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Model Analysis of Post-Stimulation Block of a
Myelinated Axon by Direct Current

Jianan Jian
and Changfeng Tai

Abstraci—Objective: To determine the role of ion con-
centrations and ion pump activity in conduction block of
myelinated axon induced by a long-duration direct current
(DC). Methods: A new axonal conduction model for myeli-
nated axons based on the classical Frankenhaeuser-Huxley
(FH) equations is developed that includes ion pump activity
and allows the intracellular and extracellular Na*™ and K+
concentrations to change with axonal activity. Results: Ac-
tion potential generation, propagation, and acute DC block
occurring within a short period (milliseconds) that do not
significantly change the ion concentrations or trigger ion
pump activity are successfully simulated by the new model
in a similar way as the classical FH model. Different from
the classical model, the new model also successfully sim-
ulates the post-stimulation block phenomenon, i.e., the ax-
onal conduction block occurring after terminating a long-
duration (30 seconds) DC stimulation as observed recently
in animal studies. The model reveals a significant K+ accu-
mulation outside the axonal node as the possible mecha-
nism underlying the post-DC block that is slowly reversed
by ion pump activity during the post-stimulation period.
Conclusion: Changes in ion concentrations and ion pump
activity play an important role in post-stimulation block in-
duced by long-duration DC stimulation. Significance: Long-
duration stimulation is used clinically for many nheuromodu-
lation therapies, but the effects on axonal conduction/block
are poorly understood. This new model will be useful for
better understanding of the mechanisms underlying long-
duration stimulation that changes ion concentrations and
triggers ion pump activity.

Index Terms—Axon, block, conduction, model, simula-
tion.

[. INTRODUCTION

EUROMODULATION devices have been widely used
N in clinical applications for pain management and neuro-
logical disease treatment [1], [2], [3]. While the basic mecha-
nism for action potential initiation and conduction is known,
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many other phenomena associated with the axonal response
to neuromodulation are still not fully understood, such as
post-stimulation block caused by a long-duration DC electrical
stimulation [4], [5]. While classical axonal conduction models
based on Hodgkin-Huxley (HH) model of unmyelinated axon
or Frankenhaeuser-Huxley (FH) model of myelinated axon [6],
[71, [8], [9] can successfully simulate the rise and fall of a single
action potential, the change in intracellular and extracellular
ion concentrations and the ion pump activity that may deter-
mine the post-stimulation effects induced by a long-duration
stimulation are ignored in these classical models. Therefore, a
previous study [10] using the classical FH model has failed to
simulate the post-stimulation block induced by a long-duration
electrical stimulation. Recently, a new axonal conduction model
of unmyelinated axon that includes the changes in ion concen-
trations and ion pump activity has successfully simulated the
post-stimulation block [11], [12]. However, a comparable model
for myelinated axons is still needed since the post-stimulation
block phenomenon has been observed in both unmyelinated
and myelinated axons [4], [5], [13], [14]. Model analysis of the
post-stimulation effect induced by a long-duration stimulation
is important for understanding the possible mechanisms under-
lying neuromodulation therapies and developing new therapies
to treat many neurological disorders [1], [2], [3].

In this study, we developed a mathematical model of nerve
conduction for myelinated axons that includes the changes in
intracellular and extracellular ion concentrations, the drift and
diffusion currents in the axoplasm and the periaxonal space, and
the cross-membrane currents including voltage-gated ion chan-
nel currents, leakage currents, and ion pump currents. Nonhomo-
geneous geometric parameters of myelinated axons were used
in this model to reflect the actual axon properties around nodes
of Ranvier [15]. This new model of myelinated axons not only
successfully simulated action potential generation, conduction,
and block as the classical models, but also revealed an important
role of ion concentrations and ion pumps in axonal responses to
long-duration electrical stimulation. This model can be used to
better understand the possible mechanisms of action underlying
prolonged electrical stimulation that are applied chronically to
treat different neurological disorders [1], [2], [3].

Il. METHODS

The axonal conduction model developed in this study is shown
in Fig. | using the same geometric parameters for myelinated
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Single pulse DC TABLE |
T F 7 F GEOMETRIC PARAMETERS FOR A 10 uM DIAMETER FIBER
O v
L-IE—TStt . g:gg't‘rode 1 mm Segment k NODE | MYSA | FLUT STIN
ectroae
i Axon X Length Lgx (km) [15] 1 3 46 175.2
0 10 20
y ‘/’/ R %0 ﬁ: odes Diameter (um) [15] 33 | 33 6.9 6.9
ool || || | | ] Joos Periaxonal space width (um) [15] N/A 0.002 0.004 0.004
v g}f;'t'; Axoplasm cross-section A, (um?) | 8553 | 8553 | 37.39 37.39
membrane
fiber nodal internodal Periaxonal space cross-section 69.99 0.02073 | 0.08671 0.08671
I
diameter diameter diameter axoplasm Apr(um?)
periaxonal Membrane surface area Sy (pm?) 10.37 | 31.10 997.1 3798
| Pi | space
Axoplasm volume T (um?) 8.553 | 25.66 1720 6551
_ T e "NODE = MYSA™  FLUT  STIN
s”r“g'{ﬂ { ) 1 Periaxonal space volume T, (um?) | 1885 | 0.06219 | 3.989 15.19
periaxonal {—QMELE*—E*—EL:’I—:’*
space 7L |
il T T T T T TABLE Il
membrane VMT [] T [] TH T [] T [] T [] MEMBRANE PERMEABILITY AND ELECTRICAL PARAMETERS
Tepxt Tkt
Tegnat|  Ipina*
axoplasm{ﬂmﬁ 04—t T Segment k NODE MYSA FLUT STIN
oo e
Leak conductance at 0.007 0.001 0.0001 0.0001
Fig. 1. Myelinated axonal model used to simulate conduction block fes;ing potential g (S/
induced by direct current (DC). The model includes 39 nodal segments | ¢m*) [15]
and 429 internodal segments. Each segment has four layers: axoplasm, . -
membrane, periaxonal space, and myelin sheath. Each internodal seg- ? leak permeability 6.158e-5 | 8.797e-6 | 8.797e-7 | 8.797e-7
ment consists of 2 paranodal myelin attachment segments (MYSA), 2 i+ (cm/s)
paranodal main segments (FLUT), and 6 internodal segments (STIN). Na leak permeabilt 41086-6 | 580767 | 5.807e-8 | 5.807e-8
The membrane current includes voltage-gated ion channel currents p ( ) ¥ ’ ' ' '
(node only), leak current, ion pump current, and capacitive membrane it e (em/s
current. The axoplasm and periaxonal space are modeled as conductors Membrane capacitance | 2 P 2 2
(resistors) and the myelin sheath is modeled as an isolator (capacitor). 2
(uF/em?) [15]
Myelin capacitance NA 0.1 0.1 0.1
(UF/cm?) [15]
axons as used in a previous study by Mclntyre et al. [15]. Pump Coeszicient 0.5483 0.0783 0.0078 0.0078
The modeled axon consists of 39 nodal segments separated by ~ |_%WA/m?)

myelinated segments between neighboring two nodal segments.
Each myelinated segment consists of 6 internodal segments
(STIN) with additional 1 paranodal main segment (FLUT) and 1
paranodal myelin attachment segment (MYSA) on each end of
the myelinated segment to attach to the nodal segment (NODE)
(see Fig. 1). Atthe two ends of the modeled axon, the myelinated
segment consists of 1 MYSA, 1 FLUT, and 3 STINs with the
sealed boundary conditions (no longitudinal currents). There-
fore, the model has a total of 429 segments (39 nodal segments
+ 390 myelinated segments under the myelin sheath). The
axoplasm is surrounded by axon membrane, periaxonal space,
and myelin sheath (see Fig. 1). For the myelinated segment, the
periaxonal space is the thin space between the membrane and
the myelin sheaths. For the nodal segment, the periaxonal space
is between the membrane and the perineurium. The potassium
concentration [K™], sodium concentration [Na™], and electrical
potential U in the axon are indexed at the segment £ in the ax-
oplasm by [K*], ., [Na*], ,, U, ) and in the periaxonal space
by [K+]p,k7 [Na‘+]p,k:7 Up k-

The geometric parameters of each segment are given in Table |
for an axon of fiber diameter D, = 10 yum. These parameters
are calculated from the data in Table I of a previous study by

Mclntyre et al. [15] except for the periaxonal space volume I, j,
at the nodal segment. We assume that the periaxonal space at the
nodal segment consists of two parts. The first part is the narrow
space between the membrane and the endoneurium within the
outer boundary of the myelin sheaths (see Fig. 1). The volume
of the first part is (FDZ — Aq ) La,x = 70 pm?. The second
part is a thin peri-myelin space covering the myelin sheath
extending from one node to the next and surrounded by per-
ineurium. The internodal distance is L = 1.15 mm for a 10-pm
diameter fiber. Assuming the thickness of this thin peri-myelin
space is 7 = 0.5% of the fiber diameter, then the volume of the
second part is (1 + 2n)* — 1) D2L = 1815 m®. Therefore,
the total volume of the periaxonal space at the nodal segment is
', = 1885 pum?®. The geometric parameters for different diam-
eter axons can be calculated similarly using previously published
data by MclIntyre et al. [15]. The membrane permeability and
electrical parameters for each segment are listed in Table II.
The ion concentration gradient V¢ causes a diffusion flux
J , given by Fick’s law J = —DVec. The constant D is the
diffusion coefficient. D+ = 1.957 x 10 5cm?/sand D+ =
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TABLE IlI
OTHER MODEL PARAMETERS

Initial extracellular Na* 114.5 K* diffusion coefficient 1.957e-5

concentration (mM) [9] Dy+(cm?/s) [16]

Initial extracellular K* 25 Na* diffusion coefficient | 1.334e-5

concentration (mM) [9] Dya+(cm?/s) [16]

Initial intracellular Na* 13.74 Pump parameter 1

concentration (mM) [9] by (mM) [17]

Initial intracellular K* 120 Pump parameter 30

concentration (mM) [9] by(mM) [17]

K* channel maximum 1.2e-3 Pump parameter 0.05

permeability P;(cm/s) [9] c¢(1/mM) [17]

Fast Na* channel maximum | 8e-3 Pump parameter d 0.813

permeability Pr(cm/s) [9]

Persistent Na* channel 0.54e-3 | Initial fast Na* 0.0005

maximum permeability activation variable m

Py(cm/s) [9]

Extracellular resistivity 300 Initial fast Na* 0.8249

Pe(Qcm) inactivation variable h

Resting potential (mV) [9] -70 Initial persistent Na* 0.0049
activation variable p

Temperature T (K) [9] 293 Initial K* activation 0.0268
variable n

1.334 x 10~°cm? /s [16] to follow other parameters also ob-
tained at room temperature (see Table III). Electrical field E is
the negative of the electrical potential gradient £ = —VU. It
causes a drift flux given by J = cv, where the drift velocity v is
given by v = . The constant of proportionality p is called the
electrical mobility. The diffusion coefficient D and the electrical
mobility p satisfy the Einstein relation D = pkT'/ze, where T'
is the temperature which is set at 20°C' = 293K in this study,
z is the ion charge (zx+ = zna.+ = +1), k is the Boltzmann
constant, and e is the elementary charge. The Boltzmann con-
stant k is related to the gas constant R by the Avogadro constant
k = R/Ny. Similarly, the elementary charge e is related to the
Faraday constant F' by the Avogadro constant e = F//N. The
total flux is the sum of the diffusion flux and the drift flux, and
can be written as [17]

J=—-DVe+cv=—DVe—cuVU = —DVe — C%VU

ze zF
= =D (Ve+ =eVU) = =D (Vc + RTCVU> (1)
Ionic flux J can be converted to electrical current I by
multiplying with the amount of charge per mole of ions zF
and the cross-sectional area A. We obtain

zF
I =2FAJ =—zFAD (Vc + RTCVU) 2)

We can discretize (2) to describe the longitudinal currents
between two adjacent segments within the periaxonal space or
within the axoplasm. Let Uy, ¢, be the potential and the ion
concentration at the segment k. Let Up, cp be the potential
and the ion concentration at the boundary that separates the

longitudinal resistor into 2 parts belonging to segment k£ and
segment k + 1 respectively, i.e., the boundary is within the
longitudinal resistor that connects segment k and segment k+1.
We assume that the function U is linear between U}, and U and
the function c is linear between c; and cg. Then based on (2)
the longitudinal current on the left side of the boundary is

— CL E UB—Uk>

IB—— ZFAkD< (6] Lk/2

Ly/2 + RT
and the longitudinal current on the right side of the boundary is

zF Uk+1 — UB)

Cktr—CB | 2T Uktl T UB
RT " Lyt /2

Liy1/2

Since the longitudinal current is continuous across the bound-
ary Ip- = Ig+ , then

IB+ = *ZFA]C_FlD (

A z2F
f: <(CB —cp) + RTCE (Up — Uk))
A zF
= L:: <(Ck+1 —cB)+ ﬁcB (Ugs1 — UB))

Since this should be true if cis constant, i.e., ¢y = cp = Ck+1,
then

Ay Akt Ap Akt
Un — Ly, Uk + Liia Uk+1 and chn — Ly Cr + Lk Ch+1
5= ﬂ+Ak+1 5= ﬂ_’_Ak-f-l
Ly Lyt Ly L1

Letting Ay, = A/ Ly, and replacing Up, ¢ with above equa-
tions, we obtain

ARAEL1 (
Ig- =1y = -2z2FD——| (c —c
b Br Ak + Akt (Chr = i)
2F Mgk + App1Cht1 )
e O e e e N (A
RT kg + Akyr (U1 )

Therefore, the longitudinal currents from segment k£ + 1 to
segment k as shown in Fig. 1 can be written as follows:

)\a,k)\a,k-i-l + +
IR akx+ = 2FDK+m ([K ]a,k+1 - [K ]ak)

N i)‘a,k+1[K+]a,k+1 + Xk [KT], 1
RT )&a,k—i-l + )\a,k

(ank-&-l - Ua,k))

)\a,k)\a,k—i-l + +
IRapNat =2EDyar 7= 25 = ([Na Jops [Na }ak)

F )"a,k+1 [Na+]a k + )"a7k[Na+]a k
+ — las = (U ke+1 — Ua ko)
RT )"a,k’-&-l + )‘-a,k
ApkAp k1
I — 9F Dycy —BMmhtl ( K+ ~ K )
R,p,k, K+ K+ )"I)Ji'r 4 )‘-p,k-‘rl ( [ :ije-‘rl [ :Ip,k:

i)‘p,k+1[K+]p,k+1 + )\'I)vk[K+]p,k
RT

U, -U
Apk+1 + Apk ( L nk))

Ap,kkpkﬂ

IR,p,k,Na+:2FDNa+)L N
p,k pk+1

<([Na+]p’k+1—[Naﬂp’k)
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i)\’pvk+1[Na+]p,k+1 + Ape[Nat], ;.

RT

By symmetry, the currents from segment k& — 1 to segment
are:

Up k1 — Up e )
Ap,k—&-l +)‘-p,k ( p,k+1 D, )

It gkt = —IRak-1K+
IL,a,k,Na+ - 7IR,a,k:71,Na+
Ippkx+ = —IRpr—1K+
I7, pkNat = —IRp k—1,Nat

The sealed boundary conditions are implemented by
It apx+ =1InarNat = 1o prxt = I0 ppNat = 0fork =
1and Ig gkt = IRakNat = IRpix+ = IrpkNat =0
for k = 429.

The currents across the axonal membrane at the segment
k generated by Na®™-K*-pumps (Ipj na+ and Ipy k+) are
calculated by:

Tppacr = ax (1401 /(K] (14 o/ [Na?], )

Ip g Nat = — (d + C[Naﬂa’k) Ip g x+

where a; is a constant that we calculated so that the
total net current at the resting state is zero (see Ta-
ble II), d is a constant such that Ipj na+/Ipjk+ =
—1.5 at the vresting state, and b;=1 mM
by = 30 mM, ¢ = 0.05 (see Table III) [18].

To derive the ion channel currents across axonal membrane
at the segment k, we assume that the membrane thickness W is
much smaller than the axon radius r, i.e., W < r and we ignore
any boundary effect. Let y be the coordinate perpendicular
to the membrane, the ion concentration ¢ is a function of y
coordinate alone, ionic flux J is a constant, and V = d/dy. Let
y = 0 be the inside surface of the membrane and y = W the
outside surface of the membrane. Consider the boundary con-
ditions ¢(0) = ¢;, ¢(W) = ¢,,U(0) — U(W) = V, and assume
the electrical field E = —VU = V,, /W within the membrane is
constant. Then, equation (1) becomes a linear ordinary differen-
tial equation:

-1

)

d 2PV, J

d—yc(y) - ﬁwc(y) )

The following solution satisfies this differential equation:

_ (. RTJW . zFV, JrRTJVV
= \“"Zrv,p) P\ "RT ) T ZFV,D
Since the membrane permeability P = D /W and rearranging
the equation above, we have
2FV, c;exp (2FV,/RT) — ¢,
RT  exp(zFV,/RT) -1
The ionic flux can be converted to electrical current by I =

zF'SJ where S represents the membrane surface area, and we
have

J=P

22F2V, c;exp (2FV,/RT) — ¢,
RT  exp(zFV,/RT)—1

I=PS 3)

Denote the cross-membrane potential at the segment k by
Vax = Uai, — Up .. We have the cross-membrane ionic cur-
rents for potassium (I¢ j, k+) and sodium (I¢ j, Na+) channels
as follows:

F?Vap

RT

(K], 5 exp (FVax/RT) — [K*],
exp (FVair/RT) -1

Ickk+ = — P+ 1Sk

X

F?Va 1
RT
[Na*], ,exp (FVar/RT) —
exp (FVauir/RT) -1

IokNat = — Prat x5k

% [Na‘—i_}p,k

where the ), is the membrane surface area at the segment k.

The ion channels in the axonal segments underneath the
myelin are not voltage gated. The membrane permeabilities
for potassium (Px+ ;) and sodium (Py,+ ) at these myeli-
nated segments are solely constant leak permeabilities Py,+ ,, =
Pixa+ 1 and P+, = Pig+ . The values of leak permeabilities
given in Table II are calculated by converting membrane con-
ductance used in a previous study [15] into permeabilities using
the following equations. Based on (3), the potassium and sodium
currents per unit area are given by the constant field equations:

F? v FV
e = e gy = (€7 - 7))

F? \% FV
BT 57 1 ([Naﬂae RT — [Na*‘]p)

The membrane conductance g can be calculated by:

0 F2 (X" — X,
gy Ui T Inet) = 775 ( =3

v

INa+ PN'1+

9=

+W (Xp —Xa)>

where v =FV/RT, X, = Px+|K"], + Pna+[Na™],, and
Xp = Pg+[K*], + Pya+[Nat] . At the equilibrium mem-
brane potential given by the Goldman equation

v BT P [K*], + Pya+[Nat], RT X,
F " P [KH, + PaarNat],  F X,
then
FV X
=___ —nZ?
YT Rr MR,
v XP
e X,
and the membrane conductance g becomes
F?2 v F3 Vv
9= pr v Xp 22 EV
RT ev —1 R?T? 7 — 1

x (P [K], + Paas [Na'])
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Let n = Pyna+/ Px+ then we obtain
R2T? (e% - 1)

F3V ([K+]p n n[Naﬂp)

Py+ =

We make the approximation that V' ~ V,, = —70 mV where

V, follows the modified Goldman equation

V.o RT | 15PK+ [K+]p + PNa+ [Na*]p
"7 F "15Pgs [KT], + Pya:[Nat,

from which we obtain the value of n

PNa+ 15 [K+]a6};¥r - [KJr]p
o Per [NaﬂaeFR‘? - [Naﬂp.

Using the initial Na™ and K* concentrations given in
Table III, we obtain 7 = 0.06601. In myelinated segments, the
leak permeabilities Pjnqa+ i, P+ 1 are simply the resting state
permeabilities P+, Pya+. In nodal segments, the leak perme-
abilities are P+ , = Pna+ — Pymihy — Pypi and P+ 5, =
Py+ — Psni where my, hy, pi, ny have the initial values given
in Table III.

In the nodal segment k, the membrane permeabilities
are also determined by the voltage-gated channels, i.e.,
Pxa+ i = Pina+ i + Ppmjhy + Pppj, and Pg+ j, = P g, +
PSn% where the Py, P,, and P; are the maximal permeabili-
ties for fast Na™ channels, persistent Na® channels, and K+
channel, respectively (see Table III). The fast Na™ channel
activation variable m, fast Na* channel inactivation variable h,
persistent Na™ channel activation variable p, and K+ channel
activation variable n follow the first-order kinetics controlled

by depolarization Vi, =V, ;, — V,. where V,, = —70 mV is the
resting potential [6], [9]:
d dh
S —an (L= m) 4 fam = an (1= h)+ Buh
dp dn
E:ap(l_p)+ﬂpp a:an(l_n)'i'ﬁnn
0.36 (Vi — 22) 1.8(T293)/10
m 1 —exp (22 Vk)
0.4 (13 — Vj) T-293
= S il S, P Y~ )/10
/6 1— exp (Vk 13)
—0.1 (Vi +10) (7o
= 3(1-293)/10
h = 1 — exp (vk+10)
4.5
_ 3(7-293)/10
/Bh 1+ exp (4510Vk)
ap = 0.006 (Vk — O) 3 (T-293)/10
40—V,
1 —exp ( 10 L)
3, = —0.09 (Vi + 25)3(T 293)/10
L exp (Vk+25)
o = 902(Ve = 35) o7 203,10
- exp (35 Vi )
5, = 0.05 (10 = Vi) (r—203)/10
n 1— exp (Vk 10)

The changes of sodium and potassium concentrations are
described by the following equations:
d[K+]a,k 1

dt  TuiF

X (Ipapx+t + Irarx+ + Iorx+ + Ipgx+)

d[NaJ’_]a,k 1
dt T, F

X (I.akNat + IRk Nat + Lo Nat + I Nat)

d[K+]p,k 1

dt  T,uF

X (I gt + Trprxt = lokkt — Ipkkt)

d[Na™] . 1

dt T,iF

X (I pkNat + TrpkNat — IokNat = [Pk Nat)

where I';, j, and I, ;, are the axoplasm volume and periaxonal
space volume of each segment given in Table I.

We assume that the axon is in an infinite homogeneous
medium (resistivity p. = 300 Qcm). After neglecting the small
influence of the axon in the homogeneous medium, the extra-
cellular potential U, j, at the segment k along the axon can be
calculated by:

& Tbiock (t) + Tiest (t)
4
T \/(Ik - l’block)2 + Zg \/(Ik - Itest)2 + ZS

where Tyjoek(t) is the DC stimulation delivered to the block
electrode; [ (t) is the single test pulse delivered to the test
electrode. zy, is the longitudinal coordinate of segment k, xpjock
and x.y are the longitudinal coordinates of the stimulation
electrodes that are positioned zp = 1 mm away from the axon
(see Fig. 1).

The cross-membrane potential V,, ;, = U, 1, — U, 1 and the
potential across the myelin sheath Vi, = U, — U, (see
Fig. 1) are described by:

dVa, k 1

at Con (IL,a,k,K+ + g okt + 1okt +Ipgk+

Ue,k =

+ It o xNat + IR a 6, Nat + Lo Nat + IP,k,Na+)

dVer 1

i = o

It o ix+ T Iparxt 10 prxs + 1 p ikt

+ 11, a5 Na+ H 1R a ke Na+ 1L p ke Nat + IR p ke Nat+ )

YAyl

The total capacitance at nodal segments is C, = S x
2 pF/cm? and at the myelin segment the total capacitance is
Cs.r. = Sk/240 x 0.1 puF /cm? [15] (Table I).

The initial intracellular and extracellular sodium and potas-
sium concentrations of the axon are same as the original FH
model [9] (see Table III). The simulation is carried out using
MATLAB with the odel5s solver.
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Fig. 2. Action potential generation and conduction. (a) Propagation of
an action potential induced by a test pulse (0.32 mA, 0.1 ms) applied
from a point source 1 mm away from the node 5 on an axon of 10 um
fiber diameter (see Fig. 1). (b)-(g). Detailed presentations of the mem-
brane potential (b), ionic currents (c), activation and inactivation of Na™
and Kt channels (d), ion concentrations inside (e) and outside (f) the
axon, and ion pump currents (g) at the node 35 as indicated by the arrow
in (a). (h). Conduction velocity for axons of different diameters calculated
from the model in comparison with the experimental measurements [19].
m: Nat channel activation; h: Nat channel inactivation; n: K* channel
activation.

IIl. RESULTS
A. Action Potential Generation and Conduction

Using this newly developed model, action potential is suc-
cessfully generated and propagates along a myelinated nerve
fiber of 10-pum diameter (Fig. 2). Fig. 2(a) shows an action
potential initiated by a test pulse (0.32 mA, 0.1 ms) at the
node 5 propagates in both directions along the 44.85-mm long
axon (39 nodes x 1.15 mm internodal distance). Fig. 2(b)-(g)
present the detailed time course of this action potential at the
node 35. The action potential (Fig. 2(b)), the Nat and K+
ionic currents (Fig. 2(c)), and activation/inactivation of Na™ and
K™ channels (Fig. 2(d)) are similar to the results produced by
classical FH models [6], [7], [9]. The single action potential only
produces minimal changes in Na™ and K™ concentrations inside
(Fig. 2(e)) and outside (Fig. 2(f)) the axonal node. The Na™ and
KT pumps are not activated (Fig. 2(g)) due to the small changes
in Na™ and K™ concentrations. The axonal conduction velocity
calculated by this new model for different diameter fibers (5-
15 pum) agrees very well with the experimental measurements
[19] (see Fig. 2(h)).
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Fig. 3. Refractory period and firing frequency for a myelinated axon

of 10-um fiber diameter. (a) Absolute (2.7 ms) and relative (2.7-8 ms)
refractory periods determined by double test pulses (0.1 ms). The ex-
citation threshold (T) for the first pulse is 0.32 mA. (b). Repeated firing
induced by high frequency stimulation (269 Hz, 0.1 ms) at intensity of
0.64 mA (2T). (c)-(h). Detailed representations of the membrane poten-
tial (c), ionic currents (d), activation and inactivation of Nat and K+
channels (e), ion concentrations of Nat and K™ inside (f) and outside
(g) the axon, and ion pump currents (h) at the node 35 as indicated by
the arrow in (b). m: Nat channel activation; h: Na* channel inactivation;
n: KT channel activation.

B. Refractory Period and Firing Frequency

The refractory period is determined by applying double test
pulses of 0.1 ms pulse width to a myelinated nerve fiber of 10-um
diameter. The excitation threshold (T) for the first test pulse is
0.32mA. The absolute refractory period is 2.7 ms and the relative
refractory period extends from 2.7 ms to 8 ms (Fig. 3(a)).

A 400 msec train of high frequency (269 Hz) stimulus pulses
(0.1 ms) at a suprathreshold intensity (2T = 0.64 mA) can
generate action potentials in response to every stimulus pulse
only at the beginning of the stimulation (see Fig. 3(b)). However,
as the stimulation continues one action potential is lost at 368 ms
(Fig. 3(c)). However, at 268 Hz every stimulus pulse can generate
an action potential during the entire 400 msec. Therefore, the
highest firing frequency during a 400-ms testing period is 268
Hz with an inter-pulse interval of 3.7 ms that is very close to the
relative refractory period of 3.6 ms for 2T pulses (Fig. 3(a)).

After the initial action potential that depolarizes the mem-
brane from —70 mV to 34 mV (Fig. 2(b)), the peak depo-
larization gradually declines with time and stabilizes at —5
mV after 50 ms stimulation (Fig. 3(c)). This reduction in the
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maximal depolarization of an action potential is due to the partial
inactivation of the Na™ channel (Fig. 3(e)), the partial activation
of K* channel (Fig. 3(e)), and an initial quick increase in Na™
concentration inside the axon (Fig. 3(f)). These initial changes
caused by repetitive firing gradually reduced the Na™ current
(Fig. 3(d)) that causes the reduction in peak depolarization of
an action potentials (Fig. 3(c)). Meanwhile, the resting potential
also gradually changes from —70 mV to —64 mV during the
first 50-ms stimulation (Fig. 3(c)), which is mainly due to
the initial small decrease in K concentration inside the axon
(Fig. 3(f)) since the ion concentrations outside the axon only
change minimally (Fig. 3(g)). The effect of Na* concentration
change on resting potential is minimal. The 269 Hz firing during
a short period of 400 ms only produces very small changes in
the ion concentrations both inside and outside the axon, which
does not activate the ion pump activity (Fig. 3(h)).

C. Post-Stimulation Block by Direct Current (DC)

Application of DC (1.125 mA) at the node 20 of a 10-pum
diameter fiber produces a large depolarization decreasing the
membrane potential from the resting potential -70 mV to 10-30
mV during the 30-secs stimulation (Fig. 4(a)). This large DC
depolarization results in an inactivation of fast Nat channel
(Fig. 4(d)) and an activation of K* channel (Fig. 4(¢)), thereby
inducing a large outward K™ current and a small inward Na™
current (Fig. 4(b)). The large outward K+ current significantly
increases the K™ concentration outside the axonal node to >200
mM at the end of the 30-secs DC (Fig. 4(f)) and decreases the
K™ concentration inside the axonal node (Fig. 4(h)). The small
inward Na™ current, which mainly consists of the persistent
Na™ current, slightly decreases the outside Nat concentration
(Fig. 4(g)) and increases the inside Na™* concentration (Fig. 4(i)).
Mainly due to the large change in outside K™ concentration, the
ion pumps are activated to slowly pump Na™ out and move K
back into the axon (Fig. 4(j)).

After terminating the 30-secs DC stimulation, the large de-
polarization is gradually reduced during the period of 30-60
seconds (between the 2 dashed lines in Fig. 4(a)) while maintain-
ing the K™ channel largely open during this period (Fig. 4(¢)).
This allows a large inward K current (Fig. 4(b)) to gradually
reduce the high KT concentration outside the axon (Fig. 4(f)) and
increases the K™ concentration inside (Fig. 4(h)). Although the
large depolarization during the 30-60 sec period further reduces
the Na™ concentration outside (Fig. 4(g)) by moving Na™ into
the axon (Fig. 4(b)), the increased Na™ concentration inside
already starts to decrease even during the 30-secs stimulation
(Fig. 4(1)) by diffusing into the neighboring axonal segments
underneath the myelin. During the period of 60-300 secs, the
membrane potential slowly recovers to the resting potential -70
mV as the ion pumps (Fig. 4(j)) are slowly pumping the K
back into the axon (Fig. 4(f) and (h)) and moving the Na™ out
of the axon (Fig. 4(g) and (i)). It is worth noting that at 60 secs
the rate of decline of the outside K™ concentration is changed
abruptly (Fig. 4(f)). This is because the membrane potential
(Fig. 4(a)) has recovered to a level that can close both Na™
(Fig. 4(c)) and K (Fig. 4(e)) channels and completely turn off
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Fig. 4. DC stimulation (1.125 mA) is applied for 30 secs (thick dashed
line) at node 20 of a 10-um fiber diameter myelinated axon. Post-
stimulation block at node 20 is observed from 30 to 61 secs (thin dashed
line). (a)-(j). Time evolution at node 20 of the membrane potential (a),
voltage gated ionic currents (b), Na™ channel activation (c), Nat chan-
nel inactivation (d), K channel activation (e), K* concentration outside
the axon (f), Na® concentration outside the axon (g), KT concentration
inside the axon (h), Nat concentration inside the axon (i), and ionic
pump currents (j).

the Nat and K™ membrane currents (Fig. 4(b)). Therefore, the
small K™ pump current (Fig. 4(j)) becomes the only current to
slowly recover the outside K concentration thereby causing the
abrupt change in the reduction rate of outside K™ concentration.
This abrupt change also causes other model parameters to have
similar changes.

Application of DC (1.125 mA) to the 10-um diameter fiber
produces an axonal conduction block immediately after gen-
erating an initial action potential (Fig. 5(a)). This DC block
is caused by a large constant depolarization under the block
electrode (at node 20) to about 10 mV from the resting potential
-70 mV (Fig. 5(b)). This DC depolarization produces a complete
inactivation of the fast Nat channel at the block electrode (node
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Fig. 5. (a) A DC stimulation of 1.125 mA is applied at node 20 starting
at time 0 and results in an initial action potential propagating in two di-
rections. A test pulse (0.5 mA, 0.1 ms) is applied at node 5 at the time of
10 ms and induces an action potential that fails to propagate through the
node 20. (b)-(g). Detailed presentations of the membrane potential (b),
voltage-gated ionic currents (c), (d), activation and inactivation of Na™
and K+t channels (e), (f), (g) at nodes 12, 16, 20, 24, 28 as indicated
in (b).

20, see Fig. 5(f)), and leaves only a small persistent Na™ current
that is slightly reduced when the action potential arrives at the
block electrode (Fig. 5(c)).

After terminating the 30-secs DC stimulation, the axonal
conduction block is maintained for about 32 secs as the de-
polarization is gradually recovering (between the 2 dashed lines
in Fig. 4), i.e., a post-stimulation block. Fig. 6(a) shows that the
action potential initiated by the test electrode (node 5) at the
time of 31.707 secs after termination of the DC stimulation is
blocked when it arrives at the block electrode at node 20. This
block is due to the depolarization under the block electrode (node
20, Fig. 6(b)) that produces a complete inactivation of the fast
Na™ channel (Fig. 6(f)) preventing the arriving action potential
to generate a large inward Na™ current (Fig. 6(c)). However,
the same action potential initiated 1 ms later (at 31.708 secs
after termination of the DC stimulation) successfully propagates
through the site of the block electrode (Fig. 7(a)), although con-
duction is significantly delayed at the block electrode due to the
depolarization. In fact, there is no action potential generated at

Fig. 6. (a) A test pulse (0.5 mA, 0.1 ms) is applied at node 5 at the
time of 31707 ms after turning off the DC stimulation (1.125 mA) that
is applied at node 20 for 30 seconds. The resulting action potential fails
to propagate through the node 20. (b)-(g). Detailed presentations of the
membrane potential (b), ionic currents (c), (d), activation and inactivation
of Na™ and K* channels (e), (f), (g) at nodes 12, 16, 20, 24, 28.

the block electrode (Fig. 7(a) and (b)) since the constant depo-
larization still fully inactivates the fast Na™ channel (Fig. 7(f))
resulting in a very small Na™ current when the action potential
arrives at the block electrode (node 20, Fig. 7(c)). Therefore,
the action potential is blocked at the block electrode. However,
axonal conduction is maintained because the action potential
jumps over the block electrode by initiating another action
potential at the node 24 (Fig. 7(a) and (b)) to continue the
propagation albeit with a significant delay.

D. Effect of the Peri-Myelin Space and DC Amplitude on
Post-Stimulation Block

The duration of post-stimulation block is influenced by both
the volume of the peri-myelin space and the DC amplitude
(Fig. 8). With a large peri-myelin space, the same DC produces
a short duration post-stimulation block (Fig. 8(a)). When the
peri-myelin space thickness increases to 1.25% of the fiber
diameter, the duration of post-stimulation block becomes zero,
i.e., no post-stimulation block is induced by the 30-secs DC
(Fig. 8(a)). With a fixed peri-myelin thickness of 0.5%, the
duration of post-stimulation block increases with increasing DC
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Fig. 7. (a) A test pulse (0.5 mA, 0.1 ma) is applied at node 5 at the
time of 31708 ms after turning off the DC stimulation (1.125 mA) that
is applied at node 20 for 30 seconds. The resulting action potential
successfully propagates through the node 20. (b)-(g). Detailed presen-
tations of the membrane potential (b), ionic currents (c), (d), activation
and inactivation of Nat and Kt channels (e), (f), (g) at nodes 12, 16,
20, 24, 28.
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Fig. 8. Post-stimulation block duration decreases with increasing peri-

myelin space thickness (a) and increases with increasing DC intensity
(b). The post-stimulation block duration is measured after applying DC
for 30 seconds on a nerve fiber of 10 um diameter. (a). The DC intensity
is 1.02 mA (3T). (b). The threshold (T) intensity for a DC block is 0.34
mA and the peri-myelin space thickness is 0.5% of the fiber diameter.

amplitude (Fig. 8(b)). If the DC amplitude is too low (1.25 times
the DC block threshold T), the 30-secs DC cannot produce
a post-stimulation block, i.e., the duration of post-stimulation
block becomes zero (Fig. 8(b)).

V. DISCUSSION

This study established a new axonal conduction model for
myelinated axons (Fig. 1) thatis different from the classical mod-
els [6], [7], [8], [9] by including the changes in intracellular and
extracellular ion concentrations and ion pump activity. This new
model successfully simulated the generation and propagation of
an action potential (Fig. 2), the refractory period (Fig. 3), and
both the acute block during DC (Fig. 5) and the post-stimulation
block after termination of the DC (Fig. 6). These results validated
the model’s ability to simulate not only the acute response during
the stimulation but also the long-lasting post-stimulation effect
caused by changes in ion concentrations as well as the slow
recovery of the post-stimulation effect by ion pump activity
(Fig. 4).

The conduction velocity for myelinated axons of different
fiber diameters (5-15 pm) calculated by the new model agrees
very well with the results obtained in animals (Fig. 2(h)) [19].
In addition, the model calculates an absolute refractory period
of 2.7 ms and the excitation threshold (T) that recovers to 1.1T
at 5 ms during the refractory period (Fig. 3(a)). These results
agree well with those obtained from an animal study using
myelinated axons from frog sciatic nerve [20] that showed an
absolute refractory period of 2.61 ms and a relative refractory
period ending at 4 ms. At a high temperature (37°C), the action
potential duration is shortened to <1 ms [6], which could also
shorten the absolute refractory period to <1 ms. The maximal
firing frequency for a 10-um diameter fiber is 268 Hz when
the axon is stimulated at 2T intensity (Fig. 3(c)). This maximal
firing frequency is determined by the relative refractory period
of 3.6 ms at 2T (Fig. 3(a)) since the 268 Hz has an inter-pulse
interval of 3.7 ms. Animal studies using myelinated axons from
frog spinal dorsal roots [21], [22] showed the maximal firing
frequency ranging from 200 Hz to 350 Hz. Furthermore, the new
model also successfully simulated the acute conduction block
occurring during the DC stimulation (Fig. 5). It is well known
that axonal conduction can be blocked during the application
of DC [23], [24]. This new model reveals the same DC block
mechanism as the classical model [25],i.e., the Na* channels are
completely inactivated during the DC (Fig. 5(c) and (f)). These
simulation results verify that the new model is the same as the
classical models in predicting the basic axonal responses such
as the conduction velocity, the refractory period, the maximal
firing frequency, and the acute DC block.

The new model also successfully simulated post-stimulation
block (Fig. 6) that the classical axonal conduction model failed
to simulate [10]. Post-DC block has been observed in recent
animal studies using rat sciatic nerve [4], [5] showing that the
block duration increases with the amplitude of the DC, i.e.,
the total charges delivered by the DC. This observation from
animal studies agrees well with our simulation result (Fig. 8(b))
showing that the post-DC block duration is increased as the DC
amplitude is increased. Furthermore, our new model reveals that
the post-stimulation block is caused by a large depolarization
(Fig. 6) that gradually reduces during the post-stimulation block
period (Fig. 4(a)). This large post-stimulation depolarization
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is due to the significant increase in K+ concentration outside
the axonal node (>200 mM in Fig. 4(f)) since the K™ channel
is fully open (Fig. 4(e)) generating a large K+ current during
the DC. After terminating the DC, the reversal of the high K+
concentration outside the axon (Fig. 4(f)) is mainly driven by
ionic diffusion initially due to the large concentration gradient
between the outside (>200 mM, Fig. 4) and inside (about 118
mM, Fig. 4(h)). Then, the K™ pump activity (Fig. 4(j)) gradually
restores the axonal membrane back to the resting potential -70
mV (Fig. 4(a)). The Na* concentrations both outside and inside
the axon are only changed slightly (Fig. 4(g) and (i)) compared
to the outside K™ concentration (Fig. 4(f)) because the DC com-
pletely inactivates the fast Na™ channel during the stimulation
(Fig. 4(d)). Therefore, this new model reveals a post-stimulation
block that is mainly caused by the large accumulation of K+
outside the axon.

The post-stimulation duration can be influenced by the vol-
ume of the peri-myelin space and the DC amplitude (Fig. 8).
Higher DC amplitude will produce a larger K* current during
the stimulation (Fig. 4(b)) and a larger K accumulation outside
the axon at the end of the stimulation (Fig. 4(f)), requiring
a longer time to recover, i.e., a longer post-stimulation block
period (Fig. 8(b)). Meanwhile, a larger peri-myelin space will
reduce the K™ concentration outside the axon when the same
amount of K is moved outside during the DC stimulation
(Fig. 4(f)), requiring a shorter time to recover, i.e., a shorter
post-stimulation block period (Fig. 8(a)). It is worth noting that
if the peri-myelin space is too large (1.25% thickness in Fig. 8(a))
the 30-sec DC at 3T intensity fails to produce a post-stimulation
block, i.e., the block duration is zero. Therefore, to induce a
post-stimulation block the DC stimulation must be increased
in amplitude or duration to move more K* outside. Similarly,
the outside K™ accumulation can also be influenced by other
factors such as ionic diffusion across the perineurium or glia cell
K™ buffering [26]. These influencing factors are not included in
the current model, but they should be included if we want to
study the influence of the structural geometry of a compound
nerve that consists of many bundles of nerve fibers separated by
perineurium or study the glia cell K* buffering effect on post-
stimulation block. Since our model does show that changing the
accumulation rate of the outside K can significantly change the
duration of post-stimulation block (Fig. 8), it is possible that the
ionic permeability of the perineurium or glia cell K buffering
can significantly affect the post-stimulation block.

We used the same concentrations in the thin and long peri-
axonal space at the axonal node because the ion diffusion in
this space is much faster than the ion crossing the small nodal
membrane. After the long stimulation duration (30 seconds)
the ions that crossed the nodal membrane have diffused almost
completely into the entire periaxonal space. In addition, the ion
concentrations in the periaxonal space can be changed by many
other factors such as the ionic permeability of the perineurium
or glia cell K™ buffering. Therefore, the ion concentrations in
the periaxonal space are serving as our model interface that can
be used to take account of many other external factors that can
influence the accumulation rate of the ions in this space. In this
study we used 0.5% of fiber diameter as a possible example for

peri-myelin space thickness and analyzed the sensitivity of this
parameter (Fig. 8(a)) since the peri-myelin space is variable for
different nerves in different species.

This study reveals that the significant increase in K™ concen-
tration outside the axonal node (>200 mM, Fig. 4(f)) causes
the post-DC block because the change in Nat concentration
inside the axonal node is relatively small (only about 4 mM,
Fig. 4(i)). This un-symmetric change in ion concentrations is
due to 2 factors. First, the DC stimulation completely inactivates
the fast Na™ channel (Fig. 4(d)) only leaving a small persistent
inward Na™ current during the stimulation (Fig. 4(b)), while it
fully opens the K™ channel (Fig. 4(e)) allowing a large outward
K™ current (Fig. 4(b)). Second, the periaxonal space outside the
node is much smaller than the axoplasm space inside the node.
For a myelinated axon of 10-um fiber diameter, the periaxonal
space volume at each node is 1885 zm? but the axoplasm volume
is 42805 pm? that includes the nodal segment and the segments
under the myelin (2 MYSA segments, 2 FLUT segments, and
6 STIN segments, see Table I). Therefore, with the same ionic
diffusion rate along the longitudinal direction of the axon the
ion accumulates faster outside the node than inside the node.
Myelin plays an important role in creating this un-symmetric
ion concentration change because it only allows ion passing
through the membrane at the node which represents less than
0.1% of the axon length covered by the myelin between the
neighboring axonal nodes (see Table I). Please note that the
myelin sheath is modeled as an isolator (capacitor) that is same
as the previous study by Mclntyre et al. [15]. However, it is a
very different situation for unmyelinated axons where the myelin
barrier is absent, and the ions can cross the membrane along the
entire length of the axon. Therefore, our recent study using an
unmyelinated axon model showed that both K™ accumulation
outside the axon and Na* accumulation inside the axon could
play a role in post-DC block [11], [12].

The new axonal conduction model established in this study
successfully simulated the post-stimulation block phenomenon
while the classical model based on FH equations [10] with-
out changes in ion concentrations failed to simulate the post-
stimulation block. This difference indicates that the changes
in intracellular and extracellular ion concentrations play an
important role in producing the post-stimulation block. Recent
animal studies [27], [28] have shown that post-stimulation block
can also be induced by high frequency (kHz) stimulation that
has been applied clinically to the spinal cord to treat chronic
back pain [29] and used to block peripheral nerves to treat
extreme obesity [30] or amputation limb pain [31]. Despite
these clinical successes, the mechanism underlying the effects
of kHz stimulation on axonal conduction/block is still not fully
understood. Thus, the new axonal conduction model developed
in this study could be used to further investigate the possible
mechanisms underlying the post-stimulation block induced by
kHz stimulation.

V. CONCLUSION

This study established a new axonal conduction model for
myelinated axons that includes changes in intracellular and
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extracellular ion concentrations and ion pump activity. The
model not only successfully simulated the initiation, propaga-
tion, and block of the action potential as revealed by the classi-
cal FH models, but also simulated the post-stimulation block
phenomenon that the classical FH model failed to simulate.
This new model will be useful for better understanding of the
mechanisms underlying long-duration stimulation that changes
ion concentrations and triggers ion pump activity.
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