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ABSTRACT 

 

As we age it becomes more difficult for our bodies to repair and recover from illness 

or injury; specifically, injuries to the peripheral nervous system. In addition, cellular 

and systemic dysfunction can lead to disorders that cause incomplete regeneration 

including movement and sensory disorders like neuralgia and vision loss1. 

Consequently, the extent of neurological recovery decreases, with the best recovery 

being for patients from 20-25 years of age, with a progressive non-linear decline as we 

age2. Annually, the majority of the 18 million peripheral nerve injuries occur in 

patients over the age of 45, and less than half of those ever regain full functional 

recovery1. Even when controlling for the type and severity of the nerve injury, the 

strongest determinant of recovery is the age of the subject3.  
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Specific Aims 

As we age it becomes more difficult for our bodies to repair and recover from illness or injury; specifically, 

injuries to the peripheral nervous system. In addition, cellular and systemic dysfunction can lead to 

disorders that cause incomplete regeneration including movement and sensory disorders like neuralgia 

and vision loss1. Consequently, the extent of neurological recovery decreases, with the best recovery being 

for patients from 20-25 years of age, with a progressive non-linear decline as we age2. Annually, the 

majority of the 18 million peripheral nerve injuries occur in patients over the age of 45, and less than half 

of those ever regain full functional recovery1. Even when controlling for the type and severity of the nerve 

injury, the strongest determinant of recovery is the age of the subject3.  

The steps that occur after peripheral nerve injury are highly regulated and reliant on an efficient and 

effective immune response. A transection injury creates cellular debris, made up of myelin and other extra 

cellular matrix (ECM) components, that are recognized by resident cells and begins the release of 

cytokines and chemokines4. Cytokines and chemokines play an important role in the activation and 

recruitment of macrophages4.  Macrophages are among the first cells and arguably the most important cell 

type required after PNI. As professional phagocytes and inflammatory regulators, they are integral to the 

first step after injury, Wallerian degeneration (WD). WD includes the active degradation and debris 

clearing in the distal stump. WD is the rate limiting step in nerve regeneration and is often delayed and 

incomplete in aged animals5. This is due to myelin, which is an inhibitory factor in nerve regeneration. 

When myelin debris is not fully cleared it inhibits axonal regrowth and causes incomplete nerve 

regeneration6. Although, WD is well characterized, it is not understood why this process is delayed and 

disorganized in aged subjects.  

The proposed aims are based on the scientific consensus that with age there are clear morphological 

differences in the extracellular matrix of the peripheral nerve and research that shows defects and 
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dysfunction in the macrophage. I aim to determine the driving factors in the delayed, dysfunctional, and 

disorganized phenotype of aged peripheral nerve injury (PNI).  

Hypothesis: Exposure to the aged inflammatory environment directly decreases macrophages’ cell 

signaling and interrupts phagocytosis at PNIs resulting in dysfunctional nerve regeneration due to 

their delayed and incomplete wound clearing. 

Aim 1. Determine differences in macrophage response to peripheral nerve injury with age.   

Time-lapse microscopy will be used to visualize the process of phagocytosis to exocytosis in young vs 

old macrophages. Subsequently, macrophage metabolic profiles will be determined using SeaHorse 

analysis. It is expected that old macrophages will be able to phagocytose but will contain significantly 

more myelin debris due to having insufficient metabolic energy needed to process and exocytose 

debris. 

Aim 2. Determine if receptor expression and function is reduced in macrophages at the site PNI 

Ligand and receptor expression will be compared between young and old macrophages using exposure to 

endogenous agonists and antagonists to determine the significance of their expression to macrophage 

function. Ligand and receptor expression in young vs old macrophages will be analyzed using single 

cell RNAseq. It is expected that receptors will be upregulated in older macrophages but not viable 

leading to delays in nerve repair.  
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Significance 

Unlike the central nervous system, the peripheral nervous system (PNS) is capable of repair after injury. 

Unfortunately, age-related changes in tissue and the immune system create defects in the processes 

required for nerve regeneration. Changes in aged nerve tissue are notable both pre- and post-injury. 

These include  morphological differences that reduce chances of full functional recovery after the age of 

25 years old6,7. At this point, nerve regeneration becomes delayed, disorganized, and incomplete with a 

progressive decline with age7. This dysfunctional regeneration correlates with delayed but prolonged 

inflammation, delayed macrophage migration8, and delay in recovery and axonal regeneration9. Despite 

controlling for the type and severity of the nerve injury, the strongest determinant of recovery is the age 

of the subject3. Over half of the 20 million annual peripheral nerve injuries (PNI) occur in patients over 

the age of 45 with less than half of those ever regaining full functional recovery6.The annual cost of 

healthcare for PNI is $150 billion5. Due to the extent, and potentially disabling effects, of peripheral 

nerve injury, the clinical significance of understanding peripheral nerve repair is paramount.  

Inflammaging  

The steps that occur after peripheral nerve injury are highly regulated with each process heavily reliant 

on an efficient and effective immune response. The initial response after PNI is the activation and 

recruitment of macrophages with monocyte chemoattractant protein-1 (MCP-1 also known as 

chemokine motif ligand 2, CCL2), IL-1alpha, IL-1beta and tumor necrosis factor alpha, which promote 

migration and phagocytosis10. The first cytokines detected after nerve injury are tumor necrosis factor 

alpha (TNF-alpha), and interleukin(IL)-1, -2, and -611. These cytokines are normally released in very 

small quantities to ensure only the necessary cell populations are signaled 12. With aging, though, 

inflammatory cytokines, like IL-6, are overexpressed and can lead to collateral healthy tissue damage 

due to excessive inflammation 13. This inflammation in the absence of illness or injury is termed 
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inflammaging, or sterile inflammation, and is created by macrophages13. This inflammation not only 

reduces the body’s ability to fight infection or heal injuries, it hijacks the macrophage apoptotic 

pathway, causing an accumulation of macrophages in tissue which in turn continue to maintain 

damaging levels of inflammation.  

Macrophage Response to Injury 

Macrophages are among the first cells and arguably the most important cell type required after PNI. As 

professional phagocytes and inflammatory regulators, they are integral to the first step after injury, 

Wallerian degeneration (WD). This process includes the active degradation and clearing of myelin and 

cell debris from the site of injury. In aged animals, WD is dysregulated but the reasons why are 

unknown. It is known that WD is the rate limiting step in nerve regeneration and is often delayed and 

incomplete in aged animals5. This is likely due to myelin, which is an inhibitory factor in nerve 

regeneration. When myelin debris is not fully cleared it inhibits axonal regrowth and causes incomplete 

nerve regeneration6. Interestingly, myelin, and other extracellular matrix components (ECM), have been 

shown to control their own phagocytosis through interactions with toll-like receptors (TLR) on 

macrophage4. Activation of TLRs, and other important receptors, by ECM ligands precede the release of 

matrix metalloproteinases, reactive oxygen species (ROS), Interleukin 1 beta (IL-1beta), monocyte 

chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1alpha (MIP-1alpha), and tumor 

necrosis factor (TNF) which all aid in the breakdown of myelin debris and the regulation of its clearance 

through macrophage recruitment and phagocytosis 4.  

Once the area is cleared by inflammatory macrophages, inflammatory signals will decrease to create a 

pro-regenerative environment in young healthy subjects. Although some studies have reported that 

macrophages, the major phagocyte involved in wound clearing, reduces phagocytosis with age1415, it has 

also been found that aged macrophages accumulate more myelin and are significantly larger than young 
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macrophages6. The accumulation of myelin inside macrophages may be due to age-related chronic 

inflammation causing nerve degradation16 leading to macrophage activation and phagocytosis, 

independent of injury. This would lead to macrophages that already contain myelin migrating to the site 

of injury. Aged macrophages may lack the energy required to process both pre- and post-injury cellular 

debris. 

Hypothesis 

Exposure to the aged inflammatory environment directly decreases macrophages’ cell signaling and 

interrupts phagocytosis at PNIs resulting in dysfunctional nerve regeneration due to their delayed and 

incomplete wound clearing.  

Preliminary Data 

Phagocytosis is increased in aged macrophages 

A phagocytosis assay was run with unstimulated 

peritoneal macrophages harvested from young (6-12 

weeks) and old (18+ months) WT mice. These 

macrophages were analyzed for phagocytosis using 

pHrodo Green Zymosan Bioparticles Conjugate for 

Phagocytosis (Thermo Fisher Scientific P35365). 

These bioparticles are specifically developed to 

express green fluorescence upon being phagocytosed in the low pH environment of the phagolysosome. 

Zymosan is a known agonist of TLR2, which has been shown to be important in phagocytosis4. The 

fluorescence can be detected by flow cytometry and fluorescent imaging. Macrophages were incubated 

with 25 particles/cell for 2 hours in 500µL complete DMEM (R10 cell culture medium [RPMI 1640 
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Figure 1. Old (18+ months) macrophages 
phagocytosed significantly more than young (6-
12 weeks) macrophages. Unstimulated peritoneal 
cells were incubated with phagocytosis 
bioparticles that are excited by the GFP channel 
with flow cytometry. Macrophages positive for 
macrophage markers as well as GFP were counted 
as positive for phagocytosis. (p=0.02).  (n=4: 2 old, 
2 young, in triplicate, C57BL6). 
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(Corning) with 10% FBS (ThermoFisher), 1% 

Penicillin/Streptomycin (ThermoFisher), and 1% HEPES 

(Sigma Aldrich)]). Cells were cultured at 37C and 5% 

CO2. Interestingly, it was found that old macrophages 

phagocytosed significantly more than young (n=4; 2 

young, 2 old) run in triplicate, p=0.02) (Figure 1). 

Previous studies showed that peritoneal macrophage in 

old (15-20 month) mice showed a significant decrease in 

phagocytosis (42.6% vs 9.97%) when compared to 

young (8-12 weeks) mice 14. In the cited study, 

macrophages were purified using an immunomagnetic 

monocyte selection kit that selected for CDllb/F4/80 

double positive cells. This pilot study contained a 

heterogenous mixture of peritoneal cells to replicate 

biologic conditions, which could have altered phagocytic 

function.  

Aged macrophages overexpress of key cytokines.  

To quantify cytokine expression before and during 

phagocytosis, unstimulated peritoneal macrophages were 

exposed to flash frozen homogenized ECM components 

from young and old sciatic nerve for 24 hours and 

analyzed for protein expression. For each mouse, at least 5 x 105 cells were seeded into each well of a 24 

well sterile, non-tissue culture treated, polystyrene petri dish (VWR), in duplicate, with 500µL complete 
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Figure 2. Old (18+ months) macrophages 
express significantly more injury associated 
proteins than young (6-12 weeks) 
macrophages when exposed to injured 
nerve tissue.  Unstimulated peritoneal cells 
were incubated with homogenized nerve 
tissue overnight. Protein quantification was 
used to analyze 27 macrophage associated 
cytokines, chemokines, and growth factors. 
Graphs shown are representative of 
detectable results. Excess protein expression 
depends on the age of the subject and not the 
age of the tissue. (p<0.01).  (n=6: 3 old, 3 
young, in duplicate, C57BL6). 
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DMEM cultured at 37C and 5% CO2. Supernatant from the wells was harvested before and after 

overnight exposure to nerve homogenate and compared for differences in protein secretion using 

Luminex protein quantification. 

Luminex results show significant increases in old macrophage cytokine, chemokine, and growth factor 

production, independent of the age of the injured nerve tissue (Figure 2 shows representative graphs). A 

panel of the 27 analytes that included cytokines, chemokines and growth factors known to be secreted 

by macrophages showed a significant upregulation of growth factors(GM-CSF, G-CSF, VEGF), 

cytokines(IL-10, CCL5/RANTES, IL-1alpha, IL-12 p70, IL-1beta, IL-6, TNF-alpha ,IFN-gamma) , and 

chemokines (CCL2, CCL3, CCL4, CCL11, CXCL1, CXCL2, LIX) in aged macrophages after exposure 

to nerve in comparison to both young and old macrophages prior to nerve exposure. G-CSF, GM-CSF, 

VEGF, CXCL1/KC, IL-10, IL-1alpha, IL-1beta, IL-6, IFN-gamma, TNF-alpha, CCL2/MCP-1, 

CCL5/RANTES, CXCL2/MIP-2, LIX, and CCL4/MIP-1beta were significantly upregulated after 

exposure to nerve in comparison to controls (young nerve-naïve macrophages). In addition, these same 

analytes were either significantly lower or below detectable limits in the young macrophage both before 

and after exposure to injured nerve. These results support the hypothesis that cytokine expression in old 

macrophages is dysregulated or dysfunctional. The overexpression of inflammatory cytokines creates an 

inhospitable environment for regeneration by delaying the infiltration of pro-regenerative 

macrophages17. This needs to be further studied at different time points to determine the temporal 

changes in cytokine expression. 

Specific Aims 

Aim 1. Determine differences in macrophage response to peripheral nerve injury with age.  

Macrophages’ role after PNI includes cytokine, chemokine, and growth factor production, which in turn 

helps increase phagocytosis and recruitment of additional macrophages. This aim will address the 
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disagreement surrounding macrophage’s assumed dysfunction with age. This is important due to 

determining the appropriate clinical target for the delayed and incomplete regeneration with age. A 

review of prior research has shown a decline in phagocytic behavior in alveolar, peritoneal, or 

hematogenous derived macrophages with age when exposed to tumors, inflammatory disease, and 

infections in murine models 18. Alternately, it has also been found in previous studies that aged 

macrophages are much larger than young and contain a significantly higher volume of myelin6. This 

accumulation of myelin in macrophages may be due to excess inflammation causing tissue damage in 

aged subjects overall and/or metabolic depletion in macrophages with age.  

A review of the literature shows a careful orchestration of cytokines, chemokines and growth factors that 

are associated with nerve injury, including the initial inflammation of WD, followed by the quenching of 

inflammation to induce regeneration. The initial response after PNI is the activation and recruitment of 

macrophages with monocyte chemoattractant protein-1 (MCP-1 also known as chemokine motif ligand 

2, CCL2), IL-1alpha, IL-1beta and tumor necrosis factor alpha, which promote migration and 

phagocytosis10. These cytokines are normally released in very small quantities in a highly regulated 

fashion to ensure only the cells necessary are signaled 12. With aging, though, cytokines are 

overexpressed and can lead to collateral healthy tissue damage due to excessive inflammation 13. 

Defining these differences in cytokine, chemokine and growth factor expression over time, as 

macrophage are exposed to injured nerve, will give a clearer picture of how this cell-matrix interaction 

may create the dysfunctional regenerative phenotype that is seen with age. Further research will include 

exposing young macrophages to the media of old, paired with a phagocytosis assay to further determine 

if the highly inflammatory environment created by old macrophages reduces function.  

Aim 1a. Analyze differences in young vs old cytokine, chemokine, and growth factor expression 

associated with PNI. Unstimulated peritoneal macrophages (young and old) will be exposed to 
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homogenized ECM components from young and old sciatic nerve for 12, 24, and 48 hours and protein 

expression will be compared to naïve macrophage. For each mouse, an equal volume of cells will be 

seeded into each well of a 24 well sterile non-tissue culture treated polystyrene petri dish (VWR) with 

1mL R10 cell culture medium [RPMI 1640 (Corning) with 10% FBS (ThermoFisher), 1% 

Penicillin/Streptomycin (ThermoFisher), and 1% HEPES (Sigma Aldrich)]. Cells will be cultured at 

37C and 5% CO2. This in vitro assay will determine if exposure to aged tissue from an inflammatory 

environment significantly increases protein expression in aged macrophages in comparison to young in 

the same conditions. Supernatant will be analyzed at reported time points using Luminex for protein 

quantification. In vivo differences in protein expression will also be analyzed for temporal changes. To 

quantify protein expression, WT mice will undergo surgical transection and implantation of an 8mm 

silicone conduit (Tuzic, Siliclear tubing, 4.6mm OD, 1.98mm ID) with 10-0 nylon suture (Ethicon). Gel 

matrix containing young or old mouse nerve homogenate will be post-surgically introduced to the 

silicone tube. Serum from the silicone tube will be harvested 24hrs, 48hrs, 3 and 5 days post injury and 

analyzed using Luminex analysis.  

Aim 1b. Determine if duration of complete phagocytosis is increased in old macrophages when 

exposed to PNI.  In vitro phagocytosis assays will be completed using pHrodo Green Zymosan 

Bioparticles Conjugate for Phagocytosis (Thermo Fisher Scientific P35365) in the presence of harvested 

peritoneal macrophages in varying conditions. These bioparticles are specifically developed to express 

green fluorescence upon being phagocytosed in the low pH environment of the phagolysosome. The 

fluorescence can be detected by flow cytometry and fluorescent imaging.  

Unstimulated peritoneal macrophages will be seeded in a 24 well plate with homogenized nerve as 

described above with control cells only receiving bioparticles. Bioparticles will be added after 24-hour 

incubation with nerve to allow for complete cell-matrix interaction. After a 30 min incubation with 
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bioparticles, cells will be harvested and stained for viability with propidium iodide and for macrophages 

with CD11b, F4/80, and CD14 for flow cytometric analysis. Antibody mix will also include antibodies 

for undesirable cell types such as red blood cells to be discarded from analysis. Cells will be gated on 

forward and side scatter area for general cell size, forward scatter height and width to exclude doublets, 

and side scatter and PI to exclude dead cells. Macrophages positive for the three antibodies and for 

bioparticles will be counted as positive for phagocytosis. Additionally, mean fluorescent intensity of 

bioparticles in each positive cell will be measured to analyze phagocytic quantity.   

In vivo phagocytosis assays will be completed by injecting flash frozen homogenized nerve from young 

or old mice into young or old mice. Flash freezing kills any resident macrophages in the sciatic to ensure 

results are representative of the microenvironment. After a 1hr incubation with homogenized nerve, 

bioparticles will be injected and allowed to incubate for 30 min prior to harvest. Analysis will be the 

same as in vitro assay.  

Aim 1c. Determine if metabolic profiles of aged macrophages determines size during PNI clearing. 

To determine why aged macrophages are so much larger than young, unstimulated young and old 

peritoneal macrophages will be seeded on culture slides until adhered. Myelin stained with Oil red O 

will be introduced to the slide and time lapse video of the phagocytosis to endocytosis process will be 

visualized to determine if lysis and processing of myelin, instead of phagocytosis alone, results in 

additional myelin debris in the site of injury. Results will be analyzed using Fiji software to quantify 

changes in cell diameter with time.  

In addition to the above assays, all cells will be analyzed using a commercially available mitochondrial 

respiration assay and the Seahorse XFp Analyzer (Agilent) to quantify energy consumption and capacity 

of young and old macrophages before and after exposure to nerve. Data will be analyzed using the 

Agilent Seahorse XF Cell Mito Stress Test Report Generator.  
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Expected Results, pitfalls, and alternative approach 

1a. Based on preliminary findings, it is expected that old macrophages will have significantly higher 

protein expression of inflammatory cytokines in vitro up to 5 days after introduction to homogenized 

tissue but will have significantly lower expression of anti-inflammatory cytokines and growth factors at 

day 3 and 5 in comparison to young. The energy capacity of old macrophages will be significantly lower 

than young, and will significantly decrease after exposure to aged nerve tissue. The in vivo result should 

indicate similar trends in expression to in vitro but will likely show an increase in protein expression 

across all samples due to effects of the innate immune system’s response to surgery, silicone tube and 

sutures. This is also a possible pitfall of this aim as it is common for the silicone tube or sutures to create 

excess fibrotic tissue that encapsulates the tubing. Alternatively, an ex vivo experiment could be 

completed in which whole sciatic nerve is harvested and embedded in a 3D gel matrix that has been 

infused with peritoneal macrophages. The nerve would be transected in culture and macrophage 

response analyzed after 24 hours.  

1b. Phagocytosis assays are expected to show results that replicate pilot data with old macrophages 

exposed to old nerve having reduced phagocytosis in comparison to young nerve. This will support the 

hypothesis that the cell-matrix interaction and not solely the cell or matrix age contributes to 

dysfunctional wound clearing. A possible pitfall of this aim is that zymosan bioparticles are a strong 

TLR2 agonist for phagocytosis and may artificially increase the number of macrophages that would 

phagocytose in the presence of nerve alone. It is the expectation that in vivo responses will support those 

completed in culture but the outcome of both will provide useful data.  

1c: Time-lapse visualization of macrophage phagocytosis and exocytosis should show that old 

macrophages are able to phagocytose myelin effectively but not capable of processing and exocytose at 

the same rate as young. This should be evidenced by young macrophages processing myelin without 
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significant changes in diameter but excessive growth of old macrophages. It is possible that stained 

myelin will lose stain after processing in the phagolysosome and become difficult to visually detect; 

however, cell diameter growth analysis can be used to conclude differences in processing speeds.  

Aim 2. Determine if receptor expression and function is reduced in macrophages at the site PNI 

A review of the literature regarding differences in receptor expression in macrophages with age has 

shown disagreement regarding the presence and magnitude of age-related changes13. While some studies 

have found that key receptors are downregulated in old macrophages, others have found there is no 

difference when compared to young. The expression of receptors does not always correlate to 

functionality, so it is important to determine how the interaction of ligands expressed by the ECM affect 

macrophage function. Since myelin, the major inhibitory factor in nerve repair, have been shown to 

control their own phagocytosis through ligand-receptor interactions, this aim will determine if changes 

in ligand and/or receptor expression and function affect debris clearing at PNI. It is hypothesized that 

diminished receptor expression and function on aged macrophages creates dysfunction in removal of 

myelin debris, which in turn delays nerve repair.  

Aim 2a. Determine if PNI associated receptor expression and viability is reduced in macrophages 

with age.  

To visualize changes in expression of ligands and receptors, immunofluorescent staining will be 

completed on young and old intact sciatic nerve and 24 hours post transection injury. Tissues will be 

frozen in OCT and transversely cut into 10um sections. Sections will be stained for CD47 and SIRPa or 

TLR 2 and 4. All sections will be stained with F4/80 for macrophage visualization and anti-myelin basic 

protein, which stains myelin. Antibody intensity will be quantified and averaged for each nerve using 
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confocal microscopy. Alternately, antibody counts can be done within a range of interest 1mm proximal 

and distal to injury site or the area 2mm proximal to sciatic bifurcation in uninjured nerve.  

Quantification of ligand expression will be completed using real-time PCR 24 hours post injury in 

young vs old mouse sciatic nerve lysate. Receptor quantification will be completed using young vs old 

peritoneal macrophages that have been incubated with sciatic nerve homogenate for 24 hours and in 

control conditions. This will give a clear picture of age-related changes in expression of ligands and 

receptors that have been found to be important in WD and wound clearing.  

To analyze functionality of receptors, young and old macrophages will be incubated with receptor 

agonists and antagonists while in the presence of phagocytic bioparticles as described in Aim 1. 

Zymosan is a strong TLR2 activator, while LPS strongly activates TLR4. C11 and 13 will be used to 

inhibit TLR2, and FP7 will inhibit TLR4 activity. These are synthetic compounds that have been shown 

to up- and down-regulate TLR 2 and 4 activity respectively.  

Expected results, pitfalls, and alternative approach: It is expected that microscopy results will show  

lower expression of CD47 in aged ECM and higher TLR expression. The expectation is that although 

more TLRs are expressed on the macrophage due to more degenerated myelin, that the phagocytic 

burden will be too high and receptor response will not result in additional phagocytosis. PCR results will 

be expected to show decreased receptor expression on aged macrophages due to mutations making them 

undetected. A possible pitfall will be that there are no differences in expression of these specific factors 

based on analysis. If there are no differences in visualization and gene expression it will be necessary to 

determine specific defects in ligand receptor affinity and explore additional metabolomic analysis. 
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