
 

 1 

Myeloperoxidase loss protects against delayed cerebral injury after 

subarachnoid hemorrhage 

Aminata P. Coulibaly1; Pinar Pezuk1; William Gartman1,3; Danielle Triebwasser1; J. Javier 

Provencio1,2 

Department of Neurology1, Department of Neuroscience2, University of Virginia Charlottesville, 

Virginia; University of North Carolina Chapel Hill3. 

  

Aminata P Coulibaly: apc6s@virginia.edu 

Pinar Pezuk: ppzuk@gmail.com  

William Gartman: willgartman@gmail.com  

Danielle Triebwasser: djt2vr@virginia.edu  

J. Javier Provencio: jpb3@virginia.edu 

 

Corresponding author:  

J. Javier Provencio, MD 

Louise Nerancy Associate Professor in Neurology and Neuroscience 

Email: JP3B@virginia.edu 

Office number: (434)297-7608  

 

Abstract 

Background: Neutrophil infiltration into the central nervous system (CNS) after aneurysmal 

subarachnoid hemorrhage (SAH) is critical to the development of delayed cerebral injury (DCI). 

The goal of the present study is to characterize the neutrophil activity that leads to DCI.  

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/


 

 2 

Methods:   We tested mice deficient in elastase, NADPH oxidase, or myeloperoxidase (MPO) in 

our SAH model for delayed spatial memory changes and vascular constriction associated with 

DCI. Because the MPO mouse showed no DCI, we focused on the MPO null mice, including 

experiments to reconstitute the MPO effect by injection of active MPO and its substrate, H2O2.  

Flow cytometry and immunohistochemistry were used to determine the temporal and spatial 

location of neutrophils and glial cells in the CNS after SAH in WT and MPO null mice.  

Results: Following SAH, neutrophils infiltrate the outer meninges from outside the CNS in a 

delayed fashion. Mice with functional deletion of the neutrophil effector molecule 

myeloperoxidase (MPO KO) do not develop DCI. Re-introduction of biologically active MPO to 

the meninges, i.e. CSF, of MPO KO mice at the time of the hemorrhage restores the spatial 

memory deficit seen in DCI. However, addition of active MPO to the CSF of wildtype mice 

(WT) without hemorrhage does not lead to DCI, suggesting that blood components and MPO are 

necessary to cause DCI in our model. The localization of neutrophils, exclusively in the 

meninges, suggests that their effect on spatial memory goes through intermediate cells 

(presumably glia). Astrocyte reactivity increases in WT after SAH but not in MPO KO mice, 

suggesting that astrocytes mediate the effects of neutrophil-derived MPO on neurons in the brain 

parenchyma after SAH.  

Conclusions: These results demonstrate that neutrophils can modulate cognition from the 

meninges, and that immune cell reactivity in the meninges can modulate spatial memory through 

indirect effects on neurons. 

 

Keywords: Innate Inflammation; myeloperoxidase; neutrophil; aneurysmal subarachnoid 

hemorrhage; meningeal inflammation; spatial memory. 
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Background  

The role of peripheral neutrophils in the central nervous system (CNS) during sterile injury is 

poorly understood.  Infiltration of neutrophils into the CNS has been associated with neuronal 

damages in a number of disease and injury models[1–4]. In models of Parkinson’s Disease, 

neutrophil infiltration increases the loss of dopaminergic neurons in the substantia nigra pars 

compacta [2]. Following focal ischemia, neutrophil infiltration of the brain parenchyma 

correlates with the onset of cognitive deficits[1]. In our model of mild subarachnoid hemorrhage 

(SAH), the presence of neutrophils in the CNS is critical to the development of late cognitive 

deficits [5,6]. In fact, the presence of neutrophils in the CNS seems to be detrimental to brain 

physiology and functional output. Our laboratory is interested in determining the mechanism 

through which neutrophils affect neuronal activity during inflammation. 

 

Neutrophils recruited to a site of infection or injury release specific molecules that fall into three 

general classes: enzymes that catalyze the development of reactive oxygen and nitrogen species, 

enzymes that catalyze the degradation of extracellular matrix proteins, and proteins that bind cell 

surface receptors [7,8]. A few of these molecules are implicated in brain tissue damage after 

injury.  Inhibition of neutrophil enzymes myeloperoxidase and elastase reduce oxidative stress in 

a mouse model of cerebral ischemia [9,10].  The inhibition of NADPH oxidase, 

myeloperoxidase, and elastase decrease neuronal damage in mice after cerebral ischemia, 

traumatic brain injury, and spinal cord injury [9,11–13].  In this study, we evaluate the role of 

these three neutrophil enzymes in a mouse model of mild, sterile brain injury.  

 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/


 

 4 

Subarachnoid hemorrhage (SAH) is a unique model of sterile brain injury. Unlike ischemic 

stroke, intraparenchymal hemorrhage, or trauma, the primary mechanism of damage is in the 

meninges not to the parenchyma of the brain, allowing for the evaluation of secondary brain 

injury.  Our laboratory uses a model of mild subarachnoid hemorrhage from a venous source, 

which does not lead to increased intracranial pressure or direct brain damage.   Indeed, mice 

show intact motor function after the hemorrhage [6].  In humans, SAH leads to a syndrome of 

delayed cerebral injury (DCI) characterized by a delayed development of cognitive deficits. 

These deficits have been documented in our model[6], giving us the unique opportunity to study 

the mechanisms leading to cognitive dysfunction.  

 

Innate inflammatory cells, particularly neutrophils, are recruited into the CNS 3 days after the 

hemorrhage[6].  These cells play a critical role in the development of DCI.  In patients, after 

SAH, neutrophil infiltration in the cerebrospinal fluid (CSF) precedes DCI[14]. CSF from SAH 

patients applied to a skinfold chamber in mice facilitates microvascular recruitment of innate 

immune cell and precipitate vasospasm in mice [15]. Additionally, blockage of the integrin 

CD11/CD18a, a molecule complex critical for innate immune cell extravasation, prevents 

vasospasm. In fact, depletion of neutrophils from the peripheral blood 3 days after hemorrhage 

prevents the development of DCI in mice[5]. Here, we hypothesis that neutrophil activity, 

through its release of granular enzymes, is critical to the development of DCI. Our results show 

that neutrophil infiltration in the CNS after a mild SAH is restricted to the meningeal space and 

that the activity of its enzyme, myeloperoxidase is critical to the development to of DCI. 

Furthermore, we demonstrate that neutrophil action on neurons after SAH is through its 

modulation of astrocyte physiology and function.  
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Methods  

Animals 

Young (8-12 weeks old) male mice were used in all experiments. Mice were kept on a 12 

hour:12-hour light cycle at room temperature (22-25oC). Food and water were provided ad 

libitum. All experiments were done with the approval of the University of Virginia Animal Care 

and Use Committee.  

Transgenic mice deficient in the enzymes elastase (B6.129X1-Elane tm1sds: elastase KO), 

myeloperoxidase (B6.129X1-Mpo tm1Lus: MPO KO) or neutrophil cytosolic factor 1(NCF- 

component of the NADPH oxidase complex (B6(Cg)-Bcf1 m1J:  NADPH oxidase KO) (The  

Jackson Laboratories) were used. All transgenic mice used were on a C57BL/6 background; 

therefore, control experiments were conducted on C57BL/6J mice. Of note, the number of mice 

used in each of the subsequent experiments is listed in Table 1.  

Table 1: Number of mice used in each experiment 

 

Flow 
Cytometry 

Vasospasm IHC Barnes Maze Open Field Novel object 
Recognition 

Rotarod 

WT 
Naïve = 8 
Sham = 20 
SAH = 19 
 

WT 
Sham = 8 
SAH = 7 

WT 
Naïve = 6 
Sham = 28 
SAH = 29 

WT 
Naïve = 6 
Sham =23 
SAH = 8 

WT 
Sham = 32 
SAH = 8 

WT 
Sham = 32 
SAH = 8 

WT 
Naïve = 6 

MPO KO 
Naïve = 5 
Sham = 6 
SAH= 5 

MPO KO 
Sham = 6 
SAH = 6 

MPO KO 
Sham = 18 
SAH = 20 

MPO KO 
Naïve = 6 
Sham = 13 
SAH = 37 
 

MPO KO 
Sham = 7 
SAH = 23 

MPO KO 
Sham = 8 
SAH = 22 

MPO KO 
Naïve = 5 

   Elastase KO 
Sham = 7 
SAH = 9 
 

   

   NADPH 
Oxidase KO 
Sham = 11 
SAH = 12 
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Subarachnoid hemorrhage (SAH) 

SAH or sham surgeries were performed as previously reported [16]. Briefly, mice were 

anesthetized using isoflurane, and placed in a prone position. A 3mm incision was made on the 

back of the neck along the midline, the atlanto-occipital membrane was entered, and a conserved 

subarachnoid vein punctured. Bleeding from the vein was allowed to stop on its own. For the 

sham experiment, the procedure was the same except the atlanto-occipital membrane was not 

entered and the vein was not punctured.   

 

Myeloperoxidase (MPO) injection 

Wildtype (WT) and MPO KO mice received intracisternal injections of MPO enzyme, H2O2 or 

MPO with H2O2 in the setting of SAH or sham. Biologically active MPO (ab91116; Abcam, 

Cambridge, MA, US) was reconstituted in phosphate buffer saline (PBS) to a stock concentration 

of 1 µg/µl. MPO production of hydroclorous acid (HOCl) requires a H2O2 concentration of 

0.0012% per unit of activity.  Mice were given an injection with either 0.8 µg of MPO, 0.8 µg 

MPO with 0.0012% H2O2 in PBS, or 0.0012% H202 in PBS at the time of surgery. 

 

CD45-FITC injection 

Mice were injected with 3 µg of anti-CD45-FITC antibody (Thermofisher, Waltham, MA, US) 

intravenously 30 minutes prior to euthanasia. Mice were then perfused with PBS and 4% 

paraformaldehyde. Meninges were dissected, stained for neutrophils with the anti-neutrophil 

antibody 7/4-FITC (Abcam, Cambridge, MA, US; 1:100), and imaged using an Olympus 

FV1200 confocal microscope and Fluoview software. 
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Flow cytometry  

Flow cytometry was performed on both the brain parenchyma and meninges of SAH and sham 

operated mice. To generate a single cell suspension for flow cytometry, the meninges were 

collected and processed as previously described [17]. Briefly, meninges were dissected and 

processed in DMEM media with 10% bovine serum albumin (BSA). Samples were digested 

using 1 mg/ml DNAse and 1.4 U/ml collagenase in Hanks Balanced Salt Solution with 

magnesium and calcium.  Samples were then incubated in a 37°C water bath, triturated and 

strained through a 70 µm cell filter. Samples were then centrifuged and resuspended in DMEM 

media with 10% BSA and kept on ice until staining.  Once single cell suspensions were obtained, 

samples were blocked with Fc block and incubated with an antibody cocktail containing Ly6G-

FITC, Ly6C-PeCy7, CD11b-efluor 780 (Life Technologies, Carlsbad, CA, US; 1:200), and 

CD45-Pacific blue (Biolegend, San Diego, CA, US; 1:200) for 30 minutes at 4ºC. To determine 

cell viability within each suspension, an aliquot of each sample was incubated with the fixable 

viability dye efluor 506 (ThermoFisher, Waltham, MA, US; 1:1000) for 30 minutes at 4ºC. 

Samples were then analyzed using a Gallios cytometer (Beckman Coulter, Brea, CA, US), and 

analyzed using FlowJo software (FlowJo, LLC, Ashland, OR, US).  

 

Immunohistochemistry (IHC) 

Mice were transcardially perfused with 4% paraformaldehyde in PBS. Brains and meninges were 

dissected and processed separately for immunohistochemistry. Brains were post-fixed in 4% 

paraformaldehyde for 24 hours followed by cryoprotection in a 30% sucrose solution. Brains 

were then frozen and 30 µm sections collected using a cryo-microtome. Sections containing the 

hippocampus were selected, rinsed in PBS, and blocked in a 0.3% TritonX with 5% normal goat 
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serum solution.  Sections were then incubated with rabbit anti-Iba1 (Wako Chemicals, Japan 

1:500), goat anti-Iba1 (Abcam, Cambridge, MA, US; 1:500), anti-neutrophil antibody 7/4-FITC 

(anti-Ly6B) (Abcam Cambridge, MA, US; 1:100), chicken anti-GFAP (Abcam, Cambridge, MA, 

US;  1:1000), rabbit anti-vimentin (Abcam, Cambridge, MA, US;  1:200), and rabbit anti-4HNE 

(Abcam, Cambridge, MA, US; 1:200) overnight at room temperature. The following day, 

sections were rinsed and incubated with AlexaFluor conjugated secondary antibody 

(ThermoFisher Scientific, Waltham, MA, US; 1:500) for 1 hour at room temperature, mounted 

on Superfrost Plus slides (ThermoFisher, Waltham, MA, US), and cover-slipped using 

Vectashield mounting medium with DAPI (Vector laboratories, Burlingame, CA, US). 

 

Meninges were removed from the skullcap and kept in PBS until processing.  Non-specific 

binding sites were blocked using PBS containing 1% BSA, 5% normal goat serum, 0.1% Triton-

X, 0.2% tween, and Fc block. Meninges were then incubated in a primary antibody cocktail 

containing the anti-neutrophil antibody 7/4-FITC (Abcam, Cambridge, MA, US; 1:100) at 4ºC 

overnight.  

 

Confocal image acquisition and analysis 

All images were obtained on the Olympus FV1200 confocal microscope with Fluoview software.  

Each image was collected as a Z-stack. Prior to image analysis, all images were blinded and a 

maximum intensity image was generated by collapsing all stacks using ImageJ/Fiji (NIH, 

Bethesda, MD, US).  
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Brain: Images of both the left and right CA1 regions of the hippocampus was obtained using a 

20x oil immersion objective. Composite images containing the nuclear marker DAPI and the 

cellular stain of interest (Iba1 for microglia and GFAP/vimentin for astrocytes) were then 

generated. Using the multipoint tool to isolate a region of interest (ROI), all of the cells within 

each image were counted. Counts for both left and right hippocampi were added and divided by 

two to generate an average number of cells per case. Using the ‘Coloc 2’ application for 

ImageJ/Fiji, a co-localization index for GFAP and Vimentin was obtained for each hippocampus. 

The values were averaged for left and right hippocampi to generate a value for each case.  

 

Meninges: In order to image both the meninges containing the transverse sinus and the 

meningeal parenchyma (outer portion including dura mater and arachnoid membrane), whole 

mounts of the meninges were stained for neutrophils (NT 7/4; Abcam, Cambridge, MA, US). 

Using 20x oil immersion objective, a three by three tile was obtained of the transverse sinus and 

the meninges. Each image was obtained as a Z-stack. Prior to analysis, a maximum intensity 

image was obtained for each stack, and a DAPI and NT 7/4 composite was generated. For 

quantification, a nine by nine grid was placed on each image. From the left top square, six 

squares were counted (five horizontally and one vertically). Within the sixth square, the number 

of neutrophils were counted. A total of seven squares were counted per grid laid images for a 

total of 252 um2 area (36 um2 area/grid square) counted out of 4225 um2 area (image size). The 

number of cells was then added across three by three tiled image (nine images per area), to 

generate a representative number of neutrophils present in each case.   

 

Microglia Scholl analysis 
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Brain images of sections labelled with anti-iba1 antibody, were converted to 8-bit files. The iba1 

fluorescence threshold of the images was set at 90% intensity, and a ten by ten grid was placed 

on each image. The fifth row of squares was cropped out and analyzed. Cells were only included 

in the analysis if fully located within the selected row. The ‘Scholl analysis’ application was then 

used to quantify the number of processes observed on selected cells using the protocol previously 

described [18].   

 

Vasospasm  

Previous studies from our lab show the presence of vascular spasm in the middle cerebral artery 

(MCA) of SAH mice early (at day 1) and, more importantly, in a delayed manner (6 days after 

the hemorrhage) corresponding to DCI in humans [6]. Since the peak neutrophil infiltration 

occurs in our model 3 days post-hemorrhage and delayed vasospasm is correlated with DCI, we 

focused our vasospasm analysis on the delayed vasospasm occurring on the 6th day after SAH. 

 

The arterial tree of each mouse was labeled using the vascular dye Microfil (Flow Tech, Carver, 

MA), and the cross-sectional MCA diameter was measured. Briefly, animals were anesthetized 

using sodium pentobarbital, transcardially perfused with 20 ml of cold PBS followed by 20 ml of 

cold 1% paraformaldehyde in PBS, then injected with 10 ml of Microfil dye. Brains were 

dissected, rinsed in PBS, then cleared using methyl salicylate (Sigma-Aldrich, St Louis MO US). 

The ventral surface of each brain was then imaged using a Leica DM 2000 LED light 

microscope. Because vasospasm leads to non-uniform constriction of arteries, there are affected 

and unaffected areas.  The percent constriction was calculated as a ratio of the smallest diameter 
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to the largest cross-sectional diameter of the MCA within a 2 mm segment distal to the posterior 

wall of the internal carotid using ImageJ and converted to a percentage.  

 

Behavior analysis 

Barnes maze 

Previous studies show that mice with SAH develop deficits in performance on the Barnes maze 

task 6-8 days after the hemorrhage[6]. Therefore, in the present study, this task was used to 

assess the presence of cognitive deficits after SAH. Briefly, mice were habituated to the maze for 

2 days before the surgery. Habituation was performed by placing mice in the middle of the maze 

and leaving them to explore for 5 min.  Testing started on day three post-surgery and continued 

for 9 consecutive days thereafter. During testing, mice were placed in the middle of the maze and 

given a total of 300 seconds to find the escape hole. Each trial ended when the mouse entered the 

escape hole, stayed in the vicinity of the escape hole (defined by a circle of 5 cm diameter 

around the escape hole) for 5 consecutive seconds, or the 300 second maximum had elapsed. All 

trials were recorded and analyzed using the tracking software Ethovision 13 (Noldus, Leesburg, 

VA, US). 

 

Open field 

To determine whether SAH and/or MPO injection caused anxiety-like behavior in mice, mice 

were allowed to freely explore a 45cm x 45cm box for 10 minutes. Using the behavior tracking 

software Ethovision 13 (Noldus, Leesburg, VA, US), the amount of time each mouse spent in the 

center or the periphery of the box was determined. The center (25 x 27.5 cm square around the 
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center of the box) and periphery (remainder of the box outside the center area) areas were 

predefined at the beginning of the experiment.  

 

Novel Object Recognition  

To determine whether SAH and/or MPO injection affects recognition memory, a novel object 

recognition test was performed on each group. Mice were placed in the open field box with the 

familiar object and given 30 minutes of exploration time. At the end of the 30 minutes, the novel 

object was introduced to the environment and mice were given an additional 5 minutes of 

exploration. Using Ethovision 13 software (Noldus, Leesburg, VA, US), mouse behavior was 

tracked, and the amount of time spent with each object was recorded.  

 

Statistics 

Graphpad Prism 7 (Graphpad, La Jolla,CA, US) software was used to analyze all of the data 

obtained. Student’s t-test or analysis of variance (ANOVA) were used to determine whether 

differences between treatment groups were statistically significant. 

  

Results 

Localization of innate immune cells after subarachnoid hemorrhage.  

As we have previously shown, neutrophils do not infiltrate the brain in significant numbers over 

the first three days after SAH compared to sham[5].  We therefore focused at the three-day 

timepoint on the meninges.  Using flow cytometry, we found no significant difference in the total 

number of neutrophils in the meninges between the sham and SAH groups (Fig. 1A).  

Neutrophils are significantly increased three days after surgery in both sham and SAH groups, as 
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compared to mice at day 1 post surgery (Fig. 1A), which is not unexpected given that sham 

surgery disrupts tissue adjacent to the meninges.   Importantly, by immunohistochemical 

analysis, neutrophils at day 1 and 3 show different patterns of distribution within the meninges. 

The majority of neutrophils in both groups are found within and adherent to the walls of the 

vasculature of the transverse sinus, but in the SAH group, increased neutrophils are seen in the 

outer tissues of the meninges (at both day 1 and 3 post hemorrhage) (Fig. 1B and C). Taken 

together, these data show that insults in or near the meninges leads to increased neutrophils near 

or in the vascular compartments in the meninges, but, in SAH, there is infiltration of neutrophils 

into the parenchyma of the meninges. 

 

To determine whether the neutrophils observed in the meninges originate from the original 

hemorrhage or are entrained from the periphery, mice were injected intravenously with a FITC-

conjugated anti-CD45 antibody 3 days post SAH. Thirty minutes after injection, mice were 

euthanized and their meninges were analyzed for neutrophil infiltration. Presence of CD45-FITC 

expressing neutrophils within the parenchyma of the meninges of SAH mice suggests active 

infiltration from the circulation (Fig. 1D). These results suggest that neutrophils actively enter 

the meninges during the critical period of inflammation from the circulation; they are not only 

from blood left over from the initial hemorrhage. This supports a coordinated, systemic 

inflammatory response that occurs between the brain hemorrhage and the onset of cerebral 

injury.   

 

The loss of functional myeloperoxidase is protective in SAH 
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Three prominent neutrophil effector proteins, myeloperoxidase, elastase and NADPH oxidase, 

have been implicated in neuronal damage after ischemic stroke but have not been investigated in 

DCI after SAH [9,11,19]. Here, we analyzed the effects of these enzymes in the development of 

DCI after SAH.  Using elastase KO, NADPH oxidase KO, and MPO KO mice, we characterized 

spatial memory function after SAH using the Barnes maze task. Of the three transgenic mice 

analyzed, only the MPO KO mouse was protected against the development of delayed spatial 

memory deficits (Fig. 2A). These results corroborate our previous finding of increased 

myeloperoxidase-dependent tyrosine modification (chloro-tyrosine) in the CSF of human 

patients three days after SAH, suggesting that MPO may be a critical player in the deficits 

observed after SAH in both mice and humans (Provencio et al., 2010).  

 

Immune cells in the CNS of the MPO KO mouse 

To better understand why MPO-deficient mice do not develop DCI after SAH, we characterized 

the innate immune profile within the CNS of this mouse. Our WT results showed peak neutrophil 

infiltration occurring at day 3 post SAH (Fig. 1A-C). Therefore, our analysis of the MPO KO 

mouse was restricted to this time point. Similar to the WT control mouse, neutrophils were 

detected in the meninges of MPO KO mice (Fig. 2B.).  In contrast to the WT data, the MPO KO 

mouse shows few neutrophils infiltrating to the meningeal parenchyma (Fig. 2C).  

 

Both adaptive and innate immune cells populate the meninges of the normal mouse [20]. In order 

to investigate whether there are baseline differences in neutrophil numbers in the MPO KO 

mouse, flow cytometry was performed on the CNS of naïve MPO KO and WT mice. 

Interestingly, the MPO KO mouse have more CD45+ cells in the brain and meninges than the 
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WT mouse (Supplemental Fig. 1A). The increased number of cells in the brain of the MPO KO 

mouse can be attributed to the high number of CD45 intermediate cells, microglia. Further 

analysis of brain and meninges separately showed that the brains of the MPO KO mice have 

considerably more microglia and monocytes than WT brains (Supplemental Fig. 1B). In the 

meninges, although MPO KO mice have more CD45+ cells, they have fewer neutrophils and 

monocytes than WT mice (Supplemental Fig. 1C).   Finally, although both mice have similar 

performance on the rotarod test, the naïve MPO KO mouse takes significantly longer to find the 

goal box in the Barnes maze tasks than the WT mouse (Supplemental Fig. 1D).  

 

MPO KO mouse lacks spasm in the middle cerebral artery after SAH 

A hallmark of DCI in SAH is the development of arterial vascular spasm (vasospasm). In the 

model used in this study, vasospasm is detected in the middle cerebral artery (MCA) 6 days after 

SAH[6]. Therefore, the MPO KO mouse was analyzed for the presence of vasospasm 6 days 

after SAH (Fig. 3A). The WT mouse showed increased constriction in the MCA 6 days after 

SAH (confirming our previous results), but no constriction was detected in the MPO KO mouse 

after SAH (Fig. 3A and B)[6].  This suggests that lack of MPO in the system decreases all of the 

manifestations of DCI, not just the spatial memory impairment.  

 

SAH does not affect the level of reactive oxygen species (ROS) in the mouse hippocampus  

The role of MPO in the production of ROS has been extensively studied in a number of disease 

models[21–23]. To investigate whether SAH leads to an increase level of ROS in the 

hippocampus, the level of lipid peroxidation was quantified using 4-hydroxynonenal (4-HNE).  

4-HNE is generated as a result of oxidation of specific lipid groups in the membranes of cells, 
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including arachidonic and linoleic groups and is therefore a marker of ROS in tissue[24]. Our 

results show no significant change in the expression of 4-HNE in the CA1 region of the 

hippocampus in either the WT or the MPO KO mouse (Supplemental Fig. 2). This suggests that 

the oxidation level in the hippocampus does not appear to play a critical role in the development 

of DCI after SAH.  

 

Biologically active MPO recapitulates the development of DCI in the MPO KO mouse 

after SAH 

To determine the importance of the MPO enzyme in the development of DCI, we introduced 

biologically active MPO to the CSF of the MPO KO mouse at the time of SAH. The injection of 

MPO alone to the CSF of the MPO KO mouse at the time of the hemorrhage did not affect the 

animal’s ability to find the escape hole in the Barnes maze task (Fig. 4B). Because superoxide 

(O2.) is a substrate for MPO activity, as a control, H2O2 alone was introduced to the meninges of 

the MPO KO mouse. H2O2 alone did not show a difference (Fig. 4C).  Conversely, MPO KO 

mice that were injected with both MPO and H2O2 in the CSF at the time of hemorrhage took 

three time as long to find the escape box most notably 8 days after SAH (Fig. 4D and E).  Taken 

together, these results suggest that the lack of a functional MPO system including its oxidant 

partner is the basis for the absence of DCI in the MPO KO mouse.  

 

An important question left unanswered is whether MPO is sufficient to cause the phenotype of 

DCI without SAH.  To determine whether MPO alone is enough to cause cognitive deficits, 

biologically active MPO was added to the CSF of WT mice in the absence of a hemorrhage. Our 

results show that the addition of MPO, H2O2, and MPO+ H2O2 to the CSF, in the absence of the 
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hemorrhage, is not enough to cause the deficit (Fig. 4F-H). This indicates that, although critical, 

MPO alone is not enough to cause DCI.   Other, as yet unidentified, elements in the blood from 

the hemorrhage are necessary for the cognitive impairment observed after SAH.  

 

Patients with SAH and DCI develop memory and executive function deficits but also report 

anxiety and mood disturbances[25].  To evaluate other domains of cognitive function, we 

investigated exploration behavior and anxiety in the WT and MPO KO mouse after the addition 

of MPO and H2O2.  Both open field test and novel object recognition tasks showed no difference 

in any group (Supplemental Fig. 3). This supports the conclusion that the results of the Barnes 

Maze test were from spatial memory dysfunction, rather than freezing or lack of attention due to 

anxiety.   

 

The MPO KO phenotype does not reduce Iba1+ myeloid cell morphological changes 

associate with activation.   

Insofar as neutrophils are not found within the hippocampus of the SAH mouse, we speculate 

that the action of neutrophils on neurons in the hippocampus requires a cell intermediate.  SAH 

leads to changes in the composition of NMDA receptors at the postsynaptic cleft of the CA1 

pyramidal neurons[5].  To investigate whether neutrophils interact with microglia, which, in turn, 

influence neuronal function, we characterized the effect of SAH on microglial morphology in the 

CA1 region of the hippocampus.  

 

Microglia morphology was characterized using Iba1 expression in the hippocampus with the 

understanding that tissue macrophages will also express Iba1. Interestingly, no changes were 
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observed in the number of Iba1+ cells or their intensity in the CA1 region of the WT and MPO 

KO mouse at either 3 or 6 days after SAH (data not shown). To determine whether the activation 

phenotype of these cells was affected after SAH, the number of cell processes was quantified 

using Scholl analysis. Though different from the amount of ramification observed in the naïve 

mouse (Supplemental Fig. 4), no significant changes were observed in the ramification of Iba1+ 

cells between sham and SAH groups of the WT mouse at 3 days (Fig. 5B). Six days after SAH, 

Iba1+ cells in the WT SAH mouse had significantly more processes than the sham mouse, 

suggesting a less activated state. On the other hand, Iba1+ cells in the MPO KO mouse appear 

more complicated; on day 3, there is a trend for decreased ramification of Iba1+ cells in the SAH 

group, however, by day 6, the ramification between sham and SAH groups are similar.   

 

Astrocytes activation is decreased in MPO KO mice after SAH.  

Astrocytes were characterized in the CA1 region of the hippocampus by their expression of 

GFAP and vimentin. In the WT, GFAP was abundantly expressed in the CA1 sub-region of the 

hippocampus at both day 3 (Fig. 6A) and day 6 (Fig. 6E). At day 3, although no changes were 

observed in the number of GFAP+ astrocytes after SAH (Fig. 6C), GFAP intensity was 

significantly decreased in these cells (Fig. 6B). Furthermore, more astrocytes colocalized both 

GFAP and Vimentin 3 days after SAH (Fig. 6D), suggesting increased activation of these cells 

[26]. At day 6, both GFAP+ cell number and intensity were significantly decreased after SAH 

(Figs. 6F and 6G) with no change in the colocalization of GFAP and vimentin (Fig. 6H).  

Interestingly, none of these changes were observed in the MPO KO mouse after SAH at either 

timepoints (Fig. 6A-E), suggesting these cells may be good candidates for intermediaries 

between the meninges and the brain. 
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Discussion 

Neutrophil-mediated MPO is critical but not sufficient in the development of DCI after 

SAH. 

Multiple models and methods of SAH in different species have been employed to investigate the 

underlying mechanism of vasospasm and DCI after subarachnoid hemorrhage[27–32].  By using 

a mild model of SAH without high-pressure injection of blood, arterial bleeding or aneurysm 

rupture, we are able to investigate the cognitive consequences of blood in cerebrospinal fluid 

independent of early brain injury and the initial circulatory arrest in the brain seen in more 

aggressive models.  ROS production is increased and has been implicated in a number of models 

of SAH[33].  Interestingly, and contrary to findings in higher pressure SAH models, we observed 

no change in the level of ROS in our model despite development of DCI, suggesting that ROS 

levels are not the only cause of DCI[33].  This mild model of SAH provides the unique 

opportunity to understand how a CNS insult affects the brain without the confounding role of 

damaging pressure, thereby providing a tool to mechanistically dissect changes in cognition due 

to sterile immune interactions in the CNS.   

 

The location of neutrophils after SAH raises questions about their function as modulators of 

neuronal dysfunction.  We show that extravasation of neutrophils in the meninges affects spatial 

memory abnormalities, supporting our previous finding that late long-term potentiation in the 

hippocampus is impaired in a delayed fashion after SAH[5]. Neutrophil infiltration damages 

neurons in animal models of neurodegeneration and injury[1–4]. For example, the presence of 

neutrophils in the substantia nigra pars compacta has been implicated in the increased loss of 
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dopaminergic neurons in a MPTP+ rodent model of Parkinson’s Disease [2]. Following focal 

ischemia, neutrophil infiltration into the parenchyma coincides with the onset of neurological 

deficits[1]. In our model, the presence of neutrophils in the meningeal parenchyma and not 

infiltrating the brain proves detrimental after SAH suggesting an indirect effect on neuronal 

function either through their release of diffusible factors or activation of cell intermediaries. This 

same phenomenon occurs in mild brain contusions suggesting that neutrophil action from the 

meninges is a clinically important pathway that may not be restricted to SAH [34].  In fact, the 

stimulus to the CNS needed to elicit neutrophil responses appears to be mild as evidenced by 

increased neutrophil localization to the vasculature of the meninges in our sham surgery animals 

with no detectable behavioral defects.  

 

Neutrophils contain primary and secondary granules with several enzymes critical to their 

antibacterial and inflammatory functions [8]. A few of these enzymes, NADPH oxidase [11], 

elastase [9] and MPO [19], have been implicated in neuronal damage/loss in models of ischemia 

and stroke.  The present study shows that in SAH, only MPO plays a critical role in neuronal 

injury. In the Barnes maze task, MPO KO mice were not spared the initial effect of the 

hemorrhage. But unlike the WT, these mice did not develop the ‘second injury’ that leads to the 

development of DCI after SAH. Because the addition of MPO and its substrate, H2O2, 

reinstitutes the cognitive loss, we infer that MPO plays a critical role in delayed (i.e. secondary) 

injury to the CNS after SAH. Interestingly, the results of MPO administration to WT mice shows 

that MPO by itself is not enough; some component(s) from the initial hemorrhage are needed in 

the meninges to cause cognitive defects.  
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In light of these results, the question arises as to whether the breakdown components of the 

hemorrhage have a direct effect on the activity of the MPO enzyme or, whether the combination 

of damage from the hemorrhage and the action of neutrophils from MPO work synergistically to 

lead to brain damage. MPO’s known function is to produce the ROS HOCl and peroxinitrite.  

MPO alone was unable to recapitulate the memory dysfunction in the MPO KO mouse without 

the action of peroxide suggesting that ROS may be produced in the meninges.  Peroxide injection 

alone in the meninges was not sufficient to cause the spatial memory deficits suggesting that this 

is not a nonspecific effect of ROS production.  However, there are no changes in our measures of 

ROS in the CA1 region suggesting the final pathway to neuronal dysfunction is not through ROS 

in the hippocampus.  

 

A number of inflammatory triggers from blood products have been investigated in SAH.  

Biliverdin and bilirubin oxidation products (BOXes), breakdown products of hemoglobin, have 

been implicated in vessel damage after hemorrhage in the CNS [35,36]. Ferrous ion, Fe2+, also a 

breakdown product of hemoglobin, in the presence of peroxide, H2O2, is implicated with 

neuronal damage after endothelial cell loss and blood-brain barrier breakdown [37–39].  MPO 

like other peroxidases is a heme enzyme, its catalytic domain contains a ferric iron which acts as 

an oxidant in both the halogenation and peroxidase cycle of the enzyme[22].  Our lab has 

previously demonstrated an increased level of free iron in the CSF of SAH patients.   Indeed, 

there is a negative correlation between the occurrence of DCI and the expression of the iron 

metabolic enzyme ceruloplasmin suggesting that disruption of iron homeostasis in the brain can 

be detrimental to neuronal function [40].  From these findings, one can suspect that the excess of 

ferrous iron after SAH may influence the activity of MPO.   Recent studies have demonstrated 
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that through the production of hypochlorous acid, MPO inhibits its own activity by the release of 

its ferric iron [41]. It is therefore plausible that in our model, MPO activity leads to increase free 

iron in the system, which is known to be toxic to neurons.  Further studies to investigate the role 

of free iron associate with MPO are warranted.  

 

Astrocytes are the most likely cell intermediate between neutrophils and neurons. 

The restriction of neutrophils to the meningeal space in our model suggests an indirect effect on 

neurons, likely through its action on glial cells. In the present study, we focused on the 

possibility of astrocytes or microglia being the intermediate cell between the meningeal space 

and the brain parenchyma.  Since MPO KO mice do not develop DCI after SAH, our analysis 

was focused on finding a cell that exhibited changes in the WT and not in the MPO KO mouse.  

In this study, we focused on the hippocampus as the behavioral changes on the Barnes maze test 

localize to that area of the brain and we have previously described impaired late long-term 

potentiation (L-LTP) in the hippocampus in this model[6].   

 

The question of which cell intermediary plays a role in the development of memory dysfunction 

is critical to understanding the mechanism of neutrophil (i.e. MPO) action.  The two most 

intriguing choices are microglia and astrocytes as they both have the propensity to react to 

inflammatory signals[42].  

 

Microglia show very little change after SAH in our model, making them unlikely to be the cell 

intermediary between neutrophils in the meninges and hippocampal neurons.  In a previous 

study[5], we reported that the microglia in the dorsal hippocampus were more ameboid 
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(appeared more activated) in SAH than sham.   The present project focused on changes within 

the CA1 subregion alone.  Analysis of the ramification, activation profile after SAH, in both 

genotypes yielded unexpected results. Three days after SAH, the WT showed no change in the 

number of processes observed in microglia across treatment groups. However, 6 days after SAH 

the WT SAH mouse showed more ramification than the sham mouse. This would indicate that 

microglia cells are only transiently affected by the hemorrhage. On the other hand, in the MPO 

KO mouse no significant changes were observed in either group at each timepoint, although at 

day 3, a trend of more activation was observed in the MPO KO SAH mouse.  Taken with the 

previous data, it would appear that the delayed activation seen in the dorsal hippocampus is not 

apparent in the area of the brain where we would expect memory dysfunction is focused [5].  

This suggests that microglia are less likely to be the intermediary cell between neutrophils and 

neurons. We cannot rule out that microglial activation in other parts of the hippocampal 

formation may have distal effects on cognition. 

 

Conversely, the changes induced in astrocytes by SAH were abolished by the absence of 

functional MPO, suggesting that the astrocytes are a better candidate intermediary cell through 

which meningeal neutrophils affect neuronal function in the brain parenchyma.   Astrocytes 

show decreased cell numbers and expression of critical cytoskeletal protein in the WT after 

SAH; changes abolished in the MPO KO mouse. Astrocytes are critical to the maintenance of 

homeostatic balance between the nervous, immune, and circulatory systems under normal 

conditions. Their ability to support neurons, through the provision of neurotransmitters, lactate, 

etc., is critical to the maintenance of normal neuronal function in the CNS[43]. Astrocytes have 

been shown to play a critical role in neuroinflammation. For example, astrocytes modulate 
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microglial expression and release of the proinflammatory cytokine interleukin 12 in vitro [44]. 

Furthermore, the physical barrier produced by astrocytes is critical in modulating the interaction 

of injured areas with the immune system in animal models of multiple sclerosis and traumatic 

brain injury [45,46]. In our model, signs of impaired function, particularly decreased GFAP 

expression and death after SAH, may hinder their ability to ‘protect’ neurons from an 

inflammatory insult within the meninges. Indeed, knocking out GFAP has been associated with 

poor outcomes in animal models of infection in the CNS[47]. It is important to note that the 

mechanism through which astrocytes are lost in our system is yet unknown. Therefore, more 

experimentation needs to be conducted to better understand how they are affected in our system.  

 

Conclusions 

Because, among mature immune cells, only neutrophils express MPO, our data support the 

conclusion that neutrophils influence neuronal function in SAH without infiltrating the brain 

parenchyma (consistent with our previous data). MPO is critical to the cognitive changes 

observed in SAH mice. The role of MPO in modulating cognitive changes is complicated: MPO 

is not sufficient to cause cognitive deficits in WT mice without SAH, and hemorrhage without 

MPO does not lead to deficits. But, with blood in the CSF space, MPO and H2O2 recapitulate 

cognitive deficits in MPO KO mice. Taken together, these results suggest that either MPO and/or 

blood breakdown product can theoretically be targeted to mitigate the development of DCI after 

SAH.  

 

Therefore, an important next step is to determine whether small molecule inhibition of MPO can 

be used therapeutically to mitigate the development of DCI after SAH.  A recent study 
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demonstrated that inhibition of MPO increased ventricular function in a mouse model of 

myocardial infarction [48]. Such an approach holds promise for the prevention or treatment of 

DCI after SAH.   
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Figure legends 

Figure 1: Neutrophils extravasate into the meninges after SAH. (A) Neutrophils (CD11B+Ly6G+) are 

found in the meninges of both sham and SAH mice. Representative flow cytometry plots of neutrophils 1 

and 3 days post SAH/Sham (left).   Although the CD11B+Ly6G+ population showed no significant 

difference between sham and SAH groups at each time point, more neutrophils were observed in the 
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meninges 3 days after surgery when compared to the naïve and 1 day groups (Two way ANOVA: % of 

CD11B population p<0.001; F(1,15)= 46.95; number of Ly6G+ cell p<0.001 F(1,27)= 27.81). (B) 

Confocal micrographs showing the presence of neutrophils (red; NT 7/4) in two locations within the 

meninges, around the vasculature of the transverse sinus and in the meningeal parenchyma. One day after 

surgery, in both sham and SAH mice, the majority of neutrophils are located in or around the transverse 

sinus.  3 days after surgery, neutrophils remain in the proximity of the transverse sinus in both groups, but 

significantly more cellular infiltration is observed in the parenchyma of the meninges of the SAH mouse 

when compared to the sham (quantified in C). Scale bar = 50 µm. (D) 3 days after SAH, anti-CD45 

antibody administered intravenously 30 minutes prior to tissue fixation reveals continuing infiltration of 

peripheral neutrophils (white arrows) into the meninges after the hemorrhage suggesting continued 

recruitment of neutrophils after the initial insult, n=3. 

 

Figure 2: Myeloperoxidase KO (MPO KO) mice do not develop memory deficits after SAH.  (A) 

Escape latency of mice lacking functional elastase, NADPH oxidase, and myeloperoxidase (MPO) were 

tested for 7 days starting on the 3rd day after surgery in the Barnes Maze spatial memory task. Of the three 

transgenic mice characterized, only MPO deficient (MPO KO) mice do not develop the delayed deficits 

associated with the task after SAH (boxed area). We therefore characterized the MPO KO mouse further. 

(B) Neutrophils are observed in the meninges of both sham and SAH MPO KO mice (Student’s t-test; 

p<0.05) (C) Unlike the WT mouse (shown from figure 1B), very few neutrophils are found in the 

meningeal parenchyma of the MPO KO mouse 3 days after surgery. Quantification shows that the number 

of neutrophils observed in the meninges is the same between the MPO KO sham and SAH mice 3 days 

after surgery. Scale bar = 50 µm. 

 

Figure 3: Myeloperoxidase null mouse lacks vasospasm in the middle cerebral artery after 

subarachnoid hemorrhage (SAH). (A) (Left) Example of site of measurements for the determination of 

vasospasm (left).  MCA= middle cerebral artery, ACA= anterior cerebral artery, PCom= posterior 
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cerebral artery. Red arrow points to measurement point.  (Right) Representative micrographs of middle 

cerebral artery segments of WT and MPO KO mice at the time of peak vasospasm (6 days after SAH) 

showing constriction of the MCA in SAH (red arrow) but not in sham or SAH in MPO KO mice. Scale 

bar = 500µm. White lines denote location of vessel walls without constriction. (B) WT mice show a 

significant decrease in vessel diameter 6 days after SAH (Student’s t-test; p=0.038).  No significant 

change in vessel diameter was observed in the MPO KO mice.  

 

Figure 4: Biologically active MPO recapitulates delayed cognitive deficits in the MPO KO mouse 

after SAH. Biologically active MPO and H2O2 were injected into the CSF at the time of hemorrhage in 

the MPO KO mouse.  On Barnes maze test: (A) As previously shown, MPO KO mice did not develop 

delayed cognitive deficits after SAH. (B and C) Neither the introduction of exogenous MPO alone nor 

H2O2 alone in the cerebrospinal fluid (CSF) of the MPO KO mouse during SAH was sufficient to 

significantly affect the latency to find the goal box.  (D) The addition of MPO and H2O2 together does 

recapitulate the late cognitive deficit observed in the wildtype mouse. (E) A focused analysis on day 8 

after surgery shows a significant increase in latency to escape between the MPO KO sham and the MPO 

KO mouse with MPO and H2O2 (Student’s t-test; p=0.028). Biologically active MPO and H2O2 are 

injected into the CSF at of the sham WT mouse at the time of surgery. (F-H) The addition of MPO, H2O2, 

MPO and H2O2 to the CSF of the wildtype (B6) sham mice does not lead to delayed cognitive deficits. 

 

Figure 5: Iba1+ myeloid cells (microglia and tissue macrophages) in the CA1 region of the 

hippocampus do not appear activated after SAH in both WT and MPO KO mice. (A) Representative 

confocal micrographs depicting the morphology and density of Iba1+ cells (green) in sham and SAH mice 

3- and 6-days post-surgery. Scale bar = 50 µm.  (B) Scholl analysis of the activation status of Iba1+ cells 

(cells have fewer processes when more activated) of both sham and SAH mice. 3 days after surgery, 

similar number of processes was observed on Iba1+ cells of the B6 SAH and sham mice (Two-way 

ANOVA; p=0.119). By day 6, there is more ramification of the SAH mice suggesting the Iba1+ cells are 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/


 

 32 

less activated (Two-way ANOVA; p=0.004). In the MPO KO mice, SAH leads to a trend towards fewer 

ramifications (p=0.058).   There were no changes in the number of processes observed in MPO KO 

mouse 6 days after SAH when compared to the MPO KO sham group (Two-way ANOVA; p=0.897). 

 

Figure 6: Dynamic changes in astrocytes cytoskeletal protein expression in the wildtype after SAH 

is absent in the MPO KO mouse. (A, E) Representative confocal micrographs of GFAP (red) and 

Vimentin (green) expressing astrocytes in the CA1 subregion of the hippocampus 3- and 6-days post-

surgery. Scale bar= 50µm. (B) 3 days after surgery, a significant decrease in GFAP intensity was 

observed in the SAH WT mouse (Student’s t-test; p=0.047). No changes were observed in GFAP 

intensity in the MPO KO mouse. (C) SAH had no effect on the number of astrocytes at this time point. 

(D) There was a significantly increased colocalization of GFAP and vimentin in the wildtype mouse 

(Student’s t-test; p=0.005).  No change was observed in the colocalization of the two proteins in the MPO 

KO mouse after SAH. (F, G) Six days after surgery, both the number of GFAP+ cells and GFAP intensity 

were significantly decreased in the wildtype mouse after SAH (Student’s t-test; p=0.004 and p=0.006 

respectively). (H) No changes were observed in the colocalization of GFAP and vimentin at this time 

point in either group.  

 

Supplementary figure legends 

Supplemental figure 1: Immunological characterization of the CNS compartment of the naïve 

wildtype and MPO KO mouse. (A) The naïve MPO KO mouse (n=5) contains more immune cells in 

both the meninges and brain parenchyma when compared to the wildtype mouse (n=5). Specifically, 

significantly more microglia were found in the brain of the MPO KO mouse.  (B) More immune cells, 

specifically monocytes, are present in the brain of the naïve MPO KO mouse than that of the wildtype. 

(C) In the meninges, the number of monocytes and neutrophils is considerably lower in the MPO KO 

brain when compared to the wildtype control brain. (D) To determine whether behavioral baseline 
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differed across the two genotypes both Barnes maze and rotarod tasks were performed. At baseline, both 

genotypes performed similarly on the rotarod task. However, the MPO KO naïve mouse takes longer to 

enter the escape hole in the Barnes maze task.   

 

Supplemental figure 2: SAH does not affect the level of lipid peroxidation in the CA1 subregion of 

the hippocampus.  (A) Representative confocal micrographs of 4-HNE (lipid peroxidation) in the CA1 

region after surgery. (B) No significant difference (One -way ANOVA; p<0.05) was observed in the 

expression of 4-HNE in the CA1 region of the wildtype and MPO KO mouse 3 days after SAH. 

 

Supplemental figure 3: Addition of biologically active MPO to the CSF of mice has no effect on 

mice exploratory behavior. (A, B) The injection of MPO to the CSF of both wildtype and MPO KO 

mice does not impede the ability to explore a novel environment.  (C, D) Nor does it affect the animal 

curiosity towards a novel object.  There is a trend that MPO mice administered MPO enzyme regard the 

novel object less often than MPO mice without MPO added. 

 

Supplemental figure 4: Morphology of naïve iba1 positive cells in the hippocampus. (A) 

Representative confocal micrograph of Iba1+ cells in the hippocampus. Scale bar = 100 µm. (B) gray 

scale image is a representative image of the morphology of an Iba1+ cells in the hippocampus. Graph 

represents the average number of ramifications found on an Iba1+ cells. Each point represents the average 

counts from 3 different mice. In each mouse, 3-6 individual cells were randomly chosen and analyzed.  

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/


.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/


.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/


.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/


.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/


.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/


.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 3, 2019. ; https://doi.org/10.1101/627638doi: bioRxiv preprint 

https://doi.org/10.1101/627638
http://creativecommons.org/licenses/by-nd/4.0/

