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Abstract
Excessive fear is a hallmark of several emotional and mental disorders such as phobias and panic
disorders. Considerable attention is focused on defining the neurobiological mechanisms of the
extinction of conditioned fear memory in an effort to identify mechanisms that may hold clinical
significance for remediating aberrant fear memory. Serotonin modulates the acquisition and
retention of conditioned emotional memory, and the serotonin 2A receptor (5HT2AR) may be one
of the postsynaptic targets mediating such effects. Here we tested the hypothesis that the 5HT2AR
regulates the consolidation and extinction of fear memory in male C57BL/6J mice. The influence
of 5HT2ARs on memory consolidation was further confirmed with a novel object recognition
task. With a trace fear conditioning paradigm, administration of the 5HT2AR agonist TCB-2 (1.0
mg/kg, i.p.) before the extinction test facilitated the acquisition of extinction of fear memory as
compared to vehicle treatment. In contrast, administration of the 5HT2AR antagonist MDL 11,939
(0.5 mg/kg, i.p.) delayed the acquisition of extinction of fear memory. Further, the post-
conditioning administration of TCB-2 enhanced contextual and cued fear memory, possibly by
facilitating the consolidation of fear memory. Administration of TCB-2 also facilitated the
acquisition of extinction of fear memory in delay fear conditioned mice. Stimulation or blockade
of 5HT2ARs did not affect the encoding or retrieval of conditioned fear memory. Finally,
administration of TCB-2 right after training in an object recognition task enhanced the
consolidation of object memory. These results suggest that stimulation of 5HT2ARs facilitates the
consolidation and extinction of trace and delay cued fear memory and the consolidation of object
memory. Blocking the 5HT2AR impairs the acquisition of fear memory extinction. The results
support the view that serotonergic activation of the 5HT2AR provides an important modulatory
influence on circuits engaged during extinction learning. Taken together these results suggest that
the 5HT2AR may be a potential therapeutic target for enhancing hippocampal and amygdala-
dependent memory.
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Introduction
Brain serotonin (5-HT) originates from the raphe nuclei and modulates behaviors, emotion,
mood, and cognition (Jacobs and Azmitia, 1992). Altered serotonergic neurotransmission is
observed in the pathophysiology of memory impairments, depression, anxiety and post-
traumatic stress disorders (PTSD). 5-HT has been demonstrated to enhance learning and
memory in both invertebrate and vertebrate model systems since 1960s. (Dai et al., 2008;
Kandel, 2001; Khaliq et al., 2006; Levkovitz et al., 2003; Porter et al., 2003). Fear memory,
due to its intimate relation to clinical mental trauma, has been an issue of considerable
attention recently. Alleviation of fear memory associated with emotional disorders (e.g.,
phobia, PTSD) may help patients resume a normal life and decrease medical burden.
However, the mechanisms underlying fear memory extinction remain elusive. 5-HT
modulates contextual fear memory in mice (Dai et al., 2008). To date, at least 14 5-HT
receptors belonging to 7 families have been reported (Nichols and Nichols, 2008) and the 5-
HT2A receptor (5HT2AR) may be one of the targets by which 5-HT modulates fear
memory.

Even though the 5HT2AR is assumed to be a brain target for hallucinogenic drugs, a number
of studies suggest that 5HT2ARs modulate learning and memory. Central 5-HT2ARs are
highly enriched in brain areas participating in learning and memory processes, such as the
medial prefrontal cortex (mPFC), hippocampus and lateral amygdala (LA) (Cornea-Hebert
et al., 1999). Reduced binding capacity of 5HT2ARs has been observed in normal aging
subjects (Meltzer et al., 1998b) and AD patients (Marner et al., 2012; Meltzer et al., 1998a).
Functionally, activation of 5HT2ARs enhances cortical presynaptic glutamate release
(Ciranna, 2006; Hasuo et al., 2002), NMDA receptor sensitivity (Arvanov et al., 1999), and
conditioned avoidance memory in rodents (Alhaider et al., 1993). Blockade of 5HT2ARs
attenuates cue-elicited and cocaine-primed memory reinstatement (Pockros et al., 2011).
Humans that carry a polymorphism in the 5HT2AR gene exhibit impaired novelty-induced
activation of the hippocampus and impaired consolidation of explicit memory (Schott et al.,
2011; Wagner et al., 2008). Although a number of studies suggest that 5HT2ARs influence
learning and memory (Meneses, 2007a, b), there has been little if any effort to specifically
examine the influence of 5HT2ARs on fear memory processes.

Pavlovian fear conditioning is one of the most well characterized paradigms to assess fear
memory. In it, a neutral stimulus (e.g., tone, context, light) becomes a conditional stimulus
(CS) after it is repeatedly paired with an aversive unconditional stimulus (US, i.e., foot
shock) (Phillips and LeDoux, 1992). Defensive freezing, all movement ceasing except for
respiration, is a conditioned response to a CS during test for recall and has been used as a
reliable measure for rodent fear memory (Blanchard et al., 2001; Blanchard and Blanchard,
1969). In a contextual and delay cued fear conditioning paradigm, the rodent is presented
with repeated pairings of a tone CS that co-terminates with a brief foot shock US in a
distinct context. The LA is critical for associating the tone CS with the foot shock, and the
hippocampal-dependent context memory with the aversive foot shock US stimulus (Kim and
Fanselow, 1992; Phillips and LeDoux, 1992). In trace fear conditioning, a temporal gap is
imposed between the termination of a tone CS and the onset of an aversive stimulus (US).
An appropriately timed conditioned freezing response, which develops progressively over
the course of the repeated CS-US pairings during the conditioning session, is a declarative
memory dependent on hippocampal function in rodents and humans (Clark and Squire,
1998; McEchron et al., 1998). The present study examined the influence of 5HT2AR-
sensitive drugs on fear memory processes, especially extinction, with delay and trace fear
conditioning paradigms.
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Here, we hypothesized that 5HT2ARs influence fear memory consolidation and extinction.
The influence of 5HT2ARs on memory consolidation was further confirmed with a novel
object recognition task. Our results indicate that activation of 5HT2ARs facilitates the
extinction of cued fear memory after delay and trace fear conditioning paradigms, and the
consolidation of contextual fear memory and object memory.

2. Materials and Methods
2.1. Animals

Adult male C57BL/6J mice (8–12 weeks) were purchased from Jackson Laboratories (Bar
Harbor, ME). Mice were housed in groups of 4 per standard polycarbonate cage with ad
libitum access to food and water. Mouse cages were maintained in a temperature- and
humidity-controlled colony room with a 12-h/12-h light/dark cycle with lights on at 7:00
AM. Bedding changes occurred 1/week on a day that was convenient to experimental
protocol (i.e., bedding was changed before behavioral training was initiated or was delayed
until completion of the experiment). All behavioral testing took place during the light phase
from 12:00 PM to 5:00 PM. All procedures were conducted in accordance with the
guidelines as described in the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and Use Committee at
Florida Atlantic University.

2.2. Apparatus
Fear conditioning was performed with the MED Associates Near-Infrared Video Fear
Conditioning System (Georgia, VT) comprised of four identical rectangular chambers (30.5
cm by 24.1 cm by 21 cm) constructed of brushed aluminum side walls and clear Plexiglas
front, back and top walls. An overhead white house light and an infrared light illuminated
each chamber, and a speaker attached to the right side wall of each chamber delivered the
tone stimuli. The chamber floor was constructed of parallel stainless steel rods (36 rods, 3.2
mm dia, 7.9 mm apart) designed for mice, and connected to a scrambled shock generator.
Each chamber was housed inside a larger sound-attenuating cabinet which had a ventilation
fan in the right side wall used to provide background noise. A near-infrared FireWire video
camera was mounted on the left front door of each noise-attenuating cabinet to acquire
mouse behavior. Before each trial, the chamber floors were cleaned thoroughly with a 10%
ethanol solution then with 1% LiquiNox (White Plains, New York) to remove olfactory
cues. Freezing, a rodent’s natural response to fear (LeDoux, 1993), was recorded and
automatically scored to assess the strength of fear memory. The automatic software program
operationally defined freezing episodes as the duration of time, greater than 0.6 s, during
which less than 20 pixels of each video frame were detected to have changed. The video
capture rate was set at 30 fps which resulted in freezing being recorded computationally
after less than 20 pixels of motion per frame over the time course of 18 frames.

2.3. Habituation
Procedures began at least 1 week after arrival of mice into the vivarium. On the first day of
behavioral testing (day 1) each mouse was habituated to the holding room for at least 1 h; on
days 2 and 3, each mouse was placed individually in a clean, empty polycarbonate holding
cage for at least a 10-min period then returned to its home cage. On days 4 and 5, each
mouse received a sham injection in which a 27-gauge needle penetrated the abdominal skin
but no fluid was injected (day 4) and then an i.p. injection of 0.9% saline (day 5) before
being placed in the polycarbonate cage for 20 min.
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2.4. Fear conditioning and extinction
2.4.1. Trace fear conditioning and extinction—The present procedure was modified
from that of Weitemier and Ryabinin (2003). On the first training day (day 6), mice were
placed individually into clean empty polycarbonate holding cages. Twenty min later each
mouse was allowed to freely explore a conditioning chamber during a 10 min Context A
pre-exposure session. On the following day, after 20 min in the individual holding cages,
each mouse was returned to Context A. After a 60-s exploration interval in Context A to
establish baseline freezing, a tone (90 dB, 5000 Hz, CS) was presented for 15 s followed by
a 30 s stimulus-free interval, and then a 0.5-s, 0.75 mA foot shock (US) occurred. The CS-
US pairing was repeated eight times with a 210-s inter trial interval (ITI). Mice were
removed from the conditioning chamber and returned to their home cages 60 s after the final
CS-US pairing. Twenty-four h later each mouse was tested for freezing to the CS tone in a
modified chamber (Context B). The Context B chamber consisted of a white Plexiglas floor,
a black Plexiglas triangular insert and several drops of 10% acetic acid on the tray under the
floor. Thus, Context B provided an altered floor texture, light intensity, chamber geometry,
and odor. Before each trial, the floors and inserts were cleaned with 10% ethanol to remove
olfactory cues. Sixty seconds after the introduction of a mouse into Context B, 8 unpaired
15-s tone CS were presented with a ITI of 210 s (see Figure 1C). Forty-eight h+ after the
conditioning session, each mouse was returned to Context A chamber for a 5-min context
test, but no foot shock or tone stimuli were presented. Freezing, a rodent’s natural response
to fear (LeDoux, 1993), was recorded and automatically scored by the Video Freezing
software (MED Associates, Georgia, VT). Mice received saline or drug injection right after
the trace fear conditioning session or before the tone test to examine 5HT2AR’s effects on
memory consolidation and extinction, respectively.

2.4.2. Delay fear conditioning and extinction—One day after habituation, naïve mice
were placed individually into clean empty polycarbonate holding cages. Twenty min later
each mouse was allowed to freely explore the Context A chamber during a 5-min context
pre-exposure session. On the following day, after 20 min in the individual holding cages,
each mouse was returned to Context A for a 3 CS-US conditioning session. Briefly, after a
60-s exploration interval to establish baseline freezing, a tone (90 dB, 5000 Hz, CS) was
presented for 30 s, which co-terminated with a 1-s, 0.5 mA foot shock (US). The CS-US
pairing was repeated twice more. Mice were removed from the conditioning chamber and
returned to their home cages 60 s after the last CS-US pairing. During the extinction test
presented 24 h later, mice were placed into Context B with distinct light density, texture,
color and odor. After 60 s in Context B, each mouse received 20 unpaired tone (30 s) CS
stimuli with ITI of 5 s and then were returned to their home cages 60 s after the last CS (see
Figure 1E).

A second cohort of naïve mice received the same pre exposure and fear conditioning in
Context A. Twenty-four h after the conditioning session, each mouse was returned to
Context A for a 5-min contextual test, but no foot shock or tone stimuli were presented. At
least 2 h later each mouse was placed in Context B (as described above), and 60 s later was
presented with a 30-s tone CS and freezing behavior was measured. Data from mice that
showed robust (greater than 20%) freezing during the first 60 s of the tone test (pre-tone)
were excluded from the analysis due to generalized freezing rather than cued freezing. For
conditioning and the tone test sessions, tone-elicited freezing was defined as freezing
episodes that occurred during the 30 s of the tone and the 30 s interval following the tone.
To determine whether contextual and cued fear conditioning were sensitive to
pharmacological manipulation of 5HT2ARs, mice received TCB-2 or MDL 11,939
treatment before the 3 CS-US conditioning session, or before the context test session to
investigate fear memory encoding and retrieval, respectively.
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2.5. Novel object memory
A spontaneous non-spatial novel object recognition (NOR) paradigm was used to test the
influence of 5HT2ARs on the consolidation of object memory. The NOR procedure used
here was modified from that used in our recent publication (Vick et al., 2010). Specifically,
the amount of sample session object exploration or training was limited to 15 s for each
object or 19 s for either objects within 5 min, compared to the standard training of 30 s for
each object or 38 s for either objects within 10 min in Vick et al. (2010). Mice permitted 30
s of sample object exploration exhibit strong or near ceiling level of novel object preference,
leaving little opportunity to identify memory-enhancing effects of TCB-2. Limited sample
object exploration for control-treated mice results in weak novel object preference during
the test session presented 24 h later (Stackman et al., 2002). Thus, this limited sample
session exploration protocol provides an opportunity to examine promnestic effects of drugs
on object memory. Briefly, each mouse was habituated to the high-walled white arena (37.5
cm × 37.5 cm × 50.8 cm high) 10 min/day for 2 days. Twenty-four h after the last
habituation session, each mouse was returned to the arena, which now contained two
identical objects (metal leveling feet) positioned in opposite corners. During this sample
session, each mouse was permitted a maximum of 5 min to accumulate 19 s of exploration
of either sample object or total of 15 s exploration of both sample objects. Once the mouse
reached the object exploration criteria, the trial ended and the mouse was immediately
removed from the arena. During the test session presented 24 h later, the mouse was re
introduced into the same arena in which one of the familiar objects was replaced with a
novel one (plastic toy gorilla, see Figure 6). The mouse was removed from the arena after 5
min had elapsed. Object memory was inferred from the discrimination ratio, calculated for
each mouse by subtracting the time spent exploring the familiar object from the time spent
exploring the novel object and dividing by the total time spent on exploring both objects.
Discrimination ratio scores can range from -1 to 1, with 0 indicating equal or chance
exploration levels. Positive discrimination ratio scores demonstrate novel object preference
and indicate a successful recognition of the familiar object. 5HT2AR drugs were injected
right after the sample session to test effects on the consolidation of object memory.

2.6. Data analysis
Data were expressed as mean ± SEM. One-way ANOVA, Student’s t-tests, and post-hoc
LSD multiple comparisons tests were used to compare the total percent freezing during the
pre-exposure and context tests after fear conditioning, and the discrimination ratio of object
memory. Two-way repeated measures ANOVA and post-hoc LSD test were used to
compare percent freezing scores during the fear conditioning sessions, cued fear memory
tone tests and during the tests of fear memory extinction. Significance was set at P < 0.05.

3. Results
3.1. Systemic activation and blockade of 5HT2ARs on the consolidation and extinction of
trace fear memory

The modulation of 5HT2ARs on the consolidation and extinction of fear memory was first
examined with a trace fear conditioning paradigm. Each mouse received two injections, one
immediately after the fear conditioning session and one before the extinction test, to
examine fear memory consolidation and extinction, respectively. There was no difference on
Day 1 in total percent freezing during the Context A pre-exposure session across the three
groups of mice of the TCB-2 study (Vehicle + Vehicle, TCB-2 + Vehicle, and Vehicle +
TCB-2), one-way ANOVA F(2,27)=0.010, P = 0.990. For the trace conditioning session 24
h later, mice were placed into Context A and after 60 s received eight pairings of the CS
(white noise, 15 s) followed by a trace period (30 s) and then the US (foot shock, 0.5 s) with
an intertrial interval (ITI) of 210 s (see Figure 1B). The freezing scores during the eight ITI
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((ITI 1, 107.5–315.5 s; ITI 2, 362–571s; ITI 3, 617.5–826.5 s; ITI 4, 873–1082 s; ITI 5,
1128.5–1337.5 s; ITI 6, 1384–1593 s; ITI 7, 1639.5–1848.5 s; ITI 8, 1896–1954s) were
compared with a two-way repeated ANOVA. The analysis yielded a significant effect of ITI
(F(7,189) = 20.969, P < 0.001), but a non significant main effect of treatment and a non-
significant treatment x ITI interaction effect.

There was no difference in total percent freezing during context pre exposure in the three
groups of mice in the MDL 11,939 study (Vehicle + Vehicle, MDL 11,939 + Vehicle, and
Vehicle + MDL 11,939) F(2,19) = 1.104, P = 0.352. During the trace conditioning session
24 h later, mice received 8 CS-US paired trace fear conditioning training as described above.
The two-way repeated ANOVA on freezing scores across the 8 ITIs yielded a significant ITI
effect (F(7,175) = 23.282, P < 0.001), but no significant effect of treatment or treatment x
ITI interaction.

3.1.1. Systemic activation and blockade of 5HT2ARs on the consolidation of
trace fear memory—The influence of activation or blockade of 5HT2ARs on the
consolidation of trace cued fear memory and of contextual fear memory was examined by
administering the 5HT2AR drugs right after trace fear conditioning (see Figure 2). Percent
freezing scores in response to the 1st CS stimulus (ITI 1: 79–90 s) were analyzed to measure
the strength of the tone fear memory. TCB-2-treated mice had a higher percent freezing
score compared to vehicle-treated mice (t(18) = −2.336, P = 0.031; see Figure 2A). In
contrast, MDL 11,939 mice exhibited a lower percent freezing score compared to vehicle-
treated mice (see Figure 2B) in several epochs during the first 2 CS presentations (241–255
s, t(17)=3.637, P = 0.002; 271–285 s, t(17) = 3.184, P = 0.005; 301–315 s, t(17) = 2.676, P =
0.016; 316–330 s, t(17) = 2.580, P = 0.019; 331–345 s, t(17) = 2.555, P = 0.020; 376–390,
t(17) = 3.552, P = 0.021). These data indicate that the 5HT2AR modulates the consolidation
of cued fear memory.

The strength of the contextual fear memory was tested by returning the mice to Context A
for a 5-min test session 48 h after trace fear conditioning. Mice that received post-
conditioning TCB-2 displayed significant higher total percent freezing in Context A as
compared to the postconditioning vehicle mice (see Figure 2C, TCB-2 + Vehicle vs. Vehicle
+ Vehicle, P = 0.044). Pre-test TCB-2-treated mice exhibited freezing during the context test
that was comparable to that of pre-test vehicle-treated mice (Vehicle + TCB-2 vs. Vehicle +
Vehicle, P = 0.295). Mice that received post-conditioning MDL 11,939 exhibited a tendency
towards decreased total percent freezing during the context test compared to post-
conditioning vehicle-treated mice (Vehicle + MDL 11,939 vs. Vehicle + Vehicle, P = 0.077,
one-way ANOVA; Figure 2D). These results suggest that stimulation of 5HT2ARs enhances
the consolidation of contextual fear memory.

3.1.2. Systemic activation and blockade of 5HT2ARs on the extinction of trace
fear memory—The influence of pharmacological manipulation of 5HT2ARs on the
acquisition of extinction of trace fear memory was tested by administering TCB-2 or MDL
11,939 before the extinction test and then examining percent freezing during the 1st through
the 8th presentation of the nonreinforced CS stimuli in Context B. Mice that received pre-
test TCB-2 exhibited significantly decreased percent freezing in response to the 2nd through
8th CS stimuli compared to the vehicle-treated control mice (see Figure 3A). A two-way
repeated measures ANOVA on percent freezing scores yielded a significant effect of
treatment (F(1,18) = 29.449, P < 0.001), of ITI (F(7,126) = 3.847, P = 0.001) and the
treatment × time interaction (F(7,126) = 3.217, P = 0.004). Given the significant interaction,
further analysis of each ITI revealed significant treatment effects at ITI 2, 301–510 s,
treatment, F(1,18) = 26.565, P < 0.001; ITI 3, 526–735 s, treatment, F(1,18) = 24.254, P <
0.001; ITI 4, 751–960 s, treatment, F(1,18) = 8.110, P = 0.011, ITI 5, 976–1185 s, treatment,
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F(1,18) = 13.623, P = 0.002; ITI 6, 1201–1410 s, treatment, F(1,18) = 13.062, P = 0.002; ITI
7,1426–1635 s, treatment, F(1,18) = 18.319, P < 0.001; and ITI 8,1651–1710 s, treatment,
F(1,18) = 13.855, P = 0.002). These results indicate that stimulation of 5HT2ARs facilitates
the acquisition of extinction of cued fear memory.

Mice that received pre-test MDL 11,938 exhibited significantly higher percent freezing
scores during the ITI after the first CS stimulus, but the percent freezing scores of MDL
11,939-treated mice during the 2nd through 8th CS stimuli were not significantly different
from the pre-test vehicle-treated mice (see Figure 3B). Taken together these results indicate
that activation of 5HT2ARs by TCB-2 facilitates the acquisition of extinction of trace cued
fear memory, but the antagonism of 5HT2ARs did not influence extinction.

3.2. Systemic activation and blockade of 5HT2ARs on the encoding and retrieval of
contextual and cued fear memory

Influence of pharmacological manipulation of 5HT2ARs on the encoding and retrieval of
the fear memory was also tested. The effects of systemic TCB-2 (1.0 mg/kg) on contextual
and cued fear memory were examined with a 3 CS-US pairings delay fear conditioning
protocol in a separate cohort of naïve C57BL/6J mice. All mice received a 5-min context
pre-exposure session in Context A on the first day. There was no significant effect of
treatment group on total percent freezing scores during pre-exposure (F(2, 28) = 0.875, P =
0.429, one-way ANOVA). Twenty-four h later, each mouse was returned to Context A
where it received 3 CS-US pairings during the conditioning session. TCB-2 or vehicle was
administered 20 min before fear conditioning or 20 min before the context test session to
investigate fear memory encoding and retrieval, respectively. A two-way ANOVA on
percent freezing scores, with treatment as a between-subjects variable and CS-US pairing as
a repeated-measures variable revealed a significant effect of CS-US pairing (F(3, 78) =
105.004, P < 0.001), but non-significant main effect of treatment (F(2, 26) = 0.153, P =
0.859 < 1, n.s.), or treatment × CS-US pairing interaction (F(6, 78) = 1.027, P = 0.414, n.s.,
figure not shown). Overall, these data indicate that there was no significant influence of
systemic TCB-2 on the development of conditioned freezing over the course of the 3 CS-US
delay conditioning session. All mice displayed conditioned fear to the context when tested
24 h after conditioning, expressed as an increase in total percent freezing relative to the pre-
exposure session (see Figure 4A), and there was no difference between the vehicle- and
TCB-2-treated groups (F(2, 28) = 1.622, P = 0.217). There were also no treatment
differences in tone-elicited freezing during the tone test (see Figure 4B). A two-way
repeated ANOVA indicated a significant effect of time bin (F(1, 26) = 147.179, P < 0.001),
but non-significant effects of treatment and treatment × time bin interaction (both F’s (3, 36)
< 1, n.s.). These findings indicate that TCB-2 did not affect contextual or cued fear memory
encoding and retrieval after a 3 CS-US pairings protocol.

The influence of 5HT2AR blockade with MDL 11,939 (0.5 mg/kg) on fear memory was
also tested with the same 3 CS-US pairings protocol in 4 groups of mice. There was no
significant treatment group effect on pre-exposure total percent freezing scores (F(2, 26) =
0.460, P = 0.637, one-way ANOVA). Twenty-four h later, mice were returned to Context A
and received 3 CS-US pairings during the conditioning session. MDL 11,939 or vehicle was
administered 20 min before fear conditioning or 20 min before the context test session to
investigate memory encoding and retrieval, respectively. A two-way repeated measures
ANOVA on percent freezing data revealed a significant effect of CS-US pairing (F(3, 72) =
68.912, P < 0.001), but no significant main effect of treatment (F(2, 24) = 2.879, P = 0.076)
or treatment × CS-US pairing interaction effect (F(6, 72) = 0.843, P = 0.541, figure not
shown). All mice exhibited conditioned fear to Context A when tested 24 h after
conditioning, expressed as an increase in percent freezing relative to the pre-exposure
session (see Figure 4C). The one-way ANOVA on total percent freezing scores yielded a
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significant effect of treatment (F(2, 24) = 4.248, P = 0.026). However, the post hoc LSD
multiple comparisons revealed that mice administered MDL 11, 939 before fear
conditioning were significantly different from the mice that received MDL before context
testing, but neither MDL 11,939 group was significantly different from the control group (P
> 0.05). There were also no significant treatment differences in tone-elicited freezing during
the tone test (see Figure 4D). A repeated-measures ANOVA revealed a significant effect of
time bin (pre-tone vs. tone) on freezing (F(1, 24) = 107.290, P < 0.001), but no significant
effect of treatment or treatment × time bin interaction (both F’s(3, 32) < 1, n.s.). These
findings indicate that administration of MDL 11,939 to C57BL/6J mice does not affect
encoding or retrieval of contextual or cued fear memory with a 3 CS-US pairings protocol.

3.3. Systemic activation and blockade of 5HT2ARs on the extinction of delay cued fear
memory

Here we tested the pharmacological activation of 5HT2ARs with pre-test session injections
of TCB-2 (1.0 mg/kg, i.p.) on the extinction of cued fear memory after delay fear
conditioning. A cohort of naïve male C57BL/6J mice received saline injections and then a 5-
min context pre-exposure session to habituate to the conditioning chamber (Context A) on
the first day. There was no significant difference in freezing behavior between the mice that
were to receive pre-test saline (n=13) and those that were to receive pre-test TCB-2 (n=10),
t(21) = −0.796, P = 0.435, Student’s t-test. Twenty-four h later, mice again received a saline
injection and then were returned to Context A and received 3 CS-US pairings during a delay
fear conditioning session. A two-way ANOVA on percent freezing data, with treatment as a
between-subjects variable and CS-US pairing as a repeated-measures variable revealed a
significant effect of CS-US pairing (F(3, 108) = 150.074, P < 0.001), but no significant main
effect of treatment (F(1, 21) = 2.143, P = 0.158), or treatment × CS-US pairing interaction
(F(3, 63) = 0.602, P = 0.616, figure not shown). Overall, these data indicated that there was
no significant difference in the development of conditioned freezing over the course of the
conditioning session between the saline and TCB-2 groups. The mice received either pre-test
saline or pre-test TCB-2 injections 24 h after the conditioning session. After a 20 min delay,
all mice were placed into Context B chambers, where they received 20 unpaired CS tone
stimuli (see Figure 1D for experimental procedure). TCB-2 facilitated the acquisition of
extinction of cued fear memory (see Figure 5A). A two-way repeated measures ANOVA
revealed a significant effect of treatment (F(1, 21) = 4.614, P = 0.044) and a significant
interaction of treatment × CS presentations (F(5, 105) = 4.648, P = 0.001). This finding
indicates that activation of the 5HT2AR facilitates cued fear memory extinction in C57BL/
6J mice.

The influence of 5HT2AR blockade with pre-test MDL 11,939 (0.5 mg/kg, i.p.) on the
extinction of fear memory was tested with the same protocol in another 2 groups of mice.
There was no difference in freezing of the mice during the 5-min Context A pre-exposure
(t(18) = −0.211, P = 0.803, Student’s t-test). Twenty-four h later, mice were returned to
Context A and received 3 CS-US pairings during the conditioning session. A two-way
ANOVA on percent freezing data did not yield a significant effect of treatment (F(1,18) =
0.002, P = 0.968), or treatment × CS-US pairing interaction effect (F(3,54) = 0.530, P =
0.664, figure not shown). On the extinction test presented 24 hr after fear conditioning,
MDL 11,939 delayed the acquisition of extinction of freezing (treatment, F(1,18) = 4.574, P
= 0.046) (see Figure 5B), indicating that blockade of 5HT2AR inhibits fear memory
extinction.

3.4. Influence of 5HT2AR on the consolidation of object memory
The modulation of 5HT2AR on the consolidation of memory was further examined with a
modified version of a NOR task as described in section 2.5 in naive mice. The modified
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NOR task protocol provided an opportunity to observe drug-induced enhancements in object
memory. Figures 6A and 6B illustrates the experimental procedure, the objects used and the
calculation of discrimination ratio. A cohort of 64 naïve C57BL/6J mice was used in this
study and 6 mice were excluded for not meeting the object exploration criterion during the
sample session. Mice that received TCB-2 right after the sample session exhibited a
significantly higher novel object discrimination ratio during the test session, as compared to
the saline group (t(21) = −2.125, P = 0.046, see Figure 6C). Mice that received MDL 11,939
alone exhibited a tendency towards a weaker novel object preference as indicated by lower
discrimination ratio scores than vehicle-treated controls. However, this difference was not
significant (t(15) = 0.209, P = 0.209, see Figure 6D). In another cohort of mice, the selective
5HT2AR blocker MDL 11,939 was administered right after the sample session and TCB-2
was injected 10 min later. Compared to the control group, MDL 11,939 inhibited the
TCB-2-induced enhancement of memory consolidation (t(16) = 2.684, P = 0.016, see Figure
6E). These data indicate that the activation of 5HT2ARs enhances the consolidation of
object memory. The latency to reach the sample object exploration criterion was 197.43 ±
18.77 s and 198.87 ± 17.63 s in the vehicle + TCB-2 group and MDL 11,939 +TCB-2 group,
respectively (t(16) = 0.056, P = 0.956, Figure not shown). As describe in Figure 6F, both
groups of mice spent essentially equal time exploring the two identical objects during the
period of sample session. During the test session, even though we did not find statistical
differences of the exploration time mice used to exploring familiar object, novel object or
both (P > 0.05), mice given TCB-2 showed a tendency towards spending more time on the
novel object and less time on the familiar one. Mice that received TCB-2 10 min after the
sample session exhibited a lower discrimination ratio score as compared to the mice
administered TCB-2 right after the sample session (Figs. 6C and 6E). Memory consolidation
likely begins during and right after learning, and may last from several minutes to several
hours. Our results suggest that stimulation of 5HT2ARs at the early stage after learning has
a more potent effect on consolidation of object memory.

Discussion
In this study we have used fear conditioning and novel object recognition task to assess the
role of 5HT2ARs on the consolidation and extinction of fear memory and consolidation of
object memory. We found that stimulation of 5HT2ARs with the 5HT2AR agonist TCB-2
enhanced the acquisition of extinction of cued fear memory in mice after trace and delay
fear conditioning paradigms. In contrast, blockade of 5HT2ARs with MDL 11,939 exerted
the opposite effect. Additionally, activation of 5HT2ARs enhanced the consolidation of fear
memory and object memory. To the best of our knowledge, this study is the first to report
memory-enhancing effects of the 5HT2AR agonist TCB-2, and to demonstrate a significant
impact of 5HT2ARs on extinction of fear memory. The influence of the 5HT2AR on the
extinction of fear memory may have significant relevance for the development of
therapeutic approaches for patients with fear memory invasion, e.g., phobias and PTSD.

The pharmacological manipulation of serotonergic neurotransmission has been used to
alleviate emotional disorders, such as depression and anxiety, for decades. More recently
there has been renewed interest in the therapeutic application of hallucinogenic 5HT2
agonists such as psilocybin to treat depression and anxiety and to elevate mood states of
chronic cancer patients (Grob et al., 2011). Such results suggest that despite the historical
stigma associated with 5HT2 agonists, they may offer important medical potential for
remediating affective and cognitive symptoms associated with neuropsychological disorders
and other medical problems.

Here we found that TCB-2-induced activation of 5HT2ARs enhanced memory consolidation
and facilitated the extinction of fear memory. Less consistent effects on conditioned fear
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memory were found for MDL 11.939, a selective 5HT2AR antagonist; such results concur
with mixed results reported by others, (as reviewed in Harvey, 2003b), or after serotonin
depletion (Romano et al., 2006; Welsh et al., 1998). The formation of CS-aversive US
associations during Pavlovian fear conditioning requires synaptic plasticity within the LA
(Sigurdsson et al., 2007), the CA1 area for context-dependent modulation of these
associations, and the infralimbic area of the mPFC for extinction processes (Myers and
Davis, 2007). Interestingly, 5HT2ARs are expressed in each of these regions (Cornea-
Hebert et al., 1999). It will be of interest to next identify the specific contribution of
5HT2ARs in these discrete brain regions to the modulatory effects on fear memory
processes that are described in the present report. Hippocampal neurons discharge to the
presentation of the CS tone stimulus presented during early stages of auditory trace
conditioning (Green and Arenos, 2007; McEchron and Disterhoft, 1997), and in response to
the context and foot shock association (Dai et al., 2008), and are critical for the encoding
and consolidation of trace fear memory (Clark and Squire, 1998; Huerta et al., 2000;
McEchron et al., 1998). Before conditioning, the CS and US are temporally dissociated and
may be encoded by distinct ensembles of hippocampal neurons. During trace fear
conditioning, the CS-related domain and US-related domain may become functionally and
morphologically incorporated. Hippocampal neurons responding selectively to the CS would
encode the association of the CS and the US by sustaining their neuronal activity. For
instance, the hippocampal CS-responsive cells maintain a high neuronal firing rate to the US
during eye-blink conditioning (McEchron and Disterhoft, 1997). In this case, the onset of
the US would overlap with the CS-entrained ensembles, forming a hippocampal-dependent
association in downstream substrates, e.g., amygdala. Trace fear conditioning has a very
clear timing requirement because it demands that the CS and the US be associated across a
stimulus-free interval known as the “trace”. Learning occurs as the mice link the original
neutral CS with a US, so that later presentation of the CS alone elicits the anticipatory
conditioned freezing response. Besides hippocampal neuronal dynamics, glutamate
neurotransmission is also deemed to influence synaptic plasticity and memory consolidation
(Wang et al., 2006). We reported that stimulation of 5HT2ARs enhances glutamate efflux
from the dorsal hippocampus and the firing rates of hippocampal neurons of male C57BL/6J
mice (Zhang and Stackman Jr., 2011). In the present study we found that activation of
5HT2ARs right after conditioning enhanced percent freezing to both cue and context during
subsequent test sessions. Considering the dense distribution of 5HT2ARs in the
hippocampus, LA and mPFC (Cornea-Hebert et al., 1999), it is conceivable that 5HT2AR
activation facilitates the information transmission and retention between each domain, and
thereby influences memory consolidation. Additionally, local field potentials, such as theta
rhythm, synchronize neural network activity that is considered essential for the
consolidation of memory (Lesting et al., 2011; Seidenbecher et al., 2003). 5HT2ARs
influence low-frequency field potential oscillations in rat frontal cortex (Celada et al., 2008).
Recently 5HT2ARs has been observed to spur spinogenesis (Yoshida et al., 2011). Taken
together, the enhanced consolidation of fear memory observed in mice that received TCB-2
post-training treatment may be a reflection of 5HT2AR activation effects on local field
potentials, enhanced hippocampal and amygdala neuronal activity and spinogenesis.

The 5HT2AR is a member of the G-protein coupled membrane receptor family. Activation
of 5-HT2ARs enhances phospholipase C activity, elevates intracellular Ca2+ and elicits
excitatory transduction (Hoyer et al., 1994), and may enhance information acquisition and
filtering. Frontal cortex, amygdala and hippocampus comprise components of brain circuits
for memory extinction, and histological studies have revealed the dense expression of
5HT2ARs in each of these brain areas (Cornea-Hebert et al., 1999). During the cued fear
memory extinction test, the presentation of the tone or CS in a novel environment re-
activates the CS-entrained amygdala and hippocampal ensembles (established during
conditioning), which trigger downstream circuits responsible for the conditional freezing
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response. Support for this idea arises from the observation that transient cue exposure can
reactivate the hippocampal ensembles established through the preceding association with the
cue (Quirk et al., 1990), suggesting that the hippocampus is capable of reestablishing the
original pattern of activity, perhaps through a process of pattern completion. During the first
CS exposure of the extinction test, there was no difference in percent freezing between the
TCB-2-treated mice and the vehicle-treated mice, suggesting equivalent fear memory
strength in the two groups. However, from the 2nd to 8th trials, the percent freezing of the
TCB-2-treated mice was significantly lower than that of the control mice, suggesting that
activation of 5HT2ARs facilitates the acquisition of extinction. Thus, 5HT2ARs may
enhance the development of synaptic plasticity amongst the basolateral amygdala projection
neurons to the infralimbic cortex; plasticity which is essential for extinction of cued fear
memory (Herry et al., 2008). Even so, the rapid development of significant extinction of fear
memory by TCB-2-treated mice compared to vehicle-treated mice is intriguing. Consistent
with this result, the non-specific 5HT2AR agonist d-lysergic acid diethylamide (LSD)
significantly enhanced associative learning in rabbits (Harvey, 2003a). Identifying the
precise mechanisms by which 5HT2AR activation enhances extinction of sefear memory
will be a challenge. During fear conditioning, CS+ presentation is correlated with theta
oscillations occurring at each region of a network comprising the CA1, LA, and the mPFC
(Lesting et al., 2011). Theta coupling between CA1 and the LA is increased during the
consolidation of conditioned fear (Seidenbecher et al., 2003). Theta coupling in CA1-LA,
LA-mPFC and in CA1-mPFC increases during the retrieval of conditioned fear, but then
coupling in all these regions decreases when non-reinforced CS+’s are presented during the
acquisition of extinction (Herry et al., 2010; Lesting et al., 2011). The mPFC, particularly
the infralimbic cortex, is involved in fear extinction, and increased CS-related unit activity
and induction of synaptic plasticity following extinction training were observed in the
infralimbic cortex (Maren and Quirk, 2004; Milad and Quirk, 2002). Stimulation of the
mPFC inhibits amygdala central nucleus unit responses to afferent stimulation (Quirk et al.,
2003). Interestingly, 5HT2ARs influence neuronal dynamics and cortical local field
potential (Celada et al., 2008) suggesting that stimulation of 5HT2ARs facilitates the
extinction of cued fear memory via cortical mechanisms. It will be of interest to examine the
influence of serotonin and the 5HT2ARs on the coupling of local field potentials and
neuronal spiking across the CA1-LA-mPFC network during distinct phases of fear memory.

With the trace fear conditioning paradigm, we found that post-conditioning activation of
5HT2ARs enhanced the consolidation of contextual fear memory. A similar enhancement of
the consolidation of object memory was found in mice given post-training TCB-2 in an
NOR task. The encoding and consolidation of object memory acquired in NOR tasks is
dependent upon the rodent hippocampus (Clark et al., 2000; Hammond et al., 2004) and
perirhinal cortex (Winters et al., 2008). Our lab has previously established that limiting
object exploration time during the sample session impairs the strength of the novel object
preference exhibited 24 h later during the test session, as one might predict (Stackman et al.,
2002). Here, mice that completed the limited sample session protocol and then were
administered TCB-2 exhibited significantly stronger novel object preference than post-
sample saline-treated mice. This result suggests that activation of the 5HT2AR after the
sample session may have strengthened the nascent object memory encoded during the
sample session and sufficiently enhanced its consolidation. In a separate cohort of naïve
mice we also found that the co-administration of MDL 11, 939 blocked the memory-
enhancing effect of post-sample TCB-2. This result supports the view that the memory
enhancing effect of TCB-2 is a consequence of the activation of 5HT2ARs. Post-sample
administration of MDL 11, 939 alone decreased object memory albeit not to a significant
degree. Hippocampal neurons, especially place cells, assemble spatial and non-spatial
information (Ego-Stengel and Wilson, 2010; Muller and Kubie, 1987; Muller et al., 1987;
O’Keefe et al., 1998; O’Keefe and Conway, 1978). With in vivo single-unit recording,
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Eichenbaum (2001) proposed that the hippocampal neuronal firing array contributes to
declarative memory through the constructing a “memory space” composed of a network of
linked episodic representations. Previously, we demonstrated that systemic TCB-2 increased
hippocampal neuronal firing rate and extracellular glutamate efflux, suggesting that
stimulation of 5HT2ARs may facilitate neuronal dynamics and glutamate transmission, and
thereby enhance neural mechanisms that support memory consolidation (Zhang and
Stackman Jr., 2011).

The glutamatergic neurons in the amygdala, cortex and hippocampus play a vital role in
memory consolidation and extinction. NMDAR antagonists block the extinction of fear
memory and fear-elicited startle when administered either systemically or directly into the
basolateral amygdala or CA1 region of hippocampus before extinction training (Baker and
Azorlosa, 1996; Szapiro et al., 2003). The NMDA receptor partial agonist D-cycloserine
facilitates fear memory extinction (Ledgerwood et al., 2003; Walker et al., 2002). Knockout
of NMDARs in hippocampal CA1 pyramidal cells exclusively impairs the temporal memory
process between the CS and the US as demonstrated by trace fear conditioning, suggesting
that the CS representation is entrained within hippocampus cell ensembles, probably via
NMDAR-dependent synaptic plasticity (Huerta et al., 2000; McHugh et al., 1996).
5HT2ARs are present in the dendrites and dendritic spines of dentate gyrus neurons where
glutamate NMDAR and AMPAR are assumed to be distributed (Peddie et al., 2008).
5HT2ARs have been found to directly interact with the PSD-95 and regulate receptor
trafficking and signal transduction (Xia et al., 2003). The 5HT2AR inverse agonist
pimavanserin reversed object memory impairments induced by NMDA receptor antagonism
(Snigdha et al., 2010), suggesting a modulatory influence of 5HT2ARs on NMDAR-
dependent memory mechanisms. It is conceivable that 5HT2AR activation, leading to a
direct elevation of intracellular Ca2+, combined with the recent or coincident elevation in
intracellular Ca2+ due to NMDA receptor activation, would facilitate the induction of
behaviorally triggered synaptic plasticity. Activation of 5HT2ARs produced an increase in
the frequency and amplitude of cortical neuronal spontaneous excitatory postsynaptic
potentials/currents (Aghajanian and Marek, 1999), and facilitated NMDA receptor activity
and synaptic plasticity in the cortex (Arvanov et al., 1999) and basolateral amygdala (Chen
et al., 2003). It will be of interest to examine the degree to which NMDARs contribute to the
5HT2AR activation-induced enhancement of memory consolidation and extinction.

In summary, this study indicates that stimulation of 5HT2ARs enhances the extinction of
cued fear memory and the consolidation of fear memory and object memory in mice. The
present data support the view that hippocampal 5HT2ARs play an important role in the
regulation of cellular mechanisms of explicit memory. It will be interesting to delineate the
intracellular cascades as well as the interaction of hippocampus, LA and mPFC that support
5HT2AR-mediated memory enhancement. A number of neuropsychological disorders such
as panic disorders, PTSD and affective disorders, present with fear memory symptoms, and
may involve brain areas expressing 5HT2ARs, such as the amygdala and hippocampus.
Activation of 5HT2ARs may facilitate the desensitization for these patients by accelerating
the building of new circuits and/or reorganization of existing pathways to alleviate fear
memory. In this regard, the 5HT2AR may be a valuable target for therapeutic intervention.
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Highlights

• We investigated the role of 5-HT2A receptors in modulation of memory
processes in mice.

• The agonist TCB-2 enhanced the consolidation of both fear memory and object
memory.

• Fear memory extinction was facilitated by TCB-2 and impaired by the
antagonist MDL 11,939.

• MDL 11,939 blocked the TCB-2-induced enhancement of object memory.

• The results provide new insight into the modulation of memory processes by 5-
HT
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Figure 1.
Experimental design for trace and delay fear conditioning. A. Left, a chamber for fear
conditioning (Context A) and contextual fear memory test; right, Context B, a modified
chamber with different color, context, lighting, and odor for cued fear memory test. B. Trace
fear conditioning training procedure. After 60 s in Context A, a tone was presented for 15 s
followed by 30 s empty interval, and then a 0.5-s, 0.75 mA foot shock (US) occurred. The
CS-US pairing was repeated eight times with an ITI of 210 s. Mice were removed from the
conditioning chamber and returned to their home cages 60 s after the final CS-US pairing. C.
Trace fear conditioning extinction procedure. After 60 s in Context B, 8 unpaired 15-s tone
CS’s were presented with an ITI of 120 s. D. Delay fear conditioning training procedure.
After 60 s in Context A, a tone was presented for 30 s (75 dB, 5000 Hz), which co-
terminated with a 1-s, 0.5 mA foot shock (US). The CS-US pairing was repeated twice
more. Mice were removed from the conditioning chamber and returned to their home cages
60 s after the final CS-US pairing. E. Delay fear conditioning extinction procedure. Mice
were placed into Context B and after 60-s habituation, mice received 20 unpaired tone (30 s)
stimuli at an ITI of 5 s and then were returned to their home cages 60 s after the last tone.
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Figure 2.
Activation or blockade of 5HT2AR modulates the consolidation of cued trace fear memory
and contextual fear memory. A. Mice that received TCB-2 (1.0 mg/kg, i.p., n = 10) right
after the trace fear conditioning exhibited significantly higher percent freezing scores as
compared to vehicle-treated mice (n = 10). B. Mice that received MDL 11,939 (0.5 mg/kg,
i.p., n = 9) right after the trace fear conditioning exhibited significantly lower percent
freezing scores as compared to vehicle-treated mice (n = 10). C. Mice that received TCB-2
(n = 10) right after the trace fear conditioning session exhibited significantly higher total
percent freezing scores as compared to vehicle-treated mice in the contextual fear memory
test. D. Post-conditioning MDL 11,939 did not significantly influence contextual fear
memory consolidation. However, mice that received MDL 11,939 (n = 9) right after the
trace fear conditioning session exhibited a trend toward lower total percent freezing scores
as compared to vehicle-treated mice in the contextual fear memory test. Data are expressed
as mean ± SEM. *, P < 0.05.
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Figure 3.
Stimulation of 5HT2ARs enhances the acquisition of extinction of cued trace fear memory.
A. Mice that received TCB-2 (1.0 mg/kg, i.p., n = 10) before the trace fear memory
extinction test exhibited accelerated acquisition of extinction as indicated significantly lower
freezing scores earlier in the course of extinction as compared to vehicle-treated mice (n =
10). TCB-2 significantly decreased percent freezing from 2nd to eighth ITIs (treatment P <
0.05, two-way repeated measures). B. In contrast, the MDL 11,939-treated mice (n = 9)
exhibited significantly higher percent freezing during a 15 s epoch during ITI 1 (181–195 s,
t(17) = −2.758, P = 0.013) as compared to vehicle-treated mice (n = 10), but the 5HT2AR
antagonist did not affect the acquisition of extinction of trace fear memory. Data are
expressed as mean ± SEM. *, P < 0.05.
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Figure 4.
Activation of 5HT2ARs with systemic TCB-2 (1.0 mg/kg) or blockade of 5HT2ARs with
systemic MDL 11,939 (0.5 mg/kg) did not affect the encoding and retrieval of contextual
and cued fear memory. Compared to the vehicle group (n = 10), naïve male C57BL/6J mice
that received TCB-2 before contextual and cued fear conditioning (n = 9), or before the
context test session (n = 10) exhibited equivalent freezing during the context test (A) and
during the tone test (B). Mice that received vehicle or MDL 11,939 before conditioning (n =
9) or before the test session (n = 9) also exhibited equivalent freezing to the vehicle mice (n
= 9) during the context test (C) and the cue test (D). Data are expressed as mean ± SEM.
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Figure 5.
Activation of 5HT2ARs with systemic TCB-2 (1.0 mg/kg) facilitates the extinction of cued
delay fear memory. A. Compared to the vehicle group (n = 13), TCB-2 administered before
extinction test decreased the percent freezing of mice (n = 10) to repeated tone test
(treatment, F(1,21) = 4.614, P = 0.044). B. In contrast, MDL 11,939 administered before
extinction test delayed the recovery of freezing in mice (n = 10) to repeated tone test
(treatment, F(1,18) = 4.574, P = 0.046) as compared to the vehicle group (n = 10). Data are
expressed as mean ± SEM. *, P < 0.05.
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Figure 6.
Activation of 5HT2ARs enhances the consolidation of object memory. A. Experimental
strategy. Left, during the sample session, mice were allowed to explore two identical objects
each for at least 15 s or either for 19 s within 5 min. Middle, during the test session, one of
the objects was replaced with a novel one and mice were reintroduced to the arena. B. The
objects used in this study and the method for calculating the discrimination ratio. These
objects elicit equivalent degrees of object exploration by naïve mice (Stackman et al., 2002).
C. Mice that received TCB-2 right after the sample session showed a significantly higher
novel object discrimination ratio as compared to saline group (t(21) = −2.125, P = 0.046). D.
Mice that received the selective 5HT2AR blocker MDL 11,939 alone exhibited a slightly
decreased discrimination ratio compared to vehicle-treated mice. E. In another cohort of
naïve mice, MDL 11,939 was administered right after the sample session and TCB-2 was
injected 10 min later (n = 9). Compared to the control group (n = 9), MDL 11,939 inhibited
the enhancement in memory consolidation induced by TCB-2 (t(16) = 2.684, P = 0.016). F.
The object exploration times of mice during sample session and test session for novel and
familiar objects. Data are expressed as mean ± SEM. *, P < 0.05.
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