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ABSTRACT 

 

PILOT STUDY EXPLORING THE EFFECT OF TARGETED COX-2 INHIBITION IN 

MACROPHAGES RESPONDING TO NEURONAL INJURY; PROMOTING 

ENHANCED AXONAL REGENERATION  

 

 

By 

Alyssa L. Brauckmann 

May 2020 

 

Dissertation supervised by Dr. John A. Pollock 

 Celecoxib nanoemulsion (CXB-NE) has been developed as a macrophage 

targeted analgesics by Dr. Janjic and her team at Duquesne University, (Janjic et al, 2018; 

Liu et al, 2020; Saleem et al, 2019b; Vasudeva et al, 2014). The CXB-NE nanoemulsion 

carrying a Nonsteroidal Anti-inflammatory (NSAID) inhibitor of COX-2 activity result in 

a reduction in PGE2 expression in macrophages. Using CXB-NE in rats that have 

peripheral nerve injury constricting the sciatic nerve relieves hypersensitivity, a pain-like 

behavior.  The treatment also decreases inflammation associated with this chronic 

constriction injury (Janjic et al, 2018; Saleem et al, 2019b; Stevens et al, 2019). In this 

project, we evaluated the potential impact of CXB-NE on neuroregeneration. In CCI, the 

injury and inflammation damages nerves, leading to axon degeneration distal from the 

site of injury. While peripheral nerves can regenerate axons, if axonal degeneration 
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continues to occur due to inflammation, then axonal regeneration cannot proceed. 

Ultimately, axonal regeneration can be an important part of nerve recovery, which in 

humans can aid in rehabilitation after injury. Since CXB-NE is able to decrease 

inflammation, we are exploring the effect that CXB-NE has on axonal regeneration in the 

injured sciatic nerve. To analyze this, we are using immunohistochemistry and epi-

fluorescent microscopy to assess the presence of macrophages, Growth Associated 

Protein (GAP-43), and growth cones as detected through F-actin. The results show that 

GAP-43, which naturally increases expression during nerve regenerations is precociously 

activated days earlier than normal when CXB-NE is present.  Furthermore, CXB-NE 

treatment appears to enhance the production of axon growth cones, indicating that 

inhibiting COX2 with the nanoemulsion therapy promotes axon regeneration.  These 

observations will be discussed in the context of other studies on additional infiltrating 

inflammatory cells and changes in gene expression that are evident during nerve injury 

and when CXB-NE treatment provides reduced inflammation and pain-relief. 
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Figure 5. GAP-43 protein expression and F-Actin Growth Cones. All images were taken with Nikon NiU 
Fluorescence Microscope with Nikon Elements imaging software (Bar = 100 µm). (A) GAP-43 protein expression 
at the site of injury for Naïve, DF-NE, and CXB-NE 12-day (A1-3) and the 18-day (A4-6). The mean fluorescence 
of ~20-50 ROIs per tissue condition were taken. The fluorescence of each ROI was normalized to background 
fluorescence for each field of view and the average mean fluorescence for each tissue condition was taken along 
with the standard error of the mean (the error bars) (B). There was a significant increase in the mean fluorescence 
of GAP-43 between Naïve and CXB-NE during the day 12 experiment (**** p-value of <0.0001) that isn’t seen 
until day 18 for DF-NE conditions (**** p-value of <0.0001) and there is also a significant decrease (p-value 
<0.01) in GAP-43 expression between Day 12 CXB-NE and Day 18 CXB-NE (n=1 animals per condition, ~20-50 
ROIs, one-way ANOVA with Tukey’s post hoc test). Next, the number of growth cones per ~20-50 ROIs per 
condition were counted. The images for F-Actin were taken on the Nikon A.1 Confocal microscope at the 60X 
objective at the digital 4X zoom with a 50 μm scale bar (C1). A closer look at the growth cones in the box in 
image C1 was taken (C2). The average number of growth cones per condition was calculated with the standard 
deviation of mean (C3). There was a significant increase in the presence of growth cones from Naïve and DF-NE 
to CXB-NE at both Day 12 and Day 18 experiments (n=1 animal per condition, ~20-50 ROIs, **** p-value 
<0.0001, one-way ANOVA with Tukey’s post hoc test).  
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4.5 The number of growth cones in injured sciatic nerve is increased with CXB-NE 

treatment 

 The number of growth cones present in all groups was detected using anti-F-Actin 

immunohistochemistry staining and the Nikon A1r Confocal microscope for visualization 

(Figure 5C.1, 5C.2). The average number of growth cones per ~20-50 ROIs per condition 

and the standard error of the mean was calculated to be used to test for significance 

(Figure 5C.3). There was no significant difference between Naïve and DF-NE conditions 

in both 12-day and 18-day experiments, but there was a significant increase (p-value < 

0.0001) between Naïve/DF-NE and CXB-NE conditions in both 12-day and 18-day 

experiments.  
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Chapter 5 

Discussion 

5.1 Theranostic nanoemulsion is able to relieve pain-like hypersensitivity in the 12-day 

experiment and decrease inflammation at both day 12 and day 18 

 We hypothesized that after intravenous injection of low-dose celecoxib in a 

nanoemulsion, the circulating monocytes in the blood phagocytose the nanoemulsion. 

These monocytes will then naturally accumulate at the site of injury.  Triggered by 

cytokines produced in the sciatic nerve these infiltrating immune cells differentiate into 

mature macrophages while carrying CXB-NE. This delivers CXB-NE directly to the site 

of injury and allows for the inhibition of the COX-2/PGE2 neuroinflammatory pain 

pathway.  

       The behavioral results for CCI animals treated with CXB-NE during the 12-day 

experiment, were similar to those previously reported by our laboratory further indicating 

the success CXB-NE at decreasing hypersensitivity to be equivalent to the baseline naïve 

control (Janjic et al., 2018; Saleem et al., 2019b). However, this effect was not evident in 

the 18-day CXB-NE rat in this study. The rat displayed the same patterns of behavioral 

hypersensitivity through day 12 in much the same way as the 12-day CXB-NE rat. The 

animal’s walking gait scrunched its toes, general range of motion were all consistent with 

expected behaviors.  The rat was also able to withstand stiffer Von Frey filaments than 

the hypersensitive CCI and DF-NE rats, but did not exhibit the same robust recovery 

evident in the CCI CXB-NE rat studied in the day 12 experiment. All of these 

explanations make the rat an outlier for this study.  
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 However, even though the threshold of behavior were not the same, the decrease in 

infiltration of macrophages in both the 12-day and 18-day CXB-NE rats was consistent 

with what has been previously shown (Saleem et al., 2019b). For both experimental 

conditions of CXB-NE and DF-NE, we also found that the NIRF signal at day 11 for the 

18-day experiment had the same relative intensity as the NIRF signal at day 11 for the 

12-day experiment (Figure 3). This shows that CXB-NE was able to be delivered at the 

same efficiency to the injured nerve. The success of the delivery of CXB-NE to the 

injured nerve clearly reduced the level of inflammation as measured by the number of 

infiltrating macrophages (Figure 4).  The fact that this particular rat in the 18-day study 

did not achieve complete pain relief can be explained in at least two possible ways.  First, 

it is important to recognize that we are assessing a unique individual.  As has been seen in 

previous studies (Janjic et al., 2018 [n=9]; Saleem et al., 2019b [n=7]; Stevens et al., 

2019 [n=5]), this individual’s behavioral response is in the range of behaviors observed 

with CCI CXB-NE rats similarly studied. This behavior is, nonetheless, an outlier and 

needs to be considered with caution.  For example, there is a possibility that for the day-

18 rat, the four chromic gut ligatures may not have been tied with equivalent tension.  A 

recent study explored the variation of behavior that corresponds to loose, normal and 

tight ligatures (Chen, et al, 2020). It reports that the compression force of the ligatures 

will result in differing levels of muscle atrophy in which the tighter the suture, the more 

atrophy. Given this, it is possible that the rats sutures were not loose enough causing 

slight muscle atrophy and therefore displaying the slowed recovery.  
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5.2 Theranostic nanoemulsion is able to increase the presence of markers of axonal 

regeneration  

 The neuroinflammation caused by CCI on the right sciatic of rats is known to 

decrease the ability of axons to regenerate through a process known as Wallerian 

Degeneration (Gaudet et al., 2011; Huebner & Strittmatter, 2009). The mechanisms of 

axonal regeneration are repressed when inflammation is high at the site of injury. This is 

shown through the proposed mechanism of action in which the increase in the presence of 

pro-inflammatory chemicals and macrophages that inhibit expression of GAP-43 and 

therefore production of growth cones (Figure 6A). With CXB-NE, inflammation is 

reduced as evident through the inhibition of the COX-2, the reduction of PGE2, the 

reduction in infiltrating macrophages, as well as the shift in macrophage phenotype and 

the influence on Mast Cell degranulation (Saleem et al., 2019b).  Here we present 

evidence and a possible mechanism of how CXB-NE supports axon regeneration with the 

enhancement of GAP-43 expression earlier than normal as well as an increase in the 

number of growth cones as detected by F-actin expression (Figure 6B).  The immunostain 

results for GAP-43 show that the presence of CXB-NE enhances GAP-43 expression 6 

days before there is a naturally occurring increase in GAP-43 expression as seen in DF-

NE conditions. With the decrease in inflammation by CXB-NE, GAP-43 was able to 

become activated early and may be contributing to the axon recovery days before it 

appears to come on when celecoxib is not present (Figure 6B). The results from the F-

actin stain for growth cones showed that in both 12-day and 18-day experiments, CXB-

NE was able to enhance the formation of growth cones within the fasciculated nerve 

bundle. There are substantially more growth cones that are present in CXB-NE than the 
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other conditions. With the enhancement of both GAP-43 and growth cones when CXB-

NE is present, it is concluded that CXB-NE presence is able to promote and enhance 

axonal regeneration.  
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Figure 6. Proposed Mechanism of Action of Chronic Constriction Injury on Sciatic Nerve with and without CXB-
NE Injection. Part A represents the mechanisms of action after chronic constriction injury without injection of CXB-NE. 
Once the sciatic nerve is injured, macrophages become activated to begin cleaning up debris and are predominantly pro-
inflammatory macrophages, M1. Activated macrophages activate COX-2 to produce PGE-2. Prostaglandins will increase 
production Substance P and increase the infiltration of macrophages to the site of injury. Substance P increases 
nociceptor sensitization that leads to the pain-like hypersensitivity experienced with peripheral neuropathy while the 
increase in infiltrating macrophages increases neurogenic inflammation. When there is an increase in the pro-
inflammatory chemicals and macrophages, axonal regeneration agents are inhibited specifically GAP-43. GAP-43 
enhances the development of growth cones, so growth cones development is also inhibited. Overall, chronic constriction 
injury causes increase pain-like hypersensitivity, increased inflammation, and decreased axonal regeneration. Part B 
represents the mechanisms of action after chronic constriction injury with injection of CXB-NE. Once CXB-NE is 
injected and travels to site of injury through differentiated macrophages, Celecoxib binds reversibly and specifically to 
COX-2 within the macrophage. Celecoxib binding causes an inhibition of COX-2 and subsequent inhibition of PGE-2. 
Without PGE-2, M1 macrophages switch to M2, anti-inflammatory macrophages, which decreases nociceptor 
sensitization and inflammation. The decrease inflammation also allows for the activation of axonal regeneration agents 
such as GAP-43. With GAP-43 expression enhanced, growth cones development is enabled, and the axons are to begin to 
regenerate. 
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Chapter 6 

Limitations and Future Directions 

 A major limitation to this study is that this is a pilot study with only one subject per 

condition. With only having one animal to represent each condition, there is a chance the 

data is due to variation among the individuals. Also, the CCI CXB-NE Day 18 animal did 

not exhibit pain relief behavior back to baseline as is the normal response to the 

nanoemulsion therapy.  As such, this animal is considered an outlier. It is interesting that 

the CXB-NE was able to have an effect on this Day 18 animal as is evident in the 

decrease in the presence of macrophages.  The drug was getting to the site of 

inflammation and was influencing the density of infiltrating macrophages. So, in order to 

overcome this limitation, additional animals need to be included in the study. Care will 

need to be taken to ascertain whether this outlier represents an anomaly or whether this 

individual represents a subset phenotypic behavior.  

 In future studies, they should consider exploring the involvement of other important 

axonal regeneration agents. GAP-43 and growth cones are just two of many important 

agents that contribute to the regeneration of axons. Specific agents of interest are 

Schwann cells, Toll-Like Receptors (TRLs), and laminin trimers. Schwan cells are shown 

to increase axonal regeneration through promoting growth cones, so further 
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characterization of their response to CXB-NE could help to clarify their role in 

supporting the presence of growth cones and regeneration. TRLs are receptors on 

Schwann cells that are used to detect tissue damage. Stevens et al (2019) also showed that 

Toll Like receptor 2 exhibited differential mRNA expression in the CCI DF-NE and CCI 

CXB-NE conditions as compared to sham sciatic nerves as assayed by qPCR.  Finally, 

laminin trimers act directly on neurons and Schwann cells to help with maintenance and 

repair of neurons (Gaudet et al., 2011; Lopez-Verrilli et al., 2013). When laminin 

expression is inhibited, the axon loses its ability to regenerate completely. By analyzing 

such agents, we can further confirm that CXB-NE is enhancing axonal regeneration and 

further understand the mechanism that drives axonal regeneration from CXB-NE 

injection. 

 Another future direction that can be taken is a second dosage of CXB-NE. In past 

studies, it was shown that CXB-NE’s pain relief subsides after 6 days (Saleem et al, 

2019). However, there have been no studies to date showing what happens when CXB-

NE is injected for a second time. In order for this experiment to happen, the second CXB-

NE dosage will need a new NIRF dye to allow for the discrimination of both the original 

and second dosage of CXB-NE.  Through visualizing this, we will be able to determine 

how additional injections affect hypersensitivity, macrophage recruitment, axonal 

regeneration, as well as the effect on other systems within the body. Janjic and colleagues 

have already demonstrated the engineering capability needed to introduce additional NIR 

dyes into a single nanoemulsion (Patel, Patrick, et al., 2013).  This will allow us to further 

understand the mechanisms of peripheral neuropathy after CXB-NE treatment. It will 

also allow us to determine if additional injections will continue to support the repair of 
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axons.  

 A final future direction that can be considered is developing a software routine that 

embraces the capabilities built into the Nikon Elements software that allows for 

measuring relative fluorescence brightness as well as the capability to count objects in a 

field of view or region of interest. The Nikon Elements software has the tools that can be 

trained to identify cells in an image acquired on either the conventional or confocal 

microscopes. The code could be set to determine a threshold for positive staining for the 

agents of interest, such as coincident DAPI (nuclear) and CD68 (macrophage) cell 

identity, which can then be automatically counted. That data can be exported to a file for 

statistical analysis. Once validated, engineering such a code would minimize the hours 

spent counting the targets of interest and allow for more time with other experiments as 

well as allowing for analysis that helps to establish the significance of the phenomena.   
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Chapter 7  

Conclusions 

 Overall, this pilot study provides evidence that the pain-reliving micro-dose of COX2 

inhibiting CXB-NE also enhances the potential for axon outgrowth and nerve 

regeneration.  The assessment of behavior and macrophage infiltration provided further 

confirmation to observations previously reported, that CXB-NE is effective in providing 

pain-relief and reducing inflammation as evident by the infiltration of CD-68 positive 

macrophages (Janjic et al., 2018; Saleem et al., 2019; Stevens et al., 2019b).  Two key 

markers of axon growth and regeneration are enhanced by the presence of CXB-NE; 

GAP-43 and F-actin labeled growth cones. These observations are consistent with 

observation that CXB-NE promotes the transition of M1 macrophage population in the 

injured sciatic nerve to M2 phenotype, which promote repair and regeneration of injured 

tissue (Saleem et al., 2019b).  The increase in GAP-43 expression is also an indicator of 

nerve regeneration, which is evident at day 18 without celecoxib, but appears to be 

enhanced with precocious expression at day 12 when CXB-NE is present. Finally, 

detection of F-actin in a morphology consistent with the visualization of growth cones in 

fasciculated nerve bundles of the sciatic nerve provides compelling evidence for nerve 

regeneration enhancement by localized COX2 inhibition.  This observation is also 
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consistent with the report by Stevens et al (2019) that showed that the expression of actin 

mRNA in the injured sciatic nerve is significantly enhanced by CXB-NE. 

Taken together, these results indicate that CXB-NE is able to promote axonal 

regeneration after CCI injury.  

 By confirming that CXB-NE contributes to supporting axon regeneration, we can 

consider the use of nanoemulsion delivered NSAID that not only provide chronic pain 

relief but may also be effective in aiding regenerating the damaged nerve leading to 

eventual axon recovery. Relieving pain and promoting nerve regeneration may provide an 

important alternative to opioids which treat an aspect of pain but does not contribute to 

healing.  Success could help to diminish the opioid crisis in America and significantly 

improve the lifestyle of those 100 million Americans that suffer everyday with 

debilitating pain. 
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