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Excitation of Central Nervous System Neurons by Nonuniform
Electric Fields

Cameron C. Mcintyre and Warren M. Giill
Department of Biomedical Engineering, Case Western Reserve University, Cleveland, Ohio 44106-4912 USA

ABSTRACT The goal of this study was to determine which neural elements are excited by microstimulation of the central
nervous system. A cable model of a neuron including an axon, initial segment, axon hillock, soma, and simplified dendritic
tree was used to study excitation with an extracellular point source electrode. The model reproduced a wide range of
experimentally documented extracellular excitation patterns. The site of action potential initiation (API) was a function of the
electrode position, stimulus duration, and stimulus polarity. The axon or initial segment was always the site of API at
threshold. When the electrode was positioned near the cell body, the site of excitation was dependent on the stimulus
amplitude. With the electrode in close proximity to the neuron, short-duration cathodic pulses produced lower thresholds with
the electrode positioned over the axon than over the cell body, and long-duration stimuli produced opposite relative
thresholds. This result was robust to alterations in either the maximum conductances or the intracellular resistivities of the
model. The site of maximum depolarization was not always an accurate predictor of the site of API, and the temporal evolution
of the changes in membrane potential played a strong role in determining the site of excitation.

INTRODUCTION

Electrical stimulation of the central nervous system (CNS)motoneurons (Schwindt and Crill, 1984; Cullheim et al.,
both clinically and experimentally, has led to a wide range1987; Fleshman et al., 1988; Clements and Redman, 1989).
of benefits for individuals with impairments and the explo- The motoneuron was selected from the wide range of cell
ration of a variety of physiological phenomena. However,types in the CNS because of the body of data available to
little is known about the cells or cell elements that areparameterize the model and previous single-cell mapping
activated by electrical stimulation of the CNS (Gustafssorexperiments, to which model results could be compared
and Jankowska, 1976; Norwak and Bullier, 1998a,b). In(Gustafsson and Jankowska, 1976).
microstimulation of the CNS, the stimulating electrode is This study addresses the fundamental issue of how elec-
placed within an electrically and geometrically complextric fields, generated by the passage of current through the
volume conductor containing cell bodies, dendrites, andextracellular space, affect the excitation of geometrically
axons in close proximity. When a stimulus is applied within complex neurons. The solution to this problem depends on
the CNS, cells and fibers over an unknown volume of tissuehe relationship between the orientation of the applied field
are activated (Ranck, 1975). To make accurate inferenceand the geometry of the neuron. Tranchina and Nicholson
about anatomical structures or physiological mechanism§l986) modeled a passive neuron stimulated by a uniform
involved in electrical stimulation, one must know which electric field and demonstrated that the neural geometry is a
elements are stimulated. The goal of the present study wagucial factor in determining the response to applied electric
to determine which neural elements are excited by microfields and that the soma would be the likely site of action
stimulation of the CNS and how the initial site of activation potential initiation. The present study is an extension of that
varies with electrode location, stimulus duration, and stim-work that incorporates an active model in combination with
ulus polarity. a nonuniform electric field (generated by a point source
This study used a computer model as an analytic tool t@lectrode). The results show that excitation at threshold
study the controlled activation of neurons with extracellularalways occurred in the initial segment or the axon, rather
sources. This approach enabled us to examine the influendban the cell body. Furthermore, the site of maximum de-
of various parameters on excitation under controlled condipolarization was not an accurate predictor of the site of
tions that would be extremely difficult to achieve experi- excitation, as suggested previously (Rattay, 1998), and the
mentally. The model structure was based on the docutemporal evolution of the changes in membrane potential
mented physiological characteristics of cat somaticplayed a strong role in determining the site of action poten-
tial initiation. Preliminary portions of this work have been

presented as an abstract (Mcintyre and Grill, 1997).
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axon hillock, a three-compartment soma, and a tapering The model used two types of membrane dynamics (Fig.
dendritic structure (Fig. 1, Table 1). The neuron was repred). The myelin internode and the dendritic sections were
sented by equivalent electrical circuits with elements repmodeled with linear membrane dynamics consisting of the
resenting the membrane, transmembrane ion channels, apdrallel combination of a linear conductance and membrane
the ionic Nernst potentials. The electrical parameters of theapacitance. The nodes of the axon and the sections of the
model are given in Table 2. The cytoplasmic resistivity ofcell body (initial segment, axon hillock, and soma) were
the cell body was set to a value greater than that of the axomodeled with nonlinear membrane dynamics consisting of
to facilitate somatic invasion of antidromic action potentialsthe parallel combination of a nonlinear sodium conduc-
(Traub et al., 1994). tance, a nonlinear potassium conductance, a linear leakage
The geometric profile of the equivalent dendritic cableconductance, and a membrane capacitance (Fig. 1). The
was a uniform cylinder for 06 (where A is the dendritic  nonlinear conductance properties were originally obtained
length constanth = 2800 um) and thereafter was tapered from experimental data from squid giant axons (Hodgkin
to a final termination at 2 from the soma (Clements and and Huxley, 1952), and thus the maximum conductances of
Redman, 1989). From the 3/2 power constraint of Ralleach active section were scaled to approximate the firing
(1977), a stem diameter of 26m with a branching of 2 was properties of cat spinal motoneurons. The maximum con-
used for the cylinder representing the dendritic tree. Theluctances of the fast sodium, fast potassium, and leakage
length of each dendritic compartment was constructed sucbhannels were scaled by factors of 10, 4, 2, and 0.5 for the
that all compartments had an electrotonic length<@f2x  node, initial segment, axon hillock, and soma, respectively
(Segev et al., 1985). (Hines and Moore, 1991).
The model was stimulated with an extracellular point-
source electrode within an infinite homogeneous medium.
The electrode was placed at a positiq..along andYe.

Y 50 ml_ above the neural structure (Fig. 1). The value of the extra-
K Yeloe Xelog) :
X 500 pm elec “elec cellular potential V(n), at each segmentX{n), Y(n)}, was

wherel,,; was the amplitude of the extracellular current
soma pulse andp.,, was the extracellular resistivity (Warman et
al., 1992). With the extracellular potential calculated for
each individual segment of the model, an equivalent set of
intracellular current sources were calculated and then used
to stimulate the neuron. The magnitudes of these equivalent
intracellular currents);«(n), were described at each seg-
ment, n, by

axon hillock
initial segment
i rdendrite

lin(n) = Gi(—)[V(n — 1) = V(n)]
+G(H)V(n+ 1) = V(n)] 2

9 C a9 ag od C; g C .
m m_L "L Na K iL"d d_L whereG;(—) represents the intersegmental conductance be-

E E E E —FE tween then andn — 1 compartments an@;(+) represents
rest LT NE" KT rest} the intersegmental conductance betweenrtrendn + 1
N - compartments of the model (Warman et al., 1992). If
odes (o = 10), .
Initial Segment (o = 4), Gi(—) = G(+), then Equation 2 reduces to
Axon Hillock (o = 2),
and Soma (o = 0.5)

lin(n) = G[V(n = 1) =2V(n) + V(n+ 1)]  (3)

The transmembrane voltage response at each compart-
FIGURE 1 Morphology and membrane models of a cable model of ament of the cable,\/m(n, t), in response to the applied

spinal motoneuron. The model consisted of a myelinated axon with 20 : :
nodes separated by 20 myelin internodes with an internodal spacing o‘?quwalem intracellular currents,,(n), was calculated by

1000 um. The cell body of the model included an initial segment, axon numerical integration of the nonlinear differential equation:
hillock, three-compartment soma, and tapering dendrite. The model was

stimulated by an extracellular point source electrode that could be placeg:m(n)[dvm(na t)/dt] + Gm(Vm, n, t)Vm(n, t) - Gi[Vm(n - 1)

in any position around the neural structure to study the effects of electrode

position on excitation. The myelin internodes and dendrite used passive = 2Vp(N) + Vo(n + D] = li(n)  (4)
membrane dynamics. The node, initial segment, axon hillock, and soma .
compartments used Hodgkin-Huxley membrane dynamics with scajed ( Where the membrane conductaneg,(V.,, n, t), which
maximum conductances. includes all ionic conductances, and the membrane capaci-
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TABLE 1 Model morphology

Neural element Diametem) Length m) NoS Reference

Axon node 7 15 1 Fabricius et al. (1994)

Myelin internode 10 998.5 5 Fabricius et al. (1994)

Initial segment 4 30 1 Cullheim and Kellerth (1978)

Axon hillock 4:20* 15 1 Kellerth et al. (1979)

Somal 20:60* 20 1 Cullheim et al. (1987)
Fleshmen et al. (1988)

Soma2 60 20 1 Cullheim et al. (1987)
Fleshmen et al. (1988)

Soma3 60:25 20 1 Cullheim et al. (1987)
Fleshmen et al. (1988)

Dendrite cylinder 25 1400 5 Cullheim et al. (1987)
Fleshmen et al. (1988)

Dendrite taper 25:0% 4200 15 Clements and Redman (1988)

*Linear increase from initial diameter to final diameter.
#Linear decrease from initial diameter to final diameter.
SNumber of compartments representing the given neural element.

tance,C,(n), are dependent omto indicate that they vary 2 shows examples of these threshold profiles for the four
in the different elements of the neuron. electrode-to-neuron distances with a 0.1-ms stimulus pulse
All model simulations were run using the NEURON duration.

simulation package (Hines, 1993; Hines and Carnevale, With the electrode positioned over the axon, a sinusoidal
1997). The Crank-Nicholson (C-N) implicit integration pattern in the magnitude of the threshold current was found,
method was used with a time step of 0.001 ms. This method;sing both cathodic and anodic stimulus pulses, with min-
which is accurate for small time steps, has a numerical errGina over the nodes and maxima over the middle of the
proportional tOAtZ. The threshold stimulus calculated using mye"n internodes. The relative difference in the peak-to-
a time step of 0.001 ms was within 1% of the thresholdpeak amplitude of the sinusoidal pattern was greater for
Stimulus Calculated Using a t|me Step Of 0.0001 ms, and gma” (50 Mm) Compared to |arge (50Qm) e|ectr0de_to_
step of 0.001 ms was used for subsequent simulationieyron distances. The ratio of the anodic pulse to the
Threshold currents needed to generate a propagating actiedthodic pulse threshold current ranged from 4.02 (elec-

potential with monophasic rectangular pulses were calcUggde over the middle of a myelin internode) to 6.15 (elec-
lated to within 1%, for a range of electrode positions andi;oqe over an axon node).

stimulus pulse durations (0.01-2.0 ms). For both cathodic and anodic stimuli, the threshold cur-

rent increased as the electrode-to-neuron distances in-
RESULTS creased. With cathodic stimului the increase in threshold
current due to the increase in the electrode-to-neuron dis-
tance was larger for electrode positions over the cell body
Profiles of the threshold current were calculated aw®0- than for electrode positions over an axon node (Figy)2
increments along the longitudinal axi§ 6f the neuron with ~ This trend was the opposite for anodic stimuli; the increase
vertical distances of the electrode above the neuyprof(  in threshold current due to the increase in the electrode-to-
50, 100, 250, and 50@m. These profiles were generated neuron distance was smaller for electrode positions over the
with monophasic rectangular anodic and cathodic stimulicell body than for electrode positions over an axon node
over a range of stimulus pulse durations (0.01-2.0 ms). Fig(Fig. 2 B). With the electrode over the area of the cell body

Threshold profile along the neural structure

TABLE 2 Model electrical parameters

Parameter Value Reference

Neuron resting potentiaE(.) —70 mV
Extracellular resistivity fe, 300 Q-cm
Intracellular resistivity

Axon fiber (payon 60 (-cm Barrett and Crill (1974)

Cell body, dendrite d.g) 300 Q-cm Thurbon et al. (1998)
Membrane capacitanc€}) 1 uFlcn? Fleshmen et al. (1988)
Dendrite membrane capacitand@,) 1 uFlc? Fleshmen et al. (1988)
Dendrite membrane conductanag)( 0.0003 S/crh Thurbon et al. (1998)
Myelin membrane capacitanc€,() 0.005 uF/cn? Tasaki (1955)

Myelin membrane conductancg,() 0.000015 S/crh Stephanova and Bostock (1995)
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000 A Cathodic Stimulus Pulse Site of action potential initiation
- Ty
=== Yjec= 50 M | ) The major questions of this study were: what neural ele-
-1600 Y gjoc= 100 um ' ments are excited by extracellular microstimulation and
eee ? how does changing stimulus parameters alter the site of
-8 Y™ 250 ym : . o ) -
-1200 L action potential (AP) initiation for a given electrode position
— Yelec= 500 um

relative to the neural structure? Figs. 3 and 4 show AP

<
= -800 initiation and propagation, using 0.1-ms-duration cathodic
-§ 400 and anodic stimulus pulses at four different electrode posi-
= tions along the longitudinal axis of the neuron at an elec-
% o trode-to-neuron distance of 1Q0m.
< The site of AP initiation was determined from the trans-
3 2000 membrane voltage of the individual neural elements. The
E 1600 scaling of the maximum conductances of the individual
B model elements caused the upstroke of the AP for the cell
T 1200 body components to be slower than that of the nodes.
8 Therefore, the time to peak of the AP was less for a node
8 50 than for the soma. To compare the site of AP initiation and
= not be biased toward the node, the element that reached a
400 membrane potential of 30 mV relative to the rest potential
first, after the initial stimulus artifact, was deemed the
0 element where the AP was initiated. The valuet&0 mV
relative to rest potential was chosen because it was slightly
500 ym larger than the threshold transmembrane potential.
Electrode Position Relative to the Neural Structure For a cathodic stimulus applied away from the cell body,

the node closest to the electrode was always the site of AP
FIGURE 2 Threshold profiles for electrode-to-neuron distances of 50,
100, 250, 50Qwm and a stimulus pulse duration of 0.1 ms. The plots show

the threshold profiles for cathodicd and anodic B) stimulation. The Cathodic Stimulus Pulse
electrode was positioned radially from the central axis of the neuron, and 1 2 3 4
the threshold needed to generate a propagating action potential was calcu- I\ 50 mv
lated (=1%) at 50um intervals along the longitudinal axis of the neural \

structure. @r'/\w J 1 msec

there was a shift in the local minimum for cathodic stimuli
from over the initial segment, for small electrode-to-neuron

distances, to the first myelin internode 2@@n from the o
initial segment for large electrode-to-neuron distances. In -«

the case of anodic stimuli, this shift moved in the opposite

direction; at small electrode-to-neuron distances the local J
£
3
o
e

.
e

1 1 1 _1

minimum was over the cell body, and at larger electrode-
to-neuron distances the minimum was over the dendrite,
350 um from the cell body. The ratio of the anodic pulse to

the cathodic pulse threshold current ranged from 0.92 to

S)

D

0.38 (decreasing with increasing electrode-to-neuron dis- - " _f\\k_l

tance) with the electrode over the cell body. -< H ‘]
For both anodic and cathodic stimuli, as the electrode Z& o J

moved over the dendrite, the threshold rose as the lateral T T

distance from the cell body increased. Action potentials . o _

could not be initiated in the dendrite, and therefore theF_IGURE 3 Action pot_ent|a| initiation (API) and propagatlon for four

tive compartments of the cell had to be stimulated. Th different electrode locations (electrode-to-neuron distance ofulpand

aC, P ] ) ) %athodic stimulus pulses with durations of 0.1 ms. Each column corre-

ratio of the anodic pulse to the cathodic PUlse' thr65h0|¢ponds to the electrode position (1, 2, 3, or 4), and each row shows the

current ranged from 0.36 to 0.04 (decreasing with increastransmembrane voltage as a function of time at the segment of the neuron

ing distance from the cell body) with the electrode over theshown to the left. The solid traces are responses to threshold current, and
- - ; o .

cell body. The fluctuations in threshold at small eIectrode-Fhe dashed lines are responses to 110% of threshold current. The site of API

t dist indicat itchi in th | ¢ ts noted by the circled i, with the solid circle indicating the site of API at
0-neuron distances indicate switching in the eiement o hreshold and the dashed circle indicating the site of API at the 110%

action potential initation from the axon, to the initial Seg- threshold. For electrode position 4 the site of API did not change from the
ment, to the axon hillock (see below, Fig. 5). initial segment at 110% of threshold current.
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Anodic Stimulus Pulse 110% of threshold at the same electrode position, the site of

1 2 3 4 AP initiation switched from the first node of the axon to the
\ ) initial segment (Fig. 3, position 3lashed traces With the
| 50mVL[ extracellular current equal to 110% of threshold, the depo-
_ JI\ 1 msec ) larization of the initial segment became suprathreshold be-
© | fore the first node of the axon recovered from hyperpolar-
o ® )A\\ ization. If the electrode was placed over the dendrite (Fig. 3,

position 4), all of the excitable sections of the model were
hyperpolarized during the stimulus. The initial segment
became the site of AP initiation because of a release of
inactivation of the sodium channels and the depolarizing
influence from the dendrites. Thus, for electrodes not posi-

u
%
ST

_I;Ei Mk ) ;[\1\ tioned over the axon, the temporal evolution of the trans-
E 3 (i)b<§ @ A membrane potential, rather than the point of maximum
2 j\/LM J&L_ deppl'a'rlz'atlon during the stimulus, determined the site of
0 EfN AP initiation. o .
—-o _';‘AA _[le For an anodic stimulus delivered over the axon far from
- 7& T‘— the cell body, the two nodes adjacent to the node under the
" f—= electrode were the sites of simultaneous AP initiation (Fig.

4, positions 1 and 2). As with cathodic stimulation, anti-
dromic APs invaded the initial segment and soma and
FIGURE 4 Action potential initiation (API) and propagation for four resulted in nonPrOpagatmg orthodromic regponses. ,V,VIth the
different electrode locations (electrode-to-neuron distance oftopand  €lectrode positioned over the cell body (Fig. 4, position 3),
anodic stimulus pulses with durations of 0.1 ms. Each column correspondthe AP was initiated in the second node distal to the soma.
to the electrode position (1, 2, 3, or 4), and each row shows the transmentFhe first node was depolarized, but not sufficiently to ini-
e ot e e et e S31e & AP becalis of the strong hyperpolarization of the
lines are responses to 110% ofF:hreshoId current. The site ’of APl is notegqjacent cell body. The second node W,as depolarized by the
by the circled i, with the solid circle indicating the site of API at threshold Stimulus (to a lesser degree than the first node, but both of
and the dashed circle indicating the site of API at the 110% threshold. the compartments adjacent to the second node were also
depolarized), and the AP was initiated here after cessation
of the stimulus. When the stimulus amplitude was increased
initiation (Fig. 3, electrode positions 1 and 2). The anti-to 110% of threshold, the site of AP initiation switched from
dromic APs generated from electrode positions 1 or 2 inthe second node to the first node distal to the soma. The
vaded the initial segment and soma. Once the initial segdepolarizing current from the stimulus pulse was sufficient
ment and soma reached threshold and fired APs, theto generate an AP in the first node, even with the hyperpo-
individually produced nonpropagating orthodromic re-larizing contribution of the cell body. When the electrode
sponses, resulting in the second and third phases of deparas positioned over the dendrite (Fig. 4, position 4), the site
larization in the nodal transmembrane potential near the cetf AP initiation at threshold was the first node. When the
body (Fig. 3). If the electrode was positioned over the cellstimulus amplitude was increased to 110% of threshold, the
body (Fig. 3, position 3), the first node of the axon distal tosite of AP initiation switched from the first node to the
the soma was the site of AP initiation at threshold. Theinitial segment. These results demonstrate that the site of AP
depolarization of the cell body was not large enough toinitiation was dependent on the position of the electrode and
generate an action potential, but contributed to the repolartthe polarity and amplitude of the stimulus. Furthermore, the
ization of the first node after the period of hyperpolarizationlocation of the maximum depolarization was not always the
during the stimulus. The response of the axon node was ngaite of AP initiation, and in no case was the AP initiated in
the result of anode break excitation. Intracellular stimula-the soma with stimulus current amplitudes near threshold.
tion at the first node of the axon with hyperpolarizing pulse To examine the effects of the electrode-to-neuron dis-
durations less than 0.2 ms were unable to excite the neurotance on the site of action potential initiation, current-
At longer pulse widths, intracellular stimulation at a single distance relationships (CDRs) were generated with the elec-
compartment could generate anode break excitation, but thteode placed over a node of Ranvier far from the cell body
magnitude of the hyperpolarization needed to generate aand with the electrode placed over the cell body, using
action potential was much greater than the initial hyperpo<athodic stimuli of various durations. Fig. /% shows the
larization an element experienced by threshold extracellula€DRs with a 0.1-ms stimulus pulse duration, and Fid 5
stimulation. The hyperpolarization released the inactivatiorshows the CDRs with a 1.0-ms stimulus pulse duration. For
of the sodium channels, and the depolarizing influence ofll electrode-to-neuron distances and both the 0.1- and
the cell body acted to repolarize the first node past threshold.0-ms stimulus durations, the site of AP initiation with the
to initiate an AP. If the stimulus amplitude was increased toelectrode positioned over the axon was always in the node

|
|
-
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—e—Electrode 1 (Axon Node)

FIGURE 5 Current-distance rela- #—Electrode 2 (Cell Body)
tionships with the electrode posi- 1200 A Stimulus Pulse Duration = 0.1 msec B Stimulus Pulse Duration = 1.0 msec
tioned over the node (electrode posi- __ Site of Action Potential "
tion 1) and soma (electrode position <X | |itation for Electrode 2 407
2) for stimulus pulse durations of 0.1 “; — — — 1st node 200
ms (A) and 1.0 ms B). The site of = 500 2nd node 20
action potential initiation for elec- E 3rd node
trode positions over the soma is given <"n= 0
by the different line types. 5 100 50 100 150 200

2 400

N

9 /

£

=

0 + 0
0 100 200 300 400 500 O 100 200 300 400 500

Electrode-to-Neuron Distance (um)

closest to the electrode. With a stimulus pulse duration ofo excite the neuron with the electrode positioned over the
0.1 ms, the site of AP initiation with the electrode over thecell body than with the electrode positioned over the axon
cell body was the first node distal to the soma for small(Fig. 5 B).

electrode-to-neuron distances (50-1&f), then switched

to the second node distal to the soma for a range of 150-300

um, and finally switched to the third node distal to the som
for the remainder of the distances examined (300 —45®)
(Fig. 5A). With a stimulus pulse duration of 1.0 ms (Fig. 5

B), the site of AP initiation was the second node distal to theTo study the stimulation of different neural elements, exci-
soma for small electrode-to-neuron distances (50450,  tation of two different neurons in different positions equi-
and then switched to the third node distal to the soma for thelistant from the electrode was compared. The electrode was
remainder of the distances examined (150-p®0). For  positioned over the cell body of one neuron (cell 1) and over
small electrode-to-element distances (50—L&t) and long  an axon node of the other neuron (cell 2). Fig. 6 shows the
stimulus pulse durations (1.0 ms), less current was requiredormalized difference between the threshold for activation

aComparison of the activation of one cell over
another with the same electrode

Cathodic Stimulus Pulse Anodic Stimulus Pulse
. = —F—=—— = = =1
T Excitation of Cell 1 "”"::
FIGURE 6 The normalized threshold xotiation of - /o//‘-f‘:l

o

difference between two neurons (cell 1
and cell 2) as a function of stimulus du-
ration for electrode-to-neuron distances
of 50, 100, 250, and 50Qm. The elec-
trode, equidistant from both neurons, was
positioned over the cell body of one neu-
ron (cell 1) and over an axon node of the
other neuron (cell 2). When the value of
the normalized threshold difference was seserer =

positive, cell 1 was stimulated with less - Excitation of Cell 2
current, whereas if the normalized thresh- -4 I L 1 I
old difference was negative, cell 2 was 0.01 0.1 1 0.01 0.1 1
stimulated with less current. Normalized Stimulus Pulse Duration (log msec)

threshold difference values of 0 mark

stimulus parameters and electrode posi- %WW
tions where the thresholds of cell 1 and Cell 1

cell 2 were equal. ﬂ

[
N
I et

Electrode-to-Neuron Distance
T ——50 um

— & —100 um
—A—250 pm

i —> =500 um

'
N

Normalized Threshold Difference

[ith(cell 2)-Ith(cell 1)}/[ith(cell 2)]

Cell 2
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of cell 2 and the threshold for activation of cell 1 as a Electrode-to-Neuron Distance —— 50 #M ===250 ym
function of the stimulus pulse duration for cathodic and — ~100 ym=~500 pm
anodic stimulus pulses. With a cathodic stimulus and the _ | Pefat medel | Revised model —
electrode in close proximity to the neurons, either cell could & ——=— e

be stimulated with less current than the other by varying the 5 2 e
duration of the stimulus. Less current was required to excite & ——___~~
cell 2 (axon) with short stimulus durations<Q.5 ms), s 4 Node (o = 10) Node o 10)
. i = Initial Seg (o = 4) initiaBeg (a = 0.5)
whereas cell 1 had lower thresholds with larger duration = Axon Hilock (x = 2) /yﬁ Hillock (@ = 0.5)
. . . . oma = L. =
stimuli. With the electrode at greater distances from the = 99, omg (@ = 08)
neurons (electrode-to-element distances of 250 and 5008 | Node™2 _ Noder.s | A AN
wm), less current was required to excite cell 2 than cell 1 :.:_,’ —— 1 \///
over the entire range of stimulus pulse durations. In the casex. 2 P e N -
of an anodic stimulus pulse, cell 1 was excited with less N L e
. . ° Node (o = 20) Node (o = 5)
current.than cell 2 at gll electrode-to neuron distances over 8 4 iital Seg (a = 4) Il Seq G = 4)
the entire range of stimulus pulse durations. These resultse Axon Hillock (a = 2) Axon Hillock (a = 2)
= Sop’\a (o = 0‘5). Soma (a = 0.5)

demonstrate that which neural elements were excited wag—-6

dependent on the duration and polarity of the stimulus. § o | Intsea'2 e [INfSe0705 I
g , 7 e
ey = “ (]
S_ensmwty of the “cell 2/cell 1 threshold o 4 Node ( = 10) — € (o = 10)
difference” to model parameters S Initial Seg (o = 8) Initial Seg (o = 2)
£ /S\xon I—(hllock 0(§)= 2) Axon Hillock {a = 2)
e . . . oma (o = 0. S = Q.
A sensitivity analysis was conducted to examine the robust- g -6 : . S
ness of the threshold difference between different neurall.s gl Soma'2 == | Soma'0.5 —
elements to changes in model parameters. Two primary . - // %
parameters of the model, the scaling factors used for the§ -2 // — S
maximum conductances and the cytoplasmic resistivities of § — e = .~
the individual segments of the model, were varied, and the E - Node (o = 10) Node (a = 10)
. . X o Initial Seg {a = 4) Initial Seg (a = 4)
normalized cathodic threshold difference between neurons 1z g\xon Hiuock1(a = 2) Axon Hillock (a = 2)
and 2 was determined. The maximum conductances in each -6~ g'";a @1 = oo Sg’“: fo = 0'251?

segment were originally set to reproduce the firing behavior
of mammalian motoneurons (Hines and Moore, 1991). The
CytOpIasmIC resistivities of the a.xon’ cell bOdy’ and dendrlteFIGURE 7 Sensitivity of the normalized threshold differences to
were selected based on experimental values and to enat{lﬁanges in the maximum conductanags.(). Theg,,,, of the node, initial
antidromic invasion of the action potential into the soma. segment (intseg), and soma were all doubled and halved individually. A
A sensitivity analysis was conducted to determine theevised model was also examined with eqgal, for each of the cell body
effect of doubling or halving the maximum conductancescomponents.
(gmay Of the individual sections of the model (Fig. 7).
Doubling the g,,.« Of the node resulted in only small
changes in the normalized threshold difference toward exthe soma (Colbert and Johnson, 1996), a revised model with
citation of cell 2 (axon). The normalized threshold differ- equal density of sodium channels in each of the cell body
ence was more sensitive to decreases inghg, of the  elements and a sodium channel density of the axon node 20
node; halving it caused a shift at all electrode-to-neurortimes that of the cell body (Hille, 1992; Mainen et al., 1995)
distances toward excitation of cell 1 (cell body) and inver-was generated. The normalized threshold difference be-
sion of the normalized threshold difference at short stimulugween cell 1 (cell body) and cell 2 (axon) for this model was
pulse durations. Halving thg,,.« Of the node also resulted very similar to that of the default model, but showed a shift
in an inability to generate propagating action potentials intoward excitation of cell 2 at large electrode-to-neuron
cell 2 (axon) with long stimulus pulse durations due todistances and short stimulus pulse durations. These results
anodal surround block (demarcated region in Fig. 7). In-demonstrate that the conclusions about which neural ele-
creasing tha,,,,, of the initial segment caused a shift in the ments are excited by microstimulation (Fig. 6) were robust
normalized threshold difference toward excitation of cell 1,to relatively large changes in the conductance properties of
whereas decreasing tlg ., of the initial segment had little the model neurons.
effect. Increasing thg,,,, of the soma caused a shift in the A sensitivity analysis was also conducted to determine
normalized threshold difference toward excitation of cell 1,the effect of the cytoplasmic resistivities on the threshold
whereas decreasing tlag,,, of the soma had little effect.  difference between the two neighboring neurons. The cyto-
In the light of recent findings indicating that the density plasmic resistivities of the axon segments and the cell body
of sodium channels in the initial segment is similar to that insegments were individually doubled and halved, and models

Stimulus Pulse Duration (log msec)
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with all intracellular resistivities equal to 100 and 3Q6cm  larger electrode-to-neuron distances (250—-/61), but had
were examined (Fig. 8). The value of cytoplasmic resistivi-little effect at smaller electrode-to-neuron distances (50—
ties in mammalian neurons is uncertain (Rall et al., 1992)100 um). Decreasing the intracellular resistivity of the cell
and experimentally measured values of the cytoplasmigody resulted in a slight shift toward excitation of cell 1 at
resistivity vary from 50 to 40Q-cm (Barrett and Crill, gl electrode-to-neuron distances. With resistivity values
1974, Thurbon et al., 1998) Alterations in the intraCE”Ularequa| for all elements of the mode|' decreasing the intracel-
resistivities generated, in some cases, models that failed {@ar resistivity led to a decrease in the absolute differences
exhibit antidromic invasion of the soma (Fig. 8). Increasingpenween excitation of cell 2 over cell 1: however, there was
the axoplasmic resistivity caused very little change in théy, antidromic action potential invasion of the cell body.
normalized threshold difference, whereas decreasing thepese results demonstrate that the conclusions regarding

axoplasmic resistivity resulted in a shift, at all electrode-to- i neyral elements are excited by micostimulation (Fig.
neuron distances, toward excitation of cell 1 (cell body) and6) were robust to changes in the intracellular resistivity
inversion of the normalized threshold difference curves al - iues used in the model

short stimulus durations. Increasing the intracellular resis-

tivity of the cell body components caused a decrease in the

threshold difference between cell 2 (axon) and cell 1 at
DISCUSSION

The goal of this study was to determine which neural

antidromic__invasion _of _soma

=y

) elements are excited by microstimulation of the CNS. The
Default model - Electrode-to-Neuron Distance - :
0 p— — 50 ym results demonstrate that near threshold the site of action
x -1_,/ A= -12%% ﬂﬂn potential initiation was always in the axon or the initial
= 2 / == =500 pm segment and did not occur in the soma. Furthermore, the site
3 _// R, (axon) = 60 Q-cm of excitation was a function of the electrode position, stim-
£ R; (cell body) = 300 -cm ulus duration, and stimulus polarity. When the electrode
E= 4 p y
= R; (dendrite) = 300 Q-cm was over the cell body, the site of action potential initiation
¥ {NO_antidromic_invasion of soma _antidromic _invasion _of _soma could change with the amplitude of the stimulus current, and
Y Ml Axon®0.5 — when the amplitude was much greater than threshold, initi-
£ . — -~ \// ation could occur in the cell body. When the excitation of
;,L 2 // N~ e ™ two cells equidistant from the electrode was compared (one
—_ cell having the electrode over its cell body and the other
© ® /si/(axon)ﬂzo erem Ry exon) = 30 -em having the electrode over a node of Ranvier), the cell that
L - R, (CB) = 300 Qem R, (CB) = 300 Q-cm 9 . . 7 .
£ . R (dend) = 300 om R (dend) = 300 Q-om was excited dependgd on thPT stimulus duratlon. This result
‘;‘ 1 _anlidromic _invasion _of soma  NO_anfidromic_imvasion. of _soma was robust to alterations in either the maximum membrane
Q [ cell Body2 _— | cell Body0.5 conductances or the intracellular resistivities of the model.
g ° h I el h d the |
- — The neural element that experienced the largest amount
S
ﬁ 2."’ — _ - of depolarization due to the stimulus was not always the site
= / of action potential initiation. With the electrode in the
oS -3 R. (axon) = 60 Q-cm et R. (axon) = 60 O-cm . : H
- P i region of the cell body, the cell body or dendrites experi-
.g 4 R, (CB) = 600 Q-em R, (CB) = 150 Q-om 9 y - . .
G R, (dend) = 600 fvom R, (dend) = 150 22am enced_th_e (greatest amount of depolar|za_t|9r_1, but action
£ NO_antidromic invesion of soma NG anfidromic_invasion _of _sora potential initiation occurred in thfe axon or initial segment
= (for both anodic and cathodic stimuli). The temporal evo-
k. // — lution of the transmembrane potential played a strong role in
w - / _’ / . . . . . . oy .
% ; / yd determining the site of action potential initiation. These
g 7 results (Figs. 2—4) indicate that the conclusion by Rattay
= 3 R. (axon) = 100 Q-cm axon) = 300 Q-cm i i i i i
o - i i (1998) that the activating function can predict the site of
4 R; (CB) =100 Q-cm R. (CB) = 300 Q-cm . e e s . .
-4 R (dondy= 100 0cm| P R (dond) = 300 & action potential initiation in CNS neurons may need revi-
. = - . = -cm . . . .
Y oK ™ 057 o 7 sion. The influence of the electric field on the neuron, as

Stimulus Pulse Duration (log msec) predicted by the “activating function,” was not always an
accurate indicator of the site of action potential initiation.
FIGURE 8 Sensitivity of the normalized threshold difference to changesEXCitation was also dependent on the stimulus duration
in the intracellular resistivity values for the axon and cell body. Both the (Warman et al., 1992), and the response of the neuron was
axoplasmic and cytoplasmic resistivities were doubled or halved i“diVid‘stroneg dependent on the temporal evolution of the trans-

ually. qu other model variants with equal mtracelluar re's.lstlvny values in membrane potential during and after the stimulus pulse.
each section of the model were also examined. The ability of each model

variant to produce antidromic invasion of the soma is indicated above thé:urthe.rmorev these data SuggeSt t.haF the use of a passive
respective plot. model is not adequate to predict excitation of central neurons.
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Model limitations neural elements had a large effect on the stimulus required
0 generate a propagating action potential. The sinusoidal
hape of the threshold profile over the myelinated axon has
een documented in experimental studies (BeMent and
S . L Ranck, 1969a; Roberts and Smith, 1973). The mean of the
The m_odel used in this study had four primary “m'tat'on.s'ratio between anodal and cathodal threshold currents for
First, it used scaled Hodgkin-Huxley membrane dyn""m'cscentral fibers measured by BeMent and Ranck (1969a) was

to represent the nonlinear conductance properties of a C9}.57, which corresponds well to the model ratio of 5.25. The

§pmgl moftor?euron. 'lrhese SC?.Ied dynarrlcs Were an l;"‘pprhoﬁireshold profile near the cell body showed that for cathodic
Imation of the actual mammalian neural properties, but t timuli, electrode positions over the initial segment had the

model was able to reproduce a wide range of ex.penmentq west thresholds, and thereafter the threshold increased
fmdmgs on motoneurons (see quel Reproducuon of EX'With increasing longitudinal distance from the soma. This
perimental Data), and the sensitivity analy3|§ shqwed th%ame pattern has been found in single-cell mapping studies
results of the model to be robust to alterations in thes%f extracellular stimulation of spinal motoneurons (Gustafs-

paramet(;rs.h del d a simplified son and Jankowska, 1976).
Second, the model used a simplified geometry to repre- The model predictions of cathodic action potential initi-

sent the morphoI(_)gy of the dendritic tree...The m_odel of theation and propagation from extracellular stimuli (Figs. 3 and
dendrite was equivalent to the full dendritic tree in terms of

) i . 5) also compare favorably with experimental data. The
intracellular stimulation (Clements and Redman, 1989), bu%Orediction of action potential initiation in axon nodes closest

the membrane response genera;ed by. extracellular stimul the soma with the electrode over the cell body matches
tion is dependent orr: tfgje trér_ee—d!mehn3|onaé sltructure of t.hgvell with recent experimental studies in which extracellular
nezrohn. Hfoweverl, t Ie eg ”te? In t 'Is model were pass.'vlgtimulation initiated action potentials in the axons but not
anc t. erefore only piayed a minor role in action pOtentIathe cell bodies of rat cortical neurons (Norwak and Bullier,
initiation in the active sections of the cell body and axon. 1998a,b). This result can be explained by the effects of the
Third, fthﬁ mod”elbdléj nothl'nzlude the thr(?e'd'mgr;fs'on""lextracellular field on the activation and inactivation gates of
extent of the cell body, which may experience differenty, . oo qjym channel. A stimulus pulse applied over the cell

extracellular potentials at different locations. For example,oooIy caused the cell body to be depolarized and the nodes
with the electrode positioned directly over the soma (diam—near the cell body to be hyperpolarized (Fig. 3). This re-

eter of 60um) at a distance of 5gum (to the center), the sulted in a removal of sodium inactivation at the nodes.

Eotentlal dlffzesrgnc\e/ ffrom ;he rt]o?d Of. thei strup;urcz to t.heUpon termination of the stimulus, the slow time constant of
ottom was mV for a threshold stimulus with a uratloninactivation prevented recovery of inactivation, the node

of %‘ll ms. To exargme_ ';]he e;ff([a)cts of a d'St”.bUtEdf ?ﬁ ma, | ecame hyperexcitable, and an action potential was initiated
model was created with a 3-D representation of the cell o 5501 node rather than the cell body.

body consisting of six instead of three compartments (main- Nonpropagating orthodromic responses were produced

taining the soma membrane surface area constant). .T%hen an antidromic action potential reached the cell body
re.s.ults of the 3-D mogiel corresponded cl_osely to the SIm(Figs. 3 and 4). This behavior has also been documented
plified 2-D model, with only a 5-10% increase in the experimentally, but the latencies of the initial segment (0.68

relative threshold value for electrodes positioned over th‘?ns) and soma (1.33 ms) responses were slightly longer in
soma. All of the conclusions from the 2-D model remamedthe model than in experimental results (initial segment

consistent with those of the 3-D model. These results sugy 15 5 ms: somatodendritic 0.2—1.0 ms) (Gogan et al.

gelst.thgt the Q|§trlbt:1ted _natufre O.f the soma Ip_lay; a MY 983. Gustafsson and Jankowska, 1976). The latencies of
role In determining the site of action potential Iniiation. o jntiq) segment and soma responses could be matched to

. Fmal]y, thg ﬁxtracellular me_c#?m used 'rlll tlh's stug_y WaSihe experimental measurements by decreasing the inter-
Isotropic and homogeneous. The extracellular medium o odal distance of the first four internodes to 50fn, a

the CNS is anisotropic and mhomggepeous, and th|§ CaEhange consistent with recent anatomical data (Fabricius et
have an effect on extracellular excitation patterns. lefer-al 1994)
ences in orientation between neurons in anisotropic media T .

dinh ities in th lul ductivity lead he CDR of the neuron was strongly dependent on the
and in omoggneltles n the ext.rac'e war con uctivi Y €a0g|ectrode position relative to the neuron. The slope of the
to alterations in the site of excitation (Grill, 1996). Given

L . : CDR was much steeper for the electrode positioned over the
these limitations of the model, it was still able to reproduce

. i cell body than for the electrode positioned over the axon
experimentally documented characteristics of extraceIIuIaEFig_ 5). Furthermore, the model results demonstrate that the
stimulation of central neurons. !

site of action potential initiation changed as the electrode-
to-neuron distance increased, and this contributed to the
nonlinear shape of the CDR. Experimental data have shown
that axons and cell bodies have CDRs with characteristics
The threshold profiles shown in Fig. 2 demonstrate that thesimilar to those exhibited by the model (Ranck, 1975). Both

position of the electrode with respect to the individual experimental data and the model results show that with the

This study of extracellular excitation of CNS neurons use
a compartmental cable model with membrane dynamics ang
morphology representative of mammalian motoneurons

Model reproduction of experimental data
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electrode positioned over the cell body, nonlinear CDRs are 10000
generated with slopes that are greater than when the elec-
trode was positioned over the axon (Gustafsson and
Jankowska, 1976). There are contrasting views on whether
the CDRs of myelinated axons are linear or nonlinear over
the range of electrode-to-neuron distances examined in this
study. The model showed the CDR for the axon to be linear,
which is consistent with experimental data from spinocere-
bellar tract fibers (Roberts and Smith, 1973). Other exper-
imental studies have reported nonlinear relationships even
for small (<200 wum) electrode-to-neuron distances
(Jankowska and Roberts, 1972), whereas theoretical studies (; o1 o1 1 "
predict that the CDRs are linear at short distances and "~ stimulus Pulse Duration (msec)
become nonlinear as the distance increase600 wm)
(BeMent and Ranck, 1969b; Bean, 1974; Bean and KingriGURE 9 Strength-duration relationships for the electrode over an
1976). axon node far from the cell body and for the electrode over the soma at
The model developed in this study was capable of reprothree different electrode-to-neuron distances.
ducing a wide variety of experimental excitation patterns,
but the extracellular currents needed for excitation were
approximately an order of magnitude larger than thoseover the cell body was nearly twice that with the electrode
measured experimentally. In the microstimulation experi-over the node at small electrode-to-neuron distances (50
ments reviewed by Ranck (1975), the levels of stimulationum), and this ratio increased to more than 3 at larger
needed for excitation of both axons and cell bodies forelectrode-to-neuron distances (5at). This difference in
electrode-to-neuron distances of 50-5ath was in the the S-D relationships is supported by experimental results
range of 0.5—20@.A for stimulus pulse durations of 2Q@s.  indicating that myelinated fibers have Tch values of 50-200
The model produced a range of 20—608 for the same us and cell bodies have Tch values of 200-7@0(Ranck,
stimulus pulse duration. The primary factor that contributed1975; Norwak and Bullier, 1998a). At short stimulus pulse
to this discrepancy was the difference in temperature bedurations the axon was excited with less current, but for
tween the model and experimental results. The temperatuteng stimulus pulse durations the S-D curves of the node
of the simulations run in the model was set to 20°C rathe@and cell body crossed, because of the difference in the
than 37°C, the approximate temperature in the microstimuehronaxies; the cell body, in turn, had a lower threshold
lation experiments. Temperature affects the conductancgig. 9). Therefore, the pattern of activation was dependent
properties of the neuron, making it less excitable at loweron the selection of stimulus pulse duration.
temperatures (Schwarz and Eikhof, 1987). Another factor
that may have pontrlbuteq to the dlfferepge in the threShOI%ONCLUSION
currents was differences in the conductivity of the extracel-
lular medium in the model and experiments (Grill, 1996). The model of excitation of CNS neurons by extracellular
sources used in this study was able to reproduce a wide
range of experimental data, including the threshold profiles,
current-distance, and strength-duration relationship data.
Therefore, the model could be used to make inferences
The work of Gustafsson and Jankowska (1976) showed thatbout the site of action potential initiation with a given
the threshold for direct activation of nerve cells (cell bodies/electrode position and stimulus parameters, and the activa-
initial segments) was similar to that for activation of nervetion of one neuron relative to another. It was found that the
fibers. Furthermore, the consensus from the microstimulasite of action potential initiation with the electrode in the
tion experiments is that for cathodic stimuli cell bodies canarea of the cell body occurred in the axon or initial segment
be stimulated at lower current amplitudes than axons witfor a threshold stimulus. With cathodic stimuli at small
long stimulus pulses, but under most conditions the axorelectrode-to-neuron distances, the site of action potential
will be much more excitable (Ranck, 1975). The resultsinitiation was dependent on the stimulus duration and the
from this study support both of these conclusions (Figs. 2lectrode-to-neuron distance. Short pulse durations pro-
and 6). The transitions from the activation of cell 2 (axon)duced lower thresholds for electrode positions over the
to the activation of cell 1 (cell body) found in Fig. 6 can be axon, whereas longer pulse durations produced lower
explained by the differences in the strength-duration propthresholds for electrodes positioned over the cell body. The
erties of the axon and the cell body. The point where one osite of excitation was also dependent on the polarity of the
the lines in Fig. 6 crosses 0 corresponds to a point where th&timulus, with cathodic stimuli resulting in lower thresholds
strength-duration (S-D) relationships of the cell body andfor electrode positions over the axon and anodic stimuli
node cross (Fig. 9). The chronaxie (Tch) with the electroderesulting in lower thresholds for electrode positions over the

Electrode-
Electrode  to-Neuron
P Over Distance

W Soma —e- - 250 um

Node —& - 250 pm
Soma ~-e— 100 um
S [N

k

Node —#— 100 um
Soma —o— 50 um
o Node —&— 50 um

Threshold Stimulus (pA)
3 8

Differential activation of nerve cells
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cell body and dendrites. Furthermore, the site of maximuntodgkin, A. L., and A. F. Huxley. 1952. A quantitative description of
depolarization was not always the site of action potential membrane current and its application to conduction and excitation of

initiation, and the temporal evolution of the membrane nerve.. Physiol. (Lond.)117:500-544.
’ P Jankowska, E., and W. J. Roberts. 1972. An electrophysiological demon-

potential played a strong role in determining the site of  gyation of the axonal projections of single spinal interneurons in the cat.
action potential initiation. J. Physiol. (Lond.)222:597-622.
Kellerth, J., C. Berthold, and S. Conradi. 1979. Electron microscopic
studies of serially sectioned cat spiramotoneurons. lll. Motoneurons
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