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The Physiology of Substance P in the Rabbit Retina 

Robert A. Zalutsky and Robert F. Miller 

Washington University School of Medicine, Department of Ophthalmology, St. Louis, Missouri 63110 

The neuropeptide substance P (SP) has been localized to 
amacrine and ganglion cells in the rabbit retina. We have 
examined the effects of SP and related peptides on rabbit 
retinal neurons using bath application and intra- and extra- 
cellular electrophysiological methods in an in vitro retina 
eyecup preparation. 

Substance P, at concentrations as low as 25 nM, moder- 
ately excited most brisk ganglion cells. SP excited some 
ganglion cells directly during cobalt block of synaptic trans- 
mission. Intracellular recordings from amacrine cells dem- 
onstrated that some, but not all, were depolarized by SP; 
pharmacological evidence suggested GABAergic amacrines 
were probably among those sensitive to SP. SP did not affect 
horizontal cells or the ERG, suggesting that the effects of 
this peptide are confined to the inner retina. The effects of 
SP were strongly potentiated by peptidase inhibitors, raising 
the possibility that endogenously released SP may act quite 
locally in the rabbit retina. The relative potencies of SP and 
the related peptides substance K and eledoisin on different 
cells suggest that more than one tachykinin receptor sub- 
type is present in the rabbit retina. 

The responses of ganglion cells to SP desensitized with 
repeated or prolonged applications. Comparison of a cell’s 
light responses before and after the receptors were desen- 
sitized revealed no qualitative changes in receptive field 
characteristics, but quantitative changes in excitability were 
apparent. SP antagonist analogs, although not potent, spe- 
cifically blocked the effects of SP on some ganglion cells. 
The effects of these antagonists on light responses rein- 
forced the inferences from desensitization paradigms re- 
garding the role of endogenous SP. 

The results of this study suggest that SP does not partic- 
ipate in shaping the characteristic receptive field properties 
of ganglion cells, but SP-or related peptides-may mod- 
ulate the excitability of inner retinal neurons. 

Substance P (SP) is widely distributed in the nervous system 
(see Hijkfelt et al., 1986) and has been strongly implicated as a 
transmitter in the CNS and periphery, based on the classical 
criteria for transmitter identification (Otsuka and Konishi, 1983, 
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and Dun, 1985, for reviews). In the mammalian retina, the 
presence of SP has been demonstrated by both immunohisto- 
chemical and chromatographic methods (Famiglietti et al., 1980; 
Eskay et al., 198 1; Brecha et al., 1984; Osborne, 1984); high- 
affinity SP binding and potassium evoked release of SP in a 
mammalian retina have also been reported (Osborne, 1984). In 
the rabbit retina, SP-like immunoreactivity is present in at least 
2 types of amacrine cells (Famiglietti et al., 1980; Sagar et al., 
1983; Brecha et al., 1984) and in ganglion cells (Brecha et al., 
1985, 1987). 

Despite the evidence suggesting a role for SP in neurotrans- 
mission in other parts of the nervous system, there has been no 
demonstration that SP has physiological effects consistent with 
such a role in the mammalian retina. In the carp retina (Glick- 
man et al., 1982) SP applied by atomizer and in the mudpuppy 
retina SP applied iontophoretically (Dick and Miller, 1981) 
strongly excited most ganglion cells. In the mudpuppy retina, 
bath-applied SP at low micromolar concentration excited gan- 
glion cells by a conductance increase mechanism (R. A. Zalutsky 
and R. F. Miller, unpublished observations), but in many reti- 
nas, no cells responded to SP. Since these cells had apparently 
normal light responses, SP cannot be crucial for driving those 
basic responses. The greater consistency of SP effects in the 
mammalian (rabbit) compared with the amphibian (mudpuppy) 
retina greatly facilitated the more detailed analysis of SP actions 
presented in this study. Our results indicate that SP, at low 
concentrations, does affect inner retinal neurons, and endoge- 
nous SP may contribute to the regulation of ganglion cell ex- 
citability, but our results also indicate that SP does not play a 
crucial role in shaping the commonly recognized ganglion cell 
receptive field properties. 

Materials and Methods 

The methods of this study were identical to those described in the 
accompanying paper (Zalutsky and Miller, 1990), and similar to those 
which have been described in detail elsewhere (Miller et al., 1986). 
Briefly, SP and other drugs were bath-applied using an in vitro rabbit 
retina eyecup preparation. Light stimuli were presented by an optical 
bench, and neuronal responses were monitored using the transretinal 
electroretinogram (ERG), single-unit extracellular, and intracellular re- 
cording methods. 

Results 

Excitation of ganglion cells 
Substance P was bath-applied to more than 240 ganglion cells 
in this study. In about 15% of recorded ganglion cells, SP pro- 
duced strong excitations, that is, a > 100% increase in total 
spiking. Figure 1 shows one such example. The extent of the SP 
excitation is evident from the ratemeter record at the top and 
from the onset of the excitation in the raw spike record below. 

The most common effect of SP at low concentrations (< 100 
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nM) and even at maximal concentrations (>500 nM) on most 
cells (60% of the total) was a moderate increase in spontaneous 
spiking with a comparatively smaller increase in light-evoked 
activity. Figure 2 shows 2 examples. In Figure 24 a low con- 
centration of SP (50 nM) and in Figure 2B a maximal dose (500 
nM) on another cell had a much greater effect on the spontaneous 
activity compared with its action on the light-evoked spiking, 
as the numbers in the figure indicate. 

Approximately 20% of the cells examined showed no obvious 
change in spiking to SP, even at concentrations which produced 
maximal effects on other cells (>500 nM). However, in these 
cells and at subthreshold concentrations (on cells showing ex- 
citations to higher SP concentrations), SP potentiated the effects 
of other excitatory agents, as illustrated in Figure 3. In this 
example, SP alone had no obvious effect on this direction-se- 
lective cell. Likewise, the excitatory amino acid analog kainic 
acid, at a low dose (5 pm), had no apparent effect. However, 

AFTER 

Figure 1. SP excitation of an On-Off 
direction-selective ganglion cell re- 
sponding to a stationary flashing spot. 
A, Ratemeter records; B, individual light 
responses before, during, and after ap- 
plication of SP. 

when the 2 agents were combined, a strong excitation occurred. 
While the mechanism of this synergistic effect is not clear from 
this experiment, it is apparent that SP did indeed have a de- 
monstrable effect on the cell. 

It is often stated that SP actions in the CNS are all quite slow, 
with latencies of a few seconds. If this were so in the retina, any 
participation of SP in shaping rapid retinal light responses could 
be immediately dismissed. However, the claims of slow SP ac- 
tion are based on iontophoretic experiments, and the ionto- 
phoresis of SP is itself a slow, limiting process (Guyenet et al., 
1979). In the present experiments, the perfusion system was 
configured to allow comparison of the latencies of substances 
known to act quickly (e.g., excitatory amino acids) with the 
latency of SP on the same cells. Using such pairwise compari- 
sons, the latencies could be measured to within about 500 msec 
of each other. With this limitation in mind, we could detect no 
difference in latency between the SP excitation and that evoked 
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29 13 Figure 2. SP excitations of an On gan- 
glion cell (A) and an Off cell (B). The 
cell in A responding to a low dose (50 
nM) and the cell in B responding to a 
maximal dose (500 nr$ both show much 
greater increases in spontaneous activ- 
ity than light response as the numbers 
indicate. Scale bar (in A), 100 spikes/ 
sec. 
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Figure 3. SP potentiation of excitatory amino acid excitation. SP even 
at the high concentration 1 PM had no effect on this On-Off direction- 
selective cell. The excitatory amino acid agonist kainate at the low 
concentration of 5 PM also had no effect. When the 2 were combined, 
a substantial excitation resulted, indicating that SP did affect the cell. 
The arrows indicate the direction of movement of the 100 PM slit stim- 
ulus. 

by excitatory amino acids (glutamate or kainate). In contrast, 
using the same methods, the latency of action of another peptide, 
somatostatin (Zalutsky and Miller, 1990) was clearly slower than 
that of conventional transmitters and SP. Thus, we categorically 
reject the notion that SP actions are unavoidably slow in onset. 

SP was applied to more than 240 ganglion cells in this study. 
Since the response of a cell was critically dependent on the 
general status of the retina and upon previous exposure to SP 
(discussed below), Table 1 was compiled from retinas which 
were unquestionably healthy and which had not previously been 
exposed to SP or other peptides. A “healthy” retina was char- 
acterized by large b- and c-waves in the ERG and sharply tuned 
ganglion cell light responses. Table 1 shows the numbers and 
percentages of cells which increased spiking at least 20% to SP 
at the indicated concentrations. Table 1 shows that the per- 
centage of cells responding to SP did not increase as the con- 
centration of the peptide was elevated above 500 nM. Multiple 
concentrations of SP were applied to more than 80 cells in an 
attempt to determine the threshold and maximal doses. Un- 
fortunately, the problems of desensitization, the variability of 
maximal responses among different cells, and the interaction of 

Table 1. Substance P effects on ganglion cells 

Cells excited/ 
Concentration total cells % Excited 
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Figure 4. A, SP inhibitions of brisk ganglion cells in unhealthy retinas 
were blocked by picrotoxin, suggesting the inhibitions resulted from SP 
excitation of GABAergic amacrines. A, Ratemeter records in the ures- 
ence and absence of &rotoxin. B, Extracellular recording from a slug- 
gish On cell showing a SP inhibition. The cell was classified as sluggish 
because it showed neither spontaneous activity nor response to a full- 
field stimulus, responded to only very slowly moving stimuli, and had 
a low maximal light-stimulated spiking rate. 

il PM 22/28 
<500 nM 40149 
(2.50 nM 31/41 
cl25 nM 36/65 

78 direct and indirect effects at the ganglion cell level precluded 
82 any determination of meaningful dose-response curves. (Each 
76 of these issues is discussed further below.) However, in general, 
55 the saturating concentration was clearly below 500 nM in at least 

Numbers and percentages of ganglion cells showing at least a 20% increase in 
spiking to various concentrations of SP. The concentration categories are not 
cumulative; that is, i 15 PM indicates < 1 PM but ~500 PM, the next category. 
Because the response of a cell depends strongly on the health of the retina and on 
previous exposure to SP, this table includes only those cells whose responses were 
not confounded by those variables. of about 25 nM. 

90% of the cells examined and ~250 nM in at least 50% of the 
cells. The threshold concentration was most easily determined 
in cells with significant levels of spontaneous activity; in these 
cells effects of SP were generally first evident at concentrations 
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Figure 5. Extracellular recording from an Off ganglion cell showing SP 
(100 nM) excitations in the presence and absence of the peptidase in- 
hibitor bacitracin (100 PM). The numbers indicate light-evoked and 
spontaneous spikes per stimulus. The stimulus traces indicate 1 set large 
spot stimuli. 

Substance P inhibitions are indirect 

Substance P inhibited some brisk ganglion cells. Such inhibi- 
tions were substantially blocked by low micromolar doses of 
picrotoxin (Fig. 4A). At these concentrations, picrotoxin is de- 
monstrably a specific GABA antagonist in this preparation (i.e., 
blocks GABA but not glycine inhibition). This and evidence 
presented below suggest that the SP inhibitions result from SP 
activation of GABAergic amacrines, which then inhibit ganglion 
cells. Intracellular recordings from amacrine cells (see below) 
are consistent with this possibility. 

Ganglion cell receptivejield types and SP actions 

Ganglion cell receptive field types were classified according to 
criteria based on Caldwell and Daw (1978). Light stimuli in- 
cluded small spots, annuli, full-field dimming, and slits with 
variable orientations, speed, and direction of movement. SP 
excited all brisk ganglion cell types, including On and Off center, 
sustained and transient, large field units, and On-Off direction- 
selective cells. However, even in unquestionably healthy retinas, 
brisk cells of the same receptive field type varied greatly in their 
maximum response to SP. For example, the cell in Figure 1 
which was strongly excited by SP, and the cell in Figure 3, which 
showed no response to the same maximal dose, were both un- 
ambiguously identified as On-Off direction-selective cells. In 
contrast, the responses of cells to conventional transmitter ag- 
onists were much better correlated with receptive field type. For 
example, all On-Off direction-selective cells were strongly ex- 
cited by low doses of cholinergic agonists (as expected from 
Ariel and Daw, 1982). 

A small number of sluggish cells were encountered in this 
study. In vivo experiments have demonstrated that the slower 
conduction velocity of sluggish cells serves to corroborate their 
identification (Caldwell and Daw, 1978; Vaney et al., 198 1). In 
these in vitro experiments, this was not feasible. Three of 10 
apparent sluggish cells were inhibited by SP (e.g., Fig. 4B), 2 
were slightly excited, and the rest showed no apparent response 
to SP. On direction-selective cells have characteristics somewhat 
similar to sluggish cells and are unambiguously identifiable; 
about a third of these were inhibited by SP, and none were 
strongly excited. As discussed above, the inhibitions probably 
reflect SP excitation of GABAergic amacrine cells. The differ- 
ence between brisk and sluggish cell responses to SP may reflect 
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Figure 6. A, Extracellular recordings showing SP excitations during 
cobalt block of synaptic transmission. B, Intracellular recordings from 
an Off ganglion cell before, during, and after SP. Spontaneous spiking 
increased during SP with no apparent depolarization. Note the reduced 
inhibitory input at the arrow. This probably reflects decreased input 
from an inhibitory amacrine cell and reinforces the idea that SP effects 
in the inner retina are very complex; the spikes were attenuated by the 
chart recorder. 

a greater dominance of inhibitory over excitatory inputs in slug- 
gish cells, as suggested by their receptive field properties. 

The sensitivity to SP was approximately equal in all areas of 
the retina, including superior and inferior, center and periphery, 
and within and outside of the visual streak. The distribution of 
SP immunoreactivity among these areas has not been reported 
in the rabbit retina but does vary in some nonmammalian species 
(Brecha et al., 1984). 

Degradation of SP 

In peripheral ganglia, some peptides are degraded slowly enough 
that they can diffuse and act at a considerable distance from the 
sites of release (see Jan and Jan, 1982). There is suggestive 
evidence that this may be so for somatostatin in the rabbit retina 
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Figure 7. A, Intracellular recording from On amacrine cell (probably 
an A-II amacrine) and ratemeter record from simultaneous extracellular 
recording of Off ganglion cell during SP application. SP depolarized the 
amacrine cell by about 10 mV from its resting potential of -74 mV 
and reduced the synaptic noise substantially, suggesting a conductance 
increase. The ganglion cell spontaneous activity was increased with a 
similar time course. B, Intracellular records from an On amacrine (also 
probably an A-II amacrine) cell before, during, and after application of 
250 nM SP. SP depolarized the cell and decreased the amplitude of all 
components of the light response, suggesting a conductance increase. 
The dark resting potential was - 55 mV. 

bacitracin substantially potentiated SP effects at a sufficiently 
low concentration that bacitracin itself had no effect. Since in- 
hibition of peptidases potentiates the effects of applied SP, the 
diffusion of endogenously released SP must also be limited by 
peptidase activity. It is not possible to infer whether SP actions 
are confined to a single synapse, but apparently this peptide 
cannot diffuse as freely as peptides inn the periphery or somato- 
statin in the rabbit retina. 

Sites of SP action 
We studied the sites at which SP acts in the retinal network by 
using cobalt to block synaptic transmission and intracellular 
recordings obtained from ganglion cells and other retinal neu- 
rons. 

SP had clear direct effects on some ganglion cells, observed 
during cobalt block of synaptic transmission. Figure 6A shows 
SP excitation of an extracellularly recorded ganglion cell during 
cobalt block of synaptic transmission. Intracellular recordings 
from ganglion cells sometimes showed a small depolarization 
associated with an increased rate of firing, but in some instances, 
such as that illustrated in Figure 6B, an increase in firing rate 
was detected in the presence of SP without any clear change in 
the dark membrane potential of the cell. In addition, Figure 6B 
illustrates a second, more complex action of SP: In this example, 
SP application reduced the magnitude of an IPSP evoked at 
light off and is indicated by the arrows. This observation points 
to network effects of SP which are presynaptic to the ganglion 
cell or which modulate different types of synaptic receptors at 
the level of the ganglion cell. Intracellular recordings from ama- 
crine cells (Fig. 7) indicate that SP depolarization of amacrine 
cells could contribute to the loss or reduction of amacrine cell- 
mediated responses seen in ganglion cells. 

Some, but not all, amacrine cells were depolarized by SP (17 
of 28), examples of which are illustrated in Figure 7, which 
shows recordings that are probably from A-II amacrines, al- 
though this identification was not unambiguously established 
with cell staining. The depolarizations in amacrine cells were 

(Zalutsky and Miller, 1990). We examined whether degradation generally less than 10 mV, which was substantially less than 
strongly limited SP actions in the retina by comparing the po- that observed when excitatory amino acids were applied to the 
tency of SP in the presence and absence ofthe peptidase inhibitor same cells. The amplitude of both positive- and negative-going 
bacitracin. This inhibitor is not specific for SP degradation, but components of the light responses and of the synaptic noise were 
the concentration dependence of its effect on the degradation of diminished during SP depolarizations (Fig. 7B), suggesting a 
endogenously released SP in mammalian CNS has been well conductance increase mechanism. Unfortunately, attempts to 
described (Mauborgne et al., 1987). Figure 5 illustrates that measure this conductance change directly, with current pulses 

Figure 8. The absence of effect of SP 
U !J u u l. u U Lf U u 

(1 PM) on a horizontal cell. Top truce, 
the maximum response of the cell to 
bright light (dark resting potential, -32 JsPot n n n n n n n n n 
mV). The stimuli below are small spot tl Ll 
and full field. diffuse 
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Figure 9. A, Ratemeter records from an On ganglion cell showing SP 
desensitization. Each upward deflection of the ratemeter indicates the 
On response to a 2 set stimulus at this compressed time scale. Three 
successive applications of SP (2 PM) produced progressively reduced 
excitations. A final application after about 10 min showed the recovery 
of sensitivity to SP. II, Effects of SP desensitization on a direction- 
selective cell. The arrows indicate the directions of movement of a 100 
PM slit of light. The numbers indicate the average numbers of spikes 
per stimulus presentation. A continuous application of SP (1 PM), in- 
dicated by the dark bar, produced an excitation which desensitized. In 
the continued presence of SP, the desensitized cell (lowest trace) was 
still direction selective and showed a small but consistent reduction in 
spiking. 

injected through the intracellular recording pipette, produced 
ambiguous results regarding the conductance change, possibly 
reflecting a more complex mechanism or simply the technical 
difficulties of making such determinations with the high-resis- 
tance electrodes necessary to impale such small cells. 

SP, even at micromolar concentrations, had no apparent effect 
on horizontal cells, as illustrated in Figure 8. SP had only very 
small effects on the b-wave of the ERG: We observed both 
increases and decreases in ERG amplitude. This is consistent 
with the effects of this peptide being restricted to amacrine and 
ganglion cells and probably rules out any strong effect of SP 
action at the level of On bipolar cells. 

Desensitization of SP receptors 

The excitatory actions of SP strongly desensitized. After a single 
application at high concentrations (micromolar), or repeated or 
prolonged applications at more moderate concentrations, the 
response to SP was usually dramatically reduced. Lower con- 
centrations (< 100 nM) did not rapidly desensitize. Figure 9 

Figure 10. Ratemeter records at a compressed time scale showing the 
specificity of SPA in blocking SP. The top row shows that 500 nM SP 
strongly excited the cell and 8 PM SPA blocked this excitation. The 
middle rows show that SPA did not block excitations produced by the 
excitatory amino acid agonist kainic acid (KA) or the cholinergic agonist 
carbachol (CARB). The bottom row shows that SPA alone had no ap- 
parent effect on this cell. The drug applications were spaced widely 
enough to avoid desensitization. 

shows examples of desensitization to repeated doses and a single 
application of a high SP concentration. Cells were still respon- 
sive to other excitatory agents while nonresponsive to SP, sug- 
gesting desensitization of SP receptors as the mechanism. 

The phenomenon of desensitization is useful for inferring the 
role of endogenous SP in retinal function. First, of course, SP 
obviously does not drive any prolonged light responses or re- 
sponses which repeat many times without diminishing. More 
importantly, if receptors are desensitized to applied SP, they 
must also be insensitive to endogenous SP. By comparing the 
light responses of retinal neurons before and after desensitiza- 
tion, the contribution of SP to those responses can be inferred. 

The effects of SP desensitization on ganglion cell light re- 
sponses were carefully monitored in more than 20 cells, and 
more casually examined in many more in the course of other 
experiments. None of the fundamental receptive field properties 
of ganglion cells was changed while a cell was insensitive to SP, 
nor were the relative strengths of center and surround altered. 
Figure 9B shows, for example, the responses of a direction- 
selective cell before and after desensitization to a high concen- 
tration of SP, the arrows indicate the direction of a moving bar 
stimulus. While the overall receptive field character was un- 
changed during SP desensitization, most cells with spontaneous 
discharge showed a decrease (up to 30%) in spontaneous activity 
associated with a smaller fraction of a reduced light response; 
the direction-selective cell in Figure 9B showed a small but 
consistent decrease in light responses, as indicated by the av- 
erage spike numbers. 
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Figure 1 I. Ratemeter and individual light responses showing the effect 
of SPA (10 PM) on an Off ganglion cell. Note that the light response was 
slightly reduced, the spontaneous activity was more strongly decreased, 
and the effect rapidly reversed. 

SP antagonists 
No universally potent and specific SP antagonist is available, 
but a number of analogs have proved useful in different locations 
(Hakanson and Sundler, 1985). Two analogs proved useful as 
antagonists in the rabbit retina: [d-argl, d-pro2, d-trp7,9, leul l] 
SP and [d-argl, d-trp7,9, leul l] SP. The 2 had qualitatively 
identical actions in the rabbit retina, so are both referred to here 
as “SPA.” 

Figure 10 shows ratemeter records demonstrating that SPA 
blocked SP with useful specificity. The first row shows that 8 
PM SPA blocked the excitation produced by a high SP concen- 
tration (500 nM). The next two rows demonstrate that SPA did 
not block excitations produced by excitatory amino acid (here, 
kainic acid) or cholinergic (carbachol) agonists, which are the 
principal known excitatory transmitters in the rabbit retina. The 
final panel shows that SPA alone had no apparent effect on this 
cell’s light responses. Another indication that SPA acted spe- 
cifically was that when SP inhibited cells, SPA also blocked the 
inhibition. 

The lack of effect of SPA on the light responses in Figure 10 
was useful as a confirmation of the antagonist’s specificity. In 
most cases (13 of 18), SPA did have slight effects on light re- 
sponses similar to the effects of desensitization reported above. 
‘That is, SPA did not alter the defining characteristics of a cell’s 
receptive field properties, but did slightly reduce spontaneous 
activity and, to a lesser extent, light responses. Figure 11 shows 
an example of the effects of SPA on an Off ganglion cell. In this 
example, SPA clearly diminished spontaneous firing and di- 
minished, but comparatively less so, the light-evoked activity. 

One ofthe SP antagonists used here, [d-argl, d-pro2, d-trp7,9, 
leu 1 l] SP, has been reported to interact weakly with other pep- 
tide receptors, particularly bombesin, in some systems (Jensen 

et al., 1984). The other antagonist, [d-argl, d-trp7,9, leul l] SP, 
is slightly less potent but reportedly does not interact with these 
peptides. Bombesin does have effects in the rabbit retina (Zalut- 
sky and Miller, unpublished observations), but the effects of 
SPA could not be explained by blocking bombesin. In particular, 
bombesin excitations were slow and long-lasting, while the ef- 
fects of SPA reversed quickly (e.g., Fig. 11). Furthermore, bom- 
besin inhibited some cells which were excited by SP and inhib- 
ited by SPA. Finally, the effects of the 2 antagonists in the rabbit 
retina were qualitatively similar. The possibility that SPA is 
interacting with some unknown peptide cannot be dismissed. 
Nonetheless, whatever else these antagonists did, they clearly 
blocked SP actions, so the conclusion that SP cannot be a major 
drive for the dominant light responses remains valid. Equally 
valid, however, is the idea that tachykinins contribute to the 
excitability, particularly the spontaneous firing of retinal gan- 
glion cells. 

In order to avoid possible nonspecific effects, concentrations 
of SPA greater than 10 PM were not used in our study. These 
concentrations were not always adequate to effectively block SP. 
The ability of SPA to block SP and the specificity of the antag- 
onism were tested before the effects of SPA on light responses 
were examined in each cell. Some of the variability in the po- 
tency of these antagonists probably reflects differential prefer- 
ence for tachykinin receptor subtypes (discussed below). 

Tachykinin receptor subtypes 
SP is a member of the tachykinin family of peptides. At least 3 
tachykinin peptides and at least 3 tachykinin receptor types are 
present in mammalian CNS (see Buck and Burcher, 1986, for 
review), though the situation is not yet certain for the retina. 
SP can bind to all receptor types, but the NK-1 (or P type), 
NK-2 (or K type), and NK-3 (or E type) prefer SP, substance 
K (SK), and eledoisin (ELE), respectively. We therefore com- 
pared the effects of SP, SK, and ELE on rabbit retinal ganglion 
cells. 

SK and ELE excited some ganglion cells at concentrations as 
low as 10 nM. Below 125 nM, SK excited 9 of 15 and ELE 13 
of 18 cells. Each of these tachykinins was dramatically more 
potent than SP in at least some cases. To further investigate 
receptor subtypes, the orders of potency of SP, SK, ELE, and, 
in some cases, SP methyl ester (which is more selective for the 
NK-1 receptor than SP itself) were determined on individual 
cells. Because of desensitization problems and the relatively 
weak maximal effects of tachykinins on many cells, reliable 
orders of potency were difficult to obtain; results were deter- 
mined for 15 cells, focusing mainly on large-field Off units (8) 
and sustained On cells (4). Clear examples in which each of the 
3 peptides was the most potent were observed in this sample. 
There was no apparent association of deduced tachykinin re- 
ceptor subtype with ganglion cell receptive-field type; that is, 
cells with the same receptive field type clearly showed different 
orders of potency. 

In a few cells, cross-desensitization experiments were at- 
tempted. The one clear result from these experiments was that 
sufficient concentrations of SP (500 nM) desensitized responses 
to the other tachykinins (n = 3). Therefore, SP at these concen- 
trations can interact with all receptor types, as expected. 

Other methods will be required to resolve the roles of the 
tachykinin receptor types. However, clearly more than one type 
is operative in the rabbit retina (from the orders of potency); 
SP at sufficient concentrations can interact with all of them 
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(cross-desensitization), so the effects of SP must be interpreted 
accordingly; and the receptor types do not sort according to 
recognized ganglion cell receptive-field types as clearly as do 
conventional transmitters. 

Discussion 

SP at low concentrations excited brisk ganglion cells and de- 
polarized some amacrine cells in the rabbit retina. Picrotoxin 
experiments suggested that GABAergic amacrines were among 
those affected by this peptide. The lack of sensitivity to SP 
among horizontal cells and the absence of effects on the ERG 
suggest that any functional role of endogenous SP is confined 
to the inner retina. In accord with this conclusion, experiments 
with peptidase inhibitors suggest that SP may be degraded too 
quickly to diffuse far from its sites of release, though whether 
its actions are confined to single synapses cannot be determined 
by these methods. 

Desensitization paradigms and antagonist experiments pres- 
ent a consistent picture of the possible functions of endogenous 
SP. The most important conclusion that can be derived from 
the use of SP antagonists, or the act of desensitizing SP receptors, 
is that SP does not provide the drive for the fundamental, de- 
fining characteristics of ganglion cell receptive fields. That is, 
the polarity of the response (i.e., On vs Olf),the sustained or 
transient nature of the discharge, the balance of center and sur- 
round, and the specialized response properties such as direction 
and motion sensitivity and the dimming response of large-field 
units were not substantially changed when cells are profoundly 
desensitized to SP. The same comparisons, however, do reveal 
a quantitative contribution of endogenous SP to the excitability 
of many ganglion cells. In particular, it appears that a portion 
of the spontaneous firing of many ganglion cells and, to a lesser 
extent, a small fraction of the excitatory response to light may 
be modulated directly or indirectly by SP. This result was ob- 
tained with both desensitization experiments and the applica- 
tion of SP antagonists. Thus, a role for SP in inner retinal func- 
tion is strongly supported by our findings. 

Substance P receptor subtypes and variability 

A study of the rank order of potency of the tachykinins SP, ELE, 
and SK demonstrates that more than one tachykinin receptor 
subtype must be present in the rabbit retina. Tachykinin recep- 
tor subtypes do not appear to distribute among ganglion cells 
according to receptive field type. Similarly, the sensitivity to SP 
among cells of the same receptive field type varies much more 
than the sensitivity to conventional transmitters. This supports 
the conclusion from desensitization and antagonist experiments 
that SP does not shape the characteristic receptive field prop- 
erties of ganglion cells. Variability in peptide effects in general 
and SP, in particular (e.g., Jones, 1985), has been commonly 
observed, though not always emphasized. In this study, we have 
established that variability remains even when comparing cells 
of the same receptive field type, in similar retinal positions, in 
unquestionably healthy retinas, under identical lighting condi- 
tions. Just what variable(s) will explain the distribution of SP 
sensitivity and receptor types is obviously crucial for under- 
standing the adaptive function of this peptide. 

Is SP a transmitter of ganglion cells? 

Recent evidence (Brecha et al., 1987) suggests that SP (or per- 
haps some other tachykinin) is found in ganglion cells of the 
rabbit retina and may be utilized by them at their axonal ter- 

minations. If this applies to the more common ganglion cell 
types we have examined in this study, then it is apparent that 
ganglion cells, which may synthesize and utilize tachykinins, are 
also sensitive to this peptide family when acting as a neuro- 
transmitter. The significance of this dual role for SP in ganglion 
cell function awaits further analysis of the ganglion cell subtypes 
which contain SP. For example, if SP is localized to the sluggish 
ganglion cells, then it is possible that these neurons may syn- 
thesize and utilize SP but lack sensitivity to SP as a transmitter. 
Of course, the presence of a transmitter or modulator within a 
cell does not mean that the cell need be insensitive to the same 
agent acting as a neurotransmitter, since we are now quite ad- 
justed to the concept of “autoreceptors” and the regulatory role 
such receptors might play in transmitter function. 

Comparison of SP and somatostatin in the rabbit retina 

Several neuropeptides are present in the rabbit retina (Brecha 
et al., 1984) and several can affect retinal cells at reasonable 
concentrations (Zalutsky and Miller, unpublished observations). 
The actions of 2 peptides, SP and somatostatin (Zalytsky and 
Miller, 1990), have been examined in some detail in the rabbit 
retina, and it is useful to compare their actions. 

Somatostatin apparently can act at multiple levels of the ret- 
inal network, and these actions converge to produce slow-onset, 
long-lasting adjustments of ganglion cell receptive-field prop- 
erties. Consistent with this broad domain of action, experiments 
with a degradation-resistant somatostatin analog suggest so- 
matostatin may be degraded slowly enough that it can act a 
distance from its sites of release. The cellular mechanism of 
somatostatin actions involves a conductance decrease. These 
results together suggest somatostatin might be conveniently clas- 
sified as a paracrine modulator of the retinal network. 

In contrast, SP, as described in the present study, acts exclu- 
sively in the inner retina and more conventionally in terms of 
space, time, and possibly mechanism. However, its role in the 
retinal neurocircuitry may not be so conventional, in that it 
does not shape ganglion cell receptive-field properties per se, 
though it probably does contribute to excitability, in general, 
and to determining levels of spontaneous activity, in particular. 

A better understanding of the function of both SP and so- 
matostatin in the retinal network will require a more detailed 
understanding of the microcircuitry of the rabbit retina and of 
the cellular mechanisms of the peptides’ actions on retinal cells. 
Finally, while both SP and somatostatin may be “first messen- 
gers” in the retina, additional “hormonal” roles, as elsewhere 
demonstrated for these peptides, should not be dismissed. 
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