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H Wassle, Nature Reviews Neurosci (2004)



Basic	
  eye	
  anatomy:



6 | OCTOBER 2004 | VOLUME 5  www.nature.com/reviews/neuro

R E V I EW S

contact only a single midget bipolar cell which is con-
nected to a single cone62. They therefore represent the
‘acuity’ system of the primate retina and, as previously
mentioned, are the L–M-cone-selective ganglion cells63.

Different staining techniques have been used to show
the retinal mosaics of other classes of RGC. Bistratified
ganglion cells were revealed by intracellular injections
and dye-coupling64, delta ganglion cells by serotonin
uptake and intracellular injection65, ganglion cells 
projecting to the accessory optic nucleus by retrograde
labelling66 and the recently discovered melanopsin-
containing cells by immunostaining for melanopsin2.
Each of these cell types provide complete coverage of the
retina with their dendritic trees, and it is safe to predict
that all 10–15 ganglion cell types do so. This has impor-
tant consequences for visual processing in the retina. A
light spot projected onto the retina — after transduction
in the photoreceptors and transfer to the IPL by bipolar
cells — can stimulate at least one ganglion cell of
any given type. As the 10–15 ganglion cell types are 
dedicated to processing different aspects of this light
spot (contrast, size,movement, wavelength and so on),
information contained in the light spot is funnelled into
10–15 parallel channels.

How can the dendritic trees of so many different 
ganglion cells overlap? The dendrites of the different 
ganglion cell types branch (stratify) at different levels
within the IPL and, therefore, avoid one another58,67.
Within their respective strata they meet the axon termi-
nals of the bipolar cells and the processes of the amacrine
cells that they need to contact.

It is sometimes assumed that in the primate retina
only parasol (M) and midget  ganglion cells are present,
and that the more ‘exotic’ ganglion cell types are found
only in the retinae of other mammals.One reason for
this is the high proportion (70–80%) of midget gan-
glion cells in the primate retina. However, the primate
retina contains more than 1 million ganglion cells. If
parasol and midget cells together comprise 80% of pri-
mate ganglion cells, that still leaves 200,000 ganglion
cells of other types. This is more than the total number
of ganglion cells in the cat retina, which has 14 types in
an eye comparable in size to the primate eye.Previous
results from Golgi staining and the recent application of
retrograde labeling together with ‘photofilling’ indicate
that the primate retina follows the general mammalian
scheme and has 10–15 types of RGC58.

Physiological types of ganglion cell
In 1953, Kuffler68 described the concentric receptive field
organization of cat RGCs. The receptive field centre is
encompassed by a larger, antagonistic surround. He
found two cell types: ON centre/OFF surround and
OFF centre/ON surround cells. Ganglion cells with
more complex receptive fields were later described, first
in the frog retina and then in the rabbit retina. It was
thought that they represented feature detectors that react
to specific light stimuli. Among them were direction-
selective ganglion cells, which respond to light spots that
move in a certain direction across their receptive field.
The concentrically organized receptive fields of the cat

Another ganglion cell type of the cat retina, the beta
cell, is illustrated in FIG. 5b,c. It is not possible to immuno-
stain beta cells selectively,but they can be retrogradely
labelled by the injection of tracers into the LGN, pro-
ducing the cell body mosaic seen in FIG. 5b (REF. 60). The
dense network of beta cell graphics shown in FIG. 5c was
produced by repeating the dendritic tree of a single Golgi-
stained beta cell. This is realistic because the sizes of the
dendritic fields of Beta cells at a given eccentricity are
similar. Beta cells are the most frequently occurring cat
ganglion cell type, comprising about 50% of all RGCs in
the cat retina, and represent,because of their high density
and small dendritic field, the ‘acuity’ system of cat
ganglion cells. They have also been described in other
mammalian retinae (dog, ferret, rabbit and mouse), and
the midget ganglion cells (P-cells) of the primate retina
are probably homologous to beta cells.Midget ganglion
cells are the most frequently occurring primate 
ganglion cell type (70–80%; REF. 61) and in the central
retina their dendritic fields are extremely small, so they

a

b c

Figure 5 | Tiling of the cat retina with ganglion cell dendritic fields. a | This view of a flat-
mounted retina (1.8 x 1.2 mm) shows the dendritic trees of ON alpha ganglion cells. Their cell
bodies are regularly arrayed and their dendrites cover the area homogeneously without leaving
gaps. b | The dots represent the positions of ON-beta ganglion cell perikarya. They were labelled
by retrograde transport of a tracer injected at their axon terminals in the lateral geniculate nucleus.
By computer graphics, a representative dendritic field was inserted for four beta cells. This shows
the architecture of the network: the dendritic field is surrounded by the cell bodies of the next
neighbours (see the single dendritic field) and three dendritic fields overlap at each point (see the
triple dendritic field). c | When dendritic fields are inserted for all beta cell perikarya, a dense layer
of dendrites overlaps the retina (courtesy of T. Euler, Max-Planck-Institut, Heidelberg). Modified,
with permission, from REF. 126 © (2002) Deutsche Akademie der Naturforscher Leopoldina.

H Wassle, Nature Reviews Neurosci (2004)
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contact only a single midget bipolar cell which is con-
nected to a single cone62. They therefore represent the
‘acuity’ system of the primate retina and, as previously
mentioned, are the L–M-cone-selective ganglion cells63.

Different staining techniques have been used to show
the retinal mosaics of other classes of RGC. Bistratified
ganglion cells were revealed by intracellular injections
and dye-coupling64, delta ganglion cells by serotonin
uptake and intracellular injection65, ganglion cells 
projecting to the accessory optic nucleus by retrograde
labelling66 and the recently discovered melanopsin-
containing cells by immunostaining for melanopsin2.
Each of these cell types provide complete coverage of the
retina with their dendritic trees, and it is safe to predict
that all 10–15 ganglion cell types do so. This has impor-
tant consequences for visual processing in the retina. A
light spot projected onto the retina — after transduction
in the photoreceptors and transfer to the IPL by bipolar
cells — can stimulate at least one ganglion cell of
any given type. As the 10–15 ganglion cell types are 
dedicated to processing different aspects of this light
spot (contrast, size,movement, wavelength and so on),
information contained in the light spot is funnelled into
10–15 parallel channels.

How can the dendritic trees of so many different 
ganglion cells overlap? The dendrites of the different 
ganglion cell types branch (stratify) at different levels
within the IPL and, therefore, avoid one another58,67.
Within their respective strata they meet the axon termi-
nals of the bipolar cells and the processes of the amacrine
cells that they need to contact.

It is sometimes assumed that in the primate retina
only parasol (M) and midget  ganglion cells are present,
and that the more ‘exotic’ ganglion cell types are found
only in the retinae of other mammals.One reason for
this is the high proportion (70–80%) of midget gan-
glion cells in the primate retina. However, the primate
retina contains more than 1 million ganglion cells. If
parasol and midget cells together comprise 80% of pri-
mate ganglion cells, that still leaves 200,000 ganglion
cells of other types. This is more than the total number
of ganglion cells in the cat retina, which has 14 types in
an eye comparable in size to the primate eye.Previous
results from Golgi staining and the recent application of
retrograde labeling together with ‘photofilling’ indicate
that the primate retina follows the general mammalian
scheme and has 10–15 types of RGC58.

Physiological types of ganglion cell
In 1953, Kuffler68 described the concentric receptive field
organization of cat RGCs. The receptive field centre is
encompassed by a larger, antagonistic surround. He
found two cell types: ON centre/OFF surround and
OFF centre/ON surround cells. Ganglion cells with
more complex receptive fields were later described, first
in the frog retina and then in the rabbit retina. It was
thought that they represented feature detectors that react
to specific light stimuli. Among them were direction-
selective ganglion cells, which respond to light spots that
move in a certain direction across their receptive field.
The concentrically organized receptive fields of the cat

Another ganglion cell type of the cat retina, the beta
cell, is illustrated in FIG. 5b,c. It is not possible to immuno-
stain beta cells selectively,but they can be retrogradely
labelled by the injection of tracers into the LGN, pro-
ducing the cell body mosaic seen in FIG. 5b (REF. 60). The
dense network of beta cell graphics shown in FIG. 5c was
produced by repeating the dendritic tree of a single Golgi-
stained beta cell. This is realistic because the sizes of the
dendritic fields of Beta cells at a given eccentricity are
similar. Beta cells are the most frequently occurring cat
ganglion cell type, comprising about 50% of all RGCs in
the cat retina, and represent,because of their high density
and small dendritic field, the ‘acuity’ system of cat
ganglion cells. They have also been described in other
mammalian retinae (dog, ferret, rabbit and mouse), and
the midget ganglion cells (P-cells) of the primate retina
are probably homologous to beta cells.Midget ganglion
cells are the most frequently occurring primate 
ganglion cell type (70–80%; REF. 61) and in the central
retina their dendritic fields are extremely small, so they

a

b c

Figure 5 | Tiling of the cat retina with ganglion cell dendritic fields. a | This view of a flat-
mounted retina (1.8 x 1.2 mm) shows the dendritic trees of ON alpha ganglion cells. Their cell
bodies are regularly arrayed and their dendrites cover the area homogeneously without leaving
gaps. b | The dots represent the positions of ON-beta ganglion cell perikarya. They were labelled
by retrograde transport of a tracer injected at their axon terminals in the lateral geniculate nucleus.
By computer graphics, a representative dendritic field was inserted for four beta cells. This shows
the architecture of the network: the dendritic field is surrounded by the cell bodies of the next
neighbours (see the single dendritic field) and three dendritic fields overlap at each point (see the
triple dendritic field). c | When dendritic fields are inserted for all beta cell perikarya, a dense layer
of dendrites overlaps the retina (courtesy of T. Euler, Max-Planck-Institut, Heidelberg). Modified,
with permission, from REF. 126 © (2002) Deutsche Akademie der Naturforscher Leopoldina.

H Wassle, Nature Reviews Neurosci (2004)
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contact only a single midget bipolar cell which is con-
nected to a single cone62. They therefore represent the
‘acuity’ system of the primate retina and, as previously
mentioned, are the L–M-cone-selective ganglion cells63.

Different staining techniques have been used to show
the retinal mosaics of other classes of RGC. Bistratified
ganglion cells were revealed by intracellular injections
and dye-coupling64, delta ganglion cells by serotonin
uptake and intracellular injection65, ganglion cells 
projecting to the accessory optic nucleus by retrograde
labelling66 and the recently discovered melanopsin-
containing cells by immunostaining for melanopsin2.
Each of these cell types provide complete coverage of the
retina with their dendritic trees, and it is safe to predict
that all 10–15 ganglion cell types do so. This has impor-
tant consequences for visual processing in the retina. A
light spot projected onto the retina — after transduction
in the photoreceptors and transfer to the IPL by bipolar
cells — can stimulate at least one ganglion cell of
any given type. As the 10–15 ganglion cell types are 
dedicated to processing different aspects of this light
spot (contrast, size,movement, wavelength and so on),
information contained in the light spot is funnelled into
10–15 parallel channels.

How can the dendritic trees of so many different 
ganglion cells overlap? The dendrites of the different 
ganglion cell types branch (stratify) at different levels
within the IPL and, therefore, avoid one another58,67.
Within their respective strata they meet the axon termi-
nals of the bipolar cells and the processes of the amacrine
cells that they need to contact.

It is sometimes assumed that in the primate retina
only parasol (M) and midget  ganglion cells are present,
and that the more ‘exotic’ ganglion cell types are found
only in the retinae of other mammals.One reason for
this is the high proportion (70–80%) of midget gan-
glion cells in the primate retina. However, the primate
retina contains more than 1 million ganglion cells. If
parasol and midget cells together comprise 80% of pri-
mate ganglion cells, that still leaves 200,000 ganglion
cells of other types. This is more than the total number
of ganglion cells in the cat retina, which has 14 types in
an eye comparable in size to the primate eye.Previous
results from Golgi staining and the recent application of
retrograde labeling together with ‘photofilling’ indicate
that the primate retina follows the general mammalian
scheme and has 10–15 types of RGC58.

Physiological types of ganglion cell
In 1953, Kuffler68 described the concentric receptive field
organization of cat RGCs. The receptive field centre is
encompassed by a larger, antagonistic surround. He
found two cell types: ON centre/OFF surround and
OFF centre/ON surround cells. Ganglion cells with
more complex receptive fields were later described, first
in the frog retina and then in the rabbit retina. It was
thought that they represented feature detectors that react
to specific light stimuli. Among them were direction-
selective ganglion cells, which respond to light spots that
move in a certain direction across their receptive field.
The concentrically organized receptive fields of the cat

Another ganglion cell type of the cat retina, the beta
cell, is illustrated in FIG. 5b,c. It is not possible to immuno-
stain beta cells selectively,but they can be retrogradely
labelled by the injection of tracers into the LGN, pro-
ducing the cell body mosaic seen in FIG. 5b (REF. 60). The
dense network of beta cell graphics shown in FIG. 5c was
produced by repeating the dendritic tree of a single Golgi-
stained beta cell. This is realistic because the sizes of the
dendritic fields of Beta cells at a given eccentricity are
similar. Beta cells are the most frequently occurring cat
ganglion cell type, comprising about 50% of all RGCs in
the cat retina, and represent,because of their high density
and small dendritic field, the ‘acuity’ system of cat
ganglion cells. They have also been described in other
mammalian retinae (dog, ferret, rabbit and mouse), and
the midget ganglion cells (P-cells) of the primate retina
are probably homologous to beta cells.Midget ganglion
cells are the most frequently occurring primate 
ganglion cell type (70–80%; REF. 61) and in the central
retina their dendritic fields are extremely small, so they

a

b c

Figure 5 | Tiling of the cat retina with ganglion cell dendritic fields. a | This view of a flat-
mounted retina (1.8 x 1.2 mm) shows the dendritic trees of ON alpha ganglion cells. Their cell
bodies are regularly arrayed and their dendrites cover the area homogeneously without leaving
gaps. b | The dots represent the positions of ON-beta ganglion cell perikarya. They were labelled
by retrograde transport of a tracer injected at their axon terminals in the lateral geniculate nucleus.
By computer graphics, a representative dendritic field was inserted for four beta cells. This shows
the architecture of the network: the dendritic field is surrounded by the cell bodies of the next
neighbours (see the single dendritic field) and three dendritic fields overlap at each point (see the
triple dendritic field). c | When dendritic fields are inserted for all beta cell perikarya, a dense layer
of dendrites overlaps the retina (courtesy of T. Euler, Max-Planck-Institut, Heidelberg). Modified,
with permission, from REF. 126 © (2002) Deutsche Akademie der Naturforscher Leopoldina.
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      Figure 22.1  Motion prediction. ( A ) Motion anticipation in the retina (adapted from Berry, Brivanlou, Jordan, & Mesiter,   1999  ). Neural image of a popula-
tion of retinal ganglion cells to a fl ashed bar (red) and bars moving to the right (blue) and to the left  (green). ( B ) A linear-nonlinear (LN) model with gain 
control can account for motion anticipation. Th e stimulus (moving bar in this example) is fi rst passed through a linear fi lter measured from the spatial and 
temporal properties of the classical receptive fi eld. Th e fi ltered signal then undergoes gain control before being rectifi ed to produce the ganglion cell’s fi ring 
rate. ( C ) Response to smooth motion and reversals (adapted from Schwartz, Taylor, Fisher, Harris, & Berry,   2007  ). Th e fi ring rate of a single ganglion cell 
when presented with a smoothly moving bar ( upper ) and a reversing bar at three diff erent reversal locations ( lower three panels ). Time zero for the reversing 
bar plot corresponds to the time of the reversal. Arrows represent crossing times at the receptive fi eld center of the leading edge of the bar (blue), the re-
crossing of the leading edge following reversal (green), and the trailing edge (magenta). ( D ) Object motion–sensitive ganglion cells (adapted from Olveczky, 
Baccus, & Meister,   2003  ). Spike rasters and fi ring rate histograms for the same retinal ganglion cell during two diff erent visual motion conditions. In the “eye 
only” condition, a random stripe pattern over the receptive fi eld center and a diff erent random strip pattern in the background jittered synchronously. In the 
“object only” condition, the pattern covering the receptive fi eld jittered while the background remained gray. ( E ) A schematic of the mechanism proposed to 
underlie object motion sensitivity. Th e entire visual fi eld is covered by both ON and OFF bipolar cell receptive fi elds (inset). Th e excitatory bipolar inputs to 
the ganglion cell (G) pass through a rectifying nonlinearity. A polyaxonal amacrine (A) also receives excitatory input from the bipolars and provides inhibi-
tion onto the bipolar terminals.     
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Schema6c	
  of	
  our	
  calcula6ons:

σi(t)

si(t)

I(past; future) = S(future)�S(future|past)
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Op6mal	
  compression:
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Spiking	
  paNerns	
  sit	
  close	
  to	
  the	
  bound:
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Spiking	
  paNerns	
  sit	
  close	
  to	
  the	
  bound:
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This	
  doesn’t	
  work	
  with	
  just	
  simple	
  linear	
  filters:



This	
  doesn’t	
  work	
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  linear	
  filters:
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Towards	
  more	
  natural	
  mo6on	
  s6muli:



specula4ve	
  interlude



Filming	
  a	
  natural	
  scene	
  can	
  be	
  dull:



Chicago	
  Mo6on	
  Database:	
  water



Chicago	
  Mo6on	
  Database:	
  insects



Chicago	
  Mo6on	
  Database:	
  insects



Chicago	
  Mo6on	
  Database:	
  small	
  predators

Ragsdale Lab



Temporal	
  power	
  spectra:

Jared Salisbury



3D	
  power	
  spectra:

Jared Salisbury



Flow	
  fields	
  from	
  natural	
  movies:

a)

b)

c)

Jared Salisbury



Flow	
  direc6on	
  histograms:
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Jared Salisbury



Analyzing	
  local	
  flow:

Jared Salisbury



Analyzing	
  local	
  flow:

Jared Salisbury



Removing	
  spa6al	
  correla6ons	
  in	
  each	
  frame:

Jared Salisbury



...and	
  for	
  animal	
  mo6on:

Jared Salisbury



‘Par6cle’	
  tracing	
  using	
  flow	
  fields:



specula4ve	
  interlude



video display
2-photon microscope

data processing

imaged neural population

Recording	
  from	
  visual	
  cortex	
  during	
  
natural	
  movie	
  presenta6on:

MacLean and Palmer Labs
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Decoding	
  6me	
  in	
  the	
  movie	
  from	
  re6nal	
  
data	
  (using	
  deep	
  neural	
  nets):

D Schwab and SEP



REALLY	
  specula4ve	
  interlude




	palmer cover
	palmer



