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Abstract

Reactive astrogliosis, characterized by cellular hypertrophy and various alterations in gene

expressionand proliferative phenotypes, is considered to contribute to brain injuries and diseases

as diverse as trauma, neurodegeneration, and ischemia. KCa3.1, a potassium channel protein, has

been reported to be up-regulated in reactive astrocytes after spinal cord injury in vivo. However,

little is known regarding the exact role of KCa3.1 in reactive astrogliosis. To elucidate the role of

KCa3.1 in regulating reactive astrogliosis, we investigated the effects of either blocking or

knockout of KCa3.1 channels on the production of astrogliosis and astrocytic proliferation in

response to transforming growth factor (TGF)-β in primary cultures of mouse astrocytes. We

found that TGF-β increased KCa3.1 protein expression in astrocytes, with a concomitant marked

increase in the expression of reactive astrogliosis, including glial fibrillary acidic protein (GFAP)

and chondroitin sulfate proteoglycans (CSPGs). These changes were significantly attenuated by

the KCa3.1 inhibitor TRAM-34. Similarly, the increase in GFAP and CSPGs in response to TGF-

β was attenuated in KCa3.1−/− astrocytes. TRAM-34 also suppressed astrocytic proliferation.

Additionally, the TGF-β-induced phosphorylation of Smad2 and Smad3 proteins was reduced with

either inhibition of KCa3.1 with TRAM-34 or in KCa3.1−/− astrocytes. These findings highlight a

novel role for the KCa3.1 channel in reactive astrogliosis phenotypic modulation and provide a

potential target for therapeutic intervention for brain injuries.
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Astrocytes, the predominant glial cell population in the mammalian central nervous system

(CNS), play essential roles not only in physiological functions, such as synaptic plasticity

(Dallerac et al. 2013) and hemodynamic responses (Petzold and Murthy 2011),but also in

pathophysiological conditions. In response to brain injuries and diseases as diverse as

trauma, neurodegeneration, and ischemia, astrocytes undergo characteristic phenotypic

modulation known as reactive astrogliosis (Silver and Miller 2004, Sofroniew 2009). Gliosis

normally involves cellular hypertrophy and various alterations in gene expression and can

include astrocyte proliferation after particularly severe insults (Sofroniew 2005). Glial

fibrillary acidic protein (GFAP) expression by astrocytes is a prototypic marker of reactive

astrogliosis (Bignami and Dahl 1974, Bignami et al. 1972) and a characteristic response to

inflammation after CNS injury. In addition, reactive astrogliosis generates increased

expression of extracellular matrix (ECM) molecules, including chondroitin sulfate

proteoglycans (CSPGs), a class of glycol-conjugates (McKeon et al., 1999). CSPG

overexpression is linked to glial scar formation, which impedes axonal regeneration and

outgrowth (Fitch and Silver 1997, Snow et al. 1990). Despite the importance of this process,

the molecular mechanisms governing reactive astrogliosis and the role of reactive astrocytes

require further clarification.

The intermediate-conductance calcium-activated potassium channel, composed of four

KCa3.1 subunits and 4 calmodulin molecules, is expressed in T cells, macrophages, mast

cells, epithelium, fibroblasts, and both normal and asthmatic human airway smooth muscle

cells (Toyama et al. 2008, Yu et al. 2013b), where they can communicate directly between

Ca2+ signaling pathways and changes in membrane potential required for various cellular

processes, such as activation, proliferation, and migration (Yu et al. 2013a). Small

molecules and peptide toxins such as triarylmethanes (TRAM-34) have been explored as

specific selective KCa3.1 blockers. They inhibit airway smooth muscle cell proliferation,

fibrocyte migration, macrophage function and T cell activation (Huang et al. 2013, Di et al.

2010). KCa3.1 is a potential molecular target for pharmacological intervention in vascular

restenosis, asthma, prostate cancer, and autoimmune disease (Toyama et al. 2008, Bradding

and Wulff 2009).

Recently, Bouhy et al. (2011) have reported that KCa3.1 was up-regulated at the mRNA and

protein levels after spinal cord injury (SCI), and reactive astrocytes were the main cell type

with increased KCa3.1. Furthermore, blockade of KCa3.1 reduced tissue and axonal loss,

and improved neuronal survival and locomotor recovery (Bouhy et al. 2011). KCa3.1

blockers also decreased astrogliosis in the brains of glioblastoma multiforme-xenografted

mice (D’Alessandro et al. 2013). We thus hypothesized that KCa3.1 might be involved in

regulating reactive astrogliosis.

Transforming growth factor (TGF)-β is rapidly up-regulated after CNS injury in vivo and is

important both as a soluble regulator of ECM formation and in inducing reactive astrogliosis

(Logan et al. 1992, Logan et al. 1994, Wang et al. 2008). Emerging evidence has shown that

the primary signaling pathway mediated by TGF-β is the Smad pathway (Derynck and

Zhang 2003). TGF-β binds to a heteromeric TGF-β receptor complex consisting of two type

I and two type II serine/threonine kinase receptors (TβRI/TβR II), and then the activated

type I receptor subsequently phosphorylates Smads, complex with the co-Smad Smad4 and
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translocate to the nucleus to regulate the downstream transcription factors (Ross and Hill

2008). TGF-β can activate many other pathways including the MAPK and PI3 kinase

pathways in a Smad-independent manner (Moustakas and Heldin 2005). It has been shown

that TGF-β induction of CSPG expression in astrocytes is Smad2 and Smad3 dependent in

vitro (Susarla et al. 2011).

In this study, we present evidence that the KCa3.1 channels are required for reactive

astrogliosis in response to TGF-β stimuli. We found that TGF-β increased the expression of

KCa3.1 channels with a concomitant marked increase in the expression of GFAP and

CSPGs, as well as increased astrocyte proliferation. These changes in response to TGF-β

were reduced by pharmacological blockade or gene knockout (KO) of KCa3.1. In addition,

blockade of KCa3.1 suppressed astrogliosis by inhibiting TGF-β-induced Smad2 and Smad3

activation.

Materials and Methods

Materials

Recombinant human TGF-β and TRAM-34 were purchased from RandD Systems, Inc

(Minneapolis, MN, USA). The following primary antibodies were used: phospho-Smad2/

Smad2 and phospho-Smad3/Smad3 (12747, Cell Signaling Technology, Danvers, MA);

CS-56 (C8035, Sigma-Aldrich; St Louis, MO); β-actin (A5316, Sigma-Aldrich); GFAP

(Z0334, Dako, Glostrup, Denmark); KCa3.1 (ab83740, Abcam, USA); Ki67 (ab16667,

Abcam, USA).

Cell culture

All animal care and procedures were approved by the Institutional Animal Care and Use

Committee at the National Heart, Lung, and Blood Institute and performed in accordance

with their guidelines. WT C57Bl/6 mice were procured from Harlan Laboratories.

KCa3.1−/− mice were provided by Dr. James Melvin (National Institute of Dental and

Craniofacial Research, Bethesda, MD). Primary cortical astrocyte cultures were prepared

from neonatal (1-3 day old) wild type or KCa3.1−/− C57BL/6 mice brain as described

previously (Wang et al. 2008). Briefly, the cerebral cortices were dissected out and

dissociated into single cell suspension. Dissociated cells were seeded into T75 flasks and

grown in DMEM supplemented with 10% FBS, at 37°C and 5% CO2 atmosphere. When

cells grew to confluence (10-14 days later), flasks were shaken overnight (200 rpm, 37°C) to

deplete microglia and oligodendrocytes from the more adherent astrocytes. The purified

astrocytes were plated onto 6-well plates or 12-well plates in serum containing medium.

After once again reaching confluence, astrocytes were incubated with serum-free media for

24 h, and were then treated with 10 ng/ml TGF-β for different time periods before harvest.

In some cases, the cells were pretreated with the KCa3.1 channel blocker TRAM-34 1 h

before TGF-β was added.

Preparation of conditioned media and cell lysates

Astrocyte conditioned medium was placed into a tube containing complete protease

inhibitors (Cocktail Set V, Calbiochem, La Jolla, CA). The conditioned medium was then
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centrifuged at 2000 g for 10 min to remove cell debris and concentrated with a Centricon

100 (Millipore). To compare CSPG levels in conditioned medium, the concentrated medium

was made up to a final volume of 50 μl and equal volumes of the solution were loaded onto

the gel. To extract cell lysates, cells were washed twice in ice cold PBS and lysed with 2x

SDS sample buffer. For cell lysates, equal amounts of protein were loaded. All protein

samples were stored at −80°C until needed.

Western blot analysis

Protein lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE), and then transferred to a PVDF membrane. Membranes were blocked and

incubated, according to the instructions provided, with the primary antibody. Protein bands

were identified through a horseradish peroxidase-conjugated secondary antibody and

enhanced chemiluminescence reagents (Pierce, Rockford, IL). The following primary

antibodies were used for Western blots: phospho-Smad2 (Ser465/467) #3108, Smad2 #5339,

phospho-Smad3 (Ser423/425) #9520, and Smad3 #9523 (each 1:1000, Cell Signaling

Technology); CS-56 (1:500, C8035, Sigma-Aldrich); β-actin (1:3000, A5316, Sigma-

Aldrich); GFAP (1:1000, Z0334, Dako); KCa3.1 (1:500, ab83740, Abcam). The following

secondary antibodies were used: HRP-linked anti-rabbit IgG (1:2000, NA9340V, GE

Healthcare); HRP-linked anti-mouse IgG (1:2000, NA9310V, GE Healthcare).

Immunoreactivity for each protein was quantified using Image J software. Blots of cell

lysate were reprobed with β-actin as a loading control.

Immunocytochemistry

Astrocytes were fixed with 4% paraformaldehyde at room temperature for 20 min, washed

with PBS, and incubated with 10% normal goat serum and 0.1% Triton X-100 in PBS for 30

min. Next, cells were incubated overnight at 4°C with the primary antibody, washed with

PBS, and then incubated with Alexa Fluor 488- or 568-conjugated secondary antibody

(1:1000, Invitrogen) for 1 h at room temperature. Cells were then washed, mounted onto

microscope slides in Vectashield mounting medium containing the nuclear dye, 4,6-

diamidino-2-phenylindole (DAPI) (Vector laboratories, Burlingame, CA). The following

primary antibodies were used: phospho-Smad2 #3108 and phospho-Smad3 #9520 (each

1:100, Cell Signaling); GFAP (1:400, Z0334, Dako); KCa3.1 (1:100, ab83740, Abcam);

Ki67 (1:50, ab16667, Abcam).

Proliferation assays

A total of 5x104 cells per well were plated in 48-well plates. In these experiments, confluent

astrocytes were incubated with serum-free media for 24 h to induce quiescence, and then the

cells were pretreated with the KCa3.1 channel blocker TRAM-34 for 1 h before 10% FBS

was added. To determine the proportion of astrocytes undergoing mitotic cell division, cells

were stained with anti-Ki67 antibody and with DAPI dye to label cell nuclei. Images were

taken from 10 fields per well and analyzed using Image J software (Schneider et al. 2012).

Quantitative output measures were used to calculate proliferation rate indices where the

proportion of astrocytes positive for Ki67 was determined as a function of total cell number

per field (DAPI). For cell counting, astrocytes were plated in 24-well plate at a density of 1
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× 105 cells per well in 1 ml culture medium. Following 96 h culture, the cells were detached

with a solution containing 0.25% trypsin-EDTA, and counted using a standard

hemocytometer.

Intracellular free calcium measurement

A confocal laser scanning microscope (Zeiss LSM 510 Meta) was used to evaluate relative

changes in intracellular calcium concentration ([Ca2+]i) by monitoring Fluo-4 fluorescence.

Cells were loaded with 3 μM Fluo-4 AM (F-14201, Invitrogen) for 30 min in an incubator

and were then washed three times with 0.01 M PBS. 300 μM UTP was added to the cells at

60 s. TRAM-34 (1 μM) was added 1 h before the experiment. Fluo-4 fluorescence was

measured at 510 nm with excitation at 488 nm. Confocal images were taken and stored

every 5 s for 1000 s. Data were obtained by evaluating the fluorescence from selected whole

areas of cell bodies, and then taking the average of 10-20 cells.

Statistical analysis

All data are presented as means ± SEM. For multiple comparisons, one-way ANOVA was

used, followed by the Dunnett’s test for selected pairs if appropriate. For individual

comparisons, the statistical analysis was performed using the Student t test. Data analysis

was performed using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA).

The threshold for statistical significance was set at p < 0.05.

Results

Up-regulation of KCa3.1 in TGF-β-induced reactive astrogliosis

TGF-β is rapidly up-regulated after CNS injury in vivo and is important both as a soluble

regulator of ECM formation and in inducing reactive astrogliosis. To study the role of

KCa3.1 in the process of reactive astrogliosis, we stimulated confluent cultures of astrocytes

with TGF-β (10 ng/ml) for 3 or 5 days to induce reactive astrogliosis (Wang et al. 2008). As

shown in Figure 1, TGF-β induced a time-dependent increase in KCa3.1 protein expression

(Fig. 1A, B and C), as well as the expression of the reactive astrogliosis marker protein

GFAP (Fig. 2A) and the production of CSPGs (Fig. 3A). This suggests that an increase in

KCa3.1 occurs concomitant with up-regulation of other signs of reactive astrogliosis as

compared to quiescent cells.

Blockade of KCa3.1 attenuated TGF-β-induced up-regulation of GFAP and CSPG in
astrocytes

To evaluate whether the up-regulation of KCa3.1 was involved in the production of reactive

astrogliosis, astrocytes in culture were exposed to TGF-β (10 ng/ml) in the presence or

absence of TRAM-34 (1, 10 μM) for 5 days. Western blot analysis was performed using the

GFAP and CS-56 monoclonal antibodies. The exact epitope recognized by CS-56 is not

known, but CS-56 monoclonal antibody raised against the disaccharide repeat composed of

both C-4-S and C-6-S, which are found in most side chains of CSPG (Ito et al. 2005).

Compare to the control, astrocytes treated with TGF-β had a significant increase in GFAP

(Fig. 2A, B), and CSPGs, both in the conditioned medium (Fig. 3A) and in cell lysates (Fig.

3B). TRAM-34 treatment reduced the actions of TGF-β: the amount of CSPG secreted into

Yu et al. Page 5

J Neurochem. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the culture medium and in the lysates of reactive astrocytes was reduced in a dose-dependent

manner by TRAM-34 (p < 0.01; Fig. 3A, B), and TRAM-34 significantly suppressed the

effect of TGF-β on GFAP production (p < 0.01; Fig. 2A, B). Thus, blockade of KCa3.1

reduces the TGF-β-induced expression of GFAP and CSPGs in reactive astrocytes.

Requirement of KCa3.1 for astrocyte proliferation

Besides changes in gene expression, the basic process of reactive astrogliosis involves cell

proliferation after particular insults. To elucidate whether KCa3.1 expression was important

in controlling cell proliferation, we tested the effect TRAM-34, on astrocyte proliferation in

response to serum. Astrocytes were first incubated with serum-free media for 24 h to induce

quiescence, and then exposed to 10 % FBS. After 96 h in FBS, proliferation was measured

by Ki67 staining and cell counting. TRAM-34 (1-30 μM) reduced the proliferation of

astrocytes measured by Ki67 staining (p < 0.01, Fig. 4A, B) and cell counting (p < 0.01, Fig.

4C) in dose-dependent manner. These results suggest that blockade of KCa3.1 reduces the

proliferation of astrocytes in response to the mitogens in FBS.

Knockout of KCa3.1 inhibited TGF-β-induced up-regulation of GFAP and CSPG in reactive
astrogliosis

To provide direct evidence that KCa3.1 channels are indeed involved in the process of

reactive astrogliosis, we cultured astrocytes from KCa3.1−/− mice and evaluated their

response to TGF-β. The absence of KCa3.1 in cultured astrocytes was confirmed by

examining the levels of KCa3.1 protein by Western blot (Fig. 5A). Similar to TRAM-34,

astrocytes from KCa3.1−/− mice exhibit a decrease in GFAP (p < 0.05, Fig. 5C) or CSPGs,

in either conditioned medium (p < 0.05, Fig. 5B) or cell lysates (p < 0.001, Fig. 5C) as

compared to wt astrocytes.

Involvement of KCa3.1 in TGF-β-induced reactive astrogliosis through the Smad2 and
Smad3 signaling pathways

To understand the mechanisms by which blockade of KCa3.1 inhibits TGF-β-stimulated

reactive astrogliosis, we examined the effects of KCa3.1 on the TGF-β signal transduction

pathways, Smad2 and Smad3. The phosphorylation of Smad2 and Smad3 were examined by

Western blot analysis. In these experiments, astrocytes were incubated with serum-free

media for 24 h. Exposure of astrocytes to TGF-β for 1 h resulted in significantly increased

phosphorylation of both Smad2 (p < 0.01, Fig. 6A, C) and Smad3 (p < 0.01, Fig. 6B, D).

Pre-treatment 1 h of astrocytes with 10 μM TRAM-34 significantly inhibited the

phosphorylation of Smad2 (p < 0.05, Fig. 6A) and Smad3 (p < 0.05, Fig. 6B) in response to

TGF-β stimulation. Gene disruption studies also support a role for KCa3.1 in regulating

TGF-β-stimulated reactive astrogliosis. Astrocytes from KCa3.1−/− mice exhibited reduced

phosphorylation of Smad2 (p < 0.05, Fig. 6E) and Smad3 (p < 0.05, Fig. 6F) in response to

TGF-β as compared with astrocytes from wild type (WT) mice. These results indicate that

KCa3.1 regulates TGF-β-induced astrogliosis through the Smad2 and Smad3 signaling

pathways.
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Blockade of KCa3.1 inhibited UTP-Induced of Ca2+ influx in astrocytes

Intracellular Ca2+ is thought to play a crucial role in almost all cellular processes, including

regulation of reactive astrogliosis (Sofroniew and Vinters 2010). Activation of KCa3.1

channels is thought to maintain a negative membrane potential which serves as a driving

force for subsequent Ca2+ influx. Astrocytes express a number of P2Y receptors, including

the ATP/UTP receptor P2Y2 (Franke et al. 2012), and activation of purinergic receptors may

produce astrogliosis. We therefore assessed Ca2+ signaling in astrocytes treated with UTP.

Astrocytes were loaded with the Ca2+ binding fluorescent dye Fluo-4 AM. Application of

300 μM UTP caused a large, rapid increase in [Ca2+]i, which decayed gradually towards

baseline, such that [Ca2+]i was still increased after 15 min. When astrocytes were pre-treated

with 1 μM TRAM-34, 300 μM UTP also caused a rapid increase in [Ca2+]i, but decayed

much more rapidly, bringing [Ca2+]i below baseline within 3 min (Fig. 7A, B). These results

suggest that the KCa3.1 channel plays an important role in reactive astrogliosis by

regulating intracellular Ca2+.

Discussion

The major finding in our studies is that KCa3.1 expression is increased in parallel with other

markers of astrogliosis after TGF-β stimulation. Subsequently, with administration of the

KCa3.1 inhibitor TRAM-34, a highly selective inhibitor of KCa3.1, we provided evidence

that pharmacological inhibition of KCa3.1 was effective in mitigating the development of

reactive astrogliosis after TGF-β stimulation, which implies an important role for KCa3.1 in

the pathogenesis of CNS injury disease. This was confirmed by the attenuated GFAP and

CSPG protein expression in astrocytes from KCa3.1−/− mice. Furthermore, our results

suggest that blockade or KO of KCa3.1 inhibited TGF-β-induced astrogliosis through

Smad2 and Smad3-dependent pathways.

A Ca2+-activated potassium channel, later identified as KCa3.1, was first detected in human

erythrocytes (Gardos 1958). KCa3.1 channels are voltage-independent, gated by a Ca2+/

calmodulin complex that binds to the C-terminal domain of the channel. Opening of the

channel increases K+ efflux that maintains the membrane potential serving as the driving

force for subsequent Ca2+ influx (Maylie et al. 2004). There is accumulating evidence that

KCa3.1 plays a major role in diseases characterized by excessive cell activation and

proliferation, such as pulmonary fibrosis (Roach et al. 2013), renal fibrosis (Huang et al.

2013), and asthma (Yu et al. 2013b). However, the role of KCa3.1 in the nervous system is

not yet clear.

In the normal mouse brain, there is a relatively low level of expression of KCa3.1 channels.

However, after spinal cord injury, reactive astrocytes express KCa3.1 channels (Bouhy et al.

2011). Recovery of locomotor function and the extent of tissue damage were both improved

by the infusion of TRAM-34, supporting a role for KCa3.1 channels. The migration of

xenografted glioblastoma cells as well as the astrocytic reactivity to the graft were both

reduced by TRAM-34 (D’Alessandro et al. 2013) but the reduction in reactivity may well

have been due to the indirect effect on tumor cell migration. Whether this recovery is

mediated through inhibition of the TGF-β/Smad pathway will require further investigations.
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Microglial activation and macrophage invasion are amongst the earliest responses to CNS

injury. These activated cells then release a host of cytokines and growth factors, including

TGF-β, basic fibroblast growth factor, interleukin 6, and interleukin 1 (Hausmann 2003).

TGF-β regulates the expression of CSPGs in several cell types, such as reactive astrocytes

(Wang et al. 2008), smooth muscle cells (Schonherr et al. 1991) and fibroblasts (Heimer et

al. 1995). TGF-β levels are increased after CNS injury (Logan et al. 1992), and

neutralization of TGF-β within a brain injury site greatly reduced the extent of the gliotic

scar (Logan et al. 1999). Whether KCa3.1 channels are involved in the response of

macrophages and microglia is not certain: Bouhy et al. (2011) did not find any evidence of

KCa3.1 channels in macrophages/microglia after spinal cord injury, but did find the

channels in primary cultures of activated macrophages/microglia. In contrast, Chen et al.

(2011) did find KCa3.1 channels in activated microglia in an experimental model of stroke,

and recovery was improved with TRAM-34. Most recently, KCa3.1 channels were

implicated in the activation of cultured microglia by purinergic channels (Ferreira et al.

2013). Thus, TRAM-34 may reduce astrocyte reactivity in vivo both directly and indirectly

through limiting inflammation.

Inhibition of KCa3.1 may elicit an anti-astrogliosis effect by multiple mechanisms. TGF-β

induces a reactive phenotype of astrocytes that is accompanied by up-regulation of reactive

astrogliosis marker proteins. We have previously reported that TGF-β signaling in astrocytes

is mediated through Smads (Susarla et al. 2011). TGF-β binds to a transmembrane Ser/Thr

kinase receptor (TGF-β type I receptor) and then phosphorylates Smad2 and Smad3, which

regulate transcription of downstream target genes (Weiss and Attisano 2013) and

subsequently contribute to reactive astrogliosis (Smith and Strunz 2005). However, blockade

of KCa3.1 channels has been shown to inhibit several different signaling pathways

downstream of TGF-β (Huang et al. 2013). We found that blockade or KO of KCa3.1

successfully inhibited TGF-β-induced reactive astrogliosis, including GFAP and CSPG

expression, through the Smad2 and Smad3 pathways. Thus, the anti-astrogliosis effects of

KCa3.1 are at least partly mediated by the suppression of TGF-β signaling.

In summary, we report that blockade or elimination of KCa3.1 channels prevented

astrogliosis in response to TGF-β in cultured astrocytes, through the Smad2/3 pathway.

Therefore, inhibition of KCa3.1 signaling may provide a therapeutic approach to attenuate

reactive astrogliosis after brain injury.
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Abbreviations

KCa3.1 intermediate-conductance calcium activated potassium channel

TRAM-34 (1-((2-chlorophenyl) (diphenyl)methyl)-1H-pyrazole)

CSPG chondroitin sulfate proteoglycan

GFAP glial fibrillary acidic protein

TGF-β Transforming growth factor (TGF)-β

ECM extracellular matrix

TβRI/TβRII transforming growth factor beta receptor-I/II
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Fig. 1.
Up-regulation of KCa3.1 in TGF-β-induced reactive astrogliosis. (A) Stimulation with 10

ng/ml TGF-β for 72 h increased KCa3.1 expression in astrocytes. Scale bar = 50 μm. (B)

Stimulation with 10 ng/ml TGF-β increased KCa3.1 protein expression in astrocytes in a

time-dependent fashion (20 μg whole-cell lysates, n = 3). Data are presented as means ±

SEM. *p < 0.05, **p < 0.01 versus control (TGF-β stimulation time 0 h).
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Fig. 2.
Blockade of KCa3.1 channel attenuates TGF-β-induced GFAP protein expression. (A)

Representative immunocytochemistry showing GFAP expression in cultured astrocytes

treated with TGF-β (10 ng/ml) for 5 days in the presence of TRAM-34 (1, 10μM). Scale bar

= 50 μm. Con: control. (B) Representative western blot showing GFAP expression in

cultured astrocytes treated with TGF-β (10 ng/ml) for 5 days in the presence of TRAM-34

(1, 10μM). Quantification of western for GFAP immunoreactivity (n = 3). Data are

presented as means ± SEM. #p < 0.05 versus control, **p < 0.01, ***p < 0.001 versus TGF-

β alone.
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Fig. 3.
Blockade of KCa3.1 inhibits TGF-β-induced CSPG expression. (A) Representative western

blot showing CSPG expression in conditioned medium (CM) harvested from astrocytes

treated with TGF-β (10 ng/ml) for 5 days in the presence of TRAM-34 (1, 10μM). (B)

Representative western blot showing CSPG expression in cell lysates (LY) harvested from

astrocytes treated with TGF-β (10 ng/ml) for 5 days in the presence of TRAM-34 (1, 10μM).

Quantification of western blot for CS-56 immunoreactivity (n = 3). Data are presented as

means ± SEM. ## p < 0.01, ### p < 0.001 versus control, * p < 0.05, ** p < 0.01, *** p <

0.001 versus TGF-β alone. Con: control.
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Fig. 4.
Blockade of KCa3.1 channels inhibits astrocyte proliferation. Cells were trypsinized and

seeded for 48 h, then treated for 96 h with or without TRAM-34 (1-30 μM) in culture

medium. Cell proliferation was then measured as described in Materials and Methods. After

treating cells with serum-free medium for 24 h, proliferation was induced by 10% FBS in

the absence or presence of TRAM-34 (1, 10 and 20 μM) for 96 h, and then assayed by

measuring Ki67 (A, B) or counting cells (C) at the indicated times (n = 4). Data are

presented as means ± SEM. ** p < 0.01 versus control.
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Fig. 5.
KCa3.1 gene knockout inhibits TGF-β-induced GFAP and CSPG protein expression. (A)

The absence of KCa3.1 expression in astrocytes of KCa3.1−/− mice was confirmed by

Western blot. (B-C) Astrocytes from KCa3.1−/− mice prevented the TGF-β-induced increase

in GFAP (p < 0.05, C) and CSPG conditioned medium (CM) (p < 0.05, B) and CSPG

lysates (LY) (p < 0.001, C) protein expression responses to TGF-β compared with astrocytes

from WT mice (n = 3-4). * p < 0.05, *** p < 0.05 versus WT. WT: wild type, KO:

knockout, Con: control.
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Fig. 6.
Involvement of KCa3.1 in TGF-β-induced reactive astrogliosis through the Smad2 and

Smad3 signaling pathways. (A) Representative images of total Smad2 and phosphorylated

Smad2 (p-Smad2) in astrocytes in control, treated with TGF-β (10 ng/ml) and TGF-β plus 10

μM TRAM-34. Mean values of p-Smad2 relative to total Smad2 (n = 3). (B) Representative

images of total Smad3 and phosphorylated Smad3 (p-Smad3) in astrocytes in control,

treated with 10 ng/ml TGF-β and TGF-β plus 10 μM TRAM-34. Mean values of p-Smad3

relative to total Smad3 protein (n = 3). Data are presented as means ± SEM. ## p < 0.01

versus control, * p < 0.05, ** p < 0.01, *** p < 0.001 versus TGF-β alone. (C-D) Astrocytes

were grown on glass coverslips in medium with 10% FBS, starved overnight, and treated

with 10 ng/ml TGF-β in the absence or presence of TRAM-34 for 1 h. Cells were fixed,

permeabilized, and incubated with antibody to phospho-Smad2 (C) and phospho-Smad3

(D). Nuclei were stained with DAPI. Results are representative of three separate

experiments. Confocal images were obtained at an original magnification of x60. (E)

Representative images of total Smad2 and phosphorylated Smad2 (p-Smad2) in astrocytes

from KCa3.1−/− mice, responses to TGF-β compared with astrocytes from KCa3.1+/+ mice.

Mean values of p-Smad2 relative to total Smad2 (n = 3). (F) Representative images of total
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Smad3 and phosphorylated Smad3 (p-Smad3) in astrocytes from KCa3.1−/− mice, responses

to TGF-β compared with astrocytes from WT mice. Mean values of p-Smad3 relative to

total Smad3 (n = 3). Data are presented as means ± SEM. * p < 0.05 versus WT

phosphorylated Smad2 or Smad3 alone. WT: wild type, Con: control, KO: knockout.
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Fig. 7.
Involvement of KCa3.1 in UTP-induced intracellular calcium increase in astrocytes.

Astrocytes were loaded with the Ca2+-sensitive dye Fluo-4 AM at 37°C for 30 min and

changes in [Ca2+]i were monitored by confocal microscopy. (A) Representative fields of

cells treated with UTP or TRAM-34 plus UTP. (B) Changes in [Ca2+]i as averages in

changes of fluorescent intensities. 300 μM UTP, a metabotropic purinergic receptor agonist,

was added to astrocytes at 60 s. In the presence of 1 μM TRAM-34, UTP caused rapidly

decaying Ca2+ influx. Signal acquisition lasted for 1000 s. Data are presented as means ±

SEM (n = 20 cells).
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