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ABSTRACT 

Disclosed are methods of preventing or treating cardiac 
arrhythmia. In one embodiment, the methods include admin 
istering to an amount of at least one polynucleotide that 
modulates an electrical property of the heart. The methods 
have a Wide variety of important uses including treating 
cardiac arrhythmia. 
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CARDIAC ARRHYTHMIA TREATMENT 
METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] The present application claims priority to US. 
Provisional Application No. 60/230,311 ?led on Sep. 6, 
2001, and US. Provisional Application No. 60/295,889, 
?led on Jun. 5, 2001, the disclosure of Which are both 
incorporated herein by reference. 

STATEMENT OF FEDERALLY SPONSORED 
RESEARCH 

[0002] Funding for the present invention Was provided in 
part by the Government of the United States by virtue of 
Grant No. NIH P50 HL52307 by the National Institutes of 
Health. Thus, the Government of the United States has 
certain rights in and to the invention claimed herein. 

FIELD OF THE INVENTION 

[0003] The invention generally featurs methods for the 
prevention or treatment of heart arrhythmia. Preferred meth 
ods generally involve administering at least one therapeutic 
polynucleotide to a mammal suf?cient to modulate at least 
one electrical property of the heart. Modulation of the 
electrical property addresses the arrhythmia typically by 
encouraging normal heart electrical function. 

BACKGROUND 

[0004] The mammalian heart is understood to maintain an 
intrinsic rhythm by creating electric stimuli. Generally, the 
stimuli form a depolariZation Wave that propagates Within 
specialiZed cardiac conducting tissue and the myocardium. 
The usually Well-ordered Wave movement facilitates coor 
dinated contractions of the myocardium. These contractions 
are the engine that moves blood throughout the body. See 
generally The Heart and Cardiovascular System. Scienti?c 
Foundations. (1986) (FoZZard, H. A. et al. eds) Raven Press, 
NY. 

[0005] Under most circumstances, cardiac stimuli are con 
trolled by recogniZed physiological mechanisms. HoWever 
there has been long-standing recognition that abnormalities 
of excitable cardiac tissue can lead to abnormalities of the 
heart rhythm. These abnormalities are generally referred to 
as arrhythmias. Most arrhythmias are believed to stem from 
defects in cardiac impulse generation or propagation that can 
substantially compromise homeostasis, leading to substan 
tial patient discomfort or even death. For example, cardiac 
arrhythmias that cause the heart to beat too sloWly are 
knoWn as bradycardia, or bradyarrhythmia. In contrast, 
arrhythmias that cause the heart to beat too fast are referred 
to as tachycardia, or tachyarrhythmia. See generally Car 
diovascularArrhythmias (1973) (Dreifus, L. S. and Likoff, 
W. eds) Grune & Stratton, NY. 

[0006] The signi?cance of these and related heart disor 
ders to public health cannot be exaggerated. Symptoms 
related to arrhythmias range from nuisance, extra heart 
beats, to life-threatening loss of consciousness. Complete 
circulatory collapse has also been reported. Morbidity and 
mortality from such problems continues to be substantial. In 
the United States alone for example, cardiac arrest accounts 
for 220,000 deaths per year. There is thought to be more than 
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10% of total American deaths. Atrial ?brillation, a speci?c 
form of cardiac arrhythmia, impacts more than 2 million 
people in the United States. Other arrhythmias account for 
thousands of emergency room visits and hospital admissions 
each year. See eg., Bosch, R. et al. (1999) in Cardiovas Res. 
44: 121 and references cited therein. 

[0007] Cardiac electrophysiology has been the subject of 
intense interest. Generally, the cellular basis for all cardiac 
electrical activity is the action potential The AP is 
conventionally divided into ?ve phases in Which each phase 
is de?ned by the cellular membrane potential and the 
activity of potassium, chloride, and calcium ion channel 
proteins that affect that potential. Propagation of the AP 
throughout the heart is thought to involve gap junctions. See 
Tomaselli, G. and Marban, E. (1999) in Cardiovasc. Res. 42: 
270 and references cited therein. 

[0008] There have been limited attempts to treat cardiac 
arrhythmias and related heart disorders. 

[0009] Speci?cally, many of the past attempts have been 
con?ned to pharmacotherapy, radiofrequency ablation, use 
of implantable devices, and related approaches. Unfortu 
nately, this has limited options for successful patient man 
agement and rehabilitation. 

[0010] In particular, radiofrequency ablation has been 
reported to address a limited number of arrhythmias eg., 
atrioventricular (AV) node reentry tachycardia, accessory 
pathway-mediated tachycardia, and atrial ?utter. However, 
more problematic arrhythmias such as atrial ?brillation and 
infarct-related ventricular tachycardia, are less amenable to 
this and related therapies. Device-based therapies (pacemak 
ers and de?brillators, for instance) have been reported to be 
helpful for some patients With bradyarrhythmias and life 
saving for patients With tachyarrhythmias. HoWever, such 
therapies does not alWays prevent tachyarrhythmias. More 
over, use of such implementations is most often associated 
With a prolonged commitment to repeated procedures, sig 
ni?cant expense, and potentially catastrophic complications 
including infection, cardiac perforation, and lead failure. 

[0011] Drug therapy remains a popular route for reducing 
some arrhythmic events. HoWever, there has been recogni 
tion that systemic effects are often poorly tolerated. More 
over, there is belief that proarrhythmic tendencies exhibited 
by many drugs may increase mortality in many situations. 
See generally Bigger, J. T and Hoffman, B. F. (1993) in The 
Pharmacological Basis of T herapuetics 8th Ed. (Gilman, A. 
G et al. eds) McGraW-Hill, NY and references cited therein. 

[0012] It Would be desirable to have more effective meth 
ods for treating or preventing cardiac arrhythmias. It Would 
be especially desirable to have gene therapy methods for 
treating or preventing such arrhythmias. 

SUMMARY OF THE INVENTION 

[0013] The present invention provides methods of pre 
venting or treating cardiac arrhythmia in a mammal. In 
general, the methods involve administering to the mammal 
at least one polynucleotide that preferably modulates at least 
one electrical property of the heart. Use of the polynucle 
otides according to the invention modulates the heart elec 
trical property, thereby preventing or treating the cardiac 
arrhythmia. 
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[0014] There has been a long-felt need for more effective 
anti-arrhythmic therapies. The invention addresses this need 
by providing, for the ?rst time, therapeutic methods for 
administering one or more therapeutic polynucleotides to the 
heart under conditions suf?cient to modulate (increase or 
decrease) at least one heart electrical property. Preferred use 
of the invention modulates heart electrical conduction pref 
erably recon?gures all or part of the cardiac action potential 

That use helps achieve a desired therapeutic outcome. 
Signi?cant disruption of normal electrical function is usually 
reduced and often avoided by the present methods. More 
over, use of the invention is ?exible and provides, also for 
the ?rst time, important anti-arrhythmic strategies that can 
be tailored to the health requirements of one patient or 
several as needed. 

[0015] The invention provides other advantages that have 
been heretobefore dif?cult or impossible to achieve. For 
example, and unlike prior practice, the invention methods 
are genetically and spatially controllable ie., they provide for 
administration of at least one prede?ned polynucleotide to 
an identi?ed heart tissue or focal area Since there is recog 
nition that many protein encoding polynucleotides can be 
expressed successfully in heart tissue, the invention is a 
generally applicable anti-arrhythmia therapy that can be 
employed to supply the heart With one or a combination of 
different therapeutic proteins encoded by the polynucle 
otides. Such proteins can be provided transiently or more 
long-term as needed to address a particular cardiac indica 
tion. 

[0016] The invention provides further bene?ts and advan 
tages. For example, practice of prior anti-arrythmic 
approaches involving pharmacotherapy, radiofrequency 
ablation, and implantable device approaches is reduced and 
oftentimes eliminated by the invention. Moreover, the 
invention provides, highly localiZed gene delivery. Impor 
tantly, treated cells and tissue usually remain responsive to 
endogenous nerves and hormones in most cases. In particu 
lar invention methods discussed beloW, localiZed coronary 
circulation provides targeted delivery to isolated regions of 
the heart. In some embodiments, proximity to endocardium 
alloWs access by intracardiac injection. Therapeutic effects 
are often readily detected eg., by use of standard electro 
physiological assays as provided herein. Also importantly, 
many gene transfer-induced changes in accord With the 
present invention can be rescued, if needed, by conventional 
electrophysiological methods. 

[0017] Accordingly, and in one aspect, the invention pro 
vides methods for preventing or treating cardiac arrhythmia. 
More speci?c methods include administering to a mammal 
a therapeutically effective amount of at least one polynucle 
otide that can increase or decrease at least one electrical 
property as determined by one or more standard electro 
physiological assays. Examples of preferred administration 
routes, polynucleotides, and assays are provided in the 
discussion that folloWs. Preferably, the invention further 
includes expressing the polynucleotide in the mammal suf 
?cient to prevent or treat the cardiac arrhythmia. In general, 
polynucleotide expression conducive to using the invention 
is apparent as a shift in a recording (relative to baseline) 
obtained from at least one of the standard electrophysiologi 
cal assays. 

[0018] In additionally preferred invention methods, the 
electrical property is increased or decreased by at least about 
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10% relative to a baseline function. More preferably, the 
increase or decrease is at least about 20%, more preferably 
at least about 30% to about 50% or more. That baseline 
function can be readiliy ascertained eg., by performing the 
electrophysiological assay on a particular mammal prior to 
conducting the invention methods. Alternatively, related 
baseline function can be determined by performing a parallel 
experiment in Which a control polynucleotide is adminis 
tered instead of the polynucleotide of interest. It Will be 
apparent that once a reliable baseline function has been 
established (or is available from public sources) determina 
tion of the baseline function by the practitioner may not 
alWays be necessary. Examples of relevent electrical prop 
erties are knoWn and include, but are not limited to, at least 
one of refractoriness, speed of conduction, focal automatic 
ity, and spatial excitation pattern. 

[0019] The invention is Widely applicable to the prevent 
and treatment of a Wide range of ventricular or atrial 
arrhythmias including atrial ?brillation. Accordingly, the 
invention provides, in one embodiment, methods for treating 
atrial ?brillation that include administering to a mammal a 
therapeutically effective amount of at least one polynucle 
otide encoding an inhibitory G protein subunit, preferably 
Goti2 subunit; or a functional fragment thereof. Preferred 
method practice involves expressing the polynucleotide in 
the mammal to treat the atrial ?brillation, particularly by 
controlling heart rate. Additional prevention and treatment 
methods are provided beloW. 

[0020] In another aspect, the invention provides a kit for 
performing one or a combination of the invention methods 
disclosed herein. Preferably, the kit includes at least one 
suitable myocardium nucleic acid delivery system and pref 
erably at least one desired polynucleotide. Preferably, that 
polynucleotide is operably linked to the system ie., it is in 
functional and/or physical association thereWith suf?cient to 
provide for good administration of the polynucleotide into 
the heart. Additionally preferred kits include means for 
administering the polynucleotide to the mammal such as a 
syringe, catheter and the like. 

[0021] The invention also includes a device useful for the 
therapeutic methods disclosed herein. Preferred devices 
include those unitary, integral devices elate position of the 
device Within a subject, particularly proximate to a patient’s 
heart, as Well as deliver a therapeutic agent to a patient, 
particularly a nucleic acid therapeutic to a mammalian heart. 
Speci?cally preferred devices comprise an elongate mem 
ber, particularly a ?exible catheter member that can be 
advanced to a patient’s heart. The catheter unit suitably 
comprises a administration member, eg a needle member, 
for delivering a therapeutic agent especially a polynucle 
otide to cardiac tissue of the patient. The catheter unit also 
includes positioning detection apparatus such as detetable 
electrodes at the catheters distal end. 

[0022] Other invention embodiments are disclosed beloW. 

BREIF DESCRIPTION OF THE DRAWINGS 

[0023] FIGS. 1A-B are photographs shoWing gene transfer 
to the AV node after exposure to Ad[3gal. FIGS. 1C-D are 
photographs shoWing gene transfer to various non-target 
organ tissue. 

[0024] FIG. 2A is a graph shoWing reduction in heart rate 
during atrial ?brillation after gene transfer of inhibitory G 
subunit (Giz). FIG. 2B is a related electrocardiogram. 
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[0025] FIG. 3A is a graph showing reduction in heart rate 
during atrial ?brillation after gene transfer of inhibitory G 
subunit (Giz) and infusion of epinephrine. FIG. 3B is a 
related electrocardiogram. 

[0026] FIG. 4A is a Western blot of AV nodal tissue 
shoWing Gi2 overexpression. FIG. 4B is a graph shoWing 
heart rate folloWing gene transfer. 

[0027] FIG. 5A is a graph shoWing comparision of Ikr 
current in presence and absence of gene transfer-mediated 
overexpression of HERG. FIG. 5B is a photograph shoWing 
related action potential 

[0028] FIG. 6 is a draWing shoWing changes in atrial 
action potential after prolonged atrial ?brillation. The dotted 
line indicates a normal atrial action potential morphology. 

[0029] FIG. 7A is a graph shoWing comparision of Ikr 
current in presence and absence of gene transfer-mediated 
overexpression of dominant-negative mutant of HERG. 
FIG. 7B is a photograph shoWing related action potential 
(AP) of the mutant HERG. 

[0030] FIGS. 8A and 8B depict a preferred therapeutic 
agent delivery device (intravascular injection catheter) of the 
invention. FIG. 8B shoWs the indicated area of device in 
expanded cross-section. 

[0031] FIG. 9A is a draWing shoWing the amino acid 
sequence of the human Gi2 sequence (NCBI protein 
sequence no. P04899). 

[0032] FIGS. 9B-C are draWings shoWing the nucleic acid 
sequence encoding the human Gi2 sequence shoWn in FIG. 
9A. FIGS. 9B-C shoW the nucleic acid sequences in exon 
form. 

[0033] FIGS. 10A-B are graphs shoWing action potentials 
in guinea pig ventricular myocytes expressing Kir2.1AAA. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] As discussed, the invention provides methods for 
the prevention or treatment of cardiac arrhythmia in a 
subject mammal. By “treatment” is meant use of the inven 
tion to reduce the severity of, prolong onset, or eliminate one 
or a combination of cardiac arrhythmias. Preferred methods 
involve administering a therapeutically effective amount of 
at least one polynucleotide capable of modulating at least 
one heart electrical property. More preferred methods 
involve expression of the polynucleotide suf?cient to pre 
vent or treat the cardiac arrhythmia in the mammal. 

[0035] Preferred mammals include domesticated animals 
eg., pigs, horses, dogs, cats, sheep, goats and the like; 
rodents such as rats, hamsters and mice; rabbits; and pri 
mates such as monkeys, chimpanZees ect. Ahighly preferred 
mammal is a human patient, preferably a patient Who has or 
is suspected of having a cardiac arrhythmia Methods of 
diagnosing and treating a variety of cardiac arrhythmias 
have been disclosed. See Cardiovascular Arrhythmias 
(1973) (Dreifus, L. S. and Likoff, W. eds) Grune & Stratton, 
NY; and references cited therein. 

[0036] The invention is generally compatible With one or 
a combination of suitable polynucleotide administration 
routes including those intended for in vivo or ex vivo cardiac 
use. As discussed, there is understanding in the ?eld that 
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cardiac tissue is especially amenable to gene transfer tech 
niques. See e.g, Donahue, J. et al. (1998) Gene Therapy 5: 
630; Donahue, J. et al. PNAS (USA) 94: 4664 (disclosing 
rapid and ef?cient gene transfer to the heart); Akhter, S. et 
al. (1997) PNAS (USA) 94: 12100 (shoWing successful gene 
transfer to cardiac ventricular myocytes); and references 
cited therein. 

[0037] See also the Examples and DraWings provided 
herein Which demonstrate, inter alia, successful use of 
myocardial gene transfer techniques particularly to address 
cardiac arrhythmia. 

[0038] Typically preferred invention methods feature 
administration routes in Which expression of the introduced 
polynucleotide directly or indirectly causes a decrease in 
speed of conduction through at least one of: 1) the atrio 
ventricular (AV) node (A-H interval) and 2) the His-Purkinje 
system. The decrease is readily detected and measured 
according to conventional means eg., by use of one or more 
of the standard electrophysiological assays disclosed herein. 
Decreases of at least about 10% relative to baseline in the 
assay, preferably about 20% to 50% or more, are useful for 
many invention embodiments. 

[0039] As Will be appreciated, baseline values Will often 
vary With respect to the particular polynucleotide(s) chosen. 
Methods to quantify baseline expression or protein include 
Western blot, quantitative PCR, or functional assays such as 
adenylate cyclase assay for inhibitory G proteins, patch 
clamp analysis for ion channel currents. EP effects can be 
determined by measuring heart rate, conduction velocity or 
refractory period in vivo With EP catheters. 

[0040] Additionally preferred invention methods include 
administration routes in Which expression of the introduced 
polynucleotide directly or indirectly results in an increase in 
the AV node refractory period (AVNERP) as measured by 
the assay. An increase of at least about 10% relative to 
baseline in the assay, preferably at least about 20% to about 
50% or more, Will be preferred in many invention embodi 
ments. Conventional methods for detecting and measuring 
the AVNERP are knoWn and include the standard electro 
physiological tests referenced herein. 

[0041] Further preferred administation routes according to 
the invention involve introducing the polynucleotide into 
cardiac tissue and expressing same suf?cient to detectably 
decrease heart rate as determined by a standard electrocar 
diogram (ECG) recording. Preferably, the decrease in heart 
rate is at least about 5% relative to baseline. Also preferably, 
the decrease in ventricular response rate or pulse during the 
cardiac arrhythmia (eg., atrial ?brillation) is at least about 
10% relative to baseline as determined by the recording. 

[0042] As Will be apparent, the invention is highly ?exible 
and can be used With one or a combination of polynucle 
otides, preferably those encoding at least one therapeutic 
heart protein. A more preferred polynucleotide: 1) either 
decreases the A-H interval or increases the AVNERP by at 
least about 10%, preferably at least about 20% to about 50%, 
as determined by the electrophysiological assay; and 2) 
decreases ventricular response rate or pulse rate during atrial 
?brillation by at least about 10%, preferably at least about 
20% to about 50% as determined by a standard electrocar 
diogram (ECG) recording. 
[0043] Additionally preferred polynucleotides include, but 
are not limited to, those encoding at least one ion channel 
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protein, gap junction protein, G protein subunit, connexin; 
or functional fragment thereof. More preferred are poly 
nucleotides encoding a K channel subunit, Na channel 
subunit, Ca channel subunit, an inhibitory G protein subunit; 
or a functional fragment thereof. Additionally preferred 
polynucleotides Will encode one, tWo or three of such 
proteins (the same or different). HoWever polynucleotides 
encoding one of those proteins Will be preferred for most 
invention applications. 

[0044] By the phrase “function fragment” is meant a 
portion of an amino acid sequence (or polynucleotide encod 
ing that sequence) that has at least about 80%, preferably at 
least about 95% of the function of the corresponding full 
length amino acid sequence (or polynucleotide encoding that 
sequence). Methods of detecting and quantifying function 
ality in such fragments are knoWn and include the standard 
electrophysiological assays disclosed herein. 

[0045] For example, in embodiments in one or more of the 
polynucleotides encodes an inhibitory G protein, a suitable 
test for assaying function of that protein (as Well as func 
tional fragments thereof) is the adenylate cyclase assay 
disclosed by Sugiyama A. et al. in J Cardiovasc Pharm 
1997; 29:734. 

[0046] Suitable polynucleotides for practicing the inven 
tion can be obtained from a variety of public sources 
including, but not limited to, GenBank (National Center for 
Biotechnology Information (NCBI)), EMBL data library, 
SWISS-PROT (University of Geneva, SWitZerland), the 
PIR-International database; and the American Type Culture 
Collection (Al‘CC) (10801 University Boulevard, Manassas, 
Va. 20110-2209). See generally Benson, D. A. et al. (1997) 
Nucl. Acids. Res. 25: 1 for a description of Genbank. 

[0047] More particular polynucleotides for use With the 
present invention are readily obtained by accessing public 
information from GenBank. For example, in one approach, 
a desired polynucleotide sequence is obtained from Gen 
Bank. The polynucleotide itself can be made by one or a 
combination of routine cloning procedures including those 
employing PCR-based ampli?cation and cloning tech 
niques. For example, preparation of oligonucleotide 
sequence, PCR ampli?cation of appropriate libraries, prepa 
ration of plasmid DNA, DNA cleavage With restriction 
enZymes, ligation of DNA, introduction of DNA into a 
suitable host cell, culturing the cell, and isolation and 
puri?cation of the cloned polynucleotide are knoWn tech 
niques. See eg., Sambrook et al. in Molecular Cloning: A 
Laboratory Manual (2d ed. 1989); and Ausubel et al. (1989), 
Current Protocols in Molecular Biology, John Wiley & 
Sons, NeW York. 

[0048] Table 1 beloW, references illustrative polynucle 
otides from the GenBank database for use With the present 
invention. 

TABLE 1 

Polynucleotide GenBank Accession No. 

Human Gi2 protein alpha subunit sequence: AH001470 
Kir 2.1 potassium channel XM0284111 
HERG potassium channel XM004743 
Connexin 40 AF151979 
Connexin 43 AF151980 
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TABLE 1-continued 

Polynucleotide GenBank Accession No. 

Connexin 45 U03493 
Na channel alpha subunit NM000335 
Na channel beta-1 subunit NM001037 
L-type Ca channel alpha-1 subunit AF201304 

1An additional polynucleotide for use With the present invention is the 
Kir2.1 AAA mutant, Which is Wild-type Kir 2.1 With a substitution muta 
tion ofAAA for GFG in position 144-146. 

[0049] Additional polynucleotides for use With the inven 
tion have been reported in the folloWing references: Wong et 
al. Nature 1991;351 (6321):63. (constitutively active Gi2 
alpha);) De Jongh K S, et al. J Biol Chem 1990 Sep. 
5;265(25):14738 (Na and Ca channel beta subunits); PereZ 
Reyes, E. et al. J Biol Chem 1992 Jan. 25;267(3):1792; 
Neuroscientist 2001 February;7(1):42 (providing sodium 
channel beta subunit information); Isom, L L. Et al. Science 
1992 May 8;256(5058):839 (providing the beta 1 subunit of 
a brain sodium channel); and Isom, L L. Et al. (1995) Cell 
1995 Nov. 3;83(3):433 (reporting beta 2 subunit of brain 
sodium channels). 
[0050] Further polynucleotides for use With the invention 
have been reported in PCT application number PCT/US98/ 
23877 to Marban, E. 

[0051] See also the folloWing references authored by E. 
Marban: J. Gen Physiol. 2001 August;118(2):171-82; Circ 
Res. 2001 Jul. 20;89(2):160-7; Circ Res. 2001 Jul. 
20;89(2):101; Circ Res. 2001 Jul. 6;89(1):33-8; Circ Res. 
2001 Jun. 22;88(12):1267-75; J. Biol. Chem. 2001 Aug. 
10;276(32):30423-8; Circulation. 2001 May 
22;103(20):2447-52; Circulation. 2001 May 
15;103(19):2361-4; Am J Physiol Heart Circ Physiol. 2001 
June;280(6):H2623-30; Biochemistry. 2001 May 
22;40(20):6002-8; J. Physiol. 2001 May 15;533(Pt 1):127 
33; Proc Natl Acad Sci USA. 2001 Apr. 24;98(9):5335-40; 
Circ Res. 2001 Mar. 30;88(6):570-7; Am J Physiol Heart 
Circ Physiol. 2001 April;280(4):H1882-8; and J Mol Cell 
Cardiol. 2000 November;32(11):1923-30. 
[0052] Further examples of suitable Ca channel subunits 
include beta 1, or alpha2-delta subunit from an L-type Ca 
channel. Apreferred Na channel subunit is beta1 or beta2. In 
some invention embodiments it Will be useful to select Na 
and Ca channel subunits having having dominant negative 
activity as determined by the standard electrophysiological 
assay described beloW. Preferably, that activity suppresses at 
least about 10% of the activity of the corresponding normal 
Na or Ca channel subunit as determined in the assay. 

[0053] Also preferred is the inhibitory G protein subunit 
(“Goqz”) or a functional fragment thereof. 

[0054] The invention is broadly suited for use With gap 
junction proteins, especially those knoWn or suspected to be 
involved With cardiac function. Particular examples include 
connexin 40, 43, 45; as Well as functional fragments thereof. 
Further contemplated are polynucleotides that encode a 
connexin having dominant negative activity as determined 
by the assay, preferably a suppression activity of at least 
about 10% With respect to the corresponding normal con 
nexin 40, 43, or 45. 

[0055] Also envisioned are mutations of such polynucle 
otides that encode dominant negative proteins (muteins) that 
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have detectable suppressor activity. Encoded proteins that 
are genetically dominant typically inhibit function of other 
proteins particularly those proteins capable of forming bind 
ing complexes With the Wild-type protein. 

[0056] Additional polynucleotides of the invention encode 
essentially but not entirely full-length protein. That is, the 
protein may not have all the components of a full-length 
sequence. For example, the encoded protein may include a 
complete or nearly complete coding sequence (cds) but lack 
a complete signal or poly-adenylation sequence. It is pre 
ferred that a polynucleotide and particularly a cDNA encod 
ing a protein of the invention include at least a complete cds. 
That cds is preferably capable of encoding a protein exhib 
iting a molecular Weight of betWeen about 0.5 to 70, 
preferably betWeen about 5 and 60, and more preferably 
about 15, 20, 25, 30, 35, 40 or 50 kD. That molecular Weight 
can be readily determined by suitable computer-assisted 
programs or by SDS-PAGE gel electrophoresis. 

[0057] Although generally not preferred, the nucleic acid 
segment can be a genomic sequence or fragment thereof 
comprising one or more exon sequences. In this instance it 
is preferred that the cell, tissue or organ selected for per 
forming somatic cell gene transfer be capable of correctly 
splicing any exon sequences so that a ?ll-length or modi?ed 
protein can be expressed. 

[0058] The polynucleotide and particularly the cDNA 
encoding the full-length protein can be modi?ed by conven 
tional recombinant approaches to modulate expression of 
that protein in the selected cells, tissues or organs. 

[0059] More speci?cally, suitable polynucleotides can be 
modi?ed by recombinant methods that can add, substitute or 
delete one or more contiguous or non-contiguous amino 
acids from that encoded protein. In general, the type of 
modi?cation conducted Will relate to the result of expression 
desired. 

[0060] For example, a cDNA polynucleotide encoding a 
protein of interest such as an ion channel can be modi?ed so 
as overexpress that protein relative to expression of the 
full-length protein (i.e. control assay). Typically, the modi 
?ed protein Will exhibit at least 10 percent or greater 
overexpression relative to the full-length protein; more 
preferably at least 20 percent or greater; and still more 
preferably at least about 30, 40, 50, 60, 70, 80, 100, 150, or 
200 percent or greater overexpression relative to the control 
assay. 

[0061] As noted above, further contemplated modi?ca 
tions to a polynucleotide (nucleic acid segment) and par 
ticularly a cDNA are those Which create dominant negative 
proteins. 

[0062] In general, a variety of dominant negative proteins 
can be made by methods knoWn in the ?eld. For example, 
ion channel proteins are recogniZed as one protein family for 
Which dominant negative proteins can be readily made, e.g., 
by removing selected transmembrane domains. In most 
cases, the function of the ion channel binding complex is 
substantially reduced or eliminated by interaction of a 
dominant negative ion channel protein. 

[0063] Several speci?c strategies have been developed to 
make dominant negative proteins. Exemplary of such strat 
egies include oligonucleotide directed and targeted deletion 
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of cDNA sequence encoding the desired protein. Less pre 
ferred methods include nucleolytic digestion or chemical 
mutagenesis of the cDNA. 

[0064] It is stressed that creation of a dominant negative 
protein is not synonymous With other conventional methods 
of gene manipulation such as gene deletion and antisense 
RNA. What is meant by “dominant negative” is speci?cally 
What is sometimes referred to as a “poison pill” Which can 
be driven (i.e. expressed) by an appropriate DNA construct 
to produce a dominant negative protein Which has capacity 
to inactivate an endogenous protein. 

[0065] For example, in one approach, a cDNA encoding a 
protein comprising one or more transmembrane domains is 
modi?ed so that at least 1 and preferably 2, 3, 4, 5, 6 or more 
of the transmembrane domains are eliminated. Preferably, 
the resulting modi?ed protein forms a binding complex With 
at least one other protein and usually more than one other 
protein. As noted, the modi?ed protein Will inhibit normal 
function of the binding complex as assayed, e.g., by standard 
ligand binding assays or electrophysiological assays as 
described herein. Exemplary binding complexes are those 
Which participate in electrical charge propagation such as 
those occurring in ion channel protein complexes. Typically, 
a dominant negative protein Will exhibit at least 10 percent 
or greater inhibition of the activity of the binding complex; 
more preferably at least 20 percent or greater; and still more 
preferably at least about 30, 40, 50, 60, 70, 80, or 100 
percent or greater inhibition of the binding complex activity 
relative to the full-length protein. 

[0066] As a further illustration, a cDNA encoding a 
desired protein for use in the present methods can be 
modi?ed so that at least one amino acid of the protein is 
deleted. The deleted amino acid(s) can be contiguous or 
non-contiguous deletions essentially up to about 1%, more 
preferably about 5%, and even more preferably about 10, 20, 
30, 40, 50, 60, 70, 80, or 95% of the length of the full-length 
protein sequence. 

[0067] Alternatively, the cDNA encoding the desired pro 
tein can be modi?ed so that at least one amino acid in the 
encoded protein is substituted by a conservative or non 
conservative amino acid. For example, a tyrosine amino acid 
substituted With a phenylalanine Would be an example of a 
conservative amino acid substitution, Whereas an arginine 
replaced With an alanine Would represent a non-conservative 
amino acid substitution. The substituted amino acids can be 
contiguous or non-contiguous substitutions essentially up to 
about 1%, more preferably about 5%, and even more pref 
erably about 10, 20, 30, 40, 50, 60, 70, 80, or 95% of the 
length of the full-length protein sequence. 

[0068] Although generally less-preferred, the nucleic acid 
segment encoding the desired protein can be modi?ed so 
that at least one amino acid is added to the encoded protein. 
Preferably, an amino acid addition does not change the ORF 
of the cds. Typically, about 1 to 50 amino acids Will be added 
to the encoded protein, preferably about 1 to 25 amino acids, 
and more preferably about 2 to 10 amino acids. Particularly 
preferred addition sites are at the C- or N-terminus of the 
selected protein. 

[0069] Preferred invention practice involves administer 
ing at least one of the foregoing polynucleotides With a 
suitable a myocardium nucleic acid delivery system. In one 
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embodiment, that system includes a non-viral vector oper 
ably linked to the polynucleotide. Examples of such non 
viral vectors include the polynucleoside alone or in combi 
nation With a suitable protein, polysaccharide or lipid 
formulation. 

[0070] Additionally suitable myocardium nucleic acid 
delivery systems include viral vector, typically sequence 
from at least one of an adenovirus, adenovirus-associated 
virus (AAV), helper-dependent adenovirus, retrovirus, or 
hemagglutinating virus of J apan-liposome (HVJ) complex. 
Preferably, the viral vector comprises a strong eukaryotic 
promoter operably linked to the polynucleotide eg., a 
cytomeglovirus (CMV) promoter. 

[0071] Additionally preferred vectors include viral vec 
tors, fusion proteins and chemical conjugates. Retroviral 
vectors include moloney murine leukemia viruses and HIV 
based viruses. One preferred HIV-based viral vector com 
prises at least tWo vectors Wherein the gag and pol genes are 
from an HIV genome and the env gene is from another virus. 
DNA viral vectors are preferred. These vectors include pox 
vectors such as orthopox or avipox vectors, herpesvirus 
vectors such as a herpes simplex I virus (HSV) vector 
[Geller, A. I. et al.,]. Neurochem, 64: 487 (1995); Lim, F., 
et al., in DNA Cloning: Mammalian Systems, D. Glover; Ed 
(O)g”ord Univ. Press, O)g”ord England) (1995); Geller, A. I. 
et al., Proc Natl. Acad. Sci.: U.S.A.:90 7603 (1993); Geller, 
A. I., et al., Proc Natl. Acad Sci USA: 87:1149 (1990)], 
Adenovirus Vectors [al LaSalle et al., Science, 2591988 
(1993); Davidson, et al., Nat. Genet 3: 219 (1993); Yang, et 
al., J. Virol. 69: 2004 (1995)] and Adeno-associated Virus 
Vectors [Kaplitt, M. G., et al., Nat. Genet. 8:148 (1994)]. 

[0072] Pox viral vectors introduce the gene into the cells 
cytoplasm. Avipox virus vectors result in only a short term 
expression of the nucleic acid. Adenovirus vectors, adeno 
associated virus vectors and herpes simplex virus (HSV) 
vectors are may be indication for some invention embodi 
ments. The adenovirus vector results in a shorter term 
expression (eg., less than about a month) than adeno 
associated virus, in some embodiments, may exhibit much 
longer expression. The particular vector chosen Will depend 
upon the target cell and the condition being treated. Pre 
ferred in vivo or ex vivo cardiac administration techniques 
have already been described. 

[0073] To simplify the manipulation and handling of the 
polynucleotides described herein, the nucleic acid is pref 
erably inserted into a cassette Where it is operably linked to 
a promoter. The promoter must be capable of driving expres 
sion of the protein in cells of the desired target tissue. The 
selection of appropriate promoters can readily be accom 
plished. Preferably, one Would use a high expression pro 
moter. An example of a suitable promoter is the 763-base 
pair cytomegalovirus (CMV) promoter. The Rous sarcoma 
virus (RSV) (Davis, et al., Hum Gene Ther 4:151 (1993)) 
and MMT promoters may also be used. Certain proteins can 
expressed using their native promoter. Other elements that 
can enhance expression can also be included such as an 
enhancer or a system that results in high levels of expression 
such as a tat gene and tar element. This cassette can then be 
inserted into a vector, e. g., a plasmid vector such as pUC118, 
pBR322, or other knoWn plasmid vectors, that includes, for 
example, an E. coli origin of replication. See, Sambrook, et 
al., Molecular Cloning: A Laboratory Manual, Cold Spring 
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Harbor Laboratory press, (1989). The plasmid vector may 
also include a selectable marker such as the [3-lactamase 
gene for ampicillin resistance, provided that the marker 
polypeptide does not adversely effect the metabolism of the 
organism being treated. The cassette can also be bound to a 
nucleic acid binding moiety in a synthetic delivery system, 
such as the system disclosed in WO 95/22618. 

[0074] If desired, the polynucleotides of the invention may 
also be used With a microdelivery vehicle such as cationic 
liposomes and adenoviral vectors. For a revieW of the 
procedures for liposome preparation, targeting and delivery 
of contents, see Mannino and Gould-Fogerite, BioTech 
niques, 6:682 (1988). See also, Felgner and Holm, Bethesda 
Res. Lab. Focus, 11(2):21 (1989) and Maurer, R. A., 
Bethesda Res. Lab. Focus, 11(2):25 (1989). 

[0075] Replication-defective recombinant adenoviral vec 
tors, can be produced in accordance With knoWn techniques. 
See, Quantin, et al., Proc. Natl. Acad. Sci. USA, 89:2581 
2584 (1992); Stratford-Perricadet, et al., J. Clin. Invest., 
90:626-630 (1992); and Rosenfeld, et al., Cell, 68:143-155 
(1992). 
[0076] The effective dose of the nucleic acid Will be a 
function of the particular expressed protein, the particular 
cardiac arrhythmia to be targeted, the patient and his or her 
clinical condition, Weight, age, sex, etc. 

[0077] One preferred myocardicum delivery system is a 
recombinant viral vector that incorporates one or more of the 
polynucleotides therein, preferably about one polynucle 
otide. Preferably, the viral vector used in the invention 
methods has a pfu (plague forming units) of from about 108 
to about 5><101O pfu. In embodiments in Which the poly 
nucleotide is to be administered With a non-viral vector, use 
of betWeen from about 0.1 nanograms to about 4000 micro 
grams Will often be useful eg., about 1 nanogram to about 
100 micrograms. 

[0078] Choice of a particular myocardium delivery system 
Will be guided by recogniZed parameters including the 
cardiac arrhythmia of interest and the amount and length of 
expression desired. Use of virus vectors approved for human 
applications eg., adenovirus are particularly preferred. 

[0079] As discussed, it is an object of the invention to 
prevent or treat cardiac arrhythmia. In one embodiment, the 

method further includes overexpressing a potassium channel protein subunit sufficient to decrease cardiac action 

potential duration (APD) by at least about 5% as determined 
by the standard cardiac electrophysiological assay. 

[0080] Reference herein to an electrophysiological assay 
is meant a conventional test for determining cardiac action 
potential See generally Fogoros R N. Electrophysi 
ologic Testing BlackWell Science, Inc. (1999.) for disclosure 
relating to performing such tests. 

[0081] Speci?c reference herein to a “standard electro 
physiological assay” is meant the folloWing general assay. 

[0082] 1) providing a mammalian heart (in vivo or ex 
vivo), 

[0083] 2) contacting the heart With at least one suit 
able polynucleotide preferably in combination With 
an appropriate myocardium nucleic acid delivery 
system, 
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[0084] 3) transferring the polynucleotide into cells of 
the heart under conditions Which allow expression of 
the encoded amino acid sequence; and 

[0085] 4) detecting modulation (increase or decrease) 
of at least one electrical property in the transformed 
heart eg., at least one of conduction, ventricular 
response rate, and pulse rate. 

[0086] Particular invention methods include modifying 
the polynucleotide along lines discussed above suf?cient to 
overexpress the encoded protein. Further preferred are meth 
ods in Which the nucleic acid is modi?ed to produce a 
dominant negative ion channel protein. The ion channel 
protein can be eg., a sodium, calcium, voltage-gated, or 
ligand-gated ion channel and particularly a potassium ion 
channel. Additional disclosure relating to such channel 
proteins can be found in the discussion above and in US. 
Pat. No. 5,436,128, for instance. 

[0087] Practice of the invention is broadly compatible 
With one or a combination of different administration (deliv 
ery) systems. 
[0088] In particular, one suitable administration route 
involves one or more appropriate polynucleotide into myo 
cardium. Alternatively, on in addition, the administration 
step includes perfusing the polynucleotide into cardiac vas 
culature. If desired, the administration step can further 
include increasing microvascular permeability using routine 
procedures, typically administering at least one vascular 
permeability agent prior to or during administration of the 
gene transfer vector. Examples of particular vascular per 
meability agents include administration of one or more of 
the folloWing agents preferably in combination With a solu 
tion having less than about 500 micromolar calcium: sub 
stance P, histamine, acetylcholine, an adenosine nucleotide, 
arachidonic acid, bradykinin, endothelin, endotoxin, inter 
leukin-2, nitroglycerin, nitric oxide, nitroprusside, a leukot 
riene, an oxygen radical, phospholipase, platelet activating 
factor, protamine, serotonin, tumor necrosis factor, vascular 
endothelial groWth factor, a venom, a vasoactive amine, or 
a nitric oxide synthase inhibitor. A particular is serotonin, 
vascular endothelial groWth factor (VEGF), or a functional 
VEGF fragment to increase the permeability. 

[0089] Typical perfusion protocols in accord With the 
invention are generally suf?cient to transfer the polynucle 
otide to at least about 10% of cardiac myocytes in the 
mammal. Infusion volumes of betWeeen from about 0.5 to 
about 500 ml are preferred. Also preferred are coronary ?oW 
rates of betWeen from about 0.5 to about 500 ml/min. 
Additionally perferred perfusion protocols involve the AV 
nodal artery. Transformed heart cells, typically cardiac myo 
cytes that include the polynucleotide are suitably positioned 
at or near the AV node. 

[0090] Illustrative strategies for detecting modulation of 
transformed heart have been disclosed eg., in Fogoros R N, 
supra. A preferred detection strategy is performing a con 
ventional electrocardiogram (ECG). Modulation of cardiac 
electrical properties by use of the invention is readily 
observed by inspection of the ECG. See also the Examples 
and DraWings beloW. 

[0091] More speci?c methods for preventing or treating 
cardiac arrhythmia include overexpressing a K channel 
protein subunit sufficient to decrease surface electrocardio 
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gram (ECG) repolariZation time by at least about 5%, 
preferably at least about 10% to about 20%, as determined 
by the assay. Typically, the K channel protein subunit is 
overexpressed by at least about 2 fold, preferably about 5 
fold, relative to an endogenous K channel protein as deter 
mined by a standard Northern or Western blot assay. Also 
preferably, the K channel protein subunit is overexpressed 
and impacts repolariZation in congestive heart failure or 
myocardial infarction in the long QT syndrome. 

[0092] In particular embodiments, methods for preventing 
or treating cardiac arrhythmia provided herein further 
include decreasing conduction through cardiac tissues by at 
least about 5%, preferably at least about 10% to about 20%, 
as determined by the standard electrophysiological assay. 

[0093] As discussed, the invention is one of general appli 
cation that can be used one or a combination of different 
cardiac arrhythmias. Examples of particular arrhythmias has 
been disclosed by Bigger, J. T and B. F. Hoffman, supra. 
More speci?c examples include atrial ?utter, atrial ?brilla 
tion, and ventricular tachycardia. Other examples include 
sinus bradycardia, sinus tachycardia, atrial tachycardia, 
atrial ?brillation, atrial ?utter, atrioventricular nodal block, 
atrioventricular node reentry tachycardia, atrioventricular 
reciprocating tachycardia, ventricular tachycardia or ven 
tricular ?brillation. 

[0094] The folloWing sections 1-5 discuss particular uses 
of the present invention. 

[0095] 1. Sinus Bradycardia: Direct injection or intra 
vascular perfusion of materials/vectors into the atria 
or ventricles in order to create a discrete focus of 
electrically active tissue to replace the function of the 
sinus node. Indications might include: sick sinus 
syndrome, Stokes-Adams attacks, syncope, chronic 
fatigue syndrome, cardiomyopathies (hypertrophic 
and dilated), and all other present and future indica 
tions for electronic pacemakers. Therapeutic genes 
could include Wild-type or mutated potassium, HCN 
and/or calcium channel subunits to increase local 
automaticity and/or to induce pacemaker activity 
Where it is not normally present. 

[0096] 2. Inappropriate Sinus Tachycardia: Modi? 
cation of the automaticity in the sinus node and/or 
surrounding atrial tissue for the treatment of inap 
propriate sinus tachycardia, eg by introducing K 
channel, Ca channel or HCN channel genes to 
decrease nodal excitability 

[0097] 3. Atrial Fibrillation/Atrial Flutter/Atrial 
Tachycardia: Direct injection or intravascular perfu 
sion of materials/vectors in order to: (1) produce 
lines of conduction block in order to prevent con 
duction of reentry-type atrial arrhythmias, (2) sup 
press automaticity or increase refractoriness in order 
to ablate discrete arrhythmic foci of tissue, (3) affect 
conduction velocity, refractoriness or automaticity 
diffusely throughout the atria in order to prevent or 
treat atrial ?brillation, multifocal atrial tachycardia 
or other atrial tachycardias With multiple or diffuse 
mechanisms, or (4) Direct injection into the atrio 
ventricular node or perfusion of the atrioventricular 
nodal artery With materials/vectors to alter the con 
duction properties (conduction velocity, automatic 
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ity, refractoriness) of the atrioventricular node in 
order to sloW the ventricular response rate to atrial 
arrhythmias. 

[0098] 4. Atrioventricular nodal block: Direct injec 
tion or intracoronary perfusion of materials/vectors 
into the atrioventricular nodal region or into the 
ventricles in order to (1) create a discrete focus of 
electrically active tissue to initiate the heart beat in 
the absence of atrioventricular nodal conduction of 
the normal impulse from the atria, or (2) reestablish 
function of the atrioventricular node. 

[0099] 5. Ventricular Tachycardia/Ventricular Fibril 
lation: Delivery of vectors by: (1) Direct injection 
into discrete foci of ventricular myocardium to sup 
press automaticity or increase refractoriness in order 
to ablate arrhythmic foci by genetic means, (2) 
Diffuse direct injection or coronary artery perfusion 
of materials/vectors into both ventricles to affect the 
conduction properties (conduction velocity, automa 
ticity, refractoriness) of ventricular tissue in order to 
treat or prevent ventricular arrhythmias, or (3) Direct 
injection of materials/vectors to produce lines of 
conduction block in order to prevent conduction of 
reentry-type ventricular arrhythmias. 

[0100] As also discussed, the present invention provides 
more speci?c methods for preventing or treating ventricular 
rate or pulse during atrial ?brillation. In one embodiment, 
the method includes administering to the mammal a thera 
peutically effective amount of at least one polynucleotide 
encoding a Goti2 subunit or a functional fragment thereof. 
Typcially preferred methods further include expressing the 
polynucleotide in the mammal to prevent or treat the atrial 
?brillation. Preferred methods also include overexpressing 
the Goti2 subunit or a functional fragment thereof suf?cient 
to decrease speed of conduction through the atrioventricular 
(AV) node (A-H interval) or His-Purkinje system as deter 
mined by a standard electrophysiological assay. Also pref 
erably, the decrease in the A-H interval is accompanied by 
an increase in AV node refractory period (AVNERP). The 
decrease in the A-H interval is at least about 10%, preferably 
at least about 20%, as determined by the assay. The increase 
in AVNERP is at least about 10%, preferably at least about 
20%, as determined by the assay. 

[0101] By the phrase “therapeutically effective” amount or 
related phrase is an amount of administered polynucleotide 
needed to achieve a desired clinical outcome. 

[0102] In one embodiment of the foregoing speci?c 
method, overexpression of the Goti2 or a functional fragment 
thereof is capable of decreasing pulse rate or ventricular rate 
during atrial ?brillation as determined by a standard cardiac 
electrophysiological assay. Preferably, the decrease in pulse 
rate or ventricular rate during atrial ?brillation is at least 
about 10%, preferably at least about 20%, as determined by 
the assay. 

[0103] The foregoing embodiment of the invention for 
preventing or treating atrial ?brillation provides speci?c 
advantages. For example, it has been found that it is possible 
to transfer genes to half of AV nodal cells With clinically 
relevant delivery parameters. Desirable therapeutic effects 
of the gene therapy include sloWing of AV nodal conduction 
and increases of the refractory period of the AV node, With 
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resultant sloWing of the ventricular response rate during 
atrial ?brillation. The Work provides proof of principle that 
gene therapy is a viable option for the treatment of common 
arrhythmias. 

[0104] In one invention embodiment, the polynucleotide 
encoding the Goti2 subunit hybridiZes to the nucleic acid 
sequence shoWn in FIGS. 9B-C (SEQ ID NO. 1); or the 
complement thereof under high stringency hybridiZation 
conditions. Encoded amino acid sequence is shoWn in FIG. 
9A (SEQ ID NO. 2). By the phrase “high stringency” 
hybridiZation conditions is meant nucleic acid incubation 
conditions approximately 65° C. in 0.1><SSC. See Sam 
brook, et al., infra. Preferably, the polynucleotide consists of 
or comprises the nucleic acid shoWn in FIGS. 9B-C (SEQ ID 
NO. 1). FIGS. 9A-C shoW the subunit nucleotide sequence 
as exon representations. It Will be appreciated that in the 
gene sequence, the exons are covalently linked together 
end-to-end (exon 1, 2, ect) As discussed, it is an object of the 
present invention to use gene therapy as an antiarrhythmic 
strategy. The Examples section, in particular, focuses 
genetic modi?cation of the AV node. An intracoronary 
perfusion model for gene delivery, building on previous 
Work in isolated cardiac myocytes and ex vivo-perfused 
hearts has been developed“. Using this method, porcine 
hearts Were infected With Ad[3 gal (a recombinant adenovirus 
expressing E. coli [3-galactosidase) or With AdGi (encoding 
the Gaoti2 subunit). Gaoti2 overexpression suppressed base 
line AV conduction and sloWed the heart rate during atrial 
?brillation, Without producing complete heart block. In 
contrast, expression of the reporter gene [3-galactosidase had 
no electrophysiological effects. These results demonstrate 
the feasibility of using myocardial gene transfer strategies to 
treat common arrhythmias. 

[0105] More generally, the invention can be used to 
deliver and express a desired ion channel, extracellular 
receptor, or intracellular signaling protein gene in selected 
cardiac tissues, particularly to modify the electrical proper 
ties of that tissue, e.g., increasing or decreasing its refrac 
toriness, increasing or decreasing the speed of conduction, 
increasing or decreasing focal automaticity, and/or altering 
the spatial pattern of excitation. The general method 
involves delivery of genetic materials (DNA, RNA) by 
injection of the myocardium or perfusion through the vas 
culature (arteries, veins) or delivery by nearly any other 
material suf?cient to facilitate tranformation into the tar 
geted portion of the myocardium using viral (adenovirus, 
AAV, retrovirus, HVJ, other recombinant viruses) or non 
viral vectors (plasmid, liposomes, protein-DNA combina 
tions, lipid-DNA or lipid-virus combinations, other non 
viral vectors) to treat cardiac arrhythmias. 

[0106] By Way of illustration, genes that could be used to 
affect arrhythmias include ion channels and pumps (0. sub 
units or accessory subunits of the folloWing: potassium 
channels, sodium channels, calcium channels, chloride 
channels, stretch-activated cation channels, HCN channels, 
sodium-calcium exchanger, sodium-hydrogen exchanger, 
sodium-potassium ATPase, sarcoplasmic reticular calcium 
ATPase), cellular receptors and intracellular signaling path 
Ways (0. or [3-adrenergic receptors, cholinergic receptors, 
adenosine receptors, inhibitory G protein 0t subunits, stimu 
latory G protein 0t subunits, GBY subunits) or genes for 
proteins that affect the expression, processing or function 
processing of these proteins. 
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[0107] Selection of the appropriate gene(s) for therapy can 
be performed by anyone With an elementary knowledge of 
cardiac electrophysiology. In addition, the effects of ion 
channel expression can be simulated by computer programs 
to anticipate the effects of gene transfer. The delivery 
methods for myocardial delivery are Widely reported, and 
methods involving injection of the myocardium or intravas 
cular perfusion have been used successfully. 

[0108] More speci?c advantages of the invention include 
ability to convey localiZed effects (by focal targeted gene 
delivery), reversible effects (by use of inducible vectors, 
including those already reported as Well as neW generations 
of such vectors, including but not limited to adeno-associ 
ated vectors using tetracycline-inducible promoters to 
express Wild-type or mutant ion channel genes), gradedness 
(by use of inducible vectors as noted above, in Which 
gradedness Would be achieved by titration of the dosage of 
the inducing agent), speci?city of therapy based on the 
identity of the gene construct, ability to regulate therapeutic 
action by endogenous mechanisms (nerves or hormones) 
based on the identity of the gene construct, and avoidance of 
implantable hardWare including electronic pacemakers and 
AICDs, along With the associated expense and morbidity. 

[0109] As discussed above, the invention also includes 
devices useful in the treatment methods of the invention. 
These devices include catheters that include in a single 
unitary unit that contain both delivery and position detection 
features. FIGS. 8A and 8B shoW catheter unit 10 that 
contains at proximal end 12 (i.e. end manipulated by medi 
cal practitioner, typically external to patient) electrical con 
nection 14, therapeutic agent injection port and needle 
extension mechanism 16, and steering control 18. Distal end 
20 of catheter 10 includes electrodes 22 for detection of the 
distal end position Within a patient and retractable needle 24 
for delivery of the therapeutic agent, particularly a poly 
nucleotide to targeted tissue, especially a polynucleotide to 
mammalian cardiac tissue. The needle 24 can be manipu 
lated by extension mechanism 16. Connection 14 enables 
activation of detection apparatus 22. A therapeutic agent 
such as a polynucleotide can be injected or otherWise 
introduced into device 10 via injection port 16. FIG. 8B 
shoWs the speci?ed catheter region in cross-section With 
electrode cables 30 that provide communication betWeen 
electrical connection 14 and electrodes 22, steering rod 32 
that can enable manipulation of catheter 10 Within the 
patient via steering control 14, and injector connection or 
tubing 34 that provides a path for delivery of the therapeutic 
agent through catheter 10 to the targeted tissue of the patient. 
The device is suitably employed in a minimally invasive 
(endoscopic) procedure. 
[0110] Variations of the depicted design also Will be 
suitable. For instance, the catheter may comprise a tip (distal 
portion) With a ?xed curve. Additionally, rather than having 
the therapeutic agent traverse the catheter 10, the agent may 
be housed Within a reservoir, Which may be activated (i.e. 
therapeutic agent released to patient) via mechanism at 
catheter proximal end. The needle 24 may be a straight 
needle or a screW-type apparatus. In each design, the device 
suitable contains some type of detection apparatus, e.g. 
electrodes that provide for electrophyiologically-guided 
substance injections into the targeted tissue. 

[0111] The folloWing speci?c examples are illustrative of 
the invention. 
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EXAMPLE 1 

Gene Transfer of [3-galactosidase ([3-gal) and 
Inhibitory G protein Subunit (Gotiz) Into Cardiac 

Tissue 

[0112] In previous ex vivo and in vitro studies, We found 
that gene transfer ef?ciency correlated With coronary ?oW 
rate, virus exposure time, virus concentration, and the level 
of microvascular permeability4>5. We also found that elimi 
nation of radiographic contrast media and red blood cells 
from the perfusate and delivery at body temperature Were 
necessary for optimal results. The in vivo delivery system 
used in this report builds on those ?ndings. 

[0113] Ten animals underWent a protocol that included 
medication With oral sildena?l before baseline electrophysi 
ology (EP) study, catheteriZation of the right coronary artery, 
and infusion of VEGF, nitroglycerin and virus-containing 
solutions (7.5><109 pfu in 1 ml) into the AV nodal branch of 
the right coronary artery. VEGF Was used to increase 
microvascular permeability6, and sildena?l potentiated the 
VEGF effect. The infusion volume and coronary ?oW rate 
Were limited to avoid efflux from the artery and infection of 
other regions of the heart. Five animals received Ad[3 gal, and 
the other 5 received AdGi. The animals underWent folloW-up 
EP study 7 days after virus infusion. After the second EP 
study, the hearts Were explanted and evaluated for [3-galac 
tosidase ([3-gal) and Goti2 expression. Other adenoviral gene 
transfer studies have shoWn that expression is detectable 
after 3 days, peaks after 5-7 days, and then regresses over 
20-30 days7'9. Based on these data, We tested for gene 
expression and phenotypic changes 7 days after gene deliv 
ery. 

[0114] X-gal staining revealed [3-gal activity in the AV 
nodal region and adjacent ventricular septum of all Ad[3gal 
infected animals (FIG. 1a). There Was no evidence of [3-gal 
activity in any of the AdGi-infected animals or in other heart 
sections from the Ad[3gal group. Microscopic sections 
through the AV node documented gene transfer to 45:6% of 
the AV nodal cells in the Ad[3gal group and con?rmed the 
absence of X-gal staining in the AdGi-infected animals. Also 
notable in the microscopic sections Was a mild in?ammatory 
in?ltrate, comprised mainly of mononuclear cells. 

[0115] Western blot analysis Was performed on tissue 
homogenates from the AV nodal region of 4 animals from 
each group (FIG. 1b). Densitometry analysis con?rmed 
Goti2 overexpression in the AdGi group, amounting to a 
5-fold increase in Goti2 relative to the Ad[3gal animals 
(p=0.01). The level of Goti2 in the Ad[3gal group Was not 
different from that found in 2 uninfected control animals. 

[0116] X-gal staining of gross and microscopic sections 
from the lung, liver, kidney, skeletal muscle and ovaries of 
all animals Was performed to evaluate the extent of gene 
transfer outside the heart (FIG. 1c). In the Ad[3gal-infected 
animals, [3-gal activity Was evident in gross specimens from 
the liver, kidneys and ovaries, but not in the lungs or skeletal 
muscle. Microscopic sections revealed de?nite [3-gal activ 
ity, but in less than 1% of the cells in these organs. X-gal 
staining Was not found in any tissues of the AdGi infected or 
uninfected control animals. The lack of X-gal staining in 
AdGi-infected and uninfected controls indicates that the 
results Were speci?c for transgene expression and not from 
endogenous [3-gal activity or false-positive staining. These 
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results are consistent With a previous study documenting 
gene expression in peripheral organs after intracardiac inj ec 
tion of adenoviruslo, and suggest that ongoing clinical gene 
therapy trials should consider the risks of non-target organ 
gene transfer. 

[0117] FIGS. 1A-D are explained in more detail as fol 
loWs. Measurement of gene transfer ef?cacy. FIG. 1A. 
X-gal staining of a transverse section through the AV groove. 
ArroWheads indicate the tricuspid valve ring, and the solid 
arroW marks the central ?brous body. The holloW arroW 
points to the AV node. FIG. 1B. A microscopic section 
through the AV node shoWs gene transfer to 45:6% of 
myocytes. Cells expressing [3-galactosidase are stained blue. 
FIG. 1C. Gross and microscopic pathology after exposure 
of liver, kidney and ovary to X-gal solution. FIG. 1D. 
Microscopic sections shoW rare blue cells in these organs 
(arroWheads). Lung and skeletal muscle failed to shoW any 
evidence of gene transfer. 

Example 2 

Electrophysiological Analysis of Cardiac Tissue 
Transduced With [3-gal or Inhibitory G protein 

(Gotiz) Subunit 

[0118] Electrophysiological measurements obtained at 
baseline and 7 days after infection are displayed in Table 2, 
beloW. 

TABLE 2 

Electrophysiological Parameters Before 
and 7 Days After Gene Transfer 

AdBgal AdG; 

Day 0 7 0 7 

Heart rate during sinus rhythm 114 r 5 111 r 1 113 r 2 106 r 4 
ECG: 

P-R interval 101 r 1 99 r 1 97 r 2 109 r 5* 

QRS interval 58 r 2 54 r 1 57 r 1 56 r 1 

Q-T interval 296 r 6 310 r 2 288 r 7 316 r 6 

A-H interval 61 r 1 61 r 1 60 r 2 76 r 3* 

H-V interval 25 r 1 25 r 1 23 r 1 24 r 1 

AVNERP 226 z 6 224 z 4 226 z 6 246 z 3* 

mean : s.e.m., 

n = 5 in each group, 

*p 2 0.03; 
AVNERP: AV node effective refractory period 

[0119] ECG parameters Were taken from the surface ECG, 
and the A-H and H-V intervals Were recorded from an 
intracardiac catheter in the His-bundle position. (The A-H 
interval measures conduction time through the AV node, and 
the H-V interval is the conduction time through the His 
Purkinje system.) The AV node effective refractory period 
(AVNERP) Was measured by pacing the atria at a stable rate 
for 8 beats and then delivering premature atrial stimuli at 
progressively shorter intervals, noting the interval Where the 
premature beat failed to conduct through the AV node. There 
Were no signi?cant differences in the electrophysiological 
parameters betWeen groups at baseline. In the Ad[3 gal group, 
comparison of baseline measurements to those taken 7 days 
after infection also failed to shoW any signi?cant differences. 
In contrast, the folloW-up study of the AdGi group revealed 
signi?cant prolongation in the P-R interval on the surface 
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ECG (paired analysis, day 0: 97:2 msec, day 7: 10914 msec, 
p=0.01), the A-H interval on the intracardiac electrogram 
(day 0: 60:2 msec, day 7: 76:3 msec, p=0.01) and the 
AVNERP (day 0: 22616 msec, day 7: 24613 msec, p=0.03), 
indicating both sloWed conduction and increased refracto 
riness of the AV node after Goti2 overexpression. 

Example 3 

Measurement of Heart Rate in Cardiac Tissue 
Transduced With [3-gal or Inhibitory G protein 

(Gotiz) Subunit 

[0120] After measurement of basic electrophysiological 
intervals, We measured the heart rate during acute episodes 
of atrial ?brillation. Overexpression of Goti2 in the AV node 
caused a 20% reduction in the ventricular rate during atrial 
?brillation (day 0: 19915 bpm, day 7: 15812 bpm, p=0.005). 
This effect persisted in the setting of adrenergic stimulation. 
Administration of epinephrine (1 mg, IV) increased the atrial 
?brillation heart rate in all animals, but the group overex 
pressing Gotiz, nevertheless, exhibited a 16% reduction in 
ventricular rate (day 0: 36413 bpm, day 7: 30812 bpm, 
p=0.005). In contrast, [3-gal expression did not affect the 
heart rate during atrial ?brillation, either before (day 0: 
19418 bpm, day 7: 19117 bpm, p=NS) or after epinephrine 
administration (day 0: 36216 bpm, day 7: 35315, p=NS). 

[0121] To further evaluate the effect of Goti2 overexpres 
sion on AV conduction, We analyZed the heart rate at various 
time points after induction of atrial ?brillation in the AdGi 
epinephrine group. These data indicate that the ventricular 
rate remains stable and that the bene?cial suppression of 
heart rate from Goti2 gene transfer is sustained through at 
least 3 minutes of observation. The episodes of atrial ?bril 
lation often lasted longer than 3 minutes (see methods), but 
the period of observation Was limited to ensure that the 
effects of epinephrine Would be constant. 

[0122] The choice of Goti2 to suppress conduction Was 
inspired by the success of [3-blocking drugs at achieving that 
goal. In the AV node, [3-adrenergic receptors are coupled to 
stimulatory G proteins (GS). Stimulation of [3-receptors 
activates G5, releasing the GotS-subunit to stimulate adeny 
late cyclasell. This process leads to a cascade of intracellular 
events causing an increase in conduction velocity and a 
shortening of the refractory period. [3-blockers prevent the 
increase in AV nodal conduction by inhibiting receptor 
activation. 

[0123] The intracellular processes responsive to G5 are 

counterbalanced by the activity of inhibitory G proteins In the AV node, Gi are coupled to muscarinic M2 and 

adenosine A1 receptorsll. Gi activation releases the Geo 
subunit to bind and inhibit adenylate cyclase activity and the 
GBY-subunit to increase potassium conductance by direct 
action on acetylcholine-activated potassium channels. The 
cumulative effect of Gi activation is a decrease in conduction 
through the AV node. In agreement With these knoWn effects 
of the G protein cascade, our data shoW that overexpression 
of Goti2 suppresses AV nodal conduction in the drug-free 
state and during adrenergic stimulation. 

[0124] Under ordinary circumstances, Gan-mediated inhi 
bition of adenylate cyclase requires receptor activation. In 
the current study, hoWever, Gi activity appears to be 
uncoupled from the receptor, since the inhibition occurs 




















