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Abstract (394 words) 

Spinocerebellar ataxia type 1 (SCA1) is a progressive neurodegenerative disease caused by an 

abnormal expansion of CAG repeats in the gene Ataxin1 (ATXN1) and characterized by motor 

deficits, cognitive decline, changes in affect, and premature lethality. Due to the severe 

cerebellar degeneration in SCA1, the pathogenesis of Purkinje cells has been the main focus of 

previous studies. However, mutant ATXN1 is expressed throughout the brain, and pathology in 

brain regions beyond the cerebellar cortex likely contribute to the symptoms of SCA1. Here, we 

investigate early-stage SCA1 alterations in neurons, astrocytes, and microglia in clinically 

relevant brain regions including hippocampus and brain stem of Atxn1154Q/2Q mice, a knock-in 

mouse model of SCA1 expressing mutant ATXN1 globally.  

Our results indicate shared and brain region specific astrocyte pathology early in SCA1 

preceding neuronal loss. We found reduced expression of homeostatic astrocytic genes Kcnj10, 

Aqp4, Slc1a2 and Gja1, all of which are key for neuronal function in the hippocampus and brain 

stem. These gene expression changes did not correlate with classical astrogliosis. Neuronal 

and microglial numbers were largely unaltered at this early stage of SCA1 with the exception of 

cerebellar white matter, where we found significant reduction in microglial density, and the brain 

stem where we detected an increase in microglial cell counts.  

Brain-derived neurotrophic factor (BDNF) is a growth factor important for the survival and 

function of neurons with broad therapeutic potential for many brain diseases. We report here 

that BDNF expression is decreased in cerebellum and medulla of patients with SCA1.  

Moreover, we found that BDNF had dual effect on SCA1 and wild-type mice. Motor 

performance, strategy development, hippocampal neurogenesis, and expression of astrocyte 

homeostatic genes in the hippocampus were ameliorated in BDNF-treated SCA1 mice and 
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further enhanced in BDNF-treated wild-type mice. On the other hand, BDNF had a negative 

effect on memory recall and expression of homeostatic genes in the brain stem astrocytes both 

in wild-type and in SCA1 mice.  

 

Introduction 
 

Spinocerebellar ataxia type-1 (SCA1) is a rare neurodegenerative disorder caused by 

CAG repeat expansions in the gene Ataxin-1 (ATXN1). Repeat expansions of about 39 or more 

repeats result in expression of a toxic polyglutamine (polyQ) ATXN1 protein [1]. SCA1 is 

characterized by progressive degeneration that is most severe in the cerebellum and brainstem, 

and manifests behaviorally as deficits in motor coordination (i.e. ataxia), swallowing, speaking, 

cognition, and mood [2][3][4]. While Atxn1-targeting antisense oligonucleotides (ASO) show 

promise in pre-clinical trials [5], there are currently no disease-modifying treatments available for 

SCA1. 

We previously showed that chronic administration of exogenous BDNF into the lateral 

ventricle delayed the onset of motor deficits and development of cerebellar pathology in pre-

symptomatic ATXN1[82Q] mice [6]. Further, chronic administration of exogenous BDNF 

ameliorated motor deficits and cerebellar pathology in symptomatic ATXN1[82Q] mice [7]. 

These findings from the transgenic ATXN1[82Q] mouse model support our overall hypothesis 

that the BDNF signaling pathway may be a therapeutic target for cerebellar pathology in SCA1. 

Due to their important effects on the patients’ quality of life, motor deficits and underlying 

cerebellar pathology have been the focus of the majority of SCA1 studies so far. However, 

ATXN1 is expressed throughout the brain and likely affects brain regions other than the 

cerebellum [8][9]. While SCA1 pathology outside the cerebellum remains less understood, it is 

likely to contribute to SCA1 symptoms such as cognitive, mood disorders, difficulties in 

respiration and swallowing, and premature lethality. To better understand brain-wide SCA1 

pathology and therapeutic potential of BDNF for SCA1, we have utilized the Atxn1154Q/2Q mouse 
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model of SCA1, in which 154 CAG repeats have been knocked-in into the endogenous mouse 

Atxn1 gene [10]. Because the Atxn1 gene is expressed under the endogenous promoter, 

Atxn1154Q/2Q mice express polyQ ATXN1 in neuronal and non-neuronal cells throughout the 

central nervous system and peripheral tissues. As a result, in addition to motor deficits, the 

Atxn1154Q/2Q mice exhibit a premature lethality, failure to gain weight, and cognitive deficits 

[10][11]. Furthermore, there is evidence of extra-cerebellar pathology in Atxn1154Q/2Q mice, 

although it remains to be thoroughly characterized [10][12][13]. 

Here, we performed a comparative characterization of neuronal and glial pathology in 

cerebellum, hippocampus, and medulla in Atxn1154Q/2Q mice. We then tested the therapeutic 

efficacy of chronic delivery of BDNF on neuronal and glial pathology in cerebellum, 

hippocampus, and medulla of Atxn1154Q/2Q mice. We also examined the effect of BDNF on 

SCA1-like phenotypes, including motor and cognitive deficits, and failure to gain weight in 

Atxn1154Q/2Q mice. Finally, we evaluated the potential negative side-effects of exogenous BDNF 

delivery in wild-type mice. 

 

Materials and Methods 

Mice 

The creation of the Atxn1154Q/2Q mice was previously described [10]. We found that number of 

repeats are expanded in our colony to 170 CAG. Equal number of male and female 

Atxn1154Q/2Qand wild-type (WT) mice were randomly allocated to BDNF or control artificial 

cerebrospinal fluid (aCSF) groups (N = 10-12).  

We surgically implanted ALZET pumps (Alzet Model 1004) into 7-week-old mice in a 

subcutaneous pocket in their back. A delivery cannula was placed into the right lateral ventricle 

using stereotaxic surgery (A/P, 1.1 mm; M/L, 0.5 mm; D/V, –2.5 mm from Bregma) as previously 

described [6]. ALZET pumps delivered BDNF or aCSF at a steady flow rate for 4 weeks 
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following implantation (20 µg of human recombinant BDNF (R&D Systems Cat. 248-BD-250/CF) 

in 100µl per micropump, resulting in a delivery rate of 0.71 µg/day)[7].  

In all experiments, investigators were blinded to the genotype/treatment. While we started with 

the same number of animals in each group, the final number of animals per condition varied 

depending on the success of surgery, including survival from surgery and correct placement of 

cannula. Five mice died (two female WT mice treated with aCSF and BDNF, one female and 

two male Atxn1154Q/2Q mice treated with BDNF). All mice were subjected to which postmortem 

examination and this examination revealed that cannula was neither misplaced nor obstructed  

Animal experimentation was approved by Institutional Animal Care and Use Committee 

(IACUC) of University of Minnesota and was conducted in accordance with the National 

Institutes of Health’s (NIH) Principles of Laboratory Animal Care (86–23, revised 1985), and the 

American Physiological Society’s Guiding Principles in the Use of Animals [14]. 

Cognitive testing 

Mice were subjected to contextual fear conditioning prior to BDNF delivery (6 weeks of age). 

Mice were also tested via Barnes maze and re-tested on the contextual fear conditioning task 3 

weeks after BDNF delivery started (10 weeks of age). Both cognitive tests were administered as 

previously done and are described below [11] . 

Sample sizes in the behavioral tests were determined using power analysis and prior 

experience with these tests, or previous reports using similar methodology. Experimenters were 

blinded to genotype and, where applicable, treatment during all tests. 

Barnes maze. The maze was a white circular platform 91 cm in diameter with 20 5-cm circular 

holes spaced evenly around the edge, raised approximately 92 cm above the floor. One of the 

holes led to a 5 cm wide x 11 cm long x 5 cm deep opaque box (the “escape box”) and the other 

19 were covered. The testing room had visual cues on the walls to serve as landmarks, and all 

objects in the room were kept in the same places for every trial. The position of each mouse 

was tracked using AnyMaze software. Mice were exposed to the maze for four 3-minute trials 
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per day during four consecutive training days (intertrial interval of approximately 15 minutes). 

Mice which did not enter the escape box within 3 minutes were gently guided to it. Training day 

data is reported as a path length (distance traveled before entering the escape hole) and 

analyzed by two-way repeated measures ANOVA. A probe test was conducted 24 hours after 

the last training session. For the probe test, the escape hole was covered, and each mouse was 

allowed to explore the maze freely for 90 seconds. The time spent in each quadrant of the maze 

was recorded, and the amount of time spent in the goal quadrant (the quadrant centered on the 

goal hole) was analyzed by one-way ANOVA.  

Search strategies on the training days were automatically classified and assigned cognitive 

scores using the Barnes maze unbiased strategy (BUNS) classification tool as described by 

Illouz et al.[15] In order to compare learning rates between groups, cognitive scores for each 

mouse on each of the 16 training trials were plotted in GraphPad Prism 7.0. Linear regression 

was performed for each group and the slopes and elevations of the lines were compared using 

Prism’s Analysis function. 

 

Contextual fear conditioning. Conditioning took place in chambers with a floor consisting of 

stainless-steel rods through which shocks were delivered (Med Associates #ENV-008-FPU-M). 

On day 1, mice were placed in the chambers for a 10-minute period during which they received 

five foot shocks (0.70 mA, 2-second duration). Freezing during the 60 seconds after each shock 

was quantified automatically using VideoFreeze software (freezing was defined as a motion 

index ≤15 lasting ≥500 ms). 24 hours after the initial conditioning, mice were returned to the 

same chambers with the shock generators turned off and freezing behavior was monitored for 3 

minutes. 1-2 hours after being placed in the conditioned context, mice were placed in a second 

context [the same chambers but different floor texture (smooth plastic versus metal rods), shape 

(curved plastic wall versus square metal wall), and odor (0.5% vanilla extract versus 33% 

Simple Green)] for 3 minutes to measure baseline freezing. Acquisition of freezing responses is 
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reported as percent freezing in the 60-second period following each of the 5 foot shocks, 

analyzed by two-way repeated measures ANOVA. 24-hour recall is reported as percent freezing 

in each context over the 3-min test period, analyzed by two-way repeated measures ANOVA.  

 

Rotarod analysis  

Mice were tested on rotarod (#47600; Ugo Basile) to evaluate motor deficits as described 

previously prior to BDNF delivery (6 weeks of age) and 4 weeks after the BDNF delivery started 

(11 weeks of age). Rotarod paradigm consisted of four trials per day over four days with 

acceleration from 5 to 40 rotations per minute (rpm) over minutes 0 to 5, followed by 40 rpm 

constant speed from 5 to 10 min. Latency to fall was recorded[16]. 

 

5-bromo-2′-deoxyuridine (BrdU) Administration  

BrdU (Biolegend) was injected intraperitoneally following the final rotarod trial at a dosage of 

100 mg/kg every 12 hours for a total of three doses. Mice were sacrificed 72 hours after the last 

injection as previously described [17]. 

 

Immunofluorescent (IF) staining IF was performed on minimum of six different floating 45-μm-

thick brain slices from each mouse (six technical replicates per mouse per region or antibody of 

interest). Confocal images were acquired using a confocal microscope (Olympus FV1000) using 

a 20X oil objective. Z-stacks consisting of twenty non-overlapping 1-μm-thick slices were taken 

of each stained brain slice (i.e., six z-stacks per mouse, each taken from a different brain slice). 

The laser power and detector gain were standardized and fixed between mice within a surgery 

cohort, and all images for mice within a cohort were acquired in a single imaging session to 

allow for quantitative comparison. 

We used primary antibodies against Purkinje cell marker calbindin (mouse, Sigma-Aldrich, 

C9848) neuronal marker neuronal nuclei (NeuN) (rabbit, Abcam, Ab104225), astrocytic marker 
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glial fibrillary acidic protein (GFAP) (chicken, Millipore, AB5541), microglial marker ionized 

calcium binding adaptor molecule 1 (Iba1) (rabbit, WAKO, 019-19741), bromodeoxyuridine 

(BrdU) (rat, Bio-Rad, MCA2060), and vesicular glutamate transporter 2 (VGLUT2) (guinea pig, 

Millipore, AB2251-I) as previously described. Quantitative analysis was performed using ImageJ 

(NIH) as described previously. To quantify relative intensity of staining for GFAP and calbindin 

we measured the average signal intensity in the region of interest and normalized it to that of 

the WT aCSF-treated mouse of that cohort. The density of neurons, astrocytes, microglia, and 

new neuronal cells was determined by normalizing the number of NeuN+, GFAP+, Iba1+, and 

BrdU+ cells respectively with the appropriate cellular morphology to the area of the region of 

interest. We determined GFAP+ and Iba1+ percent area by creating a mask of GFAP and Iba1 

staining respectively and recording the fraction of the region of interest covered by staining. To 

quantify atrophy of the cerebellar molecular layer we took six measurements per image of the 

distance from the base of the Purkinje soma to the end of their dendrites, the average being the 

molecular layer width for that image. Recession of climbing fibers was quantified by normalizing 

the width of VGLUT2 staining to the width of the molecular layer. The width of hippocampal 

neuronal layers (CA2, and CA3) was measured by dividing the area of each neuronal layer by 

the length of that layer as previously described [12]. 

We also performed IF on 6-μm-thick cerebellum and medulla oblongata slices from human 

SCA1 patients and normal healthy controls provided to us by Dr. Arnulf H. Koeppen, Albany, NY 

(Table 2). Confocal images were acquired using a confocal microscope (Olympus FV1000) 

using a 40X oil objective. Z-stacks consisting of five 1-μm-thick slices were taken of each 

stained brain slice. The laser power and detector gain were standardized and fixed between 

samples. Human tissue was stained with BDNF (rabbit, Abcam). Percent area of staining for 

BDNF was quantified using the same method described for mouse confocal images. To quantify 

BDNF+ puncta, we utilized the ImageJ analyze particles function that recorded the count and 

total area of particles between the size of 0.05 μm2 and 5.0 μm2 and a circularity between 0.5 
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and 1.0. We normalized particle counts and total particle area to the total area of the region of 

interest in order to calculate BDNF+ puncta density and BDNF+ puncta percent area, 

respectively. 

 

Enzyme-linked immunosorbent assay (ELISA) 

Subcortical tissue was dissected on ice and the weight of the tissue for each mouse was 

measured, then frozen. Proteins were extracted from frozen tissue using Tris-Triton Lysis Buffer 

[150nM sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS (sodium 

dodecyl sulfate), and 50mM Tris (pH 8.0)] as has been described previously [6]. Following 

lysate preparation, total BDNF was quantified in duplicates using the Total BDNF Quantikine 

ELISA kit (Biotechne-R&D Systems). 

 

Reverse transcription and quantitative polymerase chain reaction (RT-qPCR) 

Total RNA was extracted from dissected mouse cerebella, medulla, hippocampus, and cortex 

using TRIzol (Life Technologies), and RT-qPCR was performed as described previously [18]. 

We used primers listed in Table 2 as well as IDT Primetime primers for the following genes: 

Aqp4, Gja1, Slc1a2, C3, Aif1, and Gapdh. 

Table 2. Primer sequences 

Gene name Forward Sequence (5’�3’) Reverse Sequence (5’�3’) 

Calbindin1 AAG GCT TTT GAG TTA TAT GAT CAG TTC TCA CAC AGA TCT TTC 

AGC 

Gnarl3 TCA TGA AGC CGT GTG TGC CAC GGA TGG GAG GTC ATC 

Homer3 TGA AGA TGC TGT CAG AAG G CTG TCC TGA AGC GCG AAG 

Inpp5a ATT CGG ACA CTT TGG AGA GC CCT TTT CTT GAC CAT TTG 

CAC 
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Itpr GAA GGC ATC TTT GGA AGT ACC CTG AGG AAG GTT CTG 

Rgs8 CTG TCA CAC AAA TCA GAC TCC TG TGC TTC CGT GCA GAG TC 

Kcnj10 TCC GGG TTT AAG AGT CTT GG CTT AGC GAC CGA CGT CAT CT 

Gfap AGA AAG GTT GAA TCG CTG CA CGG CGA TAG TCG TTA GCT TC 

18s AGT CCC TGC CCT TTG TAC ACA CGA TCC GAG GGC CTC ACT A 

 

Statistical analysis 

Wherever possible, sample sizes were calculated using power analyses based on the standard 

deviations from our previous studies, significance level of 5%, and power of 90%. Statistical 

tests were performed with GraphPad Prism 7.0. Data was analyzed using two-way ANOVA (to 

assess the impact of genotype and treatment) followed by post-hoc two-tailed, unpaired 

Student’s t-test (to test statistical significance of differences between groups of interest wherein 

only one variable was different (treatment or genotype), or one-way ANOVA followed by the 

Sidak’s post-hoc test. Outliers were determined using GraphPad PRISM’s Robust regression 

and Outlier removal (ROUT) with a Q=1% for non-biased selection. 

Data availability  

All the data from this study are available from the authors. 

Results 
 
Purkinje cells and Bergmann glia pathology in the posterior cerebellar lobules 

and microglia reduction in white matter of SCA1 knock-in mice. 

 
Cerebellar pathology, including atrophy of the molecular layer (ML), loss of Purkinje cell (PC) 

arbors, and recession of climbing fiber synapses on PCs are well described and used to 

quantify cerebellar degeneration in SCA1 mouse models[19][18]. Most studies have described 

these pathogenic changes only in the primary fissure of the cerebellar cortex (lobules 5/6) in 

mouse models of SCA1 because this cerebellar region is easily and reproducibly identified. 
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Recent studies have indicated significant regional diversity in the cerebellar cortex [20][21][22]], 

particularly across anterior and posterior cerebellar lobules that can play a role in selective 

neuronal vulnerability in disease [23][24][25][26]. Additionally, a recent study in transgenic SCA1 

mice indicated more pathology in the anterior cerebellum [27]. In contrast, a study in SCA1 

knock-in mice found that the posterior cerebellum is more severely affected [28], although a 

second study reported both regions as being similarly affected [29].  

To assess the severity of cerebellar degeneration in 12 weeks old Atxn1154Q/2Q mice we 

evaluated neuronal and glial pathology in the primary fissure as well as anterior lobule 2 and 

posterior lobules 7 and 10 of the cerebellar cortex (Figure 1A). We selected this age as 

previous studies demonstrated that at 12 weeks of age, Atxn1154Q/2Q mice exhibit motor and 

cognitive deficits but no neuronal loss [30].  

To quantify PC pathology, we employed immunohistochemistry of cerebellar slices with 

antibodies specific for calbindin-1 (CALB1), a PC-specific marker, and vesicular glutamate 

transporter 2 (VGLUT2), a marker of climbing fiber (CF) synapses on PC dendrites [31]. We 

found that atrophy of PC dendritic arbors, as measured by the reduced thickness of the ML, was 

significant only in the primary fissure (lobules 5/6) (Figure 1B). However, the intensity of CALB1 

staining in the Purkinje cell layer (PCL) and ML was significantly reduced only in posterior 

cerebellar lobules 7 and 10 (Figures 1C). Loss of climbing fiber synapses on PCs was 

measured as the ratio of width of VGLUT2 staining in the ML to  the width of the ML 

(Supplementary Figure 1)[18]. We found a small but statistically significant reduction in the 

VGLUT2/ML ratio in the lobules 5/6, 7 and 10, but not in the anterior lobule 2 (Figure 1C). Thus, 

anterior lobule 2 showed no significant changes in any of our measures of PC pathology 

whereas posterior lobules 7 and 10 showed a significant reduction in CALB1 staining and 

VGLUT2/ML ratio, and lobules 5/6 showed significant reduction in the thickness of molecular 

layer and VGLUT2/ML ratio. 
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We also examined molecular PC alterations by RT-qPCR of the Magenta Module genes, 

a hub of genes previously identified by RNA-sequencing whose expression correlates with the 

progression of PC pathology in ATXN1[82Q] mice and has also been shown to be reduced in 

Atxn1154Q/2Q mice [32]. We performed RT-qPCR on whole-cerebellum RNA and found a 

significant reduction of about 50% in the expression of Magenta Module genes (Calb1, Inpp51, 

Garnl3, ITPR, Homer 3, Rgs8, Supplementary Figure 2).  

 

PCs are the main output from the cerebellar cortex, and project to cerebellar nuclei (CN) the 

main output from the cerebellum [33]. CN pathology is described in SCA1 patients but much 

less is known about CN pathology in mouse models of SCA1 [34]. To investigate pathology of 

the CN, we quantified neural (NeuN+) cell density in the interposed fastigial nuclei, two of the 

three CN. We found no significant difference in the number of NeuN+ cells per area between 

WT and Atxn1154Q/2Q mice in either nuclei (Supplementary Figure 3). Together, these findings 

suggest mild cerebellar PCs pathology in 12 weeks old Atxn1154Q/2Q mice despite robust 

cognitive and motor phenotypes (Supplementary Figure 4). One explanation is that these 

phenotypes may result from PC dysfunction. It is also possible that abnormalities in other brain 

regions and non-neuronal cell types may contribute to these effects. 

 

Bergmann glia (BG) are a subtype of cerebellar astrocytes that have a very intimate 

structural and functional relationship with PCs [35][36]. Seeing mild to no signs of PCs 

degeneration in 12 week old Atxn1154Q/2Q mice, we next investigated changes in BG reactivity, 

morphology, and density. We found no significant induction in astrocyte reactivity, measured as 

increased intensity of GFAP staining [37], in anterior lobule 2, the primary fissure (lobules 5/6), 

or posterior lobule 7 (Figure 2). However, we found a significant increase in BG reactivity in the 

ML of posterior lobule 10. Notably, lobule 10 also had the largest decrease in PC calbindin 

staining and a significant reduction in climbing fiber synapses (VGLUT2/ML). We also quantified 
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the percent area covered by GFAP+ astrocyte processes because an increase in GFAP+ 

percent area is a morphological characteristic of hypertrophy in reactive astrocytes [38]. We 

found no significant difference between WT and Atxn1154Q/2Q mice in lobule 2, but detected 

significant increases in GFAP+ percent area in lobules 5/6 (primary fissure), 7, and 10 of 

Atxn1154Q/2Q mice, with lobule 10 showing the highest overall GFAP+ percent area. Interestingly, 

even wild-type mice showed significant inter-lobule differences in GFAP+ percent areas, with a 

higher GFAP+ percent area in posterior lobules relative to anterior lobules (Supplementary 

Figure 5).  

BG are critical for the function of PCs as they remove excess extracellular 

neurotransmitters (i.e. glutamate via glutamate transporters GLAST encoded by Slc1a3 gene), 

and maintain homeostatic extracellular levels of ions (e.g. potassium via potassium channel 

Kir4.1 encoded by Kcnj10), and water (through the expression of Aquaporin-4, encoded by 

Aqp4)[39][40][41][42]. To evaluate the functional state of BG, we investigated whether the 

expression of these critical BG genes is altered in the cerebella of SCA1 knock-in mice. Using 

RT-qPCR of whole cerebellar extracts we have found no significant difference in the expression 

of these astrocyte genes (Supplementary Figure 6).   

 

As we have previously shown that microglia are also activated in SCA1 cerebellar cortex and 

contribute to the pathogenesis [16][43], we next investigated microglial numbers in the cerebella 

of SCA1 mice. To quantify microglial cell density, we applied IHC staining for microglial marker 

ionized calcium binding adaptor protein (Iba1) encoded by Aif1. We found no significant change 

in microglia density or the Iba1+ percent area in the ML (primary fissure) (Supplementary 

Figure 7A-B). However, there was a significant reduction in microglia density and the Iba1+ 

percent area in the cerebellar white matter. Consistent with these results, expression of Iba1-

encoding Aif1 in the whole cerebellum RNA was significantly reduced (Supplementary Figure 

7). These findings indicate intracerebellar differences in SCA1 pathology, with lobule 10 
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showing significant astrogliosis concomitantly with PC pathology and with cerebellar white 

matter showing reduced microglial density. 

 
Early astrocytic pathology in the SCA1 medulla oblongata precedes neuronal loss 

and is characterized by reductions in cell density and expression of homeostatic 

genes 

 

As mutant ataxin-1 is widely expressed [44][17][12], we next sought to investigate neuronal and 

glial pathology in brain regions beyond cerebellum, including the medulla oblongata, and 

hippocampus. Importantly, both of these regions have presumptive roles in premature lethality 

as well as motor and cognitive dysfunction in SCA1. Loss of ability to protect airways is one of 

the leading causes of death in patients with SCA1 [45]. Neuronal degeneration and gliosis have 

been documented in the medulla oblongata of patients with SCA1 and are thought to contribute 

to the loss of ability to protect airways and premature lethality [46].  

To increase our understanding of neuronal and glial pathology in the medulla oblongata of 

Atxn1154Q/2Q mice, we quantified neuronal density and gliosis in the medial vestibular nucleus 

(MVN), lateral reticular nucleus (LRN), and inferior olive nucleus (ION) because of their roles in 

balance, respiration, and cerebellar learning [41]. No significant difference in the neuronal 

(NeuN+ cells) density was detected in any of these regions (Figure 3A-D). 

Next, we quantified astrocyte reactivity, measuring GFAP staining intensity, morphological 

changes, and cell density in the inferior olive of WT and Atxn1154Q/2Q mice (Figure 3E-F). We 

specifically focused on the inferior olive due to the clarity and high-quality of astrocyte staining 

relative to other medullary nuclei. Interestingly, we found that in the inferior olive the intensity of 

GFAP staining was significantly reduced (by about 40%), and there was a significant reduction 

in the density of astrocytes (30% fewer astrocytes per mm2 relative to WT) in 12-week-old 

Atxn1154Q/2Q mice (Figures 3 E-G).   
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We followed up on these findings using RT-qPCR analysis to quantify the relative expression of 

the astrocyte-specific genes in whole-medulla RNA extracts. We found a significant reduction in 

the expression of Gfap (about 50%) as well as a smaller but significant reduction in the 

expressions of Aqp4, Gja1, and Kcnj10 in 12- week-old Atxn1154Q/2Q mice (Figure 3H). We saw 

a significant reduction (of about 50%) in the expression of complement component 3 (C3). It is 

unclear to what extent these changes are caused by astrocyte loss and/or decreased 

expression of these genes in the surviving astrocytes. Given the importance of these 

homeostatic astrocytic genes for neuronal function, this may indicate a novel mechanism by 

which astrocytes contribute to neuronal dysfunction in SCA1.  

Finally, to access microgliosis within brainstem, we measured microglial numbers and 

expression of Aif1. We found a slight, but significant increase in microglial density in MVN and 

ION in 12- week-old Atxn1154Q/2Q mice, but no change in Aif1 mRNA expression in whole 

medulla RNA extracts (Supplementary Figure 8).  

Together results indicate that, early in disease, there is reduction in astrocyte density and the 

expression of astrocyte-specific genes in the medulla of 12-week-old Atxn1154Q/2Q mice. This is 

concurrent with increase in microglial density, and no neuronal loss in these same areas. 

Remarkably, these effects are distinct from the trends seen in cerebellum which included mild 

activation of cerebellar astrocytes and loss of microglia in cerebellar white matter. Together, 

these results suggest that in SCA1 astrocytes and microglia in cerebellum and brainstem 

undergo region-specific alterations. 

 

Hippocampi of Atxn1154Q/2Q mice exhibit signs of astrogliosis and deficits in 
hippocampal neurogenesis  
 
A number of studies demonstrate that mild cognitive deficits, including visuospatial and memory 

dysfunctions are present in some patients with SCA1 [47][14][48][49][50][51][52]. Previous 

studies described impaired performance of Atxn1154Q/2Q mice in cognitive tests including Morris 
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Water Maze, Barnes maze, and contextual fear conditioning at 7-12 weeks of age [10][11]. 

Neuronal dysfunction and neuronal loss in the hippocampus were described at 24 weeks 

[10][12] and hippocampal neurogenesis was reduced at 12 weeks in Atxn1154Q/2Q mice [13]. We 

examined neuronal and glial pathology in the hippocampus of 12- week-old Atxn1154Q/2Q mice. 

Due to the high neuronal density of the CA2 and CA3 layers of the hippocampus, we used a 

previously verified method to measure neuronal layer thickness in which we measured the area 

of the neuronal layer normalized to the length of the layer. We did not find significant thinning of 

the CA2 or the CA3 neuronal layers in 12-week- old Atxn1154Q/2Q mice (Figure 4A), although 

these mice have been shown to exhibit significant thinning of CA2 at later time points [25].  

 

As number of CAG repeats is increased in our Atxn1154Q/2Q line to ~ 170CAG, we next examined 

hippocampal neurogenesis by quantifying proliferation in the dentate gyrus. We injected 12 –

week-old WT and Atxn1154Q/2Q mice with the DNA-integrating marker of proliferation 

bromodeoxyuridine (BrdU). We found that Atxn1154Q/2Q mice had significantly fewer proliferating 

(BrdU+) cells per area relative to WT mice, confirming that Atxn1154Q/2Q mice have reduced 

hippocampal neurogenesis at 12 weeks (Supplementary Figure 9).  

We next investigated astrocyte pathology in the hippocampus. We found a two-fold increase in 

the intensity of GFAP staining and GFAP+ percent area in dentate gyrus of Atxn1154Q/2Q mice 

relative to WT littermate controls that was not statistically significant (Figure 4B). Using RT-

qPCR analysis to quantify the relative expression of the astrocyte-specific homeostatic genes in 

the hippocampus, we found decreased expression of astrocyte genes in Atxn1154Q/2Q mice with 

Slc1a2, Aqp4, and Gja1 being significantly downregulated (Figure 4C). Thus, the astrocyte-

specific genes downregulated in the hippocampus showed a similar pattern of gene expression 

as we have detected in medulla. Yet in contrast to the medulla, where we see a loss of GFAP 

intensity, in hippocampus we have found a trending increase in the GFAP intensity.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 15, 2021. ; https://doi.org/10.1101/2021.09.13.460129doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.13.460129


Notably, while changes in the number of microglia were seen in the cerebellum (decrease in 

white matter) and medulla (slight increase in certain nuclei) we found no significant change in 

Iba1 density or Iba1+ percent area in the dentate gyrus (Supplementary Figure 10). 

 

 
BDNF is reduced in the cerebellum and medulla of patients with SCA1  
 
We previously demonstrated that there is altered BDNF expression in the cerebellum of 

ATXN1[82Q], SCA1 transgenic mice. Specifically, we found an early increase in BDNF 

expression, followed by decreased expression later in disease [6]. Furthermore, our previous 

results indicate that astrocytic NF-κB signaling contributes to alterations in BDNF expression in 

the cerebellum of ATXN1[82Q] mice [6].  

As mutant ATXN1 is expressed only in cerebellar PCs in ATXN1[82Q] mice [53], we next 

investigated whether global expression of mutant ATXN1 leads to change in BDNF expression 

in other brain regions using Atxn1154Q/2Q SCA1 knock-in mice. We found reduced Bdnf mRNA 

expression in the cerebellum and hippocampus but not in medulla of 12 week-old Atxn1154Q/2Q 

mice. Not only does this result support our previous findings that BDNF is reduced in the 

cerebellum of another SCA1 mouse model, but it also indicates differences across SCA1 brain 

regions regarding reduction in BDNF expression (Figure 5A).  

To investigate whether BDNF is altered in human SCA1, we quantified BDNF expression in 

cerebella and medulla of patients with SCA1 and age-matched healthy controls (Table 1). We 

applied immunofluorescence and confocal microscopy to quantify BDNF expression in both of 

these regions. We found significantly reduced expression of BDNF in the cerebella and in the 

medulla in patients with SCA1 compared to their age-matched unaffected individuals (Figure 

5B-C), suggesting that BDNF reduction is a feature of human SCA1 disease and may contribute 

to pathogenesis in patients. 
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BDNF rescues motor and aspects of cognitive deficits in symptomatic SCA1 
knock-in mice 
 
Since previous studies have indicated the importance of early disease intervention on 

therapeutic efficacy, we initiated BDNF treatment at 7 weeks of age [7]. Prior to surgical 

implantation of Alzet pumps (delivering BDNF or aCSF vehicle), Atxn1154Q/2Q mice and WT 

littermate controls were subjected to motor and cognitive testing as well as body weight analysis 

in order to determine whether Atxn1154Q/2Q mice exhibited disease phenotypes and to ensure 

there were no differences among mice randomly assigned to BDNF or aCSF delivery. As early 

as 6 weeks of age, Atxn1154Q/2Q mice showed a significant deficit in motor coordination as seen 

by a shorter latency to fall on the rotarod assay (Supplementary Figure 11A). Atxn1154Q/2Q mice 

also exhibited cognitive impairment evident by their significantly reduced time spent freezing in 

a contextual fear conditioning assay at this time point (Supplementary Figure 11B,. Body 

weight comparisons between genotypes also showed that Atxn1154Q/2Q mice were significantly 

underweight relative to WT controls (Supplementary Figure 11C). There was no significant 

difference among Atxn1154Q/2Q or WT mice randomly assigned to aCSF or BDNF. Mice then 

underwent surgery in which cannula was implanted into the right lateral ventricle and an Alzet 

pump was placed subcutaneously to deliver BDNF or aCSF for four weeks. Out of 42 mice that 

underwent surgery five died unexpectedly. Notably, four of those mice received BDNF delivery 

and three of these five mice were Atxn1154Q/2Q mice.  

Motor deficits were examined via rotarod after 4 weeks of BDNF delivery. BDNF significantly 

improved rotarod performance of Atxn1154Q/2Q mice (Figure 6A). Intriguingly, BDNF also 

enhanced performance of WT mice to the extent that many WT mice had sustained running until 

the end of the assay. However, four out of ten WT mice with BDNF delivery exhibited suspected 

seizures while running on the rotarod. No mice in any of the other three experimental groups 

demonstrated seizure activity.  
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WT and Atxn1154Q/2Q mice treated with BDNF and aCSF were also tested on Barnes maze and 

re-tested on contextual fear conditioning 3 weeks after pumps were implanted. BDNF treatment 

reduced latency to enter the hole during training phase of Barnes maze in Atxn1154Q/2Q mice 

(Figure 6B). However, on the probe day both aCSF- and BDNF-treated Atxn1154Q/2Q mice spent 

significantly less time in the goal zone (Figure 6C). Intriguingly WT BDNF-treated mice also 

spent less time in the goal zone compared to WT aCSF-treated mice (Figure 6C). This result 

suggests that BDNF has a beneficial effect on learning (i.e. enhances the ability of Atxn1154Q/2Q 

mice to effectively find the escape hole), but it does not rescue their spatial memory recall. On 

the other hand, BDNF may have a slight negative effect on the recall of spatial memory in WT 

mice. 

To further examine how BDNF affects learning, we used the automated Barnes maze unbiased 

strategy analysis tool (BUNS)[15]. Mice can solve Barnes maze using spatial and non-spatial 

search strategies, or by randomly exploring the maze using no strategy at all (Supplementary 

Figure 12). We have previously shown that Atxn1154Q/2Q mice preferentially use random and 

serial strategies instead of spatial strategies to find the escape hole implicating deficits in 

developing higher level cognitive strategies [11]. Using BUNS, we found that BDNF significantly 

improved strategy development in Atxn1154Q /2Q mice (from 6.25% use of spatial search 

strategies including direct, corrected, long corrected and focused search in aCSF to 18% in 

BDNF treated mice, Figure 6E). Linear regression analysis of cognitive scores per day also 

demonstrated that BDNF improved strategy development in Atxn1154Q/2Q mice (Figure 6F). 

These results suggest that BDNF has a remarkable effect on the strategy development in SCA1 

mice. 

 

On the other hand, BDNF did not rescue deficits in the contextual fear conditioning in 

Atxn1154Q/2Q mice and it seems to induce memory deficits in WT mice (Figure 6D). Despite 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 15, 2021. ; https://doi.org/10.1101/2021.09.13.460129doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.13.460129


previous studies linking BDNF and body weight [54], BDNF had no effect on the failure to gain 

weight phenotype in Atxn1154Q/2Q mice (Supplementary Figure 13). 

 

BDNF rescues hippocampal neurogenesis deficits in SCA1 mice 
 
We next investigated whether BDNF treatment had any effect on the brain-wide neuronal and 

glial pathology and hippocampal neurogenesis. In the cerebellum, BDNF had no effect on ML 

thickness, climbing fiber’s synapses on PCs, calbindin staining intensity, or expression of PC-

dysfunction-associated Magenta Module genes in SCA1 mice (Figure 7, Supplementary 

Figure 14). BDNF also had no effect on neuronal cell counts in the fastigial or interposed DCN, 

CA2 or CA1 of the hippocampus, ION or MVN of the medulla oblongata (Figure 7). However, 

unexpectedly BDNF did cause a significant reduction of molecular layer thickness in the primary 

fissure (lobules 5/6) of wild-type mice (Figure 7). 

BDNF has been previously shown to regulate hippocampal neurogenesis [55][56][57][58][59]. 

As Atxn1154Q/2Q mice exhibit both reduced hippocampal neurogenesis and BDNF expression in 

the hippocampus, we next investigated whether chronic delivery of exogenous BDNF can 

ameliorate hippocampal neurogenesis. Using BrdU incorporation, we found an increased 

number of proliferating (BrdU labeled) cells in the dentate gyrus (Figure 7). These results 

indicate that BDNF rescues hippocampal neurogenesis deficits in Atxn1154Q/2Q mice to levels 

similar to aCSF-treated WT. Notably, BDNF also caused a trending increase in hippocampal 

neurogenesis in WT mice. 

 

We also investigated the effect of BDNF on astrocytes in cerebellum, medulla oblongata, and 

hippocampus. Interestingly, BDNF did not have a significant effect on the expression of 

astrocytic genes in the cerebellum of WT and Atxn1154Q/2Q mice (Figure 8A). In the medulla, 

some astrocytic genes in WT mice showed a reduction with BDNF treatment (Figure 8B, not 
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significant by two-way ANOVA Tukey’s test but significant by t-test). In addition, BDNF 

significantly reduced astrocytic density and GFAP intensity in the medulla of WT mice (Figure 

8D). Intriguingly, in the hippocampus of wild-type mice, BDNF treatment increased astrocyte 

gene expression, and GFAP intensity (Figures 8C, E). These changes were also seen in 

Atxn1154Q/2Q mice but with the exception of the C3 expression, did not reach statistical 

significance. BDNF did not alter microglial density in any of the examined brain regions. 

 

Discussion 
 
We report here a reduction in the expression of homeostatic neuro-supportive astrocyte genes 

in two different brain regions in the early stages of disease in the Atxn1154Q/2Q mice that 

preceded neuronal loss. These genes include Slc1a2, Kcnj10, Gja1, and Aqp4 and encode 

proteins that perform roles critical for neuronal functions [60]. Astrocytic Slc1a (2 and 3) genes 

encode glutamate transporters that are involved in removing glutamate from synaptic space and 

as such are critical for neuronal function. Reduced expression of astrocytic glutamate 

transporters has been implicated in the pathogenesis of several neurodegenerative diseases 

[61][62]. Potassium rectifier Kir4.1 (encoded by Kcnj10) is involved in maintaining potassium 

homeostasis [63] and has been implicated in several diseases, including Huntington’s disease, 

ALS and depression. Connexin 43/Gja1 is involved in astrocyte communication [64], and 

aquaporin Aqp4, is critical for both interstitial fluid drainage in the glymphatic system and water 

homeostasis [65]. We propose that our results indicate reduction in neuro-supportive astrocyte 

genes as a mechanism by which astrocytes can contribute to SCA1 pathogenesis in 

hippocampus and medulla.  

We found no evidence of astrogliosis in the medulla, as measured as increased GFAP 

expression, and found trending gliosis in hippocampus. Thus, our results may indicate that 

astrogliosis is not always required for reduced astrocyte homeostatic gene expression. This is 
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consistent with a previous study indicating that reduced expression of astrocyte homeostatic 

gene Kcnj10 a in the striatum of Huntington’s mice is not dependent of astrogliosis [63].  

Our work also revealed a surprising loss of astrocytes in medulla of 12-week-old Atxn1154Q/2Q 

mice. This is consistent with lower levels of myo-inositol (Ins), a potential astrocytic marker in 

the brain stem of 18- and 28-week-old Atxn1154Q/2Q mice [5]. Moreover, Atxn-1 targeting 

antisense oligonucleotide (ASO) treatment reversed lower Ins levels in brain stem and 

prolonged survival of Atxn1154Q/2Q mice [5]. As ASO target astrocytes and ATXN1 is expressed in 

astrocytes [66], these results may indicate that mutant ATXN1 expression in astrocytes 

contributes to their loss. Considering all of these results together, we propose that mutant 

ATXN1 expression in brain stem astrocytes contributes to their depletion, SCA1 pathogenesis, 

and premature lethality phenotype. 

 

Based on previous studies, we were surprised to find very mild and region-specific pathology in 

the cerebellum of 12-week-old Atxn1154Q/2Q mice. Our results indicate increased vulnerability of 

PCs in the posterior lobules, which is consistent with previous studies in these mice [28]. Recent 

studies revealed significant differences in neuronal activity and gene expression between 

anterior and posterior cerebellar lobules [21][20]. In addition, recent studies indicate increased 

vulnerability of cerebellar cortex in posterior lobules in patients with SCA1 [67] and SCA3 [68]. 

Worse pathology in posterior cerebellum was also indicated in several mouse models, including 

SCA3, SCA5 and SCA7 [69][26]. It is important to note that this is not the case in all cerebellar 

pathologies [23]. Indeed, a recent study using SCA1 transgenic mice that overexpress mutant 

ATXN1[82Q] only in PCs indicated worse pathology in anterior lobules [27]. Future gene 

expression studies are needed to increase our understanding of the underlying mechanisms of 

the increased neuronal vulnerability in posterior lobules in SCA1 knock-in mice. We have found 

a significant increase in GFAP expression indicative of gliosis only in lobule 10 of the 

cerebellum, which also exhibited most severe neuronal pathology. Using a more sensitive 
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measure of changes in GFAP+ percent area, we found slight but significant increase in both 

posterior and anterior lobules, indicating mild changes in astrocytes. BG enwrap most of 

synapses on PCs, and changes in GFAP+ percent area in Atxn1154Q/2Q astrocytes may indicate 

reduced ability to envelop synapses due to increased thickness of BG fine processes [70]. 

Intriguingly we found that even in WT mice, lobule 10 had the highest astrocyte GFAP+ percent 

area. While the physiological relevance of these differences in GFAP+ percent area across 

lobules in WT mice remains unclear, they provide further evidence supporting the intracerebellar 

regional differences that may predispose to disease pathology. 

 

We found reduced expression of BDNF in the cerebellum and medulla of patients with SCA1 

compared to their unaffected age-matched controls. This result indicates that reduced BDNF is 

a feature of human SCA1 disease. We also found reduced BDNF expression in the cerebellum 

and hippocampus of 12-week-old Atxn1154Q/2Q mice with global expression of mutant ATXN1. It 

is important to note that BDNF expression was not reduced in the medulla of 12-week-old 

Atxn1154Q/2Q mice. We propose that this difference in the BDNF expression in the medulla of 

patients with SCA1 and SCA1 mice is reflective of differences in disease stage, as patient’s 

samples represent late, terminal stage while 12-week-old mouse samples represent an early 

disease stage. These results confirm our previous findings from transgenic mouse models of 

SCA1 and lend further support to the translational potential of BDNF delivery in SCA1. 

Our previous studies demonstrated that exogenous BDNF delivery during the early disease 

stage protected against cerebellar pathology and motor deficits in the transgenic ATXN1[82Q] 

model of SCA1 mice and was more beneficial then BDNF treatment at the mid-disease stage 

[6][7]. We extended these findings to demonstrate that exogenous BDNF significantly 

ameliorated motor deficits and improved strategy development in Atxn1154Q/2Q mice. This was 

accompanied by an amelioration in both deficits in hippocampal neurogenesis and astrocyte 

homeostatic gene expression in the hippocampus. These results indicate that reduced BDNF 
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expression contributes to the SCA1-associated deficits in coordination, ability to develop 

problem-solving strategies, hippocampal neurogenesis, and homeostatic gene expression in 

hippocampal astrocytes. BDNF had no significant effect on the SCA1 disease induced changes 

in the medulla of Atxn1154Q/2Q mice.  

Notably, BDNF administration also had negative effects. In addition to a suspected contribution 

to seizures in WT animals, BDNF application reduced memory recall in fear conditioning for 

both Atxn1154Q/2Q and in WT mice. In light of this finding, is interesting that our results show that 

BDNF administration increased hippocampal expression of C3. C3 was recently shown to play a 

role in hippocampal memory maintenance by promoting microglial pruning of synapses [71]. 

BDNF administration also negatively affected astrocytes in the medulla. The observed negative 

effects of BDNF suggest a caution when administering BDNF. It is likely that careful dosage 

and/or brain region-specific delivery may be needed for optimal therapies 

 

BDNF has been shown to play key roles in brain physiology and dysfunction including 

neurodegenerative diseases and depression [72]. In addition to our findings in SCA1 patients 

and model mice, decreased BDNF in patients and in mouse models has been described in other 

polyQ neurodegenerative diseases such as Huntington's disease (HD)[4][5] and SCA6 [6] [7]. 

Decreased BDNF has also been shown to correlate with behavioral impairments with aging, 

Alzheimer’s disease (AD), and Parkinson’s disease (PD) [8][9][10][11][12]. Despite differences 

in brain region and neuronal vulnerability in these diseases, BDNF treatment has been shown to 

be beneficial [6][7][13][14][15][16][17], indicating that BDNF has a great therapeutic potential 

with a broad disease target [73][74][75][76][77]. 

Acknowledgements: 

We are very grateful to Dr. Arnulf H. Koeppen, Albany, NY for sharing cerebellar and medullar 

samples from patients with SCA1 and for the thoughtful feedback  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 15, 2021. ; https://doi.org/10.1101/2021.09.13.460129doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.13.460129


We acknowledge all the members of Orr and Cvetanovic laboratories for thoughtful discussions 

and feedback on the study. Work in this study was aided by the Mouse Behavioral Core and 

Histology and IHC Laboratory at the University of Minnesota.  

Funding:  

This work was supported by a National Institute of Health NINDS award (R01 NS197387) (to 

M.C.) 

 

Author Contributions:  

M.C. conceptualized the study. J-G.R., C.S., K.H., A.S., and S.G. performed experiments. J-

G.R., M.C., F.G., and C.S. analyzed data. M.C., and J-G.R., wrote the manuscript with input 

from H.T.O., A. K., C.S., K.H., A.S., and S.G 

Conflicts of Interest:  

The authors report no conflicts of interest.  

 

Figure legends 

Figure 1. Purkinje cell pathology is not uniform across cerebellar lobules. A. Cerebellar 

schematics with lobules 2, 5/6, 7, and 10 marked. B—D Cerebellar sections from 12 weeks old 

Atxn1154Q/2Q and wild-type littermate controls (N = 3-5) were stained for calbindin and VGLUT2. 

and N=6 confocal images were used to measure molecular layer width (B), calbindin expression 

(C) and length of VGLUT2 synapses on Purkinje cell dendrites as a measure of climbing fiber 

extensions on PCs (D) at lobules 2, 5/6, 7 and 10. Data is presented as mean± SEM with 

average values for each mouse represented by a dot. * p<0.05 Students t-test. 

 

Figure 2. Alterations of Bergmann glia GFAP expression across cerebellar lobules. 

Cerebellar sections from 12- week-old Atxn1154Q/2Q and wild-type littermate controls (N = 3-5) 
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were stained for GFAP (A) and N=6 confocal images from each mouse were used to measure 

GFAP expression (B) and area occupied by GFAP (C) in lobules 2, 5/6, 7 and 10. Data is 

presented as mean± SEM with average values for each mouse represented by a dot. * p<0.05 

Students t-test. 

 

Figure 3. Early SCA1 pathology in medulla of Atxn1154Q/2Q mice is characterized by 

astrocytic loss. Brain sections from 12- week- old Atxn1154Q/2Q and wild-type littermate controls 

(N = 3-5) were stained for NeuN (A) and GFAP (E). Confocal images from each mouse were 

used to quantify neuronal (B-D), GFAP expression (F), and astrocytic density (G). H. mRNA 

was extracted from the medulla dissected from 12 weeks old Atxn1154Q/2Q and wild-type 

littermate controls (N = 4-6) and RTqPCR was used to evaluate expression of astrocyte specific 

genes. Data is presented as mean± SEM with average values for each mouse represented by a 

dot. * p<0.05 Students t-test. 

 

Figure 4. Early SCA1 pathology in the hippocampus of Atxn1154Q/2Q mice is characterized 

by GFAP increase and decrease in astrocytic gene expression. Brain sections from 12 

weeks old Atxn1154Q/2Q and wild-type littermate controls (N = 3-5) were stained for NeuN and 

GFAP and confocal images were used to quantify width of the CA2 and CA3 layers (A) and 

astrocytic density and GFAP expression in the granular layer (B). C. mRNA was extracted from 

the hippocampus dissected from 12 weeks old Atxn1154Q/2Q and wild-type littermate controls (N = 

4-6) and RTqPCR was used to evaluate expression of astrocyte specific genes. Data is 

presented as mean± SEM with average values for each mouse represented by a dot. * p<0.05 

Students t-test. 

 

Figure 5. BDNF expression is decreased in the cerebellum and medulla of patients with 

SCA1. A. The cerebellum, medulla and hippocampus dissected from 12 weeks old Atxn1154Q/2Q 
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and wild-type littermate controls (N = 4-6), mRNA was extracted and RTqPCR was used to 

evaluate expression of BDNF mRNA. B-C. Slices from the cerebellar cortex (B) and medulla (C) 

from the patients with SCA1 and healthy age and sex matched controls were stained with 

BDNF. Confocal images were used to quantify BDNF expression. Data is presented as mean± 

SEM with average values for each independent experimental sample represented by a dot. * 

p<0.05 Students t-test. 

Figure 6. Four weeks of BDNF treatment ameliorate motor and strategy development 

deficits in Atxn1154Q/2Q mice. Stereotaxic surgery was used to implant a cannula into a lateral 

ventricle of 7- week-old Atxn1154Q/2Q mice and wild-type littermate controls (N=20 each). Each 

cannula was connected to the subcutaneous Alzet pump continuously delivering BDNF or aCSF 

(N=10) for four weeks. At 11 weeks rotarod, Barnes maze and fear conditioning were used to 

evaluate motor and cognitive performance. A. Latency to fall on rotarod assay. B. Latency to 

escape during four training days on Barnes maze, C. Time in the goal zone on the probe day of 

the Barnes maze. D. Fear conditioning percentage freezing time, E. Strategy development and 

use during training days of Barnes maze. F. Cognitive score during training days of Barnes 

maze. Data is presented as mean± SEM with average values for each independent 

experimental sample represented by a dot. * p<0.05, ***p <0.001, ****p<0.0001, Two way 

ANOVA with post hoc Tukey’s testing. 

 

Figure 7. BDNF ameliorates hippocampal neurogenesis deficits in SCA1 mice.  

. At 12 weeks brain sections were stained for NeuN and calbindin and confocal images were 

used to quantify molecular layer width in cerebellum, neuronal density in medulla and 

somatomotor cortex, and width of the CA2 and CA3 layers in hippocampus. B. Mice were 

injected with BrdU to label proliferating cells in the hippocampal dentate gyrus. Slices were 

stained with BrdU antibody and confocal images were used to quantify density of proliferating 

(BrdU labeled) cells. Data is presented as mean± SEM with average values for each 
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independent experimental sample represented by a dot. * p<0.05, ***p <0.001, ****p<0.0001, 

Two way ANOVA with post hoc Tukey’s testing. 

 

Figure 8. BDNF treatment affects astrocyte density and gene expression in the brain 

region specific manner. The cerebellum (A), medulla (B) and hippocampus (C) were dissected 

from 12 weeks old BDNF or aCSF treated Atxn1154Q/2Q and wild-type littermate controls (N = 4-

6), mRNA was extracted and RTqPCR was used to evaluate expression of astrocyte genes. D-

E. At 12 weeks brain sections were stained for GFAP and confocal images were used to 

quantify astrocyte density and GFAP intensity in medulla (D) and hippocampus (E). Data is 

presented as mean± SEM with average values for each independent experimental sample 

represented by a dot. * p<0.05, ***p <0.001, ****p<0.0001, Two way ANOVA with post hoc 

Tukey’s testing. 

 

Supplementary Figures. 

 

Supplementary Figure 1. Representative image of VGLUT2 and calbindin staining in 

cerebellum and how VGLUT2/calbindin ratio was measured.  

 

Supplementary Figure 2. Expression of Purkinje cell SCA1 disease associated genes. 

The cerebellum was dissected from 12 weeks old Atxn1154Q/2Q and wild-type littermate controls 

(N = 4-6), mRNA was extracted and RTqPCR was used to evaluate expression of Purkinje cell 

SCA1 disease associated genes. Data is presented as mean± SEM with average values for 

each independent experimental sample represented by a dot. * p<0.05, Student’s t-test. 

 

Supplementary Figure 3. Neuronal density is not altered in deep cerebellar nuclei of 12 

weeks old Atxn1154Q/2Q mice. Cerebellar sections from 12 weeks old Atxn1154Q/2Q and wild-type 
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littermate controls (N = 3-5) were stained for NeuN and confocal images from each mouse were 

used to quantify neuronal density in two of deep cerebellar nuclei, the interposed nucleus and 

the fastigial nucleus. Data is presented as mean± SEM with average values for each mouse 

represented by a dot. * p<0.05 Students t-test. 

 

Supplementary Figure 4. Motor and cognitive deficits are detectable in 12 weeks old  

Atxn1154Q/2Q mice. Barnes maze and fear conditioning were used to evaluate motor and 

cognitive performance of 12- week- old Atxn1154Q/2Q and wild-type littermate controls. A. Latency 

to fall on rotarod assay. B. Time in the goal zone on the probe day of the Barnes maze. C. Fear 

conditioning percentage freezing time. Data is presented as mean± SEM with average values 

for each independent experimental sample represented by a dot. * p<0.05, Student’s t-test. 

 

Supplementary Figure 5. Differences in Bergmann glia GFAP expression across 

cerebellar lobules in wild-type mice. Cerebellar sections from 12- week- old wild-type 

littermate mice (N = 3-5) were stained for GFAP. Confocal images from each mouse were used 

to measure the area occupied by GFAP in lobules 2, 5/6, 7 and 10. Data is presented as mean± 

SEM with average values for each mouse represented by a dot. * p<0.05 ** P<0.01, ***p<0.005, 

****p<0.001 one way ANOVA.  

 

Supplementary Figure 6. Astrocyte gene expression in the cerebellum of early stage 

SCA1 mice. mRNA was extracted from the cerebella dissected from 12- week-old Atxn1154Q/2Q 

and wild-type littermate controls (N = 4-6) and RTqPCR was used to evaluate expression of 

astrocyte specific genes. Data is presented as mean± SEM with average values for each mouse 

represented by a dot. * p<0.05 Students t-test. 
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Supplementary Figure 7. Microglial density is decreased in cerebellar white matter. A. 

Cerebellar sections from 12- week- old wild-type littermate mice (N = 3-5) were stained for 

microglial marker Iba1. B. Confocal images from each mouse were used to measure microglial 

density and area occupied by Iba1 in molecular layer, granule layer and white matter. C. mRNA 

was extracted from the cerebella dissected from 12 weeks old Atxn1154Q/2Q and wild-type 

littermate controls (N = 4-6) and RTqPCR was used to evaluate Aif1 (Iba1) expression. Data is 

presented as mean± SEM with average values for each mouse represented by a dot. * p<0.05 

Students t-test. 

 

Supplementary Figure 8. Microglial density is increased in medulla. A. Sections from 12 -

week -old wild-type littermate mice (N = 3-5) were stained for microglial marker Iba1. Confocal 

images from medulla of each mouse were used to measure microglial density and area 

occupied by Iba1 in medullar inferior olive and medial vestibular nuclei. (B). C. mRNA was 

extracted from the medulla dissected from 12 weeks old Atxn1154Q/2Q and wild-type littermate 

controls (N = 4-6) and RTqPCR was used to evaluate Aif1 (Iba1) expression. Data is presented 

as mean± SEM with average values for each mouse represented by a dot. * p<0.05 Students t-

test. 

Supplementary Figure 9. Hippocampal neurogenesis is decreased in 12- weeks-old 

Atxn1154Q/2Q mice. Mice were injected with BrdU to label proliferating cells in the hippocampal 

dentate gyrus. Slices were stained with BrdU antibody and confocal images were used to 

quantify density of proliferating (BrdU labeled) cells. Data is presented as mean± SEM with 

average values for each independent experimental sample represented by a dot. * p<0.05 

Students t-test. 

 

Supplementary Figure 10. Microglial density in SCA1 hippocampus. Sections from 12 –

week- old wild-type littermate mice (N = 3-5) were stained for microglial marker Iba1. Confocal 
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images from hippocampus of each mouse were used to measure microglial density and area 

occupied by Iba1 in the hippocampal granule cell layer and hillus of dentate gyrus. Data is 

presented as mean± SEM with average values for each independent experimental sample 

represented by a dot. * p<0.05 Students t-test. 

 

Supplementary Figure 11. Motor and cognitive deficits and failure to gain weight are 

detectable in 7- weeks-old Atxn1154Q/2Q mice. Barnes maze and fear conditioning were used to 

evaluate motor and cognitive performance of 7 -week- old Atxn1154Q/2Q and wild-type littermate 

controls. A. Latency to fall on rotarod assay. B. Fear conditioning percentage freezing time. C. 

Mouse body weight. Data is presented as mean± SEM with average values for each 

independent experimental sample represented by a dot. * p<0.05, Student’s t-test. 

 

Supplementary Figure 12. Schematics of six different strategies mice can use to solve 

Barnes maze. Barnes maze unbiased strategy (BUNS) classification describes six categories of 

search strategies, which are assigned a decreasing cognitive score: 1) Direct, in which the 

mouse takes the most efficient path directly to the goal (cognitive score = 1); 2) Corrected, in 

which the mouse first goes toward one of the holes adjacent to the goal and makes a correction 

to reach the goal (cognitive score = 0.75); 3) Long correction, in which the mouse first moves 

toward a hole far from the goal and then turns around and goes directly to the goal (cognitive 

score = 0.5); 4) Focused search, in which the mouse scans a larger area near the goal 

(cognitive score = 0.5), 5) Serial, in which the mouse goes around the maze checking each hole 

in series (cognitive score = 0.25), and 6) Random, in which the mouse takes a long and 

inefficient path with no obvious pattern (cognitive score = 0). 

 

Supplementary Figure 13. BDNF does not rescue failure to gain weight phenotype of 

SCA1 mice. Body weight of 12 –week- old BDNF or aCSF treated Atxn1154Q/2Q and wild-type 
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littermate controls. Data is presented as mean± SEM with average values for each independent 

experimental sample represented by a dot. * p<0.05, Two way ANOVA with post hoc Tukey’s 

testing. 

 

Supplementary Figure 14. BDNF does not rescue Purkinje cell pathology. A-C. Cerebellar 

sections from BDNF or aCSF treated 12- week- old Atxn1154Q/2Q and wild-type littermate controls 

(N = 3-5) were stained for calbindin and VGLUT2. Confocal images were used to measure 

molecular layer width (A), calbindin expression (B) and length of VGLUT2 synapses on Purkinje 

cell dendrites (C) at lobules 2, 5/6, 7 and 10. D. The cerebellum was dissected from 12 weeks 

old BDNF or aCSF treated Atxn1154Q/2Q and wild-type littermate controls (N = 4-6), mRNA was 

extracted and RTqPCR was used to evaluate expression of Purkinje cell SCA1 disease 

associated genes. Data is presented as mean± SEM with average values for each independent 

experimental sample represented by a dot. * p<0.05, Two way ANOVA with post hoc Tukey’s 

testing. 
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