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Abstract 

Background: There are currently no major disease-modifying treatments for 
neurodegenerative disorders such as Huntington's disease (HD), amyotrophic lateral 
sclerosis (ALS) and frontotemporal dementia (FTD). HD is caused by a CAG repeat 
expansion in the huntingtin gene and is characterised by the accumulation of mutant 
huntingtin (mHTT) protein. ALS is defined by the degeneration of motor neurons 
connecting the brain, spinal cord and muscles, while FTD involves damage to 
cortical regions, primarily the frontal and temporal lobes. ALS often co-occur with 
FTD, with the common denominator linking these disorders being the transactive 
response DNA binding protein of 43 kDa (TDP-43). What connects HD, ALS-FTD 
and other distinct neurodegenerative disorders is pathology of the hypothalamus—
a key regulator of emotion and metabolism. Clinical features such as anxiety, 
depression and body weight dysregulation are common across these disorders and 
may be linked to hypothalamic dysfunction. We hypothesize that the hypothalamus 
is vulnerable to mHTT and TDP-43 toxicity, and that damage in this region 
contributes to the observed metabolic and psychiatric phenotypes in people affected 
by HD or ALS-FTD. We therefore aimed to identify the structure-to-function 
relationship between the hypothalamus and its circuitry and the development of the 
psychiatric and metabolic features of HD and ALS-FTD 

Results: We demonstrated that TDP-43 overexpression in the hypothalamus of 
mice was sufficient to induce ALS-FTD-like pathology, including the formation of 
cytoplasmic TDP-43 localisation with inclusions and the development of metabolic 
and emotional deficits (Paper I). In addition, we established the RNA/DNA 
autophagy protein SID1 transmembrane family member 2 (SIDT2) as a novel 
pathological hallmark in HD (Paper II). SIDT2 protein levels are significantly 
reduced in advanced HD and SIDT2-immunoreactive inclusions are present in 
postmortem human brain tissue from HD cases. Given that SIDT2 overexpression 
in vivo and in vitro reduces HTT load independent of canonical degradation 
pathways, the SIDT2 system represents a promising therapeutic avenue. Lastly, we 
showed that neurons expressing oxytocin—a neuropeptide implicated in social 
behaviour, anxiety and depression—are susceptible to both mHTT and TDP-43 
toxicity (Paper III and IV). Interestingly, pathology in oxytocin neurons was 
insufficient to generate behavioural and metabolic dysfunction, suggesting that 
other neuronal populations may play a more prominent role in the pathogenesis of 
HD and ALS-FTD. 
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Conclusion: This thesis demonstrates the involvement of the hypothalamus in 
neurodegenerative disorders characterised by TDP-43 and mHTT pathology. Our 
results indicate that hypothalamic pathology may be a convergence point of these 
disease processes and therefore represents a potential therapeutic target. 
Furthermore, the observed deficits in the SIDT2 pathway in HD suggest that SIDT2 
is a promising therapeutic candidate. 
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Populärvetenskaplig sammanfattning  

Introduktion: Vår kropp styrs av nervceller som reglerar allt från tankeförmåga 
och känslor till kroppsfunktioner som andning och matsmältning. Dessa viktiga 
celler är särskilt känsliga för neurodegenerativa sjukdomar, en grupp sjukdomar där 
skadliga proteiner klumpar ihop sig och tros bryta ner nervcellerna. 

Beroende på vilka nervceller som bryts ned uppstår olika sjukdomssymptom. Vid 
Huntingtons sjukdom (HS), som orsakas av en mutation i huntingtin-genen (HTT), 
påverkas framförallt hjärnområdet striatum som styr motoriken. Sjukdomar som 
amyotrofisk lateralskleros (ALS) kan ibland uppträda i kombination med 
frontotemporal demens (FTD). Vid ALS bryts nervfibrer mellan hjärnan, 
ryggmärgen och musklerna ned, medan FTD innebär skada i områden som styr 
beteende och språkförmåga, främst i frontal- och temporalloben. En viktig 
gemensam nämnare för dessa till synes olika sjukdomar är proteinet TDP-43. TDP-
43 finns i alla celler, även hos friska personer, och är viktig för cellens normala 
funktion. Däremot kan TDP-43 av okänd anledning leda till sjukdom.  

Eftersom det i dagsläget saknas läkemedel som kan bota neurodegenerativa 
sjukdomar är det avgörande att förstå de gemensamma mekanismerna. Hypotalamus 
är en central, men liten, hjärnregion som styr våra känslor, ämnesomsättning och 
beteende. Symptom som ångest, depression och viktförändringar är vanliga vid 
sjukdomar som HS och ALS-FTD. I denna avhandling testar vi hypotesen att 
hypotalamus är sårbar för muterat huntingtin och TDP-43, och att skador (patologi) 
i denna region bidrar till de metaboliska och psykiska problemen hos patienter. 

Resultat: I denna avhandling visade vi att enbart överuttryck av TDP-43 i 
hypotalamus hos möss var tillräckligt för att leda till ALS-FTD-liknande skador, 
inklusive bildning av TDP-43 proteinansamlingar. Det ledde även till tydliga brister 
i ämnesomsättningen och beteende (Artikel I). 

Vi identifierade även den viktiga rollen av SIDT2 vid HS (Artikel II). SIDT2 som 
normalt är involverad i cellernas normala rengörings- och återvinningssystem (så 
kallad autofagi) för att avlägsna felaktiga proteiner. Proteinnivåerna av SIDT2 är 
kraftigt sänkta i påverkade hjärnområden i HS. När vi överuttryckte SIDT2 i möss 
och i celler kunde det minska mängden muterat huntingtin protein, vilket gör 
SIDT2-systemet till en lovande angreppspunkt för potentiell läkemedelsutveckling. 
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Studier bekräftade att viktiga nervceller som producerar oxytocin – det så kallade 
kärlekshormonet är kopplat till både socialt beteende, ångest och depression – är 
känsliga för både muterat huntingtin och TDP-43 (Artikel III och IV). Intressant nog 
räckte inte patologi enbart i dessa celler för att orsaka de typiska beteende- och 
ämnesomsättningsproblemen, vilket kan betyda att andra nervceller kan vara 
viktigare i sjukdomsförloppet av HS och ALS-FTD. 

Slutsats: Denna avhandling visar att hypotalamus är viktig i sjukdomar med TDP-
43 och muterat huntingtin patologi. Resultaten tyder på att patologi i hypotalamus 
är en viktig del i sjukdomsförloppet och kan vara ett potentiellt mål för läkemedel, 
och att SIDT2 kan vara en läkemedelkandidat efter upptäckten av brister av SIDT2-
systemet i HS. 
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Introduction 

The thesis rationale in brief  
The intricate abilities of the human mind and body are a result of a complex network, 
consisting of highly specialised neurons controlling everything from cognition and 
emotion to vital bodily functions, such as breathing and digestion. However, this 
sophisticated system, known as the nervous system, is susceptible to the group of 
diseases called neurodegenerative disorders (NDs).  

While NDs share a common hallmark of progressive neuronal deterioration, each 
disorder primarily targets distinct parts of the nervous system. In Huntington’s 
disease (HD) the neurons of the striatum and cerebral cortex are particularly 
vulnerable, impairing movement and cognition. Amyotrophic lateral sclerosis 
(ALS) mainly affects motor neurons, limiting movement, while frontotemporal 
dementia (FTD) predominantly degenerates the frontal and temporal lobes, resulting 
in changes in personality and language ability (aphasia). Despite these three 
disorders being first characterised in the 19th century, they remain irreversible and 
fatal with no major disease-modifying therapies. 

While each ND is unique in its clinical presentation and primary affected brain 
regions, they share a surprising commonality. A growing body of evidence suggests 
that the hypothalamus, an important brain region responsible for regulating critical 
functions like emotion, metabolism, and motivation, is affected across a wide range 
of NDs, including not only HD, ALS and FTD, but also Alzheimer's disease (AD) 
and Parkinson's disease (PD). Furthermore, the same NDs also share a common 
molecular signature – pathology of transactive response DNA-binding protein 43 
kDa (TDP-43). This shared vulnerability points to a potential unifying mechanism 
of neurodegeneration and a promising avenue for therapeutic intervention. 

This thesis contributes to this critical area of research by providing new insights into 
the relevance of hypothalamic pathology in NDs. This work strengthens our 
understanding of the shared molecular mechanisms underlying diseases like HD and 
the ALS-FTD spectrum and could be crucial for bridging our understanding of these 
seemingly distinct conditions and, most importantly, for the future development of 
novel therapeutic strategies. 
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History of neurodegenerative disorders 
While conditions characterised by cognitive decline, like dementia, had been noted 
in ancient medical texts for millennia, the first clinical description of any ND was 
provided in 1817 when James Parkinson published An essay on the shaking palsy, 
detailing the symptoms of what would later be named Parkinson’s disease [1] 
(Figure 1). The underlying mechanisms (neuropathology) of NDs remained 
unknown until the 20th century. Understanding the role of proteins in 
neuropathology began with Alois Alzheimer, who in 1906 published his work 
detailing the characteristic amyloid plaques and neurofibrillary tangles found in the 
brain of a patient with AD [2].  Shortly thereafter in 1912, Fritz Heinrich Lewy 
identified the specific protein aggregates, now known as Lewy bodies, that 
constitute the pathological signature of PD [3]. In 2009, John Trojanowski, Virginia 
Man-Yee Lee and Mark Forman, discovered inclusions of TDP-43 in ALS and FTD 
as well as in AD [4]. These post-mortem discoveries were critical, enabling 
researchers to classify and differentiate disorders based on the specific type of 
abnormal protein aggregation, known as proteinopathies. This thesis will focus on 
two such proteinopathies: mutant huntingtin (mHTT) and TDP-43, mHTT 
pathology is exclusive to HD, while TDP-43 pathology is shared by an increasing 
number of NDs, most notably in ALS and FTD. 

 

Figure 1. Timeline of milestones in the history of neurodegenerative disorders.  
Parkinson’s disease (PD) was described in 1817, followed by Huntington’s disease (HD) (1872) and 
amyotrophic lateral sclerosis (ALS) (1874). Frontotemporal dementia (FTD) was described in a series 
of case reports between 1892 and 1906. Alzheimer’s disease (AD) was described in 1906 alongside 
the pathological characteristics of neurofilament tangles (NFT) and amyloid (Aβ) plaques. The 
discovery of both the huntingtin (HTT) CAG repeat expansion in HD and the ALS SOD1 gene mutation 
happended in 1993. Furthermore, mutant HTT (mHTT) protein aggregation was identified as a 
neuropathological hallmark of HD in 1997.  The widespread TDP-43 pathology was observed in ALS, 
FTD and AD (2009) and the first ever treatment of ALS caused by SOD1 was approved in 2022 [5, 6].  
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History of HD  
George Huntington, an American physician who in 1872, published a precise 
description of the condition that would later bear his name in a paper titled "On 
Chorea” [7]. The term chorea refers to the involuntary, dance-like movements; a 
word derived from the Greek word for "dance". In Sweden the disorder previously 
went under the name danssjukan, which directly translates to “the dance disorder”. 
Although he was not the first to observe the disease, his paper was the first to 
identify the progressive and familial nature of HD and clinical symptoms such as 
motor, cognitive and psychiatric disturbances. The next major breakthrough in HD 
research came over a century later. In 1983, a team of researchers led by Nancy 
Wexler identified that a region on chromosome 4 was linked to HD. This discovery 
was made possible by studying a large family in Venezuela with a high prevalence 
of HD [8]. A decade later, in 1993, the exact gene mutation was identified, revealing 
the underlying genetic cause of HD – a CAG repeat expansion in the huntingtin 
(HTT) gene [9]. In 1997, a group led by Marian DiFiglia and Neil Aronin identified 
mutant HTT (mHTT) protein aggregation in postmortem human brain tissue [10], 
while a separate lab led by Erich Wanker demonstrated that purified mHTT 
fragments could aggregate in vitro [11], these two simultaneous discoveries 
established the neuropathological hallmark of HD.  

History of ALS  
The earliest comprehensive clinical description of what would become known as 
ALS came from the French neurologist Jean-Martin Charcot in 1874 [12]. There are 
earlier descriptions, but Charcot’s observations led him to distinguish ALS from 
other neurological disorders, characterising it by progressive muscle wasting 
(amyotrophy) and hardening of the spinal cord (lateral sclerosis). Decades later, the 
disease gained widespread public recognition through the American baseball player, 
Lou Gehrig. After being diagnosed with the condition in 1939, he gave an emotional 
farewell speech at the Yankee Stadium and brought the devastating effects of the 
disease to a wide audience, leading it to its colloquial name Lou Gehrig’s disease. 
In 1993, the discovery of the first ALS-linked gene, superoxide dismutase 1 (SOD1), 
provided the initial insight into the familial aspect of the disease [13]. While 
sporadic ALS still accounts for most cases, SOD1 mutations are responsible for 1–
6% of ALS cases [14]. Furthermore, a breakthrough came in 2023, with the approval 
of Tofersen, the first treatment specifically for ALS caused by the SOD1 mutation. 
For the first time, clinical reports showed that disease progression could be slowed 
[5, 6]. 
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History of frontotemporal dementia  
For decades, many cases of dementia were misdiagnosed as atypical AD. The first 
clinical distinction of what would be FTD was made in the late 1800s by Czech 
psychiatrist Arnold Pick [15]. In a series of case reports between 1892 and 1906, 
Pick described patients with progressive aphasia and personality changes, which he 
correctly linked to atrophy of the frontal and temporal lobes. The disorder was 
initially named "Pick's disease." In 1911, Alois Alzheimer identified what would be 
called "Pick bodies," which are an accumulation of the tau protein [16]. While the 
term "Pick's disease" persists, it refers to only one specific subtype of FTD. The 
more widely used term for this subtype is behavioural variant FTD (bvFTD) and is 
the subtype mainly associated with the ALS-FTD spectrum. It was not until the late 
20th century that the medical community recognised Pick's disease as just one part 
of a larger family of related disorders, leading to the adoption of the more inclusive 
umbrella term, frontotemporal dementia. 

Huntington’s disease 
HD is caused by a mutation in the huntingtin (HTT) gene, which involves an 
expansion of CAG trinucleotide repeats in exon 1 [9]. As a result, the translated 
huntingtin (HTT) protein contains an elongated polyglutamine (Q) tract[9]. A 
clinical diagnosis of HD is based on a positive genetic test, typically showing 40–
50 CAG repeats, combined with the manifestation of motor disturbances [17]. For 
comparison, a typical tract in healthy individuals contains around 16–20 CAG 
repeats [18]. Individuals with more than 40 CAG repeats show full penetrance, 
meaning they will develop the disease. However, those with 36–39 repeats have 
reduced penetrance and may remain asymptomatic throughout their lives or develop 
the disease at a later stage [17]. The length of the CAG repeat expansion is inversely 
correlated with the age of onset, meaning individuals with a longer repeat tract 
typically develop the disease earlier in life [19, 20]. Onset typically occurs in midlife 
(between 30 and 55 years of age) and is followed by a disease duration of 
approximately 20 years. The hallmark motor disturbances include chorea, 
characterised by exaggerated involuntary movements, as well as rigidity, dystonia 
and gait imbalance [21]. A distinct juvenile-onset form of HD presents before age 
20. This form is usually seen in individuals with more than 60 CAG repeats and is 
often dominated by a more rapid progression [22]. 

Beyond the motor manifestations, HD is a complex disorder with a wide range of 
non-motor signs and symptoms that can precede the motor onset by years or even 
decades. These include significant cognitive changes, such as difficulty with 
planning and impulse control as well as impaired social cognition [23]. Psychiatric 
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features are also common and include depression, anxiety, apathy and irritability 
[24, 25]. Patients with HD also display metabolic disturbances, with weight loss, 
particularly in later stages of HD but also in pre-symptomatic HD patients [26, 27].  

Certain brain regions are more vulnerable to the effects of mHTT, which is thought 
to cause the wide range of signs and symptoms seen in HD (Figure 2). HD is 
characterised by progressive brain atrophy, which is most pronounced in the 
striatum of the basal ganglia and the cerebral cortex [28, 29]. The vulnerability of 
the striatum is believed to be the primary cause of the motor disturbances, and the 
severity of this atrophy is classified using the Vonsattel grading scale (0-IV) [30]. 
In addition, the cerebral cortex is implicated as the origin of cognitive disturbances, 
but also motor disturbances. Furthermore, neurodegeneration in other brain regions, 
such as the hypothalamus, may explain non-motor signs and symptoms, including 
alterations in metabolism, emotion and sleep [31].  

 

Figure 2. Neuropathology and clinical features of Huntington’s disease (HD). 

Huntingtin 
While the cause of HD is well-established, the precise underlying mechanisms that 
result in neurodegeneration remain a topic of debate. Mutant HTT appears to exert 
toxicity across all stages of gene expression: at the DNA, RNA and protein levels. 
The most widely studied pathological feature is protein toxicity, characterised by 
the aggregation of the mHTT protein to form both intranuclear and extranuclear 
inclusions [10, 32]. These inclusions are believed to sequester additional cellular 
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proteins and disrupt normal cell function. Inclusion formation is driven by the 
elongated polyglutamine tract in exon 1, which causes mHTT protein misfolding 
and the subsequent accumulation of insoluble inclusion bodies [11, 33].  

At the RNA level, the expanded CAG repeat tract within the RNA can form aberrant 
secondary structures. These structures can sequester RNA-binding proteins, leading 
to a disruption of normal RNA processing and transport [34]. Furthermore, 
missplicing of HTT leads to the production of exon 1 RNA, which subsequently 
generates exon 1 protein fragments that are highly prone to aggregation [35].  

DNA toxicity is less direct but involves mHTT disrupting the transcriptional 
machinery, particularly DNA repair mechanisms [36]. This impairment contributes 
to somatic expansion, a process where the number of CAG repeats increases 
progressively over time in cells, and can reach hundreds of CAG repeats, which is 
believed to initiate and accelerate disease progression [36].  

Huntingtin clearance and the SIDT2 pathway 
Cells have intrinsic clearance pathways to manage and eliminate aberrant proteins, 
RNA and DNA species. For proteins, the major mechanisms include the ubiquitin-
proteasome system (UPS), which tags faulty proteins with ubiquitin for degradation 
via the proteasome. Alternatively, macroautophagy is a process where proteins and 
larger cellular components (such as organelles) are enclosed within vesicles called 
autophagosomes, which then fuse with lysosomes for enzymatic degradation[37]. 
In both UPS and autophagy, faulty proteins are tagged with ubiquitin. Subsequently, 
the protein p62 delivers ubiquitinated proteins to the proteasome or the 
autophagosome [38]. Ubiquitin has been shown to form inclusions in HD and ALS-
FTD [39, 40]. The clearance mechanisms for aberrant RNA and DNA species are 
comparatively less characterised. A recently discovered autophagy pathway, termed 
RNautophagy/DNautophagy is responsible for the specific degradation of RNA or 
DNA transcripts via lysosomes (Figure 3). This novel mechanism is governed by 
the lysosomal transmembrane protein SID1 transmembrane family member 2 
(SIDT2) [41-44]. SIDT2 is a transmembrane protein that directly binds to DNA and 
RNA to facilitate their uptake into the lysosome. The discovery of this pathway is 
particularly significant for HD research, as SIDT2 has been shown to bind 
specifically to exon 1 of the HTT transcript via its arginine-rich motif in a CAG-
dependent manner [45]. Furthermore, a study in postmortem PD cases demonstrated 
that SIDT2 formed inclusions and co-localised with phosphorylated α-synuclein 
protein [46]. Skeletal muscle-specific Sidt2 knock-out in mice induces a muscular 
dystrophy-like phenotype[47], while the knock-out of Sidt2 in mouse mesangial 
cells resulted in an increase in expression of pro-inflammatory cytokines [48]. The 
role of SIDT2 is an emerging field, given that HTT transcripts may be cleared 
through this SIDT2-mediated autophagy pathway, it may be crucial in 
understanding HD pathogenesis. 
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Figure 3. Cellular clearance via the autophagy pathway.  
Macroautophagy clears misfolded or faulty proteins and damaged organelles. Tagged cargo is initially 
encapsulated within a double-membraned vesicle called an autophagosome. The autophagosome then 
fuses with a lysosome to form an autolysosome. The low-pH environment in the lysosome in 
combination with enzymes, breaks down the cargo for recycling. In RNautophagy/DNautophagy, SIDT2 
directly transports DNA and RNA into the lysosome, resulting in degradation. 

ALS-FTD disease spectrum  
Clinical features of ALS  
ALS is a rapidly progressive ND characterised by the selective degeneration of both 
upper motor neurons and lower motor neurons (Figure 4). Loss of upper motor 
neurons, involving neurons connecting the brain and spinal cord, typically presents 
as muscle stiffness (spasticity) and hyperreflexia, while loss of lower motor neurons, 
connecting the spinal cord to skeletal muscles, leads to muscle weakness and 
atrophy. ALS affects individuals around the mean age of 55 and typically results in 
death within 2-5 years of symptom onset [49, 50].  

Crucially, the disease extends beyond the classic motor features, frequently 
affecting cortical and subcortical regions. The resulting non-motor features include 
metabolic dysregulation with substantial weight loss [51-53] as well as psychiatric 
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and cognitive impairments sometimes preceding the onset of motor disturbances. 
Patients commonly exhibit emotional dysfunction like depression and apathy, as 
well as deficits in social cognition and sleep impairments [51, 54-56].   

ALS is overwhelmingly sporadic in etiology and the major pathological protein is 
TDP-43, usually present in the cytoplasm of affected motor neurons in the spinal 
cord and brain stem [50]. TDP-43 inclusions are also present in the frontal and 
temporal cortices as well as in the hypothalamus [57, 58]. Genetic mutations have 
also been associated with ALS such as SOD1, C9ORF72 and the TDP-43 encoding 
gene TARDBP [50] .  

Clinical features of FTD 
Frontotemporal lobar degeneration comprises a group of NDs characterised by the 
degeneration of the frontal and temporal lobes of the brain resulting in progressive 
behavioural and executive dysfunction (Figure 4). FTD is the second most common 
form of early-onset dementia after AD [59]. FTD is typically subcategorised into 
three main clinical syndromes: bvFTD is the most prevalent and usually presents 
around age 50 [60], and two language variants, semantic dementia and progressive 
non-fluent aphasia [60]. Core features of bvFTD include apathy and behavioural 
disinhibition. FTD patients also exhibit psychiatric and metabolic features, 
including anxiety, depression, changes in eating behaviour (hyperorality) and 
weight gain [61-63]. The clinical presentation of bvFTD can be diagnostically 
challenging as approximately half of all patients are initially misdiagnosed with a 
primary psychiatric disorder, such as bipolar disorder or major depressive disorder, 
due to the symptom overlap [64].  

FTD is a highly heterogeneous disease, with different underlying protein 
pathologies. However, the majority of patients with FTD exhibit the similar TDP-
43 pathology seen in ALS. These aggregates are mainly concentrated in the frontal 
and temporal cortices, but are also present in the hypothalamus [65, 66]. While less 
common, some FTD cases are linked to tau and FUS protein aggregation instead of 
TDP-43 [67]. 

ALS-FTD disease spectrum 
ALS and FTD, particularly bvFTD, are widely regarded to be on a disease spectrum, 
due to clinical, genetic and neurological overlap [68], meaning that a proportion of 
patients present with features of both conditions. The percentages of symptom 
overlap can vary slightly across studies, but the relationship is well-established. At 
least 50% of patients with ALS develop cognitive and behavioural features, and 
result in a full FTD diagnosis up to 25% of the time [69, 70].  
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This spectrum was further reinforced by the discovery of the C9ORF72 
hexanucleotide repeat expansion, which is the most common genetic cause for both 
familial ALS and FTD [71]. At the neuropathological level, both conditions are 
characterised by ubiquitin-immunoreactive TDP-43 inclusions in the cytoplasm in 
neurons and glial cells [57, 72]. 

Other neurodegenerative disorders 
AD is the most common cause of dementia and defined by its progressive episodic 
memory loss and cognitive decline [73].  AD patients also exhibit early psychiatric 
features, like apathy, anxiety, depression and aggression [74, 75]. In addition, 
persons with AD also have sleep and metabolic disturbances, including sleep-wake 
disturbances, changes in appetite and eating. AD is neuropathologically defined by 
extracellular deposits of amyloid-β protein that form amyloid plaques, which have 
been observed within the hypothalamus [74]. TDP-43 pathology is also observed in 
a majority of AD cases [76]. 

PD is classically defined by its motor disturbances, including tremors, rigidity and 
bradykinesia [77]. However, PD is also a multisystem disorder due to the prevalence 
of non-motor features which frequently precede motor features. Key non-motor 
features involves sleep disturbances like REM sleep behaviour disorder [78], where 
patients act out their dreams, psychiatric features like anxiety and depression and 
mild cognitive impairment often progressing into dementia [79]. The pathological 
signature of PD is the accumulation of the α-synuclein protein which makes up 
Lewy bodies, which are preferentially observed in the limbic system including the 
hypothalamus [80]. TDP-43 is a secondary pathological protein seen in a subset of 
PD cases [81, 82]. 
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Figure 4. Neuropathology and clinical features of amyotrophic lateral sclerosis and 
frontotemporal dementia. 
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Hypothalamus  
The hypothalamus is a brain region that makes up approximately 1% of the total 
brain weight. This small but critical region regulates autonomic functions and links 
the nervous system to the endocrine (hormone) system. The hypothalamus is the 
main control centre for body temperature, appetite, sleep-wake cycle and mood. 
Dysfunction of the hypothalamus is linked to several psychiatric disorders, 
including depression, bipolar disorder, schizophrenia and post-traumatic stress 
disorder, establishing its role in regulation of affective function [83-85]. 
Furthermore, pathology of the hypothalamus is observed in several NDs and may 
explain some of the psychiatric and metabolic features described in NDs.  

HD, ALS, FTD, AD and PD all exhibit similar hypothalamic pathology (Figure 5). 
Atrophy of hypothalamus is seen in early clinical ALS, FTD and AD [66, 86-89]. 
In HD, the volume of the lateral tuberal nucleus volume is reduced [90]. The distinct 
pathological signatures of these disorders have been observed in the hypothalamus, 
mHTT inclusions in HD [91], TDP-43 inclusions in both ALS and FTD[58, 66], 
amyloid plaques and neurofibrillary tangles in AD [74] and Lewy bodies in PD[92].  

There is loss of key hypothalamic neuronal populations regulating emotion and 
metabolism across these disorders. In all of these NDs, neurons expressing 
hypocretin (orexin) are reduced [87, 91, 93-95]. Hypocretin is a neuropeptide 
involved in alertness, appetite and motivation. Neurons expressing melanin-
concentrating hormone (MCH), involved in appetite and induction of REM sleep, 
are reduced in ALS and PD, but not HD and AD [94, 96, 97]. Both hypocretin and 
MCH are expressed in the lateral hypothalamic area. Furthermore, loss of neurons 
expressing oxytocin has been shown in HD, ALS and PD [87, 91, 93, 98]  as well 
as vasopressin in HD [93]. Oxytocin and vasopressin both have an important role in 
social cognition, depression and stress [99]. 

 



30 

.  

Figure 5. Hypothalamic pathology in neurodegenerative disorders.  
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Oxytocin  
The oxytocin system constitutes a central focus of this thesis. Oxytocin is a 
neuropeptide synthesised primarily within the paraventricular nucleus (PVN) and 
supraoptic nucleus (SON) of the hypothalamus [100]. Oxytocin has been identified 
to play an important function in social behaviour as well as metabolism and food 
intake [101, 102]. Furthermore, oxytocin has a role in anxiety, depression and stress 
responses [103]. Given that non-motor features of HD and ALS-FTD include social 
cognition impairment and increased anxiety and depression, oxytocin may be 
involved in their pathophysiology. This is underscored by the correlation of 
oxytocin levels in the cerebrospinal fluid and social cognition in HD [104]. 
Furthermore, neuropathological data show loss of oxytocin-expressing neurons in 
persons with HD and ALS [87, 91, 93]. However, whether loss of oxytocin neurons 
occurs in FTD remains to be established.  

TDP-43 
Discovered over three decades ago as a novel transcriptional repressor of the HIV-
1 virus [105], the TDP-43 protein has quickly emerged as having central role in a 
growing number of disorders. While it is the major pathological protein in ALS-
FTD, TDP-43 pathology has been increasingly linked to other NDs, including AD, 
PD, HD and limbic-predominant age-related TDP-43 encephalopathy [76, 81, 106, 
107].  More recently, TDP-43 has also been implicated in cancer and immunological 
disorders [108, 109]. This widespread involvement in NDs suggests a potential 
unifying pathological mechanism that may bridge these seemingly distinct 
conditions. 

The TDP-43 protein is encoded by the TARDBP gene and is a highly conserved, 
multifunctional protein essential for overall cellular health. It is expressed 
ubiquitously throughout the body, including in neurons and glial cells in the central 
nervous system. TDP-43 primarily functions as an RNA binding protein to regulate 
gene expression. Its central role involves RNA processing and splicing [110, 111]. 
TDP-43 is also increasingly recognised for its importance in normal synaptic 
function and its involvement in the innate and adaptive immune system [112]. 

TDP-43 pathology  
The term “TDP-43 pathology” is used throughout this thesis to refer to the defining 
mechanistic changes observed in TDP-43 proteinopathies (Figure 6). These 
changes include the mislocalisation of the protein from the nucleus to the cytoplasm, 
its subsequent biochemical modification via phosphorylation and/or ubiquitination 
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and its aggregation into inclusions within the cytoplasm or nucleus of neurons and 
glial cells [57, 72, 113]. These alterations are believed to severely disrupt normal 
cellular function and contribute to neurodegeneration. 

TDP-43 pathology is the defining neuropathological hallmark of ALS-FTD. It is 
observed in brains from virtually all patients diagnosed with both conditions, 
including familial cases where the underlying genetic cause is a mutation in 
C9ORF72 [114]. Separately, TDP-43 pathology is present in approximately 97% of 
ALS cases and 50% of all FTD cases. 

The pathology is also prevalent in other NDs. In HD, TDP-43 is reduced in the 
nucleus, becomes phosphorylated and forms cytoplasmic inclusions that co-localise 
with mHTT [107]. Moreover, plasma TDP-43 levels have been shown to correlate 
with the severity of apathy in HD patients [115]. In AD, TDP-43 pathology is 
observed in the majority of cases (approximately 57%), where it is believed to be 
phosphorylated and interact with amyloid plaques and tau tangles[106]. TDP-43 
pathology is also observed in a small subset of PD patients, typically characterised 
by cytoplasmic aggregation, phosphorylation and ubiquitination within the temporal 
lobe [82, 116]. 

 

Figure 6. Pathological hallmarks of TDP-43 proteinopathies.  
In affected neurons, the TDP-43 protein mislocalises from the nucleus into the cytoplasm. Once in the 
cytoplasm, the protein aggregates to form inclusions that are often hyperphosphorylated and 
ubiquitinated. These cytoplasmic inclusions are the most common pathological hallmark, though 
nuclear inclusions also form.  
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Aims 

The overarching aim of this thesis was to identify the structure-to-function 
relationship between the hypothalamus and its circuitry and the development of 
psychiatric and metabolic features of HD and ALS-FTD. Our hypothesis was that 
the hypothalamus is especially vulnerable to the disease-related proteins, mHTT and 
TDP-43 and that this pathology contributes to the development of metabolic and 
psychiatric features of HD and ALS-FTD, respectively.   

Aims and rationale 
Paper I 
TDP-43 is the major pathological protein in ALS-FTD and has been linked to an 
increasing number of NDs including HD. Although TDP-43-immunopositive 
inclusions are present in the hypothalamus in ALS-FTD, the role of hypothalamic 
TDP-43 for disease pathogenesis remains unclear. We hypothesize that TDP-43 
leads to hypothalamic dysfunction, resulting in the development of psychiatric and 
metabolic features observed in patients with TDP-43 proteinopathies. In Paper I, 
we therefore aimed to investigate the causative effects of TDP-43 in the 
hypothalamus and its role in the development of features related to both ALS and 
FTD in mice. 

Paper II 
SIDT2 is a transmembrane protein mediating DNA/RNA autophagy via lysosome 
uptake and has been found to bind to mHTT, but its role in HD and the hypothalamus 
is unknown. We hypothesize that SIDT2 is involved in the clearance of mHTT 
protein via autophagy-mediated pathways and that the SIDT2 system is 
compromised in HD accelerating disease progression. Therefore, the aim of Paper 
II was to investigate the role of SIDT2 in HD. 
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Paper III and IV 
The hypothalamic neuronal population that expresses oxytocin is known to be 
reduced in HD and ALS, but its role in these disorders remains unclear. We 
hypothesize that pathology within the oxytocin system contributes to specific 
psychiatric, social and metabolic impairments seen in patients with HD and ALS-
FTD. The aims of these studies were to determine the effects of mHTT (Paper III) 
and TDP-43 (Paper IV) on the oxytocin system and its contribution to the 
development of non-motor features and neuropathology in mice. Furthermore, this 
thesis includes a meta-analysis investigating the comparative effects of TDP-43 and 
mHTT toxicity specifically within oxytocin neurons.  
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Summary of main results  

Paper I 
In Paper I, we investigated the role of wild-type TDP-43 specifically within the 
hypothalamus to investigate the development of neuropathology and the 
dysfunction of metabolism and emotion commonly observed in ALS-FTD (Figure 
7A, main results in Table 1).  To investigate this, we generated an adeno-associated 
viral (AAV) vector designed to express wild-type human TDP-43 (AAV-TDP43). 
The AAV vector utilised the same design and the same neuronal-specific synapsin 
promoter as previously reported in Hult et al. [117]. The vectors were administered 
via bilateral injections into the hypothalamus of adult female FVB/N mice.  

AAV-vector mediated expression of human wild-type TDP-43 in the 
hypothalamus leads to neuropathology in a dose-dependent fashion  
We first wanted to determine the neuropathological effects across different viral 
vector titres. TDP-43 overexpression across injected doses (5.0 × 1013, 1.0 × 1014, 
2.5 × 1014 genome copies (gc)/ml) resulted in widespread TDP-43 
immunoreactivity. This pathology was dose-dependent, with higher AAV-vector 
titres correlating with increased cellular loss and the presence of ubiquitin-
immunoreactivity.  

TDP-43 has previously been reported to result in neuroinflammation [118]. The 
AAV vector used in our study was designed to express TDP-43 exclusively within 
neurons, but we observed secondary effects on surrounding glial cells. Specifically, 
we observed increased glial fibrillary acidic protein (GFAP) immunoreactivity 
(suggesting astrogliosis) and distinct morphological changes in ionised calcium-
binding adaptor molecule 1 (Iba1)-immunoreactive cells (suggesting microglial 
activation) in AAV-TDP43 mice compared to vehicle-injected controls. These 
findings suggest that neuronal TDP−43 overexpression triggers an inflammatory 
response. 
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TDP-43 overexpression causes hypothalamic atrophy with selective loss 
of neurons expressing hypocretin, oxytocin and MCH 
To further investigate neuropathological effects of TDP-43 overexpression, we 
performed quantitative analysis that showed that AAV-TDP43 mice developed 
hypothalamic atrophy, exhibiting a 38% reduction in volume compared to control 
mice. This was accompanied by severe selective loss of neuropeptide-expressing 
populations: 92% loss of hypocretin-, 90% loss of MCH- and 42% loss of oxytocin-
expressing neurons. In contrast, vasopressin-expressing neurons remained 
unaffected (Figure 7B-F). 
This pattern of hypothalamic atrophy with loss of neurons expressing hypocretin, 
MCH and oxytocin while sparing vasopressin-expressing neurons in AAV-TDP43 
mice replicates neuropathological findings reported in human ALS cases [87, 96] 
and is a common feature across multiple TDP−43 proteinopathies. Consistent with 
the neuropathological results in this study, bulk RNA sequencing revealed that 
mRNA levels of both the neuropeptide precursors and their corresponding receptors 
were reduced in the AAV-TDP43-injected mice. Taken together, our data suggest 
that TDP-43 overexpression in the hypothalamus results in pathology of MCH, 
hypocretin and oxytocin systems as seen in TDP-43 proteinopathies. 

TDP-43 overexpression in the hypothalamus induces obesity and 
hyperglycaemia in mice 
Metabolic dysfunction is a feature of ALS-FTD that might be caused by pathology 
of the hypothalamus. Given the selective loss of neurons expressing the 
neuropeptides hypocretin, MCH and oxytocin that regulate functions such as 
metabolism, we assessed metabolic function in another cohort of mice (Figure 8A). 
AAV-TDP43 mice displayed a 92% increase in body weight gain by 20 weeks post-
injection (compared to 14% in vehicle-injected controls) and a doubling of body fat 
percentage (Figure 8B-D). Furthermore, mice exhibited a 20% increase in serum 
glucose, indicating the development of hyperglycaemia. Notably, the increase in 
body weight and fat was independent of food intake in a pair-housed cohort. Our 
data showed a profound disruption of metabolic homoeostasis as a result of TDP-
43 overexpression in the hypothalamus. 
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Figure 7. TDP-43 overexpression causes hypothalamic atrophy with selective loss of neurons 
expressing hypocretin, oxytocin and MCH.  
(A) Schematic overview of experiment. (B) TDP-43 overexpression resulted in selective vulnerability to 
hypothalamic neuronal populations.  AAV-TDP43 mice exhibited hypothalamic atrophy (C) and loss of 
neurons expressing hypocretin (D), MCH (E) and oxytocin (F). 

Nuclear and cytoplasmic localisation of TDP-43 with inclusions 
following AAV-mediated TDP-43 expression in the hypothalamus 
Wild-type TDP-43 is predominantly located in the nucleus, but a hallmark of TDP-
43 pathology is the nuclear-to-cytoplasmic mislocalisation as well as nuclear and 
cytoplasmic inclusion formation [57, 72, 113]. In AAV-TDP43 mice, TDP-43 
immunoreactivity was detected predominantly within the nucleus but was also 
notably present in the cytoplasm. Furthermore, TDP-43-immunopositive inclusions 
were identified in both the nucleus and the cytoplasm, although they were more 
prevalent in the cytoplasm (Figure 8E-H). These results demonstrate that AAV-
mediated TDP-43 overexpression in the mouse hypothalamus successfully 
recapitulates key molecular hallmarks observed in ALS-FTD patients [57, 72, 113]. 
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Mice overexpressing TDP-43 in the hypothalamus develop apathy-like 
behaviour 
Apathy, anxiety and depression are features of ALS-FTD [54, 55, 60].  First, we 
used the open field test and rotarod to measure motor activity and motivation. AAV-
TDP43 mice travelled a 67% shorter distance in the open field and showed an 82% 
decrease in latency to fall on the rotarod compared to vehicle-injected controls, 
showing a profound decrease in activity levels (Figure 8I-J). To assess anxiety-like 
behaviour we used the elevated plus maze, AAV-TDP43 mice reduced distance 
travelled by 93%, compared to vehicle-injected control mice, showing an even 
greater reduction in activity compared to the open field and rotarod test. The mice 
spent more time in the centre of the arena, where the trial began (Figure 8K). 
Specifically, the median time spent on the closed arms was 0% for AAV-TDP43 
(versus 55% for vehicle-injected controls) and 0% on the open arms (versus 20% 
for controls). These results primarily suggest a reduction in exploratory behaviour 
and general motor activity, and thereby limiting the interpretation of an anxiety-like 
phenotype.  

Crucially, the forced swim test, typically used to assess depression-like behaviour, 
revealed no difference in mobility, indicating that the mice are not depressed and 
that the reduction in activity was not due to an inability to move but was rather due 
to a lack of motivation, such as apathy (Figure 8L). This is further supported by 
reduced nesting behaviour observed in a separate cohort at 8 weeks post-injection 
(Figure 9B-D).  

Mice overexpressing TDP-43 in the hypothalamus exhibited significant 
increased skipping of constitutive exons 
Given that TDP-43 is an RNA-binding protein with a key role in splicing and RNA 
processing, we performed bulk RNA sequencing to further determine the molecular 
consequences of TDP-43 overexpression. A key feature of TDP-43 proteinopathies 
is a resulting increase in cryptic exons and the repression of constitutive exons [119, 
120]. AAV-TDP43 mice displayed increased exon skipping of constitutive exons, 
such as Ddi2 exon 9, Psmd14 exon 5 and Mrld45 exon 7 (Figure 9E), similar to 
what has been reported in the murine spinal cord overexpressing TDP-43 [121]. 
However, we found no significant expression of cryptic exons, including those 
previously described in Ap3b2 and Camk1g in mice after TDP-43 deletion [122], 
or in Stmn2, Sncb and Unc13a. These results indicate that TDP-43 overexpression 
in the hypothalamus results in disruption in splicing.  
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Figure 8. TDP-43 mislocalises with cytoplasmic inclusion formation, metabolic impairment, and 
reduced motor activity following hypothalamic TDP-43 overexpression.  
(A) Experimental schematic. (B) AAV-TDP43 mice showed significant weight gain starting at two 
weeks post-injection, resulting in nearly double the total weight gain compared to vehicle-injected 
controls by 20 weeks. (C-D) dual-energy X-ray absorptiometry (DEXA) scanning showed a doubling in 
body fat percentage at 20 weeks post-injection. (I-J) TDP-43 immunoreactivity was predominantly 
nuclear (I) but also notably present in the cytoplasm (J). (K-L) TDP-43-immunopositive inclusions were 
identified in both the nucleus (K) and the cytoplasm (L). (E-F) AAV-TDP43 mice exhibited reduced 
distance travelled in the open field test and decreased latency to fall in the rotarod test. (G) In the 
elevated plus maze, AAV-TDP43 mice spent more time in the centre of the arena, where mice were 
placed at the beginning of the test. (H) The forced swim test revealed no difference in mobility.  
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Figure 9. Hypothalamic TDP-43 overexpression induces apathy-like behaviour and alters RNA 
splicing.  
(A) Experimental schematic. (B-C) Representative images of nesting behaviour scored on a 0-3 scale, 
illustrating a dome-like nest (B) and poor nesting behaviour (C). (D) AAV-TDP43 mice exhibited 
significantly reduced nesting behaviour, indicating an apathy-like phenotype, at 8 weeks post-injection. 
(E) AAV-TDP43 mice displayed increased exon skipping on constitutive exons, including Ddi2 exon 9, 
Psmd14 exon 5 and Mrld45 exon 7. 
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Table 1. Main results from Paper I.  
 Analysis   Treatment   Results 

Neuropathology IHC, stereology  AAV-TDP43 vs 
uninjected  ↓  MCH, Hypocretin (orexin), oxytocin 

neurons 
     =  Vasopressin neurons 
     ↓  Hypothalamus volume  
       TDP-43 cytoplasmic localisation 

       TDP-43 nuclear and cytoplasmic 
inclusions   

       Ubiquitin-immunoreactivity  
     ↑  GFAP-immunoreactivity 
    ↑ Microglia activation 

 RNA seq  AAV-TDP43 vs 
vehicle ↓  MCH-, Hypocretin (orexin)-, 

oxytocin-, AGRP- related transcripts  

       ↓ Ddi2 exon 9, Psmd14 exon 5 and 
Mrld45 exon 7  

   = Ap3b2, Camk1g, Stmn2, Sncb and 
Unc13a CE 

Metabolism  Glucose oxidase 
assay    ↑  Serum glucose concentration  

 DEXA     ↑  Body fat  
 Weighing    ↑  Body weight gain  

Behaviour Nesting  AAV-TDP43 vs 
vehicle ↓  Nesting behaviour 

 FST    =  Depressive-like behaviour 
 RR    ↓  Motor activity, motivation  
 EPM      Inconclusive  
 OF    ↓  Motor activity 

Abbreviations IHC: immunohistochemistry, MCH: melanin-concentrating hormone, GFAP: glial fibrillary 
acidic protein, Iba1: ionised calcium-binding adaptor molecule 1, AGRP: agouti-related peptide, CE: 
cryptic exons, DEXA: dual-energy X-ray absorptiometry, FST: forced swim test, RR: rotarod, EPM: 
elevated plus maze, OF: open field.  
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Paper II  
In Paper II, we examined the involvement of the SIDT2 system in post-mortem HD 
brains (with Vonsattel grades 0-4), in three mouse models (R6/2, BACHD and 
AAV-mediated mHTT expressing mice) and in one in vitro system for HD (main 
results in Table 2).  

SIDT2 levels are reduced in striatum and lateral hypothalamus in 
human HD cases 
SIDT2 is involved in the process of DNA/RNA mediated autophagy and may 
represent a critical protein in understanding the clearance of mHTT transcripts.  We 
first investigated the SIDT2 protein levels in HD. Western blot analysis of human 
post-mortem tissue showed a significant depletion of SIDT2 protein in affected 
regions, with a 68-93% reduction detected in the caudate nucleus of the striatum and 
a 67% reduction in the lateral hypothalamic area of HD cases compared to controls 
(Figure 10a-c). No significant differences were observed in the frontal cortex 
protein levels or in SIDT2 mRNA levels in the caudate nucleus or frontal cortex 
(Figure 10d-f). Our data reveal a dysregulation of the SIDT2 system, with depletion 
of the SIDT2 protein in the most vulnerable brain regions in HD, which seems to 
occur independently of SIDT2 transcription.  

CAG-dependent frequency of SIDT2-immunoreactive inclusions in the 
HD anterior cingulate cortex 
The anterior cingulate cortex (ACC) of the cerebral cortex is a vulnerable brain area 
that exhibits frequent mHTT inclusions. Immunohistochemical analysis revealed 
SIDT2 immunoreactivity in the nucleus, cytoplasm and the dendritic processes of 
neurons in HD.  The frequency of SIDT2 inclusions was dependent on CAG repeat 
length, being rare in cases with CAG 42-45 but frequent in those with CAG 50-66 
(Figure 11a, c, e, g, i). HTT was detected and visualised using the EM48 antibody 
that recognizes exon 1 within the N-terminal and is conformation-specific [123]. 
The density of mHTT inclusions similarly increased with CAG length, as detected 
with the EM48 antibody confirming prior observations in the HD cerebral cortex 
[124] (Figure 11b, d, f, h, j). Furthermore, HD cases exhibited SIDT2-
immunoreactive intranuclear inclusions, primarily localised to layers IV and V of 
the ACC (Figure 11k). SIDT2 and mHTT inclusions rarely co-localised (Figure 
11l). Our data further suggests dysregulation of the SIDT2 system and forms 
inclusions in HD brains in a CAG repeat-dependent fashion.  
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Figure 10. SIDT2 protein levels are reduced in affected brain regions of HD cases. 
(a-c) Western blot analysis of post-mortem human tissue revealed a significant reduction of SIDT2 
protein in the caudate nucleus of the striatum (a-b) and the lateral hypothalamic area (c) in HD cases 
(Vonsattel Grade 2-4) compared to controls. (d) No significant difference was detected in SIDT2 protein 
levels in the frontal cortex. (e) SIDT2 mRNA levels in the caudate nucleus and frontal cortex were 
unchanged, indicating the depletion is post-transcriptional. 

SIDT2-immunoreactive inclusions are present in an HD case with 
Vonsattel grade 0 
To investigate the early neuropathological profile of SIDT2 in HD before the onset 
of motor disturbances, we analysed a Vonsattel grade 0 HD case (43 CAG repeats) 
[93]. Inclusions of mHTT were frequent in the frontal cortex, caudate nucleus of the 
striatum and lateral hypothalamic area as detected using the EM48 antibody and 
SIDT2-immunoreactive inclusions were detected in the same regions (Figure 11o-
p). SIDT2 inclusions were mainly located in layers I and II in the frontal cortex. 
Immunofluorescent analysis confirmed that most SIDT2 inclusions do not co-
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localise with mHTT inclusions Figure 11m-n). The present study reveals that 
SIDT2-immunoreactive inclusions constitute an additional neuropathological 
hallmark. Since SIDT2-immunoreactive inclusions are rarely co-localised with 
mHTT inclusions, the formation of these inclusions may occur independently. 

SIDT2-immunoreactive inclusions appear later than the formation of 
mHTT inclusions in the R6/2 HD mouse model 
We observed clear changes in the SIDT2 system in cases with HD. In order to 
further investigate the effects on the SIDT2 system in HD, we assessed whether 
SIDT2 immunoreactive inclusions would be present in animal models of HD that 
express different variants of mHTT. In this study, we used an R6/2 mouse model 
that expresses a 276-296 CAG repeat tract within the N-terminal fragment of HTT. 
This model characterised by its rapid onset and an aggressive disease phenotype 
[125, 126]. The R6/2 mouse model showed that while mHTT inclusions were 
present by 6 weeks of age, SIDT2-immunoreactive inclusions became detectable at 
16 weeks of age in the striatum, hypothalamus and cortex (Figure 12). We 
investigated the effects of SIDT inclusion formation in another HD model with 
AAV-mediated expression of a large HTT fragment with 78Q in the hypothalamus. 
We observed a similar delayed appearance of SIDT2 inclusion formation (Figure 
13a-c) following mHTT inclusion formation (Figure 13d-f).  Mutant HTT was 
detected with the SC-8767 antibody which binds upstream to the polyglutamine 
tract. In contrast, the BACHD mouse model, which expresses full-length HTT with 
approximately 97 polyglutamine is more stable than the R6/2 mouse [127]. In this 
model we found no mHTT or SIDT2 inclusions. Collectively, these 
neuropathological findings suggest a pathological sequence where SIDT2 
inclusions form after the mHTT inclusions. 
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Figure 11. SIDT2-immunoreactive inclusions exhibit CAG-dependent frequency and are present 
in an HD Vonsattel 0 case.  
(a, c, e, g, i) The frequency of SIDT2-immunoreactive inclusions in the anterior cingulate cortex was 
dependent on CAG repeat length, being rare in cases with CAG 42-45 but frequent in those with CAG 
50-66. (b, d, f, h, j) The density of mHTT inclusions similarly increased with CAG length. (k) HD cases 
exhibited SIDT2-immunoreactive intranuclear inclusions. (l) Immunofluorescent analysis showed that 
SIDT2 and mHTT inclusions rarely co-localised. (m-p) In a Vonsattel grade 0 HD case (43 CAG 
repeats), inclusions of SIDT2 (o) and mHTT (p) were both detected in the frontal cortex, caudate 
nucleus of the striatum and lateral hypothalamic area, but rarely co-localised (m, n).  
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Figure 12. SIDT2-immunoreactive inclusions appear subsequent to mHTT inclusion formation in 
R6/2 mice.  
In the R6/2 mouse model, mHTT inclusions were present by 6 weeks of age, but SIDT2-
immunoreactive inclusions only became detectable at 18 weeks of age across the striatum, 
hypothalamus and cerebral cortex. 
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Figure 13. SIDT2 inclusions follow mHTT formation in AAV-HTT-79Q mice, and SIDT2 
overexpression reduces mHTT pathology in vivo. 
(a,d) In the AAV-HTT-79Q mouse model overexpressing mHTT in the hypothalamus, individual SIDT2 
inclusions were present at six weeks post-injection(a), while mHTT inclusions were already abundant 
(d). (b,e) at 18 weeks post-injection, SIDT2 inclusions were abundant (b) as well mHTT inclusions (e). 
(c, f) No SIDT2 or HTT inclusions were present in mice injected with AAV-HTT-18Q, overexpressing 
wild-type HTT in the hypothalamus, at 18 weeks post-injection. (g-j, m) In R6/2 mice, AAV-vector 
mediated SIDT2 overexpression in the lateral hypothalamic area resulted in a significant reduction in 
the density of mHTT inclusions at 10 weeks post-injection compared to uninjected R6/2 mice. (k, l, n) 
Furthermore, SIDT2 overexpression showed a trend toward increased preservation of vulnerable 
hypocretin neurons compared to R6/2 controls. 
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Overexpression of SIDT2 using AAV-vectors reduces the number of 
mHTT inclusions in the lateral hypothalamic area in R6/2 mice 
Considering the role of SIDT2 in autophagy, we wanted to investigate potential 
therapeutic potential of SIDT2. In an in vivo proof-of-principle experiment, we 
overexpressed human SIDT2 via an AAV vector injected into the lateral 
hypothalamic area of R6/2 mice (Figure 13g, h). At 10 weeks post-injection, SIDT2 
overexpression resulted in a significant 45% reduction in the density of mHTT 
inclusions (Figure 13i, j, m). Furthermore, we observed a trend toward increased 
preservation of vulnerable hypocretin neurons (16% increase) (Figure 13k, l, n). 
Previous studies report loss of hypocretin neurons in HD cases as well as in R6/2 
mice [91, 128]. This is the first demonstration that SIDT2 overexpression can reduce 
mHTT pathology in vivo, supporting the therapeutic potential of modulating this 
pathway. 

Overexpression of SIDT2 reduces soluble and insoluble mHTT protein 
in SH-SY5Y cells without affecting major proteolytic degradation 
pathways 
To validate these findings in a human cell model and investigate the mechanism of 
SIDT2, we overexpressed mouse Sidt2 in SH-SY5Y neuroblastoma cells that co-
expressed HTT exon 1 (72Q or 16Q) (Figure 14a). SIDT2 overexpression 
significantly reduced both soluble and insoluble mHTT exon 1 72Q levels (Figure 
14b-c), confirming findings from a murine cell model [45]. Analysis of protein 
degradation markers revealed no significant changes in K48-polyubiquitin, p62, or 
the LC3B-II to LC3B-I ratio. These data confirm the mHTT-lowering potential of 
SIDT2 and suggests that this effect is independent of the canonical proteasomal UPS 
and baseline macroautophagy pathways. Furthermore, SIDT2 overexpression 
induced inclusion-like structures that rarely co-localised with mHTT inclusions 
Figure 14d-e). These findings mirror our findings in HD cases and further support 
the therapeutic potential of SIDT2 with HTT protein lowering potential 
independently of the two major protein degradation pathways. 
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Figure 14. SIDT2 overexpression reduces soluble and insoluble mHTT protein in SH-SY5Y cells. 
(a) SIDT2 was overexpressed in SH-SY5Y neuroblastoma cells co-expressing HTT exon 1 (72Q or 
16Q). (b-c) SIDT2 overexpression significantly reduced both soluble (b) and insoluble (c) mHTT exon 1 
72Q protein levels. (d-e) Immunofluorescent analysis showed that SIDT2 overexpression induced 
inclusion-like structures that rarely co-localised with mHTT inclusions. 
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Table 2. Main results from Paper II  
Organism Tissue  Analysis   Groups   Results   

Human Striatum, LHA,  
F. cortex, ACC  IHC  Grade 0-4 ↑ SIDT2 and HTT inclusions  

  F. cortex, ACC     Grade 0-4    SIDT2 and HTT inclusions 
can co-localise   

  ACC   Grade 2-4   CAG-dependent increase in 
SIDT2 inclusions  

  Striatum, LHA  Western blot    ↓  SIDT2 protein levels 

  Striatum, F. 
cortex qRT-PCR    =  SIDT2 mRNA  

Mouse 
(R6/2)  

Striatum, 
hypothalamus, 
cortex  

IHC  R6/2 vs WT  ↑ SIDT2 and HTT inclusions  

        ↑ SIDT2 inclusions over time 

         SIDT2 inclusions form after 
mHTT inclusions  

  LHA IHC AAV-SIDT2 
R6/2 vs R6/2  ↑ SIDT2 expression 

    ↓ HTT inclusions  
Mouse 
(AAV)  Hypothalamus IHC  HTT-79Q vs 

HTT-18Q  ↑  SIDT2 and HTT inclusions  

        ↑  SIDT2 inclusions over time 

          SIDT2 inclusion form after 
HTT inclusions  

Mouse 
(BACHD)  

Striatum, 
hypothalamus, 
cortex  

 IHC BACHD vs 
WT   No SIDT2 or HTT inclusion  

Cell  
(SH-SY5Y) Neuro-blastoma Western blot 

72Q-SIDT2 vs 
72Q, 16Q-
SIDT2 vs 16Q 

↑ SIDT2 expression 

  Western blot 
 72Q-SIDT2 
vs 72Q,16Q-
SIDT2 vs 16Q 

↓ Soluble HTT exon 1  

  Filter 
retardation  

72Q-SIDT2 vs 
72Q ↓ Insoluble HTT exon 1 

  Western blot 
72Q-SIDT2 vs 
72Q,16Q-
SIDT2 vs 16Q 

= K48+ proteins, P62, LC3B-
II/LC3B-I 

  ICC 72Q-SIDT2, 
16Q-SIDT2  SIDT2 and HTT inclusions 

can co-localise 
Abbreviations, LHA: lateral hypothalamic area, IHC: immunohistochemistry, F: frontal, ACC: anterior 
cingulate cortex, WT: wild-type, ICC: immunocytochemistry.  
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Paper III 
Paper III aimed to investigate the role of mHTT in oxytocin neurons. The paper 
was composed of two distinct experiments (main results in Table 3) designed to 
investigate the causative role of mHTT specifically in oxytocin neurons on the 
development of neuropathology and non-motor features of HD.  
In the first experiment, to ensure mHTT expression only in oxytocin neurons, we 
used a flex-switch AAV vector to selectively express mHTT with 100Q (AAV-
N248-100Q) in the presence of Cre-recombinase (Cre) (Figure 15A). The vector 
was bilaterally injected into the PVN of a mouse model expressing Cre under the 
control of the neuronal synapsin-1 promoter (oxytocin-Cre). Control groups 
consisted of uninjected mice or mice expressing GFP (flex-switch AAV-
mCherry/GFP) or wild-type HTT(AAV-N166-18Q).   

In the second experiment, we deleted mHTT in oxytocin neurons within the 
BACHD mouse model. The BACHD mouse, which ubiquitously expresses full-
length mHTT with approximately 97 CAG repeats [127], was crossed with the 
oxytocin-Cre line, resulting in BACHD/oxytocin-Cre mice that have ubiquitous 
mHTT expression except in oxytocin neurons (Figure 15B).  

Loss of oxytocin-expressing neurons in mice with intranuclear mHTT 
inclusions in oxytocin neurons  
Oxytocin neurons have been reported to be decreased in numbers in advanced and 
pre-symptomatic HD cases [91, 93]. We first investigated the neuropathological 
profile following selective mHTT expression in oxytocin neurons. AAV-N248-
100Q injection produced two inclusion subtypes. One subset formed larger, 
predominantly intranuclear inclusions (IN), while the other formed smaller more 
clustered and predominantly extranuclear inclusions (EN) (Figure 15C). Both 
subtypes developed mHTT inclusions within the PVN. The subset forming IN 
mHTT inclusions showed a significant 22-26% reduction in oxytocin-expressing 
neurons compared to control groups and the EN subset (Figure 15D). This finding 
aligns with the 45% loss of oxytocin neurons reported in human HD cases [91, 93]. 
This suggests a potential direct link between IN formation and neurotoxicity in the 
oxytocin system. 

Increased body weight gain in female mice that formed intranuclear 
mHTT inclusions  
We observed a loss of oxytocin-expressing neurons following formation of mHTT 
IN inclusions. Increased body weight gain has previously been linked to expression 
of mHTT in the entire hypothalamus [129], contrary to observations in persons with 
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HD. We investigated whether selective mHTT expression in oxytocin neurons 
would affect body weight. Selective mHTT expression produced a significant sex-
dependent effect. Female mice with IN mHTT inclusions exhibited increased body 
weight gain at 12 weeks post-injection compared to EN mHTT inclusion mice 
(Figure 15E-F). However, mHTT deletion in the BACHD model offered no rescue 
effect on weight gain. The development of increased body weight gain has also been 
reported in BACHD mice [130, 131], an effect that has been attributed to mHTT 
expression selectively in the hypothalamus, leading to increased food intake [129]. 
Therefore, while we investigated whether the weight gain observed following 
mHTT expression could be specifically linked to the oxytocin system, the data from 
the present study found no definitive support for this notion. 

Increased anxiety-like behaviour in mice that formed intranuclear 
inclusions compared with uninjected mice 
Oxytocin has been linked to a range of non-motor features of HD, including anxiety 
and depression, and social behaviour [132]. Next, we wanted to investigate if mHTT 
in oxytocin neurons affects anxiety-like behaviour. The elevated plus maze showed 
an increase in anxiety-like behaviour in N248-100Q IN and N166-18Q mice 
compared to uninjected mice, but not with other groups (Figure 15G). Depletion of 
mHTT expression in oxytocin neurons in the BACHD model showed no rescue of 
the anxiety-like phenotype observed in BACHD mice. Overall, we found no major 
effect on anxiety-like behaviour in the mHTT overexpression or deletion 
experiments. This suggests that mHTT pathology specific to oxytocin neurons may 
not be the primary driver of the anxiety phenotype seen in HD. Expression nor 
deletion of mHTT in oxytocin neurons affected depressive-like behaviour (assessed 
using forced swim test) or social behaviour (assessed with the social interaction test) 
at the measured time points. The lack of effect suggests that mHTT in oxytocin 
neurons is insufficient to drive these phenotypes at this time point.  
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Figure 15. Intranuclear mHTT inclusions in oxytocin neurons drives loss of these neurons, 
increase both body weight  and anxiety-like behaviour in female mice.  
(A-B) Schematic of Experiment I (A) and II (B). (C) AAV-N248-100Q injection produced two distinct 
inclusion phenotypes: a subset with intranuclear (IN) inclusions and a subset with extranuclear (EN) 
inclusions. (D) The IN subset showed a significant reduction in oxytocin-expressing neurons compared 
to control groups and the EN subset. (E-F) Female mice developing IN mHTT inclusions exhibited 
increased body weight at 12 weeks post-injection (E), no body weight change was observed in male 
mice (F). Both N248-100Q IN and N166-18Q mice displayed increased anxiety-like behaviour in the 
elevated plus maze compared to uninjected controls (G).  
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Paper IV 

Selective TDP-43 overexpression in oxytocin neurons results in loss of 
oxytocin-expressing neurons compared to uninjected mice with no 
effect on behaviour and metabolism 
In Paper IV, we investigated the role of TDP-43 in oxytocin neurons. We 
investigated the direct causal effects of selective wild-type TDP-43 overexpression 
in oxytocin neurons on emotional and behavioural features of ALS-FTD (Figure 
16A, main results in Table 3) similar to the first experiment in Paper III. Here we 
used a flex-switch vector designed to express TDP-43 in oxytocin neurons. This 
vector was bilaterally injected into the PVN of oxytocin-Cre mice.   

Oxytocin neurons have been reported to be decreased by 33% and phosphorylated 
TDP-43 has been observed in oxytocin neurons in ALS cases [87]. TDP-43 
overexpression in oxytocin neurons resulted in a 19% reduction in oxytocin-
expressing neurons compared to uninjected controls. However, no significant 
difference was observed relative to mice expressing GFP in oxytocin neurons 
(AAV-mCherry/GFP) (Figure 16B, D). Furthermore, TDP-43 overexpression in 
oxytocin neurons had no major effects on metabolism or behaviour at this timepoint. 
Male mice showed a strong negative correlation between TDP-43 targeting efficacy 
and body weight gain, whereas female mice exhibited a non-significant trend toward 
a positive correlation (Figure 16E-K). An interesting exception was the rotarod test, 
where AAV-TDP43 mice showed an unexpected rescue effect compared to AAV-
GFP controls, which may point to a beneficial impact on motor activity. We found 
no evidence of pathogenic molecular properties such as TDP-43 cytoplasmic 
mislocalisation or inclusion formation (Figure 16C).   

These results stand in contrast to Paper I, where widespread TDP-43 
overexpression across the entire hypothalamus led to a pronounced 42% loss of 
oxytocin-expressing neurons, downregulation of oxytocin-related transcripts, and 
clear metabolic and behavioural impairment. The significant difference in oxytocin 
system pathology between these two models suggests that the effects of TDP-43 are 
not solely cell-autonomous. Our data also indicate that the metabolic and 
behavioural phenotype observed in clinical ALS-FTD may not be attributed solely 
to the effects of TDP-43 within oxytocin neurons. 
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Figure 16. Selective TDP-43 overexpression in oxytocin neurons results in loss of oxytocin-
expressing neurons compared to uninjected mice with no effect on behaviour and metabolism.  
(A) Experimental schematic. (B, D) TDP-43 overexpression in oxytocin neurons resulted in a reduction 
in oxytocin-expressing neurons compared to uninjected controls, but no significant difference was 
observed relative to GFP-expressing controls. (C) We found no evidence of pathogenic molecular 
properties such as TDP-43 mislocalisation or inclusion formation. (E-F) TDP-43 overexpression in 
oxytocin neurons had no major effects on metabolism or behaviour at this timepoint. A strong negative 
correlation was found in male mice between the TDP-43 targeting efficacy and body weight gain (E), 
while female mice displayed a trend toward a positive correlation (F). 
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Table 3. Main results from Paper III and Paper IV. 
Experiment Analysis Groups    Results 
AAV-N248-100Q  
oxytocin-Cre 

IHC, 
stereology  N248-100Q IN vs all groups ↓  Oxytocin neurons 

 Weighing N248-100Q IN vs N248-
100Q EN ↑  Body weight gain (female)  

 EPM  N248-100Q IN, N166-18Q 
vs uninjected ↑  Anxiety-like behaviour  

 SIT    =  Social behaviour 
 FST    =  Depressive-like behaviour  
 OF    =  Motor activity  
BACHD/oxytocin-
Cre  Weighing BACHD/oxytocin-Cre vs 

BACHD  =  Body weight gain  

  EPM    =  Anxiety-like behaviour  
  SIT    =  Social behaviour 
  FST    =  Depressive-like behaviour 
  OF    =  Motor activity  
AAV-TDP43 
oxytocin-Cre  

IHC, 
stereology  AAV-TDP43 vs uninjected  ↓  Oxytocin neurons  

  Weighing AAV-TDP43 vs  
AAV-GFP/mCherry  =  Body weight gain  

 DEXA   =  Body fat  
  EPM    =  Anxiety-like behaviour  
  SIT     =  Social behaviour 
  FST     =  Depressive-like behaviour  

  RR    ↑  Motor coordination, 
motivation 

Abbreviations, IHC: immunohistochemistry, EPM: elevated plus maze, SIT: social interaction test, FST: 
forced swim test, OF: open field, DEXA: dual-energy X-ray absorptiometry, RR: rotarod.  

Comparative effects of mHTT and TDP-43 
overexpression in oxytocin neurons 
Cell-autonomous neurotoxic effects were observed in oxytocin neurons in both 
TDP-43 overexpressing mice (AAV-TDP43, Paper IV) and mice forming mutant 
IN mHTT inclusions (AAV-N248-100Q IN, Paper III), relative to uninjected 
controls. Both papers used a similar experimental design and viral vector construct. 
Mice expressing Cre under the oxytocin promoter were injected at six weeks of age 
with AAV vectors designed to express either mHTT with 100 polyglutamine or 
wild-type TDP-43 (1.9 × 1014 GC/ml AAV-N248-100Q and 2.0 × 1014 GC/ml 
AAV-TDP43). By contrasting the data from Experiment I in Paper III with Paper 
IV, the relative toxicities of mHTT and TDP-43 can be compared more directly in 
a meta-analysis. To account for potential variation between the different 
experiments, the treatment groups were normalised to either uninjected or AAV-
GFP-injected controls from their respective studies.  
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Post-mortem tissue was collected at 18 weeks post-injection in AAV-N248-100Q 
mice and 24 weeks post-injection in AAV-TDP43 mice. Following normalisation 
to uninjected controls, both mice with TDP-43 overexpression and mHTT IN 
inclusions showed a significantly more pronounced loss of oxytocin-expressing 
neurons compared to the EN mHTT inclusion group (AAV-N248-100Q IN vs. EN 
p = 0.003; TDP-43 vs. AAV-N248-100Q EN p = 0.044). No significant difference 
in toxicity was observed between the TDP-43 and mHTT IN groups (p = 0.506, 
Figure 17A). These results indicate that IN inclusion formation and wild-type TDP-
43 overexpression are significantly more toxic than mHTT expression with only EN 
inclusions present.  

The elevated plus maze (Figure 17B) and forced swim test (Figure 17C) revealed 
no significant differences in anxiety-like or depressive-like behaviours between the 
AAV-TDP43 and AAV-N248-100Q treatment groups when normalised to their 
respective AAV-GFP controls. Behavioural analyses were conducted at 12 weeks 
of age in AAV-N248-100Q IN and EN treatment groups and at 20-22 weeks in 
AAV-TDP43 mice. 

In the first phase of the social interaction test, where the subject can choose to 
interact with either a stranger mouse or an empty cup, AAV-N248-100Q IN mice 
had a higher preference for the stranger mouse compared to AAV-TDP43 mice 
when normalised to respective AAV-GFP controls (p = 0.032), and a non-significant 
trend toward a higher preference for the stranger mouse compared to AAV-N248-
100Q EN mice (p = 0.089) (Figure 17D), suggesting that mice that form IN mHTT 
inclusions have a differential effect on social behaviour. In the second phase of the 
social interaction test, where the subject chooses between a familiar mouse and a 
novel mouse, there was no difference between treatment groups (Figure 17E).  
Lastly, analysis of body weight gain from 2 to 12 weeks post-injection in AAV-
TDP43 and AAV-N248 mice revealed significant effects for both group (p = 0.022) 
and sex (p =0.024). However, after splitting the data according to sex the effects on 
body weight gain between treatment groups were non-significant in males (p = 
0.184, Figure 17F) and females (p = 0.068, Figure 17G).  
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Figure 17. Comparative effects of TDP-43 overexpression as well as mHTT intranuclear (IN) and  
extranuclear (EN) inclusions in oxytocin neurons normalised to respective controls. 
Data from mice injected with AAV-N248-100Q,  forming IN or EN mHTT inclusions, were normalised to 
uninjected or AAV-GFP mice from Experiment I in Paper III and AAV-TDP43 mice were normalised to 
respective controls from Paper IV. Mice were injected at six weeks of age with similar viral titres 
(1.9 × 1014 GC/ml AAV-N248-100Q and 2.0 × 1014 GC/ml AAV-TDP43). For the AAV-N248-100Q groups, 
behavioral analysis was conducted at 12 weeks post-injection, and postmortem tissue was collected at 
18 weeks post-injection. For the AAV-TDP43 group, behavioural assessment was performed between 
20–22 weeks post-injection, with postmortem tissue collection at 24 weeks post-injection. (A) AAV-
TDP43 mice and AAV-N248-100Q IN mice exhibited fewer oxytocin-expressing neurons normalised to 
uninjected controls compared to AAV-N248-100Q EN mice. (B-C) No significant differences were 
observed in the development of anxiety-like or depressive-like behaviors, as assessed by the elevated 
plus maze (B) and forced swim test (C) relative to AAV-GFP controls. (D–E) In the first phase of the 
social interaction test, AAV-N248-100Q IN mice had an increased preference for the stranger mouse 
compared to AAV-TDP43 mice, with a non-significant trend toward a higher interaction compared to 
AAV-N248-100Q EN mice (D). No significant effects were observed during the introduction of the novel 
mouse in the second phase of the test (E). Data are presented as mean ± SD. * p < 0.05 and ** p < 0.01. 
Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple-comparison 
test (A–E) or two-way ANOVA to assess the influence of sex and treatment followed by Tukey’s post-
hoc analysis (F–G). 
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Discussion and future directions 

Paper I 
TDP-43 pathology is the major pathological protein in ALS-FTD and has also been 
associated with an increasing number of NDs [76, 81, 106, 107]. The results 
presented in Paper I demonstrated clear hypothalamic dysfunction in mice 
overexpressing wild-type TDP-43 in the hypothalamus, replicating ALS-FTD-like 
neuropathological hallmarks and displayed emotional and metabolic impairment. 
Specifically, we observed a significant loss of MCH-, hypocretin- and oxytocin-
expressing neurons, as well as a reduction in hypothalamic volume. AAV-TDP43 
mice displayed apathy-like behaviour, evidenced by a drastic reduction in motor 
activity in the open field and rotarod tests, despite displaying normal swimming 
ability in the forced swim test. This motor phenotype, in combination with reduced 
nesting behaviour, suggests a deficit in motivation rather than physical impairment. 
The lateral hypothalamic area has been linked to a number of vital behaviours, 
including locomotion. A previous study demonstrated that damage to the lateral 
hypothalamic area in rats resulted in a similar phenotype to that observed in Paper 
I, where the rats exhibited movement when the stimulus was sufficiently intense 
[133]. Both hypocretin and MCH are expressed in neuronal populations within the 
lateral hypothalamic area and notably, a reduction in hypocretin has been shown to 
decrease locomotion [134].   

Furthermore, the AAV-TDP43 mice became obese and hyperglycaemic. These 
results align with prior findings in mice overexpressing mHTT in the hypothalamus 
[117, 135]. However, it is crucial to note that this finding contrasts with clinical 
observations in human ALS and HD patients, who frequently exhibit low BMI [27, 
136], but may align more closely with the increased BMI sometimes reported in 
FTD [63, 137]. 

We found that AAV-mediated TDP-43 overexpression resulted in typical TDP-43 
pathology seen in ALS-FTD including TDP-43 mislocalisation and the subsequent 
formation of both nuclear and cytoplasmic inclusions [57, 72, 113]. Our study 
proposes a mechanism of action where wild-type TDP-43 homeostasis becomes 
disrupted and results in disease onset. Even though TwdDP-43 levels are not 
increased in TDP-43 proteinopathies, it might be caused by a dysregulation of the 
proteins or RNA that TDP-43 interacts with that could be replicated with TDP-43 
overexpression.  
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Paper II 
SIDT2 is a lysosomal protein that has been identified in the novel autophagy 
pathway known as RNA/DNAutophagy. To date, only one prior published study has 
linked SIDT2 to HD [45], showing that SIDT2 binds to HTT mRNA in a CAG 
dependent fashion. In addition to the already established intranuclear and 
extranuclear mHTT inclusions, Paper II reveals SIDT2-immunoreactive inclusions 
as an additional neuropathological hallmark. In advanced cases of HD, SIDT2 
inclusions appeared in a CAG dependent fashion and rarely co-localised with mHTT 
inclusions. Furthermore, in vivo evidence suggests that SIDT2 inclusions form 
chronologically after the appearance of mHTT inclusions. 

The role of SIDT2 in the direct uptake of mHTT transcripts, rather than the mHTT 
protein, may explain why SIDT2 and mHTT inclusions rarely co-localise. If the 
HTT protein is expressed, either full-length or exon 1 fragments, aggregates can 
form as typically seen in HD. Conversely, SIDT2 inclusions may result from the 
impaired uptake of HTT transcripts into the lysosome, potentially driven by 
conformational changes in mHTT DNA and RNA, such as the hairpin loops 
characteristic of CAG repeat tracts. If uptake is partially inhibited while SIDT2 
remains bound to the HTT transcript, exposed sections of the CAG repeat tract 
may allow SIDT2 molecules from other lysosomes to bind to the same transcript. 
This process could lead to the sequestration of SIDT2 and subsequent inclusion 
formation. A longer CAG repeat tract likely facilitates increased SIDT2 binding, 
thereby resulting in the more rapid formation of larger SIDT2 inclusions. 

We also observed that SIDT2 protein levels are depleted in the striatum and 
hypothalamus of advanced HD cases (Vonsattel grades 2–4), while SIDT2 mRNA 
levels remain unaffected. This depletion may result from the sequestration of 
SIDT2 into insoluble inclusions, which are more difficult to detect using Western 
blot. Reduced levels of SIDT2 might impair the clearance of mHTT transcripts, 
thereby accelerating disease progression. We demonstrated both in vivo and in 
vitro that SIDT2 overexpression reduces the mHTT load. These data suggest that 
a potential therapeutic approach could involve AAV vectors or other gene 
therapies to substitute or enhance SIDT2 expression, potentially mitigating mHTT 
toxicity. 
The frequency of SIDT2 inclusions correlates positively with CAG length in HD 
patients. Hase et al.  [45] showed that SIDT2 binds to HTT in a CAG-dependent 
fashion, highlighting that SIDT2 might be even more critical at later stages of HD, 
where CAG repeat lengths increase as a result of somatic expansion [138]. 
Furthermore, somatic expansion could potentially worsen the dysfunction of the 
SIDT2 system and result in further depletion of the protein. Recent studies suggest a 
pathogenic threshold, where the CAG repeat becomes toxic after a specific repeat 
length is reached [138, 139], this toxicity may be a result of SIDT2 depletion. 
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Targeting SIDT2 might offer enhanced neuroprotective benefits in advanced HD by 
facilitating the clearance of mHTT or other transcripts cleared via 
RNA/DNAutophagy.  

Paper III and IV  
Oxytocin neurons have been shown to be reduced in HD and ALS-FTD [58, 91, 93]. 
In Paper III and IV, we observed that mHTT and TDP-43 overexpression 
specifically within oxytocin neurons resulted in cell-autonomous effects. These 
findings align with the loss of oxytocin-expressing neurons in human HD cases [91, 
93] and ALS cases [58] compared to control cases. In Paper I we observed a greater 
reduction in oxytocin-expressing neurons at an earlier time point (19% at 24 weeks 
versus 42% at 10 weeks post-injection) a using slightly different viral constructs but 
at similar viral titres (2.0×1014 versus 2.5×1014). The variation in oxytocin-
expression cells between Paper I and IV might indicate that oxytocin pathology is 
not solely cell-autonomous.  

The meta-analysis results provided insights into relative toxicity between TDP-43 
and mHTT. We observed that both TDP-43 overexpression and intranuclear mHTT 
inclusions were significantly more toxic to oxytocin neurons compared to mHTT 
extranuclear inclusions. However, no significant differences were observed between 
TDP-43 overexpression and IN mHTT inclusions, suggesting that they have similar 
neurotoxicity in oxytocin-expressing neurons.  

Oxytocin is a neuropeptide involved in depression, anxiety and metabolism [101-
103], these features are altered in HD and ALS-FTD [25, 27, 53, 54, 61, 62]. In 
Paper III we observed an increase in anxiety-like behaviour in N248-100Q IN mice 
compared to uninjected mice, but not other control groups. In addition, the meta-
analysis revealed no difference between treatment groups, suggesting no major 
effects on anxiety-like features. Similarly, there was no major effects on depressive-
like or metabolic features in Paper III and IV, or when comparing treatment groups 
in the meta-analysis. However, we observed a positive correlation in the number of 
TDP43 overexpressing cells and body weight. It is possible that the vector limited 
vector targeted might have masked an effect on body weight.  

Clinical features of ALS, FTD and HD report social impairments with effects on 
empathy processing [24, 140-142], The effects on oxytocin system in TDP-43 
models have not been previously investigated, and we observed no clear effect on 
social interaction in AAV-TDP43 mice in Paper IV.  In Paper III we observed no 
effects on social cognition in AAV-N248-100Q mice or BACHD/OXT-Cre mice. 
However, previous reports have observed social impairments in BACHD mice after 
six months, suggesting that oxytocin-related deficits may require a later time-point 
to fully manifest [143]. However, the meta-analysis showed an increased preference 
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to interact with a stranger mouse in mice that form intranuclear inclusions compared 
to AAV-TDP43 mice and a non-significant trend toward the same behaviour 
compared to mice that form extranuclear mHTT inclusions. While a willingness to 
interact with strangers is typically a sign of social cognitive health and anxiolytic 
effects [144], higher levels of interaction are also present in certain autism  models 
[145]. This ambiguity makes it difficult to determine which phenotype represents 
social impairment. Further investigation of the oxytocin system in mHTT and TDP-
43 models may be warranted to fully evaluate the effects on the development of 
altered social cognition.  

Limitations 
Throughout this thesis, several disease models were generated by overexpressing 
disease-related proteins in the hypothalamus. While this methodology allows us to 
emphasise the role of specific transcripts and proteins in the pathogenesis and study 
localised effects, it has inherent limitations. One limitation is the use of 
overexpression itself, since the underlying pathology of NDs like ALS-FTD and HD 
is typically not driven by elevated protein levels of TDP-43 or mHTT. However, in 
the case of mHTT, overexpression may emphasise toxic gain-of-function properties, 
and for TDP-43 overexpression it can disrupt protein homeostasis and still provide 
valuable data. Although cre-dependent knock-out or knock-down approaches using 
viral vectors is an alternative, it still does not represent protein levels in patients.  

A further limitation within these models involves the selection of appropriate 
controls. We have used several control groups throughout this thesis, and none are 
without drawbacks. Uninjected controls do not account for the potential 
complications associated with stereotaxic surgery. Vehicle-only injections do not 
control for overexpression of a protein and cannot be verified to target the 
hypothalamus. Furthermore, while AAV vectors overexpressing GFP is a standard 
control, it has been reported to have neurotoxic effects [146], and in Paper III it 
was shown to increase body weight in male mice compared to other groups. Wild-
type HTT overexpression is an alternative but still might have confounding results. 
We also showed in Paper III that wild-type HTT results in increased anxiety-like 
behaviour compared to uninjected controls. While using multiple control groups (as 
seen in Paper III) provides the most robust experimental design it reduces the 
sample size per group and compromises statistical power.  

In Paper I we showed that mice with pan-hypothalamic TDP-43 overexpression 
exhibit apathy-like behaviour based on a combination of reduced nesting ability and 
lack of movement not attributed to inability to move. However, it should be 
acknowledged that there are no definite behavioural tests to directly quantify apathy 
in rodents. Translating results from behavioural tests in mice to clinical features in 
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patients remains a challenge, and it is difficult to determine the extent to which these 
behavioural phenotypes mimic human psychiatric features.  

Finally, visualisation and quantification of neuropathology in this thesis relied 
mainly on immunohistochemistry and western blotting. The accuracy of these 
findings is dependent on antibody specificity. Potential cross-reactivity and low 
signal-to-noise ratios introduce a degree of variability. Testing multiple different 
antibodies and optimising protocols can help mitigate this, but relying on antibody-
based detection alone is a notable limitation when quantification and identification 
of neuropathology.  

Future directions 

Paper I  
We demonstrated that wild-type TDP-43 overexpression in the hypothalamus is 
sufficient to mimic some ALS-FTD-like phenotypes in mice. A future direction is 
to determine how normal TDP-43 function is comprised and results in the 
development of TDP-43 pathology. It might be an indirect effect of other disease 
processes, resulting in disruption of TDP-43 homeostasis similar to what is seen 
with overexpression. 

In Paper I, we demonstrated widespread TDP-43 immunoreactivity throughout the 
hypothalamus, with only a small subset of neurons exhibiting cytoplasmic 
mislocalisation while the remainder had nuclear localisation. This suggests that 
nuclear wild-type TDP-43 is sufficient to drive a disease phenotype. However, it 
remains unclear whether mislocalisation is actually a prerequisite for the loss of the 
specific neuropeptide-expressing neuronal populations observed in Paper I. The 
observed nuclear localisation might indicate that these specific neurons are less 
vulnerable to TDP-43 pathology. It is possible that once mislocalisation occurs, it 
rapidly leads to neuronal death. Our observations may be limited to surviving cells 
where TDP-43 is still detectable. To address this, an important future direction 
would be to utilize AAV vectors designed to express TDP-43 lacking a nuclear 
localization signal. Comparing the neuropathological effects and resulting 
phenotypes of cytoplasmic TDP-43 against wild-type nuclear TDP-43 would help 
delineate the respective contributions of nuclear loss-of-function versus cytoplasmic 
gain-of-toxicity. 
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Paper II 
We observed that the SIDT2 system is disrupted in HD, SIDT2 has been shown to 
bind to mHTT and reduce its load, but it may also be involved in other 
proteinopathies. Dysfunction in the SIDT2 pathway might hinder the clearance of 
other disease-related RNA and DNA, thereby facilitating disease progression. 
Interestingly, SIDT2 dysfunction has already been identified in PD [46]. Future 
research should investigate whether SIDT2 is affected in other NDs, but particularly 
other CAG repeats disorders such as spinocerebellar ataxias caused by CAG repeat 
expansions, as SIDT2 binds to the CAG repeat tract itself.  

Additionally, an interesting future direction would be to explore SIDT2 knock-out 
models. Silencing SIDT2 expression specifically in the striatum or hypothalamus of 
wild-type mice could determine if its loss alone is sufficient to induce motor or 
behavioural phenotypes similar to what is observed in HD. Furthermore, silencing 
SIDT2 in an HD mouse model would allow us to investigate whether impaired 
SIDT2-mediated clearance exacerbates disease-related features. 

Lastly, we observed depleted SIDT2 protein levels using Western blot in the 
striatum and hypothalamus, without affecting SIDT2 mRNA levels. This 
methodology primarily measures soluble proteins. A next step would be to test the 
hypothesis that this loss is due to the sequestration of SIDT2 into insoluble 
aggregates.  

Paper III and IV 
The results from Papers III and IV suggest that oxytocin pathology may not be the 
primary driver of the behavioural and metabolic features observed in mHTT and 
TDP-43 proteinopathies. Consequently, future studies should target alternative 
neuronal populations. For instance, hypocretin levels are significantly reduced in 
HD, PD, AD, and ALS [87, 91, 93-95]. Pathology in this neuronal population may 
represent a common denominator across these disorders. This could be investigated 
using a similar experimental setup to the one used in this thesis, overexpression of 
disease-related proteins only in hypocretin neurons, and could provide insights on 
the causal effect of hypocretin pathology on the development of non-motor features 
of NDs. 
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Conclusions  

Paper I showed that wild-type human TDP-43 overexpression in the hypothalamus 
is sufficient to induce key ALS-FTD-like molecular and neuropathological 
hallmarks, including TDP-43 mislocalisation and the formation of nuclear and 
cytoplasmic inclusions. Wild-type TDP-43 overexpression resulted in gain-of-toxic 
functions within the hypothalamus, resulting in atrophy, neuroinflammation and 
loss of neurons expressing hypocretin, MCH and oxytocin. Furthermore, TDP-43 
overexpression led to the development of metabolic and emotional features. This 
paper gave insights to the molecular and cellular mechanisms of TDP-43 in the 
hypothalamus, identifying a critical brain region for developing novel therapeutic 
targets for TDP-43 proteinopathies. 

Paper II identified SIDT2-immunopositive inclusions as a novel neuropathological 
hallmark in HD. Our results suggest that targeting SIDT2-mediated DNA/RNA 
autophagy could be a beneficial strategy for reducing mHTT load, independently of 
the major protein degradation pathways. 

Intranuclear mHTT inclusions (Paper III) and overexpression of wild-type TDP-
43 (Paper IV) results in a cell-autonomous neurotoxic effect in oxytocin neurons 
compared to uninjected controls. However, selective mHTT or TDP-43 
overexpression in oxytocin neurons alone is not sufficient to cause emotional and 
metabolic features in mice.  These papers suggest that oxytocin pathology, while 
present, is not the major driver of non-motor features of HD or TDP-43 
proteinopathies.  

The meta-analysis demonstrates comparable toxicity between wild-type TDP-43 
and mHTT in oxytocin neurons. TDP-43 and intranuclear mHTT inclusions appear 
to exert more severe cell-autonomous effects on oxytocin neurons than extranuclear 
inclusion formation alone. Furthermore, mice that form mHTT IN inclusions 
showed distinct alterations in social interaction compared to TDP-43 overexpressing 
mice. 
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Concluding remarks 

This thesis establishes the hypothalamus as a key mediator in TDP-43 
proteinopathies, demonstrating that it serves as a focal point for the cellular toxicity 
that drives non-motor dysfunction. The work also identifies SIDT2 inclusions as a 
novel pathological hallmark in HD, present not only in the hypothalamus but also 
in other vulnerable brain regions. Furthermore, while the hypothalamic neuronal 
population expressing oxytocin is vulnerable to mHTT and TDP-43 toxicity, it does 
not appear to be the main driver of non-motor features. This suggests that the clinical 
features of NDs may emerge from a widespread pathology of hypothalamic circuits 
or the loss of other specific cell types. In summary, this work demonstrates the 
hypothalamus as a critical convergence point in both TDP-43 and mHTT 
proteinopathies, and the identification of SIDT2 dysfunction throughout the HD 
brain provides a new therapeutic avenue for intervening in pathogenesis. 
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Methods 

Ethical permits 
All experimental procedures involving animals were approved by the Regional 
Ethical Committee in Lund, Sweden under permit number 17113/2022 for (Paper 
I, II, IV), as well as M65-13 and 15499/2017 (Paper III).  

Human post-mortem tissues used in Paper II were obtained and research approved 
by the Victorian Brain Bank and the Sydney Brain Bank at Neuroscience Research 
Australia (PID073, PID0111, PID167) as well as the Ethic Committee of the 
Medical Faculty of the Ruhr-University Bochum, Germany (17-5939) and the 
Swedish Ethical Review Authority and the regional ethical review board at Lund 
University (2022-05348-01 and 2014/466). All donors provided informed consent 
prior to brain donation.  

Animals 
Mice were housed in groups of 2–6 animals under a 12-hour light/dark cycle with 
ad libitum access to food and water. Humane endpoints, including complete 
immobility, eye squinting, and raggedness of fur, were consistently monitored 
across all experiments to ensure animal welfare. Mice were anesthetised using a 
mixture of 2% isoflurane and nitrous oxide for all surgical procedures. All surgical 
procedures were performed at 6-8 weeks of age.   

Study I 
Wild-type female FVB/N mice were used to study the effects of TDP-43 
overexpression in the hypothalamus. An AAV vector designed to express wild-type 
human TDP-43 (AAV-TDP43) was injected bilaterally into the hypothalamus.  

Experiment I was used for initial neuropathological assessment of wild-type TDP-
43 overexpression. Mice were injected with three different doses of AAV-TDP43: 
5.0 x 1013, 1.0 x 1014 or 2.5 x 1014 gc/ml (n = 6 per dose) and perfused nine weeks 
post-injection for neuropathological examination.  
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Experiment II served to further assess neuropathology of hypothalamic 
overexpression, mice were injected with AAV-TDP43, AAV-GFP or AAV-mHTT. 
AAV-TDP43-injected mice were euthanised at six- or ten-weeks post-injection (n 
= 5 per timepoint) based on humane endpoints.  

Experiment III determined the molecular properties of TDP-43 and the 
development of behavioural and metabolic features. Mice were injected with AAV-
TDP43 (1.0 x 1014 gc/ml, n = 19) or vehicle (n = 20). Behavioural testing (open field, 
elevated plus maze, rotarod, forced swim test) and dual-energy X-ray 
absorptiometry (DEXA) scanning were performed between 18- and 20-weeks post-
injection. Mice were perfused at 21 weeks post-injection, and blood was collected 
for serum glucose measurements. 

Experiment IV focused on investigating the effects on apathy-like behaviour and for 
RNA sequencing. Mice were injected with AAV-TDP43 (1.0 x 1014 gc/ml, n = 16) or 
vehicle (n = 16). Food intake and nesting behaviour were monitored, and hypothalami 
were collected ten weeks post-injection for qRT-PCR and RNA sequencing.  

Study II 
To investigate the neuropathological characteristics of SIDT2 in HD we used three 
different mouse models. The R6/2 mice with approximately 150Q in HTT, were 
analysed at six and 16 weeks of age (n = 4 per genotype at 6 weeks; n = 6 R6/2 and 
n = 2 wild-type at 16 weeks) and the BACHD mice expressing full-length mHTT 
with 97Q) were analysed at six months of age (n = 6 BACHD and n = 3 wild-type). 
In addition, mice bilaterally injected into the hypothalamus with an AAV vector 
designed to express a large fragment of HTT (79Q or 18Q in HTT) was analysed at 
six- and 18-weeks post-injection (n=1/group).  

To test the potential therapeutic effect of SIDT2 in HD, R6/2 mice were bilaterally 
injected into the hypothalamus with an AAV vector designed to overexpress SIDT2 
(n = 4). Neuropathological analyses were performed 10 weeks post-injection (at 16 
weeks of age) and compared to uninjected R6/2 littermates.  

Study III 
To study the effects of mHTT in oxytocin neurons we used the oxytocin-Cre mouse 
model or the BACHD mouse model.  

Experiment I was designed to investigate the effects of mHTT expression in 
oxytocin neurons. To ensure selective mHTT expression in oxytocin neurons in 
wild-type mice, flex-switch AAV vectors were bilaterally injected into the PVN of 
oxytocin-Cre mice at two months of age. We designed three different flex-switch 
AAV vectors that resulted in transgene expression of GFP, wild-type HTT (N-
terminal fragment of 166 amino acids with 18Q) and mHTT (N-terminal fragment 
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with 248 amino acids of HTT with 100Q). The mice underwent behavioural 
analyses and body weight measurements at three months post-injection and were 
sacrificed at four months post-injection.  

Experiment II was conducted to investigate the effects of deletion of mHTT 
expression in oxytocin neurons in BACHD mice, a mutant line was generated by 
crossing BACHD mice with oxytocin-Cre mice, creating a line that ubiquitously 
expresses mHTT except in oxytocin neurons (BACHD/oxytocin-Cre). When Cre is 
present in the loxP-flanked BACHD mice, a fragment of exon 1 of the mHTT gene 
is deleted. This mutant line, along with littermate controls (BACHD, wild-type and 
oxytocin-Cre), was subjected to behavioural analyses and body weight 
measurements at two months of age and sacrificed at three months of age.  

Study IV 
To study the effects of wild-type TDP-43 overexpression in oxytocin neurons we 
used the same oxytocin-Cre model as in Study III. A flex-switch AAV vector was 
used to express either wild-type human TDP-43 (AAV-TDP43) or GFP (AAV-
GFP) in oxytocin neurons. The vectors were bilaterally injected into the PVN.  

Human post-mortem tissue  
Human post-mortem brain tissue was sourced from three locations to investigate the 
role of SIDT2 in HD in Paper II. To study the effects of SIDT2 protein and mRNA 
levels, blocks of frozen tissue of the caudate nucleus of the striatum and frontal cortex 
(n = 17 HD with Vonsattel grades 2-4 and n = 10 control cases) as well as the lateral 
hypothalamic area (n = 4 HD with Vonsattel grades 2-4 and n = 2 control cases) were 
obtained from the Victorian and Sydney Brain Banks, Australia and used for western 
blot and qRT-PCR. To determine neuropathological effects in the ACC, 
paraformaldehyde (PFA)-fixed ACC (n = 4 HD and n = 2 control cases) was provided 
by the Huntington brain collection of Bochum, Germany. Formalin-fixed tissue from 
the frontal cortex, the striatum and the hypothalamus of an HD case with Vonsattel 
grade 0 was obtained from the Department of Neuropathology in Lund, Sweden.  

Cell cultures 
To investigate molecular properties of SIDT2 overexpression in cell culture in 
Paper II, pcDNA3.1 vectors were used to co-transfect SH-SY5Y neuroblastoma 
cells with either HTT exon 1 (16Q or 72Q) and Sidt2 C-terminally tagged with V5 
or with an empty vector. Cells were transiently transfected for 72 hours using 
Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific).  
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Behavioural tests 
In Paper I, III and IV we performed a battery of behavioural analyses to investigate 
the effects of TDP-43 and mHTT toxicity on the development of features related to 
ALS-FTD and HD.    

Elevated plus maze 
Anxiety-like behaviour was quantified using the elevated plus maze (Figure 18A). 
The maze featured two opposing open arms and two opposing closed arms, 
connected by a centre platform. Mice were placed in the centre and tracked 
automatically using the Ethovision software for 5 min.  

Forced swim test 
Depressive-like behaviour and motivation was assessed with the forced swim test 
(Figure 18B). This assay involves placing a mouse in a cylinder of water and their 
movements were recorded (4 min swimming time in Paper I and 5 min in Paper 
III and IV). After the acclimation phase the total immobility time was scored 
manually by a blinded experimenter. Immobility is defined as the mouse making 
only the minimal movements necessary to keep its head above the water surface.  

Social interaction test  
Paper III-IV investigated social interaction because of oxytocin's role in social 
cognition. The social interaction test assessed social affiliation and novelty 
preference in a three-chamber acrylic box (Figure 18C) Following a 5 min 
habituation period, two 10 min phases were conducted. The first phase, social 
affiliation compared interactions (cup touches) with an empty cup versus a stranger 
mouse. The second phase, social novelty compared interactions with the now-
familiar mouse versus a novel mouse. The interactions were scored manually by a 
blinded experimenter.  

Open field test  
General activity level was measured in an activity box (Figure 18D). Mice were 
placed in the centre, and the total distance travelled (1h) was automatically recorded 
and tracked in the Ethovision software.  
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Rotarod 
Motor activity and balance were assessed in Paper I and III using an accelerating 
rotarod (Figure 18E). Mice were trained for three sessions (2 min at 5 rpm, 2h 
intervals) over three days. The formal test consisted of three repetitions (2h 
intervals) of a 5-minute acceleration from five to 40 rpm. The latency to fall was 
recorded automatically on the rotarod device.  

Nesting 
Nesting behaviour was assessed over a 4-day period in Paper I. Mice were pair-
housed (treatment-matched) with a 2-day acclimatisation period. Mice started with 
intact nesting material in each cage. Nesting ability was scored blindly using a 
modified Gaskill et al. scale (0-3) [147], where three is a fully cupped dome and 
zero is untouched material. 

 

Figure 18. Schematic of behavioural tests used to assess non-motor and motor features. 
(A) The behavioural battery included the elevated plus maze to asess anxiety-like features, (B) the forced 
swim test to assess for depressive-like features, (C) the social interaction test to asess social behaviour, 
(D) the open field test to assess general activity and (E) the rotarod to assess motor activity and balance. 
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Metabolic tests 
Given that the hypothalamus has a role in metabolism, metabolic analyses were 
conducted in Paper I, III and IV.  

Food intake 
Food intake was analysed over a 4-day period in Paper I. Mice were pair-housed 
(treatment-matched) with a 2-day acclimatisation period.  

DEXA scan  
Body fat percentage was determined in Paper I and IV.  Mice were anaesthetised 
(2% isoflurane/nitrous oxide) and scanned individually using a DEXA Lunar 
PIXImus2 scanner. Calculations were performed using PIXImus 2.10 software. 

Serum glucose concentration 
In Paper I serum glucose concentration was quantified using the glucose oxidase 
method, which uses a peroxidase reaction for the colorimetric detection of hydrogen 
peroxide formation. 

qRT-PCR 
To quantify the mRNA expression levels of TDP-43 (Paper I), SIDT2 (Paper II) 
and HTT (Paper III), quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) was employed. Total RNA was isolated from the tissue samples and 
was treated with DNase digestion. The RNA was mixed with a reverse transcriptase 
and random hexamer primers to generate cDNA. The cDNA was combined with 
forward and reverse primers (Table 4), DNA polymerase and a SYBR green 
fluorescent dye. The qRT-PCR was run on a thermocycler. After amplification, a 
melting curve analysis was performed to confirm that only the intended single 
product was amplified. The data were quantified using the ΔΔCT method and 
normalised to the expression house-keeping genes expression. 
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Table 4. Primers used for qRT-PCR. 
Gene Paper Application Primer Sequence (5’ to 3’) 
TARDBP/Tardbp I Target Gene Forward AAGGAATTCTGCATGCCCCA 
   Reverse TGTTTTCTGGACTGCTCTTTTCAC 
SIDT2 II  Target Gene Forward TGAACGTCCTGAACAAGCAG 
   Reverse CACAGGGTTCGTTCCACTTT 
HTT III Target Gene Forward GCACCGACCAAAGAAAGA 
   Reverse ACCATCCTGACATCTGAC 
Gapdh I Normalisation Forward TGTCCGTCGTGGATCTGAC 
   Reverse CCTGCTTCACCACCTTTTG 
Pdhb  I Normalisation Forward GTAGAGGACACGGGCAAGAT 
   Reverse TGAAAACGCCTCTTCAGCA 
ACTB II  Normalisation Forward ATATGAGATGCGTTGTTA 
   Reverse AAGTATTAAGGCGAAGAT 
GAPDH II  Normalisation Forward CTCTGGTAAAGTGGATATTGT 
   Reverse GGTGGAATCATATTGGAACA 
Hprt III Normalisation Forward ACCTTCTATGAATGTTACTG 
   Reverse GATAAGCGACAATCTACC 
Actb III Normalisation Forward GCTGTGCTATGTTGCTCTA 
   Reverse TCGTTGCCAATAGTGATGA 
Gapdh III Normalisation Forward AACCTGCCAAGTATGATG 
     Reverse GGAGTTGCTGTTGAAGTC 

Immunoblotting 
In Paper II, protein levels of SIDT2 and HTT was obtained via immunoblotting 
techniques Primary antibodies used can be found in Table 5.  

Western blot of human brain tissue 
Human post-mortem tissue samples, including frontal cortex, caudate nucleus and 
lateral hypothalamic area, were lysed (1:10 weight/volume ratio) and supplemented 
with protease and phosphatase inhibitors. Tissue was homogenised by sonication, 
incubated on ice (15 min) and centrifuged and total protein concentration in the 
lysate was determined using the DC Protein Assay Kit. 

Before loading on the SDS-PAGE, the samples were heat-denatured (95 °C, 5 min) 
in SDS sample buffer. Protein (40µg) was loaded on each well on a 4%-15% 
gradient polyacrylamide gel. The samples were electrophoretically separated (90V 
for 30 min followed by 120V for 1h). Proteins were then transferred onto a PVDF 
membrane (25 V, 7 min). The membranes were blocked (5% skimmed milk in TBS-
T, 1h) and incubated overnight with the primary antibody followed by horseradish 
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peroxidase conjugated secondary antibody (1h). The membranes were developed 
using enhanced chemiluminescence. The images were acquired with the VersaDoc 
instrument. Band intensities were quantified using the ImageLab software and 
expressed as a ratio relative to β-actin. 

Western blot of cell cultures 
For protein extracts obtained from cell culture experiments, protein extract (25 µg) 
from cell homogenates was mixed in LDS sample buffer and heat-denatured (70 °C, 
10 min). The product was then electrophoretically separated on 10% Bis-Tris gels. 
Separated proteins were transferred onto nitrocellulose membrane (80 V, 2h). 

Filter retardation assay of cell cultures 
Detection of HTT SDS-insoluble proteins was performed by heat-denaturing (95 °C, 
5 min) protein extract (3 µg) from cell homogenates and was loaded onto a 
nitrocellulose membrane and samples were subsequently filtered through applying a 
vacuum. 

Visualisation of filter retardation assay of cell cultures 
Membranes obtained from western blots or filter retardation assays from cell culture 
samples were blocked (5% skim milk powder in TBS) and incubated with primary 
antibodies overnight. Afterwards, membranes were probed for fluorescent-labelled 
secondary IRDye® antibodies (1:5000, 1h). Fluorescence signals were detected and 
quantified using the LI-COR ODYSSEY® FC and the Image Studio software. 

Table 5. Primary antibodies for western blot and filter retardation assay. 

Tissue  Antibody  Host   Dilution Company   Catalogue No.  
Human  SIDT2  Rabbit  1:1000 Abnova  PAB27211  
  SIDT2 Rabbit  1:1000 Abcam ab85847 
  β-actin mouse 1:10000 Sigma-Aldrich A5441 
Cell  SIDT2 Rabbit  1:500  Abnova PAB27211  
  Huntingtin Rabbit  1:5000  Abcam  ab109115  
  P62 Rabbit 1:500 Cell Signalling 5114 
  Ubiquitin  Rabbit 1:11000 Cell Signalling 8081 
  LC3B Rabbit 1:500 Cell Signalling 2775 
  GAPDH Mouse 1:2000 Santa Cruz sc-47724 
  GAPDH Rabbit 1:5000 Proteintech 10494-1-AP 
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Viral vectors 
Production 
Viral vectors were central in all papers of this thesis (Figure 19). Recombinant AAV2/5 
vectors were produced via a double-transfection method. All transgenes were regulated 
by the human Synapsin-1 promoter and packaged in an AAV5 capsid, flanked by 
AAV2 inverted terminal repeats and a SV40 polyadenylation signal. Vectors were 
titered by TaqMan qPCR and formulated in PBS with 10 ppm Poloxamer-188. 

Neuronal-specific AAV vectors 
Several neuronal-specific vectors were employed in Paper I-II. In Paper I, the 
AAV-TDP43 vector was designed to express the coding sequence of wild-type 
human TARDP gene and a control vector was designed to express GFP (AAV-GFP). 
Both Paper I (AAV-mHTT) and II (AAV-HTT-79Q) used the same vector 
expressing the first 853 amino acids of the N-terminal fragment of HTT with 79Q. 
In addition, Paper II included a control vector AAV-HTT-18Q (expressing 792 
amino acids of the N-terminal HTT fragment with 18Q) and a vector expressing the 
coding sequence of the human SIDT2 (AAV-SIDT2). 

Flex-switch AAV vectors 
Flex-switch vectors were designed to specifically express the transgene only in the 
presence of Cre. Paper III and IV used AAV-GFP/mCherry as a control vector. In 
the absence of Cre, the sense transgene mCherry is expressed and the antisense 
transgene GFP is silenced. The presence of Cre flips the sequence, resulting in the 
expression of GFP and silencing of mCherry. Paper III additionally used two other 
vectors; one expressing 166 amino acids of the N-terminal exon 1 fragment of HTT 
with 16Q (N166-18Q) and another expressing 248 amino acids of the N-terminal 
fragment with 100Q (N248-100Q). Paper IV used a flex-switch vector designed to 
express full-length wild-type TDP-43.  

Vector delivery 
Mice were anesthetised using a mixture of isoflurane and nitrogen oxide before 
being placed into a stereotactic frame for bilateral viral vector or vehicle injection. 
For Paper I-II, the entire hypothalamus was targeted and in Paper III and IV 
specifically the PVN withing the hypothalamus was targeted (Table 6). In all 
procedures, a volume of 0.5 µL of vector or vehicle solution was delivered per side 
using a Hamilton syringe attached to a pulled glass capillary, the needle was left in 
place for an additional five minutes before slow retraction. 
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Figure 19. Schematic overview of recombinant AAV vectors.   
All vector constructs are designed for specific expression in neuronal populations regulated under the 
Synapsin-1 promoter (represented by blue arrow). The expression cassette is flanked by AAV2 
inverted terminal repeats (ITR, represented by grey arrows). Termination of transcription is ensured by 
the SV40 polyadenylation (polyA) signal (represented by the green arrow). The Cre-dependent flex 
switch vectors contain additional orthogonal recombination sites: Lox2272 (represented by the yellow 
triangle) and LoxP (represented by the grey triangle), allowing for the conditional, Cre-dependent 
inversion and expression of the transgene.  
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Table 6. Stereotactic injection coordinates for viral vector delivery.  
All coordinates are reported in millimetres (mm) relative to bregma (anterior/posterior and medial/lateral) 
and dura (ventral/dorsal). 

Target Paper Plane Coordinate (mm) 
Hypothalamus I, II Anterior/posterior -0.7 
  Medial/lateral  ± 0.55 
  Ventral/dorsal -5.2 
PVN III, IV Anterior/posterior -0.6 
  Medial/lateral  ± 0.45 

   Ventral/dorsal -4.9 

Histological analyses  
For neuropathological visualisation of proteins and cell structures, immunohisto-
chemistry was a central method in this thesis. All primary antibodies used for 
histological analysis can be found in Table 7.  

Immunohistochemistry 
Mouse brain tissue 
Peroxidase-based immunohistochemistry was performed on mouse brains tissue 
fixed in 4% PFA, cryoprotected in 25% sucrose and coronally sectioned (30 µm 
thickness in six series). Free-floating sections were incubated overnight with a 
primary antibody and were labelled with suitable secondary antibody (1:200, 1h) 
and visualised with the 3,3'-diaminobenzidine (DAB) chromogen using hydrogen 
peroxidase.  Sections were then mounted, dehydrated through an ethanol-xylene 
series, and coverslipped with distyrene plasticizer xylene (DPX). Certain mounted 
sections were also counterstained with either cresyl violet (Paper I) or 
haematoxylin (Paper III) to investigate cell morphology or the inclusion 
intracellular location. Images were acquired using a Zeiss Axio Imager M2 
microscope. 

Human brain tissue 
Immunohistochemical analysis was conducted on post-mortem human tissue 
(Paper II). First, 4% PFA-fixed free-floating vibratome sections (80 µm) of the 
ACC were treated with 1% NaBH4 before a blocking step (10% normal serum, 30 
min), followed by 72h incubation with antibodies against SIDT2 and the N-terminus 
of HTT (EM48) followed by incubating with the appropriate biotinylated secondary 
antibody (3h), visualisation was performed with DAB. Finally, sections were 
mounted on Superfrost Plus slides, dehydrated and coverslipped. Photo-
documentation was conducted using an Olympus BH-2 Microscope. 
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For immunohistochemistry of the HD Vonsattel grade 0 case in Paper II, formalin-
fixed 50 µm sections cryoprotected in 30 % sucrose and cut into 15 series. Antigen 
retrieval was performed with Tris-EDTA buffer (80°C, 1h). The sections were then 
quenched and blocked (5% normal serum, 1h). Subsequently, the sections were 
incubated with a primary antibody (overnight) and biotin-conjugated secondary 
antibody (1:200, 2h) and were visualised using DAB development. Finally, the 
sections were mounted on chrome alum coated glass slides and coverslipped with 
DPX after a series of dehydration steps in ascending concentrations of ethanol and 
xylene. Image acquisitions were performed using a Zeiss Axio Imager M2 
microscope. 

For immune electron microscopic analysis of ACC tissue in Paper II, sections were 
postfixed with 1% osmium tetroxide, dehydrated, and flat-embedded in Araldite. 
Alternating semithin (0.75 µm) and ultrathin (100 nm) sections were cut using a 
Leica Ultracut R microtome. Semithin sections were counterstained with Toluidine 
Blue O (1%), while ultrathin sections were contrasted with uranyl acetate (5%, 10 
min) and lead citrate (2%, 5 min) prior to being viewed by the LVEM25 microscope. 

Immunofluorescence 
Mouse brain tissue 
Fluorescence immunostaining in mouse was primarily used to confirm viral vector 
targeting and analyse the intracellular localisation of TDP-43. To confirm vector 
targeting in Paper I, sections were incubated overnight with the primary antibodies 
and labelled with an Alexa Fluor 647-conjugated secondary antibody, followed by 
an additional blocking step before adding biotin-conjugated TDP-43 primary 
antibody followed by Alexa Fluor 488-conjugated streptavidin. For TDP-43 
intracellular localisation, the samples were incubated with a primary antibody 
against TDP-43 followed by Alexa Fluor 647-conjugated secondary antibody. All 
samples were counterstained with Hoechst 33342 to visualise nuclei and 
coverslipped. All images were captured with a Zeiss Axio Imager M2 microscope.  

Human brain tissue 
Immunofluorescence microscopy was performed on 14 µm ACC cryosections in 
Paper II (30% sucrose). Sections were mounted and dried on Superfrost Plus slides 
(40°C, 1.5h). The sections were simultaneously incubated overnight with primary 
antibodies targeting SIDT2 and HTT (EM48), followed by secondary antibodies 
conjugated with Alexa Fluor 594 and Alexa Fluor 488 (1:500, 2h). To minimise 
non-specific background signal, True Black autofluorescence quencher (1:20, 1 
min) was applied briefly. All samples were counterstained with DAPI. All sections 
were documented in a confocal fluorescence microscope (Nikon Spinning Disk). 
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For immunofluorescent staining of the HD case with Vonsattel grade 0 in Paper II, 
we performed antigen retrieval (Tris-EDTA, 80°C, 1h), blocking (5% normal 
serum) and incubation of primary (overnight) and biotin-conjugated secondary 
(1:200, 2h) antibodies followed by Alexa Fluor 647-conjugated streptavidin and 
Alexa Fluor 488-conjugated secondary antibody (1:200, 2h). Sections were 
mounted on chrome alum coated glass slides, coverslipped and visualised on the 
Zeiss Axio Imager M2 microscope. 

Immunocytochemistry  
For immunocytochemistry in Paper II, SH-SY5Y cells were cultured on poly-L-
lysine-coated chamber slides and subsequently transfected (96 h). Cells were fixed 
with 4% PFA and blocked (10% bovine serum albumin, 1h) before overnight 
incubation with primary antibodies targeting the V5 tag and HTT (Table 7). Cells were 
incubated with Alexa Fluor 594 and Alexa Fluor 488 conjugated secondary antibodies 
(1h). Samples were then counterstained with DAPI to visualise nuclei. Images were 
acquired with an Axioplan 2 imaging system equipped with an ApoTome. 

Table 7: Primary antibodies for immunohistochemistry. 

Tissue Antibody Host  IHC 
dilution 

IF 
dilution Company  Catalogue 

No. 

Mouse Oxytocin  Rabbit 1:4000 1:2000 Phoenix 
Pharmaceuticals, Inc.  H-051-01 

 Huntingtin 
(sc-8767) Goat 1:500 — Santa Cruz, 

Biotechnology, Inc.  SC-8167 

 Huntingtin 
(EM48) Mouse 1:500 — Merck MAB5374 

 GFP  Chicken  1:20000 1:10000 Abcam  ab13970 
 Ubiquitin Rabbit 1:2000 — DakoCytomation Z0458 
 DARPP-32 Rabbit 1:20000 — Sigma-Aldrich ZRB2260 

 MCH Rabbit 1:20000 1:2000 Phoenix 
Pharmaceuticals, Inc.  H-070-47 

 Vasopressin Rabbit 1:20000 1:2000 Merck AB1565 

 Orexin A Rabbit 1:4000 1:2000 Phoenix 
Pharmaceuticals, Inc.  H-003-30 

 SIDT2 Rabbit 1:2000 — Abnova PAB27211 
 P62 Guineapig 1:10000 — Progen GP62-C 
 TDP-43 Rabbit 1:100000 1:1000 Proteintech 10782-2-AP 
  TDP-43 Rabbit — 1:200 Proteintech Biotin-10782 

Human Huntingtin 
(EM48) Mouse 1:200/ 

1:1000 
1:100/ 
1:300 Merck MAB5374 

 SIDT2 Rabbit 1:2500 1:300 Abnova PAB27211 
 pTDP-43 Mouse 1:2000 — Comso Bio Co TID-PTD-M01 

Cell V5 Mouse — 1:500 Thermo Fisher 
Scientific R960-25 

  Rabbit — 1:500 Abcam ab109115 
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Quantification and volume measurements 
To investigate the effects of overexpression of TDP-43 (Paper I, IV), SIDT2 
(Paper II) or mHTT (Paper III) quantification was performed to determine the 
effect on cell count and inclusions.  All quantifications and volume measurements 
were performed by an experimenter blinded to the experimental groups and sex. 

Cell measurements  
Tissue sections were processed for hypocretin, MCH, oxytocin or vasopressin 
immunohistochemistry.  Hypocretin and MCH-expressing neurons were counted 
bilaterally in the lateral hypothalamic area (bregma -1.06 to -2.30 mm), and 
oxytocin and vasopressin-expressing neurons were counted in or bordering the PVN 
(bregma -0.46 to -1.22 mm). Cells in Paper I and III were analysed using a Nikon 
Eclipse 80i microscope with a 60x Plan-Apochromat (1.4 N.A. oil objective) and 
counted manually using the VIS software tool. In Paper II and IV images were 
captured with Zeiss PrimoStar microscope (10x/0.25 N.A, 4x/0.1 N.A) and 
quantified in ImageJ. Oxytocin-expressing neurons in Paper IV were quantified 
manually with the ImageJ’s multipoint tool. In Paper II, hypocretin-expressing 
neurons were quantified with an automated ImageJ script. In all other total cell 
counts, the total number of neurons was estimated by multiplying the total observed 
cell count by the number of series, and were corrected for both hemispheres. 

Quantification of inclusions and vector expression 
Automated quantification methods were used for mHTT inclusions and TDP-43 
expressing cells. Images were acquired bilaterally using a Zeiss PrimoStar 
microscope (40x/0.6 NA and 10x/0.25 NA objectives). For mHTT inclusion 
counting (Paper II), EM48-immunoreactive inclusions were acquired in the 
superior lateral part of the fornix at bregma -1.70 mm. The mHTT inclusions were 
quantified using an automated ImageJ script with thresholding parameters set for 
pixel intensity (0-100), pixel size (0-130), and circularity (0.20-1.00). mHTT 
inclusion density were calculated as the total number of inclusions per square 
millimetre. 

For quantifying TDP-43 expressing cells in Paper IV, images were acquired at 
10x/0.25 NA in the PVN sections spanning bregma -0.46 to -1.22 mm. This 
quantification was also performed using an automated ImageJ script, applying 
thresholding for pixel intensity (0-100) and circularity (0.30-1.00). Any missing 
sections were addressed by imputing an average value from the same group and 
bregma level. 
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Volume measurements  
Hypothalamic volume (Paper I) was measured in sections spanning bregma -0.35 
mm to -2.18 mm. The hypothalamus was outlined along the third ventricle to the 
optic tract. Images were captured on a Nikon Eclipse 80i (4x/0.1 NA) and measured 
bilaterally using VIS software or with Zeiss PrimoStar (4x/0.1 NA) and measured 
unilaterally using ImageJ 1.53t. Volume was calculated by multiplying the outlined 
hypothalamic area by the section thickness (30 µm), the number of series (6), and, 
where applicable, correcting for both hemispheres. 

RNA sequencing and exon skipping quantification 
To determine the effects of TDP-43 overexpression in the hypothalamus on 
constitutive and cryptic exons, bulk RNA sequencing and subsequent exon skipping 
quantification was performed. Total RNA was isolated from frozen hypothalamic 
tissue in Paper I using the RNeasy Mini Kit. RNA concentration and integrity (RIN 
> 8.8) were verified using Qubit Fluorometric Quantitation and the Fragment 
Analyser 5300. For library preparation, the mRNA fraction was enriched from total 
RNA (100 ng) using the NEBNext Poly(A) mRNA Magnetic Isolation Module 
(NEB). Libraries were prepared using the NEB Next Ultra II Directional RNA 
Library Prep Kit and sequenced as 100 bp paired-end reads on an Illumina NovaSeq 
6000, aiming for greater than 25 million clusters per sample. A Biomek i7 Liquid 
Handler was used during library preparation to minimise technical batch effects. 

Bioinformatic analysis began with read quality assessment (ngs-bits), followed by 
alignment to the GRCm39 reference genome using STAR. Normalised read counts 
were obtained via Subread and edgeR. The raw data was filtered to include genes 
with a minimum expression of 1 count per million in at least two samples (16 189 
genes). Differential gene expression was computed on this filtered set using the 
edgeR generalised linear model and quasi-likelihood method. Exon skipping was 
quantified using Integrative Genome Viewer (IGV) and sashimi plots, calculated as 
the ratio of reads bypassing the exon of interest to the mean of the reads from the 
preceding and following exon junctions. Junctions with fewer than five reads were 
excluded from presentation. 

Statistics 
Statistical analyses were performed using IBM SPSS software. Data were first 
assessed for normal distribution, and if necessary, log10 or square root 
transformation was applied for parametric testing. Parametric data were analysed 
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using Student’s t-test or one-way or two-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc analysis. Non-parametric data were analysed using 
the independent samples Mann-Whitney U test. Spearman’s rank test was used for 
correlation analyses. P-values were corrected for multiple comparisons using the 
Bonferroni method where applicable. Statistical significance was accepted at a p-
value of less than 0.05. Data are expressed as mean plus or minus standard deviation, 
median with range, or mean plus or minus standard error of the mean (s.e.m.) for 
cell culture experiments.  
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Abstract
TAR DNA-binding protein 43 (TDP-43) pathology is linked to the neurodegenerative disorders amyotrophic lateral 
sclerosis (ALS), frontotemporal dementia (FTD) and Huntington disease (HD). Dysregulation of metabolism and 
emotion is shared across these disorders and may be caused by hypothalamic pathology. Inclusions with TDP-
43 are present in the hypothalamus in clinical ALS, as well as selective loss of hypothalamic neurons expressing 
the metabolism and emotion regulating neuropeptides hypocretin (orexin), melanin-concentrating hormone 
(MCH) and oxytocin. We aimed to investigate whether there is a casual link between the effects of TDP-43 in the 
hypothalamus and the development of neuropathology, as well as changes in metabolism and behavior. We 
generated an adeno-associated viral (AAV) vector expressing human TDP-43 under the neuronal-specific synapsin 
promoter, which was injected bilaterally into the hypothalamus of wild-type FVB/N mice. TDP-43 overexpression 
resulted in hypothalamic pathology in a dose-dependent fashion replicating clinical pathology with hypothalamic 
atrophy and loss of hypocretin-, MCH- and oxytocin-expressing neurons. Nuclear and cytoplasmic inclusions of 
TDP-43 were found in the hypothalamus. Mice overexpressing TDP-43 in the hypothalamus developed metabolic 
dysregulation with hyperglycaemia independent of food intake. Additionally, mice overexpressing TDP-43 in the 
hypothalamus exhibited reduced motor activity and nesting ability, suggesting the development of an apathy-
like phenotype. Taken together, AAV-vector mediated TDP-43 overexpression in the hypothalamus leads to 
neuropathology with the development of metabolic dysfunction and apathy-like behavior. These results indicate 
that TDP-43 can exert direct pathological effects in the hypothalamus, which may contribute to the development 
of the non-motor phenotype in TDP-43 proteinopathies.

Keywords  (4 to 6): TDP-43, Hypothalamus, Metabolism, Amyotrophic lateral sclerosis, Frontotemporal dementia

TDP-43 overexpression in the hypothalamus 
drives neuropathology, dysregulates 
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Introduction
TAR DNA-binding protein of 43  kDa (TDP-43) pro-
teinopathies including amyotrophic lateral sclerosis 
(ALS), frontotemporal dementia (FTD), and Huntington 
disease (HD) are neurodegenerative disorders charac-
terized by TDP-43 pathology [16]. The TDP-43 protein 
encoded by the TARDBP gene is a ubiquitously expressed 
DNA and RNA binding protein mainly localized in the 
cell nucleus [13, 14, 65]. TDP-43 forms inclusions in the 
brain of almost all individuals with ALS and in around 
half of individuals with FTD [5, 57, 59, 62, 63, 76]. These 
inclusions are both nuclear and cytoplasmic, and TDP-43 
has been found to be ubiquitinated as well as to undergo 
nuclear-to-cytoplasmic mislocalization leading to both 
gain-of function and loss of function mechanisms [5, 37, 
63]. Interestingly, TDP-43 also forms inclusions in HD 
and interacts with mutant huntingtin, the disease-caus-
ing protein of HD [33, 64, 72, 73, 78].

In addition to TDP-43 pathology, these neurodegen-
erative diseases share early manifestation of non-motor 
features including psychiatric and metabolic changes 
that may be caused by pathology of the hypothalamus, 
a brain region critical for regulating these functions [2, 
3, 8, 17, 34, 38, 66, 69, 74, 92]. Hypothalamic atrophy is 
observed in these disorders, affecting the entire hypo-
thalamus in ALS/FTD and the lateral tuberal and para-
ventricular nuclei in HD [21, 28, 30, 34, 47, 52, 69, 74, 82, 
86]. Selective loss of hypothalamic neurons expressing 
the emotion and metabolism regulating neuropeptides 
oxytocin and hypocretin (orexin) has been identified in 
both ALS and HD [6, 28–30, 68]. Furthermore, TDP-43 
inclusions have been found in hypothalamic nuclei in 
post-mortem tissue from individuals with ALS and FTD, 
including in hypocretin and oxytocin-expressing neurons 
[21]. The number of melanin-concentrating hormone 
(MCH) neurons has been shown to be reduced in ALS, 
but not in clinical HD [6, 8, 12]. Loss of MCH neurons 
have recently been linked to the early manifestation of 
sleep disturbances in presymptomatic ALS gene carriers 
[35]. Hence, this selective vulnerability of hypothalamic 
neuronal populations may contribute to the early onset 
of non-motor features in these disorders. However, direct 
causal relationships between hypothalamic pathology in 
these disorders and disease manifestations remain to be 
fully established. Hypothalamic atrophy has been shown 
to correlate to reduced body mass index (BMI), abnormal 
eating habits as well as behavioral changes such as apathy 
in cases with ALS and FTD using MRI analyses [34, 82].

Hypothalamic pathology may be an important part of 
the early development of neurodegenerative disorders. 
We hypothesize that TDP-43 exerts direct pathologi-
cal effects in the hypothalamus leading to the develop-
ment of behavioral and metabolic changes. In the present 
study, we investigated whether there is direct causality 

between overexpression of TDP-43 in the hypothala-
mus and the development of neuropathology as well as 
metabolic and behavioral dysfunction. We generated an 
adeno-associated viral (AAV) vector expressing wild-
type human TDP-43 under the synapsin promoter and 
delivered it bilaterally to the hypothalamus of FVB/N 
mice. We found that TDP-43 can directly elicit patho-
logical effects in the hypothalamus, relevant to the early 
clinical phenotype of TDP-43 proteinopathies.

Materials and methods
Animals
Female FVB/N mice (Janvier Labs) were housed in 
cages of 2–5 animals and maintained in a 12  h light/
dark cycle with ad libitum access to food and water. The 
experimental procedures were approved by the Malmö/
Lund Regional Ethical Committee, Sweden (Permit: 
17113/2022). In accordance with this ethical permit, mice 
needed to be sacrificed if a humane endpoint is reached. 
These humane endpoints were defined as manifestation 
of complete immobility, eye squinting and raggedness of 
fur. The requirements were consistently monitored across 
all experiments to ensure animal welfare. Only mice in 
Experiment II reached the humane endpoint prior to the 
scheduled experiment endpoint.

Experiment I
We constructed an AAV vector designed to express 
wild-type human TDP-43 under the human synapsin 
1 promotor (AAV-TDP43). To verify overexpression of 
TDP-43 and to determine the dose-dependent effect of 
the AAV-TDP43 vector on hypothalamic neuropathol-
ogy, mice were bilaterally injected with three doses of the 
AAV vector (5.0 × 1013 (n = 6); 1.0 × 1014 (n = 6); 2.5 × 1014 
(n = 6) genome copies (gc)/ml)) in the hypothalamus at 6 
weeks of age. Two uninjected mice were used as controls. 
Mice were perfused 9 weeks post-injection.

Experiment II
To further evaluate the effects on neuropathology fol-
lowing TDP-43 overexpression in the hypothalamus, 10 
mice were bilaterally injected in the hypothalamus with 
the AAV-TDP43 vector (2.5 × 1014 gc/ml) at 6 weeks 
of age and 8 uninjected mice of the same age served as 
controls. Injected mice were required to be euthanized 
6 or 10 weeks post-injection (n = 5/timepoint) accord-
ing to humane endpoints defined in the ethical permit 
17113/2022 including the manifestation of immobil-
ity, eye squinting and raggedness of fur. The uninjected 
controls were sacrificed at 18 weeks of age. Brains were 
neuropathologically examined. To confirm that the neu-
ropathological effects following overexpression of TDP-
43 was not due to simply overexpression of any protein, 
AAV vectors expressing green fluorescent protein (GFP) 
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(AAV-GFP) or a fragment of mutant huntingtin (mHTT) 
with a 79 polyglutamine tract (AAV-mHTT) were used 
at the same titer (2.5 × 1014 gc/ml). These vectors have 
been produced and described previously [42]. Mice were 
bilaterally injected with either AAV-GFP (n = 5) or AAV-
mHTT (n = 4) in the hypothalamus at 6 weeks of age and 
sacrificed at 10 weeks post-injection.

Experiment III
To investigate effects on metabolism, behavior and 
molecular properties of TDP-43 following TDP-43 over-
expression in the hypothalamus, 19 mice were bilaterally 
injected in the hypothalamus with the AAV-TDP43 vec-
tor (1.0 × 1014 gc/ml) and 20 mice with vehicle (10 ppm 
poloxamer-188 in phosphate-buffered saline (PBS)). 
Mice were weighed biweekly throughout the experi-
ment. Mice underwent behavioural testing at 18 weeks 
post-injection using open field and elevated plus maze, at 
19 weeks post-injection using the rotarod test and at 20 
weeks post-injection using the forced swim test. Fat com-
position was determined with dual energy X-ray absorp-
tiometry (DEXA) scan at 20 weeks post-injection. Mice 
were perfused at 21 weeks post-injection. Brains were 
immunohistochemically processed for TDP-43 and tar-
geting of neuropeptide neuronal populations. Blood was 
collected from the right ventricle between 8:00 and 15:00 
without prior fasting, and serum was saved for glucose 
measurements.

Experiment IV
To determine effects on food intake, nesting behavior, 
neuroinflammation and gene expression following TDP-
43 overexpression in the hypothalamus, 16 mice were 
bilaterally injected in the hypothalamus with the AAV-
TDP43 vector (1.0 × 1014 gc/ml) and 16 control mice 
were injected with vehicle. Mice were weighed biweekly 
throughout the experiment. Prior to the 8-week post-
injection assessments, one AAV-TDP43-injected mouse 
unexpectedly died, leading to the exclusion of its cage 
from nesting and food intake measurements. Mice were 
sacrificed at 10 weeks post-injection and hypothalami 
were dissected for qRT-PCR and RNA sequencing 
analyses.

AAV vector production and stereotactic delivery
Recombinant AAV vector plasmids were derived from 
a previously described double-transfection method 
[84]. The AAV-TDP43 vector was designed to express 
the coding sequence of wild-type human TARDP gene. 
The design of the vector including the choice of AAV 
serotype as well as the delivery method was based on 
previous experiments expressing transgenes into the 
hypothalamus models for HD [42]. We also used two pre-
viously described AAV-vectors, the AAV-mHTT vector 

that expresses the first 853 amino acids of the N-termi-
nal fragment of huntingtin with 79 polyglutamines and 
the AAV-GFP vector expressing GFP [42]. In all vectors, 
the transgene sequences were regulated by the human 
synapsin 1 promoter and flanked with simian virus 40 
polyadenylation signal sequence between the inverted 
terminal repeat from AAV2 genome and packaged in a 
capsid from AAV5 genome. All vectors were dissolved 
with 10 ppm poloxamer-188 in PBS and titers were esti-
mated by TaqMan quantitative polymerase-chain reac-
tion. The AAV-TDP43 titers were 5.0 × 1013, 1.0 × 1014 and 
2.5 × 1014 gc/ml. The AAV-mHTT and AAV-GFP titers 
were 2.5 × 1014 gc/ml. Stereotactic delivery of 0.5 µl/side 
of the AAV vectors or vehicle was performed as previ-
ously described [10] at the following coordinates: ante-
rior/posterior= -0.7  mm, medial/lateral: ± 0.55  mm, 
ventral/dorsal = -5.2  mm. The stereotactic coordinates 
were calculated relative to the bregma and dura.

Immunohistochemistry
Peroxidase-based immunohistochemistry
Mice were sacrificed using sodium pentobarbital 
(~ 150  mg/kg i.p.) and transcardially perfused with first 
saline and then pre-cooled 4% paraformaldehyde (PFA) 
solution. Brains were removed, and then post-fixed for 
24 h in 4% PFA and placed in 25% sucrose for cryopro-
tection. Brains were sectioned frozen in the coronal plane 
at a thickness of 30 µm in six series. The sections were 
processed as previously described [10]. Primary anti-
bodies were raised against TDP-43 (1:100 000, made 
in rabbit, 10782-2-AP, ProteinTech), oxytocin (1:4000, 
made in rabbit, H-051-01, Phoenix Pharmaceuticals), 
hypocretin (1:4000, made in rabbit, H-003-30, Phoenix 
Pharmaceuticals), vasopressin (1:10 000, made in rab-
bit, AB1565, Merck Milipore), MCH (1:20 000, made in 
rabbit, H-070-47, Phoenix Pharmaceuticals), huntingtin 
(1:500, made in goat, SC-8767, Santa Cruz Biotechnol-
ogy), GFP (1:20 000, made in chicken, ab13970, Abcam), 
ubiquitin (1:2000, made in rabbit, Z0458, DakoCytoma-
tion), GFAP (1:10 000, made in rabbit, Z0334, DakoCy-
tomation) and Iba1 (1:1000, made in rabbit, 019-19741, 
FUJIFILM Wako Pure Chemical Corporation). Sections 
were labelled with suitable secondary antibody (1:200, 
anti-rabbit, anti-goat or anti-chicken) and visualised 
with 3,3’-diaminobenzidine (DAB) as chromogen using 
hydrogen peroxidase. Lastly, sections were mounted on 
chromatin-gelatin coated glass slides and dehydrated in 
an ethanol and xylene series and coverslipped with DPX 
(Sigma Aldrich).

For cresyl violet (CV) staining, slide-mounted sections 
were first dehydrated in an ethanol and xylene series. 
Sections were then briefly dipped in deionized water fol-
lowed by lithium carbonate solution (0.5  g lithium car-
bonate in 1000 ml deionized water) for 30 s, 70% ethanol 
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for 30 s, deionized water for 30 s and 0.5% CV solution 
for 1  min with 20 drops of 10% acetic acid were added 
per 100  ml CV solution. Slides were again dehydrated 
through an ethanol series.

Fluorescence immunohistochemistry
To confirm targeting of AAV-mediated TDP-43 over-
expression in hypocretin, MCH, oxytocin or vasopres-
sin neurons, brain sections were blocked in 0.25% triton 
X-100 in potassium phosphate-buffered saline (KPBS-
T) containing 5% donkey serum for 1  h. Subsequently, 
the sections were incubated overnight using antibod-
ies against oxytocin (1:2000, made in rabbit, H-051-01, 
Phoenix Pharmaceuticals), hypocretin (1:2000, made in 
rabbit, H-003-30, Phoenix Pharmaceuticals), vasopressin 
(1:1000, made in rabbit, AB1565, Merck Milipore) and 
MCH (1:2000, made in rabbit, H-070-47, Phoenix Phar-
maceuticals) in KPBS-T containing 5% donkey serum. 
Sections were labelled with Alexa Fluor 647-conjugated 
donkey anti-rabbit secondary antibody (1:200, Jackson 
Laboratories), followed by an additional blocking step of 
5% rabbit serum in KPBS-T for 2 h. Samples were then 
incubated overnight with biotin-conjugated TDP-43 
(1:200, made in rabbit, Biotin-10782, ProteinTech), fol-
lowed by Alexa Fluor 488-conjugated streptavidin (1:200, 
Jackson Laboratories). For analyses of intracellular 
TDP-43 localisation, the samples were incubated with a 
primary antibody against TDP-43 (1:1000, made in rab-
bit, 10782-2-AP, Proteintech) followed by Alexa Fluor 
647-conjugated secondary antibody (1:200, Jackson Lab-
oratories). After secondary antibody incubation, sections 
were stained with Hoechst 33342 (1:1000, 62249, Thermo 
Fisher) for 5  min. All sections were mounted on chro-
matin-gelatin coated glass slides and coverslipped using 
Vectashield mounting medium (Vector Laboratories).

Image acquisition
Brightfield and fluorescence image acquisition was per-
formed using a Zeiss Axio Imager M2 microscope (Zeiss, 
Göttingen, Germany) equipped with apochromatic 
objectives (5x/0.15 NA, 10x/0.3 NA, 20x/0.8 NA, and 
40x/1.3 NA oil). Brightfield images were acquired with a 
Zeiss Axiocam 305 color camera, and fluorescent images 
with a Zeiss Axiocam 805 monochrome camera. For each 
figure, images were acquired with consistent settings, and 
contrast was optimized by adjusting the histogram using 
the Zeiss Zen 3.8 software. Image panels were created 
and edited using Affinity Designer 1.10.

Cell quantification and hypothalamic volume 
measurements
Brain sections immunohistochemically processed with 
antibodies against hypocretin, MCH, oxytocin, and vaso-
pressin were analyzed on a Nikon Eclipse 80i microscope 

using a 60x plan-apochromat 1.4 N.A. oil objective. The 
VIS software (Visiopharm) was used for all analyses. The 
experimenter was blinded to the experimental groups 
for all cell quantification and volume measurements. All 
hypocretin- and MCH-expressing neurons were counted 
bilaterally in the hypothalamus. Oxytocin- and vasopres-
sin-expressing neurons in or bordering the paraventric-
ular nucleus were counted bilaterally. Hypocretin- and 
MCH-expressing neurons were located around bregma 
−1.06 to −2.30  mm, and oxytocin- and vasopressin-
expressing neurons at bregma −0.46 to −1.22  mm. The 
total number of neurons was estimated by total cell count 
multiplied with the number of series (6).

Hypothalamic volume was measured from sections 
spanning bregma −0.35 mm to −2.18 mm. The hypothal-
amus was outlined along the third ventricle to the optic 
tract. In experiment II, images were captured on a Nikon 
Eclipse 80i (4x/0.1  N.A). The hypothalamus was mea-
sured bilaterally using VIS software. In experiment III, 
images were captured with the Zeiss PrimoStar micro-
scope (4x/0.1  N.A). The hypothalamus was measured 
unilaterally using the ImageJ 1.53t software. Volume was 
calculated by multiplying the outlined hypothalamic area 
by section thickness (30  μm), the number of series  (6), 
and, in experiment III, the number of hemispheres (2).

RNA sequencing
RNA isolation was performed on frozen hypothalami 
from mice 10 weeks post-injection in experiment IV 
using the RNeasy Mini Kit (Qiagen), according to the 
manufacturer’s recommendations, except for the omis-
sion of β-mercaptoethanol in the buffers (n = 6/group). 
Disruption of samples was performed using the Tis-
sueLyser II (Qiagen) for 2 × 2 min at 30 Hz using 3 mm 
Tungsten Carbide Beads and RLT buffer, and the inclu-
sion of the RNAse-Free DNase Set. Upon completion of 
the protocol, the RNA was eluted in 35 µl of RNase-free 
water. The concentration of RNA was measured using the 
Qubit Fluorometric Quantitation and RNA Broad-Range 
Assay (Thermo Fisher Scientific). RNA integrity number 
(RIN) was determined using the Fragment Analyzer 5300 
and Fragment Analyzer RNA kit (Agilent Technologies) 
and showed good integrity (RIN > 8.8). For library prep-
aration, the mRNA fraction was enriched using polyA 
capture from 100 ng of total RNA using the NEBNext 
Poly(A) mRNA Magnetic Isolation Module (NEB). Sub-
sequently, libraries were prepared using the NEB Next 
Ultra II Directional RNA Library Prep Kit for Illumina 
and NEBNext UDI UMI (NEB) following the manufac-
turer’s instructions. To minimize technical batch effects, 
library preparations were performed using the Liq-
uid Handler Biomek i7 (Beckman Coulter). The library 
molarity was determined by measuring the library size 
(approximately 400  bp) using the Fragment Analyzer 
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5300 and the Fragment Analyzer DNA HS NGS fragment 
kit (Agilent Technologies), and the library concentration 
(> 2 ng/µl) using Qubit Fluorometric Quantitation and 
dsDNA High Sensitivity Assay (Thermo Fisher Scientific). 
The libraries were denatured according to the manufac-
turer’s instructions, diluted to 150 pM, and sequenced as 
paired-end 100  bp reads on an Illumina NovaSeq 6000 
(Illumina). Sequencing was aimed at achieving a depth 
of > 25  million clusters per sample. The read quality of 
RNA-seq data in fastq files was assessed using ngs-bits 
(2023_11) to identify sequencing cycles with low average 
quality, adaptor contamination, or repetitive sequences 
from the PCR amplification. Reads were aligned using 
STAR 2.7.11b [23] to the GRCm39 and alignment qual-
ity was analyzed using ngs-bits and visually inspected in 
the Integrative Genome Viewer 2.15.4. Normalized read 
counts for all genes were obtained using Subread 2.0.6 
and edgeR 3.42.4. Raw expression values were available 
for 55 416 genes in 12 samples. Raw gene expression was 
filtered by a minimum expression value of 1 count per 
million (cpm) in at least two samples. The filtered data 
contained the expression values for 16 189 genes. The dis-
tribution of the logarithmized cpm-normalized expres-
sion values showed similar characteristics for all samples. 
Based on the filtered dataset, samples were investigated 
with respect to their pairwise similarity. Differential gene 
expression analysis was conducted based on the filtered 
gene expression dataset. For each gene, gene expression 
log2 fold changes were computed, and was statistically 
tested for significance using edgeR generalized linear 
model and the quasi-likelihood method.

Quantification of exon skipping
Exon skipping was quantified using Integrative Genome 
Viewer 2.15.4, with sashimi plots of exon junctions 
displayed for each sample. The number of reads that 
bypassed the exon of interest was divided by the mean 
of the reads for exon junctions preceding and following 
the exon of interest. Junctions with fewer than five reads 
were excluded from data presentation.

qRT-PCR
To confirm hypothalamic TDP-43 overexpression, 
mRNA levels of TARDBP/Tardbp were analyzed by 
quantitative real-time PCR. Reverse transcription was 
conducted using a QuantiTect Reverse Transcription 
Kit (Qiagen) with 250 ng of RNA input and gDNA diges-
tion. Gene-specific primers were designed to amplify 
both human TARDBP (NM_007375.4) and mouse Tar-
dbp (NM_145556.4) using Primer-BLAST [91]. with an 
amplicon size of 75–150  bp and melting at 60  °C. An 
exon junction was incorporated to mitigate potential sig-
nals related to genomic DNA, resulting in the forward 
primer ​A​A​G​G​A​A​T​T​C​T​G​C​A​T​G​C​C​C​C​A and reverse 

primer ​T​G​T​T​T​T​C​T​G​G​A​C​T​G​C​T​C​T​T​T​T​C​A​C. For ref-
erence genes, primers targeting the mouse Gapdh for-
ward primer ​T​G​T​C​C​G​T​C​G​T​G​G​A​T​C​T​G​A​C and reverse 
primer ​C​C​T​G​C​T​T​C​A​C​C​A​C​C​T​T​C​T​T​G, as well as the 
mouse Pdhb forward primer ​G​T​A​G​A​G​G​A​C​A​C​G​G​G​C​
A​A​G​A​T and reverse primer ​T​G​A​A​A​A​C​G​C​C​T​C​T​T​C​A​
G​C​A were employed. Quantitative PCR was performed 
using the QuantiTect SYBR Green RT-PCR Kit (Qia-
gen) with a master mix of 10 µl and including 1 µL of the 
resulting cDNA samples diluted to 1:20. All real-time 
PCR were conducted using a LightCycler 480 Instrument 
II (Roche). The thermal cycling conditions were as fol-
lows: initial denaturation at 95 °C for 15 min, followed by 
45 cycles of 94 °C for 15s, 55 °C for 30s and 72 °C for 30s. 
A melting curve was obtained from 65  °C to 95  °C with 
a Ramp Rate of 0.04  °C/s and 15 acquisitions per °C. A 
standard curve of all mixed cDNA was generated using a 
raw dilution, and the cDNA was diluted to 1:5, 1:20, 1:80, 
and 1:320 to correct for qPCR efficiency. Experiments 
were performed in duplicate for each data point, and the 
relative quantification of gene expression was determined 
using the efficiency-corrected 2-ΔΔCt method [58].

Body fat and serum glucose concentration
To measure body fat percentage at 20 weeks post-injec-
tion, mice were anaesthetized with a 2% isoflurane/N2O 
mixture and individually scanned using the DEXA Lunar 
PIXImus2 scanner (Lunar Corporation). Body fat per-
centage was calculated using PIXImus2 2.10 software. 
Serum glucose concentration was determined by the glu-
cose oxidase method coupled to a peroxidase reaction to 
colorimetrically detect H2O2 formation [24].

Behavioural procedures
Open field and elevated plus maze
The open field test was used to assess motor activity and 
elevated plus maze to assess anxiety-like behaviour of 
mice bilaterally injected with AAV-TDP43 or vehicle at 
18 weeks post-injection as previously described [10, 41, 
67]. Mice were recorded for 1 h in the open field test and 
5 min in elevated plus maze using the Ethovision XT 13 
software. Mice were randomly assigned to a trial using a 
random number generator. Mice were moved into test-
ing area 1 h before testing and the experiments were per-
formed between 8:00–13:00.

Rotarod
An accelerating rotarod device (Ugo Basile S.R.L.) was 
used to evaluate motor activity and balance in mice at 
19 weeks post-injection. Prior to the rotarod test, mice 
underwent three 2-minute-long training sessions at a 
constant speed of 5 revolutions per minute (rpm) over 
3 consecutive days, with 2-hour inter-session inter-
vals. If the mice fell, they were returned to the rod. The 
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rotarod test consisted of accelerating rotation from 5 rpm 
to 40  rpm over 5  min. The test ended if the mouse fell 
off the rod or if 5 min had passed. The test was repeated 
three times with 2-hour intersession intervals. The order 
in which the mice were tested was randomized and the 
mice were transferred to the testing area 1 h before test-
ing. The tests were performed between 8:00–13:00.

Forced swim test
The forced swim test was used to assess depressive-like 
behaviour as immobility in mice at 20-weeks post-injec-
tion as described previously [20, 41]. Mice were recorded 
for 5  min and the time spent immobile during the last 
3 min was manually scored by an experimenter blinded 
to the treatment groups. The order in which the mice 
were tested was randomized and the mice were trans-
ferred to the testing area 1  h before testing. The tests 
were performed between 8:00–13:00.

Nesting and food intake
Nesting and food intake were assessed over a 4-day 
period (with measurements at day 0 and 4) at 4- and 
8-weeks post-injection of AAV-TDP43 or vehicle at the 
same time of the day. Mice of the same treatment group 
were pair-housed with a 2-day acclimatizing period with 
ad libitum access to food and water. Food intake per cage 
over four days was determined by calculating the differ-
ence in total food weight between day 0 and day 4. At 
the start of the nesting behavior analysis, 7–8 g of intact 
nesting material was provided in each cage. The experi-
menter was blinded to the experimental groups during 
nesting behavior assessment at both time points. Nesting 
ability was assessed based on a modified scoring system 
from Gaskill et al. [32]. Briefly, a score of 0 was assigned if 
the material appeared untouched, a score of 1 was given 
for manipulated material without starting to cup or form 
a dome, a score of 2 indicated manipulated material and 
a partially formed nest with a developing cup, and a score 
of 3 indicated complete manipulation of material with a 
fully cupped dome.

Statistics
Data was analysed using the independent samples Mann-
Whitney U test in SPSS 18.0, and p-values were cor-
rected for multiple comparisons using Bonferroni when 
applicable. Spearman’s rank test was used for correlation 
analyses. Statistical significance was set at p < 0.05 (exact, 
2-tailed). Graphs were generated using GraphPad Prism 
10.2. Data are presented as median with range.

Results
AAV-vector mediated expression of human wild-type 
TDP-43 in the hypothalamus leads to neuropathology in a 
dose-dependent fashion
We generated an AAV vector to express wild-type human 
TDP-43 using the same AAV-vector design and the same 
neuronal specific synapsin promotor used in Hult et al. 
[42]. To confirm overexpression of TDP-43 and to begin 
investigating the potential neuropathological effects, we 
first performed stereotaxic bilateral injections of AAV-
TDP43 at three different titers: 5.0 × 1013 gc/ml (n = 6), 
1.0 × 1014 gc/ml, (n = 6), or 2.5 × 1014 gc/ml (n = 6) into 
the hypothalamus of adult female FVB/N mice. TDP-43 
overexpression in the hypothalamus led to widespread 
TDP-43 immunoreactivity throughout the hypothala-
mus across all groups, including in the paraventricular 
nucleus and the lateral hypothalamic area, which contain 
hypocretin- and oxytocin-expressing neurons that are 
significantly affected in postmortem ALS cases (Fig. 1a) 
[28]. TDP-43 immunoreactivity was concentrated to the 
hypothalamus after the AAV-delivery, but single cells 
overexpressing TDP-43 could be observed in other brain 
regions, including the cerebral cortex, striatum, and hip-
pocampus (Supplementary Fig.  1). Qualitative analysis 
showed a decrease in the number of hypocretin- and 
oxytocin-expressing neurons in a dose-dependent fash-
ion, with the most pronounced loss in highest titer group 
(Fig.  1b-c). Neuronal loss was confirmed by analysis of 
CV-stained sections (Fig.  1d). Additionally, ubiquitin-
immunoreactivity was increased in a dose-dependent 
fashion with ubiquitin-immunoreactive inclusions pres-
ent in mice overexpressing TDP-43 (Fig. 1e). Consistent 
with previous findings using the same AAV-vector design 
[42], we confirmed that AAV-mediated TDP-43 overex-
pression targets hypothalamic neurons expressing hypo-
cretin, MCH, oxytocin, and vasopressin (Supplementary 
Fig. 2).

As TDP-43 overexpression in neurons could lead to 
non-cell autonomous effects on glial cells such as astro-
cytes and microglia triggering neuroinflammation [39] 
we investigated effects on glial neurofibrillary protein 
(GFAP) and ionized calcium binding adaptor molecule 
1 (Iba1) immunoreactivity in mice overexpressing TDP-
43 (n = 3) and vehicle-injected mice (n = 3). We observed 
increased GFAP immunoreactivity in mice overexpress-
ing TDP-43 compared to vehicle-injected control mice. 
Furthermore, Iba1-immunoreactive cells in mice over-
expressing TDP-43 showed distinct morphological 
changes, including increased and thickening of branches. 
These findings suggest astrogliosis and microglia activa-
tion indicative of an inflammatory response to TDP-43 
overexpression (Supplementary Fig. 3).
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Fig. 1  Overexpression of TDP-43 induces neuropathology in the hypothalamus in a dose-dependent fashion. Mice were injected with 5.0 × 1013 genome 
copies (gc)/ml, 1.0 × 1014 gc/ml, or 2.5 × 1014 gc/ml titers of the AAV-TDP43 vector. a. Immunoreactivity for TDP-43 was comparable in the hypothalamus 
across all injected groups. The number of neurons immunoreactive for hypocretin (b) and oxytocin (c) appeared to decrease in a dose-dependent fashion. 
d. Neuronal loss was observed in the lateral hypothalamic area only in mice injected with the highest dose. e. Mice injected with the AAV-TDP43 vectors 
showed increased ubiquitin immunoreactivity in a dose-dependent fashion with ubiquitin-immunopositive inclusions
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Fig. 2 (See legend on next page.)
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Overexpression of TDP-43 causes hypothalamic atrophy 
with selective loss of hypocretin-, oxytocin- and melanin-
concentrating hormone-expressing neurons
To further investigate the effects on neuropathology fol-
lowing TDP-43 overexpression in the hypothalamus, 
quantitative analyses of the hypothalamic volume and 
number of neuropeptide expressing neurons were per-
formed in another cohort of mice bilaterally injected in 
the hypothalamus with the AAV-TDP43 vector (2.5 × 1014 
gc/ml) and 8 uninjected mice of the same age that served 
as controls (Fig.  2a). The hypothalamic volume was 
reduced by 38% (1.5 mm3, 1.4-1.9 mm3, p < 0.001, n = 10) 
in mice overexpressing TDP-43 compared to uninjected 
control mice (2.5 mm3, 2.3-2.6 mm3, n = 8) (Fig.  2b). 
Mice overexpressing TDP-43 exhibited a 92% loss of 
hypocretin-expressing neurons (291, 96-1920, p < 0.001, 
n = 10) compared to control mice (3567, 2412-3816, 
n = 8, Fig.  2c-d). Similarly, mice overexpressing TDP-43 
exhibited a 90% loss of MCH-expressing neurons (681, 
114-3636, p < 0.001, n = 10) compared to control mice 
(6819, 6552-7752, n = 8) (Fig. 2e-f ). Mice overexpressing 
TDP-43 also exhibited a 42% loss of oxytocin-expressing 
neurons (2193, 1092-3456, p = 0.001, n = 10) compared to 
control mice (3750, 3024-4158, n = 8) (Fig. 2g-h). In con-
trast, vasopressin-expressing neurons were not affected 
in mice overexpressing TDP-43 (p = 1.000, n = 10) com-
pared to control mice (n = 8, Fig.  2i-j). Interestingly, 
hypothalamic atrophy, selective loss of neurons express-
ing hypocretin, MCH and oxytocin neurons and sparing 
of vasopressin-expressing neurons as observed in mice 
overexpressing TDP-43 are consistent with previous 
studies in postmortem human ALS cases [12, 28].

In order to confirm that the effects on the hypothala-
mus were not due to overexpression of any protein, a 
similar experiment was performed where mice received 
hypothalamic injections of AAV vectors expressing either 
GFP (AAV-GFP) or a large fragment of mutant hunting-
tin (AAV-mHTT) at the same titer used in experiment 
II (2.5 × 1014 gc/ml). At 10 weeks post-injection, mice 
overexpressing GFP showed no overt neuropathology 
of hypocretin- MCH-, or oxytocin-expressing neurons 
(Supplementary Fig. 4). As expected, mutant huntingtin 
overexpression resulted in decreased numbers of hypo-
cretin-expressing neurons, consistent with prior results 
[42]. These results confirm that the neuropathology in 

the hypothalamus after overexpression of TDP-43 is not 
simply a result of overexpression of any protein.

TDP-43 overexpression in the hypothalamus induces 
obesity and hyperglycaemia in mice
Hypothalamic overexpression of TDP-43 induced selec-
tive loss of neuropeptide-expressing neurons involved 
in the regulation of metabolism and emotion, includ-
ing hypocretin, MCH and oxytocin. Therefore, we next 
wanted to investigate the effects of TDP-43 overexpres-
sion in the hypothalamus on metabolism and behaviour 
in mice. Mice injected with AAV-TDP43 gained more 
weight compared to control mice injected with vehicle 
starting from 2 weeks post-injection (p = 0.001 at 2 weeks 
post-injection and p < 0.001 at subsequent time-points, 
AAV-TDP43 n = 19, vehicle n = 20, Fig.  3a). At 20 weeks 
post-injection, mice injected with AAV-TDP43 had 
increased in body weight by 92% (28-156%) compared to 
14% (9–47%) in mice injected with vehicle. At that time-
point, mice overexpressing TDP-43 in the hypothalamus 
had more than doubled in body fat percentage (43%, 
22-51%, p < 0.001, n = 19) compared to control (20%, 
15-37%, n = 20, Fig. 3b-d).

We also detected a 20% increase in serum glucose 
levels in mice overexpressing TDP-43 (12.7 mmol/L, 
9.4-20.1 mmol/L, p = 0.003, n = 19) compared to vehicle 
injected mice (10.7 mmol/L, 7.2-15.7 mmol/L, n = 20, 
Fig.  3e). Spearman’s rank correlation test revealed a 
negative correlation between hypothalamic volume and 
body weight gain in mice overexpressing TDP-43 (rho: 
-0.475, p = 0.040, n = 19, Fig. 3f ). This indicates that mice 
with more pronounced hypothalamic atrophy exhibited 
greater body weight gain. There was no significant corre-
lation for hypothalamus volume and serum glucose levels 
(rho: -0.204, p = 0.401, n = 19, Fig. 3g).

A separate cohort of pair-housed mice was used to 
assess food intake per cage at 4 and 8 weeks follow-
ing injection. We found no change in food intake in 
mice overexpressing TDP-43 at 4 weeks post-injection 
compared to control mice (p = 0.161, n = 8 cages/group 
at 4 weeks), while a trend of increased food intake was 
observed in mice overexpressing TDP-43 at 8 weeks 
post-injection compared to control, although not sta-
tistically significant (p = 0.073, AAV-TDP43 n = 7 cages, 
vehicle 8 cages, Fig. 3h). Despite unchanged food intake, 

(See figure on previous page.)
Fig. 2  TDP-43 overexpression causes hypothalamic atrophy with selective loss of hypocretin-, oxytocin- and melanin concentrating hormone (MCH)-
expressing neurons. a. TDP-43 immunoreactivity was detected in the hypothalamus in mice injected with AAV-TDP43, including in the paraventricular 
nucleus (PVN) and lateral hypothalamic area (LHA), which contain neurons expressing oxytocin and vasopressin as well hypocretin and MCH, respectively. 
b. Mice overexpressing TDP-43 in the hypothalamus displayed reduced hypothalamic volume compared to uninjected control mice (p < 0.001). c-d. Loss 
of hypocretin-expressing neurons was present in mice overexpressing TDP-43 in the hypothalamus compared to control mice (p < 0.001). e-f. A similar 
pattern was observed in MCH-expressing neurons with significant reductions in mice overexpressing TDP-43 (p < 0.001). g-h. The number of oxytocin-
expressing neurons was reduced in mice overexpressing TDP-43 compared to control mice (p = 0.001). i-j. We observed no loss of vasopressin-expressing 
neurons. The data are presented as box-and-whisker plots with whiskers representing minimum and maximum values, * = p < 0.01 (2-tailed). Statistical 
analyses were performed using a Mann-Whitney U test
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Fig. 3  TDP-43 overexpression in the hypothalamus induces obesity and hyperglycaemia in mice. a. Mice overexpressing TDP-43 in the hypothalamus 
gained more weight compared to control mice injected with vehicle starting from 2 weeks post-injection. Dual energy X-ray absorptiometry scans of 
vehicle-injected control (b) and AAV-TDP43-injected mice (c) revealed that mice overexpressing TDP-43 had higher body fat percentage than control 
mice (p < 0.001) (d). e. We observed a significant increase in serum glucose levels in mice overexpressing TDP-43 compared to controls (p = 0.003). Spear-
man’s rank correlation test revealed a negative correlation for hypothalamic volume and percent body weight change (f), but no significant correlation 
for hypothalamic volume and serum glucose levels (g). In a separate cohort, mice were pair-housed and food intake was measured after 4 days at 4 and 
8 weeks post-injection. Hypothalamic TDP-43 overexpression did not affect food intake at 4 and 8 weeks post-injection (h), despite higher body weight 
(i, p < 0.001 at both time-points). Data are presented as box-and-whisker plots with whiskers representing minimum and maximum values, * = p < 0.01 
(2-tailed). Statistical analysis was performed using Mann-Whitney U test (a, d-e, h-i) and adjusted for multiple-comparison using Bonferroni (a)
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mice overexpressing TDP-43 had a higher body weight 
compared to control mice at both 4 and 8 weeks post-
injection also in this cohort. Here, TDP-43 overexpress-
ing mice had a median body weight of 26.7 g at 4 weeks 
(22.2-34.9 g, p < 0.001, n = 16) and 30.0 g at 8 weeks (23.4-
43.9, p < 0.001, n = 15) post-injection compared to control 
mice of 22.3  g (19.5-25.9  g, n = 16) and 23.4  g, respec-
tively (19.5-26.6  g, n = 16, Fig.  3i). Taken together, these 
results demonstrate that hypothalamic TDP-43 over-
expression disrupts metabolic homeostasis, leading to 
obesity and hyperglycaemia. Increased body weight gain 
in mice overexpressing TDP-43 correlates with hypotha-
lamic atrophy and appears to occur independent on food 
intake.

Mice overexpressing TDP-43 in the hypothalamus display 
significantly reduced motor activity but maintain ability to 
swim
Motor impairment and psychiatric features, including 
anxiety, depression, and apathy, are seen in individuals 
with ALS/FTD and HD [25, 60]. To determine the effects 
of TDP-43 overexpression in the hypothalamus on motor 
activity and behavior, we first investigated motor activity 
using the open field test and rotarod test. In the open field 

test, mice overexpressing TDP-43 in the hypothalamus 
travelled a shorter distance by 67% (73.1 m, 9.9-137.4 m, 
p < 0.001, n = 19) compared to control mice injected with 
vehicle (218.5 m, 155.1-966.0 m, n = 20, Fig. 4a). Similarly, 
on the rotarod test, mice overexpressing TDP-43 exhib-
ited a pronounced 82% decrease in latency to fall (34  s, 
4-199  s, p < 0.001, n = 19) compared to controls (187  s, 
71-295 s, n = 20, Fig. 4b). These results demonstrate that 
TDP-43 overexpression in the hypothalamus leads to 
decreased motor activity and may impair motor coordi-
nation in mice.

Next, we used the elevated plus maze and the forced 
swim test to assess the emotional phenotype in mice 
overexpressing TDP-43. In the elevated plus maze, mice 
overexpressing TDP-43 in the hypothalamus displayed 
reduced distance travelled by 93% (97  cm, 42-965  cm, 
p < 0.001, n = 19) compared to control mice (1473  cm, 
345-2467 cm, n = 20, Fig. 4c). Mice overexpressing TDP-
43 spent more time in the center of the arena (39%, 
0-100%, p = 0.001), where mice were placed before start 
of the trial, compared to control mice (21%, 1-34%, 
Fig.  4d). Median time spent for mice overexpressing 
TDP-43 was 0% on closed arms (0-100%, p = 0.011) com-
pared to control mice at 55% (14-79%, Fig. 4e) and 0% on 

Fig. 4  Mice overexpressing TDP-43 in the hypothalamus show significantly reduced motor activity but maintain ability to swim. a Mice overexpress-
ing TDP-43 travelled a shorter distance in the open field test than control mice injected with vehicle (p < 0.001). b. The rotarod test revealed that mice 
overexpressing TDP-43 had a shorter latency to fall from the device than control mice (p < 0.001). Results from the elevated plus maze revealed that mice 
overexpressing TDP-43 in the hypothalamus also travelled shorter distances (c, p < 0.001), and that they spent more time in the center of the arena (d, 
p = 0.001) where the mice were placed at the start of the trial and less time on both closed (e, p = 0.011) and open arms (f, p = 0.012) compared to control 
mice. However, overexpressing TDP-43 does not limit swimming ability (g-h). Data are presented as box-and-whisker plots with whiskers representing 
minimum and maximum values, * = p < 0.05 (2-tailed). Statistical analyses were performed using Mann-Whitney U test
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open arms (0-100%, p = 0.012) compared to control mice 
at 20% (3-85%, Fig. 4f ), suggesting that mice overexpress-
ing TDP-43 display reduced exploratory behavior.

In the forced swim test, commonly used to assess depres-
sive-like behavior, there was no difference in immobility 
between mice overexpressing TDP-43 and vehicle-injected 
mice, indicating no depressive-like behavior induced by 
TDP-43 overexpression in the hypothalamus (p = 0.181) 
(Fig. 4g). In fact, mice with TDP-43 overexpression spent 
most of the time swimming similar to control mice and thus 
TDP-43 overexpression does not seem to limit the ability to 
swim (Fig. 4h). Taken together, TDP-43 overexpression in 
mice leads to reduced motor activity and reduced explor-
atory behavior but this is not caused by inability to move as 
indicated by maintained swimming ability.

Mice overexpressing TDP-43 in the hypothalamus develop 
apathy-like behavior
Mice overexpressing TDP-43 displayed reduced motor 
activity but preserved swimming ability, suggesting reduced 
motivation or drive, such as apathy, rather than severe 
motor impairment. Apathy is a common feature of patients 
with ALS/FTD [53, 70] as well as HD [19]. To investigate 
whether an apathy-like phenotype was present, another 
cohort of AAV-TDP43- and vehicle-injected mice was gen-
erated. Mice were housed in duplicate per treatment group 
for the analyses and nesting behavior (scored 0-3) was 
measured after 4 days at 4 and 8 weeks post-injection. No 
difference in nesting behavior was detected at 4 weeks post-
injection (p = 0.290, n = 8 cages/group, Fig. 5a-c). However, 
mice overexpressing TDP-43 in the hypothalamus showed 
reduced nesting behaviour at 8 weeks post-injection com-
pared to control mice injected with vehicle. The median 
nesting score of mice overexpressing TDP-43 was 1 (0-3, 
p = 0.016, n = 7 cages) compared to a median nesting score 
of 2 in vehicle-injected mice (2-3, n = 8 cages). These find-
ings, combined with decreased motor activity, may suggest 
the development of apathy-like behavior in mice overex-
pressing TDP-43 in the hypothalamus.

In this cohort of mice, we confirmed overexpression 
of TDP-43 based on total TARDBP/Tardbp mRNA level 
using qRT-PCR (Fig.  5d). Median normalized relative 
mRNA levels were 34.6 (22.2-44.8, n = 3) in mice over-
expressing TDP compared to 1.0 (0.8-1.2, n = 3) in vehi-
cle-injected control mice. We also performed bulk RNA 
sequencing, which revealed alterations in genes associ-
ated with hypocretin/orexin, MCH, oxytocin, as well as 
neuropeptide Y and agouti-related peptide systems. Con-
sistent with the neuropathological results in this study, 
mRNA levels of both the neuropeptide precursor and its 
corresponding receptor were reduced in the AAV-TDP43-
injected mice (Table  1). Specifically, while the precursor 
for expression of MCH, oxytocin, and agouti-related pep-
tide systems was significantly decreased, the hypocretin/

orexin and neuropeptide Y precursors exhibited a trend 
towards decreased expression without achieving statisti-
cal significance. In contrast, the expression of all receptors 
was significantly downregulated in the AAV-TDP43-
injected mice compared with the vehicle-injected control 
mice. This differential impact on precursor and receptor 
mRNA levels in the context of observed neuronal loss 
suggests a specific vulnerability or loss of cell populations 
in this model of TDP-43 overexpression.

Nuclear and cytoplasmic localization of TDP-43 with 
inclusions following AAV-mediated TDP-43 expression in 
the hypothalamus
Pathogenic TDP-43 is known to undergo nuclear-to-
cytoplasmic mislocalization and form both nuclear and 
cytoplasmic inclusions in patients with ALS/FTD [5, 37, 
63]. To investigate the molecular effects following TDP-
43 overexpression, we performed immunofluorescent 
analyses of brains from mice injected with AAV-TDP43 
or vehicle in the hypothalamus 21 weeks post-injection. 
Brains were processed for immunofluorescence with 
an antibody against TDP-43 and counterstained with 
Hoechst for nuclear localization (Fig. 6a-b). TDP-43 was 
detected predominantly within the nucleus (Fig. 6c) but 
was also present in the cytoplasm (Fig. 6d). Furthermore, 
TDP-43-immunopositive inclusions were also present 
in both the nucleus (Fig.  6e) and cytoplasm (Fig.  6f ), 
although they were more prevalent in the cytoplasm. 
Interestingly, we did not observe simultaneous overex-
pression of TDP-43 in both the nucleus and cytoplasm 
within the same cell. These results suggest that AAV-
mediated TDP-43 overexpression in the hypothalamus 
recapitulates the molecular phenotype of patients with 
ALS/FTD, including TDP-43 mislocalization and the for-
mation of both nuclear and cytoplasmic inclusions.

Mice overexpressing TDP-43 in the hypothalamus 
exhibited significant repression of constitutive exons
To further determine the effects of TDP-43 overexpres-
sion on gene expression and splicing, we performed 
bulk RNA sequencing of enriched polyA RNA from the 
hypothalamus (Fig.  7a-b). Mice overexpressing TDP-43 
displayed increased exon skipping on constitutive exons, 
such as Ddi2 exon 9 (2.5, 0-9%, n = 6 for vehicle; 10.5, 
6-24%, p < 0.05, n = 6 for AAV-TDP43), Psmd14 exon 5 (0, 
0%, n = 6 for vehicle; 14.5, 7-24%, p < 0.01, n = 6 for AAV-
TDP43), and Mrld45 exon 7 (0, 0%, n = 6 for vehicle; 13, 
10-25%, p < 0.01, n = 6 for AAV-TDP43), similar to what 
has been reported in the murine spinal cord overexpress-
ing TDP-43 [15]. Analysis of the mapped RNA sequenc-
ing reads did not reveal expression of cryptic exons, 
including those previously described in Ap3b2 (Fig. 7c), 
and Camk1g (Fig.  7d) in mice after deletion of TDP-43 
in excitatory neurons in cortex and hippocampus [44]. 
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Visually inspection did not indicate obvious increases 
in cryptic exons in Stmn2, Sncb, and Unc13a (data not 
shown). These results indicate that TDP-43 overexpres-
sion in the hypothalamus results in significant repression 
of constitutive exons, without clear evidence of increased 
cryptic exons. 

Discussion
This study aimed to investigate whether there is a caus-
ative relationship between overexpression of wild-type 
human TDP-43 in the hypothalamus and development of 
neuropathology and metabolic and behavioral dysfunc-
tion. The wild-type form of TDP-43 is associated with the 

Fig. 5  Mice overexpressing TDP-43 in the hypothalamus displayed reduced nesting behavior. Representative images of cages containing mice with 
hypothalamic injections of either vehicle control (a) or AAV-TDP43 (b), with the corresponding nesting scores are 3 (highest score) and 0 (lowest score), re-
spectively. c. Mice overexpressing TDP-43 in the hypothalamus displayed decreased nesting behavior compared to control mice at 8 weeks post-injection 
(p = 0.016), but no difference was observed at 4 weeks post-injection. d. Increased levels of TARDBP/Tardbp mRNA confirmed TDP-43 overexpression in the 
hypothalamus. Data are presented as box-and-whisker plots with whiskers representing minimum and maximum values (c) or as median (d), * = p < 0.05 
(2-tailed). Statistical analysis was performed using Mann-Whitney U test (c)
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majority of familial and sporadic cases of ALS/FTD [54, 
87] as well as to HD [7, 64, 73, 78]. We generated an AAV 
vector for targeted expression of TDP-43 in hypotha-
lamic neurons of mice. Our results demonstrate a dose-
dependent effect, where higher titers of the AAV-TDP43 
vector were associated with cellular loss and the forma-
tion of ubiquitinated inclusions within the hypothalamus. 
Additionally, TDP-43 overexpression caused hypotha-
lamic atrophy and a selective reduction in the number 
of neurons expressing hypocretin, MCH, and oxytocin. 
We also observed TDP-43 nuclear-to-cytoplasmic mis-
localization and the formation of both intranuclear and 
cytoplasmic inclusions, which are hallmarks of ALS/FTD 
pathology [5, 37, 63]. Dysfunction of key metabolism and 
emotion regulation neuronal populations may drive the 
development of the metabolic changes and apathy-like 
phenotype we observed in mice overexpressing TDP-43 
in the hypothalamus. The results from our novel AAV-
TDP43 mouse model strengthens the growing body of 
evidence implicating wild-type TDP-43 in neurode-
generation [31, 56, 89, 90]. Our study also provides new 
insight on the hypothalamus as a critical region directly 
susceptible to TDP-43-mediated pathological effects and 

may contribute to early manifestation of clinical features 
observed in neurodegenerative disorders.

Selective loss of neuropeptide-expressing neuronal 
populations of the hypothalamus appears to be a com-
mon feature in several TDP-43 proteinopathies. We 
observed hypothalamic atrophy with loss of hypocretin-, 
MCH- and oxytocin-expressing neurons while sparing of 
vasopressin-expressing neurons in mice overexpressing 
TDP-43 consistent with previous studies in postmortem 
human ALS cases [12, 28]. Postmortem cases from per-
sons with HD, Alzheimer’s disease and Parkinson’s dis-
ease also show loss of hypocretin-expressing neurons, 
but loss of oxytocin-expressing neurons has only been 
described in HD [6, 26, 29, 30, 52, 80, 88]. Loss of MCH 
neurons has also been reported in postmortem cases 
with Parkinson’s disease [80]. The degeneration of these 
neuropeptide-expressing neurons may play a role in the 
pathogenesis and development of the disease phenotype. 
For instance, near-complete loss of hypocretin neurons 
occurs in narcolepsy [81], and depletion of hypocretin 
in animal models leads to obesity and disruption of glu-
cose homeostasis [27, 36, 43]. MCH deficiency has been 
linked to reduced food intake and weight loss in ALS 
patients [12, 49]. Furthermore, administration of MCH 
or a dual orexin receptor antagonist in ALS mice can 
ameliorate changes in sleep [35]. Oxytocin neuronal loss 
may at least partly explain social deficits seen in ALS/
FTD and HD [9]. Further studies are however required 
to identify which specific neuronal populations in the 
hypothalamus are responsible for the link between TDP-
43 overexpression and the development of metabolic and 
emotional dysregulation.

Metabolic dysregulation occurs in ALS, FTD and HD 
[22, 50]. In this study we show that overexpression of 
wild-type TDP-43 dysregulates metabolism, and leads 
to the development of obesity and hyperglycaemia with-
out obvious effects on food intake. This result aligns with 
our previous studies where mutant huntingtin expression 
in the hypothalamus caused obesity and disrupted glu-
cose homeostasis in mice [42, 75]. Metabolic assessment 
in metabolic cages using indirect calorimetry would 
be needed to further understand feeding behavior and 
energy expenditure after overexpression of TDP-43 in the 
hypothalamus. Importantly, the results on body weight 
gain are opposite to observations in persons with ALS 
and HD, who often exhibit reduced BMI even before the 
onset of motor symptoms [22, 50]. Potentially, it may be 
related to the increase in BMI reported in persons with 
FTD [3, 4], a disease with behavioral deficits more promi-
nent than in ALS.

Our study shows that TDP-43 overexpression in 
the hypothalamus significantly reduces motor activ-
ity assessed by the open field, rotarod and elevated plus 
maze despite normal swimming ability. Importantly, the 

Table 1  Overexpression of TDP-43 in the hypothalamus results 
in a specific decrease in neuropeptide-related transcripts
Neuropeptide 
pathway

Gene 
Symbol

Gene name Log 
fold 
change

P-value

Hypocretin/Orexin Hcrt hypocretin -0.59 0.0863
Hypocretin/Orexin Hcrtr1 hypocretin 

receptor 1
-0.39 0.0206

Hypocretin/Orexin Hcrtr2 hypocretin 
receptor 2

-0.74 < 0.0001

MCH Pmch pro-melanin-
concentrating 
hormone

-0.49 0.0108

MCH Mchr1 melanin-
concentrating 
hormone 
receptor 1

-0.21 0.0947

Oxytocin Oxt oxytocin -0.59 0.4389
Oxytocin Oxtr oxytocin 

receptor
-0.61 0.0093

Neuropeptide Y Npy neuropeptide Y -0.15 0.6711
Neuropeptide Y Npy1r neuropeptide Y 

receptor Y1
-0.44 0.0079

Neuropeptide Y Npy2r neuropeptide Y 
receptor Y2

-0.46 0.1068

Neuropeptide Y Npy5r neuropeptide Y 
receptor Y5

-0.37 0.0414

Agouti-related 
peptide

Agrp agouti related 
neuropeptide

-0.88 0.0990

Agouti-related 
peptide

Mc3r melanocortin 3 
receptor

-0.59 0.0022

Agouti-related 
peptide

Mc4r melanocortin 4 
receptor

-0.55 0.0444
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Fig. 6  Nuclear and cytoplasmic localization of TDP-43 with inclusions following AAV-TDP43 vector injection in the hypothalamus of mice. Immunohisto-
chemistry for TDP-43 was performed on brains with hypothalamic injections of either AAV-TDP43 (a) or vehicle (b) and counterstained with Hoechst for 
nuclear localisation. TDP-43 immunoreactivity was present in both the nucleus (c) and the cytoplasm (d). Both nuclear (e) and cytoplasmic (f) inclusions 
of TDP-43 were present
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lateral hypothalamus is thought to provide an important 
drive to a number of vital behaviours including locomo-
tion. Severe bilateral damage to the lateral hypothala-
mus is known to cause physical inactivity in mammals 
[51, 55]. Interestingly, recent studies have implicated 
several of the TDP-43 affected hypothalamic neuropep-
tide populations in regulating motor activity, including 
the hypocretin and the MCH systems [18, 46, 51, 79]. 
Our study also shows a deficit in nest-building behav-
ior. This test is commonly used to assess motivation and 
daily activities in mice, indicative of goal-directed behav-
ior and as a proxy to apathy [71]. Apathy, i.e. the lack of 
goal-directed behaviour and motivation is the most com-
mon behavioural change in the spectrum of ALS/FTD as 
well as other TDP-43 proteinopathies [1, 61, 77, 85]. The 
neurobiological substrate of apathy in neurodegenerative 
disorders has not been fully elucidated and there are no 
effective therapies to reduce apathy. The results from this 
study indicate that TDP-43 mediated pathology in the 
hypothalamus may be important in causing apathy-like 

behavior and further understanding of the underlying 
mechanisms may reveal novel targets for therapeutic 
interventions for apathy.

An important question is whether non-motor features 
manifest before motor and cognitive symptoms in ALS/
FTD, and more broadly in TDP-43-proteinopathies. 
Interestingly, a recent study shows that sleep distur-
bances are present already in pre-symptomatic ALS risk 
gene carriers [35], which was also linked to loss of MCH 
neurons in the hypothalamus. Changes in BMI have also 
been detected in ALS risk gene carriers at pre-symptom-
atic stages, which were linked to reduced hypothalamic 
volume [34]. These results open for the possibility of the 
hypothalamus to be affected very early in the disease 
process. As hypothalamic neuronal populations are part 
of neurocircuitries to other brain regions, i.e. the cere-
bral cortex, the ventral striatum, the ventral tegmental 
area and the spinal cord, it is possible that pathological 
changes in the hypothalamus can exert direct effects also 
on these areas. Alternatively, pathology in these areas 

Fig. 7  Overexpression of TDP-43 leads to skipping of specific constitutive exons, but not to the inclusion of neuron-specific cryptic exons. RNA-sequenc-
ing analysis of frozen hypothalamic tissues revealed several examples of exon skipping in Mrlp45, Ddi2, and Psmd14 (black arrowhead) in mice with TDP-
43 overexpression (a). Quantification of events was performed by calculating the frequency of exon skipping events in the AAV-TDP43 or vehicle injected 
group (b). RNA-sequencing analysis does not reveal the expression of cryptic exons in Ap3b2 (c) Camk1g (d) (black arrowheads). Data are presented as 
box-and-whisker plots with whiskers representing minimum and maximum values, * = p < 0.05 (2-tailed). Stastical analysis was performed using Mann-
Whitney U test (b)
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may also contribute to hypothalamic dysfunction. Fur-
ther experimental studies using viral vector designs and 
conditional gene expression technologies may shed light 
on how different parts of the neurocircuitries may con-
tribute to hypothalamic pathology and development of 
relevant phenotypes. This may also have relevance for the 
development of novel therapies as a recent study shows 
preservation of motor neurons in an animal model of 
ALS by treatment with the hypothalamic neuropeptide 
MCH [35].

TDP-43, which is natively a nuclear protein, is mislo-
calized to the cytoplasm and forms both nuclear and 
cytoplasmic inclusions in ALS/FTD cases [5, 37, 63]. 
Here, AAV-mediated TDP-43 overexpression resulted 
in TDP-43 localization to both the nucleus and the cyto-
plasm, with the formation of both nuclear and cyto-
plasmic inclusions. Hence, our model recapitulates the 
molecular phenotype of TDP-43 pathology. In a recent 
study, mis-localization of TDP-43 in zebrafish induced 
using a modified nuclear localization signal of endog-
enous Tardbp caused metabolic dysfunction with hypo-
thalamic pathology [40], which aligns with the results 
of our study. Elevated nuclear TDP-43 and cytoplasmic 
mislocalization of TDP-43 could lead to both gain- and 
loss-of-function as TDP-43 plays an important role in 
the regulation of splicing [39]. High levels of nuclear 
TDP-43 have been proposed to results in constitutive 
exon skipping whereas low nuclear TDP-43 protein lev-
els may lead to cryptic exon incorporation [15]. Here we 
show that hypothalamic TDP-43 overexpression leads to 
exon skipping similar to what has been reported previ-
ously in mouse models overexpressing TDP-43 in spinal 
cord [15]. Previous studies have shown that deletion of 
TDP-43 in excitatory neurons in the cerebral cortex and 
the hippocampus leads to generation of specific cryp-
tic exons but we were not able to detect these in our 
model overexpressing TDP-43 [44]. This study also sug-
gested that cryptic exons may be highly variable between 
cell types and may play a role in selective vulnerability 
to TDP-43. Hence, further studies on the generation of 
cryptic exons in specific hypothalamic neurons would be 
interesting.

The present study was designed to test the hypothesis 
that overexpression of wild-type TDP-43 could cause 
direct toxicity to hypothalamic neurons resulting in the 
development of changes in behavior and metabolism. 
Choices made in experimental designs come with differ-
ent limitations. In this study, we chose to test our hypoth-
esis in mice as we have previously established a model 
of hypothalamic expression of transgenes in this species 
using stereotactic delivery of AAV-vectors [42]. How-
ever, effects of disease-causing transgenes may be spe-
cies-specific including TDP-43 mediated exon skipping 
[15] and similar studies in other species may therefore 

be interesting. Our AAV-vector based model uses the 
promoter synapsin to allow for neuronal expression and 
hence tests the effects of TDP-43 only in neurons. This 
choice was made as we have previously found inclusions 
of TDP-43 in several hypothalamic neuronal populations 
in postmortem cases with ALS [28]). It is not fully known 
how TDP-43 overexpression may affect glial cells in the 
hypothalamus. Delivery of AAV-vectors to specific brains 
regions could potentially lead to diffusion of the vector 
solution beyond the region of interest. For hypothalamic 
targeting, there is no promoter that can be used for pan-
hypothalamic targeting. Further research could however 
employ promoters specific for certain neurocircuitries in 
the hypothalamus and/or use a flex-switch cre-recombi-
nase model, similar to the one used in Bergh et al. to tar-
get mHTT to oxytocin neurons [11]. In the present study, 
we observed limited TDP-43 overexpression outside the 
hypothalamus with single cells overexpressing TDP-43 
in the striatum, hippocampus and cortex. This could be 
due to TDP-43 propagation, which has previously been 
reported [45, 83], and requires further investigation. The 
use of appropriate controls to an AAV-vector mediated 
overexpression of a transgene is also important to con-
sider. Here we used both AAV-vector mediated expres-
sion of GFP and another disease-causing protein, mHTT, 
as well as a vehicle solution. Although GFP did not show 
any neurotoxicity in this paradigm, other studies have 
demonstrated toxicity after AAV-mediated overexpres-
sion of GFP already at very low titers [48]. An empty 
AAV-vector could have been tested, although it does not 
control for overexpression of a protein and cannot be 
visualized in the targeted brain region. As sex differences 
may play a role in the sensitivity to disease causing genes 
and this study was conducted only in female mice, further 
analyses in male mice would be necessary for a broader 
generalization of the effects of TDP-43 in the hypothala-
mus. Moreover, interpretation of results from behavioral 
testing requires consideration of several parameters. 
Effects on activity including reduced nesting behavior 
could suggest apathy-like behavior but would be interest-
ing to explore further using other tests assessing motiva-
tion. The concurrent manifestation of both a metabolic 
phenotype with obesity and a behavioral phenotype with 
reduced motor activity also complicates the interpreta-
tion of the data. Obesity could result in reduced motor 
activity and reduced activity could contribute to weight 
gain. Further research is therefore needed to under-
stand the temporal relationships between these different 
phenotypes.

In conclusion, this study shows that wild-type TDP-
43 overexpression in the hypothalamus can lead to 
the development of neuropathological and molecular 
features similar to what have been reported for ALS/
FTD including hypothalamic pathology with TDP-43 
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mislocalization and formation of TDP-43 nuclear and 
cytoplasmic inclusions (Fig.  8). TDP-43 overexpression 
in the hypothalamus triggers a cascade of pathological 
events leading to metabolic and emotional alterations, 
likely involving dysfunction and/or loss of neuronal pop-
ulation expressing hypocretin, MCH and oxytocin. These 
results suggest that wild-type human TDP-43 can exert 
gain-of-toxic function within the hypothalamus, with the 
potential to contribute to the pathogenesis of neurode-
generative diseases. Therefore, elucidating the molecular 

and cellular mechanisms of the effects of TDP-43 in the 
hypothalamus may provide novel therapeutic targets for 
TDP-43 proteinopathies.
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AAV	� Adeno-associated virus
AAV-GFP	� AAV-vector expressing GFP
AAV-mHTT	� AAV-vector expressing huntingtin with 78 polyglutamines
AAV-TDP43	� AAV-vector expressing TDP-43
ALS	� Amyotrophic lateral sclerosis
BMI	� Body mass index
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Fig. 8  Schematic representation of the molecular phenotype, hypothalamic pathology, and behavioral dysfunction induced by AAV-mediated over-
expression of human wild-type TDP-43 in the hypothalamus, recapitulating key neuropathological features observed in clinical ALS and metabolic and 
psychiatric features seen in TDP-43 proteinopathies
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rgnvm sn ahmc sn sgd dwo]mcdc B@F qdod]s hm sgd lts]ms gtmshmfshm &lGSS(
sq]mrbqhos ]mc knvdq lGSS hm uhsqn- Sgd ]hl ne sgd oqdrdms rstcx v]r sn
cdsdqlhmd vgdsgdq RHCS1 kdudkr ]qd ]ksdqdc hm GC ]mc vgdsgdq l]mhotk]shnm

:aaqduhYshnmr9 @@U* ]cdmn,]rrnbh]sdc uhqtr: @BB* ]msdqhnq bhmftk]sd bnqsdw: @RN* ]msh,rdmrd nkhfnmtbkdnshcdr: @QL* ]qfhmhmd,qhbg lnshe: AR@* anuhmd rdqtl ]katlhm:
C@A* 2*2�,ch]lhmnadmyhchmd: C@OH* 3�*5,ch]lhchmn,1,ogdmxkhmcnkd: COW* chrsxqdmd,ok]rshbhydq,wxkdmd: COAR* ctkadbbn�r ognrog]sd,ateedqdc r]khmd: CSS* chsghnsgqdhsnk:
F@OCG* fkxbdq]kcdgxcd 2,ognrog]sd cdgxcqnfdm]rd: DCS@* dsgxkdmdch]lhmdsdsq]]bdshb ]bhc: GC* Gtmshmfsnm chrd]rd: GSS* gtmshmfshm: GSSDw0* gtmshmfshm dwnm 0:
J37,oTa* kxrhmd,37,khmjdc onkxtahpthshm bg]hmr: JOAR,S* ons]rrhtl ognrog]sd,ateedqdc r]khmd bnms]hmhmf Sqhsnm W,0//: KB2A* L@O0KB2A &Lhbqnstatkd,]rrnbh]sdc
oqnsdhmr 0@.0A khfgs bg]hm 2A(: KCR* khsghtl cncdbxk rtke]sd: lGSS* lts]ms gtmshmfshm: o51* o51.RPRSL0 &rdptdrsnrnld 0(: O@FD* onkx]bqxk]lhcd fdk dkdbsqnognqdrhr:
OE@* o]q]enql]kcdgxcd: OAR* ognrog]sd,ateedqdc r]khmd: OUCE* onkxuhmxkhcdmd chektnqhcd: pQS,OBQ* pt]mshs]shud qd]k,shld onkxldq]rd bg]hm qd]bshnm: QS* qnnl
sdlodq]stqd: RHC0* rxrsdlhb QM@ hmsdqedqdmbd cdehbhdms,0: RC* rs]mc]qc cduh]shnm: RCR* rnchtl cncdbxk rtke]sd: R-D-L-* rs]mc]qc dqqnq ne sgd ld]m: RHCS1* RHC0
sq]mrldlaq]md e]lhkx ldladq 1: SAR,S* Sqhr,ateedqdc r]khmd bnms]hmhmf Svddm 1/: TOR* tahpthshm,oqnsd]rnld rxrsdl: vjr* vddjr-

R]m]y F]adqx ]mc Rneh] Adqfg ]qd bnmrhcdqdc ]r ehqrs ]tsgnqr-

Qdbdhudc9 12 Rdosdladq 1/14 @bbdosdc9 5 Edaqt]qx 1/15

CNH9 0/-0000.ao]-6//77

Sghr hr ]m nodm ]bbdrr ]qshbkd tmcdq sgd sdqlr ne sgd Bqd]shud Bnllnmr @ssqhatshnm Khbdmrd* vghbg odqlhsr trd* chrsqhatshnm ]mc qdoqnctbshnm hm ]mx ldchtl* oqnuhcdc
sgd nqhfhm]k vnqj hr oqnodqkx bhsdc-
± 1/15 Sgd @tsgnq&r(- AqWhm NWsgnknfv otakhrgdc ax Ingm Vhkdx % Rnmr Ksc nm adg]ke ne Hmsdqm]shnm]k Rnbhdsx ne Mdtqno]sgnknfx-

AqWhm NWsgnknfv- 1/15:d6//77- vhkdxnmkhmdkhaq]qx-bnl.intqm]k.ao] 0 ne 1/
gssor9..cnh-nqf.0/-0000.ao]-6//77



Mtladqr9 MF,0/0.5,0* 5474.0,0: M]shnm]k
Gd]ksg ]mc Ldchb]k Qdrd]qbg Bntmbhk ne
@trsq]kh]* Fq]ms.@v]qc Mtladq9 00655/6:
Cdtsrbgd Gtmshmfsnm Ghked* Fq]ms.@v]qc
Mtladq9 38/70//004

ne RHCS1,ldch]sdc QM]tsnog]fx b]m ]ksdq GC o]sgnknfx- Vd cdlnmrsq]sd ]
rhfmhehb]ms qdctbshnm ne RHCS1 oqnsdhm kdudkr hm sgd rsqh]stl ]mc hm sgd k]sdq]k
gxonsg]k]lhb ]qd] hm onrslnqsdl GC aq]hmr bnlo]qdc sn bnmsqnk b]rdr vhsg,
nts deedbsr nm RHCS1 lQM@ kdudkr- Hm eqnms]k bnqshb]k onrslnqsdl GC shrrtd*
vd rgnv ] B@F,qdod]s,kdmfsg,cdodmcdms hmbqd]rd hm sgd eqdptdmbx ne
RHCS1,hlltmnqd]bshud hmsq]mtbkd]q hmbktrhnmr- Hm onrslnqsdl shrrtd ne ]m
GC b]rd vhsg Unmr]ssdk fq]cd /* vd cdlnmrsq]sd RHCS1, ]mc lGSS,
hlltmnqd]bshud hmbktrhnmr mns nmkx hm sgd eqnms]k bnqsdw* ats ]krn hm sgd rsqh],
stl ]mc sgd k]sdq]k gxonsg]k]lhb ]qd]- Hm sgd Q5.1 lntrd lncdk ne GC* vd
rgnv sg]s RHCS1 hmbktrhnmr enql ]s k]sdq rs]fdr sg]m lGSS hmbktrhnmr- Nudq,
dwoqdrrhnm ne RHCS1 trhmf ]cdmn,]rrnbh]sdc uhq]k udbsnqr hmidbsdc hmsn sgd
gxonsg]k]ltr ne Q5.1 lhbd kdc sn ] qdctbshnm ne lGSS hmbktrhnmr hm sgd k]s,
dq]k gxonsg]k]lhb ]qd]- Rhlhk]qkx* hm ] mdtqnm]k bdkk lncdk* nudqdwoqdrrhnm ne
RHCS1 qdctbdc rnktakd ]mc hmrnktakd lGSS dwnm 0 oqnsdhm kdudkr- S]jdm
snfdsgdq* ntq qdrtksr qdud]k mnudk o]sgnknfx hm bkhmhb]k GC b]rdr ]mc hm dwodqh,
ldms]k lncdkr* bg]q]bsdqhydc ax sgd ]bbtltk]shnm ne RHCS1,hlltmnqd]bshud
hmbktrhnmr* vghkd cdlnmrsq]shmf sgd deehb]bx ne nudqdwoqdrrhmf RHCS1 enq knv,
dqhmf cdsqhldms]k lGSS rodbhdr- S]qfdshmf RHCS1,ldch]sdc QM]tsnog]fx
l]x needq ] onsdmsh]k rsq]sdfx sn ]ldkhnq]sd sgd lnkdbtk]q o]sgnknfx hm GC-

J D X V N P C R
]ffqdf]shnm* gtmshmfshm* gtmshmfshm knvdqhmf* hmbktrhnmr* mdtqno]sgnknfx* RHCS1

0 z HMSPNCTBSHNM

Gtmshmfsnm chrd]rd &GC( hr ] e]s]k mdtqncdfdmdq]shud chr,
nqcdq vhsgnts ]mx chrd]rd lnchexhmf sgdq]ox Z0[- Hs hr
b]trdc ax ]m dwo]mcdc B@F qdod]s hm sgd gtmshmfshm
fdmd ]mc sgdqd hr ] mdf]shud bnqqdk]shnm adsvddm sgd mtl,
adq ne B@F qdod]sr ]mc ]fd ne nmrds Z0[- Sgd gtmshmfshm
&GSS( oqnsdhm hr dwoqdrrdc hm ltkshokd aq]hm ]qd]r* xds
o]sgnknfx dunjdc ax lts]ms GSS &lGSS( hr lnrs oqn,
mntmbdc hm sgd rsqh]stl* sgd bdqdaq]k bnqsdw* ]mc hm sgd
gxonsg]k]ltr* hmbktchmf sgd k]sdq]k gxonsg]k]lhb ]qd]
Z1’4[- Sgd dwsdms ne rsqh]s]k ]sqnogx hr bk]rrhehdc ]bbnqchmf
sn sgd Unmr]ssdk fq]chmf rb]kd /,HU Z5[- Mdtqno]sgnknfh,
b]k g]kkl]qjr hmbktcd enql]shnm ne lGSS,bnms]hmhmf
mdtqnm]k hmbktrhnmr hm l]mx GC ]eedbsdc aq]hm qdfhnmr Z6[
]mc hm rdudq]k ]mhl]k lncdkr dwoqdrrhmf cheedqdms u]qh]msr
ne lGSS Z7[- Sgd o]sgnfdmhb ldbg]mhrlr hm GC ]qd mns
etkkx tmcdqrsnnc ats ]qd khjdkx sn hmunkud ]bbtltk]shnm
ne snwhb QM@ ]mc oqnsdhm oqnctbsr ctd sn ]ksdq]shnmr hm
oqnsdhm cdfq]c]shnm ax sgd tahpthshm,oqnsd]rnld rxrsdl
&TOR( ]mc ]tsnog]fx Z8’02[-

Qdbdms rstcx g]r cdrbqhadc ]m tmbnmudmshnm]k ]tsnog],
fhb o]sgv]x hmunkuhmf CM@ ]mc QM@ cdfq]c]shnm* CM]t,
snog]fx ]mc QM]tsnog]fx hr qdftk]sdc ax sgd kxrnrnl]k
oqnsdhm RHC0 sq]mrldlaq]md e]lhkx ldladq 1 &RHCS1(
Z03’06[- RHCS1 hr sgd kxrnrnl]k udqsdaq]sd nqsgnknf ne sgd
BWdmnqgWachshr dkdfWmr QM@ bg]mmdk rxrsdlhb QM@ hmsdq,
edqdmbd cdehbhdms,0 &RHC0( oqnsdhm ]mc hr dwoqdrrdc hm l]mx
bdkk sxodr Z07* 08[- RHCS1 b]m ahmc chqdbskx sn CM@ ]mc
QM@ uh] ]m ]qfhmhmd,qhbg lnshe &@QL( ]mc ldch]sdr
tos]jd hmsn sgd kxrnrnld enq cdfq]c]shnm- Hmsdqdrshmfkx*
RHCS1 g]r addm entmc sn ahmc sn dwnm 0 ne sgd GSS

sq]mrbqhos sgqntfg hsr @QL hm ] B@F,cdodmcdms l]m,
mdq Z1/[- Etqsgdqlnqd* nudqdwoqdrrhnm ne ltqhmd RHCS1
qdrtksdc hm sgd cdfq]c]shnm ne GSS lQM@ ]mc qdctbdc sgd
kdudkr ne rnktakd ]mc hmrnktakd lGSS ]ffqdf]sdr ]r ]rrdrrdc
trhmf ehksdq sq]o ]mc Vdrsdqm akns ]m]kxrdr hm lGSS dwnm
0,sq]mredbsdc Mdtqn1] bdkkr Z1/[- Sgd cdfq]c]shnm ne lGSS
dwnm 0 hr rtffdrsdc sn nbbtq uh] RHCS1,ldch]sdc QM]tsn,
og]fx- Sgdrd qdrtksr rtffdrs sg]s sghr mnudk o]sgv]x l]x
ok]x ] qnkd hm GC ]mc bntkc ad dwoknqdc ]r ] onsdmsh]k sgdq,
]odtshb s]qfds- Deedbsr nm RHCS1 nq RHCS1,ldch]sdc QM]t,
snog]fx g]ud mns addm rstchdc oqduhntrkx hm uhun hm GC- Hm
sghr rstcx* vd hmudrshf]sdc vgdsgdq sgd RHCS1 rxrsdl hr
]eedbsdc hm GC ax dw]lhmhmf gtl]m onrslnqsdl shrrtd*
ltkshokd GClntrd lncdkr* ]mc mdtqnak]rsnl] bdkk btkstqdr
dwoqdrrhmf dwnm 0 ne lGSS- Vd rgnv enq sgd ehqrs shld sg]s
RHCS1,hlltmnqd]bshud hmbktrhnmr ]qd enqldc hm ]eedbsdc
GC aq]hm shrrtdr* vghkd RHCS1 oqnsdhm kdudkr ]qd chlhmhrgdc
hm rdkdbsdc gtl]m aq]hm ]qd]r vhsg ghfgdq Unmr]ssdk fq]cdr-
Lnqdnudq* sgd nbbtqqdmbd ne RHCS1,onrhshud hmbktrhnmr v]r
qdoqnctbdc hm svn GC lntrd lncdkr- Ntq qdrtksr eqnl
RHCS1 nudqdwoqdrrhnm ansg hm uhun ]mc hm uhsqn etqsgdq rto,
onqs admdehbh]k deedbsr nm lGSS oqnsdhm kdudkr ]mc hmbktrhnm
kn]c* o]uhmf sgd v]x enq etqsgdq cdudknoldmsr s]qfdshmf sghr
o]sgv]x hm GC-

1 z L:SDPH:KR :MC LDSGNCR

1-0 z Nudquhdv ne rstcx cdrhfm

Hm sgd oqdrdms rstcx* vd dw]lhmdc sgd hmunkudldms ne sgd
RHCS1 rxrsdl hm gtl]m onrslnqsdl GC aq]hmr* hm sgqdd

1 ne 1/ F@ADQX DS @K-
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GC ]mhl]k lncdkr ]mc hm nmd hm uhsqn rxrsdl enq
GC- Eqnydm gtl]m aq]hm shrrtd eqnl 06 GC ]mc 0/ bnm,
sqnk b]rdr vdqd ]m]kxydc ax Vdrsdqm akns ]mc pt]mshs]shud
qd]k,shld onkxldq]rd bg]hm qd]bshnmr &pQS,OBQ( hm
nqcdq sn ld]rtqd RHCS1 oqnsdhm ]mc lQM@ kdudkr
&S]akdr 0 ]mc 1(- Vd ]rrdrrdc RHCS1 ]mc lGSS hmbkt,
rhnm enql]shnm hm ehwdc onrslnqsdl gtl]m aq]hm shrrtd
eqnl entq GC o]shdmsr vhsg Unmr]ssdk fq]cdr H,HU ]mc
B@F qdod]sr q]mfhmf eqnl 31 sn 55* nmd GC b]rd vhsg
Unmr]ssdk fq]cd / vhsg 33 B@F qdod]sr ]mc svn bnmsqnk
b]rdr &S]akd 2(- Vd hmudrshf]sdc deedbsr nm RHCS1 hmbkt,
rhnm enql]shnm hm sgqdd ]mhl]k lncdkr ne GC9 sgd Q5.1

lntrd* sgd A@BGC lntrd ]r vdkk ]r hm lhbd nudqdwoqdr,
rhmf eq]fldmsr ne lGSS nq vhkc,sxod GSS ]esdq gxon,
sg]k]lhb hmidbshnmr ne ]cdmn,]rrnbh]sdc uhq]k &@@U(
udbsnqr- Vd ]krn ]rrdrrdc deedbsr ne RHCS1 nudqdwoqdrrhnm
trhmf @@U udbsnqr hmidbsdc hmsn sgd gxonsg]k]ltr ne
Q5.1 lhbd- Ehm]kkx* vd ]m]kxydc deedbsr ne RHCS1 nudqdw,
oqdrrhnm hm ]m RG,RX4X mdtqnak]rsnl] bdkk lncdk sq]mr,
edbsdc vhsg lGSS dwnm 0 bnmrsqtbsr* enbtrhmf nm rnktakd
oqnsdhm kdudkr* lGSS ]ffqdf]sd kn]c* cxrqdftk]shnm ne
oqnsdnkxshb o]sgv]xr &rodbhehb]kkx TOR ]mc ]tsnog]fx(*
]mc lhbqnrbnox ]m]kxrhr enq ]rrdrrhmf rtabdkktk]q oqnsdhm
chrsqhatshnm-

S : A K D 0 Cdlnfq]oghb c]s] enq GC ]mc bnmsqnk b]rdr trdc enq bnqshb]k ]mc rsqh]s]k Vdrsdqm akns ]mc pQS,OBQ ]m]kxrdr-

BYrd :fd.rdw B:F CC BYtrd ne cdYsg OLC AqYhm FqYcd PHM9 BSW PHM9 RSP

GC

GC0 57.l 33 02 Omdtlnmh] 0/ 0073 2 6-4 5-7

GC1 58.e 31 1/ B]qchnqdrohq]snqx e]hktqd 1 0038 1 6-/ 3-7

GC2 46.e 33 11 Omdtlnmh] 11 7// 3 3-7 4-8

GC3 50.l 32 06 GC dmcrs]fd 06 017/ 3 5-0 4-4

GC4 60.l 31 01 Lxnb]qch]k hme]qbs 30 016/ 1 6-/ 2-5

GC5 28.l 43 02 B]qchnqdrohq]snqx e]hktqd 0/ 0/36 3 6-3 4-6

GC6 28.e 35 00 GC dmcrs]fd 25 57/ 2 7-/ 6-8

GC7 47.l 35 00 GC dmcrs]fd 21 015/ 2 6-8 5-3

GC8 50.l 34 03 Rdorhr 3/ 04// 3 6-5 2-5

GC0/ 51.l 32 01 GC dmcrs]fd 11 0074 2 6-7 2-0

GC00 51.l 32 0/ Omdtlnmh] 13 027/ 2 4-7 3-4

GC01 56.l 32 04 GC dmcrs]fd 26 01// 1 5-8 3-5

GC02 56.l 34 04 Omdtlnmh] 08 841 m-c- 5-5 2-/

GC03 60.l 3/ 0/ Omdtlnmh] 28 004/ 2 3-1 2-1

GC04 61.l 32 22 Omdtlnmh] 11 83/ 1 4-/ 2-3

GC05 63.l 3/ 01 B]qchnqdrohq]snqx e]hktqd 16 0364 1 5-4 5-/

GC06 66.l 30 1/ Omdtlnmh] 8 0/07 3 6-5 6-/

Ld]m | RC 52 | 00
l9 03
e9 2

04 | 5 13 | 01 0003 | 108 5-6 | 0-1 4-/ | 0-4

Bnmsqnk bWrdr

B0 58.l Otklnm]qx dlankhrl 13 018/ 5-8 5-6

B1 56.e Otklnm]qx dlankhrl 15 0187 6-4 5-0

B2 46.l Hrbgdlhb gd]qs chrd]rd 37 0421 5-5 6-1

B3 62.l Hrbgdlhb gd]qs chrd]rd 32 m-c- 5-3 5-7

B4 53.l Hrbgdlhb gd]qs chrd]rd 21 0224 5-7 1-4

B5 53.l Hrbgdlhb gd]qs chrd]rd 13 0381 6-4 6-6

B6 55.e Lds]rs]shb b]qbhmnl] 32 0122 5-7 5-4

B7 58.l Hrbgdlhb gd]qs chrd]rd 23 013/ 5-5 5-4

B8 65.l @nqshb ]mdtqxrl 35 0348 6-7 6-5

B0/ 67.l Hrbgdlhb gd]qs chrd]rd 35 0360 5-8 5-4

Ld]m | RC 57 | 5
l9 7
e9 1

26 | 0/ 0261 | 005 6-/ | /-4 5-3 | 0-4

Mnsd9 @fd hr hmchb]sdc hm xd]qr- OLC &onrslnqsdl cdk]x( hr hmchb]sdc hm g- CC &chrd]rd ctq]shnm( hr hmchb]sdc hm xd]qr- Aq]hm &sns]k aq]hm vdhfgs( hr hmchb]sdc hm f- Fq]cd
qdedqr sn Unmr]ssdk fq]cd enq mdtqno]sgnknfhb]k bk]rrhehb]shnm ne GC Z42[-
@aaqduh]shnmr9 BSW* bdqdaq]k bnqsdw: m-c- mns cdsdqlhmdc: QHM* QM@ hmsdfqhsx mtladq: RSQ* rsqh]stl-

RHCS1 HM GTMSHMFSNM CHRD@RD 2 ne 1/
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1-1 z Ldsgncr qdkYsdc sn onrslnqsdl gtlYm
aqYhm shrrtd

1-1-0 z Gtl]m onrslnqsdl aq]hm shrrtd

Shrrtd eqnl sgd b]tc]sd mtbkdtr ne sgd rsqh]stl ]mc eqnm,
s]k bnqsdw eqnl 06 GC ]mc 0/ bnmsqnk b]rdr vdqd bnk,
kdbsdc hm aknbjr ]mc eqnydm nm cqx hbd tonm ]tsnorx ]mc
rsnqdc ]s 07/B enq Vdrsdqm akns ]m]kxrdr ]mc pQS,OBQ
]m]kxrdr ]r qdonqsdc oqduhntrkx Z10[- Shrrtdr eqnl sgd
dmshqd gxonsg]k]ltr eqnl entq GC ]mc sgqdd bnmsqnk
b]rdr vdqd eqnydm nm cqx hbd tonm ]tsnorx ]mc rsnqdc ]s
07/B- Sgd k]sdq]k gxonsg]k]lhb ]qd] v]r chrrdbsdc ]r
oqduhntrkx cdrbqhadc Z10[ ]mc trdc enq Vdrsdqm akns ]m]k,
xrhr hm sgd oqdrdms rstcx- Cdlnfq]oghb c]s] ]qd rgnvm hm
S]akdr 0 ]mc 1- Sghr rds ne gtl]m onrslnqsdl shrrtd v]r
nas]hmdc eqnl Uhbsnqh]m ]mc Rxcmdx Aq]hm A]mjr hm
@trsq]kh]* ]esdq ]ooqnu]k ne sgd oqnidbs ax sgdhq Rbhdmshehb
Qduhdv Bnllhssdd &OHC056(- @kk odqrnmr g]c fhudm sgdhq
hmenqldc bnmrdms oqhnq sn sgd cnm]shnm ne sgdhq aq]hmr*

]mc sgd aq]hm cnmnq oqnfq]lr vdqd ]ooqnudc ax Hmrshst,
shnm]k Gtl]m Qdrd]qbg Dsghbr Bnllhssddr-

O]q]enql]kcdgxcd &OE@(,ehwdc ]msdqhnq bhmftk]sd bnq,
sdw &@BB( eqnl entq GC ]mc svn bnmsqnk b]rdr vdqd
trdc enq hlltmnghrsnbgdlhrsqx- Sgd svn bnmsqnk o]shdmsr
g]c mn bkhmhb]k ghrsnqx ne mdtqnknfhb]k nq orxbgh]sqhb chr,
d]rdr ]mc sgd GC lts]shnm v]r fdmdshb]kkx dwbktcdc-
Cdlnfq]oghb c]s] hr rgnvm hm S]akd 2- Sghr rds ne
gtl]m onrslnqsdl shrrtd v]r nas]hmdc eqnl sgd Gtm,
shmfsnm aq]hm bnkkdbshnm ne Anbgtl &DOO ]mc BR(- @kk
hmchuhct]kr g]c fhudm vqhssdm bnmrdms sn dw]lhmd sgd
aq]hmr enq qdrd]qbg otqonrdr- Sgd rstcx v]r ]ooqnudc ax
sgd Dsghb Bnllhssdd ne sgd Ldchb]k E]btksx ne sgd Qtgq,
Tmhudqrhsx Anbgtl* Fdql]mx &Qdf- Mn- 06,4828(-

Enql]khm,ehwdc shrrtd eqnl sgd eqnms]k bnqsdw* sgd rsqh,
]stl* ]mc sgd gxonsg]k]ltr ne ]m GC b]rd vhsg Unmr]s,
sdk fq]cd / v]r nas]hmdc eqnl sgd Cdo]qsldms ne
Mdtqno]sgnknfx hm Ktmc* Rvdcdm Z11[- Cdlnfq]oghb
c]s] hr rgnvm hm S]akd 2- Sgd ]m]kxrhr v]r ]ooqnudc ax
sgd qdfhnm]k dsghb]k qduhdv an]qc ]s Ktmc Tmhudqrhsx

S : A K D 1 Cdlnfq]oghb c]s] enq GC ]mc bnmsqnk b]rdr trdc enq Vdrsdqm akns ]m]kxrdr ne sgd k]sdq]k gxonsg]k]lhb ]qd]-

BYrd :fd.rdw B:F CC BYtrd ne cdYsg OLC AqYhm FqYcd

GC

GC0 57.l 33 02 Omdtlnmh] 0/ 0073 2

GC1 58.e 31 1/ B]qchnqdrohq]snqx e]hktqd 1 0038 1

GC2 46.e 33 11 Omdtlnmh] 11 7// 3

GC3 50.l 32 06 GC dmcrs]fd 06 017/ 3

Ld]m | RC 53 | 5
l9 1
e9 1

07 | 3 02 | 8 00/2 | 10/

Bnmsqnk b]rdr

B0 58.l Otklnm]qx dlankhrl 13 018/

B1 56.e Otklnm]qx dlankhrl 15 0187

B2 46.l Hrbgdlhb gd]qs chrd]rd 37 0421

Ld]m | RC 53 | 3
l9 1
e9 0

21 | 02 0262 | 027

Mnsd9 @fd hr hmchb]sdc hm xd]qr- OLC &onrslnqsdl cdk]x( hr hmchb]sdc hm g- CC &chrd]rd ctq]shnm( hr hmchb]sdc hm xd]qr- Aq]hm &sns]k aq]hm vdhfgs( hr hmchb]sdc hm fq]lr-
Fq]cd qdedqr sn Unmr]ssdk fq]cd enq mdtqno]sgnknfhb]k bk]rrhehb]shnm ne GC Z42[-
@aaqduh]shnm9 GXO* gxonsg]k]ltr-

S : A K D 2 Cdlnfq]oghb c]s] enq GC ]mc bnmsqnk b]rdr trdc enq hlltmnghrsnbgdlhb]k RHCS1 ]mc GSS ]m]kxrdr-

BYrd :fd.rdw B:F CC BYtrd ne cdYsg OLC AqYhm FqYcd

GC0 56.l 31.06 6 B]qch]b e]hktqd 63 0232 0’1

GC1 44.e 33.06 01 Rthbhcd 00/ 0173 1’2

GC2 3/.e 4/.07 04 Omdtlnmh] 1/ 0/6/ 2

GC3 21.e 55.1/ 03 Omdtlnmh] 33 584 3

GC4 41.l 32.08 / B]qch]b ]qqdrs 85 0171 /

B0 58.e 10.04 m.] B]qch]b e]hktqd 01 0171 m.]

B1 68.l 14.1/ m.] B]qch]b e]hktqd 16 0253 m.]

Mnsd2 @fd hr hmchb]sdc hm xd]qr- CC &chrd]rd ctq]shnm( hr hmchb]sdc hm xd]qr- OLC &onrslnqsdl cdk]x( hr hmchb]sdc hm g- Aq]hm &sns]k aq]hm vdhfgs( hr hmchb]sdc hm f- Fq]cd
qdedqr sn Unmr]ssdk fq]cd enq mdtqno]sgnknfhb]k bk]rrhehb]shnm ne GC Z42[-

3 ne 1/ F@ADQX DS @K-
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&qdedqdmbd mtladq 1/03.355(* ]mc vqhssdm hmenqldc bnm,
rdms v]r nas]hmdc eqnl sgd o]shdms- @kk ]m]kxrdr odq,
enqldc nm gtl]m onrslnqsdl shrrtd hm Rvdcdm vdqd
]ooqnudc ax sgd Rvdchrg Dsghb]k Qduhdv @tsgnqhsx &qde,
dqdmbd mtladq 1/11’/4237,/0(-

1-1-1 z Vdrsdqm aknsr

Gtl]m onrslnqsdl shrrtd eqnl eqnms]k bnqsdw* sgd b]t,
c]sd mtbkdtr ne sgd rsqh]stl* ]mc sgd k]sdq]k gxonsg],
k]lhb ]qd] vdqd kxrdc hm 090/ vdhfgs.unktld hm kxrhr
ateedq &4/ lL M]Bk* 0// lL Sqhr’GBk oG 6-3* 0 lL
DCS@* 0# RCR( rtookdldmsdc vhsg oqnsd]rd ]mc ognr,
og]s]rd hmghahsnqr &Qnbgd(- Sgd gnlnfdmhy]shnm ne sgd
shrrtd v]r odqenqldc ax rnmhb]shnm &04 enq 0 r ]s
3/ Gy(- Sgd r]lokdr vdqd sgdm hmbta]sdc enq 04 lhm nm
hbd ]mc bnmrdbtshudkx rotm ]s 02*/// qol enq 0/ lhm ]s
3B- Sns]k oqnsdhm bnmbdmsq]shnm v]r cdsdqlhmdc trhmf
sgd CB Oqnsdhm @rr]x Jhs &Ahn,Q]c( ]bbnqchmf sn l]mt,
e]bstqdq�r hmrsqtbshnmr- Adenqd kn]chmf nm sgd RCR,
O@FD* sgd r]lokdr vdqd anhkdc ]s 84B enq 4 lhm hm sgd
oqdrdmbd ne K]dllkh Kn]chmf Ateedq &Ahn,Q]c(- 3/ �f ne
sns]k oqnsdhm v]r kn]cdc nm d]bg vdkk nm ] 3’04# fq]ch,
dms onkx]bqxk]lhcd fdk &Ahn,Q]c Lhmh,OQNSD@M SFW
Oqdb]rs Fdkr(- Sgd r]lokdr vdqd qtm enq 2/ lhm ]s 8/ U*
enkknvdc ax 0 g ]s 01/ U- Oqnsdhmr vdqd sgdm sq]mredqqdc
nmsn sgd OUCE ldlaq]md &Ahn,Q]c( trhmf sgd Sq]mr,
Akns Stqan Sq]mredq Rxrsdl &Ahn,Q]c( enq 6 lhm ]s 14 U-
Aknbjhmf v]r odqenqldc enq 0 g ]s qnnl sdlodq]stqd
&QS( trhmf 4# rjhlldc lhkj hm Sqhr,ateedqdc r]khmd bnm,
s]hmhmf /-0# Svddm 1/ &Rhfl]( &SAR,S(* enkknvdc ax
hmbta]shnm nudqmhfgs ]s 3B vhsg ] oqhl]qx ]mshancx
]f]hmrs RHCS1 &]s 090///* l]cd hm q]aahs* @ab]l
]a74736 enq bnqshb]k ]mc rsqh]s]k r]lokdr: ]s 090///* l]cd
hm q]aahs* @amnu] O@A16100 enq gxonsg]k]lhb ]mc rsqh],
s]k r]lokdr* ctd sn chrbnmshmt]shnm ne sgd @ab]l ]msh,
ancx( nq β,]bshm &]s 090////* l]cd hm lntrd( chktsdc hm
1# lhkj hm SAR,S- @esdq sgqdd 0/ lhm v]rgdr hm SAR,S*
sgd ldlaq]mdr vdqd hmbta]sdc enq 0 g ]s QS vhsg ] rdb,
nmc]qx ]mshancx &lntrd ]msh,q]aahs* R]ms] Bqty Ahnsdbg,
mnknfx* rb,1246 ]s 090//: nq cnmjdx ]msh,lntrd*
]a5678 ]s 090////(- @esdq sgqdd 0/ lhm v]rgdr hm SAR,S*
sgd ldlaq]mdr vdqd cdudknodc trhmf dmg]mbdc bgdlhkt,
lhmdrbdmbd &AhnQ]c(- Sgd hl]fdr vdqd ]bpthqdc vhsg sgd
Udqr]Cnb hmrsqtldms &Ahn,Q]c(- A]mc hmsdmrhshdr vdqd
pt]mshehdc trhmf sgd Hl]fdK]a rnesv]qd &Ahn,Q]c( ]mc
dwoqdrrdc ]r ] q]shn qdk]shud sn β,]bshm-

1-1-2 z pQS,OBQ

Sns]k QM@ v]r hrnk]sdc eqnl sgd shrrtd r]lokdr trhmf
QMd]rx Khohc Shrrtd Jhs &Ph]fdm( vhsg ]m nm,bnktlm
CM]rd chfdrshnm &QM]rd,eqdd CM]rd rds* Ph]fdm( ]bbnqchmf
sn rtookhdq�r qdbnlldmc]shnmr- QM@ pt]mshsx v]r ld],
rtqdc nm ] M]mnCqno 1/// rodbsqnognsnldsdq &Sgdqln

Rbhdmshehb(- QM@ hmsdfqhsx mtladq* ]m hmchb]snq enq ]ooqn,
oqh]sd oqdrdqu]shnm ne QM@ hmsdfqhsx* v]r trdc sn ]rrdrr sgd
QM@ pt]khsx ne sgd gtl]m onrslnqsdl shrrtd Z12[- QM@
r]lokdr vdqd ]m]kxydc ax RBHAKT Fdmnlhbr* @eexldsqhw
tmhs ]s Ktmc Tmhudqrhsx trhmf @fhkdms 10// Ahn]m]kxyd ]mc
QM@ hmsdfqhsx v]r cdsdqlhmdc enq ]kk r]lokdr adenqd oqn,
bddchmf vhsg sgd ]m]kxrdr ]r qdonqsdc oqduhntrkx Z10[
&S]akd 0(- bCM@ v]r fdmdq]sdc trhmf q]mcnl gdw]ldq
oqhldqr ]mc RtodqRbqhos HU Qdudqrd Sq]mrbqhos]rd
&Hmuhsqnfdm( ]bbnqchmf sn rtookhdq�r qdbnlldmc]shnmr-
pQS,OBQ qd]bshnm v]r odqenqldc nm ] KhfgsBxbkdq 370 hm
] svn,rsdo oqnsnbnk trhmf RXAQ Fqddm H L]rsdq lhw
&Qnbgd(- Sgd rodbhehbhsx ne sgd ]lokhehb]shnm v]r cdsdq,
lhmdc ax ldkshmf btqud ]m]kxrhr- C]s] vdqd pt]mshehdc
trhmf sgd ΔΔBS,ldsgnc ]mc vdqd mnql]khydc sn sgd
dwoqdrrhnm ne sgd svn gntrdjddohmf fdmdr β,]bshm &:BSA(
]mc fkxbdq]kcdgxcd 2,ognrog]sd cdgxcqnfdm]rd &E:NCG(-
@kk oqhldqr vdqd cdrhfmdc vhsg Ad]bnm CdrhfmdqSL
&Oqdlhdq Ahnrhsd(- @kk u]ktdr ]qd oqdrdmsdc ]r q]shnr sn sgd
ld]m ne sgd bnmsqnk fqnto- Sgd oqhldq rdptdmbdr trdc enq
sgd fdmd dwoqdrrhnmr ]m]kxrdr vdqd &4�,2�(9 :BSA &Evc9
@S@SF@F@SFBFSSFSS@* Qdu-9 @@FS@SS@@FF
BF@@F@S(* E:NCG &Evc9 BSBSFFS@@@FSFF@
S@SSFS* Qdu-9 FFSFF@@SB@S@SSFF@@B@(* ]mc
PHCS. &Evc9 SF@@BFSBBSF@@B@@FB@F* Qdu-9
B@B@FFFSSBFSSBB@BSSS(-

1-1-3 z Hlltmnghrsnbgdlhrsqx ne gtl]m
onrslnqsdl aq]hm shrrtd

Vd dw]lhmdc sgqdd eqnms]k 7/ �l uhaq]snld rdbshnmr ne
sgd @BB odq GC ]mc bnmsqnk aq]hmr &S]akd 2* GC0,3:
B0 ]mc 1(* ]kk ne vghbg vdqd knb]sdc ]s sgd r]ld rtoq],
b]kknr]k kdudk- @kk gtl]m aq]hmr vdqd ehwdc ax hlldqrhnm
hm 3# OE@- Enq hlltmnghrsnbgdlhrsqx ]kk rdbshnmr vdqd
qhmrdc eqdd ekn]shmf hm ognrog]sd ateedqdc r]khmd &OAR(
]mc rtaidbsdc sn RHCS1 ]mc DL37 ]mshanchdr ]bbnqchmf
sn ] oqnsnbnk cdrbqhadc oqduhntrkx Z13[- Aqhdekx* sgd rdb,
shnmr vdqd sqd]sdc vhsg 0# M]AG3 ]mc hmbta]sdc enq
2/ lhm hm OAR vhsg 0/# mnql]k fn]s nq gnqrd rdqtl ]mc
/-2# Sqhsnm W,0// &Rdqu] 26*13/(* enkknvdc ax ]m hmbt,
a]shnm vhsg ]mshanchdr ]f]hmrs RHCS1 &090///* l]cd hm
q]aahs* @amnu] O@A161( nq GSS &090///* ]msh,lntrd*
DL37* L@A4263* Ldqbj Lhkkhonqd( enq 61 g ]s 3B hm
sgd r]ld rnktshnm- @esdq qhmrhmf hm OAR ]mc ] oqdhmbta],
shnm vhsg /-0# anuhmd rdqtl ]katlhm hm OAR enq 0 g sgd
rdbshnmr vdqd hmbta]sdc nudqmhfgs ]s 3B vhsg ] ahnshmx,
k]sdc fn]s ]msh,q]aahs rdbnmc]qx ]mshancx &B@ 83/0/*
Udbsnq K]anq]snqhdr( nq gnqrd ]msh,lntrd ]mshancx
&Sgdqln Ehrgdq Rbhdmshehb(- @esdq aknbjhmf hm OAR,
]katlhm ]s QS* rdbshnmr vdqd hmbta]sdc vhsg sgd ]uhchm,
ahnshmxk]sdc odqnwhc]rd bnlokdw &Udbsnq K]anq]snqhdr(
enq ]mnsgdq 2 g ]s QS- Odqnwhc]rd ]bshuhsx v]r uhrt]khydc
vhsg 2*2�,ch]lhmnadmyhchmd &C@A(- Sgd qd]bshnm v]r
bnmsqnkkdc lhbqnrbnohb]kkx* vhsg ] l]whltl ne 04 lhm-
Ehm]kkx* rdbshnmr vdqd lntmsdc nm Rtodqeqnrs Oktr rkhcdr

RHCS1 HM GTMSHMFSNM CHRD@RD 4 ne 1/
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&Sgdqln Ehrgdq Rbhdmshehb(* ]hq,cqhdc enq 0-4 g* cdgx,
cq]sdc ]mc bnudqrkhoodc- @r mdf]shud bnmsqnkr enq GC,
rodbhehb hlltmnk]adkhmf* vd trdc b]rdr vhsgnts jmnvm
ghrsnqx ne mdtqnknfhb]k nq orxbgh]sqhb chrd]rdr- GC v]r
dwbktcdc ax fdmdshb sdrshmf ne onrslnqsdl aknnc hm sgdrd
bnmsqnkr- Hm nqcdq sn dwbktcd sgd onrrhahkhsx ne mnmrodbhehb
rs]hmhmf* vd odqenqldc nlhrrhnm ne oqhl]qx ]mshanchdr hm
mnql]k fn]s nq gnqrd rdqtl* vghbg ansg kd]c sn ]ardmbd
ne hlltmnqd]bshuhsx hm sgd rdbshnmr-

Enq hlltmd dkdbsqnm lhbqnrbnohb ]m]kxrdr* rdbshnmr
vdqd sqd]sdc ]r cdrbqhadc ]anud vhsg sgd nlhrrhnm ne Sqh,
snm W,0//- Sgdrd rdbshnmr vdqd ognsncnbtldmsdc ]esdq
sgd hlltmnghrsnbgdlhb]k oqnbdctqd enq k]sdq nqhdms]shnm*
onrsehwdc vhsg 0# nrlhtl sdsqnwhcd hm OAR enq 0 g* cdgx,
cq]sdc ]mc ek]s,dladccdc hm @q]kchsd &Rdqu](- @ksdqm]s,
hmf rdlh, ]mc tksq]sghm rdbshnmr vdqd bts vhsg ] Kdhb]
Tksq]bts Q lhbqnsnld- Rdlhsghm rdbshnmr &/-64 �l( vdqd
khfgskx bntmsdqrs]hmdc vhsg 0# snkthchmd aktd / &S215/*
Rhfl],@kcqhbg(* tksq]sghm rdbshnmr &0// ml( bnmsq]rsdc vhsg
4# ]ptdntr tq]mxk ]bds]sd &D113//* Rbhdmbd Rdquhbdr( enq
0/ lhm ]mc 1# ]ptdntr kd]c bhsq]sd &117*510* Rhfl],
@kcqhbg( enq 4 lhm- Tksq]sghm rdbshnmr vdqd uhdvdc ax sgd
KUDL14 &Cdknmf Hmrsqtldmsr* Aqmn* Bydbg Qdotakhb(-

Enq sgd GC b]rd vhsg Unmr]ssdk fq]cd /* enql]khm,
ehwdc bnqnm]k shrrtd aknbjr ne sgd rsqh]stl* sgd bdqdaq]k
bnqsdw ]mc sgd gxonsg]k]ltr vdqd bqxnoqnsdbsdc hm 2/#
rtbqnrd ]mc rdqh]kkx bts ]s ] sghbjmdrr ne 4/ �l nm ]
eqddyhmf lhbqnsnld hm 04 rdqhdr- Aqhdekx* ]mshfdm qdsqhdu]k
v]r odqenqldc nm eqdd,ekn]shmf rdbshnmr vhsg Sqhr,DCS@
ateedq vhsg oG 8-/ ]s 7/B enq 0 g* ptdmbgdc hm 2#
gxcqnfdm odqnwhcd ]mc 0/# ldsg]mnk enq 2/ lhm ]mc
aknbjdc hm SAR,S bnms]hmhmf 4# rdqtl &eqnl sgd r]ld
rodbhdr ]r sgd bnqqdronmchmf rdbnmc]qx ]mshancx v]r
q]hrdc hm( enq 0 g ]s QS- Rtardptdmskx* sgd rdbshnmr vdqd
hmbta]sdc nudqmhfgs trhmf oqhl]qx ]mshanchdr ]f]hmrs
RHCS1 &0914//* ]msh,q]aahs* O@A16100* @amnu]( ]mc
GSS &091//* ]msh,lntrd* DL37( hm ]mshancx rnktshnm
bnms]hmhmf 0# AR@ ]mc SAR,S- Sgd enkknvhmf c]x* sgd
rdbshnmr vdqd hmbta]sdc vhsg rdbnmc]qx ]mshancx enq 0 g
]s QS &091// hm 0# AR@ SAR,S(- Sgd rdbshnmr vdqd uhrt,
]khydc trhmf gxcqnfdm odqnwhcd ]mc C@A cdudknoldms-
Ehm]kkx* sgd rdbshnmr vdqd lntmsdc nm bgqnl]shm,fdk]shm
bn]sdc fk]rr rkhcdr ]mc bnudqrkhoodc vhsg Chrsxqdmd,
Ok]rshbhydq,Wxkdmd &COW( &Rhfl] @kcqhbg( ]esdq ] rdqhdr
ne cdgxcq]shnm rsdor hm ]rbdmchmf bnmbdmsq]shnmr ne dsg],
mnk ]mc wxkdmd-

Enq hlltmnektnqdrbdmbd lhbqnrbnox* chrrdbsdc @BB
vdqd qhmrdc hm OAR* hlldqrdc nudqmhfgs hm 2/# r]bbg]q,
nrd hm OAR* sgdm rgnbj,eqnydm ]mc hlltmnrs]hmdc ]r oqd,
uhntrkx cdrbqhadc Z14[- Aqhdekx* hlltmnghrsnbgdlhrsqx
v]r odqenqldc nm bqxnrdbshnmr &03 �l( lntmsdc nm
Rtodqeqnrs Oktr rkhcdr ]mc cqhdc enq 0-4 g ]s 3/B- Rdb,
shnmr vdqd rhltks]mdntrkx hmbta]sdc vhsg ]mshanchdr
]f]hmrs RHCS1 &091// ]msh,q]aahs* @amnu] O@A16100(
]mc GSS &092// ]msh,lntrd* DL37( nudqmhfgs ]s 3B
]mc sgdm sqd]sdc vhsg rdbnmc]qx ]mshanchdr bnmitf]sdc
vhsg @kdw] Ektnq 483 nq @kdw] Ektnq 377 &094//( enq 1 g

]s QS- Sn qdctbd tmrodbhehb a]bjfqntmc rs]hmhmf* vd
]ookhdc Sqtd Ak]bj ]tsnektnqdrbdmbd ptdmbgdq &091/ hm
6/# dsg]mnk( &AHNYNK Ch]fmnrshb] Udqsqhda* Fdql]mx(
enq 0 lhm- Ehm]kkx* ]kk rdbshnmr vdqd bntmsdqrs]hmdc vhsg sgd
ektnqdrbdms cxd 3�*5,ch]lhchmn,1,ogdmxkhmcnkd &C@OH:
090///: Qnbgd Ch]fmnrshbr(- @kk rdbshnmr vdqd cnbtldmsdc hm
] bnmenb]k ektnqdrbdmbd lhbqnrbnod &Mhjnm Rohmmhmf Chrj(
trhmf ] 5/ v]sdq l]fmhehb]shnm hlldqrhnm naidbshud- Enq
hlltmnektnqdrbdms rs]hmhmf ne sgd GC b]rd vhsg Unmr]ssdk
fq]cd /* ]mshfdm qdsqhdu]k v]r odqenqldc hm Sqhr,DCS@
ateedq vhsg oG 8-/ ]s 7/B enq 0 g: r]lokdr vdqd aknbjdc hm
ons]rrhtl ognrog]sd,ateedqdc r]khmd hm /-14# Sqhsnm W,0//
&JOAR,S( bnms]hmhmf 4# cnmjdx rdqtl enq 0 g- Rtard,
ptdmskx* sgd rdbshnmr vdqd hmbta]sdc nudqmhfgs trhmf oqhl]qx
]mshanchdr ]f]hmrs RHCS1 &092//* ]msh,q]aahs* O@A16100*
@amnu]( ]mc GSS &090// ]msh,lntrd* DL37( hm JOAR,S
bnms]hmhmf 4# cnmjdx rdqtl- Rdbshnmr vdqd k]adkkdc vhsg
ahnshm,bnmitf]sdc rdbnmc]qx ]mshancx &091//* cnmjdx ]msh,
q]aahs( enkknvdc ax @kdw] Ektnq 536,bnmitf]sdc rsqdos]uhchm
]mc @kdw] Ektnq 377,bnmitf]sdc rdbnmc]qx ]mshancx &091//*
cnmjdx ]msh,lntrd* I]bjrnm K]anq]snqhdr(- Rdbshnmr vdqd
lntmsdc nm bgqnl]shm,fdk]shm,bn]sdc fk]rr rkhcdr ]mc bnudq,
rkhoodc trhmf UDBS@RGHDKC�Lntmshmf Ldchtl &Udbsnq
K]anq]snqhdr(-

1-1-4 z Hl]fd ]bpthrhshnm

Ognsncnbtldms]shnm ne uhaq]snld ]mc rdlhsghm rdbshnmr
v]r odqenqldc trhmf ]m Nkxlotr Lhbqnrbnod AG,1
dpthoodc vhsg ]m Nkxlotr CO17,BT B]ldq] &Nkxlotr
Noshb]k( ]mc sgd bnlotsdq,]rrhrsdc bdkkRdmrd Dmsqx oqn,
fq]l udqrhnm 2 &Nkxlotr(- Hl]fdr ne 7/ �l uhaq]snld
rdbshnmr vdqd cnbtldmsdc nm Y,rs]bjr bqd]sdc vhsg Ydq,
dmd Rs]bjdq &Ydqdmd Rxrsdlr* Bgdqqxvnnc* Knno Qhbg,
k]mc* V@* TR@( hm Hl]fdI sn rgnv sgd qdoqdrdms]shud
chrsqhatshnm ne RHCS1,hlltmnqd]bshud hmbktrhnmr ]mc
GSS &lDL37(,hlltmnqd]bshud hmbktrhnmr- Hl]fdr trdc
hm sgd r]ld ehftqd vdqd ]c]osdc enq aqhfgsmdrr ]mc bnm,
sq]rs- Aqhfgsehdkc ]mc ektnqdrbdmbd hl]fd ]bpthrhshnmr ne
sgd GC b]rd vhsg Unmr]ssdk fq]cd / vdqd odqenqldc
trhmf ] Ydhrr @whn Hl]fdq L1 lhbqnrbnod &Ydhrr* Fésshm,
fdm* Fdql]mx( nq ] Ydhrr @whnb]l 2/4 bnknq b]ldq]-
Enq d]bg ehftqd* hl]fdr vdqd ]bpthqdc vhsg bnmrhrsdms rds,
shmfr* ]mc bnmsq]rs v]r noshlhydc ax ]citrshmf sgd ghrsn,
fq]l trhmf sgd Ydhrr Ydm 2-6 rnesv]qd- Hl]fd o]mdkr vdqd
bqd]sdc ]mc dchsdc trhmf @eehmhsx Cdrhfmdq 0-0/ &@eehmhsx(-

1-2 z Ldsgncr qdkYsdc sn YmhlYk lncdkr

1-2-0 z @mhl]k lncdkr

@kk lhbd vdqd gntrdc hm b]fdr ne 1’4 ]mhl]kr ]mc l]hm,
s]hmdc hm ] 01,g khfgs.c]qj bxbkd vhsg ]c khahstl ]bbdrr sn
ennc ]mc v]sdq- @kk cdrbqhadc dwodqhldms]k oqnbdctqdr
odqenqldc hm ]mhl]kr vdqd ]ooqnudc ax sgd Qdfhnm]k

5 ne 1/ F@ADQX DS @K-
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Dsghb]k Bnllhssdd hm L]klé.Ktmc* Rvdcdm tmcdq odq,
lhs mtladq 06002.1/11- Aq]hm shrrtd eqnl sgd Q5.1
lntrd* ] vdkk,drs]akhrgdc sq]mrfdmhb lncdk ne GC
dwoqdrrhmf dwnm 0 ne sgd lts]ms GSS fdmd Z15[ v]r trdc
enq mdtqno]sgnknfhb]k ]m]kxrdr ]s 5 &m + 3.fdmnsxod( ]mc
05 vddjr ne ]fd &m + 5 Q5.1 ]mc m + 1 vhkc,sxod khssdq,
l]sdr(- Sgd Q5.1 lhbd trdc hm sghr rstcx g]c ] B@F
qdod]s rhyd q]mfd adsvddm 165 ]mc 185 qdrtkshmf hm ]
rknvdq chrd]rd oqnfqdrrhnm bnlo]qdc sn Q5.1 lhbd vhsg
04/ B@F qdod]sr Z16* 17[- Aq]hm shrrtd eqnl sgd A@BGC
lntrd* ]mnsgdq vdkk,drs]akhrgdc sq]mrfdmhb GC lntrd
dwoqdrrhmf sgd etkk,kdmfsg lGSS vhsg ]qntmc 86 fkts],
lhmdr Z18[ hm sgd bnknmx ]s Ktmc Tmhudqrhsx Z2/[* v]r
trdc enq mdtqno]sgnknfhb]k ]m]kxrdr ]s 5 lnmsgr ne ]fd
&m + 5 enq A@BGC ]mc m + 2 enq vhkc,sxod khssdql]sdr(-
Aq]hm shrrtd eqnl lhbd nudqdwoqdrrhmf eq]fldmsr ne
742 ]lhmn ]bhcr ne GSS vhsg dhsgdq 68P &lGSS( nq 07P
&vhkc,sxod GSS( ]esdq gxonsg]k]lhb hmidbshnmr ne @@U
udbsnqr ]s 5 vddjr ne ]fd hm sgd dwodqhldmsr cdrbqhadc hm
Gtks ds ]k-* 1/00 Z20[ v]r trdc enq mdtqno]sgnknfhb]k ]m],
kxrdr ]s 5 ]mc 07 vddjr onrs,hmidbshnm &m + 0.fqnto(-

Hm nqcdq sn sdrs sgd deedbsr ne nudqdwoqdrrhnm ne RHCS1
hm sgd Q5.1 lhbd* ]m @@U udbsnq v]r oqnctbdc sn nudq,
dwoqdrr gtl]m RHCS1 &@@U,RHCS1(- Sgd sq]mrfdmd
rdptdmbd v]r qdftk]sdc tmcdq sgd rxm]orhm 0 oqnlnsdq
]mc ek]mjdc vhsg rhlh]m uhqtr 3/ onkx]cdmxk]shnm rhfm]k
rdptdmbd adsvddm sgd hmudqsdc sdqlhm]k qdod]s eqnl
@@U1 fdmnld ]mc o]bj]fdc hm ] @@U4 b]orhc* ]r oqduh,
ntrkx cdrbqhadc Z20* 21[- Rsdqdns]bshb hmidbshnmr ne /-4 �K
ne sgd @@U udbsnqr ]s 0-/ D03 fdmnld bnohdr.lk v]r odq,
enqldc ahk]sdq]kkx hm sgd gxonsg]k]ltr ]r oqduhntrkx
cdrbqhadc Z22[ ]s sgd enkknvhmf bnnqchm]sdr9 ]msdqhnq.onr,
sdqhnq + 0/-6 ll* ldch]k.k]sdq]k9 |/-44 ll* udmsq]k.
cnqr]k + 04-1 ll hm entq Q5.1 lhbd ]s 5 vddjr ne ]fd-
Sgd rsdqdns]bshb bnnqchm]sdr vdqd b]kbtk]sdc qdk]shud sn
sgd aqdfl] ]mc ctq]- Mdtqno]sgnknfhb]k ]m]kxrdr vdqd
odqenqldc ]s 0/ vddjr onrs,hmidbshnm* sg]s hr* ]s 05 vddjr
ne ]fd ]mc @@U,RHCS1 hmidbsdc Q5.1 lhbd vdqd bnl,
o]qdc sn tmhmidbsdc Q5.1 lhbd ne sgd r]ld ]fd &m + 3’4.
fqnto(-

1-2-1 z Hlltmnghrsnbgdlhrsqx ne lntrd
aq]hm shrrtd

Lhbd vdqd r]bqhehbdc trhmf rnchtl odmsna]qahs]k
&04/ lf.jf h-o-( ]mc sq]mrb]qch]kkx odqetrdc ehqrs vhsg
r]khmd ]mc sgdm oqd,bnnkdc 3# OE@- Aq]hmr vdqd
qdlnudc* ]mc sgdm onrs,ehwdc enq 13 g hm 3# OE@ ]mc
ok]bdc hm 14# rtbqnrd enq bqxnoqnsdbshnm- Aq]hmr vdqd
rdbshnmdc eqnydm hm sgd bnqnm]k ok]md ]s ] sghbjmdrr ne
2/ �l hm rhw rdqhdr- Sgd rdbshnmr vdqd oqnbdrrdc ]r oqduh,
ntrkx cdrbqhadc Z22[- Oqhl]qx ]mshanchdr trdc hm sgqdd
rdo]q]sd rdqhdr ne rdbshnmr vdqd ]f]hmrs RHCS1 &091///*
]msh,q]aahs* O@A16100* @amnu](* sgd M,sdqlhmtr ne
GSS &094//* ]msh,fn]s* rb,7656* R]ms] Bqty Ahnsdbgmnk,
nfx: nq 090// lDL37( nq gxonbqdshm &093///* ]msh,q]aahs*

G,//2,2/* Ogndmhw Og]ql]bdtshb]kr(- Rdbshnmr vdqd
k]adkkdc vhsg rths]akd rdbnmc]qx ]mshancx &091//* ]msh,
q]aahs* ]msh,fn]s nq ]msh,lntrd( ]mc uhrt]khrdc vhsg C@A
trhmf gxcqnfdm odqnwhc]rd- K]rskx* rdbshnmr vdqd
lntmsdc nm bgqnl]shm,fdk]shm bn]sdc fk]rr rkhcdr* cdgx,
cq]sdc hm ]m dsg]mnk ]mc wxkdmd rdqhdr ]mc bnudqrkhoodc
vhsg COW &Rhfl] @kcqhbg(-

1-2-2 z Drshl]shnm ne sgd mtladq ne
gxonbqdshm,hlltmnonrhshud mdtqnmr ]mc
lGSS hmbktrhnmr

Hl]fdr vdqd b]ostqdc ]s bnmrhrsdms l]fmhehb]shnm ]mc
aqhfgsmdrr rdsshmfr nm ] Ydhrr OqhlnRs]q lhbqnrbnod
&Ydhrr( ]mc pt]mshehdc hm Hl]fdI 0-42s- Hl]fdr ne
DL37,hlltmnqd]bshud lGSS hmbktrhnmr vdqd ]bpthqdc
ahk]sdq]kkx hm sgd rtodqhnq k]sdq]k o]qs ne sgd enqmhw ]s
aqdfl] 00-6/ ll trhmf ] 3/./-5 M@ naidbshud- Hl]fdr
vdqd l]cd ahm]qx ]mc sgqdrgnkcdc &/’02/(- V]sdqrgdc
rdfldms]shnm v]r ]ookhdc sn rdo]q]sd nudqk]oohmf hmbkt,
rhnmr- Hmbktrhnmr vhsg ] ohwdk rhyd q]mfd ne 5’14/ ]mc ]
bhqbtk]qhsx u]ktd adsvddm /-1/ ]mc 0-// vdqd ]tsnl]sh,
b]kkx bntmsdc- Sgd sns]k mtladq ne lGSS hmbktrhnmr v]r
sgdm b]kbtk]sdc odq rpt]qd ll- Hl]fdr ne gxonbqdshm,
hlltmnqd]bshud mdtqnmr vdqd ]bpthqdc ahk]sdq]kkx hm sgd
k]sdq]k gxonsg]k]lhb ]qd] ]s ] aqdfl] q]mfd ne 00-/5 sn
01-2/ ll trhmf ] 3./-0 M@ naidbshud- Hl]fdr vdqd
l]cd ahm]qx ]mc sgqdrgnkcdc &/’37(- V]sdqrgdc rdfldm,
s]shnm v]r ]ookhdc* ]mc mdtqnmr vhsg ] ohwdk rhyd q]mfd ne
04’hmehmhsx ]mc ] bhqbtk]qhsx u]ktd /-0/’0-// vdqd
bntmsdc- Sgd sns]k mtladq ne mdtqnmr v]r drshl]sdc ax
ltkshokxhmf sgd sns]k bdkk bntms ax sgd mtladq ne rdqhdr-
Hl]fd ]bpthrhshnm v]r odqenqldc ]r oqduhntrkx cdrbqhadc
enq sgd GC b]rd vhsg fq]cd /-

1-3 z Ldsgncr qdkYsdc sn bdkk btkstqd
dwodqhldmsr

1-3-0 z Bdkk btkstqd dwoqdrrhnm bnmrsqtbsr

Sn nudqdwoqdrr gtl]m RHCS1* obCM@2-0 udbsnqr b]qqxhmf
B,sdqlhm]kkx U4,s]ffdc RHCS1 &TmhOqns HC9 P7MAI8,0(
vdqd rxmsgdrhydc &AhnB]s* Gdhcdkadqf* Fdql]mx(- @
obCM@2-0 ok]rlhc vhsgnts ]m hmrdqs rdqudc ]r ]m dlosx
udbsnq bnmsqnk- Sgd GSS dwnm 0,bnchmf oBLU GSSDw0
05P ]mc oBLU GSSDw0 61P bnmrsqtbsr vdqd ] fhes eqnl
Ghk]k @- K]rgtdk &DOEK* K]tr]mmd* Rvhsydqk]mc(-

1-3-1 z Bdkk btkstqdr

@kk bdkk btkstqd dwodqhldmsr vdqd bnmctbsdc hm RG,RX4X
&@SBB9 BQK,1155( bdkkr* l]hms]hmdc hm Ctkadbbn�r
lnchehdc D]fkd ldchtl &CLDL( Fkts]L@W� rtookd,
ldmsdc vhsg 0/# ends]k anuhmd rdqtl* 0# mnm,drrdmsh]k

RHCS1 HM GTMSHMFSNM CHRD@RD 6 ne 1/
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]lhmn ]bhcr ]mc 0# @mshahnshb,@mshlxbnshb &@.@( &]kk
Fhabn�* Sgdqln Ehrgdq Rbhdmshehb( hm 4# BN1 ]s 26B-
Bdkkr vdqd sq]mrhdmskx sq]mredbsdc enq 61 g vhsg Khonedbs],
lhmd 2/// Sq]mredbshnm Qd]fdms &Sgdqln Ehrgdq Rbhdm,
shehb( ]bbnqchmf sn sgd l]mte]bstqdq�r oqnsnbnk-

1-3-2 z Oqnsdhm dwsq]bshnm eqnl bdkkr

Enq fdmdq]shmf oqnsdhm dwsq]bsr* bdkkr vdqd chrrnbh]sdc ax
sqxorhmhy]shnm ]mc bdmsqhetfdc enq 4 lhm ]s 4//f hm ]
oqd,bnnkdc &3B( bdmsqhetfd- Rtodqm]s]ms v]r chrb]qcdc
]mc bdkk odkkdsr vdqd v]rgdc vhsg bnkc 0 Ctkadbbn�r
ognrog]sd,ateedqdc r]khmd &COAR( enq 1-4 lhm ]s 4//f
]mc 3B- Bdkk odkkdsr vdqd qdrtrodmcdc hm QHO@ ateedq
&4/ lL Sqhr oG 6-4* 04/ lL M]Bk* /-0# &v.u( RCR*
/-4# &v.u( rnchtl cdnwxbgnk]sd* 0# &u.u( Sqhsnm W,0//*
]mc 0/# &u.u( fkxbdqnk( rtookdldmsdc vhsg bNlokdsd�
oqnsd]rd hmghahsnq bnbjs]hk ]mc OgnrRSNO� ognrog]s]rd
hmghahsnq &Qnbgd( ]mc tksq]rnmhb]sdc trhmf ] Rnmnotkr
tksq]rnmhb gnlnfdmhydq &A]mcdkhm dkdbsqnmhb( ]s 0/#
onvdq ]mc 0/# otkrd ctq]shnm enq 2 r- Oqnsdhm bnmbdmsq],
shnmr vdqd cdsdqlhmdc rodbsqnognsnldsqhb]kkx hm ] lhbqn,
shsdq ok]sd trhmf Ahn,Q]c Oqnsdhm @rr]x Aq]cenqc qd]fdms
&Ahn,Q]c K]anq]snqhdr(-

1-3-3 z Vdrsdqm aknsr ne bdkk btkstqdr r]lokdr

Enq oqnsdhm dwsq]bsr nas]hmdc eqnl bdkkr* Vdrsdqm aknsshmf
v]r odqenqldc ]bbnqchmf sn rs]mc]qc oqnbdctqdr- Hm
aqhde* 14 �f ne sns]k oqnsdhm v]r lhwdc hm ] q]shn 290 vhsg
3 KCR r]lokd ateedq &0 L Sqhr oG 7-4* 32# &u.u( fkxb,
dqnk* 7# &v.u( KCR* 1 lL DCS@* /-0# &u.u( Nq]mfd F(
vhsg 0// lL ne chsghnsgqdhsnk &CSS( ]mc gd]s,cdm]stqdc
]s 6/B enq 0/ lhm- Oqnsdhm r]lokdr vdqd sgdm dkdbsqn,
ognqdshb]kkx rdo]q]sdc nm 0/# Ahr,Sqhr fdkr trhmf LNOR
dkdbsqnognqdrhr ateedq &4/ lL LNOR* 4/ lL Sqhr
oG 6-6* /-0# &v.u( RCR* ]mc 0 lL DCS@(- Rdo]q]sdc
oqnsdhmr vdqd sq]mredqqdc nmsn @ldqrg]l� Oqnsq]m�
Oqdlhtl /-1 �l mhsqnbdkktknrd ldlaq]md &Bxshu]( trhmf
] Ahbhmd.Ahr,Sqhr sq]mredq ateedq &14 lL Ahbhmd* 14 lL
Ahr,Sqhr oG 6-1* 0 lL DCS@* ]mc 04# &u.u( ldsg]mnk(
]s 7/ U ]mc ] l]whltl ne 14/ l@ enq 1 g-

1-3-4 z Ehksdq qds]qc]shnm ]rr]x

Cdsdbshnm ne RCR,hmrnktakd oqnsdhmr v]r odqenqldc ]r
oqduhntrkx cdrbqhadc Z23[- Aqhdekx* 2 �f ne sns]k oqnsdhm
v]r chktsdc hm 0 COAR bnms]hmhmf 1# &v.u( RCR ]mc
4/ lL CSS ]mc gd]s,cdm]stqdc enq 4 lhm ]s 84B-
Trhmf ] Lhmhenkc� HH Rkns Akns rxrsdl &Rbgkdhbgdq %
Rbgtdkk(* ]m @ldqrg]l� Oqnsq]m� /-34 �l mhsqnbdkkt,
knrd ldlaq]md &Bxshu]( v]r dpthkhaq]sdc vhsg 0 CAOR
bnms]hmhmf /-0# &v.u( RCR* ]mc r]lokdr vdqd rtardptdmskx

ehksdqdc sgqntfg ]ookxhmf ] u]bttl- @esdqv]qcr* rknsr vdqd
v]rgdc nmbd vhsg 0 CAOR bnms]hmhmf /-0# &v.u( RCR ]mc
svhbd vhsg 0 CAOR adenqd sgd rs]mc]qc hlltmncdsdbshnm
oqnsnbnk v]r ]ookhdc-

1-3-5 z Uhrt]khy]shnm ne Vdrsdqm aknsr ]mc
ehksdq qds]qc]shnm ]rr]xr ne bdkk btkstqd r]lokdr

Ldlaq]mdr nas]hmdc eqnl Vdrsdqm aknsshmf nq ehksdq
qds]qc]shnm ]rr]xr ne bdkk btkstqd r]lokdr vdqd aknbjdc
vhsg 4# &v.u( rjhl lhkj onvcdq &Ldqbj( hm 0 SAR
&0/ lL Sqhr oG 6-4* 04/ lL M]Bk( ]s QS ]mc rtard,
ptdmskx oqnadc vhsg oqhl]qx ]mshanchdr chktsdc hm 0
SAR,S &SAR vhsg /-0# Svddm 1/( ]s 3B nudqmhfgs- @
cds]hkdc khrshmf ne trdc oqhl]qx ]mshanchdr b]m ad entmc
hm S]akd R0- @esdqv]qcr* ldlaq]mdr vdqd v]rgdc vhsg
0 SAR,S ]mc oqnadc enq 0 g ]s QS vhsg sgd qdrodbshud
ektnqdrbdmskx k]adkdc rdbnmc]qx HQCxd� ]mshanchdr &fn]s
]msh,lntrd 57/KS* fn]s ]msh,lntrd 7//BV* ]mc fn]s ]msh,
q]aahs 7//BV:815,57/1/* 815,2110/* 815,21100* ]kk 094///:
KH,BNQ Ahnrbhdmbdr(- @esdq hmbta]shnm* ldlaq]mdr vdqd
v]rgdc ] ehm]k shld vhsg 0 SAR,S- Ektnqdrbdmbd rhfm]kr
vdqd cdsdbsdc ]mc pt]mshehdc trhmf sgd KH,BNQ NCXRRDX�

EB ]mc sgd Hl]fd Rstchn 4-1 rnesv]qd &ansg KH,BNQ
Ahnrbhdmbdr(-

1-3-6 z Hlltmnbxsnrs]hmhmf ]mc
ektnqdrbdmbd lhbqnrbnox

Enq hlltmnbxsnbgdlhrsqx* RG,RX4X bdkkr vdqd rddcdc
nm onkx,K,kxrhmd &O36/6* Rhfl],@kcqhbg( oqd,bn]sdc
7,vdkk bg]ladq rkhcdr &7/*730* Hahch(* ]mc sq]mredbsdc
]esdq 13 g- @esdq 85 g* bdkkr vdqd ehwdc vhsg 3# &v.u( OE@
hm 0 COAR- Enq aknbjhmf ]mc odqld]ahkhy]shnm* bdkkr
vdqd hmbta]sdc enq 0 g ]s QS hm 0/# &v.u( anuhmd rdqtl
]katlhm* /-4# &u.u( Sqhsnm W,0//* ]mc /-/1# &v.u(
M]M2 hm 0 CAOR- Rtardptdmskx* bdkkr vdqd oqnadc vhsg
oqhl]qx ]mshanchdr ]msh,U4 &l]cd hm lntrd* 094//: bknmd
RU4,Oj0* �Q85/,14* Sgdqln Ehrgdq Rbhdmshehb( ]mc ]msh,
GSS &l]cd hm q]aahs* 094//: bknmd DOQ4415* ]a0/8004*
@ab]l( chktsdc hm ]mshancx chktdms &0# &v.u( anuhmd
rdqtl ]katlhm* /-4# &u.u( Sqhsnm W,0//* /-/1# &v.u(
M]M2 hm 0 CAOR( ]s 3B nudqmhfgs- Sgd enkknvhmf c]x*
bdkkr vdqd v]rgdc ]mc hmbta]sdc enq 0 g ]s QS vhsg fn]s
]msh,lntrd HfF @kdw]Ektnq� 483 nq fn]s ]msh,q]aahs
@kdw]Ektnq� 377 &ansg 094//: @21631* @16/23* Sgdqln
Ehrgdq Rbhdmshehb(- @esdq v]rghmf* bdkkr vdqd lntmsdc ]mc
bntmsdqrs]hmdc vhsg UDBS@RGHDKC� @mshe]cd Lntmshmf
Ldchtl vhsg C@OH &G,01//* Udbsnq K]anq]snqhdr(- Doh,
ektnqdrbdmbd hl]fdr vdqd s]jdm ]s ] 52/ &Ok]m,Mdnekt]q
52.0-3 nhk naidbshud( l]fmhehb]shnm nm ]m @whnok]m 1 hl]f,
hmf lhbqnrbnod dpthoodc vhsg ]m @onSnld ]mc ]m @whn,
B]l LQl b]ldq]* trhmf sgd @whnUhrhnm 3-2 hl]fhmf
rnesv]qd &]kk Ydhrr* Nadqjnbgdm* Fdql]mx(-

7 ne 1/ F@ADQX DS @K-
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1-4 z RsYshrshbYk YmYkxrdr

C]s] nm gtl]m ]mc lntrd shrrtdr v]r ]m]kxydc trhmf
hmcdodmcdms r]lokdr L]mm’Vghsmdx T sdrs nq Rstcdmsr
s sdrs hm RORR Hmb- 07-/- Rs]shrshb]k rhfmhehb]mbd v]r rds ]s
o,u]ktd ;/-/4- Fq]ogr vdqd fdmdq]sdc trhmf Fq]ogO]c
Oqhrl 0/-1 &Fq]ogO]c Rnesv]qd(- C]s] ]qd oqdrdmsdc ]r
ld]m | rs]mc]qc cduh]shnm &RC( nq ldch]m vhsg q]mfd-
Rs]shrshb]k ]m]kxrdr ne bdkk btkstqd,a]rdc dwodqhldmsr vdqd
odqenqldc trhmf Fq]ogO]c Oqhrl 0/-0-0 &Fq]ogO]c
Rnesv]qd(- Qdrtksr ]qd oqdrdmsdc ]r a]q bg]qsr qdoqdrdms,
hmf ld]m � rs]mc]qc dqqnq ne ld]m &RDL(- Svn,v]x
@MNU@ vhsg sgd qdrodbshud onrs,gnb ]m]kxrdr vdqd
]ookhdc- Rs]shrshb]k rhfmhehb]mbd v]r rds ]s ] o,u]ktd �/-/4-
Etqsgdq hmenql]shnm hr oqnuhcdc hm sgd qdrodbshud ehftqd
kdfdmcr-

2 z PDRTKSR

2-0 z RHCS1 kdudkr Yqd qdctbdc hm rsqhYstl
Ymc kYsdqYk gxonsgYkYltr hm gtlYm GC bYrdr

Ehqrs* vd hmudrshf]sdc RHCS1 oqnsdhm kdudkr hm gtl]m
onrslnqsdl shrrtd eqnl GC ]mc bnmsqnk b]rdr- Vdrsdqm
akns ]m]kxrhr qdud]kdc ] rhfmhehb]ms qdctbshnm ne RHCS1
oqnsdhm kdudkr hm sgd b]tc]sd mtbkdtr ne sgd rsqh]stl &82#
vhsg ]mshancx 0 ]mc 57# qdctbshnm vhsg ]mshancx 1( ]mc
] rhfmhehb]ms 56# qdctbshnm ne RHCS1 hm sgd k]sdq]k gxon,
sg]k]lhb ]qd] ne GC b]rdr bnlo]qdc sn bnmsqnk b]rdr
&Ehftqd 0@*A*C ]mc R0’R3(- Mn cheedqdmbdr hm RHCS1
oqnsdhm kdudkr vdqd cdsdbsdc adsvddm GC ]mc bnmsqnk
b]rdr hm sgd eqnms]k bnqsdw &Ehftqd 0B(- lQM@ kdudkr ne
RHCS1 hm sgd rsqh]stl nq sgd eqnms]k bnqsdw chc mns cheedq
adsvddm GC ]mc bnmsqnk b]rdr &Ehftqd 0D*E(- Sghr c]s]
hmchb]sd ] cdokdshnm ne rnktakd RHCS1 oqnsdhm hm sgd rsqh],
stl ]mc* sn ] kdrrdq dwsdms* hm sgd k]sdq]k gxonsg]k]lhb
]qd] ctqhmf k]sdq rs]fdr ne GC* hmcdodmcdms ne hsr
sq]mrbqhoshnm-

2-1 z B:F,cdodmcdms eqdptdmbx ne
RHCS1,hlltmnqdYbshud hmbktrhnmr hm sgd
GC :BB

Fhudm sgd oqdrdqudc RHCS1 oqnsdhm kdudkr hm sgd GC bnq,
sdw* ]mc rhmbd sgd @BB hr bg]q]bsdqhydc ax eqdptdms
lGSS hmbktrhnmr tmkhjd rsqh]s]k ]qd]r sg]s chrok]x
fqd]sdq mdtqnm]k knrr hm k]sdq rs]fdr Z24[* vd dw]lhmdc
RHCS1 hlltmnqd]bshuhsx hm sgd @BB ne onrslnqsdl
gtl]m GC b]rdr- RHCS1 hlltmnqd]bshuhsx v]r nardqudc
hm mtldqntr mdtqnmr hm ansg GC ]mc bnmsqnk b]rdr vhsg
] rhlhk]q chrsqhatshnm o]ssdqm &Ehftqd 1@*B*D*F*H(- Sgd
qd]bshuhsx v]r cdsdbsdc hm sgd mtbkdtr* bxsnok]rl* ]mc
cdmcqhshb oqnbdrrdr* u]qxhmf hm dwoqdrrhnm ]mc hmsdmrhsx-
Hmsdqdrshmfkx* GC b]rdr rgnvdc RHCS1,hlltmnqd]bshud
hmsq]mtbkd]q hmbktrhnmr ne tmhenql rhyd vgdm bnlo]qdc sn

bnmsqnk b]rdr- Hm GC o]shdmsr vhsg B@F qdod]s kdmfsgr
ne 31 ]mc 34* RHCS1 hmbktrhnmr vdqd q]qd &Ehftqd 1B*
c]s] enq B@F 34 mns rgnvm(* vgdqd]r hm GC hmchuhct]kr
vhsg B@F qdod]sr ne 4/ ]mc 55* hmsq]mtbkd]q hmbktrhnmr
vdqd eqdptdms* rtffdrshmf sg]s sgd eqdptdmbx ne RHCS1
hmsq]mtbkd]q hmbktrhnmr hr cdodmcdms nm sgd B@F qdod]s
kdmfsg &Ehftqd 1D*F*H(- Lnrs hmbktrhnmr vdqd knb]khydc hm
k]xdqr U ]mc UH ne sgd @BB-

Vd sgdm bnlo]qdc RHCS1 hlltmnqd]bshuhsx vhsg sgd
chrsqhatshnm ne lGSS hmbktrhnmr hm sgd @BB- Sgd cdmrhsx
ne DL37,hlltmnonrhshud hmbktrhnmr ]krn hmbqd]rdc vhsg
sgd B@F qdod]s kdmfsg &Ehftqd 1* C* E* G* I(* bnmehqlhmf
oqduhntr nardqu]shnmr hm bnqshb]k ]qd]r Z25[- Gnvdudq* hm
bnmsq]rs sn RHCS1,hlltmnqd]bshud hmsq]mtbkd]q hmbkt,
rhnmr* DL37,hlltmnqd]bshud hmbktrhnmr vdqd gdsdqnfd,
mdntr hm rhyd ]mc enql* l]hmkx knb]khydc hm sgd bxsnok]rl
]mc mdtqnohk* vghkd hmsq]mtbkd]q hmbktrhnm anchdr vdqd
q]qd- Sn dktbhc]sd sgd rtabdkktk]q bnlonrhshnm ne RHCS1
hmsq]mtbkd]q hmbktrhnmr* sq]mrlhrrhnm hlltmndkdbsqnm
lhbqnrbnox v]r odqenqldc* rgnvhmf cdmrd ]mc
ldlaq]md,kdrr RHCS1,hlltmnqd]bshud hmsq]mtbkd]q
hmbktrhnmr sg]s vdqd bkd]qkx chrshmfthrg]akd eqnl sgd
mtbkdnktr &Ehftqd 2@’B(- Bn,knb]khy]shnm ne lGSS ]mc
RHCS1 v]r q]qdkx nardqudc* ]r hkktrsq]sdc ax hlltmnekt,
nqdrbdmbd sqhokd rs]hmhmf &Ehftqd 2C(-

2-2 z RHCS1,hlltmnqdYbshud hmbktrhnmr Yqd
oqdrdms hm Ym GC bYrd vhsg UnmrYssdk fqYcd /

Sn hmudrshf]sd sgd d]qkx oqdrdmbd ne RHCS1 hlltmnqd]bshu,
hsx ]r vdkk ]r lGSS hmbktrhnmr* vd ]m]kxydc ] q]qd GC b]rd
vhsg 32 B@F qdod]sr ]mc ] Unmr]ssdk fq]cd / Z11[- Vd
nardqudc eqdptdms DL37,hlltmnqd]bshud lGSS hmbktrhnmr
hm sgd eqnms]k bnqsdw &Ehftqd 3@*A(* sgd b]tc]sd mtbkdtr ne
sgd rsqh]stl &Ehftqd 3E*F(* ]mc hm sgd k]sdq]k gxonsg]k]lhb
]qd] &Ehftqd 3J*K(- RHCS1 hlltmnqd]bshud hmbktrhnmr vdqd
cdsdbsdc hm sgd r]ld aq]hm qdfhnmr &Ehftqd 3B’D* G’I* L*
M(- Hm sgd eqnms]k bnqsdw* RHCS1,hlltmnqd]bshud hmbktrhnmr
vdqd l]hmkx enqldc hm k]xdq HH ]mc U,UH &Ehftqd 3 B’D(-
Hlltmnektnqdrbdms ]m]kxrhr rgnvr sg]s nmkx udqx edv bdkkr
chrok]x bn,knb]khy]shnm ne RHCS1 ]mc lGSS hmbktrhnmr
&Ehftqd 3N( ]mc sg]s lnrs RHCS1 hmbktrhnmr cn mns bn,
knb]khyd vhsg lGSS hmbktrhnmr &Ehftqd 3O(- Sghr hr bnmrhr,
sdms vhsg nardqu]shnmr hm GC b]rdr vhsg ghfgdq Unmr]ssdk
fq]cdr &Ehftqd 2C(- Gdmbd* lnrs RHCS1,hlltmnqd]bshud
hmbktrhnmr cn mns bn,knb]khyd vhsg DL37,hlltmnqd]bshud
lGSS hmbktrhnmr hm onrslnqsdl gtl]m aq]hm shrrtd eqnl
bkhmhb]k GC b]rdr-

2-3 z RHCS1,hlltmnqdYbshud hmbktrhnmr
YoodYq kYsdq sgYm sgd enqlYshnm ne lGSS
hmbktrhnmr hm sgd P5.1 GC lntrd lncdk

Vd sgdm dw]lhmdc vgdsgdq RHCS1,hlltmnqd]bshud
hmbktrhnmr vdqd oqdrdms hm sgd aq]hmr ne GC lntrd

RHCS1 HM GTMSHMFSNM CHRD@RD 8 ne 1/
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lncdkr- Hm sgd Q5.1 lntrd lncdk* vd chc mns cdsdbs
RHCS1,hlltmnqd]bshud hmbktrhnmr ]s 5 vddjr ne ]fd hm sgd
rsqh]stl* gxonsg]k]ltr* ]mc bdqdaq]k bnqsdw &Ehftqd 4A*G*
M(- Gnvdudq* ]s 05 vddjr ne ]fd* RHCS1,hlltmnqd]bshud
hmbktrhnmr vdqd oqdrdms hm sgdrd sgqdd qdfhnmr hm Q5.1 lhbd
&Ehftqd 4D*J*P(- Vd chc mns cdsdbs ]mx RHCS1,
hlltmnqd]bshud hmbktrhnmr hm sgd rsqh]stl* sgd gxonsg]k],
ltr* nq sgd bdqdaq]k bnqsdw hm ]mx vhkc,sxod khssdql]sdr ]s
sgdrd svn shld onhmsr &Ehftqd 4@*C*F*I*L*O(- @r dwodbsdc*
DL37,hlltmnqd]bshud lGSS hmbktrhnmr vdqd oqdrdms hm
sgdrd sgqdd aq]hm qdfhnmr ]s 5 vddjr ne ]fd ]mc rgnvdc ]
ghfgdq cdmrhsx ]s 05 vddjr ne ]fd &Ehftqd 4B*E*H*K*N*Q(- A]rdc
nm sgd ]m]kxrdr ne Q5.1 aq]hm shrrtdr* RHCS1,hlltmnqd]bshud

hmbktrhnmr ]ood]q ]s ] k]sdq rs]fd sg]m DL37,
hlltmnqd]bshud lGSS hmbktrhnmr- @ rhlhk]q nardqu]shnm
v]r l]cd hm gxonsg]k]lhb shrrtd ne lhbd vhsg @@U udbsnq
ldch]sdc nudqdwoqdrrhnm ne ] k]qfd eq]fldms ne lGSS vhsg
68 fkts]lhmdr* vgdqd l]mx bdkkr enqldc lGSS hmbktrhnmr
]s 5 vddjr onrs,hmidbshnm* ]r qdonqsdc oqduhntrkx Z20[* ats
nmkx ] edv bdkkr chrok]xdc RHCS1,hlltmnonrhshud hmbkt,
rhnmr &Ehftqd 5@*A(- @s 07 vddjr onrs,hmidbshnm* sgd cdm,
rhsx ne lGSS hmbktrhnmr v]r hmbqd]rdc* ]r vdkk ]r sgd
cdmrhsx ne RHCS1,hlltmnqd]bshud hmbktrhnmr &Ehftqd 5B*C(-
RHCS1,hlltmnqd]bshud hmbktrhnmr nq lGSS hmbktrhnmr vdqd
mns oqdrdms ]esdq nudqdwoqdrrhnm ne ] rhlhk]q GSS eq]fldms
vhsg ] mnql]k kdmfsg ne 07 fkts]lhmdr ]s 07 vddjr onrs,

E H F T P D 0 Qdctbdc RHCS1 oqnsdhm kdudkr hm sgd rsqh]stl ]mc sgd k]sdq]k gxonsg]k]lhb ]qd] hm GC b]rdr- Vdrsdqm aknsr ne RHCS1 hm sgd rsqh]stl
&@* A(* sgd bdqdaq]k bnqsdw &B(* ]mc sgd k]sdq]k gxonsg]k]lhb ]qd] &C( eqnl GC b]rdr bnlo]qdc sn ]fd, ]mc rdw,l]sbgdc bnmsqnk b]rdr- @mshancx 0 hr
@ab]l ]a74736* ]mc ]mshancx 1 hr @amnu] O@A16100 sg]s qdok]bdc sgd ehqrs ]mshancx hm sghr rstcx ctd sn sgd chrbnmshmt]shnm ne ]mshancx 0 ]s sgd
bnlo]mx kdudk- pQS,OBQ rgnvr mn cheedqdmbdr hm lQM@ kdudkr ne RHCS1 hm sgd rsqh]stl &D( ]mc bdqdaq]k bnqsdw &E( adsvddm GC ]mc bnmsqnk b]rdr-
C]s] ]qd dwoqdrrdc ]r ld]m | RC- Rstcdms�r s,sdrs* ) + o ; /-/4-

0/ ne 1/ F@ADQX DS @K-
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hmidbshnm &Ehftqd 5D*E(- Vd sgdm dw]lhmdc RHCS1,
hlltmnqd]bshuhsx hm sgdrd aq]hm qdfhnmr hm sgd A@BGClhbd
dwoqdrrhmf etkk,kdmfsg lGSS vhsg 86 fkts]lhmdr Z18[- Vd
bntkc mns cdsdbs ]mx RHCS1, nq DL37,hlltmnqd]bshud
lGSS hmbktrhnmr hm sgd rsqh]stl* bdqdaq]k bnqsdw* ]mc gxon,
sg]k]ltr ne A@BGC lhbd ]s 5 lnmsgr ne ]fd* ] rs]fd vgdm
sgdrd lhbd chrok]x ]m nudqs ogdmnsxod &Ehftqd R4(- S]jdm
snfdsgdq* RHCS1,hlltmnqd]bshud hmbktrhnmr ]ood]q sn
cdudkno ]esdq sgd enql]shnm ne lGSS hmbktrhnmr hm GClhbd-

2-4 z Nudqdwoqdrrhnm ne RHCS1 trhmf ::U
udbsnqr qdctbdr sgd mtladq ne lGSS hmbktrhnmr
hm sgd kYsdqYk gxonsgYkYlhb YqdY hm P5.1 lhbd

Fhudm sg]s ] oqduhntr rstcx Z1/[ cdlnmrsq]sdc ] qdctbshnm
hm lGSS hmbktrhnmr enkknvhmf RHCS1 nudqdwoqdrrhnm

hm uhsqn* vd bnmctbsdc ]m hm uhun oqnne,ne,oqhmbhokd dwodqh,
ldms- Vd cdrhfmdc ]m @@U udbsnq dwoqdrrhmf gtl]m
RHCS1 sg]s v]r hmidbsdc hmsn sgd gxonsg]k]ltr ne Q5.1
lhbd ]s 5 vddjr ne ]fd* ]mc sgd deedbsr vdqd ]rrdrrdc
0/ vddjr onrs,hmidbshnm- Vd bnmehqldc sgd oqdrdmbd ne @@U
udbsnq cdkhudqdc RHCS1 ax hlltmnghrsnbgdlhrsqx trhmf ]m
]mshancx ]f]hmrs RHCS1 &Ehftqd 6@*A(- Sgd Q5.1 lhbd* rhl,
hk]qkx sn odqrnmr vhsg GC* rgnv knrr ne gxonbqdshm &nqdwhm(
mdtqnmr hm sgd k]sdq]k gxonsg]k]lhb ]qd] Z4* 26[- Sgdqdenqd*
vd dw]lhmdc sgd k]sdq]k gxonsg]k]lhb ]qd] ]mc entmc sg]s
@@U,ldch]sdc nudqdwoqdrrhnm ne RHCS1 qdrtksdc hm ] 34#
qdctbshnm hm sgd cdmrhsx ne lGSS hmbktrhnmr &o + /-/0(
]mc ] sqdmc snv]qcr ] 05# hmbqd]rd hm gxonbqdshm,
hlltmnqd]bshud mdtqnmr bnlo]qdc sn tmhmidbsdc Q5.1 lhbd
]s sgd r]ld ]fd &o + /-06(- Sgdqd vdqd mn rhfmhehb]ms cheedq,
dmbdr hm ancx vdhfgs adsvddm RHCS1,nudqdwoqdrrhmf Q5.1
lhbd bnlo]qdc sn tmhmidbsdc Q5.1 lhbd &c]s] mns rgnvm(-

E H F T P D 1 Enql]shnm ne
RHCS1,hlltmnqd]bshud B@F,
qdod]s cdodmcdms hmbktrhnmr hm
gtl]m GC bnqsdw- RHCS1
hlltmnqd]bshuhsx hr knb]khydc hm
ltkshokd mdtqnm]k mtbkdh*
bxsnok]rl* ]mc cdmcqhsdr ne GC
]mc hm bnmsqnk ]msdqhnq bhmftk]sd
bnqsdw &@* B* D* F* H(- Hm sgd GC
b]rd vhsg 31 B@F qdod]sr* sgdqd
]qd rhmfkd RHCS1 hmsq]mtbkd]q
hmbktrhnmr &B: ak]bj ]qqnv( mns
nardqudc hm sgd bnmsqnk &@(- GC
b]rdr vhsg 4/ ]mc 55 B@F qdod]sr
oqdrdms ]atmc]ms hmbktrhnmr
&D* F* H(- DL37,hlltmnqd]bshud
lGSS hmbktrhnmr* k]bjhmf hm sgd
bnmsqnk &A(* ]krn adbnld cdmrdq hm
chrsqhatshnm vhsg hmbqd]rhmf B@F
kdmfsg &C* E* G(* ats hm bnmsq]rs
sn sgd RHCS1 hmbktrhnmr* sgd
DL37,hlltmnonrhshud lGSS
hmbktrhnmr ]qd gdsdqnfdmdntr hm
rhyd ]mc enql &I( ]mc l]hmkx
knb]khydc hm sgd bxsnok]rl ]mc
mdtqnohk- Hmsq]mtbkd]q
DL37,hlltmnqd]bshud hmbktrhnmr
]qd q]qd-

RHCS1 HM GTMSHMFSNM CHRD@RD 00 ne 1/
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2-5 z Nudqdwoqdrrhnm ne RHCS1 qdctbdr
rnktakd Ymc hmrnktakd lGSS oqnsdhm hm RG,
RX4X bdkkr vhsgnts Yeedbshmf lYinq oqnsdnkxshb
cdfqYcYshnm oYsgvYxr

@ oqduhntr rstcx cdlnmrsq]sdc sg]s RHCS1 nudqdwoqdr,
rhnm kd]cr sn ] qdctbshnm hm GSS lQM@* ]r vdkk ]r
qdctbdc rnktakd ]mc hmrnktakd lGSS oqnsdhm kdudkr hm
ltqhmd Mdtqn1] bdkkr bn,sq]mredbsdc vhsg udbsnqr dmbnc,
hmf DFEO,s]ffdc GSS dwnm 0 ]mc lntrd Phcs. Z1/[- Sn
u]khc]sd ansg ntq nardqu]shnmr hm Q5.1 lhbd ]mc sgdrd
d]qkhdq ehmchmfr hm lntrd bdkkr hm ] gtl]m bdkk lncdk rxr,
sdl* vd qdokhb]sdc sgd bnqqdronmchmf bnmchshnm hm RG,
RX4X mdtqnak]rsnl] bdkkr nudqdwoqdrrhmf tms]ffdc GSS
dwnm 0 05P ]mc 61P ]knmf vhsg gtl]m U4,s]ffdc
PHCS.- Vdrsdqm akns ]m]kxrhr bnmehqldc ]m ]ooqnwh,
l]sdkx 3,enkc nudqdwoqdrrhnm ne RHCS1 qdrtksdc hm ] rhf,
mhehb]ms qdctbshnm ne rnktakd GSS dwnm 0 05P ]mc* dudm
lnqd oqnmntmbdc* onkxP,dwo]mcdc GSS dwnm 0 61P
&Ehftqd 7@*A(- Sn ]rrdrr onsdmsh]k deedbsr nm GSS dwnm
0 61P ]ffqdf]shnm* vd odqenqldc ehksdq qds]qc]shnm ]rr]xr
sn cdsdbs RCR,hmrnktakd GSS- Bnmrhrsdms vhsg ntq ehmc,
hmfr nm rnktakd GSS dwnm 0* hmrnktakd GSS dwnm 0 61P
kdudkr v]r rhfmhehb]mskx qdctbdc tonm RHCS1 nudqdwoqdr,
rhnm &Ehftqd 7B(-

Rhmbd RHCS1 g]r addm qdonqsdc sn mns nmkx lnctk]sd
QM]tsnog]fx ats ]krn l]bqn]tsnog]fx hm fdmdq]k Z27[*
vd rntfgs sn cdsdqlhmd vgdsgdq sgd nardqudc deedbsr nm
rnktakd ]mc hmrnktakd GSS dwnm 0 kdudkr vdqd ctd sn
bg]mfdr hm a]rdkhmd ]tsnog]fx- Sn sdrs sghr ]mc sn hmudrsh,
f]sd onsdmsh]k deedbsr nm sgd TOR* vd ]m]kxydc oqnsdhm
l]qjdqr ne ansg o]sgv]xr- Vdrsdqm akns ]m]kxrhr qdud]kdc
mn rhfmhehb]ms bg]mfdr hm J37,khmjdc onkxtahpthshm]sdc
oqnsdhmr &] l]qjdq enq sgd TOR(* RPRSL0.o51 kdudkr* nq

sgd KB2A,HH sn KB2A,H q]shn* hmchb]shmf mn ]ksdq]shnmr hm
a]rdkhmd ]tsnog]fx &Ehftqd R5@*A(- Sgdrd ehmchmfr qtkd
nts sgd ]bshu]shnm ne dhsgdq oqnsdnkxshb cdfq]c]shnm o]sg,
v]x ]r sgd tmcdqkxhmf b]trd ne RHCS1,cqhudm GSS dwnm
0 qdctbshnm hm ntq bdkk lncdk-

Fhudm ntq oqduhntr nardqu]shnmr ne RHCS1,
hlltmnqd]bshud hmbktrhnmr hm ansg GC o]shdms aq]hm shr,
rtd ]mc GC lhbd* vd dwsdmcdc ntq lhbqnrbnox ]m]kxrhr
sn sgd RG,RX4X nudqdwoqdrrhnm lncdk- Doh,ektnqdrbdmbd
lhbqnrbnox bnmehqldc sgd oqdrdmbd ne hmbktrhnm,khjd
rsqtbstqdr hm bdkkr nudqdwoqdrrhmf RHCS1* vghbg chc mns
chqdbskx bn,knb]khyd vhsg GSS dwnm 0 61P hmbktrhnm anc,
hdr &Ehftqd 7C(- Hm rtll]qx* ntq gtl]m mdtqnak]rsnl]
bdkk,a]rdc ]m]kxrhr bnmehqlr oqduhntr qdonqsr ]mc ntq
hm uhun ehmchmfr* cdlnmrsq]shmf sg]s RHCS1 nudqdwoqdr,
rhnm knvdqr ansg rnktakd ]mc hmrnktakd lGSS kdudkr-
@cchshnm]kkx* ntq qdrtksr rtoonqs sgd onsdmsh]k ne RHCS1
sn enql hmbktrhnm,khjd rsqtbstqdr-

3 z CHRBTRRHNM

RHCS1 hr ] kxrnrnl]k oqnsdhm hmunkudc hm QM@ ]mc CM@
]tsnog]fx- Gdqd vd oqnuhcd sgd ehqrs duhcdmbd ne rhfmhehb]ms
]ksdq]shnmr ne sgd RHCS1 rxrsdl hm onrslnqsdl aq]hm shrrtd
eqnl odqrnmr vhsg GC ]mc hm ltkshokd GC lncdkr- Vd
rgnv sg]s RHCS1,hlltmnqd]bshud hmbktrhnmr ]qd oqdrdms hm
aq]hm shrrtd chrok]xhmf lGSS hmbktrhnmr* ]ksgntfg sgdx rdk,
cnl bn,knb]khyd- Hmbktrhnmr vhsg RHCS1 ]qd qd]chkx cdsdbsdc
hm sgd b]tc]sd mtbkdtr ne sgd rsqh]stl* sgd eqnms]k bnqsdw*
]mc sgd k]sdq]k gxonsg]k]lhb ]qd] hm gtl]m onrslnqsdl
GC shrrtd ]r vdkk ]r hm ]mhl]k lncdkr ne GC- Lnqdnudq*
RHCS1,hlltmnqd]bshud hmbktrhnmr ]ood]q sn enql hm ]
B@F,qdod]s cdodmcdms e]rghnm rtardptdms sn sgd enql]shnm

E H F T P D 2 RHCS1 sq]mrlhrrhnm dkdbsqnm ]mc ektnqdrbdmbd lhbqnrbnox hm gtl]m GC bnqsdw- Odqnwhc]rd hlltmnghrsnbgdlhrsqx &@’B( rgnvr ]
k]qfd oxq]lhc]k bdkk hm k]xdq U ne sgd ]msdqhnq bhmftk]sd bnqsdw vhsg ] RHCS1,hlltmnqd]bshud hmsq]mtbkd]q hmbktrhnm &HMH( bkd]qkx chrshmfthrgdc eqnl
sgd mtbkdnktr &M( ]r hkktrsq]sdc hm ] rdlhsghm rdbshnm bntmsdqrs]hmdc vhsg Snkthchmd,aktd &@( ]mc ] sq]mrlhrrhnm dkdbsqnm lhbqnrbnohb ohbstqd &A(- Sgd
dmk]qfdldms &B( bnmehqlr ldlaq]md,kdrr HMH hmchb]sdc ax ak]bj ]qqnvr- &C( Sqhokd ektnqdrbdmbd rs]hmhmf vhsg RHCS1 &fqddm(* DL37 &qdc(* ]mc C@OH
&aktd( dwghahsr nmkx q]qd bn,knb]khy]shnm ne lGSS ]mc RHCS1 &vghsd ]qqnv(-

01 ne 1/ F@ADQX DS @K-
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ne lGSS hmbktrhnmr- @s k]sdq GC rs]fdr* RHCS1 oqnsdhm
kdudkr ]qd rhfmhehb]mskx qdctbdc* o]qshbtk]qkx hm sgd rsqh]stl
ats ]krn hm sgd k]sdq]k gxonsg]k]lhb ]qd]* vhsgnts bg]mfdr
hm PHCS. lQM@ kdudkr- Sghr rtffdrsr ] onsdmsh]k cdokdshnm
ne rnktakd RHCS1 ctqhmf ]ssdlosdc lGSS cdfq]c]shnm-
Hmsdqdrshmfkx* bnmrhrsdms vhsg ] oqhnq hm uhsqn rstcx Z1/[* vd
rgnv ] rhfmhehb]ms qdctbshnm ne lGSS kn]c ]esdq RHCS1
nudqdwoqdrrhnm hm ansg Q5.1 lhbd ]mc ] mdtqnak]rsnl] bdkk
khmd nudqdwoqdrrhmf lGSS dwnm 0- S]jdm snfdsgdq* ntq
c]s] cdlnmrsq]sd mnudk mdtqno]sgnknfhb]k ed]stqdr hmunku,
hmf RHCS1 hm GC ]mc etqsgdq rtoonqs sgd onsdmsh]k sgdq],
odtshb deedbsr ne lnctk]shmf sghr o]sgv]x-

Mdtqno]sgnknfhb]k g]kkl]qjr hm GC hmbktcd sgd oqdrdmbd
ne lGSS bnms]hmhmf hmbktrhnmr- Sgd oqdrdms rstcx qdud]kr sg]s
RHCS1,hlltmnqd]bshud hmbktrhnmr bnmrshstsd ]m ]cchshnm]k
mdtqno]sgnknfhb]k g]kkl]qj- Rhmbd RHCS1,hlltmnqd]bshud
hmbktrhnmr q]qdkx bn,knb]khydc vhsg lGSS hmbktrhnmr* ]r
]rrdrrdc vhsg sgd DL37,]mshancx* sgdrd hmbktrhnmr l]x
nbbtq hmcdodmcdmskx- Gnvdudq* ntq ]m]kxrdr hmchb]sd sg]s
RHCS1 hmbktrhnmr nmkx enql hm aq]hm shrrtd sg]s ]krn

bnms]hmr lGSS hmbktrhnmr* ]ksgntfg ]s ] k]sdq rs]fd- Sgdqd,
enqd* sgd enql]shnm ne RHCS1 hmbktrhnmr ]mc lGSS hmbkt,
rhnmr l]x qdekdbs rhlhk]q tmcdqkxhmf o]sgnfdmhb oqnbdrrdr
nbbtqqhmf hm o]q]kkdk-

Sn ntq jmnvkdcfd* nmkx nmd oqhnq otakhrgdc rstcx g]r
hmudrshf]sdc RHCS1 hm GC Z1/[- Sg]s rstcx rgnvdc sg]s
RHCS1 ahmcr snGSS lQM@ hm ] B@F cdodmcdms e]rghnm-
Gdqd vd cdsdbsdc sgd enql]shnm ne RHCS1,hlltmnqd]bshud
hmbktrhnmr hm ]eedbsdc GC aq]hm shrrtdr ]mc nardqudc ]m
hmbqd]rdc cdmrhsx ne RHCS1 hmbktrhnmr hm GC b]rdr vhsg
ghfgdq B@F qdod]sr hm sgd @BB- Ansg oqduhntr ]mc qdbdms
rstchdr g]ud rgnvm rnl]shb dwo]mrhnm ne sgd lGSS fdmd
hm sgd rsqh]stl ]mc bdqdaq]k bnqsdw hm onrslnqsdl
b]rdr vhsg GC Z28’31[- Hs hr onrrhakd sg]s sgd
RHCS1,bnms]hmhmf hmbktrhnmr ]krn qdekdbs sgd oqdrdmbd
ne rnl]shb dwo]mrhnm hm lGSS QM@- @r RHCS1
ahmcr sn B@F qdod]sr* sgd enql]shnm ne RHCS1 hmbkt,
rhnmr l]x ]krn ad oqdrdms hm aq]hmr eqnl odqrnmr vhsg
nsgdq B@F sqhokds qdod]s chrnqcdqr rtbg ]r sgd rohmnbdqd,
adkk]q ]s]wh]r- Hs vntkc sgdqdenqd ad hmsdqdrshmf sn dw]lhmd

E H F T P D 3 DL37, ]mc RHCS1,hlltmnonrhshud hmbktrhnmr hm gtl]m onrslnqsdl shrrtd eqnl ]m GC b]rd vhsg Unmr]ssdk fq]cd
/- DL37,hlltmnqd]bshud GSS hmbktrhnmr ]qd nardqudc hm sgd eqnms]k bnqsdw &@* A(* sgd b]tc]sd mtbkdtr ne sgd rsqh]stl &E* F(* ]mc hm sgd k]sdq]k
gxonsg]k]lhb ]qd] &J* K( ne ]m GC aq]hm vhsg Unmr]ssdk fq]cd / &@(- RHCS1,hlltmnqd]bshud hmbktrhnmr ]qd cdsdbsdc hm sgd r]ld aq]hm qdfhnmr &B’D*
G’I* L* M(- Hlltmnektnqdrbdms ]m]kxrhr rgnvr sg]s nmkx ] udqx edv bdkkr g]ud bn,knb]khy]shnm ne RHCS1 ]mc lGSS hmbktrhnmr &N(* vgdqd]r lnrs
RHCS1 hmbktrhnmr cn mns bn,knb]khyd vhsg lGSS hmbktrhnmr &O(* rtffdrshmf hmcdodmcdms ]ffqdf]shnm o]sgv]xr &C(-
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E H F T P D 4 Q5.1 lhbd enql
RHCS1,hlltmnqd]bshud hmbktrhnmr
enkknvhmf sgd enql]shnm ne lGSS
hmbktrhnmr- Hm Q5.1 lhbd ]s 5 vddjr
&vjr( ne ]fd* rhmfkd
RHCS1,hlltmnqd]bshud hmbktrhnmr ]qd
oqdrdms hm sgd bdqdaq]k bnqsdw vhsg mn
RHCS1 hlltmnqd]bshuhsx hm sgd
rsqh]stl ]mc gxonsg]k]ltr &A* G* M(-
@s sghr ]fd* Q5.1 lhbd chrok]x
DL37,hlltmnqd]bshud lGSS
hmbktrhnmr hm sgdrd aq]hm qdfhnmr &B* H*
N(- @s 05 vddjr ne ]fd* Q5.1 lhbd
g]ud enqldc RHCS1,hlltmnqd]bshud
hmbktrhnmr hm sgd rsqh]stl*
gxonsg]k]ltr* ]mc bdqdaq]k bnqsdw
&D* J* P( vhsg ]m hmbqd]rdc eqdptdmbx
ne lGSS hmbktrhnmr &E* I* Q(- Aq]hm
qdfhnmr eqnl vhkc,sxod
&VS( khssdql]sdr ne sgd r]ld ]fd rgnv
mn RHCS1 nq lGSS hlltmnqd]bshuhsx
&@* C* F* I* L* O(-

03 ne 1/ F@ADQX DS @K-
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vgdsgdq RHCS1,hlltmnqd]bshud hmbktrhnmr ]qd oqdrdms hm
aq]hmr eqnl odqrnmr vhsg rtbg chrnqcdqr-

Sghr rstcx cdlnmrsq]sdr enq sgd ehqrs shld sg]s nudqdw,
oqdrrhnm ne RHCS1 b]m qdctbd sgd kn]c ne lGSS hmbkt,
rhnmr hm uhun- Ntq oqnne,ne,oqhmbhokd dwodqhldms trhmf
@@U udbsnqr sn nudqdwoqdrr RHCS1 kdc sn ] rhfmhehb]ms
qdctbshnm ne lGSS hmbktrhnmr hm sgd k]sdq]k gxonsg],
k]lhb ]qd] ne Q5.1 lhbd ]mc sqdmcr snv]qcr admdehbh]k
deedbsr nm gxonbqdshm mdtqnm]k knrr- Etqsgdq rstchdr
dw]lhmhmf deedbsr hm ] k]qfdq bngnqs ne lhbd hmbktchmf hm
nsgdq GC ]mhl]k lncdkr ]mc hm nsgdq ]eedbsdc aq]hm
qdfhnmr vhsg cheedqdms bnmbdmsq]shnmr ne sgd @@U udbsnq
vhkk ad hlonqs]ms sn du]kt]sd sgd etkk onsdmsh]k ne RHCS1
nudqdwoqdrrhnm nm GC o]sgnknfx- Lnqdnudq* hm sgd oqd,
rdms rstcx vd ]krn cdlnmrsq]sd sg]s nudqdwoqdrrhnm ne
gtl]m RHCS1 hm gtl]m RG,RX4X mdtqnak]rsnl] bdkkr

kd]cr sn ] qdctbshnm hm ansg rnktakd ]mc hmrnktakd kdudkr
ne tms]ffdc GSS dwnm 0* bnmehqlhmf ehmchmfr eqnl ]
ltqhmd bdkk lncdk dloknxhmf gtl]m FEO,s]ffdc GSS
dwnm 0 bnmrsqtbsr Z1/[- Hmsdqdrshmfkx* RHCS1 nudqdwoqdr,
rhnm ]knmd qdrtksdc hm sgd enql]shnm ne hmbktrhnm,khjd
rsqtbstqdr sg]s chc mns chqdbskx bn,knb]khyd vhsg hmbktrhnm
anchdr enqldc ax onkxP,dwo]mcdc GSS dwnm 0 61P*
lhqqnqhmf* sn ] bdqs]hm cdfqdd* ntq nardqu]shnmr hm GC
o]shdms ]mc Q5.1 lntrd aq]hmr-

Rhmbd RHCS1 g]r addm hlokhb]sdc hm l]bqn]tsnog]fx*
hmbktchmf lhsnog]fx Z27* 32’34[* vd ]m]kxydc a]rdkhmd
kdudkr ne sgd ]tsnog]fx l]qjdqr RPRSL0.o51 ]mc KB2A
ats chc mns cdsdbs ]mx lnctk]snqx deedbsr tonm RHCS1
nudqdwoqdrrhnm- Sghr rtffdrsr sg]s sgd nardqudc GSS
qdctbshnm cndr mns nbbtq ntsrhcd sgd bnmsdws ne QM]tsn,
og]fx- @cchshnm]kkx* ntq c]s] rgnvhmf tmbg]mfdc

E H F T P D 5 Shld,cdodmcdms
enql]shnm ne RHCS1 hmbktrhnmr hm sgd
gxonsg]k]ltr enkknvhmf @@U udbsnq
ldch]sdc lGSS nudqdwoqdrrhnm- Oqdrdmbd
ne q]qd RHCS1,hlltmnqd]bshud hmbktrhnmr
]mc vhcdroqd]c lGSS hmbktrhnmr hm lhbd
nudqdwoqdrrhmf lGSS hm sgd
gxonsg]k]ltr enkknvhmf @@U,GSS,68P
hmidbshnm ]s 5 vddjr onrs,hmidbshnm &@* A(-
@m hmbqd]rd hm sgd eqdptdmbx ne RHCS1
hmbktrhnmr ]mc lGSS hmbktrhnmr 07 vddjr
onrs,hmidbshnm ne @@U,GSS,68P &B* C(-
Bnmsqnk lhbd hmidbsdc vhsg @@U,GSS,
07P* dwoqdrrhmf ]m 742 ]lhmn ]bhc
eq]fldms ne vhkc,sxod gtmshmfshm vhsg 07P*
rgnvdc mn cdsdbs]akd RHCS1 nq lGSS
hlltmnqd]bshuhsx &D* E(-

RHCS1 HM GTMSHMFSNM CHRD@RD 04 ne 1/
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E H F T P D 6 Nudqdwoqdrrhnm ne RHCS1
trhmf @@U udbsnqr qdctbdr sgd mtladq ne
lGSS hmbktrhnmr hm sgd gxonsg]k]ltr hm
Q5.1 lhbd- Hlltmnghrsnbgdlhrsqx enq
RHCS1 rgnvr hmbqd]rdc hlltmnqd]bshuhsx
hm @@U,RHCS1,hmidbsdc Q5.1 lhbd ]s
0/ vddjr onrs,hmidbshnm bnlo]qdc sn
tmhmidbsdc Q5.1 bnmsqnkr ne sgd r]ld ]fd
&05 vddjr ne ]fd: @* A(- lGSS
hlltmnqd]bshuhsx hr qdctbdc hm @@U,
RHCS1,hmidbsdc Q5.1 lhbd bnlo]qdc sn
Q5.1 bnmsqnkr &B* C(* vhsg ] rhfmhehb]ms
cdbqd]rd hm sgd cdmrhsx ne lGSS
hmbktrhnmr hm sgd k]sdq]k gxonsg]k]lhb ]qd]
hm lhbd nudqdwoqdrrhmf RHCS1 &F:
o + /-/0/(- Vghkd gxonbqdshm,
hlltmnqd]bshud mdtqnmr ]qd cdbqd]rdc hm
Q5.1 lhbd ]r qdonqsdc hm oqduhntr
rstchdr Z26[* lhbd nudqdwoqdrrhmf RHCS1 hm
sgd gxonsg]k]ltr rgnv ] mnm,rhfmhehb]ms
sqdmc snv]qcr hmbqd]rdc gxonbqdshm,
hlltmnqd]bshud mdtqnmr &D* E* G:
o + /-060(- Sgd c]s] ]qd oqdrdmsdc ]r
ldch]m vhsg q]mfd- Svn,s]hkdc* L]mm’

Vghsmdx T sdrs* ) o ; /-/4-

05 ne 1/ F@ADQX DS @K-
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J37,onkxtahpthshm kdudkr rtffdrs sg]s RHCS1 cndr mns
hlo]bs sgd TOR- Gnvdudq* etqsgdq hmudrshf]shnmr hmsn ]
onsdmsh]k khmj adsvddm RHCS1 ]mc l]bqn]tsnog]fx*
vghbg hr jmnvm sn ad cxrqdftk]sdc hm GC ]mc bnmsqhatsdr
sn GSS bkd]q]mbd Z35[* ]qd mdbdrr]qx sn etkkx qtkd nts
]cchshnm]k qdftk]snqx deedbsr-

Lnqdnudq* vghkd hmbnlokdsd rokhbhmf,cdqhudc GSS
dwnm 0 hr bnmrhcdqdc ] oqhl]qx bnmsqhatsnq sn GC o]sgnk,
nfx Z36’38[* ]mc s]qfdshmf sghr oqnsdhm rodbhdr nq hsr bnc,
hmf QM@ uh] RHCS1 ]ood]qr sn ad ]m deedbshud ]ooqn]bg*
etqsgdq qdrd]qbg hmsn sgd deedbsr nm etkk,kdmfsg GSS
lQM@ ]mc oqnsdhm l]x oqnuhcd hmrhfgsr hmsn lnkdbtk]q

E H F T P D 7 Nudqdwoqdrrhnm ne RHCS1 knvdqr rnktakd ]mc RCR,hmrnktakd enqlr ne GSS dwnm 0 hm RG,RX4X bdkkr- Oqnsdhm dwsq]bsr eqnl RG,RX4X
bdkkr bn,sq]mredbsdc vhsg GSS dwnm 0 &GSSDw0( vhsg 05P nq 61P* ]knmf vhsg U4,s]ffdc RHCS1 nq ]m dlosx bnmsqnk udbsnq* vdqd ]m]kxydc ax Vdrsdqm
aknsshmf ]mc ehksdq qds]qc]shnm ]rr]x- &@( Ldlaq]mdr vdqd hmbta]sdc vhsg ]mshanchdr rodbhehb enq RHCS1* sgd U4 s]f* ]mc GSS- F@OCG rdqudc ]r sgd
kn]chmf bnmsqnk- Sgd fq]x ]qqnvgd]c l]qjr GSSDw0 05P* vghkd sgd l]fdms] ]qqnvgd]c hmchb]sdr GSSDw0 61P- Sgd ak]bj bhqbkd cdmnsdr ]m GSSDw0,
tmrodbhehb a]mc- &A( Pt]mshs]shud ]m]kxrhr bnmehqldc sgd nudqdwoqdrrhnm ne RHCS1 ]mc cdlnmrsq]sdc ] rhfmhehb]ms qdctbshnm hm rnktakd GSSDw0 05P
]mc 61P kdudkr tonm RHCS1 nudqdwoqdrrhnm- Rhfm]kr vdqd mnql]khydc sn sgd kn]chmf bnmsqnk ]mc sgdm sn sgd qdedqdmbd bnmchshnm &GSSDw0 61P. dlosx(-
A]qr qdoqdrdms ld]m � R-D-L- m + 3- )o � /-/4* ))o � /-/0* )))o � /-//0 &Svn,v]x @MNU@ vhsg Ehrgdq�r KRC sdrs(- &B( Ehksdq qds]qc]shnm ]rr]x ne
RG,RX4X bdkkr bn,sq]mredbsdc vhsg GSSDw0 vhsg 05P nq 61P vhsg U4,s]ffdc RHCS1 nq ]m dlosx bnmsqnk udbsnq- GSS v]r cdsdbsdc trhmf ]m GSS,
rodbhehb ]mshancx* ]mc cdmrhsnldsqhb ]m]kxrhr cdlnmrsq]sdc ] rhfmhehb]ms RHCS1,cdodmcdms qdctbshnm ne RCR,hmrnktakd GSSDw0 61P- Rhfm]kr vdqd
mnql]khydc sn sgd qdrodbshud bnmsqnk bnmchshnm &GSSDw0 61P.dlosx(- A]qr qdoqdrdms ld]m � R-D-L- m + 3- ))))o � /-///0 &Svn,v]x @MNU@ vhsg
Ehrgdq�r KRC sdrs(- &C( Hlltmnbxsnbgdlhrsqx rs]hmhmf ]mc ektnqdrbdmbd lhbqnrbnox ne RG,RX4X bdkkr bn,sq]mredbsdc vhsg GSSDw0 vhsg 05P nq 61P*
]knmf vhsg U4,s]ffdc RHCS1 nq ]m dlosx bnmsqnk udbsnq- GSS v]r cdsdbsdc trhmf ]m GSS,rodbhehb ]mshancx &fqddm(* vghkd nudqdwoqdrrdc RHCS1 v]r
rs]hmdc vhsg U4 s]f,rodbhehb ]mshancx &qdc(- Nudqdwoqdrrdc RHCS1 enqldc hmbktrhnm,khjd rsqtbstqdr &vghsd,qhlldc ]qqnvgd]cr(* vghbg chc mns bn,
knb]khyd vhsg GSSDw0 61P hmbktrhnm anchdr &rnkhc vghsd ]qqnvgd]cr(- C@OH v]r trdc ]r ] mtbkd]q bntmsdqrs]hm &aktd(- Hmrdsr rgnv 1,enkc
l]fmhehb]shnmr ne rdkdbsdc ]qd]r &vghsd anwdr(- A]qr qdoqdrdms ld]m � R-D-L- m + 3- )o � /-/4* ))o � /-/0* )))o � /-//0* ))))o � /-///0 &Svn,v]x
@MNU@ vhsg Ehrgdq�r KRC sdrs(-

RHCS1 HM GTMSHMFSNM CHRD@RD 06 ne 1/
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hmsdq]bshnmr qdkdu]ms sn GC o]sgnknfx- @cchshnm]kkx*
dwoknqhmf onsdmsh]k deedbsr ne nsgdq QM]tsnog]fx.
tos]jd,khmjdc oqnsdhmr rtbg ]r K@LO1B ]mc RHCS0 Z03*
4/* 40[ nm GSS lQM@ l]x ad gdkoetk sn etqsgdq dktbh,
c]sd ]mc noshlhyd sghr rsq]sdfx enq GSS knvdqhmf-

Kxrnrnl]k o]sgv]xr g]ud addm hlokhb]sdc hm nsgdq
mdtqncdfdmdq]shud chrnqcdqr hmbktchmf rxmtbkdhmno]sghdr-
Hm e]bs* RHCS1,hlltmnqd]bshud hmbktrhnmr g]ud addm
cdrbqhadc hm sgd @BB ne odqrnmr vhsg sgdrd chrnqcdqr Z41[-
Etqsgdqlnqd* RHCS1 l]x dwdqs nsgdq hlonqs]ms qnkdr hm
sgd bdkk Z42[- Qdbdms rstchdr g]ud rgnvm sg]s RHCS1 b]m
ad knb]khydc sn sgd ok]rl] ldlaq]md ]mc ldch]sd sgd
tos]jd ne rhmfkd ]mc cntakd,rsq]mcdc nkhfnmtbkdnshcdr hm
bdkkr Z43’45[- Sghr g]r qdkdu]mbd enq sgd cdudknoldms ne
mtbkdhb ]bhc,a]rdc sgdq]ohdr* hmbktchmf sgnrd ]ssdlosdc enq
GC trhmf ]msh,rdmrd nkhfnmtbkdnshcdr &@RN( enq qdctbhmf
lGSS kdudkr Z0[- Sgd ldbg]mhrlr tmcdqkxhmf sgd bdkktk]q
tos]jd ne rtbg nkhfnmtbkdnshcd sgdq]odtshbr ]qd tmbkd]q-
Hmsdqdrshmfkx* ] qdbdms rstcx rgnvdc sg]s hmctbhmf RHCS1
dwoqdrrhnm hm gtl]m bdkk khmdr hmbqd]rdc jmnbj,cnvm ]bshu,
hsx ne f]oldq @RNr Z45[- Hs hr sgdqdenqd onrrhakd sg]s qdctb,
shnmr ne RHCS1 kdudkr* ]r cdlnmrsq]sdc hm sgd oqdrdms
rstcx hm sgd rsqh]stl hm GC ]mc.nq RHCS1 hmbktrhnm enq,
l]shnm ]r rgnvm hm rdudq]k ]eedbsdc GC aq]hm shrrtd* l]x
g]ud ] mdf]shud hlo]bs nm sgd tos]jd ne @RNr hmsn bdkkr-
Etqsgdq rstchdr nm sgd hlo]bs ne RHCS1 nm tos]jd ne nkh,
fnmtbkdnshcd sgdq]odtshbr enq GC ]qd sgdqdenqd v]qq]msdc-

Hm bnmbktrhnm* vd hcdmshehdc ] mnudk mdtqno]sgnknfh,
b]k g]kkl]qj vhsg sgd enql]shnm ne
RHCS1,hlltmnonrhshud hmbktrhnmr hm ]eedbsdc aq]hm shr,
rtdr hm GC- Ntq qdrtksr rtffdrs sg]s s]qfdshmf
RHCS1,ldch]sdc QM]tsnog]fx l]x g]ud admdehbh]k
deedbsr nm qdctbhmf sgd kn]c ne lGSS hmbktrhnmr hmcdodm,
cdms ne sq]chshnm]k oqnsdhm cdfq]c]shnm o]sgv]xr- Qdbdms
rstchdr rtffdrs sg]s RHCS1 l]x ok]x ] qnkd hm sgd tos]jd
ne dwsq]bdkktk]q mtbkdnshcdr- Bnlahmdc vhsg ntq c]s]
rgnvhmf rhfmhehb]mskx qdctbdc RHCS1 oqnsdhm kdudkr hm sgd
rsqh]stl ne ]cu]mbdc GC b]rdr* sghr hmchb]sdr sg]s ]ksdq,
]shnmr hm sgd RHCS1 rxrsdl bntkc hlo]bs sgd cdudkno,
ldms ne mtbkdnshcd,a]rdc sgdq]odtshbr enq GC-

:TSGNP BNMSPHATSHNMR
@kk ]tsgnqr bnmsqhatsdc sn sgd rstcx bnmbdoshnm ]mc
cdrhfm- L]sdqh]k oqdo]q]shnm* c]s] bnkkdbshnm* nq c]s]
]m]kxrdr vdqd odqenqldc ax ]kk ]tsgnqr- Sgd ehqrs cq]es ne
sgd l]mtrbqhos v]r vqhssdm ax R]m]y F]adqx* Rneh]
Adqfg* ]mc ©r] Odsdqråm- @kk ]tsgnqr qd]c ]mc bnlldm,
sdc nm oqduhntr udqrhnmr ne sgd l]mtrbqhos- @kk ]tsgnqr
qd]c ]mc ]ooqnudc sgd ehm]k l]mtrbqhos-

:BJMNVKDCFDLDMSR
Vd ]qd udqx fq]sdetk sn sgd cnmnqr ne aq]hm shrrtd sg]s
v]r nas]hmdc eqnl sgd Rxcmdx Aq]hm A]mj* vghbg hr rto,
onqsdc ax Mdtqnrbhdmbd Qdrd]qbg @trsq]kh] ]mc sgd Tmh,
udqrhsx ne Mdv Rntsg V]kdr- Shrrtdr vdqd ]krn qdbdhudc
eqnl sgd Uhbsnqh]m Aq]hm A]mj Mdsvnqj* rtoonqsdc ax
sgd Ldms]k Gd]ksg Qdrd]qbg Hmrshstsd* @keqdc Gnrohs]k*

Uhbsnqh]m Enqdmrhb Hmrshstsd ne Ldchbhmd* Sgd Tmhudqrhsx
ne Ldkantqmd* Gdkdm L]bogdqrnm Rlhsg Sqtrs* O]qjhm,
rnm�r Uhbsnqh]* ]mc Odqodst]k Oghk]msgqnohb Rdquhbd- Vd
]qd ]krn fq]sdetk sn sgd cnmnqr ne shrrtd sn sgd Gtmshmfsnm
aq]hm bnkkdbshnm ne Anbgtl* Fdql]mx* ]mc sgd Cdo]qs,
ldms ne Mdtqno]sgnknfx* Ktmc* Rvdcdm- Vd vntkc khjd
sn sg]mj Aiéqm @mydkhtr* @mm] G]mrdm* @mmdkh Inrder,
rnm* Tkqhj] Ro]qqgtks,Aiéqj* Ktyhd @tfnrshmnvrjh*
Qnadqs M]cfq]arjh* J]si] Qtloe* Bnqhmm] Vniby]j
]mc Bk]tch] Rbgmdhcdq enq dwbdkkdms sdbgmhb]k ]rrhrs]mbd-

ETMCHMF HMENPL:SHNM
Sghr rstcx v]r etmcdc ax qdrd]qbg fq]msr sn @O eqnl sgd
Rvdchrg Qdrd]qbg Bntmbhk &fq]ms mtladq 1/11./0/81(*
sgd Rvdchrg Aq]hm Entmc]shnm* sgd Entmc]shnm ne Jhmf
Ftrs]u U ]mc Ptddm Uhbsnqh]* sgd Rvdchrg fnudqmldms]k
etmchmf ne bkhmhb]k qdrd]qbg &@KE( ]s Qdfhnm Rjämd ]r
vdkk ]r sgd Jmts ]mc @khbd V]kkdmadqf Entmc]shnm
&�1/08-/356(- GOM ]mc IIV vdqd etmcdc ax sgd Fdq,
l]m Qdrd]qbg Entmc]shnm &CEF: qdrd]qbg fq]ms mtl,
adqr MF 0/0.5,0 ]mc VD 5474.0,0* qdrodbshudkx(- FLG
v]r etmcdc ax sgd M]shnm]k Gd]ksg ]mc Ldchb]k
Qdrd]qbg Bntmbhk ne @trsq]kh] ZHmudrshf]snq Fq]ms
00655/6[- DOO v]r etmcdc ax sgd Cdtsrbgd Gtmshmfsnm
Ghked &QTA Mn- 38/70//004(-

BNMEKHBS NE HMSDPDRS RS:SDLDMS
Sgd ]tsgnqr qdonqs mn bnmekhbsr ne hmsdqdrs-

C:S: :U:HK:AHKHSX RS:SDLDMS
Sgd c]s] sg]s rtoonqs sgd ehmchmfr ne sghr rstcx ]qd ]u]hk,
]akd eqnl sgd bnqqdronmchmf ]tsgnq tonm qd]rnm]akd
qdptdrs-

DSGHBR RS:SDLDMS
Gtl]m onrslnqsdl shrrtdr vdqd nas]hmdc eqnl sgd
Uhbsnqh]m Aq]hm A]mj ]mc sgd Rxcmdx Aq]hm A]mj ]s Mdtqn,
rbhdmbd Qdrd]qbg* @trsq]kh] ]esdq ]ooqnu]kr eqnl sgdhq Rbhdm,
shehb Bnllhssddr &OHC/62* OHC/000* OHC056(- @kk odqrnmr
g]c fhudm sgdhq hmenqldc bnmrdms oqhnq sn sgd cnm]shnm ne
sgdhq aq]hmr ]mc sgd qdfhnm]k aq]hm cnmnq oqnfq]lr vdqd
]ooqnudc ax sgd Hmrshstshnm]k Gtl]m Qdrd]qbg Dsghbr Bnl,
lhssddr- Sgd ]m]kxrdr ne gtl]m onrslnqsdl shrrtd hm
Anbgtl vdqd ]ooqnudc ax sgd Dsghb Bnllhssdd ne sgd
Ldchb]k E]btksx ne sgd Qtgq,Tmhudqrhsx Anbgtl* Fdql]mx
&Qdf- Mn- 06,4828(- @m]kxrdr odqenqldc nm gtl]m shrrtd hm
Rvdcdm vdqd ]ooqnudc ax sgd Rvdchrg Dsghb]k Qduhdv
@tsgnqhsx &qdedqdmbd mtladq 1/11,/4237,/0( ]mc sgd qdfhnm
dsghb]k qduhdv an]qc ]s Ktmc Tmhudqrhsx &qdedqdmbd mtladq
1/03.355(- Sgd dwodqhldms]k oqnbdctqdr odqenqldc hm ]mh,
l]kr vdqd ]ooqnudc ax sgd Qdfhnm]k Dsghb]k Bnllhssdd hm
Ktmc* Rvdcdm tmcdq odqlhs mtladq 06002.1/11-

NPBHC
PnehW Adqfg gssor9..nqbhc-nqf.////,///1,1748,68/7
BgqhrnuWkWmsnt Gtqhcnt gssor9..nqbhc-nqf.////,///1,
0685,713/

07 ne 1/ F@ADQX DS @K-
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NWtk Eémsgdq PbgdtmdlWmm gssor9..nqbhc-nqf.///8,
///8,6278,2206
LWqhd�KnthrW Pbgndadk gssor9..nqbhc-nqf.///8,///0,
8/13,3/51
KhmcW Gnklpthrs Ldmfdkahdq gssor9..nqbhc-nqf.////,
///1,2521,165/
DkhrWads Dmfktmc gssor9..nqbhc-nqf.////,///1,16/7,
1332
BWsqhnmW LbKdWm gssor9..nqbhc-nqf.////,///1,/2/1,
4616
Cdmhy Jhqhi gssor9..nqbhc-nqf.////,///1,025/,0154
EkdmcW GWkkhcWv gssor9..nqbhc-nqf.////,///2,/311,7287
Gtt Ngtb Mftvdm gssor9..nqbhc-nqf.////,///0,5028,
677W
InmWry IdqdlhWry Udadq gssor9..nqbhc-nqf.////,///2,
2647,0458
zrW NdsdqrÅm gssor9..nqbhc-nqf.////,///0,4377,01//

PDEDPDMBDR
0- S]aqhyh RI* Drsdudy,Eq]f] B* u]m Qnnm,Lnl VLB* Eknvdq LC*

Rb]ghkk QH* Vhkc DI* ds ]k- Onsdmsh]k chrd]rd,lnchexhmf sgdq]ohdr
enq Gtmshmfsnm�r chrd]rd9 kdrrnmr kd]qmdc ]mc etstqd noonqstmhshdr-
K]mbds Mdtqnk- 1/11:10&6(9534’47-

1- Qdhmdq @* @kahm QK* @mcdqrnm JC* C�@l]sn BI* Odmmdx IA*
Xntmf @A- Cheedqdmsh]k knrr ne rsqh]s]k oqnidbshnm mdtqnmr hm Gtm,
shmfsnm chrd]rd- Oqnb M]sk @b]c Rbh T R @- 0877:74&04(94622’6-

2- G]kkhc]x FL* LbQhsbghd C@* L]bcnm]kc U* Cntakd JK*
Sqdms QI* LbBtrjdq D- Qdfhnm]k rodbhehbhsx ne aq]hm ]sqnogx hm
Gtmshmfsnm�r chrd]rd- Dwo Mdtqnk- 0887:043&1(9552’61-

3- Sgt CB* Nnqrbgns CD* Shoodss KI* M]m] @K* Gnff UL*
Rxmdj AI* ds ]k- Bdkk knrr hm sgd lnsnq ]mc bhmftk]sd bnqsdw bnqqd,
k]sdr vhsg rxlosnl]snknfx hm Gtmshmfsnm�r chrd]rd- Aq]hm- 1/0/:
022&Os 3(90/83’00/-

4- F]adqx R* Ltqogx J* Rbgtksy J* Knx BS* LbBtrjdq D* Jhqhj C*
ds ]k- Bg]mfdr hm jdx gxonsg]k]lhb mdtqnodoshcd onotk]shnmr hm
Gtmshmfsnm chrd]rd qdud]kdc ax mdtqno]sgnknfhb]k ]m]kxrdr- @bs]
Mdtqno]sgnk- 1/0/:01/&5(9666’77-

5- Unmr]ssdk IO* Lxdqr QG* Rsdudmr SI* Edqq]msd QI* Ahqc DC*
Qhbg]qcrnm DO Iq- Mdtqno]sgnknfhb]k bk]rrhehb]shnm ne Gtmshmf,
snm�r chrd]rd- I Mdtqno]sgnk Dwo Mdtqnk- 0874:33&5(9448’66-

6- ChEhfkh] L* R]oo D* Bg]rd JN* C]uhdr RV* A]sdr FO*
Unmr]ssdk IO* ds ]k- @ffqdf]shnm ne gtmshmfshm hm mdtqnm]k hmsq],
mtbkd]q hmbktrhnmr ]mc cxrsqnoghb mdtqhsdr hm aq]hm- Rbhdmbd- 0886:
166&4223(9088/’2-

7- C]uhdr RV* Stql]hmd L* Bnydmr A@* ChEhfkh] L* Rg]qo @G*
Qnrr B@* ds ]k- Enql]shnm ne mdtqnm]k hmsq]mtbkd]q hmbktrhnmr
tmcdqkhdr sgd mdtqnknfhb]k cxretmbshnm hm lhbd sq]mrfdmhb enq sgd
GC lts]shnm- Bdkk- 0886:8/&2(9426’37-

8- Nbg]a] I* Ktj]brnuhbg S* Brhjnr F* Ygdmf R* L]qftkhr I*
R]k]y]q K* ds ]k- Onsdmsh]k etmbshnm enq sgd gtmshmfshm oqnsdhm ]r ]
rb]eenkc enq rdkdbshud ]tsnog]fx- Oqnb M]sk @b]c Rbh T R @- 1/03:
000&36(905778’83-

0/- Ensd FL* D]odm UU* Khl QF* Xt B* R]k]y]q K* LbBktqd MQ*
ds ]k- Gtmshmfshm bnms]hmr ]m tahpthshm,ahmchmf cnl]hm ]mc qdft,
k]sdr kxrnrnl]k s]qfdshmf ne lhsnbgnmcqh]k ]mc QM@,ahmchmf oqn,
sdhmr- Oqnb M]sk @b]c Rbh T R @- 1/13:010&21(9d1208/80010-

00- Bqnbd JQ* X]l]lnsn @- @ qnkd enq ]tsnog]fx hm Gtmshmfsnm�r
chrd]rd- Mdtqnahnk Chr- 1/08:011905’11-

01- G]jhl,Drgdc U* Antknr @* Bngdm,Qnrdmyvdhf B* Xt,S]dfdq K*
Yhu S* Jvnm XS* ds ]k- Rhsd,rodbhehb tahpthshm]shnm ne o]sgnfdmhb
gtmshmfshm ]ssdmt]sdr hsr cdkdsdqhntr deedbsr- Oqnb M]sk @b]c Rbh T
R @- 1/1/:006&20(907550’8-

02- Mdtdcdq @* A]sdr FO- QM@ qdk]sdc o]sgnknfx hm Gtmshmfsnm�r
chrd]rd- @cu Dwo Ldc Ahnk- 1/07:0/38974’0/0-

03- Etihv]q] X* Etqts] @* Jhjtbgh G* @hy]v] R* G]s]m]j] X*
Jnmx] B* ds ]k- Chrbnudqx ne ] mnudk sxod ne ]tsnog]fx s]qfdshmf
QM@- @tsnog]fx- 1/02:8&2(93/2’8-

04- Etihv]q] X* Jhjtbgh G* @hy]v] R* Etqts] @* G]s]m]j] X*
Jnmx] B* ds ]k- Chqdbs tos]jd ]mc cdfq]c]shnm ne CM@ ax kxrn,
rnldr- @tsnog]fx- 1/02:8&7(90056’60-

05- @hy]v] R* Etihv]q] X* Bnmst UQ* G]rd J* S]j]g]rgh L*
Jhjtbgh G* ds ]k- Kxrnrnl]k ots]shud QM@ sq]mronqsdq RHCS1
ldch]sdr chqdbs tos]jd ne QM@ ax kxrnrnldr- @tsnog]fx- 1/05:
01&2(9454’67-

06- @hy]v] R* Bnmst UQ* Etihv]q] X* G]rd J* Jhjtbgh G* J]ats] B*
ds ]k- Kxrnrnl]k ldlaq]md oqnsdhm RHCS1 ldch]sdr sgd chqdbs
tos]jd ne CM@ ax kxrnrnldr- @tsnog]fx- 1/06:02&0(9107’11-

07- Ih]khm F* Wtde]m F* Gthvdm Y- RHC0 sq]mrldlaq]md e]lhkx*
ldladq 1 &Rhcs1(9 ] mnudk kxrnrnl]k ldlaq]md oqnsdhm- Ahnbgdl
Ahnogxr Qdr Bnlltm- 1/0/:3/1&3(9477’83-

08- Rghg IC* Gtmsdq BO- RHC,0 hr ] crQM@,rdkdbshud crQM@,f]sdc
bg]mmdk- QM@- 1/00:06&5(90/46’54-

1/- G]rd J* Bnmst UQ* J]ats] B* R]j]h Q* S]j]g]rgh L*
J]s]nj] M* ds ]k- Bxsnrnkhb cnl]hm ne RHCS1 b]qqhdr ]m ]qfhmhmd,
qhbg lnshe sg]s ahmcr sn QM@.CM@ ]mc hr hlonqs]ms enq sgd chqdbs
sq]mronqs ne mtbkdhb ]bhcr hmsn kxrnrnldr- @tsnog]fx- 1/1/:05&00(9
0863’77-

10- A]kcn A* F]adqx R* Rnxkt,Jtbg]qy Q* Bgdnmf QX*
Gdmmhmfrdm IA* Dmfktmc D* ds ]k- RHQS0 hr hmbqd]rdc hm ]eedbsdc
aq]hm qdfhnmr ]mc gxonsg]k]lhb lds]ankhb o]sgv]xr ]qd ]ksdqdc hm
Gtmshmfsnm chrd]rd- Mdtqno]sgnk @ook Mdtqnahnk- 1/08:34&3(9
250’68-

11- F]adqx R* G]kkhc]x F* Jhqhj C* Dmfktmc D* Odsdqråm ©- Rdkdbshud
knrr ne nwxsnbhm ]mc u]rnoqdrrhm hm sgd gxonsg]k]ltr hm d]qkx
Gtmshmfsnm chrd]rd9 ] b]rd rstcx- Mdtqno]sgnk @ook Mdtqnahnk-
1/04:30&5(9732’7-

12- Rbgqndcdq @* Ltdkkdq N* Rsnbjdq R* R]knvrjx Q* Kdhadq L*
F]rrl]mm L* ds ]k- Sgd QHM9 ]m QM@ hmsdfqhsx mtladq enq
]rrhfmhmf hmsdfqhsx u]ktdr sn QM@ ld]rtqdldmsr- ALB lnk Ahnk-
1//5:692-

13- Odsq]rbg,O]qvdy D* Mftxdm GO* Kéaadbjd,Rbgtl]bgdq L*
G]aadr GV* Vhdbynqdj R* Qhdrr N* ds ]k- Bdkktk]q ]mc rtabdkktk]q
knb]khy]shnm ne gtmshmfshm Zbnqqdbsdc[ ]ffqdf]sdr hm sgd aq]hm ne ]
q]s sq]mrfdmhb enq Gtmshmfsnm chrd]rd- I Bnlo Mdtqnk- 1//6:
4/0&4(9605’2/-

14- Odsq]rbg,O]qvdy D* G]aadr GV* Vdhbjdqs R* Kéaadbjd,
Rbgtl]bgdq L* Rsqhdchmfdq J* Vhdbynqdj R* ds ]k- Ehmd,rsqtbstq]k
]m]kxrhr ]mc bnmmdwhm dwoqdrrhnm hm sgd qdshm] ne ] sq]mrfdmhb lncdk
ne Gtmshmfsnm�r chrd]rd- I Bnlo Mdtqnk- 1//3:368&1(9070’86-

15- L]mfh]qhmh K* R]sg]rhu]l J* Rdkkdq L* Bnydmr A* G]qodq @*
Gdsgdqhmfsnm B* ds ]k- Dwnm 0 ne sgd GC fdmd vhsg ]m dwo]mcdc
B@F qdod]s hr rteehbhdms sn b]trd ] oqnfqdrrhud mdtqnknfhb]k ogd,
mnsxod hm sq]mrfdmhb lhbd- Bdkk- 0885:76&2(9382’4/5-

16- Lnqsnm @I* Fkxmm C* Kd]udmr V* Ygdmf Y* E]tkk QK*
Rjdoodq IM* ds ]k- O]q]cnwhb]k cdk]x hm sgd nmrds ne chrd]rd b]trdc
ax rtodq,knmf B@F qdod]s dwo]mrhnmr hm Q5.1 lhbd- Mdtqnahnk
Chr- 1//8:22&2(9220’30-

17- Rnxkt,Jtbg]qy Q* R]mcdkhtr ©* Riéfqdm L* Akdmmnv J* Vhkc DI*
Ydssdqadqf G* ds ]k- Mdtqnehk]ldms khfgs oqnsdhm hm BRE ]mc aknnc
hr ]rrnbh]sdc vhsg mdtqncdfdmdq]shnm ]mc chrd]rd rdudqhsx hm Gtm,
shmfsnm�r chrd]rd Q5.1 lhbd- Rbh Qdo- 1/06:6&0(903003-

18- Fq]x L* Rghq]r]jh CH* Bdodc] B* @mcqå UL* Vhkatqm A* Kt WG*
ds ]k- Etkk,kdmfsg gtl]m lts]ms gtmshmfshm vhsg ] rs]akd onkxfkt,
s]lhmd qdod]s b]m dkhbhs oqnfqdrrhud ]mc rdkdbshud mdtqno]sgnfdm,
drhr hm A@BGC lhbd- I Mdtqnrbh- 1//7:17&13(95071’84-

2/- Bgdnmf QX* A]kcn A* R]ii]c LT* Jhqhj C* Odsdqråm ©- Deedbsr ne
lts]ms gtmshmfshm hm]bshu]shnm nm Gtmshmfsnm chrd]rd,qdk]sdc
adg]uhntqr hm sgd A@BGC lntrd lncdk- Mdtqno]sgnk @ook Mdt,
qnahnk- 1/10:36&3(9453’67-

20- Gtks R* Rnxkt Q* Aiéqjktmc S* Adkf]qcs AE* L]tdq I* Aqúmhmf IB*
ds ]k- Lts]ms gtmshmfshm b]trdr lds]ankhb hla]k]mbd ax chrqtoshnm
ne gxonsg]k]lhb mdtqnbhqbthsr- Bdkk Lds]a- 1/00:02&3(9317’28-

RHCS1 HM GTMSHMFSNM CHRD@RD 08 ne 1/
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21- Tktrnx @* R]ghm F* Aiéqjktmc S* @dahrbgdq O* Jhqhj C- Cnrd nosh,
lhy]shnm enq knmf,sdql q@@U,ldch]sdc QM@ hmsdqedqdmbd hm sgd
mhfqnrsqh]s]k oqnidbshnm mdtqnmr- Lnk Sgdq- 1//8:06&8(90463’73-

22- Adqfg R* F]adqx R* Snmdssn R* Jhqhj C* Odsdqråm ©* Bgdnmf QX-
Deedbsr ne lts]ms gtmshmfshm hm nwxsnbhm mdtqnmr nm mnm,lnsnq
ed]stqdr ne Gtmshmfsnm�r chrd]rd- Mdtqno]sgnk @ook Mdtqnahnk-
1/12:389d01780-

23- Vdadq II* @mfdq RB* Odqdhq] Rdm] O* Hmbda]b]j Dksdltq QC*
Gtqhcnt B* E]sg E* ds ]k- B]ko]hmr ]r mnudk ok]xdqr hm sgd lnkdbt,
k]q o]sgnfdmdrhr ne rohmnbdqdadkk]q ]s]wh] sxod 06- Bdkk Lnk Khed
Rbh- 1/11:68&4(9151-

24- Ftsdjtmrs B@* Kh RG* Xh G* Ltkqnx IR* Jtdlldqkd R* Inmdr Q*
ds ]k- Mtbkd]q ]mc mdtqnohk ]ffqdf]sdr hm Gtmshmfsnm�r chrd]rd9
qdk]shnmrgho sn mdtqno]sgnknfx- I Mdtqnrbh- 0888:08&6(91411’23-

25- Ghbjl]m Q@* E]trs OK* L]qcdq J* X]l]lnsn @* Unmr]ssdk IO-
Sgd chrsqhatshnm ]mc cdmrhsx ne gtmshmfshm hmbktrhnmr ]bqnrr sgd
Gtmshmfsnm chrd]rd mdnbnqsdw9 qdfhnm]k bnqqdk]shnmr vhsg gtmshmf,
shm qdod]s dwo]mrhnm hmcdodmcdms ne o]sgnknfhb fq]cd- @bs] Mdt,
qno]sgnk Bnlltm- 1/11:0/&0(944-

26- Odsdqråm @* Fhk I* L]]s,Rbghdl]m LK* Aiéqjpuhrs L* S]mhk] G*
@q]öin HL* ds ]k- Nqdwhm knrr hm Gtmshmfsnm�r chrd]rd- Gtl Lnk
Fdmds- 1//4:03&0(928’36-

27- Fdmf LX* V]mf K* Rnmf XX* Ft I* Gt W* Xt]m B* ds ]k- Rhcs1 hr
] jdx oqnsdhm hm sgd ]tsnog]fx,kxrnrnl]k cdfq]c]shnm o]sgv]x
]mc hr drrdmsh]k enq sgd l]hmsdm]mbd ne jhcmdx rsqtbstqd ]mc ehksq],
shnm etmbshnm- Bdkk Cd]sg Chr- 1/10:02&0(96-

28- Jdmmdcx K* Du]mr D* Bgdm BL* Bq]udm K* Cdsknee OI* Dmmhr L*
ds ]k- Cq]l]shb shrrtd,rodbhehb lts]shnm kdmfsg hmbqd]rdr ]qd ]m
d]qkx lnkdbtk]q dudms hm Gtmshmfsnm chrd]rd o]sgnfdmdrhr- Gtl
Lnk Fdmds- 1//2:01&13(92248’56-

3/- LÅskhj J* A]eetsn L* Jtr K* Cdrgltjg @K* C]uhr C@*
O]tk LQ* ds ]k- Bdkk,sxod,rodbhehb B@F qdod]s dwo]mrhnmr ]mc snw,
hbhsx ne lts]ms gtmshmfshm hm gtl]m rsqh]stl ]mc bdqdadkktl- M]s
Fdmds- 1/13:45&2(9272’83-

30- Oqdrrk B* LÅskhj J* Jtr K* C]qmdkk O* Ktn IC* O]tk LQ* ds ]k-
Rdkdbshud utkmdq]ahkhsx ne k]xdq 4] bnqshbnrsqh]s]k mdtqnmr hm Gtm,
shmfsnm�r chrd]rd- Mdtqnm- 1/13:001&5(9 813’30-

31- G]mcr]jdq QD* J]rghm R* Qddc ML* S]m R* Kdd VR*
LbCnm]kc SL* ds ]k- Knmf rnl]shb CM@,qdod]s dwo]mrhnm cqhudr
mdtqncdfdmdq]shnm hm Gtmshmfsnm�r chrd]rd- Bdkk- 1/14:077&2(9
512’28-

32- Bgdm W* Ft W* Yg]mf G- Rhcs1 qdftk]sdr gdo]snbdkktk]q khohc
lds]ankhrl sgqntfg ]tsnog]fx- I Khohc Qdr- 1/07:48&2(93/3’04-

33- Kht G* Ih]mf V* Bgdm W* Bg]mf F* Yg]n K* Kh W* ds ]k- Rjdkds]k
ltrbkd,rodbhehb Rhcs1 jmnbjnts hm lhbd hmctbdc ltrbtk]q
cxrsqnogx,khjd ogdmnsxod- Lds]ankhrl- 1/07:749148’6/-

34- V]mf K* Xt B* Odh V* Fdmf L* Yg]mf X* Kh Y* ds ]k- Sgd kxrn,
rnl]k ldlaq]md oqnsdhm Rhcs1 hr ] uhs]k qdftk]snq ne lhsnbgnmcqh]k
pt]khsx bnmsqnk hm rjdkds]k ltrbkd- E@RDA I- 1/10:24&3(9d10112-

35- L]qshm CC* K]cg] R* Dgqmgndedq CD* G]xcdm LQ- @tsnog]fx
hm Gtmshmfsnm chrd]rd ]mc gtmshmfshm hm ]tsnog]fx- Sqdmcr Mdt,
qnrbh- 1/04:27&0(915’24-

36- R]sg]rhu]l J* Mdtdcdq @* Fhornm S@* K]mckdr B* Admi]lhm @B*
Anmctkhbg LJ* ds ]k- @adqq]ms rokhbhmf ne GSS fdmdq]sdr sgd

o]sgnfdmhb dwnm 0 oqnsdhm hm Gtmshmfsnm chrd]rd- Oqnb M]sk @b]c
Rbh T R @- 1/02:00/&5(91255’6/-

37- Mdtdcdq @* K]mckdr B* Fgnrg Q* Gnvk]mc C* Lxdqr QG*
E]tkk QKL* ds ]k- Sgd o]sgnfdmhb dwnm 0 GSS oqnsdhm hr oqnctbdc
ax hmbnlokdsd rokhbhmf hm Gtmshmfsnm�r chrd]rd o]shdmsr- Rbh Qdo-
1/06:6&0(902/6-

38- Gnrbgdj E* M]s]m I* V]fmdq L* R]sg]rhu]l J* @acdklndy @*
unm Dhmdl A* ds ]k- Gtmshmfshm GSS0] hr fdmdq]sdc hm ] B@F
qdod]s,kdmfsg,cdodmcdms l]mmdq hm gtl]m shrrtdr- Lnk Ldc-
1/13:2/&0(925-

4/- Etihv]q] X* G]rd J* V]c] J* J]ats] S- @m
QM]tsnog]fx.CM]tsnog]fx qdbdosnq* K@LO1B* onrrdrrdr
]m ]qfhmhmd,qhbg lnshe sg]s ldch]sdr QM@.CM@,ahmchmf- Ahnbgdl
Ahnogxr Qdr Bnlltm- 1/04:35/&1(9170’5-

40- X]mf S* Wh]n G* Bgdm W* Ygdmf K* Ftn G* V]mf I* ds ]k- Bg]q,
]bsdqhy]shnm ne M,fkxbnrxk]shnm ]mc hsr etmbshnm]k qnkd hm
RHCS0,ldch]sdc QM@ tos]jd- I Ahnk Bgdl- 1/13:2//&1(90/4543-

41- Etihv]q] X* J]ats] B* R]mn S* Ltq]x]l] R* R]hsn X* J]ats] S-
O]sgnknfx,]rrnbh]sdc bg]mfd hm kdudkr ]mc knb]khy]shnm ne RHCS1 hm
onrslnqsdl aq]hmr ne O]qjhmrnm�r chrd]rd ]mc cdldmsh] vhsg Kdvx
anchdr o]shdmsr- Mdtqnbgdl Hms- 1/11:04190/4132-

42- Rnmf X* Ft I* Xnt I* S]n X* Yg]mf X* V]mf K* ds ]k- Sgd etmb,
shnmr ne RHC0 sq]mrldlaq]md e]lhkx* ldladq 1 &Rhcs1(- EDAR I-
1/12:18/&08(93515’26-

43- Mftxdm S@* Rlhsg AQB* S]sd LC* Adky FS* A]qqhnr LG*
Dkf]rr JC* ds ]k- RHCS1 sq]mronqsr dwsq]bdkktk]q crQM@ hmsn sgd
bxsnok]rl enq hmm]sd hlltmd qdbnfmhshnm- Hlltmhsx- 1/06:36&2(9
387’4/8-d5-

44- S]j]g]rgh L* Bnmst UQ* J]ats] B* G]rd J* Etihv]q] X*
V]c] J* ds ]k- RHCS1 ldch]sdr fxlmnrhr* sgd tos]jd ne m]jdc
rhmfkd,rsq]mcdc nkhfnmtbkdnshcdr hmsn khuhmf bdkkr- QM@ Ahnk- 1/06:
03&00(90423’32-

45- Jtrtlnsn J* R]r]jh J* Tbghc] X* Tsrtlh @* Xnrghc] S*
Nahj] R* ds ]k- Ltkshro]mmhmf ldlaq]md oqnsdhm RHCS1 hmbqd]rdr
jmnbjcnvm ]bshuhsx ne f]oldq ]mshrdmrd nkhfnmtbkdnshcdr- Rbh Qdo-
1/14:04&0(9475-

RTOONPSHMF HMENPL:SHNM
@cchshnm]k rtoonqshmf hmenql]shnm b]m ad entmc nmkhmd
hm sgd Rtoonqshmf Hmenql]shnm rdbshnm ]s sgd dmc ne sghr
]qshbkd-

Gnv sn bhsd sghr Yqshbkd9 F]adqx R* Adqfg R*
Gtqhcnt B* Bgdnmf QX* A]kcn A*
Rbgdtmdl]mm OF* ds ]k- Sgd CM@.QM@
]tsnog]fx oqnsdhm RHCS1 ]r ] mnudk
mdtqno]sgnknfhb]k g]kkl]qj hm Gtmshmfsnm chrd]rd-
Aq]hm O]sgnknfx- 1/15- d6//77- gssor9..cnh-nqf.0/-
0000.ao]-6//77

1/ ne 1/ F@ADQX DS @K-
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Abstract

Background: Early non-motor features including anxiety, depression and altered social

cognition are present in Huntington’s disease (HD). The underlying neurobiological

mechanisms are not known. Oxytocin (OXT) is involved in the regulation of emotion,

social cognition and metabolism, and our previous work showed that the OXT system is

affected early in HD. The aim of the study was to investigate the potential causal rela-

tionship between the selective expression of mutant huntingtin (mHTT) in OXT neurons

and the development of non-motor features and neuropathology.

Methods: To express mHTT only in OXT neurons, we used a novel flex-switch adeno-

associated viral vector design to selectively express either mHTT or wild-type HTT in

the paraventricular nucleus of the hypothalamus using OXT-Cre-recombinase mice. We

also performed a mirror experiment to selectively delete mHTT in OXT neurons using

the BACHD mouse model. Mice underwent a battery of behavioural tests to assess psy-

chiatric and social behaviours 3 months post-injection or at 2 months of age, respec-

tively. Post-mortem analyses were performed to assess the effects on the OXT system.

Results: Our results show that selective expression of mHTT in OXT neurons was

associated with the formation of mHTT inclusions and a 26% reduction of OXT-

immunopositive neurons as well as increased anxiety-like behaviours compared with

uninjected mice. However, selective deletion of mHTT from OXT neurons alone was not

sufficient to alter the metabolic and psychiatric phenotype of the BACHD mice at this

early time point.

Conclusions: Our results indicate that mHTT expression can exert cell-autonomous toxic

effects on OXT neurons without affecting the non-motor phenotype at early time points

in mice.
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behavioural symptoms, huntingtin protein, Huntington’s disease, hypothalamus, oxytocin,
paraventricular hypothalamic nucleus
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INTRODUCTION

Huntington’s disease (HD) is a monogenic disorder inherited in an

autosomal dominant fashion with full penetrance. The disease-causing

mutation is an expansion of a CAG trinucleotide repeat in the hunting-

tin (HTT) gene, which encodes an extended polyglutamine (Q) stretch

within the N-terminus of the HTT protein.1,2 HD patients experience

a spectrum of non-motor symptoms, including psychiatric distur-

bances (such as anxiety, depression, irritability and apathy as well as

impaired social cognition) in addition to cognitive decline with execu-

tive dysfunction.3,4 Other non-motor aspects include metabolic and

sleep disturbances. So far, HD research has mainly focused on the

motor aspect of the disease with limited understanding of the non-

motor aspects. Increasing our knowledge of the non-motor features

of HD may lead to the identification of novel targets for early thera-

peutic interventions in HD.

The exact role of mutant huntingtin (mHTT) in HD pathology is

still not fully understood, although the prevailing idea is that mHTT

exerts its toxic function through both mHTT gain-of-function and

wild-type (WT) HTT loss-of-function mechanisms. A major hallmark of

HD pathology is the formation of intracellular mHTT inclusions, but

whether these inclusions are cytotoxic per se is not clear.5–7

However, the presence of mHTT will ultimately result in neurodegen-

eration, with increased vulnerability in certain brain regions

including the striatum and the cerebral cortex. The effects in the

striatum are used to grade the severity of pathology in post-mortem

HD cases according to a scale set by Vonsattel from 0 to 4.8 Neuronal

loss has also been observed in the hypothalamus and may explain

some of the early non-motor signs and symptoms, including psychiat-

ric symptoms, metabolic disruption and sleep disorders.6,9–12

Inactivation of mHTT in the hypothalamus of the well-established

BACHD mouse model restored the depressive phenotype, which

supports a link between neuropsychiatric symptoms and hypothalamic

pathology.13,14 Additionally, post-mortem neuropathological analyses

of hypothalamic tissue have demonstrated a significant loss of

several neuronal populations in HD cases with Vonsattel Grades 2–4

when compared with control cases. The most pronounced reduction

occurs in oxytocin (OXT)-expressing neurons.11 Furthermore, similar

OXT neuronal loss was observed in post-mortem hypothalamic

tissue from an HD Vonsattel Grade 0 case that did not exhibit any

motor symptoms yet displayed psychiatric symptoms with anxiety

and sleep disturbances.15 These observations suggest that OXT

could play a central role in the manifestation of early non-motor

symptoms in HD.

The neuropeptide OXT is synthesised in the paraventricular

nucleus (PVN) and the supraoptic nucleus (SON) of the hypothala-

mus.16 Apart from its classical function in lactation and mother–child

bond attachment, OXT also plays a pivotal role in complex social

behaviour, including prosocial behaviour and pair bonding17–19 as well

as metabolism and food intake.20 Furthermore, OXT is known for its

role in anxiety, depression and stereotypical stress responses.21–23

However, the role of OXT in anxiety and stress remains controversial

and is associated with both anxiolytic and anxiogenic as well as stress-

relieving and stress-inducing properties.24,25 Although the precise role

of OXT in HD is not clear, interesting findings with the administration

of OXT have been reported in both HD animal models and

clinical HD. Our previous study reported that an acute supraphysiolo-

gical dose of intranasal OXT prior to behavioural analyses

improved the depressive phenotype in BACHD mice.26 Moreover, in

clinical HD, administering intranasal OXT restored the ability for facial

emotional recognition in HD.27 Together, both studies support the

possibility that OXT can be used as a potential treatment for

emotional and social cognitive deficits in HD. However, the

potential causal link between the expression of mHTT in OXT neurons

and the development of non-motor features of HD remains to be

established.

Due to the modulatory role of OXT in social behaviour, metab-

olism, depression and anxiety as well as the observed neuronal loss

and atrophy of OXT neurons in HD patients, we hypothesise that

OXT signalling is impaired in HD. This potential impairment in turn

could lead to the development of non-motor symptoms observed

in HD. Therefore, this study aimed to examine whether the

expression of mHTT in OXT neurons leads to the development of

the neuropsychiatric and metabolic phenotype in HD and neuropa-

thology. To investigate this, we conducted two experiments. In the

first experiment, we selectively induced mHTT expression only in

OXT neurons using a novel flex-switch recombinant adeno-

associated viral vector approach. In the second experiment, we

selectively deleted mHTT expression in OXT neurons using the

BACHD mouse model. We assessed the behavioural phenotype

with relevant psychiatric tests (including for anxiety, depression

and altered sociability) and body weight measurements followed by

post-mortem analyses using biochemical and immunohistochemical

methods.

MATERIALS AND METHODS

The complete experimental procedures can be found in Appendix S1.

Key points

• Mutant huntingtin inclusion formation is associated with

a reduction in oxytocin-immunopositive cells.

• Overexpression of mutant huntingtin in oxytocin neurons

using an AAV vector does not have a major impact on the

early development of the psychiatric and metabolic phe-

notype in mice.

• Selective deletion of mutant huntingtin in oxytocin neu-

rons in BACHD mice does not have a major impact on

the early development of the psychiatric and metabolic

phenotype of HD.
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Animals

All animals had ad libitum access to chow diet and water and were

kept in a 12-h light/dark cycle. The mice were housed in cages of four

to six animals. The experimental procedures performed in animals

were approved by the Regional Ethical Committee in Lund, Sweden

(permit numbers: M65-13 and 15499/2017).

Experiment I: Selective induction of mHTT expression
in OXT neurons

To induce selective mHTT expression only in OXT neurons,

flex-switch recombinant adeno-associated viral (rAAV) vectors

were bilaterally injected into the PVN of mice expressing

Cre-recombinase (Cre) under the OXT promoter hereafter referred

to as OXT-Cre mice (B6;129S-Oxttm1.1(cre)Dolsn/J, Jackson

Laboratories). OXT-Cre mice were originally obtained as a mixed

C57BL/6J � 129S background strain but maintained at the Jackson

Laboratory on the C57BL/6J background strain. We designed three

different flex-switch rAAV vectors that resulted in transgene expres-

sion of green fluorescent protein (GFP) (mCherry/GFP), a truncated

N-terminal fragment of 166 amino acids (N166) of human WT HTT

with 18Q repeats (N166-18Q) and a truncated N-terminal fragment

of 248 amino acids (N248) with 100Q repeats (N248-100Q). The

mice were bilaterally injected at 2 months of age (6–8 weeks) and

were subjected to behavioural analyses and body weight measure-

ments at 3 months post-injection, and sacrifice was conducted at

4 months post-injection.

Experiment II: Selective deletion of mHTT expression in
OXT neurons

A mutant line that ubiquitously expresses mHTT except in OXT neu-

rons was generated by crossing BACHD on the C57BL/6J background

mice with OXT-Cre mice (Jackson Laboratories). The BACHD mouse

model carries the full-length mHTT gene with 97Q and develops the

psychiatric, motor and metabolic disturbances of HD.13,14,28 When

Cre is present (in OXT neurons) in loxP-flanked BACHD mice, a frag-

ment of exon 1 of the mHTT gene is deleted. Mating of male BACHD

mice and female OXT-Cre mice generated the mutant lines, BACHD/

OXT-Cre and BACHD, as well as littermate controls, WT and OXT-

Cre mice. Mice were subjected to behavioural analyses and body

weight measurements at 2 months of age and sacrificed at 3 months

of age. To validate the specificity of Cre recombinase under the OXT

promoter, we crossed OXT-Cre mice with the B6.129X1-Gt (ROSA)

26-Sortm1(EYFP)Cos/J (ROSA-EYFP) reporter mice (Jackson

Laboratories). The ROSA-EYFP reporter line expresses a loxP-flanked

stop-codon inserted before the enhanced yellow fluorescent

protein (EYFP) gene which allows for the expression of EYFP only in

presence of Cre.

rAAV vector production

The flex-switch rAAV2/5 vectors were produced using a method of

double transfection as described previously.29 The transgene of inter-

est was flanked by inverted terminal repeats from AAV2 and pack-

aged in a capsid from AAV5. Three flex-switch rAAV vectors were

designed expressing GFP (mCherry/GFP, 1.0–1.9 � 1014 GC/mL) or

166 and 248 amino acids of the N-terminal fragments of the human

HTT gene for N166-18Q (1.9–2.2 � 1014 GC/mL) and N248-100Q

(1.8–2.3 � 1014 GC/mL). The transgene sequences were regulated

under the human synapsin-1 promoter. A polyadenylation tail was

integrated to increase the mRNA half-life by protecting the transcript

against endogenous endonuclease activity. The HTT transgenes were

coupled with a GFP reporter gene and separated with a viral 2A

sequence (58 amino acids long) that mediates cleavage between

peptides during translation.

Stereotactic injection of rAAV vectors

Mice were anaesthetised with a mixture of 2% isoflurane and

N2O. rAAV vectors were bilaterally injected into OXT-Cre mice at

2 months of age using the following coordinates with bregma as the

origin to target the PVN: 0.6 mm posterior to the bregma, ±0.45 mm

lateral to the bregma and 4.9 mm ventral to the dura. The bilateral

injections were performed using a 5-μL Hamilton (Nevada, USA)

syringe attached to a pulled glass capillary with an outer diameter of

80 μm. A total of 0.5-μL viral vector solution was injected at the site

of coordinates at a rate of 0.05 μL/15 s. The needle was left in place

for an additional 5 min in situ after infusion of the viral vector before

being slowly retracted.

Behavioural procedures

The mice underwent a battery of behavioural tests to assess social

behaviour as well as anxiety- and depressive-like behaviour at

3 months post-injection in Experiment I and at 2 months of age in

Experiment II. The experiments were performed during the light phase

of the circadian rhythm.

The social interaction test (SIT) was applied to assess interest

in social affiliation (desire to interact with a stranger mouse) and

social novelty (desire to interact with a previously unencountered

mouse rather than a familiar mouse) as previously described.26,30

The test chamber was composed of a clear acrylic box (measuring

68 � 41 � 22.5 cm), divided into three chambers with doorway

openings to allow for free passage of the mouse. The side cham-

bers each contained a cup (25-cm high � 19-cm diameter) to

enclose stranger/novel mice. The experiment consisted of two test-

ing phases, the first phase tested for social affiliation and the sec-

ond for interest in social novelty. Before the testing phase, each

mouse was allowed to habituate to the testing chamber for 5 min.

SELECTIVE MUTANT HUNTINGTIN EXPRESSION IN OXYTOCIN NEURONS 3 of 15
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In the first phase (social affiliation), the experimental mouse is

allowed to freely interact for 10 min, either with an empty cup or

a cup containing another mouse of the same sex. In the second

phase (social novelty), the experimental mouse was allowed to

freely interact either with a cup containing the same familiar mouse

that it had interacted with before in the first session or another

cup containing a novel mouse (no previous interaction) for 10 min.

The number of interactions (defined as the mouse touching the cup

with its nose and/or hind paws) with stranger mouse versus empty

cup in the first phase, and familiar versus novel mouse in the

second phase, was used to calculate the preference of the

experimental mouse.

To assess anxiety-like behaviour, the elevated plus maze (EPM)

was conducted as previously described by Pellow.13,26,31 The maze

was elevated 55 cm above its base and consisted of two closed arms

and two opposing open arms (each arm measuring 35 � 7.5 cm) with

a centre platform connecting the arms (7.5 � 7.5 cm). The walls of the

closed arms had a height of 30 cm. The mouse was placed in the cen-

tre platform and recorded for 10 min, and the percentage of time

spent in the open versus closed arms was recorded during this time

interval. Analysis was performed using the Ethovision XT 13 Software

system.

Porsolt’s forced swim test (FST) was used to assess depressive-

like behaviour.32,33 The mice were recorded for 6 min; the first 2 min

of the recording was regarded as the acclimatisation period, and the

total time spent immobile in the last 4 min of the recording was manu-

ally scored by an experimenter blinded to the experimental groupings.

The scoring is based on immobility, which is a sign of depressive-like

behaviour. The criteria for immobility were that no swimming move-

ments can be made and only movements necessary to keep the head

above the water were included.

Open field test (OF) is a test that was used to measure the gen-

eral activity level of mice. The test chamber consisted of an activity

box (measuring 40 � 40 � 40.5 cm). The mouse was placed in the

centre of an activity box, and the total distance travelled during the

1-h time frame was tracked and recorded using the Ethovision XT

13 Software system.

Fluorescence immunohistochemistry and confocal
analyses

Brain tissue was immunohistochemically processed to detect OXT or

both OXT and GFP. Free-floating brain sections were incubated with

5% normal donkey serum followed by incubation with a primary

antibody for OXT (1:2000, H-051-01, anti-rabbit, Phoenix Pharma-

ceuticals) and/or GFP (1:10,000, ab13970, anti-chicken, Abcam). The

sections were labelled with the respective fluorescent secondary

antibodies Alexa 647-conjugated (1:200, anti-rabbit, Jackson

Laboratories) and/or the appropriate biotinylated antibody followed

by streptavidin-conjugated Alexa 488 (1:200, Jackson Laboratories).

Image acquisition and analysis for fluorescence detection were per-

formed with the Nikon Ti-Eclipse confocal microscope equipped with

a Nikon A1RHD laser scanning unit (Nikon Corporation, Japan) com-

prising 488-nM Sapphire, 543-nM Sapphire and 639-nM cube diode

lasers (Coherent Inc, USA). Plan Apochromat 10� N.A. 0.45 and 20�
N.A. 0.75 objectives were used to collect Z-stack images (2-μm step)

with a 1.2-AU pinhole aperture.

Peroxidase-based immunohistochemistry

Mice brains were cut in the coronal plane into 30-μm sections

using a freezing microtome (Microm HM450) and collected in six

series. Free-floating sections were processed for immunohistochem-

istry using primary antibodies: chicken antisera against GFP

(1:20,000, ab13970, Abcam), rabbit antisera against OXT (1:4000,

H-051-01, Phoenix Pharmaceuticals, Inc.) or goat antisera against

HTT (1:500, sc-8767, Santa Cruz, Biotechnology, Inc.). Sections

were labelled with an appropriate biotinylated secondary antibody

(1:200, anti-rabbit, anti-goat or anti-chicken IgG in Tris-buffered

saline containing 1% bovine serum albumin and triton X-100, Vec-

tor Laboratories, Inc.). After incubation with the Vectastain Elite

avidin-biotin kit, peroxidase labelling was visualised with 3,30-

diaminobenzidine as chromogen using hydrogen peroxidase. Finally,

the sections were mounted on chromatin-gelatin-coated glass slides

and coverslipped with DPX (Sigma Aldrich) after a series of dehy-

dration steps in ascending concentrations of ethanol and xylene.

Ten cases from the N248-100Q HTT-stained sections were also

counterstained in haematoxylin for 5 min (Mayer’s HTX, 01820,

Histolab Products AB) to verify whether the HTT inclusions were

expressed in the nuclei.

Quantification of OXT immunopositive cells

To estimate the number of OXT-immunopositive cells, an unbiased

quantification method was implemented whereby counting was per-

formed by an observer that was blinded to the sex and treatment

groups. The counting was performed with a 60X Plan-Apochromat

(1.4 N.A.) oil objective on a Nikon Eclipse 80i microscope, equipped

with an X-Y motorised stage (Märzhauser. Wetzlar, Germany). All

OXT-immunopositive cells of the PVN were counted unilaterally,

and the final cell count was estimated using the equation:

N¼P
Q � s�2, where Q is the number of counted cells, s is the

number of the series and 2 is the correction for both hemispheres.

DNA and RNA sampling and extraction

To prepare the brain tissue for post-mortem analyses of mice from

Experiment I, the mice were anaesthetised at 3–4 months of age with

a terminal dose of sodium pentobarbital (�150 mg/kg i.p.). The mice

were decapitated, and the brain was removed and embedded in

Tissue-Tek® O.C.T compound. Three hundred-micrometre-thick sec-

tions were cut in the cryostat (Microm HM 560). Micropunches from

4 of 15 BERGH ET AL.
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the PVN and SON were obtained using a 1-mm biopsy punch from

which genomic DNA and RNA were extracted. DNA extraction was

performed using the DNeasy Blood and Tissue kit (Qiagen), and RNA

extraction was performed with the RNeasy Lipid Tissue Mini Kit

(Qiagen) according to the manufacturer’s instructions and their

respective concentrations determined with the Nanodrop 2000

(ThermoFisher Scientific, CA, USA). All primers are designed with

Beacon Designer (Version 8.02, Premier Biosoft, USA).

Polymerase chain reaction

The primers were designed to detect exon 1 of the mHTT gene, HTT

forward primer (50 to 30) ATTCATTGCCCCGGTGCTGA and HTT

reverse primer (50 to 30) AGCCCTCTTCCCTCTCAGACTAGAAGAGG.

The expected polymerase chain reaction (PCR) products were

1050 bp for the non-excised HTT fragment and 600 bp for the Cre

excised HTT fragment. PCR was performed to validate the excision of

mHTT in the PVN and SON of the BACHD/OXT-Cre mutant line.

Genomic DNA was amplified using KAPA2G Fast genotyping mix

(Kapa Biosystems) according to the manufacturer’s protocol. Sixty-

eight nanograms of DNA sample was added to each well. SureCycler

8800 (Agilent Technologies) PCR machine was used for the following

PCR amplification for 40 cycles: 95.0�C for 3 min, denaturation at

95.0�C for 15 s, annealing at 63�C for 15 s and elongation at 72.0�C

for 30 s. Twenty microlitres of PCR product was loaded onto a 1%

agarose gel with SYBR® Safe DNA gel stain (Invitrogen) for 35 min at

100 V and visualised with the ChemiDoc MP imaging system (Bio-Rad

Laboratories Inc., Hercules, CA, USA).

Quantitative real-time PCR

Random hexamer primers and SuperScript IV Reverse Transcriptase

(Invitrogen) were used to generate cDNA according to the manufac-

turer’s instructions. Analysis of mRNA HTT expression was carried

out by quantitative real-time PCR (qRT-PCR). The quantitative PCR

was performed with a LightCycler 480 (Roche) in a two-step cycling

protocol using SYBR Green I Master mix (Roche, Switzerland) after

assessing the specificity of the amplified product by analysing the

melting curves. The data were quantified using the ΔΔCT method and

normalised to the expression of three house-keeping genes:

beta-actin, hypoxanthine-guanine phosphoribosyl transferase (HPRT)

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression.

All fold changes were presented as a ratio to the mean of the control

uninjected group. qRT-PCR was performed in uninjected mice (n = 2),

as well as in mice injected with N166-18Q (n = 3) and N248-100Q

(n = 3). All primers are designed with Beacon Designer (Version 8.02,

Premier Biosoft, USA). The sequences of the primers are as follows (50

to 30): HTT forward GCACCGACCAAAGAAAGA, HTT reverse

ACCATCCTGACATCTGAC, beta-actin forward GCTGTGCTAT

GTTGCTCTA, beta-actin reverse TCGTTGCCAATAGTGATGA,

GAPDH forward AACCTGCCAAGTATGATGA, GAPDH reverse

GGAGTTGCTGTTGAAGTC, HPRT forward ACCTTCTATGAATGT-

TACTG and HPRT reverse GATAAGCGACAATCTACC.

Statistical analyses

Statistical analyses were performed using SPSS 18 statistical package

(SPSS inc. Chicago I1). All data were first assessed for normal distribu-

tion. If the data were not normally distributed, log10 or square root

transformation was performed to obtain a normal distribution to allow

for the use of parametric tests. Data were assessed by either two-way

analyses of variance (ANOVA) followed by post hoc analyses or one-

way ANOVA followed by Tukey’s multiple-comparison test to analyse

the statistical differences between groups. Significant statistical differ-

ence was accepted at p < 0.05, and the data are expressed as a mean

± standard deviation (SD). A full report of the statistical analyses is

presented in Appendix S2.

RESULTS

Development of mHTT inclusions in OXT neurons of
OXT-Cre mice

The debilitating psychiatric and metabolic features seen in early HD

may be caused by pathology of the OXT system. Hence, in the first

experiment, we wanted to investigate whether selective mHTT

expression in OXT neurons of healthy OXT-Cre mice could result in

the development of non-motor features of HD. To selectively express

mHTT in OXT neurons, OXT-Cre mice were bilaterally injected with a

flex-switch N248-100Q viral vector into the PVN. We had two con-

trol groups of mice in this present study, one group was injected with

the N166-18Q vector (to express WT HTT) and the other rAAV-

mCherry/GFP, to verify the functionality of the vector construct and

the site of injection, respectively (Figure 1A).

To validate the efficacy of the flex-switch rAAV viral vectors, con-

focal microscopy images of the PVN were taken in mice injected with

the rAAV-mCherry/GFP vector. We confirmed that GFP transgene

expression is co-localised with OXT neurons, where Cre was

expressed under the OXT promoter. In contrast, mCherry transgene

expression was observed in transduced cells not expressing Cre

recombinase (Figure 1B). Furthermore, qRT-PCR analysis demon-

strated a substantial increase of HTT mRNA expression in mice

injected with N248-100Q and N166-18Q compared with uninjected

mice (Figure 1C).

Next, immunohistochemical processing of brain tissue with anti-

bodies against HTT and GFP confirmed transgene expression exclu-

sively in the PVN at 4 months post-injection (Figure 2A). Interestingly,

in mice injected with the N248-100Q vector, we observed two dis-

tinct subsets. Both subsets formed mHTT inclusions; however, one

subset formed larger, predominantly intranuclear inclusions and the

other formed smaller, more clustered and predominantly extranuclear

inclusions. The two subsets were analysed separately as two distinct

SELECTIVE MUTANT HUNTINGTIN EXPRESSION IN OXYTOCIN NEURONS 5 of 15
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experimental groups throughout the study. Counterstaining with

haematoxylin (which stains nuclei) confirmed that the intranuclear

inclusions are found within nuclei whereas the clusters of

extranuclear inclusions are predominantly found outside the nuclei

(Figure 2B).

Reduced numbers of OXT-immunopositive cells in
mice that formed mHTT inclusions

Loss of OXT neurons has previously been well documented in

clinical HD.11,15 We, therefore, estimated the total number of

OXT-immunopositive cells in the PVN (Figure 2C). One-way

ANOVA followed by a Tukey’s test revealed a significant reduction

in the number of OXT-immunopositive numbers in mice that

formed intranuclear mHTT inclusions compared with all groups

including the mice with extranuclear mHTT inclusions (uninjected

p < 0.001, mCherry/GFP p < 0.001, N166-18Q p < 0.01 and

N248-100Q with extranuclear inclusions p < 0.001; Figure 2C). The

numbers of OXT-immunopositive neurons were 26% lower in mice

that formed intranuclear inclusions compared with uninjected mice

and 25% lower compared with mice that formed extranuclear

inclusions. We observed no loss of OXT-immunopositive cells in

mice that formed extranuclear inclusions, indicating that may be a

causal link between intranuclear mHTT inclusion formation and

OXT pathology.

Sex-specific body weight gain in mice that formed
intranuclear mHTT inclusions compared with
uninjected mice

Increased body weight has previously been reported after selective

mHTT expression in the hypothalamus of mice.28 We wanted to

F I GU R E 1 Validation of the efficacy of viral vectors in OXT-Cre mice. (A) Schematic representation of Experiment I. (B) Confocal microscopy
images of the PVN in OXT-Cre mice with bilateral injections of the flex-switch rAAV-mCherry/GFP vector. Neurons in which Cre is present
express the GFP transgene (green), whereas other transduced non-Cre positive cells express mCherry (red). Immunopositive OXT neurons (blue)
are co-localised with GFP, and there is no overlap between GFP and mCherry. (C) mRNA levels of HTT in the PVN of OXT-Cre mice injected with
rAAV-HTT-18Q (n = 3) and rAAV-HTT-100Q (n = 3) relative to uninjected OXT-Cre mice (n = 2).
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investigate if selectively inducing mHTT expression in OXT neurons

of the PVN would be sufficient to affect body weight in a similar man-

ner. Our results showed a significant sex-dependent effect (p < 0.001)

and an interaction between sex and treatment (p < 0.001). In females,

mice that formed intranuclear mHTT inclusions developed an

increased body weight at 12 weeks post-injection of N248-100Q

compared with mice that formed extranuclear inclusions (p < 0.05;

Figure 3A). Interestingly, male mice injected with the mCherry/GFP

vector developed an increased body weight compared with mice from

all other groups (p < 0.05; Figure 3B). When expressed as percentage

body weight gain from 2 to 12 weeks post-injection, we found an

interaction effect between sex and treatment (p < 0.01). Female mice

injected with N248-100Q AAV vector that formed intranuclear inclu-

sions had a significantly higher body weight gain compared with unin-

jected (p < 0.05) and mCherry/GFP injected mice (p < 0.01)

(Figure 3C) and no significant differences between the treatment

groups in males (Figure 3D).

Normal general locomotor activity in mice with
selective mHTT expression in OXT neurons

Motor disturbances in HD are associated with pathology of the

basal ganglia and striatum.2 As the PVN is not a brain region

involved in motor function, we wanted to exclude the possibility

that mHTT in OXT neurons would contribute to motor manifesta-

tion, and as such, general locomotor activity was evaluated. In addi-

tion, we also wanted to verify that the mice were spared from any

motoric adverse effects due to the stereotactic surgery. Total loco-

motor activity was assessed with OF test and revealed that all mice

F I GU R E 2 Reduced numbers of OXT-immunopositive cells in mice that formed intranuclear mutant huntingtin inclusions. (A) OXT-, GFP-
and huntingtin-immunopositive neurons in OXT-Cre-recombinase mice 16 weeks post bilateral injection of rAAV vectors expressing mCherry/
GFP, N166-18Q and N248-100Q. (B) Mice that formed intranuclear and extranuclear inclusions were identified as distinct subsets of mice after
injection of the N248-100Q vector using haematoxylin which stains nuclei. Images showing huntingtin-immunopositive neurons were taken
before haematoxylin counterstaining and are from the same section. (C) Estimated number of neurons expressing OXT of the paraventricular
nucleus. The data are expressed as a mean ± standard deviation. ** = p < 0.01 and *** = p < 0.01, one-way analysis of variance followed by
Tukey’s multiple-comparison test. Scale bar in (A): 100, 10 and 100 μm, respectively, and (B): 10 μm. The number of animals in each group is
indicated in parentheses.
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travelled a similar distance, regardless of treatment in females

(Figure 3E) and males (Figure 3F).

Increased anxiety-like behaviour in mice that formed
intranuclear inclusions compared with uninjected mice

Next, we wanted to investigate if OXT’s role in anxiety and depres-

sion was disrupted by the expression of mHTT in OXT neurons. We

utilised EPM and Porsolt’s FST to assess anxiety- and depressive-like

behaviours, respectively. For the EPM, a two-way ANOVA revealed

no effect of sex, and thus, the data were collapsed across sex. One-

way ANOVA followed by a Tukey’s multiple-comparison test revealed

that mice in the N248-100Q intranuclear inclusions group spent less

percentage of time on open arms compared with uninjected mice

(p < 0.05; Figure 3G). This effect was not found in the N248-100Q

extranuclear inclusions group. Furthermore, mice injected with the

N166-18Q vector spent less percentage of time in open arms com-

pared with uninjected mice (p < 0.01), but there were no differences

between mice injected with the N166-18Q and N248-100Q vectors

F I GU R E 3 Behavioural effects after injections of a flex-switch vector expressing mutant huntingtin in oxytocin-Cre-recombinase mice.
Increased body weight was observed in female mice (A) that formed intranuclear inclusions compared with mice that formed extranuclear
inclusions 12 weeks after bilateral injections of N248-100Q. (B) Male mice injected with mCherry/GFP rAAV vector developed increased body
weight compared with other groups. (C) Percentage body weight gain between 2 and 12 weeks post-injection was significantly larger in female
mice that formed intranuclear inclusions compared with uninjected and mCherry/GFP expressing mice. (D) No change in the percentage body
weight gain between treatment groups in male mice. (E, F) No difference in activity level between groups, regardless of sex and treatment.
(G) Mice that formed intranuclear inclusions as well as N166-18Q mice spent less percentage time in the open arms compared with uninjected
mice. (H) We observed no differences in depressive-like behaviour between the groups. The data are expressed as a mean ± standard deviation.
* = p < 0.05 and ** = p < 0.01, two-way analyses of variance for the influence of sex and treatment, with a subsequent one-way analysis of
variance if the effect of sex or treatment was established. The number of animals in each group is indicated in parentheses.
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or between the N248-100Q mice, which formed intranuclear or extra-

nuclear inclusions. This suggests that mHTT expression in OXT neu-

rons by itself or inclusion formation may not be sufficient to increase

anxiety-like behaviour.

In the terms of depressive-like behaviours assessed with the FST,

no significant differences were detected between the different groups

regardless of sex and treatment, indicating that mHTT expression in

OXT neurons does not contribute to the development of HD

depressive-like behaviours (Figure 3H).

Effect of selective mHTT expression in OXT neurons
on social behaviour

Due to the important role of OXT in social behaviour and cognition,

we next investigated the effect of selective mHTT expression in OXT

neurons at 3 months post-injection on general sociability and social

novelty with the SIT. When assessing social affiliation, we did not

observe any changes across treatment groups. Although there is an

increased preference for the stranger mouse cup over the empty cup

in all mice, there were no significant differences between any of the

groups, with no effect of sex and treatment (Figure 4A). Assessment

of social novelty indicated that all mice had a preference for the novel

mouse cup over the familiar mouse cup except for mice that formed

extranuclear HTT inclusions, which preferred the familiar mouse cup.

The preference to interact with the novel mouse cup was significantly

lower in mice that formed extranuclear inclusions compared with

mCherry/GFP-injected mice (Figure 4B; p < 0.05). These results indi-

cate that although mHTT expression in OXT neurons does not affect

general social behaviour, the formation of extranuclear inclusions may

have contributed to the decreased interest to explore and interact

with the novel mouse.

Selectively deleting mHTT expression in OXT neurons
does not prevent the development of increased body
weight in BACHD/OXT-Cre mice

In the next part of the study, we performed a mirror experiment in a

well-established HD mouse model to determine if deleting mHTT

expression in OXT neurons is sufficient to rescue non-motor features

of HD. We crossed OXT-Cre mice with loxP-flanked BACHD mice to

generate offspring with excised exon 1 fragment of the HTT gene

exclusively in OXT neurons (Figure 5A). First, we validated Cre expres-

sion in OXT neurons, by crossing the OXT-Cre mice with the ROSA-

EYFP reporter line. Immunohistochemical staining of the generated

ROSA-EYFP/OXT-Cre mice revealed selective staining of the PVN

and SON, indicating that Cre expression is specific to OXT neurons

(Figure 5B). Next, we performed PCR analysis of dissected brain tissue

of the PVN and SON and verified excision of the HTT exon 1 fragment

only in BACHD/OXT-Cre mutant line (Figure 5C).

It has previously been established that BACHD mice develop a

higher body weight compared with WT littermates14 and that deletion

of mHTT expression in the hypothalamus of BACHD mice prevents

the development of obesity.28 Here, we investigated whether the

deletion of mHTT expression exclusively in OXT neurons would be

sufficient to alter the metabolic phenotype of the BACHD mice. As

we detected a sex-dependent effect (p < 0.001), the body weight data

are presented separately according to sex. Body weight was

F I G U R E 4 Effect of selective mutant huntingtin expression in
OXT neuron on social behaviour. (A) Assessment of social affiliation,
the percentage preference to interact with the cup enclosed with a
stranger mouse over an empty cup. No effect in social affiliation was
observed in OXT-Cre-recombinase mice bilaterally injected with
rAAV-HTT-100Q. (B) Assessment of social novelty, the percentage
preference to interact with the cup enclosed with a novel mouse over
the previously encountered mouse cup. No effect on social novelty in
OXT-Cre-recombinase mice injected with rAAV-HTT-100Q is

detected. The data are expressed as a mean ± standard deviation.
* = p < 0.05, two-way analyses of variance for the influence of sex
and treatment, with a subsequent one-way analysis of variance if the
effect of sex or treatment was established. The number of animals in
each group is indicated in parentheses.
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significantly higher in both BACHD and BACHD/OXT-Cre mice com-

pared with WT littermates (p < 0.001 in females and p < 0.05 in

males; Figure 6A,B). Despite this, the increase in body weight

observed in BACHD mice was not prevented by deleting mHTT

expression in OXT neurons. In female mice, however, there appears to

be a trend of increased body weight in BACHD/OXT-Cre mice com-

pared with BACHD mice (p = 0.063; Figure 6A).

Effect of selective mHTT expression in OXT neurons
on general locomotor activity in BACHD/OXT-Cre
mice

General activity levels were assessed with OF test and revealed that

all mice travelled a similar distance, regardless of sex and genotype

(Figure 6C).

No effect on anxiety-like or depressive-like behaviour
in BACHD/OXT-Cre mice with selective deletion of
mHTT expression in OXT neurons

We further investigated whether there is a direct link between mHTT

expression in OXT neurons and the development of neuropsychiatric

behaviour by selective deletion of mHTT expression in OXT neurons

of BACHD/OXT-Cre mice. Assessment of anxiety-like behaviour was

performed at 2 months of age using the EPM. Two-way ANOVA

revealed no effect of sex, and the data were collapsed across sex.

One-way ANOVA followed by a Tukey’s multiple comparison test

revealed a reduction in the percentage of time spent on open arms in

BACHD/OXT-Cre mice compared with WT mice (p < 0.01;

Figure 6D), whereas there was a trend for BACHD mice to spend less

time on open arms (p = 0.077). However, as there were no differ-

ences between BACHD and BACHD/OXT-Cre mice, this suggests

F I GU R E 5 Validation of mutant HTT deletion from BACHD/OXT-Cre mice. (A) Schematic representation of Experiment II and the generation
of the BACHD/OXT-Cre mutant mouse line. (B) Confocal microscopy images of the PVN in BACHD/OXT-Cre mice that were crossed with the
B6.129X1-Gt(ROSA)26-185 Sortm1(EYFP)Cos/J reporter line. Sections were immunohistologically stained with GFP (green) and detected in cells
in which Cre is present. Immunopositive OXT neurons (blue) are co-localised with GFP (teal). (C) Validation of Cre excision. Gel electrophoresis of
PCR products shows an intact HTT exon 1 band around 1050 bp in BACHD and BACHD/OXT-Cre mice and an excised HTT exon 1 band around
600 bp detected only in BACHD/OXT-Cre mice. No HTT band is detected in WT mice. Scale bar in (B): 200 μm.
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that the deletion of mHTT expression in OXT neurons does not con-

tribute to the development of anxiety-like behaviour.

In terms of depressive-like behaviours, the depressive-like pheno-

type of BACHD mice was not present in this transgenic crossing. An

unexpected observation was that BACHD mice showed a significant

increase in mobility compared with the OXT-Cre control group

(Figure 6E). No differences were observed between BACHD and

BACHD/OXT-Cre mice.

BACHD/OXT-Cre mice with selective deletion of
mHTT expression in OXT neurons display normal
social behaviour

The assessment of social behaviour using SIT revealed no significant

differences in social affiliation (Figure 7A) or social novelty (Figure 7B)

between the different groups, regardless of sex and treatment.

DISCUSSION

Understanding the effect of mHTT expression in the OXT system on

the development of non-motor features and OXT pathology in HD

may be important for unravelling novel targets for early therapeutic

interventions. OXT neurons are affected in early HD.11,15 Given the

function of OXT in social, metabolic and emotional control, any dis-

ruption in its function may contribute to the non-motor features seen

in HD.20,21,23 The present study aimed to investigate whether mHTT

expression in OXT neurons contributes to the development of non-

motor features and neuropathology. We found that intranuclear

mHTT inclusions, formed as a result of overexpression of mHTT selec-

tively in OXT neurons, were associated with reduced numbers of

OXT-immunopositive cells. This suggests that mHTT exerts cell-

autonomous effects in this population of selectively sensitive neurons

in HD. However, we did not detect any significant effects of selective

mHTT expression or deletion in OXT neurons on non-motor features

examined at relatively early time points in mice in this study.

We have previously reported a 45% loss of OXT neurons in the

PVN of post-mortem Grades 2–4 HD cases as well as in a Grade

0 case.11,15 In this study, we found that mice that formed intranuclear

inclusions in OXT neurons after bilateral rAAV-HTT-100Q injections

into the PVN of OXT-Cre mice displayed a significant 22–26% reduc-

tion in OXT-immunopositive neurons compared with all groups

including the mice that formed extranuclear inclusions. As the forma-

tion of intranuclear inclusions is a major hallmark of HD,5 there might

be a direct link between intranuclear inclusion formation and loss of

F I GU R E 6 Deletion of mutant huntingtin expression in OXT neurons does not prevent the development of increased body weight.
(A) BACHD and BACHD/OXT-Cre mice displayed significantly increased body weight, in both females (A) and males (B), compared with WT

littermates at 2 months of age, but this effect was not restored by deleting mutant huntingtin expression. (C) No sex- nor genotype-dependent
effect on general activity level was detected with the open field test. (D) BACHD/OXT-Cre mice displayed an increase in anxiety-like behaviour
with the elevated plus maze. (E) No significant differences in the percentage of time spent immobile with the forced swim test between BACHD
and BACHD/OXT-Cre mice. The data are presented as mean ± standard deviation. *** = p < 0.001, ** = p < 0.001 and * = p < 0.05 two-way
analyses of variance for the influence of sex and genotype, with a subsequent one-way analysis of variance if the effect of sex or genotype was
established. The number of animals in each group is indicated in parentheses.
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OXT neurons. The observed reduction in the numbers of OXT-

immunopositive cells may be caused by the loss of OXT neurons or by

reduced neuronal OXT expression due to the presence of intranuclear

mHTT inclusions. The question remains as to whether these intranuc-

lear inclusions are formed as a protective mechanism against mHTT

toxicity or are themselves cytotoxic and cause cell death. As there

was no loss of OXT neurons in mice injected with N248-100Q that

instead formed extranuclear inclusions, this suggests that intranuclear

mHTT inclusions may be associated with toxic effects of OXT neurons

by other unknown mechanisms. The absence of intranuclear inclu-

sions reported in BACHD mice corresponds to the lack of any evi-

dence showing a loss of OXT-immunopositive neurons in this HD

model supports this notion.13,14,34 However, further investigation of

the OXT system after inclusion formation is required.

OXT has predominantly been described as a neuropeptide with

anxiolytic properties and has been of key interest in the search for

alternative treatment for anxiety disorders.25,35 However, the role of

OXT in anxiety does not appear to be definite and has been suggested

to also have anxiogenic properties, especially after a chronic state of

increased OXT.24,25,36,37 Here, we investigated anxiety-like behaviour

using EPM in N248-100Q injected mice with induced mHTT expres-

sion selectively in OXT neurons and in BACHD/OXT-Cre mice with

deleted mHTT expression selectively in OXT neurons. However, we

found no major effect on anxiety-like behaviour after the manipula-

tion of mHTT expression in OXT neurons. We did find increased

anxiety-like behaviour in mice that formed intranuclear inclusions

post-injection of N248-100Q compared with uninjected mice,

whereas mice that formed extranuclear inclusions appeared to be

unaffected. Furthermore, there was no difference between the

N248-100Q intranuclear and extranuclear groups, indicating that

intranuclear inclusion formation alone may not contribute to the

development of anxiety-like behaviour. In addition, for reasons that

are unclear, we also observed increased anxiety-like behaviour in

N166-18Q injected mice. This phenotype could be an unexpected

adverse effect of WT HTT overexpression in mice or possibly indicate

a connection between overexpression of WT HTT and the develop-

ment of anxiety-like behaviour in mice. There was no difference

between the BACHD and BACHD/OXT-Cre mice, suggesting that

deleting mHTT expression in OXT neurons does not contribute to

anxiety-like behaviour. Importantly, we also acknowledge that mice

across all groups displayed higher levels of anxiety in this study.

Although sound and lighting within the experimental rooms were con-

trolled during the test, there could be other physical stressors in the

housing or testing environment that could have resulted in increased

anxiety levels. However, as all mice were housed and tested in a simi-

lar way, this aspect is likely not to have significantly impacted the pos-

sibility to detect differences between treatment groups.

Depression is highly prevalent in HD.4 A number of valid

transgenic HD animal models have been developed, and several stud-

ies have demonstrated affective symptoms of HD in these

models.13,38–40 They can therefore serve as important tools to test

novel potential therapies against affective symptoms. OXT is a neuro-

modulator in the amygdala, hypothalamus and nucleus accumbens,

regions which are linked to depression (as well as social cognition).41

However, the effect of intranasal OXT administration on the manifes-

tation of depression in patients appears to be inconsistent and has

been linked to both anti-depressive and pro-depressive

properties.41–43 Previously, acute intranasal OXT administration

improved the depressive phenotype in BACHD mice.26 However, this

may be due to the intranasal OXT treatments targeting more regions

F I GU R E 7 Deletion of mutant huntingtin expression in OXT
neurons of BACHD/OXT-Cre mice does not affect social behaviour.

(A) Assessment of social affiliation, the percentage preference to
interact with cup enclosed with stranger mouse over an empty cup.
No effect in social affiliation was observed between the different
genotypes. Mice in all groups show an increased preference for the
stranger mouse over the empty cup. (B) Assessment of social novelty,
the percentage preference to interact with the cup enclosed with a
novel mouse over the cup enclosing the previously encountered
mouse (familiar mouse). No differences between the different
genotypes were detected. The data are expressed as a mean
± standard deviation, two-way analyses of variance for the influence
of sex and genotype. The number of animals in each group is
indicated in parentheses.
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of the brain than the hypothalamus. OXT receptors (OXTRs) have

been found in many other brain regions of the limbic system involved

in emotional control and cognition, including the amygdala and pre-

frontal cortex.44,45 Genetic variations of OXTR have recently been

shown to influence the prevalence of social impairment in HD

patients.46 The effects of manipulation of mHTT expression in OXTR-

expressing neurons would, therefore, be interesting to explore.

In this study, mHTT expression in OXT neurons did not appear to

have any effect on depressive-like behaviour according to the FST,

even considering the reduced numbers of OXT-immunopositive cells

following mHTT inclusion formation. These results indicate that mHTT

expression in OXT neurons is not sufficient to affect the development

of the depressive phenotype. It appears that all mice display height-

ened depressive-like behaviour, regardless of the grouping. It is also

important to note that the BACHD mice in the present study did not

display increased depressive-like behaviour compared with their WT

littermates. This could be due to strain differences.13,26,28 Most of the

studies using BACHD mice have been largely on the FVB/N back-

ground where both anxiety- and depressive-like phenotypes were pre-

sent as early as 2 months of age. BACHD mice on the C57BL/6J

background have previously been reported to have less severe beha-

vioural deficits in HD compared with FVB/N mice.47 We had chosen

to use BACHD mice on the C57BL/6J mice to avoid strain differences

due to a mixed background. Our previous work has reported deficits

in psychiatric behaviours in BACHD mice on the C57BL/6J back-

ground at 6 months of age.26 Behavioural deficits might be more

prominent at a later time point and further studies are warranted.

HD patients experience impairments of social behaviour and

social memory.19 Decreased OXT levels in the cerebrospinal fluid of

manifest HD patients have recently been linked to increased social

cognitive impairment in HD patients.48 Furthermore, OXT knock-out

mice show deficits in social memory and recognition.49,50 Here, we

tested whether mHTT expression or inactivation in OXT neurons

affected social behaviour as assessed with SIT in mice. We did not

find any effects on the studied parameters at 3 months post-injection

or at 2 months of age. However, the manifestation of the social fea-

tures of HD may be time dependent as impairments of social behav-

iour have previously been reported in BACHD mice at 6 months of

age using this test.26 Thus, an interesting further direction may be to

assess these mice at a later stage in time.

Metabolic disturbances have previously been described in HD

patients including increased food intake51 and are generally associ-

ated with decreased body weight.52 OXT has been linked to metabo-

lism and more specifically food intake,20 where increased OXT is

linked to reduced food intake in model systems.53 BACHD mice, con-

trary to HD patients, are reported to develop increased body

weight.13,54 The effect on the development of increased body weight

is linked to mHTT expression selectively in the hypothalamus caused

by increased food intake.28 Therefore, we investigated if weight gain

following mHTT expression could be specifically linked to the OXT

system but found no support for this notion in the present study.

The present study has investigated the potential effects of mHTT

expression in OXT neurons in two different animal models. The results

indicated an association between intranuclear mHTT inclusions and a

reduction in the number of OXT-immunopositive neurons, suggesting

that the end product of mHTT expression is important in HD OXT

pathology. However, selective mHTT expression or inactivation in OXT

neurons alone was not sufficient to alter the metabolic and psychiatric

phenotype in mice at this early time point. Further studies with differ-

ent time points are warranted to understand the exact biological mech-

anisms that mHTT inclusions exert on the OXT system. It is clear that

loss of OXT neurons is an early change in HD patients, primarily associ-

ated with the onset or presence of affective symptoms, and therefore,

targeting the OXT system could provide a good therapeutic strategy

for HD affective symptoms. Hence, based on the increasing evidence

of the involvement of the OXT system in HD,55 it would now be timely

to assess the effects of OXT administration on both affective symp-

toms and altered social cognition in individuals with HD.
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ABSTRACT
• Selective TDP-43 overexpression in oxytocin neurons in the paraventricular nucleus of the hypothalamus causes a decrease

in oxytocin-immunopositive cells compared to uninjected mice.
•	 AAV-mediated TDP-43 overexpression in oxytocin neurons does not appear to be a major driver of behavioural and metabolic 

phenotypes in mice.

TAR DNA-binding protein 43 (TDP-43) is the major patholog-
ical protein in amyotrophic lateral sclerosis (ALS) [1]. Motor 
symptoms in ALS are often preceded by psychiatric features, 
including apathy and depression, as well as metabolic dysfunc-
tion characterised by a reduced body mass index [2, 3]. The hy-
pothalamus, a key regulator of metabolism and autonomic and 
endocrine responses to emotion, is affected in clinical ALS [4]. 
Recent post-mortem studies on ALS cases have revealed TDP-
43 inclusions in and atrophy of the hypothalamus, along with 
the selective loss of key hypothalamic neuronal populations that 
express oxytocin, hypocretin (orexin) or melanin-concentrating 
hormone (MCH). In addition, TDP-43 inclusions are found in 
oxytocin neurons in ALS cases [5–7]. Because oxytocin is a neu-
ropeptide important for complex social behaviour, metabolism, 
anxiety and depression, its pathology may be linked to the emo-
tional and metabolic dysregulation seen early in ALS [8]. Also, 
some effects on apathy have been found after administration of 
oxytocin to patients with another TDP-43 proteinopathy, fron-
tal temporal dementia (FTD) [9]. A recent study demonstrated 

that overexpression of wild-type TDP-43 in the entire hypo-
thalamus of mice replicates clinical hypothalamic pathology 
in ALS, including loss of neurons expressing oxytocin, hypo-
cretin and MCH as well as the development of metabolic dys-
function and apathy [10]. However, the cell-autonomous effect 
of overexpression of wild-type TDP-43 in oxytocin neurons on 
neuropathology, metabolism and behaviour remains to be inves-
tigated. Understanding this direct effect could be important for 
understanding the role of the oxytocin system in neurodegener-
ative disorders with TDP-43 pathology. In the present study, we 
therefore aimed to investigate whether selective overexpression 
of wild-type TDP-43 in oxytocin neurons would have effects on 
neuropathology as well as metabolic and behavioural features.

We used a flex-switch adeno-associated viral (AAV) vector 
to express either wild-type human TDP-43 (AAV-TDP43) or 
GFP (AAV-GFP) in oxytocin neurons in mice. Transgene ex-
pression was dependent on the presence of Cre-recombinase 
(Cre), which was expressed under the oxytocin promoter in 
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mice (oxytocin-Cre mice; B6; 129S-Oxttm1.1(Cre)Dolsn/J, Jackson 
Laboratories). Flex-switch AAV-vectors (titre: 2.0 E14 genome 
copies/mL) were bilaterally injected into the paraventricular 
nucleus (PVN) of the hypothalamus of 6-week-old oxytocin-
Cre mice. Housing conditions, AAV vector production and 
stereotactic delivery were similar to those described previ-
ously [11].

For neuropathological analyses, mice were perfused at 
24 weeks post-injection. The cohort included 11 AAV-TDP43 
(female = 7, male = 4) or 7 AAV-GFP (female = 5, male = 2) 
injected mice and 9 age-matched uninjected controls (fe-
male = 9). One AAV-GFP and one AAV-TDP43 brain were 
excluded from neuropathological analyses due to unsuccess-
ful sectioning. Tissue preparation and immunohistochemical 
analyses as well as image acquisition and processing were 
performed as previously described [10, 11]. For vector tar-
geting and quantification of oxytocin-expressing neurons, 
images of coronal sections between bregma −0.59 to −0.94 
were acquired at 10×/0.25 NA using a ZEISS Primostar micro-
scope and analysed in ImageJ 1.53t software. The oxytocin-
expressing cells were quantified manually using ImageJ's 
multipoint tool, whereas the cells overexpressing TDP-43 were 
quantified with an automated ImageJ script thresholding for 
pixel intensity (0–100) and circularity (0.30–1.00). Missing 
sections were imputed with an average from the same group 
and bregma. The total number of neurons was estimated by 
multiplying the observed cell count by the cutting interval of 
the collected sections (i.e., every sixth section was counted, 
resulting in a multiplier of 6).

Effects on the behavioural and metabolic phenotype follow-
ing TDP-43 overexpression in oxytocin neurons were in-
vestigated in the same cohort of mice with 11 AAV-TDP43 
(female = 7, male = 4) and 8 AAV-GFP (female = 5, male = 3) 
injected oxytocin-Cre mice. Behavioural experiments were per-
formed at 20–23 weeks post-injection as previously described 
[10, 11]. These tests included elevated plus maze (anxiety-like 
behaviour), forced swim test (depressive-like behaviour), social 
interaction test (social cognition) and rotarod (motor coordi-
nation and motivation). Body weight measurements and dual-
energy x-ray absorptiometry (DEXA) scans were performed at 
23 weeks post-injection.

Statistical analyses were performed in SPSS 29.0. One-way 
ANOVA with Tukey's post hoc was used for normally distrib-
uted data, whereas the Mann–Whitney U test and Spearman's 
ranks correlation were used for non-parametric data. A p-value 
of < 0.05 was considered significant.

Immunohistochemical analyses confirmed that TDP-43 and 
GFP immunoreactivity were limited to the PVN of oxytocin-Cre 
mice (Figure  1A–C). Immunofluorescent analysis confirmed 
that TDP-43 overexpression was selective to oxytocin neurons 
(Figure 1D). The flex-switch AAV-GFP vector has been previ-
ously validated [11]. The AAV-TDP43 vector achieved a targeting 
efficacy of around 60% (range 13%–91%) of oxytocin neurons in 
the PVN (Figure 1J). A trend towards a negative correlation was 
found between the number of TDP-43-overexpressing cells and 
the number of oxytocin-expressing cells (r(8)= − 0.61, p = 0.060; 
Figure 1K).

To investigate effects on neuropathology, we performed quan-
titative analyses of the number of oxytocin-expressing neu-
rons. AAV-TDP43-injected mice displayed a 19% reduction 
in oxytocin-expressing neurons (2000 ± 202) compared to 
uninjected controls (2465 ± 294, p = 0.001; Figure  1E–G,I). 
However, this reduction was not significantly different from 
AAV-GFP mice (2217 ± 236, p = 0.177). There was no difference 
between uninjected and AAV-GFP mice (p = 0.132). This sug-
gests that wild-type TDP-43 overexpression can exert mild cell-
autonomous toxicity in oxytocin neurons.

Nuclear-to-cytoplasmic mislocalisation and inclusions of TDP-
43 are found in cases with ALS [12, 13] and in our previous 
pan-hypothalamic TDP-43 overexpression mouse model [10]. 
We therefore investigated the molecular properties of AAV-
mediated TDP-43 overexpression in oxytocin neurons. TDP-
43 was detected within the nucleus and did not appear to form 
nuclear or cytoplasmic inclusions in the remaining cells in 
this model (Figure  1H). Given that the same wild-type TDP-
43 construct was used as in our previous pan-hypothalamic 
TDP-43 model [10], this finding suggests that oxytocin neurons 
may be able to manage high levels of wild-type TDP-43 within 
the nucleus without forming inclusions or inducing cytosolic 
mislocalisation.

Oxytocin plays a role in anxiety, depression, apathy and complex 
social behaviour, which are early features of ALS [8] as well as in 
FTD [9]. We therefore investigated the effects of TDP-43 overex-
pression in oxytocin neurons on the development of behavioural 
features. Mice overexpressing TDP-43 in oxytocin neurons 
spent a similar percentage of time on open arms compared to 
AAV-GFP control mice in the elevated plus maze (Figure 2A) 
and time spent immobile in the forced swim test (Figure 2B), 
suggesting no anxiety- or depressive-like phenotypes. The as-
sessment of social behaviour using the social interaction test 
revealed no significant differences in social affiliation or social 
novelty (Figure 2C,D) between the different groups. We found 
no correlation between the results from the behavioural experi-
ments and either the number of oxytocin-expressing neurons or 
the number of TDP-43-immunopositive cells (data not shown). 
The AAV-TDP43-injected mice had an increased latency to fall 
as assessed with the rotarod test compared to AAV-GFP-injected 
mice (p = 0.001; Figure 2E).

Because hypothalamic atrophy has been associated with re-
duced body mass index preceding motor symptoms in ALS [14], 
we investigated the metabolic phenotype in mice overexpress-
ing TDP-43 in oxytocin neurons. We observed no effect on body 
weight gain and body fat percentage, regardless of sex and treat-
ment (Figure 2F–I). However, we observed a trend of decreased 
body weight gain in male AAV-TDP43 mice compared to male 
AAV-GFP mice (p = 0.057; Figure 2F).

Given the observed variability of TDP-43 targeting efficacy in 
oxytocin neurons, we performed Spearman's rank correlation 
analyses between TDP-43 overexpression targeting efficacy 
and metabolic and behavioural features. A strong negative 
correlation was detected in male mice between TDP-43 tar-
geting efficacy and body weight gain (r(4)= − 1.00, p = 0.01; 
Figure  2J). Conversely, the analysis in female mice showed 
a trend that did not reach statistical significance towards a 
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FIGURE 1    |     Legend on next page.
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positive correlation between TDP-43 expression efficacy and 
body weight gain (r(6) = 0.77, p = 0.072; Figure 2K). These dif-
ferences between males and females suggest that TDP-43 may 
interact with sex-specific metabolic pathways in oxytocin neu-
rons. A recognised limitation of using AAV-mediated expres-
sion is the inherent variability in targeting efficacy; however, 
we did not detect any other significant correlations between 
the TDP-43 targeting efficacy and the remaining phenotypic 

features measured (Figure  S1). Taken together, these data 
suggest that overexpression of wild-type TDP-43 in oxytocin 
neurons has limited effects on the development of behavioural 
and metabolic features.

This study reveals a mild cell-autonomous neurotoxic effect of 
overexpressed wild-type TDP-43 on oxytocin neurons. We ob-
served a decrease in the number of neurons expressing oxytocin 

FIGURE 1    |    Selective TDP-43 overexpression in oxytocin neurons results in loss of oxytocin-expressing neurons compared to uninjected mice. 
Oxytocin-Cre mice were injected bilaterally with either an AAV-TDP43 or AAV-GFP vector, resulting in selective transgene expression in oxytocin 
neurons. (A–C) At 24 weeks post-injection, TDP-43 and GFP immunoreactivity were detected, limited to the PVN. (D) TDP-43 overexpression was 
found in oxytocin-immunopositive neurons. (E–G,I) The number of oxytocin-expressing neurons was reduced in AAV-TDP43 mice compared to 
uninjected controls (p = 0.001), but not compared to AAV-GFP mice. (H) Immunofluorescent staining for TDP-43 and Hoechst (nuclear counter-
stain) revealed TDP-43 immunoreactivity limited to the nucleus, without inclusion formation. (J) Stereotactic injections of AAV-TDP43 led to clear 
overexpression of TDP-43 in an average of 60% of oxytocin neurons in the PVN. (K) A trend towards a negative correlation was observed between 
the number of TDP-43-overexpressing cells and the number of oxytocin-expressing cells (r(8)= − 0.61, p = 0.060). Data are presented as mean ± SD 
Statistical analyses: one-way ANOVA with Tukey's post hoc (I) and Spearman's rank correlation (K). *p < 0.05.

FIGURE 2    |    Overexpression of TDP-43 in oxytocin neurons has no major impact on behavioural or metabolic phenotypes in mice. Behavioural 
and metabolic assessments were performed at 20–23 weeks post-injection. (A,B) No significant differences were observed with elevated plus maze 
(EPM) or the forced swim test (FST). (C,D) The social interaction test (SIT) revealed no differences in social affiliation or social novelty. (E) AAV-
TDP43 mice displayed a significantly increased latency to fall in the rotarod test compared to AAV-GFP mice (p = 0.001). (F–I) No significant differ-
ences were found in body fat percentage or body weight change across sex and treatment groups; however, there was a trend of decreased body weight 
gain in male AAV-TDP43 mice (p = 0.057). (J) A strong negative correlation was found in male mice between the TDP-43 targeting efficacy and body 
weight gain. (K) Female mice displayed a trend towards a positive correlation between TDP-43 targeting efficacy and body weight gain. Data are 
presented as median with range. Statistical analyses: Mann–Whitney U test (A–I) and Spearman's rank correlation (J–L).
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compared to uninjected controls, but not relative to AAV-GFP 
mice. In our recent study [12], pan-hypothalamic overexpression 
of wild-type TDP-43 resulted in a 42% loss of oxytocin neurons, 
downregulation of oxytocin transcripts and clear metabolic and 
behavioural impairment. The difference in oxytocin system pa-
thology between the two models may imply that the effect on 
oxytocin is not solely cell autonomous. Our data also suggest that 
metabolic and behavioural phenotypes observed after overex-
pression of TDP-43 in the hypothalamus are likely not a result of 
TDP-43 dysfunction in oxytocin neurons. Hence, further studies 
investigating the effects of TDP-43 on other hypothalamic neu-
ronal populations may shed light on the relationship between 
specific hypothalamic circuitry dysfunction and the develop-
ment of non-motor manifestations in TDP-43 proteinopathies.
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Neurodegenerative disorders (NDDs) such as Huntington’s disease (HD) and

the spectrum of amyotrophic lateral sclerosis (ALS) and frontotemporal

dementia (FTD) are characterized by progressive loss of selectively vulnerable

populations of neurons. Although often associated with motor impairments,

these NDDs share several commonalities in early symptoms and signs that

extend beyond motor dysfunction. These include impairments in social

cognition and psychiatric symptoms. Oxytocin (OXT) is a neuropeptide known

to play a pivotal role in the regulation of social cognition as well as in

emotional behaviors such as anxiety and depression. Here, we present an

overview of key results implicating OXT in the pathology of HD, ALS and FTD

and seek to identify commonalities across these NDDs. OXT is produced in

the hypothalamus, a region in the brain that during the past decade has been

shown to be affected in HD, ALS, and FTD. Several studies using human post-

mortem neuropathological analyses, measurements of cerebrospinal fluid,

experimental treatments with OXT as well as genetic animal models have

collectively implicated an important role of central OXT in the development

of altered social cognition and psychiatric features across these diseases.

Understanding central OXT signaling may unveil the underlying mechanisms

of early signs of the social cognitive impairment and the psychiatric features in

NDDs. It is therefore possible that OXT might have potential therapeutic value

for early disease intervention and better symptomatic treatment in NDDs.

KEYWORDS

oxytocin, Huntington’s disease, amyotrophic lateral sclerosis, frontotemporal
dementia, neurodegenerative diseases, huntingtin, TDP-43
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Introduction

Neurodegenerative disorders (NDDs) are a group of diseases
caused by progressive and irreversible deterioration of neurons
within the central nervous system (CNS). Current treatment
is only symptomatic but does not modify disease progression
or reverse the neuronal dysfunction. These disorders are
characterized by selective cellular vulnerability to the pathogenic
process that often involve the accumulation of disease-
associated proteins. Important research questions are centered
on understanding the underlying mechanisms of selective
vulnerability as well as what changes occur early and could
be targeted for therapeutic disease-modifying interventions.
Recent work has indicated interesting similarities between
Huntington’s disease (HD) and the spectrum of amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD)
(Vercruysse et al., 2018). The concept of an ALS and FTD
disease spectrum continuum has emerged, largely from an
overlap in pathological and genetic associations between the
two conditions (Neumann et al., 2006; Renton et al., 2011;
Strong et al., 2017). Although previous research has mainly
focused on the well-known disturbances in motor function
and accompanying neuropathology of movement-regulating
neurons for HD and ALS, recent work show early manifestation
of psychiatric symptoms and altered social cognition as well as
selective vulnerability of hypothalamic neurons in both HD and
the spectrum of ALS and FTD disorders (Vercruysse et al., 2018;
Gabery et al., 2021). Understanding the underlying mechanisms
of selective vulnerability of hypothalamic neurons and the link
to early psychiatric symptoms in these disorders may open
up for novel avenues for therapeutic interventions for these
disorders.

Several genes have been identified in the familial forms of
these NDDs. HD is caused by an expansion of the trinucleotide
CAG within the huntingtin (HTT) gene (HDCRG, 1993),
while there are several known genetic mutations in ALS
such as superoxide dismutase 1 (SOD1), chromosome 9 open
reading frame 72 (C9ORF72) and, trans-activation responsive
RNA-binding protein (TARBP). The latter two genes are also
affected in FTD as well as progranulin (GRN) and microtubule
associated protein tau (MAPT) (Taylor et al., 2016; Greaves
and Rohrer, 2019). Also, CAG expansions within the ataxin-2
have also been shown to be associated with ALS (Elden et al.,
2010).

Cognitive and social behavioral alterations are key early
features that are present in HD, ALS, and FTD (Craufurd
et al., 2001; Phukan et al., 2007; Paulsen et al., 2008; Steenland
et al., 2010; Ahmed et al., 2014; Bott et al., 2014; McCarter
et al., 2016; Herzog-Krzywoszanska and Krzywoszanski, 2019;
Blasco et al., 2020; Boentert, 2020; Singh and Agrawal, 2021).
In particular, social cognitive impairment (e.g., processing of
facial expression of emotions, theory of mind, and empathy) in
NDDs has the potential to disrupt interpersonal relationships,

thereby eliminating the benefits that social interactions may
bring for patients suffering from these debilitating conditions
(Christidi et al., 2018). The underlying biological mechanisms
mediating these features in NDDs are not well understood.
However, given that both altered social cognition as well
as psychiatric features constitute a common denominator in
the early phases across all three diseases, it is likely that
that there could also be common pathologies in HD, ALS,
and FTD.

Hypothalamic alterations can be observed in all three NDDs,
including loss of different hypothalamic neurons (Gabery et al.,
2010, 2015, 2021; Vercruysse et al., 2018; Ahmed et al.,
2021c). The neuropeptide oxytocin (OXT) has long been known
to play a pivotal role in the regulation of complex social
cognition and behaviors, including prosocial behavior and pair-
bonding (Heinrichs et al., 2009; Galbally et al., 2011; Odent,
2013) as well as in emotional behavior including anxiety and
depression (Neumann and Landgraf, 2012; Jurek and Neumann,
2018; Onaka and Takayanagi, 2019; Yoon and Kim, 2020).
OXT is synthesized in the paraventricular nucleus (PVN)
and supraoptic nucleus of the hypothalamus (Gimpl and
Fahrenholz, 2001). OXT binds to OXT-receptors (OXTR) that
are located throughout the brain most prominently within the
limbic structures (Jurek and Neumann, 2018). Interestingly,
in a recent study, distinct OXTR expression patterns have
been shown in psychiatric disorders as well as in metabolic
regulation processes across development in humans (Rokicki
et al., 2022). Furthermore, genetic variation of OXTR has also
been shown to be associated with social impairment in HD
(Saiz-Rodríguez et al., 2022). When exogenously administered,
OXT facilitates social encounters, improved social cognitive
outcomes as well as emotion recognition in healthy and clinical
groups characterized by social deficits, such as autism and
social anxiety disorder (Heinrichs et al., 2009; Keech et al.,
2018).

Other hypothalamic specific neuropeptides that have been
studied in NDDs include hypocretin (orexin) which has
been shown to be reduced in both HD and ALS (Gabery
et al., 2010, 2021) as well as in Parkinson’s disease (Fronczek
et al., 2007). Like OXT, hypocretin is exclusively produced
in the hypothalamus and is involved in the regulation of
sleep, emotion, and metabolism (Tyree et al., 2018). Other
hypothalamic specific neurons such as vasopressin has also been
shown to be reduced in HD (Gabery et al., 2010), but not in ALS
or FTD (Piguet et al., 2011; Gabery et al., 2021). Hypothalamic
expression of neuropeptide Y (NPY), a neuropeptide involved
mostly in appetite regulation has also been studied and is
preserved in HD, ALS, and FTD (Gabery et al., 2010; Piguet
et al., 2011).

Hence, several studies have indicated that the OXT system
may be implicated across both HD and the spectrum of
ALS/FTD and therefore constitute an interesting common
denominator (Gabery et al., 2010, 2015, 2021; Jesso et al., 2011;
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Finger et al., 2015). Given the role OXT has on social cognition
and emotional regulation, there may be a link between the
pathology in the OXT system identified in these disorders and
some of the early social cognitive and psychiatric features. OXT
system may provide a common therapeutic target for disease
intervention. Understanding similarities and differences of these
disorders including of how the OXT system is affected may
provide important information in that direction. This review
therefore focuses on the current state of knowledge regarding
changes in the OXT system in these particular NDDs and
highlights the major results obtained so far in this emerging
field.

Clinical features and neuropathology
of Huntington’s disease

The clinical diagnosis of HD is based on a positive
gene test in combination with the manifestation of overt
motor disturbances including chorea (exaggerated involuntary
movements), rigidity and gait imbalance (Novak and Tabrizi,
2010; Ross et al., 2014). The onset of motor disturbances usually
occurs in midlife (30–55 years of age) followed by 20 years
of disease progression. Individuals with HD also experience
a range of non-motor symptoms and signs. These include
cognitive changes, such as executive dysfunction and altered
social cognition, as well as psychiatric symptoms such as anxiety,
depression, irritability, and apathy (Duff et al., 2007; Paulsen
et al., 2008). The disease-causing mutation is an expansion of
a CAG trinucleotide repeat in the HTT gene which encodes
an extended polyglutamine (Q) of the HTT protein (HDCRG,
1993; Ross et al., 2014). Individuals carrying more than 36Q
will develop HD, but there is reduced penetrance if the patient
is carrying between 36 and 39Q (Duyao et al., 1993). Despite
a major hallmark of HD pathology being the formation of
intraneuronal aggregates of the mutant HTT protein, the role
of these aggregates in the pathogenesis is not well understood
(DiFiglia et al., 1997; Ross and Shoulson, 2009; Cisbani and
Cicchetti, 2012). In HD, the most pronounced neuropathology
is observed in the striatum of the basal ganglia and the cerebral
cortex which are regions associated with motor function
(Vonsattel et al., 1985). The site of pathology for psychiatric
signs and symptoms as well as altered social cognition is still
not established but may in part be explained by dysfunctional
neural circuities and neuronal cell death in the hypothalamus.
Hypothalamic alterations have been observed decades before
onset of motor disturbances (Politis et al., 2008; Soneson et al.,
2010; Cheong et al., 2019). Recent studies have aimed to increase
the understanding of the non-motor features of HD and in
particular the role of OXT in this paradigm. A summary of the
main results for the role of OXT in HD pathology can be found
in Table 1.

Changes in the oxytocin system in
Huntington’s disease

The first clinical study to investigate OXT pathology
in clinical HD was conducted by Gabery et al. (2010).
Immunohistochemically processed post-mortem brain tissue
from HD patients of different Vonsattel grades (grades 2–4)
revealed a selective 45% OXT neuronal loss as well as a reduced
cell size of the remaining OXT neurons. The Vonsattel grading
system is a five-step grading system (0–4) for neurodegeneration
in HD focusing on the striatum, the most affected brain region
(Vonsattel et al., 1985). Furthermore, a case report based on
one HD patient with Vonsattel grade 0 showed the same low
number of OXT-expressing neurons as late-stage HD patients
with Vonsattel grade 2–4 (Gabery et al., 2015). The same
patient had deceased before the onset of any motor signs
and symptoms, however, had developed anxiety and sleep
disturbances (Gabery et al., 2015). These results suggest that
early changes in hypothalamic neuronal populations expressing
emotion-regulating neuropeptides could contribute to the early
behavioral phenotype of HD. However, one study reported no
changes in number of OXT neurons within the PVN (van
Wamelen et al., 2012). This discrepancy in results may stem
from different quantification approaches used. In the study
from Gabery et al. stereological quantification with the physical
dissector principle was applied while this was not the case in the
study by van Wamelen et al. (2012).

In several studies, OXT has been measured in both blood
and cerebrospinal fluid (CSF) samples from individuals with
HD. A recent study showed a significant 38% reduction in OXT
CSF levels in individuals carrying the mutant HTT gene (Hellem
et al., 2022). No changes in OXT plasma levels in HD patients
have been found, highlighting that changes in OXT levels occur
centrally and not in the periphery (Unti et al., 2018; Fisher et al.,
2021; Hellem et al., 2022).

There are a number of different transgenic mouse models
for HD (Pouladi et al., 2013). A decrease in OXT mRNA levels in
the CNS of both the R6/2 mouse expressing a short fragment of
mutant HTT as well as HD190QG expressing a longer fragment
of mutant HTT gene was observed (Kotliarova et al., 2005).
A decrease of OXT mRNA levels has also been reported in a viral
vector model with overexpression of mutant HTT selectively
in the hypothalamus (Hult et al., 2011). Furthermore, R6/2
mice displayed loss of OXT-expressing neurons, which was not
found in two other HD animal models; the BACHD and the
HD190Q transgenic HD mice (Kotliarova et al., 2005; Soylu-
Kucharz et al., 2016; Henningsen et al., 2021). In the PVN of
HD190QG mice, lower levels of OXT mRNA were associated
with a high frequency of mutant HTT aggregates (Kotliarova
et al., 2005). Furthermore, pretreatment with OXT before
intracerebroventricular (icv) injection 3-nitropropionic acid (3-
NP)-induced HD mouse model prevented the development
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TABLE 1 Summary of oxytocin (OXT) results in Huntington’s disease (HD).

Tissue HD stage Analysis Treatment Results References

Clinical HD IHC, stereology ↓ Number of OXT neurons Gabery et al., 2010;
Gabery et al., 2015

IHC = Number of OXT neurons van Wamelen et al., 2012

IHC, stereology ↑ Atrophic OXT neurons Gabery et al., 2010

Premanifest and
manifest

EIA, ELISA, RIA = OXT plasma level Unti et al., 2018; Fisher
et al., 2021; Hellem et al.,

2022

Premanifest ELISA, SDMT, VDT ↑ OXT plasma levels
correlated with ↑

executive function

Fisher et al., 2021

Premanifest and
manifest

ELISA, PBA ↑ OXT plasma levels
correlated with ↓

depressive-symptoms

Fisher et al., 2021

Manifest EIA, faux-pas ↑ OXT correlated with ↑

social cognition
Unti et al., 2018

Premanifest fMRI, emotional face
matching task

Intranasal OXT adm. ↑ Ability to process disgust
stimuli

Labuschagne et al., 2018

Manifest RIA ↓ OXT CSF levels Hellem et al., 2022

RIA, MMSE, MoCA,
TASIT, EHt, RME

↓ OXT CSF levels
correlated with ↑

cognitive impairment

Hellem et al., 2022

HD190QG
(Mouse)

RT-PCR ↓ OXT mRNA Kotliarova et al., 2005

IHC = Number of OXT neurons Kotliarova et al., 2005

BACHD
(Mouse)

RIA ↓ OXT plasma level Cheong et al., 2020

RIA, EPM, FST, SIT ↓ OXT plasma levels with
↑ depressive-,

anxiety-like and altered
social behavior

Cheong et al., 2020

FST Intranasal OXT adm. ↓ Depressive-like
symptoms

Cheong et al., 2020

IHC, stereology = Number of OXT neurons Soylu-Kucharz et al.,
2016

IHC, stereology QA injection = Number of OXT neurons Henningsen et al., 2021

R6/2
(MOUSE)

RT-PCR ↓ OXT mRNA levels Kotliarova et al., 2005

IHC, stereology ↓ Number of OXT neurons Henningsen et al., 2021

IHC, stereology QA injection = Number of OXT neurons Henningsen et al., 2021

AAV-MHTT
(Mouse)

RT-PCR mHTT AAV vector
injection

↓ OXT mRNA Hult et al., 2011

NP-3
(Rat)

OFT, EPM, FST icv OXT injection ↓ Anxiety- and
depressive-like

symptoms

Khodagholi et al., 2022

Western blot, ellman
method

icv OXT injection ↑ OXTR, mGluR2, GSH
levels

Khodagholi et al., 2022

Western blot icv OXT injection ↓ mGluR5 levels Khodagholi et al., 2022

↓: decrease in symptomatic or abundance, ↑: increase in abundance, =: no change in neuronal population. adm, administration; AAV, adeno-associated virus; EHt, emotion hexagon test;
EIA, enzyme inhibition assay; ELISA, enzyme-linked immunosorbent assay; EPM, elevated plus maze; FST, forced swim test; IHC, immunohistochemistry; icv, intracerebroventricular
injection; mHTT, mutant huntingtin; MoCA, Montreal cognitive assessment; MMSE, mini mental state examination; OFT, open field test; QA, quinolinic acid; RIA, radioimmunoassay;
RME, reading the mind of the eyes; RT-PCR, real-time polymerase chain reaction; PBA, problem behaviors assessment; SDMT, symbol digit modalities test; SIT, social interaction test;
TASIT, the awareness of social interference test; VDT, verbal fluency test.

of several changes including decreased levels of the OXT
receptor, mGluR2 and glutathione as well as increased mGluR5
levels in the striatum, hippocampus, prefrontal cortex, and
amygdala (Khodagholi et al., 2022). These results indicate
that OXT might have a protective effect on these molecular
changes in HD. However, the OXT neuronal population
appear to be resistant to quinolinic acid induced toxicity

(Henningsen et al., 2021), which is an excitotoxin that has
been linked to a loss of medium spiny neurons in the
striatum of HD (Beal et al., 1986, 1991; Ferrante et al.,
1993). This suggests that the vulnerability of OXT expressing
neurons in HD is not caused by excitotoxicity. The underlying
mechanisms of OXT loss in HD are not known and need further
study.
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Effects of oxytocin on social cognition
and psychiatric features in
Huntington’s disease

Oxytocin has previously been established to have an
important role in social cognition. Clinical studies have revealed
a link between OXT and social cognition in HD. In HD patients,
the ability to process emotions such as disgust, fear, anger, sad,
surprise, and happiness is reduced (Labuschagne et al., 2018).
Interestingly, a higher baseline level of OXT in the plasma was
associated with a better recognition of emotion facial expression
in HD gene carriers at an early disease stage before any onset
of motor signs and symptoms onset (premanifest HD) (Unti
et al., 2018). Moreover, intranasal OXT treatment normalized
the ability of premanifest patients to process disgust stimuli
(Labuschagne et al., 2018). More recently, Hellem et al. (2022)
reported that HD patients with social cognitive impairment had
significantly lower OXT CSF levels, suggesting a correlation
between OXT CSF levels and social cognitive function. OXT
may also be associated with executive dysfunction in HD.
A clinical pilot study revealed that premanifest HD patients with
higher OXT plasma levels performed better at cognitive tasks
including verbal functioning, visual spatial attention, processing
speed and working memory (Fisher et al., 2021). With an unmet
clinical need for HD biomarkers, both OXT CSF and plasma
levels may give some indication of the status of social cognitive
deficits in HD.

Oxytocin could also play a role for the neuropsychiatric
features of HD. In clinical HD, a positive correlation between
OXT plasma levels and depression in both motor manifest
and premanifest HD patients has been observed (Fisher
et al., 2021). In the BACHD mouse model, OXT plasma
level is lower than in wild-type littermates with increased
depressive-, anxiety-like and social behavior (Cheong et al.,
2020). Moreover, acute intranasal OXT administration reduced
depressive-like behavior in this mouse model with no effect
on anxiety-like behavior (Cheong et al., 2020). Furthermore,
pretreatment with OXT injections prior to icv NP-3 injection
in rats prevented the development of anxiety-and depressive-
like behavior (Khodagholi et al., 2022). These results suggest
that OXT might have protective effects and should be
further investigated as a potential treatment in preventing the
development of depressive and/or anxious phenotype in HD.

Clinical features and neuropathology
of frontotemporal dementia

Frontotemporal dementia is a group of NDDs that are
characterized by progressive altered behavior and decline in
executive functions. FTD is the second most common dementia
after Alzheimer’s disease (Ahmed et al., 2021b). Clinically it is
subdivided into three main types including behavioral-variant

frontotemporal dementia (bv-FTD), semantic dementia and
progressive non-fluent aphasia (Neary et al., 1998; Hodges
and Patterson, 2007). bv-FTD is the most common form and
comprises over 50% of all FTD cases. The syndrome has an early
age of onset with a mean around 50 years of age and disease
duration of approximately 8 years. Affected individuals have
a range of clinical symptoms such as behavioral disinhibition,
hallucinations, apathy, executive dysfunction as well as changes
in eating behavior with hyperorality (Woolley et al., 2007;
Rascovsky et al., 2011). However, a central feature in this
condition is the early progressive loss of empathy and social
cognition (Rankin et al., 2005). As such, considerable amount
of research has during the past two decades been devoted to
this topic. Impaired recognition of the facial expression of
emotions occurs at an early stage, which in turn complicates the
engagement or response to social cues (Keane et al., 2002; Rosen
et al., 2004). Regions in the brain that are thought to be involved
in social cognition include frontal, temporal and parietal lobes,
which are the regions with predisposition to neuropathological
changes and atrophy in FTD (Kennedy and Adolphs, 2012;
Ahmed et al., 2021b).

Psychiatric symptoms can often initially mask an FTD
diagnosis, as several of the symptoms overlap with other
psychiatric syndromes such as obsessive-compulsive disorder,
bipolar disorder and major depressive disorder (MDD). Around
50% of patients with bv-FTD receive initially a psychiatric
diagnosis (Woolley et al., 2011). Neuroimaging studies have
revealed a loss of gray matter in both MDD and bipolar disease
that overlap with the affected regions in FTD (Peet et al., 2021).
This, therefore, poses a diagnostic difficulty in the clinical setting
(Ducharme et al., 2020). Recently, post-mortem analysis on
brain tissue from FTD cases have shown a correlation between
psychiatric symptoms and a higher abundance of the transactive
response DNA-binding protein 43 kDa (TDP-43) inclusion
pathology (Scarioni et al., 2020).

Clinical features and neuropathology
of amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis is a fast-progressing NDD
associated with both upper and lower motor neuron dysfunction
leading to muscle weakness and bulbar dysfunction (Taylor
et al., 2016). The disease onset occurs commonly in mid-
adulthood (at a mean age of 55 years) with death typically
3–5 years after diagnosis usually due to respiratory failure (Zarei
et al., 2015; Taylor et al., 2016). ALS patients also exhibit a range
of non-motor symptoms including altered energy metabolism
and eating behavior (Dupuis et al., 2011; Ahmed et al., 2016,
2021b). Pathological findings have been observed in the frontal
and temporal cortices as well as in the hypothalamus that may
underlie some of these changes (Neumann et al., 2006; Gabery
et al., 2021).
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Psychiatric symptoms such as apathy and depression have
also been described in ALS, which have been shown to precede
the onset of motor symptoms (Mioshi et al., 2014; Caga et al.,
2018, 2021). In particular, depression is reported before and after
diagnosis (Turner et al., 2016). Recent studies indicate that social
cognitive impairment and emotion facial expression processing
deficits is present in ALS patients. Also, an increased atrophy
of the fornix, the main white matter tract of the limbic system,
has shown to correlate with increased behavioral changes in
ALS patients (Gabery et al., 2021). A recent report has shown
that ALS patients have more difficulty with recognition of facial
expression of emotions such as disgust, anger, fear and sadness
(Palumbo et al., 2022). These findings suggest that the OXT
pathway might be affected in ALS.

Overlap between amyotrophic lateral
sclerosis and frontotemporal dementia

In recent years, a growing amount of evidence point
toward that ALS and a large proportion of FTD are part
of a disease spectrum continuum (Clark and Forman, 2006).
Approximately 15% of FTD patients develop ALS-associated
motor signs and symptoms and 15–18% of ALS patients exhibit
FTD-like symptoms (Burrell et al., 2011; Lattante et al., 2015;
Taylor et al., 2016). This concept was potentiated further with
the discovery of the C9ORF72 expansion causing both ALS
and FTD (DeJesus-Hernandez et al., 2011; Hodges, 2012).
Both conditions share overlap at the neuropathological level
including cytoplasmic TDP-43 inclusions in both neurons and
glia cells (Buratti and Baralle, 2008, 2012).

Changes in the oxytocin system in
amyotrophic lateral sclerosis and
frontotemporal dementia

For FTD and ALS, the symptomatology and the clinical
presentation suggest involvement of key physiological functions
of the hypothalamus, which might even precede the onset of
the cognitive and motor symptoms development (Vercruysse
et al., 2018; Ahmed et al., 2021a). Significant atrophy of the
hypothalamus is present on structural magnetic resonance
imaging (MRI) as well as on post-mortem analyses in patients
with bv-FTD and ALS (Piguet et al., 2011; Gorges et al., 2017;
Gabery et al., 2021). So far, only a few studies have investigated
OXT in ALS and FTD.

Recently, a 33% loss of OXT-expressing neurons in post-
mortem tissue from ALS patients was reported together
with the presence of TDP-43 inclusions in OXT-expressing
neurons (Gabery et al., 2021). In bv-FTD, promising results
have been observed during pharmacological treatments with

OXT mainly targeting loss of empathy and the ability to
process facial expression of emotions. So far, two small
randomized controlled trials with intranasal OXT treatment
have shown safety and tolerability as well as significant
improvement in neuropsychiatric inventory scores assessing
agitation, depression, apathy and irritability (Table 2; Jesso et al.,
2011; Finger et al., 2015). However, larger randomized control
trials are required before more definitive conclusions of the
potential positive therapeutic effects of OXT can be made.

Furthermore, using blood oxygen level dependent signal
during functional MRI, intranasal OXT treatment showed
enhanced activity in limbic regions associated with processing
of facial expression of emotions (Oliver et al., 2020). However,
to date, no studies have investigated OXT in animal models of
ALS or FTD. Nevertheless, these findings together highlight the
potential of OXT as symptomatic treatment for deficits.

Similarities across Huntington’s disease
and the spectrum of amyotrophic
lateral sclerosis and frontotemporal
dementia disorders

The role of OXT has evolved from solely being related to
parturition and breastfeeding to be able to modulate aspects
of social behavior as well as emotional regulation. As these
functions are affected early on in HD and the spectrum
of ALS/FTD, OXT may play an important role (Figure 1).
Impairments in social cognition as well as a reduced ability to
recognize facial expression of emotions in all three conditions
have been established (Craufurd et al., 2001; Christidi et al.,
2018; Keech et al., 2018; Palumbo et al., 2022). This could be
associated with OXT, in particular in HD and FTD in which
direct correlations of OXT levels has been found (Jesso et al.,
2011; Labuschagne et al., 2018; Unti et al., 2018; Hellem et al.,
2022). Moreover, hypothalamic pathology has been identified in
all three conditions with a selective OXT loss in HD and ALS.
Histopathological findings such as HTT inclusions in HD as well
as presence of TDP-43 inclusions in OXT-expressing neurons
suggest a selective vulnerability of this neuronal population to
the presence of mutant HTT and TDP-43 (Gabery et al., 2010,
2021). To date, no studies have investigated the number of
OXT cells in FTD. Collectively, these findings could indicate a
mechanistic overlap across all three NDDs.

Furthermore, pharmacological administration with
exogenous OXT improved processing of facial expression of
emotions in both HD and FTD, thus supporting the possibility
of a therapeutic application of OXT in the future. However,
chronic administration of OXT at least in rodents lead to
anxiety, via alternative splicing of Crfr2a (Winter et al., 2021),
which needs to be considered in the development of clinical
applications.
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TABLE 2 Summary of oxytocin (OXT) results in amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD).

Tissue Condition Analysis Treatment Results References

Clinical
ALS/FTD

ALS IHC, stereology ↓ Number of OXT neurons Gabery et al., 2021

FTD Intranasal OXT adm. Safe and well tolerated Finger et al., 2015

FTD Facial expression
recognition task,
neuropsychiatric
inventory scale

Intranasal OXT adm. ↑ Emotion recognition
Improvement in
neuropsychiatric
inventory score

Jesso et al., 2011

FTD fMRI, Bold Intranasal OXT adm. ↑ Increased activity in
limbic regions

Oliver et al., 2020

↓: decrease in neuronal population, ↑: improvement in capacity. IHC, immunohistochemistry; fMRI, functional magnetic resonance imaging; BOLD, blood oxygenation level dependent.

FIGURE 1

An overview of changes in the oxytocin system in Huntington’s disease and amyotrophic lateral sclerosis-frontotemporal dementia. The
illustration summarizes the main positive results from studies investigating the oxytocin (OXT) system in Huntington’s disease (HD), amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD). A decrease is indicated by the downward arrows, lack of change is indicated by an
equal sign. Abbreviations, CSF, cerebrospinal fluid; HTT, huntingtin; TDP-43, transactive response DNA-binding protein 43 kDa.

Conclusion

In this review, we provided a summary of the main results
implicating changes in the OXT system related to HD, ALS
and FTD in the literature. Across all three conditions, the
impairments in social cognition and neuropsychiatric behavior

occur early in the disease progression, prior to the onset of
motor disturbances. OXT neuropathology may at least in part
explain the development of these early features. There is an
unmet need for biomarkers to track early disease progression
in HD, ALS, and FTD. Levels of OXT in both CSF and
plasma have been shown to track certain social cognitive

Frontiers in Molecular Neuroscience 07 frontiersin.org



fnmol-15-984317 September 8, 2022 Time: 15:55 # 8

Bergh et al. 10.3389/fnmol.2022.984317

features, rendering OXT a potential biomarker candidate. Also,
initial pharmacological intervention with OXT shows promising
results. However, more experimental studies are needed to
further determine the causative role of OXT in the development
of the social and psychiatric impairments in HD, ALS, and FTD.
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Each neurodegenerative disorder has a distinct clinical presentation and prima-
ry affected brain region, but many share a surprising commonality – pathology 
of the hypothalamus. By bridging the gap between Huntington’s disease, ALS/
frontotemporal dementia, Alzheimer’s disease and Parkinson’s disease, the 
hypothalamus may hold the key to a unifying biological mechanism.

This thesis characterises dysfunction of the hypothalamus and links it to the 
psychiatric and metabolic disturbances observed in neurodegenerative disor-
ders, integrating human, animal and in vitro data to propose novel disease 
mechanisms.
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