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1. General introduction

1.1. Generating transgenic animals and cell lines

For a better understanding of the physiological and pathological functioning of the human
organism at the molecular level (fundamental research) and for preclinical research on new
drugs, it is essential to select appropriate model organisms that mimic the function of human
proteins to a sufficient extent. In many cases, the most suitable organism does not yet exist,
but rapidly evolving molecular biological tools are making it increasingly feasible for
research laboratories to design and generate their own model organisms. The simplest and
most widely used method is the transfection of mammalian cells, such as Chinese hamster
ovary epithelial cells (CHO) and human embryonic kidney cells (HEK293), to express human
protein and thus allow to study the function of human proteins in vitro. However, in vitro
experiments do not give a complete picture of the complex function of proteins in living
organisms, and experimental animals are essential to understand the mechanisms accurately.
Mice and rats show a high degree of homology with humans for many proteins, so the
function of wild type proteins in mice and rats is often studied first and then compared with
human results. A common tool is the use of knockout (KO) animals, which usually show
changes (predominantly impaired function) compared to wild type (WT) animals, which are
used to infer the function of the protein. It is a relatively new and as yet uncommon method to
replace the missing gene in these animals with its human homologues gene in order to test
human protein function in animals. Of course, this is not a perfect reflection of the function of
the human protein in humans, as the human protein still functions in the environment of the
animal organism. However, we can still gain valuable insights into the racial differences
between human and animal protein function and, in drug discovery, gain predictive results on
what to expect in the human body during clinical trials of a new drug.

In the Institute of Pharmacology and Pharmacotherapy, Medical School, University of
Pécs, our research group is interested in the mechanisms of the Transient Receptor Potential
Ankyrin 1 (TRPAL) and Somatostatin receptor 4 (SST4) receptors involved in the modulation
of pain and inflammation. During my PhD research, | generated model organisms for current
research projects related to these receptors, and tested transgene expression and protein
function.

1. The SST4 receptor is a promising drug target for pain and inflammation reduction. For

preclinical testing of novel SST4; agonist drug candidate molecules, we needed



humanized SST4 mice. To this end, we introduced the human homologous gene
(hSSTR4) into somatostatin receptor 4 gene-deficient (Sstr4 KO) mice. The first
transgenic mice for this project had already been generated by the time | started my
PhD work, so I participated in the thorough study of these mice.

. Organic polysulfides are analgesic and anti-inflammatory TRPA1 agonists and are
promising drugs. To better understand their mechanism of action, we wanted to
identify their binding site on the human TRPAL receptor. For this purpose, we
generated several TRPAL variants by PCR-based site-directed mutagenesis, in which
certain cysteines were replaced by alanine. The TRPA1 variants were expressed in
CHO cells and their function was investigated by in vitro experiments. The binding site
for organic polysulfides was identified in the mutant in which organic polysulfides
failed to induce any effect, caution should be taken that this is not caused by a global
loss of function, which was checked by the agonist effect of a positive control.

. We investigated the role of astrocytes in TPRALl-mediated cuprizone-induced
demyelination in a multiple sclerosis (MS) disease model. For this purpose, we made
astrocyte-specific Trpal gene knockout using the Cre-loxP system. The Trpal gene
coding sequence between loxP sites was excised and rendered inoperable in cells in
which Cre recombinase was expressed. In turn, expression of Cre recombinase was
linked to an astrocyte-specific gene (Gfap), ensuring that gene knockout only occurs in
astrocyte cells. In the mice thus generated, we examined the characteristics of

cuprizone-induced demyelination.

1.2. Pain and inflammation

Pain is defined by the International Association for the Study of Pain (IASP) as discomfort

associated with potential or actual tissue damage. It can be distinguished from nociception, as

pain is not solely the result of sensory neuron function, but is a complex subjective experience

influenced by biological, psychological and social factors. Although pain has a primarily

adaptive role, chronic pain can have detrimental effects on bodily function and on social and

psychological well-being (1).

Inflammation is an important defense mechanism whereby the body recognizes and

removes harmful and foreign stimuli (primarily pathogens) and then begins the healing

process. Persistent inflammation, however, has detrimental effects on the body and is a key

factor in most chronic degenerative diseases (e.g. cancer, diabetes, rheumatoid arthritis,
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allergic asthma, Alzheimer's disease, multiple sclerosis) (2). Particular attention should be
paid to cases where the inflammation itself causes more severe tissue damage than the
original stimulus, such as tuberculosis, silicosis, atherosclerosis, allergies and autoimmune
diseases. Although there are many mechanisms for eliminating inflammation, by its nature it
tends to create a self-perpetuating process, as inflammation can lead to tissue damage and cell
necrosis stimulates inflammation. Thus, inflammation may be able to persist after the original
stimulus has ceased and develop into non-resolving inflammation (3).

The treatment of persistent inflammation is therefore paramount in eliminating the associated
pain, restoring impaired function, preventing or reducing further complications and allowing
the healing process to continue unhindered.

However, conventional medicines used to treat chronic pain and persistent inflammation
(e.g. opioids, steroids, non-steroidal anti-inflammatory drugs - NSAIDs) are often not
effective enough or can cause serious side effects during long-term treatment (4-8). It is
therefore necessary to understand these pathomechanisms in more detail to identify better
drug targets. Thus, we focused our research on TRPAL1 and SSTs receptors, which are

promising drug targets for the treatment of chronic pain and persistent inflammation.

1.3. TRPA1l

The transient receptor potential ankyrin 1 (TRPA1) receptor is a non-selective, sodium-
and calcium-permeable cation channel that is predominantly expressed on capsaicin-sensitive
peptidergic nociceptive primary sensory neurons, co-localizing with the transient receptor
potential vanilloid 1 (TRPV1) receptor in more than 90% (4,9,10). The TRPAL receptor is
capable of sensing a wide range of irritants, such as mechanical stimuli, extreme cold and
heat, acidity, reactive oxygen species, and thousands of already identified agonists (11).
Activation of the TRPA1 receptor induces acute nociception and the secretion of pro-
inflammatory neuropeptides (e.g.: substance P, calcitonin gene-related peptide) that cause
vasodilatation and tissue swelling, promoting the development of neurogenic inflammation.
However, following TRPAL activation, the nociceptive neuron also counter-regulates by
releasing analgesic and anti-inflammatory neuropeptides such as somatostatin (12-15). The
systemic analgesic and anti-inflammatory effects of somatostatin are mediated by the SST4
receptor (16-25).



1.4.  Somatostatin

Somatostatin is a cyclic neuropeptide with two isoforms: SST-14 and SST-28. It inhibits
the secretion of several excitatory and inhibitory mediators such as somatotropin, glucagon,
insulin, acetylcholine, glutamate and gamma-aminobutyric acid (GABA) (26). It regulates a
wide range of physiological functions, such as sleep, motor activity, emotion, learning and
memory; it also has a role in the regulation of various pathological conditions, such as pain
and inflammation (16-25), neurodegeneration (27-30), anxiety and depression (31-34). In the
central nervous system, there are long protruding and short proximal GABAergic interneurons
that secrete somatostatin (35-37). In the periphery, somatostatin secretion has been observed
on capsaicin-sensitive peptidergic sensory neurons, as well as its systemic anti-inflammatory

and analgesic effects, which have been termed as “sensocrine” mechanism (38,39).

1.5. Somatostatin receptor 4 (SST4) receptor

The broad effects of somatostatin are mediated by five inhibitory G; -protein-coupled
receptors, designated SST1.5. These receptors can be divided into two groups, SRIF; includes
SST,, SSTs and SSTs, these are specifically activated by octreotide , while SST1 and SST4
receptors belonging to SRIF; are specifically activated by the agonist CGP 23996 (40-42).
Previous results of our research group demonstrate that the activation of the SST4 receptor
induces analgesic, anti-inflammatory, anti-anxiety and antidepressant effects without affecting
the secretion of other hormones (16-25,27-34,38,39,43,44). Thus, the SST4 receptor has
emerged as a promising new drug target, and recently several pharmaceutical companies have
initiated the development of SST4 agonists (45-51). There are no known antagonists of the
SST4 receptor, therefore, Sstr4 knockout animals have been used as negative controls for in
vivo functional studies (15,20-22,45).



2. Generation of humanized somatostatin receptor 4 (SST4) mice

and characterization of the transgene expression

2.1. Introduction

There is a lot of research going on, including in our institute, to investigate the functions of
SST4. Since there is no known SSTs specific antagonist, therefore, we have used Sstr4
knockout and wild type mice in our previous research (15,20-22,45). Using the Sstr4 KO
mouse model and the synthetic SSTa4 receptor agonist J-2156, several research groups,
including our institute, have demonstrated that the SST4 receptor is a unique and novel drug
target for the treatment of chronic pain and depression (16,24,52-56). Current drugs used to
treat these conditions are often ineffective and cause severe side effects during long-term
treatment (4-8). Thus, the SST4 receptor has become a focus of interest in drug development,
and pharmaceutical companies have already begun the research of non-peptide SST4 agonists
(51,54). The design of agonists has been greatly aided by in silico 3D modelling of the human
protein structure (57,58).

Our aim was to test these new agonists (J-2156 and pyrrolopyrimidine derivatives) in SSTs
humanized mice. A mouse model expressing the human receptor is particularly useful in
translational drug discovery, as it can provide more predictive results for human diseases and
is a more relevant model animal for testing drug candidates. (59,60). Humanized mice are
predominantly generated by transplantation of human cells, tissues or tumors, mainly for
immunological and oncological research (61-66) but genetic modification is also more and
more frequently the method of choice (67-70). Genetic modification has already been used to
successfully replace the mouse bradykinin B1 receptor gene with its human counterpart to test
in vivo the human B1 receptor specific antagonist NVP-SAA164 following in vitro results.
NVP-SAA164 induced anti-hyperglycemic effects in humanized mice, but not in WT and KO
mice (71). In another experiment, differences between mouse and human melanocortin
receptors were found using MC1R humanized mice, such as strongly ligand-dependent
eumelanogenesis in humanized mice. In contrast, the mouse Mclr receptor in WT mice in
vivo, and in transfected cell lines, both mouse and human receptors showed ligand-
independent signaling (72). These demonstrate that the different functions of the protein
between in vitro and in vivo conditions, therefore, the humanized model animals can provide

valuable information in fundamental and preclinical research.



2.2. Objective

SST4 expression and function are relatively well characterized in the mouse brain but little
is known about the human receptor (73). Therefore, our aim was to create a humanized mouse
with a transposon vector containing the human hSSTR4 gene together with its regulatory
elements, map its random insertion sites, characterize its expression (pattern and level),
identify the neuronal cell types expressing it in the brain, and select the most suitable

transgenic mouse line for further functional experiments.

2.3. Results

A key achievement of this project is the successful generation of SSTR4 humanized mouse
lines by random insertion of the PB transposon vector and the characterization of human
receptor-expressing neurons in brain regions associated with pain and mood regulation. These
mice may be useful model animals for preclinical research on the SST4 receptor, a novel
target for the development of analgesic, anti-inflammatory and antidepressant drugs
(16,20,21).

Instead of the popular knock-in technique, random insertion was chosen to avoid the
influence of regulatory elements of the mouse Sstr4 gene on the transgene. In addition to the
coding region of the human gene, the human regulatory elements were inserted into the
transposon vector and the positional effect was inhibited by using insulators at the ends of the
transgene to hopefully make the transgene show an expression pattern as similar as possible to
the expression in human organism. The drawback of this method, however, is that mapping
the integration site in the transgenic mice generated can be problematic, and the insertion can
interrupt mouse genes (74,75).

Random insertion of the PB transposon in our case resulted in more integration sites in the
FO mouse generation. The location of three of these copies was successfully determined by
LM-PCR technique (76) (Chr3, Chrl0 and ChrX), but the location of two copies is still
unknown (Ul and U2). The failure to locate the integration sites of Ul and U2 leads us to
conclude that the transgenes may have integrated into repetitive regions of the genome, which
makes gene mapping significantly more difficult. Knowing the exact location of the Chr3
copy, we were able to design a site-specific PCR assay that not only allows us to determine
the presence of the transgene, but also to distinguish between heterozygous and homozygous

mice.



In the FO generation, all three transgenic female mice experienced complications during
pregnancy and delivery, which eventually resulted in their death. This leads us to conclude
that in all three cases the transgene may have been inserted into the genome multiple times
and the resulting overexpression of SST4 may have caused the problem, as this did not occur
in the offspring carrying a single copy. This observation supports a role of SST4 in pregnancy,
as this somatostatin receptor has been found predominantly in the human placenta (77,78).

In vivo bioluminescence imaging showed hSSTR4-linked expression of the luciferase
enzyme in different organs, with the strongest luminescence signal in the brain. Chr3 mice
showed the strongest expression in the cerebrum area, while U1 and U2 mice showed weaker
expression here, but stronger expression in the bulbus olfactorius and posterior brain area.
RT-gPCR confirmed these results, as we measured the highest hSSTR4 expression levels in
the cerebral cortex and BO. Mouse Sstr4 gene expression in WT mice was slightly lower
overall than hSSTR4 in Chr3 mice, except in the lung, in which the expression was much
higher in WT mice, but much lower in the cerebellum and brainstem. These results are in
agreement with previous comprehensive expression study databases comparing mouse and
human receptors (73,78-80). Expression of U1 and U2 copies showed similarity to each other
in both luciferase IVIS and RT-qPCR results, leading us to conclude that perhaps these two
copies are in fact identical. Further supporting this hypothesis, we genotyped 100 offspring in
the F2 generation in a cross between the U1l and U2 mouse lines and found no hSSTR4 KO
individuals. Regardless of the transgene integration site, hSSTR4 expression levels and
patterns also varied between individuals in the abdomen and pelvis. The databases also
documented variable SST4 expression levels (from undetectable to moderate) in both human
and mouse gastrointestinal and reproductive organ systems (81-85). These data are supported
by the relatively high hSSTR4 expression levels measured by RT-qPCR in Chr3 mice. In
contrast to the database, however, low hSSTR4 expression was measured in the stomach and
intestine. In the brain area, the strongest luciferase luminescence signal was found in Chr3,
almost three times stronger than in U1 and U2 mice. Furthermore, in contrast to U1 and U2
mice, we were able to distinguish between heterozygous and homozygous individuals in Chr3
mice by genotyping, which we compared in vivo imaging and found that the luminescent
signal strength in homozygotes was twice as strong as in heterozygotes.

The tdTomato showed no detectable signal in any mouse line, neither in vivo imaging nor
fluorescence microscopy, probably due to the generally low expression of the transgene.
Fluorescent reporter proteins are usually driven by a very strong viral promoter (e.g.

cytomegalovirus) or a mammalian housekeeping gene promoter (e.g. elongation factor 1
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alpha) to be expressed in sufficient quantities to give a strong signal (86). Furthermore,
although tdTomato is more tolerant to N-terminal protein modifications than its mRFP1
precursor (87), we found that the fluorescence of tdTomato is significantly attenuated in the
fusion protein form compared to the native tdTomato protein, probably because luciferase
binding interferes with tdTomato protein folding or tetramerization (88,89).

Due to the strong homology between species and within the SST receptor family, there is
no reliable hSSTR4-specific antibody, so we chose the RNA in situ hybridization technique
RNAscope instead of immunohistochemistry. Based on the previous results, Chr3 copies were
found to be the most suitable for further experiments and hSSTR4 expression was
characterized in these copies using the RNAscope technique. The hSSTR4 showed the
strongest signal in the hippocampus (CA1 and CAZ2 regions) and cortex (Pir, S1, PrL), which
is consistent with the mouse and human expression databases (81-85). In Chr3 mice, hSSTR4
is expressed mainly in Vglutl-positive glutamatergic excitatory neurons, similarly to Sstr4 in
WT mice, but at visibly lower expression level than that. hSSTR4 was also expressed in
GABAergic interneurons in the same brain regions, whereas mouse Sstr4 expression was
observed in GABAergic cells located in the nucleus of the central amygdala. In the primary
somatosensory cortex, hSSTR4 was most strongly expressed in layers II-11l, which is
significantly different from mouse Sstr4 expression in WT mice, which is most strongly
expressed in layer V (73). In a previous study, Sstr4 was expressed in the BO glomerular
layer of WT mice, but not in the granular layer (90), whereas in transgenic mice, hSSTR4 was
expressed mainly in the granular layer of BO.

These differences in expression between human SSTR4 and mouse Sstr4 may be due to
species differences, but may also be due to limitations of the humanized mouse model, such
as the position effect (75). Therefore, these differences needs to be further investigated.

We conclude that the Chr3 hSSTR4 mouse transgene is expressed primarily in excitatory
glutamatergic neurons of brain regions responsible for pain and mood regulation, showing
several similarities and some differences compared to Sstr4 expression in WT mice.
Following further in-depth investigation of the function of the human receptor, the Chr3
mouse line may be a suitable translational research tool for exploring the potential of the SST4
receptor as an analgesic, antidepressant and anti-inflammatory drug target, as well as for

preclinical testing of novel SST4 agonist drug candidates.



3. ldentification of organic polysulfide binding sites on the human
TRPAL receptor

3.1. Introduction

Chronic pain and persistent inflammation are a serious problem in modern society,
affecting 20-45% of people worldwide (3,91-95). The direct impact of chronic pain is a
reduction in quality of life and even loss of body function (1,96-98). If persistent
inflammation is not accompanied by pain, it can easily remain hidden, but even so, it can
contribute to the development of many other chronic diseases, such as type 2 diabetes,
allergies, cardiovascular disease and several types of cancer (2,99,100). Traditional painkillers
and anti-inflammatory drugs such as steroids, NSAIDs and opioids are not suitable for long-
term treatment because they are gradually outweighed by their side effects (4-8). Therefore,
there is a great need to develop new drugs with new mechanisms of action for the treatment of
chronic pain and persistent inflammation. Polysulfides are promising agents for this purpose
and their effects are increasingly being studied in drug research. In the past, analgesic and
anti-inflammatory effects were attributed to hydrogen sulfide (H.S), a gaseous endogenous
signal transducer. It is now well established that H, S released locally during inflammation is
spontaneously oxidized to sodium hydrogen sulfide (NaSH) and sodium sulfide (Na2S) and
spontaneously polymerized to inorganic polysulfides (e.g.: Na.Ss3). These agents are reactive
enough to covalently bind to the cysteines of the transient receptor potential ankyrin 1
(TRPAL) receptor and activate it (12,101-103). Activation of TRPAL results in the release of
somatostatin, which exerts systemic analgetic and anti-inflammatory effects mediated by the
SST4 receptor (16-25). These effects of polysulfides are abolished by knocking out the Trpal
or Sstrd gene (12). These data suggest that the analgesic and anti-inflammatory effects of
polysulfides are at least partly mediated by activation of the TRPAL receptor. Despite their
beneficial effects, inorganic polysulfides are not suitable as drugs because they are highly
reactive and unstable molecules. Their delivery is very difficult, either by direct
administration or by endogenous synthesis via H>S donor delivery (e.g.: GYY4137). Thus,
our attention has turned to organic polysulfides, which have similar biological activity but are
much more stable, such as dimethyl trisulfide (DMTS), diallyl trisulfide (DATS) and diallyl
disulfide (DADS), which are naturally found in garlic (12,15,104-108).
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The molecular mechanism of action of inorganic polysulfides is already widely studied,
but very little is known about inorganic ones. Therefore, as a first step in our research, we set
out to identify the binding site of inorganic polysulfides on the TRPAL receptor using site-
specific mutagenesis. Out the 28 cysteines of human TRPA1, we investigated those
composing the conventional binding site of electrophilic agonists at the N-terminal domain
(C621, C641 and C665) (109-112), and protein surface cysteines located in the
transmembrane region, which are theoretical binding sites of highly hydrophobic agonists
(C727 and C834) (113,114). We have successfully generated TRPA1 mutant variants with
reduced or completely abolished sensitivity to organic polysulfides, but other functions
remain intact (e.g., action of non-electrophilic agonists and antagonists). The binding
properties of the mutant receptors were preliminarily investigated by in silico molecular
docking techniques. Functional changes were investigated in vitro by calcium-sensitive
fluorescence flow cytometry, radioactive Ca-45 liquid scintillation counting and whole-cell

patch-clamp technique.

3.2. Objective

The binding site for endogenous, predominantly inorganic polysulfides (e.g. Na sulfide) is
already known at the TRPAL receptor but the binding site for exogenous organic polysulfides
remains to be mapped (115). To this end, we aim to create a mutant TRPAL receptor variant
that is not activated by organic polysulfides but is activated by other binding site agonists
(e.g.: carvacrol, thymol, menthol). The binding properties of the TRPA1 mutants will first be
investigated by computational modelling, the designed mutations will be generated by site-
directed mutagenesis, and the function of the TRPAL variants will be investigated by in vitro

methods.

3.3. Results

The TPRAL receptor activating effect of garlic-derived organic polysulfides is well known
(12,15,104,105,116-119), however, our experiments were the first to validate site-specific
TRPAL mutant variants for the identification of organic polysulfide binding sites. Our results
were obtained by computer modeling of mutant TRPAL variants and three functional assays:
calcium-sensitive fluorescence flow cytometry, radioactive Ca-45 liquid scintillation
counting, and whole-cell patch-clamp. Our results overlap significantly and support each
other. In this study, we have demonstrated that the organic polysulfides DMTS, DADS and
DATS covalently bind to amino acids C621, C641 and C665, thereby activating the TRPA1
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receptor. Of these, C621 plays the most important role, but the other two cysteines also
contribute to the binding of electrophilic agonists. Only the combined mutation of the three
cysteines led to complete insensitivity of TRPAL to organic polysulfides.

Of the three organic polysulfides, the largest molecule, DATS, showed the most favorable
calculated free energy of binding, but, as the experimental results highlighted, it is the
formation of a covalent bond with C621 that is important, not the strength of the bond. It
should be noted that the apo conformation of TRPA1 is not favorable for binding electrophilic
agonists, as seen in the prerequisite docking calculations. In the prerequisite docking, the
distance between atoms involved in covalent bonding on the holo structure was smaller. We
can explain this observation by the fact that the A-loop covers the binding site from the
ligands in the apo structure but not in the holo structure. As has been shown in previous
articles (120,121), the upward motion of the A-loop after the prerequisite binding of the
agonist to P666 and F669 is necessary for the accessibility of the actual binding site.

C621, C641 and C665 compose the known binding sites for most electrophilic agonists,
except for AITC, which also binds to lysine K710 for activation, and JT010, which binds to
C621 alone for TRPAL activation (109-112,122).

In contrast to radioactive Ca-45 liquid scintillation and whole-cell patch-clamp measurements,
Fluo-4 calcium-sensitive fluorescence flow cytometry showed no difference between single
TRPAL mutants. This was probably due to the ability of the Fluo-4 dye to saturate at high
calcium concentrations, which could be due to the relatively high concentration of organic
polysulfides (100 uM). Therefore, Ca-45 liquid scintillation counting and whole-cell patch-
clamp techniques were considered to be more accurate and reliable methods and could be
used to explore the differences in function of the three cysteines.

Among the three cysteines, the most important role of C621 in the binding of organic
polysulfides was predicted by computer modelling and confirmed by radioactive Ca-45 liquid
scintillation counting and whole-cell patch-clamp results. C621 is known to play a key role in
the binding of several electrophilic TRPAL agonists such as JT010, iodoacetamide, BODIPY -
iodoacetamide, AITC and BITC (110,122-125).

Whole-cell patch-clamp showed that C665 is the second most important cysteine for
binding organic polysulfides, while C641 has the least important role. The role of C665 has
already been demonstrated for other electrophilic agonists such as iodoacetamide, BODIPY -
iodoacetamide, N-ethylmaleimide and BITC (122,124-126).

Although the single cysteine mutations only reduced the effect of organic polysulfides in
TRPAL, the effect of JT010 was completely lost in the case of the C621A single mutation.
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Several lines of evidence suggest that JTO10 does not covalently bind to other cysteines, only
to C621 (122,127,128). Nevertheless, our calcium-sensitive fluorescence flow cytometry
results showed that single mutations in C641A and C665A reduced the effect of JTO10,
leading us to conclude that they have a role other than covalent binding of the agonist.
Presumably, C641 and C665 help to maintain the functional structure of the binding pocket or
help to create an attractive environment for electrophilic agonists, or possibly are involved in
both.

Since a single mutation of C621 was not enough to completely abolish the effect of organic
polysulfides, it can be concluded that C641 and C665 are also involved in the covalent
binding of these active compounds. Only the combined triple mutation of the three cysteines
was able to completely abolish the effect of the organic polysulfides. Other electrophilic
agonists are also known to lose their effect in triple mutants of these three cysteines, except
for AITC, which is able to retain a minimal effect with intact K710 lysine (109-112). In our
calcium-sensitive fluorescence flow cytometric results, AITC showed a stronger effect in WT
and single mutant TRPAL variants than effect of carvacrol. In contrast, in the triple mutant,
there was only a minimal effect of AITC, while the effect of carvacrol was preserved.

Neither single nor double mutations of amino acids C727 and C834 together caused a
change in the effect of DMTS compared to WT TRPAL. This result refutes the hypothesis that
C727 and C834 would form a binding site of the highly hydrophobic electrophilic agonists on
the transmembrane domain (113,114).

In HEK293 cells expressing the mouse Trpal receptor, amino acids C415 and C422 have
been shown to be involved in the binding of inorganic polysulfides (disodium trisulfide) and
other electrophilic agonists (102,123,129). Whether the human homologues of these (C414
and C421) or possibly the remaining 21 of the 28 cysteines play a role in the binding of
organic polysulfides remains to be further investigated.

Of the organic polysulfides we used, the factory-made DMTS was almost completely pure
(>98%), but the DADS and DATS we synthesized were inseparable companions, with DADS
at 90% and DATS at 63.5%. They are also constant contaminants of each other in their
natural source, garlic oil. In the whole-cell patch-clamp results, the effect of DADS was found
to be stronger than the other two organic polysulfides in WT TRPAL, however, it was most
affected by single cysteine mutations. As long as the effect of DMTS and DATS was reduced
in C621A and C665A single mutants, the effect of DADS was completely abolished. Single
mutation C641A reduced the effect of DADS, but not the effect of DMTS and DATS. These
findings suggest that of the three organic polysulfides, DADS is the most potent TRPAL
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agonist, but this was not supported by the results of our other assays, where the three organic
polysulfides showed identical effects, and thus needs further investigation.

The whole-cell patch-clamp also showed that the C621A/C641A/C665A triple mutant was
insensitive to the HC-030031 antagonist, for reason which remains to be clarified, whether it
was caused by the triple cysteine mutation or possibly a hidden random mutation. The
insensitivity of the triple mutant to the organic polysulfides and the HC-030031 antagonist
could have been due to a global loss of function caused by the mutations, but the effect of
carvacrol remained intact, demonstrating that the receptor remained properly functional and
was suitable for our experiments.

Using three different functional assays, we demonstrated that organic polysulfides
covalently bind to cysteines C621, C641 and C665 to activate TRPAL, and that only a triple
mutation of these cysteines together was able to completely abolish the effect of organic
polysulfides. We further identified a key role for C621 in this and that C655 is the second
most important cysteine. This overlaps significantly with the known binding sites of other
electrophilic agonists, and their results may therefore further clarify the binding mechanism of
other electrophilic agonists.

In this study, we have not only shown that TRPAL is an important target of organic

polysulfides, but also identified their exact binding sites using mutant receptor variants.
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4. Generation and expression assay of astrocyte-specific TRPAL

conditional knockout mice

4.1. Introduction

Multiple sclerosis (MS) is a severe neurodegenerative autoimmune disease of the central
nervous system in which persistent inflammation and massive cell death cause the myelin
sheath that covers the axons of neurons to break down, resulting in impaired neural function
(130,131). A widely used method for modelling MS is the long-term treatment of mice with
cuprizone, an oligodendrocyte-specific cell-toxic agent, which induces demyelination, mainly
in the corpus callosum, associated with macrophage invasion and astrocyte reaction
(132,133). Previous studies have shown that TRPA1 KO mice are more resistant to cuprizone-
induced demyelination (133,134). It was concluded that TRPA1 regulates the mitogen-
activated protein kinase pathway leading to cell apoptosis, and therefore, in the absence of
TRPAL, there is much less adult oligodendroglia death in response to cuprizone. TRPAL
inhibition represents a potential new drug mechanism for the treatment of MS.

TRPAL receptor is expressed mainly in capsaicin-sensitive nociceptive sensory neurons
(4,9,10), but is also expressed at lower levels in non-neuronal cells such as keratinocytes,
endothelial cells and gastrointestinal mucosal cells (135-138), and in the brain in
oligodendroglia (139) and astrocytes (140-142). In the mouse cerebral cortex, low levels of
TRPAL expression have been detected in neurons, astrocytes, oligodendroglia and microglia
(143). In our experiments, we investigated the role of astrocytes in the pathomechanism of
MS, as reactive astrocytes are already known to contribute to neuroinflammatory processes in

neurodegenerative diseases (144,145).

4.2. Objective

In the present study, we aim to demonstrate the key role of TRPA1-mediated processes
leading to cuprizone-induced oligodendrocyte apoptosis in astrocyte cells. To this end, we
aim to generate a mouse model using the Cre-Lox recombination system with astrocyte-
specific knockout of the Trpal gene (conditional knockout - cKO). We will investigate the
demyelination effect of cuprizone in the mice thus generated and compare the results with

those obtained in Trpal WT and global KO mice.
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4.3. Results

The TRPAL receptor contributes to neuroinflammatory processes in neurodegenerative
diseases. Our previous research has shown in a disease model of MS that Trpal global KO
mice are more resistant to cuprizone-induced demyelination (133,134). We concluded that
TRPAL regulates the mitogen-activated protein kinase pathway leading to cell apoptosis, and
therefore in the absence of TRPA1 there is much less adult oligodendroglia death in response
to cuprizone. TRPAL inhibition represents a potential new drug mechanism for the treatment
of MS.

Since reactive astrocytes are known to contribute to neuroinflammatory processes in
neurodegenerative diseases (144,145), we therefore wanted to investigate the role of
astrocytes in TRPA1-mediated processes involved in the pathomechanism of MS in a disease
model of cuprizone-induced demyelination in MS. To this end, we designed astrocyte-specific
TRPAL cKO mice, which we planned to generate using a Cre-loxP system. The most widely
used astrocyte marker is the Gfap gene, so we chose mice in which the Cre recombinase gene

+/—

is driven by the Gfap promoter. Gfap-Cre™™ mice were pretested by crossbreeding them with
tdTomato reporter mice. In the resulting offspring, the tdTomato red fluorescent protein was
expressed in cells where Cre recombinase was expressed. We assessed tdTomato fluorescence
in the whole body by in vivo imaging and in the brain area by fluorescence microscopy. Cre
recombinase was shown to be expressed predominantly in the brain area, in astrocytic cells,
but also showed a small amount of activity in neurons. We considered this to be appropriately
specific expression, and if Trpal is accordingly deleted in the experimental Gfap-Cre*~
Trpal™™ mice, then the expected loss of function may indeed be related to astrocytes. Other
research groups have also observed in Gfap-Cre mice that recombination occurs in the vast
majority of astrocytes, but small amounts were also observed in neurons and oligodendroglia
(146-148). Presumably this is due to intercellular mass transfer and low levels of unspecific
gene expression. We have attempted to identify the unknown insertion site of the Gfap-Cre
transgene in the mouse genome using ligation-mediated and inverse PCR techniques, but
unfortunately without success. We concluded that it was probably integrated into a long
repeat sequence.

The mice for the experiment were generated by crossbreeding Gfap-Cre*~ and Trpal™"
mice. In Trpal™" mice, loxP sites were identified by PCR and sequencing. Subsequently, we
were able to design genotyping primers to distinguish between mice carrying Trpal genes

knocked out from only a subset of cells (conditional) and from all cells (global). Thus, we
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were now able to screen animals crossed for the Trpal global KO genotype resulting from the
accidental unspecific action of Cre recombinase. In Gfap-Cre*’~ Trpal™" mice generated at
the end of crossbreeding, we measured reduced expression levels of intact Trpal by RT-
gPCR. Summarizing the assays, the generated Gfap-Cre*~ Trpal™" mice were found to be
suitable for the cuprizone-induced demyelination experiment. As control groups, Gfap-Cre ™~
Trpal™™ (loxP control, effectively showing a Trpal WT phenotype) and Gfap-Cre*~
Trpal™" mice (hetero control) were provided.

In the functional experiments led by Dr. Gdabor Kriszta, astrocyte-specific Trpal cKO
mice were significantly more resistant to cuprizone-induced demyelination compared to
Trpal WT mice during the period of the most intense pathophysiological lesions, i.e., weeks
3-5 of treatment, and by week 6, both groups showed a reduction in symptoms and differences
between groups. Compared to the global Trpal KO mice previously studied, astrocyte-
specific Trpal cKO mice were less resistant to cuprizone-induced demyelination, suggesting
that astrocytes are not solely involved in TRPA1-mediated demyelination in multiple sclerosis
(149). The expression and function of TRPAL receptors in other brain cells (oligodendrocytes,

microglia, neurons) requires further investigation (139,150).
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5. Summary

In the Institute of Pharmacology and Pharmacotherapy, Medical School, University of
Pécs, our research group is interested mainly in the mechanisms of TRPAL1 and SST4
receptors involved in the modulation of pain and inflammation. In my PhD research | have
generated model organisms for current research projects related to these receptors, and tested
transgene expression and protein function.

We have successfully generated humanized SSTR4 mice, which will be used to further
explore the species differences between human and mouse homologous SST4 receptors, to
further investigate the physiological and pathological function of the human SST4 receptor,
and to investigate new drug candidates for the SST4 agonist in preclinical studies. These mice
were generated by constructing a transposon vector carrying the human hSSTR4 gene with all
its expression regulatory elements and then inserting the transgene at a random site into Sstr4
gene-deficient mice. The location of these copies in the mouse genome was identified by
ligation-mediated PCR. Based on the luminescence of the luciferase reporter protein, in vivo
imaging showed that the hSSTR4 transgene is expressed mainly in the brain. Using RT-qPCR
technique, we confirmed that the hSSTR4 transgene is expressed in the brain and some other
peripheral organs, which was consistent with the results obtained from in vivo imaging. By
RNAscope in situ hybridization, we showed that the hSSTR4 transgene is expressed in
glutamatergic excitatory neurons in hippocampal CAl and CA2, in GABAergic interneurons
in the granular layer of the bulbus olfactorius, and in both types of neurons in primary
somatosensory cortex, piriform cortex, prelimbic cortex and amygdala.

We have successfully generated human TRPAL single and multiple mutant variants,
identifying that organic polysulfides bind covalently to C621, C641 and C665 cysteines to
activate the receptor. Only their combined triple mutation results in TRPAL insensitivity to
organic polysulfides, which overlaps with the general binding site of electrophilic agonists. In
the transmembrane region, C727 and C834 cysteines, theoretical binding sites for highly
hydrophobic electrophilic agonists, are not involved in TRPAL activation induced by organic
polysulfides. The TRPA1 mutant variants used for these experiments were generated by PCR-
based site-directed mutagenesis of a plasmid vector expressing human TRPAL1 cDNA. The
binding properties of the mutant receptors were preliminarily investigated by in silico
molecular docking technique. Functional changes were investigated in vitro by calcium-
sensitive fluorescence flow cytometry, radioactive Ca-45 liquid scintillation counting and
whole-cell patch-clamp technique.
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We have successfully generated astrocyte-specific Trpal cKO mice to investigate the role
of astrocytes in TRPA1-mediated cuprizone-induced demyelination in a model of MS disease.
These animals were generated by crossing Gfap-Cre*’~ and Trpal™ mice. In a preliminary
study using tdTomato reporter mice, we have shown that the Cre recombinase gene driven by
the Gfap promoter is expressed primarily in the brain in astrocytes, but also shows activity in
neurons to a small extent. We were unable to locate the Gfap-Cre transgene in the mouse
genome. We have identified the location of loxP sequences in Trpal™ mice, for which we
have developed a routine genotyping method. This allowed us to test Gfap-Cre*’~ Trpal™
mice generated for the cuprizone-induced demyelination experiment to ensure that no Trpal
global KO mice were generated as a consequence of the non-astrocyte-specific activity of Cre
recombinase. We measured changes in the expression levels of the intact Trpal gene in the
brains of Gfap-Cre*’~ Trpal™ mice.

In functional animal experiments, it was shown that astrocyte-specific Trpal conditional
KO mice were less resistant to cuprizone-induced demyelination compared to Trpal global
KO mice. This suggests that astrocytes do not have a sole role in TRPAl-mediated
demyelination in multiple sclerosis, but presumably other TRPAl-expressing cells in the
brain (oligodendrocytes, microglia, neurons) (139,150). This requires further investigation.

Thanks to the molecular biology and genetics tools currently available, we have been able
to generate all the specific model organisms required for our research. Fortunately, molecular
technology continues to evolve rapidly and steadily, providing more and more opportunities

for therapeutic research.
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. New results

We have successfully created SSTR4 humanized mice.

We identified the location of 3 randomly inserted copies of the transgene in the generated
SSTR4 humanized mice. Routine genotyping methods were developed for these.

We have determined the expression levels of hSSTR4 transgenes in the brain and viscera
of humanized mice.

We have characterized the expression of the copy Chr3 of the hSSTR4 transgene in the
humanized mouse brain. Differences were found compared to Sstr4 expression in WT

mice, suggesting racial differences between homologous genes.

Organic polysulfides bind covalently to the C621, C641 and C665 cysteines to activate the
TRPAL receptor. Only their combined triple mutation causes complete insensitivity of the
TRPAL receptor to organic polysulfides.

The binding site of organic polysulfides overlaps with the general binding site of
electrophilic agonists.

The C727 and C834 cysteines in the transmembrane region are not part of the organic

polysulfide binding site.

By crossbreeding Gfap-Cre and STOP-loxP mice, we have successfully visualized the
astrocyte-specific expression of Cre recombinase and, to a small extent, its transmission
and activity in neurons.

By crossbreeding Gfap-Cre and Trpal-loxP mice, we generated transgenic mice with
astrocyte-specific knockout of the mouse Trpal gene.

We have demonstrated a reduction in the expression level of the intact Trpal gene in the
brains of Trpal cKO mice.

Compared to Trpal global KO mice, astrocyte-specific Trpal cKO mice were less
resistant to cuprizone-induced demyelination, suggesting that astrocyte is not the only cell

type involved in this pathomechanism.
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