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Starburst Amacrine Cells and 
the Computation of Motion



Overview of retinal structure and circuits
The retina is an extension of the brain at the back of the eye that 
converts an image of the world into sequences of action potential in 
the optic nerve

Descarte, 1637
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Overview of retinal structure and circuits

The luminance intensity of 
image projected onto the 
retina is sampled by the 
array of photoreceptors

Dynamic range ~10mV

Peripheral primate retina



Ghosh KK, Bujan S, Haverkamp S, Feigenspan A, Wässle H (2004)

Overview of retinal structure and circuits
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~12 types of “cone bipolar cells” (CBCs) 
which get input from cone photoreceptors

Rod bipolar cell

Synapses with cones

Second synaptic layer

Ganglion cell layer

“Off” type cells excited by negative contrast
“On” type cells excited by positive contrast

On and Off CBCs send their axons to 
separate layers in the inner plexiform layer

Bipolar cells
Excitatory interneurons connecting 

cones to ganglion cells and 
amacrine cells



Overview of retinal structure and circuits

MacNeil MA, Masland RH (1998) Neuron 20:971–982

Narrow-field amacrine cells : Glycinergic. Relatively small, <100µm in extent

Wide-field amacrine cells : GABAergic Relatively large, >100µm in extent

Amacrine cells
Inhibitory interneurons that target bipolar cells, ganglion cells 

and other amacrine cells
40-60 types! Most are uncharacterized…



Overview of retinal structure and circuits

OFF

ON

Dacey, The Cognitive Neurosciences, MIT, 2004

Ganglion cells: Output (principal) neurons of the retina
20-40 types = 20-40 parallel representations of the retinal 

image



Overview of retinal structure and circuits

Outlines of 
receptive fields

Physiological receptive fields from 5 ON 
parasol ganglion cells

Each cell-type in the retina forms a 
regular mosaic that completely samples 
the retinal image without gaps

Coverage factor = Cell density x 
receptive field size

Coverage factors are typically ~1 for a 
given cell type.

Gauthier, Field, Sher, Greschner, Shlens, Litke & Chichilnisky, PLoS Biol, 2009



Generic Retinal Circuitry

Ganglion Cell

CenterSurround Surround

+ +++
+ +- +

-+

Rest of the brain

Amacrine cells

Bipolar cells

Cones

Horizontal cells
First synapse: subtract mean 
luminance and enhance contrast
Graded signals ~10mV

Second synapse: extract more 
complex features
Graded signals ~10mV

GCs generate action potentials



Retinal circuits compute the direction of image motion

Visual systems in diverse species, from flies 
to humans, have sophisticated opto-motor 
feedback systems to stabilize the image on 
the retina



Congenital nystagmus: a deficit in directional signaling

Congenital nystagmus in humans refers to the presence of repetitive uncontrolled oscillations in eye-position

• The nystagmus evident in the individual illustrated here 
involves involuntary horizontal eye oscillations

• Other forms of nystagmus can affect the vertical axis or both 
axes

Some forms of congenital nystagmus result from deficits 
in retinal signals



Congenital nystagmus

Idiopathic congenital nystagmus results from a mutation in 
the gene FRMD7  

• FRMD7 encodes a protein that is involved in neural development

• Disfunction of the FRMD7 allele produces deficits in the retina 
circuitry that signals the direction of image motion

Yonehara et al. (2016), Neuron 89, 177



Congenital nystagmus

Mutation of the FRMD7 gene in mice recapitulates 
much of the human phenotype

• The horizontal optokinetic reflex (OKR) is gone

• The vertical OKR is normal

• The mouse model suggests that specific amacrine 
cells are affected, the so-called starburst amacrine 
cells

Wildtype FRMD7 mutant

Yonehara et al. (2016), Neuron 89, 177



LGN

Superior 
colliculus

AOS

Medial terminal nucleus

Nucleus of the optic tract

Direction-selective Ganglion Cells (DSGCs)

Retinal ganglion cells contribute to image stabilization and the OKR:

• DSGC axons project to the accessory optic system (AOS) and nucleus of the optic tract which 
are central areas that control eye movements

Retina



Different DSGC types

ON-OFF DSGC
Bi-stratified

ON response OFF response

1 s

20 mV

Light Flash

ON DSGC
Monostratified

OPL

IPL

GCL

ON bipolar

ON DSGC

OPL

IPL

GCL

ON bipolar OFF bipolar

ONOFF DSGC

1s Light Flash



ON-type Direction-selective Ganglion Cell
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ON-type direction-selective Ganglion Cells
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ON-OFF type Direction-selective Ganglion Cell



Red = ON dendritic arbor
à leading edge, ON response.

Green = OFF dendritic arbor
à trailing edge, OFF response.

Synaptic circuitry operates 
independently in the two dendritic 
strata.

The preferred directions of the ON and 
OFF responses are closely aligned.

ON-OFF DSGC
Action potentials



Red = ON dendritic arbor
à leading edge, ON response.

Blue = OFF dendritic arbor
à trailing edge, OFF response.

Synaptic circuitry operates independently in the 
two dendritic strata.

The preferred directions of the ON and OFF 
responses are closely aligned.

ON-OFF DSGC



How are directional signals generated?

To compute direction of motion DSGCs must correlate signals in 
space and time

This requires:
1) Compare signals at two locations
2) Delay-line, or Memory
3) Asymmetry



Directional Signals originate in a specialized amacrine cell

Outputs from outer thirdInputs arrayed along dendrites

“Starburst” amacrine cells

Dual transmitter
• Inhibitory transmitter gamma-amino butyric acid 

(GABA)
• Excitatory transmitter acetylcholine

Mirror symmetric populations of ON and OFF type cells

Signal via graded potentials  ~10mV

Coverage factor of 30

Transmitter release sites in the outer dendritic 
processes, excitatory inputs throughout



Anatomical asymmetry in the DS circuit

• Calcium imaging was performed to determine 
the preferred directions of all DSGCs in the 
sample

• Serial block-face scanning 
electronmicroscopy was used to reconstruct 
the neural wiring within the block

• Synaptic connections between the DSGCs 
and starburst amacrine cells were mapped

Briggman et al., (2011) Nature 471:183



Anatomical asymmetry in the DS circuit
Synaptic connections between the starburst amacrine cells (SBACs) 
and underlying DSGC of known preferred direction were counted in 
serial block-face electron micrographs

Preferred direction
DSGCs signal 4 different directions

Synapses with SBACs
Color indicates the 

DSGC preferred direction

SBACs
ON and OFF types SBAC dendrites on the 

NULL side make 
selective connections 

with DSGCs

Briggman et al., (2011) Nature 471:183

50 µm

50 µm

50 µm



Anatomical asymmetry in the DS circuit

Physiological analysis confirms the 
predictions of the anatomical asymmetry

• Inhibition from preferred side is weaker
• Inhibition from null side is stronger

SBAC

DSGC

Excitation

Inhibition

Lee et al., (2010), Neuron 68, 1159

Preferred side
Side from which preferred-

direction motion starts
Null side



The spatial offset between excitatory inputs and the inhibitory output of the SBAC generates inhibition 
ahead of a moving stimulus edge, which can veto subsequent excitatory input to the DSGC

DSGC

Null direction

Asymmetry in the DS circuit

SBAC

Input 
Excitation from bipolar cells

Output 
Inhibition to DSGC

Dt

Strongly connectedWeakly connected



Postsynaptic model

DS ganglion cell

Null

OFF

B C

SB

SB

ON

CB C

• Null direction: excitation and inhibition are coincident
Peak Excitation/Inhibition (E/I) ratio low 
à voltage < spike threshold

• Preferred direction: inhibition trails behind excitation
Peak E/I ratio high
à voltage > spike threshold

Bipolar cells

SB = starburst amacrine cell
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Presynaptic Directional Mechanisms
The anatomical asymmetry predicts a direction-dependent change in peak E/I due to a spatial offset, however, 
inhibition is not simply time-delayed, it changes in magnitude.

• Inhibition is ~3-4 fold larger in the null than the preferred direction
à Release of GABA from starburst amacrine cells is strongly direction-dependent
à Directional GABA release further reduces the E/I ratio during null direction motion

OFF ON

OFFON OFF ON

Preferred Null

OFF ON



Euler et al., (2002) Nature 418:845

Presynaptic Directional Mechanisms

Starburst amacrine cells: Calcium transients 
are larger during centrifugal stimulation
à Larger D[Ca] = larger GABA release

Drifting bright bar stimulus

Chen et al., 2016, Elife 5, 1
Contrast edge moves from 
soma towards dendritic tips

Centrifugal Centripetal

Contrast edge moves from 
dendritic tips towards soma

GCaMP6 signal



Presynaptic Directional Mechanisms

How do starburst amacrine cells generate 
directional signals?



Spherical neuron

Vm = -60 mV

Vo = 0 mV

𝑅! 𝑅"

𝐸! 𝐸"

𝐶#
Phospholipid

bilayer

𝐶!

n = Number of channels
g = single channel conductance
Po(exc) = open probability

Total Membrane current is generated by the sum of all 
active membrane conductances (G=1/R)

𝐼! = 𝐺"#$ 𝑉! − 𝐸"#$ + 𝐺%&' 𝑉! − 𝐸%&' + ⋯

𝐺"#$ = 𝑛𝛾"#$𝑃((*#$)(V,t)E.g.

Ion channels are integral membrane proteins 
that determine the membrane resistance



Spherical neuron

Cm
Rm

ic

Im

irVm

Equivalent circuit
A spherical neuron is isopotential

𝜏#

𝐼# = 𝑖$ + 𝑖%

𝐼# = 𝐶#
𝑑𝑉#
𝑑𝑡

+
𝑉#
𝑅#

𝑉#(t) = 𝐼#𝑅# 1 − 𝑒 ⁄'( ),

𝜏# = 𝑅#𝐶#
𝜏# is the membrane time-constant

𝑖!
𝑖!

𝑖" 𝑖"
𝐼#

𝜏#

𝐼#𝑅#
Resistive, V = IR

Capacitive, dV/dt = I/C

DVm 63% DVm

Voltage-changes are filtered by the 
membrane time-constant



Neurons are not spherical

Dendritic structure

Compartment model

Circuit model

Numerical integration of the differential equations 
describing compartmental models allows prediction of 
voltage and current responses, while allowing for non-
liear voltage-gated channels, synaptic inputs, etc

NEURON: www.neuron.yale.edu
NeuronC: retina.anatomy.upenn.edu/~rob/neuronc.html

Complex neural morphologies can be analyzed using 
compartmental models

Compartment size is adjusted to ensure that each is 
isopotential

http://www.neuron.yale.edu/


Directional responses arise from a passive system

Bright bar swept back and forth 

40 µm

Synaptic input at tip
(vesicles/s)Bipolar cell excitatory input

Compartmental model of SBAC

Tukker, J. J., Taylor, W. R., & Smith, R. G. (2004)



Directional responses arise from a passive system

10 compartment passive model

Traces show response at compartment #1 
produced by current injected into 
progressively more distant locations

Filtering by the intervening dendritic process 
delays and reduces the peak amplitude

Rall, Wilfrid (1964) Theoretical significance of dendritic trees for neuronal input-output 
relations. In Neural Theory and Modeling, ed. R.F. Reiss. Stanford Univ. Press.



Directional responses arise from a passive system

Sequential activation produces asymmetric 
responses

AàBàCàD : Response at first 
compartment decays before delayed 
responses are activated

DàCàBàA : Response at first 
compartment added to filtered responses 
from distal compartments

Rall, Wilfrid (1964) Theoretical significance of dendritic trees for neuronal input-output 
relations. In Neural Theory and Modeling, ed. R.F. Reiss. Stanford Univ. Press.



Directional responses in a passive system

The magnitude of the “Rall effect” depends 
on the membrane space constant, l

For large l there is less dendritic 
attenuation, and the neuron becomes more 
compact or spherical.

For small l signals attenuate quickly, and 
distal dendrites become disconnected.

𝜆 =
𝑟#
𝑟*

rm is the surface membrane resistivity
ra is the axial (axoplasmic) resistivity

DSI = 
( Preferred – Null)

( Preferred + Null)



Directional Responses Amplified

0.5 s

ON SBAC OFF SBAC
Ca conc.

Vm

A few mV directional-difference in voltage is amplified by 
the non-linear regenerative activation of voltage-gated 
Ca-channels at transmitter release sites

Compartmental model

(ms)

Vm
(mV)

Null Preferred

Centripetal (preferred) : Dendritic tips to soma
Centrifugal (null) : Soma to dendritic tips

Calcium imaging in dendritic tips

DSI’s produced by the “Rall effect” are 
relatively weak DSI < ~0.2

DSI’s for presynaptic effect can approach 1 



Directional Responses Amplified
DSI’s produced by the “Rall effect” are 
relatively weak DSI < ~0.2

DSI’s for presynaptic effect can approach 1 

Ca conc.

Vm

Compartmental model

Velocity (µm/s)

DS signals become more robust over a range of stimulus 
velocities

0.5 s

Centripetal (preferred) : Dendritic tips to soma
Centrifugal (null) : Soma to dendritic tips

ON SBAC OFF SBAC

Vm

Calcium imaging in dendritic tips

DSI



Directional Mechanisms
1. Anatomical asymmetry in connections between starburst 
amacrine cells and DSGCs

Strongly connectedWeakly connected

2. Presynaptic mechanisms within starburst 
amacrine cells that are sensitive to direction
Individual dendritic branches comprise 
computational subunits
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3. Postsynaptic mechanisms



Postsynaptic Mechanisms

Proposed an inhibitory ‘veto’ 
version of the directional 
mechanism



Postsynaptic Mechanisms

DS responses can be elicited 
over small sub-regions of the 
dendritic arbor, i.e. the DS 
mechanism is not a property of 
the whole receptive field but is 
repeated across the field.
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Postsynaptic Mechanisms

Recording at soma

Voltage at soma during null-motion 
exceeds apparent threshold during 
preferred motion

Voltage at soma does not reflect spike 
threshold



Postsynaptic Mechanisms

Blocking action-potentials at 
the soma reveals spikes 
arriving from the dendrites

Somatic spike

DendrItic spike

Oesch, N., Euler, T., & Taylor, W. R. (2005). Neuron, 47(5), 739.

Somatic voltage : ON-OFF DSGC



Postsynaptic Mechanisms

Blue electrode records voltage 
in dendrite, red electrode 
records somatic voltage

Action potentials in the dendrite 
show strong directional tuning

Sivyer, B., & Williams, S.R. (2013). Nature Neuroscience, 16(12), 1848.

ON DSGC



Postsynaptic Mechanisms

Sivyer, B., & Williams, S.R. (2013). Nature Neuroscience, 16(12), 1848.

ON DSGC

Dendritic APs precede somatic 
APs on the preferred side 
consistent with initiation of 
spikes in the dendrites



Directional Mechanisms
1. Anatomical asymmetry in connections between starburst 
amacrine cells and DSGCs

Strongly connectedWeakly connected

2. Presynaptic mechanisms within starburst 
amacrine cells that are sensitive to direction
Individual dendritic branches comprise 
computational subunits

Null direction

15

0

G
m

 (n
S)

21
Time (s)

15

0

G
m

 (n
S)

21
Time (s)

Pref Null

DS
Inhibition

3. Postsynaptic mechanisms
Spikes are initiated within dendrites
Directional computation performed within sub-regions of 
the DSGC dendritic arbor



The End




