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Abstract: Transient receptor potential ankyrin 1 (TRPA1), a nonselective cation channel, contributes
to several (patho)physiological processes. Smell loss is an early sign in several neurodegenerative
disorders, such as multiple sclerosis, Parkinson’s and Alzheimer’s diseases; therefore, we focused
on its role in olfaction and social behaviour with the aim to reveal its potential therapeutic use. The
presence of Trpa1 mRNA was studied along the olfactory tract of mice by combined RNAscope in situ
hybridisation and immunohistochemistry. The aversive effects of fox and cat odour were examined in
parallel with stress hormone levels. In vitro calcium imaging was applied to test if these substances
can directly activate TRPA1 receptors. The role of TRPA1 in social behaviour was investigated by
comparing Trpa1 wild-type and knockout mice (KO). Trpa1 mRNA was detected in the olfactory
bulb and piriform cortex, while its expression was weak in the olfactory epithelium. Fox, but not cat
odour directly activated TRPA1 channels in TRPA1-overexpressing Chinese Hamster Ovary cell lines.
Accordingly, KO animals showed less aversion against fox, but not cat odour. The social interest of
KO mice was reduced during social habituation–dishabituation and social interaction, but not during
resident–intruder tests. TRPA1 may contribute to odour processing at several points of the olfactory
tract and may play an important role in shaping the social behaviour of mice. Thus, TRPA1 may
influence the development of certain social disorders, serving as a potential drug target in the future.

Keywords: TRPA1; social behaviour; innate fear; piriform cortex; olfactory bulb; olfactory epithelium;
2-methyl-2-thiazoline; valeric acid

1. Introduction

Transient receptor potential ankyrin 1 (TRPA1), a nonselective cation channel, may
contribute to several physiological and pathological processes, including neurodegen-
eration. In our previous studies we provided substantial evidence that the lack of this
ion-channel in Trpa1 knockout (KO) animals decelerated the progression of diverse neu-
rodegenerative processes (e.g., demyelination, fibre loss [1–3]), while the presence of TRPA1
ameliorated age-related memory decline [4]. Based on the role of TRPA1 receptors in the
abovementioned pathological processes, we presume that this ion channel could be a
promising therapeutic target in the treatment of these disorders. Smell loss is an early sign
of neurodegeneration, therefore our study focused on the role of TRPA1 in olfaction.
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The olfactory tract is one of the oldest among the principal sensory systems allowing
smell. Olfaction begins in the olfactory epithelium (OE) located in the nasal cavity [5]. Its
sensory bipolar neurons (OSN) have a peripheral dendrite which is responsible for odour
sensation, and a central axon transmitting the stimuli—via glomerular synapses—to the
glutamatergic cells of the olfactory bulb (OB) [5–7]. Another important cell type in the OB
is the GABAergic granule cell, interacting with the neurotransmission of glutamatergic
neurones [7]. The axon bundles of the glutamatergic cells form the olfactory tract and
terminate in primary and secondary olfactory areas (i.e., anterior olfactory nucleus (AON),
olfactory tubercle (OT), piriform cortex (PC), amygdala (AM) and entorhinal cortex (EC)) [8]
(Figure 1). The largest primary olfactory area is the PC, which, after processing, transmits
information to the secondary olfactory and association brain areas. Besides the above
detailed main olfactory tract, the accessory olfactory system also conveys signals to higher-
order centres contributing to behavioral responses, such as social interaction, in several
mammalian species [9].
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Figure 1. Schematic representation of the mouse olfactory tract. Red colour shows the investigated
brain areas, Reprinted from ref [10]. Abbreviations: OE: olfactory epithelium, OB: olfactory bulb,
AON: accessory olfactory nucleus, OT: olfactory tubercle, PC: piriform cortex, EC: entorhinal cortex,
AM: amygdala.

The anatomical structure of the human olfactory tract resembles that of rodents.
However, olfaction is not essential for human survival and the olfactory system therefore
plays a less important role in our daily life, being less developed compared to animals
(e.g., rodents) [5]. Nevertheless, olfactory stimuli contribute to our social behaviour [11];
furthermore, in most mammals, they are important in establishing social hierarchies,
recognition of mating partners, and caring for offspring [12–15]; although this information
may remain unconscious, acting presumably through the limbic system. In rodents, sniffing
behaviour may contribute to agonistic social behaviour towards the conspecific, conveying
multiple types of information [16]. However, the sniffing behaviour of mice varies with
behavioural context and can also be modulated by nonolfactory signals [17]. Olfactory
signals influence the development of both short- and long-term social memory [18]. In
turn, object recognition by rodents requires only intact vision [19,20].

Moreover, the functional integrity of the olfactory system is necessary for the detection
of food sources and avoiding predators [12], and can therefore contribute to innate fear and
anxiety as well. Predator-derived chemostimuli, leading to avoidance behaviours, can be
driven through the activation of both the main and the accessory olfactory system. Using
these chemostimuli, an increased neuronal activation has been detected within some limbic
structures (e.g., AM), playing an important role in innate fear and anxiety [21]. In line with
the above, an altered activation of PC, and the bed nucleus of the stria terminalis (BST)—
together with increased norepinephrine release in the hippocampus—can be responsible
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for predator odour-evoked stress responses [22]. Interestingly, other authors could not
detect enhanced innate fear using the same predator odour in naive mice [23].

A wide range of neurological diseases can be associated with olfactory disfunction,
such as schizophrenia [24], bipolar disorder, [25] major depression [26], and post-traumatic
stress disorder [27]. Furthermore, anosmia is a typical symptom accompanying various
neurodegenerative disorders [28,29]. The loss of smell may occur years before the onset
of other symptoms of Parkinson and Alzheimer’s disorders, being the first hint for the
development of neurodegenerative processes [30,31].

Several chemoreceptors participate in olfaction, among others, multiple transient
receptor potential (TRP) cation channels [32]. One member of this superfamily is the TRP
subfamily A member 1 (TRPA1), which contains a long ankyrin domain at its N-terminal,
the cytoplasmic region being responsible for its thermal and chemical sensitivity [33].
TRPA1 is expressed in various tissues and can be activated by different endogenous and ex-
ogenous ligands. TRPA1 channels on the nociceptive afferents participate in the generation
of pain signals under physiological and pathophysiological conditions (e.g., inflammation,
chronic pain) [33]. This is supported by the fact that an autosomal dominant point mutation
of this receptor leads to familial episodic pain syndrome with incapacitating upper body
pain in infants [34]. In addition, the role of this receptor was also confirmed in neuropathic
pain [35–39]. TRPA1 receptors are expressed on the trigeminal nociceptors contributing
to the detection of irritating volatile agents with an aversive odour. Moreover, the genetic
deletion of Trpa1 led to a significant decrease in the emergence of innate fear in Trpa1 knock
out (KO) mice compared to their wild-type (WT) counterparts when using 2-methyl-2-
thiazoline (2-MT), a compound imitating fox odour [40]. In this study, 2-MT induced lower
neuronal activation in Trpa1 KO animals—measured by c-Fos immunohistochemistry—
in the trigeminal ganglia (TG) and the OB. Subsequently, enhanced neuronal activation
was revealed in some stress-sensitive brain regions (periaqueductal grey matter (PAG)
and paraventricular nucleus (PVN)), suggesting the role of TRPA1 in the activation of
the hypothalamic–pituitary–adrenal axis, triggered by certain irritating compounds and
mediated by TG and OB.

Here we aimed to reveal the expression of mouse Trpa1 mRNA in the OE, OB and
PC, the major parts of the olfactory tract. These brain areas are affected in the early
stages of neurodegenerative disorders [29,31,41] explaining the emergence of anosmia
even years prior to the onset of other neurological symptoms. To reveal the expression of
Trpa1 in the OE, OB and PC and determine the exact types of TRPA1-expressing cells, we
performed RNAscope in situ hybridisation (ISH) combined with immunohistochemistry.
To confirm the contribution of TRPA1 in predator odour-induced innate fear, we studied
the receptor sensitivity towards the major components of fox (2-MT [40]) and cat odour
(valeric acid [42,43]) in vitro using TRPA1-overexpressing CHO cells, and examined the
behavioural influence of these two odours in WT and KO animals parallel with changes
in stress hormone levels (adrenocorticotropin (ACTH) and corticosterone). Furthermore,
to confirm the functional importance of TRPA1 channels in the olfactory tract, a detailed
characterisation of the social behaviour of Trpa1 KO and WT mice was also conducted.

2. Results
2.1. Trpa1 mRNA Expression and Colocalisation in the Piriform Cortex, Olfactory Bulb, and in the
Olfactory Epithelium by RNAscope ISH

To assess the possible presence of Trpa1 in OSNs, RNAscope ISH for Trpa1 mRNA
was combined with anti-β-tubulin III immunohistochemistry, a selective marker of this
cell type in the OE [44,45]. Trpa1 mRNA was poorly detectable in the OE and did not
colocalise with β-tubulin III (Figure 2a). In the OB, the Trpa1 mRNA was colocalised in
almost all cases with the neuronal marker, neuronal nuclear protein (NeuN), suggesting
its almost exclusive neuronal presence (Figure 2b). In addition, using double RNAscope
labelling, Trpa1 mRNA was moderately expressed in glutamate decarboxylase 1 (Gad1)
mRNA containing GABAergic neurons of the OB, but was poorly detected on glutamatergic
excitatory neurons characterised by vesicular glutamate transporter 1 (Vglut1) (Figure 2c).
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In the PC, the RNAscope technique was sensitive enough to detect considerable amounts
of Trpa1 mRNA positive cells. In this region, the Trpa1 mRNA was shown only on the
Vglut1 mRNA containing excitatory neurons and did not colocalise with Gad1-positive
cells (Figure 2d).
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Figure 2. Expression of Trpa1 mRNA in the investigated regions of the olfactory system of C57BL/6 mice (n = 4). Trpa1
(red) mRNA signal did not colocalise with β-tubulin III (green) immunorective cells in the OE (a). Trpa1 (red) mRNA signal
colocalised exclusively with NeuN (white) positive neurons in the OB (b). Trpa1 (red), Gad1 (white) and Vglut1 (green)
mRNA expression in the OB (Bregma 3 mm), (c) and in the PC (d) (Bregma −1.46 mm). Trpa1 mRNA signal colocalised both
with Gad1 and Vglut1 positive neurons in the OB (c), but it colocalised only with Vglut1 positive neurons in the PC (d). Cell
nuclei were counterstained with DAPI (blue) in all areas. Abbreviations: NeuN: neuronal nuclear protein, Gad1: glutamate
decarboxylase 1, Vglut1: vesicular glutamate transporter 1, DAPI: 4′,6-diamidino-2-phenylindole. In order to highlight the
cell borders, differential interference contrast (DIC) images were merged with the virtual color images. Bars: 10 µm.
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2.2. TRPA1 and Predator Olfaction
2.2.1. Fox (2-MT) and Cat Odour (Valeric Acid) Induced Calcium Influx in Mouse and
Human TRPA1-Overexpressing CHO Cells

Human and mouse TRPA1 channel-overexpressing Chinese Hamster Ovary cells
(CHO) (n = 5–6 × 104 cells per data point) showed a concentration-dependent increase
in the green fluorescence ratio compared to dye-loaded unstimulated cells in response to
2-MT (fox odour), both in the case of mouse and human receptor expressing cells, without
significant differences between the receptor activation of the two species (Figure 3a). The
EC50 value was 5010 µmol/L in human and 4419 µmol/L in mouse TRPA1-expressing
cells. CHO cells not expressing TRPA1, used as a negative control, did not respond to
2-MT. Similarly, neither TRPA1-expressing cell lines responded to valeric acid (cat odour)
(Figure 3b).
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Figure 3. Effect of fox (2-MT) and cat odour (valeric acid) on the calcium response in Chinese Hamster Ovary (CHO) cells
expressing human and mouse TRPA1 (hTRPA1 and mTRPA1, respectively) receptors. An increased calcium response
was characterised by an enhanced ratio of Fluo-4 AM fluorescence compared to dye-loaded unstimulated cells. 2-MT
resulted in a concentration-dependent elevation of the calcium response with an EC50 value of 5010 µmol/L in human
TRPA1-expressing cells and with an EC50 value of 4419 µmol/L in mouse TRPA1-expressing cells (a). Applying valeric
acid, neither human nor mouse TRPA1-expressing cell lines showed an elevated Ca2+ signal (b). No change of the calcium
response was detected in CHO cells not expressing TRPA1 in response to 100, 1000 and 10,000 µmol/L 2-MT or valeric acid.
n = 5–6 × 104 cells for all types of cell lines, all experiments were performed four times.

2.2.2. Interest of Trpa1 WT and KO Animals towards Fox (2-MT) and Cat Odour
(Valeric Acid)

Considerable differences were detected between WT and KO mice during the
2-MT evoked odour aversion test. Both the duration and the frequency of sniffing
the odour holder was significantly higher in Trpa1 KO mice compared to WT animals
(tduration (2,23) = −6.52, p < 0.01; tfrequency (2,23) = −8.43, p < 0.01) (Figure 4a,b). On the
other hand, freezing lasted for a significantly shorter period and occurred much less
frequently in KO mice (tduration (2,23) = 11.78, p < 0.01; tfrequency (2,23) = 2,81, p < 0.01)
(Figure 4c,d).

In the case of valeric acid, similar differences were observed between the genotypes in
sniffing (tduration (2,19) = −3.27, p < 0.01; tfrequency (2,19) = −2.40, p < 0.03) (Figure 5a,b), while
only a tendentious difference was observed for freezing (pfrequency > 0.50, pduration > 0.14)
(Figure 5c,d). During this experiment, we investigated the temporal alterations of the
frequency and duration of sniffing and found that KO animals sniffed the filter paper
more often (Fgenotype (1,18) = 4.44, p < 0.05; Finteraction (9,162) = 2.11, p < 0.04) and for a
longer time (Fgenotype (1,18) = 9.29, p < 0.01; Finteraction (9,162) = 1.96, p < 0.05) predom-
inantly at the beginning and end of the examination (p2fr < 0.04, p5fr < 0.01, p7fr < 0.03,
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p8fr < 0.05 and p2dur < 0.03, p5dur < 0.01, p7dur < 0.01, p8dur < 0.01, p10dur < 0.04) com-
pared to their WT mates (Figure 5e,f). However, neither in the case of frequency nor
duration, was any significant effect of time detectable (Ftime frequency (9,162) = 0.49, p > 0.88;
Ftime duration (9,162) = 1.02, p > 0.42).
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Remarkable differences were established in the duration and frequency of sniffing the odour holder (a,b) and freezing
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and KO) groups, the symbol # shows a significant difference between the two genotypes, in cases with ### p < 0.001, and
#### p < 0.0001. Blank triangles represent individual values while dark spots show outliers (characterized by a higher or
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2.2.3. Hormone (ACTH and Corticosterone) Measurements in WT and KO Mice after
Using 2-MT or Valeric Acid

The investigation of blood samples at the end of a 10 min odour exposure revealed signif-
icantly higher ACTH levels in KO mice after using 2-MT (t (1,19) =−3.02, p < 0.01) (Figure 6a).
However, differences in corticosterone levels were not established [t (1,23) = −0.85, p > 0.4]
(Figure 6b). Morever, after the odour aversion test with valeric acid, no differences in either
ACTH (t (1,11) = 1.69, p > 0.11) or in corticosterone levels (t (1,13) = −0.71, p > 0.49) could
be detected (Figure 6c,d).
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Figure 5. Behavioural differences in Trpa1 WT and KO mice triggered by the major component of cat odour, valeric acid.
Significant differences were detected in the duration (a) and frequency (b) of sniffing the odour holder between the two
groups. However, differences in innate fear (freezing) were not present in this trial (c,d). Individual values are represented
on a Gantt diagram (e,f). n = 10 in both (WT and KO) groups, the symbol # shows a significant difference between the two
genotypes, in cases with # p < 0.05, and ## p < 0.01. Blank triangles represent individual values while dark spots show
outliers (characterized by a higher or lower value than mean ± 2 standard deviation (SD)).

2.3. TRPA1 and Social Behaviour
2.3.1. Object Habituation–Dishabituation and Social Habituation–Dishabituation Tests in
WT and KO Mice

No significant differences were detected in the duration or frequency of sniffing
during the object habituation–dishabituation trial within or between the groups (dura-
tion: Ftime (4,40) = 1.17, p > 0.33; Fgenotype (1,10) = 0.32, p > 0.58; Finteraction (4,40) = 0.46,
p > 0.76 and frequency: Ftime (4,40) = 2.00, p > 0.11; Fgenotype (1,10) = 0.17, p > 0.68;
Finteraction (4,40) = 0.32, p > 0.86), either when the same object was presented repeatedly, or
when a new object was introduced (Figure 7a,b).
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Figure 6. Serum adrenocorticotropin (ACTH) and corticosterone levels of WT and KO mice after
using 2-MT or valeric acid. Applying 2-MT, KO mice showed significantly higher ACTH levels
than WTs (a), without significant differences in the corticosterone levels (b). Using valeric acid,
no differences in either ACTH (c) or in corticosterone levels (d) were detectable. The symbol #
shows a significant difference between the two genotypes, in cases with ## p < 0.01. n = 10 in both
(WT and KO) groups. Blank triangles represent individual values while dark spots show outliers
(characterized by a higher or lower value than mean ± 2 standard deviation (SD)).
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Figure 7. Results of object (a–c) and social habituation–dishabituation trials (d–g). There was no difference in the duration
and frequency of sniffing an object between the genotypes during the object habituation test (a,b). During the social
habituation trial, a remarkable decrease in the social behaviour was shown using the first stimulus repeatedly in mice of
both genotypes. However, after adding a novel stimulus for mice, the social interactions were again increased (d–f). The
social behaviour of KO mice was lower than WT mice during the whole examination period, with significant differences in
the 2nd and 5th part of the trial (d). n = 12 in both groups, the symbol # shows a significant difference between KO and WT
mice (p < 0.05); * shows a significant difference between the periods compared to the 1st part of the trial in the same group,
in cases with * p < 0.05; + shows a significant difference between the 4th and the 5th part of the trial in the same group, in
cases with + p < 0.05 and ++ p < 0.01.
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In contrast, the social stimulus was more attractive than the object. Accordingly,
the duration of social interactions was higher in both groups during the first encounter
with the (“old”) stimulus mice but reduced rapidly during subsequent presentations
(Ftime (4,88) = 15.48, p < 0.01) (Figure 7d). This decrease in the social behaviour was signifi-
cant during the third and fourth encounter in the case of KO animals (p < 0.05) and during
the fourth encounter in the case of WT animals (p4 < 0.01). On the other hand, a remarkable
increase in social interest was detectable using novel stimulus mice during the fifth period
of the examination (p < 0.01 in both genotypes). The abovementioned alterations were
present in both genotypes; however, the level of the social behaviours was lower in the KO
mice during the whole experiment (Fgenotype (1,22) = 12.61, p < 0.01; Finteraction (4,88) = 1.04,
p > 0.39). A post hoc comparison revealed a significant genotype difference during the
second and the fifth period of the trial (p < 0.05). Similar temporal alterations were detected
in the case of the frequencies of the social interactions (Ftime (4,88) = 4.49, p < 0.01), and
these differences were significant during the fourth and fifth encounter in both genotypes
(p < 0.05), although significant differences could not be established between WT and KO
animals (Fgenotype (1,22) = 2.02, p > 0.16; Finteraction (4,88) = 0.39, p > 0.82) (Figure 7e). On the
other hand, the length of one sniffing period (bout fragmentation; duration/frequency) was
also significantly lower in KO animals (Fgenotype (1,22) = 14.10, p < 0.01; Ftime (4,88) = 7.30,
p < 0.01) and this effect was especially visible when new stimulus mice were introduced
(Finteraction (4,88) = 2.71, p < 0.05) (Figure 7f). The level of aggression was very low (occurred
an average of one time during the 1 min interaction) and without genotype differences.

2.3.2. “Three Chamber” Sociability Experiment in WT and KO Animals

During the habituation phase of a subsequent sociability test, KO animals investigated
the objects more frequently than their counterparts (Fgenotype (1,10) = 8.9, p < 0.02), without
a significant side preference (Fside (1,10) = 3.65, p > 0.08) and there was no genotype effect
detectable on the side preference (Finteraction (1,10) = 0.41, p > 0.53) (Figure 8a). In the case
of the investigation duration, the main significant effects of genotype and side preference
were detected (Fgenotype (1,10) = 7.41, p < 0.03; Fside (1,10) = 6.32, p < 0.04), although a
post hoc comparison did not reveal significant differences (p > 0.05 in all cases), and the
genotype did not influence the side preference (Finteraction (1,10) = 0.01, p < 0.92) (Figure 8d).

During the sociability (third) phase, all animals showed a higher duration of interest
towards the social stimulus (first stimulus mice) (Feffect of choice (1,10) = 21.23, p < 0.01],
without significant differences between the two genotypes (Fgenotype (1,10) = 0.07, p > 0.79;
Finteraction (1,10) = 0.65, p < 0.43). Moreover, there was no significant difference in the
frequency of interest between the two genotypes (Fgenotype (1,10) = 0.41, p > 0.53; Finteraction
(1,10) = 0.59, p > 0.45), although the main effect of choice was significant (Feffect of choice
(1,10) = 9.24, p < 0.02; in a post hoc comparison pWT > 0.13 and pKO > 0.08) (Figure 8b,e).
A single sample t-test showed a remarkable social interest in the sociability index of both
groups (tWT (1,4) = 6.70, p < 0.01; tKO (1,6) = 2.98, p < 0.05) when compared to the 50%
chance level (Figure 8g).
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Figure 8. Results of the sociability test. During the object habituation phase, the KO animals investigated the objects more
times than the WTs (a), but the difference in the duration was not significant (d). During the sociability phase, increased
interest was detected towards the social stimulus in both groups without significant genotype differences (b,e). During the
social discrimination phase, WT animals demonstrated increased interest towards the novel stimulus mice, but this kind
of difference were not detectable in KO mice (c,f). Both genotypes revealed significant social interest as represented by a
sociability index higher than 50% (g). However, only WTs showed intact short-term social memory as represented by a
discrimination index higher than 0 (h). Schematic representation of the sociability trial (i). n = 5 in WT and n = 7 in KO
groups, the symbol # shows a significant difference between KO and WT mice (p < 0.05); * shows a significant difference
between the two sides with wired cages, in cases with * p < 0.05; $ shows a significant difference in the same group using a
single sample t-test, in cases with $ p < 0.05, and $$ p < 0.01. Blank triangles represent individual values while dark spots
show outliers (characterized by a higher or lower value than mean ± 2 standard deviation (SD)).
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During the social discrimination phase (last part) WT mice sniffed the novel stim-
ulus animals significantly more often than the old counterparts (Finteraction (1,10) = 7.06,
p < 0.02) (Figure 8c). However, there was no difference in the frequency of interest towards
the new stimulus animals between the two genotypes (Fgenotype (1,10) = 2.77, p > 0.13;
Feffect of choice (1,10) = 4.23, p > 0.06). On the other hand, KO mice showed a significantly
higher interest towards the old stimulus animals compared to the WT genotype (p < 0.04 in
the post hoc comparison). In addition, WT mice dealt with the novel stimulus mice for a
significantly longer time (Feffect of choice (1,10) = 6.21, p < 0.04; in the post hoc comparison
p < 0.05), while a similar tendency in the duration of sniffing could not be detected in KO
animals (p > 0.66) (Figure 8f). With respect to this parameter, there were no differences
between the two groups (Fgenotype (1,10) = 0.65, p > 0.44; Finteraction (1,10) = 3.49, p > 0.09).
No direct differences in the sociability index (preferring the mice containing box above
the empty one during the third phase of the test) and discrimination index (preferring the
new stimulus animal above the old one during the fourth phase of the test) were detectable
between the genotypes (pSI > 0.36 and pDI > 0.12). However, using a single sample t-test,
only the WT mice showed an intact memory (tWT (1,4) = 2.78, p < 0.05) (discrimination
index > 0) and such an effect was not shown in KO animals (p > 0.38) (Figure 8g,h).

2.3.3. Social Interaction and Resident–Intruder Trials in WT and KO Mice

During the social interaction test, differences in the sniffing frequency, representing
friendly social interaction, were not detectable between the genotypes (t (2,22) = 1.06,
p > 0.3) (Figure 9a), but we observed a significantly reduced time spent sniffing a conspecific
(t (2,22) = 2.25, p < 0.04) (Figure 9b) and a decreased sniffing bout length (t (2,22) = 3.26,
p < 0.01) (Figure 9c) in KO mice. On the other hand, we could not detect aggressive
interactions during this experiment.
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Figure 9. Results of the social interaction test. No differences were detected in the frequency of social
behaviour between the two genotypes (a); however, a decreased duration of sniffing (b) and bout
fragmentation (c) were detected in KO mice. n = 12 in both groups, the symbol # shows a significant
difference, in cases with # p < 0.05, and ## p < 0.01. Blank triangles represent individual values
while dark spots show outliers (characterized by a higher or lower value than mean ± 2 standard
deviation (SD)).

During repeated resident–intruder trials one week apart, we evaluated home cage
defence, and no alterations were detected in the frequency of social behaviour within and
between the two genotypes (Fgenotype (1,21) = 0.50, p > 0.48; Ftime (2,42) = 1.07, p > 0.35;
Finteraction (2,42) = 0.36, p > 0.7) (Figure 10a), but the duration of friendly social behaviour
was decreased significantly in both groups by repeating the trials (Ftime (2,42) = 2.62,
p > 0.08; in a post hoc comparison pWT and KO 1–2 period < 0.05, pKO 2–3 period < 0.01; and
Finteraction (2,42) = 5.14, p < 0.01), although genotype differences could not be detected
(Fgenotype (1,21) = 0.11, p > 0.74] (Figure 10b). In addition, there was no significant temporal
alteration in aggression (Ftime duration (2,42) = 1.18, p > 0.31; Ftime frequency (2,42) = 0.86,
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p > 0.43), as well as no detectable genotype effect (Fgenotype duration (1,21) = 0.002, p > 0.96
and Fgenotype frequency (1,21) = 0.07, p > 0.79) and the genotype did not influence the temporal
changes (Finteraction duration (2,42) = 1.67, p > 0.2; and Finteraction frequency (2,42) = 1.91, p > 0.16)
(Figure 10c,d).
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Figure 10. Results of resident–intruder trials. Numbers 1,2,3 represent 10 min trials 1 week apart. No significant differences
were found in the frequency of social behaviour between the two genotypes (a). The duration of sniffing decreased
significantly in both groups during the subsequent trials, although relevant temporal differences were detectable only
in KOs (b). Neither the frequency nor the duration of aggressive interactions were significantly altered by time or by
genotype (c,d). n = 12 in both groups, * p < 0.05 and ** p < 0.01 show a significant difference between repeated trials in the
same group. Blank triangles represent individual values while dark spots show outliers (characterized by a higher or lower
value than mean ± 2 standard deviation (SD)).

3. Discussion

Here, we demonstrated the presence of Trpa1 mRNA in various parts of the olfactory
system with a prominent expression in the OB, colocalised with GABAergic and gluta-
matergic markers, and in the PC, with glutamatergic cells. In accordance with previous
results, we confirmed that the TRPA1 channel is an important player of innate fear induced
by a predator odour [40]. Our in vitro results, using TRPA1-overexpressing CHO cell lines
revealed that only fox, but not cat odour is able to directly activate TRPA1 receptors in
the OE and may contribute to a subsequent triggering of avoidance behaviour. Moreover,
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we also found that TRPA1 is a significant player in friendly, but not aggressive social
interest and intact social memory, as in its absence, reduced social investigation was found
during social habituation–dishabituation and social interaction tests and there was a loss
of memory during the social discrimination phase of the sociability test.

It has already been suggested that fox odour is a direct activator of chemosensory
TRPA1 channels in the OE [40]. Indeed, during the evaluation of Ca2+ influx in TRPA1-
expressing CHO cells, we found that both the mouse and the human receptors respond
to 2-MT. However, in our case the effective concentration was higher than previously
described [40]. These differences might be explained by the different cell lines, and by the
different experimental conditions. On the other hand, valeric acid could not induce any
responses on either receptor. Indeed, valeric acid is a chemical compound belonging to the
group of carboxylic acids and does not have an electrophilic structure, suggesting that it
cannot directly influence TRPA1 receptors. Interestingly, KO mice showed slightly different
behaviour to cat odour compared to their WT pairs. Although in the case of cat odour
(valeric acid) a genotype difference was detected, but only in the interest towards the odour
holder, not in freezing, and this might be explained by the overall less fearful nature of the
cat odour. (In the case of fox odour this behavioural pattern accounts for around 45% of the
entire time in WT mice and 10% in KO mice, while in case of cat odour around 10% in WT
and 5% in KO animals.) Thus, we cannot exclude the possibility that the freezing reduction
in KOs is masked by this low “basal” level. Despite its contribution to the behavioural
consequences of predator odour, the lack of TRPA1 does not reduce fear responses in
general. For example, in the case of conditioned fear, an amygdala–hippocampal–prefrontal
cortex-dependent paradigm [46], Trpa1 KO mice showed enhanced rather than reduced
freezing [47]. Thus, we might assume that the interest towards an odour stimulus can be
mediated by TRPA1 receptors through the olfactory system, more specifically in its central
part, e.g., in the OB and PC, as the OE does not contain a considerable amount. As the
chemical particles of the odour cannot directly reach the secondary/tertiary neurones, the
TRPA1-induced alteration in sniffing time and frequency will be independent from the
odour type. However, it must be also considered, that TRPA1 agonists (like fox odour)
may lead to the activation of trigeminal nociceptors in the nasal epithelium, triggering
local pain responses [48], which may also strongly influence the behavioural responses
of the animals. Pain itself as well as a direct connection between the PC and PVN [49]
may enhance the neuronal activity of stress-sensitive brain areas (e.g., PAG, PVN) [40]
and certain limbic structures (e.g., hippocampus, BST) [22]. Controversially, the Trpa1
KO animals reacted to 2-MT with higher ACTH levels, without any genotype differences
in the corticosterone levels. This observation may be the consequence of their increased
motility resulting from their less intense innate fear responses. Previous studies confirmed
a connection between locomotion and ACTH levels [50]. In contrast to our findings, in
another study the application of 2-MT induced a lower corticosterone elevation of KO
animals compared to their WT counterparts [40]. This discrepancy can be explained by
the different concentration of 2-MT used as well as by the distinct duration of the trials
which might have covered the previously observed difference. More importantly, after
applying valeric acid, none of the abovementioned stress hormones showed differences
between the genotypes. This fact further confirms that the sensation of different odours
may activate different pathways and that TRPA1 channels might influence this process at
different places (e.g., in the case of fox odour, the trigeminal ganglion (pain) can activate
the stress axis, while in the case of cat odour the OB/PC pathway might be involved in
shaping the behaviour of the animals).

In support of this behavioural role of central TRPA1 receptors, a decreased social
interest of KO mice was detected in the social habituation–dishabituation and social inter-
action trials. In agreement with this, they had a worse social memory (see discrimination
index). Although we might assume that the social behaviour of KO animals might be
impaired due to their higher distress triggered by a novel environment, their more frequent
object approach contradicts this idea. Indeed, KO mice were more interested in a newly
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introduced object (see object habituation phase of sociability as well as the first encounter
of the object in habituation–dishabituation, although this later effect was not significant,
probably due to the short, 1 min observation time), which excludes the general loss of
interest of Trpa1 KO mice as well. This further supports the less anxious phenotype of KO
mice [47]. However, their social behaviour was more fragmented suggesting an enhanced
arousal [51]. In contrast to our results Lee et al. in 2017 found an enhanced social interest
in Trpa1 KO mice during an experiment similar to our sociability test. Although in their
case the enhanced interest towards the container might have confused the results as there
was no object habituation phase. Moreover, we used juvenile stimulus mice to avoid any
possible threat from them, which might also influence the quality of the social interac-
tion. Notwithstanding the above, we did not find any remarkable differences between
the genotypes in aggressive behaviour, both during the social interaction as well as the
resident–intruder trials. This implies that TRPA1 participates in the fine tuning of social
behaviour and might regulate only certain aspects, especially friendly social interactions.
We might assume that its role in olfaction might be an important player in its contribution
to social behaviour. In support, although previous results found a better memory function
of KO mice during novel object recognition tasks [47], during the social memory test the
performance of this genotype was worse than its WT counterparts. Furthermore, it must be
underlined that the recognition of objects in rodents is rather reliant on visual cues [19,20].

In support of the importance of TRPA1 in olfaction, we confirmed its presence at
different levels of the olfactory system.

Nevertheless, Trpa1 mRNA was expressed with only a low number of copies in the
OE, and it was not colocalised with anti-β-tubulin III, a selective marker of OSNs [44,45],
suggesting that the receptor may be expressed in other OE structures (e.g., on the end-
ing of trigeminal neurons or in type B cells) [52]. The synthesis of this TRPA1 receptor
protein may happen predominantly in the perikaryon of TG neurons, where Trpa1 expres-
sion has been confirmed previously [53–55], contributing to the development of diverse
(patho)physiological conditions [48]. The OB might be a major site of action of aversive
chemostimuli as we detected a considerable amount of Trpa1 mRNA here by RNAscope
ISH. We detected Trpa1 predominantly in GABAergic neurones, but some transcripts in
glutamatergic neurons were also seen. In a previous study, Trpa1 mRNA was also detected
in the OB using RT-PCR, and further investigations confirmed its expression predominantly
in glutamatergic mitral and GABAergic granule cells [56]. We confirmed for the first time
that Trpa1 is expressed also in the PC. Here, in the PC, Trpa1 mRNA is expressed only in
Vglut1 positive glutamatergic neurons. These cells are known to be principal neurones
receiving signals from other olfactory structures (e.g., OB), certain limbic brain areas (e.g.,
basolateral AM) and from several other parts of the brain. The diverse afferentation of
these cells contributes to shaping information encoding [57]. These results suggest the
relevance of TRPA1 receptors in the central processing of olfactory information.

In the central nervous system, TRPA1 was found on astrocytes [58,59] and oligo-
dendrocytes [60]. The functional inhibition of TRPA1 located on oligodendrocytes may
decrease the myelin damage caused by ischemia [60]. Moreover, the lack of TRPA1 atten-
uates the process of demyelination and oligodendrocyte apoptosis in cuprizone-treated
mice, suggesting its role in the progression of autoimmune multiple sclerosis as well [1,2].
On the other hand, the presence of TRPA1 is necessary for normal neuronal development
and oligodendrocyte maturation, and its functional ablation may lead to impaired emo-
tion, cognition, learning, memory, and social behaviour [47]. TRPA1 is also increasingly
considered as a major participant in the development and progression of certain neu-
rodegenerative disorders [3]. TRPA1 may facilitate the synaptic dysfunction triggered by
oligomeric amyloid-β peptide, implying its role in Alzheimer’s disease [61]. Intracerebral
amyloid beta1-42 injection induced smaller cholinergic fibre loss in the somatosensory cortex
accompanied by normalised memory function in Trpa1 KO mice [3]. In addition, TRPA1
deficiency resulted in an attenuated memory loss in aged mice, suggesting the importance
of this receptor in age-related memory decline as well [4]. In addition, our experiments
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confirmed the expression of TRPA1 receptors in the OB and the PC, which are brain areas
that are already involved in the early stages of neurodegenerative disorders [29,31,41]. A
possible mechanism of neurodegeneration may be the activation of TRPA1 channels lead-
ing to an increased calcium influx, triggering neuronal activation on one hand and in the
case of excessive function, neuronal apoptosis. This process may occur in the glutamater-
gic excitatory neurons of the OB and PC and—together with consecutive glutamatergic
excitotoxicity—may explain the appearance of anosmia in neurodegenerative diseases (e.g.,
Parkinson’s, Alzheimer’s) [62–64] 5–10 years prior to the emergence of other neurological
symptoms [30,31].

In summary, our results confirmed the presence of TRPA1 at multiple levels of the
olfactory tract playing an important role in the perception of aversive/irritating as well as
social odours. This receptor, located in the central structures of the olfactory tract, may have
a pivotal role in the central processing of odour information contributing to the association
of emotional responses and behavioural patterns. Therefore, this ion channel could be a
drug target in the treatment of diseases with disturbed emotions and social behaviour. In
addition, TRPA1 receptors, located in the OB and PC, could be a promising target in the
early treatment of certain neurodegenerative conditions by decelerating neuronal apoptosis
in these brain areas.

4. Materials and Methods
4.1. Animals

RNAscope in situ hybridisation was performed using naive 9-week-old male C57BL/6
mice. Behavioural experiments were carried out on 3–4 months-old male Trpa1+/+ (wild-
type, WT) and Trpa1−/− (knockout, KO) mice. The original breeding pairs of mice were
acquired from Prof. P. Geppetti, University of Florence, Italy. Mice were generated and
characterised as described earlier [65]. Animals were bred on a C57BL/6J background
and crossed back after 5 generations. The genotype of offspring for the Trpa1 gene was
verified by PCR. Four-week-old Trpa1 WT (sociability, social habituation–dishabituation)
or CD1 mice (resident–intruder test) were used as stimulus animals. All efforts were made
to minimise the number of animals used and their suffering.

Animals were kept in a temperature and humidity controlled 12 h light–dark cycle
environment (lights on at 6 a.m.) in standard polycarbonate cages (365 mm × 207 mm ×
144 mm) at the animal facility of the Department of Pharmacology and Pharmacotherapy,
University of Pécs. Ad libitum standard rodent chow and tap water were provided for
the animals. Four to six mice were housed in a cage, and 1 week before the first resident–
intruder test they were separated to have a “homecage”. The social behaviour of the
animals was examined during the early dark phase between 19 and 23 h, while all other
examinations were conducted in the morning.

4.2. RNAscope ISH and Immunohistochemistry
4.2.1. Tissue Sample Collection and Preparation

The intact C57BL/6 male mice were deeply anaesthetised by intraperitoneal urethane
injection (2.4 g/kg) and transcardially perfused with 20 mL of ice-cold 0.1 M phosphate-
buffered saline (PBS, pH: 7.4) followed by 150 mL 4% paraformaldehyde (PFA) solution in
Millonig buffer (pH 7.4) for 15 min. After perfusion, the brains with OBs were removed,
and collected into PFA for 36 h for postfixation at 4 ◦C. Olfactory epithelia were also
removed and collected into 4% PFA containing 30% sucrose for 36 h postfixation, to ensure
cryoprotection. The brains with the OBs were coronally sectioned using a Leica VT1000
S vibratome (Leica Biosystems, Wetzlar, Germany). Five series of 30 µm sections were
gathered and stored in antifreeze solution (20% ethylene glycol, 30% glycerol and 0.1 M
sodium-phosphate buffer) at −20 ◦C. OE samples were embedded in OCT tissue freezing
medium (Leica), and five series of 17 µm transversal sections were obtained using a cryostat
(Leica CM1950, Nussloch, Germany). Then, sections were taken on SuperFrost Ultra Plus
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adhesion slides (Thermo Fisher Scientific, Braunschweig, Germany, Cat. No.: 10417002),
and stored at −20 ◦C.

4.2.2. RNAscope ISH on Mouse Olfactory Bulb and Piriform Cortex

The RNAscope assay was carried out on coronal OB and PC sections, applying
RNAscope Multiplex Fluorescent Reagent Kit v.2 (Advanced Cell Diagnostics, Newark,
CA, USA) according to the protocol of the product with a modified pretreatment [66].
Briefly, after the tissue pretreatment, samples were hybridised with probes specific to
mouse Trpa1 (Cat. No.: 400211-C2), NeuN (neuronal nuclear protein; Cat. No.: 313311-
C3), Vglut1 (vesicular glutamate transporter 1; Cat. No.: 416631) and Gad1 (glutamate
decarboxylase 1; Cat. No.: 400951-C3, Advanced Cell Diagnostics, Newark, CA, USA)
mRNA. We performed sequential signal amplification and channel development according
to the manual. 4′,6-diamidino-2-phenylindole (DAPI (Cat. No.: 323108, Advanced Cell
Diagnostics, Newark, CA, USA)) was used to detect cell nuclei. Sections were cover-slipped
with ProLong Diamond Antifade Mountant (Thermo Fisher Scientific) for confocal mi-
croscopy. To provide reliable results, we simultaneously applied a RNAscope 3-plex mouse
positive control probe (ACD; Cat. No.: 320881, Advanced Cell Diagnostics, Newark, CA,
USA) specific to RNA polymerase II subunit A mRNA (Polr2a (fluorescein)), peptidyl-
prolyl isomerase B mRNA (Ppib (cyanine 3, Cy3)) and ubiquitin C mRNA (Ubc (cyanine
5, Cy5)) and 3-plex negative control probes (ACD; Cat. No.: 320871) to bacterial D-box
binding PAR BZIP transcription factor (dabP) mRNA (Supplementary Materials Figure
S1). To obtain fluorescent images of the OB and PC, an Olympus Fluoview FV-1000 laser
scanning confocal microscope and FluoView FV-1000S-IX81 image acquisition software
system (Olympus, Tokyo, Japan) were used. The confocal aperture was set to 80 µm. We
conducted the analogue sequential scanning with a 40 × objective lens (NA: 0.75). We
applied an optical thickness of 1 µm and the resolution was set to 1024 × 1024 pixels. The
excitation time was set to 4 µs per pixel. The following virtual colours were used for the
fluorescent signals: blue for DAPI, green for fluorescein (488 nm) (Vglut1 mRNA), red for
Cyanine 3 (550 nm) (Trpa1 mRNA), and white for Cyanine 5 (647 nm) (Gad1 and NeuN
mRNA). Images were contrasted using ImageJ software (version 1.52a, NIH). To establish
the colocalisation of the Trpa1 mRNA signal with the NeuN, Gad1 and Vglut1 mRNA signal
as well as with the immunohistochemistry signal of anti-β-Tubulin III, we performed a
differential interference contrast (DIC) technique combined with the fluorescence signal.

4.2.3. RNAscope ISH Combined with β-Tubulin III-Immunohistochemistry

We also performed RNAscope ISH on transversal sectioned OE according to the above
detailed protocol. Subsequently, β-tubulin III immunohistochemistry was also conducted
to mark OSNs. Briefly, after channel development of the RNAscope assay, sections were
washed for 2 × 15 min in PBS, incubated overnight at RT with polyclonal rabbit anti-β-
tubulin III (Merck, Sigma Aldrich GmbH; Cat. No.: T2200, Schnelldorf, Germany), diluted
1:200 with 2% normal donkey serum for blocking aspecific binding. Then, sections were
washed for 2× 15 min in PBS, and treated in Alexa Fluor 488-conjugated donkey anti-rabbit
secondary antibody (A-11012, Thermo Fisher Scientific), diluted 1:500 in 1 × PBS with
2% normal donkey serum for 3 h at RT. After rinses, cell nuclei were counterstained with
DAPI, and the sections were mounted with ProLong Diamond Antifade Mountant for
confocal microscopy.

4.3. Measurement of Ca2+ Influx in TRPA1-Expressing CHO Cells in Response to 2-MT or Valeric
Acid by Flow Cytometry

Cell lines overexpressing mouse and human TRPA1 were constructed according to
the protocol used in the Department of Pharmacology and Pharmacotherapy, University of
Pécs, Medical School [67]. Culture medium (500 mL Dulbecco’s-Modified Eagle Medium
(DMEM), 50 mL fetal bovine serum albumin, 10 mL L-glutamine (200 mmol/L), 10 mL
MEM non-essential amino acid solution, 500 µL penicillin and streptomycin) was gently
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removed from cells and a trypsin solution (250 µL, 0.1% in PBS) was applied for 5 min. For
each sample approximately 104 TRPA1-expressing CHO cells were resuspended in 100 µL
cell culture medium. Fluo-4 AM (Invitrogen, 0.4 µL, 1 µg/µL in DMSO) was added for
30 min at 37 ◦C. Extracellular solution (ECS) was added (400 µL, containing (in mmol/L):
NaCl, 160; KCl, 2.5; CaCl2, 1; MgCl2, 2; HEPES, 10; glucose, 10; pH 7.3). An appropriate
amount of 2-MT or valeric acid was added to the cell suspensions in 500 µL ECS. Cell
suspensions were analysed by flow cytometry. Fluo-4 AM was excited by a 488 nm laser.
Fluorescence was detected at 504 nm. The mean green fluorescence of the samples was
compared to the base fluorescence of dye-loaded control cells and to receptor carrying
cells activated with 100 µM of the TRPA1 agonist, allyl-isothiocyanate, representing 100%
activation [67].

4.4. Behavioural Tests

The behaviour of the animals was video recorded and later scored by computer-based
event-recorder software (Solomon coder https://solomon.andraspeter.com/, 8 August
2019) by an experimenter blinded to the treatment groups. The following behavioural
patterns were investigated: inactivity/freezing (no obvious activity), exploration (walking
through the box or sniffing towards the environment), social investigation (sniffing at
partner) and aggression (wrestling with the intruder often accompanied by biting or
pushing down the opponent while it is trying to escape). Both the duration (in percentage)
and frequency of all behaviours were registered. Exploration and sniffing were analysed in
all trials, aggression was investigated in the social interaction and resident–intruder test,
but freezing was only registered in the odour aversion tests.

4.4.1. Odour Aversion Tests and Blood Sample Collection

The experiment was performed in a transparent box located in a sound-attenuated
room within a hood with a camera above the box. In the corner of the box a tube was
fixed, containing a filter paper scented with 2-MT (Sigma-Aldrich, Cat. No.: 2346-00-1)
or valeric acid (Merck, Sigma Aldrich GmbH, Schnelldorf, Germany, Cat. No.: 800821).
The substances were diluted with saline (50 µL to 2 mL) and a 50 µL sample was used
for each animal. The mice were allowed to freely explore the arena for 10 min. The
boxes were cleaned with ethanol between animals and the odour was refreshed using a
new filter paper and odour. Right at the end of this trial, animals were sacrificed, blood
was collected into prechilled tubes, and the samples were centrifuged at 3000 rpm for
5 min. Supernatant serum samples were collected and stored at −20 ◦C for ACTH and
corticosterone radioimmunoassay experiments (Figure 11).

4.4.2. Test Battery for Social Behaviour
Day 1: Object Habituation–Dishabituation

The animals were put in the test cage with nontransparent walls, filled with fresh
bedding. After a 2 min habituation, an object was added to the box for four 1-min long
trials with an inter-trial interval of 2 min. During the fifth trial a novel object was used
with a different colour and shape. Objects were inserted in the corner of the box in all cases,
but the location of the corner was randomised. The objects were small plastic toys (built
from coloured plastic cubes and having complex shapes). Prior to the experiment all items
were cleaned with ethanol (Figure 7c).

Day 2: Sociability Test

The experiment consisted of four trials, all of them lasted for 5 min. For the first five
minutes the experimental animals were put in the empty box, to acclimatise to the new
environment. During the second phase, two empty wired cages were placed into the corner
of the box for 5 min, to habituate the animals to these objects (habituation). During the
third period a stimulus animal was placed below one of the wired cages (social interest),
and here, we calculated the sociability index (in this index the interest towards the social

https://solomon.andraspeter.com/
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partner is divided by the sum of the interest towards the box and social partner). During
the last five minutes a novel stimulus mouse was inserted below the second wired cage
(social discrimination), and we calculated the discrimination index with the following
formula: (new mouse − old mouse)/(old + new mouse) × 100 (Figure 8i).
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Day 3: Social Habituation–Dishabituation

The experimental design was similar to that of the object habituation protocol with
the sole difference, that in this trial, 4-week-old Trpa1 WT stimulus animals were used.
Briefly, a Trpa1 WT stimulus male mouse was placed into the box for four 1-min long
unrestricted interactions with an inter-trial interval of 2 min. During the intervals, the
stimulus mouse was housed alone in a holding container and the experimental animal
remained in the testing cage. In the fifth phase of the trial, a novel stimulus animal was
used from a different cage (Figure 7g).

Day 4: Social Interaction

This test was also performed during the dark period for the animals; however, the
investigating room was lighted to enhance the anxiety component. Two experimental
animals, belonging to the same group but living in different cages, were placed into the
same box for 10 min, and the interactions between them were registered.

Resident–Intruder Test

Resident–intruder trials were performed on days 25, 32 and 39 after at least 4 days of
single housing to ensure that the test animal considered the cage as its home. On the day of
the trial a smaller 4-week-old CD1 mouse (intruder) was inserted into the cage for 10 min.

4.5. Hormone Measurement

Hormone levels were measured by radioimmunoassay in unextracted serum (ACTH:
50 µL; corticosterone: 10 µL), both using a specific antibody developed at the Institute of
Experimental Medicine (Budapest, Hungary) [68]. The intra-assay coefficients of variation
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were 7.5% and 4.7%, respectively. All samples from a particular experiment were measured
in one session.

4.6. Statistical Analysis

Data are represented as mean ± SEM with individual data as dark spots. The com-
parison between WT and KO groups was conducted by paired sample t-test. Main effects
were studied by factorial or repeated-measures ANOVA as shown in the text. A post
hoc analysis was carried out by the Fisher and Tukey test depending on the number of
investigated groups. For social and discrimination indices, the single sample t-test was
used in comparison to 50% (social) or 0% (discrimination). All statistical analyses were
performed using Statistica 13.5.0 software. Datasets were tested for normal distribution
and for homogeneity of variance. If the p-value was lower than 0.05, it was considered
statistically significant.

5. Conclusions

We confirmed the presence and role of the TRPA1 receptor in olfaction and—in this
context—in the regulation of aversive and social behaviour. Thus, TRPA1 might be a
promising drug target for the treatment of certain behavioural disorders. Furthermore,
the location of TRPA1 in the primary olfactory cortex—and the possibility of neuronal
apoptosis induced both by calcium and by glutamatergic excitotoxicity [69,70] due to
the excessive activation of the receptor—may explain the occurrence of anosmia, as an
early marker, in several neurodegenerative disorders. Thus, TRPA1 targeting drugs may
decelerate neuronal apoptosis, and prevent the further development of the disorders at an
early stage.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14121336/s1. Figure S1: Electrophoretograms of RT-PCR products. Six olfactory bulb
samples of C57BL/6 mice were investigated. The housekeeping gene (glyceraldehyde 3-phosphate
dehydrogenase (Gapdh), size: 237 bp) and the gene of interest (Trpa1, size: 101 bp) were expressed in
all samples (a). Eight piriform cortex samples of C57BL/6 mice were investigated. The housekeeping
gene (Gapdh, size: 237 bp) was expressed in all samples but a detectable level of gene of interest (Trpa1,
size: 101 bp) could be found only in three cases (b). NTC: no template control; noRT: no reverse
transciptase controls. Figure S2: RNAscope triplex positive and negative controls in the mouse
piriform cortex. RNAscope triplex negative control probes would hybridize with the bacterial dabP
gene (a). RNAscope triplex positive control probes specific to mouse Polr2a (b), Ppib (c) and Ubc (d).
mRNA targets are represented in green, red and white, respectively. Abbrevations: dabP: D-box
binding PAR BZIP transcription tactor, Polr2a: RNA polymerase II subunit A, Ppib: peptidylprolyl
isomerase B, Ubc: ubiquitin C.
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4. Borbély, É.; Payrits, M.; Hunyady, Á.; Mező, G.; Pintér, E. Important regulatory function of transient receptor potential ankyrin 1
receptors in age-related learning and memory alterations of mice. GeroScience 2019, 41, 643–654. [CrossRef]

5. Smith, T.D.; Bhatnagar, K.P. Anatomy of the olfactory system. Handb. Clin. Neurol. 2019, 164, 17–28. [CrossRef]
6. Mueller, M.; Egger, V. Dendritic integration in olfactory bulb granule cells upon simultaneous multispine activation: Low

thresholds for nonlocal spiking activity. PLoS Biol. 2020, 18, e3000873. [CrossRef]
7. Lage-Rupprecht, V.; Zhou, L.; Bianchini, G.; Aghvami, S.S.; Mueller, M.; Rózsa, B.; Sassoè-Pognetto, M.; Egger, V. Presynaptic

NMDARs cooperate with local spikes toward GABA release from the reciprocal olfactory bulb granule cell spine. eLife 2020,
9, e63737. [CrossRef]

8. Truex, R.C.; Carpenter, M.B. Human Neuroanatomy, 6th ed.; Williams and Wilkins: Baltimore, MD, USA, 1969.
9. Mohrhardt, J.; Nagel, M.; Fleck, D.; Ben-Shaul, Y.; Spehr, M. Signal Detection and Coding in the Accessory Olfactory System.

Chem. Senses 2018, 43, 667–695. [CrossRef]
10. Rotermund, N.; Schulz, K.; Hirnet, D.; Lohr, C. Purinergic Signaling in the Vertebrate Olfactory System. Front. Cell. Neurosci.

2019, 13, 112. [CrossRef]
11. Boesveldt, S.; Parma, V. The importance of the olfactory system in human well-being, through nutrition and social behavior. Cell

Tissue Res. 2021, 383, 559–567. [CrossRef]
12. Zou, J.; Wang, W.; Pan, Y.-W.; Lu, S.; Xia, Z. Methods to measure olfactory behavior in mice. Curr. Protoc. Toxicol. 2015, 63,

11.18.1–11.18.21. [CrossRef]
13. Stoop, R. Sniffing and Oxytocin: Effects on Olfactory Memories. Neuron 2016, 90, 431–433. [CrossRef]
14. Oettl, L.-L.; Kelsch, W. Oxytocin and Olfaction. Curr. Top. Behav. Neurosci. 2018, 35, 55–75. [CrossRef]
15. Vosshall, L.B. Social signals: The secret language of mice. Curr. Biol. 2005, 15, R255–R257. [CrossRef]
16. Wesson, D.W. Sniffing behavior communicates social hierarchy. Curr. Biol. 2013, 23, 575–580. [CrossRef]
17. Wesson, D.W.; Donahou, T.N.; Johnson, M.O.; Wachowiak, M. Sniffing behavior of mice during performance in odor-guided

tasks. Chem. Senses 2008, 33, 581–596. [CrossRef]
18. Camats Perna, J.; Engelmann, M. Recognizing Others: Rodent’s Social Memories. Curr. Top. Behav. Neurosci. 2017, 30, 25–45.

[CrossRef]
19. Ennaceur, A.; Delacour, J. A new one-trial test for neurobiological studies of memory in rats. 1: Behavioral data. Behav. Brain Res.

1988, 31, 47–59. [CrossRef]
20. Ennaceur, A. One-trial object recognition in rats and mice: Methodological and theoretical issues. Behav. Brain Res. 2010, 215,

244–254. [CrossRef]
21. Pérez-Gómez, A.; Bleymehl, K.; Stein, B.; Pyrski, M.; Birnbaumer, L.; Munger, S.D.; Leinders-Zufall, T.; Zufall, F.; Chamero, P.

Innate Predator Odor Aversion Driven by Parallel Olfactory Subsystems that Converge in the Ventromedial Hypothalamus. Curr.
Biol. 2015, 25, 1340–1346. [CrossRef]

22. Matsukawa, M.; Imada, M.; Aizawa, S.; Sato, T. Habitat odor can alleviate innate stress responses in mice. Brain Res. 2016, 1631,
46–52. [CrossRef]

23. Hacquemand, R.; Choffat, N.; Jacquot, L.; Brand, G. Comparison between low doses of TMT and cat odor exposure in anxiety-
and fear-related behaviors in mice. Behav. Brain Res. 2013, 238, 227–231. [CrossRef]

http://doi.org/10.1016/j.jneuroim.2018.03.020
http://www.ncbi.nlm.nih.gov/pubmed/29759134
http://doi.org/10.1002/glia.23051
http://www.ncbi.nlm.nih.gov/pubmed/27568827
http://doi.org/10.1016/j.mad.2020.111268
http://www.ncbi.nlm.nih.gov/pubmed/32473171
http://doi.org/10.1007/s11357-019-00083-1
http://doi.org/10.1016/B978-0-444-63855-7.00002-2
http://doi.org/10.1371/journal.pbio.3000873
http://doi.org/10.7554/eLife.63737
http://doi.org/10.1093/chemse/bjy061
http://doi.org/10.3389/fncel.2019.00112
http://doi.org/10.1007/s00441-020-03367-7
http://doi.org/10.1002/0471140856.tx1118s63
http://doi.org/10.1016/j.neuron.2016.04.033
http://doi.org/10.1007/7854_2017_8
http://doi.org/10.1016/j.cub.2005.03.027
http://doi.org/10.1016/j.cub.2013.02.012
http://doi.org/10.1093/chemse/bjn029
http://doi.org/10.1007/7854_2015_413
http://doi.org/10.1016/0166-4328(88)90157-X
http://doi.org/10.1016/j.bbr.2009.12.036
http://doi.org/10.1016/j.cub.2015.03.026
http://doi.org/10.1016/j.brainres.2015.11.020
http://doi.org/10.1016/j.bbr.2012.10.014


Pharmaceuticals 2021, 14, 1336 22 of 23

24. Turetsky, B.I.; Hahn, C.-G.; Borgmann-Winter, K.; Moberg, P.J. Scents and nonsense: Olfactory dysfunction in schizophrenia.
Schizophr. Bull. 2009, 35, 1117–1131. [CrossRef]

25. Hardy, C.; Rosedale, M.; Messinger, J.W.; Kleinhaus, K.; Aujero, N.; Silva, H.; Goetz, R.R.; Goetz, D.; Harkavy-Friedman, J.;
Malaspina, D. Olfactory acuity is associated with mood and function in a pilot study of stable bipolar disorder patients. Bipolar
Disord. 2012, 14, 109–117. [CrossRef]

26. Negoias, S.; Croy, I.; Gerber, J.; Puschmann, S.; Petrowski, K.; Joraschky, P.; Hummel, T. Reduced olfactory bulb volume and
olfactory sensitivity in patients with acute major depression. Neuroscience 2010, 169, 415–421. [CrossRef]

27. Croy, I.; Schellong, J.; Joraschky, P.; Hummel, T. PTSD, but not childhood maltreatment, modifies responses to unpleasant odors.
Int. J. Psychophysiol. 2010, 75, 326–331. [CrossRef]

28. Rahayel, S.; Frasnelli, J.; Joubert, S. The effect of Alzheimer’s disease and Parkinson’s disease on olfaction: A meta-analysis. Behav.
Brain Res. 2012, 231, 60–74. [CrossRef]

29. Tsuboi, Y.; Wszolek, Z.K.; Graff-Radford, N.R.; Cookson, N.; Dickson, D.W. Tau pathology in the olfactory bulb correlates with
Braak stage, Lewy body pathology and apolipoprotein epsilon4. Neuropathol. Appl. Neurobiol. 2003, 29, 503–510. [CrossRef]
[PubMed]

30. Doty, R.L. Olfactory dysfunction in Parkinson disease. Nat. Rev. Neurol. 2012, 8, 329–339. [CrossRef] [PubMed]
31. Braak, H.; Ghebremedhin, E.; Rüb, U.; Bratzke, H.; Del Tredici, K. Stages in the development of Parkinson’s disease-related

pathology. Cell Tissue Res. 2004, 318, 121–134. [CrossRef] [PubMed]
32. Zufall, F. TRPs in olfaction. Handb. Exp. Pharmacol. 2014, 223, 917–933. [CrossRef]
33. Logashina, Y.A.; Korolkova, Y.V.; Kozlov, S.A.; Andreev, Y.A. TRPA1 Channel as a Regulator of Neurogenic Inflammation

and Pain: Structure, Function, Role in Pathophysiology, and Therapeutic Potential of Ligands. Biochemistry 2019, 84, 101–118.
[CrossRef]

34. Kremeyer, B.; Lopera, F.; Cox, J.J.; Momin, A.; Rugiero, F.; Marsh, S.; Woods, C.G.; Jones, N.G.; Paterson, K.J.; Fricker, F.R.; et al. A
gain-of-function mutation in TRPA1 causes familial episodic pain syndrome. Neuron 2010, 66, 671–680. [CrossRef]

35. Koivisto, A.; Hukkanen, M.; Saarnilehto, M.; Chapman, H.; Kuokkanen, K.; Wei, H.; Viisanen, H.; Akerman, K.E.; Lindstedt,
K.; Pertovaara, A. Inhibiting TRPA1 ion channel reduces loss of cutaneous nerve fiber function in diabetic animals: Sustained
activation of the TRPA1 channel contributes to the pathogenesis of peripheral diabetic neuropathy. Pharmacol. Res. 2012, 65,
149–158. [CrossRef]

36. Wei, H.; Hämäläinen, M.M.; Saarnilehto, M.; Koivisto, A.; Pertovaara, A. Attenuation of mechanical hypersensitivity by an
antagonist of the TRPA1 ion channel in diabetic animals. Anesthesiology 2009, 111, 147–154. [CrossRef]

37. Eid, S.R.; Crown, E.D.; Moore, E.L.; Liang, H.A.; Choong, K.-C.; Dima, S.; Henze, D.A.; Kane, S.A.; Urban, M.O. HC-030031, a
TRPA1 selective antagonist, attenuates inflammatory- and neuropathy-induced mechanical hypersensitivity. Mol. Pain 2008, 4, 48.
[CrossRef]

38. Obata, K.; Katsura, H.; Mizushima, T.; Yamanaka, H.; Kobayashi, K.; Dai, Y.; Fukuoka, T.; Tokunaga, A.; Tominaga, M.; Noguchi,
K. TRPA1 induced in sensory neurons contributes to cold hyperalgesia after inflammation and nerve injury. J. Clin. Invest. 2005,
115, 2393–2401. [CrossRef]

39. Pinheiro, F.d.V.; Villarinho, J.G.; Silva, C.R.; Oliveira, S.M.; Pinheiro, K.d.V.; Petri, D.; Rossato, M.F.; Guerra, G.P.; Trevisan, G.;
Antonello Rubin, M.; et al. The involvement of the TRPA1 receptor in a mouse model of sympathetically maintained neuropathic
pain. Eur. J. Pharmacol. 2015, 747, 105–113. [CrossRef]

40. Wang, Y.; Cao, L.; Lee, C.-Y.; Matsuo, T.; Wu, K.; Asher, G.; Tang, L.; Saitoh, T.; Russell, J.; Klewe-Nebenius, D.; et al. Large-scale
forward genetics screening identifies Trpa1 as a chemosensor for predator odor-evoked innate fear behaviors. Nat. Commun. 2018,
9, 2041. [CrossRef]

41. Braak, H.; Del Tredici, K.; Rüb, U.; de Vos, R.A.I.; Jansen Steur, E.N.H.; Braak, E. Staging of brain pathology related to sporadic
Parkinson’s disease. Neurobiol. Aging 2003, 24, 197–211. [CrossRef]

42. Bland, K.P. Tom-cat odour and other pheromones in feline reproduction. Vet. Sci. Commun. 1979, 3, 125–136. [CrossRef]
43. Miyazaki, T.; Nishimura, T.; Yamashita, T.; Miyazaki, M. Olfactory discrimination of anal sac secretions in the domestic cat and

the chemical profiles of the volatile compounds. J. Ethol. 2018, 36, 99–105. [CrossRef]
44. Lee, V.M.; Pixley, S.K. Age and differentiation-related differences in neuron-specific tubulin immunostaining of olfactory sensory

neurons. Brain Res. Dev. Brain Res. 1994, 83, 209–215. [CrossRef]
45. Packard, A.I.; Lin, B.; Schwob, J.E. Sox2 and Pax6 Play Counteracting Roles in Regulating Neurogenesis within the Murine

Olfactory Epithelium. PLoS ONE 2016, 11, e0155167. [CrossRef]
46. Moustafa, A.A.; Gilbertson, M.W.; Orr, S.P.; Herzallah, M.M.; Servatius, R.J.; Myers, C.E. A model of amygdala-hippocampal-

prefrontal interaction in fear conditioning and extinction in animals. Brain Cogn. 2013, 81, 29–43. [CrossRef]
47. Lee, K.-I.; Lin, H.-C.; Lee, H.-T.; Tsai, F.-C.; Lee, T.-S. Loss of Transient Receptor Potential Ankyrin 1 Channel Deregulates Emotion,

Learning and Memory, Cognition, and Social Behavior in Mice. Mol. Neurobiol. 2017, 54, 3606–3617. [CrossRef]
48. Talavera, K.; Startek, J.B.; Alvarez-Collazo, J.; Boonen, B.; Alpizar, Y.A.; Sanchez, A.; Naert, R.; Nilius, B. Mammalian Transient

Receptor Potential TRPA1 Channels: From Structure to Disease. Physiol. Rev. 2020, 100, 725–803. [CrossRef]
49. Kondoh, K.; Lu, Z.; Ye, X.; Olson, D.P.; Lowell, B.B.; Buck, L.B. A specific area of olfactory cortex involved in stress hormone

responses to predator odours. Nature 2016, 532, 103–106. [CrossRef]

http://doi.org/10.1093/schbul/sbp111
http://doi.org/10.1111/j.1399-5618.2012.00986.x
http://doi.org/10.1016/j.neuroscience.2010.05.012
http://doi.org/10.1016/j.ijpsycho.2010.01.003
http://doi.org/10.1016/j.bbr.2012.02.047
http://doi.org/10.1046/j.1365-2990.2003.00453.x
http://www.ncbi.nlm.nih.gov/pubmed/14507342
http://doi.org/10.1038/nrneurol.2012.80
http://www.ncbi.nlm.nih.gov/pubmed/22584158
http://doi.org/10.1007/s00441-004-0956-9
http://www.ncbi.nlm.nih.gov/pubmed/15338272
http://doi.org/10.1007/978-3-319-05161-1_8
http://doi.org/10.1134/S0006297919020020
http://doi.org/10.1016/j.neuron.2010.04.030
http://doi.org/10.1016/j.phrs.2011.10.006
http://doi.org/10.1097/ALN.0b013e3181a1642b
http://doi.org/10.1186/1744-8069-4-48
http://doi.org/10.1172/JCI25437
http://doi.org/10.1016/j.ejphar.2014.11.039
http://doi.org/10.1038/s41467-018-04324-3
http://doi.org/10.1016/S0197-4580(02)00065-9
http://doi.org/10.1007/BF02268958
http://doi.org/10.1007/s10164-017-0532-x
http://doi.org/10.1016/0165-3806(94)00139-1
http://doi.org/10.1371/journal.pone.0155167
http://doi.org/10.1016/j.bandc.2012.10.005
http://doi.org/10.1007/s12035-016-9908-0
http://doi.org/10.1152/physrev.00005.2019
http://doi.org/10.1038/nature17156


Pharmaceuticals 2021, 14, 1336 23 of 23

50. White-Welkley, J.E.; Bunnell, B.N.; Mougey, E.H.; Meyerhoff, J.L.; Dishman, R.K. Treadmill exercise training and estradiol
differentially modulate hypothalamic-pituitary-adrenal cortical responses to acute running and immobilization. Physiol. Behav.
1995, 57, 533–540. [CrossRef]

51. Toth, M.; Mikics, E.; Tulogdi, A.; Aliczki, M.; Haller, J. Post-weaning social isolation induces abnormal forms of aggression in
conjunction with increased glucocorticoid and autonomic stress responses. Horm. Behav. 2011, 60, 28–36. [CrossRef]

52. Koike, K.; Yoo, S.-J.; Bleymehl, K.; Omura, M.; Zapiec, B.; Pyrski, M.; Blum, T.; Khan, M.; Bai, Z.; Leinders-Zufall, T.; et al. Danger
perception and stress response through an olfactory sensor for the bacterial metabolite hydrogen sulfide. Neuron 2021, 109,
2469–2484.e7. [CrossRef] [PubMed]

53. Diogenes, A.; Akopian, A.N.; Hargreaves, K.M. NGF up-regulates TRPA1: Implications for orofacial pain. J. Dent. Res. 2007, 86,
550–555. [CrossRef] [PubMed]

54. Nilius, B.; Owsianik, G.; Voets, T.; Peters, J.A. Transient receptor potential cation channels in disease. Physiol. Rev. 2007, 87,
165–217. [CrossRef] [PubMed]

55. Marone, I.M.; De Logu, F.; Nassini, R.; De Carvalho Goncalves, M.; Benemei, S.; Ferreira, J.; Jain, P.; Li Puma, S.; Bunnett, N.W.;
Geppetti, P.; et al. TRPA1/NOX in the soma of trigeminal ganglion neurons mediates migraine-related pain of glyceryl trinitrate
in mice. Brain 2018, 141, 2312–2328. [CrossRef]

56. Dong, H.-W.; Davis, J.C.; Ding, S.; Nai, Q.; Zhou, F.-M.; Ennis, M. Expression of transient receptor potential (TRP) channel mRNAs
in the mouse olfactory bulb. Neurosci. Lett. 2012, 524, 49–54. [CrossRef]

57. Wang, L.; Zhang, Z.; Chen, J.; Manyande, A.; Haddad, R.; Liu, Q.; Xu, F. Cell-Type-Specific Whole-Brain Direct Inputs to the
Anterior and Posterior Piriform Cortex. Front. Neural Circuits 2020, 14, 4. [CrossRef]

58. Shigetomi, E.; Tong, X.; Kwan, K.Y.; Corey, D.P.; Khakh, B.S. TRPA1 channels regulate astrocyte resting calcium and inhibitory
synapse efficacy through GAT-3. Nat. Neurosci. 2011, 15, 70–80. [CrossRef]

59. Jiang, L.; Ma, D.; Grubb, B.D.; Wang, M. ROS/TRPA1/CGRP signaling mediates cortical spreading depression. J. Headache Pain
2019, 20, 25. [CrossRef]

60. Hamilton, N.B.; Kolodziejczyk, K.; Kougioumtzidou, E.; Attwell, D. Proton-gated Ca(2+)-permeable TRP channels damage
myelin in conditions mimicking ischaemia. Nature 2016, 529, 523–527. [CrossRef]

61. Bosson, A.; Paumier, A.; Boisseau, S.; Jacquier-Sarlin, M.; Buisson, A.; Albrieux, M. TRPA1 channels promote astrocytic Ca(2+)
hyperactivity and synaptic dysfunction mediated by oligomeric forms of amyloid-β peptide. Mol. Neurodegener. 2017, 12, 53.
[CrossRef]

62. Marin, C.; Laxe, S.; Langdon, C.; Alobid, I.; Berenguer, J.; Fuentes, M.; Bernabeu, M.; Mullol, J. Olfactory Training Prevents
Olfactory Dysfunction Induced by Bulbar Excitotoxic Lesions: Role of Neurogenesis and Dopaminergic Interneurons. Mol.
Neurobiol. 2019, 56, 8063–8075. [CrossRef]

63. Sairazi, N.S.M.; Sirajudeen, K.N.S.; Asari, M.A.; Mummedy, S.; Muzaimi, M.; Sulaiman, S.A. Effect of tualang honey against
KA-induced oxidative stress and neurodegeneration in the cortex of rats. BMC Complement. Altern. Med. 2017, 17, 31. [CrossRef]

64. Zhong, W.; Wu, A.; Berglund, K.; Gu, X.; Jiang, M.Q.; Talati, J.; Zhao, J.; Wei, L.; Yu, S.P. Pathogenesis of sporadic Alzheimer’s
disease by deficiency of NMDA receptor subunit GluN3A. Alzheimer’s Dement. 2021. [CrossRef]

65. Meza, N.W.; Puyet, A.; Pérez-Benavente, S.; Quintana-Bustamante, O.; Diez, A.; Bueren, J.A.; Segovia, J.C.; Bautista, J.M.
Functional analysis of gammaretroviral vector transduction by quantitative PCR. J. Gene Med. 2006, 8, 1097–1104. [CrossRef]

66. Nemes, B.; Bölcskei, K.; Kecskés, A.; Kormos, V.; Gaszner, B.; Aczél, T.; Hegedüs, D.; Pintér, E.; Helyes, Z.; Sándor, Z. Human
Somatostatin SST(4) Receptor Transgenic Mice: Construction and Brain Expression Pattern Characterization. Int. J. Mol. Sci. 2021,
22, 3758. [CrossRef]

67. Pozsgai, G.; Payrits, M.; Sághy, É.; Sebestyén-Bátai, R.; Steen, E.; Szőke, É.; Sándor, Z.; Solymár, M.; Garami, A.; Orvos, P.; et al.
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