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Introduction:“Diet and activity arerecognized as modulators of nervous system disease,

including pain.Studiesof exercise consistently revealbanefit on pain. This study focused on
female rats tesunderstand differences related to metabolic statusrgsitepal nerve function in
females.

Methods: Here,yweinvestigated parameters of peripheral nerve function relevant tameits
selectively bred fohigh (high capacity runners; HCR) or low endurance exercise capacity (low
capacity runners; LCR) relimg in divergent intrinsic aerobic capacities and susc#ipfitbor
metabolic conditions.

Results: LCR femalerats have reduced mechanical sensitivity, higher intraepidermal nerve fiber
densityand.IrkApositive epidermal axon@creasechumbers of Lagerhans and mast cells in
cutanequsrtissues, and a higher fat content despite similar overall baglytsreeimpared to
female HCR rats. Sensoryand motornerve conduction velocitiegshermal sensitivity, and
MRNA expression of selected genes relevapetipheralsensation were not different.
Conclusions™Theseresults suggest that aerobic capacity aredabolicstatusinfluence sensory
sensitivity ‘aneaspects of inflammation iperipheral tissues that could lead to poor responses to
tissue damage andaful stimuli. The LCR and HCR rats should prove usefimodelsto

assess how the metabolic status impacts pain.
Keywords: Inflammation, Pain, DRG, Aerobic Fitness
I ntroduction
Physical activityand exercisaffectanumber of metaboliparametershowevernot all

individuals experience the sarhenefitsfrom exercise A multitude of genetic factorsnfluence
actions ofphysical activityand exercis¢l], and these benefits vary among different tissues and
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organs Low capacity running (LCR) and high capacity (HCR®s areanexperimental rat model
designed to examine thaderlying mechanisms by which high and low aerobic capacity impact
susceptibility for a variety of chronic disease conditions and lifedp@R. and HCR rats are
commonly used.in physiological studies designed tounderstand mechanisnmand genetis
associaté with, exercise, activity andisease risf2, 3]. LCR and HCR rats are threed line
generated.\from a founder population of male and female N:NIH stock rats baged nsic
aerobic”capacity assessed once at each generation by forcedapped treadmill running
until exhaustion, after which animals are kept in sedentary houdulg The metabolic
differences between LCR and HCR rats have shed light on various aspactvitf andhave
proven usefulsin understanding how metabstiatusaffects diseaseThe LCR/HCRrat model
hasidentified agenetic basis for the benefits of aerobic capacity and exercigarions organ
systems including the kg, liver, skeletal muscléyng, and brair{4-9].

There Is_growing interestabout metabolic dysfunction aror exercise impact the
peripheraliand central nervous system, particularly as it relates to neural {i€:a3¢ It is
unclear howgthe genetdifferencesunderlying intrinsic aerobic capacibgetween LCR and HCR
rats alterthe “peripheral nervous systefrevious studies have reported th&R rats have
increased«fat masand proinflammatory signalingn adipose tissyeas well asalteratiors in
cholinergieantinflammatory signaling [14, 15Both are known to be important in peripheral
nerve function and pain.

Here, wecompareda number of patand neuropathyelevant featuresf the peripheral
nervous system ifemale LCR andHCR rats. Theselective breedingf the LCR and HCR
strains resultsin differences in peripheral nerve sensitivity, cutaneous innervation, and
compositionof the dermis and epidermisThe nature of thelifferencesin femaleLCR rats is
consistent. withknown alterations in the periphgrassociated with poor outcomes pain and
peripheral.nerve diseasehumansThese fidings in LCR rats suggest they cosktve asovel
model to explore the genetic features important in pain and abnormal sensory funcioatess
with low aera@bic capacitywhich is a known risk for developing obesity and type 2 diabetes.

Materialsand Methods
LCR and HCR Rats
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The development of higllow-capacity rats (HCR/LCR) model displaying high and low

intrinsic aerobic capacity has been previously desciipetl6, 17] Female rats 480 weeks of

age were dual housed on a-H2ight cycle on a control chow di¢B604 (14%kcal fat, 54%
CHO, 32% protein, 3.9kcal/g), ENVIGO, Madison WI] throughout the period of ana@sis.
animal use.was in accordance with NIH guidelines and conformed to psoapqubved by the
University of Kansas Medical Center Institutional Animal Care and Use Commitiemts

were examineat the University of Michigan prior to their shipmeatthe University of Kansas
Medical Centerfor running distance, speed, time to exhaustion, and energy expenditure as

previously described [16].

Body Compaesition

Body composition to assess fat mass was measured by MRI using the Eehad/RI
(EchoMRI, Houston, TX). Fat mass and lean mass were analytically determmmetiiately
prior to exsanguinationAnimal weighs weremeasured at the time of sacrifice allowing for both

fat and leanymass to be reported relative to percent body weight.

Blood Chemistry

At.the time of sacrifice, blood was drawn from the chest cavity by cardiaztysarand
allowed to clot for 25minutesat room temperature then placed on ice. All samples there
spun at 3,000g fot0 min at 4 °C and seruseparategnd frozen at80 °C until subsequent
analysis waswperformed.Blood serum analysis (total protein, albumin, globulin, sodium,
potassium,sehloride, C£ calcium, glucose, alkaline phosphatase, alanine aminotransferase,
bilirubin, phosphorous, blood urea nitrogen, creatinine, cholesterol, triglyceriatsnsulin)
performed, by Comparative Clinical Pathology Services LLC (Columbia, M®)ats were

removed from.their food the previous nigh® hours prior to collection)

Behavioral Festing
Animals_were acclimatized and tested for mechanical and thermal sensitivity as
previously describefll8]. Thermal sensitivity latencies from the six applications were used to

calculate the mean latency per animal and mean latencies were combined to calculate group
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means.Mechanical sensitivity was measured twice (one wagekt)2 weeks prior to sacrifice
and the 2 testing days were averaged together to give one total mechanicaltgersiie.

Nerve Conduction Vel ocity Measurements

Rats, were anestheed with an IP injection of 50mg/ml phenobarbital sodium salt
(Sigma, St. Louis, MOand motor and sensory nerve conduction velocities were recorded. The
left sciatictibial’motor conduction system was stimulated proximally at the sciatah reotd
distally at*theankle via bipolar electradeith supramaximal stimu(9.9mA) for 0.2 ms with
low and high pass filters @0 Hzand 10 Hz respectively. The latencies of the compound muscle
action potentials were recorded via bipolar electrodes from the first interosseous muscle of the
hindpaw and were measured from themsilus artifact to the onset of the negativewdve
deflection.Motor nerve conduction velocityMNCV) was calculated by subtracting the distal
latency from_the proximal latency and the result was divided into the distance behgeen t
stimulating,ad recading electrode. Hindimb sensory nerve conduction velocitgNCV) was
recorded inrthe digital nerve to the second toe by stimulating with a square-wavef@1EaA
for a duration=ofl.0 ms utilizing a low and higkpass filter of 3Hz and 10Hz respeety. The
sensory nerve action potential was recorded behind the medial malleolus. Ten responses were
averagedsto obtain the position of the negative peak. The maximal SNCV was calculated from
the latency to the onset the initial negative deflection anlde distance between stimulating and

recording electrodes.

I ntraepidermal«Nerve Fiber (IENF) and Langerhans Cell Measurements

Rats were exsanguinatedfollowing nerve conduction velocity measurements
Cutaneous tissue from tipad of thehind pawwere cdlected,processed, and stained f&NFD
as previously. described9]. IENF density (IENFD) was expressed as number of fibers per
millimeter of epidermis from a total of 9 images per rat. The combireghifEND from each
ratwas usedito calculate group means.

Langerhansell measurement was performed using Langerti{E(1:1000; Santa
Cruz Biotechnology Inc., Santa Cruz, C#) visualize langerhas cells Fluorescent images

were collected using a Nikon Eclipsei9@icroscope using a 10x objective. NIH image J
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softwarewas used to measure each dermal region. Langedaindengty was expressed as
number of Langerhareells per millimeter of epidermis from a total of 9 images per rat.

Mast Cell Quantification

Footpads were collected andprocessed aspreviously described for mast cell
guantification[20]. After imaging astandardizedegion of interestvas placed over all images
using NIH"image J softwarand all mast cells within the region of interesére counted

manually.

Expression.ef mRNA Encoding Pain Genes

RNA“was extracted and cDNA synthesized as previously descifidEd Primer
sequences for ASIC3, CGRP, COMT, SCN9A, SCN10A, TrkA, TRPAL, TRPV1, and TRPV4
were created for rat sequences by Integrated DNA Technologies (Coralvil&lliAg¢actions
were performed in triplicate, and all mRNA levels were normalized to GAPDH. AACT values

were usedsterealculate fold change and relative expression levels.

Satistical*Analyses

Results are presented as means + SEM. Data avealyzed usinginpaired #test and
two-factor ANOVA with post hoc comparisons using Fisher’s test of least square difference
where appropriate.t&tistical significance was set akp0.05 and analyses were performed using
GraphPad«Prism 7 (GraphPad Software Inc., La Jolla, CA).

Results
LCR Rats Have Reduced Aerobic Capacity

LCR.and HCRratswere examinedfor running disance speedtime to exhaustiorand
energy expenditure on a single occasabmhe University of Michigan prior to their shipment to
the University of KansadMedical Center Consistent with this model.CR rats displayed
significantlyreducedrunning distance (p<0.0001), running speed (p<0.0Qii¢, to exhaustion
(p<0.0001), and energy expenditure (p<0.0001) compard@®rats(Figure 1a, b, c, d).

LCR Rats Have More Fat Despite Weighing the Same as HCR Rats
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Female LCR and HCRRats had equal body weights at the time of sacr(fi€zR, 248.3 +
4.559; HCR, 246.6 + 5.725though the percent of body weight due to fatsws lean mass
differed between groupqLCR, 8.44% + 0.6589; HCR, 5.33% = 0.432&CR rats had
significantly more of their mass distributed as fat (p = 0.0004) and a lessentadu@ to lean
mass (p = 0:003).

LCR Rats have'Lower Mechanical Thresholds

Mechanical ithdrawal thresholds of the hind pawre significantly reduced in LCR
ratg as compared to their HCR counterpdptss 0.008, Figure &. Therewereno differences in
thermallatencies between LCR and HCR réEggure 2). Conduction elocities for botrmotor
and sensory neurons ftwoth LCR andHCR appeared comparablgith no differences were

noted between LCR and HCR rats related to conduction velocities (Figure 2c & 2d).

LCR Rats have Poor Indicators of Blood Chemistry

Analysesof a range of bloodiomarkersare displayed in Table. 1.CR rats display
increagd mtassium(p = 0.009, calcium (p=0.027)alkaline phosphatas€p <0.0001), and
triglycerides(p = 0.030. All remaining blood serum marke(total protein, albumin, globulin,
sodium,_chloridetotal CO, glucose,alkaline aminotransferase, gamiglatamyltransferase,
total bilirubin, phosphorus, blood urea nitrogen, creatine, cholesterol, and )nselia not
significantly different betweehCR and HCR rats

LCR Rats Have@a Higher Density of Epidermal Axons

Total C-fiber axonal densityvasincreased irthe epidermal footpad of LCR rafisCR =
23 fibers/mm; HCR =19 fibers/mm, p = 0.047 Figure ). The axonal subsebf C-fibers,
which express. the tyrosine kinase receptor TrleAd respond to NGHvere significanty
increasd in.LCR rats (LCR 24 fibers/mm; HCR =11 fibers/mm, p=0.110,Figure 3i). The

ratio of TrkAdfibers to total PGR.5+ fibers was similar betwedime two groups (Figure 3e).
LCR Rats Have Increased Langerhans Cells and Mast Cells in Cutaneous Tissues

Quantification of the number of Langerhans cells in the epidermis revealed that LCR rats

have significantly higher number of Langerhans cells compared to HCR animals (p < 0.0001,
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Figure £). In addition, the density aohast cellswasincreasedn the dermisof LCR rat hind
pawsrelativeto HCRrats(p = 0.024, Figure 4f).

LCR and HCR Have Smilar Expression of Pain Genes

Analysis of gene expressidn the lumbar DRG olLCR and HCRrats revealedno
significant,straifrelated differencesn the levels ofany of the mRNAs examined (ASIC3,
CGRP,"COMT;'SCN9A, SCN10A, TrkA, TRAATRPV1,and TRPV}

Discussion

Metabelic syndrome is a medicapidemicin Western society that haracterized bg
constellation of risk factors includingsulin resistanceglevatedriglycerides hypertension, and
central obesity.»The metabolic syndrome is known to increase risk for type 2 diabetes and
cardiovascular_diseas2]. Numerous studies have linked both prediabetes and metabolic
syndrome..in_animal models and human patienith the development of sear motor
polyneuropathy [23].Preclinical modeling ofpolyneuropathy has been challenging and
improvedanimal models encompassing tih&icaciesof human diseasare vitally needed?24,

25].

LCR"and HCR ratseflectthe complex naturef metabolic syndrome through extensive
breeding for traits known to characterize bathealthy anghoor metabolicstate. The two $rains
can bedivided based on their low and high health risk factors determined byptbeensity to
run greatemrshorterdistancesased on their divergence in intringierobic capacity4]. To
date, only'male LCR andCR rdas have been studigdlated toperipheralnerve functior{2, 3],
despite a higher incidence dironic pain conditions female patient§26, 27].

HCR ratsdisplayedincreased aerobic function and decreased fat mwassistent with
prior characterization of the straiwhile LCR rats displayed decreased aerobic function and
increased fat mag4, 28] FemaleLCR and HCR ratsvere not different in theioverd weights.

Prior studiesthave shown clear differenaebody weight in female rats, though less pronounced
compared ta their male counterpai29, 30} It is likely that examination of agl female rats
would have revealedifferences in overall body weight. In the current study, body weight does
not appear to be a confounding factor in our observatéfisrences in fat mass distributiasna
more plausible modulator of peripheral nerve function rather than overall weight.
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The present studysithe first to examine the serumh female HCR and LCR animals
across a number of metabotitarkers While potassiumevels werestatisticalyy different, the
differenceswere na physiologically relevansince values less than 6mEQ/L are considered
normal [31].Similarly, calcium levelsfall between 911 mg/d| and the values observade not
likely physioelegicallydifferent betweenLCR andHCR animalg31]. Circulating triglycerides
although significantly higherin LCR rats were still within reported ranges[31]. Alkaline
phosphataseas' also elevated in LCR animals howelevels remained belothe maximum of
reported range@naximumof 131U/L) [31]. The serum analysis did not identify adijferences
that explain the anatomical and behavioral differences between LCR and HCR rats.

Cutaneous Mechanical Sensitivity

Female LCR and HCR rats do not demonstrate stedated baseline differences in
thermal sensitivity. Previous studies with male LCR and HCR rats demonstrated differences in
thermal sensitivity between the strains with LCR mice having lower paw withdtaigaties
[2]. Conduection velocities of motor and sensory nerves are an tampalinical indicator of
diabetic neurepathy and myopathy [32,.33gre, no differences were observed between either
sensory or.motonerve conduction velocity between LCR and HCR rats.

Male"LCR and HCR rats do not demonstrate baseline mechapiasitivity differences
[3]. Female LCR and HCR rats demonstrated different baseline responsesctanical
withdrawaltesting. This suggests, LCR rats have some level of insensitivity to mechanical
stimuli in comparison to HCR rat3he perception of sensory input is likely altered in female
LCR rats ‘since the peripheral nens system remains structurally intact with normal nerve
conduction velocities. This baseline structural similarity between the two strains is important to
establish, as the hallmarks of peripheral neuropathy are reduced conductids, $pee of
myelinaion, and altered sensory sensitivifjhis lack of structural differences leads us to
hypothesize the differences in mechanical sensitivityeeged toa chronic inflammatorystate
as a result.ef'the metabolic syndrome occurring in LCR rats

Models, of type 2 diabetes presenting with common signs of metabolic syndrome such as
increased body weight, fat mass, dnolod glucose, often also sh@ystemic inflammation and
heightened sensitivity34]. Previous work examining the role of inflammation in altered
sensitivity show that with profoundly increasethflammationthere can be an alteration in both
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thermal andmechanical sensatid®5, 36] Examination of painful aredsas revealethat mast
cells are a key marker of inflammatory changes in pain statesfi@na keycorrelation between
their density and resulting sensitivif7]. Based on this informatiorwe suggest thehronic
inflammatory environmenpresenin the LCR raiis a statehat isprimed to drivdower sensory
thresholdsand,allodynia with alterations in dietexerciseor diseaseThe LCR rat, given its
baseline pranflammatory physiologic state, likely has compensatory centrdl @eripheral
modulators of-allodynighat result in reduced setigity and higher thresholds. We hypothesize
alterations to"their physiologic state through diet, injury, or disease state will overwhelm their
compensadiry strategies to mitigate allodyraamdpromote sensory abnormaliti¢$¢ence this rat
model lendstself nicely to the study opolygenicfeatures seen in patients with neuropathy but
have beenchallenging for inbred or genetic animal models to accurately model.

Genetic \differences underlyinghechanicaland thermalsensitivity have been well
established by our laboratory and others [19, S8ine have also implicated sex differences with
the variabllity in sensory thresholds; despite this, majority of studies generbilg aiale mice
for studies»[39;y 40]Genetic approaches using inbred mouse sttangidentified a number of
MRNAs that are altered in thedixpressiorassociateavith pain genetic$38, 41] Based on this
information, we investigateda select number oknown genes involved with aticeptive
transmission in the LCRICR modelsNo strain differences were seen in the mRNAs studied
that are knowrto have a role in nociception, which suggestdeast in the expression of the

genes studied, there is no underlying physiologic difference in nociceptor praperties

Intraepi dermal-Nerve Fiber Density

IENFD i1s a valuable tool to visualize sensory innervation of the epiddognismall
unmyelinated Cibers [42, 43] TheseC-fibers are responsible for transmitting mechanical,
thermal, and_noxious stimufiom the epidermis and are impacted by the metabolic status in
animals and_humarid4]. Reductions in IENP correlate with small fiber damage and sensory
neuropathieg45, 46]. Previous work by our group and others has displayed that IENFD is
altered by“ehanges in diet angeecise[23, 47, 48] Here female LCR rats demonstrated a
significant increase ithe density ofPGR9.5+ intraepidermalnene fibers compared to HCR
rats.It should be reminded that alterations between groups are not due to physical dfgntity e
on the skin, as these animals are not exercised after initial baseline examiftai&CR ras
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also had increasatumber of fibers expressing TrkA, the high affinity receptor for NGF. TrkA
positive axons play an important role in pain transmis$##h) 50] However, theoverall
percentage of TrkA fibers was similar between grogtadies havesstablishedallodyniaand
reduced mechanical thresholds associated with increased TrkA fibee7, 51, 52] This
increase iINENF and increase in TrkA+ fiber densityay predict thaL.CR ratsdisplay agreater
response to evoked allodyraadare atrisk for longer duration of heightened sensitivity.

Langerhans Cells

Langerhangells aretransientdendriticantigenpresentingcellslocatedin the epidermis.
Theyplay a criticalrole in the epidermalmmune responsand are alséoundwithin peripheral
nerve bundleghat innervate thelantar and palmasurfaces[53]. Langerhans cells function
using mechanismssimilar to macrophages and respond to similar signaling agents such as
inflammatory_cytoknes and calcitdn generelated peptidg54, 55]. These cells are found in
close proximity to regulatory T cells and effector memory T cells,nalg@hlighting a strong
antigenresponse role in the epidernpis6]. Previous studies have demonstrated ltlaaigerhans
cells densityw=correlates strongly with intraepidermal nerve fiber density ampeshan
mechanical,sensitivitpssociated witkallodynia[57, 58] In mice depleted of Langerhans cells
usng diphtheria toxin, mechanical sensitivity increased as a result of the loss of Langerhans cells
[57]. Similar to this result, female €R ratsin this study display dereased epidermal
Langerhans _cellas compared to their@R counterparts andecreased mechanical sensitivity
thresholds:

Mast Cells

Similar to Langerhans cells, mast cdligy a significant role in innate and adaptive
immunity; however, they modulate neuropeptides involved in sensory processing and signaling
[59, 60] Mast.cells have a we#stablished neuroimmune response through the reaction to
inflammatoryrsignaling and subsequent synthesis and release of neurotrophins highdighting
important malecular marker of peripherarve inflammatory respon$@l, 62] Together these
neuwophysiological and molecular markarglicate peripheral nerve function and health status.
Mast cell degranulation releases a numbemoleculesimportant in nociceptive signaly and
degranulation iknown to be an important contributtr pain[20, 63] Female LCR rats have
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significantly higher numbers of mast cells in epidermis and idesfithehind paw compared to
female HCR Again, thismay be reflective ofheir inflammatory statevhich couldcontribute to

the development afensatiorabnormalities

In conelusion, female LCR and HCR satemonstrated differences in mechanieat,not
thermal sensitivity The strains did not have altered gene expression for common markers, ion
channelsandreceptors of nociceptofemale HCR and LCR rats had similar nerve conduction
velocities 'and“proportion of intraepidermal veeffiber types in the hind pawemale LCR rats
show increased inflammatory cells within the peripheral nervous systentdhldtincrease
allodyniain: diseased stateln order tounderstandsex differences imllodyniaand analgesia,
female HCR and LCR were used to determine baseline characteristics of the peripheral nervous
system in preparation for future studies investigptaisease models affecting cutaneous

sensation.
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Figure Legends

Figure 1. Animals classified as high capacity runners display increased abilities in all aspects of
aerobic testing

Baseline testing of HCR and LCR animals shows increased distance, speed tinmgj and

energy expenditure in high capacity classifieorafs as compared to low capacity runners.

(n=18 far.both groups) All data are presented as mean + SEM

Figure 2. Mechanical Sensiiiy is reduced is LCR Females

(a) Mechanicalsensitivity test displayed strain specific differences in basal sensftiv@R
animals. (b)-Fhermal sensitivity testing showed no alterations in withdrawal latency between
HCR and LCR groups. (c) Basal motor nerve conduction velocities show no straimdifere
between HCR and LCR animals. (d) Basal sensory nerve conduetamities are unaltered

between HCR and LCR animas. All data are presented as mean + SEM; n=18 for all groups

Figure 3=LCR animals display increased cutaneous innervation

Merged representative images of double immunofluorescent staining for tineyeanal
markers PGP9.5 and TrkA. a) HCR b) LCR c¢) LCR animals show increased nerve fiicigr de
in the hind paw skin. d) LCR animals display increased peptidergic nerve fibdy dietise
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hind paw skin. e) The ratio of TrkA/PGP9.5 shows no difference leetgeoups when
accounting for total innervation. All data are presented as mean = SEM; n=6dmugdb

Figure 4, LCR.animals display increased mast and langerhan cell density
Representativeiimages of toluidine blue staining for mast cells. a) HCR b) LCR c¢) LCR animals
show increased mast cell density in the hind paw skin. All data are presented as mean + SEM;
n=5 for all.groups. Representative images of immunofluorescent staining for lra(igdi7). d)

HCR e) LCR f),LCR animals show increased Langertell density in the hind paw skin. All

data are presented as mean + SEM; n=6 for all groups

Table 1. LCRats display few variances from HCR rats in serum markers
Serum bloed analysis from 12 hour fasted HCR and LCR animals. LCR animals have
statistically increased potassium, alkaline phosphatase, calcium, and triglycerides, while no other

markers were statistically different between LCR and HCR animals.
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Table 1

HCR-Fasted LCR-Fasted
Total Protein,(g/dl) 6.05 6.11
Albumin(g/dl) 3.40 3.43
Globulin*(g/dl) 2.65 2.68
Sodium (mEq/L) 138.30 140.20
Potassium (mEq/L) 3.23 3.78%**
Chloride (mEq/L) 08.74 99.52
Total CO2(mEq/L) 25.70 27.80
Calcium (g/dl) 9.37 10.24*
Glucose (mg/dl) 180.00 169.50
Alkaline‘Phosphatase (U/L) 51.20 10].6%***
Alanine"aminotransferase (U/L) 58.20 75.60
Gamma-glutamyltransferase (U/L) <3 <3
Total bilirubin (mg/dl) 0.11 0.10
Phosphorus(mg/dl) 5.01 4.69
Blood urea.nitrogen (mg/dl) 18.40 19.50
Creatinine (mg/dl) 0.19 0.26
Cholesterol (mg/dl) 77.40 83.70
Triglycerides (mg/dl) 50.20 78.5%
Insulin (ng/ml) 1.05 2.17
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* p<0.05

** p<0.01

*** p<0.001
FHx p<0.0001
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