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Abstract 

Neuron glial antigen 2 (NG2) is a transmembrane protein predominately expressed in 

certain central nervous system (CNS) cells. Among these cell types are oligodendrocyte precursor 

cells (OPCs) and astrocytes. The 250 kilodalton core protein undergoes extensive post-

translational modification. The addition of chondroitin sulfate glycosaminoglycan chains and 

disulfide bonds allows for binding to a number of receptors and extracellular ligands which allows 

it to play a vital role in cell migration, survival, and angiogenesis. Although NG2 expression has 

been classically associated with CNS cell types, the presence of NG2 has been detected in immune 

cells in a variety of CNS pathologies. Following a spinal cord injury (SCI), a small population of 

bone marrow-derived macrophages (BMDMs) infiltrating the injured spinal cord have been 

reported to express NG2. While infiltrating macrophages in the injured spinal cord are considered 

pro-inflammatory, it is unclear whether NG2+ BMDMs are classically (pro-inflammatory) or 

alternatively activated (anti-inflammatory). In addition, much is still unknown regarding the 

immunological role of NG2+ macrophages. To determine the factors driving NG2 expression, we 

quantified protein expression following various activating stimuli. The findings suggest that NG2 

upregulation is strongly associated with alternative (anti-inflammatory) activation. 

 

 

 

 

 



Introduction 

Neuron glial antigen 2 (NG2), otherwise known as chondroitin sulfate proteoglycan-4 

(CPSG4), is a type 1 transmembrane proteoglycan (Ampofo, 2017). The core protein is 

approximately 250 kDa in size. The core protein undergoes post-translational modification in 

which the chondroitin sulfate glycosaminoglycan chain and disulfide bonds are added. These 

modifications are implicated in cell-matrix and cell-cell interactions (Iozzo, 2015). In addition, it 

has intracellular features that allow it to act as a binding site for kinases such as FAK and 

ERK1/ERK2 (Ilieva, 2018). The ability to activate these signaling pathways allows NG2 to 

perform its vital role in cell survival, cell migration, and angiogenesis (Ampofo, 2017). However, 

in pathological conditions such as spinal cord injury (SCI), NG2 expression has a deleterious effect 

on recovery (Siebert, 2011). CPSGs, including NG2, inhibit neurite outgrowth and prevent 

regeneration (Jones, 2002). Not only does NG2 suppress neurite outgrowth in CNS lesions, Siebert 

and Osterhout found that CSPGs directly suppress process outgrowth from oligodendrocyte 

precursor cells (OPCs) and their differentiation into mature oligodendrocytes in vitro (Rauvala, 

2017; Siebert, 2011). 

NG2 is highly expressed in the CNS owing its expression to multiple cell types (Trotter, 

2010). OPCs are the most abundant NG2 expressing cell type in the CNS followed by pericytes 

(Ampofo, 2011; Ozerdem, 2001). While canonical expression is associated with OPCs and 

pericytes, endothelial cells and macrophages have been reported to express NG2 as well 

(Moransard 2011; Ampofo, 2017). The function of non-canonical expression remains poorly 

understood in both pathological and non-pathological situations.  



Macrophages are a class of leukocytes that serve a uniquely diverse set of functions. As 

cells of the innate immune system, they fight invading pathogens (Gordon, 2017). They also 

participate in cytokine-mediated signaling as well as antigen presentation (Martinez, 2008; 

Martinez, 2014). As professional phagocytes, however, their role is to clear apoptotic cells 

produced by not only normal homeostatic cell death, but also cell death induced by injury or 

infection (Hirayama, 2017). While not normally present in the CNS following a SCI, bone marrow-

derived macrophages (BMDMs) infiltrate the spinal cord and phagocytose cellular debris (Wang, 

2015). BMDMs are the most abundant population of macrophages to infiltrate the injured spinal 

cord (Wang, 2015). Once in the spinal cord, interactions with cytokines and other stimulating 

factors, like myelin debris, results in the activation of the BMDMs (Wang, 2015). Classic 

activation is characterized by a pro-inflammatory phenotype (Martinez, 2014). Whereas, 

alternative activation is generally considered to be anti-inflammatory and is associated with 

immunoregulatory and tissue remodeling functions (Zanluqui, 2015; Martinez 2014). (Fig. 1)  

 Myelin debris is generated following a SCI and is sufficient to induce activation of 

BMDMs (Sun, 2010). Myelin 

debris-stimulated BMDMs exhibit 

a phenotype that is similar to 

classic activation (Wang, 2015). 

Other factors and cytokines that are 

known to induce classic activation 

include lipopolysaccharides (LPS) 

and interferon-gamma (IFN-け) 

(Zhu, 2012; Martinez, 2008).  In 

 

Figure 1. Source: Zanluqui NG, Wowk PF, Pinge-Filho P (2015) 

Macrophage Polarization in Chagas Disease. J Clin Cell 

Immunol 6:317.  



contrast, some of the most important anti-inflammatory cytokines include interleukin-4 (IL-4), 

glucocorticoid hormones, and transforming growth factor-beta 1 (TGF-く1) (Zanluqui, 2015). 

Interestingly, NG2 expression can be influenced by treatment with different cytokines and 

activators (Ampofo, 2017). The most well documented stimuli are IFN-け, LPS, and TGF-く1 (Fang, 

2004; Gong, 2012).   

It has been shown that a small sub-population of  BMDMs express NG2 (Bu, 2001). In 

addition, SCI has been shown to elevate NG2 expression (Jones, 2002). However, whether these 

NG2+ BMDMs have different functions than NG2- BMDMs has not been addressed. Moreover, 

the role of BMDMs in CNS trauma is currently an important topic of investigation as the 

mechanisms regulating macrophage activation are potential therapeutic targets. 

The purpose of this study was to investigate whether NG2+ BMDMs were more strongly 

associated with pro- or anti-inflammatory activation. Determining whether they maintained the 

same functions as normal BMDMs was another important place of inquiry. Through the course of 

this study, I sought to bridge gaps in knowledge about NG2+ BMDMs to allow for inferences about 

function as well as test phagocytic capabilities of these cells to clear myelin debris in SCI models. 

Characterization of this subpopulation is clinically relevant to further understanding the chemical 

and physical environment post-SCI. 

 

 

 

 



 

Materials and Methods 

 

Mouse Strains: C57BL/6 mice were purchased from Jackson Laboratory and maintained in a 

dedicated pathogen-free facility at Florida State University. All animal protocols were approved 

by the Animal Care and Facilities Committee at Florida State University. 

Isolation and Culture of Primary Murine Bone Marrow-Derived Macrophages: BMDMs 

were cultured as previously described (Rolfe, 2017). Concisely, the femurs of 8-10-week-old mice 

were flushed with Dulbecco’s Modified Eagle Media (DMEM) supplemented with 15% L929 

conditioned media, 5% new born calf serum (NCS), and 1% penicillin-streptomycin. Cells 

harvested from the bone marrow were plated on 145 mm cell culture dishes. Cells were then 

incubated at 37 °C, 5% CO2 for 7 days. After 7 days of total culture, the bone marrow cells initially 

isolated will be mature BMDMs. Experiments involving early-adherent and late-adherent BMDMs 

were harvested the same as outlined above. However, after the initial harvest of bone-marrow cells, 



the protocol outlined in Figure 2 was followed. Briefly, to isolate two different cell populations, 

cells that were still non-adherent to the cell culture plate after 24 hours were aspirated and re-

plated in a separate 145 mm cell culture dish. However, after this point, all cells were cultured 

using standard culture protocol. 

Macrophage Activation: BMDMs were seeded at a density of 150,000 cells per well in a 24-well 

cell culture plate. BMDMs were treated with LPS, IFN-け, TGF-く1, and IL-4 at a final concentration 

of 10ng/mL in complete media. Treatments with both LPS and IFN-け were used at a final 

concentration of 5ng/mL each in complete media. Untreated cells were used as controls. After a 

48 hour activation period,  BMDMs were washed with 1X phosphate buffered saline (PBS), and 

then fixed with a 4% paraformaldehyde (PFA) solution.  

Myelin Debris and CSFE labeling: Myelin debris was collected from 3-month-old mice brains 

via sucrose density gradient as previously described (Sun, 2010). The final concentration of myelin 

debris was 100mg/mL in PBS. To fluorescently label the myelin debris, Carboxyfluorescein 

siccinimidyl ester (CSFE) was then added at a working concentration of 50たM. The myelin debris 

was incubated at room temperature for 30 minutes protected from light and then centrifuged at 

14,800 RCF for 10 minutes at 4 °C to remove unbound dye. The supernatant was discarded, and 

600uL volume of wash buffer (100 mM glycine in PBS) was added. The solution was centrifuged 

again at 14,800 RCF for 10 minutes at 4 °C. Two additional wash steps were performed to ensure 

removal of all unbound dye. The CSFE labeled myelin was resuspended in PBS at a concentration 

of 100 mg/mL. 

Phagocytosis Assay: CFSE-labeled myelin debris was added to BMDMs at a working 

concentration of 1mg/mL. After a 3hr activation period, cells were washed with PBS and 

subsequently fixed with 4% PFA. 



Immunofluorescent Staining: After fixation, cells were permeabilized with a solution of tris-

buffered saline (TBS) supplemented with 1% bovine serum albumin (BSA) and 0.1% Triton X-

100 for 1 hour. Coverslips were incubated with anti-NG2 (Rabbit 1:200) and F4/80 (Rat 1:200) 

primary antibodies over-night at 4 °C in the permeabilization buffer. Afterwards, cells were 

washed 3 times with 1X PBS and then incubated with Alexa-Fluor conjugated secondary 

antibodies (488 1:500 and 555 1:500)  for 2 hours at room temperature protected from light in the 

permeabilization buffer. Nuclear staining was performed with Hoechst. Fluorogel mounting media 

was applied to slides before imaging via microscope. 

Quantitative Image Analysis: A Nikon inverted epi-fluorescent capable microscope was used to 

obtain 20x magnification images for quantification of NG2 expression. Images were quantified 

using Image Pro Plus 6 (Media Cybernetics, USA). Three fields per slide were obtained using an 

automated unbiased sample selection. Bright spot detection was used to assess the amount of NG2 

signal and count the overall number of cells. The average of the three fields for each sample was 

taken to determine the percentage of NG2+ BMDMs. 

Statistical Analysis: One-way ANOVA followed by a Tukey’s post-hoc test was performed to 

compare differences between the BMDM culture groups. An unpaired t-test was used to determine 

statistical significance between the cytokine treatment groups in the final experiment.  Graphs 

represent the mean percentage of NG2 expression ± SD for each cytokine treatment. A p-value of 

0.05 or less was considered statistically significant. 



 

 

 

 

 

 

 

 

Figure 2. Revised BMDM protocol to separate early adherent cells from late adherent cells. (Early Adherent 

Cells: Cells that attach to the culture surface within hours of plating consist of macrophages in later stages of 

differentiation as well as mature macrophages and other contaminating cell types. Late Adherent Cells: Cells 

that fail to adhere to the culture surface within 24 hours are an enriched population of undifferentiated 

macrophage precursor cells. With additional culture time, these cells yield a purified homogenous macrophage 

population.) 



Results 

Late-adherent BMDM are distinct form Early-adherent BMDM 

There are mature macrophages, osteoclasts, and fibroblasts in the bone marrow. These cells 

are capable of adhering to the surface of cell culture plates directly from the bone marrow. 

Hematopoietic progenitors, however, are non-adherent until a later state of differentiation (Bu, 

2001). Exploiting this difference can enrich the culture for hematopoietic progenitor cells and 

immature macrophages. To determine if NG2 was differentially expressed in these two populations 

of cells, they were subjected to polarization and subsequent immunohistochemical analysis.   

To confirm that NG2+ cells were indeed macrophages, counterstaining with F4/80 was 

performed (Figure 3A). Quantification of these subpopulations demonstrated that the late-adherent 

culture enriched for immature macrophages showed higher NG2 expression in both the control 

and IFN-け treatments. The early-adherent culture enriched for mature macrophages and 

contaminating cells types showed few double positive cells. In addition, it should be noted that in 

both LPS and IL-4 treated BMDMs, NG2 was downregulated compared to untreated controls. In 

fact, in early-adherent cells, none of the IL-4 treated BMDMs expressed the F4/80  or NG2 

markers. In contrast, IFN-け and control BMDMs yielded statistically significant increased NG2 

expression after 48 hours (Figure 3B).  



 

A. 

 

B.        

 

 

Figure 3. Early-adherent BMDMs are distinct from late-adherent BMDMs A. Representative images of 

immunohistochemical staining quantified. F4/80 is a canonical macrophage marker. F4/80 expression was down regulated in 

response to IL-4 treatment in early-adherent BMDMs. B. BMDMs were treated with LPS, IFN-け, and IL-4 for 48 hours. 

Results depicted are percentages of NG2+ BMDMs. Statistical significance was determined by one-way ANOVA for multiple 

comparisons between groups. Statistically significant results are noted with asterisks.  (* =  p-value <  0.05, Error bars=  SD) 



Effects of Myelin Debris and Hyperpolarization on NG2 Expression 

It has been previously illustrated that myelin debris strongly activates BMDMs towards a 

pro-inflammatory state (Wang, 2015; Sun, 2010; Guo, 2016). It has also been shown that the 

combination of two pro-inflammatory stimuli, LPS and IFN-, leads to a state of  “hyperactivation” 

of BMDMs, and the combination has been studied for their potential tumoricidal activity (Muller, 

2017). However, this has only been demonstrated in heterogeneous mixed cultures which is the 

standard cell protocol followed. Having established NG2 expression is not significantly 

upregulated in the early-adherent cell population we sought to determine if the standard mixed 

culture showed altered NG2 expression compared to these early-adherent cells. To explore the 

effects of hyperpolarizing stimuli on NG2 expression, mixed heterogenous culture and early-

adherent cells were treated with LPS and IFN-け, myelin debris, and IL-4 (for an opposite 

comparison). There were few double positive cells for either LPS and IFN-け or myelin debris 

treated BMDMs. In addition, there were still no NG2+ BMDMs in the IL-4 treated group (Figure 

4A).  There wasn’t a significant difference in NG2 expression between groups (Figure 4B). 

NG2+ BMDM lack phagocytic capabilities 

The clearance of myelin debris from injured spinal cord is a vital step in axonal repair and 

remyelination and resolution of inflammation (Wang, 2015). To test whether NG2+ BMDMs have 

altered phagocytic function compared to NG2- BMDMs, a phagocytosis assay was performed 

using fluorescently labeled myelin debris. After 3 hours of treatment with CSFE labeled myelin, 

immunohistochemical analysis revealed little to no internalization of myelin in NG2+ BMDMs. In 

contrast, NG2-BMDMs had higher amounts of phagocytosed myelin present. These results 

demonstrate reduced phagocytic capability in NG2+ BMDMs (Figure 4C). 



 A. 

 

B. 

 

C. 

 

Figure 4. In vitro NG2 expression in response to myelin debris and other cytokines A. Representative images of immunohistochemical 

staining quantified. F4/80 is a canonical macrophage marker. F4/80 expression was down regulated in response to IL-4 in mixed culture 

BMDMs. B. BMDMs were treated with IL- 4, LPS+IFN-け, and myelin debris for 48 hours. Results depicted are percentages of NGβ+ 

BMDMs. Statistical significance was determined by one-way ANOVA for multiple comparisons between groups. Results were not 

significant. C. Representative images of immunohistochemical staining after 3hr CSFE labeled myelin treatment. 



TGF-く1 is implicated in significant upregulation of NG2 in BMDMs 

TGF-く1 is capable of inducing an alternative M2c polarization state (Zanluqui, 2015). TGF-く1 is 

an anti-inflammatory growth factor (produced by parenchymal cells and infiltrating lymphocytes 

and macrophages) , and its role in SCI has been extensively studied (Gong, 2012; Kohta, 2009; 

Schachtrup, 2010). M2c polarized macrophages are implicated in immunoregulation, tissue 

remodeling, and deposition of the extracellular matrix (Zanluqui, 2015; Gong et al 2012). This is 

in contrast to IL-4 which is capable of inducing M2a polarization and is implicated in type II 

inflammation and Th2 response (Zanluqui, 2015). Because IL-4 was shown to downregulate both 

NG2 and F4/80 expression, this led to exploring whether other stimuli that fell under the M2 class 

would have similar or opposite effects on NG2 expression in BMDMs. To determine this, cells 

were treated with TGF-く1 or IFN-け for 48 hours in late-adherent and mixed culture BMDMs. 

Untreated cells were used as a control for this experiment. A trend of seeing stronger NG2 

expression associated with weaker F4/80 became very apparent upon stimulation with TGF-く1 

(Figure 5A) . There was no statistically significant difference when comparing both  late-adherent 

and mixed culture TGF-く1 groups. However, late-adherent BMDMs had significantly higher NG2 

expression than mixed culture BMDMs in untreated control and IFN-け treated cells. In addition, 

there was a statistically significant difference within the mixed culture group when comparing 

TGF-く1 to untreated control and IFN-け treated cells.  (Figure 5B). 

.  



 

A. 

    

B. 

 

Figure 5. TGF-く1 increases the amount of NG2+ BMDMs A. Representative images of immunohistochemical staining 

quantified. F4/80 is a canonical macrophage marker. B. Both Mixed culture and late-adherent BMDMs were treated 

with TGF-く1 and IFN-け for 48 hours. Results depicted are percentages of NG2+ BMDMs. Statistical significance was 

determined by one-way ANOVA for multiple comparisons between groups. Statistically significant results are noted 

with asterisks. (Error bars=  SD).  

 



TGF-く1 is the most significant upregulator of NG2 in BMDMs 

When the same treatments were repeated with mixed culture BMDMs only, the same 

trend was observed; TGF-く1 had significantly higher amount of NG2+ BMDMs, however, there 

was a lower percentage of NG2 expression overall than previously seen (Figure 6). 

A. 

 

 

B. 

 

Figure 6. TGF-く1 is the most significant upregulator of NGβ expression in mixed culture BMDMs A. Representative images 

of immunohistochemical staining quantified. F4/80 is a canonical macrophage marker. B. Mixed culture BMDMs were 

treated with TGF-く1 and IFN-け for 48 hours. Results depicted are percentages of NGβ+ BMDMs. Statistical significance was 

determined by unpaired t-test. TGF-く1 had statistically significant higher NGβ+ BMDM versus untreated control and IFN-け 
groups. (p-value=0.002 and 0.0001 respectively). Statistically significant results are noted with asterisks.  (p <  0.05; Error 

bars=  SD).  



. 

Discussion 

IFN-け is strongly associated with an increase in inflammation in SCI (Roselli, 2018). 

Therefore, the finding in this study that NG2 expression is slightly upregulated in IFN-け treated 

late-adherent BMDMs suggests NG2 could have a minor role in inflammation. In addition, the 

late-adherent population yields the highest number of double positive F4/80 and NG2+ cells 

suggesting this population is the major contributor of NG2 expression in BMDMs. In addition, 

these differences in early-adherent versus late-adherent expression levels of NG2 demonstrate two 

distinct populations exist within BMDMs, and there are most likely unique interactions and NG2 

expression levels  that exist within in vivo SCI models. 

 Additionally, it has been demonstrated that NG2+ cells contribute to the glial scar in SCI. 

(Hackett, 2016). The glial scar is primarily made of reactive astrocytes and proteoglycans, and the 

purpose is to separate injured tissue from healthy tissue; however, this also inhibits axonal 

regeneration (Yuan, 2013). TGF-く1 is a pleotropic cytokine that is upregulated in response to SCI, 

and it has been implicated in glial scarring (Kohta, 2009). Therefore, the fact that NG2 is 

significantly upregulated by exposure to TGF-く1 suggests that NG2+ BMDMs may play a vital 

role in glial scar formation. In addition, we find that NG2 expression is downregulated in M2a 

alternatively activated BMDMs (IL-4 treated cells) but significantly upregulated in M2c 

alternatively activated BMDMs further suggesting NG2+ BMDMs potential role in tissue 

remodeling and wound repair. While NG2 glia have been implicated as OPCs, which are 

responsible for myelinating axons, CPSGs are known to inhibit axonal regeneration (Ampofo, 

2017; Siebert 2011). Therefore, if NG2+ BMDMs do indeed contribute the glial scar, they could 

possibly have detrimental effects to axonal repair (Jones, 2002; Zhu, 2008). 



 However, a contradiction exists because while upregulation of NG2 in response to TGF-く1 

suggests they may partake in glial scar formation, macrophages are major contributors to the 

fibrotic scar which exists in the epicenter of the injured spinal cord (Hacket, 2016). Therefore, it 

is still somewhat unclear whether NG2+ BMDMs add to the glial scar or whether these cells 

migrate to the center of the injury site.  

Lastly, Zhu found that when LPS was injected into rat brains, it induced NG2 expression 

in macrophages. However, after injection, these NG2+ macrophages were not able to phagocytose 

foreign matter (Zhu, 2012). This supports the finding that NG2+ BMDMs have minimal to no 

phagocytic capability, as demonstrated by their inability to uptake myelin debris. This finding 

along with low levels of F4/80 consistently being associated with high levels of NG2 as well as 

their implication in the glial scar could suggest that NG2 suppresses normal macrophage functions 

such as phagocytic capabilities and migratory patterns. 
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