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men. A controller is provided for modifying the initial
control signal based on the response signal to obtain a final
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Advantageously, the system and method of the present
invention can be used to adaptively control the stimulation
of a muscle tissue specimen in a tissue culture environment.
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SYSTEM AND METHOD FOR EMULATING
AN IN VIVO ENVIRONMENT OF A TISSUE
SPECIMEN

This is a divisional of application Ser. No. 09/206,588
filed on Dec. 7, 1998 now U.S. Pat. No. 6,114,164.

TECHNICAL FIELD

This invention relates to a system and method for pro-
viding adaptive control of the stimulation of a muscle tissue
specimen in order to emulate its in vivo environment.

BACKGROUND ART

At present, three-dimensional tissues are capable of being
produced in vitro using various types of cells. For example,
U.S. Pat. No. 5,443,950 issued to Naughton et al. describes
three-dimensional cultures for bone marrow, skin, liver,
vascular, and pancreatic tissues which are grown within
synthetic matrices. In these tissues as well as others, inves-
tigators have been successful in proliferating cells and
tissues in vitro such that the resulting three-dimensional
tissues, termed “organoids” or “constructs”, display many of
the characteristics of their in vivo counterparts. These con-
structs have a variety of foreseeable applications, ranging
from transplantation in vivo to functional and pharmaco-
logical testing in vitro.

In the case of skeletal muscle constructs grown in vitro,
the cells generally remain in a developmentally arrested
state. To maximize the usefulness of skeletal muscle con-
structs for basic research, clinical diagnostic applications,
and pharmaceutical screening, it would be desirable to
promote and control the development of the constructs, in
particular the induction of full differentiation of the muscle
fibers, such that the constructs more closely mimic their in
vivo counterparts.

To this end, the scientific literature indicates that inter-
ventions such as the application of controlled mechanical
strain and transverse electrical fields are involved in the
promotion of the correct orientation and differentiation of
skeletal muscle cells in culture. Applying this knowledge,
there are systems that allow the application of different
mechanical strain patterns to cells in culture. See, for
example, U.S. Pat. Nos. 4,940,853 and 5,153,136 issued to
Vandenburgh.

However, these existing cell culture systems have several
deficiencies. First, the systems focus on only one type of
intervention, namely the application of mechanical strain.
Furthermore, the systems are not capable of readily evalu-
ating the contractile function of skeletal muscle constructs in
vitro. Without the capability to detect tissue function or
properties, present systems are forced to employ
preprogrammed, open-loop control of strain parameters, and
therefore are not able to knowledgeably adapt the strain
parameters to changes in the development of individual
tissue samples.

DISCLOSURE OF INVENTION

Therefore, it is an object of the present invention to
provide a system and method for adaptively controlling the
stimulation of a muscle tissue specimen in order to emulate
its in vivo environment.

It is another object of the present invention to provide a
system and method capable of integrating and applying
multiple types of stimuli to a muscle tissue specimen to
emulate its in vivo environment.
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It is still another object of the present invention to provide
a system and method for continuously monitoring the
response of a muscle tissue specimen to stimulation.

Accordingly, a method is provided for emulating an in
vivo environment of a muscle tissue specimen. The method
includes stimulating the muscle tissue specimen based on an
initial control signal. The method further includes generat-
ing a response signal based on a response of the muscle
tissue specimen to the step of stimulating. In addition, the
method includes modifying the initial control signal based
on the response signal to obtain a final control signal,
wherein the final control signal is used to elicit a desired
response from the muscle tissue specimen.

To carry out the method of the present invention, a system
is provided for emulating an in vivo environment of a
muscle tissue specimen. The system includes at least one
stimulator operable to apply stimulation to the muscle tissue
specimen based on an initial control signal. The system
additionally includes means for generating a response signal
based on a response of the muscle tissue specimen to the
stimulation. Further, the system includes a controller
capable of modifying the initial control signal based on the
response signal to obtain a final control signal, wherein the
final control signal is used to elicit a desired response from
the muscle tissue specimen.

The stimulation preferably includes electrical or mechani-
cal stimulation. Most preferably, these different types of
stimulation can be applied simultancously. In a preferred
embodiment, the generating means includes a force
transducer, and electrical and mechanical stimulation are
provided by an electrical stimulator and a servomotor,
respectively. The response signal preferably represents force
production of the muscle tissue specimen. Advantageously,
the system and method of the present invention can be used
to adaptively control the stimulation of a muscle tissue
specimen in a tissue culture environment.

The above objects and other objects, features, and advan-
tages of the present invention are more readily understood
from a review of the attached drawings and the accompa-
nying specification and claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a top, schematic view of an emulator system
constructed in accordance with the present invention.

FIG. 2 illustrates a preferred configuration of the emulator
system of FIG. 1 as it is interfaced with auxiliary instru-
mentation.

BEST MODE FOR CARRYING OUT THE
INVENTION

The present invention provides a system and method for
emulating an in vivo environment of a muscle tissue speci-
men. In general terms, the method of the present invention
includes stimulating the muscle tissue specimen based on an
initial control signal, generating a response signal corre-
sponding to a response of the muscle tissue specimen to the
step of stimulating, and modifying the initial control signal
based on the response signal to obtain a final control signal,
wherein the final control signal is used to elicit a desired
response from the muscle tissue specimen. This method
represents closed-loop, adaptive control of the stimulation of
the muscle tissue specimen, and can be implemented to be
an automatic and continuous process.

To carry out the method of the present invention, a system
is provided that utilizes an adaptive architecture including,
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in general terms, a tissue specimen, one or more Sensors, one
or more effectors, and a controller. In the emulator system of
the present invention, the specific sensors and effectors
employed will depend both upon the specific tissue type
used, as well as the desired experimental conditions,
interventions, and evaluation procedures. The tissue speci-
men could comprise a tissue construct developed in vitro
from primary cell culture or, alternatively, native tissue
excised from an animal or human being. As an example, the
system and method of the present invention will be
described in the context of promoting the growth and
development of a skeletal muscle tissue specimen.
Referring first to FIG. 1, shown is a schematic represen-
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Therefore, platinum wire or plate is preferred for the con-
struction of electrodes 22.

Force transducer 18 is attached to a first end 24 of muscle
tissue specimen 12 via a noncompliant arm 26. For use with
a skeletal muscle tissue specimen 12 as in the present
example, force transducer 18 preferably resolves forces of at
least 1 uN and measures forces up to about 3000 uN. Further,
force transducer 18 preferably has a bandwidth of DC to 100
Hz, a full range deflection not exceeding 1 % of the length
of muscle tissue specimen 12, and a power dissipation of
less than 50 mW. In addition, force transducer 18 is pref-
erably constructed to be insensitive to high humidity, per-
mittinﬁ use in a tissue culture environment. Of course, the
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circumstances in vivo in which the developing organism is during the normal development and locomotion of an organ-
constantly adapting to changes in the properties of the tissue ism. Because of the number of parameters that can be
of which it is comprised. controlled, and the number of conditions under which con-

tractile function can be measured, the actual number of
5 variations for closure of the control loops and the number of
degrees of freedom in the control algorithms is very large.
However, several examples detailing system integration are
given below, wherein the tissue specimen will be again taken
to comprise skeletal muscle tissue.

As a first example, baseline functional parameters of
muscle tissue specimen 12 can be determined using emula-
tor system 10 of the present invention. For example, at
; . ; regular intervals electrical stimulator 14 can apply a battery
Preferably, height adjustments 40 are provided to allow the of pulses of variable amplitude to determine the rheobase, or

helght. of servomotor 16 and force tr.ansducer ,18 to be voltage threshold of excitability, of muscle tissue specimen
) gntlmlze,d for attachment to muscle tissue specimen 12. 15 . .3 ., . 5 .. "y PR B

Still referring to FIG. 1, emulator system 10 preferably
includes a main chamber 32 to house system components,
such as in the form of a culture dish. In a preferred
embodiment, a mounting plate 34 is provided to removably
mount main chamber 32 therein. Mounting plate 34 is
provided with a ring clamp 36 which may be adjusted for
easy mounting and removal of main chamber 32. Within 10
main chamber 32, a separate tissue chamber 38, such as a
culture dish, is provided to hold muscle tissue specimen 12.
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