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Bioelectronic medicine aims to understand and harness the beneficial effects of the nervous system and neural circuits to di-
agnose, freat and prevent disease. For example, fargeted electrical stimulation devices can recapitulate endogenous neural sig-
naling and control debilitating symptoms of Parkinson’s disease and epilepsy. Perhaps equally as important, electrical stimulation
devices demonstrate efficacy where traditional drug therapies fail. As biomedical research continues to reveal critical neural reg-
ulatory pathways, there is fremendous potential to expand and incorporate bioelectronic medicine intfo current freatment par-
adigms. In this review, we infroduce a recently characterized neural pathway, termed the inflammatory reflex, which monitors and
regulates systemic inflammation via afferent and efferent vagus nerve signaling. We then describe how stimulation of the vagus
nerve and activation of the inflasnmatory reflex rapidly and specifically curtail fraumatic hemorrhage through a novel mecha-
nism termed the neural tourniquet. Finally, we identify how bioelectronic medicine can help harness the protective effects of
vagus nerve signaling and the neural tourniquet to protect patients against surgical and fraumatic hemorrhage.
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SURGERY AND HEMORRHAGE

Advances in the field of surgery have
revolutionized care for millions of indi-
viduals. From the development of mod-
ern cardiac surgical techniques to the re-
moval of abdominal malignancies and
repair of orthopedic fractures, the depth
and scope of modern surgical practice is
immense. With the more recent advent of
minimally invasive laparoscopic and en-
dovascular procedures, surgery contin-
ues to expand therapeutic boundaries
while also minimizing overall pain, dis-
ability and scarring following invasive
operations.

Despite these achievements, evolution
within the field is marked by periods of
significant patient pain and suffering.
Much of this morbidity and mortality can

be attributed to one of two critical obsta-
cles that hindered progress for thousands
of years. The first was management of
pain in a conscious patient undergoing
surgery. To minimize pain, surgeons had
to operate at such a rapid pace that inter-
ventions remained limited to basic ampu-
tations and excisions, rather than more
delicate and intricate procedures. Begin-
ning in 1846, however, this obstacle was
overcome when the American dentist Dr.
William Morton performed a tooth ex-
traction under ether anesthesia, and soon
after Dr. John Warren performed the first
successful public surgery using general
anesthesia at what is now called the Ether
Dome at Massachusetts General Hospital.
The second obstacle was controlling
lethal surgical site infection. The risk of
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overwhelming sepsis from operative
wounds long precluded anything but
the most urgent and lifesaving of inter-
ventions. Approximately two decades
after the successful demonstration of
general anesthesia, Sir Joseph Lister
spearheaded the development of surgi-
cal antisepsis with the introduction of
carbolic acid to sterilize surgical
wounds, instruments and even sur-
geons” hands. While this breakthrough
was met initially with skepticism, anti-
septic practices eventually led to dra-
matic reductions in infection-related
morbidity and mortality.

Patient outcome and quality data now
suggest that surgery is as safe and effec-
tive as ever (1). Notwithstanding, we
contend that a third major obstacle re-
mains to be solved. This ubiquitous but
often ignored, minimized or “expected”
complication is bleeding. All surgical
procedures carry at least some risk of
hemorrhage, even when performed by
the most experienced of surgeons. Bleed-
ing risk can range from minor wound
hematomas to potentially life-threatening
exsanguination. Bleeding can be lethal
even without excessive blood loss, as in-
tracerebral hemorrhage can cause death
through brain herniation.
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Currently, more than 50 million inpa-
tient surgeries are performed annually in
the United States, with millions more oc-
curring worldwide (Centers for Disease
Control and Prevention [CDC], 2010
Data). The safety and efficacy of these
procedures clearly depends upon sur-
geons’ awareness of the risks of bleeding,
along with the implementation of a
broad therapeutic arsenal to manage in-
traoperative hemorrhage. Indeed, the
1912 Nobel Prize in Physiology or Medi-
cine was awarded to the French surgeon
and biologist Alexis Carrell for his pio-
neering work with vascular suturing
techniques. Electrosurgical devices to cut
tissue while limiting blood loss were in-
troduced by Dr. William Bovie in 1926,
and can now be found in just about
every modern operating theater. Most re-
cently, topical prothrombotic sealants,
glues and gauzes have been introduced
to aid in surgical hemostasis (3,4).

If surgeons recognize the inherent and
potentially lethal risk of bleeding, then
the question remains why not attempt to
prevent this complication before it oc-
curs? Curiously, there are no specific
therapies administered to patients before
surgery to prevent hemorrhage. This
stands in stark contrast to the near-uni-
versal use of pain medications, anesthe-
sia, antibiotics and antimicrobial agents
to limit pain and prevent infection, re-
spectively. For patients receiving systemic
anticoagulants or suffering from throm-
bocytopathies and coagulopathies, there
is the option of replacing inactivated clot-
ting factors with exogenous blood com-
ponents. The vast majority of surgical
procedures, however, are performed on
individuals with seemingly normal he-
mostatic and clotting pathways.

While the majority of surgical patients
maintain effective hemostasis, many do
not, and a significant portion of morbid-
ity and mortality following surgery can
be attributed directly to bleeding and/or
subsequent blood transfusion practices.
On average, more than 20% of patients
undergoing colorectal surgery require
perioperative red blood cell transfusion,
whereas patients undergoing primary

pancreaticoduodenectomy surgery can
receive up to double that number of
transfusions (5,6). Patients who do re-
ceive blood products are at significantly
increased risk for serious perioperative
morbidity and mortality (7,8). Moreover,
the additional health care costs associ-
ated with hemorrhagic complications are
substantial (9).

Specific surgical disciplines are associ-
ated with high risks of hemorrhage.
Trauma is the fifth leading cause of death
in the United States, and the number one
cause of death of people under the age of
45 (10,11). Bleeding is the most common
preventable cause of death following
traumatic injury. The military also faces
enormous challenges to limit bleeding.
Uncontrolled hemorrhage from noncom-
pressible internal organ injury remains
the leading cause of preventable soldier
death on the battlefield (12). Therapies to
improve hemostasis following traumatic
injuries, such as administration of recom-
binant Factor VIla or the antifibrinolytic
agent tranexamic acid, remain limited
(13-16). As a result, surgeons still rely on
tourniquets, body cavity packing and
holding direct pressure to manage un-
controlled traumatic hemorrhage until
definitive surgical control is obtained.

NEURAL REGULATION OF
HOMEOSTASIS

The central nervous system monitors
and regulates homeostatic physiologic
pathways through a combination of hu-
moral and neural mechanisms. A classic
humoral pathway is the hypothalamic-
pituitary-adrenal axis (HPA), part of the
neuroendocrine system. Composed of
the hypothalamus and pituitary glands
in the brain and the adrenal glands in the
retroperitoneum, the HPA axis monitors
levels of stress, illness and physical activ-
ity and responds by releasing a combina-
tion of regulatory and counter-regulatory
hormones, including vasopressin (antidi-
uretic hormone, ADH), adrenal corti-
cotropin hormone, cortisol and epineph-
rine. The HPA axis maintains diverse
bodily processes including digestion, im-
munity and reproduction.
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In addition to primarily humoral-
based mechanisms, the brain modulates
peripheral organs and glands through
hard-wired pathways, or nerves. Perhaps
the best studied is the vagus nerve
(Latin, to wander), whose derivation re-
flects its complicated anatomical course
through the body. The vagus nerve in-
nervates organs in the thoracic and ab-
dominal cavities, including the lungs,
heart, stomach, liver, small intestine and
large intestine up to the distal transverse
colon. Approximately 90% of vagal fibers
are afferent and transmit sensory infor-
mation from the periphery to the brain.
The remaining efferent fibers carry sig-
nals from the brain to peripheral organs.
For example, the vagus nerve serves as
the primary efferent arm of the parasym-
pathetic nervous system, where release
of acetylcholine from vagal synapses ac-
tivates muscarinic receptors to slow
heart rate or aid in digestion.

THE INFLAMMATORY REFLEX

It is now known that the vagus nerve
forms the backbone of another brain-to-
immune pathway, called the inflamma-
tory reflex (17-19). The inflammatory re-
flex allows the brain to monitor and
control systemic inflammatory mediators
rapidly and directly. For example, affer-
ent vagus nerve signals inform the brain
of increases in systemic proinflammatory
cytokine concentrations in the peritoneal
cavity, often resulting from uncontrolled
bacterial infection (20). The brain can
then activate the efferent vagal compo-
nent of the inflammatory reflex, or
cholinergic antiinflammatory pathway, to
downregulate production of proinflam-
matory cytokines (21,22). In addition, the
brain can activate other nonneuronal
counterregulatory responses, such as
fever, to help fight off potential invasive
infection (23). Experimentally, activation
of the cholinergic antiinflammatory path-
way via electrical or mechanical stimula-
tion of the cervical vagus nerve, or
through administration of a pharmaco-
logical cholinergic agonist, inhibits proin-
flammatory cytokine responses and pre-
vents lethal tissue injury in multiple



models of systemic inflammation, shock
and sepsis (24-30).

Additional studies have elucidated key
anatomical, cellular and molecular com-
ponents required for the antiinflamma-
tory effects of vagus nerve stimulation.
Efferent vagus nerve signaling reaches
the spleen through the splenic nerve,
which then increases acetylcholine re-
lease from cholineacetyltransferase-posi-
tive T cells (31, 32). Acetylcholine can in-
hibit proinflammatory cytokine
production by stimulating the a7 nico-
tinic acetylcholine receptor subunit
(a7nAChR) on the surface of cytokine-
producing tissue macrophages (33). In-
terruption or removal of any of these es-
sential components, such as through
genetic deletion of a7nAChR or surgical
ligation of the splenic nerve, completely
abrogates the protective effects of vagus
nerve stimulation (31-34).

THE NEURAL TOURNIQUET

Based on the beneficial effects of the
cholinergic antiinflammatory pathway,
we reasoned that this mechanism could
protect against other threats following
traumatic injury, such as bleeding. One
can argue that acute hemorrhage poses a
more immediate and life-threatening in-
sult than bacterial invasion, which re-
quires hours or days to cause lethal tis-
sue damage. In contrast, uncontrolled
hemorrhage following injury to the cen-
tral or peripheral vasculature can prove
lethal in a matter of seconds to minutes.

To first explore the role of the vagus
nerve in traumatic hemorrhage, we de-
veloped a peripheral soft tissue injury
and hemorrhage model in swine (35). An-
imals receive electrical stimulation of the
cervical vagus nerve or sham stimulation
before standardized partial ear laceration.
Compared to sham stimulation, electrical
vagus nerve stimulation significantly re-
duces bleeding duration and volume of
blood loss by 40% and 50%, respectively
(35). Based on the vagal contribution to
cardiac function, it seemed plausible that
vagus nerve stimulation might reduce
bleeding by decreasing perfusion second-
ary to bradycardia and/or hypotension.

Nevertheless, no differences in heart rate
or blood pressure of animals receiving
electrical or sham vagus nerve stimula-
tion are observed (35). This finding is in
agreement with observations in mice
that cholinergic antiinflammatory signal-
ing via the vagus nerve functions at a
lower activation threshold than heart rate
modulation (30).

To determine if vagus nerve stimula-
tion limits bleeding by modulating clot
formation, we measured thrombin gener-
ation at the site of injury. Compared with
sham stimulation, electrical vagus nerve
stimulation significantly increases local
thrombin-antithrombin (TAT) complex
concentrations, a marker of thrombin
generation (35). These differences are evi-
dent as soon as three minutes after onset
of nerve stimulation, which suggests that
neural pathways can regulate ongoing
hemorrhage rapidly (35). In addition,
there are no measurable differences in
circulating TAT concentrations in vagus
nerve-stimulated animals, suggesting
that clotting is accelerated specifically at
the site of injury (35).

We next developed a rodent hemor-
rhage model involving uncontrolled in-
ternal hemorrhage secondary to pene-
trating liver injury (36). Cholinergic
stimulation is administered via the phar-
macological cholinergic agonist nicotine.
We observed that systemic administra-
tion of nicotine significantly and dose-
dependently reduces blood loss and
time to cessation of hemorrhage in this
model (36). Nicotine demonstrates thera-
peutic efficacy by significantly reducing
hemorrhage when given after the onset
of bleeding as well (36). We also found
that nicotine significantly increases
thrombin generation at the site of liver
injury by more than 50% compared with
vehicle-treated controls (36). There are
no differences in systemic thrombin con-
centrations, which again suggests that
cholinergic stimulation accelerates clot
formation only at the site of injury (36).

BIOELECTRONIC MEDICINE
Clinicians are thoroughly familiar with
organ damage caused by overwhelming
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systemic inflammation, which is often
more dangerous to the host than the in-
citing stimulus. Based on more than a
decade of experimental evidence, it is
clear that the inflammatory reflex is criti-
cal to maintaining immunologic homeo-
stasis. The ability of electrical vagus
nerve stimulation to activate the protec-
tive effects of this neural circuit in multi-
ple models of systemic inflammation,
shock and sepsis strongly suggests that it
may prove efficacious for treating criti-
cally ill patients. As such, understanding
and harnessing the inflammatory reflex
for clinical use fulfill the basic tenets of
bioelectronic medicine.

Neural regulation of hemorrhage is a
prime example of how the nervous sys-
tem can help fight one of surgery’s most
common and difficult to treat diseases. In
fact, bleeding is a problem that has ex-
isted for far longer than modern surgical
time, or even human history. The threat
of lethal hemorrhage following injury
has plagued animals for millions of
years. From an evolutionary standpoint,
host defenses would have adapted to
this pervasive threat by developing
rapid, specific and integrated mecha-
nisms to prevent or limit bleeding. The
central nervous system is arguably the
ideal modulator for such a mechanism.

The second and more practical ration-
ale for studying neural regulation of
bleeding is that multiple platforms and
techniques exist to harness the nervous
system’s beneficial effects. One example
is deep brain stimulation, which is used
to treat the debilitating neurologic symp-
toms of Parkinson’s disease (37). Deep
brain stimulation has been shown to fur-
ther reduce tremors, rigidity and stiffness
in patients with Parkinson’s disease as
compared with medical therapy alone
(38). In addition to targeting the brain,
electrical stimulation devices can directly
activate nerves, most notably the vagus
nerve. In 1997, the United States Food
and Drug Administration approved the
use of electrical vagus nerve stimulation
via an implantable pulse generator for
the treatment of medically refractory
epilepsy. To date, thousands of patients
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have received this therapy, and followup
studies show this treatment modality to
be both safe and effective with minimal
side effects (39,40). More recently, this
therapeutic approach was approved for
use in refractory depression as well (41).

From a translational perspective, vagus
nerve stimulation is a promising addition
to the therapeutic clinical arsenal for
treating hemorrhage. While implantation
of an electrical pulse generator is advan-
tageous to treat chronic illnesses like
epilepsy and depression, it is less practi-
cal for acute surgical diseases or unpre-
dictable traumatic injuries. To this end,
activation of the vagus nerve-mediated
neural tourniquet may be possible
through noninvasive means. Recent
epilepsy studies have shown that transcu-
taneous auricular vagus nerve stimulation
significantly reduces seizure frequency
compared with baseline values (42). This
intervention is based on stimulation of
the Arnold nerve, the auricular branch of
the vagus nerve that provides sensory in-
nervation to the concha in the ear. Auric-
ular transcutaneous vagus nerve stimula-
tion has shown efficacy for treating
depression as well (43). These are not the
only applications of “noninvasive” neural
stimulation, as transcutaneous electrical
nerve stimulation (TENS) is used for the
treatment of chronic pain syndromes (44).

Based on these studies, it is possible
that noninvasive vagus nerve stimula-
tion can activate the neural tourniquet.
One can envision a transcutaneous nerve
stimulation device available at sites
throughout hospitals, including operat-
ing rooms, emergency rooms, interven-
tional radiology and endoscopy suites,
that can deliver transient, noninvasive
vagus nerve stimulation to reduce the in-
cidence of hemorrhage. The device could
be attached to a patient in the pre-op
waiting area, turned on for the proce-
dure, and then removed post-operatively.
Outside of the hospital, emergency med-
ical personnel and other first responders
could apply a transcutaneous stimulation
device to trauma victims suffering un-
controllable hemorrhage and begin treat-
ment immediately in the field.

Another method for activating neural
circuits is pharmacologically with drugs,
which remain a mainstay of treatment
for many diseases. Administration of
pharmacological cholinergic agonists can
recapitulate the protective effects of elec-
trical vagus nerve stimulation during in-
flammation (45). Moreover, cholinergic
compounds are in use clinically and
have favorable safety profiles (46). Ad-
ministration of drugs to activate the in-
flammatory reflex to control bleeding
would also help overcome some of the
inherent limitations of invasive electrical
vagus nerve stimulation, including use
in emergent or urgent situations when
there is no lead time to implant a stimu-
lation device.

CONCLUSION

Modern surgical care is capable of
healing a large and diverse array of dis-
eases. Nevertheless, opportunities re-
main for therapeutic innovations and
improvements to maximize treatment
benefits and minimize unwanted side ef-
fects. Biomedical research continues to
elucidate new pathways and mecha-
nisms that protect the body against
lethal pathogens and injuries. Here we
describe the inflammatory reflex, an en-
dogenous vagus nerve pathway that is
positioned to limit bleeding and infec-
tion, two of the most common and dan-
gerous sequelae of traumatic tissue in-
jury. Bioelectronic medicine may serve
as the therapeutic link between these
centuries-old complications and recently
characterized protective neural circuits.
Restoring normal neural signaling via
targeted stimulation devices may over-
come the limitations of current therapeu-
tic interventions and finally provide tan-
gible solutions to some of surgery’s most
enigmatic challenges.
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