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1. INTRODUCTION AND BACKGROUND

1.1 Transient receptor potential ankyrin 1 (TRPAL) ion channel: structure, agonists
and its role in the peripheral and central nervous system

TRPAL is a non-selective cation channel composed of four subunits with 6 transmembrane a-
helical segments per subunit (S1-S6) (Meents et al. 2019). The hydrophilic loop between the
leaning of the S5 and S6 segments forms the permeable pore of the channel for cations (e.g.,
Ca?*, Na"), allowing their influx from the extracellular space into the cytoplasm (Talavera et al.
2020). Cysteine amino acid side chains located in the linker domain region of the protein near
to the N-terminal cytoplasmic part of the protein, between the ankyrin repeat and the first
transmembrane segment (S1), are responsible for binding electrophilic agents that can be
considered as agonists (Logashina et al 2019). Thus, the activation of TRPA1 receptors and the
consequent opening of the ion channel can be induced by various exogenous and endogenous
compounds possessing electrophilic structure (allyl isothiocyanate, lipid peroxidation products)
on the one hand, while another group of agonists includes compounds with non-electrophilic
structure and typically lipophilic properties (menthol, arachidonic acid) (Logashina et al. 2019,
Talavera et al. 2020).

TRPAL receptors are found at the nerve endings of the dorsal root as well as the polymodal
nociceptive afferents of the trigeminal ganglia (Talavera et al. 2020), thus contributing to the
pain signal, mechanical allodynia, inflammatory and immune responses associated with certain
disorders (e.g., neuropathic pain) (Koivisto et al. 2012; Julius 2013; Marone et al. 2018).
TRPAL receptors expressed on trigeminal nociceptive terminals may also play a role in the
perception of certain volatile irritant/aversive odorants (Wang et al. 2018). Our research group
investigated the central nervous system expression of Trpal mRNA in mice using RNAscope
in situ hybridization (ISH) techniques, with the highest copy number detected in urocortin 1
(UCNZ1)-containing neurons of the centrally projecting Edinger-Westphal nucleus (EWcp)
(Kormos et al. 2022), furthermore these results were confirmed by PCR studies performed on
post-mortem human brain samples (Kormos et al. 2022). The functional activity of the TRPA1
ion channel in the EWcp urocortinergic cells was established by our research group by
electrophysiological studies (Al-Omari et al. 2023), as well as we showed that Trpal mRNA
expression is reduced in EWcp/UCNL1 neurons in the mouse model of chronic variable mild
stress (CVMS) and in EWcp samples originating from suicidal individuals, raising the
possibility of a role for TRPAL receptors in the process of stress adaptation (Kormos et al.
2022).



1.2 The role of EWcp and UCNL in stress adaptation

According to the stress theory, based on the work of Janos Selye and Walter Cannon,
physiological and psychological stressors induce neuroendocrine changes in the body, the main
purpose of which is to develop adaptive responses to stress. The first steps in this process are
the sympatho-adrenomedullary catecholamine mobilisation and activation of the hypothalamic-
pituitary-adrenocortical (HPA) axis (Adams and Hempelmann 1991). However, besides these
processes, several other neuronal structures can contribute to the regulation of stress adaptation
responses, including the EWcp expressing multiple neuropeptides (cholecystokinin, substance
P, UCNL, cocaine- and amphetamine-regulated transcripts), whose UCN1-containing fibres
project in neurons of the paraventricular nucleus of the hypothalamus (PVN) and regulate HPA
axis function (Zuniga and Ryabinin 2020).

The role of CRH in the regulation of the HPA axis has long been known. Later discovered
members of the CRH family are the urocortins (UCN1, 2 and 3), which also contribute to the
stress adaptation (Vaughan et al. 1995; Hsu and Hsueh 2001; Gaszner et al. 2004). UCNL1 is
synthesized in the highest amounts in the urocortinergic cells of EWcp in the brain, sending
fibres to certain nuclei of the hypothalamus (PVN, supraoptic nucleus, lateral hypothalamic
nucleus) and various limbic (prefrontal cortex (PFC)), bed nucleus of the stria terminalis
(BNST), amygdala) and brainstem (dorsal raphe nucleus) centers, thus regulating, among
others, stress adaptation, thermoregulation, food intake and mood (Fekete and Zorrilla 2007;
Zuniga and Ryabinin 2020). The effects of CRH family members are mediated by CRH
receptors (CRHR), of which subtypes 1 (CRHR1) and 2 (CRHR2) were identified (Hsu and
Hsueh 2001; Bale et al. 2002). UCNL1 is characterized by an approximately 40-fold higher
binding affinity for the CRHR2 subtype compared to CRH (Bale et al. 2002; Im et al. 2015),
suggesting that UCNL1 is the most important endogenous ligand for CRHR2 (Vaughan et al.
1995; Bale et al. 2002). According to the literature, the two subtypes of CRHR mediate opposite
effects: while CRHR1 activation induce anxiogenic action, CRHR2 mediate primarily
anxiolytic effects (Bale, Lee and Vale 2002; Gaszner et al. 2004). These suggest that the main
CRHR2-dependent responses mediated by EWcp/UCN1 neurons may contribute to the
recovery of normal homeostasis and the termination of the stress response in the late phase of
stress adaptation (Adams and Hempelmann 1991; Hsu and Hsueh 2001; Gaszner, et al. 2004).
In our previous experiments, in the mouse model of CVMS and in EWcp samples deriving from
suicidal individuals, the reduced Trpal mRNA expression detected on EWcp/UCNL1 neurons

suggests that TRPA1L receptors expressed on UCN1 neurons may contribute to the role of
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urocortinergic cells in stress adaptation and thus may be involved in the pathomechanism of

certain stress-related maladaptive disorders.

1.3 Posttraumatic stress disorder (PTSD)
PTSD is a stress adaptation disorder that develops because of intense emotional/physical trauma
(e.g., accident, childhood abuse, sexual abuse, war-related trauma). The disorder is
characterised by episodic recurrent severe anxiety and psychomotor agitation (hyperarousal)
triggered by a key factor reminiscent of the traumatic event, the recurrent experience of
memories of the trauma in waking state (spontaneous or intrusive flashbacks) or in the form of

nightmares, and associated avoidance behaviours (Auxéméry 2018).

Neuroinflammation, one of the most extensively studied neurobiological mechanism involved
in the pathogenesis of PTSD, may be induced by excessive or chronic stress (Hori and Kim
2019). The effect of stress can increase the production of proinflammatory cytokines
(interleukin 1 (IL-1); interleukin 6 (IL-6) and tumor necrosis factor-o (TNF-0)) by immune
cells indirectly through sympathetic nervous system activation and consequent catecholamine
mobilisation due to the increased CRH production by the PVN (Tan et al. 2007). On the other
hand, upon stress exposure, the glial cells of the CNS (microglia, astroglia) can directly produce
the mentioned cytokines, thus contributing to the development of neuroinflammation (Hori and
Kim 2019). It is also important that elevated levels of IL-1, IL-6 and TNF-a play a role in
maintaining the stress response by increasing CRH secretion (Hori and Kim 2019). Oxidative
stress is another important neurobiological factor involved in the pathogenesis of the disease .
Glial cells activated during the proinflammatory state may contribute to this process, in addition
reactive free radicals of microglial and astrocyte origin can themselves induce glial cell
activation, thus enhancing the neuroinflammation process (Miller et al. 2015; Oroian et al.
2021). The most important brain areas involved in the development of PTSD are the medial
prefrontal cortex (mPFC), the basolateral (BLA) and central (CeA) nuclei of the amygdala, and
the hippocampus as well as BNST among the limbic areas (Miller et al. 2018; Kamiya and Abe
2020).

Manualised psychotherapeutic procedures are the first choice in the treatment of the disorder,
with the main aim of processing traumatic memories and associated emotions, reassessing
trauma-related meanings, reducing avoidance behaviours and restoring adaptive functions
(Goodnight et al. 2019; Perczel-Forintos and Lisincki 2020; Schrader and Ross 2021).
However, literature data suggest that the long-term efficacy of pharmacotherapy available for

the treatment of PTSD, which primarily involve the use of selective serotonin reuptake
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inhibitors, falls significantly short of psychotherapeutic approaches, and the maintenance of
sustained remission requires ongoing drug therapy, which is associated with an increased risk
of side effects (Lee et al. 2016; Schrader and Ross 2021). In addition, the drugs used to treat
the disease improve the patients' condition only by blunting the symptoms (depressed mood,
anxiety), while the neurobiological mechanisms underlying the disease (e.g., inadequate
extinction of the conditioned fear response) are not significantly affected (Lee et al. 2016).
Based on the above detailed information, it would be worthwhile in the future to develop drugs

with greater efficacy and a more favourable side-effect profile in the treatment of the disease.

1.4 Structure, connections and physiological significance of the olfactory tract
The olfactory tract is one of our oldest major sensory systems, allowing us to detect the presence
of volatile chemicals. The process of olfaction begins in the olfactory epithelium (OE) in the
nasal cavity, whose sensory bipolar neurons (OSN) transmit the stimulus to the glutamatergic
cells of the olfactory bulb (OB) (Lage-Rupprecht et al. 2020). Another important cell type in
the OB is the group of GABAergic neurons that produce the inhibitory neurotransmitter
gamma-aminobutyric acid (GABA) (Lage-Rupprecht et al. 2020). Axons deriving from
glutamatergic neurons arrange in bundles to form tracts that terminate in primary and secondary
olfactory centers (e.g., anterior olfactory nucleus, olfactory tubercle, piriform cortex (PC) and
entorhinal cortex). The most important primary olfactory field is the PC, which, after processing

information, transmits it to secondary or association centers (Truex and Carpenter 1969).

Olfactory stimuli affect our social behaviour (Boesveldt and Parma 2021) and in most mammals
play arole in social hierarchy formation, sexual partner preference and offspring care (\VVosshall
2005; Zou et al. 2015; Oettl and Kelsch 2018). In addition to its effects on social behaviour, the
functional integrity of the olfactory system is required to avoid predators (Zou et al. 2015), thus
contributing to the innate fear response and associated anxiety. Predator-derived chemical
stimuli inducing avoidance behaviour, mediated by the olfactory system, trigger the activation
of certain limbic areas (amygdala, ventromedial nucleus of the hypothalamus, BNST,
periaqueductal grey matter (PAG), PVN), thus shaping the innate fear response and anxiety
(Pérez-Gomez et al. 2015; Janitzky et al. 2015). In addition, following the application of a
predator odour, increased stress-related neuronal activation was also found in the locus
coeruleus, which provides noradrenergic innervation to the most important limbic brain areas
(hippocampus and PFC) involved in the pathogenesis of PTSD, respectively, demonstrating the
importance of this structure in the development of fear responses during the stress adaptation
(Janitzky et al. 2015). The above detailed data suggest that a possible dysfunction of these
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limbic structures and associated neurotransmitter systems may contribute not only to the innate
fear responses, but also to the development of some stress-related maladaptive disorders (e.g.,
PTSD).



2. AIMS

2.1 Mapping and characterisation of TRPA1 expression in the olfactory tract
Our first aim was to map the expression of Trpal mRNA in the olfactory epithelium and major
primary olfactory areas (OB, PC) involved in the processing of olfactory information. To
determine this, we performed immunofluorescence combined with RNAscope ISH, which

allows the accurate characterization of cells containing Trpal mRNA.

2.2 Investigation of the role of TRPAL in the predator odour evoked fear responses
Using Trpal gene-deficient (KO) animals, we investigated the effect of compounds imitating
the odour of two different predators (fox and cat) on the innate fear responses of the animals.
Here, we performed behavioural tests to determine the freezing behaviour of the mice,
followed by hormone level measurements to investigate the response of the HPA axis to the
predator odours, and finally, we determined the TRPAL receptor activating ability of these

odorants applying cell lines overexpressing the TRPA1 ion channel.

2.3 Investigation of the role of TRPAL in the development of PTSD
Since TRPA1 expressed on EWcp/UCN1 neurons may influence the regulation of stress
adaptation, it is hypothesized that EWcp/TRPAL/UCN1 cells may contribute to the
pathomechanism of PTSD which disorder is also caused by disturbance of the stress adaptation.
Therefore, we investigated the differences in the behaviour of Trpal wild type (WT) and KO
animals using two different PTSD models (single prolonged stress (SPS) and electric foot
shock) and performed morphological analysis focusing on the urocortinergic neurons of the
EWcp applying the RNAscope technique and immunofluorescence staining.



3. MATERIALS AND METHODS

3.1 Animals
We used 9-14 weeks old male C57BL/6 and Trpal WT and KO mice. The animals were housed
in standard polycarbonate cages at the Institute of Pharmacology and Pharmacotherapy,
University of Pécs, Medical School in a 12-h day-night cycle at 24-25°C, with ad libitum
drinking tap water and rodent food.

3.2 Experimental design

3.2.1  Investigation of Trpal mRNA expression in the mouse olfactory tract
The expression of Trpal in the olfactory tract was determined in the olfactory epithelium, OB
and PC samples deriving from C57BL/6 mice. To characterize Trpal-expressing cells, we
performed RNAscope ISH combined with anti--tubulin 111 immunofluorescence on olfactory
epithelium, while multiplex RNAscope ISH was carried out on brain samples containing OB
and PC using probes specific for neuronal nuclear protein (NeuN), vesicular glutamate
transporter 1 (Vglutl), and glutamate decarboxylase 1 (Gadl) mRNA.

3.2.2 Investigation of the role of TRPAL in the predator odour-induced fear

responses
To investigate the innate fear responses evoked by predator odour, we used compounds
imitating fox (2-methyl-2-thiazoline (2-MT)) and cat (valeric acid) odours. During the
experiment, we estimated primarily the predator odour-induced freezing responses of Trpal
WT and KO mice, followed by the measurement of stress hormone levels (adrenocorticotropic
hormone (ACTH) and corticosterone) after the experiment.

3.2.3  Investigation of the TRPAL activating ability of valeric acid and 2-MT
Using 2-MT and valeric acid, Ca®* influx measurements were performed on Chinese Hamster
Ovary (CHO) cell lines expressing mouse and human TRPAL receptors to determine the
TRPAL receptor activating ability of these odorants.

3.2.4  Investigation of the role of TRPAL in mouse models of PTSD
Two different experimental protocols were used to induce PTSD in Trpal KO and WT animals.
First, we performed the SPS model, in which animals were exposed to restraint stress, followed
by forced swim test (FST) and finally by ether narcosis. During the behavioural experiments,
we estimated the immobility of the mice. In the other model, we used repetitive foot shock
combined with acoustic startle stimuli (ASS) in stressed animals and in the behavioural tests,
we determined the freezing and jumping behaviour of mice. The PTSD models and the related

behavioural tests were performed during the early dark phase between 18 and 22 h. In both
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paradigms, animals were sacrificed 36 h after the behavioural tests and brain samples were

collected for further histological examinations.

3.3 RNAscope in situ hybridisation combined with immunofluorescence

The coronal OB, PC and EWcp sections were subjected to RNAscope ISH analysis. Here, we
performed the hybridization of the target genes with probes specific for mouse Trpal, NeuN,
Vglutl, Gadl and Ucnl mRNA. Upon channel development, fluorophores with different
emission spectra were used to identify the targets (Trpal -Cyanine 3 (Cy3), NeuN - Cyanine 5
(Cyb), Vglutl - fluorescein, Gadl - Cy5, Ucnl - Cy3). UCN1 immunofluorescence was also
performed on EWcp sections staining with recombinant rabbit anti-urocortin 1 antibody
followed by donkey anti-rabbit secondary antibody conjugated to Alexa Fluor 488. On the
transversely sectioned olfactory epithelial samples we performed Trpal-specific RNAscope
ISH followed by B-tubulin 111 immunofluorescence staining with polyclonal rabbit anti-p-
tubulin 111 antibody followed by donkey anti-rabbit secondary antibody conjugated to Alexa
Fluor 488.

3.4 Microscopy, morphometry
For imaging, we used an Olympus Fluoview FV-1000 laser scanning confocal microscope and
FluoView FV-1000S-1X81 image analysis software. Morphometry was performed on raw
images obtained from slices containing EWcp using ImageJ software (version 1.52a). Upon this
procedure, we manually evaluated the fluorescence specific signal density (SSD) determined in
arbitrary units (au) in 5-10 cell bodies per slice based on images of four EWcp slices per animal
for Ucnl mRNA and UCNL1 peptide. For the Trpal mRNA signal, we also manually counted

the number of copies per cell in 5-10 neurons per slice in four slices per animal.

3.5 Predator tests
To investigate the innate fear responses induced by predator odours, we examined the freezing
responses in adult male Trpal WT and KO mice (n =12 in both groups) triggered by 2-MT and

valeric acid.

3.6 Radioimmunoassay
Blood was collected from the animals immediately after the odour aversion tests, and after
centrifugation, ACTH and corticosterone levels were measured in the obtained serum samples
using antibodies developed by the Institute of Experimental Medicine (Budapest, Hungary)
(Zelena et al. 2003).



3.7 Measurement of Ca?* influx by flow cytometry
The calcium responses induced by 2-MT and valeric acid were investigated by flow cytometry
in CHO cell lines overexpressing mouse and human TRPA1.

3.8 The SPS model of PTSD and the related behavioural tests
The SPS protocol was carried out on one set of adult male Trpal KO (n=12) and WT (n=9)
mice, while another group of KO (n=10) and WT (n=10) animals were used as non-stressed
controls. After two weeks, each group was exposed to 15 min of restraint and 6 min of FST,

and the immobility of the animals was assessed.

3.9 The electric foot shock model of PTSD and the related behavioural tests
In the electric foot shock paradigm, a group of Trpal KO (n=10) and WT (n=10) mice was
exposed to foot shock combined with ASS (phase of fear conditioning), while the non-stressed
control KO (n=9) and WT (n=11) groups received ASS alone. Four weeks after the fear
conditioning, animals were replaced to this original context (situation reminder), but without
shocking, we used only ASS in each group and examined the behaviour of mice, focusing

mainly on the freezing response and jumping.

3.10 Statistical analysis
Statistical analysis was performed using Statistica 13.5.0 software. We used two-sample t-test
to compare the behaviour of WT and KO mice in the odour aversion tests as well as the Trpal
MRNA expression of WT animals in the PTSD models. In the other cases, main effects were
tested by two-way analysis of variance followed by Tukey's post hoc test. Results were

considered statistically significant if the p-value was less than 0.05.
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4. RESULTS

4.1 Analysis of Trpal mRNA expression in the mouse olfactory tract
In the olfactory epithelium, Trpal mRNA was detected in very low copy numbers and
colocalization with B-tubulin Il was not revealed. In the OB samples, Trpal mRNA was
showed only on NeuN-containing neuronal elements, among which moderate expression of
Trpal was confirmed on GABAergic inhibitory neurons containing Gadl mRNA, whereas co-
localization with Vglutl positive excitatory cells was barely detectable. In contrast, in the PC,
Trpal mRNA was showed exclusively in glutamatergic stimulatory neurons.

4.2 Investigation of the role of TRPAL in the predator odour-induced fear responses
In Trpal KO mice, using 2-MT, the duration of freezing was significantly decreased and in
parallel the time spent with sniffing of the odour source enhanced compared to WT animals.
Using valeric acid, a similar significant difference was observed between the two genotypes in
terms of sniffing duration, however investigating the freezing behaviour, only the tendency
could be revealed. Upon the hormone level measurements, we observed significantly elevated
ACTH levels in KO mice only after 2-MT exposure, whereas no difference in corticosterone

levels was detected between the genotypes after application of either predator odour.

4.3 Investigation of the TRPA1-activating ability of valeric acid and 2-MT
Using 2-MT, a concentration-dependent increase of the fluorescent signal was detected in both
human and mouse cell lines compared to unstimulated cells, whereas none of the TRPAL-

expressing cell lines responded to valeric acid.

4.4 Investigation of the role of TRPAL in mouse models of PTSD
441  SPS model
In behavioural tests, increased immobility was observed in both stressed groups compared to
control (non-stressed) animals applying restraint stress. In the FST, WT mice exposed to stress
showed significantly higher levels of immobility compared to their control counterparts,

whereas similar differences were not detected in KO animals.

In the morphological analyses, significantly reduced Trpal mRNA expression was revealed in
WT mice using the SPS model compared to the control group. Investigating the changes in
Ucnl mRNA levels, both basal and SPS-induced Ucnl expression was significantly elevated
in KO animals compared to their WT counterparts, however significant changes in the
expression were not detected in response to stress in either genotype. Significantly increased
UCNL1 peptide content was found in WT animals upon SPS, but similar SPS-induced changes
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were not observed in KO mice, as supported by a significant interaction between stress-

genotype variables.

4.4.2  Electric foot shock model
In the electric foot shock model, significantly increased freezing was observed in both stressed
groups compared to control (non-shocked) animals during the situation reminder, whereas no
significant main effect was observed for genotype. However, the application of the reminder
sound effect resulted in a significantly increased frequency of jumping in stressed KO animals
compared to their control counterparts, while no similar difference was detected in WT mice,

as confirmed by a significant interaction between stress-genotype variables.

Morphological analyses revealed significantly reduced Trpal mRNA expression in the WT
animals exposed to shock compared to the control group. In the further RNAscope studies,
significantly higher Ucnl mRNA expression was observed in WT animals after the application
of foot shock, whereas similar shock-induced changes were not observed in KO mice, as
confirmed by the significant interaction between the two variables. In addition, the tendency of
shock-induced increase in UCN1 peptide content during the UCN1 immunofluorescence, which
was only observed in WT animals, was associated with a significant difference in the genotype

main effect.
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5. DISCUSSION

We firstly demonstrated the expression of Trpal mRNA in the olfactory tract. Here, we showed
that Trpal copies are mainly found in the OB GABAergic and PC glutamatergic cells,
respectively. Furthermore, odour aversion tests in Trpal WT and KO animals confirmed the
role of TRPAL ion channel in the development of predator odour-induced innate fear responses,

which is supported also by the literature (Wang et al. 2018).

A previous publication reported that fox odour can act as a direct activator on TRPAL receptors
in the olfactory epithelium (Wang et al. 2018), which was confirmed also by our research group
in both human and mouse TRPA1-overexpressing CHO cell lines using 2-MT. On the other
hand, using valeric acid (a cat odour imitating compound), no enhanced Ca?* influx was showed
in any CHO cell line, which could be explained by the fact that valeric acid do not have
electrophilic properties, therefore it is unable to directly activate TRPAL receptors. Moreover,
the difference between the behaviour of the two genotypes during the application of cat odour
was only manifested in the longer and more frequent sniffing behaviour of KO animals
compared to their WT counterparts, whereas the freezing responses were not affected at all.
One possible explanation for the different behavioural responses to the two different predator
odours may be that the odour of valeric acid is generally less fearful to mice. However, it should
be emphasized that the absence of TRPAL ion channel does not generally reduce the degree of
fear responses, which was supported by the enhanced freezing response of Trpal KO animals
in a previous study investigating the conditioned fear responses in mice (Lee et al. 2017). Our
results suggest that the role of TRPAL receptors located in the central parts of the olfactory
system (e.g., OB or PC) may be more pronounced in inducing the interesting behaviour towards
the odour stimuli, while in the OE, the ion channel, expressed mainly on trigeminal nociceptive
afferents, may play a more prominent role in mediating the pain sensation associated with
irritant odours (Talavera et al. 2020), thus shaping the behavioural responses of animals.
Furthermore, the generated pain signal as well as the direct connection between the PC and
PVN (Kondoh et al. 2016) may increase the neuronal activity in stress-sensitive brain areas
(e.g., PAG and PVN) (Wang et al. 2018). The Trpal KO animals responded to 2-MT treatment
with elevated ACTH levels, which is seemingly a contradictory observation that may be
explained by the increased locomotor activity measured in KO mice during the predator test
(White-Welkley et al. 1995). However, applying valeric acid, no detectable difference in the

levels of any of the stress hormones was found between the two genotypes, which may be
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explained by the different activation pattern of the neuronal pathways during the perception of

different odours.

To confirm the importance of TRPAL in olfaction, we showed its presence in certain parts of
the olfactory tract. However, in the OE, Trpal mRNA was detected only at low copy numbers
and was not co-localized with the immunomarker specific for OSN, suggesting that the receptor
may be expressed in other OE structures (e.g., trigeminal terminals) (Koike et al. 2021). In the
OB, moderate expression of Trpal mRNA was detected mainly on GABAergic inhibitory
neurons, which is confirmed also by a previous study (Dong et al. 2012). In this area, TRPA1
receptors may presumably contribute to the modulation of the effects of aversive odorants. Our
research group showed firstly that Trpal mRNA is also expressed on the main neuron type
(glutamatergic cells) of the PC, which receive stimuli from other olfactory structures and limbic
areas (e.g., BLA), while the diverse afferentation of these cells determines the fine-tuning of
the information (Wang et al. 2020).

The above detailed behavioural studies, as well as morphological results, suggest a role for the
TRPAL receptor in the central processing of odour information and in the shaping of
behavioural patterns induced by different odours.

In the previous experiments of our group, we observed a decrease in Trpal mRNA expression
on EWcp/UCNL1 neurons in the mouse model of CVMS, as well as in human samples from
suicidal individuals (Kormos et al. 2022). This observation raises the possibility that TRPA1
receptors expressed on UCN1 neurons may play a role in the pathomechanism of certain stress
adaptation disorders, such as PTSD. This hypothesis is supported by the results of previous
studies that revealed a direct link between EWcp and the most relevant brain structures involved
in the development of PTSD (PFC, amygdala, and hippocampus) (Zuniga and Ryabinin 2020;
Topilko et al. 2022).

In the validation of the PTSD models, both experimental paradigms (SPS and electric foot
shock) were found to be reliable for modelling the disease, as Trpal WT mice showed increased
immobility/freezing characteristic for the disorder upon both FST after SPS and during the
situation reminder after foot shock (Torok et al. 2019). Upon FST, we showed that the lack of
TRPA1 ion channels may prevent the development of some stress-related behavioural changes
consistent with former results in the literature (De Moura et al. 2014; Kormos et al. 2022).
Using the shock model, no difference in the duration of freezing was detected between the two

genotypes during the situation reminder. However, an increased jumping frequency of KO mice
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was revealed in this paradigm, which parameter similarly to freezing, can be used to
characterize the conditioned fear responses induced by the CeA (Hitchcock et al. 1989; Davis
1992; Lee et al. 2017), and can be ultimately considered as an increased arousal state
(hyperarousal) mediated by locus coeruleus activation (Hitchcock et al. 1989; Davis 1992;
Gresack and Risbrough 2011). Based on the above detailed data, it can be assumed that the
CeA-mediated fear conditioning may be amplified and/or its extinction may be impaired by the
functional ablation of TRPA1 receptors, which, in addition to the more pronounced passive
avoidance behaviour described in the literature (Lee et al. 2017), leads to a more expressed or
persistently existing arousal state in KO animals. The behavioural differences detected in the
two models may thus provide evidence for a role of TRPA1 ion channels in the pathomechanism

of PTSD.

During the morphological studies performed in both the SPS and the electroshock paradigms,
we confirmed that 7rpal mRNA expression was significantly reduced in WT animals following
stressor application, which is consistent with our previous results in the CVMS model (Kormos
et al. 2022). A plausible mechanism underlying the decrease in 7rpal mRNA copy number
could be the downregulation of the ion channel induced by agonist-receptor interaction, a
process which may be mediated by reactive free radicals deriving from surrounding glial cells
and by mediators released during oxidative stress and neuroinflammation (Hori and Kim 2019;
Oroian et al. 2021). However, further pharmacological studies are needed to exactly define the
putative regulatory effects of these inflammatory mediators. In WT mice, we demonstrated in
both PTSD models that the decrease in 7rpal mRNA expression was accompanied by an
increase in UCNI peptide content. On the other hand, we detected increased Ucnl/ mRNA
expression in WT animals using electric foot shock compared to the control group. In contrast,
in gene-deficient animals, no significant increase in neuronal Ucn/ mRNA or UCNI peptide

content was observed in either model compared to the control group.

It should be emphasised that the lack of UcnI/UCNT expression enhancement observed in SPS-
exposed KO animals is consistent with the unchanged duration of immobility detected during
FST. This altered stress response may be due to a reduced adaptive capacity of EWcp/UCNI
cells in KO animals, as reflected both by higher basal Ucnl mRNA expression levels compared
to WT mice and by absent behavioural and urocortinergic responses to SPS. In contrast, using
foot shock, missing enhancement of Ucn/ mRNA expression and UCN1 peptide content was
observed in gene-deficient animals associated with increased jumping frequency during the

situation reminder compared to the WT mice, which parameter may be considered as an
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equivalent behavioural pattern to hyperarousal in PTSD (Hitchcock et al. 1989; Gresack and
Risbrough 2011). According to the results of former publications, the EWcp/UCN1 neurons
may contribute to the recovery of normal homeostasis and the termination of stress responses
in the late phase of stress adaptation (Hsu and Hsueh 2001; Gaszner et al. 2004). This data raises
the possibility that the persistently increased arousal state observed in KO mice during the shock
model could be explained by the reduced response of UCNI1 neurons to stress leading to an
impaired regulatory function on the stress axis and therefore to an inappropriate extinction of
some stress-related behavioural responses. A further interesting observation was that on the one
hand, the differences in the Ucnl mRNA expression described in both genotypes during the
SPS were very similar to our previous results obtained in the CVMS model (Kormos et al.
2022), while in the electroshock model, we detected substantially different Ucn/ mRNA
expression dynamics. These apparent discrepancies could be explained by the fact that in the
SPS and CVMS paradigms we used partially similar stressors (e.g., restraint stress, FST), while
the foot shock-induced PTSD is based on the nociceptive effect (Sawchenko et al. 2000; Dayas
et al. 2001).

In addition to its effects on Ucnl mRNA expression, TRPA1 receptor may also enhance UCN1
release by increasing intracellular Ca" levels and therefore it may regulate stress adaptation
(Kormos et al. 2022; Ujvari et al. 2022; Casello et al. 2022). In this context, it is suggested that
stress-induced decreases in 7rpal mRNA expression may aim to compensate the excessive
UCNI release and associated behavioural responses, although further studies are needed to
confirm this hypothesis. However, there was an apparent contradiction between the low
EWcp/UCNI1 peptide levels in stressed TRPA1 KO animals and the increased Ucnl/ mRNA
expression during the SPS model, which may be explained by the altered dynamics of UCN1
peptide release. In addition, it cannot also be excluded that other cation channels on
EWcp/UCNI neurons (Zuniga and Ryabinin 2020) may compensate the lack of TRPA1 in KO

mice.

Based on these findings, EWcp/UCNI1 neurons may contribute to the development of certain
stress adaptation disorders (Kormos et al. 2022), thus may also play a role in the

pathomechanism of PTSD.
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6. CONCLUSION, SUMMARY OF RESULTS

The expression of TRPAL receptors at the different levels of the olfactory tract suggests that
this ion channel may play a role in the perception of aversive/irritant odours as well as the
central processing of odour stimuli, thus contributing to the development of the associated
behavioural patterns. The decrease in Trpal mRNA expression in the EWcp neurons of WT
animals with the parallel increase in UCNL1 peptide content during PTSD models raises the
possibility that TRPAL ion channels may influence stress adaptation responses, thus
contributing to the pathomechanism of PTSD. The reduced immobility of KO animals in the
SPS model and the increased jumping frequency detected during the electroshock protocol may
suggest the role of TRPAL in the development of depression-like behaviour as well as in the

extinction of hyperarousal during PTSD.

New results:

- We were the first to demonstrate the presence of Trpal mRNA in the glutamatergic
neurons of the PC.

- We showed that the absence of Trpal influences behavioural responses to predator
odours (fox and cat).

- We detected reduced expression of Trpal mRNA in the mouse models of PTSD.

- We demonstrated that Trpal deficiency influences the function of EWcp urocortinergic
neurons, Ucnl mRNA and UCNL1 peptide content, and behavioural responses in the
mouse models of PTSD.

- We first suggested the possible role of EWcp/TRPAL/UCNL neurons in the
pathomechanism of PTSD.
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