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Abstract

Microglia are the resident innate immune cells of the brain. Although embryologically and
functionally distinct, they are morphologically similar to peripheral monocyte-derived cells
resulting in a poor ability to discriminate between the two cell types. The purpose of this study
was to develop a rapid and reliable method to simultaneously characterize, quantify, and
discriminate between whole populations of myeloid cells from the brain in a murine model of
traumatic brain injury (TBI). Male C57BL/6 mice underwent TBI (n=16) or sham injury (n=14).
Brains were harvested at 24 hours post injury. Multiparameter flow cytometry and sequential
gating analysis was performed allowing for discrimination between microglia and infiltrating
leukocytes as well as for the characterization and quantification of individual subtypes within the
infiltrating population. The proportion of infiltrating leukocytes within the brain increased with the
severity of injury and the predominate cell types within the infiltrating population were monocyte-
derived (p=0.01). Additionally, the severity of injury altered the overall makeup of the infiltrating
monocyte-derived cells. In conclusion, we describe a flow cytometry based technique for gross
discrimination between infiltrating leukocytes and microglia as well as the ability to
simultaneously characterize and quantify individual myeloid subtypes and their maturation states
within these populations.
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Introduction

Microglia, the resident innate immune cells of the central nervous system (CNS), are
embryologically distinct from peripheral monocyte-derived macrophages. An inability to
rapidly and reliably distinguish between these two morphologically and functionally similar
cell types has limited our understanding of their complex interactions (1). Traditionally, the
CNS is considered an immune privileged site barring entry of peripheral leukocytes via the
blood brain barrier (2, 3). This leaves the resident microglia to maintain CNS homeostasis
through immune surveillance as well as by providing neurotropic support and neural repair
(4-6). However, under a variety of neuroinflammatory conditions, disruption of the blood
brain barrier occurs allowing peripheral monocyte-derived macrophages to infiltrate into the
CNS (7). Additionally, neuroinflammation rapidly activates microglia causing both
morphological as well as functional changes that render them difficult to distinguish from
infiltrating macrophages (8). This phenotypic similarity has lead to a potentially flawed
perception that microglia and infiltrating macrophages perform functionally similar roles
within the CNS. In fact, a number of recent studies have shown that infiltrating macrophages
play critical roles that the resident microglia are incapable of (9-12). Microglia and
infiltrating macrophages, therefore, represent two embryologically and functionally distinct
cell populations with each relying on distinctive sets of transcription factors leading to
separate patterns of gene expression (13, 14). Understanding the nature of their interaction
raises the possibility of therapeutically altering phenotypes and activation states thereby
altering the overall immune response to CNS injury.

The current standard for distinguishing between microglia and infiltrating macrophages is
immunohistochemistry. Although immunohistochemistry is useful for assessing
morphology, proliferation, and sites of activation it has a number of drawbacks limiting its
use (15). It requires preparation of fixed tissue which is susceptible to artifact. Additionally,
immunohistochemistry only permits semi quantitative analysis from localized regions of the
CNS. Several investigative groups have focused on this problem. Gordon and colleagues
described a column free magnetic separation protocol to isolated primary mouse microglia
in culture (16). Similarly, Nikomedova et al. and Bedi et al. have described the isolation of
live microglia based on CD11b immunomagnetic enrichment combined with flow
cytometric analysis (15, 17). However, the need to distinguish microglia from infiltrating
leukocytes while simultaneously characterizing their maturation status remains unsolved.
Thus, current strategies to investigate the complex interplay between microglia and
infiltrating leukocytes after CNS injury are inadequate. A method allowing for the
simultaneous characterization and quantification of whole populations of myeloid cells from
the CNS is needed. Here we describe a flow cytometry-based method for the gross
differentiation between microglia and infiltrating leukocytes in a murine model of closed
head traumatic brain injury. Most importantly,, this method allowed us to simultaneously
characterize and quantify individual infiltrating myeloid subtypes and their maturation states
within these populations.
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Materials and Methods

Animals

C57BL/6 (B6) male mice (12-14 weeks old) were purchased from the Jackson Laboratory
(Bar Harbor, Maine). Mice were maintained in a pathogen-free barrier facility within
Northwestern University's Center for Comparative Medicine. Animals were treated and
cared for in accordance with the National Institutes of Health Guidelines for the Use of
Laboratory Animals. The Northwestern University Institutional Animal Care and Use
Committee approved the experimental protocol.

Traumatic brain injury (TBI)

Mice were anesthetized with 50mg/kg ketamine (Ketaset, Fort Dodge, IA) and 2.5mg/kg
xylazine (Anased, Shenandoah, IA) via intraperitoneal injection. Once anesthetized, a 1-cm
scalp incision was made allowing identification of the sagittal and coronal sutures of the
skull and an impact area 2mm left of the sagittal suture and 2mm rostral to the coronal
suture was marked. A closed-head traumatic brain injury was induced via a weight drop
technique as previously described by our laboratory (18). In brief, a 333gm impacting rod
with a 3-mm diameter tip was dropped from a height of 3cm imparting 0.06J to the closed
skull. Sham-injured mice underwent anesthesia induction and scalp incision only. All groups
were recovered in separate cages over a warming pad. The severity of injury was assessed at
2, 4, and 24 hours post-injury via administration of the Neurological Severity Score (NSS)1
as initially described by Flierl et al. and as used by our laboratory previously (18, 19). Sham-
injured mice all scored 0 out of 10 (N= 14). Mild TBI was defined as a NSS from 1-5
(N=11) and severe TBI was defined as a NSS from 6-10 (N=5). Mice were euthanized at 24
hours post-injury and brains were harvested.

Cell isolation

Immediately after euthanasia, mice were perfused with 30mL cold 1xDPBS via cardiac
injection. Whole brains were then removed, weighed, and split into hemispheres. Individual
hemispheres were homogenized and processed via the Miltenyi neural dissociation kit
according to the manufacturer's instructions (Miltenyi Biotech, Auburn, CA). Subsequent to
neural dissociation, myelin was removed with myelin removal beads via the Miltenyi
autoMACS pro (Miltenyi Biotech). The myelin negative fraction was collected and
centrifuged at 300g for 10 minutes at 4 degrees Celsius. Red blood cells were lysed with BD
Pharm Lyse Buffer (BD Biosciences, Sparks, MD). The separated hemispheres were then
recombined to allow for total brain cell counts obtained with a Countess automated cell
counter (Invitrogen, Carlshbad, CA). Trypan blue staining (Life Technologies, Carlsbad, CA)
excluded nonviable cells.

Flow cytometry

Approximately 3 million cells per brain were prepared for flow cytometric analysis. Viable
cells were labeled with LIVE/DEAD Fixable Aqua Dead Cell Stain (Invitrogen). Samples

1NSS—neuroIogicaI severity score
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were washed with PBS and treated with Fc Block to inhibit nonspecific binding (BD
Biosciences, Sparks, MD). Cells were then labeled with FITC Ly6c (AL21), PE Cy7 CD11c
(HL3), Alexa Fluor 700 Ly6G (1A8), and APC Cy7 CD45 (30-F11). A common channel for
PE-CF594 CD3 (145-2C11), CD19 (1D3), Siglec F (E50-2440), and NK1.1 (PK136) was
used (BD Biosciences). Additionally cells were labeled with PerCP Cy5.5 MHCII
(M5/114.15.2), PE CD64 (x54-5/7.1) (Biolegend, San Diego, CA), Alexa Fluor 647 F4/80
(BMA) (Abdserotec, Raleigh, NC), and efluor450 CD11b (M1-70) (eBioscience, San Diego,
CA). Following incubation, all cells were washed with PBS and fixed with 1.6%
paraformaldehyde.

Flow cytometry data were acquired on a BD LSR Il cytometer (BD Immunocytometry
Systems, San Jose, CA) having 405-nm, 488-nm, 561-nm, and 640-nm excitation lasers as
previously described by our laboratory (20). Data collection was performed using BD FACS
Diva Software (BD Biosciences), and data analyses were performed using FlowJo Software
(Treestar, Ashland, OR). Bioexponential transformation was adjusted when necessary.

Statistical analysis

Results

The data are reported as the mean + standard error of the mean using the statistical software
program Prism (Graphpad Software Inc., La Jolla, CA). Data involving two groups were
analyzed by a Student's t test and data involving more than two groups were analyzed using
one-way analysis of variance with Tukey multiple comparison post-test. Significance was
accepted at p<0.05. N = x mice in the sham-injury group, y mice in the mild TBI group, and
z mice in the severe TBI group.

Flow cytometry grossly distinguishes infiltrating leukocytes from microglia

Prior studies have reported efficient isolation of myeloid cells from the brain using
immunomagnetic separation based on expression of CD11b (15, 17). However, the flow
cytometric analysis of these immunomagnetically enriched myeloid populations
demonstrated poor resolution of peripheral monocyte-derived myeloid cells from microglia.
To identify myeloid populations in the brain we performed 10-color flow cytometry and
sequential gating analysis (Fig. 1). Using this technique we were able to fully characterize
the infiltrating leukocyte population into its principle components via flow cytometry
(lymphocytes, NK cells, eosinophils, neutrophils, monocytes, monocyte-derived
macrophages, and monocyte-derived dendritic cells). In addition, our antibody panel and
sequential gating strategy also allowed for a detailed examination of monocyte-derived
populations. First, the infiltrating myeloid population
(CD3~CD19"NK1.17SiglecF~Ly6G~CD11b*CD451) was grossly distinguished from
microglia (CD3"CD19"NK1.1-SiglecF"Ly6G~CD11b*CD459) via differential expression
of CD45 and confirmed via backgating based on the differential forward scatter
characteristics and CD11b expression of the two populations. Following the differentiation
of monocyte-derived cells from microglia, we were able to delineate between monocytes
(CD64~MHCII™), early monocyte-derived (CD64*MHCII™) macrophages (MD-Mg),
inflammatory (CD64*MHCII*) macrophages (iM¢), and inflammatory (CD64"MHCII™)
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dendritic cells (iDC) (Fig. 3, bottom panels) (20, 21). While our particular panel focused on
identifying the various maturation states of monocyte-derived cells, one could easily alter
the panel to focus on the lymphoid population or other granulocyte populations in greater
detail.

Infiltrating leukocytes counts increase in proportion to the severity of traumatic brain

injury

Our analysis revealed a significant difference in the frequency of leukocyte infiltration into
the injured brains dependent on the severity of injury (Fig. 2). At 24 hours post TBI, brains
from animals sustaining a mild TBI demonstrated a 1.4 fold increase in infiltrating
leukocytes as compared to sham injury (p<0.05) whereas mice sustaining a severe traumatic
brain injury demonstrated a 3.4-fold increase in infiltrating leukocytes over sham-injured
mice (p<0.001). This correlated with gross pathological examination of the injured brain
(Fig. 3). Interestingly, the frequency of microglia remains unchanged after TBI (data not
shown).

Monocyte-derived cells constitute the majority of infiltrating leukocytes after TBI

Prior studies have suggested that neutrophils comprise the majority of infiltrating leukocytes
after CNS injury (22, 23). Our analysis revealed that monocyte-derived cells comprise the
majority of the infiltrating population. Monocyte-derived cells constituted 42.5% + 2.0% of
all peripheral bone marrow-derived leukocytes within brains of sham-injured mice. The
remainder of the infiltrating population is split amongst neutrophils, lymphocytes, NK cells,
and eosinophils. The proportion of monocyte-derived cells within the infiltrating leukocyte
population increased as the severity of brain injury increased with mild TBI resulting in
46.5% + 2.6% monocyte-derived cells and severe injury resulting in 52.9% * 2.3%
monocyte derived cells (p=0.01). The proportion of neutrophils within the infiltrating
population did not change substantially after TBI—34.7% * 1.6% in sham-injury, 35.1% +
2.9% in mild TBI, and 31.6% + 3.3% in severe TBI (p=NS).

The severity of traumatic brain injury alters the maturation state of infiltrating monocyte-
derived cells at 24 hours post injury

To our knowledge, no study to date has characterized the maturation state of infiltrating
monocyte-derived cells after TBI. We observed significant alterations in the makeup of the
monocyte-derived population at 24 hours post TBI (Fig. 4). First, monocytes traffic to the
injured brain. They then differentiate into early MHCII™ monocyte-derived macrophages
(MDMo) 2 and progress to MHCII* inflammatory tissue macrophages (iMo) 3,
Alternatively, monocytes can also give rise to monocyte-derived dendritic cells (iDC)# (20,
21). Our analysis revealed that mild TBI did not produce a significant change in the
proportion of monocytes within the injured brain. However, there was a 1.4 fold increase in
MD-Maeg's (p<0.02). There was also a modest, albeit statistically significant, increase in iMo
and iDC's. The most dramatic changes in the maturation state of infiltrating monocyte-

2MD-Mq)—earIy MHCII™ monocyte-derived macrophage
3iMcp—iana\mmatory tissue macrophage
iDC—monocyte-derived dendritic cell
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derived cells occurred in mice sustaining a severe TBI. Monocytes increased 2.2 fold
(p<0.01), MD-M¢ increased 11.3 fold (p<0.002), iM¢ increased 3.9 fold (p<0.001), and the
proportion of iDC's increased 4.5 fold as compared to sham (p<0.001).

Discussion

In this study, we described the use of multiparameter flow cytometry with sequential gating
to grossly differentiate infiltrating leukocytes from microglia, characterize the makeup of
infiltrating leukocytes, and determine the maturation state of infiltrating monocyte-derived
macrophages after the induction of a closed-head traumatic brain injury. The value of our
system lies in its ability to simultaneously characterize and quantify entire populations of
cells from whole brains or hemispheres in a rapid and reliable fashion. Furthermore, by
incorporating ten-color antibody panels we are able to concurrently delineate leukocyte
subpopulations in a manner not possible with the three-color limitation of traditional
immunohistochemical techniques.

The primary immune cell component of the myelin depleted brain suspensions consisted of
CD3-CD19"NK1.1-SiglecF~Ly6G~CD11b*CD45° microglia. Only a small fraction of
cells, corresponding to peripheral leukocytes, were found in the
CD3"CD19"NK1.17SiglecF~Ly6GCD11b*CD45Hi gate. However, after induction of
traumatic brain injury there was a significant stepwise increase in the cell counts of the
infiltrating peripheral leukocyte population corresponding to the severity of brain injury.
Early experiments defined this population as resident brain macrophages. More recent data
has argued that neutrophils are the predominant cell type within the infiltrating leukocyte
population (22, 23). These studies, however, utilized anti-Gr-1 antibodies to identify
neutrophils and data from own laboratory and others has shown that the anti-Gr-1 antibody
recognizes both Ly6C and Ly6G antigens (20). This leads one to question whether prior
studies have misidentified infiltrating monocyte-derived cells as neutrophils. This
hypothesis is consistent with the data reported herein as monocytes and monocyte-derived
macrophages are the predominant cell type within the infiltrating leukocyte population after
TBI. The importance of this observation cannot be overstated as there is growing evidence
that infiltrating macrophages play a critical role in neurologic repair that resident microglia
are incapable of. For example, infiltrating macrophages have been shown to restrict
amyloid-$ plaque in Alzheimer's disease, facilitate functional recovery in spinal cord injury,
and aid in cell renewal in the injured retina (9-12). Additionally, there is early evidence to
suggest that infiltrating monocyte-derived macrophages orchestrate the polarization of
microglia towards inflammatory (M1) or anti-inflammatory (M2) phenotypes (9, 11, 24, 25).
Understanding the nature of the interaction between infiltrating monocyte-derived
macrophages and microglia raises the possibility of therapeutically altering phenotypes and
activation states thereby altering the overall immune response to CNS injury. An important
limitation of the current study is that microglia up-regulate CD45 after injury whereas highly
activated monocyte-derived macrophages down-regulate CD45 expression. This most
certainly results in some degree of crossover between the two populations and it must be
acknowledged that some inflammatory microglia may be included within the initially
identified monocyte-derived population. Likewise, some highly activated monocytes may be
included within the initially identified microglia population. Although backgating based on
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the differential forward scatter characteristics and CD11b expression of microglia and
infiltrating monocytes/macrophages aids in more definitive identification of these
populations, these differences may be too subtle and allow for too much subjectivity for
investigators without long term experimental experience. Another limitation is that flow
cytometry does not allow for definitive discrimination between M1 and M2 polarization
states. While several studies have attempted to use flow cytometry as a tool for M1/M2
discrimination, it is has become clear that M1 and M2 polarization states are not binary.
Rather, they represent a spectrum of phenotypes controlled by a number of different genes
(17, 26-28). Although flow cytometry may be useful as a screening tool in this regard, a
method allowing for the simultaneous detection of genes covering the entire M1/M2
monocyte and macrophage activation spectrum will be required.

In addition to identifying monocytes and monocyte-derived macrophages as the
predominant cell type in the infiltrating leukocyte population during brain injury, we further
characterized these cells according to their state of maturation. This, in turn, corresponded to
the degree of brain injury. The maturation state of the monocyte-derived population was
stratified based on expression of CD64 (Fc-Gamma receptor 1) and MHC 11 as described
previously by our laboratory (20, 21). Monocytes were defined as
CD3°CD19"NK1.17SiglecF~Ly6GCD11b*CD45HICD64-MHCII~. As the monocytes
matured into monocyte-derived macrophages they began to express CD64 and were
identified as CD3"CD19"NK1.17SiglecF"Ly6GCD11b*CD45HICD64*MHCII™. As
monocyte-derived macrophage matured into inflammatory macrophages they began to
express MHCII and were identified as
CD3"CD19"NK1.17SiglecFLy6G~CD11b*CD45HICD64*MHCII*. Lastly, monocyte-
derived dendritic cells, or inflammatory dendritic cells, do not express CD64 and are defined
as CD3 CD19"NK1.17SiglecF~Ly6GCD11b*CD45HICD64"MHCII*. The overall
maturation state of the infiltrating monocyte-derived population, as determined by the
multiparameter flow cytometry technique described above, changed dramatically as the
severity of injury increased. Infiltrating monocytes were the predominant cell type in both
sham injury and mild TBI. However, as the injury became more severe, the infiltrating
monocytes rapidly matured along the spectrum of early monocyte-derived macrophages,
inflammatory macrophages, and inflammatory dendritic cells (Fig. 4).

In conclusion, we describe a flow cytometry based technique for the gross discrimination
between infiltrating leukocytes and microglia in a murine model of closed-head traumatic
brain injury. Most notably, we were able to simultaneously characterize and quantify
individual infiltrating myeloid subtypes and their maturation states within these populations.
We observed that the predominant infiltrating cell types within the injured brain are
monocyte-derived and that this correlated with the severity of injury. The importance of this
observation is highlighted by the growing evidence that infiltrating macrophages play a
critical role in neurologic repair that resident microglia are incapable of. By gaining a deeper
understanding of their progression and maturation after TBI, infiltrating monocytes and
macrophages may soon represent a novel therapeutic target for the treatment of traumatic
brain injury.
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FIGURE 1
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Figure 1. Gating strategy for the differentiation of microglia from monocytic cells
Cells were isolated from enzymatically digested, myelin depleted, mouse brains. After the

exclusions of doublets and debris, immune cells were identified by CD45 staining. Live cells
were separated from dead cells using an amine reactive dye. Lymphocytes, eosinophils, and
NK cells were excluded using a common channel for CD3/CD19, Siglec F, and NK1.1
respectively. Neutrophils were identified and gated out using surface staining for Ly6G.
Microglia (CD3-CD19"NK1.17SiglecF-Ly6G~CD11b*CD45M0) were then differentiated
from infiltrating monocytes and macrophages
(CD3~CD19"NK1.17SiglecF~Ly6G~CD11b*CD45M) by differential expression of CD64
and CD45. Backgating based on the differential forward scatter characteristics and CD11b
expression aided identification of these populations. Monocytes (CD64"MHCII™), early
monocyte-derived (CD64*MHCII™) macrophages (MD-Me), inflammatory
(CD64*MHCII*) macrophages (iMe), and inflammatory (CD64~MHCII™) dendritic cells
(iDC) were then identified via overlapping expression patterns of CD64 and MHCII.
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Figure 2. Severity of brain injury determines degree of peripheral leukocyte infiltration
Mild TBI without any gross evidence of hemorrhage resulted in a significant increase in

overall cell counts of peripheral leukocytes within the injured brain (*=p<0.05) as compared
to sham injury. Severe injury, with grossly evident hemorrhage within the brain, resulted in
a 3.4-fold increase in peripheral leukocytes within the injured brain (#=p<0.001) as

compared to sham injury.
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Figure 3. Degree of brain injury altersthe maturation state of infiltrating monocyte-derived cells
at 24 hours post injury

A, The majority of peripheral leukocytes within the sham-injured brain are monocytes. B,
After mild TBI, peripheral leukocytes infiltrate into the brain tissue with a significant
increase in the number of early monocyte-derived (CD64*MHCII™) macrophages (MD-Me)
(p<0.02) as compared to sham injury. C, Severe TBI results in a marked increase in
infiltrating leukocytes within the injury brain. Although monocytes and MD-Mg are still
present in large numbers, the proportion of inflammatory (CD64~MHCII*) dendritic cells
(iDC) increased substantially after severe TBI as compared to both sham injury (p<0.001) as
well as mild TBI (p<0.002).
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Figure 4. The severity of traumatic brain injury altersthe maturation state of infiltrating
monocyte-derived cellsat 24 hours post injury

Mild TBI did not produce a significant change in the proportion of monocytes within the
injured brain. Mild TBI did result in a 1.4 fold increase in monocyte-derived (MD-Mg)
macrophages (*=p<0.002). There was also a modest, albeit statistically significant, increase
in inflammatory tissue macrophages and inflammatory (iDC) dendritic cells (#=p<0.04).
Severe TBI resulted in a 2.2 fold increase in infiltrating monocytes, an 11.3 fold increase in
MD-Mo, a 3.9 fold increase in iMo, and a 4.5 fold increase in iDC as compared to sham
(#=p<0.001).
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