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Intracellular Impedance Measurements Reveal Non-ohmic Properties of the
Extracellular Medium around Neurons
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ABSTRACT Determining the electrical properties of the extracellular space around neurons is important for understanding the
genesis of extracellular potentials, as well as for localizing neuronal activity from extracellular recordings. However, the exact
nature of these extracellular properties is still uncertain. Here, we introduce a method to measure the impedance of the tissue,
one that preserves the intact cell-medium interface using whole-cell patch-clamp recordings in vivo and in vitro. We find that
neural tissue has marked non-ohmic and frequency-filtering properties, which are not consistent with a resistive (ohmic) me-
dium, as often assumed. The amplitude and phase profiles of the measured impedance are consistent with the contribution
of ionic diffusion. We also show that the impact of such frequency-filtering properties is possibly important on the genesis of local
field potentials, as well as on the cable properties of neurons. These results show non-ohmic properties of the extracellular me-
dium around neurons, and suggest that source estimation methods, as well as the cable properties of neurons, which all assume

ohmic extracellular medium, may need to be reevaluated.

INTRODUCTION

The genesis and propagation of electric signals in brain tissue
depend on its electric properties, which can be simply resis-
tive (ohmic) or more complex, such as capacitive, polarizable,
or diffusive. The exact nature of these electric properties is
important, because nonresistive media will necessarily
impose frequency-filtering properties upon electric signals
(1,2), and therefore will influence any source localization.
These electric properties were measured using metal elec-
trodes, which provided measurements suggesting that the
brain tissue is essentially resistive (3—5). However, the electri-
cal behavior of tissue and electrodes can be easily confused
(6); efforts in the direction of distinguishing or separating
them abound (7-9). Another experimental approach using
very low-impedance probes revealed a marked frequency
dependence of conductivity and permittivity (10,11). Indirect
evidence for nonresistive media was also obtained (12-14),
and also indicated a marked frequency dependence.

To explain these discrepancies, we hypothesize that the
apparently contradictory results are due to the fact that
different measurement methods were used. The use of metal
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electrodes represents a nonphysiological interface for inter-
acting with the surrounding tissue, while in reality, neurons
interact with the extracellular medium by exchanging ions
through membrane ion channels and pumps. To respect as
much as possible these natural conditions, we have
measured the tissue impedance using a neuron as a current
source, thereby respecting the natural interface. This intra-
cellular measurement provides a measurement of a global
cell impedance, which contains the membrane impedance
and the impedance of the extracellular medium. This global,
intracellularly measured impedance can also be defined as
the impedance as seen by the cell.

Fig. 1 illustrates this concept and the recording setup
needed to record this global impedance intracellularly,
in vitro (Fig. 1 A) or in vivo (Fig. | B). Fig. 1 C gives two
circuit configurations for this system, emphasizing three im-
pedances: Z; is the impedance of the intracellular medium
(cytoplasm); Z, is the extracellular impedance; and Zgc is
the membrane impedance, represented by a simple resis-
tance-capacitance (RC) circuit (/eft), or a more complex cir-
cuit including dendritic compartments all described by
different RC circuits (right). An intracellular electrode
will measure a global combination of these impedances.
In the following text, we will call this global impedance
the “global intracellular impedance”.

A central point of our study is that this global intracellular
impedance is different from the electrical impedances
measured by metal electrodes, which we refer to here as
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FIGURE 1 Scheme of the experimental setup for measuring the global

intracellular impedance. (A and B) Placement of electrodes in vitro and
in vivo. In each case, a cell is recorded in patch-clamp whole-cell configu-
ration using a micropipette, where the reference electrode is a micropipette
located in the extracellular medium at a short distance from the recording
(A), or a silver wire in the contralateral hemisphere (B). (C) Equivalent cir-
cuits corresponding to this experimental setup, in two different configura-
tions: the cell is either considered as a single compartment (left), or with
dendrites (right), resulting in a slightly more complicated circuit. The mem-
brane is modeled as an RC circuit, where R,, and C,, are the global mem-
brane resistance and capacitance of the cell (leff), respectively, or R and
C, are the resistance and capacitance of the somatic membrane (right).
The value Z; is the macroscopic intracellular impedance (including the elec-
trode-cytosol interface), and Z, is the macroscopic extracellular impedance.
In the resistive models, Z, is modeled as a simple resistance R,; in the diffu-
sive models, it is a function of three parameters (A, B, and k, respectively,
scaling the modulus, phase, and cutoff frequency of the diffusive imped-
ance; see Materials and Methods). In the right circuit, Z, is the equivalent
input impedance of the dendritic tree seen by the soma; it is a function of /,,
the equivalent length of the dendritic tree. In both circuits, Vi, represents
the intracellular potential, and Vg, is the potential in extracellular space. To
see this figure in color, go online.

“metal-electrode impedance”. We will investigate whether
the intracellularly measured impedance reveals more com-
plex electrical properties than with metal electrodes, which
could possibly explain the discrepancies described above.
The global intracellular impedance provides not only a real-
istic estimate of the electrical properties of the extracellular
medium, but it is also closer to the natural conditions; it
could be a useful physical parameter to determine a more-
precise source localization of cerebral electric signals, and
to model the propagation of electrical signals in the extracel-
lular space or in dendritic trees, as we illustrate here.

MATERIALS AND METHODS
Animals

Maintenance, surgery, and all experiments were performed in accordance
with the local animal welfare committees (the Center for Interdisciplinary
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Research in Biology and European Union Guidelines, under Directive No.
2010/63/EU; and the Regional Ethics Committee, Ile-de-France Sud, under
Certificate No. 05-003). Every precaution was taken to minimize stress and
the number of animals used in each series of experiments. Animals were
housed in standard 12 h light/dark cycles and food and water were available
ad libitum.

In vitro electrophysiology
Brain slice preparation

Visual cortex. A quantity of 300-um-thick coronal brain slices of juvenile
mice (Py;_16 Swiss mice bred in the CNRS Animal Care facility, Gif-sur-
Yvette, France; under French Agriculture Ministry Authorization
No. B91-272-105) were obtained with a VT1200S microtome (Leica
Biosystems, Wetzlar, Germany). Slices were prepared at 4°C in the
following medium: choline chloride 110 mM, KCIl 2.55 mM, NaH,PO,
1.65, NaHCO; 25 mM, dextrose 20 mM, CaCl, 0.5 mM, and MgCl,
7 mM. Slicing started 2 mm from the posterior limit of olfactory bulb,
and ended 3.9 mm further. Before recordings, slices were incubated at
34°C in artificial cerebro-spinal fluid (ACSF) of the following composition:
NaCl 126 mM, KC1 3 mM, NaHCO; 26 mM, NaH,PO, 1.25 mM, myo-
inositol 3 mM, sodium pyruvate 2 mM, L-ascorbate de sodium 0.4 mM,
and dextrose 10 mM. The slicing and recording solution was bubbled
with 95% O, and 5% CO,, for a final pH of 7.4.

Dorsal striatum. Horizontal brain slices with a thickness of 330 um were
prepared from rats (P,3_30 OFA rats (Charles River, L’ Arbresle, France), us-
ing a vibrating blade microtome (VT1200S; Leica Biosystems). Brains
were sliced in a 95% 0,/5% CO,-bubbled, ice-cold cutting solution con-
taining: NaCl 125 mM, KCI 2.5 mM, glucose 25 mM, NaHCO; 25 mM,
NaH,PO, 1.25 mM, CaCl, 1 mM, MgCl, 1 mM, and pyruvic acid 1 mM,
and then transferred into the same solution at 34°C.

Electrophysiological recordings

Patch-clamp recordings in pyramidal cells of visual cortex from mice were
performed as followed. Slices were superfused at 2 mL/min with the same
ACSEF solution that was used for incubation. Bath temperature of the sub-
merged chamber was maintained at 34°C using a TC-344B temperature
controller (Warner Instruments, Hamden, CT). Neurons in slices of the
mouse visual cortex (Pj,_1¢) were identified with an upright microscope
(Axioscope FS; Carl Zeiss, Jena, Germany), an infrared camera
(No. C750011; Hamamatsu Photonics, Boston, MA), and an infrared filter.
Patch-clamp in the whole-cell current-clamp configuration in layer V pyra-
midal neurons was performed simultaneously with an extracellular
recording using a 3-MQ patch pipette (Fig. 1 A). The latter was located
within a close vicinity (=3 um) of the patched cell. All results were indif-
ferent to the distance between the reference electrode and the patched cells,
as potential variations on the extracellular electrode did not exceed 1% of
the variations of the intracellular potential. Borosilicate pipettes
(No. 1B150F4; World Precision Instruments, Sarasota, FL) of 5-8 MQ
impedance were used for whole-cell recordings and contained the intracel-
lular solution: HEPES 10 mM, EGTA 1 mM, K-gluconate 135 mM, MgCl,
5 mM, and CaCl, 0.1 mM, with osmolarity of 308 mOsm and a pH of 7.3.
Serial resistance was not compensated for. Recordings were performed with
a Multiclamp 700B amplifier (Axon Instruments, Union City, CA), filtered
at 10 kHz with a built-in Bessel filter, and sampled at 25 kHz. Data acqui-
sition and stimulation were performed with a National Instruments BNC
2090 A card, and the software Elphy (G. Sadoc, Centre National de la Re-
cherche Scientifique, Unit of Neuroscience, Information and Complexity,
Gif-sur-Yvette, France).

Patch-clamp recordings in medium-sized spiny neurons of dorsal stria-
tum from rats were performed as previously described in Paille et al.
(15). Briefly, borosilicate glass pipettes of 6-8 M impedance contained
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for whole-cell recordings: K-gluconate 105 mM, KCI 30 mM, HEPES
10 mM, phosphocreatine 10 mM, ATP-Mg 4 mM, GTP-Na 0.3 mM, and
EGTA 0.3 mM (adjusted to pH 7.35 with KOH). The composition of the
extracellular solution was NaCl 125 mM, KCl 2.5 mM, glucose 25 mM,
NaHCO; 25 mM, NaH;PO4 1.25 mM, CaCl, 2 mM, MgCl, 1 mM, and py-
ruvic acid 10 mM, bubbled with 95% O, and 5% CO,. Signals were ampli-
fied using EPC10-3 amplifiers (HEKA Elektronik, Lambrecht, Germany).
All recordings were performed at 34°C using a temperature control system
(Bath-Controller V; Luigs & Neumann, Ratingen, Germany) and slices
were continuously superfused at 2 mL/min with the extracellular solution.
Slices were visualized on a BX5IWI microscope (Olympus, Rungis,
France) using a 4 x/0.13 objective for the placement of the stimulating elec-
trode and a 40x/0.80 water-immersion objective for localizing cells for
whole-cell recordings. During the experiment, individual striatal and
cortical neurons were identified using infrared-differential interference
contrast microscopy with a charge-coupled device camera (model No.
VX45; Optronis, Kehl, Germany). Serial resistance was not compensated
for. Current-clamp recordings were filtered at 2.9 kHz and sampled at
16.7 kHz using the Patchmaster v2x73 program (HEKA Elektronik). Stim-
uli in current-clamp mode underwent a high-cut, 10 kHz filter before being
applied. Recordings were made with EPC 10-3 amplifiers (HEKA Elektro-
nik) with a very high input impedance (1 TQ) to ensure there was no appre-
ciable signal distortion imposed by the high impedance electrode (16).
Sinusoidal stimuli were then introduced in whole-cell patch-clamp to the
patched cell.

This configuration enables estimating the extracellular impedance, ac-
cording to the circuit displayed in Fig. 1 C. To this end, a white-noise cur-
rent stimulus was injected into the recorded cell and the impedance was
calculated based on this current injection (see Fig. 2 A). A quantity of

whole-cell
patch-clamp

Autocorrelation

Gomes et al.

20-120 s of Gaussian white noise with zero mean and 100 pA variance
was injected (results were similar for 30 and 200 pA variance). For each
cell, we injected 15-30 times the same sequence of white noise (i.e., frozen
noise) and averaged the measured voltages. This enhanced the signal/noise
without altering the results. Fig. 2 A (right panel) shows the very low auto-
correlation of the injected currents, being thus a good approximation of
white noise. To verify that the same results can be obtained using a different
protocol, we also performed slice experiments using sinusoid current stim-
uli, at different frequencies. This set of experiments was performed using
the methods previously published in Nelson et al. (14,16). Namely, sine
waves of 12 different frequencies were tested, varying approximately
evenly on a logarithmic scale ranging from 6 to 926 Hz. Up to 500 traces
of 100-1500 ms in length were averaged before recording the data to
disk for offline analyses. Longer stimulus lengths and more traces were
necessary for the low-frequency stimuli. The order of the presentation of
the frequencies was randomized. Stimuli were introduced with the patch
electrode in current-clamp mode. The injected current amplitudes ranged
from 200 to 300 pA. Before conducting experiments, we verified via control
recordings with an external signal generator in the bath without a slice that
any amplitude changes or phase shifts in the recordings across frequencies
induced by the amplifier and recording hardware were negligible (16).

In vivo electrophysiology
Surgical preparation of animals

Adult rats (P40-P90) were placed in a stereotaxic apparatus (Unimecani-
que, Asnieres, France) after anesthesia induction with a 400 mg/kg
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FIGURE 2 Global intracellular impedance of
cortical neurons recorded in vitro (current-clamp).
(A) (Left) Scheme of the experimental setup;
(middle) example signals. A Gaussian white-noise
current signal (red, amplitude: + 100 pA) was in-
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intraperitoneal injection of chloral hydrate (Sigma-Aldrich, Saint-Quentin
Fallavier, France). A deep anesthesia maintenance was ensured by intra-
peritoneal infusion on demand of chloral hydrate delivered with a peri-
staltic pump set at 60 mg/kg/h turned on 1 h after induction. Proper
depth of anesthesia was assessed regularly by testing the cardiac rhythm,
EcoG activity, the lack of response of mild hindpaw pinch, and the lack of
vibrissae movement. The electrocardiogram was monitored throughout the
experiment and body temperature was maintained at 36.5°C by a homeo-
thermic blanket.

Two craniotomies were performed, one for the insertion of a reference
electrode in the somatosensory cerebral cortex (layer 2/3) and one to allow
the whole-cell recordings in the contralateral cortex (layer 5). For whole-
cell recordings, a 2x2 mm craniotomy was made to expose the left poster-
omedial barrel subfield at the following coordinates: posterior 3.0-3.5 mm
from the bregma, lateral 4.0-4.5 mm from the midline. The dura was
opened and the craniotomy space was filled with low-melting-point paraffin
after each time lowering a recording pipette. To increase recording stability,
the cisterna magna was drained.

Electrophysiological recordings

Borosilicate glass pipettes of 5-8 MQ impedance for blind whole-cell re-
cordings contained: K-gluconate 105 mM, KCI 30 mM, HEPES 10 mM,
phosphocreatine 10 mM, ATP-Mg 4 mM, GTP-Na 0.3 mM, and EGTA
0.3 mM (adjusted to pH 7.35 with KOH). Signals were amplified using
an EPC10-plus-2 amplifier (HEKA Elektronik). Series resistance was not
compensated for. Current-clamp recordings were filtered at 2.5 kHz and
sampled at 5 kHz using the Patchmaster v2x32 program (HEKA Elektro-
nik). Whole-cell recordings were performed in pyramidal cells of the so-
matosensory cortex in layer IV/V (depth from the dura: 0.8-1.2 mm)
(Fig. 1 B). Recorded cells were identified as pyramidal cells according
to their characteristic spiking pattern. The reference was a silver wire
placed in the contralateral hemisphere. Note that for both in vivo and
in vitro experiments, the reference electrode is passive, just measuring
the extracellular voltage, and thus the exact nature of this reference is
not critical. Accordingly, the same configuration using a silver microwire
gave similar results in vitro (not shown).

It is important, however, that the reference electrode be placed in the
brain tissue, so that the estimated extracellular impedance is not influ-
enced by other tissues. Thus, as in the in vitro experiments, this intracel-
lular-extracellular configuration enables estimating the extracellular
impedance. An important difference with in vitro, is that in vivo the cur-
rent can flow more freely in three dimensions, and is closer to natural
conditions. Another difference is that in vivo, the system is not silent
but displays prominent spontaneous activity. To limit this contribution,
we have used a frozen-noise protocol, where identical sequences of
white-noise stimuli were injected repetitively, and the sequences
averaged.

The main purpose of this experiment was to estimate Z,,, the equivalent
impedance between the Ag-AgCl electrode and the ground. In the case of a
simple, single-compartment neuron, it can be formally defined as Z,, =
Z; + Zgc + Z,. This was achieved by applying two protocols of subthresh-
old current injection.

1) The frozen-noise protocol consisting, in the same template, of 20 s of a
white-noise current (repeated 50 times with 2 s intervals between stim-
ulations and averaged). Sequences in which spikes were induced were
discarded.

2) Sinusoidal current at fixed frequencies ranged from 6 Hz to 926 Hz
(similar to those used in in vitro experiments). The order of the presen-
tation of the frequencies was randomized.

For the frozen noise and sinusoidal stimuli, the injected currents, tuned
for each neuron to evoke voltage response of magnitude, ranged between
2 and 6 mV. Note that in some experiments we injected a hyperpolarizing
current (of maximum amplitude —150 pA) to prevent suprathreshold activ-
ity during application of stimuli.
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Analysis

All analyses were performed using the software Python (Python Software
Foundation, Wolfeboro Falls, NH) and the Scipy Stack and Spyder (Pierre
Raybaut, The Spyder Development Team).

In vitro and in vivo patch-clamp: sine-wave experiments

For each frequency and current intensity, the recorded voltages and injected
intensities were averaged and fit with sines using the optimize package
included in Scipy. The adequation between data and the fitted sine waves
was checked by human intervention for every set of data. The voltage
and current were represented, respectively, as V(t, f) = Vosin(w ft + ¢,)
and I(t, f) = IosinQ2w ft + ¢;). The impedance for a given frequency was
thus given by Z(f) = (Vo/lo)e' ).

In vitro and in vivo patch-clamp: white-noise experiments

Several models were fit to the experiments. First, we used a purely resistive
model (Fig. 1, bottom left) in which the intracellular impedance Z; can be
considered zero and the extracellular impedance Z, was a small resistance
(R,). The equivalent impedance is thus given by

— Rm
1+ iwT,

Zog1(w) R,. 1)

Second, we combined Z; and Z, as a diffusive term. Rather than trying to
find an elusive general solution for the usual Nernst-Planck equation (17),
we used a first-order approximation for ionic diffusion. The impedance of
an electrolyte showing nonnegligible ionic diffusion was derived by War-
burg (18,19), and yielded a modulus scaling in 1/+/w and a constant phase.
Similar derivations have been performed in different symmetries (20-22).
Note that the latter derivations model the impedance of ionic accumulations
close to the membrane, by using a first-order approximation of the electric
potential generated by ionic species after Boltzmann distributions.

This diffusion impedance has been observed experimentally (reviewed in
Geddes (7)), and can be modeled in spherical symmetry by two components
scaling the modulus and phase (A and B), and a cutoff frequency fi = wy/
27

A+iB

T + o oy

This leads to the following expression for the equivalent impedance:

Zy(w) @

__Rn | A+B
T, 14/

Zeq,2 (&)) (3)

To take into account the fact that some of the current can flow through
the dendrites of the cell, we define a dendritic input impedance Z, (see
Fig. 1 D, right), namely the impedance of the dendritic tree seen by cur-
rents leaving the soma. These currents will flow the gradient potential
downwards from the intracellular potential (Vi,.,) to the reference
(Vier = 0). Thus, Z,; is defined by Viy../i®s where i#; is the generalized
axial current in the dendrite at the level of the soma, and V;,, is the intra-
cellular potential at the soma. Note that we consider here Vi, as not
necessarily equal to the transmembrane potential (V,,) because we take
V,, the potential of the extracellular medium, into account. We then
consider separately the resistance and capacitance of the soma (R,, C;)
and the impedance of the dendrite. The equivalent impedance is then
Zegs-a(0) = (ZiZy)Zy + Z) + Z; + Z,, where Z(w) =R/l +iwT, is
the impedance of the soma, and Z,,3 and Z,,4 are the impedances for
resistive and diffusive media, respectively. A description of these different
models can be found in the next section; parameters for each of these
models are listed in Table 1.
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TABLE 1 Parameters Used for the Four Models

Model type Resistive Diffusive

No dendrite R,,C,, R, R,, C,, A, B, fw
Dendrite Ry, Cony Ry, Cy, Rey 1y Ry, C, A, B, fws Ly

The value [, is the length of the dendritic compartment; R, is the extracel-
lular resistance.

Fitting models with and without dendrites

Two types of models were fit to the experimental measurements, as illus-
trated in Fig. 1 C: a single-compartment model and a model including a
dendritic segment. Dendritic filtering has been proposed to explain the fre-
quency-dependence of local field potential (LFP) (23,24); thus, current
flowing in the dendrites could be involved in shaping the measured imped-
ance, which would in turn influence the frequency-dependence of local field
potentials. We tested this possible influence by considering models that
include an equivalent dendritic compartment, which has been shown to
be electrically equivalent to a full dendritic tree (25,26), leading to a
ball-and-stick type model (see right circuit in Fig. 1 C).

To fit the models to experimental data, several traditional fitting methods
were tested (e.g., Newton-Gauss, Levenberg-Marquardt, conjugate
gradient, simplex...), but were plagued with three main problems: a long
computation time (with four parameters or more), a tendency to get trapped
in local minima, and an extreme sensitivity to the first estimation of model
parameters. We thus developed a probabilistic, noniterative method that had
none of these problems.

‘We proceeded as follows. 1) For each parameter, we defined a domain of
acceptable values, keeping it very large (too much restriction on a param-
eter is a symptom of analytical bias). 2) We drew random sets of parameters
(between 500 and 5000), e.g., P; = (R, Cn, A, B, fw...), and computed the
theoretical impedance spectra they predicted with a given model. 3) We
computed the squared error E;(P;) between the theoretical and measured im-
pedances; the error was computed as the sum of squared errors on real and
imaginary parts. 4) The couple (P;,E;(P;)) that had the smallest errors over
all tries was kept as the best fit.

Random drawing removed the sensitivity to local minima and initial pa-
rameters that is intrinsic to traditional iterative methods. It allowed a thor-
ough exploration of the parameter space, and with high reliability and
acceptable efficiency. Empirically, this method was found to be much faster
than a systematic exploration, but just as reliable.

Modeling the contribution of dendrites

To model the impedance of the cell including the contribution of dendrites,
we use the generalized cable formalism (FO model in Bédard and Destexhe
(27)), which reads

Azazvm (.X, w)

9 = KV, (x,w), (€))
where
o=
Zi )
¥ = 1+iwr,

for a cylindrical compartment. Here, the quantity Z; is an equivalent imped-
ance, which depends on the model considered. The value z; = r; + r, for the
standard (resistive) cable model, defined from the intracellular and extracel-
lular resistivities of r; and r,, respectively. In the case of a frequency-depen-
dent impedance, Z; is more complex and is given by
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S(m)
Zi Zl/|:1+ £ (1+l(1)7'm) ,

r}’ﬂ

where z; and z, are the intracellular (cytoplasm) and extracellular imped-
ance densities, respectively; r,, is the membrane resistivity; and 7, is the
membrane time constant. The estimation of these parameters from the
experimental measurements is given in Appendix S1 in the Supporting
Material.

When including a dendritic segment, the equivalent impedance (circuit
shown in Fig. 1 C, right) is given by

(Zs + Ze )Zd

Zw) = Zi+ ———
eq ((1)) +ZX+Z€+Zd7

(©)

where Z; = R;/1 + iwT,, is the impedance of the somatic membrane, and
Zeq3(w) and qu4(w) correspond to resistive and diffusive media, respec-
tively. Note that in these models, we have considered Z; = 0 (see Fig. 1
C) because the cytoplasm impedance of the soma is negligible compared
to the membrane impedance.

If % is the current flowing in the dendritic tree, the dendritic impedance
(as seen by the soma) is

Vi ntra Vi ntra Vm

7, — —nra _ Tintra Tm 7
d i Ve & 7

Taking into account Vi = V,, + V., we obtain

Vintra _ 1+Ve _ 1+Ze
Vm B an B Z.Y

because the conservation law for the generalized current implies V, = Z,
# — i%y) and V,, = Z(i® — i*;). Note that these equalities would not make
sense with the free-charge current, because the variations of V,, may imply
charge accumulation around the membrane (dendrite and soma), and thus
there is no guarantee of conservation of the free-charge current.

The second part of the fraction represents the input impedance of the
dendrite Z;,, which is given by

Vm Zi
— = Zin = — coth(k;ly), 3
Iy K

where «; is the cable parameter of the dendrite. Thus,

Z,\ zZj
Zd = (1+Z> K_}\COth(K}uld)- (9)

Note that the values of parameters (x; and z,") in the models considered
above correspond to an open-circuit configuration, which also corresponds
to these experiments; the cable equation for the open-circuit configuration,
with an arbitrarily complex extracellular medium, was given previously in
Bédard and Destexhe (27).

The intermediate formulas and variables for each model are listed in
Table 2.

Statistics on population data

Different models call for different sets of parameters. For example, the
membrane resistance and capacitance of a resistive model are similar but
not identical to their counterparts in a model that features a Warburg imped-
ance (e.g., some of the frequency-filtering properties can come from this
supplementary impedance). Thus, for a single neuron, we allowed mem-
brane resistance and capacitance to differ across models.
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TABLE 2 Intermediate Variables
Model Type Z; =z, Z, Ze(m) K22
Standard Zils negligible negligible i (14 iwTty)
rm

. . Ti A+iB 0.57,, zi(1+iwTy,)

Diffusive — ———— _ e
- - ; )
(1+i)vo 14+ iw/wy 2maCp(1 4 i)y/w . I+Z‘()m (1 + iwm)

m

The values Z; and Z, are, respectively, the intracellular and extracellular impedances; z.(m) is the input resistance of the extracellular medium seen by the
dendrite (in ©/m); and k2 is the cable parameter of the system. Constants: the values r; and r, are the linear density of resistance in the cytoplasm and extra-
cellular medium (estimated to 28 x 109 and 18 x 109 Q/m), respectively; z; is the linear density of impedance in the dendrite; /; and [, are the length of the
soma and dendrite, respectively; a is the diameter of the dendrite; 7,, is the time constant of the membrane (~10 ms); and C,, is the specific membrane capac-
itance (10—2 F/m>). We also have r,, = 7,,/27a,,C,,, Where 1/r,, is the linear density of membrane conductance (S/m).

To determine which model was best to describe experimental data, we
used the following classical procedure.

1) For each cell and each model, we computed the residual sum of squares
(RSS) between the experimental curves (yexp) and theoretical curves
O'n):

RSS.n = Z (Yexp _ylh)z'

frequencies

For each cell, we normalized this distance by the distance obtained by the
best fit. The distance between experimental and theoretical curves for a
given model was thus:

RSSmoa = » _RSS.

cells

2) We want to compare the RSS across models. A raw comparison would
be unfair, as a model with more parameters is more capable of fitting a
given data set. Choosing for reference the diffusive model with dendrites
(DD), we thus formed, for every other model M, the null hypothesis: The
model M explains the observed curves. If the model DD has smaller
RSS, it is only because it has more parameters than the model M.

3) We chose a <0.05 as threshold for rejecting Hy.

4) We used the extra sum of squares F-test, which is able to account for the
discrepancy in degrees of freedom across models. We computed the
parameter F, using an F-distribution under Hy,

DFpp
DFy — DFpp’

 RSSy —RSSpp
o RSSpp

where DF is the degrees of freedom (number of cells minus number of
parameters) of a given model.

5) The F cumulative distribution function (fcdf) allows us to compute the
likelihood of H, (see Fig. 5):

p = | —fedf (F).

If p < a, we reject the null hypothesis: the diffusive model with dendrites
is significantly better than the other model, and this cannot be explained by
the surplus of parameters alone.

Computational models using the measured
impedances

Two types of models were used to test possible consequences of the mea-
surements. First, we used a model of the genesis of the extracellular poten-
tial. To this end, a current waveform corresponding to the total membrane

current generated I,p(f) by an action potential was computed from the
Hodgkin-Huxley model in the NEURON simulation environment (28).
This current waveform was used as a current source to calculate the extra-
cellular potential, using a formalism that is valid for any extracellular
impedance. We calculated the extracellular potential by using the imped-
ance measurements made in this article. According to step 2 of the classical
procedure above, we have

Zo(w) = 2B (10)

1+ /io/wy

where A = 151 x 10°Q, B = 2.54 x 10° Q, and wy = 335 rad.s' for a
distance of a few micrometers. The extracellular potential V(¢) was calcu-
lated using the convolution

V() = /+mze([7)lAp(T)d’T, an

=]

where Z,(¢) is the inverse Fourier transform of Z ().

Second, we simulated a ball-and-stick model using the generalized cable
equation (27) (see Eq. 5).

A zero-mean Gaussian white-noise current waveform was injected into
the dendrite, and the generalized cable was used to compute the membrane
potential in dendrites and in the soma (see details of the methods in Bédard
and Destexhe (27)).

RESULTS

We start by outlining the measurement paradigm and the
notion of global intracellular impedance, then we succes-
sively describe the results obtained in vitro and in vivo.
Finally, we illustrate consequences of these findings on
two fundamental properties: the genesis of extracellular
potentials and the voltage attenuation along neuronal
dendrites.

The global intracellular impedance

Here, we explore the hypothesis that the extracellular
impedance is fundamentally different if measured in natural
conditions where the interface between the neuronal mem-
brane and extracellular medium is respected, compared to
metal electrodes, which rely on an artificial metal-medium
interface. In natural conditions, the neuronal membrane’s
interface with the medium involves the opening/closing of
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ion channels, ionic concentration differences, and ionic
diffusion, whereas metal electrodes involve a different
type of ion exchange with the medium, which consists of
a chemical reaction between the metal and the ions in the
medium. To measure the impedance in natural conditions,
it is therefore necessary to use an intact neuron as the inter-
face with the medium, to respect the correct ionic exchange
conditions. To do this, we performed whole-cell patch-
clamp recordings, using neurons as natural current sources
in the surrounding medium.

This measurement paradigm is illustrated in Fig. 1, A and
B, and consists of a whole-cell patch-clamp recording
coupled to a micropipette measuring the potential in the
extracellular medium close to the recorded neuron,
in vitro (Fig. 1 A) or in vivo (Fig. 1 B). In all cases, the re-
corded neuron is driven by current injection and serves as a
natural current source in the medium. In this configuration,
relating the signals of the two electrodes gives a direct ac-
cess to the extracellular impedance, as shown by the equiv-
alent circuits (Fig. 1 O).

According to this equivalent circuit, we have

Vimra = eq-ig7 (12)
where i, is the generalized current injected by the patch-
clamp electrode. The use of the generalized current is essen-
tial here because it is the only current that is conserved if the
media have arbitrarily complex impedances (27), and there-
fore abides by Kirchhoff’s current laws in this general case.
Note that the current provided by the current generator is
also a generalized current because capacitive or nonresistive
effects are negligible in modern generators.

In contrast, the conservation of the classic free-charge
current would apply only with resistive impedances. The
previous equation gives, for the left circuit (single-compart-
ment cell),

Ry

Zeq(w) = ZI+W+Z€7 (13)

and for the right circuit (cell consisting of a soma and an
equivalent dendrite),

(Zs+2Z.)Z4

Z ;
Zx +Ze +Zd

(W) = Z; + (14)

where Z,, is the equivalent impedance of each of the two cir-
cuits, and Z; and Z, are the macroscopic impedances of the
cytosol and the extracellular medium, respectively. The
value R,, is the global input resistance of the cell and 7, is
the global membrane time constant (left circuir);
Z; = R,/1 + iwt, is the impedance of the soma membrane
(right circuit); and Z, is the input impedance of an equiva-
lent dendrite, as seen by the soma, including the extracel-
lular medium surrounding it.
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In the standard model, Z; and Z, are usually modeled by a
lumped and resistive impedance. In the following, Z,, will
be called the “global intracellular impedance” of the circuit,
because in such a recording configuration the neuron acts as
a current source in the brain tissue. It represents the imped-
ance of the system as seen by the intracellular side of the
neuron.

The value Z, is the impedance of the extracellular me-
dium as seen by the neuron (extracellular component of
the intracellularly measured global impedance). We will
test here whether the latter impedance is negligible or con-
stant, as usually assumed. We will consider resistive and
diffusive versions of this impedance, and check which one
better fits the data.

The value Z; includes the impedance of the interface be-
tween the tip of the electrode and the intracellular medium.
This interface will be different in whole-cell patch or sharp-
electrode recording configurations, because of the location
and impedance of the pipettes themselves. So, the interpre-
tation of the measured impedances may be different in
sharp-electrode and whole-cell recordings, and we indeed
have observed such differences (not shown here). In partic-
ular, we made sure that the interface of the silver-silver chlo-
ride electrodes, used for patching and as a reference, does
not contribute significantly to the equivalent impedance: it
is negligible compared to other impedances in the circuit
and has little frequency dependence between 1 and
1000 Hz (Fig. 3).

To measure Z,,, we injected a current intracellularly, and
measured the intracellular potential V., with respect to a
reference. Ideally, this reference is a micropipette in the
extracellular medium (Vigp; see scheme in Fig. 1 A). In
the in vivo experiments, the reference was a silver electrode
inserted in the contralateral somatosensory cortex as in
Fig. 1 B. For subthreshold currents, the system can be
considered linear in frequency: injecting current at an arbi-
trary frequency yields voltage variations only at that fre-
quency (see Appendix S2 in the Supporting Material).
This linearity of the system is illustrated in Fig. 4. First,
for the subthreshold range of V,, considered, the membrane
V-I relation is linear (Fig. 4 A). Second, a combination of
four sine-wave currents of fixed frequency generate V,, var-
iations that have strictly the same frequencies (Fig. 4 B),
showing that the linear approximation is valid: sine waves
appear as sharp spectral lines in Fourier space, two orders
of magnitude above baseline. Thus, there seems to be no sig-
nificant impact of nonlinear membrane ion channels on the
recordings. Indeed, no action potentials were present in the
recordings analyzed here.

We used two protocols of current injection, either injec-
tion of a series of sinusoidal currents of different fixed
frequencies (6-926 Hz) or injection of a broad-band
(white-noise) current, with a flat spectrum between 1 and
10 kHz. In this case, several instances of the same noisy cur-
rent trace were injected into the cell (frozen-noise protocol),
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FIGURE 3 Impedance of a silver-silver chloride
electrode inserted in a typical (=3 MQ) patch
pipette, measured in ACSF. (A) Modulus (measured
in ohms); (B) phase (measured in degrees).
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which allowed us to take an average and increase the signal/
noise of the measurements. This is particularly useful
in vivo, to limit the contamination of the measurement by
spontaneous synaptic activity, which can be very strong
in vivo.

In vitro measurements of the global intracellular
impedance

Measurements were first performed in vitro by using an
experimental setup consisting of a whole-cell patch-clamp
recording of a neuron, together with an extracellular
recording in the nearby tissue in the cortical slice (see
Fig. 2 A). Using this recording configuration, we computed
the global intracellular impedance (Z,, in Eq. 12; see Mate-
rials and Methods) by using either white-noise current injec-
tion, or injected sinusoidal currents. The results of a
representative cell (N = 31) is shown in Fig. 2, B and C.
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FIGURE 4 Linearity in temporal and frequency space. (A) Injection of
hyperpolarizing and depolarizing pulses in a cortical neuron patched in vivo,
around resting membrane potential. The V-I relation indicated is roughly
linear in this subthreshold range. (B) Sine waves of current with four
different frequencies were injected simultaneously in a patched neuron
in vivo (top, red curve). The voltage was recorded (top, blue curve). The
modulus of the Fourier transform of both signals is shown here, as a func-
tion of frequency (Hz): current (red, A); voltage (blue, V). The frequencies
corresponding to the peaks on both signals illustrate the linearity in fre-
quency of the system, here tested between 1 and 1000 Hz. To see this figure
in color, go online.

Frequency (Hz)

Both the modulus amplitude and Fourier phase of the
impedance are represented. The colored curves in Fig. 2,
B and C, show the best fits of different models to the exper-
imental data. One can see that the purely resistive model
(RC membrane + resistive extracellular medium, blue
curves) does not capture the data. We read from Eq. 1 that
|Z.,(w)| scales as 1/w in the resistive model, which corre-
sponds to a slope of —1, while the experimental modulus
yields a slope of —0.5 = 0.1 (Fig. 2 D). The resistive model
has a phase similar to arctan(kw) with a minimum of ~—90°
at high frequencies, which contrasts with the —50° observed
in the data (Fig. 2 E).

So frequency dependence is clearly different from that pre-
dicted by the RC-circuit membrane model. The best fits of a
model taking into account ionic diffusion (22) can account
significantly better for most of this frequency dependence
in different cells (green curves; see also Fig. 5). In particular,
the 1/+/w frequency scaling predicted by the diffusive model
(Eq. 3) corresponds to the actually observed —0.5 slope of the
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FIGURE 5 Average fitting error of the four models. The figure shows the
average goodness of fit for four different models investigated (Resistive,
Resistive + dendrites, Diffusive, and Diffusive + dendrites).The error
bars are standard deviations of fitting errors. The testing variable used to
compare the quality of these fits takes into account their different number
of variables. Of all models, the diffusive models give the smallest error
in all cases tested. The best fit is provided by the diffusive model with
dendrite, although it is only marginally better than the diffusive model in
a single-compartment model. To see this figure in color, go online.

Biophysical Journal 110(1) 234—246



242

modulus. The phase modulations can also be remarkably
well captured by the diffusive model.

We also tested the possible influence of dendrites, by
including an equivalent dendritic compartment in the circuit
(Fig. 1 C, right). This addition could not rescue the resistive
model, which was still unable to match the observations
(Fig. 6). We have considered variations of dendritic parame-
ters, including very long dendritic segments and different axial
and leak conductances, and did not see any significant
improvement by the addition of dendrites. In the diffusive
model, taking the dendrites in account only enhanced margin-
ally the agreement between experimental and theoretical
curves. Statistical analysis showed that the improvement in
quality from the resistive to the diffusive model was signifi-
cant, and not due simply to a higher number of parameters.
Furthermore, the apparent smaller number of parameters in
resistive models can come from hidden assumptions, such as
homogeneity and low resistivity of the extracellular medium.

These results were replicated in striatal neurons using
purely sinusoidal input currents from 6 to 926 Hz (see
Fig. 7; N = 18), thereby confirming that the global shape
of the global cell impedance does not depend on the stimu-
lation protocol. In addition, we tested a capacitive (RC)
model of the extracellular space, but this model did not ac-
count for the modulus and the phase modulations (it was the
worst fit of all models tested; not shown).

We also checked whether the quality of seals could affect
the global intracellular impedance measurements. Indeed, if
the cell membrane is bypassed, the impedance is no longer
measured through the natural interface of a neuron mem-
brane. The average of neurons with good seals (>1 GQ)
yields a slope of —0.5 £ 0.1 (see Fig. 2 D); in comparison,
cells with extremely poor seals (e.g., 200 M, not included
in the data shown here) yielded a flatter impedance, with a
slope between 0 and —0.3. This can be easily explained
by replacing Zg by a resistance in the expression of Z,,.

Finally, we checked whether part of the observed fre-
quency dependence could be due to the recording pipette.
We found that the frequency dependence of the patching
pipette and silver-silver chloride electrode is negligible in
ACSF (Fig. 3). These measurements show that the observed
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frequency dependence of the impedance cannot be attrib-
uted to the silver-electrode interface, and probably stems
from the properties of the extracellular medium.

Global intracellular impedance in vivo

In a second set of experiments, the measurements were per-
formed in vivo with whole-cell patch-clamp recordings of py-
ramidal cells of the somatosensory cortex, layer V (see scheme
in Fig. 8 A and details in Materials and Methods). Similarly to
Fig. 2, the modulus and the phase of the impedance were esti-
mated by white-noise current injection (Fig. 8, B and C).
Although the data display a high degree of noise (due to spon-
taneous synaptic inputs in vivo), they were in qualitative
agreement with in vitro results on N = 18 cells. The resistive
model did not capture the modulus amplitude, nor the phase
of the global intracellular impedance of the neuron. The diffu-
sive model was able to capture the essential variations, both in
amplitude (modulus) and phase domain. Similar to in vitro
measurements, the modulus yields a slope of —0.4 = 0.1
(Fig. 8 D), and a minimum phase at ~-50° (Fig. 8 E), which
significantly deviate from predictions of a resistive model.

As in the in vitro experiments, the addition of an equiva-
lent dendritic compartment did not improve these differ-
ences. The resistive model with dendrites was also unable
to account for the measurements, while the diffusive model
provided acceptable fits to the data.

One must keep in mind that the in vivo measurements
were made in the presence of low-frequency spontaneous
activity, typical of anesthetized states. This synaptic
bombardment probably explains the mismatch of all imped-
ance models at low frequencies in vivo. Such a mismatch
was not present in vitro.

Possible consequences of these measurements

Finally, to evaluate possible consequences of these measure-
ments, we have considered two situations where the extracel-
lular impedance can have strong consequences. A first
consequence is the fact that the diffusive nature of the medium
will necessarily impose frequency filtering properties on

FIGURE 6 (A and B) Dendritic contribution to
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the global intracellular impedance of a cortical
neuron recorded in vitro (current-clamp). Same
arrangement of panels as in Fig. 2, except that
the different curves show the best fit of two models
to the experimental data (blue, resistive, green,
diffusive), and both models included an equivalent
dendritic compartment. Parameters of the models:
(resistive) Ry = 240 MQ, C; = 37 pF, R, = 21 MQ,
and lgeng = 390 um; (diffusive) Ry = 150 MQ, C; =
89 pF, A = 130 MQ, B = —12 MQ, fi = 30 Hz,
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and lgeng = 12 um. (A, B, and fi are parameters
of the diffusive impedance scaling; respectively,
its amplitude, phase, and cutoff frequency.) To
see this figure in color, go online.
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FIGURE 7 Global intracellular impedance mea-
surements of a striatal neuron recorded in vitro (cur-
rent-clamp) and stimulated with sinusoid inputs
from 6 to 926 Hz. (A) Sine waves of current (fop,

2mVie— ..
0.01s red; minimum 25 samples and 20 cycles per sam-
ple) were injected in patched neurons while
recording the intracellular potential (top, in blue;
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16.7 kHz sampling). (B) Modulus of Z,, (log scale)
represented as a function of frequency (log;o(f)), for
sine wave current injection (600 pA amplitude). (C)
Fourier phase of Z,,, in the same experiment. Param-
eters of the models: (resistive) R, = 120 MQ, C, =
46 pF, and R, = 28 MQ; (diffusive) R,, = 130 MQ,
C,, =59 pF, A =58 MQ, B = 43 MQ, and fyy =
30 Hz. (A, B, and fyy are parameters of the diffusive
impedance scaling; respectively, its amplitude,
phase, and cutoff frequency.) Representative of

10

Frequency (Hz)

extracellular potentials, which affects measurements made
with extracellular electrodes. To illustrate this point, we simu-
lated extracellular potentials generated by a current source
corresponding to the total membrane current generated by
an action potential (using the Hodgkin-Huxley model). We
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N = 18 cells. To see this figure in color, go online.
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then calculated the extracellular potential at a distance from
this current source, using either a resistive model, or a diffu-
sive model (Fig. 9 A). Interestingly, one can see that the extra-
cellular signature of the spike has a slower time course in
diffusive conditions. A similar situation was also simulated
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FIGURE 8 Global intracellular impedance of
cortical neurons recorded in vivo in current-clamp.
(A) Scheme of the recording configuration, with a
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similar representation as in Fig. 2 A, but performed
in rat somatosensory cortex in vivo (with a contra-
lateral reference electrode), using white-noise cur-
rent injection. For these experiments, we injected
20 times the same Gaussian white-noise current
trace (top, in red), then recorded at 20 kHz and aver-
aged the intracellular potential (fop, in blue). We
calculated the impedance seen by the neuron.
(B) Modulus of the impedance obtained, as a func-
tion of frequency. (C) Phase of the impedance. Pa-
rameters of the models: (resistive) R,, = 230 MQ,
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C; = 28 pF, and R, = 29 MQ; (diffusive) R,, =
100 MQ, C,, = 21 pE, A = 250 MQ, B = 24 MQ,
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and fiy = 20 Hz. (A, B, and fy are parameters of
the diffusive impedance scaling; respectively, its
amplitude, phase, and cutoff frequency.) Represen-
tative of N = 18 cells. (D) Distribution of the slopes
of Z,, fitted between 25 and 250 Hz (linear fit, red
dashed lines on the figures). (E) Coordinates of
° the minima of the Fourier phases for each cell. To
o, ° see this figure in color, go online.
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FIGURE 9 Consequences of the diffusive nature of the extracellular me-
dium. (A) Simulation of LFP in the extracellular medium (10 wm from the
soma) after injection of current after a spike waveform. The panel compares
the extracellular spike obtained for a resistive medium (black), compared to
a diffusive medium (red), where the filtering is evident. (B) Same simula-
tion as in (A), but using injection of the combined current of noisy excit-
atory and inhibitory (subthreshold) inputs. In this case, the LFP values
obtained in resistive and diffusive media are also differentially filtered.
(C) Scheme of a ball-and-stick neuron model where a noisy current wave-
form was injected into the middle of the dendrite. (D) Relative voltage
attenuation profile obtained (at 5 Hz) when the neuron is simulated in resis-
tive (black) or diffusive (red, blue) media. Two diffusive configurations
were simulated: (diffusive I) diffusive intracellular and extracellular media
(red curves); (diffusive 2) diffusive extracellular medium with resistive
intracellular medium (blue curves). Using diffusive media results in a
reduced voltage attenuation. In all cases, the resistive or diffusive media
were simulated using the best fits to the impedances measured in vitro.
To see this figure in color, go online.

using subthreshold noisy excitatory and inhibitory synaptic
activity (Fig. 9 B). In both cases, the nature of the medium in-
fluences the shape and propagation of the LFP, for both extra-
cellular spikes and LFP resulting from synaptic activity.

A second possible consequence is on the cable properties
of neurons. This point was illustrated by simulating a ball-
and-stick model subject to injection of a noisy current wave-
form in the dendritic cable (Fig. 9 C). As shown in Fig. 9 D,
the attenuation of the voltage along the dendrite can be dras-
tically different in a diffusive medium compared to a resis-
tive medium, as noted previously in Bédard and Destexhe
(27). Including a diffusive extracellular medium reduced
voltage attenuation (Fig. 9 D, blue curve), but this reduction
was the strongest when both intracellular and extracellular
media were diffusive (red curves). Thus, the nature of the
medium will also influence the shape and propagation of po-
tentials in dendrites.

DISCUSSION

We have provided here, to our knowledge, the first experi-
mental measurements of the impedance of the extracellular
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medium in natural conditions, both in vitro and in vivo. We
found that not only is the estimated extracellular impedance
higher compared to traditional metal-electrode measure-
ments, it is also more frequency-dependent. The standard
model, considering the medium as resistive, can account
for metal electrode measurements, but not for natural
impedance measurements. In contrast, we found that a diffu-
sive model can account for most measurements, both in
modulus amplitude and in phase. We also checked whether
the inclusion of dendrites could affect these conclusions, but
it did not qualitatively change these results.

It is noteworthy that these measurements are made be-
tween a neuron, and a reference electrode in the nearby tis-
sue. Therefore, the current presumably flows in the entire
tissue, and thus, the impedance measured can be considered
macroscopic. From the different experiments realized here,
we estimate that the impedance is determined by the region
close to the membrane, within distances of approximately
hundreds of microns in cerebral cortex.

The apparent inconsistency with the previous metal-elec-
trode measurements can be resolved by considering that
each kind of electrode has a specific interface and imped-
ance, depending on its physical nature (7). Classical imped-
ance measurement studies tackle this problem offline with a
normalization by a measure in saline (3,10), online by
removing the effect of the interface using the saturation
due to large currents (5), or by minimizing the interface
(6,29). In physiological conditions, neurons have an electri-
cal interface with the extracellular medium, as a part of their
normal environment. This interface should therefore not be
removed when using neurons to evaluate the impedance of
the extracellular medium, as it is one of the keys to explain-
ing the electric field produced by an active cell.

The system presented here deals with the usual problems
of electrode recordings (see Robinson (29)) in unusual
ways, which solves some classical issues but raises new in-
terrogations. First, the electrode—or neuron—must be stan-
dardized. It is remarkable to see that, despite the
considerable cell-to-cell variability in size or morphology,
we obtained here very consistent measurements, with very
similar amplitude and phase profiles from cell to cell. These
measurements can be captured with accuracy with a limited
number of parameters, most of which are well known (R,,,,
C,., ...). How the cellular morphology influences these re-
sults, and why this influence seems so small, constitute
interesting subjects for future extensions of this work. Sec-
ond, the spatial scale concerned by potential measurement
and current injection is a gray area in the literature (see
Nunez and Srinivasan (30)). We believe that the scale of a
single neuron may be as relevant as the tip of traditional
recording electrodes, of arbitrary size and position in an
inhomogeneous medium, which can affect recordings
significantly (14). Third, the interface of the electrode and
its behavior must be linear and well understood within the
measurement range, which we discussed previously.
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Provided the system is operated with all necessary precau-
tions, linearity is maintained (Fig. 4); the path of the injected
currents in neuron compartments does not seem to be a
crucial matter (Fig. 4) and injected currents splitting between
different forms (free or bound charges, electric flux...) is not
a problem within the generalized current formalism. Further-
more, the traditional four-electrode setup is designed to sepa-
rate voltage recording from possible filtering by the interface
generated when injecting current (6). In the system presented
here, the silver-silver chloride wire has a very resistive inter-
face (Fig. 3) and is negligible with respect to the main, rele-
vant interface of the recorded neuron.

A possible explanation for the prominent role of ionic
diffusion is that when a neuron acts as a current source, the
electric field lines will not, in general, match the complex ge-
ometry of the extracellular medium. The trajectory of ions
would thus be affected by obstacles such as cells and fibers
(14), which would yield local variations in ionic concentra-
tions. Ionic diffusion would therefore exert an important
force on ions in the extracellular medium. A linear approxi-
mation of this phenomenon allows one to model this contri-
bution by a Warburg-type impedance, scaling as 1/1/w. In
addition, ionic diffusion is involved in membrane potential
changes, and participates as well in maintaining the Debye
layer surrounding the membrane (31). Taken together, these
factors could explain why these measurements are in such
good agreement with the diffusive model.

Despite this agreement, the participation of diffusive phe-
nomena can vary with age and experimental conditions. As
the brain gets older, the extracellular volume fraction
shrinks, which could make ionic diffusion even stronger
and thus reinforce the Warburg component of the natural
impedance. Furthermore, in vivo tissue may be more
confined than in vitro, with a similar result on the impor-
tance of ionic diffusion. One can thus reasonably expect
Zy to be stronger in P30 rats in vivo (N = 18) than in
P12-P16 mice in vitro (N = 31). Indeed, the components
A and B of Zy, are significantly stronger in vivo in P30
rats than in vitro in P12-P16 mice (comparing the
medians * the standard error of the mean: respectively,
96 = 12 MQ vs. 138 = 16 MQ for A, and 6.6 = 2.7 MQ
vs. 28 = 3.7 MQ for B). Thus, the age of the subject and
the type of recording need to be taken into account when us-
ing measured values of the natural impedance. In particular, it
may lead to an underestimation of Zy, in this article, because
we mainly focused on in vitro recordings in young mice; our
conclusions on the importance of ionic diffusion are thus
rather conservative. It is noteworthy that in between these
two sets of observations, the Warburg frequency remains
the same: 43 *= 3 Hz in vitro versus 42 = 3 Hz in vivo.

Our results do not disqualify the previous measurements,
but are complementary. We suggest that for all cases where
the current sources are generated by natural conditions (i.e.,
by neurons), the global intracellular impedance should be
used. This is the case, for example, when analyzing the
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LFP signal, or with current source density (CSD) analysis.
In cases where a metal electrode is used to inject current,
the metal-electrode impedance would be relevant, for
example, in deep-brain-stimulation paradigms.

Note that, although the diffusive model accounts very
well for the modulus and phase variations of the global
intracellular impedance, small deviations do exist—particu-
larly at high frequencies. The latter may be due to a number
of phenomena, including variability in neuron geometry or
limitations of the linear approximations used here. The ex-
istence of shunt-type structures due to the liquid around
the electrodes is also not to be excluded. Further studies
should be designed to identify the contribution of such fac-
tors, e.g., pharmacological inactivation of nonlinear chan-
nels. Two arguments suggest that this formalism is
satisfactory: the strong reproducibility of results across 31
recorded neurons in vitro, despite intrinsic biological vari-
ability; and the coherence between the diffusive model
and experimental data.

The exact boundaries of the domain where these results
apply are still to be determined. For example, in Fig. 9 we
are extrapolating into a nonlinear region to make implications
about the shape of the action potential. We think this extrap-
olation is acceptable because nonlinear behavior is mostly
happening in the highest frequencies, barely overlapping
with the LFP frequency range (see also Appendix S2 in the
Supporting Material), but one should be aware of that caveat.

Finally, using computational models, we illustrated con-
sequences of the medium nonresistivity on extracellular
and intracellular potentials. A number of fundamental theo-
retical equations used in neuroscience, such as CSD analysis
(32), or neuronal cable equations (25,26), were originally
derived under the assumption that the extracellular medium
is resistive. If the medium is nonresistive, these equations
are no longer valid and must be generalized. Attempts for
such generalizations were proposed recently for CSD anal-
ysis (22) and cable equations (27), but they were not con-
strained by measurements. The simulations provided here
show that including a diffusive impedance based on these
measurements has significant consequences, both for extra-
cellular potentials and for the electrotonic properties of neu-
rons. The shape of the extracellular spike may be affected by
the nature of the medium (Fig. 9 A), assuming that one can
extrapolate these results to the nonlinear region of the V,,.
This shows that the sharpness of the extracellular spike
may be influenced by the properties of the medium, which
constitutes another factor that could complicate the identifi-
cation of neurons from spike shape. The dendritic attenua-
tion is also reduced in the presence of a diffusive medium
(Fig. 9, D and E), as shown in Bédard and Destexhe (27).
Upon extrapolating these results, it seems that the sources
estimated by CSD analysis could be greatly affected by
the nature of the extracellular medium; this constitutes a
direct extension of this study. Similarly, source reconstruc-
tion methods from the EEG are also likely to be affected
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by the nature of the medium, and thus, these methods may
need to be reevaluated as well.
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