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Brain function is compromised in myotonic dystrophy type 1 (DM1), but the underlying 

mechanisms are not fully understood. To gain insight into the cellular and molecular pathways 

primarily affected, we studied a mouse model of DM1 and brains of adult patients. We found 

pronounced RNA toxicity in the Bergmann glia of the cerebellum, in association with abnormal 

Purkinje cell firing and fine motor incoordination in DM1 mice. A global proteomics approach 

revealed downregulation of the GLT1 glutamate transporter in DM1 mice and human patients, 

which we found to be the result of MBNL1 inactivation. GLT1 downregulation in DM1 astrocytes 

increases glutamate neurotoxicity and is detrimental to neurons. Finally, we demonstrated that the 

upregulation of GLT1 corrected Purkinje cell firing and motor incoordination in DM1 mice. Our 

findings show that glial defects are critical in DM1 brain pathophysiology and open promising 

therapeutic perspectives through the modulation of glutamate levels.

Graphical Abstract

In Brief

Neural dysfunction in myotonic dystrophy is not fully understood. Using a transgenic mouse 

model of the disease, Sicot et al. find electrophysiological and motor evidence for cerebellar 

dysfunction in association with pronounced signs of RNA toxicity in Bergmann glia. Upregulation 

of a defective glial-specific glutamate transporter corrects cerebellum phenotypes.
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INTRODUCTION

Repeat-containing RNA can cause neurological diseases through a trans-dominant gain 

of function (Mohan et al., 2014; Sicot and Gomes-Pereira, 2013). RNA toxicity is best 

described in myotonic dystrophy type 1 (DM1), but it operates in an increasing number 

of conditions (Sicot et al., 2011). DM1 is the most common muscular dystrophy in adults, 

with a variable prevalence ranging from 0.5 to 18 cases in 100,000 individuals (Theadom 

et al., 2014). DM1 is a multisystemic disorder that affects the skeletal muscle, heart, and 

the CNS, among other tissues (Udd and Krahe, 2012). Five main clinical forms of DM1 

can be distinguished based on age at onset: congenital, childhood, juvenile, adult, and mild 

or late onset (Dogan et al., 2016). CNS impairment is more pronounced in the early-onset 

cases. Among these, the congenital patients exhibit moderate to severe intellectual disability. 

The childhood- and juvenile-onset cases can also show reduced IQ, low cognitive processing 

speed, and visuospatial impairment, as well as attention and executive deficits (Angeard 

et al., 2007, 2011). The main CNS manifestations in the adult form include dysexecutive 

behavior (such as apathy, lack of motivation, and inflexibility), reduced attention and 

visuospatial construction ability, daytime sleepiness, and impaired social cognition (Meola 

and Sansone, 2007; Serra et al., 2016; Sistiaga et al., 2010). Overall, the quality of life 

of DM1 patients is significantly impaired by their cognitive deficits (Antonini et al., 2006; 

Dogan et al., 2016). Brain disease is further supported by histopathological changes, such as 

the aggregation of hyperphosphorylated Tau protein isoforms, particularly in the amygdala, 

hippocampus, and entorhinal and temporal cortex (Caillet-Boudin et al., 2014). White matter 

lesions, gray matter changes, metabolic deficits, and changes in functional connectivity were 

reported in multiple brain areas (Caliandro et al., 2013; Minnerop et al., 2011; Serra et 

al., 2014, 2015; Weber et al., 2010; Wozniak et al., 2014), implicating the dysregulation of 

complex brain networks and various cell types (Schneider-Gold et al., 2015; Serra et al., 

2016). However, the link between the distribution of DM1 pathology across brain territories 

and cell types and the neurological symptoms of the disease must be further elucidated.

DM1 is caused by the expansion of an unstable CTG repeat in the 3′ untranslated region 

(3′ UTR) of the DM protein kinase (DMPK) gene (Brook et al., 1992). Repeat number 

correlates with disease severity and inversely with age of onset. Expanded DMPK transcripts 

accumulate in nuclear RNA foci and perturb the activity of multiple RNA-binding proteins. 

Among these, the sequestration of muscleblind-like (MBNL) proteins and the upregulation 

of the CUGBP/Elav-like family (CELF) affect primarily alternative splicing but also RNA 

transcription, localization and polyadenylation, miRNA processing, protein translation, and 

phosphorylation of downstream targets (Batra et al., 2014; Goodwin et al., 2015; Hernández

Hernández et al., 2013a, 2013b; Sicot et al., 2011; Wang et al., 2012). Today we do not 

know the extent or distribution of these events in the CNS, their cellular specificity, or how 

they contribute to neuropathogenesis.

To investigate DM1 brain disease, we have been using DMSXL mice, which carry a human 

DMPK transgene containing >1,000 CTG repeats (Gomes-Pereira et al., 2007; Seznec et al., 

2000). DMSXL homozygotes express enough toxic transcripts to perturb muscular, cardiac, 

and respiratory function (Algalarrondo et al., 2015; Huguet et al., 2012; Panaite et al., 2013), 

in association with RNA foci and missplicing (Hernández-Hernández et al., 2013a; Huguet 
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et al., 2012). The expression of expanded CUG RNA in the CNS affects behavior and 

synaptic function of DMSXL mice (Hernández-Hernández et al., 2013a). In contrast, DM20 

mice, overexpressing short DMPK transcripts, do not show RNA foci accumulation, obvious 

phenotypes, or synaptic protein dysfunction (Hernández-Hernández et al., 2013a; Seznec 

et al., 2001). The differences between mouse lines corroborate the toxicity of expanded 

CUG RNA repeats in the CNS of DMSXL mice. However, the underlying molecular and 

cellular mechanisms leading to brain impairment are not entirely known, which delays the 

development of efficient therapeutic strategies in the CNS.

To overcome this limitation, we have combined molecular, electrophysiological, and 

behavioral approaches to gain insight into the susceptible cell populations, dysfunctional 

connections, and affected molecular pathways in the CNS of DM1. It was our aim to 

better understand brain disease pathogenesis and find promising therapeutic targets. We 

found evidence of cerebellar glial dysfunction, which is caused by the downregulation of a 

glutamate transporter that affects neuronal physiology.

RESULTS

Bergmann Glia Show Abundant RNA Accumulation in DMSXL Cerebellum

To investigate the impact of the DM1 expansion on different cell populations and networks 

in the CNS, we investigated the distribution of the canonical molecular signs of the 

disease (the toxic CUG RNA foci) in different areas of the DMSXL mouse brain. We 

were particularly intrigued by the distinctive and peculiar distribution of RNA foci in 

the cerebellum. The cerebellum is a well-organized brain region with a highly specific 

and uniform laminar arrangement of cells into distinct, easily identified anatomical layers 

(Voogd and Glickstein, 1998). Fluorescence in situ hybridization (FISH) revealed that CUG 

RNA foci were rarely found in Purkinje cells, but in contrast, they were abundant in a 

population of neighboring cells, extending toward the molecular layer. MBNL1 and MBNL2 

co-localized with RNA in these foci-rich cells in DMSXL mice (Figure 1A), in contrast 

to wild-type animals (Figure S1A). MBNL proteins remained distributed throughout the 

nucleus and cytoplasm of DMSXL Purkinje cells, even in those rare neurons showing RNA 

foci accumulation, without pronounced sequestration (Figure 1A).

Given the intriguing distribution of RNA foci in DMSXL cerebellum, we sought to identify 

the nature of foci-rich cells through immunodetection of cell-specific markers. NeuN stains 

almost exclusively mature granular neurons, whereas Fox1 and Fox2 stain Purkinje and 

Golgi cells; Fox2 stains also the granular neurons (Kim et al., 2011). We found that foci 

accumulated preferentially in non-neuronal cells of the molecular layer, which did not 

express NeuN, Fox1, or Fox2. The non-neuronal nature of these cells was confirmed by 

GFAP staining (Figure 1B). The distinctive localization around the Purkinje cells into the 

molecular layer of the cerebellum, the expression of GFAP, and the lack of neuronal markers 

strongly suggested that the foci-rich cells were Bergmann astrocytes. We have confirmed 

their nature by the immunodetection of GLAST/SLC1A3, a glial glutamate transporter, 

which in adult mouse cerebellum is primarily expressed in Bergmann glia (Regan et al., 

2007): immunofluorescence combined with FISH revealed greater GLAST expression near 

Purkinje cells, usually in foci-rich cells (Figure 1B).
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To elucidate the reasons behind the preferential accumulation of CUG RNA foci in 

Bergmann glia, we quantified the levels of expanded DMPK transcripts in Bergmann 

astrocytes and Purkinje cells collected from DMSXL cerebellum by laser capture 

microdissection. The purity of the collected cells was controlled by RT-PCR amplification 

of cell-specific transcripts (Figure S1B). qRT-PCR revealed levels of toxic CUG RNA 

nearly three times higher in Bergmann glia than in adjacent Purkinje cells (Figure 1C). We 

conclude that higher transgene expression in cerebellar Bergmann glia contributes to the 

higher foci abundance in this cell type.

RNA Spliceopathy Is More Pronounced in the Bergmann Glia of the Cerebellum

Higher levels of CUG RNA and foci in Bergmann astrocytes predict pronounced 

spliceopathy in this cell type. Thus, we studied splicing defects in microdissected DMSXL 

Bergmann and Purkinje cells. We have previously shown that Mbnl1 and Mbnl2 transcripts 

show consistent missplicing in DMSXL mouse brains (Hernández-Hernández et al., 2013a) 

and serve as robust markers of spliceopathy in our mouse model. In line with our hypothesis, 

Mbnl1 and Mbnl2 splicing was significantly dysregulated in DMSXL Bergmann glia 

while remaining unaltered in Purkinje cells (Figure 1D). Overall, the missplicing of these 

transcripts was mild in the analysis of whole DMSXL cerebellum (Figure S1C), suggesting 

that splicing abnormalities are pronounced in Bergmann astrocytes but diluted in whole

tissue samples. Finally, we assessed the contributing role of CELF proteins to cerebellum 

pathology. Western blot analysis in whole DMSXL cerebellum revealed mild upregulation of 

CELF2 but no significant changes in CELF1 levels (Figure S1D).

Electrophysiological Abnormalities of Purkinje Cells in DMSXL Cerebellum

We next investigated whether Bergmann RNA toxicity in DMSXL mice was sufficient to 

affect cerebellar function. The functional output of the cerebellar cortex is determined by 

the Purkinje cell firing, which can be electrophysiologically identified by two types of 

firing patterns: complex spikes and simple spikes (Cheron et al., 2013). We performed 

electrophysiological recordings in the Purkinje cell layer of alert DMSXL mice and 

found significantly higher simple spike firing rates (86.8 ± 7.6 versus 50.5 ± 4.2 Hz) 

and rhythmicity index (0.13 ± 0.02 versus 0.07 ± 0.01) in DMSXL mice relative to the 

wild-type controls, indicative of neuronal hyperactivity of Purkinje cells (Figure 2A). In 

addition, spontaneous fast local field potential (LFP) oscillations were found throughout the 

cerebellum in all DMSXL mice but were absent in wild-type controls. DMSXL fast LFP 

oscillations appeared as spindle-shaped episodes of oscillation with a frequency of 200 ± 27 

Hz and maximal amplitude of 0.48 ± 0.26 mV (Figure 2B). We quantified calcium buffering 

proteins and studied DMSXL cerebellum histology, but we did not find obvious changes 

in steady-state protein levels or overt histopathology that could contribute to the defective 

Purkinje neuronal activity and cerebellum dysfunction (Figures S2A and S2B).

Cerebellum-Dependent Motor Incoordination in DMSXL Mice

To confirm cerebellar dysfunction in DMSXL mice, we assessed a cerebellum-dependent 

behavior phenotype. In the runway test, mice run along an elevated platform and must 

surmount low obstacles intended to impede their progress. The test assesses cerebellum

dependent motor coordination, and in contrast with rotarod, it is minimally influenced by 
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muscle performance (Bearzatto et al., 2005). The number of slips of the right hind leg is a 

direct indication of motor incoordination.

Both wild-type and DMSXL showed a progressive and significant decrease in number 

of hind leg slips from day 1 to day 5 (Figure 2C), indicating the capacity to learn new 

cerebellum-dependent tasks. However, DMSXL mice showed significantly higher numbers 

of slips from day 1, pointing to deficits in the fine-tuning of movements and cerebellar 

dysfunction. After 3 weeks, the test still revealed significantly lower number of slips relative 

to day 1 in both wild-type and DMSXL mice, demonstrating efficient task retention by 

both genotypes (Figure 2C). In summary, although capable of acquiring and retaining new 

cerebellum-dependent motor tasks, DMSXL mice showed signs of motor incoordination.

In conclusion, both electrophysiological and behavioral assessment demonstrated that the 

expression and accumulation of toxic RNA foci in DMSXL cerebellum (particularly 

in Bergmann glia) are associated with cerebellum pathology, which is characterized by 

abnormal Purkinje cell firing and fine motor incoordination.

The GLT1 Glutamate Transporter Is Downregulated in DMSXL Cerebellum

To decipher the mechanisms of abnormal Purkinje cell activity and cerebellar dysfunction, 

we used global proteomics to identify expression changes and dysregulated pathways in 

DMSXL cerebellum. We first studied whole-cell lysates and found that the expression 

of 241 proteins was altered in DMSXL cerebellum. A Gene Ontology analysis on this 

241-protein set revealed that many altered proteins were membrane-bound, but we did 

not find a biological process predominantly dysregulated in DMSXL cerebellum (Figure 

3A). To refine our search, we specifically investigated the membrane-bound proteome of 

mouse cerebellum and found 60 proteins with altered expression in DMSXL cerebellum. 

This protein set showed enrichment for ion transport, synaptic transmission, and glutamate 

signaling (Figure 3B) and included the glial high-affinity glutamate transporter (GLT1) 

(excitatory amino acid transporter 2 [EAAT2] or solute carrier family 1 member 2 

[SLC1A2]). GLT1 is a membrane transporter that in the cerebellum is mainly expressed 

by the Bergmann glia to clear glutamate released during synaptic transmission from the 

extracellular space, avoiding excessive stimulation of postsynaptic neurons (Kanai and 

Hediger, 2004). Therefore, we tested the hypothesis that abnormal GLT1 expression in 

DMSXL cerebellum results in defective neuroglial communication and abnormal DMSXL 

Purkinje cell firing.

We first confirmed GLT1 downregulation by western blot in DMSXL cerebellum (Figure 

3C), as well as in other mouse brain regions (Figure S3A), but not in control DM20 

mice (Figure S3B). Semiquantitative analysis of GLT1 immunofluorescence intensity by 

confocal microscopy showed a significant reduction in the DMSXL molecular layer, close 

to the Purkinje cells (Figure S3C). In contrast to GLT1, the levels of GLAST remained 

unchanged in DMSXL brains (Figure S3D), demonstrating that the impact of expanded 

DMPK transcripts is specific to the GLT1 glutamate transporter. Fractioning of DMSXL 

cerebellar tissue revealed downregulation of GLT1 in the membrane-bound protein faction 

(Figure 3D), in line with defective glutamate transport across the membrane. To investigate 

the functional impact of reduced GLT1 levels, we measured the uptake of radioactive 
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glutamate by DMSXL astrocytes in the presence of WAY213623 (GLT1-specific inhibitor), 

UCPH (GLAST-specific inhibitor), or TBOA (pan-glutamate transporter inhibitor). We 

found a significant reduction in total and in GLT1-mediated glutamate uptake when 

compared to wild-type controls (Figure 3E), consistent with GLT1 downregulation in 

DMSXL astrocytes (Figure S3E). In contrast, GLAST-mediated transport was unaltered, 

while TBOA nearly abolished glutamate uptake in both cultures. Transfection of DMSXL 

astrocytes with GLT1-expressing plasmids corrected defective glutamate transport (Figure 

3E). Altogether, these results demonstrate the causative role of GLT1 downregulation in 

defective glutamate transport by DMSXL astrocytes. GLT1 downregulation is not explained 

by Bergmann cell loss, as revealed by the quantification of Bergmann-specific transcripts 

in DMSXL cerebellum, which showed no reduced expression relative to wild-type controls 

(Figure S3F). Overall, the reduction of GLT1 within the molecular layer is consistent with 

Bergmann dysfunction.

Human DM1 Cerebellum Shows Bergmann-Specific RNA Foci Accumulation and GLT1 
Downregulation

We then assessed the implications of the mouse findings to the human condition through 

the analysis of post-mortem DM1 brains. In human DM1 cerebellum, although small 

foci were rarely detected in Purkinje cells, large and more abundant foci accumulated 

predominantly in calbindin 1 (CALB1)-negative cells, co-localizing with MBNL1 and 

MBNL2 (Figure 4A). Like in DMSXL mice, the preferential accumulation of RNA foci 

was concentrated in the Bergmann glia, which expressed GFAP and GLAST in the absence 

of NeuN, Fox1, or Fox2 neuronal markers (Figure 4B). The analysis of selected MBNL1 and 

MBNL2 candidate splicing events revealed that human DM1 cerebellar tissue showed mild 

spliceopathy (Figure S4A), in association with CELF2 upregulation (Figure S4B).

Finally, we studied GLT1 protein expression in human DM1 cerebellum and found a 

dramatic reduction in five of seven adult DM1 patients: overall, GLT1 was reduced by ~50% 

relative to non-DM controls (Figure 4C). GLT1 was also decreased in DM1 frontal cortex 

and brainstem (Figure S4C), indicating wider dysregulation of this glutamate transporter 

throughout the CNS.

GLT1 Downregulation Is Mediated by MBNL1 Inactivation

To gain insight into the mechanisms of GLT1 downregulation, we quantified transcript levels 

and found significantly lower levels of GLT1 mRNA in the cerebellum and frontal cortex 

of the DM1 patients with pronounced protein downregulation (Figure 5A). In amyotrophic 

lateral sclerosis (ALS), missplicing of GLT1 results in RNA degradation and loss of protein 

(Lin et al., 1998). To test whether similar mechanisms operate in DM1, we studied ALS

associated exon missplicing and abnormal intron retention. We did not find obvious splicing 

abnormalities in DM1 patients or in DMSXL mice (Figures 5SA and 5SB).

We then tested whether GLT1 downregulation was the direct result of the expression of 

CUG-containing RNA or a secondary consequence associated with DM1 brain disease 

progression. To this end, we transfected human T98G glioblastoma cells with expanded 
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DMPK constructs and found that CUG RNA expansions reduced GLT1 transcript levels 

relative to no-repeat control constructs (Figure 5B).

MBNL proteins regulate various aspects of RNA metabolism. Hence, we tested whether 

MBNL1 or MBNL2 inactivation was sufficient to lower GLT1 levels. We used short 

hairpin RNA (shRNA) to knockdown MBNL1 and/or MBNL2 in T98G cells (Figure 

S5C). qRT-PCR revealed that MBNL1 downregulation alone was sufficient to decrease 

GLT1 mRNA levels, while MBNL2 inactivation left GLT1 transcripts unchanged (Figure 

5C). The simultaneous treatment with MBNL1 and MBNL2 shRNA resulted in a modest 

downregulation of both MBNL proteins (Figure S5C), which was insufficient to affect GLT1 
mRNA levels. We confirmed the determinant role of MBNL1 in vivo through the analysis of 

Mbnl1 and Mbnl2 knockout (KO) mice (Charizanis et al., 2012; Kanadia et al., 2003): only 

the cerebellum of Mbnl1 −/− mice showed significant downregulation of GLT1. In contrast 

to double-shRNA-transfected T98G cells, the inactivation of MBNL1 and MBNL2 proteins 

in Mbnl1/Mbnl2 double-KO mice (Goodwin et al., 2015) significantly reduced GLT1 levels 

(Figures 5D and S5D).

In an attempt to provide insight into the prevalent role of MBNL1 over MBNL2 in the 

regulation of the glial-specific GLT1 glutamate transporter, we quantified the expression 

of MBNL proteins in mouse primary neurons and astrocytes. The analysis revealed that 

the relative expression of MBNL1 is 2-fold higher in mouse primary astrocytes relative to 

neurons (Figure S5E), suggesting a more important role of MBNL1 in glial cells.

Because CELF2 is upregulated in DM1 brains, we also studied whether CELF proteins 

could regulate GLT1 expression and contribute to abnormal GLT1 levels. Transient 

transfection of CELF1 and CELF2 in T98G cells (Figure S5F) did not result in lower GLT1 
mRNA levels (Figure 5E).

In summary, our results demonstrate that GLT1 protein down-regulation in DM1 is 

associated with lower transcript levels without evidence of missplicing and is mediated 

by partial inactivation of MBNL1 in glial cells, independently of CELF proteins.

GLT1 Downregulation in DMSXL Astrocytes Is Associated with Increased Glutamate 
Neurotoxicity

Glutamate transporters guard against prolonged elevation of extracellular glutamate 

concentration and protect neurons from excitotoxicity (Kanai and Hediger, 2004). To 

investigate the impact of GLT1 downregulation on neuronal physiology in DM1, we tested 

whether primary DMSXL astrocytes expressing significantly lower levels of GLT1 (Figure 

S3E) failed to protect neurons against glutamate neurotoxicity in culture. To this end, we 

co-cultured neurons and astrocytes of mixed genotypes and allowed neurites to extend 

for 8 days. Then, we added 50 μM of glutamate to the medium and monitored neuronal 

damage by measuring neurite collapse by fluorescence live-cell videomicroscopy (Figure 

6A). Neurite collapse was significantly more pronounced in wild-type and DMSXL neurons 

co-cultured with DMSXL astrocytes than in neurons grown with wild-type astrocytes 

(Figure 6B). Antagonists of NMDA and AMPA receptors reduced glutamate-induced neurite 

collapse and eliminated differences between genotypes (Figure 6B), demonstrating the 

Sicot et al. Page 8

Cell Rep. Author manuscript; available in PMC 2021 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mediating role of glutamate receptors in the neurotoxicity detected in neuroglial cultures. 

The increased glutamate neurotoxicity in the presence of DMSXL astrocytes was not 

accounted for by significant changes in the expression of NMDA and AMPA receptors: 

western blot quantification GRIN1 (NMDA receptor subunit type 1) and GRIA2 (AMPA 

receptor subunit type 2) did not show significant changes in DMSXL cell cultures (Figure 

6C) or in brain tissue (Figures S6A and S6B). To determine whether the deleterious 

effect of astrocytes on neurons was directly mediated by GLT1 downregulation, we 

transfected DMSXL astrocytes with GLT1 before glutamate neurotoxicity assessment. GLT1 

transfection of DMSXL astrocytes rescued the neurite collapse (of both wild-type and 

DMSXL neurons) to levels that were indistinguishable from those measured in the presence 

of wild-type astrocytes (Figure 6D).

Altogether, these results demonstrate that the downregulation of GLT1 in DMSXL astrocytes 

perturbs the neuroglial interplay and has a negative impact on neuronal physiology, failing to 

protect against glutamate excitotoxicity.

GLT1 Upregulation by Ceftriaxone Corrects the Cerebellum Phenotype of DMSXL Mice

To explore the role of GLT1 downregulation in DMSXL cerebellar dysfunction, we first 

used LFP oscillations in the Purkinje cell layer of the cerebellar vermis to compare the 

extracellular electrical activity of DMSXL and Glt1-deficient mice, which show a ~60% 

reduction in GLT1 (Tanaka et al., 1997). Both DMSXL and heterozygous Glt1+/− mice 

exhibited a frequency peak of oscillations around 200 Hz, similar to wild-type controls 

(Figures 7A and 7B), but the amplitude of the power peak of LFP oscillations was 

significantly higher in Glt1+/− and in DMSXL mice (Figures 7C and 7D). In other words, the 

abnormal neuronal activity of DMSXL Purkinje cells is recreated by the partial inactivation 

of Glt1, in agreement with a mediating role of GLT1 downregulation in the onset of DMSXL 

cerebellar phenotypes.

To further demonstrate the implications of GLT1 in DMSXL cerebellar dysfunction, we 

injected DMSXL animals with ceftriaxone for 5 consecutive days. Ceftriaxone is a β-lactam 

antibiotic that activates GLT1 expression (Rothstein et al., 2005). Ceftriaxone corrected 

GLT1 protein levels in DMSXL cerebellum (Figure S7A) and glutamate neurotoxicity in 

DMSXL neuroglial co-cultures (Figure 6D). LFP oscillations were recorded in the same 

animal before and following ceftriaxone treatment. Ceftriaxone did not change the frequency 

peak of LFP oscillations in DMSXL mice (Figure 7B) but resulted in a remarkable reduction 

in the amplitude of the power peak of Glt1+/− and DMSXL Purkinje LFP oscillations down 

to wild-type values (Figures 7C and 7D). In contrast, Purkinje LFP oscillations did not 

change significantly in sham-treated DMSXL mice.

Finally, we assessed whether ceftriaxone-induced GLT1 upregulation (Figure S7A) 

ameliorated DMSXL motor coordination. A 5-day regimen of ceftriaxone significantly 

reduced the average number of hind leg slips from day 1 relative to PBS-injected DMSXL 

controls (Figure 7E). From day 2, the number of slips of ceftriaxone-treated DMSXL mice 

was indistinguishable from wild-type controls. To investigate whether improved Purkinje 

cell firing and mouse motor performance could be mediated by an effect of ceftriaxone 

on transgene expression, we measured DMPK transcripts following treatment, but we 
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did not find differences relative to PBS-injected DMSXL controls (Figure S7B). Overall, 

these results demonstrate that reduced GLT1 is a critical contributing factor to DMSXL 

cerebellar pathophysiology, which can be rescued by ceftriaxone-induced upregulation of 

this glutamate transporter.

DISCUSSION

We found prevalent signs of RNA toxicity in the Bergmann glia of a mouse model of 

DM1, in association with cerebellar abnormalities, such as network-mediated Purkinje cell 

excitability and motor incoordination. We demonstrated that defective expression of GLT1 

glutamate transporter in astrocytes plays a determinant role in mediating these phenotypes.

Bergmann glia consist of a population of astrocytes whose cell bodies are embedded in 

the Purkinje layer. Their cellular processes create a microenvironment essential for the 

good functioning of the Purkinje synapses (Bellamy, 2006). Purkinje cells are the sole 

output of the cerebellar cortex. Their firing is an integrated response to their intrinsic 

excitability and to the excitatory and inhibitory inputs from the cerebellar network (Cheron 

et al., 2013). Thus, the electrophysiological recordings of spontaneous firing rate and 

rhythmicity in vivo provide an efficient way of assessing the functional states of the 

cerebellar neuronal network, independently of confounding factors, such as the muscle 

pathology and the reduced body weight of DMSXL mice (Gomes-Pereira et al., 2007; 

Huguet et al., 2012). Hence, the fast LFP oscillations registered in DMSXL mice revealed 

pathological changes in integrated Purkinje cell activity (Cheron et al., 2008), which may 

result from the synchronization of high-frequency rhythmic firing caused by intrinsic 

Purkinje cell excitability (Cheron et al., 2004), granular cell hyperexcitability (Bearzatto 

et al., 2006; Cheron et al., 2004), or altered synaptic plasticity (Servais et al., 2007). 

Abnormal spontaneous fast LFP oscillations were previously reported in ataxic mice 

showing cerebellum-dependent motor incoordination (Bearzatto et al., 2006; Cheron et al., 

2004, 2005; Servais et al., 2007), supporting their contribution to the motor phenotype of 

DMSXL mice in the runway test. In contrast, other patterns of abnormal firing, such as slow 

firing (Servais and Cheron, 2005) or bursting (Cheron et al., 2009), were associated with 

milder or more severe incoordination, respectively.

Despite their functional abnormalities, Purkinje cells did not display abundant RNA foci 

or pronounced missplicing in DMSXL mice, hinting that neuronal hyperactivity is not 

mediated by an autonomous trans-dominant effect of CUG repeats operating in Purkinje 

cells alone. Our data suggest that DMPK transcript levels in Purkinje cells are insufficient to 

trigger RNA foci accumulation and toxicity. We propose that Purkinje cell hyperexcitation 

is mediated by abnormalities in the neighboring Bergmann glia, which show high DMPK 
expression and abundant RNA foci, in association with GLT1 downregulation.

GLT1 is a glial-specific glutamate transporter that recaptures excitatory glutamate from 

the synaptic cleft and protects from neurotoxicity due to excessive glutamate stimulation 

(Bellamy, 2006). The most important role of the glial glutamate transporters in the 

cerebellum is to avoid neurotransmitter spillover and activation of extra-synaptic receptors, 

thereby maintaining synapse independence. In the cerebellum, Bergmann astrocytes 
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closely appose Purkinje cells, dictating a robust effect of GLT1 on synaptic transmission 

through proximity: even small changes in the density of Bergmann GLT1 transporters 

have a significant impact on Purkinje cell function (Tzingounis and Wadiche, 2007). 

Therefore, GLT1 downregulation can lead to increased synaptic glutamate, chronic Purkinje 

cell hyperexcitation, and emergence of fast oscillations. The critical role of GLT1 

downregulation in the cerebellar dysfunction of DMSXL mice is corroborated by two 

observations. First, heterozygous Glt1+/− mice show similar electrophysiological LFP 

abnormalities. Second, ceftriaxone-mediated GLT1 upregulation corrects the spontaneous 

hyperactivity of DMSXL Purkinje cells and motor incoordination. The similar benefits of 

ceftriaxone treatment and GLT1 transfection on neuronal physiology in co-cultures strongly 

point to a rescuing mechanism of ceftriaxone mediated by GLT1 upregulation. Moreover, 

ceftriaxone was capable of correcting the Purkinje cell activity in Glt1+/− mice, in further 

support of a specific effect on this target. In conclusion, the benefits of GLT1 upregulation 

in DMSXL neuroglial co-cultures and in mice demonstrate the role of defective neuroglial 

interactions in DM1 brain disease.

Inactivation of Glt1 causes lethal spontaneous seizures in KO mice, in association with 

selective hippocampal neurodegeneration, but no morphological changes in the cerebellum 

or signs of ataxia (Tanaka et al., 1997). Heterozygous Glt1+/− mice show a ~60% reduction 

in GLT1 protein levels, and like DMSXL mice, they exhibit abnormally high cerebellar fast 

oscillations, together with mild behavioral phenotypes in the absence of neurodegeneration 

(Kiryk et al., 2008). Altogether, our results suggest that partial inactivation of GLT1 

in DM1 is more likely associated with neuronal dysfunction than cell death. Broader 

neuronal hyperexcitability and dysfunction in DM1 beyond cerebellum is supported by 

the observation of GLT1 downregulation in multiple brain areas and by the increased 

susceptibility of DMSXL mice to pentylenetetrazol (PTZ)-induced seizures (Charizanis et 

al., 2012).

GLT1 is a highly regulated transporter, modulated by changes in RNA transcription, splicing 

and stability, post-translational modifications, and protein activity (Kim et al., 2011). 

MBNL1 inactivation alone decreased GLT1 transcripts and protein. In contrast, MBNL2 

inactivation alone did not affect GLT1 levels, maybe because of the compensating increase 

of MBNL1 protein levels (Batra et al., 2014; Goodwin et al., 2015; Mohan et al., 2014). It 

is conceivable that MBNL1, but not MBNL2, specifically regulates GLT1 expression in glial 

cells. In line with this view, the higher expression of MBNL1 in mouse primary astrocytes, 

when compared to mouse primary neurons, hints at a predominant role of MBNL1 in the 

regulation of glia-specific transcripts. Poly(A)-RNA sequencing revealed changes in the 

alternative polyadenylation of the GLT1 transcripts in the brain of DM1 and myotonic 

dystrophy type 2 (DM2) patients and in Mbnl double-KO mice (Goodwin et al., 2015). 

These data suggest that MBNL loss of function perturbs GLT1 polyadenylation, leading to 

altered levels of this glutamate transporter.

Deficits in GLT1 were reported in several neurological diseases, including Alzheimer’s 

disease, Huntington’s disease, ALS, and fragile X syndrome (Kim et al., 2011), but the 

underlying mechanisms and contribution to disease manifestations have not been fully 

resolved. As in our DM1 mouse model, GLT1 downregulation in mouse models of fragile 
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X syndrome is associated with enhanced neuronal excitability (Higashimori et al., 2013). In 

DM1, the downregulation of GLT1 and altered glutamate levels in adult patients (Takado et 

al., 2015) suggest an impairment of the glutamatergic system. Regulation of GLT1 activity 

and extracellular glutamate may improve the homeostasis and neurotransmission in DM1 

brains. Ceftriaxone, in particular, is well tolerated, permeable to the blood-brain barrier, and 

augments GLT1 promoter activity and glutamate uptake, but other small-molecule GLT1 

activators have been described (Kong et al., 2014).

The cerebellum controls motor coordination, skilled voluntary movements, posture, and 

gait. The implication of the cerebellum in DM1 neuropathology has not been sufficiently 

studied. However, imaging studies suggest cerebellar abnormalities: brain voxel-based 

morphometry revealed white matter decrease (Minnerop et al., 2011), while fMRI showed 

altered connectivity in cerebellar regions implicated in planning of movements and motor 

coordination (Serra et al., 2016). The frequency of stumbles and falls in DM1 is 10-fold 

higher than in healthy controls (Wiles et al., 2006). Several aspects of DM1 disease biology 

could lead to gait difficulties, among these the weakness of the leg muscles (Hammarén et 

al., 2014). However, because in these studies muscular impairment was often an inclusion 

criterion, the results are only generalizable to muscularly impaired DM1 individuals, 

excluding those that show gait affection without muscle weakness. A study demonstrated 

limited contribution of muscle weakness to gait abnormalities in DM1 and suggested a 

role for sensory deficits (Bachasson et al., 2016). In line with this view, altered brain 

connectivity has been associated with patients’ motor deficits (Toth et al., 2015). Adaptive 

cognitive strategies usually mitigate the risk of falls caused by muscle impairment, but 

they might be compromised in DM1 due to brain dysfunction. There is a need for clinical 

assessment of cerebellum deficits and their contribution to impaired balance and frequent 

stumbles and falls in DM1. The cerebellum may also participate in DM1 through non-motor 

functions. Cerebellar lesions can result in executive dysfunction, blunting or flattening of 

affect, constrictions in social interaction, and impaired spatial cognition (Schmahmann and 

Sherman, 1998). Defective Bergmann or Purkinje cell communication could mediate, at 

least partly, similar cognitive and behavioral deficits previously reported in DM1, but further 

studies are required.

In summary, our data provide insight into DM1 brain mechanisms and demonstrate how 

glial molecular abnormalities affect neuronal activity through neuroglial miscommunication. 

They open the route to the clinic, providing exciting therapeutic perspectives through the 

modulation of GLT1 levels and glutamate signaling. Therapies aiming to restore GLT1 

protein and glutamate neurotransmission could have applicability in DM1.

EXPERIMENTAL PROCEDURES

Transgenic Mice

All animal experiments were conducted according to the ARRIVE guidelines (Animal 

Research: Reporting In Vivo Experiments). This project has been conducted with the 

authorization for animal experimentation No. 75 003 in the animal facility with the approval 

No. B 91 228 107, both delivered by Prefecture de Police and the French Veterinary 

Department.
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Human Tissue Samples

Mouse cerebellum tissues were microdissected at different ages and stored at −80°C. 

Human cerebellum samples were collected from different laboratories: Dr. Yasuhiro 

Suzuki (Asahikawa Medical Center) and Dr. Tohru Matsuura (Okayama University). All 

experiments using human samples were approved by the ethics committees of the host 

institutions. Written informed-consent specimen use for research was obtained from all 

patients. Information relative to patients was previously described (Hernández-Hernández et 

al., 2013a) and is summarized in Tables S1 and S2.

Statistical Analysis

Statistical analyses were performed with Prism (GraphPad), SPSS (v.14.0, SPSS), Statistica 

(v.6.0, StatSoft), and/or Excel software. When two groups were compared, we first 

performed a normality test. Parametric data were compared using a two-tailed Student’s 

t test (with equal or unequal variance, as appropriate). Non-parametric data were compared 

using a two-tailed Mann-Whitney U test. For one-way ANOVA, if statistical significance 

was achieved, we performed post-test analysis to account for multiple comparisons. 

Statistical significance was set at p < 0.05. The data are presented as mean ± SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Bergmann glia show marked RNA toxicity in the cerebellum of DM1 mice 

and patients

• DM1 mice show reduced motor coordination associated with Purkinje cell 

hyperexcitability

• GLT1 is downregulated in astrocytes, causing glutamate neurotoxicity

• GLT1 upregulation rescues excitotoxicity, Purkinje firing, and motor 

coordination
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Figure 1. RNA Foci Accumulate in Cerebellar Bergmann Astrocytes and Deregulate Alternative 
Splicing
(A) FISH detection of RNA foci (red) and immunofluorescence of calbindin 1 (CALB1) and 

MBNL proteins (green) in mouse cerebellum. An example of a rare foci-positive Purkinje 

cell is shown in the bottom panel.

(B) Identification of cell types showing abundant nuclear RNA foci (red) in DMSXL 

cerebellum through immunodetection of NeuN, Fox1, Fox2, GFAP, or GLAST (green). 

DAPI was used for nuclear staining.

(C) Nested qRT-PCR of DMPK transgene expression (±SEM) in Purkinje cells and 

Bergmann astrocytes microdissected from DMSXL cerebellum (n = 3).

(D) Percent of spliced in (PSI) of alternative exon 7 of Mbnl1 and exon 5 of Mbnl2 
transcripts (±SEM). Purkinje cells and neighboring Bergmann glia were collected by laser 
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microdissection from DMSXL and wild-type (WT) mice (n = 3, each genotype). Three 

independent technical replicates were studied for each mouse. Representative analyses of 

alternative splicing by nested RT-PCR are shown.

PC, Purkinje cells; GL, granular layer; ML, molecular layer. The scale bar represents 10 μm.

*p < 0.05, **p < 0.01, ***p < 0.001; Mann-Whitney U test. See also Figure S1.
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Figure 2. Cerebellum Dysfunction in DMSXL Mice Revealed by Behavioral and 
Electrophysiological Phenotyping
(A) In vivo electrophysiological recordings of single spike (SS) frequency and rhythmicity 

index (RI) in 2-month-old alert DMSXL (n = 4) and WT mice (n = 3). Error bars represent 

the SEM. *p < 0.05, ***p < 0.001; Mann-Whitney U test.

(B) Representative fast LFP oscillation in the cerebellum of one DMSXL compared to WT 

control.

(C) Assessment of cerebellum-dependent motor-coordination of DMSXL (n = 20) and WT 

controls (n = 21), at 3–4 months in the runway test over 5 consecutive days (days 1–5). 

The graph represents the average number of hind leg slips per trial (±SEM) (*p < 0.05, 

**p < 0.01; two-way ANOVA). Learning was assessed by the number of slips at day 5 

relative to day 1 (##p < 0.01; two-way ANOVA). Retention of the task was assessed at day 

26, following a period of 3 weeks without testing, relative to day 1 (§§p < 0.01; two-way 

ANOVA).

See also Figure S2.
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Figure 3. GLT1 Downregulation in DMSXL Cerebellum
(A) Isobaric tag for relative and absolute quantification (iTRAQ) analysis of whole cell 

protein fractions collected from the cerebellum of 2-month-old DMSXL mice and WT 

littermates (n = 4, each genotype). Pie charts indicate the percentage of altered proteins in 

the cellular components and biological processes showing the highest significant enrichment 

in the proteomics expression data.

(B) Quantitative proteomics analysis of the membrane-bound proteins from the cerebellum 

of 2-month-old DMSXL mice and WT littermates (n = 2, each genotype). Pie charts indicate 

the percentage of altered membrane proteins in the biological processes showing the highest 

significant enrichment.

(C) Western blot quantification of GLT1 protein levels in the cerebellum of DMSXL and 

WT mice (n = 4, each genotype) at 2 months of age. β-actin was used as loading control.

(D) Western blot detection of GLT1 in cytosolic and membrane protein fractions of DMSXL 

and WT cerebellum at 2 months of age (n = 2, each genotype). GAPDH and PSD95 
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confirmed cytosolic and membrane protein enrichment, respectively. Total protein was 

visualized by stain-free protocols and used as loading control.

(E) Uptake of radioactive glutamate by WT and DMSXL astrocytes: under control 

conditions, following DMSXL transfection with GLT1-expressing plasmids, or upon 

selective inhibition of GLT1 (WAY213623), GLAST (UCPH 101), or both (TBOA) (n = 

3, each group).

Errors bars represent the SEM. *p < 0.05; Mann-Whitney U test. See also Figure S3.
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Figure 4. Analysis of RNA Foci Accumulation and GLT1 Downregulation in Human DM1 
Cerebellum
(A) FISH of RNA foci (red) combined with immunofluorescence detection of CALB1 

and MBNL proteins (green) in post-mortem brains from adult DM1 patients. Some rare 

and small RNA foci were detected in human Purkinje cells but were not associated with 

pronounced sequestration of MBNL proteins.

(B) FISH of RNA foci (red) and protein markers (green) of different cerebellar cell 

populations near Purkinje cells.

(C) Western blot quantification of GLT1 in DM1 cerebellum (n = 7) relative to non-DM 

controls (n = 4). β-actin was used as loading control.

The scale bar represents 10 μm. Error bars represent the SEM. *p < 0.05; Mann-Whitney U 

test. See also Figure S4.
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Figure 5. Transcriptional GLT1 Downregulation Is Mediated by MBNL1 Inactivation
(A) Quantification of GLT1 transcripts (±SEM) in the cerebellum and frontal cortex of DM1 

patients showing the most pronounced protein decrease (n = 5) relative to non-DM controls 

(n = 4).

(B) Quantification of GLT1 transcripts in human T98G glial cells transfected with expanded 

DMPK constructs containing 960 interrupted CTG repeats (DT960) relative to no-repeat 

(DMPKS) and mock transfected controls.

(C) Quantification of GLT1 mRNA following MBNL1 and/or MBNL2 knockdown in T98G 

cells.

(D) Western blot quantification of GLT1 protein levels in 2- to 4-month-old Mbnl1 KO, 

Mbnl2 KO, in Mbnl1/Mbnl2 double-KO mice (DKO) relative to WT littermates (n = 3, 

each genotype). Representative western blot membranes of at least three technical replicates. 

Total protein was visualized by stain-free protocols and used as loading control.

(E) Quantification of GLT1 mRNA in T98G cells overexpressing CELF1 or CELF2.

Data are represented as the mean (±SEM) of three independent experiments in (B), (C), and 

(E). *p < 0.05, **p < 0.01; Mann-Whitney U test in (A) and (D), one-way ANOVA in (B) 

and (C); n.s., not statistically significant. See also Figure S5.
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Figure 6. Neuronal Glutamate Toxicity in Mixed Cultures of Neurons and Astrocytes
(A) Representative images of WT neurite collapse co-cultured with WT and DMSXL 

astrocytes. Glutamate (50 μM) was added to the medium at t = 0 hr, and neurite length 

was monitored by the expression of fluorescent red mKate2 protein under the control of the 

neuron-specific synapsin-1 promoter. The scale bar represents 200 μm.

(B) Rate of glutamate-induced neurite collapse of WT and DMSXL primary neurons, 

cultured with WT or DMSXL astrocytes. (+)-MK 801 (NMDA receptor antagonist) 

and CNQX (AMPA receptor antagonist) were added to block glutamate receptors (n 

= 4 independent co-cultures, each mixed genotype combination). The graph shows the 

quantification of three independent experiments (±SEM).

(C) Representative western blot of GRIN1 (NMDA receptor subunit) and GRIA2 (AMPA 

receptor subunit) in mixed neuroglial cultures (n = 3 independent mixed cultures). Data are 

represented as the mean (±SEM). Total protein was visualized by stain-free protocols and 

used as loading control.

(D) Rate of glutamate-induced neurite collapse of WT and DMSXL neurons. Mouse primary 

neurons were cultured with WT astrocytes, control DMSXL astrocytes, DMSXL astrocytes 

transfected with GLT1, or DMSXL astrocytes treated with 10 μM ceftriaxone (CEF) (n = 4 

independent co-cultures, each combination).
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Error bars represent the SEM. *p < 0.05, **p < 0.01, ***p < 0.001; one way-ANOVA; n.s., 

not statistically significant. See also Figure S6.
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Figure 7. Rescuing of DMSXL Cerebellum Phenotype following GLT1 Upregulation by 
Ceftriaxone
(A) Representative profiles of LFP oscillations recorded over 690 min in the Purkinje cell 

layer of a Glt1+/− mouse and a WT control.

(B) Representative profiles of LFP oscillations recorded over 690 min in DMSXL mice 

before and following ceftriaxone injection.

(C) The power peak of the LFP oscillation (±SEM) was calculated by fast Fourier transform 

(FFT) analysis in Glt1+/− mice (n = 4) and WT controls (n = 3). Glt1+/− LFP oscillations 

were assessed before and following ceftriaxone injection. ***p < 0.001; one-way ANOVA.

(D) Effect of ceftriaxone on the power peak of the LFP oscillation (±SEM) in DMSXL mice 

(n = 5). Control DMSXL mice were injected with PBS (n = 4). Non-injected WT mice are 

shown as controls (n = 3). ***p < 0.001; one-way ANOVA; n.s., not statistically significant.
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(E) Runway assessment of motor coordination of DMSXL mice injected with ceftriaxone 

relative to control DMSXL animals injected with PBS (n = 9, each group; *p < 0.001, ***p 

< 0.001; two-way ANOVA). The graphs represent the mean number of hind leg slips per 

trial (±SEM). Ceftriaxone-treated animals were compared with non-treated WT controls (n 

= 9; ###p < 0.001 at day 1; two-way ANOVA). DMSXL mice injected with PBS performed 

consistently worse than WT controls throughout the entire test (§p < 0.05, §§§p < 0.001; 

two-way ANOVA). Mice were studied at 2 months of age.

See also Figure S7.
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