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ABSTRACT

Electro-acupuncture (EA) performed in rats and humans using front-limb
acupuncture sites, LI-4 and LI-11, and Du-14 and Du-20 increased functional
connectivity between the anterior hypothalamus and the amygdala and
mobilized mesenchymal stem cells (MSC) into the systemic circulation. In
human subjects, the source of the MSC was found to be primarily adipose
tissue whereas in rodents the tissue sources were considered more heter-
ogeneous. Pharmacological disinhibition of rat hypothalamus enhanced
sympathetic nervous system (SNS) activation and similarly resulted in a
release of MSC into the circulation. EA-mediated SNS activation was fur-
ther supported by browning of white adipose tissue in rats. EA treatment
of rats undergoing partial rupture of the Achilles tendon resulted in re-
duced mechanical hyperalgesia, increased serum IL-10 levels and tendon
remodeling, effects blocked in propranolol-treated rodents. To distinguish
the afferent role of the peripheral nervous system, phosphoinositide-
interacting regulator of transient receptor potential channels (Pirt)-
GCaMP3 (genetically encoded calcium sensor) mice were treated with EA
directed at hind limb immune points, ST-36 and Liv-3 and resulted in a rap-
id activation of primary sensory neurons. EA activated sensory ganglia and
SNS centers to mediate the release of MSC that can enhance tissue repair,
increase anti-inflammatory cytokine production and provide pronounced
analgesic relief. STem CELLS 2017, 00:000-000
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EA promotes CNS-dependent release of MSC

In this study we show how the use
of electroacupuncure at specific
points stimulates mesenchymal
stem cell (MSC) release into pe-
ripheral blood through the activa-

tion of the nervous system. Electroacupuncture could be used to aid tissue
repair through increasing the levels of circulating MSC. Moreover, MSC can
be harvested directly from the blood of electroacupuncture-treated humans
and animals and expanded ex-vivo. Thus, electroacupuncture may be a low-
cost, low-risk method for MSC harvest for autologous stem cell therapy.

INTRODUCTION

Acupuncture, one of the oldest medical therapies, me-
diates its therapeutic effect through the insertion of
needles into specific points in the body called acupoints
[1]. Electroacupuncture (EA) combines traditional acu-
puncture with modern electrotherapy as a means to
enhance the stimulation at the acupoints. Acupoints are
located in areas of decreased electrical resistance and
increased electrical conductivity in the body attributed
to both neural and vascular elements in the dermis or
hypodermis [2]. Histological studies reveal that acu-
points are located in areas with high densities of free
nerve endings, arterioles, lymphatics and mast cells [3].
Certain acupoints have been identified to correspond to
specific neural structures, such as superficial nerves and
nerve plexuses [3].

The primary mechanism implicated in the anti-
nociceptive effect of acupuncture involves release of
opioid peptides in the central nervous system (CNS) in
response to the long-lasting activation of ascending
sensory tracks during the stimulation [1]. Adenosine has
also been implicated, and interfering with adenosine
metabolism prolonged the clinical benefit of acupunc-
ture [4].

While both anatomical characteristics and local me-
diators of signaling are associated with specific acu-
points, the mechanism responsible for the beneficial
systemic effects and healing associated with acupunc-
ture still lacks understanding. In this study, we sought to
understand the central and peripheral nervous system
response to EA using two sets of points (1: LI-4, LI-11,
Du-14 and Du-20; 2:ST36 and Liv-3, Supplementary Fig-
ure S1) associated with successful treatment of arthritis
and asthma and with modulation of immunity [5].

RESULTS

EA induces activation of hypothalamic re-

gions of the brain in both rats and humans

The systemic beneficial effects of EA may be centrally-
driven, therefore we sought to determine the relation-
ship between the hypothalamus and other brain struc-
tures, which is termed “connectivity”. The hypothala-
mus plays a critical role as a primary homeostatic center
in the brain and contains neurons with important pro-
jections to other limbic sites and sympathetic nuclei
directly communicating with the periphery. To deter-
mine whether the hypothalamus was involved in the EA
response, BOLD fMRI was performed in anesthetized
male Sprague-Dawley rats (n=6) during a single EA ses-
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sion. Connectivity was derived from 4 time points: base-
line, 0-8 minutes during EA, 9-22 minutes and immedi-
ately post-EA. Seed regions included the anterior, pos-
terior, and lateral hypothalamus. EA-stimulation pro-
duced changes in rats in the strength of functional con-
nectivity within the hypothalamus and between the
hypothalamus and adjacent brain regions, such as the
amygdala (Figure 1 A), compared to baseline and the
post-EA period. A representative example of the in-
crease in signal (over time) in the PVN of a rat receiving
acupuncture is shown in Figure 1 B.

Arterial spin labeling fMRI was performed in healthy
human subjects (n=6) during a single EA session. Con-
nectivity was derived from 4 time points: baseline, 0-8
minutes during EA, 8-16 minutes during EA and imme-
diately post-EA. EA stimulation produced changes in
humans in the strength of functional connectivity within
the hypothalamus and between the hypothalamus and
adjacent brain regions (Figure 2) compared to baseline
and the post-EA period. Thus, rats and humans exhibit-
ed a similar response in terms of the connectivity ob-
served.

Since these regions have been associated with hem-
atopoietic stem cell mobilization [6], peripheral blood
was examined in the rat before and following EA for
evidence of MSC mobilization. A 313% increase in the
circulating mesenchymal stem cell (MSC) population,
Lin'CD90'CcD44™ cells, was detected in the blood of EA-
treated rats 2 h post-EA compared to baseline (Figure 3
A, B).

Characterization of human EA mobilized MSC

as adipocyte-derived MSC

The availability of human antibodies to fully character-
ize the populations of cells mobilized by EA lead us to
next examine the populations of cells mobilized by EA in
the human subjects that underwent fMRI. Due to limita-
tions regarding the fMRI equipment used, only points
Du-14, LI-11 and LI-14 were able to be used in this ex-
periment. We observed an increase in MSC in the pe-
ripheral blood two hours following EA in all subjects
(Figure 3 C) while total lymphocyte numbers did not
change. To further characterize the MSC population and
potentially determine whether they were released from
adipose stores, the levels of CD34°CD45CD31 cells
were examined. Two hours following completion of EA,
CD34°CD45CD31  cells were increased in 4 of 6 individ-
uals (Figure 3 D) and the response was proportional to
the body mass index of the subjects as previously noted
[7]. Two individuals with body mass index less than 18.5
did not demonstrate an increase in this population.
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Human EA mobilized cells MSC were expanded in vitro
and underwent adipogenic differentiation. Adipogene-
sis potential was confirmed by the cells’ ability to form
lipid droplets as established through Oil Red O staining
(Figure 3 E-H).

Because hypothalamic activation (Figure 1 B) pre-
ceded the mobilization of circulating MSC, it was pro-
posed that the EA-induced connectivity changes con-
tributed to the subsequent release of these cells into
the peripheral blood. Exogenous administration of epi-
nephrine or dopamine in rats resulted in a similar in-
crease of LinCD90"'cD44" cell population into the circu-
lation (Supplementary Figure S2 A-C), supporting the
role of CNS in mobilization of MSC and in EA activating
these key CNS centers.

EA-induced uncoupling protein 1 (UCP1) ex-
pression promotes the browning of white ad-

ipose tissue (WAT) in rats

To confirm that EA can activate the SNS, we asked
whether EA was associated with browning of WAT. The
"inducible/recruitable" brown-like (beige a.k.a bright)
adipocytes arise in WAT and are functionally indistin-
guishable from adipocytes in the canonical (constitu-
tive) brown adipose tissue [8, 9]. The function of brown
and beige adipocytes is muscle-independent thermo-
genic energy dissipation, which relies on the function of
uncoupling protein 1 (UCP1) [10]. Following 14 days of
EA (every other day) in rats, UCP1 immunofluorescence
of inguinal subcutaneous WAT was increased (Figure 4
A), indicating a greater number of brown adipocytes,
compared to control (sham EA) (Figure 4 B). Consistent
with the notion that SNS signaling mainly activates sub-
cutaneous WAT, no changes were detected in intraperi-
toneal WAT.

Pharmacological disinhibition of the dor-
somedial regions of the tuberal hypothala-
mus mobilizes Lin-CD90HICD44+ cells into the

circulation

To confirm that activation of the SNS can mediate
release of MSC, we performed stereotaxic injections
with the GABAA receptor antagonist bicuculline me-
thiodide (BMI) in the dorsomedial regions of the tuberal
hypothalamus to disinhibit these regions. Histological
verification of injection sites is indicated in the illustra-
tion (Figure 4 C). The exact location of all injection sites
are shown on coronal sections from a Standard Stereo-
taxic Atlas of the Rat Brain [11] (Figure 4 C) and a pho-
tomicrograph that shows the representative injection
site (Figure 4 D). In rats, BMI at the dose of 50 pmol
increased the percentage of circulating Lin-
CD90HICD44+ cells (F (2, 14) =6.7, p=0.027) at 4 h post
injection of BMI (Figure 4 E) in the absence of EA. These
results demonstrate that circulating Lin-CD90HICD44+
cells are mobilized during hypothalamic disinhibition
and EA. However, the delay in release (4 h) compared to
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EA (2 h) may suggest an alternative mechanism of re-
lease.

EA-treated rodents exhibit reduced mechani-
cal hyperalgesia, increased serum IL-10 levels
and enhanced tissue remodeling following

partial Achilles tendon rupture

To address the possible anti-inflammatory and analgesic
effects of EA-mobilization of circulating MSC [7], we
analyzed the contribution of an EA treatment paradigm
on injury-induced hyperalgesia in rats in the presence
and absence of a B-blocker, propranolol. Treatments
included EA (i.e., applied to immune acupoints LI-4, LI-
11, Du-14 and Du-20), sham EA (i.e., applied to skin not
associated with an acupoint) or EA plus propranolol
(i.e., potential inhibitor for sympathetic effects of EA).
EA or sham EA was administered every other day for
two weeks following injury. Using sham EA applied to
non-immune acupoints or EA plus propranolol, nocicep-
tive behavior elicited by von Frey mechanical stimula-
tion did not change over the time course in the hind
paw ipsilateral to the injury (Supplementary Figure S3).
In contrast, mechanical hyperalgesia (assessed at both
day 7 and 14) was considerably decreased (i.e. able to
tolerate more pressure) in injured rodents subjected to
EA application at LI-4, LI-11, Du-14 and Du-20 (Figure 5
A). At early stages of tendon repair, the granulation
tissues mainly synthesize type Il collagen, while at later
stages of healing, intrinsic fibroblasts produce type |
collagen, whose fibers are orientated longitudinally to
replace type Il collagen. At 14 days post-injury EA
sham-treated or EA plus propranolol did not change
type | collagen content, while type | collagen was signif-
icantly enhanced by EA (Figure 5 B); there was no
change in type lll collagen across treatments (Figure 5
C). Taken together, these data suggest that EA may en-
hance the replacement of thinner and immature type i
collagen fibers with mature type | collagen fibers in the
injured tendon [12], thereby supporting a better quality
of regeneration and tissue reorganization. Given that EA
can attenuate mechanical hyperalgesia and enhance
tissue reorganization, we examined possible alterations
of the anti-inflammatory cytokine, IL-10, in blood plas-
ma. Previous evidence suggested that EA following sur-
gical trauma contributed to increased levels of IL-10 by
T-cells [13] and focal microinjections of IL-10 diminish
mechanical hyperalgesia [14]. The results herein
demonstrate that tendon injury in rodents subjected to
sham EA or EA combined with propranolol fail to pro-
duce detectable changes in plasma IL-10. However, in-
jured rodents treated with EA significantly increased IL-
10 in plasma. These results indicate that EA increases
production of the endogenous anti-inflammatory cyto-
kine IL-10 (Figure 5 D).
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EA performed over immune points in Pirt-
GCaMP3 mice rapidly activates primary sen-

SOry neurons

We next examined mice to confirm that EA stimulation
of acupoints (LI-4, LI-11 and Du-14 and Du-20) resulted
in mobilization of MSC. At 4 h post EA, murine MSC as
defined by LinPDGFRa"Sca-1" cells were significantly
increased (p=0.01) in peripheral blood, a response that
was markedly reduced when mice were pretreated with
propranolol (Supplementary Figure S4). Immune acu-
points are present on both the front and hind limbs of
mice and are differentially utilized based on their ease
of access in the particular species undergoing EA. Thus,
we used acupoints in both front limbs (LI-4, LI-11) and
hind limbs (ST-36 and Liv-3). To distinguish the afferent
stimulation of the hypothalamus by peripheral acu-
points, we treated Pirt-GCaMP3 mice with either a nox-
ious hind paw pinch (100-gram force) or EA directed at
the hind limb acupoints (Figure 6 A-F). Hind paw stimu-
lation evoked robust and transient Ca," increases in 10-
20 neurons per DRG in naive mice, on average 12.7+3.0
per DRG (Figure 6 A, B) of which nearly all were small
diameter neurons (<20 um; Supplementary Figure S5,
Supplementary Video 1) suggestive of pain fibers.
Placement of acupuncture needles alone did not elicit
activity in sensory neurons (Figure 6 C, D; Supplemen-
tary Video 2). We noticed a striking pattern of neuronal
activation in the DRG following EA stimulation; many
activated neurons were medium to large diameter neu-
rons (medium [20-25 um]; large [>25 um] with an aver-
age of 6.1+4.0 neurons per ganglia; (Figure 6 E, F; Sup-
plementary Video 3) suggesting activation of touch
fibers.

EA at immune points in the forelimbs prefer-
entially mobilizes MSC whereas EA of im-
mune points in the hind limb mobilizes mac-

rophages into the circulation

Acupuncture of horses and humans is pursued with the
same rigor and is not as technically difficult as acupunc-
ture in rodents. We examined the forelimb (LI-4, LI-11
and GV-14 and GV-20) and hind limb immune (ST36, Liv-
3 and GV-14 and GV-20) in horses. Peripheral blood of
horses (n=30) undergoing EA at LI-4, LI-11 and GV-14
and GV-20 was examined first. However, due to the
limited availability of equine MSC antibodies compared
to humans and mice, stem cell mobilization into periph-
eral blood was confirmed by measuring circulating cell
colony-forming ability in vitro. While colony-forming
cells were rarely seen at baseline, colony-forming ability
was easily detected in blood samples obtained 2 and 4 h
after EA (Figure 7 A), the identical time points examined
in humans and rats. Blood collected at 2 and 4 h post EA
using mock acupoints approximately 1 cm from the im-
mune points in the same horses did not give rise to col-
onies in vitro. Importantly, and representing a more
critical control than simply sham acupoints, the use of
metabolic points similarly did not give rise to significant-
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ly more colonies in vitro (Figure 7 A). To further verify
the stem/progenitor characteristics of the equine cells,
clonogenic potential was determined using single cell
assays. EA-mobilized cells showed robust clonogenic
potential, with over 75% proliferating into 2 or more
cells, and over 50% of them resulting in large colonies of
10,000 cells or more; levels of proliferation that are
generally reflective of stem/progenitor cells (Figure 7
B). The MSC origin of the mobilized colony forming cells
was confirmed by their in vitro differentiation into os-
teocytes as demonstrated by positive staining for calci-
um deposits, (Figure 7 C panels a, b (controls: panels e,
f), as well as their adipogenic differentiation (Figure 7 C
panels ¢, d (controls: panels g, h) and chondrogenic
differentiation (Figure 7 C, panels i, j) supporting that
equine EA-mobilized cells display MSC lineage charac-
teristics. When the EA-mobilized equine cells were ex-
amined in the in vivo angiogenesis assay, the cells did
not directly form blood vessels (Figure 7 D, panel a) or
lumenize; thus supporting a non-endothelial origin.
However co-implantation of the EA-mobilized equine
cells with human cord blood derived endothelial colony
forming cells (ECFCs) significantly enhanced ECFC vascu-
logenesis (Figure 7 D, panels b, c) and the number of
human vessels with an arterial morphology (Figure 7 E).
Furthermore, when the EA-mobilized MSC were co-
cultured with hECFC in vitro, a significant increase in
HEY2 expression was observed in the endothelial cells,
which indicated that the addition of the equine cells
promoted arteriogenesis, as the Notch signaling path-
way is known to be active in arterial vascular endotheli-
al cells (Figure 7 F). Overall, these data support that EA-
mobilized cells display MSC characteristics and enhance
human ECFC vasculogenesis and arteriogenesis.

To compare the EA-mobilized MSC (EA-MSC) to oth-
er MSC populations derived from either depots of adi-
pose tissue (ASC) or the bone marrow (BM-MSC), we
performed gene array studies. Of the ~30,000 genes
present on the EquGene-1_0-st GeneChip®, 678 showed
significant differences between EA-MSC and BM-MSC,
1164 between the EA-MSC and ASC and 1193 between
ASC and BM-MSC (all p < 0.05 and absolute fold change
>2) (Supplementary Tables 1-3). Principal component
analysis (PCA) mapping (Supplementary Figure S6 A),
hierarchical clustering (Supplementary Figure S6 B) and
partitioning clustering (Supplementary Figure S6 C)
showed that the EA-MSC, BM-MSC and the ASC segre-
gated into distinct groups. This suggests either that the
EA-mobilized MSC population may be derived from a
source distinct from either adipose tissue or bone mar-
row, or that their mobilization into the systemic circula-
tion modified their gene expression from that of the
BM-MSC or ASC obtained directly from their tissue
source. Genes that were specifically upregulated in the
EA-MSC cells compared to BM-MSC and ASC (Supple-
mentary Figure S6 C, Cluster 1) encoded numerous pro-
teins with roles in cell cycle control and progression,
DNA replication and repair, endothelial cell physiology,
and adhesion and migration (BGN, CTH, DHFR, ENG,
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EDN1, MYOF, PROCR, VEGF, several integrins, and
SERPINB2). In addition, this group contained genes cod-
ing for enzymes implicated in extracellular matrix syn-
thesis, such as proteoglycans (e.g., HAS2, also possibly
involved in vasculogenesis, CHSY1, GCNT4, etc.) and
collagens (COL1A1, COL1A2, COL3A1, COL5A1, COL5A2,
COL12A1). Furthermore, EA-MSC cells expressed several
growth hormones, hormone receptors and members of
their signaling pathways (FGF5, BDNF, HTR2A,
ADORAZ2B, and RLN) (Supplementary Tables S1 and S3).

Genes showing the greatest decreases in EA-MSC
cells (Supplementary Figure S6 C, Cluster 2) were acute-
phase response genes and protease inhibitors (HP,
SAA1, JAM2, C1S, C1R, and SLPI), concordant with the
fact that stimulation of EA points reduces acute and
chronic inflammation (Supplementary Tables S2 and
S4).

The pathways in which were involved the genes dif-
ferentially expressed between EA-MSC and BM-MSC
were analyzed using IPA’, and included cellular growth
and proliferation, hepatic pathways and embryonic
stem cell pluripotency, DNA damage response, axonal
guidance signaling, cardiovascular system development,
mitotic roles of polo-like kinase, as well as cell cycle:
G2/M DNA damage checkpoint regulation, cell cycle
control of chromosomal replication, GADD45 signaling
and ATM signaling (Supplementary Table S5).

In contrast, BM-MSC demonstrated increased ex-
pression of genes involved in inflammatory responses
(acute phase, cytokine signaling), cell motility, and re-
sponse to hormones and growth factors (Supplemen-
tary Figure S6 C, Cluster 3), while ASC displayed highly
increased expression of genes related to cholesterol,
fatty acids and lipid metabolism, inflammatory response
and redox homeostasis (Supplementary Figure S6 C,
Cluster 4).

Changes of representative genes (ADAM23, COL1A1,
ENG, FGF5, GCNT4, HP, IGFBP-3, RLN, SAAl and
SERPINB2) were further validated by real-time PCR
(Supplementary Figure S7).

Contemporary interpretation of EA must consider
contributions from the dry needle as well as the electri-
cal stimulation itself, as performed in clinical applica-
tions such as transcutaneous electrical stimulation
(TENS). Therefore, we next asked whether TENS per-
formed with adhesive electrodes versus EA placed at
immune acupoints LI-4, LI-11 and GV-14 and GV-20
would result in similar MSC mobilization. All horses
(n=6) stimulated with TENS at LI-4, LI-11 and GV-14 and
GV-20 resulted in mobilization of MSC as confirmed by
growth of MSC cultures (Supplementary Figure S8)
from the 2 h peripheral blood sample obtained follow-
ing TENS.

As shown in Figure 6, EA at ST-36 and Liv-3 results in
the activation of medium to large diameter neurons
suggesting activation of touch fibers. EA at ST-36 and
Liv-3 and GV-14 and GV-20 resulted in the release of
cells exhibiting the appearance of macrophages, which
was confirmed by their ability to phagocytose fluores-
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cently-labeled E. coli particles (Supplementary Figure
S9).

DISCUSSION

In this study, we make the highly novel observation
that EA at immune points releases key populations in
the peripheral blood (MSC and macrophages) that can
modulate physiological responses to injury. While the
effect of EA on analgesia is well-accepted, until now the
effect of EA on release of reparative cell populations is
largely unknown. Of equal importance is that the effect
of EA we observed is uniform across four species. The
fMRI studies in both humans and rats support that EA
activates the hypothalamus leading to mobilization of
MSC. These cells can be ex vivo expanded and they
demonstrate the phenotypic and functional characteris-
tics of MSC. Depending on the set of immune points
utilized the reparative population released varies. When
the EA at GV-14 and GV-20 is performed with the fore-
limb points (LI-4, LI-11), MSC are released into the
blood, whereas when EA at GV-14 and GV-20 is per-
formed with the hind limb (ST-36 and Liv-3) points mac-
rophage-like cells are released instead (Supplementary
Figure S1). Similar responses to those observed with
forelimb immune points were observed with injections
of either epinephrine or dopamine and with pharmaco-
logical disinhibition of the tuberal hypothalamus with
the GABA, receptor antagonist bicuculline methiodide
in rats. Pharmacological disinhibition of the tuberal hy-
pothalamus increases plasma concentration of norepi-
nephrine by 100% and epinephrine by 400% [15]. Deep
brain stimulation of the tuberal hypothalamus of hu-
mans also enhances sympatho-excitation [16]. Fur-
thermore, these electrical activities could be replaced
by TENS stimulation at the precise EA points. Thus, the
mobilization of MSCs is likely centrally-mediated
through hypothalamic activation and subsequent SNS
activity. There has been increasing interest and evi-
dence supporting the role of the SNS as a regulator of
immune cell release, as appropriate activation and sig-
naling is necessary to mobilize these cells into the blood
stream [6].

TENS is a widely accepted method of pain relief [17].
The use of TENS over acupoints is a relatively new appli-
cation, with some using the term transcutaneous EA
[18]. Methods to mobilize circulating MSC (i.e. epineph-
rine, dopamine, substance P and GM-CSF) or hemato-
poietic stem cells (i.e. chemotherapy, growth factors, or
AMD3100 [19-22]) into the bloodstream are plagued by
adverse side effects; however use of EA or TENS repre-
sents an easy and inexpensive approach to increasing
MSC numbers in the peripheral blood to allow MSC har-
vest and ex vivo expansion.

EA has been reported to have long-lasting and pow-
erful analgesic effects in models of both acute and
chronic pain [23, 24]. Adrenergic receptors or GABAer-
gic modulation through peripheral, spinal, and su-
praspinal mechanisms, as well as adenosine Al recep-
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tors have been implicated as part of the underlying
mechanisms of this effect [4, 25-27]. EA-induced mobili-
zation of circulating MSC may have served to directly or
indirectly modulate anti-inflammatory and immuno-
modulatory properties in vivo [28, 29], as we show by
the increase in serum IL-10 levels and the observed re-
duced mechanical hyperalgesia. This would suggest that
EA limits the production of nociceptive pro-
inflammatory cytokines and serve to enhance tissue
remodeling following tendon injury [30-32]. In contrast,
chronic treatment with the non-selective B-adrenergic
receptor antagonist, propranolol, effectively block EA’s
anti-inflammatory activity [33, 34]. Monocyte mobiliza-
tion into peripheral blood can also be mediated by
sympathetic signaling [35]. In our studies, the use of
hind-limb points mobilized a cell type that acquired a
macrophage-like phenotype in culture and that pre-
sented strong phagocytic activity in vitro. These activat-
ed cells could be playing a role in modulation of the
cytokine milieu leading to EA-mediated repair and anal-
gesia (Supplementary Figure S10). The specificity of cell
mobilization according to the points warrants further
study.

The activation of the SNS with EA is further support-
ed by our results demonstrating that EA at the specific
points LI-11, LI-4, Du-14 and Du-20 promoted browning
of WAT in rats. Brown adipose tissue counter-acts WAT
function [36, 37]. This effect was accomplished using an
every other day EA protocol for 14 days. Shen et al.
used points typically associated with treatment of obe-
sity (acupoints ST-36 and ST-44) 6 times per week for 5
weeks in DIO mice to accomplish this same effect. They
did not observe weight loss or a decrease in appetite in
the EA-treated mice; however, they did observe a re-
duction in the ratio of WAT weight /body weight sug-
gesting that EA increased lipolysis in obese mice. WAT
‘browning’ is driven by sympathetic nervous system
stimuli, such as cold temperature, and signal transduc-
tion cascades triggered by catecholamines activating B3
adrenergic receptors [36, 38, 39]. UCP1" thermogenic
brown-like (beige/bright) adipocytes within WAT [40,
41] activate energy expenditure and can counteract
metabolic consequences of obesity [42, 43]. Even a mild
reduction in lipid content in WAT associated with its
browning activates energy expenditure and has positive
metabolic benefits [44, 45]. Fat browning has been con-
sidered as a promising avenue in diabetes treatment
[46].

CONCLUSION

Acupuncture is among the oldest healing practices in
the world and is currently one of the most rapidly grow-
ing complementary therapies. Our studies provide
strong support for the use of EA at specific immune
points to stimulate MSC and macrophage release into
peripheral blood through hypothalamic and SNS activa-
tion. EA may serve as a way to facilitate tissue repair
following injury by supplying high levels of circulating

www.StemCells.com

MSC into the circulation and could be used to treat
acute or chronic conditions associated with inflamma-
tion [47, 48]. Further, fMRI and direct neurostimulation
studies have confirmed SNS activation and the metabol-
ically beneficial response of browning of WAT. The im-
portance of adiposity is demonstrated in individuals
with body mass index of >18.5. We observed an in-
crease in the specific subset of MSC, the ASC population
only in these individuals. Importantly, EA stimulated
“browning” of WAT can enhance metabolism and influ-
ence glucose sensitivity. Furthermore, harvesting of
MSC from the blood of EA-treated human subjects and
ex vivo expansion is feasible and may serve as a practi-
cal method to harvest cells for autologous cell therapy,
free of the risks and discomfort associated with current
more invasive and toxic collection methods.
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Figure 1. EA stimulation increases hypothalamic functional connectivity in rats. (A) Rat brains were monitored
through fMRI during administration of EA. Functional connectivity increased within the hypothalamus and between
the hypothalamus and adjacent brain region with progression of treatment (n=6). (B) A representative example of the
increase in signal (over time) in the PVN of a rat receiving acupuncture (n=1).
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Figure 2. EA stimulation increases hypothalamic functional connectivity in humans. Brains from normal subjects
were monitored using fMRI before, during and after EA. Functional connectivity increased within the hypothalamus
and between the hypothalamus and adjacent brain regions with progression of treatment (n=6).
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Figure 3. EA stimulation induced MSC stem cell mobilization. A) Rat peripheral blood MSC were increased
(p=0.0063) after EA. Circulating MSC were defined as Lin (CD45CD31 erythroid CD11b’) cells that were positive for
CD44 and CD90. Gated cells increased post treatment (n=11 for baseline and 4 hours, n=9 for 2 hours). B) Representa-
tive flow charts for rat Lin™ cells are shown at baseline and 2 h samples. C) The percentage of human peripheral blood
MSC increased in post EA-treatment (p=0.006, n=6). D) The percentage of circulating MSCs from adipose tissue (AD-
MSC) are significantly elevated in 2 h post EA-treatment (p=0.033, n=4). E, F) EA-mobilized MSC were expanded in
vitro. After undergoing adipogenesis differentiation, EA-mobilized MSC developed fat deposits as seen by Oil Red
staining, which were not seen in the undifferentiated control cells (G, H). Magnification bars: E,G: 100 um; F,H: 50
um.
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Figure 4. EA increases sympathetic activation leading to browning of WAT and the effects of EA can be duplicated
by pharmacological disinhibition of hypothalamus (sympathetic activation). A, B) UCP1 immunofluorescence (red)
detectable in inguinal subcutaneous adipose tissue (blue: adipocytes nuclei) from animals that underwent EA treat-
ment (A) but not in control (B). EA resulted in an increase in beige adipocytes (n=4). Magnification bars: 50 um. C) The
effects of EA can be duplicated by pharmacological disinhibition of hypothalamus. Rats underwent injection of either
vehicle, 30 pmol or 50 pmol/100 nl of the GABA, receptor antagonist bicuculline methiodide (BMI). Sites of injections
are represented on a coronal section from the tuberal hypothalamus from a Standard Steroetaxic Atlas of the Rat
brain [11]. Colored circles indicate injection sites (black, orange and red represent vehicle, 30 pmol and 50 pmol re-
spectively). D) Representative photomicrograph showing an injection site from one rat. Abbreviations: 3V, 3" ventri-
cle; DMN, dorsomedial hypothalamic nucleus; f, fornix; mt, mammillothalamic tract; PeF, perifornical hypothalamus;
PH, posterior hypothalamic nucleus; ventromedial hypothalamic nucleus. Magnification bar: 1 mm. E) There was a
significant increase (p=0.027) in Lin'CD90"'CD44" cells in the plasma 4 h post an injection (n=6). Data presented as

means = SEM.
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Figure 5. EA-treated rodents exhibit reduced mechanical hyperalgesia, enhanced tissue remodeling and increased
serum IL-10 levels following partial Achilles tendon rupture. A) Effects of EA application on mechanical allodynia in
rats at 7 and 14 days after partial tendon rupture in the right hind leg. Mechanical hypersensitivity was determined by
measuring the change in weight-bearing forces on the affected limb. Behavioral changes in the hind paw tactile
threshold (in millinewtons, mN) were observed in the hindpaw ipsilateral to the tendon injury 18 hours after EA
treatment, EA sham treatment or EA treatment with propranolol. (*p<0.01 versus baseline. EA: n=9; EA: sham n=7;
EA+propranolol: n=10). B) EA increased type | collagen content in injured tendons in rats at 14 days after unilateral
Achilles tendon partial tenotomy. In EA treated animals (n=6), type-I collagen content was 24% greater in injured ten-
dons than EA sham treated tendons (n=7; p<0.05) and 28% greater in injured tendons than EA+propranolol treated
tendons (n=8; p<0.02). C) In contrast, there was no difference in type-Ill collagen content between injured EA and EA
sham or EA+propranolol treated tendons (p=0.67). D) IL-10 serum levels were also elevated in EA-treated rats com-
pared to EA sham and EA+propanolol animals (p=0.0041). Data presented as means = SEM.
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Figure 6. Small diameter primary afferent sensory neurons show sensitivity to pinch stimulus and medium-large
diameter neurons show sensitivity to EA in Pirt-GCaMP3 mice with intact dorsal root ganglia (DRG). Representative
fluorescent GCaMP3 neuronal imaging response by lumbar DRG in vivo before (A) and after a mechanical press of the
hindpaw using a 100 g force (B). The mechanical force evokes a robust fluorescent GCaMP3 ca” response in numer-
ous small sensory neurons (B; white arrows). Acupuncture needles alone failed to elicit neuronal changes in the same
lumbar DRG of the Pirt-GCamp3 mouse (C, D). EA-stimulation of the ST-36 and Liv-3 accupoints produced rapid acti-
vation of medium-larger diameter of the lumbar DRG (E, F; white arrows)(n=4, p<0.0001).
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Figure 7. EA-mediated sympathetic stimulation induces MSC release into the circulation. A) EA mobilized cells are
highly proliferative and potentiate vasculogenesis. Equine peripheral blood MNC showed an increased colony-forming
ability 2 h (p<0.05) post administration of EA at immune points (n=7), while cells obtained from the same horses
when they underwent mock treatment or treatment at metabolic points did not. B) The EA-mobilized cells demon-
strated high proliferative capacity, when plated in a single-cell assay, with over 50% proliferating into large colonies
(p<0.001 vs. all groups). C) Equine peripheral blood mononuclear cells were cultured to the third passage and then
differentiated into key mesenchymal lineages. a) Following culture with osteogenic induction media, the mobilized
equine cells showed strong osteogenic potency, demonstrated by Alizarin Red staining of calcium deposits (Red: Aliz-
arin Red). b) Human mesenchymal cells responded in a similar fashion when cultured under identical conditions. Eg-
uine cells when cultured under control media (1:1 Ham’s F12 and Low Glucose DMEM, 15%FBS)(e) and human cells
under control conditions (f) did not show Alizarin Red staining. c) The EA-mobilized equine cells showed a weak adi-
pogenic response, demonstrated by Oil Red O staining of lipid deposits (Red: Oil Red O) when cultured under adipo-
genic conditions; d) human MSC showed a much stronger response than the equine cells when cultured under identi-
cal adipogenic conditions. Under control conditions, neither equine MSC (g) or human MSC (h) showed QOil Red O
staining. i, j) When cells were cultured under chondrogenesis differentiation medium they were able to differentiate
into chondrogenic lineages, demonstrated by Alcian Blue staining of proteoglycans in the cell masses. Magnification
bars: 50 um. D) In vivo angiogenesis assay. a) When equine cells were incorporated into a 3D type | pig skin collagen
plug and placed under the skin of NOD/SCID mice no capillaries were formed. b) Human ECFC were inserted into the
porcine collagen plugs together with equine MSC, and implanted into the flank of NOD/SCID mice. c) A higher magni-
fication of the boxed area in b), showing a bona fide blood vessel. Magnification bars: a, b: 50 um; c: 10 um. E) When
quantified, the hECFC-MSC had a significant increase of arteriogenesis compared to hECFC alone (p=0.02, n=5 for
ECFCs alone, n=7 for combined hECFC-MSC group). F) After 48 h in vitro, cells were isolated, total mRNA was extract-
ed and Hey2 expression levels were quantified by gRT-PCR. Hey2 was elevated in the mixed cell treatment when
compared to ECFC alone (p=0.006, n=4). All data presented as means + SEM.
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Graphical Abstract

Acupuncture is among the oldest healing practices in the world and is currently one of the most rapidly growing com-
plementary therapies. Our studies provides strong support for the use of electro acupuncture at specific immune
points to stimulate mesenchymal stem cell (MSC) and macrophage release into peripheral blood through hypotha-
lamic and sympathetic nervous system activation (SNS). We show using MRI and direct neurostimulation studies that
EA at specific immune points results in SNS activation and the metabolically beneficial response of browning of white
adipose fat. Electro acupuncture served to facilitate tissue repair following tendon injury by increasing type Il colla-
gen and by increasing levels of IL-10. Our study supports that harvesting of MSC from the blood of EA-treated human
subjects and ex vivo expansion is feasible and may serve as a practical method to harvest cells for autologous cell
therapy, free of the risks and discomfort associated with current more invasive and toxic collection methods.
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