tively through the cell body and down
ic axon. If many different sites can
thus control the neurons’ output (the
axon spike), Llinds et al. (9) envisage
“Purkinje cells . . . as highly complex
units able to attain a vast number of
dynamic states which would lead to
the generation of a large variety of
functional patterns.” Alternatively, of
course, the dendritic spike might mere-
ly act more as a booster station, giving
rise in the soma to something perhaps
no larger than an excitatory postsynap-
tic potential, which would then sum
together with the regular synaptic cur-
rents to determine the axon spike in
the usual manner.

8) Can one “unequivocably identify”
dendritic spikes by theoretical interpre-
tation involving free parameters? Free
parameter models are very useful for
improving upon intuition and suggest-
ing possibilities but are ofien very haz-
ardous otherwise. Such parameters are
freely adjusted for good fit by the
theoretician, or they are measured from
the very data that the theory attempts
to predict. Their predictive usefulness
is quite different from models where
each parameter is independently mea-
sured and the model's prediction then
compared with reality (/0).

In summary, the present waveshape
and conduction velocity interpreta-
tive techniques would seem sufficiently
flexible that an unwarranted population
explosion in dendritic spikes would
probably take place if they were un-
critically adopted. Suggestive evidence,
such as the similarity to the Rall and
Shepherd figures, does play an impor-
‘tant role in the more intuitive processes
by which scientific ideas are formu-
lated, but it should not be confused
with  unequivocable demonstrations.
Certainly, whatever the fate of den-
dritic spikes in Purkinje cells, Zucker’s
comparisons of cable theories to vol-
ume-conductor theory should prove
quite helpful in the future to the neuro-
physiologist attempting to choose the
appropriate approach to his data.

WirtiaM H. CALVIN
Departments of Neurological Surgery
and Physiology and Biophysics,
University of Washington,
Seattle 98105
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Cable Theory and Gross
Potential Analysis

There appears to be some confusion
about the nature and applicability of
the models used by Llinds et al. (1),
Zucker (2), and Calvin and myself
(3) for gross extracellular potential
analysis. Calvin reviews Zucker’s anal-
ysis in an accompanying note, with
which I am in complete agreement. It
seems that a few words of clarification
are in order concerning the interpreta-
tion of gross cortical potentials.

In a population of parallel dendrites
synchronously activated, extracellular
currents are parallel and axial. This de-
pends upon the packing density of the
dendrites, and in neural tissue this den-
sity is high enough to assure such an
axial distribution (4). When current flow
in a resistive medium is parallel, the
medium may be modeled by a resistor
lying parallel to the current lines. Cur-
rent flow in the interior of a dendrite
may also be modeled by a resistor, be-
cause it too is axial (5). Hence interior
and exterior media are accurately rep-
resented by two parallel resistors; the
membrane of the dendrite, which
couples the two media, may be repre-
sented by resistors and capacitors lying
perpendicular to the dendritic axis,
which connect the internal and external
resistors to each other. This, then, is the
cable model upon which we have
drawn our conclusions regarding the
interpretation of Llinds’ data, and upon
which Zucker has developed his cri-
tique.

A striking characteristic of the
model is its symmetry about the den-
dritic membrane. If no values are at-
tached to the axial resistors, it is im-

possible to tell the interior from the
exterior of the model. This has impor-
tant implications for the waveshape of
the interior and exterior potentials. Be-
cause current lines are closed, any
current injected into the exterior me-
dium by a membrane “source” must be
taken from the interior medium at the
same point along the membrane; in-
ternally, the source appears to be a
sink. .

In general, from the symmetry of
the model, any current source in the
external medium must appear as a sink
of equal strength at the same mem-
brane locus in the internal medium,
and it follows that current in the ex-
ternal and internal resistors must be of
equal strength and of opposite sign at
every point along the dendritic axis.
Because potential is the integral of this
current, it would appear that the in-
ternal and external potential must have
the same waveshape (although different
signs and amplitudes owing to different
directions of current flow and different
values of the axial resistances in the
internal and external media).

This identity needs qualification,
however. Every potential must be mea-
sured between two points. For internal
and external potentials to have the
same waveshape, one must use an in-
ternal reference at an “indifferent”
point within the cell, that is, at a point
where the membrane is at its resting
potential (6). Similarly, for external
measurements one must choose as a
reference point a truly indifferent loca-
tion, such as a point infinitely distant
from the cell population. Under these
conditions the internal and external
potential indeed have the same wave-
shape. Because the membrane potential
is the difference between the intra- and
extracellular potentials, and because
the difference between two potentials
with the same waveshape also has that
waveshape, the membrane potential has
the same waveshape as the intra- and
extracellular potentials. But the mem-
brane potential is described by the
cable equation, hence the cable equa-
tion describes the extracellular poten-
tial surrounding a population of syn-
chronous parallel dendritic processes,
provided that sources and sinks are in-
troduced as driving terms to account
for synaptic activity and other active
membrane events.

These are the basic theoretical con-
siderations on which our conclusions
regarding Purkinje cell dendrites were
based. They are founded upon the as-
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sumptions (i) that the extracellular
current distribution is parallel and
axial; (ii) that the cable equation, with
appropriate driving terms, represents
the membrane potential of these den-
drites; and (iii) that there exists a dis-
tant “indifferent” electrode, completely
outside of local current pathways, with
respect to which the local potentials
are measured.

The theory that derives from these
assumptions is simple, and leads to the
startling conclusion that gross extra-
cellular potentials obey the cable
equation.

Rall and Shepherd (4), in a study of
olfactory bulb potentials, base their
analysis on assumptions very similar to
assumptions (i) and (ii) above (7).
However, they have developed an in-
genious technique to avoid (iii), the
requirement of a distant indifferent
electrode. They reason that the refer-
ence electrode must lie somewhere on
the return current path, hence they
choose a point in the extracellular
medium, that is, along the external re-
sistor of the membrane model (8).
Zucker has applied this analysis to the
case of cerebellar potentials measured
by Llinds et al. and, by moving his
theoretical reference electrode up and
down the external resistance, has found
a point where the predicted potentials

appear to match the data reasonably
well. We wish to emphasize, however,
that the basic tenets of his analysis,
beyond the placement of the reference
electrode, are precisely the same as
ours. It is hoped that this simple inter-
pretation will help to dispel some of
the confusion that surrounds present
theories of gross potential generation.
DAvID HELLERSTEIN
Division of Neurology, Stanford
University School of Medicine,
Palo Alto, California 94304
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The preceding comments by Calvin and Hellerstein were to have appeared
simultaneously with R. S. Zucker, Science 165, 409 (1969).

Gene Regulation in Higher Cells

The hypothesis described by Britten
and Davidson () is the first specula-
tion about the molecular mechanisms
that control the epigenesis of higher
forms that begins to make sense to an
embryologist who has been thinking
along these lines for 30 years or more.
These authors realize that we have to
find a system which can control not
single genes but batteries of genes.
The notion that the gulf between
the complexity of the control task and
the apparent lack of specificity of such
possible controlling agents as histones
might be bridged by calling on the in-
formational redundancy suggested by
the reiterated DNA sequences is an
attractive and rather obvious one—in
fact I have suggested it myself, in a
less fully worked out form (2).

Moreover, with only slight elabora-
tion, the hypothesis could deal with the
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major problem of development, name-
ly, determination, which is always em-
phasized by embryologists but com-
monly neglected by molecular biologists
brought up on microbiology. We need
a mechanism that accounts not only
for gene activation or derepression in
such instances as the puffing of partic-
ular salivary bands after treatment with
ecdysone or a changed ionic medium;
the synthesis of hemoglobin following
erythropoietin; the development of a
drosophila imaginal disc into adult
structures after the action of pupation
hormones; and so on. We also have to
show what has happened previously to
“determine” which particular bands will
puff; why erythropoietin stimulates he-
moglobin synthesis in determined blood
cells but not in other cells; and why
the cells of eye imaginal bud develop
into adult eye cells and those of other

discs into other structures, even many
generations after this determination
first occurred.

This implies that we need a ‘“double
action” control mechanism, with one
action concerned with determination
and the second with activation. This
requirement could be met if the Britten-
Davidson scheme is modified by insert-
ing another controlling factor between
the integrator genes and the receptor
genes. The acceptance of an external
stimulus by certain sensors would then
alter the state of the corresponding in-
tegrator genes, and this would amount
to a state of determination of the future
developmental pathway open to the
cell; but we have to suppose that the
interaction between the integrators and
the receptors does not take place until
a second, “activating” external stimulus
is received. The block could be an in-
hibition of transcription of the integra-
tor DNA, or something to do with the
rather mysterious interaction between
the integrator RNA and the presuma-
bly double-stranded receptor DNA,
which Britten and Davidson postulate.

Such a scheme requires a second set
of sensors to accept the activating ex-
ternal stimulus. These probably need
not be very elaborate, because most
activating stimuli (for example, hor-
mones) seem to act on many different
types of determined cells (for example,
all the different imaginal buds in an
insect larva), and thus affect many
different integrator-receptor links simul-
taneously.

The last element in the picture,
which to the embryologist would seem
to be essential, is an explanation of the
phenomenon of competence—that is,
the fact that the cell-character which
becomes fixed at determination depends
not so much on the nature of the in-
ducing agent but rather on the state of
reactivity of the cells (3). In Britten
and Davidson’s model, this means that
the properties of the various sensors
change, so that at one time certain of
them will react to a certain external
stimulus, while at another time certain
of these sensors no longer react, where-
as possibly other previously nonreac-
tive sensors have now become reactive.
Britten and Davidson hint at the ex-
planation in their remark that “certain
sensors respond to the products of
producer genes,” but they wrote this
in connection with sequential patterns
of gene activation [what I have called
“cascade” control (4)]. What we need
to explain changes of competence is to
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