Merocyanine 540 as an Optical Probe of Transmembrane

Electrical Activity in the Heart

Abstract. Frog hearts stained with merocyanine 540 show a 1.5 to 2.0 percent increase
in fluorescence intensity at 585 nanometers during the cardiac action potential when ex-
cited with a 540-nanometer light beam. Fluorometric action potentials similar to those
recorded with intracellular microelectrodes in pacemaker, atrial, and ventricular tissues
were recorded by focusing a I1-millimeter excitation beam on various regions of the heart.
The signal-to-noise ratio for a single action potential ranged between 10/1 and 40/1. In
spontaneously pacing hearts the slower rate of rise of the fluorescence action potential is
due to the slow propagation of the electrical signal. In solutions containing normal cal-
cium concentrations the fluorometric signal is altered by contractions. Merocyanine 540
is biologically inert as it stains the cardiac cell membrane and acts as a sensitive optical
probe of the change in transmembrane potential.

In giant squid axon, 180 dyes have been
shown to alter their fluorescence intensity
in response to changes in membrane poten-
tial (I, 2). Of the dyes that exhibit an opti-
cal response in the giant squid axon, mero-
cyanine 540 is one of the more sensitive
probes. With peak excitation and fluores-
cence at 575 and 585 nm, respectively, the
fluorescence increases by 0.1 percent over
the background fluorescence when the
membrane is depolarized by 100 mv. Stud-
ies with cyanine dyes (3, 4) bound to red
blood cells also demonstrated emission de-
pendent on membrane potential. In the ex-
periments described here merocyanine 540
was used to determine its effectiveness as
an optical probe in heart muscle.

The heart of the bullfrog Rana catesbei-
ana was removed and washed in Ringer so-
lution containing 116 mM NaCl, 3 mM
KCl, 2 mM NaHCOs,, and 1 mM CaCl,,
Either the atrium, the ventricle, or the
whole heart was stretched and sutured to a
stainless steel ring (2.0 cm in diameter)
containing a tension transducer (Micro
Measurements EA 09 015 DJ-120 micro-
strain gauge). The preparation was in-
cubated for S to 15 minutes in Ringer solu-
tion containing 10~ to 10*M merocya-
nine 540 (Eastman Organic Chemicals),
and excess dye was then thoroughly
washed out. Isometric tension was moni-
tored routinely to confirm that the stain-
ing procedure did not injure the muscle.

The heart was then immobilized at the
center of a Lexan chamber, permitting the
simultaneous recording of the fluorescence
and absorption of the tissue. Light from a
water-cooled 45-watt tungsten-halogen
lamp (Westinghouse 6.6 T 242/Q/Cl) was
collimated, passed through a narrow-band-
width 540-nm interference filter (Baird
Atomic), and focused on the muscle. This
arrangement provided 1 to 10 yw/mm? of
quasi-monochromatic light at 540 nm. The
transmitted light was collected and focused
on the surface of a photodiode (EG & G
Inc. PV 444), while the fluorescent light
(forward emission) was collected, passed
through a 580- to 650-nm interference fil-

6 FEBRUARY 1976

ter, and focused on another photodiode
(the response time of the system was 1
khz). Care was exercised to prevent the
reflected light from entering the photo-
diode by altering the angle of incidence of
the excitation beam. For spectral measure-
ments, the interference filters were re-
placed by monochromators (Bausch &
Lomb grating monochromator 33-86-48).
Figure 1A shows the time course of the
scattered light from an unstained muscle
(top trace) during contraction (lower
trace). In the presence of 1| mM Ca?*, the
mechanical motion of the heart produces a
change in the intensity of scattered light of
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approximately 5 percent. After the muscle
is stained with merocyanine 540, the me-
chanical motion of the heart results in even
larger artifacts being superimposed on the
optical signal of the dye (Fig. 1B). The
shape, amplitude, and direction of the sig-
nal depend on the area of the muscle being
sampled for fluorometry. In Fig. 1C, con-
traction is completely suppressed, and the
fluorescence signal takes the characteristic
shape of a cardiac action potential, with a
fast upstroke, prominent plateau, and slow
repolarization.

In Fig. 2, the fluorescence from a 2-mm
incident light spot is monitored simulta-
neously with a continuous recording of a
membrane potential with a microelectrode
impaled in one of the cells within the area
of the light beam. The muscle is stained
and exposed to a Ringer solution contain-
ing 50 uM Ca?" for 20 minutes, which sup-
presses the motion artifact. Comparison of
the fluorometric (¥;) and microelectrode
(Ve) traces in a spontaneously pacing ven-
tricle shows remarkable similarity in the
time course of the two traces (Fig. 2, A and
B). However, small differences in the time
course, especially in the onset of the rate of
rise of the upstroke of the action potential,
were often recorded. The rise time of the
microelectrode is faster (15 msec) than
that of the fluorescence action potential
(40 msec, Fig. 2C). The discrepancy be-
tween the two rise times is partly due to the
conduction delay that occurs as the electri-
cal signals invade the 2 mm of tissue ex-
posed to the light beam [action potential
propagates at 0.1 m/sec at 20°C (5)]. Con-
sistent with such an assertion, the rise time
of the optical action potential becomes
more rapid with smaller excitation light
beams or with massive electrical stimu-
lation of the ventricle (see Fig. 3A).

Small excitation beams make it possible
to scan for the shape and the amplitude of
the electrical signal at various parts of the
heart. Figure 3 shows the fluorometric
recording of action potential in ventric-
ular (A), atrial (B), and sinus venosus
(C) regions of the same heart. The charac-

Fig. 1. Effect of contraction on the optical re-
sponse of a merocyanine-stained frog ventricle.
(A) The 585-nm scattered light of an unstained
ventricle is monitored. The tension generated
during contraction (lower trace) causes an in-
crease of 0.5 percent in the scattered light (top
trace). (B) The muscle is stained with merocya-
nine 540 and the calcium concentration of the
bathing solution is kept at 1 mM. The optical
signal (top trace) increases (1.2 percent) before
any significant tension develops, but the fluores-
cence signal is then altered as the muscle con-
tracts. (C) Contraction is completely suppressed
by prolonged perfusion in Ca?*-free solution
(lower trace) and the fluorescence increase of 1.2
percent (top trace) has the characteristic time
course of the ventricular action potential.
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teristic differences in duration and shape of
the action potential and the resting poten-
tial previously observed in microelectrode
studies (J) can be clearly seen fluorometri-
cally. When a I-mm-diameter beam is fo-
cused on the pacemaker region, a 0.25-mm
displacement of the beam is sufficient to
lose the pacemaking activity. The size of
the incident beam is the limiting factor in
the spatial resolution of the signal. The av-
erage fluorescence emission from the atri-
um is 20 to 40 percent higher than that
from the ventricle. This is partly due to the
higher optical density of the ventricle,
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Fig. 2. Comparison of fluorometric electro-opti-
cal response with intracellularly recorded action
potentials. Frog ventricular flap is stained with
merocyanine 540 and is equilibrated in 50 uM
calcium Ringer solution to suppress the con-
traction. (A) Four spontaneous action potentials
are recorded with a microelectrode (trace V)
impaled in one of the cells excited with the 2-
mm incident light beam. The simultaneously re-
corded fluorescence signal is shown in the lower
trace (¥;). The fluorescence signal increases
transiently by 1.8 percent as the membrane de-
polarizes and follows a time course similar to
that of the action potential recorded with the
microelectrode (V). (B) The time course of the
plateau and repolarization are fairly similar but
(C) the upstroke of the fluorometric action po-
tential (¥;) is always slower than that recorded
with the microelectrode (V). For ¥, 50 mv =
1.2 nw.
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caused by the presence of oxymyoglobin,
which absorbs strongly at 544 and 581 nm
6).

Physiological interventions such as in-
creasing the frequency of stimulation
shortened the action potential, and cooling
prolonged the fluorometrically measured
action potential, confirming the results ob-
tained with intracellular recordings. Phar-
macological intervention (addition of epi-
nephrine) or ionic intervention (addition of
Ni2* or Mn?*) produced characteristic
changes in the fluorometric action poten-
tial similar to those recorded with intra-
cellular electrodes. These results suggest
that merocyanine 540 fluorescence moni-
tors the changes of transmembrane poten-
tial without interacting significantly with
pharmacological or ionic agents to qualita-
tively alter the optical signal.

In atria stained with merocyanine 540,
the corrected absorption spectrum shows a
540-nm peak and a prominent shoulder at
570 nm. The generation of an action po-
tential results in a 0.1 to 1.0 percent de-
crease in absorption at 540 nm and a 0.1 to
0.5 percent increase at 575 nm. These opti-
cal absorption signals at 540 and 575 nm
are in opposite directions, but their time
course is similar to that of the fluorescence
action potentials. These results qualita-
tively resemble those obtained with squid
axon (7), although the optimum signal in
the axon is obtained through the absorp-
tion measurements at 570 nm rather than
through the fluorescence (probably be-
cause of the high optical density of the
myocardium). In the present experiments
with ecither 540- or 570-nm excitation
beams, the fluorescence emission in the
heart peaks at 585 nm, compared to 610
nm in giant axon (8). However, the cardiac
action potential, recorded as an increase in
fluorescence intensity, is an order of mag-
nitude larger with the 540-nm than with the
575-nm excitation beam. The discrepancy
between these results and those reported
for the nerve (7) may be due to the use of
Pluronic F-127 (BASF Wyandotte Corpo-
ration) as a solvent for merocyanine 540 in
seawater. In fact, in experiments where 0.2
percent Pluronic was used to dissolve high-
er concentrations of the dye in Ringer solu-
tion, the major absorption peak shifted
from 540 to 570 nm and the amplitude of
the fluorescence optical signal measured
with a 570-nm excitation beam became
equivalent to that measured with a 540-nm
beam. In the heart the selective enhance-
ment of the 570-nm absorption by Pluronic
suggests that the 540- and 570-nm bands
may represent two separate binding sites.
Alternatively, Pluronic may increase the
concentration of dye molecules in a state in
which they absorb light at 570 nm. This is
consistent with the transition from dimer

to monomer postulated by Ross et al. (7)
as the mechanism responsible for the opti-
cal behavior of merocyanines in nerve tis-
sue.

The photodynamic effect of merocya-
nine 540 (2) consistently observed in ner-
vous tissue (9, /0) seems to be absent or in-
significant in heart tissue. In fact, 2 to 5
hours of exposure of merocyanine-stained
hearts to beams of varying diameters (0.1
to 1.0 cm) and light intensities seems to
have either little or no effect on the via-
bility of the preparation. Although in the
experiments illustrated in Figs. 1 to 3 we
used preparations bathed in air-equili-
brated Ringer solution, in experiments
where the Ringer solution was saturated
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Fig. 3. Fluorometric action potentials from vari-
ous regions of the frog heart. The incident beam
is displaced so that the fluorescence signal from
a merocyanine-stained heart is recorded from
the desired region. The heart has been equili-
brated in calcium-free solution for I hour to
suppress contraction. Characteristic action po-
tentials from (A) ventricular, (B) atrial, and (C)
sinus venosus regions are indicated. The rate of
rise of an electrically elicited ventricular action
potential is also shown in (A). The sinus venosus
cell shows the characteristically slow diastolic
depolarization. The incident beam diameter was
3 mmin (A)and I mm in (B) and (C); 100 mv =
2.4 nw.
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with a mixture of 95 percent O, and 5 per-
cent CO; no significant effect on the via-
bility of the tissue or the size of the signal
could be demonstrated.

Thus, merocyanine 540 seems to bind to
the cardiac cell membrane without any
deleterious effect on contraction and is ca-
pable of monitoring the change in the myo-
cardial membrane potential fluorometri-
cally when excited at 540 nm. Fluoromet-
ric measurement of the optical signal gom-
bined with the use of a rapid scanning sys-
tem could provide an accurate measure of
the exact propagation pathway of the elec-
trical signal in normal and diseased heart.
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Color Receptor Identities of Goldfish Cones

Abstract. Goldfish retinas were exposed to spectral lights, then incubated with nitro-
blue tetrazolium chloride. Diformazan deposits revealed that five morphologically dis-
tinct cone types were segregated into three color classes: red long double and long single
cones, green short double and long single cones, and blue short single and miniature short

single cones.

Receptive fields of retinal neurons must
eventually be described in terms of the
types and distributions of photoreceptors
that provide input through synaptic con-
tact and indirect pathways. Recent ad-
vances have been made in elucidating the
color-specific cone contacts of horizontal
cells (1) and bipolar cells (2) in cyprinid
fish. These studies depend on correlation of
cone morphology with chromatic sensitiv-
ity by microspectroscopy of visual pig-
ments in single receptor cells. Determining
the organization of color, receptors in cer-
tain species, such as mammals, is sub-
stantially more difficult because of the
small size of the cone outer segments and
the lack of morphologically distinguishing
features. Our efforts to elucidate the anato-
my of goldfish color receptors were under-
taken with the additional goal of estab-
lishing procedures that could be applied to
species where microspectroscopy of visual
pigments in single receptors is difficult.

We have been investigating the color
coding of goldfish cones by a state-depen-
dent cytochemical method in flat mounts
of whole retinas in which the mosaic ar-
rangements of cones are preserved. Meta-
bolic events triggered in cones by photon
capture can be assayed by the use of a re-
dox probe (3) such as nitro-blue tetrazo-
lium chloride (NBT). When goldfish cones
are irradiated with light and exposed to
NBT, they reduce NBT to NBT-diforma-
zan (NBT-DF) faster than do "non-
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irradiated cones (4). The dark blue precipi-
tate, NBT-DF, is localized in the cone el-
lipsoid.

Retinas were isolated from dark-adapt-
ed animals under infrared light and
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mounted receptor side up on a nylon mesh
support moistened with oxygenated teleost
saline (5). Retinas were stimulated with
light (6) for 5 minutes, or left in darkness
for 5 minutes as a control, and sub-
sequently incubated for 5 minutes in a sa-
line-succinate-NBT medium (7). The reti-
nas were fixed in 10 percent formalin-isos-
motic phosphate buffer (pH 7.4) and exam-
ined in whole mounts. All experiments
were performed at room temperature
(about 22°C).

Schematic illustrations of the major
types of dark-adapted goldfish cones are
shown in Fig. la. Double (D) cones are
composed of long members (LD) and short
members (SD) apposed at the ellipsoid and
myoid levels. Three types of single cones
are found (8): long single cones (LS), short
single cones (SS), and miniature short
single cones (MSS). Arrays of D and LS
cones in the “‘sclerad” plane and arrays of
SS and MSS cones in the *“vitread” plane
are visible in whole mounts.

Long double and most long single cones
respond to red lights by forming NBT-DF
in their ellipsoids. In D cones stimulated
by dim 650-nm light (1.2 x 104 photon
sec”' um-?) LD cones form NBT-DF, SD
cones do not (Fig. 2a). In more than 10,000
D cones examined in experiments with
dim 650-nm light, LD cones always re-
sponded and SD cones never did. Short
single and miniature short single cones
were never found to respond to dim 650-
nm light. If the flux density of 650-nm
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Fig. 1. (a) Five types of dark-adapted goldfish
cones. Cone type designations are shown above
each cone (LD, SD, LS, SS, and MSS). Other
symbols are: RN, rod nucleus: N, cone nucleus;
M, myoid; E, ellipsoid; AOS, a cytoplasmic ex-
tension found along the outer segments of all re-
ceptors, known as the accessory outer segment;
OS, outer segment: ELM, external limiting
membrane; and mv, Muller cell microvilli.
Viewing planes are designated as sclerad and
vitread. (b) Cone response spectra (filled circles)
scaled to mean absorbance at 570 nm: points are

mean + S.D. (11). Solid lines are for VP 625, cyanopsin (LD and LSR), VP 530, porphyropsin
(SD and LSG), and VP 455, porphyropsin (SS and MSS) scaled to the maximum response for
each cone type. Symbols: LSR, red LS cones; LSG, green LS cones.
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