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I nvention The present invention is directed to a nethod of regulating
aggrecan gene expression in cartilage cells via the application of
fields generated by specific and selective electric and

el ectromagnetic signals for the treatnment of injured or di seased
articular cartilage, as well as a device for generating such si gnal s.
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Background of the Invention

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 stinmlation by electric and electromagnetic fields and its
effect on the growth and repair of bone and cartilage. Researchers believe that such
research might be usefill 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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becomes abnormally rarefied. Bone comprises an organic component of cells and matrix
as well as an inorganic or mineral component. The cells and mairix comprise a
framework of collagenous fibers that is impregnated with the mineral component of
calcium phosphate (85%) and calcium carbonate (10%) that imparts rigidity to the bone.
While osteoporosis is generally thought as afflicting the elderly, certain types of
osteoporosis may affect persons of all ages whose bones are not subject to fiunctional
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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mechanical-electrical transduction mechanism that resembles those described in bone,
appearing when cartilage is mechanically compressed, causing movement of fluid and
electrolytes over the surface of fixed negative charges in the proteoglycans and collagen
in the cartilage matrix. These streaming potentials apparently serve a purpose in cartilage
similar to that in bone, and, along with mechanical strain, lead to signal transduction that
is capable of stimulating chondrocyte synthesis of matrix components.

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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PEMFs on extracellular matrices and in vivo endochondral ossification found increased
synthesis of cartilage molecules and maturation of bone trabeculae. Aaron et al,, J. Bone
Miner. Res. 4: 227-233 (1989). More recently, Lorich, Brighton et al. reported (Clin
Orthop and Related Research 350: 246-256, 1998) that signal transduction of a
capacitively coupled electric signal is via voltage gated calcium chanmels, leading to an
increase in cytosolic calcium with a subsequent increase in activated (cytoskeletal)
calmodulin.

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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disease (arthritis), cartilage injury, and cartil age defects.
Signals,” methods were disclosed for determining the specific and selective electrical
and electromagnetic signals for use in creating fields for regulating target genes of
diseased or injured tissues. The present invention builds upon the technique described
therein by describing the method of regulating one targeted gene expression, namely,
aggrecan gene expression, through application of a field generated by a specific and
selective electrical and electromagnetic signal, for the treatment of cartilage disease

(arthritis), cartilage injury, and cartilage defects.

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/em, a
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selective signals that create fields to up-regulate the expression of the aggrecan gene.

In related aspects, the present invention relates to methods and devices for
the treatment of osteoarthritis, rhenmatoid arthritis, cartilage injury, and cartilage defects.
The method of the invention also includes the methodology for determining the “specific
and selective” signal for the aggrecan gene by methodically varying the duration of a
starting signal known to increase or suspected to increase cellular production of
aggrecan, After selecting the optimal duration, the amplitude of the signal is varied for
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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cartil age choidedigided 38meinatep dsrtiono Aa indipded, theeptymonuypbédttion f tgdrecan

field of i t vcl ith.a.d t.i f. .30 mi nut |
at 20 m ot AR G S ot Bt Bate e liones S50 Aty
cycle is 50% . Figur@ighres 8 a?r@iﬂﬂd} ﬁep&@@ﬁt@@@f‘&ﬁég'g@ébaﬁfmﬁlﬂ’%: Sdpkdbion when

cartilage chondrocytes exposed to a capacitively coupled electric
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amplitude. As indicated, the optimum duty cycle is 50%.

. Figure 4 is a graphic representation of articular cartilage chondrocytes
exposed to a capacitively coupled electric field of various frequencies of 30 minutes
duration (on time) at 20 mV/cm electric field amplitude with a 50% duty cycle. As
mdicated, the optimum frequency is 60 kHz.

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
IHz, 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.

Figare 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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with respect to those figures'is for exenplary {ﬁur poses only "and i
not i nt endedh¢ Acopgypiihy mvsniipni All questiensopeardingtthe seopeenfi theinveatibn may be

questions r j . i{pvention may be resolved by
referring t%gﬁ%dg%p%%ggﬁg%fa%é?eg‘?’%de&%%&ent invention is based on
the discovery that theTlexpressasiioventién icbidedi b geNEScoRafy Bt teguk@eRibn of

by the application of fields generated by specific and selective .
el ectric andPOFReIBES Féﬁ‘r&’&n@ﬁ‘%&te iyniae erblisatinner Hglds generpted Hysspeeidie and

di scovered dbp fhePLRS SR/ ok @I’é@t%rﬁﬁtﬁleﬁ@ t@iﬁg%llg.e gﬁ oft®r FoPReRIHak ® gen girscovered

el ectric and/or el ectromagnetic sidgha enerates a fiel
regul ati ng éadhe pepentiinveniore that tietd ik agpedfid elottnierantlios sisetraahgrstiaRiEnal that

that these specjfi | gnal s . are capabl e of specjifically and
sel ectively %S‘E‘E}Eﬁeaﬁfﬁﬁgd ﬁ)ﬁée%%‘ﬁ]é'g eﬁ‘ﬁfgeéjﬁ&%g@é% I°§1ft1|1"=}g_r€i apd ptheg tFsie celipapg that
expressi on geefpidific s128alrBNEhabIFRIMbENAPARs adERMKiveldMoulating the genes in

such cells. In particular, gene expression governing the growth, maintenance, repair, and

degeneration or deterioration of tissues or cells can be regulated in accordance with the
invention via the application of fields generated by specific and selective electric and /or
electromagnetic signals so as to produce a salutary clinical effect. Such discoveries are
useful in the development of treatment methods that target certain medical conditions
mncluding bone fractures and defects, osteoarfhritis, osteoporosis, cancer and other
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, ulirasound signals, electromagnetic signals and electric
signals oufput 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.
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gene. expression of a gene.

“Functionally complementary” refers to two or more genes whose
expressions are complementary or synergistic in a given cell or tissue.

“Tissue” refers to an aggregate of cells together with their extracellular -
substances that form one of the structural materials of a patient. As used herein, the term
“tissue” is mtended fo include muscle and organ tissue as well as bone or cartilage tissue.
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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various forgpplid feld f60gRR isble¥ied Gand The duratidd W tinWCe:pasal tobciricity can also
conbi ned fields) can .
mfluence the capability of electricity to specifically and selectivity regulate gene
expression in targeted tissues or cells in a patient’s body. Specific and selective signals
may generate eleciric fields for application to each gene systematically until the proper
combination of frequency, amplitude, waveform, duty cycle, and duration is found that
provides the desired effect on gene expression.

It is to be understood that a variety of diseased or injured tissues or
disease states can be targeted for treatment because the specificity and selectivity of an
electric field for a certain gene expression can be influenced by several factors. In
particular, an elecirical 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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The device of the present invention is capable of applying a field

generated by specific and selective signals directly to diseased or injured tissue and/or to
the skin of a patient. The device of the present invention may also provide for the
remote application of specific and selective fields (e.g., application of a field at a
distance from diseased or injured tissue), although it will be appreciated that capacitively
coupled devices must touch the subject’s skin. The device of the present invention may
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 Figuare 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 provides for the target ed
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and cartilage defects. The present invention also provides a device
that includes a source of at |east one signal specific and selective
for aggrecan gene expression. The devices of the present invention
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skin of a patient for the application
particular, the methods of the present invention can provide for the up-regulation of

aggrecan genes that repair cartilage. A. variety of cartilage cells can be targeted by the
methods of the present invention including articular chondrocytes and including articular
cartilage, hyaline cartilage, and growth plate cartilage.

The example below further illustrates that the method of the present
invention provides for the regulation of gene expression in articular chondrocytes. For
example, in the example below, fetal articular chondrocytes have been exposed to a
capacitively coupled 60 kHz elecirical field of 20 mV/cm for 0.5, 2.0, 6.0 and 24.0
hours. A statistically significant incorporation of **SOs/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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fields for regulating gene expression in articular chondrocytes.

2004/ 029210 cPRASUSPOBS MEy (b3 3igsirable fraseby partaliepptientst he art wil |
understand that a variety of other cartilage diseases and injuries

may be targeted for treatnent via thegy q,;];‘gd of the present

invention. Those skilled in the art wi fart her understand that the
devi ces of the The invention is demonstrated in the following example, which is for

purposes of illustration and is not intended to limit the scope of the present invention.
Materials and Methods

Chondrocyte cultures were prepared from fetal bovine articular cartilage.
Chondrocytes (5 x 107 cells/om?) were plated onto specially modified Cooper dishes.
The cells were grown to seven days with the medium changed just prior to beginning of
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/cm with a current density of 300 uA/ocm?2. Conirol 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
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capaci tivel upl ed power unit with progranmed multip ]
specific @F%zﬂ@zng%@i ve signals for application to one ﬁ;ﬁﬂ&@&@g?}ﬁ
mul tiple pairs of electrodes, electronmagnetic coils attached to a
power unit with switchable nultiple specific and sel ective signals,
and an ultrasound stinulator with a power supply for generating

specific and selective signals. Generally speaking, device
preference is based on patient accepta ge and patient conpliance. The
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A dose-response is repeated a fourth time (varying frequency) (Figure 4) and a fifth time
(varying waveform) each time keeping the other signal characteristics constant. By this
method an optimal signal is determined for producing the greatest increase in the gene
expression of the protein of interest.

Protein expression may be determined by any method known in the art,
such as reverse franscriptase PCR, Northern analysis, immunoassays, and the 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 ul) are exposed to a 20 mV/cm
capacitively coupled eleciric field for various time durations (0.5, 2, 6, and 24 hours).
As mdicated, 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 mRINA expression when

articular cartilage chondrocytes (attomole per ul) are exposed to various amplitudes (1, 5,
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cartilage chondrocyt eFiglel 979 hegBiic hdprédeftaBiR OFettidaPcaBla /cléiéﬂdrocytes
capacitively coupled electric field for various tinme durations (0.5,

2, 6, and 2474w Fy)7 dayadn pitire andthen ehposepta e wptiggt eamnitiveiitoupled electric

producti on - i .occurred with a,si | of 30
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| ) are exposed to various anBI itudes (1, 5, WD 2004/029210 o
PCT/ US2003/ f}g@%@eg day for 7 days. Control chondrocytes were grown under the same conditions but

were not exposed to any electric stimulation. No interleukin, a cytokine that degradates

articular cartilage, was present in the media of the cultures. As indicated in Figure 5,
hexosamine, a protein whose synthesis is stimulated and regulated by aggrecan mRINA
and is the main constituent of proteoglycan, showed a 3.5 fold increase when exposed to
the applied electric field as compared to the control chondrocytes that were not exposed
to the electric field.

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. 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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to significantly up-regulate genes encoding aggrecan. This treatment should prevent or
minimize further articular cartilage deterioration as well as to heal articular cartilage that
already is damaged or degenerated.

The example described above demonstirates 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
rheumatoid arthritis), cartilage injury, and cartilage defects. Proteoglycan, along with
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
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synthesis is stinmulated and regul ated by aggrecan nRNA and is the

mai n constituent of proteoglycan, still showed a 3.5 fold increase

when exposed to the applied electric field as conpared to the
control cultures that were not exposed to the electric field. Figure
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proteoglycan in articular cartilage so as to treat arthritis (both
osteoarthritis and rheumatoid arthritis), cartilage injury, and
cartilage defects. Proteoglycan, along wth 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

t he exanple can very significantly up-regul ate




aggrecan nmRNA and, hence, increase proteoglycan synthesis, even in
the presence of IL- R . 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 el ectromagnetic
systens that produce equivalent, or nearly equivalent, electric field
characteristics. Those skilled in the art will also appreciate that
nore particul ari zed WO 2004/ 029210 PCT/ US2003/ 030333 17 signal
characteristics nay be di scovered through nore experinmentation with
nore data points (e.g., a 50+3% duty cycle for 30+3 m nutes), but
such re¢latively mnor variations in each of the signal

charactieri stics are believed to be wthi 'rlhhgt he | evel of those skilled
in the art given the teachings herein. ose skilled in the art wll
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configyration, a duty cygl&i@htely 50%, and a frequency of approximately 60 kkz; and

exposing the cartilage tissue to the field generated by the specific and
selective signal for a predetermined duration of time at predetermined
intervals so as to selectively up-regulate the gene expression of aggrecan

mRNA in the cartilage tissue.

applying the electric field to the cartilage tissue for a duration of approximately 30

minules every 24 hours.

3. An ex-vivo method for treating osteoarthritis, rheumatoid arthritis,

cartilage injury, and/or cartilage defects, comprising the steps of:

generating at least one specific and selective electric or electromagnetic
signal that when applied to one or more coils or electrodes causes the
generation of an electric field that is specific and selective for up-

regulating the gene expression of aggrecan mRNA when said electric

2. The method of claim 1 wherein the exposing step comprises the step of
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mately 50% and a frequency of approximtely 60 kHz; and

exposing the cartilage tissue to the field generated by the specific
and selective signal for a predeterm ned duration of tinme at
predetermined intervals so as to selectively up-regul ate the gene
expression of aggrecan nRNA in the cartilage tissue. 2. The net hod
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one electric or electromagnetic signal that creates
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minutes every 24 hours.

5. A device for the treatment of osteoarthritis, theumatoid arthritis,
cartilage injury and/or cartilage defects comprising a signal source that provides at least
one electric or electromagnetic signal that creates an electric field specific and selective
for up-regulating gene expression of aggrecan mRNA, wherein the specific and
selective signal has a sine wave configuration and generates an electric field having an
amplitude of about 10-20 mV/cm at 60 kHz with approximately a 50% duty cycle, and
either electrodes or at least one coil connected to the signal source so as to receive said
at least one specific and selective signal, said signal source controlling and varying
duration of signal and/or duty cycle of said at least one signal for application of the field
to the cartilage tissue so as to selectively up-regulate gene expression of aggrecan

mRNA in said cartilage tissue.

6. The device of claim 5 wherein the signal source applies the electric field

to the cartilage tissue for a duration of approximately 30 minutes every 24 hours.




sel ective signal has a sine wave configuration and generates an
electric field having an anplitude of about 10-20 nV/cm at 60 kHz
with approximately a 50% duty cycle, and either el ectrodes or at

| east one coil connected to the signal source so as to receive said
at | east one specific and selective signal, said signal source
controlling and varying duration of signal and/or duty cycle of said
at | east one signal for application of the field to the cartilage
tissue so as to selectively up-regul ate gene expression of aggrecan
MRNA in said cartilage tissue. 6. The device of claim5 wherein the
signal source applies the electric field to the cartilage tissue for
a duratj on of approximately 30 mnutes egery 24 hours. 20 7. An
ex-vivg nethod of treating osteoarthritis, rheunatoid arthritis,
cartilage injury, and/or a cartilage defect conprising the step of .
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of claim5 wherein e electric er y application of
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el ectrodes, solenoids, coils, or other field generating devices is

?gﬁ:o: ?ggt[ ot &r QEtT}Eé c%e?/lfjc% 0\%Icﬁting%pfa§l!1grlc\é§1p%&% llﬁegigs Rr atta!c?ndnléc%hé Yfectrodes to a

body of a patient in the vicinity of target tissue.

10.  The device of claim 5 further comprising means for attaching the signal source

to a body of a patient.

11, The device of claim 5 wherein the electric field generated by application of said
at least one specific and selective electric signal to the electrodes, solenoids, coils, or
other field generating devices is applied to target tissue via capacitive coupling or

inductive coupling.




