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SUMMARY

In daylight, the input to the retinal circuit is provided
primarily by cone photoreceptors acting as band-
pass filters, but the retinal output also contains
neuronal populations transmitting sustained signals.
Using in vivo imaging of genetically encoded calcium
reporters, we investigated the circuits that generate
these sustained channels within the inner retina of
zebrafish. In OFF bipolar cells, sustained transmis-
sion was found to depend on crossover inhibition
from the ON pathway through GABAergic amacrine
cells. In ON bipolar cells, the amplitude of low-fre-
quency signals was regulated by glycinergic ama-
crine cells, while GABAergic inhibition regulated the
gain of band-pass signals. We also provide the first
functional description of a subset of sustained ON bi-
polar cells in which synaptic activity was suppressed
by fluctuations at frequencies above �0.2 Hz. These
results map out the basic circuitry by which the inner
retina generates sustained visual signals and de-
scribes a new function of crossover inhibition.

INTRODUCTION

The retina transforms the visual input through a number of paral-

lel channels containing distinct spatio-temporal filters (Masland,

2001, 2012; Roska and Werblin, 2001; Wässle, 2004). Most of

these channels are generated by the circuitry of the inner plexi-

form layer (IPL), which contains the dendrites of about�30 func-

tional types of retinal ganglion cells (RGCs) stratifying in 5–6

different strata (Roska and Werblin, 2001). In each stratum,

RGC dendrites receive excitatory synaptic inputs from bipolar

cells with different filtering properties, and at least two distinct

temporal filters have been recognized for decades: in the ‘‘tran-

sient’’ channel, RGCs receive excitatory inputs from bipolar cells

acting as band-pass filters, while in the ‘‘sustained’’ channel,

RGCs receive synaptic inputs with low-pass characteristics

(Awatramani and Slaughter, 2000). However, only one temporal

filter operates on the input to the retinal circuit under normal

daylight: the band-pass filter provided by cone photoreceptors

(Schnapf et al., 1990). Filtering then remains band-pass as the vi-
308 Neuron 90, 308–319, April 20, 2016 ª2016 The Authors
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sual signal is transmitted through the cell body of post-synaptic

bipolar cells (Baden et al., 2011), indicating that sustained visual

channels are not established until the IPL. Here we ask a funda-

mental question: how are sustained channels generated by the

circuitry of the inner retina?

Superimposed on the separation of temporal channels is a

second key aspect of retinal processing—the decomposition

of the visual input into two streams of opposing polarity, the

ON and OFF pathways, which also originate in bipolar cells.

In most species, the output from OFF bipolar cells projects to

sublamina a of the IPL, while the output from ON signals pro-

jects to sublamina b. It has long been known that the ON and

OFF pathways can merge again onto mixed ON-OFF ganglion

cells (Werblin, 2011), but it is now clear that they can also

interact within the IPL through inhibitory amacrine cells sending

processes through both ON and OFF sublaminae—a process

called crossover inhibition (Molnar and Werblin, 2007; Manoo-

kin et al., 2008; Baccus, 2007). The roles of crossover inhibition

between ON and OFF pathways are still being investigated,

but two of the better defined are to allow ganglion cells to

continuously signal changes in temporal contrast in the face

of changes in the mean luminance (Manookin et al., 2008)

and compensating the distorting effects of synaptic rectifica-

tion (Molnar et al., 2009).

In this study, we investigated how interactions between ON

and OFF pathways contribute to the generation of different tem-

poral channels by imaging transmission of the visual signal within

the IPL using genetically encoded calcium reporters (Nikolaev

et al., 2013; Odermatt et al., 2012; Dreosti et al., 2011; Dorostkar

et al., 2010). We find that the OFF pathway transmits sustained

signals through a population of bipolar cell synapses that

become tuned to lower frequencies by crossover inhibition

from ON bipolar cells, with the link made exclusively through

GABAergic amacrine cells. The sensitivity of the ON pathway

to low-frequency signals also depends on inhibition, but primar-

ily through glycinergic amacrine cells. Additionally, we demon-

strate for the first time a subset of ON bipolar cells that act as

‘‘uniformity detectors’’ (Sivyer et al., 2010); the activity of their

synaptic outputs are strongly inhibited by any fluctuations at fre-

quencies above �0.2 Hz, again through the action of glycinergic

amacrine cells. These results indicate that there are at least three

distinct pathways by which amacrine cells tune the synaptic

output of bipolar cells to lower frequencies and define a new

function of crossover inhibition—the generation of sustained

OFF signals in the inner retina.
commons.org/licenses/by/4.0/).

mailto:l.lagnado@sussex.ac.uk
http://dx.doi.org/10.1016/j.neuron.2016.03.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2016.03.015&domain=pdf
http://creativecommons.org/licenses/by/4.0/


A

B C

Figure 1. Assessing the Frequency Tuning

of Signals Transmitted to the Inner Retina

(A) Examples of SyGCaMP2 responses in three

individual bipolar cell terminals. The stimulus

(lower trace) consisted of a light step followed by

modulation at different frequencies between 0.2

and 25 Hz (90% contrast, square wave, mean in-

tensity 55 nW/mm2). An ON terminal activated by

contrast is shown in green and an OFF terminal in

red. An example of an ON terminal inhibited by

contrast is shown in black (contrast-suppressed

response). The polarity of the terminal was deter-

mined in response to an initial step of light shown

in the boxed area.

(B) Transfer functions of the individual terminals

shown in (A). The response at each frequency was

calculated as the average value of change in

fluorescence (DF/F) during the stimulus. Dotted

lines represent cutoff frequencies (fc) at �3 dB of

the maximum response for the ON (green) and

OFF (red) terminals with values of �4 Hz and

�5.3 Hz, respectively. Note the band-pass char-

acteristic with attenuation of the response at both

low and high frequency in both ON and OFF

response. The black trace is the transfer function

of the contrast-suppressed terminal shown in (A).

(C) Histogram of the cutoff frequency (fc) of 264

activated-by-contrast ON bipolar terminals (green)

and 263 activated-by-contrast OFF bipolar termi-

nals (red) from 7 fish. The function fitted to the

distribution of fc in ON terminals is a Gaussian with

m = 6.4 Hz and width = 2.7 Hz. The function fitted

to the distribution of fc in OFF terminals is the sum

of three Gaussians with (m = 1.1 Hz and width =

1 Hz for peak 1), (m = 4.9 Hz and width = 1.7 Hz

for peak 2), and (m = 9 Hz and width = 2.2 Hz for

peak 3).
RESULTS

Five Frequency-Dependent Channels Transmitting to
the Inner Retina
To investigate how visual signals of different frequencies are

transferred to the inner retina, we used transgenic zebrafish ex-

pressing SyGCaMP2 at ribbon synapses (Dreosti et al., 2009).

This approach allows one to image presynaptic calcium tran-

sients through the entire population of bipolar cell terminals in

the IPL (Dreosti and Lagnado, 2011). A full-field stimulus modu-

lated at frequencies between 0.2 Hz and 25 Hz (90% contrast)

elicited strongly rectifying responses from individual bipolar ter-

minals, as described previously (Nikolaev et al., 2013; Esposti

et al., 2013). Individual examples of ON and OFF terminals stim-

ulated by an increase in contrast are shown in Figure 1A, together

with a third very distinctive class of response—ON terminals

inhibited by an increase in contrast (which we will refer to as

contrast-suppressed terminals). For each of these three exam-

ples, we plotted tuning curves, or the amplitude of the synaptic

responses as a function of stimulus frequency, in Figure 1B.

From these plots, we calculated the cutoff frequency (fc) as �3

dB of the peak amplitude and the histograms in Figure 1C show

the distributions of fc for ON and OFF terminals activated by an

increase in contrast (n = 264 and 263 terminals, respectively).
The survey in Figure 1 highlighted three fundamental features

in the temporal filters operating at the source of the ON and OFF

pathways under photopic conditions. First, there were three

populations of OFF terminals, with fc values centered on 1.1,

4.9, and 9.0 Hz. Second, ON terminals activated by contrast

formed one broad population centered on fc = 6.4 Hz. Third,

there were almost no ON terminals with fc below �3 Hz (dotted

line, Figure 1C). These results demonstrate that there are at least

five distinct frequency channels throughwhich the visual signal is

transmitted to the inner retina: three OFF channels, all activated

by temporal contrast, and two ON channels, one activated and

one inhibited.

The frequency dependence of responses averaged across the

complete population of OFF and ON terminals through all layers

of the IPL is shown in further detail in Figure 2. The distribution of

cutoff frequencies of the OFF terminals displayed three peaks

(Figure 1C), and the K-means algorithm allowed us to recognize

the same three groups by clustering the tuning curves measured

for each terminal (Figures 2A and 2B). Group 1 terminals (33%)

were low-pass, with an average cutoff frequency of 1.9 ±

0.08 Hz; Group 2 (37%) displayed band-pass characteristics,

with an average cutoff frequency of 5.5 ± 0.17 Hz; and Group 3

(30%) were tuned more narrowly with an average cutoff at 10 ±

0.22 Hz. The tuning curves measured when gradually increasing
Neuron 90, 308–319, April 20, 2016 309
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Figure 2. Distinct Temporal Channels through

the ON and OFF Pathways

(A) Top: raster plot showing the relative change in

fluorescence (DF/F) for 264 OFF terminals sorted into

3 distinct groups according to the K-means clus-

tering. Red boxes represent the separation of each

group in the raster plot. Bottom: averaged responses

within each of the 3 groups to stimuli of frequency

indicated. Double arrows indicate the sustained

response at light onset, whichwas largest in Group 1.

SEM indicated in gray.

(B) Plot of response amplitude as a function of fre-

quency averaged for each of the three groups of OFF

terminals shown in (A). Group 1 terminals behaved as

low-pass filters with fc = 1.9 ± 0.08 Hz (n = 88).

Groups 2 and 3 behaved as band-pass filters with

fc = 5.5 ± 0.17 Hz (n = 97) and fc = 10.1 ± 0.22 Hz

(n = 79), respectively.

(C) Top: raster plot showing the relative change

in fluorescence (DF/F) for contrast-activated (green

box; n = 263) and contrast-suppressed ON terminals

(black box; n = 277). Bottom: averaged responses

from the same populations of contrast-activated

(green) and contrast-suppressed (black) terminals.

SEM indicated in gray.

(D) Plot of response amplitude as a function of fre-

quency for the two groups of ON terminals shown

in (C). The black, dotted line indicates the decrease

in the suppression of contrast-suppressed ON

terminals.

See also Figures S1–S3.
stimulus frequency were indistinguishable from those measured

by gradually decreasing frequency (Figure S2). The various tem-

poral channels that we identified were not, therefore, an artifact

generated by activity-dependent adaptation as we varied stim-

ulus frequency.

Of the terminals that could be defined as ON or OFF from the

response to a step increment or decrement of light, 95% fell into

one of the five functional groups described in Figures 1 and 2.

However, two other small but distinct functional classes of bipo-

lar cell terminal were also recognized. First, 4% of terminals

within the OFF channel were suppressed rather than activated

by contrast (Figures S1A and S1C). Second, about 4% of all ter-

minals did not respond to a step of light and could not be classi-

fied asONor OFF but were nonetheless activated by fluctuations

at frequencies higher than �0.5 Hz (Figures S1B and S1C). The

band-pass characteristics of this last group most closely resem-

bled ON terminals activated by contrast shown in Figure 1B.

These smaller populations of terminals were not analyzed further

in this study.

Here we have characterized transmission of the visual signal

by measuring synaptic activation across a range of frequencies.

There is a direct relation between this approach and the simpler

characterization of the ‘‘transient’’ and ‘‘sustained’’ channels ac-

cording to the decay kinetics of the response to a step of light.

Comparing the step responses at the start of the traces in Fig-

ures 1 and 2 to the complete tuning curves, it can be seen that
310 Neuron 90, 308–319, April 20, 2016
ON terminals show the fastest and largest decay (Figure 1A),

as well as the most strongly band-pass tuning curves (Figures

1B and 2D). OFF terminals did not display a clearly decaying

response to a light decrement (Figure 2A), but the amplitude of

the step response was larger in Group 1 (low-pass) compared

to Groups 2 and 3 (band-pass), which is in line with the amplitude

of the low-frequency asymptotes of the tuning curves in Fig-

ure 2B. The lack of a clear decay in the step response of OFF ter-

minals may reflect the rectifying relationship betweenmembrane

potential and intracellular calcium. A recent study using calcium

imaging in the retina of mice was able to detect a decaying

response to a light step in some OFF bipolar cell terminals,

but the clearest distinction between these ‘‘transient’’ neurons

compared to the ‘‘sustained’’ terminals was again found in the

amplitude of the step response rather than its kinetics (Baden

et al., 2014).

Contrast-Suppressed Responses through the ON
Channel
A survey of temporal filtering through the population of ON termi-

nals is summarized in Figures 2C and 2D, and this revealed

a striking difference with the OFF pathway. Although 83% of

OFF terminals were activated by contrast, only 47% of 573 ON

terminals responded similarly, i.e., with an increase in the

average concentration of calcium above that measured at the

same average intensity of steady light (Figure 2C). We also found



that 48% of ON terminals were suppressed by fluctuations in

intensity, i.e., the average concentration of calcium fell below

that measured under constant illumination of the same mean.

The same pattern of activity was observed when applying

the ‘‘reversed’’ frequency protocol, as shown in Figure S3. The

frequency dependence of activation and suppression was

very different. ON terminals activated by contrast displayed

band-pass characteristics with peak activation at �5 Hz, while

contrast-suppressed terminals were tuned more flatly and

broadly, being inhibited to a similar degree by frequencies

ranging from 0.2 Hz to 11 Hz (Figure 2D, dotted line).

The responses of ‘‘contrast-suppressed’’ synapses can be

compared to RGCs described as ‘‘uniformity detectors’’ in rab-

bits (Levick, 1967) or ‘‘suppressed-by-contrast’’ in cats (Ro-

dieck, 1967). These RGCs maintain high rates of activity under

spatially and temporally uniform illumination but are inhibited

abruptly, and sometimes completely, by most forms of stimula-

tion, including both light increments and decrements (deMonas-

terio, 1978; Mastronarde, 1985). Recent work in rabbits has

demonstrated that both ON and OFF visual stimuli suppress

the maintained firing of uniformity detectors primarily by the acti-

vation of transient and powerful inhibition from glycinergic syn-

apses (Sivyer et al., 2010). The contrast-suppressed ON bipolar

cells shown in Figures 1 and 2 are, by definition, activated by light

increments, but a deviation from constant illumination appears to

‘‘flip’’ these to a less active state in which calcium levels fall to

approximately the same as in darkness (Figures 1A and 2C), sug-

gesting that the rate of vesicle release will be close to zero (Oder-

matt et al., 2012). One possible explanation is that the suppres-

sion of transmission originates in inhibitory inputs that these

terminals receive within the IPL, and evidence for this idea was

provided by pharmacological manipulation of inhibitory trans-

mission (below and Figure 6).

Together, the results in Figures 1 and 2 demonstrate that

low-frequency signals are transmitted to the IPL in two basic

ways: inhibition of a specific sub-population of ON terminals

and activation of OFF terminals.

Sustained OFF Signals Are Generated by Crossover
Inhibition
Having identified different temporal channels for transmission

of the visual signal to the IPL, we asked whether they could be

distinguished anatomically. In zebrafish, bipolar cells transmit

the visual signal through six strata (Figure 3A), and these outputs

can be distinguished functionally by imaging and electrophysi-

ology (Nikolaev et al., 2013; Dorostkar et al., 2010; Connaughton

et al., 2004). A surprising but clear feature of these studies is that

the ON and OFF outputs are not as cleanly segregated in the

retina of zebrafish compared to other species (Masland, 2012).

The histograms in Figures 3B and 3C show the distribution of

the five frequency channels that we identified, separated into

ON and OFF components. OFF terminals in Groups 1 and 2

were distributed similarly across the IPL, and both occurred at

the highest density in layer 6 (Figure 3C; Layer 6 = 34/88 for

Group 1 and 24/97 for Group 2; Layer 1 = 24/88 for Group 1

and 22/97 for Group 2). This distribution was notable because

layer 6 also contained a high density of ON terminals activated

by contrast (Figure 3B). The spatial distribution of OFF terminals
tuned to higher frequencies (Group 3) was significantly different

to those inGroup 1 (p < 0.02 using Levene’s test for non-normally

distributed data and 20 equidistant bins through the IPL).

Notably, the highest density of Group 3 terminals was found in

Layer 1, which was almost devoid of ON terminals (Figures 3B

and 3C).

Might the co-stratification of low-pass OFF terminals with ON

terminals reflect a local role of crossover inhibition in generating

sustained OFF responses? Experiments in which we blocked

signal transmission through the ON pathway using L-AP4

(100 mM) confirmed that this was the case. Figure 3D shows

how L-AP4 altered the distribution of cut-off frequencies across

a population of 445 OFF terminals from 5 fish: the two distribu-

tions were found to be significantly different at p < 10�5 using

Levene’s test. Terminals with low-pass properties (Group 1)

were almost completely abolished, while the density of terminals

with band-pass characteristics (Group 2) increased. Further,

blocking the ON pathway reduced the gain of signaling through

the OFF pathway across the range of frequencies tested (Fig-

ure 3E), supporting previous data from mice retina showing

that crossover inhibition also acts to increase excitation of the

OFF channel (Manookin et al., 2008).

Closer examination of the histograms in Figure 3D suggested

that the action of L-AP4might be specific for low-pass terminals,

causing their conversion into terminals with band-pass charac-

teristics. To test this ideamore directly, we imaged individual ter-

minals before and after injection of L-AP4 into the eye (Figure 4A;

see also Figure S4). Examples of the effects on three terminals

from Group 1 are shown in the upper part of Figure 4B: all

were converted from low-pass to band-pass. In contrast, termi-

nals characterized as Group 2 under control conditions retained

these characteristics in the presence of L-AP4, and the same

was found for terminals in Group 3 (Figures 4B and 4C). These

results reveal a previously unrecognized role of crossover

inhibition: the conversion of OFF synapses with band-pass char-

acteristics into low-pass filters that will generate larger sustained

responses to steps of light (Figure 2A, boxed area).

Glycinergic andGABAergic Control of Sustained Signals
through the OFF Pathway
Most studies of crossover inhibition have identified glycinergic

amacrine cells as the link between ON and OFF pathways (Wäs-

sle et al., 1998; Molnar andWerblin, 2007; Manookin et al., 2008;

Hsueh et al., 2008). To investigate whether glycinergic inhibition

is also involved in generating sustained responses, we blocked

glycine receptors by intravitreal injection of strychnine at an esti-

mated concentration of 5 mM (Figure 5A). Strychnine did not

significantly affect the distribution of fc values when considering

the complete population of OFF terminals (n = 216 OFF terminals

from 5 fish; F test). However, inspection of the histograms in Fig-

ure 5A demonstrated that while the proportion of terminals in

Group 3 remained constant, there was an increase in the fraction

of terminals in Group 1 at the expense of terminals in Group 2.

Limiting the comparison of the two distributions to terminals

with cut-off frequencies below 6Hz, they were found to be signif-

icantly different at the 5% level using an F test. This change could

be expressed as the ratio of terminals in Group 1 versus Group 2,

which increased from 1.37 in control conditions to 3.2 in
Neuron 90, 308–319, April 20, 2016 311
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Figure 3. Sustained Responses in the OFF Channel Driven by Crossover Signals from the ON Channel

(A) View of the inner plexiform layer showing synaptic terminals of bipolar cells expressing SyGCaMP2. Yellow traces indicate the layers in the IPL. Field of view is

100 micrometers across.

(B) Spatial distribution of contrast-activated and contrast-suppressed ON bipolar terminals as a function of layer. The depth of the terminal in the IPL was

measured from the photoreceptor side (layer 1) to ganglion cells (layer 6). Contrast-activated ON bipolar terminals showed the highest density in layer 5 and 6,

whereas contrast-suppressed cells were mostly localized in layer 3 and 6.

(C) Spatial distribution of each OFF group as a function of layer. OFF terminals in Group 1 (low-pass) were at highest density in layer 6, whereas terminals in Group

3 (band-pass) were predominantly localized in layer 1. OFF bipolar terminals in Group 2 stratified throughout IPL with the highest density in layer 6.

(D) Histogram showing the distribution of cutoff frequencies (fc) in a population of 445 OFF terminals in 5 fish. Light transmission through ON pathway was

inhibited by an intraocular injection of the mGluR6 agonist L-AP4 (100 mM estimated final concentration). Control is shown in black and L-AP4 in red. Note that

OFF bipolar terminals in Group 1 (low-pass) are almost absent in presence of L-AP4.

(E) Plot of response amplitude as a function of frequency averaged across all OFF terminals, before (black trace) and after (red trace) L-AP4. Dashed lines

represent the average cutoff frequency value (fc). Note that blocking signals through the ON pathway decreased the amplitude of responses in the OFF pathway

across all range of frequencies.

See also Figure S4.
strychnine. These results indicate that glycinergic inhibition nor-

mally acts to convert a proportion of low-pass terminals in Group

1 into band-pass terminals in Group 2.

The action of glycinergic inhibition on bipolar cell synapses

might be direct, through glycine receptors on the terminals, or in-

direct, through glycine receptors on GABAergic amacrine cells

(Eggers and Lukasiewicz, 2011). If correct, the second possibility

makes a strong prediction: blocking GABAA receptors should

have the opposite effect to blocking glycine receptors and

reduce the proportion of low-pass terminals in Group 1. This

manipulation wasmade by introducingGabazine at an estimated

concentration of 10 mM, which caused a 73% decrease in the

number of OFF terminals in Group 1 and a compensatory 60%

increase in Groups 2 and 3 (Figure 5B; n = 248 OFF terminals

from 5 fish). Gabazine and strychnine did not affect the temporal

tuning curve of OFF groups (Figure S5). Together, the results in

Figures 4 and 5 indicate that the generation of the sustained
312 Neuron 90, 308–319, April 20, 2016
OFF channel depends almost exclusively on GABAergic inputs

driven by ON bipolar cells, with these inputs themselves

modulated by glycinergic amacrine cells. These observations

are captured in the model shown in Figure 8.

Glycinergic and GABAergic Control of Signals through
the ON Pathway
Inhibitory signaling within the IPL also regulated the temporal fil-

ters operating through the ON pathway. Blocking glycinergic in-

hibition with strychnine (5 mM) had three distinct effects: (1) the

density of contrast-activated terminals was reduced by 60%

(Figure 6A; p < 0.05); (2) the density of contrast-suppressed ter-

minals was increased by 70% (Figure 6C, p < 0.01); and (3) in

contrast-activated terminals, the gain of synaptic response at

frequencies below �3 Hz was significantly reduced, making

the tuning curve sharper (Figure 6B). Under control conditions,

the ratio of ON terminals suppressed by contrast versus
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Figure 4. Crossover Inhibition Converts

Band-Pass Terminals to Low-Pass

(A) A field of view showing the same population of

bipolar cell terminals before and after the injection

of L-AP4 into the eye of a zebrafish.

(B) Example of frequency tuning curves from three

individual terminals from Group 1 (ROIs 1, 2, and 3

in A) and three from Group 2 (ROIs 4, 5, and 6)

before and after L-AP4.

(C) Summary of the cutoff frequency values from

all the OFF bipolar terminals in each group before

and after L-AP4 (n = 34 terminals from 1 fish).

Groups in control conditions were determined

by K-means clustering (see Experimental Pro-

cedures). The cutoff frequency from the individual

terminals was calculated as in Figure 1. Solid

lines connect responses from the same terminals

before and after L-AP4. Red dots represent

mean ± SEM. ***p < 0.001.
activated by contrast was 1.3:1, and this ratio increased to 5.8:1

when glycinergic transmission was blocked.

Is the action of glycine direct or exerted through GABAergic

amacrine cells? Blocking GABAergic transmission with Gaba-

zine (10 mM) had an effect that was qualitatively opposite to

strychnine, increasing the density of contrast-activated termi-

nals by 90% (Figure 6A; p < 0.01). The ratio of ON terminals sup-

pressed by contrast versus activated by contrast was reduced

to 0.46:1 (Figure 6C), and the amplitude of these responses

was significantly increased at lower frequencies (Figure 6D).

Together, the results in Figure 6 indicate that ON terminals can

switch between contrast-activated and contrast-suppressed

modes of operation, with the balance determined by both

GABAergic and glycinergic amacrine cells acting in a push-pull

manner: GABAergic transmission pushes the population toward

contrast suppression, while glycinergic transmission maintains

the contrast-activated population. In the Discussion, we inter-

pret these observations in terms of known patterns of connectiv-

ity in the IPL: ON terminals receive strong inhibitory input

from contrast-activated GABAergic amacrine cells, which in

turn experience strong lateral inhibition from glycinergic ama-

crine cells.

Band-Pass Filtering in Amacrine Cells
A notable feature of the effects of blocking glycine receptors

was that the gain of transmission through the ON pathway
was only reduced at frequencies below

�3 Hz (Figure 6B). Might this action

reflect the frequency tuning of amacrine

cells providing inhibition to bipolar cell

synapses in the IPL? To investigate this

possibility, we measured the temporal

filters operating in amacrine cells using

a zebrafish line expressing the calcium

reporter SyGCaMP3 under the ptf1a

promoter, which drives expression in all

classes of amacrine cell (Jusuf and Har-

ris, 2009; Nikolaev et al., 2013; Figure 7A).
The resolution of our microscope did not allow us to distinguish

all the processes belonging to individual amacrine cells, so we

carried out a voxel-by-voxel analysis rather than attempting to

segment the image into regions of interest defining individual

processes (Nikolaou et al., 2012). Responses were measured

across all voxels above a threshold intensity and then classified

in two steps. First, by clustering of tuning curves using the

k-means algorithm, which revealed two major types of synaptic

tuning curve: ‘‘low’’ band-pass with peak transmission at about

5 Hz (Figure 7B), and ‘‘high’’ band-pass with peak transmission

at 9–10 Hz (Figure 7C). Second, voxels were then separated

further into ON (green), OFF (red), and ON-OFF (blue) according

to their responses to step stimuli. Strikingly, amacrine cell

responses tuned to lower and higher frequencies did not differ

significantly in their position in the IPL (Figure 7D) and were

found in ON, OFF, and ON-OFF subtypes. It may well be

that further refinement of this functional classification will

be possible by imaging retinae in which subsets of amacrine

cells are labeled, allowing individual dendritic processes to be

distinguished.

The stimulus frequencies that activated amacrine cells over-

lapped with those at which glycinergic inhibition modulated the

ON pathway. For instance, Figure 6B shows that by isolating

the glycinergic transmission by using Gabazine boosted signals

at frequencies up to about 8 Hz. Notably, the sharp decline

in amacrine cell activity at frequencies higher than 5 Hz was
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Figure 5. GABAergic Control of ‘‘Sustained’’ Signals through the

OFF Pathway

(A) Histogram of the cutoff frequency (fc) of 230 OFF bipolar terminals from five

fish before (control; red bars) and after (blue bars; 5 mM estimated final con-

centration) intraocular injection of strychnine. Strychnine increased the num-

ber of terminals in Group 1 by 30% (Group 1, n = 53 in control and n = 43 in

strychnine; Group 2, n = 38 in control and n = 14 in strychnine; Group 3, n = 50

in control and n = 32 in strychnine).

(B) Histogram of the cutoff frequency (fc) of 248 OFF bipolar terminals from five

fish before (control; red bars) and after (black bars; 10 mM estimated final

concentration) intraocular injection of Gabazine. Gabazine reduced the num-

ber of terminals in Group 1 by 73% (Group 1, n = 44 in control and n = 12 in

Gabazine; Group 2, n = 54 in control and n = 48 in Gabazine; Group 3, n = 23 in

control and n = 73 in Gabazine).

See also Figure S5.
very similar to the decline observed through ON bipolar cells.

The frequency tuning of the amacrine cell population was

consistent with the idea that inhibition plays a key role in deter-

mining the gain of transmission through bipolar cells at low fre-

quencies and, therefore, the establishment of the ‘‘sustained’’

pathway.

DISCUSSION

It has long been known that the output from the retina contains

at least two distinct temporal channels—transient and sus-

tained. The origin of the transient channel can be traced to

cones providing the input to the retinal circuit, which generate

oscillatory responses to flashes of light and act as band-pass

filters (Schnapf et al., 1990). These transfer characteristics are

maintained by the kinetic properties of glutamate receptors at
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the bipolar cell dendrites (Borghuis et al., 2014; DeVries,

2000; Puthussery et al., 2014) so that band-pass responses

are also observed in the soma of bipolar cells (Baden et al.,

2011; Burkhardt et al., 2007; Umino et al., 2008; DeVries,

2000). It has been less clear how the sustained channel is es-

tablished within the inner retina. This study reveals that the first

neural compartment to be specifically tuned to low frequencies

is the synaptic terminal of OFF bipolar cells (Figures 1 and 2)

and that the key circuit motif involves crossover inhibition

from the ON pathway mediated through GABAergic amacrine

cells. We also uncovered a previously unsuspected system

by which the ON pathway signals sustained inputs: a suppres-

sion of synaptic activity in response to temporal modulations

in light intensity, functionally analogous to RGCs acting as

‘‘uniformity detectors’’ (Mastronarde, 1985; Sivyer et al.,

2010; Figures 1 and 2). Contrast suppression in bipolar cell syn-

apses was modulated by glycinergic inhibition from amacrine

cells (Figure 6).

A New Role of Crossover Inhibition
The function of crossover inhibition from ON to OFF pathways in

the retina has been the subject of a number of studies (Demb

and Singer, 2012; Lee et al., 2014; Buldyrev et al., 2012; Wer-

blin, 2010; Pang et al., 2007; Molnar et al., 2009; Cafaro and

Rieke, 2013), and here we propose a new function for this struc-

tural motif in the generation of a sustained temporal channel. A

model of how this pathway operates based on our experimental

findings is shown in Figure 8. The key feature is that lateral inhi-

bition between glycinergic and GABAergic amacrine activated

by the ON pathway acts on a subset of OFF bipolar cells termi-

nals to convert their net synaptic output from band-pass to low-

pass (Figure 8A). This model is based on two results. First,

blocking the ON pathway with L-AP4 increased the proportion

of band-pass synapses in the OFF pathway at the expense of

low-pass (Figures 4C and 8B). Second, this effect was

mimicked by Gabazine (Figures 5B and 8B), supporting previ-

ous findings that GABA-A receptors modulate lateral connec-

tions between amacrine cells (Eggers and Lukasiewicz, 2011).

It is well established that GABAergic amacrine cells are them-

selves inhibited by glycinergic amacrine cells (Baccus, 2007;

Masland, 2012), so this model predicts that blocking glycinergic

transmission will result in the opposite effect—an increase in

the number of low-pass synapses in the OFF pathway at the

expense of band-pass (Figure 8C)—and this was observed

experimentally (Figure 5A).

An alternative way of describing this model is that all OFF

bipolar cells intrinsically respond as band-pass filters but that

crossover inhibition can ‘‘sculpt’’ the tuning properties of the

synaptic compartment to generate a low-pass output. Electro-

physiological recording from the soma demonstrates that

almost all bipolar cells in the zebrafish retina do indeed respond

as band-pass filters (Baden et al., 2011). The soma is then

separated from the synaptic terminal by a long thin axon of

high resistance and a number of different conductances are

localized to the synaptic compartment, including calcium chan-

nels and calcium-activated potassium channels that generate

spikes (Burrone and Lagnado, 1997; Protti et al., 2000; Baden

et al., 2011, 2014), and chloride conductances activated by
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Figure 6. Glycinergic Control of ‘‘Sus-

tained’’ Signals through the ON Pathway

(A) Density of contrast-activated ON terminals

across the whole IPL, before and after injection

of strychnine and Gabazine. Gabazine injection

significantly increased the number of ON terminals

generating a significant response at any fre-

quency, while strychnine injection decreased it

(**p < 0.01; *p < 0.05). Collected results from 632

ON terminals in 7 fish.

(B) Response amplitude as a function of frequency

averaged from contrast-activated ON terminals

before (green, n = 114) and after Gabazine (black,

n = 120) or strychnine (blue, n = 28). Note

that Gabazine increased peak gain, while strych-

nine reduced the response amplitudes at low

frequencies.

(C) Density of contrast-suppressed ON terminals,

before and after injection of strychnine and

Gabazine. Strychnine significantly increased the

number of contrast-suppressed terminals.

(D) Response amplitude as a function of frequency

averaged from contrast-suppressed ON terminals

before (green, n = 146) and after Gabazine (black,

n = 57) or strychnine (blue, n = 164).
GABA or glycine that directly modulate glutamate release (Bor-

ghuis et al., 2014). In the future, it will be important to identify

the biophysical mechanisms by which GABAergic feedback

damps high-frequency signals and/or amplifies low-frequency

components.

Potential Mechanisms of Suppression by Contrast
Ganglion cells suppressed by temporal contrast, also known as

‘‘uniformity detectors’’ have been recognized in a number of

species and decrease their firing rate in response to changes

in the visual scene (Mastronarde, 1985; de Monasterio, 1978;

Sivyer et al., 2010; Cleland and Levick, 1974; Hoshi et al.,

2013; Caldwell et al., 1978; Levick, 1967). We are not aware

that contrast suppression has been observed electrophysiolog-

ically in bipolar cells but nonetheless found a large population of

ON terminals that were strongly inhibited by fluctuations across

all frequencies above �0.2 Hz (Figures 1, 2, 6C, and 6D). It

seems likely that excitatory synaptic inputs with these functional

characteristics will contribute to building RGCs acting as unifor-

mity detectors.

The simplest mechanism by which temporal contrast would

deactivate bipolar cell synapses is hyperpolarization, but this

has not been observed by making recordings at the cell body

(Baden et al., 2011). It therefore seems likely that contrast acts
to suppress ON terminals locally, by acti-

vating inhibitory inputs that ‘‘flip’’ the syn-

aptic compartment from an active state

into one that is hyperpolarized below the

threshold for activation of calcium chan-

nels. This idea is supported by studies

demonstrating that the synaptic compart-

ment of ON bipolar cell is ‘‘bi-stable’’ and
can jump from a depolarized state in which voltage-sensitive cal-

cium channels are open and the synapse is tonically active into

one in which calcium channels are closed (Burrone and Lag-

nado, 1997). Such ‘‘flips’’ between active and inactive states

can be caused by small injections of current around the

threshold for activation of calcium channels (Baden et al.,

2011). Further, the highest density of contrast-suppressed bipo-

lar cell terminals was observed in the deeper layers of the IPL

(Figure 3), where bistability has been previously observed in

ON bipolar cells isolated from goldfish (Burrone et al., 2002).

The switching off of synaptic activity can be thought of as

another route to signal the presence of low-frequency fluctua-

tions in the visual input.

Recent work from a number of laboratories has reinforced

the idea that individual bipolar cells do not necessarily reflect

a single filter or channel in the transformation of the visual

signal (Asari and Meister, 2012; Baden et al., 2014). Many bipo-

lar cells deliver their output through multiple synaptic compart-

ments, and these are key sites of signal integration that are at

least partially isolated from each other and the soma (Masland,

2012; Baden et al., 2011). In this study, we have demon-

strated how the inhibitory signals received by these synaptic

compartments provide the origin for two functional channels

that can be subsequently recognized in the retinal output: the
Neuron 90, 308–319, April 20, 2016 315



A

B

C

D

Figure 7. Voxel-Based Analysis of Calcium

Signal in Amacrine Cells Reveals Diversity

in Temporal Tuning

(A) Left: view of the IPL showing amacrine cells

expressing SyGCaMP3 (left) and the respective

pixel-mask (right). Scale bar represents 20 mm.

Right: raster plot showing the relative change in

fluorescence for 6,210 pixels during a ‘‘forward’’

frequency seep. Only OFF voxels are shown, as

defined by the responses to steps of light.

(B and C) K-means clustering revealed two major

types of temporal tuning in amacrine cells, ‘‘low’’

band-pass (B, peak transmission at 4.6 ± 0.2 Hz

and fc = 9.8 ± 0.11 Hz) and ‘‘high’’ band-pass (C,

peak transmission at 9.9 ± 0.3 Hz and fc = 13.9 ±

0.2 Hz). Voxels were then separated further into

ON (green), OFF (red), and ON-OFF (blue). Results

were collected from five fish. The left-hand plots

show averaged SyGCaMP3 responses of the three

groups classified as low and high band-pass from

a total of between 5,207 and 8,540 voxels from five

fish. The right-hand plots show response ampli-

tude as a function of frequency.

(D) Spatial distribution within the IPL of low band-

pass (filled gray regions) and high band-pass (solid

lines) voxels as a function of dendrite stratification

in the IPL for ON (left), OFF (middle), and ON-OFF

(right) pixels. Stratification is plotted such that 0%

is the boundary with the ganglion cell layer and

100% the boundary with the inner nuclear layer.
‘‘sustained’’ channel and ‘‘uniformity detectors.’’ It seems likely

that our understanding of the retinal circuit will continue to

advance by considering individual synapses as distinct func-

tional units rather than simple relays of signals observed in

the cell body.

EXPERIMENTAL PROCEDURES

Animals

We used transgenic zebrafish (Danio rerio) maintained on a 14 hr:10 hr light/

dark cycle at 28�C (Nüsslein-Volhard and Dahm, 2002). The Home Office of

the UK, the Medical Research Council Laboratory of Molecular Biology

Ethical Review Committee, and the University of Sussex Ethical Review

Committee approved all procedures for animal maintenance and imaging.

A total of 33 fish were used in these experiments. To image calcium signals

in the synaptic terminals of bipolar cells, we used the synaptically localized

calcium reporter SyGCaMP2 under the RibeyeA promoter. In the line of

fish we used (Tg(–1.8ctbp2:SyGCaMP2)lmb), expression of SyGCaMP2

within the inner plexiform layer only occurs in bipolar cell terminals (Odermatt
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et al., 2012; Esposti et al., 2013; Dreosti et al.,

2011; Baden et al., 2011). To image synaptic

calcium signals in amacrine cells, we used ptf1a:

gal4;UAS:SyGCaMP3 fish. The ptf1a promoter

drives expression across all types of amacrine

cell but not bipolar cells (Jusuf and Harris, 2009;

Nikolaev et al., 2013).

It should be noted that SyGCaMP2 does not

respond instantaneously to a change in calcium

concentration: the off (unbinding) time constant

is about 300 ms (Dreosti et al., 2009), so the fluo-

rescence signal can be thought of as a low-pass

version of the underlying calcium signal. The on
time constant is significantly shorter, about 20 ms, and introduces less of a

distortion (Tallini et al., 2006).

In Vivo Multi-photon Imaging

Zebrafish larvae (7–10 days post-fertilization) were immobilized in 2.5% low

melting point agarose (Biogene) in E2 medium on a glass coverslip (0 thick-

ness) and mounted in a chamber where they were superfused with E2, as

described previously (Odermatt et al., 2012). To prevent eye movements,

the ocular muscles were paralyzed by injection of 1 nL of a-bungarotoxin

(2 mg/mL) behind the eye. Imaging experiments were performed in the after-

noon (2–8 p.m., 7–13 hr after light onset). Fish larvae were kept in E2 medium

containing 1-phenyl-2-thiourea (200 mM, Sigma Aldrich) from 28 hr post-fertil-

ization to minimize pigmentation.

Imaging of bipolar cell terminals and amacrine cells was carried out using a

custom-built two-photon microscope equipped with a mode-locked titanium-

sapphire laser (Chameleon, Coherent) tuned to 915 nm and an Olympus

LUMPlanFI 403 water immersion objective (NA 0.8). Fluorescence emission

was captured both by the objective and a substage oil condenser (Olympus),

filtered through GFP emission filters (HQ 535/50, Chroma Technology) before

detection with photomultiplier tubes (Hamamatsu). Scanning and image



Figure 8. Schematic of the SynapticMecha-

nism Controlling the Sustained OFF Chan-

nel in the IPL

(A) During light stimulation, GABAergic and glyci-

nergic amacrine cells (ACs) receive excitatory

glutamatergic inputs from ON bipolar cells. The

activated GABAergic ACs synapse onto OFF bi-

polar terminals to shape the temporal properties of

the OFF channel. Transient/band-pass responses

become sustained/low-pass through the action

of the GABAergic ACs. The amount of inhibition

through this crossover mechanism is controlled by

a lateral connection with the activated glycinergic

AC. Under control conditions, both sustained and

transient channels are balanced and contribute

almost equally to the temporal properties of the

OFF channel.

(B) OFF bipolar terminals dramatically change their

temporal output when signals arriving from the ON

pathway are blocked. Using either L-AP4 to inhibit

the activation of the ON pathway or Gabazine to

block the synaptic transmission through the

GABAergic ACs almost abolishes OFF terminals

responding as low-pass filters and increases the

number of OFF terminals responding as band-

pass filters.

(C) The role of the lateral synapse between glyci-

nergic and GABAergic ACs is evident in the pres-

ence of strychnine. GABAergic ACs are relieved

from glycinergic signaling by strychnine, which

results in an augmented inhibition onto the termi-

nals of OFF bipolar cells and thus an increase in

the number of terminals responding as low-pass

filters.
acquisition were controlled under ScanImage v.3.6 software (Pologruto et al.,

2003). Image sequenceswere typically acquired at 10 Hz (2563 100 pixels per

frame, 1 ms per line).

Light Stimulation and Drug Application

Wide-field light stimuli were generated by an amber LED (lmax = 590 nm, Phil-

lips Luxeon, 350mA, 3 V), filtered through a 590/10 nmBP filter (Thorlabs), and

delivered through a light guide placed close to the eye of the fish. These wave-

lengths will stimulate L-cones about 1003more effectively than M-cones (En-

deman et al., 2013), although some weaker stimulation of rod pathways might

also be expected (Li et al., 2012). Stimulation was synchronized to image

acquisition through Igor Pro software (Wavemetrics). The mean intensity of

the stimulus was controlled by neutral density filters to 55 nW/mm2 (maximum

light intensity, 110 nW/mm2, equivalent to 3.3 3 1011 photons/mm2 s�1) and

modulations around this mean were generated by a custom-built LED driver

that switched the driving current at 10 kHz while adjusting the duty cycle.

Frequency tuning was assessed by stimulating the dark-adapted fish with a

series of 10 s square wave light oscillations around a constant light level at

90% contrast at 14 different frequencies, ranging from 0.2 to 25 Hz (Esposti

et al., 2013). Please note that the dynamics of our reporter, SyGCaMP2,

does not allow any quantitative evaluation of the behavior over 10 Hz as

previously described in the zebrafish retina (Esposti et al., 2013).
Pharmacological manipulation was achieved by

injection of substances diluted in oxygenated fish

Ames’ solution (Sigma Aldrich) into the eye, as

described by (Esposti et al., 2013). Final concen-

trations in the extracellular space were estimated

as 100 mM for the selective agonist for the group

III metabotropic glutamate receptors L-AP4 (Toc-
ris), 10 mM for the GABAA receptor antagonist Gabazine (Tocris), and 5 mM

for the glycine receptor antagonist strychnine (Sigma). Injection of Ames’ solu-

tion alone did not have an effect on the frequency responses (data not shown).

Image Analysis

Image sequences were analyzed using SARFIA, a set of custom-written pro-

cedures for IgorPro (Dorostkar et al., 2010). Regions of interest (ROIs) defining

bipolar cell terminals and amacrine cells were defined by thresholding the Lap-

lacian Transform of an averaged image. If necessary, images were registered

to correct for small movements in the x and y directions. Image sequences

showing large movements, especially in the z direction, were rejected.

ON and OFF cells were defined by their responses to steps of light (as in the

first 50 s of the protocol shown in Figure 1) and contrast-enhanced and

contrast-suppressed cells were distinguished by their response to oscillations

around the mean light level. To analyze the response at a given frequency, we

measured the change in fluorescence during modulation of light intensity rela-

tive to the baseline measured in the preceding 5 s of steady light. Tuning

curves were then constructed by repeating these measurements over a range

of frequencies.

To reveal functional subtypes of cells, we clustered responses over a range

of frequencies using the K-means algorithm in Multiexperiment Viewer Soft-

ware (http://www.tm4.org/mev.html), with the number of clusters chosen
Neuron 90, 308–319, April 20, 2016 317
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based on the figure of merit, which calculates the minimum number that pro-

vided the largest improvement in performance. Prior to clustering, traces from

individual cells were normalized so that only the dynamics of the response

(rather than the amplitude) determined separation.

All errors indicated in the text and shown in the figures represent SEM.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and can be found with this
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