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Tertiary Signaling 14- 1

14 Tertiary Processing--Signal Encoding, Transmissn &
Decoding*

This Chapter remains in editorial review at this time. However, the materials in some
Sections are important and need to be available for comment as® as possible. Since
tertiary processing is applicable to all sensory, motor and CNSignaling, the chapter is
being broadened to apply to all of these applications. Some 8ens will only be of interest
to selected readers.

14.1 Introduction

The primary reason for the existence of tertiary diggas one of efficiency. The primary responsibility
tertiary signaling related to the afferent neural systeto connect the sensory neurons of each sensidglity in
the peripheral nervous system to the central nervaisrayefficiently. It has a similar responsibility
connecting the CNS to the remote elements of tleeesft neural system. In the higher animals, it hésba
similar responsibility to interconnect the myriaddamdely dispersed, individual engines of the CNS efficientl

Tertiary signaling consists of a group of mechanism dhnafclosely related functionally but quite disparate
technologically. At the top level, these mechanigmkide:

1. Electro-magnetic signal propogation over specializeelfmated) axons in place of the previously widely
assumed transmission by electrical charge diffusion.

2. Computational anatomy, the spatial rearrangementrafiplaneural signal channels, to achieve complex signal
processing objectives without requiring transcendentaltztions (such as a Fourier transform or other
trigonometric calculations)

3. Signal route conservation through sophisticated sigathl sharing and dispersed signal processing engines.

Much of the material in the initial sections of tidhapter may be unfamiliar to the reader. To undergtand
operation of the signal processing associated with sjgmogction within the neural system requires some
knowledge of signaling theory, a subject far removed ftonventional biology, is necessary. Some of the
material may appear ethereal in the absence of the@mpte formal training. If the material Bections 14.2
throughSection 14.4appears entirely foreign, the reader can proce&edttion 14.5vhich concentrates on the
implementation of the signal projection circuits aésslabstract level.

The coding mechanisms used in biological vision are gopdisticated. The variety of techniques used has only
been rivaled in man-made systems introduced commereiatlyindustrially during the 1990's. As an example,
the system appears to employ diversity encoding to retieceumber of physical signal paths within the optic
nerve to a number far below the number of photorecegiboutputs. Yet little information is lost that is
important to the animals well being. Only less imanttinformation is lost. Diversity encoding has ordgently
appeared in commercial products under one of its subcategspiead spectrum technology. Equally important,
the visual system does not attempt to transmit statyjoscene information to the brain repeatedly. Iy on

'Released: 8 November 2005



2 Processes in Biological Vision

transmits changes in scene details. This approactebastly been implemented in satellite-to-home telexiin
order to transmit hundreds of television signals withim space usually used by only a few.

14.1.1 Original perspective of chapter

The initial focus of this Chapter was to be on tharelter of the signaling path between the signal priogess
elements of the retina and the central nervous systemas originally described as Stage 3 in the visystesm
because of its sequential position following the signat@ssing within the retina, Stage 2. This signaling st
the dominant, although not exclusive, constituent ofbgphological feature generically known as the optic
nerve. However, it soon became clear that thps tf signaling path had much wider utilization within Wsual
and nervous systems. It is the method of choice wherktis necessary to project signals over distagoester
than a few millimeters. Thus the signaling techniquesl uis the optic nerve are the same as those used in the
commissure connecting various engines within the cenéraous system (CNS). They are also the sameoss t
used in both the efferent and afferent paths of th@lperal nervous system (PNS). In the general caséglibk
Stage 3 can be used to generically describe any signattooj circuit within the nervous system. In the
hierarchal sense, the label applies to the signaliigineting with the ganglion cells of the retina and terating
with the stellate cells of the CNS. However, dltree commissure and all of the signal paths of the BiNf8e this
same topology, although different morphological namesrageiently assigned to the originating and terminating
circuits (neurons). In all of these channels, thelldNode of Ranvier is used to describe the signal regéng
features found along these signal paths.

There is a significant problem in comparing the proposeinmeance of Stage 3 circuits with the available
literature. First, no data could be found that actuabijaited only the Stage 3 circuits and quantified their
performance. The data has traditionally been obtaigesfimulating the visual system with light and recording
stream of action potentials at some location invikeal system. The resulting data represents the respbns
Stage 1, Stage 2 and Stage 3 circuits (and sometimes Stiagait4)dn cascade. Second, the selection of the
recording point has generally been opportunistic. Eitheretina, the LGN or a location in the occipitattex

has been probed until a pulse stream was located. $pense of this pulse stream to imaging light has them bee
determined, generally using broad band spectral filtetsdidlanot isolate an individual spectral channel. Third,
lacking an adequate model of the visual system, the ratpudse streams have not been adequately identified as
to their purpose or to the signal manipulations precedieig thcording. This has led to discussions focusing on
selected signals from a matrix of center-surround conedmese the center and the surround may vary both
spatially and spectrally (in an uncontrolled manneQurth, many investigators have impaled a ganglion (or
eccentric) cell in the region forward of the hillockhe waveforms recorded at such a site is very comptex.
frequently shows one or more action potential pulses supesed on the analog waveform causing the action
potentials. The data of Purple & Dodge discussed belowraifies this format well. Their data does not illugtra
the detailed performance of Stage 3. However, it ceorbieer deconvolved to give a clearer insight. Care is
required in interpreting these waveforms. As a resuliege problems, data in the literature may be intergpre
differently based on the model proposed in this work thasas in the original publication.

Fortuitously, the signals recorded by probing the axorgahsat of ganglion (and eccentric) cells exhibit both the
output signal, F1, from the circuit superimposed on an amglifersion of the input signal, E', driving the circuit
(the notation is explained below).

Most of the earlier investigators have shied awamfrecording luminance channel information becauseeof th
difficult in locating channels that do not produce a cadus stream of action potentials. After locating a
continuous stream of action potentials, the investigdtequently note that the input stimulus either causes a
increase or a decrease in the frequency of the gotiamtial stream. They have then spoken of an oaff-or
signal, in terms of whether it causes an increasedmcrease in this frequency, without any referenteeto
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intervening signal processing creating the pulse stre@sra result, confusion has been inherent in attempting
describe these signals. This framework of terminolaag/not contributed to an understanding of the operation o
the visual system.

It will be shown here that continuous action poteridke streams are inherently associated with bip@aaks
(not bipolar cells) resulting from signal processing age 2. It is important to determine whether theseatsgn
are created in the first lateral matrix, the secoier#h matrix or as part of a diversity encoding matrsoamted

with Stage 3 before attempting to characterize themly @ this way can the appropriate designation be applied
to them..

14.1.2 Plan of discussion EXPAND

The signal encoding and decoding function in animal vie@Es not received the attention it deserves in tlhe fie
of vision research. This is due to three reasons:

1. The physical difficulty of accessing the individualneémts of the system for signal recording purposes. While
it is relatively easy to penetrate the axonal memb(arolemma) and contact the axoplasm with an elektrica
probe, it is much more difficult to access a dendroplaspodaplasm.

2. The failure of the biological community to recognize intrinsically electrolytic nature of the nervaystem.

3. The relative sophistication of the encoding schemvb&ch has not been recognized in the past by thedlpi
biological investigator who had no training in signatlanodulation theory.

In general, the purpose of Stage 3 signal processing (subfgdade described as signal projection) is straight
forward:

1. Encode all of the information received by the inpeurons in as compact a form as possible compatilthe wit
efficient recovery of the data at the output neuronsgusimple realizable circuits.

2. Provide a signaling method that insures minimal sitpsal (and signal distortion) over the signaling path
lengths required.

3. Provide adequate signaling circuit reliability over lifeespan of the animal.

This chapter will develop the details associated witth ed the above purposes.
14.1.3 Background (using vision as a framework)

14.1.3.1 Fundamental physical architectures of the Phylogenic Tee

[xxx move this material to PBV chap 1 or 2?7 ]

The visual system in each phyla exhibit a different funelatal physical (morphological) architecture. The form
of this architecture can be related generally to tinetfonal requirements dictated by the environment ocdupie
the animal. These requirements are hierarchal and bégi very basic level. They include requirementsedi
to:

+ The circadian rhythm (if any) of the illuminatioouind in the local environment.

+ The operating cycle of the animal (generally assediwith its internal temperature environment).
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+ The life expectancy of the animal.

+ The location of the eyes relative to the remairadéhe body.

+ The distance between the retinas and the nearesicgient signal processing functions (engines).
+ The flexibility between the eyes and the local porif the body

As in other features found within a Phylogenic Treeretis frequently a large variety of mechanisms and
madifications introduced within different species to ofitertheir functionality within their environmentaiche.

In some primitive and transitional types, it becomdgcdit to separate the circuit elements into cleakdjined
stages. Limulus is a clear example of the merging ofitireal processing and signal projection functions within a
single neural circuit. The following discussions areglesil to highlight the nominal architecture of the diffiére
phyla and do not attempt to describe all of the vamatiberein.

14.1.3.1.1 Architecture of Arthropoda

The simplest visual and neural architecture beyond theghats ofAnnelidaappears to be that Afthropoda
Gouras has provided an architectural plan and other iatommfor the visual system of honey beds shown in
Figure 14.1.3-1 the retina of the eye is immediately adjacent t@ subsection of, the brain. All of the axons of
the photoreceptors are very short and synapse direitfiyttve neurons within the Lamina, LA. The length of
these axons is normally measured in microns. Gousake$mo note of any tonic signals between the
photoreceptors and the Lamina. He does note toniclsigaeng passed between the feature extraction engines of
the brain, primarily between the medulla, ME and theli®, LO. There are no eyelids or other muscle-otiatt
features associated with the eyes that would requirelsigmbe fed back to the eyes from the brain.

It is proposed that there is no Stage 3, involving signgjection by action potentials, between the retimé the
first signal extraction engine of the brain in mogtat all ofArthropoda

*Gouras, P. (1991) The Perception of Colour. Volume 6 abNiand Visual Dysfunction. Boca Raton, FL:
CRC Press. pp 276-277
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Figure 14.1.3-1 Architecture of the visual system o  f Arthropoda , specifically the
honey bee. Note the notation referring to the tonic component of the neural signals
leaving but not entering the lamina, LA. Seethes  ource for the details related to this
figure. From Gouras, 1991.
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14.1.3.1.2 Architecture ofMollusca

The physical architecture found in (particularly the higinembers of Molluscais quite different from
Arthropoda As seen irFigure 14.1.3-2from Young, there is a much cleared differentiatiorwben the neurons
of the retina and the neurons of the first featureagkibn engines of the brain. While the distancesarerahort

in many smaller species, they can become substamtiaé largetCephalopods Furthermore, to effectively
occupy its environmental nich€ephalopod$iave a need to image their surroundings without relyingxoernal
motions. This is most effectively accomplished bying the eyes relative to the head. Thus, therenisea to
hinge the eyes relative to the head of the animadaat relative to one axis. This functional need ajgpea
account for the crossing of the neural paths betweenetina and the brain (that only occurs relativerte axis

of vision). As a result, the line of fixation of tkge can be made to oscillate in one plane relatitled scene.
While the motion only amounts to a small fractioraafegree, it is commensurate with the magnitude of the
tremor found inChordata In the architectural context, the extended lengtheftxons of the photoreceptors and
their crossing on the way to the brainMolluscais analogous to the optic nerves and optic xx€lrdata The
literature reports a different method of packaging of toma within the optic nerve dflolluscacompared to that
in Chordata In the nominal case, the axondilluscaare not myelinated. Myelination of individual axons
plays an important role in reducing the capacitance pe¢length of axons. To overcome this shortcoming, the
optic nerves of Mollusca frequently employ another capace reducing mechanism. The axons are closely
packed.

Figure 14.1.3-2 Architecture of the visual
system of Mollusca. From Young (1971).
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14.1.3.1.3 Architecture ofChordata

The physical architecture Ghordatahas been designed to provide maximum rotational flexilhktween the eye
and the eye socket. When combined with the potemtiational flexibility between the head and the bodig th
flexibility leads to a very flexible system for survegi(and searching) a very wide total field of view.tHa case

of some chordates, the eyes operate independently.alltws even greater flexibility in surveying essetyial
complete spherical object space. This capability reguioasiderable lengthening of the optic nerve betwesen t
retina and the initial feature extraction engines eflihain, particularly in the larger members of the pimyl

Virtually no research has been reported concentratinp® length of the optic nerve @hordata,or more
specifically in humansFigure 14.1.3-3provides a simple plan view of the visual path in hundesigned to
emphasize the required length of the optic nerve, and iimaartantly the individual axons from the
photoreceptor cells. The minimum axon length is typjoatk mm and the longest may exceed xxx mm when the
circumferential length of the retinal cup is consider&étiese distances place a requirement on the visuairsyste
minimize signal deterioration when projecting signalerdhese distances. The requirement relates to emger
distances in other species. It is this requiremeritittitzally led to the use of myelinated axons, theaduction

of pulse encoding and finally the introduction of NodeRafvier inChordata

When viewed from a three dimensional perspective,
the eyes of the human have been placed very close fo
the midbrain in order to minimize the distance
between the retina and the initial feature extraction
engines located in the midbrain. Similarly, the
distance between the superior colliculus and the
oculomotor neurons has also been minimized.

14.1.3.3.2 Description of the signal
projection paths in Chordata

By examining an overall block diagram of the visual
system ofChordatg the signal projection paths are
easily highlighted. These paths include both the
afferent signal paths associated with sensing and th
efferent signal paths associated with pointing, focus
and light intensity control. These paths are
highlighted inFigure 14.1.3-4 The path leading to
the original definition of a Stage 3 functional circuit
is shown in the upper left. However, all of the Figure 14.1.3-3 Architecture of the visual

enumerated signal projection circuits exhibit the samg/stem of Chordata . Empty xxx
functional characteristics as this initial path.

1]

As discussed and illustrated in Chapter 15, there are hundredsthousands, of commissure within the brain.
These are all signal projection circuits with operaiarharacteristics virtually identical to the projeaticircuits
within the optic nerve. There are also inputs froheotsensory systems that all arrive at the brairsignal
projection circuits. All of the efferent signals fratre brain leave via signal projection circuits simitathose
defined for Stage 3 visual circuits.
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Figure 14.1.3-4 Top neural block diagram of the vis ual system of Chordata
highlighting the signal projection paths (within th e dashed boxes).

14.1.3.3.3 Detailed architecture of the initial Stage 3 paths @hordata

Figure 14.1.3-5repeats the architecture of the signaling paths develog®ection 2.8. It illustrates the technical
challenge involved in achieving the high degree of stratfueedom between the eyesGifordataand the brain

and skeletal systems. All of the important informatiollected by the retina must be transmitted to thalover

the minimum possible number of individual signaling chasif@kons). The number of channels is approximately
one million in human vision. To achieve the necgsphysical circuit reduction (from the initial #6hannels
associated with the photoreceptors), it appears thensystploys diversity encoding where feasible. This
technique will be discussed briefly latter.
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Figure 14.1.3-5 Fundamental architecture of the sig  nal projection paths of chordate
vision EXPAND.

14.1.4 Introduction focused on hearing

The hearing modality employs the same circuit topologlgiwiStage 3 as does vision. Because of the nomirmal on
dimensional character of the hearing signals assdowita one ear, it is simpler to interpret and illustrdte
fundamental features of the Stage 3 signal paths in lgeafihese paths

The subject of this chapter is the transmissiongfalis between node E’ (the emitter terminal of thevaAowithin
the encoding neuron) and node G (the collector ternoiinile decoding neuron) of the auditory system as shown
in Figure 14.1.3-6 . Frame A provides a block diagram of where Stage 3 téraué found in the neural system.
Frame B provides a fundamental Stage 3 circuit configurafidrs circuit includes one or more Nodes of
Ranvier. It is important to note that Nodes of Rangissociated with the spiral ganglia, within the aceghherve,
may occur before or after the soma of the neurons Hints at the lack of a neural role for the sortta.role

within the neuron is limited to homeostasis and growth.
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Figure 14.1.3-6 Stage 3 afferent signal projection overview. A; a block diagram

suggesting the ubiquity of stage 3 circuits. The ¢ rosshatched paths represent the

highly parallel circuits within an individual chann el. Each of the crosshatched
segments contains multiple synapses in parallel. T he segments between Stages 1
& 2 represent Type N & B neurons. The segments bet ween Stage2 & 4 contains
multiple numbered signal types, including Types I t hrough V. Each of the multiple

projection neurons within each Stage 3 segment cont ain multiple Nodes of Ranvier.

LOC = channels originating within the lateral super ior olive. MOC = channels
originating within the medial superior olive.B; the fundamental, end-to-end Stage 3
circuit. C; variants related to the stellate decod ing neurons of hearing.
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[xxx Provide word picture of above figure. i. e. TRN consaoth PGN & MGN., etc.

[xxx not all nodes (engines or lesser ganglia) of the aydsystem between the trapezoidal body and the mid
brain are shown

Figure 14.1.3-7

The Stage 3 encoding neuron is generally described
morphologically as the ganglion neuron if it occurs
orthodromic to the sensory neurons in hearing.
However, this same functional neuron occurs at the
output of every signal extraction engine of Stage 4
(and nearly all the engines of Stage 5 as well). The
signal decoding neurons are frequently described
morphologically as stellate neurons in vision. They
have been similarly described by a long list of the
leaders in the hearing commurityUnfortunately,
these functional neurons have taken on a variety of
whimsical names in the recent literature, particularlyj
those within the cochlear nucleus. In this work, the
stellate cell is the generic name for all neurons
receiving pulse signals from more than two
millimeters distant and decoding the information
carried by those pulse streams into analog signal
information. This is a more appropriate description
than the less precise variant in Manis, et. al. The
decoding mechanism is also more complex than
described by Manis, et. al. and their reference to
Young et. &. Describing these mechanisms is a
major goal of this chapter.

Frame C provides an initial description of the variantfigure  14.1.3-7 Fundamental circuit
of the Stage 3 stellate cell decoding circuits used in dijagram of hearing EDIT labels to show
hearing. These variants are designed to decode bOtHearing instead of vision From 11.7.2.1 in

the monopolar amplitude signals and the time-delay .| . . . .
modulated difference signals (which support the  ViSion. May combine with previous figure.

awareness mode of operation), and provide detection
of the first action potential within a stream ofiantpotentials. This action provides the earliest iptssignal to
the Alarm mode of the system.

3Manis, P. Marx, S. & White, J. (1996) Integrative mechkarsi of ventral cochlear nucleus stellate dells
Ainsworth, W. Evans, E. Hackney, €ds.Cochlear nucleus: structure and function in relatianadeling.
Vol. 3 Part A of Advances in Speech, Hearing and Languegeessing. Greenwich, Ct: JAI Press. Pp 213-
229

“Young, E. Robert, J-M. & Shofner, W. (1988) Regularity aatdrcy of units in ventral cochlear nucleus:
J Neurophysiolol. 60, no. 1, pp 1-29
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The role and characteristics of the signals employestisige 3 signal projection have not been studied
systematically in the auditory system. Most of thvity has been relate to recording the time oflé@eling edge
of the pulses in a pulse train and plotting the resulés“asriod histogram.”

14.1.4.1 Background literature from hearing

[xxx check whether Liberman & Kiang contribute to thister ]

Most of the data related to stage 3 projection neuroralsign hearing have related to the cochlear nerve (or
auditory nerve) emanating from the spiral ganglia. Fretyitre signals from the IHC to the spiral ganglia are
called type | neurons and those from the OHC are cylfelll neurons. To avoid later confusion, these aiffer
neuron types will be labeled type B (broadband) and tyfrealrowband) respectively in this work. Following the
cochlear nerve, the various signal types, of whichetlage many will be identified by type number using roman
numerals.

Schwartz has reviewed the morphological charactesisfithe neurons of the spiral gangli®he has provided
statistical data on the size of these neurons imltsiro rat. She has also divided them into two morugioél
classifications. The first consists of larger myated neurons with the second consisting of smaller elmayed
neurons. No discussion was presented concerning theageons rate of action potential generation between
these two classes. A figure is presented attemptingecpiret the data available concerning the innervatfdghe
sensory neurons over time. The idea that the twstgpprimary auditory neurons have two different periphera
innervation patterns was refined by Kiang, et. al, 19&pwn & Ledwith have discussed two classes of afferent
neurons as well as two classes of efferent neurdatedeto the spiral ganglia based on morphdlodhey discuss
(in text) both the process synapsing with the senseumyams and those synapsing with neurons within the eachl
nucleus. They did not summarize the properties of thesseons in a clear and concise table. Much of their
material relates to the imminent Stage 4 signal prowgsgthin the cochlear nucleus.

Brown & Ledwith describe the orthodromic axons of the cochlear nerve. The type N axons “are
typically thin and unmyelinated, making it likely that impulses are conducted slowly along them.”
The type B processes synapsing with the IHC are generally my elinated. They assert the dendrites
(peripheral processes) synapsing with the OHC along the out er spiral fibers (the type N spiral
ganglion neurons) are separable into three classes. “Inthe b asal turn, outer spiral fibers usually
contact only one of the three rows of outer hair cells and show i ncreasing numbers of terminals from
the innermost row (row 1) to the outermost row.” They identified swellings at frequent intervals
along the lengths of many neurons. Whether these are Nodes of Ra nvier or electrostenolytic power
sources is unknown. Brown & Ledwith offered no explanation for the purpose of these swellings.

[xxx discuss the tonotopic character of the cochlear nerve. S how cross-section. Must address both
the broadband and narrowband (roman numeral) distribution of axons within the nerve.

Much of the available data was originally presented based on the phase of one or other
characteristic relative to the stimulus. While several pap  ers have described the term absolute

SSchwartz, A. (1986) Auditory nerve and spiral ganglion celistphology and organizatidn Altschuler,
D. Hoffman, D. & Bobbin, Red Neurobiology of Hearing: The Cochlea NY: Raven Pps4-21

®Brown, M. & Ledwith, J. (1990) Projections of thin (tyand thick (type 1) auditory-nerve fibers into the
cochlear nucleus of the moudear Resvol. 49, pp 105-118
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phase, this is an oximoron. Phase is by definition relativ e to some reference event. Frequently this
phase is computed in angular measure, degrees or radians wit hout recognizing there may be a large
component in the measurements due to the delay of the signal alon g an acoustic or neural path.
This delay is due to the limited travel velocity of the signa | and is frequency independent. While
this delay component can be described in angular units at  a given frequency, this description
becomes frequency dependent. It is frequently preferred to descri  be such delays as a separate
expression, that frequently can be described as the latency of the overall circuit relative to the
stimulus.

Within Stage 3 circuits, each Node of Ranvier introduces a  fixed delay that is not related to
frequency response of the channel or the frequency content of the s ignal in any way. Describing
this time delay in angular measure usually serves no useful purpose.

[xxx re-outline and re write paragraph]

Stage 3 employs two distinct classes of neural signaling ¢ hannels, those which respond to monopolar

input signals and generate trains of action potentials bas ed on a “driven” oscillator, and those that

respond to a bipolar input signal and generate trains of ac  tion potentials based on a “free-running”
oscillator. In both hearing and vision, the application of these two classes is quite distinct and

obvious. The driven oscillators exhibit a spontaneous rate, S R, that is equal to zero (except in the
presence of extraneous noise). The spontaneous rates (center frequencies in the absence of input signal) of
the free-running oscillators exhibit a nominal valuamexx pulses per second with a small standard deviation.
When presented in a histogram, the mean SR is frequeamtiined with a broadband noise component.

In hearing, the ensemble of signals occurring withag8t3 circuits may be more complex than in vision. It
appears to be more difficult to insure near zero inpudlitioms. Additional signal processing may also be
occurring within Stage 2 of hearing that is not curreantigerstood or clearly documented.

The fact that all action potentials are positive gairyeforms has inhibited some investigators from glear
interpreting their data. The common statement thatinauli were found that inhibited action potential
generation shows this lack of understanding of the engagtimironment used. The problem has been
compounded by the non-rectilinear “rate” histogram fretydound in the literature.

As noted by Geislérthe dynamic range of signals following stage 1 withi@ auditory system “are functionally
limited to approximately two orders of magnitude.” Thighkvases a slightly larger and more specific value of
200:1. In the case of Stage 3 signals, this range is eggrass difference in action potential pulse rates, not
pulse amplitudes. Recognition of this dynamic range livag a major impact on the interpretation of many neura
“tuning curves” Gection 5.x.}.

14.1.4.2 Importance of synchronous data recording

Much of the data in the literature does not provide agw@ate description of the time characteristics of reabrde
signals relative to the temporal description of th&ahstimulus. In the absence of such data, it isdiffito
allocate the time delays associated with various pwtas the sensory modality and to define the temporal
performance of individual circuit elements.

[xxx pick up from PBV or neuron manuscripts ]

"Geisler, C. (1998) From sound to synapse. NY: Oxford Upriegss page 17 and chapter 12
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Evans noted that the action potential pulse trainséesuared in guinea-pig frequently extended beyond the
duration of the stimulus. This was particularly trueratjfiencies below 2 kHz. “In particular, mult-peak
histograms were obtained in fibres of characterfstiguency below 2 kHz. The envelopes of these histoghes
decay times of 4—6 msec. In some cases, as many akBvpa® resolved.” He noted that Tasaki (1954) had
observed the same phenomenon. The reason for thedeeyad become obvious during the discussion in this
chapter.

14.1.5 Requirements in future test protocols and equipmembnfigurations

This chapter will introduce considerable new materdalcerning the operation of the neural system. This
material will call for the use of new experimentalheicjues, particularly in the areas of data collectioth data
interpretation.

Temperature has a major impact on the chemical antliet¢@arameters associated with the electrolytics o
neural operation.The significant variations in neural system performance as a function of

temperature have not been widely recognized by the neural communi  ty in the past. Variations of a
factor of xxx are encountered between 20 C and 37 C. Fadwpble research, it is important to record the
temperature of the specimens to at least 0.5 Celsiusamyc An accuracy of £0.1 Celsius should be the goal.
Neumcke has provided an enlightening graph of the efféengberature on the quiescent voltages of the neural
system in the rét

A new theoretical analysis will demonstrate that ynafithe histogram techniques used in the past are not
compatible with an accurate interpretation of the daliected. By using modified data collection and analysis
techniques, a much more precise and simpler interpretaitibre operation of the neural system becomes
available. Two different types of histogram will Io¢roduced that are appropriate when examining summation
signal and difference signal channels. These techniglldse addressed iection xxx

The addition of some simple electronic circuitry wilba any investigator to decode the signals being trétbeth
over Stage 3 Signal Projection circuits. As a resolfyparisons will be available on a dual trace oscitips or
other recording media, between the stimulus signal anddhigalent signal being transmitted past a given point
over a specific portion of the neural system. Theofiskis new circuitry will become obvious during the
development of the chapter. The key fact is thatnfermation transmitted over the neural system doesismt
amplitude of frequency modulation. A clearer understandirtigeoiodulation techniques used will lead to a
better understanding of the equipment needed to interpisa ignals. The key requirement is that the
experimenter differentiate between signals being tramhsthising delta-modulation encoding and time-delay
modulation encoding. The result of using the wrong decedaintques is illustrated by the confusion in the
current journal and textbook literature. The detailstedl#o the new circuitry will be developed$ection xxx

14.2 Neural coding: architecture, modes & mechanisms

The circuits of Stage 3 Signal Projection are used thraitghe neural system, regardless of sensory modality and
whether the paths are afferent or efferent. Theyaed in a variety of methodologies in order to achieee

desired degree of optimization called for by the operatioeguirement. Stage 3 signaling paths involve both
signal coding and decoding, as well as route conservaabmigues and computational anatomy. These
approaches will be addressed in reverse order.

8Neumcke, B. (1983) The myelinated nerve: Some unsolvedgmsbExperientia vol. 39, pp 976
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While these techniques appear to be used throughout thed sysiemn, their application is most obvious in the
visual and auditory systems. Examples from these twieragswill be described briefly below.

The implementation of these techniques within the neysidem are not compatible with a variety of previous
concepts of neural operation, in both vision and hgadeveloped without recognizing the presence of
mechanisms using these techniques. These old concapts && used as a counter to the theoretical models
presented in this work that recognize these mechanisms.

14.2.1 The utility of conformal transforms in information analysis

Figure 14.2.1-1provides a top level description of the concepts of bpttial and temporal conformal
transformations as applied to neural information exwact The top frame of this figure concentrates onbisc
spatial conformal transform. Sensory neural pathégteday originate in the periphery (on the left) adpatially
definable surface. These neural paths are assembtephiysical groups (defined as individual nerves) as part of
the afferent signaling paths of the neural system.eM&portion of the system is stimulated, the sigredégead to
that stimulus generate a spatial pattern within onearerof these nerves. Near the sensory neurong thes
patterns are frequently recognizable in terms of tineustis. Such patterns are described as retinotopicionyis
tonotopic or cochleotopic in hearing, etc. As paithefinformation extraction process (the core purposeeof
afferent neural system), the patterns associatedangikien nerve become more abstract and eventuallyierlboib
relationship to the spatial pattern of the originahsius.

The conformal transformation concept is shown infidnere using the cross-over symbols. Such cross-overs
appear repeatedly along the afferent neural paths. Hoetjawconformal transformation, the signals are usually
processed algebraically (along with additional corredairkocesses) within one or more signal processing (signa
manipulation) engines as shown prior to the passingedfitinals to the next engine. The pattern of the signal
this orthodromic nerve frequently undergo additional can&értransformation prior to arriving at the next engine
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Figure 14.2.1-1 Top level description of tertiary s ignaling. Top; simple spatial
conformal transformations. The spatial patterns of multiple signaling channels are
frequently transposed during propagation between tw o points. Note numeric labels
on the extreme left and letter label on the extreme right. Lower left; a simple

conformal transformation involving stacking of grou ps of neural terminations.

Lower left center; a complex exponential conformal transformation. Lower right
center; a complex spatial conformal transformation by Riemann. Lower right;
conformal transformation introducing differential t ime delay.

This gradual loss of retinotopic or tonotopic organizatocurs in two phases. The most obvious phase irs/olve
the mathematical manipulations performed within théufeaextraction engines of the neural system. However
an equally important phase is that related to the cor#fbtransformations carried out by the groups of neurons
passing between one engine and the next. It is thasigoef performing a variety of mathematical compuotadi
within the neural system without employing transcendenghematics that calls for these transformatiofs.
remarkable range of computations can be performed thriweghse of conformal transformations coupled with
simple algebraic manipulations along with one other pulation. The neural system is intimately relatechto t
exponential transform. The ubiquity of the non-dimensi@xponential transform (found within every functional
element of every neuron) provides an easy method afmpairig division—and conceptually multiplication. Two-
and three-dimensional transforms are used very efédgtilso. While the mathematical manipulations areied
out primarily within the other stages of the neuratesys the conformal transformations are a featutaef
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tertiary signal processing stage. These transfornmgtan easily be seen at the gross level in the catibn of
the optic nerves and the chiasm of the visual systEne transforms associated with the optic nerve anegpily
spatial transforms. However, the transforms aststiaith Meyer’s Loops and their conjugates, Reyem’gkpo
perform a conformal transformation with respecteeti The concept is illustrated at the lowr right ie #ibove
figure. Reyem’s loops are formed by the spherical gangleural paths of the retinal layer of each oculuseyTh
present a time-dispersed pattern to the lateral geniqulgtei that is invaluable in computing the position of a
stimulus within the field of view of the eyes. Howeuis time dispersal is deleterious to further procegsi the
image information. Therefore, Meyer’s Loops are usagmove this time dispersal prior to further processing
the occipital lobe of the cerebral cort&Segtion xxxin xxx).

14.2.1.1 The arrangement of planes for purposes of coincidencedet#ion and correlation

At the next level of complexity, the luminance and chirmance channels found within the two optic nerves must
be combined into a single neural image of the enviroribefore optimum feature extraction can be undertaken.
This merging of information occurs both in the latggahiculate nuclei (for the left and right peripheraldgedf
view) and the perigeniculate nuclei (a single physiologecaity although possibly recognizable superficially as
two morphological structures). The concept is illusttatethe lower left frame of the above figure. The
implementation of the process is different for thegdegral retinas and the foveola.

One set of sensing neurons is designed to detect angpéaagen between signals related to a given stimulus as
they occur in eyes that have not converged on theiktfin the scene. Because of the lack of proper
convergence, the error messages generated for diffadBwidual stimuli may not agree. The process employs a
weighted summation process to give the best possiblsecoanvergence signal.

Subsequently, a second set of sensing neurons is redpdosilmerging the converged image information. Many
of these sensing neurons only access a particular fdayeos (the two luminance layers or individual pairthe

O, P, Q layers). Their output is the sum of the inftion provided in the pair of layers. These sensing msuro
are used to carry the information on to area 17 obtewital lobe for initial feature extraction and irger
generation.

In the case of the central retinas, the processsteres arranging the raw spectral channel data (thsinlot been
encoded within the retina) into a two-layer stack imitthe perigeniculate element that can be accesseshbing
neurons. These sensing neurons are arranged perpendidhlamptane of the stack. As in the case of the LGN
the sensing neurons of the PGN are responsible faorp@rfg an error analysis designed to provide a fine
convergence error signal and also to combine thenretion from each retina into a single retinal majpe T
output of the latter sensing neurons are directed to tvpulfor initial feature extraction and interp genevati

14.2.1.2 The more complex conformal transformations used in vision

Because of the spherical arrangement of the far-fieltsmn and the highly curved retina of mammals, featur
extraction should require the performance of very complathematical manipulations for imagery outside of the
retina. However, through the use of conformal tramsé&tions, this requirement is avoided. There are many
examples of such transformations within the neuraksystThe most famous of these representations ithiag¢
surface area of the skin of a human projected onto ageptation of the brain where the surface areaighiesl

by the density of somatosensory neurons (xxx refefhe representation is at a very coarse level but it
demonstrates the concept. At the more detailed lgaeinathematical advantage becomes more obvious. As
illustrated at the lower left center, a specific expaiaiconformal transformation is used to convertuiac
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features in object space into straight lines when pi@jeonto the surface of area 17 of the occipital’lobe a
result of this transformation, sensing neurons witlglstraight dendritic structures can be used to senseagircul
features in object spac&his example of a conformal transformation shows how the neurateyn avoids a
wide variety of requirements to perform transcendental matheoatcalculations

14.2.1.3 The more complex Riemann conformal transform in hearing

In hearing, a more complex mathematical transformrfopeed by using computational anatomy. Riemann has
developed the mathematical principles required to desdréoransform of a continuous line or surface intota se
of discontinuous lines or surfaéesThe technique is described by the Principle of Amafgbntinuation. In the
case of hearing, the human ability to appreciate maas| to the realization that the continuous mappingeof th
auditory frequency spectrum generated in the cochleariparisttransformed into a discontinuous mapping as
described in the lower right center frame of the alfijuere. In the case of hearing, each octave lengittdf of

two in frequency) segment of the cochlear spectrumpiaraged and placed in an individual layer of a correlation
stack. The layers are aligned so that harmonicdbya@ frequencies are aligned along a vertical slicautiirahe
stack. These vertical slices are actually occupiectibgisg neurons. Each of these neurons is used to summate
the harmonically related signal components from eatéwe of the overall spectrum into a single chaniiéle
signals from these sensing neurons constitute the outftatrpdelivered to the pulvinar for initial feature
extraction and interp generation. While this procedunddvbe extremely difficult to perform mathematically, it
is almost trivial using computational anatomWhen performed in conjunction with the frequency dispersing
mechanism of the cochlear partition, this mechanism entyreliminates the need to perform any
transcendental calculations (such as a Fourier Transform) witlthe auditory neural systemThese combined
mechanisms also avoid the need to implement any resonant or tieecuits within the auditory system.

14.2.2 Route conservation as a major tool in neural systems

The general layout of the neural systems associatbdvision and hearing have been described elsewhehésin t
work (Section xx¥. The feature to note here is the parsimony emplisyéiuose arrangements. Information being
passed by signals from the peripheral to the centrabosrsystem is extracted sequentially according to the
performance requirements. This is most easily sedimeiblock diagrams of vision and hearing (where alarm-
mode information is extracted from the signals pricarialytical-mode information). Morphologically, thegher
importance of alarm-mode information is seen by tis&ithution of the feature extraction engines of hearing.
Those engines related to the detection of strong impetg@nses are found in the trapezoidal body and their
outputs are passed directly to the motor system for ideeoperation of the neck and other body muscles asawell
the oculomotor and eyelid muscles of the eyes. Theyotproceed to the diencephalon or cerebral cortexédefor
implementation. These muscle groups react before giehlevel perceptual and cognitive engines have
processed the information. A similar situation is fum the various lower level reflex arcs (those fregiyerd
routinely tested by a physician). In these casesniiisele response occurs before the higher level ansrenede
processing and cognition can occur.

Both the sequence and hierarchy of information extiacire easiest to recognize in the dispersed enginles of
auditory system. Much of the original short duratiopuise information associated with the alarm-mode of
auditory operation never reach the diencephalon andredicelstex. These signals are processed within the

°Kober, H. (1957) Dictionary of Conformal RepresentatioN¥: Dover Publications, Catalog S160. pp 27
& 87 LOC Call: QA646 .K73 1957

YGuillemin, E. (1949) The Mathematics of Circuit AnalysNY: John Wiley & Sons. pp 288-315
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trapezoidal body. Following processing, commands aredéettly to the appropriate muscle signaling nodes
(like the xxx within the visual system) and only a supemyisignal is sent to the higher brain. Similar
information associated with source location basepaltinformation is extracted (probably in or nearitiferior
colliculus) and the relevant less important informai®geent to the higher brain centers. Following cogmj
commands may or may not be given to turn the organastastion to the source. (As an example, at a party or
group conversation, the subject does not turn its hefatldev each individual speaker. Instead, it attempts to
obtain maximum information by perusing the environmeatewidely.

At a lower levels within the neural system, individeahsory paths may be combined to conserve signal poogjec
assets. This appears to be a common feature of tet@®ensory system where the complete interpretetitre
character of the stimulus may require correlation dd @i@m other sensory channels. A simple example enwh
someone is told heat is going to be applied to a smesl @irhis skin and a low temperature stimulus (ice) is
actually applied. In the absence of vision, the suljydtfrequently respond as though he had been burned. An
interesting example of route conservation is the subjemtupuncture. When certain sensory neurons, particular
those associated with touch, are stimulated, the nsystdm frequently perceives a stimulation at a different
location. There is clearly a convergence of somgalehannels. In these cases, at least one paftitre neural
signaling channel is shared between two distinct sgmsarrons. Ambiguities introduced by such sharing is
frequently resolved at a higher level of the neuralesydty employing multiple sensory system correlation.

14.2.3 The translation of the analog information into the phasic domaiby encoding

Virtually no information could be found in the biologidaérature discussing the operational reasons for the
existence of the neurons associated with signal profectThese neurons are generally known as ganglion
neurons (cells) and stellate neurons (cells) in visiGanglion neuron is also a common name associathdive
encoding neurons of the spiral ganglia in hearing. Homyélve term stellate neuron has been less widely msed i
discussing the decoding neurons of the trapezoidal bodyarinige Neither ganglion or stellate neurons has been
used consistently when speaking of the encoding and decoglingns of the CNS.

The above lack of uniformity in naming based on physickl function, rather than morphology, has retarded
development of the field of research in both visiod hearing.

In larger animals, the distance between individual ersgjparticularly between the peripheral source and the
central nervous system) can be considerable, up toademeters. Transmitting a neural signal over these
distances by charge diffusion requires prohibitive amoofnésergy (power over a period of time). To alleviate
this problem, the neural system employs pulse transmisschniques that rely upon a technique that has not bee
previously documented in the biological literature. Thaguhsignals, consisting of streams of action potkntia
are propagated (as opposed to diffused) over typically myetirexons just as they are within a man-made coaxial
cable. The equations of Maxwell describe this elestagnetic propagation over the neuron. This is in cehtoa
previous assumptions that the signals are transmitted lwasLord Kelvin’s diffusion equations, as asserted
subsequently primarily by Herman and by Rall. The dedadiscussion concerning these competing high level
concepts is found iBection xxx

Figure 14.2.1-2shows the top level Stage 3 signal path formed by aespait of ganglion and stellate neurons
within a larger nerve. All of the signals applied te thput of the Stage 3 signal path are analog (electmtoni
Similarly, all of the output signals from the path an@alag. The ensemble of neural paths at the entrarece t
Stage 3 segment forms a spatial pattern at a given troftme. Similarly, the ensemble of neural paththa
exit forms a spatial pattern at a given instant. Asdhpreviously, these two patterns may be grossly differe
However, the elements of each signal path remainsaime. Between the elements of a Stage 3 segment, the
signal is propagated as a phasic signal.
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Each of the neural paths within a signal propagatiory
nerve consist of three critical components as shiawn
this figure. Each path can be described as consisting
of a ganglion neuron that is used to encode the analog
information into a phasic signal and a stellate neurop
that is used to decode the phasic signal in order to
recover the original analog signal prior to additional
algebraic processing. Nodes of Ranvier, NoR, are
frequently found between these elements multiple.
Often multiple NoR are found between a single pair pf
ganglion and stellate neurons. Each of these NoR at
used to regenerate the action potential pulse streamFalgure 14.2.1-2 Top level description of
regular intervals of between one and two millimetersthe Stage 3 signal path.

A critical feature of this neural path has caused

unnecessary errors in the literature. The Nodes o¥iRaintroduce a fixed delay into the neural path as they
regenerate the individual action potentials. The maR Bissociated with a given length of a neural path, the
greater the fixed delay introduced into the path. When arpatalists attempt to calculate the velocity of neura
signal propagation, they frequently overlook this delay@msider the total delay as representative of theciglo
of propagation over a given distance. The resulting aionl correctly describes the effective or averadecity

of propagation. However, the instantaneous velocityeofal signal propagation along an axon is considerably

higher Section xx3.

The method of signal encoding and decoding used in the reystam is discussed in detail$ections 14.4
14.5 xxx

XXX Vision related stuff

The goal of the signal coding architecture used in theal/system is to deliver the essence of the scensgmed

to the eyes in object space, to the brain in the eflisient manner possible. The resulting coding dectirre is
highly dependent on the detailed requirements placed onsiha gystem of a given species. These requirements
vary immensely within the phylogenic tree. They evary between man and the other upper primates of
Hominoidea This section will concentrate on the completdndecture found in man. The simpler architectures
used in virtually all lower forms can be seen withirstmost global architecture.

There are two major aspects to the subject of aathit@ coding relative to vision. One is the questibthe
coding architecture related to the spatial aspects oftitea. The second has to do with the methodsdihgo
the information generated by the photoreceptors ofétiea for efficient transmission to the brain.otiB of these
aspects are impacted by the bottleneck caused by theneptie. This bottleneck is imposed by a functional
requirements associated witihordata A subsidiary of these two aspects is the coding eraglaytranslate the
spatial frequencies associated with certain featuréeeiscene into a more compact signature. A revieweof
visual system shows there are a variety of coding odstiised to optimize the system. The adoption of these
coding schemes is another example of form following fonct
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Once the overall coding architecture of the visualesyss defined, it becomes apparent that the same ectiri¢
is used within the cortex itself. The techniques uselimviStage 3 of the visual system, directly related ¢o th

optic nerve, are found to also apply to all of the cossunie within the brain. They are also found to appti¢o
signal projection circuits of the peripheral nervousesyst

The techniques of mapping and encoding employed in visiosopt@sticated and relatively obscure. They are not
normally encountered in biological research. Howetlhasy are critical to an understanding of the operaifdghe
visual process. This section will discuss the highligimd a number of examples of the architecture of visual
coding. It will be followed by Section 14.3 discussingfilmectional aspects of coding and providing generic
examples of the coding used in vision. Sections 14.4 vt develop the detailed circuits actually used within
the visual system to implement this architecture.

14.2.1 Field mapping in vision

To set the stage for the following discussion, it ipantant to resolve certain issues. Contrary to tistipo
taken in many lower level texts, the retina consifn extensive array, on a highly curves surface, of
photoreceptors of only one size (within a factonvaf)tas shown by Pirenne and others Seetion 3.2.2.1 The
pitch of the photoreceptor cells does not play a sigmificole in the loss of spatial resolution with fialagle
relative to the line of sight. It is also importaatre-emphasize that the form of the sensory systdmman
vision is not that of an imager. It is fundamentallgh@nge detection system. Because of this fact,uhmah eye
is frequently characterized as achieving “super-resolyitr@solution beyond that calculated for a pixel based
imager.

As discussed earlier i@hapter 2, the mapping of the object field onto the retina obmplex eye is a very
nonlinear geometrical process. The lens/cornea catibn is a very sophisticated “thick lens” system ayiplg
graded index materials. The back focal length of thesyst a strong function of the field angle with respect
the optical axis. The result is a very high degree afng#ac distortion. Although the photoreceptors of tena
are all of nearly equal diameter, resulting in an egsgntonstant resolution in retinal space, the geoimet
performance of the optics results in a much poorerihigitesolution in the periphery of object space. Becthse
effective aperture of the optical system varies withdfangle also, the resulting F/# of the system islpear
constant. As a result, the illuminance of the resgltmage relative to the scene illuminance is almasst&nt
with field angle.

It is the limited resolution of the optical systermian, rather than the limiting resolution of the pheteptor
array, that is usually reported in the literature.

The detailed mapping of the object space of a given viysém into retinal space requires a complete ray tface
the optical system. Because of the complexity of timadn optical system, such a ray trace will not be pieai
within this work.

14.2.1.2 Retinal field mapping

When discussed in the literature, the relationship letviee retinal map and both the neural paths of the opti
nerve and of the cortical projections are usually spake&onceptually. There is little material describihg t
mathematical (or geometrical) transformations emmloy@ most cases, the authors speak of the degree of
convergence needed between the number of photoreceptbesrietina and the number of nerve fibers in thi opt
nerve. This ratio is usually given as between 100 and 1&#ilem the assumption that the neural paths in the
optic nerve are individual hardwired circuits dedicatedriretio a specific photoreceptor channel. This is an
overly simplistic assumption.
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Understanding the operation of the pointing and shuttéerayeads to an understanding of the spatial encoding
by the retina and subsequent decoding by the cortex thasaluch excellent spatial discrimination capability to
be performed using only the limited number of neural §ilfeund in the optical nerve bundle. This capability
employs two separate techniques; a short term menwagst capability similar to the full frame memory atge
used in modern digital television transmission, and aoding system of the n-ary type. The advantage of the
full frame short term memory is obvious, the retich only transmit changes in the scene that haveredcur
within the last frame interval, an interval knownbimless than 1/20 second in most cases and closabor étethe
fusion frequency of the eye.

As an incidental note, it can be pointed out that trainal pulse interval of the midget
ganglion cells associated with the chromatic chanofelssion, is 1/30 second.

14.2.1.2.1 Retinal mapping requirements in man

The system requirement applicable to a specific aniarabe subdivided into a small group of individual top level
requirements. These requirements are most easilgdaiathe modes of operation of the eye, which aterim
related to the phylogeny of the animal and its enviremtal niche. A catolog of the operating modes of the
human visual system will be developedSection 15.2.5 For the human, the number of top level operating modes
are two, the awareness mode (shared with other ag)imadl the analytical mode (most highly developed in man)
One of the primary purposes of the awareness modeales/gbop alarm signals correlated with the dangers
perceived by the animal. These perceptions are basedyhen learning. How these alarm signals are psazs

is highly species dependent.

The awareness modeth the awareness mode, the eyes have the respigsibileporting significant changes
within their instantaneous field of view to the CN®mptly. If the characteristics of these changes farsmall
set, it is possible for the system to extract thésgacteristics early and reduce the volume of datantinat be
sent to the CNS. Similarly, if some of these chamastics are only required to exhibit a certain aacyrtne
volume of data can be controlled appropriately.

In humans, and most chordates, the awareness modereqjuned to describe the nature of an object in the
peripheral field in spatial detail. The detailed paransedee obtained in conjunction with the analytical mand
the ability of the system (eyes, neck and torsojMog the line of sight to concentrate on individual area
sequentially.

The alarm path— Except for the fovea, the system requirement is tteabtain receive information as to the
location of a change in the illuminance of a pixel witthe retina, and, if a sustained change, the relatieage
in amplitude of the illuminance. There is no requirentkat there be an individual direct connection betwaeen
neuron of the optic nerve and a photoreceptor. The egaint is more closely related to the “packet”
transmission mode of the INTERNET than the continwiesiit mode related to a leased telephone line. In
developing the detailed performance of the retinal mappistgrs, it is important to appreciate this difference.

The Analysis mode- Following an alarm, the line of fixation is normathade to coincide with the line between
the aperture of the eye and the source of the alatme. system requirement is that the line of fixatiomiaele to
scan the source of the alarm in order to ascert@mature of the object causing the alarm and its prebatgnt.
This requirement calls for relatively intense utilipatof the signal paths between the fovea and the highe
cognitive centers. It is likely that the neural patisvbetween a small group of foveal photoreceptors and the
cognitive centers are analogous to the “leased linalogy mentioned above. These appear to be the neural
circuits that go to the pretectum area of the braipgdng to this location, the neurons provide the lpassible
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circuit delay around the servo loop that includes the rasgmtrforming the physical scanning function.

The missions of both of the above modes can be aalgimd using only luminance information. However, they
can be performed better if chrominance informatioals® available. It is therefore likely that theaminance
circuits parallel the luminance circuits in some sendmth modes. Determining the relative importancinef
chrominance and luminance circuits, especially in teshiield position, is one of the most difficult in
psychophysics.

An additional underlying requirement is that the religpitif the system not be degraded by the mapping
operation.

The subject to be addressed is then; how are the siggsisiated with the awareness and analytical mode, an
any auxiliary alarm signals coded for transmission éofain. The fundamental question is best understood by
examining the awareness mode first.

Other authors have divided the visual function into facad ambient sectioHs It appears their ambient division
is similar to the above awareness mode. Their fiwédion appears to encompass many of the elementary
functions of the analytical mode.

14.2.1.2.2 Retinal mapping requirements of the awareness mode

As noted above and earlier in this work, the visuaesyqin the absence of tremor) is a change detesyistem.
This is due to the presence of a zero in the frequarsponse of the transfer function of the adaptation &iergli
of the photoreceptor cells. In animals not exhibitiregnor @rthropoda mostMolluscaand lowerChordatg,

this greatly simplifies the awareness task. The andoes not “see” anything in its visual field of vielat is not
associated with changes in illumination level at theelgievel. The problem resolves into a simple one of
specifying where in the field the change occurred. Eogy simple animals, this reduces to the problem of
specifying which simple eye (or photospot) sensed thegghaln some of these animals, the output of the
photoreceptor cell is connected directly to a muscleflggit is the immediate response. In more advanced
animals, triangulation, based on the information feaweral photospots, several simple eyes or severabtdian
within a compound eye, may be used to determine the idimenftthe threat prior to flight.

The reader should be cautious, any motion of the lirsggbtt of the animal relative to object
space will cause a change in the illumination levehast of the photoreceptors in its visual
system. Thus any sudden motion of the animal will geeean “image” of object space for a
short interval. Rhythmic motions can generate a qu@sginuous “image.” These motions are
frequently adequate for species identification, mating @nerdunctions.

An important conclusion can be drawn from the electsjgggy of all animals. No example of calculations
involving transcedental functions (trigonometry) bymalis could be found in the literature. The calculatemes
made based on two or more perpendicular axes. The caloglare based on tangents and cotangents and not on
radial coordinates such as magnitude and angle. Thisigaidicant architectural observation. It suggests the
retinas of more advanced animals are subdivided int@slant sectors for purposes of computing the alarm path
signals. As discussed below anddhapters 7and15, this is clearly the case in humans.

The primary requirement with regard to the awareness wiodsion is that signals be produced in the retina tha

YStone, J. (1983) Parallel Processing in the Visual Systéw Plenum pg 354
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describe the location of any change in illuminancthanfield of view . In all but the simplest animalsese
signals are transmitted to the CNS. As the complexitiie visual system increases, a second requirement
becomes the projection of the signals to the CN&a&mtost compact form available. As the size ofthienal
increases, the requirement that the transmissioedmrplished in a timely manner also becomes import&hts
latter requirement is a major reason for the impleatésri of Stage 3, the specialized signal projection dsafi
vision, in the higher animals.

An additional requirement on the visual system not edl& signaling is for a memory element. As the
sophistication of the animal increases, there isetirio memorize certain patterns in object spaceal#fie food,
other members of the same species, and particuladierirenemies. Such a memory element located wiki@n t
CNS can greatly enhance the performance of the dwsstem. In conjunction with the above memory, the
performance of the system may be enhanced by aydoilirecognizing specific simple intensity patterngime.
These can greatly aid in the computation of the redatélocity of threatening elements in object spaoehS
facilities, if located within the retina, can furthexduce the overall signal processing task of the vigstésm and
may simplify the task of signal conversion to meetltiiited channel capacity of the optic nerve.

The architecture of the visual system associated twglawareness mode in man appears to be designed ta meet
number of requirements within several constraintse fMiajor constraint is the significant spatial dispersmothe
photon flux associated with a given change in illuminaiiothe peripheral retina compared to the same signal in
object space. To all of the above requirements, akseparate signaling paths are used.

For purposes of alarm reporting, the signals from thegobceptors of the retina (exterior to the foveol®) ar
grouped together into Cartesian (rectilinear) sectoeppfoximately the same diameter, in object spacegas th
desired circle of error associated with centering amgienwithin the foveola. Based on this work, the bipoédls
performing this function (there may be more than onmespetor operate in a linear summing mode. However, th
ganglion cell(s) supporting an individual sector operatds aivery low threshold in order to generate an action
potential to report the lowest feasible signal chanigiginvthe sector. This mechanism of aggregating mawy |
level signals before applying the signal to a threshiotuiit effectively recovers the signal deteriorati@used by
the optical system. The resulting alarm signals arsgolbas directly as possible to the superior colliculusder
to engage both the oculomotor system and the skelethlaion systems. Since these circuits are hardwite
is not necessary to provide a position label to theadipacket. The position label is associated withpthet of
arrival of the signals within the midbrain. The ocutwor system proceeds to rotate the eyes and thenalgei
the presumed threat onto the foveola. This allow$’B8 to perform a more detailed threat analysis (pettand
post avoidance action by the skeletal system).

For purposes of general awareness, the same aggregasignals associated with each sector can also beased t
perform a coarse update of the general saliency maCegser 15) associated with the awareness mode. After
discussing the mapping requirement of the analytical moldigheer performance operating procedure for
updating the saliency map at higher resolution.

14.2.1.2.3 Retinal mapping requirements of the analytical mode

This section will concentrate on the analytical motlman. This mode is far more complex than the simple
pattern comparison capability of simpler animals.

The analytical mode of vision, as defined in this waslclosely tied to the electrophysiological featurevmnas a
foveola. This feature may or may not be coincideith the morphological feature known as the fovea, depgndin
on the species and its location within the phyl@hordata In the human, the foveola is generally the central
disk of 1.2 degrees diameter within the larger fovea (ab@utlegrees in diameter). It is this central disk that is
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responsible for the ability of man to analyze thetent of a scene to a degree unheard of in other spelines
photoreceptors contained within this disk appear to beesiad by individual neural paths to the pretectum of the
midbrain. It is also closely tied to the oculomotgstem since the requirement in the next paragraph i$ eénfiel
one. It cannot be achieved by a change detectoeialifence of motion. Nor can it rely upon the nethtislow
motion achievable by large animals purposely moving tiags, head and torso.

The requirements placed on the analytical mode of gwal/isystem of man, with regard to the foveola, are
unique. The primary task is to extract the featuressokae imaged onto the foveola with an unprecedented
degree of detail in a timely mannerhe level and flexibility desired in this feature extion mechanism is not
compatible with any preliminary processing within te&ma. Thus, no requirement is placed on the system to
minimize the number of neural paths between the phmgpters of the foveola and the midbrain. There are
approximately 23,000 such neural paths. However, a major eeggrt is placed on the pretectum of the
midbrain. The pretectum is tasked with extracting theifea (which may be essentially random) associatdd wit
a visual field of approximately 175 photoreceptors in diameter

The number of potential patterns that can be imagednagtin array of 175 cells in diameter is mind boggling.

Timely manner is underlined in the previous paragrapimgbses two sub requirements. First, the extraction of
the features must be accomplished within small multiplé® msec. Second, the extraction must be
accomplished in the absence of any intrinsic vamagitillumination in object space. Thus an artifigiabtion,
between the scene and the line of sight, must be pibbiglthe analytical system. This is the requiremieat t
gives rise to the tremor associated with oculomotstesy of human vision. Without this capability, annaali is
unable to image a scene continuously. Without this dityathe resolution capability of the visual systésn

limited to that of a pixilated retina.

The above requirement leads to the architecture d®tbeision Optical System incorporated within the visual
system of man (and possibly othéominoideato a degree). This system is outlinedkigpre 15.2.5-3 and
detailed inSections 7.3& 7.4

The resulting architecture is based on a two dimensjmawalllel processor, optimized for binary changes in
illumination level among the elements within its pissiag array, and operating at a cycle interval of 50 msec
The individual outputs (correlation factors related tpecHic image of the scene applied to the foveola), ddfin
as interps. These interps are summed sequentiallyntodercepts that are compared with and/or stored in the
cerebellum prior to any subsequent cognitive activitsseeiated with the cerebral cortex. Simultaneouslgethe
interps (or percepts) are analyzed with respect toltinemasignaling path criteria. If appropriate, signals are
issued immediately to the efferent neural system bgacommand path) to take appropriate defensive action.

14.2.1.2.4 Routine upgrading of the saliency map

Although discussed more fully in Chapter 15, there is a teeegdgrade the saliency map (full frame memory of
the environment surrounding an animal) at high resoluiioa variable time frame basis. The conventional
procedure is to use the oculomotor system to genergke éad medium saccades that effectively scan the total
field of view of the visual system (possibly augmentinig field using the skeletal system to increase tla tot
effective field of view) and sequentially map this fieldhigh resolution. This mode of operation relies upen t

full field memory to store the acquired data over thglym. The control of this mode may involve both a
volition mode based on signals from the cerebellumedsas a second possible semi random saccade generator.

14.2.1.2.5 The role of color data in the awareness and analytical modes
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The requirement placed on the visual system and therttfenegeed for a specific architecture is more diffitolt
define than the requirement regarding changes in illuntingthich are frequently generated by changes in the
spatial position of objects). While substituting thecsaé absorption of individual photoreceptors for another
absorption may create a broader overall spectral respdrcan only do this at the expense of averagetséysi
since the integrated spectral absorption per unit argeoktina remains unchanged. A case can be madiéhat
chromatic characteristics of a scene are importadetermining threats to the animal. However, the
electrophysiology of the system suggests that the adgstem largely ignores chromatic content in the egeof
saving time. Alternately, the chromatic contentha& scene can be considered important in determineng th
edibility of food (at least among some species) and lplgdsr selecting a mate. The requirement for chraecnat
performance based on these criteria are less tirieatri

In developing the requirement, the trend appears to bedawvehromatic capability more as a convenience ¢han
necessity. If this is so, the requirement on chranfitelity is probably less than otherwise. This agpedo be

the case based on electrophysiology and many psychoahtgsits. This would account for the fact that the
architecture of the visual system exhibits both lesslution and less timeliness with regard to chromiedhan

it does with regard to luminance information. Thiadhieved by employing a larger degree of signal convergence
between the photoreceptor cells and the lateral aillee chrominance channels of vision than in threihance
channels. It is also achieved by requiring less figatithe chrominance information projected to tharbrdt

appears that this is particularly true with regard tosth@t and long wavelength spectral channels.

The architecture of the visual system introduces a tiégfnee of convergence relative to the chrominance data
projected to the brain. It is also less demanding wiipect to fidelity in the chrominance channels tivdah
regard to the luminance data.

14.2.1.3 Mapping theory

This work does not propose that the visual system usgghdevel diversity encoding scheme to reduce the
number of neurons in the optic nerveGifordata However, further research may show that the exdlyem

complex arborization of the ganglion neurons of theneemploy such a coding architecture. It appears cletr tha
such a system is not used with regard to the signalingnetsirelated to the foveola. However, one may bd us

to support the peripheral retina. This section will doennsome of the principles of such a system.

The successful implementation of such an architectuseregpire compromises in the timing available to specifi
signals being transported over the optic nerve.

14.2.1.3.1 Background

Mapping theory is a highly developed mathematical fietdtelephony, it is frequently called addressing theory.
In the human case, the optic nerve contains a noram&amillion individual neural fibers. The retina caint a
nominal 150 million individual photoreceptors. The basicstjor is how many neural fibers are needed to
provide adequate addressing for the photoreceptors. Astiahboundary condition, one million neural fibers can
provide 2%°%ynique addresses using only two binary states. Thisastmonomically high number. Only 28
neural fibers, Z states, are needed to provide an individual addressdero268 million photoreceptors.
Neglecting the reliability issue, addressing is not eom@joblem in human vision. There is no need for any
convergence as the term is used in the vision litezatur

There are a variety of methods of providing higher bdiig than the simple addressing scheme using only 28
neural fibers. The simplest is to provide 56 fibers dpggan a redundant mode, two neural circuits for each
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channel. However, this mode can lead to ambiguityndJ$ree neural circuits for each channel, only 84 deura
fibers, allow voting. This technique is the simplestif providing error correction following a signaling ta# or
a signaling conflict.

From the perspective of mapping theory, these modesecdaderibed as n-ary--a term defined in the next section
The first case is 1-28ary, the second is 2-56ary and itekish3-84ary.

14.2.1.3.2 Nominal architecture

Many investigators have been struggling with the idea®éergence and divergence within the retina for g lon
time. They have relied on the premise that the neuirothe optic nerve are hardwired in a simple topoldgica
manner to the various photoreceptors. The resultsllmasthis premise have not been fruitful. There is an
alternate premise, that the photoreceptors are haditdréne optic nerve in a very complex but deterministic
manner. An n-ary system is of this type. The nargoding technique has been used in high performance
communications systems since the 1960's or earlier vithees necessary to send as much data as possibla over
narrow communications channel. Itis a type of diteraodulation. The name is generic and indicatesehah
information element is transmitted as a symbol. hEganbol is associated with n particular states tai@n & set
of -ary states. The expression -ary is taken fronstimglest such set, the binary set. A larger set niight
tertiary, quaternary, etc. A specific type used byathior for satellite communications was a 2-nonar3-8ary
system. The symbols can take any form. In radiongomications involving a one dimensional signal, the
symbols are frequently the phase of the carrier frequeiative to a reference phase, which may be thegpbh
the previous symbol. In the transmission of two disienal material, the principle is the same. Invisaal
system, the symbols can be individual small groups ofefdsers. Using simple combinatorial analysis, asw
shown above that only 84 neural fibers were requiredaage individual addresses for each of the 150 million
photoreceptors of the retina with sufficient relialitio allow minimal error correction, i.e., a 3-84aggtem.
These simple calculations are usually used to demonsgateability in an addressing system. The actual
addressing architecture of vision is still unknown. Heeveit is clear that the optic nerve is not a leoidck with
respect to retinal mapping.

with approximately one million individual nerves in thgtic nerve, it is possible to encode essentiallpfathe
100-150 million pixels of the retina using no more than YYerves per symbol. The required system is therefore
no more complex than a YYY-millionary syst€mIn the actual visual system, the order of the emgpdystem is
unknown. This simple calculation contradicts the oaresisoothsayer in the literature that says the aipfileer
bundle is severely limited in its data transmission b#ipa In fact, it has adequate if not excess capaciiyis
calculation also provides an introduction to the redspthe complex interconnections found in the inner
plexiform layer of the retina.

In the cortex, the decoding follows the same mathemdgiic geometrical) rules as the encoding in the retina
Notice that diversity modulation using an YYY-millionasystem does not require any analog to digital
convertors, even though such devices are frequently eatbloyman-made systems of this type.

The architecture of the human visual system, with'divect fibers” associated with the fovea going to the
Pretectum, suggests that there may be a subdivisioe optit nerve fiber bundle. The nerves associatedtiish
subdivision may employ a different symbol table. Hasvethis is probably unnecessary in light of the capaci
involved. In fact, it is quite possible that the fuylirebol table is used to transmit all of the visualdied the

12Care must be observed here. The word millenaryaseetto a thousand in British English. The intent is
to specify one million degrees of freedom.
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LGN'’s and an additional area of the symbol table tratssselected data to the Pretectum. This would provide a
limited amount of redundancy to the cortex. It could atsmunt for the frequent observation of limited acuity
among certain types of color deficient patients.

In code breaking, it is common practice to develop thebsy map as an aid to determining
relationships between the information transmittedtaethe full code is broken. Such a symbol
map would be very useful in understanding the spatial encodedyin the retina. It would be
suggestive of the spatial summation and spatial differgrteichniques sought by various vision
investigators. It might also suggest whether the negoegj to the Pretectum use the same
symbol table or a more specialized table.

14.2.1.4 Role of physiological optics in retinal mapping

There have been very few investigations of the disonfi Stage 3 to date. As these types of experiments are
undertaken, it will be important to model the visual aysproperly. This modeling must include the
physiological optics as well as the neural circuitsisWill be particularly important as the desired precisio
the results is raised.

Recently, interferometric techniques have come inéoimizision research. They offer a very high lexfel
precision compared to earlier techniques. They also afflexibility in stimulus pattern generation, origitda
and positioning on the retina not easily obtained witter techniques. However, it is a very early daytaed
capabilities and limitations of some of the test hetge not been completely understood. Sedétuendum,
Interferometry in Vision Research for a more comgpbiiscussion of this technique.

14.2.1.5 Delay as a factor in retinal mapping

A little recognized but important factor in the visuabgess is the relative time a signal takes to reaslcahtex
from a given location in the retina. As will be dissed in Chapter 15, Meyer’s loop is a significantly more
important feature from a functional perspective thas fitom a morphological perspective. There is an egemial
structure to Meyer’s loop in the retina. It is the@ise that the axon of a ganglion cell must traveééah the
blind spot of the retina and the entrance to the otige. The physical distances involved in the regirea
smaller than those associated with Meyer’s loop. ¢él@wthe electrical distances are essentially idehti€his is
because of another practical consideration. To adtianal scatter of light due to the ganglion cell axans i
the neural layer, the portion of the ganglion axon pgdaeaching the optic nerve are not myelingtedhis lack
of myelination results in a lower phase velocityighsls along the axon and a longer effective electléaith for
this portion of the axon.

14.2.2 Signal coding
Obtaining recordings of action potentials at differecations along the signal paths to the brain is kelgtieasy.

However, the farther from the retina, the more higtricoded (or processed) the data is that the signais Tais
leads to signals with frequency (or pulse-to-pulse timeruals) as a function of spectral frequency that mayao

¥Black , J. & Waxman, S. (1988) The perinodal astrocytelAGkol. 1, pp. 169-183
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easily interpreted. The DeValois & DeValois paperd:helow includes a discussion of the ambiguities in tha dat
and analyses of various investigators in this ardae signals recorded at the optic nerve seem simplereaad |
ambiguous than some recorded at the LGN. By the timeitmals reach area 17, they begin to lose their
recognizable features with respect to both spectra¢deagth and spatial location.

14.2.2.1 Introduction to signal encoding and modulation

It will be shown that the losses associated withpttopagation of low level analog signals over distances
exceeding a few millimeters is excessive at the imped@wets of neural circuits. Therefore, as in simitaan-
made circuits, it becomes desirable to adopt a diffesigniling method in those cases. There are two widely
recognized methods of accomplishing this. Both invalteanslation of the signals out of a low frequencyargi
of the temporal spectrum that includes zero frequencyhigteer frequency region. This results in signaling
channels that are narrower relative to their céfiteguency. It is much easier to maintain good sigmiggrity in
narrower frequency channels.

To achieve the translation described above, signdfiegry would suggest either of two techniques:

1. The sampling of the baseband signal informationtatvals and generating a series of pulses that desegbe
information in the original signal. This techniqugenerally defined as encoding.

2. Using the baseband signal information to cause ttesrpers of a continuous series of pulses to vary in a
manner that describes the information in the origangthal. This technique is generally defined as modulation

Both of the above techniques are use in the neuralitsrof vision. The encoding mechanism is used for
monopolar signals typified by the luminance informatienived from the scene. The modulation mechanism is
typically used to project bipolar signals derived fromgbene, such as those associated with chrominance,
polarization and appearance.

The fundamental signal encoding scheme used in animahvisiclassified as modulation, a form of phase
modulation. As will be developed in this chapter, thoeladation is a function of both the elements of trensc
presented to the eye and also, at least in the cdlse bfgher vertebrates, to the small physical @doh of the
eye, known as continuous tremor. This type of modulas@haracterized by packing more information into a
given signal space than nearly any other form of mogmatAppendix C provides more details on this type of
modulation.

The chrominance information is encoded using the sgpeedf time delay modulation. However, the encoding
devices, the ganglion cells, operate in a different teaipoode. Whereas the luminance channel ganglion cells
only generate action potentials “on demand,” i.e.egponse to a monopolar electrotonic input signal, the
chrominance channel ganglion cells generate a contirsicesm of action potentials whose pulse to pulse iaterv
is modulated by a bipolar electrotonic input signal.

14.2.2.1.1 Frequency versus phase modulation
[xxx reorient to include AM & comment on poor use of temalgted to modulation and encoding techniques ]
There is a problem in the different use of the expradseguency modulation in the vernacular and the technica

literature. While the term frequency modulation is caniy used with reference to one type of commercialoradi
transmission, the actual modulation used in that systerat frequency modulation. It is a hybrid of the ghas
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modulation type designed to obtain certain performandaerfeen However, phase modulation systems are plagued
by pink noise. This noise is characterized by highergndensity at higher frequencies in the recovered haseb
signal. To overcome this problem, an additional pagirguits are introduced. The encoding circuit at the
transmitter consists of a phase modulator and a pre-exisptiecuit. At the receiver, a demodulator circuit is
followed by a de-emphasis circuit. The pre-emphasisiitii€a form of the more general lead-lag electrical
circuit used in many man-made electronic systems. bk modulator is a phase modulator. It changes the
phase of the carrier of the transmitter in respoaskd baseband (typically audio) input signal. The de-enphas
circuit at the receiver decreases the output signafasction of frequency. This de-emphasis circuit suppresses
both the pink noise associated with the technique dsasr¢he signal information. To counter the lossignal
information, a pre-emphasis circuit is introduced atttAesmitter. As a result, the overall input output
characteristic of the system is flat with basebagdad frequency but the potential pink noise interferaéace
suppressed.

The biological neural system employs phase modulatids @simary technique associated with signal projection.
However, there is a small amount of experimental daggesting that pre-emphasis circuits are found associated
with some ganglion cells. This data must be examinesfudhrto assure the observed effect is due to pre-
emphasis in the ganglion cell and not due to the frequebsigrved peaking associated with the leading edge of
the generator potential from the photoreceptor cébether the analog circuitry associated with the pre-
emphasis and de-emphasis circuits are considered padgef $is largely arbitrary. However, functionally,jthe
are closely associated with Stage 3.

14.2.2.1 Luminance coding

14.2.2.1.2 Luminance coding at the LGN

DeValois & DeValois have provided the characteristica variety of R-channel signals as a function of
wavelength recorded at the LGN. The subjects were gqouacamonkeys. The probe locations within the LGN were
not specified with great precision. They primarily madsmesurements in response to incremental changes in
stimulation. Thus, they recorded both positive going gkarirom a baseline illumination and negative going
changes. These were recorded from what they des&ifjgeatrally nonopponent cells. These waveforms
typically show a familial relationship to the specsanhsitivity function of the eye. The precise forihthe

waveform may indicate the state of adaptation of yleedeiring the test. They recorded signals where the
frequency rose and signals where the frequency fellsiporese to positive increments of stimulation. Thisldo
suggest that there recordings were not of signals aseddeom the ganglion cells of the retina. The maximum
pulse frequency reported was 45-50 Hz.

14.2.2.2 Chrominance coding

[ xxx develop fact, the coding of chrominance informatiolbip®lar and applied to a carrigr
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14.2.2.2.1 Chrominance coding in the optic nerve

The most recent direct observation of the chromiaamcoding function is by Troy & L¥eand by Troy &

Robsor®. They looked at a variety of X and Y cells in cat (19@2)well as cells associated with the magnocellular
(MC) and parvocellular (PC) pathways of macaque monkeys (1984)predicted by this work, they observed
continuous action potentials generation in the X anel¥ ¢presumably associated with the chrominance
channels) in the presence of continuous and uniformilation. They labeled these pulses as a maintained
discharge. They observed that signals in the PC-path{pagsumably originating from midget ganglion cells)
discharge in a sustained fashion while MC-pathway @etissumable originating from parasol ganglion cells)
discharged transiently to stimulation with lights ofw#ivelengths at moderate contrast levels. If theeabo
presumptions are correct, their results are in excellgraement with this work. Wilson has also noted the
conflict between the anatomical and physiologicatditere with regard to the designations (p)arasol and (nt)idge
cells connecting to the (m)agnocellular and (p)arvoagllchannels respectivély However, his explanation
relates to bipolar cells and appears awkward.

Their 1992 study used a P-31 phosphor light source. In their 1994 #tey used two individual narrow band
illumination sources. One had a dominant waveleng8b4fnm (half amplitude width of 18 nm) and the other a
dominant wavelength of 638 nm (half amplitude width of 23 ni)ey mixed these lights to form a “Yellow”
light. The method they used to control the mixture tssapported by this work.

In the absence of a functional model of the procesgilere exploring, they used statistical techniques &rtadéc
power densities and other statistical attributes. hiqudar, they introduced the assumption that the pulses we
due to a “renewal process.” They describe a renewakps as one that generates a series of eventsdn thike
intervals between them are identically and independeigtyibuted. This stochastically based assumption appears
inappropriate for a clearly deterministic process sudh@gpulse interval between pulses in a chromatic adlann
where the interval is directly controlled by the DQqudial between the emitter and base of an ActiMae design
of their experiment did not call for the control of theaptation state of the photoreceptors. It is natr cidnether

it called for the recording of all of their data asiadtion of absolute time. If it did, the data could bexamined
with the intent of determining the change in pulse irgkewith time, independent of all other variables.isTh
process may separate their apparently stochastic data inore complex series of parameters due to individual
deterministic processes.

In 1992, they described the rate of this discharge as ntederaindicated its mean inter-pulse interval was not
steady. This was probably due to changes in the adapsaéite during their measurements. They also collected
data using a series of stationary one dimensional samlsgratings produced on a P-31 phosphor screen as test
patterns. Since this type of phosphor excites photom@sept multiple spectral types, it is important to undedt
the state of adaptation of each of these types duringxeriments. This subject was not addressed in theabov
papers. As a result, their data for ensembles of 2@ to 100 cells show a significant statistical vacat

One of their interesting observations was that thedard deviation of the pulse interval was a direct fanaif

the mean interval. In general agreement with thikwthe mean intervals, collected over unspecified durgtio

“Troy, J. & Lee, B. (1994) Steady discharges of macaqueatg@mglion cells. Visual Neurosci. Vol. 11,
pp. 111-118

Troy, J. & Robson, J. (1992) Steady discharges of X anetiMal ganglion cells of cat under photopic
illuminance. Visual Neurosci. Vol. 9, pp. 535-553

¥ilson, H. (1997) A neural model of foveal light adaptatiod afterimage formatioWisual Neuroscivol.
14, pp 403-423 (pg 407)
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were typically 18-60 ms in their 1992 study (a variation of.31h)their 1994 study, the variation has decreased to
20-30 impulses per second (a variation of only 1.5:1). The 18984 also paid more attention to variations in
rates with time within their data. It concluded themzestatisticallysignificant trends in the rate of maintained
discharges although they were generally small. This appeasistent with the adaptation process which naes ti
constants on the order of minutes.

A re-analysis of the above works based on the framepmvided by this work appears very profitable.

14.2.2.2.2 Chrominance coding at the LGN

DeValois & DeValois have provided the spectral chargsttes related to a variety of action potentials suzad at
the LGN. The subjects were macaque monkeys. The probe logatitnin the LGN were not specified with
great precision. Some of the characteristics appdae tirectly related to the P— & Q—channels. Thesectly
assumed that the signals were carrying color informatldowever, the data is plotted as a frequency shiguge
stimulus wavelength. As discussed above, the informagientually carried by the pulse to pulse time interaal,
form of phase (as opposed to frequency) modulation. Thuleshed figures were not sufficiently precise to allow
replotting on a time interval basis. However, tlgaifes do demonstrate the change in pulse to pulse interaal a
function of saturation in the P—channel signals illustta It is also perfectly clear in these waveforhat the L-
channel exhibits a peak absorption near 625 nm. The abearrier frequency in their figures was 7.5 cycles per
second. This frequency appears too low to represengigmals arriving from the eye. The nominal carrier
frequency could be associated with a spectral wavelefi&h0s580 nm.

14.2.3 Coding theory applicable to neural systems

While highly developed in the communications world, codhmgpry as it applies to the neural system has not been
explored methodically in biology. Coding theory as it agspto the neural system is generally concerned wéh th
modulation of a carrier system (typically a serieaaifon potential pulses) with an information carrying
component (typically an electrotonic signal createtiaty by the sensory neurons).

The modulation of a carrier system can be accomplishadyreat variety of ways. At the most fundameraadl,

it involves the multiplication of two signal waveform$his multiplication can occur in one of two way&rst,

the amplitude of the carrier system can be variedviaathat describes the modulating signal. While sounding
simple, there are at least six different ways of vagythe amplitude of the carrier. Second, the time leatwiee
cycles of the carrier system can be varied. He@ &here are considerably more than six ways desaitty such
modulation. Rather than speaking of absolute time diftag, it is more general to speak of the time diffexrenc
relative to the nominal time between adjacent cyofeke carrier system and use circular notation.a Assult,

the two major methods of modulation are known as amplizmdeangle modulatiéh These two fundamental
methods can both be expanded to include both linear andesgrforms of modulation.

While the amplitude modulation and frequency modulationazfraier (consisting of an action potential stream)
have been discussed conceptually in the biology literan@ither of these types of modulation are actually used
within the neural system.

"DeValois, R. & DeValois, K. ((1975) Neural coding of coloin Carterette, E. & Friedman, Meds
Handbook of Perception, Vol. 5: Seeing, NY: Academic$ppsl17-16@lso inByrne, A. & Hilbert, D.eds
Readings in Color, Vol. 2, Chapter 4

¥panter, P. (1965) Modulation, Noise and Spectral Analydié. McGraw-Hill Chapters 1,5 & 7
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To avoid confusion, it is important to delineate distortwithin the analog circuits of the neural systerd an
modulation as used within the phasic circuits of theegystBoth phenomena can generate “sidebands” that are
distinctly different than the original undistorted or urthalated signal. Distortion is caused by a nonlinear
mechanism within the signal path. It generates “sidd&athat are harmonically related to the originaleband
signal. A baseband signal is one that is describedginriing at, or as symmetrical about, zero frequentye T
generated sidebands share this relationship with zeqodéncy. Modulation also generates sidebands. However,
they are of a fundamentally different type. In modutatibie information carrying sidebands are formed at
frequencies that are symmetrical about the fundameeliéncy of the carrier system. They are not synicaétr
about zero frequency. While the sidebands resulting fnmalulation are the fundamental means of signal
transmission within the neural system, those due tordisn interfere with successful signal transmissi¢m.

most cases, the extraneous signals due to distortiquattielogical in origin. They are frequently caused by
excessive stimulus amplitude being applied to an auditorynsyditieing laboratory investigations.

Two types of angle modulation are commonly employed éntural system. Both involve varying the time delay
between adjacent action potential pulses in a streaucbf pulses. In the first case, the stream of puls=srou
exist in the absence of a modulating input signal. Tieast of pulses is therefore described as “driven” by the
presence of the modulating signal. In the second dassfrieam of pulses occur at regular intervals in the
absence of any modulating signal. As a result, thia fofrpulse stream is known as “free-running.”

14.2.3.1 The unique features of the action potential EMPTY

14.2.3.2 The driven stream of action potentials

The ganglion neurons of Stage 3 signal projection assdowith the luminance channels are of the driven
oscillator type. This type of modulation is uniquely siiite support both the awareness and alarm modes of
vision. The initial pulse in the action potentialgaistream is a unique indicator of a change in the@mient
sensed by the organism. Regardless of the amplitude sfithulus, the occurrence of a single initial pulseiwith
the signaling channel can be used to cause an alarmresxt®n. The occurrence of subsequent pulses within
the signaling channel can be used to quantify the magnifutie stimulus for later determination as to its l®fe
threat, or for other purposes.

In the luminance channel, the amplitude of the monomtiarulus is encoded into a series of pulses. As a denera
rule, only one pulse signifies a very low level stimultowever, a series of closely spaced pulses can represe
very high amplitude stimulus. Where the stimulus is ragistary with time after its initiation, the struatuof

the series of pulses created within the driven signalivegnel may be very complex.

The form of modulation used in the summation channelseoheural system is best described as a time-delay
mode of angle modulation. The time delay between adjpeeses decreases as the modulating signal intensity is
increased. While this type of modulation may appeaetivpdgjuency modulation when examined as a response to
a sinusoidal input signal, its characteristics are qufterdnt when examined as a response to a ramp input. The
change in frequency of the carrier is the reciproc#thaf expected in frequency modulation. This differenag c

be shown by expanding Panter’s figure 7-2 to include a rapui Bignal and a time-delay modulated output
signal.

Time delay modulation is particularly easy to implemeimais relaxation oscillator circuit. It is merely
necessary to vary the input bias level of the ogoillaircuit.
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14.2.3.3 The free-running stream of action potentials

The ganglion neurons of Stage 3 signal projection assdowith the chrominance, polarization and other
differencing circuits are of the free-running oscillatgwe. Since there is no initial pulse in a continusiusam,
there is no information to support an alarm mode ofaleaperation. However, the free-running stream offers
capability not shared with the driven pulse streantart be modulated by a bipolar signal such as a type R, O,
or Q difference signal. It can also be used to supperbitiolar signals generated by the amercine neurons that
are not addressed in detail in this work.

The fact that a change in the modulating signal can @cany time relative to the start of a pulse witthia

pulse stream shows that the modulated signal cannotaayriypformation about the time of occurrence of the
initial change. The modulated signal can only deschibechange in modulating signal over a period of several
pulses. Such information is generally of lesser pracitian that carried by the driven pulse stream channel

As in the case of the driven stream of action pagéstihe form of modulation used in the differencing cleds of
the neural system is best described as a time-delay ofiedgle modulation. The time delay between adjacent
pulses decreases as the modulating signal intensityreaserd. While this type of modulation may appear to be
frequency modulation when examined as a response to aisialusput signal, its characteristics are quite
different when examined as a response to a ramp inpw.ciidnge in frequency of the carrier is the reciprotal
that expected in frequency modulation.

14.2.3.4 Relevant data EMPTY

14.2.4 Functional Encoding

The field of action potential creation and measurerhastlong been a mystery to the electrophysiology
community. This has largely been due to the continttafrpts to consider the neuron as a two terminal,
fundamentally chemical device. It has been aggravatddebgmpirical approach usually taken when
investigating the neurons and action poterntflalgvhen it is realized the neuron is a three termatedtrolytic
device containing an active semiconductive elementAthi®a, the picture becomes much clearer. The geparat
of action potentials becomes obvious (See Section xxxxaddition, the method of encoding also becomes
obvious.

[edit xxx]

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. These volagedulate the binary (not analog) output signal of the
ganglion cells.

In man made electronic oscillator circuits of thexeltion type, it is typical to think in terms of an inpottage as
controlling the time interval between output pulses. éiew, the active device (the amplifier) in theseuitsc

¥ evick, W. (1973) Discharge in the visual system and isfay information processindgn Handbook of
Sensory Physiology, Vol VII, No. 3, Jung, & NY: Springer-Verlag, pp 577-583
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usually senses a voltage on a capacitor used as a sumodieg in the retina, it is probably easiest to thifithe

last bipolar cell depositing a charge on the input capamtaf the ganglion dendrite. This charge, when summed
algebraically with a current generated internally ®/dlanglion cell determines how frequently a pulse appears on
the axon of the ganglion cell. The resulting trainiofby output pulses is clearly of the time delay modulation
type. This will be shown later

14.3.2 Encoding

As developed in Chapter 13, the analog signal processirigrsetthe retina delivers two types of signals to the
ganglion cells of the retina;

+ a monophase signal relative to a quiescent signell ¢enerally related to the input from a single
photoreceptor, or group of photoreceptors of the samerapggie

+ a biphase signal relative to a quiescent signal gmérally related to the difference in input between tw
three, different photoreceptors or photoreceptor groupsibas spectral classification or geometrical location.
This biphase signal may be triphasic in spectral clarac e. exhibiting two peaks of one polarity normally
separated by one peak of opposite polarity when examirerdséifhulation of the photoreceptors by a
spectrographic input signal.

The electrophysiological and morphological literature loiorad represent that the monophasic signal is processed
by a parasol type of ganglion cell while the biphaginals are processed by midget type ganglion cells. The
functional difference is that the monophasic signélasslated into a pulse signal that only exists whersitjreal
exceed a critical threshold relative to its quiescagrtailevel. The interpulse duration for this signal ctedn

ranges fromXXX to XXX . The biphasic signal is translated into a pulse sitrzlhas a variable time duration
between pulses. The nominal time duration between pigl€e2 second[[ seems to low, check this Tjvhen

the input signal is at its quiescent value. The extrerh#tes duration are abodtXX to XXX .

[[ question of whether two ganglion channels are netmlpdovide output from a monophasic channel in order to
obtain edges for black going white and white going blagk. ]

Record is one of the few who have attempted to contparelectrotonic and phasic neural signals in the same
figure®s. Although his terminology is imprecise, the idea is@ct. The electrotonic signal associated with the
photoreceptors and bipolar cells is not a modulated signslmerely an electrical waveform characterizgdt®
variation in amplitude. The electrotonic signal is matied onto the phasic pulse stream by the ganglion cells.
The resulting signal looks like it contains frequency mdituta It is in fact a more sophisticated type known as
phase modulation.

14.3.2.1 Details of the encoding of the monophase signal

14.3.2.2 Details of the encoding of the biphase signal

14.3.3 Transmission

2Guyton, A. (1976) Textbook of Medical Physiology. PhiladeplfA: W. B. Saunders pp. 812
ZRecords, R. (1979) Physiology of the Human Eye and Visusie8yNY: Harper & Row, pg 324
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[ see Dyke Thomas, '8 edition xxx]

14.3.4 Decoding

[xxx referenced irBection 15.4.3.1.3ee Millman pg 575-577 ref. in 15.4.3.1.3]

This section is placed here to follow the thematiatert of this Chapter. However, much of the discussitins
on the data associated with later Chapters, particuldirgpters 16 and 17 to justify the positions taken. The
reader may prefer to examine those Chapters beforawieng this material.

From an engineering point of view, there are a vaonétyethods for recovering the data encoded by a phase
modulation system of the time delay type. It would sexw@urpose to review all of these here. Howevergthe
are two specific cases that need to be examined. @ttesection will address the question of recovering aasign
proportional to the signal at the ganglion cell inputfokowing section will address recovery circuits capatile
handling phase modulated signals where it is importargdover the first pulse and the interval between amdy t
pulses. This capability is not usually available inv@srtional frequency discriminator types of decoders.

the number of methods available when it is desireddover both the absolute delay of the first pulsdiveldo a
reference pulse as well as the interpulse delays thawfit are more limited.A simple method capable of this
level of performance will be described below as a pegatiodel to aid researchers in the laboratory.

14.3.4.1 Linear versus antilogarithmic decoding

In Chapter 16, the question will be addressed as to whigtbatellate cells recover a signal directly anddihe
proportional to the voltage applied to the Activa ofglamglion cell or whether they recover a signal propodio

to the antilogarithm of that signal. In general, éindetection of the information associated with titerpulse
interval of an action potential stream can be re@w/&y a simple diode rectifier. A better design empoys

active amplifier exhibiting amplification but biased t as a rectifier of signals above a specific amplitutieis
second form is easily achieved with the conventity@@ of neuron where the signal is applied to the dendritic
input, the poditic input is held to the desired thresholdllaad a capacitance is placed between the axon plasma
and local ground. No feedback or other circuitry is sg@ey. By properly sizing the capacitor, the axoplasm
potential can be made proportional to the time intepealveen action potential pulses.

On the other hand, it may be desirable to recovegreabkthat is the antilogarithm of the signal appliethi

Activa of the ganglion cell. This would be the caséhi@ luminance channel where a signal proportiondieo t
actual scene illuminance was desired. Such a circuibeachieved using a simple modification of the above
circuit. If the input impedance of the preceding synapaeiissted appropriately and a diode is provided between
the axoplasm and the dendroplasm, the axoplasm potentilawé a value proportional to the antilogarithm of
the potential applied to the synapse by the axoplasnegirtwious neuron.

Both of the above circuit configurations are easilyieged in neurons. More details on these circuitseadily
available on any text on analog microcirctiits

14.3.4.2 Details of the decoding of the monophase signal

2Millman, J. & Halkias, C. (1972) Integrated Electronicstadog and Digital Circuits and Systems. NY:
McGraw-Hill pp 575-577
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The decoding of a monophasic time delay modulated signelaisvely simple. The goal is to measure a

difference between the time of a reference sign#dtée to the tremor command sent to the eye musctes an
compensated for the time delay related to both the netop path and the “straight through” signal path) and the
time of the information signal. Furthermore, if mplé signal pulses are sensed during the pulse to pulse interval
of the reference signal, different interpretationy i@ applied to the signal. If only one pulse is regkiand it

is at a similar time delay as a similar pulse in trevipus tremor period, the recovered analog value mody like
represents the position of a sharp transition inigié.f If more than one pulse is received during the tremo
period, an integration with time is performed and theveied analog value is more likely to be a represemtatio

of a change in (the relative) illumination in thddieelative to the (relative)illumination reported duritig

previous tremor period.

Basically, the recovered signal consists of a flagcatiing the most probable nature of the recovered sagrabn
analog representation of the analog signal originallggarted to the associated ganglion cell in the retina.
Figure 14.2.7-1Figure 14.3.5.1-lillustrates these modes of operation. [xxx How doesdiffer from 14.5.4-4
alternate sig recovery |

14.3.4.3 Details of the decoding of the
biphase signal

The decoding of a biphasic time delay modulated
signal is also relatively simple. In this case, gbal

is to measure the time difference between adjacent
pulses in the signal being received from the associated
ganglion cell in the retina (the modulator) and
subtract from this time interval the expected time
interval of the ganglion cell pulses under quiescent
(no signal from cells distal to the ganglion cell)
conditions.

The total tremor period is nominally 0.0125 seconds
corresponding to a frequency of 80 Hertz.

The result is a signal that can be either positive or
negative and is a replica of the signal impressed on
the input to the ganglion cell which carried the hue
information assor_:iated with eith_er the L-Mor e Figure 14.2.7-1 XXX XXX XXX XXX

M channel. In this case, each time interval is

compared to the reference value to provide hue

information. The number of pulse received during a givemaor interval becomes an indication of the satunatio
of the color information.[[ is thisright ]] Figure 14.3.5.2-lillustrates these modes of operation

14.3.5 Form of the decoded information
[[ show a temporal baseline ]]

[[ phase detection versus vibration motion ]]

[[ don’t develop Hering signals, etc.

In summary, the decoded data from each channel of tiembgystem, defined in basic form above, can be
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described as follows;

+

14.3.5.1 Luminance related signals

Sperling, et. al. have shown that the perceived lummaignal has the same spectral properties as the lucginan
channel within stage 2 and stage 3 circuits of the visgsiém measured electrophysicallyThey did this by
measuring the luminance signal at the thalamus (usingeatsrof both the pulvinar and lateral geniculate
nucleus).

14.3.5.1.1 Form EMPTY

14.3.5.1.2 Motion EMPTY

14.3.5.1.3 Brightness EMPTY
14.3.5.2 Chrominance related signals

14.3.5.2.1 Hue

Based on the description of the signals generated lgathglion cells of the chrominance channels and the
demodulation techniques discussedettion 14.3.5.2 the two chrominance channels present a pair ohlEdo
the higher perceptual centers that are biphase in natdréendicative of the L — M and S — M hue difference
signals formed in the signal processing part of theaaditer individual spectral channel adaptation to the input
illumination level.

This processing chain accounts for why a red and wheekctable cloth will still look red and
white under a pinkish light, as long as there is stilliee and a green component in the pinkish
light. The situation is entirely different under a fasea sodium vapor lamp.

These biphase hue signal exhibit a zero or null valtieeahominal wavelengths of 494 nm and 572 nm in
humans under nominal white light illumination conditiof$gure 14.2.7-2illustrates this situation and compares
it to the measured data of Wright & Pitt.

#3perling, H. Crawford, M. & Espinoza, S. (1978) Thresholectal sensitivity of single neurons in the
lateral geniculate nucleus and of performing monkégd Probl Ophthalol. 19, pp 2-18
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14.3.5.2.2 Saturation

[[ Wright & Pitt show minima at 493 nm & 592 nm.
1]

14.3.5.3 Composite information map in
vector space

As a result of the decoding process, the brain is
presented with information, in vector format, to
update its current database representing its perceptiial
visual field. This vector information is still infeeld
space that is not directly related to the externaldvorl
The information is in a spatial format that includes
the effects of;

+ spatial distortion due to the physiological
optical system

+ spatial distortion due to the non- Figure 14.2.7-2 XXX XXX XXX XXX
homogeneity of the photoreceptor field of the retina

+ spatial distortion due to the various
convergent signal processing paths in the retina

Each vector contains a time and address tag, eitheicittypbr explicitly, and information about;
+ the presence or absence of an edge at its nomgzidoor both

+ the change in illuminance at that location from evjmus value
+ the change in hue of that location relative to aipte value

As seen above, if the vector is representing an ¢dgelata associated with both the luminance chanmlefran

hue channel may be distorted or irrelevant and shouightoeed. In the absence of an edge in the luminance
channel, both the luminance and chrominance chanoeidervalid data.

14.3 Overview of Stage 3 operation and performance norms

Yost has given the most recent textbook interpretatf@nganglion (encoding and projection) neuron within the

auditory systerl. His figure emphasizes the morphology of the cells Wie of the term neurolemma (as opposed

to a plasmalemma), to describe a membrane extertbetmyelin sheath will not be used here. Functiongtigre
are two neurolemmas other than the axolemrggure 14.3.1-1adapts his figure to show additional detail
related to the inside of the soma, or cell bodys tifiinterest because it shows the phasic signal csiowe
occurring initially outside of the soma (presumably &tdlendrite/axon boundary). This is the situation batieve
to exist in the Stage 3 neurons of the cochlear ndtweay occur at any Stage 3 neuron since the roleeofoma
is only supportive. Technically, the soma may or matycontain a connexus.

%Y ost, W. (2000) Fundamentals of Hearintj,2d. NY: Academic Press pg 289
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In this modification, the axon is shown passing throlghsoma until it reaches the connexus within thedkllo

The nucleus, cytoplasm and remainder of the soma plafgmotional role in neural signaling. These elements

are concerned with homeostasis and cell growth. Thsipmeural signal is regenerated at each connexus,
whether it is external to the soma and usually callddde of Ranvier or internal to the soma. In accocdamith

this work, the phasic signal is transported along theamely propagation as shown, and not by his designation
conduction. The fact that the signaling pathway is gaylsiinterrupted, and conduction is blocked, at each Node

of Ranvier is indicated by the black line forming arlerat each connexus.

[xxx see Oertel, et. al. 1990 ]

[xxx add material and figure for stellate (decoding)
neurons |

14.3.1 Types of encoding used in vision,
hearing, etc.

[Xxx rewrite ]
[xxx basically same as in vision, and probably other
sensory modalities as well. ]

[xxx discuss ganglion and stellate neurons as
transition elements, between tonic (analog) and pha
(pulse) signaling paths.

[xxx reference or consolidate with other material on
encoding and modulation ]

14.3.1.1 Evidence of differential encoding
in hearing

Hind, et. al. have provided clear evidence for
differential encoding in the squirrel monkey
Their figure 9 shows the results of a two-tone
test wherein the pulse rate was reduced when
a second tone was introduced following
introduction of a first tone. With a 1200 Hz
tone at 50 dB and a 1900 Hz introduced at 90
dB, the number of spikes at the axon of an
auditory nerve fiber was driven to near zero.

25

14.3.2 Details of the projection
neuron circuits EMPTY

®Hind, J. Anderson, D. Brugge, J. & Rose, J.

U7

Figure 14.3.1-1 Basic structure of a
ganglion projection neuron as found in

the auditory system. Note the connexus
separating the dendrites from the start of

the axon. The cell body, nucleus and
cytoplasm play no role in neural
operation. Compare to Yost, 2000.

(1967) Codinigfofmation pertaining to paired low-

frequency tones in single auditory nerve fibers of thersel monkeyJ Neuroscivol 30, pp 794-816
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14.3.2.1 Details of the stage 3 encoding circuits EMPT Y

[xxx fill in from vision work ]
Figure 14.3.1-2 describes the transfer function of a ganglion neuron (config ured for relaxation
oscillation).

[xxx time delay is a function of intensity, both
mono and bipolar changes. plot to highlight the
frequency change is hyperbolic and difficult to
measure in the bipolar case since the frequency
change becomes small.]

[xxx Include both analog and pulse (timing) outputs #t
stellate cell]

14.3.2.2 The action potential (AP) versus
pseudo-action potentials

[xxx differentiate clearly between action
potential and generator potential ]

The hearing literature, and the neurology
literature in general, frequently speaks of
action potentials in the vernacular. While the
above section defines the features of the action
potential in relation to the operation of the
Stage 3 neurons, it does not address the other
concepts, or descriptors, found in the

literature. The subject of negative-going action Figure 14.3.1-2 The nominal transfer
potentials is not uncommon in the literature function of a ganglion neuron ADD.

when in fact all action potentials are positive-

going?.

[xxx show NoR like circuit before soma |

[xxx rework to differentiate between action potential and generat  or potential ]

[xxx figure should not show cuticular plate or be labeled OH C or IHC if its stage 3. ]

Figure 14.3.1-3 provides a multi-frame description of the waveforms, and th  eir origins, associated
with phasic neuron (within both ganglion cell soma and th  eir associated Nodes of Ranvier). The left
frame shows a cytological sketch of the neuron. The middle fr ame shows a simplified circuit
diagram of the neuron. The right frame shows typical wavef  orms found in the laboratory. In order
to maintain a positive voltage up orientation, it has been nec  essary to draw the circuit diagram of
the neuron inverted in the middle frame. Thus the base is sh  own above the emitter and collector

#Kohlloffel, L. (1974) Recording from spiral ganglion neurohregwicker, E. & Terhardt, E. eds. Facts and
Models in Hearing. NY: Springer-Verlag pg 194
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terminals.

Figure 14.3.1-3 The Action Potential (AP) versus th e pseudo AP SCREWED up
between generator and action potential. Note the t wo voltage scales. Action

potentials are positive-going millivolt level wavef orms within the axoplasm.

Microvolt level signals are usually measured within the soma of the neuron or in the

INM. See text. Waveforms from Kohlloffel. 1974.

The Activa within a neuron is composed of the juxtaposition of  two bilayer membranes. The total
thickness of the Activa is less than 35 microns. Thusi tis virtually impossible to locate except
through electron-microscopy. Attempts to probe the neuron to loca te the Activa usually contact
either the chamber of the cell containing the podaplasm of the  Activa or the larger dendroplasm and
axoplasm volumes. Frequently, only the cytoplasm of the cell  associated with growth and
homeostasis is contacted. As shown in the figure, the voltag es associated with the operation of the
neuron are millivolt level signals while the signals obtained by probing the cytoplasm are usually in
the microvolt range. The microvolt level signals reflect the ¢ apacitive coupling between the neural
plasmas and the cytoplasm. These signals frequently exhi bit artifacts (such as the negative going
overshoot) as shown in waveform A. There are additional artif  acts due to making measurements
using bandpass filters. The waveforms in the figure were a  cquired using a 80 Hz to 10 kHz
bandpass filter. Measuring the DC potentials at the probe location is a sure method of
differentiating between true action potentials and other wavefor ms. A true action potential
(waveform A) is measured in the axoplasm of a Stage 3 gangl ion neuron. It begins from a voltage
near —140 mV and rises to a voltage near —40mV (giving a  positive going excursion of about 100
mV). This voltage change is caused by the operation of the n euron as a one-shot multi-vibrator-type
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oscillator. Notice the step in the rising portion of the wavef  orm. To the left of the step, the circuit is
operating as an amplifier below the threshold for oscillation. To the right of the step, the circuit is
operating above threshold as an oscillator.

There are two current paths shown in the figure. Currenti p IS the current through the base of the
Activa in response to the signal applied to the emitter (termi  nal with the arrowhead). It passes
through the resistance, R , generating the voltage V .. This voltage is shown at upper right. It
exists for the duration of the positive portion of waveform Aan  d is drawn from the charge stored on
capacitor, C.. As charge is removed from this capacitor, the electrostenoly tic supply begins to
replace this charge. This results in the currenti . through the resistor R .. The waveform at lower
right shows this current and the equivalent voltage across  R..

The voltage waveform in A is the action potential generated wit  hin the neuron (frequently in the
hillock) and propagated along the axon. It is positive goin g during its rise in potential. The voltage
waveform in B is frequently described as a negative-going ac tion potential. It is not known to
propagate along the axon and the waveform in B is in fact a pseudo-action potent ial . It does
not exhibit the step or shoulder so characteristic of real act ion potentials and it is negative-going. It
is acquired by probes penetrating into or near the podaplasm  of the neuron. The magnitude of the
voltage defines which situation applies. The voltage shown i n the lower right waveform is also
occasionally mistaken for an action potential, even though it s typically wider in time than an

action potential. It does not exhibit a step or shoulder buti s positive