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ANNOTATION

Incidence of neurodegenerative diseases is rapidly increasing, thus creating an economic,
financial and social burden for the patients, their families and the government. The most common
neurodegenerative disease is the sporadic Alzheimer’s disease (sAD), for which no effective
preventive or halting treatments have been discovered yet.

Neuroinflammation, imbalance in neurotransmitter systems, oxidative stress and
mitochondrial impairments play a crucial role in the progression of sAD. Since these pathological
processes start several decades before clinical symptoms manifest, in the 21st century a new
imperative has been put forward: “let us stop this disease before it starts!”. Consequently,
approaches that would halt the impairments in cognitive functions in pre-dementia stages are
being searched for.

Our hypothesis is that the maintenance of brain cell functioning and memory stimulation
does not solely depend on the regulation of the activatory neurotransmitter (acetylcholine,
glutamate) system, but the most important is the balance between it and the inhibitory gamma-
aminobutyric acid (GABA) system. In accordance to our hypothesis, in this doctoral thesis we
investigated the agonists of GABA-A and GABA-B receptors (muscimol/diazepam and baclofen,
respectively), as well as GABA elements-containing compound gammapyrone. We anticipated
that at very low or low doses these compounds would possess neuroprotective and memory-
enhancing effects, as opposed to the memory-impairing action at high doses.

We have studied these compounds in a sAD type rat model obtained by
intracerebroventricular (icv) injection of neurotoxin streptozocin (STZ). We have discovered, for
the first time, that the studied compounds improved spatial learning/memory processes and
normalized STZ-induced pathological changes in the expression of cortical and hippocampal
brain proteins which are involved in neuroinflammation, acetylcholine cleavage, GABA synthesis
and synaptic plasticity. Although gammapyrone did not demonstrate binding affinity towards
GABA receptors, it acted similarly to GABA receptor agonists in vivo and ex vivo, as well as
showed the ability to regulate mitochondrial functions in vitro.

The obtained data indicate allosteric regulatory mechanisms of all studied compounds and
indicate the rationale of GABA receptor agonists use for the treatment of the early symptoms of
sAD to halt its developments and progression. These compounds, as well as gammapyrone, could
serve as candidate molecules for the design of novel anti-dementia drugs.

Keywords: GABA, streptozocin, muscimol, baclofen, diazepam, gammapyrone



ANOTACIJA

Neirodegenerativo slimibu izplatiba strauji pieaug, radot ekonomisko, finansialo un socialo
slogu gan slimniekiem, gan vinu tuviniekiem un valstij. Visbiezak sastopama neirodegenerativa
saslim8ana ir sporadiska Alcheimera slimiba (sAD), kuras apturé$anai un izarst€Sanai joprojam
nav atrasti efektivi lidzekli.

Biitisku lomu sAD progresesana spélé neiroiekaisums, neirotransmiteru sist€ému disbalanss,
oksidativais stress un mitohondrialie trauc€jumi. Nemot véra, ka Sie patologiskie procesi sakas
vairakas dekades pirms klinisko simptomu manifestacijas, 21. gadsimta ir izskangjis jauns

"9

imperativs: “apstadinasim $o slimibu pirms ta ir sakusies!”. Lidz ar to tiek mekl&tas iespgjas, ka
apstadinat kognitivo funkciju pasliktinasanos jau pre-demences stadija.

Saskana ar musu koncepciju, ka smadzenu Stinu funkciongSanas uzturéSanai un atminas
stimul@Sanai nepiecieSama ne tikai aktivéjoso neirotransmiteru (acetilholina, glutamata) sistému
regulacija, bet svarigak ir nodro$inat balansu starp tas un inhib&josas gamma-aminosviestskabes
(GABA) sistémas aktivitati, promocijas darba esam pétijusi GABA-A un GABA-B receptoru
agonistus (muscimolu/diazepamu un baklofénu, attiecigi), ka art GABA molekulu un tas
elementus saturo$u savienojumu gammapironu. Sis vielas ievaditas loti zemas vai zemas devas,
sagaidot neiroprotektivos un atminu uzlabojoSos efektus, atSkiriba no lielo devu atminu
depresgjosas darbibas.

Esam pétijusi §is vielas sAD tipa zurku modeli, kas iegiits, intracerebroventrikulari (icv)
ievadot neirotoksinu streptozocinu (STZ). Pirmo reizi esam atklajusi, ka p&tamie savienojumi
uzlaboja telpiskas atminas procesus, ka arl normaliz&ja STZ izraisitas patologiskas izmainas
smadzenu garozas un hipokampa audu proteinu ekspresija, kas atbild par neiroiekaisumu,
acetilholina SkelSanu un GABA sintézi, sinaptisko plasticitati. Gammapirons, kaut ar neuzrada
saistiSanas afinitati pret GABA receptoriem, darbojas l1dzigi GABA receptoru agonistiem in vivo
un ex vivo eksperimentos, bez tam in vitro uzradot arT mitohondriju funkciju regul&josas 1pasibas.

legtitie dati liecina par pétamo vielu alostériskas regulacijas mehanismiem un norada uz
GABA receptoru agonistu lietoSanas perspektivitati, lai noveérstu sAD agrinos simptomus,
aizkavgjot slimibas attistibu un progreséianu. Sis vielas un ari gammapirons var kalpot ka
kandidatmolekulas jaunu pretdemences preparatu dizaina.

Atslegvardi: GABA, streptozocins, muscimols, bakloféns, diazepams, gammapirons
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INTRODUCTION

The actuality of the study

Incidence of neurodegenerative diseases is rapidly increasing, thus creating an economic,
financial and social burden for the patients, their families and the government. Among the
common neurodegenerative diseases — Parkinson’s disease, Huntington’s disease, multiple
sclerosis and others — the most widespread is the Alzheimer’s disease (AD). Currently, it affects
approximately 50 million people worldwide, but this number is expected to triple by 2050. In
contrast to the inherited or familial AD (about 1-5% of all AD cases) that starts at 40-45 years of
age and is characterized by the generation and brain accumulation of misfolded amyloid beta
peptide 1-42 (AB42), sporadic (sAD) type constitutes 95-99% of all cases and is characterized by
late onset (60-65 years of age) of cognitive impairments. Unfortunately, effective therapeutic

compounds that would halt the progression of the disease have not yet been developed.

The aim of the study

The aim of the current thesis was to study the effects of GABA-A, GABA-B receptor
agonists, as well as GABA elements-containing compound on cognitive functions and the
expression intensity of proteins that are involved in neuroinflammation, synthesis of
neurotransmitters, synaptic plasticity and mitochondrial functioning using a rat model of sAD

(obtained by intracerebroventricular streptozocin injection).

Tasks of the study

1. To assess the effects of GABA-A receptor agonists muscimol and diazepam, GABA-B
receptor agonist baclofen and GABA elements-containing compound gammapyrone on rat spatial
learning/memory.

2. Ex vivo: to detect the effects of the studied compounds on the changes in the density of
brain proteins involved in: astroglial (GFAP) and microglial (Iba-1) activation, synaptic plasticity
(SYP1), acetylcholine cleavage (AChE) and GABA synthesis (GAD67).

3. In vitro: to assess the binding of gammapyrone to GABA-A and GABA-B receptors, as
well as the effects of gammapyrone on PC12 cell viability, changes in mitochondrial membrane
potential, activity of mitochondrial complexes and on apoptosis (Bcl2, Bax, CASP 3 and p53).

4. To identify the main pathological processes that are targeted by the studied compounds.



Concept of the study

Opposite to the classical sedative/tranquilizing or memory-impairing effects of GABA
receptor agonists that occur after these compounds bind to their receptor sites, our concept is that
at very low and low (10-100 times lower) subsedative doses, GABA-A and GABA-B receptor
agonists might act by allosterically modulating either GABA receptors or other non-specific
receptor proteins, thereby resulting in memory-stimulating activity. Similar activity might be
caused by GABA and its elements-containing compound gammapyrone.

Theoretical basis of our concept is the information on the complexity of GABA receptors:
they have a large number of subunit combinations, as well as different localization sites (synaptic,
extrasynaptic and perisynaptic in glial cells). Allosteric modulation is provided by molecules that
do not bind to the neurotransmitter receptor orthosteric binding sites, but bind to the
topographically distinct sites (Urwyler et al., 2005). Allosteric modulators do not possess the
intrinsic affinity of agonists, however, after binding they can induce conformational changes in
the proteins, thereby inducing cell responses that are different from the typical ones (Urwyler et

al., 2005).

Thesis for the defense

1. GABA-A and GABA-B receptor agonists at very low and moderate doses may stimulate
spatial learning/memory processes in a rat model of sAD.

2. This stimulatory effect might be also produced by GABA elements-containing compound
gammapyrone.

3. GABA-A, GABA-B receptor agonists and gammapyrone at low doses might show
regulating effects on the expression of brain proteins which are involved
neuroinflammation, acetylcholine cleavage, GABA synthesis and synaptic protein
expression.

4. Gammapyrone in vitro might protect against mitochondrial dysfunction and apoptosis.

Methods

The following methods were used in the studies:

1) In vivo: Morris water maze test for the assessment of spatial learning and memory,

open field test for the assessment of the locomotory performance;
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2) Ex vivo: immunohistochemical and histochemical methods for the assessment of brain
protein expression;
3) Invitro: binding of gammapyrone to GABA-A and GABA-B receptors; in PC12 cells,

the assessment of gammapyrone effects on mitochondrial processes.

Selection of compounds

1) GABA-A receptor GABA site specific agonist muscimol and benzodiazepine site
regulator diazepam (Fig. 1A and 1B, respectively);

2) GABA-B receptor specific agonist baclofen (Fig. 1C);

3) Gammapyrone, compound that contains three GABA molecules: one natural (free)
GABA, joined with 1,4-dihydropyridine (DHP) ring at position 4, and two “crypto”
GABAs enclosed in DHP molecule. Free and “crypto” GABAs are connected by a
peptide bond (-CONH-) that makes gammapyrone a peptide-mimicking structure (Fig.
1D). Gammapyrone belongs to the atypical DHPs, since it does not possess calcium

channel blocking activity (Klusa, 2016).

CH3 O
I) GABA
moiety
HO # / —

Peptide
bond

“Crypto” GABA
1-2-3-4-15-16 (X) 3
1-6-5-4-15-16 (Y)

Figure I. Structures of the studied compounds: muscimol (A), diazepam (B), baclofen (C) and

gammapyrone (D). A, B and C — internet sources, D — from (Pilipenko et al., 2019).
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1. LITERATURE OVERVIEW
1.1. Alzheimer’s disease (AD)

AD is a multifaceted, age-related progressive neurodegenerative disease and the most
prevalent cause and form of dementia (Scheltens et al., 2016). Currently, 50 million people
worldwide are diagnosed with dementia, but it is likely that this number will triple by 2050s
(Mendiola-Precoma et al., 2016). The exact mechanism of AD is still unknown. Initially, in 1908,
German physician Alois Alzheimer characterized AD with profound memory loss, post-mortem
brain atrophy, changes in the morphology of brain cells and abnormal protein deposits around
nerve cells. Later, these pathologies were identified as microgliosis, accumulation of amyloid beta
peptide 1-42 (AB42) plaques and formation of neurofibrillary tangles. Unfortunately, more than
hundred years after, the clinical diagnosis remains almost the same, although AD treatment
strategies have changed in the years due to the discovery of new factors that played a crucial role
in the etiopathogenesis of AD. Thus, one of the first AD hypotheses was the progressive deficits
of the cholinergic system, hence, the design of drugs that would selectively target the cholinergic
system, the anticholinesterases, were initiated in the 1970s. In the 1980s, glutamatergic theory
was the predominant theory of AD pathology, and antagonists of glutamate receptors were put
forward. Since the 1980s, AD was considered to be a proteopathy and the role of misfolded A
and hyperphosphorylated tau protein was defined as critical for the progression of the disease.

At present, multiple detrimental mechanisms that result in neuronal death are known to be
involved in the neuropathology of AD (Magalingam et al., 2018). There are distinct
etiopathogenetic causes of AD that are defined by the type of the disease — familial or sporadic.
Both forms and the pharmacological strategies that aim to prevent the progression of the disease

are described below.

1.2. Types of AD
1.2.1. Familial AD (fAD)

The early onset type of AD, fAD generally occurs at 40 years of age and accounts for 1-5%
of all AD cases. Extensive research has identified the genetic cause for only 1% of all fAD cases.
It is connected to mutations in the genes that encode proteins which participate in the generation
of AB. This includes mutations in three genes: amyloid precursor protein (APP) and presenilins
(PSEN)- PSENI and PSEN-2 (Sun et al., 2017). The APP gene encodes APP, a large protein that

can range from 365 to 770 amino acid residues depending on the isoform. Both PSEN genes
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encode y-secretase, an enzyme that cleaves APP. Normally, 90% of APP is processed in a non-
amyloidogenic way by two enzymes, a- and y-secretase (Fig. 2). a-Secretase catalyzes the
formation of neurotrophic soluble APPa and C-terminal fragment 83. The latter is then cleaved
by y-secretase to produce non-toxic APP intracellular domain (AICD) and a 3-kDa peptide.

In fAD, gene mutations, environmental factors and nutrition can create a shift towards
amyloidogenic APP processing (Sun et al., 2017). In this case, B-secretase cleaves APP, thus
generating significantly less active soluble APPB and C-terminal fragment 99. When the latter is
cleaved by y-secretase, AICDs and AB peptides are produced (Sun et al., 2017). In general, about
90% of the produced AS are less toxic AB40 and the remaining 10% are AB42, which is a lot more
toxic due to its ability to form soluble oligomers. Soluble AB42 oligomers can induce multiple
neurotoxic effects, such as perturbations in the synaptic transmission, decreased synaptic density,
inbhition of the hippocampal long-term potentiation and impairments in the cognitive functions

(Nhan et al., 2015).

Extracellular space/lumen  pApp Cytosol

| = |
a-secretase/ \3-secretase
| | | | | I

SAPPa C83 sAPPB C99
v-secretay y-secretase

| = — (|

p3  AICD AByo/az AICD

Figure 2. Generation of A3 through proteolytic processing of APP. APP — amyloid precursor protein;
SAPP — soluble APP; C83 — C-terminal fragment 83; C99 — C-terminal fragment 99; AICD — APP
intracellular domain; p3 — 3-kDa peptide. Adapted from (Teich and Arancio, 2012).

The prevailing hypothesis of AD is still the so-called “amyloid cascade hypothesis”, which
postulates that the excessive aggregation of AR in the brain leads to a cascade of events that end

in cognitive decline and neurodegeneration. (Fig. 3).
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Figure 3. The amyloid cascade hypothesis of AD. Adapted from (Singh et al., 2016).

Multiple therapeutical approaches have been tested with the aim to prevent or decrease the
formation of AB42 oligomers. Unfortunately, secretase inhibitors and active immunization with
fragments of AB oligomers failed to prevent the AD-related neurodegeneration. Moreover,
although passive immunization with monoclonal antibodies against AB42 (the “zumabs”, such as
bapineuzumab, solanezumab, crenezumab) was able to dissolve the AR plaques, but did not
improve cognitive functions of the individuals. Therefore, this therapeutic approach has brought

rather disappointing results (Bachmann et al., 2018).
1.2.2. Sporadic AD (sAD)

sAD constitutes 95-99% of all AD cases and is also generally characterized by protein
pathologies that results from the insufficient clearance of AB42, but its onset is later than in the
fAD — at 65 years of age. According to the amyloid cascade hypothesis, oligomerization and
accumulation of A3 also occurs in SAD, however, it starts decades later than in fAD. In sAD, the
pathological processes start about two decades before they are clinically manifested as cognitive
and neurodegenerative changes. This early stage of sAD is termed the prodromal sAD, where a

significant brain pathology has been initiated, but negligent influence on the cognitive abilities of
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the individual is observed. Mild cognitive impairment (MCI) is a transitional state between normal
aging and dementia, characterized a certain extent of memory loss, although not all MCI patients
develop AD (Markesbery, 2010). Since MCI and prodromal AD represent the early phases of
sAD, new anti-dementia initiatives are designed to prevent the onset of the disease by targeting
the pathogenic mechanisms that occur at these stages. Thus, the imperative “stop AD before it
starts” is now considered to be the most beneficial strategy for the prevention of multiple
neurodegenerative events that lead to dementia (McDade and Bateman, 2017). The disease-
modifying approaches are being designed to target multiple specific mechanisms that occur
decades before the excessive A3 accumulation is clinically detectable (Xiaonan Liu et al., 2018).

Multiple factors that have a role early in the disease progression have been recognized in
the several years of AD research and include epigenetic mechanisms, neurotransmitter imbalance,
neuroinflammation, oxidative stress, mitochondrial dysfunction, impairments in glucose
metabolism and various viral species. The major pathological processes that appear to be
dysregulated early in AD and need to be targeted by disease-modifying therapies are discussed

below.

1.3. Etiopathogenetic mechanisms of AD

1.3.1. Epigenetic mechanisms

Epigenetic regulation plays several important roles in the modulation of neuroinflammation
in AD. It includes aberrations in deoxyribonucleic acid (DNA) methylation, histone deacetylation
and subsequent chromatin remodeling, as well as dysregulation of noncoding ribonucleic acids
(RNAs) (X. Liu et al., 2018). Methylation of DNA results in the modification of cytosine residues
via addition of methyl groups to regions of DNA that are rich in cytosine/guanine (Mehler, 2008).
In AD, reduced methylation of cytosines was found in the promoter region of the APP gene (Tohgi
et al., 1999). Chromatin is necessary to assemble genomic DNA and histone proteins; altered in
chromatin can be induced by changes in the histones. The most widely reported change in the
histone proteins is the deacetylation, a process that leads to the condensing of chromatin and
subsequent suppression in gene transcription (Datta et al., 2018). Gene expression can also be
influenced by non-coding RNAs, e.g., circular, messenger and micro RNAs that were found to be
dysregulated in AB42-induced AD rats (Wang et al., 2018). These mechanisms are summarized

in Figure 4.
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Figure 4. Overview of the epigenetic mechanisms in AD. miRNA — micro RNA; siRNA —small
interfering RNA; tRNA — transfer RNA. Adapted from (X. Liu et al., 2018).

1.3.2. Mitochondrial dysfunction and oxidative stress

Oxidative phosphorylation is essential for the synthesis of the main energy substrate —
adenosine triphosphate (ATP). The production of ATP required aerobic, enzyme-mediated
synthesis through mitochondrial electron transport chain (ETC). Oxidative phosphorylation
includes the involvement of five protein complexes: reduced nicotinamide adenine
dinucleotide:ubiquinone oxidoreductase (complex I), succinate-cytochrome c¢ oxidoreductase
(complexes II+III), cytochrome c oxidase (complex IV) and ATP synthase (complex V) (Sousa
et al., 2018). Briefly, a high energy hydrogen electron is passed along the ETC with the aid of
complexes I to IV and reaches the complex V, which then synthesizes ATP from adenosine
diphosphate (Sousa et al., 2018).

The depletion of mitochondrial DNA and its lesions are the mechanisms that drive to the
reduced expression to the abovementioned enzymes (Krishnan et al., 2012).

Impaired cell bioenergetics, which originates from mitochondrial dysfunction, usually result
in oxidative stress and the formation of reactive oxygen species (ROS), common features of the
AD brain (Wang et al., 2014). Neurons are extremely susceptible to mitochondrial dysfunction,
since they largely rely on oxidative phosphorylation (Cardoso et al., 2016). Impaired functioning
of the ETC results in the generation of ROS, thereby contributing to the damage of DNA, proteins
and lipids. The most affected brain regions in AD — frontal, parietal and temporal lobes — are the

most susceptible to oxidative damage (Wang et al., 2014).
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Moreover, oxidative stress induces damage to the enzymes that participate in the
tricarboxylic acid cycle (TCA), ATP biosynthesis and glycolysis (Cheignon et al., 2018).
Oxidative changes in the brain largely contribute to impairments in normal glucose utilization
through augmenting the activity of glucose metabolism-participating enzymes. Redox proteomics
is a branch of proteomics that is utilized to identify oxidized modifications and determine the
localization and extent of them (Butterfield and Perluigi, 2016; Di Domenico et al., 2017). With
the aid of redox proteomics methods, specific oxidative modifications of the following enzymes
were discovered in human AD brains: glycolytic enzyme fructose bisphosphate aldolase, alpha-
enolase, glyceraldehyde-3-phosphate  dehydrogenase, triosephosphate isomerase and
phosphoglycerate mutase (Butterfield and Boyd-Kimball, 2018; Di Domenico et al., 2017).
Additionally, oxidative metabolism of an iron-sulfur-containing TCA cycle enzyme aconitase,
creatine kinase and ATP synthase in the mitochondria point to insufficient glucose metabolism
and low ATP production in both MCI and AD patients (Butterfield and Boyd-Kimball, 2018; Di
Domenico et al., 2017; Sultana et al., 2009). These changes result in substantially lower ATP
production and decrease the maintenance of the ionic gradients in the neurons, diminishing the
production and propagation of neuronal action potential and, hence, impairing neurotransmission.
Loss of neuronal ion gradients can result in further synaptic dysfunction through the increase in
free intracellular Ca?* levels. Higher intracellular Ca?* increases the activities of Ca**-dependent
enzymes, endonucleases, proteinases and phospholipases, leading to the breakdown of DNA,
proteins and lipids, respectively (Bhatti et al., 2017). Mitochondrial dysfunction in AD is

summarized in Figure 5.
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Figure 5. Mitochondrial dysfunction in AD. “OH — hydroxyl radical; ADP — adenosine diphosphate;
ATP — adenosine triphosphate; CAT - catalase; CoQ — coenzyme Q; FAD - flavin adenine
dinucleotide; Fe** — ferrous ion; GPX — glutathione peroxidase; GSH — glutathione; GSSG —
glutathione disulfide; H" — hydrogen ion; H,O; — hydrogen peroxide; O; — oxygen; ONOO™ —
peroxynitrite; NAD" — nicotinamide adenine dinucleotide; NADH — reduced nicotinamide adenine

dinucleotide; Pi — phosphate ion; SOD — superoxide dismutase. Adapted from (Bhatti et al., 2017).
1.3.3. Neuroinflammation

Neuroinflammation is an excessive inflammatory response of the central nervous system
(CNS) and a fundamental neuropathological process that is observed in multiple diseases, e.g.,
amyotrophic lateral sclerosis (McCombe and Henderson, 2011), Parkinson’s disease (Wang et al.,
2015), multiple sclerosis (Chen et al., 2016) and AD (Kinney et al., 2018). A close spatio-temporal
relationship between activated microglia and AR plaques has been well described, indicating the
role of microglia in the clearance of AB3, and it was considered that the plaques activate microglia
(Wisniewski et al., 1981). However, it has now been proven that microgliosis actually precedes
the accumulation of A in SAD and fAD, and may further contribute to the seeding of amyloid
plaques (Sosna et al., 2018). Inflammation in the brain, however, has a dual role: it is

neuroprotective in the early AD phases, but shifts towards hazardous when the response is chronic
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(Kim and Joh, 2006). When microglial cells become chronically activated, numerous toxic and
proinflammatory molecules are released, namely cytokines, ROS and nitric oxide (McQuade and
Blurton-Jones, 2019). Early in AD, acute response to the inflammatory stimuli produces
neuroprotective effects through the cleavage of AB. Nevertheless, chronic immune response is
detrimental, since chronically activated microglial cells become involved in a vicious feedback
loop, otherwise termed reactive microgliosis. Due to the sustained release of proinflammatory
cytokines, microglial cells become unable to effectively cleave the AB, which leads to the
accumulation of A plaques (McQuade and Blurton-Jones., 2019). The release of cytokines and
accumulation of AB eventually damages the neurons. Neuroinflammatory microglia might also
impair the ability of reactive astrocytes to promote neuronal survival, synaptogenesis and
phagocytosis (Liddelow et al., 2017). A simplified schematic of neuroinflammation in AD is

shown in Figure 6.
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Figure 6. Simplified depiction of neuroinflammatory process in AD. Adapted from (Morales et al.,

2014).

Genome wide association studies (GWAS) largely aided in the identification of the risk loci
of AD, and a large number has been, in fact, detected in or around the genes that are expressed by
microglia. In a recent study that involved more than 300,000 individuals, 49 single nucleotide
polymorphisms (SNPs) that correlate with the risk of AD development have been discovered, and
29 of them were most highly expressed in microglia (Marioni et al., 2018). The highest (2- to 4-

fold) risk of AD development is associated with the rare missense mutation in the Triggering
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Receptor Expressed on Myeloid cells-2 (TREM-2), receptors that are mainly expressed on the
surface of microglia cells (Guerreiro et al., 2013). Mutations in TREM-2 lead to insufficient
activation of microglia and decrease its ability to clear AB plaques. Therefore, loss of TREM-2

function appears to exacerbate the severity of AD (McQuade and Blurton-Jones, 2019).

1.3.4. Impairments in glucose metabolism

Glucose is a major source of energy not only in the periphery, but also in the brain. Through
TCA, glycolysis and ETC complexes I to IV, glucose becomes metabolized to ATP to provide
fuel for the brain. Glucose transporters (GLUTs) and brain insulin are crucial for glucose uptake
from the vasculature and its usage by the brain cells, respectively (Arnold et al., 2018).

Glucose transport, therefore, mainly relies on GLUT1 and GLUT3. Along with the insulin-
sensitive GLUT4, mainly expressed by cerebellar neurons, the insulin-independent GLUT]1 is the
main transporter of glucose transport through the blood-brain barrier into the brain and,
specifically, into astrocytes (Leybaert et al., 2007). GLUT3 is responsible for the transport of
glucose into neurons (Simpson et al., 2007). Reduced densities of GLUT1/3 are frequently found
post-mortem in the brain of AD patients (Liu et al., 2008).

One of the key mechanisms of AD progression is the development of brain insulin
resistance. It leads to neurofibrillary degeneration via two cooperating pathways: 1)
phosphatidylinositide 3-kinase (PI3K) signaling activity and glycogen synthase kinase-33 (GSK-
3B) overactivation and 2) decreased GLUT1 and GLUT3 expression and decreased intraneuronal
glucose metabolism (Arnold et al., 2018; Croteau et al., 2018). The PI3K/protein kinase B
pathway regulates the inhibitory phosphorylation of GSK-3 at serine 9 position (Kaytor and Orr,
2002). Decreased activity of this pathway leads to the excessive activity of GSK-3[3, a major
kinase that regulates tau phosphorylation (Deng et al., 2009).

One of the mechanisms for brain insulin resistance includes the activation of a multi-protein
complex, mechanistic Target Of Rapamycin (mTOR) (Di Domenico et al., 2018). Activation of
mTOR leads to the inhibition of autophagy in AD, which results in the accumulation of misfolded
and aggregated proteins, damaged mitochondria and other organelles (Tramutola et al., 2015).
Impaired autophagy-mediated neuronal death is a process that is found in the early stages of AD,
both in the pre-dementia and MCI stages (Tramutola et al., 2015). Brain insulin resistance might
also lead to deficits in neuronal glucose levels, coinciding with glucose hypometabolism and

decreased ATP production (Di Domenico et al., 2018). The decreased ability of brain tissues to
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utilize glucose shifts the cleavage of APP to amyloidogenic and elevates tau phosphorylation,

thereby resulting in the accumulation of A and hyperphosphorylated tau (Grieb, 2016; Fig. 7).
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Figure 7. The cerebral glucose hypometabolism cascade hypothesis of AD. BAPP — amyloid
precursor protein; Al — amyloid beta; CMR — cerebral metabolic rate. Adapted from (Grieb, 2016).

1.3.5. Apolipoprotein E4

Apolipoprotein E (APOE) plays a major role in cholesterol transport, response to brain
injury, as well as in glucose metabolism (Dorey et al., 2014). A polymorphism in the APOE
epsilon 4 allele (APOE4) is the single strongest genetic risk factor of SAD (Agosta et al., 2009).
Strong evidence comes from in vivo and in vitro studies, suggesting that APOE4 participates in
AD-associated neuronal degeneration. APOE4 mice showed activation of the amyloid
accumulation cascade that led to the degeneration of the neurons in the entorhinal cortex and in
the hippocampus (Belinson et al., 2008).

In carriers of APOE4 with a clinically established AD and cognitive impairment, a decrease
in mitochondrial enzymatic activity is evident (Wilkins et al., 2017). Fragments of APOE4 are
neurotoxic and may interact with mitochondria, resulting in its dysfunction and a lesser chance of
survival (Mufioz et al., 2018).

APOEA4 is primarily produced in glial cells, although in injury- and stress-related situations,

its production can also occur in neurons (Xu, 2006). In post-mortem studies, the presence of the
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APOEA4 allele was shown to be significantly stimulating the accumulation of reactive glia in the
frontal gyrus (Minett et al., 2016). Microglia and astrocytes that express APOE4 induce gliosis in
the brain parenchyma and promote a release of pro-inflammatory agents that result in synaptic

death and neuronal loss.

1.3.6. Viral infections

Herpes simplex virus type 1 is a strong risk factor for AD, especially in APOE4 carriers,
where it might be reactivated by inflammatory and immunosuppressive events, resulting in the
development of AD (Itzhaki, 2018). Implications on the role of pathogenic organisms in the
progression of sAD has been studied for almost three decades, but large-scale multi-omic studies
have only been completed recently. The results of one such study have shown that human herpes
virus-6A and -7 play a major role in the regulation of genetic networks and may, therefore, initiate

neuropathological processes that result in AD (Readhead et al., 2018).

1.3.7. Neurotransmitter dysfunction

1.3.7.1.Cholinergic neurotransmission

Acetylcholine is a major neurotransmitter of the CNS and cholinergic synapses are
ubiquitous throughout the whole cortex, basal ganglia and basal forebrain (Mesulam, 2013).
Autopsy studies of human AD patients have demonstrated that the impairment in the functioning
of the cholinergic system occurs due to the degeneration of nucleus basalis of Meynert cholinergic
neurons, as well as their axonal projections to the cerebral cortex (Davies and Maloney, 1976).
Three major discoveries resulted in the development of the cholinergic hypothesis, namely: a) the
discovery of presynaptic cholinergic depletion in the cerebral cortex (Davies and Maloney, 1976),
b) the discovery of the nucleus basalis of Meynert in the basal forebrain as the major source of
cortical cholinergic innervation, and its role in AD (Mesulam, 2013), and c) the demonstration
that the antagonists of the cholinergic receptors weaken, while the agonists improve memory
(Drachman and Leavitt, 1974). Recent data suggest that in SAD an abnormal interaction between
different molecular pathways creates a malfunction and, ultimately, a collapse of the cholinergic
system (Hampel et al., 2018). The key role of cholinergic transmission in higher brain functions,
e.g., learning and memory, is marked by the presence of high density cholinergic synapses located
in the striatum, limbic system, thalamus and neocortex (Hampel et al., 2018).

Current therapeutic strategies in the management of AD are based on the maintenance of

the cholinergic function by attenuating the breakdown of acetylcholine using inhibitors of the
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enzyme acetylcholinesterase (Massoud and Gauthier, 2010). Galantamine, donepezil and
rivastigmine have been reported to significantly improve cognition in individuals with AD
(Massoud and Gauthier, 2010). A meta-analysis on the use of galantamine, donepezil and
rivastigmine reported a modest efficacy of these drugs in terms of stabilizing cognition, behavior,

and global clinical change (Hansen et al., 2008).
1.3.7.2. Glutamatergic neurotransmission

Another major hypothesis of AD includes excessive excitatory glutamatergic
neurotransmission that occurs through N-methyl-D-aspartate (NMDA) receptors. Normally,
glutamatergic neurotransmission mediates calcium ion (Ca?") influx and thereby promotes
neuronal survival and synaptic plasticity. In AD, NMDA receptors become extensively and
increasingly activated, a process termed excitotoxicity that results in Ca** overload, thus leading
to cell death and neurodegeneration (Wang and Reddy, 2017). Memantine, a selective antagonist
of the extrasynaptic NMDA receptors, symptomatically reduces excitotoxicity and is used per se
or concomitantly with anticholinesterase drugs mentioned above (Wang and Reddy, 2017).
Unfortunately, memantine has not shown any promising activity in reducing cognitive

impairments and the progression of AD.
1.3.7.3. GABAergic neurotransmission

Although the role of GABAergic system in the etiopathogenesis of AD has long been
considered to be minor, recent studies have highlighted the deficits of the primary inhibitory
neurotransmitter of the CNS in the progression of the neurodegenerative disease. The imbalance
in the functioning of excitatory glutamatergic and inhibitory GABAergic systems is believed to
facilitate neurodegenerative events and synaptic dysfunction in AD (Calsolaro and Edison, 2016;
Nava-Mesa et al., 2014; Palop and Mucke, 2010). GABA is produced by neurons through the
conversion of glutamic acid with the aid of enzyme glutamic acid decarboxylase. Upon release,
GABA can: 1) bind to its ionotropic receptor, GABA-A, and induce fast hyperpolarization or 2)
bind to its metabotropic GABA-B receptor and induce a slow inhibitory postsynaptic current
(Padgett and Slesinger, 2010). Influx of chloride ions leads to the hyperpolarization of the
postsynaptic neuron and hence decreases the probability of the action potential firing. The role of
GABA-A and GABA-B receptors are well documented and include sedative, tranquilizing and
hypnotic effects. Chronic use of GABA-A receptor agonists, such as diazepam, has been

attributed to the impairment of memory, e.g., anterograde amnesia.
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However, recently, detailed analysis of the GABA receptors has been done and its complex
interaction with its subunits and their heterogeneity was reported. There are 5 main subunits of
the GABA-A receptors, as shown in Figure 8, there are numerous subunits that can be combined
in order to create the ionotropic receptor. The repertoire of the 5 GABA-A receptor subunits are
thought to underpin the expression of somewhat 20 to 30 distinct subtypes of GABA-A receptors,
expressed heterogeneously throughout the mammalian CNS (Fritschy and Briinig, 2003).
Nevertheless, it is now known that 19 different genes code for individual subunits of the large
“family” of GABA-A receptor: a(1-6), B(1-3), y(1-3), p(1-3), d, &, 6 and w. According to the
aminoacid homology, these can be further divided into subfamilies and the number of
heteropentameric combinations is large. These subunits are further divided into subfamilies

depending on their amino acid homology (Olsen and Sieghart, 2008).
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Figure 8. GABA-A receptor subunit arrangement. Isoforms of the pentameric GABA receptor (A).
Membrane-embedded GABA-A receptor (B) with the benzodiazepine binding site (orange), low-
affinity site (green) and a view from outside of the cell that depicts the benzodiazepine binding site
and a homologous site (brown). Adapted from (Sigel and Ernst, 2018).

Complexity of GABA-A receptors is further observed at the synapse level: y-subunit-
containing GABA-A receptors are mainly localized post-synaptically, whereas o-subunit-
containing are predominantly localized extra-synaptically. Furthermore, GABA receptors are also
localized on the glial cell surface (Fig. 9). Micromolar concentrations of the GABA and GABA-
A receptor agonist muscimol displayed 8- to 22-fold higher potency at high-affinity extra-synaptic
receptors than at synaptic receptors (Ahring et al., 2016).
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Figure 9. Localization of GABA receptors. BGT — betaine-GABA transporter; CI' — chlorine ions;
GABAAR — GABA-A receptor; GAT — GABA transporter; VIAAT — vesicular inhibitory amino acid

transporter; Na® — sodium ions. Adapted from (Lie et al., 2017).

GABA-B receptors are metabotropic, ubiquitously expressed receptors (Terunuma, 2018).
Signaling that is mediated through GABA-B receptors involved G protein-activated potassium
channels, adenylyl cyclase and voltage-gated Ca?* channels (Bettler et al., 2004). The result of
such signaling is the modulation of neuronal excitability and inhibition of neurotransmitter release
(Bettler et al., 2004). There is a certain complexity of the GABA-B receptor and its subunits.
GABA-B (1a,2) receptors are located pre-synaptically, whereas GABA-B (1b,2) receptors are
predominantly expressed post-synaptically (Gassmann and Bettler, 2012; Marshall et al., 1999;
O’Leary et al., 2014). The only selective GABA-B receptor agonist on the market is baclofen,
which is used to treat spasticity and as a muscle relaxant in patients that suffer from multiple

sclerosis, cerebral palsy and hemi- or tetraplegia (Froestl, 2010). Baclofen therapeutically acts by
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inhibiting the release of excitatory neurotransmitters and neuropeptides in spinal cord, owing to
its anti-spastic effects. The unwanted effects of baclofen include sedation, motor impairment and

the development of tolerance. Structure of the GABA-B receptors is shown in Figure 10.
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Figure 10. Structural organization of the GABA-B receptor. 7-TM — 7-transmembrane domain.

Adapted from (Xu et al., 2014).

GABA participates in intercommunication with both glutamatergic and cholinergic
neurotransmitter systems in the hippocampus and neocortex, the brain regions that are involved
in providing synaptic plasticity and formation of memory (Ellender and Paulsen, 2010; Lawrence,
2008). Recent data highlight that GABA plays the lead role in learning and memory processes
(Heaney and Kinney, 2016; Lee et al., 2011) and also regulates immune signaling (Lee et al.,
2011). Processing of information in the brain relies on the spatial and temporal control of the way
action potentials are transmitted between neural populations so that they fire action potentials in
a coordinated manner (Panzeri et al., 2015). Specific neuronal populations are recruited and
modulated by differential inhibitory neurons, whose heterogeneity corresponds to their ability to
effectively and selectively regulate all compartments of the cells that these neurons target (Roux

and Buzsaki, 2015). Inhibitory neurons participate in the regulation of all aspects of cell signal
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transmission, starting from the input generation and ending with the output production. These
neurons oversee the computations at the synaptic, cellular and network levels (Roux and Buzsaki,
2015). If one of these processes becomes dysregulated, a series of deleterious events might follow,
resulting in cognitive and behavioral deficits (Palop and Mucke, 2010). The highest diversity of
inhibitory neurons is observed in the hippocampal and neighboring regions, where more than 20
different neuronal cell types exist. Control provided by inhibitory neurons occurs in response to
several sensory stimuli (Roux and Buzsaki, 2015), during higher order executive function
(memory encoding or recall) performance (Ognjanovski et al., 2017) or specific behavioral states,
e.g., mobility.

Hippocampus is a particularly important region where GABA produces its effects.
Neurodegeneration in AD is partly evident as brain atrophy in the temporal lobe, specifically in
the hippocampus. Loss of hippocampal pyramidal neurons was described in preclinical AD
models (Eimer and Vassar, 2013; Fuhrmann et al., 2010). Adult neurogenesis takes place within
the dentate gyrus (DG) both in rodents and in humans (Ming and Song, 2011) and it has been
implied in AD among other several pathological processes (Mu and Gage, 2011). The DG is a
compartment of hippocampus that is particularly vulnerable to amyloidosis, as shown by multiple
studies (Chin, 2005; Palop, 2005). Both glutamatergic and GABAergic inputs regulate adult
neurogenesis in the DG throughout postnatal development in a time-dependent fashion (Ming and
Song, 2011; Toni et al., 2008). A knockin and expression of the APOE4 gene resulted in a
reduction of GABAergic interneurons and synapses in the DG, coinciding with a lack of mature
adult-born granule cells (Li et al., 2010). Increase in neural progenitor cell proliferation and
insufficient maturation of the newborn granule cells were observed in APP knockout mice, a
model characterized by impairments in GABAergic synaptic transmission (Wang et al., 2014).

Inhibitory neurons are the pillars of adequate functionality in neuronal networks. Lack of
sufficient inhibitory control might cause abnormal network activity patters that could lead to
behavioral and cognitive impairments. Molecular and cellular level pathological changes in
glutamatergic and GABAergic signaling might be reflected on a larger scale as abnormalities in
the activity of the networks. Aberrant signaling of GABA has been well documented in AD (De
Strooper and Karran, 2016; Jo et al., 2014; Kim and Yoon, 2017; Li et al., 2016; Wu et al., 2014).
Excessive release of GABA by astrocytes of the DG was observed in both APOE4 knockin and
APPswe/PS1de9 mice (Jo et al., 2014; Wu et al., 2014). As a result, tonic inhibition by GABA
was increased and a deficit in long-term potentiation was present. The reduction of tonic GABA
inhibition and in GABA synthesis rescued spatial reference memory (Jo et al., 2014) and working

memory (Wu et al., 2014), respectively. An increase in GABA synthesis and release from
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astrocytes might occur as a compensatory action in response to the hyperexcitation. A schematic

representation of GABAergic dysfunction in AD is shown in Figure 11.
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Figure 11. Schematic depiction of the GABAergic dysfunction in AD. PN — principal neurons.
Adapted from (Giovannetti and Fuhrmann, 2019).

A decrease in GABA uptake was documented a long time ago using synaptosomal
preparations from AD brains (Hardy et al., 1987) and radioactive labeling (Simpson et al., 1988)
that allowed to conclude that a loss of GABAergic synapses was evident. Recently, deficits in
GABA amounts and GABA receptor levels in AD have also been described by several authors
(Calvo-Flores Guzman et al., 2018; Govindpani et al., 2017; Kwakowsky et al., 2018). Different
subunits of GABA-A receptors were studied in the prefrontal, entorhinal and temporal cortex
using quantitative polymerase chain reaction method; a decrease in the number of receptors have
been observed in these regions (Howell et al., 2000; Limon et al., 2012; Luchetti et al., 2011).

Activation of glia and as a response to the dysregulation of neural activity is a major factor
that further exacerbates neurodegeneration. Although the interaction between GABAergic and
glial cells has not been extensively studied, several studies have demonstrated that GABAergic
transmission is associated with immune processes. GABA-B receptors of the Gi, subclass are
expressed on microglial cell surface and are upregulated when microglia become activated (Kuhn

et al., 2004). Furthermore, both GABA-A and GABA-B receptors regulate anti-inflammatory
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processes. It has been demonstrated that upon release from astrocytes into the extracellular fluid,
GABA is able to diminish astro- and microglia-induced release of interleukin-6 and tumor
necrosis factor a that occurs through GABA-B receptor (Lee et al., 2011). Moreover, GABA was
proven to inhibit inflammatory reactions governed by activated microglia and astroglia (Carson
et al., 2006; Karve et al., 2016; Lee et al., 2011). Agonist of the GABA-B receptors baclofen
reduced intracellular inflammatory pathways by 40 to 60% (Lee et al., 2011). Overall, anti-
inflammatory effects of GABA receptor agonists were previously documented in multiple models

of inflammation.

1.4. Models of AD

There are hundreds of different models of fAD, and they replicate the familial form of the
disease. These models are generally transgenic and include overproduction, knockout or knockin
of the genes that are involved in the accumulation of AB, tau hyperphosphorylation and others.
However, sAD has also been successfully modeled with the use of non-transgenic animals.

Non-transgenic models of AD are mostly obtained by administering a neurotoxic substance,
e.g., AB42, streptozocin (STZ), alloxan directly into the animal brain. STZ is a glucosamine-
nitrosourea compound derived from soil bacteria and firstly developed as an anti-cancer agent,
until the discovery of its diabetogenic properties in 1963. Single bilateral intracerebroventricular
(icv) STZ injection produces multiple effects that resemble the molecular, pathological, and
behavioral features of sAD that cannot be mimicked by the transgenic mice models of fAD (Grieb,
2016). As in the fAD models, the ultimate result is the AP pathology and neurodegeneration.
However, the first effects produced by a single subdiabetogenic dose (3 mg/kg) were impaired
insulin signaling, overactivation of glycogen synthase kinase-3f and significantly lower levels of
major brain GLUT 1 and GLUT3 (Deng et al., 2009). Chronic decrease in cerebral glucose uptake
led to several AD-like pathophysiological changes such as brain insulin resistance, decreased
brain glucose metabolism (Grieb, 2016; Kamat et al., 2016). Glial activation, tumor necrosis
factor-a and the generation of free radicals was the next major event that took place in the icv
STZ model and produced progressive deterioration of memory function (Rai et al., 2014).
Concomitantly, brain mitochondrial abnormalities and brain tissue oxidative stress (Tiwari et al.,
2009) were detected, leading to caspase-mediated apoptotic cell death (Chen et al., 2013; Saxena
etal., 2011). The mentioned behavioral and neurodegenerative responses appeared at distinct time
courses ranging from 1 h to 15 days (Santos et al., 2012). Moreover, five weeks after STZ

injection, decreased brain weight, significant accumulation of hippocampal AP and elevated
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levels of hippocampal and cortical hyperphosphorylated tau were reported (Correia et al., 2013;

Grieb, 2016). The schematic representation of STZ mechanism of action is shown in Figure 12.
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Figure 12. The effects of intracerebroventricular (icv) injection of streptozocin (STZ). Adapted from
(Kamat, 2015).

30



2. METHODS
2.1. Animals

Male Wistar rats (280 = 20 g) were obtained from the Laboratory Animal Center, University
of Tartu, Estonia. All efforts were made to minimize animal suffering and reduce the number of
animals used. The experiments were conducted in accordance with the EU Directive 2010/63/EU
and local laws and policies on the protection of animals used for scientific purposes. The animal
protocol used in the present study was approved by the Animal Ethics Committee of the Food and
Veterinary Service, Riga, Latvia. The animals were housed in polypropylene cages (5 rats per
cage) with food (R70, Lantmadnnen, Sweden) and tap water provided ad libitum in a controlled
laboratory environment (temperature 2242 °C, humidity 50-60%, 12/12 h light/dark cycle). The
exclusion criteria for the behavioral and biochemical tests were as follows: 1) changes in behavior
(aggressiveness, changes in breathing (tachypnea/dyspnea), decrease in movement, abnormal
gait, inability to be handled); 2) negative impact of environment (diarrhea with/without blood);

and 3) worsening of visual appearance (unkempt coat, weight loss more than 20%).

2.2. Chemicals and antibodies

The following chemicals were purchased from Sigma-Aldrich (USA): 3.,3’-
diaminobenzidine (DAB, cat. nr. D5905), anti-GFAP antibody (cat. nr. G3893), anti-SYP1
antibody (cat. nr. S6758), bovine serum albumin (BSA, cat. nr. 422351S), di-2-ethylhexyl
phthalate (DEHP, cat. nr. D201154), ethopropazine (cat. nr. E5406), ExtrAvidin Peroxidase
Staining Kit (cat. nr. EXTRA?2), 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES,
cat. nr. H3375), Mayer’s hematoxylin solution (cat. nr. MHS16), muscimol (cat. nr. M1523), STZ
(cat. nr. S0130) and Triton X-100 (cat. nr. X100). Anti-Iba-1 antibody (cat. nr. 019-19741) was
supplied by Wako (Japan). Goat anti-rabbit immunoglobulins (cat. nr. ab205718) were purchased
from Abcam (USA). S-acetylthiocholine iodide (cat. nr. A16802) and nickel ammonium sulfate
hexahydrate (cat. nr. 12519) was obtained from Alfa Aesar (USA). Copper sulphate (cat. nr.
102790), potassium hexacyanoferrate (III) (cat. nr. 104973) and sodium citrate (cat. nr. 106448)
were purchased from Merck-Millipore (USA). Anti-Bax antibody (cat. nr. sc-7480), anti-Bcl2
antibody (cat. nr. sc-7382), anti-caspase 3 (CASP 3) antibody (cat. nr. sc-7272) and anti-GAD67
antibody (cat. nr. sc-28376) were procured from Santa Cruz Biotechnology (USA). Invitrogen™
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, cat. nr. M6494),
Invitrogen™ Molecular Probes, 2,7-dichlorofluorescein (DCF) diacetate (cat. nr. D399), Gibco™
Dulbecco's modified Eagle medium (DMEM, cat. nr. 670087), Gibco™ horse serum (cat. nr.
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16050122), Gibco™ fetal bovine serum (cat. nr. 16000044), phosphate buffered saline (PBS, cat.
nr. 70011-044), trypsin-ethylenediaminetetraacetic acid solution (cat. nr. 25300062), penicillin-
streptomycin-glutamine mixture (cat. nr. 10378016) were purchased from ThermoFisher
Scientific (USA). Anti-p53 antibody (cat. nr. 9286) was purchased from Cell Signaling
Technology (The Netherlands). Artificial cerebrospinal fluid (aCSF) was prepared ex tempore
(mmol/1): 147 mM NaCl, 2.9 mM KCl, 1.6 mM MgCl,, 1.7 mM CaCl; and 2.2 mM d-glucose
were dissolved in water for injection. Gammapyrone was synthesized at the Laboratory of
Membrane Active Compounds of the Latvian Institute of Organic Synthesis (Riga, Latvia).

Diazepam solution (5 mg/ml) was obtained from JSC “Grindeks” (Latvia).

2.3. In vivo experiments
2.3.1. Drug treatments

2.3.1.1. Treatment with muscimeol

The rats were randomly divided into six groups of 10 animals each. The groups were
injected intraperitoneally (ip) with either saline (1 ml/kg) or muscimol (M, 0.01 and 0.05 mg/kg,
dissolved in saline) for 3 consecutive days prior to the icv injection of STZ or aCSF and during 4
consecutive water maze training days. The following groups were used in the muscimol
experiments: 1) ip saline and icv aCSF (Control); 2) ip saline and icv STZ (STZ); 3) ip muscimol
0.01 mg/kg and icv aCSF (M 0.01 + aCSF); 4) ip muscimol 0.05 mg/kg and icv aCSF (M 0.05 +
aCSF); 5) ip muscimol 0.01 mg/kg and icv STZ (M 0.01 + STZ); and 6) ip muscimol 0.05 mg/kg
and icv STZ (M 0.05 + STZ).

2.3.1.2. Treatment with diazepam

The rats were randomly allocated to one of the six groups (n=10) and received ip injections
of either saline (1 ml/kg) or diazepam (DZP, 0.05 and 1 mg/kg). Administration of saline or
diazepam was done for 3 consecutive days prior to the icv injection of STZ or aCSF, as well as
on experimental days 5-22.The groups were the following: 1) ip saline and icv aCSF (Control);
2) ip saline and i.c.v. STZ (STZ); 3) ip diazepam 0.05 mg/kg and icv aCSF (DZP 0.05 + aCSF);
4) ip diazepam 1 mg/kg + icv aCSF (DZP 1 + aCSF); 5) ip diazepam 0.05 mg/kg and icv STZ
(DZP 0.05 + STZ); 6) ip diazepam 1 mg/kg + icv STZ (DZP 1 + STZ).
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2.3.1.3. Treatment with baclofen

The rats were randomly divided into six groups of 10 animals each. The groups received ip
injections of either saline (1 ml/kg) or baclofen (BCL, 0.025 and 0.05 mg/kg, dissolved in saline)
for 3 consecutive days prior to the icv injection of STZ or aCSF and during 4 consecutive water
maze training days (30 min prior to the test). The following groups were used: 1) ip saline and icv
aCSF (Control); 2) ip saline and icv STZ (STZ); 3) ip baclofen 0.025 mg/kg and icv aCSF (BCL
0.025 + aCSF); 4) ip baclofen 0.05 mg/kg and icv aCSF (BCL 0.05 + aCSF); 5) ip baclofen 0.025
mg/kg and icv STZ (BCL 0.025 + STZ); and 6) ip baclofen 0.05 mg/kg and icv STZ (BCL 0.05
+ STZ).

2.3.1.4. Treatment with gammapyrone

The rats were randomly divided into six groups of 10 animals each and received ip injections
of either saline (1 mL/kg) or gammapyrone (0.1 and 0.5 mg/kg). Saline and gammapyrone were
injected once daily for 3 consecutive days prior to the icv injection of STZ or aCSF, and on
experimental days 15-22 (30 min prior to the test). The groups were the following: 1) saline ip
and icv aCSF (Control); 2) saline ip and icv STZ (STZ); 3) gammapyrone 0.1 mg/kg ip and icv
aCSF (GMP 0.1 + aCSF); 4) gammapyrone 0.5 mg/kg + icv aCSF (GMP 0.5 + aCSF); 5)
gammapyrone 0.1 mg/kg ip and icv STZ (GMP 0.1 + STZ); 6) gammapyrone 0.5 mg/kg + icv
STZ (GMP 0.5 + STZ).

2.3.2. Stereotactic surgery

On experimental day 4, animals were anaesthetized with isoflurane (3-3.5% for induction
and 2% for maintenance) in N>O and O2 (70%/30% for induction and 50%/50% for maintenance).
Animals were then fixed on a stereotaxic frame (Stoelting Inc., USA). The head was shaved and
sterilized with an alcohol pad, and a sagittal incision in the midline was made. Two lateral holes
were drilled in the skull using the following coordinates (Paxinos and Watson, 2007): —0.7 mm
anteroposterior, 1.7 mm mediolateral and —4.0 mm dorsoventral relative to bregma. Using
Hamilton microsyringe, STZ was injected in two lateral ventricles (750 pg in 10 pl aCSF for each
animal) at 1 pl/min and 5 pl per ventricle. Control group received bilateral injections of aCSF (5
ul/ventricle). For the diffusion of the substance, the microsyringe was left in place for 2 min after
each infusion. A 14-day resting period was implemented for the development of cognitive

deficiency.
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2.3.3. Open field test

Open field test was used to assess the changes in animal locomotor activity and included a
circular arena (diameter 100 cm, wall height 40 cm). Center zone was 33 cm in diameter. The
animals were acclimated to the behavioral room (experimental lights on and doors shut) for 30
min. Then, each animal was gently placed inside the arena for 10 min. After each test, the arena
was cleaned with 70% ethanol and dried with paper towel. A video tracking device coupled with
EthoVision XT 11.0 (Noldus, The Netherlands) was used to record the motility parameters: a)

total distance traveled (cm) and b) total time spent in the center zone (cm/s).

2.3.4. Morris water maze (MWM) test

MWM test was carried out to assess the spatial learning and memory of the rats 14 days
after the STZ injection. The apparatus (Ugo Basile, Italy) consisted of a blue circular tank
(diameter 180 cm) filled with water (23 + 1°C) to a depth that would cover the plexiglass platform
(diameter 30 cm, height 10 cm) for 1-2 cm. Each animal underwent 4 trials (120 s maximum for
each trial) per day for 4 consecutive days. The animals were trained to find the hidden platform
from different starting points in the pool after being gently put in the water facing the wall of the
pool. As soon as the animal found the platform, it was given 15 s to stay on it to learn the location.
The intertrial period was 10 min. After 4 training days, the probe trial was carried out. In this case,
the platform was removed from the pool and each animal had to swim for 120 s in the pool.
EthoVision XT 11.0 video tracking software (Noldus, The Netherlands) was used to record:

e during the trainings: 1) rat escape latency, i.e., time in seconds for each animal to find
the platform after being put in the pool and 2) rat swimming speed;
e during the probe trial: 1) time spent in the target quadrant and 2) the number of

platform zone crossings.

2.4. Ex vivo experiments

2.4.1. Immunohistochemistry

On the next day after the probe trial, rats were deeply anaesthetized with ketamine (150
mg/kg) and xylazine (15 mg/kg), then transcardially perfused with ice-cold saline for 10 min.
After the perfusion, animals were decapitated, and the brains were removed and fixed in 4%
paraformaldehyde for 24 h. After fixation, the brains were placed in 30% sucrose for 48 h for

cryoprotection and subsequently placed in an antifreeze solution.
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Brain samples (4 per group) were then cut using CM 1850 cryostat (Leica, USA) into 30-
um sections (AP plane: Bregma —2.92 mm to —3.48 mm) at -27°C. Free floating brain sections
were rinsed 3 times in PBS and 0.1% Triton X-100 solution, incubated in citrate buffer (pH 6.0)
at 95°C for 10 min to improve antigen retrieval (for GAD67, Iba-1 and SYP1), cooled to room
temperature (20°C) and blocked with a 5% bovine serum albumin solution at room temperature
for 1 h to avoid the formation of background staining. Sections were then stained with respective
primary antibody (1:500 for GAD67, 1:1000 for GFAP and SYPI1, 1:2000 for Iba-1). After
incubation with the primary antibody, the sections were rinsed in PBS-T 3 times and transferred
to a solution containing the biotinylated mouse immunoglobulins (dilution 1:500) raised against
GAD67, GFAP and SYP1. The Iba-1 sections were incubated with goat anti-rabbit
immunoglobulins conjugated with horseradish peroxidase (1:2000) for 2 h. After incubation with
the secondary antibody, the GAD67, GFAP and SYP1 sections were rinsed and incubated with
mouse ExtrAvidin Peroxidase (1:1000) for 1.5 h. After rinsing, the sections were incubated with
PBS solution containing 2.5% DAB, 0.2% H0O, and 5% nickel ammonium sulfate for 30 s (Iba-
1), 1 min (GAD67 and GFAP) and 2 min (SYP1). For Iba-1 and SYP1, the sections were also
counterstained for 1 min in hematoxylin solution. All stained sections were mounted on slides and
coverslipped. Negative control sections were also stained using the same protocol but without the

primary antibody. All experiments were done in duplicate.

2.4.2. Histochemistry

For each brain, 4 samples per animal was used to obtain 30 pum thick slices (AP plane:
Bregma —2.92 mm to —3.48 mm). Histochemical detection of AChE-containing nerve axon
density in the anterior cingulate cortex and hippocampal CA1 region was performed using a
previously described method (Karnovsky and Roots, 1964), which was optimized and described
elsewhere (Kadish and Van Groen, 2002). Briefly, brain sections (5 brain samples per group) were
rinsed with a 0.1 M maleate buffer (pH 6.0). Subsequently, the sections were incubated with 0.1
M maleate buffer containing 86.5 mM S-acetylthiocholine iodide, 30 mM ethopropazine, 30 mM
copper sulfate, and 100 mM sodium citrate and 0.03 mM potassium hexacyanoferrate for 2 h.
Subsequently, the staining was intensified by incubating the sections with 2.5% DAB, 0.2% H202
and 5% nickel ammonium sulfate for 2 min in 0.05 M Tris buffer (pH 7.6). All experiments were

done in duplicate.
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2.4.3. Quantification

The mounted brain sections were digitized using a Pannoramic MIDI II Scanner
(3DHISTECH, USA) with a 20 x lens. The corresponding regions were then selected, and images
were captured using Pannoramic Viewer (3DHISTECH, USA). The optical densities of expressed
proteins were measured in the anterior cingulate cortex and the stratum radiatum of hippocampal
cornu ammonis 1 (CA1) region (AChE, GAD67, GFAP and Iba-1). The latter structure was
chosen because of previously found more pronounced loss of CA1 neurons associated with AD
(West et al., 2006; Zarow et al., 2005). SYP1 density was measured in the hippocampal CAl,
CA3 and DG. All measurements were made in duplicate. Both immunohistochemical and
histochemical data were quantified using an open-source image processing software (Fiji,
Germany). A region of interest (same size for all samples) was chosen, and an automatic threshold,
in arbitrary units (au), was used to detect pixel density. Densitometry was reported as the mean

intensity per studied region of interest.

2.5. In vitro assays

2.5.1. Binding to GABA-A receptors

The experiment was accepted in accordance with Eurofins validation Standard Operating
Procedure and performed by CEREP (France). Gammapyrone was tested at 1 uM, 10 uM and 100
UM concentrations and agonist radioligand [3H]muscimol — at a 15 nM concentration for 120 min
at room temperature to assay the binding to the GABA-A1 receptor (al,32,y2) obtained from
human recombinant cells (Wang, 2001). Compound binding was detected using scintillation
counting and was calculated as percent inhibition of the binding of a radioactively labelled ligand
specific for the GABA-A receptor. Experiment was done two times, with each assay conducted

in duplicate. Inhibition or stimulation higher than 50% were considered significant.

2.5.2. Binding to GABA-B receptors

The brains from adult male Wistar rats (180 £+ 20 g) were removed, embedded in cryoglue
and cut into 10-um thick adjacent coronal sections (thalamic nuclei, cerebellum and
hippocampus) and membranes were prepared as described previously (Bischoff et al., 1999;
Dambrova et al., 2008). In brief, membranes were incubated with the GABA-B receptor-selective
radioligand [3H]-CGP 54626 (2 nM) and competing drugs (baclofen and gammapyrone) in 200

ul of Krebs-Henseleit (KH) buffer for 90 min at room temperature. Gammapyrone was tested at
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1 uM, 10 uM and 100 uM concentrations. Non-specific binding for each assay was determined in
the presence of 10 mM baclofen. The bound and free radioligands were separated by rapid
filtration under a vacuum using Millipore GF/C filter paper (Merck Millipore, USA). The filters
were washed three times with 0.25 ml of KH buffer. Radioactivity of the samples was measured
with a liquid scintillation counter (Wallac MicroBeta TriLux, PerkinElmer, USA). Each
experiment was performed twice, and each assay was conducted in duplicate. Significant

inhibition or stimulation was considered to be that of 50% or higher.
2.5.3. Cell culture

Rat PC12 cells (TCC® CRL-721™, USA) were cultured in DMEM, supplemented with
10% horse serum, 5% PBS, 1% L-glutamine (200 mM), 1% of mixture penicillin (100
international units/ml) and streptomycin (100 pg/ml) at 37°C in a CO» incubator. Before the
experiments, cells were differentiated by culturing in serum-free medium containing 50 ng/ml
nerve growth factor for 5 days. Protein concentration was quantified by using Bradford
colorimetric protein determination at 595 nm (Bradford, 1976). All experiments in PC12 cells
were done in collaboration with the research group lead by Professor Vittorio Calabrese,

Department of Biomedical and Biotechnological Sciences, University of Catania, Italy.
2.5.4. Cell viability and toxicity assay

Cell viability was determined by the MTT assay, based on the ability of living cells to
metabolize the yellow tetrazolium salt to a blue formazan via mitochondrial succinate
dehydrogenase which is a member of mitochondrial electron transfer system complex.
Gammapyrone was added at concentrations 1, 10 and 100 pM. Based on the results obtained from
the cell viability assay, 1 uM was the concentration of gammapyrone chosen to perform DEHP
toxicity tests.

PC12 cells (2.5x10° cells/well in a 96-well plate) were incubated at 37°C after pretreatment
with gammapyrone (1 uM) for 2 h and then incubated with DEHP (83 uM) for 24 h. A negative
control containing only cells was also evaluated. After treatment with gammapyrone, the cells
were incubated with 5 mg/ml MTT for 3 h at 37°C, the medium was carefully removed after the
incubation and the formazan crystals were dissolved in 150 pl dimethyl sulfoxide. Absorbance of
formazan reduction product was measured by spectrophotometry at 570 nm using an ELx800™

microplate reader (BioTek Instruments, USA). The results were expressed as the percentage of

37



MTT reducted relative to the absorbance measured from negative control cells. All assays were

performed in triplicate.
2.5.5. Determination of reactive oxygen species (ROS)

To estimate the levels of endogenous ROS production in control and experimental cells, the
nonfluorescent probe DCF diacetate was used. It diffuses passively into the intracellular matrix
of cells and undergoes cleavage by esterases to form impermeable DCFH; that does not leave the
cell (McLennan and Esposti, 2000). Then, in a ROS-dependent oxidation, fluorescent DCF is
formed from DCFH; (Chen et al., 2010), was used. PC12 cells were seeded on 24-well culture
plates (Polylabo, France) at 10° cells/well and incubated for 24 h. Then, the cells were incubated
with DEHP alone or combined to gammapyrone (1 uM) for 24 h at 37°C. After treatment, cells
were incubated with 20 uM DCEF diacetate for 30 min at 37°C and washed twice with PBS to
remove the excess probe. The intracellular production of ROS was measured by fluorometric
detection of DCF oxidation on a fluorescence and luminescence reader (FLx800, BioTek

Instruments, USA) with an excitation wavelength of 485 nm and emission wavelength of 522 nm.
2.5.6. Measurement of mitochondrial membrane potential (MMP)

Changes in MMP were determined by the mitochondrial-specific incorporation of a cationic
fluorescent dye Rhodamine-123 (Rh-123) (Debbasch et al., 2001). The cells were seeded in 96-
well culture plates and were treated with DEHP alone or combined with gammapyrone (1 uM)
for 24 h. Then, cells were rinsed with PBS, and 100 pL of Rh-123 (1 uM) in PBS was added on
the plates. Cells were incubated (37°C, 5% CO) for 15 min. Next, the PBS solution containing
Rh-123 that was not taken up by the cells was washed and replaced by fresh PBS, and fluorometric
detection was done. The results were expressed as the intracellular Rh-123 uptake. All assays

were performed in triplicate.
2.5.7. Preparation of mitoplasts

PC12 cells were collected by trypsinization, pelleted by centrifugation at 500 x g and
resuspended in PBS (pH 7.4). The cell suspension was exposed to 2 mg digitonin/mg cellular
proteins for 10 min on ice. The mitoplast fraction, obtained by digitonin cell disruption, was

pelleted at 14000 x g and resuspended in PBS (Signorile et al., 2014).
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2.5.8. Enzymatic spectrophotometric assay of mitochondrial complexes

Mitoplasts were exposed to ultrasound energy for 15 s at 0°C. The reduced nicotinamide
adenine dinucleotide (NADH):ubiquinone oxidoreductase (complex I) activity was measured by
quantifying the oxidation of 100 uM NADH at 340-425 nm (Ae = 6.81 mM™! - cm™), using 50 pg
of mitoplast proteins in the presence of 40 mM potassium phosphate buffer (pH 7.4) containing 5
mM MgClz, 3 mM KCN, 1 pg/ml antimycin A and 200 pM decylubiquinone. The activity was
corrected for the residual activity measured in the presence of 1 pg/ml rotenone (Piccoli et al.,
2006). Activity of succinate-cytochrome ¢ oxidoreductase (complexes II+IIT) was measured at
550-540 nm (Ae = 19.1 mM! - cm™) as the initial rate of cytochrome ¢ reduction. Proteins (100
pg/ml) were incubated for 10 min in the assay buffer (25 mM potassium phosphate, pH 7.2, 5 mM
MgCl,) in the presence of 20 mM succinate, 3 pg/ml rotenone, 2 mM KCN and 65 mM
decylubiquinone. The reaction started by the addition of 20 uM cytochrome c and was corrected
by the residual activity measured in the presence of 2 pg/ml antimycin A. Activity of cytochrome
c oxidase (complex IV) was measured by quantifying the oxidation of 10 uM ferrocytochrome c
at 550-540 nm (A¢ = 19.1 mM! - cm™!). Enzymatic activity was measured in 10 mM PBS using
30 pg of mitoplast proteins (Cooperstein and Lazarow, 1951).

2.5.9. Measurement of mitochondrial ATP production rate

The rate of ATP production by oxidative phosphorylation was determined in digitonin-
permeabilized cells, essentially as described elsewhere (Valenti et al., 2013). Briefly, aliquots of
trypsinized fibroblasts washed with PBS were suspended in 1 ml of medium containing 210 mM
mannitol, 70 mM sucrose, 20 mM Tris/HCl, 5 mM KH>PO4+/KoHPO4 (pH 7.4), 3 mM MgCl; in
the presence of the ATP detecting system (ATP-ds). The ATP-ds consisted of 2.5 mM glucose, 2
units hexokinase, 1 unit glucose 6-phosphate dehydrogenase (G6P-DH) and 0.25 mM
nicotinamide adenine dinucleotide phosphate (NADP™), with 3 uM rotenone as toxin and 5 mM
succinate as energy substrate, as well as 10 uM diadenosinepentaphosphate as the adenylate
kinase inhibitor (Lienhard and Secemski, 1973).

After 5 min of incubation with digitonin (30 pug/10° cells) at 37°C, the reduction of NADP*
in the extramitochondrial phase, which reveals ATP formation from externally added adenosine
diphosphate (ADP, 0.5 mM), was determined as the increase in absorbance at 340 nm. Care was
taken to use enough hexokinase/G6P-DH coupled enzymes to ensure a nonlimiting ADP-

regenerating system for the measurement of ATP production. The rate of ATP production by
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Complex V was corrected for the residual ATP production measured in the presence of 2 ug/mg

protein oligomycin.
2.5.10. Protein extraction and Western blot analysis

After the treatment schedule, PC12 cells (1x10°) in 6-well plates were harvested, washed
with PBS, and lysed in 100 pL lysis buffer (0.5 M HEPES containing 0.5% Nonidet-P40, 1 mM
phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin, 2 mg/ml leupeptin, pH 7.4) and incubated 20
min on ice before centrifugation. Protein concentrations were determined in cell lysates using the
BioRad protein assay.

Equal amounts of proteins (30 pg) were separated on 12% sodium dodecyl sulphate—
polyacrylamide gel electrophoresis and subsequently blotted onto polyvinylidene difluoride
membranes (Millipore, USA). After blocking for 1 h in Tris-buffered saline containing 5% nonfat
dry milk at 25°C, the blots were probed overnight with the following primary antibodies: Bax
(1:500), Bcl2 (1:500), p53 (1:2000), CASP 3 (1:500) and B-actin overnight at 4°C. The blots were
then washed and incubated for 1 h with the corresponding secondary antibodies: horseradish
peroxidase-conjugated anti-mouse or anti-rabbit immunoglobulins (both 1:3000). Protein bands
were visualized by using enhanced chemiluminescent substrate kit (GenScript, USA). Proteins
levels were then determined by computer-assisted densitometric analysis using GS-800

densitometer (BioRad, USA). All assays were performed in duplicate.
2.6. Statistical analysis

GraphPad Prism® 6 software (GraphPad Software Inc., USA) was used to conduct the
statistical analysis. All data were subjected to the Kolmogorov—Smirnov test for normality and an
equal variance test. Data are presented as the mean =+ standard deviation (S.D.) values. The Morris
water maze training data were analyzed using two-way repeated measure analysis of variance
(ANOVA) to account for inter-group variations (with group and training day as factors) and were
followed by Bonferroni’s (muscimol and baclofen data) or Holm-Sidak’s (diazepam and
gammapyrone data) multiple comparisons test. Data from the Morris water maze probe trial and
open field data, as well as quantitative immunohistochemical and histochemical data, were
analyzed using one-way ANOVA followed by Bonferroni’s (muscimol and baclofen data) or
Holm-Sidak’s (diazepam and gammapyrone data) multiple comparisons test. /n vitro data (in
PC12 cells) were analyzed using one-way ANOVA followed by Tukey’s multiple comparisons

test. Statistical significance was set at P < 0.05.
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3. RESULTS

3.1. Effects of GABA-A receptor agonist muscimol
3.1.1. In the MWM test

In the MWM trainings, a significant interaction was revealed in group and training day
factors. The administration of STZ resulted in a longer escape latency than that of the controls
starting from training day 2 to day 4 (P < 0.0001, Fig. 13.A). Treatment with both doses of
muscimol shortened the escape latency of STZ-injected rats from training day 2 to day 4 (P <
0.0001) to the control group level. No significant differences were observed in swimming speed

between groups on all training days (Fig. 13.B).
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Figure 13. Effects of muscimol (M) on the streptozocin (STZ) model and control rat escape latency
(A), swimming speed (B), platform zone crossings (C) and time in platform quadrant (D). The data
are shown as mean values + S.D. (n=6-7/group). Two-way repeated measure ANOVA followed by
Bonferroni’s post-test. **P < 0.01, ***P < (0.001 and ****P < (0.0001 vs. Control; #P < 0.01, ###P <
0.001 and ###P < 0.0001 vs. STZ.
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In the MWM probe trial, differences between groups were observed in platform crossings
(Fig. 13.C) and in the time spent in the target quadrant (Fig. 13.D). STZ also produced
impairments in spatial memory seen as decreased platform crossings (P < 0.001) and time spent
in the platform quadrant (P < 0.01) compared to controls. Muscimol-treated STZ group rats
showed a reversal of STZ-induced impairments by demonstrating significantly more platform
crossings (P < 0.001) and longer time spent in the platform quadrant (P < 0.01). Muscimol per se
did not significantly change rat performance in the MWM trainings and in the probe trial

compared to the control group data.

3.1.2. On rat brain protein density
3.1.2.1. GFAP density

Significant differences were observed between groups in the density of GFAP staining in
the cortex (Fig. 14.A and B), as well as in the hippocampus (Fig. 14.C and D). STZ induced an
almost 3-fold increase in the density of GFAP staining in the cortex (P < 0.0001) and hippocampus
(P <0.0001) compared to the controls. Treatment with 0.01 and 0.05 mg/kg muscimol reversed
STZ-induced increases in the density of cortical and hippocampal GFAP staining and restored its
values to the levels observed in both structures in the control group (P < 0.0001). Muscimol at

both doses did not change the cortical and hippocampal GFAP density in control group rats.

3.1.2.2. GAD67 density

Significant differences were observed between groups in cortical (Fig. 15.A and B) and
hippocampal (Fig. 15.C and D) GADG67 staining density. STZ injection produced a slight, but
significant (about 25%) decrease in the density of GADG67 staining in the cortex (P < 0.01) and
hippocampus (P < 0.0001) compared to controls. At both tested doses, muscimol reversed STZ-
induced decrease in GAD67 staining in the cortex (P < 0.01) and hippocampus (P < 0.0001).
Muscimol treatments did not change cortical and hippocampal GAD67 staining compared to that

of the control group.

3.1.2.3. AChE density

Significant differences were detected between groups in cortical (Fig. 16.A and B) and
hippocampal (Fig. 16.C and D) AChE density. In the STZ group, a 3-fold increase in AChE
density was observed in the cortex (P < 0.0001) and hippocampus (P < 0.0001) compared to the
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control group rats. At both tested doses, muscimol reversed STZ effects in the cortex (P < 0.0001)
and hippocampus (P < 0.0001). Muscimol per se did not alter cortical and hippocampal AChE

density of the control group rats.
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Figure 14. Effects of muscimol (M) on glial fibrillary acidic protein (GFAP) density in streptozocin
(STZ) model rats and control rats. Representative photomicrographs show GFAP staining in the rat
anterior cingulate cortex (A) and hippocampal CA1l (C) at 200 x magnification. Black arrows
indicate representative GFAP-positive cells. Bar graphs demonstrate cortical (B) and hippocampal
(D) density measurements. The data are shown as mean values + S.D. (n=5/group). One-way

ANOVA followed by Bonferroni’s post-test. ****P < (.0001 vs. Control; ###P < 0.0001 vs. STZ.
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Figure 15. Effects of muscimol (M) on glutamic acid decarboxylase 67 (GAD67) density in
streptozocin (STZ) model rats and control rats. Representative photomicrographs show GAD67
staining in the rat anterior cingulate cortex (A) and hippocampal CA1 (C) at 200 x magnification.
Bar graphs demonstrate cortical (B) and hippocampal (D) density measurements. The data are
shown as mean values + S.D. (n=6/group). One-way ANOVA followed by Bonferroni’s post-test. **P
<0.01 and ****P < 0.0001 vs. Control; #P < 0.01 and ####P < 0.0001 vs. STZ.
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Figure 16. Effects of muscimol (M) on acetylcholine esterase (AChE) density in streptozocin (STZ)
model rats and control rats. Representative photomicrographs show AChE-positive nerve axons in
the rat anterior cingulate cortex (A) and hippocampal CA1 (C) at 200 x magnification. Bar graphs
demonstrate cortical (B) and hippocampal (D) density measurements. The data are shown as mean

values + S.D. (n=5/group). One-way ANOVA followed by Bonferroni’s post-test. ****P < (0.0001 vs.
Control; ###P < 0.0001 vs. STZ.
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3.2. Effects of GABA-A receptor agonist diazepam
3.2.1. On behavior and locomotion

3.2.1.1. In the MWM test

Significant interaction was detected in the MWM training data in group and training day
factors. Administration of i.c.v. STZ resulted in significantly longer escape latency on MWM
training days 2-4 (P < 0.001) compared to the controls (Fig. 17.A). STZ rats treated with both
diazepam doses demonstrated significantly shorter escape latencies on training day 2 (P < 0.01),
training day 3 (P < 0.0001) and training day 4 (at 0.05 mg/kg — P <0.001, at 1 mg/kg — P <0.01)
compared to the STZ group. Swimming speed in the experimental groups did not significantly

differ from control group values in all training days (Fig. 17.B).
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Figure 17. Effects of diazepam (DZP) on the streptozocin (STZ) model and control rat escape latency
(A), swimming speed (B), platform zone crossings (C) and time in platform quadrant (D). The data
are shown as mean values + S.D. (n=8-9/group). Two-way repeated measure ANOVA followed by
Holm-Sidak’s post-test. **P < 0.01 and ***P < 0.001 vs. Control; #P < 0.05, #P < 0.01, ##P < 0.001
and ##H#P < 0.0001 vs. STZ.
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In the MWM probe trial, differences between groups were observed in platform crossings
(Fig. 17.C) and in the time spent in the platform quadrant (Fig. 17.D). STZ group animals
continued to show impaired search bias. A significantly lower amount of platform crossings (P <
0.01) and time spent in platform quadrant (P < 0.01) were observed in STZ-treated animals
compared to the controls. STZ rats treated with 0.05 and 1 mg/kg diazepam had significantly more
platform crossings (P < 0.01) and spent significantly more time in the platform quadrant (P <
0.05) vs. STZ. Diazepam per se did not significantly alter rat performance in the MWM trainings

and in the probe trial compared to the control group data.

3.2.1.2. In the open field test

No significant differences were observed between groups in total distance walked: control
—933.3 cm; DZP 0.05 + aCSF — 856.2 cm; DZP 1 + aCSF — 695.9 cm; STZ — 839.2 cm; DZP
0.05 + STZ — 640.8 cm; DZP 1 + STZ — 689.2 cm. The time spent in the center zone also did not
significantly differ between groups: control — 17.6%; DZP 0.05 + aCSF — 18.7%; DZP 1 + aCSF
—10.5%; STZ — 12.6%; DZP 0.05 + STZ — 13.2%; DZP 1 + STZ — 15%.

3.2.2. On rat brain protein density
3.2.2.1. GFAP density

Significant differences in GFAP density were observed in the anterior cingulate cortex (Fig.
18.A and B) and in the hippocampus (Fig. 18.C and D) of rats. Administration of STZ
significantly increased rat GFAP density in the cortex (P < 0.01) and, similarly, in the
hippocampus (P <0.01) compared to the controls. Treatment with diazepam at both doses resulted
in a significantly lower, control group level GFAP density values in the cortex (DZP 0.05 + STZ
—P<0.01; DZP 1 + STZ — P <0.05) and in the hippocampus (P <0.01) of STZ rats. Cortical and
hippocampal density of GFAP did not differ between controls and animals treated with diazepam

0.05 mg/kg and 1 mg/kg per se.
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Figure 18. Effects of diazepam (DZP) on glial fibrillary acidic protein (GFAP) density in streptozocin
(STZ) model rats and control rats. Representative photomicrographs show GFAP staining in the rat
anterior cingulate cortex (A) and rat hippocampal CA1l (C) at 200 x magnification. Bar graphs
demonstrate cortical (B) and hippocampal (D) density measurements. The data are shown as mean
values + S.D. (n=5/group). One-way ANOVA followed by Holm-Sidak’s post-test. **P < (.01 vs.
Control; #P < 0.05 and ##P < 0.01 vs. STZ.

3.2.2.2. Iba-1 density

Significant differences in Iba-1 density were observed in the anterior cingulate cortex (Fig.
19.A and B) and in the hippocampus (Fig. 19.C and D). Administration of STZ significantly
increased Iba-1 density in the cortex (P < 0.001) and in the hippocampus (P < 0.001) compared
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to the controls. Treatment with diazepam at both doses resulted in a significantly lower Iba-1
density in the cortex (P < 0.001) and in the hippocampus (P < 0.001) vs. STZ. Treatment with

both diazepam doses per se did not alter cortical and hippocampal Iba-1 density compared to the

controls.
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Figure 19. Effects of diazepam (DZP) on ionized calcium-binding adapter molecule-1 (Iba-1) density
in streptozocin (STZ) model rats and control rats. Representative photomicrographs show Iba-1
staining in the rat anterior cingulate cortex (A) and rat hippocampal CA1 (C) at 200 x magnification.
Bar graphs demonstrate cortical (B) and hippocampal (D) density measurements. The data are
shown as mean values £ S.D. (n=4/group). One-way ANOVA followed by Holm-Sidak’s post-test.
**% P <(.001 vs. Control; ###P < 0.001 vs. STZ.
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3.2.2.3. GAD67 density

Cortical (Fig. 20.A and B) and hippocampal (Fig. 20.C and D) density of GAD67 was
significantly different between the groups. Animals that received icv STZ injections showed
significantly lower GAD67 density in the cortex (P < 0.05) and in the hippocampus (P < 0.01)
compared to the controls. STZ animals that were treated with diazepam at both doses protected
against STZ-induced decrease in hippocampal (P < 0.01), but not cortical GAD67 density.
Diazepam administration per se did not alter GAD67 density in the cortex and in the hippocampus

compared to the controls.

3.2.2.4. AChE density

Significant inter-group differences were observed regarding density of AChE in the rat
cortex (Fig. 21.A and B) and in the hippocampus (Fig. 21.C and D). In STZ rats, a significant
increase in AChE density was observed in the cortex (P < 0.05) and hippocampus (P < 0.01)
compared to the controls. Diazepam at both doses decreased AChE density in STZ rats to the
control group values in cortical (DZP 0.05 + STZ — P < 0.01, DZP 1 + STZ — P < 0.05) and
hippocampal (P < 0.001) regions. Treatment with diazepam per se did not produce significant

differences in AChE density in the cortex and in the hippocampus compared to the controls.

3.2.2.5. Synaptic density

Significant inter-group differences were observed in SYP1 density in the rat hippocampal
CA1 (Fig. 22.A-B), DG (Fig. 22.A and C), but not in CA3 (Fig. 22.A and D) regions. A significant
decrease in SYP1 density was observed in the CA1 (P < 0.005), but not DG and CA3 of STZ-
treated rats compared to the controls. Treatment of STZ rats with 0.05 mg/kg diazepam resulted
in higher SYP1 density, comparable to the one observed in control group, in the CA1 (P <0.01)
and CA3 (P <0.01), but not in DG region compared to the STZ group. Treatment with 1 mg/kg
diazepam did not significantly alter SYP1 density in the three regions of the hippocampus
compared to the STZ group. Treatment with diazepam per se did not produce significant

differences in SYP1 density in the three hippocampal regions compared to the controls.
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Figure 20. Effects of diazepam (DZP) on glutamic acid decarboxylase 67 (GAD67) density in
streptozocin (STZ) model rats and control rats. Representative photomicrographs show GAD67
staining in the rat anterior cingulate cortex (A) and rat hippocampal CA1 (C) at 200 x magnification.
Bar graphs demonstrate cortical (B) and hippocampal (D) density measurements. The data are
shown as mean values £ S.D. (n=5/group). One-way ANOVA followed by Holm-Sidak’s post-test. *P
<0.05 and **P < 0.01 vs. Control; ##P < 0.01 vs. STZ.
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Figure 21. Effects of diazepam (DZP) on acetylcholine esterase (AChE) density in streptozocin (STZ)
model rats and control rats. Representative photomicrographs show AChE-positive axons in the rat
anterior cingulate cortex (A) and rat hippocampal CA1l (C) at 200 x magnification. Bar graphs
demonstrate cortical (B) and hippocampal (D) density measurements. The data are shown as mean
values * S.D. (n=5/group). One-way ANOVA followed by Holm-Sidak’s post-test. *P < (.05 and **P
< 0.01 vs. Control; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs. STZ.
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Figure 22. Effects of diazepam (DZP) on synaptophysin 1 (SYP1) density in the hippocampus of
streptozocin (STZ) model rats and control rats. Representative photomicrographs show SYP1
staining in the rat hippocampus (A) at 60 x magnification. Density measurements are shown for the
hippocampal CA1 (B), dentate gyrus (C) and CA3 (D). The data are shown as mean values + S.D.
(n=4/group). One-way ANOVA followed by Holm-Sidak’s post-test. **P < 0.01 vs. Control; #P <
0.05 vs. STZ.

3.3. Effects of GABA-B receptor agonist baclofen
3.3.1. In the MWM test

In the MWM trainings, a significant interaction was revealed in group and training day

factors. The administration of STZ resulted in a longer escape latency than that of the controls
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starting from training day 2 (P < 0.001) and continued on training days 3-4 (P < 0.0001, Fig.
23.A). The administration of baclofen in 0.05 mg/kg dose prevented STZ-induced spatial learning
impairments from training day 1 (P <0.01) and in all remaining days (day 2: P < 0.01, day 3 and
4: P < 0.0001). Baclofen at 0.025 mg/kg dose produced similar effect on training days 2-4 (P <
0.0001). No significant differences were observed in swimming speed between groups in all

training days (Fig. 23.B).
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Figure 23. Effects of baclofen (BCL) on the streptozocin (STZ) model and control rat escape latency
(A), swimming speed (B), platform zone crossings (C) and time in platform quadrant (D). The data
are shown as mean values + S.D. (n=6-7/group). Two-way repeated measure ANOVA followed by
Bonferroni’s post-test. **P < (.01, ***P < 0.001 and ****P < 0.0001 vs. Control; #P < 0.05, ##P <
0.01 and ####P < 0.0001 vs. STZ.

In the MWM probe trial, significant differences between groups were observed in platform
crossings (Fig. 23.C) and in the time spent in the platform quadrant (Fig. 23.D). STZ-injected rats

crossed the platform significantly less times (P < 0.001) and spent significantly shorter time in
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the platform quadrant (P < 0.01). STZ rats that were treated with both doses of baclofen displayed
a reversal of STZ effects — significantly higher number of platform crossings (P < 0.05) and
significantly longer time spent in the platform quadrant (P < 0.01). Baclofen per se did not

significantly change control group rat performance in the MWM trainings and in the probe trial.

3.3.2. On rat brain protein density
3.3.2.1. GFAP density

Significant differences were observed between groups in the density of GFAP staining in
the cortex (Fig. 24.A and B) and in the hippocampus (Fig. 24.C and D). STZ induced an almost
3-fold increase in the density of GFAP staining in the cortex (P < 0.0001) and hippocampus (P <
0.0001) compared to the controls. Treatments with both 0.025 and 0.05 mg/kg baclofen reversed
STZ-induced increase in the density of cortical and hippocampal GFAP staining (P <0.0001) and
restored its values to the levels observed in both structures in the control group. In controls,
baclofen per se did not produce changes in the cortical and hippocampal GFAP staining compared

to that of the control group.

3.3.2.2. GAD67 density

Significant changes between groups were observed in the density of GAD67 staining in the
cortex (Fig. 25.A and B) and hippocampus (Fig. 25.C and D). Injection of STZ induced a decrease
in GAD67 density in the cortex (P < 0.0001) and hippocampus (P < 0.0001). At both tested doses,
baclofen normalized the density of GAD67 staining in the hippocampus (P < 0.05), but not in the
cortex of STZ rats. Treatment with baclofen per se did not produce significant changes in the

density of cortical and hippocampal GAD67 staining in comparison to the control group data.

3.3.2.3. AChE density

Cortical (Fig. 26.A and B) and hippocampal (Fig. 26.C and D) density of AChE staining
was significantly different between groups. Compared to controls, a significant increase in the
density of AChE staining was observed in the cortex (P < 0.0001) and hippocampus (P < 0.0001)
of STZ-treated animals. At both tested doses, baclofen attenuated STZ-induced effects by
normalizing the density of cortical and hippocampal AChE staining (P < 0.0001). No significant
changes in the density of AChE staining were observed in both structures of the rats treated with

baclofen per se when compared to the control group.
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Figure 24. Effects of baclofen (BCL) on glial fibrillary acidic protein (GFAP) density in streptozocin
(STZ) model rats and control rats. Representative photomicrographs show GFAP staining in the rat
anterior cingulate cortex (A) and hippocampal CA1l (C) at 200 x magnification. Bar graphs
demonstrate cortical (B) and hippocampal (D) density measurements. Black arrows indicate
representative GFAP-positive cells. The data are shown as mean values £ S.D. (n=5/group). One-

way ANOVA followed by Bonferroni’s post-test. ****P <(.0001 vs. Control; ###P < 0.0001 vs. STZ.
y
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Figure 25. Effects of baclofen (BCL) on glutamic acid decarboxylase 67 (GAD67) density in
streptozocin (STZ) model rats and control rats. Representative photomicrographs show GAD67
staining in the rat anterior cingulate cortex (A) and hippocampal CA1 (C) at 200 x magnification.
Bar graphs demonstrate cortical (B) and hippocampal (D) density measurements. The data are

shown as mean values + S.D. (n=6/group). One-way ANOVA followed by Bonferroni’s post-test.

wH*%EP <0.0001 vs. Control; #P < 0.05 vs. STZ.

57

140-
- [
§12°. dedkdkdk
2 1004 oi; Ai. ,;E, -
g 80 _;. %
-]
S 60
(L]
Q 4o
<
O 20+
T & & A A A
&L £ F g g &
& X7 x° o o
NS @ &
Q% °° Q° VQ’
: N N O

- A
: 39

() Fkkk # #

604 .

i‘t—lg
'gy.

H+
kH
s$%




S 50-
8
2> 401 e
7}
S 30-
©
w204
o Soger s
< 10; =t ~dex QP
0 p p R
& &£ £ 88 &
00 x x )
© P & S
o X S
N VQ c,\/Q 0\,
60-
S 504
S
2 401
‘@ waxx fHHEE HHEH
S 30
S ==
W 204
2 104 '$‘ g Swwe e P
T & & A A
&S LLL
oo x x o)x ‘,x
VAR NS
Q! 3 D N
N ° o\p o

Figure 26. Effects of baclofen (BCL) on acetylcholine esterase (AChE) density in streptozocin (STZ)
model rats and control rats. Representative photomicrographs show AChE-positive nerve axons in
the rat anterior cingulate cortex (A) and hippocampal CA1 (C) at 200 x magnification. Bar graphs
demonstrate cortical (B) and hippocampal (D) density measurements. The data are shown as mean
values + S.D. (n=5/group). One-way ANOVA followed by Bonferroni’s post-test. ****P < (0.0001 vs.
Control; ###P < 0.0001 vs. STZ.
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3.4. Effects of GABA-containing compound gammapyrone
3.4.1. On behavior and locomotion

3.4.1.1. In the MWM test

In the MWM trainings, a significant interaction was detected in group and training day
factors. Administration of STZ resulted in significantly extended latency to reach the escape
platform compared to controls on training day 2 (P < 0.05), day 3 (P < 0.001) and day 4 (P <
0.0001), as shown in figure 27.A. STZ rats treated with gammapyrone in dose 0.1 mg/kg
demonstrated significantly shorter escape latency than STZ rats on training day 2 (P < 0.05), day
3 (P <0.01) and day 4 (P < 0.001). Treatment with 0.5 mg/kg gammapyrone also resulted in
significantly shorter escape latency of STZ rats vs. STZ group on training day 2 (P < 0.001), day
3 (P <0.01)and day 4 (P <0.0001). No significant differences were observed in swimming speed
between groups in all training days (Fig. 27.B).

Significant differences between groups were discovered also in the MWM probe trial
parameters: platform crossings (Fig. 27.C) and time spent in the platform quadrant (Fig. 27.D).
Rats treated with STZ crossed the platform zone less (P < 0.05) and spent markedly less time in
the platform quadrant (P < 0.01) than the controls. STZ animals treated with gammapyrone at 0.1
mg/kg demonstrated significantly more platform crossings (P < 0.05) as well as longer time spent
in the platform quadrant (P < 0.01) in comparison to STZ group rats. STZ animals treated with
gammapyrone at 0.5 mg/kg also showed more platform crossings (P <0.01) and spent longer time
in the platform quadrant (P < 0.01) compared to the STZ group. Gammapyrone at both doses per
se did not significantly change rat performance in the MWM trainings and in the probe trial

compared to the control group data.

59



A 0 Control [ GMP 0.1 + aCSF [ GMP 0.1 + STZ B 0 Control } GMP 0.1 + aCSF []GMP 0.5 + aCSF
Bs7z [IGMPO0.5+aCSF B GMP 0.5+ STZ Bs7z NGMP0.1+STZ EHGMPO0.5+STZ
140 40
120 = mow =
0 T B
> 100+ 2 30
9 )
§ o £
s £ 201 W
§ 601 E W
204 \ 3 N
a §T § 0. \§ ]

NP

1

Day Day Day 3 Day 4

(@
O

A *k #H# H##

Platform zone
crossings (n)
» o
[ ]
[ ]
[ ]
II |> » t
> >
’
I | * l
| |
- I—'-|-'-I-1
Time in platform
quadrant (s)
3
.| £
E»’ | I
&
* *
n
< <
< 4‘

s 00 L
| o
2{ e . 20 . ‘} v
A | | | |

ol P rr— -
& L P & & & & & L& L
oo \xw %x® \x ‘)x 00 x'b x@ N 6x

" Q7 O oY P RPN
Y &° RN S & 8
N > O S o O

Figure 27. Effects of gammapyrone (GMP) on the streptozocin (STZ) model and control rat escape
latency (A), swimming speed (B), platform zone crossings (C) and time in platform quadrant (D).
The data are shown as mean values £ S.D. (n=7-9/group). Two-way repeated measure ANOVA
followed by Holm-Sidak’s post-test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs.
Control; #P < 0.05, #tP < 0.01, ##P < 0.001 and ###P < 0.0001 vs. STZ.

3.4.1.2. In the open field test

No significant differences were observed between groups in the total distance travelled and
time spent in the center zone. For the total distance travelled, the mean values were as follows:
control —447.4 cm; GMP 0.1 + aCSF — 513.6 cm; GMP 0.5 +aCSF —414.3 cm; STZ - 376.9 cm;
GMP 0.1 + STZ — 638.5 cm; GMP 0.5 + STZ — 467.4 cm. For the time spent in the center zone,
the mean values were as follows: control —59.3 s; GMP 0.1 + aCSF — 71.6 s; GMP 0.5 + aCSF —
65.75s;STZ - 68.4s; GMP 0.1 + STZ-106s; GMP 0.5+ STZ —59.6 s.
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3.4.2. On rat brain protein density
3.4.2.1. GFAP density

Significant differences in GFAP density were found between groups in the cortex (Fig. 28.A
and B) and in the hippocampus (Fig. 28.C and D). Compared to the controls, STZ induced a sharp,
almost 2-fold increase in GFAP density in the cortex (P < 0.0001) and in the hippocampus (P <
0.01). A significantly lower (close to the control group values) cortical GFAP density was
observed in STZ-injected rats treated with gammapyrone at 0.1 (P < 0.0001) and 0.5 mg/kg (P <
0.001) compared to the STZ-treated rats. Treatment with gammapyrone at both doses also
significantly reversed STZ-increased GFAP density in the hippocampus (P < 0.01).

Gammapyrone per se did not change cortical or hippocampal GFAP densities.

3.4.2.2. Iba-1 density

Significant differences in Iba-1 density were found between groups in the cortex (Fig. 29.A
and B) and in the hippocampus (Fig. 29.C and D). STZ-injected animals demonstrated significant
increase in Iba-1 density in the cortex (P < 0.001) and in the hippocampus (P <0.001). This STZ-
induce increase was prevented in the cortex by gammapyrone at 0.1 (P < 0.05) and 0.5 mg/kg (P
< 0.001) compared to STZ-treated rats. Treatment with gammapyrone at both doses also
significantly reversed STZ-induced increase in hippocampal Iba-1 density (P < 0.01 at 0.1 and P
< 0.001 at 0.5 mg/kg). Neither of the gammapyrone treatments per se changed cortical or
hippocampal Iba-1 density.

3.4.2.3. GAD67 density

Significant differences in GAD67 density between groups were detected in the cortex (Fig.
30.A and B) and hippocampus (Fig. 30.C and D). Injection of STZ caused a significant decrease
in GADG67 density in the cortex (P < 0.01) and hippocampus (P < 0.01) in comparison to the
controls. STZ rats treated with gammapyrone at 0.1 mg/kg showed significantly higher GAD67
density in the cortex (P < 0.01) and in the hippocampus (P < 0.05) compared to STZ group
animals. At 0.5 mg/kg, gammapyrone also significantly increased STZ rat GAD67 density in the
cortex (P < 0.05) and in the hippocampus (P < 0.05) compared to the STZ group data.

Gammapyrone treatment per se did not change cortical or hippocampal GAD67 density.
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Figure 28. Effects of gammapyrone (GMP) on glial fibrillary acidic protein (GFAP) density in
streptozocin (STZ) model rats and control rats. Representative photomicrographs show GFAP
staining in the rat anterior cingulate cortex (A) and hippocampal CA1 (C) at 200 x magnification.
Bar graphs demonstrate cortical (B) and hippocampal (D) density measurements. The data are
shown as mean values * S.D. (n=4/group). One-way ANOVA followed by Holm-Sidak’s post-test.
*#%P <0.01 and ****P < (0.0001 vs. Control; #P < 0.01, ##P < 0.001 and ####P < 0.0001 vs. STZ.
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Figure 29. Effects of gammapyrone (GMP) on ionized calcium-binding adapter molecule-1 (Iba-1)
density in streptozocin (STZ) model rats and control rats. Representative photomicrographs show
Iba-1 staining in the rat anterior cingulate cortex (A) and hippocampal CA1l (C) at 200 x
magnification. Bar graphs demonstrate cortical (B) and hippocampal (D) density measurements.
The data are shown as mean values £ S.D. (n=4/group). One-way ANOVA followed by Holm-Sidak’s
post-test. ***P < (.001 vs. Control; #P < 0.05, ##P < 0.01 and #H#P < 0.001 vs. STZ.
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3.4.2.4. AChE density

Cortical nerve axon density of AChE was significantly different between groups (Fig. 31.A
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Figure 30. Effects of gammapyrone (GMP) on glutamic acid decarboxylase 67 (GADG67) density in
streptozocin (STZ) model rats and control rats. Representative photomicrographs show GAD67
staining in the rat anterior cingulate cortex (A) and hippocampal CA1 (C) at 200 x magnification.
Bar graphs demonstrate cortical (B) and hippocampal (D) density measurements. The data are
shown as mean values * S.D. (n=4/group). One-way ANOVA followed by Holm-Sidak’s post-test.
**P < (.01 and vs. Control; #P < 0.05 and ##P < 0.01 vs. STZ.

and B), as well as hippocampal (Fig. 31.C and D). Administration of STZ resulted in a significant
increase in AChE density in the rat cortex (P < 0.05) and hippocampus (P < 0.01) compared to



controls. Gammapyrone 0.1 mg/kg significantly reduced the STZ-induced elevation in AChE
density in the cortex (P < 0.001) and hippocampus (P < 0.001) of STZ rats. At 0.5 mg/kg,
gammapyrone produced similar effects on STZ-induced AChE elevation in the cortex and in the
hippocampus (P < 0.001). Gammapyrone per se did not change AChE density in the cortical and

hippocampal regions of the control group rats.
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Figure 31. Effects of gammapyrone (GMP) on acetylcholine esterase (AChE) density in streptozocin
(STZ) model rats and control rats. Representative photomicrographs show AChE-positive nerve
axons in the rat anterior cingulate cortex (A) and hippocampal CA1 (C) at 200 x magnification. Bar
graphs demonstrate cortical (B) and hippocampal (D) density measurements. The data are shown
as mean values * S.D. (n=4/group). One-way ANOVA followed by Holm-Sidak’s post-test. *P < 0.05
and **P < (.01 vs. Control; ##P < 0.001 vs. STZ.
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3.4.3. Effects of gammapyrone in vitro

3.4.3.1. Binding to GABA-A and GABA-B receptors

Gammapyrone showed negligible inhibition of [3H]muscimol specific binding at 1 uM
(5.4%), 10 uM (13.5%) and at 100 uM (19.3%) concentrations.

Gammapyrone also did not inhibit binding of selective GABA-B receptor antagonist [*H]-
CGP 54626 — at a concentration of 100 uM it displaced less than 10% of [*’H]-CGP 54626 binding

(data not shown).
3.4.3.2. On cell viability in PC12 cells

Gammapyrone demonstrated negligible lowering of cell viability at 1-10 uM vs. basic level
(0 uM), but a sharp decrease was observed at 100 uM (P < 0.001, Fig. 32.A). DEHP induced a
two-fold decrease in cell viability compared to control (P < 0.0001, Fig. 32.B). At non-toxic
concentration of 1 uM gammapyrone was capable to significantly improve the viability of DEHP-

treated cells (P < 0.05, Fig. 32.B).

3.4.3.3. On ROS production, MMP and the activity of mitochondrial complexes in PC12

cells

In PC12 cells, treatment with DEHP resulted in significantly increased DCF oxidation (P <
0.0001, Fig. 33.A) and decreased uptake of Rh-123 compared to control (P < 0.0001, Fig. 33.B).
DEHP also decreased the activity of all mitochondrial complexes (Fig. 34.A-D): complex I (P <
0.0001), complex II+II (P < 0.0001), complex IV (P < 0.01) and complex V (P < 0.001). In
DEHP-treated cells, gammapyrone at 1 uM showed significantly lower fluorescence (P < 0.0001,
Fig. 33.A), an increase in Rh-123 uptake (P < 0.001, Fig. 33.B), as well as significantly higher
activities of all mitochondrial complexes (P < 0.05, Fig. 34.A-C, P <0.01, Fig. 34.D) compared
to the DEHP-treated cells. Gammapyrone per se demonstrated lower values of Rh-123 uptake (P
<0.01, Fig. 33.B).

3.4.3.4. On apoptosis markers

Western blot data demonstrated that DEHP induced a significant increase in the density of
the apoptosis protein Bax (P < 0.01, Fig. 35.A and B), significantly reduced the density of Bcl2
(P <0.0001, Fig. 35.A and C) and produced a sharp increase in CASP 3 (P < 0.0001, Fig. 35.D
and E) and p53 (P < 0.001, 35.F and G). Gammapyrone was able to significantly reduce the
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DEHP-induced increase in the density of Bax (P < 0.01), CASP 3 and p53 (P < 0.0001), but did
not change Bcl2 density. Gammapyrone per se did not alter the densities of Bax, Bcl2 and CASP
3, but significantly decreased p53 density compared to the control (P < 0.01).
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Figure 32. Effects of gammapyrone (GMP) on PC12 cell viability at 0-100 pM concentrations (A)
and, at 1 pM in the di-2-ethylhexyl phthalate (DEHP) model (B). Non-treated PC12 cells were the
control. The data are shown as mean values £ S.D. (n=4/group). One-way ANOVA followed by
Tukey’s multiple comparisons test. ***P <0.001 and ****P <(.0001 vs. Control; #P < 0.05 vs. DEHP.
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Figure 33. Effects of 1 uM gammapyrone (GMP) on 2,7-dichlorofluorescein (DCF) oxidation (A) and
Rhodamine-123 (Rh-123) uptake (B) in PC12 cells treated with di-2-ethylhexyl phthalate (DEHP).
The data are shown as mean values = S.D. (n=4/group). One-way ANOVA followed by Tukey’s
multiple comparisons test. **P < 0.01 and ****P < 0.0001 vs. Control; ##P < 0.001 and ###P <
0.0001 vs. DEHP.
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Figure 34. Effects of 1 uM gammapyrone (GMP) on the activity of mitochondrial complexes I, (A),
II/III (B), IV (C) and V (D) in PC12 cells treated with di-2-ethylhexyl phthalate (DEHP). The data
are shown as mean values £ S.D. (n=3/group). One-way ANOVA followed by Tukey’s multiple
comparisons test. **P < (.01, ***P < (.001 and ****P <(0.0001 vs. Control; #P < 0.05 and ##P < 0.01
vs. DEHP.
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Figure 35. Effects of 1 pM gammapyrone (GMP) in PC12 cells on the expression of apoptosis
markers Bax and Bcl2 (A), CASP 3 (D) and p53 (F) after di-2-ethylhexyl phthalate (DEHP)-induced
toxicity. Bar graphs demonstrate density measurements of Bax (B), Bcl2 (C), CASP 3 (E) and p53
(G). Graphs demonstrate the ratio for density normalization of the markers to the f-actin. The data
are shown as mean values £ S.D. (n=2/group). One-way ANOVA followed by Tukey’s multiple
comparisons test. **P < (.01, ***P < (.001 and ****P < (0.0001 vs. Control; #P < 0.01 and ####P <
0.0001 vs. DEHP.
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4. DISCUSSION

Early sAD pathological processes in the brain — neuroinflammation, imbalance in the action
of neurotransmitter systems and mitochondrial dysfunction cause neuronal death, thereby leading
to the disruption in cell-cell communication, as well as in transfer and retention of information.
All these events manifest as progressive deterioration of cognitive functions, and result in memory
loss and dementia, characteristics of AD. Latest promising pharmacotherapeutic strategies are
directed at preventing neurodegenerative processes before the manifestation of protein
pathologies in the pre-dementia stages (Villemagne et al., 2018).

Recent data have highlighted the importance of the GABAergic system in compensating the
synaptic dysfunction in AD (Nava-Mesa et al., 2014). GABAergic system deficits and memory
impairment precedes AB42 pathology in mouse models of AD and in human AD patients (Riese
et al., 2015; Wang et al., 2014). Therefore, an approach that halts neurodegenerative processes in
the early stages of AD by focusing therapy on the GABAergic system may be considered a novel,
yet effective strategy (Calsolaro and Edison, 2016). Unfortunately, there is no available data on
the use of GABAergic compounds in the treatment of AD and in animal models. The only data
that have been found show anti-inflammatory and memory-enhancing effects of low dose (0.1
mg/kg) of muscimol in a rat exhaustion model (Ding et al., 2015) and the positive effects of
diazepam at subsedative doses on animal memory, synaptic plasticity and decreasing Af342
formation (Umeda et al., 2017 ).

However, several authors report the effects of GABA receptor agonists in AD in in vitro
models. Muscimol at I uM inhibited AB-induced cortical and hippocampal neuronal death (Paula-
Lima et al., 2005). In another model, glial cell lines, muscimol reduced the lipopolysaccharide
(LPS)-induced release of pro-inflammatory cytokines (Kim et al., 2012). Therefore, current
doctoral thesis study was focused on the influence of GABAergic compounds in brain processes

through modeling of sAD in vivo.
4.1. Memory-improving effects of the studied compounds

Up to now, memory-impairing effects of GABA receptor agonists’ medium and high doses
have been described: diazepam at 2 mg/kg in rats (Sevastre-Berghian et al., 2017), muscimol at 1
mg/kg impaired memory consolidation in mice (Castellano and McGaugh, 1990), baclofen at 10

and 30 mg/kg impaired memory retention in mice (Castellano et al., 1989).
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Our concept is based on the notion that these compounds might show memory-enhancing
effects when administered at 10-100 times lower (subsedative) doses. These paradoxical effects
might be explained by the principles of allosteric modulation, when a compound binds to an
allosteric modulatory receptor protein site instead of the usual specific site. Results obtained in
this study confirm the idea expressed in the concept, because the studied compounds demonstrated
memory-enhancing effects at very low and low doses. Thus, GABA-A receptor GABA site
agonist muscimol (0.01 and 0.05 mg/kg) after 7-day administration completely reversed STZ-
induced impairments in spatial learning (on training days 2-4) in the Morris water maze test by
shortening rat escape latency. Muscimol also improved spatial memory in the probe trial to the
control group values.

Diazepam, GABA-A receptor agonist that acts through the modulatory site of the receptor,
at 0.05 and 1 mg/kg (administered for 16 days) had similar action on learning and memory.
Diazepam did not cause sedation at these doses, as evidenced by the swimming speed during
acquisition trials and, in the open field, did not influence neither time spent in the center zone, nor
the total walked distance.

Interestingly, memory-enhancing effects of low dose diazepam were also reported in other
model animals. For instance, in acutely stressed middle aged mice, at 0.25 and 0.5 mg/kg doses,
diazepam improved memory performance (Béracochéa et al., 2011); while 0.1 mg/kg diazepam
(administered for 5 days) increased GABAergic and glutamatergic activity and protected against
autoimmune encephalomyelitis by inhibiting inflammation in the rat frontal cortex (Bibolini et
al., 2011). Moreover, 1 mg/kg diazepam enhanced mitochondrial function and decreased lipid
peroxidation in the striatum of acutely immobilized rats (Méndez-Cuesta et al., 2011). The only
study of diazepam in an AD model in vivo was done in fAD model (6-month old Osaka knock-in
mice), where long-term (2 month) diazepam administration was done at 2 pg/mouse (i.e., about
0.07 mg/kg) dose (Umeda et al., 2017). Memory improvement was observed at 8§ months of age.

In our studies, memory enhancement in rats was seen also when GABA-B receptor agonist
baclofen was administered at low doses — 0.025 and 0.05 mg/kg (7 days), as shown on training
days 2-4. Therefore, despite of the difference in both GABA receptor structural functions (GABA-
A is an ionotropic, whereas GABA-B — metabotropic receptor), agonists of both receptors at very
low and low doses similarly improved spatial memory forming processes.

Even more interestingly, GABA elements-containing compound gammapyrone that did not
exhibit affinity towards GABA receptors, at both 0.1 and 0.5 mg/kg doses (11-day administration)

improved spatial learning and memory in STZ animals.
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Obtained results allow us to suggest that all studied compounds may act on more or less

similar allosteric receptor proteins or targets apart from specific binding to GABA receptors.

4.2. Anti-neuroinflammatory effects

One of the key mechanisms that initiate AD and cell death is neuroinflammation that occurs
when there is an excessive activation of microglia (Calsolaro and Edison, 2016; McNaull et al.,
2010; Southam et al., 2016) and macroglia (astrocytes) (Chen et al., 2012; Verkhratsky et al.,
2016). Overactivated glial cells release free radicals, proinflammatory cytokines, fatty acid
metabolites and prevent neuronal regulatory functioning, thereby inducing learning and memory
deficits (Liu and Hong, 2003). Learning and memory processes are also influenced by GABA
concentrations present in astrocytes, hence making GABA a gliotransmitter (Ding et al., 2007).
However, in astrocytosis, GABA released from astrocytes might detrimentally affect the synaptic
plasticity in the cortex (Ding et al., 2007) and hippocampus (Jourdain et al., 2007). Therefore,
pharmacotherapeutic approaches that aim to protect against neuroinflammation are currently
considered very promising for the treatment of the various neurodegenerative diseases (Balducci
and Forloni, 2018; Gonzalez-Reyes et al., 2017).

Results of the doctoral thesis study showed that STZ induced astrogliosis by a 3-fold
increase GFAP density in both studied structures, while muscimol regulated this elevation to the
control group levels. Other authors in an exhaustion model reported the ability of low dose
muscimol (0.1 mg/kg) to reduce astrogliosis and diminished apoptosis processes in the
hippocampus (Ding et al., 2015).

In our studies, GABA-A receptor modulatory site agonist diazepam similarly ameliorated
astrogliosis. This compound also decreased microgliosis by maintaining control group values of
Iba-1 density. Previously, anti-inflammatory effects of diazepam (0.5 mg/kg) have been observed
in the model of autoimmune encephalomyelitis, where it decreased cell proliferation and the
generation of pro-inflammatory cytokines (Ferndndez Hurst et al., 2017). Perhaps, diazepam can
participate in the regulation of immune processes, since it was also found to stimulate neurosteroid
synthesis in glial cells (Ferndndez Hurst et al., 2017).

We have observed in our studies that baclofen also prevented STZ-induced cortical and
hippocampal astrogliosis. The anti-inflammatory action of baclofen (0.01 and 1 mg/kg) has been
described in allergic dermatitis mice model (Duthey et al., 2010) and in vitro: in the immune cells

of multiple sclerosis patients, it reduced inflammation by attenuating cytokine production
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(Crowley et al., 2015), and in Wistar rat activated microglial cells baclofen at 10 uM, 100 uM and

1 mM concentrations attenuated the LPS-induced increase in cytokine release (Kuhn et al., 2004).

4.3. Neurotransmitter regulation

4.3.1. Normalization of acetylcholine cleavage

Acetylcholine plays an essential role in the maintenance of memory processes (Micheau
and Marighetto, 2011), therefore, inhibition of its cleavage is still considered a treatment strategy
to delay the development of AD (Haussmann and Donix, 2016). Increased AChE activity and a
concomitant deficit in acetylcholine is observed in the early stages of AD.

In our study, STZ caused a 2-fold increase in AChE density in the nerve fibers of cortical
and hippocampal neurons. All studied compounds normalized AChE expression, indicating their

ability to prevent cholinergic deficits.

4.3.2. Normalization of GABA production

It has been proven that GABA can co-exist in the same cells with acetylcholine and
dopamine (Tritsch et al., 2016) and participate in the development of the CNS and disease
pathogenesis (Dulcis et al., 2013; Hnasko and Edwards, 2012). Although GABA production in
the brains of AD patients is considered stable (Luchetti et al., 2011; Rissman et al., 2007; Warren
et al., 2013), post-mortem studies of the brains from patients with AD showed substantial (20-
47%) reductions in the GABA concentrations and GAD activity (Lanct6t et al., 2004).

We have found that in the STZ rats, cortical and hippocampal GAD67 density was
decreased by approximately 25%. Both GABA-A receptor agonists muscimol and diazepam, as
well as GABA-B receptor agonist baclofen prevented this reduction, indicating a normalization
of the GABA synthesis. Similarly, gammapyrone also normalized STZ-induced decrease in
GADG67 density in the cortex and hippocampus of STZ rats. This fact is in good agreement with
previous data obtained in naive rats that demonstrated the ability of gammapyrone to enhance
naive rat memory in the conditioned avoidance response test, as well as increase cortical and
hypothalamic levels of GABA, noradrenaline and 5-hydroxyindoleacetic acid (Misane et al.,
1993).

Since studied compounds normalized the actions of both activatory (cholinergic) and
inhibitory (GABA) system, one can consider that the maintenance of the balance of their activity
is a crucial mechanism involved in the ability of these compounds to maintain the functioning of

normal cognitive processes.
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4.4. Regulatory effects of diazepam on synaptic protein SYP1 expression

GABA, particularly produced in the hippocampal DG, is involved in providing
synaptogenesis and neurogenesis (Liu and Song, 2016; Lledo et al., 2006). SYP1, a presynaptic
membrane protein, is essential for synaptic plasticity and the formation of synaptic vesicles.

In our study, icv injection of STZ led to a significant decrease in the density of SYP1 in the
hippocampal CA1 and a mild — in CA3. Diazepam at 0.05 mg/kg dose normalized SYP1 density
in these regions, which points to its neurotrophic action that might be considered vital in the
treatment of early sAD stages. An increase in synaptophysin density in the hippocampal CA3 was
also observed in Osaka mice fAD model, where diazepam was administered at 0.07 mg/kg

(Umeda et al., 2017).

4.5. Normalizing actions on the mitochondrial processes by gammapyrone in vitro

The dysfunction of mitochondrial processes has an essential impact on the development of
sAD (Correia et al., 2013). Therefore, one of the important targets for early anti-AD strategies are
mitochondrial bioenergetic processes (Wilkins and Swerdlow, 2016) and/or factors that regulate
apoptosis (Shimohama, 2000). The exact relationship between mitochondrial impairments and
neuroinflammation is still uncertain, but both of these phenomena influence each other (Wilkins
and Swerdlow, 2016). Manifestation of these two processes in the cells results in increased ROS
concentrations that induce overactivation of both astroglial and microglial nitric oxide synthases,
thereby causing neuronal damage (Morgan and Liu, 2011; Verri et al., 2012). This means that
mitochondria have a major role in protein synthesis and remodeling (Devine and Kittler, 2018).

In this study, we only assessed the protective effects of gammapyrone, since the regulating
effects of muscimol (Kinjo et al., 2018), diazepam (Van Der Kooij et al., 2018) and baclofen (Liu
et al., 2015) in models of mitochondrial dysfunction have been described previously.

In PC12 cells, gammapyrone protected cells against death, apoptosis and mitochondrial
damage induced by toxic compound DEHP (Zeng et al., 2012; Rowdhwal and Chen, 2018).
Although gammapyrone slightly decreased mitochondrial membrane potential, it prevented
DEHP-induced sharp decrease in mitochondrial membrane potential, normalized ROS production
and the functioning of all mitochondrial respiratory chain complexes (I-V). Moreover,
gammapyrone acted as an anti-apoptotic substance by regulating the density of proteins involved
in cell apoptosis (Bax, CASP 3 and p53).

These data show that the prevention of mitochondrial impairments is a crucial component

of the neuroprotective repertoire of gammapyrone’s actions.
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4.6. General considerations

The data obtained in the current study raise the following questions: which are the targets
for the memory-enhancing effects of low dose GABA receptor agonists? Why, regardless of the
GABA receptor type, different agonists at subsedative doses produce similar effects?

Obtained data lead one to suggest that these effects might be explained not by the binding
of the studied compounds to the specific GABA receptors, but by the allosteric modulatory
properties of these compounds. The basis of this consideration is, firstly, the complexity of GABA
receptors and differential localization in the neurons — synaptic and extrasynaptic, as well as in
glial cells — perisynaptic. Moreover, recently identified multiple subunits for each GABA receptor
may create numerous conformations and may bind ligands that would change the sensitivity, ion
selectivity and kinetic properties of receptor ultrastructures (Enna and McCarson, 2013; Owens
and Kriegstein, 2002). For example, different ultrastructures of GABA synapses are currently
recognized, such as type 1 (primarily identified in the synaptic cleft and considered excitatory)
and type 2 (generally thought to be inhibitory), which may provide distinct pharmacological
sensitivity, ionic selectivity and kinetic properties (Owens and Kriegstein, 2002). Secondly,
considering the differential chemical structures of the studied compounds, one may suggest that
the regulatory action of these small molecules is governed by the common pharmacophores (e.g.,
positively charged nitrogen atoms) that target the same receptor protein recognition sites.

Although gammapyrone did not demonstrate binding to either GABA-A or GABA-B
receptors and it is known to have no Ca?* antagonism, it produced effects similar to that of the
studied GABA receptor agonists. Considering the structure of gammapyrone, we suggest that,
additionally to allosteric binding, it may also have dipeptide-mimicking regulatory activity, since
gammapyrone has a dipeptide-like structure (free GABA and “crypto” GABA that are bound by
a peptide bond). It is known that one of the characteristics of peptides is their regulatory action.
The allosterism of gammapyrone may also be explained by the DHP ring in its molecule, which
might act as a molecular chameleon (Triggle, 2007) by exerting actions on different proteins

(receptors, enzymes, ion channels, etc.).
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5. CONCLUSIONS

1. For the first time, we have shown that GABA-A receptor agonists muscimol and diazepam,
GABA-B receptor agonist baclofen and GABA element-containing gammapyrone at very
low and moderate doses significantly enhance spatial learning/memory processes in sAD (icv
STZ) model animals.

2. All studied compounds exhibited anti-neuroinflammatory properties in both cortical and
hippocampal structures of the STZ rat brain, as well as normalized the expression of enzymes
involved in the cleavage of acetylcholine (AChE) and GABA synthesis (GAD67). Diazepam
regulated synaptic protein SYP1 expression in the hippocampus.

3. Gammapyrone did not bind to GABA-A or GABA-B receptors; in vitro it ameliorated DEHP-
induced mitochondrial dysfunction and apoptosis.

4. Memory-enhancing actions of GABA receptor agonists’ low doses in sAD model rats might
be explained by the allosteric modulatory properties of these compounds, and early regulation
of cell biochemical processes can be considered targets for stopping or halting cognitive
deficits.

5. Structures of GABA receptor agonists and gammapyrone might serve as prototype molecules

for the design of novel anti-dementia drugs.
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