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Neurobiology of Disease

Deletion of Astroglial Dicer Causes Non-Cell-Autonomous
Neuronal Dysfunction and Degeneration
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The endoribonuclease, Dicer, is indispensable for generating the majority of mature microRNAs (miRNAs), which are posttranscrip-
tional regulators of gene expression involved in a wide range of developmental and pathological processes in the mammalian CNS.
Although functions of Dicer-dependent miRNA pathways in neurons and oligodendrocytes have been extensively investigated, little is
known about the role of Dicer in astrocytes. Here, we report the effect of Cre-loxP-mediated conditional deletion of Dicer selectively from
postnatal astroglia on brain development. Dicer-deficient mice exhibited normal motor development and neurological morphology
before postnatal week 5. Thereafter, mutant mice invariably developed a rapidly fulminant neurological decline characterized by ataxia,
severe progressive cerebellar degeneration, seizures, uncontrollable movements, and premature death by postnatal week 9-10. Inte-
grated transcription profiling, histological, and functional analyses of cerebella showed that deletion of Dicer in cerebellar astrocytes
altered the transcriptome of astrocytes to be more similar to an immature or reactive-like state before the onset of neurological symptoms
or morphological changes. As a result, critical and mature astrocytic functions including glutamate uptake and antioxidant pathways
were substantially impaired, leading to massive apoptosis of cerebellar granule cells and degeneration of Purkinje cells. Collectively, our
study demonstrates the critical involvement of Dicer in normal astrocyte maturation and maintenance. Our findings also reveal non-cell-
autonomous roles of astrocytic Dicer-dependent pathways in regulating proper neuronal functions and implicate that loss of or dysregu-

lation of astrocytic Dicer-dependent pathways may be involved in neurodegeneration and other neurological disorders.

Introduction

Astrocytes are crucial for many developmental and physiological
functions in the CNS (Barres, 2008; Freeman, 2010). They are
essential for promoting neuronal synaptogenesis (Christopher-
son et al., 2005; Eroglu et al., 2009) and have direct local contacts
with neuronal synapses (Bushong et al., 2002). Astrocytes can be
activated to release gliotransmitters, including glutamate, GABA,
acetylcholine, ATP, adenosine, D-serine, etc. (Halassa and
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Haydon, 2010). Astrocytes also actively uptake and recycle
spilled-over neurotransmitters and maintain ionic balance in the
extracellular space (Oliet et al., 2001) and can function as bridg-
ing units connecting nearby neurons, endothelial cells, and other
glial cells. A growing body of evidence indicates that neuron—glia
interactions may contribute to neurological disorders and neu-
rodegeneration, including ischemia, glioma, amyotrophic lateral
sclerosis (ALS), AIDS-related neuropathology [for review, see
Volterra and Meldolesi (2005) and Sofroniew and Vinters
(2010)]. In response to many CNS pathological conditions, as-
trocytes may become reactive with hallmarks of upregulation of
intermediate filament proteins such as glial fibrillary acidic pro-
tein (Gfap) and Vimentin. Reactive astrocytes may provide neu-
roprotective effects in the early stage of the injury, whereas at a
later stage the formation of glial scar inhibits CNS regeneration
(Sofroniew, 2009).

miRNAs are endogenous noncoding RNAs that regulate gene
expression in a sequence-specific manner by either mRNA cleav-
age or translational repression (Bartel, 2004; He and Hannon,
2004; Rana, 2007). Transcribed nascent pri-miRNAs are pro-
cessed by Drosha and Dicer in a stepwise manner to produce
mature miRNAs (Hutvégner et al., 2001; Lee et al., 2003). The
RNase I1I endoribonuclease Dicer is essential for the majority of
mature miRNA biogenesis. Dicer deletion in early embryonic
neuroepithelial cells results in dramatic impairment of neural
lineage differentiation (Davis et al., 2008; De Pietri Tonelli et al.,
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2008). Ablation of Dicer in postmitotic neurons results in neuro-
nal dysfunction or apoptosis (Kim et al., 2007; Schaefer et al.,
2007). Importantly, dysregulation of miRNAs is implicated in
neurological disorders (Saba and Schratt, 2010; Wu et al., 2010).
Dicer is also found to be an important regulator of oligodendro-
cyte differentiation (Shin et al., 2009; Dugas et al., 2010; Zhao et
al., 2010). However, the role of Dicer-dependent pathways in
astrocytes is yet to be revealed.

By using two transgenic mouse lines in which cre recombinase
expression was controlled by a mouse Gfap gene regulatory se-
quence, which turned on primarily postnatally in the CNS, we de-
vised mouse models in which floxed Dicer alleles were disrupted in
astroglia. Here we report that loss of Dicer in astroglia leads to ataxia,
cerebellar degeneration, seizures, and premature death. In this study,
we focused on the cerebellum, where dramatic neurodegeneration
occurred. We found that before the onset of neurological symptoms,
Dicer-deficient mature astroglial transcriptome was altered to re-
semble an immature or reactive state with important mature astro-
glial functional genes downregulated and immature/developing
astrocytic genes upregulated, thereby contributing to excitotoxicity
and neurological dysfunction.

Materials and Methods

Generation and characterization of mGFAP-Cre;Dicer mice. Mice
were maintained in a 12 h light/dark cycle under standard conditions at
the animal facility at the University of California, Los Angeles (UCLA).
Experiments were conducted in accordance of protocols approved by the
UCLA Office for Protection of Research Subjects. mGfap-Cre transgenic
mice line 73.12, line 77.6, and Rosa 26-LacZ mice were provided by M. V.
Sofroniew (UCLA). Dicer"*1°* mice (Cobb et al., 2005) were kindly
provided by S. T. Smale (UCLA) and M. Merkenschlager (Imperial Col-
lege London).

Genomic DNA PCR. Brain tissues or cells were lysed in DNA lysis
buffer (100 mm Tris-Cl, pH 8.1, 200 mm NaCl, 5 mm EDTA, 0.2% SDS)
with proteinase K. Genomic DNA were extracted and subjected to PCR.
Primers used to discriminate floxed and deleted Dicer alleles are listed
below, and the numbers refer to position downstream of start codon.
28290: AGTAATGTGAGCAATAGTCCCAG; 31831: AGTGTAGCCT-
TAGCCATTTGC; 32050 AS: CTGGTGGCTTGAGGACAAGAC; WT
allele (259 bp product): 31831 and 32050AS; floxed allele (390 bp prod-
uct): 31831 and 32050AS; deleted allele (309 bp product): 28290 and
32050AS.

Behavioral analysis. The motor function and balance of seven control
male mice and six mutant male mice were measured by rotarod task at an
initial speed of 4 rpm, accelerating up to 40 rpm. The time (in seconds) taken
for the mice to fall from the rod was measured. Mice were trained for 2-3 d
with three trials per day before testing at postnatal week 5 and week 7. Foot-
print patterns were obtained by dipping the front paws into nontoxic red
paint and the hindpaws into nontoxic green paint and placing mice on top of
a piece of white paper at the end of a tunnel. Repeated-measures two-way
ANOVA or paired £ test was used for statistical analysis.

Western blot analysis. Whole-cell lysates were prepared using SDS lysis
buffer (1% SDS, 10 mm EDTA, 50 mm Tris-HCI, pH 8.1) supplemented
with protease inhibitor cocktails (Roche), 1 mm PMSF, and 1 mm DTT.
The lysates were immediately pulse sonicated using a microtip (Branson
sonifier 450) to break the viscosity caused by chromatin released during
the process. Protein concentrations were measured using the BCA Pro-
tein Assay Kit (Pierce). The lysates were loaded with SDS sample buffer
and size-separated with 12% SDS-PAGE. Primary antibodies used were
as follows: GLT-1 (Millipore Bioscience Research Reagents), GLAST
(Millipore Bioscience Research Reagents), and B actin (Sigma). Second-
ary goat anti-mouse or anti-rabbit IgG-horseradish antibodies (Calbio-
chem) were used, and detection was performed using the ECL Plus
chemiluminescence system (PerkinElmer) on X-Omat Blue films
(Kodak). Densitometry analysis was done with Quantity One (Bio-rad).

Immunohistochemistry of tissue sections. Frozen or floating tissue sections
were prepared from 4% paraformaldehyde-fixed brains. Fluorescence im-
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munohistochemistry was performed using secondary antibodies. Pri-
mary antibodies used were mouse anti-NeuN (Millipore Bioscience
Research Reagents); rabbit anti-Gfap (Accurate); mouse anti-Gfap
(Sigma); chicken anti--galactosidase (Abcam); mouse anti-S100/3 (Sigma);
rabbit anti-calbindin (Cell Signaling Technology). Stained sections were ex-
amined and photographed using fluorescence microscopy (Zeiss) and scan-
ning confocal laser microscopy (Leica).

TUNEL assay. Frozen sections of 10 um thickness were used for
TUNEL assay following the manufacturer’s instructions (Roche).

Golgi staining. Adult mouse brains were quickly dissected out and used
for Golgi staining with FD Rapid GolgiStain kit following the manufac-
turer’s instructions (FD Neuro Technologies).

Glutamate uptake assay. Glutamate uptake assays were performed as
previously described (Liévens et al., 2001). Cerebella were rapidly dis-
sected out at 4° from control and mutant animals, immediately homog-
enized in a 0.32 M isotonic sucrose solution, and diluted 1/80 (w/v) in a
Tris-buffered sodium-free physiological medium (16.2 mm Tris, 0.38 M
sucrose, 10 mum glucose, 5 mm KCl, 1.2 mm CaCl,, and 1.2 mm MgSO,,, pH
7.4). After centrifugation at 10,000 rpm for 10 min, the supernatants
were discarded and the pellet was resuspended in twice the initial volume
of physiological medium (final dilution 1/160 (w/v)) and kept on ice.
One micromolar 1-[ *H]GLU (GE Healthcare Pharmacia Biotech) was
preincubated with 80 ul of the physiological medium in which the su-
crose has been replaced by 140 mm NacCl, 1.2 mm NaH,PO,/Na,HPO, at
25° for 5 min. The uptake assays started by adding 20 ul aliquots of the
synaptosomes. The suspension was incubated at 25°C for 2 min and the
reaction was stopped on ice. Excessive nonincorporated radio-labeled
glutamate was removed by centrifugation at 10,000 rpm for 5 min. The
pellet was washed with 400 ul of the sodium-free physiological medium
followed by centrifugation at 10,000 rpm for 5 min. The pellet was dis-
solved by lysis buffer and the radioactivity was assessed by liquid scintil-
lation count (Beckman). The blank values were obtained from samples
incubated in sodium-free medium. Protein concentrations were deter-
mined by BCA assay (Pierce). The radioactivity readouts were normal-
ized to their corresponding protein concentrations.

Gene expression microarrays. Total RNA was extracted from four
independent pairs of cerebella from postnatal day 30 (P30) control
and mutant mice of either sex using Trizol (Invitrogen). Two-color gene
expression microarrays (Agilent) were used to directly compare relative
changes in mRNA expression levels between wild-type and mutant cer-
ebella. Five hundred nanograms of total RNA were labeled with Cy3- or
Cy5-CTP using the Agilent Low RNA Input Fluorescent Linear Amplifi-
cation Kit. After labeling and cRNA purification (Qiagen), cRNA was
quantified using the NanoDrop spectrophotometer (Agilent). Eight
hundred twenty-five nanograms of Cy3- or Cy5-labeled cRNA were
combined and hybridized to the Agilent 4X44K whole mouse genome
microarray (G4122F, ~44,000 probes per array) for 17 h at 65°C (10
rpm). Four replicate experiments using samples derived from four pairs
of littermate mice were performed with a dye-swap experimental design.
Data were collected using Agilent microarray scanner and extracted us-
ing Feature Extraction 9.5 software (Agilent).

For identification of differentially expressed genes, we used NIA array
analysis tool (http://lgsun.grc.nia.nih.gov/ANOVA). Of all the probes
present on the microarray, signal intensity of redundant probes was av-
eraged before analysis. The following parameters were used for analyzing
statistically significant differential expression: threshold z-value to re-
move outliers: 10,000; error model: max (average, Bayesian); error vari-
ance averaging window: 200; proportion of highest error variances to be
removed: 0.05; Bayesian degrees of freedom: 10; false discovery rate
(FDR) threshold: 0.05.

For clustering and heat map display, Lowess-normalized signal inten-
sity was log2 transformed and median centered. Heat maps were gener-
ated using Cluster3 and Java Treeview.

The transcription profiling data has been deposited in the NCBI Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) and is
accessible through GEO Series accession number GSE28589.

RNA isolation and quantitative real-time RT-PCR. Total RNA was iso-
lated using Trizol (Invitrogen). After Turbo DNase (Ambion) treatment,
1 ug of total RNA was used for cDNA synthesis using Superscript III
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(Invitrogen) following manufacturer’s recommendations. Real-time PCR
was performed in an iCycler using iQ SYBR Green Supermix (Bio-Rad).
PCR efficiency and specificity of each primer pair was examined by stan-
dard curve of serially diluted cDNA and melting curve functionality,
respectively. Fold change was calculated based on 2 ~44¢" method after
normalization to the transcript level of housekeeping gene Gapdh.
Primer sequences used in the real-time RT-PCR are as follows. Tnc for-
ward: tggagtacgagctgceatgac; Trc reverse: aaacttggtggcgatggtag; Thbs2 for-
ward: acgagtttgggtctgtggac; Thbs2 reverse: tcccagtaggtetgggtcac; Adamtsl
forward: gataatggacacggggaatg; Adamtsl reverse: gcagtgcttggattectcte;
Vimentin forward: ccagagaccccagegctect; Vimentin reverse: gecggagecac-
cgaacatcc; Tgfb3 forward: cccaaccccagcetccaageg; Tgfb3 reverse: cctcaa-
cagccactcgegea; Agp4 forward: atcatgggegctgtgctgge; Agp4 reverse:
getgegeggctttgetgaag; Daol forward: cggectcaggtecggcetaga; Daol reverse:
aggttggeegectecattge; Gstm3 forward: tctgeactgtggeteecggt; Gstm3 re-
verse: gctgtgaggttgggtctggge; GLAST forward: gecctccgaccgtataaaat;
GLAST reverse: gccattcctgtgacgagact; GLT-1 forward: ccaagctga-
tggtggagtttc; GLT-1 reverse: gtccttgatggcgatgatct; Gapdh forward:
ctgagtatgtcgtggagtctactgg; Gapdh reverse: gtcatattctcgtggttcacacc.

Slice preparation for electrophysiology. Adult P35-P40 mice (presymp-
tomatic or early symptomatic stage) were anesthetized with halothane
and decapitated according to a protocol approved by the UCLA Chan-
cellor’s Animal Research Committee. The brains were removed and
placed in ice-cold artificial CSF (aCSF, 126 mm NaCl, 2.5 mm KCl, 2 mm
CaCl,, 2 mm MgCl,, 1.25 mm NaH,PO,, 26 mm NaHCO;, and 10 mm
p-glucose, pH 7.3-7.4 when bubbled with 95% O, and 5% CO,). Sagittal
cerebellar sections (350 wm thick) were cut with a Leica VT1000S Vi-
bratome in aCSF containing 3 mm kynurenic acid (Sigma) and placed
into a submerged chamber at 32°C.

Electrophysiological recording. For whole-cell recordings, slices were
transferred to a submerged recording chamber and perfused (4-5 ml/
min) at 31-33°C with 95% O, and 5% CO, saturated aCSF. Cerebellar
granule cells were visually identified by IR-DIC videomicroscopy (cus-
tom-made; 40 X water-immersion objective) and recorded with an Axo-
patch 200B amplifier (Molecular Devices). For measurement of NMDA
receptor-mediated tonic currents, b-AP5 was injected into bath (final
concentration >50 uM) after reaching the stable baseline for 5 min.
Series resistance and whole-cell capacitance were estimated and compen-
sated to 70—80% (lag 10 ws). Recordings were discontinued if series
resistance increased by >25%.

Data acquisition and analyses. All recordings were low-pass filtered at 3
kHz and digitized on-line at 10 Hz using a PCI-MIO 16E-4 data acqui-
sition board (National Instruments). Tonic current measurement was
determined as described previously (Glykys and Mody, 2007). Detection
and analyses were performed using custom-written LabView-based soft-
ware (EVAN). All data are shown as mean * SEM. Statistical analysis was
performed by Student’s ¢ test. Significance was set to p < 0.05. We used
bootstrap statistics to compare the potentiation (expressed as fold of
baseline) of the tonic NMDA receptor-mediated current by the gluta-
mate uptake blocker TBOA. This was necessary because the full measure-
ment of the tonic current under three different experimental conditions
(control, TBOA, and AP5) in the same cell proved to be technically
challenging due to the large tonic current induced by TBOA. Therefore,
measurements of the tonic NMDA current (AP5-sensitive component of
the holding current) were done by subtracting the holding current in the
presence of AP5 from that before its perfusion. This current was con-
verted to conductance and was normalized to cell capacitance. The values
were (in siemens per ampere; mean + SEM) as follows: WT: 50.8 + 9.5
(n = 7), mutant (Mut): 262.1 + 31.1 (n = 7). In another set of record-
ings, the increase in holding current produced perfusion of TBOA was
measured, and it was assumed that it represented the additional NMDA
current following blockade of glutamate uptake. Other glutamate recep-
tors were unlikely to participate in this current as they were either desen-
sitized or inwardly rectifying at the holding potential (+30 mV). The
recorded currents were also converted to conductance and normalized
to cell capacitance. The obtained values were (in siemens per ampere;
mean + SEM) as follows: WT: 776.0 + 68.5 (n = 7), Mut: 633.1 + 70.6
(n = 8). The bootstrap statistics for each group (WT and Mut) were
calculated as follows. A7 X 7and a 7 X 8 table were generated from the
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WT and Mut data, respectively. In each row, the 7 [control (Con)] or 8
(Mut) TBOA values were added to one of the 7 tonic NMDA current
values to yield the total of all possible combinations of 49 (Con) and 56
(Mut) summed values. These summed were considered the total NMDA
receptor-mediated tonic current (baseline + TBOA) in the presence of
TBOA. Then 7 (Con) and 8 (Mut) values were selected at random from this
table and were each divided by a randomly selected basal NMDA current
value to yield 7 (Con) and 8 (Mut) (basal+TBOA)/basal ratios, which rep-
resented the fold potentiation by TBOA. The average value of these 7 (Con)
or 8 (Mut) ratios was calculated. The procedure was repeated 1103 times,
yielding as many average ratios. These ratios were then plotted as frequency
histograms to yield the average bootstrap TBOA potentiation ratios (Con:
20.08 and Mut: 3.94) and the 95% confidence levels.

Results

mGfap-Cre transgenic lines target astroglia in cerebellum
Glial fibrillary acidic protein (Gfap) is a widely used marker for
astroglia. In the most commonly used 2.2 kb human GFAP
promoter-driven cre transgenic mouse line (hGFAP-cre), cre ac-
tivity turns on in embryonic multipotent neural precursor cells
(Zhuoetal.,2001) as early as embryonic day 13.5 (E13.5), thereby
leading to widespread lacZ reporter expression in neurons and
astroglia throughout the brain of hGFAP-cre;Rosa26-LacZ re-
porter mouse. In search for a more astroglial lineage-restricted
transgenic mouse line, we characterized two independent lines
[line B6.Cg-Tg (Gfap-cre)73.12Mvs/] (mGfap-cre 73.12) and line
B6.Cg-Tg(Gfap-cre)77.6Mvs/] (mGfap-cre 77.6 )], in which cre re-
combinase expression was driven by the 15 kb mouse Gfap gene
regulatory sequence. Previous studies using single-cell evalua-
tions of reporter gene expression have shown that cre activity in
line 73.12 mice was present in postnatal astrocytes throughout
the CNS, as well as in adult neural stem/progenitor cells localized
in subventricular zone (SVZ) and subgranular zone (SGZ) (Gar-
cia et al., 2004; Herrmann et al., 2008). In line 77.6, cre recombi-
nase activity was also targeted to postnatal astrocytes throughout
the CNS, and a subpopulation of adult neural stem/progenitor
cells in SVZ, but to a much lesser extent in SGZ (Gregorian et al.,
2009) and not to nonastrocytes in other CNS regions (unpub-
lished observations, M. V. Sofroniew).

To further examine expression patterns of mGfap-driven Cre
recombinase, both transgenic lines were crossed with a reporter
line in which expression of 3-galactosidase ([3-gal) protein was
under the regulation of an ubiquitous promoter (Rosa-26) that
contained a loxP-flanked stop sequence (Fig. 1A). As expected,
while 3-gal expression was detected in astrocytes throughout the
CNS as well as in small populations of neurons in olfactory bulb
and hippocampus that are derived from Gfap-expressing adult
neural/stem progenitors, cerebellum was among the most densely
labeled brain regions with -gal expression mostly restricted to
astrocytes. In the cerebellum, cre was first activated in line 73.12
at ~P4 and was first detected in line 77.6 at ~P7. As B-gal stain-
ing of P35 mouse cerebella showed, in line 77.6, the vast majority
oflabeled cells were Bergmann glia and inner granule layer (IGL)
astrocytes that were also positive for Aldh1l1, another astroglial
marker (Cahoy et al., 2008; Yang et al., 2011) (Fig. 1B,D). No
NeuN-positive IGL granule neurons or calbindin-positive Pur-
kinje neurons expressed B-gal at any time point examined in line
77.6 (Fig. 1D). In line 73.12, besides Bergmann glia and IGL
astrocytes, there was a very small fraction (1-5%) of granule neu-
rons expressing 3-gal, which were possibly derived from postna-
tal neuronal progenitors that transiently expressed cre (Fig. 1 D).
No Purkinje neurons expressed reporter protein in line 73.12 at
any time point examined. Therefore, in contrast to the com-
monly used hGFAP-cre line, activation of mGfap-cre was largely
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Figure 1.  In cerebella, mGfap-cre transgenic lines mainly target postnatal astroglial cells. A, A schematic of lineage tracing using mGfap-cre transgenic mice crossing with Rosa26-LacZ reporter
line. B, C, Bright-field immunohistochemistry DAB stainings of the reporter protein 3-gal in P35 mGfap-cre; Rosa26-LacZ mice cerebella showed that Bergmann glia and IGL astrocytes were
positively labeled (B for line 77.6 and Cfor line 73.12). ML, Molecular layer. D, Representative confocal images of colabeling of reporter protein 3-gal and astroglial marker Aldh1L1, neuronal marker
NeuN, or Purkinje cell marker Calbindin in cerebellum. Scale bars, 50 m. 3-gal colocalized well with Aldh1L1 and there was no colocalization of 3-gal and Calbindin. There was no colocalization
of 3-gal and NeuN in line 77.6. The ratio of 3-gal+NeuN-+/NeuN+ inline 73.12 was calculated to be ~1-5% from multiple confocal pictures. The white arrows indicate colocalization of 3-gal
and NeuN in line 73.12.
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were crossbred with mGfap-cre (both 77.6 e ol e
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born with normal Mendelian ratios. § 401 & :: % 112 806
Genomic DNA PCR with whole cerebella & 20 b 205 2oe
at presymptomatic/early symptomatic 0t T %
stage showed a small percentage of deleted R e
Dicer " allele, which was consistent with
the fact that the cerebellum harbored nu-  Figure2.  Dicer™" mGfap-cre mutant mice developed ataxia. 4, A schematic of crossing mGfap-cre transgenic mice

merous granule neurons, and that astroglia
were not the major population in the cere-
bellum (Fig. 2B). Using in vitro cultured
neurospheres isolated from postnatal SVZ
of mutant mice, where Dicer was looped out
in majority of the cells, as a positive control
for the genomic PCR, we confirmed that ge-
netic deletion of Dicer floxed alleles did oc-
cur in the cerebellum (Fig. 2B). During
these experiments, we noted both prolifera-
tion and differentiation deficits in Dicer-deficient SVZ adult progen-
itor cells that will be of interest for future investigations
(unpublished observations, J. Tao and Y. E. Sun).

Mutant mice grew normally for the first 5 weeks postnatally,
but around postnatal week 7-8, they started to exhibit noticeable
wobbly, imbalanced gait. Rotarod training and testing at postnatal 5
week showed a slightly weaker trend of performance by mutant mice
as compared to their littermate controls, whereas at postnatal week 7,
mutant mice displayed severe impairment in motor function and
balance (Fig. 2C). The footprint assay also confirmed an ataxic walk-
ing pattern of mutant mice at week 7 with increased hindpaw dis-
tances and poor overlaps of front and hindpaws (Fig. 2D).
Moreover, the mutant mice exhibited spontaneous epileptic seizures
around postnatal week 8 and 9 characterized by uncontrollable
movements, Straub tail, and maintained opisthotonos, possibly due
to the loss of Dicer in hippocampal subgranular zone neural progen-
itors, hippocampal, and/or cortical astrocytes. With rapidly aggra-
vating locomotor problems and prolonged seizures, the mutant
mice became immobile and became moribund between postnatal
weeks 8 and 9. Both 73.12 and 77.6 line mutants exhibited ataxia and
epilepsy phenotypes and showed very steep survival curves (Fig. 2 E).
Line 77.6 mutants survived on average 12 d longer than line 73.12
mutants, possibly due to the fact that fewer hippocampal neurons
were targeted in line 77.6 compared to line 73.12, thereby leading to
a later onset of epilepsy. Mutant mice typically reached the late
symptomatic stage (or end-stage) very quickly with an average of
12 d after the onset of symptoms. End-stage mutant mice also
showed slight weight loss and poor grooming.

with Dicer'™"* line. B, Genomic DNA PCR showed the ratio of Dicer ** allele (390 bp), Dicer ® allele (309 bp), and wild-type allele
(259 bp). DNA samples were extracted either from whole cerebella or in vitro cultured neurospheres derived from SVZ neural
progenitor cells. C, Rotarod tests at postnatal day 35 showed a slightly weaker performance of mutant mice compared to control
mice and same test repeated at postnatal day 50 showed dramatically worsened performance of mutant mice compared to control
mice. N = 7 for control, N = 6 for mutant, **p = 0.004, two-tailed t test. D, Footprint assay at postnatal week 7 showed ataxic
gaits in mutant mice: distance between two hindpaws increased and the overlaps between front and hindpaws of the same side
were poor. Red paint, Front paws; green paint, hindpaws. N = 2 pairs. p << 0.0001 for hind base distance, p = 0.0004 for overlap,
two-tailed t test. E, The Kaplan—Meier survival curves of control and mutant mice. Median survival days are 56 d for 73.12 line
(mutant N = 19, control N = 20) and 68 d for 77.6 line (mutant N = 17, control N = 17).

mGfap-cre; Dicer™°* mutant mice had cerebellum
degeneration

The brains of end-stage mGfap-cre; Dicer"**** mutant mice were
grossly normal in size and morphology, but cerebella were se-
verely degenerated with blurred fissures (Fig. 3A). We therefore
focused our investigation on the cerebellum for the present study.
To discriminate whether the degeneration phenotype that we
observed was a cerebellar developmental deficit or a degenerative
process that occurred after development had completed, we per-
formed time course Nissl stainings with P7, P15, and P30 control
and mutant littermates. It was evident that mGfap-cre; Dicer**
mutant mice had structurally normal cerebellar development and
cellular layers were established properly by P30 before the onset
of motor symptoms (Fig. 3B). Therefore, in contrast to the early
developmental defects of cerebella (e.g., reduction in cerebellar
size, loss of granule cells, and disrupted cellular layers) caused by
the ablation of Gfap-positive astrocytes during the first postnatal
week using hGfap-HSV-TK transgenic mice (Delaney et al.,
1996), the degeneration process in mature mGfap-cre; Dicer
mice was not simply due to a lack of astrocytes at early postnatal
developmental stages.

In end-stage (P62 for 73.12 line and P70 for 77.6 line) mutant
cerebella, Nissl staining showed that IGL cell density was dramat-
ically decreased, although cerebellar layers and lobes developed
normally early on (Fig. 3C). To determine whether there was any
cellloss at the time of the onset of neurological symptoms, symp-
tomatic mutant mice (P55-P60) cerebellar sections were stained
with cresyl violet. The presence of massive, dark condensed nu-
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Figure3.  Dicer™”™: mGfap-cre mutant mice had normal cerebellar development but around postnatal week 8 -9, they had granule cell apoptosis and Purkinje cell dendrite degeneration. 4,
Compared to control mice, end-stage mutant mice brains showed cerebellar degeneration despite grossly normal morphology of other brain regions (observed with 100% penetrance). B, Nissl
stainings of P7, P15, and P30 control and mutant littermate mice cerebella showed normal cerebellar development (N = 3 for each age). C, Nissl stainings of end-stage mutant cerebella showed
severe cell loss (V> 10). D, Nissl stainings of late-stage symptomatic mutant mice showed massive condensed nuclei in cerebellar IGL (N = 4). Scale bar, 100 m. E, TUNEL assays of symptomatic
stage mutant mice brains showed massive |GL cells undergoing apoptosis (VN = 4). F, A representative orthogonal image showed three-dimensional analysis of individual cells that were positive for
both TUNEL and NeuN. Scale bar, 10 wm. G, Electron microscopy pictures showed that in late symptomatic stage mutant cerebella, granule cells became condensed and darkened as marked by
arrows. Scale bar, 321 nm. N = 2. H, Calbindin stainings of Purkinje cell bodies and dendrites of symptomatic stage mutant and control cerebella (V = 3). Scale bar, 50 m. /, Golgi stainings showed
markedly reduced dendritic arborization of Purkinje cell in late symptomatic stage mutant cerebellum. Scale bar, 100 um. N = 2. J, Representative electron microscopy pictures showed that
compared to control littermate, late symptomatic stage mutant Purkinje cell dendrites (marked as PD) had increased electron density and surrounding Bergmann glia (marked by arrow) showed

swollen cytoplasm with very low electron density. Scale bar, 321 nm. N = 2.
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Astroglial morphological changes occurred before neurological symptoms. 4, Gfap DAB stainings showed no difference at early postnatal stages (P15) and the earliest morphological

changes were observed at ~P30. B, Bergman gliain mutant cerebella showed increased Gfap staining. C, Quantification of molecular layer Gfapimmunofluorescence fold change of presymptomatic
(P24 -P32) and early symptomatic (P42—P48) mice cerebella. Two-tailed t test, *p << 0.05, ***p << 0.001. D, |GL astrocytes showed decreased Gfap and $1003 staining. E, Quantification of granule
layer Gfap immunofluorescence fold change of presymptomatic (P24 —P32) and early symptomatic (P42—P48) mice cerebella. Two-tailed t test, ***p << 0.001.

clei in IGL suggested acute synchronized cell death (Fig. 3D).
Consistent with the Nissl staining results, terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL) assay in brain
sections of symptomatic stage mice showed abundant positive
signals throughout the cerebellum IGL, but nowhere else in the
mutant brain (Fig. 3E). Since granule neurons are the most
abundant cells in the IGL, we performed double labeling with
TUNEL and a neuronal marker, NeuN. The >90% colocaliza-
tion of the two markers implied that the majority of granule
neurons underwent cell death (Fig. 3F). Electron microscopy
analyses also demonstrated the presence of a large number of
condensed darkened granule cells in symptomatic mutant
mice cerebella (Fig. 3G). In addition to massive granule cell
death, although Purkinje cell bodies remained largely intact
until late symptomatic stage, they showed disintegration of

dendritic arborizations as indicated by immunostaining of
calbindin, which labeled Purkinje cell dendrites (Fig. 3H).
Purkinje dendritic degeneration was further confirmed by
Golgi staining (Fig. 31). Moreover, in Purkinje cell dendrites,
we observed prominent vacuole formation, darkened cyto-
plasm, and rounded mitochondria, which were indicative of
dark cell degeneration (Fig. 3]). The observation that major
neuronal populations underwent degeneration while the cell
type in which Dicer was deleted was Gfap-positive astroglia
indicates a non-cell-autonomous effect.

It is noteworthy that Bergmann glia, a major cerebellar
astroglial population in which Dicer was deleted, remained
alive and exhibited thickened, swollen processes (Fig. 3]). To
investigate whether the morphological change of Bergmann
glia is a secondary response to neuronal degeneration, a man-
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Transcription profiling of control versus mutant mice cerebella at presymptomatic stage (P30) showed a cohort of astrocytic genes dysregulated. 4, Heat map representations of relative

changesin gene expression (from four pairs of littermate cerebella) between control and mutant cerebella at the presymptomatic stage were shown for differentially expressed genes (FDR << 0.05).
B, Heat map representations of cerebellar cell type-specific expression patterns of differentially expressed genes between control and mutant cerebella. The heat map is ranked by changes in
expression between control and mutant cerebella. The information on cell type-specific gene expression profiles was derived from a previously published dataset (Doyle etal., 2008). There were 263
upregulated genes and 208 downregulated genes mappable to the reference dataset. The cell type-specific enrichment score represented the measurement of relative expression level of a given
gene compared to a universal reference. (, Tables showed representative upregulated (red) and downregulated genes (green) by gene ontology analyses. D, RT-QPCR validation of representative
upregulated genes. Two-tailed paired ¢ tests, N = 4. *p << 0.05, **p << 0.01, or ***p < 0.005. E, RT-QPCR validation of representative downregulated genes involved in oxidation reduction and

glutamate transport. Two-tailed paired t tests, N = 4, *p << 0.05, **p < 0.01.

ifestation of primary astrocytic pathology, or both, Gfap im-
munohistochemical analyses were performed in sagittal
cerebellar sections of mice at various developmental stages.
While mutant mice seemed to have normal astroglia morphol-
ogy and Gfap immunointensity during early postnatal cerebel-
lar development (up to P15), mutant Bergmann glia showed
increased Gfap immunoreactivity as early as P30 (presymp-
tomatic stage) (Fig. 4A). At early symptomatic stage (P42),
mutant Bergmann glia processes were associated with elevated

levels of Gfap expression, conspicuously thickened, and disor-
ganized compared with the fine Gfap-positive glial processes
oriented perpendicular to the pia in control mice (Fig. 4B, C).
In contrast, in IGL astrocytes, both Gfap and S100f staining
were decreased (Fig. 4D, E) at early symptomatic stage (P42),
while the Aldhlll staining pattern did not change. Further-
more, no obvious change in total cell number (by correspond-
ing nuclear staining) was observed in IGL, nor were there any
TUNEL-positive cells detected at presymptomatic/early symptom-
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Table 1. Representative genes that are downregulated in Dicer mutant and enriched in mature astrocytes
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Downregulation fold in

Enrichment fold (mature

Gene symbol Gene title Biological pathway Dicer Mutant (B FDR over immature astrocytes)
(yp2d22 Cytochrome P450, family 2, subfamily d, polypeptide 22 Oxidation reduction 1.547 0.0007 5.5
(yp4f14 Cytochrome P450, family 4, subfamily f, polypeptide 14 Oxidation reduction 1.525 0.0003 2.7
Cyp4v3 Cytochrome P450, family 4, subfamily v, polypeptide 3 Oxidation reduction 1.362 0.0207 2
Gp2j9 Cytochrome P450, family 2, subfamily j, polypeptide 9 Oxidation reduction 1.547 0 18
Maob Monoamine oxidase B Oxidation reduction 1.851 0 38
Ptgs1 Prostaglandin-endoperoxide synthase 1 Oxidation reduction 1.504 0.0006 3.8
Gpd1 Glycerol-3-phosphate dehydrogenase 1 (soluble) Oxidation reduction 1.334 0.0008 33
Dio2 Deiodinase, iodothyronine, type I Oxidation reduction 1.867 0 2.6
BC055107 Family with sequence similarity 107, member A Regulation of cell growth, nuclear factor ~ 2.557 0 14.4
ld4 Inhibitor of DNA binding 4 Transcription repressor 1.802 0 24
Lgi4 Leucine-rich repeat LGI family, member 4 Cellular homeostasis 2327 0 31
Me1 Metallothionein 1 Cellular homeostasis 1.444 0 22
M2 Metallothionein 2 cellular homeostasis 1478 0 18
51006 $100 protein, 3 polypeptide, neural Cellular homeostasis 1.474 0 3.5
Ntsr2 Neurotensin receptor 2 Cellular homeostasis 2.031 0 23
$100a $100 calcium binding protein A1 Calcium binding 1.598 0 1.6
Fxyd1 FXYD domain-containing ion transport regulator 1 Calcium ion homeostasis 1.46 0 2.6
SleTa2 (GLT-1)  Solute carrier family 1 (glial high-affinity glutamate Glutamate transport 1.509 0 22
transporter), member 2
Gabrg1 GABA, receptor, subunit y-1; similar to GABA, receptor  Chloride transport, GABA signaling 1.701 0 1.6
subunit -2
Gpcs Glypican 5 Extracellular matrix, heparan sulfate 1.602 0.0022 24
proteoglycan binding
Gstm1 Glutathione S-transferase, .1 Glutathione transferase 1.552 0 1.6
Gstm5 Glutathione S-transferase, .5 Glutathione transferase 1.279 0.0156 1.8
(lu Clusterin Anti-apoptosis 1.707 0 17
Table 2. Representative genes that are upregulated in Dicer mutant and enriched in immature astrocytes
Upregulation fold in Enrichment fold (immature
Gene symbol Genetitle Biological pathway Dicer mutant (B FDR over mature astrocytes)
Vim Vimentin Intermediate filament-based process 1.895 0 3.4
Dex Doublecortin Axon extension, cell differentiation 1.557 0.0004 2.8
Nedd9 Neural precursor cell expressed, developmentally Cell cycle, cell adhesion 1.423 0.0287 2.1
downregulated gene 9
Nes Nestin Positive regulation of neural precursor 1.5Mm 0.0013 3.6
cell proliferation
Frem2 Fras1-related extracellular matrix protein 2 Cell adhesion 5.937 0 129
Melk Maternal embryonic leucine zipper kinase Cell cycle 2.28 0.0227 9.5
(dc2a Cyclin-dependent kinase 1 Cell cycle 24 0 129
Mki67 Antigen identified by monoclonal antibody Ki 67 Cell cycle 1.837 0.0011 109
(a2 Cyclin A2 Cell cycle 1.387 0.0435 7.5
Cenpf Centromere protein F Cell cycle 1.975 0 6
(dca3 Cell division cycle-associated 3 Cell cycle 1.709 0.0001 4
Cenb1 Predicted gene 8416; predicted gene 5593; cyclin Cell cycle 2.494 0.0401 39
B1; similar to cyclin B1; predicted gene 4870
(end2 CyclinD2 Cell cycle 2.039 0 22
(end1 Cyclin D1 Cell cycle 2.016 0 1.9
Birc5 Baculoviral IAP repeat-containing 5 Cell cycle, apoptosis 1.804 0 6.5
Ckap2 (ytoskeleton-associated protein 2 Cell cycle, apoptosis 2133 0 4.1
Dl Denticleless homolog (Drosophila) Regulation of cell cycle 2.253 0.0007 43
Hmgb2 High mobility group box 2 Nervous system development 1.575 0 3.2
Dpysl3 Dihydropyrimidinase-like 3 Nervous system development 1.381 0.0015 3.1
Adam17 A disintegrin and metallopeptidase domain 17 Notch signaling pathway, cell adhesion 1.427 0.014 1.6
Cybrd1 Cytochrome b reductase 1 Oxidation reduction 4.758 0 3
Plod2 Procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 Oxidation reduction 3.531 0 24
LoxI1 Lysyl oxidase-like 1 Oxidation reduction 1.895 0 2.8
Egin3 EGL nine homolog 3 (C. elegans) Oxidation reduction, apoptosis 1.677 0.0001 2.6

atic stages, suggesting that the decrease of Gfap immunoreac-
tivity in IGL astrocytes did not indicate a loss of IGL astroglia,
but more likely reflected changes in glial protein expression in
Dicer-deficient astrocytes. These results suggest that the

marked morphological abnormality of both IGL astrocytes
and Bergmann glia precedes any obvious behavioral impair-
ments or neuronal death, and therefore may represent early or
upstream events in the progression of pathogenesis.
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Figure 6.  Astroglial glutamate uptake pathway is severely compromised in mutant cerebella. A, B, Western blots and quanti-

fications demonstrated that GLT-1 protein level was markedly downregulated at presymptomatic stage and continued to decrease
until end-stage. €, D, Similarly, Western blots and quantifications showed that GLAST protein level was markedly downregulated
at presymptomatic stage and continued to decrease until end-stage. E, Glutamate uptake assays with crude cerebellar synapto-
somes at early symptomatic stage (P40) and late symptomatic stage (P60) showed that mutant cerebellar glutamate uptake
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regulated cytokine/chemokine genes might
serve as signals for later microglia activation.
In addition, a group of solute carrier family
genes was upregulated significantly, al-
though little was known about their func-
tions in the brain. A group of cell cycle-
related genes were also upregulated. In
contrast, a cohort of important glial-specific
functional genes were downregulated,
which were mostly involved in oxidation re-
duction, glutathione metabolism, chemical
homeostasis, and glutamate transport (Fig.
5C). Also, a group of synaptic genes were
downregulated, which might be due to sec-
ondary neuronal transcriptional changes.
The observation that many immature/
reactive astrocyte genes were upregulated,
while astrocytic genes related to mature
astrocyte functions were downregulated
in response to Dicer deletion, raised the
possibility that Dicer was required for as-
trocytes to become fully functional during
astrocytic maturation process in the first
three postnatal weeks. Recent transcrip-
tome analyses of acutely isolated purified
astrocytes demonstrate that astrocytes
undergo substantial changes in transcrip-
tome from developing (P7-P8) to mature
(P17 and after) stages (Cahoy et al., 2008),
indicating that astrocytes at different de-
velopmental stages are associated with
distinct genetic programs that may deter-

functions were severely compromised.

Deletion of Dicer altered astrocytic transcriptome in
presymptomatic stage cerebella

To reveal the early molecular changes at the presymptomatic stage
that might be responsible for more severe neuronal symptoms at the
end-stage, we performed whole-genome transcription profiling with
four biologically independent pairs of control and mutant cerebella
at P30. As shown in Figure 5A, 367 genes were upregulated and 267
genes were downregulated consistently in all four pairs of mutant
cerebella compared to their littermate controls (FDR < 0.05). To
further dissect relative contributions from different cell types of the
cerebellum to the dysregulated gene sets, we cross-referenced our
dysregulated gene list to previously annotated databases of cell type-
specific genes in various cerebellar glial and neuronal cells (Doyle et
al., 2008). This analysis indicated that the majority of dysregulated
genes were highly enriched in astrocytic cells (Bergmann glia and
astrocytes), while very few neuron-specific genes showed transcrip-
tional changes (Fig. 5B). Although we could not exclude the possi-
bility that some dysregulated genes might arise from neuronal cell
types, the majority of the transcriptional changes were associated
with astrocyte-specific genes. To further reveal the functions of dys-
regulated genes in mutant cerebellar astrocytes, we next performed
gene ontology (GO) analyses. Among the upregulated genes, which
included hallmark genes of reactive astrocytes (Gfap, Vimentin, Te-
nascin C, etc.), 148 genes encoded for glycoproteins, especially genes
which functioned in extracellular matrix, cell adhesion, and calcium
ion binding (Fig. 5C). A group of chemotaxis genes were also up-
regulated, although there was no increase in Ibal+ microglia in
mutant cerebella until symptomatic stage, suggesting that these up-

mine their functional maturity. To exam-

ine whether dysregulated genes in Dicer

mutant mice (P30) were associated with
specific developmental stages of astrocytes, we cross-referenced
Dicer-dependent gene expression changes to lists of genes
highly expressed in developing/immature and mature postnatal
astrocytes, respectively. Interestingly, this analysis indicated that
62 genes were both downregulated in Dicer mutant and specifi-
cally enriched in mature astrocytes, which was significantly
higher than that expected by chance (p = 7.0 X 10 ', Fisher’s
exact test) (representative genes listed in Table 1). For example,
GLT-1 (also known as Slc1a2), a glial transporter highly expressed
only in mature, not developing/immature, astrocytes was repro-
ducibly downregulated in absence of Dicer in astrocytes at P30.
BC055107, one of the genes most strongly upregulated during
astrocyte development and suggested to maintain cells in a qui-
escent state (Cahoy et al., 2008), was also markedly downregulated in
Dicer mutant. Other genes highly enriched in mature astrocytes and
downregulated in Dicer mutant were involved in oxidation reduc-
tion and cellular homeostasis pathways. Similarly, 54 genes were
both upregulated in Dicer mutant astrocytes and enriched in devel-
oping/immature astrocytes, which was also significantly higher than
that expected by chance (p = 1.1 X 10 77, Fisher’s extract test, rep-
resentative genes listed in Table 2). The representative genes were
functionally related to cell cycle (Cdc2a, Cena2, Cend2, Melk, etc.)
and neural precursor cells (Doublecortin, Nedd9, Nestin, etc.). Con-
versely, 37 genes enriched in developing astrocytes were also further
downregulated in Dicer mutant (p = 0.08). Moreover, only 19 genes
enriched in mature astrocytes were found to be upregulated in Dicer
mutant (p = 0.67). Thus, Dicer-deficient astrocytes at the mature
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stage seem to acquire a transcription profile A
partially reminiscent of immature/develop-
ing astrocytes.

Quantitative RT-PCR analyses further
confirmed that typical reactive gliosis-
related extracellular matrix genes, such as
Thrombospondin2, Tenascin C, Vimentin,
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and Adamts] (Fig. 5C), were upregulated

in Dicer-deficient cerebella. Tgfb3 is a po-
tential glial-derived factor that is upregu-
lated in reactive astrocytes (Apelt and
Schliebs, 2001), and it was also upregu-
lated in mutant cerebella (Fig. 5D). By
contrast, genes normally expressed in ma-
ture astrocytes were downregulated in
Dicer-deficient cerebella. Agp4, the prin-
cipal aquaporin in mammalian brain, was
expressed in astrocyte foot processes, glia
limitans, and ependyma. Downregulation
of Agp4 may alter water transport, K ki-
netics, and neuronal activity in the brain
(for review, see Tait et al., 2008). Gstm3, a glutathione S trans-
ferase involved in reducing oxidation stress, was also downregu-
lated. The mRNA level of Daol (D-amino acid oxidase), an
astrocytic protein that catalyzes the degradation of p-serine (Park
et al., 2006), was significantly downregulated (Fig. 5E). Glial-
derived D-Serine, together with glutamate, activates NMDA re-
ceptor. D-Serine level in Daol mutant cerebellum is >10-fold
higher than that in the wild type (Hamase et al., 2005; Panatier et
al., 2006). Moreover, the only two known astrocytic glutamate
transporters responsible for taking up excessive glutamate,
GLT-1 (Slcla2) and GLAST (Slcla3), were both significantly
downregulated (Fig. 5E). Downregulation of Daol, GLT-1, and
GLAST indicated the possibility of excitotoxicity. In addition,
Glul ( glutamine synthetase), which converts glutamate to glu-
tamine in astrocytes and has been implicated as molecule poten-
tially involved in epilepsy (Ortinski et al., 2010), exhibited a
modest decrease (fold change = 0.79, FDR = 0.14) in mGfap-cre;
Dicer™* mice at P30 (presymptomatic) compared to wild-
type littermates.

Figure 7.

Reduced expressions of glutamate transporters and impaired
glutamate uptake function

To further test the functional outcome of specific Dicer-deficient
astrocytic transcriptome alterations, we focused on examining
glutamate transport pathways. Glutamate is the predominant ex-
citatory neurotransmitter in the mammalian CNS that activates
cells through AMPA, kainate, and/or NMDA receptors. The ex-
tracellular concentration of glutamate needs to be kept low to
limit tonic activation of the receptors, as excessive glutamate re-
ceptor activation can easily damage neurons (for review, see Sheldon
and Robinson, 2007). In the cerebellum, where glutamate is a major
neurotransmitter, astrocytes provide effective protection of neurons
against glutamate excitotoxicity as they clear up excessive extracellu-
lar glutamate by active uptake via glutamate transporters GLT-1 and
GLAST (Chaudhry et al., 1995; Lehre et al., 1995; Rothstein et al.,
1996). In the cerebellum, GLAST is highly expressed in Bergmann
glia and GLT-1 is expressed in both Bergmann glia and IGL astro-
cytes. We thus examined protein levels of GLT-1 and GLAST in the
cerebella of mice at both presymptomatic and symptomatic stages.
Western blot analyses showed ~70% decrease of GLT-1 and ~40%
decrease of GLAST at P30 (presymptomatic stage). With progres-
sion of neurological symptoms, protein levels of both GLT-1 and
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NMDA receptor-mediated tonic conductance significantly increased in mutant cerebellar granule neurons. 4, Two
representative traces showed the different amplitudes of NMDA receptor-mediated tonic currents. Horizontal bars indicated the
application of the NMDA receptor antagonist p-APS5 (final concentration = 50 wum). The dotted lines were the mean currents after
complete blockade of NMDA receptors for calculating the magnitude of the NMDAR-mediated conductance. B, Representative
traces showed that the application of 100 wum TBOA in bath induced a large increase of tonic conductance. The dotted lines
indicated the basic conductance level held at +30 mV. €, Simulated distribution map of TBOA treatment potentiation fold for
NMDA receptor-dependent conductance calculated by bootstrap statistics. Mean value of control cells was 20.0 with lower bound
of 14.0 and higher bound of 26.0 with 95% confidence. Mean value of mutant cells was 3.9 with lower bound of 2.8 and higher
bound of 5.2 with 95% confidence.

GLAST continued to decrease and became barely detectable at P60
(Fig. 6A-D).

To assess the in vivo glutamate transporter function, we quan-
tified the uptake of radioactively labeled glutamate in synapto-
somes prepared from control and mutant mice cerebella at early
symptomatic stage (P40) and at late symptomatic stage (P60). We
found that glutamate uptake capacity was decreased by ~25% in
synaptosomes isolated from P40 mutant cerebella and it was fur-
ther reduced at P60 (Fig. 6 E). Collectively, this series of experi-
ments indicate that Dicer deletion in cerebellar astroglial cells
impairs astrocytic glutamate transport already at the presymp-
tomatic stage, which may directly lead to excitotoxicity of neu-
rons at the late symptomatic stage.

NMDA receptor-mediated tonic conductance significantly
increased in mutant cerebellar granule neurons

To directly test the hypothesis that the decrease of glial glutamate
transporter expression in mutant mice cerebella may cause a
tonic increase in the concentration of glutamate in the extracel-
lular space and affect neuronal physiology, we recorded cerebel-
lar granule cells in acute slices of presymptomatic or early
symptomatic stage (P35-P40) mutant mice and their control lit-
termates before the onset of granule cell apoptosis. At a holding
potential of +30 mV and in the presence of extracellular Mg~
application of the NMDA receptor antagonist D-AP5 at a saturat-
ing concentration (50 uM) blocked a tonic current that had a
mean conductance of 262 = 31 pS/pF in mutant granule cells
(N = 7) compared to a mean conductance of 51 = 9 pS/pF in
littermate control granule cells (N = 7) (Fig. 7A). Application of
TBOA (100 um), a broad blocker of both glial and neuronal
glutamate transporters, further increased the tonic conductance
of both control and mutant granule cells to the same level (776 *
68 pS/pF for control cells, N = 7; 633 = 71 pS/pF for mutant cells,
N = 8) (Fig. 7B). A bootstrap statistical analysis of the TBOA
treatment-induced potentiation for the NMDA receptor-
mediated conductance calculated showed a significant difference be-
tween control and mutant (potentiation fold is ~20 for control and
4 for mutant) (Fig. 7C). Collectively, these results suggest that at
presymptomatic or early symptomatic stage, although the extracel-
lular glutamate concentration has not reached the ceiling level when
all glutamate transporters were blocked by TBOA, the increased am-
bient glutamate in mutant cerebella has already altered the basal
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physiology of granule cells with more than a fivefold increase in
NMDA receptor-mediated tonic conductance (N = 7 for wild type
and mutant, respectively, p < 0.001, two-tailed ¢ test).

Discussion

Astrocytic Dicer is essential for normal mature cerebellar
neuronal functions

While it is increasingly evident that CNS astrocytes are indispens-
able for normal brain development, functional differences be-
tween immature, mature, and reactive astrocytes are not well
understood. Using two independent transgenic lines with Dicer
deleted in postnatal astroglia, our study provides in vivo evidence
that in mature mouse cerebella, normal neuronal functions are
highly dependent on astrocytic Dicer. We found that while mG-
fap-cre; Dicer™ /1 mutant mice had normal early postnatal cer-
ebellar development, they developed ataxia and cerebellar
degeneration at a later postnatal stage (P55-P65) with massive gran-
ule neuron apoptosis and Purkinje cell dendrite degeneration. Be-
fore the onset of such neuronal dysfunctions, mutant cerebellar
astroglia underwent morphological changes with an altered tran-
scriptome partially reminiscent of a more immature or reactive-like
status (Cahoy et al., 2008). It is worth pointing out that this compar-
ison is only in proximity to the precise cerebellar astrocyte develop-
ment, as the reference transcriptome datasets were based on
forebrain astrocytes at distinct developmental stages and there are no
similar comprehensive transcriptome databases on cerebellar astro-
cytes yet available. Moreover, we also cross-referenced Dicer-
dependent gene expression changes to lists of genes highly
expressed in P6 and P30 Bergmann glia, respectively (Koirala and
Corfas, 2010). This analysis revealed a consistent trend, as many
P30 Bergmann glia-enriched genes were downregulated in Dicer
mutant, while some P6 Bergmann glia-enriched genes were up-
regulated in Dicer mutant. Importantly, while these transcrip-
tional changes do not cause immediate cell death of astrocytes
themselves, they lead to neuronal dysfunction and degeneration
over time. These results indicate that normal mature brain func-

A model showed the essential roles of Dicer in requlating astrocytes maturation and functions. In the maturation
process of astrocytes, Dicer-dependent pathway repressed genes that were involved in neural progenitor cell lineage, reactive
astrocytes, and cell cycles while promoting transcription of mature astrocyte function genes in oxidation reduction, chemical
homeostasis, etc. Deletion of Dicer in this process resulted in immature or reactive-like astrocytes that failed to support normal
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tions requires functionally mature astro-
cytes and Dicer-dependent pathways may
in part regulate such astrocytic matura-
tion processes (Fig. 8). Furthermore, the
published transcriptome datasets also
suggest that transcription profile of in
vitro cultured primary astroglia isolated
from neonatal rodent brain is more simi-
lar to that of immature astrocytes (Cahoy
et al., 2008), suggesting that in vitro cul-
tured astrocytes are not functionally
equivalent to in vivo mature astroglia.
This poses a challenge to dissecting out
downstream pathways affected by Dicer
deletion using in vitro cultured neonatal
astroglia.

The importance of neuron—glia inter-
action and astrocytic contribution in neu-
rodegenerative disorders has been well
demonstrated in spinocerebellar ataxia,
ALS, and other diseases (as reviewed by
Ilieva et al., 2009). Here we show that de-
letion of Dicer in astrocytes is sufficient to
cause impairment of glutamate trans-
porter pathways in mature astrocytes and
cerebellar neuronal degeneration. A pre-
vious study showed that expressing mu-
tant ataxin 7 in Bergmann glia caused
non-cell-autonomous toxicity to Purkinje neurons via down-
regulation of GLAST, which provided independent evidence of
the importance of such mechanisms in the cerebellum (Custer et
al., 2006). In addition, deletion of the member of the Wnt signal-
ing pathway, adenomatous polyposis coli (APC) in Bergmann
glia also leads to non-cell-autonomous Purkinje neuron degen-
eration (Wang et al., 2011). Our results have thus identified a
new regulatory component, the astrocytic Dicer-dependent
pathway, of the non-cell-autonomous pathogenesis of neurode-
generation. Whether astrocytic miRNA dysregulation might be
involved in human neurodegenerative disorders and which spe-
cific miRNAs may play major roles await further investigation.
The potential contributions of astrocytic Dicer-dependent path-
ways to the progression of spontaneous and severe epilepsy,
which are found in the mutant mice, are also of great interest and
warrant future investigations.

Distinct neuronal responses to loss of astrocytic Dicer

Upon deletion of Dicer in postnatal astrocytes, neurons in differ-
ent brain regions seem to have distinct responses. The cerebellum
is particularly susceptible to such insults: cerebellar granule cells
undergo massive apoptosis, whereas Purkinje cell dendrites de-
generate. Although there are no detectable neuronal apoptosis/
death signals in other parts of the brain, it is likely that cortical or
hippocampal neurons also have become dysfunctional as indi-
cated by the progression of epilepsy and the large number of
reactive astrocytes in cortex and disorganized astrocytes in hip-
pocampus in mutant mice. The difference between the cerebel-
lum and other brain regions may, at least in part, be due to the
intrinsic differences between neuronal subtypes. For example,
cerebellar granule cells are known to have selective vulnerability
to glutamate excitotoxicity. Their axon terminals are predomi-
nantly excitatory with glutamate as the major neurotransmitter.
Thus, without functional astrocytic glutamate transporters that
recycle extracellular glutamate, the accumulation of excessive
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glutamate further leads to release of additional glutamate from
granule cells, rapidly eliciting a cascade of excitotoxic signals. As
previously reviewed (Fonnum and Lock, 2004), other contribut-
ing factors may include the small cell size, unique NMDA recep-
tor expressions, low level of calcium-binding proteins, and
glutathione pathways. Since the astrocytic glutathione metabo-
lism pathway is also affected in Dicer-depleted cerebellar astro-
cytes, it is possible that the lack of antioxidant pathway may also
contribute to the vulnerability of cerebellar granule cells. Fur-
thermore, since glutamate activates glial release of D-serine,
which is a coagonist of NMDA receptor, the sensitivity of cere-
bellar D-serine level to Daol decrease may further contribute to
cerebellar susceptibility to excitotoxicity. Another interesting ob-
servation is that the central zone (lobules VI-VII) particularly
and, to a lesser extent, the posterior zone (lobules VIII-dorsal IX)
of the cerebellum undergo degeneration first; the anterior zone
(lobules I-V) and nodular zone (ventral lobule IX and lobule X)
are slower in degeneration progression. The underlying mecha-
nisms will need further investigation.

Heterogeneity of astrocytes

The deletion of Dicer in astrocytes caused different astroglial
morphological changes in different brain regions: cerebellar
Bergmann glia and cortical astrocytes showed reactive gliosis-like
morphology, hippocampal astrocytes were disorganized, and
cerebellar IGL astrocytes showed downregulated Gfap expression
(unpublished observations, J. Tao and Y. E. Sun). These observa-
tions are consistent with the notion that astrocytes are heteroge-
neous and may have different subtypes (as reviewed by Zhang
and Barres, 2010). It is noteworthy that similar to Bergmann glia
and IGL astrocytes, hippocampal and cortical astrocytes show
downregulation of GLT-1 in mutant mice (unpublished observa-
tions, J. Tao and Y. E. Sun). This is consistent with a previous
report that homozygous GLT-1 null mice have lethal spontane-
ous seizures (Tanaka etal., 1997). Therefore, it is possible that the
morphological changes may be different in distinct populations
of astrocytes, but the underlying glutamate transporter dysregu-
lation remains conserved. A recent study reported that using len-
tiviral vectors expressing mutant huntingtin protein in mouse
striatal astrocytes led to progressive reactive astrogliosis with
marked decrease of both GLT-1 and GLAST (Faideau et al.,
2010). In conjunction with our findings, it is tempting to specu-
late that multiple mutations in protein coding genes or Dicer-
dependent miRNA pathways in astrocytes may all contribute to
altering glial glutamate transport and gliosis, which further lead
to neuronal pathogenesis. Therefore, discovering the Dicer-
dependent miRNAs and their downstream mRNA targets in ma-
ture astrocytes will have important implications in basic and
clinical research.
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