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1 | INTRODUCTION

Microglia are resident macrophages of the central nervous system
(CNS; Goldmann et al., 2016; Prinz & Priller, 2014), which structur-
ally and functionally interact with both neuronal and non-neuronal
cells in the healthy brain (Frost & Schafer, 2016; Kettenmann,
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Abstract

Na*/H" exchanger (NHE1) activation is required for multiple microglial functions. We investigated
effects of selective deletion of microglial Nhel in Cx3cr1-Cref?;Nhe1”’ mice on neuroinflammation
and tissue repair after ischemic stroke. Infarct volume was similar in corn oil or tamoxifen (Tam)-
treated mice at 48 hr and 14 days post-stroke. However, the Tam-treated mice showed signifi-
cantly higher survival rate and faster neurological function recovery during day 1-14 post-stroke.
Deletion of microglial Nhel prevented the elevation of CD11b*™/CD45°""™ microglia in the
ischemic hemisphere at day 3 post-stroke, but stimulated expression of Ym1, CD68, TGF-3, IL-10,
decreased expression of CD86 and IL-1p, and reduced GFAP™ reactive astrocytes. Moreover, at
day 14 post-stroke, enhanced white matter myelination was detected in the microglial Nhel
deleted mice. In comparison, neuronal Nhel-null mice (the CamKlI-Cre™*’~;Nhe1™f mice) showed a
significant reduction in both acute and subacute infarct volume, along with increased survival rate
and moderate neurological function recovery. However, these neuronal Nhel-null mice did not
exhibit reduced activation of CD11b*/CD45'°%™d microglia or CD11b™/CD45" macrophages in
the ischemic brains, and they exhibited no reductions in white matter lesions. Taken together, this
study demonstrated that deletion of microglial and neuronal Nhe1 had differential effects on ische-
mic brain damage. Microglial NHE1 is involved in pro-inflammatory responses during post-stroke
brain tissue repair. In contrast, neuronal NHE1 activation is directly associated with the acute
ischemic neuronal injury but not inflammation. Our study reveals that NHE1 protein is a potential
therapeutic target critical for differential regulation of ischemic neuronal injury, demyelination and

tissue repair.
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Kirchhoff, & Verkhratsky, 2013; Schafer, Lehrman, & Stevens, 2013;
Tremblay et al., 2011). Microglia actively survey the CNS to maintain
normal CNS homoeostatic activity by phagocytosis of synaptic
structures and newborn neurons during postnatal development and
adult neurogenesis, or by remodeling of the peri-synaptic environ-

ment in mature and aging brains (Brown & Neher, 2014; Mosser,
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Baptista, Arnoux, & Audinat, 2017; Nayak, Roth, & McGavern, 2014;
Paolicelli & Gross, 2011; Schafer et al., 2013; Tremblay, 2011;
Wake, Moorhouse, Miyamoto, & Nabekura, 2013; Wu, Dissing-
Olesen, MacVicar, & Stevens, 2015). Recently, microglia were found
to regulate learning and learning-dependent synaptic remodeling by
releasing brain-derived neurotrophic factor (BDNF) (Parkhurst et al.,
2013). In addition, microglia mediate the main innate immune
response in the brain and are activated following various pathologi-
cal conditions including stroke (Gomez-Nicola & Perry, 2015). Fol-
lowing cerebral ischemia, microglia are rapidly activated, causing
secondary injury by releasing inflammatory cytokines. However,
alternatively activated microglia can secrete anti-inflammatory cyto-
kines and neurotrophic factors that prevent neuronal apoptosis
and promote tissue repair (Ma, Wang, Wang, & Yang, 2016;
Michell-Robinson et al., 2015; Xiong, Liu, & Yang, 2016). However,
the regulatory mechanisms in modulating the microglial inflamma-
tory and adaptive functions remain unclear.

Na®/H™ exchanger isoform 1 (NHE1) belongs to a family of
membrane transporter proteins that conduct the electroneutral
transport of H" efflux in exchange with Na™ influx (Jean, Frelin,
Vigne, Barbry, & Lazdunski, 1985; Orlowski & Grinstein, 2004).
NHE1 plays an important role in regulating microglial intracellular
pH (pH;) homeostasis, their activation, and migration (Boscia
et al, 2016; Liu et al.,, 2010; Shi et al.,, 2013; Zhao et al., 2016;
Zhu et al., 2016). In particular, NHE1 maintains optimal pH; to
support NADPH oxidase (NOX) function during microglial activa-
tion (Lam et al., 2013). Pharmacological inhibition of NHE1
reduces cultured microglial activation following various pro-
inflammatory stimuli (Liu et al., 2010). Moreover, global genetic
knockdown of NHE1 protein in mice or treatment with an NHE1
inhibitor (HOE642) inhibits
inflammatory responses in brain tissues after transient ischemic
stroke (Shi, Chanana, Watters, Ferrazzano, & Sun, 2011). How-
ever, these studies targeting NHE1 in all cell types of the CNS

microglial activation and pro-

cannot reveal the specific roles of NHE1 in microglial activation
and function in ischemic brains.

In this study, we established an Nhe1”f mouse line and crossed it
with a microglia-specific chemokine fractalkine receptor Cx3cr1 gene-
controlled Cre recombinase mouse line Cx3cr1-CrefRT>RESEYFP (Cx3cr1-
CrefR). We determined that specific deletion of Nhel in the Cx3crl-
CreER;Nhelf/f mice did not reduce acute ischemic infarct; however, it
prevented the elevation of CD11b*/CD45°% ™4 microglia, reduced
pro-inflammatory cytokine expression, and increased anti-inflammatory
as well as phagocytic phenotypes after ischemic stroke. Microglial
Nhe1-null mice showed accelerated tissue repair and faster recovery of
post-stroke neurological function. In comparison, the CamKII-Cre*’~;
Nhe1”" mice (neuronal Nhel-null) exhibited reduced acute infarct and
improved functional recovery despite the sustained activation of micro-
glia and macrophages during ischemic insult. These findings strongly
suggest that neuronal and microglial NHE1 play different roles in the
development of acute ischemic brain injury and post-stroke tissue

repair.

2 | MATERIALS AND METHODS

2.1 | Materials

Tamoxifen and corn oil were from Sigma (St. Louis, MO, USA). Silicone-
coated suture was from Doccol (Redlands, CA, USA). 2,3,5-triphenyltet-
razolium chloride (TTC) was from Sigma. For flow cytometry, rat mono-
clonal anti-CD11b conjugated with APC (Invitrogen, Waltham, CA), rat
monoclonal anti-CD45 conjugated with FITC (Invitrogen), rat monoclo-
nal anti-CD16/32 conjugated with V450 (Affymetrix eBioscience, San
Diego, CA, USA), rat monoclonal anti-CD206 conjugated with PE-Cy7
(Affymetrix eBioscience), rat monoclonal anti-CD86 conjugated with
Axela 700 (BD Bioscience, San Jose, CA), rabbit monoclonal anti- Ym1
conjugated with PE (Abcam, Cambridge, MA), rat monoclonal anti-
CDé68 conjugated with PerCP-Cy5.5 (BioLegend, San Diego, CA), rat
monoclonal anti-CD11b conjugated with PE (BD Biosciences, Franklin
Lakes, NJ), rat monoclonal anti-TNF-a conjugated with BV605 (BioLe-
gend), rat monoclonal anti-TGF-B conjugated with BV421 (BioLegend),
rat monoclonal anti-IL-18 conjugated with FITC (Thermo Scientific,
Waltham, MA) and rat monoclonal anti-IL-10 conjugated with PE-Cy7
(BioLegend) antibodies were used. Beads for compensation were from
Affymetrix eBioscience. DMEM (Corning, NY), Anti-Anti (Catalog#
15240-062, Gibco, Gaithersburg, MD), GolgiPlug, GolgiStop, Cytofix/
Cytoperm solution and Perm/Wash solution (BD Biosciences) were
used for intracellular cytokine staining. For immunofluorescent staining,
mouse monoclonal anti-glial fibrillary acidic protein (GFAP; Cell Signal-
ing Technology, Danvers, MA), rabbit polyclonal anti-ionized calcium-
binding adapter molecule 1 (IBA1; Wako, Richmond, VA), mouse mono-
clonal anti-adenomatous polyposis coli (APC; EMD Millipore, Billerica,
MA), rabbit monoclonal anti-myelin basic protein (MBP; Abcam), mouse
monoclonal anti-MAP2 (EMD Millipore) and rabbit monoclonal anti-
NeuN (Abcam) primary antibodies and goat polyclonal anti-mouse IgG
conjugated with Alexa Fluro 488 (Invitrogen), goat polyclonal anti-
mouse IgG conjugated with Alexa Fluro 546 (Thermo Fisher Scientific),
goat polyclonal anti-rabbit 1gG conjugated with Alexa Fluro 546 (Invi-
trogen) and goat polyclonal anti-rabbit IgG conjugated with Alexa Fluro
488 (Thermo Fisher Scientific) secondary antibodies were used. To-
Pro-3 was from Thermo Fisher Scientific. Vectashield mounting
medium for fluorescence was from Vector Laboratories (Burlingame,
CA).

2.2 | Animals

All animal experiments and procedures were approved by the Univer-
sity of Pittsburgh Institutional Animal Care and Use Committee and
performed in accordance with the National Institutes of Health Guide

for the Care and Use of Laboratory Animals.

2.2.1 | Generation and maintenance of Nhe1* mice

Generation of heterozygous Nhe1™" mice, with one LoxP site
inserted in the intron upstream of exon 5 and the other LoxP site in
the intron downstream of exon 5 was reported recently (Begum et al.,

2017). Genotypes of the floxed mice were determined by PCR analysis
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of DNA from tail biopsies. For PCR analysis, forward (5'-CTG CTG CAT
TCT CTA TCT TAC TC-3, VS2513) and reverse (5-GTT TCG AAG
TGT AGG CTG TGA G-3', VS2514) primers were used to amplify a
280-base pair product from the wild-type Nhel™ gene or a 406-base
pair product from the mutant Nhe1™* gene (Supporting Information
Figure 1b). In parallel, forward (5'- GTC AAT CAG TAT ATG AAG TGA
CG-3, VS2511) and reverse (5'-GAA CTG CTC GAC ATA TGA TAA C-
3’, VS25155) primers were used to amplify a 150-base pair product
from the mutant to confirm the genotype. PCR amplification was per-
formed using a thermocycler as follows: 94°C for 2 min, 30 cycles of
94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and 72°C for 3 min.

PCR products were run and revealed on a 2% agarose gel.

2.2.2 | Maintenance of Cx3cr1-CrefRTZRES-EYFP 6use

colony

Cx3cr1-CrefRTZIRESEYFP (cy3cr1-Cret®) transgenic mouse line (B6.129P2
(Cg)-Cx3cr1tm2-1(ere/ERT2)Lit \pigan ) Stock# 021160, Jackson Laboratory,
Bar Harbor, ME) was established as described previously (Parkhurst
et al., 2013). For Cx3cr1-CrefR PCR analysis, two pairs of primers were
used. Forward (5-GAA CTA CAA TCC TTT AAG GCT CAC G-3') and
reverse (5'-GCA GGA CCT CGG GGT AGT CAC-3) primers were used
to amplify a 577-base pair product from the Cx3cr1 wild-type allele,
and forward (5'-GAA CTA CAA TCC TTT AAG GCT CAC G-3') and
reverse (5'-CAC CAG AGA CGG AAA TCC ATC G-3') primers were
used to amplify a 757-base pair product from the CrefR transgenic
allele, as described previously (Parkhurst et al., 2013; Supporting Infor-
mation Figure 1b).

2.2.3 | Generation of conditional microglia-specific Nhel
knockout in Cx3cr1-CretR;Nhe1"f mice

To obtain microglia-specific Nhel-null mice, Cx3cr1-Cre™® mice were
bred with Nhe1”" mice for two generations to obtain Cx3cr1-CretR:
Nhe1f mice (Supporting Information Figure 1a). Mice (male or female)
at postnatal day 30-40 (P30-40) were randomly assigned to receive
either tamoxifen (Tam, Sigma; 75 mg/kg body weight/day at a concen-
tration of 20 mg/ml in corn oil, intraperitoneally) for five consecutive
days to induce nuclear translocation and expression of the Cre recom-
binase, or corn oil (Sigma; 3.75 ml/kg body weight/day, i.p.) as a vehicle
control. A 30-day post-injection waiting period (Figure 1a) was used for
clearance of Tam (Ajami, Bennett, Krieger, Tetzlaff, & Rossi, 2007,
Fogg et al., 2006; Valny, Honsa, Kirdajova, Kamenik, & Anderova,
2016) and for replenishing of Cx3crl™ monocytes (Parkhurst et al.,
2013) prior to induction of ischemic stroke.

2.2.4 | Generation of neuron-specific Nhel-null mice

Camklla-Cre*’~  transgenic mice (B6.Cg-Tg(Camk2a-cre)T29-15tl/J,
Stock# 005359, The Jackson Laboratory) were bred with Nhe1” mice
for two generations to obtain CamKlla-Cre*’~;Nhe1”f (neuron-specific
Nhel-null) mice (Supporting Information Figure 1d), while CamKlla-
Cre*’~ and/or Nhe1"f mice were used as controls. For CamKlla-Cre™’~
PCR analysis, forward (5'-GCG GTC TGG CAG TAA AAA CTA TC-3))
and reverse (5'-GTG AAA CAG CAT TGC TGT CAC TT-3') primers

were used to amplify a 100-base pair product from the Cre™ transgenic
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allele (Orefice et al., 2016), and forward (5'-CTA GGC CAC AGA ATT
GAA AGA TCT-3') and reverse (5-GTA GGT GGA AAT TCT AGC ATC
ATC C-3') primers from the IL-2 gene were used to amplify a 324-base
pair product that served as an internal positive control (Cullen et al.,
2011).

2.3 | Transient focal ischemia model

Focal cerebral ischemia was induced by occlusion of the left middle
cerebral artery (MCA) as described before (Shi et al., 2011). Briefly,
mice were kept under 1.5% isoflurane anesthesia during the procedure
and the core temperature (37.0°C) was maintained by a homoeother-
mic blanket system. After midline skin incision, the left common carotid
artery was exposed and the superior thyroid artery and occipital artery
branches of the external carotid artery were isolated and coagulated.
The animals were subjected to MCA occlusion (MCAQ) by introduction
of a silicone-coated suture (6-0 monofilament nylon, Doccol) inserted
via the external carotid artery. Reperfusion was established by with-
drawal of the filament after 60 min of transient MCAO (tMCAO). The
incision was closed and the mice were allowed to recover under a heat-
ing lamp to maintain the core temperature (36°C-37°C) during a 30-
60 min recovery period. After recovery, the animals were returned to
their cages with free access to food and water. Sham controls under-

went the same surgical procedures without introducing tMCAQO.

2.4 | Neurological function tests

Neurological functional deficits in mice were screened in a blinded
manner with the following tests: neurological score, corner test, adhe-
sive contact test, adhesive removal test, and rotarod test, all considered
reliable for identifying and quantifying sensorimotor deficits and pos-
tural asymmetries. Animals that died during 14 days post-MCAO were
excluded from the study.

2.4.1 | Neurological score

A neurological deficit grading system (Xia et al., 2006; Zheng, Liu, Li,
Xu, & Xu, 2009) was used to evaluate neurological deficit at 1, 2, 3, 5,
7, 10, and 14 days after tMCAO. The scores are as follows: 0: no neu-
rological deficit; 1: forelimb flexion when suspended by the tail or fail-
ure to extend forepaw fully; 2: shoulder adduction when suspended by
the tail; 3: reduced resistance to lateral push; 4: spontaneous move-
ment in all directions with unilateral circling exhibited only if pulled by
tail; 5: spontaneous unilateral circling; 6: walk only when stimulated; 7:

no response to stimulation; 8: stroke-related death.

2.4.2 | Corner test

Neurological functional deficits in mice were also determined by the
corner test, as described before (Zhao et al., 2017). Corner tests were
conducted prior to tMCAO and at 1, 2, 3, 5, 7, 10, and 14 days after
tMCAO. The apparatus consisted of two cardboards (30 X 20 X 1 cm
each) placed together at a 30° angle to form a narrow alley. The mouse
was placed between the two angled cardboards facing the corner.
When exiting the corner, uninjured mice would turn left or right with
even probability. After tMCAO, animals with unilateral brain damage
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FIGURE 1 Specific deletion of Nhel in Cx3cr1-Cref?;Nhe1”f mice had no effects on acute ischemic infarct formation but significantly
improved neurological functions after ischemic stroke. (a) Experimental protocol. Either corn oil (3.75 ml/kg) or tamoxifen (Tam, 75 mg/kg
body weight, 20 mg/ml in corn oil, i.p.) was administered daily for consecutive 5 days in Cx3cr1-Cre*R:Nhe1”f mice at postnatal day 30-40
(P30-40). A 30-day waiting period was given for complete clearance of Tam and peripheral Cx3cr1™ monocyte turnover. At P65-75, tran-
sient focal cerebral ischemia in mice was induced by 50 min of middle cerebral artery occlusion (tMCAOQ). 2,3,5-Triphenyltetrazolium chlo-
ride (TTC) staining was conducted at 48 hr reperfusion (Rp). Ex vivo DTI imaging was conducted at 14 days Rp. Immunostaining was
conducted at 3 and 14 days Rp. Flow cytometry experiments were conducted at O (baseline), 3, 7, and 14 days Rp. Behavioral tests were
conducted at 1 day prior to tMCAO, and at 1, 2, 3, 5, 7, 10, and 14 days Rp. (b) TTC staining of the oil- or Tam-treated Cx3cr1-CrefR:Nhe1"
mice at 48 hr Rp. (c and d) Infarct volume and brain swelling in mice at 48 hr Rp with TTC staining. Data are mean *= SEM. N = 4-6. (e) Neuro-

logical score of mice after tMCAQ. Data are mean + SEM. Nt,,, = 10 (5 males, 5 females) and Noj = 6 (1 male, 5 females).

*p < .05, **p < .01,

oil- versus Tam-treated groups. (f-i) Corner test, adhesive contact test, adhesive removal test, and rotarod accelerating test of the same cohort of
mice in e. Data are mean = SEM. *p < .05, ***p < .001, oil- versus Tam-treated groups. (j) Survival curve of the same cohort of mice in e. Data
are mean + SEM. *p < .05, oil- versus Tam-treated groups [Color figure can be viewed at wileyonlinelibrary.com]

would exhibit unidirectional turning. The numbers of unilateral turning
of each mouse during 10 trials were recorded, and turning movements
that were not part of a rearing movement were not recorded. Pre-
operative training was carried twice per day for consecutive three
days.

2.4.3 | Adhesive test

The adhesive contact test and the adhesive removal test were used to
measure somatosensory deficits as described previously (Zhao et al.,
2017). Animals were tested prior to tMCAO and at 1, 2, 3, 5, 7, 10, and
14 days after tMCAO. Two pieces of adhesive tape (4 X 3 mm) were
attached to the forepaws in an alternating sequence and with equal

pressure by the experimenter before each trial. The contact time was
defined as the time at which the animal first made contact with the
tape, and the removal time was defined as the time at which the animal
removed the tape. The trial ended after the adhesive patch was
removed or after 2 min had elapsed. Pre-operative training was carried

twice per day for consecutive three days.

2.4.4 | Rotarod test

The rotarod test was used to assess motor coordination and balance
alterations, as described before (Zhao et al., 2017). Animals were tested
prior to tMCAO and at 1, 2, 3, 5, 7, 10, and 14 days after tMCAO. The

apparatus consisted of a black striated rod separated in four
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compartments (Model 755; lITC Life Science Inc., Woodland Hills, CA).
Animals were first habituated to a stationary rod for 2 min and then
placed on a rotating drum accelerating from 4 to 40 r/min over a 5-min
period. The time the animal stayed on the drum was recorded. Three
trials were performed with 15-min interval resting periods. The time at
which the animal fell off the drum was recorded. Pre-operative training

was carried twice per day for consecutive three days.

2.5 | 2,3,5-Triphenyltetrazolium chloride (TTC)
staining

At 48 hr post-tMCAO, mice were euthanized with 5% isoflurane vapor-
ized in N,O and O, (3:2) and decapitated. The brains were dissected
and cut into four coronal slices of 2 mm thickness. Sections were
stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma) at
37°C for 15 min. Infarct volume was calculated using image analysis
software Image J (NIH) with correction for edema as described by
Swanson (Swanson et al., 1990). Briefly, the ischemic area for each slice
was calculated by subtracting the non-infarct area in the ipsilateral (IL)
hemisphere from the total area of the contralateral (CL) hemisphere.
For swelling assessment during acute phase, percentage hemispheric
swelling (%HSw) is determined by the difference in volume between
two hemispheres and then divided by the CL hemispheric volume
according to a formula: %HSw = (IL volume - CL volume)/CL
volume X 100, as described before (Kim et al., 2015; Tan et al., 2013).

2.6 | MRI and diffusion tensor imaging (DTI) of ex vivo
brains

At 14 days post-tMCAO, mice were anesthetized with 5% isoflurane,
transcardially perfused with 0.1 M PBS (pH 7.4), followed by ice-cold
4% paraformaldehyde (PFA) in 0.1 M PBS, and decapitated, as
described before (Begum et al., 2017). Brains were maintained within
the skull to avoid anatomical deformation. After post-fixation in 4%
PFA overnight, heads were stored in PBS solution at 4°C. Magnetic
Resonance Imaging (MRI) was performed at 500 MHz using a Bruker
AV3HD 11.7 T/89 mm vertical bore small animal MRI scanner,
equipped with a 20-mm quadrature radiofrequency (RF) coil and Para-
vision 6.0 software (Bruker Biospin, Billerica, MA). Following position-
ing and pilot scans, T2-weighted images (T2WI) were acquired using a
Rapid Acquisition with Relaxation Enhancement (RARE) sequence, with
the following parameters: Time of Echo/Time of Repetition (TE/
TR) = 20/3,500 ms, averages = 2, 256 X 256 matrix, 25 slices with a
1 mm slice thickness, a RARE factor = 4, and a field of view (FOV) of
22 X 22 mm. A Diffusion Tensor Imaging (DTI) data set covering the
entire brain was collected using a multislice spin echo sequence with
three reference and 30 non-collinear diffusion-weighted images with
the following parameters: TE/TR = 22/5,000 ms, four averages,
matrix size = 192 X 192 reconstructed to 256 X 256, field of
view = 22 X 22 mm, 25 axial slices, slice thickness = 1 mm, b-
value = 1,200 s/mm?, and A/5 = 10/5 ms. DTl and T2 datasets were
analyzed with DSI Studio (http://dsi-studio.labsolver.org/). In a blinded
manner, region of interests (ROIs) were drawn segmenting corpus
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callosum (CC) and external capsule (EC) in both the CL and IL hemi-
spheres. Values of fractional anisotropy (FA) were calculated for each
RO, as described before (Yin et al., 2017; Zhao et al., 2017).

2.7 | Flow cytometry analysis of microglia/
macrophage cells

Flow cytometry was conducted to investigate changes in CD11b*/
CD45" cell counts, polarization, and intracellular cytokines in brains
without tMCAO or at 3, 7, or 14 days post-tMCAO. Animals were
deeply anesthetized with 5% isoflurane and transcardially perfused
with ice-cold saline. After removal of cerebellum and meninges, CL and
IL hemispheric cortical tissues were cut into small pieces and dissoci-
ated into a single cell suspension by gentle physical disruption and
enzymatic digestion using a tissue dissociation kit according to manu-
facturer’s instructions (Miltenyi Biotech Inc, Bergisch Gladbach, Ger-
many). The single cell suspension sample was centrifuged through 30/
70 Percoll (GE Healthcare, Little Chalfont, UK) gradient solution at
500g for 30 min to remove myelin. Brain cells were then collected
from the middle layer and washed twice with HBSS containing 1% fetal
bovine serum (FBS).

For CD11b"/CD45™" cell counts and polarization, cells (~10° cells)
in 0.1 ml HBSS containing 1% FBS were incubated and labeled with
APC-conjugated CD11b (1:400, Invitrogen), FITC-conjugated CD45
(1:400, Invitrogen), V450-conjugated CD16/32 (1:400, Affymetrix
eBioscience), PE-Cy7-conjugated CD206 (1:400, Affymetrix eBio-
science), Alexa 700-conjugated CD86 (1:400, BD Bioscience), PE-
conjugated Ym1 (1:400, Abcam), and PerCP-Cy5.5-conjugated CD68
(1:400, BioLegend) antibodies for 30 min at 4°C in the dark. Cells were
then rinsed with HBSS containing 1% FBS by centrifugation for 3 min
at 2200 rpm and pellets were re-suspended in 300 ul of HBSS contain-
ing 1% FBS before flow cytometry analysis of the samples was
acquired immediately with a LSR Fortessa flow cytometer (BD Bio-
sciences) running FACS Diva software (BD Biosceiences) with the
following settings: Forward scatter (FSC) V = 600, mode = Lin; Side
scatter (SSC) V = 275, mode = Lin; APC V = 400, mode = Log; FITC
V = 467, mode = Log; V450 V = 509, mode = Log; PE-Cy7 V = 358,
mode = Log; Alexa 700 V = 623, mode = log; PE V = 484,
mode = Log; PerCP-Cy5.5 V = 574, mode = Log. In each experiment,
at least 50,000 events were recorded from each hemispheric sample
for analysis.

For intracellular cytokine staining, cells (~10° cells) in 0.1 ml HBSS
containing 1% FBS were incubated and surface labeled with PE-
conjugated CD11b (1:200, BD Biosciences) antibody for 30 min at 4°C
in the dark. Cells were then washed twice and incubated in DMEM
supplemented with 10% FBS, 1X Antibiotic-Antimycotic (Gibco), 2 pl/
ml GolgiPlug and 1 pl/ml GolgiStop (BD Biosciences) for 4 hr at 37°C in
the dark, allowing accumulation of intracellular cytokines by Golgi
activity inhibition, as described before (Nikodemova & Watters, 2012).
Cells were then permeablized and fixed with Cytofix/Cytoperm solu-
tion (BD Biosciences) for 20 min at 4°C and labeled with BV421-
conjugated TGF-g (1:200, BioLegend), BV605-conjugated TNF-a
(1:200, BioLegend), FITC-conjugated IL-18 (1:200, Thermo Scientific),
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and PE-Cy7-conjugated IL-10 (1:200, BioLegend) intracellular antibod-
ies for 30 min at 4°C in the dark. Flow cytometry analysis of the sam-
ples was acquired with the following settings: Forward scatter (FSC)
V = 600, mode = Lin; Side scatter (SSC) V = 275, mode = Lin; PE
V = 450, mode = Log; BV421 V = 400, mode = Log; BV605
V = 450, mode = Log; FITC V = 500, mode = Log; PE-Cy7 V = 400,
mode = Log. In each experiment, at least 10,000 events were recorded

from each hemispheric sample for analysis.

2.8 | Immunofluorescent staining

Mice were deeply anesthetized with 5% isoflurane and transcardially
perfused with 0.1 M PBS (pH 7.4), followed by ice-cold 4% PFA in
0.1 M PBS as described before (Begum et al., 2015). Brains were cryo-
protected with 30% sucrose after an overnight post-fixation in 4% PFA
(Begum et al., 2017). Coronal sections (30 um, at the level of 0.26 mm
posterior to Bregma) were selected and processed for immunofluores-
cent staining. The sections were incubated with blocking solution (10%
normal goat serum and 0.3% Triton X-100 in PBS) for 1 hr at room
temperature and were then incubated with mouse monoclonal anti-
GFAP (1:200, Cell Signaling Technology) and rabbit polyclonal anti-
IBA1 (1:200, Wako, Italy) antibodies, or mouse monoclonal anti-MAP2
(1:200, EMD Millipore) and rabbit monoclonal anti-NeuN (1:200,
Abcam) antibodies, or mouse monoclonal anti-APC (1:100, EMD Milli-
pore) and rabbit monoclonal anti-MBP (1:100, Abcam) antibodies in the
blocking solution for overnight at 4°C. After washing in TBS-Triton X-
100 (0.3%) for 3 X 10 min, the sections were incubated with goat anti-
mouse Alexa 546-conjuagated 1gG (1:200, Thermo Fisher Scientific)
and goat anti-rabbit Alexa 488-conjugated IgG (1:200, Thermo Fisher
Scientific), or goat anti-mouse Alexa 488-conjuagated IgG (1:200, Invi-
trogen) and goat anti-rabbit Alexa 546-conjugated IgG (1:200, Invitro-
gen) in the blocking solution for 1 hr. For negative controls, brain
sections were stained with the secondary antibodies only. After wash-
ing for three times, nuclei were stained with To-pro-3 (1:500, Thermo
Fisher Scientific) for 15 min at 37°C. Sections were mounted with Vec-
tashield mounting medium (Vector Laboratories). Fluorescent images
were captured under 40X lens using a Leica DMIRE2 inverted confocal
laser-scanning microscope (Leica, Germany). ldentical digital imaging
acquisition parameters were used and images were obtained and ana-
lyzed in a blinded manner throughout the study.

For MAP2 staining used for measurement of infarct volume, brain
sections at four different levels (0.62, 0.14, —0.34, —0.82 mm posterior
from Bregma) from each brain were selected and stained with mouse
monoclonal anti-MAP2 (1:200, EMD Millipore) antibody, as described
before (Dawson & Hallenbeck, 1996; Wang et al., 2015). Mouse Alexa
488-conjuagated IgG (1:200, Invitrogen) antibody was used as second-
ary antibody. Fluorescent images were captured under 4X lens using a
Nikon Eclipse Ti epifluorescent microscope (Nikon, Tokyo, Japan) and
processed with NIS-Elements Advance Research microscope imaging
software (version 4.30.02, Nikon). The ischemic area for each slice was
calculated by subtracting the non-infarct area in the IL hemisphere
from the total area of the contralateral CL hemisphere (Swanson et al.,

1990). For atrophy assessment during the subacute phase, percentage

hemispheric shrinkage (%HSh) is determined by the difference in vol-
ume between two hemispheres and then divided by the CL hemi-
spheric volume according to a formula: %HSh = (IL volume - CL
volume)/CL volume X 100, as described before (Kim et al., 2015; Tan
etal., 2013).

2.9 | Statistical analysis

Data are expressed as mean + SD or SEM. Statistical analysis was per-
formed with Student’s t test in case of two-group comparisons and
one-way or two-way ANOVA with post-hoc tests in case of multiple
comparisons (Prism, GraphPad, La Jolla, CA). Non-parametric data were
analyzed with Mann-Whitney Test (Prism, GraphPad). Correlation anal-
ysis was performed with Pearson correlation coefficient (Prism, Graph-

Pad). p value < .05 was considered statistically significant.

3 | RESULTS

3.1 | Selective deletion of microglial Nhe1 in Cx3cr1-
CrefR:Nhe1”f mice did not reduce acute ischemic
infarction but improved survival and neurological
function recovery

To obtain microglia-specific Nhe1-null mice, Cx3cr1-CrefR:Nhe1" mice
(male or female) at postnatal day 30-40 (P30-40) were randomly
assigned to receive either tamoxifen (Tam) or oil treatment and tran-
sient middle cerebral artery occlusion (tMCAOQ) was induced at P65-75
(Figure 1a). The selective deletion of NHE1 protein in the IBA1™" cell
populations was confirmed by immunofluorescent staining (Supporting
Information Figure 1c). At 48 hr reperfusion (Rp) after tMCAOQ, oil- and
Tam-treated mice exhibited similar infarct volume (82.8 + 14.2 mm?®
vs. 74.0 + 6.4 mm®, p > .05) and hemispheric swelling (21.2% + 4.5%
vs. 21.5% + 2.1%, p > .05; Figure 1b-d). Similar infarction and neuro-
nal degeneration was detected in both oil- and Tam-treated mice at
48 hr post-MCAQO using TTC and MAP2 staining (Supporting Informa-
tion Figure 2). These data suggest that specific deletion of Nhel in
microglia did not affect acute ischemic infarct formation. We then
investigated whether the deletion of microglial Nhel in mice altered
their post-stroke neurological functional recovery. An 8-scale neurolog-
ical deficit grading system (Xia et al., 2006; Zheng et al., 2009) was
used to evaluate neurological deficit during 1-14 days after tMCAO.
The oil-treated mice showed poor neurological scores in the first week
post-stroke and slightly improved to scores of 3-4 by day 7-14 post-
stroke (Figure 1e). In contrast, the Tam-treated Cx3cr1-CrefR:Nhe1™*
mice reduced the score to <2 (1.8 + 0.4) by the end of the first week
post-stroke, and to <1 by day 14 post-stroke (0.8 = 0.4, p < .001).
We also conducted a panel of sensorimotor function tests in the
same cohort of mice. In the corner test (Figure 1f), both oil-treated and
Tam-treated mice showed no behavioral asymmetries prior to tMCAO
and changed to unilateral turning at 1-14 days after tMCAO. However,
the Tam-treated mice exhibited significantly less asymmetries than the
oil-treated mice, especially during day 2-7 post-stroke (p < .001). In
the adhesive tests (Figure 1g,h), there were no differences in baseline
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sensorimotor function between the oil-treated and Tam-treated mice
prior to tMCAO. Both oil- and Tam-treated mice exhibited mild to
moderate deficits in the contact test, without statistical differences
between the two groups (Figure 1g). In contrast, ischemic stroke
increased the tape removal time of the oil-treated mice at day 5 post-
stroke by ~10-fold. The Tam-treated mice did not display such severe
deficits throughout day 1-14 post-stroke (p < .05, Figure 1h). Both
groups showed marked improvement by day 7-14 post-ischemia
(Figure 1g,h). Interestingly, both oil- and Tam-treated mice displayed a
relatively high latency to fall in the rotarod accelerating test and no sig-
nificant differences in motor deficit was detected between the groups
(Figure 1i). Figure 1j shows that the Tam-treated Cx3cr1-Cre®®:Nhe1™f
mice exhibited a significantly higher survival rate than the oil-treated
mice at day 1-14 post-tMCAO (83.3% vs. 46.2%, p < .05). Taken
together, microglial Nhe1-null mice showed robust improvement in sen-
sorimotor function and survival after ischemic stroke, despite the large

ischemic infarction.

3.2 | Deletion of microglial Nhe1 blocked microglial
CD11b*/CD45'""" ™4 stimulation and skewed pro-
inflammatory responses to anti-inflammatory
responses after ischemic stroke

Resident microglia express low-to-moderate levels of CD45 (Christen-
sen, Woods, Carmody, Caughey, & Peterson, 2014; Greter, Lelios, &
Croxford, 2015; Sedgwick et al., 1991). A very small population of cells
expressing CD45"&" are present in the normal CNS, which normally
represent as infiltrating macrophages (Sedgwick et al., 1991). As
reported previously (Christensen et al., 2014; Martin, EI-Behi, Fontaine,
& Delarasse, 2017; Ritzel et al.,, 2015; Wong et al., 2017), CD11b*/
CD45"°%"™md microglia and CD11b"/CD45" macrophage populations
were identified in a scatter plot (Figure 2a). Supporting Information Fig-
ure 3 shows that these microglial populations also expressed P2RY12,
a special parenchymal microglial marker protein (Butovsky et al., 2014;
Mildner, Huang, Radke, Stenzel, & Priller, 2017), with a strong positive
correlation (a Pearson coefficient r of .9638) between CD11b*/
CD45°%™ed and P2RY12" cell counts (Supporting Information Figure
3b). Non-ischemic brains from the oil- and Tam-treated mice exhibited
low numbers of CD11b*/CD45°""™d microglia and low CD11b"/
CD45M macrophage counts in both contralateral (CL) and ipsilateral (IL)
hemispheres (Figure 2b,c). But, at day 3 post-tMCAO, the oil-treated
brains increased microglia by 2.6-fold and macrophage counts by 3.4-
fold in the IL hemisphere (p < .01 and p < .05, respectively, Figure 2b,
c). The microglial counts returned to the resting level by day 14 post-
stroke, but the macrophage population remained elevated throughout
day 1-14 post-stroke. In contrast, the Tam-treated brains showed an
absence of elevation in the CD11b*/CD45"°"" ™4 microglia population
throughout 3-14 days after tMCAO (Figure 2b), but no decrease in the
CD11b*/CD45M macrophage counts (Figure 2c). The microglial activa-
tion was further evaluated by immunostaining for IBA1" cells (Figure
2d,e). A few IBA1" cells were detected in the CL hemispheres of either
oil- or Tam-treated brains at day 3 post-stroke (data not shown). How-

ever, a significantly increased number of IBA1* microglia were
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detected in the IL perilesion cortex and striatum areas of the oil-
treated brains (Figure 2d,e). In contrast, the Tam-treated brains exhib-
ited significantly less accumulation of IBA1" microglia in the IL perile-
sion areas (Figure 2d,e). These data collectively demonstrate that
microglial NHE1 protein is involved in the regulation of microglia acti-
vation in the ischemic brains.

To determine that increased number of microglia in the IL hemi-
spheres was due to proliferation, we assessed microglial proliferation
by co-immunofluorescent staining for Ki67 expression in the IBA1 cells
at day 3 post-stroke. Little expression of Ki67 was detected in the
IBA1™ cells in the CL hemispheres of either oil- or Tam-treated brains
(data not shown). However, the IBA1" /Ki67* cell number was signifi-
cantly increased in the oil-treated brains (Figure 2g,h). In contrast, no
such an increase in the IBA1*/Kié7" cell population was detected in
the Tam-treated ischemic brains (Figure 2g,h). These data suggest that
microglial NHE1 protein is involved in microglial activation and prolifer-
ation in the ischemic brains.

Moreover, GFAP* astrocyte number was low in the CL hemi-
spheres of either oil- or Tam-treated brains (data not shown). However,
a significantly increased number of GFAP™ reactive astrocytes accumu-
lated in the IL perilesion cortex and striatum areas of the oil-treated
brains (Figure 2d,f). In contrast, the Tam-treated brains exhibited signif-
icantly less accumulation of GFAP™ reactive astrocytes in the IL perile-
sion areas (Figure 2d,f). These data suggest that deletion of Nhel in
microglial cells reduces astrogliosis in the ischemic brains.

In the case of the CD11b"/CD45" microglia/macrophage subpo-
pulation analysis, the oil-treated brains showed a significant increase in
the pro-inflammatory marker CD86 expression at day 3 post-stroke
(3784.9 = 1282.8, p < .05, Figure 3a,b), which remained high by day 7
post-stroke. In contrast, no significant elevation of CD86 expression
was detected in the CD11b*/CD45" microglia/macrophage popula-
tions of the Tam-treated brains (Figure 3a,b). In addition, the Tam-
treated brains exhibited a 5.1-fold increase in expression of the anti-
inflammatory marker Ym1 in the CD11b"/CD45" microglia/macro-
phage at day 3 post-stroke, which was not detected in the oil-treated
brains (p < .05, Figure 3a,b). For the phagocytic marker CDé8, the
Tam-treated brains showed a significant increase at day 3 post-
ischemia (11162.7 = 2480.3 vs. 4326.3 = 777.5, p < .01), but no such
change was detected in the oil-treated brains (p < .05, Figure 3a,b).
However, similar increases in CD16/32 expression were detected in
the CD11b"/CD45" microglia/macrophage from both oil- and Tam-
treated brains (Figure 3b). No changes in CD206 expression were
found in either oil- or Tam-treated brains after ischemia (Figure 3b).

We further investigated whether the decreased pro-inflammatory
and increased anti-inflammatory profiles were associated with changes
of cytokine release in CD11b*/CD45™ microglia/macrophages. Figure
3c,d illustrate that compared with the oil-treated brains at day 3 post-
ischemia, the Tam-treated brains exhibited higher release of restorative
TGF-beta (7957.5 = 1168.7 vs. 2844.6 = 7348, p < .01), IL-10
(3896.5 = 534.5 vs. 2050.3 + 366.3, p < .10), and less detrimental IL-
1beta (6166.7 + 1184.7 vs. 12485.5 = 1958.8, p < .05). The changes
of TNF-alpha were not statistically significant. Similar trends of the
changes were also detected in the CD11b™/CD45°"™med/poRY12*
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FIGURE 2 Tam-treated Cx3cr1-Cre®R:Nhe1”’ mice showed decreased number of microglia with less proliferation and reduced reactive
astrocytes at the acute phase post-stroke. (a) Representative gating strategies of CD11b*/CD45'°" ™ microglia and CD11b*/CD45" mac-
rophage populations. X-axis: number of CD11b™" cells. Y-axis: number of CD45" cells. (b-c) Cell counts of CD11b"/CD45"" ™4 microglia
and CD11b*/CD45" macrophages in the oil- and Tam-treated Cx3cr1-CrefR:Nhe1”’ brains prior to tMCAO and at 3, 7, and 14 days Rp. A
total cell count of 50,000 was recorded and analyzed. C, contralateral hemisphere; |, ipsilateral hemisphere. Data are mean = SEM. At O day
(baseline), 7 days and 14 days: N = 3; at 3 days: N = 9. *p < .05, **p < .01. (d) Representative immunofluorescent images of IBA1, GFAP,
and To-pro-3 staining in the IL peri-lesion areas in the oil- and Tam-treated Cx3cr1-Cre"R:Nhe1”’ mice at 3 days post-tMCAO. (e) Quantita-
tive analysis of IBA1" microglia in the IL peri-lesion areas in the cortex and striatum of the oil- and Tam-treated Cx3cr1-Cre"R:Nhe1”’ mice
at 3 days post-tMCAO. Data are mean + SEM. N = 4. *p < .05, **p < .01 oil- versus Tam-treated groups. (f) Quantitative analysis of GFAP™"
astrocytes in the IL peri-lesion areas in the cortex and striatum of the oil- and Tam-treated Cx3cr1-Cre®R;Nhe1”" mice at 3 days post-
tMCAO. Data are mean + SEM. N = 4. *p < .05, oil- versus Tam-treated groups. (g) Representative immunofluorescent images illustrate
stroke-induced elevation of Ki67*/IBA1" microglial cells in the IL hemispheres in the oi- but not in the Tam-treated Cx3cr1-Cre*R;Nhe1"*
mice at day 3 post-tMCAO. (h) Quantitative analysis of Kié7"/IBA1" proliferative microglia populations. Data are mean + SEM. N = 3.

*p < .05, oil- versus Tam-treated groups [Color figure can be viewed at wileyonlinelibrary.com]
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mean * SEM. At 3 days: N = 5; at 7 days: N = 3. *p < .05, **p < .01.

(g) Representative gating strategies for TGF-B*, IL-10", and IL-1B™

cells within CD11b™ microglia/macrophage populations in oil- or Tam-treated Cx3cr1-CrefR;Nhe1"" brains. (h) Cell counts of TGF-g*, IL-10",
IL-18", and TNF-a* cells gated under CD11b" cells in oil- and Tam-treated Cx3cr1-CrefR;Nhe1”" brains at 3 days Rp, respectively. At least

a total cell count of 10,000 was recorded and analyzed. C, contralatera
*p < .05, **p < .01, #p < .10 [Color figure can be viewed at wileyonlin

cell population (Supporting Information Figure S4). These data strongly
suggest that deletion of microglia Nhel selectively suppresses the
pro-inflammatory responses and concurrently increases the anti-

inflammatory responses in the microglial cells in ischemic brains.

3.3 | Deletion of microglial Nhel promoted neuronal
recovery and white matter repair during the subacute
phase after ischemic stroke

Our ex vivo T2-Weighted Imaging (T2WI) study reveals that the Tam-
treated brains showed similar infarction and brain atrophy as the oil-

| hemisphere; |, ipsilateral hemisphere. Data are mean = SEM. N = 3.
elibrary.com]

treated brains at day 14 post-stroke (Figure 4a,b). This finding is con-
sistent with the MAP2 staining data obtained from the same cohort of
ex vivo brains (Figure 4c,d). High intensity of MAP2 staining was
detected in the non-ischemic CL hemispheres of both groups (Figure
4e). In the oil-treated brains, a drastic decrease in MAP2 intensity
occurred in the IL ischemic core and perilesion cortex and striatum
areas (p < .01 and p < .001, respectively, Figure 4e). In contrast,
although the Tam-treated brains exhibited significantly decreased
MAP2 intensity in the ischemic core region, the cortex and striatum
perilesion areas showed significantly higher MAP2 protein levels than
the oil-treated brains (p < .01 and p < .05, respectively, Figure 4e).
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FIGURE 4 Tam-treated Cx3cr1-Cref?:Nhe1”f mice did not affect subacute infarction but reduced neuronal injury at the subacute phase post-
ischemia. (a) Representative T2-weighted imaging (T2WI) of ex vivo oil- and Tam-treated Cx3cr1-CrefR:Nhe1” brains at 14 days Rp. (b) Infarct volume
and brain atrophy in oil- or Tam-treated Cx3cr1-Cre"{NHE 1" brains at 14 days Rp with T2WI. Data are mean = SEM. N = 4. (c) Representative MAP2
staining of oil- and Tam-treated Cx3cr1-CrefR:Nhe1” brains at 14 days Rp. (d) Infarct volume and brain atrophy in oil- or Tam-treated Cx3cr1-Cret®;
NHE1" brains at 14 days Rp with MAP2 staining. Data are mean + SEM. N = 7. (e) Representative immunofluorescent images of MAP2, NeuN, and

To-pro-3 staining in the CL, IL perilesion and IL core areas in the cortex and stri

atum of the oil- and Tam-treated Cx3cr1-Cre™::Nhe1™f mice at 14 days

post-tMCAO. (f) Quantitative analysis of MAP2 intensity in the CL, IL perilesion and IL core areas in the cortex and striatum of the oil- and Tam-treated

Cx3cr1-Cre™®;Nhe1"f mice at 14 days post-tMCAO. N = 3. *p < .05, **p < .01,

These data strongly suggest that deletion of the microglial Nhel affects
neuronal repair in ischemic brains.

Diffused Tensor Imaging (DTI) of the ex vivo brains showed that
ischemic stroke did not cause persistent reduction in the fractional ani-
sotropy (FA) in the corpus callosum (CC) or external capsule (EC) in the
oil-treated brains by day 14 post-stroke (p > .05, Figure 6a,b). Interest-
ingly, we detected a small but significant increase in the FA values of
EC in both non-ischemic and ischemic hemispheres in the Tam-treated
brains (p < .01, Figure 6a,b). The EC DTI FA values were significantly
higher in the Tam-treated brains than the oil-treated brains
(0.35 = 0.02 vs. 0.29 = 0.01, p < .05, Figure 6a,b). We further

***p < .001 [Color figure can be viewed at wileyonlinelibrary.com]

determined myelination status by measuring expression of myelin basic
protein (MBP) and mature oligodendrocyte (APC") counts in the CC
and EC white matter tracts at day 3 post-stroke (Figure 5). Ischemic
stroke triggered a similar loss of MBP intensity in the ischemic CC and
EC of both oil- and Tam-treated brains (Figure 5a,b). However, there
was a differential change in APC* counts between the two groups.
The oil-treated ischemic brains displayed a significant decrease in
APC™ counts in the EC (Figure 5c). No such a change was detected in
the EC of the Tam-treated brains (Figure 5c). By day 14 post-stroke, no
significant recovery of the APC* mature oligodendrocyte numbers or
MBP intensity were seen in the IL hemisphere CC and EC of the oil-
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FIGURE 5 Tam-treated Cx3cr1-CrefR:Nhe1™" mice exhibited similar demyelination but preserved more mature oligodendrocytes at the
acute phase post-stroke. (a) Representative immunofluorescent images of APC, MBP, and To-pro-3 staining in CC and EC areas in the CL
and IL of oil- and Tam-treated Cx3cr1-CrefR;Nhe1”f brains at day 3 post-tMCAO. (b) Quantitative analysis of MBP intensity (fold change) in
CC and EC areas the oil- and Tam-treated Cx3cr1-CrefR;Nhe1™f brains at day 3 post-tMCAO. Data are mean + SEM. N = 3. *p < .05,

**p < .01. (c) Quantitative analysis of APC" cells in CC and EC areas in the oil- and Tam-treated Cx3cr1-CrefR;Nhe1”" brains at day 3 post-
tMCAO. Data are mean = SEM. N = 3. *p < .05, **p < .01 [Color figure can be viewed at wileyonlinelibrary.com]

treated brains (Figure 6c-e). In contrast, the Tam-treated brains
showed a significant increase in both the APC" cell count and MBP
intensity (Figure 6c-e). Taken together, these data clearly demonstrate
that microglial NHE1 protein contributes to early oligodendrocyte dam-

age and sustains white matter injury after ischemic stroke.

3.4 | Selective deletion of neuronal Nhel in CamKlla-
Cre*’~;Nhe1"f mice reduces acute infarct and
improves sensorimotor function recovery after
ischemic stroke

CamKlla-Cre™’~:Nhe1"’ mice (neuron-specific Nhe1-null) were created

*/~ mice (Supporting

by crossing the Nhe1”" mice with CamKlla-Cre
Information Figure S1d). The selective deletion of neuronal NHE1 pro-
tein in the CamKlla-Cre™”~;Nhe1”f mice was confirmed by a lack of
immunofluorescent staining for NHE1 protein in the NeuN™ cell popu-
lations (Supporting Information Figure Sile). tMCAO was induced in
both CamKlla-Cre™~ control mice and CamKlla-Cre™ ~:Nhe1"”f neuro-
nal Nhel-null mice at P65-75 (Figure 7a). The control mice exhibited
79.6 + 9.8 mm? infarct at 48 hr post-tMCAO with severe neurological
deficits on day 1-5 post-stroke, which improved by day 7-14 post-
stroke. In contrast, the neuronal Nhel-null mice showed significantly
smaller infarction (33.0 = 9.2 mm?®, p < .05) and hemispheric swelling
(144% + 1.7% vs. 26.8% = 4.4%, p < .05, Figure 7b-d), as well as

faster neurological function recovery with the score reduced to <2 as
early as day 5 after stroke (p < .05, Figure 7e), and reached the nearly
normal neurological scores of 0-1 at day 7-14 post-stroke (Figure 7e).
The panel of sensorimotor function tests showed that no neurologi-
cal deficits were observed in the sham group during the 14-day post-
procedure period (Figure 7f-i), and no differences in baseline sensori-
motor function between the control mice and the neuronal Nhel-null
mice prior to tMCAQO (Figure 7f-i). In the corner test, both the control
group and the neuronal Nhel-null mice exhibited increased asymmetries
after stroke and showed no differences between the groups. However,
the neuronal Nhel-null mice exhibited faster recovery on day 10 post-
stroke (6.4 = 0.3 vs. 8.4 = 0.5, p < .05, Figure 7f). In the adhesive tests,
both the control mice and the neuronal Nhel-null mice exhibited mild
deficits in the contact test, and showed no differences between the
groups (Figure 7g). In contrast, ischemic stroke increased the time in the
removal test of the control mice by ~11-fold on day 2 post-stroke and
did not display such severe deficit in the neuronal Nhel-null mice
throughout day 1-14 post-stroke (p < .05, Figure 7h). No significant
motor deficits were detected in either group of mice in the rotarod
accelerating test (Figure 7i). Lastly, in the survival study, all sham animals
survived during the 14-day recovery period (100%, Figure 7j). Com-
pared with the control mice (either CamKlla-Cre™’~ or Nhel1™), the
CamKlla-Cre™*’~;Nhe1”f mice exhibited a higher survival rate at day 14
post-tMCAO (88.9% vs. 52.9%, p < .05, Figure 7j). These data clearly
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FIGURE 6 Tam-treated Cx3cr1-CrefR:Nhe1”f mice enhanced white matter repair at the subacute phase post-ischemia. (a) Representative Direc-
tionally Encoded Color (DEC) maps of ex vivo oil- and Tam-treated Cx3cr1-CrefR:Nhe1” brains at 14 days Rp. C, contralateral hemisphere; I, ipsi-
lateral hemisphere. Arrow: corpus callosum (CC). Arrowhead: external capsule (EC). (b) Quantitative analysis of fractional anisotropy (FA) values in
CC and EC of oil- or Tam-treated Cx3cr1-CrefR:Nhe1”" brains at 14 days Rp. C, contralateral hemisphere; |, ipsilateral hemisphere. Data are

mean + SEM. N = 4. *p < .05, **p < .01. (c) Representative immunofluorescent images of APC, MBP, and To-pro-3 staining in CC and EC areas
in the CL and IL of oil- and Tam-treated Cx3cr1-CretR:Nhe1”" brains at 14 days Rp. (d) Quantitative analysis of MBP intensity (fold change) in CC
and EC areas in the CL (C) and IL (I) of oil- and Tam-treated Cx3cr1-Cre™X;Nhe1” brains at 14 days Rp. Data are mean + SEM. N = 4. *p < .05,
**p < .01. (e) Quantitative analysis of APC* cell percentages in CC and EC areas in the CL (C) and IL (1) of oil- and Tam-treated Cx3cr1-Cret®;
Nhe1™f brains at 14 days Rp. Data are mean + SEM. N = 4. *p < .05, **p < .01 [Color figure can be viewed at wileyonlinelibrary.com]

show that neuronal Nhel plays an indispensable role in ischemic brain
damage and the sensorimotor dysfunction after ischemic stroke.

3.5 | Neuronal Nhe1-null mice did not suppress pro-
inflammatory responses of CD11b*/CD45" microglia/
macrophage after stroke

Both the control and the neuronal Nhel-null brains exhibited low num-
bers of CD11b*/CD45"°""™d microglia and CD11b*/CD45" macro-
phages in both CL and IL hemispheres prior to tMCAO (Figure 8a,b).
The CD11b"/CD45"°*“ ™4 microglia counts initially increased at day 3
post-stroke and peaked by day 7 post-stroke (Figure 8a). Elevation of
CD11b"/CD45" macrophages also peaked at day 7 post-ischemia in
both groups (Figure 8b). Pro-inflammatory markers CD86 and CD16/
32, anti-inflammatory markers Ym1 and CD206, as well as the

phagocytic marker CD68 were all expressed at similar levels in the con-
trol and the neuronal Nhel-null brains (Figure 8c-g). Therefore, selec-
tive deletion of neuronal Nhel has no effect on brain inflammation

(Supporting Information Figure Séb).

3.6 | Neuronal Nhe1-null mice did not show increased
white matter recovery after ischemic stroke

Compared with the control mice, T2WI of ex vivo brains from the neuronal
Nhe1-null mice illustrated significantly smaller infarction (17.8 = 3.0 mm®
vs. 342 = 38 mm°, p < .01, Figure 9A-B) and brain atrophy
(—2.8% + 1.0% vs. —5.5% + 0.5%, p < .05, Figure 9a,b) at day 14 post-
stroke. Concurrently, MAP2 staining showed that subacute infarction and
brain atrophy were both reduced in the neuronal Nhel-null brains

(p < .01 and p < .05, respectively, Figure 9c,d). Ex vivo DTI did not show
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survival and neurological function recovery after ischemic stroke. (a) Experimental protocol. Focal cerebral ischemia was induced by tMCAO
in of CamKlla-Cre™’~ (Ctrl) and CamKlla-Cre*’;Nhe1”’ (KO) mice at P65-75. TTC staining was conducted at 48 hr Rp. Ex vivo DTl imaging
and immunostaining were conducted at 14 days Rp. Flow cytometry experiments were conducted at O (baseline), 3, 7, and 14 days Rp.
Behavioral tests were conducted at 1 day prior to tMCAOQ, and at 1, 2, 3, 5, 7, 10, and 14 days Rp. (b-d) Infarct volume and brain swelling
of Ctrl and KO mice at 48 h Rp with TTC staining. Data are mean = SEM. N = 6. *p < .05, **p < .01. (e) Neurological score of Ctrl, KO, or
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significant differences in the FA values of the CC or EC between control
and neuronal Nhel-null mice at day 14 post-stroke (Figure 9e/f). These
data demonstrate that deletion of neuronal Nhel reduces subacute neuro-

nal damage and brain atrophy, but has no effect on white matter repair.

4 | DISCUSSION

4.1 | Selective deletion of Nhel in Cx3cr1-Cre®R:Nhe1f
mice did not affect ischemic infarction but improved
neurological function after ischemic stroke

In this study, we used the newly established Nhe1”" mouse line (Begum
et al, 2017) to generate a microglia-specific Nhel-null mouse line
Cx3cr1-CrefR:NHE1"f and selectively ablated NHE1 protein in microglial
cells. Selective deletion of Nhel in Cx3crl™ microglia did not reduce

SEM. *p < .05, Ctrl versus KO mice. (j) Survival curve of the same
be viewed at wileyonlinelibrary.com]

acute ischemic infarction at 48 hr nor subacute infarct lesion volume at
day 14 post-stroke. However, the microglial Nhel-null mice exhibited a
significantly higher survival rate and faster neurological function recovery
over 1-14 days after ischemia. These findings suggest that microglial
NHE1 protein is not involved in acute ischemic brain cell death but
affects brain tissue repair in response to ischemic stroke. This study
reveals novel roles of microglial NHE1 in ischemic brain injury and repair.

4.2 | Selective deletion of Nhel in Cx3cr1* microglia
suppressed acute inflammatory responses and skewed
them towards adaptive phenotypes in the ischemic brains

Our flow cytometry data sheds light on the underlying mechanisms on
microglial Nhel in microglial activation and inflammation. Ischemic
stroke triggered a significant elevation of CD11b*/CD45'owmed
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FIGURE 8 CamKlla-Cre*™”;Nhe1™f mice showed delayed activation but no significant effects on polarizations of microglia/macrophages
after ischemic stroke. (a) Cell counts of CD11b*/CD45'°% ™ microglia in Ctrl and KO brains before tMCAO and at 3, 7, and 14 days Rp. A
total cell count of 50,000 was recorded and analyzed. In all panels C, contralateral; |, ipsilateral. Data are mean = SEM. N = 3-5. #p < .10
control versus KO groups. (b) Cell counts of CD11b"/CD45" macrophages in Ctrl and KO brains before tMCAO and at 3, 7, and 14 days
Rp. A total cell count of 50,000 was recorded and analyzed. Data are mean = SEM. N = 3-5. #p < .10 control versus KO groups. (c-g) Cell
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FIGURE 9 CamKlla-Cre™’";Nhe1"f mice exhibited smaller infarction and atrophy but no improvements in white matter injury at the
subacute phase post-ischemia. (a) Representative T2WI of ex vivo Ctrl and KO brains at 14 days Rp. (b) Infarct volume and brain atrophy of
Ctrl and KO brains at 14 days Rp with T2WI. Data are mean + SEM. N = 5. *p < .05, **p < .01, Ctrl versus KO groups. (c) Representative
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FIGURE 10 Schematic illustration of microglial and neuronal NHE1 activation in ischemic brain damage and tissue repair. Ischemic stroke
triggers NHE1 activation in both microglia and neurons. Specific deletion of Nhel in microglia has no effects on acute infarct formation but
significantly ameliorates inflammatory microenvironment, promotes restorative microglial function, and enhances myelination. In contrast,
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brain atrophy. Therefore, microglial and neuronal Nhel deletion contribute differentially to post-ischemic recovery, but both lead to
improved infarct resolving, promoted sensorimotor functions, and increased survival rate after ischemic stroke [Color figure can be viewed
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microglial cell counts in the control mice at day 3 post-stroke, a peak
time of microglial activation as reported previously (Kim & Cho,
2016; Schilling et al., 2005; Tang et al., 2014). In contrast, no such
elevation was detected in the microglial Nhel-null mice. We further
demonstrated that the low CD11b™/CD45"°%“ ™ microglial cell
counts resulted from inhibition of microglial proliferation in the
microglial Nhel-null mice. It has been well documented that NHE1-
mediated H" efflux maintains alkaline pH; and supports cell prolifer-
ation by stimulating glycolysis and promoting protein, pyruvate and
ATP production (Pedersen, 2006; Putney & Barber, 2004). NHE1
protein is also engaged in cell proliferation through cell cycle modu-
lation (Putney & Barber, 2003). Our data demonstrate that microglial
NHE1 protein plays an important role in the regulation of microglia
activation and proliferation in ischemic brains. Additional studies are
warranted to investigate mechanisms involved in microglial prolifer-
ation in the Nhel-null mice after ischemic stroke.

Selective deletion of Nhel in microglial cells altered function of
CD11b*/CD45"""™ed microglial populations, which were characterized
by reduced pro-inflammatory CD86" expression but increased anti-
inflammatory Ym1" subpopulation, along with significantly decreased
expression of IL-1B3 and elevation of TGF-B and IL-10. These reduced
pro-inflammatory responses are consistent with our previous in vitro
findings that pharmacological blockage of NHE1 protein in cultured
microglia abolished production of pro-inflammatory cytokines (IL-6, IL-
1B, and TNFq; Liu et al, 2010). Moreover, in this study, microglial
Nhel-null brains showed a significant increase in CD68" phagocytic
microglial population, which is important for phagocytosis of damaged

tissue. Lastly, a reduced number of GFAP" reactive astrocytes were
detected in the microglial Nhe1-null mice. It is reported that neurotoxic-
reactive astrocytes can be induced by pro-inflammatory microglia, lead
to death of neurons and oligodendrocytes, and are detrimental to neu-
ronal outgrowth and synaptogenesis (Liddelow et al., 2017). TGF-g and
IL-10 play roles against inflammation by suppressing GFAP™ reactive
astrocytes (Balasingam & Yong, 1996; Cekanaviciute et al., 2014; Mak-
wana et al., 2007). Taken together, these data suggest that microglial
NHE1 protein is involved in inflammatory responses, and that deletion
of microglial Nhel causes a switch from the pro-inflammatory

responses towards restorative functions in ischemic brains.

4.3 | Impact of specific deletion of microglial Nhel on
white matter myelination and ischemic tissue repair

The microglial Nhel-null mice exhibited accelerated improvements in
sensorimotor functional recovery, increased preservation of mature oli-
godendrocytes, and promoted white matter remyelination despite the
initial large infarct lesion. Specifically, as shown in Supporting Informa-
tion Figure Séa, increased DTl FA values in both non-ischemic and
ischemic hemispheres and elevated MBP protein expression in micro-
glial Nhe1-null mice strongly suggest that microglial NHE1 protein plays
an important role in white matter damage and can be targeted for
white matter tissue repair. It has been reported that suppression of
classically-activated microglia ameliorated axonal damage, neuronal
degeneration, and demyelination through increased microglial phago-

cytic capacity in animal models of multiple sclerosis (Rinaldi et al., 2016;
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Starossom et al., 2012). In consistence with these reports, we showed
here that improved white matter myelination and elevated CD68*
phagocytic
detected in the microglial Nhel1-null brains. Phagocytic microglia func-

microglia/macrophage populations were concurrently

tion as scavengers for debris in damaged brain tissues, and are involved
in modulation of synapse function and pruning, as well as axonal growth
(Fu, Shen, Xu, Luo, & Tang, 2014; Paolicelli et al., 2011; Rajbhandari
et al, 2014; Schafer et al., 2012). Secondly, the microglial Nhel-null
mice also exhibited increased TGF-B and IL-10, as well as decreased IL-
1B. It has been well established that neurotrophic factors such as TGF-
B and insulin-like growth factor 1 (IGF1) promote neuronal survival and
axonal growth (Bialas & Stevens, 2013; Constam et al., 1992; Luo et al.,
2016; Ueno et al., 2013). It has been recently discovered that TGF-3
mediates synaptic pruning by regulation of neuronal expression of
complement protein C1q in a microglia-dependent manner (Bialas &
Stevens, 2013; Derecki & Kipnis, 2013). IL-10 released from microglia is
sufficient for dendritic spine outgrowth and synaptic formation in hip-
pocampal neuron culture (Lim et al., 2013). IL-10 is also suggested to
recover neurite outgrowth by suppressing microglia-regulated nitric
oxide and glutamate production under oxidative stress (Silva et al.,
2012). IL-1B, on the other hand, plays an antagonizing role against IL-10
and suppresses long-term potentiation in the hippocampus (Kelly et al.,
2001). It is reported that IL-18 produced by microglia reduces cortical
synapses and mature oligodendrocytes, damages node of Ranvier, and
suppresses axonal development after lipopolysaccharide injection (Han
et al,, 2017; Xie et al., 2016). Therefore, increased TGF-8, IL-10, and
decreased IL-18 in microglial Nhe1-null mice could collectively enhance
white matter tissue repair and improve neurological functions after
ischemic stroke. Additional studies are needed to examine changes of
synapse plasticity and oligodendrocyte maturation and function in

microglial Nhel-null mice.

4.4 | Neuronal NHE1 protein in neurodegeneration
after ischemic stroke

In the parallel study, neuron-specific Nhel-null CamKlla-Cre™~;

Nhe1” mice showed decreased acute infarct and persistently less
neuronal degeneration in post-stroke brains, which was accompa-
nied with improved survival and faster neurological function recov-
ery. However, deletion of the neuronal Nhel had no effects on
elevation of either CD11b"/CD45"%™Med microglial cells or
CD11b*/CD45" macrophages in ischemic brains (Supporting Infor-
mation Figure Séb). Therefore, the beneficial effects exhibited in
neuronal Nhel-null mice did not result from reduced microglia-
mediated neuroinflammation. We have previously reported that
overstimulation of NHE1 activity leads to neuronal death in part by
increasing intracellular Na* and Ca®" overload (Luo, Chen, Kintner,
Shull, & Sun, 2005) and superoxide production mediated by NOX2
(Lam et al., 2013). Therefore, deletion of neuronal NHE1 reduces
ischemic damage by direct protection of neurons without affecting

microglia-mediated inflammation.

4.5 | Selectivity of tamoxifen for Cx3cr1™ microglial
cells and its potential neuroprotective effects

Specific gene deletion in microglia can be achieved using Cx3cr1-Cref®
expressing animals (Goldmann et al., 2013; Parkhurst et al., 2013;
Wieghofer, Knobeloch, & Prinz, 2015). The effects on peripheral circu-
lating Cx3crl™ monocytes (Geissmann, Jung, & Littman, 2003; Jung
et al., 2000) can be eliminated by a 30-day waiting period for replenish-
ment of these blood-borne monocytes with a 21-day self-renewing
cycle (Hashimoto et al., 2013). In addition, the 30-day post-Tam injec-
tion period is needed for clearance of Tam-mediated neuroprotection
effects. Tam has neuroprotective effects against neurodegenerative
diseases via possible mechanisms such as stimulating MAPK/ERK sig-
naling pathways (Wakade et al., 2008; Zou et al., 2015), preventing
mitochondrial reactive oxygen species generation (Khan, Wakade, de
Sevilla, & Brann, 2015; Wakade et al., 2008), and generating antioxi-
dant enzymes (Zhang, Milatovic, Aschner, Feustel, & Kimelberg, 2007).
Despite complete clearance of Tam and its metabolites in the brain by
8 days post-injection (Valny et al., 2016), we detected prolonged neu-
roprotective effects of Tam (75 mg/kg for consecutive 5 days) in C57/
B6J, Cx3cr1-CretR or Nhe1™! as well as Cx3cr1-CrefR:Nhe1f mice when
tMCAO was induced at 1, 12, and 20 days after Tam injection, com-
pared with the vehicle oil control mice (Supporting Information Figure
S5). The 30-day post-Tam injection waiting period completely elimi-
nated the Tam-mediated neuroprotective effects since no differences
in infarction were detected between the oil-treated and Tam-treated
mice after tMCAO (Figure 1B).

5 | CONCLUSION

Our inducible, microglia-specific Nhel knockout mouse model provides
the first line of evidence that microglial NHE1 protein plays a role in
neuroinflammation, white matter demyelination, and brain tissue repair
after ischemic stroke (Figure 10). In contrast, neuronal NHE1 protein
activation is directly associated with the acute ischemic neuronal injury
but not related to inflammation (Figure 10). Our novel findings reveal
that NHE1 protein has unique functions in microglia and neurons.
NHE1 protein presents a therapeutic target for differential regulation
of ischemic brain injury and tissue repair via modulating inflammation,

white matter demyelination, and neurodegeneration.
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