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Sll‘ll(‘,lln‘ill complexity characterizes
the membrane systems of most tissucs.
Skeletal muscle fibers have tubular in-
vaginations of the surface membrance
(the T-system) that branch to surround
the myofibrils and conduct the action
potential from the surface into the
depths of the fiber. Cardiac muscle
fibers have tubules and/or narrow clefts
between electrically coupled cells.
Epithelia have a system of narrow,
lateral intercellular spaces nmportant
in the transport of {fluids and solute.
The lens of the eyeis formed by fibers
tightly packed, electrically coupled,
but with a significant extracellular
space between the cells. The glial
space of the central nervous system
is riddled with narrow intercellular
clefts. Even axons have some proper-
ties produced by the small extracellular
space in the immediately surrounding
sheath of Schwann cells.

Only cells that float free in the blood
or lymph can be expected to have
outer membranes without infolding
or other anatomical complexity.

The structural complexity of tissues
is often directly involved in their func-
tion and is usually involved in the
interpretation of measurements from
that tissuc. Considerable attention has
been paid to the electrical properties
associated with structural complexity.
Circuit models are available to describe
the pattern of current flow in a number
of tssues (sec a forthcoming review (9)
of the work started by Falk and Fau
(10)). Some attention has also been
paid to the linkage between structural
complexity, complex electrical proper-
ties, and ion accumulation for the
classical preparation of frog skeletal
muscle (3-5, 14, 17). But the obliga-
tory relationship between diffusional,
electrical, and morphological proper-
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ABSTRACT

Changes in jon concentration can be expected to accompany natural activity in any

preparation with infolded membranes or narrow spaces between cells. Such preparations
have complex electrical properties because some of the membranes are isolated by the

resistance of the solution in narrow extracellular spaces. Analyses of the diffusional and

electrical consequences of these structural complexities are intimately related: both require
morphometric measurement and theoretical analysis of the structure. The measured

propetties of complex tissues, either diffusional or electrical, depend on the properties

of many membranes and intra- and extracellular compartments. Fitting a structural theory
to one type of experimental data separates some of the measured properties of the tissue

into the properties of its components. Fitting electrical data alone gives many clectrical
paramecters of the tissue components. Fiting diffusional data alone may give some of the
permeability and diffusional parameters of the tissue components. A complete understand-

ing of ion accumulation probably requires a concomitant analysis of electrical propetties.
—Eisenberg, R. S. Structural complexity, circuit models, and ion accumulation. Federation

Proc. 39: 1540-1543; 1980.

ties is perhaps not as widely understood
as it should be.

This paper outlines the steps used
to analyze the clectrical properties
produced by structural complexity.
It seems likely that a quantitative
analysis of ion accumulation requires
essentially the same steps, since the
structural and physical processes
underlying clectrical and diffusional
processes are so similar. Most of the
effects of complex structure are pro-
duced by the narrow, tortuous extra-
cellular spaces between cells or within
tubules. These spaces introduce signifi-
cant resistance to current flow, they
produce significant impediment to
diffusion, and they thereby produce
significant change in ionic and solute
concentrations during natural activity.
The physical and morphological pa-
rameters determining diffusional and
electrical properties of narrow extra-
cellular spaces are closely related, and
often identical. Thus, the analysis
of electrical complexity—the circuit
model of a complex tissue—is inti-
mately related to the analysis of jonic

concentration changes induced by
that complexity.

MORPHOLOGICAL
CONSIDERATIONS

It seems obvious that analysis ot the
eftects of structural complexity must
start with the structure. Qualitative
and quantitative descriptions of the
structure are required since both the
form and the amount of the various
structures have important effects on
physiological properties. In the past.
less attention has been paid to the
structure than is logically appropriate,
perhaps because of the difficulties that
werc once associated with morpho-
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metric analysis. But these difficulties
have been reduced to manageable
proportions in many laboratories. Thin
sectioning and marking of extracel-
lular spaces have been used extensively,
for example, in analysis of the T-system
of skeletal muscle. Thick sectioning
and observation in the high-voltage
clectron microscope have also been
used to study skeletal muscle (see, for
example, Peachev and Eiscnberg, 18).
Most importantly, the stereological
techniques reviewed by Weibel (20)
are widely known and have been ex-
tended by Eisenberg, Kuda, and Peter
(7) to oriented tissucs.

The limiting factors in morphologi-
cal analysis are now the sheer work
mmvolved and the difficulties inherent
in rissuc preservation. The work in-
volved should not be minimized: it is
often necessary to study a tissue under
many functional and experimental
conditions. Each condition must be
expected to produce changes in the
size of structures and perhaps their

connections, particularly in the size of

cletts and tubules. Therefore, the
analysis of cach physiological condi-
tion requires a morphometric analysis
of the structure in that condition.
The dithiculties in tissue preserva-
tion also should not be minimized.
Much work is under way to make tech-
niques of preservation more reliable,

but that work is beyond the scope of

this review. Suffice it to say that the
reliability of new techniques—rapid
freczing for (‘X'ln]})](‘— must be estab-
lished by comparisons of size and
shape in /)rm(’rwrl and lrving lissue, not
by arguments or other forms of pure
thought.

NECESSITY FOR THEORY

While the first step in a structural analy-
sis of ion accumulation is obviously
the experimental analysis of structure
the sccond step—a theoretical analy-
sis of structure—is perhaps not so
obvious. Just as the analysis of electri-
cal properties of complex tissues re-
quires an explicit structural theory (8,

16), so does the analysis of ion ac-
cumulation. A structural theory de-
scribing changes in ion concentrations
is needed before measurements can
be convincingly interpreted. To be
sure, much experimental work can be
done without explicit reference to a
model or theory, but such work often
uses an implicit model; experiments

are interpreted as if the extracellular
space were an “unstirred layer,” a
single compartment with uniform
composition. It is obvious that an ex-
plicit model is preferable to an im-
plicit model because it is more informa-
tive. It also seems clear that an explicit
model is safer than an implicit one
because explicit assumptions are easier
to prove false than implicit ones.

Experimental work involving ion
accumulation should be interpreted
with an explicit, anatomically deter-
mined model, rather than with models
that have convenient mathematical
properties. Only in this way can compo-
nents of the model correspond to the
components of the tissue; only in this
way can propertics measured be inter-
preted as properties of individual
biological structures.

THEORETICAL TECHNIQUES

Itis, of course, easier to require such a
theory than to produce one. The theo-
retical analysis required to predict the
linear electrical properties of complex
structures is not trivial (sce the papers
reviewed by Peskofft and Eisenberg
(19), and Eiscnberg and Mathias (9)),
and the analysis necessary to deal with
ion accumulation can be expected to
be much more involved (e.g., Barry
and Adrian (5)). It is important to see
why thisisso. The structural complex-
ity and membrane properties of tissues
more or less guarantee that the model
describing such tissues will consist of
partial difterential equations with
boundary conditions, specified on a
b()un(lar\ with complicated geometry.
The analysis of clectrical properties
uses a familiar partial differential
equation, namely Laplace’s equation,
along with a fairly difficult boundary
condition. If one is concerned with
only linear electrical properties, much
of the dithiculty of the mathematics
can be removed by singular pelturbd—
tion theory (19). The complexity in
the mathematics associated with the
complexity in membrane geometry
has also been reduced to manageable
proportions, using a combination of
heuristic and rigorous techniques
(8, 16).

In this manner, structural analysis
of linear electrical properties has
been made possible. But the lincar
electrical properties of tissues are
rarely the properties most relevant to
their funcuon. Most often the func-

FUNCTIONAL CONSEQUENCES OF IONIC CHANGES RESULTING FROM ELECTRICAL ACTIVITY

tion of tissues is produced by non-
linear properties, like active transport
systems or ionic conductances. In that
case, a structural analysis is more dif-
ficult, and it seems that no structural
analysis of nonlinear properties has
yvet been done. But such an analysis
is both necessary and possible. The
techniques de\el()ped for the linear
case can be used repeatedly, each time
with the preparation at a different
potential. That is to say, small pertur-
bations in potantial can be applied to
the preparation, starting from different
“resting” potentials, and the resulting
perturbation m current can be meas-
ured. Some of the circuit components
identified in this manner will consist
of the components that arise from
electrolyte solutions and the lipid
component of membranes—the same
structural circuit elements identified
in a strictly linear analysis. Additional
circuit elements will appear, however,
prodmc by the linearized properties
of ionic conductances (13) and voltage-
dependent capacitors. The measure-
ment of these linearized nonlinearities
— perhaps best called “ionic reactances”
—will give considerable (perhaps com-
plete) information concerning the dis-
tribution  of nonlinear properties
among the structural components of
the tissue. In any case, the parameters
of the “ionic reactances” will severely
constrain the fit of a complete struc-
tural theory of the nonlinearities. (A
complete theory is one that describes
the response to all changes in poten-
tial, large or small.)

These techniques can also be applied
to the problem of ion accumulation,
but it is hard to guarantee their suc-
cess, even in the linear case. The par-
tial differential equations that describe
ion flow are more complex, involving
at least the concentraton of each
clectrolyte, the rate of change of that
concentration, the electrical potential,
the activity of water, and the volume
of the intra- and extracellular com-
partments, as described in Bockris and
Reddy (6, see Ch. 4) and Barry and
Adrian (5). In the nonlinear case the
boundary conditions are fearsome,
involving a logarithm and nonlinear
ionic permeabilities—both of which
resist linearization in many important
situations (5). The utility of perturba-
tion theory has not been established
for these problems and so structural
analysis of ionic concentration changes
may well require a numerical, instead
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of analytical, model. Models that must
be evaluated numerically will compli-
cate the task of structural analysis,
since curve fitting to a numerical model
involves considerable difficulties. Fi-
nally, the mathematical description of
individual ionic permeabilities is a pre-
requisite for a structural analysis of
nonlinear processes; one must know
how the 1onic permeabilities vary with
voltage and concentration in order
to perform a structural analysis.
These dithiculties imply that struc-
tural analysis of ion accumulation will
be awkward in the nonlinear case.
particularly if one wishes results as
precise as those obtained in the struc-
tural analysis of linear clectrical prop-
erties. But the understanding of ion
accumulation requires a4 structural
analysis. So one must proceed with
gritted teeth, trusting that difhculties
will be resolved just as other forbidding
difficulties were resolved in the struc-
tural analysis of electrical propertics.

EXPERIMENTAL DATA
AND ITS ANALYSIS

Once a theoretical analysis of ion con-
centration changes is available, experi-
mental data can be used to determine
the properties of structural compo-
nents of the tissue, at least in principle.
There are several kinds of experi-
mental data available for this purpose.
Our attention is restricted o electrical
measurements, since they are almost
always faster, more direct, or more
precise than measurements of concen-
trations. The electrical response (o
changes in ion concentration in the
bath can be measured (12), since the
slow components of that response are
otten produced by changesin ion con-
centration. The electrical response to
applied current or voltage can also be
measured. Again, the slow components
of the response are often produced
by changes in ion concentration (2).
Finally, natural activity, such as repeti-
tive action potentials, can be used to
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change ionic concentration in particu-
lar compartments of the tissue (11).

The localization of the parameters
that describe 1on accumulation will
almost always involve the fitting of a
theoretical function that contains many
parameters to experimental data taken
in one of the situations just mentioned.
The goal of the curve-fitting procedure
is to determine as specifically as pos-
sible the best values of the parameters,
which give the least deviation between
theory and experimental resules. It is
hoped that these values are good esti-
mates of the properties of individual
structural elements.

The dangers of curve fitting are well
known. Often the experimental data
are not rich enough to determine all
unknown parameters, and guesses or
assumptions have to be made. Even
when the number of parameters is
manageable, it 1s difficult to know how
well they are specified by the experi-
mental data. One always fears that
some quite different combination of
parameter values might fit the data as
well. Finally, data taken in the time
domain—for example, the time course
of a concentration—are notoriously
recalcitrant to curve fitting, because
the estimate of parameters is sensitive
to small errors or noise in time domain
data (Acton (1), p. 252, and Lanczos
(15), p. 274). These problems imply
that fitting experimental data with a
theoretical model of ionic accumula-
tion is unlikely to determine all the
parameters of the model. Experimental
data of ion accumulation is unlikely
in itself to allow the measurement of
the properties of components of
tissues.

Fortunately, it is not necessary to
determine the properties of all compo-
nents of tissues from data on ion ac-
cumulation if a structural analysis of
clectrical properties has been per-
formed on the same tissue. A structural
analysis of electrical properties would
determine the areas of membranes
(from both morphometric and capaci-
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tance measurements) and the effective
resistance of extracellular and intra-
cellular spaces. These parameters
appear, in only slightly modihed form,
in any model of ion accumulation and
so they could be taken as constants
when curve fitting to data on ion ac-
cumulation. Then curve fitting to
transient data describing ion concen-
tration changes would not need to
determine the arcas of membranes or
the cffective diffusion constant of
extra- or intraccllular spaces.

Since measurements of transients
of concentration will rarely allow de-
termination of all the parameters that
appear in a structural model, a com-
plete analysis of ionic concentration
changes will require analysis of both
clectrical and diffusional properties.
This has surely been the case in frog
skeletal muscle. The electrical and
diffusional properties of the T-system
of frog skeletal muscle have been
analyzed and it is clear from the work
of Nakajima’s laboratory (14, 17) that
morphometric, electrical, and diffu-
sional data—and structural theory —
are needed to perform a complete
analysis.

SUMMARY

lon accumulation or depletion occurs
in tissues with complex infolded mem-
branes. Such tissues also have complex
clectrical properties, reflecting the
complex circuit required to describe
the low of current. Many of the param-
eters that characterize ion accumula-
tion or depletion also appear i the
circuit model of the tissue. There-
fore, the analysis of 1on accumulation
and the analysis of electrical proper-
ties should go hand in hand. Fp]
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