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Summary

Huntington’s disease (HD), the pathomechanism of which is not yet fully understood,
is one of the chronic devastating neurodegenerative disorders. The pathophysiological
processes clearly involve the formation of toxic aggregates, reduced gene transcription due to
a decreased level of histone acetylation, a mitochondrial dysfunction and excitotoxicity,
accompanied by the loss of gamma-aminobutyric acidergic (GABAergic) medium-sized spiny
neurons in the striatum as a pathological hallmark of HD. Thus, the antiepileptic drug
valproate, which has proved GABAergic, anti-excitotoxic and histone deacetylase inhibitor
effects, the novel kynurenic acid (KYNA) analogue N-(2-N,N-dimethylaminoethyl)-4-oxo-
1 H-quinoline-2-carboxamide, which has probable complex anti-excitotoxic effects, the
KYNA precursor blood-brain barrier penetrable L-kynurenine (L-KYN), which may also
exert complex anti-excitotoxic effect after its transformation to KYNA, the natural dipeptide
L-carnosine, which has antioxidant, antiglycator and metal chelator properties, the
thiazolidinedione antidiabetic pioglitazone, which has a proved peroxisome proliferator-
activated receptor gamma activating effect, via which it can probably improve the
mitochondrial function, and BZS1514, which can bind to the surface of B-sheet polyglutamine
structures responsible for the toxicity of mutant huntingtin, might all be of value by exerting
beneficial neuroprotective effects. We have now tested these drugs in the N171-82Q
transgenic (tg) mouse model of HD, a model which replicates the characteristic phenomena of
HD reasonably well as regards reduced longevity, disturbed spontaneous locomotor activity
and pathological alterations. Following their chronic intraperitoneal (ip) administration in a
daily dose of 100 mg/kg, valproate and the novel KYNA analogue significantly prolonged the
survival of the N171-82Q tg mice. Conversely, L-KYN, L-carnosine, pioglitazone and
BZS1514, applied ip in doses of 100 mg/kg, 200 mg/kg, 5 mg/kg and 20 mg/kg, respectively,
did not lead to any significant amelioration in survival. Valproate and the KYNA analogue
significantly ameliorated the diminished spontaneous locomotor activity of the N171-82Q tg
mice, as measured by means of the open-field test. Indeed, valproate treatment significantly
ameliorated the reduced exploratory activity, too. Neither valproate, examined by means of
the open-field test and high-performance liquid chromatography (HPLC) measurements of the
striatal level of dopamine and 2 of its metabolites, nor the novel KYNA analogue, examined

by means of the open-field test, the elevated plus maze test and stereotypy rating scale,



exerted any noteworthy side-effect in wild-type (wt) mice at the protective dose. As the
neuroprotective effects of the novel KYNA analogue had never been verified before, a
thorough anatomical analysis was also carried out. The results showed that the analogue
prevented the loss of weight and completely prevented the atrophy of the striatal neurons.
Although the findings indicate that the KYNA analogue rather exerted neuroprotective action,
whereas the effects of valproate are mainly symptomatic, both substances led to clearly
beneficial results. Those of valproate are probably explained by its complex GABAergic, anti-
excitotoxic and histone deacetylase inhibitor effects, whereas those of the KYNA analogue
are probably due to its complex anti-excitotoxic activity. Although the lack of efficacy in the
cases of L-KYN, L-carnosine, pioglitazone and BZS1514 may be explained by subdosing, a
more probable possibility is that these substances are unable to exert such marked effects in
the applied HD model as valproate and the novel KYNA analogue. Although several previous
clinical trials with valproate did not indicate any positive effect in HD, it is worth considering
the design of new studies based on a well-planned treatment regime with a higher dose, using
valproate in monotherapy or in combination therapy with a high number of participating
patients. The novel KYNA analogue also appears worthy of further thorough investigations

with a view to eventual clinical trials.



I. Introduction

Huntington’s disease (HD) is an autosomal dominantly inherited neurodegenerative
disorder. Although the prevalence of HD is rather low (~5/100,000; Folstein et al., 1987;
Evers-Kiebooms et al., 2002), the disease displays a progressive nature and ends in certain
death after a course of 15-20 years. Characteristically, it is manifested in cognitive,
psychiatric and motor symptoms in middle-aged people (reviewed by Gardian and Vecsei,
2004; Walker, 2007). With regard to the motor symptoms, in addition to the loss of
coordination of voluntary movements and the appearance of involuntary movements, a
progressive gait impairment also develops, manifested in brady- and hypokinesia (Thompson
et al., 1988; van Vugt et al., 1996). This alteration is particularly important, because it can
lead to a loss of independence in motion, resulting in a constant need of care. The
pathological alterations are mainly seen in the central nervous system (CNS), especially in the
caudate nucleus, the putamen and the deeper layers of the cerebral cortex (Vonsattel et al.,
1985). The loss of gamma-aminobutyric acidergic (GABAergic) medium-sized spiny neurons
(MSNs) in the striatum (caudate nucleus + putamen) is the most pronounced feature (Reiner
et al., 1988), resulting in a dysfunction of the basal ganglia circuits, and leading to the
development of the characteristic symptoms (reviewed by Centonze et al., 2007).

HD is caused by the expansion of the cytosine-adenine-guanine (CAG) repeat in the
gene coding for the N-terminal region of the huntingtin protein, which leads to the formation
of a polyglutamine stretch. The gene was identified in 1993 (The Huntington’s Disease
Collaborative Research Group, 1993); it is located on the short arm of chromosome 4
(4p16.3) and was labelled interesting transcript 15. The function of the normal huntingtin
protein is not fully known, but it definitely takes part in the intracellular Ca®>" signalling (Tang
et al., 2003; Zhang et al., 2008), and plays an important role in the regulation of gene
transcription (Zuccato et al., 2003). The physiological HD alleles comprise 6 to 35 CAGs,
while alleles with 36 to 39 CAGs are characterized by reduced penetrance. Above 39 CAGs,
there is obligatory disease development. The greater the expansion, the earlier the disease is
manifested (reviewed by Gardian and Vecsei, 2004). It has been shown that the mutant
huntingtin protein interacts with numerous proteins which regulate important cellular
processes, thereby deteriorating their normal function (reviewed by Borrell-Pages et al.,

2006). Cleavage of the mutant huntingtin protein by caspases and calpains results in the



production of the N-terminal fragments comprising the polyglutamine stretch (Wellington et
al., 1998; Kim et al., 2001; Gafni and Ellerby, 2002). The expanded polyglutamine tracts
undergo a conformational change, leading to the formation of a B-sheet structure from the
helix-coil structure, so these fragments can form oligomers and polymers, such as nuclear
aggregates (those of pronounced size are known as intranuclear inclusions), and also
perikaryal and neuropil aggregates (DiFiglia et al., 1997; Gutekunst et al., 1999). However, it
is doubtful whether monomers, oligomers or large inclusions are the toxic species (reviewed
by Hoffner et al., 2007; Truant et al., 2008). The soluble monomers and oligomers surely
have toxic properties (Nagai et al., 2007; Takahashi et al., 2008), while the role of large
inclusions in toxicity is still questionable, because some researchers argue for a toxic role due
to the sequestration of important proteins in aggregates, while others argue for a protective
role due to localization of the toxic soluble mutant protein to insoluble and inactive reservoirs.

The mutant huntingtin has been shown to interact with proteins which regulate
transcription (reviewed by Cha, 2000; Kazantsev and Hersch, 2007). One group of these
proteins is the histone acetyltransferases (HATSs; Igarashi ef al., 2003). The posttranslational
acetylation of histones by HATs at lysine residues results in the neutralization of those
positively charged proteins, leading to a more open conformation of the deoxyribonucleic
acid, allowing the binding of transcription factors. The histone deacetylases (HDACs) remove
the acetyl groups, which results in a reduced ability to bind the transcription factors, and thus
the transcription processes become considerably reduced. There is increasing evidence that an
altered balance between HAT and HDAC activity may accompany the development of
neurodegenerative disorders, including HD (reviewed by Langley et al., 2005; Sadri-Vakili
and Cha, 2006). The inhibition of HDACs may restore of the altered balance described above,
as the application of such substances has been found to arrest the polyglutamine-dependent
neurodegeneration in models of polyglutamine disease (Steffan et al., 2001; Ferrante et al.,
2003; Hockly et al., 2003; Gardian et al., 2005; Thomas et al., 2008).

An early finding suggestive of the involvement of a mitochondrial dysfunction in the
development of HD was a decreased activity of succinate dehydrogenase (complex II of the
electron transport chain) in post-mortem HD brains (Stahl and Swanson, 1974). Mutant
huntingtin has been shown to be able to bind directly to mitochondria, thereby altering their

normal function (Orr ef al., 2008). The impaired mitochondrial Ca** handling (Panov et al.,
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2002) and the repression of transcription factors, e.g. that responsible for peroxisome
proliferator-activated receptor gamma (PPAR-y) coactivator 1-alpha (PGCl1-a; involved in the
regulation of gene expression related to mitochondrial biogenesis and respiration; Cui et al.,
2006), are certainly associated with the mitochondrial dysfunction in HD. It seems that
PPAR-y agonists are capable of the activation of PGCl-a with the possibility of disease
amelioration (reviewed by Kiaei, 2008).

Glutamate-induced excitotoxicity seems to play an important role in the development
of HD (Coyle and Schwarcz, 1976; McGeer and McGeer, 1976, reviewed by DiFiglia, 1990).
To explain the selective impairment of the MSNSs, it should be borne in mind that they receive
a massive glutamatergic input from the cortex (Fonnum et al, 1981) and the thalamus
(reviewed by Smith et al.,, 2004). As the N-methyl-D-aspartate (NMDA) receptors
(NMDARs) are to be found in especially high amount on the spines of the MSNs
(Landwehrmeyer et al., 1995), these neurons are rather sensitive to glutamate (Zeron et al.,
2002; Shehadeh et al., 2006), which explains the extremely extensive loss of striatal neurons
expressing NMDARs (Young et al., 1988). Furthermore, the expression pattern of the
receptor subunits differs from those of the other striatal neurons (Landwehrmeyer et al., 1995;
Kuppenbender et al., 2000), as the extrasynaptic NMDARs of MSNs preferentially contain
the NR2B subunits (Okamoto et al., 2009; Milnerwood et al., 2010). The available data
suggest that synaptic NMDAR activation promotes neuronal survival, while the activation of
NMDARs at the extrasynaptic site is neurotoxic (Hardingham et al., 2002). Furthermore,
there is accumulating evidence that glutamate-induced excitotoxicity is mainly mediated by
the NR2B subunit-containing NMDAR channels (Liu ef al., 2007). The expression of mutant
huntingtin can sensitize the NR2B subunit-containing NMDARs (Chen ef al., 1999; Song et
al., 2003), thereby aggravating the excitotoxic process (Heng et al., 2009). Additionally, the
polyglutamine expansion has been found to interfere with the ability of huntingtin to interact
with the postsynaptic density protein of 95 kDa (Sun et al., 2001), a structural link between
neuronal nitric oxide synthase and NMDARs (Sattler et al., 1999), which also results in the
sensitization of NMDARs. Further, mutant huntingtin can increase Ca’" release from the
endoplasmic reticulum (ER), by binding to the inositol triphosphate receptor 1 (Tang et al.,
2003). Glutamate excitotoxicity can be influenced to a great extent by the metabolites of the

kynurenine pathway, the main pathway of the tryptophan metabolism (Fig. 1; reviewed by
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Schwarcz et al., 2010). One of the neurochemical features of HD is the imbalance of the
tryptophan metabolism in the striatum in different stages of the disease. A relative decrease in
kynurenic acid (KYNA) level and a reduced activity of kynurenine aminotransferase (EC
2.6.1.7, KAT), the enzyme responsible for KYNA biosynthesis, have been demonstrated in
the striatum of HD patients (Beal ef al., 1990; Jauch ef al., 1995; Guidetti ef al., 2004). These
alterations have been suggested to be related to the development of the disease. A severe
reduction in KAT-I immunoreactivity has also been revealed in the rat striatum after chronic
3-nitropropionic acid (3-NP) treatment (Csillik ef al., 2002). It has also been postulated that
quinolinic acid (QUIN) may be the endogenous neurotoxin in HD (reviewed by Schwarcz et
al., 2010). It may exert its deleterious effects via direct activation of the NR2A and NR2B
subunit containing NMDA receptors (Stone and Perkins, 1981; de Carvalho et al., 1996).
Furthermore, QUIN can facilitate the release of glutamate or can inhibit its uptake (Connick
and Stone, 1988; Tavares et al., 2002). Accordingly, intrastriatal administration of QUIN can
be used as a model of HD (Schwarcz et al., 1983; Beal et al., 1986; Vecsei and Beal, 1991a),
mainly as concerns the early symptoms of the disease (Bordelon and Chesselet, 1999). Mice
with the genomic deletion of another KYNA-producing enzyme, KAT-II, displayed an
increased neuronal vulnerability to the intrastriatal administration of QUIN, which suggests
the importance of KYNA in controlling the neurotoxicity of QUIN (Sapko et al., 2006). This
i1s supported by the fact that an increase in KYNA concentration proves protective in the
QUIN model (Harris et al., 1998).

At present, only symptomatic therapy is available in HD, with neuroleptics, dopamine-
depleting agents, antidepressants, antiglutamatergic drugs, y-aminobutyric acid agonists, anti-
epileptics, acetylcholinesterase inhibitors and the botulinum toxin (reviewed by Adam and
Jankovic, 2008). A number of agents have proved protective in transgenic models, and have
recently been tested in early-phase clinical trials. Depending on the molecular mechanism of
their effect, the aims mostly involve the inhibition of transcription and histone deacetylation,
the achievement of marked antioxidant and anti-excitotoxic effects, improvement of the
mitochondrial function and the prevention of an energy impairment (reviewed by Hersch and
Ferrante, 2004). Furthermore, there are also strategies to prevent the effects of toxic species of
polyglutamine-expanded proteins (reviewed by Truant et al., 2008). However, most of the

clinical trials failed to prove any efficacy in the amelioration of disease progression.
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As concerns rodent models of HD, we can distinguish between toxin and genetic
models. The toxin models include those primarily inducing a mitochondrial dysfunction by
the reversible (malonate; Beal ef al., 1993a) or irreversible (3-NP; Gould and Gustine, 1982;
Beal ef al., 1993b) inhibition of complex II of the electron transport chain, and those inducing
primarily glutamate excitotoxicity (kainate; Coyle and Schwarcz, 1976; McGeer and McGeer,
1976; ibotenic acid; Schwarcz et al., 1979; QUIN; Beal ef al., 1986). Although these models
can serve as simple and rapid testing tools, they have a great limitation as they do not involve
the underlying genetic mutation. By the use of genetic models, including transgenic (tg;
Mangiarini et al., 1996; Schilling et al., 1999; Hodgson et al., 1999; von Horsten et al.,
2003), knock-in (Wheeler et al., 1999; Lin et al., 2001; Menalled et al., 2003) and lentiviral-
mediated mutant huntingtin (de Almeida et al., 2002) models, this problem can be got around.
However, some of these models show only slow disease progression, which hampers the rapid
testing of potentially neuroprotective compounds. Nevertheless, the use of R6/2 (Mangiarini
et al., 1996) or N171-82Q (Schilling et al., 1999) tg mice can provide a solution to this
problem. The N171-82Q tg line was created through the use of N-terminally truncated human
huntingtin cDNA, which encodes 82 glutamines and encompasses the first 171 amino acids
under the control of a mouse prion protein promoter. As an animal model of HD, we used
N171-82Q tg mice, because their slighter phenotype as compared with R6/2 tg mice provides
a greater chance for the tested compounds to be able to exert their beneficial effects, if they
have any. Characteristically, the symptoms begin to develop at approximately 2 months of
age. The weight of the mice does not subsequently increase further, while tremor, reduced
locomotor activity and difficulties in coordination evolve, and the gait becomes abnormal
(Schilling et al., 1999). It may be mentioned here that the reduced locomotor activity and
exploratory behaviour can be well tested in the open-field paradigm (Klivenyi ef al., 2006).
At an advanced stage, the body weight decreases, and the animals die at an average age of
110-130 days. The pathological aggregation processes closely resemble those in human cases.
This tg model of HD therefore seems to be appropriate for the testing of drug effects on
survival, gait impairment and histopathological alterations.

2-Propylpentanoic acid (valproate) is a widely used antiepileptic drug, although it is
also applied in other indications, such as bipolar disorders, migraine and chronic neuropathic

pain (reviewed by Johannessen and Johannessen, 2003). Its pharmacological action is exerted
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via a very complex mechanism (reviewed by Loscher, 1999; Kostrouchova et al., 2007). It
can increase brain GABA levels (Taberner ef al., 1980) through the reduction of GABA-
transaminase, increasing the glutamate decarboxylase activity (Loscher, 1981a; 1981b), and it
can potentiate the release of GABA (Gram et al., 1988). Furthermore, valproate can suppress
NMDA-evoked transient depolarizations (Zeise et al., 1991), and it can therefore exert a dose-
dependent neuroprotective effect against excitotoxicity (Hashimoto et al., 2002). In addition,
valproate can exert effects on the brain dopamine (DA) concentrations, too (Vriend and
Alexiuk, 1996). Besides the effects detailed above, valproate can influence multiple
regulatory pathways. In this manner, probably its most important effect is the inhibition of
HDACs (Kramer et al., 2003); it selectively inhibits the catalytic activity of class I HDACs
and induces the proteasomal degradation of class Il HDACs.

Tg mouse models of HD replicate the disturbance in the tryptophan metabolism rather
well (Guidetti et al.,, 2006). A relative deficiency of the neuroprotective KYNA is a
characteristic feature of most of these models, which raises the possibility that increasing the
effect of KYNA would be beneficial from a therapeutic aspect. The protective effects of
KYNA appear to be due to its broad-spectrum endogenous antagonism on ionotropic
excitatory amino acid receptors (Perkins and Stone, 1982; Birch et al., 1988). KYNA can
inhibit NMDA receptors at the glycine-binding sites (Kessler et al., 1989) and it can non-
competitively inhibit a7-nicotinic acetylcholine receptors, too (Hilmas et al., 2001). Blockade
of these nicotinic receptors can also mediate the inhibition of glutamate release in the striatum
(Marchi et al., 2002). However, the systemic administration of KYNA does not seem a good
therapeutic approach for several reasons. In higher doses, its solubility is a limiting factor, it
penetrates the blood-brain barrier poorly (Fukui et al., 1991), and it undergoes a rapid
clearance from the brain and the body, this clearance being mediated by organic anion
transporters (Bahn ef al., 2005). To overcome these disadvantages, an amide analogue bearing
a water-soluble side-chain, 2-N, N-dimethylaminoethylamine, in the amide moiety, has been
synthesized (Fig. 2). The intracerebroventricular injection of KYNA per se reduces
exploratory activity, and induces ataxia and stereotypy in rats (mainly at higher doses; Vecsei
and Beal, 1991b), and KYNA has also been shown to be an anxiolytic (Schmitt ef al., 1990).
The possible changes in these aspects of behaviour following the treatment with the KYNA

analogue may influence the motor performance of mice. The possible therapeutic use of the
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KYNA precursor L-kynurenine (L-KYN) emerges, because it readily crosses the blood-brain
barrier and can be transformed to KYNA by the action of KATs.

L-Carnosine (p-alanyl-L-histidine) is a dipeptide with demonstrated antioxidant,
antiglycator and metal chelator properties (reviewed by Boldyrev et al., 2010). Due to this
complex mechanism of action, it is perhaps capable of ameliorating the oxidative damage
characteristic of HD.

Pioglitazone is a widely used thiazolidinedione antidiabetic, which has a proved
PPAR-y activating effect (reviewed by Higgins and Depaoli, 2010). Although another
substance from this group, rosiglitazone, showed no efficacy in the R6/2 mouse model of HD
(Hunt and Morton, 2005), this substance can hardly cross the blood-brain barrier. Pioglitazone
can penetrate the blood-brain barrier considerably better, so it would be more suitable for
neuroprotective purposes.

The detrimental effects of the B-sheet structure and the consequential aggregation may
be mitigated by ligands binding to the surface of this structure. Researchers at the Department
of Medicinal Chemistry, University of Szeged and those at the Protein Chemistry Research
Group, Hungarian Academy of Sciences (Szeged, Hungary), set up an antiparallel B-sheet
structure monomer model connecting 4 glutamine7 units by 3 B-turn structures with the help
of the Beta-Sheet Builder program. This structure is consistent with that published earlier
based on X-ray diffraction measurements (Sharma et al., 2005). The binding of the selected
compounds was examined with the aid of the Autodock 4 program (Morris et al., 1998; Huey
et al., 2007). The blind docking (Hetenyi and van der Spoel, 2002) was performed on the
entire surface of the glutamine40 molecule. Accordingly, through the use of the simulation
model, several compounds were selected which would be applicable in the amelioration of

polyglutamine-induced toxic effects. One of these compounds is BZS1514.
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II. Aims

The aims of our studies were as follows:

(1) To study the effects of valproate, the KYNA analogue N-(2-N,N-dimethylaminoethyl)-4-
0x0-1H-quinoline-2-carboxamide, L-KYN, L-carnosine, pioglitazone and BZS1514 on the
survival of N171-82Q tg mice.

(1) To examine the effects of those substances which significantly prolonged the survival
(valproate and the KYNA analogue) on the characteristic behavioural changes (decreased

spontaneous locomotor and reduced exploratory activity) in N171-82Q tg animals.

(i11) To exclude the additional effects of the treatment (valproate and the KYNA analogue)
itself, i.e. other than those due to symptom amelioration, on spontaneous locomotor and
exploratory activity, using wild-type (wt) mice. We investigated the possible anxiolytic and

stereotypy-inducing effects of the KYNA analogue, too.

(iv) To measure the striatal levels of DA and 2 of its metabolites after chronic valproate

administration.

(v) To investigate thoroughly the effects of the KYNA analogue on anatomical and
histopathological alterations characteristic of the N171-82Q tg mouse model of HD by means

of body and brain weight analyses and unbiased design-based stereological procedures.
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III. Materials and methods

111 1. Materials

Sodium valproate was obtained in the o)

form of powder for injections (Depakine;

Sanofi Winthrop Industrie, Gentilly, France). | H HCl
N

The KYNA analogue N-(2-N,N- H >SN

dimethylaminoethyl)-4-oxo-1H-quinoline-2- o |

. . . Figure 2. The chemical structure of N-(2-NV,N-
carboxamide hydrochloride (Fig. 2) Was  gimethylaminoethyl)-4-oxo-1H-quinoline-2-

synthesized from KYNA in the Department of carboxamide hydrochloride.

Pharmaceutical Chemistry, University of Szeged (Szeged, Hungary). The synthetic procedure
involved an amidation reaction between KYNA and N,N-dimethylethylenediamine in
dimethylformamide in the presence of I-hydroxybenzotriazole by using NN’-
diisopropylcarbodiimide as coupling reagent, followed by chromatographic purification. L-
KYN-sulfate (K3750) and L-carnosine (C9625) were purchased from Sigma-Aldrich Hungary
Ltd. (Budapest, Hungary). Pioglitazone hydrochloride was a kind gift of Takeda
Pharmaceutical Co., Ltd. (Osaka, Japan). BZS1514 was synthesized in the Department of
Medicinal Chemistry, University of Szeged (Szeged, Hungary).

111.2. Animals

N171-82Q (also known as B6C3-Tg(HD82GIn)81Dbo/J) tg mice (Jackson
Laboratories, Bar Harbor, ME, USA) were maintained on the B6C3F1 wt background in our
laboratory and the genotype was identified by polymerase chain reaction (PCR) from tail
biopsies (Fig. 3). The mice were housed in cages (at most 5 per cage), with free access to food

and water, under standard conditions. Male and female mice were

“. w50  distributed equally between the experimental groups. All animal

w100 experiments were carried out in accordance with the European

"~ w150
w200 Communities Council Directive (86/609/EEC) and were approved in

250
- =330 advance by the local animal care committee.

Figure 3. PCR gel identifying the presence of the transgene. The first 2

. columns represent negative wt animals, and the third column a positive tg
animal. (The numbers in the picture denote the base pair lengths of the ladder
strands.)
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111.3. Treatments and survival tests

We tested the 6 agents (valproate, KYNA analogue, L-KYN, L-carnosine,
pioglitazone and BZS1514) in 5 separate experiments (the survival testing of the KYNA
analogue and L-KYN were carried out in the same study). The treated N171-82Q tg mice
received intraperitoneal (ip) injections of valproate (n = 8; 100 mg/kg/day, in a volume of 5
ml/kg, dissolved in saline), the KYNA analogue (» = 10; 100 mg/kg/day, in a volume of 5
ml/kg, dissolved in distilled water, and the pH of the solution was adjusted to 6.5 with 1 N
NaOH), L-KYN (n = 10; 100 mg/kg/day, in a volume of 5 ml/kg, dissolved in 0.1 M
phosphate-buffered saline (PBS), and the pH of the solution was adjusted to 7.0 with 1 N
NaOH), L-carnosine (n = 14; 200 mg/kg/day, in a volume of 5 ml/kg, dissolved in PBS),
pioglitazone (n = 10; 5 mg/kg/day, in a volume of 5 ml/kg, suspended in 0.1% (wt/vol)
carboxymethylcellulose solution) or BZS1514 (n = 8; 20 mg/kg/day, in a volume of 5 ml/kg,
dissolved in saline). The compounds were administered at the same time each day, 5 days per
week, from 7 weeks of age. The examination of the effects of each compound on longevity in
N171-82Q tg mice was controlled by using vehicle-treated N171-82Q tg mice (n = 8, n = 10,
n=10,n =14, n = 10, n = 8, according to the above list of agents). Furthermore, in order to
exclude other possible causes of death than those due to the presence of the transgene, we
used wt littermates, too (n =7, n =10, n =10, n = 12, n = 12, n = &, according to the above
list of agents). The possible toxicity of the administered agents in the applied doses was also
excluded in background studies using wt littermates (n =8, n =8, n =8, n =12, n =9, n = 8§,

according to the above list of agents).
111.4. Open-field test

The effects of valproate and the KYNA analogue, which have been found to prolong
the survival of N171-82Q tg animals significantly, were also tested on low locomotor activity
and exploratory behaviour in the open-field paradigm. The treatment regime was the same as
in the case of the survival time analysis, only the numbers of animals in the corresponding
groups differing. We tested 3 groups of mice in the examinations of each compound: the
control wt mice (n = 8 in both cases), the control N171-82Q tg mice (n = 8 in both cases) and

the valproate- (n = 8) and the KYNA analogue-treated (n = 9) N171-82Q tg mice. We
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examined the spontaneous locomotor activity and the exploration activity of the mice once a
week, 2 h after the treatment, on the same day each week. The tests were performed at the
same time of day to avoid possible changes due to the diurnal rhythm. Each mouse was placed
at the centre of a box (48 x 48 x 40 cm) and its behaviour was recorded for 5 min with the aid
of Conducta 1.0 software (Experimetria Ltd., Budapest, Hungary). The ambulation distance,
the duration of the lack of locomotion (local time), the duration of immobility (immobility
time) and the number of rearings (rearing count) were evaluated for 9 weeks (between 7 and
15 weeks of age). After calculation of the averages for the first, second and third 3 weeks in

each group, the 3 experimental groups were compared.

111.5. Testing for possible behavioural side-effects of valproate and the KYNA analogue in wt

mice

To search for possible behavioural side-effects of valproate and the KYNA analogue,
another population of wt B6C3F1 mice was tested (n = 8 in each group). In one experiment,
the mice received either valproate or saline, and in the other experiment the KYNA analogue
or 0.1 M PBS for 9 weeks according to the treatment regime detailed above.

First, open-field tests were performed once a week, similarly 2 h after the daily
treatment, and were evaluated in the same way as in the former experiment.

Secondly, in order to examine the effects of KYNA analogue treatment on anxiety-like
behaviour, we applied the elevated plus maze paradigm in the last week of treatment. 2 h after
the 1p injection, the mice were placed in the central area of the device (height: 40 cm; length
of arms: 30 cm; width of arms: 10 cm; height of walls: 10 cm), facing an open arm opposite
the 2 observers. The numbers of open and closed arm entries and the times spent in these arms
were recorded for 5 min.

Thirdly, we applied the conventional stereotypy rating scale (SRS) method
(McNamara et al., 2003), also in the last week of treatment, 2 h after the daily injection, to
examine the possible stereotypic behaviour-inducing effects of the KYNA analogue. The
animals were removed from their home cages and placed individually in a clean cage for
observation. The animals were assessed over a 30-s period and were scored in accordance
with the nature of their activity: 0 = asleep or inactive; 1 = episodes of normal activity; 2 =

discontinuous activity with bursts of prominent sniffing or rearing; 3 = continuous stereotyped
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activity, such as sniffing or rearing along a fixed path; 4 = stereotyped sniffing or rearing

fixated in one location; 5 = stereotyped behaviour with bursts of licking or gnawing; and 6 =

continuous licking or gnawing. The examination was repeated on a further 2 occasions at 20-

min intervals, and the scores were averaged.

111.6. High-performance liquid chromatography (HPLC) measurements

In week 9 of treatment, the valproate-
treated and control wt mice were decapitated
and the brains were rapidly removed and
placed on an ice-cooled plate for dissection of
the striatum. After dissection, the samples
were stored at -70 °C until measurements. The
striata were weighed and were then manually
homogenized in an ice-cooled solution (250
pl) comprising perchloric acid (7.2 ul; 70%
wt/wt), sodium metabisulfite (1 pl; 0.1 M),
disodium ethylenediaminetetraacetate (1.25
ul; 0.1 M) and distilled water (240.55 pl) in a
homogenization tube for 1 min. The contents
of the homogenization tube  were
quantitatively washed into a test tube with the

used solution to give a final volume of 2 ml,
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Figure 4. The characteristic current [] voltage
curves for DA, DOPAC and HVA (a) and a
representative chromatogram achieved by
HPLC measurement with electrochemical
detection.

which was centrifuged at 4,000g for 30 min at 4 °C. From the supernatant, 250 pl was

transferred to a test vial, and DA and its metabolites, 3,4-dihydroxyphenylacetic acid

(DOPAC) and homovanillic acid (HVA), were analysed by reversed-phase chromatography,
using an Agilent 1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA)

combined with a Model 105 electrochemical

detector (Precision Instruments, Marseille,

France) under isocratic conditions. In brief, the working potential of the detector was set at

+750 mV, using a glassy carbon electrode and an Ag/AgCl reference electrode, after

recording the current-voltage curve for each compound (Fig. 4a). The mobile phase

containing sodium dihydrogenphosphate (75 mM), sodium octylsulfate (2.8 mM) and
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disodium ethylenediaminetetraacetate (50 pM) was supplemented with acetonitrile (10%
vol/vol) and the pH was adjusted to 2.8 with phosphoric acid (85% wt/wt). The mobile phase
was delivered at a rate of 1 ml/min at 40 °C onto the reversed-phase column (HR-80 C18, 80
x 4.6 mm, 3 um particle size; ESA Biosciences, Chelmsford, MA, USA) after passage
through a pre-column (Hypersil ODS, 20 x 2.1 mm, 5 pum particle size; Agilent Technologies,
Santa Clara, CA, USA). Ten-microlitre aliquots were injected by the autosampler with the
cooling module set at 4 °C.

The signals captured by the Model 105 electrochemical detector were converted by an
Agilent 35900E dual-channel interface and the chromatograms (for a representative
chromatogram, see Fig. 4b) were evaluated by ChemStation Rev.1.10.02 software (Agilent
Technologies, Santa Clara, CA, USA).

1I1.7. Anatomy and immunohistochemistry

The body weights of the mice treated with the KYNA analogue were measured once a
week, on the same day each week, at the same time of a day, from 7 weeks of age. When the
animals reached 16 weeks of age, they were deeply anesthetized with isoflurane (Forane™;
Abott Laboratories Hungary Ltd., Budapest, Hungary) and perfused transcardially with 0.9%
(wt/vol) NaCl solution, followed by 4% (wt/vol) paraformaldehyde. The perfused brains were
removed, weighed, post-fixed with 4% (wt/vol) paraformaldehyde for 24 h and transferred
into 0.1 M phosphate buffer (PB; pH 7.4) containing 0.05% (wt/vol) azide. Blocks containing
the whole striatum were dissected (7 brains were processed in each group) and incised in the
middle so that the hemispheres could be handled separately. The whole striatum was
sectioned on a vibratome at 60-pum thickness and the sections were collected in a systematic
random fashion in 7 vials. In this way, the sections with a distance of 420 um (between the
upper surfaces) were put into the same glass vials. We therefore investigated the striatum,
which extends from bregma 1420 um to bregma -2355 pm (3775 um) according to the online-
available Allen Brain Atlas: Mouse Brain, throughout its whole extent [multiplying the
distance of 420 um between the upper surfaces of sections by the number of sections (n =9 or
8 depending on the presence of atrophy); the result was 3360-3780 um]. The sampling was
followed by washing in 0.1 M PB and incubation in 10 and 30% (wt/vol) sucrose for

cryoprotection. After freeze-thawing, the sections of the left hemisphere were washed
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repeatedly in 0.1 M PB, and processed for immunostaining. Following rinsing in 0.05 M Tris-
buffered saline (TBS; pH 7.4), the free-floating sections were incubated in 1% (wt/wt)
hydrogen peroxide in 0.05 M TBS to suppress endogenous peroxidase activity. After washing
in 0.05 M TBS and incubation in 2% (vol/vol) normal horse serum (Vector Laboratories Inc.,
Burlingame, CA, USA) diluted in 0.05 M TBS, sections were incubated in solutions of either
anti-NeuN (clone 60; mouse monoclonal antibody; catalogue number MAB377; lot number
LV1616015; 1:5,000; Millipore, Bilerica, MA, USA) or anti-huntingtin (clone mEM48,
recognizing the first 256 amino acids of the human huntingtin protein; mouse monoclonal
antibody; catalogue number MAB5374; lot number LV1541616; 1:200; Millipore, Bilerica,
MA, USA) primary antibodies diluted in 0.05 M TBS for 35 h at room temperature. After
subsequent extensive washes in 0.05 M TBS, the sections were incubated overnight at 4 °C
with biotinylated donkey anti-mouse secondary antibody (1:1,000; Jackson ImmunoResearch
Laboratories Inc., West Grove, PA, USA), diluted in 0.05 M TBS, followed by avidin-
biotinylated horseradish peroxidase complex (Elite ABC, 1:333; Vector Laboratories Inc.,
Burlingame, CA, USA), diluted in 0.05 M TBS for 3 h at room temperature. The
immunoperoxidase reaction was developed by using 3,3’-diaminobenzidine (Sigma-Aldrich
Hungary Ltd., Budapest, Hungary) as a chromogen. The sections were treated with osmium
tetroxide in PB, then dehydrated in an ascending alcohol series and acetonitrile, and
embedded in Durcupan (ACM; Fluka, Buchs, Schwitzerland).

To present representative sets of whole brain slice images from each group for
demonstrative purposes, brains (1 from each group) were cut into frozen 30-pm-thick coronal
sections from 450 um anterior to the bregma. Twelve sets consisting of 4 sections each, 360
um apart, were collected in wells containing 0.1 M PBS. One set of brain slices from each
group was then mounted onto the slides from distilled water and, after drying, the slides were
stained with 1% (wt/vol) cresyl violet, followed by dehydration in an ascending alcohol series

and xylene, and coverslipped through the use of DPX mounting medium.
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111.8. Stereology

We used the unbiased design-based #a) 32N i
wi ] 4

stereology method (reviewed by West, 2002) BE et 12205

: Cagt i R

on the Durcupan-embedded sections to 3. I o

estimate the number and size of the neurons in AR b A LR ", EE
£F S g .

the striatum. The group means of the mounted : ; g
section thicknesses did not differ significantly s pacss g T ~.., S - ! e
o , rii (d) w5ia b fg!
either in anti-NeuN (wt: 25.4 + 0.3 um; tg: jg’a#¥ J.« AT s '
) ¢ \o~‘-f'l;:«;o,.\;':" ‘:9-;:'.

25.0 £ 0.2 um; tg treated: 25.3 £ 0.3 pum) or in ; "'f';;{_.‘.a .

anti-huntingtin (tg: 24.8 £ 0.2 um; tg treated:
25.1 £ 0.1 pm) immunostained sections. The
complete penetration of the antibodies was
verified by using the z-axis histograms in the
sections, and the osmication procedure
ensured the clear identification of cell and

nucleus contours, confirming that these

samples were suitable for accurate

stereological analyses (Fig. 5a-f). The

Figure 5. Low- and high-magnification

photomicrographs of the striata from 16-week-

old wt and NI171-82Q tg mice. Such

representative light micrographs do not show

of a Zeiss Axioskop 2 (Carl Zeiss any obvious difference in the number of anti-
NeuN-stained neurons between the wt (a) and

Microlmaging Ltd., Gottingen, Germany) and  N171-82Q tg animals (c). As concerns the
. EM48" immunoreactivity, no labelled nucleus
the Stereo Investigator software (MBF  was observed in the wt mice (b), whereas cells

. . e could readily be observed in the N171-82Q tg
Bioscience, Williston, VT, USA). animals (d). Stereological investigations at high
magnification clearly revealed the contours of

anti-NeuN-stained cells (¢) and EM48" nuclei (f)
with oil immersion (numeric aperture: 1.4) for ~ (scale bar: a-d: 100 pm, e-f: 10 pm).

contours of the striatum were traced in each

serial section (n = 8-9), using a 10x objective

Subsequently, we utilized a 100x objective

quantification of the anti-NeuN-stained neurons (grid size: 500 x 500 pum) and anti-
huntingtin-stained nuclei (grid size: 350 x 350 um) with the optical fractionator method,
applying a counting frame of 40 x 40 pm. As a counting rule, we made use of the unbiased

counting brick rule, with a brick height of 15 pm and guard zones of 4 um. On average, we
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counted ~ 623 + 12 anti-NeuN-stained neurons and ~ 267 + 49 anti-huntingtin-stained nuclei
in each animal in order to estimate the total number of immunoreactive neurons in its
striatum, and calculated the radii of ~ 87 £ 2 neurons per mouse in order to estimate the
average volume of its neurons in its striatum.

For estimation of the striatal volume (Vy;), we used the following formula:

Vstr ZiAi x 1/ssfx 60 x 2

i=l
where A; is the area of the left striatum in the consecutive sections and ssf is the section
sampling fraction, 60 is the original section thickness and the product is multiplied by 2 to
calculate Vg, for the 2 hemispheres.

The total numbers of anti-NeuN-stained neurons and anti-huntingtin-stained nuclei in
the whole striatum were estimated by using the optical fractionator method and the following
formula:

N = (total number of objects counted in the left striatum) x 1/ssf x 1/asf x 1/hsf x 2
where ssf is the section sampling fraction, asf is the area sampling fraction and hsf is the
height sampling fraction. The product is likewise multiplied by 2 to calculate the total number
of cells in the whole striatum of the 2 hemispheres.

The isotropic orientation of the striatal neurons allowed the use of the nucleator probe
in our samples to estimate neuronal volumes (V; Schmitz et al., 1999). Here, the systematic
random selection of neurons was ensured by the selection of the first neurons coming into
focus in each counting brick. The Stereo Investigator software calculated Vy via the following
formula, where r is the average radius of a neuron:

Vn=@n3)xr

111.9. Statistics

All statistical analyses were performed with the help of the SPSS Statistics 17.0
software. Survival data were analysed by using Kaplan-Meier survival curves and the Mantel-
Cox log rank test. In the cases of behavioural tests, HPLC measurements and anatomical
analyses, we first checked the distribution of data populations with the Shapiro-Wilk W test,
and also performed the Levene test for analysis of the homogeneity of variances. If the data

showed a non-Gaussian distribution, or equal variances were not assumed, we used non-
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parametric statistics: the Mann-Whitney U test when 2 groups were compared, and the
Kruskal-Wallis test when there were more than 2 groups. If the data were distributed normally
and equal variances were assumed, we used parametric statistics: 2 groups were compared via
the independent t test, and multiple groups of data were compared by using repeated or one-
way measures of analysis of variance (ANOVA) followed by Fischer’s least significant
difference post hoc test comparison. The null hypothesis was rejected when the p level was <
0.05, and in such cases the differences were considered significant. In the event of Gaussian
or of non-Gaussian distributions, data were plotted as means (+ standard error of mean

(SEM)) or medians (and interquartile range) in the graphs, respectively.

IV. Results
1V.1. Survival

Valproate, administered ip at a dose of 100 mg/kg, increased the mean survival time of
the N171-82Q tg mice significantly, from 109.8 + 9.7 days to 144.3 £ 7.9 days, i.e. by 31.4%
[p = 0.034; Fig. 6a]. Similarly, the KYNA analogue, administered ip at a dose of 100 mg/kg,
also increased the mean survival time of the N171-82Q tg mice significantly, from 111.3 £
6.6 days to 145.5 + 12.0 days, i.e. by 30.7% [p = 0.016; Fig. 6b]. In contrast, the ip
administration of L-KYN (dose: 100 mg/kg; survival time of treated animals: 116.2 + 4.4
days; survival time of control animals: 111.3 + 6.6 days; percentage improvement: 4.4%; Fig.
6¢), L-carnosine (dose: 200 mg/kg; survival time of treated animals: 134.2 £ 6.2 days;
survival time of control animals: 122.5 + 5.4 days; percentage improvement: 9.6%; Fig. 6d),
pioglitazone (dose: 5 mg/kg; survival time of treated animals: 109.7 + 9.7 days; survival time
of control animals: 117.1 + 8.0 days; percentage improvement: -6.3%; Fig. 6e) or BZS1514
(dose: 20 mg/kg; survival time of treated animals: 137.9 £ 9.4 days; survival time of control
animals: 124.8 + 8.2 days; percentage improvement: 10.5%; Fig. 6f) did not prolong the
survival of N171-82Q tg mice significantly. The results of survival analyses are presented in

table 1.
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Table 1. Percentage improvement of survival duration after treatment of N171-82Q tg mice with the test

compounds.
Group pairs Survival duration Percentage improvement
(days; mean £ SEM)

Control 109.8 £ 9.7

31.4%
Valproate 1443 +79
Control 111.3+6.6

30.7%
KYNA analogue 145.5+12.0
Control 111.3+6.6

4.4%
L-KYN 116.2+4.4
Control 122.5+5.4

9.6%
L-Carnosine 134.2+6.2
Control 117.1 £ 8.0

-6.3%
Pioglitazone 109.7 £9.7
Control 124.8 £8.2

10.5%
BZS1514 1379+ 94
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Figure 6. Kaplan-Meier survival curves of the 6 groups of N171-82Q tg mice treated with test
compounds and those of the corresponding control groups. The treatment with valproate (a) or the
KYNA analogue (b) significantly increased the survival time relative to the controls (p < 0.05, Mantel-
Cox log rank test), whereas the treatment with L-KYN (c), L-carnosine (d), pioglitazone (e) or BZS1514
(f) did not exert any significant amelioration (valproate-treated N171-82Q tg mice and control N171-
82Q tg mice: both n = 8; KYNA analogue-treated N171-82Q tg mice and control N171-82Q tg mice:
both n = 10; L-KYN-treated N171-82Q tg mice and control N171-82Q tg mice: both » = 10; L-carnosine-
treated N171-82Q tg mice and control N171-82Q tg mice: both n = 14; pioglitazone-treated N171-82Q tg
mice and control N171-82Q tg mice: both n = 10; BZS1514-treated N171-82Q tg mice and control N171-
82Q tg mice: both n =8).
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Figure 7. The effects of valproate on the examined behavioural parameters in N171-82Q tg and wt mice.
Valproate significantly ameliorated the characteristic hypolocomotion in the N171-82Q tg mice,
examined via the ambulation distance (a) and local time (c) in open-field tests, while the immobility time
data (e) did not reveal any significant difference between the groups. The treatment with valproate did
not exert any effect either on the ambulation distance (b), or on the local time (d) or on the immobility
time (f) in wt mice. With regard to the exploratory activity, valproate significantly increased the low
rearing count characteristic of the N171-82Q tg animals (g), whereas it did not exert any significant
effect in the wt mice (h) (wt mice: n = 8; N171-82Q tg control mice: weeks 7-9: n = 8, weeks 10-15: n =7;
N171-82Q tg treated mice: weeks 7-15: n = 8; data are means + SEM; *p < 0.05, **p < 0.01, ***p <

0.001).
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Figure 8. The effects of the KYNA analogue on the examined behavioural parameters in N171-82Q tg
and wt mice. The analogue significantly ameliorated the characteristic hypolocomotion in the N171-82Q
tg mice, examined via the ambulation distance (a) and immobility time (e) in open-field tests, while the
local time data (c) did not reveal any significant difference between the groups. The treatment with the
KYNA analogue did not exert any effect either on the ambulation distance (b), or on the local time (d)
or immobility time (f) in the wt mice. With regard to the exploratory activity, the analogue did not
influence the low rearing count characteristic of the N171-82Q tg animals (g), and did not exert any
significant effect in the wt mice either (h) (wt mice: » = 8; N171-82Q tg control mice: weeks 7-12: n = §,
weeks 13-15: n = 7; N171-82Q tg treated mice: weeks 7-12: n = 9, weeks 13-15: n = 8; data are means +
SEM; *p < 0.05, **p < 0.01, ***p < 0.001).
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1V.2. Behavioural tests

Through use of the open-field paradigm, we tested the valproate- and the KYNA
analogue-treated N171-82Q tg mice together with their corresponding control wt mice and the
N171-82Q tg mice. We first assessed the locomotor activity of these animals by measuring
their ambulation distance, local time and immobility time in the open-field during the test
period for 9 consecutive weeks. During the tests in the first 3 weeks, the N171-82Q tg mice
covered a 20.5% and 19.9% shorter distance than the wt mice in the 2 experiments,
respectively. The ANOVA revealed no significant difference in the experimental valproate
assessment [Foo1) = 3.372, p = 0.054; Fig. 7a], but in the experimental KYNA analogue
assessment this difference did prove significant [F222) = 5.795, p = 0.01; post hoc test: p =
0.0046; Fig. 8a]. Although valproate had already exerted a visible amelioration at that time,
the KYNA analogue clearly had no effect. The measurements of local time (Figs. 7c¢ and 8c)
and immobility time (Figs. 7e and 8e) showed identical results with the corresponding
ambulation distance data in both experiments. During the second 3 weeks, valproate
significantly increased the ambulation distance [F(;20) = 8.716, p = 0.002; post hoc test: p =
0.00057; Fig. 7a] and significantly decreased the local time [F(220) = 11.63, p = 0.00045; post
hoc test: p = 0.00029; Fig. 7c] of the N171-82Q tg mice as compared with those of the
untreated tg animals, while the immobility time data did not prove any significant differences
between the groups. The increase in ambulation distance was also significant as compared
with the wt mice [post hoc test: p = 0.014; Fig. 7a]. As regards the treatment with the KYNA
analogue, we could already detect some positive changes in the behaviour of the treated
N171-82Q tg mice: as concerns the ambulation distance data, a significant difference could no
longer be detected between the wt and the treated N171-82Q tg mice (Fig. 8a). However,
there was still a significant increase in immobility time in the treated N171-82Q tg mice as
compared with the control wt animals [F(y ) = 7.569, p = 0.003; post hoc test: p = 0.002; Fig.
8e]. The local time data did not prove any significant differences between the groups (Fig.
8c). During the third 3 weeks, the differences in ambulation distance were no longer
significant in the experiment assessing the effects of valproate (Fig. 7a), probably due to an
increase in the standard deviation. However, the significant difference in local time [F ) =
15.71, p = 0.00045; post hoc test: p = 0.000067] still remained between the valproate-treated
and untreated N171-82Q tg animals (Fig. 8c). The treatment wit the KYNA analogue restored
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the locomotor activity of the treated N171-82Q tg mice to the wt level and their performance
became significantly different from that of the non-treated N171-82Q tg mice group both in
ambulation distance [F00) = 5.217, p = 0.015; post hoc test: p = 0.009; Fig. 8a], and in
immobility time [Fpo0 = 3.916, p = 0.037; post hoc test: p = 0.046; Fig. 8e]. In the
independent control experiments, neither valproate (Fig. 7b,d,f) nor the KYNA analogue (Fig.
8b,d,f) themselves influenced the spontaneous locomotor activity of the wt mice.

In addition to the examination of spontaneous locomotor activity, we also tested the
exploratory behaviour of the mice. We found that, whereas the N171-82Q tg mice reared
significantly less than the wt mice [by ~ 65%; F(222) = 14.08, p = 0.000153; post hoc test: p =
0.000062], the treatment with valproate significantly increased the number of rearings [F(2 1)
= 5.005, p = 0.017; post hoc test: p = 0.018], the increase remaining throughout the
examination period (Fig. 7g). The KYNA analogue did not change this behaviour
significantly, although the difference between the treated and the non-treated mice did
become larger by the end of the third 3 weeks (Fig. 8g). In the independent control
experiments, neither valproate (Fig. 7h) nor the KYNA analogue (Fig. 8h) themselves
influenced the exploratory activity of the wt mice.

The results of the elevated plus maze test at 15 weeks of age in the wt animals showed
that there was no significant difference between the KYNA analogue-treated and untreated
groups as concerns the percentage of time spent in the closed arms (Fig. 9a) or the number of
closed arm entries (data not shown). The results on the SRS demonstrated that the treatment

with the KYNA analogue did not induce the

stereotypic behaviour in the wt mice (Fig. 9b).  (a) (b)
<1001 6 1
Figure 9. The examination of the possible influence o 80 D 5
of the KYNA analogue on anxiety-related behaviour £ 60 2 4 1
and stereotypy in wt mice. The results of the elevated e ©3 1
plus maze test (a), examined via the percentage of S 401 32
time spent in the closed arms, and the results of the % 20 - 3 74
SRS (b) did not reveal any significant difference O
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1V.3. HPLC measurements

Following its ip administration in a dose of 100 mg/kg on 5 days per week for 9

weeks, valproate did not induce significant

(a) (b) (c)

= £ = changes in the striatal DA (Fig. 10a), DOPAC
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1V.4. Body weight and neuroanatomical changes

The average body weight of the wt control animals increased continuously until
around 14 weeks of age, whereas no increase in body weight was detected in the case of the
N171-82Q tg mice after the age of 7 weeks, and hence the weights of the 2 groups were
significantly different [repeated measures of ANOVA: F 103y = 20.27, p < 0.000001; Fig.
11a]. Our results revealed that the treatment with the KYNA analogue increased the body
weight of the N171-82Q tg mice significantly [repeated measures of ANOVA: Fg 103)=3.961,
p =0.00022; Fig. 11a].

With regard to the CNS pathology, the brain weight of 16-week-old N171-82Q tg
animals (432.2 + 10.0 mg) was significantly lower, by 7.9%, than that of the wt mice [469.2 +
7.6 mg; independent t test: p = 0.012], but that of the treated N171-82Q tg animals (446.8 +
12.7 mg) was not significantly different (Fig. 11b). The stereologically measured Vg, was also
significantly lower [by 12.6%; p = 0.012] in the N171-82Q tg animals (17.4 mm’,
interquartile range: 14.6-17.7 mm’; for representative images see Fig. 12b1-4) than in the wt
mice (18.9 mm’, interquartile range: 18.3-19.0 mm’; for representative images see Fig. 12al-
4). When the N171-82Q tg mice were treated with the KYNA analogue, their Vg was no
longer different from that of the wt mice (19.0 mm’, interquartile range: 17.3-19.4 mm’; Fig.

11c; for representative images see Fig. 12c1-4).
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Unbiased stereological methods did
not indicate any significant difference in the
number of neurons in the striatum of the
control wt mice, the N171-82Q tg mice or the
KYNA analogue-treated N171-82Q tg mice
(Fig. 5a,c; Fig. 11d). However, we found that
the average size of the neurons in the striatum
of the N171-82Q tg animals (663.4 pm’,
interquartile range: 605.6-681.0 pm’) was
lower by 14% [p = 0.0022] than that for the wt
mice (739.0 pm’, interquartile range: 734.2-
802.1 pm3; Fig. 11e). The treatment with the
KYNA analogue completely prevented the
development of atrophy of the neurons in the
N171-82Q tg mice (744.5 um’, interquartile
range: 716.2-787.4 yum®), and the average size
of these neurons was significantly different
from that in the control non-treated N171-82Q
tg animals [Kruskal-Wallis test: * = 13.01, df
= 2, p = 0.0015; Mann-Whitney U test: p =
0.012; Fig. 11e].

The treatment with the KYNA
analogue did not induce a significant change
in the percentage of anti-huntingtin
immunoreactive (EM48") neurons in the

striatum of the N171-82Q tg animals (17.5%
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Figure 11. Effects of treatment with the KYNA analogue on the anatomical features of the mice. (a) A
significant difference emerged between the body weights of wt and N171-82Q tg animals with aging (n =
75 p <0.000001, repeated measures of ANOVA), which was significantly ameliorated by the treatment (p
< 0.001, repeated measures of ANOVA). The treatment abolished the significant differences in brain
weight (b) and Vg, (c) between the wt and N171-82Q tg animals. Although the number of striatal
neurons did not decrease significantly by 16 weeks of age (d), obvious neuronal atrophy could be
observed in the N171-82Q tg animals, which was completely prevented by the treatment with the KYNA
analogue (e). (f) As concerns the aggregation pathology, the treatment did not change the percentage of
EM48" neurons in the striatum significantly (data are means + SEM (a, b, f) or medians and

interquartile range (c, d, e); *p <0.05, **p <0.01).
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of the total neuron population) relative to the
control N171-82Q tg animals (24.1% of the

total neuron population; Fig. 11f).

Figure 12. Macroscopic representative images of
coronal sections from 16-week-old wt, N171-82Q tg
and the KYNA analogue-treated N171-82Q tg mice.
An excessive ventricular enlargement can be seen in
the untreated N171-82Q tg animals (b1-4) relative
to the wt mice (al-4), which is totally prevented by
the treatment with the KYNA analogue (c1-4) (scale
bar: 5 mm).

V. Discussion

Although it is known that a definite single mutation leads to the development of HD
(the best example of trinucleotide repeat expansion disorders), it is unclear how this mutation
actually results in disease pathogenesis. The pathomechanism must therefore be thoroughly
explored, and effective new drugs with higher therapeutic value must be developed. Thus, the
main aim of the research work directly related to this thesis was to find compounds, both
well-known (with the possibility of a second medical use) and newly synthesized (with
innovative purposes) agents of therapeutic potential in this devastating illness.

The logic of testing valproate emerged from its proved HDAC inhibitor effect,
because some compounds from this group have been found to be protective in HD models.
The beneficial potency of valproate was further supported by the findings that it exerted
neuroprotection in tg mouse models of amyotrophic lateral sclerosis (applied doses: 150-250-
400 mg/kg ip; Rouaux et al., 2007) and Alzheimer’s disease (applied dose: 30 mg/kg ip; Qing
et al., 2008). Furthermore, it has also been demonstrated to be protective in the malonate
model of HD in rats (applied dose: 300 mg/kg ip; Morland et al., 2004). As we observed
dose-dependent acute toxicity in higher doses in mice (significant above 500 mg/kg ip) and

also aggravation of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxicity following
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administration in a subacute dosing regime in mice (significant at 250 mg/kg ip), the dose of
100 mg/kg was chosen for chronic administration purposes in our experiments.

The available scientific data as regards the altered tryptophan metabolism in HD
indicate that an enhancement of the KYNA effect may exert neuroprotection. However, from
pharmacological considerations, KYNA itself has several disadvantages, which rule out its
systemic use in the treatment of HD. Accordingly, several new KYNA analogues or prodrugs
have been designed (reviewed by Schwarcz, 2004). An important group of these compounds
are the KYNA amides (including our novel agent), which are excellent candidates (reviewed
by Fulop et al., 2009), because these analogues are known to be capable of the selective
inhibition of the NR2B subunit containing NMDA receptors too (Borza et al., 2007). This
analogue has already been proved to be beneficial in rat migraine models (applied dose: 300
mg/kg ip; Vamos et al., 2009a; Vamos et al., 2010). As acute administration of the novel
KYNA analogue in a dose of 300 mg/kg caused slight discomfort of the rats and this short-
lasting effect was also detected in mice, we selected a dose of 100 mg/kg for chronic
administration.

Using the N171-82Q tg mouse model of HD, we tested the effects of valproate and the
novel KYNA amide on survival. Valproate and the KYNA amide increased the survival time
of the N171-82Q tg mice significantly (by 31.4% and 30.7%, respectively). These elevations
are noteworthy: the most effective agent in this model, probenecid, lengthened the survival by
~ 35% (Vamos et al., 2009b), while tiagabine did so by 26% (Masuda et al., 2008) and
phenylbutyrate by 23% (Gardian et al., 2005). Nevertheless, it is important to distinguish
between the characteristic of the survival curves. Valproate seems to shift the survival curve
of the N171-82Q tg animals, ie. it delays the onset of mortality (as in the case of
phenylbutyrate treatment). The treatment with the KYNA analogue did not simply shift the
survival curve of the N171-82Q tg animals, but also altered the slope of the curve, i.e. the
longer the treatment period, the more pronounced the prolongation of survival duration was.
Hence, this compound seems to slow down the progress of neurodegeneration instead of only
delaying the onset of mortality.

The beneficial effect of valproate and the KYNA amide is supported by our findings in
the open-field tests, too. As regards the spontaneous locomotor activity, valproate exerted a

significant protective effect at 10-12 weeks of age (weeks 4-6 of treatment), measured by
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means of ambulation distance and local time. The local time data for the third period of
treatment also clearly demonstrate the significant amelioration. It is worth noting here that
there was no detectable side-effect of the treatment in the wt mice as regards the spontaneous
locomotor activity, although the treatment caused significant increases in ambulation distance
in the N171-82Q tg animals as compared with the untreated wt mice. Thus, as we did not
observe a similar difference between the treated and the untreated wt mice, the considerable
increase in locomotion mentioned above is probably due to the combined effect resulting from
the treatment and the presence of the transgene. Accordingly, the phenomenon can be
explained in that there are regional differences in the effects of valproate on the GABA levels
in certain brain areas. For example, there is a considerable elevation in midbrain regions such
as the substantia nigra (Iadarola et al., 1979; Loscher et al., 1985), the reticular part of which
is an important part of both direct and indirect pathways of the basal ganglia circuitry. In HD,
the function of the indirect pathway deteriorates first, while the direct pathway remains intact
in the early stages (reviewed by Ramaswamy et al., 2007), resulting in hyperkinetic
movements in humans. The treatment probably shifts the function of the direct pathway by
elevating the GABA level in the substantia nigra pars reticulata with decreased inhibition of
the thalamus, resulting in increased locomotion. It is also worth mentioning that chronic
valproate treatment did not influence the striatal levels of DA and its metabolites, which
would also have influenced the motor performance. Furthermore, as valproate has anxiolytic
effects only in higher doses (200-300-400 mg/kg ip; de Angelis, 1995) and there is no
documented stereotypy-inducing effect in the scientific literature, it is unlikely that the
treatment had any effect on these parameters, thereby influencing the spontaneous locomotor
activity. In addition to the beneficial effects on spontaneous locomotor activity, valproate
exerted a significant amelioration in the exploratory activity, measured by means of the
number of rearings, while it did not have significant effects in wt mice. Although the
treatment with the KYNA analogue also ameliorated the hypolocomotion of the N171-82Q tg
mice, the locomotor activity of the N171-82Q tg mice had improved to the wt level only by
the end of the 9-week treatment period, as measured by means of ambulation distance and
immobility time. As the KYNA analogue did not influence the locomotor activity and not
induce anxiolysis or stereotypy at the dose administered in the wt mice, the beneficial change

in hypolocomotion is not due to any behavioural side-effect of the KYNA amide treatment.
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The late-onset amelioration is probably explained by the observation that N171-82Q mice
adapt to NMDA receptor-induced excitotoxicity in an increasing manner during aging
(Jarabek et al., 2004). The antiexcitotoxic therapy probably supports the adaptive processes,
leading to a significantly enhanced level of protection. The treatment with the KYNA
analogue did not influence the exploratory activity either in N171-82Q tg or in wt mice.
Although there is a seeming variation between the different sets of N171-82Q strain
generations as regards the extent of alteration in local time (the duration of the lack of
locomotion) or immobility time (the duration of immobility), both of these parameters are
applicable for the measurement of hypolocomotion, and the alterations are usually consistent
with those in the ambulation distance data. Nevertheless, for the study of drug effects on
hypolocomotion, the selection of that parameter is more advisable as it reveals a larger
difference between the N171-82Q tg and wt animals even at the beginning of the experiment.

As neuroprotective properties of valproate are well supported by the histology data
from the scientific literature, only preliminary qualitative examinations were carried out on
brain pathology by means of cresyl violet staining and anti-huntingtin immunohistochemistry.
The findings indicated that the cellular atrophy was present in treated animals, but its extent
was lower than that in untreated N171-82Q tg mice (data not shown). These findings are
consistent with the data from studies with other HDAC inhibitors, but valproate does not
seem to exert such pronounced effects as those substances. In contrast with the previous
studies with HDAC inhibitor molecules, where the huntingtin aggregate deposition was not
altered, our provisory data suggest that valproate treatment diminished the striatal anti-
huntingtin immunoreactivity (examined with EM48 antibody). This phenomenon might be
explained in that the pharmacological activity of valproate is more complex than that its
effects can be interpreted solely through its HDAC inhibitor activity.

As neuroprotective properties of the novel KYNA analogue had never been verified
before, thorough examinations on anatomical changes were carried out. The body weight data
well support the findings of survival and behavioural analyses, for the treatment significantly
mitigated the characteristic phenomenon that the body weight of N171-82Q tg mice does not
increase further after 2 months of age. Furthermore, our brain pathology data are in
accordance with the findings of Schilling et al., 1999 (the first characterization of N171-82Q
tg mice), who reported that the brains of tg animals are slightly smaller (by 7.9% in our
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experiment). However, precise unbiased design-based stereological procedures were
necessary to investigate the number of neurons and their size in the striatum, in order to reveal
the possible pathomechanism of HD at the cellular level in these N171-82Q tg animals. In
parallel with the difference in brain weights, the volume of the striatum was lower (by 12.6%)
in the N171-82Q tg animals. This phenomenon can be well explained by the 14% lower V.
This suggests that neuronal atrophy plays a more important role in the pathomechanism in the
N171-82Q tg mouse model of HD than the possible final decrease in the number of neurons.
This observation is in accordance with the original characterization of these N171-82Q tg
mice, which did not indicate a severe loss of neurons in the striatum. Indeed, it has been
demonstrated that some drugs have beneficial effects on neuronal atrophy (e.g. Gardian ef al.,
2005; Stack et al., 2010), and it therefore seems to be a good parameter via which to test
neuroprotective effects of drugs. In our experiments with the novel KYNA amide, the
neuronal atrophy was nearly completely mitigated. As concerns the aggregation pathology,
we investigated the percentage of EM48" nuclei in the striatum. This revealed that the
treatment led to a slight, but not significant improvement.

The KYNA precursor L-KYN might also be of therapeutic potential, as it has already
been found to be protective in rat, mouse and gerbil models of cerebral ischaemia (applied
dose: 300 mg/kg ip; Nozaki and Beal, 1992; applied doses: 100-300 mg/kg ip; Gigler et al.,
2007). The dose of L-KYN was also selected to be 100 mg/kg to permit approximately
equimolar testing with the KYNA analogue. The lack of significant effects on survival in the
case of L-KYN could be due to several reasons. Although L-KYN has been found to be
protective alone in brain ischaemia models or in combination therapy with probenecid in a
migraine (Knyihar-Csillik et al.,, 2007) or ischaemia model (Robotka et al., 2008), these
beneficial effects were seen after an acute event with sudden onset. The transformation of L-
KYN in these acute conditions is probably mediated mainly towards KYNA production.
However, in the N171-82Q HD model with prolonged disease onset and a likely disturbance
of the tryptophan metabolism, L-KYN probably transforms towards the toxic metabolites, too,
following its chronic administration. Thus, although L-KYN administration seems beneficial
in acute conditions, it is probably invaluable in the treatment of conditions with prolonged

onset.
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The protective effects of L-carnosine with antioxidant, antiglycator and metal chelator
properties have been proved against permanent cerebral ischaemia in mice (applied doses:
500-1000 mg/kg ip; Rajanikant ef al., 2007) and against ischaemic-reperfusion injury in rats
and gerbils (applied dose: 100 mg/kg ip; Dobrota et al., 2005), and the dose of 200 mg/kg was
therefore selected as chronic dosing regime. L-Carnosine exerted a slight, but not significant
amelioration of survival. Although in higher doses it has been found to be protective against
permanent cerebral ischaemia in mice, the possible amelioration achieved by extremely high
doses would have only scientific, but not therapeutic significance. Above 100-200 mg/kg
(taking into consideration the higher metabolic rate of rodents, too), the possibility of cost-
effective production and of finding an appropriate route of daily administration for human use
is questionable.

The PPAR-y agonist pioglitazone has already been found to be beneficial in an MPTP
model of Parkinson’s disease (applied dose: approximately 20 mg/kg per os; Breidert et al.,
2002), in a tg mouse model of amyotrophic lateral sclerosis (applied dose: 1200 ppm per os;
Kiaei et al., 2005) and after a global cerebral ischaemic-reperfusion injury in gerbils (applied
dose: 3-10-30 mg/kg in dimethyl sulfoxide (DMSO) ip; Kaundal et al., 2009). On the one
hand, oral dosing regimes are unreliable and they make it difficult to carry out experiments in
a cost-effective way; on the other hand, the chronic use of DMSO for vehicle purposes should
be avoided for toxicity reasons. We therefore decided on a dose of 5 mg/kg and the ip mode
of administration of pioglitazone in suspension using 0.1% (wt/vol) carboxymethylcellulose
solution. Pioglitazone at a dose of 5 mg/kg was clearly ineffective. Indeed, it slightly
decreased the mean survival time of the N171-82Q tg animals. This phenomenon could be
due to the fact that the chronic ip administration of suspended particles has slight local toxic
effects which, although they do not exert any seeming deterioration in wt animals, can
probably cause disease worsening in mice predestinated to chronic progressive disease
development. Furthermore, higher doses have been applied in most of the previous
experiments, so subdosing would be another reason for the lack of efficacy. This possibility is
supported by the very recent finding that pioglitazone (10-20-40 mg/kg per os for 21 days) in
suspension in 0.25% (wt/vol) carboxymethylcellulose solution has been found protective in

the QUIN model of HD in rats (Kalonia ef al., 2010).
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BZS1514 was previously found to be protective in a tg mouse model of Alzheimer’s
disease (applied dose: 10 mg/kg ip; personal communication, data not shown). However, as
the targets of this molecule in HD would include intranuclear alterations, too, a higher dose of
20 mg/kg was selected. BZS1514 exerted only a slight, but not significant amelioration of
survival at the twofold dose. The lack of clear efficacy may be explained in that the

achievement of significant intracellular/intranuclear effects needs even higher doses.

VI. Conclusions

The beneficial effects of valproate in survival and behavioural analyses are probably
due to its complex activity, i.e. the increases in GABAergic function, and anti-excitotoxic and
HDAC inhibitor effects. In the 1970s, several clinical trials were carried out with valproate in
HD, usually with the aim of amelioration of the choreiform movements, but without any
positive effect (Bachman et al., 1977; Pearce et al., 1977; Symington et al., 1978). However,
in the present decade, two studies have revealed that valproate is beneficial in monotherapy in
the treatment of myoclonus in HD (Saft et al, 2006) and in combination therapy with
olanzapine in the treatment of psychosis and movement disorders related to HD (Grove et al.,
2000). Nevertheless, we should be cautious with the interpretation of our preclinical results,
especially when the findings of previously failed clinical trials are considered. The treatment
with valproate merely delayed the onset of the symptoms, and did not alter the characteristics
of the survival curve; its effect therefore seems to be mainly symptomatic, which is supported
by the preliminary findings on brain pathology. Furthermore, we began our experiments
before the onset of motor symptoms, whereas the earlier studies were carried out on patients
with manifest clinical symptoms of HD. Nevertheless, it is worth considering the design of
further preclinical studies with valproate and, in the event of reinforcing results, the setting up
of new clinical trials based on a well-planned treatment regime, using valproate in
monotherapy or in combination therapy with a high number of participating patients. The
novel KYNA analogue, which can probably exert complex anti-excitotoxic effects, also
ameliorated the characteristic phenomena caused by the presence of transgene. However, in
contrast with the findings in the survival analysis in the experiment with valproate, it altered
the characteristic of the survival curve, suggesting neuroprotective effects. The

neuroprotection was verified by thorough stereological analyses, and this novel compound
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may therefore be considered a promising candidate for further preclinical and clinical trials. It
is also noteworthy as regards future experiments that we did not detect any side-effect either
of valproate or of the novel KYNA analogue at the applied dose. Although L-KYN, L-
carnosine, pioglitazone and BZS1514 did not exert any significant amelioration in the
survival analyses of our experiments, new dosing and administration regimes or the
application of combination therapies may lead to the achievement of beneficial effects, if they

have any.
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