
The Journal of Neuroscience, June 1994, 14(6): 37043712 

Postsynaptic Modulation 
the Mauthner Cell 

Synaptic Efficacy Mixed Synapses 

Albert0 E. Pereda,’ Angus C. Nairn,2 Laura R. WoIszon,3 and Donald S. Faber’ 

‘Department of Anatomy and Neurobiology, Medical College of Pennsylvania, Philadelphia, Pennsylvania 19129, 2The 
Rockefeller University, New York, New York 10021, and 3Department of Biological Sciences, Columbia University, New 
York, New York 10027 

Extracellular application of dopamine in the synaptic bed of 
the lateral dendrite of the goldfish Mauthner (M-) cell en- 
hances both the electrical and chemical components of the 
mixed excitatory postsynaptic potential (EPSP) evoked by 
ipsilateral eighth nerve stimulation (Pereda et. al., 1992). We 
describe here results of experiments designed to determine 
the locus of action of dopamine and the underlying cellular 
mechanisms. This amine acts independently on the two 
modes of transmission, since (1) the percentage increases 
in the two were not correlated, (2) the time courses of their 
modifications were independent, and (3) the observed in- 
creases in synaptic responses cannot be attributed to a 
generalized effect on M-cell input conductance, which was 
increased by dopamine, a change that would rather be ex- 
pected to shunt the synaptic potentials. Also, dopamine does 
not produce presynaptic spike broadening and does not 
modify paired-pulse facilitation, two indications that it acts 
postsynaptically. The alterations in the mixed EPSP are pre- 
sumably due to activation of a postsynaptic CAMP-depen- 
dent phosphorylation pathway. Specifically, they did not oc- 
cur if the CAMP-dependent protein kinase inhibitor PKI,-,, 
was injected intradendritically prior to dopamine application, 
and they could, on the other hand, be mimicked by injections 
of the catalytic subunit of the CAMP-dependent protein ki- 
nase, PKA,,,. In contrast, neither manipulation altered the 
M-cell input conductance directly or affected the dopamine- 
induced increase in conductance, suggesting this effect of 
dopamine is CAMP independent. However, all the dopamine 
actions were reproduced by intradendritic injections of GTP- 
-y-S, and by dopamine D, receptor activation (Pereda et. al., 
1992), indicating a divergence of the intracellular regulatory 
pathways, with the possible involvement of multiple G pro- 
teins and second messenger systems. These findings pro- 
vide strong evidence that dopamine modulates the two com- 
ponents of these mixed excitatory synapses by separate 
postsynaptic mechanisms, probably involving CAMP-depen- 
dent phosphorylations of both glutamate receptors and of 
the M-cell side of gap junction channels. Thus, electrotonic 
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synapses may well have distinct pre- and postsynaptic reg- 
ulatory sites. 

[Key words: dopamine, postsynaptic, gap junctions, 
Mauthner cell, glutamate receptors, CAMP] 

Neuromodulation, which generally involves the activation of 
different second messengers systems, is thought to underlie the 
adaptative characteristics of various neural circuits (Jesse1 and 
Kandel, 1993). The efficacy of chemical synaptic transmission 
in the brain can be modified by activity in modulatory parallel 
pathways that act on receptors located pre- or postsynaptically 
(Levitan and Kaczmareck, 1991; Jesse1 and Kandel, 1993). In 
the former case, they may influence mechanisms that control 
neurotransmitter release, while in the latter, they may act on 
synaptic receptors or by altering the postsynaptic cell’s conduc- 
tance. In contrast to the wealth of data on chemical synapses, 
there is a limited number of examples of neuromodulation at 
electrical synapses, which have gap junction plaques as their 
anatomical substrate (Bennett, 1977). Dopamine is known to 
decouple retinal horizontal cells in carp and white perch by 
decreasing gap junctional conductance through a CAMP-depen- 
dent mechanism (Teranishi, 1983; Lasater and Dowling, 1985). 
Since these cells are homologous and the electrical junctions 
transmit bidirectionally, the coupling presumably plays an im- 
portant role in synchronizing the electrical activity of the neu- 
ronal population, and the biochemical mechanisms underlying 
this modulation probably occur on both sides of these junctions. 

However, electrical synapses are also found between heter- 
ologous cells, suggesting that one of the two cellular types but 
not the other could be the target for synaptic modulation. For 
example, primary auditory afferents of lower vertebrates are 
generally connected to their targets by mixed synapses, contacts 
in which both mechanisms of transmission coexist (Korn and 
Faber, 1979) where their main function is the effective trans- 
mission of sensory information. In one of the best-studied ex- 
amples, the eighth nerve excitatory input to the goldfish Mauth- 
ner cell (Furshpan, 1964) the auditory afferents terminate on 
the M-cell lateral dendrite as single, large, myelinated club end- 
ings with both chemical synapses and gap junction plaques (Na- 
kajima, 1974; Tuttle et al., 1986). Electrical stimulation of the 
posterior eighth nerve produces a biphasic excitatory response 
consisting of a fast electrotonic component, or coupling poten- 
tial, followed by a chemical glutamatergic EPSP (Furshpan, 1964; 
Lin and Faber, 1988a; Wolszon and Faber, 1988). We have 
previously shown there is a dopaminergic innervation of the 
synaptic bed and that dopamine modulates the excitatory con- 
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nection by producing a long-term enhancement of both com- 
ponents of the mixed EPSP, and a CAMP-dependent mechanism 
has been implicated (Pereda et al., 1992). The mechanisms un- 
derlying dopaminergic modulation of the eighth nerve synapses 
have been explored further, with the aim of determining (1) 
whether the two modes of transmission are modified indepen- 
dently, (2) the participation of the extrasynaptic membrane con- 
ductance, (3) the underlying biochemical mechanisms, and (4) 
the locus of dopamine’s action. The last issue is particularly 
relevant for electrotonic coupling since the gap junctions are 
formed by the apposition of two hemichannels (one from each 
cell), raising the question of whether both have to be modified 
in order to increase coupling. Our results support the idea that 
dopamine modulates this synaptic input through a postsynaptic 
mechanism involving CAMP-dependent phosphorylations of 
both glutamate receptors and gap junction channels. 

Materials and Methods 
Adult goldfish (Curussius aurutzk) were used for the experiments; the 
surgical and anesthetic procedures were similar to those described pre- 
viously (Faber and Kom, 1978). 

Electrophysiologicul recordings. Intracellular current-clamp record- 
ings were obtained in vivo from the lateral dendrite about 250-3QO Km 
from the M-cell soma. Electrodes were filled with either 2.5 M KC1 (8- 
20 MO) or 5 M K-acetate (3-6 MQ), unless they were also used for 
intracellular pressure injection. The composite monosynaptic EPSPs 
were obtained by low-strength stimulation of the posterior branch of 
the eighth nerve (Fig. 1A). Stimulation intensity was such that the range 
of response amplitudes was 6.9-40.3 mV for the coupling potential (Fig. 
1B. e) and 1.9-9.4 mV for the chemical EPSP (Fig. 1B. c). Even the 
largest electrotonic PSPs were subthreshold for orthodromic spike ini- 
tiation at the axon’s initial segment, presumably due to attenuation 
along the dendrite (Faber and Kom, 1978). The M-axon was activated 
antidromically by an electrode placed on the spinal cord (Fig. lA, AD), 
and the magnitude of the antidromic action potential was taken as an 
indicator of the M-cell input resistance, given that the soma-dendritic 
membrane of this neuron does not support spike electrogenesis (Faber 
and Kom, 1978). All measurements were made after averaging sets of 
12 or more traces. The amplitudes ofthe coupling potential and chemical 
EPSP were measured from the baseline to their peaks, although high- 
frequency eighth nerve stimulation indicates there is a residual coupling 
potential at the time of the EPSP peak (Fig. 1B). While this procedure 
may result in an overestimation of chemical EPSP amplitude, difference 
waveforms calculated before and after modifications show that mea- 
sured changes in amplitude are reliable (Fig. lC, d, d’). Also, due to 
this temporal overlap, peak amplitudes were considered to be more 
reliable than other measures, such as the total area attributed to each 
response. Since the M-cell has a very fast membrane time constant (390 
psec; Faber and Kom, 1978) coupling potential duration was used as 
an inference of presynaptic spike duration. Half-decay time was used 
instead of half-width in order to avoid possible contamination of the 
measurement due to the stimulation artifact on the raising phase of the 
coupling potential. Student’s t test was used to assess statistical signif- 
icance of the obtained data. 

Dopumine application. A second pipette situated 40-100 wrn above 
the M-cell s lateral dendrite and about the same distance from the soma 
as the intracellular electrode (Fig. 1A) was used for local pressure ejec- 
tions (5-15 psi, 145 set) of dopamine (10 mM, dissolved in 130 mM 
NaCl and 10 mM HEPES. aH 7.2). Given the distance between the 
electrode and the M-cell, volume dilution, and difficulties inherent with 
extracellular pressure ejection, we estimate that the effective dopamine 
concentration was at least 2 orders of magnitude less in this in vivo 
preparation. 

Intracellular injections. The catalytic subunit of the CAMP-dependent 
protein kinase (0.3-0.5 mg/ml) was purified from bovine heart as de- 
scribed (Kaczmareck et al., 198 1). The kinase was dialyzed against 10 
mM HEPES (pH 7.5), 150 mM KC1 and diluted into 10 mM HEPES, 
0.5 M KCl. The peptide inhibitor of CAMP-dependent protein kinase 
(Walsh, PKI-,,-amide, 300-900 hi; Sigma) and the nonhydrolyzable 
analog of guanosine-tri-phosphate GTP-7-S (300-600 PM; Sigma) were 
dissolved in 10 mM HEPES (pH 7.2) 0.5 M KCl, and pressure injected 

Table 1. Summary of the effects of dopamine application 

Experiment el (O&on) ch @con) ad (%con) 

dopa 3 7.6 26.4 -11.7 
dopa 5 32.9 30.3 -9.1 
dopa 9 26.5 13.1 -6.4 
dopa 10 24.8 85.7 -1.16 
dopa 16 11.6 6.8 -2.5 
dopa 17 20.2 46.9 -6.25 
dopa 18 -4.7 19.9 -3.36 
dopa 19 44.2 58.3 -2.9 
dopa 20 37 59.6 -8.9 
dopa 26 35.5 61.9 -6.69 
dopa 27 32 43 0.5 
dopa 32 23.4 53.7 -16.6 
dopa 33 40.8 52.3 13.5 
dopa 35 32.6 32.8 -15.8 
dopa 43 72.6 52.1 -18.5 
dopa 44 35.7 45.3 -3.9 
dopa 45 16.1 40.5 -15 
dopa 46 26.6 24.8 0.19 
dopa 47 31.9 26.9 -12.3 
dcl 5 28.3 51.9 1 

Average 28.8 41.9 -7.8 
SEM (f) 3.5 4.3 1.4 

Data are percentage changes produced by dopamine in electrotonic coupling (el), 
chemical EPSP (ch), and the antidromic spike height (ad) in 20 experiments. 

intracellularly through the recording electrode (Fig. 1A). The transient 
appearance of a depolarizing recurrent IPSP, due to an increase in in- 
tracellular Cl-, was used as an indication of a successful pressure in- 
jection. 

Results 
Dopamine enhances synaptic transmission 
and increases input conductance 
Figure 1B illustrates the mixed synaptic transmission at these 
contacts (as in Furshpan, 1964). Low-frequency (0.5 Hz) eighth 
nerve stimulation evoked a biphasic excitatory response con- 
sisting of a fast electrotonic component (labeled “e”; Furshpan, 
1964), followed by a chemical glutamatergic EPSP (labeled “c”; 
Wolszon and Faber, 1988). At a higher frequency of stimulation 
(100 Hz) the chemical component fatigued, while the electrical 
component remained (the slight decrease observed is probably 
due to partial refractoriness of presynaptic axons). The com- 
puter-calculated difference of the two traces (A PSP) shows the 
net chemical synaptic component. 

Pressure ejection of dopamine outside the lateral dendrite 
produces a long-term enhancement of both components of the 
mixed EPSP (as in Pereda et al., 1992). This effect is best seen 
by subtracting the control waveform from that recorded after 
dopamine injection (A PSP in Fig. 1C). In the previous study, 
the potentiations averaged 28.8 f 3.5% (rtSEM) for the elec- 
trical and 41.9 f 4.3% (&SEM) for the chemical EPSP (n = 20; 
Pereda et al., 1992; see Table l), these changes being significantly 
different from control (p < 0.01). The enhancements began 
within 3-8 min, and lasted throughout the recording period in 
all experiments, the longest duration being 90 min after the 
application. 

The experiment illustrated in Figure 2A,-A, demonstrates that 



3706 Pereda et al. - Postsynaptic Modulation at Mixed Synapses 

A 
Figure 1. A, Diagram of the experi- 
mental arrangement. AD, antidromic 
stimulation; 8th. N., eighth nerve stim- 
ulus. VI, intradendritic voltage record- 
ing electrode, also used for intracellular 
pressure (Pr.) injections of the protein- 
kinase inhibitor PKI,_,, (PKZ), catalytic 
subunit of the CAMP-dependent pro- 
tein-kinase (PKA) or GTP--y-S; V2, sec- 
ond electrode placed extracellularly for 
pressure application (Z’r.) of dopamine 
(DA). Inset represents a single eighth 
nerve afferent ending (Club Ending), in 
which both mechanisms of synaptic 
transmission, electrical and chemical, 
coexist. B, Mixed excitatory postsyn- 
aptic potential evoked by posterior 
eighth nerve stimulation. Two super- 
imposed traces of averaged responses 
obtained by stimulating at the same 
strength but at different frequencies (0.5 
and 100 Hz, respectively). The re- 
sponse to 0.5 Hz stimulation consists 
of both the electrotonic coupling po- 
tential (e) and a chemical excitatory 
postsynaptic potential (EPSP; c), 
whereas at 100 Hz, there is only a cou- 
pling potential, decreased slightly in 
amplitude owing to partial refractori- 
ness of the afferents. The inset (A PSP) 
is the computer-calculated difference of 
the two traces, showing that the net 
chemical EPSP starts after the peak of 
the coupling potential. C, Dopamine 
enhances synaptic excitation of the 
M-cell lateral dendrite. Superimposed 
averages (n = 12) obtained in the con- 
trol (control) and 10 min after dopa- 
mine injection (DA). Inset (A RSP) is 
the computer-calculated difference be- 
tween the two waveforms, demonstrat- 
ing that both components increased. All 
measurements were made after aver- 
aging sets of 12 or more traces. The 
amplitude of the chemical EPSP was 
measured from baseline to peak. Since 
high-frequency eighth nerve stimula- 
tion indicates there is a residual cou- 
pling potential during the peak of the 
chemical PSP (see B), this may result 
in an overestimate of the chemical EPSP 
amplitude. However, difference wave- 
forms calculated before and after mod- 
ifications show that measured changes 
in amplitude are reliable (d, d’). 

B 
45 

1 

-----0SHz 

-----lOOH 

A PSP 

C 

control - - 

the effects of dopamine are due to separate actions on both height (Fig. 2A,; 16 of 20 cases; see Table l), which averaged 
electrotonic and chemical synapses, and not to a reduction in -7.8 f -1.4% (?SEM, y1 = 20; Pereda et al., 1992). In the 
the M-cell’s input conductance. First, as in most cases, dopa- illustrated experiment, the two potentiations had similar time 
mine did not increase the two components by the same per- courses, while the increased input conductance developed more 
centage (Fig. 2A,), and it often had a greater effect on the chem- gradually (Fig. 2AJ. In other experiments, the dopamine-in- 
ical EPSP (13 of 20 experiments; see Table l), although in some duced changes in the two synaptic potentials could be dissoci- 
other experiments the increase in the coupling potential was ated in time. This finding is illustrated in Figure 2B, where after 
more prominent (5 of 20 cases; see Table 1). In fact, the effects the first two of three dopamine applications only the chemical 
on the two components were significantly different (p < 0.01). EPSP was enhanced, while the coupling potential and spike 
Second, dopamine actually increased input conductance, as in- height only began to exhibit their typical modifications after a 
dicated by a significantly decreased (p < 0.0 1) antidromic spike third application. 

----DA 

1 ms 1 ms 
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Figure 2. Independent dopamine effects on synaptic transmission and 
dendritic input conductance. A,, Dopamine enhanced both components 
of the mixed excitatory response (as in Pereda et al., 1992), but not by 
the same percentage. Superimposed averages (n = 20) obtained in the 
control and 20 min after (DA, 20’) dopamine application. Inset (A PSP) 
is the computer-calculated difference between the two waveforms. A,, 
In the same experiment, antidromic spike height, a measure of M-cell 
input resistance, was reduced, as shown by superimposed averages (n 
= 20) obtained in the control and 20 min after dopamine application 
(DA, 201. A,, Time courses of dopamine effects in the experiment of 
A, and A,, plotting changes in the amplitude of coupling potential (0 
EL), chemical EPSP (0 CH), and antidromic spike (0 AD). All mag- 
nitudes are expressed as the percentages of their control values. A single 
dopamine application (DA, arrow) at time 0 produced a long-term en- 
hancement of both synaptic components and a sustained reduction in 
antidromic spike height. B, In a different experiment, the dopamine- 
induced changes were temporally dissociated. Three applications (DA, 
arrow) were used, and modifications of the coupling potential and the 
antidromic spike height were only apparent after the third application. 

B 

EPSP (mv) 

II 
1 ms 

1.: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

1 ms 
Figure 3. Evidence that dopamine does not modify chemical synaptic 
transmission by acting presynaptically. A, Coupling potential half-decay 
time (t,,J was not altered by dopamine. Superimposed averages (n = 
20) obtained in the control and 5 and 15 min after applying dopamine 
(DA) are shown. Note that a weak stimulus strength was used, such that 
the control chemical EPSP was less than two millivolts. Inset, Plot of 
t,,, versus chemical EPSP amplitude obtained at different times after 
dopamine application, showing constancy of the kinetic parameter. B, 
Superimposed averages (n = 20) of synaptic responses to paired-pulse 
stimulation were obtained before and 20 min after dopamine application 
(DA). 

Site of action of dopamine 

To localize and identify the mechanisms responsible for the 
above-described effects, we first looked for evidence of presyn- 
aptic involvement in the facilitation of the chemical EPSP. Spe- 
cifically, we examined the possibility that dopamine may have 
enhanced transmitter release via spike broadening (Klein and 
Kandel, 1978), previously shown to modify the input-output 
relationship at these chemical synapses (Lin and Faber, 1988b). 
However, presynaptic spike duration, as inferred from the half- 
decay time (t,,*; see Materials and Methods) of the electrotonic 
EPSP, was virtually unchanged by dopamine, averaging 96.9 f 
2.5% (+SEM) of the control value (n = 17). An example is 
shown in Figure 3A, where a low stimulation strength that evoked 
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Figure 4. A, and A,, PKI-,, blocks the dopamine-induced enhance- 
ments of the mixed excitatory synaptic responses. Three superimposed 
averages of synaptic responses obtained in the control, 10 min after 
intradendritic PKL,, iniection, and then 10 min (DA) after extracellular 
dopamine application. PKI_,, at this concentration did not have a direct 
effect, but dopamine now produced decreases in both components of 
the EPSP and in the antidromic spike height, presumably by decreasing 
input resistance. B, and B,, Intradendritic injections of PKA enhance 
both components of the mixed synaptic response. B,, Superposition of 
averaged synaptic responses (n = 12) obtained before (control) and 20 
min after PKA injection (PKACAr). Both the coupling potential and 
chemical EPSP were enhanced. B,, Antidromic spikes recorded at the 
same times as in B,. Note that the spike height, a measure of the cell’s 
input resistance, changed only slightly. C, Time course of the effects of 

injection (arrow) on the electrotonic (0 EL), and chemical 
L%$components and on antidromic spike height (0 AD) from an- 
other experiment. All are expressed as percentages oftheir control values 
and each point is an average of 12 consecutive traces. 

a small chemical EPSP was used to examine the correlation 
between the coupling potential’s t,,, and the amplitude of the 
chemical component before and after dopamine application. As 
expected, dopamine enhanced both EPSP components in this 
experiment. However, as seen in the inset, t,,, remained constant 
after dopamine application, even though the chemical EPSP 
grew progressively. 

We next examined whether dopamine affects paired-pulse 
facilitation of the EPSP, since previous work concluded this 
potentiation has a presynaptic origin (Lin and Faber, 1988b; see 
Wolzson, 1989, for suggestion of a secondary postsynaptic in- 
volvement with paired population EPSPs). Also, a reduction in 
the facilitation of the second EPSP is usually taken as an indirect 
evidence of presynaptic involvement in other examples of syn- 
aptic plasticity (McNaughton, 1982; Zalutsky and Nicoll, 199 1). 
For this purpose, synaptic responses to paired pulses were ob- 
tained in control and after dopamine application (Fig. 3B). 
Paired-pulse facilitation was estimated using the expression 

Yo Facilitation = [(Response, - Response,)/(Response,)] 100%. 

In four experiments where the first chemical EPSP was enhanced 
by 37.5%, the paired-pulse facilitation after dopamine appli- 
cation averaged 109% of that obtained in the control. These 
results further support the notion that the increase in chemical 
transmission produced by dopamine is not due to presynaptic 
modulation. 

Involvement of second messengers 

Given that the indirect evidence suggested a postsynaptic locus 
for the enhancement of the chemical EPSP, we took advantage 
of the accessibility of the M-cell’s lateral dendrite for injection 
of agents known to affect second messenger systems. Dopamine 
normally acts through mechanisms that involve the activation 
of the CAMP pathway (Lacey, 1989), and our previous data 
showed that intradendritic injections of CAMP produce increas- 
es in both components of the excitatory response (Wolszon and 
Faber, 1989). Nevertheless, since CAMP is a small molecule that 
can pass through the gap junctions, these observed effects could 
be mediated either pre- or postsynaptically. In order to deter- 
mine the involvement of the CAMP system in dopamine’s ac- 
tions, PKI-,,, a highly specific inhibitor of the catalytic subunit 
of the CAMP-dependent protein kinase, was injected intraden- 
dritically prior to the extracellular application of the amine. The 
injection of the peptide alone generally did not have any effect. 
In eight experiments with PKI,_,,, the electrotonic potential, 
chemical EPSP, and spike height averaged 104.6 f 3.23% 
(+SEM), 103.3 + 2.0% (?SEM), and 102.2 + 2.5% (?SEM) 
of their control values, respectively, following the injection of 
PKI_,,. However, the peptide did prevent the dopamine-in- 
duced enhancement of both components of the excitatory re- 
sponse (n = 7). In fact, after pretreatment with PKI,-,,, dopa- 
mine actually produced decreases in the electrotonic coupling 
(-10.4 f 3.6%, ?SEM), the chemical EPSP (-9.8 + 5.09%, 
f SEM), and the antidromic spike height (- 9.3 f 3.67%, * SEM), 
all these actions presumably being due to a decreased input 
resistance of the dendrite (Fig. 4A,,A,). 

In addition to implicating a CAMP-dependent phosphoryla- 
tion pathway, these findings with PKI-,, further support the 
deduction that dopamine acts postsynaptically. Since the mo- 
lecular weight of PKI,_,, (2222.4) is about twice the size of the 
largest compound known to cross gap junctions (SaCz et al., 
1993), its effect most likely was restricted to the injection site. 
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To verify this conclusion, we next examined the effects of in- 
tracellular injection of the catalytic subunit of the CAMP-de- 
pendent protein kinase (PKA,,,), which has a molecular weight 
of 40,000 Da. PKA,,, mimicked the synaptic effects of dopa- 
mine in that it produced sustained significant increases (n = 7, 
p < 0.0 1) in both components of the mixed excitatory response: 
21.9 + 3.9% (?SEM, range 9.4-29.4) for the coupling potential 
and 20.8 ? 5.2% (?SEM, range 10.6-39.3) for the chemical 
component (Fig. 4B,; n = 7). Interestingly, injection of the en- 
zyme was also able to reproduce the time course of the changes 
that followed the dopamine injection, as is illustrated in Figure 
4C. Resting potential remained unchanged during the experi- 
ments, and in agreement with the PKI,_,, experiments, PKA,,, 
did not significantly (p > O;O 1) decrease antidromic spike height 
(Fig. 4B,), which averaged 97.95 * 2.4% (?SEM) of its control 
value after injection (n = 7). 

One important control for these PKI,_,, and PKA,,, results 
is the injection of the vehicle alone, which as shown in Figure 
54, produced small decreases, rather than enhancements, in 
both components of the EPSP (Fig. 54). This finding suggests 
that increases induced by PKA,,, may be underestimated. 
Overall the electrotonic coupling potential, the chemical EPSP 
and the AD spike height averaged 86.9%, 94.1%, and 99.7% of 
their original values, respectively, after vehicle injection (n = 
3). Given that the catalytic subunit of PKA is heat labile, we 
tried to inactivate it by first heating it at 60°C for 10 min. 
Injection of the resulting solution still produced an increase in 
both components of the mixed EPSP (Fig. 6B), by about 25- 
30% (n = 2) and it did not affect the antidromic spike (not 
shown). However, when PKA solution was boiled, injection of 
this control solution produced effects similar to those obtained 

.....t.. GTP-y-S, 10 

Figure 5. Injections of vehicle and 
heat-inactivated PKA do not enhance 
the eighth nerve-evoked responses. In 
A-C, averaged responses obtained be- 
fore and at the indicated times after in- 
jections ofvehicle alone (A) or with PKA 
either heated to 60°C (B, PICA*) or in- 
activated by boiling (C) are superim- 
posed. Note that the injections of ve- 
hicle and of heat-inactivated PKA 
reduced the size of the synaptic re- 
sponses, while the enzyme retained its 
activity when heated to only 60°C. 

with the vehicle (Fig. 5C). Specifically, the coupling potential, 
chemical EPSP, and AD spike height averaged 86.2%, 98%, and 
108.3% of their original values, respectively, after heat-inacti- 
vated PKA,,, injection (n = 3). 

The CAMP-dependent and -independent effects of dopamine 
on synaptic and nonsynaptic membranes might be due to the 
activation of two different subtypes of receptors. However, the 
dopamine D, receptor antagonist SCH-23390 has been shown 
to block all of these effects (Pereda et al., 1992). All known 
actions of liganded D, receptors involve activation of a G pro- 
tein (Felder et al., 1989; Lacey, 1989; Sibley, 1990) regardless 
of whether the latter controls enzyme activity or an ionic chan- 
nel. Therefore, the injection of GTP-r-S, a nonhydrolyzable 
analog of GTP that irreversibly activates G proteins, should 
produce both the CAMP-dependent and -independent effects of 
dopamine. We found that GTP-7-S injections produced not only 
a significant (p < 0.05) increase in both components (Fig. 6A,B,) 
of the excitatory response (averaging 20.9 + 3.6%, +-SEM, for 
the coupling, and 24.7 -t 5.8%, *SEM, for the EPSP, n = 5) 
but also a significant (p < 0.05) albeit slight, reduction in AD 
spike height (-5.6 + 1.3, +SEM, range -1.3 to -9,6%, n = 
5) comparable to that produced by dopamine application (Fig. 
6B,). In three other cases, the effects of GTP-7-S on synaptic 
transmission could not be quantified because all responses, in- 
cluding the antidromic spike, exhibited markedly increased am- 
plitude fluctuations following the injection. 

Discussion 

The results from the present study (see also Pereda et al., 1992) 
are consistent with the idea that dopamine modulates the eighth 
nerve excitatory synaptic input by acting independently on both 

B2 
....... control 

m 
...... GTP-y-S, 10 

Figure 6. Intradendritic injections of 
GTP-r-S nroduced all the effects of do- 
pamine applications. A, Superposition 
of averaged EPSPs before (control) and 
8 min after GTP-$3 injection. B, and 
B,, Averaged responses from another 
experiment, illustrating that GTP-r-S 
not only enhanced the eighth nerve- 
evoked responses (B,) but also de- 
creased antidromic spike height (B,), 10 
min after GTP-7-S injection. 
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Figure 7. Schematic representation of dopaminergic innervation of 
the synaptic bed of the M-cell and the postsynaptic cascade activated 
by dopamine. The modulator, released from nearby varicosities, diffuses 
to M-cell s lateral dendrite, where it interacts with a D, receptor. Con- 
sequent activation of a G protein triggers two sets of reactions: (1) 
activation of the CAMP pathway, presumably leading to phosphoryla- 
tion of glutamate receptors (shaded region opposed to the presynaptic 
active zone) and of gap junction hemichannels, and (2) modulation of 
K+ channels, which may involve a different second messenger pathway 
(7) or a direct activation of the G protein on the channel. The CAMP 
might also cross the gap junctions to modulate presynaptic functions 
(not shown). AC, adenylate cyclase; PKA, CAMP-dependent protein 
kinase. 

electrical and chemical transmission, since there could be dif- 
ferential effects on the two modes of transmission. Moreover, 
the observed increases are the opposite of those that could occur 
if due only to the decreased input conductance of the M-cell, 
that follows application of the amine (Pereda et al., 1992). Fi- 
nally, the observed effects on both components of the synaptic 
response and membrane conductance could be dissociated in 
time. 

These results are presumably functionally significant, given 
that there is a dopaminergic innervation of the synaptic bed of 
the M-cell lateral dendrite characterized by thin fibers contain- 
ing small dopamine-positive varicosities. These varicosities are 
in close proximity to the afferent fibers, but apparently do not 
contact pre- or postsynaptic elements (Pereda et al., 1992). The 
advantage of studying the cellular basis of the synaptic modu- 
lation exerted by dopamine in this in viva preparation is that 
both electrophysiological recordings and intracellular injections 
of molecules can be performed at the region where the synaptic 
contacts and the dopaminergic fibers are located (Nakajima, 
1974; Pereda et al., 1992). In the present study, our results 
support the idea that dopamine acts postsynaptically on the 
EPSPs via a CAMP-dependent phosphorylation pathway. First, 
its effect could be prevented by prior injection of PKI,-,,, a 
specific inhibitor of PKA,,,. Second, intradendritic injection of 
PKA,,, produced an enhancement of both components of the 
mixed EPSP that was comparable in magnitude and in time 
course to that produced by the extracellular application of do- 
pamine. Since PKA,,, is a high-molecular-weight molecule 
(40,000 Da), it cannot cross gap junctions and its direct effects 
are thus restricted to the site of injection. While we cannot 
exclude, the contribution of a retrograde messenger, such as 
arachidonic acid or nitric oxide (Schumann and Madison, 199 1; 
Williams et al., 1993) to the observed effects of dopamine, we 
can conclude that they require activation of the postsynaptic 
CAMP pathway. 

Since the observed effects occur quite rapidly after dopamine 

or PKA,,, application, modifications of existing gap junctions 
and glutamate receptors are most likely involved. Indeed, CAMP 
affects junctional conductance in most tissues and cell lines that 
have been studied to date (Saez et al., 1993). Connexins, the 
family of proteins that form these channels, are considered to 
be good substrates for phosphorylation, the best-known ex- 
amples being connexin 32 and 43 (SaCz et al., 1986, 1993; Mo- 
reno et al., 1993). The effects reported here are consistent with 
those of CAMP found in many non-neuronal tissues (Bennett et 
al., 1991; Satz et al., 1993). However, these results are the 
opposite of those obtained in another neuronal system, the ret- 
ina, where dopamine decreases junctional conductance and re- 
duces electrotonic and dye coupling between horizontal cells 
(Piccolino et al., 1982; Lasater and Dowling, 1985) by elevating 
CAMP levels. This apparent discrepancy is best explained by 
the idea that the effect of a given intracellular regulatory system 
may vary due to differences in the involved connexins (more 
than 16 have been described to date) or in the cell types ex- 
pressing the same connexin (Bennett et al., 1991). In the case 
of the M-cell, preliminary evidence, including antibody block- 
ade of electrotonic coupling (Yox et al., 1990) and immuno- 
cytochemistry (unpublished observations), suggests that the 
connexin at these junctions is homologous to mammalian con- 
nexin 43. 

Neurotransmitter receptors are particularly appropriate tar- 
gets for the modulation of synaptic transmission, since they are 
central to the process of signal transduction across the plasma 
membrane. The most likely mechanism underlying the dopa- 
mine-mediated enhancement of the chemical EPSP is the phos- 
phorylation of a non-NMDA glutamate receptor similar to that 
proposed for the dopamine-induced enhancement of glutamate 
currents at horizontal cells (Knapp and Dowling, 1987; Liman 
et al., 1989; Knapp et al., 1990) which is also CAMP dependent. 
Modulation of glutamate responses by CAMP-dependent phos- 
phorylation was also suggested from studies of hippocampal 
neurons (Greengard et al., 1991; Wang et al., 199 1). Evidence 
for direct phosphorylation of a kainate (GluR6) glutamate re- 
ceptor was reported recently, and a specific phosphorylation site 
for PKA was identified by site-directed mutagenesis (Raym- 
mond et al., 1993; Wang et al., 1993). 

Neuromodulatory transmitters that act through a second mes- 
senger pathway can affect many substrate proteins within the 
postsynaptic cell, and thereby elicit a coordinated cellular re- 
sponse (Levitan and Kaczmareck, 1990). Our studies indicate 
that dopamine enhances the synaptic efficacy of the excitatory 
input from the eighth nerve by promoting a coordinated re- 
sponse that involves at least three different targets: both com- 
ponents of the mixed synaptic response and the extrasynaptic 
dendritic membrane. A possible functional significance of this 
modulation could be a lowered behavioral threshold of the fish 
for the acoustically evoked escape response. However, the fact 
that there is a decrease in the M-cell’s lateral dendrite’s input 
conductance might appear to be in contradiction with the en- 
hancement of the eighth nerve synaptic responses, suggesting 
that the latter effect was probably underestimated. One idea is 
that a change in dendritic input conductance would nonspecif- 
ically reduce the overall efficacy of other synaptic connections 
and could consequently provide a mechanism for selecting the 
modified synapses, as they would be the only ones to have their 
efficacy raised. Consistent with this idea, preliminary results 
showed that extracellular application of dopamine at the M-cell 
soma did not produce any decrease in antidromic spike height 
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(A. E. Pereda, D, S. Faber, and H. Korn, unpublished obser- 
vation), suggesting that the dopamine-evoked conductance in- 
crease is a property restricted to the dendritic membrane. 

A CAMP-dependent phosphorylation mechanism is not im- 
plicated in the effect of dopamine on dendritic input conduc- 
tance, as it is not blocked by PKI_,, and is not reproduced by 
P~CAT . Yet, all dopamine actions are apparently mediated by 
the same receptor subtype since the dopamine D, receptor an- 
tagonist SCH-23390 blocks them equally (Pereda et al., 1992). 
Evidence that GTP--y-S injected postsynaptically reproduced 
both CAMP-dependent and -independent effects suggests there 
may be two populations of dendrite D, receptors linked to dif- 
ferent G proteins and second messenger systems, as was shown 
to be the case for the dopamine actions on rat anterior pituitary 
cells. There, the dopamine D, receptor modulates both potas- 
sium and calcium currents, by acting through two different G 
proteins (Lledo et al., 1992). Interestingly, it has been reported 
that D, receptors can induce an increase in IP, turnover by 
activating the enzyme phospholipase A (Felder et al., 1989; 
Mahan et al., 1990). The targets of this modulatory action most 
likely are K+ channels, since they are subject to dopamine reg- 
ulation in many tissues (Lacey, 1989). Indeed, an increased 
membrane conductance without a detectable change in the rest- 
ing potential of the M-cell implicates an increased K+ conduc- 
tance (Faber and Korn, 1978). 

Finally, these results are consistent with all actions of dopa- 
mine having a postsynaptic origin (Fig. 7) and, in the case of 
the synaptic potentials, they implicate phosphorylation of both 
glutamate receptors and gap junctional proteins. Given that gap 
junctional channels are formed by the apposition of two hem- 
ichannels, one from each cell, the results obtained by the intra- 
dendritic injection of PKI,_,, and PKA,,, suggest that an in- 
creased junctional conductance can be obtained by modifying 
the channels at the dendritic side (M-cell) of the junctional 
plaques alone. Modulation of hemichannels by cyclic nucleo- 
tides and dopamine has been reported in isolated catfish hori- 
zontal cells (De Vries and Schwartz, 1992). This modulation 
may be asymmetric, which would imply that both sides of the 
gap junctional plaque can be modified independently, consistent 
with the fact that heterologous gap junctions could also be formed 
between heterologous cell types expressing different connexins 
(SaCz et al., 1993) which may be subject to different regulatory 
controls. As with chemical synapses, this characteristic may 
confer electrical synapses with distinct presynaptic and post- 
synaptic modulatory sites. 
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