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Inhibition of the Ca*"-Dependent K™ Channel,
KCNN4/KCa3.1, Improves Tissue Protection and
Locomotor Recovery after Spinal Cord Injury

Delphine Bouhy,' Nader Ghasemlou,' Starlee Lively,> Adriana Redensek,' Khizr I. Rathore,' Lyanne C. Schlichter,>*
and Samuel David*

ICentre for Research in Neuroscience, The Research Institute of the McGill University Health Center, Montreal, Québec H3G 1A4, Canada, and 2Toronto
Western Research Institute, Toronto, Ontario M5T 2S8, Canada

Spinal cord injury (SCI) triggers inflammatory responses that involve neutrophils, macrophages/microglia and astrocytes and molecules
that potentially cause secondary tissue damage and functional impairment. Here, we assessed the contribution of the calcium-dependent
K" channel KCNN4 (KCa3.1, IK1, SK4) to secondary damage after moderate contusion lesions in the lower thoracic spinal cord of adult
mice. Changes in KCNN4 mRNA levels (RT-PCR), KCa3.1 protein expression (Western blots), and cellular expression (immunofluores-
cence) in the mouse spinal cord were monitored between 1 and 28 d after SCI. KCNN4 mRNA and KCa3.1 protein rapidly increased after
SCL; double labeling identified astrocytes as the main cellular source accounting for this upregulation. Locomotor function after SCI,
evaluated for 28 d in an open-field test using the Basso Mouse Scale, was improved in a dose-dependent manner by treating mice with a
selective inhibitor of KCa3.1 channels, TRAM-34 (triarylmethane-34). Improved locomotor function was accompanied by reduced tissue
loss at 28 d and increased neuron and axon sparing. The rescue of tissue by TRAM-34 treatment was preceded by reduced expression of
the proinflammatory mediators, tumor necrosis factor-« and interleukin-13 in spinal cord tissue at 12 h after injury, and reduced
expression of inducible nitric oxide synthase at 7 d after SCI. In astrocytes in vitro, TRAM-34 inhibited Ca>" signaling in response to
metabotropic purinergic receptor stimulation. These results suggest that blocking the KCa3.1 channel could be a potential therapeutic

approach for treating secondary damage after spinal cord injury.

Introduction

The intermediate conductance Ca*"-activated potassium chan-
nel, known as KCa3.1, IK1, or SK4 (KCNN4 for the gene), was
first described from functional studies of human red blood cells
(Gardos, 1958). Its gating is voltage independent and depends on
Ca’" binding to calmodulin molecules constitutively associated
with the channel protein (Joiner et al., 1997; Xia et al., 1998;
Khanna et al., 1999). Small increases in intracellular Ca>" induce
channel opening (K; ~300 nMm), resulting in K * efflux that main-
tains a driving force for subsequent Ca*" influx. Therefore, the
KCNN4/KCa3.1 channel could play a key role in regulating a
plethora of cell functions mediated by Ca>" influx. There is con-
siderable evidence that KCa3.1 regulates activation and prolifer-
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ation of T-lymphocyte subsets (Khanna et al., 1999; Ghanshani et
al., 2000; Cahalan et al., 2001).

In contrast, there is very little information about KCa3.1 ex-
pression and roles in the CNS. We reported that KCNN4/KCa3.1
is expressed in microglia in vitro; and that a selective blocker
[TRAM-34 (triarylmethane-34)] reduced microglial activation,
inducible nitric oxide synthase (iNOS) expression, and the ability
of microglia to kill neurons in vitro, and decreased retinal gan-
glion cell degeneration following optic nerve transection in vivo
(Kaushal et al., 2007). In experimental autoimmune encephalo-
myelitis (EAE), a widely used animal model of CNS autoimmune
disease multiple sclerosis, TRAM-34 reduced proinflammatory
chemokine/cytokine expression in the spinal cord and reduced
clinical disability (Reich et al., 2005). KCa3.1 blockers also re-
duced brain edema, intracranial pressure, and infarct volume in a
model of acute subdural hematoma (Mauler et al., 2004). None of
the studies examined the cell types that express KCa3.1 in the
CNS in vivo or the changes in protein expression over time, or
demonstrated its actions within the CNS or the mechanisms un-
derlying the in vivo improvements. However, these studies sug-
gest that KCNN4/KCa3.1 is a potential therapeutic target for
reducing inflammation-mediated neurotoxicity in certain CNS
conditions. It is important therefore to further investigate the
expression and roles of KCNN4/KCa3.1 in other CNS conditions.

After spinal cord injury (SCI), the initial trauma induces an
inflammatory response that can contribute to secondary tissue
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damage and worsen the functional outcome (Kwon et al., 2004;
Popovich and Longbrake, 2008). Two resident cells (astrocytes
and microglia) and infiltrating blood macrophages can contrib-
ute to CNS inflammation and secondary damage by producing
interleukin 183 (IL-18), tumor necrosis factor o (TNF-a), super-
oxide, nitric oxide (NO) (Klusman and Schwab, 1997; Yang et al.,
2004a; Fu et al., 2007; Pineau and Lacroix, 2007), and other cy-
totoxic mediators (Lee et al., 2000; Liu et al., 2005; Donnelly and
Popovich, 2008; Bao et al., 2009). For instance, production of
peroxynitrite from superoxide and nitric oxide can cause lipid
peroxidation, DNA damage, and protein nitration, actions that
can damage both neurons and oligodendrocytes after spinal cord
injury (Satake et al., 2000; Bao et al., 2004; Xu et al., 2006; Xiong
etal., 2007; Xiong and Hall, 2009). KCa3.1 channels contribute to
nitric oxide and peroxynitrite production, and to neurodegen-
eration caused by activated microglia in vitro (Kaushal et al.,
2007). Therefore, we tested the hypothesis that KCNN4/KCa3.1 is
expressed in the injured spinal cord, and that blocking the chan-
nel will reduce secondary damage and improve function after
contusion injury in adult mice.

Materials and Methods

Spinal cord contusion injury and treatment with TRAM-34. All surgical
procedures were performed in accordance with guidelines from the Ca-
nadian Council on Animal Care and were approved by the McGill Uni-
versity Animal Care Committee. Young adult (6—8-week-old) female
C57BL/6 mice (Charles River) were deeply anesthetized by intraperito-
neal injection of ketamine (50 mg/kg), xylazine (5 mg/kg), and
acepromazine (1 mg/kg), and a moderate contusion injury was made at
the T11 thoracic vertebral level using the Infinite Horizons Impactor
device (Precision Scientific Instrumentation) with a contusion force of
50 kilodynes and tissue displacement ranging between 400 and 600 um,
as previously described (Ghasemlou et al., 2005). Mice with injuries
within these parameters were randomly assigned to either the control or
experimental groups.

TRAM-34, a selective blocker of the KCa3.1 channel (Wulff et al.,
2000; Chandy et al., 2004), was synthesized by Toronto Research Chem-
icals and prepared as previously described (Kohler et al., 2003; Toyama et
al., 2008). After the surgery, one cohort of mice received intraperitoneal
injections of TRAM-34, while the control cohort received the same vol-
ume of vehicle (peanut oil). We started with eight mice in each of the
TRAM-34 (120 mg/kg/d dose) and vehicle-treated groups used for loco-
motor analyses (see Fig. 5). However, two TRAM-treated mice died,
leaving six mice in this group. Additional mice were used for other types
of analyses as indicated. TRAM was injected intraperitoneally at 60
mg/kg in 100 ul of peanut oil every 12 h (total of 120 mg/kg/d) for 4
weeks, starting 1 h after the injury. We selected this TRAM-34 dose based
on the daily subcutaneous dose of 120 mg/kg used in a recent study on
mice, which showed rapid turnover (circulating half-life ~1 h) and low
bioavailability (Toyama et al., 2008). For analysis of locomotor recovery
using the Basso Mouse Scale (BMS) (see below), additional groups of
mice were treated with lower TRAM-34 doses (3 mg/kg/d [TRAM-34
n = 11; vehicle n = 9]; 6 mg/kg/d [TRAM-34 n = 6; vehicle n = 7]; 30
mg/kg/d [TRAM-34 n = 8; vehicle n = 8]; and 120 mg/kg/d [TRAM-34
n = 6; vehicle n = 8]) to monitor dose-dependent effects. All the loco-
motor and histological analyses were performed in a blinded fashion.

Analysis of mRNA expression. Animals were killed under deep anesthe-
sia, and a 5 mm length of the spinal cord centered on the lesion site was
dissected out at 1, 3, 5, 7, 14, 21, and 28 d postinjury (dpi), and from
TRAM-34- (120 mg/kg/d) or vehicle-treated animals at 28 dpi. Spinal
cord tissue from the same region from uninjured mice was also obtained
for analysis. Total RNA was extracted from the frozen tissue (RNeasy,
Qiagen) after degrading any contaminating DNA with DNasel (0.1 U/ml,
15 min, 37°C; GE Healthcare). Gene-specific primers and Tagman
probes were generated using PrimerQuest (Integrated DNA Technolo-
gies). Reverse transcription was immediately followed by PCR amplifi-
cation with primers specifically designed for mouse KCNN4, IL-1f, and
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TNF-a. RT-PCR products were separated by electrophoresis on a 2%
agarose ethidium bromide-stained gel and quantified with the gel ana-
lyzer Alphalmager 2200 (Cell Biosciences) and ImageQuant. Data were
first normalized to levels of the housekeeping gene peptidylprolyl
isomerase A (PPIA) and then expressed as the fold change (mean * SD;
three experiments were done with spinal cords of three different mice)
compared with the uninjured spinal cord.

iNOS expression was measured by qRT-PCR in TRAM-34- and
vehicle-treated spinal cords. Amplification was performed using Brilliant
Probe-based Reagents and an MX4000 detection system (Stratagene). The
threshold cycle for was determined and normalized to that of the housekeep-
ing gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH ), and then
expressed as the fold change (mean * SD; six experiments were done with
spinal cords of six different mice) compared with the uninjured spinal cord.

Western blot analysis. As above, a 5 mm length of the spinal cord tissue
centered on the lesion site was dissected out from uninjured and injured
animals at 1, 3, 7, 14, 21, and 28 dpi. Total protein was extracted using
buffer containing protease inhibitors (Cocktail Tablet; Roche), phospha-
tase inhibitors (500 mm NaF and 100 mm Na;VO,), and 1% Triton in
PBS. Equal concentrations of proteins, as determined by the Bio-Rad
Bradford protein assay, were mixed with NuPAGE LDS sample bulffer,
sonicated, heated to 95°C for 10 min, and then separated by NuPAGE
Bis-Tris gel (12% acrylamide) and electrotransferred (XCell SureLock,
Invitrogen) onto Immobilon PVDF membrane. Membranes were first
incubated in blocking solution (5% nonfat dry milk, 0.05% Tween 20 in
1X PBS) for 1 h at room temperature and then incubated (overnight,
4°C) with mouse anti-KCa3.1 (1:400; Alomone Labs) in the blocking
solution. After rinsing with PBS-T (1X PBS, 0.05% Tween 20), blots were
incubated (1 h, room temperature) with HRP-linked anti-rabbit Ig (1:
500; Jackson Immunoresearch) in the blocking solution. After washing,
the membranes were treated with Enhanced Chemiluminescence ECL
Plus kit reagents (PerkinElmer) and exposed to ECL hyper film (VWR).
Membranes were later reprobed with mouse anti-g actin (1:400; Sigma-
Aldrich). Relative intensities of the KCa3.1 immunoreactivity were com-
pared with B-actin controls, and densitometry was performed using
ImageQuant Software (GE Healthcare). Analyses were run in triplicate
with different animals (n = 3).

Isolation of macrophages from the lesion spinal cord and microglial pu-
rification. Macrophages/microglia were isolated from the injured spinal
cord at 7 dpi. Briefly, 5 mm of the spinal cord, centered on the lesion
epicenter, were dissected and minced in cold Minimal Essential Medium
(MEM; Invitrogen), centrifuged, and resuspended in a Percoll (Sigma-
Aldrich) gradient (3.5 ml of 80% Percoll overlaid by 4 ml of 40% Percoll).
After centrifugation (500 X g, 35 min), cells at the interface of the Percoll
gradient were collected, resuspended in HBSS (Invitrogen), centrifuged
again, and resuspended in RPMI-1640 medium containing 10% fetal
bovine serum (FBS; Wisent), 1% vitamins, and 1% penicillin/streptomy-
cin. Cells were then plated on coverslips and placed in an incubator for
2 h before double labeling with macrophage antigen-1 (Mac-1) and anti-
KCa3.1 antibodies.

Cultures of bone marrow-derived macrophages (BMDMs) were pre-
pared as described previously (Longbrake et al., 2007). Briefly, adult
female C57BL/6 mice (6 —8 weeks) were killed, and their femur and tibias
were removed. The bone marrow plugs were flushed with RPMI-1640
medium containing 10% FBS and 10% L-cell-conditioned medium (a
source for granulocyte macrophage-colony stimulating factor). After
centrifugation (600 X g, 7 min), cells were cultured in 10 cm tissue Petri
dishes. The next day, adherent cells were discarded and nonadherent cells
were cultured with fresh medium supplemented with L-cell-conditioned
medium for 7-10 d until cells matured into adherent macrophages. Cell
purity was confirmed with Mac-1 labeling.

Purified cultures of microglia were prepared from 2-day-old mouse
pups, using standard protocols. After removing the meninges, the brain
was dissected, minced in cold MEM, centrifuged (300 X g, 10 min), and
resuspended in MEM supplemented with 5% horse serum, 5% FBS, and
0.05 mg/ml gentamycin (Invitrogen). Two days later, cellular debris,
nonadherent cells, and supernatant were removed, fresh medium was
added to the flask, and the mixed cultures were allowed to grow for
another 8-10 d. Microglia suspensions were harvested by shaking the
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flasks on an orbital shaker (65 rpm, 4—6 h, 37°C), and then seeded in
MEM with 2% FBS.

Ca?* signaling in astrocytes. Primary astrocyte cultures were prepared
as in our earlier work (Kaushal et al., 2007). Brain tissue from 1- to
2-d-old rat pups was mashed through a stainless steel sieve (100 mesh;
Tissue Grinder Kit CD-1, Sigma-Aldrich), centrifuged (1000 X g, 12
min), resuspended, and seeded into flasks with culture medium contain-
ing DMEM (Invitrogen), 10% FBS, and 100 um gentamycin (Invitro-
gen). The medium was replaced after 2 d, and the mixed cultures were
incubated for a further 7—8 d. The flasks were shaken for 5-6 h to remove
less adherent cells; and astrocytes were harvested by a 6 min trypsin
digestion, centrifugation (1000 X g) for 10 min, washing, and resuspen-
sion in culture medium. Cells were seeded at a density of 2 X 10* cells/15
mm diameter coverslip, and cultured for a further 2-3 d. This yielded
>80% astrocyte purity, as determined by GFAP labeling, and ~20%
microglia.

Fura-2 signaling was used to monitor intracellular Ca** (Ca®",), ac-
cording to our standard procedures (Ohana et al., 2009). Astrocytes were
loaded for ~45 min at room temperature with 3.5 ug/ml Fura-2-AM
(Invitrogen) diluted in standard bath solution containing the following
(in mm): 135 NaCl, 5 KCI, 1 MgCl,, 1 CaCl,, 5 glucose, 10 HEPES,
adjusted to pH 7.4 with NaOH, and to ~300 mOsm with sucrose. Cov-
erslips bearing astrocytes were mounted in a perfusion chamber (model
RC-25, Warner Instruments) on the stage of a Nikon Diaphot inverted
microscope and superfused with fresh bath solution. Images were ac-
quired at room temperature using a Nikon Diaphot inverted microscope
with a 40X quartz objective lens, Retiga-EX camera (Q-Imaging), DG-4
arc lamp with excitation wavelength changer (Sutter Instruments), and
Northern Eclipse image acquisition software (Empix Imaging). Images
were captured every 1-2 s at 340 and 380 nm excitation wavelengths, and
340:380 nm ratios calculated. Data are presented as the mean * SEM,
and the statistical significance of differences was determined with Stu-
dent’s t test. After recording the baseline Fura-2 signal for 1 min, the
perfusion solution was switched to 300 um uridine triphosphate (UTP,
Sigma-Aldrich) in standard bath solution for 2 min, followed by a 10 min
wash, and then 1 uM thapsigargin (Sigma-Aldrich) for 2 min, followed by
a 10 min wash. For TRAM-34-treated astrocytes, the same procedure was
used, except that 1 um TRAM-34 was present throughout the recordings.
For each field of cells, astrocytes (morphologically distinct from the mi-
croglia) were selected for off-line Ca** analysis.

Analysis of locomotor recovery. Locomotor function of the hindlimbs of
TRAM-34-treated and control mice was evaluated in an open-field test
using the 9-point BMS (Basso et al., 2006), which was specifically devel-
oped for locomotor testing after contusion injuries in mice. Before test-
ing, bladders were expressed to avoid spontaneous bladder contraction
that often accompanies hindlimb activity. The evaluations were per-
formed by two individuals who were trained in the Basso laboratory at
Ohio State University and who were blinded to the experimental groups.
Locomotor function in both hindlimbs was scored, and the consensus
score was taken. Hindlimb movements immediately after contact with
the assessor were disregarded. The mean of right and left hindlimb scores
was taken. The test was performed at 1, 3,5,7, 14, 21, and 28 dpi. The final
score is presented as the mean * SEM.

Histological and immunohistochemical analyses. To assess cell type-
specific expression of KCa3.1 after SCI, mice were deeply anesthetized
with ketamine/xylazine/acepromazine at varying times after SCI, as in-
dicated below, and perfused through the heart with 4% paraformalde-
hyde in 0.1 m PBS, pH 7.4. A 6 mm length of the spinal cord containing
the lesion site was dissected out and cryoprotected with 30% sucrose in
0.1 M PBS. Serial cross sections (14 um thick) were cut on a cryostat and
picked up on to gelatin-coated glass slides. Double-immunofluorescence
staining was performed as follows. Nonspecific binding was blocked by a
4 h incubation in 1% bovine serum albumin and 1% goat normal serum.
Sections were then incubated overnight at 4°C with a rabbit polyclonal
antibody against KCa3.1 (1:400; Santa Cruz Biotechnology), and one of
the following antibodies: rat monoclonal anti-GFAP (1:400; Zymed Lab-
oratories); rat monoclonal Mac-1 (against CD11b; 1:200; Serotec);
mouse monoclonal Mac-2 against galectin (hybridoma supernatant);
rabbit polyclonal anti-ionized Ca** binding adapter-1’ (Iba-1; 1:1000,
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Wako); mouse monoclonal anti-200 kDa neurofilament (1:500; NF200,
Sigma-Aldrich); and mouse monoclonal anti-NeuN antibody (to label
neurons; 1:500; Millipore). The sections were then rinsed three times
with PBS-T and incubated with appropriate secondary antibodies (Alexa
Fluor 568 goat anti-rat [1:400; Invitrogen]|; Alexa Fluor 488 goat anti-
rabbit [1:400; Invitrogen]; Alexa Fluor 568 goat anti-mouse [1:400; In-
vitrogen] for 2 h at room temperature, washed and mounted with DAPI
(4',6'-diamidino-2-phenylindole ~ dihydrochloride)-Vectashield me-
dium (Vector Laboratories). In some experiments, microglia and mac-
rophages were labeled with tomato lectin (FITC conjugated; 1:500;
Sigma-Aldrich).

To assess histological changes after TRAM-34 treatment (120 mg/kg/d),
mice were perfused with fixative (4% paraformaldehyde in 0.1 M phos-
phate buffer) at 28 dpi. Cryostat cross sections of the spinal cord from
TRAM-34- and vehicle-treated mice were immunostained with goat
anti-rabbit GFAP to delineate the size of the lesion (1:400; Zymed Labo-
ratories) or for 200 kDa neurofilaments (NF200, clone NE-14; 1:500;
Sigma-Aldrich) to visualize spared axons. Tissue sections were also
stained in 0.1% cresyl violet (Sigma-Aldrich) to quantify neuron survival
in the ventral horns.

Image analysis and quantification. Tissue sections were viewed with an
Axioskop 2 Plus microscope (Zeiss), and images were captured using a
QImaging Retiga 1300 camera with the same exposure time among im-
ages within a series, including tissue from treated and control animals.
Quantification was done using BioQuant Nova Prime image analysis
system (BioQuant Image Analysis). All analyses were done blinded to the
treatment groups. The epicenter of injury in all spinal cords was identi-
fied using immunoreactivity for GFAP to label astrocytes, and CD11b
(Mac-1 antibody) to label microglia and macrophages. Quantification
was done at regular intervals over a maximum distance of 6 mm. Each
type of analysis was performed in six to eight mice per group, as indicated
in Results. The percentage of KCa3.1 */GFAP " astrocytes was counted
in cross sections. For quantification of astrocytes, individual cells were
identified by their GFAP-labeled processes surrounding a DAPI+ nu-
cleus. Spared CNS tissue was assessed by calculating the GFAP-labeled
area as a percentage of the total area of the cross section, and the results
were expressed as the percentage of spared tissue. The large neurons in
the ventral horn were quantified in tissue sections stained with cresyl
violet. Axonal sparing in the dorsal column in experimental and control
mice was assessed by calculating the area occupied by NF200 labeling in
a fixed area of the dorsal column, which is the site of direct impact from
the contusion. The result is expressed as a percentage of the area occupied
by spared axons based on the NF200 staining.

Statistical analyses. Comparisons of two datasets were analyzed by Stu-
dent’s t test, while data with more than two variables (i.e., over time or
distance) were analyzed by two-way repeated-measures ANOVA with
post hoc Tukey’s analysis (SigmaStat). Values are expressed as the mean =
SEM, except for RT-PCR, where they are mean * SD. Statistical signifi-
cance was set at p < 0.05. All analyses were performed blind to the
treatment the mice had received.

Results
KCNN4/KCa3.1 is upregulated in reactive astrocytes after SCI
We first assessed changes in mRNA expression of KCNN4 in the
injured spinal cord of adult C57BL/6 mice at 1, 3, 7, 14, 21, and
28 d after a moderate spinal cord contusion. Comparisons were
made with the normal uninjured spinal cord. RT-PCR analysis
showed a significant increase in KCNN4 expression following
SCI, starting at 3 dpi and reaching a peak sixfold increase at 7 dpi
(Fig. 1A,B). KCNN4 expression remained significantly elevated
up to 28 dpi, the last time point examined (p < 0.05; n = 3 mice
per time point). Western blot analysis also revealed a significant
elevation in KCa3.1 protein from 5 to 21 dpi (p < 0.05; n = 3 mice
per time point) (Fig. 1C,D).

To identify the cell types in which KCNN4/KCa3.1 was up-
regulated, double labeling was performed with cell-specific
markers in spinal cords of uninjured mice, and at 7 d after the
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Figure 1.  KCNN4/KCa3.1 expression increases after SCI. A, B, RT-PCR analysis of KCNN4 mRNA levels in spinal cord from uninjured (ui) mice and 1,3, 5,7, 14, and 21 dpi mice. PPIA was used as a
loading control. A representative example is shown in A. For the quantification in B, data were first normalized to PPIA and then expressed as fold change (mean = SD; 3 experiments, n = 3)
compared with the uninjured spinal cord (horizontal line). Significant increases in KCNN4 expression are indicated as follows: *p << 0.05. €, Western blot analysis of the 47-kDa-molecular-weight
band labeled with anti-KCa3.1 antibody in spinal cord homogenates. 3-actin was used as the loading control. D, Quantification of K(a3.1 protein levels (*p << 0.05; n = 3). The horizontal line
indicates the level in uninjured control spinal cords. E, Low-magpnification image of the normal, uninjured spinal cord immunolabeled for KCa3.1. The area in the box is shown at higher magnification
in F-H. Higher magnification showing double labeling for KCa3.1 (F) and the astrocyte marker GFAP (G) (arrow), and the merged image with DAPI-stained nuclei (H). Note also the single labeled
cell (arrowhead). I, Low-magnification image of the injured spinal cord at 7 dpiimmunolabeled for K(a3.1. The area in the box s shown at higher magnification inJ-L. Higher-magnification images
showing double labeling for KCa3.1 (J) and GFAP (K) (arrows), and the merged images with DAPI-stained nuclei (L). Note the increase in KCa3.1 labeling of GFAP ™ -reactive astrocytes (arrows); the
inset in L shows double-labeled profiles at higher magnification (arrow). In the inset, note that the strongest labeling for K(a3.1 is on the membrane, while the GFAP labeling is intracellular.
Arrowheads in J-L show a single-labeled GFAP * /KCa3.1 ~ profile. M, Quantification of the percentage of GFAP ™ cells colabeled for KCa3.1at 7 dpi compared with the uninjured cord (*p < 0.001,
n = 4). N-P, The lesion core at 7 d after SCl is double labeled for KCa3.1 (N) and the microglia/macrophage marker Mac-1(0). The lesion core is to the left of the dashed line in the merged image
(P), which also shows DAPI-stained nuclei. Scale bars: E, I, 500 wm; H, L, P, 50 um; Linset, 30 pem.

contusion injury, which is at the peak of the increase in KCNN4
expression. In the uninjured spinal cord, KCa3.1 colocalized with
some GFAP * astrocytes (Fig. 1 E-H). In the injured cord (Fig.
11-L), KCa3.1 was expressed around the lesion core, in a region
that contains reactive astrocytes that form the glial scar. The
number of KCa3.1-labeled astrocytes was approximately fivefold
higher than in the uninjured spinal cord (p < 0.001; n = 4) (Fig.
1 M). In the uninjured spinal cord, KCa3.1 was also detected in

neurons, as previously reported for neurons isolated from rat
brain (Kaushal et al., 2007), and in oligodendrocytes (Fig. 2 A-F),
but neither cell type showed altered staining in the injured spinal
cord.

Because previous studies have reported KCNN4/KCa3.1
expression in cultured microglia, we labeled sections from the
injured spinal cord for KCa3.1 and several markers of macro-
phages/microglia. Mac-1, an antibody that recognizes CD11b on
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macrophages/microglia, did not appear to
colocalize with KCa3.1 at 7 dpi (Fig. 1 N-
P), or with three other macrophage/mi-
croglial markers: Mac-2, Iba-1, or tomato
lectin (Fig. 3A-I). While KCa3.1 labeling
surrounded the lesion, it was not de-
tected in the macrophages that filled the
lesion. To rule out fixative-induced anti-
gen masking, we next labeled unfixed spi-
nal cord tissue at 7 dpi; KCa3.1 staining
was not detected in macrophages/mi-
croglia (Fig. 3/-L). Finally, to address
whether staining differences might occur
under in vitro conditions, we examined
KCNN4/KCa3.1 expression in macrophages/
microglia harvested from the contused
spinal cord at 7 dpi, and in cultures of
murine BMDMs and microglia. Strong
KCa3.1 staining was seen in Mac-1 " mac-
rophages/microglia that were acutely iso-
lated from the spinal cord and placed in
culture for 2 h to allow time to attach to
the coverslip (Fig. 4A—C). Since macro-
phages in the injured spinal cord could
arise from activated microglia or from cir-
culating cells derived from BMDMs, we
cultured murine microglia from the neo-
natal brain, and BMDMs from the adult
mouse. Cultured microglia also showed
punctate immunoreactivity for KCa3.1
(Fig. 4 D-F). Consistent with these obser-
vations, RT-PCR analysis showed KCNN4
expression in cultures of BMDMs and mi-
croglia, which appear to be somewhat up-
regulated by LPS (Fig. 4G,H).

Blocking KCa3.1 with TRAM-34
improves locomotor function after
contusion injury

To assess the role of KCNN4/KCa3.1
channels after SCI, mice with a moderate
contusion injury were treated daily for
28 d with TRAM-34, a selective inhibitor
of KCa3.1 (Wulff et al., 2000; Chandy et
al., 2004). TRAM-34 treatment signifi-
cantly improved locomotor recovery by as
early as 3 dpi, and the improvement lasted
up to the end of the assessment period at
28 dpi (Fig. 54) (p < 0.01). TRAM-34-
treated mice reached an average final BMS
score of 4.8, which reflects the ability to
step frequently and to exhibit some coor-
dination. Vehicle-treated control mice
reached an average final score of 3.4 (i.e.,
plantar placing of the paw, with or with-
out weight support). There was a dose-
dependent improvement in locomotor
recovery measured over the 28 d period
with different TRAM-34 amounts in-
jected (Fig. 5B). The small but significant
improvement in the BMS score seen at 3
dpi might be due to blocking KCa3.1
channels already present before the injury-
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KCa3.1

merge

Figure2. KCa3.Tisexpressed in neurons and some oligodendrocytes in the uninjured mouse spinal cord. A-C, Double labeling
with antibodies against the neuronal marker NeuN (4) and the KCa3.1 channel (B) shows that the cell bodies of large neuronsin the
ventral horn express K(a3.1 (C). D—F, Double labeling with antibodies against the oligodendrocyte marker CC1 (D) and the K(a3.1
channel (E) shows KCa3.1 expression in the cell body and on the processes of some oligodendrocytes in the ventral white matter
(F). This staining pattern was unchanged after SCI (data not shown). Scale bars, 50 m.

- B A
E
. wr
N4 {
Al 4
« o «
- e b )
J

KCa3.1

4 »

H Iba-1

K Mac-1

Figure 3.  K(a3.1 immunoreactivity was not detected in macrophages and microglia in the injured mouse spinal cord. A,
Double labeling with anti-KCa3.1antibody (4, D, G) and different macrophage/microglial markers (B, E, H) in perfusion fixed tissue
sections of the spinal cord at 7 d after SCI. The anti-Mac-2 antibody (B) recognizes phagocytic macrophages; tomato lectin (E) binds
to macrophages and microglial cells; and Iba-1 (H) is upregulated in activated macrophages/microglia. The lesion core is to the
right of the dashed lines in the merged images in Cand F. Note that the macrophages/microglia in the lesion lack KCa3.1 staining.
J-L, Unfixed tissue section of the spinal cord taken at 7 dpi was double labeled for KCa3.1 (J) and (D11b (Mac-1 antibody; K ). Note
the absence of double labeling of the Mac-1 " macrophages (L). Scale bars, 50 m.
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TRAM-34 treatment resulted in up to
40% greater axonal sparing rostrally, as
well as at the lesion epicenter and 500 wm
caudally (Fig. 6G-K) (p < 0.001).

Blocking KCa3.1 reduces expression of
proinflammatory mediators after SCI
The inflammatory response mediated by
microglia/macrophages and astrocytes af-
ter SCI contributes to secondary damage.
We therefore assessed whether TRAM-34
treatment reduces expression of IL-183
and TNF-q, two proinflammatory cyto-
kines thought to play important roles in

Figure 4.

BMDMs than in microglia. Values are mean = SEM, n = 3.

induced increase seen beginning at 5 d. The increase in KCa3.1 pro-
tein is maintained from 5 to 21 d, and blocking these channels with
TRAM-34 might contribute to the sustained improvements.

Blocking KCa3.1 reduces tissue damage after

contusion injury

To assess whether TRAM-34 treatment reduces secondary tissue
damage in the spinal cord, the extent of CNS tissue loss after SCI
was examined by staining cross sections of the spinal cord with
anti-GFAP. The GFAP-negative area outlines the cystic cavities
or areas infiltrated with fibroblasts, which is seen after injury in
mice (Fig. 6 B, C). Quantification of the GFAP * area showed that
TRAM-34 treatment resulted in a statistically significant reduc-
tion in tissue loss over a 1200 wm distance spanning the lesion
epicenter (Fig. 6A). Reduction of CNS tissue loss mediated by
TRAM-34 extended between 600 wm rostral to 600 wm caudal to
the epicenter (Fig. 6A) (p < 0.001).

We next examined whether TRAM-34 treatment improved
motor neuron survival in the ventral horn. Neuronal survival
after SCI was assessed in cresyl violet-stained cross sections of the
spinal cord. Quantification of the large motor neurons showed
that TRAM-34-treated mice had significantly more neurons
from 500 wm to 2 mm rostral and at a distance of 3 mm caudal to
the lesion epicenter compared with vehicle-treated mice (Fig.
6D-F) (p < 0.05). Immunofluorescence labeling with an anti-
neurofilament antibody was also performed to assess whether the
TRAM-34 treatment improved axonal sparing in the dorsal col-
umn white matter after injury, which is the site of maximum
damage from the contusion force. Quantification showed that

KCNN4 mRNA and KCa3.1immunoreactivity are expressed in ex vivo macrophages and in primary cultures of macro-
phages/microglia. A-C, Representative images of double labeling for CD11b (Mac-1antibody) (4) and KCa3.1 (B) of macrophages
isolated from spinal cord 7 d after SCI; the merged image (C) includes nuclear DAPI staining. Note that the large, round Mac-1*
macrophage shows cytoplasmic labeling for KCa3.1. Scale bar: (in €) A-C, 20 wm. D-F, Representative images of unstimulated
cultured mouse microglia double labeled with tomato lectin (D) and anti-KCa3.1 antibody (E); the merged image (F) includes
DAPI-stained nuclei. Scale bar: (in F) D~F, 10 wm. G, RT-PCR analysis shows mRNA expression of KCNN4 in primary cultures of
BMDMs and cultured microglia, with and without activation by LPS treatment. H, Note the much higher KCNN4 expression in

I-(In KCNN4 mRNA expression SCI. We measured mRNA expression at
% . ] control 12 h a.fter SCI because cytokine leYel§ in
- B LPS the splnal.cord increase early after injury
e (Bartholdi and Schwab, 1997; Klusman
£ 200+ and Schwab, 1997; Yang et al., 2004b;
2 Pineau and Lacroix, 2007). As shown in
5 100 Figure 7A, B, TRAM-34 treatment signif-
ﬁ icantly reduced expression of both cyto-
g .

5 4 3 kmle;s (p < O.QS). . .

© BMDM _ microglia eactive nitrogen species can contrib-

ute to secondary damage after SCI (Xu et
al., 2001; Xu et al., 2005), and TRAM-34
reduces iNOS expression and nitric oxide
production in microglia in vitro (Kaushal
et al., 2007). We therefore assessed
whether the observed neuroprotective ef-
fect of TRAM-34 after SCI corresponds
with a reduction in iNOS. Quantitative
real-time PCR analysis showed that
TRAM-34 treatment significantly re-
duced iNOS expression in the spinal cord at 7 dpi compared with
vehicle-treated control mice (Fig. 7C) (p < 0.05). This time was
chosen because iNOS has been shown previously to be expressed
up to 7-14 d after SCI (Lopez-Vales et al., 2005; Yang et al., 2007;
Rathore et al., 2008), and this is a time point when one sees robust
astrocyte and macrophage responses. iNOS can be generated by
several pathways, only one of which is likely to be blocked by
TRAM-34, and this might account for the partial reduction seen.
Furthermore, at 12 h after SCI (the time point used in our work)
microglia and astrocytes express IL-1(3 (Pineau and Lacroix,
2007). Because KCa3.1 was upregulated only in astrocytes after
SCI, TRAM-34 treatment might be expected to affect only the
IL-18 produced by astrocytes, thus accounting for the modest
reduction with treatment.

Blocking KCa3.1 alters Ca>* signaling in astrocytes

KCa3.1 channels are thought to promote Ca*>" entry by main-
taining a driving force and negative membrane potential. To test
this hypothesis, we stimulated astrocytes with an agonist of
metabotropic purinergic receptors (UTP) (Jiménez et al., 2000;
Fam etal., 2003) that evokes IP; production, release of Ca’* from
internal stores, and a Ca>*, rise mediated by store-operated Ca*"
entry (SOCE), which then refills the stores (Peuchen et al., 1996;
Wu et al., 2007). The baseline Ca*" signal (340:380 nm ratio)
(Fig. 8 A, B) did not differ between control (0.35 = 0.05; mean *
SEM) and TRAM-34-treated astrocytes (0.33 = 0.05; p > 0.4);
and UTP evoked a biphasic Ca*™; rise in both control and
TRAM-34-treated cells. The Ca*", signal outlasted the applica-
tion of UTP (as expected for SOCE), and then decayed and
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Figure 5.  TRAM-34 treatment improves locomotor recovery after SCI. A, The time course of
locomotor recovery in mice treated after SC with TRAM-34 (120 mg/kg/d) or the vehicle (pea-
nut oil) was assessed using the 9-point BMS. Animals treated with TRAM-34 had significantly
greater locomotor recovery starting 3 d after SCI (*p << 0.01; TRAM-34 group, n = 6; vehicle
group, n = 8). B, Dose dependence of the improvement in locomotor function with TRAM-34
treatment, assessed at 14 dpi. The mean BMS score of each TRAM-treated group was subtracted
from the mean BMS score of the vehicle group. The number of mice used in each of the groups
isindicated in Materials and Methods. The difference was only statistically significant at the 120
mg/kg/d dose.

reached a plateau within 2 min under both conditions. TRAM-34
accelerated the Ca?"; decrease, as reflected by the half-time of
decay (Fig. 8C). We predicted that blocking KCa3.1 would inhibit
the SOCE, thereby reducing the ability of the Ca** stores to refill.
To test this mechanism, in the second part of the experiment, the
cells were washed for 10 min to allow store refilling, and then the
sarcoplasmic/endoplasmic reticulum Ca** -ATPase pump inhib-
itor, thapsigargin, was applied to release Ca*" from the stores,
and to evoke a second period of SOCE. Control astrocytes exhib-
ited a robust and prolonged rise in Ca*™; (Fig. 8A,D), but, as
predicted, TRAM-34-treated cells did not respond (Fig. 8 B,D).
ATP released from damaged cells can activate multiple purinergic
receptors; therefore, our results show that blocking KCa3.1 in
astrocytes reduces SOCE and refilling of Ca** stores after a stim-
ulus that is relevant to spinal cord injury.

Our salient results are as follows: (1) KCa3.1 is expressed in
vivo in some astrocytes, motor neurons, and some oligodendro-
cytes in the uninjured adult murine spinal cord; (2) KCa3.1 ex-
pression increased in the spinal cord after contusion injury,
especially in reactive astrocytes; (3) KCNN4/KCa3.1 expression
was also detected in activated macrophages isolated ex vivo from
the injured spinal cord, and in vitro in BMDMs and microglia; (4)
blocking KCa3.1 after SCI with TRAM-34 improved locomotor
recovery and reduced secondary damage, as judged by increased
tissue and axon sparing and neuron survival; (5) the improved
outcomes of TRAM-34 treatment were accompanied by re-
duced expression of the proinflammatory mediators IL-1p,
TNF-q, and iNOS in the injured spinal cord; and (6) blocking
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KCa3.1 with TRAM-34 reduced Ca>* signaling in isolated astro-
cytes in vitro.

Discussion

KCa3.1 is mainly expressed in nonexcitable cells, including some
peripheral immune cells (Kohler et al., 1996; Joiner et al., 1997;
Xia et al., 1998; Fanger et al., 1999; Khanna et al., 1999), and its
role in homeostatic functions and activation of T cells is especially
well characterized (Khanna et al., 1999; Ghanshani et al., 2000;
Chandy et al., 2004). Two properties of KCa3.1 are especially
important for nonexcitable cells: it is exquisitely sensitive to Ca**
and, unlike many K* channels, it’s opening does not require
depolarization. Among cells of monocytic lineage, KCa3.1 has
been detected in cultured rat microglia (Khanna et al., 2001;
Kaushal et al., 2007) and in murine macrophages in atheroscle-
rotic lesions (Toyama et al., 2008). In cultured rat microglia,
pharmacological blockade of KCa3.1 inhibits p38 MAPK activa-
tion, upregulation of iNOS, production of nitric oxide and super-
oxide, and the capacity of microglia to kill neurons through
peroxynitrite formation and caspase 3 activation (Khanna et al.,
2001; Kaushal et al., 2007).

The few published studies using TRAM-34 in vivo support the
view that KCa3.1 is a promising therapeutic target for acute and
chronic CNS disorders. In EAE, in which the spinal cord was
examined after TRAM-34 treatment, expression of KCa3.1 was
not assessed, and TRAM-34 was thought to act on T-cell and
microglial responses (Reich et al., 2005). In the retina study,
TRAM-34 rescued retinal ganglion cells from the retrograde ef-
fects of optic nerve transection, likely by affecting retinal micro-
glial activation, but KCa3.1 expression was not assessed (Kaushal
etal., 2007). The acute subdural hematoma study only examined
KCNN4 mRNA changes at 1 and 7 d; cellular expression was not
examined, and they assessed effects of blocking KCa3.1 on brain
swelling and infarct volume but did not directly assess neuronal
survival (Mauler et al., 2004). Here, we show that KCNN4/
KCa3.1 is upregulated at the mRNA and protein levels within the
first few days after SCI, and is maintained for up to 3 weeks.
Unlike the other CNS studies, we found that after SCI, reactive
astrocytes were the main cell type upregulating KCa3.1. Further-
more, treatment with TRAM-34 reduced tissue and axonal loss,
and improved neuronal survival and locomotor recovery after
SCI. This study is therefore the first to show the cell-type expres-
sion of KCa3.1 in vivo in the CNS. It is also the first to show in vivo
changes in expression of KCa3.1 at the protein level, and the
effects of blocking this ion channel on secondary damage and
functional recovery after SCIL. Further studies will be needed to
expand on these findings, in particular to test alternative dosing
(e.g., twice-daily treatments), and timing (i.e., assess various de-
lay times before commencement of treatments) regimens to es-
tablish the therapeutic window.

When considering potential mechanisms by which TRAM-34
reduced inflammation and injury in the contused spinal cord, it is
necessary to first consider the cellular expression of KCa3.1. We
show that although KCa3.1 channels are expressed in some neu-
rons and glia in the normal spinal cord, its expression is increased
markedly in reactive astrocytes after spinal cord contusion injury.
In nonexcitable cells, the main postulated mechanism of action of
KCa3.1 channels is to maintain a negative membrane potential
(and thus, driving force) to facilitate Ca>" entry. Our results are
entirely consistent with this hypothesis. Using isolated astrocytes,
we showed that TRAM-34 inhibited Ca®" entry after activation
of metabotropic purinergic receptors, and prevented the refilling
of Ca*™ stores. In regulating these processes, KCa3.1 channels are
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Figure 6.  TRAM-34 treatment reduces secondary damage after SCI. All spinal cord histological sections were from mice at 28
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Schlichter, 2005) compared with astrocytes,
neurons, and oligodendrocytes. Such low
channel numbers in vivo might not be de-
tectable by immunohistochemistry. (4)
Specific roles of KCa3.1 channels likely
differ in each cell type in which it is ex-
pressed. From in vitro studies, we identi-
fied several roles for KCa3.1 in microglial
activation (Khanna et al., 2001; Kaushal et
al., 2007), but its roles in astrocytes, neu-
rons, and oligodendrocytes have not been
addressed. Other SK channels (KCa2.2,
KCa2.3) have been implicated in the slow
afterhyperpolarization that regulates neu-
ron firing frequency (Hammond et al,
2006; Faber, 2009).

There is very little information on the
effects of TRAM-34 on expression of im-
mune mediators i1 vivo. In one EAE study,
chemokine/cytokine expression was as-
sessed in the context of the autoimmune
response in which these immune media-
tors play an important role (Reich et al.,
2005). Interferon-y, TNF-«, IL-1ac and
-183, lymphotoxin-a and -3, and others
were reduced and thought to be due to the
effect of TRAM-34 on T cells (Reich et al.,
2005). Changes in cytokines were not ex-
amined in the acute subdural hematoma
study (Mauler et al., 2004) or the optic
nerve study (Kaushal et al., 2007), two
models in which an innate immune re-
sponse occurs. In the latter study, iNOS
expression was reduced by TRAM-34, but
this work was done in vitro in LPS-

dpi. A-C, Spinal cord sections taken at different distances from the lesion epicenter (at position 0) were labeled for GFAP, and the
stained area was quantified (A). Data show significant sparing of tissue in TRAM-34-treated mice compared with vehicle-treated
controls (p << 0.001). Micrographs show GFAP immunostaining at the epicenter of the injury in representative vehicle-treated (B)
and TRAM-34-treated (C) mice. Note the smaller cystic cavity after treatment with TRAM-34. D—F, Tissue sections were stained
with cresyl violet to quantify neurons in the ventral horn. Mice treated with TRAM-34 had greater neuron survival (D) in a region
spanning 500-2000 wm rostral and 3000 ..m caudal to the lesion epicenter (*p << 0.05). Micrographs showing cresyl violet
staining of neurons in the ventral horn (arrows) at 500 wm rostral to the lesion epicenter in mice treated with vehicle (E) or
TRAM-34 (F). G-K, Tissue sections were labeled for neurofilament 200 (NF200) to label axons. Mice treated with TRAM-34 had
more spared axons (G) in the dorsal column white matter (*p << 0.001). Micrographs of NF-200 staining taken 500 um rostral to
the epicenter of the lesion. The areas outlined in the boxes for control (H) and TRAM-34-treated (/) mice are shown at higher
magpnification in J and K. More NF-200-stained profiles are present in the TRAM-34-treated mouse (K) than the vehicle-treated
mouse (J). For all graphs, values are expressed as mean = SEM (n = 6, TRAM-34 group; n = 8, vehicle group). Scale bars: B, C, H,

stimulated microglia, and iNOS expres-
sion was not assessed in subdural
hematoma (Mauler et al., 2004). We
therefore show for the first time that that
blocking KCa3.1 with TRAM-34 reduces
in vivo levels of proinflammatory cyto-
kines (TNF-a and IL-1B) and iNOS in
spinal cord injury, in which secondary tis-
sue damage is attributed to innate immu-
nity. While we have not proven a link

1,500 wm; E, F, J, K, 100 wm.

expected to be involved in multiple cell functions downstream of
Ca’" entry.

KCNN4/KCa3.1 was detected in activated microglia/macro-
phages isolated ex vivo from injured spinal cords but not in tissue
sections at 7 and 14 d after SCI. We do not yet know the reasons
for these differences in expression, but several possibilities for
future analysis are as follows. (1) We might have missed earlier,
transient, low-level or cell activation-state-dependent expression.
(2) Microglia might express lower levels than macrophages. For in-
stance, KCa3.1 was detected in tissue macrophages in atherosclerotic
lesions, but not in circulating blood monocytes (Toyama et al., 2008).
(3) In different cell types, the relative contribution of KCa3.1 channels
likely differs and is not necessarily proportional to its expression level.
Very few channels are needed to control the microglial membrane po-
tential because the membrane resistance is extremely high (Newell and

between these proinflammatory mole-
cules and the TRAM-34-mediated reduc-
tion of neuron loss and functional
impairment, the literature correlates these inflammatory mole-
cules to outcome in spinal cord injury. TNF-« is involved in
excitotoxicity and motoneuron cell death after spinal cord injury
(Lee et al., 2000; Ferguson et al., 2008; Genovese et al., 2008).
IL-1p contributes to glutamate-mediated damage following SCI,
and blocking IL-18 improves locomotor recovery (Liu et al.,
2008). Finally, reducing iNOS expression has been associated
with neuroprotection and better functional outcomes after SCI
(Isaksson et al., 2005; Lopez-Vales et al., 2006). iNOS is not ex-
pressed in the healthy adult CNS, but after spinal cord injury,
proinflammatory cytokines can induce it in microglia and astro-
cytes (Murphy, 2000; Xu et al., 2001; Rathore et al., 2008), and its
expression is seen as late as 14 d after injury. The subsequent
production of NO and NO-derived reactive nitrogen species
(e.g., peroxynitrite) can kill neurons by inhibiting mitochondrial
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Figure7. TRAM-34treatment (120 mg/kg/d) reduces proinflammatory mediators after SCI.
A, Arepresentative RT-PCR analysis of mRNA expression of /L- 73 and TNF-cx, with PPIA used as
a loading control. Spinal cord samples taken from an uninjured mouse (ui) or at 12 h after
contusion injury from mice treated with the vehicle (peanut oil) or TRAM-34. B, Quantification
of the RT-PCR data. Data were first normalized to levels of PPIA, and then expressed as the fold
change (mean == SD; 3 experiments, n = 3 mice per group) compared with the uninjured spinal
cord. Both cytokines were reduced in TRAM-34-treated mice (*p << 0.05, Student’s ¢ test). ,
Quantitative real-time PCR analysis of expression of iNOS at 7 d after SCl from mice treated with
vehicle (peanut oil) or TRAM-34. Data were first normalized to the housekeeping gene (GAPDH)
and then expressed as the fold change (mean == SD; 3 experiments, n = 6 mice per group,
compared with the uninjured spinal cord). TRAM-34 treatment reduced iNOS expression (*p <<
0.05, Student’s t test).

cytochrome oxidase (Brown and Cooper, 1994; Bal-Price and
Brown, 2001), and by causing lipid peroxidation and DNA oxi-
dative damage (Bolafios et al., 1995; Scott et al., 1999; Liu et al.,
2000; Szabo, 2003). Therefore, there is evidence that reducing
these immune modulators (TNF-q, IL-18, iNOS), as we ob-
served with TRAM-34 treatment after SCI, can contribute to neu-
roprotection and functional recovery.

There is considerable potential for cellular cross talk down-
stream of cytokine production. The close proximity of astrocytes
and microglia means that inhibiting KCa3.1 on one cell type
could alter the molecules they secrete and affect production of
proinflammatory mediators (IL-18, TNF-«, iNOS) on adjacent
cells. In principle, by regulating the membrane potential, KCa3.1
channels can affect Ca>* entry and influence many downstream
signaling pathways. Ca®" increases contribute to astrocyte—ast-
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Figure8. TRAM-34inhibits Ca2* signaling in cultured astrocytes. 4, B, Ca® ™ responses to
stimulation with 300 wm UTP, a metabotropic purinergic receptor agonist, followed by the
Ca®* pump inhibitor thapsigargin (thaps). Representative astrocytes in normal bath solution
(control; A) or in the continued presence of 1 um TRAM-34 (B). In the control cell, note the
biphasic response to UTP: 1 shows the peak, and 2 indicates the plateau phase; 3 indicates the
peak response to thapsigargin; and the gray bar below each trace indicates the time over which
the Ca®™ response was integrated to compare responses (in D). In the TRAM-34-treated cell
(B), note the reduced plateau after UTP (2) and the lack of response to thapsigargin (3). C, The
time taken for the Ca®™* signal to decrease to 50% of the peak value (mean == SEM; n values
indicated on each bar). Note the faster decay in the presence of TRAM-34 (***p << 0.001). D,
The Ca™ response to thapsigargin was integrated over the period indicated by the gray barsin
Aand B. Note the lack of response to thapsigargin in the presence of TRAM-34 (***p < 0.001).
All statistical differences were analyzed with Student's ¢ test.

rocyte and astrocyte-neuron communication by evoking release
of transmitters such as glutamate and triggering receptor-
mediated currents (Nedergaard et al., 2003; Halassa et al., 2007;
Shigetomi et al., 2008), and to cytokine secretion from astrocytes
(El-Hage et al., 2005; Paco et al., 2009). It is tempting to speculate
that TRAM-34 might reduce TNF-a and IL-18 expression by
reducing Ca®" in astrocytes, microglia, and macrophages,
thereby decreasing iNOS expression. However, it should be noted
that the cellular and molecular changes after spinal cord contu-
sion injury are very complex, involve many cell types, and change
with time after injury.

The data presented in this study show that inhibition of
KCa3.1 reduces proinflammatory mediators, reduces secondary
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tissue damage, and improves locomotor recovery after spinal
cord contusion injury. The neuroprotective effects are modest, as
is the case for many other targets reported in the SCI literature.
This points to a more widely acknowledged view that multiple
molecular targets or pathways will have to be targeted to achieve
more substantial neuroprotection and functional improvements
after SCI. For this to occur, we will need to identify potential
targets and pathways that can contribute to secondary damage.
The improvement in secondary damage and locomotor recovery
reported here supports the hypothesis that KCa3.1 could be a
potential therapeutic target in SCI. Future work will be necessary
to elucidate the specific roles of KCa3.1 channels in the different
CNS cells in which they are expressed.
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