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Abstract

Background and Purpose: Aneurysmal subarachnoid hemorrhage (SAH) is associated with 

the development of delayed cognitive deficits. Neutrophil infiltration into the central nervous 

system (CNS) is linked to the development of these deficits after SAH. It is however unclear how 

neutrophil activity influences CNS function in SAH. The present project aims to elucidate which 

neutrophil factors mediate CNS injury and cognitive deficits after SAH.

Methods: Using a murine model of SAH and mice deficient in neutrophil effector functions, we 

determined which neutrophil effector function is critical to the development of deficits after SAH. 

In vivo and in vitro techniques were used to investigate possible pathways of neutrophils effect 

after SAH.

Results: Our results show that mice lacking functional myeloperoxidase (MPO), a neutrophil 

enzyme, lack both the meningeal neutrophil infiltration (WT, sham 872 cells/meninges vs. SAH 

3047, p=0.023; MPOKO, sham 1677 vs. SAH 1636, p=NS) and erase the cognitive deficits 

on Barnes maze associated with SAH (MPOKO sham vs. SAH, p=NS). The re-introduction of 

biologically active MPO, and its substrate hydrogen peroxide (H2O2), to the cerebrospinal fluid 

of MPOKO mice at the time of hemorrhage restores the spatial memory deficit observed after 

SAH (time to goal box MPOKO sham vs. MPOKO+MPO/H2O2, p=0.001). We find evidence of 

changes in neurons, astrocytes and microglia with MPO/H2O2 suggesting the effect of MPO may 

have complex interactions with many cell types. Neurons exposed to MPO/H2O2 show decreased 

calcium activity at baseline and after stimulation with potassium chloride. Although astrocytes and 
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microglia are affected, changes seen in astrocytes are most consistent with inflammatory changes 

that likely affect neurons.

Conclusions: These results implicate MPO as a mediator of neuronal dysfunction in SAH 

through its effect on both neurons and glia. These results show that, in SAH, the activity of innate 

immune cells in the meninges modulates the activity and function of the underlying brain tissue.

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is an important cause of long-term disability, 

although the major cause of disability is not physical weakness, but cognitive dysfunction. 

Cognitive dysfunction is attributed to the syndrome of Delayed Cerebral Injury (DCI, that 

is associated with cerebral vasospasm) 1, 2. Although cerebral vasospasm is less often seen 

in patients with other forms of SAH (non-aneurysmal or venous), the existing data suggests 

there are cognitive deficits associated with these syndromes 3,4. The major obstacle to 

developing treatments is a poor understanding of the pathophysiology that leads to impaired 

cognitive function. Our laboratory has shown that peripheral neutrophil infiltration leads to 

the development of DCI and cognitive deficits in a murine model of SAH due to loss of late 

long-term potentiation (L-LTP) in hippocampal neurons 5, 6.

Neutrophils are pathological in a multitude of neurological disorders. Adherence to cerebral 

capillary beds is linked to cognitive decline in a mouse model of Alzheimer’s disease 7, and 

increased infiltration in the brain in a model of ischemic stroke coincides with increased 

neuronal loss 8. However, the cellular and molecular mechanism of their impact in the CNS 

is poorly understood.

Neutrophils have a limited but potent set of effector functions that are implicated in 

neurological injuries. These effector functions include enzymes that catalyze the production 

of reactive oxygen and nitrogen species, and the degradation of extracellular matrix proteins 
9, 10. A number of these enzymes have been linked to brain pathology after injury. For 

example, myeloperoxidase (MPO) and elastase (both predominantly neutrophil granule 

enzymes) increase oxidative stress in the brain after cerebral ischemia 8, 11. Modulation 

of myeloperoxidase activity after stroke leads to better behavioral outcomes 11. Limb remote 

ischemic postconditioning improves stroke outcomes by decreasing the activity of NADPH 

oxidase and MPO in peripheral neutrophils 12.

Study of brain inflammatory pathology in most non-infectious conditions is limited due to 

the superimposed necrosis that causes direct brain damage leading to peripheral immune 

cells invasion, thereby mixing the neuroinflammatory response and the necrosis-driven 

inflammatory invasion. The validated, low-pressure, venous murine model of SAH is useful 

to study the effect of inflammation on brain physiology because the direct injury occurs 

outside the brain parenchyma. In addition, this murine model recapitulates human DCI 13-15, 

and has a quantifiable readout of brain injury 16.

In this project, we explore how peripheral innate immune cells affect neuronal function 

after SAH. We hypothesize that neutrophil effector molecules are the driver of neutrophil­

mediated delayed cognitive deficits in our model of SAH.
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Materials and Methods

Experiments were done with the approval of the University of Virginia Animal Care 

and Use Committee and done in accordance to ARRIVE criteria. All experiments had 

randomized treatment allocations and the data evaluators were blinded to treatment 

allocation. Littermates were used in all experiments. Where more than one experiment 

with littermates was combined with another, data were normalized to percent of control. 

Expanded methods can be found in the Data Supplement. The data that support the findings 

of this study are available from the corresponding author upon reasonable request. 8-12 

weeks old male mice were used in all experiments. C57BL/6J (WT) and transgenic mice, 

on a C57BL/6 background, deficient in elastase (B6.129X1-Elane tm1sds: elastase KO), 

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

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

used as indicated in figure legends (The Jackson Laboratories, Bar Harbor, ME).

SAH

SAH and sham surgeries were performed as previously reported 16. Briefly, mice were 

anesthetized, and a conserved subarachnoid vein was punctured (bleeding allowed to stop on 

its own). For the sham, the subarachnoid space was entered but the vein was not punctured.

Treatments

0.8 μg of intracisternal MPO (ab91116; Abcam, Cambridge, MA, US), H2O2 (0.0012%), or 

MPO with H2O2 was injected at the time of surgery in MPOKO mice in the setting of SAH. 

3 μg of anti-CD45-FITC antibody (Thermofisher, Waltham, MA, US) was injected I.V. 30 

min prior to euthanasia. Meninges were stained with the anti-neutrophil antibody 7/4-FITC 

(Abcam, Cambridge, MA, US; 1:100), and imaged using an Olympus FV1200 confocal 

microscope (Fluoview software).

Flow cytometry

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

MPOKO mice. The meninges and brains were collected and processed as previously 

described 17, 18. Samples were analyzed using a Gallios cytometer (Beckman Coulter, Brea, 

CA, US), and FlowJo software (FlowJo, LLC, Ashland, OR).

Immunohistochemistry

Brain sections were stained with anti-CD68 (MCA1957GA, BioRad Laboratories, Hercules, 

CA, US), anti-CC1 (AB16794), anti-GFAP (AB4674), anti-neutrophil antibody 7/4-FITC 

(AB53453), and anti-vimentin (AB92547) (Abcam, Cambridge, MA, US), anti-Ki67-APC 

(50569882, Invitrogen, Carlsbad, CA, US), and anti-Iba1 (01919741, Wako Chemicals, 

Japan) antibodies overnight at room temperature. Meninges were stained with anti­

neutrophil antibody 7/4-FITC (AB53453, Abcam, Cambridge, MA, US).

In the brain, left and right CA1 regions of the hippocampus were imaged. ‘Coloc 2’ was 

used to co-localize GFAP and Vimentin. For meninges, whole mounts of the meninges were 

stained for neutrophils (NT 7/4; AB53457, Abcam, Cambridge, MA, US). All images were 
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obtained on the Olympus FV1200 confocal microscope with Fluoview software (Tokyo, 

Japan) and processed with ImageJ/Fiji (NIH, Bethesda, MD, US).

To quantify microglial activation, Sholl analysis was performed using brain sections labelled 

with anti-Iba1 to quantify the number of processes observed on selected cells using the 

protocol previously described 19. To determine the inflammatory state of microglia, brain 

sections were co-labeled with Iba1 and CD68.

Vasospasm

Evaluation of vasospasm has been previously reported 5. The arterial tree was labeled using 

the vascular dye Microfil (Flow Tech, Carver, MA) 6 days after SAH and the cross-sectional 

MCA diameter was measured. The percent constriction was calculated as a ratio of the 

smallest diameter 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.

Behavior analysis

Prior to surgery, mice were randomly assigned to treatment groups using a random number 

generator. In addition, treatment conditions were blinded to the person administering the 

behavioral test. Barnes Maze testing after SAH is previously described 5. Briefly, mice were 

habituated to the maze for 2 days before surgery. Testing started on day 3 post-surgery 

and continued for 7 consecutive days. All trials were recorded and analyzed using the 

tracking software Ethovision 13 (Noldus, Leesburg, VA, US). Mouse motor performance 

was analyzed using the rotarod test.

Primary cultures

Neuronal cultures were established using Thy1-GCaMP3 neonates as previously described 
20. Mature cultures were incubated with 0.8 ug MPO with or without H2O2 (0.0012%) or 

H2O2 alone. Cells were then stimulated with 10mM potassium chloride (KCl) solution 

and imaged/analyzed using a widefield Leica DM6000B microscope outfitted with a 

CCD camera (Wetzlar, Germany) and Imaris software (Bitplane, Concord, USA). Primary 

astrocyte cultures were established as previously described 21. Astrocyte cultures were 

exposed to MPO, MPO with H2O2, or H2O2 for 4 hours.

2-photon imaging of neuronal calcium activity

All imaging experiments were performed on an Olympus FVMPE-RS system equipped 

with sensitive GaAsP detectors and a resonant scanner (Tokyo, Japan). A cranial window 

was prepared on Thy1-GCaMP3 mice as previously described 22. To induce KCl-triggered 

spreading depolarization, 100 uL 1 M KCl was applied to the cortex and images were 

analyzed using Imaris software (Bitplane, Concord, USA).

Statistics

Graphpad Prism 8.1 (Graphpad, La Jolla, CA, US) software was used to analyze all the 

data obtained. Student’s t-test, Chi Square or analysis of variance (ANOVA) were used to 

determine significant differences between treatment groups (p< 0.05). Detailed statistical 

methods for each experiment are in the Data Supplement.
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Results

The neutrophil enzyme myeloperoxidase is critical to the development of cognitive deficits 
after SAH.

In our model of non-infectious brain injury, peripheral depletion of neutrophils impedes 

the development of spatial memory deficits after SAH 6. To determine whether neutrophil 

effector functions play a role in these deficits, mice deficient in the neutrophil effector 

proteins MPO, elastase and NADPH oxidase (that have been previously implicated in 

neuronal damage after ischemic stroke) 8, were tested. Both elastase and NADPH oxidase 

KO mice developed delayed spatial memory deficits after SAH (Figure 1A and 1B). On the 

other hand, the MPOKO mouse was protected against the development of delayed spatial 

memory deficits (Figure 1C), suggesting that neutrophil derived MPO is critical to the 

development of this syndrome.

An identifying hallmark of both murine and human SAH is the presence of delayed 

vasospasm in large cerebral vessels 23. In the MPOKO mouse, the diameter of the middle 

cerebral artery showed no spasm 6 days after SAH (Figure 1D).

The immune landscape and behavioral characteristics of MPOKO mice has not been 

described. Non-injured MPOKO mice have more CD45+ immune cells (monocytes and 

microglia) in the brain than WT, and fewer neutrophils in the meninges by flow cytometry 

(gating strategy Supplemental Figure I, data Supplemental Figure II A). Behaviorally, the 

mice have impaired spatial memory compared to WT but no impairment of motor function 

or coordination by rotarod test (Supplemental Figure II B, C) suggesting that improvements 

in cognition after SAH were not due to baseline strain differences.

To determine whether the loss of MPO activity leads specifically to improved cognitive 

function, biologically active MPO was added to the CSF of MPOKO mice at the time 

of the hemorrhage. The addition of MPO and its substrate H2O2 to the MPOKO mouse 

recapitulates the spatial memory deficits previously present in our model (Figure 1E). The 

addition of MPO alone or hydrogen peroxide alone was not sufficient to cause deficits, 

suggesting that the peroxidase activity of the MPO enzyme is important for late cognitive 

deficits associated with SAH (data not shown).

Neutrophils infiltrate the meningeal parenchyma but not the brain after SAH.

To locate the site of action of MPO in the CNS, the meninges and brain parenchyma 

were analyzed for innate cell infiltration after SAH. Interestingly, few neutrophils enter the 

hippocampus in our model (Supplemental Figure III) and there is no evidence of increased 

reactive oxidative stress in the hippocampus of mice with SAH (Supplemental Figure IV) 

suggesting that damage from ROS release from neutrophils is unlikely.

In the meninges, neutrophils account for approximately half of CD11b+ cells in the 

meninges and there was a trend toward increased numbers in SAH compared to Sham 

(Figure 2A). Due to the limitations in flow cytometry of liberated cells from fibrous tissue, 

we explored immunohistochemistry of whole mounted meninges. Using this method, we 

found that Iba1+ cells, that include monocytes and macrophages, which in some tissues store 
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and release MPO; in our model, did not show MPO staining suggesting that MPO in the 

meninges derives from neutrophils (Figure 2A) 24, 25.

Further investigation showed that neutrophils are found in the venous sinuses as well 

as the meningeal parenchyma, and that there was a significant increase in the number 

of neutrophils in the SAH mouse 3 days after hemorrhage (Figure 2B). Further 

characterization, using intravenous CD45 injection, showed that this increase is due to active 

infiltration of neutrophils into the meninges after SAH (Figure 2C).

Conversely, MPOKO mice showed no increase in neutrophils in the transverse sinus or 

meninges after SAH (Figure 2B). The lack of increased neutrophils in the meningeal 

venous sinuses of the MPOKO mice (Figure 2B) suggests that MPO may be important 

in recruitment and extravasation of neutrophils to the meninges. This is consistent with 

previous reports that show that the loss of functional MPO affects both neutrophil migration 

and production of key cytokines by neutrophils 26, 27.

MPO affects Neurons, Astrocytes, Microglia, and Oligodendrocytes

How MPO affects memory function is still unknown. We approached this question by 

determining what brain parenchymal cells are affected by MPO. We investigated the most 

common brain parenchymal cells: neurons, astrocytes, microglia and oligodendrocytes.

To investigate MPO effect on neurons, primary neuronal cultures were generated using 

WT and Thy1GCaMP3 mice. Cultures generated by the WT were used to determine the 

effect of MPO and H2O2 on neuronal viability. No differences in neuronal viability without 

stimulation were observed in cultures exposed to escalating doses of MPO and H2O2 up 

to the final experimental dose (Supplemental Figure V). Using calcium signaling in the 

cultures generated by Thy1GCaMP3 as an indicator of activity, we characterized neuronal 

activity after administration of MPO, H2O2, or MPO+H2O2 and potassium chloride (KCL) 

stimulation. Primary neurons incubated for 2.5 hours with MPO, H2O2, or MPO+H2O2 were 

stimulated with 10mM KCl solution. Neurons incubated with MPO or MPO+H2O2 show an 

attenuated response to KCl, further supporting the hypothesis that MPO dampens neuronal 

responses to stimulation. The addition of MPO without its substrate has no effect on 

neuronal activity, but H2O2 alone leads to depressed activity and cell death with stimulation 

(Figs. 3A left and center).

Because the in vitro system does not fully mimic in vivo conditions, KCl-induced cortical 

spreading depolarizations (CSD) were tested to determine if MPO alters neuronal response 

to stimuli in the live animal. Using 2-photon microscopy of calcium signaling as a measure 

of neuronal activity, we determined the peak signal during CSD and the subsequent signal 

depression in the presence of MPO. We compared this change to the CSD induced signal 

and depression in the SAH mouse. Of note, because the highest level of neutrophil 

infiltration occurs 3 days after SAH in our model, our analysis of CSD was focused to 

this time point in the SAH mouse.

Under all treatment conditions, MPO or SAH, neuronal depolarization (i.e. increase in 

calcium signal) and depression (decrease in calcium signal) were detected within minutes of 
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KCl administration (Figure 3A right). Analysis of the maximum signal intensity (baseline - 

peak) showed no difference between groups, suggesting that MPO and SAH do not affect 

the depolarization potential of neurons. Analysis of depression (baseline – minimal signal) 

showed that both MPO administration and SAH leads to less depression in the neurons 

compared to controls (Figure 3A right). We interpret these changes to suggest that there are 

resting state abnormalities in neurons due to SAH and MPO that are consistent with our 

previous findings in hippocampal neurons.

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

of GFAP and vimentin (Figure 3B and Supplemental Figure VI). There were no differences 

between sham WT and MPO groups. At day 3, in WT mice, although no changes were 

observed in the number of GFAP+ astrocytes after SAH (Supplemental Figure VI B), GFAP 

intensity was significantly decreased in the CA1 region (Figure 3B left). Furthermore, GFAP 

and Vimentin colocalized in more astrocytes 3 days after SAH than in sham (Supplemental 

Figure VI C), suggesting increased activation of these cells 28. At day 6, both GFAP+ 

cell number and intensity were significantly decreased (Figure 3B right and Supplemental 

Figure VI E) with no change in the colocalization of GFAP and vimentin (Supplemental 

Figure VI F). Thus, in WT SAH there is astrocyte loss (decreased astrocytes at day 6) with 

increased concomitant vimentin/GFAP colocalized astrocytes at day 3. In MPOKO mice, 

early decrease in GFAP, astrocyte loss, and increased in colocalization of Vimentin and 

GFAP were prevented (Figure 3B right and Supplemental Figure VI C and E).

The in vivo data suggest MPO can affect astrocyte function within the brain. To corroborate 

this finding, primary astrocyte cultures were stimulated with MPO, H2O2, or MPO+H2O2 

for 4 hours. After which, cell morphology and survival were assessed. Consistent with the 

in vivo experiment that shows that SAH leads to astrocyte death, exposure of cultured 

astrocytes to MPO and MPO+H2O2 led to significant cell death in culture as well 

(Supplemental Figure VI G).

Microglia morphology was characterized using Iba1 expression in the hippocampus with 

the understanding that infiltrating macrophages will also express Iba1. No changes were 

observed in the number of Iba1+ cells or their fluorescent intensity in the CA1 region 

of the WT and MPOKO mouse at either day 3 (Figure 3C) or 6 (data not shown) after 

SAH. To determine whether the activation phenotype of these cells was affected after SAH, 

the number of cell processes was quantified using a modified Scholl analysis. In the WT 

mouse hippocampus, no changes were observed in microglia ramification after SAH at 

day 3. Six days after injury, the number of processes detectable in both SAH and sham 

mouse decreased, but more in the sham than SAH (Figure 3C center). In the MPOKO 

mouse, at day 3 after SAH, the microglia lost the ramified morphology observed in the 

sham mouse. This change reverted to control levels 6 days after SAH (data not shown). To 

investigate if the decreased ramifications at day 3 are due to an activated state, we tested 

CD68 expression. SAH did not affect the number of Iba1+ cells expressing CD68 in the 

CA1 region of the hippocampus at day 3 after SAH. These results suggest that microglial 

de-ramified morphology in the absence of increased CD68 expression is not associated with 

worse behavioral outcomes (since MPOKO mouse SAH has improved behavioral outcome).
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Oligodendrocytes have been shown to be highly sensitive to homeostatic changes within the 

brain but are less associated with inflammation 29. We characterized the number of CC1+ 

oligodendrocytes in the CA1 region of the hippocampus at both 3 and 6 days after SAH 

(Supplemental Figure VII). Three days after SAH, there is a small but significant increase 

in the number of oligodendrocytes. This increase however subsides to control values 6 days 

after injury. These changes appear unlikely to affect behavioral abnormalities seen after 

SAH.

Discussion

Recent reports have implicated peripheral and meningeal immune cells in the modulation 

of CNS function. Meningeal immune cells modulate output of higher order neurons as 

demonstrated in animal models of spatial learning, autism spectrum disorders, sickness 

behavior, and depression 30, 31. A recent hypothesis has designated the meninges as a tertiary 

lymphoid organ 32, especially in autoimmune disease like multiple sclerosis, suggesting 

the meninges can become an organized immunological tissue under highly inflammatory 

conditions.

The results of the present project provide evidence that immune activity in the meningeal 

compartment affects functions of the underlying brain during SAH through the action of 

its enzyme MPO. After SAH, neuronal activity is impaired as evidenced by behavioral 

and electrophysiological abnormalities 5, 6. In addition, glia subtypes undergo physiological 

changes: there is astrocytes loss in the brain, morphological changes are observed in the 

microglia, and there is a transient increase in the oligodendrocyte population. Our lab has 

previously shown that neutrophil depletion prior to and three days after SAH improves 

behavioral performance and obviates loss of late long-term potentiation (L-LTP) in the 

hippocampus 5, 6. The results of the current experiments show that removal of MPO, a 

neutrophil enzyme, improves the behavioral and electrophysiological deficits as well, but 

that these improvements can be abolished by introduction of MPO and H2O2. Importantly, 

neutrophils are found in the meninges but not the brain parenchyma after SAH suggesting 

that the effect of MPO derives from changes in the meninges.

Two important issues present themselves: 1) could MPO come from other sources such as 

monocytes or activated macrophages, and 2) where do neutrophils in the meninges come 

from. Our data shows that there are few MPO containing cells in the hippocampus and 

meningeal MPO cells are predominantly neutrophils, not monocytes and macrophages. As 

for where the neutrophils come from, neutrophils numbers are increased in the meninges 

over the first three days after hemorrhage. We have previously shown that this is associated 

with RORγT activation, the driver for IL-17 production 33. In this study, we were able to 

“tag” neutrophils in the bloodstream with a CD45 antibody and show extravasation into the 

meninges suggesting that a proportion of neutrophils come from the blood pool, as opposed 

to direct transit from the skull bone marrow or expansion from resident cells 34. Further 

studies are needed to fully explore this phenomenon.

How MPO affects neuronal function has not been elucidated but there are two likely 

mechanisms: direct effect on neurons, and/or through an intermediate cell type such as glia. 
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Here, in in vitro experiments, we show that MPO and MPO+ H2O2 significantly decrease 

neuronal activity. Furthermore, in in vivo experiments using 2-photon microscopy, MPO, 

like SAH, decreases neuronal depression after cortical spreading depolarizations.

There are a number of reasons to doubt that MPO’s direct action on neuron in SAH is the 

primary driver of dysfunction: 1) neutrophils infiltrate into the meninges but not the brain, 

2) it is unclear how MPO could be transported to hippocampal neurons, and 3) a mechanism 

to cause neuronal dysfunction is unclear. MPO’s main enzymatic activity is the production 

of the ROS hypochlorous acid (HOCl) and peroxynitrite 35. ROS have been implicated in 

neuronal dysfunction and degeneration in a multitude of models and possibly accounts for 

the dysfunction seen in the in vitro experiments 36. In our model, there was no evidence of 

increased ROS in the hippocampus. Because MPO has no identified cell surface receptor, 

and MPO appears to need the action of its substrate to be effective, receptor mediated action 

of MPO on neurons is less likely.

Therefore, we investigated the effect of MPO on glial cells that could lead to neuronal 

dysfunction. WT mice show a significant loss of astrocytes in the hippocampus six days 

after SAH. This decrease is preceded by a significant decrease in GFAP coverage in 

the hippocampus after SAH. Furthermore, the GFAP decrease coincides with an increase 

in vimentin expression. Vimentin/GFAP co-expression in astrocytes occurs in precursor/

immature astrocytes that have an inflammatory phenotype 37. As such, the increased 

vimentin co-expression may indicate an increase in proliferation or activation of astrocytes. 

These changes are absent in the MPOKO mouse, suggesting that neutrophil activity in the 

meninges affects astrocytes in the cortex in the right direction (inflammatory) and the right 

time to affect neuronal function.

Conversely, microglia show differences less consistent with their direct role. 

Characterization of microglia, using Iba1 and CD68 expression, helps define inflammatory 

states after SAH. The most impressive change in microglial morphology, a less ramified 

state, occurs in MPOKO mice with SAH at day 3. Analysis of CD68 co-expression in 

Iba1+ cells at the same time point suggests a non-inflammatory state. These supposedly 

conflicting data suggests that our understanding of microglial activation and function based 

on morphology is still incomplete 38, 39. Despite the morphology, the data supports that 

microglia activation after SAH is not likely a cause of behavioral dysfunction. It is possible 

that these morphological changes suggest different microglial physiology that could affect 

neuronal function in ways not classically associated with inflammation.

A small, significant but transient increase is observed in the oligodendrocyte population 

after SAH. This increase occurs 3 days after SAH and subsides to control values by day 6. 

It is possible that the stress of the early brain injury, including infiltration of monocytes 

or the breakdown of blood product in the meninges led to the changes observed in 

oligodendrocytes. These small changes appear to make oligodendrocytes less likely to be 

a good target for future study.

Although the results of this study further clarify the role of meningeal immunity in 

brain function, we recognize that the study has some limitations. First, the model used 
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in this study to develop SAH is unconventional. Since there are few rodent models of 

SAH that involve the spontaneous rupture of a cerebral aneurysm, most models infer 

pathophysiology from a non-real-world hemorrhages. The hemorrhage in this model is 

developed by transection of a vein in the subarachnoid space. This model recapitulates both 

cerebral vasospasm and delayed cerebral injury seen in aneurysmal SAH 16,5,40. It has the 

added benefit of not causing significant early injury from high pressure bleeding allowing 

the discrimination of effects from the initial pressure from blood in the subarachnoid space. 

Because arterial blood has been proposed as one of the instigators of DCI and vasospasm, 

it suggests that either the effects of arterial blood are less important or that mice are more 

susceptible to DCI than patients.

Second, tools to eliminate neutrophils from the CNS alone are not available. As such, it 

is not currently possible to determine if depletion of neutrophils from the meninges of 

the WT mice after SAH is enough to mitigate cognitive deficits. In addition, this study 

identifies potential cellular actors of SAH in the brain parenchyma. However, it appears 

that the action of MPO has effects on a number of cells, making a single target for 

investigation/intervention unlikely. It is still left to be determined which changes/interactions 

are important to the onset of memory deficits. In addition, although we have shown that 

MPO can directly affect neurons and glia, the question of MPO access to the cells, the 

effects of ROS byproducts, and the lack of a known direct receptor mechanism for MPO to 

affect these cells are all left to be elucidated.

Neutrophils are the main source of myeloperoxidase. However, immature monocytes and 

microglia have been shown to express the enzyme at low levels 41. As such, the increased 

number of microglia and monocytes observed in the brain and meninges of the MPOKO 

mouse would suggest that MPO may play a modulatory role in the activity or proliferation 

of these cells. Indeed, it is well established that MPO is important for the migration and 

extravasation of neutrophils 27. Furthermore, neutrophil derived cytokines play a critical role 

in the infiltration and activity of other innate and adaptive immune cells. Therefore, it is 

possible that the lack of neutrophils in the meninges of the MPOKO mouse significantly 

affects how inflamed the meninges become in response to SAH. Although neutrophils are 

critical for the secondary injury and deficits associated with SAH, an understanding of the 

role of other immune cells, like monocytes, in the central nervous system, may add to the 

picture of inflammation after SAH.

Conclusions

This work provides evidence that activity of neutrophils outside the brain can modulate 

neuronal function during injury, and particularly that MPO is critical to the behavioral 

changes observed in SAH mice. A working hypothesis derived from the data is that 

after SAH, neutrophils degranulate in the subarachnoid space, leading to activation of 

glial elements in the subpial brain region in proximity to the brain-CSF interface. Glial 

dysfunction and possibly cell death lead to neuronal dysfunction. Furthermore, MPO 

dampens neuronal depolarization, thereby dysregulating cortical to subcortical circuit 

activity. Although other mechanisms are likely at play, we propose that this dysregulation 
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is a good candidate for study as a critical factor in the development of cognitive deficits 

associated with SAH.
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Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

SAH subarachnoid hemorrhage

DCI Delayed cerebral injury or cerebral vasospasm

MPOKO myeloperoxidase knockout

H2O2 hydrogen peroxide

CSF cerebrospinal fluid

NADPH nicotinamide adenine dinucleotide phosphate

IL6 interleukin 6

CXCL1 chemokine (C-X-C motif) ligand 1

MIP1α macrophage inflammatory protein 1 alpha

KCl potassium chloride

CSD cortical spreading depolarization

Iba1 ionized calcium binding adaptor molecule 1

GFAP glial fibrillary acidic protein

LTP long-term potentiation

NMDAR n-methyl-d-aspartate receptor

ROS reactive oxygen species

HOCl hypochlorous acid
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Figure 1: Myeloperoxidase is critical to the development of delayed cognitive deficits after SAH.
Barnes maze memory task was used to determine the effect of neutrophil effector function 

after SAH. 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 memory task (A-C). Mice lacking functional elastase (A) or NADPH 

oxidase (B) developed memory deficits after SAH. Conversely, MPOKO mice did not 

develop delayed deficits after SAH (C; boxed area). MPOKO mice lack vasospasm in the 

middle cerebral artery (MCA) after SAH (D). The left panel denotes the region of MCA 

analyzed for vasospasm (pink arrow). WT mice showed a significant decrease in vessel 

diameter 6 days after SAH (Student t-test: p=0.038), but no significant change in vessel 

diameter was observed in MPOKO mice after SAH. To confirm the direct involvement of 

MPO as the driver of this improvement, biologically active MPO and H2O2 was injected 

into the CSF at the time of SAH in the MPOKO mouse. MPOKO mice did not develop 

delayed cognitive deficits after Sham (blue) or SAH (black) in the Barnes Maze memory 

task. The addition of exogenous MPO and H2O2 (red) in the cerebrospinal fluid (CSF) of the 

MPOKO mouse during SAH re-elicited the impaired longer latencies reported previously in 

our model (One way ANOVA p=0.001) (E, left). A focused analysis on day 8 after surgery 

showed a significant difference between all three groups (One-way ANOVA, p=0.035) and a 
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specific increase in latency between the MPOKO sham and the MPOKO mouse with MPO + 

H2O2 (Student t-test: p=0.028) (E, right). Representations of experiments were created with 

BioRender.
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Figure 2: Neutrophils actively infiltrate the meningeal parenchyma after SAH.
A) Flow cytometry of digested meninges showed greater numbers of neutrophils than 

inflammatory monocytes (CD45+/CD11b+/Ly6Chi). There was a trend toward increased 

neutrophils, but not monocytes, after SAH (left panel). Whole mounted meninges showed 

that cells that store MPO do not co-localize with Iba1+ cells (monocytes/macrophages) 

suggesting only neutrophils store MPO in the meninges in this model (right panel). B) 

In whole mounted meninges, neutrophils (anti-7/4) were observed both in the meningeal 

parenchyma and venous sinuses of sham and SAH groups of the WT and MPOKO mice. 

The number of neutrophils within the meninges and in the sinuses increased significantly 

3 days after SAH in WT but not MPOKO mice. C) Intravenous injection of fluorescein 

tagged CD45 (CD45-FITC) showed that the increased infiltration is attributed to the active 
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recruitment of neutrophils from the periphery. Arrows represent NT 7/4 labelled cells that 

are co-labeled with CD45 (scale bar = 50 μm).
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Figure 3: The enzymatic activity of MPO modulates brain parenchymal cell activity.
(A) Primary neuronal cultures obtained from Thy1-GCaMP3 mice. MPO alone had no effect 

on neuronal activity, while H2O2 decreases activity by more than 75%, and MPO + H2O2 

decreased activity by 50% (left). The addition of MPO or MPO and H2O2 led to minimal 

to no neuronal death in cultures while the addition of H2O2 alone led to significant cell 

death (center). In vivo, 2-photon microscopy showed that SAH and the addition of MPO 

significantly affected the depth of signal depression observed in cortical neurons (right). (B) 
Representative confocal micrographs of astrocytes detected by GFAP (red) and Vimentin 

(green) in the CA1 subregion of the hippocampus 3 and 6 days (right) after SAH show 

that GFAP intensity is significantly decreased (p=0.047) in the CA1 region of the WT 

mouse but not in MPOKO mouse (center). 6 days after surgery, both GFAP intensity was 

significantly decreased (p=0.004) (right). No changes were observed in the MPOKO mouse 

at either time point (scale bar= 50μm). (C) Representative images of the morphology and 

density of Iba1+ myeloid cells in the CA1 region of the hippocampus (green) in sham 

and SAH mice 3 days post-surgery in WT and MPOKO mice (scale bar = 50 μm) (left). 

Scholl analysis shows Iba1+ cells have fewer processes (more activated) in MPOKO SAH 

mice (n=4) compared to WT and Sham MPOKO (p<0.001) (center). Representative images 

depicting the co-expression of CD68 and Iba1+ in the hippocampus after SAH. There was no 

significant change in the percentage of Iba1+ cells co-expressing CD68 in the hippocampus 

after SAH (right). Representations of experiments created with BioRender.
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