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Secondary Processing 13- 1

13 Secondary Signal Processing--Signal Manipulation

This Chapter will focus on the manipulation of the slgnformation in the visual system from the output agk
node of the photoreceptor cells to the input of the ¢ogneircuits of the cerebral cortex.. However, talerstand
the operation, and specifically the signal manipulatiorcfion, of the visual system, it is necessary to atidress
the spatio-temporal modulation introduced into the syftgthe tremor found primarily in the chordate eye. sThi
element of vision will be discussed $ection 13.7

The material will apply to all animals in concept anampl However, the signal manipulation tends to become
more complex with progression frafrthropodato theMolluscato Chordata There is one exception, the
processing of polarization signals tends to be less itmpbm Chordata than in the other phyla. Signal
manipulation also tends to become more complex in tire saphisticated animals of each Phylum. This Chapter
will not address the signal projection function found priigan Chordata That function will be addressed in
Chapter 14. Neither will it address signal manipulation as a fiomcbf time. That manipulation is related
primarily to the more advanced member€£bbrdatg involves an active external servomechanism (externa
feedback), and requires an appreciation of secondargrieaind higher level processing for its understanding.
The more complex aspects of temporal signal manipula®encountered in the servomechanisms of the eye,
will be discusses ihapter 15. The temporal signal manipulation within the cortex pragé be left to other
authors.

Signal manipulation is a prominent feature of the reitin@hordata Since the retina is a subdivision of the brain
itself, this portion of the retina gives some insigtio the signal manipulation carried out in other sectdithe
brain.

The division between signal detection and signal manipualateeds to be precisely defined. The output of the
signal detection function occurs at the voltage nodbeotitstribution amplifier within the photoreceptor cell.

This electrical node is the primary functional featofréhe pedicle of the photoreceptor cell. The voltaghia

node is the logarithm of the current through the node dimpee. The average voltage at these nodes is codtrolle
by the adaptation amplifiers. It is a constant fbnatles within the photopic visual regime and decreagés wi
illumination in both the mesopic and scotopic illumioatregimes.

The division between signal manipulation and signal ptioje@lso needs to be precisely defined in the more
advanced animals. There are cases where the inpuusérotthe ganglion cells incorporate some analog signal
processing functions but the output structure is alwaysegnbinary in operation. In these cases, the digdi

line between signal manipulation and signal projectionteslefined in terms of the Activa within the ganglion
cell. Generally the emitter to base circuit of Aativa is associated with the signal manipulation fusreti The
collector to base circuit is associated with the dignajection function.

The original plan for this Chapter was to define a “fundatal signal path” through the secondary signal
manipulation process to aid in the understanding of theabahd more complicated processes. Later, it became
clear that such a simple signal path did in fact occlhimithe actual visual system of both the simpler membe
of Arthropodaand the most sophisticated member€lobrdata In Chordata, the unique signal paths related to
the foveola are very similar to the envisioned “fundatal signal path.” The signal path between the fevaod
the Pretectum of the brain, along with the neuro-matauits of the eye, is key to the ability of humandad

and to perform other precise perceptual functions.

'Released: October 18, 2005



2 Processes in Biological Vision

The concept of a fundamental signal path is still @itio the understanding of the immensely complicated
interconnections found in the retina@hordata This Chapter will only address a half dozen of treagvariety
of signal paths through the retina. In addressing thabs,gabecomes clear that some paths are used more
extensively in some animals than in human. The read=utioned about relating his observations concgrnin
the performance of his own visual system to the radtir this

Chapter until having rea@hapters 13-150f this work.

In exploring the signaling paths through the retina, ibbexs clear that there are two primary analog signaling
regimes. The first involves the sending of signalsrileisg the amplitude of a single quantity or the sum of
several quantities. The second involves sending sigieatsibing the difference in amplitude between two
guantities. These are fundamentally separate regimesfirst is monophasic in the sense that the “signal
information” is always positive going relative to thell condition even though the electrical polarity af th
signaling medium may be defined as inverted or negativeggddn the other hand, the difference in amplitude
between two quantities is an inherently biphasic sigii&le recognition of the monophasic and biphasic
conditions plays a critical role in understanding the gggron and cognition functions performed later in the
signaling process.

It has also become useful to describe three separdtgistmct signal processing matrices in the nominaloéye
Chordata The first has been labeled the luminance processatgx. It can be related morphologically to a
“straight through” signal path. This matrix is involvedtwthe summation of monophasic signals and outputs
monophasic signals. The other two matrices invdlaeefal” signaling paths since they are involved wité t
formation of difference signals derived from adjacentamental signals. Thé'lateral matrix is concerned with
differencing of the raw signals from the photorecepétisc It is involved with the generation of signals
describing the chromatic and polarization environmeratged by the eye. Thé&natrix is concerned with
differencing the signals that have already been summ#igtiltuminance processing matrix. This matrix is
involved with the generation of signals describing {hegtial environment imaged by the eye. These signalbea
based on a variety of criteria and can be quite complex.

Based on the above delineation of the processes withinetina, it has become possible to relate sdrtteeo
morphologically labeled neurons to these specific presdss the first time. The neurons of the 1st Htaratrix
have historically been labeled horizontal neuronise fieurons of the"@lateral matrix have historically been
labeled amercine neurons. The ganglion cells traniagithonophasic signals have been labeled parasol cells
historically. Many of the ganglion cells transmigibiphasic signals have been labeled midget cells haattyri

There are two additional, less morphologically well miedi, signaling matrices in the retina. The firshis t

matrix needed to satisfy the requirement for reducing timeber of individual neuron fibers in the optic nerve. It
also provides a degree of redundancy in the signal pathe optic nerve, thereby improving the reliabilitytioé
system. This encoding process primarily involves tipaii structures of the ganglion cells. The matrix appears t
utilize spatial diversity encoding. This type of encodieduces the importance of, and uniqueness of the signal
carried by, individual neurons. The second is the ad@itimmporal encoding introduced into the signaling of the
higher chordates by the continual tremor of the &a@th of these signal encoding processes highlight thetfat

the eye is primarily a change detector and that it doegansmit information about areas of an image.

Many investigators have attempted to evaluate the véyiséém by measuring the action potentials occurrittigeat
output of the ganglion cells, using either external orirgkeprobe techniques. The exterior probe approach,
frequently labeled Electroretinography or ERG, necdg<sasiolves the averaging of the signals from a vast
number of individual ganglion cells. Alternately, théeimor probe approach, usually involving a small number of
individual ganglion cell axons, is incapable of knowing lthel of encoding occurring before the signal reaches
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the emitter to base circuit of that ganglion cell.isTlevel is typically very high. The measurementgehiaeen
compared to a variety of specific stimuli applied to onbath eyes. The investigator has then attempted to
explain his data without a clear understanding of what Eigaaipulations have occurred within the retina. All
of these explanations must be considered highly suspeet pdrticular situation involving the various putative
frequency responses, both temporal and spatial, of snahgystem will be addressed late in this Chapter. A
similar situation is found in the global psychophysicaladiptions related to “center-surround” performance of
large groups of signaling channels. Without a good understguodithe signal encoding employed within both
the signal manipulation and the signal projection stafjfseovisual process, it is impossible to define thes@s
precisely. This is especially true where the datarivel® from an electrical probe contacting individual gaomgli
cell axons or averaging the output of thousands of ganghits ¢

This material supersedes the broad statements of Balceg? in 1994 and Dacéws recently as 1996. The

neural mechanisms producing color opponency are quite urrigsble when one understands the three-terminal
electrolytic nature of the neuron. The fact that ohinese terminals provides an inverting function Hwitt
requiring any external feedback) is the explanation ofdheprising fact” that cone opponency arises by dual
excitatory cone bipolar cell inputs. While the cebyhiefer to may appear to be a bipolar cell morpholdigiga

is bistratified and a horizontal cell electrophysiobadiy.

13.1 Chapter preview and approach

Figure 12.7-2 of the last chapter [, adapted from Breton, (1864)Breton or Delay folder] provides a fitting
artistic introduction to this chapter. Whereas tlgaal circuits in the Photoreceptor were single threaticety
exhibited a single, albeit complex, output waveform to amgpulse of light, the situation in the remaining layer
of the retina become so complex as to still defy dpsori to a considerable degree (even in a statistiredey at
this time.

The Inner Nuclear Layer (INL) of the eye is the koma of the majority of the morphologically definaldignal
processing in the retina The situation is so complekimlayer that several different paths through thie wilI

be defined initially and then explored sequentidiyd figure]

This work will recognize a basic anatomical divisi@ivizeen the eye and the rest of the brain at the optie. It
will concentrate on a basic description of the primgagpal path through the eye with an additional discussfion
some of the supplemental signal paths which are clpegient in the retina. These will be described as the
“straight through”, the luminance, the chrominance,appearance and the polarization paths. Higher cognitive
processes in the brain itself may build on or in othi@ys supplement the initial data processing found in hbeea
signal paths. These higher processes are not explored her

13.1.1 Chapter Preview

[Much of this material may belong in the PART section fothis chapter]
This chapter begins to assimilate a great deal of mhfesm the previous chapters and it may be useful\igwne
what models and concepts will be developed. The modebeviéxtended to include all of the signal circuitry of

’Dacey, D. & Lee, B. (1994) The “blue-on’ opponent pathwaptimate retina originates from a distinct
bistarified ganglion cell typeNature,vol. 367, pp 731-735

%Dacey, D. (1996) Circuitry for color coding in the primeg&na. Proc. Natl. Acad. Sci. USAol. 93, pp
582-588
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the retina. This model will be adequate to explain fhexation of vision in animals and to calculate the
performance of the eye throughout the color vision doraaid the simpler aspects of the geometric domain.

As a preview, it will continue to build on the previaeapters and show how:

the animal visual system is capable of tetrachranpeiformance, although this capability does
not exist in the terrestrial chordates, which incluties‘higher primates” and humans. Most
animals, including insects employ one of two trichramsystems but there are well documented
tetrachromats in the animal kingdom. Some of thésadieromats may become trichromats later
in life or may in fact shift from one trichromatgstem to the other during their lifetime.

the visual system in the terrestrial chordates, inolyidine higher primates and specifically
humans, is trichromatic because of the limitationthefphysical optical system. The visual
system is based on a set of relatively narrow sgdeetnge (short, medium and long wavelength)
photoreceptors. There are no individual broadband phefoi@s in the visual system.

the observed properties of human vision that hint aipgronent theory of color vision are a
natural fallout of the signal processing system, pawthoth involves taking differences between
the different signal channels for purposes of improvedraikcrimination. However, the actual
pairing of signals is not orthogonal.

the final signaling system used to communicate mostrirdtion to the brain utilizes a type of
phase modulation known as time delay modulation. Upon uadeling the characteristics of
this type of modulation, and the threshold charactesisf the ganglion cells, the nature of the
so-called refractory period related to the onset ofiteepulse from a ganglion cell becomes
obvious.

the eye does not communicate with the brain in at@ae relationship in terms of locations in
the retina or types of photoreceptors generating a sigfekd to a specific color. The eye
transmits a vector map to the brain and the brainigeesutwo very important initial functions; it
creates a full field memory map of the overall percepfigll and it uses a multi-dimensional
“paint program” to process the information received.e Tap does not represent a geometric
equivalent of the scene.

the brain employs a virtual map of the world outsidédefanimal that is inertially referenced to
the calculated position of the head. This virtual mapoisdependent on where the eyes or an
individual eye is pointing. This “computed” virtual map iisigar to a computer spreadsheet and
can be expanded in a given species to reflect the teahld perceptual field of all of the eyes,
one, two or more.

the subject of convergence, involving the overlapping fitata two or more eyes, can be looked
at from a different perspective based on the factttieatlata from the eye(s) is in vector form
and is used to compute a virtual map in the brain.

Following chapters will explore additional special effegtserved in the laboratory and real life based on the
models developed previously in this work.

13.1.2 Chapter approach
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This chapter will continue to develop the signal processircuitry of the eye in a context similar to tha¢disn
man-made analog electronic circuits until it finallpehes the Optic Nerve. This is a simplificationagmis of

the current biological literature that is attemptingnanipulate too many concepts without an adequate substrate
to rely on.

Although the methodology followed here can be interprigtédrms of information theory, this is best donteiaf
the fact. Without a tangible model of the processeslwed, calculations based on information theory alose
their relevance very quickly. Furthermore, investigatowoking information theory principles frequently start
talking in terms of discrete sample information thashyle their subject material is still in the analagraling
domain. Information theory was originally developedha analog domain to solve analog problems.

In synthesizing the secondary signal processing cirguitany guidelines are available. Some of the most
important relate to the early work of Wriglaind also MacAdafrin which their results are overlaid on the CIE
(1931) Chromaticity Diagram. Later workers recognizedithiations of the 1931 diagram and attempted to
provide a more useful (linearized) chromaticity diagrarhis effort resulted in the CIE Uniform Chromaticity
Diagram (1976). Any viable description of the secondayyadi processing circuitry of animal vision must be
compatible with the three cardinal points, the four polhts and the uncertainty loci (resulting from color
defects) overlaid on these diagrams. It must also préidransition from this photopic based diagram to its
scotopic equivalent. There may be some small incamsiies due to the arbitrary aspects of these diagrams.
These will be addressed in later chapters when a remwetically defendable version of the CIE Chromaticit
Diagram will be proposed for use specifically in research

The goal of this chapter is to provide a series oldiiagrams that accurately describe the operationeof th
animal vision system at the detail levdlhese circuit diagrams should not to be confused with equivalent cjrcuits
these diagrams are meant to accurately descrikactbel biological circuitfound in animals using symbology
adopted by man for use in his man-made electronic ctcuit

This chapter will begin with the review of a wealtfrappropriate data at the component level. It will thessent

a series of accurate, although idealized, circuit diagtaragl in the understanding of the actual overall circuit
diagrams. The actual overall circuit diagrams for adlsgexcept the very simplest, involve such a high dedree o
signal divergence, signal processing, and signal converdgieacthey equal the complexity of an entire telephone
exchange, including the master switch. Appendix D does pttenprovide a complete circuit diagram for a very
simple eye, the compound eyelafulus

This chapter and the following one will develop both Btetopic and Scotopic Luminosity Functions from first
principles based on the model and circuit diagrams presentbis chapter. These calculated Luminosity
Functions, along with other calculated functions, slilbw how the various chromophores and signal paths
combine to provide the sensation of vision. To awoidfusion within this chapter, it is important thag th
difference between the computational and perceptual digweds be maintained. This chapter is only concerned
with the computational level of signaling.

This chapter will also include an analyses of the comBERG as used in clinical and research environments f
the purpose of data extraction. Some discussion of thexe delineation of the various waveforms intorthei
actuala-wave andb-wave constituents will occur. This delineation vl different than that of the current
literature but also well documented. The justificationthese modifications will be left @hapter 16 and 17

*Wright, W. ((1943) The graphical representation of sm@bircdifferences. J.0.S.A. vol. 33, pg. 632
s MacAdam, D. ((1951) Influence of visual adaptation on ¢tddonstant hue and saturation. J.O.S.A.
vol. 41, pg. 615
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The chapter will conclude with a number of suggestionadalitional laboratory work needed to provide detailed
information missing from the literature based on tiwtes provided by the model and the circuit diagrams
presented here.

13.1.3 Background information

Correlation of much of the data in the literature reggithe understanding of where the data came from. There
are two major schools generating the signal processitagoflinterest in this Chapter; the electrophysiolsgisnd
the psychophysiologists. Their techniques are gros$breift and their results are frequently inconsistettt wi
each other. Within each group, the results are adspuéntly inconsistent because of both the variety of
techniques used and the simple models used to explain their Mamhajor conflict raged during the 1950’s and
1960’'s because of the inordinately large probes used in exgpeeiments relative to the size of the target
phenomena. The foundation for many of these conflietpiently related to whether a given experiment acquired
data by way of intracellular recording or merely adjaden extracellular recording. Later, the importance of
knowing where in the intracellular space a probe westéocbecame crucial. Some of the most recent ctanflic
relating to the luminance type signals associated witlersine cells have been due specifically to inadequate
models. This has led to inadequate experiment definitidrpé&anning.

Within the Electrophysiology group, there have beendhusing external electrical measurements, basically
ERG'’s, and those utilizing probeistvitro until recently but now alsim vivo. These techniques have frequently
produced data with different levels of detail. Shichi prasvided a very high level description of the naturénef t
signals found within and adjacent to the signaling cirafitbe retin&

The work of the psychophysiology group is not limited ® signals generated in the retina. Hence, they
frequently speak of perceptual channels related to formh demat movement which generally involve higher
cognitive centers. In this work, care will be takendstrict the analyses to signal that are cleadgqmt in the
retina as confirmed by electrophysiology.

13.1.3.1 Chromatic data

[xxx needs update]
Figure 13.1.3-1provides an annotated CIE (1931) Chromaticity Diagraiustiate several features that are of
importance in this chapter. As proposed in this motelthree cardinal points for human vision are at S=0.437
m, M=0.532 m and L=0.625 m. The null points are located at approximately 0.496 u, 0.570
0.531(complimentary)_and at “C”, the neutral point corresponding to whiteor&/specifically, the third null is
located at x=0.4, y=0.11 on the CIE (1931) Chromaticity Diagraime Deuteranope (red/green color blind) does
not exhibit a null at 0.570. The Protanope (red blind) does not exhibit a cargioit at 0.625 . The point “C”
is difficult to define precisely because it is so séwsito the observers state of adaptation. Thissis tlie of the
other null points but to a lesser degree of importafites point at 0.531 (marked complimentary to indicate it is
not along the loci of real wavelengths on the ClEd@iaticity Diagram) is difficult to measure precisely by
psychophysical means unless special steps are takenrte thef state of adaptation of the M-channel, or
alternately, desensitize the M-channel almost coralylet~urthermore, the measurement of the null poitvirdzEn
the cardinal points 0.437m. and 0.532 m. is difficult to determine and grossly different expexital values are
given by different experimenters based on differencésdmnique and conditions. Judd & Wyszéghie a value

®Shichi, H. (1983) Biochemistry of Vision. NY: Acadenicess pg 227
"Judd, D & Wyszecki, G. (1975) Color in Business, Science,ladustry (3rd ed.) New York: Wiley
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of 0.570 m. while Wright & Pitt gives a value of 0.600m.

How the above null points are described will be an b
important guideline in the following synthesis. Sincg %]
the CIE (1931) & (1976) diagrams are not good o7 4
trilateral representation of normal color visiohdt
principal points are not located at the corners orroth¢
graphically significant points), psychophysicists haveg
generally described the null points in terms of either 04 k »
S-M or S-2M or occasionally using a loci given by S- ] “‘i\_/ . oy
2M+L (as an example) depending on how they choose i
to plot the loci connecting the different color
constancy lines on the diagram. This is important o1
because these different empirical mathematical
descriptions of the null between the S and M e or oz 03 04 05 08 07
chromaticity channels lead to significantly different Figne 13,131 The ebromaticity diugram: G = xR+Y6F2bi 2 = 1= ix+7)
circuit implementations. On the other hand, analysis

of the actual circuit implementations lead to a
completely different set of descriptors of the principle
points and the nulls.

in next paragraph,, ??current!!! voltage signal by thEigure 13.1.3-1 An annotated CIE (1931)
input characteristic of the XXX, junction of dendrite Chromaticity —Diagram. TRACE &

and axon ] REDRAW IN ILLUSTRATOR. ADD “f" TO
C.
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The last chapter showed that the output voltage signaq ET
from each OS is a negative going signal as measured

by the ERG ( with a peak amplitude of about 500 microvoltsuimans). The signal is generated by a signal
current coming out of the environs of the OS on thald#a structure of the IS and ranging from zero to ausin
30 pA (typical of vertebrates). The signal is quantizddwatevels and appears to be photon noise limited. The
signal is logarithmically compressed as a function pétrirradiance. A mathematical formula for the sigsal i
available which completely describes the steady atadietransient signal resulting from any monochromapai
irradiance to a specific photoreceptor; provided theahgtfate of the cell is known.

13.1.3.2 Signal Waveform data

Although it is still not accepted by many in the fielthere is now an abundant experimental record thatghals
waveforms encountered within the retina prior to thgpuot of the ganglion cells are analog in nature and
predominantly electrically bipolar. Furthermore, eatctional plasma of a neuron exhibits an electricstimg
potential that can be described as a direct currentdsiasand can be measured directly. The signal wawefor
rides on this bias just as found in other electricalutis.

An extremely important point which will be addressed neamapletely in the next section has to do with the
current state of measuring these waveforms and prosstgiating them with specific cells. Much of the
literature involves probing the retina with electricahductors that are an order of magnitude larger than the
signal sources. This leads to significant crosscouplingageforms from individual sources as recorded by the

SWright, W. & Pitt, F. (1934) Hue discrimination in norngalour-vision. Proc. Phys. Soc. (London) vol.
46, pg 459
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instrumentation. Only recently, with the introductiaidye injection into a cell after signal recording lita
become possible to specify exactly where a signal easded.

The dye injection technique remains inadequate, howetem recording sub cellular size structures such as
synapses. In these synapse situations, it is genarajectronic node that is measured; the node beinglukesc
as a junction between a group of neural structures, boti@and dendritic. Many of these nodes involve more
than a dozen structural elements, all within the diamgtthe probe. Worse, there are frequently a dozérese
nodes within the diameter of the probe.

Yang, Tauchi & Kaneko have provided very valuable data dagaithe signal processing within the eye of the
goldfish, Carassius auratds Although their model suffers from specificity, thealaan be reinterpreted within
the framework of this theory with important resulfss an example, they say they probed both the cell badigs
axonal extensions of L-type external horizontal celld found no significant differences in the signals. This
indicates they only probed the non-inverting inputs &délls. They apparently did not encounter a defining
feature of these cells, their ability to invert signapplied to their poditic terminals. Their Table 1 viobé
extremely valuable if it were extended to longer wavelengnd included the difference, Log G minus Log B.
Such data would characterize both the P and Q chronerdrannels of the goldfish. It would verify the
theoretical differential output of these channels prieseim Section 17.3.2

13.1.3.3 Frequency versus temporal filters (& foveola image sparing)

There are a variety of papers in the vision litera@eking to physically locate or conceptually define@nmore
frequency selective filters in the visual system. Sehgtudies have generally concentratedtardatg and
specifically on humans and frequently cats. Ther@isign of a physical frequency selective filter in the
signaling system of the visual system beyond the sisiplge pole filters associated with a high pass or losg pa
network. As a general rule, there is only one sutér fih the visual system. This filter is incorporhieto a
feedback circuit associated with the adaptation ampbfieach photoreceptor cell. Because of this configomati
this single stage filter plays both a high pass filtedt a low pass filter role.

Looking at the use of frequency domain filters by mais #asy to see that they are a crude method of aigain
frequency selective filtering compared to the associagthiques of temporal domain filtering. Frequency
domain filtering has nearly disappeared from modern fdtgrstruction since the advent of the digital processing
microchip and the mathematical discipline of time don@#icuit synthesis. The animal visual system wagdbas
on time domain filtering from the start.

In attempting to define the photoexcitation/de-excitafiorction in vision, attempts have also been made io@lef
a multistage filter made up of simple first order filtefidhis has not been successful. It has been basén: arse

of simple mathematical concepts that were inadequdtettask but illustrative of the underlying problem. In
circuit synthesis, there is a very close relatiopdigtween the frequency response of a system and potain
response characteristic. This relationship only imesoapparent when the mathematics of the calculus and
differential equations are applied to the problem.

The basic concept of obtaining frequency domain sighatifig through the use of time domain signal
manipulation techniques involves the summation and cosgradf signals that have been delayed in time relative
to each other. This time delay is introduced througha tlispersion filter that relies on different signathpa

°Yang, X-L, Tauchi, M. & Kaneko, A. (1983) Convergence ghsils from red-sensitive and green-sensitive
cones onto L-type external horizontal cells of thalfisih retina. Vision Resvol. 23, pp 371-380
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lengths for individual signals that are all travelingsdentially constant signal velocity. These tegphes are
highly developed in the visual system and present antactinie of sophisticated beauty not recognized in the
literature. It also leads to great empirical difficutiythe laboratory when it is not understood.

A key feature of the visual systematfordatais the dispersion in time between the signals frorferdifit locations
in the retina relative to the foveola, due to the miaydocation of the so-called “blind spot,” the emica to the
optic nerve, and the arrangement of the ganglion axoregung to that entrance. This fanning of the axonal
paths is essentially complimentary to the fanningl&b®eyer’s loop between the LGN and the primary visual
cortex. The result of these two fans leads to uniquebdées. First, the two time dispersion filters uéghg

from this fanning are complementary and cancel aptheary visual cortex. However, the LGN is physically
located between these two time dispersion filters.a Assult, the LGN is in a position to compare sigfrals
various locations in the retina based on their timaydeThese comparisons are the key to both stereapdishe
coarse determination of location and course of trafveVents appearing in the visual field of the system.

For completeness, it should be noted that the photoesegitthe foveola are not well positioned to partitda

this level of time dispersion filtering. All of thesells are located at nearly the same spatial lataélative to

the scale of the complete retina. Because of #tis fhese cells are not of significant use to tieriing

mechanism found in the LGN. Based on this architecteature, the actual geometry of the signal manipulation
elements, particularly the ganglion cells, related #oftiveola do not exhibit the same geometrical orgaioizats

do the remainder of the cells of the retina. Furtloeemthese ganglion cells do not project to the LGMeylare
processed entirely separately within the Precisiond@p8ystem of the visual system.

As noted in the literature, the signals from the P@S@und to arrive in the more hierarchal areas efdbrtex,
V4, V5 and other more cognitively oriented areas, befoeesignals from the primary visual cortex, V1. One of
the reasons for this is the fact that the signaleggad in the foveola do not pass through the LGN andSiice
they do not pass through these elements, damage tceteesmts does not restrict the ability of the anitoadee
objects projected onto the foveola. This unusual cawdis known in the literature as macular sparing.
However, it does not extend to the edge of the macutéy to the edge of the foveola. The term should beacepl
with the more specific foveola image sparing.

13.1.3.4 Histological data

The histological situation is so complex as to stillydistailed description. The review by Wassle & Boyeatt
1991 is of great value in two ways, it surveys the effigié and also indicates the plethora of names foistimee
basic cell type as studied and named by different invéstgyaorking with different animals. The book by
Shephertt in 1979, although older, discusses the situation in mord.deta

13.1.3.4.1 Junctions

Whereas twenty years ago it was impossible to findaliscientists who would entertain the idea of eleatric
junctions in the animal neural system, it is nowobging common to recognize the existence of some $edcal
gap junctions in the visual system if not in other nktisaue. The characteristics of these gap juncti@wvs ot
been developed in the literature to date; however nibve possible to do so and work is proceeding in that
direction. The electrical characteristics of maumyctions is now being measured, either by intent autn

WWassle, H. & Boycott, B. (1991) Functional architecturthe mammalian retina. Physiol. Rev. vol. 71,
no. 2., pp. 447-480
uShepherd, G. (1979) The synaptic organization of the .bidaw York: Oxford Press
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instrumentation designed for other purposes. Wong-Rié@nessed in her remarks the high concentration of
electronic charge on the surfaces associated witbussynapses in the retina, not just those surfacesiaissl
with the gap junctions.

It is very possible that many of the materials foumthie synapse area and proposed as neurotransmitthes in t
literature may turn out to be a source of electricargh at the junction. In this case, the signal angsiie
junction may not involve the physical movement ofsittut of the more sophisticated “holes” so widely
encountered in semiconductor physics and more recenthgimetallurgy of whiskers, metallic dendrites etc.
Both ions, holes and electrons can move by diffugiciiné junction area; wittons moving the most slowty
several orders of magnitude.

[Xxx rewrite ]

In this work, the reader is welcome to think of the eglaint circuits described for the various neurons to be
merely analogs of the actual ion diffusion processedived up to a point. However, he will not be abledltofv
the details of the processes involved. He must keeprid that what he is thinking of as equivalent circuits iar
fact the actual circuits. The material constituting plutative neurotransmitters of earlier work may ir lec
required at the junction; however, they may be presepasticipants in an electrostenolytic process providing
electrical power to the neurological system. liquidstaline state which supports the diffusion of “holegiaim
more effectively than actual ions. In this case,rileurotransmitter is not consumed and the velociigofal
propagation is much faster than via physical ion trarispor

Before addressing the subject of mapping of the signal jpathg retina, it is useful to re-address the subject o
photoreceptor types. For historical reasons, two tgpphotoreceptors were defined on very much philosophical
grounds. The idea was adopted that there must be two mdsgemechanism supporting photopic and scotopic
vision.

When the histologists began exploring the retina, tepgisted the photoreceptors they found into two broad
groups, the rods and the cones. The initial sort weadban the shape of the outer segments as observedg at ve
low optical magnifications. This criteria did not sflathe test of time. However, during this period, others
reached the classic “A-haa” stage and declared thanvislied upon two separate mechanisms, with the rods
contributing to scotopic vision and the cones to photeision. This determination also failed to meet tiss of
time. The literature now speak of “red rods” and “gresls”. Later, many papers were written saying the
criteria was the shape of the inner segments. Thesia also failed to provide a definitive classificat system.
More recently, the literature reflects on the shdpa®axonal ending of the photoreceptor as a method of
classification; with the rods described as having arspdshaped ending and the cones a pedicle of a more
cylindrical shape oriented perpendicular to the axis oattom. Unfortunately, these descriptions remain only
coarsely descriptive and have not been shown to Ibelated unambiguously with a specific spectral responge. A
the present time, the only definitive way to sepatta¢ephotoreceptors into classes is via axial microspgephy.
Transverse microspectrography can not separate thergbeptors chromatically because such instrumentation
can only measure the irrelevant isotropic absorpti@racteristic of a photoreceptor. In no case has a
photoreceptor been measured that exhibited a spectrahsesparresponding to that of either photopic or scotopic
vision.

13.1.3.4.2 Probing and mapping the retina

ANong-Riley, M. (1997) What can cytochrome oxidase and atharochemicals tell us about the retina.
1st annual conference on molecular, cellular and geaptimaches to function of the retina. Fort
Lauderdale, FL. 9-10 May 1997
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To begin an orderly description of the Stage 2 retirraudry, it is necessary to begin with the simplesgide
circuit model and then expand it slowly explaining all & taveats that apply to each new overl@yly in this

way is it possible to avoid incorporating assumptions tittanately lead to confusion and misleading conclusions.
Because of this situation, it is not appropriate tozgifjraphics taken from other work directly. Instead many
graphics will be presented “based on” the work of otlétis textual comments on how the graphics were
modified to represent later information, specificalig electrical circuit characteristics of the histpbtal

structures.

Figure 13.1.3-2provides the basic roadmap used here for the Stage 2 prgeaksing. The figure is heavily
modified from a simpler (even more conceptual) versipkVierblin*®. On close examination, there appear to be at
least one drafting problem in the Werblin figure conoegrihe calls to the bipolar cell terminals and widely
ramifying cells. The top plane consists of a large remolb four spectrally different photoreceptor cells maaray

of unspecified parameters. The photoreceptor termimalgyaontact with both a widely ramifying set of
horizontal cells and a set of bipolar cells. Eagiolair cell also exhibits multiple (although fewer) inputst$
dendritic terminal. The bipolar cells axons termiraitanother layer associated with the inputs to a skesenof
widely ramifying cells (typically labeled amercine sdtiut known to consist of many subtypes). There amat$n

to some ganglion cells associated with this layerak winally, there are probably axons associatel thie first
ramifying layer (horizontal cells) that terminatetims layer as well [xxx show horizontal axons termimgin

this layer]. The complexity of this layer is so high
that making broad and comprehensive statements
about how cells interconnect in this region is difficul
[change figure to show ganglion axons xxx] These
connections vary considerably with position in the
retina. Thus the figure is a caricature of the global
situation but is not representative of local situations

Photoreceptors

Photoreceptors
terminals

[xxx rewrite this ] The figure is meant to describe the
signal paths emanating from one photodetector cell
(PC) and to emphasize the fact that the laboratory
investigator normally does not measure the output of a
given cell but in fact the node at the output of the
given cell. Thus it is very dangerous to speak of the
output of a given bipolar cell unless the investigator is
able to somehow isolate the output of the cell from
other inputs to the relevant node and to disconnect the
pathway to the following circuit element without
disturbing the impedance of the circuit node. As sedn
elsewhere, this last condition is generally impossible
in a direct coupled network where the output current

_~ Horizoental
. cells

I
- Bipolar cells

Bipolar-cell
terminals

~ Widely ramifying
(amercine) cells

Ganglion
from the previous circuit is placed on the input \ Gwlf:f"ﬁ DEutites
capacitance of the following circuit and the voltage i cells bodies
measured as if it were the output of the first circuit
independently. Figure 13.1.3-2 Caricature (roadmap) of

Stage 2 signal processing. See text.

Notice the dimensional references in the above figurgasecI on a conceptual figure by Werblin,

et. al., 1996.

Bwerblin, xxx et. al. (1996) The computational ¢§&€E SpectrunMay, pp 31-xxx
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If one explores the retina beginning at the vitreousaserfthe distance to the scleral end of the OS jsatdut
300 microns (0.3 mrf} Furthermore, ALL of the nodal points in the OPLiliea plane with a thickness of less
than or equal to the diameter of present day probes.nddied density of this plane is such that it is virtgall
impossible to contact only one of these nodes. érp#st, it has been common to overcome this probjem b
utilizing one of two techniques:

+ inserting a probe into the retina an approximate distéamthe layer of interest and then
adjusting the depth of the probe incrementally until aefeawm of interest is obtained.

+ actually probing the nucleus of the neuron of inteiestead of the node, until a signal
exhibiting the desired waveform characteristics wasdoutowever, it is now known that the
active portion of many neurons is not located in @rriee soma and this type of probing is
similar to sticking an electrical probe into a cirdudard at a random location

“Shepherd, Gbid. pg. 185-6
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Tomita used the first method quite productively 40 years &fgovever he was only able to describe the results
statistically as to their source.

The actual electrically active portion of many visnaurons in not even in the bulk portion of the neurasyally
described as the nucleus or Soma. It is frequently foutitegunction of the dendritic and axonal portion of the
neuron which, especially in the case of monopolar meynehich is a description that can be applied to many
horizontal and amercine neurons, is external to thia tmody of the neuron, and dimensionally very smailthee
order of 2 microns or less. It appears from the litemthat this active portion, the Activa, is gengrathaller
than 2 microns in visual neurons.

Based on the above, the important points of Figure 13.1a88+Dbe summarized:
+ It is physically difficult to impossible to probe fand locate the Activa in a given neuron.
+ Itis nearly impossible to contact a single nodahpim any of the layers of the retina.

+ If a nodal point is contacted, the investigator mesbgnize that the signal waveform
obtained is probably the result of multiple inputs andvtiitage measured is probably a function
of the circuitry surrounding the node.

+ As indicated elsewhere in this work, the voltagesuead at a given node is probably
described as the logarithm of the signal current atrthdé because of the diode like impedance
of the membrane upon which the current is placed (irayever).

There are three additional points that should be made;

+ As pointed out by Shephétdamercine cells do connect to each other; thus mitpmore
complex signal processing to be accomplished in a physmathpact region.

+ Except in some special cases, not yet describeckilit¢hature, it is not likely that a single
horizontal cell or a single amercine cell operating imear mode will accept an input from and
deliver an output to the same nodal point. Such actiaridadze algebraically redundant. If the
cell is introducing a time delay, this re-entrant preues could be useful.

+ If the reader is comfortable with the work of Dadele€™ in describing two totally separate
dendritic trees for one (bistratified) ganglion neuromshould have little difficulty in accepting
the possibility that these two trees go to differepiits to an Activa inside the ganglion cell.
Similarly, he should have little difficulty with allowg two different dendritic trees to exist in
other (bistratified) neurons. One tree would go tortty@-inverting input and the other to an
inverting input (see Appendix B). Such dual input neurons apgpédse one of the principal
building blocks of the retinal signal processing system.

Since the 1960's, a concept of the signal processing ecthrié of the retina due to Dowling (with Werblin in
many cases) has been widely reprodifced\ recent expansion on these earlier concepts septed in Backhaus,

sShepherd, Gibid. pg. 190

*Dacey, D. L& Lee, B. (1994) The “blue-on’ opponent pathwagrimate retina originates from a distinct
bistarified ganglion cell typeNature,vol. 367, pp 731-735

Dowling, J. (1968) Synaptic organization of the frog rtiRroc. Roy. Soc. B. pp. 205-228
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et. al®. Their figure continues to try to assemble the irhligi types of recognized neurons into a rational
architecture. There are a number of question markskégdiabout the figure. In addition, the figure contains no
ultraviolet receptors and very few S—channel receptbhmse concepts were based on the neuron as a twioaérm
device. The last two points in the above list (aredrturons defined i6hapters 8and9) suggest an alternate
architecture based on a three terminal neuron. Thistacture is shown ifigure 13.1.3-3 This concept
provides a much more definitive architecture. While ajablie to all chordates, it will be discussed primaribyrf
the perspective of the human.

Except for the photoreceptor cells which are not detadach neuron is shown as a three terminal devibe. T
terminal marked with a minus sign is the inverting inpUihat marked with a plus sign is the non-inverting input.
Looking at the bottom row first, the ganglion cells alleshown with their inverting input terminals conteztto a
bias supply. This is a simplification for two reasofdrst, the immensely complex input structures of nany

the ganglion cells are associated with diversity engpdibhis encoding is primarily a stage 3 function. This
function will be discussed i€@hapter 14 Second, the bias voltage applied to the parasol (Rjligarcells is not
necessarily the same as that applied to the midgetdl\d) cThe parasol cells are normally biased sottieit

output reflects a monotonic input. They typically prodwse ér no action potentials in the absence of stirarat
On the other hand, the midget ganglion cells are noyrhalsed to produce a stream of action potentials (tjpica
30 per second) in the absence of any stimulus.

The diagram is divided into foveal and non-foveal portimnidlustrate the direct path provided between the fovea
photoreceptors and the associated parasol ganglionadihteto the pretectum. The axons of these ganglion cells
constitutes a very small part of the optic nerve. yTieve not been delineated as a separate group in nthst of
literature. However, the fact that part of the opticve(s) exhibit a second chiasm and some of the :ierve
terminate in a separate and distinct area of the pueteis noted. Non-foveal photoreceptors do not normally
exhibit this direct access to the midbrain. Their outpumanipulated by a variety of signal processing neurons
arranged in a series of signal processing matrices.fifBhenatrix contains the morphologically labeled &orital
cells. These cells appear to be primarily involvedremting the chrominance signals passed via the midget
ganglion cells to the parvocellular portion of the LGRhe cells within the dashed boxes are shown to be
consistent with the literature. They appear to be réaanin this architecture at this level of detail.e$é cells
appear to act as simple non-inverting signal repeafidisy may be omitted without compromising the concept.
However, if they exist, they may have a function tlsatot yet appreciated.

The second matrix is dominated by the bipolar cellscbhig the signals from multiple photoreceptor celltonf
the luminance signal projected through the parasol type igangglls to the magnocellular portion of the LGN.
The bipolar cell illustrated in the center of the figauens signals from a wide variety of photoreceptorse Th
extent of this collection field is indicated by the @di@e arborization of some of these cells.

The third matrix does not appear to play a major roleuimans and may only be rudimentary (based on various
micrographs). However, its conceptual role is cledthough the generic name, amercine cell, has traditipn
been given to the cells in this matrix, recently, pna@condary distinctions have been made between ltke the
cells appear to operate primarily in creating signalscatdie of specific shapes, orientations and pattertigrwi
their portion of the retinal field of view (S&ection xx¥. These cells may also exhibit extended arborizatbns
both their dendritic (non-inverting) and poditic (invad) inputs.

The mode of operation of the cells of the seconddataatrix has not been clearly defined in the paste Th

¥Backhaus, W. Kliegl, R. & Werner, J. (1998) Color Visi®erspectives from Different Disciplines. NY:
W. de Gruyter pg 83
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primary reason appears to be failure to recognize tivetsansport velocity of analog neural signals. While
looking for spatial relationships within the arboripatifield of individual amercine cells, the investigatbesve

not recognized the importance t of this transport vglechen expressed as a time delay relative to thalinit
retinal position of the initiating photoreceptor. Thekelays as a function of distance essentially perform
convolution of the collected signals. The result &slting sought “spatial frequency tuning function(s).” These
functions exist only in the temporal domairhere are no spatial domain tuning functions in biologicavision.
The temporal filtering performed within the second laltenatrix (and possibly within the first) can signifithy
reduce the signal information that must be passed ogeygtic nerve. It can also relieve the LGN and areaf
the cerebral cortex of part of their workload.
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Figure 13.1.3-3 Signaling architecture of the retin a. The layers listed on the left
correlate directly with the cross section micrograp h in the following figure and in
Chapter 3. The signal processing neurons are shown as three terminal devices. The
direct foveal path on the left is used to provide a unique human (? primate)
capability. The two amplifiers inthe first latera I matrix provide the difference signals

associated with the chrominance and polarization ch annels. The two amplifiers
shown in dashed boxes may or may not be present. T heir functional requirement is
not defined. The third amplifier in the luminance row collects signals from all
spectral types of photoreceptors and creates the lu minance signal. The amplifier
in the second lateral matrix row is typical of thos e forming signals for the
appearance channel. See text for details.
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13.1.4 Subdivision of the conventional layers of the retina

The general nomenclature of Boycott & Dowling will folowed in this chapter (Segection 3.xxj. However, it
is useful to further subdivide the region around the inmetear layer (INL). The fiber layer will be re-lded the
outer fiber layer. The inner fiber layer will be digd into an inner plexiform layer and an inner fibgeta(the
two separated by the pedicles of the inner nuclear)layailowing the earlier notation, the fiber layemsist
primarily of axons and the plexiform layers consist prifgaf dendrites. The inner nuclear layer is dividetbi
an outer matrix layer (OML), a middle matrix layer (MMahd an inner matrix layer (IML). While the INL it
highly differentiated, the OML contains the lateralirens of the first lateral matrix. The IML contaitine lateral
neurons of the second lateral matrix. The MML corgdire bipolar neurons associated with the monopolar
signaling (luminance) channel. These designationshemersinFigure 13.1.4-1
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Figure 13.1.4-1 Redefinition and expansion ofthen  amed layers of the human retina.
Scale in microns on the right. See Textand Figure  3.2.1-1. Original micrograph from
Boycott & Dowling, 1969.

13.2 Classification of physical signal paths
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The basic processes accomplished in the Signal Manipulatea (Inner Nuclear Layer) of the retina resuli in
very major reduction in the dasd the output of the retina compared to that receivéiteainput. This is
accomplished without a significant loss_in informateamtent from the organism's point of view. Tlomai
manipulation portion of stage 2, includes the neuronsedfitst, second and luminance processing matrices (see
Figure 16.2.1-1) It also includes the ganglion cells if the diversityeoding they perform is considered part of the
signal processing function. The signal conditioning afst2, performed within the photoreceptor cells, is not
usually included in discussions of signal processing sirisesd closely associated with the mechanisms gésta
signal sensing.

The input signals to the Inner Nuclear Layer are geeératt the output of the photoreceptors and are generally
described as voltages.

After one or more neural stages, the output signals fhentnner Nuclear Layer are presented to the ganglits ce
of the Ganglion Cell Layer as voltages. As in thetprezeptor case/INL neuron case, the voltage is apmittet
ganglion cell via a a voltage divider incorporating theiimediate synapse. This voltage divider has been found
to form a “lead-lag” network in some cases. Thestagels modulate the binary (not analog) output signal of the
ganglion cells (Se€hapter 14).

13.2.1 Principle signal paths

Based onffigure 13.1.4-], it is possible to define a wide range of signal p#tinsugh the signal processing
matrices of the signal manipulation stage. Historygcdibts of potential paths have been developed basegd pn,
the complexity of the axon terminations of the phateptors and (2) on the complexity of the arborizatiothef
following neurons. Such a list could easily containfttiewing signal path types:

simple "straight through" paths
divergent paths

convergent paths

feedback paths

Undelineated and "phantom"” paths

arwnE

Each of these candidate types have features of thaimow will be discussed briefly belowigure 13.2.1-1will

be used to guide that discussion. It shows the fundan@ritstraight through” signal path of the retina on the

left on the left. It also shows a variant of theth, the summing path, via the dashed lines. A simfferaticing
path is shown on the right. A variant of this pathlso shown with the aid of dashed lines. When uséuein
second lateral processing matrix, this variant providesriechanism frequently defined as a “tuning mechanism”
in psychophysical vision research. When used to supjgordls originating in the foveola or for forming
luminance channel signals by summation, the non-imgehipolar cell on the left is used in combinationhnihe
parasol type of ganglion cell. When used to form anyeghce” signal path, e. g., chrominance, polarization
appearance, the lateral cell type is used. Its outputiisedsd to a midget type of ganglion cell.
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Figure 13.2.1-1 The “straight through” and “difference ” forms of signal path shown
symbolically. These forms are easily associated wi  th the morphology of the retina.

Speaking in the most general terms, it appears:

+ the "straight-through" paths are associated withnaimal 23,000 photoreceptors located at the very
center of the fovea, the foveola, in humans. Tédsan has a diameter of about 1.2 degrees.

+ the divergent paths appear to predominate in the fovdgara-fovea where they provide much of the
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spatial and color contrast processing of the retimalads. These paths extend into the foveola as anagverthe
"straight-through” paths and outside of the parafovea asentay to the convergent paths.

+ the convergent paths appear to predominate in tifeyaad region, where they probably concentrate
on "alarm" signal generation, and achieve an extraaorgluiegree of data reduction.

13.2.2 The "straight-through" path

The "straight-through" path is usually described as congisf a photoreceptor with a single axon foot connectin
to a single "midget bipolar" neuron in the Inner Nucleayer which in turn connects to a single ganglion icell
the ganglion cell layer. This path is relatively efsgbserve at the histological level. However, icawis

indicated since the investigator may not observe, igrayre or may de-emphasize any other dendrites assbciate
with the photoreceptor foot, especially if they aréindhe plane established for viewing during cell prepanat
Dacey & Leé&’ have recently discussed such a straight through pathea@hort-wavelength, or s-, signal
channel--they define it as the ‘blue-on’ path sinadois not exhibit any influence from the M- or L- chals.

The description of a blue-on channel, although conveatjavill not be used here since it implies a ‘blué-off
channel. Such descriptions are misleading; the ‘bluesloahnel responds to biphasic changes in the analog shor
wavelength signals. They also go on to speculate‘tlhaeems probable that a second, hyperpolarizing bipolar
cell type conveys M- and L- cone input directly to tiueeo dendritic tree.”

The straight-through path is thought to be of primary ngbe higher resolution skills where it is desired tspas
signals of the ultimate in spatial resolution to theidl This path is usually related to the photoreceqtis
found in the fovea(s) of the retina.

13.2.3 Divergent Paths

It is likely that all photoreceptor axon feet in theaof the fovea and parafovea have multiple dendritesiagsd
with them; and that these dendrites result in a disped§ithe signal information associated with a single
photoreceptor. It is possible, although not necessathyis model, that even the photoreceptors in theofave
exhibit this characteristic. These divergent paths evoahtribute to both spatial signal manipulation (such as
contrast edge detection) and color interpretation. §dagrgent paths are frequently caricatured by several
"horizontal cells" contacting each of many photoresepélls.

13.2.4 Convergent Paths

As a converse to the previous section, it is likebt #il photoreceptors axon feet in the area of théqwea and
parafovea have multiple dendrites associated with thehtteese dendrites result in a convergence of signal
information from a group of photoreceptors at a singjaai processing neuron. It is most likely that convergent
paths predominate in the perifovea where generation tdlarm” signal is of paramount importance. In this
case, many photoreceptors may be connected to a siewglen in the inner nuclear layer; and this neuron may
exhibit the very high gain associated with a compargitouit, a circuit capable of generating an output in
response to a small signal on any of a large numhepof dendrites.

13.2.5 Feedback Paths

There has been a great amount of discussion in tihatlite about the presence of, purpose of and process of

»Dacey, D. & Lee, B. (1994) The ‘blue-on’ opponent pathimagrimate retina originates from a distinct
bi-stratified ganglion cell type. Nature, vol. 367, pp. 731-735
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feedback in the retina. However, without a model tédbom, it is very difficult to say specifically thatddback is
or is not utilized in the retina. This subject wil Bddressed again in later sections and chaptersSe§agen
16.1.3& XxX.

13.2.6 Phantom paths
[next paragraph is probably too strong ]

Many psychophysical experiments utilizing large signal inpatsgenerate results which imply a wide variety of
special signal processing functions which are synmdiriceated around the test spot, or are located patalie!
test edge for a short distance, projected on the retiwvary one of these situations reviewed by the autherbeen
more reasonably explained as an artifact of the laggeksituation and the limited capability of the cardio-
vascular matrix to supply the neurons of the photoreceptdfor inner nuclear layer with adequate metabolic
supplies. This starvation or fatiguing of the neuronsosumding the test spot is characterized in the first dogler
a circular symmetry of the observed effect aboutébsespot--although its geometry may be more complex if
second order effects are involved such as the displataf#ire inner nuclear layer neurons in the foveatinat

to the location of their associated photoreceptotheérfoveola--or of the location of an arteriole neae side of
the test spot location. These phantom paths are séddwer reported under small signal conditions, i. e.
conditions utilizing the same circuit connections buhwaiit significant overload.

The above paragraph is not meant to disallow or eveisparage these artifacts. Many of them will be dsedis
in detail in subsequent chapters after the underlying ni@debeen more thoroughly elucidated. At that time,
they can be understood more coherently in terms dfileeation of the underlying processes.

Another phantom interpretation of a real path is hraroon one concerning a path representing a light dectemen
(off-center neurong} Psychophysicists frequently propose such a path badbeiomehavioral responses and on
intuition. However, they have difficulty separating thminance and chrominance responses of the systéme in
laboratory and they have seldom controlled the spemtraknt of their test stimuli adequately.
Electrophysiologically, it is easy to measure a negajning signal in response to stimulation in the chramoe
channels and compare it to the positive going signdieriminance channel. However, this negative going
signal is not related to the amplitude response of theathsystem. It can be driven to zero by introdu@ng
additional stimulus at a wavelength complementary tdigf causing the negative going signal (in one of the
chrominance differencing channels). Contrary tontlusings of Jung referenced above, teleology has not sdrfac
a requirement for an off-center signaling channel aatmtwith stimulus intensity.

13.2.7 Discussion

The ideal method of proceeding at this point would beparsge all of the signal paths in the eye into seweria
groups; straight through, divergent, convergent and feedbacKercluding phantom paths for the moment). It
would then be possible to map the location of all ebéhseparate types, possibly mapping the input locations
related to every dendrite of every convergent neurod-taen mapping the dendrites diverging from a given axon.
Obviously, the above procedure is and probably will beobaumental task for a long time to come. However,
having conceptualized this procedure, it is possible toldevke characteristics of the different types of gptec

(first order if you will) paths.

®Jung, R. (1973) Visual perception and neurophysioltgydandbook of Sensory Physiology, Vol. VI, No.
3, NY: Springer-Verlag, pp 17-18
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The above discussion must necessarily be expanded to adifierest signaling domains; i. e. at least geometric
and chromatic (possibly temporal). It may seem surgibut it appears from this authors perspective that, afte
the straight through signal path, the chromatic donsa@asiest to address.

The above discussion develops the idea of several diffsignal path types occurring in a single region of the
retina simultaneously--utilizing the concept of overlayis approach provides a broader conceptual base than
that of Sterling et. al. [1988 in figure 1.33 & 1.34 of Rodie&Kgrling's approach requires the investigator to
specify the types of paths which are conceivable bdfoe data is analyzed, a virtually impossible taskat Th
approach also leads to the very human weakness of divabsegvations into two groups--even if four or more
groups are actually present. Sterling's approach alsotieadstatistical description of the signal paths in a
specific area. As illustrated in his figures, this ledson-integer average values for a process whiclraniig
involves integers.

13.3 The foveola signal path

In defining this simplest of retinal signaling pathsyés found that the literature contained very little itktia
information about the operational characteristichefINL neurons in the higher vertebrates. This doubtedly
because of two factors; the extremely high impedaneedvied which cause most test equipments to fail and the
significant difficulty of probing for contact to a singdenall neural junction. Many experiments have picked
species exhibiting large photoreceptor cells in ordemipldy the experimental procedures.

It is interesting to note that Figure 3 of the papeweyblin & Dowling™ (1969) involving the
mudpuppy is being widely reproduced without the caveat thatgper two rows of waveforms
are clearly not related to the waveforms of thepeweand horizontal cells. They actually
exhibit the rise time of the test set (roughly on®sdas given by their approximate values for
the input of their FET amplifier--£dohms resistance and*darads capacitance for a rise time
of 10 seconds open circuit). They were less explicit@oriag the capacitance of their test
probe. However, it is nearly impossible to achievesa probe tip shunt capacitance of less than
5 x 10" farads. They indicated these limitations when tkaéy SAlthough negative capacitance
was used to increase the bandwidth, the system wagsahaad-limited by the high distributed
capacitance and resistance at the pipette tip.”

It is also important to note the necessity of meaguwhat is called the a-wave and not the b-wave. aFivave,
occurring within milliseconds or less of the input illun&tion is due to the cell under test. Brown, Watar&abe
Murikami? classify the a-, b- and c-waves as originating inréoeptors, the INL and the RPE respectively (These
relationships are not supported by the more detailed tefiniof this work). The so-called b- and c-waves,
frequently occurring 10’s to 100’s of milliseconds after stimulus, appears to be due to the operation of the
entire signaling complex. Their nature depends strongthemosition of the signal return and ground leads of
the test set. The ear, temple, conjunctiva haveeaih used for the return signal lead. Brown et. al. stigge
contacting the vitreous humor instead of the eye cup-intio explorations.

It appears that many of the neural cells in the redieaextremely good insulators, in thé?dhms range, and it is
quite possible for electrons to move along their (iméor external) surfaces very easily. This charetie may

2\Werblin, F. & Dowling, J. (1969) Organization of the netiof the mudpuppy...Intercellular recording. J.
Neurophysiol. 32:339-355

2Brown, K. Watanabe, K & Murakami, M. (1965) The early $aid receptor potentials of monkey cones
and rods. Symposia on Quantitative Biology, vol. XXXil&CSpring Harbor Laboratory
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be key to understanding their overall operation.

Figure 13.3.1-1[Figure 13.2-1]illustrates the overall signal path to be explored hé&itee various possible
divergences and convergences are shown only for referdre main signal path from left to right will be of
primary interest. After the operating characteristicge various cells are enumerated, the questionaiefeic
and chromatic signal processing will be undertaken.

13.3.1 Photoreceptor cell output

[ Very limited, if any, direct data is available abti¢ output of the photoreceptor cell. Most of the data i
inferential based on the signals measured at the outph dipolar or other cells occurring later in the aign
path.] The output is clearly an analog (electrotorigna and the cell is frequently given the name of the
waveform generator (although the determining charatt=isf the signal are a result of the transductionge®c
in the OS.

13.3.1.1 Data for the blowfly

As indicated above, many experimenters choose spediegasily contacted photoreceptor cells. The non-
vertebrates offer opportunities in this area. Kuipet beutscher-Hazelhdff provide a wealth of information

about the photoreceptor cells of the blowfBalliphora Erythrocephala.This species is known to respond to light
amplitude modulated at 300 cycles/sec. They explored the pheptors of this species extracelluarly in terms of
signal levels, linearity and intermodulation for a egrof test inputs using different modulation frequencies
including two superimposed modulation frequencies simultaneodsigy also provide a good survey of other data
up to that time.

[differentiate between voltage and current in the nesd]pa

Although they choose to say that the average valugenfoutput versus input characteristic do not quite form a
straight line on a graph of output versus log input, it iteqeasy to draw a straight line through their erros.bar
From this, it will be assumed that the electrical outusus photon input is in fact logarithmic as usually ey
for this kind of data. They also show the output is gibydn the 2.0 millivolt range.

Pulse amplitude tests: Their Figure 6a illustrates anastiudar response to a light flash of 300 msec. It

zKuiper, J. & Leutscher-Hazelhoff, J. (1965) Linear and m@ar responses from the compound eye of
Calliphora ErythrocephalaSymposia on Quantitative Biology, vol. XXX: Cold Sggiklarbor Laboratory
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indicates an overshoot in the output signal of about 254@anse time of between 10 and 20 milliseconds to a
pulse input of unspecified amplitude. They did not provide adigation of whether this overshoot was due to the
eye under test or to the test set. It was amplitudgtsenbased on the curves in figure 6b. The overaliefeam
appears to indicate some phase delay (leading edge oveasitowailing edge undershoot) or zero frequency
response at zero frequency.

Sinusoidal amplitude tests: Signals were recorded faiytdmiirequencies up to 220 cycles/sec. There was an
indication of roll-off at low frequencies as well ash&gh frequencies.

Intermodulation distortion tests: Using an input sigmalsisting of two frequencies, 20 and 150 cycle/sec, each
modulating the nominal light intensity by the same mattrafactor, good linearity was obtained at 10%
modulation but linearity was reduced at 28% modulation. iBhasgood example of small signal linearity and
large signal nonlinearity caused by the logarithmic imuput relationship.
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Frequency Response: They gave an equation for the frggremponse with a zero pole in the numerator and five
poles in the denominator; simple poles at 30 and 400 anpl@pole at 1200 cycles per second.

Phase delay tests: They computed a delay between agitinalation and electrical output of 5.5 msec. when
using their equation with five poles in the denominatdowever, they did not propose an explanation for this
delay. Instead, they proposed adding an additional four potbe frequency response equation.

The above data appears quite consistent. There iscqa@son whether their data is sufficiently accurate
statistically to draw two of their conclusions:

+ the conclusion that the rolloff is “about 30 dB petage”

+ the conclusion that the apparent 5.5 msec of delapestrbe accounted for by adding an
additional 7 degrees of freedom to the process

Combining these two conclusions they define a photptecéransfer function involving 12 degrees of freedom in
order to account for the observed frequency responsis. appears questionable, especially since they read the
maximum rolloff from only their maximum illumination aas. e. in the non-linear region where their anedyt
techniques are of questionable validity. They also dicpresent or factor out the transfer characterigtibeir

test set.

It may be of value to consider whether the photonstfaation process could possibly involve a delay of up to 5.5
msec. The transduction structure is known to be a\skve structure; how slow becomes the question.

13.3.1.2 Data for the turtle

13.3.1.3 Data for the rat

Coné*, working with an albino rat confirmed much of the woflBrown et. al. tabulated above. Also working
with short duration flash illumination, he also obseha photoreceptor output amplitude limited to about 2.0 mV.

13.3.1.4 Data for the monkey

Brown et. aP® provide an extensive review of the photoreceptor sifjopal monkey with special attention paid to
1) isolating photoreceptors in the fovea and 2) placingehen electrode in the vitreous humor. The
configuration was labeled an LERG. The goal was tammae crosstalk from other photoreceptor cells and
subsequent signal processing. They further divide the a-in&w an early and late receptor potential; indicating
the early receptor potential exhibits a delay of lasast25 sec after the flash of illumination. They took
precautions against electromagnetic interference fhain flash lamp power supply. However, the nature of the
P/D process does not support the existence of a compaindet photodetection process occurring withimabc.

of the flash illumination. Although most of that pap@rolved very short pulse illumination, their figure 6 glso
a 300 msec. pulse exposure with electrical pulse amplitude8@ nf¥ at the inner segment.

13.3.1.5 Data for the human

#Cone, R. (1965) The early receptor potential of the beste eye. Symposia on Quantitative Biology,
vol. XXX: Cold Spring Harbor Laboratory
% Brown, K. Watanabe, K. & Murakami, MOp. CIT.
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13.3.1.6 Summary

There are comments in several of the above papechwbuld be related to the photoreceptor neural portion
actually operating in a “current mode”, i. e. some efibry short pulses occurring during the a-wave could be
related to the initiation and culmination of curremintsfer with the actual measured voltage being that foond o
the input node of the next nerve.

Table I Photoreceptor Neuron Characteristics

Phylum Species Max. output 3dB freq. Test* Source
Arthropoda Calliphora Erythrocephala +2.0 millivolts 30 hertzE  Kuiper et al ‘65
Limulus 50-70 mV. I Benolken ‘65
Mammalia Macaca irus (monkey, fovea) +4.0 mV. E Browval €65
(albino rat) +2.0 mV. E Cone ‘65

* Some of the tests involved probing intracelluarlyaii)d others involved contacting the cells extracellug)y

In summary, the Photoreceptor cell delivers a signis giedicel that can be described as negative going and
probably of the same polarity as the input signal atetdritic structure. This is because the amplificapi@tess

in the photoreceptor appears to involve an avalancteegso The total current appearing at the pedicel is
generally in the 30-100 pA range. This current may be drem®ng a number of pedicel substructures.
However, the voltage range ascribed to the individualgshogptor is negative going upon the application of light
and from 0 to 500 volts in amplitude based on ERG data. The current andglevel at the axon pedicel does
appear to be species dependent.

The signal is highly logarithmic due to the style of aifigaltion occurring in the photoreceptor. The impulse
response of the photoreceptor is well characterizédéproduct of the P/D equation and this logarithmic
function. Therefore, the signal waveform appearingpatpedicel can be completely described by the product of
the irradiance waveform and the impulse function. Algig the mathematical treatment is essentially lintéar
differential equation of the photoreceptor does havdicigefts which are a function of the irradiance level
Therefore, the correct calculation of the small sigreveform riding on a background irradiance level, does
require the background level to be factored into the dweakeulation. Similarly, the transport delay asatetl

with the P/D equation is also a function of the stdittne photoreceptor cell at the start of the smigfia
irradiance. This transport delay must be calculateddbarsehe background level.

13.3.2 Bipolar cell output

13.3.3 Signal matrixing cell outputs

By reviewing the papers of Werblin & Dowliffgand Tomitd it is possible to obtain some operating
characteristics of the signal processing neuronss viidely reported that the quiescent output level of these

2 Werbling, F. & Dowling, J.ibid.
ZTomita, XXX
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neurons is quite variable but generally in the regia®0efi0 millivolts with respect to the eye cup or the inet
sclera. The output signal swing from this quiescent veduies by function and position in the signal processing
path. It appears to be about 5-8 mV. for the photoreceptisrand those frequently labeled bipolar cells and 10-
12 mV. for the cells labeled horizontal and AmericaiilscéNVhen these latter cells are not operating difiéally,
the signal level is usually negative going, i.e. hyper|mlay.

[[ usealso Wilson, H. (1997) and Dacey & Lee wtadking about bandpass of signal neurons ]
13.3.3.1 Horizontal cell output EMPTY
13.3.3.2 Amercine cell output EMPTY

13.3.4 Ganglion cell output

The output of the ganglion cells is quite well characeshizvhen associated with the corresponding input
characteristics, it is possible to provide a detailedrijgson of the ganglion cells functional performan@&yzov®
describes clearly an important fact about the gangkdis:¢..from the neurophysiological point of view, the
ganglion cells have properties of classical heurong.(@notoneurones).” Thus they are transitional in thay
accept electrotonic inputs and generate action potentiputs.

[data]

There are many measured waveforms of the output of tigdiga cell, usually superimposed on the input
waveform, that show the variation in frequency of dgut versus the input. However, the data of Purple &
Dodge? is particularly clear and amply illustrates the faetttthe output waveform is of the time duration
modulation type; i. e. of the phase modulation and not

of the frequency modulation clasgzigure 13.3.4-1
[Figure13.3-xY

Based on this data, it is possible to describe the
ganglion cell as a relaxation class of oscillator
providing an output signal which modulates the inpu
information into a time-delay modulation form of
pulse train.

13.4 The “straight through” model
(without temporal modulation)

[rewrite, add in non-temporal modulation and
address foveola paths] Figure 13.3.4-1

#Byzov, A. (1965) Functional properties of different céllshe retina of cold-blooded vertebrates. In
Cold Spring Harbor Symposia XXX. NY: Cold Spring Harbatbbratory of Quantitative Biology. pg.
547

»Purple, R. & Dodge, F. (1965) Interaction of excitation arfdhition in the eccentric cell in the eye of
Limulus. ibid. pg. 529
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Following the above discussions, it is now appropriatdéetelop a model of the complete straight through signal
path of the retina at the circuit level, beginning vitie transducer associated with the photoreceptor gl a
ending with the ganglion cell.Although probably not enceted in practice, this construct is frequently referred
to in the literature (i. e. a direct neural connectmthe brain from a photoreceptor in the centraé&yfrom it, a
number of real constructs can be defindelgure 13.4.1-1 illustrates the circuit involved using conventional
electronic notation. The activa symbol with a Bwabthe line is used to indicate a biologically active
semiconductor device or Activa as defined earlier. Thiiit will be discussed from a variety of perspectives
because it is key to understanding how the various signefiannels of vision works.

Although, the circuit diagram irFigure 13.4.1-1appears conventional, it is not. There are sigmifié@atures

not encountered in conventional circuit diagrams exceptruredtg special conditions. First, the entire cirgsiit
immersed in a fluid in which ionic transport rates sigmificant. This means that the circuit operatesdikegh
frequency radio frequency circuit mounted on a less thargvground plane. Attention is called to the master
ground in the lower right corner. All of the other grdann the diagram exhibit a resistance and/or a transport
delay relative to the master ground. Second, noteathibrizontal and all vertical lines in the diagrasther

than the standard activa symbols, are “electrolyliest exhibiting a very restricted signal transport c#ig

much less than about 0.6 times the speed of light founadat man-made electrical circuits. Thus, although this
circuit operates at a maximum frequency of less than 1008sgyer second, it must be evaluated in a manner
similar to that of a printed circuit mounted on a logsyund plane.
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Figure 13.4.1-1 The circuit diagram of the “straight through” signal path of the retina.

This simple “straight through” signal path can be desdribderms of one transducer assembly, constituting the
Outer Segment, one Photoreceptor Cell, one Bipolar @&l One Ganglion Cell (which includes n Nodes of
Ranvier) and two gap junctions connecting these elenasmghown. Alternately, the path can be described as
consisting of a photo-piezo transducer, a number (ustidhyhumans) of individual “super-gain” activas of the
Type AT connected in parallel to a single Type AP actilva group operating in a differential pair configuration.
Note the 9 individual wires pass through the ciliary catfethe photoreceptor cell. The output of this differan
pair is passed through the Outer Limiting Membrane tope BS activa operating as a unity gain current
amplifier to a second unity gain current amplifier whaats as an isolation device in more complicated vess
this signal path to be discussed later. The output oathidifier is passed through a second Type BS activa to a
time delay oscillator circuit, employing a Type AG aatithat generates a pulse in its output circui§s\soon as
the analog voltage at its input\éxceeds a threshold value. If the analog voltage renadiove this threshold
value, the circuit will generate a series of pulses s¢pdiby a given time interval. If the analog voltalgeusd

rise further, the series of pulses will have a shaimee delay between them that is inversely proportibm¢he
amplitude above threshold of the analog voltage. The pgkseerated by this oscillator will be passed to one or
more pulse repeaters until the signal arrives at adigtey discriminator circuit located in the brain. Eath
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these pulse repeaters will generate an output pulse in gesfan input pulse. The shape of the output pulse is
controlled by the parameters of the individual repedteuit. However, the difference in shape between the
output pulse and the input pulse is normally not noticed exceggr very careful measurement.

The circuit as shown does not exhibit any voltage amatibn as the entire circuit is based on the current
generated in response to a photon flux due to illuminafitimeophoto-transducer. More worthy of note, the
circuit does not employ any resistor elements, excegilppsn the shunt to the Poda supply of the time delay
oscillator circuit. Thus, at the low operating frequeatthis circuit, it generates essentially no heabulgh its
operation. This is achieved through the unique natuteegbower sources shown, both in the axonal leads, the
dendrite leads and in the poda leads, and in the outer meenlinpedance associated with each “super gain”
activa.

All of the activa can be described as of the “p” tymsistor. Thus, internal to each activa, the donticharge
carrier is the “hole”, not an electron and not am ié-urther more, the emitter, E, is forward biasedwa
negative voltage is applied between the contact E anbkttecontact B in the poda circuit. Corresponding#y, th
output circuit is reverse biased when a negative voltagpplied to the collector contact, C, relative tolthse
contact, B. These voltages are provided by metababimegses associated with the biological cell walls and
putatively associated with the metabolites ADP, ATERM®, etc. The voltage is created in regions of thleacs
where metabolites may flow freely in the area adjate the wall; thus, junction regions and heavily rmzagtied
regions are not involved. The free flow of metaleslits important because if the supply of metabolitessisicted
or inadequate under high signal conditions, the voltageftucteracteristic of the battery will be impactechisT
in turn can affect the observed signal amplitude at ando@ation in the circuit. Under normal conditiorsg t
metabolic processes generating a voltage are reverdible result of this reversibility and the areahaf tell wall
participating gives these power sources a charactdhstiés described electrically by a loss free batierseries
with a perfect diode. The voltage-current characterddtthe diode varies directly with the area of calllw
involved. The reversibility of the electromotive pesses involved account for the unique power efficiehtlyeo
visual system.There is nearly zero power loss in the form of heat in the visioregsoc

use pieces of this in above section, some is outdated

13.5.2.2.1 The luminance or “straight through” signal path

Expanding the block diagram dfigure 13.4.1-2[Figure 13.5.2-1] the straight through path can be presented in
considerable detail Figure 13.4.1-2[Figure 13.5.2-2]shows this entire luminance signal path at the circuit
component level. The OS is shown as a passive tragisdoictaining two sub-elements; that associated Wweh t
photoexcitation/de-excitation (P/D) process and thatczssal with the translation process. This secondeiém
feeds the common podium connected activa of the ISs ditduit in turn feeds any interstage amplifier (if
present). If present, this interstage amplifier is atnnected in the common podium configuration and feeds th
following ganglion cell. The ganglion cell consistsaaother common podium connected biological activa
operating in a relaxation oscillator mode and used asealiver to excite one axon incorporated into the optic
fiber exiting the eye. Figure 13.4.1-2[Figure 13.5.2-2]also indicates by dotted lines where, the connectoas
made to accommodate expansion of the signal processgeytstaccommodate additional chromatic and/or
appearance signal processing.
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Several interesting statements can be made about tf
circuit configuration:

S

First, the amplification stages are all directly coupled.
This means their is a direct conductive path for
electrons from the front end of this circuit at the
translator element to the other end at the ganglion
cell.

Second, the input stage (Stage 1-1) is entirely passiye
and does not consume any power derived from the
metabolic system of the eye.

Third, the entire signal chain of the straight through
path involves no inverting amplifiers.

Fourth, there is no requirement for power to be
provided to the individual stages in a cascaded seriefs
of direct coupled amplifier circuits. All power can be — - -
provided from the last stage in the chain. Thus, so- Figure 13.4.1-2 The entire luminance
called pull-up resistors, which are commonly used insignal channel shown at the component
manmade binary circuits, at the axon port of each |aye|l EMPTY.

biological activa in this circuit are optional. Hoveey

review the material in Chapter 11.4 in this regard

before adopting this approach.

Fifth, as developed above, the circuit in front of glaeglion cell does incorporate a pre-emphasis circuiti¢iaals
to a rapid turn on of the pulse train in response to sudgplication of irradiance. Conversely, this pre-empghasi
circuit rapidly quenches the pulse train upon the cessatioradiance. For less pronounced changes in
irradiance, the circuit acts in the normal manner.

13.4.1 The Photoreceptor Cell

As in any sensing system, the first stage of signalgaing circuitry is uniquely important and specialized. It
must be as sensitive as possible to the desired sighadjgct extraneous signals. The photoreceptor ceision

is highly optimized to accomplish this task. This caiisesexhibit a number of special characteristicsval.

The electrical (neural) portion of the photoreceptdriselescribed as a differential pair with a specialiaetiva

on the input side of the pair. This specialized actvasied in a common emitter circuit with an open bask |dt

is operated like a photo-transistor except it is exposqdaatized piezo forces instead of photons -- as will be
explored more in the next section. The collector tdtenmvoltage is very high as a percentage of the cioite¢o
emitter breakdown voltage in this “super gain” circuitiisSTcauses the device to operate in an avalanche anplif
mode with small signal current gaing, Irelative to the input quanta on the order of 2500 to 40@0achieve
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this high gain, it is absolutely mandatory that theage supplied to the activa be as close to but not exiceed t
breakdown voltage under any condition. This is a keyfeatf the differential pair connection. Notice ttat
collector of the activa is connected to ground throughmedance instead of a power source including a battery;
i.e., the battery voltage if any is near zero. Ppbeer supplied to the “super gain” activa is derived from the
dendritic power source. This source in conjunction Withpoda bias circuit is set to create a current ot&fyi

20 na. through the dendritic power source. Note the axmvedr source is connected so as to reverse bias the
collector on the right hand activa and therefore pteyysole in the determination of this current. Astburrent
level, the voltage between the two emitters of tHe grad the local ground connection is approximately 5 /.
the absence of any input excitation, all of this 20pa&ses through the right hand activa. Upon stimulatidneof
left hand activa (or any of the nine activa actualparallel), some of this current passes through thadad
activa and the current in the right hand activa is @dsee accordingly. In any case, the voltage at the comm
emitter connection remains constant.

The gain of the “super gain” input stage of the photorecegibis highly dependent on its collector to emitter
voltage. If this voltage is reduced, the gain falls gigmisly. As current begins to flow through this ampfifie
the voltage drop across the diode in the Outer Membrapedance begins to rise; this rise reduces the collector
emitter voltage and the gain of the circuit begins tgpdrdhis action results in the “super gain” amplifiemigei
one of the principal elements in the adaptation prdoegsion. If a significant capacitance,, @ppears across
the Outer Membrane impedance, the time constant dititie characteristic and the capacitance defines a time
constant. This time constant plays a significarg nelany droop encountered in the step response of the
photoreceptor cell for long step durations. Because afapiel reduction in gain with the long term average
current flowing through the device, the steady state owffthis stage is constant over an input excitation rafige
over 1000:1. Yet, the differential gain is still reasdaamnd the device still supports Weber’s Law. With the
model of the photoreceptor cell now available, it isgigle to perform laboratory experiments to verify the
operation of the “super gain” activa and the charattesisf the Outer Membrane impedance.

The perturbation of the quiescent state of the difféabpair of active devices in the photoreceptor cedl ®urce
of considerable confusion in the textbook literatureisibn. The situation is summarized Figure 13.4.1-3
[Figure 13.4.1-1]where the voltages measured at the two collectorshemen. Under quiescent (dark )
conditions, the collector of the left, “super gain”ieatis at essentially ground potential with respech®local
ground and the collector of the right activa is at ainatmegative voltage of about 70 mV. while a curren26f
na. is passing through the device and resulting in a vothagpeacross the diode impedance of the axonal power
source. The voltage of the axonal power source is &butillivolts. When a step change in excitation occurs,
the current through the “super gain” activa increasedsroguaspositive going voltage change at the collector due to
the voltage drop across the outer membrane impedandhe biological laboratory, this positive going charge i
called a depolarization (under excitation). Simultanedtis tive increase in current through the “super gain”
activa, the current through the right hand activa deeseaghis causes a decrease in the voltage drop ageoss t
diode impedance associated with the axonal power sourabd@wdltage at the collector approaches the supply
voltage, becoming more negative. In the biologicablatory, this negative going change from a previous
negative value is called a hyperpolarization (under exmitat Thus, a single photoreceptor cell can
simultaneously exhibit both a depolarization and a hyparizeition (under excitation) depending on where the
electrical probe is positioned to measure the operafitime cell. If the probe is in the vicinity proximial the

right hand activa (near the output axon), a hyperpolaoizatill be measured. If the probe is in the vicirafyhe
dendritic structure (anywhere near the Outer Segmedgpalarization will be measured. This situation is true
for all photoreceptor cells in the animal kingdom. Ebefusion in the textbooks was caused by XXX making
measurements distal to the right hand activa in arctirasel reporting a depolarization under excitation at that
point while other experimenters measured their signalef@dy on vertebrates) proximal to the right hand activ
and reported a hyperpolarization under excitation. Oneaptlt these two measurements side by side and
announced that there was a fundamental difference iprtoess of transduction between protostomic and
deuterostomic animals. Subsequent authors have repeistethim without verification.
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The above description of the operation of the
photoreceptor cell is completely consistent with the
work reported by Baylor et. . even to the point of
breaking the connection between the Outer Segment
and the Inner Segment and measuring the current at
that point. This was equivalent to breaking the circujt
of Figure 13.4.0-1 at the Ciliary Collar and measuring
the current flow from the dendritic power source to
ground. In both cases, the current measured was the
maximum current available from the dendritic power
source. Their work also appears to demonstrate hoy
the dendrites passing up along the sides of the Oute
Segment (in the serrations) made contact with each
disk in the stack and discharged current through the
outer membrane of the dendrite at each disk in
proportion to the level of excitation at that location
Their measurements indicate that the absorption of
light and its transfer to the dendrites via piezo action
is very uniform relative to position in the disk stack. — —
They also reported the extreme sensitivity of the ~ Figure 13.4.1-3 The circuit diagram of the
photoreceptor cells to piezo forces during the selectigghotoreceptor cell EMPTY.

of an OS for their experiments.

- <

The use of a differential amplifier in this model proddedifferent interpretation of the effect of ciliumeadkage
than that assumed by Baylor et. al. on page 593. Tharensged for the OS to experience an inward current flow
in the absence of illumination. In the absencdlafination, the current flow from the dendritic soup=esses
through the other half of the differential amplifier ppand establishes the quiescent collector current atateo

at the output of the photoreceptor cell, up to 20 pA and alBéunV. Thus, the output current at the terminus of
the axon of the photoreceptor, is greatest in the absafrillumination. In the presence of illuminatidhe

current at the terminus is reduced as the current emarfadim the OS into the Inter-Photoreceptor Matriyvl]P
rises. In electronic terms, mtaximumillumination, the current emanating from the OS isaturation and the
output activa of the photoreceptor is in cutoff, i. @ ¢bllector voltage of the output activa is equal tostiyeply
voltage.

13.4.1.1 Noise performance of the Type AT activa

The sensitivity of silicon based and germanium basetistors to piezo and photo stimulation is well
documented; the minimum excitation energy is 1.1 eV fmosi and 0.72 eV for germanium at room
temperature. No equivalent value could be found in theatitee for the excitation of neural tissue. However,
based on the available spectrographic informatiorppears that the value for the neuron at 98.6 degrees
Fahrenheit (37 degrees Celsius) is not less than 2.0@cgleatlts. This value controls two performance
parameters of interest, the longest observable spe@valength and the noise level of the visual syst&w.
having the minimum excitation energy as high as 2.0 eleatolts, the visual system is virtually immune to
thermally generated noise signals. The RMS thermiakrievel of animal tissue at body temperature is only

*“Baylor, D. Lamb, T. & Yau, K.-W. (1979a) The membranerent of single rod outer segments. J.
Physiol. vol. 288 pp. 589-611
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0.027 electron volt& Thus, only thermal electrons having a value ef2/0.027 ~ 74 relative to the general
population can cause thermal excitation of a carriéhénType AT activa, even when operating under “super
gain” conditions. Thermal noise is not significant in the circuitry of vision proxinsathe input to the first activa.
The noise performance of the transduction procesdwidixplored separately below.

13.4.1.2 Signal performance of the Type AT activa

With a minimum excitation energy of not less than 2d@tebn volts, the vision system is capable of réagi
excitation from photons at any wavelength shorter #itzout 600 nm. without employing special (or unusual)
techniques. Therefore, photons absorbed in conjuneitbrthe spectral absorption bands of the UV-, S- and M
channels can be expected to cause excitation of therpbepdor input activa without any difficulty unless a
significant portion of the incident photon energy id losthe transduction process.

13.4.2 General Circuit Characteristics

13.4.2.1 The Conductors in the Path

The conductors found in the straight through, and othenspae not metallic wires but electrolytes confingd b
cell walls. The charges passing along these eleasoiyiay be electrons or ions. In either case, tin@nsport
velocity is a function of the electrolyte, its contration and the species of the charge carrier. lergénthe
charge transport velocity is low relative to convendl electrical circuits and must be considered in all
evaluations. In particular, in all feedback circuit® fimite transport delay associated with the conductdhe
feedback path must be accounted for.

It appears that the normal range of transport velatitile conductors may vary with the molarity of the
electrolyte and the level of myelination of the aedlll; the value ranges from XXX to 18 microns per
microsecond for large axons (0.5 mm in diameter) reposté&bbng in 1936.

It appears that the transport velocity of the changeéhle Interneural Plasma Matrix may also be in tlevab
range. Thus, any charge carrier leaving a cell atara¢ion and re-entering the cell at another locatigh
encounter a delay due to the finite charge transportivlaf this plasma.

13.4.2.2 The voltage sources

It is probable that all of the circuitry of the visisgistem is DC coupled and it is therefore theoretigaibsible to
power the entire signal path from a single power sourtmvever, this generally imposes a number of awkward
constraints on the circuitry. Furthermore, it app#aas each cell wall is capable of generating/supporting a
voltage gradient across it and the limited conductivity o€ll plasma allow a different voltage to exist afedént
locations along an axon or dendrite. Therefore, troeiitidiagrams for the straight through and other circuit
paths are shown with multiple power sources. Detailledr&iory measurements may demonstrate that there may
be some redundancy in this approach.

Reviewing the literature globally, it appears that treximum voltage created by any individual source in the
visual system is on the order of 0.100 volts or ledsis i an order of magnitude lower than the voltage used i
current low power microcircuit computer chips; making tisei@l system a truly low power microcircuit.
Individual cell walls have been measured under a varfetgraditions, usually by measuring the voltage of the

“Rodieck, R. (1973) The vertebrate retina. San Frandi¥céi. Freeman pg. 914
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plasma inside a cell versus a reference potentiahthgtor may not be near the exterior wall of the. cél§ a
rule, the plasma of the axonal portion of a cell (whechasier to measure than the dendroplasma because of
physical size) exhibits a voltage of -90 millivolts tela to the reference under zero current flow condion
(normally called cutoff); and typically -70 millivolts undquiescent conditions, i. e. nominal current flow tigio
the associated activa collector. This gives a noopatating range for the collector voltage of an aaivabout
20 millivolts in the hyperpolarizing direction and about 7ivolts in the depolarizing direction.

There appear to be cell walls that generate consigesataller net voltages than -90 millivolts; particularly
associated with the various poda supplies.

13.4.2.3 Fabrication

Although it is not directly relevant, it is worth niogj that the circuit in Figure 13.4.0-1 could easily be
implemented as a man-made silicon based microcircuigy wsinventional printing, etching and plating
techniques. In the case of preparing the circuit bioddlyicit appears to be equally practical since each meigro
a stand-alone structure isolated in a inter-neural flkig@ where it is intentionally brought into close
juxtaposition with a second neuron for the purpose otiagea “gap junction” which is in fact a biological
transistor in itself. Even the ganglion cell is Bagroduced by establishing a high capacitance between the
emitter terminal of an internal activa and the lagadund. As shown in Chapter 10, it is also easy taer@ea
differential amplifier within a photoreceptor cell.

13.4.2.4 Impedance levels

The Outer Membrane impedance with its shunt capacitassmriated with the “super gain” activa, along with
other circuit element combinations, can give us an ajpede value for the impedance level of the circuitthef
retina. Using Baylor, et. al.’s value for the maximounrent supplied by the dendritic power source as typically
20 pA, recognizing that this current is divided more or égsally by the number of dendrites passing through the
Ciliary Collar, and that a voltage drop of even 5 mMI piiobably affect the current gain of the stage, The
impedance level associated with a single dendrite is &200 megohms; the impedance associated with all of
the dendrites in parallel is about 250 megohms; thesehres that tax man’s ability to design appropriate
electrical probes, especially if this resistive conmgrarof the overall impedance is shunted by a capacitiedo
provide a one second time constant, i. e. a capacitfrat®ut 4 nanofarads. For reference, Baylor €t. al.
measured the total current passing out of a single O$ditdte in their Text-fig. 2 a time constant after eatr
saturation for a complete OS of about 2 seconds irodteBufo marinusunder poorly controlled temperature
conditions, listed as 18-25 degrees Celsius.

The dendritic power source in the photoreceptor supplies dppately 20 pA of current at a voltage drop of about
5 mV. also. Therefore, the resistive component efdiode characteristic at 5 mV. is in the 250 megohms range
also.

13.4.3 The Bipolar Cell

The Bipolar Cell plays a minor roll in the straightdigh path model because its role as an impedance isglator
most important where multiple paths either convergev@mrde. However, its inherent time delay is importamd
must be accounted for. The activa of the cell opsrelectrically in the grounded base mode which provides a
charge gain of very slightly less than 1.00 (typically @Bfigher). However, there may be a significant

2Baylor, D. Lamb, T. & Yau, K-W. ibid.
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impedance change between input and output circuits that ogiti@a significant voltage and power gain if the
output impedance is higher than the input impedance. Heie &igia capability is not used in the straight
through path configuration.

In this path, the bipolar cell operates as a simplégr(alectrotonic) buffer amplifier, providing unity gain
between its input and output, no signal inversion, amdresport delay of about XXX microseconds due to its
typical length of XXX microns (in the human eye)helquiescent voltage applied to its collector is
approximately the same as for the other cells in the gait is relatively difficult to ensure the signabaired
with a probe is from a photoreceptor cell or a bipokdt. Similarly, because there is no signal inversibis
difficult to be sure that probe data is from the emittecollector circuit unless DC voltage measuremerds ar
made to an accuracy of millivolts or less.

13.4.4 The Gap Junctions

As indicated in the introduction to this section, gap fjiams exhibit the same electrical characteristicsther
activa containing amplifiers found internal to varioesirons. The major difference is that there appedrs twm
cell wall enclosing the junction area of the actiidus, any bias voltage applied to the base connedtithre o
activa must be due to extracellular processes if anys i¥imot a problem since the only requirements orgtyge
junction amplifier are that the emitter to base \g#t@ncourage current flow from the emitter to the baskethat
the collector to base voltage discourage current flomfthe collector to the base. These conditiongasdy met
with the base at local ground potential. Under therditions, the activa of the gap junction will transferrent
from the emitter lead to the collector lead with te&00% fidelity in both amplitude and temporal charactesst
Any number of gap junctions can be incorporated intgaatipath.

----XXX
[move next two paragraphs to Part D or elsewhere]

Close review of the synapses found in the retinashitiw that they all satisfy the presently defined requérgs

for electronic synapses. They all involve so-cadittrotonic coupling and use an extremely small gap betwee
the two participants (less than 100 angstroms). D&vgoes so far as to say with regard to these electronic
synapses in the retina; “A third type of contact, nlgrttee gap-junction, is common, ..."

A major discovery of this work is that the lowly syise between two neurons is in fact an active elgtizol
semiconductor devicelt is of equal functional importance to the nearbynons.

13.4.5 The Ganglion Cell and its subdivisions

13.4.5.1 The basic Ganglion Cell

The functional properties of the ganglion cell are #rae as any other except for certain optimizationse Basic
amplifier involves a grounded base activa biased intitiaad condition with a large capacitance betweehezit
the emitter (or the collector) and the local ground} an impedance in the poda circuit connected to the base.
The impedance in the poda circuit causes an internatiyeofdedback condition which causes the transfer
characteristic of the overall amplifier to exhibit@ shaped bend in its transfer characteristic. Tiigcal
condition is that the load line associated with thg@utircuit crosses the “U” in the transfer charasteriof the
amplifier twice. Figure 13.4.5-1[Figure 13.4.0-1]shows the capacitance in the emitter lead becaubke tdck of
any data to make a definitive determination of wherglibcated. There may or may not be a real redistated
in the poda circuit, it is possible that the impedanddefdiode associated with the biological battery pravitie

#Davson, H. (1996) Physiology of the eye. 5th Ed. NY: PemyaRress



38 Processes in Biological Vision

needed resistive component of the total impedancerciitof this type is well known in the literature and
discussed more fully in Appendix B. It provides a pulse outpilt avshape determined by the product g

R, every time the input analog signal exceeds a criticalitude determined by the emitter to base bias level. |
the input signal is maintained above the critical lethe circuit will generate additional pulses after aetuoelay
determined by other parameters of the circuit. Ifitipeit signal amplitude is increased, the interval betwieen
pulses will be reduced. The result is a pulse train witerdistance between the pulses is a function of {ne in
signal amplitude.This is properly called time delay modulatj@form of phase modulation which is
indistinguishable on an oscilloscope from frequency modulatHowever, the difference is critical when the
signal is received in the brain. It is not possiblatcurately determine the frequency of a pulse traith matiy
pulses have been detected. However, the brain treafsgt pulse received as an alarm signal and thenure=as
the time until arrival of the next pulse as an indicatbthe seriousness of the alarm. The time intdretore
receipt of the third pulse indicates whether the thisegétting worse or receding.

Because of its importance in some animals and thelfatits impact has been recorded and reported in the
literature, a separate Input Transfer impedance hassbesm in the emitter lead of the Ganglion Cell.many
situation, it would be desirable for the visual systeratimulate the brain upon the occurrence of a change in
illumination even if the steady amplitude of the sigsalightly below the threshold level of the ganglioh. cBy
shunting a portion of the (low transport velocity) cortdu¢eading to the ganglion cell with a capacitancas it
possible to create a pre-emphasis network. which veltgmt a waveform to the emitter that includes a cbtiyeo
initial input waveform added to a first derivative of ihput waveform. This has the effect of pre-emphagitire
leading edge of the original waveform and generating a hitjlam threshold waveform for a short time; causing
the ganglion cell to generate a single pulse, even thdweimitial waveform never exceeded the necessary
threshold.

The ganglion cell operates as a switching type osaillafter the emitter circuit receives a signal thateeds its
threshold, the activa is turned on and the collectliage goes from a nominal -70 mV. to zero for a period
defined above after which it returns to -70 mV. If appiadey the circuit will repeat this cycle indefinitelg a
function of the input signal amplitude. This nominally 79 high voltage waveform is impressed on the output
conductor of the cell.

13.4.5.2 The input architecture of the ganglion cell

Dacey & Lee have provided detailed maps of the input strictiuganglion celf. They differentiate between
parasol, midget, and bistratified types. The bistratifipe shows distinctly separate dendritic and poditic input
locations described as inner and outer trees.

13.4.5.3 The Node of Ranvier

Because of the desire to transmit the signal producduebganglion cell over relatively long distances over th
electrolytic conductor at its output, a mechanism isleé&o overcome any losses in the amplitude or temporal
characteristics of the pulse train. This can be dora least two ways; connect additional complete neifwith

all of their associated metabolic functions) in serié&h the ganglion cell signal path or introduce additiona
functional amplifiers in series with the signal path imatke them dependent on the original ganglion cell far the
metabolic services. A Node of Ranvier is basictibylatter; it is a functionally complete switchingalifier built
around an activa but dependent on the ganglion cell fanetabolic function.

%Dacey, D. & Lee, B. (1994) The ‘blue-on’ opponent pathwagrimate retina originates from a distinct
bistratified ganglion cell type. Nature, vol. 367, pp. 731-735
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All of the circuit conditions are similar to thattbie ganglion cell amplifier except for one; in this ¢dbe critical
condition is that the load line associated with thg@uutircuit is essentially parallel with the negatilaps
portion of the “U” shaped portion of the transfer cluteestic of the amplifier. Under this condition, ttiecuit

will act as a regenerative amplifier. Whenever guutrsignal is of greater amplitude than the threshold k&vel
the amplifier, the circuit will generate a single outputspuvhere the shape of the pulse is determined by the val
of C, and R just as in the case of the parent ganglion cell. Mewefter generating the pulse, the amplifier will
not generate a second pulse until after the input pulsetadgwlas gone below the threshold level and then
increased above it again. Thus, the amplifier will gemerate any extraneous pulses. It will only generasegul
that faithfully reflect the time interval betweeretimput pulses. The shape of the pulses will look likeotiggnal
ganglion cell pulses since they will be reshaped byithe tonstant of the RC circuit that is very simiiathe RC
circuit of the original generator.

The number of nodes of Ranvier that can be conneatseries inside the cell wall of the parent ganglidhise
not limited by electrical processes; it is most likatyited by the ability of the parent cell to satisifie metabolic
needs of the nodes of Ranvier over an extended dist#sckang as the last node of Ranvier is supported
metabolically, the last output pulse in the chain wadld essentially like the original output of the time delay
modulation generator in the ganglion cell in both amplitade temporal characteristics.

13.4.6 The Photo-piezo transducer

The details of the transduction process have been destaaslier. In the “straight through” and all other sign
paths, the transducer operates the same with one excefgtispecial mode when supporting the I-channel. The
transducer is unpowered and operates like many otherldngstaducers/translators (many crystals are used for
frequency doubling in laser research and in commercialcapipins). The transducer consists of a series of
individual sacks, disks in Deuterostomia and cylinders itoptomia, each of which is in contact with a dendrite
of the associated photoreceptor cell (not necessaabgnizable morphologically in the case of protostcamid
difficult to see in the case of Deuterostomia). Thamreason for the existence of individual sacks isftid to
control the change in the dielectric constant enceadtby photons when entering the OS (to avoid reflertmd
to disperse the charge associated with thelectrons (in order to avoid high electrical fieldan¢he dendritic
interface) which could inhibit the operation of theall circuit.

The photo-piezo transducer containing a given chromopboeeof the four rhodonines, will be excited by the
absorption of a photon having an energy appropriate taliberption band of that chromophore. Due to the liquid
crystalline structure of the transducer sacks, the ptisorcoefficient for the appropriate photons is veighhi
approaching 100%. The excited electrons travel to the contact point with the detedof the photoreceptor cell
and are de-excited in the process of transferring tineirgy to the activa of the photoreceptor cell. Theee
transport delay between the time of electron excitagioone location and its de-excitation at anothdrpleys a
significant role in transduction. This impact is diseass detail in the Appendix where the Photoexcitation/De-
excitation process is described. It defines the shafieeampulse response of the transducer in temporal terms
which in turn defines the frequency spectrum of the impsponse. Both of these forms of the impulse response
play a major role in the operation of the visual syste

Because of the minimum energy level required to creht#@eaelectron pair in the activa of the “super gain”
amplifier stage, a slightly different process must be tisasgnse the photons associated with the L-channel
chromophore--a process which amounts to the colledfionultiple photons, the summation of the energy from
those photons into a quanta of higher energy, and thati@dof a photon related to this higher energy. & th
case of the photo-piezo transducer, the same prodeisvgeed except the doubled energy packet is transferred to
an adjacent activaFigure 13.4.6-1[Figure 13.4.6-1] provides the theoretical transfer function for bibié L-
channel and other channels with regard to this process.
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One may consider the transfer of energy to the neurgn
of the photoreceptor as involving the radiation of a
photon or a phonon. However, if it is a photon
transfer, it is probable that an experiment can be
defined that will sense a short wavelength photon
being emitted from the transducer upon excitation by
red light. Ifit is a phonon, an additional piezo
transducer would have to be placed in intimate contgct
with the sacks to sense this phenomena.

It is important to recognize that in the case of
phototransduction by the rhodonine chromophores,
there is no need for a source of additional energy to
facilitate the process. In fact, for each photon
absorbed (pair of photons in the case of red photons),
only approximately 2.0 electron-volts of energy are
needed to excite the neuron and any excess energy |s
released as heat in the junction space of the activa.
There is a limited capacity of the transducer to absortr- -
photons at a given time which is dependent on its  Figure  13.4.6-1 Theoretical transfer
percentage of unexcited n-electrons and hence the function of the luminance channel EMPTY.
percentage of n-electrons which have been excited

previously and not yet de-excited through processes at

the sack/dendrite junction. This phenomena is usuallyiiescin terms of “bleaching”. The fact that no
additional energy source is needed to support transductidrotgnine is in stark contrast to the case for
rhodopsin where an additional energy source is needed torstipp@utative isomerization of the chromophore.

13.4.7 Overall signal performance of the “straight through” path

Based on the above discussion of the circuits and etsrm#figure 13.4.0-1,it is now appropriate to discuss the
performance characteristics that can be conveniemtfsure in the laboratory at a number of pointsen th
circuitry of the “straight through” signal path.

13.4.7.1 The transducer (OS) characteristics

Although probably not easily measured by itself, the-@V¢ransfer characteristic of the transducer usatién

UV-, S- and M-channels of the vision process arealirever a wide range (estimated at six orders of magnitude
more), limited only by the onset of saturation ie ttumber of n-electrons that have been excited irtotistate.
The exact characteristic, the Photoexcitation/De-atoit equation, can be found in the Appendix. The quantum
efficiency of the photoexcitation process, based orlairmetallic semiconductor processes and the contiibleo
reflection coefficient at the front of the sacks, @bly exceeds 90% and may approach 100% for the illumination
intercepted by a specific chromophore. On an area,lihgi quantum efficiency of a given trichromatic retinay

be only 30%, or slightly less due to the packing factdre dbsorption of photons and subsequent current release
by the activa of the dendrites into the inter photepéar matrix (IPM) is known to be quite linear with respe
distance along the OS of toad. There appears no réasthre situation to be significantly different in eth

animals, particularly Deuterostomia where other pr@sbke polarization detection are not involved. Although



Secondary Processing 13- 41

not completely characterized, the total current rel@asto the IPM, again for the three shorter wavekengt
absorption channels, should be quite linear with illuriamelevel.

In the case of the L-channel, the current dischargedire IPM should closely approximate the square rodteof t
incident photon flux in that absorption band. Instrumigoriasimilar to that used by Baylor et. al. should biea
to isolate a true L-channel OS and confirm this ctieréstic relatively easily. It should be noted tBaylor
indicated they used a ‘red’ rod in their work with thedt@ad it had a peak spectral response at about 498 nm.
This spectral peak is clearly not related to a ‘red’ rbdwever, it should be noted that Baylor was meticuilous
placing the single quotation marks around the word red. oBagled transverse illumination (properly polarized)
in their experiments which probably caused them to reperintrinsic absorption spectra of the chromophore
which peaks in the 498 nm. region. If they had used aluahihation, they probably could have measured the
enhanced absorption characteristic associated withgthid crystalline character of the disks and obtained th
actual absorption spectra associated with that phopicrcehen present in the-vivo eye. Whether it would
have been an L-channel or not is open to speculation.

13.4.7.2 The neural characteristics of the photoreceptor cell

The conventional method of measuring the transferactiaristic of the photoreceptor cell is to measure the
voltage in the axoplasma of the axon of the cell willileninating the transducer in the OS. Clearly, thitimod
measures the transfer characteristic of the trans@mzkthe photoreceptor neuron in series. However,tivigh
transducer well characterized, this overall charastiercan be used to obtain the transfer charactensthe
neuron alone. To quantitatively evaluate this neutas,important to understand the variability in gairtref
“super gain” activa used in the first stage of the diffde¢ amplifier. With an understanding of this amplifigr

is possible to design an experiment that will measusedinirent gain as a function of illumination level under
both impulse and step illumination conditions. It is imi@nt to account for the transport delay in this circui
when separating the characteristics of the transdum®rthe combined transducer and neuron characteristics.

Figure 13.4.7-1[Figure 13.4.7-1]provides a calculated plot of these characteristicsinficated earlier, the
performance of this circuit may depend on the capacitsimgeting the Outer Membrane impedance associated
with the dendritic wall. This may cause the impulse steg responses to be a function of the previous
illumination level. The total delay may also vargiwihe position of the probe in the axon. The totehsured
delay consists of a variable part due to the P/D prameds fixed part due to the transport delay in the
dendroplasma and the axoplasma of the cell. Note teavdkeform generated by the P/D process, which is a
function of the illumination level and the temperaturtedaines the passband required in subsequent amplifier
stages, the rise time of this waveform determinesrtilmum upper frequency passband needed in later circuitry
and the decay characteristic determines the lowegidreey needed to reproduce the waveform properly (without
excessive overshoot/undershoot), particularly on thiéngeedge of a step response (For the actual time @otsst
involved in the decay characteristic, see the dedmadf the P/D Equation in the Appendix.

[[ walk through fig 13.4.7-1 by frame, referencing Baylor “79¢ty. 1 ]]
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Figure 13.4.7-3Figure 13.4.7-2]presents a
calculated transfer characteristic to help guide futurg
experimentation. The cell output current is limited td
the nominal 20 pA. by the dendrite supply to the
differential circuit. The maximum gain of the “super
gain” activa within the differential circuit is limiteby
the collector to emitter voltage across the actival
this voltage is indirectly a function of the total doa
impedance in the collector circuit. At zero prior
illumination level, a small pulse of illumination
applied to the transducer will result in maximum
amplification of the number of charges created in thd
junction space of the “super gain” activa. At higher
prior illumination levels, the gain of the activa wi
reduced; it will require more illumination in the
incident pulse to create more charges in the junction
space to result in the same output current level. The

result is a current output as a function of incident

illumination in accordance with Weber's Law. The Figure

13.4.7-1 The

performance

result is also a nearly fixed output current amplitude characteristics of the adaptation amplifier
for the same ratio of pulse height to prior illuminationjn the photoreceptor cell EMPTY.

level regardless of the input illumination level. This
transfer characteristic is the primary process irealv
in adaptation in the animal eye--and explains why the

human eye is completely incapable of acting as a
photometer; the photoreceptor neuron is designed tq
deliver a constant output signal to the visual signal
pathway regardless of incident illumination level.

Figure 13.4.7-3Figure 13.4.7-3]from Baylor et. al.
shows how effective this change in gain, in order to

achieve a constant output amplitude, actually is for the

toad. Three facts should be noted; the set of
waveforms exhibit essentially zero droop out to 100
seconds or more (ho capacitance across the “super
gain” activa OMI), the on transients and off transsen
are in line with those predicted by the P/D equation,
saturation at the highest flux level removes initial

overshoot and noise from the waveform, and the gajn

drops precipitously with flux level. The circuit gain i
difficult to approximate at the lowest flux level and is
meaningless at the highest flux; the approximate gajn
values are:

photon flux measured current Figure 13.4.7-2 Calculated transfer

relative gain relative gain function of the complete photoreceptor
photons/sec*  pA., average cell EMPTY.
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as a ratio normalized to
12 pA value
0.0031 1.0 300 750
0.068 3.0 44 110
1.5 7.5 5 12.5
30 12 0.4 1.0
760 13 >0.017 > 0.042

The change in relative gain over this photon flux leaelge, 2*16) is in the range of 750:1 to as high as 18,750:1
and is in line with those expected from a “super gainivact

Note in Figure 13.4.7-4[Figure 13.4.7-2]that the output current delivered to the axoplasma iatineelated to
the input impulse height under fixed conditions of prior illoation and it is in the range of 0 to a nominal 20 pA.
peak. However, the voltage measured from the axoplasgradad is not linearly related to this current. The
voltage is the product of the current passing from theatol of the output activa of the differential pairahgh

the axonal load impedance. This impedance includes thecpdibde associated with the power source and the
perfect diode associated with the emitter input at thgugagtion. The result of these two diodes being in palrall
for impedance calculation purposes is that the load sethrelzurrent generated at the collector is a perfectedi
of a size probably dominated by the size of the gaptipmemitter characteristic. Therefore, the volteggiven

by the product of the current and the voltage acrosslibée at the prescribed current. This voltage is giyen b
the logarithm of the output current, in the range of Ba@A. with the cutoff voltage of a nominal -90 mV.
corresponding to 0 pA and the quiescent voltage of a nomifiahV. corresponding to a current of 20 pA. This
characteristic accounts for the considerable comess a function of illumination seen in recordinghaf t
output pulse shape of the photoreceptor cell as a fundtiinmination intensity. It also accounts for thiegrd”
limiting seen in such recording due to the fact the ctiirethe output activa can not go below zero and the
maximum voltage at the collector can not exceed the supfibge of a nominal -90 mV. relative to local ground.

13.4.7.3 The intermediate neurons of the retina

With the output current of the photoreceptor neuron
always in the range of 0 to a nominal 20 pA., and the
gap junctions and bipolar cells acting as nearly perfdct
unity gain current amplifiers, the same range of
current is delivered to the input structure of the
ganglion cell. Assuming these intermediate
amplifiers have sufficient bandwidth, up to about 1090
hertz in the case of warm blooded animals, they will
have negligible effect on the shape of the signal
waveforms. Thus they play a negligible role in the
“straight through” signal path. The DC voltage
measured at the collector of these stages may vary
slightly depending on the axon power source and the
signal voltage amplitude may vary slightly due to the
impedance of the load circuit.

13.4.7.4 The transfer characteristics of the
Ganglion Cell Figure 13.4.7-3 From Baylor, et. Al. ()

EDIT
With the characteristics of the signal delivered ® th

Input Transfer Impedance of the Ganglion Cell, it is
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possible to describe the operation of that cell inidefiehe cell operates as a time delay modulated pulskatsc

as discussed above and described in detail in Appendix Bogération of this circuit is dependent on the current
delivered to the emitter circuit through the source impeearfror purposes of discussion, it is easiest to tHink o
the signal at the collector of the gap junction asleage and the input transfer impedance as a resistor and
capacitor in parallel. For most animals, the capacin be omitted; however, its impact has shown uplglaa
some of the recordings in the literature and it is neéd@roperly explain this data.

Figure 13.4.7-4 illustrates the steady state transfer funofithis cell. The figure displays the interpulse time
delay versus the input current (or voltage) ???. Umiately, it is very easy to plot the function displayihg
reciprocal of the time delay. This second function loaniescribed as the instantaneous output frequency as a
function of input current. However, as discussed abogdraAppendix B, this leads to a loss of understanding of
how the circuit works. It is important to recognizattkhe circuit will generate a single pulse at any tingeinput
current exceeds a threshold value. This pulse would corréspa@ frequency of zero cycles per time period,
whatever the time period is. Itis only after theogel pulse that an instantaneous frequency can be cattulat

If the input impedance is shunted by a capacitor, the
current applied to the emitter circuit will consist loét
current passing through the resistive component of the
input impedance as well as a current described by the
derivative of this current. The sum of these two
currents has a sharper leading edge than the current
following the resistive path alone. The result igtha
the signal exceeds the threshold value sooner and
generates a pulse. In some cases, this pre-emphas
circuit may cause a number of closely spaced pulses
be generated before the circuit settles down to asserie
of equally spaced pulses indicative of a constant
amplitude step input condition.

- N

(0]

13.4.7.5 The overall transfer characteristic
of the “straight through” signal path

Figure 13.4.7-5[Figure 13.4.01] and the above Figure 13.4.7-4 Steady state transfer

description provides all of the information to define function of a XXX ganglion cell EMPTY
the overall transfer characteristic of the “straight )

through” signal path. For low amplitude pulses or

step changes in illumination sufficiently large as te@hibhe threshold of the pulse generator in the gangtih

the circuit will respond by absorbing the radiationifeglin the absorption spectrum of the chromophore present
translating the photon flux into a greatly amplified electflux, and transferring that electron flux (currentjte
input of the ganglion cell. The ganglion cell will gerteréas a minimum) a single pulse indicating that the input
illumination has been of sufficient amplitude to excesdtiteshold. This pulse signal (action potential) kgl
passed to the brain via one or more additional neunoN®aes of Ranvier. If the original pulse of illumiraati

was more than sufficient to excite the oscillatothia ganglion cell, multiple pulses will be generated g
interpulse spacing varying as a function of the amplitudbefllumination pulse above the threshold. When the
pulse descends below the threshold, the action potguoise train will stop. For a step illumination input, the
process is the same except the pulse train will contmgenerate equally spaced pulses indicative of the
amplitude of the illumination until the illumination isrminated. And as noted, the initial interpulse spaciag m
be reduced for a short time if the oscillator inputuwirancludes a pre-emphasis network.
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13.4.7.5.1 Photometric fidelity

As discussed above, the “straight through”, and in fact
all signal paths in animal vision are not designed for
photometric purposes. A very efficient adaptation
circuit is provided by the “super gain” activa at the
input to the electronic portion of the circuit. This
circuit tends to limit the maximum amplitude of the
current passed through the overall circuit to a nomingl
value for that animal species and/or for that channel
within a given species. Baylor et.*aindicate a rather
wide range, 7 pA. to 22 pA., for this nominal value
within a group of 18 cells of the toad.

The transducer circuit feeding the electronic circuit i
a completely passive circuit of a liquid crystalline
nature. It derives all of its input energy from the
photons it absorbs and passes this energy on to the
electronic circuit with excellent efficiency except - .
when it is overdriven. When exposed to a very high Figure 1_3'4'7'5 Overa_” transfer function of
photon flux rate, its rate of electron transfer become the straight through signal path EMPTY.
independent of the incident photon flux rate. Under

this condition, the transducer is said to have becdeszibed.

Although the portion of the electronic circuit from thecond activa in the photoreceptor cell to the inptheo
first activa in the ganglion cell operates in a higigar mode, this is of trivial importance becausthef
adaptation process in the first, “super gain”, activhe Tact that the L-channel chromophore operates under
square law conditions while the other channel chromiggshaperate under linear conditions is also irrelevant
because of the action of the “super gain” activa asb&ikeen below.

13.4.7.5.2 Signal phase

The portion of the overall circuit from the secondacto the input to the ganglion cell operates in a mbasic
mode without signal inversion. Thus, the same sigmai feill be measured at any point in the circuit between
these two end points.

13.4.7.5.3 Passband

This direct coupled circuit forward of the ganglion cellr@pes without any significant limitation on the freqogn
passband of the incident signal. As shown in the dpretat of the P/D equation in Appendix A, the waveform
generated by the transduction process in the chromohbamdwidth limited by the parameters of that process,
in terms of both initial rise time and decay timeheTdelay is related to transport phenomena and decayarate
does not involvany physical filter stages. The following circuit does¢ mvolve any multipole filter as is so

often assumed in the literature. The slight overshotite signal measured at the OS after a step illunainati
input is a characteristic of the P/D process and daeelate to any “peaking filter”, see Appendix A.

*Baylor, D. Lamb, T. & Yau, K-W. (1979a) ibid. pg.594.
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13.4.7.5.4 Noise performance

The noise performance of the “straight through” pathidghy of detailed discussion. It exhibits several unique
features. Because of this, the question as to whtherisual system of an animal can provide noise dichit
performance needs careful interpretation. This queatitunally involves two questions; can the visual system
provide noise limited performance in general, and itlses the noise limited performance extend down to very
low photon flux levels.

It is relatively easy to answer the first questidhone looks at the electrophysiological recordingshef dutput of
the photoreceptor cells as a function of illuminatiois easily seen that the ratio of the noise amgétto the
illumination amplitude decreases in proportion to the squ@eof the illumination. This is a clear indicatio
that the system is operating in a photon noise lintiégime at this location in the system. Baylor, Lagtyau
have shown that individual photons can be sensed gbdhisin the signal path; indicating the signal is photon
noise limited at this point.

If the interpulse interval measured at the output of mitght through” ganglion cell is measured and it shows a
random noise component that also decreases with theesmad of the input illumination, it can be surmisedtth
the system is operating at noise limited performanteisipoint also. When the illumination is reduced® t
point where the random noise component of the interpodseval is no longer decreasing in accordance wigh th
square root relationship, the system is no longer phobgse limited; it is then limited by either intermadise
sources or by the test instrumentation. If the illation level falls below the threshold level of ganglion cell,
no output pulse will be generated and the noise perfornadrioe system relative to the input signal becomes
undefined. The system is clearly not photon noisedidhiinder this condition.

As discussed earlier, since the base lead of the “sup€ragiva is open, this activa is not biased inte @lass A
or Class B amplifier operating regime. It requires astie 2.0 eV signal to cause an output. This prevents
thermal noise generated within the amplifier from ciffeg the output. There are additional possible noisecesur
in the transducer related to the vibrational statelsthe molecular states of the chromophores. Howéner,
clear from the work of Baylor, et. al. that a sigoah be recorded at the OS that appears to record singlengh
being detected by the Photoreceptor cell. If singlegiiwéare detected, it is a clear indication that thgeno
related to the internal molecular structure of theddaser is negligible compared to the Poisson noise assdci
with the random input of photons. Therefore, it casdid that all visual pathways using the photoreceptor
configuration of the “straight through” path (that id,kadown pathways) provide photon noise limited detection
capability. With the high gain of the “super gain” aatiit is virtually assured that the signal is photors@oi
limited at all points up to the threshold circuit of tenglion cell. If the threshold level of the gangliafl s set
very close to the quiescent output level of the distalids to which it is associated, the output of the gangtell
would track closely the noise performance of that vishahnel. However, if the threshold is consideraimjer
than the quiescent signal level, the output signal wouldrefiect the noise performance of that channel for
illumination levels above the threshold; no output pulsaldvbe generated for any illumination level below the
threshold. In the absence of a pulse generated by tigtigracell, the brain does not receive any signalteel to
the detection of a single photon or of a very low phdtox. Under this condition, although the early stagabh®
visual process are capable of detecting a single phdterartimal is not capable of perceiving a single photon.
similar statement applies to very low photon flux rates.

Data does not appear to be available for a wide vasfetpimals; however, the data of Fuortes & Hodkin

*Fuortes, M. & Hodgkin, A. (1964) Changes in time scale andisety in the ommatidia of Limulus. J.
Physiol. vol. 172, Fig. 5 (left)
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shows that for the dark adapted eyéinfulusat about 9 degrees Celsius, the threshold of sensitistgrmined

by the ganglion cell is about 1.3 timeg Jthotons/second of white light, an input signal to RMBalevel of
about 60 Db. This corresponded to a voltage thresholdooft& mV. out of a total nonlinear range exceeding 30
mV. Below this input level of 1.3 times ABhotons/second, this signal channelimuluswas blind. This

photon flux is far greater than the few photons/secovel Eensed at the OS by the toad in Baylor, et. al.
Unfortunately, the ganglion cell threshold for thisdagas not reported so the minimum perceivable signall leve
cannot be determined. More test data needs to be atdoiestablish the actual threshold in other, and
specifically higher order warm blooded, animals befbeedquestion of photon noise limited performance at low
flux levels can be answered..

It should be noted that the “straight through” path cirdiagram provides detailed information about the noise
performance of the visual system that has not beaitasale before. This information undermines veryaesly

the material presented by Laugliwhich discusses Transducer noise and Receptor noisafsbatistical level
which appears to be based on linear signal processiagloés not recognize the thresholding based on energy
involved in the “super gain” activa of the photoreceptioe, thresholding based on current (charge) level
associated with the pulse oscillator in the gangliolscet the nature of the initial transduction procespgecially
with regard to the L-channel. He presents no modehfiprocess he is discussing and concludes with the
thought that the subject has not been explored adequatéig Inntist terminate the discussion and move on (pg.
221).

As an informal reality check, it is worth examining tteader’s visual system. A conventional televiseneiver
tuned to an unoccupied channel exhibits an image thasicalit noise limited. Each pixel changes amplitude in
a random manner. If the photoreceptors of the ejfearfovea were of the straight through type and thesktold

of the ganglion cells was set low enough to allow nlimied performance at low light levels, one would expgect
see, at very low light levels, a small image in theter of your field of view that looked like the telewis display,
individual pixels changing rapidly in signal amplitude. Do yea such an image? Or do you just see an
essentially uniform black area at very low illuminatievels? Because of the convergence of multiple
photoreceptors prior to thresholding, the author percein®@ack level under the above conditions with a noise
component that is clearly integrated over a much Idrglerthan a single pixel.

Using the language of the television engineer, the hunsaal system typically operates at a signal to nase r
of over 40 Db, i. e. the root-mean-square (RMS) nagel lis at or below 1.0% of the mean signal level. It
appears that the ganglion cell threshold is set to miaiatpproximately this minimal level of performancehe
fovea. It appears that the brain examines input signais anglion cells representing different levels of
convergence before interpreting the input imagery. Xptoee this subject further requires a great deal more
information concerning the pattern and level of cogeace of many photoreceptors prior to thresholding by a
single ganglion cell. For additional general, and retdfielementary compared to the model used here,
background material; see R&se

13.4.7.5.5 Energy efficiency

The overall energy efficiency of the “straight througisual pathway is remarkable. When the input illumuorati
is very low, the “super gain” amplifier does provide 10,00fhore electrons for every photon absorbed. However,
since the input photon rate is extremely small undercimslition, the total number of electrons drawn from t

Laughlin, S. (1981) in Handbook of Physiology, edited by tkrédm. NY: Springer-Verlag pp. 209-
221
*®Rose, A. in Barlow, H. & Fatt, P. (1977) Vertebrat®f®heceptors NY: Academic Press pp. 1-13
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power supply per second is actually very small, approximatplA. As the light level increases, the number of
electrons drawn from the power supply of the “super gaitiVa never exceeds a nominal 20 pA. Since this
activa is part of a differential amplifier, the actaalrent drawn from the power supply is a nominal 20 pAllat a
times regardless of illumination level. This same 20 @Arent is passed along the signal path without requiring
significant additional power input until it reaches the eyenerator in the ganglion cell. The ganglion cell does
require additional power to operate. However, the NotiBswovier only draw power from their sources during the
actual pulse interval, and are therefore quite econonmqadwer.

13.4.8 Test data to be expected from the “straight through” path

It is important to note that the circuit of the “sgfat through” path, as well as other paths in visioe,al current
driven. Current and charge are the primary variabledtage is a secondary variable that is related tatineent
and charge at a node by a diode relationship. An imatsti can not assume that a voltage he/she measures is
linearly related to the current in a circuit elementh® charge at a node. Although it is generally edsier
measure a voltage, care must be exercised in interpthfsimeasurement. Baylor et.*3performed a very
valuable series of experiments by essentially isaatire OS of a photoreceptor from its local ground conarect
and collecting all of the current passing through the auembrane wall of the combined PC dendrites. This
gave data that required little manipulation. Unfortunatéig not a direct measurement of the output of the
photoreceptor cell. The output current of the PC celttsally the nominal maximum output current minus the
current measured at the OS, a feature of a differeatiglifier.

Because of the presence of the “super gain” activa inateddiafter the transducer, the signal amplitude at later
points in the circuit bears no fixed relationship toitiput illumination, either in terms of current or \agie. The
gain of this amplifier changes drastically in order tegkéhe signal at later points in the circuit within tteeninal
0-20 pA. range. Under dark adapted conditions, the gain chttdifier will be at maximum and relatively
constant; making it practical to take reproducible thrigshlamination measurements. Note that where
psychophysical (behavioral response) testing is usedy regasurements are not photon noise limited
measurements but ganglion cell threshold limited measutsm®nly electrophysiological testing with probes
forward of the ganglion cell input impedance can providermétion about photon noise limited threshold
sensitivity.

One should note the similarity between the bipoldraigtuit and the pulse generator circuit of the ganglielh ¢

in Figure 13.4.0-1 Note how the addition of a small capacitance t® ¢tectrotonic bipolar circuit can turn it into
an analog voltage controlled pulse generator just likedhtdite ganglion cell. This is one explanation why gnan
experimenters have reported the intermittent generatiantion potentials at points in the retina assediatith
the bipolar cells and/or lateral cells (horizontadl @mercine types for instance) and even photoreceptst’.ce
Since all of these activa appear to have a finitisties impedance in thewommorbase lead, the addition of a
capacitance to either the emitter or collector lemd @ause oscillation. At the impedances found in theikis
quite possible that the investigators probe can provideisat capacitance (as well as a low enough shunt
resistance) to the biological circuit to cause iteéodme unstable and oscillate.

The vision literature does not seem to recognize ¢dheapt of intrinsic (or internal) feedback. It

*Baylor, D. Lamb, T. & Yau, K-W. (1979a & 1979b) ibid
“Jarvilehto, M. in Handbook of Sensory Physiology. etiig H. Autrum, vol VII/6A NY: Springer-
Verlag pg. 332
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generally discusses feedback in terms of an extrinsierfead) loop around an amplifier. Any
amplifier with a finite impedance in a lead shared leyittput and output circuits will exhibit
internal positive feedback. This internal feedbacklmasuppressed or exploited through the
choice of appropriate circuit elements.

Although the “straight through” circuit representativeanfmal vision exhibits positive feedback in the pulse
generator of the ganglion cell and negative feedbackeifisiiper gain” activa of the photoreceptor cell, it is
internal in both cases. There are no external feidibaps associated with this circuit type.

Whereas the signal path represented by the “straigight’ circuit ofFigure 13.4.0-1is firmly established, the
arrangement of the power sources is arbitrary. Bhiiecause it is possible to provide power to a direct edupl
string of amplifiers using two different concepts;

+ all power provided by one voltage source attachedettait amplifier in the string and a series of
bias voltages placed along the string to insure proper enmperation.

+ power provided to each amplifier stage in an ampl#igng by a separate voltage source and a series
of bias voltages placed along the string to insure prapetifer operation.

The first approach is most economical of power sounoegver, it is difficult to insure all amplifier stagese

biased properly since small changes due to aging or phaogmed changes can affect performance. The second
approach provides greater design and operational flexibiligtailed laboratory measurements are needed to
determine which of these approaches is used in anigiahvi The measurements must determine the maximum
supply voltage (equal to the collector cutoff voltage) dredvalue of any bias supplies (also under cutoff
conditions) at each stage with a desired accuracy ot dbmV. and 1 degree centigrade.

Detailed laboratory measurements are needed to detewhather the capacitance used to shape the pulse output
of the pulse generator circuit in the ganglion cell isn@xted to the emitter lead or to the collector |eauinilar
investigations are needed to determine the locatitimeofapacitance with respect to each Node of Ranvier.

13.5 The first “Lateral” signal paths

[MUST REWRITE THIS MATERIAL TO SUPPORT A FIRST ANSECOND LATERAL PATHS (in 13.6).
XXX]

We now have available the complete P/D equation, anrstagheling of the neuron as a biological activa and the
knowledge of the significant differences between thasionally observable information carryingrrentsin the
“straight through” signal path and the observatditagewaveforms associated with these currents. This gegvi
a foundation for defining the lateral signal path.

The “Lateral signal path is the prototype for two pathe;chromatic path and the geometric path. It i<heatr

from the literature whether these two independent patiss in the idealized form to be developed here; itasam
likely that they are also participating in signal comgegrce as well, where the input to the lateral cellg coasist

of signals emanating from tens to hundreds of individuadldiells. Figure 13.5.1-1[Figure 13.5.0-1(a)]

presents the idealized lateral signal path employing sigoakssing located at the proximal edge of the Inner
Nuclear Layer (INL). For economy of space, the Gagtioms have been shown in abbreviated form thasstse
their active nature but omits the power and bias csaefated to them. All Gap Junctions have essentiadly
same purpose and capability. They provide a nearly penfectvay current path between the more prominent cell
structures based on transistor action. Although im#ar to Figure 13.4.0-1in many waysFigure 13.5.0-1(a)
illustrates a number of features not found in the “gtrathrough” signal path.
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Figure 13.5.1-1 Circuit diagram showing chrominance signal path through the first
Lateral Matrix (with intermediate bipolar cell).

+ the figure consists of two separate analog chromaphkignal channels but only one pulse output channel.
+ the monophasic signals from two chromophoric chisnare combined to provide a composite, biphasic, signal.

+ the composite signal is produced by a lateral ceditémtalong the proximal edge of the Inner Nuclear Layer,
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the location generally associated with Amercine cells

+ the electrical performance of the lateral cefuisdamentally different than that of cells examined jotesly;
the activa is intended to provide current gain and aeglatcrease in voltage--with a resultant phase inversfio
one signal.

+ a major location where truly biphasic signals atmtl to originate in the retina, here at the intertddae INL
and the Inner Plexiform Layer.

+ from the morphological perspective, one of the deiedrnputs and the axonal output of the lateral cells are
located adjacent to each other for a significant degtaamd may be encased in a single outer cell membsane a
discussed in Section 10.2 and leading to the name Amerdiheut (separate) axon structure.

+ the bias supply of the action potential generatdhénganglion cell is now biased so as to oscillat¢icoously
with a nominal pulse spacing in the absence of an ingoak

In Figure 13.5.1-2[Figure 13.5.0.1(a), the signal path related to Channel #1 is unchangedtfrerfstraight
through” path, the signal is recognizable at every pasnaf the same phase. On the other hand, the Chighnel
signal remains the same until it reaches the La@eHdlwhere it is amplified and inverted. From thereiors
recognized by these characteristics, it is now “depolay” and several times larger than its Channel #1
counterpart.

Note that a probe contacting the output of a lateraldgle stimulation is applied only to
Channel #2 will result in the conclusion that, in tihé@al under observation, illumination
results in a depolarizing signal (possibly related topthatoreceptor if the probe location is not
determined carefully). In fact, the photoreceptor outpstill hyperpolarizing; the actual
observed signal is due to differencing between two hyparigatg signals, and it does not
involve feedback .

Figure 13.5.1-2[Figure 13.5.0-1(b)]presents a second idealized lateral signal path emplsigngl processing
located near the distal edge of the Inner Nuclear L@htr). More specifically, it may be associated witte line
labeled “cone pedicels and rod spherules” in Boycott & Ibmf* and defined here as a new layer, the Middle
Nuclear Layer (MNL).

It should be noted that the INL, MNL and the Outer Nuclesyer (ONL) are strictly
morphological designations, generally related to the hutkgions of cells, the somas. The
primary factor controlling the location of the sorsaadpological, not functional; where is there
space available to accommodate this structure fundarherdiated to organic housekeeping.
The actual areas of interest for the experimenteratates location of the axons. An additional
area of interest to the theoretician is the locatibthe actual activa based amplifiers in the cell;
generally speaking, these activa are not related tmcatdd in the soma.

The functionality of this second idealized lateral sigreh focused on the MNL is very similar to the pregio
one focused on the INL location. The primary diffeeerscthat the lateral cell of interest, normallyidedl as a
horizontal cell, is located closer to the photoreaeptis and its biphasic output may be passed to a speciall
biased Bipolar Cell; one which must respond to biphagiats with either a biphasic output or a rectified output
related to the biphasic input.

“Boycott & Dowling (1969) reprinted in Rodidig 1-3
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An alternate approach is shown kgure 13.5.1-2[Figure 13.5.0-1(c)]. In this case, the axon of the Horizontal
Cell extends to the ganglion cell layer and interacesctliy with a Ganglion Cell. This second approach rezsov
the requirement to define a modified form of Bipolar (eihsed differently) that can faithfully transmit igloasic
signal. Recall that these idealized paths may actexzilty while buried in a more complex overall architecture
This will make it very difficult to define an actual initlual physical signal path except through very careful
histology based on the putative paths and circuit elenfantglifiers particularly) presented in this Chapter.

Figure 13.5.1-2 Alternate circuit diagram of signal path (chrominance) through first
lateral matrix (without intermediate bipolar cell).
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As will be developed more fully in the following section the ERG; Brown, Watanabe & Murakami found that
the b-wave, which they found to be a positive goingeiited version of the a-wave is first seen in the.INNo
reference has been found in the literature to a pesying waveform existing in the vicinity of the MNhis
would indicate that the Horizontal Cells related tolth&eral Signal Path have their axons contacting Gamgli
Cells directly in the INL. Subject to closer studitlire future, it appears that there is no need for a hiphas
capable version of the Bipolar Cell as called foFigure 13.5.0-1(b).

There is material in the literature that indicate=y¢hare two separate types of bipolar cell that aterim

connected to two separate types of ganglion cells,essg®6 11.6. The material would suggest that the chromatic
channel of this model utilizes a biphasic bipolar allled a midget bipolar that is connected to a midget gang|
cell that is continuously oscillating. Figure XXX illuates two possible circuit configurations in this ar&his

area is worthy of more specific laboratory invesiigat

A number of authors have provided a cartoon
attempting to explain the interconnection of the ldterp
cells located at both the MNL and the INL. However
this is a specific case where a cartoon is inadequate
As an example, Dowling & Werblin have presented 4
cartoon where the photoreceptor, the horizontal cell
and the bipolar cell are interconnected at a (possibly
complex) node whereas Ottoson provides a cartoon
that indicates the horizontal and amercine cells
interact with the bipolar cells only, the horizontall

is in contact with the dendrite of two separate bipola
cells and the amercine cell is in contact with thena
of two separate bipolar cells.

Tomita and Svaetichin performed most of the defining
work regardingmixed spectral signalgenerated by
these two lateral cell architectures in the 1950-60’s.
Tomita provides a good overview of the work of thesef
separate teams in his 1965 papeBpecifically, they - - -
labeled multi phasic signals found in the region Figure 13.5.1-3 Schematic of the first
between the photoreceptor cells and the ganglion celgteral signal path EMPTY.

now further restricted to the region between the MNL

and the INL, as S-potentials. They provided both

detailed records of the waveforms found and statiststahates of the number of each type found. This ddta wi
be discussed more fully below.

Many other workers have performed defining work regardingapadependent signals generated by these two
lateral cell architectures. In this context, thedat cells are the source of the quasi-functional ‘@md “off”
designations used so often in psychophysical (behavia)es.

It is important to re-iterate that in behavioratiteg, there is usually a background illumination

“Tomita, T. (1965) Electrophysiological study of the mechiausi subserving color coding in the fish
retina. Cold Spring Harbor, NY: Cold Spring Harbor Lattory of Quantitative Biology, Vol. 30, pp.
559-566
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involved and the expressions “on” and “off” are used tindethe overlaid test signal. The
expressions do not reflect any change in the backgrowratisit. Thus, in a literal sense, an
“off” signal is actually a reduction in the net input safjn

A third field of investigation that is dependent on tperation of the lateral cells is that of the temparadiuding
frequency) response of the overall visual channels fiélid has not been explored in as great depth at have th
previous two.

It is critical at this point to recognize that thérésght through” signal path is a linear path with respecharge
and currents (but not voltage), between the output d?@aeuron and the input to the ganglion cell. The
chromatic signal path is inherently different. Theothatic signal path processes voltages obtained from the
nodes of the “straight through” path which are esséniagarithmic representations of the related currentd
they reach amplifier saturation level. This faciates
a crucial difference. It allows the circuits to add and
subtract logarithms, i. e. perform multiplications on
the input signals. This process is inherently non-
linear and unexpected results can be expected.

A warning before proceeding, much of the visual
spectrographic data taken in past years utilized
relatively broad spectral filtering techniques. The
results were highly smoothed waveforms which were
said to be equivalent to the CIE standard spectrums
More recent spectra clearly show a dip between the
spectral peak near 0.53T. and the peak near 0.610

m. This advancement is clearly exhibited in the
paper by Kalloniatis & Piantd The smoothness of
the older spectral data in their fig 6 is easily
contrasted with the newer data in their figs 1, 2 and
even 3.

Figure 13.5.1-5Figure 13.5-1]is an expansion of
the chromatic signal path taken from the frontpiece.
It presents a definitive description of the interplay  Figure 13.5.1-4 Expansion of the
between the Helmholtz school of trichromatic vision chromatic signal path schematic EMPTY.

“Kalloniatis, M. & Pianta, M. (1997) L and M cone inputdrgpectral sensitivity functions: A reanalysis.
Vision Res. vol. 37, no. 6, 799-811
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(in humans) and the Hering school of color differencBse purpose of this differencing is to create additional
nodal points along the periphery of the spectral spaptotied in the CIE Chromaticity diagram. These nodal
points allow the retina to pass more definitive sign@fhe brain relevant to color rendition under typical
conditions. However, these signals are not absatudéecuracy; the variation in sensitivity (state dépatation) of
the OS for each primary signal path causes the chrosighal path to issue signals which can be easilyipted
under un-natural conditions. Some of these situatidihbevdiscussed in Part D below.

13.5.2 The detailed chromatic model
13.5.2.2 The expanded circuit diagram

13.5.2.2.2 The chrominance signal path

The literature provides an ever growing amount of experiah@ata concerning signals in the chrominance signal
path. Unfortunately the data has at least two trogliatures.

First, much of the data is based on psychophysical expetémvhich do not give detailed information about the
actual analog signal processing in the retina. Thexamsre limited amount of data from biophysical
experiments that does give the needed information.

Unfortunately, the data from biophysical experimentgeiserally of a piece-meal type. This may be due to the
authors focus or the constant need to minimize the ruofhllustrations in a technical paper. In any évan
author usually presents a selected set of illustratidrishamay not completely characterize the signal phés
investigated. As a simple example, if an author propbsggtie chrominance signals in a trichromatic eyesisb
of differencing signals between individual pairs of sigiitak logical to assume that there would be six pairs of
such signal to completely describe the differences legtileree original signals:

S-L, L-M, M-S and L-S, S-M, M-L

If the investigator only finds a selected set of thasssibilities, it would seem to be his responsibtlitgxplain

why and how he confirmed that situation. In textsitdmmon for investigators to speak of the “red-greaa’ a
“blue-yellow” pairs but this is more likely due to theseaf saying these word-pairs in the English language and
subsequent reinforcement in the literature than @ their presence to the exclusion of the “green-red” and
“yellow-blue” pairs. This problem is compounded by thet fhat there is no “green” chromophore in the visual
spectrum just as there is no “yellow” chromophore. réhg what could be called a yellow-green chromophore,
rhodonine 7, having a peak sensitivity at 0.532 micronarianals derived from a saltwater environment.

A third complication is that most investigators hagsuaned that all three chromophoric channels are ésgent
“linear” in the sense that they all reflect the sattype of response to irradiation. Unfortunately thisot true and
the L channel performs significantly different thae 8 and M channels. This causes the L channel to be
interpreted awkwardly by some investigators, indicativag it is sometimes difficult to discern in their respes-
-when in fact it should disappear.

It is a major goal of this chapter to define the adroenceptual block diagram for the chromatic signal [Esog
channel of vision. The most general situation requioethis Stage 2B signal processing would involve two
substages; the first involving only paired differencaswpeen chromophoric signal channels and the second
involving a second stage of paired differences involvirggsignals from the first stage. These second diffeen
could result in a variety of monophasic, biphasic armgh#sic spectral responses.

Using the definition of Tomita, discussed below, thentbiphasic defines a spectral responses
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containing two peaks of opposite polarity. It does nglynor limit the spectral responses to
only two chromophoric input signals. Similarly, a trggic response involves a waveform with
two peaks of one polarity separated by a peak of opposdaeityol

As an alternate to the “pairing” of responses, thesg aiso be a need for a three input summing stage which
would give a variety of triphasic spectral responseds fierely requires multiple inputs to the summing and/or
differencing inputs to the signal processing amplifier.

The alternative employing two pairing processes in seguenald probably, but not necessarily, lead to two
separate layers of lateral cells at one locatiahéretina. No report of this configuration could beated in the
literature.

If it is impossible to find spectral responses fromltiveer Nuclear Layer(s) that exhibit simple two input
differencing, then Stage 2B can be more appropriatelysepted without introducing two sub-stages. In this
case, three input summing and differencing circuits camséd in the first and only substage.

It is very interesting to note the recent work of &aand Le# who used light emitting diodes with “dominant
wavelengths of about 638, 554 and 470 nm, respectively.” wiollkimg with Old World monkeys. Although they
did not specify whether any filters were used with thi#edes to further tailor the irradiance spectra, these
wavelengths correspond almost exactly with the peak eag#ht of the chromophores, Rhodonine 5 @ 645,
Rhodonine 7 @ 545 and Rhodonine 9 @ 445 respectively. Inpiyedr, they speak of red, blue and green. They
also speak of red + green opposed by blue and of red +pposear by green signals applied to the retinas in their
work. They do speak of a blue-yellow test performeddwshiing the blue diode out of phase with a combination of
the red and green diodes. This particular test should tdaei$eir to stand up on a older and devoted member of
the Hering school since yellow is clearly not a migtof red and green in that theory. Although the work of
Dacey & Lee was biophysical in nature, they focusetherganglion responses instead of the analog responses of
the signal processing neurons. Because of this, iffisulli to determine the absolute polarity of the signal
modulating the ganglion cells they examined by reading tiegier.

A test configuration less susceptible to spectral da&sbetween the chrominance signal processing chamasls
used by Krauskoft It used monochromatic gas lasers at 441.6 nm, 514.5 nm ar@&n6B82which gave
irradiances which were well matched to the peak seitgitf the three chromophores.

One of the important goals of this section is to iathovhether all of the above six difference pairs@ued in a
given species or whether a given retina has been $iedptinrough evolution to utilize only a subset of thpags.
Since these pairs occur in complementary sets, tisempee of the individual pairs cannot be determined unless
the polarity of the signals involved in these pairsiewn at a specific point in the chrominance chanBealsed

on this work, this polarity can now be specified.

A goal of lesser importance is to determine whetherelare any biological activa circuits used in the Visua
process that require three dendritic inputs to creatgnalssuch as S-L+M or whether this signal is alwagsitad
using dual input activas by forming the difference betw&énand L-M in a second stage of differencing,
resulting in the signal S-2L+M. It is common in thedature to find both of these expressions, S-L+M and S-

“ Dacey, D. & Lee, B. (1994) The ‘blue-on’ opponent pathimgyrimate retina originates from a distinct
bi-stratified ganglion cell type. Nature, vol. 367, pg. 731-735.

* Krauskopf, J. Williams, D. & Heeley, D. (1981) Computertcolted color mixer with laser primaries.
Vision Res. vol. 21, pp. 951-953
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2L+M, but seldom in one paper. This section will attetogummarize the polarity of the signals reported & th
literature in order to determine if all six differencerpare reported.

It should be noted that the above algebra is very sjmibonature. The symbols represent
analog, not binary, waveforms. Furthermore the ingatmplitudes of the different components
are unspecified. Thus, without further information, éhisrno way to differentiate between the
expression S-2L+M and just S-L+M. In addition, it is freglethe case that the actual
amplitudes of S and L are small compared to the amplitullle d his frequently leads to
investigators omitting a smaller term from the equabiecause it is hard to recognize it in their
data; S- Mor S - 2M may be reported instead of S+IM

Resolution of the question; “are their three input lgaal activas in the visual system?” will provide a deifie
answer to whether the chrominance signal path shoybddsented as a two substage path employing only 2 input
activas or whether a single stage representation egaateusing three input activas. Initially, a two substage
approach will be followed as it appears to be the nikellylcase from a cursory review of the literature.

As will become clear below, there is a big differebeéveen a dual or triple input biological activa and a
biological activa using a “resistive summing circuit’itatinput end to combine two or three signals.

Figure 13.5.2-1[Figure 13.5.2-4]illustrates the block diagram of the Chrominance Sifmatessing function,
Stage 2B and its relationship to its functional neighbdtstice that this signal path is actually replicated a
number of times in order to generate the signals reqbirélde brain to interpret all aspects of the chromaea
information in the original scene, the object plafi&ese replications will be arbitrarily annotateddshen the
chromophoric output of the first amplifier of the substagence, the 2B-1(S-M), the 2B-1(M-L), the 2B-1(L-S)
and the 2B-1(M-S), the 2B-1(S-L), 2B-1(L-M) substages.

Substage 1 of stage 2B

The chromatic block diagram of animals with color
discrimination capability calls for up to four 2-input
differencing amplifiers ( three in trichromatic visual
systems such as found in man) in the first substage pf
stage 2B. Each of these amplifiers can be virtually
identical; unless later analysis of the literature
requires gain differences in the various circuits.
Hence a single differencing circuit design will be
postulated for use in this substage as shown earlier |n
Figure 13.5.2-2[Figure XXX 13.5.22?77]

The chromatic block diagram also allows for an
additional single summing amplifier to create a
single panchromatic visual signal path. This circuit is
shown in Figure 13.5.2-2[Figure 13.5-5. It is not
clear whether this element belongs in stage 2B or is —; -
actually accomplished in the brain. Whereas the Figure 13.5.2-1 Block diagram of the
overall spectral sensitivity of the eye generated by chrominance signal processing function
such an element is reported by the psychophysicists EMPTY.

no experimental data could be found which showed a

waveform from the region of stage 2B signal
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processing that conformed to the overall spectral Beibgsbf the eye. Such a summing circuit will be enyglo
here in order to show how the complete spectral regpafrthie eye under both photopic and scotopic condit®ns i
obtained from the same circuitry.

Figure 13.5.2-3[Figure 13.5.2-5]illustrates one of
the replicated copies of the chrominance signal path|at
the component level. Notice that it is clearly an
overlay to the luminance channel, obtaining its input
signal from a node of the luminance channel.

If all of the signals emanating from the IS of the
photoreceptors are hyperpolarizing in the presence ¢f
irradiance, then the non-inverting output of the
substage 2B-1 amplifiers will also generate a
hyperpolarizing output for the summed input in the
presence of irradiance. Conversely, the inverting
input will generate a depolarizing output in the
presence of irradiance.

Each of the differencing amplifiers is biased into the
linear operating range in the absence of any input diie
to irradiance, by any of several methods. Eachef th
channels of the summing amplifier is biased to the

cut-on point. All of the input signals to these Figure 13.5.2-2 Circuit diagram of a single
amplifiers are taken at voltage nodes and are hencebipolar circuit EMPTY for creating a
representations of the natural logarithm of the panchromatic luminance signal .

irradiance waveforms intensity. This causes two
situation of interest.
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[discuss difference channel]

[2)

In the summing channel, the output of the amplifier i
proportional to the sum of the logarithms of the
individual channels. For spectrally separate channe]s,
the corresponding output would be essentially the
logarithm of the three channels represented
individually as shown inFigure 13.5.2-4[Figure
13.5-4(a)]. However, if the spectral channels exhibit
overlapping sensitivity, a different result is obtained
depending on the relative amount of overlap as shown
in Figure 13.5.2-4[Figure 13.5-4(b)]. If the
channels overlap considerably, a new peak can occy
in the combined sensitivity waveform which does not
exist in the individual spectral sensitivities. This
effect will be developed further in the next section. |
provides a very significant element of this theory
which unifies much of the psychophysical test data ir
the literature and shows how the data follows directly— - -
from the P/D equation of vision. Figure 13.5.2-3 Chrominance signal
channel circuit diagram EMPTY at the

13.5.3 The complete chromatic response component level.

-

[ work in here the opening quote from Green 1969

“There is a body of literature suggesting that tempoxabfa are of importance in the processing of color
information by the visual system.” and “there is emickethat the temporal integrating properties of thectbome
systems of trichromatic color vision are differentridicate how this leads into many illusions and epliame
visual effects. Develop whole temporal characterigtiChapter 15-16. including flicker effects & Dacey materia
on phasing

[ develop the idea of signal amplitude variation and sitpealing edge slope reduction as mechanisms for
photopic to scotopic transition.

[ data below is from Section 12.6 on The special catecbfannel
1. Gamma Differences within the spectra

The L channel now exhibits an overall square law mespoelative to the input irradiance. For comparison
purposes,Figure 13.5.3-1[Figure 12.6] also shows the linear relationships; Y = X/10 and X.5+ X/10. These
relationships help to illustrate that the responsaisflilock can track a linear function over significantplitude
ranges. The important feature that will be signifiGan€hapter 13 is that the square law curve falls bethaw t
dashed, offset, curve at both high and low input levels.

In photography, this same manifestation is recognizatidoyariation of “gamma” with wavelength, where
gamma is the slope of the output density versus irradiaihégtypically 1.0, linear, in undyed emulsions and the
short wavelength region of dyed emulsions; and 2.0 in dyediseans (or in a single dyed crystal of silver halide ).
In practice, most emulsions utilize a mixture of silbevmide and silver iodide which have different bandgaps,
and hence, different cutoff wavelengths. Because sfdiffierence, the transition from a gamma of 1.0 to 23 do
not occur abruptly at a given wavelength.
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Flicker intensity threshold (FIT) experiments have destrated this 2:1 relationship between the flicker
sensitivity of the L- and M- channel many tinfés.

2. Decrease in L-channel sensitivity

When this relationship is processed in the secondgnabkprocessing circuitry, the characteristics knowthas
photopic and scotopic spectral responses are seen tarifestations of a common signal processing algorithm
which utilizes slightly different chromophoric input siggaThe primary difference is that the level of the

signal drops more rapidly with irradiance than do therathannels (2 channels in trichromats and 3 channels i
tetrachromats). This rapid decrease in the L-signtileabutput of the translation stage causes the observed
overall photopic spectral response to change to thecatesponse as the response due to the L-signal.is lost
Figure XXX shows this phenomena with considerable tyi@fiom my earlier papers) for humans. Neumeyer &
Arnold also noted and measured this process irfFidhey explain that in going from 25 Ix to 1.5 Ix white room
illumination, “the fish [goldfish] uses the ultraviolehort-wave and the mid-wave [cone types] for itsuolo
vision, but not the long-wave one.”

3. Loss in spectral discrimination

With the decrease of the L-channel signal level
relative to the other channels, there is a consequent
loss in spectral discrimination in the region between
the M- and L- channels apparently also accompaniegl
by a recognizable Purkinje Shift. Although little data|
is available for humans in this regime, there is good
data available for the Turffe ]

13.5.3.1 The P-channel wavelength
discrimination function

The complete theoretical wavelength discrimination
function of the P-channel can be calculated using the¢
parameters of the Standard Human Eye and the
equations ofChapter 5. This function is shown in
Figure 13.5.3-1

13.5.3.2 The Q-channel wavelength
discrimination function

13.5.3.3 The composite wavelength

A . Figure 13.5.3-1 Wavelength discrimination
discrimination function

function for the P-channel EMPTY of
animal vision.

“Kalloniatis, M. & Pianta, M. (1997) L and M cone inputdrgpectral sensitivity functions: A reanalysis.
Vision Res. vol. 37, no. 6, 799-811

“Neumeyer, C. & Arnold, K. (1987) Paper in preparation quatete next reference

“Neumeyer, C. & Arnold, K. (1987) Tetrachromatic colowiam in goldfish and turtle. in Seeing
Contour & Color WW 105 N874 1987
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13.5.3.4 Review of the relevant literature

The literature contains a great deal of experimental ddéted to the spectral performance of the aninal ey
taken under a wide variety of conditions, some photometome electrophysiological, some psychophysical and
some which might be called application oriented. Egoh involves a different set of relevant control pastars
and provides a different confidence level in the conchssthat can be drawn from the results.

There is a great deal of psychophysical data that esibterpreted by the investigators in terms of paired
spectral differences such as S-M etc. but there is esshactual biophysical data to support this interpretatio

13.5.3.5.1 Photometrically related results

Figure 13.5.3-2[Figure 13.5.3-XX(a)]provides a cartoon relative to the collection of phwttric data on the
chromophores. [[ this figure should be redefined in tesfrike absorption cross-section of a structured
chromophore, for both the isotropic and enhanced alisorpdmponent ]] and loosely based on the
Electromagnetic Theory of Light.

This cartoon was drawn to support a discussion
involving bi-refringence and dichroism in OS. The
discussion centered around the effects of changes in
index of refraction with polarization. The model
employed appears to be a “floating model”,
particularly in the sense that it did not address the fyl
transmission coefficient, which consists of thd (ea
absorption) part and the imaginary (or phase delay)
part of the material under test. The discussion drew
the conclusion that the absorption coefficient of a
material was in some way directly related to its phas
delay coefficient. By expanding the model, it might
be shown that the imaginary part played a role in
whether illumination entered the material at all but i
is difficult to see how the imaginary component could
significantly affect the absorption coefficient. The
discussion also took a very simplistic view of the
index of refraction in the vicinity of a spectral
absorption peak in a material. The index of refraction- —
changes value very dramatically in this vicinity, in ~ Figure 13.5.3-2 Cartoon describing the
theory passing through a discontinuity at the collection of spectrographic data of

resonance point of the absorption characteffstic photoreceptor Outer Segments EMPTY.

1%

An alternate interpretation of this cartoon is shawrFigure 13.5.3-3[Figure 13.5.3-XX (b)]. In this figure, the
orientation of the individual molecules is quite differearid there are two relevant regions in each disk Jatige
surface area of the disk and the more limited areaiasstavith the edge. In this model, all of the chronwjzh
material is present in a liquid crystalline state whretlee long axis of each chromophoric molecule is
perpendicular to the surface of the disk and all n aetectrons are shared in electronic planes paralkbleto
surface of the disk. In this cartoon, illuminationident along the axis of the OS has a poynting vectdritha

“Rossi, B. (1957) Optics Reading, MA: Addison-Wesley Phbsiiz pg. 403
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parallel to the axis of the chromophores in each sadathe disk and the slow-wave structure of the chrom@h

in a liquid crystal environment provides nearly ideal cmgpbetween the energy in the illumination and the
absorption properties of the molecule. Tédhanced absorptiofor resonance absorption) situation for
illumination parallel to the OS axis is independent efpllarization of the incident radiation. For illumiioa
incident transverse to the axis of the OS, the sduoas different; the light initially encounters thieromophores
perpendicular to the edge of the disk and then encountechithmophores associated with the surfaces of the
disk. For the few chromophoric molecules associateld thi¢ disk edge, the Poynting vector is aligned to the axis
of the molecule and enhanced absorption can be expegediless of polarization angle. The light that is not
absorbed at the disk edge now encounters the chromophalecules associated with the disk surfaces at an angle
perpendicular to the axis of the molecule. In this cdepnly absorption will likely be due to threrinsic
absorptioncharacteristic of the individual molecule. These mudkes are not randomly oriented so the absorption
can be expected to be polarization sensitive.

It is clear that the polarity of on-axis illuminatighirrelevant in the case of human and similar veatebeyes.
However, it appears that the polarity of transvelseiination can have a significant influence on the data
collected.

The electromagnetic theory of light clearly showsddeantage of maintaining the absorption coefficieomfr
being too large in which case, most of the illuminatimuld be reflected at the surface of the disk regardfess
the index of refraction of the external medium. By ting the number of electrons available to participate i
absorption per disk, this reflection problem is avoidedsbute photons are necessarily left to be absorbed by
subsequent disks. This appears to be the main reasamevblyromophoric material is arranged in individual
disks that are in turn arranged in a stack.

[[put in some data here re axial and transverse spectaphty |]

13.5.3.5.2 ERG related results

Granit & Wredé& have reported that the frog exhibits a spectral respgbasehifts from a photopic type to a
scotopic type in a manner similar to humans, i.eptak response is at about 560 nm. at high illuminationdevel
and is at 500 nm. at lower illumination levels. Thiteria was a constant amplitude b-wave. Davsdm
discussing their data, places any spectral shift retatdidimination level under the general naPrkinje Shift

13.5.3.5.3 Application Oriented Results

Thorntor?? has provided spectral data for use in the design of liglhiat is particularly interesting. He developed
the spectral characteristics of the human eye baséd ocolor-rendering index. The data matches the
chromophoric data calculated herein to an excellent degree

Repeating the warning iBection 13.5.3efore proceeding, much of the visual spectrographic diémtin past
years utilized relatively broad spectral filtering teicues. The results were highly smoothed waveforms which
were said to be equivalent to the CIE standard spectridose recent spectra clearly show a dip between the
spectral peak near 0.53T. and the peak near 0.616. This advancement is clearly exhibited in the paper b

“Granit & Wrede ( ) J. Ployis (see Davson 5th pg. 396)
siDavson, H. (1990) Physiology of the eye. NY: Pergamas$1pg. 396
?Thornton, W. (1971) Luminosity and color-rendering capghilf white light
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Kalloniatis & Piant&. The smoothness of the older spectral data in figefr is easily contrasted with the newer
data in their figs 1, 2 and even 3. Note: the peak near 0813 an artifact of the logarithmic arithmetic asd i
not an actual peak in the spectral response of any @eefmior. This fact was developed in the previous sections.
[[ 1don’t understand about 0.610 nm. ]]

The work of Tomit& in 1965 using the carp fish is some of the most imposgarly work in this area. His work
focused on the retinal “layers intervening betweenganglion cell layer and the receptor cell laysandl the
signalshe described as of the S potential type, signals exigbitisustained response to light. His figure 9, using
a spectrometer which was clearly shown in his figureolfe deficient in the blue, shows the presence dffttee
chromophoric spectra to be present in the Inner Nutlagers (INL); sed-igure 3.5.2-6 The waveforms were
electrically chopped by his test set; the considera#eshoot and slow rise times indicate the electpealbe was
not properly compensated for stray capacitance. Hisdifjureproduced here &gure 13.5.3-3[Figure 13.5.2-
7], clearly shows the presence of “triphasic, biphasid monophasic waveforms in the INL; however, thke te
does not provide sufficient information to determine hbese waveforms were generated in the animal. It
appears that these waveforms were selected for présaraéier color selective adaptation to accentuateifspe
features. Note also that curve (a) which he descabetlluminosity type has a peak absorption wavelength of
about 615 nm. and is clearly the absorption charactedst L - channel photoreceptor. He does estimaietiie
monophasic type accounts for 60% of the S potentialdiffiasic type accounts for 25% of the total and the
triphasic type accounts for 15%. He also points outttteat channel signal is often very small in the tepic
type; but that its presence can be enhanced by suppréssiother components using adapting lights of shorter
wavelength.

[[ this paragraph is not in conformity to the previous paragraph 1]

Because of the inadequacy of his spectrometer, thephasit response ifigure 3.5.2-7cannot be considered as
an accurate representation of the luminosity functidhecarp eye. Looking closely at the waveformFEigure
3.5.2-7 it is likely that (a) is a logarithmic summationtbe L and M channels, (L + M), (b) is a logarithmic
summation given by S + M - L and (c) is a summationrgiwe S-M+L; all based on increased irradiance
correlating with positive values of the symbols andtiefy to down in these pictures in the absence of siwerin
the amplifiers. If the (a) trace is in fact, L +iNstead of L + M - 2S, where S is quite small, the mpdebosed
here would have to be modified to provide summation angome replications of the first substage. It is
premature to jump to this conclusion.

It is also important to note that Tomita uses Biph&simean a waveform having two peaks of opposite polarity
Either peak may actually contain signals from either antwo chromophoric signal channels. Thus biphass do
not imply a difference between two (and only two) slgeannels.

sKalloniatis, M. & Pianta, M. (1997) L and M cone inputdrepectral sensitivity functions: A reanalysis.
Vision Res. vol. 37, no. 6, 799-811

% Tomita, T. (1965) Electrophysiological study of the med$ras subserving color coding in the fish
retina. Cold Spring Harbor, NY: Cold Spring Harbor Laboraof Quantitative Biology
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Figure 13.5.3-4[Figure 13.5.2-8]presents similar
waveforms for the honeyb@e (a) clearly shows UV-
S-M or -UV+S+M depending on the original polarity
of the signals. However, no data is presented
involving differences involving only two signal
channels. The peak wavelengths of the S and M
chromophores are obscured in this figure due to the a
signal addition process involved. (b) more clearly
shows the peak spectral sensitivities of the honeybeg
to be almost exactly as predicted by the Rhodonines
proposed in this work. The following table
summarizes the data from these investigators and the
predicted data for the Rhodonines 11, 9 & 7:

Source uv S b
M Temperature
Menzel et. al. 335 435
540 Unspecified
Rhodonines 332 437 5

32 37 Celsius

Further discussion may surface the temperature use
in Menzel's work and allow a re-computation of the
predicted peak wavelengths for that temperature. This

process would allow the systematic variation betweefp + b.
their data and the Rhodonines at 37 Celsius to be -
reduced to below the value of 4.3 nm shown above; Se
1 uv™ + -
proba_lbly already below the measurement error level D 9.5.2:7\ Proceeesd Spocha Channels in the e from To m_% copbars to
pl‘aCtlce. be a symmalion\charnel, L+ ™ Tb],dppears to be SFML antf (@)fappears To be SN
B G i B
-sol S0
Substage 2 of stage 2B Figure 13.5.343 Wayefoims fém Tomita,

. __showingonopfasit and bipfiasic types. ™
This substage probably completes the chromatic sig .
processing in the retina prior to encoding. It involve RS O BQUNMRAL QG e uv. 5 an st chromopnores

| X X X of Rhodonine 11, Rhodonine 9 and Rhodonine 7. Data is from Kien & Menzel (1977)
a second stage of differencing which provides
additional nodal points with the spectral space of th
CIE ----- diagram.

Figure 13.5.3-4 Multi-phasic 'signal

The same differencing circuit configuration is used a§,aveforms from the honeybee EDIT

shown in Figurel3.5-2??for substage 1. The outputs
remain in voltage form and can be described (for the
human trichromat) in symbolic form as;

% Menzel, R. & Backhaus (1989) Color vision honey beesnBmena and Physiological Mechanisms. in
Stavenga, D. & Hardie, R. Facets of Vision. Ber$pringer-Verlag
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+ 2M-S-L
+ 2S-L-M
+ 2L-M-S

13.6 The Second Lateral signal paths
13.6.1 The “Appearance” signal paths (or separate intotpdhetectum from path to LGN
13.6.2 The detailed appearance model
13.6.2.2 The expanded circuit diagram
13.6.2.2.2 The chrominance signal path
13.6.3 The complete appearance response
13.6.3.5 Review of the relevant literature
13.6.3.5.1 Photometrically related results
13.6.3.5.2 ERG related results
13.6.3.5.3 Application Oriented Results

Figure 13.6.1-1ffigure 13.5.4-X]
Block diagram

Figure 13.6.1-1 Second lateral signal path
Figure 13.6.1-2Detailed circuit diagram block EMPTY diagram
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" Jateral signal path with the lateral

Figure 13.6.1-2 Circuit Diagram of the 2
INL.

(amercine) cell located at the proximal edge of the

13.7 The temporal aspects of these signal paths

The non-stationary aspects of the eyes (both in éintespace) are critical to the operation of the visystem of
Chordataand humans. These characteristics have been edigagtiored in the literature, except for a few
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important investigators, and treated as a noveltys @biion has retarded the development of understandihg of t
system significantly.

Our understanding of the temporal aspects of vision geladue to the monumental works of Yarbus in Rd%sia
Ditchburn in Great Britaiti, and to a lesser extent Riggs in the BSAThere have also been occasional limited
investigations by others that are important. The®lbeen little new research in this area sincd96@'s because
of the lack of an adequate model of the visual systerasd works all concentrated on the psychophysssallts

of interfering with the normal operation of the eyather than a theoretical discussion of the underlying
mechanisms and concepts.

Most people in the vision community, including activeeseshers in the field, are unaware of the fact that t
human eye is blind in the absence of motion betweerstene in object space and the line of sight. Aveh
those active in the specific field such as Ditchburvetailed to offer a plausible explanation for the medsia
involved in the phenomeffa The phenomena is a direct result of the methoahpfeimenting the adaptation
amplifiers of the photoreceptor cells. In order toiewh acceptable operation of the visual system over an
extended illumination range, the low frequency respontieedhdividual photoreceptors of the visual system
(below 0.1 Hz) has been sacrificed. It is the ratehainge in the signal applied to the base of the A@ivaing
the adaptation amplifier that is the critical parameteFhese changes can be entirely temporal or ievoletion
perpendicular to the line of sight that is extensive endaghove from one photoreceptor to another. Toeaehi
an adequate rate of change, either a high contrast emertccur over a relatively long time or a low castr
event must occur over a short period of time. Highremttchanges occurring in significantly less than three
seconds can produce useful signals at the pedicels of thargteptor cells. For fine detail, changes must occur in
even less time to be observable.

The originating phenomena is based entirely withinaithe@ptation amplifiers of the signal manipulation stage of
the retina. Thus, the phenomena is a local one.ll §noaips of cells illuminated by a constant illuminanttmm

of a scene will fail to produce any signal at their peldic The perceptual and cognitive elements of thersyate
arranged to handle this situation. They do so by emmpiagifill program, similar to a computer fill program.

Such programs determine a border based on edge responsesraadsign a color to the area within the perimeter
based on other ques. Such a technique is used routiridllyrtahe “blind spot” of the retina but it is alagsed to

fill in any other area of inadequate detail associati#idl aschange. Yarbus has explored this situation inldetai
using constant illuminant areas within constant illuamhareas and varying the contrast of the perimetercbea

the areas. The results are a fertile source of ideake magician.

Many of the lower members @hordata as well as most membersMblluscaandArthropodg are able to

operate successfully without being able to perceiveostaty objects within and relative to their field aéw.
However, human and other higher chordates are not@bfgerate i this regime and other techniques have been
developed to overcome this problem.

To overcome the inherent inability of the visualteys to see stationary or slowly changing events éfitid of

view, methods have been found to introduce relativeandietween object space and the line of fixation sibwi.
This has been accomplished by using the oculomotomsyata specific mode and incorporating that system in a
servo loop along with the Precision Optical Systerthefmidbrain and the signaling sytem of the retinae Th

®yarbus, A. (1965) Original in Russian from the Nauka Présgilable in English as Eye movements and
vision (1967) NY: Plenum Press. Sometimes cataloged wAdars, A.

5Ditchburn, R. (1973) Eye movements and visual percepti@uford: Clarendon Press

®Riggs, XXX. Ratliff, xx. & Cornsweet & Cornsweet (1953)

SUttal, W. (1981) A taxonomy of visual processes. Hillsdhld Lawrence Erlbaum Associates. pg. 784
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system can be described as a synchronous image inionnmabdulation and demodulation system that overcomes
the lack of low frequency response in the signaling pathalttee adaptation amplifiers (which remain present
within this loop). The effect is to modulate the imalg¢a of interest, transmit it around the low frequency
rejection filter of the adaptation amplifier, and remothe data as one of the outputs of the servo lodpeat t

tectum. This servo loop operates primarily in the ten@lpdomain. There are no frequency domain components
in the loop except for the low frequency rejection filtd he details of the servo loop are discusseskiction

15.2.4.

Ditchburn concluded his research in this fiélgith the note that “It has been shown that cersairall scanning
movements of the eye are essential for visual discetion, and it is likely that the main informatianabtained
from receptors near to boundaries between light and deds @ the visual field.” His idea is clearly equérsl
to that described above. Kelly stated his concludingiposnuch more succinctly “Our results suggest that

retinal image motion (scene to photoreceptor mossitt)gsine qua norof vision.” The parenthesis was added for
clarification.

The extreme sensitivity of the visual system, as agllhe small diameter of the photoreceptors, makes
experimentation in this area difficult. Only a fewdstigators have been able to achieve a sufficiemiynloise
level in their instrumentation to demonstrate the games of the fine tremor motion used by the eyes ¢ocome
this lack of intrinsic imaging capability.

13.7.1 Basic architecture

13.7.2 Summary of reported results

13.7.3 Consequences to the laboratory investigator

13.8 Abbreviated Pathways

[[look at Limulus and maybe a few words about Insectaauit bipolars and therefor few gap junctions also ]]

13.9 Summary

[*****consider making this, combined with 13.11, a PART D Sumsnar
[*****review Werblin & Dowling (1969) in Abrahamson (‘81) beferfinalizing this summary]

®Ditchburn, R. (1976) Light. NY: Academic Press. Pg. 773
8Kelly, D. (1979) Motion and Vision: 1l Stabilized spatiemporal threshold surface. J. Opt. Soc. Am. vol.
69, no. 10, pp. 1340-1349
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The overall signaling system of the animal eye igxgeedingly effective (and efficient) one. It utilizbe very
minimum number of widely different mechanisms in a uniopger to achieve nearly perfect performance over the
broadest possible range of input conditions. After ammim amount of time, any large signal input is
compensated for and the overall small signal output resveatrue representation of the overall contrasteén th
small signal input.

Large signal compensation is performed entirely withimftrst signal processing mechanism, i.e. within the
photoreceptor transducer (the primary part of the outgmeet) and its interface with the first sensing neuron
(part of the inner segment). This one compensatiahar@sm controls both the optimal operation of the
individual photoreceptor channels within the eye oveextrnemely wide brightness range; it also controls and
provides the so-called color constancy aspects ofrvisince it occurs in the individual color channels kethe
signal matrixing function which provides the signals ® inain which in turn support the psychophysical
perception of color.

There is no requirement for metabolic energy to beigeo\vto the transducer of the outer segment. It is a non
living entity, acting analogously to a piezo-electrigstal; its electronic state is raised by input photacitation
and its electronic state is lowered by the act oftegithe neuron associated with it.

The exact performance characteristics of the neurswcded with the individual photoreceptor are difficult to
measure because of; the size of the neuron and thiesfaatput function operates in the current mode. Tl on
voltage that can be accurately measured is that asmbeiith the input capacitance of the next circuit, thaleg

mode "bipolar” neuron. The photoreceptor neuron is pragtably the highest frequency sampling neuron in the
animal body. It can utilize a high sampling frequencyabse the output signal does not have to be relayed further
by any other binary mode neuron. The high sampling freqyukeads to a large metabolic power consumption per
unit cell volume.

The interconnections of the Outer Plexiform Layereadeemely complex and variable over the map of theaeti
They have been optimized for an individual species @ray enetic time scales. As indicated above, the miode o
transmission between photoreceptors and the bipolabm&@ppears to be an electronic one; the neuron afrone
more photoreceptors provides a charge that is integratdteanput membrane (capacitance) of the bipolar
neuron.

When discussing retinal neurons, the reader must beittvefeparate the histological (and historical) dabnit
of a bipolar cell (a neural cell with two definable fams on opposite sides of the cell body) from the fionet
definition (a neural cell exhibiting an analog or contins transfer characteristic typified by positive and tiega
signal excursions about a reference level). In fdlobf ghe neurons of the Inner Nuclear Layer of ietgrhere are
defined functionally as bipolar, they process bipolarafoalog) signals.

When describing the functional characteristics oféhesurons, it is important to be more precise thaherpast.
While it is true these neurons algebraically sum tipatisignals to that cell, the signals actually reprettent
logarithms of the photon input signals. Furthermorepfany of the neurons, the signals are not summed at the
input of the cell but at the output. The input signalshiametionally isolated from each other. Itis the emts
generated by each in the inputs which are summed at patautde. Thus, the analog neurons of the retina create
an output signal which is proportional to the algebraic efithe individual input signals--where these signals are
logarithmically related to the photon flux exciting the fneceptors.

A few of the bipolar neurons of the Inner Nuclear lragenerally labeled the "midget bipolars" appear to ccinne
to only one photoreceptor at their input and serve oné/ganglion neuron at their output. They operate asesimpl
analog amplifiers to cause the proper excitation of tinglgan cell. The many other morphologically identifeab
neuron types in the Inner Nuclear Layer perform theyntamplex signal matrixing functions of the eye.
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Secondary Signal Processing can be delineated into:

+ First order processing
"Alarm" notification
spectral summation
initial spectral differencing
+ Second order processing
secondary spectral differencing

The major part of the first order signal matrixing fuantis probably not color related. It probably invalve
aggregating the outputs of many photoreceptors in a non-stionnmaode, i.e., providing an output when any
individual input exceeds a threshold, in order to providertheimum possible sensitivity to change detection
anywhere in the field of view--a situation associatéth "alarm". This summation involves all of the
photoreceptor channels; short, medium and long wavelengtlscriminately.

Function "A" of the first order color signal matrixingmas the short, medium and long wavelength color related
photoreceptors to provide a wide overall spectral seitgitiThis channel operates in a three color "madeler
highlight level conditions and provides the observed "gfiot spectral response of psychophysics. Under low
light conditions, the signal level of the long waveldn@fsquare law") channel falls relative to the ottves
channels resulting in the effective summation of jostshort and medium channels into what is known and
reported psychophysically as the "Scotopic" spectral respo

Function "B" of the first order color signal matrixingbséracts the signals from the short, medium and long
wavelength photoreceptors to provide a psychophysical pténeof color. This is a relatively coarse indioati
based on only three maxima and three null points ardundgectral triangle.

In a typical amplifier, it is merely necessary torgase the gain to convert from a signal
summing system to a thresholding system for generatiagtiasignals. Similarly, by reversing the sensiivof
one or more of the inputs to the summing amplifier, subion is accomplished just as easily as summation.

The second order color signal matrixing subtracts thea8dgrom the first order color matrixing and thereby
provides a second set of difference signals which pro@ddgional cues concerning the perception of color én th
input image.

The basic visual sensing plan and the first order eokdrixing are clearly in conformance with the "Young-
Helmholtz Theory" of color vision--only three phatoeptor types are utilized to detect full color visiamg &0
subsequently perceive the Photopic spectrum under high ilatimmconditions and the Scotopic spectrum under
low illumination conditions.

The second order color matrixing plan is clearly a soaf¢elerring Theory" signals--only, most interestingly
a more complete form than generally attributed to IHgreind the Herring School, i.e., there are threecfétae
color differences not two and there is no output astegtiaith a black minus white signal.

The vision related ganglion cells accept primarily,df exclusively, analog input signals from a variety qiokar
neurons and perform the basic modulation function. Toeived signals are voltages and the output signals are of
the time delay modulation type on a nominal frequenayerar That is to say, under null conditions, the gamglio
neuron will fire at a fixed time delay after its previdusig. This time delay can be reduced or extended as a
function of the voltage on its input node. The gangliearon is typically "wired" to increase its firing ratethe
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presence of higher illuminations and to lower its firmate in the presence of lower illumination signalfis
appears again to be a genetic choice related to am'atggndrome.

The ganglion cells operate as blocking (or relaxationijlators in the language of electronics; a type thas w
widely used in the vacuum tube era of the 1930’s-50’s. Wheneasanimal neurons are acting as repeaters of a
binary pulse signal and are of the driven class of bhackiscillators, the visual ganglion cells are affected b
bipolar analog signal at their input and are of the fueging class of blocking oscillators.

The fact that the ganglion cells are free running lagoils provides an interesting additional capabilitythia

absence of an input illumination signal, the oscillgi@vides a series of equally spaced output pulsed. The higher
cognitive centers of the brain can use this “superyisigmal” to confirm that the signaling channel isniarking

order but receiving no information from the precedingugiry.

13.10 Pharmacology

In reviewing the signal path diagrams presented aboieagparent that pharmacological preparations can have
many different effects on the vision system. Lookd#ghe straight through path &figure 13.10.1-1Figure
13.4.0-1] it is seen that a pharmacological preparation couldghéhe conductivity of the signal paths,
particularly in the dendroplasma and axoplasma,; it coulddissapt the liquid crystalline lattice of water
molecules in the narrow space of the gap junctions, l@adiiilar space within the junction spaces interodhé
various cells. By blocking access to the cell walsrietabolic materials, the voltages and impedancdseof t
various power sources could be altered. Similarly, lmypgimg the characteristics of the cell walls, the afeg
voltages and impedances of the various power sources @ultabged; this is particularly important with regard
to the outer membrane impedance in the collector tiofuhe Type AT activa of the photoreceptor cellcsiiit
would have a distinct effect on the sensitivity of dye with regard to illumination level. However,dtmore

easily recognized in the laboratory through the changaiious resting potentials and their subsequent change
with illumination.[[ provide ref. here ]]

Figure 13.10.1-1 Pharmacology EMPTY
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