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Abstract
Early retinal studies categorized ganglion cell behavior as either linear or nonlinear and rectifying
as represented by the familiar X- and Y-type ganglion cells in cat. Nonlinear behavior is in large
part a consequence of the rectifying nonlinearities inherent in synaptic transmission. These
nonlinear signals underlie many special functions in retinal processing, including motion
detection, motion in motion, and local edge detection. But linear behavior is also required for
some visual processing tasks. For these tasks, the inherently nonlinear signals are “linearized” by
“crossover inhibition.” Linearization utilizes a circuitry whereby nonlinear ON inhibition adds
with nonlinear OFF excitation or ON excitation adds with OFF inhibition to generate a more linear
postsynaptic voltage response. Crossover inhibition has now been measured in most bipolar,
amacrine, and ganglion cells. Functionally crossover inhibition enhances edge detection, allows
ganglion cells to recognize luminance-neutral patterns with their receptive fields, permits ganglion
cells to distinguish contrast from luminance, and maintains a more constant conductance during
the light response. In some cases, crossover extends the operating range of cone-driven OFF
ganglion cells into the scotopic levels. Crossover inhibition is also found in neurons of the lateral
geniculate nucleus and V1.
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Introduction
The generation of nonlinearity at synapses

Early retinal studies in cat revealed two main classes of ganglion cell: “X” cells were shown
to respond “linearly,” while “Y” cells responded nonlinearly (Hochstein & Shapley,
1976a,b; Jakiela & Enroth-Cugell, 1976; Linsenmeier et al., 1982; Richter & Ullman, 1982;
Enroth-Cugell & Robson, 1984; Troy & Enroth-Cugell, 1993). In spike recordings, X cells
responded at either the onset or the termination of illumination, but Y cells respond at both
ON and OFF. X cells summed illumination across their receptive fields generating a null
response to a drifting or inverting grating, but Y cells extracted intensity differences within
their receptive fields and so generated activity even in response to a intensity-neutral drifting
or inverting grating.
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Nonlinearity serves an essential role for many visual functions. For example, directionally
selective neurons receive nonlinear inputs that allow them to be motion sensitive (Barlow &
Levick, 1965; Euler et al., 2002; Fried et al., 2002, 2005; Lee & Zhou, 2006). The local edge
detector also relies on nonlinear inputs at both center and surround if its receptive field
(Levick, 1965; van Wyk et al., 2006). Cat Y cells discussed above represent a significant
population of nonlinear ganglion cells.

But nonlinearities can also interfere with proper visual processing in some cases. The ability
of the retina to enhance edges, to distinguish between luminance and contrast, and to
average photon count across the receptive fields of individual retinal neurons is
compromised by the nonlinearities. One of the sources of nonlinearity is transmitter release
that depends on calcium entry at the synaptic terminals. Release mediated by voltage-gated
calcium channels, and the activation of these calcium channels is a nonlinear function of
membrane voltage (Katz & Miledi, 1967). As a consequence of this nonlinearity, transmitter
release during depolarization is greater than release during hyperpolarization. In graded
potential neurons, including many cell types in the retina, this can lead to unacceptable
distortions of the postsynaptic response. These distortions occur at every level of retinal
processing. However, the nonlinearities are corrected by the special circuitry of crossover
inhibition. So whereas a linear retinal response may at first seem the more simple, linearity
actually requires additional retinal circuitry to correct for the inherent nonlinearity
associated with synaptic transmission.

A general summary plan for signal flow through the retina is shown in Fig. 1. Red arrows
show the excitatory glutamatergic synaptic pathways from photoreceptors and bipolar cells
and from bipolar to ganglion cells. Icons for the inhibitory amacrine cell interneurons are not
shown to keep the figure simple, but the pathways for these amacrine-mediated inhibitory
signals are represented. Green arrows show pathways for the narrow and wide GABA
signals. Included for completeness are the green arrows in the upper part of the figure
representing possible GABA feedforward to bipolar cells and feedback to cones via a yet-to-
be resolved mechanism. More important here, the blue arrows show the glycinergic
pathways that traverse the inner plexiform layer (IPL) vertically, carrying crossover signals
between the ON and OFF sublaminae. The blue arrows show glycinergic crossover
inhibition to bipolar, amacrine, and ganglion cells. All crossover signals measured have been
shown to be glycinergic (Molnar & Werblin, 2007;Hsueh et al., 2008;Manookin et al.,
2008;Molnar et al., 2009). Glycinergic amacrine cells have the appropriate morphology for
carrying signals between the ON and the OFF sublamina (Menger et al., 1998). They are
horizontally narrowly ramifying and vertically diffuse, spanning both the ON and the OFF
sublaminae.

Synaptic circuitry for crossover inhibition is available at the bipolar cell terminal diad
What is the likely microcircuitry responsible for crossover effects in bipolar, amacrine, and
ganglion cells? Most of the synaptic contacts necessary for these interactions are found in
the complex at the bipolar cell terminal at the “diad” synapse as sketched in Fig. 2. Here, the
colored interneuron is the ON glycinergic amacrine cell that provides inhibitory input to
bipolar, amacrine, and ganglion cells. This specific circuitry has never been verified, but the
synaptic pathways can be inferred from electron microscopic studies (Dowling & Boycott,
1965,1966;Dowling, 1968,1970a,b).

Generation of the synaptic nonlinearity
The release/voltage nonlinearity responsible for nonlinear synaptic function is sketched in
Fig. 3. The degree of rectification can be measured as the ratio of the transients A to B
(Molnar & Werblin, 2007). But how does rectification lead to an asymmetry between the
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response at ON versus that at OFF? If release simply followed the exponential curve from
hyperpolarization (C) to depolarization (D), and back again, the trajectories would be equal
and opposite, and no asymmetry would develop. But most retinal light responses originate
from a common ambient potential (arrow in Fig. 3) and are transient depolarizations or
hyperpolarizations above and below that ambient level. These transients traverse two
different slope regions along the transmitter release curve. The slope for depolarization is
steeper than that for hyperpolarization. The transient responses, spanning different regions
of the exponential-like release trajectory curve, lead to the nonlinear responses recorded in
the intracellular studies. In the following discussion, linearity is measured as the ratio of
A:B. The signal would be considered linear if A = B.

There is good evidence that transmission from photoreceptors is linear (Thoreson et al.,
2004; Heidelberger et al., 2005), but many of the downstream synapses appear to be less
linear. One would also expect release from OFF bipolar cells to be more linear than ON
bipolar cells, but recordings from bipolar, amacrine, and ganglion cells (Roska & Werblin,
2001; Molnar & Werblin, 2007; Hsueh et al., 2008) show the ON pathway is more linear
than the OFF pathway.

Crossover signals and circuitry correct for synaptic rectification
This synaptic nonlinearity shown in Fig. 3 is compensated for at each neuron in the IPL by a
repeating circuitry motif illustrated in Fig. 4. This figure summarizes and characterized the
signals and circuitry that underlie crossover inhibition based on earlier patch clamp
recordings from identified retinal bipolar (Molnar & Werblin, 2007), amacrine (Hsueh et al.,
2008), and ganglion cells (Roska & Werblin, 2001;Roska et al., 2006). The relatively linear
presynaptic voltage responses to a flashed step of illumination are shown for an ON and an
OFF bipolar cell as A and B. These signals, once transmitted synaptically, appear as
rectified postsynaptic currents as C and D. The currents are asymmetrical because release is
greater during the depolarizing than the hyperpolarizing phase of the presynaptic voltage
response in each cell type as shown earlier in Fig. 3. E and F show the inhibitory currents
that would be generated in the postsynaptic cells by the glycinergic amacrine cells that
mediate crossover inhibition. The rectified ON signal F is inhibitory to the OFF postsynaptic
cell, and the rectified OFF signal E is inhibitory to the ON postsynaptic cell. These
inhibitory currents E and F are in phase with the excitatory currents C and D in the ON and
OFF pathways: when excitatory current is inward, inhibitory current is also inward, and
when the excitatory current is outward, the inhibitory current is also outward. The additive
combination of the excitatory and inhibitory currents along both the ON and the OFF
pathways leads to a voltage response in the postsynaptic cells G and H that is more linear
than either of the currents.

This interactive motif, crossover between ON and OFF signal streams illustrated in Fig. 4, is
repeated at the inputs to bipolar, amacrine, and ganglion cells and shown to be mediated by
glycine (Roska & Werblin, 2001;Roska et al., 2006;Molnar & Werblin, 2007;Hsueh et al.,
2008). The most common glycinergic amacrine cells in rabbit are the narrow field diffuse
cells that traverse the ON and OFF sublaminae of the IPL as described via
immunohistochemistry (Menger et al., 1998;Haverkamp et al., 2003,2004;Vitanova et al.,
2004;Heinze et al., 2007;Weiss et al., 2008). Most of the glycinergic currents we have
measured have narrow receptive fields (Hsueh et al., 2008). These are the likely candidates
that mediate ON glycinergic amacrine to OFF amacrine and ganglion cells and OFF
inhibition to ON cells.

Werblin Page 3

Vis Neurosci. Author manuscript; available in PMC 2010 November 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Six different roles for crossover inhibition in the retina
Crossover inhibition provides a variety of enhancements and corrections to the nonlinear
rectified visual signals that course through the retina. This section summarizes six different
ways in which crossover inhibition corrects for nonlinearities and enhances visual function.

Crossover inhibition converts Y-like responses into X-like responses to an inverting
grating

Generation of Y-like nonlinear responses—Nonlinear rectifying cat Y cells respond
with a transient burst of spikes to each grating inversion (Levick, 1965; Enroth-Cugell &
Robson, 1984; Demb et al., 1999). This nonlinear characteristic was identified as
rectification (Richter & Ullman, 1982; Enroth-Cugell & Robson, 1984). Ganglion cells that
respond to inverting gratings (Hamasaki & Sutija, 1979; Hamasaki et al., 1979; Demb et al.,
2001) have been shown to receive nonlinear rectifying excitatory input from bipolar cells
similar to the signals shown in Fig. 3 (Roska & Werblin, 2001; Roska et al., 2006). In recent
studies of the crossover nonlinearity measuring synaptic currents, evidence of rectification
is given by the asymmetric synaptic currents measured in ganglion cells at the onset and
termination of the flash as shown in Fig. 4. The left panel in Fig. 5 shows how the nonlinear
rectified responses measured intracellularly as asymmetrical currents in ganglion cells could
lead to nonlinear spike activity, namely a burst of spikes each time the grating inverts. When
the grating inverts, the increase in excitatory currents at the bright stripes is larger than the
decrease in excitation at the dark stripes (Fig. 5C). Synaptic input to the ganglion cell from
the bright-going and the dark-going stripe regions add (Fig. 5D), so every inversion of the
grating elicits net transient excitation and concomitant spiking (Fig. 5E). This response is
similar to that found earlier in Y-type cat ganglion cells (Enroth-Cugell & Robson, 1984).

Generation of X-like linear responses—One of the criteria for linearity in the earlier
studies was the null response to luminance-neutral inverting gratings. This is characteristic
of cat X cells (Enroth-Cugell & Robson, 1966; Richter & Ullman, 1982; Enroth-Cugell &
Freeman, 1987). Despite the local changes in luminance, the overall luminance of an
inverting grating remains constant. This condition comes about through two separate current
additions as illustrated in the following: The excitatory synaptic inputs from two ON bipolar
cells, one beneath the bright-going stripe and the other beneath the dark-going stripe, are
shown by the pair of excitatory responses in Fig. 5F. These two excitatory currents would
generate a net excitation with each inversion of the grating as shown in Fig. 5D. But with
crossover (Fig. 5G), the rectified excitatory current in each stripe (Fig. 5F) is added to an
inhibitory current as shown in Fig. 5G. The two currents under each stripe are now
symmetrical (Fig. 5H) but equal and opposite. When these two currents are added at the
ganglion cell membrane (Fig. 5J), two currents oppose each other, so the postsynaptic
voltage response of the cell is not modulated (Fig. 5J) and spiking does not occur (Fig. 5K).

Crossover inhibition converts a passive antagonistic surround at the outer retina into an
active antagonistic surround at the inner retina

Fig. 6 shows the spatial profile of activity across a population of ON bipolar cells across and
outside the region of a flashed light bar. In the region coincident with the bar, the ON
bipolar cells are depolarized, and in the regions adjacent to the bar, the bipolar cells are
hyperpolarized due to the action of horizontal cells that project their antagonistic activity
laterally from the region of the bar (Fig. 6A). ON ganglion cells receive a rectified input
from these ON bipolar cells: the ganglion cells receive an inward current in regions beneath
the bar, but in regions adjacent to the bar, there is little outward current because rectification
has truncated release there (Fig. 6B). The OFF bipolar cells respond to the dark bar in a
complementary way: they decrease release in regions beneath the bar but act to depolarize

Werblin Page 4

Vis Neurosci. Author manuscript; available in PMC 2010 November 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



amacrine cells in regions adjacent to the bar. These amacrine cells in adjacent regions
actively inhibit ganglion cells adjacent to the bar as shown in Fig. 6C. The excitatory and
inhibitory currents add to generate a response profile for the ON ganglion cells (Fig. 6D)
that resembles the profile of the ON bipolar cell A more closely than either the excitatory or
the inhibitory currents arriving at the ganglion cells B and C. Moreover, what was only a
decrease in activity in the surround measured in the bipolar cell is transformed into an active
inhibition at the ganglion cell level. In this way, crossover provides an additional active
current, increasing the antagonistic effect from the surround.

Crossover inhibition extends the range of intensities to the scotopic level for cone-driven
ganglion cells

Earlier studies (Pang et al., 2003; Manookin et al., 2008) showed that crossover signals,
mediated by AII amacrine cells, add to the synaptic input to extend the sensitivity range of
OFF alpha cells. In those studies, it appears that the more sensitive rod signals are conveyed
synaptically to the OFF bipolar cells via the AII amacrine cells as shown in Fig. 7. There is
also the possibility of similar crossover signals in salamander (Pang et al., 2007).

Crossover inhibition reduces the net change in input conductance
It is evident from Figs. 4 and 5 that excitation and inhibition generate opposing conductance
changes. Each increase in conductance from the excitatory input is offset by a decrease in
conductance from the inhibitory input as summarized in Fig. 8. The combination of these
two opposing conductance inputs tends to reduce the net conductance change in the
postsynaptic neuron. This is valuable because other inputs to the neuron will not be modified
at different states of excitation or inhibition.

As a consequence of these opposing conductance changes, the I–V curve for the total light-
elicited conductance will tend to become less steep. If the conductance changes were exactly
equal and opposite, there would be no net conductance and the I–V curve would be
horizontal, never crossing the voltage axis.

Crossover inhibition can eliminate signal offsets that are common to all neurons
Fig. 9 illustrates how crossover inhibition could compensate for membrane potential offsets
that would be common to both excitation and inhibition in the retina. Such offsets could
come about because of changes in extracellular potassium concentration or changes in other
factors that would offset membrane potential in all neurons. In this example, the input is a
sinusoidally modulated illumination. At the midpoint of the traces, all neurons have been
subjected to a common depolarization. In the left column, the membrane voltages of the
bipolar cell and the amacrine cell become more positive. In the middle column, excitation
from the bipolar cell and inhibition from the amacrine cell bring both sinusoidal inputs in
phase, but membrane potential current offsets cancel. This leads to a sinusoidal output that is
in phase with the original excitatory input but with no sign of the offset. This function is
valuable because it decreases distortions to the visual signal due to perturbations within the
retina.

Crossover inhibition allows the retina to distinguish luminance from contrast
The rectifying nonlinearity can lead to confusion between luminance and contrast. Fig. 10
replicates a measurement that illustrates this point. The signal in Fig. 10A is a voltage trace
in a retinal neuron where the retina has been stimulated by a sinusoid that is amplitude
modulated by a slower sinusoid. One can consider the faster sinusoid as a contrast signal
around a steady luminance represented by the average value of the signal. The postsynaptic
excitation shown in Fig. 10B, generated by this neuron, shows an offset of the luminance
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value caused by synaptic rectification. The postsynaptic inhibition shown in Fig. 10C also
shows the offset but in the opposite direction. When excitation and inhibition are combined,
the final output voltage resembles more closely the input signal with little luminance offset
shown in Fig. 10D. This is valuable for maintaining the difference between contrast and
luminance.

Functional implications of crossover inhibition
The role of crossover inhibition in visual processing

Retinal signals are nonlinear because synapses are inherently nonlinear. In many cases, this
nonlinearity is desirable. It underlies signaling for motion detection (Barlow & Levick,
1965; Fried et al., 2005; Lee & Zhou, 2006), local edge detection (Levick, 1965; van Wyk et
al., 2006), object motion (Baccus et al., 2008), and a variety of other retinal visual function.
However, it is also necessary in some cases to process visual signals linearly. Crossover
inhibitory circuitry compensates for the nonlinear behavior of synapses, so that linear signal
streams can be maintained throughout the visual pathway. This crossover inhibition
combines rectified excitatory currents with rectified crossover inhibitory currents to
reconstruct a linear nonrectified membrane voltage in ganglion, bipolar, and amacrine cells
(Molnar & Werblin, 2007; Hsueh et al., 2008; Molnar et al., 2009).

Crossover inhibition facilitates excitation
The crossover signals are inhibitory in the conventional synaptic sense: they are mediated by
glycine and modulate chloride channel conductance (Wassle et al., 1986; Molnar & Werblin,
2007; Hsueh et al., 2008). However, functionally, crossover inhibition, rather than opposing
excitation, acts in concert with and serves to augment excitation as illustrated in Fig. 4.

There is a commonality in disinhibition within the vertebrate and limulus retinas, which is a
decrease in inhibition. In limulus, this occurs by inhibition of inhibition (Hartline & Ratliff,
1957), while in vertebrates, it is attributable to a decreased excitatory drive of an inhibitory
interneuron. In both cases, the net result is decreased inhibition leading to enhanced activity.

In many of the pharmacological studies performed in our lab and others, we find that
blocking glycine inhibition can lead to a decrease in excitatory activity in ganglion cells.
This has often been misinterpreted as representing a form of disinhibition: The hypothesis is
that some glycine pathways block GABA inhibition. So when glycine is blocked, the GABA
inhibition fed back to bipolar terminals increases, thereby reducing excitation.
Understanding the role of crossover inhibition leads to an alternative hypothesis: Blocking
glycine pathways interferes with crossover inhibition to bipolar, amacrine, and ganglion
cells and thereby reduces the response of all three cell types. It should be possible to test
these hypotheses by measuring the change in magnitude of GABAergic inhibition when
glycine pathways are blocked.

Linear neuronal activity is found only in the voltage response of neurons; it is not found in
excitatory, inhibitory, or in spiking activity

The voltage response of each postsynaptic cell that receives crossover inhibition is more
linear than either its excitation or its inhibition. In this sense, excitation and inhibition are
less complete nonlinear representations of the visual message than the more linear
membrane voltage. The problem is even more severe in spiking neurons such as the axons of
the optic nerve because voltage-to-spiking is often more nonlinear than synaptic release.
This reasoning leads to the paradoxical conclusion that the optic nerve fibers and, for that
matter, every spiking pathway throughout the central nervous system carry only a partial
rectified signal. For linear signal reconstruction, these partial spiking signals carrying
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excitation and inhibition then converge on each postsynaptic neuron to reestablish linearity
in the voltage response of the postsynaptic neuron.

Crossover inhibition must be repeated at every level in the visual system
To maintain linearity, crossover inhibition has to reestablish linearity at every level in the
retina. Each synapse introduces rectifying nonlinearity into the visual stream. It can be
shown that if the nonlinear signal is subjected to another operation such as high- or low-pass
filtering before it is compensated by crossover, linearity is lost and can no longer be
reestablished by subsequent crossover inhibition (Molnar et al., 2009).

Each neuron along the pathway to the cortex generates spikes, and spiking is inherently even
more nonlinear and rectifying than synaptic transmission. Therefore, the neuronal
destination of each spike-generating neuron must itself receive crossover inhibition for
lateral geniculate nucleus (LGN) and cortical cells to respond linearly. This process of
crossover inhibition appears to be repeated at higher visual centers: similar “push–pull”
circuitry has been inferred at the LGN and visual cortex (Anderson et al., 2000; Hirsch,
2003; Lauritzen & Miller, 2003). Crossover inhibition is almost never exactly balanced with
excitation. A precise linearity is never found in any of the interactions. It is therefore
possible that nonlinearities could accumulate and not be corrected as the visual signal moves
centrally.

More crossover is measured in the OFF than the ON pathways
In the rabbit, where each cell type has been studied, almost all OFF bipolar cells and
ganglion cells receive ON crossover inhibition. But only about half of the ON bipolar and
ganglion cells receive OFF crossover inhibition. Conversely, almost all ON amacrine cells
receive OFF crossover inhibition, but only about half of the OFF amacrine cells receive
crossover ON inhibition. Taken together, this seems to suggest that crossover is more
prevalent in the OFF than the ON system. Nonlinear signals originating in the OFF bipolar
and ganglion cells are corrected by ON amacrine cells. These three OFF cell types receive
the majority of crossover activity. We have less information from most other animals. But
an interaction quite similar to crossover inhibition has been described in guinea pig ganglion
cells (Zaghloul et al., 2003). Fig. 7 shows that the OFF alpha cells in guinea pig receive ON
AII amacrine crossover as shown by Manookin et al. (2008).

One could measure nonlinearity as the ratio of the ON to OFF transient currents arriving at
any of the retinal neurons (Molnar et al., 2009). If this ratio is unity, the signal is “linear.”
By this measure, the ON bipolar and ON ganglion cells receive more linear inputs than the
corresponding OFF cells (Molnar & Werblin, 2007). In summary, the ON pathways are
inherently more linear but receive less crossover compensation. The OFF pathways are
inherently less linear but are made more linear than the ON signals because of crossover
inhibition. The relative nonlinearities of these pathways probably reflect an asymmetry in
ON and OFF inputs in the visual world, but this correspondence is not yet well understood.

It might be expected that transmission from OFF bipolars would be more nonlinear than
transmission from ON bipolars because OFF bipolar cells are more depolarized at the
ambient level than ON bipolars and therefore their membrane potential lies further within
the nonlinear voltage-to-transmission curve in Fig. 1. In fact, we measured more
nonlinearity in the OFF pathway than the ON and found more crossover correction to the
OFF than the ON pathways of both bipolar and ganglion cells.
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Not all forms of push–pull interaction are crossover inhibition
Crossover inhibition can be thought of as a form of push–pull interaction. With crossover,
excitation “pushes” by increasing conductance, while inhibition “pulls” by decreasing
conductance, yet both currents move the membrane potential. Similar interactions have been
described in guinea pig (Manookin et al., 2008), carp (Toyoda et al., 1992), mouse (Pang et
al., 2007), and mudpuppy (Belgum et al., 1982; Arkin & Miller, 1988).

But push–pull has meant other things in many other studies. For example, the form of push–
pull described earlier by Belgum et al. (1987) showed that illumination of the receptive field
surround decreased synaptic input from the center and increased synaptic input from the
surround. The push–pull described by Rabl et al. (2002) also involves interaction between
center and surround processes. Crossover is also different from the push–pull interaction
described by McGuire et al. (1986). They showed that for the ON beta cell, for example,
excitation at light ON from the CBb1 and disinhibition from CBb2 and the reverse at light
OFF. A similar push–pull interaction between ON and OFF bipolar cells was described by
Gaudiano (1994). This is again different from the crossover inhibition that is discussed in
this review. The push–pull described by Hirsch (2003) at higher levels of visual processing
seems more consistent with retinal crossover: this push–pull involves interactions between
excitatory and inhibitory inputs that work co-operatively to enhance the responses of cortical
neurons.
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Fig. 1.
Crossover inhibition between bipolar, amacrine, and ganglion cells. The blue arrows show
the pathways for crossover inhibition acting at bipolar and ganglion cells. ON bipolar,
amacrine, and ganglion cells receive glycinergic OFF inhibition and OFF bipolar, amacrine,
and ganglion cells receive glycinergic ON inhibition (blue arrows). Narrow field ON and
OFF GABAergic amacrine cells (short green arrows) receive glycinergic inhibition. Wide
field ON–OFF amacrine cells (long lateral green arrows) receive no inhibition. GABAergic
amacrine cells (all green arrows) feedback to bipolar cells and forward to ganglion cells but
not to other amacrine cells. Red arrows indicated excitatory pathways. This circuitry is
verified by measurements of excitation and pharmacological block of inhibition in each cell
type in many previous studies. All crossover signals could interact at the diad at the bipolar
terminal as suggested in Fig. 2.
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Fig. 2.
Summary sketch of electron micrograph of a synaptic terminal of an OFF bipolar cell
terminal diad showing the synaptic pathways typically found in these images. OFF bipolar
cell drives an OFF ganglion cell and an OFF amacrine cell. An ON amacrine cell (blue),
driven by an ON bipolar cell, feeds back to the OFF bipolar cell and forward to the OFF
ganglion cell. The amacrine cell also inhibits a neighboring OFF amacrine cell. A
complementary set of connections would exist for the ON bipolar cell terminal. This sketch
suggests all the connections that would be required for crossover inhibition to bipolar,
amacrine, and ganglion cells. It is difficult to fit all of the processes around the bipolar cell
ribbon in this two-dimensional representation, but all processes could be included in three
dimensions.
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Fig. 3.
A representation of a typical voltage response as might be measured in an ON depolarizing
bipolar cell is shown along the abscissa. At the input, the transient depolarizing and
hyperpolarizing response peaks C and D are of similar magnitude. The membrane would
typically begin near −40 mV and generate 5–10 mV transients. This voltage response
initiates voltage-dependent release A and B generating asymmetrical outward and inward
currents in a postsynaptic cell A and B. These current peaks would typically be between 50
and 100 pA.
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Fig. 4.
Compensation for nonlinearities mediated by crossover inhibition. Scheme for signal flow of
crossover inhibition at a generalized synapse in the retina. (A and B) Voltage responses in
ON and OFF presynaptic cells to a bright step of light. (C) Excitatory currents generated in
the postsynaptic ON cells showing rectification where presynaptic depolarization elicits a
large inward current, while presynaptic hyperpolarization elicits a smaller outward current.
(D) Excitatory currents generated in a postsynaptic OFF cell. (E) Crossover current to an
ON postsynaptic cell derived from the OFF pathway carried by an OFF amacrine cell (blue
arrow). (F) Crossover current to an OFF postsynaptic cell. (G) Voltage in an ON
postsynaptic cell generated by the addition of ON excitation and OFF crossover inhibition.
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(H) Postsynaptic voltage in an OFF postsynaptic cell generated by OFF excitation and ON
crossover inhibition.
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Fig. 5.
Superposition of the excitatory and inhibitory currents in a population of ON ganglion cells
leading to null response to inverting grating. Left column: nonlinear responses without
crossover. Right column: responses linearized by crossover. The initiation of “dark stripe”
activity and “light stripe” activity occurs simultaneously in neighboring spatial regions. The
upward and downward steps in the timing graphs at the top of the figure represent the
transitions of the contrasting stripes. They overlap in time and are adjacent in space. Here,
the left stripe transitions to light, while the right stripe transitions to dark. These two
temporally coincident events are shown separately in the figure to illustrate how temporally-
simultaneous currents beneath neighboring stripes are integrated by the postsynaptic neuron.
Without crossover inhibition, shown in the left panel, the currents at ON and OFF are
asymmetrical (C). These two currents add at the ganglion cell membrane. A net inward
current is generated at both the onset of the dark transition and the offset of the light
transition, leading to a response at each transition of the inverting grating (D). The inward
currents at ON and OFF in the nonlinear cells on the left would generate an ON–OFF (E)
spiking response characteristic of a Y cell in cat (Richter & Ullman, 1982). With crossover
inhibition (right panel), the excitatory currents under each stripe (F) are combined with the
inhibitory currents (G) to generate symmetrical currents with each stripe inversion as shown
in (H). These currents at (H) are equal and opposite and occur simultaneously, so there is no
net current generated in the ganglion cell (J) and no spiking (K).
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Fig. 6.
Crossover creates an active antagonistic surround. (A) Original spatial profile of voltage
responses for a population of ON bipolar cells in response to a bright stripe. The width of
the stripe is shown in the dotted trace. (B) Voltage profile for an array of OFF crossover
amacrine cells. (C) Inward current arriving at the ON ganglion cell from the ON bipolar
cells. (D) Outward-going currents elicited at the periphery of the light bar. (E) Currents (C)
and (D) add to generate an active inhibitory region in the periphery of the light bar in the
ON ganglion cells.
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Fig. 7.
Crossover enhances low light sensitivity via AII amacrine cells. OFF bipolar cells provide
excitation to the OFF ganglion cell. Rod bipolar cells excite AII amacrine cells via a
conventional glutamate synapse. AII amacrine cells convey crossover ON inhibition to the
OFF ganglion cell to extend the range of this otherwise cone-driven response to include
scotopic sensitivity. This figure is abstracted from Manookin et al. (2008).
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Fig. 8.
Crossover inhibition reduces conductance changes in the postsynaptic neuron. Traces
extracted from Fig. 1. In the ON cell at light ON, the inward excitatory current is associated
with a conductance increase, but the inward inhibitory current is associated with a
conductance decrease. The net change in conductance is less than the increase due to
excitation.
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Fig. 9.
Crossover corrects for offsets in retinal circuitry. At the midpoint of the traces the voltages
of the OFF bipolar and ON amacrine cells become more positive. At the ganglion cell, the
bipolar cell current becomes more inward, but the inhibitory current from the ON amacrine
cell becomes more outward. The contrast signals are in phase, but the offset currents cancel
so that the OFF ganglion cell voltage is unaffected by the offsets in bipolar and amacrine
cell voltage.
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Fig. 10.
Crossover inhibition eliminates confusion between contrast and luminance. (A) Fast
sinusoidal illumination modulated by a slower frequency sinusoid. (B and C) Rectified
currents in postsynaptic ganglion cell. In this case, rectification causes an artifactual shift in
the representation of intensity in both the excitatory (B) and the inhibitory (C) currents. The
higher frequency components are in phase and additive, but the shift components are out of
phase and cancel. (D) Addition of the excitatory and inhibitory currents results in an output
voltage in which the high frequency components are preserved, but the artifactual changes in
the representation of luminance are suppressed (from Molnar & Werblin, 2007).
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