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Targeted gene deletion of the 5-HT3, receptor subunit produces an
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Abstract

Anxiety disorders are the most common psychiatric disorders. Typical medications used to treat patients are benzodiazepines or
antidepressants that target serotonin (5-HT) activity. The ionotropic 5-HT; receptor has emerged as a potential therapeutic target because
selective antagonist compounds reduce anxiety in rodents, primates, and humans. 5-HT binds to the extracellular N-terminus of the 5-HT34
receptor subunit, but receptor activation is also enhanced by distinct allosteric sites. It is not known if specific molecular subunits of the 5-
HTj; receptor modulate anxiety. To address this issue, we characterized anxiety-like behavior of mice with a targeted deletion of the 5-HT35
receptor subunit gene in the light/dark box, elevated plus maze, and novelty interaction animal models of anxiety. 5-HT5 5 null mice exhibited
an anxiolytic behavioral phenotype that was highly correlated across behavioral measures. This evidence indicates that the 5-HT;, molecular
subunit influences anxiety-like behavior. Pharmacotherapy that targets specifically the 5-HT;A receptor subunit may provide a novel

treatment for anxiety disorders.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Serotonin (5-HT) receptors are classified into seven
groups (5-HT,_5), comprising a total of at least 14
structurally and pharmacologically distinct mammalian
receptor subtypes (Hoyer et al., 1994). At the molec-
ular level, 5-HT receptors are mostly seven transmem-
brane-spanning, G-protein-coupled metabotropic receptors
(Barnes and Sharp, 1999). The 5-HTj receptor is unique
among this receptor family as the only member that is a
ligand-gated ion channel (Derkach et al., 1989; Maricq et
al., 1991). Cellular studies indicate that the 5-HT5 recep-
tor may form a cylindrical structure comprising five co-

* Corresponding author. Present address: Department of Psychiatry,
Bowles Center for Alcohol Studies, CB 7178, University of North Carolina
at Chapel Hill, Chapel Hill, NC 27599, USA. Tel.: +1-919-843-4823; fax:
+1-919-966-5679.

E-mail address: chodge@med.unc.edu (C.W. Hodge).

! Present address: Neurosciences Institute, Department of Pharmacol-
ogy and Neuroscience, University of Dundee, Ninewells Hospital, Dundee
DD1 9SY, Scotland, UK.

2 Present address: Pharmacology Department, Organon Laboratories
Ltd., Newhouse, Lanarkshire, ML1 5SH, Scotland, UK.

assembled subunits that surround a centrally gated chan-
nel (Boess et al., 1995). 5-HT binding occurs on the
extracellular N-terminus of the 5-HTs, subunit (Eisele et
al., 1993), but receptor activation is also enhanced by
pharmacologically distinct allosteric sites (Lovinger and
Zhou, 1993). Electrophysiologically, 5-HT mediates rapid
excitatory responses through ionotropic 5-HT; receptors
(Derkach et al., 1989) and the activation of this channel
results in rapid depolarization responses and subsequent
desensitization (Lambert et al., 1989; Yakel and Jackson,
1988).

The 5-HT;4 receptor subtype was first cloned in 1991
(Maricq et al., 1991) and shown to be localized in the
periphery and in limbic brain regions including the
hippocampus, amygdala, and throughout the cortex (Tecott
et al., 1993). Recently, a new class of 5-HT; receptor
subunit (e.g., 5-HTsp) was described and found to be co-
expressed with the 5-HT3, subunit in human amygdala,
caudate, and hippocampus (Davies et al., 1999). Hetero-
meric assemblies of human 5-HT;, and 5-HT;g subunits
show channel conductance, calcium permeability, and
current—voltage properties that closely resemble neuronal
5-HT;5 channels (Davies et al., 1999). In rats, however, 5-
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HT;p subunit transcripts are restricted to peripheral neu-
rons(Morales and Wang, 2002), which suggests that
rodent neural 5-HT; receptors might be 5-HT3;4 homo-
meric receptors or heteromeric receptors containing
5-HT;4 subunits combined with subunits other than the
5-HT;p subunit. Indeed, a comparison of electrophysio-
logical properties of rodent neural 5-HT; receptors has
shown the presence of receptors with both high and low
conductances (Hussy et al., 1994; Jones and Surprenant,
1994; Yang et al., 1992), which suggests the presence of
at least two different 5-HT; receptor channels (Fletcher
and Barnes, 1998).

The antagonism of the 5-HT; receptor produces a
range of anxiolytic effects in various animal models of
anxiety (Costall and Naylor, 1991, 1992a,b; Costall et al.,
1990). These effects have been demonstrated in both
rodents (Barnes et al., 1992a) and in primates (Barnes
et al., 1990). In rodent conflict models of anxiety such as
the light/dark box (Costall et al., 1989a) and the elevated
plus maze (Pellow and File, 1986; Pellow et al., 1985),
selective 5-HT; antagonists such as tropisetron, ondanse-
tron, and zacopride can produce anxiolytic behavioral
profiles in both rats and mice (Barnes et al., 1992b;
Cheng et al., 1984; Costall et al., 1989a; Jones et al.,
1988) but some rodent studies have failed to find
anxiolytic effects (Rodgers et al., 1997). Anxiolytic re-
sponses to 5-HT; antagonists have also been reported in
other rodent ethological anxiety models such as social
interaction tests (Cutler et al., 1997; Gao and Cutler,
1992a). Although the anxiolytic behavioral profile of 5-
HT; antagonists is similar to diazepam in these behav-
ioral models, there appears to be no corresponding
increase in sedation or reduction of locomotor behavior
(Jones et al., 1988). There have been few clinical studies
utilizing 5-HT; antagonists to treat anxiety disorders;
however, clinical trials have shown ondansetron to pos-
sibly be effective in treating generalized anxiety disorder
(Freeman et al., 1997) and panic disorder (Schneier et al.,
1996). In contrast to the pharmacological effects of 5-
HT; antagonists demonstrated in rodent models of anxiety,
the administration of 5-HT3 agonists such as 2-methyl-5-HT
has been demonstrated to produce anxiogenic effects when
microinjected into either the dorsal raphe nucleus or the
amygdala (Costall et al., 1989b).

Based on the evidence generated from the various 5-
HT; antagonists across a range of anxiety models in both
primates and rodents and the concomitant changes ob-
served under 5-HT; agonists, it is reasonable to conclude
that 5-HT; receptors are involved in the modulation of
anxiety-related behavior. Since neural 5-HT; receptors
might be homomeric or heteromeric receptors containing
5-HT;3, subunits, and 5-HT; antagonists show equal
affinity for 5-HT3;, and 5-HT3,p receptors (Brady et
al., 2001), the functional significance of specific 5-HTj
receptor subunits as they relate to anxiety has yet to be
determined. To address this issue, we studied anxiety-

related behavioral responses in mutant mice lacking the
5-HT;z, receptor subtype.

2. Methods
2.1. Mice

5-HT3 receptor null mice were derived using homolo-
gous recombination as previously reported (Zeitz et al.,
2002). F1 hybrid C57Bl/6] X 129 heterozygous progeny
were backcrossed with C57Bl/6J mice to produce F9 gen-
eration congenics.

Heterozygotes from the F9 generation were bred to
generate wild-type and 5-HT3, null mutants used in the
present study. Genotyping was conducted in Dr. David
Julius’ laboratory at the University of California at San
Francisco as previously described (Zeitz et al., 2002). The
experimenter conducting behavioral studies was blind to
genotype. The mice were housed in plastic cages lined with
Cell Sorb bedding and provided with food (Harlan, Indian-
apolis, IN) and water ad libitum. The vivarium was main-
tained on a 12-h light/dark cycle (lights on at 0600 h) at a
temperature of 22 °C. All procedures were carried out in
accordance with the NIH Guide to Care and Use of
Laboratory Animals and institutional guidelines.

Body weight, feeding, and drinking were characterized in
male adolescent (24—36 days of age) 5-HT3;, null mice
(n=17) and wild-type controls (n=17). Adult (90-120
days of age) experimentally naive male mice were used in
locomotor and novel object experiments. The same mice
were tested in the light/dark box and elevated plus maze in
randomized counterbalanced order. This allowed direct
within-subject correlation of performance on the two stand-
ard tests of anxiety-like behavior.

2.2. Locomotor activity and habituation

A photobeam-based tracking system (MED Associates,
St. Albans, VT) was used to track the movement of the mice
and to calculate distance traveled in an open field enclosed
with clear acrylic sidewalls (43.2 X 43.2 x 30.5 cm). Prior
to each session, the open field was wiped clean with 2.5%
glacial acetic acid to avoid any confounding odors. The
mice were then transported from an adjacent room, placed in
the corner of the open field, and left to behave freely for 60
min. This procedure was repeated for three consecutive
days.

2.3. Light/dark box

A plastic test box (27 x 16 X 12.7 cm) was positioned in
an open field arena enclosed by a sound-attenuating cham-
ber. A partition in the center of the test box separated the
covered black-walled side from the open white-walled side.
The white side of the test chamber was illuminated by a 28-
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V incandescent bulb located 12.7 cm above the floor of the
test box. There was no other light source present within the
sound-attenuating chamber. A photobeam-based tracking
system (MED Associates) was used to track the movement
of the mice within the test box and to calculate time spent in
the black or white areas of the box. The test box was wiped
clean with 2.5% glacial acetic acid before each test session.
Prior to the beginning of the test session, the mice where
transported from an adjacent room in their home cages to a
dark testing room and placed within an unlit, empty, sound-
attenuating chamber and left to habituate for 60 min.
Following the habituation period, the mice were taken from
their home cages and placed into the white area of the test
box enclosed by a sound-attenuating chamber. The mice
were then left to explore the test box for 5 min. The
dependent variables recorded were the time spent in the
white area and the latency to cross from the white area to the
black area.

2.4. Elevated plus maze

The mice were transferred from the housing unit to the
test room and left to habituate to the novel environment for
at least 4 days prior to testing. The test apparatus was an
elevated plus maze consisting of two open arms and two
closed arms, placed on a table and elevated 60 cm from the
surface of the table. The plus maze was constructed of wood
and painted white. The arms of the plus maze were 9 cm in
width and 30 cm in length. The middle area of the plus maze
was 85 X 85 cm. For the closed arms, a wall 12.2 cm in
height was affixed to all the sides of the arm excluding the
entrance from the middle area. Prior to each test session, the
plus maze was wiped clean with 2.5% glacial acetic acid. At
the beginning of a test session, each mouse was placed in
the middle zone and left to explore the plus maze for 10
min. A video tracking system (Columbus Instruments,
Columbus, OH) was used to record the behavior of the
mice in the plus maze. The dependent variables recorded
were the time spent on the open arms of the plus maze and
the total number of entries into the open arms.

2.5. Novel object interaction

The same photobeam-based tracking system (MED
Associates) used in the locomotor habituation experiment
was also used in this experiment. The novel object consisted
of a centrifuge tube cap (32 X 12 cm) placed in the center of
the open field. Prior to each session, the open field and the
novel object were wiped clean with 2.5% glacial acetic acid
to avoid any confounding odors. The mice were then
transported from an adjacent room placed in the corner of
the open field and left to behave freely for 60 min. The
dependent variables were total time ambulatory and total
ambulatory counts in the object zone during the initial 10
min of the test. The object zone was defined as the area
(12.7 X 12.7 cm) around the novel object. All mice were

habituated to the open field environment during 3 X 60 min
locomotor habituation trials conducted on three consecutive
days prior to the novel object interaction test.

3. Results
3.1. Locomotor activity

To determine if any overt neurobiological changes exist
due to the targeted mutation, we first tested 5-HT;5 null
mice and wild-type littermates in a novel open field environ-
ment for three consecutive days. The null mutation pro-
duced no effect on spontaneous locomotor activity (Fig.
1A). Moreover, locomotor activity by both genotypes de-
creased as a function of days in the test environment
[F(2,255)=12.211, P<0.001] and time during each test
session [ F(5,255)=36.827, P<0.001], which indicates nor-
mal habituation to the environment (Fig. 1A). This finding
is consistent with pharmacological evidence, which indi-
cates that 5-HT; receptor antagonists have no effects on
locomotor behavior (Jones et al., 1988). To further examine
the general health of the mice, we measured body weight
(Fig. 1B), food intake (Fig. 1C), and water intake (Fig. 1D)
during a 24-h period. The absence of differences in these
measures indicates that the targeted deletion of the 5S-HTz5
receptor subunit did not alter homeostatic systems that
regulate the growth and survival of the organism.
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Fig. 1. Deletion of the 5-HT;, receptor subunit did not produce major
changes in motor or consummatory behavior. Spontaneous locomotor
activity and habituation to an open field environment measured during three
daily 60-min test sessions (A). Mean distance traveled (= S.E.M.) averaged
for each 10-min time bin in wild-type littermate controls (@, n="7) and 5-
HT;4 null mice (O, n=8). A genotype X day X 10-min time bin ANOVA
revealed no significant difference in genotype. Body weight (B), food
intake [g/day] (C), and water intake [ml/day] (D) were unaffected by
deletion of the 5-HT3, receptor subunit (z=17 per genotype).
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3.2. Light/dark box

The light/dark box is a validated mouse model of anxiety
(Costall et al., 1989a). 5-HT; antagonists consistently
increase time spent in the aversive, illuminated compartment
of the box, thus indicating an anxiolytic effect (Bill et al.,
1992). 5-HT3 null mice exhibited a twofold increase in
percentage of time spent in the illuminated white area of the
test box as compared to wild-type littermate controls
[F(1,14)=5.243, P<0.05] (Fig. 2A). Although null mutant
mice on the average displayed higher latencies to enter the
dark zone than wild types, this difference was more variable
[F(1,14)=1.588, P>0.05].

3.3. Elevated plus maze

The elevated plus maze is another widely used, vali-
dated, rodent model of anxiety (Pellow et al., 1985). 5-HT;
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Fig. 2. Anxiolytic behavioral profile of mice lacking the 5-HT;4 receptor
gene. (A) In the light/dark box test, the percentage of time spent in the
illuminated zone of the light/dark box was significantly greater in 5-HT5,
receptor knockouts (n=8) as compared to wild-type littermate controls
(n=17) [F(1,14)=5.243, P<0.05]. (B) Effects of 5-HT;4 receptor subunit
deletion on behavior in the elevated plus maze. The number of entries in the
open arms of the elevated plus maze was significantly greater in the 5-HT5,
receptor knockouts (n=8) as compared to wild-type littermate controls. (C)
Linear regression comparing elevated plus maze behavior and light/dark
box performance. The percent of time spent in the illuminated zone was
found to be a significant predictor of the number of entries into the open
arms of the elevated plus maze for wild-type littermate controls (@, n=06)
and 5-HT;, knockouts (v, n=8) (R*=0.41, P<0.05). (D) Ambulatory
counts (photobeam breaks) proximal to the novel object in the center of an
open field. 5-HT;, receptor null mice (n=17) displayed significantly
higher ambulatory counts than wild-type controls (n=20), in the object
zone of the open field, evidencing higher exploratory behavior and reduced
anxiety in response to a novel object. All data are expressed as mean
(£ S.EM.). * Indicates significant difference from wild-type control by
ANOVA.

Table 1

Behavioral performance on the open arms of the elevated plus maze
indicates anxiolytic-like phenotype of 5-HTj; null mice (—/—) as compared
to wild-type controls (+/+)

Behavioral measure 5-HTza 5-HT3a Significance
(++) (=/-) value®

Distance traveled (cm) 88.9 (25.1) 153.2 (16.4) P<0.05

Ambulatory time (s) 12.2 (3.4) 224 (2.5) P<0.05

Resting time (s) 15.2 (9.7) 35.4 (16.6) NS

Other behaviors® (s) 12.5 (4.4) 28.0 (4.9) P<0.05

Total visit time (s) 39.8 (16.6) 85.7 (14.3) NS

Values are mean (+ S.E.M.).
NS =nonsignificant.

? Significance value is based on ANOVA.

® Other behaviors include grooming, stretch—attend postures, and
stereotypic nonambulatory movements.

antagonists increase the dwell time or number of entries
into the aversive open arms of the plus maze (Artaiz et al.,
1995), which indicates an anxiolytic-like profile. 5-HT;4
null mice visited the open arms of the plus maze twice
as many times as wild-type controls [F(1,13)=14.430,
P<0.01] (Fig. 2B), which corresponds with other anxio-
lytic-like performance on the open arms of the maze (Table
1). In order to determine if this anxiolytic-like effect was a
function of nonspecific exploratory behavior of the maze, a
statistical analysis of covariance (ANCOVA) was con-
ducted with the number of visits to the closed arms as a
covariate. Closed arm entries did not predict performance
on the open arms [ F(1,12)=28.983, P>0.05]. Additionally,
a linear regression analysis revealed that the percentage of
total time spent in the illuminated zone of the light/dark
box was a significant predictor of the total number of visits
in the open arms of the elevated plus maze (R*=0.41,
P<0.05) (Fig. 2C). Thus, 5-HT3, null mice exhibit highly
correlated performance on behavioral tests that rely on
motor suppression (light/dark box) or activation (plus
maze), which suggests that the anxiolytic-like phenotype
is not related to motor ability or general exploration.

3.4. Novel object interaction

Neophobia, as measured by ambulatory responses to a
novel object, is also indicative of anxiety state in rodents
(van Gaalen and Steckler, 2000). With anxiolytic-like
behavioral profiles evidenced in the previous experiments,
we predicted that mice lacking the 5-HTz, receptor sub-
unit would interact more than wild-type controls with a
novel object placed in the aversive center area of an open
field. Accordingly, 5-HT3;, knockout mice engaged in
more ambulatory behavior proximal to the novel object
[F(1,36)=5.219, P<0.05; Fig. 2D] and spent more time
in close contact with the novel object [F(1,36)=4.423,
P<0.05] than wild-type controls. This indicates that mice
lacking the 5-HT5, subunit displayed a higher propensity
to explore the novel object, a strong indicator of reduced
anxiety.
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4. Discussion

The primary finding of this study is that targeted gene
deletion of the 5-HT;4 receptor subunit produced an anx-
iolytic-like behavioral phenotype in mice. Initial screens of
5-HT; 4 null mice and wild-type littermate controls found no
significant differences in motor ability, open field explora-
tion, habituation to a novel environment, food or water
intake, or body weight. This suggests that the null mutation
did not alter the function of major homeostatic systems.
However, the behavioral profile exhibited by the 5-HT3p
null mice was consistent with reduced anxiety as charac-
terized by three validated animal models.

Reduced anxiety-like behavior exhibited by the 5-HTs,
null mice in the light/dark box corresponds with a number of
reports showing the potential anxiolytic activity of 5-HT;
receptor antagonists (Barnes et al., 1990, 1992a; Bill et al.,
1992; Costall et al., 1993; Gao and Cutler, 1992b; Jones et
al., 1988; Sanchez, 1995). In fact, of the numerous methods
employed to examine the anxiolytic action of 5-HT; antag-
onists, the light/dark box has yielded the most consistent
results across drugs, laboratories, and species (Olivier et al.,
2000). Accordingly, in the present experiment, the 5-HT3,
receptor null mice spent significantly more time in the
illuminated and fear-provoking section of the box than
wild-type littermate controls, which suggests reduced
anxiety.

An anxiolytic-like effect of 5-HT3, deletion was also
evident in the elevated plus maze. This behavioral paradigm
is essentially a conflict model of anxiety, whereby the
positive drive to explore a novel environment is opposed
by the negative drive to avoid a fear-provoking environ-
ment—in this case, the open arm of the plus maze (Rodgers
and Dalvi, 1997). Although 5-HT; antagonists have been
demonstrated to produce anxiolytic behavioral profiles in
some studies (Artaiz et al., 1995; Costall et al., 1993), other
investigations find no effect (File and Johnston, 1989;
Rodgers et al., 1997). In this study, 5-HT3 knockout mice
made significantly more entries into the anxiety-provoking
open arms of the plus maze. The results of the ANCOVA
demonstrate that the anxiolytic action of the 5-HT;4 dele-
tion was specific to the open arms of the maze and not due
to generalized locomotor activity. Finally, the linear regres-
sion of the percentage of time spent in the illuminated zone
(light/dark box) on the number of entries into the open arms
(elevated plus maze) revealed a significant correlation
between the two measures of anxiety from two different
behavioral models. Given that the measurements obtained
from the light/dark box are temporal rather than locomotor-
based, as in the plus maze, the significant correlation
between the two behavioral paradigms strongly supports
the validity of a conclusion for reduced anxiety in 5-HTsz,
knockout mice.

Additional evidence provided by the novel object inter-
action test further supports the conclusion that mice lacking
the 5-HT;, receptor subunit exhibit an anxiolytic-like

behavioral profile. Enhancements of locomotor activity in
the vicinity of a novel object and novel object-directed
exploration have previously been used as indices of anx-
iolysis in both the rat (Klebaur and Bardo, 1999) and the
mouse (Malleret et al., 1999). 5-HT3, null mice displayed
an increased activity profile in the region close to the novel
object, further suggesting a state of reduced anxiety in these
mice.

In contrast to the apparent anxiolytic-like effect of 5-
HT;4 receptor deletion observed in the present study, a
growing number of studies have failed to find anxiolytic
effects of 5-HT; antagonists (File and Johnston, 1989, also
see Olivier et al., 2000, 50, for a review; Kshama et al.,
1990; Rodgers et al., 1997). Similarly, a comprehensive
study showed that ondansetron was predictive of anxiolytic
activity in the social interaction test in the rat and light/dark
exploration test in the mouse but was without effect in a rat
water-lick conflict test (Jones et al., 1988). Results of
conflict tests vary, with some studies finding anxiolytic-like
effects (Artaiz et al., 1995) and others finding no effect
(Cervo and Samanin, 1995). Anxiolytic activity has been
reported in the Vogel-lick test for some (ondansetron,
granisetron, zacopride, tropisetron) but not other (bemese-
tron, DAU 6215) 5-HTj; receptor antagonists tested in a
single study (Filip et al., 1992). At present, it is unclear why
5-HTj; receptor antagonists show differential efficacy across
and within experiments, but experimental methods and
pharmacological specificity are among potential reasons
(Olivier et al., 2000). The consistent anxiolytic-like results
observed in the present study suggest that differential
pharmacological activity at 5-HT;a-containing receptors
may be a factor. Additional studies examining the anxiolytic
effects of various 5-HT; antagonists in 5-HT;, null mice
could address this issue.

The molecular mechanism(s) responsible for the anxio-
lytic phenotype produced by the deletion of the 5-HT;4
receptor subunit remains to be studied. The absence of the
5-HT;4 subunit may functionally disable or significantly
alter the 5-HT;5 cation channel, producing changes similar to
5-HT; pharmacological blockade. Channel conductance
studies need to be completed in order to determine the exact
nature of the changes produced by the deletion of the 5-
HT; 4 subunit or receptor blockade. Future studies may also
examine the structural and functional integrity of 5-HT;
receptors following 5-HT;, deletion. Moreover, since the
mice used in the present study were derived by traditional
gene knockout techniques, it is possible that developmental
compensation in 5-HT; or related systems may have influ-
enced the results. This is unlikely, however, given the high
degree of similarity between the anxiolytic-like results
obtained in this study and results from experiments that
tested 5-HT; antagonists.

In conclusion, anxiety disorders are the most prevalent
psychiatric conditions and account for benzodiazepines
becoming the most prescribed medications worldwide. In
spite of the effectiveness of benzodiazepine therapy for
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anxiety, these compounds produce a number of undesirable
side effects including motor impairment and addiction liabil-
ity. For this reason, there is much interest in the development
of new drug treatments for anxiety. The results of this study
showed that targeted gene deletion of the 5-HT;4 subunit
produced anxiolytic-like effects similar to pharmacological
blockade of 5-HT; receptors. Also consistent with pharma-
cological blockade of 5-HTj; receptors, there were no changes
in locomotor behavior in the null mutants. This suggests that
the anxiolytic effects of 5-HT; antagonists may be mediated,
in part, by the 5-HT;4 subunit.
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