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ABSTRACT

In the realm of regenerative medicine, human mesenchymal stem cells (hMSCs) are gaining attention
as a cell source for the repair and regeneration of tissues spanning an array of medical disciplines. In
orthopedics, hMSCs are often delivered in a site-specific manner at the area of interest and may re-
quire the concurrent application of local anesthetics (LAs). To address the implications of using hMSCs
in combination with anesthetics for intra-articular applications, we investigated the effect that clin-
ically relevant doses of amide-type LAs have on the viability of bone marrow-derived hMSCs and be-
gan to characterize the mechanism of LA-induced hMSC death. In our study, culture-expanded hMSCs
from three donors were exposed to the amide-type LAs ropivacaine, lidocaine, bupivacaine, and
mepivacaine. To replicate the physiological dilution of LAs once injected into the synovial capsule,
each anesthetic was reduced to 12.5%, 25%, and 50% of the stock solution and incubated with each
hMSC line for 40 minutes, 120 minutes, 360 minutes, and 24 hours. At each time point, cell viability
assays were performed. We found that extended treatment with LAs for 24 hours had a significant
impact on both hMSC viability and adhesion. In addition, hMSC treatment with three of the four anes-
thetics resulted in cell death via apoptosis following brief exposures. Ultimately, we concluded that
amide-type LAs induce hMSC apoptosis in a time- and dose-dependent manner that may threaten
clinical outcomes, following a similar trend that has been established between these particular anes-
thetics and articular chondrocytes both in vitro and in vivo. STEM CELLS TRANSLATIONAL MEDICINE

2014;3:365-374

INTRODUCTION

Increasing interest in cell-based therapies as a
method for treating tissue defects and disease
has turned the focus of medical investigators and
professionals to multilineage progenitor cells, which
are capable of repairing several tissues that exist
within the same niche [1]. Currently, many emerg-
ing tissue-repair concepts revolve around the use of
allogeneic and autologous-derived human mesen-
chymal stem cells (hMSCs) for treatment via surgical
implantation [2-5] or local injection [6—8]. The com-
mon interest in hMSCs derives from their innate
(multipotent) capacity to differentiate into cartilage,
bone, and adipose tissue as well as more specialized
neurons, tendons, ligaments, and muscle [9].
Therapeutic applications for hMSCs are largely
reliant on site-specific delivery and signaling from
the respective niche microenvironment to cue dif-
ferentiation [10, 11], allowing the clinical use of
hMSCs to span multiple medical fields including
cardiovascular repair, diabetes, stroke, multiple
sclerosis, and orthopedic diseases, with additional
applications developing on a regular basis [12]. De-
spite the ongoing characterization of these cells

from a functional perspective, few have addressed
the influence that adjuvants to the respective ther-
apy might have on hMSCintegrity. Among the more
commonly used adjuvant compounds in orthope-
dic practices are anesthetics, which are used to min-
imize patient sensitivity and discomfort [13, 14] and
have been well characterized in the native joint
niche with respect to cartilage.

Preceding the entry of hMSCs into the clinical
realm, chondrocytes were a popular cell source for
the treatment of orthopedicinjuries [15], which are
often characterized by eroding cartilage and chon-
drocyte death. Due to their suspected link to chon-
drolysis, various common local anesthetics (LAs)
have been studied extensively in combination with
chondrocytes [16—23]. Although many groups have
demonstrated LA-induced chondrocyte toxicity
and the coinciding upregulation of cartilage-
degradation factors [16], little work has been
performed with LAs with regard to hMSCs, which
hold promise for repairing various tissues of or-
thopedicinterest including cartilage [9]. In orthope-
dic injuries, the delivery of hMSCs is often required
intra-articularly and at regions surrounding dam-
aged ligament or tendon (e.g., anterior cruciate

©AlphaMed Press 2014


mailto:rdregalla@regenexx.com
http://dx.doi.org/10.5966/sctm.2013-0058
http://dx.doi.org/10.5966/sctm.2013-0058

366

Local Anesthetics and Human Mesenchymal Stem Cells

ligament), where it is common to introduce LAs before, during, and
after a procedure [13, 14]. Because of this practice, it is of critical im-
portance to gain a working knowledge of the risks associated with
the use of LAs in combination with hMSCs and to recognize the impli-
cations it may have for clinical outcomes.

Previous work performed by Lucchinetti et al. with reference
to mesenchymal stem cells (MSCs) and LAs demonstrated that ropi-
vacaine limited murine MSC proliferation and influenced the cells’
sensitivity to environmental cues but did not induce cell death at
the doses administered [24]. More recently, Rahnama et al. illus-
trated that 1-hour exposure of hMSCs to stock concentrations of
amide-type LAs significantly affected cell viability 23 hours follow-
ing exposure and concluded that bupivacaine is the least threaten-
ing to hMSC viability (of those examined) [25]. In this paper, we
investigate the impact of various LAs on hMSC viability, adhesion,
and mechanisms of LA-induced cell death in vitro. We expose bone
marrow-derived hMSCs from three separate donors to the
aminoamide-type LAs: lidocaine, bupivacaine, ropivacaine, and
mepivacaine. Each hMSC line was exposed to the four LAs at various
dilutions from the stock solution (SS) over time courses ranging from
40 minutes to 24 hours as a method of replicating the operational
concentrations and potential resident times of the anesthetics
when delivered into an average knee joint capsule containing
0.5-4.0 ml of synovial fluid [26]. In orthopedic practice, itis common
that the volume of anesthetics delivered intra-articularly can range
from half of the total synovial capsule’s capacity to as little as one-
eighth. Hence, we investigated concentrations of each anesthetic
ranging from one-half to one-eighth of their SSs to replicate doses
that are often used in orthopedic procedures. Throughout this
study, we demonstrate that therapeutic concentrations of certain
LAs can result in a delayed adherence phenotype over extended
time courses and induce apoptosis within as little time as 40 minutes
after exposure.

MATERIALS AND METHODS

hMSC Isolation and Culture

Primary hMSCs were culture expanded from bone marrow of three
consenting patients/donors, as described previously [27]: a 27-
year-old male, a 45-year-old male, and a 56-year-old female with
osteoarthritis diagnosis in multiple joints. hMSCs were cultured
in minimum essential medium-a¢ («MEM) (Gibco, Grand lIsland,
NY, http://www.invitrogen.com; catalog no. 12571) with 10% fetal
bovine serum (FBS; Atlas Biologicals, Fort Collins, CO, http://www.
atlasbio.com; catalog no. F-0500-A). For all experimental set-ups,
cultures were established from cryo-containment in passage 1
and used between passage 2 and passage 3; total days in culture
(ex vivo) did not exceed 18 days. When prepared for experimenta-
tion, hMSCs were removed using TrypLE (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com; catalog no. 12563029) and seeded
in 24-well plates (BD Biosciences, San Diego, CA, http://www.
bdbiosciences.com; catalog no. 353047) at a density of 20,000 cells
per well with media containing the respective LA or saline compo-
nent and incubated at 37°C and 5% carbon dioxide until analyzed.

Validation of hMSC Lines

Characterization of hMSCs to validate our process was done in one
patient by in vitro functional differentiation and four-color flow
cytometry, consistent with the requirements established by the In-
ternational Society for Cellular Therapy [28]. The cells were blocked
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with 1% BSA in phosphate-buffered saline (PBS) and then stained
with directly conjugated fluorescent antibodies: CD44-FITC,
CD105-PE, CD73-PerCP-Cy5.5, CD90-APC and CD34-FITC (BD Bio-
sciences; catalog nos. 560977, 560839, 561260, 561971, and
555821) and analyzed via the BD Accuri C6 flow cytometer and as-
sociated software. Cells were >99% CD44*/CD73*/CD90*/CD105"
and CD34~ (>10,000 cells counted in gated area). The differenti-
ation capacity of the hMSCs was evaluated using the Human
MSC Functional Identification Kit (R&D Systems Inc., Minneapolis,
MN, http://www.rndsystems.com; catalog no. SC006). The cells
were incubated in differentiation media for 4 weeks and then eval-
uated for adipocyte, chondrocyte, and osteocyte differentiation
according to the manufacturer’s instructions.

LA Preparation for Cell Culture

hMSCs were exposed to the LAs diluted to 50%, 25%, and 12.5% of
the SSs in «aMEM with 10% FBS immediately prior to cell exposure.
Purchased SSs were 1% lidocaine (1 mg/ml; Hospira Inc., Lake Forest,
IL, http://www.hospira.com; NDC catalog no. 0409-4276-02), 0.5%
ropivacaine (0.5mg/ml; APP Pharmaceuticals, Lake Zurich, IL, http://
www.fresenius-kabi.us/; NDC catalog no. 63323-286-30), 2% mepi-
vacaine (2 mg/ml; Hospira; NDC catalog no. 0409-2047-50), and
0.5% bupivacaine (0.5 mg/ml; Hospira; NDC catalog no. 0409-
1163-01). Dulbecco’s PBS (Gibco; catalog no. 14190) was used as a sa-
line control and occupied culture medium component at the same
respective volume/volume as LAs tested. The pH of all LAs at each
dilution in complete media was measured (Hanna Instruments,
Smithfield, RI, http://www.hannainst.com; catalog no. HI 32) and
compared with complete media alone (¢ MEM plus 10% FBS). There
were no major changes in pH as a consequence of adding LAs at any
concentration to total media; therefore, it is not considered to be
a confounding factor in the study (supplemental online Table 1).

24-Hour LA Exposure Live/Dead Assay

hMSCs from three separate patients (described in the hMSC Iso-
lation and Culture section) were analyzed concurrently while ex-
posed to the diluted LAs for 24 hours. After the exposure, the
media was collected and the wells trypsinized to determine via-
bility of both the adherent and nonadherent cells. A live/dead as-
say was performed using CellTrace calcein red-orange AM at 2 um
(Molecular Probes, Eugene, OR, http://probes.invitrogen.com; cat-
alog no. C34851) to detect live cells and the nucleic acid stain SYTOX
green-1AM (SYTOX; Molecular Probes; catalog no. S-34860) diluted
1:2,000 from stock to detect dead cells. Each was added according
to the manufacturer’s instructions, and cells were analyzed using
flow cytometry. Gates were established by running an unlabeled/
single-labeled CellTrace and SYTOX in untreated samples. Live cells
were positive in FL3 only (calcein red-orange AM"), whereas dead
cells were positive in FL1 (SYTOX green®) or FL1 plus FL3 (SYTOX
green*/calcein red-orange AM"), with color compensation applied.
For analysis, 5,000 cell counts were obtained in the gated area per
run per patient hMSC line as a measure of consistency across all
samples. Additional counts were collected thereafter until the sam-
ple was limited by the volume available; the distribution of fluores-
cence did not differ between these primary and secondary collection
subsets. Sample volume limitations were the result of the formation
of dense crystals by some anesthetics that settled in the cuvette. This
marked a threshold for collection volume because analyzing these
particles added significant background to the data set within the
gated area. Live versus dead counts were compared with determined
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viable percentage in each condition based on gating respective to the
unlabeled controls. Data are presented as a mean percentage and
the associated standard error of the mean and represent the merged
data from the three hMSC lines per condition (n = 3).

Cells collected from the medium fraction of culture were an-
alyzed independently of the adhered population via flow cytometry
using the live/dead staining technique described. This provided
a method for determining “percentage adhered.” Cell counts (live
and dead) from adhered and unadhered cell populations were com-
pared with determined percentage adhered. Data are presented as
a mean percentage and the associated SEM and represent the
merged data from the three hMSC lines per condition (n = 3).

40-, 120-, and 360-Minute Apoptotic Assay

hMSCs from three separate patients (described in the hMSC Iso-
lation and Culture section) were analyzed concurrently fol-
lowing exposure to the listed dilutions of LAs for 40, 120, and
360 minutes. Adherent cells and cells in suspension were pooled,
centrifuged and washed two times in PBS. Apoptotic cells were la-
beled with annexin-V-conjugated APC antibody (BD Biosciences;
catalog no. 550475) and dead cells with SYTOX Green. Annexin-V
antibody and SYTOX were added according to the manufacturer’s
instructions and analyzed via flow cytometry in FL1 and FL4. Apo-
ptotic and necrotic controls were established prior to investigation
using camptothecin at 6 wM (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com; catalog no.C9911) and hydrogen peroxide
at 400 wM (Sigma-Aldrich; catalog no. H1009), respectively, to ver-
ify the assay gating technique (supplemental online Fig. 1). It is
noteworthy to state that at these concentrations of hydrogen per-
oxide, a degree of apoptosis is to be expected [29]. Single-labeled
and unlabeled control samples were used to establish gating criteria
asshown in supplemental online Figure 1; viability >80% was a min-
imum criteria for annexin-V/SYTOX-stained controls (supplemental
online Fig. 2A). For analysis, 5,000 cells were counted in the gated
area per run per patient hMSC line as a measure of consistency
across all samples. Additional events were collected beyond
5,000 counts until limited by sample volume; these additional
counts showed no difference in marker distribution when com-
pared with the initial 5,000 cells counted (supplemental online
Fig. 2). Sample volume limitations were the result of the formation
of dense crystals by some anesthetics that settled in the cuvette.
This marked a threshold for collection volume because analyzing
these particles added significant background to the data set within
the gated area. Data are presented as a mean percentage and the
associated SEM and represent the merged data from the three
hMSC lines per condition (n = 3).

Adherent hMSC Toxicity Assay

In order to assess the effects of the delayed adherence on cell vi-
ability, hMSCs were allowed to adhere until 80% confluent and
then exposed to the 50% diluted LAs for 60 minutes. The medium
was removed, and the wells were lightly washed with PBS. The live/
dead staining protocol was performed with CellTrace calcein red-
orange AM (live) and SYTOX green (dead), and images were captured
in monochrome via the AMG EVOS fl inverted microscope (Life Tech-
nologies, Rockville, MD, http://www.lifetech.com) using the RFP
Light Cube (531 nm excitation, 593 nm emission) and GFP Light Cube
(470 nm excitation, 525 nm emission), respectively.
Quantification of hMSC metabolism during exposure to LAs
was determined by the use of the PrestoBlue cell viability reagent
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(Molecular Probes; catalog no. A-13261) according to the manufac-
turer’s instructions. The 96-well plates were seeded with 5,000
hMSCs per condition, and each LA was added to a respective well
at 50% SS, as described previously. Once treated with LAs, wells
were excited with a 544-nm beam, and emission was collected
at 590 nm using a Fluoroskan Ascent FL plate reader (Thermo
Fisher Scientific, Waltham, MA, http://www.thermoscientific.
com). Cell-free blanks were prepared with media and each an-
esthetic at 50% SS to normalize each treatment against the respec-
tive background. Relative fluorescent units (RFUs) were obtained
from treatments and blanks at “time zero” and 60 minutes. Treat-
ments were normalized to their respective blanks. Normalized RFUs
from time zero were subtracted from the 60-minute values to cal-
culate actual RFUs resulting from cellular metabolism. Data are pre-
sented as mean RFUs and the associated SEMs (n = 2).

Endoplasmic Reticulum and Intracellular
Calcium Labeling

Cells were allowed to adhere until 80% confluent, with the media
discarded and the wells washed with PBS. ER-Tracker Blue-White
DPX (Molecular Probes; catalog no. E12353) at 0.75 wM was added
according to the manufacturer’s instructions. Images are shown in
red for contrast. The wells were washed with PBS, and 5 uM Cal-
cium Green-1, AM (Molecular Probes; catalog no. C3012) was added
according to the manufacturer’s instructions. The wells were washed
with PBS and visualized with fluorescent microscopy using the AMG
EVOS fl microscope. Monochrome images were captured for the
Calcium Green-1, AM, with the GFP Light Cube (470 nm excitation,
525 nm emission; shown as green), and the ER-Tracker Blue-White
DPX was captured using the DAPI Light Cube (357 nm excitation, 447
nm emission; shown as red for contrast). Cells were then exposed to
90% SS LA to exaggerate the effects noted at lower doses; images
were captured at 0, 5, 10, and 20 minutes after exposure.

Statistical Analysis

Analysis was performed in LA exposures for 24-hour experiments as
well as 40-, 120-, and 360-minute experiments (n = 3). For each
treatment (e.g., exposure to bupivacaine at 50% SS for 40 minutes),
raw data from each of the three independent hMSC lines were used
astheinput for a one-way analysis of variance. Following output, all
p values were generated by Tukey’s post-test. Results were consid-
ered to be significant when p <.05. In metabolic assays, experiments
were run in duplicate (n =2) and significance was determined by one-
way analysis of variance and Tukey’s post-test where the resulting p
values <.05 were considered to be significant.

RESULTS

24-Hour Exposure to Diluted LAs Reduces hMSC
Viability and Adhesion

hMSCs were seeded with each of the respective LAs diluted in cul-
ture media to 50%, 25%, and 12.5% SS (Table 1) for 24 hours. We
found that the percentage of cell viability when treated with ropi-
vacaine, lidocaine, and mepivacaine at 12.5% SS did not differ signif-
icantly from the saline control (p > .05) (Fig. 1A). Bupivacaine
treatment alone at this concentration resulted in significantly lower
cell viability compared with the control (p < .01) (Fig. 1A). In addi-
tion, hMSC viability when treated with bupivacaine at this con-
centration was significantly lower when compared with all other
LAs examined (p < .05; not depicted). Percent viability of hMSCs
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Table 1. Dilution of stock LAs to working solutions

Stock concentrations Experimental concentrations

LA 100% of stock (%) mg/ml 50.0% of stock (%) mg/ml 25.0% of stock (%) mg/ml 12.5% of stock (%) mg/ml
Lidocaine 1.00 10 0.500 5 0.250 2.5 0.1250 1.25
Ropivacaine 0.50 5 0.250 2.5 0.125 1.25 0.0625 0.625
Bupivacaine 0.50 5 0.250 2.5 0.125 1.25 0.0625 0.625
Mepivacaine 2.00 20 1.000 10 0.500 5 0.2500 25

Stock concentrations of LAs purchased are shown as the percentage of LA in solution and milligrams per milliliter. Experimental concentrations are
shown as the final percentage of LA in solution and milligrams per milliliter once stock LA was diluted into culture media.
Abbreviation: LA, local anesthetic.

A Total Viability - 12.5% of LA Stock B Total Viability - 25% of LA Stock C
100 100 100

- i o o

80 + 80 80
70 70 70
60 - 60 60
50 50 - g s
10 40 40
30 30 30
20 20 20
10 10 i "H 10
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0
Saline  Ropivacaine Lidocaine Bupivacaine Mepivacaine Saline R«

Total Viability - 50% of LA Stock

% Viable
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% Viable

Saline Ropivacaine Lidocaine Bupivacaine Mepivacaine

Figure 1. Percentage of viable human mesenchymal stem cells following 24-hour treatment with LAs. Human mesenchymal stem cells were
treated with LAs at 12.5% (A), 25% (B), and 50% (C) of the stock solution. Cells were stained with calcein red-orange AM and SYTOX green and
then analyzed via flow cytometry. All data are represented as a mean with the associated SEM (n = 3). Levels of significance compared with

control are depicted as follows: *, p < .05; #*, p < .01; **%*, p << .001. Abbreviation: LA, local anesthetic.

exposed to 25% and 50% SS of mepivacaine, bupivacaine, and lido-
caine was statistically lower than control (p < .001) (Fig. 1B, 1C);
however, ropivacaine did not differ from the saline control in terms
of hMSCviability at these levels (p > .05) (Fig. 1B, 1C). Furthermore,
hMSC viability following ropivacaine treatment at these levels was
significantly higher than that of hMSCs treated with the correspond-
ing levels of mepivacaine, bupivacaine, and lidocaine (p < .001; not
depicted).

Interestingly, hMSC adhesion was significantly reduced when
exposed to 12.5% SS of bupivacaine (p < .001) and mepivacaine
(p < .01) for 24 hours (Fig. 2A). Treatment with higher concentra-
tions (25% and 50% SS) of lidocaine, bupivacaine, and mepivacaine
resulted in significantly less cell adhesion compared with the control
(p <.001) (Fig. 2B, 2C). Likewise, the percentage of adhered hMSCs
treated with ropivacaine at these higher levels differed from the sa-
line control as well (p < .01) but also was characterized by a signif-
icantly higher percentage of adhered cells when compared with the
other three LAs (p < .001; not depicted).

Short-Term LA Exposure Initiates an Apoptotic Cascade
in hMSCs

To investigate the mechanism of hMSC death following LA admin-
istration, we exposed each of the three cell lines to the equivalent
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concentrations of the aminoamide-type LAs described above for
40,120, and 360 minutes and then labeled cells with the apoptotic
marker annexin-V and the nuclear stain SYTOX. Annexin-V staining
is dependent on flippase activity to translocate phosphatidylserine
from the cytoplasmic membrane interface to the extracellular leaf-
let [30]. To accurately detect apoptotic populations, gates were
established based on unlabeled cell populations, and annexin-V/
SYTOX staining specificity was verified by the use of camptothecin
and hydrogen peroxide, respectively (supplemental online Fig. 1).
From these controls, we identified a “live” population (annexin-
V" /SYTOX ), an “early apoptotic” population (annexin-V*/SYTOX ™
only), a “late apoptotic” population (annexin-V*/SYTOX"), and a “ne-
crotic” population (annexin-V~/SYTOX" only). In this paper, early and
late apoptotic populations are combined and are referred to as
“apoptotic.”

At 40 minutes, apoptosis was only evident following hMSC
treatment with bupivacaine at 50% SS, marked by the significant
increase in annexin-V* cells coupled with the significant reduction
in live cells compared with the saline controls (p < .001), whereas
lidocaine, ropivacaine, and mepivacaine remained normal re-
spective to the controls (p > .05) (Fig. 3C). Increasing LA exposure
to 120 minutes resulted in the significant increase of annexin-V*
cells over the respective control with bupivacaine treatment at
the lower dose of 25% SS (p < .01) and the corresponding

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 2. Percentage of adhered human mesenchymal stem cells following 24-hour treatment with LAs. Human mesenchymal stem cells were
treated with LAs at 12.5% (A), 25% (B), and 50% (C) of the stock solution. Cells in suspension were analyzed independently of those adhered to
determine percentage adhered. All data are represented as a mean with the associated SEM (n = 3). Levels of significance compared with control
are depicted as follows: #, p < .05; *%, p < .01; *%%, p < .001. Abbreviation: LA, local anesthetic.

decrease in live cells (p < .001) (Fig. 4B). When treated with lido-
caine, bupivacaine, and mepivacaine for 120 minutes at 50% SS, the
increase of annexin-V" cells and decreased live cells reached signif-
icance respective to the control (p < .001) (Fig. 4C). hMSCs treated
with mepivacaine at 50% SS also demonstrated a necrotic pheno-
type (annexin-V~/SYTOX") elevated over control (p < .01) (Fig. 4C).

hMSCs treated for 360 minutes with the lowest levels of bupi-
vacaine (12.5% SS) led to an increase in annexin-V* cells along with
the expected decrease in the live population (compared with the
saline control) (p < .01) (Fig. 5A). Increasing LA concentrations
to 25% SS resulted in significantly reduced live cell counts and in-
creased annexin-V* counts over the control when exposed to lido-
caine (p <.01), bupivacaine (p <.001), and mepivacaine (p <.001)
(Fig. 5B). Ropivacaine-treated cells did not differ from the controlin
any terms. Increasing exposure to 50% SS resulted in greater statis-
tical separation from the control in the case of lidocaine (p < .001),
whereas bupivacaine and mepivacaine remained consistent with
data from 25% SS. In contrast, ropivacaine maintained >70% via-
bility with no difference versus the controls (p > .05) (Fig. 5C), com-
plementing the 24-hour viability data.

LA Exposure Induces Death in Adherent hMSCs

Adherent hMSCs were treated with LAs at 50% SS for 60 minutes to
demonstrate that the onset of LA-induced cell death was indepen-
dent of the delayed adhesion phenotype. When stained concur-
rently with calcein and SYTOX, it is qualitatively evident that
bupivacaine and mepivacaine induce rapid cell death within an
hour at the concentrations used, demonstrated by (positive) nu-
clear staining with SYTOX. Alternatively, lidocaine and ropivacaine
exposure showed a low level of cells with stained nuclei (Fig. 6). In
addition, calcein staining of ropivacaine-treated hMSCs was compa-
rable to the saline control, characterized by cells saturated with sig-
nal, which is indicative of high cellular metabolism. In contrast,
calcein signal in cells treated with lidocaine, bupivacaine, and mepi-
vacaine was weak (comparatively). Furthermore, mepivacaine and
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bupivacaine treatments where characterized by extensive cell de-
tachment, evident by the disruption of the adherent-type morphol-
ogy in the phase contrast and fluorescent images. Lidocaine
treatment also resulted in hMSC detachment but to a much lesser
degree, whereas ropivacaine exposure had no noticeable influence
on cell adherence. These qualitative assessments were verified by
measuring metabolic activity following 60-minute exposure to each
LA at 50% SS using the PrestoBlue reagent and measuring RFUs.
Bupivacaine was the only LA treatment that differed significantly
from the saline control (p < .05) (Fig. 6B).

To determine whether hMSC death in response to specific LAs
is connected to calcium dysregulation, we labeled the endoplasmic
reticulum (ER), a major calcium storage organelle, and intracellular
calcium in adhered hMSCs, much of which colocalized with the ER
(and nucleus). The influence of each LA on hMSCs was examined at
50% SS over a 50-minute time course (data not shown). Consistent
with trends identified in our previous experiments, bupivacaine
appeared to have the most prominent effect on hMSCs of the
LAs investigated with respect to intracellular calcium fluorescence,
whereas ropivacaine treatment resulted in the least. To exaggerate
the response observed at 50% SS, hMSCs were exposed to a lower
dilution of ropivacaine and bupivacaine over a shortened time
course. A brief 10-minute exposure to bupivacaine (90% SS) resulted
in the rapid decrease of intracellular calcium in regions colocalized
with the ER. By 20 minutes, we observed the near complete evacu-
ation of intracellular calcium localized with the ER under these con-
ditions (supplemental online Fig. 3A). Concurrently, the morphology
of the ER in bupivacaine-treated cells became disrupted, taking on
a fragmented appearance (supplemental online Fig. 3B). In contrast,
exposure to ropivacaine (90% SS) did not result in an observable loss
of intracellular calcium, and calcium signal localized with the ER (and
nucleus) maintained fluorescent intensity over the time course ex-
amined (supplemental online Fig. 3A). In addition, the structure
of the ER remained unaltered over the course of exposure
(supplemental online Fig. 3B).

©AlphaMed Press 2014
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optotic; SYTOX" cells are necrotic. All data are represented as a mean with the associated SEM (n = 3). Levels of significance compared with
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DiscussioN

Allogeneic and autologously sourced hMSCs have gained significant
attention in the past several years as a potential method for the re-
pair and regeneration of orthopedic tissues [9]. Among the first
attempts to investigate the role for hMSCs in the orthopedic field
was Steadman et al. via microfracture [31]. This approach (in part)
is aimed to liberate hMSCs from long-bone marrow to allow for
restructuring of chondral defects and fill the chondral void with
the respective tissue. More recently, bone marrow aspirate concen-
trate has been used as an hMSC source for cartilage repair [32, 33].

©AlphaMed Press 2014

Often, such procedures warrant intra-articular application of LAs to
minimize patient discomfort. We demonstrated that relevant or-
thopedic doses intended to mimic clinical dilutions of stock LAs in
the synovial capsule (or subcutaneously) have an adverse effect
on hMSCs that may negatively affect clinical outcomes. Likewise, ex-
tensive studies that investigated chondrocyte viability and biologi-
cal effectiveness in response to LA exposure are consistent with our
findings, which are among the first to characterize the impact of LAs
on hMSCs related to current clinical applications.

In the studies conducted, we investigated the impact of four
amide-type LAs on three separate hMSCs lines as a method to
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Figure 5. Apoptosis of human mesenchymal stem cells following 360-minute exposure to LAs. Human mesenchymal stem cells were treated
with LAs at 12.5% (A), 25% (B), and 50% (C) of the stock solution. Unstained cells are “live”; annexin-V*" and annexin-V*/SYTOX" cells are ap-
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demonstrate the consistency of the hMSC response to LAs regard-
less of the donor background. The LAs examined included ropiva-
caine, lidocaine, mepivacaine, and bupivacaine, diluted to 50%,
25%, and 12.5% of their stock. To establish a baseline for cell sur-
vival, hMSCs were treated with the respective diluted stock LAs
for 24 hours. Adherent cells and those in suspension were collected,
stained with calcein red-orange and SYTOX and analyzed by flow
cytometry. At the lowest dose of LAs administered, bupivacaine
treatment alone resulted in a significant reduction of viable cells re-
spective to the control. At higher levels (25% and 50% SS), hMSC
exposure to three of the four LAs led to the significant loss of via-
bility against the saline control. Treatment with ropivacaine was the
lone exception, for which hMSC viability was comparable to the
control at all doses.

To evaluate the influence of LAs on hMSC adhesion, cells
remaining in suspension after 24 hours were compared with the
number of adherent cells for each treatment. Surprisingly, we
found that bupivacaine and mepivacaine inhibited a significant por-
tion of hMSCs from adhering at all concentrations respective to the
saline control, whereas lidocaine differed only at 25% and 50% SS
Compared with the control, ropivacaine treatment also inhibited
hMSC adhesion at these levels; however, it is clinically relevant
to note that the percentage of adhered cells in ropivacaine treat-
ments at 25% and 50% SS was significantly elevated over the other
three LAs, despite contrast with the control groups.

In order to determine whether short-term hMSC exposure to
LAs resulted in cell death via apoptosis or necrosis, we labeled
cells treated with LAs for 40, 120, and 360 minutes for the apopto-
tic marker annexin-V and the nuclear stain SYTOX. In this study,
we classified apoptotic cells as annexin-V*/SYTOX ™~ (early apopto-
tic) and annexin-V*/SYTOX" (late apoptotic), whereas annexin-V~/
SYTOX" were necrotic (annexin-V~ /SYTOX ™ are live cells). At the
highest concentration of bupivacaine administered, we observed
significant apoptosis following 40 minutes of exposure. Similarly,
120 minutes of bupivacaine exposure at 25% SS led to increasing
apoptotic counts. In contrast, 120-minute exposure to 50% SS of
bupivacaine, lidocaine, and mepivacaine resulted in the vast
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majority of the cell population undergoing apoptosis, with the ex-
ception being ropivacaine treatment. At 360 minutes, the lowest
dose of bupivacaine resulted in an apoptotic population that dras-
tically exceeded that of the live population. At this time point, both
the 25% and 50% SSs of lidocaine, bupivacaine, and mepivacaine
were characterized by >50% of the population in an apoptotic
state. Interestingly, ropivacaine treatment at all doses and time
points investigated did not result in an apoptotic population that dif-
fered from the saline controls. Cumulatively, these findings suggest
that the initiation of apoptosis by amide-type LAs, specifically bupi-
vacaine, lidocaine, and mepivacaine, is a time- and dose-dependent
process. Consequently, lower doses require longer time courses to
initiate an apoptotic cascade, whereas the high doses lead to the
rapid onset. This suggests that the large, nonviable hMSC popula-
tion at 24 hours, when treated with bupivacaine, mepivacaine, and
lidocaine, was attributable to an LA-induced apoptotic cascade dur-
ing early exposure.

To address the ability of LAs to induce apoptosis in adhered
cells and rule out delayed adherence as a major contributor,
hMSCs were adhered to the culturing well prior to LA administra-
tion. Using the higher concentration of each LA (50% SS), we ob-
served extensive cell death in hMSCs treated with bupivacaine,
mepivacaine, and lidocaine within 1 hour; however, cells treated
with ropivacaine maintained a large number of viable cells by com-
parison. Furthermore, adherent hMSCs exposed to mepivacaine
and bupivacaine—and, to a lesser extent, lidocaine—showed ex-
tensive detachment phenotypes, whereas ropivacaine-treated
cells remained attached. Thus, we identified a cell-death pheno-
type that develops concurrently with a detachment phenotype
in three of the four LAs. This serves as additional evidence to sup-
port the concept that reduced hMSC viability during 24-hour LA
treatments was not the consequence of delayed adhesion, suggest-
ing that the two phenotypes develop independently.

The rapid induction of cell death via the apoptotic pathway as
the consequence of failed calcium regulation is a well-studied
process [34, 35], including apoptosis as the result of coordinated
release of intracellular calcium stores [36]. In addition, cell

©AlphaMed Press 2014



372

Local Anesthetics and Human Mesenchymal Stem Cells

A Saline Ropivacaine

|

Lidocaine

Bupivacaine  Mepivacaine

B Cellular Metabolism — 60 Minute Exposure

250

200

150

Saline Ropivacaine

g 100 .
) .
0 . , . . ‘

Lidocaine

Bupivacaine Mepivacaine

Figure 6. Local anesthetics (LAs) induce cell death in adherent human mesenchymal stem cells. Following 60-minute exposure to LAs at 50%
of the stock solution, cells were visualized (X 1,172 magnification). (A): Morphological changes by phase-contrast (i) and viability using calcein
red-orange (ii), SYTOX green (iii), and merged channels (iv). Scale bars = 100 um. (B): Quantification of cellular metabolism via PrestoBlue is
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adhesion is a process that is mediated (in part) by intracellular cal-
cium and s largely dependent on the activity of intracellular calcium
stores for regulation [37—-39]. Thus, we postulated that intracellular
calcium stores are depleted during LA exposure and that specific
LA types are more effective in activating this cascade; the conse-
quences include hMSC apoptosis and abrogated adhesion.

In the interest of determining whether calcium played a role
in LA-mediated hMSC death, we labeled the ER of adherent
hMSCs concurrently with an intracellular calcium dye and exag-
gerated the effect of the LAs by adding them at 90% SS. Bupiva-
caine and ropivacaine were chosen based on our earlier data
regarding apoptotic/cell death phenotypes following exposure,
where bupivacaine was the most robustin inducing the phenotypes
and ropivacaine the least. Immediately prior to LA administration,
the labeled cells were visualized by fluorescent microscopy toiden-
tify the ER structure and intracellular calcium deposits. We found
that punctate calcium stores were colocalized with the ER as well as
the nucleus. The addition of bupivacaine at 90% SS resulted in

©AlphaMed Press 2014

calcium depletion within 10 minutes, marked by the loss of fluores-
cent intensity. At 20 minutes, most calcium appeared to have been
evacuated from intracellular calcium stores localized with the ER,
along with a noticeable loss of cytoplasmic calcium. Furthermore,
the ER structure became distorted and resembled a fragmented-
type morphology, a phenotype that has been previously linked to
calcium-induced apoptosis [40]. These observations suggest a piv-
otal role for calcium regulation in the initiation of the apoptotic cas-
cade during LA exposure and potentially explain the interruption of
hMSC adhesion, consistent with previous work in other cell types
[37-39]. It is possible that bupivacaine toxicity results from interac-
tion with the membrane protein sodium potassium ATPase [41],
which may trigger ER calcium depletion via interaction with the ino-
sitol triphosphate receptor [42, 43]. Alternatively, hMSCs treated
with ropivacaine did not follow this trend. Calcium stores remained
intact, and the ER did not undergo an observable morphological
change; however, there does appear to be the formation of
calcium-rich  membrane-based vesicles that extend into the
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extracellular environment. We question whether this may be an
hMSC-specific response to ropivacaine, characterized by the mobi-
lization of ropivacaine-bound plasma membrane proteins, providing
a potential mechanism for hMSC resistance to this specific LA.

Although performed in murine MSCs, our findings complement
the results reported by Lucchinetti et al. [24], and we find that ropi-
vacaine does not induce a significant degree of cell death at clini-
cally relevant doses. Contrary to the recent findings of Rahnama
et al. [25], our work identified diluted doses of bupivacaine to be
highly toxic to hMSCs within a 60-minute time course. Further-
more, we submit that ropivacaine is the ideal LA for use with
hMSC-based therapies (when required). We suspect that experi-
mental design plays a role in this discrepancy because initial expo-
sure of hMSCs to LAs by Rahnama et al. was for a period of 1 hour
before being washed and the cells allowed to expand [25]. Itis pos-
sible that the surviving fraction was able to propagate over the en-
suing 23 hours before measures were taken. In our study, we find
that the majority of adhered cells die within 60 minutes of bupi-
vacaine exposure (50% SS), as demonstrated by positive nuclear
staining in this hMSC population. Complementing these data is
our 40-minute time point, at which hMSCs exposed to 50% SS
bupivacaine resulted in >90% of the cell population in
apoptosis.

Across the spectrum of our study, we found that our results
are most comparable to those performed with articular chondro-
cytes [44]. Previously, short-term exposure to bupivacaine at high
doses (equivalent and higher than used in our study) for as little as
15 minutes was shown to result in significant human chondrocyte
death compared with the control [17]. Similarly, a comparative
study with human articular chondrocytes exposed to ropivacaine
(stock 0.5%) and bupivacaine (stock 0.5%) for 30 minutes showed
significantly greater viability in the ropivacaine-treated cells com-
pared with bupivacaine [22]; complementing results were derived
from articular bovine cartilage exposed to bupivacaine in vitro and
in vivo [17, 22, 45]. Our results support the previous claim that li-
docaine is less toxic than bupivacaine [20] but with respect to
hMSCs. Although mepivacaine appears to be the least characterized
in prior work, others suggest it is less toxic than bupivacaine and li-
docaine in equine chondrocytes [21], and this is partially supported
by our findings in hMSCs.

CONCLUSION

We have demonstrated that several common amide-type LAs are
capable of inducing apoptosis in hMSCs in a dose- and time-
dependent manner, possibly by means of intracellular calcium
store depletion and dysregulation of calcium signaling. Further-
more, LAs influence the ability for hMSCs to adhere in vitro, sug-
gesting an important role for delivery vehicles (e.g., fibrin glue) to
successfully place and maintain hMSCs at the sites of interest
when used in conjunction. The major exception was ropivacaine,
which, at the doses used in our study, did not induce significant
apoptosis and was not subject to the scale of failed adherence ob-
served with bupivacaine, lidocaine, and mepivacaine. In light of
our findings, it is of critical importance that medical providers ex-
ercise extreme caution in the selection of the amide-type LA used
and the dose administered during hMSC therapies to avoid com-
promising the integrity and potency of the cell-based therapy.

ACKNOWLEDGMENTS

Regenerative Sciences LLC/Centeno-Schultz Clinic was the exclu-
sive source of project funding. Patient samples were obtained at
the associated clinic of Centeno-Schultz.

AUTHOR CONTRIBUTIONS

R.C.D.: experimental design, data collection, data analysis and in-
terpretation, assembly of data, manuscript writing; N.F.L.: exper-
iment execution, data collection, manuscript revision; P.D.R. and
C.J.C.: conception, administrative support, manuscript revision.

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST

R.C.D. has compensated employment. N.F.L. ad P.D.R. compen-
sated employment with Regenerative Sciences. C.J.C. is the com-
pensated CEO of Regenerative Sciences, is an uncompensated
intellectual property rights/patent holder with Regenerative Sci-
ence and Biorestorative Therapies, is a compensated consultant
for Biorestorative Therapies, and has stock options in Regenera-
tive Sciences, Neostem, and Bioregenerative Therapies.

REFERENCES

1 Prockop DJ, Kota DJ, Bazhanov N et al.
Evolving paradigms for repair of tissues by adult
stem/progenitor cells (MSCs). J Cell Mol Med
2010;14:2190-2199.

2 ArinzehTL, PeterSJ, Archambault MP et al.
Allogeneic mesenchymal stem cells regenerate
bone in a critical-sized canine segmental defect.
J Bone Joint Surg Am 2003;85-A:1927-1935.

3 Bruder SP, Jaiswal N, Ricalton NS et al.
Mesenchymal stem cells in osteobiology and
applied bone regeneration. Clin Orthop Relat
Res 1998;(suppl):S247-S256.

4 Bruder SP, Kraus KH, Goldberg VM et al.
The effect of implants loaded with autologous
mesenchymal stem cells on the healing of ca-
nine segmental bone defects. J Bone Joint Surg
Am 1998;80:985-996.

5 BruderSP, Kurth AA, Shea M et al. Bonere-
generation by implantation of purified, culture-
expanded human mesenchymal stem cells. J
Orthop Res 1998;16:155-162.

www.StemCellsTM.com

6 Horie M, Choi H, Lee RH et al. Intra-
articular injection of human mesenchymal stem
cells (MSCs) promote rat meniscal regeneration
by being activated to express Indian hedgehog
that enhances expression of type Il collagen. Os-
teoarthritis Cartilage 2012;20:1197-1207.

7 Mohanty ST, Bellantuono I. Intra-femoral
injection of human mesenchymal stem cells.
Methods Mol Biol 2013;976:131-141.

8 Toma C, Pittenger MF, Cahill KS et al. Hu-
man mesenchymal stem cells differentiate to
a cardiomyocyte phenotype in the adult murine
heart. Circulation 2002;105:93-98.

9 Pittenger MF, Mackay AM, Beck SC et al.
Multilineage potential of adult human mesen-
chymal stem cells. Science 1999;284:143-147.

10 Discher DE, Mooney DJ, Zandstra PW.
Growth factors, matrices, and forces combine
and control stem cells. Science 2009;324:
1673-1677.

11 Singec|,Jandial R, Crain A et al. The lead-
ing edge of stem cell therapeutics. Annu Rev
Med 2007;58:313-328.

12 Prockop DJ, Oh JY. Medical therapies
with adult stem/progenitor cells (MSCs): A
backward journey from dramatic results in vivo
to the cellular and molecular explanations. J Cell
Biochem 2012;113:1460-1469.

13 Ballieul RJ, Jacobs TF, Herregods S et al.
The peri-operative use of intra-articular local
anesthetics: A review. Acta Anaesthesiol Belg
2009;60:101-108.

14 Buvanendran A, Thillainathan V.. Preop-
erative and postoperative anesthetic and anal-
gesic techniques for minimally invasive surgery
of the spine. Spine (Phila Pa 1976) 2010;35
(suppl):S274-5280.

15 Kuroda T, Matsumoto T, Mifune Y et al.
Therapeutic strategy of third-generation autol-
ogous chondrocyte implantation for osteoar-
thritis. Ups J Med Sci 2011;116:107-114.

16 Braun HJ, Busfield BT, Kim HJ et al. The ef-
fect of local anaesthetics on synoviocytes: A
possible indirect mechanism of chondrolysis.
Knee Surg Sports Traumatol Arthrosc 2013;21:
1468-1474.

©AlphaMed Press 2014



374

17 ChuCR,lzzoNJ, Coyle CHetal. Theinvitro
effects of bupivacaine on articular chondro-
cytes. J Bone Joint Surg Br 2008;90:814-820.

18 ChuCR,IzzoNJ, Papas NE etal. In vitro ex-
posure to 0.5% bupivacaine is cytotoxic to bo-
vine articular chondrocytes. Arthroscopy
2006;22:693-699.

19 Dragoo JL, Braun HJ, Kim HJ et al. The in
vitro chondrotoxicity of single-dose local anes-
thetics. Am J Sports Med 2012;40:794-799.

20 Karpie JC, Chu CR. Lidocaine exhibits
dose- and time-dependent cytotoxic effects
on bovine articular chondrocytes in vitro. Am
J Sports Med 2007;35:1621-1627.

21 ParkJ, Sutradhar BC, Hong G et al. Com-
parison of the cytotoxic effects of bupivacaine,
lidocaine, and mepivacaine in equine articular
chondrocytes. Vet Anaesth Analg 2011;38:
127-133.

22 Piper SL, Kim HT. Comparison of ropiva-
caine and bupivacaine toxicity in human articu-
lar chondrocytes. J Bone Joint Surg Am 2008;90:
986-991.

23 Syed HM, Green L, Bianski B et al. Bupiva-
caine and triamcinolone may be toxic to human
chondrocytes: A pilot study. Clin Orthop Relat
Res 2011;469:2941-2947.

24 Lucchinetti E, Awad AE, Rahman M et al.
Antiproliferative effects of local anesthetics on
mesenchymal stem cells: Potential implications
for tumor spreading and wound healing. Anes-
thesiology 2012;116:841-856.

25 Rahnama R, Wang M, Dang AC et al. Cy-
totoxicity of local anesthetics on human mesen-
chymal stem cells. J Bone Joint Surg Am 2013;
95:132-137.

26 Kraus VB, Stabler TV, Kong SY et al. Mea-
surement of synovial fluid volume using urea.
Osteoarthritis Cartilage 2007;15:1217-1220.

Local Anesthetics and Human Mesenchymal Stem Cells

27 Centeno CJ, Kisiday J, Freeman M et al.
Partial regeneration of the human hip via autol-
ogous bone marrow nucleated cell transfer: A
case study. Pain Physician 2006;9:253-256.

28 Dominici M, Le Blanc K, Mueller | et al.
Minimal criteria for defining multipotent mes-
enchymal stromal cells. The International Soci-
ety for Cellular Therapy position statement.
Cytotherapy 2006;8:315-317.

29 Saberi B, Shinohara M, Ybanez MD et al.
Regulation of H(2)O(2)-induced necrosis by PKC
and AMP-activated kinase signaling in primary
cultured hepatocytes. Am J Physiol Cell Physiol
2008;295:C50-C63.

30 Menon AK. Flippases. Trends Cell Biol
1995;5:355-360.

31 Steadman JR, Rodkey WG, Singleton SB
et al. Microfracture technique forfull-thickness
chondral defects: Technique and clinical re-
sults. Operative Techniques Orthop 1997;7:
300-304.

32 Gobbi A, Bathan L. Biological approaches
for cartilage repair. J Knee Surg 2009;22:36-44.

33 Gobbi A, Karnatzikos G, Scotti C et al.
One-step cartilage repair with bone marrow as-
pirate concentrated cells and collagen matrix in
full-thickness knee cartilage lesions: Results at
2-year follow-up. Cartilage 2011;2:286-299.

34 Wertz IE, Dixit VM. Characterization of
calcium release-activated apoptosis of LNCaP
prostate cancer cells. J Biol Chem 2000;275:
11470-11477.

35 Orrenius S, Zhivotovsky B, Nicotera P.
Regulation of cell death: The calcium-
apoptosis link. Nat Rev Mol Cell Biol 2003;4:
552-565.

36 Assefa Z, Bultynck G, Szlufcik K et al.
Caspase-3-induced truncation of type 1 inositol
trisphosphate receptor accelerates apoptotic

cell death and induces inositol trisphosphate-
independent calcium release during apoptosis.
J Biol Chem 2004;279:43227-43236.

37 HongX, Jiang F, Kalkanis SN et al. Intracel-
lular free calcium mediates glioma cell detach-
ment and cytotoxicity after photodynamic
therapy. Lasers Med Sci 2009;24:777-786.

38 Sjaastad MD, Lewis RS, Nelson WJ. Mech-
anisms of integrin-mediated calcium signaling
in MDCK cells: Regulation of adhesion by IP3-
and store-independent calcium influx. Mol Biol
Cell 1996;7:1025-1041.

39 Sjaastad MD, Nelson WJ. Integrin-
mediated calcium signaling and regulation of
cell adhesion by intracellular calcium. Bioessays
1997;19:47-55.

40 Hanson CJ, Bootman MD, Distelhorst CW
et al. The cellular concentration of Bcl-2 deter-
mines its pro- or anti-apoptotic effect. Cell Cal-
cium 2008;44:243-258.

41 Kutchai H, Geddis LM, Farley RA. Effects
of local anaesthetics on the activity of the Na,
K-ATPase of canine renal medulla. Pharmacol
Res 2000;41:1-7.

42 Tian J, Xie ZJ. The Na-K-ATPase and
calcium-signaling microdomains. Physiology
(Bethesda) 2008;23:205-211.

43 Takahashi S. Local anaesthetic bupiva-
caine alters function of sarcoplasmic reticu-
lum and sarcolemmal vesicles from rabbit
masseter muscle. Pharmacol Toxicol 1994;
75:119-128.

44 Piper SL, Kramer JD, Kim HT et al. Effects
of local anesthetics on articular cartilage. Am J
Sports Med 2011;39:2245-2253.

45 Chu CR, Coyle CH, Chu CT et al. In vivo
effects of single intra-articular injection of
0.5% bupivacaine on articular cartilage. J Bone
Joint Surg Am 2010;92:599-608.

9_) See www.StemCellsTM.com for supporting information available online.

©AlphaMed Press 2014

STEM CELLS TRANSLATIONAL MEDICINE



www.StemCellsTM.com

