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ABSTRACT Muscle contraction can introduce artifact in attempted optical measurements of the action potential in
heart tissue stained with voltage-sensitive dyes. Using rabbit sinus node and atrial tissue in vitro, we found that the
voltage-sensitive part of the optical signal remains relatively unchanged by variations in the rate of external stimulation
or by the application of transmural stimulation (TS), while the contraction-related component can be significantly
increased by these same interventions. The relative contributions of membrane voltage and contraction to the optical
signal can thus be determined. In particular, the rapid upstroke component of the action potential can be easily
identified using this technique.

INTRODUCTION

Dyes that bind to excitable membranes and change their
optical properties in response to a change in membrane
potential have been used to observe action potentials in
both nerve and muscle (Cohen and Salzberg, 1978; Wag-
goner, 1979; Gupta et al., 1981). The stained tissue is
illuminated with quasi-monochromatic or laser light, and
the intensity of transmitted, reflected, or fluorescent light
(depending on the type of dye being used) from one or
more areas of interest is monitored by a photodetector
system. Recent work has indicated that such dyes can be
used to study the propagation of the action potential in frog
heart (Sawanobori et al., 1981) and in mammalian heart
(Dillon and Morad, 1981). The application to mammalian
cardiac tissue holds considerable promise in studies of
propagation disturbances that may underlie arrhythmo-
genesis. Such studies depend upon unambiguous identifi-
cation of the rapid upstroke of the action potential to
measure its propagation latency at various points in the
heart. But, because the action potential is accompanied by
contraction, it is necessary to distinguish between the
optical signal resulting from the voltage sensitivity of the
dye and the signal produced by the effects of contraction.'

'Included among the effects of contraction upon the optical signal in both
stained and unstained tissue are movement-related contributions as seen
in cultured heart tissue (Bucher, 1957; Sinclair, Miller and Harrison,
1970; Boder, Harley, and Johnson, 1971; Clusin, 1980) and in isolated
cardiac Purkinje fibers (Kass, 1981). Other contraction related events
such as changes in tissue thickness, slope, and contractile proteins could
also contribute to the signal, which we found to be wavelength and
location dependent in sinoatrial tissue. In tissue stained with a voltage-
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To this end, we have exploited the fact that the contrac-
tion-related portion of the signal is increased by either
lengthening the stimulation interval in tissue that is electri-
cally driven (atrium) or transmurally stimulating (Amory
and West, 1962; Vincenzi and West, 1963; Malik et al.,
1979) spontaneously active tissue (sinus node). The action
potential upstroke is not increased by these interventions,
and thus there is no increase in the portion of the optical
signal that represents the dye's voltage-sensitive response
to the upstroke.

METHODS

Hearts were excised from New Zealand white rabbits (1.5-2 kg) after
they were killed by cervical dislocation. Sinus node, right atrial, or
combined sinoatrial (SA) tissue was excised and attached with several
minutae pins along each tissue edge to a Sylgard (Dow Corning Corp.,
Midland, MI) surface in a 5 ml tissue bath. The use of many pins along
the edges substantially reduces but does not eliminate contraction effects.
The bath was perfused with a Tyrode's solution of the following composi-
tion (in millimoles per liter): NaCl, 137; KCI, 4.5; NaHCO3, 12; MgCI2,
1.1; CaC12, 1.8; and glucose, 5.5. The solution was gassed with 95%
02-5% CO2 and was passed through the bath at a rate of 2 to 3 ml/min at
a temperature of 34°-350C. Tissues were stained by voltage-sensitive dyes
dissolved in the bath. Dye NK2761 (Nippon Kankoh-Shikiso Kenkyusho
Co., Ltd., Okayama, Japan) was applied for 30 min at 2 mg/ml; dye
WW781 (supplied by Alan Waggoner, Dept. of Chemistry, Amherst
College, Amherst, MA 01002) was applied for 5 min at I mg/ml.

sensitive dye, the effect of contraction on the optical signal depends upon
the dye being used and its modality (fluorescence or absorption). The
fluorescent dyes tend to be less sensitive to contraction effects due, in part,
to their relatively greater voltage sensitivity compared to absorption
dyes.
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For transmission measurements, light from a DC-powered 100-W
tungsten-halogen lamp was collimated, passed through a narrow-band
interference filter, and focused onto the tissue with a spot size of 2 mm.
Fluorescence measurements were made by obliquely illuminating the
tissue with 633 nm red light from a 5 mW HeNe laser (Spectra-Physics,
Inc., Mountain View, CA, model 120) focused to a 100 ,m spot on the
tissue. In both modalities, light was collected by a 50-mm focal length lens
and projected onto an image plane. The intensity from the illuminated
area was detected by an avalanche photodiode (Texas Instruments, Inc.,
Houston, TX, model TIXL 69) with an area that corresponded to 90 Mm
diameter in the object plane. In the fluorescence mode, excitation light
was blocked with a 645-nm long-pass filter (Schott Optical Glass, Inc.,
Duryea, PA, RG645) placed before the photodetector. Optical recordings
were displayed as fractional changes in transmitted (AT/IT) or fluores-
cence (AF/F) light intensity.

Intracellular recording techniques were used to monitor transmem-
brane potentials of the myocardium. Machine-pulled glass pipettes filled
with 3 M KCI were attached to the headstage of a high-impedance
preamplifier with a fine chloridized silver wire and thereby "floated" on
the contracting tissue. Atrial flaps were driven with bipolar stimulating
electrodes at a cut edge of the preparation using 3 ms pulses of 10 V
amplitude. The transmural stimulation scheme (TS, also called electro-
reldase) of Amory and West (1962), which allows stimulation of the
autonomic nerve endings in the SA node, without excitation of the
myocardial fibers per se, was used to produce a poststimulation beat of
greatly enhanced contraction (Vincenzi and West, 1963) without con-
commitant enhancement of the action potential upstroke (Amory and
West, 1962). Bipolar stimulation was delivered via two minutae pins
placed on opposite sides of the tissue; 50 pulses (70-100 V amplitude, 300
Ms duration, 50 Hz frequency) were applied to these pins (F. Haer and
Co., Brunswick, ME, Pulsar 6i stimulator). The large voltage was
required to overcome current shunting by the bathing solution. The
optical and microelectrode signals were displayed on a storage oscillo-
scope (Tektronix, Inc., Beaverton, OR, model 511 1).

RESULTS AND DISCUSSION

The effect of TS in producing an optical signal with
potentiated mechanical component is seen in Fig. 1 A.
Intensity of light transmitted through unstained SA tissue
was monitored by a photodetector while TS was applied.
Because this tissue is unstained, the optical signal would
not be expected to have a voltage-dependent component. A
cessation of pacemaker activity caused by the cholinergic
release (Malik et al., 1979) during TS is followed by a beat
of greatly enhanced contraction that is clearly seen in the
optical record. The effect of TS on action potentials is seen
in Fig. 1 B. After the cholinergic rate pause, action poten-
tials are usually smaller in both amplitude and upstroke
velocity and are certainly never enhanced as is the first
contraction after TS. Other studies have reported similar
observations (Amory and West, 1962; Toda and West,
1967; Courtney et al., 1979).
The ability to differentiate voltage-sensitive and

mechanical components in optical recordings using TS is
seen in the faster sweeps of Figs. 2 and 3, which are typical
recordings for two different dyes. Fig. 2 shows the action
potential upstroke in atrial tissue stained with NK2761
and illuminated with 710 nm light. This dye is an analogue
of dye XVII (Ross et al., 1977) and dye XXIII (Gupta et
al., 1981) and has been used to record conducted action
potentials in bullfrog atrium (Sawanabori et al., 1981) and
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FIGURE I A, potentiation of contraction-related optical signal following
transmural stimulation (TS). Recording is fractional intensity of 730 nm
(50 nm half-power bandwidth) transmitted light passing through
unstained sinus node tissue. Note cessation of contractile activity immedi-
ately following TS, which represents response to release of acetylcholine.
This cholinergic pause is followed by an enhanced contraction. (The
delayed response to adrenergic release is seen several beats later as an
increase in both beat rate and size of the contraction signal.) B, lack of
potentiation of electrical signal following TS. Intracellular microelectrode
recording from a different sinus node preparation shows somewhat
diminished action potential response immediately following TS.

to locate pacemaker activity in embryonic chick heart
(Kamino et al., 1981). The upstroke is seen as an initial
rapid decrease in the intensity of transmitted light followed
by a later contraotion-dependent signal. Application of TS
results in;a much larger contraction signal while the early
upstroke-dependent (voltage sensitive) component remains
relatively unchanged. A more striking distinction is seen in
Fig. 3, a recording from sinoatrial tissue stained with the
fluorescent dye WW78 1. This is dye XXV of Gupta et al.
(1981) and has been used by Dillon and Morad (1981) to
map propagated cardiac action potentials in frog and
mammalian hearts. TS causes a severalfold increase in the
contraction component, but the initial upstroke component
is unchanged. In both preparations, TS allows unambigu-
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FIGURE 2 Effect of TS on optical recording from atrial tissue (with
attached sinus pacemaker) stained with voltage-sensitive dye NK2761.
Recording is transmitted intensity of 700 nm (9 nm bandwidth) light
transmitted through atrial flap. Upper trace represents four pre-TS beats;
lower trace begins with first beat following TS. Initial rapid decrease in
transmitted light seen in each beat is voltage-sensitive response to action
potential upstroke and is unchanged by TS; slower contraction-related
component is greatly enhanced in first post-TS beat. Note the contraction
signals in subsequent beats are reduced as in Fig. I A, although electrical
component remains unaffected.
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FIGURE 3 Effect of TS on optical recording from atrial tissue (with
attached sinus pacemaker) stained with voltage-sensitive dye WW781.
Tissue was illuminated with 633-nm laser light and intensity of fluores-
cent light of wavelength longer than 645 nm was recorded. First beat
immediately precedes TS, then first post-TS beat, finally normal beats
seen ~10 s following TS. Voltage-sensitive component is seen as initial
rapid increase in intensity and is unchanged following TS while slower
contraction-related component is enhanced severalfold.

Ous identification of the rapid upstroke (voltage) compo-
nent and thus permits use of the optical signal for latency
measurements of the cardiac action potential at the
observed point. If recordings are made from a preparation
that is not spontaneously active, such as atria without
attached pacemaker tissue, then varying the stimulation
rate can significantly alter the contractile strength without
affecting the rapid upstroke of the action potential. Fig. 4
shows optical recordings from NK2761 stained atria exter-
nally driven at two different rates. The slower rate results
in a larger and somewhat longer contraction signal, but the
initial upstroke component (seen as a transient decrease in
intensity with this dye) is the same for both rates. In
summary, simple schemes involving either changes in drive
rate or release of autonomic transmitters can be used to
modify the contraction of cardiac tissue without concomi-
tant changes in the rapid upstroke of action potentials.
Such a manipulation allows one to discern which compo-
nents of optical signals observed during experiments with
voltage-sensitive dyes really represent electrical event
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FIGURE 4 Effect of stimulation rate on optical signals from NK2761-
stained atria. Transmitted light intensity at 520 nm (10 nm bandwidth)
recorded with oscilloscope trace triggered before stimulus. Slower rate
(0.77/s) produced a larger contraction component than faster rate
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FIGURE 4 Effect of stimulation rate on optical signals from NK2761l-
stained atria. Transmitted light intensity at 520 nm (10 nm bandwidth)
recorded with oscilloscope trace triggered before stimulus. Slower rate

(0.77/s) produced a larger contraction component than faster rate
(3.3/s), but initial voltage-dependent response (fast decrease in light
intensity) was unchanged.

markers that will be useful for mapping electrical signal
propagation in heart. This distinction is especially crucial
in sinus pacemaker tissue, where the relatively slow action
potential upstroke (compared with atrial tissue) is easily
confused with contraction events.
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