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CHAPTER 10 PART II
ELECTROPHYSIOLOGY OF THE NEURON1

10.8 The electrophysiological performance of the neural system

Following a discussion of the electrical characteristics of a fundamental neural system, this section contains
comparisons between the measured electrical performance of various neurons from the literature and the calculated
electrical performance based on this work.  It focuses on the nature of the individual waveforms rather than details of
the circuits.  The following Chapter provides a complete schematic diagram of the Fundamental Animal Eye.

The discipline of electrophysiology is not uniquely defined in the literature.  The On-line Medical Dictionary defines
it as:  That branch of physiology that is concerned with the electric phenomena associated with living bodies
and involved in their functional activity.  Physiology is in turn defined as:  The study of how living organisms
function.   Dowben further defines a sub-discipline of systems physiology--study of functional integration.  This
Chapter is primarily concerned with the electrophysiology of the neural system as a total system.

Within the total system are a multitude of similar circuit elements defined here as conexus.  A conexus is a complete
electrical circuit found at four morphological locations within the neural system.  

1. connecting one or more neurites within a neuron to an axon, 
2. connecting an axon to a orthodromic neurite and known as a synapse, 
3. connecting multiple serial axon elements in the case of a Node of Ranvier, or 
4. a special case found only in the photoreceptor cell and involving the interconnection of two neurite structures.

The term conexus is used in electrophysiology to define the circuit elements in the above terminal regions.  It does
not apply to the distributed electrical properties of the elongated axons and neurites which constitute coaxial
transmission lines.  

In the case of the Node of Ranvier, the term conexus is the electrophysiological analog of the term con (constricted
axon segment) used in morphology2.   The detailed morphological terminology related to these junctions has not
settled in the literature.  In the broader context, the con includes the two paranodal end segments, the Activa between
them, and various electrical components not previously identified with the performance of the Node.   In general, it
does not include any fluted paranodal axon segment, FLUT.  The FLUT correspond to the “terminal sections” of
transmission line theory and are found at each end of an axon segment.  They terminate the stereotypical internodal
region, STIN.  These sections are fundamentally impedance matching devices.  They maximize power transmission
between the distributed constant transmission lines and the lumped constant conexus circuits. These terminal devices
minimize the reflection of action potentials back along the length of the axon.  The conexus associated with a Node
of Ranvier regenerates the action potential.

In the case of the synapse, the term conexus is the electrophysiological analog of the terminal portion of the pedicle,
the initial structure of the neurite, and the Activa.

In the case of the amplifier internal to the body of a neuron, the conexus is similar to the above situations.  However,
this cytology has not yet been explored and labeled by morphologists. 

The special case of the photoreceptor cell will be discussed fully in Chapter 12.
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A major factor in the electrophysiology of the neural system is the time difference between the signals at different
nodes of the visual system.  This factor has been largely ignored in the experimental literature until recently.  Much
of the signal processing of the visual system is done in the temporal domain and relies upon relative differences in
time between the nodes of the system.  To understand these time differences requires recognition of the significantly
different methods of signal transmission within the visual neural system.  The importance of time delay within the
neural system will be addressed in Section 10.8.2.

Measurement of the basic properties of a neuron is not easy for a variety of reasons.  It is particularly difficult in the
absence of a detailed circuit diagram of the piece of vital and active biological material under evaluation.  This
section will generally avoid discussion of the specific resistance values assigned to various components of the
neuron in the literature because of the conflict with the putative model of the neuron presented in this work.

Second, the impedance levels of the neuron are so high that the use of simple measurement techniques frequently
leads to errors or misinterpretations.  As an example, many experimenters appear to have failed to properly
compensate the probe used to interface with the neuron.  When these probes are based on a resistive voltage divider,
it is absolutely critical that each resistor be shunted by the appropriate value of capacitor to maintain a fixed ratio
between the two divider elements at all relevant temporal frequencies.   Many recordings of strings of action
potentials exhibit this error.

Third, lacking the required detailed circuit diagram and recognizing the minute dimensions of most neurites,
experimenters have not put forth the effort to probe individual neurite conduits that they have to probe axon
conduits.

Fourth, the fact that all of the circuits of the entire neural system are direct coupled makes it very difficult to collect
relevant parameters using in-vitro techniques.  The act of isolating a specific circuit (neuron) changes the
performance of that circuit unless both its static and dynamic in-vivo input and output connections are faithfully
reproduced.  Simultaneously, the electrostenolytic sources associated with the circuit must be maintained.  This last
condition almost requires that no steps be taken, such as washing or removal of neurite material, that change the
operating environment of the dissected neuron.

When analyzing the electrical circuits of the neural system, it is important to recognize that the electrotonic signaling
paths are primarily current paths.  The current is typically the fundamental signal carrier along the path through the
various Activas and conduits.  Although voltage dividers are frequently used as input and output circuits of a given
overall circuit, it is the common current through these impedance networks that determines their voltage ratios.   The
primary exception to this axiom relates to the collector circuit of the distribution amplifier of the photoreceptor cell. 
This circuit is designed to maintain a constant voltage at the pedicel regardless of the number of neurites contacting
that pedicel.  To do this, the load impedance of this circuit is quite low relative to the associated synapses and neurite
circuits.

The impedance values presented in the literature for ostensibly the same circuit element by various investigators vary
greatly due to technique and definition and they are of dubious theoretical significance.  These impedances, when re-
interpreted using the model of this work, would be described by their reverse saturation current, Io.  Io is a unique
parameter that defines the impedance at any current level.   The product of these two values defines the voltage
across the element at that current level.  Most of the values in the literature for individual resistors must be
reinterpreted based on the group of  functional circuit elements they actually describe.  As indicated elsewhere
herein, the resistive component of the impedance exhibited by the various diodes found in the neurons are extremely
important and will be discussed.  However, these resistive components do not involve thermal dissipation and are not
associated with the definition of a common resistor.
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As will be discussed in detail in [xxx old Section 10.8.2.6], the theory contained in this work does
not recognize the axon or the axolemma as a standalone active (or reactive) circuit element. 
The various electrical circuit models of the first half of the 20th Century, and expanded on in the
second half, are not supported in this work.  These include the Cole-Curtis membrane of 1938, the
Hodgkin-Huxley membrane of 1952, and the latter membrane as it has come to be interpreted and
expanded.  

The strong statement by Shepherd in a widely distributed text on Neurobiology is clearly contrary
to the data and the facts.  In discussing the essential facts about the impulse in nerve under the
heading “Sodium Impulse”, he said: “First, the action potential is a membrane event; it consists of
a transient change in the membrane potential.3”  There are two problems with his thesis.  This
work shows the origin of the action potential is not in a single membrane, it is by transistor action
within an Activa found within a conexus.  Second, the potential measured is between the axoplasm
and the surrounding environment.  This potential is due to a change in the total charge (primarily
electrons) within the axolemma.  The potential between the axoplasm and the surrounding
environment is shared between the axolemma and other circuit element depending on location. 
These other elements include any myelin present and any electrostenolytic process located on the
surface of the axolemma.  The action potential is not a membrane event and it is the result of a
change in the charge contained within the axolemma due to transistor action by an
associated Activa.  The membrane alone is an entirely passive structure.

All these equivalent electrical circuits of the putative excitable axon membrane involve undefined
variables controlled by unspecified governing functions.  They all use a two-terminal network to
represent the axon.  The two-terminal network contains a collection of parallel branch circuits. 
Each branch includes either a capacitor, or a variable resistor and a (variable) battery in series. 
The manner in which the variables change is only described conceptually--usually  in terms of
discontinuous parametric changes4.  As in Cole-Curtis, the governing function causes the battery
and the variable resistor to change in harmony, pari passu5.  
This work models the axon membrane differently.  It models it exactly like all other neural
membranes associated with signaling.  Each membrane encloses a plasma and forms a conduit. 
Each conduit connects to one or more other conduits.  This work defines individual zones of the
conduit membrane according to function and then defines the electrical properties of those
individual zones.   It is impossible to understand the operation of the neural system without
recognizing the functional difference between these zones.  They are discussed in detail in Chapter
8 and form the basis of the following discussion.

In the development of PART C, it was necessary to consider the previous literature.  This prior 
literature includes; concepts of the axolemma as an active device based on an unknown
mechanism, the proposal that there was an ion pump that supported the neural signaling process,
the common (although controversial) wisdom that the junction between neurons transferred signals
by chemical mechanisms, and the ubiquitous presence of various members of the glutamate family
of bio-energetic material near neurons.  The fact that the biological bilayer membrane is inherently
impervious to ions was obviously in conflict with several of these propositions.  

This work resulted in an alternate formulation of the signaling process and the necessary support
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processes.  This new formulation does not employ ionic conductivity (or variation in any
conductivity) to explain the signaling function of the neural system.  It depends on a series of facts
that are orthogonal to the assumptions of Hodgkin & Huxley.  It also demonstrates a method of
signaling inside the neuron as well as at the neural junction that is far more well understood and
comprehensive than the previously proposed chemical signaling.  The role of the glutamates
becomes one of electrostenolytic support unrelated to the signaling function.  In a sense, the
electrostenolytic process can be considered an electron-pump that completely eliminates the
requirement for an ion pump with regard to the signaling process.  The resulting formulation
provides an entirely different perspective on the role of pharmacology in relation to neurology and
neurobiology.

Because of the significance of the Hodgkin & Huxley proposals during the last 50 years and their
fundamental competition with the mechanisms proposed here, their papers are reviewed in detail in
an Appendix to this work.

There is very limited data in the literature describing the electrophysiology of complete neural circuits.  This is due
to the difficulty of contacting the neurites individually as discussed above and the past concentration on the
preeminence of the axon in any putative circuit.  Most of the data has been obtained from in-vitro measurements
using voltage clamp techniques following physical interference with the elements and the electrolytes surrounding
the neuron.  The relationship of the measured values in these experiments to the in-vivo values are often
questionable.   This section will describe the quiescent and dynamic potentials of both the input and output potentials
of each type of neural circuit using the best available data.

Providing a detailed tabulation of the quiescent and signal potentials at each node of the neural system (as is done in
man-made electrical circuits) is a goal of this work.  However, there is insufficient experimental data to support such
a tabulation at this time.

10.8.1 Overview of configurations common to the neural system

Figure 10.8.1-1 provides a series of caricatures of how a neural system evolves from an electrical perspective.  As in
the previous sections of PART C, it begins with the simple serial connection of a series of alternating electrical
conduits and junctions.  However, the morphologically invisible options become more numerous.  Initially, the goal
is to transmit a signal from one end of the neural chain to the other as shown in (A).  Traditionally, it has been
considered impossible to do this electrically  because the space between adjacent sections of conduit has been
assumed to be an insulator, thereby introducing an electrical interruption at each side of each conduit.  However, this
assumption is not defendable.  The larger dotted box will be shown to represent the portion of the overall signal path
associated with a single neuron cell.  The smaller dotted portion will be seen to represent the minimum functional
block of the signal path.  This fact will be discussed at the end of this section in the context of the Neuron Doctrine.

The smaller dotted box. shows a junction associated with a portion of a pre- and post junction section of an axon
segment.  The portion of (A) within the smaller dotted box has been extracted and reproduced as (B).  Look first at
(B) from an electrical perspective.  If there was a current flowing along the reticulum of the leftmost conduit, iin, the
object would be to generate the same level of current flowing in the same direction in the rightmost conduit, i out. 
Assuming the lemma of each axon segment was made of a very high quality insulating biological material, this
would appear impossible.  Let the lemma be specialized in the region of the junction.  Let the two bilayers of each
lemma be asymmetrical at the molecular level in such a way as to form an electrical diode.  Further, let them be
oriented and biased so that the interior of each axon segment is maintained at a negative voltage with respect to the
exterior interneural matrix, INM, without leakage through the diode.  If the material of the junction between these
two lemmas, the 100 Angstrom thick hydronium crystal, is now placed at an electrical potential such that the
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leftmost diode is forward biased and the rightmost diode is reverse biased, a unique situation arises.  More than 99%
of whatever current is applied to the leftmost diode will appear at the output of the rightmost diode by transistor
action.  This situation is shown in (C) using standard electrical notation.  Note the circuit in (C) has three
independent terminals; the input or emitter terminal, the output or the collector terminal and the base terminal.  Note
that any current flowing into the emitter terminal must flow through the base terminal as well.  Note also, that any
current flowing through the collector terminal must also flow through the base terminal.  These two currents
normally flow in opposite directions and the net current through the base terminal is very low. The electrical bias is
shown applied to the base terminal of the transistor.  Less than 1% of the input 
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Figure 10.8.1-1 The basic electronic forms of a fundamental neural path.  (A); the fundamental neural signal path
showing the region incorporated into a single neuron and the smaller region forming the fundamental building block of
the neural system.  (B) & (C); the fundamental building block of the neural system shown using  morphological and
electrical symbology.  (D), (E) and (F); the building block shown in electrical symbology with various modifications to
the circuit.  (G); the morphological symbology for two electrotonic neurons connected in series.  (H); a single phasic
neuron shown consisting of multiple fundamental building blocks.  See text for details
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current will be found flowing in the bias connection to the base, consisting of the hydronium crystal.  

There have been many experiments exploring antidromic, or reverse, signal flow through projection neurons.  It is
generally accepted now that artificially induced action potentials may propagate antidromically within an axon
segment.  However, propagation stops at the first encounter with a synapse, Node of Ranvier or hillock6.  These
conclusions are consistent with the presence of an active unidirectional electrical amplifier at each of these sites.

 The term transconductance, one form of transimpedance, is used to describe the ratio between the current out of a
general network divided by the voltage applied to the input of that same network.  Here, the transconductance
between the input structure and the output structure will be given very exactly by the input conductance of the
leftmost diode.   A change in the output current, typically in picoamperes for a typical neuron, will be controlled by a
change in input voltage, typically of a few millivolts.

Note that under these bias conditions, and ignoring the third terminal associated with biasing the hydronium crystal,
the overall circuit appears to be a simple diode.  It is not.  If the bias to the hydronium crystal is removed,  the circuit
is now represented by two diodes connected back to back.  The transconductance will now be very low, essentially
an open circuit.  If the bias conditions are reversed, the direction of current flow will be reversed without making any
other changes to the circuit.  It will be as if the “rectifier” has been turned around.  When the neuron is properly
biased, the resulting transistor action is the key to the operation of both the electrotonic and phasic circuits of the
neural system.  Referring to (A), as many sections of conduit can be connected in series as needed, subject to
satisfying the biasing requirements.  In practice, it becomes difficult to satisfy the biasing requirements in a long
series of conduits.  Good practice in man made circuits is to limit the number of junctions to less than five in what
are called direct coupled circuits.  As will be seen below, this criterion has also been applied in neural systems.

10.8.1.1 The Neuron Doctrine and the Central Dogma of Neuroscience

Cajal originally promulgated what came to be called the Neuron Doctrine at the end of the 1800's.  It was based
entirely on morphology and has been revered by morphologists ever since.  Swanson, writing in Squire, et. al. noted
the great argument during the middle of the 1900's between the reticularists who insisted the neuron could not stand
alone, and the supporters of the neuron as the fundamental unit7.  However, beginning in the last quarter of the
1900's, the concept began to wear thin due to the work of electrophysiologists as reviewed by Bennett8.  This work
will demonstrate conclusively that the argument should have been couched differently.  All morphological neuron
contain at least one, and frequently multiple, more fundamental units known as conexuses (each containing at least
on Activa.  Cajal also promulgated a Law of Dynamic Polarization9.  This work will also show that this Law must be
re-stated.

Contrary to the Neuron Doctrine originally promulgated by Cajal which proposed that the neuron
was the fundamental unit of the neural system, it will be shown that the smaller box shown in
Figure 10.8.1-1(A)  encloses the actual fundamental unit of the neural system.  As was noted
in the introduction to Part C, subsequent pages will also show that due to the three-terminal
configuration of the Activa, it is also necessary to reformulate and subdivide the Law of
Dynamic Polarization.  

Based on the currently available knowledge, the guiding principles drafted by Cajol, Dowling and others (Section
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8.1.1) should be reformulated into the following statements.

The following Doctrine and Laws apply to all neurons of the biological nervous system.  They
describe the analog operation of all signal processing neurons.  These are found in the retina, the
central nervous system and at nodes and terminals of the peripheral nervous system.

Every neuron contains at least one active electrolytic semiconducting device capable of
amplification.  (See Section 10.3.4.3 for a definition of the term amplification.)  The Node of
Ranvier and the synapse are morphological labels for active electrolytic circuits containing at least
one semiconducting device.

If supported by electrolytic components of appropriate value, the  analog Activa within a neuron
can be made to oscillate and generate phasic waveforms (known as action potentials).  Such
circuits are used in the signal projection neurons of the nervous system.  These are found in the
optic nerve, the long neurons of the peripheral nervous system and in the commissure of the brain.

The vast majority of the neurons of any neural system (over 94% in humans) operate in the analog
mode (process electrotonic signals).

Although employing internal negative feedback widely, external negative feedback is not used in
the neural system except in control loops involving muscles.

10.8.1.1.1 A restated Neuron Doctrine –The neuron is the fundamental biologically sustainable unit of the
nervous system.  It is the minimum viable cellular structure.  Each neuron contains one or more fundamental
functional (signaling) units internally and one or more external fundamental units (synapses) connecting it to an
orthodromic structure.  Each fundamental functional unit consists of an active electrolytic semiconductor device, an
Activa, supported by its peripheral electrolytic components.

10.8.1.1.2 The Law of the Activa –The Activa is a three-terminal analog electrolytic semiconductor device
forming the core of each fundamental signaling unit of the nervous system.  When appropriately biased electrically,
the Activa is capable of signal (power) amplification.  This signal (power) amplification can be expressed as an
increase in  voltage or current or as a change in impedance level associated with the voltage or current.

Like their metallic semiconductor brethren, the electrolytic Activa is bilateral.  If the bias
potentials are reversed, signal amplification can be observed at the emitter (dendritic terminal) due
to a stimulus applied to the collector (axon terminal).

10.8.1.1.3 The Law of Internal Dynamic Polarization – All neurons are actively polarized internally
such that all of the associated Activa are capable of amplification.  This polarization involves multiple electrolytic
chambers (conduits) within each neuron. When a dynamic electrical signal is impressed between two of the three
polarized terminals of the Activa, an amplified signal appears between the third terminal and either of the first two. 
The external connections of the neuron to the two terminals of the Activa upon which the signal is impressed are
considered neurites (dendrites and podites).  The third external connection to the Activa is considered the axon.  

10.8.1.1.4 The Law of External Dynamic Polarization –The axon of a neuron and the neurites of all
orthodromic neurons are actively polarized relative to the immediately surrounding environment such that the Activa
of each synapse is capable of signal amplification.  All dynamic signals passing between neurons emanate from an
axon and are impressed upon one of two types of neurites, a dendrite or podite.

10.8.1.1.5 The Law of Signal Polarity –A signal impressed upon the dendrite of a neuron will be amplified
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and the signal delivered to its axon will be of the same polarity.  A signal impressed upon the podite of a neuron will
be amplified and the signal delivered to its axon will be of the opposite polarity.

10.8.1.2 Critical junction parameters

The operation of the circuit in (C) is critically dependent on the characteristics of the electrical bias supply and any
additional capacitance associated with the network.  (D), (E) & (F) show three common situations.  (D) shows a low
impedance bias.  This bias consists of a battery alone or a battery in series with a large area diode, resulting in a low
resistivity at a given current.  Such a circuit provides an essentially linear relationship between the input and output
current, up to the capability of the circuit.  This capability is determined primarily by the ability of the power source
associated with the rightmost diode, to maintain that diode in the reverse bias condition. (E) shows a circuit with a
high impedance in the base lead.  A medium impedance bias case is quite important.  It will be discussed in the
following section on electrotonic signal subtraction.  If any current flows through the input circuit of the high
impedance bias case, (E), it will have two consequences.  It will cause a voltage to be generated across the
impedance of the bias supply and it will cause a current to flow in the collector circuit.  However, any current in the
collector circuit will also cause a voltage in the opposite direction to flow through the bias impedance.  This voltage
will oppose the voltage generated by the input current.  Since it is the voltage between the emitter and the base that
controls the current flowing in the collector, or output circuit, the current through the bias supply impedance due to
the collector circuit generates a negative feedback signal.  For a range of bias impedances, this negative feedback
causes the transconductance of the circuit to be distorted and exhibit a range in which it is negative.  Within this
range, the circuit can be considered to have a negative output impedance.  Tasaki10 first reported this effect in
neurons, although his interpretation was unconventional from the electrical perspective.  Since this range is finite,
the circuit is bistable, with the output current assuming one of two values.  This effect is the underlying basis for the
Two Stable State Theory of nerve excitation proposed by Tasaki.

The bistable performance of an active semiconductor device with a significant impedance in the base lead is the
foundation of a wide range of electronic circuits, including comparators and a wide range of signal shaping circuits.   
The signal shaping circuits generally produce a two-state output in response to an arbitrary input waveform.  The
exact shape of this output depends on the rise and fall times of the circuit controlled primarily by the capacitance
associated with the circuit.  The typical situation is shown in (F) where the power supply providing the bias required
to insure the collector of the Activa is reverse biased has been added.  When a signal above a threshold is applied to
the input, this circuit will become unstable.   The output will change state with a rise time based on the effective
impedance of the collector circuit.  This circuit includes the power supply impedance in parallel with the capacitor. 
The resultant current through the bias impedance in the base lead will tend to cutoff the input diode at the emitter. 
When the current in the collector is cutoff, the voltage at the collector terminal will return to its original quiescent
state.  The change in the voltage at the collector will now be determined by the combination of the impedance of the
collector power supply and the capacitance in series.  

If the biases and impedances in (F) are properly chosen, this circuit can be made to oscillate continuously after an
initial excitation, made to oscillate only once following initial excitation or made to oscillate at a frequency
determined by the precise value of the excitation.   This capability is that used in all functional action potential
generating circuits, both projection neurons and ganglion neurons.

The labels below (D), (E) & (F) provide a brief description concerning the operating mode and primary application
of each of these circuit configurations in the neural system.  The arrows are aids to location of such circuits in the
fundamental neural system.
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10.8.1.2.1 The three histological configurations

(G) and (H) of the above figure illustrate two fundamentally different histological situations found in the neural
system.  (G) shows a situation found normally in the signal detection, processing and analysis circuits of the system. 
(H) shows a different situation normally associated with the signal projection circuits of the system.

(G) provides a clearer understanding of how this variation in operating characteristics leads to a variety of operating
scenarios in the neuron.  On the left of (G), a simple electrically short neuron is shown.  There are two active devices
associated with this configuration, one located internal to the cell body  and virtually unknown (especially in the
electrotonic case) and the second forming the synapse with the next cell.  The Activa located within the cell body
must maintain a connection with the INM.  It is also associated with other circuit elements.    How this is achieved is
important to how the overall neuron performs.  As a group, these elements are defined as the conexus. The Activa at
the synapse has its base exposed to and is directly connected to the INM. This is generally a low impedance bias
connection.  Neither the conexus or the synapse will oscillate under normal metabolic conditions. The cell on the
right of (G) also includes an Activa within the cell body supported by other elements to form a second conexus. 
There is an additional  Activa located at the synapse on the right.  Two critical points are also shown that determine
the operating characteristics of the neuron.  Assuming the Activa within the second cell body is supported by a high
impedance bias source (an inherently unstable situation), the capacitance connected between the collector of that
device and the INM will determine the performance of the device.  For a very short axon, the circuit will exhibit a
bistable characteristic (it will not oscillate).  This characteristic may be useful in applications requiring an electronic
comparator.  These applications may occur in the higher computational centers and may also occur in certain nodes
of the overall neural system where sensory signals are interconnected with motor neurons to provide “reflex”
responses found in the animal.  If the axon is lengthened, sufficient capacitance will be present to cause the neuron
to oscillate; it will begin generating action potentials and be classed as a projection neuron.  This occurs at Critical
point #1. If the axon is lengthened further without changing its character, more capacitance will appear between the
collector and the INM.  This level of capacitance will eventually become so great that the Activa cannot charge the
capacitor fast enough and the circuit will no longer oscillate.  In fact, it will no longer function as an amplifier.  This
will occur at critical point #2.  It is important to note that the performance of this second neuron is critically
dependent on the total lumped circuit capacitance the axon presents to the collector terminal of the internal Activa.  

In the case of a non-oscillating neuron with significant impedance in its base circuit, typically a
lateral neuron (pyramid, horizontal or amercine cell), it is important to note that adding additional
capacitance to the circuit may cause it to oscillate. The probe capacitance of an investigator’s test
set can cause the neuron to oscillate.  It will appear to be a projection neuron when it is not.  This
result is occasionally encountered in the literature.  In one case, the resulting circuit operation may
have caused the investigator to label the cell a displaced ganglion cell11.

(H) illustrates another neural configuration.  Here, the initial Activa is shown within the cell body.  In association
with other circuit elements, it forms a conexus.  This conexus will be assumed to have a high impedance bias
between the base and the INM.  The axon of the neuron is shown with a significant modification at critical point #3,
that corresponds to critical point #2 in (G).  The remaining portion of the conduit comprising the axon has been
myelinated.  The introduction of myelination has changed the fundamental electrical characteristics of that structure. 
The conduit can no longer be considered a lumped constant electrical element.  It now exhibits a greatly reduced
capacitance per unit length and a greatly increased inductance per unit length.  It has become a transmission line. 
Under this condition, the Activa within the cell body is biased so that it will generate an action potential upon
excitation.  The resulting signal will propagate down the transmission line toward the next Activa located within a
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Node of Ranvier.  To achieve saltatory transmission, it is necessary for the Node of Ranvier to regenerate the
received signal with essentially the same amplitude as generated at the Activa within the cell body.  This can be done
if the base of the Activa is connected to the INM through a high impedance bias supply and sufficient capacitance is
present in its collector lead.  These conditions are easily met if the base of the Activa is enclosed by a nodal
membrane within the nodal gap.  The conditions may also be achievable without such a membrane.  Assuming the
base is enclosed by such a membrane, the signal is regenerated at full amplitude and propagated down the next
section of transmission line, represented by the first section of an axon segment.  Note the conduction (phase)
velocity within the axon segment is controlled by the characteristics of the transmission line.  The overall conduction
(group) velocity is controlled by the delay associated with the regenerator circuits at the Nodes of Ranvier.

The propagation of a signal along a transmission line, as opposed to an RC cable, has not been addressed in depth in
the biological literature.  This mode of transmission is distinctly different than conduction through an electrolyte and
will be called electromagnetic propagation.

This figure has shown in brief how a simple series of biological cells can be converted into a neural path exhibiting
both electrotonic and phasic operation.  The only changes required are;

+ the modification of portions of the plasma lemma of each conduit at the molecular level to result in an
asymmetrical bilayer construction.

+ the bringing of the modified lemma of adjoining cells to within 100 Angstrom of each other, thereby forming a
hydronium liquid crystal within the INM at that location that acts as the base of an active electrolytic semiconductor
device, an Activa. 

+ the providing of a suitable bias impedance (both voltage and resistive) between the base of the Activa and the
surrounding INM.

+ the provision of suitable additional bias impedances to insure the emitter to base voltage of the Activa causes the
emitter circuit of the Activa to be forward biased and the collector to base voltage of the Activa causes the collector
circuit to be reverse biased.

+ an adequate amount of the conduit of either the axon or the axon segment is exposed directly to the INM to present
a large (typically 5-10 pF) lumped capacitance to the Activa circuit.

+ The remainder of the conduit is myelinated to change its characteristics to that of a transmission line made up of
distributed circuit elements.

The excitation of this neural path can be accomplished by a variety of means.  For vision, this excitation is
accomplished by a photoreceptor cell that has evolved from the same basic architecture.  This modified structure is
discussed below.
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10.8.1.2.2 Comparison of the three histological configurations

This work does not require any chemical junctions between neural conduits to explain the operation of the visual
neural system.  There are three fundamentally different electrolytically based histological types of junctions within
the neural system. Table 10.8.1-1 provides an important review of the active electrolytic circuits associated with the
junctions of the neural system.  

TABLE 10.8.1-1
A COMPARISON OF FUNDAMENTAL NEUROLOGICAL CIRCUITS

Histological Name Location relative Type of Magnification Typically
to a cell feature required using

conexus Internal Cytological >50,000x Electron microscope

Node of Ranvier Internal Cyto/morpho. >500x Light microscope

synapsis External Morphological eye as minimum Light microscope.

The conexus is a new configuration presented for the first time in this work.  The conexus is not visible using light
microscopy.  It is only visible with electron microscopy at magnifications that delineate the internal membranes of a
cell.  At sufficiently high magnification, the variations in electron density associated with the structure of the Activa
allow positive identification of the location of the conexus.

While the Node of Ranvier can be identified using light microscopy, it cannot be identified at the functional level. 
The use of electron microscopy is required to delineate the features internal to the plasma membrane.  Only
sufficiently high magnification allows definition of the electrically functional features of the Node of Ranvier.

The synapse has been identified in the past by eye because of its morphological prominence, separating two neurons. 
However, the positive identification of its functional electrical features requires high magnification electron
microscopy.

10.8.1.3 Specific signaling techniques

10.8.1.3.1 Electrotonic signal subtraction

In (B) and (C) of the above figure, the output current was of the same magnitude and sign as the input current.  The
presence of the active device at the junction between these two conduits offers an additional unique opportunity.  Let
the circuit of (C) be redrawn in Figure 10.8.1-2.  The purpose of this figure is to separate the sources of the average
or quiescent biases on the terminals of the junction from the change or signal related biases.  The quiescent biases
are provided by the electrostenolytic processes associated with each of the impedances shown.  The overall circuit
now exhibits six unique terminals, three related to the impedances shown and three signal terminals associated with
the voltage labels.  Frequently , only the three signal related terminals are shown explicitly.  The change in the
output voltage remains proportional to the change in the emitter-to-base voltage.  However, there are now two
distinct input terminals.   
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Figure 10.8.1-2 Signal subtraction in a lateral neuron.  The
impedances shown include the electrostenolytic sources.
The notation AL defines the electrical capabilities of the
Activa used in this circuit.

A positive voltage applied to Vin(1) will cause a
positive change in the output voltage just as in (B) and
(C) above.  However, a voltage applied to  Vin(2) will
have a dramatically different effect.  A voltage of the
same polarity applied to this terminal will cause an
increase in the potential of the base of the Activa.  In
the absence of any change in Vin(1), this will cause a
reduction in the net emitter-to-base voltage and a
corresponding reduction in current through the Activa. 
This will result in Vout becoming more negative.  The
output signal will be of opposite polarity with respect
to the input, Vin(2). 

Because of transistor action and internal feedback,
only a very small change in the base current is required
to make a major change in the collector current.  This
circuit now exhibits an output signal voltage that is
directly proportional to the difference between two
signal currents, the input signal current at its emitter minus K-times the input signal current at its base.  K becomes
the amplification factor or the current gain of the junction with regard to the base connection input.  This circuit is
found in the lateral cells of the retina.

10.8.1.3.2 Pulse signal generation

The left circuit in (E) is the precursor to the typical Node of Ranvier and the template for all electrical, or gap,
synapses within a neural system.  There is no lemma between the base of the Activa and the surrounding Interneural
matrix in the Nodal and gap junctions.  A third category is the ultimate development of the active junction, the
ganglion cell.  It will be discussed separately below.  

If the above circuit architecture is applied to the problem of transmitting a signal a long distance, two major
problems arise.  First, the extreme thinness of the plasma lemma results in a very large capacitance associated with
each conduit.  Second, it becomes ever more difficult to establish the correct biases in a series of direct coupled
circuits.  In the first case, the result is fortuitous.  It is either due to divine intervention or careful planning.  Too
much capacitance in the collector circuit of an active amplifier with a finite impedance in its base lead leads to
oscillation.  However, the capacitance associated with a conduit that is only a very small fraction of a micron long is
too great if the plasma membrane is the determining dielectric forming a capacitor.  If this capacitance could be
drastically reduced, after allowing a sufficient amount to be formed near the junction, the length of the conduit could
be increased immensely.  This is exactly the role of the myelin sheath.  It reduces the capacitance per unit length of
conduit by as much as 3,300:1.

The result of these two circuit modifications is the key to the operation of the projection neurons of the neural
system.  Three results are actually obtained.  In lengthening the conduit, enough capacitance will be added to the
collector of the active junction to cause it to oscillate.  By myelinating any further extension of the conduit, the
conduit is converted into a transmission line with a characteristic impedance compatible with the requirements of the
oscillator.  By causing the circuit associated with the junction to oscillate, a much larger voltage is generated with
which to cause a current to flow down the transmission line.  This current is so large that it overcomes the biasing
problem associated with the serial connection of a large number of electrotonic circuits.  The oscillation also
redefines the shape of the action potential.  In this case, the Activa at the terminating junction is biased just beyond
cutoff.  No current will flow through the active device in the absence of a pulse from the previous conduit.  Only a
small current must be received at the termination of the transmission line to cause the junction to go into oscillation
and regenerate an action potential.  However, after generating a single pulse, the circuit finds that it is again biased
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slightly beyond cutoff and it will not generate a second pulse.  The non-linearities associated with this process are
such that the serial biasing problem is eliminated.  

10.8.1.4 Functionally specialized types of neurons
[xxx add stages, including 3a, 3b & 3c crucial need for the correct underlying model. ]

10.8.1.4.1 The ganglion cell, a transition device

Whereas a Node of Ranvier is designed to act as a single pulse regenerator, the ganglion cell employs the same
circuit configuration but relies upon different bias conditions.    By adjusting the emitter-to-base potential precisely
to threshold, the circuit will not generate any action potentials but will be sensitive to any positive going but slowly
changing input signal.  The circuit will generate action potentials with a time interval between pulses inversely
proportional to the input signal amplitude above threshold.  This is the situation normally found in the parasol
ganglion cells.  

By adjusting the emitter-to-base potential to a positive value relative to the threshold value, the cell will generate a
continuous stream of action potentials with an essentially constant interval between them.  By varying the quiescent
bias potential, the interval between the pulses can be increased or decreased.  This allows the cell to accept a bipolar
input signal and encode the information into a pulse interval encoded pulse stream.    This capability is normally
associated with the midget ganglion cells.  

The ganglion cell is a hybrid cell.  It acts as an electrotonic signal to action potential converter.  It encodes the
signals presented at its input terminal prior to propagation over the signal propagation stage of the neural system. 

10.8.1.4.2 The stellate cell, another transition device

The stellate cell of the brain also relies upon the same circuit configuration as the Node of Ranvier.  However, it
employs different circuit values to achieve distinctly different performance.  This circuit employs an axon of
significant size to achieve a large capacitance.  It is not myelinated.  Because of the size of this capacitance and the
impedance of the axonal load impedance, the circuit integrates the pulses of charge resulting from action potentials
exciting its input circuit.  As a result, this circuit exhibits an axoplasm potential that is the integral of the number of
action pulses received per unit time.  Since the action potentials are monopolar, the change in the axoplasm potential
with excitation is also monopolar.  The stellate cell is the primary decoding mechanism associated with the signal
projection system of the neural system.  It is a hybrid cell that accepts phasic signals and produces an electrotonic
output waveform.  

The ability of the stellate cell to decode a pulse stream is fundamental to the recovery of the luminance, or R-
channel, of the visual channel.

Note the fact that although the stellate cell provides an overall output signal that is inherently monopolar, it is still
capable of providing a bipolar signal output in response to changes in the pulse-to-pulse interval of the exciting
action potentials.  This capability is used to decode the difference signals associated with the N, O, P &  Q signaling
channels.   

10.8.1.5 Adequacy of earlier circuit schematics and test sets

In preparing electrophysiological experiments involving the neuron, the electrical parameters of the specimen have
generally not been adequately understood.  This has resulted in inadequately prepared test instrumentation. 
Although this is a common problem in exploratory research, it is not necessary at this time in vision research.  This
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field is too mature to have most researchers still following an exploratory research scenario.

A major problem has been the inadequate training of earlier generations of researchers in advanced mathematics and
electronics.  This is usually evident from the simplicity of the test instrumentation, the linearity of the assumed
models, and the use of dimensional (and computer-aided numerical) analysis in place of the rigorous solution of
differential equations.

Ritchie12 has provided a brief overview of the common test configurations employed in electrophysiological
experiments, mostly dating from the 1950's.  However, his discussion and figure 1 are based on an elementary
conception of the currents along an axon.  Ritchie readdressed the subject in 1995 in Waxman13, et. al (pages 68-70). 
The discussion was based on the concept of “local circuits.”  The notion of local circuits, dating from Herman in the
1880's, is reviewed but the notion of the axon as a transmission line is not addressed.  Figure 17-4 in Waxman is a
typical simple model of the test configuration.  It purports to be an electrical equivalent circuit of a membrane and
the associated extracellular current paths.  That model assumes only linear passive lumped constant electrical
elements.  A more complex but still inadequate model is shown in Figure 8 of Barrett & Barrett14.  Compare their
figure with that of [Figure 10.8.1-1(F) & (H)] of this work. Note how a single RC network is used to represent the
node.  No account is taken of the current arriving at the Node of Ranvier from the previous axon segment nor is any
account taken of any current leaving the axon segment at the next Node of Ranvier.  Nicholls, et. al.15 reproduce a
test configuration in their 1992 text originally presented by Tasaki in 1959.  While adequate for a lower level text, it
is quite limited.  The title purports to show the “current flow through a myelinated axon.”  In fact, the circuit
measures the current flow between the axon and the INM near the Node of Ranvier, or near an isolated portion of the
myelin-sheathed axon.  In the first case, a multitude of individual currents are summed to obtain the waveform
shown.  In the second case, the two current spikes actually relate to the currents at the two nodes and are unrelated to
the axon segment.  Each spike is directly relatable to the regenerated action potential at one of the nodes.  The time
delay between the two peaks is a good measurement of the group velocity of the action potential along the axon. 
Whereas the above figure appears to use a capacitively induced stimulus to excite the axon, Figure 2 in Cahalan16

shows a similar but slightly more complex circuit schematic designed for voltage clamp studies of a Node of
Ranvier.  All impedances are shown as simple passive resistors and there is no differentiation between signal paths
in the nodal gap.  
 

10.8.1.6 Quiescent points and signal polarities 

Ottoson17 attempted to rationalize the terminology concerning the voltages associated with neurons.  Smith18 also
contributed to the discussion.  However, both of their presentations should be considered archaic.  The situation is
both more complex and more orderly  than either presented.   Smith made the statement, while referring to
photoreceptors in general that the “rod cell is unusual amongst sensory cells. . . .  The great majority of sensory cells
respond by hyperpolarization.” without recognizing that the photoreceptor cells are by far the statistically dominant
class of sensory cells.  Statistically, the other sensory cells are unusual.  Between 65% and 85% of the neurons in the
human body are sensory cells (with a vast majority of these being photoreceptor cells) with less than 1% being



16  Processes in Biological Vision

projection neurons.  The remainder consists of signal processing neurons.  

Figure 10.8.1-3 provides a composite of the potentials associated with the axons of the three primary neural classes
found in the retina.  These classes serve three different purposes; (A) signal origination, (B) signal processing and
(C) signal projection.  The figure provides two separate and distinct voltage scales.  One scale takes the interneural
matrix, INM, as the reference voltage.  The other takes the “circuit ground” as the reference voltage.  The first is
easiest to measure but the second is easier to interpret because it eliminates a variable that is extraneous to the
discussion of signal distribution.  It is caused by the distributed nature of the power supplies in neural systems.  The
use of distributed power supplies was found in early man made radios. It was eliminated in the late 1920's with the
coming of radios powered from the electric mains.  

There is a problem in using the INM as a reference in that there is no guarantee that this medium is unipotential.  As
in all electrolytic systems, it is subject to variations in local potential due to the limited conductivity of the medium
and the intrinsic time delay associated with the propagation of a potential within the medium.  There is also the
problem of the inter photoreceptor matrix, IPM.  The IPM acts as the local ground for much, if not all, of the
photoreceptor cell.  It is separated from the IPM by an insulating membrane.  It may or may not be at the same
absolute potential as the INM. 

The circuit ground of most neurons is typically at a fixed voltage above the nominal INM ground.  Although not
shown explicitly in this figure, this fixed level varies between -10 & -20 mV among different neuron types.  The
maximum negative potential in each case is the intrinsic electrostenolytic potential associated with the axon of each
cell.  The signal dynamic range is shown by the hatched vertical bars. 

An expanded version of this figure will be developed later to include the dendritic and poditic potentials associated
with these neural classes.

 The figure compares the characteristics of these three neural classes with Ottoson’s initial presentation (D) of 1983
to bridge the terminology barrier.  His figure assumed a “resting membrane potential” of -70 mV and took 0.0 mV on
the  same scale as a reference.  In fact, his initial label was a misnomer, the resting membrane potential was actually
the resting axoplasm potential.  His threshold for impulse initiation was also conceptual since he assigned it to a
characteristic of the output circuit instead of the more appropriate input circuit.  Such labeling of the threshold is
acceptable if it is understood it is a reflection of an input circuit threshold expressed in terms of the output voltage
for convenience.  

It is important to note that the neural system employs low potentials relative to most man-made
systems.  Measurement to a precision of one millivolt is necessary in neural systems.  This is
particularly important for those measurements related to electrotonic waveforms and input signals
to ganglion cells.

It is also important to note the source of electrical potential in the neural system.  Each neuron has
a number of locations on its lemma that support electrostenolytic processes, processes that convert
chemical energy on the surface of the membrane (using a variant of the glutamate cycle of
nutrition) to an electrical potential across the membrane.  The result is a series of chambers within
the neuron that are biased to different potentials relative to the surrounding medium.  These
electrostenolytic potentials are the ultimate source of the various plasma potentials.

The sensory, signal generation, or photoreceptor circuit in vision (A), appears to be the most complex neuron in the
neural system of animals (as will be discussed below).  The circuit operates at a lower overall voltage range than the
other neuron types.  This is the typical situation in initial amplifier stages of man-made circuits as well.  The
waveform generated by the photoreceptor is electrotonic. Although the output signal is unidirectional with respect to
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Figure 10.8.1-3 Important voltage relationships within classes of neurons.  (A) sensory (particularly photoreceptor)
neurons.  The absolute voltages are low.  The axoplasm when fully dark adapted corresponds to about -25 mV.  The
signal is electrotonic, and bipolar under small signal conditions.   (B) signal processing neurons.  The typical signal is
electrotonic and bipolar.  The dynamic range of the signal is relatively large.  (C) projection neurons.  The signal is large,
monopolar and frequently described as phasic (with reference to its relatively fixed shape).   (D) earlier composite view
of all neurons from Ottoson, 1983.  This early terminology is archaic, see text.

the typical step input illumination, it is actually bipolar under small signal conditions.   The fully dark adapted
resting potential is at -25 mV and the maximum output voltage is approximately -60 mV as determined by the
intrinsic electrostenolytic potential of the circuit.   An increase in illumination results in a more negative output
voltage.  This action is labeled hyperpolarizing in the biological community.  The resting axoplasm potential is a
state variable reflecting the state of the adaptation amplifier(s) within the photoreceptor cell.

The signal processing circuits of vision are also electrotonic.  However, they must handle bipolar signals.  They are
biased at the input circuit(s) of the neuron so that the axoplasm voltage is in the center of its dynamic range.  This

range extends from the intrinsic electrostenolytic potential (when the Activa is said to be cutoff and no current is
passing through it) to the device saturation level.  At saturation, the maximum current is passing through the Activa
and the collector voltage, Vcsat, is very close to the base voltage.  This base voltage may correspond to the INM
potential if the base impedance is near zero.  Alternately, the base voltage, Vb, may correspond to the algebraic sum
of the base bias potential, Vbb , and the voltage drop across the resistive component of the diode in the base circuit.  
Usually, this voltage range between Vbb and Vcsat is the range Ottoson labeled “Reversal of membrane potential” and
“(overshoot of impulse).”  This level is unrelated to the actual membrane potential and is not considered an
overshoot in electronic terminology.  Since the signal processing circuits are three terminal devices with two inputs
that result in opposite polarity outputs, one input can be called depolarizing and one can be called hyperpolarizing. 
The maximum intrinsic membrane potential of the signal processing neurons is typically -154 mV from the INM,
and typically -140 mV from Vbb.

The signal projection neurons exhibit an output that is an action potential.  It is typically called a phasic output. 
Action potentials always have an amplitude given by the full dynamic range shown in (C).  There are two types of
projection neurons, the ganglion cells that encode an electrotonic input signal(s), and the simple projection neurons
that normally only regenerate a phasic action potential presented to its dendritic structure.  Whereas both projection
neurons produce a unipolar output, the ganglion cells may be biased to accept a bipolar electrotonic input.  In either
case, the Activa begins forming the action potential from the cutoff condition with the axoplasm near -154 mV.  The
action potential reaches a peak amplitude with the Activa near saturation and the axoplasm voltage near Vcsat. 
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Because of the capacitance associated with this regenerative amplifier, the axoplasm voltage may become slightly
more positive for a short interval.   It should be noted that below the threshold for impulse initiation, the projection
neuron will operate in a nearly linear mode.  The output signal voltage will reproduce the input voltage on the
emitter resulting from charging the capacitance associated with that circuit.  When the input voltage exceeds the
emitter threshold voltage, the simple projection neuron circuit will go into oscillation for one cycle, generating the
action potential.  The emitter threshold voltage does not appear in the literature.  The equivalent axoplasm potential
is frequently reported as about 10 mV more positive than the resting axoplasm potential.  The operation of ganglion
cells is more complicated.  The details of the bias condition of projection neurons are discussed in detail in Chapter
9.

10.8.1.7 Requirement to understand the “ground” system 

To understand the highly integrated operation of the direct coupled circuits of the retina, it is mandatory that the
signal return system be understood.  The general case will be reviewed in Section 11.1.1.  For the specific local case
of the retina, there are two factors of critical importance.  

It has long been known that the retina was separated into a series of regions by membranes.  In general, these
membranes are of high impedance if not insulators.  The membrane between the inter-photoreceptor matrix, IPM,
and the inter-neural matrix, INM, is of particular importance.  This membrane effectively divides the electrolytic
signal return path for the neurons of the retina into two separate domains.  This is of particular importance for the
photoreceptor cells for they straddle this membrane.  Before studying the electrophysiology of the retina in detail, it
is important that the electrical connection between the IPM and the INM be fully understood.  These two domains
may be separated by a voltage source as well as by a relatively high (probably asymmetric) impedance.  Much of the
probe data in the literature for the retina may depend for their correct interpretation on knowledge of the difference
in electrical properties between these two domains. 

The finite velocity of signals through the electrolytes forming the IPM and INM make these domains relatively poor
signal return paths.  From an experimental perspective, it makes it imperative that the location of all test probes be
very carefully identified.  There are virtually no “indifferent” probe locations when making detailed
electrophysiological measurements related to the retina.  The return probe location typically introduces a potential
bias and a time delay associated with its location.  This problem of limited electrolytic conductivity even impacts the
measurements within a specific neural conduit as demonstrated by Guyton19.  He shows measured variations of up to
50 mV along the length of a neurite.  Similar variations along the length of an axon will be addressed below.

The above conditions make a comprehensive discussion of the electrophysiological performance of the visual system
very difficult.  In some areas, it will be necessary to truncate the discussion pending additional precise data.

10.8.2 The time delays relevant to the neural system

[copied to 10.3.8 or new 10.8 in PART I xxx
While the term delay is not a fundamental unit in the MKS or any other system of units, it is particularly useful in
understanding the operation of the neural system.  A given delay is usually defined in terms of a distance a signal
travels divided by the velocity with which it travels.  Alternately it is given by a finite voltage range divided by the
rate of change in a potential moving through this voltage range.  The range of the delays found within the neural
system is remarkably large because of the range of distances, and the drastically different velocities of the
mechanisms, involved.  Distances range from tens of Angstroms (nanometers)in the thickness of the base region in
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an Activa, through microns in the diameters of photoreceptor and many other neural cells, to ten meters for the
longest neurons in a whale.

The theoretically defined term delay seldom corresponds to the clinically defined term latency, partly because of the
wide variety of definitions of the term latency.  On the other hand, one or more delays frequently contribute to at
least a portion of a latency.

There are total time delays and differential time delays amounting to milliseconds within the visual system of warm
blooded animals.  The delays may approach a second in cold blooded animals at temperatures near the freezing point
of water.  Documentation of these delays for a specific species is straightforward but beyond the scope of this work.

10.8.2.1 Sources of signal delay in the visual system EDIT & CONDENSE

There are four fundamentally different types of signal delay within the visual system.  They are based on different
mechanisms and exhibit different characteristics.  The four primary types of signal delay are:

1. Delays based on quantum-mechanical mechanisms.

1a.  The delay due to the finite velocity of excitons within the excited state of the chromophores of the photoreceptor
cells.  This delay is a result of quantum-mechanical mechanisms and the space charge distribution within the liquid
crystalline lattice of these materials.  In off-on experiments, the delay associated with a specific photoreceptor cell is
frequently significant, measuring up to xxx milliseconds depending on the photon flux applied to the cell.  This is the
principle delay associated with the P/D Equation and associated with the generator potential.

1b. The delay due to the velocity of electrons within the liquid crystalline active devices.    This delay is a result of
quantum-mechanical mechanisms within the base region of an Activa.  Because the distances involved are measured
in nanometers, this delay is much less than a microsecond and is always negligible in neural systems.  Dowling
estimated this delay to be less than 50 microseconds at one point, a number that satisfied his premise20.  On another
page, he offered a different estimate.  “There is no synaptic delay at electrical synapses, so transmission speed is an
obvious advantage.”

2.  The delay due to the finite velocity of fundamental charges and ions within the electrolytes of the neural conduits. 
This velocity is highly dependent on the precise concentration of these electrolytes and whether they support charge
transmission within a lattice associated with a liquid crystalline state of matter or merely within a fluid state of
matter.  The delay is typically a small fraction of a millisecond.

3. The delay related to the finite velocity of propagation of electrical signals in a non-ideal medium.  This delay is
typically a small fraction of a millisecond for each millimeter of distance.

4.  The delay related to the group velocity of action potentials within the signal propagation stage of the visual
process.  This group delay is in itself made up of two different delay mechanisms.  The first mechanism is the finite
delay at each monopulse oscillator (typically a Node of Ranvier).  This delay is between the peak amplitude of the
input excitation waveform and the peak amplitude of the subsequent output waveform.  The second delay
mechanism is the finite phase velocity of the electromagnetic transmission of the signal information along the
transmission line formed by the axon.  The total delay is dominated by the regeneration delay and is usually a
significant fraction of a millisecond.

Each type of delay is the result of a signal of finite velocity traversing a different physical distance.  These three
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fundamentally different kinds of signal delay are based on a total of four different mechanisms.   These mechanisms
are the exciton velocity within a quantum-mechanical energy level of a crystal, the charge velocity within an
electrolyte, the rate of charge buildup on a capacitor as a result of electrical switching by an Activa, and the energy
velocity along an electromagnetic transmission path.  The properties and extent of each of these types of signal delay
must be interpreted correctly to understand their role in the visual process.  

There is a fifth type of signal delay involved in each of the active devices of vision.  This is the velocity of the
majority charge carriers within the device.  This velocity is so high and the distance involved so small that this type
of delay appears to be negligible within the neural system.  It is usually measured in nanoseconds in similar man-
made devices.

10.8.2.2 Effects of temperature on each source of signal delay

The sensitivity of each significant type of signal delay to temperature is in the order they appear above.   The
sensitivity of each is unique.   Evaluating the parameters of the P/D equation based on the experimental literature has
demonstrated that the temperature coefficient associated with exciton velocity is clearly not that associated with a
conventional Arrhenius Equation with Absolute temperature as a variable.   The sensitivity of charge velocity within
the electrolytes is even more complex because of the changes in state that may occur with changes in temperature. 
The sensitivity of energy velocity associated with pulse transmission along an axon appears to be relatively
independent of temperature.  The major change appears to be related to the expansion coefficient of the material
forming the dielectric wall of the axolemma.

10.8.2.3 Primary uses and effects of signal delay within the visual system

Each type of signal delay discussed above has a different impact on the visual system.  These impacts are largely
related to the relative distances each type of signal must travel within the visual system.

The delay associated with exciton velocity is dependent primarily on the dimensions of the Outer Segment in
relation to the base of the adaptation amplifiers of the photoreceptor cells.  In general, these dimensions do not vary
with spectral sensitivity.  Therefore, there is little difference in delay between the different spectral channels due to
the effects of exciton velocity and geometric distance.  There is a delay in each spectral channel associated with the
signal level.  However, for normal scene content (small signal conditions), this difference in delay between spectral
channels remains low.  Under laboratory conditions where large signal conditions may be imposed, this difference
may be measured.  It can be milliseconds for warm blooded animals and major fractions of a second for animals at
zero to eight degrees Celsius.  This delay is discussed in detail in Section 12.7.2.

The delay associated with charge velocity is important in the operation of many areas of signal processing.  It is
particularly important in the signal processing associated with the 2nd lateral processing matrix of the retina. 
Whereas the literature has generally explored the differencing of signals between nearby signal paths as if they were
synchronous with each other, this is not the case.  The mere length of the neuritic structures associated with a single
amercine, or other lateral cell, can introduce a significant temporal delay into the signal processing.  This delay is
very valuable in forming spatial filters, of the “comb filter” type,  with respect to object space.  This process is
discussed more fully in Section 9.2.2.3.

The delay associated with the transmission of action potentials has only recently achieved prominence with the
discovery and documentation of visual signals in the higher levels of the cortex that occur before any signals have
appeared in the so-called “primary visual cortex.”  Clearly, these signals have not passed through the primary visual
cortex (area 17).  It is proposed that they entered via the Pulvinar pathway.  It is also proposed that these are the
signals uniquely related to the foveola and critical to the fine discrimination associated with reading and other
functions in man.
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Although the inherent phase velocity of action potentials is quite high relevant to other velocities, the considerable
delay associated with the regeneration of the action potentials at each Node of Ranvier and the physical distances
involved between the retina and the cortex make these delays associated with the action potentials quite important.

10.8.2.3.1 Anatomical computation by signal delayWRITE

10.8.3 The analyses of individual neural circuits

An individual biological membrane can only be described in electrical terms after both its nature and immediate
environment haves been adequately described.  Of greatest importance is the fact that a viable biological membrane
exists as a liquid crystalline structure.  This state of matter contributes critically important electrical properties to the
membrane.  The membrane of a neuron consists of two bilayers that appear of equal thickness at the “measurable” 
level.  However, the two bilayers may be either symmetrical or asymmetrical at the molecular level.  If symmetrical,
the membrane is usually an excellent electrical insulator.  If it is asymmetrical, the membrane is best described as a
nearly, if not perfect, diode.  Whether the membrane acts as an insulator or diode can be affected by its immediate
environment.  If the membrane is myelinated, the combination is a very good quality but low dielectric constant 
insulator, exhibiting a negligible leakage conductance.  Because of the low dielectric constant, the myelination must
be relatively thick to significantly reduce the overall shunt capacitance between the interior plasma and the exterior
interneural matrix.

No common resistances of the type associated with metallic resistors are found in the
electrolytic environment of the neural system.  This is a key fact in understanding the neural
system.  The major electrolytic impedances of the neural system consist of capacitors, inductors
and diodes (and Activas, a device quantum-mechanically to the diode).

The diodes and Activas are fundamentally nonlinear devices.  Only under small signal conditions
can they be replaced with linear equivalents.  The simple linear models frequently found in the
literature do not do justice to the neural system.

Resistive type impedances are associated with the plasmas and other electrolytes.  However, it
must be understood that these impedances incorporate significant time delays that are not found in
metallic resistors.  These delays play a major role in the neural system and must be recognized and
represented properly.

To understand the operation of neural circuits at the research level, it is critically important that voltage and current
measurements be taken at adequate precision.  The practice of presenting data using only uncalibrated axes and
simple rulers for time and voltage must be abandoned.  The neural system is a DC coupled system throughout and
the absolute potential between elements and the surrounding environment are of critical importance.  It is
particularly important that potentials be displayed to an accuracy of at least 2 mV.

In an attempt to demonstrate the operation of “gates” in BLM at or near the molecular level, very low level electrical
measurements are becoming common.  These measurements are at or near the noise levels of the test equipment, and
possibly the mechanism being studied.  Much of the data in the literature is of dubious value because the
investigators did not appreciate and interpret the background noise level.  This noise level need not be stochastic,
random and of equal energy per unit bandwidth simultaneously.  Describing noise in a non-linear impedance
environment is particularly challenging.  The term flicker that is beginning to appear in low level signals in the
biological literature is a particular example.  Flicker noise is well known in electrical engineering.  Its primary
feature is a “colored frequency spectrum.”  A colored frequency spectrum is not of uniform energy density as a
function of frequency.  When observed in the audio range, such noise sounds like popcorn popping or bacon frying. 
In recorded waveforms, it frequently appears as apparently random pulses.  However, when the spectrum of these
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random pulses is examined over a long integration interval, there are no dominant frequency components.  The
process is random and stochastic, even though it appears to contain events of unique character.

10.8.3.1 The quiescent state and nominal dynamic range of the axons and neurites

There are three separate plasma voltages present within the electrically functional region of a neuron, that of the
dendroplasm, the podaplasm and the axoplasm.  In a projection neuron, the voltage of the plasma within an axon
segment may vary between the two paranodes.  There is very little data in the literature on the voltage of the
dendroplasm and no direct data on the podaplasm.  There are immense amounts of data on the axoplasm but it is not
always consistent or explicitly defined.  There has been little realization that the voltage between the axoplasm and a
surrounding fluid might not be the same as the intrinsic potential of the axolemma, or any other discreet plasma
membrane, of the cell.  There has also been limited recognition of the fact that the intrinsic electrostenolytic potential
of different types of conduits associated with different types of neurons might be different.  This section will
concentrate on describing the quiescent potentials of the different conduits of the neural system.

10.8.3.1.1 The axons

The axons of different types of neurons face different operational conditions.  It appears they employ different
intrinsic electrostenolytic potentials to meet these requirements.  The Neumcke school has studied the myelinated
axon recently21.  There is a growing realization that the intrinsic electrostenolytic potential associated with these
axolemma is approximately 144 mV @ 37C.  relative to the INM.  A compatible value of 152 mV @ 20C was also
provided. The dynamic range associated with the lateral neurons also suggests a high intrinsic electrostenolytic
potential relative to the INM supporting these types of neurons. On the other hand, the data of Baylor, et. al. clearly
shows the intrinsic electrostenolytic potential of the distribution amplifier of a photoreceptor cell is at or near 70 mV
relative to the INM.  These are significantly different values suggesting two independent situations.  In one case the
voltages are inherently different and should not be confused.  In the second case, there is a strong suggestion that
there are different reactants in the electrostenolytic process supporting these two situations.

For projection neurons, there is little or no current drawn from the axolemma power supply during the interpulse
period and the axoplasm voltage is essentially equal to the intrinsic electrostenolytic potential of the axolemma. 
During the pulse generating interval, the voltage of the axoplasm may decrease to near zero relative to the
surrounding fluid.  Since the charging  capacitance is connected between the interneuron matrix and the axoplasm, it
exhibits the same voltage as the axoplasm with respect to that INM.  The polarity of the potential across the
axolemma, considered as a source separate from the associated diode, never changes during neuron operation.

For signal processing neurons, there is often the requirement that the neuron can reproduce a biphase signal.  To
accomplish this, the bias to the Activa is adjusted so that current is always being drawn from the axolemma power
supply.  Under these conditions, the intrinsic electrostenolytic potential of the axon may be near -152 mV @ 20C but
the resting axoplasm potential is usually near -70 mV. 

Because of the impedance level of these plasmas and their small size, the measurement of the
associated potentials is not a simple problem.  The quality of the data is further reduced when the
measurements are made in-vitro since the INM is replaced by a less than well-characterized
solution.  Neumcke gave the resting potential of the axoplasm in a myelinated frog neuron as  -50
mV. @ 21C and  -71 mV @ 17C in-vitro.  His method was referenced and the characteristics of
his Ringer’s solution were given.  His procedure involved cutting off the end of one neuron
“beyond the neighboring node.”  At 21C, he says no action potentials could be elicited, even by 
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strong depolarizing current pulses.   One of his conclusions was that the in-vivo values must be
more negative.   These values would suggest several possible instrumentation problems.  An
immediate question is whether his test set was in communication with a viable neuron structure? 
A second question is, was that structure an axon segment and if so, whether the dendroplasm or
axoplasm like end was connected to the test set?

Brismar22 provides similar data in rats with more focus on pathological considerations.  His
discussion centers on the difficulty of selecting good test fibers, the “run down” problem and
repeatability.  His data related to the equilibrium potential for the initial current in the nodes of
diabetic rats.  This is not a very precise definition of what was being measured.  The results had
very wide deviations: 27 mV +/- 13 mV in the diabetic and 39 mV +/- 10 mV in control rats.  He
does conclude that “there must exist functional changes in the nodes of Ranvier or the myelin
sheaths that play an important role in the disease mechanism.”  The caricature in his Figure 6 is
unusual in that it shows a distortion in the leading edge of the action potential he relates to anoxia,
diabetes and uremia.  This work would suggest the distortion is related more directly to a reduction
in amplitude in the signal from the previous node and the subsequent delay in the action potential
reaching its peak value.  The figure also extends over a range of 143 mV but it extends from -83
mV to >60 mV without specifying particularly where the signal return was located.  All of the
work assumes the membrane is permeable to ions ala the Hodgkin & Huxley formulation.

10.8.3.1.2 The dendrites and podites

The dendrites and podites also appear to exhibit different intrinsic electrostenolytic potentials depending on their
functional role.  As mentioned above, Guyton measured major differences in the potential along the length of
individual neurites.  This variation suggests a relatively high conduit impedance and the presence of continuous
currents in the neurites he measured.

It is much easier to evaluate the difference between the emitter and the base potentials under quiescent conditions
than it is specify their absolute values relative to the INM.  This is due primarily to the absence of data in the current
literature for the intrinsic membrane potentials (as defined in this work) and the intrinsic electrostenolytic potentials
associated with the different neurite conduits.  A secondary difficulty involves the complexities associated with
direct coupling of multiple circuits in the neural system. 

Limits on the actual emitter-to-base voltage difference can be estimated based on the requirement to maintain the
Activa within the necessary operating regime for both electrotonic and phasic signaling regimes.  Figure 10.8.3-1
defines one generic and three specific ranges.  In the general case, the horizontal axis represents the difference
between the emitter and base voltages.   The dynamic range of the Activa extends from zero volts to the limit set by
saturation in the device and indicated here as VSAT.  In the following discussion, the intrinsic membrane potential
associated with the membrane forming the Active emitter will be considered equal to zero.  The dendrite voltage is
represented by the lower arrows pointing to the left.  The net dendrite voltage is the greater of the dendrite intrinsic
membrane potential or the dendrite intrinsic electrostenolytic potential.  The base intrinsic membrane potential or the
base intrinsic electrostenolytic potential are represented by the arrows pointing to the right. The base voltage is the
greater of the podite intrinsic membrane potential or the podite intrinsic electrostenolytic potential.    By subtracting
the net base voltage from the above dendrite voltage, the emitter-to-base potential of the Activa is calculated.  This
net voltage is indicated by the short vertical line to the right of the vertical axis.  For quiescent current to flow in the
collector of the Activa, this net value must fall into the operating range of the Activa represented by a positive
voltage between zero and the saturation voltage.  In the quiescent case, it is only the net value of the difference
between the dendrite and podite voltages that is important.  However, if the circuit is to process signals, the
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Figure 10.8.3-1 Emitter to base voltage relationships among
neurons.  (A); general case showing operational window for
both monopolar and bipolar signals.  (B); monopolar
electrotonic case.  (C); bipolar electrotonic case.  (D); phasic
case with explicit threshold.

quiescent emitter-to-base potential must be positioned so that the input signal(s) will fall in the operating range of the
Activa for at least a portion of the signals dynamic range.  (B) shows this condition when the circuit is required to
process only monopolar electrotonic signals, the typical situation for a bipolar cell.  The quiescent emitter-to-base
potential need only be positive with respect to zero for the circuit to operate properly.  (C) shows the slightly more
demanding case where the quiescent emitter-to-base potential must have a positive value equal to one half the
dynamic range of the signal.  This is the typical case for lateral cells and the ganglion cells associated with the
chrominance and other differencing type signaling channels of vision.  (D) addresses the generic phasic circuit.  In
this case, the quiescent emitter-to-base potential may be negative as long as the input signal is large enough to cause
the net potential to exceed the threshold potential of the circuit.  This is the typical case for the Node of Ranvier and
generally for the ganglion cells supporting the luminance channel of vision.

Each of the above input circuit configurations can be
combined with other features to obtain a large variety
of  sophisticated neural circuits.  As an example, the
circuit in (D) can clearly be used as a comparator
circuit as well as the foundation for a monopulse
oscillator.

It appears that the intrinsic membrane potentials of the
dendritic and poditic conduits are not a dominant
element in the operation of the neurons.    They are
generally overshadowed in importance by the
electrostenolytic potentials.  This is similar to the
axonal situation.  The specific electrostenolytic
potentials must be selected to accommodate the direct
coupling of the circuits in a signal path.  These
potentials must support both the Activas within
morphological neurons and those forming synapses.

10.8.3.1.3 The axon segment or internode

The axon segment illustrates another important aspects of the design of the neural system.  This conduit must present
a specific quiescent electrical potential at each end of the conduit and it appears these may need to be different.  This
requirement suggests the presence of two separate electrostenolytic sources associated with one axon segment and a
finite impedance between them associated with the axoplasm.  

10.8.3.1.4 The threshold level of a projection neuron

The threshold level for the monopulse oscillators found at the Node of Ranvier and in hybrid neurons has generally
been characterized with respect to the action potential at the output of the amplifier.   The values given are usually in
the range of 10 to 20 mV positive with respect to the resting axoplasm potential.  In a few cases, the actual change in
dendrite to ground voltage required to generate an action potential has been given for hybrid neurons.  This threshold
value has generally been given as 10-15 mV positive with respect to the quiescent value.  The important fact to note
is that the intrinsic threshold voltage for a projection neuron is a characteristic of the dendrite to podite potential and
does not directly related to the axoplasm.

Estimating the voltage on the dendroplasm and the podaplasm of a projection neuron under quiescent conditions is
possible.  To achieve zero collector current during the interpulse interval in the projection neuron, it is necessary that
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the emitter to base voltage of the Activa be negative.  In addition, there is normally no current flowing through the
collector-base circuit.  Under these conditions, the podaplasm potential will normally be at -25 mV relative to the
local INM potential.  The dendroplasm will be at a very low potential relative to the INM, typically between zero
and -10 mV.  The resulting axoplasm potential will be near the electrostenolytic supply potential of between -140
and -154 mV.

10.8.3.1.5 The role of glutamate in supporting in-vitro neural operation

[xxx rewrite,   mention importance of providing glutamate in electrolyte ]

In the signal processing neurons, the dendroplasm will be more positive relative to the base and some current will
flow from the emitter to the base.  However, due to transistor action, an equal and opposite current (>0.99) will flow
from the collector to the base.  Thus, the podaplasm will remain very close to zero potential.  The current flowing
through the emitter will be provided by the dendroplasm power supply during quiescent operation.  The current in
the collector circuit is in the direction to be absorbed electrochemically by the axoplasm power supply.  The result is
the transfer of power from one ultimately metabolic source (via electrostenolysis) to a second such source without
incurring any significant energy loss as heat.   This thermodynamically reversible cycle occurs in all neurons.  It is
the core reason the neural system is so thermally efficient.  It is also the reason that the various power supply
terminals and bioenergetic fuels tend to be located in groups within areas that can be considered manifolds.  The
individual electrostenolytic areas are always in good diffusion communication with each other and with the vascular
supply.

It is proposed here that part of the glutamate end product created at the emitter power
supply (at the dendroplasm wall) diffuses into the area of the collector power supply (at the
axolemma wall), within the same manifold.  Under signaling conditions, some of this material
is returned to a higher energy state at this location.  The two chemical conversions may be
supported by the activity of mitochondria found in these locations.  There may also be
diffusion communication between adjacent manifolds and even adjacent manifolds of a given
axon segment.  These longer paths would involve longer diffusion time constants in the
power conversion process. 

10.8.3.2 Variations in the voltage clamp test configuration applied to an axon

The voltage clamp technique involves the concept of forcing a plasma to a specific potential and measuring the
current required to maintain that potential in the face of the (presumed) quasi-normal operation of the neuron.  It
originated in the 1930's with Cole and his team.  It was exploited in its crude form by Hodgkin & Huxley in the
1940's and 1950's and became a laboratory standard technique in its modern precision form in the 1980's beginning
with the work of Neher & Sakmann.  The term crude is used to designate measurements using millimeter scale axons
and wires forming probes, along with vacuum based electrical amplifiers.  Precision, on the other hand is used to
describe micron scale neurons and probes, in connection with state-of-the-art electronics of the last quarter of the
20th Century.

The transition from crude to precision voltage clamp techniques (a change in scale of 1000:1) has involved a strange,
and little recognized, twist.  The crude measurements averaged the properties of a little understood, and highly
nonuniform, biological membrane.  The precision measurements have sampled the properties of a still poorly
understood, and highly nonuniform, biological membrane.  In the majority of cases, neither technique provides
unequivocal results in the absence of additional statistical discussion.  The precision data acquired from a specimen
of type 1 BLM is grossly different from the precision data acquired from a sample of type 3 BLM– and the type of
membrane explored should be specified when preparing any paper for publication. 
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A major problem with the crude voltage clamp test configuration is its inability to investigate a sufficiently small
area of a membrane to represent a single specialized region.  Although the voltage clamp technique incorporates a
degree of spatial isolation, discussed within the concept of a (millimeter scale) “space clamp,” the technique is
unsatisfactory for isolating individual specialized regions of a membrane.  

The precision approach uses a specifically prepared suction syringe used as part of an electrode in a voltage clamp
test set.  This technique has ramified into a variety of specialized techniques that fall into two major categories. 
Category one involves the removal of a small area of membrane from the plasmalemma of a cell and the examination
of that sample of membrane in detail.  This approach effectively isolates a very small (and not necessarily typical)
region of the surface of a membrane.  A major problem with this technique is the extremely small surface areas
involved.  The resulting series impedance levels are quite high relative to the shunt capacitance introduced by the
probe assembly.  In theory, the voltage patch technique could be used to map the properties of the individual regions
of a complete plasma membrane.  However, this is unlikely to occur in the near future.

Category two involves the electrical access to the plasma of a neuron through an area defined by the cross section of
the suction probe.  This access may be achieved through the small portion of membrane occluding the probe, or it
may be achieved by removing this small area of membrane and establishing electrolytic contact between the probe
and the plasma of the neuron.  This latter approach has gained the name “whole-cell patch.”  As will be discussed
below, this is an inadequate designation when studying neurons.  

While providing access to the great majority of neurons of general interest (rather than just the giant axon of squid),
the technique involves an array of electrical problems that are not completely resolved at this time.  Before
attempting to use the crude or precision voltage clamp technique in the laboratory, it is mandatory that the researcher
read the article by Magistretti, et. al23.  Even this article is dated.  It does not recognize the transport delay associated
with an electrolytic probe (See Section xxx).  It does provide simple explanations of the operation of the common
instruments available and their shortcomings.   This includes graphic evidence of the distortions easily introduced
when the nature of the circuitry is not completely understood.  This knowledge helps greatly in interpreting the
frequently inadequately documented waveforms in the literature.  The simple equivalent circuit of the axolemma
they use is designed primarily for pedagogy.  It is not adequate for research.

It is critically important that any investigator carefully read the operator’s manual associated with his
instrumentation.  The modern equipment available is exquisite but there are many compromises and approximations
either used internally or available on the control panel.  These must be understood by the user.  The websites of
several of the manufacturers provide very useful guidance on the use of their instruments24.

it is exceedingly important when using the voltage clamp technique to determine the potential for zero current flow
through the probe.  This potential equals the quiescent (resting) potential of the plasma being interrogated.  This
potential should be determined in the absence of action potentials (in the case of projection neurons) if possible and
before the chemical composition of the plasma is changed.

10.8.3.2.1 Technical background

To understand the following historical background, and place it in appropriate perspective, it is important to
introduce an important technique from another field.

The voltage clamp technique is an application of two-terminal time-domain reflectometry in the language of
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Figure 10.8.3-2 Special equivalent circuits for abnormal
neuron operating conditions.   See text for a description of
each circuit.

electrical engineering.  This technique involves introducing a known voltage between two terminals of a network
and measuring the resulting current into the unknown circuit as a function of time.  It is widely used in pedagogical
situations at the upper university level as an aid to teaching system synthesis.  It is also widely used in maintenance
and fault location in communications and electronics.  The evaluation of the data obtained by this technique is
straight forward if the unknown network only contains a finite number of linear passive circuit elements.  If other
elements are present in the unknown network, only special situations can be analyzed mathematically.  Various types
of excitation waveforms can be used.  They can be of the sinusoidal, step or impulse type.  In some cases,
combinations of these types are used to obtain very precise information about complex networks.

The temporal aspects of the reflectometry technique is not always appreciated when applying it to the physiology of
the neuron.

For convenience, it has been customary to remove the axoplasm from an axon to be evaluated using the crude
voltage clamp technique25.  This action has a significant impact on the electrical parameters of the complete axon. 
The replacement fluid has a different molarity and electrical conductivity than the original material.

10.3.3.6 Abnormal steady state operating modes of a neuron–the voltage clamp mode
MELD WITH ABOVE PARAGRAPH

Figure 10.8.3-2 summarizes the equivalent circuit of
the output stage of an operating neuron under a variety
of operating conditions.  It is important to reiterate that
all neurons are DC coupled.  When a neuron is
removed from its neural system, abnormal operating
conditions are to be expected unless suitable dummy
electrical interfaces are provided.  There are six easily
definable conditions, two of which are trivial.  They all
relate to the potential of the axoplasm  relative to the
other potentials of the circuit.   For the steady state
situation, let the source impedance of the test circuit be
sufficiently small that the axoplasm potential equals
the command or “set” potential, VS.  If VS becomes
more negative than about 200 mV relative to the
surrounding medium, VINM, the reverse breakdown
potential of the membrane will be exceeded and the
axon will be destroyed.  Alternately, if  VS becomes
more positive than the surrounding medium, VINM, the
axolemma will be forward biased and exhibit a very
low impedance to the test set.

Frame A describes the Type A equivalent circuit.  This
circuit represents a fully functional neuron with direct
coupling to the following neural conduit.  Current
enters the axoplasm from the Activa via the current, Ia,
shown dashed to indicate it is a transistor current
flowing counter to the potential field of the Collector
circuit.   Part of this current follows the path labeled Ie.  This current passes through the forward biased diode of the
following Activa and then through the base impedance, Zb2 to the INM.  A separate current path passes through the
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TABLE  
ANALYSIS OF VOLTAGE CLAMP WAVEFOR

FINAL CONDITIONS   TRANSITIONINITIAL CONDITIONS

VALUE OFFINALINITIALCIRCUIVOLTAGEWAVEFOR
ACTIVA CURRENTCURRENTCURRENTTYPERANGELABEL
ACTIVA & AXOL FOR. BIIout = ((VSET-VINM)/ZAXOL + (VSET-Vb1)/(ZCOLL +Zb1))VC DRIVEN TO VINM<VCIINIT = f((VC-VSET)/ZS)-->  +EVINM< VSET+70 mV
ACTIVA FORWARD BIASIOUT = (VSET-Vb1)/(ZCOLL+Zb1)VC DRIVEN TO Vb1<VCIINIT = f((VC-VSET)/ZS)-->  +DVSAT<Vb1< VSET<VINM+50 mV
IA UNKNOWNIOUT = (VSET-VCC)/ZCCIINIT = f((VC-VSET)/ZS)-->  -BVCC<< VSET<VSAT0 mV
IA UNKNOWNIOUT = (VSET-VCC)/ZCCIINIT = f((VC-VSET)/ZS)-->  -BVCC< VSET<VSAT-20 mV

Specimen impedance changes with mode of operation as aZS is asymmetrical
H&H test set source impedance changes with time due to 
differential voltage sensor configuratiWaveform Label is with reference to a nominal VQ of axoplasm

VCC about -50 mV, NATURAL LOAD,  in H&H
VC about -50 mV, UNDER NATURAL  LOAD,  in H&H
VC about -40 mV, UNDER ARTIFICIAL STATIC LOAD,  i

impedance formed by the wall of the axon and the electrostenolytic process associated thereto.  The voltage VC 
remains negative with respect to VSAT which is slightly more negative than Vb1 regardless of the value of the set
voltage, VS   CA represents the lumped capacitance of all of the axoplasm t relative to the INM.

Frame B describes the Type B equivalent circuit.  This is the circuit normally found in the laboratory.  Although
functional, its transient characteristics are modified due to the loss of the signal current path, Ie.   The voltage VC

must remain between the collector supply voltage, VCC and the saturation voltage, VSAT.

Frame C describes the Type C equivalent circuit.  This is the circuit normally sought, but never found in the
laboratory.  Its load circuit is complete since the orthodromic neural conduit is still in place and functional.  This
circuit is shown with the potential VS forcing VC positive with respect to the base potential Vb1.  This causes the
collector of the Activa to become forward biased and act like a simple diode.  Current passes through the collector
diode to the potential Vb1 in the conventional direction and then through the impedance Zb1 to the INM.  Current also
passes through the other two paths described above.

Frame D describes the Type D equivalent circuit.  This is the circuit normally found in the laboratory when the set
voltage has caused the axoplasm potential to become positive with respect to Vb1.   The Activa is not active and the
circuit represents a simple passive circuit consisting of a capacitor and two current paths to the INM.  The current
path through the forward biased collector of the inactive Activa is normally the one of lowest impedance.

The impedance ZP is normally not critical in many experiments. However, it can become very critical in dealing with
small neurons, particularly of the signal processing variety.  

TABLE 10.3.3–1 summarizes the voltages and currents to be expected during different intervals based on these
equivalent circuits.  The waveforms are correlated with those of Dowling presented in [Figure 10.8.4-5 xxx]

TABLE 10.3.3–1
INITIAL AND FINAL CONDITIONS IN VOLTAGE CLAMP EXPERIMENTS

10.8.3
.2.2
Histo
rical
backg
round

Piccoli
no has
present
ed an
overvie
w of
the
history
of the voltage clamp technique as part of a broader review26.  Unfortunately, since the symposium where the paper
was presented was dedicated to Hodgkin & Huxley and Huxley was present, Piccolino did not address the more
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recent development of the patch clamp technique.  As he did note, “The questions left largely unresolved by the
Hodgkin-Huxley studies concerned the mechanism of ion permeation through the membrane.”  This question
remains controversial at the current time.  However, the data is clear that the BLM associated with neural signaling
is totally impermeable to ions.

Neher & Sakmann won a Nobel prize in 1991 "for their discoveries concerning the function of single ion channels in
cells.27"  This work relied upon their new patch clamp technique which is well described, along with similar
techniques, in the Nobel lecture by Neher28.  This technique has totally replaced the earlier physical techniques used
by Cole and by Hodgkin & Huxley.   More recently, Klemic, et. al. have improved further on the process by using
micro-machined elastomerics to further improve the electrical parameters of the probe29.  They provide a tradeoff
analyses between conventional drawn glass probes and their elastomeric contact mechanism.  The patch clamp
technique has become the backbone of recent electrophysiology experiments.

The original voltage clamp technique was popular in exploratory evaluation of neurons since the notion was first
introduced in 1939 by Cole and exploited subsequently by Hodgkin & Huxley30.  A major feature has been the
ability to measure the current through a large surface area of axolemma.  Cole puts this area at thirty square
millimeters instead of the few square microns associated with the axon of a stage 2 signal processing neuron31. 
Many authors have provided conceptual schematics relating to the voltage clamp technique.  Many of these
schematics are not sufficiently detailed to show specifically what conduits, or zones, within the cell are contacted
electrically32,33.  Figures are frequently designed for pedagogical purposes at the undergraduate level.  Many of these
fail to show the ends of the axon 34.  To exploit the capability of the technique, it is obviously mandatory to
understand what circuit elements are being measured, what elements are being controlled, and the precise electrical
reference point used in the experiment.  It is also important that no natural electrical connections to the cell, either
signal or power supply related, be broken unintentionally.  Moore & Cole have provided an exhaustive analysis of
the voltage clamp technique that is worthy of close study35.  They also explore the Node of Ranvier and the nodal
clamp technique.  They note the critical nature of the recorded response as a function of the probe capacitance. 
Unfortunately, they suggest (footnote to page 285) adjusting that capacitance to achieve maximum rate of rise for the
initial portion of the action potential instead of a flat frequency response.  Following their suggestion over
emphasizes the rate of rise and leads to undershoot on the trailing edge.  This may have been the source of the
undershoot in the Hodgkin & Huxley data that caused them to align their equations to account for it.  When speaking
of the cable problem, they speak of the Hermann cable as the Kelvin cable.  Lord Kelvin originally addressed the
undersea cable problem (1855) before Hermann applied it to his studies of the axon.  Abbott, et. al. have provided a
recent review of the conventional voltage clamp configuration36.

After making transient response measurements of the voltage-current characteristics of the axoplasm of a giant
squid, Hodgkin & Huxley interpreted the data in terms of a two-terminal electrical network that they equated to the
axolemma of the neuron.  To fit the data, an equivalent electrical network was defined in terms of two parallel
branches, each consisting of a battery and a variable resistor in series.  No interconnection between the mid-points of
any of these branches was proposed.  The size and polarity of these elements were adjusted to provide an
approximate match to the data.  As time moved forward, other investigators and analysts attached additional parallel
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branches to the network to provide an ever better match to the data.  An overwhelming problem was the variable
nature of the resistors.  What controlled their value?  No solution has been offered to date.  The theory assumes that
there was some unknown governing mechanism.  Hille37 has summarized many conceptual processes developed by
and since Hodgkin & Huxley.  They all rely on significant linearizations of inherently nonlinear processes.

As will be discussed below in some detail regarding the Hodgkin & Huxley test configuration, many of the test
configurations reviewed in concept by Hille have inherent problems not obvious to the typical electrophysiologist.  It
is important that the investigator understand and qualify his test apparatus and protocol before completing his data
reduction and report.  Current readers should appreciate that much of the data in the literature was developed before
the advent of modern operational amplifiers and high performance oscilloscope techniques.

Lacking detailed knowledge of the governing mechanism, the currents flowing in the various branches of the
network were explained in terms of ionic currents.  These currents were due to a combination of Nernst potentials
generated by the presence of ions on opposite sides of the axolemma.  

The reader will be frequently reminded that the Nernst Goldman, and Hodgkin & Huxley
electrodiffusion equations are only applicable to electrically symmetrical, ionically porous barriers
separating electrolytes in dilute solution38.  We now know these are not the conditions of a real
amphiphilic biological membrane within a viscous, if not liquid crystalline, electrolyte.

Some have claimed the Goldman Theory can be extended by introducing the Behn’s result of
1897.  However, note the approximations this introduces as documented in Cole.  His comment is
significant: “Since Goldman, there have been extensive developments of the electrodiffusion
theory that are almost entirely without an anchor in experiments on artificial or living membranes.”

No discussion of alternatives, such as electrostenolytic reactions at cell surfaces,  could be found in these early
formulations.  The result has been the description of the voltage-current characteristics of an axolemma in terms of
sodium and potassium ions physically passing through the axolemma.  These were the most prevalent ions in the
vicinity and therefore the most likely ions to be responsible.  Although simple calculations showed the Nernst
voltages to be the possible source of the voltages obtained, no precise electrical networks were derived to satisfy the
data.  This was partly due to the assumption that the current passing through the axolemma was bidirectional and
varied as a function of the axoplasm voltage with respect to the INM.  To maintain the necessary ion densities on
both sides of the axolemma, that was assumed to be ionically porous, a mechanism was needed to partition the ions. 
This mechanism became known as the sodium-potassium ion pump.  Details of the location, capability and
mechanism of the pump have eluded specific investigation to this day and there are various controversial theories
within the community concerning its capabilities.  Conway showed that the simple linear relationship suggested by
the Nernst relationship fails to define the actual (nonlinear) potential across a membrane as a function of potassium
concentration39.

In the cited paper, Hodgkin & Huxley provided a set of unsolved partial simultaneous differential equations allowing
them to interpret their data.  These equations have been widely used by later investigators.  These equations are not
adopted in this work.  Instead of ionic currents related to putative transfer of ions through membranes, an
electrostenolytic process is proposed where only electronic charges pass through the membranes.  The relevant
bioenergetic materials remain on either surface of the membranes.  There is no requirement that large ions pass
through the membranes for signaling purposes.

Hodgkin and Huxley were careful to describe their investigations in terms of the axolemma of the neuron.  Although
later writers frequently interpreted their work as applying to the entire neuron of the giant squid, they did not make
that claim.  Little change in the notion of the voltage across an axolemma has occurred in the last 50 years.  This has
been due primarily to the inappropriate assumption that the resting potential of the axoplasm was equal to the
intrinsic membrane potential of the axolemma.  

The remainder of this subsection focuses on two goals.  The first is to develop the theoretical foundation for the
voltage clamp technique.  The second is to explain the differences between using the technique on complete
operational neurons versus less complete circuits (down to a mere a piece of unspecialized axolemma).
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10.8.3.2.3 Introduction of the Activa and other electrical components

All of the work reported to date has considered the neuron to either consist of one cytoplasm enclosed by a single
membrane, or the axon containing the dominant plasma associated with neural operation.  Both of these approaches
can be considered unitary tissue approaches.  

This theory replaces the axon as the active element in a neuron with the Activa formed between the various electrical
conduits of the neuron, one of which is the axon.  This approach can be considered the junctional tissue approach
(see Section 8.4.3).

When discussing the axon, or any other neural conduit, it should be separated into its specialized and non-
specialized regions.  These regions may exhibit different electrical characteristics.  Some specialized regions (type 2)
of the axolemma are involved in the production of the electrical potential exhibited by the axoplasm of the cell and
some regions (type 1) are static, appearing as excellent quality diodes and insulators between the axoplasm and the
INM.  Second, the total axolemma is considered a dielectric between two conducting mediums under all
circumstances.  Third,  the electrical characteristics of the type 2 regions of the axolemma are divided into two
distinct categories, that associated with electrical potential generation and that associated with electrical power
consumption.  The electrical potential between the axoplasm and the INM is proposed to be due to the type 2 region
of the axon supporting an electrostenolytic process.  The process involves both the axolemma and the bioenergetic
coating primarily on the exterior of the axolemma.    This is the process that is the source of the potential between
the axoplasm and the INM.  This potential, under zero current flow conditions, is considered the intrinsic
electrostenolytic potential of the axon.  Many of the regions of the axolemma exhibit an impedance to the flow of
electrical current.  The value of these  impedances may vary with region.  Each of these impedances can be
represented by one or more perfect diodes, not by a variable resistor.  

It is currently unresolved whether individual regions (type 2 & 3) of the axolemma, associated with the diode(s),
exhibit an intrinsic membrane potential (entirely separate from the electrostenolytic potential) in series with the
impedance.  Unless a non-electrostenolytic region of the axolemma can be shown to exhibit an intrinsic
electromotive potential, which would cause the region of membrane to consume itself in order to provide such a
source, this Theory considers the axolemma and the complete axon (standing alone) as inherently and totally
passive circuit elements.  

The unspecialized (type 2) axolemma of the axon is basically a high quality insulator.  If the axon is an elongated
tube, it exhibits a very specific set of electrical properties not previously discussed in the vision and neural literature. 
Under static conditions, this tube can be considered a simple capacitor with a normally negligible leakage impedance
in parallel with it.  The capacitance of this cylindrical tube is easily calculated using the equations of electrical
engineering.  The precise capacitance of a cylinder is not given by the product of its surface area and its dielectric
constant (see Section xxx)  although this value is frequently used as an approximation in the biological literature.

Under transient and dynamic conditions, the electrical performance of a simple insulating tube separating two
conductors is more complicated.  This configuration corresponds to a simple coaxial cable with a very thin dielectric. 
Using the appropriate engineering equations, this tube exhibit both a capacitance per unit length and an inductance
per unit length.  Although this configuration does not exhibit any series or shunt resistance, it does exhibit what are
called a characteristic impedance and a driving point impedance which can be resistive (but non-dissipative) in
character.  These electrical characteristics are very important to the operation of the axon.

The active characteristic of a neuron, or a synapse as will be discussed separ;ately,  is only encountered when two
separate passive circuit elements are juxtaposed in a way that creates an Activa in the space between them.  This
Activa may be within the body of a neuron, at a Node of Ranvier, or at a synapse.  The result is an active three-
terminal electrolytic semiconductor device between the passive elements and the INM.  The electrical characteristics
of this device are critically determined by the voltage relationships among the three terminals of the Activa.

The operation of all of the neurons and synapses of the animal neural system can be accounted for based on the
presence of multiple Activas, nearly all in the common base configuration, borrowing the terminology of solid state
semiconductor electronics.  Since these devices are entirely electronic, there is no need to interpret their performance
through ionic flow.  Even within the voltage generating combination of the axolemma and the bioenergetic material
on its exterior surface, there is no requirement for ions to pass through the axolemma to support signaling by the
neuron.

10.8.3.2.3 Use of the voltage clamp technique
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The voltage clamp technique has gained considerable fame among the neurological community.  However, it is
considered a routine technique in the electrical engineering field.  It has been widely used in the telephone field,
since at least the 1920's, for testing the performance of individual circuits without having access to both ends of the
telephone circuit.  In telephone practice, the test consists of two parts, application of a long pulse to the input of the
circuit to determine its leakage characteristics and application of a short pulse to the input to determine its transient
characteristic and any fault along the circuit.  The fault location is determined by the time required for the applied
pulse to travel to the fault, be reflected by the fault, and return to the sending location.  Knowing the travel time of
the pulse and the intrinsic signal velocity along the circuit, the distance is easily calculated.  This technique avoids a
great deal of field surveying of the telephone system.  The same basic technique is used today to find people who are
attempting to obtain cable television services without paying for them.

When this technique is used with complex circuits, special precautions must be observed to account for amplifiers
and signal splitters along the line.  This is also true in biological circuits.

Understanding the exact specimen configuration is crucial when attempting voltage clamp measurements on
neurons.  The presence or absence of an operational Activa connected to the input of the axon section under
investigation is critically important.  If present, the quiescent emitter to base voltage of that Activa must be
monitored or controlled.  The presence of an Activa at the output of the axon segment is also important, but less
critical.  The voltage-current relationship obtained by measurement can be affected by the input impedance of the
emitter to base circuit of this Activa if it is forward biased.  It is also crucial to recognize that the neuron is not
operational for axoplasm voltages that are positive with respect to the base voltage of the driving Activa. 
Measurements in this voltage regime may give useful information concerning the impedance of the various diodes
involved.   However, it does not give information about the normal overall operation of the specimen.  This situation
will be explored in detail below.

Sherman & Guillery have recently summarized the problems of the voltage clamp technique in the language of the
experimental electropysiologist while continuing to accept the chemical basis of the synapse and the excitability of a
axonal membrane40.

10.8.3.2.4 The patch clamp and “plasma-patch clamp” techniques

Corey has addressed the patch clamp technique at some length41.  However, the situation can now be described in
more detail.  Figure 10.8.3-3 illustrates the possibilities under the patch clamp technique reviewed by Corey.  The
whole-cell patch clamp technique (C) is the same functionally as the normal voltage clamp technique.  However the
other configurations offer different perspectives on the operation of a cell or a piece of isolated BLM.  Note the
inside-out and outside-out patch technique does not apply to operational neurons, only patches of BLM.  The on-cell
patch can obtain indirect information about the operation of the cell, the whole cell clamp allows the measurement of
both the inside and outside voltages and currents (using additional instrumentation) related to a particular plasma
within the cell.  Some of this data will be reviewed in Sections 10.8.6.6 & 10.8.7.  Hamill, et. al. have provided a
great deal of information about the patch clamp technique (their figure 9), and the expected noise performance under
a variety of physical conditions42.  It must be reviewed before performing any laboratory investigation involving the
technique.

As above, it is exceedingly important when using the patch clamp technique to determine the potential for zero
current flow through the probe.  This potential equals the quiescent (resting) potential of the plasma being
interrogated.  This potential should be determined in the absence of action potentials (in the case of projection
neurons) if possible and before the chemical composition of the plasma is changed.
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Figure 10.8.3-3 Variations in the patch clamp technique.
Top: Four simple conceptual variants from Corey, 1983.
These variants assume a single equipotential volume within
the cell.  Bottom: More realistic representations of a neuron.
Multiple electrically isolated plasmas are present.  Left, a
single micropipette successfully accessing the dendroplasm
electrolytically in support of a plasma clamp experiment.
Right, two micropipettes  successfully accessing both the
dendritic and axonal plasmas simultaneously.

The basic patch clamp technique has been widely used in recent years to explore oocytes, muscle tissue, etc.  It has
been less effective in exploring neural tissue for a number of reasons.

1. When using the various tissue patch clamp techniques, the type (1, 2 or 3) of tissue involved has not been
described.  The protocols have not defined the possible types of BLM that could be encountered.  Nor have the
investigators explicitly described the type of BLM actually measured.

2. In whole-cell patch clamp experiments, the protocols have assumed the cell contained only one electrically
isolated electrolyte and that this electrolyte was equipotential throughout its volume.

The first reason has made it very difficult to interpret the results precisely and to compare the results among different
investigators.  Methfessel, et. al. appear to have shown significantly different offset potentials in their figures 1D and
2C43.  Whereas “ion transport,” probably in more
complexed form, is to be expected through type 3
BLM, it is virtually forbidden through type 1 BLM and
not expected through type 2 BLM.

The second reason causes even greater difficulty in
data interpretation and comparison.  While adequate
when exploring oocytes and other simple cases, the use
of the term “whole cell” as an adjective in patch clamp
experiments is awkward when exploring neurons.  The
whole cell contains a group of electrically isolated
plasmas.  In most cases, these plasmas are not
equipotential even under quiescent conditions.  To
understand the operation of the neuron, it is necessary
to employ more precise techniques that access
individual plasmas using what can best be described as
the “plasma-patch clamp” technique.  By specifying
the plasma actually accesses, the ambiguity related to
the meaning of the data can be reduced considerably. 
Specifically, the subscript in the common
nomenclature, Em and Im should be replaced by the
appropriate plasm designator, d, p or a.

The proposed plasma-patch clamp technique is
illustrated in E. A single probe is shown accessing a
single plasma of an in-vivo neuron.  Care is taken to
access only a specific, and designated, plasma within
the cell.  By penetrating the lemma surrounding that
plasma, there is no ambiguity concerning the properties
of the lemma itself.  However, the plasma is still, in all
probability, supported by areas of type 1, 2 and 3
lemma.  It may or may not also be in electrical contact
with the prior and post neural cells.  Thus the recorded
data must consider these options.  

Even with the improved plasma-patch clamp
technique, the measured data cannot describe the
operation of the neuron in detail.  Data is most
optimally collected using a “dual plasma-patch clamp”
technique as shown in F.  This approach allows the
measurement of both the input and output
characteristics of a single neuron simultaneously. 
While obviously more technically difficult, using this
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technique can eliminate much of the ambiguity concerning what is happening within a given cell at a given time.  If
accomplished a few times, the data acquired will provide a verified framework for later experimenters that will allow
them to use only the single plasma-patch clamp procedure with confidence. 

Much of the confusion in the literature concerning the current-voltage characteristics reported by various
investigators could be resolved if they had more clearly defined the neural plasma they actually accessed.

10.8.3.2.5 Comments on the “vesicle-patch clamp” technique

Hamill, et. al. have provided a good description of a modification to the whole-cell patch clamp, and possibly the
plasma-patch clamp technique.  It involves pulling back on the probe after establishing a gigaseal with the target
lemma.  This action frequently tears a piece of tissue from the lemma that closes rapidly to form a sealed vesicle on
the tip of the probe.  While the character of the resulting overall lemma, and the plasma within the resulting vesicle
may not be known precisely, some useful data may be obtainable.  Hamill, et. al provide a detailed electrical circuit
model of this test configuration (figure 10-B), although as usual, they describe the conductive aspect of the
impedance of the lemma in terms of resistors instead of diodes. 

10.8.3.3 Theory of and circuit diagrams supporting plasma-patch clamp experiments

The voltage clamp clamp technique has found a natural home in neuroscience.  It was originally introduced by Cole
& Curtis in 1938, was exploited by Hodgkin & Huxley in 1952, and modified to the patch clamp configuration by
Sakmann & Neher in 1976.  However, another advance is needed.  All of the above investigators based their work
on the assumption that the neuron relied upon the axolemma, a two-terminal device of non-junctional tissue.  It is
now clear that the neuron relies upon the Activa, a three terminal device formed of junctional tissue.  To effectively
analyze the junctional tissue situation, it is most appropriate to use a dual set of probes to go beyond the patch clamp
configuration.  The expanded configuration is called a dual plasma patch clamp experiment.  Each individual probe
operates in the whole-cell mode.

Using the dual plasma patch approach solves one of the major problems in neuroscience, observing both the
prenodal and postnodal, or the neuritic and axonal plasmas of a conexus simultaneously.  These observations allow
many relationships between the nominal waveforms to be compared using the same neural specimen.  This avoids
the inevitable discussions concerning the detailed and specific relationships between waveforms acquired from
different specimens.

Understanding all elements of the transient response in whole-cell patch clamp experiments is difficult.  However, a
technique from electrical engineering can help. This technique will be presented in this section and used to analyze
the data regarding voltage clamp experiments that are found in the literature.  It appears that most of the whole-cell
patch clamp data has been obtained by accessing the dendroplasm of the neuron rather than the axoplasm.  This
would be expected in smaller neurons where the axon is small and difficult to patch into and the hillock is more
difficult to patch into than the dendrite which may occupy a significant part of the soma.

This section will discuss both voltage clamp and current clamp operating modes in the following figures.  This will
provide the most comprehensive and most precise models of the whole-cell clamp technique.

Ypey1& DeFelice have recently provided a laboratory manual applicable to the patch clamp technique.44 It is
designed for the sophomore university student and employs simple RC circuit models that lack any relationship to
real neurons.  However, it does include some valuable protocols.  Paraphrasing some of their conclusions in section
3.5: 

1.  After the practical exercises of the present chapter on the electrical equivalent circuit model, you
may have experienced that it is not always easy to recognize the simple theoretical concepts presented earlier.  In a
real patchclamp experiment this is even more complex.  First, the cell is much more complex, i.e. has many
more “hardware” components. Second, one cannot see and easily remove or substitute these components. Third, the
cell components are usually unknown.  Finally, the electrical properties of a cell are often changed during an
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experiment.  Therefore, the experience gained in the present exercises will help to recognize cell properties from
artifacts and the new and unusual electrical properties of a cell from its standard properties.

2.  One complication seen in the simulation experiments was the deformation of the fast capacity
current transient by the amplifier. The filter inside the amplifier reduced the peak and increased
the duration of the transient compared to estimated peak and time-constant values for a simple
RC-circuit of the voltage-clamp condition.

3.  The effects of stray capacitance were striking. The way they affected the fast capacitor transient
(peak increase) could also be understood from an RC-circuit including such stray capacitance.  These observations
indicated the importance of minimizing stray capacitance when trying to obtain the best possible
time resolution for studying ultra-fast conductance changes upon voltage steps.

4.  The establishment of the various patch-clamp configurations could be recognized from electrical
changes during the manipulations. 

Boulton has also provided a text on the patch clamp technique45.  It also relies upon RC models of the neuron.
  
This section will first discuss data where the clamp potentials used are more negative than –30 mV relative to the
INM.  In this range, the Activa of the neuron is generally biased into the cutoff, or nonconducting region.  This is an
abnormal condition for any neuron and it is not found in-vivo.  Following the discussion of this situation, the more
normal condition will be discussed.  In this case, the dendroplasm is clamped to a potential between –30 mV and
+10 to +20 mV relative to the INM, the normal operating range of most neurons.

Figure 10.8.3-4 presents the electrical potentials associated with the complete circuit with the electrical components
arranged topologically on the graph.  This figure shows the abnormal (non-operational condition) where the Activa
is inactive.  The following figure will address the same configuration where the Activa is active.  By maintaining the
connections shown at the various black filled circles, under all operating conditions, it is easy to follow the changes
in the various potentials and currents as a function of time   The pertinent voltage and currents can then be plotted
below the figure in time alignment.  Most patch-clamp experiments are in fact dual interval experiments.  The first
desired potential is set and the circuit is allowed to equilibrate.  The potential is then changed to a second value and
the circuit is again allowed to equilibrate.  In the case shown, it is assumed that the source (S) from the test set was
initially disconnected from the circuit under test or it was set to the quiescent potential of the dendroplasm (assumed
to be –30 mV).   The clamp voltage was then changed to –100 mV.  In response to this insult, the electrostenolytic
source, ies, attempts to re-establish the quiescent condition.  It supplies a current that passes into the dendroplasm and
out through the test probe.  The new equilibrated dendroplasm potential is a value between the quiescent value and
the clamp value as shown.  Technically, this is an error value in terms of the voltage clamp technique.  The
difference in the equilibrated potential and the command potential causes a current to pass through the probe
assembly.  During equilibration, this current is totally resistive and the current through the probe is proportional to
the error voltage.  In more sophisticated test instruments, the current through the probe under this condition is used
to calculate a (constant) correction potential to offset the error, Verror.  A similar correction can be made for the more
stable potential associated with metal-electrolyte interfaces, Epr.  By varying the clamp potential systematically and
allowing the dendroplasm to equilibrate, the characteristics of the electrostenolytic source can be evaluated.
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Figure 10.8.3-4 The electrical parameters and topology of a dual interval voltage patch-clamp experiment under cutoff
conditions.  No conduction currents flow through the Activa although displacement currents may flow through the
capacitors.  Top: The dashed line shows the clamp voltage associated with the instrumentation.  The heavy curved line
shows the actual voltage of the dendroplasm of the neuron.  The difference between these two lines is the voltage across
the electrolytic probe connecting the two.  Middle: The voltage across the probe is shown as a function of time.  Note
the sudden reversal in the voltage at the end of time interval T1.  Bottom: The currents through the probe are shown as
a function of time.   They may not be shown at the same scale.  It is the sum of these two currents that are passed to the
instrumentation for evaluation.  See text.

The rapid equilibration during time interval T1 is due to the active electrostenolytic source.  Following equilibration,
the clamp voltage is frequently lowered precipitously as shown.  This causes the clamp voltage to go below the
dendroplasm potential.  This results in a reversal in potential across the probe as shown in the middle frame.  Since
neither the clamp voltage or the electrostenolytic voltage can sustain this dendroplasm potential, it begins to collapse
to a new level between the quiescent potential and the new clamp potential.  The time constant of this collapse is due
to all of the impedances connected to the node shown by the large black junction dot.  In collapsing, it passes
through a condition of zero potential difference across the probe.  While this leads to a condition of zero conductive
current through the probe, there may be a displacement current at this time due to the capacitance, Cpr,  associated
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Figure 10.8.3-5 Two estimates of the current capability of the electrostenolytic process of two dendrites.  Left: Dashed
line estimated from Figure 4 of Suzuki, et. al., 1989.  Solid line provided by Kiernan, et. al., 2003.  Dotted lines are ideal
diode characteristics.  The Des function is firm.  The DEB function is tentative due to the limited number of data points
between –30 mV and zero.  Right: Equivalent circuit of dendrite plasma patch clamp configuration.   The highest current
in the left frame approximates the reverse saturation current, I0, associated with the electrostenolytic mechanism.  All
of the currents in this figure are due to electron-flow, no sodium or potassium ions are involved.  See text.

with the probe.  

The test instrumentation treats the total current through the probe as a conductive current in reconstructing the
voltage of the dendroplasm as a function of time.  This can lead to an error if the capacitance of the probe is
significant relative to the resistance of the probe.  A larger error is documented in Figure 2A of Kiernan, et. al.
although they did not discuss it.  The resistance associated with the probe, Rpr, is electrolytic in character. 
Electrolytic currents do not travel near the speed of light in dilute solutions.  Therefore, there is a delay associated
with the resistive current that is not highly correlated with the displacement current associated with Cpr.  This delay,
of about 0.24 ms in the referenced figure, can introduce what appear to be fast transient spikes in the composite
waveforms that are not actually associated with the dendroplasm.  Care should be taken in the laboratory to make
the electrolytic length of probes as short as possible to avoid these artifacts.

Figure 10.8.3-5 presents two measurements of the current in a whole-cell patch clamp experiment where the
dendroplasm was probed.   The neurons involved were both about 20 microns in mean diameter and taken from
small mammals.  The dashed line was found by scaling figure 2 in Suzuki, et. al.  This line was estimated assuming a
resistive impedance within the electrostenolytic process. The solid line was provided by Kiernan, et. al. (both are
discussed in subsequent sections).  This curve shows the character of the current more clearly.  It also shows a bend
for voltages less negative than –30 mV.    This bend may indicate the start of current flow in the emitter of the
Activa.  On this assumption, the solid curve has been extended by the dotted line, Des,  to show the predicted shape
of the source characteristics of the overall electrostenolytic process.  If the calibrated current range from the Suzuki
figure is assumed to have the shape of the relative current from Kiernan, the characteristics of the electrostenolytic
process in the Suzuki experiment can be determined.  The equivalent circuit of the plasma-patch clamp protocol
under static conditions, is shown on the right.  The open circuit electrostenolytic potential, Ees is –25 mV +/– 2 mV. 
The diode formed by the type 2 BLM exhibits a reverse saturation current, I0, of  44 pA.  These values assume the
Kiernan, et. al. voltages compensate for the electrical potential of the equivalent battery within the probe as claimed
in their article.

Under the same assumptions, the dotted line labeled “candidate DEB characteristic” describes the input impedance of
the Activa.  To quantify this characteristic more precisely would require more data points between –30 mV and zero
mV.    This characteristic is expected to exhibit large currents in the third quadrant and be the same as the input
impedance shown in Kiernan’s other figures.  The current through Des would not be expected to become large in the
third quadrant.   To limit this current, an internal series impedance may be associated with the source potential Ees.  
This impedance would be related to the availability of glutamate to the electrostenolytic process from the vascular
system.  This condition can only be confirmed by more precise data between –30 mV and zero mV.

Kiernan used a protocol within the pClamp 6 software package to obtain their current versus voltage characteristic. 
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It is named the h(sub-infinity) protocol.  Note the change in labels from the Kiernan, et. al. paper.  They label the
vertical scale, “current availability,” on the assumption the current is generated by the neuron.  This is an
inappropriate label.  As clearly seen from the equivalent circuit, the current is in response to the net electromotive
force within the circuit.  The current is a forced current due specifically to the clamp potential.  In the absence of any
net forcing voltage (V= –25 mV), no current would flow in the external circuit.

The parameter h(sub-infinity) is defined in Diamond, et. al. based on the Hodgkin & Huxley equations as the
inactivation parameter, h, under quiescent (or apparently clamped) conditions46.  They note an important fact. 
“While no unique physical interpretation can be applied to this treatment, it is conceptually useful to think of the
numerical value of m and h as representing the proportion of channel gates in the open state.”  Sodium ion gate
activation was designated as m and sodium ion gate inactivation by h.   These parameters are dimensionless and have
a range from zero to plus one as a function of both time and voltage in their treatment.  Adrian, writing in the same
volume (pp 54-57) also discusses the conceptual ramifications of m and h.  His concept varies from the above.  He
proposes these two parameters are first order functions with voltage-dependent rate constants.  These constants are in
fact variables also as he shows on page 56.  This work dismisses this conceptual interpretation in favor of the
theoretical explanation provided by the Electrolytic Theory.  

The start of current flow through the Activa at about –30 mV indicates the Kiernan neuron was biased into the lower
region of the operating characteristic of the Activa under in-vivo conditions.   As will be seen below, this bias placed
the Activa well below its unity gain feedback condition (assuming it was a stage 3 ganglion type neuron).

Baker & Bostock have obtained additional data related to the forced current under voltage clamp conditions47.  They
continue the practice of Kiernan, et. al. and define this current as the current availability for late Na+.  In the absence
of a model, they have fit a “Boltzman relation” to their data empirically.  The Boltzman relation they used is similar
to the more common logistic and Michaelis equations except it includes another free parameter.  These relationships
offer no insight into the underlying mechanism and assume a single mechanism is involved over the entire extent of
the measured response.  The chosen relationship is not compatible with the finite minimum in their figure 3D.  Nor
does their formulation agree with that of Adrian48. 

Even at minimum potential across the diode, the impedance of the diode exceeds 500 Mega-Ohms.  The impedance
of the probe is negligibly small compared to the reverse-biased diode impedances in this figure.  However, the probe
impedance is electrolytic and not metallic.  This fact will be important in following sections when discussing the
dynamic conditions associated with a patch clamp experiment.

It is critically important that the reader understands the equivalent circuits used in this section are based on currents
due to electron flow.  All of the currents in these figures are due to electron-flow.  Sodium, potassium or
calcium  ions play no role in these circuits.

Figure 10.8.3-6 (A) presents data from  a variety of neurons, from both Chordata and Mollusca, obtained by
different investigators summarized by Juusola, et. al49.  No data points were included in their data and they provided
minimal discussion concerning how these responses were obtained or at what temperatures.  However, based on the
Electrolytic Theory and the model of the conexus of such neurons, it can be assumed that the differences between
these curves are due primarily to the different poda (base) potentials involved.  Under this assumption, frame (B) has
overlaid these curves on the theoretical input characteristic of the Activa within the conexus.  This has entailed
reploting the responses based on their mid-amplitude point corresponding with the theoretical curve.  The still
unknown offset potential, Vγ, associated with the Activas has been ignored here for convenience.  Note the current
associated with the theoretical curve is slightly negative prior to Eeb = 0.00.  This negative current is the reverse
saturation current, I0, of the theoretical Activa (plus the forced current through the electrostenolytic supply for clamp
potentials more negative than –30 mV).  The measured responses deviate from the theoretical response at forward
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Figure 10.8.3-6 Measured versus theoretical currents through a variety of neurons.  Left, a freehand composite prepared
by Juusola, et. al. 1996.  a, barnacle photoreceptors. b, mammalian retinal bipolar neurons. c, mammalian vestibular hair
cells. d, goldfish retinal neurons. e, inner segment of salamander rods.  Right, the measured responses of the left overlaid
onto the theoretical response for a perfect diode (line of short dashes).  

saturation in the real Activas.  The quality of the measured responses may vary somewhat from optimum depending
on where the measurements were made.  The theoretical curve represents the response, Eeb, of the Activa measured 
at the input terminals of the Activa.  This is equivalent to the difference between the dendrite to podite potentials
also measured at the Activa, Edp(A).  Measurements at points along the dendrite (obtained by probing the soma) may
differ by several mV from those at the desired terminals.

Based on this figure, the base (poda) terminal potentials in the responses of A can be estimated.  The podaplasm of
(a) was about -60 mV.  The podaplasms of (d) and (e) were between –30 and –40 mV.  These are completely
realistic values for operationally different neurons.  The data for (b) and (c) are too poor to estimate the podaplasm
potential accurately.
The quiescent potential of the dendroplasm  will be taken as –25 mV in the following discussions.

Figure 10.8.3-7 shows the whole-cell current clamp technique used to describe the operation of a functional neuron. 
Here, again, the probe has contacted the dendroplasm of the neuron.  The emphasis will be on a projection neuron
generating action potentials but the same discussion applies to the electrotonic neurons of stage 1, 2 & 4 except after
the Activa goes into monopulse oscillation.  This occurs at time, Tb, in the figure.  



40  Processes in Biological Vision

Figure 10.8.3-7 Circuit diagram/waveforms of operational neuron under current patch-clamp conditions.  A; Pertinent
diagram including test instrumentation.  All capacitances, except Caes, have been ignored in preparing the simplified
waveforms.  Dashed vertical lines show times of pertinent events.  T1, quiescent period, T2, active interval.  Ta, start of
conduction of current through Emitter.  Tb, time at which positive internal feedback gain exceeds 1.00.  Tc, time
saturation occurs within Activa.  Td, nominal end of action potential.  B; a 50 pA current is established, through the
probe, during interval T2 by the test set.  Assuming the resistive impedance of the dendritic circuit is sufficiently high,
the current causes a linearly rising dendroplasm potential.  At Ta, the emitter circuit of the Activa begins to conduct and
the rate of the rise in the dendroplasm voltage, Edn, slows.  At Tb, the internal feedback gain exceeds 1.00 and the circuit
becomes unstable.  The current flowing from the podaplasm to the axoplasm, Iin, increases rapidly until Tc when this
current collapses.  All potentials return to near their values at Tb.  See text.
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At time, Tb, the circuit can diverge into either of two operating modes depending on the value of the base (poda)
impedance.  To oscillate, the poda impedance, Zp, must be finite and sufficient.  If it is too small, the circuit will not
reach a positive internal feedback gain exceeding 1.00 and it will not oscillate.  Under this condition, the
dendroplasm potential, Edn, will continue to rise until saturation is reached in the input characteristic of the Activa or
the end of the interval, T2, is reached.

Note the measured potential tends to be significantly less negative than the dendroplasm potential in the current
clamp mode, particularly if the probe impedance is high.  In the voltage clamp mode, the measured potential tends to
be more negative.  While corrections can be applied in the test electronics, the corrections may need to change
significantly during the test cycle.  This applies specifically to the period while current is flowing in the emitter
circuit.  The impedance of this circuit is considerably lower than the impedance of the electrostenolytic supply used
to establish the correction potential.  Baker & Bostock have noted the change in the “measured” dependence of the
Na+ channels with the probe used50.  They note a change of about ~20 mV in the hyperpolarizing direction, which
they say others have also encountered.  They offered no explanation for this shift.

A two-electrode voltage clamp (TEVC) probe has been developed to overcome the errors inherent in the single wire
probe used i either the voltage or current mode.  The TEVC is similar to the Ussing chamber in approach to avoiding
the voltage drop inherent in a current probe.  At least one variant works with the Axoclamp2B test instrument.

If the poda impedance is sufficiently large, the internal feedback gain will exceed 1.00 shortly after Tb.  This is
indicated by a differential change in the poda potential that equals or exceeds the differential change in the
denroplasm potential, since it is the difference in these two voltages, Edp = Edn -Epn, that controls the current through
the Activa, this “inward current,” Iin,  into the axoplasm increases rapidly.  This current depolarizes the axoplasm,
while simultaneously further polarizing the podaplasm, until time Tc is reached.  At that time, saturation in the
Activa, see voltage waveforms in E, causes the internal feedback gain to again fall below 1.00.  The explosive
increase in the inward current stops and the current through the Activa returns to a low value controlled largely by
the continuing fixed current supplied from the test set.  The precise potentials at which saturation occurs depends on
the specific impedances associated with the axoplasm and the podaplasm.  The general proposition is that the
axoplasm potential cannot become more positive than the podaplasm or transistor-action ceases.  The above
paragraph avoided discussing the capacitances involved in the conexus at many locations.  Most of these are small
and only impact the edges of the various waveforms illustrated.  However, at least one of them is large and is
intimately involved in the feedback process.  Several different capacitances, and capacitance combinations can serve
this role.  Defining the location of the pertinent capacitances will be left to the following sections related to specific
experimental efforts.

Whenever, the axoplasm potential is less negative than its quiescent value near –150 mV, the electrostenolytic
supply to the axoplasm begins to try to restore the quiescent value.  Thus restoration process begins as soon as
current begins passing through the Activa.  The outward current, Iout,  through the electrostenolytic process peaks at
the same time the axoplasm potential is most positive.  While the inward current through the Activa now falls
rapidly, the outward current through the electrostenolytic supply decreases less rapidly.  The Axoplasm potential
becomes more negative in accordance with the time constant of the electrostenolytic supply and the axoplasm
capacitance.

Note the difference in the shape of the dendroplasm potential, Edn, in A and that of the axoplasm potential, Ean, in E. 
The potential of the axoplasm represents the true action potential.  The shape of the dendroplasm potential is only
similar, but distinctly different from the actual action potential.

The above inward current, Iin, and outward current, Iout, are the currents observed by Hodgkin & Huxley.  The inward
current corresponds to their sodium ion current.  It consists entirely of electrons (negative charges) flowing in the
opposite direction along the inward path.  The outward current corresponds to their potassium current.  It consists
entirely of electrons (negative charges) flowing in the opposite direction along the outward path.  Because of their
focus on currents through the external tissue of the axolemma exclusively, they were unable to conceptualize a
distinct separate current through the junctional tissue area defined by the Activa.  Thus, they were forced to postulate
an “Independence Principle” that allowed sodium ions and potassium ions to pass through their lemma in opposite
directions in spite of the same electrostatic field controlling the flow of both ions.  No requirement for such an
“Independence Principle” occurs when the currents originate at different locations and are caused by distinctly
different mechanisms.  All of the actual currents through the conexus are based on the flow of electrons.  This fact
eliminates the need to postulate any “gates” through the lemma to accommodate the flow of ions.
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If the researcher determines the quiescent potential of the dendroplasm by performing a whole-cell patch

Note the dendroplasm produces a waveform that looks much like the waveform at the axoplasm due to the
monopulse oscillation of the Activa.  However, the monopulse oscillation measured at the dendroplasm is not the
same as the monopulse waveform recorded at the axoplasm and normally defined as the action potential. It does not
start from the same DC potential and does not have the same amplitude as the action potential at the axoplasm.

The voltage read at the test set is higher than the voltage of the dendroplasm by the voltage drop of the probe during
current clamp conditions.  If a high impedance probe is used, the recorded voltage may be considerably higher than
the dendroplasm potential.  The recorded voltage can easily go positive with respect to the INM, even though neither
the dendroplasm or axoplasm have gone positive with respect to the INM.

10.8.3.3.1 Probe design and noise performance in plasma-patch clamp experiments

Hamill, et. al. have provided a cross section of a typical patch clamp probe (aka head unit) and discussed the noise
performance of that probe in detail51.  Their paper describes the necessity of keeping the signal path through the
electrolyte of the probe as short as possible.  They did not stress the equally important necessity of keeping the return
path through the electrolyte surrounding the cell under test as short as possible also.  Their discussion reviews the
important leakage paths frequently present.  Many of these paths involve surface leakage paths that commonly
introduce spectrally colored noise (1/F noise, popcorn noise, etc) that appear more than infrequently in the recorded
data of experimenters (see [Sections 10.8.3.5 & 10.8.6.3.5]  xxx).  The paper was preceded by one by Neher &
Sakmann that also reviews the subject of noise in patch clamp measurements in some detail52.

Klemic, et. al have provided excellent material on micro-machined probes and array-type head units that offer new
possibilities to control leakage paths while supporting multiple-probe configurations53.   Some of their discussion
related to noise is an extension of that in the above papers.

10.8.3.4  The voltage patch test configuration

10.8.3.5 Critique of voltage clamp techniques and past data

The comparison of the data in the literature with the theoretical foundation of this work brings into focus a number
of significant facts. 

10.8.3.5.1 Voltage clamp experiments with an axon conduit

Cole, a contemporary and colleague of Hodgkin & Huxley, provided a chronology of their work on the axon54. 
Looking back now with the advantage of hindsight and a more advanced technological base, significant difficulties
can be seen in their work.  These difficulties undermine the large number of books that have been spawned by their
work.  

Cole noted several potential problems with the H&H test set while providing one of the few test set electrical flow
diagrams illustrating all of the functional units required for optimum performance.  He also speculated on the course
of additional experiments circa 196855,56.

Gilbert et al. have provided a review of the squid as an experimental animal, and reproduced the circuit configuration
used by Hodgkin & Huxley in their experiments57.  The use of positive feedback in their instrumentation should be
noted.  This text should be reviewed with care.  It illustrates the highly modified axon used by H & H and efforts
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they took to deactivate the internal Activa within the overall neuron.

H&H worked during a period when electrolytic chemistry was in a primitive stage and the liquid crystalline state of
matter was either unknown or considered a novelty.  Even the thickness of the biological cell membrane was
virtually unknown.  In the absence of any information on the molecular structure of the biological membrane, they
treated it as a symmetrical homogeneous structure that was porous to alkali ions.  This assumption was based on
experience with many other materials that had been studied in the osmosis laboratory.  Based on their concept for the
voltage clamp technique, the electronics for their test set was fabricated and combined with a sophisticated holding
fixture and a giant axon from Loligo. This axon was severed near the orthodromic end and cannulated with an
electronic probe assembly.  The assumption was made that the electronics was capable of providing a near zero
impedance electrical source (although they noted otherwise) that insured the voltage across the specimen, especially
after compensation for the external electrolytic medium, was independent of time.  Based on this assumption, there
could be no change in current through the capacitive component of the impedance of the axon and therefore any
current flow through the membrane must be due to what was described as a change in conductance.  Since the
current flow was found to be bipolar under some conditions, they sought to account for this outward and inward flow
based on the physical flow of positive ions through the membrane.  To account for the bipolar character of the
measured current, they associated it with the concentration of the ions on the two sides of the membrane.  They
assigned the outward flow to the sodium ions that were represented by an ionic gradient that was higher on the inside
of the membrane and the inward current flow to the potassium ions that were found to have a gradient that was
higher on the outside.  To skirt the fact that both of these ions were positive and one would necessarily have to flow
in a direction counter to the electric field, they proposed an “independence principle” that eliminated this problem. 
Under this hypothesis, the ions flowed in response to the change in potential relative to the quiescent value rather
than to the absolute electric field present.

Their test set did not provide for the direct measurement of the actual potential applied to the axon when mounted
within the test fixture.  They did not publish any data to substantiate their claim of a constant voltage clamp across
the membrane of the axon.  Thus their potentials are always the potential introduced into their circuitry and not
necessarily the applied potential across the specimen.

It is now known that these assumptions were erroneous and their test set can be seen to have been inadequate.  The
basic biological membrane is now known to consist of a homogeneous liquid crystalline film.  It consists of two
adjacent amphipathic bilayers of phospho-triglyceride material arranged so as to be nearly impervious to alkali ions. 
When these layers are symmetrical at the molecular level, the membrane is essentially a perfect electrical insulator
and perfect electrolytic barrier.   Virtually no ions or fundamental electrical charges can pass through such a
membrane.   However, when the axolemma is divided into specialized regions of asymmetrical molecular
phosopholipid material, it exhibits quantum-mechanical properties unknown to biological materials in the 1950-60's. 
Besides exhibiting the properties of a high quality capacitor, the specialized membrane also exhibits the electrical
properties of a high quality electrical diode.  Such specialized regions of axolemma are capable of passing
fundamental electrical charges but remain amphipathic and impervious to all alkali ions.  

Although their analyses rests on the ionic theory,  Schwarz & Eikhof58 note the lack of a significant outward current
following an inward current (the so-called pottasium or K current) in tests using improved test sets based on those of
Nonner.

Recognition of the limitations of their test electronics eliminates the need to account for bidirectional transmission of
ions or fundamental electrical particles under constant field conditions.  The first derivative of the applied potential
was not equal to zero in the experiments of Hodgkin & Huxley except for a short interval well into the pulse period.

The detailed electrical topology of the axon, including its axon conduit, Activa, and neuritic structures, in the test
fixture was not completely appreciated by H&H.  They were not aware of the inadequacy of their space clamp
configuration.  The specialized region of the axolemma forming the collector of the Activa formed a direct external
shunt across the portion of the axolemma within their electrically configured space clamp.  The diode characteristic
of this shunt significantly impacted the potential applied to the membrane within their space clamp region.  This
impact made the positive going and negative going portions of their collected data asymmetrical.  This asymmetry
was due to the completely different, type B and type D, equivalent circuits under which the data was collected.

When the data from their experiments is reinterpreted based on the current state of knowledge, all currents through
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the membrane with a time constant of less than a few hundred milliseconds are seen to be due to the flow of
fundamental electrical charges through the multiple regions of the membrane.  There is no need for, capability for, or
reason for any alkali ions to traverse the membrane as part of the electrical signaling function of the neuron.  In the
absence of any requirement for either sodium or potassium ions to traverse the membrane, there is no requirement
for an “independence principle.”  No theoretical explanation of their independence principle has ever been
documented.

The earlier notation of outward and inward currents should not be associated with any labels related to alkali ions.
These currents are in fact currents of fundamental electrical charges due to the capacitance of the membrane and the
diode characteristics of either the specialized sample membrane within the space clamp or the specialized membrane
forming the collector of the Activa located outside of the space clamp.

The material published without attribution in Dowling”s 1992 text appears, superficially, to be taken from the work
of H&H.  However, on closer examination, it is seen that the current responses are not disjointed at the point where
they leave the time axis.  This difference can be due to artist’s license in the preparation of the drawing or to
differences in the test configuration.  Data showing this characteristic are indicative of an underlying second order
system.  Such a system could be encountered in voltage clamp experiments in a number of ways.  First, the
compensation circuit for the voltage drop through the bulk electrolyte used by H&H could have been omitted.  The
result would be a configuration based on a Leyden Jar instead of a Ussing Chamber.  Alternately, the serial
impedance between the test electronics and the specimen could have been high or the internal circuitry of the test set
could be asymmetrical.  In other respects, the data is in general agreement with the model of this work.  The inward
current can be described by the type B equivalent circuit (with droop in the applied potential) and the outward
current can be described by the type D equivalent circuit.  The fact that the waveforms return to the axis in a
disjointed manner at the precise end of the potential pulse suggests a test set asymmetry is responsible for the second
order form of the leading edge.  

10.8.3.5.2 Voltage clamp experiments with a Node of Ranvier

Whereas H&H did not fully comprehend the limitations of their use of the space clamp concept, those placing a
Node of Ranvier in the test space essentially ignored the concept.  For structures of this complexity, the patch clamp
technique, if it can be implemented, is probably more useful.

The capacitance and series impedance associated with the pools of electrolyte used to contact the axon segments in
early experiments was a significant problem.

Hille has provided an alternate configuration.  His diagrams indicate the Node of Ranvier has been placed within a
pool of electrolyte forming a, relatively large, space clamp.  However, the axon segments were treated differently. 
The prenodal conduit was cut and tied off with an excitation  cannula inserted through the side of the conduit. 
Similarly, the post nodal conduit was tied off and a separate cannula inserted through the side of that conduit.  It is
not clear whether this technique offers a superior ratio of series impedance to shunt capacitance in the test
instrumentation.

Up to the present, the precise interpretation of the transient data resulting from the various tests sets is highly test set
dependent.  This makes interpretation both difficult and highly questionable.  Making various assumptions as to the
dominant mechanism can support various interpretations.  There is a great need for better test set definition and more
complete description of the electrical circuit formed by the combination of the specimen and the test set.

One can conclude from the more recent test results (using improved electronics) that the putative potassium current,
and the need for the independence principle, have essentially disappeared.  The remaining current that is in the
direction of the applied field is well described by the movement of electrons or holes through the membrane under
test.  The voltage clamp technique is necessarily incompatible with the operational performance of the Node of
Ranvier and blocks the formation of any action potentials.

10.8.3.5.3 The definition of currents isolated using clamp techniques

The development of the voltage clamp technique has allowed the isolation of a series of current waveforms.  Many
of these waveforms have been assigned inferentially based labels.  These labels have been based on the dual alkali-
ion theory of the neuron.  An alternate definition of the source and purpose of these current waveforms is beginning
to be documented here and in the literature.  Table 10.8.6-1 summarizes these designations
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TABLE 10.8.3-1
Labels Applied to the Currents observed in voltage clamp experiments

Letter Label Character of Designation under Designation under the
The waveform Dual Alkali-ion Theory Electrolytic Theory of the Neuron

L* Continuous current A sustained inward current Operational (conventional) current 
approaching a steady found in patch-clamp through the emitter- collector 
state during voltage experiments on the dendro- channel of the Activa within the 
clamp interval plasm and associated with neuron

putative Ca2+ currents.

T* Transient following an An (time dependent) inward Transient (conventional) current 
off-quiescent voltage current found in patch-clamp generated by the electrostenolytic 
clamp interval experiments on the dendroplasm process while re- establishing the 

and associated with putative quiescent potential of the plasma.
Ca2+ currents.

1st I@ Random noise wave- A noisy waveform identified Frequency dependent random noise
forms found in “tail by long channel openings and associated with the probe 
events” of outside-out very brief incompletely resolved resistance and diode characteristic
patch exper. channel closings. of the BLM tested.

2nd I@ Random noise wave- A noisy waveform with shorter Frequency dependent random noise
forms found in “tail openings and longer, well- associated with the probe 
events” of outside-out resolved closings, giving these resistance (15-30 M-Ohm) and 
patch exper. events a “flickery” appearance. diode characteristic of the BLM

tested.

S@ ,# A very slowly (20 sec= τ) A small conductance channel A pathological case similar to the 
decaying waveform in associated with K+ and T-channel above.
a patch-clamp recording observed after suppressing the
at –40 mV following a I channel in the presence of
–100 mV clamp. symmetrical K+ (155 mM).

F@ Random noise wave- Single channels with large Frequency dependent random noise
forms observed for conductances that activated with less than 1 pA RMS 
various voltage clamp at more positive potentials amplitude and associated with the 
conditions following than the I channels.  They probe resistance (15-30 M-Ohm) 
a voltage clamp at deactivated very rapidly and diode characteristic of the 
 –100 mV and appl. BLM tested.
of 1 μM DTX

* See Suzuki & Rogawski, 1989 & Section 10.8.3
@ See Reid, Scholz, Bostock & Vogel, 1999 & Section 10.8.3
# See Jonas, et. al. 1989 & Safronov et. al., 1993

10.8.3.6 Impedance measurements in an active electrolytic environment

It has been common to make resistance measurements on neurons, primarily axons, in order to determine their
operating characteristics.  These measurements have frequently involved at least one non-penetrating probe.  The
measurements frequently involve pulse techniques to avoid noise problems due to the impedances involved and the
limitations of available test equipment.  The assumption has invariably been made that the resistances measured
were linear and reciprocal with respect to the direction of current flow through them.  In actual neurons, there are
many elements exhibiting relatively simple but invariably nonlinear impedances.  There are also active devices
exhibiting a myriad of simple and trans-impedances, all of which are asymmetrical and bias sensitive.  A trans-
impedance occurs in a multi-terminal electrical network. It is the impedance measured between two terminals while
maintaining controlled conditions at all of the circuit terminals.  This last condition is necessary because  a trans-
impedance is frequently sensitive to a bias condition outside the direct circuit path under test.  This bias is the
“governing function” in nearly all of the variable “resistors” found in membrane circuit diagrams since the work of
Hodgkin, Huxley & Katz.  In many cases, the trans-impedance measured in an active circuit does not represent a
simple or even a realizable resistor.  An active circuit can exhibit a “negative resistance” over a finite operating
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range.  In fact, the presence of a “negative resistance” is intimately involved in the fundamental definition of an
active device.

Since a projection neuron consists of a series of active devices separated by sections of transmission line, care must
be taken when attempting to measure the impedance between two points along such a neuron.  Whereas the
transmission line characteristics of a single axon segment may be static and reciprocal with respect to direction, the
terminal conditions associated with that line are not likely to be.  Furthermore, the very purpose of the Activa within
the Nodes of Ranvier is to exhibit a negative impedance in conjunction with a capacitive and (a separate) resistive
impedance.  The impedance measured between the input terminal and the poditic terminal is nonlinear and
asymmetrical.  Similarly, the impedance measured between the output terminal and the poditic terminal is nonlinear
and asymmetrical.  The trans-impedance between the input and output terminals is asymmetric, nonlinear and
dependent on the bias between each terminal and the poditic terminal. 

10.8.4 RESERVED

10.8.5 Measurements related to electrotonic neurons, stages 1,2 & 4

The signal processing neurons of the visual system appear at a variety of locations within the system.  They are
major constituents of the initial signal processing matrices of the retina.  They also appear in the LGN and Pretectum
of the old brain and throughout the cortex.  These neurons all process analog signals related to the intensity, temporal
and,  by conversion in the ocular subsystem, spatial signal information.  They are key to the operational performance
of the visual system.  Understanding of these neurons has been hampered by their small size, lack of understanding
of the electrical operation of the synapses and the form of coupling between the neurons provided by the synapses.  

The signal processing neurons are all direct coupled.  This type of coupling is used between the signal processing
neurons and between the signal processing neurons and the signal detection and hybrid neurons.  Because of this
type of coupling, it is extremely difficult to evaluate these neurons in-vitro.

The best data available concerning this type of neurons has been obtained by in-vivo probing of the so-called S-
plane of the retina (and analogous levels of other tissue of the brain).  This probing has frequently been done by
measuring the potential of the INM associated with a given layer of the retina.  In some cases, the axoplasms of
multiple neurons appear to have been in electrical contact with a single probe.  Only occasionally have efforts
succeeded in measuring a single plasma of an individual signal processing neuron.  As a result of the above, the data
in the literature must frequently be interpreted with respect to how it was collected.  Much of the data collected for
these types of neurons will be discussed in Chapter 13.

10.8.5.1 The non-inverting “bipolar cell” EMPTY

10.8.5.2 The inverting and differencing “lateral cell” EMPTY

[xxx horizontal and amercine cells ]

10.8.5.3 The photoreceptor cell as a unique case

The photoreceptor cell has evolved into a more complex structure, both morphologically and electrophysiologically,
than the other cells of the visual system, and probably the neural system.  It has done this by taking advantage of the
essentially symmetrical nature of the fundamental conduit section of the neural system.  Consider Figure 10.8.5-1. 
It presents three different views of the photoreceptor cell, the morphology, the electrical topology and the electrical
schematic in a standard form.  (A) shows the same fundamental signal chain as in earlier sections except the
morphology is that of [Figure 10.8.1-X(D)] and the mode of signal input has been changed.  The crosshatched areas,
representing the electrostenolytic processes, have been greatly exaggerated in the vertical dimension.  The location
of an important non-neural membrane, the Outer Limiting Membrane (OLM) has been shown. This membrane is
usually shown as separating the portion of the photoreceptor cell containing the nucleus from the Inner and Outer
segments of the cell.  In accordance with the theory of this work, the Outer Segment, containing the disk stack of
chromophoric material, is shown as external to the photoreceptor cell.   The dendritic tree of the photoreceptor cell is
shown as separate from the IS.  Each of the main dendritic limbs is in a deep fissure placed axially along the side of
the disk stack.  These limbs constitute the only portion of the cell that is found within the OS.  In this figure, the
separation of the IS from the OS is shown by the dashed line to the left of the OLM line.  In addition, the locations of
four separate electrostenolytic zones have been shown.  These zones are occupied by bioenergetic material used to
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power the electrical circuits of the photoreceptor cell.  The individual zones are numbered to make it easier to trace
them through the topological rearrangements shown in (B) and (C).  Zone (3) in (A) is connected by the wavy line to
its equivalent in (B).  This equivalent displays the more explicit label, zero impedance bias.  In the other cases, the
electrostenolytic zones constitute a power source that can be considered either an electrical battery in series with a
diode, or an electrical current source in parallel with a diode.  The second form is frequently more useful.

In the figures of this section, the terminal (c) associated with the second Activa is shown
connecting to the IPM.  There is recent electron-microscope evidence confirming this
configuration and that there is a potential between the INM and the IPM not shown in these
figures.

In analogy with the photoreceptor, the phonoreceptor of hearing is configured similarly.  It is
well documented that there is a potential difference between the sensory end of the
phonoreceptor, the cuticular plate, located in the endolymph and the soma located in the
perilymph.  The potential difference is known to be +80 mV, endolymph positive59.  The
location of terminal (c) has not been documented in hearing. 
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Figure 10.8.5-1 The morphology and electrophysiology of the fundamental photoreceptor cell.  See text for details.
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Since the photoreceptor cell is considered a sensory cell, showing how the input photons cause the flow of current at
the output of the cell is necessary.  No satisfactory detailed explanation of this conversion, from a photon energy
stream to a current stream, has appeared previously in the biological literature.

According to this theory, the limbs of the dendritic tree are piezoelectric devices of a special type.  An exciton is a
quantum of energy frequently considered acoustic in nature.  That is, it can deliver a quantum mechanical force to a
structure.  In the dendrite, this force causes the generation of an electron-hole pair in the liquid crystalline material
constituting the base region of an active electrolytic semiconductor device, the Activa.  The function of the disk
stack is to absorb photons at optical wavelengths and deliver the energy related thereto to the dendritic tree in the
form of excitons.  (B) adopts the same electrical notation as used earlier in this Section.  Although not shown, there
are multiple dendritic limbs in the dendritic tree of an animal (usually nine in a human).  Only one dendritic limb is
shown in (B).  There are several important differences in topology within a photoreceptor cell that are not visible to a
morphologist but can be documented by careful electrophysiology.  First, the voltages biasing the two Activas are
arranged differently and there is no bias connection to the Activas of the dendritic structure at all.  The biasing of the
dendritic structure, within the OS (beyond the calyx of the IS), makes the right-hand side of the Activa the emitter. 
Thus the two Activas are connected in a common emitter configuration (as shown more obviously in (C)).  Second,
the various electrostenolytic zones appear on different sides of the OLM.  The OLM constitutes an insulator and the
IPM and INM must be considered relatively poor conductors of electricity.  Therefore, the various power supplies
are shown connected by a resistive path.  A common ground connection is shown at an arbitrary location that will be
important when discussing test instrumentation in a later Section.  It is also necessary that the lemma of the
microtubule within the dendritic limb be electrically asymmetrical.

(C) shows a reorganization of the topology of (B) for purposes of interpretation.  The form of (C) is recognizable to
any electrical engineer as a simple differential pair amplifier.  The designations (a)-(d) have been added to aid later
discussion.  They represent connections between the electrostenolytic processes and the surrounding matrix.  A delay
element has also been added to recognize the relatively slow transmission velocity associated with the long axon of
the typical photoreceptor cell.  The signals recorded at (d) are usually delayed by three milliseconds compared to
those signals representing the stimulus.  The delay in the signals recorded at (a) are significantly less.  These
waveforms are discussed in more detail in Section 11.1.5.

A major characteristic of a differential pair amplifier is the constancy of the current through the impedance (2).  This
is established primarily by the bias (3) on the base of the right-hand Activa.  This Activa attempts to maintain a
constant current through (2).  Lacking exciton activation of electron-hole pairs in the left-hand Activa, there is no
current through this Activa.  Thus the entire current through (2) is via the right-hand Activa.  Since this device is
connected in the common base configuration, the current through its collector is essentially equal to the current
through its emitter.  Therefore, the current, ic, in the collector lead of the right hand Activa is essentially equal to the
current through (2) under quiescent conditions.  If a current is caused to flow in the left Activa due to excitation, the
current through the emitter and the collector must be the same. There can be no current through the open base of the
left Activa.  The right Activa will attempt to keep the current through (2) constant.  Thus the output current, ic will
decrease in direct proportion to the increase in current through (1).   This is the process that has led to considerable
confusion in the literature.  Making a conductive contact to the collector or emitter of the left Activa is extremely
difficult for an experimenter because of the fineness of the dendritic limbs, typically 300 Angstrom in diameter.  If
instead, an experimenter attempts to measure the change in voltage at (a), near the OS, and compare it with the rate
of photon excitation, he will report an increase in voltage due to an increase in illumination.  The recorded voltage is
due to the current through the collector of the left hand Activa multiplied by the impedance of the IPM.   If he
performs a similar experiment where he measures the voltage at a point associated with current, ic, typically by
penetrating the axon to measure the voltage of the axoplasm, he will report a voltage that decreases with illumination
compared with the quiescent value.  This voltage is generated by the current multiplied by the impedance of element
(4).  By failing to make both of these measurements on the same photoreceptor cell, the position has gained
acceptance in the literature that invertebrates exhibit an increase in voltage upon illumination and that vertebrates
exhibit a decrease in voltage upon illumination.  The fact is that the photoreceptor cells of all phyla exhibit the same
electrical characteristic.  The signal polarity at point (a) and in the axoplasm are always opposite.

A problem with this circuit arises if the current through the left Activa becomes equal to or larger than the quiescent
current through the right Activa, typically 20 pA.  The right Activa reaches cutoff and the circuit is no longer able to
transmit a signal related to the illumination.  Obviously, some circuit modification must be employed to avoid this
situation.  The left Activa in (C) is actually the adaptation amplifier within the eye, and within the photoreceptor cell. 
The unique construction of this Activa causes it to exhibit avalanche breakdown and the variable gain related to that
phenomenon.  The additional performance features related to this process are addressed in Section 12.5.3.
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10.8.5.3.1 Evaluating the electrical parameters

Figure 10.8.5-2 shows a slightly different topology than in (C).  The voltage sources associated with the emitter
impedance (2) and the collector impedance (4) have been shown separately.  The resulting circuit can be overlaid on
a graph to show the operation of a photoreceptor cell with respect to illumination.  It should be noted that the
impedance of the INM and the path around the OLM have been ignored in this initial discussion.  Without
illumination, there are no excitons to cause a current through the left Activa.  The current in the emitter circuit of the
right Activa is then determined by the difference in voltage Vbb -Vee and the impedance of the diode in the emitter
lead (2).  

There is a question as to whether the potential source, Vbb, should be shown connected to the IPM
instead of the INM.  More experimental work will be needed to clarify this point.  The precise
location of this connection may impact the operation of the synapse at the output of the
photoreceptor cell if there is a potential difference associated with the membrane separating the
IPM from the INM.

The current in the collector of the right hand Activa has essentially the same value as the current in the emitter.  This
current is shown as ip in the graph.  This current causes a voltage drop in the diode of the collector impedance (4). 
The resulting collector voltage, Vc, is given by Vcc minus this voltage drop.  If current begins to flow through the left
Activa due to illumination, the larger current through diode (2) will cause the voltage at the emitter to attempt to rise. 
However, the voltage difference between the emitter and the base of the right Activa would be reduced by this action
and this would reduce the current through the right Activa.  Because of these counteracting currents, the current
through the diode (2) is held constant.  The change in current through the right Activa becomes equal and opposite to
the change in current through the left Activa.  The change in current in the collector of the right Activa is shown as
iout on the assumption that the total load impedance of the associated synapses, which are all diodes,  is higher than
the impedance of the diode (4).  If the load of the right Activa was a resistor, the voltage, Vc, would rise in direct
proportion to the change in current, iout, and rapidly reach Vcc.  .  However, the load is a diode and the voltage, Vc, 
rises as the logarithm of the current.  This is the reason for the saturation found in the voltage characteristic of the
photoreceptor pedicle.  In the figure, the current ic is also shown as a nonlinear function of illumination.    This is
done to highlight the fact that the current through the left Activa is not directly proportional to the excitation under
large signal conditions due to the avalanche effect within the left Activa.  The current through the left Activa rises
only slightly for large increases in illumination.  However, it does maintain a small signal dynamic range of about
100:1 regardless of input illumination level.

In reviewing the data illustrating the avalanche effect in the left Activa, there is clearly a significant capacitance in
parallel with the series combination of a battery and a diode labeled (1).  This capacitance plays a major role in the
adaptation function of the eye.  The adaptation function is highly symmetrical because of the difference in
impedance seen by the capacitor when the left Activa is conducting and when it is not.  In the absence of
illumination, the capacitor is part of the electrostenolytic system determining the voltage applied to the collector of
the left Activa.  This circuit appears to exhibit two relatively long time constants, one of approximately two  minutes
and a second of approximately 10 minutes.  These time constants are controlled primarily by the relatively high
impedance of the bioenergetic diffusion path within the IPM supplying the electrostenolytic process on the surface
of the dendritic structure found deep within the furrows of the disk stack.  Upon illumination, the situation changes
drastically, the capacitor is now part of a discharge circuit fed by the current through the left Activa.  This current
can be many times larger than that available through the charging circuit that is still active.  The result is a rapid
decrease in the voltage Vc.  The time constant of this discharge is indirectly related to the rate of excitation of the
base by excitons.  It is typically less than three seconds and accounts for the rapid “light adaptation” to high light
levels as opposed to the slow “dark adaptation” to low light levels.  See Section 12.5.3 for details of the temporal
operation of the overall adaptation amplifier.  

In this interpretation, and ignoring the impedance of the INM, the voltage Vcc is the intrinsic membrane potential of
the specialized portion of the axolemma supporting an electrostenolytic process and measured with respect to the
INM.  Similarly, the voltage Vee is the intrinsic membrane potential of the specialized portion of the inner segment
lemma supporting a separate electrostenolytic process.   By expanding the collector impedance (1) associated with
the left Activa, a battery would represent the separate intrinsic membrane potential of the dendritic structure of the
photoreceptor cell.  The voltage of this source may be different from either Vcc of the right Activa and Vee of the
common emitter terminal (2).  It appears that the intrinsic membrane potential of a given membrane may vary with
the composition of the specialized asymmetrical bilayer of the membrane and quite possibly the exact chemistry of
the particular electrostenolytic process at that site. 
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Figure 10.8.5-2 The fundamental operation of a photoreceptor cell.  Negative voltage is plotted as upward.  There may
be a potential source associated with the membrane separating the IPM and the INM. The base of the distribution
amplifier (c) may be connected to the IPM instead of the INM.  See text for details.

There are only a few complete sets of voltage and current data in the literature for photoreceptor cells.  Baylor &
Fourtes60 suggest that the voltage Vc was 22 mV (range of 20-30 mV) below the surrounding matrix, for individual
photoreceptors in the turtle Pseudemys elegans, at 21 Celsius (presumably during zero illumination).  The voltage
then changed by an additional 18 mV during illumination,  suggesting that Vcc was about 40-45 mV negative with
respect to the surrounding fluid.  They did not directly measure the current corresponding to the voltage change.  In
similar, but later, experiments, Baylor & Hodgkin61 reported changes in Vc of up to 30 mV from a resting potential of
-35 to -39 mV for the same species of the turtle at 21.8 Celsius.  These values would suggest a intrinsic membrane
potential, Vcc, of -65 to -69 mV.  No measured current values were given.  Beginning in 1979, Baylor, Lamb & Yau62

reported current measurements using the suction pipette technique for isolating the Outer Segment of individual
photoreceptors. The work was in a different laboratory and used the toad, Bufo marinus.   They reported saturation
currents of 27 pA that correspond to the current through the left Activa in the Outer Segment.  They did not provide
any voltage measurements corresponding to Vcc of either the right or left Activa.  They did say the outward current
due to illumination “corresponded closely to complete suppression of the steady inward current present in darkness.” 
This “inward current” was most probably that through the common emitter impedance (2).  Recall that the current
through the emitter impedance (2) is found on the same side of the OLM as the current through the collector
impedance (1) of the left Activa.   This phenomenon would occur simultaneously with Vc of the right Activa
converging on  Vcc.  However, the above authors were not instrumented to measure either Vcc or iout of the right
Activa.

10.8.5.3.2 Relating electrical parameters and morphological features

Based on the model and the above data, providing an improved schematic of the currents flowing near a
photoreceptor cell is possible.  Figure 10.8.5-3 reproduces (A) of [Figure 10.8.5.3-1].  Based on the above
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Figure 10.8.5-3 Fundamental current paths in a photoreceptor cell.  OLM; outer limiting membrane or external limiting
membrane.  ILM; inner limiting membrane or basilar membrane.  See text for details.

discussion and data, there are clearly more than three locations where current can enter and/or leave the
photoreceptor cell.   Although small, the current through the lemma of the cell at (3) must be accounted for in any
laboratory tests.  It passes through a specialized portion of the cell lemma found in the nuclear layer of the retina.   A
much larger current normally passes through the lemma of the Inner Segment at (2) on the IPM side of the OLM.  As
indicated above, the value of this current is essentially constant for a given photoreceptor cell whatever its state of
excitation (illumination).  The current flowing through the lemma of the portion of the cell associated with the Outer
Segment (1) is a function of the excitation.  However, under normal conditions, it is always less than the current
through (2).   The sum of the currents through (3), (4), (5) & (6) is formed on the right side of the OLM and equals
the current through (2) minus the current through (1).   Note that this sum must travel around the end of the OLM to
reach (2).  Since the INM and the IPM exhibit a finite resistance, there is a voltage difference between the cell
terminals on opposite sides of the OLM.  This voltage difference, although small, is the voltage measured by the
electroretinograph.  To achieve a high enough voltage to measure, exposing a large group of photoreceptor cells to
the same test illumination is common in electroretinography.

The division of current between paths (4), (5) & (6) depends on the relative impedance of paths (4) and (6).  Usually,
the photoreceptor cell exhibits a lower impedance in path (4) than in (6), although (6) may actually consist of several
parallel paths to separate orthodromic neurons.  Thus, the impedance associated with (4) creates a voltage in the
axoplasm as a function of the current through the diode in path (4).  This voltage is proportional to the logarithm of
the current through the diode.  This is the normal situation in-vivo.  Because of being a higher impedance path, the
total current through path (6) and labeled iout is much smaller than the current through path (4).  The current through
path (5) is normally less than 1 percent of the current through path (6).  These are the normal in-vivo relationships. 
However, these relationships can be altered in a variety of ways:

+ penetration of the axolemma by a passive probe of lower resistance than the axoplasm.

+ penetration of the axolemma by a passive probe of a lower capacitive reactance than the axoplasm (adding
additional capacitance to the circuit and possibly causing oscillation).

+ penetration of the axolemma by an active probe(s) such as employed in a voltage clamp experiment.

+ disturbance to the electrical or physical parameters of the synapse.

+ disturbance of the electrostenolytic process(es) through washing of the axon.
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The above discussion focuses on the quiescent currents through the photoreceptor cell and its environs.  It is
important to note one feature of the signals in response to a stimulus.  The change in current at locations 1 relative to
that at 4 (and potentially 5 & 6) is of opposite polarity due to the character of the differential pair connexus inside
the cell.

10.8.5.3.3 Normal circuit operation

Operation of the photoreceptor cell can be considered from several perspectives.  Its basic operation is that of a
conventional differential pair amplifier used for signal inversion and electrical level changing. This is a critical step
in the operation of a series of direct coupled amplifiers, such as the visual signal path to the brain.  Due to the
impedance levels involved, the output is represented by a voltage that is a function of the input excitation
(approximately proportional to the photon flux projected onto the end face of the Outer Segment related to the cell).  
The output signal is at the voltage level  Vc in the absence of input illumination.  The output signal voltage becomes
more negative as the logarithm of the current through the left Activa and approaches the cutoff condition where Vc
equals Vcc.  Upon illumination, the photoreceptor cell is said to hyperpolarize.  This is opposite to the effect among
projection neurons.  However, this is not as unusual as Smith suggests63.  The current through the left Activa is
linearly related to the number of excitons applied to the base region of the left Activa at low levels of excitation. 
However, due to the avalanche effect, the number of electrons passing through the collector to the emitter is much
greater than the number of electron-hole pairs created by each exciton.  This amplification factor is roughly 2-8,000
depending on species, and is the primary mechanism for achieving the high sensitivity of the eye at low illumination
levels.  This amplification factor is very sensitive (involving an exponent of between two and six) to the voltage
between the collector and the base of the Activa.  As the current through the Activa increases, this voltage falls due
to the finite impedance of the electrostenolytic power supply and the capacitance in parallel with this energy source. 
This falling voltage causes the amplification factor to decrease precipitously to avoid excessive power consumption
in the left Activa and saturation in the right Activa of the differential pair.

The number of excitons impinging upon the base of the left Activa is directly proportional to the incident irradiation
in the UV-, S- & M- photodetection channels over a very wide range of irradiation.  The number of incident excitons
in the L- photodetection channel is proportional to the square of the number of incident photons, as discussed in
Section 12.6, over a similar range.  

The output waveform of the photoreceptor cell is given directly by the P/D Equation for small signals.  It becomes
more complex for large signals due to the avalanche mechanism and the time constants associated with the collector
power supply of the adaptation amplifier.  The small signal output waveform is usually labeled the generator
potential when the radiation input is an impulse.  This response is actually formed in the disk stack of the Outer
Segment.  Because of this, there is a need to define two separate generator potentials, one as measured in the IPM
and a second as measured at the pedicel of the photoreceptor cell(s).  In either case, they are usually described as the
response to a sudden impulse of photons.  The form of the generator waveform at the pedicel is a function of the
state of adaptation of the cell as well as the magnitude of the impulse.   The precise mathematical function of the
generator potential is given in Section 12.7.

10.8.5.3.4 A typical in-vitro test configuration for a photoreceptor neuron

The ideal photoreceptor test set can be derived from the above figure.  The use of a Faraday cage, in the form of a
movable metalized suction pipette ala the 1979 paper of Baylor et. al., along with a penetration probe to measure the
axoplasm potential would allow characterization of all of the primary electrical parameters of the cell.  The Faraday
cage could  capture any fraction or all of the current emanating from the dendritic structure associated with the OS
via path (1), and when appropriate the current entering the IS through path (2), while the probe was measuring the
voltage of the axoplasm, all as a function of illumination.  Care should be taken to specify the common ground point
used in the experiment so that any voltage drops within the IPM and INM can be accounted for.

Whereas many in-vitro test configurations appear in the literature, most using some type of petroleum jelly seal
between different portions of the cell to provide electrical isolation, these must be reviewed for adequacy64.  It is
absolutely critical that the electrical connection between the cell membrane and the INM at (3) is not interrupted.  If
the small current passing through the lemma of the cell at this point is interrupted, transistor action is lost and the
Activa inside the cell at that location reverts to a pair of back to back diodes.  These diodes appear as an open circuit. 
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Similarly, the current ic cannot be maintained if the connection between the synapse at (5) and the surrounding INM
is disturbed.  Transistor action is again lost and the synapse becomes a pair of back to back diodes.  Here, the circuit
up to and including the axoplasm will still work properly but no signal will be transferred to any subsequent neurons
associated with the specimen.

10.8.5.3.5  Specific tests

By measuring the total current emanating from path (1) while monitoring the current entering the IS via path (2), it is
possible to measure the avalanche effect within the adaptation amplifier.  This can be accomplished over an
extremely wide illumination range.  A more direct method would be to contact the collector of the adaptation Activa
with a probe.  Due to the size of this structure, the dendritic membrane itself surrounding the individual microtubules
of the reticulum and lodged within the furrows of the disk stack, this does not appear possible in the near future.  An
alternative would be to contact the common emitter lead of the differential amplifier.  However, this voltage remains
remarkably constant.  It would provide little useful information.  

Unfortunately, making these measurements in-vivo is probably impossible at this time because of the difficulty in
contacting the same photoreceptor with both a penetration probe and a Faraday cage.  The alternative is to perform
the experiment in-vitro.  In the in-vitro experiment, it is critical that the specimen not be washed or treated in a way
that disturbs the electrostenolytic processes occurring at locations (1), (2), (3) & (4).  It appears likely that the
chemistry associated with each of  these coatings is tailored to each location.  In the most accurate work, preserving
the resistivity of the fluids emulating the INM and IPM is also important.  The penetration probe should exhibit a
resistance at least ten times the value of the diode at location (4) while introducing as little capacitance into the
circuit as possible.  Excessive capacitance can lead to an apparently narrower bandwidth than actually exists or to
actual circuit oscillation.

Performing voltage clamp experiments on the axon of the photoreceptor cell may also be useful.  These experiments
would provide a separate and independent measurement of both the impedance of the diode and the intrinsic
membrane potential associated with the axolemma.  However, it is important that such measurements be made at an
axoplasm voltage compatible with the voltages measured in the above experiments.  Otherwise, irrelevant values
may be obtained.

10.8.5.3.6  Specific tests in the literature 

Measuring the signals at the pedicels of photoreceptors is difficult because of the question of identification.  When
probing from the vitreal side of the retina, it is necessary to pass through the signals associated with the S-plane
before reaching the pedicel plane.  Fain & Dowling reported on intracellular recordings of spectral responses in
197365.  They determined that they were in contact with pedicels by noting a change in probe potential of ~30 mV. 
Unfortunately, this size change does not differentiate between pedicels and the axons of signal processing neurons 
proximal to the photoreceptors.  Based on the model of this work, their recordings appear representative of signal
processing axons instead of photoreceptor axons for two primary reasons.  First, the waveform they provided for a
single rod is reported, and displays, a peak near λ = 525 nm.  This is the only time a rod is reported to have a peak at
other than λ= 500-510 nm that this author has found in the literature.  The waveform appears to be that of a M-
channel chromophore with a predicted spectral peak of 532 nm according to this work.  Insufficient data was
provided to determine the width of the spectral response (See their footnote).  However, by scaling the few data
points provided, the measurements of 125 & 98 nm are not greatly different from the 75 nm predicted for the M-
channel chromophores of a warm blooded animal.  The recorded waveform may be from a pedicel but it could
equally well be from a lateral cell of the 1st lateral matrix.  Second, the structure of the spectral response labeled a
cone suggests that the waveform is actually recorded from a bipolar cell and the waveform is that of the luminance
or R-channel signal.  The details of the structure and the peak at λ = 572 would strongly suggest that the waveform
is the R-channel response under differential adaptation leading to a significant Purkinje peak in the waveform. 
Under this hypothesis, the minor peak in the waveform near 520 nm is that related to the M-channel chromophore
and the inflection point near 610 nm is suggestive of the L-channel peak at 625 nm.  It is suggested that both of the
presented waveforms were actually S-plane waveforms associated with the signal processing stage and not recorded
from individual photoreceptor cells.



Electrophysiology 10- 55

66Mueller, P. Rudin, D. Tien, H. & Wescott, W. (1962) Reconstitution of cell membrane structure in vitro and
its transformation into an excitable system. Nature, Lond. vol. 194, pg. 979
67Mueller, P. & Rudin, D. (1968) Resting and action potentials in experimental bimolecular lipid membranes.
J. Theoret. Biol.  Vol. 18, pg. 227
68Mueller, P. & Rudin, D. (1968) Op. Cit. pp. 222-258

10.8.6 Measurements related to regenerative projection neurons, stage 3B

10.8.6.1 Background 

From an electrical perspective, the axon of a projection neuron clearly plays the role of and is best interpreted as  an
interdigitated series of active devices, the Nodes of Ranvier, and short transmission lines.  Even into the 1970's,
electrophysiologists did not have sufficient understanding of the morphology of the neuron, the nature of the
plasma/matrix interface,  or the fundamentals of electrical transmission line theory to interpret the electrical
characteristics of the axon properly.  

10.8.6.1.1 Attempts to create artificial bilayer lipid membranes

Beginning in 1962, techniques were developed to create bilayer lipid membranes with a number of characteristics
very similar to natural neural membrane66.  Both molecularly symmetrical and asymmetrical membranes were
produced.  The fundamental finding was that these membranes were electrically passive unless doped with an
excitability inducing material.  A variety of materials were found that caused these membranes to exhibit electrical
anomalies resulting in negative resistance areas in their current-voltage characteristic.  Many of these materials were
described as proteinaceous.  Whether they were also detergents or enzymes was not discussed.

The fabricated membranes provided excellent data concerning the electrical properties of the pure samples67.  Their
thickness was observed to be 75 +/- 15 Angstrom (without definition of the criteria of measurement except that it
was via the electron microscope).  They exhibited a quasi-liquid (liquid crystalline; suggested by this author) state
with both elastic and self-healing properties.  The surface tension can be equal to zero.   The electrical capacitance
ranged from 0.4 to 1.2 microfarads per square centimeter depending on the lipid constituents.  This capacitance was
independent of voltage below 50 mV.  Their specific electrical resistance was about 108 Ohms/cm2.  A dielectric
strength of ~5.0 x 105 volts/cm. was observed.  The water permeability of the membranes was recorded as ~1.0
micron per minute per atmosphere.

10.8.6.1.2 Attempts to replicate action potentials

A variety of investigators have attempted to replicate the generation of action potentials using artificial membranes
and/or artificial conditions.  This has usually been attempted without a clear understanding of the detailed parameters
of an action potential.  As a result, the waveforms created by the above experiments are more appropriately labeled
pseudo-action potentials.  Frequently the resulting waveforms should not be labeled action potentials at all.

A true action potential is the result of a monopulse oscillation generated in a switching type of oscillator and
characterized by two primary conditions.

1. There is a discontinuity in the action potential waveform near its peak amplitude.  The rising waveform and the
falling waveform generally exhibit different time constants.

2. The action potential waveform reaches a peak amplitude following the cessation of the activation pulse that
originated it.  Prior to reaching oscillator threshold, the oscillator circuit operates as an analog amplifier and the
action potential may replicate the shape of the activation pulse.

During the 1950's Hodgkin, et. al. performed a variety of experiments on natural neural membranes and attempted to
elicit action potentials.  The responses generated were clearly of the pseudo-action potential type.  These
experiments will be discussed in detail in the following section.  

During the 1960's Mueller, et. al. performed a great many experiments with laboratory generated bilayer lipid
membranes (Mueller & Rudin provides a list of references68).  Both pure manufactured chemicals as well as extracts
of various animal and vegetable origin were used.  Both symmetrical and asymmetrical layers (at the molecular
level) were used.  They also introduced proteinaceous material during the preparation stage to lower the resistivity of
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their samples into the “biological range.”  Some of their recorded waveforms illustrate switching between two
potentials but not monopulse oscillation.  Nearly all of their pseudo-action potential waveforms require the presence
of a excitation pulse that extends for the life of the recorded waveform.  Many of these pseudo waveforms lasted for
the multiple second duration of the excitation.  They indicated that the effect could be achieved by applying voltages
of either polarity.  This fact strongly suggests electrical dielectric breakdown rather than oscillation.  They also
provided a current voltage characteristic for their membranes which was very atypical of biological membranes.

Mueller, et. al. of 1962 presented a short paper that if rewritten with a more current terminology would be very
informative69.  They appeared to have used the Leyden Jar approach in their experiments.  They suggest that the
electromotance (an unconventional synonym for the intrinsic membrane potential) of a reconstituted membrane of
egg white “is very likely zero or close to zero. . .”  They also noted it was generally asymmetrical electrically and
exhibited a breakdown potential gradient near 2.5 x 105 volts/cm.  This gradient corresponded to a net potential of
150-200 mV across the membrane. 

10.8.6.1.3 Gross parameters of action potential transmission

Rushton70 provides some early but very simple analyses which were designed to support a simple hypothesis.  His
hypothesis was that the velocity of signal transmission was proportional to the diameter of the axon.  This paper is
widely referenced by authors of today.  To prove this axiom, he grossly simplified the axon.  Conceptually, he
removed it from its surrounding matrix, omitted or ignored all its electrical discontinuities, such as the Nodes of
Ranvier, and assumed all of the currents associated with it were conducted along the inner and outer surfaces of the
axon.  This was an acceptable assumption among his school of the electrophysiology community of the day.  It was
based on very simple point probe data obtained with limited impedance test equipment.  The effects of capacitance
were not considered and the rules of the lumped constant version of electrical circuit theory, such as Ohm’s Law,
were employed instead of the more fundamental Kirchoff’s Laws.  In such a situation, the best that can be said is that
a network of series and shunt resistors was used to simulate a transmission line extending the length of the axon.

Rushton’s presentation culminated in a dimensional analysis of his proposed electrical circuit model but did not
include any solution or evaluation of the actual equations.  The result was that he showed, and the results have stood
for over 40 years, that the group velocity of the axon, the average velocity found by dividing the length of the axon
(or a long segment thereof)  by the travel time required for a signal to traverse that distance, was a function of the
diameter of the axon.  No allowance was made for the electrical properties of the Nodes of Ranvier.  This group
velocity was equated to the conduction velocity of the axon.  The conduction velocity was known to be a variable
depending on axon size, level of myelination, and possibly other species dependent factors.  By equating the group
velocity to the diameter of the axon, further work was slowed for many years.

In 1968, Goldman & Albus provided an alternate theoretical basis for the conduction velocity.  Their formulation
exhibited great precision but less accuracy.  They used a broader mathematical context for the transmission line
aspects of the axon.  However, the lossy transmission line was assumed to consist of capacitors and resistors, and 
they defined the Nodes of Ranvier as isopotential patches of excitable membrane between internode segments.  The
mathematics used applied to a circular coaxial wire line with a lossy dielectric medium.  

 Interestingly, their mathematical model contained 21 arbitrary (in the mathematical sense) constants, arranged to
include many differences, within the sum of three exponential terms describing the voltage along the transmission
line.  The inductance, if any,  of the line was not treated.  The initial conditions included a Node of Ranvier at x=0
and the initial stimulating current at x= 0 was an instantaneously rising rectangular current pulse of 0.02-0.15 msec
duration.  Unless all of the constants are fundamental (fixed) in nature, nearly any waveform or signal velocity can
be computed with this number of arbitrary constants. 

By taking both the ratio of the axon diameter to the axon length and the axon diameter to the internode length to be
constant, the conditions were similar to several of Rushton’s condition for corresponding states.  Their dimensional
analysis confirmed the relationships between the axon dimensions proposed by Rushton for corresponding states.  
They concluded the analytical portion of their paper with the statement: “This treatment of course, produces no
information as to the exact form of the solution nor can any actual conduction velocity values be obtained.”   They
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then presented results of a numerical solution by general purpose digital computer.   Their figure 3 plots the
computed conduction velocity as a function of outside diameter of the myelinated fiber.   Unfortunately, the
waveforms resulting from numerical evaluation of the equations, as opposed to rigorous solution of the equations
followed by evaluation, do not conform to the shape of the action potentials of an axon.  This appears to be due to
the assumption of all linear processes in the electrical performance of the axon.  The electrical non-linearity of the
axolemma does not appear in the calculations, nor does the typical compression of the voltage waveform due to the
presence of this non-linearity.

Neither Rushton nor Goldman & Albus indicated knowledge of or support the salutatory nature of signal propagation
by a projection neuron.

Recently, Steriade & Glenn have provided propagation velocities for a series of neurons located within or serving
the thalamus71.  Maximum claimed clock rates were in the 800-1000 Hz range and the velocities varied over a factor
of three or more.  The paper needs to be studied carefully.  It appears all of their waveforms are actually derivatives
of the underlying action potentials due to capacitive coupling.  All of the signals were driven by an external
excitation.  The signals do appear to show an action potential width of less than three milliseconds but it is not clear
what the highest natural pulse-to-pulse interval could be.  Note their crib of 10% on page 355 to account for bending
of the axon between its points of measurement.

10.8.6.2 A typical in-vitro test configuration for a projection neuron

The literature contains a broad selection of test configurations related to the projection neuron.  However, many of
them do not relate to a fully functional neuron in-vivo.  Generally the in-vitro environment is an inadequate
representation of the in-vivo INM.  This is particularly true with respect to the electrostenolytic reactants required to
support operation of the neuron for more than a minute.  The so-called run-down of the neuron with respect to its
capability to generate action potentials is a clear example of this problem.

When planning a test program, a careful critical review of the literature should be performed before designing the
test configuration.  Configurations involving the washing, removal of the dendritic and poditic elements or other 
dissection of a neuron are catastrophic to the performance of the neuron.  Following these preparatory steps, the data
obtained can only be considered “interesting.”  The performance of the neuron varies considerably with temperature
and this parameter should be measured as physically close to the neuron as possible and be recorded with an
accuracy of 0.1 Celsius.

Once the method of treating the actual neuron is determined, the various test configurations in the literature are
useful.  Some accommodate multiple Nodes of Ranvier and inter-digitated axon segments.

The configurations available will not be addressed here.  Waxman, Kocsis, & Stys review several configuration 
around page 591 in The Axon.  Zagoren & Fedoroff present a series of configurations.  Cahalan shows the use of
vaseline as an isolator on pg. 157.  Nicholls, et. al.72,  Barrett & Barrett (pg. 132) and Morrell (pg. 121) also provide
variants.  Cole provides details of his test set73.

10.8.6.2.1 Excitation of the test specimen

Excitation of the neuron should be of the same form as the in-vivo excitation.  Excitation of a Node of Ranvier by a
long positive going pulse (t>1.0 millisec.) is not compatible with the normal operation of the Node.  Excitation
applied to the dendroplasm or podaplasm of a signal processing neuron should normally be restricted to a signal
level of 20-30 millivolts and of the polarity expected by the neuron.  Stimulation of only the axon portion of a
neuron by an external electrical signal should not be considered a normal situation.   Great care must be taken in
attempting to introduce a signal into the axoplasm of a neuron.  If the intrinsic Activa is intact and active, it may try
to compensate for the disturbance of the test stimulation.  Under these conditions, the results may be unrepeatable as
frequently found by Hodgkin & Huxley.   Unless the stimulation source has the same characteristics as an Activa
collector and the Activa of the neuron is known to be in the cutoff condition, any recorded results cannot be
associated with the in-vivo operation of a similar type of neuron.
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10.8.6.2.2 Care in maintaining quiescent operating conditions

Historically, neurons have been “washed” prior to electrophysiological evaluation.  This has invariably had a
negative impact on the neuron and insured inconsistent operation of the cell.  It has also made it extremely difficult
for other investigators to repeat the experiment.  The matrix surrounding the neuron is intimately associated with its
health and operation.

It is important that the potentials of each plasma within a neuron be maintained at its nominal value, relative to the
surrounding matrix, during tests.  If the tests are to be sustained for a finite interval, it is necessary that these
potentials be maintained through the presence of the normal electrostenolytic nutrients that power the neuron.  Since
the process of powering a neuron involves a dynamic chemical reaction, it is also necessary that the relative
concentrations of the nutrients be maintained (or controlled) and that no other substances be present that will impact
the dynamics of this reaction.

The required chemical environment is reviewed in Section 7.7.

10.8.6.2.3 Care in maintaining the quiescent input conditions

Note the importance of not disturbing the quiescent conditions of the neuron if normal operation of the axon is to be
investigated.  If the performance of the complete neuron is to be obtained, the stimulating signal should be
introduced into the neuron via the neurite terminals of the hybrid neuron or at the input terminals of the Node of
Ranvier.   As Hodgkin & Huxley noted when discussing their cleaning procedures, failure to control the neurites can
lead to circuit instability and spontaneous action potentials.  On the other hand, cleaning the neuron as they suggest
destroys the very neuron they sought to test.  It effectively destroys, or significantly modifies, the neurite conduits to
the Activa and at least changes the performance of the complete neuron.

In their preparation of the axon, they also appear to have removed the surrounding neurons.  This introduces another
problem.  Although the picture in Cole has been cropped severely and should not be relied upon74, the giant axon of
the squid neuron has achieved a degree of evolutionary convergence with the myelinated projection neurons of
Chordata.  This has been accomplished by enclosing itself within a tightly packed mass of smaller neurons75.  This
arrangement effectively reduces the capacitance per unit area of the axon by putting more distance between the
axoplasm and the plasma matrix surrounding the neural mass.  It may be similar to that shown in Young for the optic
nerve of octopus76.  A change in capacitance of over an order of magnitude may be achieved in this manner.

Steps must be taken to insure the quiescent operating conditions are maintained the same as in the in-vivo state.  The
magnitude and polarity of both the quiescent and signal potentials applied to the neurites of the neuron should be
compatible with the normal conditions related to that type of neuron.  In most of the reported experiments, the axon
has been thoroughly washed and then placed in sea water.  This process has a tendency to remove the chemicals
involved in electrostenolysis on the type 2 portion of the membrane and thereby reduce the intrinsic potential of the
axoplasm relative to the surrounding matrix.

Additional background on the handling of the axons appears in Cousteau77 and in Nixon & Messenger78.  Cousteau
appears to say the neural signal is passed along this neuron at a velocity of 60 feet (18 meters) per second.  

10.8.6.2.4 Care in loading the output circuits under test

Great care must be taken to avoid electrical loading of the circuit being examined by the probes of the test set. 
Nearly any capacitance beyond that of the original circuit will distort the output voltage and current waveforms.  In
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many cases, the added capacitance will cause the circuit to go into continuous, periodic or random oscillation.  This
is true of capacitance added to the neurites as well as to the axon.

10.8.6.3.5 Results using the patch clamp technique

Jonas, et. al. have provided data giving a good insight into the operation of nodal tissue using the patch clamp
technique79.  They used the outside-out technique to analyze paranodal tissue from the clawed toad, Xenopus laevis. 
They noted the difference in performance between internodal (axon segment) tissue along the length of the segment. 
Ritchie & Rogart also noted such differences80.  They noted (using the chemical hypothesis), “there are just not
enough sodium channels, if any , in the membrane under the myelin, and so the internodal membrane is inescitable
electrically.”  This ideas support the designations of type 1, 2 & 3 BLM of this work.  Jonas, et. al. focused on the
paranodal tissue which would be expected to be of type 2 & 3.  Their figure 2 is particularly interesting.  It was
obtained using an electronic filter bandwidth of 1.5 kHz.  They describe the waveforms as relating to single Na
channels.  However, the waveforms do not show the unipolar opening of gates.  Instead, the waveforms, acquired at
very low current levels show a symmetrical random process with an energy density that is inversely proportional to
the temporal frequency.  Two facts are of interest concerning these waveforms.  First, their randomness is
demonstrated by those authors when they summed 20 copies of their waveforms and obtained a featureless sum
(shown as the bottom trace in their figure and indicative of a random process).  Second, they describe the variations
in their waveforms using the term flicker, the same term used commonly in electronics to describe this type of
random “flicker noise.”  Flicker noise is quite apparent in many transistors at current levels of about one microamp. 
The examples in this work are at a much lower current of one picoamp.

Flicker noise is quite prevalent in semiconductor devices at frequencies below 1.5 kHz.  Millman & Halkias provide
several good examples of this noise as found in common junction and FET transistors81.  This is the type of noise
that would be expected to be found in type 2 BLM.  It is equally possible that it would be found in type 3 BLM but
no theoretical explanation for such noise in that tissue type has been located.

Their waveforms showing putative potassium gates show noise that is symmetrical about the average current (on a
long term basis).  This noise is not suggestive of the opening of unipolar gates.  Their figure 4 attempts to separate
the “potassium channels” into three types based primarily on their current versus voltage performance under a given
clamp potential following an initial clamp to zero bias for an interval.  The current-voltage characteristics are very
nearly those of common resistors suggesting their measurements were dominated by the impedances of their
electrolytes and interfaces associated their test probes (30-80 megohms).  The noise associated with such resistive
impedances is easily calculated.  The RMS value of the noise associated with an average current of one picoamp is
0.024 pA.  The peaks in such an RMS noise waveform are usually taken as six times the RMS value.  Peaks of 0.14
pA are quite compatible with the amplitudes seen in their waveforms.  This would suggest what they describe as the
characteristics of ionic channels are in fact the characteristic noise of any resistive or semiconductor device
operating at very low currents.  If they had recorded the voltage as well as the current waveforms in their
experiments, it would have been possible to associate this noise with either the test probes or their specimens.

In summary, much of the data in the literature assignable by the authors to sodium and potassium channels in BLM
are quite adequately explained in terms of thermally generated, frequency biased, noise associated with common
resistors and biological diodes.  This is particularly true when very small areas of BLM are investigated at current
levels in the picoamp range.  Efforts in the literature attempting to associate segments of a random waveform with a
specific type of putative sodium or potassium channel should be stopped.

10.8.6.4 Steady state test design

Usually, the voltage clamp technique has only been associated with the axon of a simple neuron without Nodes of
Ranvier.  However, the technique is applicable to the examination of any conduit element, whether it is labeled an
axon, an axon segment or a neurite for morphological purposes.  The technique is primarily evaluating the
characteristics of the output circuit of the Activa associated with a particular morphological element.
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Since the technique can be applied to any type of neuron, appreciating the nominal electrical characteristics of the
neuron, or synapse, chosen for examination is important.  Appreciating the quiescent operating point of the Activa
and the impedance of the connection to the base of the Activa being examined is especially important.  This is true
whether the Activa is in a synapse, a Node of Ranvier or internal to a cell body--and whether it is employed in signal
generation, processing or projection.  

A signal processing neuron will be chosen for discussion.  For a signal processing neuron that must process bipolar
electrical signals, it is necessary that the quiescent operating point of the collector circuit be in the middle of its
operating range.  If the neuron provides a differencing function between two input signals, it is also necessary that
the emitter and base circuits be in the appropriate part of their operating range.  These operating points are
established by the quiescent voltage between the emitter and the base of the Activa and the other circuit elements
present.  Note that the base voltage is generally not at local ground potential.  It is frequently at a more negative
value as discussed in Section 10.8.1.7.  Failure to recognize that the axoplasm voltage, which is the collector voltage
by definition, is controlled by the emitter to base voltage of the Activa in an operating neuron, will lead to failure to
understand the resulting voltage clamp data. 

Figure 10.8.6-1(A) presents a schematic of a test circuit used for voltage clamp investigations and the connection of
that test circuit to a conduit of a neuron optimized for signal processing.  The figure has been bisected at six critical
points by dashed lines.  The overall figure shows a complete section of neural conduit as found between two
junctions.  These junctions may be internal or external to a given neuron.  The conduit is labeled an axon although it
could be an axon segment or a neurite with minor circuit modifications, primarily in nomenclature.  If it is an axon or
axon segment, it may be myelinated.  If myelinated, the myelin extends from the dashed line labeled #3 to that
labeled #4.  The overall figure is shown in-vivo.  This is not the actual environment involved in most laboratory
experiments for several reasons.  Frequently, the specimen has been exposed and the circuit mutilated.   The actual
circuit is terminated by slicing through either the node leading to the following conduit section at #5 or the axon at
#4 to expose the axoplasm.  If the recommendations of Hodgkin & Huxley are followed, some attempt is made to
disable the left hand Activa by removing material to the left of cut mark #0 and the specimen is probably washed. 
The first action is an attempt to stabilize the uncontrolled performance of the specimen under test but it may still
leave the specimen uncontrollable.  The second action removes the reserve of electrostenolytic reactants and
frequently causes the specimen to become inert, at least after a few minutes.  

In their original papers, Hodgkin & Huxley were explicit that removing all dendritic material from
the axon under test was necessary if stable results were to be obtained.  This suggests they
effectively interrupted the neural specimen at location #1.  They also stressed the necessity of
thoroughly washing the specimen.  Their papers did not recognize the existence of the base
terminal.  In many caricatures from their work, it is suggested that the specimen was cut at location
#3 or #4 to allow easy access to the axoplasm.  This would suggest that their test results might
apply to two different configurations.

Under alternate test protocols, the specimen may be altered to effectively cause cuts at locations #1, #2, or #3.  Each
cut, or combination of cuts, results in a different test configuration.  An ion pump (IP) is shown as a specialized
region of the central conduit (axon).  This circuit element appears to have a time constant measured in minutes or
longer, possibly hours (See Appendix V).  Within the time scale of normal laboratory voltage clamp experiments,
this element has no impact on the results.  The central conduit is shown supported by two distinct power sources. 
Vcc at the post Activa side of the conduit and Vee at the pre Activa side.  Two sources are shown to remind the reader
that there may be a voltage difference between the two ends of a conduit under operational conditions.  The presence
of the voltage source, Vee, and any associated impedance have previously been ignored in the literature. The
potential, Ve, represents the normal excitation signal to the left Activa.  The diamonds represent complex impedances
between the base of each Activa and the INM.  These may consist of the impedance and battery normally associated
with a membrane in parallel with an additional electrostenolytic source.  This is the case for an Activa found internal
to a neuron.  Alternately, this impedance may be represented by a resistive section of electrolyte associated with the
base of an Activa associated with a synapse.  

The test circuit is that shown in most recent text books except for the explicit appearance of the 3-position switch,
SW2 and the resistive voltage divider consisting of Ri and Rp.The resistive elements and the switch, SW1, will
become important in the subsequent transient analysis of this circuit.  Note the test circuit employs a common ground
at one point in or associated with the INM.  This ground point is not necessarily shared with the distributed power
sources of the neuron nor is it necessarily representative of the potential of all of the INM.

SW2 provides three different operating configurations.  When open, the test configuration operates as a simple
Leyden Jar.  When SW2 is closed to the voltmeter, the circuit provides voltage feedback to improve the ability of the
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test set to maintain the voltage constancy of the axoplasm.  When SW2 is connected to the voltage probe between
the axon and the INM (or its replacement electrolyte), the circuit provides compensation for the voltage drop related
to the exterior electrolyte.

 In alternate experiments, primarily in-vitro, the antidromic neural material is also removed.  The interruption of the
functional system is made at one of the following locations:

+ at location #0 (thereby destroying the nominal signal and quiescent input to the Activa adjacent to that location.
This generally results in a change in the quiescent axoplasm potential),  

+ at location #1 (which removes the output circuit of the Activa from consideration but leaves the specialized region
of the axon associated with bioenergetic activities in the circuit), 

+ at location #2 (which removes the specialized region of the axon associated with bioenergetic activity but leaves
the specialized region associated with the ionic pump unaffected), 

+ or at #3.  

The result of these interruptions in the overall circuit introduces significant changes in the operation of the overall
neural system.  Therefore, the resulting voltage clamp measurements are configuration specific.  It is important that
an investigator recognize and describe the specific specimen configuration used in his experiments.  It may be in-
vivo or it may be in-vitro if adequate care has been taken in providing adequate metabolic and electrical support. 
This support will be discussed in more detail in the following section. If the specimen is in-vivo and its external
coatings have not been damaged, the results are truly indicative of a living neuron.  However, interference with the
coatings or the continuity of the neural system will result in measurements that are unique and should  be properly
labeled as such. 

Figure 10.8.6-1(B) & (C) show simplified electrical schematics that emphasize these differences.  They  also
emphasize the critical fact that the electrical characteristics of the Activa collector connected to the conduit under
test changes dramatically with the voltage of the axoplasm.  In these figures, the dark horizontal line represents the
axoplasm of the conduit(axon) under investigation.  It is considered to have zero longitudinal resistance for this
discussion.  For this reason, the battery Vee and its associated impedance have been omitted in (B) & (C).  This bias
supply is not important when analyzing short neural sections involved in signal processing.  It can be important in
other types of neurons, particularly projection neurons, or in long strings of alternating conduit and junction elements
because of their direct electrical coupling. 

When the axoplasm is negative with respect to the voltage at the base of the left Activa, the collector circuit of the
Activa is represented by a reverse biased diode in parallel with a current source, as in (B).   The impedance of the
reverse biased diode is near infinity and the diode is omitted in this figure.  In this situation, the “transistor” current
through the collector circuit is shown by the dashed arrow labeled Ia.  Ia is shown flowing into the axoplasm with a
value equal to αIe .Ie.  When the axoplasm is positive with respect to the base, the collector circuit is represented by
a common forward biased diode as shown on the left in (C).  Here, the current, Ia, flows in the direction shown.  This
is a conventional current flowing through a conventional impedance.  This change in current direction resulting from
a fundamental change in the mode of circuit operation is critically important to the understanding of previously
published voltage clamp data.  The voltage of the axoplasm is given by the Activa collector voltage, Vc.  The change
in mode occurs when the collector becomes positive with respect to the base of the left Activa.  Mathematically, the
sign of the quantity Vc minus Vb changes.  Usually, Vbb is small and the change in sign of Vc minus Vb occurs at the
change in sign of Vc alone.  Notice that if SW1 is open, becoming positive is impossible for the axoplasm voltage. 
All of the power sources associated with the axolemma have their negative poles connected to the axoplasm.  It is
only when switch SW1 is closed that the test set can force the axoplasm voltage to become positive.  When the
axoplasm is positive with respect to Vb, the test specimen is no longer representative of an operational portion
of a neuron.  

Noting that there is no operational reason to allow the command voltage to be set to a voltage that is positive with
respect to the base voltage of the Activa is important.  Good experimental design should prevent this condition
except when properly noted.  A positive command voltage is useful in determining the performance parameters of
the diodes associated with the currents, Ia, Id and Ie.  Representing some elements of the Activa by diodes should not
cause any difficulty.  Many investigators have provided voltage-current characteristics for various terminals of
neurons that were well represented by an exponential equation.  This representation is shared with the theoretical
diode equation of semiconductor physics.

In the following discussion, all voltages are taken with respect to the interneural matrix, INM, where it is in direct
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contact with the base circuit of the Activa, e.g., the positive terminal of the battery Vbb.  The location of this terminal
can vary slightly on different neuron conduits.  It is generally at the initial segment (associated morphologically with
the hillock of the axon) in simple neurons. 

Although much of the data in the literature has been interpreted based on the membrane potential with respect to the
INM, the interpretation applied to the same data based on this theory is quite different (although sometimes not
initially noticed).  The horizontal axis will normally be labeled as the axoplasm voltage, Vc, relative to the INM. 
This is an important distinction.   The potential labeled Vcc corresponds to the actual intrinsic electrostenlytic
potential in shunt with the intrinsic membrane impedance under zero current conditions.  It is a fixed potential for a
given neural section.    The axoplasm voltage, Vc, corresponds to the resting potential of the axoplasm.  It is given by
the intrinsic electrostenolytic potential minus the voltage drop due to the current through the associated diode.  The
voltage labeled Vbb, which is normally at -0.15 to 0.0 mV relative to the INM is important.  It is the actual voltage
where the initial discontinuity in the current as a function of axoplasm potential occurs.   Much of the data in the
literature has not been sufficiently precise in the above voltage range to account for this change in operating mode
explicitly.  However, it can frequently be recognized by the significant change in the character of the data at this
voltage.

The following two sections will discuss a fully operational neuron subject to voltage clamp test procedures.  For less
than complete neurons, as described by sectioning at any of the locations defined above, the reader can make the
necessary adjustments.

10.8.6.4.1 Predicted in vivo steady state performance--SW1 open

Figure 10.8.6-1(D) & (E) provide simple voltage maps of the circuit with switch SW1 open.  Voltages are shown as
horizontal lines and currents move vertically.  The voltages are set to their normal values on the left and to
pathological values on the right.  For an operational neuron, the sequence of voltages relative to the INM are as
shown in (D).  The current generated by the Activa in response to its input excitation causes a current, Ia, to flow into
the axoplasm..  Simultaneously, a current, Ie, is flowing out of the axoplasm through the forward biased diode of the
emitter of the right hand Activa.  This current then flows on through the impedance Zb2 and completes the current
loop back to INM.  The current, Ic, through the supply labeled Vcc is normally very small under this condition.  

If the current, Ia, through the Activa goes to zero due to a change in the input voltage, Ve, the axoplasm potential will
normally become more negative and approach VCC.  The current, Ie, through the emitter of the second Activa will be
reduced or go to zero depending on the emitter-to-base voltage on that device.  Alternately, if the current, Ia, through
the Activa becomes very large due to a change in the input voltage, Ve, the axoplasm potential will drop and
approach the Activa saturation voltage which is slightly more negative than Vb1.  These two values establish the
operating range of the axoplasm under normal conditions.

Looking specifically at a projection neuron, when it is not generating an action potential, the Activa is cutoff and no
current flows through the device.  The axoplasm potential of such a neuron approaches VCC during the interpulse
interval.  This value is frequently near -150 mV relative to the INM.

If, for some pathological reason, the voltage Vb1 should become more negative than Vc, the neuron is no longer
functional.  This condition is shown in (E).  The left Activa is no longer biased to generate a current due to
“transistor action” and in fact its collector to base diode is now forward biased.  This provides an additional current
path through the left Activa and the impedance Zb1.  This path appears as a significant additional load on the source
of the positive potential.

As discussed more fully below, the steady state axoplasm voltage never becomes positive with respect to the INM
under operating conditions.   However, under voltage clamp conditions, the axoplasm may be forced to a positive
potential with respect to the INM.  This is a nonfunctional, pathological condition.  Under such circumstances, the
Activa cannot transmit a signal from its input to its output.  

A complete discussion of the operating characteristic of a neuron appears in Appendix W and can be obtained from
the author or his website.
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Figure 10.8.6-1 Circuit diagram of the steady state voltage clamp technique applicable to any conduit of a neuron.  Top,
combined morphological and topological view of adjacent Activas and the associated conduits, and the typical test set.
Switch SW1 applies the clamp when it is closed.  Switch SW2 must be open during transient voltage clamp tests.  Both
switches are shown closed in B & C.  Cut marks show alternate configurations associated with the voltage clamp
concept.  Middle, two electrical circuit diagrams applicable to the top view depending on the relative voltages present.
Bottom, two electrical voltage maps showing the applicable current flow.  The two left frames represent the operational
condition.  The two right frames represent a pathological condition.  No ionic pump appears in these frames.  See text.
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10.8.6.4.2 Effect of in-vitro specimen preparation

Looking briefly at (D) in the above figure, it is clear that specimen preparation for in-vitro tests can significantly
impact the operation of the specimen.  (A) of the figure shows the electrodes introduced through an aperture in the
side of the conduit in order to avoid disturbing the second Activa.  Many of the experiments in the literature do not
observe this precaution and slice through the conduit at #4 to gain axial access to the axoplasm.  This action
obviously removes the 2nd Activa from the circuit and eliminates the current, Ie, in (D).  The axoplasm potential will
be changed.   The currents, Ia and IC will now be equal and the axoplasm will move to a new resting axoplam
potential determined by the impedance of the collector electrostenolytic supply.  It will tend to approach VCC and
become more negative.  However, if the axoplasm is in electrical contact with the INM or some other electrolyte
through the severed axolemma, the axoplasm potential will be unknown or unpredictable.  Furthermore, if the
specimen is washed, there is a good chance that the electrostenolytic process generating VCC will be interrupted. 
Thus, these two actions make the prediction of the resting axoplasm potential of the neuron, when mounted in-vitro,
impossible to predict.

The common practice of assuming a resting potential for an in-vitro configuration with the
following Activa removed to be the same as for an in-vivo or in-vitro configuration with the
following Activa present is a serious experimental error.

The procedure of mounting the specimen with electrical isolation between various morphological segments of the
speciment is an interesting one.  In the past, the experimenter was generally unaware of which electrical terminals of
the specimen were grouped and in contact with a specific external electrolyte.  This has made the measurements
difficult to analyze.

10.8.6.4.3 Predicted in-vitro steady state performance--SW1 closed

The fundamental concept of the voltage clamp technique is that the output impedance of the test set current lead is so
low  it can instantly force the voltage of the axoplasm to a given value regardless of the capability of the neuron
itself.  By measuring the voltage of the axoplasm and the current necessary from the test set to establish that voltage,
the impedance of the axoplasm can be determined.  Unfortunately, this impedance is not a simple parameter.  It is
highly nonlinear with voltage.

When switch SW1 is closed during voltage clamp experiments, the basic electrical circuit configuration is changed. 
There is now an additional source of current that must be summed at the node represented by the axoplasm of the
conduit.  This new current can be bi-directional since it is controlled by the command voltage minus the axoplasm
voltage.  There are two specific conditions to consider.  First, where the Activa is initially in saturation and the
axoplasm potential is equal to Vbb  when the switch is closed.  Second, where the command voltage is different than
the quiescent voltage set by the emitter current into the Activa when the switch is closed.  In both of these
conditions, the impedance of the base voltage supply to the Activa will be considered equal to zero.

If the switch is closed under the first set of conditions, the command voltage, Vm, is equal to the axoplasm voltage at
saturation, Vsat that is approximately equal to Vb.  With Vm equal to Vsat, no current, It ,  will flow through the test set
current lead.  The total diode current, Ic + Ie, will equal the Activa saturation current Isat.  The voltage across the
diodes is large and given by Vb-Vcc, which is equivalent to Vm-Vcc.  If the command voltage is made incrementally
more positive, the Activa will cease active operation.  The current passing through it from the emitter to the collector
will collapse to zero, and the collector terminal will be represented by a forward biased diode in series with a battery,
Vbb, as shown in (C).   The Activa is said to be in saturation under these conditions.

The test set will now be required to provide sufficient current to the node to meet the demands of Ic and Ie which
continue to see a voltage difference that has only changed incrementally. 

Looking at the second case, let the quiescent current through the Activa be Iq , as set by the voltage Veb, and the
resulting axoplasm voltage be Vq.  If the switch is closed with Vm at a different value than Vq, the axoplasm potential
will be forced to this value by the current, It.  Since the Activa current is independent of Vq and remains constant,
this test set current will flow along one of two paths.  It will either flow into the axoplasm if Vm is more positive than
Vq (but still less than Vb) or flow out of the axoplasm if Vm is less positive than Vq following Kirchoff’s Law. 

10.8.6.4.4 Additional perspective
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Adoption of the electronic approach to neuron operation eliminates the need for putative ion flow across a membrane
that is of best quality if not weakened by pores or other discontinuities.  Furthermore, no one has ever suggested that
the myelination of a projection neuron is porous to alkali ions.  The above analysis shows that the operation of the
neuron can be explained without invoking the flow of two different kinds of ions through the axolemma of the
neuron.  Instead, only fundamental electrical charges are found to flow through two or more different specialized
regions of the same axolemma, one current under active electrolytic semiconductor control.  The direction and
magnitude of these two currents are compatible with the data available in the literature for the steady state situation. 
The only current flowing with respect to the extended region of a myelinated or unmyelinated axon is a displacement
current associated with its capacitive properties.

A corollary of this theory is that there is no need for a metabolically driven ion pump to establish the voltage of the
axoplasm relative to the INM.    This function is provided by the electrostenolytic processes that power the neurons. 
Under this theory, the concentrations of the various electrolytes do not play a role in signaling.  There concentration
is determined by long term metabolic activities.  It is the Activa in conjunction with its power sources that establish
the short term quiescent axoplasm potential.  

A section of axon employed in action potential generation would normally exhibit a quiescent potential of about -
140 mV.  An electrically bipolar signal processing axon would normally exhibit a quiescent potential of about -70
mV. 

It is instructive to review the voltage ranges employed by different types of neurons based on the above analysis that
concentrated on the signal processing neuron.  The photodetection neurons typically operate at a quiescent voltage
approximately 30 mV from the cutoff voltage under normal illumination conditions.  The cutoff voltage is equal to
the intrinsic electrostatic potential of the axoplasm in contact with the pedicel, Vcc.  This potential is near –70 mV  @
310 K.  Additional illumination causes the axoplasm potential to move toward VCC.  The axoplasm is said to
hyperpolarize with illumination.

There is a question of whether VCC should be measured with respect to the IPM instead of the INM.  There is also a
question as to whether there is a quiescent potential between the IPM and the INM.  More experimentation is needed
to resolve these questions.

The signal processing neurons generally operate over a wider range than the photoreceptor cells.  They have a cutoff
potential near -144 mV and have a quiescent point near -70 mV in order to process bipolar signals efficiently.  

The projection neurons, operating in a phasic mode and generating action potentials operate over the widest voltage
range but are normally in the cutoff condition with the quiescent voltage essentially equal to the membrane intrinsic
potential.  This potential is also near -144 mV at 310K.   The amplitude of the action potential is usually in the 100
mV range for this temperature.  In no case does a neuron operate in the positive axoplasm voltage region.  Any
recordings implying a positive excursion of the axoplasm are usually based on capacitive coupling to the axoplasm
or are recordings made through capacitive coupling referred to a putative membrane resting potential that is actually
the axoplasm potential under other than operational conditions.

When the axoplasm changes potential temporally, the ionic currents through appropriate sections of axolemma
would cause the axolemma to exhibit a calculable impedance in parallel with the various diode branches present. 
Hille suggests that most biological ionic channels have a resistance of 7 x 106 to 109 Ohms.  This is a higher
impedance range than the typical Activa-diode-battery combination of  2.5 x 106 Ohms.   Any ionic channels would
be insignificant under these conditions.

10.8.6.5 Transient state test design and performance

10.8.6.5.1 Predicted quasi-in-vivo performance

In the present context, quasi-in-vivo is meant to suggest an in-vitro situation wherein all of the normal support to and
operating functions of the neuron are operating.  This condition requires that the neuron not be “washed” or
“cleaned” of ostensibly extraneous material.  For warm blooded animals, it means their normal operating temperture
is maintained during the tests.  If a different temperature is used, specific note of and reason for the change should be
provided.  This situation insures that the electrical parameters of the neuron are at their quiescent values.   

Under the above conditions, Figure 10.8.6-2 illustrates the operation of the neuron in response to external electrical
stimulation.  The electrical circuit of a neuron is not normally symmetrical with respect to electrical stimuli.  The
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Figure 10.8.6-2 Performance of the voltage clamp
technique.  The recorded current waveforms are a response
to the applied potential waveforms shown in the upper right.
The potential waveforms positive with respect to the
quiescent voltage are a result of the upper equivalent circuit.
The negative waveforms are a result of the lower equivalent
circuit.  See text.

circuitry is tailored to be optimal for normal stimuli.  Man has a penchant for introducing abberant stimuli in order to
understand the operation of the neuron.  In the absence of an adequate model, this frequently leads to confusion or
poor interpretations.  The electrical performance of a neuron can be best related to the upper right frame of the
figure.  When the axoplasm of a neuron deviates from its quiescent electrical condition in response to an unusual
stimulus, it can become more positive or more negative.  Although, the performance of the axoplasm can be
explained in terms of a single circuit diagram, the diode elements of that diagram, including the diode structures
incorporated into the Activas, change character under these two conditions.  It is simpler to use two variants of the
single circuit diagram under these two different excitation regimes.  The lower left diagram is a redrawing of the
Type B equivalent circuit discussed earlier.  As long as the axoplasm potential, represented by VC, remains between
the collector supply potential VCC and the base potential represented by Vb1, the circuit can be represented by a
current generator, the Activa, providing a charging current shown by the dashed arrow, Ia.  This current is shown
dashed, because it is in opposite direction to that current that would pass through the diode forming the Activa. 
Some of this current will flow out of the axoplasm through the impedance related to the electrostenolytic supply, IC. 
The difference in these two currents will be stored as a potential on the capacitor CA.

If an additional current is injected into the circuit from an external source of impedance, ZS, the potential VC can still
be calculated using equations based on Kirchoff’s Laws.  This potential can not be calculated using Ohm’s Law.  If
the above equations are prepared as differential equations, their solution provides the transient performance of the
circuit in detail.  The lower quadrant of the upper right frame illustrates the performance of the circuit under these
conditions.  Note two features.  Ther is typically a limit to the rate, R-, of change of the potential of the axoplasm. 
Equally important, if the potential becomes more negative than VCC, the direction of the current through the
impedance, ZC, will reverse and change the form of both the potential and current waveforms.  The dashed line in the
lower quadrant of the lower frame shows the theoretical current injected into the axoplasm from the external source.
This waveform may be displaced by a constant current.   Frequently, the external current source has a limited
capability that is non-ohmic as shown by the dotted line, I-.  Based on these restriction, the potential VC is normally
represented by a transient consisting of two exponential terms and a constant term.  For a very high level of negative
stimulation, VC may be driven to exceed, the reverse breakdown potential of the membrane near 200 mV.  At this
point the membrane will probably be destroyed by thermal processes.

If a stimulus is applied to the axoplasm that drives the axoplasm potential more positive, the situation is more
complex.  If the potential is driven only slightly positive, the model appears the same as for the negative stimulus.
The features, R+ and I+ have the same meaning as in the earlier discussion.  If the axoplasm is driven more positive
than the base potential, Vb1, the Activa is no longer an active device.  Its output circuit becomes a forward biased
diode and additional current flows through that diode.  As a result, the axoplasm potential increases more slowly, but
the total injected current increases due to the lower impedance of the axon.  These features are shown in the frames
on the right.  If the stimulus continues to raise the axoplasm potential, the axolemma itself becomes forward bias
when the plasma potential exceeds the potential of the
surrounding INM.  The axoplasm potential rise slows
further and the current injected into the axon rises
higher as shown in the right hand frames.

Except for spikes related to capacitances related to the
test set capacitances, these waveforms describe the
transient waveforms normally encountered in various
voltage clamp experiments that are able to support the
quasi-in-vivo environment.

10.8.6.5.2 Limitations of test sets used
previously

Before examining the test data available in the
literature, it is important to understand how that data
was collected.  The most important of that data
remains that of Hodgkin & Huxley from the early
1950's.   Some related information from Tasaki in the
late 1950's is also relevant.  Hille presented data in the
early 1970's involving a different test configuration as
discussed below.

Hodgkin Huxley & Katz described their test set and
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protocol in considerable detail82.   They achieved a degree of space clamping through the highly specialized
construction of the probe they inserted axially into the axoplasm after removal of any orthodromic synapse.  They
attempted to quiet the previous Activa through careful removal of all dendritic material and they thoroughly washed
the specimens and placed them in frequently changed electrolytes.  Their fixturing was based on the Ussing
electrolytic test chamber which allowed them to compensate for the impedance of the external electrolytes.  They did
not compensate for the impedance of the internal electrolyte, apparently assuming it was an equipotential volume or
relying upon the construction of their probe to equalize any variation.

They achieved a degree of voltage clamping through use of a 4-stage vacuum tube operational amplifier designed
and built in their laboratory.  The circuit was that of a balanced two input three stage DC amplifier until the last
stage.  The last stage was a single ended cathode follower employing a sharp cutoff pentode designed for radio
frequency applications.  Only the input to this last stage appeared to employ any capacitive compensation.  The
cathode follower employed a passive 25 kilohm pull down resistor.  They stated that the maximum current that the
amplifier could deliver was about 5 ma.   However, this is not a complete description of the output impedance of the
circuit. 

Surprisingly, Hodgkin & Huxley did not publish potential waveforms in conjunction with their current waveforms,
and their operational amplifier circuit did not provide terminals for observing the potential across a membrane. 
However, the above conditions suggest that the potential applied to their specimens was not represented by a
constant amplitude pulse.  Figure 10.8.6-3 shows the output circuit of their test set along with the expected voltage
and current waveforms from the circuit.  The heavy dashed line represents the potential desired based on the
commanded input voltage.  Because of the capacitor shown, the expected output voltage will not be a square wave. 
The RC combination shown provides an exponential component to the output voltage waveform.  In this case the
time constant of the RC circuit is long with respect to the pulse interval and the exponential component is shown as a
tilt in the voltage waveform shown by the disjointed but straight solid line.  This waveform properly represents the
output voltage waveform of the circuit with a minimal resistive load.  If the load is capacitive, the situation is
different.  The circuit can only provide a limited current to the load.  Hodgkin & Huxley said the circuit could
provide about 5 ma in response to a 5 volt positive going change in the grid potential of the pentode.  Thus the
output source impedance was about 1000 Ohms.  This impedance limited both the maximum current change
available as well as the maximum slope of the voltage applied to the test specimen.  This slope is shown by the
sloping dashed lines in the figure and labeled R+ and R–.   These two slopes are not the same in a cathode follower
circuit.  If  a large negative voltage was applied to the grid of the cathode follower, the tube would be cutoff.  The
cathode voltage would then go negative at a rate limited by the impedance of the pull-down resistor which was
25,000 Ohms.  Under these conditions, the maximum current passing through the membrane was limited to about
5ma for negative going changes (using their direction nomenclature).  For positive command changes of the same
magnitude, the maximum current change was limited to about 0.2 ma (about 1/25th of the other value) and the rate
of change was also reduced depending on the capacitance of the test fixture and specimen.  For negative command
changes wherein the pentode was not cut off, the output impedance would be even higher.  The actual current
changes incurred were functions of the specimen impedance in series with the source impedance.  The typical output
voltage with a capacitive load is shown by the curving disjointed lines.  
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Figure 10.8.6-3 The output circuit of the Hodgkin & Huxley
test set and its calculated steady state performance.  Note the
reversal in the current (arrow) for a purely capacitive load
due to the droop in the applied potential.  See text for
discussion.

The output potential had a significant, and probably
asymmetrical rise time due to the limited current
capability of their operational amplifier.  It appears the
test set did not impress a square wave potential onto
the specimen and the result was a poor quality voltage
clamp.

The current through the load impedance based on the
above potential waveforms is shown in the lower frame
of the figure.  The labels in parentheses correspond to
those of Hodgkin & Huxley.  For a resistive load, the
current waveform follows the voltage waveform.  For a
capacitive load, the situation is quite different.  The
waveform to be expected is shown by the disjointed
curved solid line.  Note the significant limits imposed
by the limited current capability of the test set.  Note
also the reversal in the current waveform (arrow) under
highly capacitive conditions. 

Cole also used a vacuum based test set.  He also
showed the significantly different waveforms that
could be recorded at different locations during voltage
clamp experiments83.

Timing was a real problem in the 1950's. 
Synchronization of an oscilloscope to a single pulse
was not commonly available until the late 1950's.  
Therefore, the figure shows the steady state
waveforms.   Their data appears to have been acquired
using a free-running pulse oscillator and a Polaroid
scope camera. The Hodgkin & Huxley test set was
carefully designed but was limited by the electronics of
the day.  With improved electronics, it would be ideal
for in-vitro tests on large axons.

Hille has documented a series of test set concepts for voltage clamp technique, and the more recent patch clamp
method discussed below84.  The details of these sets are not readily available and some are quite old.  Caution should
be used in adopting a specific approach.  The early equipment of Dodge & Frankenhauser and of Frankenhauser
were probably also vacuum tube based.  Stampfli and Nonner began using transistorized equipment in about 1966. 
Hille indicates in his 1971paper, that he was using new test equipment using a dual gate field effect transistor to gain
stability in the potentiometer circuits.  Any investigator should insure that his new test set employs operational
amplifier with a symmetrical output stage.  Also note that some of the test sets in Hille are shown with switch SW2
of [Figure 10.8.6-1] closed.  With that switch closed, the details of the test circuitry must be understood in detail. 
The intent is to introduce feedback to overcome the shortcomings of the early vacuum tube based test sets such as
that of H&H.

10.8.6.5.3 Reported in-vitro transient state performance

Most of the voltage clamp performance data reproduced in text books is quite old and based on tube based
electronics.  Much of it was generated by the Cambridge school.  Much of the data presented by Hille in the 1970's
applies to a different situation than that of the Cambridge school of the 1950's.  Hille placed a complete Node of
Ranvier in the central chamber of the test set, apparently under the assumption that the Node was merely a narrow
area of the axon, whereas the Cambridge workers were careful to isolate (space clamp) only a uniform region of the
axon.  This theory considers a Node to be a very complex structure including an Activa of its own.

The most widely reproduced voltage clamp data is a collage of the original data of Hodgkin & Huxley.  It did not
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appear in that form in their original papers.  The impact of the limited asymmetrical output impedance of the cathode
follower, and the RC compensation provided, shown in [Figure 10.8.6-3] can be discerned in the shape of these
current waveforms.   This impact can also be seen in Figures 10 and 13 of their original 1952 paper cited above.  The
symmetry of the waveforms in Figure 16 of that paper appears to demonstrate that the capacitance of the axolemma
is due to a simple capacitor with a inactive dielectric as opposed to an electrolytic dielectric that is polarization
sensitive.

Dowling has provided a figure showing a test set and a current waveform similar to the initially inward flowing
currents of the above in a textbook without any attribution.   Figure 10.8.6-4 provides a summary view of the
transient voltage clamp situation.  The middle frames show the operational and pathological situations depending on
where the neuron is cut and what external potentials are applied.  Stripping the neuron of any neurite tissue,
condition #0, and then leaving the end of the neuron in an electrolytic bath can cause the current through the Activa
to be uncontrolled and of unknown value.  Other dissection points leave the overall circuit in various topological
conditions as illustrated.

The lower frame shows a measured waveform (C), apparently obtained using an early vacuum tube test set and
several theoretical waveforms.  (A) shows the expected performance if the test set has unlimited peak current
capacity and (B) shows the expected performance with a test set of limited maximum current capacity.  The
theoretical waveforms have been approached much more closely by recent transistorized test sets.

To perform temporal experiments based on the voltage clamp technique, it is necessary to utilize a timing signal to
determine the starting point of the experiment.  It is possible to instrument for and detect an intrinsic signal. 
However, the convention is to introduce an electrical shock sufficient to excite the normal neuron.  When dealing
with the conventional signal processing neurons chosen for these tests, the introduced electrical signal is usually an
impulse or a square wave.  As for steady state experiments, the test instrumentation used in temporal voltage clamp
experiments has not been carefully designed in the literature.   The right side of the upper frame of Figure 10.8.6-4
included details not normally presented in the most complete technical paper on the subject.  The left side of the
figure has always been omitted until now in the literature.  Its omission leads to a major error in the understanding of
the neuron.
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Figure 10.8.6-4 The circuit schematic for temporal investigations of the neuron using voltage clamp technique.  Top;
the topography of the neuron with the test set.  Middle; the topology of the neuron and test set.  The left frame shows
the operational condition with the current Ia due to transistor action.  In the right frame, the Activa is passive and Ia is
a diode current.  Bottom, current and voltage waveforms measured by the test set with SW2 open, and SW2 closed
during the test interval.  Note the voltage shown is the command potential and not necessarily the applied potential.  (A);
theoretical response with perfect test set.  (B); response with current limited test set.  (C); response with a current limited
and high source impedance test set.  Note the second order characteristic of the current waveform as it leaves the axis.
This characteristic is not shown in the waveform returning to the axis at the end of the potential pulse because SW1 is
open during this period.
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Figure 10.8.6-5 presents the results of varying the command level of a vacuum tube test set used in voltage clamp
experiments.  The four waveforms clearly belong to two different groups that involve different underlying
mechanisms.  The two curves labeled 0 mV and -20 mV show the family relationships expected for any voltage
clamp level that maintains the Activa in the normal operating mode.  The two curves labeled +50 mV and +70 mV
do not share the basic form of the other two.  These pathological curves are the result of forcing the diodes
associated with the axon membrane under test into a forward biased condition.

Cole has discussed the extensive experimental encounters with the first “notch” recorded in the initially outward
current waveforms that occurred during the 1950's and 1960's85.  He also discusses the wide variations in the
potentials recorded using the voltage clamp technique during the 1950's.  These variations may explain why H&H
did not publish any potential waveforms.  Both the first and second notch are predicted by this theory.

It is important to note that most transient voltage clamp experiments have used long square pulse excitation, as
opposed to unit pulse or short pulse excitation86.  The resulting temporal responses are not action potentials.  They
are the response of a non-oscillatory circuit to a forcing function.  The circuit is non-oscillatory because of the very
low impedance of the test circuit connected in shunt with the neural circuit.  These responses can be very useful in
determining the circuit parameters of the circuit.  They have provided precise current-voltage characteristics showing
the negative impedance characteristics of the Activa-axon combination that agree well with this theory.

Hodgkin & Katz performed experiments using long pulses to determine the time constants of the neuron as a
function of the concentration of the axoplasm  in a mechanistic manner by physically changing the electrolyte
concentration87.  The resulting “resting potential” changed with a time constant measured in seconds.  However, it
must be noted that the Ussing type chamber used by H&H only compensated for the variation in conductivity of the
external electrolyte.  Their “resting potential” change appears to include the variation in voltage drop across the
substitute electrolyte.  This voltage drop changed with the concentration of the electrolyte.
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Figure 10.8.6-5 A family of transient recordings from a
neuron using voltage clamp techniques.  Note the voltage
waveforms shown are the command voltages and not
necessarily the applied voltages.  The dots are not data
points, only presentation symbols. Graphic (only) from
Dowling, 1992.

Figure 1 in Roper & Schwarz88 provides a particularly
strong confirmation of the type D equivalent circuit
proposed in this work.  Upon the cessation of the
applied potential pulse, the positive current returns
rapidly to zero but overshoots and goes negative.  The
current in the negative direction is much smaller and
approximately the height of the initial peak in the
positive portion of the waveform.  This would suggest
that the diode that was forward biased during the major
interval of the pulse, and was responsible for a
majority of the outward current was no longer forward
biased.  

10.8.6.6  The voltage clamp applied to a
Node of Ranvier

Immediately after the application of the voltage clamp
technique to the axolemma of the giant axon of Loligo,
experiments began on applying the technique to the
Node of Ranvier.  The work gained momentum after
the development of all transistorized test electronics in
the mid-1960's.  The reduced output impedance and
broader bandwidth of these circuits was invaluable. 
Weymann, in support of Nonner & Stampfli89,
provided a well characterized set of electronics against
a slightly inadequate specification.  The low frequency
response requirement was not stated explicitly. 
However, it appears the circuit was adequate in this
respect and the researchers continued the trend of
finding the so-called potassium current associated with the inward current to be negligible (as discussed above).  As
indicated in Section 10.4.3, previous investigators in this area have not employed an electronic model of the Node of
Ranvier.  They have collected data on the assumption that the Node was merely an unmyelinated region of a
continuous axon and its electrical equivalent circuit was similar to that of the original Hodgkin & Huxley model. 
Very little of the published data provides explicit values for the quiescent as well as the test potentials of the circuit. 
The normal assumption was that the axoplasm was a continuous electrolyte from one axon segment to the next and
the nominal potential of the axoplasm within the Node was the average value of the potential at the two ends. 
Although a variety of test configurations were used, they were generally of the Leyden Jar variety.  The
sophistication of the Ussing Chamber approach was generally lost.  Several different test circuits have been used in
an attempt to obtain either the current clamp or voltage clamp condition.  Both an early and later voltage clamp
technique are described in Nonner & Stampfli.  However, a great deal of detail is omitted.   More detail is provided
in Nonner, however the translation from German suffers and the symbology is somewhat unusual90.  All of the
resistances shown in that article are actually the leakage paths.  No model of the neuron used appears in the
diagrams.

Although previous authors in this area have attempted to relate their data to the simple 2-terminal Hodgkin & Huxley
model, the data is actually a better fit to the 3-terminal model of this work.

Stampfli, and Nonner & Stampfli, and others have provided a variety of voltage clamp circuit configurations based
on the 2-terminal model.   Many of these configurations are of questionable utility when connected to a real Node of
Ranvier.  Figure 10.8.6-6 presents the voltage clamp concept of figure 3B of Stampfli used to evaluate a node as
defined in this work.  The upper frame shows a neuron containing two nodes of Ranvier before it is trimmed for the



Electrophysiology 10- 73

test set.  The details of the circuitry within each node is shown in [Figures 10.4.4-1 and 10.4.4-2].  The lower frame
shows the two axon segments cut and the nerve placed into three isolated pools of electrolyte.  While the two
axoplasms contact the electrolytes directly, only some of the interior circuit elements of the node are in direct contact
with the electrolyte.  In this configuration, the potential of the nodal electrolyte is changed by the battery and the
pulse generator while the operational amplifier attempts to maintain both the pre and post nodal axoplasms at ground
potential.  In this configuration, Stampfli assumed that the two axoplasms are in direct electrolytic contact and that
the potential of the axoplasm at the node could be maintained at ground potential by the operational amplifier.  

Although not adequately documented, Stampfli actually recorded an action potential in-vitro following stimulation
with a very narrow pulse of 20 μsec.  The test configuration used was not specified.  The stimulus of the axon
segment had ended long before the action potential was generated at the Node (0.5 millisec.).  The duration of the
action potential was slightly less than 1.0 millisec.

While this configuration appears reasonable for a Hodgkin & Huxley membrane, it does not appear useful based on
the electrical configuration of the node developed in this work.  Note that this configuration does not properly bias
the Node of Ranvier for action potential generation.  If the two axoplasms are actually held at the same potential,  the
equivalent circuit of the Activa within the node becomes two diodes connected back to back with an excitation
source connected to their common terminal through an impedance.  This is not an active configuration and no action
potential could be obtained under these conditions.  The same conclusions appear to apply to Figure 3A of Stampfli. 
Each half of the circuit would exhibit the properties of a diode in series with a capacitor plus the impedance of the
axoplasm and electrolyte connecting the Activa to the test set.  Many of the transient waveforms found in the voltage
clamp literature related to Nodes of Ranvier do exhibit these characteristics.

If the operational amplifier should maintain a fixed potential between N1 and N2 greater than 20-50 mV with N1
positive, and the battery voltage should hold the electrolyte N0 at a potential between the other two, transistor action
could be obtained and the circuit would be active for signal traveling from N1 to N2.  The Activa is believed to be an
inherently symmetrical semiconductor device.  If the potentials were reversed, the circuit would become active for
signals traveling from N2 to N1.  In either of these cases, it would be possible to apply the excitation to the base
through the electrolyte N0.  This excitation would cause a signal potential to appear between the positive terminal of
the Activa and the base terminal.  This potential would cause a current to be injected into the base from the positive
terminal.  Such a signal would cause an equivalent current to appear in the lead attached to the remaining terminal. 

There is an additional problem with this and similar configurations.  The impedances associated with the electrolytic
paths are not accounted for or compensated for.  These impedances, in conjunction with any stray capacitances affect
the data collection significantly.    The problem of the nodal impedance is discussed in the literature.  It tends to
dominate because of the small width available for the electrolyte channel.

Nonner published a new test set configuration in 1969, while apparently in close contact with Stampfli, that
unintentionally provided the flexibility necessary to insure the Activa within the Node could be made active.  This
circuit introduced another battery between the operational amplifier and electrolyte N1 (as shown on the left of the
lower frame).    This capability insured that the test set could bias the Activa within the node properly even with the
operational amplifier operating at high inverting gain.  The requirement being that battery B2 hold the electrolyte N1
more positive than electrolyte N0 and that the potential of N0 be more positive than electrolyte N2.  Unfortunately, the
added circuit did not compensate for the potential drop in the electrolyte as in the original Hodgkin & Huxley circuit
discussed above.  By reintroducing this type of compensation, the Ussing Chamber configuration is restored but a
second operational amplifier is required. 
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Figure 10.8.6-6 The Stampfli voltage clamp test configuration (3B) and a Node of Ranvier.   This test configuration as
proposed does not support normal Activa operation within the node.  However, the modification shown on the left and
introduced by Nonner is compatible with the circuit requirements of the operational Node.  Any capacitance between
electrolyte N1 and circuit ground is a particular problem in this test circuit.  Note the intrinsic impedance, Zb, and the
electrostenolytic mechanisms associated with Vee and Vcc, that are immersed in the electrolyte, N0.
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The data collected with these test sets is useful but difficult to interpret without a detailed knowledge of the actual
electrical topology of the Node of Ranvier.  As indicated above, an actual action potential waveform has been
obtained using a very short stimulus duration.  Normally, the test set is used to generate long square or step
waveforms.  These waveforms actually clamp the emitter to ground potential and prevent the circuit from operating
as an oscillator.  The resulting waveforms which have been collected by  Stampfli and all later investigators, show a
variety of shapes depending on precisely how the test circuit was arranged.  They frequently show capacitive spikes
at transitions.  These spikes can be of either polarity.  They frequently show a smooth transient as a result of the
impedances involved.  However, these are not action potentials and should not be interpreted as such.  Waveforms
related to action potentials can only be acquired under short pulse conditions where the excitation ends before the
peak in the response function.

By measuring the steady state voltages and currents at the end of the transients resulting from long pulses, it is
possible to characterize the overall circuit.  The intrinsic properties of the circuit can then be determined by factoring
out the potentials due to currents passing through the test impedances. 

Stampfli used long pulses to generate a family of  non-linear steady-state potential values in Nodes of Ranvier of
both motor and sensory neurons.  The neurons were taken from Rana Esculenta.   These curves are virtually
indistinguishable from each other and identical to the theoretical curves of this work presented in [Figure 8.5.2-4] 
Figure 10.8.6-7 compares this data.  In the upper two frames, the external electrolyte connected to the nodes was
changed.  It was initially a Ringer’s solution  (2.5 mM/l K) and was then changed to high potassium concentrations
(40, 80, & 117 mM/l).  The dashed lines represent his estimate of the leakage currents related to his test cell.  As
discussed earlier with regard to simple membranes, these curves do not reflect a change of the membrane with
surrounding electrolyte.  The upper two frames exhibit the additional impedance due to the electrolyte in series with
the connection to the node. This impedance changes with the conductivity of the electrolyte concentration.   As the
ionic concentration of the electrolyte is increased or the cross-section area of the electrolyte chamber is increased,
the impedance is reduced and the underlying electronic characteristic of the electronic circuit within the node moves
asymptotically toward the lower right.  It approaches the theoretical characteristic shown in the lower frame.  If the
impedance is increased, the characteristic approaches the dashed line shown in the lower frame.  However, the
circuit becomes non-operational under this condition.
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91Schwarz, J. Reid, G. & Bostock, H. (1993) Action potentials and membrane currents in single human
myelinated nerve fibres.  Pflugers Arch.  Vol. 422(suppl 1), pp. R18
92Nonner, W. (1969) A new voltage clamp method of Ranvier nodes.  Pflugers Archiv vol. 309, pp. 176-192

Figure 10.8.6-7 Comparison of measured and theoretical
steady-state current-voltage characteristic for a Node of
Ranvier.  Upper two frames, from Stampfli, 1969, for Rana
esculenta at 20 Celsius.  Curves were measured using a
Leyden Jar configuration.  The leakage current (dashed line
in Stampfli) is shown as well as the impact on the
characteristic of increasing the conductivity of the
surrounding electrolyte.  See text.  Lower frame, expected
theoretical characteristic for an active circuit configured as
a monopulse oscillator with negative feedback due to an
impedance in the base lead of the Activa.  The dotted line
represents the “no feedback” condition.

During the 1985-95 time period, Schwarz, et. al91. have
performed additional experiments with a Node of
Ranvier in the space clamp area of the fixture.  They
performed experiments before and after demyelination
of the nerve.  Their data appears to be obtained with
more capable test electronics than used by earlier
experimenters since they report very small or zero
current amplitude in the reverse direction in the tail of
the temporal recordings (probably negligible droop in
the potential applied to the specimen).   They also
show symmetrical initial risetimes in most of their
figures.   The significant initial current capability of the
test set relative to the specimen is also indicated.  The
test configuration is described only as “that of
Nonner.”92  They associate the very small reversal in
current during a pulse with a very small potassium
current using the generally accepted label and
assignment made by Hodgkin & Huxley.  Their figures
do not generally show the limited current capability in
the outward current direction found in the figures of
H&H and of Dowling.  However, their figures do not
represent raw data and several of their figures indicate
that capacitive and leakage currents have been
subtracted from the data.  The method by which these
corrections were made involved a large variety of
arbitrary constants.

10.8.6.6.1 Determining the capacitances of
a Node of Ranvier

The voltage clamp technique offers an unusual
opportunity to determine the location and size of the
individual capacitances associated with the Node of
Ranvier.  Although the total capacitances associated
with the generation of the action potential are easily
calculated from the waveform generated, it is not clear
where the capacitances are located within the Node.  It
is expected that most of the capacitance is associated
with and divided between the unmyelinated paranodal
areas of the axon segments.  As part of an experiment
to confirm the inherent symmetry of the basic Activa
used in the Node of Ranvier proposed above, it appears
that the values of these capacitances can also be
obtained.  The procedure would be to adjust the biases
in the test set so as to clamp the circuit while Node  N1 was most positive and then repeat the experiment with Node 
N2 most positive.  With the common base impedance the same in both tests, analysis of the transient responses to
changes in the command voltage should indicate the location and value of the capacitance active in each test.
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93Suzuki, S. & Rogawski, M. (1989) T-type calcium channels mediate the transition between tonic and phasic
firing in thalmic neurons Proc Natl Acad Sci USA vol. 86, pp 7228-7232
94Kriebel, R. (1975) Neurons of the dorsal lateral geniculate nucleus of the albino rat J Comp Neurol vol. 159,
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10.8.7 Measurements related to hybrid neurons, stage 3A & 3C

The hybrid neurons are tasked with the electrophysiological conversion of signals between the electrotonic (analog)
and phasic (pulse) form.  The ganglion cells support the analog to pulse conversion.  The stellate cells support the
pulse to analog conversion.  Excellent data is available on a variety of ganglion type hybrid cells.  However, little
data is available on the specific parameters or performance of the stellate cells.

10.8.7.1 The ganglion neurons

The ganglion cells exhibit one fundamental architecture but are found in two distinct operational configurations.  In
all cases, they can be described as driven oscillators with the method of drive distinguishing them.  One group,
typically defined as parasol ganglion cells, are in a quiescent state in the absence of excitation and only generate
action potentials in the presence of excitation.  The second group, typically defined as midget ganglion cells generate
a continuous stream of equally spaced action potentials.  The spacing of these action potentials can be varied by the
excitation applied to the cells.

The pulse trains generated by the ganglion cells should not be characterized by their frequency of
occurrence.  The information associated with these pulse trains is actually carried by the spacing
between individual pulse pairs (and the time between the initial stimulus and the occurrence of the
first pulse).

The pulse oriented output structure of the ganglion cells is very similar to the output structure of the Nodes of
Ranvier.  The analog input structure of the ganglion cells is tailored to provide specific species related capabilities. 
In some species, there is clearly a lead-lag network associated with the input structure.  This feature provides an
enhanced sensitivity to rapidly changing input signals.

10.8.7.1.2 Extensive data on the operation of a specific ganglion cell

Suzuki & Rogawski presented comprehensive data in 1989 defining many of the properties of a hybrid neuron of the
ganglion type93.  They were working with the hybrid neurons of the guinea pig found in the dorsal portion of the
lateral geniculate region of the thalamus.  Although not describing the size of their neurons, their figure 1 shows
them to have at least one dimension on the order of 20 microns.  They described their neurons as similar to type 1
and 2 neurons using the notation of Kriebel94.  This notation is morphologically based and largely irrelevant to the
notation used here.  However, it is suggestive of a parasol cell as defined in Section 10.5.1 under electrotonic
conditions.  Here, the specimens are properly biased and contains sufficient capacitance to operate as a monopulse
oscillator, except for the pharmacological experiments represented in frames B, C & D of their figure 2.   They
describe the neurons as being “isolated neuron bodies.”  The cells were apparently operational and hydraulically
intact.  Their description suggests the “amputated processes” extending from the cell body were initial axon
segments (<60 μm long) separated from the remainder of the axon at a Node of Ranvier.  Little structure that could
be associated with neurites appears in their phase contrast micrographs.  No interconnection with previous neuron
axons existed during the tests.  Although not mentioned specifically, their waveforms do no appear to be the result of
averaging multiple traces. 

Omitting the pharmacological elements of their experiments for now, and overlooking their vernacular references to
ionic currents, the data correlates well with the Electrolytic Theory of the Neuron.  Their data is an excellent
representation of an electrotonic (analog) signal controlled monopulse switching oscillator of the type commonly
associated with the parasol ganglion cells of the visual system.

To analyze the performance presented by Suzuki & Rogawski, it is important to review the circuit diagram and the
internal transfer functions applicable to this type of circuit.  The overall circuit diagram of a conexus configured as a
electrotonically controlled monopulse oscillator is shown at three levels in [Figure 9.3.5-1 xxx ]. The emitter input
characteristic of an Activa alone is shown in [Figure 8.5.4-1 xxx ].  The operating characteristic defined by this
circuit is shown in [Figure 8.5.4-2 xxx ].
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While the exploratory measurements of Suzuki & Rogawski are extremely valuable, it must be observed that most of
the data applies to abnormal or pathological situations.  The operating range of the neurons reflected in their  data is
from about -25 mV to +10 mV.  The range cannot be defined more specifically because of the uncompensated few
millivolts associated with the test probes, and the scale of their figures.  They note that this potential is
approximately 2 mV.  There is also a problem with the scales provided versus the text.  The text indicates the mean
resting potentials averaged -55 mV with a range of only –52 to -59 mV.  However, their graphs do not support such
values.  The resting potentials in their figure 2 range from -30-35 mV in A to -85 to –100 mV in B, C & D.  Because
of the detailed analysis discussed below, their graphical values will be taken as correct.  In future experiments, more
care will be needed in this area.  Moving beyond their exploratory stage to the documentation stage requires an
increase in both accuracy and precision in measurements.  The measurements of Suzuki & Rogawski would lead to
more precise values for the operational parameters if they were taken with a precision of 0.1 mV and 0.1 C
temperature.  

The nominal turn-on potential of -20 mV at the emitter(dendrite) in their figure 3 suggests the base (podite) terminal
was biased to about -20 mV less the offset potential, Vγ, of the diode (if any).  If this value is correct, most of the
waveforms presented were acquired under pathological, or at least abnormal conditions.  While this is acceptable for
the purpose, it must be understood that most of these waveforms would not be acquired in-vivo except under
artificial voltage clamp conditions.

Based on these physiological schematics and circuit diagrams, an annotated version of their figure 2 appears as
Figure 10.8.7-1.  They did not discuss the difference in quiescent voltage between the waveforms in frame A and
those in B, C & D.  The voltages appear to be due to a probe inserted into the dendritic conduit because of three
factors.  The magnitude of the quiescent voltages, in frame A, the similar polarity of the electrotonic and phasic
responses, the impedance values measured for this conduit.   These factors strongly suggest the responses shown do
not represent the direct measurement of  “action potentials” obtained by probing the axoplasm through the associated
axolemma.

The quiescent voltages in frame A1 and particularly the curvature in the rising voltage in C1 near  –50 mV, suggests 
the Activa within the circuit has began conducting at about –50 mV and unity gain in the feedback loop is achieved
at –20 mV.  Below –50 mV, the Activa was completely cutoff.  Although Suzuki & Rogawski did not describe the
conditions of their impedance measurements, it appears they were made in the cutoff region because of the
magnitude of their mean input resistance of 1.4 Giga-Ohms (1,400 Mega-Ohms based on the average of 30 cells).   

Suzuki & Rogawski should be commended on reliably making these repeated measurements at this
level.  They did not describe whether their impedance measurements were static (DC) or dynamic
(differential) in character or the polarity of the voltage used during the measurements.  The
polarity is critically important if making measurements while the Activa is conducting.  Achieving
the clean waveforms they presented without such averaging is difficult, necessary  and also 
commendable.  

The waveform in A1 (leftmost on top line) is quite informative.  Prior to the introduction of a stimulus, the resting
potential is about –40 mV.  Upon application of the stimulus, the curve begins rising linearly because of the constant
current capability of their source.  The magnitude of this current was not given but it is estimated at 12 pA by
scaling.  The ripples in this curve prior to 140 msec appears to be due to noise.  However, the rise in the response
after 130 msec is due to the lower input impedance of the Activa as the emitter potential approaches the base
potential.  In the interval between 130 and 160 msec, the Activa is beginning to conduct.  At the 160 msec point, the
net gain of the internal feedback circuit exceeds 1.000 and the circuit begins to go into oscillation.  The majority of
the rise in the potential of the dendroplasm at this point is due to discharge of the axoplasm through the Activa.  This
action cause the axoplasm potential to become more positive.  Whether the dendroplasm becomes more positive or
more negative depends on a variety of parameters and mechanisms that will be addressed below. 

In this case, it is clear that the net of these factors is to drive the dendroplasm to a potential of about +20mV on this
first pulse.  No data was provided on the magnitude of the change in axolemma potential.  However, it would
typically change from a resting potential near –150 mV by +100 mV.  During a very brief interval, the potential of
both the axoplasm and the dendroplasm would be near +20 mV Separated only by the emitter to collector saturation
voltage of the Activa.

The caption to figure 2 mentions an injection current adequate to generate an action potential.  The value given in the
text is 8.5 pA per spike.  However, the graph shows the input is acting as an integrator.  The proper description of
the quantity required to cause an action potential is the integral of the stimulating current times the time applied
before an action potential is generated.  Based on their graph, the injected current was about 12 pA and the elapsed
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time was about 160 msec in their Figure 2A1.  This number is about 1.9 micro-coulombs of charge.  The process
actually involves both the input current and the relaxation time of the input circuit.  As a result, the required
integrated charge is a variable and it depends on the rate at which it is applied.  This feature will be explored more
completely based on the data appearing in Section 17.xxx where the lead-lag characteristics of a similar in-vivo
network are evaluated.  That this is the case is easily seen in waveform A2.  A nominal current of 18 pA causes an
action potential to begin almost coincident with the application of the stimulus (with a charge injection of less than
0.9 micro-coulombs).  While the integration phase can be seen clearly preceding the onset of oscillation in A2, the
application of a 35 pA stimulus in waveform A3 leads to an initial action potential that begins after an even briefer
integration phase.

At the point where the Activa saturates and ceases conduction due to the feedback circuit, the dendroplasm potential
is decreased by a similar degree of axoplasm to dendroplasm coupling.  The undershoot is not unexpected in a
capacitive coupling situation.  Normally, the undershoot would return to the baseline following an exponential curve. 
However, in frame A, the current stimulation is still present and the response rises more rapidly until the end of the
stimulation at 200 msec.  The dendroplasm potential is essentially at the quiescent value at that time and it remains
there until the overall sequence is repeated.

Whether multiple action potentials are generated depends on the continued presence of the stimulus.  In A1, the
stimulus terminates before a second pulse is generated.

Frame A2 tells a similar story.  However, the stimulation is increased to an unspecified level (approximately 18 pA
based on scaling).  This causes the dendroplasm potential to rise more rapidly and it reaches the threshold value
where the net feedback gain exceeds 1.000 almost immediately.  Following the first oscillatory pulse, the
dendroplasm shows a slight undershoot but since the stimulation is still present, the potential rises essentially
linearly until the net gain again exceeds 1.000.  The pulse generation process repeats itself.  This cycle is repeated
four times.  However, an additional effect is becoming apparent.  The threshold level is rising slightly while the peak
amplitude remains fixed.  In addition, the interpulse waveform is beginning to show some curvature indicative of an
exponential mechanism.  This is clearly evident in the last abbreviated pulse where the dendroplasm fails to exceed
threshold prior to the termination of the excitation.  Note the small tip in the response just prior to termination of the
stimulation.  It appears the Activa is in the conductive range but below the net 
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Figure 10.8.7-1 Annotated performance of a driven  hybrid (parasol ganglion type) cell of dLGN.  See text.  Based on
figure 2 in Suzuki & Rogawski, 1989

feedback criteria during this short interval.  Based on these characteristics, it is reasonable to assume the base
potential of the Activa has been rising slowly due to the impedance of the poditic circuit.  This rise is probably due
to the time constant of the poditic circuit being long relative to an individual pulse cycle.  The poditic circuit
essentially integrates the charge exiting the Activa through its base and thereby its potential is changed incrementally
by each pulse.

Frame A3 of the figure tells much the same story.  However, the additional stimulation has caused the interpulse
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waveform to rise more quickly and reach threshold sooner.  As a result, the pulses are closer together.  This time, the
peak pulse amplitude is decreasing.  This is suggestive of a different mechanism.  It suggests the quiescent axoplasm
potential is not being maintained during this rapid series of pulses.  This suggests the time constant of the
electrostenolytic process supplying the axoplasm is too short to sustain this rapid pulse sequence.  The short term
average axoplasm begins to fall.  As a result, the capacitively coupled peak in the dendroplasm potential is reduced
in height also.

Their text does not recognize the change in the quiescent dendroplasm potential from -30 mV in A to –80 to –100
mV in their frames B, C & D.  However, the responses follow the same phases as described above.  In frame B1, the
stimulus amplitude causes a linear rise in the dendroplasm potential.  However, it is insufficient to overcome the
time constant of the emitter circuit before the stimulation ceases.  In B2, the stimulation is stronger.  As a result, the
dendroplasm potential rises in the region from –90 mV to about 30 mV.  Initially, it rises by integration.  After
reaching about –25 mV, the Activa begins to conduct.  As it conducts more, the net feedback gain begins to
approach 1.000.  At 100 msec, the net feedback gain reaches 1.000 and oscillation commences.  Following the pulse,
there is a minor undershoot relative to the average dendroplasm potential.  Whatever was done to make the quiescent
dendroplasm potential more negative has also caused the threshold potential to rise significantly in concert with the
first pulse.  Either or both of these conditions are compatible with a change in the base potential due to a change in
the impedance level or time constant of the poditic circuit.  A similar situation is seen in frame B3.  While the Activa
is conducting, a reduction in the base terminal potential can be reflected into the dendroplasm potential.  This is
probably the explanation for the falling potential between the end of the pulse and the end of the stimulation interval. 
The fall is probably exponential due to the time constant of the poditic circuit.

The waveforms in frame C and D are interesting but not important at this point.  The “control” has had its quiescent
dendroplasm voltage reduced to –80 to –90 mV and it (or its operation) is the same as for the waveform in frame B3. 
In all of the waveforms except for the control, the response indicate the net feedback gain has failed to reach 1.000. 
As a result, the circuit is operating in a linear mode.  Waveforms C2, C3, D1 and D3 all show a rising characteristic
similar to that of the control but a failure to reach the net feedback criteria. The waveform in frame D2 is particularly
interesting because of its exponential form.  This form suggests the pharmacological agent has significantly changed
the impedance of at least part of the dendrolemma.  This can be the portion of type 2 BLM associated with the
electrostenolytic process, or the type 2 BLM associated with the boutons.  In either case, the time constant associated
with the dendroplasm has been reduced significantly.  The dendroplasm potential now follows an exponential rather
than a linear rise due to the action of TTX (tetrodotoxin) & Ni2+.  It appears likely the waveform in D2 would have
begun to oscillate if the stimulation level had been maintained at the level used in frame C.  It is possible all of the
waveforms in D would have gone into oscillation if the stimulation level of C had been maintained.

In their figure 3, they presented an extensive set of measurements relating to the current-voltage relationship
associated with their probe measurements.  Assuming the probe was introduced into the dendroplasm as in their
figure 2 waveforms, these measurements describe the emitter to base characteristic of the Activa.  They report
current levels in terms of the peak current and the current after 300 msec (essentially a one-time-constant condition if
the data was from the same neurons used in their figure 2).  Their steady state results are completely compatible with
the exponential input impedance associated with any Activa (or other semiconductor device).  Figure 10.8.7-2
presents the B1 and B2 portions of their figure plus overlays based on the exponential input impedance expected of
any semiconductor device.  The parameter VH is the initial potential prior to the step changes of 10 mV each.  The
overlay to their frame B2 by a proposed exponential is excellent without any further discussion.  The input
impedance of this neuron is given precisely by the steady state measurements of Suzuki & Rogawski.  The
exponential was calculated using the voltage equivalent of temperature, VT =0.0267 volts.  However, the curve was
scaled to fit the data and the value of VT is not relevant.  In frame B1, the steady state data fits the same exponential
well but not perfectly.  The curve for the peak current is a reflection of three potential factors.  The beginning of
saturation in the Activa, the transient performance of the input impedance of the Activa and the associated
capacitance.  The reason is well known, but was not developed in the theory presented so far.  The emitter to base
potential cannot become more positive that the collector to base potential and still maintain transistor action in the
orthodromic direction.  If this relationship becomes reversed, the Activa becomes an active device operating in the
opposite direction.  Hence, the maximum in the steady state current data is indicative of the saturation current level
and the highest sustainable emitter to base potential of the Activa.  The difference curve between the steady state and
the peak currents has no physical meaning.  
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Figure 10.8.7-2 The input impedance of hybrid (ganglion cell-like) neurons.  The dashed lines are pure exponential
overlays describing the expected steady state input impedance of this type of neuron and Activa.  Data from figure 3 of
Suzuki & Rogawski, 1989.

The contribution of the current through the Activa is clearly seen in their transient waveforms.  It begins at –25 mV
and saturates at about –350 pA in the data supporting B1.  The steady-state current in B2 is precisely as predicted by
the Theory.  The data supporting the transient curve in frame B2 is substantially different from that in B1.  Hence,
the transient response is substantially different.  This difference will not be evaluated here.  It may have been due to
a test circuit change introduced to change the initial potential of –40 mV.  

Their figure 4 also provides excellent data.  It is presented here in modified form as Figure 10.8.7-3.  Their frame
A2 and B2 have been replaced by a new frame C2.   Frame C2 shows the electrical circuit of the neuron.  At –25 mV
and more negative potentials, the Activa can be assumed to be in the cutoff condition (no current flowing through it. 
Suzuki & Rogawski did not discuss the magnitude of the current during their clamp intervals.  It is clear that to
maintain the clamp condition, they were required to support a current through their probe.  This current was a
consistent 25 pA (or slightly less) for the waveforms of A1.  This level was achieved following the initial transient
when the clamp was changed to –80mV.  The transient occurred during the first 25 msec of each pulse.  The fact the
transient shows a slight overshoot suggests their test probe was not precisely compensated for flat frequency
response.  There also appears to be a slight droop in the current level during the extended length of the longer clamp
intervals.  The requirement to withdraw a constant 25pA from the circuit under steady state voltage clamp conditions
suggests the electrostenolytic process, combined with the impedance of the diode, Des and the dendrolemma leakage,
Rdn, was designed to maintain a –25 mV dendroplasm potential.  At a potential of –80 mV, the electrostenolytic
process was prepared to provide 25 pA of current indefinitely if necessary to return the dendroplasm potential to –25
mV.



Electrophysiology 10- 83

Figure 10.8.7-3 Responses of the dendroplasm to and following voltage clamp operation.  A1; clamping from –30 mV
for a variable duration.  A2; clamping from –30 mV to a variable level.  C1; The presumed circuit based on these
responses.  Data from figure 4 of Suzuki & Rogawski, 1989.

Understanding all elements of the transient response following the return of the clamp potential to –30 mV is
difficult.  The reader may wish to skip ahead to the next section before addressing the following paragraphs.  There
is an initial transient that leads to a current through the probe that is about 25 pA of opposite polarity to the previous
sustaining current.  This transient may be associated with the probe frequency response.  Following this transient is
the long response suggestive of two exponentials in opposition.  The amplitude of this feature varies with the
duration of the clamp over the interval from 10 to 1000 msec.  It suggests that the initial potential across the probe
resistance, Rpr, was initially –80 mV (the dendroplasm potential at the end of the clamp phase) minus –30 mV (the
new clamp potential) or a net of 50 mV.  The current through the probe would begin to rise to this value but the rise
would be limited by the time constant of the probe circuit.    Before, the current reaches its maximum, the potential
of the dendroplasm begins to fall back towards its nominal resting potential of –25 mV exponentially based on the
other impedances in the circuit.

These changes in potential and current with time could be computed more precisely by applying Kirchoff’s Laws to
the node formed by the dendroplasm.  However, the absence of specific knowledge of the dendroplasm potential as a
function of time does not allow these calculations. 

The curves in B1 shed additional light on the operation of the circuit following clamping.  In this sequence, the
amplitude of the clamp was varied from the –30 mV baseline.  The amplitude of the current required to maintain the
clamp potential level varied with the clamp potential.  This variation again suggests the clamp current was required
to absorb the current provided by the electrostenolytic source under non-equilibrium conditions.  The required
current is approximately 40 pA at –110 mV clamp voltage (–80 mV from nominal).  It decreases linearly with a
decrease in the voltage difference from the nominal –30 mV level.  At –80 mV, the required current was 25 pA (the
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same as in A1).  As in A1, the transient following the clamp shows a brief positive going transient with an amplitude
typically of 20 pA.  The main transient then begins and shows the same characteristics as in A1.  The negative going
portion shows a time constant of about 10 msec.  It is followed by a positive going portion with a time constant of
about 50 msec.  This current transient reflects the current through the probe in response to changes in the
dendroplasm potential and effected by the capacitance associated with the probe.

Suzuki & Rogawski presented an exponential graph in their frame A2 that indicated the peak amplitude of the
recovery current versus the length of the clamp interval.  While they suggested this curve had an exponential decay
represented by a tau equal to 0.3 seconds, this graph has not physical significance.  It describes the peak in the
transient as a function of the duration of the prior clamp interval.  This function can be interpreted as suggesting a
steady state had not been achieved by the termination of the clamp period, regardless of the clamp period used.  The
longest time constant associated with the recovery response is on the order of 50 to 75 msec in all of the curves of
frames A1 and B1 (except it is difficult to resolve in the top curves where the amplitude of the transient associated
with switching is higher than the recovery transient).

[xxx redo time constant discussion based on a switching time constant of about 1 msec, an initial recovery time
constant of about 11 msec and a final time constant of 50-75 msec.  Note the final t-c would not be encountered
under normal neuron operation it is due to a pathological situation. ]
[xxx edit next] Frame A2 provides the transient response of the total circuit associated with the dendroplasm.  The
circuit is initially at –25 mV, which may have the Activa conducting slightly in previous experiments. The
dendroplasm is then clamped to  –80 mV for a progressively longer intervals and then the circuit is released.  The
resulting transient contains two peaks followed by a long tail returing to the quiescent condition.  The first peak has
a time constant of less than one msec which is hard to define at the scale of the data.  The second time constant is
~11msec.  The third time constant is quite long and fits an exponential function well.   These three time constants
suggest the presence of three capacitances of importance in describing the relationship of the dendroplasm to its
surroundings.  Suzuki & Rogawski calculated the longest time constant as 299 msec.  However, they did not address
the two shorter time constants.  

The shortest time constant, ~1 msec, is closely related to the time constant at the start of their clamp interval.  It
suggests the charging of the capacitance between the dendroplasm and some other element before any change related
to conduction by the Activa.  It could be the small space charge capacitance associated with the Activa.  The next
longer time constant of ~11 msec is probably related to the capacitance between the dendroplasm and the
surrounding INM.  Finally, the long time constant is probably related to the main charging capacitance used in the
oscillator circuit.  During the time the Activa is totally cutoff, this time constant can be associated with the measured
input impedance of 1.4 Giga-Ohms.  The resulting capacitance has a value of about 200 pF (0.2 nF).  The 11 msec
time constant would correspond to a capacitance of 7.8 pF.  The 1 msec time constant would correspond to a 0.8 pF
capacitance.  These values can only be used for analysis purposes because there is clearly an active mechanism
going on that causes the second transient to exceed the amplitude of the initial current flow.  Such flows do not
necessarily mean voltages were induced that were exceedingly large.  The effect can be achieved by an equal short-
term decrease in an impedance.  Frame B2 appears to have discounted the two small transients and only addressed
the larger transient.  Even here, it is not clear they extended the peak of the long transient to its zero time value. 
Looking at their data in B1, their curve in B2 related to the long time constant transient should not flatten out if they
considered the higher peak in the absence of the first and second transients.

Their frame B2 is not treated in its entirety either.  It shows a normalized value of the peak current in the restoration
transient following a voltage clamp of variable duration.  From this graph, Suzuki & Togawski calculated a “time
constant” of 299 msec.  However, it is not a conventional time constant which describes the voltage or current
associated with a fixed impedance as a function of time following a step change in the potential across that
component. In this case, they are equating the peak current in a multiple component transient with the time interval
preceding the application (or in this case the removal) of the driving force.  The frame has no physical meaning
except to suggest a transient was still under way when the clamp was released.

Additional analyses of their figures 3 and 4 would be possible if simultaneous current and voltage data were
available after the release of the clamp.

Figure 5 of Suzuki & Rogawski provides good data on the input range of the Activa within the conexus of the
neuron.  It is reproduced here with added annotation as Figure 10.8.7-4. However, the interpretation of these
waveforms under the Electrolytic Theory of the Neuron is entirely different from that they provided.  The
experiment involves two distinct clamp conditions.  Look only at the control condition first.  The bottom curve in B
shows the dendroplasm being clamped to +10 mv following an initial clamp potential of –40 mV.  Based on the
previous figure, it is possible to calculate the expected current during the initial clamp interval.  This current is –4.37
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pA.  The same current would be expected in the lower waveform of A.  The two upper waveforms were clamped
initially at –80 mV and currents of –21.8 pA would be expected in this case.  The added current scales reflect these
values.

Based on the above calculation, the quiescent dendroplasm potential would be expected to be –25 mV.  This value
would give no current through the probe of the instrumentation when the clamp was also set to –25 mV.  However,
trace #2–1 would suggest a slightly different value.  While the transient crossed the original bias current near the end
of the clamp interval, it did not quite reach the true zero current value.

To aid in the following discussion, the waveforms have been given numbers in the left margin.  Waveforms #1 & #2
both begin from a –80 mV clamp level and are then clamped to levels associated with the bottom edge of the
operating range of the neuron.  The transient associated with #2 is very similar to traces in the previous figure and
suggests the Activa was in the cutoff condition.   The transient appears to be due only to the current generated by the
electrostenolytic source.  The transient associated with #1 is similar but the –20 mV clamp level suggests the Activa
may be conducting slightly.   The transient appears to be due to both the current generated by the electrostenolytic
source and some current transferred from the axoplasm due to Activa operation.  In waveforms #3 & #4, the
potential during initial clamp interval is much smaller and the current due to electrostenolysis is much smaller. 
During, the second clamp interval, the potential is sufficiently high to make the Activa within the neuron conduct
significant current.  As a result, the current during this interval contains very little originating in the electrostenolytic
process.  The majority of the current measured represents the current transferred from the axoplasm to the
dendroplasm by transistor-action.

The currents in #3 & #4 during the second clamp interval exhibit the expected values based on the input
characteristic of the Activa when it is operational.  The current at 0.0 mV is about –230 pA and the current at +10
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Figure 10.8.7-4 Current waveforms obtained from the dendroplasm using a dual voltage clamp technique.  The
cell appears to be fully operational.  The clamp potential was initially negative and caused a continuous current
to flow through the probe.  The potential was then made more positive and the current recorded until and after
the end of the clamp interval.  See text.  Data from figure 5 of Suzuki & Rogawski, 1989.
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the waveforms in #3 & #4 during the second clamp interval require more information to analyze completely. The
large and flat topped current in #4 suggests the Activa is operating near its saturation level.  A measurement of the
voltage of the axoplasm  under these conditions would confirm this estimate.  This assumption is confirmed by
waveform #4–2 and #4–3 which show a curvature similar to that in all three waveforms on line #3.  These curvatures
assure one that the circuit was operating in a linear mode during this interval.  No action potential was generated in
the axoplasm circuit and no saturation of the input circuit is evident.  It can be assumed that the waveforms are from
a different neuron, or under different environmental conditions than those presented in [Figure 10.8.7-1]

The current and voltage values discussed above and presented in this figure are all consistent with the input
characteristic presented in [Figure 10.8.7-2 ].  The impact of the pharmaceuticals shown did suppress the operation
of the circuit to a degree.  Nimodipine (10 μM) had minimal impact on the electrostenlytic current in #1–2.  The
effect of NI2+ (500 μM) was more obvious.  It appears to have reduced the current through the Activa by about 13 %. 
This reduction reduced the impact of saturation and suggests the effect was caused by a reduction in the leakage
conductance through the dendrolemma.



88  Processes in Biological Vision

95Reid, G. Scholz, A. Bostock, H. & Vogel, W. (1999) Human axons contain at least five types of voltage-
dependent potassium channels J Physiol vol. 518.3, pp 681-696

10.8.7.1.3 Rationalizing the electrolytic and chemical data of Suzuki

Except for the last comment regarding the possible action of Ni2+, no discussion of conductances has appeared in this
discussion of hybrid neuron operation under either normal or pathological conditions.  The Electrolytic Theory of the
Neuron explains the operation totally without requiring any change in conductance other that the change in
transconductance associated with the Activa.

Suzuki & Rogawski have defined two types of channels that they define as type T and type L.  While these designate
different mechanisms within the neuron, they do not designate channels in the BLM of the neuron as assumed by
them.  The type T channel is seen in waveforms #1 & #2 to correspond to the condition where the Activa is cutoff,
and the current following the initial clamp interval is due to current generated in the electrostenolytic power supply
of the dendroplasm (emitter) circuit.  The type L channel corresponds to the main current path through the Activa
(from axoplasm to dendroplasm) when it is conducting current as described by the currents in waveforms #3 & # 4.

Their double negative term, de-inactivation, corresponds to turning the Activa within the neuron “on.”  It refers
either to the point where the Activa begins conducting or the point where the net feedback circuit gain exceeds 1.000
and the monopulse begins to form in the collector circuit.  The monopulse is observed in the emitter circuit due to
both quantum-mechanical and capacitive coupling between the two.  Which coupling is dominant can be determined
by xxx.

They say “The shift to phasic firing occurs as a result of deinactivation of a broad, low-amplitude regenerative
response, referred to as the low-threshold spike (LTS).  In reality, their low-threshold spike is not a low level
regenerative response, and it surely is not a spike.  It is a completely linear response associated with the normal
operation of the dendroplasm and the Activa in going from cutoff to conduction prior to reaching threshold.  Their
reference to an LTS in frame B2 of the figure appears to be a mathematical manipulation.  They describe the
waveform (less that one oscillation) as an all-or-none triangular shaped voltage response.  It is difficult to appreciate
how they can describe this linear waveform ,with many individually describable features, as “all or nothing.”  

Their tonic-firing does not involve “firing” at all.  The net feedback gain of the circuit has been reduced to below
1.000 by pharmacological action.  As a result, the circuit is operating in the linear mode under all conditions, as in
the case of a nominal bipolar cell.  Their description of phasic firing applies to bursts of pulses of any number from
one up.

While in the linear, or electrotonic, or tonic, region; they describe the circuit as “presumably dependent upon Ca2+

entry.”  Explaining the circuit’s operation under the Electrolytic Theory of the Neuron does not require the transport
of any ions through the BLM.  The low electrotonic currents prior to action potential initiation are the expected
currents passing through the Activa under conditions of positive bias but less than unity internal feedback.

Their noting that the interpulse interval is limited to between 50 and 100 msec is interesting.  Most hybrid neurons
are able to operate up to at least 100 Hz (<10 msec interpulse interval) in-vivo.  This low limit may be caused more
by their in-vitro conditions than any other factor.

It is difficult to address the many spike like transients at the beginning and end of their second voltage clamp
intervals without more detailed knowledge of their test configuration.  It appears many of them are due to capacitive
coupling between their stimulation and recording channels due to the common probe elements.

The literature contains many other reports related to various chemical channels associated with the dual alkali-ion
theory of the neuron.  Most of these studies do not provide sufficiently detailed waveforms to achieve the level of
analysis presented above.  Some of them are statistical in nature rather than deterministic.  Reid, et. al. have
presented data confirming the nominal 20-30 mV input dynamic range for neuron circuits95.  However, many of their
figures show a wider dynamic range due to a variety of potential causes that are difficult to determine from the
supporting documentation.  Many of their current voltage curves appear to be shunted by leakage resistances.  They
used the outside-out patch clamp technique that restricted their data to small individual areas of the lemma rather
than the more comprehensive complete dendritic structure of Suzuki & Rogawski.  It is possible, and probable, that
these patches varied uncontrollably between type 1, 2 and 3 BLM material.  Their data was dominated by one very
short time constant and then pulses representative of random noise of unknown cause.  Their definition of multiple
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96Kiernan, M. Baker, M. & Bostock, H. (2003) Characteristics of late Na+ current in adult rat small sensory
neurons Neurosci vol. 119, pp 653-660

different types of potassium gates were based primarily on their observation of different patterns in this
fundamentally stochastic process following the application of various pharmacological agents.  The very short
analog time constant associated with the release of the clamp was on the order of 15 msec.  They also calculated a
different parameter that they also defined as a time constant.  This time constant was based on the shape of the
number of noise pulses occurring within a given time of clamp release.  These “time constants” were generally in the
20 msec range.  In a few cases, they identified two time constants present in the same response.  Finally, they
differentiated their putative channels further based on their conductance computed from a current-voltage
measurement.  These changes in conductance may have been related to the proportion of the different BLM types in
the patch sample.

A more thorough analysis of the outside-out patch clamp technique applied to BLM appears in Section 10.8.6.3 xxx. 
Note the outside-out patch technique does not apply to operational neurons.  A tabulation of the labels assigned to
various waveforms acquired using voltage clamp techniques appears in Table 10.8.6-1.

10.8.7.1.4 Additional data on the operation of specific ganglion cells

Kiernan, et. al. have recently provided significant data on cells from the ganglia of adult rats96.  Despite the title of
their paper, it provides excellent confirmation of the ganglion cell model presented here based on the Electrolytic
Theory of the Neuron.  They provide data from patch-clamp experiments on small-diameter (<25 mm) dorsal root
ganglion (DRG) neurons cultured from adult rats.   The term ganglion is used in their description in the adjective
form (suggesting the cells were from the morphologically defined ganglia.  It is not clear whether the cells were in
fact stage 3 signal projection neurons known electrophysiologically as ganglion cells.  It is possible they were stage
2 signal processing neurons located at a reflex node.  No action potentials were observed in the data presented. 
However, the characteristics of the neurons presented suggest they were stage 3 projection neurons and therefore
ganglion cells electrophysiologically as well as morphologically.  Significant internal feedback was present.  It may
be the instrumentation used inhibited the generation of action potentials.

They speak of their experiments as involving whole cells without further specificity.  This work will show their tests
actually involved the dendroplasm and the axoplasm of their cells individually.  It will also show that their measured
data is in excellent agreement with the predicted current-voltage characteristics of the dendroplasm and axoplasm of
stage 3 projection neurons.

The data of Kiernan significantly extends the data from Suzuki & Rogawski because it provides the static output
characteristics for several axons associated with stage 3 neurons.  Both data sets provide significant confirmation of
the Electrolytic Theory of the Neuron. 

As in the previous discussion, omitting the pharmacological elements of their experiments for now, and overlooking
their vernacular references to ionic currents, the Kiernan data correlates well with the Electrolytic Theory of the
Neuron.  Their data is an excellent representation of an electrotonic (analog) signal controlled neuron.  Their data
does not contain any information concerning any of their neurons being driven into monopulse oscillation, although
their data does show the presence of the required internal feedback.

Figure 10.8.7-5 replots three frames from three different figures of Kiernan to a common scale.  The nomenclature
has been extended slightly to be more specific, based on the Electrolytic Theory of the Neuron.  The label Em,
describing the membrane potential, has been equated to the more descriptive label, EDN, describing the measured
potential between the dendroplasm and the test set ground.  Hopefully the test set ground is the same as the INM
potential near the neuron.  The current, I(nA), plotted by Kiernan, et. al. is unconventional.  Except in the frame
from figure 1B, it represents the peak current immediately following the start of the stimulus.  For potentials of less
than about –30 mV, the Activa is cutoff and this peak is associated entirely with the parameters of the dendroplasm
alone.   For potentials more positive that –30 mV, the current also includes a component of current flowing through
the Activa.  This difference accounts for the significantly different slopes of the dotted lines.  

The dotted lines have been drawn to approximate the input conductance described by Kiernan in their equation (1),
the difference in current going into the emitter from the dendroplasm divided by the difference in input potential of
the Activa.  These lines associated with the active portion of the conexus response are grouped around an input
impedance of about 4,000 megohms.   Under the Electrolytic Theory of the Neuron, the current into the emitter is
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Figure 10.8.7-5 Three neuron input characteristics based on
whole-cell voltage clamp measurements.  Left, as originally
presented in the figures of Kiernan, et. al.  Right, replotted
to a common scale.  In all cases, the horizontal dashed lines
were added to reflect the saturation current of the neuron.
The dotted lines were drawn to approximate the
transconductance of the Activa within its operational range.
The sloping dashed lines are estimates.    The nomenclature
has been expanded in accordance with the Electrolytic
Theory of the Neuron.  Underlying data from Kiernan, et.
al., 2003.

within one percent of the collector current going into the axoplasm (within the operating range of the Activa).  Thus,
this input impedance is also equal to the transconductance of the neuron (the change in current going into the
axoplasm divided by the change in potential of the emitter (dendroplasm).   In the figure, the transconductances are
grouped around 2.5 x 10–10 mhos.  It is the transconductance that is the primary parameter in the operation of the
neuron.  

These values and curves can only be used for pedagogical purposes because of the near dominance
of capacitance in the test circuit and other approximations made.  Note the significant transients at
the ends of the stimulus periods in the original paper and the truncation of the plot in figure 2B
relative to the data in figure 2A.

Horizontal dashed lines have been added on the left to
indicate the saturation current through the Activa.  The
saturation current is reached when the potential, ECB,
between the collector (axoplasm) of the Activa and the
base (podaplasm)  approximately equals the potential,
EEB, between the emitter (dendroplasm) of the Activa
and the base (podaplasm).  The potentials within the
plasmas of a neuron can vary considerably with
location (See Section 10.6.1 xxx figure from Guyton
pg 622).  Thus, the measured values (which are
averages based on the probe location) may differ from
the actual Activa potentials depending on the location
of the test probe.  These differences are necessarily
ignored in using the available data.

Kiernan, et. al. did not specifically describe the
conditions under which the input characteristic of their
figure 1B was obtained.  However, the current scale is
defined differently.  The current shown is the current at
the end of a 200 msec clamp interval.  These values
were not significantly different from the peak currents
during the clamp interval used in the other frames
except for the –30 mV value which lasted over 10
msec, was very large and off scale in the original
figure.  The long dash-short space line extending to
beyond 1.5 nA has been added to indicate this situation
in both the left and right view.  They did describe the
nominal electrolyte used in their experiments.  The
formula is quite complex but it does not contain
glutamic acid or GABA.  The characteristic from
figure 2B represents the peak current into the Activa. 
It was obtained with one third of the normal Na+ in the
external electrolyte.  The characteristic in figure 5B
represents the peak current into the Activa and was
obtained with the electrolyte containing 200 nM of
TTX (tetrodotoxin).

Kiernan et al. did not describe their rationale for using
significantly different clamp intervals in preparing the
above characteristics.  Figure 10.8.7-6 shows the current profiles during the clamp intervals.

The peak currents through these neurons appear to be xxx based on this figure.

[
While they indicated thatframe 1C applied to a different neuron than 1A and 1B, Kiernan, et. al. did not discriminate
clearly between their frames 1B and 1D.  The shape of 1B and 1D are significantly different even though they share
common scales.  Notice in 1D that the currents are beginning to diverge from zero again at –90 mV.  Note also the
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Figure 10.8.7-6 The fundamental decoding functions of the
stellate neurons.  One or more 3rd generation synapses
support the two suggested types of stellate cells.  An
integrating capacitance is shown in the collector circuit of
the upper cell.  A similar capacitance between the base
terminal and the local ground would be one way of
achieving an alarm signal in the lower cell.

unusual tails on the data points.  They suggest the distributions in their test data were highly skewed.  It appears the
waveforms associated with this second neuron were obtained from its hillock and actually represent the axoplasm
potential.  If correct, this figure can be compared with [Figure 10.xxx.xxx ] for the intrinsic switching oscillator of
vision.   The change in the shape of the response is the expected change if the impedance of the poditic circuit is
changed by the action of a 200 nM solution of TTX (tetrodotoxin) applied topically to the portion of the soma related
to the poditic circuit of the conexus.
]

10.8.7.1.4 Rationalizing the electrolytics and chemistry of the Kiernan data

10.8.7.2 The stellate neurons

The neurons tasked with recovering the signal information from a coded pulse train of action potentials and
providing an analog signal representing the same information are defined as stellate cells in this work.  This
designation is used because of the apparent role of cells of this name in the cortex.  Similar cells associated with
vision are also found in the LGN and the Pretectum.  It is probably that similar cells are found throughout the brain. 
The stellate neurons are another important example of the evolution of the fundamental neuron.  Their input structure
is very similar to that of a Node of Ranvier.  Their output structure is similar to that of a Node of Ranvier with an
extended area of unmyelinated axon.  Lacking a model, researchers have suffered in defining the specific
performance of the stellate cells.  There may be two distinct types of cells.  

There are suggestions that one type of stellate cell might be configured to only regenerate in its output the first pulse
in a series of input pulses.  This type of cell would be used to provide both an alarm signal and a timing signal to the
appropriate signal extraction engine of the cortex.  The timing signal could be particularly important to the
interpretation of the color information received over the fundamentally non-synchronous chrominance channels. 
Secondary errors in this timing signal may also play a role in many errors in the color rendition of fine detail in a
scene.  

There are stronger suggestions concerning the role of the second type of stellate cell.  This cell functions as a simple
pulse integrator to recover the signal information associated with an action potential pulse train.  As a result, the
charge (energy) of the action potentials received at the emitter terminal of the Activa are integrated on the
capacitance associated with the collector terminal and filtered by that capacitance in conjunction with the other
impedances associated with the collector and the orthodromic neural inputs.  

These two cell configurations are shown in Figure 10.8.7-6.
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Figure 10.8.9-1 The nonlinear cascade model of synaptic
transmission used by Juusola, et. al, 1995.  Top: caricature
of the fly photoreceptor and its synapse with a large
monopolar cell (LMC).  Bottom: Nonlinear cascade model
used to describe their “synapse.”  The “synapse” consisted
of a nonlinear static element, N,, a linear dynamic element,
L, and a second nonlinear static element, N.

10.8.8 Measurements related to operational synapses 

Synapses are conexuses between two morphologically distinct neurons.  They exist in uncountable numbers,
frequently with hundreds to tens of thousands associated with a single neuron.  They are very simple electrical
circuits.  Frequently, they consist of only an Activa and an impedance associated with its base (poda) terminal.  All
other electrical circuit elements are more directly associated with the pre-synaptic and post synaptic conduits.  The
Activa is in the common base configuration and therefore exhibits a current gain of slightly less than 1.00 (0.97 is
typical).  The Activa is biased to achieve “transistor action.”  As a result of this gain and this bias, the Activa appears
as a nearly perfect diode passing signals from the pre-synaptic conduit to the post synaptic conduit (but not in the
opposite direction).  While the synapse appears as a conexus in both electrotonic and phasic circuits, its functional
performance does not change.

Dowling has given the impedance of a nominal synapse as ~1–3 ohm-cm2 that he estimated to be three to five orders
of magnitude lower than the typical specific resistance of a membrane97.  

10.8.8.2 Phasic synapses EMPTY

[xxx intertie with Nodes of Ranvier but point out the synapse doesn’t regenerate ??]

10.8.9 Measurements in more complex situations

10.8.9.1 The in-vivo photoreceptor-lateral cell performance in blowfly

In a series of papers, Juusola, et. al. provided a wealth of information concerning the in-vivo operating characteristics
of the initial sensory neurons of the blowfly, Calliphora vicina98.  Much of the data was obtained under large signal
conditions (typically contrasts greater than 30%).  Interpretation of the data is hampered by the lack of a detailed
circuit model of the photoreceptor and lateral neuron involved.  This led them to use an unusual description of a
synapse.  This definition attributed a signal gain to the synapse that should be assigned to the other elements within
their global definition.  Figure 10.8.9-1(A) shows their conceptual description of the photoreceptor-lateral cell
connection using the terminology of this work99.  They
describe their lateral cell as a “large monopolar cell,”
LMC.  This terminology agrees well with the first
lateral cell usually described as a horizontal cell in
Chordata.  It appears they have defined everything
between the locations of their first probe and their
second probe as the synapse.  Using this concept, they
proceed to develop a single equation to describe the
performance of this element based on their extensive
empirical data.

Their concept of a synapse differs significantly from
that of most of the literature and this work.  This may
have been due to their reliance on the Dual Alkali-ion
Theory and the 2-terminal model for the axon.  A
synapse is generally defined as the element between
the axon of one neuron and the neurite of the next
orthodromic neuron.  In 2000, the team  finally offered
an abreviated caricature of their “synapse” but did not
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label where their probes contacted the caricature100.  Graphically, their synapse is the conexus between two neurons. 
However, semantically, and electrically, their “synapse” appears to be defined by the difference between the
potential at a loosely defined point within a photoreceptor cell and the potential at the axon of the following lateral
cell.  While this definition describes a valid transfer function, the concept lumps a variety of processes and
mechanisms into a single conceptual element.  It essentially eliminates the functional features of the dendritic and
poditic elements of the neuron.  The postsynaptic terminal becomes the axon of the LMC.  Separating the elements
between the synapse and the axon, as called for in most models, results in the synapse itself being defined as a unity
current gain device based on a common base configuration Activa acting primarily as a diode.

10.8.9.1.1 Test configuration

Juusola, et. al. used an indirect method to select their probe locations. They used the signals recorded as a local
electroretinogram (LERG as used in this work), to differentiate between the photoreceptors and their large
monopolar cell.  Based on the assumption that the only signals from a photoreceptor neuron were negative going
when exposed to light, they probed for such a signal. They associated this negative going LERG with a
photoreceptor cell.   By probing for a signal of opposite polarity, a positive going local electroretinogram, they
differentiated between their probe locations and indirectly defined the second probe location.  In their discussion,
they also differentiated between waveforms recorded from the soma of their photoreceptor cell and the axon (axon
terminal or pedicle).  Figure 6 of the 2000 paper showed that these two locations were functionally the same.  A and
B of that figure can be overlaid within the statistical error bars provided by those authors.  Their figure 7C does
show a slight difference that could also occur between these two waveforms.  The axon terminal potential is slightly
lower than the so-called soma waveform.  This is due to the attenuation associated with the transmission of the
signal from the source of the waveform at the distribution amplifier within the soma and the pedicle.   This
relationship can also be demonstrated by time delay measurements between the two waveforms.  

The geometry of the photoreceptor cell of Arthropoda is different from that of Chordata.  Whereas the inner
segment containing the distribution amplifier, is generally separate from the soma in Chordata, this may not be the
case in Arthropoda.

Figure 10.8.9-2 provides a more detailed circuit diagram of the initial sensory circuits of Arthropoda that appears to
describe the blowfly.  It contains many discrete mechanisms between the location of the two putative probes.  The
generic circuit for Chordata, which is similar, is developed in Section 11.7.  The primary difference is the pairing of
polarization sensitive photoreceptors in Arthropoda instead of the pairing of chromatically sensitive photoreceptors
in Chordata.  Arthropoda may also use pairing of chromatically sensitive photoreceptors but this was not explored in
Juusola, et. al.  The cells labeled A and B in the figure are found within a single capsule of Arthropoda.  The capsule
of the fly usually contains eight photoreceptors as shown in [Figure 1.7.2-1] from Menzel & Backhaus (1991) and
[Figure 1.7.2-2] from Horridge, (1968).  Many of the cells are normally found in pairs within a single capsule. 
While not known from experiments, the physical architecture of such a capsule would suggest that the pairings are  2
& 3, 4 & 5, and either 6 & A or 1 & A (this A applies only to the referenced figure of Horridge)  The output of all of
the photoreceptors are of the same polarity.  Two possible situations must be considered at this point.  The LMC of
Juusola, et. al. might be used to form a polarization channel signal or a chrominance channel signal.  

In forming the polarization signal associated with the M–channel photoreceptors, the signals are combined in a
lateral cell (their morphologically defined large monopolar cell).  This cell takes the algebraic difference between the
two signals applied to its neurites.  In this case, the negative going signal from photoreceptor B is applied to the
poditic terminal of the lateral cell.  In the absence of any signal applied to the dendritic terminal of the cell, the
inverse of this signal is presented at the axon of this lateral cell.  Juusola, et. al. did not describe the polarization of
their LED light source.

In forming a chrominance signal, the signals from two photoreceptors of different spectral sensitivity are differenced
in a lateral cell.  In this case, the polarization of the light source is not critical as long as it remains the same relative
to the photoreceptors during the experiments.

Lacking any information concerning the polarization of the light source, no notice of unexpected artifacts in the
papers of Juusola, et. al., and their use of narrow band 555 nm illumination, it will be assumed that the lateral cell
they located was associated with a chrominance channel.  Under that assumption, little or no signal would be 
introduced into the lateral cell axon from the spectrally different photoreceptor channel labeled A.  In this case, the
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signal at the second probe originates exclusively in the photoreceptor channel labeled B.

Determining the specific location of their first probe involves several considerations.  Their claim that the probe was
located in the soma of the photoreceptor cell suggests that it was in contact with the “dendroplasm” of the cell (probe
location a).  The dendroplasm is in a unique circuit location in photoreceptors.  It forms the common emitter
connection between the adaptation amplifier of the cell on the left and the distribution amplifier of the cell on the
right.  This circuit configuration is known as a differential amplifier.  The operation of the amplifier is based on
keeping the potential of the dendroplasm constant.  The actual signal at this location is the current passing between
the two emitter terminals.  As a result, the impedance level of the dendroplasm is quite high and the variation in
potential across the impedance connected to the INM, or ground, is quite low.  This variation in potential is actually
an artifact describing the lack of perfect electrical equivalence between the two Activa circuits.  The impedance level
may be much higher than the probe impedance of 80-250 megohms used by Juusola, et. al.  As a result, it is quite
possible their voltage measurements at this location loaded the circuit and significantly reduced the amplitude of
their recorded signals.  Probe location b contacts the axon of the photoreceptor cell at the collector of the distribution
amplifier.  This is the location used to collect most of the photoreceptor data in their papers.

One of the keystone figures in their papers is figure 7E of 1995B101.  This figure shows a nearly constant output (for
temporal frequencies below 10 Hz) for a unit change in contrast over an input intensity range of 3100:1. 
(500,000/160).  This is very close to the 3500:1 taken as the nominal adaptation amplifier range for humans in the
Standard Eye of this work.  
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Figure 10.8.9-2 Detailed circuit diagram of the sensory neurons of Arthropoda and presumably the blowfly, Calliphora
vicina.  A and B show two photoreceptors of different polarization or chromatic sensitivity connecting to a lateral cell.
The output of the lateral cell is the algebraic difference between the signals at the pedicles of the two photoreceptor cells.
The presumed locations of the probes of Juusola (1995) are also shown.  The a location may have been used to acquire
information from the dendroplasm within the soma of the photoreceptor cell.   The b location was used to collect data
from the axon near its point of origin at the distribution amplifier, AD.  The axon probe was used to acquire data near
the pedicle of the axon of the photoreceptor cells.  The signals marked R are summed, along with other similar signals
from within the capsule, to form the luminance channel signal representing that capsule.  The two-letter labels are defined
in Section 9.6. xxx

10.8.9.1.2 Basic test data

Juusola also provide very good data regarding the variation in adaptation as a function of contrast and background
level in their 1993 paper102.  His figures 1 and 2 are reproduced here as Figure 10.8.9-3.  Look first at frames A and
B on the left.  The photoreceptor was stimulated with a series of 2 ms pulses that were each twice the size of the
previous pulse.  There was no continuous background stimulus.  The first order response is logarithmic and the
responses should be equally spaced.  At the lower intensities this is true.  However, beginning about the fourth step,
significant saturation is encountered.  The largest two steps show an additional discontinuity along their trailing edge
suggestive of an additional distortion.  Note also the delay between the initiation of the stimulus and the beginning of
the response.  The delay is inversely proportional to the stimulus amplitude (plus a fixed delay due to the
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instrumentation).  The responses, to a 2 ms stimulus, have a width of between 10 and 25 ms.  This agrees with the
predicted response based on the P/D Equation of this work and developed in Appendix xxx.

Frames A through D and the reference on the right show responses to both 2 ms pulses and 300 ms rectangular
pulses.  The data in frame A shows approximately equal spacing between traces grouped around a background
stimulus of 500 effective photons/sec.  This situation corresponds to the mesotopic (and continues into the scotopic) 
operating condition of vision.  Frames B (background of 5000 effective photons/sec) and C (background of 5 x 104

effective photons/sec) both show little overshoot in the individual pulses and relate to lower and upper regions
within the photopic operating condition.  Frame D (background of 5 x 105 effective photons/sec) shows significant
overshoot (and undershoot following the pulses) that is indicative of the hypertopic operating condition.

Juusola has provided more detailed statistical data concerning the average potential change related to these steps
along with the standard deviation in these changes (most of the traces shown were obtained by averaging 20-1000
individual data traces.  Juusola used changes in illumination level to acquire the data on the right ranging from
ΔL/Lmean = –1.00, –0.89, –0.69, –0.47, –0.24, +0.25, 0.46, 0.68, 0.90 and 1.12.  The –1.00 contrast equals no light
during this interval.  The fact that all of the groups do not exhibit a lower trace having the same absolute potential
shows how the photoreceptor cell acts as an AC coupled circuit due to the circuit topology used by the adaptation
amplifier.
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Figure 10.8.9-3 Generator waveforms recorded from the axoplasm of dark-adapted photoreceptor cells of blowfly.  Left;
responses to 2 ms impulses increasing geometrically in amplitude by a factor of two.  While the responses should be
equally spaced due to the logarithmic conversion of current to voltage in the photoreceptor distribution amplifier stage,
significant saturation is seen in the responses to higher intensity stimuli.  Note the absolute delay prior to the start of the
response is inversely proportional to the stimulus intensity.  Right; responses to both 2 ms and 300 ms pulses of positive
(to 1.12 or 112% of background) and negative going (to –1.00 or off) contrast.  The scale of the 2 ms responses makes
them unusable.  The responses shown are the results of averaging 20-1000 individual traces.  Each group exhibits an
absolute delay determined by the background intensity.  The trailing edge of each long response exhibits a delay
proportional to the average intensity during the pulse (most easily seen in the traces of frame C).  The height of the after-
pulse transients in D (the hypertopic condition) are proportional to the overshoot at the beginning of the same pulse.  The
time constant (about 50 ms) of these overshoots and undershoots point to their source in the signal amplification process.
Juusola provides extensive statistical data regarding these stimuli and responses.  Raw data from Juusola, 1993.

His figure 3A shows the minimal adaptation encountered under low light level conditions (500 effective
photons/sec) to both short (2 ms) and long (300 ms) pulses of light.  Figure 3C shows the dramatically different
situation encountered with a background of 5.0 x 105 effective photons/sec.

While brief and unrelated to the processes involved, their discussion of the origin of the generator waveforms due to
variations in the input intensity versus background level are in complete agreement with the discussions related to
the photoexcitation/de-excitation process in Chapter 12 and Appendix xxx of this work.  They document the
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existence of a “dead time” or “so-called pure time delay” (page 617) in their mathematically oriented 1994 paper103. 
Unfortunately, the paper did not deal with the fundamentals and no one comprehensive equation was provided
equivalent to the P/D Equation of this work.  They did provide graphic evidence of the difference in time-to-peak
response between short pulse illumination conditions (that approximate an impulse) and longer pulse illumination
conditions (that approximate a step input) as a function of contrast and background level. 

In summary, Juusola, et. al. have provided a wealth of information on the in-vivo operation of the initial sensory
neurons of the blowfly, Calliphora vicina.  The data is better interpreted using the model of this work than that
proposed by them.  The waveform generator data, under both impulse and step conditions agrees in detail with the
P/D Equation presented in Appendix xxx.  The saturation due to the limited operating range of the distribution
amplifier is also documented.  The operation of the adaptation amplifier is confirmed to be nearly identical to that
found in humans and other members of Chordata.  

A philosophical discussion appears at the end of their 1994 paper that is interesting but lacks a firm foundation.
While they say the observed performance is indicative of “feedback” (page 612), they do not discuss the origins or
character of this feedback.  They do provide a set of qualitative features of the feedback found in blowfly that are
consistent with the avalanche type internal feedback found in the adaptation amplifier of members of Chordata (see
Section 12.5) .  In discussing their data associated with the P/D Equation, they make a specific comment.  “The dead
time (or pure time delay) seems unlikely to arise from enzymatic reactions or normal diffusion, . . .”  It is not
necessary to consider calcium, or other, ions in the operation of the adaption amplifiers.   The entire sequence of
events explored by Juusola, et. al. are explained within the Electrolytic Theory of the Neuron.  The large monopolar
cell, LMC, that they probed clearly functioned as a differencing amplifier of the lateral cell class.  Data was not
provided on the absolute potentials associated with their waveforms.  Their discussion of the “linearity” of the
observed processes strains the imagination.  It is described in terms of the contrast under grossly varying background
levels.  While the contrast sensitivity is maintained near constant over a wide range of absolute average intensity,
this feature involves a gain function in the adaptation amplifier that is hyperbolic not linear.  

The introductory statement to their APPENDIX is quite true.  As usual in the literature, their experimental data only
went down to one Hertz (0.5 Hz in the 1995B paper).  From this, data, they draw the conclusion that there is no zero
in the overall transfer function they derive on page 617.  The equations of the adaptation amplifier includes a zero in
the transfer equation (see Section xxx) that should appear in their equation 8.  As they note, their equation 8 is a best
fit.  Their equation for the “dead time,” while entirely reasonable from an abstract perspective,  is completely ad hoc. 
A more complete analysis, based on the detailed model would show that one of the terms in the denominator of their
equation 8 is a function of the illumination level (see the P/D Equation in Appendix xxx).

While their statement that “recordings from photoreceptors are so well characterized, stable, and reliable, that it is
possible to measure the photoreceptor response separately and then use this to predict the synaptic input to an
LMC.” is true, the complexity of the waveforms are not always appreciated adequately.  It is also true that the model
they presented is not sufficiently precise to perform this feat.  The two waveforms from Uusital reproduced in Figure
4B of Juusola, et. al., 1996, are not easily related as discussed in Section 10.8.9.2. 

Uusitalo, et. al. presented a paper in 1995104 that is closely related to the 1993 Juusola paper.  However, the data was
acquired following a very intense adapting stimulus level (107 effective photons/sec for two seconds).  This level (an
order of magnitude higher than used in the 1993 paper) causes major saturation problems in the signal processing
amplifiers of the photoreceptor cell.  As a result, the data is interesting but represents a truly pathological situation
well into the hypertopic region of visual operation.  The specified level of stimulation would be excruciatingly
painful to a human.  Figure 10.8.9-4 presents the data in his figure 1A with additional annotation.
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Figure 10.8.9-4 Photoreceptor and inverting lateral cell
responses of a blowfly to a long-pulse hypertopic stimulus.
See text.  Data from Uusitalo, 1995.

As in the other papers in this group (and as discussed
above), the label presynaptic refers to the potential of
the axoplasm of the photoreceptor cell and the term
postsynaptic refers to the potential of the axoplasm of
the lateral cell (their LMC) following the
photoreceptor.  The postsynaptic label does not relate
to the conventional use of that  term.  The signal from
the photoreceptor cell is applied to the inverting
terminal of the lateral cell.  The signal applied to the
noninverting terminal was not controlled or
documented in this paper.

Before discussing the figure, note that depolarization
of the axoplasms is toward the top in both frames.  The
signal polarity, however,  is inverted in the lower frame
compared to the upper frame.  Note also that the
system is operating under greater than large signal
conditions.  It is in fact reaching both saturation and
cutoff within the circuits of the photoreceptor cell. 
These limits have a tendency to isolate the axoplasm of
the lateral cell from the gross signal excursions.  

The experiment began with the photoreceptor cell in
the dark.  This condition can be described by no
current passing through the adaptation amplifier,
labeled AT, s immediately behind the photo-
transduction circuit in [Figure 10.8.9-2 ].  This causes
the axoplasm of the distribution amplifier, AD, to
assume its dark-quiescent level.  Dark is added here as
an adjective because under normal light conditions, a
nominal current flows through the adaptation amplifier
(that is stabilized by the adaptation process within the amplifier conexus).  This nominal current leads to a different
axoplasm potential at the output of the distribution amplifier.  This condition can be considered the operational-
quiescent level.

While in the dark-quiescent state, the adaptation amplifier is at maximum amplification (gain).  Upon application of
the overwhelming stimulus, the large number of excited electrons within the chromophores leads to a very high level
of electron-hole pairs in the base of the adaptation amplifier.  The initial response of the circuit is to attempt to
amplify the signal applied to the base in the short term (less than a millisecond) while adjusting the average gain of
the adaptation amplifier in the long term (time constant of about a millisecond for “light adaptation”).  This effect is
seen in the initial peak following application of the stimulus followed by the decay along the line parallel to the
curve labeled P.  This decay is due to the Activa forming the synapse going into saturation and transferring
significant current from the photoreceptor axoplasm to the LMC poditic circuit.  This curve is initially a falling
straight line with a very short time constant but transitions to an exponential as the adaptation amplifier gain is
reduced to less than one at the saturation level shown and the synapse comes out of saturation.  At this level, the
adaptation circuit has a very limited transconductance but the input RMS variation in the signal level due to photon
statistics is still high.  As a result, the product of these two parameters gives the output signal (current) level of the
adaptation amplifier that is passed to the distribution amplifier.  As a general rule in large signal circuits, the height
of the initial response, Y, at the start of the stimulus has the same amplitude as the transient at the end of the
stimulus.  Making this assumption, the response of the adaptation amplifier should decrease by an amount shown by
Y’.  This response is more than sufficient to drive the signal current below the defining level described by Uusitalo
as –88 mV in the distribution amplifier axoplasm.  This level is marked (possibly inappropriately) the cutoff level
here.  Voltage signal amplitudes below this level are not reproduced faithfully in the axoplasm of the lateral cell
during this period of abnormal operation.  

The distribution amplifier is designed to reduce the impedance associated with the signal current and does not offer
any current gain.  Thus the output signal at the output of the distribution amplifier is basically a current that is
transformed logarithmically by the diode forming the load impedance of this amplifier.  It is this axoplasm potential
that is measured in the laboratory.

Additional measurements would  be required to confirm whether this loss of signal fidelity during the abnormal
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operating interval is due to the loss of transistor action in the first synapse by excessive negative bias or to saturation
of the Activa within the lateral cell by excessive negative bias.  Since some signal is apparent in the lateral cell
axoplasm during this abnormal operating interval, it is most likely that the lateral cell has been driven into saturation. 
Saturation is a less sharp transition out of the operational than cutoff, which is frequently associated with a
“rectifying” function.

During polarization (or hyperpolarization relative to an unspecified nominal) to potential below  –88 mV, it is
obvious that two additional mechanisms, with time constants on the order of 10 seconds and thirty seconds, are
active.  The length of these time constants suggest they are parameters related to the vascular system providing
chemical support to the electrostenolytic power supplies associated with the different conduits involved.  In an
animal the size of a blowfly, parameters of this duration may actually involve the animal’s digestive system.  Since
the effects of these mechanisms appear in the axoplasm of the distribution amplifier, they must impact the conduits
occurring prior to and including this conduit.  As the DC level of the axoplasm depolarizes to less than –88 mV, the
system returns to operational status.  The noise associated with the lateral cell axoplasm in this operational range
returns to a faithful reproduction of the noise associated with the axoplasm of the photoreceptor cell (although its
polarity is inverted).

In figure 1 of the 1996 Juusola paper, several gains are provided as a function of a limited stimulus range and with
little detailed description of their meaning.  A synapse gain (amplification factor) is defined that may well be the
gain (ratio of signal amplitude between the axoplasm of the lateral cell and the axoplasm of the photoreceptor cell)
associated with the lateral cell(since the synapse gain, as defined in this work, is nominally 1.0).  The proposed
lateral cell gain is described as in the range of 3.2 and 4.5 depending on the average stimulus level.  For a signal
applied to the poditic (or inverting terminal) of the conexus within the lateral cell, the Activa is operated as a
common emitter device.  Common emitter circuits do provide voltage gain.  The specific gain of a given inverting
circuit depends on the input impedance attached to the non-inverting terminal.  Neither the input impedance or the
absolute potential of the dendritic (non-inverting) input of the lateral cell was controlled or documented in these
experiments.  

As reiterated earlier, this explanation of the operation of part of the blowfly visual system does not involve any
signaling involving the transfer of ions across any BLM.  It does involve chemistry required to support the
electrostenolytic processes powering the neural system.  The operation of the photoreceptor and large monopolar cell
of the blowfly (just like the photoreceptors and lateral cells of other species) can be described entirely and precisely
by the Electrolytic Theory of the Neuron.
 

10.8.9.2 More complex waveforms recorded from blowfly

Figure 4 of the 1996 paper of Juusola, et. al. appeared (possibly due to wishful thinking) to suggest simultaneous
recordings of the presynaptic and post synaptic signals at a single electrotonic synapse105.  However, on closer study
and reference to the original in Uusitalo, et. al.106, this possibility was dispelled.  The waveforms were not acquired
simultaneously from the same neural system and they were not of the presynaptic and postsynaptic terminals of just
a synapse.  The waveforms related to the same test configuration and probe locations as shown in [Figure 10.8.9-2 ]. 
However, they were more complex because they used a stimulus that summed a train of narrow impulses and a long
pulse. The resulting responses are quite complex.   The availability of simultaneous dual channel test data would add
immeasurably to the available data base.  

10.8.9.2.1 The transfer characteristic nomograph

The 2000 Uusitalo and Weckstrom paper presented two figures, 7A and 7B, that appear to be based on the same test
configuration as in the above paper.  The curves are labeled characteristic curves, “(the postsynapatic response is a 
function of the presynpatic response, Fig 7, e.g., Laughlin and Hardie 1978).”  The more functional description
transfer characteristic will be used in this work.  They also define the gain associated with these characteristic (or
transfer) functions as the slope of the curve.  The two transfer functions are virtually identical because the “soma
voltage” and the “axon voltage” are the same (except for the caveats mentioned above).  Figures 7A and 7B appear
to have been acquired using a very strong light adapting stimulus, 2 x 108 effective photons/sec.  Based on the earlier
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papers, this adapting stimulus should cause serious saturation in the signaling circuitry, as indicated by the horizontal
portions of the curves in these figures.  However, the nature of the saturation can not be easily determined from these
figures.  A better understanding of the situation can be obtained if the data is presented in the form of a nomograph
as in Figure 10.8.9-5.  This nomographic style can be used to describe the difference between any two electrical (or
other graphical) relationships with respect to time.  In the case used here, it describes the signal level at the output
(axoplasm)  of a lateral cell that has received its input from the output (axoplasm) of a photoreceptor cell via a
synapse and the inverting terminal of the lateral cell.  Thus, the signal information is inverted at the output of the
lateral cell even though the DC potentials associated with the axoplasm are as usual.

Technically, comparing the data points from the lower photoreceptor axoplasm to with those in the upper lateral cell
axoplasm is difficult because of the complexity of these waveforms.  However, if sets of matching points in the two
waveforms could be projected into the upper left corner and their intersections would describe the static axoplasm to
axoplasm  transfer characteristic between the two axoplasms.  However, when saturation is present in different parts
of either waveform, it tends to introduce dynamic changes in the waveform that are very difficult to represent.  Thus,
this presentation is awkward when significant saturation is involved.  However, it is useful when the saturation level
does not cause serious changes in the operating mode of the ciruits.  It is ideal when the circuitry is operating under
normal conditions.  Normal conditions within the visual system of all animals is suggested by operation below the
hypertopic region and scene contrasts below  +/– 0.3.  Under these conditions, the time delay between the data point
in the photoreceptor waveform and the lateral cell waveform, td – t0 is primarily a function of the distance the signal
has traveled between the two points and the velocity of neural conduction.

The heavy black areas of the two waveforms can be disregarded.  They are apparently artifacts due to the
reproduction and printing process. The artifacts are quite different in the figure printed in Juusola and that printed in
Uusitalo.   In Uusitalo, the most visible artifact has a periodicity of 20 seconds that does not appear to be phase
locked to the start of the broad stimulus.  Two other bands appear in the Uusitalo print indicating the location of a
discontinuity in the 2ms impulse responses.  The shading related to these lines highlights the signal inversion present
between the two waveforms.  While the narrow stimulus pulses were 2ms wide, the duration of the generator
waveform resulting from such a narrow impulse is about an order of magnitude wider (10 to 25 ms).  The pulse
repetition rate appears to be 500 ms.

Uusitalo & Weckstrom introduced an additional complexity into their description of the operation of the early
circuits of the blowfly.  To account for the inversion of the signal between the photoreceptor and their LMC, they
were forced to introduce a “neurotransmitter” that acted to produce a negative voltage change in postsynaptic
circuitry in response to a positive voltage change in their presynaptic signal.  Thus, they further extended the Dual
Alkali-ion Theory approach to the neuron, involving Na+, K+ and Ca2+, to include chlorine ions, Cl–.  The chlorine
being required to flow between the photoreceptor pedicle and the postsynaptic neuron.  Although suggested in the
earlier literature, the justification for selecting chlorine appears to be based primarily on its abundance in the animal
system.  The difficulty with this putative neurotransmitter in this case was indicated in their conclusions.  “. . . it has
to be recognized that the regulation of the Cl– homeostasis in these interneurons is of great importance.” and “These
neurons have difficulties maintaining a constant ionic composition because they use very large ion fluxes compared
with their size to generate the signals.”  Maintaining the putative condition would be aggravated by the pathological
conditions employed in these experiments.  The Electrolytic Theory of the Neuron does not suffer from these
problems of ionic homeostasis, except with regard to the consumption of glutamic acid in the electrostenolytic
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Figure 10.8.9-5 Nomograph of related, but non-simultaneous synaptic waveforms.  For pedagogical purposes only.  Data
is from two different sets. The presentation format is designed to allow study of the static transfer characteristic between
any two points in a neural system.  Note the linearity of the transfer characteristic between –25 mV and –75 mV at the
photoreceptor pedicle.  The characteristic is parallel to the inverting gain of unity, –1.0. Outside of this voltage range,
significant amplitude distortions are encountered.  Many of these are due to forcing the blowfly visual system into the
hypertopic operating regime.  The format can be used to represent any set of before and after events.  See text.  Data
reproduced from Uusitalo, et. al. 1995.

process.
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10.8.9.2.2 Analysis based on the data and test configuration

The following discussion is based entirely on the Electrolytic Theory of the Neuron.  No chemical neurotransmitters
are involved in signal transmission between the presynaptic and post synaptic terminals and no ionic species are
required to transit any BLM in support of signaling..

The analysis of the available data is complicated by the test protocol.  The narrow pulses were quite narrow relative
to their repetition rate, resulting in a very low duty cycle.  On the other hand, the duration of the long pulses was
similar to the time constant of the adaptation process for the animal.  This combination caused significant transient
effects when they were combined into a single test sequence.  

The voltage of the presynaptic conduit at a given time can be projected vertically into the upper left corner. 
Similarly, the voltage of the post synaptic conduit at the same time can be projected horizontally into the upper left
corner.  The intersection of these two projections describes the instantaneous operating point of the conexus.  By
connecting the points derived from multiple intersections, the voltage transfer characteristic of the conexus can be
described.   Unfortunately, the available data is less than ideal in the area of calibration.  The voltage scale
associated with the lateral cell was only provided in relative terms and there appear to be a few anomalies in the time
scales and the transients following the broad illumination pulses.    With better data, this transfer characteristic
would precisely describe the voltage amplification factor of the conexus.  By using a input illumination that varies
like the steps in a staircase, the linearity of the voltage transfer function can be described in detail.  By using a long
step for the input illumination, the transient responses of both all of the circuits up to the pre-synaptic circuitry
combined and then the post synaptic circuit can also be ascertained.

The static transfer characteristic shown suggests the system is completely operational for photoreceptor axon
potentials from –25 mV to about –75 mV and step changes in illumination that do not last longer than a fraction of a
second.  Outside of this range, the performance is degraded significantly.  Pulses longer than a fraction of a second
cause the adaptation amplifier to change the quiescent operating point dynamically.  Pulses of amplitude sufficient to
drive the distribution amplifier signal outside of the –25 to –75 mV range causes saturations that must be examined
individually.  A change in contrast found in many of the presynaptic waveforms, and reproduced in the postsynaptic
waveforms suggests that some degree of distortion is occurring prior to the pedicle of the photoreceptor cell (of the
type seen in [Figure 10.8.9-3]).  This distortion is usually associated with the trailing edge of short pulses and is
frequently related to the vascular system supplying the electrostenolytic process powering the photoreceptor cell.
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The figure is presented because it offers considerable insight into the operation of the neural system under
examination.  With the detailed understanding of the photoreceptor cell provided in Chapter 12, it can be quickly
established that the presynaptic and post synaptic waveforms were not obtained simultaneously.  Notice the
significant notch (one pulse wide)  in the lower edge of the post synaptic waveform that does not appear in the
presynaptic waveform.    The illumination pulse trains shown are different from those in the original work.  Only the
broad pulse was shown in those works.  It was left to the reader to assume the broad pulse of light completely
replaced the series of narrow light pulses.   However, the detailed waveforms show that the broad pulse was
provided as an addition to the continuous series of narrow pulses.  In the post synaptic waveform, the short duration
pulses had an amplitude about 15% higher than the broad pulse.  In the presynaptic waveform, the short duration
pulses had an amplitude about 7% higher than the broad pulse.  Thus, the narrow pulses are clearly visible in the
waveforms during the broad pulse interval.  

Scales have been added to describe the axoplasm potentials.  Uusitalo provided information in their figure 2C that
allows the postsynaptic axoplasm to be calibrated absolutely.  However, the standard deviation in the reference level
is +/– 7 mV.  The presynaptic axoplasm calibration was only described indirectly.  When calibrated, these scales
help define two features of the given synapse.  First, they describe the DC voltage ranges (input and output) over
which the circuit is operational.  Second, they help define the AC “gain” or amplification between the axoplasm and
the dendroplasm.  As noted in the introduction, the current gain between the input and output of the Activa is slightly
less than 1.00.  For a number of practical reasons, the voltage gain of a common base Activa is also normally less
than 1.00.  However, the Activa within the lateral cell is operated as a common emitter device and it can produce net
gains in voltage amplification. 

The labels depolar/inward and polar/outward have been added to the figures for two purposes.  (1), to confirm the
lateral cell did invert the electrical polarization of the signals and (2) to indicate that light causes a depolarization of
the photoreceptor axoplasm but a polarization or depolarization of the lateral cell axoplasm that depends on the input
terminal of the lateral cell that is used.  It is difficult to associate the term hyperpolarization to this situation since the
quiescent condition can be described with respect to no input illumination, or with respect to the average input
illumination before stimulation or after a transient event.  Hyperpolarization with respect to the dark condition may
not qualify as hyperpolarization with respect to the average condition. [xxx check order]

The photoreceptor axoplasm waveform was recorded under pathological hypertopic operating conditions (107

effective photons/sec).  This condition is defined with respect to the performance of the neural channels and not with
respect to the external illumination provided.  It introduces significant non linearities in the performance of the
system as discussed in the previous section.   While the amplitude of the narrow pulses is approximately the same
before and after the broad pulse stimulus, the broad pulse has introduced a significant change in the average
illumination level.  This significant change in the average illumination has caused the adaptation amplifier to begin
to adjust the average DC level at the pedicle of the cell (according to the exponential labeled “a”.    The time
constant of this transient appears to be about 20 seconds.  After adjusting for the duration of the broad pulse, about
4.4 sec, the adaptation amplifier again senses a change in the average signal level arriving from the transduction
process and begins to restore the previous adaptation level according to the exponential labeled “b.”  Although this
transient has a lower amplitude, it also has a time constant of about 20 seconds.  As noted in the previous section,
such long time constants in such a small animal probably reflect the rate of digestion in the animal rather than the
rate of vascular transfer.  

The lateral cell axoplasm  shows different properties.  As developed by Uusitalo, et. al., the circuitry beyond the
axoplasm of the photoreceptor cell does not transmit signals more polar than –88 mV.  In fact, the circuitry
introduces a clamping action (as noted by the flatter top in the output waveform in the region above the emphasized
horizontal line.  This clamping action is accompanied by a slightly large signal excursion during about 30 seconds
following the broad pulse.  The investigators suggested this was due to a change in the gain of the neural system. 
This may be the case.

The presynaptic pulse train exhibits a nominal signal amplitude of about 55 mV ranging from about –25 mV to –88
mV where serious distortion begins.  The post synaptic train exhibits a similar nominal signal amplitude of about 72
mV ranging over a maximum of 90 mV.  These numbers are indicative of the large signal conditions found in this
experiment.  They are also indicative of a transfer characteristic gain of less than 1.3 (although in this case, the two
waveforms do not apply to the same circuitry).  It is likely that the impedance between the base of the Activa
forming the actual synapse and the INM was high in order to accommodate the large presynaptic signal swing.  The
ragged edges of both waveforms (and the brief individual depolarizing spikes occurring near the broad pulse)
suggest that hard limiting has not been encountered in the signaling circuits.  The ragged edges are to be expected
when a flash lamp is used as a stimulus.  As in the previous section, some indication of soft limiting is found in the
area between the letters “a” and “b” in the photoreceptor axoplasm waveform.  This is probably due to saturation in
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the distribution amplifier of the photoreceptor cell.

Several artifacts appear in the waveforms that cannot be explained without a more detailed understanding of the
operation of the complete photoreceptor-synapse-LMC circuit.  Note narrow spikes associated with the start and end
of the stimulus and the ragged data near the second dashed line in the post synaptic waveform.  Note also the
difference between the indicated width of the broad stimulus pulses (the widths between the dashed lines) and the
width of the high illumination level in the waveforms.

While an ancillary sidebar to the main goal of this work, Figure 10.8.9-6 can help explain some of these artifacts.  

The figure is formed by converting figure 1 of Uusitalo, et. al. 1995 into a simpler nomograph than shown above.  In
this case, the stimulus is only a single pulse.  The duration of this pulse is also similar to some of the time constants
of the visual channel of interest.  Like the previous figure, the stimulus used was so intense (107 effective
photons/sec) that it caused pathological conditions in the visual system.  The intensity of the pulse drives the system
into a complex, distorted and highly nonlinear operating mode.  Describing the detailed operation of a DC coupled
circuit that is driven into nonlinear operation is particularly difficult.  It would be useful to emulate this circuit in
hardware (using man-made transistors).  This emulation would help determine the values required for some of the
circuit elements that are currently unknown. 

There is a potential problem related to the reproduction process used in the original artwork.  The small L-shaped
time and voltage scale in the original figure does not correspond well with the specified two second stimulus
duration.  As noted with regard to the previous figure, the investigators did not record the two waveforms
simultaneously, or even from the same animal.  However, they made a significant effort to provide an identical
operating protocol.  Thus, the two waveforms can only be compared within the precision and standard deviation
associated with the data.  Many of the features in the waveforms are transient and associated with capacitances
within the signal path that were not quantified by the investigators.  The effects of these capacitances can be
suggested, but cannot be quantified based on the available data.

Look first at the upper left portion of the figure.  Two of the long dashed lines in the figure denote the nominal limits
of the normal operating range.  This operating range is suggested by the shaded area of the transfer characteristic. 
This shaded area is meant to indicate the standard deviation associated with the nominal (median) characteristic it
encloses.  The limits of this range are due to saturation in the emitter of the Activa forming the synapse and in the
poda circuit of the Activa within the lateral cell (the LMC).  Outside of this operating range, the system operates in a
highly nonlinear regime.  The scope of this regime is indicated by the median line extending on to point A* before
bending back along the short-dashed line and eventually returning to the quiescent point at Z*.  This complicated
path is difficult to understand in the overall transfer characteristic.  The lower right portion of the figure shows a
series of individual waveforms that bear labels related to the circuit of [Figure10.8.9-2].  Each waveform is drawn
with respect to the quiescent condition at that circuit location within the figure.  No vertical scales are provided
because of the large ranges involved.  The top waveform describes the stimulus as ideal in shape, 107 effective
photons/sec for two seconds.  The next waveform shows the current through the adaptation amplifier, AT, resulting
from the stimulus.  As noted, the system was initially dark adapted.  Under this stimulus, the gain of the adaptation
amplifier decreases precipitously in order to maintain a nominal current within the operating range of the system. 
This represents the phenomenon of “light adaptation.”  Following the end of the stimulus, the gain of the adaptation
amplifier returns to a high state as represented by the phenomenon of dark adaptation.  
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Figure 10.8.9-6 Detailed responses of the photoreceptor-synapse-LMC circuit to a two second adapting stimulus of 107

effective photons/sec.  System was dark adapted prior to stimulation.  Letters and annotation refer to comments in the
text.  Axoplasm waveforms on left and at top from Uusitalo, et. al, 1995

The waveform for the common emitter voltage would ideally remain fixed at its quiescent value if the two Activas
formed a perfect differential pair.  However, the distribution amplifier, AD, does not have the current carrying
capacity required to match the hypertopic stimulus level.  As a result, the axoplasm voltage of the distribution
amplifier has the shape shown (and also shown on the left as the “presynaptic” photoreceptor cell axoplasm
potential.  Because of the peak in this waveform immediately after the beginning of the stimulus, the Activa forming
the first synapse is driven into saturation.  This is a critically important step in the nonlinear operation of the circuit. 
The synapse and the poda impedance form a diode-resistor-capacitor clamp circuit.  The Activa in this circuit passes
sufficient current while saturated to significantly change the poda potential compared to its quiescent condition. 
This drives the poda potential out of its normal operating range.  When the Activa comes out of saturation and
especially after stimulus termination, this poda potential can only decrease according to the time constant of the
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resistor-capacitor combination (shown as an exponential–including the dashed interval).  At the time of stimulus
termination, the poda potential encounters a spike due to the axoplasm-to-podaplasm capacitance that forces the
poda potential This spike drives the poda potential back into and through its operating range.  As the effect of this
capacitance coupling is dissipated, the poda potential continues to return along the exponential line to its quiescent
condition.

The LMC axoplasm potential resulting from these changes in the poda potential are shown in the last waveform. 
The operating point of the LMC Activa is changed significantly initially by the clamping action of the synapse-poda
circuit.  As a result, the axoplasm potential is significantly reduced (depolarized) from its quiescent value, and
approaches its saturation potential.  It remains in this condition, except for the brief interval of the spike due to the
capacitive coupling between the photoreceptor axoplasm and the podaplasm, until the podaplasm potential has
decayed back to within its operating range.  As the poda potential re-enters its operating range, the axoplasm of the
LMC returns to its quiescent potential.

Note that the circuit gain, the ratio of the LMC axoplasm noise amplitude divided by the photoreceptor axoplasm 
noise amplitude is reduced (by a factor of about two) whenever one of the circuit elements is in saturation.

By limiting the stimulus amplitude to less than 105 effective photons/sec, the operation of this photoreceptor-lateral
cell combination could have been maintained within its normal operating range.  The transfer characteristic would
then have been limited to the shaded section and the LMC axoplasm waveform would have looked substantially
different.  Specifically, the waveform during the stimulus would have been at a much more negative (polarized)
potential, the transient artifacts would be largely eliminated, and the noise component would have remained
essentially constant in amplitude throughout the time interval shown.
  
Details of what Uusitalo & Weckstrom describe as post adaptation potentiation will not be discussed here because
most of the data refers to pathological conditions due to the hypertopic stimulus.  Only one aspect will be discussed
here.   They say “the light-on responses of LMCs are clearly enhanced after light adaptation.  This enhancement, as
judged from the time course fulfills the criteria stated for the short-term potentiation and thus can be called
postsynaptic potentiation.”  They did not describe what they meant by “clearly enhanced.”  It could be they meant
the responses occurred earlier following light adaptation.  Alternately, they could have meant the signal amplitude
was enhanced relative to the change in stimulus amplitude.  This later situation is clearly not the case within the
normal operating range of the visual system.  Their proposition that postsynaptic potentiation is causally linked to
tonic transmitter release in the photoreceptor-interneuron synapse is not supported by their own data.  Based on the
the data reproduced from their papers in [Figure 10.8.9-3], and the derivation of the P/D Equation in Appendix xxx,
such enhancement in the time of response is achieved in the Photoexcitation/De-excitation mechanism well before
the first synapse is reached in the signaling chain.

The Electrolytic Theory of the Neuron provides a much more comprehensive, detailed  and consistent description of
the data of the Juusola, Uusitalo et. al. team than does their oversimplified model of the synapse and the Dual Alkali-
ion Theory.  The three-terminal Activa provides answers not available using the two-terminal axon as the active
element within a neuron.  The description above can be used to describe the operation of all neurons in the animal
system, not just the initial synapse associated with the photoreceptor cells.  It will be a long time before the
performance of this circuit can be explained in similar detail using only the chemical approach to understanding the
neural system.

10.8.11 Typical delays and computed signal velocities between selected points
CONSOLIDATE

[consolidate with 10.8.2 The time delays relevant to the neural system ]
The various delays found in the neural system have not been placed in context in the literature.  These delays are due
to a variety of mechanisms and situations.  There is a problem with terminology.  The literature frequently refers to a
synaptic delay that is actually a cumulative delay due to a variety of individual mechanisms.  In this section, the
synaptic delay is limited to the time required for a presynaptic potential (measured at the pedicle) to be relayed to the
postsynaptic neuroplasm. (as measured near the postsynaptic surface of the neurite).  This places the additional
delays associated with signal transmission between the conexus, located in the hillock, and the pedicle, and between
the postsynaptic neurite terminal and the conexus within the orthodromic neuron in separate classifications.  The
total delay associated with the axons of neurons requires particular attention to detail because of the variety of
situations contributing to this delay.  The obvious major difference in these axons is whether the transmission is by
conduction or propagation.  This difference is a primary difference between stage 3 neurons and neurons of stage 1,2
& 4.  A significant, if not dominant delay in stage 3 neurons, is that between the excitation waveform initiating a
monopulse action potential and the resulting waveform.  This is a true delay that is independent of any spatial
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distance.  However, it is normally the dominant term in the calculation of the average velocity of axonal propagation.

By separating the above delays, it is more easy to interpret the literature.  The paper of Llinas can be reinterpreted
based on such a classification107.

10.7.7.1 The delay of a fundamental unit, a typical Node of Ranvier and axon segment 
combined EMPTY

Reference Tasaki data and/or reference earlier sections.

10.7.7.3 The delay and computed velocity between a photoreceptor and the brain of human
EMPTY

10.7.7.4 The delay between a photoreceptor and the muscles of the leg and foot EMPTY

The Society of Automotive Engineers uses a nominal 3/4 second as the reaction time of a human in causing the
major muscles of the leg and foot to begin to move into position to brake a car.  The majority of this delay can be
associated with the stage 3 motor neurons connecting the brain to the appropriate muscles.

10.9 Brief remarks on pathology and pharmacology of neurons

Experiments in modifying the performance of neurons during in-vitro experiments appear to have begun with
Erlanger & Blair in 1934108.  They coined the words anelectrotonus and catelectrotonus for this process of changing
the ionic concentrations near the neurons.  It is important that the impact of these changes in ionic concentration be
placed in perspective.  Did the change effect the intrinsic characteristics of the neural membrane or did it effect the
reaction associated with  the electrostenolytic process on the surface of the membrane?

10.9.1 Characteristics of the electrolytes

As shown in Section 8.3.2, the ionic concentration of the electrolyte plays a major role in establishing the impedance
of the combination of a membrane and the surrounding electrolyte in a test cell.  However, this concentration plays a
negligible role in changing the intrinsic characteristics of the membrane alone. 

10.9.1.1 Dynamics related to the electrolytic potentials

The electrostenolytic potential generated at the surface of a membrane in an electrolytic environment is a function of
the instantaneous concentration of the reactants on its surface.  This is particularly important in the large signal
conditions of vision where these concentrations may be changing with time.  It will be shown to be critically
important in the case of the adaptation amplifier of the photoreceptor cell.  In that situation, the gain of the amplifier
is exponentially related to the electrostenolytic membrane potential as discussed in Appendix B.  Thus, the
availability of metabolites at the membrane surface plays a critical role in determining the gain of the adaptation
amplifier.  The gain of this amplifier is the dominant factor in the function known as the adaptation curve of vision
which will be discussed in Section 16.1.1.2.

10.9.1.2 Physical manifestations of dynamics in electrolyte density

Ottoson109 discusses the flow of the axoplasm within the axon conduits of a neuron in detail.  Much less is written
about the flow of interneural plasma surrounding the neuron.  This flow can be analyzed under two regimes; where
the neuron is isolated and where it is in its normal environment.  Figure 10.9.1-1 is a simplified caricature of the
bipolar neuron used in Chapter 1 and developed in detail in Chapter 9.  In isolation, (a), the neuron is shown as a
five terminal circuit (not a device):
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1. The input signal terminal shown connected to a Photoreceptor cell.
2.  The dendrite power source connection to the Interneural plasma
3.  The bias source connected to the Interneural plasma
4.  The output signal terminal of the axon (shown open)
5.  The axon power source connection to the Interneural plasma

In the absence of a signal current, the power sources are static.  Upon application of a signal to terminal #1, the
power sources are called upon to maintain the quiescent voltages to the best of their ability.  To do this in an efficient
manner, two events take place.  Various redox reactions occur on each side of each membrane at the locations
labeled power sources. In the Interneural plasma, the redox constituents involve the same family of chemical
reactants at each location.  Some of the family members may participate in multiple redox reactions.  The products of
the reactions  in the interneural plasma respond to diffusion gradients.  For those participating in multiple reactions,
an investigator would observe them seeking to change places as the crosshatched arrow indicates.  For the isolated
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Figure 10.9.1-1 A comparison of the flow of metabolites external to a neuron when in isolation with the similar situation
for adjacent neurons in serial connection.  (a); the isolated case.  (b); two coupled neurons. (c); expanded view of synapse
area.

neuron, the metabolites related to the axon have no choice but to follow the diffusion gradient toward the potential
terminals of the poda and/or dendrite.

In (b) is shown the more general situation, the metabolite material in the vicinity of the axon power source terminal
sees a diffusion field that leads to the potential terminals of the adjacent neuron instead of its own.  This is
particularly true in the case of long axons which place the axon power source and the adjacent dendrite power source
very near to each other. In many cases, the power source connections are further optimized to minimize the diffusion
path.  This results in the two power source locations being very near the gap junction.  The result is metabolic
material flowing externally between the power source terminals of adjacent neurons.
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In a context where several neurons are connected in series, it is not necessary for the metabolites produced at one
terminal of one neuron to travel to the other terminals of that same neuron.  The diffusion field frequently exhibits a
shorter path leading from one terminal on one neuron to another terminal on the associated neuron.  This is
frequently the case because of the very short distances in the area of the synapses.  The result is that the flow of
metabolites involved in supplying the electrical potential for each neuron is frequently mistaken for a signal related
flow.  Historically, this flow of metabolites (chemicals) has been considered the signal carrier at a synapse.  In most
cases, this is a misinterpretation.  The signal carrier is a current flowing through a gap junction.  The flow of
metabolites is ancillary and the actual charge involved in the flow is seen to flow in the opposite direction (and by a
different path).  Under this interpretation, five of the six different representations (a through e) of synaptic junctions
provided by Ottoson110 are seen from a different perspective.  

First, the signal path is always toward the brain in a sensory neuron chain. Second, the signal medium is always a
current flow through the gap junction.  Third, the coincident external chemical flow,  by diffusion, is not related to
the signal.  This external flow within the Interneural plasma is related to maintaining the potentials of the different
neural surfaces.  It is a bidirectional flow.   The fact that this flow takes a path parallel to the signal flow through the
gap junction is incidental.  It is a shorter diffusion path than would be encountered for a single neuron in isolation
except for the interneural plasma.

Under this interpretation, representation (d) in Ottoson is the fundamental synapse, after modification to transfer  the
retrograde arrow associated with the gap junction to the diffusion area.  This is representation (c) in the above figure
of this work.  Note this figure shows redox materials on both sides of both membranes with bidirectional diffusion
occurring within the axoplasm, the dendroplasm and the Interneural plasma.  Diffusion does not occur in the gap
region because of its very narrow width, less than 100 Angstrom.  This small space cannot support physical diffusion
of the redox constituents.  It is occupied by a liquid crystalline material based on water and frequently described as
hydronium.  The hydronium liquid crystalline lattice can support the diffusion of electrons and holes.  Not shown
explicitly is the electrical connection between the hydronium liquid crystal within the gap junction and the
Interneural plasma.

Ottoson’s other views appear as different physical slices through the fundamental synapse.  (a), (b) and (e) only
show the wider diffusion regions.  (c) only shows the narrower gap junction region.  His (f) will be discussed
elsewhere.

Page 87 of Kell discusses the migration of metabolites in or near electrostenolytic sites in more detail111.  It also
discusses the release of electrostenolytic electrons at metabolic sites.  However, his interpretation of proton diffusion
by a Grotthus mechanism in the bulk of that paper must be replaced by hole diffusion when discussing membranes
and other semiconductors.

10.9.1.3 Physical manifestations of transients in reactant densities

It should be quite clear that under large signal conditions, the power sources associated with the neurons must
complete voluminous redox equations to maintain the nominal operating conditions.  This requires the flow of
considerable volume of redox constituents within the cells and within the Interneural plasma.  Such flow takes time. 
Furthermore, the presence of a large amount of any one constituent within the diffusion field distorts that field and
interferes with the overall flow.  To model this overall situation is beyond the scope of this work.  However, it is
clear that a transient situation is involved and this situation will have a characteristic time constant.  The time
constant may be a function of the retinal area illuminated.
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10.9.1.4 Impedances related to the electrolytes of the neuron

The calculation of the capacitance and diode characteristic of the system can be done using standard semiconductor
equations.  It does not appear that this has been done in the literature up to this time.  However, the diode
characteristic of some systems can be calculated from data in the biological literature.

10.9.2 Importance of characterizing the external and internal media

It is extremely important to note how nearly every characteristic of the above devices (neurons) is controlled by the
constituents of the surrounding and internal media.  Note specifically that if any laboratory tests are performed in-
vitro and the surrounding medium is changed from the in-vivo situation, unusual results are to be expected.  As
reported in the literature, if the external medium is made non-conductive, the base impedance of the activa becomes
essentially infinite; the overall neuron may still exhibit electrical properties but they will be grossly different than
normal.  Similarly, changing the ionic characteristics of the external medium, such as introducing a detergent, an
oxidizer or a drug, may change the overall operating characteristics of the neuron in unusual ways.  When such
gross changes to the neuron composition or the surrounding medium composition are made, it must be clearly
annotated in the discussion and conclusions of the investigator.

10.9.3 Pathological problems

Zagoren & Fedoroff have presented an excellent summary of the known data related to the Node of Ranvier112.  The
graphics are very useful.  Their discussion, however, is based on the conventional wisdom concerning ionic current
flows through membranes and no recognition of the time delays related to the signals at sequential nodes.  The first
half of the first sentence on page 1 should be edited slightly to read “Very few  projection axons are without an
investing sheath of glial cells.”  As noted elsewhere herein, the vast majority of neurons, even in chordates, are not
projection neurons and do not have a sheath.  Because of this fact, the second half of the above line should be
dropped completely.  The material beginning on page 109 is based entirely on an RC cable of the Hermann type (and
assumes real resistors with negligible time delay between nodes) as a representation of an axon.  This results in an
awkward analysis of the data in the figure on page 114.  By recognizing the time delay related to the regeneration
process and the time delay due to the phase velocity of the axon signal, a much better understanding of the
waveforms on page 114 is available.  They reproduce the data of Waxman & Woods (1983) shown above under the
assumption that it was measured rather than a computer simulation.  See Section 10.3.4 on the properties of an axon
as a cable.

10.9.3.1 Multiple Sclerosis

Lumsden published an interesting comment in 1961 referencing Purves-Stewart113.  He reproduces a figure of the
optic chiasma showing significant de-myelination due to multiple sclerosis without gross visual impairment.  The
subject was a scientist with significant multiple sclerosis who was still reading technical journals within ten days of
his death.  Only an anatomist examining the original figure could be sure but multiple sclerosis may have been
limited to the portion of the subjects optic nerve passing to the LGN.  If the portion passing to the Pretectum was still
functional, the subject should have remained able to read (according to this Theory).  Lumsden provided early data
concerning the prevalence of multiple sclerosis in Europe and its concentration in the CNS.

Brismar presents clinical data concerning degradation of the myelin of an axon and on anoxia of an in-vitro
neuron114.   The measurements on capacitance are quite useful.  The discussion based on the Sodium and Potassium
potentials is less well founded. 

10.9.3.2 Ectopic and ephaptic signal generation

A failure in the neural system can lead to the generation of uncontrolled (ectopic) action potentials that are sensed by
the brain.  Depending on the rate and duration of action potential generation, the subject can perceive many unreal
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sensations.  The condition is common in amputees.  A similar situation arises due to cross-talk between damaged or
pathological neurons.  Action potentials are generated in one neural path ephaptically due to cross-talk from an
adjacent path.  Diamond, et. al. have discussed multiple clinical conditions related to these conditions115.

10.9.4 Effects of pharmacology on performance

The topology and topography of the neuron provides additional insights into the effects of pharmacological agents. 
The conventional wisdom has been that the agents interfered directly with the signal path by impacting the release of
neurotransmitters (chemicals).  These chemicals were released by vesicles on the surface of the axolemma in a
synapse.  The same putative process can be assumed to occur at internal junctions (dendrite to axon) and interaxon
junctions (Nodes of Ranvier).  However, the literature is completely silent concerning this aspect of both the first
case (dendrites releasing neurotransmitters that impact axons) and the second case (a hybrid interaxon is impacted by
neurotransmitters on one end and releases neurotransmitters on the other).  

This work suggests a more indirect mechanism involving pharmacological agents.  These materials can easily
interfere with the electrostenolytic process providing electrical power to the neurons.  It can do this be changing the
porosity of the media surrounding the neuron to the flow of metabolic elements of the glutamate cycle or it can
scavenge these metabolic elements.  Either case deprives the neuron with the power to operate properly.  The effect
is to increased the impedance of the power supply to the neuron.  This constrains the ability of the neuron to change
its axoplasm potential in response to the voltage difference between the dendrite and podite terminals but leaves the
neuron unaffected under quiescent conditions.  All electrical potentials between the individual neurites,  axon, and
surrounding media remain normal under quiescent conditions.  However, the change in potential of the axon relative
to the surrounding medium is greatly restricted.  In the case of projection neurons, no action potential is generated.

This alternate mechanism does not require the pharmacological agent to penetrate the axolemma of the cell or
interfere with the electrical transmission between the two sides of an active junction.  This mechanism appears much
more compatible with the impact of external pharmacological chemicals on the internal junctions of the neural
system.  The only requirement is that the chemicals impact the operation of the electrostenolytic processes on the
surface of the neuron.  Compare this proposed mechanism with the experimental data of Tasaki116

10.9.4.1 Effects of pharmacology on Node of Ranvier performance

The primary consideration in evaluating the effects of pharmaceuticals on the results from voltage clamp
experiments is to concentrate on the active portion of the electrical characteristics.  The effects of drugs on the non-
operational portion of the voltage-clamp derived characteristics are functionally unimportant.  However, they may
suggest changes in the underlying characteristics that can be used to predict changes in operational performance. 
The extensive data available on the effect of pharmacological agents on the neurons can be correlated well with this
theory.  These agents appear to interfere with the operation of the neurons in one of three ways.  They appear to
generally interfere with the electrostenolytic processes on the surface of the various neural conduits.  In other cases,
they are seen to cause the demyelination of the neural conduit.  In some cases, they appear to actually interfere with
the structural symmetry, or intended asymmetry, of the membrane at the molecular level.  The Schwarz school has
provided considerable data in this area117, including data on human neurons118.  Unfortunately, they do not provide
any electrical model of their Node of Ranvier to compare with this work.
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