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Abstract

Spinocerebellar Ataxia Type 1 (SCA1) is an incurable, dominantly inherited neurodegenerative 

disease of the cerebellum caused by a polyglutamine-repeat expansion in the protein ATXN1. 

While analysis of human autopsy material indicates significant glial pathology in SCA1, previous 

research has focused on characterizing neuronal dysfunction. In this study, we characterized 

astrocytic and microglial response in SCA1 using a comprehensive array of mouse models. We 

have discovered that astrocytes and microglia are activated very early in SCA1 pathogenesis even 

when mutant ATXN1 expression was limited to Purkinje neurons. Glial activation occurred in the 

absence of neuronal death, suggesting that glial activation results from signals emanating from 

dysfunctional neurons. Finally, in all different models examined glial activation closely correlated 

with disease progression, supporting the development of glial-based biomarkers to follow disease 

progression.
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Introduction

Spinocerebellar ataxia type 1 (SCA1) is an autosomal dominant neurodegenerative disorder 

that belongs to the family of trinucleotide repeat disorders, including Huntington's disease, 

Spinobulbar Muscular Atrophy (SBMA), Dentatorubral-pallidoluysian atrophy (DRPLA), 

and other Spinocerebellar Ataxias (SCA 2,3,6,7 and 17) (Orr and Zoghbi (2007). These 

disorders affect the nervous system, and are characterized by a CAG nucleotide expansion in 

the culprit gene that, in turn, produces a pathogenic polyglutamine expansion in the encoded 

protein. In SCA1, the expansion occurs in ATXN1 (ataxin-1), protein that is ubiquitously 

expressed in the brain; however SCA1 predominantly affects the cerebellum and brain stem. 

While it is still unclear what defines the susceptibility of neurons in certain brain regions to 

the toxic effects of mutant proteins, the response of cells surrounding the neurons may play 

a role. Previous studies focused on describing neuronal pathology in SCA1 due to their 

pronounced dysfunction and degeneration. Glial cells have been largely overlooked, despite 

reports of gliosis in autopsy samples of human patients (Genis et al., 1995; Gilman et al., 

1996; Nino et al., 1980). Moreover, glial cells, astrocytes and microglia in particular, exert 

many complex functions crucial for brain homeostasis as evidenced by the observations that 

they (1) produce trophic factors to promote neuronal survival (2) help sculpt network 

connections by eliminating or promoting the maturation of synapses. In addition astrocytes 

(3) regulate blood flow and homeostatic balance of ions in the neurovascular niche (4) are 

the principal cells that reuptake released neurotransmitters, and (5) participate even more 

directly in neuronal signaling by releasing signaling chemicals —such as glutamate, ATP, 

GABA and D-Serine (Araque et al., 2014; Colangelo et al., 2014; Kettenmann H, 2013; 

Parkhurst CN, 2013).

In a whole range of neurological diseases such as Amyotrophic Lateral Sclerosis (ALS), 

Alzheimer's disease (AD), and Parkinson's disease(PD), astrocytes and microglia are 

activated undergoing morphological and functional changes, including release of pro-

inflammatory cytokines, many of which could have a negative impact on neuronal survival 

(Glass et al., 2010). It is in this context that understanding glial activation has become an 

important avenue of study in neurology.

SCA1 is particularly well placed to shed light on this issue because of the existence of 

several robust mouse models. In addition to the transgenic and knock-in mouse models of 

mutant ATXN1 that closely recapitulate aspects of the human disease (Burright et al., 1995; 

Watase et al., 2002), there are also transgenic models that point to the crucial role of a 

phosphorylation site—serine 776— in pathogenesis. The most intriguing of these models are 

the ATXN1 [82Q]-A776 line, where replacing this serine with an alanine residue prevents 

toxicity of expanded ATXN1 (Emamian et al., 2003); and the ATXN1 [30Q]-D776 line, 

where replacing the same serine residue with a phosphomimetic aspartate residue causes 

features of SCA1 to occur even in the absence of a pathogenic polyglutamine tract (Duvick 

et al., 2010; Emamian et al., 2003). Finally, there are excellent conditional SCA1 models 

where mutant ATXN1 is under the control of a doxycycline (DOX) responsive promoter that 

can be turned on or off at will, thus influencing the disease phenotype (Ebner et al., 2013). 

Using these mouse models, we demonstrate that glial pathology in SCA1 closely correlates 
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with disease onset and severity and that it is induced by neuronal dysfunction and not 

neuronal death.

Results

SCA1 knock-in mice have increased glial activation early in pathology

We began our study by examining glial activation in the SCA1 knock-in mice 

(Sca1154Q/2Q). In this mouse line— as would be the case in human patients— a single copy 

of the mutant version of ATXN1 with an expanded allele is expressed from the endogenous 

Atxn1 locus. These mice demonstrate both behavioral and pathological hallmark features of 

the disease: adult onset ataxia along with brainstem degeneration, accompanied by the 

typical Purkinje cell dendritic thinning and eventual loss of Purkinje neurons (Watase et al., 

2002) (Cvetanovic et al., 2011).

We reasoned that neuronal-glial interaction would be best studied by focusing on Bergmann 

glia (BG) a sub-type of cerebellar astrocytes that reside next to Purkinje neurons. Indeed, the 

radial processes of BG entwine the dendrites and synapses of Purkinje neurons to form one 

of most intimate neuron-astrocyte interactions in the mammalian central nervous system 

(Bellamy, 2006; Yamada et al., 2000). Since gliosis is characterized by hypertrophy of 

astrocytes accompanied by an increased expression of Glial Fibrillary Acidic Protein 

(GFAP), we performed immunofluorescence against GFAP (Pekny et al., 2014). We 

observed a significant increase in GFAP staining and hypertrophy of astrocytic processes in 

BG in Sca1154Q/2Q mice seen as early as 8 weeks. Note that this corresponds to the 

presymptomatic period, since in our hands these mice show the first subtle signs of ataxia no 

earlier than 12 weeks of age (Cvetanovic et al., 2011) (Figure 1 a-b, 135% over wild-type 

levels, n = 4 pairs of mice, Student's t test, P = 0.0041). GFAP staining shows trend for 

increase with disease progression (GFAP levels are 165% of wild type levels at 12 weeks 

and 135% of wild-type levels at 8 weeks, Figure 1c, n = 4 pairs of mice at each time point). 

We confirmed these findings by performing immunofluorescence for the calcium binding 

protein S100B, another astrocytic marker upregulated during gliosis (Sathe et al., 2012) 

(Figure 1 d-e, 165% over wild type levels at 8 weeks of age, n = 4 pairs of mice, Student's t 

test, P = 0.0147).

We then turned our attention to microglia, another glial sub-type that represent resident 

brain macrophages, and plays an important role in responding to brain injury (Wyss-Coray 

T, 2002). We quantified microglial response in the cerebellum by staining for the microglia 

specific ionized calcium-binding adapter molecule 1 (Iba1). We observed a significant 

increase in the number of the microglia in the cerebellar cortex of pre-symptomatic, 8 weeks 

old Sca1 154Q/2Q mice compared to their wild-type littermates (Figure 1f, 8.43 in wild-type 

vs 12.104 in Sca1 154Q/2Q mice, n = 5 pairs of mice, Student's t test, P = 0.0005). Thus, 

much like BG, microglia are activated early in the disease process in Sca1154Q/2Q mice.

As SCA1 is known to affect several other brain regions with varying degrees of neuronal 

pathology, we examined whether there is a correlation between spatial pattern of gliosis and 

regional vulnerability. We assessed glial activation in the cerebellar white matter that has 

milder pathology compared to cerebellar cortex, and the hippocampal dentate gyrus, with no 
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reports of significant SCA1 pathology (Udo Rüba, 2013; Watase et al., 2002). We detected 

activated microglia and astrocytes in the cerebellar white matter but not in the hippocampus 

of 8 weeks old Sca1154Q/2Q mice (data not shown, n ≥ 3 pairs of mice. Student's t test for 

GFAP P = 0.0496 and P = 0.1582, and for Iba1 P = 0.0163 and P = 0.9322 for cerebellum 

and hippocampus respectively). Since the former is the region associated with neuronal 

pathology while the latter is not, this observation is consistent with the notion that glial 

activation could define the extent of neurodegeneration (Vinet J, 2012).

Glial activation occurs early in transgenic ATXN1[82Q] mice where mutant ATXN1 is 
expressed only in Purkinje neurons

In Sca1154Q/2Q mice, the endogenous Atxn1 promoter drives mutant ATXN1 expression. 

Thus in these mice, mutant ATXN1 is expressed in all cells where wild type ATXN1 is 

expressed, including glial cells (Shiwaku et al., 2010). Glial activation could therefore be the 

consequence of mutant ATXN1 pathogenic effect within glia, similar to that seen in SCA7. 

Yet given the close interaction of neurons and glia in the cerebellum it is also conceivable 

that glial activation could occur solely in response to neuronal dysfunction or death. To test 

for this latter possibility, we examined glial activation in another model of SCA1: 

ATXN1[82Q] mice (also known as the BO5 line) (Burright et al., 1995). In this model, 

mutant ATXN1 contains 82 glutamine repeats and is expressed only in Purkinje neurons 

under the control of the Purkinje cell- specific Pcp2 promoter. Glial activation in this line, if 

it were to be seen, would suggest that in SCA1 glial ATXN1 expression is not required for 

their activation. As shown in Figure 2, we observed increased GFAP staining in BG of 8-12 

weeks old mice (266 % over the GFAP levels in wild-type littermates, n = 6 for both 

genotypes, Student's t test, P = 0.0016, Figure 2 a-b). Similarly, staining with the Iba1 

antibody also detected an increase in the number of microglia in the cerebellar cortex of 

8-12 weeks old ATXN1[82Q] mice (160% over the Iba1+ cells in the wild-type littermates, 

n = 3, Student's t test, P = 0.0329, Figure 2 c-d). These data demonstrate that ATXN1[82Q] 

expression in neurons is sufficient to cause glial activation in SCA1. Moreover, given that 

there is a very limited loss of Purkinje neurons at this age (~8%;(Clark et al., 1997)), our 

results also suggest that it is neuronal dysfunction, and not necessarily neuronal death, that 

triggers glial activation. To confirm that neuronal death is not the triggering event, we tested 

for glial activation at four weeks of age, well before any neuronal loss occurs in 

ATXN1[82Q] mice that begins to occur by 12 weeks (Clark et al., 1997) and before the first 

signs of ataxia at 6 weeks of age (Duvick et al., 2010). As shown in Figure 3, we observed 

both Bergmann Glia (166 % of wild-type levels, n = 7, Student's t test, P = 0.0028, Figure 3 
a-b) and microglial activation even at this early time point (177% of wild-type levels, n = 5, 

Student's t test, P = 0.0119, Figure 3 c-d). These results suggest that signals from 

dysfunctional Purkinje neurons cause glial activation early in SCA1.

To further examine the time-line of glial activation in response to transgene expression we 

performed immunofluorescence studies at three weeks, approximately one week after 

ATXN1 expression starts in ATXN1[82Q] mice (Ebner et al., 2013). We detected a 

statistically higher GFAP levels even at this early age that continued to increase with disease 

progression (Figure 3e, 115% of wild-type levels, n = 3 pairs, p= 0.0167 comparing 3 

weeks old wild type and ATXN1[82Q] mice; P = 0.0013 comparing 3 weeks old to 8-12 
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weeks old ATXN1[82Q] mice). Microglial numbers in the cerebellar cortex of three weeks 

old ATXN1[82Q] mice showed a trend toward increased numbers (without reaching 

statistical significance) (Figure 3f, 119% of wild-type levels n = 4 pairs, P = 0.23219 

compared to wild-type littermates). These experiments suggest that glial activation occurs in 

the narrow window of time between two and four weeks in ATXN1[82Q] mice.

Increase in the production of pro-inflammatory cytokines in the cerebella of SCA1 mice

Activated astrocytes and microglia are capable of secreting numerous pro-inflammatory 

cytokines. Indeed, some of these inflammatory mediators such as Tumor Necrosis Factor 

Alpha (TNFα), Interleukin-6 (IL6) and monocyte chemoattractant protein-1 (MCP-1) have 

been associated with neurodegenerative diseases and may have harmful effects on neuron 

survival or function (Akassoglou et al., 1997; Campbell IL, 1993; Glass et al., 2010; Mosher 

and Wyss-Coray, 2014)(Bjorkqvist et al., 2008). Quantitative RT-PCR of cerebellar mRNA 

extracts from 12 weeks old transgenic ATXN1[82Q] mice showed increased levels of all 

three cytokines (specifically values were TNFα 2.1, MCP-1 2.76 and IL6 4.46 fold increase 

over wild-levels); increase in TNFα and MCP-1 levels was detectable even earlier, at four 

weeks of age (3.22 and 2.15 fold over wild-type levels for TNFα and MCP-1 respectively, 

while IL6 levels showed trend for increase) (n ≥ 5 pairs of mice of each genotype were used 

for each age, Student's t test P values are shown with each histogram, Figure 4 a-b). 

Similarly in 8 weeks old Sca1154Q/2Q mice RNA levels of TNFα and MCP-1 were 

significantly increased while IL6 levels showed trend for increase (data not shown, n ≥ 4 

pairs, MCP1 2.28 fold increase over wild type levels, p = 0.002, IL6 2.03 fold increase over 

wild type levels, p = 0.071, and TNFα 2.3 fold increase over wild type levels, p = 0.0235).

Glial activation correlates to disease severity

Our data shows that neuronal dysfunction is sufficient to trigger glial activation. Early 

activation of astrocytes and microglia as well as its spatial pattern may suggest that glial 

activation plays a role in SCA1 pathology. This prompted us to correlate more closely the 

degree of neuronal dysfunction and disease severity with glial activation. For these 

experiments, we took advantage of the finding that a phosphorylation site, serine 776, is 

important for pathogenesis. If this site is mutated to an alanine, then transgenic mice that 

express an otherwise pathogenic polyglutamine tract —ATXN1[82Q]-S776A —fail to 

display the disease phenotype (Duvick et al., 2010; Emamian et al., 2003). On the other 

hand, mice generated with a phosphomimetic aspartate residue replacing serine 776 in 

ATXN1 with non-pathogenic number of glutamine repeats, ATXN1[30Q]-D776 mice 

display a robust ataxic phenotype starting from 6 weeks of age but do not progress to 

Purkinje cell loss (Duvick et al., 2010).

We found that expression of non-pathogenic ATXN1[84Q]-S776A in Purkinje neurons does 

not initiate glial activation or inflammation ( n= 4, Student's t test, P = 0.1387, P = 0.0562, P 

= 0.1354 for GFAP, Iba1 and TNFα respectively, data not shown). On the other hand, we 

observed a significant increase in microglial numbers, and an increase in the levels of TNFα 

in four week old ATXN1[30Q]-D776 mice (n ≥ 5, Student's t test, P = 0.0388, P = 0.0445 

comparing ATXN1[30Q]-D776 to wild-type for Iba1 (179% of wild-type levels), and TNFα 

(350% of wild-type levels) respectively, Figure 5 a-c). These results further support the 
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correlation between disease initiation, neuronal dysfunction and triggering of glial 

activation. Interestingly, in the older 18 weeks old ATXN1[30Q]-D776 mice, BG GFAP 

levels remain increased, but microglial numbers and secreted TNFα decrease ( n ≥ 5, 

Student's t test, P = 0.0327, P = 0.0015 and P = 0.3642, comparing ATXN1[30Q]-D776 to 

ATXN1[82Q] for Iba1 (112.5 % of wild-type), TNFα (115 % of wild-type) and GFAP 

(130% of wild-type) respectively Figure 5 d-f). Recall that in these mice, neuronal 

dysfunction does not proceed to Purkinje cell loss (Duvick et al., 2010). These data 

underscore the connection between microglial activation, inflammation, and neuronal death.

Glial activation in reversible SCA1 mouse models

Recently, a conditional transgenic line cATXN1[30Q]-D776 was generated where the 

expression of the phosphomimetic pathogenic ATXN1 —ATXN1 [30Q] D776— can be 

turned off by administering the tetracycline derivative doxycycline (DOX) (Ebner et al., 

2013). In cATXN1 [30Q]-D776 mice where the transgene was expressed for the first 6 

weeks of life and turned off for another 6 weeks, a full recovery of motor behavior—as 

evidenced by their ability to stay on the accelerating rotarod—was attained (Ingram, 

unpublished data). Control mice were not administered doxycycline (12 weeks gene-on 

group) and expressed pathogenic ATXN1 until they were euthanized at 12 weeks of age. We 

tested whether this observed improvement in phenotype was associated with a decrease in 

glial activation. As shown in Figure 6, there was a statistically significant decrease in the 

number of Iba1+ microglia in the cerebellar cortex (66% of untreated), in the GFAP 

intensity (85% of untreated, and in the pro-inflammatory cytokine TNFα (58% of untreated) 

in 6 week gene on/6 week gene off cATXN1[30Q]-D776, compared to 12 week gene on 

cATXN1[30Q]-D776 mice that expressed pathogenic ATXN1 (Student's t test, P = 0.0038, P 

= 0.0477 and P = 0.0201, comparing treated (n=6) to untreated (n=3) mice, for Iba-1, GFAP 

and TNFα respectively, Figure 6 a-d). These data further emphasize the relationship 

between glial activation and disease pathogenesis, and suggest that chronic glial activation 

may be arrested or reversed.

Discussion

Glial cells play an important role in maintaining neuronal homeostasis (Block et al., 2005). 

Astrocytes not only support the metabolic needs of neurons, but also help regulate the ionic 

milieu needed for optimal neuronal functioning and neurotransmitter levels, particularly in 

the synaptic clefts (Maragakis NJ, 2006). Microglia on the other hand play key roles in 

shaping brain connections and plasticity, in removing cellular debris and in modulating 

inflammatory responses (Block et al., 2005). The importance of glia to neuronal functioning 

is especially revealing in the studies in which glia pathology, such as caused by expression 

of mutant ataxin-7 in Bergmann glia only, causes neuronal pathology (Custer SK, 2006). 

Thus glial pathology or change in their function, if present, can contribute to 

neurodegenerative disease. Indeed glial activation has been described in almost every 

neurodegenerative disease including Alzheimer disease (Guillot-Sestier and Town, 2013), 

Parkinson's disease (L'Episcopo et al., 2013), amyotrophic lateral sclerosis (ALS) 

(Papadimitriou et al., 2010), frontotemporal dementia, multiple-system atrophy (Ahmed et 

al., 2012), prion disease (Riemer et al., 2009), Huntington disease (Shin et al., 2005), and 
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Spinocerebellar Ataxia 7 (SCA7) (Furrer et al., 2011). However, a full understanding of the 

role of glial activation in neurodegeneration has been difficult to achieve.

The spectrum of mouse models developed for SCA1 makes it a particularly attractive 

disease to tackle important questions regarding glial activation. Although, Bergmann cell 

gliosis has been described in a transgenic ATXN1 model in previous study (Giovannoni R, 

2007), a comprehensive study evaluating the spatio-temporal features of gliosis and their 

relationship to disease severity and progression has been lacking. In addressing this 

shortcoming, we have made several important observations: First, we demonstrate that glial 

activation occurs early in disease, well before the neuronal death or the onset of behavioral 

symptoms of ataxia. Second, we establish that glial activation occurs specifically in the most 

severely affected regions of the brain, indicating that glial activation correlates with disease 

pathology in spatio-temporal pattern and could thus play a role in defining specific neuronal 

vulnerability in this disease. Third, we demonstrate that mutant ATXN1 expression in 

microglia and astrocytes is not required for their activation. This finding is similar to the 

previous studies including the ones performed in the mouse models of Alzheimer's, 

Parkinson's disease and SCA7 that have also shown that neuronal dysfunction is sufficient to 

stimulate glial activation (Furrer et al., 2011 Zhang W 2005, Huang X 2012). However in 

other studies, including Huntington's disease (HD), ALS and a different SCA7 model, 

expression of mutant protein in astrocytes and/or microglia was shown to contribute to 

disease pathology (Boillee et al., 2006; Crotti A, 2014; Furrer et al., 2011; Yamanaka et al., 

2008).

Fourth, we have mapped glial activation to a narrow temporal window and demonstrated 

that neuronal death is not required for glial activation in SCA1 (significant neuronal death 

has been described in 40 weeks-of –age and older Sca1154Q/2Q and ATXN1[82Q] mice 

(Watase K, 2002) (Duvick et al., 2010). We suspect that signals emanating from Purkinje 

neurons activate glia. Gliosis is controlled by a tightly orchestrated balance of activating 

signals, for example through Pattern recognition receptors (PRR), and inhibitory signals 

through Neuroimmune regulators (NIRs), such as CD200 and fractalkine. PRRs in particular 

have been shown to react to danger-associated molecular patterns (DAMPs) such as ATP, 

DNA and RNA molecules released from dying cells (Burda JE, 2014). However because 

glial activation occurs before the onset of neuronal death we believe that decreased signaling 

from the NIRs or unknown signals may play an important role in glial activation in SCA1.

Fifth, we show that the microglial activation correlates with neuronal loss. One can envisage 

a scenario where non-cell autonomous activation of glia rapidly exacerbates neuronal 

dysfunction that would then cause a further amplification of glial activation in a vicious, 

feed-forward cycle. Our studies suggest that pro-inflammatory cytokines released by 

activated microglia could be relevant, given that all the cytokines that we have studied here

—TNFα, IL6 and MCP-1—are known to have neurotoxic effects (Glass CK, 2010). 

Elevated levels of cytokines and chemokines have been detected in Huntington's patients 

before the onset of disease (Bjorkqvist et al., 2008). Interestingly, overexpression of both 

IL6 and TNFα in mouse brains (using GFAP promoter) causes predominantly cerebellar 

phenotype with inflammation, degeneration and ataxia. (Akassoglou et al., 1997; Campbell 

et al., 1993). To complicate matters further, glia produce other factors such as BDNF that 
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could have a beneficial effect in the context of neurodegeneration. Distinguishing those 

influences and their respective triggers is crucial for full understanding of the diseased CNS. 

Future studies that will manipulate different aspects of glial activation pharmacologically or 

genetically will point to their respective roles in disease pathology.

Lastly, we demonstrate that glial activation dynamically responds to neuronal dysfunction 

and can be arrested or reversed when mutant ATXN1 expression is prevented in neurons. 

Clearly, the most direct way to address the contribution of glial specific expression of 

mutant ataxin-1 to pathogenesis would be to express mutant ATXN1 only in glia and to test 

for pathogenicity. Alternatively one could delete the expression of ATXN1 in the glia while 

expressing it in neurons to test whether suppressing glial expression ameliorates the 

phenotype. Nonetheless our findings, taken together, suggest that glial-neuronal interactions 

are likely to be as complex in disease as they are in health. From a treatment perspective, we 

demonstrated that turning off the expression of toxic ATXN1 in neurons, after the initiation 

of disease reduces both microglial and astrocytic activation in the conditional mouse model. 

Interestingly in ATXN1[30Q]-D776 mice the decrease in microglial activation is not 

accompanied by a significant reduction in astrocytic activation. Important distinction 

between these models is that in the conditional mice there is complete reversal of the 

phenotype (both of neuronal dysfunction and loss) while in ATXN1[30Q]-D776 mice there 

is no cell death but neurons are still dysfunctional. One interpretation is that signals that 

maintain astrocytic vs microglial activation are differently affected in these mice, e.g., 

neuronal dysfunction in ATXN1[30Q]-D776 mice is sufficient to maintain astrocytic but not 

microglial activation. This could also suggest that astrocytes are more tuned to neuronal 

well-being than microglia.

Finally, there is a growing need for biomarkers for monitoring disease progression. Recent 

functional Magnetic Resonance Spectroscopy (MRS) findings have showed that increased 

levels of myo-inositol —a glial protein suggested to indicate gliosis- (Oz G, 2010; Oz et al., 

2011) correlate well with disease progression. Our results provide further support for the 

presence of increasing glial activation in SCA1 and could serve as an impetus for 

developing glial based biomarkers, including myo-inositol (with MRS) and inflammatory 

mediators (cytokines and S100B providing that they are increased in blood serum as they are 

in the brain) that could serve as indicators of disease progression and severity.

Material and Methods

Mouse lines

The generation of all the mice in this study have been previously described (Burright et al., 

1995; Duvick et al., 2010; Ebner et al., 2013; Emamian et al., 2003; Watase et al., 2002). 

The transgenic lines where relevant ATXN1 constructs are driven by the Purkinje cell 

specific (Pcp2) promoter were generated in a FVB/N background and include: (1) the 

ATXN1[82Q] line (Burright et al., 1995) (also called the B05 line) (2) the ATXN1[82Q]-

A776 line (Emamian et al., 2003), (3) the ATXN1[30Q]-D776 line (Duvick et al., 2010), and 

(4) the conditional ATXN1 line [cATXN1 [30Q]-D776] (Ebner et al., 2013). The 

Sca1154Q/2Q knock-in line was generated by replacing the mouse ATXN1 with an extended 

polyglutamine tract in the ATXN1 locus. Originally generated in the C57BL/6J–129/SvEv 
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mixed background (Watase et al., 2002), these mice have been backcrossed into a pure 

C57BL/6J background. Genotyping was performed by PCR on DNA derived from either tail 

or ear snips (Cvetanovic et al., 2011; Ebner et al., 2013). The cATXN1[30Q]-D776 mice 

were allowed to express the transgene for the first 6 weeks of their life. From that point 

onwards, mice were either treated with DOX (doxycycline) for six weeks (delivered in a 

sucrose solution) to stop the expression of the transgene (6 weeks on; 6 weeks off group); or 

were treated with sucrose solution alone to allow for the continued expression of the 

transgene (12 weeks on group). For further details see (Ebner et al., 2013).

Animal experimentation was approved by the relevant Institutional Animal Care and Use 

Committees (University of Minnesota, and Northwestern University), and was conducted in 

accordance with the National Institutes of Health's Principles of Laboratory Animal Care 

(86–23, revised 1985) and the American Physiological Society's Guiding Principles in the 

Use of Animals.

Immunohistochemistry

Mouse brains were fixed overnight in 4% paraformaldehyde, incubated in 30% sucrose and 

then sectioned by cryostat (Leica, CM 1850) into 40 μm sections. The sections were washed 

in cold Phosphate Buffered Saline (PBS) and permeabilized with PBST (1 % Triton X-100 

in 1X PBS) for 10 min at room temperature. They were then processed for 

immunohistochemistry by incubation for 1 hr in blocking buffer (3% Normal Donkey Serum 

in PBST), followed by an overnight incubation at 4°C in blocking buffer containing the 

relevant primary antibody [anti-GFAP or S100B antibodies (Z0334 and Z0311 respectively, 

DAKO), and anti-Iba1 (019-19741, WAKO)]. Samples were then washed 3 to 5 times for 15 

min in PBST and incubated overnight at 4°C with the relevant fluorescently labeled 

secondary antibody, before being mounted on slides with Vectashield mounting media 

containing DAPI (Vector Laboratories) for observation under the microscope (confocal UV 

LSM 500 Zeiss or Olympus FV1000) while blinded to the genotype. For statistical purposes, 

we studied at least six different Z-stacks of 25 μm from each mouse of the appropriate 

experimental genotype, and at each age examined (3, 4, 8-12 and 20 weeks) we have used at 

least n =3 littermates of each genotype. Briefly, we drew at least two rectangles per section 

in the cerebellar cortex and white matter or in the hippocampal dentate gyrus. The size of the 

rectangles varied from 4000-16,000 μm2 depending on the size of the available area in the 

image. For semi-quantitative measure of GFAP intensity, we used the “Measure” function in 

ImageJ to estimate the average intensity that was then normalized to the average intensity in 

the control group (wild-type mice). To quantify the number of microglia, we counted all the 

microglia present in the drawn area and divided that number with the surface area of 

rectangles to obtain the number of microglia per μm2. Once again this was normalized to the 

average number of microglia per μm2 in the control group (wild-type mice). All 

quantification was performed using ImageJ software. Data was analyzed using Student's t-

test.

Quantitative RT-PCR

Quantitative reverse-transcriptase PCR (qRT-PCR) was performed as previously described 

(Cvetanovic et al., 2007)(Cvetanovic et al., 2012). The template used for qRT-PCR was 
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cerebellar RNA isolated from experimental mice. Contaminating DNA was removed using 

the TURBO DNA free kit (Life technologies). 1μg of total RNA was subjected to first strand 

cDNA synthesis in duplicate (Superscript III First strand kit; Life technologies). 

Quantitative PCR was then performed on 1μl of cDNA employing IDT qPCR primers: 

TNFα : Mm.PT. 51.12575861, IL6: Mm.PT.5111799101.g; MCP-1: forward: 5’-CCA CTC 

ACC TGC TAC TCA-3’/reverse: 5’-TGG TGA TCC TCT TGT AGC TCT CC-3’; and18S 

RNA: forward: 5’- AGT CCC TGC CCT TTG TAC ACA-3’/ reverse: 5’-CGA TCC GAG 

GGC CTC ACT A-3’. All PCR reactions were performed in triplicate using Light Cycler 

480 SYBR Green I Master Mix (Roche) and the Light Cycler 480II instrument (Roche). 

Data was analyzed using 2−ΔΔct method (Cvetanovic et al., 2007): RNA levels were 

normalized to 18SRNA levels, and values from wild type littermates were used as a 

reference. We have used n 3 mice per genotype at all ages examined (4, 8 and 12 weeks).
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Abbreviations

SCA1 Spinocerebellar Ataxia Type 1

BG Bergmann glia

DOX doxycycline

ATXN1 ataxin-1

GFAP Glial Fibrilary Acidic Protein

Iba1 ionized calcium-binding adapter molecule 1

SEM Standard Error of Mean

TNFα Tumor Necrosis Factor Alpha (TNFα)

IL6 Interleukin-6

MCP-1 monocyte chemoattractant protein-1
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Highlights

• Glial activation occurs early and precedes neuronal death in SCA1 animal 

models.

• Glial activation correlates with SCA1 pathology in spatio-temporal manner.

• Mutant ATXN1 expression in glia is not required for their activation.

• Microglial activation and inflammation correlates with neuronal loss in SCA1.

• Glial activation arrests/reverses after ending of neuronal ATXN1[82Q] 

expression.
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Figure 1. Glial activation is detectable early in Sca1154Q/2Q mice
Cerebellar sections from 8 and 12 weeks old Sca1154Q/2Q mice and wild-type littermates 

were stained with GFAP, S100β and Iba1 antibodies. a and d Representative images of 

GFAP (a) and S100β (d) staining in cerebellar cortex. b, c and e Intensity of GFAP (a and c, 

N = 4) and S100β (e, N = 4) staining f Number of Iba1 positive (Iba1+) cells ( N= 5) in the 

cerebellar cortex. Student's t-test P values are shown with all the histograms. Error bars 

represent SEM. Scale bar = 90 μm
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Figure 2. Glial activation occurs in non-cell autonomous manner in transgenic ATXN1[82Q] mice
Cerebellar sections from 8-12 weeks old ATXN1[82Q] mice and wild-type littermates were 

stained with GFAP and Iba1 antibodies. a and c Representative images of GFAP and Iba1 

staining in cerebellar cortex. b and d Intensity of GFAP staining (b, N = 6) and number of 

Iba1+ cells (d, N = 3) in the cerebellar cortex. Student's t-test P values are shown with all the 

histograms. Error bars represent SEM. Scale bar = 45 μm.

Cvetanovic et al. Page 16

Neuroscience. Author manuscript; available in PMC 2016 March 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Glial activation occurs early in transgenic ATXN1[82Q] mice before behavioral and 
cerebellar tissue pathology
Cerebellar sections from four weeks old ATXN1[82Q] and wild-type littermates mice were 

stained with GFAP and Iba1 antibodies. a and c Representative images of GFAP (a) and 

Iba1 (c) staining in cerebellar cortex. b and e Intensity of GFAP staining in 4 week old mice 

(b, N = 7); e time course; d and f Number of Iba1 + cells (4 week old mice; N=5) f time 

course. Student's t-test P values are shown with all the histograms. Error bars represent 

SEM. Scale bar = 45 μm
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Figure 4. SCA1 mice show increased levels of pro-inflammatory mediators TNFα, MCP-1 and 
IL6
TNFα, MCP-1 and IL6 were quantified using RT qPCR of RNA isolated from the cerebella 

of 4 (a) and 12 (b) weeks old ATXN1[82Q] mice and their wild-type littermates. N ≥ 5 mice 

of each genotype were used for both ages. Error bars represent SEM. Student's t-test P 

values are shown with all the histograms.
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Figure 5. Microglial activation correlates with loss of Purkinje neurons in SCA1
Cerebellar sections from 4 or 18 weeks old wild-type (WT), ATXN1[82Q], and 

ATXN1[30Q]-D776 mice were stained for Iba1 (c representative image) and GFAP. a and d 

Number of Iba1+ microglia in cerebellar cortex at 4 weeks (a) and 18 weeks (d). f GFAP 

intensity at 18 weeks. b and e Quantitative RT qPCR was used to determine relative levels 

of TNFα in 4 (b) or 18 weeks old (e) wild-type (WT), ATXN1[82Q], and ATXN1[30Q]-

D776 cerebella. N ≥ 5 mice were used for all experiments. Student's t-test P values are 

shown with all the histograms. Error bars represent SEM.
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Figure 6. Glial activation is reduced by modulating ATXN1 expression
ATXN1 expression was turned off in the conditional cATXN1[30Q] -D776 mice at 6 weeks 

of age. Cerebellar sections from 12 weeks old untreated mice (N = 3, 12 weeks on –

continuous expression of mutant ATXN1) or treated mice (N = 6, 6 weeks gene on, and 6 

weeks gene off) were stained for Iba1 (a representative image) and GFAP. b Number of 

Iba1+ microglia in cerebellar cortex c GFAP intensity. d. mRNA levels of TNFα in the 

cerebella of untreated or DOX treated cATXN1[30Q]-D776 mice. Student's t-test P values 

are shown with all the histograms. Error bars represent SEM.
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