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Abstract  1 

Background: The incidence of diabetes and diabetic peripheral neuropathy continues to rise, 2 

and studies have shown that macrophages play an important role in their pathogenesis. Here 3 

we present a novel two-color fluorescently labeled perfluorocarbon nanoemulsion to monitor 4 

phagocytic macrophages in vitro and in vivo using non-invasive near infrared fluorescence 5 

imaging and fluorescence microscopy in diabetic neuropathy. We next applied this 6 

nanoemulsion to the Leprdb/db model of Type 2 Diabetes Mellitus to track macrophages along the 7 

length of the peripheral sensory pathway of the hindlimb, where diabetic peripheral neuropathy 8 

tends to originate.  9 

Methods: In vitro assessment of the nanoemulsion was performed by measuring fluorescent 10 

signal stability, colloidal stability, and macrophage uptake and subsequent viability. In vivo 11 

tracking of the nanoemulsion within Leprdb/db and wild-type mice was performed using both near 12 

infra-red fluorescent imaging and confocal microscopy to assess its biodistribution within 13 

phagocytic macrophages along the peripheral sensory apparatus of the hindlimb.  14 

Results: In vitro experiments show two-color nanoemulsion had high levels of fluorescent and 15 

colloidal stability, and that it was readily incorporated into RAW 264.7 macrophages. In vivo 16 

tracking revealed distribution of the two-color nanoemulsion to macrophages within most tissues 17 

of Leprdb/db and wild-type mice which persisted for several weeks, however it did not cross the 18 

blood brain barrier. Reduced fluorescence was seen in sciatic nerves of both Leprdb/db and wild-19 

type mice, implying that the nanoemulsion may also have difficulty crossing an intact blood 20 

nerve barrier. Additionally, distribution of the nanoemulsion in Leprdb/db mice was reduced in 21 

several tissues as compared to wild-type mice. This reduction in biodistribution appears to be 22 

caused by the increased number of adipose tissue macrophages in Leprdb/db mice.  23 
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Conclusions: The nanoemulsion in this study has the ability to identify phagocytic macrophages 1 

in the Leprdb/db model using both near infra-red fluorescent imaging and fluorescence 2 

microscopy. Based on the drug loading capacity of this new nanoemulsion and the role of 3 

inflammatory macrophages in diabetes, we foresee this agent being a useful tool in the 4 

assessment and treatment of diabetic peripheral neuropathy.    5 

 6 

Keywords: Diabetes, Neuropathy, Macrophage, Nanoemulsion, Skin, Sciatic Nerve, Dorsal 7 

Root Ganglion, Spinal Cord, Near-infrared Fluorescence Imaging, Neuroinflammation 8 
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Background 1 

In 2019 the International Diabetes Federation estimated the total number of adults with diabetes 2 

from age 20-79 was 463 million, with this number projected to increase to 578.4 million by 2030 3 

(1). Diabetic peripheral neuropathy (DPN) occurs in approximately 50% of people with diabetes 4 

and is also sometimes referred to more specifically as distal symmetric polyneuropathy. This 5 

form of neuropathy begins in the distal limbs and progresses more proximally with time in what 6 

is commonly known as a ‘stocking and glove’ pattern (2-4). Patients with DPN may experience 7 

various symptoms in their arms and legs including numbness, tingling, pain and loss of thermal 8 

sensitivity, and can experience muscle weakness in the later stages of disease (2-5). 9 

Unfortunately, current therapeutic options for DPN are limited in their ability to slow neuropathy 10 

or relieve pain. Analgesics used to treat DPN include tricyclic antidepressants, anticonvulsants, 11 

SNRIs/SSRIs, and opioids, which are only able to achieve greater than 50% pain relief in about 12 

one-third of patients (5).  13 

Increasing attention is being given to the disruption of immune system activity in diabetes by 14 

hyperglycemia and/or chronic inflammation (6-8) particularly in adipose tissue in the case of 15 

obesity/type 2 diabetes (9). These observations have profound implications for DPN, given the 16 

parallel emergence of the importance of neuroimmune crosstalk in neuronal dysfunction. One 17 

common immunological feature in different types of peripheral neuropathic pain is the 18 

contribution of peripheral macrophages and their cytokines, such as IL-6, IL-1β and TNF-α, to 19 

the sensitization of peripheral nerves (10, 11), orchestration of Schwann cell function (12) and 20 

clearance of damaged and dying cells (13). Macrophages have been shown to be increased in 21 

the sciatic nerve of mice with high-fat diet-induced diabetes and rats with streptozotocin-induced 22 

diabetes (14, 15), and treatments which specifically target macrophages are able to reduce 23 

neuropathic pain in both models (14, 16). Though evidence of macrophage contribution to DPN 24 

is now overwhelming, our mechanistic understanding of their contribution requires additional 25 



5 

 

study. To that end, we have established a means of non-invasively tracking macrophages in 1 

type 2 diabetes, enabling longitudinal imaging to comprehensively assess disease progression 2 

and potential effects of future macrophage-directed therapeutics. We have chosen to target 3 

macrophages using the Leprdb/db  model of type 2 diabetes to determine if we can specifically 4 

image and track macrophage dynamics in this disease state, thereby obtaining unique insights 5 

into macrophage trafficking, phenotype and function.   6 

Leprdb/db mice have a single point mutation in the gene coding for the leptin receptor, which 7 

induces hyperphagia and obesity (17).  We chose this strain because it exhibits many of the 8 

metabolic characteristics seen in patients with type T2DM including dyslipidemia, insulin 9 

resistance and hyperglycemia (17). They also exhibit a significant loss of intraepidermal nerve 10 

fibers (IENF) over time, which are associated with the progressive loss of sensation in the distal 11 

limbs and is a common pathological finding in T2DM patients (4, 5, 17).  Given the similarities 12 

between Leprdb/db mice and patients with T2DM, this model represents a strong candidate for 13 

examining new therapeutic options for DPN.  14 

Macrophages emerged as the most accessible cellular targets for nanoemulsion based 15 

therapies due to their uptake of nanoparticles injected in the bloodstream, which allows for their 16 

in vivo tracking using NIRF and MRI (18-22). Passive targeting to circulating inflammatory cells 17 

by PFC-NEs has been extensively investigated for the purpose of 19F MRI of inflammation (22-18 

25). PFCs are chemically and biologically inert 19F MRI agents, which permit quantitative and 19 

qualitative assessment of inflammation in vivo without apparent background. PFC-NEs have 20 

been successfully used to measure spatial and temporal distribution of infiltrating macrophages 21 

in transplant models (kidney, heart) and such PFC-NE labeled macrophage infiltration correlates 22 

well with histopathologic findings of rejection (19). In a related study, PFC-NEs were also used 23 

to quantify macrophage infiltration as a surrogate measure of inflammation in pig hearts in a 24 

myocardial infarction model (26). PFC-NEs have been broadly applied to specifically and 25 
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selectively quantify macrophage trafficking changes following transplantation (19), abscess (27) 1 

and inflammatory bowel disease (28). We have recently developed triphasic macrophage-2 

targeted PFC-NEs, which are composites of three immiscible liquids: PFC (fluorous phase), 3 

hydrocarbon (HC, organic phase), and water (aqueous phase). The advantage of such triphasic 4 

PFC-NEs lies in their increased capacity to incorporate lipophilic drugs (29) and/or NIRF dyes 5 

due to the higher organic volume fraction compared to other reported PFC-NEs with no 6 

significant change in droplet size (30-34). The NIRF-labeled PFC-NEs show NIRF and 19F MRI 7 

signatures of macrophage accumulation at the site of injury (24). NIRF signal can also be used 8 

to quantify macrophages in excised tissues (24).  9 

In this study we use a novel two-color fluorescently labeled PFC-NE designed to specifically 10 

label phagocytic macrophages in vitro and in vivo. These nanoemulsions enable specific 11 

tracking of the monocyte derived macrophages in the peripheral immune system using both live 12 

NIRF imaging systems and fluorescent microscopy in excised tissues. Here, for the first time to 13 

the best of our knowledge, the PFC-NE based system is applied to tracking macrophages along 14 

the length of the primary neurons of the peripheral sensory pathway in the hind limb of Leprdb/db 
15 

and WT mice combining live and ex vivo NIRF imaging, and fluorescent microscopy. The 16 

presented work establishes a new approach to investigating macrophages in DPN pathology 17 

and sets forth a path towards designing novel diagnostic and treatment assessment strategies 18 

for DPN that exploit neuroimmune crosstalk. 19 

 20 

Methods 21 

Mice 22 

Experiments performed were approved by the MD Anderson Institutional Animal Care and Use 23 

Committee. Male Leprdb/db and LeprWT/WT(WT) (BKS.Cg-Dock7m +/+ Leprdb/J) mice were 24 
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obtained from Jackson Laboratories (Bar Harbor, ME) at approximately at 4 weeks of age for 1 

time course studies, or 11 weeks of age for histological studies, and allowed to acclimate to our 2 

animal facilities for > 1 week before experiments.   Mice were housed two to five per cage in a 3 

temperature (22˚C±1˚C), and humidity (40-60%) controlled room. The room was also kept on a 4 

12-hour light dark cycle, and mice had access to food and water ad libitum.  5 

 6 

Two – color fluorescent PFC-NEs 7 

Nanoemulsions for in vivo and ex vivo fluorescent tracking of monocyte derived macrophages 8 

used in this study were prepared by adapting earlier published methods (35, 36). Triphasic 9 

nanoemulsion was formulated to incorporate two fluorescent dyes in the hydrocarbon phase.  10 

Perfluoro-15-crown-5 ether (14.2 % w/v) was blended by vortexing with Miglyol 812N (7.6 % 11 

w/v) which incorporated two dyes: 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine 12 

Perchlorate ('DiI'; DiIC18(3)), at 10 M and (‘DiR’; 1,1'-Dioctadecyl-3,3,3',3'-13 

Tetramethylindotricarbocyanine Iodide, DiIC18(7)), at 10 or 25 M final concentration, and with 14 

fluorescence emission maxima at 570 nm and 780 nm respectively. The oils were mixed with 15 

non-ionic surfactant solution prepared in 1X phosphate buffered saline (PBS) and processed on 16 

Microfluidizer M110S (Microfluidics, Westwood, MA 02090, USA) at 18,000 psi liquid pressure 17 

on 25 mL scale as reported earlier (35). All nanoemulsions are sterilized by filtration through a 18 

0.22 m filter and stored in sterilized amber vials before use.  19 

 20 

Nanoemulsion Fluorescent Stability  21 

All fluorescently labeled nanoemulsions were monitored for fluorescence signal stability upon 22 

storage at 4°C using a LiCOR Odyssey imager. Briefly, nanoemulsion serial dilutions (e.g. 1:10, 23 

1:20, 1:40, 1:80, 1:160) were prepared in deionized water and imaged in triplicate in 96-well 24 
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clear flat bottom microplates at 800 nm fluorescence detection. The imaging parameters were 1 

kept constant, and measurements were repeated over time to establish overall fluorescence 2 

signal stability upon storage.  3 

 4 

Nanoemulsion Colloidal Stability 5 

All nanoemulsions were monitored for size and size distribution changes over time and under 6 

varied conditions (centrifugation, filtration, and exposure to cell culture media at 37 °C), as 7 

earlier reported (35), by Dynamic Light Scattering (DLS) on Zeta Sizer Nano ZS (Malvern 8 

Instruments, Worcestershire, United Kingdom) instrument equipped with a HeNe gas laser (λ = 9 

633 nm) and a detector at 173°. The nanoemulsion samples were diluted in deionized water or 10 

media at 1:40 v/v and all measurements carried out at 25°C.  11 

 12 

Macrophage viability upon nanoemulsion exposure 13 

Cell viability was evaluated with mouse macrophages (RAW 264.7; ATCC TIB 71) using the 14 

CellTiter-Glo® 2.0 assay. Macrophages were plated in a 96 well plate at 5,000 cells/well. After 15 

incubation overnight at 37°C and 5% CO2, the cells were treated with dilutions of the 10 and 25 16 

M DiR PBS-based Nanoemulsion, starting at a maximum dilution of 80µL Nanoemulsion in 17 

1mL culture medium and following serial dilutions down to 0.625µL per 1mL. The cells were 18 

treated with these dilutions for 24 hours at 37°C and 5% CO2. Then, the media was removed 19 

from all wells and 100µL fresh culture media was added to each well and 40µL CellTiter-Glo® 20 

2.0 was added. The plate was shaken for 20 minutes at 70 rpms and protected from light to 21 

induce cell lysis. 100µL of the cell lysate was transferred to a 96 well white plate and 22 

luminescence was recorded using the Synergy HTX Multi-mode reader from BioTek. Cell 23 

viability results can be seen in Figure 3D.  24 
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 1 

Macrophage microscopy upon nanoemulsion exposure 2 

Images of mouse macrophages labeled with nanoemulsion were acquired using the EVOS™ FL 3 

Digital Inverted Fluorescence Microscope from Invitrogen. RAW 264.7 macrophages were 4 

cultured on glass chamber slides (Lab Tek Chamber Slides, 8 well slides) at 50,000 cells/well 5 

and incubated for 24 hours. Macrophages were treated with nanoemulsion containing 25 µM 6 

DiR and 10 µM DiI at a dilution of 10µL nanoemulsion in 1mL of culture medium and were 7 

incubated for 24 hours at 37°C and 5% CO2. After removing the treatment media, macrophages 8 

were fixed with 0.3mL 4% paraformaldehyde (PFA) in PBS for 10 minutes. Then, the PFA was 9 

removed and the macrophages were washed 3 times with PBS. The chambers were removed 10 

and a cover slip was mounted onto the slide using a mountant containing DAPI (ProLong™ 11 

Diamond Antifade Mountant with DAPI, Molecular Probes). Images were captured using the 12 

EVOS Microscope using the white light, DAPI, and Red Fluorescent channels. For visualizing, 13 

the DAPI channel, Invitrogen™ EVOS™ Light Cube, DAPI was used (excitation of 357/44 and 14 

emission of 447/60). For visualizing nanoemulsion up-take into the macrophages, Invitrogen™ 15 

EVOS™ Light Cube, RFP was used (excitation 531/40 and emission 593/40). Images of mouse 16 

macrophages treated with nanoemulsion can be seen in Figure 3A-C.  17 

 18 

In vivo NIRF imaging 19 

Images were taken of WT (n=5) and Leprdb/db (n = 5) mice with the IVIS Lumina system (Caliper 20 

Life Sciences; Waltham, MA) using the auto exposure setting. Fluorescence from the DiR 21 

component of the emulsion was detected with a 745nm (bandpass: 20nm) excitation and 800nm 22 

(bandpass: 35nm) emissions filter. After obtaining images from each mouse, regions of interest 23 

were drawn around each foot pad and the Average Radiant Efficiency ([p/s/cm²/sr] / [µW/cm²]) 24 
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was obtained for each foot. The two feet were then averaged together to obtain an Average 1 

Radiant Efficiency for each mouse. Mice were imaged weekly from 7 weeks of age to 12 weeks 2 

of age.  At 8 weeks 200µl of PFC-NE was injected intravenously (i.v.) into the tail vein of each 3 

mouse. The mice were allowed to rest for 72 hours prior to imaging for the 8-week time point.  4 

 5 

Perfusion & Tissue Processing 6 

To determining the tissue distribution of the PFC-NE, 12-week-old WT (n=3) and Leprdb/db (n=3) 7 

mice were injected with 200µl of PFC-NE. The PFC-NE was allowed to distribute throughout the 8 

tissues for 72hrs prior to the mice being euthanized for histological analysis. At necropsy, mice 9 

were euthanized using CO2, and perfused with 20mls of cold PBS followed by 20mls of cold 10 

10% neutral buffered formalin (10% NBF) (Thermo Scientific; Waltham, MA).  Feet, thighs, and 11 

spinal columns were obtained from each mouse to assess the neurovascular bundles of the 12 

feet, sciatic nerves and DRGs/spinal cords respectively, as these represent the various levels of 13 

the of the primary neurons of the peripheral sensory pathway (Figure 1). These tissues were 14 

submerged overnight at 4˚C in 10% NBF before further processing. To decalcify the tissues, 15 

they were placed in PBS containing 10% EDTA (Sigma-Aldrich; St. Louis, MO) for 14 days at 16 

4˚C, and the solution was refreshed after 7 days. Once decalcification was complete, the tissues 17 

were placed in 30% sucrose for two days at 4˚C, and subsequently embedded in Tissue-Tek® 18 

OCT compound (Sakura; Torrance, CA) for cryosectioning.   19 

 20 

Tissue Cryosectioning 21 

For the purpose of our histologic survey, each tissue was sectioned at 30µm and placed on 22 

Superfrost Plus slides (Fisher Scientific; Pittsburgh, PA). The sections were allowed to adhere 23 

to the slides at room temperature (RT) for approximately 10mins prior to being placed at -20˚C, 24 
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since prolonged exposure to RT tended to reduce the DiI signal within the tissues.  The slides 1 

were kept at -20˚C until they were stained.   2 

Transverse sections of both the left and right feet of each mouse were obtained at the distal end 3 

of metatarsals 2-4. This allowed images to be taken of the neurovascular bundles present 4 

between the 2nd, 3rd, and 4th metatarsals as well as survey the entire foot for distribution of PFC-5 

NE. For the sciatic nerve, transverse sections of the left and right thigh of each mouse were 6 

obtained at the proximal end of the femur so that the sciatic nerve could be visualized along with 7 

the surrounding tissue.  8 

While embedding the spinal column, care was taken to isolate the sections of the spinal column 9 

which contained the lumbar spinal cord, and the lumbar dorsal root ganglia (DRG). Based on a 10 

study by Harrison et al. it was determined that the lumbar spinal cord could be obtained by 11 

focusing our sectioning between the 10th thoracic vertebra (T10) and halfway through the 1st 12 

lumbar vertebrae (L1). This allowed us to separate the parts of the spinal column containing the 13 

lumbar spinal cord from the part containing the lumbar DRGs (L1-L6) and section them 14 

separately (37).  15 

 16 

Immunofluorescence  17 

Sections were removed from -20˚C and allowed to warm to RT. During this time a hydrophobic 18 

barrier was drawn on each slide using an ImmEdgeTM Pen (Vector Laboratories; Burlingame, 19 

CA). Slides were dipped 10x in PBS to remove residual OCT before the adding PBS containing 20 

10% goat serum (Sigma)/1% Bovine serum albumin (Fisher Scientific)/ 2% DMSO (Sigma)/ 21 

1mg/ml digitonin (Millipore; Burlington, MA) (Blocking solution). Digitonin was used as a 22 

detergent since it has previously been shown to be superior to other detergents for the retention 23 

of DiI (38). The slides were incubated in blocking solution for 1 hour at RT. The blocking solution 24 
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was replaced with antibodies diluted in blocking solution: rabbit anti-PGP9.5 (1:200) (Abcam; 1 

Clone: EPR4118) and rat anti-CD68 (1:500) (Biorad; Clone: FA-11) were both added to the 2 

slides in blocking solution. Primary antibodies were incubated overnight for at 4˚C in a 3 

humidified slide staining chamber. The next day the slides were rinsed by dipping 10x in PBS, 4 

and goat anti-rabbit Alexa Fluor 647 (1:500; Invitrogen; Carlsbad, CA), goat anti-rat Alexa Fluor 5 

488 (1:500; Invitrogen), and DAPI (500ng/ml; Sigma) were added to each slide in PBS. The 6 

secondary antibodies and DAPI were incubated for 3 hours at RT. Slides were dipped 10x in 7 

PBS, and 10% NBF was added to the sides for 10 mins to help maintain DiI signal within the 8 

tissues. The sections were rinsed one final time by dipping 10x in PBS, and coverslipped with 9 

Prolong Gold Mounting Medium (Cell Signaling Technology, Danvers, MA) 10 

Confocal Microscopy and image quantification  11 

Tile scans of tissue sections were obtained using 20x (Numerical aperture: 0.75) objective on a 12 

Nikon A1R Confocal Microscope (Nikon Instruments Inc., Melville, NY), and Image analysis was 13 

performed using Nikon NIS-Elements Advanced Research (Nikon Instruments Inc.) These 14 

images were then used to determine the tissue distribution of the i.v. injected PFC-NE within the 15 

foot, thigh and spinal cord of WT (n=3) and Leprdb/db (n=3) mice (Table 1).  16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 
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Table 1: Summary of tissues containing CD68+NE+ double positive cells.  1 

Tissue CD68+ cell location WT Leprdb 

Hind Foot 

Dermis  + + 

Hypodermis  + + 
Bone marrow 
(Metatarsals) + + 

Nerves  - - 

Adipose tissue + + 

Thigh 

Bone marrow (Femur) + + 
Perineural adipose 
tissue  + + 

Muscle  + + 

Sciatic nerve 
+ 

(weak) 
+ 

(weak) 

Lumbar DRG 

DRG + + 
Perineural adipose 
tissue + + 

Meninges  + + 

Lumbar spinal 
cord 

White matter - - 

Gray matter  - - 

Meninges  + + 

Bone marrow (Vertebra) + + 

Nerve roots - - 

Summary of the distribution of CD68+NE+ double positive cells within the various tissues 2 

collected during this study. + present, - absent. 3 

 4 

To quantify the distribution of DiI from PFC-NE within tissue macrophages surrounding the 5 

neurovascular bundles of the foot pads from WT and Leprdb/db mice, measurements for percent 6 

area of CD68 and DiI, and Pearson’s correlations between CD68 and DiI, were determined for 7 

the hypodermal area surrounding the neurovascular bundles between metatarsals 2-4. To 8 

assess differences between the uptake of PFC-NE within the sciatic nerves and peripheral 9 

tissues (muscle and adipose) of WT and Leprdb/db mice, three CD68+DiI+ double positive cells 10 

were measured from each slide for DiI intensity for a total of 6 cells/mouse/tissue. The 11 

intensities were then averaged for each mouse and differences between groups were analyzed. 12 
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To assess signal intensity differences within DRG tissues between WT and Leprdb/db, the mean 1 

signal intensities were measured for a lumbar DRG from each mouse and differences between 2 

groups were analyzed.  3 

 4 

Statistical analysis 5 

Percent area calculations for CD68 and DiI obtained from histological sections were 6 

transformed using a square root transformation (Y= square root(Y)). Unpaired T-tests were 7 

performed on the transformed data and Pearson’s correlations from the same images to 8 

determine significance, as well as the DiI signal intensity from DRG images. Two-way ANOVA 9 

was performed on average radiant efficiencies from NIRF images, and for the comparison of 10 

sciatic nerve tissues to peripheral tissues.  Weight corrections for average radiant efficiencies 11 

were performed by multiplying the average radiant efficiency for each animal by the weight of 12 

the animal and then normalizing to average baseline reading for the group (week 7).  13 

 14 

Results 15 

Two-color Fluorescent Nanoemulsion 16 

Here we report a two-color fluorescently labeled perfluoro-15-crown-5 nanoemulsion with two 17 

distinct lipid tracers, DiI and DiR, incorporated into the hydrocarbon phase at optimized ratio 18 

1;2.5 w/w. DiI with fluorescence maximum at 570nm is used for detection of nanoemulsion 19 

labeled macrophages in excised tissues by fluorescent microscopy, while DiR supports live and 20 

ex vivo NIRF imaging of macrophage infiltration in target organs and tissues in DPN mice. 21 

Nanoemulsions were produced in phosphate buffer to assure biocompatibility and safety in 22 

animals upon i.v. injection. Dual labeled nanoemulsions show exceptional colloidal stability upon 23 
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prolonged storage (Figure 2A), exposure to biological media and stress (Figure 2B-E) and also 1 

demonstrated long term fluorescence stability (Figure 2F) upon storage for 5 months. 2 

Furthermore, presented nanoemulsions effectively labeled macrophages in culture upon 24h 3 

exposure (Figure 3A-C) and caused no significant change in viability over a range of 4 

nanoemulsion concentrations (0-80 µL/mL). High fluorescence and colloidal stability are 5 

essential for maintaining consistent in vitro and in vivo NIRF imaging-based macrophage 6 

tracking which is critical for monitoring dynamic changes in inflammation in DPN animals.  7 

 8 

NIRF Imaging 9 

Weekly NIRF imaging of the foot pads of mice treated with PFC-NE showed there was a 10 

detectable DiR signal within the feet of both WT and Leprdb/db mice (Figure 4A). This signal was 11 

significantly higher than baseline readings and persisted for at least 3 weeks after injection in 12 

both groups. however, it should also be noted that there was a significantly higher distribution of 13 

DiR signal to the feet of WT mice as compared to their Leprdb/db counterparts (Figure 4B). To 14 

assess whether this difference may be due to the weight difference between groups, a weight 15 

correction was performed on the Average Radiant Efficiency data (Figure 4C). After the 16 

correction there was no significant difference between the DiR signal in the WT and Leprdb/db 17 

groups (see statistical analysis). This suggests that the difference in fluorescence intensity 18 

between WT and Leprdb/db is due at least in part to an effect of PFC-NE dosing per unit body 19 

mass. However, an inherent difference in phagocytic activity of macrophages between strains 20 

cannot be ruled out. To investigate further, we analyzed tissues and PFC-NE distribution using 21 

immunofluorescence. 22 

 23 

Immunofluorescence  24 
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Foot Pad 1 

Distribution of PFC-NE into macrophages occurs in most tissues of the hind foot including the 2 

dermis, hypodermis, bone marrow, and around the neurovascular bundles (Figure 5). 3 

Interestingly, one of the only tissues in which we could not detect a DiI signal from the PFC-NE 4 

was the nerves that run in the neurovascular bundles between the metatarsals. These nerves 5 

contained very few CD68+ cells, and when CD68+ cells were detectable in a histological section, 6 

they did not contain a DiI signal. Measurements of percent area for CD68 and DiI signals within 7 

hypodermal region surrounding the neurovascular bundle of the foot pad showed that percent 8 

area for DiI was significantly lower in Leprdb/db mice as compared to the WT mice (Figure 6A-C). 9 

These results reflect our in vivo imaging data for DiR fluorescence in the foot of WT and Leprdb/db 10 

mice. No significant difference was seen in the percent area of CD68 signal between WT and 11 

Leprdb/db mice (Figure 6D). Analysis of the distribution of DiI and CD68 within this region also 12 

showed no significant difference in Pearson’s correlation between WT and Leprdb/db mice, which 13 

suggests that colocalization of PFC-NE to CD68+ cells is similar between groups (Figure 6E).  14 

 15 

Sciatic nerve 16 

Tissue sections of the thighs from WT and Leprdb/db mice showed distribution of the PFC-NE into 17 

the macrophages of every tissue type including muscle, adipose, bone marrow , and sciatic 18 

nerve (Figure 7A & 7B); however the DiI signal that was observed in the sciatic nerve was 19 

significantly weaker compared to the surrounding tissues in both the WT (p = 0.0112) and 20 

Leprdb/db (p= 0.0015) groups (Figure 8A-C). The sciatic nerves of Leprdb/db mice were consistently 21 

surrounded by a large amount of adipose tissue which contained hypertrophic adipocytes and 22 

CD68+DiI+ macrophages, which may explain the NIRF imaging results showing significant 23 

difference between WT and Leprdb/db mice. Enhanced adipose tissue macrophage activity is 24 
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likely drawing uptake of PFC-NE into these tissues as opposed to paws where we focused our 1 

investigation. By contrast, the perineural fat pads of WT mice were harder to identify by 2 

fluorescence microscopy due to their relatively small size.    3 

 4 

Lumbar spinal cord and DRGs 5 

Transverse sectioning the entire spinal column allowed us to preserve the bone marrow within 6 

the vertebrae, as well as the meninges surrounding the DRGs (Figure 9) and spinal cords 7 

(Figure 10). DiI from PFC-NE was detectable in CD68+ cells within the bone marrow, DRG, 8 

meninges, and adipose tissue which lay adjacent to the DRGs of Leprdb/db mice. Interestingly, 9 

the intensity of the DiI signal observed within the DRGs of Leprdb/db mice was significantly lower 10 

compared to that in the WT mice (p = 0.0167) (Figure 9C). No DiI signal was observed within 11 

the parenchyma of the spinal cord, which would suggest that the PFC-NE is unable to penetrate 12 

the blood-brain barrier (BBB) of the CNS in these models.  13 

 14 

Discussion 15 

With T2DM becoming a larger burden on public health systems, and the high prevalence of 16 

DPN within T2DM patients, it is important to understand not only the mechanisms behind DPN, 17 

but also how we might effectively combat its progression. The aim of this study was to explore 18 

the potential of a new PFC-NE based imaging agent that has both the ability to effectively target 19 

macrophages, which have been shown to play a major role in neuropathic pain, and to label 20 

these macrophages for further observation by multiple imaging modalities(10, 11, 14-16). To do 21 

this we developed and characterized a PFC-NE which contains two fluorescent dyes (DiI and 22 

DiR) to track its tissue distribution along the sensory pathway of the hind paw to see what 23 

potential this PFC-NE holds as a therapeutic option for DPN.  24 
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The major advantage that comes from incorporation of DiR into this PFC-NE is the ability to 1 

track its distribution in vivo. Using non-invasive NIRF imaging we were able to detect significant 2 

increases in DiR signal from the foot pads of WT and Leprdb/db mice as compared to baseline 3 

measurements. We also found that Leprdb/db mice had significantly lower distribution of the PFC-4 

NE to their foot pads as compared to WT mice. This was somewhat surprising, as we 5 

hypothesized that Leprdb/db mice would have a higher concentration of activated macrophages in 6 

the tissues of the distal limb and increased DiR signal from PFC-NE uptake into these 7 

macrophages. This was also based on previous studies in other inflammatory pain states which 8 

displayed increased NIRF signal (36, 39). Upon histological examination of these tissues we 9 

were able to determine that, despite a moderate increase in the CD68+ signal in the hypodermal 10 

region surrounding the neurovascular bundles of the feet of Leprdb/db mice, there was a 11 

significant decrease in the DiI signal from PFC-NE present within this same region. However, 12 

since there was not a corresponding decrease in the Pearson’s correlation between the two 13 

signals, the decrease in percent area that was observed likely represents a decrease in the 14 

amount of PFC-NE that was taken into each cell, and not a decrease in the percentage of 15 

CD68+ cells which contain PFC-NE. There are two potential explanations for this. One is that 16 

there is a fundamental difference in the phagocytic ability of macrophages from diabetic mice 17 

that would reduce their ability to take in the PFC-NE. This line of reasoning is supported by 18 

previous studies which showed phagocytic activity is decreased human peripheral blood 19 

mononuclear cells from T2DM patients and murine macrophages cultured under high glucose 20 

conditions (40, 41). Future studies will assess phagocytic ability in the foot pad macrophages of 21 

Leprdb/db mice, since this may represent a decrease in the ability to treat these macrophages 22 

with PFC-NE based therapies. A second possibility is that the PFC-NE is preferentially 23 

deposited in different tissues in diabetic mice, thus reducing the availability of PFC-NE to the 24 

tissue macrophages of the foot. Given the macrophage specific nature of our PFC-NE and of 25 

similar PFC-NEs from previous publications (35, 36, 39), substantial uptake of PFC-NE by cell 26 
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types other than macrophages appears unlikely. Instead, the large population of adipose tissue 1 

macrophages (ATMs) in Leprdb/db mice represent a more likely explanation. Upon examination of 2 

various tissues for DiI distribution, it became clear that there was a significant amount of PFC-3 

NE being taken into the ATMs. Based on this observation we performed a weight correction on 4 

the foot pad DiR signal, which eliminated any significant differences seen between the two 5 

groups of mice.  These findings are important because it shows that ATMs are a major point of 6 

uptake of this PFC-NE, and that weight may need to be accounted for in delivery of this and 7 

similar agents in future. 8 

Images of the neurovascular bundles of the foot revealed that PFC-NE was not detectable 9 

within the larger nerves of either the WT or Leprdb/db mice. A similar difference to that seen in the 10 

peripheral nerves of the neurovascular bundles was also seen in the sciatic nerve. The CD68+ 11 

cell within the sciatic nerves of both WT and Leprdb/db mice have lower levels of DiI than the 12 

surrounding tissues. It is unclear why the macrophages within the sciatic and distal nerves of 13 

the foot would have a reduced level of PFC-NE uptake. One potential explanation for this is 14 

related to the Blood-Nerve Barrier (BNB), which limits diffusion of substances into the peripheral 15 

nerves in a similar manner to the BBB (42) . In previous studies BNB disruption has been shown 16 

in patients with diabetes (43) and Leprdb/db mice (44), however it is possible that in the current 17 

study the BNB is still intact and PFC-NE is hindered from entering the sciatic nerve. This 18 

suggests that these macrophages may not respond as effectively to PFC-NE treatments as 19 

compared to other macrophages when the BNB is intact. This is supported by the similar levels 20 

of DiI found in both WT and Leprdb/db sciatic nerves. Further studies are needed to examine the 21 

function of the BNB in older Leprdb/db mice to determine if PFC-NE would eventually increase in 22 

the sciatic nerve macrophages.  Another notable difference between the WT and Leprdb/db 23 

sciatic nerves was the large accumulation of hypertrophic adipocytes visible around the sciatic 24 

nerves of Leprdb/db mice. The inflammatory potential of the ATMs within this adipose tissue may 25 
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have some effect on the sciatic nerve through the secretion of cytokines, and thus may be a 1 

more viable target for DPN than sciatic nerve macrophages. This is supported by a previous 2 

study in which perineural administration of both saporin-conjugated anti-Mac1 antibodies and 3 

TC-25594-[(5-ethoxy-3-pyridinyl)-N-methyl-(3E)-3-buten-1-amine difumarate], an nAChR 4 

agonist capable of inhibiting macrophages, reduced neuropathic pain in a high fat diet T2DM 5 

model (14). While this study was not specifically aiming to treat ATMs, the perineural 6 

administration of these treatments would have likely encompassed them, providing a strong 7 

rationale for the benefits of specifically targeting perineural ATMs.  8 

Examination of DRG sections showed uptake of PFC-NE within CD68+ cells of the DRGs. This 9 

is a highly significant finding since DRGs represent a microenvironment in which the somata of 10 

primary sensory neurons are in direct contact with macrophages that can be targeted using this 11 

PFC-NE. Given that a previous study has already established that treatment of DRG 12 

macrophages has the ability to reduce hypersensitivity and loss of IENFs in a chemotherapy 13 

induced peripheral neuropathy model, we believe that the presence of our PFC-NE within these 14 

macrophages strongly suggests that PFC-NE therapies would have beneficial outcomes in DPN 15 

(45). As was noted perineurally in the sciatic nerve, deposits of hypertrophic adipose tissue 16 

were also seen immediately adjacent to the DRGs of Leprdb/db mice where there was a large 17 

reservoir of CD68+DiI+ double positive cells. The relatively lower intensity of the DiI deposits 18 

within the DRG of Leprdb/db mice as compared to WT mice reinforces our previous postulation 19 

that PFC-NE preferentially deposits in the CD68+ cells of adipose tissue as compared to other 20 

tissue, and in this case (as it was in the foot) the DRGs seem to receive less PFC-NE as a 21 

result.  22 

The survey taken of the lumbar region of the spinal cord showed a lack of penetration of the 23 

PFC-NE into the parenchyma of the spinal cord. This suggests that the PFC-NE was not able to 24 

penetrate the BBB. Despite this, CD68+/DiI+ double positive cells were observable in all three 25 
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layers of the meninges, and as we saw in earlier sections of the femur and metatarsals, we 1 

observed PFC-NE within the bone marrow of the vertebral column. While the observation of our 2 

PFC-NE within the meninges of WT and Leprdb/db may not be of direct significance to this current 3 

study, it does represent an important finding that could be of potential benefit in cases of 4 

meningitis, where the specific targeting of macrophages could quiet potentially dangerous 5 

inflammatory responses. More work needs to be done in order to determine if these meningeal 6 

macrophages represent a resident population of that can take up PFC-NE from the circulation, 7 

or if they are macrophages that have migrated from the peripheral circulation to the meninges 8 

after phagocytizing PFC-NE.  9 

It is known that the production of adipokines, cytokines and free fatty acids by hypertrophic 10 

adipocytes causes recruitment and activation of macrophages which contribute to the 11 

development of insulin resistance (46-48). Moreover, IL-6, IL-1β, and TNFα are all produced by 12 

hypertrophic adipocytes and M1 macrophages, and all three of these cytokines have been 13 

implicated in hyperalgesia (10, 46). TNFα may also play a critical role in insulin resistance, 14 

specifically by downregulation of GLUT-4 and IRS-1 (49-51). Based on the uptake of our PFC-15 

NE within the ATMs of Leprdb/db mice and on previous studies showing the effectiveness of 16 

similarly designed PFC-NE loaded with celecoxib at reducing macrophage-driven inflammation 17 

we believe that our novel PFC-NE agent will be equally effective if loaded with treatments 18 

targeted toward alteration of macrophage function and/or secretory output. This would have the 19 

potential to reduce downstream production of inflammatory cytokines, such as TNF-α, IL-1β,  20 

and IL-6, or potentially skew the phenotype of ATMs to a more anti-inflammatory phenotype, 21 

which may represent the more natural state of macrophages in adipose tissue (39, 48, 50, 52). 22 

This would not only result in reducing production of these cytokines in adipose tissue adjacent 23 

to the various portions of the sensory apparatus that we have assessed in this study, but may 24 
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also reduce the systemic insulin resistance seen in T2DM patients. This in turn would have the 1 

potential to reduce hyperglycemia, another cause of DPN in T2DM (2). 2 

 3 

Conclusions 4 

Based on the results obtained from this study, we can conclude that the novel PFC-NE-based 5 

imaging agent we have developed can effectively target macrophages in the Leprdb/db model of 6 

T2DM. We further hypothesize that drug loading of the PFC-NE particles with macrophage 7 

targeting treatments, such as celecoxib, has the potential to reduce inflammation in ATM both 8 

systemically and perineurally to reduce DPN and insulin resistance in this model of T2DM. 9 

Future studies with this PFC-NE will aim to test this hypothesis by examining markers of insulin 10 

resistance and neuropathic pain.   11 

 12 
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 20 

 21 
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DiR: 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide 12 
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Figure legends 1 

Figure 1: Peripheral sensory pathway 2 

To accurately assess our ability to target macrophages at multiple points along the primary 3 

neurons of the peripheral sensory pathway, microscopic examination was performed on tissue 4 

from hind paws, thighs (encompassing the sciatic nerve trunk) and spinal column to carry out a 5 

survey of CD68+DiI+ macrophages in the neurovascular bundles, sciatic nerve and spinal 6 

cord/DRGs, respectively.   7 

 8 

Figure 2: Macrophage targeted two-color (DiI/DiR) fluorescent nanoemulsion  9 

(A) PBS-based PFC-NE particle size distribution overlay comparison between day 1 and 8 10 

months after manufacturing. (B) pH stability of PFC-NE measured upon manufacture and up to 11 

21 days. (C) PFC-NE serum stability in three different biological media (H2O, DMEM, and 20% 12 

FBS in DMEM) was measured at time 0 and after 72 h incubation at elevated temperature 13 

(37°C). (D) PFC-NE centrifugation stability was conducted with 3000 rpm for 30 minutes. PFC-14 

NE (undiluted) size was measured before and after centrifugation. (E) PFC-NE stability was 15 

tested and analyzed before and after sterile-filtration with a 0.22 μm MCE membrane filter. All 16 

particle size and/or distribution were measured by Dynamic light scattering (DLS).  (F) 17 

Fluorescence signals of the PFC-NE with NIRF dye DiR were compared between week 1 and 18 

week 20 after manufacturing. PFC-NE was diluted at NE : water ratio of 1 : 4. The fluorescence 19 

signal was collected by LI-COR Odyssey Imager. Error bar represents the standard deviation 20 

from three independent measurements.  21 

 22 

Figure 3: Nanoemulsion uptake and impact on macrophage viability in vitro 23 

PBS-based PFC-NE uptake when exposed to RAW 264.7 (ATCC TIB 71) macrophage cell line. 24 
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Microscopy images were taken on EVOS Imager at 40X Magnification. White bar on the lower 1 

right corner represents 100µm (A) Image of macrophage morphology when exposed to PFC-NE 2 

under the White Light channel. (B) Image of macrophages’ nuclei when exposed to PFC-NE, 3 

and treated with Hoechst stain under the DAPI channel. Cell nucleus can be observed in blue. 4 

(C) Image of macrophages’ cytoplasm when exposed to NE under the Red Fluorescent 5 

Channel. (D) Macrophage cell viability upon 24 h exposure of NE with 10µM and 25µM of Near 6 

infrared (NIRF) dye DiR concentration. Cellular viability was assessed using CellTiter-Glo® 2.0. 7 

The error bar represents the standard deviation from six independent measurements. 8 

 9 

Figure 4: DiR signal is detectable in vivo using IVIS imaging  10 

WT (n=5) and Leprdb/db (n = 5) mice were injected i.v. with 200µl of PFC-NE. Images were taken 11 

using an IVIS Lumina system from 7 weeks of age (baseline) until 12 weeks of age (A). 12 

Injections were performed 72hr prior to the 8 week images. Fluorescence from the DiR 13 

component of the PFC-NE was detected within foot pads of each mouse and was tracked over 14 

time as Avg Radiant Efficiency ([p/s/cm²/sr] / [µW/cm²]) (B). A weight correction was performed 15 

to determine the extent to which differences seen between WT and Leprdb/db mice were caused 16 

by differences in body mass (C). **(p<0.01), ***(p<0.001), ****(p<0.0001). 17 

 18 

Figure 5: Identification CD68+ and DiI+ cells within the hind paws of WT and Leprdb/db mice 19 

Hind foot histological sections of WT (A) and Leprdb/db (B) mice injected with PFC-NE 72hrs prior 20 

to tissue collection were subsequently stained with CD68 and PGP9.5 antibodies (and DAPI) 21 

and reviewed for the distribution of CD68+ DiI+ double positive cells. DiI from the PFC-NE was 22 

found within CD68+ cells in dermis, hypodermis, bone marrow, and around the neurovascular 23 

bundles. Images were taken at 20x and a composite image was formed using the tile scan 24 
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feature of the Nikon confocal microscope. Yellow rectangles represent the area of focus around 1 

the neurovascular bundles (white arrows) for figure 5. Scale bar = 500µm, MT = Metatarsals. 2 

 3 

Figure 6: Quantification of CD68 and DiI signal in hypodermal tissue surrounding the 4 

Neurovascular bundles of the hind limb foot pad.  5 

Analysis of the hypodermal regions (dotted white line) between metatarsals 2, 3 and 4 from hind 6 

limb foot pads of WT (n=3) (A) and Leprdb/db (n=3) (B) mice showed a significantly lower amount 7 

of DiI surrounding the nerves (N) of neurovascular bundles of Leprdb/db mice as compared to WT 8 

mice (p=0.0203) (C). No significant difference was found for percent area of CD68 (p=0.3863) 9 

(D) or Pearson’s correlation for CD68 and DiI (p=0.7317) (E) when comparing WT and Leprdb/db 
10 

mice. Scale bar = 200µm. 11 

 12 

Figure 7: Identification CD68+ and DiI+ cells within the thighs of WT and Leprdb/db mice 13 

Histological sections of the left and right thighs from WT (A) and Leprdb/db (B) mice injected with 14 

PFC-NE 72hrs prior to tissue collection were subsequently stained with CD68, PGP9.5 and 15 

DAPI and reviewed for the distribution of CD68+DiI+ double positive cells. DiI from the NE was 16 

found within CD68+ cells in bone marrow (BM), perineural adipose tissue (AT), muscle (M), and 17 

sciatic nerve (SN; dotted white line). Images were taken at 20x and a composite image was 18 

formed using the tile scan feature of the Nikon confocal microscope. Scale bar = 250µm. 19 

 20 

Figure 8: Quantification of CD68+ and DiI+ cells within the sciatic nerves of WT and 21 

Leprdb/db mice 22 
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A closer examination of DiI present within the sciatic nerves (SN) of both WT (A) and Leprdb/db
 1 

(B) mice was performed to determine if sciatic nerves showed a lower intensity of DiI in CD68+ 2 

cells as compared to the surrounding tissues. Three CD68+DiI+ double positive cells were 3 

identified from the sciatic nerves of each mouse for comparison with three cells from adjacent 4 

tissues (muscle (M) or adipose (AT)) on the same slide. The intensity was then averaged across 5 

all WT (n=3) and Leprdb/db (n=3) mice and compared using Two-way ANOVA (C). This 6 

comparison revealed a significantly lower intensity of DiI signal within the CD68+ cells of the 7 

sciatic nerve from WT (p = 0.0112) and Leprdb/db (p= 0.0015) mice as compared to muscle and 8 

adipose tissue respectively. No significant difference was seen when comparing sciatic nerves 9 

(p = 0.9884) or peripheral tissue (p = 0.5464) from WT and Leprdb/db mice. CD68+NE+ double 10 

positive cells are identified in the sciatic nerve (white arrows) and peripheral tissue (blue arrows) 11 

of each image. Scale bar = 100µm. 12 

 13 

Figure 9: Identification CD68+ and DiI+ cells within the lumbar DRGs of WT and Leprdb/db 
14 

mice 15 

Sections containing lumbar DRG tissue from WT (A) and Leprdb/db mice (B) were reviewed to 16 

determine the location of CD68+DiI+ cells. CD68+DiI+ double positive cells were identified within 17 

the DRG, perineural adipose tissue, and meninges surrounding the DRGs. Analysis of the DiI 18 

signal intensity within the DRG itself revealed a significant difference between WT (n=3) and 19 

Leprdb/db (n=3) mice (p = 0.0167). Images were taken at 20x and a composite image was formed 20 

using the tile scan feature of the Nikon confocal microscope. Scale bar = 100µm. 21 

 22 

Figure 10: Identification CD68+ and DiI+ cells within the spinal column of WT and Leprdb/db 
23 

mice 24 
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Sections containing lumbar spinal cord tissue from WT (A) and Leprdb/db mice (B) were reviewed 1 

to determine the location of CD68+DiI+ cells. CD68+DiI+ double positive cells were identified 2 

within the meninges and bone marrow, but not in white matter, grey matter, or nerve roots of the 3 

spinal cord. Closer inspection of the meninges revealed CD68+DiI+ double positive cells within 4 

the dura/arachnoid mater (white arrows) and pia mater (green arrows) (C & D). Images were 5 

taken at 20x and a composite image was formed using the tile scan feature of the Nikon 6 

confocal microscope. Scale bar = 200µm (A&B); 100 µm (C&D).  7 

8 



42 

 

References 1 

1. Williams R, Colagiuri S, Almutairi R, Aschner Montoya P, Basit A, Beran D, et al. IDF 2 

Diabetes Atlas 9th ed. Suvi Karuranga, Belma Malanda, Pouya Saeedi, Salpea P, editors: 3 

International Diabetes Federation; 2019 2019. 4 

2. Tesfaye S, Selvarajah D. Advances in the epidemiology, pathogenesis and management 5 

of diabetic peripheral neuropathy. Diabetes/metabolism research and reviews. 2012;28 Suppl 6 

1:8-14. 7 

3. Stino AM, Smith AG. Peripheral neuropathy in prediabetes and the metabolic syndrome. 8 

Journal of diabetes investigation. 2017;8(5):646-55. 9 

4. Sloan G, Shillo P, Selvarajah D, Wu J, Wilkinson ID, Tracey I, et al. A new look at painful 10 

diabetic neuropathy. Diabetes Res Clin Pract. 2018;144:177-91. 11 

5. Jensen TS, Backonja MM, Hernandez Jimenez S, Tesfaye S, Valensi P, Ziegler D. New 12 

perspectives on the management of diabetic peripheral neuropathic pain. Diab Vasc Dis Res. 13 

2006;3(2):108-19. 14 

6. Ackerman JE, Geary MB, Orner CA, Bawany F, Loiselle AE. Obesity/Type II diabetes 15 

alters macrophage polarization resulting in a fibrotic tendon healing response. PloS one. 16 

2017;12(7):e0181127. 17 

7. Davanso MR, Crisma AR, Braga TT, Masi LN, do Amaral CL, Leal VNC, et al. 18 

Macrophage inflammatory state in Type 1 diabetes: triggered by NLRP3/iNOS pathway and 19 

attenuated by docosahexaenoic acid. Clinical science (London, England : 1979). 20 

2021;135(1):19-34. 21 

8. Grosick R, Alvarado-Vazquez PA, Messersmith AR, Romero-Sandoval EA. High glucose 22 

induces a priming effect in macrophages and exacerbates the production of pro-inflammatory 23 

cytokines after a challenge. Journal of pain research. 2018;11:1769-78. 24 



43 

 

9. Wang Y, Tang B, Long L, Luo P, Xiang W, Li X, et al. Improvement of obesity-associated 1 

disorders by a small-molecule drug targeting mitochondria of adipose tissue macrophages. 2 

Nature communications. 2021;12(1):102. 3 

10. Sommer C, Kress M. Recent findings on how proinflammatory cytokines cause pain: 4 

peripheral mechanisms in inflammatory and neuropathic hyperalgesia. Neurosci Lett. 5 

2004;361(1-3):184-7. 6 

11. Lee S, Zhang J. Heterogeneity of macrophages in injured trigeminal nerves: 7 

cytokine/chemokine expressing vs. phagocytic macrophages. Brain Behav Immun. 8 

2012;26(6):891-903. 9 

12. Martini R, Fischer S, López-Vales R, David S. Interactions between Schwann cells and 10 

macrophages in injury and inherited demyelinating disease. Glia. 2008;56(14):1566-77. 11 

13. Liu P, Peng J, Han GH, Ding X, Wei S, Gao G, et al. Role of macrophages in peripheral 12 

nerve injury and repair. Neural regeneration research. 2019;14(8):1335-42. 13 

14. Saika F, Kiguchi N, Matsuzaki S, Kobayashi D, Kishioka S. Inflammatory Macrophages 14 

in the Sciatic Nerves Facilitate Neuropathic Pain Associated with Type 2 Diabetes Mellitus. J 15 

Pharmacol Exp Ther. 2019;368(3):535-44. 16 

15. Conti G, Scarpini E, Baron P, Livraghi S, Tiriticco M, Bianchi R, et al. Macrophage 17 

infiltration and death in the nerve during the early phases of experimental diabetic neuropathy: a 18 

process concomitant with endoneurial induction of IL-1beta and p75NTR. J Neurol Sci. 19 

2002;195(1):35-40. 20 

16. Mert T, Gunay I, Ocal I, Guzel AI, Inal TC, Sencar L, et al. Macrophage depletion delays 21 

progression of neuropathic pain in diabetic animals. Naunyn Schmiedebergs Arch Pharmacol. 22 

2009;379(5):445-52. 23 

17. De Gregorio C, Contador D, Campero M, Ezquer M, Ezquer F. Characterization of 24 

diabetic neuropathy progression in a mouse model of type 2 diabetes mellitus. Biol Open. 25 

2018;7(9). 26 



44 

 

18. Gustafsson B, Youens S, Louie AY. Development of contrast agents targeted to 1 

macrophage scavenger receptors for MRI of vascular inflammation. Bioconjugate chemistry. 2 

2006;17(2):538-47. 3 

19. Hitchens TK, Ye Q, Eytan DF, Janjic JM, Ahrens ET, Ho C. 19F MRI detection of acute 4 

allograft rejection with in vivo perfluorocarbon labeling of immune cells. Magnetic resonance in 5 

medicine : official journal of the Society of Magnetic Resonance in Medicine / Society of 6 

Magnetic Resonance in Medicine. 2011;65(4):1144-53. 7 

20. Rausch M, Hiestand P, Baumann D, Cannet C, Rudin M. MRI-based monitoring of 8 

inflammation and tissue damage in acute and chronic relapsing EAE. Magnetic resonance in 9 

medicine : official journal of the Society of Magnetic Resonance in Medicine / Society of 10 

Magnetic Resonance in Medicine. 2003;50(2):309-14. 11 

21. Riou A, Chauveau F, Cho TH, Marinescu M, Nataf S, Nighoghossian N, et al. MRI 12 

assessment of the intra-carotid route for macrophage delivery after transient cerebral ischemia. 13 

NMR in biomedicine. 2013;26(2):115-23. 14 

22. Weise G, Basse-Luesebrink TC, Wessig C, Jakob PM, Stoll G. In vivo imaging of 15 

inflammation in the peripheral nervous system by (19)F MRI. Experimental neurology. 16 

2011;229(2):494-501. 17 

23. Stoll G, Basse-Lusebrink T, Weise G, Jakob P. Visualization of inflammation using (19) 18 

F-magnetic resonance imaging and perfluorocarbons. Wiley interdisciplinary reviews 19 

Nanomedicine and nanobiotechnology. 2012;4(4):438-47. 20 

24. Balducci A, Wen Y, Zhang Y, Helfer BM, Hitchens TK, Meng WS, et al. A novel probe for 21 

the non-invasive detection of tumor-associated inflammation. Oncoimmunology. 22 

2013;2(2):e23034. 23 

25. Kadayakkara DK, Beatty PL, Turner MS, Janjic JM, Ahrens ET, Finn OJ. Inflammation 24 

driven by overexpression of the hypoglycosylated abnormal mucin 1 (MUC1) links inflammatory 25 

bowel disease and pancreatitis. Pancreas. 2010;39(4):510-5. 26 



45 

 

26. Bonner F, Merx MW, Klingel K, Begovatz P, Flogel U, Sager M, et al. Monocyte imaging 1 

after myocardial infarction with 19F MRI at 3 T: a pilot study in explanted porcine hearts. Eur 2 

Heart J Cardiovasc Imaging. 2015;16(6):612-20. 3 

27. Hertlein T, Sturm V, Kircher S, Basse-Lusebrink T, Haddad D, Ohlsen K, et al. 4 

Visualization of abscess formation in a murine thigh infection model of Staphylococcus aureus 5 

by 19F-magnetic resonance imaging (MRI). PloS one. 2011;6(3):e18246. 6 

28. Kadayakkara DK, Ranganathan S, Young WB, Ahrens ET. Assaying macrophage 7 

activity in a murine model of inflammatory bowel disease using fluorine-19 MRI. Laboratory 8 

investigation; a journal of technical methods and pathology. 2012;92(4):636-45. 9 

29. Patel SK, Zhang Y, Pollock JA, Janjic JM. Cyclooxgenase-2 inhibiting perfluoropoly 10 

(ethylene glycol) ether theranostic nanoemulsions-in vitro study. PloS one. 2013;8(2):e55802. 11 

30. Pan H, Soman NR, Schlesinger PH, Lanza GM, Wickline SA. Cytolytic peptide 12 

nanoparticles ('NanoBees') for cancer therapy. Wiley interdisciplinary reviews Nanomedicine 13 

and nanobiotechnology. 2011;3(3):318-27. 14 

31. Lee SJ, Schlesinger PH, Wickline SA, Lanza GM, Baker NA. Interaction of melittin 15 

peptides with perfluorocarbon nanoemulsion particles. The journal of physical chemistry B. 16 

2011;115(51):15271-9. 17 

32. Akers WJ, Zhang Z, Berezin M, Ye Y, Agee A, Guo K, et al. Targeting of 18 

alpha(nu)beta(3)-integrins expressed on tumor tissue and neovasculature using fluorescent 19 

small molecules and nanoparticles. Nanomedicine. 2010;5(5):715-26. 20 

33. Caruthers SD, Cyrus T, Winter PM, Wickline SA, Lanza GM. Anti-angiogenic 21 

perfluorocarbon nanoparticles for diagnosis and treatment of atherosclerosis. Wiley 22 

interdisciplinary reviews Nanomedicine and nanobiotechnology. 2009;1(3):311-23. 23 

34. Soman NR, Lanza GM, Heuser JM, Schlesinger PH, Wickline SA. Synthesis and 24 

characterization of stable fluorocarbon nanostructures as drug delivery vehicles for cytolytic 25 

peptides. Nano letters. 2008;8(4):1131-6. 26 



46 

 

35. Janjic JM, Vasudeva K, Saleem M, Stevens A, Liu L, Patel S, et al. Low-dose NSAIDs 1 

reduce pain via macrophage targeted nanoemulsion delivery to neuroinflammation of the sciatic 2 

nerve in rat. Journal of neuroimmunology. 2018;318:72-9. 3 

36. Patel SK, Beaino W, Anderson CJ, Janjic JM. Theranostic nanoemulsions for 4 

macrophage COX-2 inhibition in a murine inflammation model. Clinical immunology (Orlando, 5 

Fla). 2015;160(1):59-70. 6 

37. Harrison M, O'Brien A, Adams L, Cowin G, Ruitenberg MJ, Sengul G, et al. Vertebral 7 

landmarks for the identification of spinal cord segments in the mouse. Neuroimage. 2013;68:22-8 

9. 9 

38. Matsubayashi Y, Iwai L, Kawasaki H. Fluorescent double-labeling with carbocyanine 10 

neuronal tracing and immunohistochemistry using a cholesterol-specific detergent digitonin. J 11 

Neurosci Methods. 2008;174(1):71-81. 12 

39. Saleem M, Deal B, Nehl E, Janjic JM, Pollock JA. Nanomedicine-driven neuropathic pain 13 

relief in a rat model is associated with macrophage polarity and mast cell activation. Acta 14 

Neuropathol Commun. 2019;7(1):108. 15 

40. Lecube A, Pachon G, Petriz J, Hernandez C, Simo R. Phagocytic activity is impaired in 16 

type 2 diabetes mellitus and increases after metabolic improvement. PLoS One. 17 

2011;6(8):e23366. 18 

41. Pavlou S, Lindsay J, Ingram R, Xu H, Chen M. Sustained high glucose exposure 19 

sensitizes macrophage responses to cytokine stimuli but reduces their phagocytic activity. BMC 20 

Immunol. 2018;19(1):24. 21 

42. Stubbs EB, Jr. Targeting the blood-nerve barrier for the management of immune-22 

mediated peripheral neuropathies. Exp Neurol. 2020;331:113385. 23 

43. Reinhold AK, Rittner HL. Characteristics of the nerve barrier and the blood dorsal root 24 

ganglion barrier in health and disease. Exp Neurol. 2020;327:113244. 25 



47 

 

44. Chapouly C, Yao Q, Vandierdonck S, Larrieu-Lahargue F, Mariani JN, Gadeau AP, et al. 1 

Impaired Hedgehog signalling-induced endothelial dysfunction is sufficient to induce 2 

neuropathy: implication in diabetes. Cardiovasc Res. 2016;109(2):217-27. 3 

45. Zhang H, Li Y, de Carvalho-Barbosa M, Kavelaars A, Heijnen CJ, Albrecht PJ, et al. 4 

Dorsal Root Ganglion Infiltration by Macrophages Contributes to Paclitaxel Chemotherapy-5 

Induced Peripheral Neuropathy. The journal of pain : official journal of the American Pain 6 

Society. 2016;17(7):775-86. 7 

46. Espinoza-Jimenez A, Peon AN, Terrazas LI. Alternatively activated macrophages in 8 

types 1 and 2 diabetes. Mediators Inflamm. 2012;2012:815953. 9 

47. Vachharajani V, Granger DN. Adipose tissue: a motor for the inflammation associated 10 

with obesity. IUBMB Life. 2009;61(4):424-30. 11 

48. Zeyda M, Stulnig TM. Adipose tissue macrophages. Immunol Lett. 2007;112(2):61-7. 12 

49. Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS. Protection from obesity-induced 13 

insulin resistance in mice lacking TNF-alpha function. Nature. 1997;389(6651):610-4. 14 

50. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in adipose 15 

tissue macrophage polarization. J Clin Invest. 2007;117(1):175-84. 16 

51. Lumeng CN, Deyoung SM, Saltiel AR. Macrophages block insulin action in adipocytes 17 

by altering expression of signaling and glucose transport proteins. Am J Physiol Endocrinol 18 

Metab. 2007;292(1):E166-74. 19 

52. Zeyda M, Farmer D, Todoric J, Aszmann O, Speiser M, Gyori G, et al. Human adipose 20 

tissue macrophages are of an anti-inflammatory phenotype but capable of excessive pro-21 

inflammatory mediator production. Int J Obes (Lond). 2007;31(9):1420-8. 22 

 23 


