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The 5-HT3 receptor for serotonin is expressed within limbic structures and is known to modulate neurotransmitter
release, suggesting that this receptor may influence learning and memory. Perturbations in serotonergic
neurotransmission lead to changes in the ability to attend, learn, and remember. To examine the role of 5-HT3
receptors in learning, memory, and attention, 5-HT3 receptor overexpressing (5-HT3-OE) transgenic mice and their
wild-type littermates (WT) were tested in Pavlovian contextual and cued fear conditioning, fear extinction, and latent
inhibition (LI) paradigms. Prepulse inhibition (PPI) was assessed to reveal changes in sensorimotor gating.
Additionally, anxious behaviors, shock sensitivity, and reactions to novel stimuli were evaluated. 5-HT3-OE mice
displayed enhanced contextual conditioning, whereas cued conditioning remained the same as that of WT mice.
5-HT3-OE mice did not differ from WT in extinction rates to either the context or cue. LI was enhanced for
5-HT3-OE mice compared to WT. PPI remained unchanged. No differences in sensitivity to footshock or startle were
found. However, 5-HT3-OE mice demonstrated heightened exploratory behavior in response to novel environmental
stimuli and decreased anxiety as measured in the elevated plus-maze. Results indicate that overexpression of the
5-HT3 receptor in mouse forebrain results in enhanced hippocampal-dependent learning and attention. Enhanced
inspective behavior in response to novelty may contribute to the observed improvements in learning, memory, and
attention due to 5-HT3 receptor overexpression.

Of the seven classes of serotonin receptors, the 5-HT3 receptor is
the only ionotropic receptor found in vertebrates (Derkach et al.
1989; Maricq et al. 1991). Only two subunits, 3A and 3B, are
currently known (Hope et al. 1993; Werner et al. 1994; Davies et
al. 1999; Dubin 1999). Of these, only the 3A subunit is expressed
within the rodent brain, where it can form a homomeric receptor
(Morales andWang 2002; but see Monk et al 2001). Sharing up to
30% sequence homology with the nicotinic acetylcholine recep-
tor, the 5-HT3 receptor belongs to the superfamily of ligand-gated
ion channels (Ortells and Lunt 1995). Ligand binding results in
channel opening and allows for the influx of Na+ and Ca2+ (Mc-
Mahon and Kauer 1997; Nayak et al. 1999).

The 5-HT3 receptor is primarily localized presynaptically as
a heteroreceptor (MacDermott et al. 1999; Khakh and Henderson
2000; but see van Hooft and Vijverberg 2000). This localization
allows for the modulation of release of neurotransmitters such as
dopamine (Campbell et al. 1996; Allan et al 2001), norepineph-
rine (Matsumoto et al. 1995), acetylcholine (Consolo et al. 1994;
Giovannini et al. 1998), and �-amino-butyric acid (GABA; Mc-
Mahon and Kauer 1997). Work by Morales and Bloom (1997)
showed that a large portion of 5-HT3 receptor-positive neurons in
the forebrain are interneurons.

5-HT3 receptor mRNA and binding sites are found in abun-
dance in the rodent forebrain, namely the entorhinal cortex,
piriform cortex, amygdala, and hippocampus (Kilpatrick et al.
1987; Barnes et al. 1990a; Tecott et al. 1993). As these structures,
particularly the hippocampus and amygdala, are involved in
learning and memory (Maren 2001), the 5-HT3 receptor has been
postulated to play a role in these processes.

Indeed, data strongly suggest that antagonism of the 5-HT3
receptor can improve learning and memory in associative tasks
(Costall and Naylor 1992; Hong and Meneses 1996; Roy-
choudhury and Kulkarni 1997). Work by Costall’s group demon-
strated that administration of a 5-HT3 receptor antagonist, on-
dansetron, could improve cognition in both rodent and primate
in terms of basal and muscarinic antagonist (scopolamine)-in-
duced impairments in performance (Barnes et al. 1990b). How-
ever, basal performance of the rat in the more difficult spatial
t-maze was not enhanced by ondansetron, whereas basal perfor-
mance in a simpler portion of this task was (Barnes et al. 1990b).
Further, Carli et al. (1997) reported that blockade of 5-HT3 recep-
tors prevented the deficit caused by scopolamine, but failed to
change basal performance in a spatial discrimination task. Addi-
tional work by Costall’s group (Bratt et al. 1994) revealed that in
a more complex stone maze task based on the t-maze, ondanse-
tron failed to reverse a scopolamine-induced deficit and, in fact,
further impaired performance in this hippocampal-dependent
task at one dose tested. Taken together, these results indicate that
the ability of ondansetron to reverse learning deficits may de-
pend on the neurotransmitter system being manipulated as well
as the task employed.

The role of the 5-HT3 receptor in learning and memory para-
digms which require the hippocampus remains unclear. To ad-
dress this problem, we assessed hippocampal-dependent and -in-
dependent learning in 5-HT3 overexpressing transgenic mice (5-
HT3-OE). There is a clear increase in 5-HT3 receptor expression
within the hippocampus and amygdala as well as other areas of
the forebrain in 5-HT3-OE mice (Engel et al. 1998). The CaMKII�
promoter was used in the construction of the transgene to limit
expression spatially, to the forebrain, and temporally, after birth
(Engel et al. 1998). Data from electrophysiological and binding
studies indicate that transgenic 5-HT3 receptors are functionally
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indistinguishable from endogenous receptors and suggest that
the transgenic receptors form functional ion channels (Engel et
al. 1998; Sung et al. 2000). Overexpression has been observed in
both interneurons and principal neurons of 5-HT3-OE mice (M.
Morales, pers. comm.).

Lesion studies have shown that, whereas the amygdala is
necessary for both contextual and cued fear conditioning, only
contextual fear conditioning requires the hippocampal forma-
tion (Kim and Fanselow 1992; Phillips and LeDoux 1992). There-
fore, the impact of 5-HT3 receptor transgene expression in these
two areas can be assessed. The present study is the first to address
this receptor using fear conditioning. Here we report the impact
of 5-HT3 receptor overexpression on learning, memory, and at-
tention, as well as related behaviors such as sensorimotor gating,
anxiety, and response to novelty.

RESULTS

5-HT3-OE Mice Have Enhanced Contextual
Fear Conditioning
Because a gender difference was noted only in the pain sensitivity
paradigm, data from all other experiments were collapsed across
gender. Figure 1 presents the fear conditioning paradigms and
results for mice trained with a paired tone-shock (PTS) and mice
trained with an immediate shock unpaired from the tone (IS).
The IS training has been shown to be a valuable control for ex-
posure to the footshock and tone while producing a deficit in

associative learning as reflected by reduced levels of freezing rela-
tive to PTS-trained animals (Lattal and Abel 2001). In the context
test, a two-way ANOVA revealed a significant main effect of
genotype, F(1,28) = 31.2, P < 0.001 and a significant main effect
of training condition, F(1,28) = 244.6, P < 0.001. A significant in-
teraction between genotype and training condition was also
found in the context test, F(1,28) = 31.2, P < 0.001, reflecting the
enhanced contextual conditioning seen for the 5-HT3-OE PTS
group relative to WT PTS, which was not evident in the IS group.
However, the effect of genotype was not significant for the tone
test, whereas a significant effect of training condition was found,
F(1,32) = 122.5, P < 0.001. Behavior in the altered context (data
not shown) was not significantly different between genotypes,
F(1,32) = 0.104 or training, F(1,32) = 0.384, indicating that a lack
of difference in freezing to the tone for both IS and PTS groups
was not likely due to a difference in freezing within the altered
context.

Ondansetron Blocks the Enhancement in Contextual
Fear Conditioning
Figure 2 shows the effects of saline, 0.5 and 1.0 mg/kg i.p. on-
dansetron on fear conditioning in the context and tone tests. In
the context test, no significant main effects were evident, but a
post-hoc Tukey HSD test found a significant difference (P = 0.05)
between the saline and 1.0 mg/kg ondansetron treatments. Re-
sults suggest that antagonism of the 5-HT3 receptor impairs hip-
pocampal-dependent contextual fear conditioning in both
5-HT3-OE andWTmice. Furthermore, both doses of ondansetron
were able to reduce the freezing response of 5-HT3-OEmice in the
context test to that of WT saline-treated levels. No main effects
were found in the tone test, but a significant interaction of geno-
type and dose, F(2,42) = 4.094, P = 0.024 was revealed, reflecting
an impairment in fear conditioning to the tone for the 5-HT3-OE
0.5 mg/kg ondansetron group. A similar impairment in condi-
tioning to the tone is noted in the WT 1.0 mg/kg ondansetron
group. Although it may be possible that the impairment in freez-
ing to the tone for the 5-HT3-OE 0.5 mg/kg group, which is amyg-
dala-dependent, influenced the conditioning to the context,

Figure 1 5-HT3-OE mice have enhanced contextual fear conditioning.
(A) PTS training paradigm. The animal is inserted into the testing context.
At 90 sec, a tone comes on and terminates after 30 sec with a 2-sec
footshock. Ninety sec later, the tone begins again and after 30 sec co-
terminates with the footshock again. Thirty sec after the last footshock
the animal is removed from the conditioning context. (B) IS training
paradigm. The animal is inserted into the testing context and immedi-
ately given a 2-sec footshock. At 180 sec, a tone comes on and terminates
after 60 sec. Thirty sec later, the animal is removed from the conditioning
context. (C) Fear conditioning results. Data are mean� SEM. Black bars,
5-HT3-OE. Gray bars, WT. Left, % freezing context test. Right, % freezing
tone test. ***: P < 0.001 between PTS context groups.

Figure 2 Ondansetron impairs fear conditioning. Data are mean �
SEM. Black bars, 5-HT3-OE; gray bars WT. (A) % freezing context test. *:
P = 0.05 between the saline and 1.0 mg/kg ondansetron groups. (B) %
freezing tone test. *: P = 0.024 for a genotype � dose interaction.

5-HT3-OE mice: Improved Learning, Attention

Learning & Memory 411
www.learnmem.org



which also depends on the amygdala, the continued reduction in
fear conditioning to the context at the 1.0 mg/kg dose in the
absence of an apparent amygdala-dependent impairment might
indicate that the reversal of the learning enhancement in 5-HT3-
OE mice administered ondansetron is due to hippocampal-de-
pendent processes.

Extinction Is Not Different Between WT and 5-HT3-OEMice
Figure 3 illustrates the extinction rates to the context and tone
for 5-HT3-OE and WT mice. 5-HT3-OE mice did not extinguish to
the context or the tone at a faster rate than did WTmice, as there
was no significant effect of genotype using a two-way ANOVA. A
significant effect of day was found for both context and tone
tests, F(6,70) = 234.8, P < 0.001 and F(6,70) = 35.2, P < 0.001, re-
spectively. The rates of extinction indicate that 5-HT3-OE mice
do not have enhanced contextual extinction compared to WT
mice, despite the enhanced contextual conditioning seen with
fear conditioning.

5-HT3-OE Mice Are Less Anxious in the Elevated Plus-Maze
Figure 4 illustrates that 5-HT3-OE mice are less anxious in the
elevated plus-maze as reflected by the increased number of en-
tries into the open arms of the maze, increased time spent in the
open arms, and decreased time spent in the closed arms. Time
spent in the open center area was also increased relative to WT
mice, indicating a decrease in anxious behaviors observed for
5-HT3-OE mice. All differences were significant (P < 0.02) using
unpaired t-tests. Although entries into open arms were increased
for 5-HT3-OE mice relative to WT, the concomitant decrease in
entries into the closed arms would seem consistent with the
open-field activity, which indicates that there is no overall
change in locomotor behavior (Engel and Allan 1999).

Pain Sensitivity Is Not Different Between WT
and 5-HT3-OE Mice
Table 1 shows the three behavioral responses assessed for increas-
ing shock intensities for both 5-HT3-OE and WT mice. A three-
way ANOVA indicated there was no significant difference in re-
activity to footshock due to genotype. However, a gender differ-
ence was noted, F(1,60) = 17.5, P < 0.001, as was a significant
effect of the behavior being assessed, F(2,60) = 17.2, P < 0.001.
Females from both genotypes were more sensitive to the foot-
shock (reached behavioral thresholds at lower mA). Adult female
mice used in these experiments weigh less than males of both
genotypes, as reflected by a significant main effect of gender,
F(1,20) = 53.921, P < 0.001 in a two-way ANOVA of genotype �

gender. Weight differences correlate with the difference noted in
pain sensitivity and may be the reason for the gender difference
in response to footshock. However, as there is no effect of geno-
type as a whole in sensitivity to footshock, the difference due to
gender is not likely to influence the fear conditioning results.
Additionally, the intensity of footshock used in fear conditioning
is well above the highest intensity shock tested here and is suf-
ficient to cause all animals trained to jump and vocalize.

5-HT3-OE Mice Have Enhanced Latent Inhibition (LI)
Figure 5A illustrates the latent inhibition paradigm. A reduction
in freezing of the context-tone pre-exposed group relative to the
context pre-exposed group is indicative of LI. 5-HT3-OE mice
have enhanced LI to the tone compared to WT mice, as evi-
denced by the results from the tone test shown in Figure 5B. A
significant main effect of genotype was found using a two-way
ANOVA for freezing to the tone, F(1,42) = 5.94, P = 0.02. A sig-
nificant main effect of pre-exposure, F(2,42) = 3.88, P = 0.03 was
also found. An interaction between genotype and pre-exposure,
F(2,42) = 3.3, P = 0.05 was found, reflecting the fact that context-
tone pre-exposed 5-HT3-OE mice have reduced freezing to the
tone relative to all other groups. A main effect of genotype for
freezing to the context, F(1,42) = 5.7, P = 0.02, suggests that
5-HT3-OEmice have enhanced contextual conditioning in this LI
paradigm (Fig. 5C), similar to the enhancement seen in fear con-
ditioning.

Pre-Pulse Inhibition (PPI) Is Not Different Between WT
and 5-HT3-OE Mice
5-HT3-OE mice are not different from WT mice in either PPI or
maximum startle amplitude (Fig. 6A,B). Additionally, as the
number of females and males is balanced in this experiment and
there is no significant effect of gender, it would appear that dif-
ferences in weight did not effect the startle response overall. No
significant effect of genotype on PPI was found using ANOVA. A
significant main effect of prepulse intensity was detected,
F(3,72) = 38.5, P < 0.001, signifying that increasing the prepulse
intensity led to increased inhibition of the startle response for

Table 1. Pain Thresholds Are Not Different
Between Genotypes

Movement Vocalization Jump

5-HT3-OE (N = 12) 0.09 � 0.004 0.12 � 0.01 0.14 � 0.01
WT (N = 12) 0.09 � 0.004 0.11 � 0.01 0.14 � 0.01

Numbers are in mAmps. Data are mean � SEM.

Figure 3 5-HT3-OE mice and WT mice do not differ in extinction. Data
are mean� SEM. Black boxes, 5-HT3-OE; gray boxes, WT. (A) % freezing
context test. (B) % freezing tone test.
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both transgenic and WT mice. Transgene presence had no sig-
nificant effect on the maximum startle amplitude. Results sug-
gest that overexpression of the 5-HT3 receptor has not altered
sensorimotor gating or the startle response.

5-HT3-OE Mice Have Enhanced Inspective Behavior
in Response to Novelty
Latency to leave the center of the maze during the initial 5-min
segment and to approach a novel object in the second segment is
illustrated in Figure 7A. Behavior within the testing environment
(initial 5-min segment) and behavior in response to the novel
object (second 5-min segment with novel object—initial segment
without novel object) are quantified in Fig. 7B–D. Genotype did
not significantly affect the latency to leave the center after place-
ment in the open field, and latency to approach the novel object

in the second segment of the test did not differ significantly,
indicating that locomotor activity was similar in terms of latency
for both genotypes in both segments (Fig. 7A). Time spent in the
center during the initial 5-min segment did not differ signifi-
cantly between WT and 5-HT3-OE mice; however, a significant
effect of genotype was found for the difference score of time
spent in the center during the second segment minus the time
spent in the center during the initial segment, F(1,28) = 22.0
P < 0.001, indicating that 5-HT3-OE mice spend more time in the
center area than WT mice when the novel object is present rela-
tive to behavior in the absence of the novel object (Fig. 7B).
Although genotype did not significantly affect the number of
center line crossings during the initial segment, an effect of geno-
type was significant for the measure of the difference in center
line crossings, reflecting the observation that 5-HT3-OE mice dis-
played increased line crossings in the center during the second
test segment compared to WT mice, F(1,29) = 15.0, P = 0.001
(Fig. 7C). Total transitions during the initial test segment did not
differ significantly between WT and 5-HT3-OE mice, indicating
that locomotor activity was similar between the two groups.
However, a significant effect of genotype was found for the dif-
ference score between the first and second segments,
F(1,29) = 5.0 P = 0.033 (Fig. 7D). Taken together, these results
indicate that 5-HT3-OE mice demonstrate enhanced object-di-
rected inspective activity in response to insertion of the novel
object.

DISCUSSION
Behavioral responses of 5-HT3-OE mice were markedly different
from WT mice in both contextual fear conditioning and latent
inhibition tasks assessing learning and attention. PTS-trained
5-HT3-OE mice displayed enhanced conditioning to contextual
cues compared to PTS-trained WT mice, whereas auditory condi-
tioning remained at similar levels in conditioned-fear PTS
groups. No differences between genotypes were noted for IS
groups in either the context or tone tests, suggesting that over-
expression of the 5-HT3 receptor did not affect freezing behavior
in nonassociative paradigms. Furthermore, the increase in con-
textual conditioning evident in PTS-trained 5-HT3-OE mice rela-
tive to PTS-trained WT mice was also detected in the context test
portion of the LI paradigm, revealing that contextual condition-
ing was enhanced in two learning paradigms with differing pa-
rameters. The difference in freezing levels between the LI context
tests and the fear conditioning context test may be due to differ-
ences in the duration of the training protocols. Based on results
from the PTS tone test in the fear conditioning paradigm, it is
unlikely that 5-HT3-OE mice are simply better at freezing or are
more sensitive to the footshock used for training than WT mice.
Indeed, 5-HT3-OE mice were not different fromWT in three mea-
sures of sensitivity to the footshock. Thus, it is unlikely that
differences in pain sensitivity can account for the improvements
noted in contextual conditioning.

Based on these observations, we conclude that hippocam-
pal-dependent learning processes involved in fear conditioning
are affected by 5-HT3 receptor transgene expression in the fore-
brain. It would be interesting to determine whether other hip-
pocampal-dependent tasks such as the Morris water maze are
affected similarly by receptor overexpression. Indeed, further ex-
periments would be necessary to evaluate which hippocampal
functions, specifically, are affected by transgene expression. Be-
cause serotonin is released preferentially in the hippocampus in
response to stressful or fearful situations (Wilkinson et al. 1996),
5-HT3 receptor activation has the potential to connect emotion-
ally salient events to hippocampal memory systems important

Figure 4 5-HT3-OE mice are less anxious in the elevated plus-maze.
Data are mean � SEM. Black bars, 5-HT3-OE; gray bars, WT. *: A signifi-
cant difference at P < 0.02 by unpaired t-test. (A) Number of entries into
the open arms expressed as a percentage of total arm entries. (B) Time in
sec spent in the open arms of the maze. (C) Time (sec) spent in the closed
arms of the maze. (D) Time (sec) spent in the center of the maze.
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for fear conditioning. The hippocampus possesses a large number
of 5-HT3 receptor-expressing GABAergic interneurons (Morales
and Bloom 1997). Interestingly, 5-HT3-OE mice have increased
receptor expression in hippocampal GABAergic interneurons as
well as principal excitatory neurons (M. Morales, pers. comm.).
Although the noted improvement in fear conditioning for 5-HT3-
OE mice may be due to an endogenous-like localization of the
overexpressed 5-HT3 receptors to GABAergic interneurons of the
hippocampus, it remains possible that ectopic expression on py-
ramidal neurons may have led to this augmentation. N-methyl-
D-aspartate (NMDA) receptors within the hippocampus appear
to be essential for contextual fear conditioning (Zhang et al.
2001). Overexpressed 5-HT3 receptors may be producing effects
on learning and memory by causing the depolarization of pyra-
midal cells in which they are ectopically expressed, thus relieving
the magnesium block of the NMDA channel. This scenario would

require the release of serotonin onto pyramidal cells in order to
activate the overexpressed 5-HT3 receptors. However, serotoner-
gic projections from the median raphe predominantly innervate
a subset of GABAergic interneurons within the hippocampus
(Hornung and Celio 1992). Thus, it remains possible that over-
expressed receptors on interneurons, which mimic endogenous
receptor localization, contribute to the learning enhancement
observed for 5-HT3-OE mice. This possibility, while arguing
against some of the literature which indicates that antagonists of
endogenous 5-HT3 receptors enhance learning (Costall and Nay-
lor 1992), might explain why complex hippocampal-dependent
learning and memory tasks are occasionally worsened by antago-
nism of this receptor (Bratt et al. 1994). The present results would
support the argument that endogenous 5-HT3 receptors may in
fact contribute to the acquisition of hippocampal-dependent fear
conditioning. Still, it is entirely possible, and perhaps likely, that

Figure 5 Latent inhibition to the tone is enhanced in 5-HT3-OE mice, whereas contextual conditioning remains elevated. (A) Day 1 pre-exposure: Mice
in the context-tone pre-exposure group received 40 presentations of a 5-sec tone (80-db, 6-Hz clicker, intertrial interval 30 sec). Mice in the no
pre-exposure group remained in their home cages. Mice in the context pre-exposure group were placed in the training chamber for the same amount
of time (23 min, 50 sec) as the context-tone group but received no exposure to the tone. Day 2 training: After 90 sec of habituation, the tone was
presented for 5 sec and a footshock (0.6 mA) was delivered through the stainless steel grid floor for the last 2 sec of the tone. Thirty sec after the first
footshock, the tone and footshock sequence was repeated and mice were removed from the context 30 sec after co-termination of the second
tone/shock pairing. Day 3 testing: Mice were tested for freezing to the tone. Day 4 testing: Mice were tested for freezing to the context. (B) Conditioned
responding to the tone. Data are mean � SEM. Black bars, 5-HT3-OE; gray bars, WT. *: A significant difference at P = 0.05 for a genotype �
pre-exposure interaction. (C) Conditioned responding to the context. Data are mean � SEM. Black bar, 5-HT3-OE; gray bar, WT. *: P = 0.02.
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the effects on learning due to receptor overexpression are a result
of ectopic expression.

Behavioral changes might also result from a compensatory
alteration in neuronal physiology due to increased 5-HT3 recep-
tor expression, either post- or prenatally. It has not been dem-
onstrated that expression of the 5-HT3 transgene is limited to
postnatal development. 5-HT3 receptor mRNA can be detected at
embryonic day 10 in the rat and may play a role in secondary
induction in fetal development (Johnson and Heinemann 1995).
However, CaMKII� protein is not highly expressed until after
birth (Burgin et al. 1991), and fyn-transgene expression driven by
the same CaMKII� promoter used here is expressed strongly only
postnatally (Kojima et al. 1997), so we speculate that the expres-
sion of the 5-HT3 receptor transgene is also limited to after birth
(Engel et al. 1998). Indeed, transgene expression is limited spa-
tially to the forebrain, as dictated by the expression profile of the
CaMKII� promoter. We therefore suggest that the interference of
receptor overexpression in prenatal development is minimal or
absent.

Although compensatory changes in the same or other neu-
rotransmitter systems may have occurred in response to receptor
overexpression which occurs postnatally, the ability of ondanse-
tron to reduced freezing levels to that of WT in the context test
argues that an acute effect of the receptor is a more likely reason
for the learning improvement, and not compensatory changes.
In previous experiments it was shown that 5-HT3 receptor over-
expression did not produce compensatory changes in mono-
amine levels, dopamine receptors, or transporters (Allan et al.
2001), and so it remains possible that compensatory changes
may not be the sole basis for the behavioral phenotypes we have
observed in the transgenic mice.

The hippocampus influences attention and is necessary not

simply for learning, but for discriminating; that is, for determin-
ing when it is appropriate to learn one thing in relation to an-
other. Thus, an important role of the hippocampus is to inhibit
unnecessary associations and allow for the formation of mean-
ingful or predictive associations (Corcoran and Maren 2001). LI
paradigms reflect decremental attention, or the ability to ignore
previously irrelevant stimuli and thus inhibit unnecessary asso-
ciations (Gould and Wehner 1999). 5-HT3-OE mice pre-exposed
to the context and tone learned to ignore the irrelevant tone (of
low predictive value) during pre-exposure and thus were less
able, compared to WT mice exposed to the same stimuli, to use
the stimulus as an associative cue the next day. Previous studies
indicate that antagonism of the 5-HT3 receptor facilitates LI
(Moran and Moser 1992). Here we report the enhancement of LI
in a fear conditioning task as an effect of chronic 5-HT3 receptor
transgene overexpression in the forebrain. Improved attention
may contribute to the learning enhancement evident for 5-HT3-
OE mice.

PPI and LI are disrupted in individuals with schizophrenia,
so in light of LI results it was important to assess PPI. PPI is a
measure of the ability to shut out stimuli that quickly follow a
previous stimulus, and allows for mental integration (Dulawa
and Geyer 2000). This mechanism is thought to be important in
order to prevent the interruption of ongoing information pro-
cessing routines by ensuing stimuli. Serotonin acts as a modula-
tory neurotransmitter in PPI paradigms (Paylor and Crawley
1997; Caldarone et al. 2000; Dulawa and Geyer 2000). Sensori-
motor gating, as reflected by PPI to a tactile startle stimulus,
appears to be normal in 5-HT3-OE mice and shows the charac-
teristic dependence on prepulse intensity, as does WT PPI. Startle
amplitude is also unaffected by transgene expression. Thus, over-
expression of the 5-HT3 receptor did not appear to influence PPI.
This might indicate that the enhancement in attention for
5-HT3-OE mice, revealed using LI, is independent of an overall
antipsychotic effect of overexpression.

Extinction to the auditory cue and to the context was un-
affected by overexpression of the 5-HT3 receptor. WT and 5-HT3-
OE mice were able to learn that the tone and the context were no
longer predictive of the aversive footshock at similar rates. As
extinction in the context is context-specific and thus depends on
the hippocampus (Corcoran andMaren 2001), 5-HT3-OEmice do
not appear to display hippocampal-dependent learning differ-
ences in extinction paradigms. Results from this protocol suggest
that enhanced learning and memory in 5-HT3-OE mice may de-
pend on the novelty of the learning situation. Extinction is an
active learning process that does not erase, but rather suppresses,
the original learning. Similar to fear conditioning, extinction re-
quires consolidation and retrieval of new memories (Berman and
Dudai 2001). The main difference between fear conditioning and
extinction experiments is that the situation is completely new,
and therefore novel, in the original conditioned fear experi-
ments. The absence of novelty in the extinction protocol and the
lack of extinction enhancement for 5-HT3-OE mice might sug-
gest that the enhancement of the context-footshock association
depends on the novelty of the learning paradigm. The finding
that 5-HT3-OE mice display heightened inspective and inquisi-
tive behavior when exposed to a novel object in an open field
further indicates that heightened attention to novelty may con-
tribute to a specific enhancement in the attention to or acquisi-
tion of hippocampal-dependent cues. The 5-HT3 receptor may be
important in the distinction between learning something new
about a previous association and learning something completely
new and therefore novel.

5-HT3-OE mice are less anxious in the elevated plus-maze.
Using an ethological version of the elevated plus-maze, Rodgers
et al. (1995) determined that anxiogenesis was indicated for a low

Figure 6 5-HT3-OE mice do not have altered pre-pulse inhibition or
startle. Data are mean � SEM. Black bars, 5-HT3-OE; gray bars, WT. (A)
PPI. x-axis labels indicate the intensity of the prepulse in decibels. (B) Max
startle amplitudes.
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concentration of the 5-HT3 receptor antagonist ondansetron,
supporting an anxiolytic role of the 5-HT3 receptor. Other studies
have reported conflicting results. It appears that differences in
paradigms (Gonzalez et al. 1998) and even in parameters within
a given paradigm (Nevins and Anthony 1994) are differentially
sensitive to the anxiety modifying-effects at this receptor. Here
we report that overexpression of the 5-HT3 receptor is anxiolytic
in both the elevated plus-maze and the second segment of the
novelty exploration paradigm. As behavior within the initial
5-min segment of the novelty exploration task can be considered
a classic open field test, and because there was no difference in

behavior within the center area due to genotype, it appears that
overexpression of the 5-HT3 receptor is not inherently anxiolytic
in all behavioral tests of anxiety. Although fearful reactions are
generally considered to be controlled by the amygdala (Rogan
and LeDoux 1996; Davis and Whalen 2001), the hippocampal
formation also is important in anxious behaviors (Gonzalez et al.
1998; File et al. 2000). In fact, the hippocampal formation is
thought to be capable of coding critical aspects of anxiety, allow-
ing for the integration of anxiety states and learning cues. The
present results suggest that enhanced hippocampal-dependent
learning observed for 5-HT3-OE mice is not confounded by a
concomitant increase in anxiety. Whereas anti-anxiety drugs
that enhance the effects of GABA tend to reduce learning, anti-
anxiety agents which act via the serotonin system do not sup-
press learning in humans (Korneyev 1997) or long-term poten-
tiation (LTP) in rodent (Mori et al. 2001). Therefore, a learning
enhancement in 5-HT3-OE mice, in the face of an anxiolytic af-
fect, fits with the idea that anxiolytics that affect the serotonin
system do not impair learning and memory.

It is becoming increasingly obvious that the 5-HT3 receptor
is a valuable receptor to target for drug development (Reeta et al.
1999; Johnson et al. 2000; Ye et al. 2001), so it is necessary to
understand the role of this receptor in behavior. Our present
results suggest that overexpression of the 5-HT3 receptor results
in decreased anxiety and subsequent, or independently en-
hanced, inquisitive behavior in response to novel stimuli, which
may influence hippocampal-dependent learning and memory as
well as attention. The overexpressed 5-HT3 receptor may contrib-
ute to hippocampal functioning and learning and memory by
enhancing the contrast between predictive and irrelevant stimuli
in learning paradigms.

MATERIALS AND METHODS

Animals
All of the procedures employed in the current studies were ap-
proved by the University of New Mexico Laboratory Animal Care
and Use Committee. 5-HT3-OE mice were developed by our labo-
ratory and are described elsewhere (Engel et al. 1998). WT mice
are transgene-negative littermates. The genetic background of
WT and 5-HT3-OE mice is B6SJL/F2 (B6xSJL/F1 � B6xSJL/F1).
Mice were housed 2–4 per cage in a room with a 12-h light/dark
cycle (lights on at 0800 h). Standard chow and water were avail-
able ad libitum. Male and female mice, 60–120-d-old, were used
in the present experiments. Behavioral testing was conducted
between 0800 and 1500 h.

Fear Conditioning
Fear conditioning took place in a Coulbourn Habitest Modular
Test System with a stainless steel grid floor for administration of
the footshock. The apparatus was located within a sound-attenu-
ated chamber. After the removal of each mouse from the training
context, 70% isopropanol was used to clean the walls and floor of
the module. Conditioning protocols were adapted from those
described by Paylor et al. (1994). Mice were assigned to two
groups, paired tone shock (PTS) or immediate shock (IS). For PTS
training, groups were composed of 5 naïve animals � 2 genders
� 2 genotypes. For IS training, groups consisted of 4 naïve ani-
mals � 2 genders � 2 genotypes. Figure 1A,B depicts the training
paradigms. The tone conditioned stimulus was an 80-db, 6-Hz
clicker. An unconditioned stimulus of an electric footshock (0.6
mA) was used. The IS and PTS training took 4.5 min each.
Twenty-four h after training, mice were reintroduced to the con-
ditioning context for the context retention test and scored by an
observer blind to genotype. The conditioning context was again
cleaned with 70% isopropanol between animals. The tone and
the footshock were not delivered during this test session. The
animal’s behavior was observed and contextual conditioning was

Figure 7 5-HT3-OE mice have increased exploratory behavior in re-
sponse to a novel object. Data are mean � SEM. Black bars, 5-HT3-OE;
gray bars, WT. “Exit”: reflects the latency to leave the center after place-
ment in the open field. “Approach”: Latency to approach the novel ob-
ject. “Initial”: Behavior in the first five min. “Difference”: The difference
score between the first 5-min and second 5-min segments (segment 2�
segment 1). All * apply to difference groups. (A) Latency. (B) Time in
center. *** P < 0.001. (C) Number of times center lines were crossed. **
P = 0.001. (D) Total lines crossed. * P = 0.033.
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assessed using a time-sampling procedure. Every 10 sec, the
mouse was scored as either moving or freezing. Freezing is the
conditioned response measured to reflect the amount of learning
and is defined by the absence of movement other than that re-
quired for respiration (Paylor et al. 1994). Approximately 2 h
later, freezing to an altered context (in a clear plastic container
with orange-scented bedding) and to the tone in this altered
context was assessed with the time-sampling procedure by an
observer blind to genotype. The altered context was cleaned with
70% ethanol after each mouse instead of isopropanol to ensure
that all olfactory cues were different in the altered context from
the conditioning context. Freezing was scored for 3 min without
presentation of the tone to determine levels of freezing in re-
sponse to the altered context itself. The tone then came on and
remained on while freezing was scored for an additional 3 min.
The amount of freezing is represented as the % freezing (# of
freezing intervals � total intervals). Four mice were removed
from the PTS contextual test data set. One OE male was removed
as a jumping response predominated on the testing day, one OE
female was removed due to a lack of movement in the corner of
the context resulting in a 100% freezing response, and two WT
female mice also exhibited jumping behavior on the testing day.
A three-way (training � gender � genotype) analysis of variance
(ANOVA) was used to analyze the context and tone test data.

Ondansetron, 0.5 and 1.0 mg/kg (crushed tablets of Zofran
[ondansetron hydrochloride] Cerenex Pharmaceuticals in saline)
and saline were administered intraperitoneally (i.p.) 45 min prior
to training in a separate experiment using 4 animals � 2 genders
� 2 genotypes � 3 treatments. Testing was carried out as de-
scribed above. A three-way (gender � genotype � injection)
ANOVA was used to analyze the data.

Extinction
5-HT3-OE and WT mice were trained as described for PTS fear
conditioning. Two groups were assigned for extinction, one for
extinction to the context and one for extinction to the tone.
Groups were composed of 3 naïve animals � 2 genders � 2
genotypes � 2 extinction conditions. Freezing to the context was
assessed as described for fear conditioning once every 24 h for the
context extinction group. Freezing to the tone was assessed,
again as previously described, once every 24 h for the tone ex-
tinction group. When mice displayed basal levels of freezing, the
testing was halted. Data for each mouse were normalized to the
level of freezing during the first test and expressed as a percent-
age of the first test. A three-way ANOVA (day � gender � geno-
type) was used to assess extinction to the context and to the tone.

Elevated Plus-Maze
Mice were placed in the center square (6 � 6 cm) of a Plexiglas
maze shaped in a cross elevated 2 ft above the ground. The sup-
ports that elevate the maze were made of clear Plexiglas and were
positioned in the middle of the arms so that the mouse was
unable to detect them. The maze had two open arms (30 � 6 cm
each) and was located in a moderately lit, sound attenuated
room. Open arms consisted of the clear Plexiglas floor and no
walls. The closed arms were covered with black contact paper and
had walls 6-cm high, also covered with black contact paper.
Groups were composed of 3 naïve animals � 2 genders � 2
genotypes. An observer blind to genotype monitored behavior
for 5 min with the aid of a video camera. The percentage of time
spent in the open arms, closed arms, and center area as well as
the number of entries (two front paws) into the open and closed
arms was recorded. Unpaired t-tests were used to assess the effect
of genotype on anxious behaviors.

Pain Sensitivity
Procedures were previously described by Crawley (1999). Re-
sponses to the footshock were assessed after mice had been ex-
tinguished in the context. Mice had been given 2 wks of rest after
the 24-h extinction paradigm reported here, as well as a 2-h ex-
tinction paradigm being explored concurrently and not reported
here, and were used to assess sensitivity to footshock. Groups

consisted of 6 animals � 2 genders � 2 genotypes. The intensity
of shock required to elicit running, vocalization, and a jump was
determined by an observer blind to genotype for each of the 24
animals by delivering a 1-sec shock every 30 sec starting at 0.08
mA and increasing the shock by 0.02 mA each time. The maxi-
mum intensity tested was 0.20 mA. A three-way ANOVA (re-
sponse � gender � genotype) was used to analyze shock reac-
tivity.

Latent Inhibition
Procedures were adapted from those described by Caldarone et al.
(2000). Figure 4A illustrates the paradigm used. WT and 5-HT3-
OE mice were separated into three groups and pre-exposed to the
training context alone (context group), or to the context with
presentation of the tone (context-tone group), or received no
pre-exposure of context or tone. Groups consisted of 4 naïve
animals � 2 genders � 2 genotypes � 3 pre-exposure condi-
tions. The conditioning chamber was cleaned with 70% isopro-
panol after the removal of each mouse during pre-exposure.
Twenty-four h after pre-exposure, mice from each pre-exposure
condition and the no pre-exposure group were placed in the con-
ditioning context for fear conditioning (2-min+40-sec training
session) as described in Figure 4A. The apparatus was again
cleaned with 70% isopropanol between animals. The day after
training, mice were observed for a freezing response to the tone
as described for fear conditioning. On the following day, mice
were scored for freezing to the original conditioning context
(where both the pre-exposure and training had occurred), also as
described for fear conditioning. A three-way ANOVA (pre-expo-
sure � gender � genotype) was used to assess freezing to the
tone and to the context after training in the LI paradigm.

Acoustic Prepulse Inhibition of Tactile Startle Response
Testing was conducted in the SR-Lab System (San Diego Instru-
ments) startle apparatus as previously described by Paylor and
Crawley (1997). The background noise level of the chamber was
70 dB. Mice previously used for 2-h extinction tests not reported
here were used in all PPI tests. Mice had been allowed 2 wks
between the last day of extinction testing and the PPI test.
Groups were composed of 5 animals � 2 gender � 2 genotypes.
Each test session began with a 5-min acclimation period, after
which each subject was presented with 60 trials (10 trial types
repeated six times pseudorandomly). Trial types were: one 40-
msec, 12-psi tactile (air puff to the back of the animal) startling
stimulus; four prepulse trials of 78, 82, 86, and 90 dB (20 msec)
followed by the tactile stimulus (100 msec after onset of the
prepulse); four trials of 78, 82, 86, or 90 dB (40 msec); and one
trial with no stimuli. The average intertrial interval (ITI) was 15
sec and ranged from 10–20 sec. The startle response was recorded
for 65 msec beginning at the stimulus onset. Maximum startle
values for this time period were recorded and analyzed using a
macro created in Excel. Percent prepulse inhibition of the startle
response was calculated as 100 � ([prepulse trial/tactile startling
stimulus] � 100). A high percent prepulse inhibition value re-
flects strong prepulse inhibition. A three-way ANOVA (prepulse
intensity � gender � genotype) was used to assess inhibition of
the startle response in the presence of a prepulse. A two-way
ANOVA (genotype � gender) was used to assess startle in the
absence of the prepulse.

Novel Object Exploration
The test was adapted from the protocol described by Grailhe et al.
(1999). An open field apparatus was used measuring 17� � 17�
with 8�-high Plexiglas side-walls. The floor of the apparatus was
black and divided into five areas: four equal quadrants and one
center area with a diameter of 14 cm. The experiments were
carried out in a dimly lit room with the aid of a video camera to
minimize any effects of stress/anxiety. An observer blind to geno-
type analyzed the tapes. The floor and walls of the open field
were wiped with 70% isopropanol before each test session. For
5-HT3-OEmice, 13 naïve animals were used, 6 female and 7 male.
For WT mice, 18 naïve animals were used, 9 female and 9 male.
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The test session consisted of two 5-min periods. For the first five
min, mice were placed into the center area and latency to leave
the center was recorded, the time spent in the center was as-
sessed, and the total number of center line crosses and the num-
ber of total lines crossed were tallied. During the second 5 min,
the same measures were taken after introduction of a novel ob-
ject into the center. Latency to approach the object was recorded.
The object was a pink and green striped gray cube (1 inch3) with
an open side. The cube was placed in the center with the open
side facing the mouse. Two WT male mice were taken out of the
analysis of latency as the initial measurement was not caught on
tape. One WT male mouse was also removed from the analysis of
time in the center due to observer error with a timer. A two-way
ANOVA (genotype � gender) was used to analyze each of the
four measures of reactivity to the novel environment (initial seg-
ment score, first five min) and to analyze the same four measures
of reactivity to the novel object using a difference score of the
second 5-min segment minus the initial 5-min segment.
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