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SUMMARY 

(1) There are data on the amount of current necessary to stimulate a myelinated 
fiber or cell body and/or its axon a given distance away from a monopolar electrode 

over the entire range of practical interest for intracranial stimulation. Data do not 
exist for other electrode configurations. 

(2) Currents from a monopolar cathode of more than 8 times threshold may 

block action potentials in axons. Therefore, only axons lying in a shell around the 
electrode are stimulated. Elements very close to the electrode may not be stimulated. 
Close to an electrode small diameter axons may be stimulated and larger ones may 
not be. 

(3) Most, and perhaps all, CNS myelinated fibers have chronaxies of 50-100 

#sec. When gray matter is stimulated, the chronaxie is often 200-700/~sec. It is not 

clear what is being stimulated in this case. Current-duration relations should be 
determined for many more responses. 

(4) There are no current-distance or current-duration data for central finely 
myelinated or unmyelinated fibers. 

(5) It takes less cathodal current than anodal to stimulate a myelinated fiber 
passing by a monopolar electrode. When a monopolar electrode is near a cell body, 

on the opposite side from the axon, often the lowest threshold is anodal, but some- 
times cathodal. Stimulation of a neuron near its cell body is not well understood, 

but in many cases the axon is probably stimulated. 
(6) Orientation of cell body and axons with respect to current flow is important. 

* Current address: Department of Physiology, Downstate Medical Center, State University of 
New York, Brooklyn, N.Y. 11203, U.S.A. 
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For an axon it is the component  of the voltage gradient parallel to the fiber that is 
important. 

(7) The pia has a significant resistance and capacitance. Gray matter, white 
matter, and cerebrospinal fluid have different resistivities, which affect patterns of 
current flow. 

(8) More is known about stimulation of mammalian CNS than most workers 
are aware of. Much of what is unknown seems solvable with current methods. 

l N T R O D U C T I O N  

Despite the extensive use of electrical stimulation of the central nervous system 
(CNS), both clinically and experimentally, there has been little concern with what 
cells or parts of cells are stimulated. The data available on this issue are rarely cited 
in reports involving electrical stimulation, although, as this review will show, there 
is much information on the subject of practical use. This subject has never been 
reviewed before. 

The phrase 'electrical stimulation of the lateral hypothalamus'  is a shortened 
version of the statement that 'there was a stimulating electrode in the lateral hypo- 
thalamus which affected an unknown number and unknown kinds of cells at unknown 
locations in the vicinity of the electrode'. The lateral hypothalamus is an area of brain 
and is not electrically exc i t ab l e - -on ly  cells are. The abbreviated phrase suggests 
assumptions about the homogeneity of cells that are incorrect. Furthermore, as will 
be shown, some cells may be stimulated at a distance from an electrode, whereas 
similar cells closer to an electrode may not be stimulated. 

To make accurate inferences about anatomical structures or physiological 
mechanisms involved in electrical stimulation, one must know which elements were 
stimulated. Attempts have been made to determine which elements were involved 
by Szabo and Milner 6v-69, Wetzel 7~, and in 'refractory period' experiments 1s,66 in 

lateral hypothalamus. However, none of these experiments was as inclusive as is 
possible with the use of  existing methods and knowledge. 

Many experimenters who electrically stimulate brain may not be interested in 
which cells are involved, but may be interested only in the behavioral consequences 
of the stimulation. However, these experimenters should perform and report their 
experiments in ways that would allow an interpretation at a cellular level by other 
experimenters. 

Some kinds of stimuli are relatively selective for certain kinds of cellular ele- 
ments. More selective stimulation may yield more selective consequences of stimu- 
lation. 

Instruments, the results of stimulation except on the first element affected, the 
physical theory of stimulation, effects of varying frequency of pulses, duration of 
pulse trains, 'refractory period' experiments, and monophasic v e r s u s  biphasic stimuli 
will not be discussed. This review is intended to be useful in planning and interpreting 
electrical stimulation of mammalian CNS. Since many of the workers stimulating 
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brain (especially in clinical and behavioral contexts) are not trained in biophysics, this 
review will be developed from an empirical rather than physical perspective. 

This review should also be of interest f rom a biophysical point of  view. The 
study of extracellular stimulation is a way for studying electrophysiological properties 
of  neurons. This approach has been rarely used. There is a mathematical literature on 
extraeellular stimulation which is often useful, but which will only be touched on here 
for the sake of simplicity. By pointing out some of the gaps in our knowledge, I hope 
to motivate others to do some of the relevant experiments and theory. I think it is a 
subject which we can come close to solving with currently available methods. 

Since this subject has never been reviewed before, and, as will be seen, the 
relevant facts are drawn from all parts of  the neurophysiological, behavioral, and 
clinical literature, I am sure many reports of  significant observations have been 
missed. ! would appreciate hearing about these observations from readers. 

THE DATA 

(A) Current-distance relations 

The task of trying to determine how much current is necessary to fire a given 
element a given distance from an electrode is more difficult than it appears. There 
are 4 reasons why one cannot simply record from an element with one electrode, 
place another stimulating electrode at a known position nearby, and determine the 
amount  of current necessary to stimulate: (1) the shock artifact may obscure the 
response; (2) one must prove that the element is being stimulated directly, and not 
synaptically through other elements; (3) the anatomy of the individual cell being 
recorded from must be known to determine which parts of it are nearest to the stimu- 
lating electrode; (4) the part  of the cell the action potential is being initiated from 
must be known. 

There are 10 studies, listed in Table I, in which these problems have been satis- 
factorily solved and which yield quantitative data. The original papers should be 
consulted for the special methods used in each case. All of  these studies used a 
monopolar  electrode to deliver pulses of  current. In 4 of  these studies the neural 
element involved was a cell body with attached axon and dendrites and the stimulating 
electrode was on the side opposite to the axon. The 6 other studies are of  myelinated 
fibers. 

The results of  these studies are plotted in Fig. 1. The two lines for each study 
give the range of  values obtained for different fibers (see legend to Fig. 1). The 
results have been normalized in two ways. All have been recalculated for a 200-/~sec 
pulse. When strength-duration relations were determined, this relation was used for 
the normalization. When it had not been determined, the conversion factor listed in 
Table I was estimated, based on the results in section (C) (below). In some of these 
studies the stimulating electrode tip was completely surrounded by CNS so that 
current flowed radially in all directions - -  in spherical symmetry. In other studies the 
electrode was on the surface, and current flowed only in hemispherical symmetry. 
The currents in the hemispherical symmetry group were doubled to make them com- 
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Fig. 1. Log-log plot of current-distance relations. All the data of studies A, B and C of Table I fall 
between the two lines on either side of the label 'A, B, C'. Similar labeling is used for the other studies. 
The entire range of data reported is plotted for all studies except study E. In study E the currents 
plotted are the means of the groups of axons with the greatest conduction and the mean of the group 
of fibers axons with the slowest conduction velocity plus or minus one standard deviation. In study A 
the distance given is to the nearest node of Ranvier. In studies I and J the distance was calculated by 
triangulation to a point 1 mm below cortical surface. In study F the distance to the site stimulated was 
assumed to be 1 mm from the best point, as the authors discuss on p. 45 of their study 6. In study E the 
conduction velocities were determined for each axon. In studies A, B, C and a range of presumably 
typical conduction velocities is reported. In studies F-J  conduction velocities are not reported. From 
figures in the text the following conduction velocities can be estimated: G, 20 and 36 m/sec; I, about 
100 m/sec; J, 20 and 36 m/sec. All the data is for cathodal pulses except for studies I and J which are 
for either anodal or cathodal. However, in I and J there is little difference between cathodal and 
anodal pulses. Therefore, a single 200/~A pulse from a monopolar cathode may stimulate up to the 
distances covered by the hatched area. One should know whether a cell body with axon, or an axon 
passing through the area is stimulated for further qualification of the use of this figure. One should 
know conduction velocity of the axon for yet further qualification. 

p a r a b l e  wi th  the  spher ica l  s y m m e t r y  g roup .  N o  a t t e m p t  has  been  m a d e  to n o r m a l i z e  

fo r  the  d i f ferences  in res is t iv i ty  be tween  gray  and whi te  mat te r .  T h e  d a t a  o f  F ig .  1 

were  a rb i t r a r i l y  cu t  of f  at  a 50 # m  dis tance,  because  the  e r rors  b e c o m e  large  w i t h  

sma l l  d is tance .  T h e  o r ig ina l  pape r s  shou ld  be  consu l t ed  fo r  d a t a  on  d is tances  less 

t h a n  50 F m .  W h e n  very  near  a n o d e  o f  Ranv ie r ,  cur ren t s  as  smal l  as 0.1 # A  m a y  

s t imu la t e  a f iber  3z. 

T h e r e  is a la rge  va r i ab i l i t y  in each  s tudy.  B e M e n t  and  R a n c k  11 s h o w e d  tha t  

the  g rea te r  the  c o n d u c t i o n  ve loc i ty  o f  an  axon ,  the  less cu r r en t  it t o o k  to  s t imu la t e  

it a t  a g iven  d i s t ance  f r o m  a s t i m u l a t i n g  e lec t rode ,  j u s t  as in the  pe r iphe ra l  ne rvous  

sys tem.  J a n k o w s k a  a n d  R o b e r t s  3z a n d  R o b e r t s  a n d  S m i t h  55 give a n e c d o t a l  d a t a  con-  

s is tent  wi th  this.  S imi l a r  d a t a  were  n o t  o b t a i n e d  in the  o the r  s tudies,  bu t  i t  seems ve ry  

l ike ly  tha t  v a r i a t i o n  in f iber  size expla ins  pa r t  o f  the  va r i ab i l i ty  f r o m  cel l  to  cell. T h e r e  
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is another source of the variability in stimulation of myelinated fibers. The distance 
from stimulating electrode to the nearest node of Ranvier is the significant distance. 
However, the shortest distance from electrode to fiber was measured except in the 
study of Roberts and Smith 55. The distance to the nearest node of Ranvier will vary 
randomly depending on where the electrode lies in the internode of each fiber. The 
distance to the nearest node will be equal to or greater than the shortest distance to 
the axon. 

The data from the 4 studies of stimulation in the vicinity of a cell body (G-J  
of Table 1) all fall between two straight lines. These data were obtained in different 
kinds of neurons in different parts of brain, and there was almost no overlap in the 
current or distance ranges studied. Nevertheless, the linear log-log plot suggests that 
there is a systematic relationship which can be generalized to stimulation in the vicinity 
of other cell bodies in other parts of mammalian CNS. The data from the 6 studies 
of stimulation of axons passing through an area do not fall into as orderly a relation, 
but still suggest a general relation in all parts of mammalian CNS. The most serious 
discrepancy is between study D and studies A-C. 

More than a 10,000-fold range of current, and more than a 100-fold range of 
distances are covered by these data. These data include almost the whole range of 
currents and distances used in experimental and clinical practice with intracranial 
electrodes so that Fig. 1 is of practical value. Consider the following example as an 
illustration of its use. A 200-/~sec, 100-/~A pulse passed from a monopolar cathode 
(Fig. 2) will stimulate axons with high conduction velocities (about 65 m/sec) which 
pass through a shell with a 1200 #m outer radius centered at the electrode tip. Some 

2 0 0  ALSeC pulse 
I 0 0 ~  A cothodol 

1200 ).t - 6 5  M / sec 

Fig. 2. For use in explaining the use of Fig. 1. See text. 
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axons which pass into the inner core of  the shell, close to the cathode, will not be 
stimulated (see (B) below). Axons with lower conduction velocities (about 25 m/sec) 
passing through a shell with a 500/~m outer radius will be stimulated. Neurons whose 
cell bodies are in a shell of  250/~m outer radius and which have conduction velocities 
of  about 10 m/sec or more will also be stimulated. Some neurons which are as far as 
450/~m from the electrode will also be stimulated. 

Data on current-distance relations for other neuronal elements do not exist. 
However, it seems likely that myelinated axons passing through an area and cell 
bodies with myelinated axons in an area are stimulated much more readily than any 
other elements. 

Some isolated points on a current-distance curve can be estimated from other 
data. Merrill 44 gives current-distance relations for a single fiber which are in good 
agreement with Fig. I. Wise 75 has results suggesting that 25/~A of 60 Hz sine wave 
current stimulates up to distances of about 120/~m in lateral hypothalamus. This 
would be in agreement with the results of  Fig. 1 if he were stimulating small fibers. 
Baldissera et al. ~ find that a 200-#A, 2(?0-/tsec pulse from a monopolar  cathode 
stimulates axons of the rubrospinal tract with conduction velocities of  about 80-100 
m/sec, 1-1.5 mm away; 50/~A stimulates 200-5C0/~m away. These results are in 
reasonable agreement with Fig. 1. Fuller 23 estimates that 400-/~A, 300-/~sec pulses 
stimulate axons in brain stem reticular formation with conduction velocities of from 
2 to 35 m/sec within 300 #m of his electrode. Because of the low conduction velocity, 
these results are in reasonable agreement with Fig. 1. 

The data in Fig. 1 include only a limited range of conduction velocities and 
some of these findings have not been replicated by independent workers, so the data 
should only be considered approximate. Other qualifications of its use will be devel- 
oped below (especially the 'anodal surround'  phenomena of section (B)). Never- 
theless, Fig. 1 should be of practical use. More of these studies should be done with 
closer attention being paid to conduction velocity as a source of variation in the 
current-distance relation. 

(B) Effects of inward current 

With extracellular stimulating electrodes, for any outward current that locally 
depolarizes a fiber there must be an inward current elsewhere that will hyperpolarize 
the fiber. This has practical implications, one for the case of a monopolar  cathode and 
a different one for the case of  bipolar electrodes. 

A fiber is depolarized near a monopolar  cathode by outward current, and 
hyperpolarized on either side by inward current ( 'anodal surround') (Fig. 3). The 
inward current is spread out over a larger area than the outward current, so the 
magnitude of hyperpolarization will in general be less than the magnitude of the 
depolarization. An action potential generated at the depolarized site can propagate 
through a hyperpolarized site if the hyperpolarization is not too large. However, if 
the hyperpolarization is large enough, .it may prevent an action potential f rom 
propagating through the hyperpolarized site. 

While studying a peripheral nerve fiber, Katz and Miledi 35 showed that currents 
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Fig. 3. Current flow in a fiber when current is passed from a nearby monopolar electrode. A: from 
an anode. B: from a cathode. The fiber is depolarized where there is outward current across the cell 
membrane of the fiber. The other electrode in each case is not shown and is a large distance away. 

from an extracellular cathode 2 or 3 times threshold for init iating an action potential 

would fail to generate a propagated action potential.  Their results are no doubt  due 

to the anodal  surround.  Similar results have been obtained by others working in 

CNS with currents about  8-10 times thresholda2, ,~5. Therefore, paradoxically, near 

a s t imulat ing extracellular cathode where current density is highest, some fibers may 

not be st imulated with a given current,  even though these fibers would be st imulated 

if less current  was passed or if the fibers were further from the electrode. Thus the 

axons of a given conduct ion  velocity which are st imulated are those which pass 

through a shell a round  a monopola r  cathode, and do not enter the inner core (Fig. 4). 

There presumably are no such phenomena  around a monopolar  anode. ! know of no 

comparable  phenomena  for s t imulat ion near a cell body;  it should be done. 

An increase in current  above threshold can be achieved by increasing the 

current or by moving the electrode closer to the axon. The data in Fig. 1 do not  give 

a good numerical  value to this equivalence over an 8-fold range in current. However, 
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Cathode 

Non-st imulated axon 

St imulated axon 

Non-st imulated axon 

St imulated axon 

Fig. 4. The anodal surround effect. Axons passing through an inner sphere are not stimulated. Axons 
passing through a shell and not entering the core are stimulated. There is a 1:4 ratio between the inner 
and outer radii of the shell for reasons given in the text. 

as an example, let us say that an 8-fold increase in current is equivalent to a 4-fold 

decrease in distance (see Bean 1° for a further discussion of this). Therefore, the radius 
of the sphere of non-stimulated axons may be as large as one-fourth the outer radius 
of the shell of stimulated axons. The ratio of inner and outer radii of the shell may 

be about 1:4. The absolute dimensions will depend on the current passed and the con- 
duction velocity of the axon. For a given amount of current the dimensions will be 
larger for large diameter axons than for smaller ones. This leads to the paradoxical 

conclusion that for a given amount of current there will be a zone close to the electrode 
in which small diameter fibers are stimulated and larger diameter fibers are not. 

When bipolar electrodes have tips in the same orientation as a fiber, a fiber will 

be depolarized under the cathode, and hyperpolarized under the anode. If  the hyper- 
polarization is large enough, an action potential initiated under the cathode may not 
be able to propagate through the region of hyperpolarization. If this is the case, the 

action potential will propagate in only one direction. 
Szabo and Milner 6s and Szabo et al. 7° have demonstrated phenomena in self- 

stimulation of rat which may have this as the basis. They are able to use these facts 
in an analysis of what direction of propagation is most important in self-stimulation. 

( C) Strength-duration relations 

When stimulating current is being passed in constant current pulses, the relation 

between the amount of current and the duration of the pulse which give the same 

response yields the well known strength-duration curves. Rheobase current is the 
amount of current necessary to stimulate with a long duration pulse. Chronaxie is 
the time on the strength-duration curve for twice rheobase current. Many strength- 
duration curves fit the empirical equation, I = lr(l + C/t), where I is the current (or 
voltage), Ir is rheobase current, t is time, and C is chronaxie. Chronaxie is often about 
0.7 the time constant of the membrane (the time constant of the membrane is the 
membrane resistance times the membrane capacity). 
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Table II lists values of chronaxie or time constants of both peripheral and 
central nervous system in m a m m a l s .  One should be cautious about drawing con- 
clusions from these data, for there are a small number of them from different investi- 
gations over a period of many years. The purposes of the measurements varied 

widely. On the other hand, the measurement is a fairly easy one to make; therefore, 
most of the data are probably good. Many generalizations can be drawn from 
Table I 1. 

(I) All chronaxies of extracellular stimulation of single CNS myelinated fibers 
or of white matter (where only axons could have been stimulated) are 40-100 ~sec. 
Time constants or chronaxies from fibers measured intracellularly are 130-710 ktsec. 

It is not clear why there is this marked difference. The differences in current flow 
should give only minor differences in the measurement. The strength--latency method 
used in intracellular studies may give durations which are longer than those obtained 

with other methods, lntracellular recording and stimulation may have injured the 
fiber. Both sets of data are so small that the difference may simply be due to sampling. 

The chronaxies of peripheral myelinated fibers can be as short as 29 #see, but 
may be up to 7130/zsec. q he longest values come from the oldest literature, i have not 
been able to find any extensive study on mammals since 1940. These studies should 
be repeated. 

Current may flow into one part of a neuron and out of another part where it 
stimulates. Yet the time constant of the unstimulated element may largely determine 

the time course of current flow through the stimulated element. Therefore, while 
current may flow through more than one part of a cell, an agreement between time 
constant of an element and a chronaxie of stimulation should suggest only that 

current flows through the element, not that the element is directly stimulated. 
There is no suggestion that any elements other than nodes of Ranvier have 

time constants of 30 2130/zsec. Therefore, when stimulating where many elements 
are present if the chronaxie is 30-200/~sec, and especially if it is 30- 100 ~sec, it seems 
likely that current is flowing through nodes of Ranvier. It cannot be concluded that 

nodes of Ranvier are being stimulated, although it should be strongly suspected. 
(2) The time constant of the cell body and dendrites of most neurons, as 

determined with intracellular micropipettes, is in the I -10-msec range. The Hunt 
and Kuno study z° is the only one I know of in which values much less than 1 msec 

were found. Analysis of impedance of neocortex is an indirect way of determining 
membrane time constant and it also yields values in the I -10-msec range 5J,'~2. 

Only two of these studies have chronaxies greater than I msec. The Johansson ~4 
study is the only study with chronaxies ofextracellular stimulation greater than 2 msec 
and many of his values are much larger than this. His strength-duration curves have 
a different shape from that of most data and do not fit with the standard empirical 
equation. Barry et al.  ~ find chronaxies of 700-20130 #sec for sell-stimulation in lateral 
hypothalamus. 

Anecdotal comments in two other studies suggest comparable chronaxies. 
MacLean and Ploog '~3 find some parts of brain can be 'most effectively' stimulated 
to produce penile reaction with about 1.0-msec pulses, and other structures with 
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10-50-#sec pulses. Ajmone Marsan 4 says epileptic form afterdischarge is most readily 
elicited by pulses of  0.5-10 msec. Perhaps current flow through cell bodies or dendrites 
was involved in the stimulation with long pulses in these cases. 

Most of  the chronaxies for stimulation of unknown elements are in the 200-7C0- 
/tsec range. There is no simple explanation for this. It  is discussed further in the Discus- 

sion section (A)  below. 
Data  from strength-duration curves are clearly useful in determining what is 

stimulated in brain. We need more data on time constants and chronaxies of  known 
elements of the central and peripheral nervous system. Strength-duration curves 
should be routinely determined in electrical stimulation of brain; they can be done 
easily. 

(D) Polarity of  the stimulus 

(1) Myelinated fibers passing by an electrode 
Two studies have compared anodal versus cathodal currents in the stimulation 

of myelinated fibers. One study found that it required 3.19-7.7 (mean 4.57) times as 
much current from an anode as f rom a cathode to excite the axon 11. The other study 
found 1.0-3.2 times as much anodal current necessary 6. The reason that a monopolar  
cathode is more effective than a monopolar  anode when stimulating an excitable fiber 
passing by an electrode is illustrated in Fig. 3. 

(2) Near cell bodies 
Starting with Fritsch and Hitzig, many workers have shown that monopolar  

stimulation of the pial surface of motor  cortex is often more effective with an anode 
than a cathode. Hern et al. 2s have shown that a monopolar  pial anodal may stimulate 
pyramidal cells directly. This is probably because the axon and perhaps some ad- 
jacent regions of the cell body have a much lower threshold than dendrites and cell 
body (if indeed these can fire action potentials at all). Anodal current enters (and 
hyperpolarizes) dendrites, and leaves and depolarizes the axon or cell body 50 (Fig. 5). 
Note that the voltage gradient around the axon or cell body is much less than that 
around the dendrites, but that axon or cell body is still the element stimulated. The 
difference between threshold for anodal and cathodal pulses is usually less than 
2-fold z2. 

Porter 49 reported studies of  direct stimulation of single hypoglossal neurons 
with a monopolar  anode or cathode at various distances from the cell. The lowest 
threshold was always to cathodal stimulation near the axon, with the threshold 
currents decreasing as the electrode approached the axon. When the stimulating 
electrode was on the opposite side of  the cell body from the axon, cathodal stimulation 
usually had a lower threshold than did the anodal. In a few cases, the anodal threshold 
was lower, presumably for the same reason as in neocortex. The differences in currents 
required was less than 2-fold in all cases. Porter concludes that it is always the axon 
which is being stimulated. 

Stoney et al. 64 have stimulated single pyramidal tract neurons with monopolar  
microelectrodes in the vicinity of  the cell body. The lowest threshold is for cathodal 
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Fig. 5. Presumed basis for stimulation of some neocortical cells with an anode on surface. The current 
enters apical dendrites (and hyperpolarizes them) and leaves the axon and depolarizes it. 

stimuli near the cell body. Anodal  currents of greater than 1.8-12 times cathodal were 

necessary. 

Valenstein and Beer 72 and Wetzel va have shown that self-st imulation of lateral 

hypothalamus of rats requires less current  from a monopola r  cathode than from an 

anode. 

These issues are discussed more fully in (A) of the Discussion below. 

( E) Electrode orientation 

In 1927 Rushton '59 clearly demonstrated that it was the extracellular voltage 

gradient  in the direction of an axon which was the salient parameter for s t imulat ion.  

If the voltage gradient was entirely transverse to the axon, the axon could not  be 

st imulated (Fig. 6). 

Rudin  and Eisenman as st imulated dorsal colunms of cat in an in vitro prepa- 

rat ion with bipolar electrodes, and recorded a compound  action potential,  i f  the 

electrodes had a transverse orientat ion to the axons, 4 or 5 times as much current  was 

necessary in order to get the same result as with a longi tudinal  orientation.  
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~N-- SVERSE 
Fig. 6. Longitudinal versus transverse current flow in a fiber. 

Cole and Baker 16,17 studied transverse and longitudinal current flow associated 
with extracellular fields in squid giant axon. Fatt  20 and Falk and Fatt  21 studied 
transverse and longitudinal current flow in striated muscle. The issue has received 
extensive theoretical treatment in these papers 16,17,z°,~1 and by Ranck 52. 

To my knowledge Szabo and Milner 67,6s have been the only ones to be con- 
cerned with this issue in in vivo stimulation of CNS. They found that in self stimu- 
lation of lateral hypothalamus in rats, a medio-lateral alignment of  tip was more 
effective than anterior-posterior alignment. 

(F) Miscellaneous facts  

(1) Bennett 13 has shown that on the pial surface of neocortex there are mem- 
branes with a resistance of 50-100 f2/sq, cm, and with a time constant of 3.0 msec. 
This resistance is destroyed by a few minutes of  exposure to air. This pial surface 
resistance will affect stimulation from electrodes on the surface. The extent of  ex- 
posure to air should be reported in all cases of stimulation of neocortical surface; 
in fact, it is rarely reported. 

(2) Accommodation of central axons and of cell bodies has been studied with 
intracellular micropipettes (for instance see refs. 61 and 71). Axons show substantial 
and rapid accommodation (within a few milliseconds). Some cell bodies accommodate 
rapidly; others accommodate slowly (only over periods of hundreds of milliseconds). 
(Point 2 of  the summary of ref. 61 incorrectly summarizes the text.) There do not 
seem to be any data on accommodation in neurons in CNS with extracellular stimu- 
lation. This is especially unfortunate because of the frequent use of  60 Hz sinusoidal 
stimulating current, at which frequency accommodation would be expected to occur. 
Indeed the slow accommodation of  central cell bodies as opposed to axons suggests 
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the possibility that cell bodies are relatively more likely to be stimulated by 60 Hz 
sinusoidal stimulation. Post-hyperpolarization excitation can be shown in some CNS 
cell bodies with intracellular recording 5. It occurs with extracellular stimulation of 
peripheral axons (anodal break phenomenon). There do not seem to be any data on 
its occurrence with extracellular stimulation of central axons, although one would 
not be surprised to find it with 60 Hz sinusoidal stimulation. 

(3) The resistivity of gray matter is 4-6 times greater than cerebrospinat fluid ~l 
and about 2--3 times less than the resistivity of white matter47, 54. White matter is 
anisotropic4V, 54. These factors must be considered when calculating exactly what the 
pattern of current flow and the extracellular voltage gradient will be. 

(4) Very small voltage gradients, which do not cause an action potential when 
they are turned on for brief periods, can affect the rate of firing of cells averaged over 
time when the currents pass for long times ¢~,6'~. These 'polarizing' currents can be as 
small as 5 x 10 -1° A from a micropipette. Analyses of these phenomena are beyond 
the scope of this review. 

(5) There are few useful data and little useful theory on the significant differ- 
ences of different electrode configurations. Orientation i I.E and anodal blocking II.B 
effects should be looked for whenever the experimenter is using something other than 
a monopolar  electrode. These considerations may be part of the reason for the in- 
constant results of comparisons of monopolar  versus bipolar electrodes6a,v'L Wetzel va 
has pointed out that with side-by-side bipolar electrodes, the elements between the 
electrodes' tips are probably preferentially stimulated. 

One finds frequent comments in the literature giving a rationale for various 
electrode configurations. Most of these seem to me to have no justification. In most 
eases we simply do not know what different electrode configurations do. (Some 
bipolar electrode configurations may be helpful in decreasing the stimulus shock 
artifact, but this can often be accomplished in other ways.) 

DISCUSSION 

( A ) The problem of cell bodies and 200-700 #sec chronaxies 

There are two related problems in the interpretation of these data. What part 
of the cell is being stimulated when a neuronal cell body is near the stimulating 
electrode? Why do so many strength~turation curves from stimulation of gray matter 
have chronaxies of 200-700 #sec, and what elements are being stimulated in these 
cases? There are no elements of the central nervous system known to have time con- 
stants predominantly in the range of 200-1000/~sec. If stimulating current were to 
flow through both a nodal membrane and a cell body or dendritic membrane, the 
chronaxie in some circumstances might be intermediate between the chronaxies of 
each, in the 200-1000-#sec range. However, in other circumstances the chronaxie 
would not be intermediate. For instance, if the net resistance across the dendritic 
membranes were much lower than across nodal membranes, the chronaxie would be 
very close to that of the nodal membrane. Because of the relatively large area of 
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dendritic membrane, this might be the case. The data and theory currently available 
do not allow us to decide. Iansek and Redman 81 suggest that the specific resistivity 

of the soma membrane could be as low as one-third of the dendritic membrane 
resistivity, which complicates the case even further. 

As discussed in section II.D, in cases where a monopolar electrode is on the 

opposite side of the cell body from the axon and can stimulate the neuron with less 
anodal current than with cathoda149, it seems very likely that the stimulation is 
initiating the action potential in the axon or cell body. Most of the evidence for this 

comes from neocortex (for instance see refs. 25, 28, 40, 50 and 57). In a neuron whose 
dendrites could not generate an action potential, it could not be otherwise. 

However, some dendrites can generate action potentials, and in some cases a 
monopolar electrode on the opposite side of the cell body from the axon can stimulate 
the neuron with less cathodal current than with anoda149, or there may be little 
difference in threshold currents between the two polarities. Also the small amount of 

data available on chronaxies when stimulating near cell body does not fit with what 
is known about the characteristics of the cell membranes 64. Therefore, a generalization 

as to which part of the neuron generates an action potential when the electrode is 
near a cell body cannot be made. Gorman 25 has shown differences between the 

response of pyramidal tract cells stimulated by surface anodal and cathodal currents, 
and has suggested that dfferent polarities stimulated different parts of the cell. Other 
interpretations of his data are possible. The nature of stimulation around cell bodies 
is not clear. It would seem to be a problem that can be solved with current experi- 
mental methods. It has never been seriously examined theoretically. 

There are other possible explanations for 200-700/zsec chronaxies in gray 

matter. Perhaps nodes of Ranvier have different time constants in gray matter. The 
intracellular data suggest that this may be the case. Perhaps presynaptic endings, or 

unmyelinated fibers are being affected. Perhaps neurons which release neurotrans- 
mitters without action potentials (as in retina) are being affected. 

For distances of less than ! mm from an electrode, the data of Fig. 1 show that 
myelinated fibers passing through an area can be stimulated with less current than 

axons originating from cell bodies in the same area. However, the conduction 
velocities of the axons originating in the area were not well known in these studies, 
so it would not be proper to conclude that axons passing through are more readily 
stimulated. Furthermore, the data of Fig. 1 were obtained by different investigators 
on different preparations, so one must be careful about conclusions drawn from com- 
parisons. 

( B) Theory 

There has been a great deal of work in the last 15 years on the solution of cable 
properties of  neurons for the case of  currents from intracellular electrodes or the case 
of activation of synapses. There has been almost no work on the solution of these 
cable properties for imposed extracellular currents. The theory of extracellular stimu- 
lation involves the same issues as the problem of where current flows in brain, and 
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the theory of brain impedance. This theory has never been reviewed with the appli- 
cation of extracellular stimulation in mind. It will not be reviewed here, but a few 
useful points will be touched on. 

The transmembrane depolarization which causes action potentials in extra- 
cellular stimulation is largely due to the extracellular voltage becoming more negative. 
Changes in intracellular potential are much smaller than extracellular. A highly 
localized extracellular voltage gradient may not be effective for stimulation. It is the 
absolute difference between the extracellular voltages on the surface of the same neural 
element within distances of the order of a length constant or less which are important. 
(A length constant for myelinated fibers is a constant in a difference equation rather 
than in a differential equation as in the case for unmyelinated processes. However, 
the two cases are quite analogous, hence the use of  the same term. A length constant 
for myelinated fibers is almost two internodal lengths. See BeMent and Ranck 11,r~ 
for data and a review of internodal lengths in the CNS.) Therefore, if one is using 
bipolar electrodes, in order to stimulate an element with the least amount of current, 
the tips should have the same orientation as the element and be separated by about 
the length constant of the element one wants to stimulate. 

Since it is extracellular voltage gradients which stimulate, we want to know 
stimulating current. The voltage applied to the stimulating electrodes is usually not 
a useful parameter. Most of this voltage difference occurs at the interface of electrode 
and tissue. 

A simple approximation can be derived for the case of fiber in a constant extra- 
cellular field (grad Vo constant) in the direction of the fiber. Grad V0 is rarely constant, 
but is often a simple approximation of the case. For the DC case (i.e., a pulse duration 
which is more than twice the time constant of the membrane) the maximal depolar- 
ization is grad (V0)2 tanh b/22, where 2 is the length constant, b is the length of 
element, and tanh is the hyperbolic tangent (a function which is about equal to its 
argument for quantities less than 0.5, and then goes to a maximum of 1.0 as the 
argument increases further). This expression is derived in one step from equation 
6 in ref. 52. For b/2;t ~z~ 2 (a long fiber), the depolarization is approximately grad 
(V0)2. For b/22 < 0.5 the depolarization is approximately grad V0 b/2. For pulse 
durations which are less than twice the membrane time constant the depolarization 
is less. The accuracy of the approximation of considering grad V0 constant around a 
monopolar stimulating electrode is discussed by BeMent and Ranck 12. The equation 
can be directly applied to the case of stimulation of the retina with radial transretinal 
currents 3s. 

The stimulation of myelinated fibers with a monopolar electrode is the only 
other case of stimulation which has been examined theoretically in a practical way. 
This case has, however, been worked out in some detail by BeMent and Ranck 12 and 
Bean 9,1°. Abzug et  al. 3 put this theory to practical use. 

The classical analyses of Cole and Baker (e.g.,  refs. 16 and 17) are essential 
background for any theoretical work. Analyses of transverse and longitudinal current 
flow is also usefuP6,17,20,zl, 5~. There is other theoretical work which has not yet led 
to useful results (e.g.,  refs. 36 and 37). 
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The overall pattern of extracellular voltage will be a function of the electrode 
configuration, and also a function of the resistivities of the surrounding tissues. When 
the tissue does not have a homogenous resistivity, as is the case when stimulating 
near cerebrospinal fluid or when near both white and gray matter, the patterns of 
voltage gradients with different electrode configurations can be very complicated, but 
nevertheless solvable. 

To determine what will be stimulated one must know, in addition, the electrical 
properties and geometry of the neural elements in the area. 

What is stimulated from a given electrode(s) will thus depend on (a) the electrical 
properties and anatomy of the neural elements, (b) the distance and orientation of the 
neural elements relative to the electrode(s), (c) the resistivities of the tissue, (d) the 
pattern of current flow which is determined by configuration of electrode(s) and 
resistivities of the tissue and (e) the current passed (its shape, duration, and magni- 
tude). To speak of 'current spread' or to consider only current density in attempting 
to decide what is stimulated is not adequate. Data and theories directly dealing with 
all these aspects would be useful. 

(C) Studies which should be done 

(1) The electrophysiology of finely myelinated and unmyelinated axons in the 
CNS should be studied. At present there is no data at all. Current-distance relations, 
current-duration relations, conduction velocities, accommodation, post-hyperpolari- 
zation excitation, refractory periods and effects of polarity, orientation and inward 
currents could possibly be determined with methods presently available. These data 
would allow us to infer time constants, membrane resistance, and, less accurately, 
length constants. The study of characteristics of electrical stimulation is one way to 
study basic electrophysiological properties. The pyramidal tract in the brain stem 
might be a useful preparation. 

(2) The electrophysiology of cell bodies, dendrites, and attached axons, in 
response to imposed extracellular currents should be extensively studied experi- 
mentally and theoretically. The experiments of Stoney et al. 64 could be repeated. At 
many locations of the stimulating electrode in the vicinity of the cell body one should 
study threshold currents, strength-duration relations, accommodation, post-hyper- 
polarization excitation, refractory periods, effects of different polarities, and blocking 
effects of large currents. Conduction velocities should be accurately determined for 
each cell. The effects of different voltage gradient orientations could be determined 
with the same preparation. These data should generate quantitative theoretical inter- 
pretation, which would in turn generate more experiments. Here again study of extra- 
cellular stimulation is a good way to study electrophysiological characteristics of 
some parts of neurons. 

(3) The electrophysiology of synaptic endings should be studied. Strength- 
duration relations, effects of different polarities, accommodation, post-hyperpolari- 
zation excitation can probably be determined with methods available now. Perhaps 
some current-distance relations could be determined. 



436 

(4) Accommodation and post-hyperpolarization excitation should be studied 
in all kinds of elements with extracellular stimulation. There are large differences in 
accommodation between cell bodies and attached processes and axons of passage 61,7t. 
This should be useful in differential stimulation. 

(5) Refractory periods of CNS neurons for extracellular stimulation should be 
measured. There are different refractory periods of different action potential gener- 
ating sites as determined with intracellular recording. Are there differences between 
cell body and axon? Szabo et al. 66 have measured refractory periods and fiber 
diameter of some central tracts and suggest that there is a systematic relation, as 
there is in peripheral nerve. Behavioral methods for measuring presumed 'refractory 
periods' have been used ~8, although these conclusions have been questioned (e.g. ,  

ref. 65). Measurement of refractory periods may be a useful way to determine what 
is stimulated, but not at our present state of knowledge. 

(6) Theoretical work on voltage gradients in tissue with varying resistivity and 
with different electrode configurations is needed. The problem of stimulation of cell 
body and adjacent processes needs extensive theoretical treatment. The theory behind 
all stimulation should be extended, with a clear eye to practical application. The 
consequences of different electrode configurations and wave shapes of current are 
very practical issues needing theoretical attention. Those doing the theoretical work 
should remember that many workers who stimulate CNS do not have strong physical 
or mathematical backgrounds, yet these workers should be the major audience for 
theoretical work. 

(7) More work should be done on strength-distance relations (with measure- 
ments of conduction velocity), outward current blocking effects, strength-duration 
relations, polarity and orientation effects and pial effects. Many of the conclusions of 
this review are based on a small number of observations which may be an atypical 
sample. Strength-duration relations on peripheral nerve should be repeated using 
modern methods. 

(8) Differential stimulation of cell bodies and their adjacent processes, as 
opposed to stimulation fibers of passage, or pre-synaptic endings or perhaps other 
elements has never been achieved. Differential stimulation of small axons rather than 
large axons in CNS has also not been achieved. To be able to do any differential 
stimulation, or even to know more clearly what was being stimulated would be of 
great value. The data covered in this review suggest that there may be important 
differences in stimulation properties between cell bodies with their adjacent processes 
and axons of passage in strength-distance relations, inward current blocking, strength 
duration relations, orientation and polarity effects, accommodation, and effects of 
configuration of voltage gradient. These differences suggest many possible ways 
which might be useful in differential stimulation. There are differences in stimulation 
properties of large and small diameter axons in current-distance relations, inward 
current blocking, and length constants (and hence effects of electrode separation). 
These possibilities should by systematically tried. We do not know anything about 
stimulation properties of unmyelinated axons or presynaptic endings, but no doubt 
there are differences from other elements which might make differential stimulation 
possible. 
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(D) Some practical suggestions for  electrical stimulation of  mammalian CNS  in 1975 

(1) Use pulses o f  current  f rom m o n o p o l a r  electrodes.  Mos t  of  the in terpre table  

d a t a  is for this mode  o f  s t imula t ion .  Other  e lect rode configurat ions  and o ther  current  

wave shapes will  p r o b a b l y  be useful in the future.  However ,  a t  present  there  is too  

l i t t le  known  a b o u t  them to jus t i fy  their  use in most  cases. Measure  and  repor t  s t imu- 

la t ing current ,  not  voltage.  

(2) Use the cu r ren t -d i s t ance  re la t ion  da ta  which are known  (Fig.  1). 

(3) Use the c u r r e n t - d u r a t i o n  re la t ion  da ta  which are known.  Use 50-/~sec 

pulses i f  one wants  to s t imula te  myel ina ted  fibers. 

(4) Do  c u r r e n t - d u r a t i o n  curves rout inely .  Even a 3-point  curve (say at  1 msec, 

200 #sec,  and  50 #sec) would  be o f  value.  In  many  cases it would  be easy to do.  

(5) At tend  to o ther  known  facts such as inward  current  b locking,  accommo-  

da t ion ,  and  effects o f  po la r i ty  or ien ta t ion  and  pia.  Repo r t  the or ien ta t ion  of  the 

e lectrode t ips when using b ipo la r  electrodes.  R e p o l t  any exposure  o f  the pial  surface 

to air. 
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