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Differential Sensitivity of Brainstem versus Cortical
Astrocytes to Changes in pH Reveals Functional Regional
Specialization of Astroglia
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Astrocytes might function as brain interoceptors capable of detecting different (chemo)sensory modalities and transmitting sensory informa-
tion to the relevant neural networks controlling vital functions. For example, astrocytes that reside near the ventral surface of the brainstem
(central respiratory chemosensitive area) respond to physiological decreases in pH with vigorous elevations in intracellular Ca>* and release of
ATP. ATP transmits astroglial excitation to the brainstem respiratory network and contributes to adaptive changes in lung ventilation. Here we
show that in terms of pH-sensitivity, ventral brainstem astrocytes are clearly distinct from astrocytes residing in the cerebral cortex. We moni-
tored vesicular fusion in cultured rat brainstem astrocytes using total internal reflection fluorescence microscopy and found that ~35% of them
respond to acidification with an increased rate of exocytosis of ATP-containing vesicular compartments. These fusion events require intracel-
lular Ca* signaling and are independent of autocrine ATP actions. In contrast, the rate of vesicular fusion in cultured cortical astrocytes is not
affected by changes in pH. Compared to cortical astrocytes, ventral brainstem astrocytes display higher levels of expression of genes encoding
proteins associated with ATP vesicular transport and fusion, including vesicle-associated membrane protein-3 and vesicular nucleotide trans-
porter. These results suggest that astrocytes residing in different parts of the rat brain are functionally specialized. In contrast to cortical
astrocytes, astrocytes of the brainstem chemosensitive area(s) possess signaling properties that are functionally relevant—they are able to sense

changes in pH and respond to acidification with enhanced vesicular release of ATP.

Introduction

Astrocytes—a subtype of a group of brain cells known as glia—
enwrap all penetrating and intracerebral arterioles and capillar-
ies, control the ionic and metabolic environment of the neuropil
(Tsacopoulos and Magistretti, 1996; Magistretti, 2006), provide
synapses with a renewable source of transmitters, and play a role
in neurovascular coupling (Haydon and Carmignoto, 2006; Ta-
kano et al., 2006; Iadecola and Nedergaard, 2007; Gordon et al.,
2008). Astrocytes are electrically nonexcitable but display Ca*"
excitability and are capable of releasing signaling molecules—
ATP/adenosine, glutamate, D- serine, and possibly many others
(Haydon and Carmignoto, 2006; Halassa and Haydon, 2010). Via
release of gliotransmitters, astrocytes are implicated in the regu-
lation of neuronal excitability, synaptic transmission, plasticity,
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and information processing (Kang et al., 1998; Pascual et al.,
2005; Volterra and Meldolesi, 2005; Haydon and Carmignoto,
2006; Wang et al., 2006; Jourdain et al., 2007; Schummers et al.,
2008; Filosa et al., 2009; Henneberger et al., 2010; Ortinski et al.,
2010). Since astrocytes are functionally interconnected via gap
junctions and other mechanisms, including gliotransmitter re-
lease, they can potentially modulate the activities of extensive
neural networks (Angulo et al., 2004; Fellin et al., 2009). How-
ever, the functional significance of [Ca*"];-dependent (glio)
transmitter release by astrocytes was questioned by the work of
Ken D. McCarthy (University of North Carolina, Chapel Hill,
NC) and his group (Fiacco et al., 2007; Agulhon et al., 2010) and
the very ability of astrocytes to release physiologically significant
quantities of (glio)transmitters in a regulated manner was re-
cently debated (Hamilton and Attwell, 2010).

We reported that astrocytes which reside at and near the ven-
tral surface of the brainstem are exquisitely sensitive to changes in
pH and are capable of transmitting changes in PCO,/pH of brain
parenchyma on patterns of the respiratory activity (Gourine,
2005; Gourine et al., 2005; Gourine et al., 2010). Activation of the
brainstem respiratory network that follows Ca*" excitation of
local astrocytes (induced by either decreases in pH or optogenetic
stimulation) is mediated by ATP release, which in response to
acidification of the external milieu may involve an exocytotic
mechanism (Gourine et al., 2010).
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Here we used total internal reflection fluorescence (TIRF) mi-
croscopy to determine whether changes in pH indeed trigger
vesicular exocytosis in astrocytes residing in a distinct PCO,/pH-
sensitive area of the brainstem, the retrotrapezoid nucleus
(RTN). To test the hypothesis that ventral brainstem astroglia are
functionally specialized, we determined whether these astrocytes
are different from cortical astrocytes in terms of their high pH
sensitivity and differential expression of genes encoding proteins
associated with vesicular transport and exocytosis.

Materials and Methods

All experiments were performed on cell culture preparations from
Sprague Dawley rats used in accordance with the United Kingdom Ani-
mals (Scientific Procedures) Act of 1986 and associated guidelines.

Cell culture. Primary astroglial cell cultures were prepared from the
brainstems and cerebral cortices of rat pups [postnatal days (P)2-3] of
either sex as described in detail previously (Marriott et al., 1995). In rats,
respiratory CO, sensitivity is fully developed at birth. Although it de-
creases during the first week of life, the slope of the CO,-evoked ventila-
tory response in 2- to 3-day-old rat pups is similar to that of the adults
(Stunden et al., 2001).

In brief, for cultures of the ventral brainstem astrocytes, 500-um-thick
coronal brainstem slices were cut. Slices were inspected under a low-
magnification dissecting microscope, and sections containing the facial
nucleus were selected. A microblade was used to dissect the most ventral
brainstem surface layer (300 wm thick) ~0.5-2 mm lateral from the
midline. Tissue cuts from 2-3 animals were used for cell culture prepa-
ration. After isolation, the cells were plated on poly-p-lysine-coated
coverslips and adenoviral vector AVV-sGFAP-Casel2 or AVV-sGFAP-
DsRed was added to the medium at 5 X 10°-5 X 10'° transducing units
ml ', AVV-sGFAP-Casel2 drives the expression of a Ca?*-sensitive
cyclically permuted green fluorescent protein, Casel2, under the control
of an enhanced GFAP promoter for subsequent identification of astro-
cytes and monitoring of their Ca** responses (Guo et al., 2010). AVV-
sGFAP-DsRed drives the expression of DsRed and allows identification
of astrocytes on the basis of red fluorescence (Figs. 1Aiii, 3A). In this
study astroglial cultures transduced to express Casel2 were used in the
experiments aimed at confirming that brainstem astrocytes in culture
conditions respond to changes in pH with elevations in [Ca*"]; and to
identify pH-responding cells for comparison of the gene expression be-
tween pH-sensitive and pH-insensitive astrocytes. The rest of the exper-
iments were conducted in astroglial cultures transduced to express
DsRed. Experiments were performed after 7-10 days of incubation.

Loading cells with quinacrine, MANT-ATP, and LysoTracker. Visualiza-
tion of putative ATP-containing vesicles using quinacrine staining was
performed as described (Bodin and Burnstock, 2001). Astroglial cell cul-
tures were incubated with quinacrine (5 um) for 5 min at 37°C. ATP-
containing vesicles were also visualized by loading astrocytes with
MANT-ATP, 2',3’-O-(N'-methylanthraniloyl)-ATP. MANT-ATP is an
ATP analog in which either the ribose 2'-hydroxyl group or the 3'-
hydroxyl group is esterified by the fluorescent methylisatoic acid and
used for studying ATP stores and nucleotide-binding proteins (Sorensen
and Novak, 2001). Cell cultures were incubated with MANT-ATP (50
pm) for 4 h in DMEM supplemented with 10% fetal calf serum. The
cultures were then washed and incubated for a further 3.5 h to allow
compartmentalization of MANT-ATP. In a preliminary study using
[Ca”"]; imaging of astrocytes transduced to express Casel2, we found
that MANT-ATP in this concentration had no effect on [Ca>* ]; of either
cortical or brainstem astrocytes. After loading, cultures were washed 5
times with HBSS (in mm: 137 NaCl, 5.4 KCI, 0.25 Na,HPO,, 0.44
KH,PO,, 1.3 CaCl,, 1.0 MgSO,, 4.2 NaHCO,, 10 HEPES, pH 7.4) and
used for TIRF imaging experiments as described in the next paragraph.
For identification of acidic organelles, including lysosomes, cells were
incubated with LysoTracker Red (100 nm) for 15 min (37°C).

TIRF microscopy. An objective-type Olympus TIRF microscope was
used to detect vesicular fusion events in astrocytes transduced to express
DsRed and grown on high-refractive index glass coverslips coated with
poly-L-lysine. The imaging setup included a high-numerical aperture
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oil-immersion objective (60X, 1.65 NA), an inverted microscope (IX71;
Olympus) and a cool-charge-coupled-device camera (Hamamatsu). Im-
ages were acquired and analyzed using cell tool software (Olympus). To
assess changes in fluorescence intensity, a region of interest was drawn
around the fluorescent granule and the average intensity was measured in
this region. Fluorescence was excited at 365 nm or 488 nm and collected
at430—480 nm or 500—530 nm for MANT-ATP-loaded and quinacrine-
loaded cells, respectively. The same settings were used in experiments
with quinacrine and MANT-ATP costaining to avoid spectral overlap-
ping (quinacrine does not absorb at 365 nm, while MANT-ATP does not
absorb at 488 nm). All experiments were conducted at 37°C.

Dextran loading. Exocytotic vesicles typically undergo recycling, and
the first step in this process is endocytosis. To assess the degree of endo-
cytotic recovery of the granules, astrocytes transduced to express DsRed
were incubated with 3 kDa dextran conjugated with a fluorescent
marker. This approach may also detect putative partial fusion events
since the hydrodynamic diameter of the 3 kDa dextran molecule is ~2.3
nm (Choi et al., 2010), which is smaller than the diameter of the fusion
pore in the neuronal “kiss-and-run” mode estimated to be ~3.5 nm
(Staal et al., 2004). After 10 min of incubation with 3 kDa dextran con-
jugated with either Cascade Blue or FITC (1 mg ml ~") at pH 7.4 or 7.0,
cell cultures were washed 3 times with PBS (0.1 m, pH 7.4) and fixed with
4% paraformaldehyde for 30 min at 4°C. Fixed cells were then mounted
on microscope slides using Prolong Antifade Kit (Invitrogen) and im-
aged using Zeiss LSM 510 confocal laser scanning microscope with a 63X
objective.

Immunostaining. Astroglial cultures were fixed with 4% paraformal-
dehyde for 30 min at 4°C, permeabilized by incubation with Triton
X-100 (0.01% in PBS) for 10 min and treated with bovine serum albumin
(10%) for 30 min at room temperature. Cultures were then incubated
with rabbit anti-vesicular nucleotide transporter (VNUT) antibodies (1:
500; Sawada et al., 2008) for 12 h at 4°C. After 3 washes with PBS, the
cultures were subsequently incubated for 1 h with anti-rabbit IgG-Alexa-
488 and imaged using Zeiss LSM 510 confocal microscope.

Single-cell RT-PCR. Astrocytes in cortical and brainstem cultures
transduced with AVV-sGFAP-Casel2 were selected for RT-PCR on the
basis of green fluorescence (e.g., expression of Casel2 driven by
astrocyte-specific promoter) and individually collected using patch pi-
pettes (~5 wm tip) made of borosilicate glass. Thirty cortical and thirty
ventral brainstem astrocytes were collected. In a separate experiment,
ventral brainstem astrocytes were selected on the basis of a [Ca®"]; re-
sponse (n = 24 astrocytes) or lack of a response (n = 38 astrocytes) to
decreases in pH. RNA was isolated with the SV Total RNA Isolation
System (Promega) and used as a template for cDNA synthesis with
oligo-dT primers to reverse transcribe poly(A+) mRNA (Superscript III
System; Invitrogen). The product of this reaction was then treated with
RNase H (Invitrogen). A negative control included omission of reverse
transcriptase from the reaction tube. RT-PCR was performed using the
CFX96TM Real-Time System (Bio-Rad) with TagMan probes. RT-PCR s
were carried out in a buffer containing 10 mm Tris-HCl (pH 8.3), 50 mm KCl,
0.25 mm dNTPs, 0.3 um each primer, 0.1 um probe, and 1 unit of Taq
polymerase. The primers used were obtained from Syntol and were comple-
mentary to the exons of the following rat genes: VAMP2 (vesicle-associated
membrane protein 2; also known as synaptobrevin 2; GI:50054292),
VAMP?3 (vesicle-associated membrane protein 3; GI:158631236), VAMP8
(vesicle-associated membrane protein 8; GI1:13929181), SLC1A2 (excitatory
amino-acid transporter 2, EAAT2; GI:78126166), SLC17A7 (vesicular glu-
tamate transporter 1; VGLUT1; GI:16758725), and SLC17A9 (vesicular nu-
cleotide transporter, VNUT; GI:157820386).

Relative mRNA quantification was carried out as described (Pfaffl,
2001). In brief, to determine the dynamic range and RT-PCR efficiency,
a method of multiple (serial) dilutions of cDNA derived from isolated
brain mRNA was used. RT-PCR efficiency was estimated using the for-
mula E = 107141P¢] (where E s efficiency of the reaction and slope is the
slope of the regression line obtained with serial dilutions of sample
cDNA). Relative differences in gene expression were assessed using
formula R = E~ 24" [where R is relative gene expression and AACt =
ACt(brainstem) — ACt(cortex)]. Ct value of B-actin was used as a refer-
ence for normalization.
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Vesicular fusion in cultured astrocytes detected using total internal reflection fluorescence microscopy. 4, Incubation of cultured astrocytes with quinacrine (i) and MANT-ATP (ii) labels

the same intracellular compartments. Astrocytes were transduced with an adenoviral vector to express DsRed (iii) under the control of a GFAP promoter. Scale bar, 10 m. B, Cultured ventral
brainstem astrocytes display [Ca 2" ]; oscillations n response to a decrease n pH from 7.4t0 7.0. Tomonitor Ca® " responses, astrocytes were transduced to expressa Ca * -sensitive protein, Case12,
under the control of GFAP promoter. (, Three-dimensional surface plots illustrating detection of a single vesicular fusion event as evident from a progressive lateral spread and decrease of
fluorescence intensity visualized using TIRF microscopy (cultured brainstem astrocyte loaded with MANT-ATP). Images were acquired every 0.5s.

Data analysis. Olympus or Zeiss built-in analysis software tools were
used to analyze the results of the imaging experiments. Group data were
compared using one-way ANOVA followed by the Tukey-Kramer post
hoc test (for comparisons among three or more experimental groups) or
Student’s t test, as appropriate. Wilcoxon test was used for quality control
of the RT-PCR data. Data are presented as means = SEM. Differences at
p < 0.05 were considered to be significant.

Results

The acridine derivative quinacrine is a weak base that binds ATP
with high affinity and can be used to visualize putative ATP-
containing vesicles in living cells (Bodin and Burnstock, 2001),
including astrocytes (Coco et al., 2003). Cultured ventral brains-
tem astrocytes incubated with quinacrine displayed abundant
punctate fluorescent staining in the cytosol (Fig. 1A7). A similar
pattern of intracellular labeling was observed in both cortical and
ventral brainstem astrocytes loaded with the fluorescent ATP an-
alog MANT-ATP (Fig. 1Aii). Incubation of astrocytes with both
markers revealed that quinacrine and MANT-ATP label the same
intracellular compartments (Fig. 1A7ii). Quinacrine- or MANT-
ATP-labeled vesicular compartments were estimated to have an
average size of 0.5 = 0.01 um (50 vesicles; n = 5 astrocytes).
Preincubation of astrocytes with bafilomycin Al (an inhibitor of
vacuolar type H-ATPase; Bowman et al., 1988) prevented
MANT-ATP staining (data not shown), indicating that vesicular
accumulation of the marker is H " -dependent.

In agreement with the results obtained in organotypic
brainstem slices, acute brainstem slices, and in vivo (Gourine
et al., 2010), cultured ventral brainstem astrocytes displayed
[Ca*"]; oscillations in response to decreases in pH (Fig. 1B).
Time-lapse TIRF imaging revealed that lowering external pH
from 7.4 to 7.0 causes progressive decrease in quinacrine (Fig.
2 A) or MANT-ATP (Figs. 1C, 2 B) fluorescence intensity in
the evanescent field in 35% (49 of 140 cells) of examined
brainstem astrocytes. This indicates loss of a fluorescent
marker from the labeled organelles as a result of their fusion
with plasma membrane. Approximately 50% of labeled vesi-
cles underwent fusion in response to acidification (total num-
ber of MANT-ATP-containing puncta under epifluorescence
illumination was 240 * 69; of that pool, 109 = 26 granules lost
fluorescence in response to a decrease in external pH from 7.4
to 7.0; n = 6 pH-sensitive astrocytes).

Compared to brainstem astrocytes, cultured cortical astro-
cytes displayed a higher rate of vesicular fusion events in resting
conditions at pH 7.4 (p = 0.0009; Fig. 2C). However, the ongoing
fusion rate in cortical astrocytes was not affected by acidification
(Fig. 2C). Significant increases in fusion rate in response to ap-
plication of exogenous ATP (10 wm; Fig. 2Cii) suggest that corti-
cal astrocytes possess purinergic receptors but lack the ability to
sense changes in pH.

To determine whether pH-evoked exocytosis of MANT-
ATP-containing vesicles in brainstem astrocytes occurs in a
Ca’"-dependent manner, the cells were preincubated with a
cell-permeable Ca**-chelator BAPTA-AM (30 um) for 1 h and
then exposed to low pH. The number of fusion events triggered
by acidification in brainstem astrocytes treated with BAPTA was
significantly (p = 0.001) reduced (Fig. 2 D) indicating that pH-
evoked vesicular exocytosis depends (at least in part) upon intra-
cellular Ca** signaling.

Previously we found that acidification-evoked [Ca*]; re-
sponses in ventral brainstem astrocytes are reduced or abolished
by blockade of ATP-mediated signaling with either a P2 receptor
antagonist MRS2179 or an ATP-degrading enzyme apyrase
(Gourine et al., 2010). This suggested that propagation of Ca**
excitation among brainstem astrocytes is mediated by released
ATP. Therefore, we next determined whether vesicular exocyto-
sis evoked by lowering external pH depends upon autocrine or
paracrine ATP-mediated signaling. Neither MRS2179 (30 um)
nor apyrase (25 U ml ') affected the time course and magnitude
of acidification-evoked vesicular fusion responses in ventral
brainstem astrocytes (Fig. 2D). Efficacy of apyrase in blocking
ATP actions was confirmed in a separate experiment. In response
to mechanical stimulation, astrocytes in culture are known to
generate “waves” of Ca*" excitation propagating mainly via ve-
sicular release of ATP (Bowser and Khakh, 2007). In a confluent
culture of cortical astrocytes the wave of Ca” ™ excitation traveled
138 £ 27 um (n = 10 cultures) from the stimulated cell in 20 s,
while in the presence of apyrase (25 U ml ") this distance was
reduced to 39 = 5 um (n = 3 cultures; p = 0.024).

Three kilodaltons (3 kDa) dextran is thought to be imperme-
able to unbroken cell membrane, and its appearance inside of a
cell should primarily occur via endocytosis or partial fusion (Tur-
vey and Thorn, 2004). Exposure of ventral brainstem astrocytes
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Ventral brainstem astrocytes respond to acidification with an increased rate of exocytosis of putative ATP-containing vesicular compartments. 4, B, TIRF images (left) and plots of TIRF

intensity changes (middle) showing loss of quinacrine (A) or MANT-ATP (B) fluorescence from a proportion of labeled organelles in cultured ventral brainstem astrocytes in response to a decrease
in external pH from 7.4 to 7.0. Plots on the right depict averaged temporal distribution of acidification-evoked fusion events detected in 10 quinacrine loaded (4) and 10 MANT-ATP loaded (B)
pH-sensitive brainstem astrocytes. Scale bars, 10 um; €, Higher basal (at pH 7.4) rate of vesicular fusion eventsin cultured cortical astrocytes s not affected by acidification. Plots on the bottom depict
averaged temporal distribution of fusion events detected in cortical astrocytes exposed to (i) acidification of the external milieu (n = 10 cells) or (i) application of ATP (10 wm; n = 8 cells). Scale
bar, 10 wm. D, Summary data illustrating averaged temporal distributions of acidification-evoked fusion events detected in MANT-ATP-loaded brainstem astrocytes in the absence and presence of
MRS2179 (30 wum), ATP degrading enzyme apyrase (25 Uml ), or after 1 hincubation with a Ca2 " -chelator BAPTA-AM (30 ).

to low pH (7.0) in the presence of 3 kDa dextran conjugated to
FITC or Cascade Blue significantly (p = 0.005) increased the
number of fluorescent puncta in the cytosol (Fig. 3A,B). Appli-
cation of exogenous ATP (100 uM) had a significantly stronger
effect (Fig. 3B). The number of fluorescent vesicles identified in
ventral brainstem astrocytes upon exposure to low pH was not
reduced in the presence of P2 receptor antagonist MRS2179 or an
ATP-degrading enzyme apyrase (Fig. 3B), indicating that it was
not a result of prior release of ATP. Acidification-induced ap-
pearance of florescent puncta was abolished when astrocytes were
preincubated for 1 h with a vesicular trafficking inhibitor, brefel-
din A (50 uM; Fig. 3B).

The number of fluorescent puncta detected in individual cor-
tical astrocytes at pH 7.4 was higher (p = 0.001) in comparison to
that of brainstem astrocytes (Fig. 3C). Although application of
exogenous ATP (100 uM) slightly increased the number of
dextran-labeled fluorescent granules in cortical astrocytes, low-
ering external pH had no effect (Fig. 3C).

Immunostaining for vesicular nucleotide transporter (Sawada
et al., 2008) revealed abundant VNUT-positive puncta in the
cytosols of both ventral brainstem (Fig. 4A) and cortical (not
shown) astrocytes. In cultured brainstem astrocytes the average
size of VNUT-positive puncta was 0.3 = 0.05 um (25 granules;

n = 7 cells), similar to the estimated sizes of vesicles visualized
after loading with quinacrine or MANT-ATP. However, intracel-
lular compartments labeled with quinacrine/MANT-ATP- and
VNUT-positive vesicles were clearly distinct from the organelles
stained with a lysosomal marker LysoTracker (1.4 = 0.05 uwm, 25
granules; n = 3 cells).

Quantitative real time RT-PCR analysis of genes encoding
proteins associated with vesicular fusion and transmitter trans-
port revealed that mRNA levels of VAMP3, EAAT2, and VNUT
are significantly higher in ventral brainstem astrocytes as com-
pared to cortical astrocytes (2ACt = —4.9; 2ACt = —6.88;
2ACt = —2.61, respectively; all differences are significant with
p < 0.01; Fig. 4B). Brainstem astrocytes demonstrated similar to
cortical astroglia level of expression of VAMP2, VAMPS, and
VGLUT1 (Fig. 4B). Ventral brainstem astrocytes that demon-
strated [Ca*"]; responses to acidification also displayed higher
level of VNUT expression when compared to brainstem astro-
cytes not sensitive to changes in pH within the range used in this
study (2ACt = —3.085; p < 0.01; Fig. 4B, inset).

Discussion

The present study directly demonstrates that brainstem astro-
cytes respond to acidification with increased exocytosis of puta-
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tive ATP-containing vesicular compartments. In contrast,
cortical astrocytes at resting conditions (pH 7.4) have a higher
rate of vesicular fusion events that is not affected by extracellular
acidification. Thus, in terms of sensitivity to changes in pH, as-
trocytes that reside in the chemosensory area of the brainstem
appear to be clearly distinct from cortical astrocytes.

Previously using in vivo animal models, we demonstrated that
ATP is released from the ventral surface of the brainstem in re-
sponse to an increase in inspired CO, (Gourine et al., 2005). ATP
release precedes adaptive augmentation of the respiratory activity
and contributes to it, since blockade of ATP receptors following
application of P2 antagonists on the ventral surface of the brain-
stem reduces ventilatory response to CO, (Gourine et al., 2005).
In the same experimental model (urethane-anesthetized rat with
denervated peripheral chemoreceptors), blockade of ATP recep-
tors within the RTN (Wenker et al., 2012) or acute silencing of the
chemosensitive RTN neurons (Marina et al., 2010) results in a
quantitatively similar inhibition of the CO,-evoked respiratory
response, suggesting that ATP-mediated signaling plays a signif-
icant role in the mechanisms of RTN chemosensitivity. Subse-
quently, we found that in response to decreases in pH (which
follow increases in PCO,), astrocytes that reside at and near the
ventral surface of the brainstem display profound increases in
[Ca*™"]; (Gourine et al., 2010).

EAAT2 l—i *

VGLUT1 |

Differential expression of vesicular transport- and vesicular fusion-associated proteins in brainstem and
cortical astrocytes. A, Immunohistochemical detection of VNUT in cultured ventral brainstem astrocytes. Scale bar, 10 m.
B, Relative transcription level of selected vesicular transport- and vesicular fusion-associated proteins in cultured brains-
tem versus cortical astrocytes. Inset, Relative mRNA level of VNUT in pH-sensitive versus pH-insensitive ventral brainstem

connexin hemichannels on the ventral
brainstem surface reduces CO,-evoked re-
spiratory response (Huckstepp et al., 2010).
Therefore, it remained unclear whether
hypercapnia/acidification-induced propa-
gation of Ca®" excitation among ventral
brainstem astrocytes is initiated by exocy-
totic or hemichannel-mediated release of
ATP or both.

TIRF microscopy was used in this study to visualize putative
ATP-containing vesicular compartments in cultured ventral
brainstem astrocytes and to determine whether the rate of exocy-
tosis of these compartments is increased by acidification. In
~35% of ventral brainstem astrocytes, quinacrine- or MANT-
ATP-labeled vesicles underwent fusion when external pH was
lowered from its normal value of 7.4 to 7.0. This pH-evoked
exocytosis required intracellular Ca** signaling because it could
be reduced by a Ca** chelator, BAPTA, but was not affected by
P2 receptor antagonist MRS2179 or an ATP-degrading enzyme,
apyrase. These data suggest that vesicular fusion induced by acid-
ification in brainstem astrocytes is an intrinsic cellular process
that is not triggered by prior release of ATP via other mecha-
nism(s), e.g., connexin hemichannels.

Exposure of cultured ventral brainstem astrocytes to pH 7.0 in
the presence of fluorescent 3 kDa dextran in the media signifi-
cantly increased the number of labeled puncta in the cytosol. The
number of fluorescent puncta detected in individual cortical as-
trocytes did not change upon acidification, although it was higher
at resting conditions (pH 7.4) compared to the brainstem astro-
cytes. Although this approach can be used to identify vesicular
compartments undergoing partial fusion we cannot delineate be-
tween kiss-and-run and full fusion mode based on our observa-

VNUT
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tions. Nevertheless, the data obtained in this experiment are in
full agreement with the data obtained using TIRF microscopy
and indicate enhanced vesicular fusion and/or recovery in brain-
stem astrocytes in response to acidification, higher rate of vesic-
ular events in cortical astrocytes at normal pH, and insensitivity
of fusion events in cortical astrocytes to lowering external pH.

It was reported previously that in response to increases in
PCO,/[H], ATP is only released from highly restricted areas
near the ventral brainstem surface, while no release was detected
from the structures located deeper in the brainstem or from its dorsal
surface (Gourine et al., 2005; Huckstepp et al., 2010). Moreover, in
contrast to ventral brainstem astrocytes, cortical astrocytes did not
display [Ca**]; elevations in response to acidification (Gourine et
al., 2010). The data reported here are consistent with these previous
observations and also demonstrate that differential sensitivity of cor-
tical and brainstem astrocytes to changes in pH is retained in a cul-
ture model, convenient for detailed interrogation of possible cellular
and molecular mechanisms.

Indeed, these differences indicate functional specialization of
astrocytes residing at and near the ventral surface of the brains-
tem. They are clearly distinct from cortical astrocytes in terms of
their ability to respond to acidification with increased fusion of
putative ATP-containing vesicles. We next hypothesized that ex-
pression profile of genes encoding proteins associated with vesic-
ular transport and fusion might be different between cortical and
brainstem astrocytes. Indeed, brainstem astrocytes had higher
levels of VAMP3 and VNUT expression. VNUT is a member of
the SLC17 family of anion transporters and requires energy gen-
erated by the vacuolar-type ATPase to actively accumulate nucle-
otides into the vesicular compartments (Sawada et al., 2008;
Larsson et al., 2012). VNUT is active in cultured brainstem astro-
cytes, since accumulation of MANT-ATP does not occur when
vacuolar type H " -ATPase is inhibited by bafilomycin A1. Heteroge-
neity within the population of brainstem astrocytes was revealed
when VNUT expression levels in pH-sensitive astrocytes was found
to be higher in comparison to pH-insensitive astrocytes.

High levels of VAMP3 and VNUT gene expression in brains-
tem astrocytes does not, however, reveal the mechanism(s) un-
derlying their high sensitivity to changes in pH. This would
require further investigation of the possible mechanisms linking
changes in extracellular and/or intracellular pH to facilitated ex-
ocytosis of ATP-containing vesicles. However, results of the pres-
ent study provide the most direct currently available evidence
that astrocytes residing in different parts of the brain are func-
tionally specialized. In contrast to cortical astrocytes, brainstem
astrocytes possess signaling properties that are functionally rele-
vant—they are able to sense physiological decreases in pH and
respond to acidification with vesicular release of ATP. ATP ac-
tions in this part of the brain play an important role in the control
of breathing (Gourine, 2005).

The present results also contribute to an ongoing debate
(Hamilton and Attwell, 2010): “Do astrocytes really exocytose
neurotransmitters?” The data directly show that in response to
increases in PCO,/[H *], brainstem astrocytes do release ATP by
exocytotic mechanism. From other studies we know that this
release plays a role in chemosensory transduction, contributes to
the adaptive changes in ventilation, and therefore is physiologi-
cally significant. Other mechanisms of ATP release, such as re-
lease via connexin hemichannels (Huckstepp et al., 2010), are
hypothesized to operate in parallel or at the levels of PCO, when
pH-dependent vesicular release is not activated.

Kasymov et al. ® Functional Specialization of Astrocytes
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