Biophysical Journal, Volume 121

Supplemental information

Extracellular and intracellular components of the impedance of neural

tissue

Claude Bedard, Charlotte Piette, Laurent Venance, and Alain Destexhe



Extracellular and intracellular components of the
impedance of neural tissue

Claude Bedard!, Charlotte Piette?, Laurent Venance? and Alain Destexhe!
1: Paris-Saclay University, CNRS, Institute of Neuroscience (NeuroPSI),
Gif sur Yvette, France
2: Center for Interdisciplinary Research in Biology (CIRB),
Collége de France, CNRS, INSERM, PSL University, Paris, France

January 24, 2022

Condensed title: Neural tissue impedance

Keywords: Local field potential, Extracellular space, Ionic diffusion



Supplemental Information
Appendices

Physical meaning of the method used to measure the
impedance

In our experimental situation, we inject a current which is time-dependent, in a
linear medium. In such conditions, the potential (relative to ground) is given by the
general relation:

+oo

V(t, fintra) - V<t7 fe:rtra) - [V;"est(fintra) - West(feztra)] + / Z<t - t/)Ig<t/) dt/ )
where V,..(7) is the resting potential at position Z (at rest, [9(t) = 0). It follows
that, in Fourier frequency space, the potential between intracellular and extracellular
electrodes is given by:

[V(w./ fi”t"u) - VT"CSt(fi”t"'“)(s(w)] - [V(w, f@wtra) - %‘(ist(fcwtra)é(w)] - Z<W)]g (w) )
where 0(w) is the Dirac distribution. Thus, we can write:
V(w’ fintra) - V(w7 femtra) = Z(W)Ig(u})

when w # 0. For w # 0 we have d(w) = 0 and thus V(w,Z) = V(w, ) — Viest(w, T)
because Vies(w, T) = Viest(¥)d(w). It follows that, if w # 0, then the potential
measured as a function of frequency V(w, 7) is equal to its variation relative to that
of the cell at rest. Thus, for current amplitudes that are not too strong (to remain in
the linear regime), V(w, Z) has a very smooth variation in space, despite the fact that
the potential at rest may show very abrupt spatial variations near the membrane.
In the manuscript, we have designed by equipotential surface any surface for which
V(w, &) = constant when w = constant # 0.

A Equivalent impedance between the extracellular
electrode and the ground

In this appendix, we give the explicit expressions to calculate the impedance between
the extracellular electrode and the ground in the different experimental conditions
considered.

When measuring the equivalent impedance, we have (Z, || Z; || Z4) ® Z,, where
Z4 is the impedance between the ground and the first isopotential surface that
surrounds the neuron. 7, is the impedance of the extracellular medium in contact
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with the isopotential surface Sy, Z, is the impedance of the current flowing through
the soma membrane in contact with surface S, and Z; is the input impedance of
the dendritic tree relative to a reference outside the neuron (Fig. 6).

Thus, we obtain

V; ZaZde
=7z, = A Al
I " 22+ D2y 242, + 2 (A1)

where I9 = I9 + 19 + I. 19 is the generalized current produced by the current
source, because in our experiments, the generalized current conservation applies.
Note that this does not account for charges created by chemical reactions [36]. We
have

( Za - Ra
(m) Tm Zﬁm)
Ly = Zm + Ze — A, (1+iwmm) + A, (AQ)
(m)
Zy = %ﬁ coth(klq)

Here, we calculated Z; as follows. The part of the current source that flows through

the dendrite before eventually going to the ground (I9) is such that we obtain
74 = ‘;3 = j—icoth(/a,\ld) where V,,, is the somatic membrane potential at the basis
of the dendrite [22]. In addition, applying the generalized current conservation gives
the following equality:

V52 Vin
T+ 20 T A9

where the potential V;SQ is taken at the isopotential surface S,. Thus, we have
approximately:

Zs
ZW’L

Vi Zy+ 2"

7, = L =
T Z,

Zi = L (A.4)

B RC circuit in series with a resistance

In this appendix, we compare the RC model ((R || C)) with the RC model in series
with a resistance ((R || C') @ Rx). One can see from Fig. B.1 that the impedances
of these two models are similar for small frequencies. However, they differ at high
frequencies relative to the cut-off frequency of the RC circuit. It is important to
also consider that the phase of the RC model tends to -90° when frequency tends to
00, but it tends to 0° for the RC model in series with a resistance.
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Figure B.1: Comparison betwen the impedances of the model RC || (red) and of the
model RC || in series with a resistance (blue). The modulus (A) and phase (B) are
shown as a function of frequency.

C Diffusive impedance in heterogeneous media for
a spherical source

In this appendix, we present the theoretical expression of the macroscopic
impedance in the case of a diffusive model [20].

In a previous publication [20], we have shown that the macroscopic diffusive
impedance (also called Warburg impedance) is derived by a linear approximation
of the ratio 1%7 where V' is the potential difference between the two measurement
points. This derivation took into account Boltzmann distribution and Ohm’s law.



The energy given to the charges divides into two parts: one dissipative part (calorific
energy) and the part corresponding to the spatial arrangement and distribution of
charges as a function of time. The first part is related to Ohm’s law, and the second
part to Nernst law.

The presence of a current source in a homogeneous medium breaks its homogeneity.
Indeed, the charge distribution around the source cannot be considered constant.
The application of Boltzmann’s law in the quasistatic regime (in the sense of classical
statistical thermodynamics), in the linear approximation, gives an impedance for a
spherical current source of the form:

Z, - — G (C.1)
(% +/—io)

<B>|m

where C' is a constant which depends on the electric conductivity of the medium
in the absence of the source, R is the radius of the spherical source (which gives a
curvature of 1/R?), T is the absolute temperature in Kelvins, < 8 > |,, is equivalent
to an “effective” diffusion coefficient which is negative, and k£ = 1.38 x 10723 J/°K is
the Boltzmann constant (for more details, see [20]). This model is called “diffusive
model”, and is used here for the particular case of a spherical source.

By setting

A, = CRT (C.2)
and b
< > \m
W = =~ (C.3)

we can write expression C.1 as above:

1+ fize

At constant temperature, the measurement of the impedance allows one to determine
the values of A, and w,r = 27v,r. The parameters A,, and w, are real.
However, we assumed

Zw

Ay
Dy = —
1+, fie

WyT

+ Rasymp (05)

because the original derivation of the expression of the Warburg impedance in
mean-field |20| considered the particular solution of the differential equations in
mean-field, also called the “forced solution”. The general solution is the sum of
this particular solution and the solution of the homogeneous equation (V2V, = 0).
To take this into account, one needs to add a resistance in series with the forced
solution (Rusymp. ). This asymptotic resistance appears at very large frequencies in
the experimental measurements (see Results).



Figure D.1: Examples of how the curvature of isopotential surfaces determines the
cutoff frequency of the impedance. A. Volume delimited by a plane (infinite curva-
ture radius), resulting in a cutoff frequency near zero. B. Similar volume delimited
by a border of constant curvature. In this case, the cutoff frequency is larger because
it is inversely proportional to the curvature radius (Appendix D ).

D Threshold frequency and surface curvature of the
diffusive model in the general case

In this appendix, we give some details about the relation between the threshold
frequency in the diffusive impedance (expression C.5) and the curvature at a given
point of a surface S. In other words, we show how to apply the diffusive model to
surfaces that are non-spherical.

The diffusive model of Appendix C can be applied to an arbitrary surface because we
can build an approximately continuous surface S by the sum of portions of spherical
surfaces centered on different points of S, where the curvature corresponds to that
of §. Note that the smaller the intrinsic curvature of a surface, the smaller is the
threshold frequency of that surface®.

For example, if we have a surface S composed of two spherical portions (S; and S»)
of very different radius, the diffusive impedance diffusive as sensed by the surface is
equal to the two impedances of each portion in parallel, because the current divides
between both of them. It follows that Zg = Zg, || Zs,, with:

Ay
Zg— — v (D.1)
Y
1 + ZWIUT
where o
A —_ wy Hwg
w Awl +A1u2
Au,vl +ﬂ (DQ)
L et er
VWwT Awl +A’w2

If the surfaces S; and Sy have the same impedance, then the impedance of S is twice
smaller, but the threshold frequency remains the same. If each surface displays a
similar Warburg amplitude but with different threshold frequencies, then we obtain

LA similar approach is classically used to model the electrical point effect [32].
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It follows that if we approximate a given surface with a set of N spherical portions
of same Warburg amplitude, the threshold frequency is given by:

ﬁ _f; (0.3

Thus, the portions of surface with the smallest curvature will determine the thresh-
old frequency of the ensemble, Consequently, it is possible to obtain a very small
threshold frequency, even in a domain of a very small volume (Fig. D.1).

E Macroscopic impedance relative to ground

In this appendix, we consider the macroscopic impedance as sensed by the electrode
injecting the current in the soma, via the dendrite, before reaching the ground,
Zf’;(’;‘;d, and the impedance as seen by the current going to the ground indepen-

dently of the dendrite, Z7'7 “dﬁ, for a ball-and-stick model in a resistive extracellular

medium. Note that the impedance between the soma and the ground is given by

ground ground
Zin den H Zout den*

We also consider that the cytoplasm is resistive, as well as the Debye layers surround-
ing the membrane. We will consider the experimental measurements of Section 3.2.
Importantly, in the present experiments, the impedance between the cell and the
ground should be calculated in an “open” configuration, because the current injected
in the neuron flows to the ground without looping back to the neuron.

We numerically compared the impact of the two configurations, open and closed, at
the basis of the dendrite (stick). In particular, the parameter k) = /X is a good
indicator to evaluate the differences between the two configurations.

For this purpose, we first assumed that the extracellular impedance Zém) has the
same value at every point in the membrane in soma and dendrites. This hypothesis
is reasonable if the neuron is physically smaller than the geometrical dimensions of
the experimental preparation. Indeed, this parameter measures the impedance of
the extracellular medium as sensed by the membrane, as defined by 2im) /dS which
is the impedance between dS, a differential element of membrane, and the ground.
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Figure E.1: Graph of { as a function of frequency for the ball-and-stick model. Here,
Kk = /1 + iwT,,, the soma has a radius of 10 um, while the length and diameter of
the stick are respectively of 600 pum and 3 um. In this example, the membrane time
constant 7,, is of 30 ms, ¢,, = 0.01 F'/m? is the specific membrane capacitance, and

2™ = kr,, with k& = 0.001,0.0001,0.00001. The dashed lines correspond to the
open configuration, and continuous lines to the closed configuration. The electric
conductivity of the cytoplasm o] corresponds to the different colors, Blue: o)™ =

e

0.1S/m, Red: o™ = 0.015/m, Black: o2 = 0.001S/m. Note that in the case
2 = 0.000017r,, is approximately equivalent to a supraconductive medium, for
frequencies smaller than 10 kH z.

According to the generalized cable theory [22], for a resistive medium, we have:

€m
mn
olmm

m =

(E.1)

Zéml) - ei)

ot
where ¢, and e. are the thickness of the membrane and of Debye layers, respec-
tively. o™ and o are the mean electric conductivity of the membrane and of the
extracellular medium (comprising Debye layers), respectively. Debye layers have a
high density of ions, and thus have a different conductivity than the “bulk” of the
medium. The ions around the membrane are distributed according to Boltzmann
distribution, forming Debye layers, and the diffusive model must be taken into ac-

count in this case (Appendices C and D). The electric conductivity is much lower
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in Debye layers compared to the other parts of the extracellular medium, which is
considered homogeneous away of Debye layers. We assumed a thickness equivalent
to that of Debye layers in the expression of 2™ (Eq. E.1).

However, in this appendix, we neglect the possible frequency dependence and model
the impedance of Debye layers with a resistance, as if the threshold frequency was
very large. The goal here is to determine, as simple as possible, the physical con-
sequences of the magnitude of |zem)\ relative to 7, on the current division between
the soma and the dendritic stick.

According to expressions E.1, we obtain:

(mn)
Am = L2 (E.2)
Em 0'€'

where 7, = 7,,/¢,, = 1007, (with ¢,, = 0.01 F/m?).
For a value of 7,, = 30 ms, e, = 0.1e,, and o0 = 1026, we obtain 2™ =
0.003 Qm?2. This value gives the order of magnitude of the physical effects on the
impedances Zf:’;gld and Zggf“d’ﬁ. The value of the membrane time constant is that
of the experiments presented here.

Next, from the evolution of the electric conductivity of the cytoplasm, we consider
three different values: 0.1, 0.01 and 0.001 S/m (Fig. E.2 ) The first value approx-
imately corresponds to that of ACSF for a temperature of 37 °C'. The two other
values are smaller, to simulate the fact that the cytoplasm is a heterogeneous medium
(presence of organites), which creates a tortuosity, as well as electric polarization.
These effects have been reported to diminish electric conductivity [27, 28|.
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Figure E.2: Example of input impedance Z7 %" and of soma impedance Z979m,

Here, 2 = kr,, and k = 0.001,0.0001. The electric conductivity of the cytoplasm
is o7 = 0.1,0.01,0.001 S/m. The other parameters are the same as in Fig. D.1.
The dotted lines correspond to the case 2 = 0, which is equivalent to neglect
Debye layers; solid lines correspond to a resistive model, with Debye layers taken
into account.

Figure E.2 shows examples of the input impedance in the following conditions.
1) The open and closed configurations give very different results when 2 s
0.017,, Qm?, otherwise the differences are small for parameters x,. Note that the
case zém) < 0.00001r,, is as if Debye layers were inexistent for frequencies smaller
than 10 kHz. 2). For o™ = 0.1 S/m, |Z97°"4| > |Zoround| if 1 > 100 Hz, for

in den soma
(nm)

o™ = 0.01 S/m. This inequality holds up to about 1 Hz. For o, = 0.001 S/m,
the modulus of the dendrite (stick) impedance is much larger than that of the soma.

F Apparent electric conductivity and permittivity

In this appendix, we define the apparent electric conductivity and permittivity. In
general, we have the following linking relations between the diffusion j/,E and the
fields D, FE:
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)y = [ _ft—t) EW)dt
(F.1)
Dty = ['_g.(t—t) EW) dt’

This is obtained in the framework of a mean-field theory of Maxwell equations
when the extracellular and intracellular media are linear and homogeneous [20, 35|.
Note that the functions f, and g. are real functions which can model different
physical phenomena, such as ionic diffusion, electric polarization, calorific (resistive)
dissipation, etc. The integral expresses the fact that the free-charge current density
and displacement current density at a given time ¢ are not only determined by the
electric field at time ¢ but also by the whole history of its time variations. These
functions are the inverse Fourier transform of electric conductivity and permittivity
expressed in Fourier frequency space?. For example, for an ideal electric resistance,
we have f,(t) = 0.(t), for an ideal capacitance we have g.(t) = £,0(t) (where o,
are ¢, are constant in time). These two parameters are respectively the electric
conductivity and permittivity. In these two ideal cases, the relations F.1 give the
following equalities: j’f = UeE and D = E,SE , where o, and ¢, are time independent.
Note that these two ideal elements have no memory of the past (which is expressed by
the Dirac deltas), and this is not generally the case of frequency-dependent electric
conductivity and permittivity.

Consequently, we have in general, in Fourier frequency space:

—

Hw = o) Ew)
) (F.2)
D(w) = ¢(w) E(w)

where o(w) and e(w) are respectively the Fourier transforms of f,(¢) and g.(¢).

Because f,(t) and g.(t) are real functions, this implies in general o(—w) = o*(w)
and £(—w) = £*(w). Here, the real parts are necessarily even functions and the
imaginary parts are odd functions. The relations F.2 imply that the generalized
current density is related to the electric field by:

—

Pw) =7 W) +4w) = o) +iwe(W)] Ew) = 7(w) Ew) (F.3)

where 0 = 0’ +i0” and € = ¢’ + ig” are complex functions in general, while o', o”,
g’, " are real functions. We have the following particular cases: an ideal resistance
is such that we have o(w) = 0. (Ohm’s law), an ideal capacitance corresponds to
e(w) = ¢, so that o and ¢ are real numbers and do not depend on frequency.

From these relations, we obtain:

7

7:(0’—w6”)+iw(6’+0—):JA—i—iweA (F.4)
W

2Representing the electric parameters in Fourier frequency space is particularly efficient when
the medium is linear because in this case the density of free-charge current and displacement
current are proportional to e if the electric field is also proportional to this term.
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which defines the apparent electric conductivity o4 and the apparent electric per-
mittivity €4. In general, the apparent electric permittivity can be viewed as a type
of resistance which depends on frequency and allows to calculate the dissipated
power at a given frequency. The ratio e4/04 can be used to evaluate the relax-
ation time of the medium. Note that this definition corresponds to the electric
parameters measured in previous studies |7, 34]. In these experimental studies, the
measurements are characterized by parameters o4 and € 4 because we interpret the
experimental measurements in a very heterogeneous medium as if it was a non-ideal
resistance (which depends on frequency) in parallel with a non-ideal capacitance
(which also depends on frequency). A heterogeneous medium can be modeled as a
homogeneous medium where the parameters depend on frequency with respect to
macroscopic measurements. This is analogous to classical thermodynamics where
pressure and temperature can be used to characterize a physical system.

Note that the apparent electric permittivity tends to infinity if the imaginary part of
the electric conductivity does not tend to zero at null frequency. This is not the case
for an ideal resistance because the imaginary part of its electric conductivity is zero.
However, for a diffusive (planar) impedance (with zero curvature, see Appendix D)
the imaginary part of electric conductivity is non-zero, since in this case v = ky/w(1+
i) where k is a constant.

By definition, the complex admittance Y between the two arms of a plane capacitor
with a given medium in between, is given by % [04 + iwe 4]. A is the arms area and
d is the distance separating them. If we assume that these geometrical dimensions
do not generate boundary effects, the electric field between the arms is of V/d where
V' is the voltage difference between the arms of the capacitor.
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Figure F.1: Apparent conductivity and permittivity of a diffusive impedance. The
red and blue curves correspond to v,y = .5 Hz and black curves correspond to
vor =40 Hz. We have A, = 16 MQ and A/d = 10 pm for all curves,

For example, the measurement of the apparent parameters of a medium with a
diffusive impedance gives the following equality:

A L+ Jig=
Y= — [o4+tiwey = ——

: o (F.5)

It follows that the frequency dependence of the parameters is given by the following

expressions:
4

kojy, = 1+ w

2"JwT

k’€A = \/lewﬁ (FG)

T — EA 1
\ A oA WV 2ww, T

where the constant k is equal to %.

Thus, the apparent electric conductivity tends to £, the electric permittivity tends to
infinite, and the dielectric relaxation time tends to infinity for w — 0. We conclude
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that if ionic diffusion is not negligible, then the linear approximation of its effect on
the measured impedance is as if the dielectric relaxation time tends to infinity at
null frequency (Fig. F.1).

G Ensemble of the measurements

In this appendix, we show the ensemble of experimental results obtained in the
different preparations. Figures G.1 (non-arborized neurons in culture), G.3 (ar-
borized neurons in culture) and G.5 (arborized neurons in brain slices) respectively
show the impedance of Region 1-2 (between the intracellular and extracellular elec-
trodes). The same preparations are respectively shown in Figs. G.2, G.4 and G.6
for the modulus of the impedance of Region 2-3 (between the extracellular electrode
and the ground). The values of the experimental parameters for the different exper-
imental preparations are shown respectively in Table G.1, G.3 and G.5, while the
values of the corresponding models are shown in Table G.2, G.4 and G.6.

A A B B
. P [ . P ?
10 1 10 1
0 0
<) =)
= S -1
N
- e
) -2
100 B 100 -3 0 2 4
10’ 10° 10 10° 10° 10" 10° 10° 10 10 10 10
5 C C 5 D D
10 o 2 ® 10 o 2
0 0
o -2
IOD 0 2 - 0 2 100 0 2 - 0 2
10 10 100 10 10 10" 10 10 100 10 10 10"
E 5 F E
10 o 1’ © 10 o 2 ®
0
0
-1
-2
-2
’ 10°

10’ 10°
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10°

10° 10°
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10°

10°

10°
v [Hz]

10°

-4

10°

10°
v [HZ]

10"

Figure G.1: Experimental measurement between intracellular and extracellular elec-
trodes for 6 non-arborized neurons in culture. On the basis of the fits, two groups
can be distinguished, one with 7,, around 30 ms and another group with 5-15 ms
(Tables G.1 and G.2). The blue curves are cubic spline fits of the experimental data.
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Figure G.2: Experimental measurements between extracellular and ground for 6
non-arborized neurons in primary cell culture, as shown in Tables G.1 and G.2. The
blue curves are cubic spline fits to the logarithm of the experimental data, while the
red curves are the direct cubic spline fits of the data.
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Vi (mean + o of white | Number Membrane
standard deviation) noise of sweeps | resistance (M)
during white current Membrane time
noise injection (mV) (pA) constant (ms)
A : 2020021702 -68.9 + 2.5 10 18 NaN
NaN
B : 2020021801 -64.6 £ 6.4 D 13 2995
117
C : 2020021901 -62.3 £ 2.5 10 20 900
62
D : 2020021803 -57.7 £ 4.0 3 71 2090
105
E : 2020021802 -64.3 £ 1.6 10 14 958
16
F : 2020031503 =571+ .9 d 25 1339
32

Table G.1: Individual experimental parameters for 6 non-arborized neurons in cul-
ture, shown in Fig. G.1. In the absence of measurements, a NaN is indicated.

exTp
Rm Tm Aw VwT Rasymp 04 o

(MY | [ms] | [MQY | [ms] | [MQ] | [M€] | [MQ)
1000 | 30 | 625 | 0.1 | 4 3.4 | 142.9
3000 | 30 | 2000 | 0.2 | 4 16 | 225.0
3000 | 35 | 2000 | 0.05| 6 3.5 | 210.0

3

2

2

erp

3000 | 25 | 2000 | 0.05 3.8 | 215.0
3000 5 2000 | 0.7 2.9 58.3
1000 | 15 670 | 0,1 2.2 |1 179.0

Bliciiwiiellss]i e

Table G.2: Parameters for the diffusive model for each non-arborized neuron in
Table G.1. o0& and 0" are respectively the mean square error of resistive and
diffusive models relative to the experimental measurements for each neuron .
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Figure G.3: Experimental measurements between intracellular and extracellular
electrodes for 6 arborized neurons in primary cell culture (quasi-homogeneous
medium). The blue curves are cubic spline fits of the experimental data.

17



C
10 10* 10*
<3
=)
N
- 10° 10°
10
10° 10° 10° 10t 10 10° 10°
4 D 5 E 5 F
10 10 10
0 0
1° 10 10
10° 10° 10" 10° 10° 10°  10° 10° 10"
v [Hz] v [Hz] v [Hz]

Figure G.4: Experimental measurements between extra and ground for 6 arborized
neurons in culture, as shown in Tables G.3 and G.4. The blue curves are cubic spline
fits to the logarithm of the experimental data, while the red curves are the direct

cubic spline fits of the data.
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Vi (mean =+ o of white | Number Membrane
standard deviation) noise of sweeps | resistance (M)
during white current Membrane time
noise injection (mV) (pA) constant (ms)
A : 2020021701 -66.0 + 2.6 10 46 549
25
B : 2020021902 -68.1+ 4.0 10 31 1820
67
C : 2020031501 -76.1 £ 4.4 d 28 4737
109
D : 2020031502 -67.5 + 4.4 10 60 1347
31
E : 2020031602 -66.7 £ 2.1 10 3 793
22
F : 2020031603 -69.4 + 2.7 ) 26 2220
89

Table G.3: Individual experimental parameters for 6 arborized neurons in culture.

R,, Tim Ay | Vur | Rasymp | 057 | 05
[(MQ] | [ms] | [MQ] | [ms] | [MQ] | [MQ] | [MQ]

A | 3150 30 1050 | 0.02 2 2.0 223.0
B | 2100 30 1260 | 0.01 0 2.5 129.0
C | 1200 25 1000 | 0.03 0 2.0 97.0
D | 1200 35 1200 | 0.02 3 3.8 101.0
E | 1200 35 1200 | 0.03 3 3.1 108.0
F | 1500 35 1500 | 0.02 0 4.1 131.0

Table G.4: Individual parameters obtained from fits for 6 arborized neurons in
culture from Table G.3. o0& and 0" are respectively the mean square error of
resistive and diffusive models with respect to the experimental data.
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Figure G.5: Experimental measurements between intracellular and extracellular
electrodes for 9 arborized neurons in brain slices, as shown in Tables G.5 and G.6.
The blue curves are the cubic spline fits of the experimental data.
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Figure G.6: Experimental measurements between extracellular and ground for ar-
borized neurons in slices, as shown in Tables G.5 and G.6. The blue curves are
cubic spline fits to the logarithm of the experimental data, and the red curves are
the direct cubic spline fits of the data.
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Vi (mean =+ o of white | Number Membrane
standard deviation) noise of sweeps | resistance (M)
during white current Membrane time
noise injection (mV) (pA) constant (ms)
A : 2018121204 (MSN) -75.2 £ 1.1 20 1 67
6.0
B : 2018121205 (F'S) -74.8 £1.2 20 10 23
9.5
C : 2018122701 (FS) -78.2+ 1.3 20 15 124
5.6
D : 2019021202 (MSN) -75.8 £ 1.3 20 6 83
4.2
E : 2019021203 (MSN) -73.9 £ 1.7 20 59 85
4.0
F :2019021302* (MSN) -69.1 = 1.8 20 13 64
7.7
G : 2019021304* (MSN) -69.3 £ 1.7 20 10 128
9.5
H : 2019021401 (MSN) -64.6 £ 14 10 5) 124
8.4
I:2019021801 (MSN) -80.1 £ 2.7 10 31 92
2.8
J : 2019021802 -73.3 £ 1.6 10 35 158
(Cholinergic interneuron) 6.3
K : 2019021803* (MSN) -67.1 £ 1.6 10 8 206
7.9
L : 2019021901 (MSN) -76.8 = 1.4 10 49 44
3.4

Table G.5: Individual experimental parameters for 9 arborized neurons in brain
slices (MSN: medium-sized spiny neuron; FS: fast-spiking interneuron).
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Ry, Ry, Tm A, Vur AIZU v EUT Rosymp | 04" | 0P

0] | (M9 | [ms] | (M9 | [(H2] | [MO] | [Ha] | [M9) | [MO] | [MO)]
A | 120 48 5 48 5 24 40 1 2.1 6.0
B | 120 50 5 50 5 24 40 4 2.3 6.6
C 140 47 5 47 5) 40 60 4 2.3 5.2
D | 140 48 5) 48 1 40 60 2 2.4 5.1
E 140 48 2.5 48 1 40 60 1 2.0 6.0
F 140 48 5 48 1 40 60 4 5.9 11.0
G | 256 90 20 90 1 75 40 1 6.3. 9.5
H | 256 90 20 90 0.1 75 10 1 3.0 10.1
1 426 150 1 150 1 125 20 1 28.1 72.0
J | 320.5 90 10 90 20 125 60 5 6.1 26.3
K | 320.5 90 10 90 20 75 60 5 6.1 26.3
L | 320.5 | 48 1 48 45 40 80 3 6.3 15.3

Table G.6: Individual parameters obtained from the fits for arborized neurons in
brain slices from Table G.5. The total resistance for v = 0 is equal to R,, =
Ry + A% + A% + Rygymp. 05 and o5 are the mean square errors of the resistive

and diffusive models relative to experimental data, respectively.

The extracellular-to-ground measurements are similar in all preparations and exhibit
a similar frequency dependence. All fits show that the impedance modulus of the
extracellular medium is of the order of that of ACSF.

However, this is not the case for the intracellular-to-extracellular measurements in
the different preparations. For all cells and for all preparations, the diffusive model
fits better the experimental data.

Finally, for the different preparations, the experimental measurements (membrane
resistance and membrane time constant) shown in Table G.1 are different from that
displayed in Table G.2. This difference shows that the evaluation of the membrane
time constant using a current pulse leads to different membrane time constants as
those evaluated from direct fitting of the impedance. This aspect is examined in
more detail in the following (Appendix H).
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H Voltage between two points for a square current
pulse

In this appendix, we calculate the voltage between two points when the injected
current is a square pulse.
We model a pulse of current as follows:

19 = h[H(t) — H(t — A)] (H.1)

where A > 0 is duration of the current pulse, and H is the Heaviside function.
The most general linear relation between current and voltage is given by the following
expression:

V(t) = /_ -t 1) ar / Ty pe—ty e @)

It follows that the derivative of the voltage is given by:

Cfi‘t/ =h { /+OO Z({t) ot —t") dt’ — /+OO Z({tY ot —A—1t)dt' |. (H.3)

with 4L = h[§(t) — o(t — A)).
Thus, we obtain the following equality:

v
= = h[Z(H) — Z(t - O] (H.4)

According to the complex Fourier transform,

2(t) — PP[;ijOOZ(w) c“tdy ] (a)

(H.5)
+00
V(t) = PP] i [ V(w) e“tdw ] (b)
where PP means the principal part of the integral.
In a diffusive medium, we have:
R’HL A’ll)
Z(w) = Rysym H.6
) = T T TT Vi T e (H.6)
where 7,7 = 1/w,r. We calculate % from Equations H.4 and H.5.
Applying Eq. H.5(a) on the right-hand part of Expression H.6 gives [37]).
av
o= hH(t)F(t) — hH(t — A)F(t — A) (H.7)
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LA 1 t t
F(t) _ % efm + w — € "wT e’f’fc( — ) + Rasymp(s(t) (H8)

Tm TwT ﬁ TL TwT
wT

The function e® - er fc(y/x) for 2 > 0 is a real and positive monotonously decreasing
function which tends to zero at infinite. At z = 0, it is equal to 1.

Because the experimental measurements shown here indicates that 7, << 7,7, we
develop F(t) in series around zero to evaluate this function when ¢ < 7,,,. We obtain

et/ Tt = 1+ -5+ 0(2)
(H.9)
erfe(\/t/Twr) = 1— \/%? [2(#)1/2 - %(#)3/2 + 0(5/2)]
We then write the following equalities:
, —1/2 +1/2
F(t) = f_:e—m - f;; {1 + TEJ 4 wawﬁ ;% . ii% |+ Ryt + 003/2)
(H.10)

G(t) /t POV = Ryp(1— ey — A, 2w 27 g 0(3/2) (H.11)
t) = U)dt = Ryp(l—e ™) — Ay + + Lasymp T .
f e VR

The voltage for V(07) =0 at t =0 and ¢t > A is given by (H.7)

A B C
V(t) = h/A F(t)dt' + h/t F(t)dt' — h/t F(t'— A)adt (H.12)
0 A A
which gives
i A(A0) = R[G(A) — G(0)]
B(t;A) = h[G(t) — G(A)] (H.13)
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Thus, we have

;

2 A1/2 A
A(A;0) = hR,, [1 — 6_%] +hA, | ——— —
ﬁ Tié? TwT

A t—A 2 /2 _ Al/2 t—A
B 7A = m _a |:1 —_— - ™n i| Aw B — J—
(t: A) hR,.e e +h Ve p— (H.14)
NG ;,0 J/
. 2 (t—AY?2 t—A
C(,A) =  hRy, [1—6—77?} cha, |2 1/2) -
| ﬁ TwT TwT |
\ =0

A(A) corresponds to the voltage reached at time A (A is the duration of the current
pulse). A(A) depends on A,. If A, = 0, the voltage is equal to that of a resistive

model. In the case of a diffusive model A,, # 0 is positive because -2~ < # < 1.
Consequently, the voltage as a function of time is given by:
resistive model
N A2 (12 (t—A)2
V(t) = hRy[l —e e m +hA, | —— + — — +0(3/2)
VAR
(H.15)

when ¢ > A and t < 7,7.
Finally, the last expression is equivalent to the second-order approximation in v/t of
the expression

resistive model
7\

- P A t=A 2 [t—A [ ¢t _ [t=A
v(t) = hRm[]_ — 6_%}6_777? —hAw[]_—e T1?T]€ Tw?—i—ThA/w [ ]_ — €< TwT TwT) :| e TwT +0(3/2>
T
(H.16)
when ¢t > A and ¢t < 7,,. We can also develop the third term of expression H.16 as

a series of exponentials linear in ¢ (using Newton binomial) with a combination of
exponentials with different relaxation times.
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Figure H.1: Voltage relative to rest as a function of time during the injection of
a current pulse of 10 pA and 10 ms duration. The membrane time constant was
Tm = 30 ms and the impedance of the extracellular medium + membrane is of
1000 M€ at null frequency. The red curve shows the prediction of the resistive
model, while the blue curve shows the resistive model (with a threshold frequency

of vy =05 Hz and A, = R,,).

Consequently, the method of current pulse injection and the linearization method
give a different slope in a semi-log graph, according to the type of model. For a re-
sistive model, the slope is —1/7,,, and this allows to directly estimate the membrane
time constant, as classically performed. However, for a diffusive model, the slope is
slightly variable and smaller than the resistive model. It depends on 7,,, v,7 and
on the ratio R,,/A,. For t > A, one part of the voltage, V, (V =V, + V}), atten-
uates according to the resistive model, while the other part, Vj, attenuates slower
and depends on v,,7. This explains why the membrane time constant seems larger
with the pulse or linearization method, compared to the fitting of experimental mea-
surements (Appendix G). The divergence originates from the pulse or linearization
methods according to a resistive model.
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