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Abstract

Epidemiological studies report that infarct size is decreased and stroke outcomes are improved in 

young females when compared to males. However, mechanistic insight is lacking. We posit that 

sex-specific differences in glial cell functions occurring immediately after ischemic stroke are a 

source of dichotomous outcomes. In this study we assessed astrocyte Ca2+ dynamics, aquaporin 4 

(AQP4) polarity, S100β expression pattern, as well as, microglia morphology and phagocytic 

marker CD11b in male and female mice following 60 minutes of middle cerebral artery (MCA) 

occlusion. We reveal sex differences in the frequency of intracellular astrocyte Ca2+ elevations 

(F(1,86)=8.19, P=0.005) and microglia volume (F(1,40)=12.47, P=0.009) immediately following 

MCA occlusion in acute brain slices. Measured in fixed tissue, AQP4 polarity was disrupted 

(F(5,86)=3.30, P=0.009) and the area of non-S100β immunoreactivity increased in ipsilateral brain 

regions after 60 min of MCA occlusion (F(5,86)=4.72, P=0.007). However, astrocyte changes were 

robust in male mice when compared to females. Additional sex differences were discovered 

regarding microglia phagocytic receptor CD11b. In sham mice, constitutively high CD11b 

immunofluorescence was observed in females when compared to males (P=0.03). When compared 

to sham, only male mice exhibited an increase in CD11b immunoreactivity after MCA occlusion 

(P=0.006). We posit that a sex difference in the presence of constitutive CD11b has a role in 

determining male and female microglia phagocytic responses to ischemia. Taken together, these 

findings are critical to understanding potential sex differences in glial physiology as well as stroke 

pathobiology which are foundational for the development of future sex-specific stroke therapies.
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The age-adjusted stroke mortality rate, which has been in decline since 2010, has been 

attributed to improved control of modifiable stroke risk factors such as hypertension, 

smoking, and dyslipidemia (Hoyert DL, 2012; Mozaffarian et al., 2015; Murphy et al., 

2013). Yet In comparison, our understanding of a non-modifiable factors, such as sex 

differences, is lacking and therefore sex specific treatments are absent among stroke 

therapies. Emerging evidence taken from both epidemiological and pre-clinical stroke 

research supports the compelling assertion that sex has a dichotomous role in brain injury 

and functional outcomes after ischemic stroke (Go et al., 2014; Miller et al., 2011; Reeves et 

al., 2008). However, the diverging mechanisms of protection versus injury, which underlie 

this sexual dimorphism, have yet to be fully described and are not well understood (Banerjee 

et al., 2013; Ritzel et al., 2013).

Brain ischemia, caused by stroke, results in immediate neuronal death and the inevitable 

release of cell contents which then further disrupts finely tuned neuronal functions and 

promotes neuroinflammation (Dirnagl et al., 1999; Dirnagl, 2012; Gelderblom et al., 2009). 

Structurally, astrocytes are well positioned to intervene because of their intimate association 

with other glial cells, neurons, and blood vessels (Filosa et al., 2015). Functionally, 

astrocytes have a vital role in maintaining, mediating and restoring neuronal function during 

physiologic and pathologic conditions (Araque et al., 1999; del Zoppo, 2010; Nedergaard et 

al., 2010). In this role, astrocytes are key in maintaining K+ homeostasis (Kofuji and 

Newman, 2004), removal of excess glutamate (Cheung et al., 2015), local blood flow 

regulation (Attwell et al., 2010; Kim et al., 2015), synaptogenesis and synaptic maintenance 

(Franke et al., 2012), among other functions. On the other hand, astrocyte dysfunction after 

ischemia may exacerbate brain injury via aberrant astrocyte Ca2+ signaling which can result 

in glutamate excitotoxicity (Nedergaard et al., 2010) or through the release of astrocyte-

derived proteins and small molecular messengers such as ATP, TNFα, and S100β, which 

further increases neuroinflammation (Agulhon et al., 2012; Liu et al., 2011; Pascual et al., 

2012). In addition, astrocyte aquaporin 4 (AQP4) is a water channel and key player in the 

development of brain edema. AQP4 is primarily localized to astrocyte endfeet rather than 

non-endfeet processes and this polarized location has an important role in brain fluid 

clearance (Gaberel et al., 2014; Iliff et al., 2013). AQP4 polarity is disrupted in the days 

following traumatic brain injury (Kress et al., 2014; Plog et al., 2015) and transient focal 

ischemia (Fukuda and Badaut, 2012; Vella et al., 2015) which may contribute to brain edema 

after injury. Importantly, brain edema is accompanied by increased astrocyte intracellular 

Ca2+ (Thrane et al., 2011). However, it is yet unknown if changes in astrocyte Ca2+ 

dynamics, the expression pattern of S100β and AQP4 polarity is altered immediately 

following middle cerebral artery (MCA) occlusion in adult male and female mice.

Adding to the complexity of cell-to-cell interactions, microglia are phagocytes and, in 

conjunction with astrocytes, contribute to the inflammatory milieu after ischemic stroke. 

Microglia cells are highly sensitive to altered brain physiology because of their constant 

monitoring and immediate inflammatory response to pathophysiology (i.e. ischemia). These 

important functions are made possible by their ramified morphology (Morrison and Filosa, 

2013), dynamic process movement (Davalos et al., 2005), consistent distribution throughout 

the brain (Lawson et al., 1990), and continuous input from neurons and astrocytes via small 
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molecular messengers (i.e. fractalkine and S100β respectively) (Bianchi et al., 2010; Madry 

and Attwell, 2015). We previously reported that microglia morphology and phagocytic 

receptor CD11b are immediately changed by brain ischemia and therefore can be used as an 

indicator of an early microglia response to stroke (Morrison and Filosa, 2013). However, sex 

differences in microglia responses to ischemia are largely unknown. Microglia phagocytosis, 

initiated in part by CD11b-ligand interactions, is a double-edged sword; necessary for 

wound healing but also well documented in pre-clinical research as a source of secondary 

inflammatory injury after stroke (Brown and Neher, 2012; Lee et al., 2014). Understanding 

this balance in both males and females is relevant to future stroke therapies which are 

developed to promote brain recovery and yet must also account for inherent secondary 

injury.

Unfortunately, few pre-clinical stroke-related studies have examined glial (astrocyte and 

microglia) responses to injury in male and female adult mouse models prior to 24 hours 

post-ischemia (Cordeau et al., 2008). As a result, our understandings of early glial events 

that may be central brain injury after ischemic stroke are only beginning to be revealed 

(Zheng et al., 2010; Zheng et al., 2013). Moreover, it is not clear if early astrocyte and 

microglia responses to ischemia are different between male and female mice. Such 

information is vital in establishing a timeline of sex differences after ischemic stroke and 

therefore vital to the discovery and implementation of potential sex-specific stroke treatment 

regimens. In this study, we determine sex differences in astrocyte and microglia responses to 

60 min of MCA occlusion in adult male and female mice by assessing changes in astrocyte 

Ca2+ dynamics and microglia volume in acute brain slices. In addition, we illustrate sex 

differences in astrocyte S100β and AQP4 immunofluorescence patterns as well as microglia 

CD11b immunoreactivity after 60 min of MCA occlusion.

1.1 Experimental Procedures

Animals

Male CX3CR1
GFP/ GFP mice with a C57BL6/J background (Jackson Laboratories, no. 

005582) were bred to female C56BL6/J mice. Heterozygous male and female offspring 

CX3CR1
GFP/+ weighing 20–25 g (6–8 weeks old) were used to record somatic astrocyte 

Ca2+ elevations and microglia volume after ischemia and in acute brain slices. For 

consistency, CX3CR1
GFP/+ mice were used for additional immunohistochemistry (IHC) 

experiments. All animals were housed in climate controlled rooms with a 12-h light cycle. 

Female mice were not subjected to estrous cycle synchronization, but were allowed to cycle 

naturally. Female mice were sampled randomly to determine if ischemia induced astrocyte 

and microglia responses were present despite possible variations in sex hormone levels, an 

occurrence that more accurately models the human condition and an appropriate initial 

inquiry (McCarthy et al., 2012). All animal experiments were performed according to 

methods approved by and in compliance with the Augusta University Institutional Animal 

Care and Use Committee.
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Middle cerebral artery occlusion

Focal cerebral ischemia to the right hemisphere was achieved using the filament method to 

occlude the right MCA for 60 min in male and female animals under isoflurane anesthesia 

delivered via a 20% oxygen/80% air mixture as previously described (Morrison and Filosa, 

2013). After common, internal and external artery dissection, a heat blunted and silicone-

coated filament (tip diameter 0.20–0.25 mm) was advanced to the ostea of the MCA through 

the external and internal common carotid artery. Cerebral ischemia to the right MCA region 

was verified by laser Doppler flowmetry (Perimed Periflux 5000, North Royalton, OH); 

animals were included in the study if ischemia resulted in a > 70% reduction in blood flow. 

Focal ischemia was maintained for 60 min. The sham procedure included all elements up to 

filament placement. All animals were euthanized without reperfusion and prior to brain 

tissue collection for acute brain slices or tissue processing for IHC methods.

Acute brain slices and brain cell imaging

Acute brain slices were acquired for ex vivo astrocyte and microglia imaging in a group of 

naïve animals (no surgery) or immediately after 60 min MCA occlusion. Brain tissue was 

extracted immediately after euthanasia in ice-cold artificial cerebral spinal fluid (aCSF) and 

immediately sliced into 280 µm coronal sections using a vibratome as previously described 

(Leica VT 1200S, Leica Microsystems, Wetzlar, Germany)(Morrison and Filosa, 2013). The 

composition of aCSF was (in nM): KCl 3, NaCl 120, MgCl2 1, NaHCO3 26, NaH2PO4 1.25, 

glucose 10, CaCl2 2 and 400 µM L-ascorbic acid; osmolarity was 300–305 mOsM and pH to 

7.4 after 95% O2 and 5% CO2 equilibration. Brain hemisphere sections (no surgery, 

contralateral and ipsilateral) were incubated in aCSF containing the Ca2+ indicator 

Rhod-2AM (Molecular Probes, MP 01244, 5µM) and 2.5 µL 20% pluronic acid (Molecular 

Probes P3000MP) in a 95% O2/5% CO2 oxygenated chamber for 60 min just prior to 

imaging. Figure 1A summarizes the experimental protocol for Ca2+ imaging after 60 min 

MCA occlusion.

Astrocyte Ca2+ imaging—All images were acquired in cortical layers I–III using a 40× 

objective (Zeiss Achroplan 40×/0.8w) at a rate of 4 images per second. To test astrocyte 

viability, ATP (Sigma, A 9187, 500 µM) was bath applied at the end of each experiment; 

only astrocytes responsive to ATP, determined by a robust increase in intracellular Ca2+, 

were included in the data analysis. Live imaging was limited to a 3 hour window following 

incubation with the Ca2+ indicator. Calcium imaging was analyzed as previously described 

using Sparkan software [Dr. Adrian Bonev, University of Vermont (Filosa et al., 2004)]. 

Fluorescence intensity (F) was determined within 10 × 10 pixel squares placed over Rhod-2 

loaded astrocytes with baseline fluorescence (F0) determined from 20 images showing no 

activity. Fractional fluorescence (F/F0) was calculated and peaks were automatically 

detected from oscillations crossing a set threshold value (>0.2 F/F0) and summarized as 

Ca2+ oscillations peak frequency (Hz) for each cell. We quantified the area under the curve 

(AUC) of each Ca2+ trace as an additional indicator of astrocyte Ca2+ which accounts for 

both peak frequency, amplitude and duration. Using the same 10 × 10 pixel region of 

interest, AUC was calculated as the integral over time for each cell exhibiting Ca2+ activity 

included in the study (Kim et al., 2015). All data was normalized to appropriate male and 

female naïve/no surgery group for statistical analysis.
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Microglia imaging—CX3CR1
GFP/+ microglia adjacent to astrocytes were imaged 

immediately following astrocyte Ca2+ imaging. We imaged microglia soma and associated 

processes by acquiring Z-stack confocal images every 1 µm for 30–35 µm to ensure that we 

included the same imaging plane used for astrocyte Ca2+ acquisition. IMARIS software 

(Bitplane) and filament building protocols were used to create representative 3D microglia 

models, necessary to quantify the volume of each microglia. Data were normalized to 

appropriate male and female naïve/no surgery group prior to two-way statistical analysis.

Immunohistochemistry

Immunohistochemistry (IHC) images were acquired in additional male and female groups of 

mice. After 60 min MCA occlusion or sham surgery, animals were euthanized, brain tissue 

removed, fixed for 24h in 4% paraformaldehyde and incubated in a 30% sucrose solution for 

72h. Brain tissue was kept at −80°C until sectioning into coronal sections (Leica cryostat 

CM3050, 50µm) and stored at −20°C in a cryoprotectant solution until tissue processing for 

IHC staining. To identify astrocytes and microglia, free-floating brain sections were blocked 

in a 10% horse serum solution (0.01M PBS 0.05% Triton and 0.04% NaN3) for 1h followed 

by a 72h incubation with primary antibodies: rabbit anti-GFP 1:1,000 (Invitrogen A-6455), 

rat anti-Mac-1 1:500 (Chemicon MAB1387Z), rabbit anti-S100β 1:200 (Dako Z031101-2), 

and goat anti-AQP4 1:500 (Santa Cruz sc-9888). A 4-h incubation of 1:250 secondary 

primaries followed: donkey anti-rabbit Alexa 488, (711-546-152); donkey anti-rat CY3, 

(712-166-153); donkey anti-chicken Alexa 649 (702-605-155) and donkey anti-goat 594, 

(705-585-147, Jackson ImmunoResearch Laboratories). Our IHC protocol was for double 

staining of anti- AQP4 and anti-S100β in one set of male and female tissue and, in another 

set of tissue, double staining of anti-GFP and anti-CD11b. Male and female tissues from 

sham and ischemic groups were incubated together for consistent IHC staining. In addition, 

sections of ipsilateral proximal female brain tissue that was subjected to all aspects of our 

ICH protocol but without primary antibody. This secondary only antibody staining assessed 

unspecific binding that may have been prevalent in the infarcted area. All reactions were 

carried forward at room temperature; washes between incubations were done with 0.01M 

PBS for 15min. Slices were then mounted onto slides using Vectashield (Vector 

Laboratories, H-1000).

Image acquisition and analysis

A confocal microscope was used to acquire photomicrographs (30-µm Z-stack at 2-µm 

intervals, Zeiss 510, 40×/1.3 oil objective) of cortical layers I–III after IHC preparation in 

brain regions depicted in Figure 3A. Photomicrographs were stacked and split to obtain 

maximum intensity projections for all channels and saved as TIFF files prior to analysis. The 

location of astrocyte AQP4 and S100β was determined as well as microglia morphology and 

CD11b after 60 min MCA occlusion in male and female tissue.

Astrocyte S100β analysis—With injury, S100β is released in macro-molar 

concentrations from the astrocyte soma to the extracellular space. We determined changes in 

S100β location, from primarily somatic to non-somatic areas, after 60min MCA occlusion 

and tested if post-stroke changes were different between male and female mice. The 

distribution pattern of S100β was determined from photomicrographs with a three step 
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analysis technique using Image J software (http://imagej.net). The S100β analysis technique 

was derived from previous studies examining changes in the area of AQP4 distribution [(Ren 

et al., 2013; Wang et al., 2012) described below]. For each photomicrograph, we first we 

determined the area of S100β positive immunofluorescence which included both somatic 

and non-somatic S100β immunoreactivity (Figure 3B low threshold). Second, we 

determined the area of S100β positive immunofluorescence that included primarily somatic 

S100β immunofluorescence (Figure 3B high threshold). Third, the area of non-somatic 

S100β was calculated: (area of somatic and non-somatic S100β immunoreactivity) − (area 

of somatic S100β immunoreactivity) = area of non-somatic immunoreactivity. An example 

of this process is illustrated in Figure 3B.

Astrocyte AQP4 analysis—In astrocytes, the water channel AQP4 is constitutively 

expressed and polarized to astrocyte endfeet rather than astrocyte soma or other processes. 

AQP4 polarity is disturbed with brain injury and this change in AQP4 distribution (from 

endfeet to non-endfeet locations) has been previously quantified using IHC 

photomicrographs and image analysis (Ren et al., 2013; Wang et al., 2012). We employ this 

method by first determining the area of AQP4 immunoreactivity at astrocyte endfeet as well 

as in non-endfeet astrocyte processes (Figure 4A low threshold). Second, we determined the 

area of AQP4 immunoreactivity in astrocyte endfeet (Figure 4A high threshold). AQP4 

polarity was calculated: (area of endfeet and non-endfeet AQP4 immunoreactivity) − (area 

of endfeet AQP4 immunoreactivity) = un-polarized AQP4 immunoreactivity. An example of 

this process is illustrated in Figure 4A.

Microglia analysis—Microglia were analyzed for changes in morphology and phagocytic 

function using a computer-aided skeleton analysis method (microglia processes length and 

number of endpoints) and CD11b immunofluorescence, respectively, as previously described 

(Morrison and Filosa, 2013). For computer-aided morphological analysis, anti-GFP images 

were despeckled and then processed to create skeletonized images using Image J software. 

The Analyze Skeleton Plugin (Arganda-Carreras et al., 2010) was used to identify (tag) and 

microglia skeletons relevant to quantify ramification: slab voxels, junctions and endpoints. 

Figure 5B illustrates the conversion from despeckled to tagged image. We summarized the 

number of endpoints and averaged the length of all processes (slab voxels) from the Analyze 

Skeleton plugin data output. We then normalized all data by the number of somas/image to 

result in number of endpoints/cell and microglia process length/cell. Microglia CD11b total 

fluorescence intensity (TFI) was determined in male and female tissue as previously 

published. Briefly, microglia CD11b TFI was determined by multiplying the percent area of 

the image with positive immunoreactivity by the mean fluorescence intensity of CD11b 

immunoreactivity.

Statistical Analysis

Sex differences in control conditions (no surgery and sham groups) were determined using 

Student’s t-test. Data collected after 60min MCA occlusion were normalized to male or 

female no surgery or sham conditions and two-way ANOVA was then used to test for sex 

differences and brain regions affected by the MCA occlusion. Sidak’s multiple comparisons 
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post-hoc test was used to test for specific differences between groups. All data are presented 

as the mean ± standard error of mean (SEM). GraphPad Prism 6 was used for all analyses.

1.2 Results

Sex differences in astrocyte Ca2+ elevations after 60 min MCA occlusion

We examined the effect of MCA occlusion on astrocyte Ca2+ dynamics in cortical brain 

regions immediately following 60 min MCA occlusion in adult male and female acute brain 

slices. A summarized protocol and brain regions (contralateral, ipsilateral distal and 

ipsilateral proximal) for astrocyte Ca2+ imaging are shown in Figure 1A. Representative 

astrocyte Ca2+ traces used to analyze AUC and peak frequency (Hz) are shown in Figure 1B. 

There were no sex differences in astrocyte Ca2+ AUC between male and female no surgery 

groups (Figure 1C, left). Data summarized by Figure 1C (right) was normalized to the no 

surgery group in each sex to determine changes in astrocyte AUC in brain regions affected 

by the MCA occlusion. There was no significant region or sex effect observed for Ca2+ AUC 

after 60min MCA occlusion (Two-way ANOVA: region F(3,72)=0.20, p = 0.9, sex: 

F(1,72)=2.639, p=0.11, interaction F(3,72)=0.50, p=0.68). We also summarized astrocyte Ca2+ 

peak frequency from astrocyte Ca2+ traces; there were no sex differences in astrocyte Ca2+ 

peak frequency between male and female no surgery groups (Figure 1D, left). Data 

summarized by Figure 1D (right) was normalized to the no surgery group in each sex to 

determine changes in the frequency of astrocyte Ca2+ elevations in brain regions affected by 

the MCA occlusion. A two-way ANOVA analysis reveals sex differences in Ca2+ peak 

frequency after ischemia but astrocyte Ca2+ peak frequency was not significantly different 

between brain regions (Figure 1D; region F(3,86)=0.25, p=0.86, sex: F(1,86)=8.19, p=0.005, 

interaction F(3,86)=1.75, p=0.16). Post-hoc testing of sex differences revealed that astrocyte 

Ca2+ peak frequency was increased in female ipsilateral tissue when compared to males.

Sex differences in microglia volume resulting from 60 min MCA occlusion

We imaged microglia from male and female CX3CR1
GFP/+ mice subjected to 60 minutes 

MCA occlusion in mice in order to quantify changes in microglia volume. Microglia volume 

was calculated from 3D models generated using IMARIS (Bitplane) filament tracer 

protocols. A representative image of a microglia in each region (no surgery, contralateral, 

ipsilateral distal and ipsilateral proximal) and its corresponding IMARIS model used to 

determine volume is shown in Figure 2A. There were no sex differences in microglia volume 

between male and female no surgery groups (Figure 2B, left). Microglia volume data was 

normalized to male or female no surgery group in order to determine changes in volume 

affected by the MCA occlusion and summary data are shown in Figure 2B (right). Microglia 

volume was not significantly changed in brain regions after MCA occlusion but was 

different between male and female mouse groups after ischemia (two-way ANOVA: region 

F(3,40)=11.87, p<0.08, sex: F(1,40)=12.47, p=0.009, interaction F(3,4)=8.80, p=0.17). Post-

testing of sex differences revealed no specific differences in microglia volume in the 

ipsilateral hemisphere after MCA occlusion.
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Sex differences in S100β expression pattern after 60 minutes of MCA occlusion

The Ca2+ binding protein S100β is typically expressed in astrocyte soma, its release is a 

biomarker of brain injury (Dayon et al., 2011; Plog et al., 2015). Figure 3A illustrates the 

representative brain regions for data collection in proximity to the ischemic injury 

(contralateral, distal ipsilateral and ipsilateral proximal region); matching regions were 

acquired in sham tissue. The protocol used to measure non-somatic S100β expression, 

described in Methods, is illustrated in Figure 3B. Exemplar photomicrographs used for 

image analysis and data collection are shown in Figure 3C. Cropped images, shown below 

the full sized photomicrographs, illustrate the details of S100β immunofluorescence and 

changes to the expression pattern after MCA occlusion in male and female animals. We 

determined the change in S100β expression pattern after 60 min ischemic stroke in male and 

female mice using uncropped photomicrographs. Unspecific secondary binding of anti-

rabbit 594 to the ipsilateral proximal region was not detectable. There were also no sex 

differences in the area of non-somatic S100β between male and female sham groups (Figure 

3D, left). S100β data were normalized to the male or female sham group in order to 

determine changes in the area of S100β immunoreactivity after MCA occlusion according to 

sex and brain regions (Figure 3D, right). Significant effects were noted for both region and 

sex (two-way ANOVA: region: F(5,86)=4.72, p=0.007, sex: F(1,86)=10.25, p=0.0019, 

interaction F(5,86)=1.81, p=0.12). Post-hoc testing revealed that in the male, but not female, 

non-somatic S100β immunoreactivity was robustly increased after MCA occlusion in the 

proximal ipsilateral region when compared to sham and contralateral regions.

Sex differences in AQP4 polarity after 60 minutes of MCA occlusion

Changes in AQP4 expression are well documented in ischemic stroke (Ribeiro Mde et al., 

2006; Vella et al., 2015; Wang et al., 2012). However, the expression pattern in male and 

female brain tissue has not been previously addressed. The protocol used to measure un-

polarized AQP4 expression, described in Methods, is illustrated in Figure 4A. Examples of 

IHC-AQP4 images used for our image analysis protocol are shown in Figure 4B with 

cropped photomicrographs shown below to better illustrate changes in the AQP4 expression 

pattern. Unspecific secondary binding of anti-goat 647 to the ipsilateral proximal region was 

not detectable. In sham mice, sex differences exist in AQP4 polarity (Figure 4C, left). 
However, this change in AQP4 polarity was only observed in the proximal region (Student’s 

t-test, p = 0.05). AQP4 data were normalized to male or female sham group in order to 

determine changes in AQP4 polarity after MCA occlusion according to sex and brain 

regions (Figure 4C, right). Changes to AQP4 polarity was significantly changed in brain 

regions and according to sex after 60 min MCA occlusion (two-way ANOVA: region 

F(5,86)=3.30, p=0.009, sex: F(1,86)=17.21, p<0.0001, interaction F(5,86)=2.17, p=0.06). Post-

hoc testing reveals significant changes in AQP4 polarity in ipsilateral brain regions after 

MCA occlusion in male and not female mice. Sex differences exist in AQP4 polarity in 

distal contralateral and ipsilateral brain regions.

Sex differences in microglia morphology after 60 min MCA occlusion

We investigated sex differences in microglia neuroinflammatory responses to ischemia in 

addition to astrocyte responses. We first quantified microglia morphology after 60 min MCA 
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occlusion in male and female mice in sham, contralateral and ipsilateral (proximal and 

distal) regions as shown in Figure 3A. Cropped single cells from photomicrographs are 

included to better visualize microglia morphology details; data analysis was conducted on 

uncropped images. Microglia morphology (number of microglia process endpoints/cell and 

process length/cell) was determined from anti-GFP photomicrographs using a skeleton 

analysis method that was modified from our previous publication (Morrison and Filosa, 

2013) and summarized in Figure 5B. As expected, unspecific secondary binding (anti rabbit 

488) to the ipsilateral proximal region was not detected, however, faint GFP fluorescence of 

microglia in the CX3CR1
GFP/+ mouse was present, not shown. There were no sex differences 

in microglia process length/cell or endpoints/cell between male and female sham groups 

(Figure 3D left and Figure 4D left, respectively). Microglia morphology data were 

normalized to male or female sham group in order to determine changes after MCA 

occlusion according to sex and brain regions; summary graphs of these normalized data are 

shown in Figure 5D and Figure 5E. Our analysis reveals that microglia process endpoints/

cell were different after MCA occlusion according to region and sex (two-way ANOVA: 

region F(5,86)=4.74, p = 0.0007, sex: F(1,86)=18.29, p < 0.0001, interaction F(5,86)=4.74, p = 

0.0007). However, a significant interaction effect, observed here, indicates that the two 

factors sex and ischemia are interdependent. On the other hand, microglia process length/cell 

after MCA occlusion was not altered by either sex or region (Figure 5D; two-way ANOVA: 

region F(5,86)=1.93, p=0.10, sex: F(1,86)=1.04, p=0.31, interaction F(5,86)=0.49, p=0.78).

Sex differences in microglia CD11b in sham mice and after 60 min MCA occlusion

In addition to morphology, we examined microglia function after 60 min MCA occlusion; 

microglia CD11b is an important receptor to microglia phagocytosis. Example images in all 

male and female tissue after sham and MCA occlusion are shown in Figure 6A. Cropped 

single cells from photomicrographs are included to better visualize CD11b 

immunofluorescence. The CD11b receptor is located on cell processes as well as, to a lesser 

extent, on the soma (Perego et al., 2011) which we show in Figure 6B (anti-GFP shows 

microglia (top) with matching anti-CD11b immunofluorescence below). Unspecific 

secondary binding of anti-rat CY3 secondary to the ipsilateral proximal region was not 

detectable. Typically, the intensity of CD11b immunoreactivity is increased in response to 

injury (Morrison and Filosa, 2013; Perego et al., 2011). However, we show that microglia 

CD11b immunofluorescence staining is prevalent in female sham tissue when compared to 

male sham tissue (Figure 6C; Student’s t-test: p = 0.03). In addition to these baseline sex 

differences, we also observed sex differences in microglia CD11b immunofluorescence after 

60 min MCA occlusion. For this analysis, CD11b data was normalized to male or female 

sham group in order to determine changes after MCA occlusion according to sex and brain 

regions; summary graphs of these normalized data are shown in Figure 6D (two-way 

ANOVA: region F(5,86)=8.74, p=0.07, sex: F(1,86)=13.12, p=0.0001, interaction F(5,86)=7.44, 

p=0.11). Post-hoc testing reveal that changes to microglia CD11b is robust after 60 min of 

MCA occlusion in male proximal brain regions but absent in the female tissue. To 

summarize: 1) constitutive CD11b immunofluorescence is greater in females than males; 2) 

in female mice, constitutively high CD11b remains unchanged after 60 min MCA occlusion 

whereas, 3) in male mice, constitutively low CD11b is robustly increased in proximal 

ipsilateral regions after 60 min of MCA occlusion.
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1.3 Discussion

We provide evidence of sex differences in the frequency of astrocyte Ca2+ elevations and 

microglia volume after 60 min MCA occlusion which was measured in acute brain slices. 

Using IHC methods, we show that astrocytes and microglia have a robust immediate 

response to MCA occlusion that is sex dependent. Significant changes in the ipsilateral 

hemisphere immediately after MCA occlusion included: increased presence of non-somatic 

S100β; un-polarized AQP4; and higher microglia CD11b immunofluorescence in male but 

not female mice. In addition, the prevalence of microglia CD11b immunofluorescence at 

baseline in females, when compared to males, brings to light sex differences in constitutive 

microglia function which, we suggest, may have a role in determining male and female 

microglia responses to ischemia.

Detrimental neuronal cortical spreading depolarizations and glutamate excitotoxicity, 

hypothesized to occur in the peri-infarct region following ischemia (Hinzman et al., 2015), 

stands as an early injurious event following stroke as well as a mechanism of delayed 

neuronal cell death (Dirnagl et al., 1999). Increased astrocyte Ca2+ elevations, mediated in 

part by neuronal release of glutamate (Kim et al., 1994), also contributes to edema (Thrane 

et al., 2011) and the neurotoxic events after ischemia (Ding et al., 2009; Hansson and 

Ronnback, 2003; Iwabuchi and Kawahara, 2009; Nedergaard and Dirnagl, 2005; Takano et 

al., 2009). We did not observe sex differences between our control (no surgery) groups and 

therefore baseline conditions did not have an effect on our post-ischemia analysis. Out data 

suggest that changes in the frequency of astrocyte Ca2+ elevations were small in the 

ipsilateral brain regions after 60 min of MCA occlusion in both male and female mice. Our 

findings differ from Ding and colleagues (2009) who revealed robust and sustained increases 

in astrocyte Ca2+ elevations measured in male mice using a photothrombotic stroke in vivo 
model (Ding et al., 2009). Methodological factors could account for observed differences 

between studies. For example, the bulk loading of Ca2+ indicators, a method used in this 

study, limits data collection to the cell soma and excludes detection of astrocyte Ca2+ 

responses in processes (Bazargani and Attwell, 2016). Therefore, our data may under-

represent astrocyte Ca2+ dynamics after ischemic stroke (Srinivasan et al., 2015). Also 

possible, the focal ischemic injury from the filament method and MCA occlusion may not 

have provided sufficient cortical injury for a robust astrocyte Ca2+ response in the ipsilateral 

hemisphere. Methodologic constrains limited our ability to directly measure brain cell injury 

concurrent to ex vivo astrocyte imaging. In lieu, we measured microglia volume as an 

indirect indicator of cell injury. We show that microglia volume in control groups were 

similar and were not significantly changed after MCA occlusion in either male or female 

mice which suggests that brain injury was mild at this early time point.

Similar to microglia volume, we did not observe sex differences in astrocyte Ca2+ elevations 

at baseline. However, we observed sex differences in astrocyte Ca2+ elevations after 60 min 

MCA occlusion. The frequency of astrocyte Ca2+ elevations in the ipsilateral hemisphere 

was increased in females when compared to males. It is possible that estradiol has a role in 

increasing astrocyte Ca2+ dynamics in female mice. In cell culture models, estradiol is 

shown to promote signaling mechanisms that increase intracellular Ca2+ concentrations and 

corresponding astrocyte Ca2+ dependent functions (Chaban et al., 2004; Kelly and 
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Ronnekleiv, 2009). While not tested in our preparation, estradiol was reported to increase 

cytoplasmic Ca2+ release in cultured hypothalamic astrocytes collected from both males and 

females but not in females with estrogen receptor knockout (Kuo et al., 2010). It has also 

been shown that elevated intracellular Ca2+ stimulates astrocyte mitochondrial metabolism 

to maintain vital energy resources during the first few hours after ischemia. In this case, 

increased intracellular Ca2+ is associated with markedly improved post-stroke neurological 

outcomes (Zheng et al., 2010; Zheng et al., 2013). Taken together our data supports 

increased frequency of astrocyte Ca2+ elevation as a mechanism driving dichotomous stroke 

outcomes between males and females. However, it remains that our understanding of sex 

differences on constitutive or injury-evoked astrocyte Ca2+ dynamics in adult mice and 

resulting influence on brain function remains incomplete and is an area of study that 

warrants additional investigation.

In addition to measuring astrocyte Ca2+ dynamics, we investigated the potential of sex 

differences in the location of astrocyte AQP4 and S100β, proteins suspected to play a role in 

brain injury after ischemic stroke (Benfenati et al., 2011; Donato et al., 2009; Kitchen et al., 

2015; Vella et al., 2015). Under physiological conditions, AQP4 is highly polarized to 

astrocyte endfeet rather than non-endfeet processes and/or soma (Potokar et al., 2013). Our 

analysis reveals that AQP4 polarity is different between sham male and female mice, 

however, this finding was not consistent to both distal and proximal brain regions. Others 

have determined that estrogen increases AQP4 mRNA and protein quantities in adult mice 

(Shin et al., 2011). Following brain injury and ischemia, AQP4 expression is also increased 

(Fukuda and Badaut, 2012; Ribeiro Mde et al., 2006; Vella et al., 2015). Un-polarized AQP4 

has been reported in proximity to the brain injury following more extended time points after 

stroke (Wang et al., 2012) and traumatic brain injury (Liu et al., 2015; Ren et al., 2013); a 

change in AQP4 polarity or absence of AQP4 impairs glymphatic clearance after injury (Iliff 

et al., 2014). Thus, we examined sex differences in AQP4 polarity (a distribution pattern) 

after 60 min MCA occlusion, rather than AQP4 quantity. Similar to others, we demonstrate 

that AQP4 is un-polarized in brain regions proximal to the ischemia induced by MCA 

occlusion in male mice. AQP4 also became un-polarized in female tissue, however, not as 

profoundly different as observations in male tissue. The lesser response noted in female 

proximal region is likely influenced by the normalization to sham, which was increased the 

female proximal region versus male. Therefore, our data best illustrate that the change from 

sham conditions was not as profound in female mice when compared to male. A change in 

AQP4 polarity just after 60 min of MCA occlusion is an indicator that AQP4 vesicle 

trafficking or insertion to the plasma membrane surface is disturbed due to cytotoxic events, 

cell swelling, and/or rearrangement of the cytoskeleton during gliosis (Potokar et al., 2013). 

Ensuring that AQP4 is correctly localized to endfeet is central to managing edema and 

ensuring efficient glymphatic clearance (Plog et al., 2015), both factors important to stroke 

recovery.

S100β is an astrocyte Ca2+ binding protein and small molecular messenger present in the 

astrocyte cytoplasm. Astrocytes release S100β in macro-molar concentrations after brain 

injury to act as a damage-associated molecular pattern (DAMP) molecule to promote 

inflammatory responses and affect astrocyte-microglia communication (Bianchi et al., 2010; 

Donato et al., 2009; Zhang et al., 2011). As such, S100β is of increasing interest as a 
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potential biomarker of brain injury and for its role in exacerbating inflammatory responses 

after stroke and traumatic brain injury (Dayon et al., 2011; Kiechle et al., 2014; Pham et al., 

2010). The area of non-somatic S100β immunoreactivity was similar between male and 

female sham mice and therefore did not influence post-ischemia analysis. After ischemia, 

the area of non-somatic S100β is increased in males, with a lesser effect observed in female 

mice. In its role as a biomarker, Plog et al. (2015) provide evidence that S100β moves from 

brain parenchyma to the plasma via the glymphatic system and that the clearance of S100β 
to plasma is significantly impaired by un-polarized AQP4 distribution after traumatic brain 

injury or with the absence of AQP4 (APQ4-null mice). It will be vital to further clarify the 

role of sex differences in AQP4 polarity and glymphatic clearance of biomarkers such as 

S100β to the plasma. Such data is necessary to ensure the validity of interpreting peripheral 

concentrations of S100β as a biomarker of brain injury after stroke in males and females.

In conjunction with astrocytes, microglia cells have a robust and immediate response to 

injury. In a previous study we characterized the early microglia morphologic and functional 

response to 60 min MCA occlusion in male mice (Morrison and Filosa, 2013). We extend 

these findings and now show sex differences in microglia morphology immediately 

following MCA occlusion, however these changes are subtle. There was no sex differences 

in baseline microglia ramification observed in sham animals. However, following MCA 

occlusion, there were sex differences in the number of microglia process endpoints per cell 

and no sex differences in process length/cell. We also reveal evidence of sex differences in 

microglia function. Microglia CD11b is an integrin receptor key to microglia phagocytosis 

of endogenous structures and debris after ischemia (Kettenmann et al., 2011; Wake et al., 

2009). We show that CD11b immunofluorescence is constitutively high in female sham 

tissue compared to males and remains unchanged after ischemic stroke whereas, in males, 

constitutively low levels of CD11b immunofluorescence is increased after brain ischemia. 

We suggest that elevated CD11b expression pattern prior to ischemia, observed in female 

mice, enhances microglia capacity to phagocytize necrotic debris and cell contents that may 

otherwise exacerbate neurotoxicity and neuronal death after stroke. Additional studies are 

necessary to clarify the benefits of early microglia phagocytosis to improve stroke outcomes.

We employ IHC methods in this study rather than other methods that quantify targeted 

antigens in tissue lysate; IHC is ideally suited to assess the location and distribution of 

targeted antigens. We and others have noted changes in AQP4 or S100β distribution, to 

become more diffuse, under experimental conditions or cell distribution (Dyck et al., 1993; 

Ren et al., 2013; Wang et al., 2012). However, IHC methods have inherent limitations and 

several factors must be considered when determining changes in AQP4 and S100β location 

and data interpretation (e.g. tissue integrity and associated diffusion of antibodies, unspecific 

immunodetection). To address this, we determined that there was negligible unspecific 

secondary immunoreactivity (for both astrocyte and microglia ICH protocols) in ipsilateral 

proximal tissue regions. In addition we provide evidence that after just 60 min of MCA 

occlusion (without reperfusion) cortical tissue integrity remians. We demonstrate that 

astrocytes remained active and viable and microglia volume was unchanged in the ipsilateral 

hemisphere after 60 min of MCA occlusion. In addition, using IHC, microglia morphology 

in the ipsilateral proximal tissue remained ramified and complex rather than amoeboid. 

Taken together, our observations support the notion that tissue integrity in cortical regions 
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imaged in this study were not severely compromised (as seen after ischemia and 24hr of 

reperfusion) so as to introduce unspecific biding during IHC protocols that would confound 

data analysis and interpretation. We also acknowledge that sex differences in brain infarct 

size in this mouse model of ischemic stroke has been previously shown after ischemia and 

24hr of reperfusion, a conventional time point to measure infarct size due to the 

methodological constraints of 2,3,5-Triphenyltetrazolium chloride (TTC) staining (Banerjee 

et al., 2013; Bederson et al., 1986; Isayama et al., 1991; Liszczak et al., 1984; Shin et al., 

2011). In this study, infarct size was not measured after 60 min of MCA occlusion because 

of the early time point and methodological constraints. Sex differences in ischemic injury at 

this early time-point post stroke may exist and therefore may be a source of variability we 

observe in our data analysis.

1.4 Conclusions

We present data of sex differences in astrocyte Ca2+ elevations as well as the astrocyte and 

microglia proteins known to have an important role in the evolution of brain injury after 

stroke. These findings are critical to contributions toward understanding sex differences not 

only in brain physiology but also stroke pathobiology. As we continue to elucidate origins of 

dichotomous stroke outcomes between the sexes, we move closer to the development of sex-

specific and successful stroke therapies. Importantly, we address changes occurring at an 

early time point (prior to reperfusion) following ischemia with the goal to better understand 

and define the cellular targets involved in the evolution of ischemic stroke injury.
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Highlights

• Astrocyte Ca2+ dynamics are different in male and female mice after 

ischemia.

• Sex differences in astrocyte AQP4 polarity and non-somatic S100β 
after ischemia.

• Constitutive microglia CD11b is high in female sham cortex when 

compared to males.

• After ischemia, microglia CD11b immunoreactivity is not changed in 

female mice.

• Low baseline CD11b immunoreactivity is increased after ischemia in 

male mice.
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Figure 1. Astrocyte Ca2+ elevations in male and female mice after 60 min MCA occlusion
A) Experimental protocol for ex vivo Ca2+ imaging of acute brain slices after 60 min MCA 

occlusion. B) Representative Ca2+ traces acquired from male and female mice: no surgery 

(aCSF), contralateral, distal ipsilateral and proximal ipsilateral brain regions. C) Summary 

data of area under the curve (AUC) from Ca2+ traces acquired from spontaneously active 

astrocytes in male and female brain slices without surgery (left) and after 60 min MCA 

occlusion (right). N (male/female animals): No surgery (11/10), contralateral (16/11), distal 

ipsilateral (7/9); and proximal ipsilateral (5/11). AUC in male and female no surgery groups 
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(left, mean and SEM) are compared using unpaired Student’s t-test: p = 0.54. Astrocyte Ca2+ 

AUC after 60min MCA occlusion (right), are compared using two-way ANOVA (mean and 

SEM): region: p = 0.89, sex: p = 0.11, interaction: p = 0.68. D) Summary data of Ca2+ peak 

frequency from spontaneously active astrocytes from male and female brain slices without 

surgery (left) and after 60 min MCA occlusion (right). N (male/female animals): No surgery 

(12/10), contralateral (16/12), distal ipsilateral (10/10); and proximal ipsilateral (8/11). 

Astrocyte Ca2+ peak frequency in male and female no surgery groups (left, mean and SEM) 

are compared using unpaired Student’s t-test: p = 0.11. Peak frequency after 60min MCA 

occlusion (right) are compared using two-way ANOVA (mean and SEM): region: p = 0.16, 

sex: p = 0.005, interaction: p = 0.16 with Sidak multiple comparison analysis reported in 

figure.
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Figure 2. Sex differences in microglia volume after 60 min MCA occlusion
A) Example of microglia photomicrographs from ex vivo imaging (left) and rendered 

IMARIS model (right) after 60 min MCA occlusion according to group: no surgery, 

contralateral and ipsilateral brain regions. Scale bar = 10µm. B) Summary data of microglia 

volume in male and female brain slices without surgery (left) and after 60 min MCA 

occlusion (right). N (male/female animals): No surgery (4/5), contralateral (11/6), distal 

ipsilateral (6/4) proximal ipsilateral (5/8). Microglia volume in male and female no surgery 

groups (left, data and SEM) are compared using unpaired Student’s t-test: p = 0.84. 
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Microglia volume (mean and SEM) after 60min MCA occlusion (right) is compared using 

two-way ANOVA: region, p < 0.08, sex, p = 0.009, interaction: p = 0.17 with Sidak multiple 

comparison analysis reported in figure.
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Figure 3. Sex differences in S100β expression pattern after 60 min MCA occlusion
A) Schematic drawing depicting regions imaged within cortical layers I–III in matching 

ipsilateral and contralateral brain sides with corresponding proximal and distal regions 

relative to the ischemic region. B) Example of high and low threshold binary images used to 

calculate non-somatic S100β. C) S100β immunostaining in male and female tissue after 60 

MCA occlusion in sham, contralateral, and ipsilateral (distal and proximal) brain regions. 

Cropped photomicrographs corresponding to highlighted square shown in first row illustrate 

additional detail of somatic and non-somatic immunofluorescence. All data was collected 

Morrison and Filosa Page 23

Neuroscience. Author manuscript; available in PMC 2017 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



using full sized photomicrographs (Scale bars = 10µm). D) Summary data of non-somatic 

S100β after sham procedure (left) and after 60 min MCA occlusion (right) in male and 

female mice. N (male/female animals): Distal: Sham (9/6), contralateral (9/8), ipsilateral 

(9/8); Proximal: Sham (9/6), contralateral (9/8), ipsilateral (9/8). Non-somatic S100β in 

male and female sham mice (mean and SEM) are compared using an unpaired Student’s t-

test: distal p = 0.89; proximal, p = 0.81. Non-somatic S100β after 60min MCA occlusion in 

male and female mice (mean and SEM) are compared using two-way ANOVA: region, p= 

0.0007, sex, p= 0.0019, interaction: p= 0.12 with Sidak multiple comparison analysis is 

reported in the figure.
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Figure 4. Sex differences in astrocyte AQP4 polarity after 60 min MCA occlusion
A) Example of high and low threshold binary images used to calculate AQP4 polarity. B) 
AQP4 immunostaining in male and female tissue after 60 min MCA occlusion in sham, 

contralateral, and ipsilateral brain regions. Cropped photomicrographs corresponding to 

highlighted squares shown in first row depicting additional details of polarized and un-

polarized AQP4 expression pattern. All data was collected using full sized photomicrographs 

(Scale bars = 10µm). C) Summary data of AQP4 polarity after sham procedure (left) and 

after 60 min MCA occlusion in male and female mice. N (male/female animals): Distal: 

Morrison and Filosa Page 25

Neuroscience. Author manuscript; available in PMC 2017 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sham (9/6), contralateral (9/8), ipsilateral; Proximal: Sham (9/6), contralateral (9/8), 

ipsilateral. Un-polarized AQP4 in male and female sham mice (mean and SEM) are 

compared using an unpaired Student’s t-test: distal, p = 0.10; proximal p = 0.05. Un-

polarized AQP4 after MCA occlusion in male and female mice (mean and SEM) are 

compared using two-way ANOVA: region p = 0.0089, sex: p < 0.0001, interaction: p = 

0.064. Sidak multiple comparison analysis is reported in the figure.

Morrison and Filosa Page 26

Neuroscience. Author manuscript; available in PMC 2017 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Microglia morphology in male and female mice after 60 min MCA occlusion
A) Microglia GFP immunostaining in male and female tissue after sham or 60 min MCA 

occlusion in contralateral, and ipsilateral distal and proximal brain regions. Cropped 

photomicrographs (below) show processes morphology details of an individual microglia. 

Analysis was completed on full sized photomicrographs (Scale bar = 10µm). B) Example of 

photomicrographs showing the computer-aided microglia morphology analysis method 

using ImageJ: photomicrographs are despeckled, converted to a binary image, skeletonized 

and then tagged using skeleton analysis plugin for data collection. The analyze skeleton 

Morrison and Filosa Page 27

Neuroscience. Author manuscript; available in PMC 2017 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



plugin identifies and tags skeletonized processes (orange) and endpoints (blue) http://

imagejdocu.tudor.lu/doku.php?id=plugin:analysis:analyzeskeleton:start. C) Summary data 

of microglia process endpoints/cell after sham procedure (left) and after 60 min MCA 

occlusion in male and female mice: N (male/female animals): distal: sham (7/6), 

contralateral (9/9), ipsilateral (9/9); proximal: sham (7/6), contralateral (9/9), ipsilateral 

(9/9). Microglia endpoints/cell in male and female sham mice (mean and SEM) are 

compared using an unpaired Student’s t-test: distal, p = 0.44; proximal p = 0.74. Process 

length/cell after MCA occlusion in male and female mice (mean and SEM) are compared 

using two-way ANOVA: region p = 0.0001, sex: p < 0.0001, interaction: p = 0.0007 with 

Sidak multiple comparison analysis is reported in figure. D) Summary data of microglia 

process length/cell after sham procedure (left) and after 60 min MCA occlusion in male and 

female mice. N (male/female animals): distal: sham (7/6), contralateral (9/9), ipsilateral 

(9/9); proximal: sham (7/6), contralateral (9/9), ipsilateral (9/9). Microglia process length/

cell in male and female sham mice (mean and SEM) are compared using an unpaired 

Student’s t-test: distal, p = 0.98; proximal p = 0.57. Process length/cell after MCA occlusion 

in male and female mice (mean and SEM) are compared using two-way ANOVA; region 

p=0.10, sex: p<0.31, interaction p=0.78.
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Figure 6. Microglia CD11b immunofluorescence in sham male and female mice and after 60 min 
MCA occlusion
A) Microglia CD11b immunostaining in male and female tissue after sham or 60 min MCA 

occlusion in contralateral, and ipsilateral distal and proximal brain regions. Bottom row, 

cropped photomicrographs showing details for an individual microglia CD11b distribution. 

B) GFP and CD11b immunostaining from a single microglia. C) Summary data of microglia 

CD11b after sham procedure (left) and after 60 min MCA occlusion in male and female 

mice. N (male/female animals): Distal: Sham (8/6), contralateral (9/8), ipsilateral (9/8); 
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Proximal: Sham (8/6), contralateral (9/8), ipsilateral (9/8). Summary data and analysis of 

microglia CD11b total fluorescence intensity (TFI)/cell in male and female sham tissue 

using Student’s t-test: distal, p = 0.07; proximal, p = 0.05. Microglia CD11b TFI/cell after 

60min MCA occlusion (mean and SEM) are compared using two-way ANOVA: region p = 

0.07, sex: p < 0.0001, interaction: p = 0.11 with Sidak multiple comparison analysis is 

reported in figure.
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