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Neurobiology of Disease

Neuroinflammation Leads to Region-Dependent Alterations
in Astrocyte Gap Junction Communication and Hemichannel
Activity

Nikolay Karpuk,* Maria Burkovetskaya,* Teresa Fritz, Amanda Angle, and Tammy Kielian
Department of Pathology and Microbiology, University of Nebraska Medical Center, Omaha, Nebraska 68198

Inflammation attenuates gap junction (GJ) communication in cultured astrocytes. Here we used a well-characterized model of experi-
mental brain abscess as a tool to query effects of the CNS inflammatory milieu on astrocyte G] communication and electrophysiological
properties. Whole-cell patch-clamp recordings were performed on green fluorescent protein (GFP)-positive astrocytes in acute brain
slices from glial fibrillary acidic protein-GFP mice at 3 or 7 d after Staphylococcus aureus infection in the striatum. Astrocyte G] commu-
nication was significantly attenuated in regions immediately surrounding the abscess margins and progressively increased to levels
typical of uninfected brain with increasing distance from the abscess proper. Conversely, astrocytes bordering the abscess demonstrated
hemichannel activity as evident by enhanced ethidium bromide (EtBr) uptake that could be blocked by several pharmacological inhibi-
tors, including the connexin 43 (Cx43) mimetic peptide Gap26, carbenoxolone, the pannexinl (Panx1) mimetic peptide '’Panx1, and
probenecid. However, hemichannel opening was transient with astrocytic EtBr uptake observed near the abscess at day 3 but not day 7
after infection. The region-dependent pattern of hemichannel activity at day 3 directly correlated with increases in Cx43, Cx30, Panx1,and
glutamate transporter expression (glial L-glutamate transporter and L-glutamate/L-aspartate transporter) along the abscess margins.
Changes in astrocyte resting membrane potential and input conductance correlated with the observed changes in G] communication and
hemichannel activity. Collectively, these findings indicate that astrocyte coupling and electrical properties are most dramatically affected
near the primary inflammatory site and reveal an opposing relationship between the open states of GJ channels versus hemichannels

during acute infection. This relationship may extend to other CNS diseases typified with an inflammatory component.

Introduction

Astrocytes form syncytial networks within the CNS through gap
junction (GJ) communication to influence expansive parenchy-
mal domains (Konietzko and Miiller, 1994; Sutor and Hagerty,
2005; Houades et al., 2008). Gap junctions are formed by the
joining of two hemichannels between adjacent cells each com-
posed of six connexin (Cx) subunits. Astrocytic GJ are capable of
transmitting a wide variety of small molecules (<1 kDa) depend-
ing on their molecular shape and charge, including glutamate,
ATP, glucose, Ca*", K", and Na**, and, as such, play a vital role
in maintaining ionic and metabolic stability in the CNS paren-
chyma (Rose and Ransom, 1997; Tabernero et al., 2006; Cruz et
al., 2007; Figiel et al., 2007; Harris, 2007; Rouach et al., 2008;
Gandhi et al., 2009). Astrocyte hemichannels can be formed by
two distinct families, namely Cxs and pannexins (Panx). These
proteins have similar membrane topology but minimal amino
acid homology and exhibit differences in unitary conductance
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and half-life (Baranova et al., 2004; Yen and Saier, 2007; Thomp-
son and Macvicar, 2008; D’hondt et al., 2009). In addition, Cx
hemichannels are regulated by Ca”", pH changes, or altered
membrane potential (D’hondt et al., 2009), whereas Panxl
hemichannels are sensitive to K* but refractive to Ca** and
linked to the ionotropic P2X; receptor, which leads to channel
opening in response to extracellular ATP (Dubyak, 2009; Iglesias
et al., 2009; Qiu and Dahl, 2009).

Astrocytes undergo a series of complex changes in response to
a wide variety of pathological insults, known as astrogliosis, dur-
ing which their morphological, electrophysiological, and bio-
chemical properties may be altered. For example, a rapid increase
in glial fibrillary acidic protein (GFAP) expression and cellular
hypertrophy are hallmarks of activated astrocytes (Nolte et al.,
2001). Other features include alterations in glutamate metabo-
lism and glucose uptake (Liberto et al., 2004; Tabernero et al,,
2006). Dramatic changes in GJ communication have been re-
ported in activated astrocytes, which correlate with alterations in
Cx expression (Chanson et al., 2005; Giaume et al., 2007; Scemes
et al.,, 2007; Kielian, 2008). In addition, proinflammatory
cytokines, such as tumor necrosis factor-o (TNF-a) and
interleukin-13 (IL-1f3), can attenuate Cx43 expression and GJ
communication in astrocytes (John et al., 1999; Haghikia et al.,
2008) and astrocyte-microglia cocultures (Hinkerohe et al., 2005;
Meéme et al., 2006), and previous studies from our laboratory
have demonstrated that exposure to the Gram-positive bacte-
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rium Staphylococcus aureus leads to reductions in astrocyte GJ
communication (Esen et al., 2007).

Although stimuli used to model pathological insults in vitro,
such as extracellular glutamate or ATP, low extracellular Ca*",
hypoxia, hypoglycemia, or acidification, cause rapid hemichan-
nel opening in cultured cells (Contreras et al., 2002; Ye et al.,
2003; De Vuyst et al., 2006; Retamal et al., 2007a; Shintani-Ishida
et al., 2007), little is currently known regarding the functional
importance of hemichannels in situ or in vivo during various
pathological conditions. P2X, receptor activation induces Panx1
hemichannel opening in astrocytes (Scemes et al., 2007; Iglesias et
al., 2009) and in macrophages leads to caspase-1 activation and
subsequent processing and release of IL-13 (Pelegrin and Sur-
prenant, 2006, 2009). Moreover, Panx1 hemichannel activity has
been implicated recently in inflammasome formation in cultured
neurons and astrocytes (Silverman et al., 2009).

The objective of the current study was to examine the effects of
neuroinflammation on astrocyte GJ and hemichannel activity as
well as electrophysiological properties using a well-established
model of bacterial brain abscess developed in our laboratory
(Kielian et al., 2001, 2007a,b). Whole-cell voltage- and current-
clamp recordings were used to measure properties of striatal as-
trocytes at varying distances from the abscess in acute brain slices
from GFAP-green fluorescent protein (GFP) mice. Astrocytes
nearest the abscess margins displayed minimal GJ coupling,
which progressively increased with increasing distance from the
lesion. The block in astrocyte G] communication surrounding
the abscess coincided with the opening of hemichannels as evi-
denced by ethidium bromide (EtBr) uptake that could be inhib-
ited by several gap junction/hemichannel blockers. Changes in
astrocyte resting membrane potential and input conductance
correlated with the observed changes in GJ communication and
hemichannel activity. To our knowledge, this is the first report
demonstrating functional hemichannel activity in brain slices
and Panx1 protein expression in astrocytes in situ.

Materials and Methods

Generation of experimental brain abscesses. Experimental brain abscesses
were established in GFAP-GFP mice, in which GFP expression is driven
by the human GFAP promoter (Zhuo et al., 1997) (8—12 weeks of age;
The Jackson Laboratory) by the intracerebral inoculation of live S. aureus
(strain USA300) (Sifri et al., 2007) encapsulated in agarose beads as de-
scribed previously (Kielian et al., 2004). A rodent stereotaxic apparatus
equipped with a Cunningham mouse adaptor (Stoelting) was used to
implant S. aureus-encapsulated agarose beads into the striatum using the
following coordinates relative to bregma: +1.0 mm rostral, +2.0 mm
lateral, and —3.0 mm deep from the surface of the brain. These stereo-
taxic coordinates were taken from the Paxinos and Franklin mouse brain
atlas (Paxinos and Franklin, 2001), which reproducibly deposit bacteria
into the dorsal striatum. A burr hole was made, and a 5 ul Hamilton
syringe fitted with a 26 gauge needle was used to slowly deliver 2 ul beads
(1 X 107 colony forming units) into the brain parenchyma over a 30 s
period, and the needle remained in place for 2-3 min after injection to
prevent the efflux of injected material. Earlier studies from our labora-
tory have established that the introduction of sterile agarose beads does
not induce detectable inflammation or peripheral immune cell infiltrates
(Baldwin and Kielian, 2004). The animal use protocol, approved by the
University of Nebraska Medical Center Institutional Animal Care and
Use Committee, is in accord with the National Institutes of Health guide-
lines for the use of rodents.

Definition of striatal regions analyzed for G] communication, electro-
physiology, immunostaining, and hemichannel activity measurements. All
GFAP-GFP-positive (GFAP-GFP *) astrocytes analyzed for GJ cou-
pling, electrophysiological, and hemichannel studies were located in the
striatum, in which measurements were initiated at the brain abscess bor-
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der and extended outward for a distance of up to 1-1.5 mm. In unin-
fected mice, the physical locations of astrocytes corresponded to the same
striatum areas as in infected animals to negate any potential influences
based on cell position. The brain abscess border was identified as the
junction between necrotic and live tissue in which intense GFAP-GFP *
astrocytes were visible (Fig. 1C). All distance calculations were per-
formed using AxioVision software (Carl Zeiss). Low-magnification im-
ages of brain abscesses were captured with 25 X —50 X total magnification,
whereas all images collected for calculating GJ communication, sulforho-
damine 101 (SR101) staining, and hemichannel opening were collected at
400X total magnification and covered a field of view (FOV) of 164 X 224
um. Immunofluorescence images [for Cx43, Cx30, Panx1, glial L-glutamate
transporter-1 (GLT-1), and 1-glutamate/L-aspartate transporter (GLAST)]
were acquired at 200X total magnification and a FOV of 450 X 450 um
using confocal microscopy.

Acute brain slice preparation. At the appropriate time points for anal-
ysis, mice were killed by cervical dislocation and immediately decapi-
tated. The brain was quickly removed and bathed in ice-cold artificial
CSF (aCSF) (in mm: 124 NaCl, 26 NaHCO,, 3 KCI, 2 MgCl,, 2 CaCl,, 0.4
ascorbic acid, and 10 glucose) for slice preparation. Next, horizontal
slices (300—400 wm thick) were cut using a Leica VT1000S vibrating-
blade microtome (Leica Microsystems) and immediately placed in aCSF
at 32°C. After a 20—30 min incubation period at 32°C, brain slices were
held in aCSF at room temperature for at least 1 h before additional use.
All incubation solutions were equilibrated and continuously bubbled
with carbogen (95% O, and 5% CO,). In some experiments, slices were
incubated with SR101 acid chloride (0.4 wMm; Sigma) as an additional
marker for astrocyte identification.

Electrophysiology. Electrophysiological recordings were performed in a
submerged chamber (RC-27; Warner Instruments) continuously per-
fused with aCSF at a rate of 1-2 ml/min at 30°C. Whole-cell voltage- and
current-clamp recordings were performed on GFAP-GFP ™ striatal as-
trocytes using a computer-controlled amplifier (Multiclamp 700B; Mo-
lecular Devices) and a video setup equipped with a motorized Axio
Examiner Z1 fluorescent microscope, a high-sensitivity and high-
resolution digital camera (AxioCam MRm), and AxioVision software (all
from Carl Zeiss). Patch pipettes for recording electrodes were pulled
from borosilicate glass capillaries (1.5 mm outer diameter, 0.84 mm
inner diameter) using a micropipette puller (P-97; Sutter Instruments).
Recording electrodes were filled with a solution containing the following
(in mm): 130 KCI, 0.2 CaCl,, 1 MgCI,, 10 EGTA, and 10 HEPES (with an
electrical resistance of 6—10 M()). The GJ-permeable dye Alexa Fluor 350
(0.5 mm; Invitrogen) was added to the intracellular recording solution to
evaluate cell coupling between astrocytes.

Analog signals from the amplifier were digitized at a 5-10 kHz sam-
pling rate using the Digidata-1440A acquisition system and pClamp-10
software (both from Molecular Devices). Regular current—voltage (I-V')
protocols were used to assess astrocytic electrical properties. Current or
voltage steps (100 ms) were implemented every 1 s with appropriate
increments (100200 pA or 5-10 mV, respectively, ranging from —120
to +60 mV). The holding potential was selected in the range from —50 to
—80 mV as the steady-state current approached zero. Brain slices were
prepared from 13 and 9 GFAP-GFP mice at days 3 and 7 after infection,
respectively, and 10 uninfected animals. Bridge balance (I-clamp) and
capacitance compensation (V-clamp) were performed, and pipette offset
potential was compensated. Serial resistance in voltage-clamp mode was
not compensated if improvement in recordings was not observed. All
calculations were performed offline.

Cell input conductance (G;) was calculated as the linear slope of I-V
curves using Clampfit-10 (Molecular Devices). The use of I-V slopes
represents the most precise method to calculate input conductance or
resistance, because several recordings with different voltages and cur-
rents are included into the linear regression algorithm, which minimizes
calculation errors (Karpuk and Vorobyov, 2003; Mishima et al., 2007;
Karpuk and Hayar, 2008). Cell membrane capacitance (C,,) was calcu-
lated using the definition of time constant, t = RC, where ¢ was the time
constant calculated by the declining membrane potential at 5-20 mV
from resting membrane potential (RMP) (i.e., time point at 63% of
maximal declination), whereas negative rectangular current steps were
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injected into cells by patch pipette. Alterna-
tively, time constants were taken from the stan-
dard exponential fit of RMP declination
(Clampfit-10) to independently confirm mea-
surements. Both methods yielded similar
results.

Quantitation of astrocyte coupling. As men-
tioned above, the GJ-permeable dye Alexa
Fluor 350 was included in the patch pipette to
visualize the degree of GJ communication in
GFAP-GFP " astrocytes. Cells were analyzed
immediately bordering the abscess margins ex-
tending over a distance of 1-1.5 mm to assess
the effects of proximity to the inflammatory
site on astrocyte GJ communication. Calcula-
tions of astrocyte coupling were performed by
enumerating the number of superimposed cell
images under appropriate filters for GFAP, Al-
exa Fluor 350, and SR101.

Estimation of hemichannel activity. Z-stack
images using appropriate filters for GFP and
EtBr visualization were captured before and
during EtBr (2.5 um) application in the bath
solution at regions immediately bordering the
brain abscess margins extending to ~1 mm
from the primary lesion as described above. A
minimum of five images were acquired in every
region over a series of time points spanning 30
min after EtBr application. The cell bodies of
GFAP-GFP " astrocytes were marked as a re-
gion of interest (ROI), whereupon the maxi-
mal fluorescent intensity of EtBr in each ROI
was plotted versus image acquisition time to
calculate slope coefficients using a linear re-
gression algorithm. Simultaneously, back-
ground slope coefficients were calculated from
the same images as an average EtBr fluorescence intensity in three to five
ROIs in which no EtBr staining or GFP expression was observed. The rate
of EtBr uptake in arbitrary units per minute was calculated by subtracting
background slope coefficients from cellular slope coefficients.
Hemichannel involvement was evaluated by the ability of the connexon/
pannexon inhibitors carbenoxolone (Cbx), probenecid (Prob) (both
from Sigma), the Cx43 mimetic peptide Gap26, and the Panx1 mimetic
blocking peptide ('°Panx1) (both from AnaSpec) to attenuate EtBr in-
ternalization. Brain slices were preincubated for 20 min with Cbx (50
M), Gap26 (100 um), '°Panx1 (100 um), or Prob (500 um) before EtBr
application and were maintained in the presence of these inhibitors for
30 min after EtBr perfusion. Brain slices were prepared from GFAP-GFP
mice at days 3 (n = 12) or 7 (n = 6) after infection or uninfected animals
(n = 7) for EtBr uptake studies.

Immunofluorescence staining and quantitative measurements. Expres-
sion of Cx43, Cx30, Panxl, GLAST, and GLT-1 associated with brain
abscesses was evaluated in the striatum of GFAP—-GFP mice at days 3 (n =
6) or 7 (n = 5) after infection by immunofluorescence staining and
confocal microscopy. Primary antibodies for Cx43 (catalog #71-0700)
and Cx30 (catalog #71-2200) were visualized using an Alexa Fluor 594
anti-rabbit SFX kit (all from Invitrogen), whereas GLAST and GLT-1
(both polyclonal antibodies raised against synthetic peptides from the C
termini of rat GLAST and GLT-1; Millipore Corporation) were detected
using an anti-rat IgG-DyLight 649 conjugate (Jackson ImmunoRe-
search). Panx1 was detected using a polyclonal antibody raised against
the C-terminal cytoplasmic domain of the protein (Santa Cruz Biotech-
nology) and visualized using an anti-goat IgG-DyLight 649 conjugate
(Jackson ImmunoResearch). Tissue sections were imaged using a Carl
Zeiss LSM 510 META confocal microscope. For quantification of
changes in Cx43, Cx30, Panxl, GLAST, and GLT-1 expression, mean
fluorescent intensities were calculated from a series of ROIs extending
outward from the brain abscess border. These values were normalized
versus the mean fluorescent intensities measured from identical loca-
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Figure 1.

septum; T, thalamus.
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Region-dependent differences in GFAP expression and SR101 uptake in striatal astrocytes associated with brain
abscesses. GFAP—GFP mice received an intracerebral inoculation of live S. aureus as described in Materials and Methods and were
killed at day 3 after infection. Acute brain slices were prepared and stained with SR101 to facilitate astrocyte identification in
conjunction with GFAP—GFP expression. Low (4) and high (B) magnification overlays of GFAP—GFP expression (green) and SR101
staining (red) in the infected (right) and uninfected (left) hemispheres. Cand D represent GFAP and SR101 staining only, respec-
tively, surrounding the ahscess. The regions delineated by squares in € depict the approximate location of measurements taken
during EtBr and SR101 uptake experiments. Anatomical regions have been depicted in A: BA, brain abscess; CC, corpus callosum;
CPu, striatum; F, fornix; H, hippocampus; LC, limbic cortex; LV, lateral ventricle; OrC, orbital cortex; SC, somatosensory cortex; Sep,

tions in the contralateral uninfected striatum and are expressed as a
percentage of fluorescent intensity.

Quantification of SR101 staining in astrocytes. To evaluate whether
SR101 uptake/retention was influenced by hemichannel activity, brain
slices from both uninfected mice and animals with brain abscesses at day
3 after infection were treated with Cbx to evaluate effects on SR101
staining. Briefly, brain slices from uninfected animals were continuously
exposed to Cbx (50 um) both during and after SR101 staining to evaluate
effects on dye uptake. In separate experiments, brain slices from mice
harboring brain abscess at day 3 after infection were stained with SR101
as described previously and incubated with Cbx (50 um) during the last
10 min of SR101 staining and continuing until the end of the experiment.
Images were captured within 1-2 h after the termination of SR101 stain-
ing. For quantitation, the cell body of each GFAP-GFP * astrocyte was
identified as an ROJ, and the maximum SR101 fluorescent intensity was
calculated and normalized to the mean background fluorescent intensity
taken in close proximity to each astrocyte with results reported in arbi-
trary units.

Statistical analysis. A Student’s two-tailed t test was used for all data
analysis (MS Excel 2003), and values are reported as the mean = SEM
acquired from several independent experiments.

Results

Characterization of astrocyte heterogeneity in brain abscesses
In the current study, acute brain slices were analyzed from unin-
fected GFAP—GFP mice or animals harboring S. aureus-induced
brain abscesses at either 3 or 7 d after infection. The brain abscess
model was used as a tool to investigate the effects of a strong
inflammatory insult on astrocyte physiology. These two time
points were selected for analysis based on their ability to represent
distinct stages of brain abscess evolution, namely acute cerebritis
and edema (day 3) and resolution of overt edema and initiation
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detected in regions immediately sur-
rounding the abscess at either day 3 (1.3 =
0.7; p < 0.001) or day 7 (0.3 = 0.3; p <
0.001) after bacterial infection. Although
these cells were more frequent with in-
creasing distance from the brain abscess
margins, the number of SR101* astro-
cytes did not reach the values observed in
uninfected brain slices in regions >550

100 18
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2 e, G4
20 T GEAP'SR S 5 —a— uninfected
—+— SR101 only 3¢ —e— day3
5 war aws —— GFAP*only o —— day7
Uninfected  Day 3 Day7 y IS - TN A SR I
\yi\“ Distance from brain abscess margin (um)
Figure 2.  Inflammation alters astrocyte heterogeneity and SR101 uptake. 4, Quantitation of astrocyte populations based on

GFAP—GFP expression and/or SR101 staining in acute brain slices from the uninfected striatum and in abscesses at days 3 and 7
afterinfection. B, Relationship between the numbers of SR101 * astrocytes in a given field of view versus distance from the brain
abscess margins. Significant differences between uninfected and brain abscess groups at day 3 or 7 after infection are denoted by
asterisks (*p << 0.05, **p << 0.01, ***p << 0.001). Acute brain slices from a total of 32 mice were used in these experiments. The

um from the abscess border at either 3 or
7 d after infection (Fig. 2B). Therefore,
there appears to be a relationship between
the intensity of the inflammatory re-
sponse and the extent of SR101 uptake in
activated astrocytes in close proximity to
the primary abscess.

data were obtained from a total of 437 astrocytes in uninfected slices and 727 and 889 astrocytes from slices at day 3 or 7 after

infection, respectively.

of fibrotic wall formation surrounding the lesion (day 7). Both
phases are associated with robust glial activation and peripheral
immune cell recruitment (Baldwin and Kielian, 2004; Kielian, 2004,
2008). In addition, the infection elicits the expression of numerous
proinflammatory mediators (Baldwin and Kielian, 2004; Kielian et
al., 2007a,b), many of which have been reported to influence astro-
cyte GJ/hemichannel activity in vitro, including IL-18, TNF-c, and
nitric oxide (Bolafios and Medina, 1996; John et al., 1999; Retamal et
al., 2007b; Haghikia et al., 2008). It is envisioned that the effects of the
inflammatory milieu elicited during brain abscess formation on as-
trocyte activation may extend to other CNS inflammatory diseases,
making this system an attractive model to query these interactions.

Acute brain slices from GFAP-GFP mice were used to facili-
tate astrocyte identification. In addition, slices were incubated
with the astrocyte-selective dye SR101 (Nimmerjahn et al., 2004;
Kafitz et al., 2008) as a supplementary marker to assess heteroge-
neity within the astrocyte compartment. Brain abscess morphol-
ogy in an acute brain slice from a GFAP-GFP mouse is shown in
Figure 1, which reveals centralized necrosis and nonspecific
SR101 staining. In brain slices from uninfected GFAP-GFP mice,
45.3% of all astrocytes were both GFAP-GFP and SR101 positive
(GFAP-GFP */SR101 ") (Fig. 2A). However, astrocyte heteroge-
neity was also evident because 41.2% of astrocytes were only
stained by SR101 (SR101* only), whereas 13.5% exhibited only
GFP fluorescence (GFAP-GFP ™ only). Not unexpectedly, the
percentages of these astrocyte subtypes were significantly altered
during brain abscess development. In particular, the percentages
of GFAP-GFP single-positive astrocytes increased dramatically
at both days 3 (65.8%) and 7 (72.9%) after infection ( p < 0.001)
(Fig. 2A). This result was expected because enhanced GFAP ex-
pression is indicative of reactive astrocytes, and previous studies
from our group and others have established that astrocytes be-
come activated both in vitro and in vivo in response to bacterial
exposure (Baldwin and Kielian, 2004; Esen et al., 2004; Stenzel et
al., 2004; Bloch et al., 2005). This shift toward a higher incidence
of GFAP-GFP single-positive cells after infection was associated
with a dramatic reduction in the percentage of SR101 " astrocytes
(Fig. 2A). Collectively, these findings demonstrate the complex-
ity of striatal astrocyte populations, a concept that is becoming
more widely appreciated (Zhang and Barres, 2010).

Another interesting finding was related to the distribution of
SR101 uptake in brain slices. An average of 15.5 = 1.3 SR101 "
astrocytes were observed in the striatum of uninfected mice in a
given FOV (Fig. 2 B). However, SR101 ¥ astrocytes were rarely

The inflammatory milieu attenuates GJ
communication of GFAP-GFP *

astrocytes in a region-dependent manner

Our previous report examining primary astrocytes in vitro dem-
onstrated that S. aureus led to a significant reduction in astrocyte
GJ communication (Esen et al., 2007). The objective of the cur-
rent study was to determine the effects of neuroinflammation on
astrocyte coupling properties in a more natural setting, i.e., acute
brain slices. For these studies, whole-cell patch-clamp recordings
were performed on GFAP-GFP * astrocytes to simultaneously
acquire electrophysiological parameters in addition to introduc-
ing a GJ-permeable dye (i.e., Alexa Fluor 350). Although several
astrocyte populations could be identified based on the differen-
tial expression/uptake of GFAP-GFP/SR101 (Fig. 2A), we elected
to only study GJ communication in GFAP-GFP " cells, regardless
of whether they were also SR101 ¥, to focus our experiments. In
striatum from uninfected mice, the average number of cells ex-
hibiting dye coupling from a single GFAP-GFP * astrocyte was
19.08 * 1.88 (supplemental Fig. 1A,B, available at www.
jneurosci.org as supplemental material). Importantly, the ob-
served dye coupling in uninfected striatum was significantly
inhibited by the bath application of the GJ blocker Cbx (1.7 *
0.37; p < 0.001), confirming the specificity of dye transfer
through GJ channels (supplemental Fig. 1C,D, available at www.
jneurosci.org as supplemental material). Notably, the extent of
GJ communication was significantly decreased at both day 3
(9.27 £ 1.26; p < 0.001) and day 7 (9.16 * 1.7; p < 0.001) after
infection compared with astrocytes from uninfected striatum
(supplemental Fig. 1 E-H, available at www.jneurosci.org as sup-
plemental material). However, only a portion of the cells dem-
onstrating GJ coupling to GFAP-GFP © astrocytes could be
positively identified as astrocytes based on either GFAP-GFP ex-
pression or SR101 staining. Specifically, 7.83 = 1.1 of astrocytes
in uninfected brain slices exhibited homocellular GJ] communi-
cation, whereas the degree of astrocyte-astrocyte coupling was
significantly reduced to 3.88 = 0.54 cells on day 3 ( p < 0.01) and
3.94 £ 0.63 onday 7 ( p < 0.01) after infection (Fig. 3), confirm-
ing our previous in vitro studies with cultured astrocytes (Esen et
al., 2007).

Because an inflammatory gradient is established during brain
abscess development (i.e., higher levels of inflammatory media-
torsare present in the immediate vicinity of the abscess, which are
diluted radiating outward from the lesion), we wanted to deter-
mine whether this gradient might lead to regional-dependent
changes in astrocyte GJ communication. To examine this poten-
tial relationship, the degree of dye coupling was stratified based
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Figure 3.  Inflammation leads to a regional-dependent reduction in astrocyte GJ communi-

cation. Brain abscesses were induced in GFAP—GFP mice, and the extent of GJ coupling was
evaluated in GFAP-GFP * astrocytes in acute brain slices at day 3 or 7 after infection or unin-
fected animals. Significant differences between uninfected and brain abscess groups at day 3 or
7 afterinfection are denoted by asterisks (*p << 0.05, **p << 0.01, ***p << 0.001). Gap junction
coupling data were calculated from a total of 24 injected astrocytes in uninfected slices and 48
and 34 astrocytes from slices at day 3 or 7 after infection, respectively.

on the locations of individual GFAP-GFP ™ astrocytes from the
brain abscess margins. Gap junction communication of GFAP—
GFP " astrocytes was minimal in close proximity to the abscess
margins, whereas coupling gradually increased with increasing
distance from the abscess proper, with values reaching those ob-
served in uninfected tissue at distances >550 um beyond the
primary lesion (Fig. 3). This block in astrocyte GJ communica-
tion was most apparent at day 7 after infection and was wide-
spread, affecting cells as far as 450 wm from the abscess. These
findings suggest that the inflammatory milieu generated during
CNS bacterial infection leads to an astrocyte GJ gradient that
adversely affects the ability of cells to form a syncytium nearby the
primary inflammatory nidus. This GJ gradient could have a dra-
matic impact on the homeostasis of non-infected parenchyma
surrounding the inflammatory site.

Hemichannel activity is transiently increased in GFAP-GFP *

astrocytes neighboring the inflammatory milieu

Recently, several studies have demonstrated hemichannel open-
ing via Cx43 or Panx1 during ischemia and metabolic inhibition
in vitro (Thompson et al., 2006; Bargiotas et al., 2009; Orellana et
al., 2009) as well as an inverse relationship between GJ commu-
nication and hemichannel activity in astrocytes after exposure to
lipopolysaccharide, a component of the outer cell wall of Gram-
negative bacteria (Retamal et al., 2007b). Because we observed a
dramatic reduction in astrocyte GJ communication nearby the
primary abscess in which high concentrations of inflammatory
mediators are present, we examined whether this microenviron-
ment can affect hemichannel opening probability. Low levels of
EtBr uptake were observed in GFAP-GFP * astrocytes in unin-
fected tissues (Fig. 4A), which has been reported by others under
resting conditions (Contreras et al., 2003; Séez et al., 2005). In
contrast, GFAP-GFP " reactive astrocytes demonstrated a signif-
icant increase in EtBr uptake at day 3 after infection compared
with uninfected tissues (Fig. 4A). The extent of EtBr uptake by
astrocytes was maximal in regions nearest the abscess margins
and gradually decreased with increasing distance from the lesion
(Fig. 4A). However, hemichannel opening nearby the abscess was
transient, because astrocytic EtBr uptake at day 7 after infection
was either significantly lower or similar to that observed in unin-
fected tissues, which was also influenced in a region-dependent
manner (Fig. 4A).
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Figure4. Hemichannel activity is increased in GFAP—GFP ™ astrocytes neighboring the in-
flammatory milieu in a region-dependent manner. Brain abscesses were induced in GFAP—GFP
mice, and the extent of hemichannel activity was evaluated in GFAP—GFP * astrocytes in acute
brain slices at day 3 or 7 after infection or uninfected animals by monitoring the rate of EtBr
uptake. A, Region-dependent rates of EtBr uptake by GFAP-GFP * astrocytes radiating out-
ward from the brain abscess margins. The gap junction/hemichannel blockers Gap26 (100 pum)
and Cbx (50 um) (B) as well as "°Panx1 (100 wm) and Prob (500 wm) (C) reduced the rate of
astrocyte EtBr uptake at day 3 after infection, confirming hemichannel activity. Significant
differences between uninfected and brain abscess groups at day 3 or 7 after infection are de-
noted by asterisks (*p << 0.05, ***p << 0.001), whereas alterations between slices incubated
with Gap26, Cbx, "°Panx1, or Prob versus aCSF only are indicated by hatched signs (*p << 0.05,
Hip < 0.01, *p < 0.001). Acute brain slices from a total of 25 mice were used in these
experiments. The data presented in A were obtained from 418 astrocytes from uninfected slices
and 627 and 289 astrocytes from slices at day 3 or 7 after infection, respectively. The data in B
were calculated from 607 astrocytes in uninfected brain slices and from 855 astrocytes at day 3
after infection and in € from 996 astrocytes at day 3 after infection. AU, Arbitrary units.

To examine whether EtBr uptake by astrocytes was mediated
through hemichannels, brain slices were treated with various in-
hibitors, including Cbx, the Cx43 mimetic peptide Gap26, the
Panx1 mimetic peptide '°Panx1, and Prob. Carbenoxolone is a
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strong and nonspecific blocker of both hemichannels and gap
junction channels, whereas Gap26 has greater selectivity to in-
hibit hemichannels/gap junctions composed of Cx43 although
recent evidence suggests that Gap26 can also modulate Panx1
hemichannels (Berthoud et al., 2004; Spray et al., 2006; Dahl,
2007). The Panx1 mimetic peptide '°Panx1 has been reported to
attenuate Panxl currents, but it may also affect Cx46 currents

Inflammation alters (x43, Panx1, and (x30 expression in brain abscesses. Tissues from uninfected (A, D, G, J, M, P)
GFAP-GFP mice or animals infected with S. aureus at either day 3 (B, E, H, K, N, Q) or 7 (C, F, I, L, 0, R) after infection were stained
for (x43, Panx1, or (x30 (red) and 4’6" -diamidino-2-phenylindole (DAPI) (blue), whereas GFAP—GFP * astrocytes are green and
analyzed by confocal microscopy. Brain abscess margins are denoted with asterisks, and representative staining from the con-
tralateral uninfected hemisphere s presented to assess basal expression in the striatum. The insets in A—Crepresent areas of higher
magnification that are presented in D—F, respectively, to demonstrate (x43 cellular localization. Similarly, the insets in G-I
represent areas that are shown in J-L, respectively, to depict Panx1 cellular localization, and the insets in M—0 correspond to P-R
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(Wang et al., 2007), whereas Prob has
been reported as a more selective inhibitor
for Panx1 hemichannels (Silverman et al.,
2008; Ma et al., 2009). Both Cbx and
Gap26 significantly decreased the rate of
EtBr uptake by GFAP-GFP * astrocytes at
day 3 after infection (Fig. 4 B). In addition,
'Panx1 and Prob also significantly re-
duced EtBr uptake in GRAP-GFP * astro-
cytes, with the most dramatic effects
observed nearest the brain abscess mar-
gins in which the rate of EtBr uptake
reached its maximal values (Fig. 4C). In
contrast, none of the inhibitors examined
significantly altered the rate of EtBr up-
take in GFAP—GFP ™ astrocytes from un-
infected brain slices (Fig. 4B,C),
suggesting that this level of EtBr internal-
ization could be attributed to nonspecific
background levels or entry of dye via alter-
native transmembrane channels. To-
gether, these data indicate that reactive
astrocytes immediately bordering the ab-
scess exhibit open hemichannels during
the acute inflammatory period, which dis-
sipates as the infection evolves.

Inflammation leads to changes in Cx43,
Cx30, and Panx1 expression

To address whether the distance-dependent
closure of GJ channels and/or hemichannel
opening observed during acute neuroin-
flammation correlated with alterations in
Cx and Panx levels, we examined Cx43,
Cx30, and Panx1 protein expression during
brain abscess development by immunoflu-
orescence staining. Astrocytes robustly ex-
press Cx43 at all times, whereas in rodents
older than 2 weeks of age, astrocytes can also
express Cx30 and Cx26, albeit at lower levels
(Dermietzel et al., 1991; Altevogt and Paul,
2004; Tacobas et al., 2004; Wiencken-Barger
et al,, 2007). Panx1 is expressed during de-
velopment and primarily in neuronal pop-
ulations in the adult; however, the majority
of these studies have used mRNA expression
techniques (Ray et al., 2005; Vogt et al.,
2005; Zappala et al., 2006). To our knowl-
edge, no studies to date have demonstrated
Panx1 expression in astrocytes in vivo, al-
though this has been shown by several
groups in vitro (Huang et al., 2007; Zappala
et al,, 2007; Iglesias et al., 2009). Regardless
of the day after infection, Cx43, Cx30, and
Panx1 expression was concentrated around
fine processes of GFAP-GFP ™ astrocytes,
although some intracellular staining was also observed. Not surpris-
ingly, there was a remarkable amount of Cx43 and Panx1 staining in
GFAP-GFP-negative (GFAP-GFP ™) cells associated with brain ab-
scesses (Fig. 5). This is likely attributable to the well-appreciated fact
that notall astrocytes are GFAP * (highlighted in Fig. 2 A) in addition
to the finding that alternative cell types have been reported to express
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Cx43 and/or Panxl, including macro-
phages/microglia (Eugenin et al., 2001,
2003; Garg et al., 2005) and neurons (Ray et
al., 2005; Vogt et al., 2005; Zappala et al.,
2006; Zoidl et al., 2007). The expression of
total Cx43 (in both GFAP-GFP " astrocytes
and other cell types) was significantly in-
creased at day 3 after infection over long dis-
tances extending from the primary abscess
compared with the contralateral uninfected
hemisphere from the same animals (Fig. 5)
(supplemental Fig. 2A, available at www.
jneurosci.org as supplemental material).
This effect was transient because Cx43 levels
returned to values equivalent in uninfected
tissues by day 7 after infection (Fig. 5) (sup-
plemental Fig. 2A, available at www.
jneurosci.org as supplemental material). In
contrast, Panx1 expression was significantly
elevated in brain abscess tissues at both days
3 and 7 after infection compared with con-
tralateral uninfected striatum, and elevated
Panx1 was detected at distances exceeding
550 wm from the primary abscess (Fig. 5)
(supplemental Fig. 2B, available at www.
jneurosci.org as supplemental material). In
general, the enhanced expression of Cx43
and Panx1 associated with brain abscesses at
day 3 correlated with the observed
hemichannel activity. Expression of Cx30
was variable between animals harboring
brain abscesses; however, despite this varia-
tion, significant increases in Cx30 expres-
sion were still identified at day 7 after
infection in regions farthest removed from
the abscess (supplemental Fig. 2 B, available
at www.jneurosciorg as supplemental
material).

Figure 6.

Expression of glutamate transporters

is altered in astrocytes surrounding brain abscesses

The alterations in astrocyte GJ coupling and hemichannel activity
observed during the acute inflammatory period could conceiv-
ably disrupt astrocyte spatial buffering, which may translate into
dysregulated glutamate concentrations in areas immediately
neighboring the abscess (Parpura et al., 2004; Malarkey and Par-
pura, 2008; Matyash and Kettenmann, 2010). Therefore, expres-
sion of the astrocytic glutamate transporters GLT-1 and GLAST
was examined to gain insights into the potential functional implica-
tions of neuroinflammation on activated astrocytes. GLAST was
mainly associated with cell bodies and large processes, whereas
GLT-1 staining was localized to numerous fine processes (Fig. 6).
Both GFAP-GFP " and GFAP-GFP ~ cells exhibited GLAST and
GLT-1 expression. Interestingly, during brain abscess development,
many GLAST ™" cells displayed a non-astrocytic morphology,
whereas GLT-1 expression remained associated with astrocyte-like
cells (Fig. 6). GLAST levels were significantly increased in brain ab-
scesses at both days 3 and 7 after infection compared with contralat-
eral uninfected striatum (supplemental Fig. 3A, available at www.
jneurosci.org as supplemental material). Similarly, a significant
increase in GLT-1 expression was observed at day 3 after infection
but was less dramatic at day 7, although the overall levels of

Uninfected
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Expression of the glutamate transporters GLT-1and GLAST is altered in response to the inflammatory milieu. Tissues
from uninfected (4, D, G, J) GFAP—GFP mice or animals infected with S. aureus at either day 3 (B, E, H, K) or 7 (C, F, I, L) after
infection were stained for GLT-1 or GLAST (red) and DAPI (blue), whereas GFAP-GFP * astrocytes are green and analyzed by
confocal microscopy. Brain ahscess margins are denoted with asterisks, and representative staining from the contralateral unin-
fected hemisphere is presented to assess basal glutamate transporter expression in the striatum. The insets in A-C represent areas
of higher magnification that are presented in D-F, respectively, to demonstrate GLAST cellular localization. The insets in G-/
represent areas of higher magnification that are presented in J-L, respectively, to depict GLT-1 cellular localization.

GLT-1 expression remained significantly higher at day 3 after
infection compared with contralateral striatum (supplemental
Fig. 3B, available at www.jneurosci.org as supplemental mate-
rial). These findings indicate that the inflammatory response
generated during brain abscess formation dramatically impacts
transporters responsible for glutamate trafficking, suggestive of
cellular adaptation.

Effects of inflammation on basic electrophysiological
parameters of astrocytes

Despite recent studies demonstrating that CNS injury can lead to
perturbations in normal intrinsic properties of astrocytes (Schro-
der etal., 1999; Bordey et al., 2001; Anderova et al., 2004; Wang et
al., 2008), little information is currently available regarding how
inflammation per se modulates these parameters. Electrophysio-
logical recordings of GFAP-GFP * astrocytes in acute brain slices
revealed that the majority of significant differences in astrocytic
parameters were observed between uninfected and brain abscess
tissues at day 3 after infection (Table 1). Values for RMP
(—63.6 £ 3.18 and —56.3 = 2.66 mV), capacitance (41.4 = 6.96
and 90.4 = 18.6 pF), and time constant (1.03 = 0.11 and 2.06 =
0.24 ms) were all significantly increased in GFAP-GFP * astro-
cytes at day 3 compared with uninfected slices, respectively, and
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Table 1. Electrophysiological parameters of striatal GFAP-GFP * astrocytes

J. Neurosci., January 12,2011 - 31(2):414 - 425 + 421

Measurement Uninfected n Abscess, day 3 PI n Abscess, day 7 PI n

RMP (mV) —63.6 £3.18 24 —56.3 = 2.66* 4 —62.6 =3.19 26
G;(nS) 38.8 = 439 24 420+3.23 44 33.8 + 3.65¢ 26
Time constant (ms) 1.02=0Mm 19 2.16 = 0.29** 21 1.40 =033 15
Cy (pF) 414+ 6.96 19 90.1 = 18.6* 21 60.7 =22 15

PI, Postinfection. *p << 0.05 and **p << 0.01 compared with cells from uninfected slices; *p << 0.05 compared with slices from day 3 after infection. Values presented represent the mean = SEM.
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possibility that astrocyte conductance was
modulated by the closure of GJ but not
hemichannels, because astrocyte GJ cou-
pling was attenuated at both days 3 and 7
after infection (Fig. 3), whereas hemichan-
nels were open at day 3 and closed at day 7
compared with uninfected tissues (Fig. 4 A).
Indeed, a positive correlation between as-
trocyte conductance and GJ coupling was
observed (correlation coefficient, 0.69;

C D -0 60 -30 0 slope, 2.64 = 0.6 nS/cell; n = 23; p < 0.01)
140 (supplemental Fig. 5, available at www.
120 o jneurosci.org as supplemental material).

2 00 /,/" The slope value allows for an estimation of
rY o 24 GJ channels per coupled cell, given a uni-
g % ° P tary channel conductance of 110 pS, which
5 ® ,/!’/ hasbeen reported for Cx43 (Contreras et al.,
S 0{e o e

Sl s s 2003).

0l® ° T Discussion
0 5 100 150 200 250 300

Figure 7. Methods for calculating G; and RMP. A, Whole-cell voltage-clamp recording in a striatal GFAP=GFP * complex
astrocyte (morphology shownin €) located nearby an abscess. Dashed linesindicate the peak and steady-state current components
(a—b and ¢—d, respectively) evoked by voltage steps (data not shown). Holding potential was —80 mV. B, Representative
voltage— current plot for a striatal GFAP—GFP ™ astrocyte. Data points for current (picoamperes) and voltage (millivolts) were
obtained by averaging corresponding segments a— b and ¢— d delineated in A. Cell conductance was taken as the linear regression
slope near zero current (curved arrows). RMP (—78 mV) was taken at zero current (straight arrows). €, Representative image of a
striatal GFAP-GFP ™ astrocyte viewed with a DAPI filter after filling the cell with the gap junction-permeable dye Alexa Fluor 350.
D, Relationship between individual measurements of astrocyte conductance and distance from the brain abscess margin at day 3
or 7 after infection (correlation coefficient, 0.87; slope, 0.32 = 0.04 nS/um; n = 18; p << 0.01).

partially recovered at day 7 after infection. Alterations in C,,, were
associated with changes in time constant rather than cell conduc-
tance. Therefore, the electrophysiological data suggest that astro-
cyte surface area may be increased at day 3 after infection, because
capacitance is proportional to the area and the former was signif-
icantly elevated at day 3 after infection. However, we cannot ex-
clude the possibility that capacitance may be increased as a result
of astrocyte proliferation, which is typically associated with mod-
ifications in cell area. Indeed, it is well appreciated that cell hy-
pertrophy is characteristic of reactive astrocytes, the latter of
which is prevalent in regions immediately surrounding the ab-
scess margins (Fig. 1).

Application of the GJ/hemichannel inhibitor Cbx in the bath
medium decreased astrocyte conductance in uninfected brain
slices compared with no treatment (27.1 * 2.6 nS, n = 16 and
38.8 = 4.39 nS, n = 24, respectively; p < 0.05). Because Cbx did
not affect hemichannel activity in untreated brain slices (Fig. 4 B)
but considerably reduced GJ coupling, this suggests that Cbx
targets GJ channels. We also found that astrocyte conductance
was minimal in close proximity to the brain abscess margins and
increased in a distance-dependent pattern up to 300 wm at both
days 3 and 7 after infection (Fig. 7D). These data also support the

Distance from brain abscess margin (um)

Previous reports have described alter-
ations in numerous astrocyte parameters
in response to a variety of CNS injuries/
insults (Liberto et al., 2004; Giaume et al.,
2007; Kielian, 2008). Despite these stud-
ies, little information is currently available
describing how astrocytes adapt to an in-
flammatory milieu in vivo and how their
electrical parameters may be altered. In the
present study, we used a well-characterized
model of brain abscess formation to estab-
lish a robust inflammatory nidus. This
model is associated with overt glial activa-
tion and the global production of numerous inflammatory media-
tors, including IL-13, TNF-q, and nitric oxide (Kielian et al., 2004,
2005, 2007a,b; Stenzel et al., 2005), each of which have been shown
individually to attenuate astrocyte GJ communication and induce
hemichannel activity in vitro (Bolafos and Medina, 1996; John et al.,
1999; Retamal et al., 2007b; Haghikia et al., 2008). Our results dem-
onstrate that GJ communication, hemichannel activity, and electro-
physiological properties of GFAP-GFP " striatal astrocytes were
significantly modified in the intact parenchyma surrounding brain
abscesses. Interestingly, we observed that these changes occurred in a
region-dependent manner radiating outward and in an opposite
direction from the inflammatory gradient (Fig. 8). It is envisioned
that the effects of inflammation in this model will extend to other
CNS diseases with an inflammatory component.

A previous report from our laboratory demonstrated that S.
aureus dramatically attenuates astrocyte GJ communication
(Esen et al., 2007). The current data obtained with acute brain
slices support these previous in vitro findings in which cell cou-
pling was minimal in astrocytes closely associated with brain ab-
scesses. Because hemichannel activity was also demonstrated at
day 3 after infection, it remains possible that the GJ tracer Alexa



422 - ). Neurosci., January 12,2011 - 31(2):414 - 425

GFAP* only = green

Fluor 350 escaped loaded astrocytes via
SR 101* only =red

open hemichannels during this acute time
point. However, this possibility appears
less likely given the fact that images col-
lected for G] measurements were acquired
within 2-5 min on cessation of dye load-
ing, minimizing the likelihood of com-
plete dye leakage via hemichannels.
Importantly, we demonstrate that GJ
communication is significantly inhibited
in astrocytes neighboring the abscess at
day 7 after infection, a time during which
active hemichannels could not be demon-
strated. Therefore, we propose that the re-
duction in GJ communication observed
nearby brain abscesses at day 7 after infec-
tion is attributable solely to decreased dye
transfer rather than leakage into the extra-
cellular milieu. The precise mechanism
leading to astrocytic GJ closure remains to
be identified; however, it is known that
GJs are closed by intracellular acidifica-
tion and large transjunctional voltages
(Moreno et al., 1994), which may be rele-
vant in the intense inflammatory milieu.

Recent studies indicate that, under ap-
propriate conditions, such as during in-
flammation, hemichannels are opened
and facilitate the two-way communica-
tion between the intracellular and extra-
cellular milieus (De Vuyst et al., 2007;
Retamal et al., 2007b). Indeed, the inflam-
matory environment created during brain
abscess formation led to the opening of
hemichannels in GFAP-GFP * astrocytes
immediately surrounding the lesion margins. Additional evi-
dence of hemichannel activity was provided by the ability of Cbx,
Gap26, '"Panx1, and Prob to inhibit EtBr uptake in GFAP-GFP *
astrocytes. Traditionally, both Cbx and Gap26 have been re-
garded to block GJ/hemichannels composed of Cxs; however,
recent studies have demonstrated that both inhibitors are also ca-
pable of inhibiting dye uptake via Panx1 hemichannels via a pre-
sumed steric effect (Dahl, 2007; Wang et al., 2007). In contrast,
'Panx1 and Prob have been suggested as more “selective antago-
nists” of Panx1 hemichannels (Ma et al., 2009). Despite this issue
regarding hemichannel identification, to our knowledge, this
study is the first to report hemichannel activity in situ and after a
pathological insult to the intact CNS. Future studies that are beyond
the scope of this initial report will use tissues from astrocyte-selective
Cx43 and Panx1 null mice to definitively identify the composition of
hemichannels that are activated during acute brain abscess
formation.

The fluorescent dye SR101 is widely used as a specific astrocyte
marker in brain slices (Nimmerjahn et al., 2004; Kafitz et al.,
2008). Here we report a considerable reduction of striatal
SR101 * astrocytes nearby the brain abscess border. In light of our
findings demonstrating hemichannel activity at day 3 after infec-
tion, we predicted that this decrease in SR101 staining may result
from dye leakage via open hemichannels. Indeed, this possibility
was supported by additional experiments demonstrating that
Cbx treatment led to SR101 retention in astrocytes immediately
surrounding abscesses at day 3 after infection that were normally
not labeled, whereas Cbx dramatically reduced SR101 staining in

Figure 8.
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Reciprocal relationship between inflammatory and gap junction gradients during CNS infection. Astrocyte gap junc-
tion communication is significantly attenuated in regions immediately bordering the brain abscess margins, which begins to be
restored to values typical of uninfected striatum the farther removed from the primary inflammatory milieu. In contrast,
hemichannel activity is induced in astrocytes within close proximity to the abscess border, which dissipates with increasing
distance from the inflammatory site. These changes are in direct opposition to the inflammatory gradient that is strongest nearby
the abscess and wanes in regions farther removed from the lesion. Marked astrocyte heterogeneity was also observed in our
studies, with the inflammatory environment inducing dramatic alterations in the relative percentages of various astrocyte popu-
lations as revealed by GFAP expression and uptake of the astrocyte-selective dye SR101. The regional distribution of astrocytes that
demonstrated GFAP—GFP expression only (green), SR101 uptake only (red), or were GFAP—GFP * /SR101 ™ (yellow) is presented.

astrocytes from uninfected slices (supplemental Fig. 4, available
at www.jneurosci.org as supplemental material). Importantly,
SR101 has been shown to stain neurons in vivo via hemichannels
that are opened during ischemic conditions (Thompson et al,,
2006). To our knowledge, our study is the first to demonstrate the
involvement of hemichannel activity for SR101 uptake/retention
in astrocytes. However, it should be acknowledged that other
mechanisms may also be responsible for the failure of SR101 to
mark astrocytes in close proximity to brain abscesses.

Connexin hemichannels display a characteristic voltage sensi-
tivity, typically being closed at RMP and opened during signifi-
cant membrane depolarization (i.e., more than +20 mV)
(Trexler et al., 1996). The average RMP for GFAP-GFP ™ astro-
cytes at day 3 after infection when hemichannel activity was dem-
onstrated was —56.3 = 2.66 mV (Table 1), well below the RMP
reported for Cx hemichannel opening. In this regard, the com-
plexity of the neuroinflammatory milieu should be acknowl-
edged and conceivably hemichannel opening could be influenced
by a multitude of factors, including extracellular divalent cation
concentrations, extracellular ATP, and/or proinflammatory cy-
tokines that have been shown to facilitate hemichannel opening
in vitro (Retamal et al., 2007b; Iglesias et al., 2009). It is important
to note that, in our studies, hemichannel activity was demon-
strated in solutions containing extracellular Ca”*. Because low
extracellular Ca*" concentrations are required to open Cx43
hemichannels (Spray et al., 2006), it is unlikely that this factor was
responsible for the hemichannel activity observed during acute
brain abscess formation.
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It remains to be determined whether the changes in GJ com-
munication and hemichannel activity associated with the inflam-
matory milieu exert beneficial or detrimental effects. Clearly,
arguments can be made for either possibility. For example, de-
creases in GJ coupling may be beneficial to prevent the propaga-
tion of apoptotic stimuli (Rawanduzy et al., 1997; Frantseva et al.,
2002; de Pina-Benabou et al., 2005), resulting in less cell death
and maladaptive responses in distant tissues that are not directly
impacted by the inflammatory milieu. Conversely, the lack of GJ
communication may have a negative impact on the distribution
of ions, glutamate, and other products in the inflammatory mi-
lieu that may exert toxic effects (Naus et al., 2001; Nakase et al.,
2003, 2004; Lin et al., 2008). Without the benefit of gap junctions
to dilute these molecules through the syncytium, astrocytes have
to work in isolation to enhance their capacity to clear these fac-
tors. In this regard, we observed enhanced GLAST and GLT ex-
pression in brain abscesses as a possible attempt for glutamate
utilization by astrocytes. However, in cases in which glutamate
regulation is dysregulated, GLT can act in the reverse direction to
release glutamate into the extracellular environment (Szatkowski
etal., 1990). This is typically observed when membrane potentials
are depolarized, which we observed in GFAP-GFP " astrocytes in
intimate contact with the brain abscess (Table 1).

The elevated Cx43 and Panxl levels observed during acute
inflammation coincident with open hemichannels could be en-
visioned to have a beneficial impact on cell survival surrounding
the abscess. For example, patent hemichannels may enhance as-
trocyte glutamate uptake and/or other noxious products for sub-
sequent utilization. Conversely, persistent hemichannel opening
will lead to the disruption of intracellular homeostasis, cell depo-
larization, and death. In addition, activation of Panx1 hemichan-
nels has been shown to be important for inflammasome
formation, which results in the processing of IL-13 into its active
form (Pelegrin and Surprenant, 2006, 2009; Martinon et al.,
2009). Ancillary evidence to support Panx1 hemichannel activity
is provided by the dramatic production of IL-1f3 associated with
brain abscesses (Kielian et al., 2004, 2007a), which has also been
shown to inhibit astrocyte GJ communication in vitro (John etal.,
1999). These changes, together with the observed increases in
Cx43, Panx1, Cx30, GLAST, and GLT expression, speak to the
fact that reactive astrocytes evolve and respond to their inflam-
matory environment. Indeed, a previous study has demonstrated
a graded loss of Cx43 expression radiating from the site of isch-
emic injury (Li et al., 1998).

The relationship between GJ/hemichannels and electrophysi-
ological properties of astrocytes remains an area of debate
(Schools et al., 2006). Several studies have demonstrated alter-
ations in GJ communication, RMP, and/or input resistance in
activated astrocytes during such pathological conditions as mild
ischemia (Wang et al., 2008), stab wound injury (Anderova et al.,
2004), neocortical freeze injury (Bordey et al., 2001), or a unilat-
eral lesion to the entorhinal cortex (Schroder et al., 1999). Astro-
cytes can be categorized as either passive or complex according to
their electrophysiological patterns and expression of glutamate
transporters or ionotropic glutamate receptors. For example,
passive astrocytes exhibit low membrane resistance and a high
degree of GJ communication, whereas complex cells display high
membrane resistance and are not GJ coupled (Wallraff et al.,
2004). Electrophysiological data in this study revealed intrinsic
astrocytic changes during brain abscess development, and astro-
cyte heterogeneity was also noted. For example, numerous
GFAP-GFP " astrocytes surrounding the abscess margins dis-
played complex membrane properties typified by decreased G;
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(Fig. 7C,D), which differs from reports in normal striatum in
which the majority of astrocytes exhibit passive characteristics
(Adermark and Lovinger, 2008). The existence of complex astro-
cytes itself indicates that changes occur in response to the inflam-
matory milieu generated during brain abscess formation. These
intrinsic modifications of GFAP-GFP " astrocytes occurred in
parallel with decreases in GJ coupling and increases in hemichan-
nel opening concomitant with increased membrane capacitance
and cell depolarization. The latter could occur because of an in-
activation of inwardly rectifying currents and/or activation of
outwardly rectifying currents (Olsen and Sontheimer, 2008).
Therefore, the intrinsic properties of astrocytes are influenced by
their proximity to the inflammatory milieu as revealed by the
data in our current study, which likely extends to alterations in
function.

In summary, our results demonstrate a novel effect of the
inflammatory environment on the differential regulation of as-
trocyte GJ communication versus hemichannel activity. An in-
verse correlation was observed with regard to the inflammatory
gradient, which is highest nearest the abscess and inhibition of GJ
coupling. In contrast, astrocytes immediately surrounding the
abscess margins displayed transiently open hemichannels that
could be inhibited by hemichannel blockers. This finding speaks
to the fact that, during CNS pathology, the local inflammatory
milieu leads to astrocyte changes that allows direct communica-
tion with the extracellular environment. The implications of
these changes on the homeostasis/function of uninfected sur-
rounding parenchyma and how they may influence CNS func-
tion currently remain unknown. The specific inflammatory
mediator(s) responsible for modulating these changes in astro-
cyte GJ communication, hemichannel activity, and intrinsic
properties during brain abscess development will be the subject
of future studies.
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