The Journal of Pain, Vol 22, No 11 (November), 2021: pp 1530—1544
Available online at www.jpain.org and www.sciencedirect.com

USASP

US ASSOCIATION FOR THE STUDY OF PAIN

=

ELSEVIE

Effects of Vancomycin on Persistent Pain-Stimulated R
and Pain-Depressed Behaviors in Female Fischer Rats
With or Without Voluntary Access to Running Wheels

Emily Payne,* Kylee Harrington,* Philomena Richard,* Rebecca Brackin,* Ravin Davis, *
Sarah Couture,* Jacob Liff,* Francesca Asmus,* Elizabeth Mutina,* Anyssa Fisher,*

Denise Giuvelis,” Sebastien Sannajust,” Bahman Rostama, " Tamara King, "

Lisa M. Mattei,” Jung-Jin Lee,” Elliot S Friedman, Kyle Bittinger,’ Meghan May, " and
Glenn W. Stevenson*,*

"Department of Psychology, University of New England, Biddeford, ME, 04005, Department of Biomedical Sciences, University
of New England College of Osteopathic Medicine, Biddeford, ME, 04005, iCenter for Excellence in the Neurosciences, University
of New England, Biddeford, ME, 04005, $Division of Gastroenterology, Hepatology, and Nutrition, Children’s Hospital of

Philadelphia, Philadelphia, PA, 19104, YDivision of Gastroenterology, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA, 19104

Abstract: The present experiments determined the effects of the narrow-spectrum antibiotic
vancomycin on inflammatory pain-stimulated and pain-depressed behaviors in rats. Persistent
inflammatory pain was modeled using dilute formalin (0.5%). Two weeks of oral vancomycin
administered in drinking water attenuated Phase Il formalin pain-stimulated behavior, and pre-
vented formalin pain-depressed wheel running. Fecal microbiota transplantation produced a
non-significant trend toward reversal of the vancomycin effect on pain-stimulated behavior.
Vancomycin depleted Firmicutes and Bacteroidetes populations in the gut while having a partial
sparing effect on Lactobacillus species and Clostridiales. The vancomycin treatment effect was
associated with an altered profile in amino acid concentrations in the gut with increases in argi-
nine, glycine, alanine, proline, valine, leucine, and decreases in tyrosine and methionine. These
results indicate that vancomycin may have therapeutic effects against persistent inflammatory
pain conditions that are distal to the gut.

Perspective: The narrow-spectrum antibiotic vancomycin reduces pain-related behaviors in the
formalin model of inflammatory pain. These data suggest that manipulation of the gut microbiome
may be one method to attenuate inflammatory pain amplitude.
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The gut microbiome is implicated in health and the

flammation and intestinal inflammatory pain.
Modulation of the gut microbiome is possible via a wide
variety of procedures that include antibiotic interven-
tion and fecal microbiota transplantation (FMT). An
example of the former strategy is administration of
narrow- or broad-spectrum antibiotics with the goal
of selective or global depletion of specific taxa, and
the latter strategy of FMT from healthy donors, allows
for replenishment of these bacteria in recipient
hosts.>*%>%73 As an example of the former strategy,
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Gram-positive antibiotics that target cell wall synthesis
selectively deplete Firmicutes, one of the prominent
bacterial phyla found in the gut. Classically, this inter-
vention produces dysbiosis, induces neuroinflammation,
and increases symptoms of central or peripheral nervous
system disease states.”>*’ However, the impact of
such antibiotics is often severe across additional bacte-
rial phyla, including Gram-negative Bacteroidetes and
Proteobacteria, suggesting a complex ecological
response.'®®"?  Contrasting literature reports that
Gram-positive antibiotics can reduce inflammation,
attenuate pain-related behaviors, and reduce progres-
sion and/or severity of arthritis pain,?’**>’>® and more
recent papers have begun to summarize potential
mechanism, with pathways that include immune cell
function/signaling and microbial metabolites.®?*>" Evi-
dently, more work must be done to ascertain under
what conditions antibiotics produce beneficial or detri-
mental effects, as well as the specific mechanisms that
may be driving these divergent results.

Finally, although gut microbiome-pain interactions
have been characterized in rodent models of pain-stim-
ulated behavior, they have not yet been assessed in
assays of pain-depressed behavior.”*®* Advantages of
including assays of pain-depressed responding in pre-
clinical research are: (1) clinicians often quantify pain by
the degree to which it depresses normally performed
behaviors including exercise, (2) complementary use of
both pain-depressed and pain-stimulated behaviors
may provide more efficient bench-to-bedside transla-
tion, (3) occurrence of pain-depressed behaviors are
often less subject to experimenter interpretation and (4)
the neural pathways that underlie antinociception in
pain-stimulated vs pain-depressed behaviors may be dif-
ferent. For example, reversal of pain-depressed behav-
iors may recruit overlapping but distinct pathways that
include not only descending and ascending pain
pathways,>*“° but regions involved in organization and
planning of movement including visual, motor, and
association cortex, and medial reticular formation, mes-
encephalic locomotor region, and cerebellum.?®

To address the potential link between the gut micro-
biome and distal site inflammatory pain, the present
experiments sought to elucidate the effects of gut
microbiome perturbation on persistent inflammatory
pain-stimulated and pain-depressed behavior, in Fischer
female rats. We profiled gut bacterial populations using
16S rRNA marker gene sequencing, which provides a
DNA-based fingerprint of bacteria and their abundan-
ces. Following DNA sequencing, bacterial taxa were
assigned by alignment to an extensive 16S rRNA gene
database.?” Liquid chromatography was used to quan-
tify amino acids, which have previously been linked to
gut dysbiosis,*> and are elevated in humans following
antibiotics treatment.®® The narrow-spectrum antibiotic
vancomycin was used as a tool to perturb the gut micro-
biome and deplete obligately anaerobic, fermentive
bacteria in the Firmicutes and Bacteroidetes phyla,
which typically dominate the gut microbiota. Formalin
was used to model persistent inflammatory pain, and
the acute biphasic pain-stimulated responses for licking
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behavior and posture were measured across 60 min. The
formalin model of tissue injury and inflammation was
chosen because it allows for assessment of two dichoto-
mous conditions: nociception (interpreted to be mani-
fested during Phase 1) and inflammation (interpreted to
be manifested during Phase IlI) in a single animal
model.'>?® Formalin was also assessed for its ability to
depress voluntary wheel running for 3 consecutive days.
This pain-depressed behavioral endpoint was chosen
due to the ability to automate data collection and mini-
mize experimenter bias, and the clinical relevance of
exercise as a behavioral measure.®'"?86567 Exercised
rats were compared to sedentary controls, and fecal
amino acid concentrations were compared between
vancomycin-treated rats and untreated controls. Finally,
FMT was utilized with the goal of reversing any vanco-
mycin-induced modulation to pain-related behaviors.
Female rats were tested because (1) females, on aver-
age, have higher prevalence rates and are at increased
risk for chronic pain in general,’>">" and (2) histori-
cally, the majority of rodent work is biased toward male
subjects.*® Our working hypothesis was that formalin
would produce pain-stimulated and pain-depressed
behaviors, that pretreatment with vancomycin would
modulate these pain-like behaviors as well as amino
acid concentrations, and that FMT would reconstitute
populations of bacteria back to baseline levels and/or
block vancomycin-induced modulation to pain-related
behaviors.

Methods

Subjects

Female Fischer rats (Charles River Labs 125—150 g at
beginning of experiments) were utilized for all studies.
Rats were individually housed, in separate Plexiglass
chambers contained in an animal facility maintained on
a 12 hour light / dark cycle in a temperature-controlled
animal colony. Food and water were available ad libi-
tum. Rats were assigned to either a sedentary or exercise
condition following one week of habituation. Those in
the exercise condition were moved to a separate wheel
running room housing individual single activity wheel
chambers (Lafayette Instruments, Lafayette, IN) for the
duration of the experiment. Each rat was singly housed
in a chamber and had 23 hour voluntary access to its
running wheel, with one hour per day allocated for
health checks, food/water replenishment, and cleaning
bedding/equipment. All procedures were in accordance
with the Guide for the Care and Use of Laboratory Ani-
mals*' and all methods and procedures were approved
by the University of New England Institutional Animal
Care and Use Committee. The health and safety of the
rats were evaluated by research technicians and periodi-
cally monitored by a veterinarian.

Vancomycin Treatment

All sedentary and running wheel rats were randomly
assigned to antibiotic or control conditions (n = 7 per
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treatment). Rats in the antibiotic group received the
narrow-spectrum, cell wall synthesis-inhibiting antibi-
otic vancomycin, which selectively targets Gram positive
bacteria. Vancomycin was administered via their home
cage water bottles at 500 mg/L in autoclaved
water.?>>3?7 Controls were treated similarly but had
access only to autoclaved normal drinking water with-
out antibiotic, in their home cage water bottles. Vanco-
mycin was delivered for 2 consecutive weeks + 4 days
for post-injury recording for running wheel studies
(Rakoff-Nahoum et al.,, 2004) and for 2 consecutive
weeks for FMT studies. For running wheel rats, Days 8 to
14 of vancomycin was concurrent with the 7 day run-
ning wheel acquisition time period. Sedentary rats also
had 2 consecutive weeks of vancomycin in drinking
water but did not have access to running wheels. Both
sedentary and running wheel rats were housed in iden-
tical cages the only difference being that running wheel
rats had the external running wheel “door” open, and
sedentary rats had the external running wheel “door”
closed and locked.

Formalin Pain Model

The formalin pain model®® was adopted in our study
to evaluate pain-stimulated and pain-depressed behav-
iors. This model was selected because it allows for mea-
surement of both an acute, nociceptive “early” phase
(Phase 1) and a tonic, inflammatory “late” phase (Phase
II) pain-like behaviors in the same subject after a single
noxious event. We defined Phase | as occurring 0 to 10
minutes post-injection, and Phase Il as >20 minute post-
injection.

Pain-Stimulated Behavior

The formalin test was utilized to quantify pain-stimu-
lated behaviors in both sedentary and exercised rats.
Rats were treated with vancomycin for fourteen days
(Days 1-14), and formalin (0.5% in 50 ul) was injected
subcutaneously (s.c.) into the dorsal surface of the right
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hind paw using a 50 ul micro syringe with a 30-gauge
needle, on the morning of Day 15. Rats were then
returned to Plexiglass observation chambers post injec-
tion, and behavioral observations commenced immedi-
ately. Total time (in seconds) spent licking the injured
hind paw as well as pain scores were recorded for 60
minutes. Pain scores ranged from 0 to 3, where 0 = the
injected paw is not favored; 1 = the injected paw has lit-
tle or no weight placed upon it; 2 = the injected paw is
elevated and not in contact with any surface; 3 = the
injected paw is licked, bitten or shaken. Between-sub-
jects design was utilized such that each rat received only
1 single injection at 1 single concentration into the hind
paw.

Pain-Depressed Wheel Running

Rats were treated with vancomycin for eighteen days
(Days 1—18), and formalin (0.5% in 50 ul) was injected s.
c. as described above, on the morning of Day 15
(Fig 1B). Running wheel acquisition (7 consecutive days)
overlapped with vancomycin Days 8 to 14, and vancomy-
cin Days 15 to 18 overlapped with formalin injection
(Day 15) followed by post-formalin days: PDs 1, 2, 3
(Days 16, 17, 18). Rats were removed from running
wheel cages in the morning (during which time running
behavior is negligible or non-existent in our lab) and
taken to a behavioral analysis room, placed into Plexi-
glas chamber (dimensions), and allowed to habituate
for 15 minute or until exploratory behavior stopped.
Following habituation to chambers, the formalin test
was performed as described above. Following formalin
administration and 60 minute behavioral recording of
pain-stimulated behaviors, rats were carefully removed
from Plexiglass chambers and returned to the wheel
running room and carefully placed back into their desig-
nated wheel running chambers. Finally, the greatest
degree of pain-depressed wheel running in our labora-
tory is typically observed during the first 4 hours of dark
cycle, and thus we report this time frame in results and
figures below.'®> All sedentary and running wheel

Total vancomycin treatment = 14 days

Form
No RW access inj
A | —+—
Total vancomycin treatment = 18 days
~ Form
No RW access RW acquisition inj PDs1,2,3
5 E— e RS
; ——_/
e o
Total wheel running = 11 days
Days: 1 7 14 15 16-18

Figure 1. Experiment timeline for vancomycin experiments. Panel A shows the timeline for sedentary rats and Panel B shows the

timeline for running wheel rats.
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experiments were carried out with a total n =7 to 8 per
group, and random assignment for groups. As running
rates vary widely, running wheel rats were matched
according to distance traveled during acquisition phase.
Thus, sedentary and exercised (running wheel) protocols
were as follows (see Experiment Timeline in Fig 1, Panels
A and B, respectively):

Sed: Days 1 to 14 on vancomycin (no access to running
wheels) — Day 15 formalin injection (+formalin test)

RW: Days 1 to 18 on vancomycin (Days 8—14 = running
wheel acquisition) — Day 15 formalin injection (+forma-
lin test) — Days 16 to 18 post-formalin wheel running

Fecal Pellet Collection

Baseline fecal pellet collection occurred after habitua-
tion to the animal facility, but prior to the start of van-
comycin administration, with a single pellet collected
per subject. Pellet collection also occurred on vancomy-
cin Day 14 and days 1, 3, 5, 7 of a 7-day oral gavage
(FMT) regimen, as well as immediately before and
after the formalin pain manipulation, and formalin
PD1 and PD2. Once collected, pellets were immedi-
ately stored in a -80°C freezer®*’" for 16 S ribosomal
RNA sequencing.?*®?

Fecal Microbiota Transplantation

Fecal material from healthy nayve donor rats was col-
lected, pooled and incorporated into a single sample
following collection. Combined fecal pellets were sus-
pended in sterile phosphate-buffered saline (PBS) at a
concentration of 0.1 g/mL. Rats were administered
either FMT homogenate or sterile saline (bodyweight)
via oral gavage once per day for seven consecutive days.
Groups were as follows: (a) Normal H20 (2
weeks) + vehicle (1 week) + formalin, (b) Vancomycin (2
weeks) + vehicle (1 week) + formalin, (c) Vancomycin (2
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weeks) + FMT (1 week) + formalin (See Experiment
Timeline in Fig 2).

Data Analysis for Behavioral Studies

The two dependent variables for the acute pain-stim-
ulated behaviors in the formalin test were (1) time spent
licking the injured hind paw and (2) overall pain score,
and both measures were quantified for a 60 minutes
duration in 5-minute blocks. The primary dependent
variable for pain-depressed running wheel experiments
was total distance traveled in the wheels (in meters) dur-
ing the first 4 hours of dark cycle (7—11 pm), a time
period when rats exhibit high rates of running behavior
in our lab,® in a 24 hour voluntary access daily period.
Statistical analysis was accomplished with one- or two-
factor ANOVA as appropriate. Significant one-way or
two-way ANOVAs were followed by Duncan post hoc
test, and significance was set a priori at P < .05. Cohen'’s
d and associated Confidence Intervals were calculated
to determine the magnitude of effect and the precision
of that effect size estimate.’*’* This use of p values is
standard and the subsequent effect size statistic allowed
for high resolution characterization of the magnitude
of effect and the precision of that estimate, in the sam-
ples of interest.

Determination of the Intestinal
Microbiome

Rat fecal pellets were collected fresh for each group
condition (n = 3-5), and frozen at -80°C until further
processing. Total DNA was isolated using the Qiagen
DNeasy PowerSoil kit (Germantown, Maryland) and
quantified with the Quant-iT PicoGreen Assay (Turner
BioSystems, Inc., Sunnyvale, CA). The V1-V2 region of
the bacterial 165 rRNA gene was amplified in quadrupli-
cate by polymerase chain reaction (PCR) using barcoded

Form
’ regular water vehicle ’ inj_|
Form
vancomycin vehicle ‘ inj_
Form
vancomycin

Days: 1

FMT inj |

14 21 22

Figure 2. Experiment groups and timeline for FMT experiments.
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primers reactions and Accumprime Taq (Invitrogen)
reagents. Purified products were sequenced on the lllu-
mina MiSeq (lllumina, Inc., San Diego, CA). Extraction
blanks and DNA free water were subjected to the same
amplification and purification procedure to allow for
empirical assessment of environmental and reagent con-
tamination. Positive controls, consisting of eight artifi-
cial 16S gene fragments synthesized in gene blocks and
combined in known abundances, were also included.
Sequence data were processed using QIIME2 (http://
giime2.org/). Read pairs were error corrected and joined
using DADA2.° Taxonomic assignments were generated
by comparison the Greengenes reference database.?’

Liquid Chromatography

Amino acids (AAs) were quantified using a Waters
Acquity uPLC System (Waters Corp., Milford, MA) with
an AccQ-Tag Ultra C18 1.7 um 2.1 x 100 mm column
and a Photodiode Detector Array, according to previ-
ously published method.** Briefly, post-FMT fecal sam-
ples were homogenized in methanol (5 uL/mg stool)
and centrifuged twice at 13,000 g for 5 minutes. AAs
in the supernatant were derivatized using the Waters
AccQ-Tag Ultra AA Derivatization Kit (Waters Corpo-
ration, Milford, MA) and analyzed using the UPLC
AAA H-Class Application Kit (Waters Corporation, Mil-
ford MA) according to manufacturer’s instructions.
Quality control checks (blanks and standards) were
run every eight samples. All chemicals and reagents
used were mass spectrometry grade.

Intestinal Microbiome Data Analysis

Similarity between samples was assessed by weighted
and unweighted UniFrac distance between sample.®***
Data files from QIIME were analyzed in the R environ-
ment for statistical computing, using the QIIMER library
(http://cran.r-project.org/web/packages/giimer). Global
differences in bacterial community composition were
visualized using Principal Coordinates Analysis. Commu-
nity-level differences between sample groups were
assessed using PERMANOVA, which tests for a differ-
ence in centroid position using a distance matrix
between samples.” Differential abundance of specific
taxa were assessed using nonparametric rank tests or
general linear mixed effects models. The generalized
linear models were selected when within vs between-
subject effects were characterized.

Table 1. Primer Sequences used for qPCR

Effects of Vancomycin on Persistent Pain-Stimulated
Quantitative Detection of Key Taxa
Following FMT

Frozen fecal pellets were cut in half with a sterile scal-
pel blade under sterile conditions. Total DNA was
extracted using the GenElute Stool DNA Isolation Kit
(Sigma-Aldrich, St. Louis, MO), following the man-
ufacturer’s protocol. DNA concentrations were deter-
mined using a Nanodrop One-C (Thermo-Fisher,
Waltham, MA), and all sample concentrations were
equalized at 5 ng/uL in nuclease-free water. Quantita-
tive PCR (gPCR) was performed on a StepOne Plus RT-
PCR system, using Power SYBR Green Master Mix
(Applied Biosystems, Foster City, CA). All samples were
run in triplicate using 10 ng of template. The optimized
gPCR annealing temperatures for each primer pair
were: 42.0°C (Universal 16S rRNA), 47.7°C (Lactococcus
spp. 16S rRNA), 58.7°C (Gammaproteobacteria spp. 165
rRNA), 60.3°C (Clostridiales spp. 165 rRNA), 62.0°C
(Fischer rat 18S rRNA), and 59.0°C (Fischer rat cypA). The
gPCR cycling conditions were: stage 1, 95°C for 10
minutes; stage 2 (40 cycles), step 1, 95C for 30 seconds;
step 2, optimized variable annealing temperatures; step
3, 74°C for 30 seconds; stage 3, 4°C infinite hold. The
comparative C (2724“M) method was used to calculate
fold changes relative to experimental controls. Primer
sequences are described in Table 1.

Results

Vancomycin Effects on Formalin Pain-
Stimulated Behaviors

Fig 3 shows vancomycin (VANC) effects on Phase Il
(20—60 minute) formalin-induced pain scores for
wheel runners (Panel A) and sedentary rats (Panel B).
For runners (Panel A), One-Way ANOVA revealed that
formalin alone produced a significant increase in pain
scores relative to saline or VANC alone, and that
VANC pretreatment (green bar) produced a significant
decrease in formalin pain scores relative to formalin
alone (blue bar) (F(3, 23) = 13.15; P < .0001). For sed-
entary rats (Panel B) One-Way ANOVA revealed that
formalin produced a significant increase in pain scores
relative to saline alone (F(3, 23) = 3.94; P = .023), and
that there was no significant difference between van-
comycin pretreatment (green bar) and formalin alone
(blue bar). Phase | was unaltered by VANC (data not
shown). Groups sizes as articulated in Methods, were
n=7to8.

TARGET FORWARD PRIMER (5 TO 37) REVERSE PRIMER (57 TO 3”)
Universal 16S GTGYCAGCMGCCGCGGTAA CCGYCAATTYMTTTRAGTTT
Lactococcus TTCCCTTCGGGGACATGGATA TGACGGGCGGTGTGTACAAG
Gamma-proteobacter CGTGTTGTGAAATGTTGGGT TGACGGGCGGTGTGTACAAG
Clostridium ATTACCCTTAATCGGGGAAGC TGACGGGCGGTGTGTACAAG
Fisher rat ribosomal 185 ACGGACCAGAGCGAAAGCAT TGTCAATCCTGTCCGTGTCC
Fisher rat cyclophilin-A AGCATACAGGTCCTGGCATC TTCACCTTCCCAAAGACCAC
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Figure 3. Average Phase Il pain scores for saline controls, VANC, formalin alone, and VANC + formalin cohorts in the 0.5% formalin
test for rats that had 24 hour voluntary access to running wheels (panel A) or were in sedentary condition (panel B). *, *** = signifi-
cantly greater than saline controls (P < .05, .001). A = significantly decreased relative to formalin alone.

Vancomycin Effects on Formalin Pain-
Depressed Wheel Running

Fig 4 shows the effects of vancomycin (VANC) pre-
treatment against 0.5% formalin pain-depressed wheel
running. Panel A shows that the formalin decreased
wheel running on PD2 and PD3 and 2-Way ANOVA
revealed significant depression of running on PD3 (blue
line), and that the 2-week course of vancomycin pre-
treatment prevented formalin pain-depressed wheel

A -O- Saline
-O- VANC + Saline
—— 0.5% Formalin

B —&— VANC +0.5% Formalin

T 400
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5 3001
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N 32 &
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Post-Injection Day (7pm - 11pm)

running on PD3 (green line) (F(2, 48) = 21.61, P < .0001).
For the Panel A data, there was a significant main effect
on time only, and no interaction occurred. Panel B
shows effect sizes (Cohen'’s d statistic) for formalin vs
saline (blue circles) and formalin + vancomycin (VANC)
vs formalin (green triangles) at PD1, PD2, and PD3, for
running wheel rats. Data indicate large effect size
(defined as d > 0.8 and Cl that do not overlap with zero)
for formalin vs saline at PD3, and large effect size for

® 0.5% Formalin vs. Saline
A VANC +0.5% Formalin vs. Formalin

PD1 1

PD1 —a—1—

PD2 —e—1 *

PD2 * -

PD3 @ —m@——— *

PD3 —aA————

Cohen'sd

Figure 4. Effects of saline controls, VANC, formalin, and VANC + formalin on voluntary wheel running. Panel A ordinate: % control
distance traveled in meters in running wheels. Panel A abscissa: Post-Days 1 thru 3. Panel A shows formalin produced significant
depression of wheel running on PD3 and that vancomycin prevented this effect. * = significantly decreased relative to saline con-
trols (P < .05). Panel B shows magnitude of effect (Cohen’s d effect sizes and confidence intervals) for formalin vs saline (blue circles)
and for VANC + formalin vs formalin (green diamonds). * = Effects sizes are large defined as > 0.8 and confidence intervals do not

overlap with zero (color version of figure is available online.).
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Figure 5. Average Phase Il pain scores for formalin alone, VANC + formalin, and pretreatment effects of fecal microbiota trans-
plantation (FMT) against formalin Phase Il. VANC produced significant decreases in pain score relative to formalin group. FMT pre-
treatment did not significantly block the VANC effect, although there is a trend toward restoration to formalin baseline.

** = significantly decreased relative to formalin (P < .01).

VANC + formalin vs formalin at PD2 and PD3. Wheel
running experiments were run with a total n = 8 for all
groups.

FMT Effects on Formalin Pain-Stimulated
Behaviors

Fig 5 shows the effects of FMT from non-formalin
treated sedentary donor rats to recipient rats that
received formalin on pain scores. The columns show,
left-to-right: the effects of formalin alone (white bar); 2
weeks antibiotic + 1 week vehicle followed by formalin
(green bar); 2 weeks antibiotic + 1 week FMT followed
by formalin (checkered bar) during Phase Il. One-Way
ANOVA revealed that vancomycin produced a signifi-
cant decrease in pain scores relative to formalin alone
during Phase Il (compare 2nd bar to 1st bar) (F(2,
22) = 7.48; P = .004). FMT did not significantly restore
antibiotic-decreased pain scores (green bar), but FMT
pain scores did trend upward. Experiments were run
with total n =7 or 8 for all groups.

Vancomycin Effects on Alpha Diversity
and Amino Acids

Rat fecal microbiome profiles were generated by 16S
marker gene sequencing (Fig 6A). The 2-week vancomy-
cin (VANC) regimen depleted nearly all Firmicutes and
Bacteroidetes in runner rats (runner VANC group, white
squares) and sedentary rats (sedentary VANC group,
white squares) relative to controls. Shannon diversity
indices were drastically reduced (P < .001) in runner and

sedentary groups with VANC alone or VANC + formalin
(PD1 and PD2), relative to saline alone or formalin alone
controls. There were no differences in Shannon index
between sedentary and runner rats, although there is a
trend toward greater reduction of abundance in seden-
tary rats (Fig 6B) (compare sedentary VANC to runner
VANC; sedentary VANC + formalin to runner
VANC + formalin). VANC administration was associated
with significant increases in arginine (+ 356%;
P =.0146), glycine (1 293%; P =.0023), alanine (1 144%;
P = .004), proline (+ 574%; P = .0001), valine (1 198%;
P =.0001) and leucine (1 137%; P = .0005), and signifi-
cant decreases in tyrosine (| 52%; P = .0003) and methi-
onine (| 53%; P =.0043), relative to pre-VANC baseline
control conditions (Fig 6C). FMT fecal samples for amino
acid Groups were n = 9 for both BL and post-vancomycin
(post-VANC) conditions.

Abundance of Specific Taxa Across Study
Days

Fig 7 shows the log abundance of taxa and study
group for two distinct genera (Lactobacillus, Klebsi-
ella) and one distinct order (Clostridiales) that are
correlated with VANC and/or running effects on
pain. Each panel characterizes how PD1 and PD2 dif-
fer (P < .05) from baseline (BL) in each group. Fig 7
thus shows in which taxa there were differences
either between runners and sedentary rats and/or dif-
ferences between BL Vs formalin and
VANC + formalin. Relative to other Firmicutes genus
(see Heatmap, Fig 6A), VANC did not completely
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Figure 6. Panel A: 165 marker-gene sequencing Heatmap for Phyla across all groups. Top row shows study day. Each column repre-
sents one sample (rat) and each row represents one taxon (genus or best assignment). White boxes = absence of taxa in sample.
Blue = low abundance; red = up to 40% abundance. Panel B: the Shannon Index showing even-ness of microbiome distribution.
Study days are color coded: BL = red, PD1 = green, PD2 = blue. Formalin and VANC + formalin groups had less abundance relative to
controls for both runners and sedentary rats. Panel C: Concentrations of AAs in nmol/gram at baseline (Day1) and following 2-week
administration of VANC (Day14). *, **, *** = significantly decreased / increased relative to baseline (BL) controls (P < .05, .01, .001)
(color version of figure is available online.).
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Beta Diversity Across Study Days

Fig 8 shows beta diversity within formalin alone
groups across exercise or sedentary conditions, and
across study day (BL, PD1, PD2). Differences in composi-
tion of the fecal microbiota are visualized with principal
coordinates analysis of weighted (Panel A) and
unweighted (Panel B) UniFrac distance. Unweighted
UniFrac distance indicated different beta diversity when
comparing runners to sedentary rats (P < .002), and dif-
fering beta diversity when comparing across study days,
BL, PD1, and PD2 (P < .005). Sedentary condition was
associated with a non-significant but decreased diversity
of the gut microbial community (Panel C) and there
were also no significant differences in diversity across
baseline, post-day 1, and post-day 2 (Panel D) as assessed

Effects of Vancomycin on Persistent Pain-Stimulated

with the Shannon Index. Fecal pellet samples were n =3
to 4/Group.

Fig 9 shows alpha and beta diversity within vancomy-
cin (VANCQ) + formalin groups across exercise or seden-
tary condition, and across study day (BL, PD1, PD2).
Differences in composition of the fecal microbiota are
visualized with principal coordinates analysis of
weighted (Panel A) and unweighted (Panel B) UniFrac
distance. Both weighted and unweighted UniFrac dis-
tance indicated different beta diversity when compar-
ing runners to sedentary rats (P < .001), and differing
beta diversity when comparing across study days, BL,
PD1, and PD2 (P < .001). Relative to baseline, there
were significant decreases in diversity on post-day1
and post-day 2, (Panel C) as assessed with the Shannon
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Figure 8. Beta diversity within formalin alone for both weighted (panel A) and unweighted (panel B) UniFrac distance. * = signifi-
cant difference in distance between Phyla in sedentary vs running wheel rats (P < .05).
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Figure 9. Beta diversity within vancomycin + formalin for both weighted (panel A) and unweighted (panel B) UniFrac distance.
There are no differences in distance between Phyla in sedentary vs running wheel rats.

Index (P < 2.377e-07; P < 1.232e-07). Fecal pellet sam-
ples were n = 3 to 4/Group.

Detection of Key Taxa Post-FMT

The ability of FMT to reconstitute populations of Lac-
tobacillus, Clostridiales, and Gammaproteobacteria to
baseline levels (i.e., that of untreated control rats gav-
aged with PBS) was evaluated by gPCR. Consistent with
microbiome sequencing, Lactobacillus species were sig-
nificantly diminished by VANC treatment, and Gammap-
roteobacteria species significantly increased. Fecal
pellets collected post-gavage, PD1, and PD2 indicated
that FMT to VANC-treated rats restored populations of
Lactobacillus and Clostridiales to baseline levels of the
control animals (Fig. 10A, 10B). Similarly, populations of
Gammaproteobacteria were diminished to baseline lev-
els (Fig 10C). Rats administered PBS or a second dose of

VANC rather than FMT remained dysbiotic relative to
controls (Fig. 10A-10C). Fecal pellet samples were n = 3
to 4/Group.

Discussion

The present manuscript assessed the ability of the nar-
row-spectrum antibiotic vancomycin (VANC) to modu-
late formalin pain-stimulated and pain-depressed
behaviors. The main findings were that pretreatment
with VANC attenuated formalin Phase Il pain-stimulated
behaviors, and prevented formalin pain-depressed
wheel running. Fecal microbiota transplantation from
control donor rats to VANC-treated rats restored popu-
lations of Lactobacillus, Clostridiales, and Gammapro-
teobacteria back to baseline levels and produced a non-
significant trend toward restoration of pain-stimulated
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Figure 10. FMT to VANC-treated rats restored populations of Lactobacillus and Clostridiales to baseline levels of the control ani-
mals (panel A, panel B). Populations of Gammaproteobacteria were diminished to baseline levels (panel C).

formalin Phase Il scores, indicating that the VANC effect
may also include mechanisms distinct from alterations
in the gut microbiota. An additional finding was that
VANC produced distinct changes to a small set of AAs in
the gut, consistent with previous reports of an anti-
inflammation profile.

This is the first report to show antibiotic-induced
modulation of pain-depressed behaviors in rodents. The
antibiotic VANC was used as a selective tool to perturb
the gut microbiome by depleting Gram positive bacte-
ria, and the 2-week administration regimen prevented
formalin pain-depressed wheel running on PD3. VANC
also decreased Phase Il pain-related scores (20—60
minutes). The utilization of a pain-depressed behavioral
endpoint was useful in light of the relevance of these
dependent measures as manifestations of overall func-
tion and the fact that veterinary and human clinical
pain is quantified by the degree to which pain depresses
normally adaptive functioning.”® Additionally, wheel
running has been used as both an independent variable
to assess the impact of exercise duration on
pain,'>?%°%3162 and also as a dependent variable to
assess the impact of acute and chronic pain states on dis-
tance traveled.>'"?%-?%:39.5> The threshold concentration
of 0.5% formalin was chosen for subsequent antibiotic
— running wheel experiments in order to allow for
detection of either antibiotic-increased or antibiotic-
decreased effects on formalin pain-related behaviors,
and to minimize “floor” effects. Gut microbial alpha
and beta diversity were also quantified to determine
the extent to which antibiotic administration changed
the diversity and abundance of gut microbial taxa (see
below).

The delivery of VANC depleted most of the Firmicutes
and Bacteroidetes in the gut, as confirmed by 16S
marker gene sequencing technology. This adversely
impacted the Shannon Index, which is large if more taxa
are present and have a more even abundance distribu-
tion. The robust depletion of Firmicutes and Bacteroi-
detes was associated with attenuated pain-stimulated
behaviors and prevention of pain-depressed behavior.
The seemingly therapeutic effects of VANC are consis-
tent with recent reports on antibiotics reducing progres-
sion and/or severity of pain scores in rodent models of
inflammatory and neuropathic pain.?’***® A closer
examination of taxa abundance for our PD1 and PD2
data relative to baseline, indicates that some taxa
showed unique profiles across cohorts. For example,
abundance of Firmicutes and Bacteroidetes is predomi-
nantly down, although the specific taxa Lactobacillus
and Clostridiales were partially spared. In contrast,
abundance of Enterobacteriaceae, and notably the
genus Klebsiella was increased. There is a rich literature
on the beneficial effects of Lactobacillus and the inflam-
mation-reduction properties of Class IV and XIV Clostri-
diales. Thus, it is possible that the incomplete
suppression of these taxa may in some way be linked to
the therapeutic effects of VANC in our data. However, a
more granular approach is necessary to ascertain the
degree to which this may or may not be true, as the
interactions among remaining taxa are unknown and
little explored in the literature.

An emerging literature suggests that, under some
conditions, different antibiotic classes decrease the
amplitude, frequency and/or duration of pain-like
behaviors.>***87% The present study adds to the
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literature that it is possible to attenuate pain behaviors
with use of an antibiotic. The data reported here using
a persistent inflammatory pain manipulation are consis-
tent with the findings of Shen et al. showing VANC-
induced reduction in pain-stimulated behaviors using a
neuropathic chemical pain manipulation.’® In that
report, vincristine produced tactile sensitivity and VANC
was found to block this pain-stimulated behavior. Their
findings that FMT blocked the antibiotic effect on vin-
cristine-related pain behaviors is consistent with the
trend of the present FMT results reported below,
although our FMT reversal on pain-related behavior
was not significant.

The present experiments utilized both exercised rats
and sedentary rats. It is reasonable to assume that exer-
cise would produce distinct changes to the gut and/or
behavior and potentially be a confounding variable.
Although VANC produced no significant differences to
gut microbes in exercised vs sedentary conditions, VANC
produced decreases to Phase Il scores only in runners
but not sedentary controls, although there was a trend
toward pain score attenuation in the latter group. Prin-
ciple Coordinates Analysis was used to determine the
differences in taxa abundance and diversity between
runners and sedentary groups. Principle Coordinates
Analysis showed that untreated rats have a significant
difference in their Beta diversity depending on their
conditioning (runners versus sedentary), but that this
difference disappears for rats treated with VANC. It is
also possible that longer duration wheel running proto-
cols (e.g., 2 or 3 weeks acquisition; 7 or more days post-
formalin running) would yield distinct changes to the
gut microbiota relative to sedentary controls, and there-
fore yield more divergent pain-depressed outcomes.

Antibiotic-induced dysbiosis can be reversed by
FMT.>°5°%73 |n the present experiments, FMT was
performed with the goal of reversing the VANC-
induced modulation to formalin pain-related behav-
iors, regardless of the direction of antibiotic-induced
change. Reconstitution of key taxa (i.e., the genus
Lactobacillus, the order Clostridiales, and the phylum
Gammaproteobacteria) following FMT was confirmed
by gPCR. VANC attenuated Phase Il pain-stimulated
scores and there was a trend toward reversal by
FMT. Consistent with the trend toward FMT reversal,
the literature indicates that the antibiotic VANC
is not absorbed systemically following oral
administration.'®'#1%2272 Changes in intestinal AA
concentrations can be evidence of one or more of
the following: (1) membrane changes to bacteria, (2)
membrane changes to host gut wall, or (3) changes
to AA consumption or production commensurate
with changes to bacterial populations in the gut. In
the present set of experiments, we determined the
degree to which an oral regimen of VANC modulated
AA concentrations in the gut. Our findings indicated
that of the 16 AAs quantified, VANC increased the
concentrations of six AAs (arginine, glycine, alanine,
proline, valine, and leucine), and decreased the
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concentrations of two AAs (tyrosine and methionine).
Branched-chain AAs including leucine and valine
have been reported to promote intestinal develop-
ment, immune function, and improve overall gut
health.>>>*>> Similarly, arginine and glycine have
been documented to improve the integrity of gut
tight junctions, reduce inflammation and pro-inflam-
matory cytokines, and maintain mucosal barrier func-
tion in several rodent models of inflammatory bowel
disease.*® Mechanisms for these effects are still under
exploration, but several reports show the byproducts
of AA catabolism (most commonly short-chain fatty
acids) can have anti-inflammatory effects.”>’® Catab-
olism of arginine leads to an inhibition of proinflam-
matory cytokines IL-1 and TNF,?>3° and production of
butyrate, propionate, and acetate from alanine, pro-
line, and valine catabolism have been shown to
induce production of the anti-inflammatory cytokines
TGF-, IL-10, and IL-18."* Our findings of VANC-
induced increases of these AAs against the backdrop
of attenuated inflammatory pain severity are highly
consistent with these reports, and point toward at
least one physiological mechanism by which micro-
biome changes could impact inflammatory pain
states. However, in order to determine whether the
markedly changed AAs are truly “functional AAs”
defined as AAs that are involved in improvements to
host health,”® will require additional and more gran-
ular study.

There are at least two limitations to this study.
First, mechanical sensitivity was measured in running
wheel rats at PD 1, 2, 3 using von Frey monofila-
ments (data not shown). Although there was no evi-
dence of mechanical sensitivity at PDs 1-3, it is
possible that the probing of the paw with this behav-
ioral measure, at least in part, resulted in further
suppression of wheel running across post-injection
days. Second, although wheel running and treadmill
exercise have been well utilized as independent and
dependent variables in the pain field, in the context
of this study, exercise via wheel running may be a
confounding factor in terms of its ability to restore
or protect against a pain-depressed behavioral phe-
notype and/or enhance overall fitness.”'"-820:68.77

This report provides evidence that the antibiotic
VANC attenuated pain-stimulated and pain-
depressed behaviors in a rodent model of persistent
inflammatory pain, and that this reduction in pain
amplitude was associated with a distinct profile of
AA concentrations in the gut. Given that formalin
phase Il is interpreted as an inflammatory pain
model, the present results may suggest that narrow-
spectrum antibiotics have some utility in reducing
pain amplitude in inflammatory pain conditions in
humans. Future studies will explore the potential
link between bacterial taxa abundance, AA concen-
trations, and innate immune cell function. Addi-
tional sources for future mechanistic study could
include SCFA communication within the gut,
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antibiotic-mediated changes to glial cell phenotype
and resident immune cells as well as cytokine con-
centrations at multiple sites in the host.
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