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IKKB signaling mediates metabolic changes in
the hypothalamus of a Huntington disease mouse model

Rana Soylu-Kucharz,'>* Ali Khoshnan,”? and Asa Petersén'

SUMMARY

Huntington disease (HD) is a neurodegenerative disorder caused by a CAG
repeat expansion in the huntingtin (HTT) gene. Metabolic changes are associ-
ated with HD progression, but underlying mechanisms are not fully known. As
the IKKB/NF-kB pathway is an essential regulator of metabolism, we investi-
gated the involvement of IKKB, the upstream activator of NF-«kB in hypothala-
mus-specific HD metabolic changes. We expressed amyloidogenic N-terminal
fragments of mutant HTT (mHTT) in the hypothalamus of mice with brain-spe-
cific ablation of IKKB (Nestin/IKKB'”*'°*) and control mice (IKKB'*'°%). We
assessed effects on body weight, metabolic hormones, and hypothalamic neuro-
pathology. Hypothalamic expression of mHTT led to an obese phenotype only
in female mice. CNS-specific inactivation of IKKB prohibited weight gain in
females, which was independent of neuroprotection and microglial activation.
Our study suggests that mHTT in the hypothalamus causes metabolic imbalance
in a sex-specific fashion, and central inhibition of the IKKf pathway attenuates
the obese phenotype.

INTRODUCTION

Huntington disease (HD) is a fatal neurodegenerative disorder caused by a CAG repeat expansion in the
huntingtin (HTT) gene (HDCRG, 1993). Although the clinical diagnosis is based on typical motor symptoms,
affected individuals also suffer from early non-motor symptoms such as cognitive decline, psychiatric symp-
toms, and metabolic disturbances (Bates et al., 2015; Cheong et al., 2019). Metabolic changes in HD include
weight loss despite adequate or even higher caloric intake (Aziz et al., 2008; Marder et al., 2009). A higher
baseline body mass index (BMI) has been found to be a predictor of a slower disease progression in HD (van
der Burg et al., 2017). Increased caloric intake has been correlated with increased phenoconversion in HD
suggesting that metabolic changes may be a manifestation of HD severity (Marder et al., 2013). Hence,
identifying the underlying mechanisms of metabolic changes in HD may increase our understanding of
HD pathogenesis and progression as well as unravel new targets for therapeutic interventions to modify
disease progression.

The hypothalamus is a master regulator of metabolism (Timper and Bruning, 2017; Cakir and Nillni, 2019).
Imaging studies have identified hypothalamic changes in both prodromal and symptomatic HD patients
(Douaud et al., 2006; Kassubek et al., 2004; Politis et al., 2008; Soneson et al., 2010). Analyses of postmor-

tem hypothalamic tissue from HD cases and animal models (Cheong et al., 2019) showed loss of neuronal 'Translational
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populations expressing orexin (hypocretin), oxytocin, and vasopressin, as well as altered metabolic path- Unit, Department of
ways in several hypothalamic nuclei (Petersen et al., 2005; Gabery et al., 2010, 2015b; Baldo et al., 2019). Experimental Medical
Inactivation of mutant HTT (mHTT) selectively in the hypothalamus in female transgenic BACHD mouse gf\;?‘;' 1"“;;;:]'1’5;?%
model prevented development of a metabolic phenotype with obesity accompanied by leptin and insulin Sweden '
resistance (Gray et al., 2008). Similarly, local expression of mHTT in the hypothalamus using recombinant 2California Institute of
adeno-associated viral (rAAV) vectors in mice led to hyperphagic obesity with leptin and insulin resistance Technology, Pasadena, CA
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in normal chow diet-fed mice (Soylu-Kucharz et al., 2015, Hult et al., 2011). Transgene expression was pre-
sent throughout the whole hypothalamus in these experiments (Hult et al., 2011). A number of studies

selectively inactivating mHTT in specific metabolism regulating cell populations in mice expressing sin- “Correspondence:
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gle-minded homolog 1 (Sim1), steroidogenic factor 1 (51), or leptin receptor (LepR) showed no major ef- e
fect on the BACHD mice metabolic phenotype (Baldo et al., 2014; Lundh et al., 2012; Cheong et al., 2020; https://doi.org/10.1016/j isci.
Soylu-Kucharz et al., 2016). Hence, even though there is a causal link between hypothalamic expression of 2022.103771
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mHTT and the development of metabolic imbalance in mice, the underlying cellular and molecular mech-
anisms are still not established.

The inhibition of kB kinase B/nuclear factor-kB (IKKB/NF-kB) signaling pathway plays a significant role in
obesity and overeating and is enriched in the hypothalamus (Zhang et al., 2008; Meng and Cai, 2011). Hy-
perphagia induced by a high-fat diet has been shown to activate IKKB/NF-kB in the hypothalamus through
increased ER stress, and suppression of IKKB/NF-kB results in reduced food intake and normalized meta-
bolic phenotype in mice (Zhang et al., 2008, 2017; Douglass et al., 2017). The IKKB/NF-kB pathway is also
activated by mHTT and has been associated with HD pathogenesis (Thompson et al., 2009; Atwal et al.,
2011; Sarkar et al., 2011; Khoshnan et al., 2004; Becanovic et al., 2015; Trager et al., 2014). Several IKKB
silencing studies showed impaired clearance of mHTT and worsening HD pathological phenotypes in vivo
and in vitro (Thompson et al., 2009; Khoshnan et al., 2009; Ochaba et al., 2019). In vitro studies using Hela
and osteosarcoma U20S cells showed involvement of the IKK complex in the induction of autophagy
(Criollo et al., 2010). The IKK complex directly interacted with Htt to phosphorylate Htt on S13 and S16 res-
idues to promote activation of Htt clearance in PC12 and HEK-293 cell lines as well as in R6/2 and in a
knockin HD animal models (Thompson et al., 2009; Khoshnan et al., 2004). In vivo studies silencing
brain-specific IKKB in the R6/1 mouse model showed a worsened behavioral phenotype with exacerbated
neurodegeneration and activated microglial response in the R6/1 striatum (Ochaba et al., 2019).

However, it is not known whether the IKKB/NF-kB pathway is involved in the development of HD meta-
bolic imbalance. Based on the causal link of hypothalamic mHTT and the development of an obese
phenotype, the data linking the hypothalamically enriched IKKB/NF-kB signaling pathway with
obesity and the known interactions of mHTT with this signaling pathway, we hypothesized that
mHTT mediates metabolic imbalance via the IKKB/NF-kB signaling pathway in the hypothalamus. In
the present study, our aim was therefore to determine whether CNS-specific inactivation of the
IKKB/NF-kB pathway would prevent hypothalamic-induced metabolic changes induced by mHTT. We
performed injections of rAAV vectors expressing mHTT into the hypothalamus of mice without IKKB
in the CNS (Nestin/IKKB'*¥'*%) and compared metabolic effects to control mice with the floxed allele
of IKKB (IKKB'o/'o%).

RESULTS

Inhibition of the IKKB pathway protects from hypothalamic mHTT-induced obesity in female
mice

To assess the effects of mHTT expression on the development of a metabolic phenotype, we injected
IKKB'*'** (homozygous for the floxed allele of IKKB, control group) and Nestin/IKKB'®/1* (expressing
Cre-recombinase under nestin promotor) mice of both sexes with rAAV vectors expressing mHTT
(AAV5-853HTT79Q vectors are referred to as HD elsewhere) in the hypothalamus. Consistent with our pre-
vious findings (Hult et al., 2011;Soylu-Kucharz et al., 2015; Baldo et al., 2013), expression of mHTT in female
control mice led to an obese phenotype (Figures 1A and 1C). The body weight at 18 weeks post injection
was significantly higher in the female IKKB'®/'** + HD mice (n = 16 and mean = 55.6 g, SD = 10.2) compared
to Nestin/lKKﬁ'ox”ox + HD mice (n =20 and mean =40.6 g, SD = 9.3, p < 0.0001) and uninjected mice of the
two genotypes (uninjected IKKB'®¥'%: n = 15 and mean = 43.7 g, SD = 7.4, p = 0.0026; uninjected Nestin/
IKKB'®'°%: n = 13 and mean = 37.1 g, SD = 9.8, p < 0.0001). Hence, inactivation of the IKKB pathway in Nes-
tin-expressing cells protected female mice from hypothalamic mHTT-induced obesity (Figure 1A). The
brain-specific deletion of IKKB did not affect the circulating insulin and leptin levels in mice (Meng and
Cai, 2011). Therefore, in this study, we assessed the serum levels of insulin and leptin levels only in mice
expressing mHTT in the hypothalamus. In line with the prevention of body weight gain, female Nestin/IKK-
B'o/1°% + HD mice displayed significantly lower serum levels of insulin and leptin than IKKB'®/'** + HD mice
(Figure 1D).

IKKB did not affect the body weight in male mice with or without injections of AAV5-853HTT79Q as as-
sessed up to 18 weeks post injection (Figures 1B and 1F). However, analyses of serum levels of insulin
and leptin showed that even though there was no effect on body weight, levels of insulin and leptin
were significantly elevated in male Nestin/IKKB'®'°* + HD mice compared to IKKB'®'°% + HD mice (Figures
1G and 1H). The two-way ANOVA analysis also showed that there were no significant differences in body
weight between non-HD control groups at 18 weeks post injection time point for both females and males
(Figure 1C; females, p = 0.2474 and Figure 1F; males, p = 0.8796).
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Figure 1. Inactivation of the IKKBpathway inhibits the development of obesityinduced by mHTT expression in the
hypothalamus of female mice. IKKB'>*/'°* and Nestin/IKKB'°*/'°* mice were injected bilaterally into the
hypothalamus with AAV-HTT853-79Q vectors and assessed using metabolic analyses

(A) Female IKKB'*/'* mice develop increased body weight after hypothalamic injections of AAV5-HTT853-79Q vectors
which is prevented in Nestin/IKKB'®'°% + HD female mice (two-way repeated measures ANOVA, effect of time F (2, 62) =
8.920, p < 0.0001; effect of genotype F (1, 31) = 20.83, p < 0.0001; effect of genotype x time F (2, 62) = 8.920, p = 0.0004;
followed by a Sidak’s multiple comparisons test: p= 0.0026 at 8 weeks and p<0.0001at 18 weeks).

(B) Male IKKB'*/'* and Nestin/IKKB'*"'* mice do not develop obesity after AAV5-HTT853-79Q vector injections (two-way
repeated measures ANOVA, effect of time F (2, 72) = 190.4, p < 0.0001; effect of genotype F (1, 36) = 2.359, P = 0.1333;
effect of genotype x time F (2, 72) = 1.446, p = 0.2422, followed by a Sidak’s multiple comparisons test).

(C) Body weight changes at 18 weeks post injection in females (one-way ANOVA, effect of treatment F (3, 60) = 11.69, p <
0.0001, followed by Sidak’s multiple comparisons test, IKKB'DX/‘Ox Vs Nestin/lKKB'Dx”‘”‘ p = 0.2474). Serum (D) insulin (two-
tailed, unpaired t-test, n = 16/19, p = 0.0082) and (E) leptin (two-tailed, Mann Whitney test, n = 16/19, p = 0.0003)
concentrations measured by ELISA in females at 18 weeks post injection.

(F) Body weight changes at 18 weeks post injection in males (one-way ANOVA, effect of treatment F (3, 55) = 0.7312, p =
0.5378 followed by Sidak’|'s multiple comparisons test, IKKB'¥/'** vs Nestin/IKKB'¥/o* p = 0.8796). Serum (G) insulin (two-
tailed, Mann Whitney test, n = 15/21, p = 0.0448) and (H) leptin (two-tailed, unpaired t-test, n = 15/21, p = 0.0023)
assessments at 18 weeks. Data are represented as box and whisker plots (25-75 percentile (boxes), min to max (whiskers),
median (horizontal line), mean (+)).

IKKB is not involved in the mHTT-mediated loss of orexin and TH-positive cell populations in
HD mice

The development of the metabolic phenotype in HD has been associated with expression of mHTT in the
hypothalamus (Soylu-Kucharz et al., 2015, Hult et al., 2011). Here, we tested whether the rescue of the meta-
bolic phenotype observed in Nestin/IKKB'®/1°* + HD mice was due to the preservation of metabolism-regu-
lating neuronal populations known to be affected in HD (Cheong et al., 2019). In female mice, there was no
benefit of IKKB silencing as the number of orexin-positive cells in the lateral hypothalamus was comparable
in IKKB'o/19% 1+ HD (cell loss ~64%) and Nestin/IKKB'®/'* + HD groups (cell loss ~82%), and both groups
had a significantly lower number of orexin cells compared to uninjected groups of female mice (Figures
2A and 2B). Male Nestin/IKKB'®/'°* + HD mice had significantly lower orexin and A13 TH-positive cells
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Figure 2. Quantitative analysis of the neuronal populations expressing orexin, TH in the A13 area, and GnRH in
female mice at 18 week post injection of AAV-HTT853-79Q vectors

(A) Representative immunohistochemically stained sections show orexin immunopositive cells in the hypothalamus.

(B) Stereological analysis of orexin immunopositive cells in female mice at the 18 weeks time point (Kruskal-Wallis test
followed by Dunn’s multiple comparisons test p = 0.0002; n = 4-8/group).

(C) Representative photomicrographs show the A13 TH immunopositive cell population in the hypothalamus.

(D) Numbers of A13 TH-positive cells in the hypothalamus’s zona incerta area (Kruskal-Wallis test followed by Dunn’s
multiple comparisons test p = 0.0001; n = 4-9/group).

(E) Representative photomicrographs illustrate the GnRH-positive cells in the anterior hypothalamic area of the
hypothalamus.

(F) Stereological quantification of GnRH-positive cells in the anterior hypothalamic area (Kruskal-Wallis test followed by
Dunn’s multiple comparisons p = 0.0802; n = 4-8/group). Points on scatter graphs represent total cell count for individual
mice, the lines are means, and the whiskers indicate +SEM Scale bars represent 200 um.

than IKKB'*/'* + HD mice in the hypothalamus (FiguresS1A and S1B). The loss of A13 TH-positive cells was
~80% in Nestin/IKKB'“/'** + HD and ~65% in IKKB'*'°% + HD when compared to WT and Nestin/IKKp'*/1*x
uninjected female mice (Figures 2C and 2D).

Reduced testosterone levels are associated with increased circulating levels of leptin and insulin, even in the
absence of increased BMI (Pitteloud et al.,, 2005; Luukkaa et al., 1998). The hypothalamic-pituitary-gonadal
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Figure 3. No effect of the IKKB pathway on the degree of iba-1 positive cell activation at 18 weeks post injection
in females

Stereological assessment of (A) the total number of iba-1 positive cells (two-tailed, unpaired t-test, n=7/8, p = 0.477) and
(B) the size of Iba-1 positive cells (two-tailed, Mann-Whitney test, n=7/8 animals, n = 783/911 cells/genotype, p = 0.9601)
in the mediobasal hypothalamus (MBH) 18 weeks after injections of AAV5-HTT853-79Q vectors in IKKB'*¥'** and Nestin/
IKKB"’X/on mice. In (A), data are represented as scatter dot plots, and bars represent mean + SEM, and in (B), data are
represented as scatter dot plots, and lines represent median.

(HPG) axis, which regulates testosterone production, is altered in HD (Soylu-Kucharz et al., 2016; Markianos
et al.,, 2005; Bird et al., 1976; Kalliolia et al., 2015; Saleh et al., 2009; Van Raamsdonk et al., 2007b; Papalexi
et al., 2005; Petersen and Bjorkqvist, 2006). The number of GnRH-positive cells was comparable (Figures 2F
and S1C); however, the total circulating level of testosterone was diminished in Nestin/IKKB'OX/IOX + HD male

mice by 60% compared to IKKB'/'** + HD male mice expressing mHTT in the hypothalamus (Figure S1D).

The number and size of Iba-1 positive microglial cells were comparable in the mediobasal
hypothalamus

Given that IKKB is one of the mediators of microglial activation and energy balance (Karin, 1999, Liu et al.,
2017), we investigated whether protection from hypothalamic mHTT-induced obesity in Nestin/IKKB'*¥/ox
female mice was due to alteration in microglial activation. Nonetheless, the number and size of Ibal-pos-
itive cells in the mediobasal hypothalamus of both IKKB'®1°% + HD and Nestin/IKKB'®¥/'°* + HD female mice
were comparable (Figures 3A-3C).

Nestin/IKKpB'*/!°* + HD female mice display an increased number of small-sized inclusions of
mHTT

Reduction of IKK activity decreases the cleavage of both WT and mHTT and prevents the accumulation of
mHTT inclusions (Khoshnan et al., 2009; Thompson et al., 2009). IKKB silencing studies also showed
impaired clearance of mHTT and worsening HD pathological phenotypes in vivo and vitro (Thompson
et al., 2009; Khoshnan et al., 2009). In our model, mutant HTT was expressed throughout the hypothalamic
region (Figure 52) and inclusions were increased in Nestin/IKKB'®/'** + HD compared to IKKB'®'** + HD in
both females and males (Figures 4A-4C). The small size inclusions were responsible for the increase, as the
number of medium or large size inclusions were similar between IKKB'*¥'** + HD and Nestin/IKKB'©!* +
HD groups (Figures 4D-4F). Altogether, these results show the increase in inclusion formation correlates
with previous reports on IKKB silencing in HD (Criollo et al., 2010; Khoshnan et al., 2009; Ochaba et al.,
2019).

DISCUSSION

The hypothalamus plays a key role in the regulation of metabolism. In HD, both individuals with the mHTT
gene and a number of animal models of the disease develop changes in the metabolism. Hypothalamic
pathology is present early in the course of HD and is also recapitulated in the animal models (Gabery
et al., 2015a, 2015b(Cheong et al., 2019)). Previous work has established a causal link between expression
of mHTT in the hypothalamus and the development of a metabolic phenotype in mice (Hult et al., 2011).
However, the underlying cellular or molecular mechanisms are not known. A potential link between path-
ological effects of MHTT in the hypothalamus and hypothalamic induction of obesity was provided by the
hypothalamus-enriched IKKB/NF-kB signaling system, which has been implicated both in the pathogenesis
of obesity and HD (Cai and Khor, 2019; Khoshnan and Patterson, 2011; Ochaba et al., 2019). Here, we there-
fore tested whether CNS-specific inactivation of IKKB had an effect on hypothalamic mHTT-induced
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Figure 4. Inactivation of the IKKB pathway leads to increased numbers of huntingtin inclusions in the
hypothalamus

Representative photomicrographs of sections processed for immunohistochemistry for (A) huntingtin (using the sc-8767
antibody) and (B) ubiquitin demonstrating the formation of inclusions in the hypothalamus after injections of AAV-
HTT853-79Q vectors in IKKB''°* and Nestin/IKKB'*"'°* mice. Stereological quantification of sections processed with the
huntingtin antibody shows (C) the total number of inclusions (Females: two-tailed, Mann-Whitney test, n = 5/group, p =
0.0008; Males: two-tailed, Mann-Whitney test, n = 5/group, p < 0.0001), (D) large-sized inclusions (Females: two-tailed,
Mann-Whitney test, n = 5/group, p = 0.3095; Males: two-tailed, unpaired t-test, n = 5/group, p = 0.8992), (E) medium-sized
inclusions (Females: two-tailed, unpaired t-test, n = 5/group, p = 0.0635); Males: two-tailed, unpaired t-test, n = =5/
group, p =0.0911), and (F) small-sized inclusions (Females: two-tailed, Mann-Whitney test, n = 5/group, p = 0.0079; Males:
two-tailed, unpaired t-test, n = 5/group, p < 0.0001) inclusions in female and male mice at 18 weeks post injection. Points
on scatter graphs represent total inclusion count for individual mice, the lines are means, and the whiskers indicate +SEM
Scale bars represent 200 and 25 um on lower and higher magnifications, respectively.

metabolic imbalance and found that it indeed prevented the development of obesity in female mice. Pre-
vious studies have shown that a high-fat diet is important for the effect of IKKB/NF-kB signaling to induce
obesity in mice (Zhang et al., 2008). Here, we show that inhibition of this pathway is also protective against
obesity-induced under normalchow diet feeding by expression of pathogenic mHTT in the hypothalamus.

In HD, both the wild-type HTT protein and the mHTT protein are expressed throughout the body (Cattaneo
et al., 2005). Yet, the disease is associated with selective regional pathology and a defined set of clinical
symptoms. Therefore, itis essential to identify the causal relationships between specific regional pathology
and the different symptoms and signs of the disease to advance the understanding of the development of
the disease and unravel new targets for therapeutic intervention. By taking advantage of AAV vectors, we
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examined the effects of mHTT specifically in the hypothalamus while excluding its effects on other brain
regions and the periphery. With the viral vector approach, we have previously revealed a causal link be-
tween hypothalamic huntingtin expression and metabolic disturbances (Hult et al., 2011). The BACHD
mouse model exhibits increased body weight, and hypothalamic mHTT silencing can prohibit the develop-
ment of obese phenotype (Hult et al., 2011;Gray et al., 2008). In parallel, the selective expression of mHTT
fragment in the hypothalamus recapitulates BACHD metabolic alterations (Hult et al., 2011). However, how
mHTT expression in the hypothalamus leads to metabolic imbalance remained unknown. We have previ-
ously explored several potential cellular mechanisms using a Cre-lox system-based crossbreeding
approach to identify the specific metabolic pathways involved. Silencing of mHTT in single-minded homo-
log 1(Sim1), steroidogenic factor 1 (Sf1), and leptin receptor (LepR)-expressing neurons of mice showed no
effect or only a sex-specific minor effect on the BACHD mice metabolic phenotype (Baldo et al., 2014,
Lundhetal., 2012; Cheong et al., 2020; Soylu-Kucharz et al., 2016). The IKKB/NF-kB pathway has been impli-
cated in HD pathogenesis (Khoshnan and Patterson, 2011), but it has not been previously investigated in
the context of HD metabolic and hypothalamic alterations. Here, we show for the first time that inactivation
of the IKKB, a key regulator of the NF-kB pathway, prevents the development of metabolic abnormalities
induced by mHTT in the hypothalamus.

Formation of huntingtin inclusions is a hallmark of HD, and the IKKB/NF-kB pathway has been shown to be
involved in the degradation of mMHTT in a complex fashion (Thompson et al., 2009; Atwal et al., 2011; Sarkar
etal., 2011; Khoshnan et al., 2004; Becanovicet al., 2015; Trager et al., 2014). IKKB activity affects phosphor-
ylation of Htt at Ser13 and Ser16 residues, yielding in increase clearance of HTT and reduced cellular
toxicity (Thompson et al., 2009). In the R6/1 mouse model of HD, brain-specific deletion of IKKB worsened
the behavioral phenotype and led to exacerbated neurodegeneration with an activated microglial
response in the striatum (Ochaba et al., 2019). Furthermore, an SNP in the HTT promoter has been shown
to affect NF-kB binding and age of onset in a cohort of patients with HD (Becanovic et al., 2015). In line with
previous studies, CNS-specific silencing of IKKB was associated with an increase in the number of hypotha-
lamic mHTT inclusions, in particular of the smallest size. Previous studies showed that not only mHTT but
also wild-type HTT might have an effect in regulating metabolism. The body weights of YAC18 mice were
significantly higher compared with YAC128 mice (Pouladi et al., 2010). We also showed that expression of
the wild-type HTT fragments with 18Q in the hypothalamus leads to delayed and slower body weight gain
without any formation of inclusions immunopositive for ubiquitin in the 18Q group (Soylu-Kucharz et al.,
2015). Altogether, while these results indicate that an increase in inclusion formation correlates with
silenced IKK activation, the increase in inclusion number is less likely to be associated with inhibition of hy-
perphagia induced by mHTT.

An obese phenotype can develop due to increased caloric intake, decreased activity, metabolic rate, or a
combination of these factors. Previously, we demonstrated that the obese phenotype caused by hypotha-
lamic mHTT expression was due to hyperphagia as general motor activity and basal metabolic rate were
unaltered in these mice (Hult et al., 2011). The mice in this study were housed in a separate animal unit
that lacks behavior testing platforms and limiting the number of in-house cages. Therefore, we were not
able to re-test basic parameters such as food intake and locomotor activity. However, as we have previously
shown that the obese phenotype was caused by increased food intake, we speculate that the silencing of
the IKKB expression prohibited hyperphagia-induced obesity in HD mice. The lateral hypothalamus orexin
and A13 TH neuronal populations are involved in metabolism regulation (Adeghate et al., 2020; Shi et al.,
2013) and they are affected in HD (Petersen et al., 2005; Gabery et al., 2010; Hult et al., 2011; Soylu-Kucharz
et al., 2015). As the inactivation of the IKKB signaling did not affect the preservation of these cells, we can
speculate that orexin and A13 TH neuropathology are not the central cell populations responsible for the
development of HD bodyweight alterations.

Clinical HD is associated with progressive weight loss, despite adequate or even higher caloric intake. A
higher BMI has been found to be a predictor of slower clinical decline independent of mutant HTT CAG
repeat size (van der Burg et al., 2017). In this study, diet type was not addressed, as the BMI is a value
that does not distinguish between fat and lean mass, it remains unknown whether a higher baseline BMI
is due to an increase in fat mass or lean mass. In previous work, we aimed to understand whether an in-
crease in fat mass can play a neuroprotective role in R6/2 mice by crossing R6/2 mice with ob/ob mice
and found that higher BMI due to an increase in fat mass did not improve HD phenotype (Sjogren et al.,
2019). Others reported that the R6/2 mice exposed to HFD showed a significantly higher body weight
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gain than WT controls, but the HFD-induced bodyweight increase had no effect on the late-stage weight
loss phenotype and longevity (Fain et al., 2001). Marder et al. found that higher caloric intake was correlated
with increased phenoconversion, further emphasizing that the relationship between a higher BMI and
slower disease progression might not be due to increased fat mass rather an increase in muscle mass
(Marder et al., 2013). In contrast to studies addressing BMI and diet type, the expression of mutant HTT
fragments in the hypothalamus leads to hyperphagic obesity in wild-type mice fed on a standard chow
diet (Baldo et al., 2013; Hult et al., 2011; Soylu-Kucharz et al., 2015). As increased caloric intake has also
been reported in clinical HD, our experimental approach helps to understand how hypothalamic mutant
HTT expression leads to increased food intake in standard chow-fed animals.

The present study shows that the effect on metabolism induced by mHTT expression in the hypothalamus is
sex dependent as only female mice developed the severe metabolic phenotype with obesity. Gender dif-
ferences may play a role in HD as the severity and rate of the motor symptoms progression has been sug-
gested to be faster in women than men with HD (Zielonka et al., 2013; Zielonka et al., 2018; Zielonka and
Stawinska-Witoszynska, 2020). Previous studies indicated that sex also affects HD metabolic and behavioral
manifestation in animal models (Soylu-Kucharz et al., 2016; Dorner et al., 2007; Sjogren et al., 2019). BACHD
females have a higher degree of weight gain than BACHD males relative to their WT littermates, and
BACHD motor deficits were more severe in females than males (Van Raamsdonk et al., 2007a;Menalled
et al., 2009). In line with this, the obese phenotype caused by hypothalamus-specific mHTT overexpression
leads to reduced locomotor activity suggesting a potential contribution of the metabolic phenotype to mo-
tor deficits (Hult et al., 2011). It would be interesting to further examine if hypothalamic-specific mHTT
expression and the accompanying metabolic phenotype further contributes to disease progression
including to neuropathology in other areas of the brain (Soylu-Kucharz et al., 2018,(Dickson, 2022) ).

The Nestin-Cre mouse model is commonly employed in studies to drive deletions in the nervous system.
The expression pattern of Cre-recombinase in the NestinCre mice brain was shown by using in situ hybrid-
ization, and neuronal Cre recombinase expression was widespread in the adult brain and in a small portion
of astroglial cells (Giusti et al., 2014). Insufficient expression of Cre-recombinase has been shown in the em-
bryonic and early postnatal stages of Nestin-Cre mice. However, recombination was shown to be reaching
nearly 100% in neural cells during perinatal development (Liang et al., 2012). In our study, we injected mice
with a viral vector at the earliest 8 weeks of age when the Cre-mediated excision of flanking DNA sequence
was completed. Therefore, we can conclude that expression of mMHTT occurs after complete IKKB silencing
in neurons. Furthermore, we employed an AAV vector that expresses mHTT fragment under human synap-
sin-1 promoter to drive mHTT expression in neuronal cells.

The HD metabolic phenotype does not appear to be associated with the genetic strain background of HD
animal models. BACHD and YAC128 mice exhibit obese phenotypes on both the FVB/N and the Bé back-
ground (Menalled et al., 2009; Pouladi et al., 2012; Van Raamsdonk et al., 2007 a; Gray et al., 2008). Using the
viral vector approach to selectively express mHTT in specific brain regions, we found that the expression of
hypothalamic mHTT in female control mice from both the FVB/N and B6 strains developed comparable
metabolic phenotypes (Hult et al., 2011). The expression of mHTT in the hypothalamus of male mice
from the B6 strain used in this study did not affect body weight, although male Nestin/IKKB'*/'** + HD
mice displayed high serum leptin and insulin levels. As testosterone deficiency is associated with metabolic
syndrome exemplified by increased circulating leptin levels and insulin resistance, it is possible that the
increase in serum leptin and insulin levels could be due to reduced circulating testosterone levels in
Nestin/IKKB'®'* + HD mice. However, further studies are required to investigate the role of testosterone
deficiency on circulating metabolic factors in HD. Furthermore, the effect of hypothalamic mHTT on the
metabolism has not been investigated in male mice from the FVB/N stain. Even though we cannot be
certain that the reduced metabolic phenotype in males in the present study was only due to an effect of
sex, previous studies on transgenic HD animal models indicate that strain has no major impact on the
development of the metabolic phenotype.

In conclusion, our study shows that hypothalamic expression of mHTT leads to a metabolic imbalance in a
sex-specific fashion. The metabolic phenotype induced by the mHTT in female mice is prevented by IKKB
inactivation and is independent of orexin and TH neuroprotection and microglial activation. The mecha-
nistic explanation for the contribution of metabolic defects to HD progression and cachexia is a long-stand-
ing question. It is now known that there are strong associations between metabolic dysfunction and
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neurodegeneration, especially for aging disorders such as Alzheimer, Parkinson, and Huntington diseases
(Procaccini et al., 2016). Therefore, metabolic manipulations have also been considered as a possible ther-
apeutic tool for several neurodegenerative diseases, including HD (Walker and Raymond, 2004; Duan et al.,
2003; Procaccini et al., 2016). Interestingly, the IKK-B pathway in the hypothalamus has also been shown to
be a key for the advancement of aging in mice (Zhang et al., 2013) and aging is thought to be involved in HD
pathogenesis (Machiela et al., 2020; Machiela and Southwell, 2020). Given that the wild-type HTT also has a
role in regulating metabolism, as it has been shown by body weight gain phenotype in YAC18 mice (Pouladi
etal., 2010) and by using hypothalamic expression of HTT fragments with 18Q in mice (Soylu-Kucharz et al.,
2015; Baldo et al., 2013), the IKK-B pathway has the potential to induce accelerated aging in HD by linking
HTT clearance, metabolism alterations, and aging processes. In line with this, our data implicate the IKKB
pathway as a key regulator of metabolic imbalance induced by mHTT in the hypothalamus. It is therefore
important to further elucidate the role of this pathway in HD pathogenesis in studies aiming at achieving
disease-modifying metabolic effect in future therapeutic developments.

Limitations of the study

Although we showed that silencing of the IKKB pathway is protective against mHTT-induced weight gain,
this study lacks detailed metabolic profiling that would allow determination of the direct effect of this
pathway on parameters such as food intake, energy expenditure, and physical activity.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-huntingtin Santa Cruz RRID:AB_2123254
anti-ubiquitin Dako RRID:AB_2315524
anti-orexin Phoenix Pharmaceuticals RRID:AB_2315019

anti-tyrosine hydroxylase
anti-GnRH

anti-iba-1

Pel-Freez
Abcam
Wako

RRID:AB_461064
Cat# ab5617, RRID:AB_304986
RRID:AB_839504

Bacterial and virus strains

rAAV2/5-853HTT-79Q Lund University Virus Production N/A

(Hult et al., 2011)
Chemicals, peptides, and recombinant proteins
Trizma® base Sigma-Aldrich Cat# T6066
NaCl Sigma-Aldrich Cat# P3756
Triton-x Sigma-Aldrich Cat# 79284
Na2HPO4 Sigma-Aldrich Cat# 1.06580.1000
NaH2PO4 Merck Cat# 106346
Ethylene glycol >98% VWR Cat# 24407.361
Glycerol VWR Cat# 24387.361
Methanol Sigma-Aldrich Cat# 34860-251
H202 30% Merck Cat# 1.07209
Ethanol 70% VWR Cat# 83.801.360
Ethanol 95% VWR Cat# 20824.365
Ethanol Abs VWR Cat# 208.21
Xylen VWR Cat# 28973.363
Cover glass 24 x 60 mm # 1 VWR Cat# 631-1339
DPX Sigma-Aldrich Cat# 1.00579.500
Horse Serum Gibco Cat# 16050130
Goat Serum Gibco Cat# 16210064
3-30 diaminobenzidine tetrahydrochloride Saveen Werner AB Cat# DAB25
VECTASTAIN Elite ABC-HRP Kit Vector Laboratories Cat# PK-6100
Chromium (lll) Potassium Sulfate Dodecahydrate, Sigma-Aldrich Cat# 243361
>98%
Pentobarbitalnatrium Apoteket Cati# 338327
Isoflurane (IsoFlo vet. 100%) Apoteket Cat#002185
Critical commercial assays
Insulin ELISA Crystal Chem Inc. Cat #90080
Leptin ELISA Crystal Chem Inc. Cat #90030
Testosterone ELISA Demeditec Cat #DEV9911
Experimental models: Organisms/strains
IKKg!o/1ox Michael Karin university of San N/A

Diego California (Li et al., 2003)
B6.Cg-Tg(Nes-cre)1Kin/J The Jackson Laboratory Cat# Jax:003771

(Continued on next page)
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REAGENT or RESOURCE SOURCE

Oligonucleotides

Forward primer for IKKB'*/'% and Nestin/IKKp'¥1*x (Li et al., 2003)
alleles 5'-GTC ATT TCC ACA GCC CTG TGA-3'
Reverse primer for IKKB'®'* and Nestin/IKKp'*1ox (Li et al., 2003)

alleles 5-CCT TGT CCT ATA GAA GCA CAA C-3'

Forward primer for Cre genotype The Jackson Laboratory oIMR1084

5'-GCG GTC TGG CAG TAA AAA CTATC-3'

Reverse primer for Cre genotype The Jackson Laboratory oIMR1085

5'-GTG AAA CAG CAT TGC TGT CAC TT-3'

Software and algorithms

Prism 8 software (V8.4.3) GraphPad https://www.graphpad.com
Stereology software Visiopharm https://visiopharm.com/
Other

Micropipette Glass Stoelting Cat# 50811

Hamilton syringe 5ul VWR Cat# 549-1231
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Rana Soylu-Kucharz, rana.soylu_kucharz@med.lu.se.

Materials availability

This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals

The experimental procedures performed on mice were carried out using the approved guidelines in the
ethical permit approved by the Lund University Animal Welfare and Ethics committee in the Lund-Malmé
region (ethical permit numbers M20-11 and M65-13). To silence the function of IKKB in neuronal tissue, we
crossed mice from C57BL background strain, carrying a loxP-site-flankinglKKB allele (IKKB'®'°%) (Pasparakis
et al., 2002) with mice heterozygous for Cre recombinase gene carrying the loxP-site-flankedIKKB allele
(Nestin/IKKB'®/1%%). Cre recombinase deletes exons 6 and 7 of the IKKB coding DNA sequence under nestin
promoter,producing premature termination codons resulting in an IKKB null allele in nestin-expressing
cells. Generation of IKKB'*!* mice (Li et al., 2003) and Nestin-Cre mice (Betz et al., 1996) was described
previously. Nestin/IKKB'©/'°* mice were generated following several generations of backcrossing. In this
study, we crossed the IKKB'™/'* with mice Nestin/IKKB'®/'** heterozygous for Cre-recombinase gene.
The development of IKKB'*/'is similar to wild-type mice and expresses normal levels of IKKB (Pasparakis
et al., 2002). The experiments were carried out on 2-6 months old mice, both male and female mice, with
the genotypes of Nestin/IKKB'®/'** mice and their IKKB'*/'**WT littermates. The age of the mice before the
surgery was distributed equally between the genotypes in females (two-tailed Mann-Whitney test: p =
0.917, IKKB'*'°* Mean = 21.51 weeks old, SD = 5.183, SEM = 1.338; Nestin/IKKB'*/'* Mean = 20.95 weeks
old, SD = 6.363, SEM = 1.389 and in males (two-tailed Mann-Whitney test: p = 0.2133, IKKB'9'1* Mean =
18.36 weeks old, SD = 7.127, SD = 1.594; Nestin/IKKBlox/lox Mean = 20.84 weeks old, SD = 6.481,
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SEM = 1.382). The age of the mice was also distributed equally between the genders (Kruskal-Wallis test
followed by Dunn’s multiple comparisons, p = 0.4046; n = 15-22/group). The animals were kept in a
controlled environment at 22°C with 12 h night/day cycle and had free access to a standard chow diet
and water throughout the study. Genotyping was performed using the following primer sequences that
amplify both the IKKB'>/'* (220-bp) and Nestin/IKKB'>/'* (310-bp) alleles 5'-GTC ATT TCC ACA GCC
CTG TGA-3" and 5'-CCT TGT CCT ATA GAA GCA CAA C-3' and for the determination of Nestin-Cre ge-
notype 5-GCG GTC TGG CAG TAA AAA CTA TC-3' and 5'-GTG AAA CAG CAT TGC TGT CAC TT-3'
primers were used (Chen et al., 2003, Li et al., 2003).

Adeno-associated viral vectors

To investigate the effect of the IKK pathway on the development of the mHTT-mediated metabolic pheno-
type, we performed stereotactic injections of recombinant adeno-associated viral (rAAV) vectors into the
hypothalamus of IKKB'®/'°* and Nestin/IKKB'*/'** mice. The viral vector was a pseudotyped rAAV2/5 vector
(transgene was flanked by two inverted terminal repeats of the AAV2 and packaged in an AAV5 capsid),
expressing N-terminal fragment of 853 amino acids length (853HTT79Q) human mHTT (Hult et al., 2011).
The human Synapsin-1 promoter drove the mHTT gene expression.

METHOD DETAILS

Viral vector injections

The animals were anesthetized by air mask inhalation of isoflurane (2% isoflurane in O2/N20 (3:7)). The
mouse head was fixed with a nose clamp and ear bars in the stereotaxic apparatus. Following the head po-
sition’s fine-tuning on the stereotaxic frame, the skull was thinned with a dental drill to make a borehole at
the determined anterior-posterior and medial-lateral hypothalamic coordinates. Subsequently, the final
dorsal-ventral coordinates were measured from the dura mater. The stereotaxic coordinates chosen for hy-
pothalamic injections were: 0.6 mm posterior to bregma, —0.6 mm lateral to the bregma, and 5.2 mm
ventral to the dura mater, selected according to the mouse brain atlas (Franklin and Paxinos, 2008).

The rAAV vector delivery was performed bilaterally in the hypothalamus. The silica glass capillary (with an
outer diameter of ~80 um) attached to a 5 pl Hamilton syringe (Nevada, USA) was used for the virus deliv-
ery. A total volume of 0.5 pl viral vector solution was pulled in a glass capillary, and the capillary was de-
scended from the dura mater to target coordinates slowly. At the target, the first 0.1 pl of the total volume
was injected. After 30s, the viral suspension was delivered at a rate of 0.05ul/15s until the whole volume was
delivered. To allow the brain to absorb the viral vector solution, the capillary was left at the target for an
additional 5 min at the end of the injection. The viral vector concentration used in the study was
2,1E+14 genome copies (GC)/ml.

Perfusion and serum collection

To induce deep anesthesia in mice, a terminal dose of pentobarbital (600 mg/kg, Apoteksbolaget) was in-
jected intraperitoneally. The thoracic cavity was opened to expose the heart, and blood was collected from
the right ventricle with the 16G needle. Subsequently, a small incision was made to insert a 12-gauge perfu-
sion needle at the tip of the left ventricle. First, the vessels were rinsed with the saline solution at a rate of
10-12 ml/min for a minute, and then it was switched to freshly prepared 4% paraformaldehyde (PFA) ~0°C
for 8 min. Following that, the animals were decapitated, and the brains were isolated. The brains were
placed in 4% PFA for 24 h at 4°C for post-fixation. Next, the PFA was replaced with 25% sucrose solution
at 4°C for cryoprotection (~24 h). Finally, the fixed brains were sectioned coronally on a semi-automated
freezing microtome (Microm HM 450) at 30 pm thick slices and in six series. Until further processing, the
brain sections were stored in antifreeze solution (30% glycerol and 30% ethylene glycol in phosphate buffer)
at —20°C.

Metabolic tests

For all animals used in the study, body weight was measured bimonthly. Serum insulin and leptin
concentrations were assessed in serum. Blood was collected from the heart left ventricle at 18 weeks
post-injection, and they were kept at room temperature for 30 min to clot, spun for 15 min at 2500 g. Serum
(supernatant) was aliquoted and stored at —80 C. Serum levels of insulin (Crystal Chem Inc, Cat #90080),
leptin (Crystal Chem Inc, Cat #90030) and testosterone (Demeditec, Cat #DEV9911) were determined
with ELISA according to the manufacturer’s instructions.
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Immunohistochemistry

The free-floating brain sections were used for immunohistochemistry (IHC). All the washing steps (10 min/
wash) and incubations were performed using gentle agitation on a shaker at room temperature. The sec-
tions were washed three times in Tris-buffered saline (TBS) in 1% Triton X-(TBS-T) to remove the antifreeze
solution. The endogenous peroxidase activity was blocked by 30 min of incubation in 10% methanol with
3% H202 in TBS. Following that, the sections were washed three times for 10 min in TBS-T. The sections
were incubated with 5% serum and bovine serum albumin (BSA) in TBS-T for 1 h to reduce nonspecific bind-
ing of the primary and secondary antibodies. Next, the sections were left in the respective primary antibody
solutions in 3% appropriate corresponding serum in TBS-T (anti-huntingtin (sc-8767; 1:500; goat; Santa
Cruz, RRID:AB_2123254), anti-ubiquitin (1:2000; rabbit; Dako, RRID:AB_2315524), anti-orexin (1:4000;
rabbit; Phoenix Pharmaceuticals, RRID:AB_2315019), anti-tyrosine hydroxylase (1:2000; rabbit; Pel-Freez,
RRID:AB_461064), anti-GnRH (1:3000, anti-rabbit, Abcam #ab5617, RRID:AB_304986), anti-iba-1 (1:1000,
rabbit, Wako, RRID:AB_839504) and left on shaker for overnight incubation at room temperature. Next,
sections were washed three times for 10 min in TBS-T. The secondary antibody incubation was performed
in 3% respective serum or BSA with TBS-T for 1 h at room temperature, and the sections were washed three
times for 10 min in TBS before 3,3'-diaminobenzidine (DAB) development (Vectastain, ABC kit). Brain sec-
tions were mounted on chromatin-gelatin-coated glass slides. The air-dried sections were left in distilled
water for 1 min and dehydrated in increasing ethanol solutions (70%, 95%, 99%). Finally, the samples
were cleared in xylene and covered with glass coverslips using DPX mounting medium (Sigma-Aldrich).

Stereological analyses

To estimate the numbers of cells positive for orexin, TH, GnRH (in the anterior hypothalamus; AHA), and
size of the inclusions, we applied unbiased stereological quantification principles by using the optical
dissector method (West et al., 1991). Stereological analyses were performed with a Nikon 80i microscope,
which is equipped with an X-Y motorized stage (Marzhauser, Wetzlar) and a high precision linear encoder
(Heidenhain, Traunreut). The position of the stage and the input from the digital camera were controlled by
a computer. The sampling interval was adjusted to count at least 100 cells for each hypothalamus to mini-
mize the coefficient of error. The region of interest was delineated under the 4X objective, whereas the
counting was performed using a 60X NA 1.4 Plan-Apo oil objective with a random start systematic sampling
routine (NewCast Module in VIS software; Visiopharm A/S, Horsholm). The border delineation processes
for orexin, TH, GnRH cell populations were defined by the natural contours of cell populations. The number
and size of iba-1 positive microglia/macrophages were quantified in the anatomical borders of the medi-
obasal hypothalamus. The number of small, medium and large size HTT inclusions was quantified with HTT
staining (sc-6787). The inclusions ~0.04-0.1 um size considered small, 0.15-0.25 um medium and ~0.25-
0.5 um large size inclusions. The same size of the region of interest was quantified for all genotypes and
gender under blinded conditions. The mean number of assessed inclusions per brain was 755, median
663 with a standard deviation of error 528 inclusions. The mean crossectional area for ibal-positive cells
and mutant HTT inclusions were quantified by applying the nucleator probe using a 60X NA 1.4 Plan-
Apo oil objective and unbiased stereological quantification principles (NewCast Module in VIS software;
Visiopharm A/S, Horsholm) (Gundersen et al., 1988).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using Prism 8 software (GraphPad). The data was initially tested with
D’'Agostino & Pearson omnibus normality test for normal distribution. Following that, the data was either
subjected to Kruskal-Wallis followed by Dunn’s multiple comparison tests or an unpaired t-test with equal
SD. The statistical test results and the type of analysis used for each experiment are specified in detail in the
results section and figure legends. Statistically significant differences were considered for p<0.05 and exact
p<0.0001 values are reported in Table S1.
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