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Abstract—Trace amines (TA) are a family of endogenous compounds structurally similar to
classical biogenic amines that may be involved in the pathogenesis of a number of neuropsychiatric
disorders. One of the most studied and perspective member of the TA associated receptors
(TAARs) family is the TAAR1. The aim of the present study was to investigate the sensory gating
(SG) in freely moving TAAR1 knockout mice in a chronic experiment. The study of SG was
conducted in the paired�click paradigm. The SG indices were calculated as an absolute value by
subtracting the second stimulus response amplitude from the first stimulus response amplitude
(S1–S2) and as a relative value calculated by dividing the S2 amplitude by the response amplitude
on S1 (S2/S1). As a result, a significant decrease in the amplitude of the N40 component was found
in TAAR1 knockout mice compared to wild�type mice. In addition, the absolute value of sensory
gating calculated by the S1–S2 method was also reduced, but the relative value of sensory gating
denoted as S1/S2 ratio remained unchanged. Thus, the data obtained indicate the involvement of
TAAR1 in the generation of auditory evoked potentials and the potential involvement of the trace
amine system in the dosing and filtering of sensory information.
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INTRODUCTION

Trace amines (TA) are a family of endogenous
compounds structurally similar to classical bio�
genic amines. Trace amines are found in mamma�
lian tissues at nanomolar concentrations and can
be considered as potential neuromodulators [1,
2]. In particular, the effect of TA on dopaminergic
[3, 4], serotonergic [3] and glutamatergic trans�
mission [5, 6] has been shown.

The most studied member of the TAARs (trace
amines associated receptors) family is the
TAAR1, which is found in the central nervous
system and peripheral tissues [7]. The TAAR1
receptor is expressed mainly in the most signifi�
cant concentrations in the regions of dopaminer�
gic neurons highest density, namely in the ventral
tegmental area (VTA) and substantia nigra (SN),
in the dorsal raphe nucleus (DRN), where seroto�
nergic neurons are most represented, and also in
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the hippocampus and amygdala [8]. In addition,
TAAR1 expression was found predominantly in
pyramidal neurons in the cortex layer V [5], con�
firming earlier evidence for the TAAR1 mRNA
presence in the mouse brain frontal regions [9].

In animal models [10] and in preclinical studies
[11], TAAR1 agonists were found to have procog�
nitive [7], antipsychotic and antidepressant activ�
ity [7], which allows us to consider TAAR1 as a
therapeutic target for the treatment of mental dis�
orders [2, 12].

The experiments in vivo have shown that
TAAR1 agonists reduces hyperlocomotion in
pharmacological tests with cocaine and in dopa�
mine transporter knockout models of hyperdopa�
minergy, and also reduces the action potential
frequency in dopaminergic neurons [3, 7]. The
evidence of hyposensitivity to amphetamine and
constitutive activity of monoaminergic nuclei was
found in a knockout mouse model with overex�
pression of TAAR1 in the brain [13]. In addition,
the selective activation of TAAR1 by both partial
and full agonists reduced the impulsive behavior
in C57Bl/6J mice and NMDA receptor knockout
mice [3, 5, 7, 13].

Although the TA functional significance
remains unclear, it has been found that the
changes in TA concentration and/or receptor
dysfunction may be involved in a number of neu�
ropsychiatric disorders associated with monoami�
nergic dysfunction, including schizophrenia,
recurrent depressive disorder, Parkinson’s disease,
attention deficit hyperactivity disorder [2, 14]. It
was proved that TAAR1 knockout mice had similar
behavioral changes to those observed in schizo�
phrenia: an increase in locomotor activity with
amphetamine use and a decrease in stereotypic
reactions caused by apomorphine [4], an increase
in the density of dopamine D2 receptors in the stri�
atum [15], as well as a deficit in prepulse inhibition
of the startle response [16]. TAAR1 receptor
knockout mice demonstrated the synaptic function
dysregulation mediated by the NMDA receptor in
the prefrontal cortex expressed in stereotypical and
impulsive behavior [5].

Sensory gating, along with mismatch negativity
(MMN) and prepulse inhibition (PPI), is a recog�
nized neurophysiological marker of schizophrenia
[17]. Sensory gating is the process of dosing and

filtering the environment information, with the
help of which the brain regulates the magnitude of
responses to sensory stimuli [18]. The standard
paradigm consists of short sound stimuli with a
fixed interstimulus interval within a pair of stimuli
and a large interval between pairs of stimuli [19].

It was previously studied [20] that the TAAR1
agonist (RO 5263397) at a dosage of 1 mg/kg
improves SG due to an increase in the N40 response
amplitude to the first stimulus in the pair (S1), com�
pared to the second stimulus in the pair (S2).

Since TAAR1 receptor agonists have a signifi�
cant effect on SG parameters, it was decided to
study the SG change in TAAR1 receptor of
knockout mice.

MATERIALS AND METHODS

Animals. The study was conducted on 3–5�month�
old male TAAR1 knockout mice (KO) (n = 11).
The wild type (WT) males mice (n = 11) were
used as controls. The average weight of the ani�
mals was 28–30g. The initial lines for WT and KO
were 129S1/Sv and C57BL/6. The animals were
obtained from the vivarium of the Institute of
Translational Biomedicine (St. Petersburg State
University, St. Petersburg, Russia). All animals
were kept under standard conditions with ad libi�
tum access to food and water and a 12�h light–
dark cycle. Animals were housed in single boxes
(30 cm × 15 cm × 17 cm). Prior to the start of all
manipulations with animals, acclimatization was
7 days. All experiments were carried out in accor�
dance with international standards for biomedical
research with animals (European Convention for
the Protection of Vertebrate Animals Used for
Experimentation and other Scientific Purposes,
1986). The experimental protocol was approved
by the Ethics Committee of the Faculty of Biol�
ogy, St. Petersburg State University.

Surgery. Zoletil (70 mg/kg IM) and Xylazine
(0.2 mg/kg IM) were used for anesthesia. Record�
ing electrodes were implanted bilaterally (–6 mm
posterior, 3.5 mm lateral to the bregma); the ref�
erence electrode was placed in the right hemi�
sphere (–2.5 mm posterior, 3.5 mm lateral to the
bregma); the ground electrode was placed in the
left hemisphere (–2.5 mm posterior, 3.5 mm lat�
eral to the bregma). Epidural electrodes were
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fixed with Acrodent cold polymerization dental
plastic (AT Stoma, Ukraine). The operating field
was treated with Baneocin® powder. Intramus�
cular injections of Bicillin�5 (benzathine benzyl�
penicillin, 100 mg/kg IM) were given at the end of
the surgery. ERP recordings were conducted no
earlier than 5 days after the surgery.

Experimental procedure. The experiment was
carried out on chronic freely moving animals.
Animals were housed in experimental plexiglass
boxes (30 cm × 15 cm × 17 cm), and sounds was
presented through loudspeakers located near the
boxes. The experimental protocol included two
identical auditory stimuli (S1 and S2) with a 10 ms
duration and 3000 Hz frequency. Stimuli were
presented at intensity of 85 dB. The interval
between stimuli in a pair was 300 ms, the interval
between pairs of stimuli varied within 3–5 s,
100 pairs were presented in each block. EEG reg�
istration was performed by a Mitsar�EEG�05/70�
201 digital electroencephalograph (Mitsar Inc.,
St. Petersburg, Russia). Sounds were generated
and presented by Psytask v.2.4 software (Mitsar
Inc., St. Petersburg, Russia). EEG were recorded
and processed by WinEEG v.2.4 software (Mitsar
Inc., St. Petersburg, Russia). Processing included
the removal of grooming artifacts (frequency
100–200 Hz; amplitude greater than ± 500 μV on
any channel) [21]. The EEG signal was filtered in
the 10–100 Hz band. Such filtering was chosen
for the best detection of the P50/N40 component
against the background of higher amplitude waves

[22]. The N40 component in rodents is an ana�
logue of the P50 component, which is commonly
used to study SG in humans [23]. The amplitude
of N40 was measured as an average over a period
of 20–40 ms from the start of stimulus presenta�
tion. The SG index was calculated by (S1–S2)
difference and (S2/S1) ratio [24].

Statistical analysis. All data had a normal distri�
bution according to the Kolmogorov�Smirnov
test. Statistical evaluation of group ERPs was car�
ried out by repeated measures 2�way ANOVA
with within�subjects factor “stimulus” (S1 and
S2) and between�subjects factor “group” (WT
and TAAR1�KO). If the analysis revealed a signif�
icant effect or an interaction, a post hoc analysis
was performed by a paired Student’s t�test.

Fig. 1. Averaged event related potential in the SG paradigm. ERP in response to the first (S1) and second (S2) stimuli in
TAAR1�KO (gray line) and WT (black line) mice. Dotted line indicates the moment of stimulus presentation.

Fig. 2. N40 amplitude (± SEM) in response to the first (S1)
and second (S2) stimuli in TAAR1�KO (gray bars) and WT
(black bars) mice. *—Significant differences p ≤ 0.05.
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RESULTS

The data obtained show that the N40 ampli�
tude in response to both the first (S1) and the
second (S2) stimulus in the pair is significantly
lower in TAAR1 knockout mice. The ERPs for
TAAR1 knockout mice compared with wild�type
mice (control group) in SG paradigm are shown
in Fig. 1. Two�way ANOVA shows significant
main effects of “group” (TAAR1_KO and WT;
F(1, 10) = 11.282, p = 0.007) and “stimulus” (S1
and S2; F(1, 10) = 21.016, р ˂ 0.001) factors
(Fig. 2). A significant “group” × “stimulus”
interaction has been also revealed (F(1, 10) =
7.284, p = 0.022). Further analysis of the N40
amplitude obtained in response to S1 and S2
reveals a significant difference in S1 (p = 0.009)
and S2 (p = 0.020) amplitude in TAAR1�KO and
WT animals.

Figure 3a shows the SG index calculated by
(S1–S2) difference. The graph shows that both
the amplitude of the N40 component and the SG
index are higher in wild�type mice compared to
genetically modified animals (F(1, 10) = 7.284, p =
0.02). When comparing the SG index calculated
by (S2/S1) ratio, no significant differences were
found between groups of animals (F(1, 10) = 0.080,
p = 0.783) (Fig. 3b).

A significant decrease in the N40 amplitude has
been found in TAAR1�KO mice compared with
wild�type mice. In addition, SG absolute value
calculated by the (S1–S2) difference has been
also reduced, but SG relative value calculated by
the (S1/S2) ratio remains unchanged.

DISCUSSION

The results demonstrate a significant N40
attenuation in the TAAR1 knockout mice com�
pared to the wild�type animals. The N40 ampli�
tude decreases in response to both the first (S1)
and the second (S2) stimuli in the pair. Accord�
ingly, this leads to a decrease in the absolute val�
ues of sensory gating in the TAAR1�KO group.
However, the SG index, which shows the relative
response magnitude suppression to the second
stimulus, remains unchanged.

Previously, in chronic experiments on awake
C57BL/6 mice, it has been found that the TAAR1
receptor agonist RO5263397 administration at a
dose of 1 mg/kg significantly improves the sensory
gating index calculated by the (S1–S2) difference
[20]. Moreover, the increase in the SG index
occurred due to an increase in the N40 amplitude
of the auditory ERP component in response to the
first stimulus (S1) in the pair. Thus, the TAAR1
stimulation leads to an increase in the N40 ampli�
tude, and the absence of receptors is accompanied
by a significant N40 decrease.

Sensory gating, along with mismatch negativity
(MMN) and prepulse inhibition (PPI), is a widely
used neurophysiological biomarker of schizo�
phrenia [17]. N40 sensory gating in mice is con�
sidered to be analogous to P50 sensory gating in
humans. Interestingly, according to a number of
studies, P50 SG violation in schizophrenia is
mainly associated with a decreased amplitude in
response to the first stimulus in a pair [18]. Our
data indicate a possible TAAR1 involvement in

Fig. 3. Absolute (S1–S2) (a) and relative (S1/S2) (b) SG indices (± SEM) in TAAR1�KO (gray bars) and WT (black bars)
mice. *—Significant differences p ≤ 0.05.
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SG disturbances in schizophrenia. It should be
noted that the SG data is far from homogeneous.
Along with this, there is an evidence that the SG
coefficient does not depend on the amplitude of
the first stimulus in the pair (S1) [26], and the
classic experimental works of Freedman [19, 27,
28] associated a low SG with a poor ability to sup�
press the second stimulus in the pair (S2).

A suppression of the second stimulus response,
on the one hand, is presumably associated with
the inhibitory mechanisms underlying SG. At the
same time, the decrease in amplitude may be due
to an increase in the neuronal populations refrac�
toriness that generate the corresponding ERP
components. Since this work revealed a notice�
able decrease in the N40 electrogenesis, it is still
premature to make a final conclusion about the
nature of the change in SG itself upon elimination
of TAAR1 receptors.

The present study showed that TAAR1 play an
important role in the mechanisms of auditory ERP
generation, since the N40 amplitude of auditory
ERPs significantly decreases in genetically modi�
fied animals. A study of the role of the system of
trace amines and TAAR1 in the sensory dosing and
filtering is of interest for understanding the patho�
genesis of neuropsychiatric disorders.
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