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Modulation of Electrical Synaptic Transmission in Zebrafish Retinal 
Horizontal Cells 
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Electrical synaptic transmission is widespread in the ver- 
tebrate CNS and its modulation plays a critical role in altering 
the properties of coupled neural networks. In order to define 
further the mechanisms of electrical synaptic plasticity in 
the vertebrate retina, the electrophysiological characteris- 
tics of solitary horizontal cells and horizontal cell pairs from 
the zebrafish (Brachydanio rerio) were examined by whole- 
cell patch-clamp recordings from cells in primary cell culture. 
In solitary cells, the current-voltage relation exhibited inward 
current at potentials negative to -60 mV, a linear region of 
high resistance from -50 mV to 0 mV, and outward current 
positive to +20 mV. The inward current at negative potentials 
was blocked by substituting Cs+ for K+ in the extracellular 
medium, while the outward current at positive potentials was 
blocked by substitution of Cs+ for K+ in the pipette solution. 
Measurements of gap junctional conductance from electri- 
cally coupled cell pairs revealed that zebrafish horizontal 
cells expressed a mean junctional conductance of consid- 
erably smaller magnitude than otherteleost retinal horizontal 
cells. Junctional conductance was found to be voltage de- 
pendent, exhibiting time-dependent closure with increasing 
transjunctional voltage. Voltage sensitivity was symmetrical 
about 0 mV junctional potential. At ?90 mV the ratio of 
steady state to peak current was approximately 0.5 and the 
time constant for inactivation of the junctional current was 
approximately 120 msec. Junctional conductance was also 
modulated by dopamine and CAMP. Pairs of horizontal cells 
responded to puff application of dopamine with a two- to 
threefold reduction in junctional conductance, but there was 
no discernible effect on extrajunctional conductances. The 
action of dopamine on coupling was mimicked by application 
of the dopamine agonist (k)-6,7-dihydroxy-2-amino-tetralin 
(ADTN) and the membrane permeable CAMP analog 8-bromo- 
CAMP. The selective D, dopamine receptor antagonist 
SCH23390 blocked uncoupling by dopamine. These data 
provide a primary description of the electrophysiological 
characteristics of solitary horizontal cells and the electrical 
coupling between pairs of horizontal cells dissociated from 
the zebrafish retina. They indicate that zebrafish horizontal 
cells are distinct from the horizontal cells of other teleosts 
in their coupling characteristics. The results suggest that 
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zebrafish horizontal cells exhibit differences in the regula- 
tion of synaptic assembly and maintenance that have im- 
portant implications for the function of the zebrafish hori- 
zontal cell network in viva. 

[Key words: gap junction, synaptic plasticity, neuromo- 
dulation, electrical coupling, patch clamp, visual adaptation, 
zebrafish] 

Modulation of synaptic communication between neurons is a 
fundamental mechanism by which the nervous system responds 
to changes in environmental stimuli, reflects previous experi- 
ence, and shapes functional connections during development. 
Of the two forms of synaptic transmission, chemical and elec- 
trical, most studies of synaptic plasticity have focused on the 
modulation of chemical synapses. However, electrical synapses 
and their structural basis, gap junctions, are also widely dis- 
tributed in the vertebrate CNS (Llinas, 1985) including the 
developing cortex (Connors et al., 1983) the adult hippocampus 
(MacVicar and Dudek, 1981) striatum (Cepeda et al., 1989), 
nucleus accumbens (O’Donnell and Grace, 1991) locus coe- 
ruleus (Christie et al., 1989) inferior olive (Llinas, 1985), and 
retina (cf. Dowling, 1987) where they are thought to synchro- 
nize production of action potentials by electrically coupled neu- 
rons, allow propagation of subthreshold potentials in coupled 
networks of neurons, and participate in defining neuronal groups 
during development (Yuste et al., 1992; Peinado et al., 1993). 
Electrical synaptic transmission, or its correlate, neuronal dye 
coupling, is modulated in the retina and basal ganglia by the 
catecholamine neurotransmitter dopamine (Negishi and Dru- 
jan, 1979; Teranishi et al., 1983; Lasater and Dowling, 1985a; 
Cepeda et al., 1989; O’Donnell and Grace, 1991; Onn et al., 
1991) in brain regions associated with reproductive function 
by steroid hormones (Cobbett et al., 1987; Matsumoto et al., 
1988) and in the hippocampus, a critical site for memory for- 
mation, during aging and senescence (Barnes et al., 1987). 

In the first synaptic layer of the retina, where the initial steps 
of visual information processing take place, electrical synapses 
play a critical role in transmitting and encoding visual signals. 
Retinal horizontal cells, second-order neurons postsynaptic to 
photoreceptors, are electrically coupled through gap junctional 
synaptic contacts to form a network for the lateral transmission 
of inhibitory signals in the outer retina (cf. Dowling, 1987). 
Lateral inhibition mediates the antagonistic center-surround or- 
ganization ofbipolar and ganglion cell receptive fields and there- 
fore represents the initial steps of encoding spatial information 
in visual signals. In several vertebrate species, the synaptic phys- 
iology of horizontal cells and, thus, the functional properties of 
the spatially ordered retinal neural network are modulated by 
the neurotransmitter dopamine (Negishi and Drujan, 1979; Pic- 
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colino et al., 1984; Dong and McReynolds, 199 1; Hampson et 
al., 1992). In the retinas of teleost fish, cone-driven horizontal 
cells receive modulatory synaptic input from dopaminergic in- 
terplexiform cells (Dowling and Ehinger, 1978). Dopamine has 
been found to uncouple teleost horizontal cells through acti- 
vation of adenylate cyclase and protein kinase A (Van Buskirk 
and Dowling, 198 1; Lasater and Dowling, 1985a; Lasater, 1987; 
DeVries and Schwartz, 1989). Neither the precise molecular 
mechanisms of electrical synaptic modulation nor the impli- 
cations of this plasticity for overall visual performance of the 
retina have been defined. Resolution of these questions will 
require a combination of electrophysiological, molecular, and 
behavioral approaches to understanding retinal synaptic plas- 
ticity. 

The zebrafish (Bruchydunio rerio) is a potentially advanta- 
geous preparation for such an integrated approach to under- 
standing synaptic modulation and its role in retinal function. 
Methods for production and maintenance of transgenic animals 
(Stuart et al., 1988; Culp et al., 1991), insertional mutagenesis 
(Fulwiler et al., 1992), and propagation ofgenetic mutant strains 
as homozygous clones (Streisinger et al., 1981) as well as psy- 
chophysical tests of visual function (Clark, 198 1) have been 
described for zebrafish. However, the electrophysiology of ze- 
brafish retinal neurons has not yet been explored, and while the 
presence of dopaminergic interplexiform cells in the zebrafish 
retina has been confirmed (Fulwiler et al., 1989), the effects of 
dopamine on retinal neurons and synapses are also uncharac- 
terized. 

In this study, the electrophysiological characteristics of ze- 
brafish retinal horizontal cells in dispersed cell culture were 
examined using whole-cell patch-clamp recording of individual 
cells and dual whole-cell patch-clamp recording from electrically 
coupled cell pairs. The results provide a primary description of 
the ionic currents expressed by these retinal neurons, the char- 
acteristics of their electrical coupling in vitro, and the modula- 
tion of coupling by voltage, dopamine, and CAMP. The findings 
demonstrate that zebrafish horizontal cell pairs are unique among 
the teleosts in that they express a small-magnitude junctional 
conductance. They establish the physiological basis for electrical 
synaptic plasticity in the zebrafish retina, and provide the foun- 
dation for studies of the molecular mechanisms and functional 
implications ofmodulation at these neuronal electrical synapses. 
In addition, the quantitative differences in zebrafish horizontal 
cell coupling and its modulation suggest that there are important 
differences in the function of the horizontal cell network and in 
the mechanisms that regulate the expression of electrical cou- 
pling in this organism compared with other teleosts. 

Some of the results reported here have already appeared in 
abstract form (McMahon, 1992; McMahon and Marcinek, 1992). 

Materials and Methods 
Cell cuhre. Dark-adapted adult zebrafish were killed in accordance 
with NIH guidelines for animal use. Retinas were removed under dim 
red light, rinsed in L- 15 media (Sigma) containing 5-l 0 x penicillin/ 
streptomycin, and then incubated for 30 min at room temperature in 
L- 15 media containing 20 U/ml papain (Worthington) activated with 
0.3 mg/ml cysteine. Retinas were then washed with six changes of fresh 
L- 15 media, dissociated by repeated passage through a serological pi- 
pette, or the trimmed tip of a 1 ml pipette aid, and plated onto plastic 
dishes containing a medium composed of (mM) 137 NaCl, 2.5 Kcl, 0.5 
M&l,, 0.5 M&O,. 2.625 CaCl,. 1 Na-Dvruvate. 0.5 NaHCO,. 0.5 
NaH$O,, 10 ?IEF%S, 16 glucose, 1 mg&i BSA (Sigma, fraction%II), 
1 x penicillin/streptomycin, pH to 7.5 with NaOH (modified from Tach- 

Figure 1. Dual whole-cell patch-clamp recording configuration. Out- 
line of a pair of horizontal cells with patch electrodes in whole-cell 
configuration is shown in the solid line, while the equivalent circuit is 
shown in broken lines. In the equivalent circuit, r, in each electrode 
represents the series resistance, R, and R, represents the resistance of 
the extrajunctional membrane in cells 1 and 2, respectively, and Z, 
represents the junctional current that flows in response to a voltage step. 
Truces above and below show command potential (V,, V2) and holding 
current (I,, ZJ from each cell of a pair during reciprocal voltage steps. 

ibana, 1983). Cultures were maintained at room temperature (22°C) and 
were viable for 7-10 d. 

Recording. Recordings were performed using the whole-cell patch- 
clamp technique (Hamill et al., 198 1). Patch pipettes (5-10 MQ) were 
fabricated of Coming 7052 glass (AM Systems) and filled with a solution 
consisting of (mM) 120 K-gluconate, 4 KCI, 1 CaCl,, 11 EGTA, 10 
HEPES, 1 Mg-ATP, 0.1 Na-GTP, pH to 7.5 with KOH (modified from 
Perlman et al., 1988). The extracellular solution was the above-men- 
tioned culture medium. For experiments involving blockage of K+ cur- 
rents, the 120 mM Cs-gluconate and 4 mM CsCl were used in the intra- 
cellular solution, while 10 mM CsCl was substituted for the 4 mM KC1 
in the extracellular solution. Whole-cell currents were recorded using 
an Axopatch 1-D amplifier (Axon Instruments, Foster City, CA) in 
voltage-clamp mode. Voltage commands, data acquisition, and analysis 
were performed using PCLAMP and AXOTAPE software (Axon Instru- 
ments). 

Recordings from solitary neurons were obtained using conventional 
whole-cell patch-clamp recording, while electrical synaptic transmission 
between pairs of horizontal cells was examined using the dual whole- 
cell patch-clamp configuration shown in Figure 1 (Neyton and Traut- 
mann, 1985). For dual whole-cell recording, a patch pipette was attached 
to each cell of a pair, and each was then voltage clamped with an 
independent amplifier. As shown in Figure 1, a voltage step imposed 
on one cell of the pair (cell 1) results in a change in the holding current 
of the contralateral cell (cell 2), due to the transjunctional current, Z,, 
generated by the transjunctional voltage difference, V,. As shown by the 
equivalent circuit in Figure 1, V, is the difference in the holding potentials 
of the driver cell (V,) and the follower cell (V,), minus the voltage errors 
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Figure 2. Zebrafish horizontal cells in 
primary cell culture. Photomicrographs 
show a solitary horizontal cell (A) and 
a cell pair (B). 

in each holding potential due to pipette series resistance. The errors due 
to uncompensated series resistance are additive because the &rents 
are opposite in sign (see Fig. 1). This is expressed by 

Similarly, !, is the current recorded in cell 2 (ZJ in response to the 
voltage step m cell 1, plus the fraction of 4 that passes through the 
membrane of cell 2 rather than through the recording pipette, as ex- 
pressed by 

In the experiments on resting junctional conductance and its mod- 
ulation by dopaminergic agents, the error introduced by uncompensated 
series resistance was minimal, so the transjunctional voltage, V,, was 
approximated as V, = V, - V2; the junctional current, I,, as Z, = Zz; and 
the junctional conductance, G, , as G, = I,/ V,. With regard to the error 
in V, , the mean value of I, was 18 1 pA, and of I2 was 133 pA, for cell 
pairs used in this study; series resistance, measured by the compensation 
circuit during recording, was typically 15 MQ, and 10 MSl compensation 
was typically applied. By Eq&ion -1 above, the approximation over- 
estimated actual junctional voltage by 3 mV (7.5%) on average. With 
regard to the error in I,, the mean extrajunctional membrane resistance, 
R,, for the cell pairs used in this study was 3.7 Go, and by Equation 2, 
I, differs from Ii bv less than 1%. Because of the larger-amnlitude cur- 
rents involved, Goitage-clamp errors were larger at the high transjunc- 
tional voltages used to study voltage-dependent gating. This artifactually 
reduced the apparent extent of inactivation with increasing junctional 
voltage and lengthened the apparent time course of inactivation. 

Pharmacological agents wei; prepared fresh daily as 10 mM stocks in 
1 me/ml ascorbate I(+)-6.7-dihvdroxv-2-amino-Tetralin (ADTN). do- 
pamine, apomorphiie],‘w&er (SeH23j90, S-bromo-CAMP; SKF38j93), 
or dilute lactic acid (haloperidol), diluted to working concentrations 
with culture media, and applied by pressure ejection from broken patch 
pipettes placed near the cell pair. Pressure pulses were 2-4 set in du- 
ration, and were controlled by a Picospritzer (General Valve). It is 
estimated that the actual concentration of agonist at the target cells was 
about one-half of its concentration in the application pipette due to 
diffusion (Knapp and Dowling, 1987). Concentrations in text are pipette 
concentrations. R(-)-apomorphine, (+-)-6,7-ADTN, R(+)-SKF38393, 
and R(+)-SCH23390 were purchased from Research Biochemicals Inc. 
(Natick, MA), while dopamine, haloperidol, I-bromo-CAMP, tetrae- 
thylammonium (TEA), and 4-aminopyridine (4-AP) were purchased 
from Sigma (St. Louis, MO). 

Results 
Morphology of zebrafih horizontal cells in vitro 
Dissociation of zebrafish retinas into primary cell culture yields 
a variety of cell types readily identifiable by morphology (e.g., 

30 uM 

rods and cones, bipolar cells, horizontal cells), and numerous 
rounded cells of ambiguous identity. Horizontal cells were iden- 
tified by their distinctive multipolar morphology and were gen- 
erally 1 O-l 5 pm in diameter at the cell body (Fig. 2). In other 
teleost species up to four morphologically distinct subtypes of 
horizontal cells, termed Hl-H4, have been identified in cell 
culture (Dowling et al., 1982). In the zebrafish retinal cultures 
used for this study, at least two morphological subtypes of hor- 
izontal cells could be identified. The majority of cells resembled 
Hl-type cells as described in other teleosts (Fig. 2A,B), while 
the second, more rarely observed subtype (not shown) resembled 
H3-type cells. More precise definition of horizontal cell subtypes 
in the zebrafish will require correlation of in vivo and in vitro 
morphology. All recordings reported here are from putative H l- 
type cells, which in other teleosts are cone driven (Stell and 
Lightfoot, 1975) and receive synaptic input from dopaminergic 
interplexiform cells (Dowling and Ehinger, 1978). 

Characteristics of solitary cells 
Figure 3A shows average membrane currents observed during 
whole-cell patch-clamp recording of the steady state current- 
voltage relation from six solitary horizontal cells. The cells were 
voltage clamped at a holding potential of -60 mV, and then 
the membrane potential was stepped from - 120 to + 70 mV 
in 10 mV increments. As shown in the current-voltage relation 
(Fig. 3B), there is a prominent inward rectifying current acti- 
vated at potentials negative to - 60 mV, a notable lack of mem- 
brane current between -60 mV and 0 mV, and outward current 
at potentials positive to +20 mV. The “flat spot” of linear high 
resistance in the current-voltage relation, extending from ap- 
proximately 0 to -50 mV, provided a range of membrane po- 
tentials over which the junctional conductance of cell pairs could 
be assayed with minimal activation of extrajunctional conduc- 
tances. The steady state currents outside the linear high-resis- 
tance region have characteristics consistent with inward-recti- 
fying and delayed-rectifying potassium currents previously 
observed in teleost retinal horizontal cells (Shingai and Chris- 
tensen, 1988; Tachibana, 1983; Lasater, 1986; Sullivan and Las- 
ater, 1990). Further indication that these are indeed potassium 
currents was obtained by experiments replacing K+ with Cs+ 
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in the extracellular medium or in the recording pipette. As shown 
in Figure 3C, replacement of the K+ in the extracellular medium 
with 10 mM Cs+ blocked the inward current (N = 5 cells), as 
has been shown for the inward-rectifying K+ current in other 
teleost horizontal cells (Tachibana, 1983; Lasater, 1986). Out- 
ward currents at positive potentials were increased during this 
treatment. Internal perfusion of the cells with Cs+, by substi- 
tuting this ion for K+ in the pipette solution, blocked the out- 
ward currents observed at depolarized potentials (N = 6) and 
the inward rectifier (Lasater, 1986), leaving only leak currents 
(Fig. 3C). Bath application of the K+ channel blockers TEA 
(6.7-10 mM, two cells) and 4-AP (7.5 mM, two cells) in the 
presence of intracellular Cs+ had little additional effect on the 
outward currents. In addition to the inwardly rectifying and 
sustained outward potassium currents, a minority of solitary 
cells recorded from under these conditions expressed an addi- 
tional small-amplitude steady state inward current that was 
maximal at approximately +20 mV (see Fig. 9). This current 
has activation characteristics consistent with a voltage-activated 
calcium current. Further study will be needed to fully charac- 
terize this current. 

Electrical coupling 

Approximately 5% of horizontal cells in these cultures were 
contacting cell pairs. The resting conductance of electrical syn- 
apses between cell pairs was measured using dual whole-cell 
patch-clamp recording. A patch pipette was attached to each 
cell of a pair, and each was then voltage clamped with an in- 
dependent amplifier. As shown in Figure 1, a voltage step im- 
posed on one cell of the pair (cell 1) results in a change in the 
holding current of the second cell (cell 2) due to the transjunc- 
tional current, I,, generated by the transjunctional voltage dif- 
ference, V,. Typically, both cells of a pair were voltage clamped 
to a holding potential of 0 mV, and then alternating 250 msec 
steps of -40 mV were applied to each cell at 15 set intervals 
(see sample traces, Fig. 1). This procedure minimized the con- 
tribution of conductances in the extrajunctional membranes (see 
Fig. 3) and voltage-dependent closure of the gap junctions (see 
below). Junctional current, as represented by the current induced 
in the follower cell by a voltage step applied to the driver cell, 
was measured for the first 45-60 set interval following the onset 
of a stable recording, and the average junctional conductance 
for that interval was calculated as G, = Z,/V, (see Materials and 
Methods). A summary histogram of the calculated junctional 
conductances of 60 cell pairs is shown Figure 4A. Junctional 
conductance ranged from 0.1 to 15 nS with a mean of 3.2 nS 
(? 3.3 SD). Half of the cell pairs exhibited l-2 nS conductance. 
In contrast, pairs of horizontal cells from other teleost species 
commonly exhibit lo-20 nS ofjunctional conductance (Lasater 

Figure 3. A, Average voltage-dependent currents from six solitary hor- 
izontal cells. Cells were held at -60 mV and the voltage stepped from 
-120 mV to +70 mV in 10 mV steps of 250 msec in duration. B, 
Steady state current-voltage relation from the six cells in A. Steady state 
currents were measured as an average of 20 digital samples (20 msec) 
in the section of the responses from 125 to 245 msec after the onset of 
the voltage step. Values are mean + SEM. C, Steady state current- 
voltage relation, determined and reported as in B, with Cs+ substituted 
for K+ in the extracellular solution (squares) or the intracellular solution 
(triangles). Note blockade of the inwardly rectifying current by extra- 
cellular Cs+, and both the inward and outward potassium currents by 
intracellular Cs+. 
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Figure 4. A, Histogram of gap junctional conductance in 60 cell pairs. 
B, Histogram of coupling coefficients for the same 60 cell pairs (white 
bars), and histogram of coupling coefficients for all cell pairs with input 
resistances of 1 Gfi or greater (black bars; 40 pairs). Note the reduction 
in the proportion of cell pairs with low coupling coefficients that occurs 
when the low-input-resistance cells are excluded. 

and Dowling, 1985a; Lasater, 1987; DeVries and Schwartz, 
1989). In order to facilitate accurate measurement of changes 
in junctional conductance, cell pairs with an initial junctional 
conductance greater than 1 nS were generally used in experi- 
ments investigating voltage dependence and modulation of elec- 
trical synaptic transmission. The vast majority of cell pairs used 
for recording exhibited soma-to-soma contact as shown in Fig- 
ure 2B, which is characteristic of synapses extant at the time of 
retinal dissociation, rather than the process-to-process contact 
characteristic of synapses formed de nova in culture. 

The small magnitude of the junctional conductance of ze- 
brafish horizontal cells was surprising given that they are as- 

sumed to function as an electrically coupled network in the 
retina. Calculation of the coupling coefficient, expressed as the 
fraction of total membrane current that flowed across the elec- 
trical synapse as junctional current in response to a voltage step 
in one cell of the pair, showed that despite their low junctional 
conductance zebrafish horizontal cells exhibited a high coupling 
coefficient. Figure 4B (white bars) shows a summary histogram 
of the coupling coefficients, calculated as Z,lZ,, for the same 60 
cell pairs as the junctional conductance measurements in Figure 
4A. The mean coupling coefficient was found to be 0.7 1 (? 0.24 
SD; white bars). However, the distribution was markedly bi- 
modal with a significant number of cells having coupling coef- 
ficients of 0.5 or less. This bimodality in the coupling coefficient 
is likely the result of injury to some of the cell pairs in the 
recording process, rather than an inherent property of the gap 
junctions themselves. When cell pairs with mean extrajunctional 
membrane resistances of less than 1 GQ were excluded from the 
analysis, the number of pairs with coupling coefficients 0.5 or 
below was greatly reduced, from 16 to 4 pairs, and the mean 
coupling coefficient increased to 0.82 (+ 0.16 SD, N = 40; black 
bars). Following exclusion of these cell pairs, both the relatively 
low mean junctional conductance (3.1 nS, f 3.1 SD, N = 40) 
and the low sensitivity of these gap junctions to dopamine (see 
below) persist, indicating that these properties are inherent to 
the junctions themselves and are not due to damage of the cells 
during recording. 

Voltage dependence of coupling 
In a number of biological systems, including mammalian liver 
cells (Spray et al., 199 l), Drosophila salivary gland cells (Verselis 
et al., 1991), amphibian blastomeres (Harris et al., 198 l), and 
the crayfish giant axon (Furshpan and Potter, 1959; Giaume et 
al., 1987) gap junctional conductance is gated by transjunctional 
voltage differences, Current-voltage relations for zebrafish hor- 
izontal cell gap junctions were obtained by voltage clamping 
both cells to an initial holding potential of 0 mV, and then 
applying a series of voltage steps to one cell of the pair. Steps 
were l-2.5 set in duration and ranged from -90 to +90 mV 
in 10 mV increments. The responses to one such set of voltage 
steps are shown in Figure 5, where V, and I, represent the 
holding potential and current recorded from the driver cell, and 
V, and I, the holding potential and current recorded from the 
follower cell. As can be seen in the figure, there is a prominent 
time-dependent decrease in the junctional current recorded in 
the follower cell at large transjunctional voltages of both polar- 
ities, indicating voltage-dependent inactivation of the junctional 
conductance. Of 27 cell pairs tested in this manner, 22 exhibited 
voltage-dependent inactivation ofjunctional conductance. While 
the expression of voltage dependence was a consistent finding, 
the degree of inactivation varied among preparations, ranging 
from 10% to 85% at ?90 mV junctional voltage. To characterize 
this phenomenon further, the data from six pairs exhibiting 
strong voltage dependence were subjected to additional analysis. 

Figure 6A shows in more detail the inactivation ofjunctional 
currents recorded in a single cell pair in response to a series of 
2.5 set steps in the transjunctional voltage. The current-voltage 
relations of the peak and steady state junctional conductance 
for this preparation are shown in Figure 6B. Peak junctional 
current was measured 6 msec after the voltage step, and steady 
state current was measured as the average of 40 msec of data 
(20 digital samples) in the latter half of the voltage step (i.e., 
from 1.25 to 2.5 set). There was rectification of the steady state 
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Figure 5. Voltage-dependent inactivation of junctional conductance. Traces show command potential (V,, V,, hand drawn) and holding current 
(I,, I,) recorded from a pair of cells. The holding potential of both cells was 0 mV and the voltage in cell 1 (V,) was stepped from -90 to +90 
mV in 10 mV increments. The resulting current in cell 1 and the transiunctional current in cell 2 are shown. Time-dependent inactivation of IZ is 
evident at transjunctional potentials greater than ?40 mV. 

current compared to the peak current that was most evident at 
transjunctional voltages positive to 40 mV and negative to -40 
mV. Summary data, plotting the ratio of the steady state junc- 
tional current to the peak junctional current for six preparations, 
are shown in Figure 7A. The average voltage dependence of 
inactivation was symmetrical about the reversal potential of 0 
mV, although individual preparations showed some asymmetry 
(Fig. 6B). The average ratio of the steady state to peak junctional 
current ranged from near unity at f 10 mV to approximately 
0.5 at &90 mV, similar to the inactivation observed for cloned 
human cx43 (Moreno et al., 1992). The degree of inactivation 
at high transmembrane voltages was likely underestimated to 
some degree due to voltage-clamp errors introduced by pipette 
series resistance (see Methods). 

The kinetic properties of voltage-dependent inactivation were 
also investigated. In most traces the time course of inactivation 
was adequately described by a single exponential, similar to 
findings in amphibian blastomeres (Harris et al., 198 1). Figure 
7B shows the junctional current recorded in a follower cell in 
response to a transjunctional voltage step of +90 mV in a driver 
cell. The fitted curve is a single exponential with a time constant 
of 133 msec. For the six cell pairs analyzed, time constants of 
channel inactivation at *90 mV ranged from 57 to 185 msec, 
with a mean of 117 msec (& 40.1 SD, N = 12). The mean 
correlation coefficient for these single exponential fits was 0.89 
(2 0.11 SD), further indicating the adequacy of single expo- 
nentials in describing this decay; however, because voltage-clamp 
errors associated with the larger holding currents generated at 
high transjunctional voltages serve to distort the kinetics of 
inactivation (see Materials and Methods), I cannot exclude the 
possibility that there are additional exponential components to 
the time course of inactivation that are not apparent in my 
records. To determine if the time constant for inactivation var- 
ied with transjunctional voltage, the responses recorded at f 60 
mV were also analyzed. Time constants at this voltage were 

longer in duration than at ?90 mV, and varied from 73 to 329 
msec with a mean of 184 msec (? 88.3 SD, N = 8). The re- 
maining four records at this voltage could not be fit reliably. 
This difference in the mean time constants for inactivation was 
statistically significant (p < 0.05, t test). 

Modulation of coupling by dopamine and CAMP 

Dopamine is a modulatory neurotransmitter in the vertebrate 
retina, and in the zebrafish as in other teleosts horizontal cells 
are innervated by dopaminergic interplexiform cells (Fulwiler 
et al., 1989). The effects of dopamine and dopaminergic agonists 
and antagonists on electrical coupling between zebrafish hori- 
zontal cells were tested by pressure ejecting short-duration puffs 
(2-4 set) of pharmacological agents onto cell pairs while mon- 
itoring junctional conductance. Cells were voltage clamped to 
a holding potential of 0 mV, and then alternating pulses of -40 
mV were applied at 15 set intervals. Application of 50 FM 

dopamine resulted in uncoupling in 9 of 10 horizontal cell pairs 
tested. An example experiment is shown in Figure 8, where the 
main panel shows the junctional current versus time, and to the 
right are sample traces from the indicated times during the 
record. In this experiment, application of dopamine reduced 
junctional current to approximately one-third or 32% of its 
initial value. This effect peaked 30-60 set after application, and 
was reversible, with recovery to approximately 75% of initial 
coupling completed in approximately 5 min. This time course 
of onset and recovery was typical of the nine other cell pairs 
that responded to dopamine, and is appropriate for a process 
mediated by an intracellular second messenger. The mean frac- 
tional junctional current recorded at the peak of the response 
to 50 PM dopamine was 0.53 of the predopamine value (+ 0.22 
SD, N = 9) as shown in summary Figure 13. Application of 
100 WM dopamine also produced uncoupling in 9 of 10 tested 
cell pairs, with a similar time course. Dopamine was only slightly 
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Figure 6. A, Inactivation of junctional conductance in response to 
voltage steps from -90 to +90 mV. B, Peak versus steady state junc- 
tional conductance. Current is plotted versus the holding potential of 
the driver cell. 

more effective at this concentration, with a mean fractional 
junctional current of 0.41 (+ 0.16 SD, N = 9). 

While dopamine had significant effects on junctional con- 
ductance, its effects on extrajunctional conductances were min- 
imal. Figure 9 shows steady state current-voltage relations from 
a solitary horizontal cell taken before and approximately 30 set 
after application of 50 PM dopamine. The only apparent change 
is a slight shift in activation of the inward-rectifying current to 
more negative potentials. This is most likely an effect of the 
pressure ejection itself rather than an effect of dopamine (Perl- 
man et al., 1988). Importantly, there is no significant change in 
the current-voltage relation in the range of potentials (0 to - 50 
mV) where measurements ofjunctional conductance were taken 
in cell pairs. Similar results were obtained from five other sol- 
itary cells with 50 PM dopamine and six cells with 100 PM 

dopamine. 
To determine if dopamine exerts its effects on zebrafish hor- 

izontal cell coupling through binding to a dopamine receptor, 
the ability of dopaminergic agonists to stimulate uncoupling was 
tested. Application of 100 PM ADTN (Creese and Snyder, 1978; 

Seeman et al., 1979) a nonspecific dopamine agonist capable 
of both receptor binding and full activation of adenylate cyclase 
in the carp retina (Watling and Dowling, 1981) induced un- 
coupling in four of five cell pairs tested. An example experiment 
is shown in Figure 10. ADTN acted on the gap junctional con- 
ductance with a time course similar to dopamine, and with 
similar potency. The mean fractional junctional current record- 
ed during uncoupling by ADTN was 0.35 (+ 0.05 SD, N = 4, 
see Fig. 13) an approximately threefold reduction in junctional 
conductance. Other dopamine agonists, SKF38393, a D,-selec- 
tive agonist, and apomorphine, a nonselective DJD, agonist, 
produced variable effects on coupling when applied at 100-200 
PM, inducing increases, decreases, and no effect in different prep- 
arations (not shown). This is consistent with previous findings 
that these two compounds act as only partial agonists of ad- 
enylate cyclase activation in the teleost retina, and can, in fact, 
inhibit adenylate cyclase activity at high concentrations (Wa- 
tling and Dowling, 198 1). 

To characterize further the action of dopaminergic agents on 
zebrafish horizontal cell coupling, the ability of dopamine re- 
ceptor antagonists to block dopamine’s effect on coupling was 
tested. In these experiments, antagonists were present in the 
bathing medium at a concentration of 100 WM, and a mixture 
of 50 PM dopamine and 100 FM antagonist was pressure ejected 
onto the cell pairs. When the selective D, receptor antagonist 
SCH23390 was tested in this manner it blocked uncoupling by 
dopamine in five of five cell pairs tested, suggesting that do- 
pamine acts on zebrafish horizontal cell coupling through a D,- 
type receptor. An example experiment is shown in Figure 11. 
There is no discernable effect of the 50 PM dopamine when 
coapplied with SCH23390. The mean junctional current mea- 
sured 30 set after application of dopamine and SCH23390 was 
0.97 of the control value prior to drug application (+ 0.1 SD, 
N = 5; see Fig. 13). In contrast to the results obtained with 
SCH23390, haloperidol, a mixed D,/D, receptor antagonist, was 
not effective at blocking uncoupling by dopamine in zebrafish 
horizontal cells when tested at a concentration of 100-200 I.LM 

(N = 2). 
Both the observed time course of dopamine’s action on ze- 

brafish horizontal cell coupling and the apparent involvement 
of a D, receptor in this mechanism suggested that CAMP may 
serve as a second messenger for effects on coupling. To test this 
possibility, the ability of the membrane-permeant CAMP analog 
8-bromo-CAMP to induce uncoupling was assayed. Application 
of 100 PM 8-bromo-CAMP produced uncoupling in four of five 
cell pairs tested. As shown in the example experiment (Fig. 12) 
8-bromo-CAMP induced uncoupling with a time course and 
efficacy similar to dopamine and ADTN. The mean fractional 
junctional current recorded at the peak of 8-bromo-CAMP’s 
effect was 0.37 (? 0.08 SD, N = 4; Fig. 13) an approximately 
threefold reduction in junctional conductance. 

Finally, since analysis of coupling coefficients suggested that 
cell pairs with less than 1 GW extrajunctional resistance may be 
injured or atypical, I also analyzed the experimental groups in 
the drug application experiments excluding such cells. In no 
case were the results significantly altered. When the low extra- 
junctional resistance cells were excluded, the mean fractional 
junctional conductance following application of 50 PM dopa- 
mine was 0.49 (k 0.19 SD, 6 of 7 pairs), for 100 PM dopamine 
it was 0.43 (-t 0.17 SD, 7 of 7 pairs), for ADTN it was un- 
changed, for SCH23390 it was 1.05 (? 0.02 SD, 2 of 2 pairs), 
and for 8-bromo-CAMP it was 0.46 (* 0.06 SD, 2 of 3 pairs). 
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Figure 7. Steady state and kinetic properties of voltage-dependent gating. A, Mean ratio of steady state junctional current to peak at transjunctional 
voltages from -90 to +90 mV in six horizontal cell pairs (?SEM). B, Time course of voltage-dependent inactivation of the junctional current as 
recorded in the follower cell to a voltage step of +90 mV in the driver cell (inactivation is up). Squares are digitally sampled junctional current (1 
kHz); curve is fit of single exponential with a time constant of 133 msec, r = 0.985. 
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Figure 8. Effect of dopamine on junctional conductance. Main panel shows junctional current in response to a -40 mV voltage steps delivered 
every 15 sec. Pointers identify sample episodes displayed top to bottom on the right (voltage traces are hand drawn). At arrowhead a 2 set puff of 
50 PM dopamine (DA) was applied to the cell pair, resulting in a reduction in the junctional current. 
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Figure 9. Lack of effect of dopamine on extrajunctional conductances. 
Steady state current-voltage relations taken before (X) and 30 set after 
(0) application of 50 FM dopamine. 

This indicates that the relatively low sensitivity of the gap junc- 
tions between these cells to dopamine and its agonists is not 
due to damage from recording. 

Discussion 
The principle findings of this study are that the electrical syn- 
apses of zebrafish retinal horizontal cells are gated by trans- 
junctional voltage, and modulated by the neurotransmitter do- 
pamine and by CAMP. In addition, the results indicate that 
zebrafish horizontal cells are unique among teleost horizontal 
cells in exhibiting low levels ofjunctional conductance and sen- 
sitivity to dopamine in vitro. These quantitative differences in 
the properties of zebrafish horizontal cell electrical synapses 
have important implications for the function of the horizontal 

150 - 

ADTN 

- zsj 

network in the intact retina, and suggest that there are species- 
specific differences in the mechanisms that regulate the expres- 
sion of electrical coupling in the teleost retina. 

Voltage-dependent gating of horizontal cell gap junctions var- 
ies among teleost species examined. In this study I have found 
that the junctional conductance exhibited partial inactivation 
that increased with increasing transjunctional voltage, which is 
also the case in the catfish (DeVries and Schwartz, 1992). In 
contrast, the junctional conductance of horizontal cells from the 
white perch was reported to be independent ofjunctional voltage 
(Lasater and Dowling, 1985b). However, in that study the volt- 
age sensitivity was tested over a smaller range of junctional 
potentials, from 0 to 40 mV, a range in which zebrafish hori- 
zontal cell gap junctions show little voltage-dependent inacti- 
vation. The voltage dependence of several members of the con- 
nexin gene family have been tested by expression of connexin 
proteins in pairs of Xenopus oocytes. Mammalian connexins 
cx32 and cx26 exhibit distinct forms of voltage-dependent clo- 
sure (Spray et al., 1991) as does Xenopus connexin cx38 (Ebi- 
hara et al., 1989). Rat connexin cx43 does not exhibit voltage 
dependence in cardiac myocyte gap junctions (Spray and Ben- 
nett, 1985) but human cx43 does exhibit voltage dependence 
similar to that of zebrafish horizontal cell gap junctions when 
transfected and expressed in a communication-deficient cell line 
(Moreno et al., 1992). This distinctive pattern of voltage sen- 
sitivities suggests that characteristic voltage dependence of ze- 
brafish horizontal cell gap junctions will be useful in establishing 
the homology of the connexin protein(s) in this junction to other 
connexins. 

In addition to beinggated byjunctional voltage, the junctional 
conductance of zebrafish horizontal cells is modulated by do- 
pamine and CAMP. The effect of dopamine is specific for the 
junctional conductance, as indicated by the lack of effect on the 
steady state currents in the extrajunctional membrane. The ac- 
tion of dopamine is completely blocked by the selective D, 
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Figure 10. Effect of the dopaminergic agonist ADTN on junctional conductance. Format is the same as in Figure 8 but with 100 PM ADTN 
applied at the auuowheud. 
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Figure Il. Blockade of dopamine effect by SCH23390. Format is the same as in Figure 8, but with 50 PM dopamine (DA) and 100 PM SCH23390 
(SCH) coapplied at the arrowhead. 

receptor antagonist SCH23390, and is mimicked by application 
of the membrane-permeant CAMP analog 8-bromo-CAMP. 
Taken together, these results strongly suggest that dopamine 
uncouples zebrafish horizontal cells by acting on a D,-type re- 
ceptor and increasing intracellular CAMP levels in a manner 
similar to its action on horizontal cells in other teleost species 
(Lasater and Dowling, 1985a; Lasater, 1987; DeVries and 
Schwartz, 1989). Additional indirect support for the role of 
CAMP in uncoupling zebrafish horizontal cells comes from the 

300 

r B&-CAMP 

results using SKF38393 and apomorphine. These partial ago- 
nists for activation of adenylate cyclase in the fish retina (Wa- 
tling and Dowling, 198 1) do not fully mimic the action of do- 
pamine on junctional conductance. In white bass and catfish 
horizontal cells it has been demonstrated that CAMP modulates 
junctional conductance through activation of protein kinase A 
(Lasater, 1987; DeVries and Schwartz, 1989). This remains to 
be established in the zebrafish. 

In a topologically ordered neural network such as the outer 
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Figure 12. Effect of 8-bromo-CAMP on junctional conductance. Format is the same as Figure 8, but with 100 PM 8-bromo-CAMP (8Br-CAMP) 
applied at the arrowhead. 
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Figure 13. Summary of effects of dopaminergic agonists and antago- 
nists on junctional conductance. Bars are mean fractional junctional 
current + SEM. 

plexiform layer of the retina, the strength of electrical coupling 
between neurons influences the extent of spatial integration in 
the network. The comparatively poor electrical coupling of ze- 
brafish horizontal cells may represent an adaptation of hori- 
zontal cell network properties to visual function in the small 
eye ofa visual predator, where spatial resolution is at a premium. 
The absolute magnitude of the junctional conductance in the 
zebrafish is approximately IO-fold lower than the junctional 
conductance of other teleost horizontal cells in primary cell 
culture (Lasater and Dowling, 1985a; Lasater, 1987; DeVries 
and Schwartz, 1989). If the values for junctional conductance 
between zebrafish horizontal cells measured in vitro faithfully 
reflect coupling parameters in vivo, then the length constant for 
electrotonic transmission in the horizontal cell network is greatly 
reduced in the zebrafish retina. While the actual length constant 
of the horizontal cell network in vivo is a product of cell spacing 
and extrajunctional resistance as well as junctional conductance, 
a IO-fold decrease in the junctional conductance alone would 
reduce the length constant by VlO, or approximately threefold, 
based on the formula for calculating the resistance of a two- 
dimensional sheet (Piccolino et al., 1984). The functional con- 
sequence of this would be to reduce the spread of inhibitory 
signals in the horizontal cell network, thereby reducing receptive 
field size. Reducing the size of horizontal cell receptive fields, 
which mediate lateral inhibition in bipolar and ganglion cell 
receptive fields, could help maintain visual resolution in the 
zebrafish eye, where the optical image falling on the retina is 
small. 

The theoretical limits of visual resolution are set by the re- 
lationship between the size of the optical image falling on the 
retina and photoreceptor spacing (von Helmholtz, 1924). How- 
ever, behaviorally measured visual resolution in goldfish (1.8 x 
theoretical, Northmore and Dvorak, 1979) skipjack (1.2 x , 
Nakamura, 1968), and the young zebrafish (1.7 x , Clark, 198 1) 
falls short of theoretical. The fact that the optical resolution of 
the lens is not limiting (Tamura, 1957) suggests that spatial 
summation in the neural retina (i.e., signal pooling in photo- 
receptors and horizontal cells) plays a role in determining the 

in vivo acuity. Both eye size and the variations in visual function 
associated with different ecological niches would be expected to 
affect the characteristics of spatial summation in the horizontal 
cell network. In comparison with other species used to study 
horizontal cell electrical coupling, zebrafish are relatively small 
and are visual predators of small aquatic life including para- 
mecia (Clark, 1981) and thus need high-acuity vision. Mea- 
surement of eye size in 11 animals from our colony indicated 
that eye diameter ranged from 1.5 to 2.5 mm, and the diameter 
of flat mounted retinas ranged from 2.5 to 3.0 mm. In com- 
parison, the mean diameter of adult white perch eyes estimated 
from their displaced volume is 12 mm (D. G. McMahon, un- 
published observations), and the receptive field size of individ- 
ual horizontal cells is l-3 mm (Tornqvist et al., 1988). In other 
species that also have larger eyes and are not visual predators, 
such as the catfish, skate, and dogfish, horizontal cell receptive 
fields ranged from 0.2 to more than 2 mm (Naka and Rushton, 
1967; Dowling and Ripps, 197 1; Kaneko, 197 1; Davis and Naka, 
1980) values that would be inappropriately large for horizontal 
cells in the zebrafish retina. Interestingly, measurements ofjunc- 
tional conductance from a closely related species, the giant danio 
(Danio aequipinnatus), which is intermediate in eye size between 
the zebrafish and the larger teleosts (i.e., white perch, catfish), 
show that the junctional conductance is also of intermediate 
magnitude (McMahon and Marcinek, 1992). Although further 
systematic study is needed, the available data are suggestive of 
a correlation between the required resolving power of the eye, 
horizontal cell receptive field size, and the magnitude of the 
horizontal cell gap junctional conductance. This correlation im- 
plies the existence of an intrinsic mechanism, perhaps one in- 
fluencing synaptic assembly and maintenance, regulating the 
level of electrical coupling in horizontal cells of different teleost 
species. 

The two- to threefold average reduction in coupling brought 
about by application of dopamine, ADTN, and 8-bromo-CAMP 
to zebrafish horizontal cells is also substantially less than the 
1 O-fold reductions in junctional conductance observed in other 
teleost horizontal cells at similar or lower dopamine concentra- 
tions (Lasater and Dowling, 1985a; Lasater, 1987; DeVries and 
Schwartz, 1989). Since doubling the concentration of applied 
dopamine from 50 to 100 PM produced only a small increase 
in uncoupling, it is likely that the responses reported in this 
study represent near maximal uncoupling by dopamine and its 
agonists in the zebrafish. One possible explanation for the more 
modest changes in junction conductance observed in the ze- 
brafish is that there is a substantial subpopulation of junctional 
channels that are unaffected by dopamine and CAMP in these 
junctions. This is unlikely because dopaminergic modulation is 
observed even in cell pairs with junctional conductances of 0.1 
nS (i.e., two active gap junction channels) or below (McMahon, 
1992) and in these junctions dopamine can, at its peak effect, 
transiently suppress junctional channel activity. An alternative 
explanation is related to the issue of scaling the physiological 
properties of the horizontal cell network to adapt it to the con- 
straints of this small vertebrate eye. Given the already low junc- 
tional conductance of zebrafish horizontal cells, these less dra- 
matic changes in junctional conductance may be appropriate to 
modulate the receptive field properties of horizontal cells in vivo. 

While rapid modulation of electrical coupling is apparently 
accomplished by covalent modification of existing junctional 
channels, the mechanisms of synaptic assembly and mainte- 
nance are likely to play an important role in electrical synaptic 
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plasticity taking place on a longer time scale. For example, the 
expression of specific connexin genes is developmentally regu- 
lated in the mammalian brain (Dermietzel et al., 1989) and the 
extent of neuronal dye coupling is decreased in the cortex during 
developmental maturation (Peinado et al., 1993) and increased 
in the hippocampus during aging (Barnes et al., 1987). In the 
retina, the structure of horizontal cell electrical synapses is al- 
tered by light adaptation or prolonged exposure to dopamine 
(Kurz-Isler and Wolburg, 1988; Baldridge et al., 1989). In this 
regard, the cellular mechanisms that apparently differentially 
regulate the strength of electrical synaptic transmission in hor- 
izontal cells of different teleost species are of interest. A priori, 
this regulation could involve different levels of expression of 
gap junction channel proteins, posttranslational modification of 
channels affecting the probability of channels being in the open 
and conducting state, or differences in the conducting properties 
of gap junction channels. The unitary conductance of both white 
perch and zebrafish horizontal cell gap junction channels is in 
the 50-60 pS range (McMahon et al., 1989; McMahon and 
Brown, 1984), suggesting that the lower junctional conductance 
of zebrafish cell pairs is not due to differences in the conducting 
properties of individual channels but, in fact, reflects differences 
in the average number of conducting channels in the junctions 
of these two species. It is unlikely that these differences are a 
simple reflection of differences in contact area. Cell pairs of both 
species typically exhibit membrane appositions several microm- 
eters in length in culture and connexon density in teleost hor- 
izontal cell gap junctions is typically several thousand per square 
micrometer (Kurz-Isler and Wolburg, 1988; Baldridge et al., 
1989). Yet, the observed levels of conductance represent only 
20-40 open channels on average in the zebrafish and 200-400 
open channels in the white perch. Determining whether this is 
due to differences in the overall number of gap junction channels 
(i.e., levels of expression of connexin proteins) in these junctions 
or in the proportion of expressed channels that are physiolog- 
ically active will require molecular probes for teleost gap junc- 
tion channel genes and proteins. The identity and structure of 
the horizontal cell gap junction channel protein are yet to be 
elucidated; however, preliminary experiments indicate gene se- 
quences homologous to mammalian gap junction genes are pres- 
ent in the zebrafish and giant danio genomes (D. G. McMahon, 
D. L. Paul, and T. L. Edgerton, unpublished observations). In 
addition, the expression of electrical coupling between horizon- 
tal cells of the giant danio is reduced in low-calcium culture 
medium, suggesting a role for cell calcium in regulating synaptic 
assembly and maintenance (McMahon et al., 1993). 

In summary, the electrical synapses of zebrafish retinal hor- 
izontal cells have characteristics that are qualitatively similar 
but quantitatively different from those described in other tele- 
osts. These quantitative differences reflect differences in the reg- 
ulation of synaptic assembly and maintenance and have im- 
portant implications for the function ofzebrafish horizontal cells 
in vivo. Their lower junctional conductance and responsivity to 
dopamine may be adaptations for network function in a rela- 
tively small eye of a visual predator, a hypothesis that must be 
tested by recording from horizontal cells in the retina rather 
than from dissociated cells. The high input resistance of ze- 
brafish horizontal cells combined with their relatively small 
membrane area and low junctional conductance make these cells 
a particularly attractive preparation for studying electrical syn- 
aptic transmission and its modulation at the single-channel lev- 
el. Initial studies indicate that dopamine modifies the gating 

kinetics of zebrafish horizontal cell gap junction channels, re- 
ducing their open probability (McMahon, 1992; Mc?vIahon and 
Brown, 1984). Studies of horizontal gap junction channel mod- 
ulation at the single-channel level, combined with identification 
of the channel protein and elucidation of its sequence and struc- 
ture, will help reveal molecular mechanisms of electrical syn- 
aptic plasticity. 
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