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Figure S1: (A) Ataxin-2 ARH overexpression in the C57Bl6 mice prevents HFD-induced neuropeptide alterations, with no effect on 
food intake. (A) mRNA expression of hypothalamic neuropeptides, the orexigenic Neuropeptide Y (NPY) and Agouti Related Protein 
(AgRP) and the anorexigenic Pro-opiomelanocortin (POMC). HFD increases the expression of the orexigenic neuropeptides, 
prevented by the hypothalamic overexpression of ataxin-2. However, this prevention is not reflected on food intake, since both 
groups fed the HFD ingested the same amount of food. n=6-10 per group (all males). *p<0.05 and **p<0.01 relative to Chow and 
#
p<0.05 and 

##
p<0.01 relative to HFD, as determined by one-way ANOVA followed by Bonferroni and Dunnet’s post hoc tests. Data is 

expressed as the mean ±SEM. (B,C) Hypothalamic ataxin-2 has no impact on locomotor behaviour of mice fed a HFD. (B) Total 
distance traveled (cm) I and mean velocity (cm/s) obtained from the Openfield test, shows no differences between tested groups. 
n=5-10 per group (all males). Data is expressed as the mean ±SEM. Tissues were collected for analysis during the light period between ZT=1 

and ZT=3 and Openfield test was performed during the light period between ZT=1 and ZT=6.  
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Figure S2: Ataxin-2 ARH overexpression has a mild effect on HFD-induced changes in adipose tissues, acting mostly on 
inflammation. (A, B) HFD has no significant effect on genes associated with WAT (A) and BAT (B) physiology: Uncoupling protein 1 
(UCP1), Peroxisome proliferator-activated receptor gamma (PPAR-γ) and Peroxisome proliferator-activated receptor-gamma 
coactivator alfa (PGC1⍺). (C,D) HFD promotes the increase of the pro-inflammatory gene TNF⍺ in WAT (C) and BAT (D) and 
hypothalamic ataxin-2 prevents this increase in both WAT (C) and BAT (D). n=4-10 per group. p=0.058, *p < 0.05 and***p < 0.001 
compared to Control Chow and

#
p<0.5 and 

##
p<0.01 compared to HFD, as determined by one-way ANOVA followed by Bonferroni and 

Dunnet post hoc tests, for each gene subset. Data is expressed as the mean ±SEM. (E,F) HFD significantly alters clock gene expression 
in WAT and BAT. (E) HFD can alter white adipose tissue (WAT) clock gene expression, namely Per1. Hypothalamic ataxin-2 
overexpression has no major effect on clock gene expression. n=6-10 per group. *p < 0.05, **p<0.01 and***p < 0.001 compared to 
Control Chow as determined by one-way ANOVA followed by Dunnet post hoc tests, for each gene subset. Data is expressed as the 
mean ±SEM. (F) HFD can alter brown adipose tissue (BAT) clock gene expression, namely Bmal1 and Cry, hypothalamic ataxin-2 
overexpression has no significant effect on clock gene expression. n=4-10 per group. *p < 0.05 and****p < 0.0001 compared to 
Control Chow as determined by one-way ANOVA followed by Dunnet post hoc tests, for each gene subset. Data is expressed as the 
mean ±SEM. These data suggests that although ataxin-2 hypothalamic overexpression can affect clock gene expression in the 
hypothalamus and partly in the liver, this is not verified in the adipose tissue. Ataxin-2 ARH overexpression was able to impact the 
physiology of WAT and BAT, as shown in Figure 2, however these changes might not be reflected in physiological function and in the 
circadian clock. For these set of experiments only male mice were used. Tissues were collected for analysis during the light period 
between ZT=1 and ZT=3. 
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Figure S3: Ataxin-2 ARH re-establishment in the Atxn2 KO improves insulin sensitivity but has subtle effects on other metabolic 
parameters. (A) mRNA expression of hypothalamic neuropeptides, the orexigenic Neuropeptide Y (NPY) and Agouti Related Protein 
(AgRP) and the anorexigenic Pro-opiomelanocortin (POMC). There are no significant changes between genotypes, neither with ataxin-
2 hypothalamic re-establishment. n=5-8 per group (WT- 6/7 males + 1 female; KO – 2 males + 4/5 females; KO+Atxn2 – 3 males + 3/4 
females). Data is expressed as the mean ±SEM. (B) AUC (area under the curve) of the glucose tolerance test, represents glucose 
values upon glucose administration. A tendency is in accordance with the GTT graph (Figure 3) showing increased AUC of GTT in the 
KO group, which could be related to glucose intolerance when compared with WT. This observation seems to be partly prevented in 
the KO with ataxin-2 ARH re-establishment. n=5-7 per group. Data is expressed as the mean ±SEM. (C) 𝛋ITT representing the glucose 
clearance rate (% per minute) for all groups tested, showing decreased glucose clearance upon insulin administration in the KO group, 
with a significant increase in the KO group with hypothalamic ataxin-2 re-establishment. n=5-7 per group (WT- 6/7 males + 1 female; 
KO – 2 males + 4/5 females; KO+Atxn2 – 3 males + 3/4 females). 

#
p<0.01 compared to KO, as determined by one-way ANOVA 

followed by Bonferroni post hoc test. Data is expressed as the mean ±SEM. (D) Atxn2 KO mice show no significant alterations in 
serum biochemical parameters, Cholesterol, Triglycerides and Glycaemia (non-fasting). Since all of the mice of these groups are fed a 
high fat diet, this might blunt changes that could occurs due to genotype and even treatment (ataxin-2 ARH re-establishment). n=5-8 
per group (WT- 6/7 males + 1 female; KO – 2 males + 4/5 females; KO+Atxn2 – 3 males + 3/4 females). Data is expressed as the mean 
±SEM. ITT and GTT were performed at ZT=7 and tissues were collected for analysis during the light period between ZT=1 and ZT=3. 
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Figure S4: Hypothalamic ataxin-2 re-establishment in KO mice has no impact on the physiology of the white and brown adipose 
tissues. (A) H&E stained sections from white adipose tissue (WAT) of all groups of mice fed with HFD for 8 weeks, shows no 
significant alterations between genotype and intervention (ataxin-2 re-establishment). n=3-5 per group. Scale bar 50µm. (B) Atxn2 
KO mice show a tendency for increased white adipose tissue (WAT) amount (in % of overall body weight), apparently counteracted 
by ataxin-2 ARH re-establishment. (C) Atxn2 KO mice show no significant differences on genes associated with WAT function, 
UCP1, PPAR-γ and PGC1⍺. (D) H&E stained sections from brown adipose tissue (BAT) of of all groups of mice fed with HFD for 8 
weeks, shows no significant alterations between genotype and intervention (ataxin-2 re-establishment). n=3-5 per group. Scale bar 
50µm. (E-F) Atxn2 KO mice show increased brown adipose tissue (BAT) amount (in % of overall body weight) and (F) a significant 
decrease PPAR-γ compared to WT. n=3-8 per group. 

*
p < 0.05 compared to WT as determined by one-way ANOVA followed by 

Bonferroni’s post hoc tests, for each gene subset. Data is expressed as the mean ±SEM. (G,H) Atxn2 KO mice display a tendency for 
higher expression of pro-inflammatory genes in WAT (G) and BAT (H),especially TNF⍺ and IL1β. Hypothalamic ataxin-2 re-
establishment appears to counteract these tendencies, however not significantly. n=3-8 per group. p=0.06 compared to WT as 
determined by one-way ANOVA followed by Dunnet and Bonferroni’s post hoc tests, for each gene subset. Data is expressed as the 
mean ±SEM. (I, J) WAT and BAT of Atxn2 KO mice show distinct clock gene alterations. (I) Genotype promotes tendency for clock 
gene alterations in WAT, mostly on Cry. However, these changes are counteracted by ataxin-2 re-establishment. The treated group 
also presents an increase in Bmal1 ad Clock when compared to WT mice. n=3-8 per group. p=0.06 and *p<0.05 compared to WT 



 

and 
#
p<0.05 compared to KO as determined by one-way ANOVA followed by Bonferroni’s post hoc tests, for each gene subset. 

Data is expressed as the mean ±SEM. (J) Atxn2 KO mice show altered BAT clock gene expression, namely in Bmal1, Per1 and Per2. 
Hypothalamic ataxin-2 re-establishment appears to counteract some changes presented in the KO group, however not 
significantly. n=3-5 per group. 

*
p< 0.05 and 

**
p<0.01 compared to WT as determined by one-way ANOVA followed by Dunnet post 

hoc tests, for each gene subset. Data is expressed as the mean ±SEM. (WT- 6/7 males + 1 female; KO – 2 males + 1/4/5 females; 
KO+Atxn2 – 3 males + 1/3/4 females) 
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Figure S5:Ataxin-2 ARH overexpression in C57BI6J fed with chow diet has no effect on body weight, food intake, insulin sensitivity 
and seric metabolic parameters. Wild type C57BI6J were injected in the ARH with lentivirus encoding for GFP (chow) or ataxin-2 (chow 
+ ARH Ataxin-2) and fed a chow diet for 4 weeks. Data is expressed as the mean ±SEM. (A) Cumulative weight gain (in grams) for 
different timepoints throughout the 4 weeks of the study. n=6-9 per group (all males). (B) Total food intake expressed in total calories 
ingested (Cal/4 weeks). n=6-9 per group (all males). Data is expressed as the mean ±SEM. (C) Insulin tolerance test (ITT), expressed as 
the glycaemia (mg/mL) measured every 5 minutes after intraperitoneal injection of insulin. n=6-9 per group (all males). Data is 
expressed as the mean ±SEM. (D) Mice with ARH ataxin-2 overexpression show no significant alterations in serum biochemical 
parameters, Cholesterol, Triglycerides and Glycaemia (non-fasting). n=3-9 per group (all malles). Data is expressed as the mean ±SEM. 
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Supplementary Methods  

Study design  

This study used two mouse strains, C57Bl6 mice and Atxn2 KO mice on a C57BI6x129SvJ mixed 

background (Kiehl et al., 2006).   

For the experimental procedure with C57Bl6 mice, we used 8 weeks old male animals, that were divided 

into three groups: a chow-fed control group (6 animals), a HFD-fed group (6 animals) and a HFD-fed 

group with ARH ataxin-2 overexpression (“treatment group” - 10 animals). All animals were manipulated 

through stereotaxic injection of lentiviruses (see details bellow), the chow and HFD group were injected 

with virus encoding for GFP and the HFD+Ataxin-2, were injected with virus encoding for ataxin-2. This 

experiment had the duration of 4 weeks.   

For the experimental procedure with Atxn2 KO mice, we used 8 weeks old animals, male and female, 

divided into three groups: Atxn2 KO (5: 2 males + 3/4 females), Atxn2 KO with ARH overexpression (7: 3 

males + 4 females) and wild-type littermates (8: 7 males and 1 female) as controls. This experiment had 

the duration of 4 weeks. For this experiment we had a lower number of animals since Atxn2 KO mice are 

less viable (Lastres-Becker et al., 2008; Kiehl et al., 2008; Scoles et al., 2012), hence we have a lower 

number of pups per litter. All animals were manipulated through stereotaxic injection of lentiviruses (see 

details bellow), the WT and Atxn2 KO group were injected with virus encoding for GFP and the Atxn2 KO 

+Ataxin2, were injected with virus encoding for ataxin-2.   

Animal experimentation followed Portuguese and European directives for animal well-being. Importantly, 

the Russell and Burch 3R´s principle (Replacement, Reduction and Refinement) were rigorously applied. 

Animal studies responded to more than one scientific question and various tissues of interest were 

collected and analyzed, avoiding separate studies, reducing animal number. In case animals were 

displaying signs of deteriorated behaviour or physiology and unresponsive to veterinary care, protocol 

dictated that they would be humanely euthanized.   

Our institution has a modern animal facility and employs full-time technical and veterinary staff. Mice are 

housed in temperature and humidity-controlled rooms. Facility staff performs all standard husbandry. 

Regular inspections and animal health monitoring are performed by veterinary staff. Humane end-points 

include overdose by isoflurane inhalation followed by a secondary method of euthanasia (decapitation).  

  

Stereotaxic injection of lentiviral vectors  

For the stereotaxic injection of lentiviral vectors, 8 weeks old mice were anaesthetized with ketamine (75 

mg/kg intraperitoneal administration, IP) and xylazine (10 mg/kg IP). Particle content of lentiviral vectors 

was matched to 200 000 ng of p24/mL. The ARH was defined by using The Paxino’s Mouse Brain Atlas, as 

performed in previous studies (Aveleira et al., 2015). Injections were performed bilaterally into the ARC: 



 

0.5 mm lateral to the middle line, 1.65 mm posterior to the bregma and −5.8 mm ventral to the brain 

surface. Mice received a single injection of lentivirus encoding either for GFP, ShAtaxin-2 or Ataxin-2 

according with the experiment, in the ARH of each hemisphere in a final volume of 2 μL. Injection was 

performed at a rate of 0.25 μL/min with a 10 mL-Hamilton syringe attached to an automatic Pump 

Controller (World Precision Instruments, FL, USA). Needle was kept in place for 5 min to minimize 

backflow.  

Mice were allowed to recover for two days before body weight and food intake analysis.  

All injections were confirmed either through immunohistological analysis, through staining of ataxin-2 

and GFP in the brain slices containing ARH, either by Western-Blotting to detect either GFP or human 

ataxin-2. By Western Blotting, since we injected human ataxin-2, was possible to observe both human 

and mouse ataxin-2 staining (different molecular weights), for overexpression confirmation. Animals in 

which the stereotaxic injection was not successful were removed from the study.    

Food intake and body weight analysis  

For all experiments, body weight and food intake were measured twice a week.   

Body weight gain was calculated in % of weight gain and also presented in a plot graph as cumulative 

weight gain (g), since 2 days after stereotaxic injection (Day 0).   

Since our animal facility does not allow single caged animals, we adjusted the food intake analysis to the 

cage, reaching a ratio according with weight of each caged animal. Hence, food intake was measured as a 

ratio of total food ingested over the study (g) per total weight gained (g). The individual food intake was 

calculated as follows:   

 Individual foof intake: (Total food intake per cage/ Total weight per cage) X Mouse weight  

Insulin tolerance test (ITT)  

The rate constant for glucose clearance (kITT) was calculated using the formula 0.693/t1/2. The plasma 

glucose t1/2 was calculated from the slope of the least squares analysis of the plasma glucose 

concentration during the linear phase of decline (5-15 min).  

Tissue and blood collection  

Animals were euthanized 4 weeks/ 8 weeks after lentiviral vectors injection by sodium pentobarbital 

overdose. Animals from each group on the C57BL/6 J mice study, were randomly selected either for 

whole brain removal for immunohistochemistry experiments, or for collection of blood, hypothalamic 

tissue for protein extraction and peripheral organs extraction for histological analysis. Blood was 

collected upon decapitation and serum was obtained by centrifugation (2,000 × g for 15 min). Serum 

samples were kept at -20°C until use. After decapitation, brain was removed and the hypothalamus 

dissected and stored at −80 °C for posterior processing. After removal of the brain, organs such as the 



 

liver, epididymal white adipose tissue (WAT) and intrascapular brown adipose tissue (BAT) were collected 

and weighed. These organs were then cut and divided, a part of each organ was kept at -80 °C for protein 

and RNA extraction purposes, while the other was kept in a 10% neutral buffered formalin solution (VWR 

International, PA, USA) for 48h in order to prepare them for histological processing.   

For immunohistochemistry, after pentobarbital overdose animals were transcardially perfused with 4% 

paraformaldehyde/ phosphate buffer (PBS) fixative solution followed by brain removal. Brains were 

cryoprotected by incubation in a 25% sucrose/0.1 M PBS solution for 48 h at 4°C. The brain was frozen 

and sectioned using a cryostat (LEICA CM3050 S) in 25-μm coronal sections. Slices were collected and 

stored in 48-well trays, free-floating in 0.1M PBS supplemented with 0.12μmol/l sodium azide. The plates 

were stored at 4°C until immunohistochemical processing.   

Biochemical parameters assessment  

Glucose levels (non-fasting) were measured by using FreeStyle Precision Neo glucometer (Abbott).  

Cholesterol and triglycerides were measured on Cobas 6000 from Roche (Basel, Switzerland).   

Immunohistochemistry  

Coronal sections 25-μm brain coronal sections were washed 3 times with PBS and placed in an antigen 

retrieval solution of Tris-EDTA (10mM Tris Base, 1mM EDTA Solution, 0.05% Tween 20, pH 9.0). The slices 

were placed in falcon tubes with the solution and then in the water bath at 100°C for 30 minutes. After 

the antigen retrieval step, the falcons with the solution were kept at RT for 1 hour to stabilize the 

temperature. After stabilization, sections were washed 3 times with PBS, blocked and permeabilized for 

one hour at room temperature, in PBS with 10% (vol/vol) goat serum and 0.3% Triton X-100. Brain slices 

were then incubated with mouse monoclonal anti-ataxin-2 antibody (1:500; BD Biosciences Cat# 611378, 

RRID:AB_398900) in blocking solution, overnight at 4 °C. Sections were then incubated with goat 

antimouse Alexa Fluor 594-conjugated secondary antibody (1:200; Invitrogen, CA, USA) for 2 h at room 

temperature. The nuclei were stained with Hoechst 33342 (2 μg/mL; Invitrogen). After incubation, brain 

sections were washed, mounted in slides with Mowiol® mounting medium (Sigma-Aldrich) and analyzed 

on a Zeiss Axiovert fluorescence microscope (Zeiss, Oberkochen, Germany).  

  

Immunoblotting  

After dissection, samples were boiled in SDS sample buffer, run on a 4%–20% polyacrylamide gel (Bio-

Rad, 4561096), and transferred to an Immobilon-P polyvinylidene fluoride (PVDF) membrane (Millipore). 

The membrane was blocked by 5% BAS in TBST (TBS with 0.1% Tween-20) in room temperature for 1 hr 

and then probed with primary antibody (as shown in Key Resources table) in 1X TBST with 5% BSA 

overnight, followed by HRP-conjugated secondary antibody, and signal was detected by enhanced 

chemifluorescence (ECF, GE Healthcare, Little Chalfont, UK) in a VersaDoc Imaging System (Bio-Rad). The 



 

optical density of the bands was quantified with the Quantity One Software (Bio-Rad). The results are 

normalized to β-tubulin and are expressed as the relative amount compared with control.  

Antibodies  

Antibodies used for the study were: anti-ataxin-2 (1:500; BD Biosciences 611378, RRID:AB_398900) and 

anti-tubulin (1:5000; Sigma-Aldrich T7816, RRID:AB_261770).  

Quantification of mRNA expression   

Total RNA extraction for hypothalamus was performed with miRCURYTM RNA Isolation (Exiqon, 

Copenhagen, Denmark) according to the manufacturer’s instructions. Total RNA extraction for liver, WAT 

and BAT was performed with RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's 

instructions. RNA concentration and purity was determined using a ND-1000 Nanodrop 

Spectrophotometer (Thermo Fisher Scientific, MA, USA). We synthesized first strand cDNA with 1 mg of 

total RNA using iScript Select cDNA Synthesis Kit (BIO-RAD) and then performed quantitative RT-PCR 

using iQ SYBR Green Supermix (BIO-RAD, 1708880). The primer sequences used for PCR are as listed 

below.  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



 

Primer  Sequence  Function  Source  

MCAD  Not provided  Fatty acid oxidation  Qiagen  

FASN  Not provided  Fatty acid synthase  Qiagen  

ACLY  Not provided  Fatty acid biosynthesis  Qiagen  

PEPCK  Not provided  Gluconeogenesis  Qiagen  

G6P  Not provided  Carbohydrates processing  Qiagen  

SREBP  Not provided  Cholesterol and Fatty acid 

biosynthesis  
Qiagen  

TNFa  Not provided  Pro-inflammatory marker  Qiagen  

IL-1b  Not provided  Pro-inflammatory marker  Qiagen  

TGFb1  Fw:GGATACCAACTATTGCTTCAG 

Rev:TGTCCAGGCTCCAAATATAG  
Pro-inflammatory marker  Sigma  

GFAP  Fw:GGAAGATCTATGAGGAGGAAG Rev:CTGCAAACTTAGACCGATAC  Gliosis marker  Sigma  

Bmal1  Fw:AAATCCACAGGATAAGAGGG Rev:ATAGTCCAGTGGAAGGAATG  Clock gene  Sigma  

Clock  Fw:AAGTGACTCATTAACCCCT Rev:CTATGTGTGCGTTGTATAGTTC  Clock gene  Sigma  

Cry  Fw:AGAAGGGATGAAGGTCTTTG Rev:CTCTTAGGACAGGTAAATAACG  Clock gene  Sigma  

Per1  Fw:GTTCTCATAGTTCCTCTTCTG 

Rev:GTGAGTTTGTACTCTTGCTG  
Clock gene  Sigma  

Per2  Fw:CTTTCACTGTAAGAAGGACG 

Rev:CTGAGTGAAAGAATCTAAGCC  
Clock gene  Sigma  

NPY  
Not provided  

Orexigenic Neuropeptide  Qiagen  

AgRP  Fw: AGGTCTAAGTCTGAATGGC Rev:CGGTTCTGTGGATCTAGC  Orexigenic Neuropeptide  Sigma  

POMC  Fw:AAAAGAGGTTAAGAGCAGTG 

Rev:ACATCTATGGAGGTCTGAAG  
Anorexigenic Neuropeptide  Sigma  

PGC-1a  
Not provided  

Mitochondrial biogenesis  Qiagen  

UCP1  

Not provided  

Mitochondrial carrier 

(thermogenesis – BAT)  
Qiagen  

PPAR-γ  
Not provided  

Fatty acid storage Glucose 

metabolism  
Qiagen  

Hprt  
Not provided  

Reference gene  Qiagen  

  

Histological analysis  

Tissues were collected and placed directly in the 10% neutral buffered formalin solution, then submitted 

to several steps for paraffin blocks inclusion: 1 hour at ethanol 70%; two series of ethanol 95%, 40 

minutes each; two series of ethanol 100%, 1 hour each; two series of xylene, 1 hour each and two series 

of paraffin, 1 hour each. At the end of this process, tissue samples were included in paraffin blocks. 



 

Paraffin blocks were sectioned using a microtome (HM325, Thermo Fisher Scientific). The 4 μm thickness 

sections were placed into microscopy slides until use.   

Hematoxylin-eosin staining was performed according to the manufacturer’s guidelines (Merck Millipore). 

After staining, sections were mounted in slides with Richard-Allan Scientific Mounting Medium (HM325, 

Thermo Fisher Scientific) and analyzed on a Zeiss Axio Imager Z2 microscope (Zeiss). The nuclei were 

stained blue and the cytoplasm red, in order to detect structural alterations in the tissue. This procedure 

was performed for liver, WAT and BAT.  

Adipocytes (80-100 per animal) with intact cellular membranes were chosen for determination of the 

crosssectional area in hematoxylin-eosin stained sections. Images were analyzed with Fiji Software. A 

researcher that was unaware of the experimental groups performed the analysis.  

Quantification and statistical analysis   

Results are expressed as mean ± standard error of the mean (SEM). Statistical analyses were performed in 

GraphPad Prism. Student’s t test was used for pairwise comparisons, whereas multiple comparisons were 

analyzed with one-way analysis of variance (ANOVA) followed by Dunnet and Bonferroni’s post hoc test.  

Statistical parameters can be found in the figure legends.  

  


