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Neurobiology of Disease

Dysfunctional Calcium and Glutamate Signaling in Striatal
Astrocytes from Huntington’s Disease Model Mice

Ruotian Jiang,' Blanca Diaz-Castro,' Loren L. Looger,* and Baljit S. Khakh'>
Department of Physiology and 2Department of Neurobiology, David Geffen School of Medicine, University of California, Los Angeles, California 90095, and
3Janelia Research Campus, Howard Hughes Medical Institute, Ashburn, Virginia 20147

Astrocytes tile the entire CNS, but their functions within neural circuits in health and disease remain incompletely understood. We used
genetically encoded Ca®" and glutamate indicators to explore the rules for astrocyte engagement in the corticostriatal circuit of adult
wild-type (WT) and Huntington’s disease (HD) model mice at ages not accompanied by overt astrogliosis (at approximately postnatal
days 70 - 80). WT striatal astrocytes displayed extensive spontaneous Ca>" signals, but did not respond to cortical stimulation, implying
that astrocytes were largely disengaged from cortical input in healthy tissue. In contrast, in HD model mice, spontaneous Ca>" signals
were significantly reduced in frequency, duration, and amplitude, but astrocytes responded robustly to cortical stimulation with evoked
Ca’" signals. These action-potential-dependent astrocyte Ca*" signals were mediated by neuronal glutamate release during cortical
stimulation, accompanied by prolonged extracellular glutamate levels near astrocytes and tightly gated by Glt1 glutamate transporters.
Moreover, dysfunctional Ca*>" and glutamate signaling that was observed in HD model mice was largely, but not completely, rescued by
astrocyte specific restoration of Kir4.1, emphasizing the important contributions of K * homeostatic mechanisms that are known to be
reduced in HD model mice. Overall, our data show that astrocyte engagement in the corticostriatal circuit is markedly altered in HD. Such
prodromal astrocyte dysfunctions may represent novel therapeutic targets in HD and other brain disorders.
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(s )

We report how early-onset astrocyte dysfunction without detectable astrogliosis drives disease-related processes in a mouse
model of Huntington’s disease (HD). The cellular mechanisms involve astrocyte homeostasis and signaling mediated by Kir4.1,
Glt1,and Ca’*. The data show that the rules for astrocyte engagement in a neuronal circuit are fundamentally altered in a brain
disease caused by a known molecular defect and that fixing early homeostasis dysfunction remedies additional cellular deficits.
Overall, our data suggest that key aspects of altered striatal function associated with HD may be triggered, at least in part, by
dysfunctional astrocytes, thereby providing details of an emerging striatal microcircuit mechanism in HD. Such prodromal
changes in astrocytes may represent novel therapeutic targets. j

ignificance Statement

Introduction
Astrocytes tile the entire brain, where they serve trophic, active,
and homeostatic roles (Barres, 2008; Khakh and Sofroniew,
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2015). In addition, evidence indicates that astrocytes contribute
to neurological and psychiatric disorders (Maragakis and Roth-
stein, 2006; Barres, 2008; McGann et al., 2012). However, key
questions concerning astrocyte engagement in neural circuits,
such as whether active or homeostatic roles dominate and if as-
trogliosis or astrocyte dysfunctions are relevant in the context of
brain disorders, remain unresolved.

Huntington’s disease (HD) is characterized by motor, cogni-
tive, and psychiatric disturbances associated with neuronal dys-
function and atrophy of the striatum and other brain areas
(Ghosh and Tabrizi, 2015). HD is caused by an expanded poly-
glutamine repeat localized to the N-terminal region of the hun-
tingtin protein (HTT) that causes intracellular accumulation and
aggregation of mutant huntingtin (mHTT) (Mangiarini et al.,
1996). The molecular, cellular, and circuit mechanisms that
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produce disease phenotypes remain incompletely understood
(Waldvogel et al., 2015), although important progress has been
made by focusing on mHTT expression within neurons of the
corticostriatal pathway (Plotkin and Surmeier, 2015). In addi-
tion, several recent studies suggest that astrocytes are also in-
volved in HD (Shin et al., 2005; Bradford et al., 2009; Faideau et
al., 2010), which supports data showing that brains from HD
patients and mouse models display accumulation of mHTT in
striatal astrocytes (Shin et al., 2005; Faideau et al., 2010; Tong et
al., 2014). However, much remains unknown about how astro-
cytes contribute to HD pathogenesis.

Recently, Kir4.1 potassium ion channel expression was shown
to be decreased in astrocytes that express mHTT at early stages in
transgenic R6/2 and knock-in Q175 mouse models of HD (Tong
etal., 2014). Kir4.1 channels are astrocyte enriched and involved
in K* homeostasis (Kofuji and Newman, 2004; Sibille et al.,
2015), along with other molecules (Larsen et al., 2014). Altera-
tions in HD model mice occurred at stages with little or no evi-
dence of accompanying astrogliosis (Mangiarini et al., 1996;
Tong et al.,, 2014; Ben Haim et al., 2015), which is similar to
observations on the lack of astrogliosis during early stages of the
human disease (Faideau et al., 2010). Also consistent with the
human disease, astrogliosis increased dramatically at late stages
of pathology in R6/2 and Q175 mice at time points associated
with overt neurodegeneration and striatal tissue loss (Mangiarini
et al., 1996; Faideau et al., 2010; Tong et al., 2014). It is well
established that HD patients display prodromal symptoms re-
flecting altered neurophysiology before marked striatal tissue at-
rophy (Tabrizi et al., 2009). From this perspective, the discovery
of early astrocyte Kir4.1 deficits in HD mice at ages not accom-
panied by astrogliosis hints at causative astrocyte dysfunctions
without attendant astrogliosis.

In the present study, we sought to explore astrocyte signaling
in the corticostriatal circuit in wild-type (WT) and HD model
mice. We used genetically encoded indicators of Ca®* and gluta-
mate to explore the dynamics of astrocyte spontaneous signaling,
as well as astrocyte signaling during cortical input. Our goal was
to evaluate systematically the rules, conditions, and constraints
for astrocyte engagement in the corticostriatal circuit in healthy
mice and in a mouse model of HD.

Materials and Methods

Molecular biology and adeno-associated virus generation. Protocols used
were described previously (Shigetomi et al., 2013). Briefly, to generate an
adeno-associated virus (AAV2/5) capable of expressing GCaMP3, iGluS-
nFR, tdTomato, or Kir4.1-GFP (herein called Kir4.1) in astrocytes, we
modified plasmid “pZac2.1final” (Penn Vector Core). We removed the
CMV promoter flanked by BglIT and HindIIT sites and replaced it with the
minimal (~700 bp) GfaABC,D astrocyte-specific promoter, which was
amplified by PCR from Addgene plasmid 19974. We then cloned
GCaMP3 into this modified pZac2.1 vector between EcoRI and Xbal sites
to generate plasmids that we called pZac2.1 gfaABC,D GCaMP3.
pZac2.1 gfaABC, D iGluSnFR and tdTomato were made identically. The
fully sequenced “pZac2.1” plasmids were sent to the Penn Vector Core,
which used them to generate AAV 2/5 for each construct at a concentra-
tion of ~2 X 10'* genome copies/ml (gc/ml). Our virus constructs have
been deposited at Addgene in the Khakh lab repository, and the AAVs are
available from the UPenn Vector Core Catalog.

Mouse models. R6/2 and noncarrier control WT mice were obtained
from Jackson Laboratories (strain B6CBA-Tg(HDexonl)62Gpb/1]J;
stock #006494). Whenever R6/2 mice were used, the control was always
the noncarrier WT, which we refer to simply as WT in the text and
figures. In other cases when R6/2 mice were not used (e.g., much of the
initial validation work), the WT mice were C57BL/6N (Taconic) and
these are referred to in the text as C57BL/6N. These were generated from
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an in-house breeding colony. R6/2 mice were genotyped by PCR and
CAG repeat length determined by Laragen. The CAG repeat length of
mutant offspring was between 118 and 140. Ip3r2 knock-out mice were
obtained from Dr. Ju Chen at University of California—San Diego and
maintained as a heterozygous line (Srinivasan et al., 2015). Homozygotes
and WT littermates were used for experiments when they reached the age
of postnatal day 56 (P56) to P80 (Srinivasan et al., 2015). Aldh111-eGFP
mice were from an in-house colony and have been characterized previ-
ously (Cahoy et al., 2008). Breeders were obtained from the Mutant
Mouse Resource and Regional Centers [MMRC strain name STOCK
Tg(Aldh111-EGFP)OFC789Gsat/Mmucd].

Surgery and in vivo microinjections of AAV 2/5. Protocols used were
described previously (Shigetomietal., 2013; Haustein et al., 2014; Jiang et
al., 2014), with minor modifications (Jiang et al., 2014). Male and female
P49-P56 C57BL/6N, R6/2, or noncarrier WT mice were used in all ex-
periments, in accordance with institutional guidelines. All surgical pro-
cedures were conducted under general anesthesia using continuous
isoflurane (induction at 5%, maintenance at 1-2.5% v/v). After induc-
tion of anesthesia, the mice were fitted into a stereotaxic frame with their
heads secured by blunt ear bars and their noses placed into an anesthesia
and ventilation system (David Kopf Instruments). Mice were adminis-
tered 0.05 ml of buprenorphine (Buprenex, 0.1 mg/ml) subcutaneously
before surgery. The surgical incision site was then cleaned three times
with 10% povidone iodine and 70% ethanol. Skin incisions were made,
followed by craniotomies 2-3 mm in diameter above the left parietal
cortex using a small steel burr (Fine Science Tools) powered by a high-
speed drill (K.1070; Foredom). Saline (0.9%) was applied onto the skull
to reduce heating caused by drilling. Unilateral viral injections were per-
formed by using a stereotaxic apparatus (David Kopf Instruments) to
guide the placement of bevelled glass pipettes (1B100—4; World Preci-
sion Instruments) into the left striatum (coordinates from the bregma
were as follows: anterior—posterior +0.8 mm, medial-lateral +2 mm,
and dorsal-ventral —2.4 mm from the pial surface). Either 2 ul of
AAV2/5 gfaABC,D iGluSnFR (4.2 X 10'* gc/ml) or 1.5 ul of AAV2/5
gfaABC,D GCaMP3 (1.5 X 10'? gc/ml) was injected by using a syringe
pump at ~200 nl/min (Pumpll PicoPlus Elite; Harvard Apparatus).
Glass pipettes were left in place for at least 10 min. Surgical wounds were
closed with single external 6—0 nylon sutures. After surgery, animals
were allowed to recover overnight in cages placed partially on a low-
voltage heating pad. Buprenorphine was administered 2 times/d for up to
2 d after surgery. In addition, trimethoprim/sulfamethoxazole (40 and
200 mg, respectively per 500 ml of water) was dispensed in the drinking
water for 1 week. Mice were killed 1420 d after surgery for imaging.

Preparation of brain slices for imaging and electrophysiology. Striatal
slices were prepared from ~P70 WT and R6/2 mice. Briefly, animals were
deeply anesthetized and decapitated. The brains were placed in ice-cold
modified artificial CSF (aCSF) containing the following (in mm): 194
sucrose, 30 NaCl, 4.5 KCl, 1 MgCl,, 26 NaHCOj,, 1.2 NaH,PO,, and 10
D-glucose and cut into 300-um-thick coronal or parasagittal slices con-
taining the striatum and cortex. Brain slices were allowed to equilibrate
for at least 30 min at 32-34°C in normal aCSF containing (in mm); 124
NaCl, 4.5 KCl, 2 CaCl,, 1 MgCl,, 26 NaHCO, 1.2 NaH,PO,, and 10
D-glucose continuously bubbled with a mixture of 95% O,/5% CO,,
stored at room temperature in the same buffer, and used for experiments
within about 6 h of slicing.

Electrophysiological recording from medium spiny neurons in brain slices.
Methods were as described previously (Adermark and Lovinger, 2008;
Tongetal., 2014). Cells were visualized with infrared optics on an upright
microscope (BX51WI, Olympus). pCLAMP10 software and a Multi-
Clamp 700B amplifier was used for electrophysiology (Molecular De-
vices). For striatal medium spiny neuron (MSN) recordings, the aCSF
contained the following (in mm): 124 NaCl, 4.5 KCl, 2 CaCl,, 1 MgCl,, 26
NaHCO;, 1.2 NaH,PO,, and 10 p-glucose continuously bubbled with a
mixture of 95% O,/5% CO,. For EPSC recordings, the intracellular
solution in the patch pipette contained the following (in mm): 135 potas-
sium gluconate, 3 KCI, 0.1 CaCl,, 10 HEPES, 1 EGTA, 8 Na,-
phosphocreatine, 4 Mg-ATP, 0.3 Na,-GTP, and 1 QX314 bromide, pH
7.3 adjusted with KOH. For cortical axonal stimulation, electrical field
stimulation (EFS) were achieved using a bipolar matrix electrode (FHC)
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that was placed on the dorsolateral corpus callosum to evoke glutamate
release (Vergara et al., 2003). The astrocytes or neurons to be assessed
were typically located ~250-300 wm away from the stimulation site. For
GCaMP3 or iGluSnFR imaging of Ca** and glutamate, individual pulses
were 0.2 ms in duration and stimuli were delivered at 5 mA.

Tissue dissociation, astrocyte sorting and gPCR. Mice expressing eGFP
under the astrocyte specific 10-formyltetrahydrofolate dehydrogenase
(Aldh111) promoter (Cahoy et al., 2008) were used to purify astrocytes by
fluorescence-activated cell sorting (FACS). The striata from heterozy-
gous 30-d-old mice were dissociated following published guidelines
(Foo, 2013) with slight modifications. Briefly, the striata from 4 mice
were dissected and digested together for 90 min at 36°C in a 35 mm Petri
dish with 2.5 ml of papain solution (1 X EBSS, 0.46% p-glucose, 26 mm
NaHCO;, 50 mm EDTA, 75 U/ml DNase 1, 300 units of papain, and 2 mm
L-cysteine) while bubbling with 5% CO, and 95% O,. After digestion, the
tissue was washed 4 times with ovomucoid solution (1X EBSS, 0.46%
p-glucose, 26 mm NaHCOj3, 1 mg/ml ovomucoid, 1 mg/ml BSA, and 60
U/ml DNase 1) and mechanically dissociated with 2 fire-polished
borosilicate glass pipettes with different bore sizes. A bottom layer of
concentrated ovomucoid solution (1X EBSS, 0.46% D-glucose, 26 mm
NaHCOs, 5.5 mg/ml ovomucoid, 5.5 mg/ml BSA, and 25 U/ml DNase 1)
was added to the cell suspension. The tubes were centrifuged at room
temperature at 300 X g for 10 min and the resultant pellet was resus-
pended in p-PBS with 0.02% BSA and 13 U/ml of DNase 1 and filtered
with a 20 wm mesh. FACS was performed in a FACSAria IT (BD Biosci-
ence) with a 70 um nozzle using standard methods at the University of
California—Los Angeles (UCLA) Cell Sorting Core. Sorted cells, in b-PBS
with 0.1% BSA, were centrifuged for 10 min at 4°C and 2000 X g. The
RNA was extracted from the pelleted cells using RNeasy Plus Micro Kit
(QIAGEN). Amplified cDNA from the RNA samples was generated us-
ing Ovation PicoSL WTA System V2 (Nugen). The cDNA was then pu-
rified with a QIAquick PCR Purification Kit (QIAGEN) and quantified
with a Nanodrop 2000. qPCR was performed in a LightCycler 96 Real-
Time PCR System (Roche). Amplified cDNA from both eGFP-negative
and eGFP-positive cell populations from three separate sorts was used.
One nanogram of each sample was loaded per well and the expression of
Grm3, Grmb5, and Arbp was analyzed using the primers shown below. To
calculate the expression of Grm3 and Grm5, their Ct values were mea-
sured relative to Arbp using the following formulas: 2 ~4¢t (Grm3-Arbp)
and 2 ~ACH (GrmS-AdR) pegpectively.

Data analyses. Slow drifts in astrocyte position (~2-5 wm) were cor-
rected with the TurboReg Plugin in Image]. Astrocyte territory sizes for
all experiments were estimated by measuring the area of a region of
interest (ROI) that surrounded the largest fluorescence projection profile
of bushy astrocytes gathered from a series of confocal images. We per-
formed Ca*"-imaging experiments in a single optical plane. Ca™ tran-
sients were measured by plotting the intensity of ROIs over time after the
intensity of a background ROI had been subtracted. ROIs were selected
based on the appearance of Ca** signals in the time series images, which
were processed by the 3d Hybrid Median Filter Plugin in Image]. A signal
was declared asa Ca®™ transient if it exceeded the baseline by greater than
twice the baseline noise (SD). For line scan analysis, ROIs were selected
and data extracted via Image2Data software written by Raul Serrano
(UCLA) before being analyzed in the same way as frame scan data.
GECIquant software was used as described previously (Srinivasan et al.,
2015) to measure the areas covered by Ca™ signals (as in Fig. 1). How-
ever, the properties of Ca®" signals were analyzed with manually selected
ROIs as described previously (Shigetomi et al., 2013; Haustein et al.,
2014). Spontaneous synaptic currents were analyzed using MiniAnalysis
Program version 6.0.7 (Synaptosoft) and evoked EPSCs were analyzed
using Clampfit version 10.2 (Molecular Devices).

All statistical tests were run in GraphPad InStat 3 or Origin 9. The
graphs were created in Origin 9 and assembled in CorelDraw12. Data are
presented as mean = SEM. Note that, in some of the graphs, the SEM
bars are smaller than the symbols used to represent the mean. For each set
of data to be compared, we determined within GraphPad Instat whether
the data were normally distributed. If they were normally distributed, we
used parametric tests. If the data were not normally distributed, we used
nonparametric tests. For gPCR experiments, we assumed a normal dis-
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tribution and statistical significance was calculated using a ¢ test with
Welch correction. Paired and unpaired Student’s two-tailed ¢ tests (as
appropriate) and two-tailed Mann—Whitney tests were used for most
statistical analyses with significance declared at p < 0.05, but stated in
each case with a precise a p-value. When the p-value was <0.00001, it is
stated as p < 0.00001 to save space on the figure panels and tables.
Herein, the results of statistical tests ( p-values and n numbers) are re-
ported in the figure panels. Numbers (1) are defined as the numbers of
cells or mice throughout.

Drugs and chemicals. All chemicals were purchased from Sigma-
Aldrich, Tocris Bioscience, or VWR.

Results

GCaMP3 to monitor striatal astrocyte Ca>* signals in
C57BL/6N mice

Because intracellular Ca*™ signaling is a prevalent feature of as-
trocytes that is proposed to be related to neuronal function (Vol-
terra et al., 2014; Khakh and McCarthy, 2015; Khakh and
Sofroniew, 2015), we set out to measure Ca>" signals within
striatal astrocytes as a metric of their functional engagement in
the corticostriatal circuit. We expressed GCaMP3 within entire
striatal astrocytes using in vivo AAV2/5 microinjections in adult
mice. These procedures were reliable; astrocyte specific; did not
cause astrogliosis in the striatum (Jiang et al., 2014; Tong et al.,
2014), hippocampus (Shigetomi et al., 2013; Haustein et al.,
2014), or cortex (Bonder and McCarthy, 2014); and did not alter
astrocyte properties (Shigetomi etal., 2013; Haustein etal., 2014).
Striatal astrocyte Ca®™ signals have not been described previously
in detail. We started by quantifying spontaneous Ca*" signals
within astrocyte somata and branches (Figs. 1, 2).

Using GCaMP3, three types of spontaneous Ca*" signals were
readily observed and could be designated descriptively as global
waves, local waves, and microdomains. Global waves were spon-
taneously occurring and encompassed the soma and large parts of
astrocyte branches (~50% of their length). Local waves were
spontaneously occurring, but were restricted and covered smaller
parts of branches. Microdomains occurred spontaneously, were
frequent, and covered only small, micrometer-scale areas of
branches and somata (n = 15 cells, n = 7 mice). Representative
data are shown in Figure 1, A—C. Figure 1A shows image frames
that display global waves, local waves, and microdomains and the
tracing of their areas using GECIquant software (Srinivasan et al.,
2015). The astrocyte territory area could not be traced with
GECIquant and was drawn by hand, as described previously
(Srinivasan et al., 2015). The tracings in Figure 1A clearly show
that global waves cover the largest areas. Local waves represent
the next largest areas and microdomains cover the smallest areas.
This trend was supported by analyses across multiple cells and
mice (n = 6 cells, n = 6 mice) and the differences were statistically
significant (Fig. 1B). Therefore, analyses of astrocyte Ca*" signal
areas (Fig. 1B) showed that global waves covered ~881 = 93
wm?, local waves covered 183 = 14 um?, and microdomains
covered 14 = 1 um? (Fig. 1B; n = 6 cells, n = 6 mice). In com-
parison, the maximum projected approximate territory area for
these six astrocytes was 1847 = 113 wm?. Moreover, the distri-
butions representing areas for global waves, local waves, and mi-
crodomains were clearly distinct (Fig. 1C). Together, these data
provide compelling evidence for the existence of three types of
discernible Ca** signals in striatal astrocytes, as we have shown
previously in hippocampus and cortex (Haustein et al., 2014;
Srinivasan et al., 2015).

Having identified global waves, local waves, and microdo-
mains based on their areas, we next determined whether the cog-
nate Ca”™ signals differed significantly in their peak amplitude
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Figure 1.

Three types of striatal astrocyte Ca" signals observed in C57BL/6N mice differ in the areas that they cover. 4, Representative images and tracings for the areas of global waves, local

waves, and microdomains. B, Average data from six mice for experiments and analyses such as those shown in A. Scatter graph shows average area covered by the three types of Ca™ signals.
Statistical comparisons were made using one-way ANOVA. For the box-and-whisker plots in B, the circle represents the mean, the box the SEM, and the whisker the SD. ¢, Distinct cumulative

probability plots for areas covered by global waves, local waves, and microdomains.

(Fig. 2A-C), duration (Fig. 2A,B,D), and frequency (Fig.
2A,B,E). We found that the global waves, local waves, and mi-
crodomains differed significantly in these parameters; the graphs
in Figure 2, C and D, show the distributions of the raw data, as
well as box-and-whisker plots of mean, SE, and SD. Note, how-
ever, that the designations into global waves, local waves, and
microdomains were first made based on the areas of the signals
(Fig. 1). Nonetheless, three separable peaks were clearly observed
for frequency (Fig. 2E). Although the amplitude and duration
were significantly different for global waves, local waves, and
microdomains, the underlying distributions did overlap (Fig.
2C,D). Moreover, whereas local waves and microdomains were
restricted to the branches of astrocytes, the global waves encom-
passed the somata and branches, frequently starting in the somata
and spreading out into the branches (Fig. 2F). Global Ca** waves
spread in either direction to and from somata at a velocity of 14 =
4 pm/s (n = 11 cells, n = 5 mice) and dissipated with distance.
Astrocyte “fast” Ca*" signals lasting hundreds of milliseconds
have been reported in some fields of the hippocampus (Di Castro
et al., 2011; Panatier et al., 2011), but not in others (Haustein et
al., 2014). To determine whether fast spontaneous Ca*" signals
existed in striatal astrocytes, we performed a specific set of exper-
iments with 200 Hz line scan imaging along the somata and main

branches of striatal astrocytes (Fig. 3A,B; n = 23 cells, n = 4
mice). On average, the signals lasted ~6-10 s in duration in
branches and somata (Fig. 3C,D), which was similar to the frame
scan data shown in Figure 2. Therefore, we found no compelling
evidence for predominantly fast Ca>" signals lasting hundreds of
milliseconds in striatal astrocytes. This is similar to our past find-
ings with astrocytes from the hippocampal CA3 region and visual
cortex (Haustein et al., 2014; Srinivasan et al., 2015).

We next investigated whether astrocyte spontaneous Ca**
signals were driven by action potential firing, as is proposed in
some brain areas (Khakh and McCarthy, 2015). Application of
0.5 uM tetrodotoxin (TTX) produced no effect on Ca*" signal
dF/F or frequency in somata or branches (Fig. 3E, n = 6 cells, n =
4 mice, Table 1). However, depletion of intracellular Ca*™ stores
with cyclopiazonic acid (CPA; 20 um, n = 6 cells, n = 3 mice)
almost completely (>95%) abolished the Ca" signals in astro-
cyte somata, but residual Ca** signals persisted in branches (Fig.
3F, Table 1). We also assessed Ca>* signals in WT and inositol
triphosphate type 2 receptor knock-out (Ip3r2 ' ~) mice (Agul-
hon et al., 2010) and found few Ca*" signals in astrocyte somata
from Ip3r2 '~ mice, but detected significant numbers of Ca*"
signals in astrocyte branches (Fig. 3G, n = 11 cells, n = 4 mice,
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Figure2.

Striatal astrocytesin (57BL/6N mice display three types of intracellular Ca > * signals. A, Image of a striatal astrocyte expressing GCaMP3 with 16 ROls indicated. B, Representative traces

from the 16 ROIs shown in A. Global waves, local waves, and microdomains are highlighted in separate colors. (-, Scatter graphs for average data for traces such as those in B show that the three
typesof Ca™ signals differ in amplitude, half-width, and frequency. Statistical tests in C~E were done using one-way ANOVA. F, Scatter graph of amplitude against distance (from the soma) for the
three types of intracellular Ca* signals. Local waves and microdomains largely occurred in branches. Statistical comparisons were made using one-way ANOVA. For the box-and-whisker plots in

C-E, the circle represents the mean, the box the SEM, and the whisker the SD.

Table 1). Similar data have been reported for hippocampus and
cortex (Haustein et al., 2014; Srinivasan et al., 2015).

Overall, the data reported in Figures 1, 2, and 3 provide vali-
dation of GCaMP3 to explore astrocyte Ca** signaling in HD
mice (reported in later sections) and also provide important de-
tails of basic striatal astrocyte Ca*™ signal properties.

Spontaneous Ca’" signals are reduced in striatal astrocytes
from HD model mice

In the present study, we explored astrocytes in the widely used
early onset exon 1 human mHTT transgenic R6/2 model (Man-
giarini et al., 1996) because of past findings (Tong et al., 2014),
where we observed similar astrocyte deficits in R6/2 and the more
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region chosen for 200 Hz line scanimaging. Top right, Line scan imaging data for the green line, with an expanded region corresponding to a branch shown below. In these images, the x-axis is time
and the y-axis s distance along the scanned line. The trace is plotted for the selected region (framed in green) shown in the recorded image above. B, Distributions showing Ca " signal half-widths
from line scan experiments for somatic and branch regions. €, D, Scatter plots summarizing Ca>* signal properties such as amplitude and half-width for line scan data. Statistical tests in Cand Dwere
using unpaired Student’s t test. E, F, Representative single trace for the soma and three superimposed traces for branches under control conditions and then in the presence of TTX (E) or CPA (F). G,
Representative single trace for the soma and three superimposed traces for branches for spontaneous Ca > signals recorded from /p3r2 ~/ ~ mice and their WT littermates. Average data for TTX,
CPA,and Jp3r2 ~/ ~ experiments (and WT controls) are shown in Table 1. In some cases, the error bars signifying SEM are smaller than the symbols used.

slowly developing knock-in Q175 model (Heikkinen et al., 2012;
Menalled et al., 2012). The R6/2 mouse model was attractive for
the current study, because symptom onset occurs before detect-
able astrogliosis (Mangiarini et al., 1996; Tong et al., 2014). In
addition, the use of P50—P70 mice was necessary for using AAV
microinjections to express GCaMP3, Kir4.1, tdTomato, and

iGluSnFR (as reported in later sections). These approaches have
only been tested and deployed for astrocytes from mice at these
ages (Shigetomi et al., 2013; Haustein et al., 2014; Jiang et al.,
2014; Tong et al., 2014; Srinivasan et al., 2015). In contrast, Q175
mice display HD phenotypes at §—12 months of age (Tong et al.,
2014); that is, at time points when the genetic tools to explore
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Table 1. Properties of Ca>* global waves, local waves, and microdomains measured in striatal astrocytes in situ with GCaMP3
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Peak SF/F Tos(s) Frequency (min ~) No. of mice
Basic properties
Global waves
Control 1.81 = 0.08 (n = 26 waves, 189 locations) 494 £ 0.16 (n = 26 waves, 189 locations) 0.87 £ 0.22 (n = 6 cells) 4
+T1X 1.66 £ 0.07 (n = 34 waves, 244 locations) 447 = 0.13 (n = 34 waves, 244 |ocations) 1.13 £ 031 (n = 6 cells) 4
p 0.07 0.02 0.136
Local waves
Control 1.72 £ 0.09 (n = 34 waves, 103 locations) 4.22 +0.19 (n = 34 waves, 103 locations) 1.13 £ 0.30 (n = 6 cells) 4
+TIX 1.64 = 0.08 (n = 39 waves, 106 locations) 4.14 = 0.22 (n = 39 waves, 106 locations) 1.17 = 0.08 (n = 6 cells) 4
p 0.558 0.5 0.58
Microdomains
Control 1.29 = 0.07 (n = 145 events) 3.01 £ 0.16 (n = 145 events) 4.83 = 0.99 (n = 6 cells) 4
+TIX 1.20 = 0.05 (n = 151 events) 2.98 £ 0.11 (n = 151 events) 5.03 £ 1.04 (n = 6 cells) 4
p 0.40 0.16 0.713
Store depletion
Global waves
Control 1.77 £ 0.07 (n = 23 waves, 161 locations) 5.77 = 0.37 (n = 23 waves, 161 locations) 0.77 = 0.18 (n = 6 cells) 3
+CPA — (n = 0 waves) — (n = 0 waves) 0+0 3
p ND ND 0.0084
Local waves
Control 1.60 == 0.06 (n = 50 waves, 103 locations) 5.15 = 0.34 (n = 50 waves, 103 locations) 1.67 = 0.22 (n = 6 cells) 3
+CPA 1.60 = 0.09 (n = 3 waves, 4 locations) 6.78 = 1.14 (n = 3 waves, 4 locations) 0.1 % 0.07 (n = 6 cells) 3
p 0.98 0.10 0.0011
Microdomains
Control 1.14 = 0.03 (n = 189 events) 4.0 £ 0.21 (n = 189 events) 6.3 +0.83 (n = 6 cells) 3
+(PA 1.19 £ 0.09 (n = 55 events) 4,0 = 0.28 (n = 55 events) 1.83 = 0.22 (n = 6 cells) 3
0.55 0.58 0.0033
Ip3r2 involvement
Global waves
WT littermate 2.84 = 0.13 (n = 25 waves, 273 locations) 6.15 = 0.2 (n = 25 waves, 273 locations) 0.46 = 0.15 (n = 11 cells) 4
Ip3r2 ="~ — (n = 0 waves) — (n = 0 waves) 0=0(n=15cells) 4
p ND ND 0.00016
Local waves
WT littermate 2.10 = 0.08 (n = 122 waves, 241 locations) 411 £ 0.13 (n = 122 waves, 241 locations) 227 £0.34 (n = 11 cells) 4
Ip3r2 =/~ 1.35 £ 0.21 (n = 8 waves, 20 locations) 5.53 = 0.99 (n = 8 waves, 20 locations) 0.02 = 0.02 (n = 15 cells) 4
p 0.003 0.19 0.00001
Microdomains
WT littermate 1.36 £ 0.04 (n = 394 events) 3.21 = 0.09 (n = 394 events) 7.20 = 1.0 (n = 11 cells) 4
Ip3r2 ="~ 1.07 £ 0.04 (n = 310 events) 3.63 = 0.15 (n = 310 events) 4.0 = 0.6 (n = 15 cells) 4
p <20.00001 0.25 0.0003

CPA was used at 20 um. TTX was used at 0.5 pum. Statistical tests were paired Student’s ¢ test for the CPA and TTX experiments and unpaired Student’s ¢ test or nonparametric Mann—Whitney tests as appropriate for the
experiments with /p3r2 ~/~ mice. ND means not determined because there was not enough data to permit the comparison. Precise p-values are indicated. Significance was declared at p < 0.05. The experiments are described

in the text.

astrocytes have not been validated to be specific or innocuous.
For a combination of these reasons, we studied R6/2 mice at
~P70.

Using GCaMP3, we monitored spontaneous Ca*" signals
in striatal astrocytes from R6/2 and noncarrier WT mice (Fig.
4A-C). In WT mice, we observed global waves, local waves,
and microdomains (Fig. 4A, n = 20-29 cells, n = 7 mice each)
that were indiscernible from those measured in C57BL/6N
mice (Fig. 2). The same three types of Ca>" signals were also
observed in R6/2 mice (Fig. 4B) but, relative to WT, they were
significantly reduced in amplitude, duration, and frequency
across the board for global waves, local waves, and microdo-
mains (Fig. 4C; n = 20-29 cells, n = 7 mice each). The most
dramatic effects were reductions in the frequency of local
waves and microdomains within astrocyte branches (Fig. 4C).
The results were highly significant and readily visible from the
raw traces (Fig. 4A,B). Therefore, in contrast to past work
with Alzheimer’s disease, cerebral ischemia, and status epilep-
ticus, which are accompanied by elevated astrocyte Ca*" sig-
nals (Ding et al., 2007; Takano et al., 2007; Ding et al., 2009;
Kuchibhotla et al., 2009; Delekate et al., 2014), we found that

astrocytes from R6/2 mice display significantly reduced spon-
taneous Ca>" signals, which reflects the specific nature of the
molecular defect associated with HD.

A substantial proportion of spontaneous Ca*" signals in
striatal astrocytes are due to store-mediated Ca*" release via
Ip3r2 (Fig. 3, Table 1), prompting us to evaluate whether in-
tracellular Ca>™ store capacity was lower in R6/2 mice relative
to WT. To explore this possibility, we applied CPA (20 um), a
blocker of the sarco/endoplasmic reticulum Ca’"-ATPase
(SERCA), and measured the change in fluorescence of
GCaMP3 expressing astrocytes from WT and R6/2 mice (Fig.
4D-F). We detected significantly smaller CPA-evoked
changes in fluorescence from R6/2 mice compared with WT
(Fig. 4 E,F; n = 29-37 cells, n = 4 mice each). These data imply
that CPA-mobilized Ca?", which includes both intracellular
Ca’” store capacity and Ca** entry due to store depletion, was
lower in R6/2 mice than WT. In the most straightforward
interpretation, the loss of spontaneous Ca*" signals observed
in astrocytes from R6/2 mice (Fig. 4A—C) may reflect lower
Ca’™ store capacity.
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Striatal astrocytes in R6/2 mice displayed reduced spontaneous intracellular Ca®™ signals. A, B, Representative traces from eight selected ROIs for spontaneous Ca®™ signals in

astrocytes from a WT (4) or from a R6/2 mouse (B). €, Quantification of peak amplitude, duration, and frequency for three types of Ca > signals in striatal astrocytes in WT and R6/2 mice (global
waves, local waves, and microdomains; see text for further details). D, Schematic showing that CPA blocks SERCA and leads to depletion of intracellular Ca2* stores due to Ca2™ release from the
endoplasmic reticulum (ER). £, Individual traces (gray) and averages (black or red) showing the effect of CPA on astrocyte Ca2* in WT and R6/2 mice. F, Average data for (PA-evoked Ca® " increases
such as those shown in E. The CPA-mobilized Ca ™ store was smaller in R6/2 mice. In some cases, the error bars signifying SEM are smaller than the symbols used.

Evoked Ca>" signals are increased in striatal astrocytes from
HD model mice
The striatum receives strong glutamatergic input from the cortex
that can be targeted for selective stimulation in parasagittal neos-
triatal brain slices (Vergara et al., 2003). We used this approach
(Fig. 5A) to stimulate cortical inputs and began by recording
from MSNs. Based on past work (Haustein et al., 2014), we ap-
plied brief trains of 4 EFS in 1 s and recorded large-amplitude,
fast, evoked EPSCs onto MSNss that were completely blocked by
0.5 uM TTX (Fig. 5B; n = 7 cells, n = 4 mice). Having established
a reliable protocol to stimulate cortical inputs, we next imaged
glutamate signals using iGluSnFR (Marvin et al,, 2013), which
was expressed on the surface of striatal astrocytes (Haustein et al.,
2014) in C57BL/6N mice (Fig. 5C,D). Each round of EFS evoked
robust and short-lived iGluSnFR signals (Fig. 5C,D, n = 12 cells,
n = 4 mice) that were completely blocked by TTX (Fig. 5E, n = 15
cells, n = 4 mice). Therefore, striatal astrocytes “see” glutamate
released from cortical axons. Using this protocol (Fig. 5A-E), we
assessed EFS-evoked iGluSnFR and Ca”" signals onto striatal
astrocytes in WT and R6/2 mice.

We recorded short latency (<2 s), robust, and equally sized
EFS-evoked iGluSnFR signals onto astrocytes in WT and R6/2

mice (Fig. 5F,G; n = 21, n = 25 cells, n = 4 mice). However, the
decay times of the iGluSnFR signals were significantly longer in
R6/2 compared with WT mice (Fig. 5H ). Therefore, EFS-evoked
release of glutamate persisted in the extracellular space near as-
trocytes for longer in R6/2 mice than in the WT, which was re-
flected in the area of the iGluSnFR signals (Fig. 5I). In the
simplest interpretation, these data imply that astrocytes from WT
and R6/2 mice received approximately equivalent glutamate
from cortical afferents, but that the glutamate was less efficiently
cleared in R6/2 mice.

We next used EFS to determine whether evoked astrocyte
Ca?* signaling differed between R6/2 mice and WT (Fig. 5],K).
We measured these evoked signals within ~10 s of EFS (arrow-
heads in Fig. 5], K) because these time points correspond to when
glutamate was detected on astrocytes (Fig. 5C,F). For both astro-
cyte somata and branches, we found that significantly greater
proportions of astrocytes responded to EFS in R6/2 mice com-
pared with their WT controls (Fig. 5J,K). This elevated evoked
astrocyte Ca*™" signaling was apparent when we measured the
peak dF/F across all cells for astrocyte somata and branches (bar
graphs in Fig. 5J,K). Evoked Ca** signals from astrocyte somata
and branches in R6/2 mice were blocked by TTX (0.5 uM) and by
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Figure 5.  Striatal astrocytes in R6/2 mice displayed robust Ca®™* signals in response to cortical axon EFS, but those in WT mice did not. 4, Photomicrograph of a parasagittal slice of
mouse brain showing the position of the stimulating electrode and the imaging site. B, Confocal image (left) and diagram (middle) showing GCaMP3-expressing astrocytes (green) and
a MSN filled through the patch-pipette with Alexa Fluor 546. To the right are evoked EPSCs recorded from a MSN in response to 3 EFS; these were abolished in the presence of TTX (0.5
M) €, Representative traces for a 2-pulse protocol in which 4 EFS were applied twice (first and second stimulation) to cortical axons 10 min apart. Individual traces (gray) and averages
(black) for iGluSnFR imaging are shown in response to 4 EFS (arrows). The lines on top of the traces illustrate the time windows in which the peak of the three phases including the
baseline, the peak, and later epochs were measured. D, Average data for peak amplitude measured at the three epochs shown in C. E, As in D, with two pulses of 4 EFS at an interval of
10 min, but with the second pulse in the presence of TTX. Note that 2 rounds of 4 EFS produced similar peak responses, whereas interpulse application of TTX abolished the second
response. F, Individual traces (gray) and averages (black) for iGluSnFR imaging in response to EFS (arrows) for astrocytes from WT and R6/2 mice. G-I, Average data for peak amplitude,
area, and kinetics for traces such as those shown in F. J, K, Top left, Individual traces (gray) and averages (black) for GCaMP3 imaging within somata (J) or branches (K) of astrocytes in
WT and R6/2 mice, with arrows indicating the time points for EFS and peak response. Note that a delayed slow response was present in both WT and R6/2, but this slow response was not
abolished by TTX (see main text). The graphs next to the traces show the percentage of cells responding to EFS. The bar graphs below the traces show average data for peak responses in
response to EFS under various conditions for somata and branches. In some cases, the error bars signifying SEM are smaller than the symbols used.
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the mGluR2/3 antagonist LY341495 (10 um; Fig. 5J,K), which is
known to mediate evoked astrocyte Ca®" responses in the hip-
pocampus (Haustein et al., 2014). Therefore, in R6/2 mice,
astrocytes display action potential-dependent corticostriatal glu-
tamate (Fig. 5F-I) and Ca’* signaling (Fig. 5J,K), whereas
action-potential-independent spontaneous Ca*™ signals were re-
duced in R6/2 mice (Fig. 4). Conversely, WT mice do not display
evoked astrocyte Ca*™ signals during cortical stimulation, but do
display extensive spontaneous Ca*" signals.

Very slow astrocyte Ca** responses that occurred with a la-
tency of >20 s after EFS and lasted ~60 s were also observed.
These can be seen in the traces shown in Figure 5, Jand K, but they
were not blocked by TTX (n = 12 cells, n = 4 mice). We interpret
this to indicate that they were not the result of neuronal action
potential firing and thus these peculiar slow events were not
studied further, but may reflect mechanical stimulation at the
EFS site and gap junctional intracellular spread.

We further evaluated the functional expression of mGluR3
receptors in striatal astrocytes from adult WT and R6/2 mice by
applying the mGluR2/3 agonist LY354740 (3 uMm). We measured
equivalent LY354740-evoked Ca’" signals within astrocyte so-
mata and branches from WT and R6/2 mice, providing strong
evidence that striatal astrocytes express functional mGIuR3 re-
ceptors that elevate Ca*™ to similar levels in both genotypes (Fig.
6A,B). To further explore mGluR3 expression, we used FACS
to isolate a pure population of striatal astrocytes from adult
Aldh111-eGFP mice (Cahoy et al., 2008) and performed qPCR for
Grm3 and Grmb5, the genes that encode mGluR3 and mGluRS5,
respectively (Sun et al., 2013). These experiments showed signif-
icantly higher Grm3 expression in striatal astrocytes compared
with Grm5 (Fig. 6C-E), which is consistent with past work on

adult cortical astrocytes (Sun et al., 2013) and hippocampal as-
trocytes (Haustein et al., 2014). Our use of a selective agonist (Fig.
6A, B), antagonist (Fig. 5J,K) and qPCR from striatal astrocytes
(Fig. 6C-E) provide compelling evidence for the expression of
mGluR3 within the striatum. These observations are consistent
with detailed immunohistochemistry reporting mGluR3 protein
in striatal glia (Petralia et al., 1996; Tamaru et al., 2001).
Glutamate uptake gates striatal astrocyte Ca>* and

glutamate signaling

Astrocytes in the striatum express Gltl, the expression of
which is reduced in HD model mice (Liévens et al., 2001),
leading us to evaluate whether altered astrocyte Ca®* and
glutamate signaling observed in R6/2 mice could be triggered
simply as a consequence of the functional loss of Gltl-
mediated glutamate uptake. To explore this possibility, we
used WT C57BL/6N mice and applied the specific Glt1/
GLAST blocker TBOA (1 uMm) and found that it significantly
increased astrocyte Ca®" signals (Fig. 7A; n = 7 cells, n = 4
mice), increased basal iGluSnFR signals (Fig. 7B; n = 28 cells,
n = 4 mice), and increased the peak, decay time, and inte-
grated area of EFS-evoked astrocyte iGluSnFR signals (Fig.
7C—E; 21-25 cells, n = 4 mice). Moreover, blockade of Gltl
resulted in robust EFS-evoked Ca®" signals in astrocyte so-
mata and branches (Fig. 7F-I; n = 24 cells, n = 7 mice) that
covered large parts of the GCaMP3-observable astrocyte area
(Fig. 7J; n = 26 cells, n = 7 mice). For both somata and
branches, the EFS-evoked signals in the presence of TBOA
were completely blocked by TTX (0.5 uMm) and LY341495 (10
uM), but were resistant to the mGluR5 antagonist MPEP (Fig.
7G,I; 50 uMm). These data further indicate that striatal astro-
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right shows average data for the peak area before and during applications of TBOA. B, Asin 4, but for iGluSnFR imaging showing elevated basal glutamate levels in the presence of TBOA.
C, Individual traces (gray) and averages (black) for 4 EFS-evoked iGluSnFR signals in the absence of TBOA as well as in its presence. D, E, Average data for peak amplitude and decay time
for traces such as those shown in €. F, Individual traces (gray) and averages (black) for 4 EFS-evoked GCaMP3 Ca 2% signals in the presence of TBOA or TBOA/TTX measured in somata of
astrocytes in (57BL/6N mice. Tilted arrows indicate the expected time for the EFS-evoked Ca2* signals. G, Summary bar graph for experiments such as those shown in F in the presence
of different drugs. H, I, Asin Fand G, but for measurements in branches instead of somata. J, Representative confocal images of a GCaMP3-expressing astrocyte taken before, during, and
after 4 EFS in the presence of TBOA. Bar graph to the right shows the area of the astrocyte territory and the area of the 4 EFS-evoked Ca ™ signals. In some cases, the error bars signifying
SEM are smaller than the symbols used.
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Table 2. TBOA has a greater effect on astrocyte basal iGluSnFR signals in WT mice
than in R6/2 mice

Jiang et al. e Dysfunctional Astrocyte Signaling in HD Model Mice

Table 4. TBOA has a greater effect on astrocyte EFS-evoked Ca®™* signals in WT
mice than in R6/2 mice

Fold-change from

BaselinedF/F  + TBOAdF/F p baseline to TBOA

WT  0.01*=001 039*004 <0.00001 39.8=*102 19,4
R6/2 003 =001 016003 <0.00001 7725 24,4

Data are from experiments such as those illustrated in Figure 7B, but summarized here for R6/2 and noncarrier
controls (WT). TBOA significantly increased the iGluSnFR signals in WT and R6/2 mice, but the fold changes were
significantly greaterin WT ( p << 0.00001). The mean values for fold changes calculated from individual experiments
are shown.

n (cells, mice)

Table 3. TBOA has a greater effect on astrocyte EFS-evoked iGluSnFR signals in WT
mice than in R6/2 mice

Fold-change
from controlto  n (cells,
Control + TBOA p TBOA mice)
WT
Peak dF/F 041+0.09 107009 <0.00001 7.0=*14 21,4
Decay (s) 279055 1085+ 124 <<0.00001 7.2 %21 21,4
Area (dF/F-s) 073 +0.14 518 =056 <<0.00001 103 = 2.2 21,4
R6/2
Peak dF/F 0.42 = 0.05 054 *0.05 0.00025 1.8=*0.2 25,4
Decay (s) 555+040 1277 =188  0.00037 2.5=*04 25,4
Area (dF/F+s) 120 =0.09  3.13 = 0.53 0.00146 2.5+ 04 25,4

Data are from experiments such as those illustrated in Figure 7C, but summarized here for R6/2 and noncarrier
controls (WT). TBOA significantly increased the EFS-evoked iGluSnFR signals in WT and R6/2 mice, but the fold
changes were significantly greater in WT mice for all three comparisons of peak 6F/F (p = 0.00132), decay time
(p=0.01696), and area ( p = 0.00296) between WT and R6/2 mice. The mean values for fold changes calculated
from individual experiments are shown.

cytes express functional mGluR3 rather than mGluR5
receptors and suggest that the EFS-evoked astrocyte Ca*"
signals observed in R6/2 mice (Fig. 5) are not caused by in-
creased expression of mGluR3 in HD model mice because
similar mGluR3-mediated responses could be unmasked in
C57BL/6N mice when glutamate transport was blocked. The
findings suggest that glutamate uptake acts as a key regulator
of astrocyte engagement in the corticostriatal circuit (Haust-
ein et al., 2014).

A prediction from our findings with TBOA in C57BL/6N mice
(Fig. 7) is that the effect of TBOA on astrocyte iGluSnFR and
Ca*" signals in R6/2 mice would be smaller than in noncarrier
WT controls. This is because R6/2 mice have reduced Glt1 levels,
so the observable consequence of blocking Gltl with TBOA
should be smaller. We tested for this systematically across all of
the key experiments in both R6/2 and noncarrier WT mice and
report the data in Tables 2, 3, and 4. We found that TBOA had a
significantly greater effect on basal iGluSnFR signals in WT mice
compared with R6/2 mice (Table 2) for experiments such as those
shown in Figure 7B. We also found that TBOA had a significantly
greater effect on EFS-evoked iGluSnFR signals in WT mice com-
pared with R6/2 mice for experiments such as those shown in
Figure 7 C-E. Finally, TBOA had a greater effect on EFS-evoked
astrocyte Ca®" signals in WT mice compared with R6/2 for ex-
periments such as those shown in Figure 7 F-I. Together, these
experiments provide strong evidence that the deficits observed in
astrocyte glutamate and Ca*™ signaling in R6/2 mice are largely
driven by dysfunction of GltI.

No evidence for increased pulsatile glutamate release onto
astrocytes in HD model mice

A recent study using astrocyte cultures indicated that astrocytes
from HD model mice display elevated glutamate exocytosis (Lee
et al., 2013). Might this explain enhanced EFS-evoked mGluR3

Fold change
from control
Control +TBOA p to TBOA n (cells, mice)
WT somata
Peakdf/F  0.18 = 0.05 2.36 = 0.60 0.00489 13.1 10-13, 4
R6/2 somata
Peakdf/F 098 = 0.40 3.13 =0.57 0.01795 3.2 12-15,4
WT branches
Peakdf/F 030+ 0.04 1.83 £0.14 <0.00001 6.1 10-13,4
R6/2 branches
Peakdf/F 070 =0.10 0.82 = 0.07 0.00845 1.2 12-15,4

Data are from experiments such as thoseillustrated in Figure 7, Fand H, but summarized here for R6/2 and noncarrier
controls (WT). TBOA significantly increased the EFS-evoked Ca > signals in WT and R6/2 mice somata, but the fold
changes were greater in WT. For the experiments shown in this table, the fold changes were calculated from the
average data because the control and +TBOA experiments were not always from the same cells. Nonetheless, the
trend for greater effects of TBOA in WT mice was very clear and consistent with the data shown in Tables 2 and 3.

mediated Ca®" signals and the prolonged glutamate levels ob-
served as a result of EFS in R6/2 mice (Fig. 5)? We considered this
unlikely given our evidence implicating Glt1 (Fig. 7), but none-
theless we sought to measure iGluSnFR-detected glutamate
“flashes” that might indicate elevated glutamate levels near astro-
cytes from any cellular source in R6/2 mice (Marvin et al., 2013).
We measured infrequent iGluSnFR flashes in WT and R6/2 as-
trocytes at a rate of ~1 every 5 min in fields of view containing
~10 astrocytes (Fig. 8A—D; n = 6 mice). These signals typically
covered a large astrocyte area of ~400 um?* and seemed unlikely
to represent point-source release events and more likely to rep-
resent ambient glutamate fluctuations in the extracellular space
due to neuronal release. Regardless of their origin, the iGluSnFR
flashes were significantly reduced in frequency in R6/2 relative to
WT mice (Fig. 8D; n = 6 mice) consistent with decreased corti-
costriatal neuronal glutamate release probability in R6/2 mice
(Fig. 8E; n = 4 mice), which has been well documented previ-
ously (Cepeda et al., 2010). We also found no difference in the
basal iGluSnFR intensity between WT and R6/2 mice (Fig. 7D),
although this metric is less reliable than the quantification of the
iGluSnFR flashes because the basal intensity also depends on ex-
pression levels. These experiments provided little evidence for
increased glutamate levels (pulsatile or basal) in the absence of
EFS (Fig. 5) near astrocytes in HD model mice.

Restoring Kir4.1 function rescues astrocyte dysfunctions
associated with HD

Astrocyte Kir4.1 channels are components of the machinery that
regulate extracellular K levels and neuronal excitability (Kofuji and
Newman, 2004; Larsen et al., 2014; Sibille et al., 2015). Based on the
finding that HD-associated reductions in Glt1 can be remedied by
rescuing Kir4.1 (Tong et al., 2014), we used AAVs to express
GCaMP3 with either Kir4.1 or tdTomato in striatal astrocytes and
investigated whether Ca®>" and glutamate signal dysfunctions ob-
served in R6/2 mice were rescued in astrocytes that received Kir4.1
relative to those that received tdTomato as a control (Fig. 9A). Coin-
jecting two AAVs resulted in the coexpression of both fluorescent
proteins in ~90% of astrocytes (Fig. 9B; n = 38 cells, n = 4 mice).
Moreover, our past work shows that AAV2/5 mediated delivery of
Kir4.1 in R6/2 mice restores channel expression and function to
levels equivalent to those in WT mice (Tong et al., 2014). In astro-
cytes from R6/2 mice expressing tdTomato, we observed small and
infrequent spontaneous Ca>* signals (Fig. 9C; n = 28 cells, n = 5
mice), as expected for R6/2 mice (Fig. 4). However, in astrocytes
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Figure8.

iGluSnFR flashes are not increased in striatal astrocytes from R6/2 mice. 4, Representative time series of confocal images from a small region of an astrocyte expressing iGluSnFR from a WT mouse;

aniGluSnFR flash occurred at ~3. B, Asin A, but for an astrocyte from a R6/2 mouse. €, Representative traces for transients such as those shown in A and B. D, Bar graphs showing average data for traces such
as those shown in C. Note: the only significant difference in iGIuSnFR signals between WT and R6/2 mice was in the frequency; no other parameter was changed in R6/2 compared with WT astrocytes. E,
Representative traces and average data for mEPSCs recorded from MSNs at —70 mV from WT and R6/2 mice. In some cases, the error bars signifying SEM are smaller than the symbols used.

from R6/2 mice expressing Kir4.1, we observed significantly larger
and more frequent spontaneous Ca*" signals (Fig. 9C-E; n = 24
cells, n = 5 mice). When quantified, we measured significant recov-
ery of astrocyte global waves, local waves, and Ca** microdomains
in mice that had received Kir4.1 relative to those that received
tdTomato (Fig. 9E).

Next, we evaluated EFS-evoked astrocyte Ca** signals in astro-
cytes from R6/2 mice that had received Kir4.1, relative to those that
received tdTomato (Fig. 9F-H; n = 5-6 mice). This rescue, although

partial relative to WT mice, was clear for astrocyte branches and was
apparent as a reduction in the proportion of astrocytes responding to
EFSand in the amplitude of EFS-evoked astrocyte Ca** signals (Fig.
9I-K). Moreover, expression of Kir4.1 in astrocytes from R6/2 mice
also shortened the decay time and reduced the integrated area of the
EFS-evoked iGluSnFR signals (Fig. 9L-O). Therefore, Ca*" and glu-
tamate signaling in astrocytes from R6/2 mice was rescued toward
WT levels by the expression of exogenous Kir4.1 in astrocytes, but
not by expression of control tdTomato.
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Figure9. AAV2/5-mediated Kir4.1 expression within astrocytes rescued dysfunctional astrocyte Ca* and glutamate signaling in R6/2 mice. A, The diagram illustrates the viral constructs used,
and that the mice were microinjected at ~P50—P56 and studied at P70 —P80. B, Confocal imaging for GCaMP3 and tdTomato shows colocalization when two viral constructs were coexpressed in
striatal astrocytes. C, D, Representative traces from seven selected ROIs showing enhanced spontaneous Ca** signals in astrocytes from R6/2 mice that had (Figure legend continues.)
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Discussion

There are several key findings from this study, some of which are
schematized in Figure 10. First, striatal astrocytes from symp-
tomatic R6/2 mice, known to contain mHTT nuclear inclusions
at ~P70 before detectable astrogliosis, displayed Kir4.1 (Tong et
al., 2014) and Glt1 dysfunctions that were related to each other.
Second, astrocyte spontaneous Ca*" signals were reduced in
R6/2 mice, but evoked Ca?* signals were increased in a manner
that was dependent on Gltl. The action-potential-dependent
evoked Ca*" signals were mediated by astrocyte mGluR2/3 re-
ceptors. Third, the lifetime of EFS-evoked glutamate release near
the surface of astrocytes was prolonged in R6/2 relative to WT
mice, reflecting a loss of Glt1 function. Fourth, prolonged astro-
cyte iGluSnFR signals and elevated mGluR2/3-mediated evoked
Ca*" signals observed in R6/2 mice could be mimicked in
C57BL/6N mice by blocking Glt1, implying that reduced gluta-
mate uptake is the likely cause of these astrocyte dysfunctions in
R6/2 mice. Fifth, many of the iGluSnFR and Ca*" signal altera-
tions observed in R6/2 mice could be rescued by astrocyte deliv-
ery of Kir4.1. However, restoration of Kir4.1 did not significantly
increase the frequency of microdomain Ca** signals even though
these were significantly attenuated in R6/2 mice. Therefore, the
rescue by Kir4.1 was partial.

Although several mouse models of HD exist, we explored as-
trocytes in the extensively studied transgenic R6/2 model (Man-
giarini et al., 1996) based on past work (Tong et al., 2014). In
addition, the early onset of symptoms in R6/2 mice permitted the
use of AAVs to express fluorescent proteins as well as Ca*>* and
glutamate indicators, which have not been validated for astrocyte
studies in mice >~P80 (Shigetomi et al., 2013; Haustein et al.,
2014; Jiang et al., 2014; Tong et al., 2014; Srinivasan et al., 2015).
At the ages used in this study, R6/2 mice display symptom onset
before detectable astrogliosis (Mangiarini et al., 1996; Tong et al.,
2014), which recalls the early stages of the human disease (Faid-
eau et al., 2010) and may be portentous of symptoms in humans
that occur before overt striatal tissue loss (Tabrizi et al., 2009).
Overall, R6/2 mice present a number of advantages for exploring
astrocytes. Nonetheless, in future work, additional evaluations in
humans and perhaps other mouse models will be needed.

The present study was motivated by the discovery that cor-
recting the loss of astrocyte Kir4.1 rescued the loss of Gltl as
assessed by Western blot (Tong et al., 2014) and sought to explore
the functional implications of this observation within the striatal
microcircuit. Previous studies have reported disruptions of astro-
cyte Gltl function in HD mouse models (Behrens et al., 2002;
Miller et al., 2008; Bradford et al., 2009; Bradford et al., 2010;
Tongetal., 2014). Our aim was to determine how astrocyte phys-
iology was altered in HD mouse models and shed light on the
consequences with a focus on Kir4.1 and GIt1. More generally,

<«

(Figure legend continued.)  received AAV2/5 Kir4.1 (D) compared with R6/2 mice receiving
AAV2/5 tdTomato (C). E, Quantification of peak amplitude, duration, and frequency for the
threetypes of Ca** signalsin striatal astrocytes in R6/2 mice receiving AAV2/5 Kird.1 or AAV2/5
tdTomato. F, Individual traces (gray) and averages (black) for eight EFS-evoked Ca 2+ signals
within somata of astrocytes in R6/2 mice receiving AAV2/5 Kir4.1 or AAV2/5 tdTomato. Tilted
arrows indicate the peak of the response. G, Bar graph showing the percentage of cells respond-
ing to EFS. H, Average data for peak amplitude from traces such as those shown in F. I-K, Asin
F-H, but for measurements from branches instead of somata. L, Individual traces (gray) and
averages (black) for eight EFS-evoked iGluSnFR signals within astrocyte territories from R6/2
mice receiving AAV2/5 Kir4.1 or AAV2/5 tdTomato. M—0, Quantification of peak amplitude,
area, and kinetics for traces such as those shown in L for iGluSnFR. In some cases, the error bars
signifying SEM are smaller than the symbols used.
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past studies of several brain disorders suggested that they are
accompanied by reduced Kir4.1 expression, including Alzhei-
mer’s disease (Wilcock et al., 2009), amyotrophic lateral sclerosis
(Kaiser et al., 2006), spinocerebellar ataxia (Magafa et al., 2013),
and epilepsy (Scholl et al., 2009). Furthermore, the genetic dele-
tion of Kir4.1 causes severe pathology in mice (Neusch et al.,
2001; Djukic et al., 2007; Chever et al., 2010). Therefore, studies
of Kir4.1 in the context of HD may yield mechanistic information
of general relevance.

In relation to Kir4.1, we explored Ca** and glutamate signal-
ing, which are involved in multiple aspects of astrocyte biology
(Volterra et al., 2014; Khakh and McCarthy, 2015; Khakh and
Sofroniew, 2015) and implicated in disease (Nedergaard et al.,
2010; Agulhon et al., 2012). Astrocyte Ca>™ signaling was in-
creased in mouse models of Alzheimer’s disease (Takano et al.,
2007; Kuchibhotla et al., 2009; Delekate et al., 2014), after cere-
bral ischemia (Ding et al., 2009), and during status epilepticus
(Dingetal., 2007). In all three of these settings, it is proposed that
elevated astrocyte Ca®" signaling may contribute to disease. In
contrast, there was hitherto no available information for striatal
astrocyte Ca®" signaling in WT or HD mice. Consistent with
recent studies in the hippocampus, we found that striatal astro-
cytes from C57BL/6N mice displayed three types of seconds-
time-scale spontaneous Ca" signals that were action-potential
independent and occurred mainly in astrocyte branches (Haust-
ein et al., 2014; Srinivasan et al., 2015). Using selective stimula-
tion of corticostriatal axons, we found that striatal astrocytes did
not respond reliably with Ca** elevations when glutamate was
released onto them; that is, they were largely disengaged from the
corticostriatal circuit in C57BL/6N mice (Haustein et al., 2014).

By focusing on early stages in R6/2 mice, we found that astro-
cyte Ca*™ signaling in the striatum was altered dramatically. Spe-
cifically, we measured a loss of spontaneous Ca** signals and a
gain of evoked action potential-dependent Ca®™ signals in R6/2
mice. The loss of spontaneous Ca*" signals likely reflects lower
store capacity, whereas the increase in evoked Ca** signals likely
reflects the loss of Gltl, increased lifetime of glutamate in the
extracellular space and subsequent activation of mGluR2/3 re-
ceptors. The endogenous activation of astrocyte mGluR2/3 re-
ceptors may represent an endogenous protective response
because a mixed mGluR2/3 agonist is neuroprotective in R6/2
mice (Schiefer et al., 2004). A role for mGluR2/3 receptors is
consistent with the expression of mGluR3 receptors in astrocytes
from adult mice (Sun et al., 2013; Haustein et al., 2014). Recent
studies (Rosenegger et al., 2015) also suggest that loss of astrocyte
spontaneous Ca>" signals may contribute to reduced cerebral
blood flow in HD. We also speculate that reduced spontaneous
Ca*" signals alter astrocyte gene expression and thus alter func-
tion of astrocytes and neurons. Together, our data emphasize the
critical role of glutamate clearance in determining the conditions
and constraints for astrocyte Ca*" signaling in the striatum. Ad-
ditional studies are needed to explore how astrocyte Ca** signal-
ing contributes to striatal microcircuit function in health and
dysfunction in HD model mice.

We measured robust mGluR2/3-dependent Ca** signals in
striatal astrocytes from C57BL/6N mice when Glt1 was blocked.
Moreover, the loss of Kir4.1 and Glt1 appear to be related: both
are reduced in HD mouse models and genetically restoring Kir4.1
also rescues Glt1. Glt1 is Na ~ dependent and thus electrogenic: it
functions most efficiently at negative resting membrane poten-
tials. Therefore, the restoration of Kir4.1 is expected to restore
function of expressed Glt1 and has been shown to lead to restored
protein expression (Tong et al., 2014). Over activation of NMDA
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receptors has been shown to lead to
decreased Kir4.1 expression (Obara-
Michlewska et al., 2015), suggesting a pos-
sible feedback loop between Kir4.1 and
the consequences of Gltl loss in HD. A
critical role for Kir4.1 in these phenomena
is supported by past cell biological studies
(Hértel et al., 2007; Kucheryavykh et al.,
2007) and suggests that correcting Kir4.1-
dependent homeostatic functions in as-
trocytes has downstream beneficial effects
via Gltl and Ca®". Disentangling cause
and effect and revealing potential conver-
gent molecular mechanisms among
Kir4.1, Glt1, and Ca>* will require further
detailed work, but could include gene
and/or protein regulation, the influence
of electrochemical driving force, altered
ion selectivity (Hartel et al., 2007), or pos-
sibly all four. Moreover, the available data
do not suggest a simple all-encompassing,
circuit-based mechanism for how astro-
cytes cause or contribute to HD symp-
toms, largely because there is no accepted
neural circuit based model for HD per se
(Waldvogel et al., 2015; Plotkin and Sur-
meier, 2015). Such models are beyond the
scope of the current work.

MSN phenotypes that occur in HD
(Cepeda et al., 2010) involve multiple cell
types because mHTT is expressed widely
in neurons and glia. Our recent studies
reported herein and in Tong et al., 2014
suggest that astrocytes play causative roles
in neural circuit level dysfunctions. This
suggestion is consistent with past work
demonstrating that mHTT expression
only in astrocytes can lead to HD-like
phenotypes in vivo (Bradford et al., 2009)
and the finding that restoring astrocyte
Kir4.1 levels can rescue some in vivo HD
phenotypes (Tong et al.,, 2014). HTT is
known to associate with several transc-
riptional activators, including Spl, in
GFAP-HD model mice and mHTT was
found to more readily associate with Sp1,
leading to decreased occupancy of the
conserved Spl-binding site in the GItI
promoter and concomitant reduced Glt1
expression (Bradford et al., 2009). The
promoters of many Kir channels also
have conserved Spl-binding sites and
these are crucial in regulating the ex-
pression of Kir2.1 (Redell and Tempel,
1998) and Kir3.1 (Schoots et al., 1997).
Kir4.1 has a highly conserved Spl-
binding site in its promoter, implying
that mHTT-Sp1 association may be a
common mechanism for downregula-
tion of Kir4.1 and GIt1 in HD.

In the future, astrocyte-specific induc-
ible Cre lines may allow for the specific
expression or deletion of mHTT in striatal
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Figure 10.  Schematic summary of the major astrocyte changes observed in R6/2 mice at ~P70. The top and bottom diagrams
summarize key aspects of the changes that occur in astrocytes in HD model mice and how they affect MSNs in the dorsolateral
striatum (Tong et al., 2014). Only the key features of our findings are schematized and other differences between WT and R6/2 mice
are discussed in the text. In the WT striatum, normal expression levels of Kir4.1and GIt1 maintain low levels of extracellularK * and
glutamate near synapses. As a result, electrical stimulation of corticostriatal axons does not evoke robust mGluR3-mediated
astrocyte Ca® ™ signals. However, there are abundant spontaneous Ca 2 signals in striatal astrocytes. In HD model mice, expres-
sion levels of Kir4.1 and GIt1 are reduced and this has several observable consequences for astrocytes. Reduced Glt1 levels mean
that astrocytes display robust mGluR3-mediated Ca* signals during stimulation of corticostriatal axons. This gain of evoked
Ca*™" signals is accompanied by a loss of spontaneous Ca>" signals. The elevated glutamate and K * levels in the extracellular
space increase the excitability of MSNs. Although the observations shown in the diagram were robust and highly significant (see
text), at this stage, it is not possible to extend our cellular observations and propose a satisfying circuit based mechanism for how
astrocytes cause or contribute to HD symptoms, largely because there is no widely accepted circuit based model for neuronal
alterations that accompany HD (Waldvogel et al., 2015). Such circuit-based mechanisms are worthy of further investigation, but
will require further detailed evaluations of astrocytes and neurons in WT and HD model mice.
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astrocytes and thus provide opportunities to further explore non-
cell-autonomous mechanisms in HD (McGann et al., 2012).
Suitable Cre lines do not yet exist and striatal astrocytes are no-
table for their low expression of GFAP (Mangiarini et al., 1996;
Tong et al., 2014). Therefore, available GFAP Cre lines, which
have been used with aplomb in other brain disorders (McGann et
al., 2012), may have limited utility for the striatum.

In summary, our data show that the loss of astrocyte Kir4.1-
and Gltl-mediated homeostatic functions in R6/2 mice caused
dysfunctional astrocyte glutamate and Ca*™ signaling, which we
propose may in turn contribute to altered MSNs in the striatum.
We suggest that striatal circuit defects in HD, and perhaps other
brain disorders, may be remedied by correcting key astrocyte
homeostatic dysfunctions that precede overt astrogliosis and
neurodegeneration.
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