By exploring glucocorticoid signaling,
which does not affect the central circadian
pacemaker in the SCN, we have determined
that peripheral oscillators can be phase delayed
or phase advanced during the entire 24-hour
day. This phase-shifting behavior would be ex-
pected for slave oscillators that are synchro-
nized by a master pacemaker because they
should remain responsive to phase-resetting
signals from the SCN at all times.
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Dendritic Computation of
Direction Selectivity by Retinal
Ganglion Cells

W. Rowland Taylor,"?* Shigang He,* William R. Levick,??
David I. Vaney*

Direction-selective ganglion cells (DSGCs) in the retina respond strongly when
stimulated by image motion in a preferred direction but are only weakly excited
by image motion in the opposite null direction. Such coding represents an early
manifestation of complex information processing in the visual system, but the
cellular locus and the synaptic mechanisms have yet to be elucidated. We
recorded the synaptic activity of DSGCs using strategies to observe the asym-
metric inhibitory inputs that underlie the generation of direction selectivity. The
critical nonlinear interactions between the excitatory and inhibitory inputs took
place postsynaptically within the dendrites of the DSGCs.

In the vertebrate visual system, the encod-
ing of the direction of image motion first
occurs in specialized types of retinal gan-
glion cells, within two or three synapses of
the photoreceptor input. These DSGCs
have been most extensively studied in the
rabbit retina, where two distinct types of
DSGCs respond either at the onset and
termination of a light stimulus (On-Off
DSGCs) or only at the onset of a light
stimulus (On DSGCs) (I, 2). The more
commonly encountered On-Off DSGCs
comprise four physiological subtypes,
whose preferred directions are aligned with
the horizontal and vertical ocular axes (3).

Extracellular recordings indicate that
the key mechanism underlying direction
selectivity in DSGCs is spatially asymmet-
ric inhibition, which counteracts excitation
for motion in the null direction but not in
the preferred direction (2, 4, 5). Pharmaco-
logical studies show that <y-aminobutyric
acid (GABA) antagonists abolish the direc-
tion selectivity of DSGCs, indicating that a
GABAergic input from lateral association
neurons (amacrine cells) inhibits the exci-
tatory inputs arising from the glutamatergic
second-order interneurons (bipolar cells)
and from cholinergic amacrine cells (6-8).
These studies leave a fundamental question
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unanswered: Where do the inhibition and
excitation interact? The null-direction inhi-
bition might act presynaptically on the ex--
citatory inputs to the DSGC (Fig. 1, upper
panels), in which case the release of trans-
mitter from the excitatory neuron would
itself be direction selective. Alternatively,
the null-direction inhibition might act
postsynaptically on the ganglion cell den-
drites (Fig. 1, lower panels) by shunting the
excitatory currents through an inhibitory
chloride conductance with a reversal poten-
tial near the resting potential (shunting in-
hibition) (7, 9, 10).

Patch-clamp recordings (/1) revealed
that the On-Off DSGCs generate excitatory
postsynaptic potentials (EPSPs) to the lead-
ing edge (On response) and trailing edge
(Off response) of a light bar moving in any
direction through the receptive field, but
stimuli moving in the preferred direction
produced stronger excitation than stimuli
moving in the null direction or in orthogo-
nal directions (Fig. 2A). We measured the
On and Off responses to eight directions of
motion (12), in terms of both the amplitude
of the EPSPs and the number of spikes
produced, then plotted the responses in po-
lar coordinates. When the eight individual
respounse vectors are summed, the direction
of the resultant vector indicates the pre-
ferred direction. This was always similar
for the On and Off responses. The length of
the resultant vector gives an indication of
the strength of the direction selectivity and
will tend toward zero for direction-inde-
pendent responses. EPSPs were elicited
by movements in all directions, whereas
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spikes occurred only for directions close to
the preferred direction, thus confirming
that the spike threshold serves to sharpen
the direction selectivity (Fig. 2, B and C).
The relative amplitudes of the EPSPs in the
preferred and null directions were un-
changed when the spiking activity was

REPORTS

applied either intracellularly [10 mM QX-
314 (Sigma)] or extracellularly [0.5 puM
tetrodotoxin (Sigma)]. These results indi-
cate that the generation of direction selec-
tivity is not contingent on voltage-depen-
dent conductances in either the DSGC or
the presynaptic interneurons.

the DSGC will change the balance between
inhibitory and excitatory currents by reduc-
ing the driving force of the excitation and
increasing the driving force of the inhibi-
tion (/3). If the null-direction inhibition
acts directly on the DSGC, depolarization
will differentially affect the responses to

abolished with sodium-channel blockers

Fig. 1. Presynaptic and
postsynaptic models of
direction selectivity. P,
photoreceptor; BC, bipo-
lar cell; AC, amacrine cell;
GC,  direction-selective
ganglion cell. Direction
selectivity is generated by
the nonlinear interaction
of vertically transmitted
excitation and spatially
offset inhibition, pre-
sumed to arise from a
type of GABAergic ama-
crine cell. The inhibition
could impinge either pre-
synaptically on the termi-
nals of the excitatory in-
terneurons (upper panels)
or postsynaptically on the
dendrites of the ganglion
cell (lower panels). For
image motion in the null
direction, the firing of the
ganglion cell is sup-

Preferred Direction
_

Presynaptic

Postsynaptic

Depolarizing the membrane potential of

preferred- and null-direction motions,
which will be quantitatively reflected by an
increase in the length of the resultant vec-
tor. (The resultant vector would be unaf-
fected by symmetrical surround inhibition
because nondirectional components will
cancel when the individual response vec-
tors are summed.) If the null-direction in-
hibition acts presynaptically, depolariza-
tion will proportionally reduce both the
strong excitation produced by preferred-
direction motion and the weak excitation
produced by null-direction motion, thus re-
ducing the length of the resultant vector.
We voltage-clamped DSGCs at —70 and
—30 mV and recorded the synaptic currents
elicited by a light bar moving through the
receptive field in eight directions. When
the cell was depolarized, the differences in
the synaptic currents elicited by preferred-
and null-direction motions became more
pronounced; this is reflected in the stronger
asymmetry of the polar plots at =30 mV
(Fig. 3). In quantitative terms, the length of

Null Direction

pressed by the spatial and

temporal coincidence of Active  Inactive
inhibition and excitation Excitation 4 —<]
(gray spots); for image -

motion in the preferred Inhibition —@ —O

direction, excitation and
inhibition are temporally but not spatially coincident and the cell fires.
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Direction of Motion

Fig. 2. Direction selectivity in a retinal ganglion cell. (A)-Intracellular
responses elicited by a light bar moving through the center of the receptive
field; the direction of image motion is shown beneath the records. An On
EPSP was generated by the dark-to-light transition at the leading edge of
the stimulus, and an Off EPSP was generated by the light-to-dark transition
at the trailing edge. For motion close to the preferred direction (~250°),
the EPSPs elicited a burst. of spikes. (B and C) Polar plots of the On
responses and Off responses, respectively, where the angle represents the
motion direction, and the radius represents the response amplitude. The
peak amplitudes of the evoked EPSPs are plotted in the left-hand panels,

the resultant vector increased 2.4 * 2.0
times (n = 8), despite an overall decrease
in the absolute amplitudes of the synapti-
cally evoked currents. This supports the
hypothesis that a major component of the
direction selectivity is generated by null-
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Off Response 0
EPSPs
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180 180

and the numbers of elicited spikes are plotted in the right-hand panels (average of six individual responses). The arrow in each panel represents the

vector sum of the responses to the eight directions of motion.
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direction inhibition acting postsynaptically
on the ganglion cell dendrites.

If the asymmetric inhibition is mediated
by GABA-activated chloride channels on
the ganglion cell dendrites, then the direc-
tion selectivity should disappear in record-
ings made with high intracellular chloride
concentrations. This will shift the chloride
equilibrium (reversal) potential toward 0
mV, at which point both inhibitory and
excitatory inputs will produce inward cur-
rents. When a 130 mM CI~ patch solution
was used (/4), the cell initially displayed

A -70mV B

- 30 mV

REPORTS

strong directional responses at —30 mV
(Fig. 4A), but as chloride diffused into the
cell, the outward currents disappeared, and
the direction of stimulus motion could no
longer be discerned from the waveform of
the responses (Fig. 4B). Similar results
were obtained in five cells. These effects
occurred within 1 to 5 min of breaking into
the cell, whereas cells recorded with nor-
mal solutions (10 mM CI7) retained their
direction selectivity for at least 10 min
(Fig. 4, C and D) and often for much
longer. Given that the combined inward

currents produced by inhibitory and excita-
tory inputs under high chloride conditions
are directionally symmetric, this is compat-
ible with the parsimonious hypothesis that
either input, if measured in isolation, would
also be directionally symmetric. With such
a model, the asymmetry in the responsive-
ness of the DSGC arises because the exci-
tation is temporally coincident with the
spatially offset inhibition for motion in
the null direction but not in the preferred
direction.

Because direction selectivity is generat-

B 3.3 min later

05s

Cc D

On Response 0° Off Response o

90° 270° 90°

180° 180°

Fig. 3 (left). Depolarization increases directional asymmetry. (A and B)
Net synaptic currents elicited in a DSGC by image motion in eight
directions, indicated by the corresponding colored arrows; each record is
the average of five (A) or three (B) individual responses. Compared with
preferred direction responses (blue traces), motion directions with a
null-direction component (red traces) produced slightly smaller inward
currents at a holding potential of —70 mV (A) and net outward currents
at —30 mV (B). (C and D) Polar plots of the data presented in (A) and (B)
(yellow symbols, —70 mV; green symbols, —30 mV) (—320 pA at
center). Under voltage clamp, inward (negative) currents are excitatory
and are plotted as positive values on the polar plots; conversely, outward
(positive) currents are inhibitory and are plotted as negative values.
Responses with net inhibitory amplitudes fall within the central gray
region, the circumference of which marks the zero current level. With this
sign convention, the polar plots are asymmetric toward the preferred
direction. Fig. 4 (right). High intracellular chloride concentrations re-
duce direction selectivity. (A and B) Net synaptic currents elicited in a DSGC
by image motion in eight directions are indicated by the corresponding
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colored arrows. Upon establishing the whole-cell configuration (clamped
at =30 mV), motion directions with a null-direction component pro-
duced net outward currents (A), but as the high chloride concentration in
the recording solution diffused into the cell, the direction selectivity of
the responses was abolished (B). (C) Polar plot of the Off responses at
times of 10 s (yellow), 1.0 min (light green), and 3.3 min (dark green),
showing the rapid breakdown in direction selectivity; the sign convention
is similar to Fig. 3, C and D, with the gray region delineating net
inhibitory responses. (D) During equilibration with high intracellular
chloride concentrations, the normalized direction selectivity of four
DSGCs declined to low levels for both the On responses (open colored
symbols) and the Off responses (solid colored symbols); four other
DSGCs recorded at —30 mV with a normal recording solution showed no
decline in direction selectivity with time (gray symbols). (The normalized
direction selectivity was calculated by dividing the length of the vector
sum by the summed lengths of the component vectors. This index varies
from O for direction-independent responses to 1 in the case where the
cell responds to only one direction of motion.)
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ed locally within the receptive field of a
DSGC (2), the asymmetric inhibitory in-
puts must affect only a local region (“sub-
unit”) of the dendritic tree. This is consis-
tent with the postsynaptic inhibition being
of a shunting, and thus divisive, nature
(15). Moreover, the dendritic architecture
of the DSGCs appears to provide an appro-
priate substrate for such postsynaptic inter-
actions. In both the On and Off sublaminae
of the inner plexiform layer, dendrites of all
orders give rise to thin terminal branches,
which cover the dendritic field in a space-
filling lattice (16, 17). These terminal den-
drites provide sites away from the main
dendritic trunks where excitatory and in-
hibitory inputs may interact locally. Never-
theless, postsynaptic inhibition could produce a
distinct asymmetry between the preferred and
null sides of the receptive field. When a null-
direction stimulus enters the null side of the
dendritic field, much of the inhibition impinges
proximally, between the excitatory inputs and
the cell body. When the stimulus crosses to
the preferred side, much of the inhibition
impinges more distally to the excitatory
inputs and may extend beyond the edge of
the dendritic field. Thus, a functional asym-
metry may arise because modeling studies
predict that an inhibitory shunt located
proximally to the excitatory input is much
more effective than a similar input located
distally (/0). This arrangement might pro-
duce aberrant responses to some moving
stimuli and may explain the presence of a
nondirectional zone on the preferred side of
DSGCs, covering as much as 20 to 25% of
the receptive field (2, 18).

Our study demonstrates a major role for
postsynaptic dendritic processing in a clearly
defined and well-characterized neuronal com-
putation, thus providing strong support for the
theoretical studies that advocated such interac-
tions (9, 10, 15). Many questions about the
cellular mechanism of direction selectivity in
the retina remain to be answered (5); the most
important ones concern the identity of the
GABAergic amacrine cells that mediate the
null-direction inhibition and the manner in
which they selectively contact different sub-
types of DSGCs with different preferred direc-
tions. The results of this study, showing that the
null-direction inhibition acts directly on the
ganglion cell dendrites, provide a critical guide-
post for future investigations.
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Failure to Regulate TNF-Induced
NF-kB and Cell Death Responses
in A20-Deficient Mice
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A20 is a cytoplasmic zinc finger protein that inhibits nuclear factor kB (NF-«B)
activity and tumor necrosis factor (TNF)-mediated programmed cell death
(PCD). TNF dramatically increases A20 messenger RNA expression in all tissues.
Mice deficient for A20 develop severe inflammation and cachexia, are hyper-
sensitive to both lipopolysaccharide and TNF, and die prematurely. A20-defi-
cient cells fail to terminate TNF-induced NF-kB responses. These cells are also
more susceptible than control cells to undergo TNF-mediated PCD. Thus, A20
is critical for limiting inflammation by terminating TNF-induced NF-«B re-

sponses in vivo.

During inflammatory responses, TNF and in-
terleukin-1 (IL-1) signals activate NF-«B,
which regulates the transcription of other
proinflammatory genes. The factors that limit
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these responses are poorly understood. A20 is
a cytoplasmic protein thought to be expressed
predominantly in lymphoid tissues, and het-
erologously expressed A20 can inhibit TNF-
induced NF-kB and PCD responses in cell
lines (/-4). A20 binding to TNF receptor—
associated factor-2 (TRAF2), inhibitor of
NF-kB kinase gamma (IKKvy), and/or A20-
binding inhibitor of NF-kB activation (ABIN)
suggest potential mechanisms by which A20
could regulate TNF receptor signals (5-7):
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