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Figure 1. Theoretical changes in cellular transmembrane potential (V ;) resulting from surface stimulation of a 2-D
isotropic cardiac tissue sheet. The sheet is assumed to be infinite (a 12.2 mm square section is shown). Circular
stimulus electrodes with 1 mm diameter are placed on the surface, with the negative electrode (cathode) on the left and
positive electrode (anode) on the right. V. is the solution to a 2-D cable equation and is a modified zero order Bessel
function of the second kind. A space constant of 0.5 mm has been assumed, and V;, has been normalized so that the
maximum amplitude under the electrodes = 1. White regions are for IV, > 0.1; dark regions are for IV} <0.1.

On the other hand, very small changes in transmembrane potential are expected at distances greater
than several space constants from the electrodes (dark areas, Fig. 1). However, cells in this far-field
region apparently do respond directly to the field stimulus at sufficiently high field strengths (e.g., during
defibrillation). It has been postulated that the mechanism for stimulation of the muscle cells in the far
field is fundamentally different from that in the near field, and may be the handiwork of secondary
sources arising from discontinuities in the conductivity of intracellular pathways between adjacent
cardiac cells®. These sources cause one end of the cell to hyperpolarize while the other end to depolarizel4.

To understand the biophysical events underlying these bioelectrical phenomena, it is essential to
monitor the coupling between applied electric field and cellular transmembrane potential, both in the
near-field and far-field regions of the electrodes. Cellular transmembrane potentials can be measured
directly with electrolyte filled glass microelectrodes or indirectly as with voltage sensitive dyes.
However, microelectrode recordings are sensitive to electrical artifacts arising from the flow of current
along the resistive pathways of the extracellular space or from polarization effects at a metal/electrolyte
interface. Optical recordings of transmembrane potential (the electro-optical signal) are a viable
alternative, although to date they have been used in the heart primarily to monitor propagated electrical
activity. Another advantage of electro-optical recordings that they are simpler to maintain over long
periods of time (since they are not usually recorded from just a single cell). The drawbacks are that the
heart must be stained with a potentiometric dye which if not carefully used may have toxic effects. The
signal also is particularly susceptible to motion artifacts, and this may require that the heart be
immobilized in some way?.

In this paper, we illustrate the practical use of instrumentation which was developed in our lab
specifically to facilitate the study of cardiac bioelectric phenomena, and briefly describe some of the
physiological information which now becomes accessible. The system is capable of high temporal and
voltage resolution, although it is currently limited to single site measurements. Unlike other
investigators who rely on direct electrode recordings, we can monitor the tissue response during applied
electrical currents. Thus, we may gain insight into the validity of theoretical models which have been
proposed to describe the coupling process leading to excitation.
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AND FAR-FIELD MEASUREMENTS

We have previously described the details of our custom designed instrumentation systemS, which is
illustrated in Fig. 2. In brief, the “optrode” (a term borrowed from chemical sensors) consists of a single,
100 um core, multimode glass fiber (N.A.=0.3) positioned down the lumen of a glass capillary tube. The
optrode is positioned by a micromanipulator along the surface of the heart preparation. The output of a
green HeNe laser is reflected by a 580 nm dichroic mirror and coupled via a 20X, 0.4 N.A. fiber optic
coupler to the opposite end of the optical fiber. The fiber transmits the excitation light to the heart which has
been stained with a voltage sensitive dye. The power emitted from the fiber tip is 0.44 mW. The red
fluorescence emitted by the dye is collected by the same fiber and routed back through the dichroic mirror
and a pair of 570 nm long pass filters to a low noise photodiode and transimpedance amplifier. The overall
bandwidth of the electro-optical signal is 3 kHz. The dichroic mirror, optical fiber coupler, and
photodetector are enclosed in a Faraday shielded light proof box, which allows experiments to be conducted
under lowered, ambient light conditions without the necessity of a dark room.
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Figure 2. Schematic of experimental setup.

The use of an optrode makes feasible recordings of cellular transmembrane potentials directly
under the stimulating electrode. This is accomplished by using an electrolyte filled glass pipette as the
electrode, and placing the optrode down the bore of the pipette (panel A, Fig. 3). Alternatively, the optrode
can be removed from the stimulating pipette and positioned on the tissue surface as an exploring probe
{panel B, Fig. 8).



