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A Steady-State Model of Spreading Depression Predicts the Importance
of an Unknown Conductance in Specific Dendritic Domains

Julia Makarova,*' José M. Ibarz,* Santiago Canals,® and Oscar Herreras*

*Cajal Institute of Neurobiology, Consejo Superior de Investigaciones Cientificas, Madrid, Spain; fDepartment of Applied Mathematics,
School of Optics, University Complutense of Madrid, Madrid, Spain; TDepartment of Research, Hospital Ramén y Cajal, Madrid, Spain;
and SMax Planck Institute for Biological Cybernetics, Tuebingen, Germany

ABSTRACT Spreading depression (SD) is a pathological wave of transient neuronal inactivation. We recently reported that the
characteristic sustained complete depolarization is restricted to specific cell domains where the input resistance (R;,) first becomes
negligible before achieving partial recovery, whereas in adjacent, more polarized membranes it drops by much less. The experi-
mental study of the participating membrane channels is hindered by their mixed contribution and heterogeneous distribution.
Therefore, we derived a biophysical model to analyze the conductances that replicate the subcellular profile of R, during SD.
Systematic variation of conductance densities far beyond the ranges reported failed to fit the experimental values. Besides
standard potassium, sodium, and Glu-mediated conductances, the initial opening and gradual closing of an as yet undetermined
large conductance is required to account for the evolution of Rj,. Potassium conductances follow in the relative contribution and
their closing during the late phase is also predicted. Large intracellular potential gradients from zero to rest are readily sustained
between shunted and adjacent SD-spared membranes, which remain electroregenerative. The gradients are achieved by a
combination of high-conductance subcellular domains and transmembrane ion redistribution in extended but discrete dendritic
domains. We conclude that the heterogeneous subcellular behavior is due to local membrane properties, some of which may be

specifically activated under extreme SD conditions.

INTRODUCTION

Waves of spreading depression (SD) (1) are responsible for
the extension of neuron death in the ischemic penumbra (2).
Because of the avalanche-like characteristics and the simi-
larity to anoxic depolarization (3), the participation of indi-
vidual neurons in SD has been largely underrated, and the
membrane mechanisms involved are poorly understood (for
review, see (4-06)).

In the CA1 hippocampal monolayer in vivo, where anal-
ogous subcellular elements are stratified, the SD-associated
extracellular negative direct-current (DC) potential exhibits
a nonuniform stereotyped evolution that correlates with the
subcellular anatomy of pyramidal cells (7,8). This observa-
tion indicates that distinct cellular elements may behave
differently during the expansion of the SD wave. Regional
differences in light scattering (9) point in the same direction.
Early recordings of neuron somata showed that SD produces
near complete depolarization, a severe shunt of membrane
input resistance (R;,), and the loss of electrical responsive-
ness (10—12). The almost total loss of membrane resistance
led some authors to hypothesize that it was associated with
membrane rupture, but studies using probe ions suggested
that it was rather due to the opening of specific membrane
channels of limited pore size (13). In a pioneering study, a
large voltage-independent current was identified during SD
using whole-cell recordings of CA1 pyramidal somata (14).
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Moreover, we recently showed with intradendritic record-
ings that the SD-related loss of membrane resistance is not
homogeneous across the neuron, in keeping with the extra-
cellular distribution of the negative DC potential (15). In
fact, sustained longitudinal gradients of intracellular depo-
larization were found that covered different somatodendritic
regions during the different phases of the extracellular SD.
As such, maximally depolarized subregions presented a neg-
ligible R;,, whereas more polarized dendritic zones main-
tained a larger R;, and remained electrogenically active.

In this context, it is particularly relevant to identify the
nature and subcellular distribution of the participating mem-
brane conductances. The sustained depolarizing conditions
of the extracellular space during SD imply that a complex
mixture of activated voltage- and ligand-gated conductances
will extend variably in overlapping subcellular domains.
Experimental studies have not provided conclusive evidence
of the membrane conductances that participate in SD, since it
is only partly affected by or totally resistant to the blockage
of known ligands and/or voltage-gated channels (16—18). In
part, this may be due to the heterogeneous subcellular dis-
tribution of most membrane channels (19).

Biophysical simulations are an effective way to approach
problems such as these. Some models have already focused
on SD initiation, propagation, and ion redistribution, and
these were based on the electrodiffusion of ions coupled to
excitable membranes (20-24). However, such models focused
on the reproduction of macroscopic features rather than neu-
ronal membrane events, and they did not contemplate the
participation of unknown conductances that might be critical
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to define the temporal details of SD. Since we now have the
subcellular distribution of R;, and V,, at hand, we can esti-
mate the location of the membrane shunt, its magnitude and
evolution, and the membrane channels that participate at dif-
ferent anatomical subregions of individual neurons. We have
used a detailed biophysical model that incorporates the known
density and distribution of all major membrane channels in
CAl pyramidal cells (25-27) to analyze the spatial maps of
R;, under depolarizing SD conditions. Experimental variabil-
ity was taken into account by testing wide ranges of relevant
channels. It is important to note that we also made allowance
for the activation of unknown channels by calculating the
complementary density of the membrane conductance re-
quired to achieve the experimental fall in Ry, at specific sub-
cellular regions for a given V. We took advantage of the
long duration of the different phases of SD (8) in which in-
dividual conductances can be safely assumed to be at or near
steady state. This enables a strong simplification, as it is the
fitting of representative snapshots of a few subcellular R;,
profiles corresponding to known subcellular distributions of
membrane voltages for each phase of SD. It also circumvents
the need for a priori knowledge of unknown membrane con-
ductances and of a variety of extraneuronal details required
to accurately estimate the evolution of transmembrane ion gra-
dients and membrane potentials at each subcellular region.
Our calculations predict that besides the standard assort-
ment of voltage- and ligand-gated membrane channels, an
additional, as yet undetermined, conductance is required to
account for the strong drop in R;, during SD. Such a con-
ductance closes gradually during the time span of SD. Potas-
sium conductances follow in the relative contribution and
may also close by the end of the wave. We also confirm that
large intracellular potential gradients, from zero to rest, can
be sustained by a combination of shunted membranes and ion
redistribution along extended but discrete cell subregions,
whereas SD-spared dendrites remain electroregenerative.

METHODS
Model construction

The computational model was established with a view to analyzing the
conductances that replicate the subcellular profile of R;, and V,,, during SD.
The dual restriction imposed by the local fixation of R;, and V,, limits the
possible choice of membrane channels in the model. The omission of any
relevant channel will necessarily change the estimated contribution of all the
others. Thus, we carefully studied the contribution of both transient and
noninactivating currents, placing special emphasis on their realistic density
and subcellular distribution. Transient currents are often neglected when
modeling long-lasting phenomena. However, their steady-state contribution
to the local and global R;, may be notable, especially when V,, is not uniform
throughout the cell, as is the case during SD (15). Because of the slow
variation of the relevant variables, we were able to use a steady-state ap-
proach in which the macroscopic and extracellular variables related to SD
can be neglected or set as constant. However, given the critical importance
of mutual interactions between adjacent cell subdomains, all efforts were
made to introduce a realistic cell morphology and subcellular electrogenesis
into the model. Thus, we optimized a well tested and realistic compartmental
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model of a CA1 pyramidal cell that was specially designed to reproduce the
electrophysiological repertoire of apical dendrites (25-27). The compart-
mental membrane potentials and transmembrane currents were calculated
using the GENESIS simulator (28), and an exponential Euler (explicit)
method was used with the integration time step (dt) of 0.1 us.

Pyramidal cell morphology

To produce an accurate analysis of the subcellular conductances it is impor-
tant to establish the detailed and realistic pyramidal cell morphology, and
its electrotonic structure. The dendritic branching pattern of pyramidal cells
varies considerably among the population and the use of a particular mor-
phology could bias the dendrite-to-soma coupling. Hence, we have used an
average branching pattern, total dendritic length, dendritic tapering, and dis-
tribution of spine density obtained from detailed morphometric studies (29,30).
In this study, we chose an average pyramidal morphology with no major
apical dendritic bifurcation that represents about half of the CA1 pyramidal
cells. Each neuron was simulated using 287 compartments, which were dis-
tributed between the soma, the apical and basal dendritic trees, and an axon
consisting of myelinated portions, nodes of Ranvier, an axon initial segment,
and the axon hillock. The length of the compartments was always >0.01 and
<0.2 A. A detailed description of the cell morphology can be found in
Supplementary Material (Fig. S1 and Table S1). The total effective area of
the neuron was 66,800 wm? (including spine area). The model used here was
chosen because in simpler models, the electrical behavior exhibits unac-
ceptable channel densities that deviate excessively from reported values (25).

Passive electrical properties and electrode shunt

Standard electrotonic parameters for CA1 pyramidal cells have been applied
here (31). The membrane capacitance (C,,) was established at 1 ,uF/cm2 for
the soma and dendrites, and at 0.04 MF/sz for myelinated axonal com-
partments. The internal resistivity (R;) was 100 Q-cm for the soma and
dendrites and 50 Q-cm for the axon. The membrane resistivity (R,,) was
50,000 Q-cm? for the soma, 1000 Q-cm? for unmyelinated axonal com-
partments, 500,000 Q-cm? for myelinated axonal compartments, and it was
variable in dendrites (31) according to the following equation:

Ru(d) = 50,000(0.15 + 0.85/(1 + exp((300 — d)/50))),

where d is the distance to the soma in um.

The local input resistance (R;,) was measured as the voltage drop ob-
tained during hyperpolarizing current pulses. When calculated in the whole-
cell recording mode, this procedure yielded 63 M() at the soma and a time
constant of 18 ms. Since the electrogenic events specific to dendrite spines
are not relevant for this study, we chose to collapse them into the parent
dendrites. This is a customary procedure that simplifies the compartmen-
talization of the morphology of the cell, and it can be considered as elec-
trically equivalent (32). As a result, the values of R,, and C,, of the parental
compartments were compensated accordingly. For apical dendrites of CA1
pyramidal cells, the surface ratio between spines and parent dendrites is 1:1
(29). Thus, we used a correction factor of 2 for spiny compartments, i.e., the
R, was halved and the C,, doubled. In other studies, 4777/ has been used to
define the area of spiny compartments instead of the formal 277/ (32).

The simulations described here aim to reproduce the experimental
measurements of R;, obtained with sharp electrodes (15,33). The deficient
membrane seal around such electrodes introduces a bias in the estimation of
R;,. We simulated this electrode leak in the impaled compartment by includ-
ing an additional shunt to obtain final R;,s measured at the soma and apical
shaft that fitted well to experimental data of 32 MQ or 23-25 M(), re-
spectively (15,33). Since the electrode shunt also affects measurements in
adjacent regions, only the electrode-shunted compartment can be considered
to reproduce the experimental conditions. Hence, each somatodendritic map
of R;, was constructed using multiple simulations in which only one com-
partment was shunted at a time. Here, we assumed that the electrode shunt
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remained constant during SD. Indeed, although some tissue movement does
occur during the passage of SD waves, we found no indication that the
electrode shunt might vary (15,33).

lonic channels and conductance densities

Given the sustained conditions of depolarization during SD, the most rel-
evant channels are those that remain open at steady depolarizing potentials.
We considered 14 different types of ion channels to simulate the active
properties of the cell membrane. These included: three transient sodium
conductances in the axon, soma, and dendrites; one persistent somatoden-
dritic sodium current; two calcium currents (high- and low-threshold); one
hyperpolarization-activated ‘‘4’’ current; and seven potassium currents. The
channel variables were described using a Hodgkin-Huxley type formalism as
set out in Tables 1 and 2, and as specified below (see kinetic plots in Sup-
plementary Material, Fig. S2). In addition, an N-methyl-D-aspartate (NMDA)-
type conductance plus another unspecific complementary conductance were
employed. In preliminary calculations we determined that voltage-dependent
sodium and NMDA-type channels require a systematic analysis due to their
sustained contribution to steady depolarization. The initial density of po-
tassium channels was taken from the literature (see below) and has been
systematically studied in a previous model that accurately reproduces
dendritic electrophysiology (25-27,34). Additional testing was performed
here to fit their possible contribution to SD (see Results).

Sodium conductances

The three transient sodium conductances incorporated into the model show
similar kinetics: gnacs), &Nam)» &Naca) ((°S’’ for somatic, ‘D’ for dendritic,

TABLE 1 lonic conductance kinetic parameters

Makarova et al.

and ““A’’ for axonal). An additional gate variable (35) was included in the
somatic and dendritic channels to account for the slow inactivation of Iy,
observed in CA1 neurons (36). The activation time constant was decreased to fit
the faster rising slope of the action potentials (APs) in vivo. The activation
curve of axonal channels was shifted —7 mV (37), and the conductance
densities are shown in Table 2. In the soma and dendrites, the conductance
density was uniform (38) and sufficiently high to reproduce the precise
waveforms of somatodendritic APs in vivo (50 mS/cmz) (25,26). This value
is two- to threefold that reported in vitro (38,39), but it is commonly applied
in models, as discussed in detail by Varona et al. (25). The gn, density in the
axon initial segment was twofold that in the soma (37). The persistent Na™
conductance, gn.p, Was incorporated in all somatodendritic compartments,
and the kinetics were adapted from French et al. (40), with a V,, set at —40
mV. The maximum density was initially set to 0.1 mS/cm?, and it varied
within the range of 0.1- to 20-fold. This range spans different measurements
that estimated gn,p as ~ 1% of the transient gy,.

Calcium conductances

The kinetics of a low-threshold inactivating Ca>* conductance gcqr (T-type)
were taken from Traub et al. (32). This conductance is distributed in the
apical dendritic tree and it increases in a linear manner from the proximal
dendrites to the distal tuft (39) (maximum density of 1 mS/cm?; see Table 2)
The reversal potential for calcium conductances (Ec,) varied according to
the intracellular Ca>" concentration [Ca]; (see Calcium dynamics, below, for
details). The kinetics of a generic high-threshold inactivating Ca>" con-
ductance gc,p was taken from Otmakhova et al. (41) and it was restricted to
the perisomatic domain (maximum density 3 mS/cm?).

Conductance type Steady-state activation/inactivation

Time constant

1/(1 + exp((—0.025 — V,,,)/0.005))

1/(1 + exp((—0.050 — V,,,)/—0.004))

(1 + 0.8exp((Vyy, + 0.058)/0.002))/
(1 + exp((Vyy + 0.058)/0.002))

(1 + 0.5exp((Viy + 0.058)/0.002))/
(1 + exp((Vm + 0.058)/0.002))

1/(1 + exp((—0.032 — V,,)/0.0042))

8Na(s,D): activation
8Nas,D,a): fast inactivation
8Nacs): slow inactivation

gNa(D): slow inactivation

8Na(a): activation

gnap: activation 1/(1 + exp((—0.040 — V,,)/0.005))
8KA(p): activation 1/(1 + exp((—0.012 — V,;,)/0.0085))
gka): activation 1/(1 + exp((—0.024 — V,,)/0.007))
8KA(D,p): inactivation 1/(1 + exp((—0.056 — V,,,)/—0.007))
gKDR: activation 1/(1 + exp((0.005 — V,;,)/0.011))
8KDR(A): activation 1/(1 + exp((—0.002 — V,;)/0.012))
gxm: activation 1/(1 + exp((—0.040 — V,,)/0.0075))
gcar: activation 1/(1 + exp((—0.056 — V,,,)/0.0062))
gcat: Inactivation 1/(1 + exp((V, + 0.080)/0.004))
gn: inactivation 1/(1 + exp((—0.09 — V,,)/—0.004))

206 + 220e/(exp(Ven + 0.055)/0.013) + exp((Vem + 0.055)/—0.080))
0.0006 + 0.008exp((Vin + 0.045)/0.013)/(1 + exp((Ve + 0.045)/0.0055))
0.01 + 3exp((Vay + 0.060)/0.011)/(1 + exp((Vn + 0.060)/0.0022))

0.01 + 3exp((Vi + 0.060)/0.011)/(1 + exp((Vim + 0.060)/0.0022))

20e % + 220e/(exp((Vi + 0.062)/0.013) + exp((Vin + 0.062)/—0.080))

6e3

80e~°

80e~°

0.26(Vy + 0.050); if 7 < 0.002, 7 = 0.002

0.0012

0.0016/(exp((V;m + 0.065)/0.080) + exp(V;m + 0.065)/—0.014))

0.0009 + 0.020exp((Vy, + 0.038)/0.025)/(1 + exp((Viy + 0.038)/0.007))

0.204e > + (0.333e>/(exp((Vim + 0.0158)/0.0182) + exp((—V — 0.131)/
0.0167)))

if Viy < 0.081, 0.333¢ 2exp((Vin + 0.466)/0.0666)

else 9.32¢™ + 0.333e %exp((—0.021 — V,,)/0.0105)

0.0006 + 0.04exp((Vyy, + 0.065)/0.035)/(1 + exp((Viy + 0.065)/0.0035))

Conductance type Forward rate function (a)

Backward rate function (83)

gcat activation —160000(V,, + 0.026)/(exp((Ven + 0.026)/
—0.0045) — 1)

2000/exp((Vem + 0.094)/0.010)

700V, + Vgirr + 0.103)/exp((Viy +
Ve + 0.103)/-0.012) — 1)

Vanine = 40Log([Ca,1];) — 0.105

1000/exp((Vn + 0.079)/0.010)

4.8¢°/exp((10Log([Ca 2l — 35)/—2)

gcan: inactivation
gkc: activation

gxc: inactivation
gKAHP: activation

40000(Viy + 0.012)/(exp((Vin + 0.012)/0.010) — 1)
8000/(exp((Vin, — 0.068)/—0.027) + 1)
1700/exp((Vin + Vinire + 0.237)/0.030), 7 = 0.0011

4000/(exp((Vy, — 0.082)/—-0.027) + 1)
12¢°/exp((10Log([Ca,2];, + 100)/5), T = 0.048

Specification of kinetics using the rate functions o and S is equivalent to the use of the steady-state values and time constants. Units: volts, seconds, and

millimolar.
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TABLE 2 Standard set of ionic currents and departing conductance densities (mS/cm?)
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Conductance type Current Axon Soma Apical dendrites Basal dendrites

8Na(s,D) gNam?\IahNai(Vm — Exw) 0 50 50 50

8Na(A) ﬁNa(A)m?\]a(A)hNa(A)(Vm — Ena) 100 0 0 0

8KAP) (QKA(p)méA(P)hKA(p)(Vm — Ex) 0 2 if dx < 100, LRF(2, 21, 75) if dx < 100, LRF(2, 40, 120)
if dx > 100, 0 if dx > 100, 0

SKAD) gAKA(D)m;‘(A(D)hKA(D)(Vm — Ex) 0 0 if dx > 100, LRF(2, 21, 75) if dx > 100, LRF(2, 40, 120)
if dx < 100, 0 if dx < 100, 0

8KDR &xorMkpr(Vin — Ex) 0 4 4 5

8KDR(A) ﬁKDR(A)mf(DR(A)(Vm — Ex) 30 0 0 0

gKM Sy (Vin — Ex) 0 0.5 0.5 0.5

gcaT Scarmiphcar(Ven — Eca) 0 0 if dx > 100, LRF(0, 0.1143, 1) 0
if dx < 100, 0

8CaH Scanmi gihcan(Vin — Ecy) 0 30 if dx < 100, 3 3
if dx > 100, 0

&h Sy (Vi — Ep) 0 10 SF(0.1, 0.8, 250, 50) 0.1

gKc Sxemichke(Vin — Ex) 0 72 if dx < 200, LRF(72, —32, 0) if dx < 80, LRF(72, —70, 0)
if dx > 200, 0 if dx > 80, 0

SKAHP SxanpMxanp(Vm — Ex) 0 0.6 LRF(0.6, —0.5, 0.1) LRF(0.6, —0.8, 0.1)

gi denotes the total conductance in the respective compartment, and E; the reversal potential of each ionic species. LRF, linear ramp function (ini, slo, min/
max): f(dx) = ini + slo (dx/100). Min and max are minimum or maximum limits for conductance densities. Whether the value is min or max depends on the
sign of the slope (slo). SF(ini, end, d'%, steep) is a sigmoidal function: fidx) = ini + ((end — ini)/(1 + exp((d¥2 — dx)/steep))). dx, distance from the soma in
micrometers. Secondary apical dendrites follow the same rules as the apical shaft.

The hyperpolarization-activated “h” conductance (gr)

The gy, is differentially distributed along the dendritic arbor of CA1 neurons
(42), its density increasing from the soma (0.1 mS/cm?) to the distal tuft (0.8
mS/ecm?). The empirical data was fitted in an increasing sigmoidal soma-
tofugal manner (see Table 2), resulting in a sevenfold increase at 350 pum.
The kinetics of this conductance was modified from that proposed by Magee
(42) for a temperature of 35°C, accelerating the time constants with a Q¢ of
4.5. The activation of this current produced a depolarizing sag in the nega-
tive voltage drop during hyperpolarizing current pulses and introduced a
variable bias in the measured R;, at different somatodendritic locations. The
resting values of R;, given above were obtained after fitting this current.

Potassium conductances

The potassium conductances represented are delayed rectifiers (gxpr, one
axonal and one somatodendritic); a small persistent muscarinic type (gxm); a
transient A-type (one proximal, gxacp), and one distal, gxap)); a short-
duration Ca**- and V-dependent (gkc); and a long-duration Ca”—dependent
(gkanp). With respect to the delayed rectifiers, the axonal gkxpra) con-
ductance is similar to that described in Traub et al. (43), modified by shifting
the rate functions —5 mV to adjust for the repolarization of axonal spikes.
The gxm mediates the initial accommodation during repetitive firing. The
gka) and gxa(p) prevent the initiation of APs in the dendrites, as well as
limiting back propagation and reducing excitatory synaptic events. The gxc
is responsible for most of the repolarization in the AP and the fast after-
hyperpolarization, whereas the gganp is responsible for the slow after-
hyperpolarization. The values of somatodendritic gxpr, gxm, gkc, and
gkanp kinetics were taken from Otmakhova et al. (41). The kinetics and
densities for gxap) and gxa(p) were taken from Hoffman et al. (34). The
density and distribution of the conductances in lateral dendrites follow the
same pattern as in the apical shaft, i.e., the values depended on the absolute
distance from the soma (see Table 2).

NMDA receptor mediated current

The rapid desensitization of the a-amino-3-hydroxy-5-methylisoxazole-4-
proprionic acid (AMPA) currents precludes a sensitive contribution to SD
(44). Nevertheless, there is evidence for the participation of Glu currents,
mostly of the NMDA receptor subtype (gxmpa), in the depolarization asso-

ciated with SD. However, the temporal and spatial limits of the contribution
of gnmpa remain uncertain. Some authors reported that SD was totally
blocked by NMDA antagonists in vitro, whereas we found shortened SD
waves that specifically affected the late phase of the negative DC shift in vivo
(7,8). In this work, we adopted a maximum availability for gnympa, Which can
thus be activated at any phase of SD. With regard to the density and spatial
distribution, we assumed homogeneous distribution and density of NMDA
receptors all over, except in the soma, according to electrophysiological
assays (41,45). We adopted the physiological criterion that gnvpa activates
wherever V,,, depolarizes enough to release the Mg2+ block. We recently
found a reasonable correlation between the extracellular map of negative
DC-voltage signals (and increased [K*],) and the subcellular regions that
were selectively depolarized (8,15). Thus, the subcellular regions in which
[K ™, is elevated will also be subjected to gnmpa activation. These activated
regions were configured as wide somatodendritic bands covering different
extensions of the cell at different phases of SD (see below). For the simu-
lations carried out here, we initially used a density of 0.1 mS/cm? evenly
distributed throughout the pyramidal cell, except in the soma, which was
devoid of NMDA receptors (e.g., (22,41,45)). However, densities up to
1000-fold higher have been tested to explore their influence on the drop in
R;,, during SD.

The gnmpa current was built as a mixed Na*/K*+ V-dependent conduc-
tance to account for the Mg® " blockage. The permeability ratio was initially
setas 1:1. The equilibrium potential varied in the control and the different SD
phases, according to the intra/extracellular ion gradient ratio (0 mV at rest).
The NMDA current was calculated as follows:

Ixvpa = (gNMDA(Na) (ENa - Vm) + gNMDA(K) (EK - Vm))Bv

where gnmpana) and gnvpak) are the Na™ and K™ conductances through
the NMDA channel, Ey, and Ex are the ion equilibrium potentials, and B is a
correction factor to account for the Mg2+ block, estimated as in Zador et al. (46):

B =1/(1+nMg" |,exp(—=yVa))
with [Mg”]0 set to 2 mM, n = 0.33/mM, and y = 0.06/mV.

Unspecific Na*/K* conductance

In the course of the simulations, it turned out that the maximum drop in R;,
obtained in experiments could not be attained in the model using the

Biophysical Journal 92(12) 4216-4232



4220

maximum densities of the aforementioned channels. Therefore, it was nec-
essary to assume the presence of additional conductances. We implemented
a fake or complementary conductance termed gsp, whose density was varied
to reach the experimental R;, value when combined with all other con-
ductances at any specific V,,,. We used a V-independent, noninactivating,
nonspecific Na*/K™ conductance according to experimental data that sug-
gested the presence of large V-independent currents during SD and anoxia
(14,47). The Na® and K* component currents were calculated indepen-
dently, as for the gnmpa, but without the magnesium block. The density and
spatial distribution were varied systematically so as to fit the experimental
spatial distribution of the drop in R;, along the neuron longitudinal axis in a
trial-and-error tuning process. Homogeneous, steplike, and gradientlike spa-
tial distributions spanning different extensions of the cell axis were tested.
We focused on the somatoapical section, since no experimental data was
available for the drop in R;, at the basal dendritic tree. However, we pre-
sumed that the R;, would fall to the same extent as apical membranes (<5%
of control). We made no assumptions as to the nature of the gsp current; thus,
it was user-activated. Whatever the activation mechanism might be, the
quantitative contribution would be similar at steady state.

Equilibrium potentials and calcium dynamics

The equilibrium potential for each ionic subspecies was calculated directly
from their concentrations in the intra- and extracellular compartments (3,6).
During the SD phases, the compartments contained within defined somatoden-
dritic bands were set with a different transmembrane ion distribution to con-
form to the experimental observations regarding the variable extracellular
ion content and membrane potential (see Table 3) (8,15). The reversal poten-
tials at rest were En, = 53 mV and Ex = —97 mV, yielding a V,,, of —67 mV.

The Ec, was considered to be variable and dependent on the calcium
concentrations. The intracellular calcium concentration ([Ca];,) was simu-
lated as two different pools of Ca®* with different time constants, both
following first-order kinetics (48):

d[Ca,i], /dt = (f./wzFA)lc, — [Ca,i], /i,

where 7; is the removal time constant in the ith calcium pool, f; the fraction of
I, influx affecting the ith pool, w is the thickness of the diffusion shell
(1 wm in compartments with a diameter >2 um, or the radius in thinner
dendrites), A is the compartment area, z is the valence of the calcium ion, and
F is the Faraday constant. In pool 1, 7 is 0.9 ms and f; is 0.7. This pool
modulates the gxc conductance and defines the reversal potential for cal-
cium (Ec,). Pool 2 has a 7, of 1 s and f> of 0.024, and it modulates the gk app
conductance. The extracellular concentration ([Ca],) remains constant at
1.2 mM and the initial intracellular (resting) concentration is 50 nM. The
reversal potential for calcium was

Ec, = —13.275Ln([Ca, 1], /[Ca],).

Simulation of stimuli

To test the effects of the electrical membrane shunt in discrete cell domains
on the electrogenesis of nonshunted subregions during SD, we simulated the

TABLE 3 lonic concentrations (mM)

Phase K, [K']; [Na™J; Na'],
Rest 3.5 133 20 140
SDmain 40 125 35 90
SDlate 30 [6] 125 35 90 [120]

Ion concentrations for intra- and extracellular compartments during the
different phases of SD. At rest, all compartments are the same. During
SDmain, the values given are for active SD compartments only; all others
are as in Rest. During SDlate, the compartments that are no longer active
still keep an intermediate ion concentration (in brackets).
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synaptic activation of pyramidal cells as for evoked potentials (synchronous
activation of closely spaced inputs). Excitatory-inhibitory sequences were
timed as in real experiments (Fig. 1). An extensive analysis of the modeled
synaptic activation and dendritic integration in physiological conditions can be
found in Lopez-Aguado et al. (26) and Ibarz et al. (27).

The synaptic currents were defined as

Isyn(t’ V) = gSyn<t)<Vm - ESyn)‘

Excitatory synaptic input mediated by the AMPA-type Glu receptors was
simulated as a dual exponential function conductance:

gawpa(t) = (Agavea/ (71 — 7)) (exp(—1/71) — exp(—t/T1)),

AN
FIGURE 1 Somatodendritic electrical behavior of the model neuron
(MOD) and experiments (EXP). (A) Antidromically elicited action potentials
decrease in amplitude and widen during back-propagation into apical
dendrites. (B) Reproduction of the spatiotemporal profile of the antidromic
population spike in a multineuronal model of the CA1 region (/eff) in com-
parison to an experimental profile in the intact animal (right). Decreasing
potentials correspond to recordings in the soma layer and successive apical
locations in steps of 100 wm. (C) Responses to current pulse injections in the
soma and two intradendritic apical loci. Note the fast and slow habituation
and the activity-dependent decrease of dendritic APs. The greater the
distance from the dendritic current injection, the stronger is the intensity
required to obtain a similar firing pattern. (D) Response to activation of
glutamatergic synapses over the apical dendritic tree recorded in the soma
(thick tracings) and the apical shaft (thin tracings). Experimental recordings
are from two different cells.
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with a reversal potential of 0 mV, 7; = 10.8 ms, and 7, = 2.7 ms. A is a
normalization constant chosen so that ganmpa reached a maximum value of
Sgampa- The synaptic excitation peaked at 5 ms and had a reversal potential at
0 mV. To simulate Schaffer-commissural activation, AMPA currents were
distributed from 150 to 250 wm below the soma, and gy, = 100 nS (27). The
NMDA-type synaptic currents were not used during low-frequency synaptic
excitation (49).

Inhibitory synaptic conductance of the gamma aminobutyric acid
(GABA)-A type followed an alpha function:

SGABAA (f) = gAGABAA(t/TGABAA)(eXp(l - I/TGABAA))

with a Tgapaa of 7 ms and a reversal potential of —75 mV. This con-
ductance was distributed with a maximum value at the soma that decreased
to 0 pS at a distance of 120 wm, and that was delayed for 1.5 ms after
excitatory activation. GABA-B inhibition is also included but it had no
effect within the time of analysis used here, because its activation is delayed
by 15 ms. During SD, GABA conductances were turned off to reproduce its
use-dependent fading and the lack of action on SD (50,51).

Optimization of channel density and distribution

The initial values and ranges of the channel densities and their spatial distri-
butions are shown in Table 2. To begin with, we used a model whose channel
density and distribution had been optimized in earlier parametric studies to
reproduce the normal physiology of CAl pyramidal cells, with a special
emphasis on dendritic electrogenesis (25—-27). This model neuron accurately
reproduces the synaptic and current-evoked responses in the soma and apical
dendrites (Fig. 1; for detailed analysis of somatodendritic behavior see Ibarz
et al. (27)). The densities and the distribution of fast Na* and K™ channels
were optimized by reproducing the single-cell antidromic AP waveforms at
different somatodendritic loci, as well as the aggregate antidromic popula-
tion spike in a large-scale simulation. The population spike is an extracel-
lular field, and hence, it is the sum total of action currents at any membrane
patch. Thus, its reproduction requires the fine selection of geometrical and
electrotonic parameters, as well as the simultaneous fitting of all currents
along the entire somatodendritic axis (for detailed analysis of population
spike reproduction, see Varona (25) and Lopez-Aguado (26)). The single-
cell values considered for the antidromic AP were a soma peak amplitude of
95-103 mV, a half-width of 0.7-0.75 ms, and a rise time of 0.2 ms. In the
apical shaft, the amplitude decayed up to ~50 mV and the half-width in-
creased by up to 2 ms at ~200 um from the soma. These optimized channel
distributions yielded AP thresholds of 7-9 mV and ~30 mV depolarization
from rest at the soma and apical dendritic loci, respectively. These figures are
well within reported experimental values (33). Slower channels were opti-
mized through their participation in current-evoked responses and dendrite
integration, including the modulation of somatodendritic forward and back-
ward spikes (25,33,34,36,37,52).

The density of the noninactivating depolarizing conductances gn.p and
gnMpa Were initially set to the values obtained from the literature (45).
However, given the degree of uncertainty (53,54) and their possible rele-
vance in depolarization during SD (23), we also studied them using a range
of from 0.1- to 20-fold greater than their basal setting (0.1 mS/cm? each).
The two conductances were distributed homogeneously throughout the en-
tire cell and they were allowed to activate according to their V-dependent
kinetics. The density and subcellular distribution of ggp was varied, and it
was calculated so as to complement the total conductance required to obtain
the experimental R;, when the optimization of all the other channels was
insufficient (see above).

The steady-state approach

As mentioned, the subcellular domains affected by SD vary over time (8,15).
However, the rate of change of R;, and V,, is very slow, and it can be
considered to remain nearly constant for many seconds, i.e., several orders of
magnitude slower than the kinetic constant of the slowest membrane chan-
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nels. Thus, in practice, we can consider these domains to be at steady state,
and hence, the only relevant factor to estimate their degree of activation is
the V,,,. This important detail enabled us to restrict the calculations to rep-
resent instants of the SD span, instead of reproducing the complete evolution
of all the variables. We were thereby able to use predetermined (experi-
mental) subcellular profiles of V,, and thus avoid the extraordinary complexity
of incorporating into the model elements for the continuous estimation of
transmembrane Na* and K™ gradients, such as electrodiffusion, extracel-
lular volume fraction, ion transport, and pumping.

Although the ion concentrations are not relevant to define the steady-state
activation of a given channel (or at least their relevance is unknown), we still
used 30 different levels of transmembrane Na/K ratios to calculate the local
Vi (see Supplementary Material, Fig. S3). The range varies from resting to a
near total intra-/extracellular equilibrium, but only a few combinations are
acceptable for SD (see Table 3) (3,6,8). This restriction is supported experi-
mentally and it limits the possible combinations of channels capable of
taking the V,, to SD values. The permeability ratio was defined by the joint
conductance of all membrane channels at steady state.

For technical reasons, the experimental V,, was only measured at the
soma and apical dendrites. These only reached a near-zero potential when
the extracellular negative potential of SD seized that particular subcellular
domain (15). By analogy, the same value of V,,, was assumed for the basal
tree during SD.

To attain the steady state, each simulation was run until the V,,, stabilized
in all compartments, usually within a few hundred milliseconds. We routinely
employed a stabilization time of 300 ms, after which we injected a current
pulse in a selected compartment (—0.8 nA, 200 ms). The last time point was
used for the construction of the spatial map of the compartmental conduc-
tances. These were represented by a choice of 16 contiguous compartments
spanning the entire main basal-to-apical longitudinal axis. Of these, only the
soma and seven selected apical compartments were routinely represented in
the figures.

Experimental methods

To better define the subcellular anatomical coverage of SD phases and the
relationships between the V,,, V},,, and R;,, we used data from earlier in vivo
and in vitro experiments. We employed conventional methodology for intra-
and extracellular recordings in vivo and in vitro (15,33,55). This experi-
mental data is shown in Fig. 2, whereas all the other figures correspond to
model analysis.

RESULTS

Phases of SD waves and local variations of input
resistance: experimental data

SD waves in the hippocampal CA1 region displayed a ste-
reotyped spatiotemporal evolution. Initially, the waves almost
completely covered the basal and apical dendritic trees (char-
acterized here as the main phase), although they then became
restricted to a narrow band in the proximal apical tree (char-
acterized as the late phase or apical-only phase). As measured
in vivo (8), the evolution of the extracellular negative po-
tential associated with SD is depicted in the upper scheme of
Fig. 2 (A I). In the model, we have analyzed the subcellular
conductances at representative moments of the main (apical
plus basal) and late (apical-only) phases, as well as the spe-
cial case where SD only covered the basal dendritic tree (Fig.
2, A 2, time period between the red and blue vertical lines).
The abrupt initial depolarization at the wavefront in the
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apical tree (Fig. 2, A 1, Front) was not studied here, since at
this point the channel kinetics shift rapidly and do not
approximate to the steady-state conditions. The V,, reached
near-zero potential only while the local extracellular negative
potential exerted an influence on the corresponding cell
domain. In part, it repolarized while SD was still present in
other subcellular regions, giving rise to quasisteady intra-
cellular longitudinal gradients of depolarization. This is
illustrated in Fig. 2 A by the simultaneous extracellular evo-
lution of the SD recorded in the soma (red) and apical (blue)
layers, with the V,, recorded in the soma of a pyramidal cell
(green).

The main experimental features of the local changes in Ry,
during SD were as follows (see (15) for details). Initially, R;,
dropped in the soma until it was no longer detected (<<5% of
control). Subsequently, it recovered slowly during the main
phase (up to ~10-15%), and then more rapidly during the
late phase (up to ~40%), when SD had already been alle-
viated in the basal dendrites (Fig. 2, B I). In basal-only SD,
the R;,, measured within the spared apical dendrites was only
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FIGURE 2 Macroscopic and cellular features of SD
waves. (A) Spatiotemporal evolution of the extracellu-
lar DC potential, recorded in the soma (red) and apical
(blue) regions of the CALl field, along with the intra-
cellular transmembrane potential (V,,) at the soma of a
single pyramidal cell (green) during a typical SD (/)
and in the particular case where SD was restricted to
the basal dendrites (2). The shaded contour in the upper
scheme is a reconstructed snapshot of the spatial pro-
gression of SD scaled to a pyramidal cell showing the
elements of the neuron affected during the two prin-
cipal phases. The SD advances toward the left, and the
red dots mark the instances chosen for analysis with the
model. (B) (Upper) Intracellular recording of a soma

2 (1) and an apical dendrite (2) corresponding to SD

waves, as in A. The local input resistance (R;,) was
measured at regular intervals by measuring the voltage
drop to current pulses. (Lower) Evolution of R;, (solid
circles), and estimates of the variation in time con-
stant (7) (open circles). Inset calibrations are 10 mV
and 10 ms.

o djo@:’

reduced and remained stable (Fig. 2, B 2, b). Later on, when
SD reached the site of recording in the apical tree (Fig. 2, B 2,
¢), the apical Ry, also dropped to a negligible value before
commencing its recovery. Thus, the R;, dropped locally to
negligible values at the earliest instant in which any dendritic
tree was affected, and it gradually recovered thereafter. The
subcellular maps of R;, during each representative phase of
SD were obtained from multiple intracellular experiments
and by recording from the soma and apical dendrites (15).
We chose a few representative instances as milestones to be
reproduced with the model (Fig. 2, numbered red dots). Dots
1 and 2 correspond to two points during the main phase, dot
3 to the late phase, and dot 4 to the basal-only SD.

The limits of R;, drop and depolarization for a
standard set of membrane channels

Using our model, we first analyzed the maximum drop in R;,
and the V, depolarization attainable under SD conditions.
At rest, V,, is a function of the transmembrane ion gradients
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and the relative permeability of the ionic subspecies, two
variables that are strongly modified during SD. Because of
the V-dependency of most channels, the R;, will vary at dif-
ferent degrees of depolarization. For example, the maximum
drop in R;, was calculated in the apical trunk as a function of
Vm using a standard set of membrane channels and also mul-
tiple combinations of gn.p and gnmpa at increasing densities
(we tested from 0.1- to 20-fold each) (Fig. 3). As described in
Methods, the V,,, was varied gradually by shifting the trans-
membrane gradients for Na® and K throughout the entire
cell (Supplementary Material, Fig. S3). As expected from the
steady-state joint activation of some V-dependent channels,
the more depolarized the V,,, the lower the R;,. However, the
maximum drop in R;, for the standard channel assortment
(1:1) was 46.3% of control. Moreover, the V,,, only reached
—31.3 mV, well below the experimental values obtained
during the main phase of SD (Fig. 3, oval at bottom right).
Even at the highest densities of depolarizing conductances
(20:20), the R;, never fell below 25% of the control values,
and depolarization reached —14 mV at the most. Notably,
some of the plots began from a depolarized and shunted
value under resting ion gradients (Fig. 3, solid symbols out of
the green-dashed oval), indicating an excessive density of
gnap and gnvpa- Indeed, such channel densities were beyond
the plausible physiological range compatible with resting
conditions in actual neurons.

The abrupt jump of R;, across the range of V,,, observed for
most channel combinations was related to the density of gn.p
(note the similar traces within each color set). Increasing
densities of gnvpa had only a decreasing effect on Ry, at po-

100 1
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FIGURE 3 Estimation of R;, as a function of V,,, at steady state. The data
was obtained from a representative apical compartment using different
combinations of gn,p and gnmpa densities (given in multiples of the control
density) and the standard assortment of membrane channels. The oval at the
bottom right corner marks the experimental range. Solid symbols (first value
on each plot) correspond to values obtained for resting ion gradients. The
R;,, did not drop to <5% of the control value, nor did the V;,, reach the near-
zero experimental values. The sequential values in each plot correspond
to increasingly depolarizing combinations of intra- and extracellular ion
concentrations.
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tentials near rest. An apparent paradox was observed wherein
an abrupt drop in R;, occurred at more positive Vy, the higher
the density of gna.p (Fig. 3, blue versus pink traces). The ex-
planation for this phenomenon resides in the increase in the
overall Na/K membrane permeability ratio as gn,p increased,
pushing the V,, toward the Ey,. The gnvpa also appeared to
participate to a minor extent, since the Exypa 1S more neg-
ative than Eyj,.

Notably, the maximum V/,, lingered between —30 to —20,
never approaching zero. As mentioned, the value of V, is
determined by the transmembrane distribution of ions, but
the actual steady-state value depends on both the total mem-
brane conductance and the relative ion permeability. The
maximum value of V,, attainable during SD, assuming equal
permeability for Na™ and K™, would be between —10 and
—5 mV. In additional simulations, we calculated that
stronger depolarization can be achieved either by departing
from smaller internal K™ than that used here (133.5 mM) or
when the Na/K permeability ratio was >1 (see below).

The contribution of the different membrane conductances
in the total drop of R;, was analyzed as a function of the V.
Estimations were obtained in a representative apical com-
partment at 200 wm from the soma (Fig. 4). Using the
standard assortment of channels, the bulk of membrane con-
ductance for the V,, range up to —30 mV was due to Ky; and
Ka potassium channels (Fig. 4 A). Only a small fraction of
the total conductance (10%) was due to depolarizing chan-
nels, with gnar and gnap by far exceeding the gnvpa. The
contribution of gn,r was due to the ‘‘window’’ current,
whereas the values indicated between the vertical lines cor-
responded to the ion gradients, as in SD. When the maximum
values for these conductances were each increased fivefold
(Fig. 4 B), only the gn.p contributed a density of conductance
similar to the potassium conductances. The latter conduc-
tances still dominated, with Ky outreaching K, and the Kpg
increasing notably. However, the relative contributions
would have changed notably had the V,,, reached the experi-
mental SD value near zero (see the plots of kinetic behavior
in Supplementary Material).

From these estimations, it can be seen that with the most
favorable assortment and densities of channels, the R;, always
fell short of the experimental values, at least for the main SD
phase. To meet the main experimental criterion of a drop in
R;, below 5% of control, we assumed that an additional con-
ductance must be present that we termed gsp, and which we
implemented as a mixed Na™/K™ conductance of permea-
bility ratio 1:1 (see Methods).

Additional conductances are required to obtain an
optimal fit for the R, profile during SD

The somatoapical optimization of the membrane conduc-
tance was assessed for four representative instants of the SD
waves (Fig. 2, red dots), corresponding to different spatial
extensions of the SD affecting the pyramidal cell (Fig. 5).

Biophysical Journal 92(12) 4216-4232
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FIGURE 4 Steady-state conductance densities for some of the membrane
channels as a function of the V,,, in a representative apical compartment
200 wm from the soma. Estimates (A) using the standard gn.p and gnmpa
densities, and (B) when each was increased fivefold. Even for the strongest
depolarizing V,,, most channels still preserve a considerable level of con-
ductance.

The colored plots correspond to different distributions of the
complementary conductance gsp. As shown above, this was
required when the standard battery of channels (open squares)
was insufficient to drive R, and V,, close to experimental
values (see Methods). The gray bands in Fig. 5 correspond to
the range of experimental values of the R;, obtained for each
phase, used here as confident limits along the length of the
apical tree. The estimations falling outside of these limits
were considered to differ too greatly from experimental values.

In Fig. 5, columns A and B correspond to two different
instants at the beginning and end of the main phase, when SD
affected both the basal and apical dendrites. The R;, was
undetectable at the earliest point chosen, whereas it had
began to recover by the second. The somatoapical optimal
adjustment of Ry, and V,,, (solid circles) in the former re-
quired the activity of a strong complementary gsp (range
10°-10* mS/cm?) throughout the entire SD affected region
(Fig. 5 A). For the sake of simplification, we shall consider
the complementary gsp as an additional true conductance.
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FIGURE 5 Somatoapical optimization of membrane conductances in four
representative instances of SD wave, which correspond to the different
spatial extensions of the SD-affected cell domains. The blackened portions
of the neuron in the upper schemes denote the regions affected by SD in each
phase. Plots correspond to estimates using only the standard assortment of
membrane channels (open squares), and simulations using different dis-
tributions of the complementary conductance gsp (colored plots), varied as
indicated in the lowest plots. The gray bands in the R;, graphs outline the
range of experimental (optimum) values for each phase. Optimal values for
Vi are near-zero potential for SD-active regions, and they follow a gradi-
entlike decay from there on. Optimal adjustments are plotted by solid circles.
(A and B) Two different instances at the beginning and end, respectively, of
the main SD phase (see Fig. 2). (C) A representative instance during the late
apical-only phase. Note the strong reduction of gsp required to obtain the
optimum spatial R;, profile. However, the V,, was far from the near-zero
experimental value expected for the active SD zone. (D) The particular case
when SD selectively affects the basal dendrites. In this case, the optimum
gsp conductance was similar to that for the main phase.
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The overall decrease of R;,, to 10-15% required a gsp of 50
mS/cm” (open circles). This example also illustrates the
marked contribution of the large dendrites at the soma. In
fact, a very low somatic density of gsp (10 mS/cm? in this
example (Fig. 5 A, asterisk)), or none at all, may still be re-
sponsible for the large somatic depolarization and the drop in
R;, as long as the adjacent dendritic membrane activates suf-
ficient membrane conductance. Late in the main phase (Fig.
5 B), the distal portion of the apical dendrites did not require
the activity of gsp. Thus, the gradual increase of R;, toward
the apical tuft can be fitted by a strong membrane shunt
localized toward the proximal apical region, whereas distal
dendrites underwent total closure of the gsp. A strong pres-
ence of ggp was still required in the basal dendrites and soma.

The optimization for the late phase, when the basal den-
drites were no longer affected and SD was restricted to the
proximal apical tree, is also presented (Fig. 5 C). During this
phase, a small presence of gsp was still required (=2 mS/
cm?) in the proximal apical dendrites, but not in the basal
dendrites. The fine spatial distribution is difficult to predict,
since small local changes have profound effects on the ex-
tended membrane domains. For instance, the notable differ-
ences between a narrow small steplike gsp (0.5 mS/cmz) and
a wider gradientlike ggp (light green versus light blue traces)
on the R, of the proximal dendrites (arrows) and on the
Vi can be appreciated throughout the apical tree. However,
additional mechanisms must have been activated during this
phase, as depolarization was unable to even closely approx-
imate to the experimental V,, that reached near-zero along
most of the proximal apical tree (15). The optimal spatial
fitting of the Ry, (solid circles) yielded a V,,, that peaked at
—40 mV, a considerable discrepancy that was investigated
further (see below).

Finally, we analyzed the somatoapical membrane conduc-
tances for a special case of basal SD (Fig. 5 D). In this case, a
very high gsp (~10%-10° mS/cm?) was required in the soma
and basal dendrites, which rapidly decreased within the
proximal apical shaft. Again, a ggp of only 50 mS/cm? would
be required to attain a drop in R;, of ~10-15%. Most of the
apical tree was well fitted with the standard channel assort-
ment. As expected from the smooth geometrical transition
between the two domains, the soma and the main apical
dendrite, is highly relevant for estimations in the latter when
no added gsp is considered. This can be appreciated when
comparing two distributions with (dark blue) or without (light
red) somatic gsp (Fig. 5 D, arrows).

We further explored the poor depolarization obtained for
the optimal R;, profile during the late SD phase (Fig. 5 C).
Several possibilities were considered to increase the relative
permeability of Na™ ions and to more closely reflect the Ey,.
Increasing the gn, and/or gnmpa conductances was unsuc-
cessful in this respect, as they either caused a parallel de-
crease in the R;, outside the experimental range, or else the
resting V,,, could not be sustained (see also Fig. 3). Since the
general trend of the complementary gsp was to decrease dur-
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ing the time span of SD, we considered the possibility that
potassium channels behave similarly, a treatment that would
also increase the Na/K permeability ratio. Indeed, the com-
plete closure of K™ channels promoted a depolarizing shift
of 15-20 mV along the entire apical tree that was paralleled
by a small decrease in the drop in R;, (Fig. 6, open versus
solid circles). Finally, we checked the effects of increasing
the Na/K permeability ratio for gsp channels. An additional
10 mV in the depolarizing shift was obtained for a 3:1 ratio
(from the initial 1:1) (Fig. 6, shaded circles).

The flow of current

The simulations presented herein enabled the current flow
through individual channel types during SD to be examined
simultaneously. Each channel type displayed a different
current flow depending on the SD phase and cell domain.
The results obtained for a representative proximal apical
compartment at 100 wm from the soma are shown in Fig. 7
for the instant shown in Fig. 5 B. The current densities in the
absence of gn.p and gnmpa (A) and for two different
proportions of gn.p and gnmpa (B and C) are illustrated.
These are strongly modified when the complementary gsp
conductance was included to get an optimal fit (Fig. 7 D). In
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FIGURE 6 Further optimization for the late phase of SD. By eliminating
the potassium channels (open circles), thereby increasing the Na* /K™ con-
ductance ratio, we aimed for additional depolarization without an increase in
conductance. A 15- to 20-mV depolarizing jump was achieved (open versus
solid circles), and still further depolarization can be obtained by increasing
the Na*/K ™" permeability ratio through the gsp channels (shaded circles).
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FIGURE 7 Current density through the different channels during SD. The
example shown illustrates the current flow in a representative proximal
apical compartment situated 100 wm from the soma at the instant shown in
Fig. 5 B (main phase). The effects in (A) the absence of gn,p and gnvpa and
(B and C) their presence in two different proportions are shown, with and
without (D) complementary gsp conductance.

all cases, there was a net inward transmembrane current (/,,,),
and despite the influence of a very large ggp (~10% mS/cm?),
the I, in this compartment remained similar (0.1 in the
presence versus 0.11 pA/um? in the absence). This apparent
paradox can be explained by the strong spatial cancellation
of current in the middle zones of extended and strongly
shunted regions of the cell (not shown). In the absence of gsp
conductance, the inward current flux mostly passed through
transient and persistent Na and NMDA channels. The strong
depolarization to a near-zero potential in the presence of gsp
inactivated gn,t and decreased gn.p (from 0.05 to 0.03 pA/
wm?) as it approached the equilibrium potential. The bulk of
the current was carried inward through the gsp conductance
and outward through Kpr and Ky, channel types. Indeed, the
outward flux of potassium ions in the presence of gsp or high
gnmpa Was a notable feature (Fig. 7, C and D), although this
shifted inward in the two other situations (A and B). This
effect was caused by the Ex (~—30 mV) becoming more
positive than V,,, in the latter cases.

Biophysical Journal 92(12) 4216-4232

Makarova et al.

Standing internal depolarization gradients are
compatible with distal electrogenesis

It was commonly believed that neuron electrogenesis was
completely curtailed during the passage of SD due to excessive
depolarization and membrane breakdown. As shown above,
strong internal depolarization gradients can be sustained in a
quasistable manner between SD-affected and SD-spared
subregions of the same cell. Thus, we assessed here whether
cell domains distant to the SD-shunted regions could still
maintain normal electrical responses. Orthodromic activa-
tion was simulated by activation of non-NMDA glutamater-
gic synapses (25 nS total maximum conductance) throughout
the apical dendritic compartments in one of two spatial
bands: a proximal (50—150 wm from the soma) and a distal
band (250-350 wm from the soma). The evoked responses
recorded in the soma and several apical compartments in
controls (Fig. 8 A), during basal plus soma SD (Fig. 8 B), or
in basal SD alone (Fig. 8 C) were examined. Excitatory post-
synaptic potentials (EPSPs) initiated backward or forward
spikes during proximal (/) or distal (2) activation, respec-
tively (25,27). As expected, the stationary gradient of depo-
larization was stronger when SD seized the soma (B). In this
case, a reduced EPSP was observed that diminished as the
compartment recorded became more depolarized. When the
soma was spared by SD, a dendritic spike was initiated that
propagated to a limited extent within the apical shaft. These
results matched experimental observations well (15).

DISCUSSION

The computations presented here explore the state of channel
conductances in different cell domains of CAl pyramidal
cells during SD. We found that besides the known potas-
sium, sodium, and Glu-mediated conductances, the correct
fitting of the experimental R;, and V,,, in individual neurons
requires an additional very large conductance (gsp). It is pre-
dicted that such gsp would initially open maximally and it
would then close gradually during the span of the SD. In par-
allel, the gradual closure of potassium channels would also be
predicted by our model. The computations also demonstrate
that large gradients of intracellular potentials can be sus-
tained in SD conditions, such that cell domains at a distance
may still undergo electrogenic activity.

Macroscopic versus cellular mechanisms in
previous SD models

SD dramatically alters a large number of variables at dif-
ferent levels of brain organization, all of which affect the
membrane properties of neurons. Previous models focused
on reproducing the macroscopic signs of SD, such as the
changes in extracellular ions and the propagating and tem-
poral features (20-24,56). The coupling of electrodiffusion
to ion flow through excitable membranes is in the basis of the
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FIGURE 8 Internal depolarization gradients during SD are compatible
with distal electrogenesis. Orthodromic activation was simulated by activa-
tion of non-NMDA glutamatergic synapses (25 nS) in either of two spatial
bands, one proximal (/) and the other (2) distal. The computed evoked
responses recorded in the soma and several apical compartments (inset) are
shown in the control situation (A), during SD affecting the basal dendrites
and the soma (B), and during SD in the basal dendrites alone (C). Backward
and forward spikes were generated during proximal and distal activation,
respectively. When SD seized the soma (B), a sharper stationary gradient of
depolarization developed, and only a reduced EPSP with no spike was ob-
served. When the soma was spared, a dendritic spike was initiated distally
and propagated to a limited extension within the apical shaft. These results
match experimental findings demonstrating that the cell domains distant to
SD-shunted regions maintain electrical excitability.

classic reaction-diffusion notion of SD. Although this ap-
proach may be suitable for the mechanism of ignition and
spread, it does not apply to the depolarized phase, when most
variables change slowly and are near steady state. In general,
previous models simplify anatomical settings and give little
attention to the subcellular physiology of SD. Also, they
share a deterministic temporal evolution governed by the
strict relationships that link the kinetics of the different sys-
tems involved in ion movements. Although this is a desirable
goal, because of the lack of precise experimental data, many
details are dealt with only superficially in existing models
and a number of variables are omitted or established arbi-
trarily, depending on the specific mechanism to be analyzed.
For example, in Shapiro’s model (24) that reproduced the
strong ion redistribution, the propagation of SD required
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direct ion flow between neurons coupled by gap junctions
(44), whereas these elements were not even considered in
other similar models that reproduced similar features (20,23).
The support for this or another element as being central to
reproduce well-known features of SD may arise from slight
differences in certain parameters that modify the overall
excitability of highly unrealistic model neurons. In addition,
if a significant proportion of the total membrane conductance
is carried through unidentified channels specifically activated
during SD, as predicted here, their omission in a continuous
time-dependent model will cause notable deviations in the
magnitude, distribution, and temporal variation of ion flow.
Our steady-state approach is relieved from most of these
constraints and makes no assumptions as to the temporal
succession. By compiling all time-dependent supraneuronal
variables into instantaneous cell maps of R;, and V,,, our
model is well suited to explore the subcellular contribution of
the different membrane channels. Thus, at given instances it
is highly reliable to levels unequaled by continuous time-
evolving models.

Methodological considerations

Additional expansion of the model could be obtained by
estimating the contribution of chloride channels and more
subtypes of Ca®" channels. Although GABA is released
during SD (57), the role of inhibitory conductances is
probably marginal (51). Chloride appears to be important in
other aspects of SD, such as the velocity of propagation and
the tissue susceptibility to initiate the reaction (13,56).
However, it does not seem to contribute significantly to SD
amplitude (58) and hence, it is unlikely that chloride con-
ductances exert a significant influence in the drop in Rj,.
Similarly, although Ca®* channels are known to participate
in some aspects of SD (16,59), their role remains ambiguous,
and their blockade does not affect SD amplitude in vivo (44).
A decreasing effect of Ca?* channel blockers on hypoxic
SD-like macroscopic signals has been reported (17), but
these results may not apply to normoxic SD. We found here
that the estimated contribution of T and L channel subtypes
to the total membrane conductance during SD is negligible.
Further improvement of our model could be achieved by
adjusting channel kinetics to acid conditions (60), in which
Na* and Ca** but not V-dependent K* channels appear to
reduce their conductance (61).

In other models, the operation of ion pumping has been
taken into account to reproduce the temporal evolution of ion
redistribution (e.g., (22,23)). Although this may be an impor-
tant element at the front and tail of SD, when ion redis-
tribution is strong, its putative action during the phase of
depolarization causes only slow changes of ion concentrations
that are well captured by our fixed sets of transmembrane ion
concentrations for specific instants. Besides, whatever their
efficiency, ion transporters do not modify significantly the
value of R;,, and hence, they would not interfere with the
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activation state of V- and ligand-gated channels at steady
state.

In this study, for the sake of computational efficiency we
did not include a calculation of extracellular potentials. In a
preliminary report (62), we found that the large extracellular
negative potential strongly influences the magnitude and
spatial distribution of current flow along pyramidal cell
membranes (see also (56)). To compensate for this important
omission, we used the experimental V,, values obtained by
subtracting V; from V, in simultaneous intra/extracellular
recording experiments (15). Thus, realistic near-zero depo-
larization in SD-active subcellular patches was achieved.
Had we used V; instead, the activation state of V-dependent
channels would be completely different, since in the best of
cases V; only depolarized to —30 mV. At this V,,,, several fast
V-dependent channels still contribute a notable conductance
(22,23), whereas they would be largely inactivated using the
Vo-corrected to near-zero potential during SD (cf. Fig. 3).
Although the magnitudes of the driving forces and current
flow are not critical in this study, an incorrect definition of
Vm would have caused major deviations in the local and ma-
croscopic membrane conductance. In turn, this would have
led to errors in calculating the contribution of each channel
type to the drop in Rj,.

A strong nonlinear relationship has been demonstrated
between the density of membrane conductances and the local
R;,. A deviation in the experimental estimation of R;, during
SD may lead to notable changes in the estimation of the
optimum density of membrane conductance. Most studies
have reported a dramatic loss of somatic R;, during SD that
was described as immeasurable (10,11). In hypoxic SD,
values between 10% (17) and a less than detectable 5% (63)
have been reported. As far as we know, our recent study (15)
is the only one specifically devoted to measuring the evo-
lution of R;, along the somatodendritic axis of pyramidal
cells. The partial recovery of R;, during SD and its inde-
pendent evolution in different subcellular locations indicate
the importance of precisely defining the SD phase in which
R;, was measured, as well as other experimental conditions.
Although we abide by our experimental measurements, the
optimum conductances for other estimations can also be
obtained from this study, as we explored a wide range of
parameters for the complementary gsp.

Known and unknown membrane conductances
during SD phases

Assuming that there are no complementary (unknown)
conductances, we showed that potassium channels of the K,
and Ky type, and to a lesser extent Kpg, dominated the
conductance at steady depolarization, as expected from their
noninactivating kinetics. This is in agreement with experi-
ments showing a decrease but not blockade of the extracel-
lular voltage signal associated to SD by pharmacological
blockade of some K™ channels (64). Their joint contribution
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to the decrease of R;,, was however far from the experimental
values. To anticipate possible insufficiencies in the imple-
mentation of relevant channels in the model, we checked
different density ranges for those most likely to be involved
in steady depolarization, such as the gn.p and gavpa (Up to
20-fold each: see refs. 22,23). Still, the activation of these
two conductances even when patently in excess was largely
insufficient to account for the experimental R;, and V.
These results may appear surprising as the blockage of
gnmpa has generally been reported to repress SD (65). How-
ever, the precise role of NMDA receptors on SD remains
unclear, since most available experimental data cannot dif-
ferentiate between the blockade of SD initiation, its prop-
agation or the sustained depolarization. In fact, additional
biophysical data points to a limited contribution of gnmpa
(see below). Thus, the increase of intracellular Ca’* or
extracellular K" featured in SD (3,6) are both expected to
block the activation of NMDA receptors (53,54,66,67).

One may ask whether activation of known channel types
are enough to account for the loss of R, during SD. Some
pharmacological studies using cocktails of channel blockers
appear to reach such conclusion (17,18). However, much of
these data actually comes from the study of SD-like hypoxic
depolarization, whose pharmacology differs from normoxic
SD (3,16,47). Effects such as a delayed occurrence or the
failure to initiate an hypoxic SD, a diminished speed of
propagation, and changes in hypoxic SD duration have been
interpreted this way. Even in normoxic SD, such changes
may well be accounted by drug interference with condition-
ing procedures, ignition or propagation of SD, whose mem-
brane mechanisms are not well understood (23,68). The
presence of different phases in SD are increasingly recog-
nized (6) and the neuron mechanisms responsible for each
may differ.

New membrane channels or subtypes of known channels
are being discovered whose participation in SD cannot be
explicitly modeled although it can be predicted. Their com-
piled contribution is captured here by the complementary
conductance gsp, required to account for the absolute value
of the drop in R;,. This gsp was modeled as an unspecific
V-independent conductance, following the V-clamp results
by Czéh et al. (14). Indeed, the calculations indicated that
additional channels open in accordance with the hypothesis
that a specific conductance is activated during SD. Phillips
and Nicholson (13) proposed a large SD-specific membrane
channel based on calculations of the pore size using probe
ions (~7 A). Since the pore size of the NMDA complex is
smaller (<5 A) (69), one possibility is that neuronal gap junc-
tions participate in SD as we suggested earlier (44,70,71).
Gap junction hemichannels have a variable pore aperture
(6-15 A) (72) that would permit the passage of common
ions. However, their involvement awaits direct confirmation.
Other putative candidates are transient receptor potential
channels (73) and tandem pore domain K™ channels (74),
but since their distribution and kinetics are largely unknown,
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it is difficult to analyze their possible contribution in the
model presented here. Low-Ca®"-activated cation channels
are also possible candidates (75,76), as they are gated by
external Ca reduction and appear to be voltage-independent,
two conditions found during SD.

Although the initial fast depolarization may be dominated
by fast V-dependent channels (22,23), the inactivating/
desensitizing kinetics of many channels and receptors
implies a reduced contribution to the transmembrane current
flow and the drop of R;, during the sustained main phases.
According to our estimations, the ensuing steady depolari-
zation can thus be maintained by subsequent opening of one
or several of the mentioned channel candidates well after the
major ion changes that occur at the wavefront. For instance,
the large drop in extracellular Ca®>", or its intracellular in-
crease could serve as an intracellular signal triggering the
opening and modulation of certain channels via second mes-
sengers. A hint to the gating mechanisms for these putative
channels is in the gradual narrowing of the SD-activated
dendritic zone that is here represented by the two instants
corresponding to the main and late phases, respectively. This
evolution is reminiscent of some wavelike intracellular pro-
cess shutting down SD-activated channels. We showed, in a
previous study, that in the intact animal the late phase may
even lose the well-known refractoriness of SD and remain
activated up to 1 h, broken only by failed attempts to recover
(8). Certainly, whichever membrane channels are responsi-
ble for this peculiar behavior, their kinetics and the gating
mechanisms are unlike standard V- or ligand-gated channels
known so far.

The large current density required to achieve the exper-
imental drop in R;, during the main phase of SD may appear
surprising (=10° mS/cm?). However, such a density is
similar to the average maximum density typically employed
in models and measured experimentally for transient Na™*
channels in the soma and axon initial segment (37). For
comparative purposes, this density could be achieved by the
simultaneous opening of as few as 20 NMDA-type channels
or 10 connexin hemichannels within a 100-wm-long section
of the apical shaft. This result is also compatible with evi-
dence showing an abnormally large increase of the holding
current in V-clamp experiments (14). Interestingly, although
the gsp constitutes the bulk of the active conductance during
the main SD phase, it gradually decreased during the span of
SD. A similar sag in the holding current during SD was also
reported by Czéh et al. (14). The temporal reconstruction of
events indicates an explosive spikelike initial opening of the
channels represented by the gsp, followed by a slow gradual
closing.

In this line, the diminished participation of gsp in the late
phase led to the expected decrease of the maximum attain-
able depolarization, which remained far below the near-zero
experimental value. Since the maximum conductance is im-
posed by the partially recovered R;,, further depolarization
cannot be achieved by increasing channel density. In fact, it

4229

could only be achieved by increasing the relative weight of
Na™ over K™ currents to drive the V,, closer to the Ey,. We
found a possible solution in the closing of potassium
V-dependent conductances (cf. Fig. 7), a behavior analogous
to the predicted activity of gsp. We suggest that this behavior
may be common to several channel types during the SD
span. In fact, the well-known overshoot of the R;, in the
wake of SD (14,15) may reflect the visible tail of a genera-
lized closure of membrane channels already initiated at the
beginning of SD, after the explosive activation of gsp. Ex-
cessive accumulation of Ca®>*, depletion of energy metab-
olites, and dephosphorylation are all among the possible
mechanisms that may profoundly affect the kinetics of
membrane channels.

Functional implications

It has been shown that the near-zero depolarization in
extended portions of the dendritic tree is compatible with
near resting conditions and normal electrogenesis being main-
tained in other parts of the same neuron. Thus, our com-
putations presented here offer biophysical support to our
recent intradendritic and field recordings during SD (15).
The massive shunt of SD active membranes decreases the
space constant, providing effective electrical isolation from
adjacent neuron subregions. This important feature rebuts
the widely held idea that membrane breakdown is the basis
for neuron inactivation and silencing during SD. In contrast,
our analysis supports a channel-based theory of SD. The
electrical events associated with neural membranes can be
fully explained by the simultaneous activity of membrane
channels according to their specific subcellular location and
kinetics, as in any other electrical signal related to normal
functioning. The main qualitative differences are the quasi-
steady-state conditions imposed by the new transmembrane
ion gradients, and the activation of an undetermined mem-
brane channel of very large conductance or density.

The estimations herein may also explain the persistent
failure of previous experimental work to determine the
channel conductance responsible for macroscopic SD sig-
nals. It becomes clear that a varying number of conductances
are simultaneously activated in different cell subregions
according to their respective kinetics and local V. Thus, the
use of channel blockers or cocktails may be insufficient to
produce a sizable reduction of the SD-associated signal, espe-
cially in the main phase, where as yet undetermined conduc-
tances play a dominant role. In this respect, one should be
cautious when extrapolating pharmacological data obtained
from hypoxic SD, or the effects of drugs on SD aspects other
than the R;, drop. A failure of SD to initiate, or the blockade
of its propagation, does not identify the mediators of current
flow once initiated. Also, the partial success of a specific
channel blocker by, for instance, decreasing SD duration,
does not necessarily indicate a major contribution of the
blocked channel to the R;, drop. One possibility is that

Biophysical Journal 92(12) 4216-4232



4230

metabotropic effects initiated by the activation of a low-
density channel may lead to the opening (or modulation) of a
stronger conductance.

In the literature of clinical research, SD is viewed rather
simplistically as a self-maintained potassium wave to which
neurons contribute rather passively by extruding more
potassium due to depolarization. Certainly, although such a
vicious cycle might be fueled by the opening of V-dependent
channels, the kinetics of these channels is generally fast, and
their density small, to account for the sustained and profound
drop of R;,. The important detail that SD is a moving wave
should not deviate attention from the fact that once maximal
depolarization and ion redistribution are achieved at the
wavefront, the ensuing events are ruled by membrane chan-
nels. An earlier report (14), supported by our estimations
herein, indicate that V-independent conductances play a
major part. Even if cytotoxic Ca®" load in the cells starts at
the wavefront, it is now clear that the extended duration of
SD or SD-like depolarization is responsible for the subse-
quent neuron damage in experimental trials (12,70). Clinical
trials attempting to block the main Ca>* gates (V-dependent
Ca*" channels and NDMA receptors) in ischemia have
failed to reproduce the degree of neuroprotection claimed in
experimental studies. Therefore, the mixed contribution of a
number of channel types would suggest that multiple mem-
branes should be targeted simultaneously in clinical trials.
Most importantly, the dominant role of unidentified con-
ductances, predicted in this study, should serve as a prompt
for molecular studies aiming to characterize the gating modes
of recently discovered membrane channels not normally
participating in fast electrical transmission. Also, screening
studies aiming to discover new membrane channels are
required. The molecular identification of such conductances
may be crucial in fighting pathologies involving SD, such as
ischemic neurodegeneration and migraine headaches.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.
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