
klinokinesis or orthokinesis will prevail. 
There is a simple explanation for the 

aberrant behavior of mutant d4-530 
based on a model of membrane potential 
control of chemokinesis (15). A hyper- 
polarization of the wild type in sodium 
acetate relative to NaCl would account 
for a decreased frequency of avoiding re- 
action and an increased velocity in the 
attractant. The decreased frequency of 
avoiding reaction (klinokinesis) domi- 
nates and the animals are attracted. A 
larger hyperpolarization of mutant d4- 
530 in sodium acetate relative to NaCl 
would account for the even greater de- 
crease in frequency of avoiding reaction 
and increase in velocity in sodium ace- 
tate. However, the increase in velocity 
(due to both the increased ciliary beat 
and the decrease in time spent backing in 
the avoiding reaction) dominates and the 
cells are repelled by orthokinesis. Pre- 
liminary experiments show that the wild 
type does hyperpolarize in sodium ace- 
tate and that the mutant hyperpolarizes 
to a greater extent (16). 

The discovery of orthokinesis of mu- 
tant d4-530 has led to other examples of 
repulsion by orthokinesis and to the de- 
velopment of a model for membrane po- 
tential control of chemokinesis (15, 16). 
A mathematical model is needed to de- 
termine the contribution from velocity 
and frequency of avoiding reaction, and 
hence, the dominance of klinokinesis or 
orthokinesis. 
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spatial and temporal gradients that the animals 
experience in the T-maze. Instead of swimming 
in a changing concentration of attractant, the an- 
imals are suddenly transferred from a solution 
without attractant to one with attractant. It is 
not known to what extent the measured veloci- 
ties and frequencies differ from those in the T- 
maze. The measurements are at least qualita- 
tively useful because animals do show strong 
chemokinesis in response to step gradients in a 
modified assay (16), which simulates the rapid 
change of attractant concentration experienced 
in the temporal gradient (che = 0.88 for sodium 
acetate versus NaCl). Animals were incubated 
30 minutes in control solution before transfer to 
control or test solution. C. Kung and E. Gee 
have observed the frequency of avoiding reac- 
tions decrease with time to a basal level (person- 
al communication). Therefore, the measured 
frequency of avoiding reaction in control solu- 
tion may be an underestimate, making the real 
difference in frequency of avoiding reaction in 
NaCl and sodium acetate even greater. The in- 
cubation procedure was used for the following 
reasons: (i) cells had to be washed from culture 
fluid, which is undefined and more variable than 
control buffer; (ii) any solution transferred with 
cells would maintain the concentrations of all 
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implied by these results. 

The amacrine cells of the vertebrate 
retina constitute a class of nerve cells 
which lack axons and have dendrites that 
are both post- and presynaptic. As inter- 
neurons of the inner retina, these cells 
receive input from bipolar cells and, in 
turn, form a feedback synapse onto bipo- 
lar cell terminals; "feed forward" syn- 
apses are formed onto ganglion cells 
and other amacrine cells (1). Electro- 
physiological studies of the mud puppy 
retina have demonstrated that amacrine 
cells are "on-off" in that they respond to 
the onset and termination of a light stim- 
ulus with transient depolarizations (2). In 
addition, both the dendrites and the 
soma of these cells generate tetrodo- 
toxin-sensitive impulse activity (3). 

Miller and Dacheux (4) have demon- 
strated that the amacrine cells are inhib- 
itory to on-off ganglion cells, through a 
chloride-dependent, hyperpolarizing in- 
hibitory postsynaptic potential (IPSP). 
Since the amino acids glycine and y-ami- 
nobutyric acid (GABA) have been impli- 
cated as possible transmitters of ama- 
crine cells (5), we studied the effects of 
these agents as well as their antagonists 
on ganglion cells and amacrine cell re- 
sponses. Our findings suggest that there 
are two populations of amacrine cells, 
one of which releases GABA and the 
other glycine. These cells appear to be 
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chemicals except chloride and acetate in trans- 
fer to test solution; (iii) cells show geotaxis in 
buffer and are easily collected with a minimum 
of solution at the top of tubes with buffer; and 
(iv) variable incubations up to 30 minutes prior 
to chemokinesis assays showed no significant 
change in Iche 
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13. Only tracks that stayed in focus were measured. 
Exposure times were chosen to minimize the 
number of avoiding reactions in the tracks. 
Avoiding reactions decrease the average veloci- 
ty and tend to turn the animals into another 
plane. Therefore, tracks with avoiding reactions 
often go out of focus and are seldom used. 
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about equal in number, but in most cases 
a single on-off ganglion cell receives in- 
put from only one type of amacrine cell. 
A very few cells apparently are influ- 
enced by both types. 

The studies reported here were carried 
out in a perfused mud puppy eyecup 
preparation, which has been previously 
described (4). Intracellular recordings 
were first obtained while perfusing the 
eyecup with a normal Ringer solution. 
After impalement and stabilization of in- 
tracellular recordings, the perfusate was 
changed to a test solution. 

Figure 1 shows recordings obtained 
from three different on-off ganglion cells. 
In most recordings only the excitatory 
postsynaptic potentials (EPSP's) and 
IPSP's are evident, since impulse activi- 
ty was usually abolished by depolariza- 
tion caused by injury from electrode pen- 
etration (4). This recording condition 
usually obscured the EPSP's but en- 
hanced the IPSP's, which are the promi- 
nent responses of the recordings. The 
cell illustrated in Fig. la was exposed to 
strychnine (10-5M) for 90 seconds, 
which enhanced the IPSP's and also 
made the EPSP's more apparent. After 
the exposure to strychnine, a solution 
containing picrotoxin (10-5M) perfused 
the eyecup and completely abolished the 
IPSP's within 2 minutes, leaving on and 
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Amacrine Cells in Necturus Retina: Evidence for Independent 

y-Aminobutyric Acid- and Glycine-Releasing Neurons 

Abstract. About one-half of on-off ganglion cells have inhibitory postsynaptic 
potentials (IPSP's) which are blocked by strychnine, while the remainder have 
IPSP's which are blocked by picrotoxin or bicuculline. These antagonists do not 
abolish light activity of the presynaptic inhibitory neuron, the amacrine cell. The 
existence of separate y-aminobutyric acid- and glycine-releasing amacrine cells is 
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off EPSP's. These results were observed 
without any change in membrane poten- 
tial. 

The cell illustrated in Fig. lb was ex- 
posed to strychnine, which abolished the 
IPSP's within 2 minutes, leaving large- 
amplitude EPSP's. Figure Ic shows a re- 
sponse which was enhanced and pro- 
longed by picrotoxin administration, but 
a 60-second exposure to strychnine com- 
pletely blocked the IPSP's. The decline 
in the EPSP response at 60 seconds in 
Fig. Ic was due to some deterioration of 
the recording. Stable recordings in- 
variably show response enhancement 
from strychnine, picrotoxin, or bicucul- 
line irrespective of whether the antago- 
nist blocked the IPSP's. We have also 
studied the effect of bicuculline (10-5M) 
and found the action of this agent in- 
distinguishable from that of picrotoxin. 
Also, strychnine is an effective blocking 
agent at a concentration of 10-6M. At 
this concentration it seems unlikely that 
strychnine is blocking synaptic actions 
other than those mediated by glycine (6). 

Our interpretation of the findings illus- 
trated in Fig. 1 is that the IPSP's that 
were blocked by strychnine are mediated 
by glycine-releasing amacrine cells, 
while the responses that were blocked by 
picrotoxin or bicuculline depend on 
GABA-releasing amacrine cells (7). That 
amacrine cells may be segregated into 
different populations based on trans- 
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Fig. 1. Light-evoked intracellularly recorded 
responses from three different on-off ganglion 
cells. The responses of individual cells are dis- 
played in vertical columns (a to c). All re- 
sponses were evoked by diffuse light stimula- 
tion at the durations indicated. In all cases, 
the loss of the IPSP was not caused by 
changes in membrane potential, which was 
fairly stable during exposure to antagonists. 
The results are discussed further in the text. 

18 NOVEMBER 1977 

mitter identity is consistent with the re- 
sults of a number of uptake studies with 
labeled glycine and GABA. Uptake of 
tritiated glycine appears largely in ama- 
crine cells in both frog and rabbit, while 
GABA uptake is also found in amacrine 
cells (5). In the frog, GABA uptake has 
also been reported in horizontal cells and 
a few bipolar cells (5). 

In almost all cases, the IPSP's studied 
were sensitive to either strychnine or 
picrotoxin (or bicuculline). Of 43 cells 
studied, three showed some evidence of 
only partial IPSP block with one agent 
and complete block when both were add- 
ed. At least one unit could not be 
blocked by either a glycine or a GABA 
antagonist (8). 

To ascertain that the blocking action 
of the antagonists was localized to the 
ganglion cell and not mediated by sup- 
pression of amacrine cell responses, we 
studied the action of strychnine and pic- 
rotoxin (bicuculline) on amacrine cells. 
Figure 2, a and b, shows intracellular re- 
cordings from amacrine cells. The re- 
sponses of these neurons consist of 
large-amplitude on and off EPSP's asso- 
ciated with impulse activity. Picrotoxin 
and strychnine enhance amacrine cell re- 
sponses. Therefore, the action of these 
agents in blocking IPSP's must be at the 
level of the ganglion cell. One interesting 
difference between the amacrine cell en- 
hancement of picrotoxin compared to 
that of strychnine is that picrotoxin also 
leads to a slowing of the declining phase 
of the on and off IPSP's. This suggests an 
additional role for GABA in modulating 
the wave form of amacrine cells to which 
glycine does not contribute. A similar 
difference between GABA and glycine 
was reported on the proximal negative 
response, a localized response of the in- 
ner retina, thought to reflect amacrine 
cell activity (9). 

Since most ganglion cells appear to re- 
ceive input from a GABA- or a glycine- 
releasing amacrine cell, we wondered 
whether the GABA and glycine recep- 
tors would be selectively distributed 
among the on-off ganglion cell popu- 
lation. The action of GABA and glycine 
on an on-off ganglion cell is illustrated in 
Fig. 2, c and d. In Fig. 2c, the prepara- 
tion was perfused in normal Ringer solu- 
tion. Between light stimuli, a brief cur- 
rent pulse (0.1 x 10-9 amp) was applied 
to the electrode and a bridge device to 
measure changes in input resistance. A 
brief exposure to GABA and glycine hy- 
perpolarized the cell and decreased the 
input resistance (10). One criticism of the 
experiments represented in Fig. 2c is 
that the action of GABA or glycine may 

be mediated by activating neurons that 
are presynaptic to the ganglion cell (11). 
Therefore an on-off ganglion cell was 
made insensitive to light stimulation by 
previous treatment with Co2+ (2 mM), 
which blocks chemically mediated syn- 
aptic transmission (12). Under these con- 
ditions, the application of both GABA 
and glycine resulted in hyperpolarization 
(Fig. 2d), suggesting that these cells have 
both GABA and glycine receptors. This 
latter result was obtained in most of our 
experiments. In a few cells, however, we 
were able to block either the GABA re- 
sponse or the glycine response in Co2+. 
This finding suggests that some cells may 
have only one type of receptor and that 
the action of the other agent probably de- 
pends on activation of a cell presynaptic 
to the ganglion cell. 
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b 

Control Strychnine 10-5M 
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Fig. 2. Intracellularly recorded light-evoked 
responses of amacrine cells are displayed in 
(a) and (b). These responses consist of on and 
offEPSP's with impulse activity. (a) Picrotox- 
in enhanced and prolonged the declining 
phase of on and off EPSP's. (b) Strychnine 
slightly enhanced the EPSP's, but the wave 
form of the responses was less affected than 
with picrotoxin. (c) Intracellular recording 
from an on-off ganglion cell showing light- 
evoked IPSP's. (d) The light-evoked activity 
of an on-off ganglion cell was abolished by 
previous treatment with 2 mM Co2+. The Co2+ 
perfusate was maintained continuously while 
GABA and glycine were added. The action of 
both agents hyperpolarized the cell and result- 
ed in a decrease in input resistance, as in- 
dicated by the more negative current pulse de- 
flection during the action of GABA and gly- 
cine. The bars below the traces indicate the 
duration of a diffuse light flash, and the bars 
above the traces in (c) and (d) show the dura- 
tion of exposure to a test solution containing 
GABA or glycine. The results are discussed 
further in the text. 
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The findings presented in Figs. 1 and 2 
support the idea that, with respect to 
transmitters, two types of amacrine cells 
exist in the mud puppy retina. Each of 
these cells is inhibitory to on-off ganglion 
cells, but it is not certain whether there 
are significant physiological differences 
between the ganglion cells sensitive to 
strychnine and those sensitive to picro- 
toxin (or bicuculline). In the rabbit, intra- 
venous injections of strychnine and pic- 
rotoxin had selective effects on the prop- 
erties of ganglion cell receptive fields. 
Picrotoxin blocked motion selectivity, 
whereas strychnine blocked some fea- 
tures of other types of ganglion cells. 
Wyatt and Daw (13) concluded, as we do 
here, that different glycine- and GABA- 
releasing amacrine cells are required to 
explain these results. 

Since most on-off ganglion cells are 
sensitive to both glycine and GABA, the 
fact that a particular cell is almost entire- 
ly influenced by one or the other implies 
a high degree of spatial separation in the 
operation of the two transmitters. It is 
possible that spatial separation could be 
based on differences in receptor distribu- 
tion between dendrite and soma. Alter- 
natively, isolation of synaptic elements 
by glial processes, aided by glial uptake 
of amino acid transmitters, could serve 
as a spatial buffering mechanism to main- 
tain relative independence in transmitter 
systems. It seems unlikely, however, 
that the spatial separation of GABA and 
glycine action is complete. In all record- 
ings, GABA and glycine antagonists en- 
hanced light-evoked responses regard- 
less of whether the agent abolished the 
IPSP's. Input resistance measure- 
ments show that this enhancement is 
associated with an increase in input re- 
sistance of the cell. It is possible, there- 
fore, that both glycine and GABA are 
released in the dark, and light-evoked 
increases are superimposed on a contin- 
uous low level of transmitter release 
(14). A mechanism that could account 
for this release is suggested by experi- 
ments which demonstrated that ama- 
crine cells are depolarized in the dark by 
an excitatory transmitter released by the 
hyperpolarizing bipolar cell (15). This 
possibility implies a subtle control sys- 
tem which is influenced by states of dark 
and light adaptation and regulates the ef- 
ficiency of synaptic input to the ganglion 
cells. 

ROBERT F. MILLER 
RAMON F. DACHEUX 
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Since most on-off ganglion cells are 
sensitive to both glycine and GABA, the 
fact that a particular cell is almost entire- 
ly influenced by one or the other implies 
a high degree of spatial separation in the 
operation of the two transmitters. It is 
possible that spatial separation could be 
based on differences in receptor distribu- 
tion between dendrite and soma. Alter- 
natively, isolation of synaptic elements 
by glial processes, aided by glial uptake 
of amino acid transmitters, could serve 
as a spatial buffering mechanism to main- 
tain relative independence in transmitter 
systems. It seems unlikely, however, 
that the spatial separation of GABA and 
glycine action is complete. In all record- 
ings, GABA and glycine antagonists en- 
hanced light-evoked responses regard- 
less of whether the agent abolished the 
IPSP's. Input resistance measure- 
ments show that this enhancement is 
associated with an increase in input re- 
sistance of the cell. It is possible, there- 
fore, that both glycine and GABA are 
released in the dark, and light-evoked 
increases are superimposed on a contin- 
uous low level of transmitter release 
(14). A mechanism that could account 
for this release is suggested by experi- 
ments which demonstrated that ama- 
crine cells are depolarized in the dark by 
an excitatory transmitter released by the 
hyperpolarizing bipolar cell (15). This 
possibility implies a subtle control sys- 
tem which is influenced by states of dark 
and light adaptation and regulates the ef- 
ficiency of synaptic input to the ganglion 
cells. 
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anesthetic, which seems to depress later- 
al interactions in the retina. The effects 
of barbiturate anesthesia are very com- 
plex, however, and it is possible that the 
increased dynamic range of the rods was 
due directly to the drug, rather than 
being a result of release from inhibition. 
Other evidence for an inhibitory inter- 
action comes from studies of monkey 
ganglion cell responses (4), but similar 
experiments performed on cats failed to 
reveal anything except a linear summa- 
tion of rod and cone signals (5). Psycho- 
physical studies of rod-cone interaction 
have also yielded equivocal results, with 
some experimenters claiming evidence 
for an inhibitory rod-cone interaction (6) 
and others concluding that the two sys- 
tems act independently of each other (7). 

A nonlinear inhibitory interaction be- 
tween rods and cones in the retina 
should be apparent in ganglion cell re- 
sponses, since the two systems have 
combined at or before this level in the 

SCIENCE, VOL. 198 

anesthetic, which seems to depress later- 
al interactions in the retina. The effects 
of barbiturate anesthesia are very com- 
plex, however, and it is possible that the 
increased dynamic range of the rods was 
due directly to the drug, rather than 
being a result of release from inhibition. 
Other evidence for an inhibitory inter- 
action comes from studies of monkey 
ganglion cell responses (4), but similar 
experiments performed on cats failed to 
reveal anything except a linear summa- 
tion of rod and cone signals (5). Psycho- 
physical studies of rod-cone interaction 
have also yielded equivocal results, with 
some experimenters claiming evidence 
for an inhibitory rod-cone interaction (6) 
and others concluding that the two sys- 
tems act independently of each other (7). 

A nonlinear inhibitory interaction be- 
tween rods and cones in the retina 
should be apparent in ganglion cell re- 
sponses, since the two systems have 
combined at or before this level in the 

SCIENCE, VOL. 198 

Interactions Between Rod and Cone Systems 
in the Goldfish Retina 

Abstract. Signals from both the rod and the cone receptor systems converge upon 
the same retinal ganglion cell, but only one or the other of these systems appears to 
be effective at any particular level of adaptation. In this report we provide evidence 
that the change from one receptor system to the other is not simply due to the two 
systems having nonoverlapping dynamic ranges; rather, there is a distance-depen- 
dent interaction between the two systems. 
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