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Abstract
The dorsomedial prefrontal cortex (dmPFC) plays a very important role in decision-related and anxiety-related information processing. It
has enriched 5-HT6 receptors; however, the precise role of dmPFC 5-HT6 receptors in anxiety remains to be fully investigated. In this
study, we injected dmPFC with the 5-HT6 receptor agonist EMD 386088 and antagonist SB 271046 using stereotactic technology. 5-
HT6 receptor activation in mice increased time spent in the center area on the open-field test, increased exploration of the open arms on
the elevated plus maze test, and increased ratio on the social interaction test. 5-HT6 receptor inactivation induced the opposite effects. In
brain slices, EMD386088 decreased both spontaneous inhibitory postsynaptic currents (sIPSC) and spontaneous excitatory postsynaptic
currents (sEPSC), while SB 271046 only increased sEPSC. These effects of EMD 386088 and SB 271046 could be reversed by the
GABAA receptor antagonist bicuculline (BMI) and positive allosteric modulator clonazepam (CLZ), respectively. Our results suggest
that neurotransmission in the dmPFC by 5-HT6 receptor activation and inhibition may play an important role in anxiety-like behavior,
and may provide new insight into the pathological mechanism and potential target of anxiety disorders.
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The medial prefrontal cortex (mPFC) is the region of the hu-
man brain that can be activated by emotional stimuli (Kober
et al., 2008); activation or depression of the mPFC has a pro-
found influence on emotional responses (Vogt, Finch, &
Olson, 1992). The mPFC consists two important regions: the
ventral portion (vmPFC) and the dorsal portion, which in-
cludes the dorsal anterior cingulate cortex (dmPFC) (Haber
& Behrens, 2014; Rushworth & Behrens, 2008). The
dmPFC is important for decision-making and expression of
fear or anxiety (Courtin et al., 2014; Maier et al., 2012;
Rushworth, Noonan, Boorman, Walton, & Behrens, 2011).
For example, in interoceptive perception, recruitment of the

dmPFC is correlated with anxiety levels (Haber & Behrens,
2014).

The 5-HT6 receptor is a type of 5-HT receptor superfamily
coupled with a Gs-sensitive AC5 isoform, which leads to 3′5′-
cyclic adenosine monophosphate (cAMP) production (Ruat
et al., 1993). Previous studies showed its highest expression
in the striatum, cortex, and nucleus accumbens of an adult
animal’s brain (Brailov et al., 2000; Hamon et al., 1999). In
several brain regions, the 5-HT6 receptor is localized at the
postsynaptic neuron (Tassone et al., 2011). The functional
roles of 5-HT6 receptors have been studied over the past 15
years. Some studies focused on the physiological role this
receptor has on learning and memory (Mitchell & Neumaier,
2005; Rogers & Hagan, 2001), while others have shown evi-
dence that 5-HT6 receptors are involved in feeding behavior
(Heal, Smith, Fisas, Codony, & Buschmann, 2008).
Additionally, 5-HT6 receptor antagonists were developed as
a treatment for cognitive impairment associated with schizo-
phrenia and obesity (Pogacic Kramp, 2012).

A large number of studies have focused on anxiety in the
past few years. At first glance, paradoxically, 5-HT6 receptor
agonists induced similar effects to 5-HT6 receptor antagonists
in animal models of anxiety (Carr, Schechter, & Lucki, 2011;
Nikiforuk, Kos, & Wesolowska, 2011; Schechter et al., 2008;
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Wesolowska & Nikiforuk, 2007); however, the anxiolytic re-
sponses induced by the 5-HT6 receptor agonist EMD 386088
could be blocked by antagonist SB 271046 (Nikiforuk et al.,
2011). It is possible that 5-HT6 receptor agonists and
antagonists happen to produce similar behavioral effects
through different neurochemical mechanisms or actions
mediated in different brain regions. Nikiforuk et al. (2011)
demonstrated the role of the rat hippocampus 5-HT6 receptor
on anxiety behaviors.

The aim of the present study was to investigate the local
roles of 5-HT6 receptors in animal models of anxiety. We
injected the 5-HT6 receptor agonist EMD 386088 and antag-
onist SB 271046 into the dorsomedial prefrontal cortex
(dmPFC) using the stereotactic technology. 5-HT6 receptor
activation induced anxiolytic effects, while 5-HT6 receptor
inactivation induced opposite effects. These effects could be
reversed by the GABAA receptor antagonist bicuculline
(BMI) and positive allosteric modulator clonazepam. Our re-
sults suggest that imbalances of neurotransmission in the
dmPFC by 5-HT6 receptor activation and inhibition may play
an important role in anxiety-like behavior and may provide
new insight into the treatment of anxiety disorders.

Method

Animals

At the start of the experiment, male C57 BL/6J mice (8–9
weeks, four or five per cage) were housed with a 12-hr light/
dark cycle (lights on at 8:00 a.m.) and given food and water ad
libitum under standard conditions (21–26°C). Behavioral test-
ing was performed from 12:00 to 17:00, and all aspects of the
behavioral experiment followed the rules of the Chinese
Council on Animal Care. Animal suffering was minimized
through our efforts.

Reagents

The following drugs were used: D(-)-2-Amino-5-
phosphonopentanoic-acid (AP5, 100μM; Sigma-Aldrich,
USA) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX,
20μM; Tocris Bioscience, UK). The 5-Chloro-2-methyl-
3-(1,2,3,6-tetrahydro-4-pyridinyl)-1H-indole hydrochloride
(EMD 386088 or EMD) and 5-chloro-N-[4-methoxy-3-(1-
piperazinyl)phenyl]-3-

methyl-benzothiophene-2-sulfonamide (SB 271046 or SB)
were synthesized by Adamed (Pienkow, Poland). EMD and
SB were dissolved in distilled water. AP5 and CNQX were
dissolved in dimethyl sulfoxide (DMSO), and the concentra-
tion of DMSO (dissolved in water, Sigma) was <0.1%.
Bicuculline methiodide (BMI; TocrisBioscience, UK) was
dissolved in water. All other chemicals were from Sigma.

Clonazepam (0.0625 mg/kg ~ 0.5 mg/kg, Sigma) was di-
luted in PBS (with 0.5% methylcellulose), and the drug ad-
ministered by intraperitoneal injection. The injection volume
0.2 ml/10g was made 30 min before behavioral testing.
Weights and concentration used for 5-HT6 agonist/
antagonist and Bicuculline were 2.5 μg, 03–2.4μg,and
0.2 mM (i.dmPFC), respectively.

Intracerebral infusions

We used pentobarbital sodium (50 mg/kg) to anesthetize
the mice. The mice were then placed on stereotaxic instru-
ments (Stoelting, IL, USA), and the related surgeries were
performed to expose a small burr hole (1-mm diameter) in
the skull of the mice. In accordance with the following
coordinates (dmPFC): anterior 1.9 mm; lateral 0.4 mm;
ventral 1.5 mm (Courtin et al., 2014), stainless-steel cannu-
las (Plastics One, INC; C315G/SPC; length, 1.8 mm) were
randomly lowered (unilaterally) into the dmPFC. Glass
ionomer cements were used to fix the cannulas, and the
mice were allowed to recover on an electric blanket.
After surgery, the mice were sent back into home cages
for recovery for the following 7 days.

Before the behavioral tests, intra-dmPFC injections were
performed through infusion cannulas (Plastics One, INC;
C315I/SPC, length matched to the guide cannulas). The infu-
sion cannulas were connected to 10-μl microsyringes
(Hamilton, Reno, NV, USA) via polyethylene tubing
(Plastics One, INC; C313C). Intra-dmPFC infusion (0.5 μl/
site) was performed at a rate of 0.2 μl/min. The mice and
infusion cannula were held in position for 3 minutes to allow
diffusion. Mice were randomly assigned to groups (n = 10 or
11/group) according to intra-dmPFC treatment. The interval
between behavioral tests was 2 days. The interval between
drug infusion and behavioral testing was 20 minutes. The
different drugs administered in combination were given to-
gether at the same time, and the control groups were injected
with artificial cerebrospinal fluid.

Open-field test

Briefly, mice were habituated in the testing house for 1 h be-
fore behavioral testing, then each individual mouse was
placed in the center of chamber (40 × 40 × 30 cm). Twenty-
five-W halogen bulbs were used to illuminate the open field
area. During a 5-minute recording period, mice were gently
placed and monitored with a Versamax animal behavior mon-
itor (AccuScan, Columbus, OH, USA). Time that mice spent
in the center (15 × 15 cm square) and the total distance that
mice explored in the open field were measured, and 20%
ethanol was used to clean the open field arena between each
trial.
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Elevated plus maze test

The plus-shaped elevated plus maze was raised 50 cm above
the floor. The apparatus consisted of two closed arms (25 × 8 ×
0.5 cm) and two open arms (25 × 8 × 12 cm) that extended
from a central platform (8 × 8 cm). Closed arms were
surrounded by 12-cm high transparent walls and open arms
were surrounded by a 0.5 cm ledge to prevent falling from the
maze. Each mouse was placed in the center facing a closed
arm. A camera was used to record the movement of the mouse
during a 5-minute period. Total distance and time spent in
open arms and closed arms were measured. The maze was
cleaned with 20% ethanol between each trial.

Social interaction test

The social interaction chamber consists of a large open field
(89 × 63 × 60 cm) containing a small wire cage (14 × 17 ×
14.5 cm). Mice were habituated to the testing house. An un-
familiar male mouse was introduced into the wire cage. We
recorded the amount of time the test mouse spent interacting
with the wire cage during the two 2.5 minute phases (with and
without the unfamiliar C57 BL/6J mouse). The ratio between
these two phases was defined as the interaction index (Geng
et al., 2016).

Brain-slice electrophysiology

Slices were prepared from the mice aged 7–8 weeks. Mice
were decapitated after being anesthetized with ether, and the
brain was quickly removed in ice-cold artificial cerebrospinal
fluid (ACSF, cutting solution) made of 220 mM sucrose,
2.5 mM KCl, 1.3 mM CaCl2, 2.5 mM MgSO4, 1 mM
NaH2PO4, 26 mM NaHCO3, and 10 mM glucose.
Horizontal slices (300 μm) were cut with a vibrating micro-
tome (Leica VT 1000S, Germany). Slices were then trans-
ferred into a chamber for recovery in 32°C. The chamber
contained the recording ACSF, made of 126 mM NaCl,
26 mM NaHCO3, 3 mM KCl, 1.2 mM NaH2PO4, 2 mM
CaCl2, 1 mMMgSO4, and 10mM glucose. All solutions were
bubbled with 95% O2/5% CO2 (vol/vol).

Slices were moved to a recording chamber, and the record-
ing solution (ACSF) was perfused through the chamber at a
flow rate of 3 ml/min. Spontaneous IPSCs (sIPSCs) were
recorded at a holding potential of −70 mV, with an internal
solution containing 140 mM CsCl, 2 mM MgCl2, 1 mM
CaCl2, 10 mM EGTA, 10 mM HEPES-CsOH, 2 mM adeno-
sine triphosphate, and 5 mM QX-314. One mM kynurenic
acid was added to the recording solution. Spontaneous
EPSCs (sEPSCs) were recorded after application of the BMI
(20 μM). To record sEPSCs, the pipettes contained 105 mM
Kgluconate, 30 mM KCl, 10 mM HEPES, 10 mM phospho-
creatine, 4 mM ATP-Mg, 0.3 mM GTP-Na, 0.3 mM EGTA,

and 5 mM QX314 (pH 7.4, 290 mOsm). BMI, CNQX and
AP5 were used to block inhibitory and excitatory currents,
respectively. EMD (20μM) and SB (10μM) were used
in vitro brain slices. Glass pipettes, Digidata1440 converter
and Axoclamp-700B amplifiers (Molecular Devices,
Sunnyvale, CA) were used. All reagents were purchased from
Sigma.

Statistical analysis

All data were shown as the mean ± standard error of the mean
(SEM) and analyzed using the Student’s t test and one-way
ANOVA, with a least squares difference (LSD) test for post
hoc comparisons. A two-way ANOVAwas performed to anal-
ysis the interaction of two drugs. All the statistical analyses
were done using SPSS software (SPSS, Inc.), and the value (p
< .05) was considered to represent statistical significance.

Results

Activation of the 5-HT6 receptor in the dmPFC
induces anxiolytic effects

Figure 1a demonstrates that the cannulas were implanted
into the dmPFC, and trypan blue staining showed that the
spread of drugs was limited into the dmPFC. In the open-
field test, mice injected with EMD (Nikiforuk et al., 2011)
spent more time in the center of the open field (t = −2.7, p
= .0146; see Fig. 1b), although the total distance covered
by EMD mice showed no significant difference compared
with the control mice (t = 0.842, p = 0.411; see Fig. 1c),
which excluded differences in motor ability. During a 5-
min elevated plus maze test, EMD mice spent more time
in the open arms (t = −2.85, p = .0107; see Fig. 1d), while
the velocity had no significant difference compared with
the control mice (t = 0.781, p = .445; see Fig. 1e). The
control mice were defined as mice who received the ACSF
infusion into the dmPFC. In addition, EMD mice showed
profound desire for interaction in the social interaction test
(t = −3.89, p = .00109; see Fig. 1f). These results demon-
strate that activation of dmPFC 5-HT6 receptors showed
anxiolytic effects in mice.

Inhibition of 5-HT6 receptors in the dmPFC induces
anxiety-like behavior

In order to confirm the active dose of 5-HT6 receptor antago-
nist SB, dose-response analyses of SB were performed. When
the concentration of SBwas more than 0.6 μg, mice decreased
their time in the central area of the open field compared to the
control mice, F(2, 29) = 4.97, p = .015 (see Fig. 2a). SB
infusion into the dmPFC did not affect their overall activity
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Fig. 2 Depression of 5-HT6 receptors in the dmPFC induces anxiety-like
behavior. a Time spent in the center in the open field test. b Total distance.
c Time spent in the open arms of the elevated plus maze. d The velocity

that mice travelled at in the elevated plus maze. Data are presented as the
mean ± SE. n = 10 or 11mice per group. *p < .05, **p < .01 versus ACSF,
one-way ANOVA/LSD post hoc test

Fig. 1 Activation of 5-HT6 receptors in the dmPFC induces anxiolytic
effects. a Left: infusion cites (n = 88). Right: representative infusion site
by the trypan blue staining (300 μm). b–dMice tested 20 min after EMD
infusion spent more time in the center area of the open field test (b) and
more time exploring the open arms of the elevated plus maze (d) than

controls; however, no difference in total traveling distance was observed
(c). e The velocity that mice travelled at in the elevated plus maze. f The
ratio in the social interaction test was increased in the EMD-treated group.
Data are presented as the mean ± SE. n = 10mice per group. *p < .05, **p
< .01 versus ACSF, Student’s t test

Cogn Affect Behav Neurosci (2018) 18:58–67 61



in the open-field test, F(2, 29) = 0.019, p = .981 (see Fig. 2b).
Furthermore, mice that were subjected to the elevated plus
maze after SB infusion spent less time in the open arms com-
pared to control mice, F(2, 29) = 4.37, p = .023 (see Fig. 2c),
while the velocity was not affected, F(2, 29) = 1.46, p = .25
(see Fig. 2d). Dose of SB within 0.6 and 2.4 μg was selected
to conduct the following experiments. The results showed that
blockade of 5-HT6 receptors induced anxiogenic-like activity.

Activation of 5-HT6 receptors increased relative
GABAergic neurotransmission in cortical pyramidal
neurons

Some forms of anxiety are postulated to be caused by an
imbalance of synaptic transmission between excitatory and
inhibitory circuits. In the presence of EMD, the frequency of
spontaneous EPSCs in dorsomedial prefrontal cortex slices
was unchanged, but the amplitude of spontaneous EPSCs de-
creased, F(2, 23) = 0.186, p = .832 (see Fig. 3a); F(2, 23) =
7.56, p = .0009 (see Fig. 3b). Furthermore, the frequency of
spontaneous IPSCs in dorsomedial prefrontal cortex slices
was unchanged, but the amplitude of spontaneous IPSCs de-
creased, F(2, 23) = 0.401, p = .674 (see Fig. 3c); F(2, 23) =
4.801, p = .005 (see Fig. 3d). The above results show that
EMD decreased the levels of EPSCs and IPSCs, thus indicat-
ing that the involvement of GABAergic neurotransmission
and glutamate transmission.

Inactivation of 5-HT6 receptors increased
the excitatory inputs in cortical pyramidal neurons

We tested the effects of SB on GABAergic inhibitory transmis-
sion in the dmPFC pyramidal neuron. In the presence of SB, the
frequency of spontaneous EPSCs in dorsomedial prefrontal
cortex slices was unchanged, but the amplitude of spontaneous
EPSCs increased, F(2, 11) = 0.963, p = .404 (see Fig. 4a); F(2,
11) = 4.16, p = .016 (see Fig. 4b). Meanwhile, the frequency of
spontaneous IPSCs in dorsomedial prefrontal cortex slices was
unchanged, and the amplitude of spontaneous IPSCs was also
unchanged, F(2, 13) = 0.0729, p = .93 (see Fig. 4c); F(2, 13) =
0.0484, p = .953 (see Fig. 4d). These results support our hy-
pothesis that relative excitatory synaptic activity increases as a
consequence of 5-HT6 receptor inhibition.

Rescue of anxiolytic behavior induced by EMD via BMI
infusion

Intra-mPFC administration of the GABAA receptor antagonist
BMI induced significant anxiogenic-like behavior (Solati,
Hajikhani, & Golub, 2013). To investigate how 5-HT6 recep-
tors participate in anxiety and its role with GABAA receptors,
mice were randomly allocated into four groups based on treat-
ment (ACSF, EMD, EMD + BMI, BMI). We compared all
combinations in a single ANOVA, with treatment drug as the
fixed factor, which showed a significant effect. Paired compar-
isons were then performed. Disinhibition of dmPFC by BMI

Fig. 3 Activation of 5-HT6 receptors increased the relative GABAergic
neurotransmission on cortical pyramidal neurons. a Representative
sEPSC traces. b Summarized data of EMD and its control (n = 6 per
group). c Representative sIPSC traces. d Summarized data of EMD and

its control (n = 8 per group). Vertical bars represent the mean ± SE.
Asterisks show significant differences (**p < .01, ***p < .001 versus
ACSF, one-way ANOVA/LSD post hoc test)
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could reverse the anxiolytic effects of EMD, shown as the mice
spent less time in the central region of the open-field test box,
F(3, 39) = 13.1, p = .0002 (see Fig. 5a), less time in the open
arms in elevated plus maze test, F(3, 39) = 14.1, p < .001 (see
Fig. 5c), and had a lower ratio in the social interaction test, F(3,
39) = 8.09, p < .001 (see Fig. 5e). Conversely, the total distance
they covered in the open field and their velocity in the elevate
plus maze showed no significance, F(3, 39) = 0.455, p = .715
(see Fig. 5b); F(3, 39) = 0.397, p = .756 (see Fig. 5d).

When infused with BMI, there was no significant differ-
ence between the BMI group and mixed group, shown as time
spent in the center, F(3, 39) = 13.1, p = .065 (see Fig. 5a), time
spent in the open arms, F(3, 39) = 14.1, p = .101 (see Fig. 5c)
and ratio in the social interaction test, F(3, 39) = 8.09, p = .379
(see Fig. 5e) had no significant effects. Furthermore, interac-
tions between single doses of EMD and BMI (the open-field
test, p < .001; the elevated plus maze test, p = .0001; the social
interaction test, p = .002) were significant. These findings
suggest that 5-HT6 receptors in the dmPFC may be important
in the regulation of anxiety. Additionally, the relatively high
GABAergic transmission by 5-HT6 receptor can be blocked
by the GABAA receptor antagonist BMI.

Rescue of anxiogenic behavior induced by SB via
clonazepam treatment

Given that the anxiogenic behavior induced by the infusion of
SB arose from the relatively decreased GABAergic

transmission of the dmPFC pyramidal neuron, we reasoned
that they could be rescued by increasing GABAergic trans-
mission. To test this idea, we treated mice with clonazepam
(CLZ)—a positive allosteric modulator of GABAA receptors.
CLZ causes anxiolytic effects when the concentration was
more than 0.0625 mg/kg (Han et al., 2012). CLZ can boost
GABA signaling in the presence of presynaptically released
GABA (Shah, Sjovold, & Treit, 2004). A previous study re-
ported that CLZ could increase the amplitude of sIPSC and
decrease the frequency of sEPSC, which leads to increased
strength of GABAergic transmission (Han et al., 2012).

Mice treated with CLZ and SB spent more time in the
central area than did SB mice in the open-field test, F(3, 39)
= 5.742, p = .048 (see Fig. 6a); however, CLZ and SB infusion
in the dmPFC did not affect the overall activity of the mice, as
indicated by total path length in the open field test, F(3, 39) =
0.113, p = .951 (see Fig. 6b). Additionally, CLZ and SB infu-
sion increased time spent in the open arms, F(3, 39) = 3.23, p
= .033 (see Fig. 6c) without affecting the velocity, F(3, 39) =
0.558, p = .646 (see Fig. 6d). Furthermore, the ratio of the
group with CLZ and SB infusion increased in the social inter-
action test, indicating the rescue of impaired social ability,
F(3, 39) = 11.423, p = .015 (see Fig. 6e). Similarly, animals
treated with CLZ (0.5 mg/kg, i.p.) explored for a longer time
in the central area, F(3,39) = 5.74, p < .001 (see Fig. 6a), spent
more time in the open arms, F(3, 39) = 3.23, p = .005 (see Fig.
6c), and had an increased ratio in the interaction test, F(3,39) =
11.423, p = .023 (see Fig. 6e) compared to controls (Fig. 6a,

Fig. 4 Inactivation of 5-HT6 receptors increased the excitatory inputs on
cortical pyramidal neurons. a Representative sEPSC traces. b
Summarized data of SB and its control (n = 6 per group). c
Representative sIPSC traces. d Summarized data of SB and its control

(n = 8 per group). Vertical bars represent the mean ± SE. Asterisks show
significant differences (*p < .05 versus ACSF, one-way ANOVA/LSD
post hoc test)
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6c, and 6e). Furthermore, interactions between single doses of
EMD and BMI (the open-field test, p = .002; the elevated plus
maze test, p = .003; the social interaction test, p < .001) were

significant. These results indicate that a single dose of CLZ
can reversibly rescue anxiogenic behavior through depression
of 5-HT6 receptors.

Fig. 6 Rescue of anxiogenic behavior induced by SB via clonazepam
treatment. Mice co-treated with SB and CLZ spent more time in the
central region of the open field apparatus (a) and more time exploring
the open arms of the elevated plus maze (c). BMI induced a larger ratio in

the social interaction test (e); however, no differences in total traveling
distance (b) and velocity (d) were observed. Data are presented as the
mean ± SE. n = 10mice per group. *p < .05, **p < .01 versus ACSF, one-
way ANOVA/LSD post hoc test

Fig. 5 Rescue of anxiolytic behavior induced by EMD via BMI infusion.
Mice receiving BMI spent less time in the central region of the open field
apparatus (a) and less time exploring the open arms of the elevated plus
maze (c). BMI induced a smaller ratio in the social interaction test (e);

however, there was no difference in total traveling distance (b) and
velocity (d). Data are presented as the mean ± SE. n = 10 mice per
group. **p < .01, ***p < .001 versus ACSF, one-way ANOVA/LSD post
hoc test
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Discussion

The major findings of the present study were as follows.
DmPFC 5-HT6 receptor activation increased the time
spent in the central area in the open-field test, enhanced
exploration of the open arms in the elevated plus maze
test, and increased the ratio in the social interaction test;
5-HT6 receptor inactivation induced the opposite effects.
In an acute brain slice, EMD both decreased spontaneous
inhibitory postsynaptic currents (sIPSC) and spontaneous
excitatory postsynaptic currents (sEPSC), while SB only
increased sEPSC. These effects of EMD and SB could
be reversed by the GABAA receptor antagonist bicuculline
(BMI) and the positive allosteric modulator clonazepam.
This may be the first study to demonstrate that dmPFC
5-HT6 receptors is critical for anxiety-like behavior, ac-
cording to our knowledge.

The mPFC includes three regions: the prelimbic (PL) cor-
tex, infralimbic (IL) cortex, and anterior cingulate (Cg1) cor-
tex (Heidbreder &Groenewegen, 2003). DmPFC is thought to
regulate anxiety via glutamatergic projections to the central
nucleus of the amygdala and bed nucleus of the stria terminalis
(BNST)—key regions in the expression of anxiety responses
(Lacroix, Spinelli, Heidbreder, & Feldon, 2000; Maaswinkel,
Gispen, & Spruijt, 1996).We focused on the dmPFC due to its
role in the regulation of anxiety (Covington et al., 2010; Jinks
& McGregor, 1997; Sabihi, Durosko, Dong, & Leuner, 2014;
Stack et al., 2010).

5-HT6 receptors are abundantly expressed in the frontal
cortices, olfactory tubercle, dorsal hippocampus, striatum,
and nucleus accumbens (Gerard et al., 1997; Roberts et al.,
2002; Ward et al., 1995). 5-HT6 can regulate the release of
other neurotransmitters in the brain, especially antagonists of
5-HT6 receptor which increase levels of forebrain glutamate,
acetylcholine and norepinephrine (Dawson, Nguyen, & Li,
2000, 2001; Riemer et al., 2003).

EMD is a potent 5-HT6-specific agonist. EMD increased
practically all parameters of anxiety-related testing, without
altering mice's locomotor activity; therefore, the anxiolytic-
like responses of EMD cannot be explained by competing
behaviors, such as the enhancement of general exploration.
Our presented intra-dmPFC infusion results from EMD are
in agreement with previous studies (Jastrzebska-Wiesek
et al., 2014; Nikiforuk et al., 2011). Activation of 5-HT6 re-
ceptors through EMD infusion induced anxiolytic effects, and
EMD was considered as a partial agonist (Jastrzebska-Wiesek
et al., 2013). This posed an intriguing question of whether
there are opposite effects after inactivation of 5-HT6 recep-
tors, and so we checked the effects after stereotactic infusion
of a selective 5-HT6 receptor antagonist, SB. After adminis-
tration of SB, we observed anxiogenic effects and no effect on
exploratory activity; these results seem to be directly related to
the inhibition of 5-HT6 receptors.

The anxiolytic and anxiogenic behavior from EMD and
SB may be caused by relative high or low GABAergic
neurotransmission on dmPFC pyramidal neurons. Previous
studies reported some electrophysiological properties of 5-
HT6 receptors. In medium spiny neurons, activation of 5-
HT6 receptors decreased the amplitude of spontaneous ex-
citatory postsynaptic currents (Tassone et al., 2011). The
5-HT6 agonist WAY-181187 enhances the frequency of
sIPSC in the hippocampus, and this increase was
prevented by the 5-HT6 antagonist SB-399885 (West,
Marcy, Marino, & Schaffhauser, 2009). Our results
showed an imbalance in excitatory and inhibitory transmis-
sion on mPFC pyramidal neurons. EMD reduced the am-
plitude of spontaneous EPSC and IPSC, but more so in
EPSC, leading to a relative high GABAergic transmission
level. SB increased the amplitude of spontaneous EPSC,
maybe leading to a relative low GABAergic transmission.
These results indicated that 5-HT6 receptors affect gluta-
matergic transmission or GABAergic transmission. We
checked GABAergic transmission soon afterwards.
Further studies looking at which glutamatergic receptors
the 5-HT6 receptor affects and how it works remain to
be investigated.

To further test our hypothesis, we treated mice with
bicuculline (BMI) and clonazepam, in order to decrease
and increase the GABAergic tone, respectively. High
doses of benzodiazepine have been used to alleviate
anxiety disorders (Low et al., 2000). Our results indi-
cate that the effects of EMD and SB could be reversed
by the GABAA receptor antagonist bicuculline (BMI)
and positive allosteric modulator clonazepam, respec-
tively. Here, GABAergic neurotransmission has been ex-
plored. However, we are unclear about the mechanisms
of glutamate transmission. The detailed mechanisms re-
main to be investigated in future.

Interestingly, 5-HT6 receptor agonists and antagonists
have been reported to produce similar effects in animal
models of depression and anxiety. It is possible that 5-
HT6 receptor agonists and antagonists happen to pro-
duce similar behavioral effects through different neuro-
chemical mechanisms or actions mediated in different
brain regions. However, we could also observe opposite
effects of the 5-HT6 antagonist SB-399885 (West et al.,
2009). One must take into consideration that previous
studies were administered intraperitoneally. Our intra-
dmPFC results may provide another precisely localized
explanation of the function of 5-HT6 receptor inhibition.
More experiments should be addressed to explain the
role of dmPFC 5-HT6 receptors in anxiety disorders in
the future.

In conclusion, this study reveals the functional role of the
dmPFC 5-HT6 receptor in anxiety, which maybe provide new
insight for treatments of anxiety disorders.
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