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Abstract—Real-time direct measures of hemostatic parameters namic monitoring of changes in thrombotic potential di-

in vivo are required for optimizing the dynamic delivery of rectly and thereby optimize the titration of appropriate
coagulation modifying pharmacotherapies. Typical sensors of pharmacotherapies.

physiologic functionsin vivo, however, have only a restricted .
array of sensory inputs, and thus limited capacity to monitor ~ ecently, we reported the development of a cardiac

thrombotic and hemostatic activity. To overcome this limitation myocyte-based biosensor, which couples the detection of
we have developed a genetically engineered excitable cell line in vivo blood-borne physiological catecholamine inputs
that can be potentially used for an implantable thrombin bio- ;i endogenous receptor pathways of excitable cardiac

sensor. Specifically, we have generated stem cell-derived car- . . ]
diac myocyte aggregates overexpressing the human thrombinmyocyte aggregates to a functionally responsive electro

receptor, protease activated receptafPAR-1), which exploit potential output signal via changes in membrane depo-
the inherent electropotential input—output relationship of the larization dynamic$:” As previous studies have demon-
cells to detect local changes in thrombin activity. vitro, the strated that the chronotropic function of cardiac
signaling activity of PAR-1 cardiac myocytes was highly re-  myocytes can be altered through overexpression of en-

sponsive to thrombin, inducing a sixfold increase in intracellu- : : .
lar cAMP as compared with a twofold increase in control cells. dogenous cell surface receptors signaling through native

In vivo, the engineered myocytes also detected alterations in G Protein-coupled pathways, we hypothesized that ge-
local coagulation potential. Specifically, PAR-1 engineered cells netic engineering of cardiac myocytes to overexpress
implantedin vivo detected local increases in thrombin with a protease activated receptortPAR-1), a transmembrane
doubling in chronotropic activity compared with a 50% in- cellular receptor for the coagulation enzyme thrombin

crease in control aggregates. Overall these studies demonstrat . . . . )
the potential of genetic engineering to expand the physiologic ?for review see Ref. Bthat can mediate signaling cas

signals recognized by excitable cells, and may facilitate the C{:ldes in Cardi_a_‘c myocyté%pogld expand the functi(_)nal
translation of this approach for the real-time monitoring of biosensory utility of embryonic steES) cell-basedin

hemostatic functiorin vivo. © 2003 Biomedical Engineering  vivo biosensors to detect real-time changes in hemostatic
Society. [DOI: 10.1114/1.1537693 parameters.

. ) ) ) EXPERIMENTAL PROTOCOLS
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Genetically engineered ES cell-derived cardiac myo-
cytes were generated from E9 murine pluripotent ES
Dynamic regulation of biological systems requires Cells (American Tissue Culture Compan)ES cells were
real-time assessment of relevant physiological events,Cultivated on a mitomycin C treated feeder layer of pri-
such as changes in the hemostatic/coagulation cascadedgnary mouse embryonic fibroblasts in DMEM supple-
Biosensors, which transduce biological actions or reac- mented with nonessential amino acids, L-glutamine,
tions into signals amenable to processing, are well suited 5-mercaptoethanol, 20% fetal calf serum, and 100 U

for such monitoring. Unfortunately, no devices have yet !eukemia inhibiting factor(LIF). ES cells (10 celly

been developed for the monitoring of hemostatic activity Were electroporated with linearized cDN@®O ug) en-

in vivo. Presently, real-time approaches to measure he-coding “neomycin resistance and constitutively ex-

mostatic parameterin vivo are limited'® An in vivo pressed” FLAG epitope-tagged human PAR-1, generous

biosensor of the coagulation system could allow the dy- 9ift of S. R. Coughlin (University of California, San

Franciscy or enhanced green fluorescent protéGFP

Address correspondence to Jay M. Edelberg, Weill Medical College gene (Clontech in 1 m,L PBS, at 250 V and SOQLF.'

of Cornell University, 525 East 68th Street, A352, New York, Cells were then plated into a 25 ¢ritask and neomycin-

NY 10021. Electronic mail: jme2002@med.cornell.edu resistant colonies were then selected and expanded by
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the addition of G418400 ug mL™Y). Cardiac myocytes

were then generated as previously descrifeBriefly,

droplets of cells (16 cells in 30 uL of culture media

without LIF) were transferred onto the lids of 3 cm

bacteriological petri dishes filled with PBS and cultivated

for two days. The resulting aggregates were transferred A hPAR-1
from the hanging drops into 6 cm dishes, cultivated for

five days, and then transferred to 12-well plates. Spon- s
taneous chronotropic myocyte aggregates formed be- p Actin
tween 5 and 10 days after transfer and were subsequently

employed in subsequein vitro andin vivo assays.

Molecular Studies

Genomic integration of the PAR-1 transgene in the B
selected ES cell clones was confirmed by PCR. Genomic
DNA was extracted(DNeasy, Qiagenfrom wild-type
and transfected ES cell lines and PAR-1 were amplified
(forward primer BCTTGGAGCCTACCTAGACTCA3
and reverse STCCTAAGTTAACAGCTTTTG3'). Ex-
pression of the PAR-1 transgene was confirmed reverse
transcriptase(RT) PCR analysis(Sensicript Reverse  FIGURE 1. Genetic engineering of PAR-1 expression in ES

Transcriptase, iaaenof RNA isolated from cardiac cell-derived cardiac myocyte aggregates. (A) Representative
P Q gé RT-PCR for PAR-1 in cardiac myocytes derived from PAR-1

Control PAR-1

myocytes'derived from ES CeIKSRNeaSy! Qiage)n(for' and control ES cells. (B) Representative immunostaining for
ward primer BCAGTTTGGGTCTGAATTGTGT3 and FLAG-tagged PAR-1 (DAB) of cardiac myocyte aggregates
reverse 5TGCACGAGCTTATGCTGCTGA3). In addi-  derived from PAR-1 and control ES cells.

tion, transgenic receptor expression in the transfected
ES-derived cardiac myocytes was further confirmed by ously in the pinnae of 3-month-old C57B1/6 mice pre-

immunostaining.with an anti-FLAG epitqpe monoclonal treated with PDGF AB. One week after transplantation,
antibody (M1, Sigma, "’}nﬁ de\:jeltc))pid with Dl,AmSO' endogenous and allograft electrocardiogragEi€G) ac-
IHC K_'tf Immunogenex oflowed by hematoxylin coun- tivity were measured at base line and after local delivery
ter;talnlng. GFP expression in controlls was confirmed by of thrombin (10 1U/10 uL PBS) or vehicle alone injected
epifluorescencéexcitation 488 nm/emission 540 nm subdermally at the base of the aggregates through a 33g
o _ needle. Electrocardiograms were acquired via an A-M
In Vitro Thrombin Biosensing Systems Model 1700 four-channel differential ac ampli-
The ES-derived cardiomyocytes €16ell mL~1) were f!er, bandpass filtered b_e_tween 3.0 and 100.0 Hz, notch
pretreated for 10 min in culture medium containing filtered at 60.0 Hz, amplified 1000 and sampled at 500
thrombin (American Diagnostics, 2 1UmLY), isoproter- 1z by @ National Instruments AT-MIO-16E-10 data ac-
enol (Sigma, 10° M), and metoprolol (Ayerset, 10 quisition board on a 266 MHz Pentium-Il computer run-

ngmLY). The normalized cardiac CAMP content ning real-time Linuz and analyzed using custom Linux
(fmol CAMng—l cardiac troponin T was determined C++ software to measure two second mean interexcita-

from ELISA measurements of CAMEEIA kit, Biotrack) tion intervals so that the signal dynamics could be com-
and antitroponin TMS-295, Santa Cruz, CAStatistical ~ Pared quantitatively at synchronized time slices as pre-
significance was determined by a student's t-test. viously described. Statistical significance  was

determined by the student’s t-test.

In Vivo Thrombin Biosensing RESULTS

In order to determine thim vivo thrombin responsive- . . . .
. ) : Genetic Engineering of Cell-Based Biosensors
ness of the genetically engineered cardiac myocytes ag-
gregates, we employed a murine pinnal transplant model, In order to develop cell-based biosensors for hemo-
which provides an electrically isolated and easily acces- static activity ES cell-derived cardiac myocytes were ge-
sible environment to study the exogenous tissue, as pre-netically engineered to express PAR-1. Molecular and
viously described.ES cell-derived cardiac myocyte ag- protein assays confirmed the successful genetic engineer-
gregates were physically dissociated and suspended ining of the aggregates. RT-PCR of RNA isolated from the

PBS (5x 10" cells in 20 uL) and implanted subcutane- ES-cell-derived cardiac myocytes demonstrated that the



Biologically Based Hemostatic Bioassay 161

% 87 =2 control S — 2.5 — 3 endogenous heart
2571 PAR-1 -§~ mm myocyte biosensor
Q =
£ 2 61 53 20—
=] b3 < T
325 L9
83 41 s 177
52 s =
£ 3 34 28
£% 21 g3 1.0
S& 44 © 83
e 2% 57
0 5
. _—
iso  + - + - - T = 0
met - 4 - + PAR-1  Control PAR-1
lla - - - + + S
FIGURE 2. In vitro responsiveness of PAR-1 engineered ES PBS Thrombin
cell-derived cardiac myocyte aggregates. Relative levels of FIGURE 3. In vivo thrombin biosensor responsiveness of
intracellular cAMP in PAR-1 and control engineered cardiac PAR-1 engineered ES cell-derived cardiac myocyte aggre-
myocytes . (% of base line ) in the presence_(l)f isoproterenol gates. The relative chronotropic activities of myocyte aggre-
(iso; 10~ M), metoprolol (met;, 10 ngml ™), and thrombin gates and endogenous host hearts (% of base-line activity )
(IA; 21U mL ™) as well as combinations of isoproterenol with in the presence of thrombin or vehicle alone  (PBS). Throm-
metoprolol and thrombin with metoprolol. * P<0.05 PAR-1 bin resulted in a twofold increase in the rate of the PAR-1
vs. control. engineered biosensors as compared with a less than 50%

increase in control aggregates activity and did not signifi-
cantly affect the endogenous heart rates. PBS resulted in
minimal changes in rates of the aggregates and the endog-

PAR-1 engineered cells expressed the PAR-1 transgenesnous heart rates. % P<0.05 PAR-1-thrombin vs. PAR-1-
[Fig. 1(A)]. Moreover, immunostaining revealed that the PBS and PAR-1 thrombin vs. control-thrombin.
transgenic receptor was present on the engineered car-
diac myocyteqgFig. 1B)].
DISCUSSION

In Vitro Cell-Based Biosensor Thrombin Responsively The results of our studies demonstrate the feasibility
of expanding the physiologic inputs of a new classrof
vivo biosensors. Importantly, we found that genetic en-
gineering of the cell-based biosensor through the expres-
sion of the thrombin receptor allows for the real-time
monitoring of the enzymatic components of the blood

The integrity of the PAR-1 transgenic receptor intra-
cellular signaling pathways intracellular was confirmed
in vitro (Fig. 2). Studies in the presence of isoproteronol,
an adrenergic agonist, and metoprolol, an adrenergic an-

tiagonist, revealed that the engineered cells maintained o4 lation cascade. Moreover, the application of geneti-
responsiveness to endqgenous catecholanerglg mputsca"y plastic stem cell technology to detect specific
Importantly, PAR-1 cardiac myocytes cultured in the 504 horne signals should facilitate the development
presence of thrombin demonstrated sixfold induction 4 notential clinical translation of cell-based biosensors
CAMP generation, as compared with a twofold induction ¢, the direct monitoring of other physiologic, as well as
in the control cells. .Moreove.r, the engineered cellular pathophysiologic, signals.
response to thrombin was independent of adrenergic’ o studies exploited the cellular signaling pathways
stimulation, suggesting the PAR-1 expressing cells could gngogenous to cardiac myocytes. Biosensors engineered
act as biosensors of local hemostatic activity. to overexpress PAR-1 specifically detected thrombin both
in vitro and in vivo, suggesting that this approach may
allow the real-time monitoring of blood coagulation. De-
veloping the utility of cardiac myocyte-based thrombin
In order to test then vivo thrombin biosensor respon-  biosensors may require that the engineered cardiac myo-
siveness the engineered cardiac aggregates were transsyte aggregates interface with silicon chips or other de-
planted into the pinnae of host mice. The PAR-1 engi- fined biocompatible materidt§® as part of intravascular
neered cells specifically responded to delivery of devices to measure changes in hemostatic function. In-
thrombin with a twofold increase in chronotropic activity deed, such approaches could allow for monitoring of
as compared with a less than 50% increase in control vascular bed-specific thrombotic potential, which is not
aggregates activityfFig. 3). Delivery of vehicle alone  possible with presentn vitro measurements of blood
had a minimal change in the chronotropic rates of the clotting parameters. Moreovein vivo thrombin biosen-
PAR-1 expressing cells. Similarly, the endogenous host sors might enhance catheter-based treatments for coro-
heart rates were not significantly altered by delivery of nary and peripheral arterial diseases by facilitating real-
thrombin or control vehicle. time titration of local anticoagulant therapies.

In Vivo Cell-Based Biosensor Thrombin Responsively
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Overall, the present studies demonstrated that biologi-

cally based biosensor systems can be targeted to detect

specific blood-borne signals. Developing the clinical util-
ity of excitable cell-based biosensors may require that
the cardiac myocytes be derived from autologous sources
of stem cells such as the endogenous bone maitow.
Alternatively, molecular advances may facilitate the ge-
netic engineering of precursor or preexisting excitable
cells for the development of a long-term, physiologically
tuned, functionally integrated bioprocessing interface.
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NOMENCLATURE

ES embryonic stem
PAR-1 protease activated receptor-1
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