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ABSTRACT Extracellular ganglion cell recordings in the perfused mudpuppy 
eyecup show that a chloride-free (c-f) perfusate abolishes the center and surround 
excitation of on-center cells, the surround excitation of off-center cells, and the on 
discharge of on-off cells. These changes in ganglion cell receptive field organization 
are anticipated in view of the effects of a c-f environment on the neqrons which are 
presynaptic to the ganglion cells. However, chloride-dependent inhibitory postsyn- 
aptic (IPS) responses have been observed in on-off ganglion cells. These inhibitory 
postsynaptic potentials (IPSP's) are preceded by (EPSP's) excitatory postsynaptic 
potentials and are apparently mediated by amacrine cells. The light-activated 
hyperpolarization of off  cells is not the result of a chloride-dependent IPSP and 
probably results from disfacilitation. 

I N T R O D U C T I O N  

Removing  chloride ions f r o m  the external  e n v i r o n m e n t  of  the ret ina results in 
selective changes  in the retinal ne twork (Miller and  Dacheux,  1973; 1975 a; 1976 
a). In t racel lu lar  r ecord ing  expe r imen t s  in the pe r fused  m u d p u p p y  eyecup  show 
that  the l ight-evoked responses  o f  the depolar iz ing biPolar a n d  horizontal  cell 
are abolished in a chlor ide-f ree  (c-f) m e d i u m .  These  studies d e m o n s t r a t e d  that  
ch lo r ide -dependen t  inhibi tory postsynaptic potential  (IPSP) mechan i sms  are not 
the p r e d o m i n a n t  mode  of  synaptic interact ion between neurona l  e lements  lying 
presynapt ic  to the gangl ion cell. In  the p resen t  study we have examined  the 
effect  o f  a c-f  m e d i u m  on the gangl ion cells themselves  in o r d e r  to evaluate 
possible ch lo r ide -dependen t  mechanisms at this level. In  general ,  intraceUular 
r ecord ing  expe r imen t s  and  models  o f  retinal connect ions based on anatomical  
f indings have suggested that  the main fea tures  o f  gangl ion cell receptive field 
organiza t ion  are d e t e r m i n e d  by neura l  interact ions before  the gangl ion cell 
layer,  and  that  the gangl ion cell summate s  this in tegra ted  activity (Dowling, 
1988; Werblin and  Dowling, 1969). T h e  observat ions o f  this s tudy show that  
while this view may explain the organizat ion o f  on- and  of f -center  cells, on -o f f  
cells have integrative p roper t i es  at the level o f  the gangl ion cell. Chloride-  
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d e p e n d e n t  IPSP genera t ion  has been studied in these cells; these IPSP's are 
probably  media ted  by amacr ine  cells (Werblin and C o p e n h a g e n ,  1974). On the 
o the r  hand ,  the hyperpola r iz ing  response  o f  the o f f  ganglion cell is not a Cl-- 
d e p e n d e n t  response  and  probably  results f r o m  disfacilitation. 

M E T H O D S  

Details of the mudpuppy perfusion technique were outlined in the previous paper (Miller 
and Dacheux, 1976 a). Necturus maculosus were used in all experiments. Intracellular 
recordings were obtained with high resistance, beveled micropipettes while the eyecup 
was initially perfused with normal Ringer. Extracellular recordings were obtained with 
glass insulated tungsten (Levick, 1972) or insl-x coated insect pins (Green, 1958). Ganglion 
ceils were identified by the presence of impulse activity, and classification of cell type was 
based on the response pattern to small spot, diffuse, and annular light stimulation. 
Identification of center-surround organization often required a constant small spot 
illumination while intermittently flashing a concentrically aligned annulus. Unless other- 
wise indicated, the small spot stimulus was 240 txm in diameter and the annulus had an 
inner diameter of 600 #m and an outer diameter of 2 ram. 

Intracellular ion injection was accomplished by passing current through electrodes 
filled with 2 M KCI or 2 M K acetate using a bridge circuit. Illustrations were photograph- 
ically reproduced from the data displayed on a storage oscilloscope (Tektronix 5103, 
Tektronix, Inc., Beaverton, Ore.) or a penwriter (Brush 260, Gould, Inc., Cleveland, 
Ohio). 

R E S U L T S  

Extracellular Ganglion Cell Recording: Transient c-f Effects 

In t racel lu lar  recordings  o f  retinal neurons  show that  the initial effects  o f  a c-f 
pe r fusa te  include a t rans ient  depolar izat ion of  many  cells including some recep- 
tors (Miller and  Dacheux,  1976 a). This  t ransient  depolar izat ion was associated 
with a "silent per iod"  du r ing  which cell responses  were abolished or  small in 
ampl i tude .  Gangl ion cell recordings  show an analogous  sequence o f  events.  
These  t ransient  c-f  changes  were  similar for  each class o f  gangl ion cell. T h e  first 
change  consisted o f  a sudden ,  b r i e f  (10-20 s) increase in impulse  activity unre-  
lated to light s t imulat ion,  beg inn ing  10-20 s a f ter  initiating the c-f  per fusa te .  
Th is  was followed by a per iod  of  10-30 s du r ing  which the cells were  silent and  
would not r e spond  to light s t imulat ion.  In  a few cells we observed  a silent per iod 
which was not p receded  by an excitatory phase.  Af ter  the silent per iod  the 
no rma l  l ight-evoked discharge pa t te rn  was res tored.  On-  and  off -center  cells 
which r e s p o n d e d  with only an on or  o f f  discharge to a diffuse l ight st imulus in 
the control  per fusa te  somet imes  displayed both  on and  o f f  d ischarge soon af ter  
the silent per iod.  T h e  addi t ional  discharge c o m p o n e n t  was always o f  a longer  
latency than the cen te r -med ia ted  discharge.  Dur ing  a per iod  which was highly 
variable (2-21 min), the on activity of  all gangl ion cells displayed an  increasingly 
longer  latency and  was eventually abolished.  Also the o f f  discharge which 
r em a i ned  in a c-f  e n v i r o n m e n t  displayed a longer  latency than  in the control  
pe r fusa te .  Impulses  were usually smaller  in a c-f  e n v i r o n m e n t  than  in the 
control .  On  re tu rn ing  to the control  e n v i r o n m e n t ,  the gangl ion cells which w e r e  
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still responsive to light stimulation showed an early silent per iod.  Recovery to a 
short  latency response required  approximately  the same amoun t  o f  time as that 
required  to see a loss o f  the discharge dur ing  the administrat ion o f  the c-f 
medium.  In  the following section the c-f- induced receptive field changes are 
those observed u n d e r  "steady-state" c-f condit ions and the transient  effects have 
been neglected. 

Extracellular Ganglion Cell Recordings: Steady-State Receptive Field Alterations 

ON CZLLS As the findings in Fig. 1 illustrate, on-center  cells were insensi- 
tive to light stimulation u n d e r  steady-state conditions in a c-f envi ronment .  The  
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FIGURE 1. Summary of steady-state c-f effects on single-unit ganglion cells stud- 
ied in perfused eyecup. Notation on left indicates cell type and diagrams on left 
indicate, by the absence of shading, whether diffuse or small spot stimulation was 
employed (i.e., responses in the upper horizontal row were evoked by diffuse light 
stimulation, whereas those in the second row were evoked by small spot stimulus). 
Left-hand column shows initial discharge pattern in normal perfusate; middle 
column shows steady-state alterations of activity in a c-s environment; right-hand 
column shows reversibility of c-f effects after returning to normal Ringer. On cell: 
Upper trace shows short latency (140 ms) on discharge and single long latency (275 
ms) impulse at off. Lower trace shows sustained on discharge to 240-#m light 
stimulus. Note that the impulses in response to small spot stimulus show progres- 
sive accommodation, followed by recovery as frequency of discharge declines. 
Impulse accommodation is a common observation and readily accounts for differ- 
ences in impulse amplitude in all cells in this figure. Middle column shows lack of 
discharge to diffuse or small spot light stimulation in c-f medium. Reversibility is 
shown in right-hand column. Off cell: Diffuse light stimulus evoked long latency 
(700 ms) on discharge in control (upper trace); small spot stimulus (240/lm) evoked 
off discharge (100 ms); diffuse and small spot stimulus evoked off discharge of 
increased latency (upper trace: 340; lower trace: 300 ms) in c-f. Recovery of normal 
discharge pattern shown in right-hand column. On-off cell: Diffuse light stimulus 
evoked on and off discharge of nearly equal latency in control (on = 140 ms; off -- 
125 ms). On discharge abolished in c-f environment, off discharge longer in latency 
compared to control (265 ms). Recovery of on discharge shown in right-hand 
column. Irradiance: small spot 4.6 x 10 -7 W/cm2; diffuse stimulation, 3.7 x 10 -~ W/ 
c m  2 .  
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loss o f  l ight-evoked activity included both center  and su r ro u n d  excitation. The  
lef t -hand column (upper  two horizontal  rows) of  Fig. 1 illustrates the discharge 
pat tern  o f  an on-center  cell in response to a diffuse (upper  trace) and a 240-~m 
(lower trace) light stimulus. Th e  diffuse light stimulus evoked a short  latency 
(140 ms) on discharge and a single long latency (275 ms) spike af ter  the termina-  
tion o f  the flash. T h e  small spot stimulus evoked a more  sustained discharge 
f rom the cell but  no o f f  discharge was apparent .  Note that the response to the 
small spot stimulus consisted of  progressively smaller spikes suggesting some 
accommodat ion  dur ing  the train o f  impulses. Impulse accommodat ion  was a 
common  finding in m u d p u p p y  recordings and  probably accounts for  the varia- 
tions in spike ampli tude t h roughou t  Fig. 1. T h e  small spot and diffuse light 
stimuli demonst ra te  the cen te r - su r round  organization of  this cell. After  15 rain 
in the c-f env i ronment  (middle column),  the cell was unresponsive to both 
diffuse and small spot light stimulation, regardless of  stimulus intensity. Th e  
r ight-hand column shows the reversibility o f  this effect  observed 11 min after  
r e tu rn ing  to the control  perfusate .  Two of  the 10 cells showed evidence of  
su r round  excitation in response to a diffuse light stimulus. Six cells showed only 
an on discharge to the  diffuse light stimulus, but  an of f  discharge could be 
elicited by flashing the annulus  using steady srhall spot i l lumination of  the 
center .  Thus ,  8 of  the 10 cells were considered to be antagonistically organized 
"on-center"  cells. Two cells did not have an o f f  discharge to e i ther  the diffuse 
stimulus or  the center  adaptat ion plus annulus  technique,  and the re fo re  are 
considered to be "on" cells; the discharge of  these cells was also abolished in a c-f 
medium.  

OFF CELLS All o f f  responding  cells were "off-center"  cells in that an 
antagonistic on discharge could be evoked u n d e r  appropr ia te  stimulus condi- 
tions; each cell remained  responsive to light o f f  in a c-f med ium,  but  the 
su r round  excitation was abolished by this p rocedure .  Fig. 1 ( third and four th  
horizontal  rows) illustrates an of f  cell which re sponded  with a long latency (700 
ms) sustained discharge at the onset o f  a diffuse light stimulus and a short  
latency o f f  discharge (100 ms) at light off.  Af ter  6 min in a c-f env i ronment ,  the 
cell r e sponded  only at light o f f  to both the diffuse and small spot stimulus. Th e  
latency o f  the o f f  discharge was more  than tr ipled in the c-f med ium (340 ms, 
u p p e r  trace; 300 ms, lower trace). T h e  r ight-hand column shows the reversibility 
o f  this effect  observed 4 min af ter  re tu rn ing  to the control  Ringer .  The  off- 
center  cell of  Fig. 1 was exceptional because in most off-center  cells, su r round  
excitation requi red  flashing an annulus  while adapt ing the center  with steady 
small spot i l lumination. In all cases the on discharge evoked by this me thod  had 
a longer  latency than the o f f  discharge. 

In addit ion to the increased latency o f  the o f f  discharge, changes in "summa- 
tion time" were observed in a c-f env i ronment .  For  example,  if a 0.5-s stimulus 
evoked an o f f  discharge in the control  Ringer,  it was sometimes necessary to use 
a 1-s stimulus to evoke an o f f  discharge in the c-f medium.  Also, a light stimulus 
which would evoke an o f f  discharge on one occasion would sometimes not evoke 
an o f f  discharge when presen ted  5 s later. T h e  latter effect  seemed to result 
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from periodic fluctuations in the excitability of  the cell, probably related to the 
c-f-induced spontaneous ganglion cell activity described below. 

ON-OPT CZLLS The  on discharge of  on-off  cells was lost in a c-f environ- 
ment whereas the off  discharge remained. The lowest horizontal row of  Fig. 1 
shows the response of  an on-off  cell to a diffuse light stimulus. On-off  cells were 
characterized by on (140 ms, Fig. 1, lowest trace, left-hand response) and off  (125 
ms) activity of nearly equal latency to both small and large spot light stimulation. 
After 7 min in a c-f environment,  the on discharge was absent but the off  
discharge remained though an increased latency was observed (265 ms). Six of  
the on-off  cells were tested for motion selectivity with a forward-backward 
moving slit rotated through 360 ° , but none showed motion-selective properties. 

In  summary, light-sensitive ganglion cell activity in a c-f medium under 
steady-state conditions is restricted to the center-mediated discharge of off  cells 
and the off  discharge component  of  on-off  cells. The  off  responses were of 
longer latency than the latency values observed in the control environment.  

SPONTANEOUS ACTIVITY Most ganglion cells were not spontaneously active 
in the control Ringer, but developed some degree of  spontaneous (dark) activity 
in the c-f environment.  Spontaneous activity was observed in off  and on-off  cells; 
the on cells were silent in a c-f environment,  though these cells sometimes 
developed spontaneous activity before termination of  light-evoked discharge. 
The spontaneous activity had several different  patterns. One pattern consisted 
of  bursts of impulses which reoccurred every 1-3 s; each burst consisted of one to 
five impulses. Another type of  spontaneous activity consisted of a periodic 
increase in discharge lasting a few seconds, followed by a period during which 
no spontaneous activity was evident. A third phenomenon included spreading 
depression. The termination of long-duration light stimuli (10 s or more) was 
associated with a high frequency burst of  impulse activity; during this burst, 
successive impulses were progressively smaller until discharge ceased. This was 
followed by a period of  30 s to 4 min during which ganglion cells did not respond 
to light stimulation. Recovery of light-evoked and spontaneous impulse activity 
began with small amplitude impulses, followed by progressively larger spikes. 
Intracellular recordings from Miiller cells, ganglion cells, amacrine cells, and 
hyperpolarizing bipolars have shown that all of  these cells are depolarized 
during spreading depression episodes; the depolarization of  Miiller cells is 
especially large. These observations will be presented in more detail in a future 
communication: a "c-f retina" offers a promising experimental preparation for 
fur ther  studies of spreading depression. 

I N T R A C E L L U L A R  G A N G L I O N  C E L L  R E C O R D I N G S  Intracellularly recorded re- 
sponses of three different ganglion cell types are illustrated in Fig. 2. Recordings 
of  the upper  row were obtained from an on-off  cell in response to a diffuse light 
stimulus (left trace), followed 5 s later by an annulus, followed again by a diffuse 
light stimulus (right-hand recording). Diffuse stimulation evoked on and off  
impulse activity followed by an on and off  transient hyperpolarization (arrows). 
The annulus flash evoked a small excitatory postsynaptic potential (EPSP) at off  
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but  the transient hyperpolar iz ing on-of f  responses are the p rominen t  feature o f  
this recording.  This observation suggests that the hyperpolar iz ing mechanism 
has a larger receptive field than the depolarizing excitatory mechanism. Re- 
sponses recorded  f rom an on-center  (lower row, left trace) and an off-center  
(right trace) cell were elicited by diffuse light stimuli which did not evoke 
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F1OURE 2. Intracellular recordings from three different ganglion cell types. Up- 
per traces show response of on-off ganglion cell to diffuse light stimulus (left 
recording), followed by annulus (middle response), followed by second diffuse light 
stimulus (right trace). Diffuse light stimulus evoked on and off impulse activity 
followed by on and off hyperpolarizing transient responses (arrows). Annulus 
evoked on and off hyperpolarizations with small off EPSP, but no impulse activity. 
Lower traces show on-center and off-center cells in response to diffuse light 
stimulus which did not evoke surround excitation. Note that on and off hyperpo- 
larizations are not observed in on- and off-center cells. All traces are photographic 
reproductions of responses recorded on penwriter which caused some attenuation 
of impulse activity. Stimulus irradiance equal for all stimuli: 3.7 × I0 -* W/cm ~. 

antagonistic su r round  excitation. On and off  hyperpolarizations are not evident 
in on- and off-center cells. The  hyperpolar iz ing responses of  on-of f  cells have 
the appearance  of  IPSP's and we have examined the possibility that these 
responses,  like the IPSP's of  other  neurons  (Coombs et al., 1955) are dependen t  
on chloride. 

In  the m u d p u p p y ,  both on-of f  ganglion cells and amacrine cells respond 
similarly: Light stimulation results in on and of f  PSP's and both cell types 
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genera te  ~mpulse activity (Werblin and  Dowling, 1969). A quest ion is thus 
p resen ted  as to how one dif ferent ia tes  o n - o f f  gangl ion cell record ings  f r o m  
amacr ine  cell recordings .  We have s tudied this p rob lem extensively,  using 
an t id romic  optic nerve s t imula t ion  to assist in cell identification.  Some o f  these 
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FIGURE 3. Trace a shows on-off ganglion cell recording obtained immediately 
after cell penetration. Injury depolarization is associated with constant impulse 
activity. Large negative deflection after onset of first light stimulus (dark bar) due 
to readjustment of amplifier offset. A one-half gain change introduced to permit 
display of response without further offset adjustment. As impulse activity becomes 
smaller, light stimuli evokes on and off EPSP (a small spike component may be 
associated with the EPSP response) IPSP sequence. Fig. 3 b shows intraceilular 
amacrine cell response to a diffuse light stimulus. Large and small amplitude spikes 
are associated with a large amplitude on and off EPS response. Fig. 3 c shows 
amacrine cell recording at fast time base to facilitate resolution of amacrine cell 
response components. Initial amacrine cell response consists of slow rising EPSP 
followed by fast prepotential (FPP). Notch of FPP is followed by large amplitude 
spike and several smaller spikes. (d) Intracellular ganglion cell recording. Sponta- 
neous activity due to slight injury depolarization. Depolarizing current injection 
gives relatively sustained level of  impt~lse activity. (e) Depolarizing current injection 
in amacrine cells evokes single large amplitude spike; small amplitude spike is also 
apparent (arrow). Or) Depolarized on-off ganglion cell shows on-off hyperpolariz- 
ing response. (g) Depolarized amacrine cell shows on-off depolarizing responses. 
Traces a, d, e, f ,  and g are photographic reproductions of penwriter recordings. 
Traces b and c were photographed from storage screen oscilloscope. Diffuse light 
stimuli used throughout. Irradiance: 3.7 × 10 -~ W/cm ~. 

data  have been publ i shed  (Miller and  Dacheux,  1976 c). In  the vast majori ty o f  
recordings  the distinction between the two cell types is not difficult  and  identifi- 
cation can be made  on  the basis of  impulse  activity or  PS response  pa t t e rn .  

Fig. 3 illustrates the d i f ferent ia t ing  fea tures  observed in o n - o f f  gangl ion cells 
and  amacr ine  cells. I t  is a c o m m o n  exper ience  in record ing  f r o m  both cell types 
that  the responses  obse rved  jus t  a f ter  cell pene t ra t ion  are associated with im- 
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pulse activity. However, these units often depolarize rapidly and the impulse 
mechanism is inactivated leaving PS responses. Trace a of Fig. 3 shows a 
depolarizing on-off ganglion recorded immediately after penetration. During 
the initial period of penetration-induced injury depolarization, a relatively 
constant level of impulse activity is evident, and light stimuli elicit early excita- 
tion, followed by hyperpolarizing responses at light on and off. The large 
negative deflection observed after the onset of the first light stimulus represents 
a readjustment of the offset control. A one-half gain change was introduced to 
permit recording of the entire sequence without further adjustment. At the time 
the recording reached a relatively steady level, the response consisted of on and 
off EPSP responses (plus perhaps a small spike) followed by transient on and off  
hyperpolarizing responses; the hyperpolarizing responses are larger during the 
later segments of the recording. These on-off cells are easily activated by 
antidromic optic nerve stimulation. 

Amacrine cells show two different types of impulse activity (Miller and Dach- 
eux, 1976 c). Trace b of Fig. 3 shows an amacrine cell response evoked by a 
diffuse light stimulus. A large on and off EPSP is associated with both large and 
small amplitude spikes. Trace c, displayed at a faster time scale, shows the large 
and small amplitude spikes more clearly. The earliest amacrine cell response 
consists of a slow rising EPSP, followed by a fast prepotential (FPP). A large 
spike arises just after the peak of the FPP, and is followed by several small spikes. 
Most often, the large spike arises directly from the peak of the FPP. FPP's have 
previously been described (Spencer and Kandel, 1961); they are considered to be 
spikes of dendritic origin, low in amplitude at the level of the soma because of 
electrotonic decay between the site of generation and the cell body. Our analysis 
suggests that the small spikes and FPP are identical and are generated by the 
amacrine dendrites, whereas the large spikes are probably of somatic origin. 
Thus, amacrine cells generate two different types of impulses but only a single 
class of impulses are observed in ganglion cell recordings. 

A second difference between amacrine cell somatic spikes and ganglion cell 
spikes is that the latter, especially those of 50 mV or more, show an initial 
segment-soma dendritic (IS-SD) break (Eccles, 1957). However, somatic spikes 
of amacrine cells with or without FPP's do not show evidence of an IS-SD break, 
consistent with the axonless morphology of these cells. A further difference 
between amacrine cells and ganglion cells relates to accommodation. Intracellu- 
lar depolarizing current injection of ganglion cells (trace d) results in a relatively 
sustained level of impulse activity (an early phase of high frequency activity is 
apparent). This is true for on, off, and on-off cells. It is possible that some 
differences in accommodation exist between these ganglion cell types, but in all 
ganglion cell recordings, it is possible to evoke sustained impulse activity within a 
range of depolarizing current injection. On the other hand, current injection in 
amacrine cells (trace e) gives rise to a single somatic spike (a dendritic spike was 
also evoked at arrow), consistent with the idea that the somatic spike is rapidly 
accommodated, and in this respect resembles the accommodation level de- 
scribed in squid axon (Hodgkin, 1964). This difference readily accounts for our 
observation that injury depolarization of ganglion cells is initially accompanied 
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by a constant  impulse  d ischarge ,  whereas  injury depolar izat ion o f  amacr ine  cells 
is not.  This  distinction does  not  apply  to the dendri t ic  spikes o f  amacr ine  cells 
which do not  rapidly  accommoda te .  Once  gangl ion cells and  amacr ine  cells 
depolar ize  to some level, the on -o f f  gangl ion cell consists o f  an EPSP-IPSP 
sequence ,  whereas  the amacr ine  cell consists o f  EPSP's (Fig. 3 g). Fur the r  
depolar iza t ion  o f  o n - o f f  gangl ion cells o f ten  obscures  the initial EPS response  
leaving an on and  o f f  IPSP (Fig. 3 f ) .  In  fact this seems to be the common ly  
encoun te r ed  state o f  an on -o f f  gangl ion cell impa led  by a micropipe t te  in the 
pe r fused  eyecup  p repa ra t i on .  T h u s  in a comparab le  state o f  depolar izat ion,  in 
which impulse -genera t ing  mechanisms  are inactivated, the amacr ine  cell re- 
sponse  consists o f  on and  o f f  EPSP's with no obvious IPSP componen t s .  An 
addi t ional  d i f fe rence  be tween the two cell types relates to the EPSP ampl i tude .  
Amacr ine  cells genera te  "giant"  EPSP's with a range  o f  4-30 mV;  the EPSP's of  
o n - o f f  gangl ion cells rare ly  exceed  5 mV.  

Fig. 4 a shows the EPSP-IPSP sequence o f  an on -o f f  gangl ion cell in the 
absence o f  impulse  activity. Fig. 4 b shows the on and  o f f  IPSP observed  af ter  
f u r t he r  depolar iza t ion has obscured  the EPSP. In  this response ,  the change in 
br idge  balance was m o n i t o r e d  while passing an in te rmi t ten t  + cu r r en t  t h rough  
the record ing  electrode.  An increased negative deflection shows that  the IPSP's 
were associated with an increased conductance .  Nea r  the end  of  the trace a 
persis tence in the br idge  imbalance may indicate a p r o l o n g e d  conductance  
change ,  or  a p e r m a n e n t  change  in e lect rode resistance; the lat ter  p rob l em is 
c o m m o n l y  encoun te r ed  with high resistance electrodes.  

200n~ 

500ms 

FIGURE 4. Trace a shows intracellular recording from on-off ganglion cell after 
injury depolarization inactivated the impulse-generating mechanism. On and off 
EPSP's are followed by transient on and off IPSP's. On and off EPSP responses 
nearly equal in latency (on = 200 ms; off = 186 ms). Trace b shows change in bridge 
balance during IPSP. Electrode positive current (0.5 x 10 -° A) passed intermit- 
tently; appearance of downward deflection during IPSP indicates conductance 
increase at on and off. Persistent bridge imbalance at end of trace may represent 
prolonged conductance change or change in electrode resistance. Diffuse light 
stimulation for both traces. Irradiance: 4.6 x 10 -7 W/cm ~. 
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In cat spinal cord,  Coombs et al. (1955) used intracellular ion injections to 
show that IPSP's in mo toneu rons  result f rom an increased chloride conductance.  
Fig. 5 shows on and o f f  IPSP's inverted to depolarizing responses dur ing  a 
cur ren t  injection of  1 x 10 -9 A (electrode negative) passed th rough  a KCl-filled 
electrode.  This cu r ren t  injection was maintained for  30 s, af ter  which the 
response remained permanent ly  inverted for  more  than 100 s, at which time the 
recording was lost. Chlor ide  injection studies were carried out  in 17 cells using 
- 1  x 10 -9 A for 30 s for  each cell. Eleven recordings were lost between 22 and 
300 s af ter  the injection; each recording showed positive on and o f f  responses 
dur ing  this period.  Six recordings showed recovery to hyperpolar iz ing re- 
sponses between 45 and 110 s af ter  cur ren t  injection. A much d i f fe ren t  result  was 
obtained if the injections were carried out  using K acetate-filled micropipettes.  
Fig. 6 shows a decreased on-of f  IPSP ampl i tude  dur ing  a cu r ren t  injection of  
- 0 . 5  x 10 -9 A (second trace) and 0.75 x 10 -~ A (third trace) passed th rough  an 
electrode filled with 2 M K acetate. The  cur ren t  was increased to 1.0 x 10 -9 A 
(four th  trace) which inver ted the response to a depolarizat ion;  this level of  
cu r ren t  remained on  for  30 s af ter  which IPSP recovery was observed.  At 5 s the 
IPSP ampli tude was about  0.94 control  ampl i tude,  and at 10 s the IPSP was 
larger  than the control  response.  Eleven cells were studied with K acetate 
injection. Nine cells recovered  to preinjection ampli tudes within 10 s and four  of  
these cells showed a recovery to greater  than control  ampl i tude.  Two cells 
showed rapid recovery to IPSP ampli tudes which were smaller than control  
values and both recordings quickly de ter iora ted .  Responses which were larger 
than preinjection controls could result f rom fu r the r  e n h a n c e m e n t  by injury 
depolarizat ion or a reduct ion in intracellular chloride f rom the negative cur ren t  
injection (Coombs et al., 1955). 

T h e  behavior  o f  IPSP's to intracellular chloride injections suggests that chlo- 
ride plays a role in IPSP generat ion.  Unequivocal  evidence for  this has been 
obta ined f rom the behavior  o f  IPSP's dur ing  perfusion with a c-f medium.  
Intracellular  recording exper iments  and ganglion cell studies show a c-f envi- 
r o n m e n t  results in a loss of  on ganglion cell activity because of  selective changes 
within the retinal network (Miller and Dacheux,  1973, 1975 a). In the mud-  
puppy ,  the loss o f  the on discharge required  prolonged exposure  (3-21 min) to a 
c-f envi ronment ;  dur ing  the early per iod of  a c-f perfusate ,  a t ransient  silent 
per iod  was often seen, af ter  which the retinal network as indicated by ganglion 
cell discharge was essentially normal .  It was dur ing  the early c-f per iod  that the 
recordings illustrated in Fig. 7 were obtained.  Th e  left-hand section o f  Fig. 7 
shows an on-o f f  IPSP evoked by a diffuse light stimulus in a normal  Ringer 
medium.  T h e  middle section was r eco rded  30 s af ter  in t roducing a c-f perfusate  
and shows reversal of  on and of f  IPSP's accompanied by a slight (less than 2 mV) 
depolarizat ion of  the ganglion cell. T h e  inver ted IPSP's cont inue to increase in 
ampl i tude  dur ing  the c-f exposure .  Forty seconds af ter  r e tu rn ing  to the normal  
Ringer ,  the responses were reversed to hyperpolarizat ions accompanied  by a 
hyperpolar iza t ion of  the ganglion cell. T h e  initial on-of f  responses of  the right- 
hand  section show biphasic IPSP's which begin with a depolarizat ion followed by 
a hyperpolar izat ion.  This  observation suggests that the env i ronment  sur round-  
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FIGURE 5. Intracellular chloride injection study of hyperpolarizing response of 
on-off ganglion cells. Control recording shows on and off EPSP responses followed 
by on and off hyperpolarizations. A partial spike is probably associated with the on 
EPSP. Current  injection of 1 x 10 -g A (electrode negative) through KCl electrode 
inverted hyperpolarizing response to depolarization dur ing  period of current  
injection. Current  injection maintained for 30 s. Lower responses show a perma- 
nent  inversion of hyperpolarizing responses for 100 s after cessation of current .  
Photographic reproductions of penwriter recordings. Diffuse irradiance: 3.7 x 10 -7 
W/cm 2. 
FIGURE 6. Intracellular acetate injection into on-off ganglion ceil. 0.5 x I0 -~ A 

(electrode negative) applied to recording electrode filled with 2 M K acetate after 
balancing bridge. Note reduced IPSP amplitude compared to control. Increase in 
current  to 0.75 x 10 -9 A caused further reduction in IPSP responses. 1.0 x 10 -a A 
inverted responses to depolarizations. Latter current  level maintained for 30 s after 
which recovery followed by diffuse light stimuli at a rate of 1/5 s. At 5 s after current  
off, IPSP recovered to 0.94 of control; at 10 s IPSP was increased by 1.20 over 
control. Increased IPSP could be due to additional injury depolarization or second- 
ary to reduced intracellular chloride concentration caused from negative current  
injection. Diffuse irradiance: 4.6 x 10 -~ W/cmL 

ing  some  o f  the i nh ib i t o ry  synapses  e x p e r i e n c e d  the  inc reased  e x t e r n a l  ch lo r ide  
be fo re  o thers .  Since the  b iphas ic  r e sponse  p a t t e r n  was obse rved  in  bo th  on  a n d  

o f f  r e sponses ,  it suggests  tha t  o n  a n d  o f f  IPSP 's  may  share  a s imi la r  m o r p h o l o g i -  
cal d i s t r i b u t i o n ,  a n d  conce ivab ly  bo th  o n  a n d  o f f  IPSP's  are m e d i a t e d  t h r o u g h  a 
c o m m o n  cell. T h e  reversa l  o f  the  IPSP's  in  a c-f  e n v i r o n m e n t  is e x p l a i n e d  by a 
r a p i d  decrease  in  e x t e r n a l  ch lo r ide  such tha t  an  increase  in ch lo r ide  pe rmeab i l i t y  
at the  g a n g l i o n  cell level caused  a ne t  o u t w a r d  m o v e m e n t  o f  ch lo r ide  ions  
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(Kerku t  and  T h o m a s ,  1964; Motokizawa et al., 1969). A re tu rn  to the control  
e n v i r o n m e n t  reestablished the original chloride gradient  such that  an increased 
chlor ide permeabi l i ty  resul ted in a net inward m o v e m e n t  o f  chlor ide ions. T h e  
smaller  ampl i tude  IPSP's observed  af ter  r e tu rn ing  to the control  Ringer  may be 
the result  o f  a hype rpo la r i i a t ion  (approx imate ly  2 mV) o f  the gangl ion cell 
m e m b r a n e  potential .  Th i r ty -e igh t  IPSP's were examined  in this way: 36 inver ted 
to depolar iza t ion responses  and  2 d i sappea red  as the cell was marked ly  hype rpo-  
larized. 

T h e  s tudy il lustrated in Fig. 7 shows the IPSP's dur ing  a br ie f  exposu re  to the 
c-f m e d i u m .  Al though chloride would tend  to leak out  o f  the cell u n d e r  c-f 
condit ions,  the c-f exposu re  was too br ie f  to result  in a significant loss of  
intracel lular  chloride ions. We have main ta ined  intracellular  recordings  f r o m  
four  IPSP units for  more  than  20 min and  have observed the following sequence 

4"5 7 
3 0 s  . 

-I 

FIGURE 7. Effects of a brief exposure to c-f medium on IPSP responses of on-off 
ganglion cell. Left-hand section shows responses to diffuse light stimulation in 
control Ringer. Middle section shows reversal of  IPSP's to depolarizing responses 
about 30 s after initiating a c-f medium. Note that the membrane potential had been 
depolarized by about 3 mV. Right-hand section shows repolarization of ganglion 
cell and reinversion of responses to hyperpolarizations. Initial two reponses in 
right-hand section show transition with initial depolarizing responses followed by 
hyperpolarizing transients. This observation suggests that some synaptic regions 
experienced an increase in external chloride before others. Equal waveforms of on 
and off responses in transition records suggest on and off IPSP's are generated at 
similar locations and possibly by same cellular input. Diffuse irradiance: 4.6 x 10 -7 
W/cm ~. 

o f  events.  T h e  first change  like that  i l lustrated in Fig. 7 is an inversion of  the 
IPSP.  This  is followed a few minutes  later (3 to 6 min) with a loss of  the on 
response  which we have a t t r ibuted to a loss of  the input  at l ight on.  Fur the r  
exposu re  to a c-f e n v i r o n m e n t ,  however ,  results in a g radua l  loss of  the o f f  IPSP. 
This  may have been due  to a loss of  chloride f r o m  the cell since the probable  
input  for  this response  (off  response  of  amacr ine  cells) is not  abolished in a c-f  
pe r fusa te  (Miller and  Dacheux,  1976 a). Th is  observat ion suggests that  ions 
o the r  than chloride may make  only a small contr ibut ion to the IPSP (Takeuchi  
and  Takeuch i ,  1967). 

T h e  response  characterist ics o f  the o n - o f f  IPSP favor  the view that  this 
mechan i sm is med ia ted  by amacr ine  cells. O n - o f f  amacr ine  cells and  the on-o f f  
IPSP's  have on latencies which are nearly equal  to the o f f  latencies and  genera te  
on -o f f  responses  to small spot,  diffuse,  or  annu la r  light s t imulat ion,  p rovided  
the inner  d iamete r  is o f  p r o p e r  adjus tment .  Nei ther  the amacr ine  cells nor  the 
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IPSP's show evidence of  antagonistic cen te r - su r round  organizat ion.  Fig. 8 shows 
an IPSP inverted to a depolar iz ing response in the c-f env i ronmen t  co m p a red  to 
an intracellularly r e co rded  amacrine cell (no impulse activity apparent) ;  both 
responses  show impressively similar waveforms.  Also we will show in a fu ture  
communica t ion  that the IPSP's o f  on-of f  ganglion cells often shows fast and slow 
components ;  the fast componen t s  may reflect  synaptically media ted  dendri t ic  
spike activity o f  the amacr ine  cell. 

A second type of  light-activated hyperpolar iza t ion is that associated with o f f  

IPSP 
CONTROL 

2rnV L 

AMACRINE CELL 
CONTROL . . , , .  

SmV L 
Is  

FIGURE 8. Comparison of inverted IPSP response in early c-f environment with 
intracellularly recorded amacrine cell response. Upper trace shows IPSP of on-off 
ganglion cell in control Ringer. Middle trace shows inverted IPSP 30 s after 
initiating c-f medium. Lower trace shows intracellular recording from cell for 
comparison. Diffuse irradiance: 4.6 x 10 .7 W/cmL 

ganglion cells. These  cells are distinguished f rom on-of f  cells, because only o f f  
discharge is usually observed in response to diffuse light st imulation but  also 
there  is a sustained hyperpolar iz ing  co m p o n en t  to the response.  Without im- 
pulse activity these cells look similar to hyperpolar iz ing bipolars.  Th u s  to be 
identif ied as an of f  ganglion cell we requi red  the presence o f  impulse activity; 
however ,  this impulse activity was often t empora ry  and rapidly inactivated 
before  pe rmanen t  penwri te r  recordings were obtained.  Nine o f f  ganglion cells 
have been studied and each cell was similar to that shown in Fig. 9. Fig. 9, left- 
hand  section, shows an o f f  ganglion cell in response to a diffuse light stimulus. 
T h e  traces to the right were obtained f rom a d i f ferent  o f f  cell af ter  impulse 
activity was inactivated f rom injury depolarizat ion.  Within 10 s af ter  initiating a 
c-f env i ronment ,  the ganglion cell was initially hyperpolar ized  and  then slowly 
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depolar ized to a net depolar iza t ion o f  about  1 inV. T h e  depolar iza t ion  is not 
shown but  the trace is displaced according  to the observed change  in potential .  
Re tu rn ing  to the control  e n v i r o n m e n t  resul ted in a slight depolar iza t ion and  a 
decreased  response  ampl i tude ,  probably  due  to fu r the r  injury depolar izat ion.  In 
contras t  to the IPSP mechan i sm of  on -o f f  gangl ion cells, the hyperpolar iza t ion  
of  o f f  cells is not due to C l - - d e p e n d e n t  IPSP since reversal  to a depolar iz ing 
response  did not  occur.  This  observat ion suggests that  ano the r  mechan i sm must  
be responsible  for  the hyperpola r iz ing  responses  o f  o f f  gangl ion cells. One  
possibility is that  a t ransmi t te r  released du r ing  light s t imulat ion results in an 
increased permeabi l i ty  to K +. This  mechan i sm has been d e m o n s t r a t e d  for  
hyperpola r iz ing  responses  of  the snail (Gerschenfe ld  and  Chiarandini ,  1965) and 
Onchidium ( O o m u r a  et al., 1965). I t  also appea r s  to be the mechan i sm o f  Ach 
inhibition in the hear t  (Castillo and  Katz, 1955; Trau twe in  et al., 1956). In  the 
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FIGURE 9. lntracellularly recorded response of off-center ganglion cell. Response 
on left shows light-evoked hyperpolarization followed by impulse activity at light 
off. Remainder of trace recorded from a second off cell after impulse mechanism 
was inactivated by injury depolarization. C-f medium caused initial hyperpolariza- 
tion followed by depolarization of cell. (Depolarization phase not illustrated.) No 
reversal of light-evoked hyperpolarization occurred during exposure to c-f me- 
dium, though response was reduced in amplitude. Return to normal Ringer 
resulted in further depolarization with no change in light-evoked response ampli- 
tude. Diffuse irradiance: 4.6 x 10 -~ W/cm 2. 

previous  study (Miller and  Dacheux,  1976 a)  we showed that  the o f f  cells must  be 
subserved  by the hyperpo la r iz ing  bipolar .  Also the appl icat ion of  synaptic 
blocking agents  leads to a hyperpolar iza t ion  of  hyperpolar iz ing  bipolars  (Dach- 
eux and  Miller, 1976) suggest ing that  a dark- re leased  recep tor  t ransmi t te r  has a 
depolar iz ing action on this cell. T h u s  a second possibility is that  a depolar iz ing 
t ransmi t te r  is released by the bipolar  in the da rk  and  that  light s t imulat ion causes 
a disfacilitation. We do not have s t rong evidence to decide be tween these two 
possibilities. However ,  it is common ly  observed  that  injury depolar iza t ion pro-  
gressively decreases the response  ampl i tude  of  the o f f  cell hyperpolar iza t ion .  I f  
the K + mechanism is the basis o f  this hyperpolar iza t ion ,  one might  expect  to see 
an increased hyperpolar iza t ion  for  the same reason that a depolar izat ion in- 
creases the ampl i tude  o f  IPSP's in on -o f f  cells. However ,  a decrease in the 
hyperpola r iz ing  response ,  associated with gangl ion cell depolar izat ion,  is con- 
sistent with the disfacilitatory mechanism since the soma-dendr i t ic  tree would be 
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depolarized to a level closer to the dark-mediated EPSP mechanism. This 
argument  favors the disfacilitatory mechanism, but it is not conclusively estab- 
lished. 

D I S C U S S I O N  

The  absence of  any on ganglion cell activity in a c-f environment reflects selective 
reversible changes in receptive field properties of  the on, off, and on-off  cells. 
The  on cells became insensitive to light stimulation; surround excitation of off- 
center cells was abolished and the on component  of the on-off  cells was chloride 
sensitive. These findings are identical to those described in the rabbit retina 
(Miller and Dacheux, 1973; Miller and Dacheux, 1975 a),  and thus two different 
vertebrate retinas show a fundamental similarity in their sensitivity to the re- 
moval of chloride ions. It is possible that the removal of chloride may reveal a 
type of organization which is common to all vertebrate retinas. 

In addition to the alterations in ganglion cell receptive field properties, a c-f 
environment produced changes in spontaneous activity of  ganglion cells. The 
spontaneous discharge appears to reflect fluctuations in the excitatory input to 
the off  and on-off ganglion cells, since spontaneous activity was not evident in 
cells which were unresponsive to light stimulation (on cells). Similar changes 
were observed in ganglion cell activity in the c-f rabbit retina (Miller and 
Dacheux, 1975 a). 

Additional factors which might contribute to more "excitable" ganglion cells 
are: (a) A removal of  chloride could increase the membrane resistance of  
ganglion cells and other  neurons such that excitatory activity would be less 
attenuated electrotonically and therefore more influential in regulating ganglion 
cell activity (Takeuchi and Takeuchi, 1967). An increase in membrane resistance 
would also increase the time constant of  the membrane and explain the increase 
in discharge latency observed in off  and on-off  cells. The  early c-f-induced 
depolarization observed in ganglion cells is consistent with a significant chloride 
permeability of  these cells. However, as was shown in the preceding paper,  other 
cells including some receptors are also initially depolarized by this procedure,  
and it is therefore difficult to distinguish between direct effects on ganglion cells 
vs. synaptically mediated changes. (b) A loss of  chloride-dependent IPSP's at the 
ganglion cell level would make the ganglion cell more excitable, since excitation 
would be unopposed by inhibition; the results of  this study show that IPSP 
responses are seen in on-off  ganglion cells and if the loss of  IPSP's were a 
significant factor, one would expect spontaneous activity to be greater in on-off  
cells than off  cells, and this was not observed. (c) A relatively depolarized state of  
the ganglion cell in a c-f medium could render  the cell more excitable, assuming 
that threshold for impulse generation was less affected. 

Intracellular recordings from retinal ganglion cells show that a c-f environ- 
ment has a direct effect on the on-off  ganglion cells themselves. In these cells we 
have demonstrated an on and off  chloride-dependent IPSP which follows a 
preceding on-off  EPSP response. Anatomical studies (Dowling, 1968; Dowling 
and Werblin, 1969) have raised the possibility that some amacrine cells may be 
involved in the excitatory pathway from bipolar cells to ganglion cells. Werblin 
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and Dowling (1969) have suggested that the on-off amacrine cells are excitatory 
to on-off ganglion cells because of similarities in waveform. More recently, 
Werblin and Copenhagen (1974) have demonstrated a hyperpolarization of the 
on-off ganglion cells by employing a special stimulation technique which acti- 
vated amacrine cells. This amacrine-cell-mediated hyperpolarization could be 
due to a reduced excitatory input (disfacilitation) or a direct inhibitory influence 
on ganglion cells. The on-off IPSP's we have studied have strong similarities to 
amacrine cell responses. The results presented here provide unequivocal evi- 
dence that the IPSP is chloride dependent and that the internal chloride is 
normally maintained in low concentration in the cell. Thus, what appears to be 
an amacrine-mediated hyperpolarization is a true inhibitory effect and not a 
disfacilitatory influence. If the amacrine cells are inhibitory to the on-off gan- 
glion cells, what is the pathway for excitation? In the following paper we present 
a model of ganglion cell receptive field pathways based on our studies of c-f 
effects. We propose that the on-off ganglion cells receive excitatory input from 
the depolarizing and hyperpolarizing bipolars, and that the amacrine cells 
provide the chloride-dependent IPSP pathway. According to this model gan- 
glion cell excitation and amacrine cell responses should have nearly identical 
latencies, and this is demonstrated in some experimental tests of this synaptic 
arrangement (Miller and Dacheux, 1976 b). Thus, the delay between the EPSP 
and IPSP in on-off ganglion cells is consistent with the additional neuron 
interposed in the inhibitory pathway. 

Intracellular recordings from off  cells show that the light-activated hyperpo- 
larization of these cells is neither inverted nor abolished in a c-f medium and is 
not, therefore, due to an increased chloride conductance. It seems likely that the 
hyperpolarization of  off  cells results from a light-activated decrease of  a dark- 
mediated EPSP mechanism (i.e., disfacilitation). The possibility of dark-me- 
diated excitatory influences is not surprising in view of recent findings which 
suggest that receptors release a transmitter in the dark (Trifonow and Byzov, 
1965; Dowling and Ripps, 1973). Furthermore, ganglion cell recordings in the 
dark-adapted cat show that off-center ganglion cells have a higher level of 
spontaneous activity than on-center cells (Jung, 1964; Barlow and Levick, 1969) 
suggesting that they are in a relatively more depolarized state. It is not clear 
however why ganglion cells in the amphibian retina tend to show very little 
spontaneous activity. 

The presence of Cl--dependent, amacrine-mediated IPSP's in the on-off 
ganglion cells raises interesting questions related to the possible synaptic trans- 
mitter. In a number of central nervous system (CNS) pathways (Krnjevic, 1970), 
Gamma amino butyric acid (GABA) has been shown to be an inhibitory transmit- 
ter whose mechanism of action is an increased chloride conductance for both 
post- and presynaptic inhibition (Nishi et al., 1974). Furthermore, a number of 
studies are consistent with the idea that GABA may be a transmitter agent for 
some amacrine cells (Ehinger, 1970; Ehinger and Folck, 1971; Graham, 1972) 
and GABA efflux from the retina has also been observed (Voaden and Starr, 
1971). GABA has an inhibitory effect on ganglion cells (Noell and Lasansky, 
1959). This raises the possibility that the chloride-dependent IPSP's of on-off 
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g a n g l i o n  cells m i g h t  be  a c t i v a t e d  by  G A B A .  I t  will be  o f  i n t e r e s t  fo r  f u t u r e  
s t ud i e s  to e x a m i n e  the  e f fec t s  o f  G A B A  a n t a g o n i s t s  o n  the  IPSP ' s  o f  o n - o f f  
g a n g l i o n  cells .  

Note Added in Proof Since submitt ing this paper  we have had an oppor tuni ty  to study 
the hyperpolar iz ing response of  off  ganglion cells using an intermit tent  cur rent  injection 
to evaluate the resistance changes associated with this response. These observations 
clearly show that the l ight-evoked hyperpolar iz ing response is associated with an in- 
creased resistance and thus strongly suppor t  the idea that off  ganglion cell hyperpolariza-  
tion is the result of  disfacilitation. 

Received for publication 14 March 1975. 
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