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Abstract

The role of inflammation in nervous system injury and disease is attracting increased attention.
Much of that research has focused on microglia in the central nervous system (CNS) and
macrophages in the peripheral nervous system (PNS). Much less attention has been paid to the
roles played by neutrophils. Neutrophils are part of the granulocyte subtype of myeloid cells.
These cells, like macrophages, originate and differentiate in the bone marrow from which they
enter the circulation. After tissue damage or infection, neutrophils are the first immune cells to
infiltrate into tissues and are directed there by specific chemokines, which act on chemokine
receptors on neutrophils. We have reviewed here the basic biology of these cells, including

their differentiation, the types of granules they contain, the chemokines that act on them, the
subpopulations of neutrophils that exist, and their functions. We also discuss tools available for
identification and further study of neutrophils. We then turn to a review of what is known about
the role of neutrophils in CNS and PNS diseases and injury, including stroke, Alzheimer’s disease,
multiple sclerosis, amyotrophic lateral sclerosis, spinal cord and traumatic brain injuries, CNS

and PNS axon regeneration, and neuropathic pain. While in the past studies have focused on
neutrophils deleterious effects, we will highlight new findings about their benefits. Studies on their
actions should lead to identification of ways to modify neutrophil effects to improve health.
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Introduction

Neutrophils, previously known as polymorphonuclear leukocytes or PMNSs, are the primary
immune cell found in the blood (approximately 70% of the cells in the blood in humans

and 30% in rodents; Burn et al., 2021). The father of innate immunity, Elie Metchnikoff,

did extensive research into phagocytosis and investigated specific phagocytic cells, which

he called macrophages and microphages. The latter became known as neutrophils, which
are granulocytes, a subtype of myeloid cells. Neutrophils are the smallest granulocytes (6—
15 pm in diameter) and have a polylobed nucleus (Amulic et al., 2012). They originate

and differentiate in the bone marrow and can be found in blood and in tissues, e.g.,

spleen, lungs, lymph nodes, and injured nervous tissue. They are involved in the innate
immune response, helping to eliminate bacteria and fungi from a site of infection. As first
responders, they follow chemokines, pathogen-associated molecular patterns (PAMPS), and
damage-associated molecular patterns (DAMPS) to areas of infection or injury (Herwald and
Egesten, 2016). They remove foreign organisms and facilitate healthy repair of host tissue
via five modes of action: degranulation, phagocytosis, neutrophil extracellular traps (NETS),
release of reactive oxygen and nitrogen species (ROS and RNS), and immunomodulation/
paracrine signaling (Burn et al., 2021). Normally, the inflammatory state resolves following
recovery, but if the inflammation becomes chronic, neutrophils can damage healthy tissues
(Pierson et al., 2018). While neutrophils have been identified since the beginning of the field
of immunology, they can be difficult to investigate. They differentiate in the bone marrow,
and any manipulation that would affect their progenitor cells would affect other cell types as
well, e.g., eosinophils and monocytes. It is important to note that the idea that neutrophils
have a short lifespan has been questioned recently (Koenderman et al., 2022). They are now
believed to live 4-5 days instead of 12-18 hours in humans (Koenderman et al., 2022; Manz
and Boettcher, 2014). New findings and ideas about neutrophil life span, tissue migration,
and sub-populations have changed our knowledge of them.

Less is known about the roles of neutrophils in the nervous system than is known for
macrophages/microglia. As macrophages and neutrophils are similar, with some similar
cellular processes and similar roles, they can easily be confused. Research in the last
twenty years has shown that neutrophils have a more significant role in neurological injury
and disease than previously thought. In the beginning, neutrophils were thought to be
primarily detrimental; however, recent experiments have shown some of their beneficial
effects. Most of this work has been done in the CNS, and determining their effects in the
PNS is a newer area of research. One of these effects that could have vast implications

for several neurodegenerative diseases is the role that neutrophils play in axon regeneration
after neural injury. In addition, neutrophils are thought to be responsible for the recruitment
or suppression of other immune cells and to secrete certain neurotrophic growth factors
and proteins e.g., oncomodulin (Kurimoto et al., 2013; Singh and Plemel, 2014). New
neutrophils subtypes are being identified in both the CNS and PNS, which have pro-
regenerative benefits, as we will discuss. Distinguishing between some of these cell types is
difficult. These findings have opened new avenues of research in neuroimmunology.

Neuroimmunology is the intersection of neuroscience and immunology. We will begin
by providing a concise review of neutrophil biology, since many neuroscientists do not
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have training in immunology. This review is written for general neuroscientists and
investigators new to the field. We begin with a review of the basic biology of neutrophils,
including their differentiation, granules formation, chemokines and chemokine receptors,
functions, subpopulations, and tools used to investigate them. In some of these sections,
we will highlight similarities to macrophages, which all future research should consider
when designing experiments. We then review the literature on their roles of neutrophils
in neurological diseases and injury, highlighting their beneficial roles and suggesting
interesting lines of research that could advance the field.

Neutrophil biology

There are four types of granulocytes: neutrophils, eosinophils, basophils, and mast cells,
which are involved in the innate and adaptive immune response (Rosales, 2020). Each is
characterized by having a multilobed nucleus and granules, but their nuclear shapes differ
from one another (Rosales, 2020). This means all of them could be described as PMNSs,

and the use of PMN to refer specifically to neutrophils can cause confusion. Basophils and
eosinophils help the host fight off parasites, and basophils and mast cells are involved in the
allergic response (Gibbs and Falcone, 2014; Klion et al., 2020). The latter release histamine
to induce an allergic response and inflammation. Neutrophils and eosinophils clear bacteria
and fungi (Ravin and Loy, 2015). The best way to identify and separate these cells is based
on their cellular markers: basophils are CD117~ and FcEpsilonR1*; mast cells are CD23™,
CD117*, and FcEpsilonR1*; and eosinophils are CD193*, Siglec-F*, and F4/80 medium,
Neutrophils are F4/80medium and Ly6G* and can be separated from monocytes which are
Ly6C*, F4/80~ and Ly6G~ and macrophages that are F4/80M3h CD68*, and Ibal*, as shown
in Fig. 1(Bochner, 2009; Horny et al., 2003; Park et al., 2014). All these immune cells
develop in the bone marrow.

Neutrophil differentiation

Over 100 billion neutrophils enter and exit the bloodstream every day in humans. To do this,
the bone marrow is constantly producing new neutrophils (Pruchniak et al., 2013). Complete
development of neutrophils from progenitors takes 14 days. This is such a vital process that
interruption or malfunction in neutrophil production causes neutropenia, which is a reduced
number of neutrophils and leads to an increased infection rate and an increase in the severity
of infection (Leiding, 2017). One protein involved in their production is granulocyte colony
stimulating factor (G-CSF). In mice lacking G-CSF, there is a 25% reduction in the number
of neutrophils present compared to that in wild type animals (Lieschke et al., 1994). Like

all leukocytes, neutrophils develop from hematopoietic stem cells. These stem cells become
neutrophils as the result of lineage-specific growth factors (Borregaard, 2010). Myeloblast
and promyelocytes develop into granulocytes and monocytes. Those cell that have a higher
expression of GRF interactive factor 1 (Gif-1) become granulocytes, and those that express
higher levels of PU.1 become monocytes (Fig. 2) (Hock et al., 2003; Karsunky et al., 2002;
Radomska et al., 1998; Zhang et al., 1997). Cells that will develop into neutrophils continue
to develop into myelocytes and metamyelocytes and decrease Gif-1 expression (Bjerregaard
et al., 2003; Hock et al., 2003; Karsunky et al., 2002; Morosetti et al., 1997; Radomska

et al., 1998; Yamanaka et al., 1997b, 1997a; Zhang et al., 1997). These cells develop near
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osteoblasts and bone marrow stromal cells, which produce CXCL12, while the developing
neutrophils express CXCR4, the corresponding chemokine receptor (Eash et al., 2010, 2009;
Hernandez et al., 2003). Band cells (i.e., immature neutrophils) and mature neutrophils

are identified as having increased expression of C/EBP, C, and & in the bone marrow,

and in circulation mature neutrophils can be identified as they have higher expression of
CD101 (Bjerregaard et al., 2003). While band cells are released from the bone marrow
during emergency granulopoiesis, they are typically found in the bone marrow (Amulic

et al., 2012). During emergency granulopoiesis, band cells finish maturing in the injured
tissue (Manz and Boettcher, 2014). Emergency granulopoiesis occurs during major injuries,
when a large number of immune cells are needed at once. When serum levels of G-CSF

are 100-fold greater than the normal state, the process of emergency granulopoiesis can be
activated, resulting in an increased number of neutrophils. While emergency granulopoiesis
may not play a role in all neurological conditions, it would be interesting to determine if it
plays a role in spinal cord injury (SCI) or traumatic brain injury (TBI).

2.2. Neutrophil granules

It is important to note that granule formation occurs during the development of the
neutrophil, with different granules forming at different points in development, as shown

in Fig. 2. Neutrophil granules are classically divided into three categories: primary
(azurophilic), secondary (specific), and tertiary (gelatinase), based on staining and

the presence of specific proteins important to neutrophil function (Borregaard, 2010).
Azurophilic granules contain myeloperoxidase (MPO), neutrophil elastase, proteinase 3, and
defensins, and they are the first granules to form during development. They can be labeled
by anti-CD63 (Faurschou and Borregaard, 2003; Lacy, 2005; Nusse and Lindau, 1988).
Secondary granules have lactoferrin but not MPO, form after the primary granules, and are
labeled by CD66b (Faurschou and Borregaard, 2003; Lacy, 2005). Tertiary granules are also
MPO negative but contain gelatinase and other metalloproteinases (MMP) e.g., MMP9.

2.3. Neutrophil chemokines

After maturation, neutrophil release from the bone marrow is dependent on the expression
of CXCR2 and CXCR4. CXCR2 stimulates their release, while CXCR4 stimulates retention.
G-CSF interferes with the CXCL12-CXCR4 interaction and stimulates CXCR2 expression
(Christopher et al., 2009; Eash et al., 2010). Injured tissues (e.g., endothelial cells, muscle
cells, nerve cells, fibroblasts, and Schwann cells), will produce the ligands for CXCR1
and CXCR2, (e.g., CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8)

to summon neutrophils (Ahuja et al., 1996; Ahuja and Murphy, 1996; Borregaard, 2010;
Clark-Lewis et al., 1995; Green et al., 1996; Jones et al., 1996; Katancik et al., 2000;
Kobayashi, 2008; Lowman et al., 1997; Nasser et al., 2009; Rajarathnam et al., 2006,
1997, 1994; Ravindran et al., 2013; Stillie et al., 2009; Wolf et al., 1998). A list of all
neutrophil chemokines and their receptors is presented in Table 1. Additional neutrophil
chemoattractive and activating agents produced by injured tissues are C5a, leukotriene B4,
G-CSF, interleukin 6 (IL-6), IL-18, and GM-CSF (Brennan et al., 2019; Kobayashi, 2008).
The roles of CXCL3, 5, 6, and 7 in neurological disorders is not known.
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It is important to note that other signaling molecules that attract neutrophils are PAMPs, and
DAMPs, although they are not neutrophil-specific (Gong et al., 2020; Herwald and Egesten,
2016). There are many receptors for DAMPs including high mobility group box 1 (HMGBI),
receptor for advanced glycation end products, and triggering receptors expressed on myeloid
cells (Amulic et al., 2012; Gong et al., 2020; Parker et al., 2005). Since DAMPs activate the
inflammatory response without infection from a pathogen, (i.e., in chronic inflammation or
autoimmune disease), they are often called sterile inflammatory markers. An in-depth review
of DAMPs is outside the scope of this article (see Gong et al. 2020 for an excellent review).
Distinguishing the initial signal that causes neutrophil accumulation is important. If DAMPSs
were the initial signal that would indicate, that they are homing to the area because of tissue
damage. The use of Cxcr2 KO mice would be useful in investigating if the chemokines are
attracting the cells during neurological conditions.

Neutrophils follow a chemoattractive gradient via the receptors on their membrane, which
prime them to eventually exit the bloodstream via the leukocyte adhesion cascade as shown
in Fig. 3 (Ley, 2002; Mueller et al., 2010; Yago et al., 2010). Endothelial cells near the
area of interest will express E- and P-selectins, which will then bind to glycoproteins on
the neutrophil (i.e., P-selectin glycoprotein ligand-1 and L-selectin), and the neutrophil will
“roll” along the endothelium(Finger et al., 1996; Lawrence et al., 1997). This will cause
the BII integrins on the neutrophils to enter a high-affinity state, causing them to bind their
ligands (i.e., leukocyte function associated-antigen 1), resulting in “firm adhesion”. This

is the same process that monocytes use to enter tissue. As they both enter the tissue via

the leukocyte adhesion cascade inhibiting this mechanism would inhibit macrophages as
well, making it difficult to separate neutrophils’ role from macrophages’ on the bases of
this alone. To enter the tissue, the neutrophil must travel between the endothelial cells,
which is mediated by Il integrin and intracellular adhesion molecules (Kansas, 1996;
McEver and Cummings, 1997). Once through the endothelial layer, neutrophils contact the
basement membrane, and it is speculated that granule proteases (tertiary granules) assist in
the crossing of this layer (Phillipson et al., 2006; Schenkel et al., 2004; Wong et al., 2010).
The tissue is a complex environment containing chemoattractive and inflammatory signals
from the host. DAMPs, C5a, and chemokines activate many of the cellular processes of
neutrophils: degranulation, phagocytosis, the release of ROS and RNS, NET formation, and
immunomodulation (Ley, 2002; Ley et al., 2007; Parker et al., 2005).

Neutrophil clearance was once thought to be relatively straightforward, as neutrophils in
tissue will undergo apoptosis at the end of their life and are cleared by macrophages,

an example of efferocytosis (Martin et al., 2003). This clearance of neutrophil debris

is important to control their numbers as dead neutrophils triggers an anti-inflammatory
response (Stark et al., 2005). Circulating neutrophils at the end of their life cycle upregulate
CXCR4 and return to the bone marrow. New evidence suggests that neutrophils can reverse
transmigrate out of the injured tissue, so how these cells do this is an exciting new area

of research (de Oliveira et al., 2016; Mathias et al., 2006; Wang et al., 2017). What is
known so far is that endothelial cells expression of JAM-C prevents reverse transmigration
by neutrophils (Nourshargh et al., 2016). This process is similar to macrophage reverse
migration. One interesting idea to come from this is what do these cells do after leaving

the tissue. If they still have granules, they could still be used in the defense of the host, but
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as granules are made during development, more cannot be produced. Future studies could
investigate this reverse transmigration as a method to investigate neutrophils’ roles in disease
as well as potential treatments to decrease unwanted neutrophil migration and accumulation.

2.4. Neutrophil functions

Granules can either fuse with a phagosome or with the cell membrane, the latter resulting

in the release of their contents into the surrounding tissue (Burn et al., 2021; Peiseler

and Kubes, 2019; Swamydas et al., 2016). This degranulation is essential to neutrophils’
antimicrobial properties, as the contents of the granules will kill microbes, though

they can also cause damage to host tissues. Most of the work done on understanding
neutrophil degranulation is from cell culture experiments due to the difficulties of imaging
degranulation in vivo. Results of degranulation in vivo are indicated via increased
extracellular levels of granular proteins, e.g., MPO (Rajarathnam et al., 2019). Its
mechanism is highly controlled by different intracellular signaling pathways, as the contents
are very destructive.

The process of degranulation requires four key steps: ¢ toskeletal remodeling, moving

the granules to the membrane, docking and release (Lacy, 2006). One important protein

for degranulation is CXCRL1, as a CxcrI KO model showed decreased granule release
(Swamydas et al., 2016). CXCR1 and N-formyl peptide receptor 2 are proteins that increase
intracellular Ca™*, which is known to be important for degranulation, as you can artificially
elevate Ca* level and induce degranulation (Sengelov. et al., 1993). The granules are moved
to the cell membrane after the actin cytoskeleton is remodeled, which is the result of Rac2
(Rac family small GTPase 2) activation, as Rac2 KO fails to move granules to the cell
membrane (Abdel-Latif et al., 2004).

Interestingly, from investigations into bacterial methods of altering degranulation has come
a method to inhibit it. Studying Chlamydia trachomatis has shown they produce chlamydial
protease-like activity factor, which cleaves the surface portion of N-formyl peptide receptor
2 on neutrophils, which decreases degranulation by decreasing Ca+ influx (Rajeeve et al.,
2018). Inhibitors of N-formyl peptide receptor 2 are available and could become a valuable
tool to investigate degranulation in neurological conditions. KOs of Mpo, neutrophil
elastase, and cathepsin G can be useful in investigating their roles (Stackowicz et al., 2020).
It is important to remember that degranulation has a second function, which is to present
proteins to the membrane for the creation of ROS and RNS.

These reactive species can modify and damage other molecules. While they are crucial

in pathogen clearance, their specific role in neurological injury and disease has not been
shown; however, the ROS and RNS are not only harmful to pathogens, they can degrade
host proteins as well. CXCL8 binding to CXCR1 and CXCL1 or CXCLS5 binding to CXCR2
has been shown to amplify superoxide release, indicating their importance in ROS/RNS
production (Planaguma et al., 2015; Rajarathnam et al., 2019). Down-stream mediators are
Racl & 2, which are upregulated in human neutrophils and have been shown to regulate
NADPH oxidase (Bokoch, 1995; Bokoch and Diebold, 2002; El-Benna et al., 2016).
NADPH oxidase converts molecular oxygen to superoxide, which then creates hydrogen
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peroxide, which when combined with nitric oxide produces peroxynitrite (Winterbourn et
al., 2016).

One of the more interesting and unique functions of neutrophils is the formation of NETS,
which involves the release of granular proteins into the cytosol, release of decondensed
chromatin together with modification of histones and release of cytoplasmic proteins into
the extracellular space, which can be a unique form of cell death (Amulic et al., 2012).
NETSs trap pathogens and aid in their killing, in part by macrophages (Monteith et al.,

2021). The mechanism for NET formation is not well understood; however, it is known

that neutrophil elastase, NADPH oxidase, MPO, and citrullination of histones are required
for NET formation (Burn et al., 2021; Fuchs et al., 2007; Metzler et al., 2011; Patel et al.,
2010). In NET formation, neutrophil elastase, cathepsin G, and MPO are released in the cell
and degrade the lamina of the nucleus (Papayannopoulos et al., 2010; N. V. Vorobjeva and
Chernyak, 2020). This allows peptidyl-arginine deaminase 4 (PAD4) to enter the nucleus
and citrullinate histone 3 (CitH3), which leads to chromatin decondensation (Li et al., 2010).
Pores then form on the nucleus and the membrane to allow the chromatin with granular
proteins attached to enter the extracellular space. NETs can have detrimental effects on

the host as they can lead to autoimmune disorders. For example, NET formation has been
associated with systemic lupus erythematosus, an autoimmune disease characterized by
autoantibodies to chromatin and neutrophil components (Leiding, 2017). NET formation can
lead to neutrophil cell death, but cell death does not always result from NET formation. The
latter case is referred to as “vital NETosis”(Yipp and Kubes, 2013). Some believe the word
“NETosis” should not be used when referring to this process as the cell survives. What is
thought to separate these two processes is that during NETosis nuclear DNA is released,
while mitochondrial DNA is released instead in the other process (N. V Vorobjeva and
Chernyak, 2020). Pharmacologic methods of inhibiting NETs include PAD4 inhibitors and
DNase 1 administration. Recently, a protein called neonatal NETSs inhibitory factor has been
demonstrated to significantly decrease NETs without inhibiting other function of neutrophils
(Denorme et al., 2022; Yost et al., 2016). Additionally, a S7008a KO mouse model (S1008a
is a calcium-binding protein) has been helpful in looking at the role of NET formation, as
these mice have decreased NET formation. It would be interesting to see if KO mice or NET
inhibitors have any effects in the context of the neurological injuries and pathologies that
are discussed in later sections. While western blots for NETosis proteins (i.e., CitH3 and
neutrophil elastase) and flow cytometry for CitH3 have been used, images of the NETs will
be key for demonstrating NETosis. For visualization of NETSs via immunohistochemistry
CitH3*, DNA* (DAPI), and a neutrophil marker, e.g., Ly6G™, are best. This is important as
macrophages are said to produce extracellular traps also (Doster et al., 2018).

Phagocytosis is a well-known function of neutrophils (Amulic et al., 2012; DeFrancesco-
Lisowitz et al., 2015); however, in the field of neuroscience, this has been largely ignored

as the phagocytosis of myelin and cellular debris after injury has been attributed to
macrophages in the PNS and microglia in the CNS (Gaudet et al., 2011; Rotshenker,

2011). Nevertheless, in the early 1900s, Cajal described leukocytes with a polylobed nucleus
in the distal nerve within 2 days after a nerve injury, which had phagocytosed lipid

debris (DeFelipe et al., 1991). Phagocytosis in neutrophils is similar to that in macrophage/
microglia (Lee et al., 2003). It can be initiated by recognition of IgG-opsonized particles
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or by a complement receptor-mediated process (Swamydas et al., 2015). The phagosome
fuses with the granules, similar to the phagosome fusing with lysosomes in macrophages via
the LC3-associated phagocytosis pathway, creating an acidic environment, and the enzymes
degrade the contents (Borregaard, 2010).

It has been shown that neutrophils are required for myelin clearance from the distal nerve
after a sciatic nerve transection injury. This possibility was first indicated in Ccr2 KO mice,
which are deficient in infiltrating macrophages but show normal myelin clearance at 7 days
after nerve transection (Niemi et al., 2013). It was later shown that clearance of myelin was
inhibited when neutrophils were depleted with an anti-Ly6G antibody in wild type mice
after sciatic nerve transection, as seen in Fig. 4 (Lindborg et al., 2017). Additionally, by
using fluorescent polystyrene beads, Lindborg et al. were able to show that neutrophils were
phagocytic at 3 days after an injury, suggesting they could be phagocytosing cellular debris
and perhaps myelin.

In the last 20 years, researchers have demonstrated neutrophils’ roles as immunomodulators,
which release cytokines and chemokines that help launch the adaptive immune response.
These factors can be released directly into the extracellular space or via exosomes.
Neutrophils are known to produce interleukin (IL-1)-p and tumor necrosis factor (TNF)-a.,
which promote other cells to produce cytokines that can attract immune cells (Kasama et
al., 2005; Scapini et al., 2000; Sica et al., 1990). As neutrophils enter damaged tissue,

they recruit monocytes by expressing CCL2, CCL3, CCL19, and CCL20, known monocyte/
macrophage chemokines (Scapini et al., 2001). Neutrophils also have been shown to release
TNF ligand superfamily member 13B (BAFF), which is known to play a role in B cell
proliferation and maturation (Scapini et al., 2008). Decreased expression of any of these
proteins could decrease immune cell activation thereby changing the immune response in a
neurological condition.

However, this cellular communication is not unidirectional. T cells can secrete interferon
¥, which prolongs neutrophils’ lifespan (Nagase et al., 2002). Helper T cell 17 (Th17) can
secrete IL-17, upregulating CXCL8, G-CSF, and TNF-a in endothelial and stromal cells
thereby recruiting more neutrophils (Ouyang et al., 2008; Yang et al., 2010). This shows
a cross talk between neutrophils and immune and non-immune cells by which neutrophils
enhance or inhibit the immune response, and, in turn, the other cells continue to recruit
neutrophils. In later sections, we will highlight interactions between neutrophils and other
cells, but this is an exciting avenue of research as modulation of immune response or
neutrophil response could benefits patients greatly.

Neutrophil subpopulations

Once thought to be a homogeneous cell population, neutrophils are now known to be
heterogeneous, with different ways to classify these subpopulations. Neutrophils can
undergo changes during their life cycle while circulating in the blood. There are multiple
different ways to separate neutrophils. One way is by centrifugation with a Ficoll density
gradient, where high density PMNs are found in the bottom of the tube and low density
PMNs and PMN myeloid-derived suppressor cells (PMN-MDSC) are found in the layer
between soluble and insoluble solution (Garcia-Garcia et al., 2013; Rosales, 2018).
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Neutrophils have been classified similarly to macrophages, with N1 neutrophils being
pro-inflammatory and N2 being anti-inflammatory. These groups are distinguished using

the classic M1 and M2 markers: iNOS* and CD86" for N1 cells and arginase-1* cells for
N2 (Burn et al., 2021); however, this binary division is likely an oversimplification as is now
recognized in the macrophage field (Martinez and Gordon, 2014).

One cell type that could easily be mistaken for neutrophils are PMN-MDSCs; however, there
is some debate on whether PMIN-MDSC are truly a separate cell type or just a subtype of
neutrophils. These cells are Ly6G*, Ly6C!°%, CD15*, and CD16™ positive, and their nuclei
are similar to immature neutrophils (Rosales, 2018; Solito et al., 2017). There is a debate

as to whether they are CD14 positive. It has been suggested that PMN-MDSC are CD244",
Lox1 and CD11b!®%, making these possible markers to separate them from neutrophils, but
these markers are not agreed on (Bronte et al., 2016; Knier et al., 2018). Since neutrophils
and PMN-MDSC have such similar phenotypes, it is impossible to distinguish them based
on markers alone. Test of function is required to demonstrate whether the cells suppress

the immune response (Bronte et al., 2016; Pillay et al., 2013). Recently a Ly6G!°V,cD14N
subpopulation of neutrophils has been found in CNS and PNS injuries, which will be discuss
in later sections.

2.6. Tools used to investigate neutrophils

There are many tools used to investigate neutrophil biology and roles in neurological
disorder. Freshly harvested cells are the gold standard for studying neutrophil biology.
Harvested neutrophils have a short lifespan after isolation (~8 h) prior to undergoing
apoptosis (Borregaard, 2010). This is important because if an experiment requires isolating
molecules released from the neutrophils, one only has 8 hours to collect the molecules/
exosomes, before the pool is contaminated with molecules from dying cells.

As there are many markers used to label neutrophils, it can be difficult to compare results
between different studies. A previous standard marker in the field Gr-1 is no longer
considered appropriate, as Gr-1 antibodies recognizes both Ly6G (a neutrophil marker)

and Ly6C (a monocyte marker). In vivo MPO, Ly6G, and Ly6B.2 have all been used to
identify neutrophils immunohistochemically. CD11b*Ly6G™* expression is an appropriate
combination of markers in flow cytometry experiments, but the addition of the identifier
Ly6C intermediate is also correct (Lindborg et al., 2017; Stackowicz et al., 2020). It is
important to note that many of the markers used to identify macrophages are also expressed
in neutrophils though not necessarily as strongly (e.g., F4/80, CD68, and CD11b), and MPO,
often used to stain neutrophils, also stains macrophages (Sasmono et al., 2007). It is best

to identify neutrophils by using a Ly6G antibody either alone or in combination with other
markers.

Many animal models have been used in investigation of neutrophils’ roles in injury and
diseases (Stackowicz et al., 2020). Zebrafish are useful for in vivo imaging of heterophils
(the zebrafish version of neutrophils). These cells are morphologically, biochemically, and
functionally similar to mammalian neutrophils (Henry et al., 2013). Zebrafish models allow
for clear in vivo imaging due to their transparency and are useful in investigating reverse
transmigration.
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Several models have been created to deplete neutrophils (Stackowicz et al., 2020); however,
there are some limitations in using deletion strategies as emergency granulopoiesis can result
in a rapid production of neutrophils, requiring continuous administration of the depleting
agent (Stackowicz et al., 2020). The MRP8-Cre MCL.1 fl/fl mice show severe neutropenia
with the deletion of MCL1, with a 99% reduction in circulating neutrophils compared to
wild type, with no effect on the number of monocytes, B, or T cells (Csepregi et al., 2018).
One line that shows great promise is the Catchup mouse line, where the Ly6G gene has

a knock-in Cre recombinase and fluorescent protein tdTomato (Hasenberg et al., 2015).
While the Cre expression is primarily found in neutrophils, there were some eosinophils and
basophils with transgene activity. Myeloid-specific KOs can be created using the LysM and
CD11b promoters (Clausen et al., 1999; Gowing et al., 2006); however, it must be taken
into account the possibility of a shared function between neutrophils and other myeloid
cells, e.g., monocytes/macrophages (Barrette et al., 2008). Similarly, models created using
the CSF1R promoter would have some effect on other granulocytes and macrophages, as
they also express the CSF1R (Sasmono et al., 2007). No matter what mouse model is used
careful analysis is needed to determine which cell types are being affected. As neutrophils
develop in the bone marrow alongside monocytes, basophils, and eosinophils and descend
from common progenitors, it is not surprising that some of these models are not specific

to neutrophils, but, with appropriate controls, they can be used to investigate the role of
neutrophils in neurological injuries and diseases.

3.0. Neutrophils in CNS diseases, injuries and regeneration

3.1. Stroke

Stroke is the second leading cause of death globally at 11% in 2019, and it is a main

cause for living with disabilities (Feigin et al., 2021; Li et al., 2020). Strokes cause a
decreased blood flow to the brain resulting in the brain not receiving the oxygen and
nutrients it needs to perform its vital functions. The result of this hypoxia is brain damage,
which can lead to impaired motor function, the loss of sensation, chronic pain, emotional
disturbances, aphasia, as well as memory and cognitive problems depending on where the
stroke occurs (Sarikaya et al., 2015). There are two main types of strokes: 1) ischemic
stroke, caused by a blockage of an artery, or 2) hemorrhagic stroke, caused by a blood
vessel bursting. Neutrophils effects are negative but could also be an effective tool to

aid recovery (see below). Platelets and neutrophils are among the first cells to respond

to stroke injury (Cai et al., 2020; Garcia-Culebras et al., 2018; Perez-de-Puig et al.,

2015). Following the initial injury, the inflammatory response can worsen the situation by
producing further damage (Perez-de-Puig et al., 2015; Wang et al., 2020). Clinically, the
ratio of neutrophils-to-lymphoid cells and platelets-to-lymphoid cells are strong indicators of
neurological deficiencies after a stroke and after treatment (Gong et al., 2021). Neutrophils
home to the injury area, peaking in numbers between 1-3 days. During this time, microglia
are necessary to inhibit the effects of neutrophils, as seen in a stroke model in which
microglia engulf infiltrating neutrophils. When microglia are eliminated, this leads to a
greater accumulation of neutrophils causing a greater lesion size (Otxoa-de-Amezaga et al.,
2019). One way neutrophils could worsen the effects of stroke is through NETS, because
inhibiting NET formation improved blood vessel formation in a stroke model (Cahilog et al.,
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2020; Essig et al., 2020; Kang et al., 2020; Kim et al., 2019). This indicates that modulating
neutrophil function or presence after a stroke could be beneficial for recovery (Chen et al.,
2021; Silvestre-Roig et al., 2020). These was demonstrated in a recent mouse stroke model
study that used a NET inhibitor factor and found decreased infarct size, improved long

term neurological recovery, and increased survival. Additionally, this study found increased
serum levels of HMGBI associated with HMGBI expression by platelets. When HMGBI
was inhibited, there was a decrease in NET formation. This indicates HMGBI from platelets
could be priming or activating neutrophils to produce NETS, demonstrates the importance of
understanding the many different interactions neutrophils have with other cell types.

Neutrophils have also been shown to have beneficial effects in stroke. In a mouse model,
pushing neutrophils towards an N2 phenotype with TGF-p injections resulted in a decrease
in the infarct size, showing that the N2 cell type is protective (Garcia-Culebras et al., 2019).
While these N2 cells are most likely PMN-MDSCs, an analysis of PMN-MDSCs presences
after stroke is needed to determine that. If they are found to be PMN-MDSCs, the goal
would be to determine when they normally enter the tissue, and see what molecules are
being released and what cells are being affected to aid recovery.

3.2. Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by p-amyloid
plaques, neurofibrillary tangles of hyperphosphorylated tau, amyloid angiopathy, reduced
blood flow and neuronal loss. The disease results in a progressive loss of cognitive function
and impaired memory formation and recall. Within the last fifteen years, there has been
growing evidence that inflammation plays a role in AD pathophysiology; however this idea
is not accepted by all (Breijyeh and Karaman, 2020; Chen et al., 2022; Ernesto et al., 2020;
Heneka et al., 2015; Herrup, 2010). The pathology of AD is complex and modeled in a
number of different mouse models (Yokoyama et al., 2022). Some models investigate the
importance of p-amyloid plaques (i.e., 5XFAD or APP/PSI), tau neurofibrillary tangles (i.e.,
3XTG), or brain insulin resistance (Bondi et al., 2017). While neutrophils role in AD is

just beginning to be uncovered, there is a great deal of evidence that manipulations to their
biology could be beneficial. Neutrophil staining of human brains with AD demonstrated
more neutrophils in the vessels and parenchyma compared to those in control brains,

with some neutrophils forming NETs (Zenaro et al., 2015). It has been suggested that
B-amyloid is a DAMP that is recognized by the complement system and that activates
human and mouse neutrophils’ formation of ROS. Other DAMPs (i.e., HMGBI) have been
associated with AD (Paudel et al., 2020). Additionally, -amyloid increases the affinity
state of lymphocyte function-associated antigen-1 (LFA-1), which would enhance neutrophil
adhesion in the brain (Zenaro et al., 2015).

Zenaro et al. (2015) showed in the 5XFAD and the 3XTG mouse the presence of neutrophils
at 4, 6, and 8 months of age, demonstrating neutrophils are present when cognitive
impairment can be assessed. Inhibition of neutrophil trafficking via an LFA-1 antibody
reduced AD symptoms and improved blood flow in both mouse models (Zenaro et al.,
2015). Depletion of neutrophils in the 3XTG mouse with the Ly6G antibody produced a
return to normal response in the y-maze and contextual fear conditioning test (Silvin et
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al., 2022). Similar finding with Ly6G antibody in the APP/PSI mouse showed improved
cognitive function and increased blood flow with compelling /n vivo imaging (Bracko et

al., 2020; Cruz Hernandez et al., 2019). While it has been shown in a couple of different
mouse models of AD that neutrophils affect blood flow, what has not been shown is the
accumulation of neutrophils before cognitive decline. The neutrophils could be accumulating
because of DAMPs (i.e., HGMBI), which would suggest that neutrophil accumulation leads
to the clearing of debris and dying cells and causing decreased blood flow. Additionally,

it will be interesting to see what role NETSs play in the pathophysiology. Are the NETSs an
attempt to help clear the p-amyloid? The role of PMN-MDSCs is unknown, and a line of
future research.

Multiple sclerosis (MS), Experimental Autoimmune Encephalomyelitis (EAE), &

Neuromyelitis Optica Spectrum Disorders

Multiple sclerosis (MS) is a nontraumatic neurological debilitating disease, which affects
2.5 million people worldwide (Pierson et al., 2018). It is an autoimmune disease with onset
between 20-45 years of age, affecting both sexes but affecting women at a greater rate. T
cells play an important role in the inflammation through self-reaction to myelin protein that
cause lesions in the brain, with some lesions occurring in the spinal cord. While there are
many forms of MS, some have an initial onset followed by a stable phase then worsening
of the symptoms. In humans, neutrophils are not commonly found in CSF of MS patients
(Knier et al., 2018); however, there is debate on whether neutrophils-to-lymphoid ratio in
the blood is useful in predicting symptom severity or relapse in patients (Hasselbalch et al.,
2018; Huang et al., 2022).

There are two theories of neutrophils role in MS, which is studied in mice via the
experimental autoimmune encephalomyelitis model (EAE). While EAE is not MS, it is the
best model we currently have in which to test hypotheses in rodents. The first theory takes
the classical view that neutrophils have a deleterious effect, while the second has strong
evidence that they have a beneficial effect (Khorooshi et al., 2020; Zehntner et al., 2004).
Neutrophils are also known to expand in the bone marrow and accumulate in the blood and
spleen before symptom onset in EAE. These responses are induced by the release of G-CSF
and CXCL1 as elimination of these molecules blocks neutrophil accumulation (Rumble et
al., 2015; Simmons et al., 2014; Zhang et al., 2019). Recently, a publication showed that in
the EAE model, T cells home to the bone marrow causing an increase in hematopoiesis (Shi
et al., 2022). Blockade of CXCR2 in EAE decreased lesion size, suggesting that neutrophils
are involved (Kerstetter et al., 2009). Studies with Cxcr2 KO mice and function-blocking
antibodies in EAE models suggest the initial demyelination is the work of neutrophils,
while reoccurring demyelination is associated with non-hematopoietic cells (Liu et al.,
2010b, 2010a). One mechanism proposed is that neutrophil secretions activate dendritic
cells, which in concert with CNS-infiltrating T cells, present the myelin antigen, resulting in
an autoimmune response (Casserly et al., 2017).

The beneficial effects have been demonstrated in three recent publications. In these papers
the immune suppressive and paracrine activities are demonstrated to be beneficial to
recovery from EAE. One paper showed using antiserum to Ly6G to deplete Ly6G™* cells
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(neutrophils and PMN-MDSCs) that there was an increased accumulation of B cells in

the CNS, which promoted activation of microglia and progression of EAE, indicating
neutrophils beneficial effect (Knier et al., 2018). In addition to that, in the EAE model it was
shown that neutrophils that enter the CNS interacted with B cells, transitioning to a PMN-
MDSCs state. This demonstrates PMN-MDSCs can control the pro-inflammatory B-cells
in the inflamed CNS aiding recovery. These PMN-MDSCs had a clearing effect on B-cells
in the CSF with EAE improvement. This could be the result of PMN-MDSCs reducing
their production of BAFF, which is needed for B-cell development. The administration of
microparticle immune stimulator-416 (M1S416) to mice with EAE is known to suppress
EAE symptoms (White et al., 2018). M1S416 is a micro-particle of bacteria cell wall

with PAMPs (bacterial DNA and proteins) that activate the host immune system (Girvan

et al., 2011; Luckey et al., 2015). Khorooshi et al, showed EAE mice that received
neutrophils from mice treated with MIS416, had suppressed EAE, demonstrating MI1S416
caused the neutrophils to have an immune suppressive effect. Since MI1S416 can affect
both neutrophils and macrophages and some evidence macrophages play a role in EAE,
they did the complimentary experiment with monocytes. However, this effect was not

seen when pretreated monocytes were transferred, suggesting that neutrophils were the
immune suppressing cell (Khorooshi et al., 2020). These two studies show the beneficial
immunomodulating effects neutrophils/PMN-MDSCs can have in EAE, but a recent paper
has suggested that their effects could also be on microglia. Using nanovesicles from
unmanipulated neutrophils injected into EAE mice showed enhance clearance of myelin by
microglia and delayed symptom onset and decreased lesion size (Shen et al., 2022). Analysis
of the effects of these nanovesicles in the tissue via bulk RNA sequencing showed changes
in immune cell regulation processes. While there is no clear consensus on neutrophils in
EAE and MS, it is possible that early effects are detrimental, but symptom remission is
based on neutrophil/PMN-MDSCs paracrine/immunomodulator signaling.

While it is debated whether neutrophils play a role in the pathogenesis of MS, it is known
they are involved in neuromyelitis optica spectrum disorders (NOS)(Carnero-Contentti and
Correale, 2021; Hertwig et al., 2016; Huda et al., 2019). Until recently NOS was thought

to be a form of MS, but it is now known to be a separate disorder. NOS is rare, but it

results in sudden loss of vision and paralysis, with relapsing-remitting episodes. There is
ample evidence that NOS is the result of autoimmune response to aquaporin-4 on microglia,
which results in blood-brain-barrier (BBB) disruption allowing neutrophils to enter the CNS
and damage the myelin (Huda et al., 2019). Some relapsing patients see a 60% increase

in neutrophils in their CSF, and some patients show an increase in CXCL5 and CXCL8
levels in their serum. These clinical findings are supported by mouse models as depletion

of neutrophils decrease tissue damage, while increasing the number of neutrophils enhanced
damage, which is thought to occur by degranulation. Inhibiting their entry into the tissue
with a neutrophil elastase inhibitor led to an improvement in symptoms. It would be
interesting to see if these neutrophils could be manipulated into a PMN-MDSCs subtype

to improve outcomes for patients.
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3.4. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS), or Lou Gehrig’s disease, is the most common motor
neurodegenerative disease, which affects both upper and lower motor neurons (Mejzini et
al., 2019; Therrien et al., 2016). ALS is fatal, and, typically, symptoms first appear in
midlife, leading to muscle weakness and atrophy. Eventually, weakness of the respiratory
muscles leads to death usually within 2—4 years from symptom onset. ALS pathophysiology
is unclear and is believed to be a multifactorial disease. Clinically, a higher neutrophil-to-
lymphocyte ratio is a useful predictor of the severity of symptoms in ALS patients (Leone
etal., 2022; Murdock et al., 2017). ALS patients have increased levels of G-CSF and

CCL3 in their cerebrospinal fluid, which could cause and increase the number of neutrophils
(Chen et al., 2018). Additionally, monocytes of ALS patients show an increased expression
of CXCL1 & 2, possibly enhancing neutrophil homing and activation (Zhao et al., 2017).
Treatment to inhibit neutrophils and mast cell infiltration in the SOD-1693A rat showed
improved axonal pathology and decreased demyelination (Trias et al., 2018). These findings
suggest targeting neutrophils or their cytokines as a possible therapeutic target for ALS
patients.

As with many other fields, the gut microbiome effect is just beginning to be explored

in ALS mouse studies. In the C9orf72 loss of function model of familial ALS, the mice

have different survival rates depending on their environment. Recently this was found to

be the result of differences in the gut microbiome (Mejzini et al., 2019; Polymenidou,

2020; Burberry et al., 2020). These changes were associated with increased expression in
G-CSF, CCL3, and MIP-1p. The research indicated suppression of the gut microbiome

by antibiotics decreases neutrophil neuroinflammation; however, in a SOD-1 mouse study,
reducing bacterial load led to a faster onset of symptoms (Blacher et al., 2019). This faster
onset was attributed to decreased nicotinamide; however, neutrophil sub-populations were
not characterized in these studies, so it is unclear if that could have played a role in the
different outcomes. Further investigation into the role of gut microbiome’s role in ALS
could lead to new understanding of the disease. In the future, it would be interesting to see if
gut microbiome influenced patient’s neutrophils-to-lymphoid ratio. Additionally, it would be
interesting to see if the gut microbiome affects neutrophil and PMN-MSDC populations.

3.5. Spinal cord injury (SCI) and traumatic brain injury (TBI)

SCI.—Spinal cord and traumatic brain injuries (SCI and TBI) are life-threatening injuries,
which can produce life-long disabilities. Shortly after the injuries, there is an acute phase of
inflammation, which causes more damage to the surrounding tissues. In mice, within hours
after SCI, astrocytes and microglia start to produce pro-inflammatory cytokines: IL-1p,
CXCL1, CXCL2, and CXCL5 (Kobayashi et al., 2018; Pelisch et al., 2020). It has been
shown in a mouse model of SCI that IL-1( peaks within 12 hours after the injury, which
coincides with maximum neutrophil infiltration at the site of injury (Pineau and Lacroix,
2007; Saiwai et al., 2010). Deleting the IL-1 receptor or using an antagonist to IL-1 reduced
neutrophil infiltration (Pineau et al., 2010; Yates et al., 2021). It would be interesting to see
if lesion size was decreased under these conditions and whether the glial scar was affected,
the latter being a known factor in regeneration failure after SCI (Cregg et al., 2014; Silver
and Miller, 2004).
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Most studies of neutrophils in spinal cord injury mainly focus on the detrimental effects
that neutrophils have (McCreedy et al., 2021; Neirinckx et al., 2014). Lacroix et al. (2002)
looked at the IL-6 family of cytokines, which includes leukemia inhibitory factor and ciliary
neurotrophic factor (Lacroix et al., 2002). Using an experimentally created hybrid protein
called hyper-1L-6, they stimulated the family’s signaling receptor subunit (gp130) to test if
it would elicit regeneration after SCI. IL-6 has been shown to act as a checkpoint protein
that controls the movement of neutrophils during an inflammatory response (Fielding et

al., 2008). When IL-6 is blocked in rheumatoid arthritis patients, an acute neutropenia
occurred, suggesting impaired neutrophil release from the bone marrow (Wright et al.,
2014). Delivery of this protein was found to increase the number of neutrophils which was
associated with an increase in spinal cord lesion size and reduced axonal growth (Lacroix
et al., 2002). The presence of neutrophils and other leukocytes were found to increase after
IL-6 administration, but unfortunately with that came a large production of ROS. This pro-
inflammatory characteristic outweighed any pro-regenerative capacities the cells might have
in this situation and suggests that infiltrating immune cells, including neutrophils, play a role
in causing secondary damage after spinal cord injury. However, after depleting neutrophils
using a neutrophil antiserum, de Castro et al. (2004) found there were no changes in ROS,
suggesting neutrophils do not contribute to ROS damage after an SCI (de Castro et al.,
2004). Degranulation is known to play a role in neutrophils entering the injury site, and the
release of neutrophil elastase and MPO can cause damage to surrounding tissue. Neutrophil
elastase has been shown to damage new vasculature and causes apoptosis of endothelial
cells. After SCI, administration of sivelestat (an inhibitor of neutrophil elastase) increased
angiopoietin 1, a vascular regenerative factor with anti-inflammatory properties (Kumar

et al., 2018). Additionally, Mpo KO mice are known to have reduced pro-inflammatory
cytokines and exhibit a better recovery of locomotor function (Hausmann, 2003; Kubota

et al., 2012). These studies indicate the presences of neutrophils at some point after the

SCI injury is detrimental. While neutrophils have a detrimental effect, completely removing
them doesn’t improve recovery (Neirinckx et al., 2014). One study that depleted neutrophils
using antibodies against Ly6G and Gr-1 in combination hindered functional recovery in SCI
(Stirling et al., 2009); however, as previously discussed the Gr-1 antibody is not specific to
neutrophils, as it also affects Ly6C monocytes/macrophages.

Newly described Ly6G'®"CD14Ni neutrophils supported axonal regeneration in an SCI
model (Fig. 5) (Sas et al., 2020). These neutrophils differ from mature neutrophils in that
they have ring-shaped nuclei and do not use CXCR?2 to navigate to sites of injury (Sas et
al., 2020). They also have an N2-like phenotype. It is important to note that these cells
resemble immature neutrophils and as previously discussed, PMN-MDSC are similar to
immature neutrophils. The Ly6G'®YCD14M neutrophils aided axonal regeneration through
the injury site, supporting the idea that neutrophils have a beneficial effect on SCI injury.

It will be interesting to determine if these neutrophils that support regeneration are a subset
of neutrophils or the PMN-MDSCs subtype. Further work with these cells could lead to
potential treatment options.

TBIl.—Previous studies have shown that neutrophils play a role in hypoperfusion of the
brain after TBI, which is correlated with poor neurological outcomes (Coles et al., 2004;
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Inoue et al., 2005; Kelly et al., 1997; Stein et al., 2011). Neutrophils are known to affect
circulation in the small vessels within the brain and help maintain blood pressure (Roca-
Cusachs et al., 2006). This was demonstrated in a neutropenic rat model, which showed
reduced blood flow compared to normal rats after TBI (Uhl et al., 1994). Neutrophils can
hinder blood flow by extending pseudopodia that attach to the vessel walls (Zhang et al.,
2014). Leading to hypoperfusion of the brain during the early stages of a TBI (Palmer et al.,
2004). 1t is well established that neutrophils weaken the integrity of the BBB (Aubé et al.,
2014). Neutrophil elastase causes the BBB to become highly permeable (Allport et al., 1997;
Bolton et al., 1998). Additionally, blocking MMP9 after TBI protects the BBB in the early
phase of inflammation (Asahi et al., 2000; Chen et al., 2007; Gasche et al., 2001; Mori et al.,
2002).

Similar to what is seen in SCI, astrocytes, microglia and oligodendrocytes after a TBI
produce many chemokines to attract neutrophils (i.e., CXCL1-5 and GM-CSF) (Chen et al.,
2002; Johnson et al., 2011; Lee et al., 1993; Liu et al., 2015; Lu et al., 2005; Pineau et al.,
2010; Tani et al., 1996). There is emerging evidence that neutrophil-astrocyte interaction can
profoundly affect the response after TBI. In a cell culture experiment, direct cell contact
between astrocytes and neutrophils resulted in a decrease in degranulation, apoptosis, and
ROS production by neutrophils and a decrease in pro-inflammatory cytokines (Xie et

al., 2010). Additionally, another study showed neutrophils could induce astrogliogenesis
(Hooshmand et al., 2017). These results suggest that these two cell types work together and
could improve recovery.

The evidence suggests that early on after a TBI, neutrophils can have a detrimental effect
on blood flow and the BBB, which will have a negative effect on outcomes; however,

new studies demonstrate neutrophils’ protective and positive effects on regeneration. While
neutrophil-astrocyte interaction in vivo in TBI and SCI are exciting, it could be similar

to what was observe in the nanovesicle experiment in the EAE model, where neutrophils
exosomes are changing the activities of astrocytes.

3.6. Regeneration after axotomy of retinal ganglion cells

Normally regeneration does not occur after a CNS injury, because of inhibitory molecules
and impaired regenerative ability of neurons, but neutrophils have beneficial effects on
regeneration. It is well established that when an inflammatory response occurs in the eye
and the optic nerve is crushed, regeneration is enhanced (Leon et al., 2000). Several studies
found that oncomodulin, a small calcium-binding protein, promotes axonal regeneration of
retinal ganglion cells (Kurimoto et al., 2010; Yin et al., 2006). Originally, it was thought
that oncomodulin was produced only by macrophages, but Kurimoto et al. found that there
were high levels of oncomodulin at the inflammation site very early after injury, at a time
when there is a minimal macrophage presence. They found evidence that neutrophils also
secrete oncomodulin, suggesting that they might be crucial players in regeneration of the
optic nerve. In the early stages of injury, neutrophils are the main infiltrating immune cell
in the retina, and /n situ hybridization showed that these neutrophils contain oncomodulin
RNA (Kurimoto et al., 2013; Singh and Plemel, 2014). Both blocking oncomodulin and
blocking neutrophils significantly decreased optic nerve regeneration after a nerve crush
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(Kurimoto et al., 2013). Several interesting questions remain with regard to this research
as discussed by Singh and Plemel (2014). Given that both macrophages and neutrophils
produce oncomodulin, are both cell types involved in promoting regeneration? Are their
effects redundant or complementary? Is oncomodulin produced by a specific subset of
neutrophils? In addition, since neutrophils are present in the retina only for the first few
days after an injury, are they somehow able to produce a sustained effect on optic nerve
regeneration? Equally interesting is what accounts for the fact that only a small percentage
of optic nerve axons show enhanced regeneration in response to oncomodulin?

The Benowitz laboratory found that, when the eye is injected with a yeast cell

wall inflammation-producing compound (i.e., zymosan) and the optic nerve is crushed,
regeneration is enhanced (Leon et al., 2000). Sas et al. (2020) reported that when such mice
are also pretreated with neutralizing antibodies to CXCR2, regeneration is further enhanced
raising the possibility that a different population of neutrophils may inhibit regeneration.
They identified a neutrophil Ly6G!°¥CD14hCD101!0W-neg sybtype, suggesting they were
immature neutrophils. This Ly6G'®"CD14M neutrophil subset secreted both NGF and IGF-1,
and antibodies to these growth factors reduced regeneration; however, these antibodies did
not stop regeneration completely, indicating the presence of additional factors that have yet
to be identified.

This picture is a long way from the idea that all neutrophils have cytotoxic effects on the
CNS tissues and suggests that different subsets of neutrophils could produce different effects
on regeneration. What this makes clear is that there is a lot of research that still needs to

be done regarding the role of neutrophils in CNS regeneration. Are there any other markers,
proteins, or cytokines involved in regeneration through neutrophil action? The differing data
found in regards to the benefits and drawbacks of neutrophils and their recruitment to the
site of injury is very important to consider. By shifting the long-held thought that neutrophils
only have negative roles in regeneration, there is hope for new treatments to be discovered
by targeting neutrophil secretion and signaling.

4.0. Neutrophils in PNS regeneration, neuropathies, and pain

4.1.

Responses to PNS injury

The inflammatory response that occurs shortly after peripheral nerve injury has been shown
to affect axonal regeneration. This response includes an influx of neutrophils into the distal
nerve after it is crushed, followed a few days later by infiltration of macrophages e.g.,
(Nadeau et al., 2011; Neirinckx et al., 2014). Depletion of both macrophages and neutrophils
had a negative effect on functional recovery after a sciatic nerve lesion (Barrette et al.,
2008). This was followed up by Nadeau et al., which specifically examined the role of
neutrophils by depleting circulating neutrophils using systemic administration of antibodies
to Ly6G. They found that neutrophil depletion had no effect on axonal regeneration or

on recovery of nerve function as measured by the sciatic functional index (Nadeau et al.,
2011). More recently, Pan et al. (2020) reported that neutrophil depletion did not inhibit or
accelerate regeneration of the sciatic nerve into acellular nerve allografts (Pan et al., 2020a,
2020b). In apparent contrast, the Ly6G'°"CD14M neutrophil subtype previously discussed
showed upregulation of genes for tissue development and wound healing, which suggest
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they could aid regeneration in the PNS (Jerome et al., 2022; Sas et al., 2020). A recent
publication of the cellular and molecule processes of the PNS after injury showed myeloid
cells and neutrophils in the injured nerve undergo rapid metabolic changes (Zhao et al.,
2022).

There are other avenues for neutrophils to alter PNS regeneration. For example, studies
have been done on the effects of two proteins that are released by neutrophils. One such
factor is neutrophil peptide-1 (NP-1), a member of a class of polypeptides known as
defensins. These molecules are responsible for some of the signaling that occurs in the body
associated with wound and tissue healing (Murphy et al., 1993; Nozdrachev et al., 2006).
Rats injected with NP-1 have a significant increase in sciatic nerve regeneration compared
to animals given physiological saline (Nozdrachev et al., 2006). NP-1 can recruit monocytes
and macrophages (Territo et al., 1989), which are involved in axonal debris clearance via
phagocytosis (Fig. 6); (Brick, 1997; Zigmond and Echevarria, 2019). Yuan et al. (2020)
found that NP-1 increased nerve conduction velocity and functional recovery after sciatic
nerve crush and hypothesized that this resulted from the clearance of tissue debris during
Wallerian degeneration, thereby removing inhibitors to regeneration (Yuan et al., 2020).

Another substance which can be secreted by neutrophils, and which has been studied
extensively with regard to nerve regeneration, though with variable results, is nerve growth
factor (NGF). Intraplantar injection of NGF increases neutrophil accumulation in the hind
paw; however, the ensuing effects were only studied in terms of changes in pain sensitivity
(Bennett et al., 1998). The studies on NP-1 all involve exogenous administration of the
proteins, and whether secretion of endogenous NP-1 or NGF by neutrophils plays a role in
regeneration remains to be shown.

A recent publication demonstrates that changes in a metabolite from bacteria in the gut
apparently caused a change in neutrophils, which prime sensory neurons to regenerate.
Enhanced regeneration after a sciatic nerve crush was found to occur after intermittent
fasting and to be dependent on an increase in blood levels of the gut bacteria-derived
metabolite indole-3 propionate (IPA) (Serger et al., 2022). When an antibiotic was used

to inhibit IPA production, this increased regeneration was blocked. Furthermore, IPA

alone enhanced regeneration. When animals that received IPA were treated with a function-
blocking antibody to the neutrophil chemokine receptor CXCR2, regeneration was not
increased. That effect was associated with a decrease in the number of neutrophils present
in the dorsal root ganglia (DRG). (As will be discussed later, there is controversy as to
whether neutrophils infiltrate into the parenchyma of the ganglia.) These results suggest a
mechanism of enhancing peripheral nerve regeneration via neutrophils, because of changes
in the gut microbiome. What remains to be determined are the mechanisms of how
intermittent fasting or IPA affects neutrophil migration and subsequently how neutrophils
affect nerve regeneration. It is possible that intermittent fasting or IPA switches neutrophils
to a regenerative phenotype or causes changes in the amount or make up of secreted
molecules that neutrophils release.

A recent publication showed in a nerve crush model in mice and rats that neutrophils were
detrimental to myelin clearance (Yamamoto et al., 2022). The paper reported that NETs
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inhibited macrophage infiltration into the nerve, slowing myelin clearance. Administration
of an anti-PMN antibody significantly improved myelin clearance indicated by myelin basic
protein staining. It is unclear from the Cedarlane catalogue what protein is targeted by the
anti-PMN antibody used. The group then inhibited NET formation and showed a similar
increase in myelin clearance. These results are dramatically different from the findings of
Lindborg et al. 2017, in which a Ly6G antibody significantly decreased neutrophil numbers
and inhibited or delayed myelin clearance. One factor that that is different between the two
studies is that Lindborg et al. used a transection model, while Yamamoto et al. used a nerve
crush. The difference in these findings demonstrate further research is needed.

These studies show neutrophils could accelerate PNS regeneration via their secreted proteins
or via the Ly6G'°CD14Ngh subpopulation. The role and presence of PMN-MDSCs in the
PNS is not known. Gut-microbiome changes present new questions for research to determine
how these affect neutrophils and how they enhance regeneration.

4.2. Localization of neutrophils in dorsal root ganglia (DRGs) and sciatic nerve

DRGs are covered by meninges, which connect to the epineurium of the spinal nerves. The
sensory neurons are surrounded by satellite glial cells, which help to facilitate chemical
regulation and neuronal responses. Several studies have looked into whether injury to the
sciatic nerve prompts the invasion of neutrophils into both the distal nerve and into the
corresponding DRGs. Infiltration of neutrophils into the distal sciatic nerve after injury has
been shown repeatedly (e.g., Kim and Moalem-Taylor, 2011; Lindborg et al., 2017; Nadeau
et al., 2011; Nukada et al., 2000; Perkins and Tracey, 2000. Lindborg et al. (2017) showed
that neutrophils in the nerve are increased in KO mice for the macrophage chemokine
receptor Ccr2, in which macrophages in the distal sciatic nerve are decreased.

With regard to neutrophil infiltration into the DRG, however, there is disagreement. Morin
et al. (2007) reported finding neutrophils in the DRG after chronic constriction injury, a
common model for studies on neuropathic pain. In a response to that paper, McLachlan et
al. (2007) reported that they only found neutrophils in the DRG in the meninges covering
the ganglion and not in the parenchyma (McLachlan et al., 2007). In fact, if one looks at the
neutrophils in some published micrographs of the DRG, the cells seem to be few in number
and localized at the perimeter of the ganglion (Kim and Moalem-Taylor, 2011b; Serger et
al., 2022).

Lindborg et al. (2018), using flow cytometry, did not detect neutrophils in the DRG, while
Pan et al. using a somewhat different gating scheme found some (Lindborg et al., 2018;

Pan et al., 2022). Neutrophils were found to be present in the sympathetic superior cervical
ganglia of wild type mice 3 days after transection of the postganglionic external and internal
carotid nerves. The accumulation of neutrophils in these ganglia was significantly higher

in Ccr2 KOs, and this difference correlated with increased expression of the neutrophil
chemokine CXCLS5.

4.3 Peripheral Neuropathies Including Those Induced by Diabetes and Chemotherapy

Peripheral neuropathies are common in the clinical setting and can result from an injury or
be inherited. These can result in loss of motor function and sensation or cause neuropathic
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pain. Among these neuropathies are Charcot-Marie-Tooth disease, Guillain Barre syndrome,
diabetic neuropathy, and chemotherapy-induced neuropathies (Pareyson et al., 2017; Rg

et al., 2019; Sarejloo et al., 2022a; Wang et al., 2023a). There is growing evidence that
neutrophils play a role in these pathologies. In diabetic neuropathy, patients have decreased
strength and sensation in their limbs starting with their hands and feet leading to limited
joint mobility (Guthrie and Guthrie, 2004). Recently, a study has shown patients with limited
joint mobility have an increased neutrophil-to-lymphoid ratio compared to patients without
mobility problems (Mineoka et al., 2018). Diabetic patients can also have an increase

in pain sensation. Inhibiting neutrophils in an experimental model of diabetic neuropathy
prevented the pain, with decreased expression of CXCL1 and 8, and decreased oxidative
stress on neurons in the ventral and dorsal horn of the L4 and L5 spinal cord (Newton

et al., 2017). Additionally, studies have found diabetes primes neutrophils to form NETs

and impairs wound healing, which could affect nerve regeneration (Berbudi et al., 2019;
Joshi et al., 2013). Further investigation is needed to see what role NETosis has on diabetic
neuropathy. NETs have been found in a model of chemotherapy-induced neuropathy. A
study showed increased number of neutrophils in the blood after injection of oxaliplatin, a
chemotherapeutic agent, in a mouse model, with an increase in NETs measured by CitH3
western blot (Wang et al., 2023b). An increased number of cells were found in the DRG

that were positive for neutrophil elastase and MPO but did not stain for Ly6G or for

CitH3. Treatment with DNase to inhibit NET formation produced a decrease in pain and in
CitH3 in western blots, though no immunohistochemistry was performed. These results were
confirmed with the Pad4 KO mouse. Thus, NETs may play a role in peripheral neuropathies,
though further investigation is needed. Like NOS and other CNS disorders, Guillain Barre
syndrome has been linked with neutrophils, as a high neutrophils-to-lymphoid ratio is
associated with symptoms, while treatment resulted in a lower neutrophils-to-lymphoid ratio
(Sarejloo et al., 2022b). The role of neutrophil function in peripheral neuropathies needs to
be further investigated.

4.4. Neuropathic pain

Chronic pain is a debilitating disorder characterized by a continuation beyond the standard
healing time (Pizzo and Clark, 2012). Research demonstrates that 13-50% of adults in the
United Kingdom live with chronic pain, and 10-14% have moderate-to-severe disabilities
because of it (Fayaz et al., 2016). These numbers are similar to those reported in Japan

and the United States, indicating the prevalence of chronic pain worldwide (Pizzo and
Clark, 2012). Chronic pain is estimated to cost $600 billion annually in the United States
(Gereau et al., 2014). These facts indicate the importance of understanding chronic pain’s
pathophysiology and the involvement of neutrophils in order to help improve patients’ lives.

4.4.1. Neutrophils can produce a hyperalgesic effect.—Dorsal root ganglia and
trigeminal ganglia contain two populations of small diameter neurons: calcitonin gene-
related peptide positive and isolectin B4 positive. These cells are known as nociceptors, and
they detect painful stimuli and convey the information to the CNS. An area of interaction
between the immune system and the PNS that has received considerable attention is the role
neutrophils play in pain; however, the picture that emerges from these studies is far from
simple. Whereas many studies concluded that neutrophils increase pain (i.e., they produce
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a hyperalgesic effect), a number of other studies report that neutrophils either produce the
opposite effect (i.e., an antinociceptive or analgesic effect) or have no effect on pain at all.

The sixteen studies listed in Table 2 all concluded that neutrophils increase pain. A group
of rats or mice was treated in one of a number of ways to produce inflammatory or
neuropathic pain. A second group of animals was treated identically but only after these
animals were pretreated (pharmacologically or immunologically) to decrease substantially
circulating neutrophils. These studies vary in terms of whether they in fact documented
neutrophil depletion, whether the effect of that manipulation was specific to neutrophils,
and whether they measured neutrophils directly by immunohistochemistry or indirectly by
measuring MPO activity biochemically.

The first reports of a hyperalgesic effect of neutrophils came from Levine et al. (1985, 1984;
Table 2). These researchers produced local inflammation by injection into the dorsum of

the paw either LTB4, N-formyl-methionyl-leucyl-phenylalanine, or complement factor Csg,.
These injections decreased the threshold for mechanical pain. A second group of animals
was pretreated with hydroxyurea or methotrexate to deplete neutrophils, which produced

a decrease in hyperalgesia. While hydroxyurea and methotrexate were shown to deplete
circulating neutrophils, their effect was not specific as they also depleted other granulocytes
and mononuclear leukocytes (Levine et al., 1984).

Perkins and Tracey examined thermal hyperalgesia produced by a unilateral partial sciatic
nerve ligation, which involved ¥4 to % of the nerve and is a classical model system for
studying neuropathic pain (Perkins and Tracey, 2000; Seltzer et al., 1990). This lesion
produced a large increase in endoneurial neutrophils determined immunohistochemically

at and both immediately distal and proximal to the lesion site. Neutrophil levels in the

nerve peaked at 24 hours but were still detectable after 7 days. Sham-operated nerves
showed some neutrophils but only in the epineurium. In the lesioned animals, no increase

in neutrophils was found around sensory nerve terminals in the skin. The lesion also

led to thermal hyperalgesia. In one group of animals, neutrophils were depleted by an
intraperitoneal injection at the time of surgery of a rabbit anti-rat neutrophil antibody, which
substantially depleted circulating neutrophils for 5 days. Other leukocytes were slightly
lowered compared to animals receiving normal serum, but their levels were not significantly
below those found preoperatively. The depletion decreased hyperalgesia. When neutrophil
depletion was delayed until 8 days after injury, at a time when thermal hyperalgesia had
already been established, the anti-rat neutrophil antibody did not affect the hyperalgesia.
Injection of this antibody into non-lesioned animals had no effect on the withdrawal latency
to the heat stimulus, even though circulating neutrophils were shown to be reduced. The
authors concluded that neutrophils “contribute to the early genesis of peripheral neuropathic
pain”.

Nadeau et al. also examined the role of neutrophils after partial sciatic nerve ligation, but
they measured mechanical pain using the von Frey filament assay (Nadeau et al., 2011).
Neutrophils were depleted by injection of the anti-Ly6G antibody, which had no effect on
the levels of M1 macrophages. The decreased threshold for paw withdrawal seen after injury
in animals injected with a control serum was totally blocked at 3, 4, and 5 days after the
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lesion when neutrophils were depleted. As noted early in this review, this depletion had no
effect on functional regeneration measured by the sciatic functional index test.

It is assumed that neutrophils induce hyperalgesia either by activation or sensitization of
nociceptors (Rittner et al., 2003). Although, as already noted, neutrophils can secrete a large
number of molecules, including cytokines, enzymes, and cytotoxic compounds, the specific
mechanism(s) by which these immune cells produce a hyperalgesic effect is not known.
Among the possible molecules that could be involved are IL-13, TNF-a, IL-6, prostaglandin
E,, ROS, neutrophil elastase, and cathepsin E (Cunha et al., 2008; Ferreira et al., 1993;

Gao et al., 2022; Rittner et al., 2003). To what extent the secretion of such molecules

occurs directly by neutrophils or indirectly from nearby cells has not been determined.
While many of the studies are consistent with an action of neutrophils directly or indirectly
on the terminals of nociceptors, that is not true for the studies of Perkins and Tracey and
that of Nadeau et al., in which neutrophils were found in the lesioned nerves. It will be
interesting to determine if neutrophils have a differential effect on calcitonin gene-related
peptide positive and isolectin B4 positive pain neurons. In a culture study, Shaw et al.
showed that neutrophils can increase the firing rate of isolectin B4 positive DRG neurons
(Shaw et al., 2008).

In a further attempt to determine the mechanism between neutrophils and pain, one study
examined the effect of NETs on hyperalgesia (Schneider et al., 2021). Antigen-induced
arthritis was produced in mice, which led to NET formation intra-articularly and to
mechanical hyperalgesia. When a PAD4 inhibitor was given to block NET formation,
hyperalgesia was inhibited. Furthermore, isolation of NETs induced in vitro by a phorbol
ester and their injection into articular joints in WT mice led to a rapid onset of hyperalgesia.
This effect was not seen in KO animals for TNF receptor 1, IL-1 receptors, toll-like
receptors 4 or 9. In addition, injection of indomethacin, a non-selective cyclooxygenase
inhibitor, prevented the hyperalgesia. In studying NETS, however, it must be remembered
that macrophages are also said to be able to produce extracellular traps (Doster et al., 2018).

4.4.2. Neutrophils have also been shown to produce an analgesic effect.—In
other studies in which the effects of neutrophils on pain were examined, using the same
depletion strategy, neutrophils were found to have the opposite effect (referred to as an
antinociceptive or analgesic effect). It is known that certain immune cells, including but not
restricted to neutrophils, synthesize and secrete opiate peptides, and in some of the studies
listed in Table 3, these molecules have been implicated in the antinociceptive responses
observed (Brack et al., 2004; Cabot, 2001; Machelska et al., 2003; Plein and Rittner, 2018;
Heike L. Rittner et al., 2006a, 2006b; Rittner et al., 2003; Stein et al., 1990).

A number of papers beginning in the 1990s indicated that endogenous opiate peptides
released by immune cells produce antinociceptive responses but had not specifically
demonstrated an involvement of neutrophils (Cabot et al., 1997; Przewtocki et al., 1992).
Machelska et al. demonstrated that 6 hours after complete Freund’s adjuvant (CFA)-induced
inflammation, the immune cells in the paw that contained B-endorphin, met-enkephalin,
and dynorphin A were primarily granulocytes (Machelska et al., 2003). At 4 days, the
endogenous opiates were largely present in macrophages. Swim stress, which causes the
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release of opiates from leukocytes, at least in part through the action of corticotropin-
releasing hormone (CRH), produced antinociception similarly at both 6 hours and 4 days,
and this effect was blocked by the opiate antagonist naloxone (Schafer et al., 1996).

The first study implicating neutrophils specifically was by Brack et al. who used CFA

to produce inflammation and mechanical hyperalgesia in the paw (Brack et al., 2004).

CRH was injected into the inflamed paw and produced antinociception, an effect blocked
by naloxone. In addition, the CRH-produced analgesia was significantly reduced by
administration of an anti-rat neutrophil serum. Flow cytometry demonstrated that the
antiserum produced a decrease in the inflamed paws in the number of neutrophils and
opioid-containing cells, with no change in monocytes/macrophages. Nearly all of the
neutrophils were positive for the chemokine receptor CXCR2, and nearly all of these

cells expressed the endogenous opiates, f-endorphin and enkephalin. Opiate receptors are
present on the terminals of nociceptors and are upregulated as a result of inflammation
(Machelska and Stein, 2006). The two endogenous CXCR2 ligands, CXCL1 and CXCL2,
reached a maximum in the paw between 12 and 24 hours after CFA injection. Combined
administration of antibodies to these chemokines reduced neutrophils in the paw (without
affecting monocytes/macrophages), reduced opioid-containing cells, and completely blocked
CRH-induced antinociception. Interestingly, these chemokine antibodies had no effect on
mechanical pain in CFA-induced inflammation in the absence of CRH, indicating that there
are multiple mechanisms for inflammatory hyperalgesia.

Neutrophils are not the only leukocytes that have been implicated in pain. A nhumber of
studies have implicated macrophages in causing mechanical or thermal hyperalgesia, using
clodronate or MaFIA mice to deplete macrophages (Liu et al., 2000; Shepherd et al., 2018;
Yu et al., 2020). Studies on T lymphocytes have also implicated those cells, using athymic
nude rats to eliminate mature T cells or antibodies to CD25 to deplete regulatory T cells.
Type 1 T cell subsets cause mechanical and thermal pain hypersensitivity, while type 2 cells
decrease pain hypersensitivity. Regulatory T cells also reduced mechanical hypersensitivity.
Some studies have found that neutrophils play no role in inflammatory or neuropathic pain
(Brack et al., 2004; Ghasemlou et al., 2015; Heike L. Rittner et al., 2006b). Ghasemlou et al.
examined the role of neutrophils in hyperalgesia in two pain models: intraplantar injection
of CFA and a deep plantar incision involving injury to the skin and underlying muscle
(Ghasemlou et al., 2015). In both models, a rapid and prolonged hyperalgesia occurred

in tests of mechanical and thermal pain. Flow cytometry revealed that the majority of
immune cells were CD45*CD11b* myeloid cells, with only a small percentage of lymphoid
cells present. The levels of most myeloid cells peaked at 1 day, with Ly6CN monocytes/
macrophages peaking later at 3 days. Depletion of neutrophils was accomplished using an
anti-Gr1l antibody and was confirmed using flow cytometry. The depletion procedure had no
effect on the levels of monocytes/macrophage. In apparent contrast with some of the studies
described above (Table 2), these researchers found that the depletion of neutrophils had

no effect on mechanical or thermal hypersensitivity. Interestingly, depletion of a different
population of myeloid cells, CD11b*Ly6G™, a population of monocytes/macrophages,
which actually constituted the largest population of immune cells in both pain models,

led to a strong alleviation of mechanical hyperalgesia with only a mild effect on thermal
hyperalgesia. The authors concluded not that neutro phils are incapable of causing pain
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but that “they are not required, presumably because other cells are sufficient to drive the
phenotype in their absence”.

While these studies present a somewhat confusing picture, much of that possibly is due to
slight differences in procedure, for example the times at which pain assays are conducted.
The specifics of these different studies have been discussed in some detail under the title
“Neutrophils: are they hyperalgesic or anti-hyperalgesic?” (Cunha and Verri, 2006; Heike

L. Rittner et al., 2006a). Two things that do seem clear is that neutrophils can produce
hyperalgesia and that under other conditions favoring the release of endogenous opiates they
can produce analgesia.

5.0. Conclusion

Neutrophils, the homogeneous, short-lived cells once thought to only clear pathogens from
the body are now known to be a heterogeneous cell type that undergoes many changes
throughout their lives. They live longer than previously thought, are involved in a lot more
than just clearing pathogens, especially in the nervous system. Four functions have been
implicated in neurological disease and injuries: degranulation, phagocytosis, NET formation,
and paracrine/immunomodulatory factor release. As more has been learned about their
biology, we have gained a greater understanding of their role in CNS and PNS injury

and diseases. In some situations, their effects on neural tissue are primarily damaging;
however, in others, their effects are regenerative. As reviewed in this article, increasingly
neutrophils have been shown to be involved in a variety of neurological diseases and after
neural injury (Fig. 7). There is still much to learn about neutrophil subtypes and their

role under these conditions. They are complex cells with the ability to communicate and
modulate other cells, as shown in the B cell neutrophil interactions in the EAE model,

and neutrophil-astrocyte interactions. Different subtype are able to positively influence
regeneration demonstrated by the Ly6G!°%,CD14M in both the CNS and PNS. Continued
research into the gut-microbiome’s interactions with neutrophils is intriguing as it could
provide new evidence on the susceptibility to some diseases and a possible avenue for
clinical research into potential treatments for ALS. NET formation will be an interesting
area to investigate in the coming decade in many neurological conditions but careful controls
and specific staining will be required. Studying neutrophils will require attention to ensure
their role is carefully separated from macrophages. Specific KO models will help but will
need appropriate controls. With research continuing, the coming decade should offer new
insights into positive roles for neutrophils in the nervous system.
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ALS amyotrophic lateral sclerosis
ATF3 activating transcription factor 3
BAFF TNF ligand superfamily member 13B
BBB blood brain barrier
C3a & Cbha complement component 3a & 5a
C/EBP CCAAT/enhancer binding proteins
CD cluster of differentiation
CCL C-C chemokine ligand
CCR2 C-C chemokine receptor type 2
CFA complete Freund’s adjuvant
CRH corticotropin-releasing hormone
CSF1r colony stimulating factor 1 receptor
CXCL1 chemokine (C-X-C motif) ligand 2
CXCR2 C-X-C chemokine receptor type 2
CXCR4 C-X-C chemokine receptor type 4
CXCLS8 C-X-C chemokine receptor 8
CNS central nervous system
DAMPs damage-associated molecular patterns
DC dendritic cells
EAE experimental autoimmune encephalomyelitis
G-CSF granulocyte colony stimulating factor
Gif-1 GREF interactive factor 1
Grl lymphocyte antigen 6 complex
GRF1 growth related factor interactive factor
Ibal ionized calcium binding adaptor molecule 1
IFN interferon
IL interleukin
iNOS inducible nitric oxide synthase
19G immunoglobulin G
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iNOS
IPA

KO

LFAl
LTB4
Ly6B.2
Ly6G
LysM
MDSC
MIP
MMP8
MMP9
MPO
MS
NADPH
NAT
NET
NGF
NP-1
PADA4
PAMP
PMN
PNS
ROS
RNS
SClI
SOD1

STAT3

inducible nitric oxide synthase

indole-3 propionate

knockout

lumbar

lymphocyte function-associated antigen 1
leukotriene B4

Lymphocyte antigen 6B

lymphocyte antigen 6 complex locus G
protein domain

myeloid-derived suppressor cells
macrophage inflammatory protein
neutrophil collagenase

matrix metalloproteinase 9
myeloperoxidase

multiple sclerosis

nicotinamide adenine dinucleotide phosphate
neutrophils associated with tumors
neutrophil extracellular trap

nerve growth factor

neutrophil peptide-1

peptidyl arginine deiminase 4
pathogen-associated molecular patterns
polymorphonuclear leukocytes
peripheral nervous system

reactive oxygen species

reactive nitrogen species

spinal cord injury

superoxide dismutase 1

signal transducer and activator of transmission 3
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TBI traumatic brain injury
T cells T-lymphocyte and thymocyte
TGF-beta transforming growth factor beta
Th T helper cells
TNFa tumor necrosis factor-a
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Highlights
. Our understanding of neutrophil’s role in the nervous system has advanced.
. Subpopulations of neutrophils have been found and may have unique roles.
. Neutrophil extracellular traps are found in neurological conditions.
. Neutrophils play a role in neuropathic pain, although the literature are mixed.
. Neutrophils are involved in Wallerian degeneration.

Prog Neurobiol. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Balog et al.

Page 47

Fig. 1. Diagram of Identification Markers to Separate Neutrophils from Basophils, Eosinophils,
Mast cells, Macrophages, and Monocytes.

The diagram shows the different cell types within the myeloid and lymphoid lineages.
The blue text under each cell type indicates a positive flow marker for that cell type,
while the red text indicates a cell marker that is not present in the cell type. The

grey text for macrophages, neutrophils, and eosinophils are markers that can be used in
immunohistofluorescence to detect these cell types. This list is not an extensive list of cell
types as some can be further divided, nor an exhaustive list of cellular markers.
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Fig. 2. Development of Neutrophils.
The figure shows the development of neutrophils in the bone marrow from myeloblast to

myelocytes, where C/EBPe expression is increased, and primary granules start to form.
These cells develop in close contact with osteoblasts and mesenchymal stem cells (MSC),
as they produce CXCL12 that binds to the receptor CXCR4 present on the neutrophil
precursors. As the cells further develop, they will become metamyelocytes and then band
cells with an increase in expression of Gif-1 and C/EBP,C, and C, with secondary and
tertiary granules forming. As band cells, the receptor CXCR2 is upregulated, resulting in the
mature neutrophils leaving the bone marrow. The yellow text indicates the order of granule
formation, the blue text indicates gene expression, and the black text indicates the order of
cell differentiation during development.
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Fig. 3. Neutrophil Chemotaxis and Mechanism of Action.
Neutrophils will follow the gradient of chemokines to the injury site, then adhere and

roll along the vessel before firmly adhering and entering the tissue. Entering the tissue is
accomplished by degranulation of the tertiary granules. Once in the tissue, the cytokines
CXCL1, 2, 3,5, 6, LTB4 and C5a, which are released by the injured tissue, will trigger
different cellular functions leading to degranulation, phagocytosis, creation of reactive
oxygen and nitrogen species (ROS/RNS), formation of NETS, and release of chemokines.
The orange circles are cellular debris, the blue squares are chemokines, and the purple
squares are C5a and LTB4. The cells are labeled in the figure.
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Fig. 4. Neutrophils are Involved in Myelin Clearance.
Wild type and Ccr2 KO mice were pretreated with antibodies against Ly6G to deplete

neutrophils or were given an isotope control antibody. The sciatic nerve was then transected
unilaterally, and seven days later, the nerve was stained with luxol fast blue (LFB) as an
index of intact myelin. The top graph shows the effectiveness of the deletion strategy (A).
Graph B shows the percent area stained. The LFB images show residual staining after
neutrophil depletion (C-F). (Adapted from Lindborg et al., 2017).
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After a spinal cord injury (SCI), neutrophils enter the injury site, followed by macrophages.
Activated astrocytes keep the neutrophils from spreading in the injury site. Mpo KO
mice have a decreased lesion size compared to wild type demonstrating Mpo can have a
detrimental effect. Several molecules released by neutrophils are beneficial to regeneration.
Additionally, the neutrophil Ly6G'®¥CD14* subtype has been shown to aid regeneration.

Darkened neurons (motor and sensory) indicate injured neurons.
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After peripheral nerve injury, the distal nerve undergoes Wallerian degeneration (WD).
Neutrophils play a role in WD, as depleting neutrophils delays myelin clearance.

Many molecules (i.e., oncomodulin, nerve growth factor, & neutrophil peptide-1) aid
regeneration that are released from neutrophils. Changes in the gut microbiota have been
shown to accelerate regeneration, which is dependent on neutrophils. Additionally, the
Ly6G'°VCD14* subtype is involved in regeneration after a peripheral nerve injury.
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Fig. 7. Summary.
In this figure, we summarize all the effects discussed in this article. Neutrophils have many

vital roles in neurological disease and injuries. Degranulation affects the lesion size in
multiple sclerosis (MS) and spinal cord injuries (SCI). Neutrophils possibly help with the
phagocytosis of myelin debris after injury. The CD14 subtype’s role in regeneration is just
starting to be investigated but holds promise. Other subtypes; (i.e., N2) involvement in other
neurological conditions is being investigated. NET formation has been reported in SCI and
Alzheimer’s disease (AD). Cytokine release from neutrophils can activate other cell types
causing a continued immune response. Neutrophils have a significant effect on blood flow
which affects clinical outcomes during traumatic brain injury (TBI) and stroke, in addition
to playing a role in AD. It has been shown that neutrophils release regenerative molecules
that aid regeneration in the peripheral nervous system after injury and in SCI. The role of the
gut-microbiota activating neutrophils to aid in regeneration is an exciting and new avenue of
research.
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Standard Names

Aliases

Species known to
express the
protein

Receptor Affinity

growth regulator oncogene a (Gro-a.)
neutrophil activating protein 3 melanoma growth stimulatory activity

human (h), rodent

CXCL1 (MGSA) 0 CXCR2>CXCR1

cytokine-induced neutrophil chemoattractant 1 (Cinc-1)

platelet-derived growth factor inducible protein (KC)
macrophage inflammatory protein 2 (MIP-2)
CXCL2 cytokine-induced neutrophil chemoattractant 3 (Cinc-3) hr CXCR2>CXCR1
growth-regulated oncogene beta (Gro-vy)
growth regulator oncogene -y (Gro-y)

CXCL3 macrophage inflammatory protein 2 g (MIP-2f) h,r CXCR2>CXCR1

cytokine-induced neutrophil chemoattractant 2 (Cinc-2)

epithelial cell-derived neutrophil-activating protein 78 (EAN 78)
CXCL5 small-Inducible cytokine B5 lipopolysaccharide-induced CXC chemokine h,r CXCR2>CXCR1
(LIX)
granulocyte chemotactic protein 2 (GCP-2)
CXCL6 small-Inducible cytokine B6 chemokine alpha 3 (CKA-3) hr CXCR2>CXCR1
platelet basic protein leukocytic-derived growth factor (LDGF)

2y macrophage-derived growth factor (MDGF) thymus chemokine 1 protein hr CXCR2SCXCR1

tumor necrosis factor (TNF) stimulated gene 6 (TSG-6) _
CXCL8 tumor necrosis factor a-induced (TNFa-induced) h CXCR2=CXCR1

Cba CD88 h,r C5aR
Leukotriene B4

wssy | h,r LTB4 receptor 1
CXCL12 stromal cell-derived factor 1 (SDF1) h,r CXCR4
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Table 2.

Examples of reported neutrophil-dependent hyperalgesia.

Manipulation Species | Effect on Type of Method of Effect of Reference
Neutrophils Hyperalgesia Neutrophils Neutrophils
Tested Reduction Reduction
Leukotriene B4 injected | Rat A known potent Mechanical Hydroxyurea or Decreased (Levine et al.,
into the dorsum of the PMN chemotactic hyperalgesia methotrexate hyperalgesia 1984)
paw agent (paw pressure
threshold)
N-formyl- methionyl- Rat A known potent Mechanical Hydroxyurea Decreased (Levine et al.,
leucyl-phenylalanine or PMN chemotactic hyperalgesia hyperalgesia 1985)
Cg, into the dorsum of agents
the paw
Intraplantar nerve Rat Increased MPO Thermal Anti-rat PMIN Decreased (Bennett et al.,
growth factor activity in plantar hyperalgesia hyperalgesia 1998)
skin
Partial sciatic nerve Rat PMN accumulation Thermal Anti-rat PMN Decreased (Perkins and
ligation in sciatic nerve hyperalgesia hyperalgesia Tracey, 2000)
Allergen (ovalbumin) Rat PMN accumulation Thermal Fucoidin or anti- Decreased (Lavich et al.,
into the paw in plantar skin hyperalgesia rat PMN hyperalgesia 2006)
Serotonin into the Rat ND Mechanical Fucoidin Decreased (Oliveira et al.,
dorsum of the paw hyperalgesia hyperalgesia 2007)
Carrageenan into the Rat Increased MPO Mechanical Fucoidin Decreased (Cunha et al.,
paw activity in plantar hyperalgesia hyperalgesia 2008)
skin
Antigen (methylated Mouse Increased MPO Mechanical Reparixin or Decreased (Coelho et al.,
bovine serum albumin) activity in knee joint | hyperalgesia DF2162 hyperalgesia 2008)
into knee joint
C5a, zymosan, or Rat Increased MPO Mechanical Vinblastine Decreased (Ting et al.,
carrageenan into paw activity in paw hyperalgesia hyperalgesia 2008)
Partial sciatic nerve Mouse PMN accumulation Mechanical Anti-Ly6G Decreased (Nadeau et al.,
ligation in sciatic nerve hyperalgesia hyperalgesia 2011)
Intraplantar 1L-17 Mouse PMN accumulation Thermal Fucoidin Decreased (McNamee et al.,
in plantar skin hyperalgesia hyperalgesia 2011)
Monosodium urate into Mouse Increased MPO Mechanical DF2162 or Decreased (Amaral et al.,
the tibio-femoral joint activity in hyperalgesia Fucoidin or 5- hyperalgesia 2012)
periarticular tissue LOX inhibitor
Paw incision Mouse Increased MPO Mechanical Anti-Ly6G or Decreased (Carreira et al.,
activity in plantar hyperalgesia vinblastine or hyperalgesia 2013)
tissue Ladarixin
MOG35_s5 Mouse PMN accumulation Mechanical Anti-Ly6G Decreased (Harada et al.,
subcutaneously in DRG hyperalgesia hyperalgesia 2019)
(causing EAE)
MOGg3s_s5 Mouse PMN accumulation Mechanical Anti-Ly6G Decreased (Zhang et al.,
subcutaneously in DRG hyperalgesia hyperalgesia 2019)
Monosodium urate or Mouse Increased MPO Mechanical Fucoidin Decreased (Yin et al., 2020)
1L-33/ST2 activity hyperalgesia hyperalgesia

Carrageenan, an extract from a red seaweed; EAE, experimental autoimmune encephalomyelitis; Fucoidin, a nonspecific selectin inhibitor;
Ladarixin, a CXCR1/2 antagonist; 5-LOX, 5-lipoxygenase, which produces leukotriene B4; MOG, myelin oligodendrocyte glycoprotein; MPO,
myeloperoxidase; ND, not determined; PMN, although PMN refers to all granulocytes, it is used here to refer specifically to neutrophils; Reparixin
and DF2162, both CXCR1/2 inhibitors; ST2, suppression of tumorigenicity/IL-33 receptor.
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Situations in which neutrophils did not produce hyperalgesia.
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Manipulation Species | Effect on Type of Method of Effect of Neutrophil Reference
Neutrophils Hyperalgesia Neutrophils Reduction
Measured Reduction
Intraplantar CFA Rat PMN Mechanical Anti-rat PMN CRH-induced (Brack et al.,
& CRF accumulation hyperalgesia serum antinociception is 2004)
inhibited.
Intraplantar CFA Rat PMN Mechanical & Anti-rat PMN CFA-induced (Rittner et al.,
& CXCL2 accumulation thermal serum hyperalgesia was 2006)
hyperalgesia unaffected while
CXCL2-induced
antinociception is
reduced.
Intraplantar CFA, Rat PMN Mechanical & Anti-rat PMN CFA-induced (Rittner et al.,
CXCL1, or accumulation thermal serum hyperalgesia is 2006b)
CXCL2 hyperalgesia independent of
PMNs. Also,
chemokine-induced
PMN recruitment does
not cause hyperalgesia.
Intraplantar CFA Rat PMN Mechanical & Anti-rat PMN Increased hyperalgesia. (Rittner et al.,
accumulation thermal serum 2009)
hyperalgesia
Plantar hind paw Mouse PMN Mechanical & Anti-Ly6G/Gr-1 No effect on mechanical | (Sahbaie etal.,
incision accumulation thermal hyperalgesia. Slightly 2012)
hyperalgesia increased thermal
hyperalgesia.
Intraplantar Mouse PMN Mechanical Anti-Gr-1 No effect on mechanical | (Suo etal., 2014)
zymosan accumulation hyperalgesia hyperalgesia.
Intraplantar CFA Mouse PMN Mechanical & Anti-Ly6G No effect (Ghasemlou et
or plantar accumulation thermal al., 2015)
incisional wound hyperalgesia

CFA, Complete Freund’s adjuvant; CRH, corticotropin-releasing hormone, releases opioids from leukocytes; ND, not determined.
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