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ABSTRACT: It is hypothesized that bone cells can sense mechanical force in the extracellular network via an electrical
signal. This has led to the use of electrical stimulation (ES) to improve fracture repair and mitigate bone loss. Although
overlap exists in bone maintenance and fracture healing mechanics, the processes involved in both are very different,
resulting in dissimilar behaviors from the cells. Osteocytes are the most abundant cell type in bone tissue, and their basic
structure and lineage are fairly well understood, but much debate is present regarding their behavior, with even less
known about their behavior in electrical environments. A wide range of research exists on cell behavior under different
types of ES, but it is difficult to draw conclusions due to the large variance in stimulation parameters, cell types, and
origins (locations and species). By exploring behavior of multiple bone-cell types under different forms of ES, as well
as mechanical stimulation through fluid flow, we can determine more about cell reactions to stimuli. In turn, a better
understanding of cell response has the potential to improve and broaden therapeutic applications of ES for bone healing
and bone loss mitigation, and enhance outcomes for osseointegration into implantable medical devices. These require
greater understanding of the bone cellular environment from an electrical perspective as well as cellular responses to
ES.
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I. INTRODUCTION

The effect of electrical stimulation (ES) on bone
tissue and bone healing has been of great interest
since Fukada and Yasuda reported on load-induced
electrical potentials in the late 1950s.! Bone tissue
deformation is directly correlated to electrical sig-
nal that is created on either side of the bend. Bone
surfaces under compression produce negative po-
tentials that cause tissue formation, and areas under
tension produce positive potentials that cause re-
sorption.'* Loading rate and load directly correlate
to the magnitude of the generated charges.'” The
electric field that is generated due to stress is reduced
to almost zero when weight bearing is absent, and in
such cases, the bones will start to deteriorate.> This
was directly related to earlier studies by Bassett and
Becker showing that misaligned fractures in children
had new bone deposited on the concave side, and
the older bone was removed from the convex side,
allowing the misalignment to straighten with time.?

Many studies since have demonstrated that ES has
a significant effect on outcomes in fracture healing,’
spinal fusion,®” and healing of osteotomies® as well
as aiding in delayed unions postfracture.’

It has since been hypothesized that bone cells
can sense mechanical force in the extracellular net-
work through an induced electrical signal, causing
cell proliferation and cytodifferentiation.!®!! It has
also been proposed that bone cells are electrically
sensitive with a positive charge, inducing chemo-
taxis in osteoblasts, resulting in bone building.'? A
few theories describe what cells sense to initiate this
movement. First, most cells have negative mem-
brane potentials that allow direct current (DC) ES
to propel them in one direction, referred to as gal-
vanotaxis.'® The side of the membrane facing the
anode becomes hyperpolarized and attracts free cal-
cium ions that cause the membrane to contract and
propel the cell toward the cathode.' Secondly, the
cells may be able to sense ion movement in their
environment, allowing them to migrate and reorient
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themselves accordingly."* Ton movement due to
fluid flow creates a stress-generated potential (SGP)
in the extracellular matrix and a change in charges
around the cells. The change in charge distribution
is a factor in calcium response theory, indicating that
the cell’s reaction is most likely a combination of
these two phenomena.

Due to the potential ability for electrical sig-
nals to influence bone-cell behavior, ES became
a popular research topic for applications in bone
repair>®8%15-18 and for mitigating bone loss.!”%¢
However, this research has not progressed as far
as expected because osteocyte response remains
largely misunderstood. Our purpose here is to de-
termine the next steps for investigation by review-
ing current research on the electrical environment
that bone cells experience.

Il. BONE TISSUE COMPOSITION

Bone tissue is comprised of a hydroxyapatite min-
eral phase and an organic phase of collagen, wa-
ter, proteins, and cells.?” Although studies have
confirmed that the electrical effect in bone is not
entirely biological,'* the exact cause of the bio-
electric effect is still under debate. Both collagen
and hydroxyapatite exhibit piezoelectric effects in
specific settings and have a unique bioelectric ef-
fect when they interact. Dry bone properties are al-
most identical to those of dry collagen,”®* because
they comprise the bulk of the organic portion of the
tissue. Typically, bone is only considered piezo-
electric when it is dry; that is because collagen
behaves piezoelectrically when dry, and the piezo-
electricity drops drastically when it becomes wet.*
When collagen becomes saturated with water, it
aligns more symmetrically and electric potentials
becomes short circuited.”®>' In situ, hydroxyapa-
tite limits the amount of water that collagen can
absorb and allows it to maintain some of its piezo-
electricity when saturated, because it alters the
fiber orientation.?® Collagen has an abundance of
electrons, whereas hydroxyapatite has very few,
and it is proposed that junction bending between
the two generates an electric potential (it behaves
similarly to a positive—negative [p—n] junction in a
semiconductor).?
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When hydroxyapatite is removed from the
bone matrix, the amount of electricity that is gen-
erated by deformation significantly decreases but
does not disappear, indicating that the hydroxyap-
atite carries the bulk of the load, but collagen still
experiences an increase in strain under compres-
sive loads."?*? Collagen is an important compo-
nent for the cells because it allows them to detect
the direction of the stress within the matrix as op-
posed to just the magnitude from hydroxyapatite.!
This indicates that the electricity generated from
mechanical deformation in bone results from a
combination of stress on the collagen fibers and
hydroxyapatite crystals, in addition to creation of
these p—n junctions.?

lll. SGPS

A secondary hypothesis on bone bioelectricity is the
creation of SGPs, first reported in the 1960s, shortly
after Yasuda and Fukada’s initial breakthrough.*?
Interfaces that separate two different phases of
material automatically create an electric potential,
because one phase is usually more electronegative
than the other.’® When bone is compressed, a neg-
ative charge spreads throughout the matrix, caus-
ing cations in the interstitial fluid to be attracted to
the negatively charged surfaces and leaving a net
surplus of anions in the extracellular fluid.** These
streaming potentials can be caused by differences
in voltage, pressure, and concentration gradient
within the channels of the bone*!32%343 but are only
referred to as SGPs when they are mechanically
generated. To diffuse the built-up charge within the
matrix, ions redistribute until the charges are bal-
anced. This causes the current to dissipate and no
net movement occurs,*** as no free ions are left to
create a streaming potential.”’

Evidence points to SGPs as a combination of
the piezoelectricity of matrix and streaming poten-
tials.323¢ SGP relaxation times are too long for clas-
sical piezoelectricity to be the dominant factor.*
Conversely, if streaming potentials were dominant,
the conductivity should affect SGP relaxation time,
which is also not the case.** This demonstrates that
both bone anatomy and composition play a part in
its bioelectric behavior.
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IV. FRACTURE REPAIR

Aunique feature of bone tissue is its ability to repair
from fracture. Any realignment, relocation, or even
introduction of an implant initiates regeneration
and osteoinduction'®?’ that creates a combination of
electrical, chemical, and mechanical stimuli on the
tissue. Under normal conditions, the bone metaph-
yseal region is electronegative and the midshaft is
isopolar.’> When a fracture occurs, the entire bone
becomes more electronegative, with the metaphysis
remaining the most electronegative.'> The fracture
site becomes very negatively charged as it collects
electrons'*® and anions, causing an ionic current
flow to the injured area.** Free ions move along the
concentration gradient, causing both a chemical and
electrical shift and creating local electrical fields of
1-2 V/cm as the ions move into surrounding cells. !
The ion movement takes the form of current loops
that enter through the injury site and exit through
intact bone upstream.®

Pulsed electromagnetic field (PEMF) and di-
rect electric field stimulation have recently been
used to accelerate the fracture healing rate. PEMFs
have been shown to create more of a stable initial
callus, resulting in a faster healing® by recruiting
more immature mesenchymal stem cells (MSCs)
that will differentiate into preosteoblasts.’” Direct
ES has been shown to do the same, with callus
that grows substantially thicker and forms weeks
earlier when the cathode is on the injured bone.*!
Because the cathode is the negative electrode, it
causes the fracture site to become significantly
more negative than normal, presumably amplify-
ing the flow of ions and cells to the site. With more
cells and building materials present, the bone heals
more quickly.

V. ES
A. Whole Bone (In Vivo)

1. Electrode Polarity

A multitude of studies has shown that whole-bone
ES produces osteogenesis at the cathode elec-
trode,>*"*" specifically in small areas that closely
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surround the electrode.* These findings support
those of basic bone behavior studies that found
bone areas with the most negative electric poten-
tials have the greatest amounts of bone formation,*
also agreeing with studies that show application of
a negative charge to a fracture improves healing.*!
This phenomenon takes place as increased cell pro-
liferation occurs at the cathode, with an increase in
osteoid and new bone formation under DC applica-
tion.** Electrical stimuli have been shown to cause
bone formation that is fairly disorganized,*** and
similar to periosteal bone,** intramembranous
bone,” or a cartilaginous or fibrous-type tissue
that resembles metaplastic- or osteoblastic-type
bone.* This indicates that the osteoblasts are more
active with stimulation®*® but also that other cell
types are also more active. Throughout the stimu-
lation process, the bone becomes more organized
as a controlled remodeling process occurs.® When
stimulation ceases, the bone is resorbed through
osteolysis.*

Activity at the anode has shown mixed results,
including bone destruction*** or no tissue change
at the insertion site.>'® Osteoclasts have been shown
to migrate toward a positive charge, which could
explain increased bone resorption,'® but they have
higher membrane resistance when compared to os-
teoblasts, indicating that they are less electrically
sensitive.>! Osteoclast migration and increased ne-
crosis around the anode may be linked, because
more remodeling occurs at the anode to eliminate
necrotic bone.*®

The lack of response at the anode has been
hypothesized to be due to electrical signal param-
eters. If stimulating signal is not similar enough
to natural signal, the bone may not react similarly
to the predicted in vivo behavior.*® Charge distri-
bution during growth or the healing environment
in bone is focused on negative charge relocation
at the injury site. Positive charge movement is a
means to counterbalance the negative charge. A
large positive charge focus in one location is in-
consistent with the naturally occurring charge
phenomenon, and so this could explain why the
accumulation of positive charge does not illicit a
natural response in the same way as does negative
charge.



2. Signal Parameters

Although overall consensus seems that current of
1-20 pA is optimal to stimulate bone formation,'”
a review of several in vivo whole-bone stimulation
studies suggests that a very wide range of current
magnitude can be used to achieve the same results.
Studies using current magnitudes from as little as
20 pA up to as high as 100 mA have all shown the
ability to stimulate bone formation, although some-
times the bone is poorly organized.**>473 However,
others have demonstrated osteolysis due to exces-
sive current above only 20 pA.!%452 This speaks to
the need to control and carefully specify parameters
used in studies. A summary of studies can be found
in Table 1.

The amount of bone that is formed around a
negative electrode is related to current density and
charge,* rather than just the current itself. Alter-
nating current (AC) signals are commonly consid-
ered to mimic endogenous signals, but no evidence
has shown that an AC signal performs better than a
DC signal because it delivers less charge overall.*
Using equivalent current values but altering signal
shape has had greater effect on the amount of bone
formation, with results consistently showing that a
DC signal is optimal.'***8 A DC signal allows for
the highest charge buildup at the cathodic site as
well as the most consistent flow of ions, resulting in
the greatest formation of bone.

3. Bone Loss Mitigation

Bone loss and the processes associated with bone
remodeling are biologically different from frac-
ture repair. Moreover, bone loss paradigms could
respond differently based on underlying mecha-
nisms (e.g., disuse osteopenia vs. postmenopausal
osteoporosis, which is hormonally driven). Several
different mechanisms including PEMF, direct ES,
and capacitive coupling have been tested to miti-
gate bone loss in different animal models.?**2¢ A
PEMF uses two coils in a Helmholtz configuration
that induces an electromagnetic (EM) field between
the coils when an electric current is applied. Sim-
ple sinusoidal and complex PEMF waveforms were
compared using an isolated (disuse) Turkey ulna
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model.” The simplest, lowest-frequency sinusoi-
dal waveform (15 Hz frequency; 0.08 mV ampli-
tude) resulted in the greatest increase in cortical
area relative to both an ES control group and the
contralateral, intact ulnae within group. A similar
study was conducted to examine the effect of pulse
power on the cortical bone area and demonstrated
a maximum osteogenic effect between 0.01 and
0.04 T?/s.?® Additionally, within—group comparison
of the study’s contralateral ulnae showed a —13%
difference in cortical area in the control group and
a 12.3% difference in the group that underwent the
0.01-T?/s stimulation protocol. In a sciatic denerva-
tion rat model of disuse osteopenia, ES capacitive
coupling resulted in significant reduction in percent
of cortical porosity, increased cortical area, and in-
creased cortical thickness of the denervated bone
when compared to the unstimulated, denervated
control.?*

A common and well-established model of hu-
man postmenopausal osteoporosis is the ovariec-
tomized (OVX) female rat.®* Although remodeling
processes that led to bone loss were similar to
the disuse model, underlying systemic hormonal
mechanisms that drove bone loss likely influenced
bone responsiveness to EM stimulation. Neverthe-
less, studies using OVX rats have shown positive
response to EM stimulation. Using a 1-mT mag-
netic field signal at 50 Hz frequency, Sert et al.?
reported a significant increase in tibial bone cor-
tical thickness in OVX rats. Similarly, Chang and
Chang used a 2-mV/cm electrical field at 7.5-Hz
frequency and reported significant increases in tra-
becular bone volume fraction, trabecular thickness,
and trabecular bone formation rate in the proximal
tibial metaphysis of OVX rats.?> The use of ca-
pacitive coupling has also been shown to produce
global effects on OVX rats that have had whole-
body stimulation within a 1.5-MHz, 30-mW/cm?
electric field.!® These experiments found increased
global bone mineral density (BMD), spinal BMD,
and lower limb BMD in the treatment group com-
pared to the control group. The same research group
showed that low-intensity ES mitigated osteocyte
apoptosis due to OVX in rats, with ES OVX rats
having similar levels of osteocytes to those in the
group with intact ovaries.**
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TABLE 1: Reviewed studies of whole-bone in vivo ES

Model Stimulation

duration

Stimulation
parameters (nA)

Experiment
duration (d)

Results Ref.

Chick tibia 10 24 h

10 Cathode: thicker periosteum and 48
proliferation of osteoblasts; anode:
more osteoclasts and osteoblasts
gathered

Dog 10 24 h

21 Bone formation around cathode 50
poorly organized but organization
increased at 21 d; more osteoblasts
collected around cathode

Dog 20 24 h

Increased matrix formation around 119

titanium implant

Human 10, 20 24 h

14 Increased ALP generation and 122

enhanced fracture repair

Human 10, 20 24 h

84 20 pA helped heal nonunion
fractures

123

Mouse 10 5 min

28 Increased new blood vessels on d 124

14; overall increase in fibroblasts

Rabbit 10, 30 24 h

35 Improved fracture fusion 125

Rabbit 100 24 h

3-28

Increased BMP-2, -6, and -7 and 126

TGF-B

Rabbit 5-40 24 h

21 0-20 pA increased osteogenesis; 127

50-100 pA led to severe damage

Rabbit 0-100 24 h

14 4-6 pA: No change in tissue; 41
15-20 pA: periosteal osteogenesis
near cathode and increased

callus formation; >100 pA: bone
tissue destruction and charred
surrounding tissue

Rabbit 20 24 h

28 Osteoblastic bone formation 42

Rat 10 5 min

10-90

Increased collagen production, 128
angiogenesis, and matrix

calcification

Rat 5, 10, 20 24 h

8 10 pA: 50% thicker bone 47
formation; 20 nA: 80% thicker
bone formation

ALP, alkaline phosphatase; BMP, bone morphogenetic protein; TGF, transforming growth factor.

B. Cell Stimulation (In Vitro)

The stimulus of an external electric field results in
a large voltage drop across a cell membrane but a
small voltage drop in the cytoplasm as the plasma
membrane becomes polarized, creating a large local
electric field at the membrane only.> This capacitive
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property of charge holding allows the cell to regulate
its internal environment, shielding it from poten-
tially damaging changes. The cellular membrane’s
negative voltage renders almost all cells sensitive to
ES and should cause migration toward the anode,*
but almost all bone cells exhibit migration toward
the cathode,'? indicating that other factors control



migration. A relatively important finding from an in
vitro study showed that bone adaptation seems to be
controlled by recruiting more cells, not by altering
the response of an individual cell—an all or noth-
ing process®*—and that bone cells seem to have a
refractory period for stimulation, with specific fre-
quencies ideal for maximal stimulation response.’’

1. Osteoblasts

Most commonly, osteoblasts have been stimulated
with PEMFs. Some studies found a reduction in cell
proliferation but an increase in alkaline phosphatase
(ALP) activity, collagen synthesis, osteocalcin lev-
els,”® " and growth factors such as vascular endothe-
lial growth factor (VEGF)® that use both DC® and
capacitive coupling® stimulation. Exposure time to
the PEMF has also been shown to positively cor-
relate with expression levels of bone morphogenetic
protein (BMP)-2 and -4 from osteoblasts.> BMP-2
and -4 are crucial factors in skeletal repair and re-
generation,® and their roles are complemented by
VEGF, without which impaired bone formation and
suppressed blood vessel development in bone would
occur.’” Collectively, the increased expression of
these biomolecules through ES administration could
enhance bone formation and healing® and mitigate
the loss of bone mass in vivo.®

Conversely, other studies have found that
PEMFs increase osteoblast proliferation but do
not affect cellular differentiation.*®7"® The ex-
treme variance in these results shows how sen-
sitive the cells are to the EM stimulus, because
waveform shape and duration greatly affect their
behavior. PEMFs can cause both positive, nega-
tive, and no change in cell activity, depending on
how they are applied. A summary can be found in
Table 2.

Direct ES can also be applied through capaci-
tive coupling of the culture environment. This has
no adverse effect on osteoblasts, with numbers re-
maining stable through experiments.®! Interestingly,
the number and productivity of enzymes in the os-
teoblasts are higher on the side of the cell closest
to the negative electrode, indicating asymmetrical
activity.” Osteoblasts have been shown to move to-
ward a circuit cathode’s negative charge,'**-%! and
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this is carried out through the growth of lamellipo-
dia on the cathodic side of the cell.'**!

All methods of ES—capacitive, inductive, and
magnetic coupling—cause increased DNA synthe-
sis in preosteoblasts, but capacitive coupling can
maintain this increased activity throughout the du-
ration of the stimulus.* This may be due to the dif-
ferent types of responses that originate from each of
these stimulation types. Capacitive coupling causes
Ca?" ion movement through voltage-gated channels,
whereas inductive coupling and EMFs cause Ca*
to be released through intracellular stores. The in-
tracellular release increases cytosolic calcium con-
centrations and may involve the calcium/calmodulin
pathway.*

2. Osteocyles

Osteocytes are the most abundant type of cell
within bone tissue. Although their basic structure
and lineage are fairly well understood, much debate
continues regarding their behavior.®' Osteocytes,
surrounded by tightly packed collagen fibers,** can
control bone structure up to 1 pm around the lacuna
that they inhabit.>*?> The matrix directly around the
osteocyte does not become fully mineralized, form-
ing the lacuna in which the cell resides to create
an interconnected set of canaliculi channels.®* Os-
teocytes are presumed to detect and communicate
strain when subjected to shear stress by the move-
ment of fluid past their cellular processes.' An os-
teocyte’s sensory ability is further confirmed based
on the fact that its cellular processes are mainly on
the mineralized side, as opposed to the vascular
side of the cell,*? indicating that communication oc-
curs through the matrix and not through changes in
blood flow. Cellular processes of neighboring cells
are connected through gap junctions that fill with
fluid. The fluid is saturated with proteoglycans and
ions that allow for communication.® The gap junc-
tions can be directly regulated by electric fields.™
Although PEMFs do not affect the number of cells
present,® they do influence the amount of commu-
nication factors through gap junctions. Osteocytes
can have a twofold increase in prostaglandin E, and
an overall increase of transforming growth factor
(TGF)-B1 and NO?* with exposure to a PEMF.%%%
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Interestingly, the protein Connexin 43 creates gap
junctions and is produced in lower volume with
PEMF application but increases with shear stress.*
This indicates that PEMFs do not increase connec-
tivity among cells but may augment communication
among already connected cells.

PEMFs on the murine osteocytic cell line mu-
rine long bone osteocyte y4 (MLO-Y4) at 5 G inhibit
cellular apoptosis and increase the length of cellular
dendrites. They reduce receptor activator of nuclear
factor-«xB ligand levels and increase messenger RNA
for osteoprotegerin (OPG), both of which control cel-
lular apoptosis. A 5-G field strength also reduced the
number of osteoclasts, in addition to decreasing their
ability to resorb bone when using conditioned media
from osteocyte-like cells.’ This study proposed that
cell cilia are responsible for sensing the electrical en-
vironment around them, which corresponds to other
theories that cilia are used to respond to changes in
fluid flow around them. A summary of these results
is found in Table 2.

3. Osteoclasts

Osteoclasts are critical to bone tissue maintenance
but are not closely related to osteocytes and osteo-
blasts, which are from the same lineage. Osteoclasts
are more closely related to macrophages and have
different behavioral traits. Although osteocytes and
osteoblasts work together, osteocytes and osteo-
clasts usually counteract each other. Osteoclasts can
become inhibited by osteocytes,*”** and in portions
of bone with increased resorption, osteoclasts de-
grade osteocytes.®

In terms of ES, a big difference is the migration
direction of osteoclasts. They tend to migrate or col-
lect at the anode, which could explain increased an-
odal bone resorption and remodeling,"*“**! but they
have higher membrane resistance when compared to
osteoblasts, indicating that they are less electrically
sensitive.’) PEMFs can cause cells collected from
bone marrow to differentiate into osteoclasts,”?
but correct parameters must be used for collection
because extremely low PEMFs suppress osteoclast
recruitment® and can also induce apoptosis.*®®' For
example, Chang et al. demonstrated that a 4.8-uV/
cm PEMF decreased OPG production and osteoclast
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recruitment but increased resorption area percentage
and OPG production.” Increasing signal strength to
12 uV/em had the opposite effect.”

VI. ES SIDE EFFECTS

Although cells seem to be directly sensitive to ES
in vitro, speculation exists that the faradaic by-prod-
ucts that are created in the culture environment can
influence cell responses. This involves introducing
pH changes, hydrogen peroxide, reactive oxygen
species, and chlorine into the stimulation environ-
ment.” Adding a balanced electrical stimulus into
an in vivo or in vitro environment can cause severe
pH shifts.”** Specifically, although there may be no
net pH change there is a pH decrease that occurs
at the anode and a pH increase at the cathode.?*¢%
The pH changes are directly caused by reactions that
occur at the electrodes.”” Electrodes cause both far-
adaic and nonfaradaic reactions by using different
methods to rebalance charge. Nonfaradaic reactions
have no electron transfer; rather, they redistribute
charged molecules in the electrolyte.” Faradaic re-
actions cause electron transfer between electrode
and electrolyte, resulting in reduction or oxidation.”

Hydroxide is created at the stimulation cath-
ode,’®1% causing a reduction in water in the surround-
ing environment to create hydrogen peroxide.®”:190101
In extreme cases, the cathode causes hydrogen gas
formation, with amount formed directly correlated
to electrode voltage.”**>*7 In some media types, a
large amount of free chlorine is created through ES,
which creates hypochlorite, a very strong oxidizing
agent.*+%

Electrode selection is also very important be-
cause faradaic reactions can cause them to dissolve
and release metal ions in the medium.”® Platinum
is used most often because of its stability, but side
effects of high current stimulation with platinum
electrodes on tissue are similar to tissues on ex-
posure to platinum salts, indicating that they may
be dissolving.”® Pt ions are also powerful oxidiz-
ing agents that can be reduced by organic species
in the surrounding environment, causing cellular
necrosis.”

The formation of hydrogen peroxide is of in-
terest, because it can stimulate VEGF production!®
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and increase osteoblast activity and prolifera-
tion.”®1% Osteoblasts can experience up-regulation
of factors such as runt-related transcription factor
2, secreted phosphoprotein 1, and BMP-2.""! This
can initiate a transition toward an osteocyte-like
state with formation of an osteocyte-like matrix
when introduced to increased concentrations of
hydrogen peroxide.”

The effects of too much stimulation can di-
rectly affect cell viability, specifically through
pH changes.!® ES has been found to inhibit and
kill bacteria around electrodes, potentially due to
the pH changes or electrochemical reactions.’!%
Specifically, microampere DC stimulation is more
effective than other ES in preventing bacteria
around the cathode.'” The amount of chlorine and
by-products created from ES has the same poten-
tial to kill bacterial cells as the current itself, indi-
cating that chlorine may cause cell death, not the
ES.%¢

Osteoblasts can withstand more basic environ-
ments, and at a pH of ~ 7.6, they increase their pro-
duction of collagen, ALP, and thymidine.!*>!% An
increase in DNA production also occurs at a pH of
7.0-7.2 and 7.6-7.8."% Conversely, an increase in
pH decreases creation of osteoclastic B-glucuroni-
dase.'” This basic environment decreases calcium
flow from bone by decreasing osteoclastic activity
and up-regulating osteoblastic activity, which could
explain increased osteoblast activity in more basic
in vitro settings.'%

Generation of any of these side effects is
important to consider when using ES, and stim-
ulation signal parameters must be monitored to
protect against faradaic side effects. Creation of
hydrogen peroxide specifically is directly propor-
tional to ES pulse width, frequency, and voltage
in the environment.'”” Changing the stimulus to a
biphasic signal reduces the by-products but does
not fully eliminate them.” Faradaic reactions
that occur at the cathode are not direct reversal
reactions to electrode corrosion at the anode.”
Phase length also affects how much of the revers-
ible reactions can be reversed before the phase
switches back.” Rather than voltage, constant
current better controls the charge balance, to min-
imize reactions.’
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VII. DISCUSSION

A. Signal Type

Some overarching issues arise from ES studies of
bone cells. An important issue is the need for consis-
tency in stimulation parameters, whether mechanical,
fluid induced, or electrical. There is a general lack of
consistency in parameters or missing information on
the parameters used. It is difficult to compare results
between studies with such variation in procedures
and inconsistency in defined signal parameters. This
is most obvious when investigating the abundance
of PEMF studies on cells, because each use differing
frequency, field strengths, and stimulation methods.

This is not unique to PEMF studies. Across all
ES types, very little consistency exists on the use or
reporting of signal parameters, and this may partly
be because researchers are unsure of which parame-
ters are important for cell stimulation.>® A consensus
seems to exist that DC stimulation is preferred over
high-frequency AC signals,'** but only controver-
sial support is evident regarding signals, such as
cyclical DC or low-frequency AC signals.”” Alter-
nating electrical signals could act as a pump to move
ions and waste toward and away from cells in the
absence of vasculature,” which may be beneficial,
but some studies use a media pump to mitigate this
issue.'”®!” AC signals are commonly considered
for mimicking endogenous signals but no evidence
shows that this is better, because charge seems to be
the more important factor, not signal shape.” Oscil-
lating fields have been shown to inhibit cyclic ad-
enosine monophosphate responses, rendering cells
less productive,'® but others directly contradict this
with increased cell proliferation.” 78

Most of the current studies on ES of bone cells
are focused on PEMFs, with little to none on direct
stimulation. Interestingly, many studies on PEMFs
actually use electrodes that are in direct contact with
culture media or in contact through salt bridges. The
field strength is being controlled, but aspects associ-
ated with direct ES must be considered in this case
due to both faradaic and nonfaradaic reactions that
will occur in increased amounts as a result of the di-
rect contact. This speaks to the need to use common
terminology in the field as well as a better, broader
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understanding of how each stimulation technique
should be used.

B. Bulk Piezoelectricity

It is true that bone tissue exhibits bioelectric be-
haviours but it is not clear how these signals are ex-
perienced or interpreted at the cell level. Different
components that combine interact to create an over-
all piezoelectric response that generates local poten-
tial differences of up to 6 mV.3* However, the signal
generators are very small, in many cases too small to
measure,” making it very difficult to determine ex-
actly how much of the tissue response each cell will
see. Free ions move along fracture concentration
gradients, creating local electrical fields of 1-2 V/
cm as the ions move into surrounding cells.'” When
bone is loaded, the shear experienced at the cellu-
lar surface is 0.8-3 Pa, indicating that only a small
fraction of the forces that are exerted on the tissue
make it to the cells.’* If this principle is extended
to electrical signals, the amount of charge that gets
through to the cells is a small fraction of the local
electric field. Due to the minuscule nature of this
value, there has been limited research into the ac-
tual electrical environment that the cell experiences.
The cells are presumably very sensitive to their en-
vironment and could be very sensitive to the type
of signals to which they respond or sense. The lack
of research in this area may explain why osteocyte
behavior is still not well understood. Additional
work is needed to characterize the electrical signal
environment of the cells and determine the nature of
electrical signals that they receive in situ.

C. Cell Types

Discovery and development of immortalized bone-
cell lines such as the Saos-2 osteoblast-like line and
MLO-Y4 osteocyte-like line occurred after a peak
in ES research activity.!"!'3 This contributed to
much variance among studies and has resulted in
research on nonspecific cell types. The varied cell
types range from MSCs to cocultures of osteocyte—
osteoblast—osteoclasts that were harvested from a
wide variety of bones and species; some are listed in
Tables 1 and 2. The range of harvest locations yields
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a wide variety of results, because different bones
have dissimilar environmental conditions, result-
ing in cells with differing sensitivity. Nevertheless,
many results are consistent across the multitude of
cell types, giving generalizable information on ES
cell responses in the mesenchymal lineage.

The majority of studies performed with specific
bone cells and ES are done with osteoblast and os-
teoblast-like cells. Furthering understanding of any
cell type is important, but a large gap in studies on
osteocytes exists, with most researchers referring to
their behaviors as “poorly understood” and avoid-
ing their use in investigation. This could be due to
availability of cells themselves, seeing as it is eas-
ier to harvest osteoblasts from bone directly, or re-
cent osteocyte-like line development during the past
decade.'*!15

D. Fracture Versus Maintenance

Overlap is present in the mechanics of bone main-
tenance and fracture healing, but the processes in-
volved in fracture healing and bone remodeling are
quite different. The presence of a strong electrically
negative site to attract cells and ions in a fracture is
unavailable in remodeling to the same magnitude.
This may be a reason why for fracture healing ES
has been so successful compared to direct stimula-
tion for bone mass maintenance. The smaller elec-
trical stimuli present in habitual bone remodeling
processes are more difficult to enhance, because the
stimuli are likely to be locally activating osteocytes
that are not at a strength necessary to cause cellu-
lar migration. Additionally, the fractures studied at
highest frequency are osteotomies or critical frac-
ture—the most severe cases. The extreme nature of
the injuries indicates that a stronger electrical re-
sponse will be present, which is easier to enhance
with exogenous ES that produces fewer adverse
effects.

E. Reproducibility

Cells are environmentally sensitive, which makes
it difficult to reproduce the same results even when
using consistent ES on bone cells.”> The medium
in which the cells are grown is not created with
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electrical properties in mind and adding electrical
current causes medium fluctuations to which the
cells quickly react. Although most studies do not re-
port on precipitates in cell media, evidence shows
that various calcium deposits occur.'**” This leads
to a change in the free ions in the medium. Coupled
with ion movement from convection currents, this
can alter the local pH and greatly affect the cells,
independently of electrical current effects.*” Addi-
tionally, bone adaptation seems to be controlled by
recruitment of additional cells, not by altering the
response of an individual cell, making that an all-or-
nothing process.*® If the number of cells in a study is
not closely controlled, results can vastly differ. This
may be why early studies that harvested cells from
bone, rather than experimenting on immortalized
cell lines, produce so much variability. The amount
and type of cells that are harvested from the tissue
can vary significantly from study to study and even
within the same experiment.!!®

F. Stimulation Delivery

Variance in cell ES studies may result from the way
in which the stimulation is delivered. Many studies
use homemade stimulation apparatuses that are de-
veloped with various types of function generators
and electrode types. Some use industrial products
such as a Physio-Stim,'"” Orthofix spinal stimula-
tor,”! and union-2000A stimulator,''® which are used
clinically for nonunion fractures. These are then
adapted in the lab for use on cell cultures, using ti-
tanium implants''*'?° and their components such as
the ASNIS S-series stimulation screw system.”” Cur-
rent studies on ES in cell culture seem to focus on
the use of piezoelectric materials to build scaffolds
and films to grow three-dimensional cultures that
can include ES.77>12!

VIIl. CONCLUSIONS

On the basis of the above research on the electri-
cal nature of bone tissue, the ability of bone cells
to sense external stimuli, and the response of whole
bone to ES, an abundance of evidence supports
the hypothesis that osteocytes respond to electrical
stimuli. It makes sense that an electrical signal such

deVet et al.

as the endogenous electrical charge in the tissue
created in vivo could activate the cells in the same
way if it was applied in vitro. The ability to do so
would allow us to increase our understanding of the
osteocyte and how it can maintain bone homeostasis
through the control of surrounding cells. Because
cells showed no adverse effects after application of
electrical charge,’ it is interesting that there is not
more research into this area for osteocytes.

A wide range of research uses direct ES of cells
but none specifically on osteocytes. Investigations
that study osteocyte electrical behavior primarily
use PEMF as the stimulus; none use direct DC stim-
ulation. This should be further explored to under-
stand osteocyte responses to electrical charge and
characteristics of the electrical signal (magnitude,
frequency) to which the osteocyte responds in vivo.
Potential exists to improve and broaden therapeutic
applications of ES for bone healing and bone loss
mitigation. ES methods have potential to improve
fracture healing and outcomes for osseointegration
into implantable medical devices. This requires a
better understanding of the bone cellular environ-
ment from an electrical perspective as well as the
cellular responses to ES.
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