: PstI, H: HindIII, PGK: phosphoglycerate kinase, TK:
thymidine kinase, NEO: neomycin-resistance cassette.
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Northern Blot Analysis

Total RNA was extracted with Trizol reagent (Life
Technology) from whole brains. From these total RNAs,
poly A + RNA was purified using an oligo dT column as
described (Sambrook et al, 2001). Nine micrograms of poly
A + RNA were run on a formaldehyde gel and transferred to
a Duralon-UV membrane (Stratagene), which was then
hybridized with a 32P-radiolabeled DNA probe correspond-
ing to the 300 bp portion of the htr6 coding region that had
been deleted from the targeting vector. Following hybridi-
zation, washes and film development, blots were stripped
and rehybridized with a GAPDH probe for an internal
standard.

Behavioral Testing

Mice were group-housed (4–6 mice per cage) in standard
polycarbonate mouse cages (29� 18.5� 13 cm) with free
access to food and water under a 12 h light/dark cycle.
Behavioral assays were performed using male mice between
the ages of 3 and 6 months. Unless otherwise indicated,
naı̈ve mice were used for each behavioral assay, and cohorts
of size n¼ 8 were used for each group. Between subjects,
testing apparatus were cleaned with a 0.25% bleach
solution, wiped down with water, and then dried. All
animals were tested during the light cycle. All experimental
conditions were counterbalanced by genotype. Approxi-
mately 3 min before each assay, animals were removed from
their home cage and placed in a clean holding cage for
transfer, except for photobeam activity monitoring, where
animals were placed into the test chambers directly from
home cages. For all behavioral tests, investigators were
blind to genotype and drug treatment.

Open Field

A 4-unit open field was used, consisting of a white Kydex
box divided into four separate 50� 50� 38 cm chambers,
allowing four animals to be tested concurrently. A video
camera was mounted directly above the chambers to
monitor animals’ activity and movement. Four mice were
briefly kept in individual holding cages before being
simultaneously placed into the open field chambers.
Distance traveled was assessed for 30 min with a video
tracking system (Poly-track, San Diego Instruments).
Assignments to the four chambers were counterbalanced
by genotype. Mouse activity within 7 cm of the chamber
walls was defined as occurring within the peripheral zone;
activity further from the walls was considered to occur
within the center zone.

Elevated Zero Maze

A zero maze (34 cm inner diameter, 46 cm outer diameter,
on four-braced legs 40 cm off the ground) was used
according to the procedures previously described (Heisler
et al, 1998). Mice were removed from their home cage to a
transfer cage, and then placed in the center of one of the
closed quadrants. Latency to enter an open quadrant (all
four paws), time spent in open quadrants, number of
closed-to-open quadrant transitions, and head dips were

live-scored in a blinded fashion during the 6 min test by a
remote observer.

Home Cage Activity

Animals were housed individually in rat cages
(48� 27� 13 cm) with bedding, food and water, under a
12 h light/dark cycle. To assess activity, beam breaks were
collected each hour for 3 days with a photobeam activity
system (FlexField, San Diego Instruments). Both horizontal
locomotor activity (as monitored by a 4� 8 array of infra-
red photobeams) and rearings (as scored by an elevated set
of eight infra-red photobeams) were recorded. The animals
were placed in the system at noon on day 1.

Prepulse Inhibition

Acoustic startle responses and prepulse inhibition of
acoustic startle were evaluated using SR-LAB hardware
and software (San Diego Instruments). Mice were placed in
clear acrylic testing chambers within the startle chambers.
Chambers were not lit during testing. All subjects received a
5 min acclimation period where the only input stimulus was
70 dB background white noise. Following this acclimation,
mice were briefly habituated to six 120 dB startle stimuli
(0 ms rise time, 40 ms plateau, 0 ms fall time). Startle
habituation was followed by prepulse–startle trials. Prepulse
stimulus intensities were 4, 8, or 16 dB above the 70 dB
background (0 ms rise time, 20 ms plateau, 0 ms fall time),
and preceded the 120 dB startle stimulus by 80 ms. During
the session, 10 trials each of all three prepulse conditions, as
well as control 120 dB startle stimuli presented without a
prepulse, and trials of no stimulation (which provide an
upper bound on the maximum prepulse inhibition possible)
were randomly interspersed and separated by an average of
150 s (range 70–230 s). Peak startle responses were detected
and measured by piezoelectric sensors located under the
testing chambers.

Morris Water Maze

Three cohorts of 24 animals each (eight per genotype) were
trained using a visible platform/hidden platform version of
the water maze task. Prior to each training session, mice
were removed from their group cages and individually
housed in holding cages for the duration of that day’s
training (approximately 6 h). Investigators were blinded
to mouse genotype throughout training and testing. An
8� 8 cm clear Plexiglas platform with an attached
7.5� 7.5� 7.5 cm3 black Plexiglas cube (visible platform)
was centered in a randomly selected quadrant of a circular,
92 cm inner diameter polyethylene tank filled with warm
water made opaque using white tempura-based paint
(DryTemp powder tempura). Multiple objects were placed
in the testing room to act as distal cues; these cues remained
constant through all experiments. In one training block, a
mouse was gently transported from its holding cage and
released into the water facing the maze wall. Swimming
paths were videotaped and analyzed using a commercially
available software package (EthoVision, Noldus Inc.). The
trial ended when the mouse mounted the platform with all
four paws or if the mouse did not mount the platform after
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60 s of swimming. All mice spent 20 s on the platform before
returning to the holding cage. Following a 1-min rest
interval, the mouse was returned to the maze at a different
starting quadrant and the above process repeated until all
four quadrants had been tested over four trials. Each mouse
underwent two blocks of training per day. On day 3 (block
5), the visible platform was replaced by an 8� 8 cm clear
Plexglas platform submerged 0.5–1 cm below water level
(hidden platform). All mice received 5 days (10 blocks) of
training to the hidden platform. Once all mice completed
the final training block, the hidden platform was removed
from the maze, and all mice received a 1-min probe trial
starting from the maze location opposite the old platform
position. Probe trials for two of the cohorts were performed
immediately after the final block of hidden platform testing;
the probe trial for the remaining cohort was performed 28
days after the final day of hidden platform testing.

Motor Coordination

Motor coordination was assessed with an Accurotor rotarod
(Accuscan Instruments). The rotation rate was accelerated
from zero to 30 rpm over 5 min, and continued at 30 rpm for
5 more minutes until the end of one trial. Four animals were
tested concurrently in separate 11 cm-wide compartments
on a rod approximately 3 cm in diameter and elevated
35 cm. Each animal was assessed over seven trials with
20-min intertrial intervals. In each trial, the latency to fall
from the rod was recorded.

Physostigmine-Induced Stretching and Yawning

Wild-type, heterozygous, and homozygous mutant mice
were individually transferred to a holding cage where they
received an intraperitoneal (i.p.) injection of either saline
vehicle or the cholinesterase inhibitor physostigmine at 0.2
and 0.4 mg/kg (n¼ 8 per genotype-dosage combination).
Yawning, stretch-attend, and locomotor behaviors were
continuously scored for 1 h following injection.

Locomotor Response to Amphetamine

Wild-type, heterozygous, and homozygous mutant mice
were transferred to rat cages and habituated for 120 min,
prior to receiving an i.p. injection of saline on day 1 and
amphetamine 10 mg/kg (high dose) on day 2. Additional
wild-type and homozygous mutant mice were transferred to
rat cages and habituated for 120 min prior to receiving an
i.p. injection of saline on day 1, and saline or amphetamine
2 mg/kg (low dose) on day 2. Mice receiving saline on day 2
received amphetamine 2 mg/kg on day 9, and vice versa.
Cages were positioned on the photobeam activity system;
locomotor activity and rearing were recorded for 120 min
before and 60 min after i.p. injection. One cohort of 16 mice
each (eight wild type, eight mutant) received high-dose
amphetamine; two cohorts received low-dose amphetamine.

Ethanol-Induced Ataxia

The Accurotor rotarod apparatus was used as described
above with the following modification in procedure. Before
initiation of rotation, mice were placed on the stationary

rod facing opposite the direction of rotation, and within 10 s
the rod speed was increased to 8 rpm. Each mouse was
tested on the rotating rod for a maximum of 100 s. Each
mouse was tested in the following sequence: day 1-training
session, day 3-saline session 1, day 5-saline session 2, day
8-ethanol 1.5 g/kg, day 12-ethanol 2 g/kg, day 16-ethanol
2.5 g/kg. On the training day, mice were tested for their
ability to stay on the rotating rod for more than 100 s for
three out of 10 trials with each trial at least 2 min apart.
None of the tested mice failed to meet this criterion. On
the saline and ethanol test days, mice were first given one
test on the rod, followed by i.p. injection of either saline or
ethanol and tested 15 min later.

Ethanol-Induced Loss of Righting Reflex (LORR)

Mice were injected with 3.5 g/kg i.p. ethanol and put in a
supine position in a plastic V-shaped trough. LORR was
confirmed when the animals failed to right themselves and
stand on all four paws for three times within a 30-s period.
The length of LORR was recorded for each mouse. The test
sequence of mice was counterbalanced by genotype.

Locomotor Response to Ethanol

Mice were tested in a photobeam activity system (FlexField,
San Diego Instruments) configured to monitor both
horizontal locomotor activity and rearings. In each test
session, mice were habituated in the activity chamber for 2 h
followed by i.p. injection of either saline or 2 g/kg ethanol.
After injection, activity monitoring continued for 60 min.
The schedule for injection was: day 1-saline, day 2-saline,
day 3-ethanol or saline, day 9-saline or ethanol (reversed
treatment from day 3).

Ethanol-Induced Hypothermia

At 3 weeks after testing ethanol-induced locomotion, mice
were transferred to holding cages 30 min prior to 2 g/kg
ethanol administration in a room maintained at ambient
temperature. A thermistor probe (TH-5 thermometer,
Physitemp) was inserted 1.5 cm into the rectum, and the
temperature reading was recorded immediately before and
10, 20, 30, 40, and 60 min after ethanol injection.

Blood Ethanol Concentration

In a time course study, mice were injected with ethanol 3.5
g/kg i.p. and the tail blood was collected 10, 30, and 90 min
postinjection. At 270 min postinjection, mice were decapi-
tated and their trunk blood was collected. Whole blood
samples (50–100 ml) were immediately placed on ice and
centrifuged within 30 min to obtain plasma for further
analysis. Plasma ethanol concentration was analyzed in an
alcohol oxidation reaction using alcohol dehydrogenase
with NAD as a cosubstrate as supplied in a Diagnostics
Alcohol Reagent Kit (Sigma). Absorbance at 340 nm of the
reaction product was measured with an Ultraspec 1000
spectrophotometer (Pharmacia). An ethanol standard solu-
tion (Sigma) was used to standardize the conversion of
absorbance to ethanol concentration.
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Ethanol Two-Bottle Preference Test

Mice of each genotype were individually housed for 2 weeks.
Four control cages (with no mice) were also established
at this time to estimate fluid loss from evaporation,
dripping, and experimental error. Two bottles (each
containing water) were introduced to all cages for 2 days
to assess side preferences and basal fluid intake. Bottle
spouts had sipper balls to minimize fluid leakage. Ethanol
solution was then substituted for water in one bottle;
mice first received 3% ethanol for 4 days, followed by 6%
ethanol for 4 days, followed by 10% ethanol for 4 days,
followed by 20% ethanol for 4 days. Mice had ad lib access
to both bottles throughout the experiment. Both water and
ethanol bottles were weighed daily during this time, and
within each cage bottles were switched daily to prevent the
development of place preference. On days when ethanol
concentrations changed, mice were weighed. To assess
ethanol intake over a stable baseline, only data from the last
3 days spent at a given ethanol concentration were further
analyzed. Changes in ethanol and water weights from
control cages were subtracted from the changes determined
in subject cages.

Statistics

Behavioral scores were analyzed for normality using
the Shapiro–Wilk’s test. One-way or repeated measure
ANOVA, followed by Tukey HSD post hoc tests, were used
to compare the effect of genotype on normally distributed
variables. Genotype comparisons of variables that were not
normally distributed were analyzed with the Kruskal–Wallis
H test, followed by Tukey HSD post hoc tests. All figures
display the mean and standard error of the data to illustrate
the central tendency of the variables. For all analyses,
significance was assigned at the po0.05 level. Sigma Stat
(SPSS) was the statistical software package used for all
analyses.

RESULTS

Generation of 5-HT6R Null Mutant Mice

Homologous recombinant ES cell clones were produced
with an overall frequency of approximately 6% of drug-
resistant colonies (Figure 1b). Blastocyst injections of
targeted cells yielded chimeric mice that were bred with
C57BL/6J females. Germline transmission of the mutation
was confirmed by Southern blot analysis (Figure 1c). To
assess the abundance of intact 5-HT6R mRNA within
the brains of mutant mice, Northern blot analysis was
performed. Blots were probed with a radiolabeled fragment
corresponding to the deleted region of the gene. A 4.2 kb
band was apparent for wild-type, but not mutant samples;
an approximate 50% reduction in the abundance of intact
transcript was observed for heterozygotes (Figure 1d). We
attempted to confirm loss of protein product via auto-
radiography using the ligand 125I-SB258585 (Roberts et al,
2002); however, we were unable to detect specific binding in
wild-type brains. This finding is consistent with recent
observations indicating that the affinities of ligands used to
characterize 5-HT6Rs in the rat (such as 125I-SB258585)

demonstrate reduced affinity for the mouse homolog, and
that 5-HT6R expression levels in the mouse are reduced
relative to those in the rat (Hirst et al, 2003).

Heterozygote crosses produced wild-type, heterozygous,
and homozygous mutant mice in the expected Mendelian
ratios, indicating that the mutation does not impair
embryonic or postnatal viability. 5-HT6R mutant mice
were healthy and normal in appearance. No phenotypic
differences in body weight were noted across cohorts
of male mice (Supplementary Figure S-1). No overt
phenotypic abnormalities were noted in brain weight,
cytoarchitecture, monoamine levels, serotonin, dopamine,
and noradrenergic neuron distribution, or striatal
dopamine D1 and D2 receptor expression (Supplementary
Figure S-2).

Absence of Phenotypic Abnormalities of Diverse
Baseline Behaviors

Cohorts of wild-type, heterozygous, and 5-HT6R mutant
mice were assessed for behavioral alterations over multiple
domains, including exploratory and anxiety-related beha-
viors, home cage activity, sensorimotor gating, and
cognitive function. There were no genotype-related differ-
ences in overall exploratory behavior as measured by
distance traveled in an open field (Figure 2a), nor were there
any differences in open field anxiety-related behaviors as
evaluated by time spent in the field center vs periphery
(Figure 2b). Similarly, there was no evidence of an anxiety-
related phenotype in an elevated zero maze (ie no
differences in total open quadrant dwell time, number of
transitions between open and sheltered maze quadrants,
or head dips, Figure 2c). Loss of 5-HT6R function also
appeared to have no effect on circadian modulation of
locomotor activity. Wild-type, heterozygous, and mutant
mice individually housed for 3 days in photobeam activity
systems demonstrated no difference in activity onset or
offset timing, or in total activity (measured by photobeam
breaks, Figure 2d).

Sensorimotor gating was evaluated by prepulse inhibition
of acoustic startle responses. Wild-type, heterozygous,
and 5-HT6R mutant mice appropriately demonstrated
increased inhibition of a 120 dB startle stimulus with
increasing prepulse magnitudes; however, there were
no genotype-related differences in prepulse inhibition
(Figure 2e). There were also no phenotypic differences in
baseline responses to the 120 dB startle stimulus (data not
shown).

To assay for possible changes in cognitive function, we
employed a standard Morris water maze protocol to assess
place learning. Three separate experiments were performed
and demonstrated no phenotypic differences in acquisition
of either the visible or hidden platform tasks (Figure 3a).
Similarly, no differences were noted in probe trial
performance (performed immediately after the last block
of hidden platform trials, Figure 3b). To determine if there
were differences in consolidation of long-term spatial
memories, one probe trial was performed 28 days after
the last day of hidden platform training; again, no
performance differences were found between wild-type
and mutant mice (Figure 3c).
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Absence of Phenotypic Abnormalities in Responsiveness
to Amphetamine and Physostigmine

Locomotor response to 2 or 10 mg/kg i.p. amphetamine
treatment yielded no phenotypic differences (Supplemen-
tary Figure S-3). No phenotypic differences in baseline
frequency of stretching or yawning behaviors were noted
(data not shown). Similarly, no differences in either
stretching or yawning behaviors were appreciated between
wild-type, heterozygote, or 5-HT6R mutant mice following
treatment with saline vehicle or the cholinesterase inhibitor
physostigmine (Supplementary Figure S-4).

5-HT6 R Mutant Mice have Decreased Sensitivity to the
Ataxic and Sedative Effects of Ethanol

In an accelerating rotarod assay, all mice showed improved
performance following repeated trials, and no phenotypic
differences in motor coordination or motor learning were
observed (Figure 4a). However, 5-HT6R null mutant mice
displayed reduced sensitivity to the ataxic effects of a 2 g/kg
ethanol injection, remaining on the rotating rod substan-
tially longer than both the wild types and heterozygotes
(Figure 4b). A similar trend (that did not reach statistical
significance) was noted in mouse rotarod responses after

Figure 2 5-HT6R mutant mice baseline behavioral screening. (a) No phenotypic differences in overall locomotor distance in a novel environment (over
30min in the open field test, F2,21¼ 0.424, p¼ 0.66). (b) No phenotypic differences in open field measures of anxiety-related behaviors. Top group of lines
represents total time spent within 7 cm of open field walls (periphery); bottom group of lines represents total time spent within field center in the same
30min trials. (c) No phenotypic differences in elevated zero maze measures of anxiety-related behaviors (F2,21¼ 0.816 (total open arm time), 1.755 (zone
transitions), 1.027 (head dips), all NS). (d) Similar diurnal patterns of activity in wild-type (n¼ 9) and 5-HT6R mutant (n¼ 10) mice. Time-of-day had a
significant effect on activity, such that animals were more active in the dark phase than in the light phase (F1,17¼ 63.46, po0.001); however, no phenotypic
differences in activity levels or diurnal activity patterns were observed (F1,17¼ 2.144, p¼ 0.161). Right panel depicts cumulative beam breaks over the second
and third days (light cycle, po0.14 Student’s t-test) and nights (dark cycle, po0.23, Student’s t-test). (e) No differences noted in prepulse inhibition between
wild-type (n¼ 15), heterozygous (n¼ 16), and mutant (n¼ 15) mice receiving prepulses 4, 8, and 16 dB above the baseline 70 dB prior to a 120 dB startle
stimulus. The rightmost bars are responses within the startle chamber in the absence of a startle stimulus, and represent the maximum prepulse inhibition
that may be possible. Repeated measure ANOVA demonstrated a significant effect of stimulus magnitude across all genotypes (F3,41¼ 32.7, po0.001), but
no significant differences attributable to genotype or a genotype*stimulus interaction. Unless otherwise mentioned, cohort sizes were 8 per genotype, and
error bars are71 standard error.
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1.5 g/kg ethanol injection (Supplementary Figure S-5); by
contrast, animals of all genotypes were unable to perform
the rotarod assay after 2.5 g/kg ethanol injection due to
sedation. These findings suggest that 5-HT6R null mutant
mice are less sensitive to the ataxic effects of ethanol.
However, since mice in the 2 g/kg experimental group had a
single 1.5 g/kg ethanol injection 4 days before testing, we

cannot exclude the possibility that phenotypic differences in
ethanol tolerance contributed to these results.

5-HT6R mutant mice were also more resistant to the
sedative effect of ethanol, as tested by LORR. 5-HT6R
mutants regained the righting reflex significantly faster after
3.5 g/kg ethanol injection compared to wild-type animals,
with heterozygotes exhibiting an intermediate effect
(Figure 4c). Mutant mice also displayed increased initial
hyperlocomotor responses to ethanol, with increased
locomotion in the first 5 min after 2 g/kg ethanol injection
(Figure 4d). By contrast, no phenotypic differences were
observed in locomotor responses to saline injections (data
not shown).

No differences between wild-type and 5-HT6R mutant
mice were noted in ethanol-induced hypothermia following
a single 2 g/kg ethanol injection (Figure 4e). Thus, the
5-HT6R mutation may dissociate ethanol-induced ataxic
and sedative effects from ethanol-induced hypothermic
effects. However, more extensive dose–response studies
would be required to definitively exclude the possibility that
the 5-HT6R mutation alters hypothermic responses to
ethanol. Assays of blood ethanol concentration following a
single 3.5 g/kg ethanol injection detected no differences in
ethanol metabolism between wild-type and 5-HT6R mutant
mice (Figure 4f).

No Differences in Two-Bottle Ethanol Preference
Between Wild-type and 5-HT6R Mutant Mice

In light of phenotypic differences in acute responses to
ethanol, we examined ethanol preference in these mice.
Figure 5 depicts the results of a two-bottle preference test, a
simple behavioral assay for altered ethanol ingestion between
wild-type and 5-HT6R mutant mice. No differences were
noted in either ethanol ingestion (Figure 5a) or ethanol
preference ratio (ethanol solution consumed/total fluid intake;
Figure 5b) between wild-type and 5-HT6R mutant mice.

DISCUSSION

We have presented initial analyses of mice bearing a
constitutive null mutation of the 5-HT6 receptor. Although
these animals perform normally in a wide variety of
standard behavioral assays, they exhibit abnormal re-
sponses to ethanol. These mice are less sensitive to the
acute ataxic and sedative effects of ethanol as measured in
rotarod and loss-of-righting-reflex assays; they also display

Figure 3 5-HT6R mutant mice cognitive testing. (a) No phenotypic
differences were noted in escape latencies during the visible or hidden
platform tasks of the Morris water maze (n¼ 24 wild type, 16
heterozygous, 24 mutant, F2,59¼ 1.417 for genotype effect (NS),
F18,531¼ 0.211 for genotype*block interaction (NS)). Mice trained to
quadrant 2. (b) No phenotypic differences in probe trial performance
(training responses shown in panel a) were noted. Leftmost bars represent
quadrant dwell times, rightmost bars represent platform crossings, all mice
trained to quadrant 2. (c) No phenotypic differences in 28-day delayed
probe trial performance as measured by time spent in trained quadrant
(cohorts of eight per genotype, one-way ANOVA, primary factor
genotype, F2,19¼ 2.2378, po0.1341). Mice trained to quadrant 4. Error
bars are71 standard error.
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increased locomotion immediately following ethanol ad-
ministration. These findings represent the initial indication
that 5HT6Rs contribute to serotonergic influences on
ethanol responses.

5-HT6R-Influenced Behaviors

Initial studies that demonstrated high binding affinities of
atypical antipsychotic agents such as clozapine at 5-HT6Rs
(Roth et al, 1994) raised the possibility that this receptor
influences sensorimotor gating and/or psychotic processes.

Some studies indicated that 5-HT6R antisense oligonucleo-
tides (Bourson et al, 1995; Sleight et al, 1996) or 5-HT6R
antagonists (Unsworth and Molinoff, 1994; Sleight et al,
1998; Bentley et al, 1999; Routledge et al, 1999) produced
yawning-stretching behaviors that could be blocked by the
muscarinic cholinergic antagonist atropine or potentiated
by the cholinesterase inhibitor physostigmine. Other studies
have implicated 5-HT6Rs in the modulation of cognitive
processes (Russell and Dias, 2002). However, studies of the
roles of 5-HT6Rs in these and other behavioral processes
have produced conflicting results.

Figure 4 Altered acute ethanol responses in 5-HT6R mutant mice. (a) No differences in baseline rotarod performance between wild-type, heterozygous,
and mutant mice over the seventh training sessions. Performance at the end of the seventh trial session was improved relative to initial performance for all
groups (F6,96¼ 10.38, po0.001 for time, F2,16¼ 0.486, p¼ 0.624 for genotype). (b) Following 2 g/kg ethanol administration, 5-HT6R mutant mice remained
on the rotarod significantly longer than both heterozygote and wild-type mice (F2,23¼ 4.753, po0.05). (c) Following 3.5 g/kg ethanol administration, 5-HT6R
mutant mice regained their righting reflex more rapidly than either heterozygous or wild-type mice (F2,23¼ 8.451, po0.005). (d) 5-HT6R mice show
increased sensitivity to ethanol-induced locomotor hyperactivity effects in the initial 5min after 2 g/kg ethanol (F2,23¼ 4.591, po0.05) administration. (e) No
phenotypic differences in ethanol-induced (2 g/kg) hypothermia (F2,21¼ 0.31, p¼ 0.737) were observed. (f) No differences in blood ethanol concentration
(F1,14¼ 1.518, p¼ 0.238) were observed between wild-type and 5-HT6R mutant mice. Cohort sizes were eight per genotype; error bars are71 standard
error. Asterisks denote relationships whose statistical significance were po0.05.
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With regard to cognition, rats acutely treated with
5-HT6R antagonists demonstrated improved spatial mem-
ory retention 1 week after Morris maze training (Woolley
et al, 2001; Stean et al, 2002). 5-HT6R antagonists also
enhanced acquisition and reversed a scopolamine-evoked
deficit in rat operant autoshaping and passive avoidance
tasks (Bos et al, 2001; Meneses, 2001; Riemer et al, 2003).
Pretreatment with a 5-HT6R antagonist also improved rat
performance of an attentional set-shifting task, a rodent
analog of the Wisconsin card sorting test, a commonly used
assay of cognitive-guided sorting (Hatcher et al, 2005).
However, other investigators have been unable to demon-
strate 5-HT6R-induced enhancements of cognitive function
(Russell and Dias, 2002; Lindner et al, 2003). In three
different cohorts, we were unable to demonstrate pheno-
typic differences in either Morris water maze acquisition or
probe trial performance.

Similar uncertainty exists regarding the relationship
between 5-HT6Rs and anxiety-related behaviors. In rats,
continuous intraventricular infusion of 5-HT6R antisense
oligonucleotides evoked increased anxiety-related behaviors
on an elevated plus maze and a social interaction test
(Hamon et al, 1999; Otano et al, 1999). However, similar
treatments failed to alter conditioned freezing responses in
rats (Yoshioka et al, 1998). We have been unable to detect
a significant anxiety-related phenotype in 5-HT6R null
mutant mice.

Few studies have investigated how 5-HT6Rs may mod-
ulate responses to substances of abuse. Rats pretreated with
the selective 5-HT6R antagonist SB 258510A demonstrated

enhanced locomotor responses to amphetamine treatment
that were accompanied by increased extracellular dopamine
efflux in the prefrontal cortex (Frantz et al, 2002). However,
this effect was not observed in response to cocaine
administration (Frantz et al, 2002). We were unable to
demonstrate differences in locomotor sensitivity to either
low- or high-dose amphetamine treatment between wild-
type and 5-HT6R mutant mice. However, a more extensive
dose–response study would be required to definitively
exclude the possibility that the mutation alters sensitivity to
amphetamine at other doses not tested in these animals.

To obtain a more complete behavioral profile of the 5-
HT6R mutant mice, we further surveyed a number of
baseline behaviors, including circadian rhythms of loco-
motor activity, exploration in a novel open field, motor
coordination, and sensorimotor gating. We were unable to
detect any phenotypic differences in these behaviors, nor in
the stretching and yawning behaviors proposed to be
influenced by 5-HT6Rs. Thus, initial behavioral assessment
of 5-HT6R mutant mice demonstrated no significant
differences across a wide variety of behavioral domains.

There are several possible explanations for why we were
unable to detect differences in behaviors postulated to have
5-HT6R-mediated influences. 5-HT6R-evoked phenotypes in
yawning-stretching, cognitive performance, and anxiety-
related behaviors have not been consistently demonstrated
in rats (Woolley et al, 2004). Moreover, constitutive deletion
of the 5-HT6R may evoke developmental compensations
masking these phenotypes; similarly, changes in behavior
resulting from chronic 5-HT6R deletion may differ from
those induced by acute pharmacological or antisense
oligonucleotide treatment. Additionally, species differences
in 5-HT6R mRNA expression may contribute to species
differences in behaviors sensitive to 5-HT6R function.
Recent evidence indicates that differences between mouse
and rat/human 5-HT6R receptor sequences are associated
with differences in their affinities for 5-HT6R antagonist
compounds, while not altering binding affinities for
serotonin (Hirst et al, 2003).

5-HT6 Receptors Influence Acute Responses to
Ethanol Consumption

Whereas abundant evidence implicates central serotonin
systems in responses to ethanol, the relative contributions
provided by particular serotonin receptor subtypes remain
unclear. The enrichment of 5-HT6R expression in striatal
regions implicated in ethanol responses raised the possibi-
lity that these receptors may play a role in these responses.
Here, we report that 5-HT6Rs influence acute responses to
ethanol administration.

Following a moderate dose of ethanol, 5-HT6R mutant
mice remained on a rotating rod for a longer duration
compared with wild-type mice; similarly, 5-HT6R mutant
mice recovered their righting reflex more rapidly than wild
types. These findings suggest that 5-HT6R mutant mice are
less sensitive to the acute ataxic and sedative effects of
ethanol. 5-HT6R mutant mice also displayed increased
locomotor activity levels following low-dose ethanol admin-
istration. Hyperlocomotion following low-dose ethanol
administration is a well-studied phenomenon (Phillips and
Shen, 1996); in C57BL/6 mice, this effect is most prominent

Figure 5 No differences in total ethanol intake (a, F3,15¼ 0.47,
p¼ 0.503) or ethanol preference (b, F3,15¼ 0.25, p¼ 0.624) were noted
between wild-type and 5-HT6R mutant mice. Ethanol concentration had a
significant effect on ethanol preference in both wild-type and 5-HT6R
mutant mice (b, F3,15¼ 8.00, p¼ 0.004). Cohort sizes were eight per
genotype; error bars are71 standard error.
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in the first 5 min following administration (Crabbe et al,
1982). This finding suggests that the mutation enhances
locomotor activation and/or reduces behavioral sedation in
response to low-dose ethanol. In our experimental design,
mice treated with 2 g/kg ethanol in the ataxia test received a
single 1.5 g/kg ethanol injection 4 days prior to testing.
Therefore, we cannot completely rule out whether ethanol
tolerance contributed to our findings. However, 5-HT6R
mutant mice receiving an initial 1.5 g/kg ethanol injection
did show a trend, albeit not statistically significant, toward
decreased ethanol-induced ataxia. The above findings are
also not explained by differences in ethanol clearance.

Since ethanol can induce significant hypothermia, which
in turn might influence coordination and locomotion, we
specifically tested ethanol-induced hypothermia at the
dose (2 g/kg) where these behaviors differed significantly
between 5-HT6R mutant and wild-type mice. However,
we did not identify any phenotypic differences in ethanol-
induced hypothermia at this dose. This finding does not
preclude the possibility that phenotypic differences in
ethanol-induced hypothermia may occur at other ethanol
doses.

Although no phenotypic differences were observed in a
standard two-bottle intake test, several factors preclude us
from concluding that 5-HT6Rs do not influence ethanol self-
administration. Ethanol ingestion was less than anticipated
for C57BL/6 or C57BL/6-129 mixed genetic background
mice (Belknap et al, 1993; Mihalek et al, 2001; Thiele et al,
2000); a floor effect may potentially mask genotypic
differences. Furthermore, the mixed genetic background
of these mice could obscure the impact of the 5-HT6R
mutation. In addition, differences in circadian patterns of
ethanol ingestion (Gill et al, 1986) cannot be discerned by a
two-bottle preference test. In future work, it will be of
interest to test mice congenic for the 5-HT6R mutation
using operant assays that estimate the reinforcing proper-
ties of ethanol while eliciting levels of intake that produce
pharmacological effects on physiology and behavior
(Cunningham et al, 2000; Risinger et al, 1998; Roberts
et al, 1999; Samson et al, 1998).

Serotonin Systems and Ethanol Responses

Abundant evidence indicates that serotonergic systems
influence both ethanol intake and ethanol responses.
Human alcoholism syndromes have been subdivided into
distinct subcategories associated with alterations in central
serotonergic function (Virkkunen and Linnoila, 1996;
Higley and Linnoila, 1997) and serotonin transporter
promoter polymorphisms (Hallikainen et al, 1999). Evi-
dence exists that specific subgroups of alcoholics decrease
their ethanol ingestion following selective serotonin reup-
take inhibitor (SSRI) therapy (Naranjo and Knoke, 2001;
Pettinati, 2001). In animal studies, lines of rats bred for
increased ethanol preference demonstrate decreased sero-
tonergic immunoreactivity within the median and dorsal
raphé nucleus (Zhou et al, 1994) and localized reductions in
telencephalon serotonin content and innervation (Murphy
et al, 1987, 2002; Gongwer et al, 1989; Zhou et al, 1991;
Myers et al, 1998; Lucas and McMillen, 2002). Firing rates of
dorsal raphé neurons decrease following acute ethanol
administration (Pistis et al, 1997).

Although our results suggest that 5-HT6Rs contribute to
the serotonergic modulation of ethanol responses, previous
studies have also defined roles for other components of
serotonergic neurotransmission. Some lines of mice carry-
ing a constitutive 5-HT1B receptor mutation demonstrate
increased ethanol consumption compared to wild types
(Crabbe et al, 1996; Phillips et al, 1999; however,
see Risinger et al, 1999; Bouwknecht et al, 2000; Gorwood
et al, 2002 for conflicting reports). Other serotonin
receptors, including 5-HT3R (Engel et al, 1998; Engel and
Allan, 1999; Rodd-Henricks et al, 2003), 5-HT2AR
(West et al, 1998; Maurel et al, 1999; however, see Wilson
et al, 2000; Blakley et al, 2001 for conflicting reports), and
5-HT2CR (Maurel et al, 1999; Tomkins et al, 2002) also
modulate ethanol ingestion. Finally, multiple lines of
evidence demonstrate that SSRIs affect multiple responses
to ethanol ingestion, including overall ethanol ingestion,
taste aversion, and ethanol discrimination (Gulley et al,
1995; Gardell et al, 1997; Risinger, 1997; Lamb and Jarbe,
2001).

The precise mechanisms through which loss of 5-HT6R
function leads to increased ethanol resistance are unclear. A
large body of literature suggests that the striatum and
nucleus accumbens are important loci for the locomotor
and behavioral effects of ethanol ingestion (Weiss and
Porrino, 2002). Acute ethanol administration evokes
serotonin release in the nucleus accumbens (Yoshimoto
et al, 1992; Yan, 1999). 5-HT6Rs within the striatum and
nucleus accumbens may thus contribute to part of the
serotonergic response to ethanol ingestion, and their
absence may reduce an aspect of this response.

In summary, we have identified a role for 5HT6Rs in
modulating the ataxic and sedative effects of ethanol in the
mouse. This phenotype was not secondary to changes in
ethanol pharmacokinetics. Furthermore, particular ethanol-
related responses were differentially affected by the muta-
tion, since there were no observed phenotypic effects on
ethanol clearance or in ethanol-evoked hypothermia. Our
data suggest a specific ethanol phenotype in 5-HT6R mutant
mice, and indicate that 5-HT6Rs influence behavioral
responses to ethanol.
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