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ABSTRACT

Although the mechanical properties of cardiac muscle
have been studied in various preparations, no direct
measurement of isometric tension has been made at the
cellular level. In this study, cultured strands of
neonatal rat cardiac muscle were attached to a microgramme
force transducer, using a non-traumatic method to obtain
direct measurement of isometric tension.

The isometric mechanical properties of the cultured
myocardial strands were studied during spontaneous and
electrically-stimulated contractions at different lengths,
temperatures and rates of stimulation. Steady-state
inotropic and chronotropic responses to independent
manipulation of external ionic concentration of K+, catt

and Na' as well as simultaneous manipulation of Nat and

++

Ca were studied. Cholinergic and adrenergic receptor

response was characterized using appropriate pharmacologic
agonists and antagonists.

The basic mechanical properties observed included
length-tension relationship, force-frequency response and
effects of temperature. Total amount of strand stretch
required to describe the complete length-tension

relationship was only + 1% of the optimum length, Loax’
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suggesting that cultured strands are stiffer than adult rat
papillary muscle. Re} :ating length-tension measurements in
the same strand showed an absence of hysteresis. All other
mechanical properties were similar to those observed for
intact adult rat papillary muscle. Spontaneous
contraction rate was influenced by Kkt ana Na+, while Na™t

+

and Cat’ influenced cc itractility. The interaction between

Na+ and Ca++

was very striking; the observations were
consistent with the function of a sodium-calcium exchange
carrier. The strand was shown to possess cholinergic
muscarinic receptors, which regulate only spontaneous rate
and beta-adrenergic r: eptors which regulate both rate and
contractility.

Thus, in the str 1d, functional properties of various
regions of the heart are represented in a single
preparation. The phy iological characteristics were highly
reproducible between 1d within strand preparations.
Except for the fact t at the strand is fragile and
de-differentiated, it represents an accurate model for
myocardial physiology and offers some important advantages

for investigation of ¢« :1lular physiology and the influence

of ionic and drug man oulations on its basic physiology.
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(see Section 171, appendix I) resulted in a substantial
reduction in the fraction of fibroblasts remaining in the
cultures. Hence, the fraction of strand consisting of
fiproblasts is minimal.

In contrast to the skeletal muscle, where the
correlation between sarcomere length changes and the LT
relationship is direct, the parallel measurements for
cardiac muscle are much less conclusive (Sonnenblick and
Skelton, 1974). Rat papillary muscle, which required

+ 25% L to define the LT relationship, had a

max

corresponding change in sarcomere length of only 7% Loax
in living muscle (using light diffraction method, Krueger
and Pollack, 1975). A similar study using analysis of
photomicrographs containing sarcomeres (Julian and Sollins,
1975) gave a value of 11%. The difference in the extent of
shortening between the muscle and sarcomere lengths
suggests the presence of a large series and parallel
elastic components residing outside the contractile
proteins. Experiments on skinned rat cardiac cells suggest
the presence of a stiff intracellular structure (Fabiato
and Fabiato, 1978) which may be associated with a high
density elastic protein, known as "connectin" (Maruyama,
Kimura, Kuroda and Handa, 1977; Matsubara and Maruyama,

1977). This demonstrates that the unique passive

elasticity of cardiac muscle is based upon intracellular


























































































































































































































































































Fig.

Al.

Layout for culturing.

Various items used are indicated as well as

numbered for reference in the text.
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4

(iii) Open the sterile pocket™, take out the pair of

(iv)

1E.

(1)

(ii)

Take out a 22 size scalpel blade

Insert paper towels

scissors and a pair of forceps and place them on
one gauze pad. Leave the remaining pair of forceps
in the sterile pocket itself; close and leave it

aside.

3 and place it on the

other gauze pad.

Extraction of Hearts:

12 on the bench on which rats are

sacrificed.

Handle the rats with left hand only.

(iii) Wipe the neck of the rats with alcohol.

(iv)

Asceptically remove the heart. Use the sterile

scalpel blade to decapitate the newborn rat. With
the sterile scissors make a cut through the chest
towards the stomach. Using a small amount of
pressure spread the chest; the heart should pop up.
(The skin of the rat is not sterile, therfore try
to avoid any instrument contact with the skin.
Also, try to hold the scissors the same way for

each cut so that the same blade cuts from the

outside of the rat).
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(v) Using one pair of small forceps pluck the beating
heart and place it immediately in trypsin in one
petri daish’.

(vi) When hearts are extracted from all rats (usually 8-9

rats), wrap up the wastes on the paper towel and
keep out of the hood. Clean the scissors and
forceps with alcohol. Keep the waste and all used

gauze pads in a plastic bag and leave outside.

Dispose the used scalpel in a syringe disposer.
(vii) Clean the table with alcohol and wash your hands. If

necessary change the pair of vinyl gloves.
(viii)Take another pair of gauze pads.

(ix) Lay down the other pair of scissors4

5

and the mincing

scissors~ on one gauze pad.

(x) Hold each heart in the petri dish with forceps.

Using mincing scissors cut out the ventricle (about
1/3 from the apex) and place it in the other petri
dish with trypsin solution.

(x1i) Take off as much blood clots as possible from the
ventricles. Cut the ventricles into four pieces
using mincing scissors and transfer all of them
into a glass petri dishll.

(xii) Mince the ventricles thoroughly and remove blood

clots if any.
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3 and transfer the minced

9

(xiii)Use a fresh scalpel blade
ventricles into the trypsinising flask (Fisher
Scientific, Cat. # 6-426 A) through the side pour-
out.

(xiv) Dispose the polystyrene petri dishes into the plastic
bag (step vi), tie it up and throw it into the

incinerator.

(xv) Immerse the used instruments in distilled water.

1F. Preparation of Modified Medium:
(i) To the bottle containing the Eagle's MEM, add the
following:

* 1 ml L Glutamine
* 1 ml PENSTREP
* 10 ml FBS
All these four constituents are already defrosted
and available in the incubator (refer Sec. 1lA).
(i1) Shake well.
(iii) Make sure the bottle cap was never placed on the
table top any time.
(iv) Mark the bottle as "Modified MEM" and label the date,
using a glass marking pen.
(v) Leave the bottle containing the modified MEM in the
refrigerator.
(vi) Dispose the tubes that contained the chemicals and

FBS (refer step 1i).
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1G. Digestion of Minced Cardiac Tissues:

(1) Add 20 ml of trypsin solution to the ventricular
tissue in the digestion flask.

(ii) Set the flask on the magnetic stirrer in the
incubator at a speed of approximately 1 revolution
per minute (rpm). Spin very gently.

(iii) Spin the mixture for 20 minutes. Use a timer.

(iv) When the alarm rings, take out the flask and pour out
as much supernatant as possible through the side
opening into the centrifuge tube numbered 1.

(v) Repeat steps i through iv two more times
(supernatants poured into centrifuge tubes 2 & 3).

(vi) Now, add 15 ml of trypsin solution to the digestion
flask. Return to be spun for 15 minutes.

(vii) After 15 minutes, take out the flask and pour
approximately 8 ml of the supernatant through the
side opening into centrifuge tube marked number 4
and subsequent numbered tubes for subsequent
iterations.

(viii)Add cold medium to the centrifuge tubes (about 4 ml)
to bring the level to 12 ml. Close the tube. Turn
it upside down twice to mix. This will stop

trypsinising action.






(viii)Pour off the supernatant quickly and fill it with 2

(ix)

(x)

(x1i)

1T.

ml of fresh medium.

Using a new pasteur pipette, agitate gently.

Fill it with fresh medium to raise the volume to
exactly 6 ml.

Place it in the centrifuge with 3 other dummies
(which also have exactly 6 ml of distilled water)

and run it for 5 minutes at 1000 rpm.

Filtering the Final Suspension to Isolate Single

Myocardial Cells:

(1)

(ii)
(1ii)
(iv)

(v)

(vi)

(vii)

This follows Sec. 1H. Pour off the supernatant and
£fill it with 2 ml of fresh medium.

Using a new pasteur pipette agitate gently.

Add fresh medium to bring the content up to 6 ml.

Turn the tube upside down twice.

Take a 10 ml syringe and remove its plunger. To this
plungerless syringe fit a millipore filter marked
"Filter" (which contains a lens paper inside).

S1lit the arrangement over a sterile centrifuge tube.

Pour the final suspension into the syringe body.

(viii)Allow the suspension to freely drip through.

(ix)

Pour the suspension into a canted-neck disposable
plastic tissue culture flask (Fisher Scientific,

Cat. # 10-126-30) and close with the cap.
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(x) Place the flask on its flat side in the incubator
(at 37 °C) for 90 minutes.

(xi) Take out the flask and tap it gently twice on the
table.

(xii) Pour the suspension into a graduated centrifuge tube
and record the resulting volume. Following steps
ix through xi, the final suspension obtained
contains chiefly myocardial cells since all other
cell types (such as fibroblasts and epitheliel

cells) adhere to the bottom of the flask within

90 minutes.

1.J. Cell Count

(i) Have the hemacytometer [Spencer "Bright Line"
hemacytometer, Cat. #. A-2440/B(4011)] clean and
dry (i.e. soak in alcohol, wash in hot sudsy water,
rinse in distilled water, and let it dry by
evaporation).

(ii) When it is dried, place it on the microscope stage
and above it keep a hemacytometer coverglass
(Hellige, Inc. standard grade, 20 x 20 mm;

Cat. #. 146-0).
(iii) Using a 1 cc syringe, draw out 0.5 ml of cultured

suspension and transfer into a centrifuge tube.



(iv)

(v)

(vi)

(vii)

(viii)
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Using another 1 cc syringe, draw 0.1 ml of trypan

blue and mix into the cultured suspension in the

centrifuge tube.

Mix it thoroughly and let it remain between 6 and 15

minutes.

This liquid sample is now ready for cell count.

Using a clean, dry pasteur pipette (not necessarily

sterile) transfer a quantity of the fluid to the
hemacytometer. Discard the first two drops of the
fluid. Load one section of the hemacytometer by
placing the tip of the pipette against the
coverglass and slowly releasing the pressure.
Discard the fluid left in the pipette and repeat
the procedure to fill the other section.

Allow the cells to settle for 2 minutes. Living
cells will not take up the trypan blue dye, but the
dead cells absorb it. Hence the live cells will
appear green in colour and the dead ones are blue

in colour.

(ix) Using the 10X objective of the Nikon M inverted

microscope count the total number of viable and
nonviable cells in large squares (four corner

sequences and the centre square) of the counting

chamber grid.
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2C. Agar Coating Procedures

(i) Keep hot distilled water ready all the time.

(ii) Place asbestos sheets (at least 4) on the table.

(iii)Place Bunsen burner and tripod on the asbestos sheets.

(iv) Place a wire gauze over the tripod.

(v) Take approximately 40 ml of 2% agar in a beaker
(marked at least 140 ml).

(vi) Turn on the Bunsen burner.

(vii)Take approximately 200 ml of hot water in a separate
beaker.

(viii)Heat the agar until it bubbles.

(ix) Dip the glass spreader into the foam, place it on the
left side of the coverglass and gently, with 1light
pressure, pull down towards the right. (Don't stop
in between, avoid streaks and air bubbles).

(x) Place the glass spreader into the hot water beaker.
For the next time, take out the glass rod, wipe it
thoroughly with facial tissue and then dip it into
the foam and repeat step ix.

(xi) After coating all the cover slips, pour back the
remaining agar into the agar flask.

(xii)Turn off the Bunsen burner and close the gas outlet.

(xiii)Examine the glass cover slips and make sure that they
are properly coated with agar. A good coating

makes the coverslip appear opagque.
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(xiv)Open a few plastic petri dishes. Place cotton gauze
on each petri dish.

(xv) Place one glass covership in each petri dish, such
that the noncoated side of the coverslip is in
contact with the cotton gauze.

(xvi)Wait for the agar to dry (about one hour).

(xvii)When it is completely dried, close the petri dishes
and store them.

After 24 hr, palladium lines were deposited on the agar

coated glass coverslips using the "Mask" in the high wvacuum

coating machine.

2D. Microsphere Placement

(i) Use glass micropipette puller and prepare half a dozen
glass microtool pointers. (Use 20 X micropet).

(ii) Keep them on a thermocool, with the pointers
projecting upward.

(iii)Use "Wild" light microscope.

(iv) Open the glass cover slip coated with agar and
palladium.

(v) Use silicone grease.

(vi) Using the microtool, touch the silicone grease and

put a dob of grease on appropriate locations on the
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palladium lines as shown. . .

With two dots on both top e e e
and bottom lines and 4 dots e o s e
in the remaining 5 lines with e e e
approximately equal e e e
spacing between microspheres on the e e e
horizontal line. ..

(vii)Take 100 pym glass microspheres in a petri dish.

(viii)Using an hypodermic needle pick up microspheres and
place them exactly above the grease spots.

(ix) View through the microscope and remove excess
microspheres in and near the grease spots.

(x) Good microsphere placement should not leave any excess
grease spots or stray microspheres lying in the
field.

(xi) After placing the microspheres, carefully leave the
coverslip in the petri dish and store it aside.

(xii)This arrangement is now ready for preparing empty

culture chambers.

2E. Preparation of Empty Culture Chambers

(i) By now the glass cover slips coated with agar and

palladium followed by placement of microspheres

should be ready.






(xiv)Wrap the box tight with the appropriate green cloth
and leave it for sterilization with ethylene
dioxide gas.

(xv) This package could be picked up from the gas
sterilization unit on the next day.

(xvi)Once you brought this, open the package in the
cupboard to dissociate from gas at least for 24

hours. DO NOT open the petri dishes.

2F. Final Culture Chamber Preparation

(i) The final diluted purified cell suspension, upon
completion of the preparatory culturing procedures
(Section 1K, step vii), are used to inoculate the
final culture chambers

(ii)Use a sterile pipette - do not pour! Draw off enough
of the suspension to fill the chamber.

(iii)Cently transfer the suspension to the chamber through
the side walls.

(iv) Seal the chamber by pressing a sterile coverslip onto
the face of the stainless steel ring previously
coated with silicone grease.

(v) Ensure that there is an air bubble in each chamber.

(vi) Label each chamber with concentration, date and
chamber number.

(vii)Keep all the chambers in the incubator.
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(ix) One glass petri dish. Wrap it up completely with

II.

aluminum foil. Use autoclave tape if necessary.

Auxiliary box contains:

3 bottles
3 packages of pasteur pipettes
3 millipole filters marked "MEDIUM"

4 rubber caps

Leave both autoclaving box and auxiliary box for

autoclaving.

3E. Autoclaving Procedure

(i)

(ii)
(iii)

(iv)

(v)

(vi)

Set heating/cooling suited to 15 minutes
"sterile" switch to 15 minutes
"drying" switch to 15 minutes
Press "manual reset'
Press "with dry time"
Close the door. Turn the handle upward. Rotate
wheel clockwise until you hear a click sound.
After 55 minutes you hear an alarm.

Press "manual reset"

the
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(iv) Draw the dark slide out of the camera.

(v) Switch on the back of the vertical tube, is switched
to right position, so that image is transmitted up
the vertical tube and the eye pieces.

(vi) Place the scale on the microscope stage and compose
and focus picture through the eye pieces.

(vii)The image should now be viewed in the smoked glass
(this might have to be done in a dark room).

(viii)To focus the image move the vertical photo tube up
and down until the image is in focus. This is
usually at the red line.

(ix) The eyepiece sleeve lock screw is now used to move the
viewfinder to a position where it can be used with
ease.

(x) The 35 mm projection lens, is loosened from the Lech
type mount and the camera is moved around until the

composed and aligned picture is viewed through the

smoked glass. The 35 mm projection lens is then
tightened.
(xi) Two screws next to the lock nut for AFM main body on

the occular finder are used to adjust the finder
mask to see the same picture as that in the smoked

glass.

(xii) The alignment is now complete.
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V. Procedure for Changing the Medium

(i) Make sure enough fresh modified medium is available.

(ii) If not, prepare medium (see Section. 1lF).

(iii)Clean the hood (refer Section. 1lB).

(iv) Get the following things ready:

a) 2 Corning tubes

b) a glass beaker

c) a packet of Pasteur pipettes
d) 2 rubber bulbks (caps)

e) rubber weight

f) modified medium

(v) Open the sterile pipette packet, fit the rubber bulbs
on two pipettes and leave one in each of the
Corning tubes.

(vi) Keep the beaker on the left-hand side and medium on
the right-hand side.

(vii)Use one pipette to draw out the medium from the
chambers and the other pipette to deliver fresh
medium to the chambers.

(viii)Do not alter during the procedure. At any time,
during the procedure, if any of the pipettes touch
either the glass walls or the surface of any sort,
immediately change the pipette (with a new one from

the sterile packet).
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(ix) Open a chamber. Keep the top cover glass just above
the chamber as a protection.

(x) Keep a pipette near the inside culture chamber wall,
slowly and gently draw out the medium. Gently pump
it in and out twice. Then draw out completely.
Close the chamber.

(xi) Pour this into the beaker and leave the pipette in the
Corning centrifuge tube in the left hand side.

(xii)With the next pipette, draw out fresh medium.

(xiii)Open the chamber. Slowly and gently deliver the
fresh medium through the side walls. Fill just
half the chamber. Close the chamber and leave the
pipette (with leftover medium) in the next Corning
tube in the right-hand side.

(xiv)Using the other pipette, repeat Steps x and xi.
Periodically rotate the chamber, such that the same
side is not used often for withdrawal and delivery.

(xv) On the first medium change, repeat step xiv twice.

(xvi)Fill the chamber with fresh medium.

(xvii)Close the chamber with coverslip. Make sure the same
grease points are used again.

(xviii) Press the coverslip with rubber weight.

(xix) Leave the bottle containing medium in the

refrigerator.
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(xx) When all the chambers are done, place them back in the
incubator.

(xxi)Leave the bottle containing medium in the
refrigerator.

(xxii) Wipe the table top with alcohol.

(xxiii) Throw away the o0ld medium in the sink. Leave the
beaker and rubber caps for washing. Dispose the
pipettes in the pipette disposer bottle. Dispose
the Corning tubes in a plastic disposer bag which
should be autoclaved before disposing.

(xxiv) Turn off the flourescent light and turn on the UV.

light. Close the doors of the Culture hood.
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Appendix - II

THE MICROGRAMME FORCE TRANSDUCER.

The construction and calibration of the force

transducer used in the study of cultured myocardial strand

contractility are described in this appendix.

A: Construction:

1. Mechanical Assembly: The mechanical assembly of the

force transducer is illustrated in Fig. A3. The body (1)
of the assembly contains two main features. First a
variable brass plate (5) whose position can be adjusted by
a sliding nut (6) and an adjusting screw (4), and second a
composite cantilever beam (8,9, and 10). This composite
beam is made up of a glass micropipette (8) (3.8 cm long,
20 A2 Yankee Disposable Micropet) with a tip diameter of

60 pm; a 5.0 cm length of 24 gauge (type 304) thin-walled
hypodermic stainless steel tubing (9) and a brass

plug (10). There is a 1.0 cm overlap between the glass and
steel tubings. The lumen acts as a vacuum passage starting
from the suction inlet (7) through the body (1), the brass
plug (10), the steel tubing (9) and the glass

micropipette (8). Thus the suction at the inlet (7) 1is

transmitted to the tip of the cantilever beam (8).




































Fig. AS8.

Fig.

A9.

Transducer force calibrator.

(a) Specialised calibrator devised for measuring

the transducer's force-sensitivity.

(Figure redrawn from the report of Kryski, January

1977)

(b) Principle of operation of the calibrator.

Static force sensitivity characteristics cf the

force transducer.

Force (in mg) along the abscissa and the
transducer output (in mV) along the ordinate is
plotted. When the applied force exceeds 18 mg, the
transducer PLL was driven out of lock and the

output decreased (shown by dotted line).
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To summarize the characteristics of the transducer,

the specifications are:

0.021 mV/pg

Force sensitivity

Displacement sensitivity 30.00 mV/pm

Compliance at the tip 0.0007 pm/pg

Resonant frequency : 120 Hz.
damping ratio : 0.085
Acknowledgements: This transducer was developed by
Dr. O Toll with the technical assistance of Mr. L.
Krys :i. Transducer modification and static calibrations
were done by the author and Mr. M. Sullivan. The dynamic

characteristics of the transducer were obtained by

Mr. . Jacobs.
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Appendix - III

CONSTANT CURRENT STIMULATOR

The constant current stimulator was a circuit that
converted a voltage into a current. A voltage pulse was
fed into the circuit from the isolated stimulator
(Digitimer Limited, type 2533) as shown in Fig. Al2. This
circuit adjusted the output voltage to the electrodes so
that the current passing between them was constant and
proportional to the input voltage. In the cultured strand
study, this ratio was 100 pA per Volt but its value can be

changed by changing the single resistor Ry -

In the figure Ze represents the impedance of the
stimulating electrodes (Ag/AgCl active electrode and

platinum return electrode) and the solution in the bath.



Fig. Al2. Constant-current stimulator circuit arrangement.

The output of the isolated stimulator, diven by
the Digitimer, was fed into the constant-current
stimulator circuit shown in this figure.

The current output of this circuit was

adjustable by wvarying the value of Ry
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Appendix - IV

BACK-OFF A PLIFIER AND DIFFERENTIATOR CIRCUITS

While measur ng the force generated by the strands, it
would be convenie t if the force sensitivity were 1 mV/ug.
Hence a custom co figured amplifier was developed to
produce a d.c. offset to remove the reference d.c. ouput of
the transducer an with a low pass filter to eliminate
unnecessary high frequency components in the signal. The
actual circuit em loyed is shown in Fig. Al3.

The output of the transducer is applied to this
circuit at port B through a resistor to the negative input
of the operational amplifier A;. A d.c. signal is also fed
to the same input of amplifier A, through a voltage-divider
network. When th transducer is static, the 10 k(-
potentiometer was adjusted to provide a back-off signal
such that the out 1t of A, was zero and thus to eliminate
the reference d.c. signal produced by the transducer. The
output of A; with a low pass filter was passed through a
unity gain inverter A, to remove the 180° phase shift
introduced by Aj. The output of A,, designated as P, was a

measure of force : juivalent to 1mV/ug.



Fig. Al13. Electrical circuit arrangement of the back-off

amplifier and differentiator.

In this circuit, four operational amplifiers
(Al - A4) are used. Their functions are:
Ay : Back-off amplifier with an amplification

factor of 47.8

A, : Unity gain inverter.
Ay ¢ Differentiater.
A, : Low-pass filter.

The input to this circuit (B) is the transducer

output from the PLL (refer Fig. A6 a).
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The output P was also connected to a differentiator
(A3) and a low pass filter (A4) to monitor the rate of
change of force, dP/dt. The polarity of the differentiated
signal is correct, since it has been passed through two
amplifiers (A3 and A4).

The differentiator was calibratd using a 1 Volt
amplitude triangular-wave applied to the input of Aj. The
output measured at A, was a rectangular-waveform with
+ 1 Volt amplitude during the positive-~going phase of the
triangular-wave input and a - 1 Volt amplitude during the
negative-going phase. The components shown in the
differentiator circuit of Fig. Al3 represent the values
chosen during calibration. The input and output were
recorded on the chart recorder. After calibrartion, the
chart recorder's gain- and position-sensitivity controls

were not altered.
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Appendix - V

SOLUTION EXCHANGE CHARACTERISTICS OF THE PERFUSION SYSTEM

The perfusion arrangement consisted of a pump with a
delta head which carried the input tube. By varying the
speed of the pump the flow rate was altered. The optimum
flow rate was 2.56 ml min~ Y. The input and output ports
were placed at the surface of the chamber fluid such that
the level of the medium in the chamber remained constant
(refer Sec. 2.10).

The microscope licht from the bottom of the chamber
passed through the chamber medium and impinced upon a
photocell light detector. Detector output was a measure of
the depth of soluticn in the chamber. To study the depth
of a dye solution at different locations. the detectcr was
positioned at five different points above the chamber and
the flow characteristics were recorded for mixing of dye
solution.

The photocell itself has nonlinear characteristics.
The linear region of the detector was first identified in
the absence of any media in the chamber. The detector
output was linear in the region of 2.50-3.25 V of the input
light sicnal (Fig. Al4). The intensity of the light source

was set at 2.75 V and was not disturbed until the

calibration was completed.



Fig. Al4. Characteristics of the photocell used in this

study.

An index of light source intensity (in Volts) is
represented in the abscissa. The amplified output
of the photocell (in Volts) is plotted along the
ordinate. The linear region of the photocell

response is obtained from this graph.
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For different depths of water and a dye solution of

thionin acetate (at a conce

liter of distilled water), -

output of the photocell was recorded.
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From these two curves a
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The depth of the

The relations are as shown in Fig. AlS5.
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different depths of dye solution with the remaining filled
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curve, knowing the photocel

the chamber can be computed.

The light detector was

shown in Fig. Al6. From this

output, the depth of dye in

et up at 5 different locations

(as shown in the insert of Fig. Al7) and for each location

the perfusion experiment was
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shorter at location 1, follc
at 4 and 5. The depth of dy
right hand side.
The flow was laminar.
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gradient extended downward f

Al7 and AlS8,
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For analysis only Fig. Al7 is chosen,

also holds for Fig. AlS.

carried out until the output

‘es Al7 and Al8). As seen from

to reach equillibrium is

ed by 2 and 3, and is largest

solution is marked on the
ence, because of the location
the concentration

the surface,

om the surface. From Figures

the depth of dye solution at different times

low axis can be computed.

however this analysis



Fig. AlS. The output of the photocell when the chamber was
filled with different depths of water and the dye

solution.

Fluid depths (in mm) of the chamber along the
abscissa is plotted versus the normalized value for
light absorption (along the ordinate). 100% light
absorption corresponds to the photocell response
when the chamber was completely filled with the dye

solution.

Fig. Alé. Light absorption in the chamber for constant
fluid depth (8 mm) with varying ratios of dye and
water. This relation was computed using the data

shown in Fig. AlS5.
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Fig. Al7. Equilibration characteristics of the chamber

during dye perfusion.

Light absorption was measured at 5 different
locations which are indicated in the inset of this
figure.

Time (in min) is represented along the abscissa
and normalized light absorption along the ordinate
(legend on the left-hand side). The corresponding
depth of dye with respect to the top surface of the
chamber is also indicated along the ordinate
(right-hand side legend). Laminar flow

characteristics were assumed.

Fig. Al8. Chamber washout characteristics of an

equilibrated dye solution by perfusion with water.

Light absorption was measured at 5 different

locations which are indicated in the inset of this

figure.
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The depth of the dye along the flow axis at different
times is as marked by labels in Fig. Al1l9. The top 1 mm of
the chamber volume was replaced with the new solution
within 0.5 min and by 1.0 min the top 2 mm had exchanged
with the new solution. As illustrated in Fig. A20,
measurements along the transverse axis, showed that dye
solution occupied the top 1 mm within 0.5 minute. In other
words the central region of the top 1 mm of the chamber is
mixed within 0.5 min and the top 2 mm within 2 minutes.

From these limited data points, the depth contours
could be estimated. The approximate depth contours at two
different times are shown in Fig. A21. At 45 s, the area
under the contour is mixed to 1.9 mm depth and at 2 min the
depth reached is 3 mm. Thus a strand suspended in the top
1 mm of the chamber receives the steady-state concentration
of a new solution within 45 seconds.

A rough analysis of the chamber-perfusion system was
attempted using these data in a Fourier analyser. If the
input and output functions of a system are known, its
transfer function and impulse response can be computed
using Fourier analysis. 1In the first 45 s, top 1 mm of the
chamber fluid volume was mixed with a new perfusion fluid
(refer Fig. Al7 and Al8). The dye concentration appeared
to increase in an approximately linear relationship with

time. For the purposes of this analysis, a 'ramp' function



Fig. Al1l9. Depth of dye solution along the flow-axis, at

different times.

The inset represents the detector positions.

Fig. A20. Depth of dye solution along the transverse-axis,

at different times.

Both Figures Al9 and A20 were computed from

Fig. Al7.
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Fig. A21. Depth contours of dye concentrations at two

different times after initiation of perfusion.

The area enclosed in each contour has mixed
with the dye solution to the depth indicated in mm
by 45 s and 2.0 min respectively. Depths are

referenced to the top surface of the chamber.
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was assumed. For a step change as the input function and
the chamber fluid mixing (ramp function) as the output, the
transfer function of the chamber alone was obtained. Next,
using chamber mixing as the input and the tension response
of the strand to a step change in calcium concentration as
the output, the transfer function of the strand was
computed. This analysis showed that the impulse response
of the strand was instantaneous while a considerable delay
existed in the chamber-perfusion system.

Thus it was concluded that this perfusion arrangement
was suitable for steady-state measurements only and that
dynamic analysis was not possible. When suspended in the
central portion of the chamber within the top 1 mm, the
strand received the new concentration within 45 seconds.

To assure that a true steady-state response was attained
the perfusion was maintained for at least 4 times the

mixing time for top 1 mm of the chamber (3.0 minutes).















