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see also below), ON–OFF32 (G12,13) and ON direction-selective types33 
(G16,25,26,29), JAM-B (ref. 24) (G6) and W3 cells25 (G10), and the OFF 
‘suppressed-by-contrast’ cell34 (G31,32). The allocation of cells to indi-
vidual groups was uniform across space (Fig. 2d) and the fraction of 
the population accounted for by broad response types was consistent 
across experiments (Extended Data Fig. 3e).

As each RGC type is thought to tile the retina, we calculated each 
group’s functional coverage factor based on its average receptive field 
size and its relative abundance (Extended Data Fig. 4; Methods).  
A single RGC type would yield a coverage factor of ∼1 without recep-
tive field overlap, and a coverage factor of ∼2 with 30% overlap.  
A coverage factor ≪1 may indicate that a type has been artificially split.

The average coverage factor across all RGC groups was 2.0 ± 0.7 
(mean ± s.d. of Gaussian fit, Fig. 2e), broadly consistent with reported 
coverage factors for mouse RGCs (roughly 2–3; see Supplementary 
Table 1 and Supplementary Discussion). Coverage factors higher than 
two may indicate groups consisting of multiple types. For example, 
G12 corresponding to ON–OFF direction-selective cells32, has a cov-
erage factor of 7.7, consistent with four ON–OFF direction-selective 
types, each preferring a different motion direction35 (see below).  

The mixed non-direction-selective groups G17 and G31 probably contain 
more than one type, as supported by multiple distinct morphologies  
and genetic identities (for example, G31,32, Extended Data Fig. 5) or 
response properties (for example, G17, see below).

Taken together, our coverage factor analysis suggests that the number 
of unique functional RGC types in the mouse is substantially above 32, 
probably as high as 40, in particular since classical ipRGCs (that is, M1) 
as well as at least one PV-positive small-field RGC type were largely 
discarded based on their low signal-to-noise ratio (S/N) response to 
our stimuli (see Supplementary Discussion). This is about three times 
the highest number of physiologically defined RGC types to date8 
and about twice the highest anatomical diversity reported in mouse11 
(Supplementary Table 2).

Example RGC types
There are three types of alpha cells known in the mouse retina31: the 
sustained (G5) and transient OFF alpha (G8), and the ON alpha (G24). 
These cells are characterized by their large somata, a feature that we 
used during the post-processing step (Extended Data Fig. 2i–j). For the 
transient OFF and the ON alpha we found similarly responding cells 
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Figure 2 | Functional RGC types of the mouse 
retina. a, Cluster-dendrogram (Methods) 
with groups indicated: n = 28 RGC and n = 4 
‘uncertain’ RGC groups. b, Cluster-mean Ca2+ 
responses to the four stimuli. c, Selected metrics, 
from left to right: region of interest (soma) area, 
receptive field (RF) diameter (2 s.d. of Gaussian), 
direction-selectivity index (DSi) and orientation-
selectivity index (OSi) (Methods). Background-
histograms demarcate all RGCs. d, Experiment 
(left, from Fig. 1a, bottom) with RGCs colour-
coded by group (right). dACs and discarded cells 
not shown. e, Coverage factor (CF) calculated 
from receptive field area of RGC groups, with 
horizontal divisions delineating individual 
clusters (left) and distribution of coverage factors 
across groups (right). Scale bar in d, 50 µm.
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The	reBna	does	a	lot	of	interesBng	things:

Berry, Brivanlou, Jordan, Meister (1999)

Motion anticipation
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over a large group of cells (Fig.   22.5A  ). Th us, a 
simple, linear readout circuit that pools over 
many ganglion cells (50 + ) could perfectly dis-
criminate among motion reversal from smooth 
motion, even though such discrimination is not 
possible using individual cells (Schwartz et al., 
  2007  ). For the example of periodic temporal 
sequences, the extreme heterogeneity of indi-
vidual ganglion cell responses means that the 

brain can interpret the stimulus as a violation of 
the expected pattern when “start/end” cells fi re 
 and  “start only” cells are silent (Fig.   22.5B  ). 
Similarly, the brain can infer the presence of a 
predicted fl ash when a “sustained” cell fi res but 
any kind of “start” cell is silent. Finally, all sur-
prising stimuli need not be lumped together. Th e 
unpredictable fi rst fl ash can be distinguished 
from the equally unpredictable fl ash omission by 

      Figure 22.5  Encoding predicted and surprising events. ( A ) ( Upper ) Spike rasters from fi ve simultane-
ously recorded ganglion cells responding to a reversing bar. ( Lower ) Population fi ring rate calculated by 
averaged over trials and cells. Each cell responds both to the smooth motion and the reversal, but the 
smooth motion responses are prolonged and asynchronous while the reversal responses are transient 
and synchronous. ( B ) Th ree ganglion cells responding to a periodic fl ash sequence (trace above), illus-
trating diff erent response classes. Firing patterns among diff erent pairs of cells can uniquely identify 
“start,” “sustained,” and “omitted fl ash” sections of the stimulus. ( C ) Space-time representation of an 
object that appears, begins to move, reverses direction, stops, and disappears. We speculate that retinal 
processing divides these events into predictable (blue) and surprising (red) channels of visual informa-
tion encoded by distinct populations of retinal ganglion cells.     
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Reversal response
The	reBna	does	a	lot	of	interesBng	things:
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anticipatory spikes are generated in the upstream DSGC. That the initial 
coupling-mediated inputs occurred much farther from the soma than the 
first spikes suggests that coupled inputs alone do not drive spike activity 
in post-junctional cells. Thus, gap junction inputs are likely to become 
effective when they are summed with inputs from other ganglion and/or 
bipolar cells. Such contextual restraints on gap junction signaling could 
allow for strong anticipatory signals to develop without leading to run-
away excitation in the network.

As the measured spikelet currents only represent the fast component 
of the gap junction–mediated priming signal, the total gap junction 
input is expected to be larger. Indeed, spiking responses and EPSCs 
of coupled DSGCs had a distinct slow rising component that was not 
observed in uncoupled DSGCs (EPSC Trise = 118 o 11 ms for coupled 
and 66 o 5 ms for uncoupled DSGCs, n = 11 for coupled and 10 for 
uncoupled DSGCs, P = 0.029; Fig. 2b–d). Consistent with a role for gap 

junctions in the early response component of coupled DSGCs, the initial 
phase of both EPSCs and spiking responses were selectively inhibited 
in the presence of the gap junction antagonist 18B-glycyrrhetinic acid 
(25 MM 18BGA; for spiking responses, $ = 60 o 8 Mm, n = 12, P < 0.001; 
for EPSCs, $ = 125 o 31 Mm, n = 5, P = 0.01; Fig. 2b,c, whereas the 
responses of uncoupled DSGCs were not significantly affected (n = 4, 
P > 0.05; Fig. 2d). Together, these results indicate an important role for 
pre-junctional DSGCs in controlling the initiation of spiking responses 
in their downstream neighbors via gap junctions.

Next, we sought to understand how converging electrical and 
chemical synaptic inputs result in lag normalization in the network. 
To compensate for spatial response lags that increase linearly with 
velocity, the strength of the lateral priming must increase in parallel.  
Indeed, signals mediated through gap junctions are expected to get 
larger with stimulus velocity because the peak firing rate of DSGCs 

Figure 2 Gap junctions between upward coding DSGCs mediate lateral 
excitation. (a) Responses to the leading edge of a bar moving at 600 Mm s−1,  
measured simultaneously from neighboring GFP+ DSGCs. Spike trains are 
shown from the pre-junctional DSGC (C1, black) and EPSCs in the post-
junctional DSGC (C2, red). Yellow bar indicates position of stimulus at  
the position where the first spike was generated in C1. Inset: average  
pre-junctional spike, spike-triggered post-junctional current (average 
spikelet) and the derivative of the post-junctional current (raw data for  
50 consecutive spikes or spikelets are shown in gray). (b,c) Response 
onsets of coupled DSGCs before and after the application of the gap 
junction antagonist 18BGA, 25 MM (the entire ON response waveforms are 
shown in the insets). (d) Responses of uncoupled DSGCs were not affected 
by application of 18BGA. Vertical dashed lines in c indicate the start of 
EPSCs in control and drug conditions. Vertical and horizontal scale bars 
represent 50 Mm and 40 Hz (b), 250 Mm and 100 Hz (b, inset), 12 Mm 
and 25 pA (c), 100 Mm and 100 pA (c, inset), 50 Mm 50 pA (d), and  
75 Mm and 250 pA (d, inset).
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Figure 1 Lag normalization in the electrically coupled population of upward coding ON-OFF DSGCs. (a) A snapshot of moving light bars (600 Mm s−1) 
shown in relation to the ON dendrites of uncoupled (left) and coupled (right) DSGCs at positions where the spiking responses initiated. The entire ON 
spiking response (blue trace), after the stimulus edge crossed the entire receptive field, is illustrated. The average start position (vertical orange line, o s.e.m.  
indicated by gray dashed lines) and the average ON dendritic profiles are shown below (black traces, o s.e.m. indicated by gray traces; the position of 
the soma is indicated by the blue dashed line; see Online Methods). Green ellipses (top right) represent the somata of neighboring GFP+ DSGCs in the 
Hb9-eGFP transgenic mouse retina. D, dorsal; N, nasal; T, temporal; V, ventral. (b) Plotting the waveform of spike activity triggered by bars moving at the 
indicated velocities in relation to the position of the leading edge of the stimulus reveals spatially lagged responses in uncoupled (top), but not coupled 
(bottom), DSGC. For all traces, the leading edge of the stimulus is at the soma at 0 Mm. The gray dashed lines indicate the position of the leading edge 
where responses initiated at the slowest velocity tested. (c) The positions of the leading edge when the first spike (top) and the peak spiking response 
(bottom) were observed, plotted as a function of velocity for uncoupled and coupled DSGCs. The inverse slope of the linear fit provides an estimate of the 
apparent time delay (td), which is proportional to the spatial lag (for perfect lag normalization, td = 0 ms delay). Error bars represent s.e.m.
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anticipatory spikes are generated in the upstream DSGC. That the initial 
coupling-mediated inputs occurred much farther from the soma than the 
first spikes suggests that coupled inputs alone do not drive spike activity 
in post-junctional cells. Thus, gap junction inputs are likely to become 
effective when they are summed with inputs from other ganglion and/or 
bipolar cells. Such contextual restraints on gap junction signaling could 
allow for strong anticipatory signals to develop without leading to run-
away excitation in the network.

As the measured spikelet currents only represent the fast component 
of the gap junction–mediated priming signal, the total gap junction 
input is expected to be larger. Indeed, spiking responses and EPSCs 
of coupled DSGCs had a distinct slow rising component that was not 
observed in uncoupled DSGCs (EPSC Trise = 118 o 11 ms for coupled 
and 66 o 5 ms for uncoupled DSGCs, n = 11 for coupled and 10 for 
uncoupled DSGCs, P = 0.029; Fig. 2b–d). Consistent with a role for gap 

junctions in the early response component of coupled DSGCs, the initial 
phase of both EPSCs and spiking responses were selectively inhibited 
in the presence of the gap junction antagonist 18B-glycyrrhetinic acid 
(25 MM 18BGA; for spiking responses, $ = 60 o 8 Mm, n = 12, P < 0.001; 
for EPSCs, $ = 125 o 31 Mm, n = 5, P = 0.01; Fig. 2b,c, whereas the 
responses of uncoupled DSGCs were not significantly affected (n = 4, 
P > 0.05; Fig. 2d). Together, these results indicate an important role for 
pre-junctional DSGCs in controlling the initiation of spiking responses 
in their downstream neighbors via gap junctions.

Next, we sought to understand how converging electrical and 
chemical synaptic inputs result in lag normalization in the network. 
To compensate for spatial response lags that increase linearly with 
velocity, the strength of the lateral priming must increase in parallel.  
Indeed, signals mediated through gap junctions are expected to get 
larger with stimulus velocity because the peak firing rate of DSGCs 

Figure 2 Gap junctions between upward coding DSGCs mediate lateral 
excitation. (a) Responses to the leading edge of a bar moving at 600 Mm s−1,  
measured simultaneously from neighboring GFP+ DSGCs. Spike trains are 
shown from the pre-junctional DSGC (C1, black) and EPSCs in the post-
junctional DSGC (C2, red). Yellow bar indicates position of stimulus at  
the position where the first spike was generated in C1. Inset: average  
pre-junctional spike, spike-triggered post-junctional current (average 
spikelet) and the derivative of the post-junctional current (raw data for  
50 consecutive spikes or spikelets are shown in gray). (b,c) Response 
onsets of coupled DSGCs before and after the application of the gap 
junction antagonist 18BGA, 25 MM (the entire ON response waveforms are 
shown in the insets). (d) Responses of uncoupled DSGCs were not affected 
by application of 18BGA. Vertical dashed lines in c indicate the start of 
EPSCs in control and drug conditions. Vertical and horizontal scale bars 
represent 50 Mm and 40 Hz (b), 250 Mm and 100 Hz (b, inset), 12 Mm 
and 25 pA (c), 100 Mm and 100 pA (c, inset), 50 Mm 50 pA (d), and  
75 Mm and 250 pA (d, inset).
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Figure 1 Lag normalization in the electrically coupled population of upward coding ON-OFF DSGCs. (a) A snapshot of moving light bars (600 Mm s−1) 
shown in relation to the ON dendrites of uncoupled (left) and coupled (right) DSGCs at positions where the spiking responses initiated. The entire ON 
spiking response (blue trace), after the stimulus edge crossed the entire receptive field, is illustrated. The average start position (vertical orange line, o s.e.m.  
indicated by gray dashed lines) and the average ON dendritic profiles are shown below (black traces, o s.e.m. indicated by gray traces; the position of 
the soma is indicated by the blue dashed line; see Online Methods). Green ellipses (top right) represent the somata of neighboring GFP+ DSGCs in the 
Hb9-eGFP transgenic mouse retina. D, dorsal; N, nasal; T, temporal; V, ventral. (b) Plotting the waveform of spike activity triggered by bars moving at the 
indicated velocities in relation to the position of the leading edge of the stimulus reveals spatially lagged responses in uncoupled (top), but not coupled 
(bottom), DSGC. For all traces, the leading edge of the stimulus is at the soma at 0 Mm. The gray dashed lines indicate the position of the leading edge 
where responses initiated at the slowest velocity tested. (c) The positions of the leading edge when the first spike (top) and the peak spiking response 
(bottom) were observed, plotted as a function of velocity for uncoupled and coupled DSGCs. The inverse slope of the linear fit provides an estimate of the 
apparent time delay (td), which is proportional to the spatial lag (for perfect lag normalization, td = 0 ms delay). Error bars represent s.e.m.
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Trenholm, Schwab, Balasubramanian, Awatramani (2013)

Lag normalization
The	reBna	does	a	lot	of	interesBng	things:



A	bar	sBmulus	with	both	predictable	and	
non-predictable	moBon	components:
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Recording	from	the	reBna:

images	from	the	Berry	Lab,	Ronen	Segev



We	bin	Bme	to	create	binary	spike	‘words’:
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SchemaBc	of	our	calculaBons:

σi(t)

si(t)

I(past; future) = S(future)�S(future|past)

...



ReBna	populaBons	carry	info	about	the	future:
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ReBna	populaBons	carry	info	about	the	future:
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Palmer,	Marre,	Berry,	Bialek	PNAS	(2015)

       



...

We	compute	the	opBmal	code,	
given	the	sBmulus	correlaBons:



The	boDleneck	problem:
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OpBmal	compression:
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Spiking	paDerns	sit	close	to	the	bound:
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ReBnal	populaBons	saturate	the	bound:
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This	doesn’t	work	with	just	simple	linear	filters:
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Recording	from	the	rat	reBna:

wired.co.uk

data	from	the	Marre	Lab,	InsKtute	of	Vision,	Paris	VI	University,	France



Compute	the	bound	on	the	predicBve	info:
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Performance	relaBve	to	the	bound:
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An	example	group	of	four	cells:
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An	example	group	of	four	cells:
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