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The bioelectrical interactions and activity believed to be present in a

variety of biological tissues and cells are one of the least understood of the physiological
processes. However, there has recently been much research into these interactions and
activity regarding the growth and repair of certain tissues and cells. In particular, there
has been much research into stimulation by electric and electromagnetic fields and its
effect on the growth and repair of bone and cartilage. Researchers believe that such
research might be useful in the development of new treatments for a variety of medical
problems.

Osteoarthritis, also known as degenerative joint disease, is characterized
by degeneration of articular cartilage as well as proliferation and remodeling of
subchondral bone. The usual symptoms are stiffness, limitation of motion, and pain.

Osteoarthritis is the most common form of arthritis, and prevalence rates increase
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osteoporosis may affect persons of all ages whose bones are not subject to functional

stress. In such cases, patients may experience a significant loss of cortical and
cancellous bone during prolonged periods of immobilization. Elderly patients are known
to experience bone loss due to disuse when immobilized after fracture of a bone, which
may ultimately lead to a secondary fracture in an already osteoporotic skeleton.
Diminished bone density may lead to vertebrae collapse, fractures of hips, lower arms,
wrists, ankles as well as incapacitating pains. Alternative nonsurgical therapies for such

diseases are needed.
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The main application of direct current, capacitive coupling, and PEMFs

has been in orthopedics in healing of nonunion bone fractures (Brighton et al., J. Bone
and Joint Surgery, 63: 2-13, 1981; Brighton and Pollack, J. Bone and Joint Surgery, 67.
577-585, 1985; Bassett et al., Crit. Rev. Biomed. Eng., 17: 451-529 (1989); Bassett et al.,
J AMA 247: 623-8 (1982). Clinical responses have been reported in avascular necrosis
of hips in adults and Legg-Perthes’s disease in children. Bassett et al., Clin Orthop 246:
172-6 (1989); Aaron et al., Clin Orthop 249: 209-18 (1989); Harrison et al, J Pediatr
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Much research has been directed at studying tissue culture in order to
understand the mechanisms of response. In one study, it was found that electric fields
increased [*H]-thymidine incorporation into the DNA of chondrocytes, supporting the
notion that Na and Ca®" fluxes generated by electrical stimulation trigger DNA synthesis.
Rodan et al., Science 199: 690-692 (1978). Studies have found changes in the second
messenger, cAMP, and cytoskeletal rearrangements due to electrical perturbations.

Ryaby et al., Trans. BRAGS 6: (1986); Jones et al., Trans. BRAGS 6: 51 (1986); Brighton
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Summary of the Invention

The present invention relates to regulating the aggrecan gene expression
in cartilage cells via the application of fields generated by specific and selective electric
and/or electromagnetic signals. By performing dose-response curves on the electric field
duration, amplitude, frequency, and duty cycle, the optimal signal for up-regulating
aggrecan mRNA in articular cartilage chondrocytes was discovered. The optimal signal

generated a capacitively coupled electric field with an amplitude of 20 mV/cm, a
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the optimal duration of time as determined by the gene expression of aggrecan. The duty
cycle, frequency, and waveform are varied methodically while keeping the other signal
characteristics constant. This process is repeated until the optimal signal is determined
that produces the greatest increase in the expression of aggrecan .

These and other aspects of the present invention will be elucidated in the

following detailed description of the invention.
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Figure 5 is a graphic representation of articular cartilage chondrocytes
grown for 7 days in culture and then exposed to the optimal capacitively coupled electric
field of 20 mV/cm, 50% duty cycle (30 minutes duration on time), at a frequency of 60
kHz, and a sine wave configuration. No interleukin was present in the media of the
cultures and, as indicated, hexosamine showed a 3.5 fold increase.

Figure 6 is a graphic representation of articular cartilage chondrocytes
grown for 7 days then exposed to the optimal capacitively coupled electric field of 20
mV/cm, 50% duty cycle (30 minutes duration on time), at a frequency of 60 kHz, and a
sine wave configuration. Interleukin (10 ug/ml) or IL-B; was added to the media at day
7. As indicated, hexosamine showed a 3.5 fold increase despite the presence of

interleukin in the media of the cultures.
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diseases, as well as for developing devices employing such methods.

As used herein, the phrase “signal” is used to refer to a variety of signals
including mechanical signals, ultrasound signals, electromagnetic signals and electric
signals output by a device. It is to be understood that the term “field” as used herein
refers to an electrical field within targeted tissue, whether it is a combined field or a

pulsed electromagnetic field or generated by direct current, capacitive coupling or

inductive coupling.



degeneration or deterioration of tissues or cells can

be regul ated in accordance with the invention via the
wa@ppkiozete on of fields generated by specific apdI/us2003/030333

selective electric and /or electromagnetic signals so

as to produce a salutary clinical effect. Such

di scoveries are wuseful in the devel opnent of

treatment nethods that target certain medica
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Also, the term “tissue” as used herein may also refer to an individual cell.

“Patient” refers to an animal, preferably a mammal, more preferably a
human.

The present invention provides treatment methods and devices that target
certain tissues, cells or diseases. In particular, the gene expression associated with the
repair process in injured or diseased tissues or cells can be regulated by the application of
fields generated by electric signals that are specific and selective for the genes to be
regulated in the target tissues or cells. Gene expression can be up-regulated or down-
regulated by the application of signals that are specific and selective for each gene or

each set of complementary genes so as to produce a beneficial clinical effect. For
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disease states can be targeted for treatment because the specificity and selectivity of an
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electric field for a certain gene expression can be influenced by several factors. In
particular, an electrical field of appropriate frequency, amplitude, waveform and/or duty
cycle can be specific and selective for the expression of certain genes and thus provide
for targeted treatments. Temporal factors (e.g., duration of time exposed to the electrical
field) can also influence the specificity and selectivity of an electric field for a particular
gene expression. The regulation of gene expression may be more effective (or made
possible) via the application of an electrical field for a particular duration of time.

Therefore, those skilled in the art will understand that the present invention provides for
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include means for attaching the electrodes to the body of a patient in the vicinity of
injured or diseased tissue. For example, self-adherent conductive electrodes may be
attached to the skin of the patient on both sides of a knee joint afflicted with
osteoarthritis as shown in Figure 7. As also shown in Figure 7, the device 10 of the
present invention may include self-adherent electrodes 12 for attaching the device 10 to
the body of a patient. For example, the device 10 of the present invention may include

electrodes 12 attached to a power unit 14 that has a VELCRO® patch 16 on the reverse



certain diseased or injured tissue or disease states

for treatnent. In particular, the present invention
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application
example, in the example below, fetal articular chondrocytes have been exposed to a

capacitively coupled 60 kHz electrical field of 20 mV/em for 0.5, 2.0, 6.0 and 24.0
hours. A statistically significant incorporation of 3 5SO4/ug DNA (indicating significant
proteoglycan synthesis) was found after only 0.5 hours of stimulation. An identical
experiment was repeated and the levels of aggrecan mRNA, the messenger for the major
cartilage proteoglycan, monitored. After only 0.5 hours of electrical stimulation there
was a significant increase (almost 100%) in aggrecan mRNA. Accordingly, temporal
factors may influence the specificity and selectivity of a signal that generates electric

fields for regulating gene expression in articular chondrocytes.
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Those ski | | @bnidfoctieeoudditesWrdrt pl’%gl%ﬁsﬂ'(ﬁ’ﬂ getﬁlh@r}vil?e artiﬁlélf}r cartilage.

variety of other cartilage diseases and Injuries
Hehandragates o5 01 0% cellslamet) tware pldidre ontet dpecialdy niddfied Cooper dishes.

AT TR A —
the experimental condition. The experimental cell cultures throughout these studies were
subjected to a capacitively coupled 60 kHz sine wave signal electric field with an output
of 44.81 volts peak to peak. This produced a calculated-field strength in the culture
medium in the dishes of 20 mV/em with a current density of 300 pA/cm2. Control cell
culture dishes were identical to that of the stimulated dishes except that the electrodes
were not connected to a function generator.

Total RNA was isolated using TRIzol, according to the manufacturer’s
instructions, and reversed transcription using SuperScript IT reverse transcriptase was

performed. Oligonucleotide primers to be used in the competitive PCR technique were



present invention can be provided in a variety of

forms including a capacitively coupled power unit
wowrah/oprogr amred mul tiple switchabl e specific BemUS2003/030333

sel ective signals for application to one pair or to

mul tiple pairs of electrodes, electromagnetic coils

attached to a power unit with switchable nultiple

speci fic and sel ective signals, and an ultrasound

stimulator with a power supply for generating specific

and selective signals. Cenerlally speaking, device

pecécedfiom publishabdDNA gayubRies. RAEMEANE Endyls BRPCRNroducts was

conmpl i ance, The _snallest and nost portable unit
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14 sel ect edProtaimepprossichedy bPNtesmiedrinesy method known in the art,
%% tals %(as’lltelé\é %qggcgljpi%% ?’6&%{» g]%%ergraga l}Jf(s:its,simvn\%lsnansg;sf, %{urlr?hde like.
Aggrecan production by articular chondrocytes

Articular chondrocytes were exposed to a capacitively coupled electric
field of 20 mV/cm at 60 kHz. The results are illustrated in Figures 1-4.

Figure 1 is a graphic representation of aggrecan mRNA expression when
articular cartilage chondrocytes (attomole per pl) are exposed to a 20 mV/em
capacitively coupled electric field for various time durations (0.5, 2, 6, and 24 hours).
As indicated, the optimum aggrecan mRNA production (almost a two-fold increase)
occurred with a signal of 30 minutes duration.

Figure 2 is a graphic representation of aggrecan mRNA expression when

articular cartilage chondrocytes (attomole per pl) are exposed to various amplitudes (1, 5,



The optimal signal for the desired gene regul ati on was
found systematically as follows. An electrical signa
W p@w29o i ncrease (or even just suspected toPCT/US2003/030333
i ncrease) cellular production of a given proteinis
taken as the starting signal for determ ning the
specific signal for generating the field for the gene
expression (nmRNA) of that protein. A dose-response
curve is first performed by varying the duration of
the signal while holding all5 the other signa
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Figure 6 is a graphic representation of articular cartilage chondrocytes

grown for 7 days then exposed to the optimal capacitively coupled electric field of 20
mV/em, 50% duty cycle (30 minutes duration on time), at a frequency of 60 kHz, and a
sine wave configuration. Interleukin (10 ug/ml) or IL-B; was added to the media at day
7. The chondrocytes were exposed to this field for 1 hour per day for 7 days. Control
chondrocytes were grown under the same conditions with interleukin in the media but
were not exposed to any electric stimulation. As indicated in Figure 6, despite the

presence of interleukin in the media of the cultures, hexosamine, a protein whose
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field of 30 mnutes duration. As indicated, the
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signal producing an electric field anplitude of 10-20

nv/cm Figure 3 is a graphic representation of

aggrecan nRNA expression when articular cartil age

chondrocytes (attonole per |) are exposed to a

capacitively coupled electric field of various duty

cycles (6.7% 12.5% 50% 79% and 100% with a
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condi ons with Int inin the nme
rheumatoid arthritis), cartilage injury, and cartilage defects. Proteoglycan, along with

S

Type II collagen, is the main constituent of articular cartilage and is degradated and
destroyed early in the development of arthritis. The present invention clearly shows that
the optimal electric field described in the example can very significantly up-regulate
aggrecan mRNA and, hence, increase proteoglycan synthesis, even in the presence of IL-
B1. Those skilled in the art will appreciate that an appropriate electric field, as described
herein with capacitive coupling, is also equally effective with any and all
electromagnetic systems that produce equivalent, or nearly equivalent, electric field

characteristics. Those skilled in the art will also appreciate that more particularized



were not exposed to any electric stimulation. As
indicated in Figure 6, despite the presence of

w0 niogiotewki n in the nmedia of the cultures, hexPGHDBI9683/030333
a protein whose WO 2004/ 029210 PCT/ US2003/ 030333 16
synthesis is stimulated and regul ated by aggrecan nRNA
and is the main constituent of proteoglycan, stil
showed a 3.5 fold i ncrease when exposed to the applied
electric field as conpared to the control cultures
that were not exposed to thd7electric field. Figure 7
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invention that is used to treat a gat|ent w th
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pappendbdctlaingepr oxi mat el y 30 minutes per day with the
proper duty cycle (50%, it has been shown to
significantly up-regul ate genes encodi hg aggrecan.
This treatnent should prevent or ninimze further
articular cartilage deterioration as well as to heal
articular cartilage that already is damaged or
degenerated. The exanpl e descri bed above denonstrates
that the expression of the aggrecan gene may be
significantly up-regulated to increase the production
of proteoglycan in articular cartilage so as to treat
arthritis (both osteoarthritis and rheunatoid
arthritis), cartilage injury, and cartil age defects.
Prot eogl ycan, along with Type Il collagen, is the
mai n constituent of articular cartilage and is
degradated and destroyed early in the devel opnent of
arthritis. The present invention clearly shows that
the optimal electric field described in the exanple
can very significantly up-regul ate




aggrecan nRNA and, hence, increase proteoglycan

synthesis, even in the presence of IL- 13,. Those
wa@kiokbozd1o n the art will appreciate that an appCDpg£108t/€30333

electric field, as described herein with capacitive

coupling, is also equally effective with any and al

el ectromagneti c systens that produce equivalent, or

nearly equivalent, electric field characteristics.

Those skilled in the art will al so appreciate that

nore particul ari zed WO 2004/1829210 PCT/ US2003/ 030333
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bé means of capacitive coupling, inductive coupling
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1. A nethod of specifically and selectively

up-regul at i fge (a9 S 1aifi<P rvﬁ%ﬁééﬁg‘tleg%xg)%gig(g %ge%ﬂ%oﬁﬁg}ﬁﬁ% the step of

carti|age ti,ssue, conpri sing _
a?xﬂoélﬁgtanoﬁgc‘élé%ﬁqmlaée shpndeiciiet toibe dielghagnerated by ghe specific and
sstetigebigahll fgr BRpredcteMied dufitiof @ kitdett pRRA@RARed intervals of once
ex&rdlgs& on of aggrecan nRNA; and exposing the o

cart V'age tissue to a field generated by the specific

and sel ective signal for a predeterm ned duration of

t4.me at predeq Elﬁ%fpd @f claimtlevheatin ssid gesertingigtep eqmupiises the step of

LHRcHBNE (B RPESR A eV EHAN sl RMnote source and said exposing step

comprises the step of applying the field generated by the specific and selective signal to
the cartilage tissue.

5. The method of claim 4 wherein the exposing step comprises the step of
applying the specific and selective signal to electrodes located near the cartilage tissue.

6. The method of claim 5 wherein the exposing step comprises the step of
applying the field generated by the specific and selective signal to the cartilage tissue
through one of capacitive coupling and inductive coupling.

7. The method of claim 6 wherein the specific and selective signal causes
the electrodes to generate one of a capacitive coupling electric field, an electromagnetic
field, and a combined field.



2. The nmethod of claim1l wherein the generating step

conprises the step of selectively varying the
wa@epkiotaede, duration, duty cycle, frequency, aPdI/us2003/030333

waveform of the specific and selective signal until

t he gene expression of aggrecan nRNA in the cartil age

tissue is substantially optimzed. 3. The nethod of

claim1 wherein the exposing step conprises the step

of exposing an articular cartilage chrondrocyte to

the field generated by the specific and selective
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near the cartilage tissue. 6. The nmethod of claimb5
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of capacitive coup and inductive coupling. 7. The
method of clbs meél%iﬁég daipn § piesgie dher ¢xposing séapl eamtpinises the step of

Sigigihg oAtISRa elédi@neicheid sleand 9 caaPREATBIIAN thOfar@la ¢ tlssue
capaC|t|ve coupling electric fleld, an el ectromagneTi
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Piﬁ/ uszggg/@é“o%ﬁngma g I?‘m&d W%?fﬁ’&u‘ P SPOGTHL; StoRycogpprises the step of

| generatipgenelecyse Beld aminigtansgmplitedmef aiptoxambteiy 10-20 mV/cm, a sine
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t he steps enerati one speciti¢ an
s@l’é‘é’%ﬁn@@%ﬁ - that up- regul ates the gene

expr essi on of aggrecan nRNA; and exposing cartil age

tixzsue to arfd mbtﬂlog efetaihed \bb{erélh&hé @gﬁisfrﬂg(bté}ﬂébmpnses the step of
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Jp@éﬁj@l\/@lﬁ’@%ﬂ@s expressi on of aggrecan nmRNA. 9. The
nmet hod of claim8 wherein the exposing step conprises

tiee step ofThe method of claim 8 wherein the generating step comprises the steps of
selectively varying the amplitude, duration, duty cycle, frequency, and waveform of the
specific and selective signal until the up-regulation of the gene expression of aggrecan
mRNA in the cartilage tissue by the generated field is substantially optimized.

14. The method of claim 13 wherein the exposing step comprises the step of
applying the field generated by the specific and selective signal to the cartilage tissue
through one of capacitive coupling and inductive coupling.

15. The method of claim 14 wherein the specific and selective signal causes

the electrodes to generate one of a capacitive coupling electric field, an electromagnetic
field, and a combined field.



capacitively coupling the field to the cartil age

tissue. 10. The nethod of claim@8 wherein the exposing
wa@e@pozenpri ses the step of applying one of aPCT/US2003/030333

el ectromagnetic field and a conbined field to the

cartilage tissue. 11. The nmethod of claim8 wherein

the generating step conprises the step of generating

an electric field having an anplitude of approxi mately

10-20 mvV/cm a sine wave configuration, a duty cycle

of approxi mately 50% and a20requency of
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to gener ate one of a capacitive coupl ing electric

an e romagnet. c .a_conbi . : ,
G148 W0 BB ¢S pordfds FHR B aching the signa
dmwdofathodyhéapa’emtnent of at | east one of
osteoarthritis, rheumatoid arthritis, cartilage

ippury and egs Hé‘h@@ ef erfs qgswﬁé?&“ﬁrth§ 'f'@Ei ?en%tﬂ&ﬁi) v said at least one
sour ce that rOVI des . at st on t hat .creates

aSHePidicRdhselpqtive signal s}aaeeltq © cattl ‘i‘%?gﬁtsét? g ogerfd capacitive
eamjpﬁﬁgamurﬂﬁctﬁgagroapm. nRNA, and el ectrodes connect ed

to the signal source that receive said at |east one

Sﬁ)f“lC'df It g ?E’gh% gtlzv? e{etvc?alr%tmfler& rth@%%kff%ga‘h? g@le&fv cgqulal has a sine
dWeet P@tﬁ%ttaq@ﬂe@ét&mﬁﬁatﬁe din; qhecduicy Akl lwutgsalt @rnphtude of about 10-20

sehve&h lav 66 KHHQWthra‘:f)?%H)ﬁ’th@te BeisvsY sleon of aggrecan
MRNA in said cartilage tissue. 17 The device of claim

192.f urther gorrrrl'gtl’hog ol%gtreatlg ’E iieasteo&oc\)qe osteuoglrtimﬁs rLeumatmd arthritis,

cartilage injury, and a cartilage defect comprising the steps of exposing cartilage tissue to

the specific and selective field generated by the device of claim 21 so as to up-regulate
expression of aggrecan mRNA in the cartilage tissue.

23. A method of determining a selective signal that generates an electric field
that up-regulates aggrecan, comprising the steps of selecting a starting signal known to
increase or suspected to affect cellular production of aggrecan, selectively varying a
duration of application of said starting signal until an optimal duration that provides an
optimal production of aggrecan is found, varying an amplitude of the starting signal for
the optimal duration of time until an optimal production of aggrecan is found, and
varying a duty cycle of the signal until an optimal production of aggrecan is found.



drives said signal source. 18. The device of claim16
further conprising neans for attaching the el ectrodes

W eooa/oedy of a patient in the vicinity of thePCT/US2003/030333
cartilage tissue. 19. The device of claim 16 further
conprising nmeans for attaching the signal source to a
body of a patient. 20. The device of claim 16 wherein
the field generated by said at | east one specific and
selective signal is applied to said cartilage tissue
via one of capacitive coupl2lng and inductive

ca4pl i ng. 2§he Trhethtd@\ﬁfcﬁalﬁ{ 26! adripriding\iBs %ﬁhérhﬁeps of selectively
sel ectjve, s

fIC n
coﬁ?c’i Gut g’ie %er’%lcgna& NG gfa%ﬁ‘ é’r%la]v iﬁeﬁpl?lg T ﬁ%ﬁ‘ﬂ?h gharacteristics
amratmt,lumutiéle@eamoumremr iAGhe gdﬂe@ﬂp&bmﬁ@ok&@r&bﬁh s found.
approximately a 50% duty cycle. 22. A nethod of
treating at | east one of osteoarthritis, rheumatoid
arthritis, <cartilage injury, and a cartil age defect
conprising the steps of exposing cartilage tissue to
the specific and selective field generated by the
device of claim?21 so as to up-regul ate expression of
aggrecan nmRNA in the cartilage tissue. 23. A nethod of
determi ning a selective signal that generates an
electric field that up-regul ates aggrecan, conprising
the steps of selecting a starting signal known to
i ncrease or suspected to affect cellular production of
aggrecan, selectively varying a duration of
application of said starting signal until an optina
duration that provides an optinmal production of
aggrecan is found, varying an anplitude of the
starting signal for the optimal duration of tine
until an optiml production of aggrecan is found, and
varying a duty cycle of the signal until an opti nal
production of aggrecan is found. WO 2004/ 029210
PCT/ US2003/ 030333 21 24. The nethod of claim 23
conprising the further steps of selectively varying a
frequency and waveform of said signal, keeping other
signal characteristics constant, until the greatest
increase in the gene expression of aggrecan is found.



