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Abstract

Local myocardial application of inotropes may allow the study of pharmacologically augmented
central myocardial contraction in the absence of confounding peripheral vasodilating effects and
alterations in heart loading conditions. Novel alginate epicardial (EC) drug releasing platforms
were used to deliver dobutamine to the left ventricle of rats. Pressure volume analyses indicated
that while both local and systemic (1V) use of inotropic drugs increase stroke volume and
contractility, systemic infusion does so through heart unloading. Conversely, EC application
preserves heart load and systemic blood pressure. Epicardial dobutamine increased indices of
contractility with less rise in heart rate and lower reduction in systemic vascular resistance than 1V
infusion. Drug sampling showed that dobutamine concentration was 650-fold higher in the
anterior wall than in the inferior wall The plasma dobutamine concentration with local delivery
was about half as much as with systemic infusion. These data suggest that inotropic EC delivery
has a localized effect and augments myocardial contraction by different mechanisms than systemic
infusion, with far fewer side effects. These studies demonstrate a pharmacologic paradigm that
may improve heart function without interference from effects on the vasculature, alterations in
heart loading and may ultimately improve the health of heart failure patients.
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Introduction

Classic teaching holds that local delivery avoids the dosing inefficiency of systemic

delivery. Intravascular infusion attains whole-body drug exposure rapidly and is ideal for
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circulating or systemic diseases, but problematic when drug needs to be delivered to specific
organs or tissues. In this latter case, systemic administration delivers drug everywhere,
reducing the net amount of administered drug that reaches the desired target along with an
associated potential for systemic side effects and toxicities. Dose reduction can eliminate the
toxic effects but reduces benefit as well. Local application to a site-specific organ or target
has the potential to confine drug to the target tissues, potentially reducing cost, side effect
and toxicity. The focus on the detriment of toxic dosing to undesired targets and beneficial
effects of targeted administration has obscured other important issues related to local
delivery. In particular emerging data suggest that the high levels of vascularization of some
organs will lead to clearance of drug from the target and therefore significant systemic drug
concentrations.12 The question then arises as to whether and why local delivery can
demonstrate beneficial effects even at doses that lead to detectable drug in the periphery. Is
it possible for example, that there is a fundamentally different pharmacologic effect or
differential pharmacokinetics for systemic infusion and local delivery?

Inotropic therapies for heart failure offer a perfect example of the complexity of local
delivery. The cardiovascular system involves organs of complex structure but also a linked
system where effects on one organ element elicit reflex responses throughout the system.
Changes in myocardial function induce reflex effects on the entire vasculature and
alterations in vascular tone change the loading conditions on the heart. Thus, local
cardiovascular drug delivery can affect organs at a distance through a direct contact effect as
drug is rapidly transported from local site through the arterial system and indirectly as a
result of rapid reflex responses to cardiac output, tissue perfusion and myocardial loading
conditions. Moreover, the density and variety of receptors and target proteins for the same
drug can vary widely. Adrenergic receptor subtype differs in the heart (1) and blood vessels
(B2) and response to the same stimuli is mediated through different pathways in the
myocardium (Stimulatory G proteins) and vasculature (Inhibitory and Stimulatory G
proteins).3-5 Systemic toxicity is indeed reduced with reduction of systemic dose but there
might well be a benefit to local delivery that transcends reduction in toxicity.

We postulate therefore that the local administration of drugs that affect myocardial
contraction will not only enhance the therapeutic window for these drugs but also potentially
allow them to act in a more selective manner. Local delivery might not only reduce toxicity
from high doses but induce physiologic responses that are distinctly different than systemic
infusion. We created a model system which divorced the central contractile effects of
inotropic drug therapy from the arterial-dilating peripheral effects using a local polymeric
controlled epicardial (EC) release preparation which delivered drug to the outer surface of
the heart. Bi-concave calcium-crosslinked alginate discs released dobutamine to the heart
surface with zero-order kinetics over a wide range of controlled rates. These alginate drug
delivery devices allowed us to compare the dose response of local epicardial dobutamine
application with that of intravenous infusion (IV), in terms of indices of contractility and
peripheral side effect, which were assessed using Millar left ventricular pressure-volume
conductance catheters in healthy adult rats.5:” These experiments allowed us to study the
impact of drugs on the heart itself, without the confounding effects of altered loading
conditions.
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Materials and Methods

Fabrication and in vitro characterization of EC inotrope delivery platform

A novel system for precisely controlling the rate of dobutamine release to the epicardial
(EC) surface of the heart over a wide range of doses allowed characterization of the dose
response for comparison to 1V infusion. Epicardial drug releasing platforms were
constructed from calcium crosslinked alginate hydrogels®-10 and served to apply drug over
the anterior surface of the rat heart. Alginate (Sigma-Aldrich #71238, St.Louis, MO) discs
were made by crosslinking 45 pl of a 2% slurry in double distilled water (ddH20) at room
temperature in the upper chamber of a transwell permeable co-culture support (6.5mm,
polyester, 3 um pore size, Corning #3472). The transwell support was immersed in 1 ml of
3% CaCls in ddH,0 for 1.5 hours using a leveled 24 well culture plate (Corning #353047,
15.75 mm). The meniscus in the original alginate slurry along the walls of the transwell
support was preserved during calcium crosslinking so the resulting concave disc had a
minimal thickness at the center of 0.6 mm and a maximal thickness along the edge of 1.4
mm. The alginate slabs were removed from the transwell support by carefully cutting away
the polyester membrane. Drug added in liquid solution to the top of the concave alginate
disc diffuses across and is released out the bottom. The calcium was removed from the
concave discs prior to use in vitro or in vivo by soaking in 40 ml of ddH,0 for 1.5 hour.

Preliminary experiments showed that starting with 1.5% alginate yielded flimsy hydrogels
that lacked mechanical integrity while 2.5 and 3% alginate produced hydrogels that were too
rigid to conform to the heart surface. Other preliminary experiments showed that the 6.5 mm
diameter produced devices that fit the heart surface better than 12mm diameter hydrogels.
The final weight of the devices were minimized to allow it to stay on the heart while
beating, yet provided a reasonable minimal thickness in the center of the concavity to
provide mechanical resilience and prevent an initial burst release of drug.

The in vitro release of dobutamine from calcium crosslinked concave alginate discs was
characterized (Fig. 1a). The alginate disc was placed into a new transwell support which was
immersed in ddH»0 (340 pl) in the lower chamber of a 24 well culture plate. The culture
plate was placed on a rocker platform (20 RPM). In separate experiments, a 5 pl volume of
dobutamine (1.39, 2.08, 3.125, 4.69, 6.25, 9.38, or 12.5 mg/ml in ddH,0, Hospira, Lake
Forest, 1l) was placed on the upper surface of the alginate disc. Samples for drug
concentration measurements (60 pl) were withdrawn at 3 time points. These relatively large
volumes were needed to meet the sensitivity of the detection assay, however they limited the
number of samples that could be withdrawn from the small-volume lower drug-receiving
chamber. In order to increase the temporal resolution of the measured drug release kinetics,
parallel experiments were performed so that in one set samples were taken at 5, 9 and 13
minutes and in another samples were withdrawn at 7, 11 and 15 minutes. Each of these
experiments was repeated for each concentration of applied dobutamine 8 times.

The concentration of dobutamine in each in vitro release sample was determined by
spectrophotometric methods.1! Briefly, metaperiodate (NalOg, 6 pl, 2%, Sigma-
Aldrich#51878, St.Louis, MO) and ethanol (9 pl, 100%) were added to each sample and the
absorbance at 490 nm was measured and compared to a standardized curve which was linear
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between 1 and 80 pg/ml. All of the in vitro data fell within this range. The release rates from
5 to 15 minutes were determined through linear regressions. These release rates were
linearly correlated to the applied dobutamine concentration in 5 pl volumes Fig. 1b). These
data allowed us to calculate a concentration of dobutamine to apply in 5 pl aliquots (Cec) to
the upper surface of the alginate disc in vivo and thus dictate epicardial release rates (rec).

Rodent Preparation and Catheterization

All procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the Massachusetts Institute of Technology, Cambridge MA and at St.
Elizabeth's Medical Center, Boston, MA.

Male Sprague Dawley rats (400-4509) were anesthetized with pentobarbital (50 mg/kg, i.p.).
Heat lamps and heating pads were adjusted to a rectal temperature of 37 °C. The neck,
thorax, abdomen and inguinal areas were shaved and prepped with alcohol. An
intraperitoneal catheter delivered continuous pentobarbital (30 mg/kg/hr). The right femoral
artery and right internal jugular vein were accessed by a cut-down approach; the vessels
were cleaned of fascia, isolated with 4-0 ligature and catheterized with polyethylene-50
tubing for arterial pressure monitoring and venous access, respectively. A midline incision
over the neck allowed a tracheotomy and endotracheal intubation with a blunt 14 gauge
catheter. The animals were ventilated by applying oxygen at 153 ml/min through a solenoid
valve controlled by a computer (Labview Express 7.0, National Instruments, Austin, TX), a
respiratory rate of 96 breaths per minute, an I:E ratio of 1:3 and an approximate tidal volume
of 1.6 ml. A Millar pressure-volume catheter (6 mm, Millar catheter, #SPR-869, MPVS-300
system, Houston, TX) was introduced through a right carotid arteriotomy and into the left
ventricle. The heart was exposed through bilateral vertical thoracotomies and any bleeding
vessels were cauterized. Albumin (10%, Sigma-Aldrich#A7906) was infused through the
jugular vein in 0.25 cc increments until the diastolic volume was adequate and the shape of
the pressure volume (PV) loops showed 4 distinct phases of the cardiac cycle (Fig. 2).6:12-14
The volume of infused albumin was nearly always around 1 ml.

Data Acquisition

Continuous femoral arterial and central venous pressures (CVP) were transduced (Kent
Scientific, TRNO050, Torrington, CT) and amplified (Kent Scientific#TRNOO5, Torrington,
CT). These analog signals, along with left ventricular pressure and volume signals from the
Milar catheter, were acquired using a Power lab A/D converter (AD Instruments, Colorado
Springs, CO) and fed into Chart 5.0 (AD Instruments, Colorado Springs, CO) software for
instantaneous display, analysis and storage. Heart rate (HR) and maximum rate of change of
left ventricular pressure per beat (max dP/dt) were derived from the pressure signal from the
Millar catheter. Mean arterial pressure (MAP) was calculated from femoral arterial pressure
tracings. Real time calculated hemodynamic parameters include relative stroke volume (SV)
as the difference between maximum and minimum volume signals in each heart beat and
systemic vascular resistance (SVR) calculated as the difference between the mean femoral
and central venous pressures, normalized by the cardiac output (CO or HR x SV).
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Drug Delivery

Dobutamine was given by intravenous (IV) infusion or locally through an epicardial (EC)
alginate controlled release platform. For IV infusion, dobutamine was diluted based on the
weight of the rat so that the infusion rate was always 0.2 ml/hr delivered by a syringe pump
(Cole Parmer #74900-00) connected to the right internal jugular catheter. Saline was infused
(0.2 ml/hr) during EC delivery and sham EC devices were placed on the heart during 1V
infusion. These sham EC devices ensured that any effects from device mass or potential free
calcium release from the alginate on the contractility would be seen in both IV and EC
treatment groups. Alginate EC drug releasing platforms were placed on the surface of the
left ventricle with the concave side facing upwards and 5 pl of either drug solution or saline
was applied to the top. The concentration of applied dobutamine was calculated from in
vitro release data (Fig. 1b) to provide the desired drug release rate.

Continuous hemodynamic and Millar catheter data were recorded over 15 to 20 minutes,
which pilot data suggested was long enough for the heart rate and max dP/dt signals to
achieve steady state. The CVP was intermittently measured by halting the drug infusion with
a 3-way stopcock for 3 seconds, which was not long enough to cause a disruption in
dobutamine delivery at these low flow rates. Inotropic therapy often distorted the
morphology of the pressure volume (PV) loops, due to relative motion of the catheter within
the ventricle. Prior to making steady-state hemodynamic measurements, the Millar catheter
was rotated slightly to restore the expected rectangular shape of the PV loops.®

In a group of 6 animals, EC devices were placed on the hearts, 5 ul of saline was added to
the device and the hemodynamics recorded over 20 minutes. While there is some scatter in
thse data, these negative controls showed that there was no measurable effect from the mass
of the device, surface shear forces on the heart, nor any potential released free calcium
(Table 1).

Dose Response (Sequential Multiple Dosing) Protocol

Epicardial and intravenous delivery of dobutamine was compared in two sets of
experiments. In the first, multiple escalating doses were given to a single animal. After each
dosing change, time was given for the animal to reach a new equilibrium as assessed by HR
and blood pressure responses, usually within 15 minutes. Hemodynamic data was collected
and the alginate device was replaced on the anterior surface of the heart prior to adjusting
the delivered dose. Sequential dosing allowed us to characterize the dose-response in each
animal but did not allow collection of pharmacokinetic data, as multiple doses would
confound drug localization measurements and collection of blood and heart tissue samples
required sacrificing the animal. Because the animals would not survive indefinitely, 3 to 6
measurements were made per animal. Data was collected at multiple doses between 0 and 5
pg/kg/min using 7 different animals for EC and 7 animals for IV application. 15-18

Pharmacokinetic (Single Dose) Protocol

In a second set of experiments, only one dose was given to each animal (0.5 or 5 pg/kg/min)
by either EC or IV administration. This allowed us to acquire steady state tissue and blood
samples for pharmacokinetic analysis. Following catheter rotation if necessary and
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hemodynamic assessment, a blood sample was taken from the femoral arterial catheter. The
heart was quickly excised and rinsed with saline. Transmural cores (6 mm Miltex biopsy
punches, VWR, Cat#21909-144) of tissue from the anterior wall of the left ventricle just
under the alginate release device, the inferior wall, and right atrium containing the sinoatrial
node were taken, rinsed of adsorbed drug in saline, blotted and snap frozen in cooled
isopentane (-80 C). Blood samples were centrifuged at 2500 RPM for 15 minutes and the
supernatant was frozen. Blood and tissue samples were sent to a commercial laboratory for
drug concentration measurements through liquid chromatography — mass spectroscopy
techniques (Agilux Laboratories, Worcester, MA).

Statistically significant differences in hemodynamic and drug deposition data sets obtained
with the Pharmacokinetic (Sngle Dose) Protocol were determined with two tailed non-
paired Students t- tests, assuming unequal variance. Data was considered statistically distinct
if the P value was less than 0.05. These statistical tests compared 1V to EC application as
well as two different doses of the same mode of delivery. Pharmacokinetic data that was
below the detection limit of the LCMS method were not included in statistical analyses.
Hemodynamic data as a function of resulting plasma dobutamine concentration was
correlated to sigmoidal distributions (Prism 5.04, GraphPad, La Jolla, CA) which yielded
minimal and maximum effects and the plasma concentration at 50% effect (ECs).1920
Hemodynamic data taken with the Sequential Multiple Dosing Protocol were similarly fit to
sigmoidal curves which yielded a maximum effect and dose at 50% effect (EDsp).

In vitro characterization

A novel experimental platform for controlling the epicardial release of inotropic drugs was
developed for use in rats. Alginate was chosen for its ease in shaping in molds through
calcium crosslinking. Preliminary data showed that a 2% starting alginate concentration
yielded optimal mechanical properties. The solution was poured into a transwell support
which was then immersed in a calcium. The meniscus from the original alginate solution in
the transwell support formed a concave surface that was used to hold the drug solution and
prevent it from spilling when applied to a beating rat heart.

Drug is applied to the upper surface of these concave devices in a single 5 pl application and
the release is steady and linear over 15 minutes, and proportional to the concentration of the
applied drug (Fig. 1). The applied dobutamine concentration (cec) correlates linearly with
release rates (rec, Fig. 1b). By choosing the appropriate dilution for the applied drug, any
desired release rate can be selected between 0.1 and 2.2 pg/min.

Pressure volume loop analysis

Example PV loops are shown for both EC and IV delivery before and after treatment (Fig. 2)
and show that the same drug given by either systemic or local means have very different
mechanisms of action. Both IV and PC treatments leads to increased stroke volume and
contractility, as determined by the end-systolic pressure volume ratio (Pes/Ves).2122
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However, the left ventricular end diastolic volume (LVEDV) is lower in 1V delivery, owing
to systemic venodilation and subsequent decrease in venous return, ventricular filling and
preload. LVEDV is relatively preserved in EC application indicating minimal effect on the
venous system and therefore heart preload. Most importantly, the ventricular pressure during
systolic ejection is decreased by IV infusion and increased in EC application, indicating loss
of systemic vascular resistance, afterload and blood pressure in the former and preservation
of arterial tone and blood pressure in the latter. While stroke volume may be enhanced more
with IV infusion due to both higher contractility and reduced afterload, the associated drop
in blood pressure may be deleterious in many clinical situations. Augmented contractility
from EC application preserved preload and afterload and thus led to enhanced stroke volume
with normotension. The sensitivity of these sample pressure volume loops to the method of
application demonstrates differential pharmacology, mechanisms of action and side effect
profiles and illustrate that local delivery has far more implications than simply targeted
dosing.

Dose Response

EC delivery of dobutamine achieved the same net increase in myocardial contractility at
significantly lower doses than was achieved IV. The maximum rise on max dP/dt, an index
of myocardial contractility, is almost always greater for EC than IV delivery (Fig. 3A). Max
dP/dt followed a classical sigmoidal fit, with an increase in peak effect of 49% and 62% for
IV and EC application, respectively (Table 2). The ED50 for IV infusion and EC application
was 1.7 and 1.1 pg/kg/min, respectively. Therefore, EC application of dobutamine is more
efficacious and more potent than IV infusion at raising this index of contractility. At the
highest dose (5 pg/kg/min) the rise in max dP/dt was statistically indistinguishable for IV
and EC, but at modest doses (0.5 pug/kg/min) contractility with local EC application was
statistically higher than IV infusion (Fig. 4A). At high dose, the average myocardial loading
is sufficient to raise contractility, whether it is everywhere in the heart from 1V infusion, or
focused on one region of the left ventrcicle as might be observed with EC application. At
low doses, systemic infusion is insufficient to load the tissue and increase contractility,
whereas local EC application loads some part of the myocardial tissue enough to affect the
measured global force of contraction.

Peripheral, non-myocardial effects were pronounced with 1V and muted with EC
dobutamine delivery (Table 2). HR increased exponentially with dose for 1V application but
far less after EC and without dose-responsiveness (Table 2, Fig. 3B). Single Dose data taken
for pharmacokinetic analysis showed that HR is increased at the higher dose more so for IV
infusion than EC application (Fig. 4b) Systemic vascular resistance (SVR) fell profoundly
with 1V dosing (Fig. 3C). SVR fell 48% as much with EC application and the effect
plateaued at much lower doses. The ED50 for SVR was almost two-fold higher for 1V than
EC with values of 1.9 and 1.1 pg/kg/min, respectively (Table 2). Mean arterial pressure
(MAP) decreased slightly at most IV doses, but rose with most EC doses (Fig. 3D). The
stroke volume increased for both IV and EC application (Fig. 3E). Although the increase
appeared greater in IV infusion, possibly from increased contractility and loss of systemic
vascular tone, statistically these two methods of applying drugs to the heart were
indistinguishable at low and high dobutamine dose (Fig. 4E). The combination of all of
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these data imply that there may be a range of optimal doses where the central contractile
effects are maximized relative to systemic vasodilatory and chronotropic effects.

When data are plotted as the increase in myocardial contractility (max dP/dt) for dobutamine
induced systemic effect, the difference in pharmacologic effects of IV and EC
administration appears most pronounced (Fig. 5). While max dP/dt can be raised similarly
with both routes of administration, 1V infusion is associated with a much larger increase in
HR and drop in SVR than seen with EC administration. Thus, the net effect of dobutamine
on stroke volume was then greater with IV dosing but a good deal of this phenomenon was
from peripheral vascular rather than myocardial effects — a set of responses that might not be
tolerated in states of impaired vascular tone.

Tissue Deposition and Blood Levels

Pharmacodynamic data taken in the single dose per animal protocol support the findings
gleaned from the sequential dose protocol (Figs 3-5) and allow measurement of steady state
plasma and heart tissue dobutamine concentrations (Fig. 6). The concentration of
dobutamine in the anterior wall of the left ventricle was three orders of magnitude higher
after local EC application than after IV infusion and was proportional to the applied local
dose (Fig 6). Moreover, the myocardial tissue concentration in the anterior wall exceeded
the circulating plasma concentration 523 fold with EC application, but was less than half the
plasma concentration with given by 1V infusion. The concentrations in the inferior wall of
the left ventricle were below the detection limit for all applications except the high dose
local application, which were orders of magnitude lower than for the corresponding
concentrations in the anterior wall. The concentration of drug in the plasma following local
EC application was 38% lower than with 1V infusion at the highest dose. Although this
difference was significant, the drug levels in the circulation were still detectable following
local application. These data raise another potential fascinating implication of local delivery
wherein intramuscular transport was more effective than intravascular, even in the face of
heightened plasma concentrations. The right atrial concentration was statistically
indistinguishable for all doses and modes of administration and for high dose IV therapy
equivalent to the plasma concentration.

It appears that significant amounts of dobutamine are detected within the plasma with high
dose local EC delivery, albeit less than with 1V infusion (Fig. 6b). At low doses, the plasma
concentrations are statistically indistinguishable. Some of this systemic drug may play a role
in both central inotropic and chronotropic, as well as peripheral vasodilatory effects. A
strong correlation between the plasma concentration and a hemodynamic index would imply
that systemic loading and not direct local application drove the effect. A strong correlation is
seen between plasma concentration and max dP/dt, SVR, SV and MAP with 1V infusion
(Fig 7, Table 3). The correlation between plasma dobutamine concentration and HR was
weaker. With EC application however, while SVR and MAP correlate strongly with plasma
levels, max dP/dt, HR and SV do not. These data indicate that while plasma levels drive
peripheral effects such as vascular tone regardless of the route of administration, effects that
are dependent solely on myocardial drug levels, such as max dP/dt, are independent of
circulating drug levels when given locally. Rather it is the transport of drug from controlled
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release device to the tissue that drives tissue deposition and local effect. SV on the other
hand is governed by both peripheral and central effects and only correlates with blood levels
when given systemically.

Discussion

Local therapy has become in vogue for many applications, specifically because local
infusion may reduce systemic side effects and enhances selective delivery to a target organ.
Our data add another dimension to the local therapy paradigm. Plasma concentrations should
not differ substantially when the same drug is infused at the same dose from different sites
unless there is significant local uptake of drug. Indeed, in our system, there was a
statistically significant reduction in circulating dobutamine because there was markedly
enhanced local tissue uptake and it is the local uptake that may explain the substantially
different pharmacologic effect. IV infusion led to 63% more systemic drug in plasma than
did EC application, as the latter extracted three-orders of magnitude more drug into the
tissue. These findings expand our view of local drug delivery. The overall reduction in
systemic levels was significant but modest and cannot likely account for a reduction in
toxicity, but enhancing efficiency of local targeting and pharmacologic selectivity may offer
a benefit of local delivery that transcends reduction of dose-related toxicity. The
cardiovascular system is ideal for demonstrating this added effect of local delivery. The
heart is highly vascular and its vasculature moves drug rapidly from the myocardium to the
systemic circulation.? The density of drug receptors, especially those that interact with the
adrenergic nervous system, varies within the heart and is different from what is in blood
vessels.22 The same adrenergic stimuli are controlled and mediated by different signaling
pathways — stimulatory G proteins in the heart and both inhibitory and stimulating G
proteins in the vasculature.3# Effects on the heart influence responses in the peripheral
circulation and vice versa. Thus, a number of possible complimentary and synergistic effects
can arise in the cardiovascular system.

Systemically administered drugs should present all organs with the same drug dose and
same concentration gradient from perfusing vasculature to tissue. Local drug delivery can
establish the same kind of systemic levels but very different concentrations gradients —
extremely high at the point of drug release and in nearby tissues and far lower
elsewhere.2425 Dose may dictate net effect but concentration gradients drive drug transport
and it is then possible for the local and systemic infusions of the same drug at the same dose
to attain similar plasma levels but very different target organ levels. Indeed, our data shows
that hemodynamic indices that depend on myocardial concentration such as max dP/dt and
stroke volume do not correlate with plasma levels when given locally (Fig. 7). This is the
departure from classic local delivery dogma as it presents a benefit to local delivery even
when there is still significant plasma detection of drug.

The studies in the heart presented herein add even further to the complexity of local delivery
and differential tissue uptake. The three-orders of magnitude greater amount of drug
deposited in the anterior wall of the left ventricle with EC as opposed to 1V infusion is
interesting in confirming superior uptake; that there is little drug in the inferior wall is
intriguing. These latter findings suggest that deposition of drug within myocardium is
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dominated by forces far beyond passive diffusion and may point to active modes of
elimination consistent with observations related to contractile-dependent drug uptake.26:27
Local delivery is then far more powerful than a dose-limiting mode of administration and
has the potential to add to the potency of clinical pharmacotherapy despite the complexity of
resulting pharmacokinetics.

Alginate Epicardial Inotrope Releasing Platform

Systemic infusion is simple, requiring only intravascular access for delivery and its effect is
rarely dependent on factors beyond dose, volume of distribution and clearance. Time-
extended local drug delivery is predicated on having far greater control over administration
but at far greater pharmacokinetic complexity. In addition to the factors in any dosing mode,
there is now the need to define and control vehicle contact area without migration, integrity
of adhesion without injury, rate of delivery and local tissue uptake, transport, distribution,
metabolism and elimination. Controlled release devices that work by erosion or elution can
meet these criteria but would require a different formulation for each drug, dose and clinical
application. While not intended to be a useful clinical polymeric drug delivery system, the
epicardial alginate discs used in this study provide a flexible, reliable method for studying
mode of administration and can be used across a range of species of all sizes and for a
spectrum of drugs at a series of doses. Preliminary optimization of the alginate platform
entailed determining the density, area and thickness to allow for linear release over the time
frames we were interested in, yet provided optimal mechanical properties of a flexible
robust device that would not move about the surface of the heart. The alginate disks adhere
to underlying tissue and remain in place through autoadhesion with no demonstrable adverse
tissue effects to deliver drug to contact-tissue surfaces. The rate of release from the alginate
devices is constant over the duration of the experiment, zero- ordered, easily and precisely
controlled and allows delivery of a weight-based dosing regimen directly to the heart (Fig.
1). Linear drug delivery kinetics are obtained over a twenty-fold range of doses. While in
vitro release can never fully predict in vivo release, the rapid motion of the heart may
approximate the infinite sink conditions of the in vitro characterization. While these devices
have little clinical utility as they erode within hours in the asbcence of calcium, they are
ideal for short term delivery and can be adapted easily for other drugs and other species.

Local application is pharmacologically distinct from IV systemic infusion

Inotropic drugs, such as beta-adrenergic agonists like dobutamine, have receptors on cardiac
myocytes and on arterial smooth muscle cells. Activation of these receptors in ventricular
tissue increases inotropy (contractility), the force of myocardial contraction and on this basis
raises stroke volume and cardiac output. Activation of beta receptors in cardiac impulse-
generating nodes and conduction system stimulates chronotropy and heart rate. Beta
adrenergic receptors in the peripheral vascular system relax smooth muscle and dilate
arterial and venous blood vessels. Arteriodilation reduces systemic vascular resistance, the
cardiac afterload. Venodilation increases venous capacitance and reduces venous return and
cardiac preload. Moreover, the net physiologic response is a complex integration of
interconnected reflexes. Changes in pressure and heart rate affect each other; stroke volume
alterations can affect contractile demand and preload changes dynamically with cardiac
work demand and diastolic filling. Thus, there are few pure effects in cardiac dynamics.
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What we did observe however was a difference in the dominant hemodynamic effects
commensurate with enhanced local uptake following EC application. Local delivery
increases local uptake and reduces direct loading of the plasma and hence peripheral vessels.
As a result, the same dose of dobutamine elicited the same effect on contractility but with
dramatically different systemic effects. SVR fell with increased contractility after EC
delivery, but only at doses where contractility increased maximally (Fig. 5). It is possible
that this arterial dilation is mediated by neurological reflexes in response to increased
contractility from localized dobutamine in the heart. Systemic IV infusion, in contrast to EC
application, reduced SVR far further and at lower doses where contractile effect was not yet
maximized and likely represents a direct action on the vasculature in addition to
neurological vasodilating reflexes to enhanced contractility.

Similarly heart rate was minimally elevated with EC application and rose statistically
significantly with 1V infusion (Figs. 3b & 4b). Thus, there is a two-fold effect on cardiac
indices — a series of reflex effects from the primary pharmacologic recruitment of myocyte
contraction and a direct pharmacologic effect on other tissues, in this case the sinoatrial
pacemaker cells. Local therapy enhances the former while systemic therapy elicits the latter
especially at higher doses. The benefits of local application extend then far beyond reduction
of toxicity to controlled specificity and enhanced primary effect.

Drug Transport, Distribution and Elimination

The concentration of dobutamine varied for EC and IV delivery and in different parts of the
heart and plasma (Fig. 6). The concentration of drug within the right atrium and anterior left
ventricle after IV infusion were similar but virtually no drug was detectable in the inferior
ventricular myocardium. Direct contact via EC delivery enhanced myocardial localization
by three orders of magnitude. These data suggest a regional variation in drug deposition
around the circumference of the heart and transport forces that transcend passive diffusion
alone.

A significant amount of drug is noted in plasma following local EC application relative to
IV infusion at high dose (5 pg/kg/min) (Fig. 6b). This raises the questions as to how drug is
transported to the systemic circulation, and whether local EC application simply loads the
circulation which then brings drug to the myocardium to produce pharmacodynamic
responses. Drug can be absorbed by the circulation either through capillaries in the
myocardium, capillaries in other thoracic structures, or across ventricular wall and into the
left ventricular chamber. The high concentration of drug in the anterior wall and low
concentration in the inferior wall suggests that drug moves directly to the tissue from the
alginate discs and not through other thoracic structures. The anterior wall deposition
suggests a high driving gradient into the myocardial capillaries of this highly perfused
tissue. These capillaries may serve as drug sinks across the tissue and may limit the
endocardial concentration.12 The low endocardial concentrations makes clearance to the left
ventricular cavity less likely to be significant. Therefore, the most likely route of for drug
from the point of release to the circulation is through the target myocardium. Thus, systemic
drug levels may be an unavoidable consequence of local application to vascular organs such
as the heart.
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How significant then is plasma dobutamine concentration to driving myocardial
pharmacodynamic response following EC application? SVR and MAP correlate strongly
with plasma dobutamine levels while contractility (Max dP/dt), HR and SV correlate poorly
(Fig. 7, Table 3). This implies that with EC delivery, circulating drug levels govern
peripheral effects. Hemodynamic indices that reflect the state of the myocardial cells, such
as max dP/dt, do not correlate with plasma drug levels implying that the dominant driver of
intrinsic myocardial pharmacodynamic effect comes from the direct transfer of drug to
target tissue and that circulating drug makes a minor contribution if at all.

The difference in deposition following local application between the anterior and inferior
myocardial structures is a fascinating and yet unreported observation that begs further
examination. Transmural and circumferential concentration gradients may exist and it is
unclear the extent to which diffusive mechanisms and the coronary vasculature play roles in
distribution from a point source on the surface. There are significant differences in beta
adrenergic receptor density in different parts of the heart,23.28.29 distribution of degrading
enzymes and local metabolism. Catechol-O-methyltransferase (COMT), the primary enzyme
responsible for dobutamine degradation,39-31 is ten fold less active in the right atrium than in
the left ventricle.32 Other studies have shown a regional variation in COMT activity in
different chambers of the heart.33 In addition, 3-O-methyldobutamine, the metabolite from
COMT activity does not appear to have any adrenergic properties.3* Red blood cells that
course through the dense network of myocardial capillaries play a significant role in
removing and degrading catecholamines from the tissue.35-37 The variation in degrading
enzymes around the heart adds to a complex interplay between regional drug distribution,
drug binding, clearance from capillaries and metabolism within the tissue. Local application
will create drug concentration gradients within tissues which lead to transport, distribution
and elimination that is complex and the deposition will be distinct from the deposition that
results from 1V infusion.

Future elucidation of the details of each of these processes may lead to optimal balancing of
drug delivery, drug binding and degradation to achieve truly local effects with minimal
peripheral consequences from systemic drug concentrations. More finessed, high resolution
assessment of contraction, such as strain tensor MRI or speckle tracking echocardiography,
may demonstrate that regions of the heart closer to the controlled release device may show
localized contractile effect that is sufficient to carry and support the remainder of the left
ventricle, as measured by a global index of contractility, such as max dP/dt. Alternatively,
high resolution imaging may show that regional treatments with inotropic compounds may
lead to mechanical inefficiencies that need to be overcome to achieve the desired global
ventricular effect. Our data show that delivery of dobutamine to one region of the heart can
augment global measurements of contractility to the same extent as IV infusion. Perhaps
more spatially uniform EC drug delivery methods and better distribution would drive global
ventricular indices of contractility such as max dP/dt even higher.

Clinical Implications

Patients in heart failure live in metastable, precarious states and are at risk for frequent acute
events that decompensate cardiac function. Intravenous inotrope infusion can be of great
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benefit to patients in end-stage congestive heart failure, who need both augmentation of their
heart contractile function and reduction of afterload to improve stroke volume and cardiac
output. 1V inotropes, however, are associated with tachycardia, reduced peripheral vascular
tone and hypotension. These side effects may limit the dose of IV inotropic therapy.
Furthermore, cardiac surgery is often vital for those with heart failure and yet
cardiopulmonary bypass imposes especially high risks for those with reduced ventricular
function. Cardiac surgical patients are most often already in a state of low vascular tone
from a myriad of factors including circulating inflammatory mediators from the surgery,
from blood exposure to synthetic surfaces in the CPB circuit and cellular damage in the CPB
pump.38-40 The additional degradation of vascular tone imparted from IV inotropic
compounds may cause unacceptable hypotension without a significant co-infusion of other
agents, such as phenylephrine, norepinephrine, or vasopressin to raise blood pressure.41
These vasoconstricting agents may raise central blood pressure and organ perfusion, at the
expense of vulnerable tissue beds, such as those fed by arteries with residual stenoses, or
arteries prone to spasm including new coronary artery bypass grafts. The optimal use of
inotropic compounds in surgical patients may require a delivery method wherein the patient
experiences all of the positive inotropic effects without the negative effects of tachycardia
and hypotension. Local epicardial delivery of inotropic drugs can achieve a distinct
pharmacologic response from systemic IV infusion, with enhanced contractility with
minimal peripheral vascular effects, changes in heart loading conditions, or deleterious
peripheral side effects. EC inotropic treatments may support cardiac surgical patients'
ventricular function throughout the perioperative period and may lead to easier and more
successful separation from cardiopulmonary bypass without co-infusion of vasoconstricting
agents. Current IV inotropic formulations do improve myocardial contractility but
postoperatively require careful titration from highly skilled nurses in expensive intensive
care environments. Even then, titration is problematic and haphazard. The lack of inherent
peripheral side effects associated with EC inotropic therapy may allow safer care of these
patients in more cost-effective settings. This technology could also be applied through
minimally invasive access ports to the pericardial sac to provide long-term therapy for
patients with chronic heart failure.#2-46 EC treatments, while simple, straightforward and
potentially minimally invasive, could radically alter therapeutic options, allow for safer
surgery and postoperative management and help the prognosis and quality of life for many.

Conclusions

We have demonstrated a novel system for controlling the epicardial application of inotropic
compounds. This demonstration of differential local uptake and effect after local delivery
even in the face of detectable plasma drug levels from clearance from myocardial capillaries
may add to our understanding of targeted and directed drug delivery. In the same vein the
difference in effects on the heart and blood vessels highlights further the complexity of
cardiovascular physiology and the clinical potential of local drug delivery in cardiovascular
pathologic states.
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Fig. 1. In vitro characterization of novel epicardial (EC) alginate drug release platforms to
precisely control delivered dose rate

A) dobutamine (5 pl) is applied to the upper side of 6.5 mm diameter alginate discs in
varying concentrations (1.39, 2.08, 3.13, 4.69, 6.25, 9.38 and 12.5 mg/ml) and the released
drug into the lower receiving chamber is shown as a function of time (N=8 +SD). Linear
correlation of these data yielded a release rate for each applied concentration. B) The applied
dobutamine concentration is shown as a function of release rate. Linear regression of these
data allow the estimation of the appropriate concentration of drug in 5 pl aliquots (Cg) to be
applied to the alginate discs in vivo to achieve a desired epicardial dobutamine release rate
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Fig. 2. Sample pressure-volume loops before and after EC and IV dobutamine (0.5 pg/kg/min)

treatment

In this example, the LV pressure to volume ratio at end systole (Pes/Ves, Circular markers),
an index of contractility, increases similarly for EC (16%) and IV (14%) administration. The
stroke volume (maximum less the minimum ventricular volume) is increased with both
treatments from the pre-teatment baseline (BL), 27% for EC and 39% for IV. With EC
application, left ventricular end diastolic volume (LVEDV) is mostly preserved, falling by
less than 2%, while the pressure in the ventricle during systolic ejection is increased by 6%,
indicating preserved preload and increased arterial pressures. With IV application, the
LVEDV falls by 8% indicating decreased preload and the ventricular pressure during

BL

systolic ejection falls by 9% lower, indicating a loss of afterload and systolic arterial

pressures. These pressure-volume loops suggest that the mechanism of action of inotropic

agents depends on the method of application to the heart.

J Pharm Sci. Author manuscript; available in PMC 2015 November 09.

\

\
|
{
I
I

/

400

500



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lovich et al.

Page 19

s
=
=}

a © =
) o gy L=EC -
(3]
= 501
x®
S 0
o
o
x 207
o
=
b) .
g 07 ° o
4 o . o
£ = o ,x""'-‘° ° °
® L] ’ .
@ ° .
I
c)
d)
e)

Dobutamine (Hg/kg/min)

Fig. 3. Dose response of dobutamine for 1V and EC application in terms of A) max dP/dt, B)
Heart rate (HR), C) systemic vascular resistance (SVR), D) Mean Arterial Preasure (MAP) and
E) Stroke Volume (SV) over a wide range of applied doses

Data are fit to sigmoidal curves (Prism 5.04, Graph Pad). Peak increase in max dP/dt was
49% for IV and 62% for EC delivery. The ED50 for max dP/dt was 1.1 and 1.7 pug/kg/min
for EC and 1V, respectively. Peak increase in HR was 28% for 1V and 10% for EC delivery.
The ED50 for HR was 0.5 and 1.8 pg/kg/min, for EC and IV respectively. Peak decrease in
SVR was 82% for IV and 39% for EC delivery. The ED50 for SVR was 1.0 and 1.9 pg/kg/
min, for EC and IV respectively. Peak increase in MAP was 12% and the ED50 was 1.7
pg/kg/min for EC application. The MAP data for 1V infusion did not fit a sigmoidal profile,
however, most of the data show a reduction with dosing. Peak increase in SV was 158% for
IV and 61% for EC delivery. The ED50 for SV was 1.6 and 3.2 pg/kg/min, for EC and IV
respectively.
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Fig. 4. Change in A) max dP/dt, B) Heart rate (HR), C) systemic vascular resistance (SVR), D)
Mean Arterial Preasure (MAP) and E) Stroke Volume (SV) at low

(0.5 pg/kg/min) and high (5 pg/kg/min) dose for EC and 1V administration. At low dose the
rise in contractility is significantly greater for EC over 1V infusion, while at the higher dose
both EC application and IV infusion increases contractility to a similar extent. HR increases
more so for IV than EC application at the high dose and SVR falls to a greater extent with
IV infusion than EC application at either dose. At low dose, MAP is higher for EC
application than IV infusion, however, at higher doses MAP decreases similarly for both
forms of delivery. Stroke volume increases in a dose dependent manner but the differences
between EC and IV delivery were not statistically different at either dose (N=7, * P < 0.05).
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Fig 5. Scatter plots of contractility as a function of distant cardiovascular effects
A) Heart rate (HR) response as a function of contractility response (Max dP/dt) for each data

point in multidose per animal (dose response) protocol. For the same increase in
contractility, 1V infusion causes a greater increase in HR than EC application. B) Systemic
vascular resistance (SVR) response as a function of contractility response (Max dP/dt) for
each data point in multidose per animal protocol. For the same increase in contractility, IV
infusion causes a greater loss of SVR than EC application.
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Fig 6. Pharmacokinetic data
Dobutamine deposition in the A) anterior wall of the left ventricle, B) Plasma, C) Inferior

wall of the left ventricle and D) right atrium. Tissue levels are normalized to mass of protein
(9). The right atrium was sampled for dobutamine levels as a proxy for the concentration in
the sinoatrial node that paces the heart. Some of the samples were below the detection limit
(12.5 ng/qg for tissue, 1 ng/ml for plasma, horizontal grey shading) of the liquid
chromatography/mass spectroscopy technique (N=7, average + SD, * P < 0.05).
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Fig. 7. Hemodynamic response as a function of plasma dobutamine concentration for A) max
dP/dt, B) Heart rate (HR), C) systemic vascular resistance (SVR), D) Mean Arterial Preasure

(MAP) and E) Stroke Volume (SV) for low

(0.5 pg/kg/min) and high (5 pg/kg/min) dose given either by EC or IV routes. Data are fit to
sigmoidal curves (Prism 5.04, Graph Pad). Hemodynamic responses correlate to blood
levels for IV infusion. Max dP/dt, HR and SV do not correlate with blood concentrations
with local EC application, as they are dependent on drug levels within the myocardium.
SVR and MAP, which can be considered peripheral effects correlate with plasma drug levels
even with local application (N=7, note that some of the plasma samples were below

detection limits and these data are omitted from

this analysis.)
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Table 1

Page 24

Impact of placebo alginate devices on hemodynamic and contractile indices on the anterior surface of the rat
ventricle after 20 minutes (N = 6). All of these changes are far below the maximum changes seen with 1V or

EC dobutamine application, indicating minimal to no effects of the placebo alginate device.

% change | SD
Max dP/dt | -2.5 35
HR 6.2 9.4
SVR -4.5 9.5
MAP 6.0 7.7
sV -1.7 9.1
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