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Abstract. In a computational model of spreading depression (SD), ionic movement through a neuronal syncytium
of cells connected by gap junctions is described electrodiffusively. Simulations predict that SD will not occur unless
cells are allowed to expand in response to osmotic pressure gradients and K+ is allowed to move through gap
junctions. SD waves of [K+]out ≈ 25 to≈60 mM moving at≈2 to≈18 mm/min are predicted over the range of
parametric values reported in gray matter, with extracellular space decreasing up to≈50%. Predicted waveform
shape is qualitatively similar to laboratory reports. The delayed-rectifier, NMDA, BK, and Na+ currents are predicted
to facilitate SD, while SK and A-type K+ currents and glial activity impede SD. These predictions are consonant
with recent findings that gap junction poisons block SD and support the theories that cytosolic diffusion via gap
junctions and osmotic forces are important mechanisms underlying SD.

Keywords: spreading depression, neuronal volume, osmosis, gap junctions, potassium

1. Introduction

Spreading depression (SD) (Le˜ao, 1944a, 1944b,
1944c) has been associated with ischemia and epilepsy,
may be involved in the etiology of migraine with aura,
transient global amnesia (TGA), and concussion and
may even confer some protection against subsequent
neural injury. It consists of a slowly moving (≈2 to
≈12 mm/minute) depression of EEG activity, is typi-
cally accompanied by a wave of increased blood flow,
and is followed by a prolonged period of vasodilation.
When observed at a fixed point, a negative shift in
the DC surface potential (≈5 to ≈15 mV, ≈30 sec)
is followed by a smaller but longer positive voltage
shift. At the cellular level, this slow potential change
(SPC) coincides with a period of membrane depolriza-
tion followed by a longer period of hyperpolarization.
Sometimes a brief hyperpolarization also precedes the

SPC. Voltage spikes both precede and follow the wave
but disappear during the SPC (Herreras and Somjen,
1993; Herreras et al., 1994). The SPC is accompa-
nied by an interstitial volume reduction of≈25% to
≈50%, while [K+]out typically increases to≈40 to
≈50 mM, [Na+]out and [Cl−]out typically decrease
to ≈40 to ≈60 mM, and [Ca++]out typically de-
creases to less than 5% of its resting value (Kraig and
Nicholson, 1978; Jing et al., 1994). It appears that SD
can propagate in any type of gray matter and has been
observed in insects, birds, fish, amphibians, and vari-
ous mammals including humans (Bures et al., 1974).
Following wave passage there is usually complete re-
covery with no lasting damage.

Recent experiments have suggested that gap junc-
tions may be required for the propagation of spread-
ing depression (Martins-Ferreira and Ribeiro, 1995;
Nedergaard et al., 1995; Largo et al., 1996). It had
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been previously hypothesized that neuroglia, which are
widely connected by gap junctions, might play this fa-
cilitatory role (Gardner-Medwin, 1981). However, glial
poisons do not prevent spreading depression, and SD
waves propagate faster when glial cells are poisoned
(Largo et. al., 1996, 1997a, 1997b). Thus glial cells
may hinder rather than facilitate SD. An alternative
hypothesis is that the gap junctions are neuronal. It has
been theorized that cellular water entry during the early
stages of spreading depression may open stretch-gated
gap junctions between neurons (Somjen et al., 1992).

A novel model of spreading depression is presented,
which differs from previous biophysical models (Bures
et al., 1974; Tuckwell and Miura, 1978; Tuckwell,
1980, 1981; Tuckwell and Hermansen, 1981; Reggia
and Montgomery, 1996; Revett et al., 1998) in that
it incorporates the effects of gap junctions, cytosolic
voltage gradients, and osmotic volume changes. The
earlier models are all based on interstitial K+ diffu-
sion, do not predict any gap-junctional dependence,
and do not relate the characteristics of spreading de-
pression to either cell volume or osmotically induced
ion movements. Furthermore, these models do not re-
late either the waveform shape or speed to specific bio-
physical substrates (such as the effects of specific ion
channels). Finally, the predicted wave speeds are not
robust but are limited to a subset of the observed
physiological range.

In the new model ions are allowed to move electro-
diffusively through a cytosolic continuum of neurons
connected by gap junctions. Extracellular diffusional
movement is also allowed, but simulations show that
this motion is less significant than other components
of the model. Osmotic pressure gradients develop as
ionic populations redistribute; these are equalized by
the flow of water through neuronal membranes. The
model predicts that SD propagation is driven by a com-
bination of (1) K+ movement through interneuronal
gap junctions, (2) neuronal K+ efflux through cyto-
plasmic membrane channels, and (3) osmotically in-
duced volume changes. The simulations also predict
that SD will not occur when either gap junctions or
osmotic forces are blocked. Membrane currents (pri-
marily of K+) affect SD wave propagation combina-
torically, with waveform properties depending on the
specific combination of ionic conductances present in
the tissue or organ being studied. Other ions contribute
to SD, but their effect is less significant than K+.
Since the actual combination of ion channels present
varies between different brain regions, the simulations

suggest that the properties of SD should also vary
between these regions.

2. Methods

2.1. Continuum Model

Cortical tissue is described as a one-dimensional con-
tinuum with two compartments representing cytosolic
and interstitial space. The cytosolic compartment rep-
resents a syncytium of neurons connected by gap junc-
tions, and the interstitial compartment represents the
fluid-filled region between cells in the neuropil. The
space occupied by non-neuronal cells is not modeled,
although glial activity that normally maintains extra-
cellular homeostasis is included. Thex axis may be
loosely interpreted as a path along the cortical surface.
However, the model is completely compatible with a
reinterpretation of thex axis as being oblique to the
cortical surface, so long as the fixed (constant) param-
eter values (such as the concentration of each ion chan-
nel) are replaced with a spatially varying distribution.
This would explain why the properties of the SD re-
sponse are strongly dependent on depth. Variation in
the characteristics of spreading depression with dis-
tance (or depth) can thus be attributed to a variation
in the parameter values (such as distribution of ionic
conductances) with position.

To make the problem computationally tractable, the
specific neuronal geometry and connectivity are not
considered. Since this is a continuum model, the con-
cept of individual cells is not meaningful. Cellular
properties refer to the average values at any location
within gray-matter tissue (for a further discussion of
the continuum interpretation, see Tuckwell and Miura,
1978). All parameters are taken to range over known
dendritic and somatic values. For discussion purposes
only, gray matter is referred to asdendriticto explicitly
distinguish it from white matter, although it should be
clear that this tissue contains both cell bodies (somata)
and axonal endings and that SD occurs in both somata
and dendrites.

The model system has 29 state variables: the cy-
tosolic and interstitial concentrations of K+, Na+, Cl−,
and Ca++; the neuronal volume fractionf ; the cytoso-
lic IP3 (1,4,5-inositol trisphosphate) concentration; the
buffered Ca++ concentration; and 18 Hodgkin-Huxley
variables. The cytosolic concentrationcin of each ion
(K+, Na+, Cl−, and Ca++) is described by a separate



Osmotic Forces and Gap Junctions in Spreading Depression 101

electrodiffusion equation (Qian and Sejnowski, 1989):
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whereDc,in is the cytosolic diffusion constant ofc, z
is the valence,V is the membrane potential,T is
the temperature,F ≈ 96 coul/mM is Faraday’s con-
stant,R ≈ 8.314 J/mole-Kelvin is the ideal gas con-
stant,κ is the average dendritic surface area to vol-
ume ratio (κ = 4/d for a cylindrical process of diameter
d), Jc,m is the membrane flux of speciesc, including
ion pumps, andsc gives the intercellular production
(sources) ofc (Ca++ only). The voltage is calculated
using a Goldman-Hodgkin-Katz voltage equation. The
movement of ions through gap junctions is described
by interpretingDc,in as the effective diffusion constant
through the cytosolic continuum rather than the diffu-
sion constant within a single cell (Keener and Sneyd,
1998).

Currents predicted by Eq. (1) are nearly identical
to those obtained in the more traditional compartmen-
tal approximations to the cable equation under normal
physiological condition—that is, when the concentra-
tion changes are small with respect to their resting val-
ues (Qian and Sejnowski, 1989). The assumption of
small concentration changes is not valid during spread-
ing depression, however, when there are large ionic
fluxes, and it is therefore necessary to include the elec-
trodiffusive term in Eq. (1) (the second term on the
right-hand side of Eq. (1)).

The original derivation assumes cylindrical sym-
metry (Qian and Sejnowski, 1989), but it is possi-
ble to derive Eq. (1) under less stringent restrictions
that allow for spines and variations in dendritic radius
(Shapiro, 2000). However, this generalization still re-
quires a cylindrical or longitudinal geometry and is not
appropriate for somatic geometry. The surface area of
cortical dendrites has been estimated at one to two or-
ders of magnitude larger than the surface area of somata
(Douglas and Martin, 1998). Hence it would seem rea-
sonable, within the scope of a continuum model, to
treat gray matter as principally dendritic. In fact, it is
not at all clear how to generalize Eq. (1) to incorpo-
rate more general geometry. Thus geometric parame-
ters have been used that correspond to dendrites (radii
≈0.2 to 10µM). With this one exception, all other pa-
rameters in the model have been chosen to range over

the entire range of observed gray-matter values, both
dendritic and somatic.

The corresponding interstitial ionic concentrations
are described by standard reaction-diffusion equations
of the form

∂cout

∂t
= Dc,out

∂2cout

∂x2
+ κ f

1− f
Jc,m − Jc,glia (2)

for each species, whereDc.out is the interstitial diffusion
constant ofc andJc,glia describes glial uptake.

2.2. Gap Junctions

A number of lines of research suggest the presence of
neuronal gap junctions. Recent experiments have sug-
gested that connexin proteins are widely distributed in
the human brain (Belluardo et al., 1999), and interneu-
ronal dye coupling has been observed in the rat brain
(Peinado et al., 1993). Clusters of gap junctions have
been identified throughout the length of rat spinal mo-
toneuron dendrites with electron microscopy; most in-
tracellular organelles (ER and mitochondria) appear to
absent from the immediate vicinity of these junctions,
although the biophysical significance of this observa-
tion is not clear (van der Want et al., 1998). Very little
is known about the localization of gap junctions within
neurons. Studies of stellate cells in the sensory and
motor cortex of the adult rhesus monkey (macaca mu-
latta) indicate that gap junctions are primarily dendro-
dendritic (76% ofn = 25), with smaller quantities be-
ing dendrosomatic (16%) and dendro-dendritic-spine
(8%) (Sloper and Powell, 1978). This is in contrast
to goldfish Mauthner cells, in which large numbers of
gap junctions appear to be clustered at synapses (Tuttle
et al., 1986). More recently, there has been some in-
dication of widespread gap-junction coupling between
neurons and astrocytes in rat brain cultures (Fr´oes et al.,
1999; Nadarjah and Parnavelas, 1999).

Since the gating properties of neuronal gap junc-
tions have not been characterized in any detail, the
movement of ions through gap junctions is described
with an ad hoc diffusional model. In this approach,
Dc,in in Eq. (1) is interpreted as the effective diffu-
sion constant through the cytosolic continuum, modi-
fied in a spatially and electrotonically dependent fash-
ion to reflect the purported properties of gap junctions
(as described in the following paragraph). A full de-
scription of spreading depression will need to describe
complete network connectivity including gap-junction
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gating models. Such an approach is probably unrealis-
tic at the present time, however, because the large dis-
tances (on the order of several millimeters) that must
be described to model wave propagation. The diffu-
sional/continuum approach significantly reduces the
computational demands on the model.

In cardiac cells there is some indication of volt-
age, Ca++, and pH dependent gating. Gap junc-
tions between rat atrial myocites close with a half-
inactivation voltage of≈40 to ≈50 mV between
adjacent cells (Boltzmann distribution fit) (Lal and
Arnsdorf, 1992). Vogel and Weingart (1998) suggest
that the half-inactivation voltage ranges from≈50 to
≈1000 mV. Noma and Tsuboi estimate Hill constants
for H+ inactivation of≈2.3 and for Ca++ of ≈3.4,
and half-inactivation pH≈−6.95 and pCa≈−6.50
([Ca++]1/2= 316 nM) in guinea pig cardiac cells
(Noma and Tsuboi, 1987). There have been no reports
(or models) of membrane stretch affecting neuronal
gap junctions. Gap-junction inactivation is described
by expressing the cytoplasmic diffusion constant in
Eq. (1) as

Dc,in = D0γ (1V)B([H+], [Ca++]). (3)

Hereγ (1V) describes the voltage dependence, where
1V is the voltage drop across the junction, and
B([H+], [Ca++]) describes ionic block due to protons
and calcium. The voltage dependence is described by
the model of Vogel and Weingart (1998) and ionic block
by the model of Noma and Tsuboi (1987). The specific
equations forγ andB are given in the appendix.

2.3. Osmotic Forces

Assuming the system is initially neutral, the total num-
ber NA of cytosolic impermeant anions in a volume
elementV (cytosolic plus interstitial) is

NA = Vrest([NA+] in,rest+ [K+] in,rest− [Cl−] in,rest).

(4)

Since these anions are membrane-impermeant (includ-
ing via gap junctions), the value ofNA is fixed. Fur-
thermore, in isotonic balance, the internal and exter-
nal solute concentrations should be equal. Under this
assumption the total interstitial solute concentration

[S]out is

[S]out = [Na+] in + [K+] in + [Cl−] in + NA

f V (5)

at any time. To maintain this isotonicity, any change in
the ionic concentration is balanced in the model by a
flow of water across the membrane such that1V/V =
1NS/NS, whereNS is the total number of interstitial
solute ions in the interstitial volume element. Hence
(Jakobson, 1980)

d f

dt
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1
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Neuronal cells resist swelling more than other cells
(Aitken et al., 1998a). Thus cells are not allowed to
expand beyond the limits imposed by the surrounding
parenchyma, typically to no more than 95% of the total
volume (that is,fmax= 0.95).

2.4. Units and Parameter Values

Unless otherwise specified in this article, units in all
equations are millimolar (mM/liter) for concentration,
micrometers (µm) for distance, seconds (sec) for time,
pico-Siemen per square micrometer (pS/µm2) for con-
ductance, millimoles per square centimeter per sec-
ond (mM/cm2-sec) for membrane flux, millimeters per
minute (mm/min) for wave speed, and micrometers-
squared per second (µm2/sec) for diffusion constants.
Parameter values are based on observed dendritic and
somatic values (see Table 1) and are given in the
appendix.

2.5. Membrane Currents

The model is shown schematically in Fig. 1. The
Hodgkin-Huxley formalism (1952) is used to describe
ion channels for K+, Na+, and Ca++. A passive Cl−

flux is calculated to balance the cation flux. Membrane
voltage is determined with the Goldman-Hodgkin-Katz
equation (Keener and Sneyd, 1998). The detailed equa-
tions are given in the appendix.

2.5.1. Voltage-Gated Potassium Channels.The
model includes three voltage-gated K+ currents: the
delayed rectifier (DR), the transient K+ current (A-
channel), and the muscarinic K+ current (M- channel).
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Table 1. Reported gray-matter membrane conductances (pS/cm2).
Cell types: HP, hippocampal pyramidal; NP, neocortical pyramidal;
P, cerebellar Purkinje; BSG, bullfrog sympathecial ganglion.

Channel Cell Dendritic Somatic Note

A HP 5–120 a, b, c

P 2 15 d

BSG 25 e

M NP 20 f

BSG 17 e

P 0.1–0.4 0.4–1.4 d

DR NP 15–23 1350 b, c

P 600–900 6000–9000 d

BSG 230 e

BK HP 40–120 200 b

P 800 d

BSG 240 e

IK P 4 d

SK HP 8 8 b

BSG 10 e

Ca (Total) HP 10–90 10 b, g

Ca (HVA) P 4–4.5 d

Ca (LVA) P 0.5 d

Na (F) HP 0–200 1000 a, b, g, h

NP 40 45–60 i, j

P 0 75,000 d

BSG 400 e

Na (P) P 0 10 d

a. Conductance varies from proximal to distal.
b. Traub et al. (1994).
c. Hoffman et al. (1997).
d. De Schutter and Bower (1994).
e. Yamada et al. (1998).
f. Mainen and Sejnowski (1998).
g. Magee and Johnston (1995a).
h. Magee and Johnston (1995b).
i. Stuart and Sakmann (1994).
j. Colbert and Johnston (1996).

All three channels have been observed in gray matter
(Hoffman et al., 1997). The A-channel is a transient
rapidly activating and inactivating channel that is se-
lective for K+ and is thought to contribute to spike re-
polarization. The M-channel allows a noninactivating
K+ current that can be blocked by muscarinic agonists.
The delayed rectifier is expressed in various isoforms
throughout the nervous system, and it is the principal
contributor to postspike repolarization after an action
potential. It has slower kinetics than the A-channel and

M-channel. The models of Yamada, Koch, and Adams
(1998) for the bullfrog sympathetic ganglion are used
to describe all three of these channels.

2.5.2. K(Ca) Channels. At least three classes of
calcium-gated potassium channels (K(Ca)) have been
identified in neurons (Blatz and Magleby, 1987; Sah,
1996; Vergara et al., 1998). These are classified based
on their calcium and voltage sensitivity and pharmaco-
logical properties. The large conductance (BK) chan-
nel is both voltage- and Ca++ -dependent, is sensitive
to TEA (tetraethylammonium) and CTX (charybdo-
toxin), and has a single-channel conductance of≈200
pS to ≈250 pS. Small conductance (SK) channels
have single-channel conductances of≈4 pS to≈20
pS, are insensitive to both TEA and CTX, and have at
least two subtypes: those that are sensitive to apamin
and those that are not. Other K(Ca) channels, which
have intermediate single channel conductances (IK)
ranging from≈20 pS to≈120 pS, are sensitive to
both CTX and clotrimazole and are both calcium- and
voltage-sensitive. In several neuronal preparations the
apamin-sensitive and apamin-insensitive slow after-
hyperpolarization (sAHP) currents have been associ-
ated with the SK channels. In cerebellar Purkinje cells
K(Ca) channels have been identified that activate at
lower calcium concentrations than the BK channels
and are sensitive to both TEA and CTX (Farley and
Rudy, 1988; Reinhart et al., 1989; Groul et al., 1991).
These may correspond to IK channels, or there may
be two subpopulations of BK channels. The BK and
SK channels are described by the models of Yamada,
Koch, and Adams (1998). IK channels are described
by the K2-channel model of De Schutter and Bower
(1994).

2.5.3. Calcium Channels. Several subtypes of
voltage-gated calcium currents have been observed
in the dendrites of hippocampal pyramidal cells, in-
cluding both low-voltage-activated (LVA) and high-
voltage-activated (HVA) currents. Various pharmaco-
logical studies have been consistent with the presence
of T-type LVA currents and N, L, P, Q, and R-type HVA-
currents in these measurements (Traub et al., 1994;
Magee and Johnston 1995a, 1995b; Christie et. al.,
1995; Gillessen and Alzheimer, 1997; Kavalali et al.,
1997). These studies suggest that the different classes
of Ca++ channels have different distributions in the
dendritic tree. Calcium-channel activation and inac-
tivation is described the models of De Schutter and
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Figure 1. Ionic fluxes included in the model. The membrane has three voltage-gated K+ currents (VGKC), three Ca++ activated K+ currents
(K(Ca)), two voltage-gated Ca++ currents (VGCC), two voltage-gated Na+ currents (VGNC), a Cl− flux, three independently modeled NMDA-
activated ion fluxes, and three independent leak currents. Ther are also four neuronal ion pumps and three glial pumps. Neurons are connected
via gap junctions. The endoplasmic reticulum is treated as a large Ca++ buffer with IP3 and ryanodine sensitive Ca++ channels (IP3R and RyR)
and a Ca++ pump. IP3 is produced from PIP2 by a stretch-activated process. Water may enter or leave the cell in response to osmotic gradients.
Detailed equations for all membrane fluxes are given in the appendix.

Bower (1994). Their T-type and P-type channel mod-
els are used as canonical models of the LVA and HVA
currents, respectively.

2.5.4. Sodium Channels. In axons, the fast sodium
channels is responsible for the large voltage shift that
occurs during an action potential. Both fast and per-
sistent Na+ channels appear to be widely distributed
throughout gray matter, although there is some indica-
tion that the distribution varies along the length of the
dendritic tree (Traub et al., 1994; Stuart and Sakmann,
1994; Magee and Johnston, 1995a, 1995b; Colbert and
Johnson, 1996). It may be that the persistent channel
is actually a separate gating mode of the fast channel.
The models of De Schutter and Bower (1994) are used
to describe both of these conductances.

2.5.5. NMDA Channels. The human cerebral cor-
tex contains approximately one synapse per square
micron of gray-matter tissue (Koch, 1998). Holmes
(1995) estimates that there are 200 to 2,000 NMDA-
mediated glutamate receptors in each pyramidal cell
synapse. Various measurements indicate that these re-
ceptors gate a channel that is permeable to Ca++, K+,

and Na+. Furthermore, these currents can be accurately
described by independent constant field (Goldman)
models—that is, there are no interactions between the
different ionic currents (Mayer and Westbrook, 1987;
Garaschuk et al., 1996; Schneggenburger, 1996). The
current is described as

jNMDA = A([Glu],V)B([Mg++],V) jG, (7)

whereA([Glu],V) is the neurotransmitter and voltage-
dependent activation function (fraction of the channels
that are open in the absence of block),B([Mg++],V)
describes voltage-dependent Mg++ block, andjG is the
Goldman-current through an open pore. The models of
Destexhe, Mainen, and Sejnowski (1998) are used to
describe channel activation and Mg++ block functions
(see appendix for detailed equations).

2.5.6. Pumps and Transporters.Because of the lack
of specific neuronal models for ion pumps, cardiac
models have been used with the pump strengths set
to fit neuronal data. K+ and Na+ concentrations are
maintained by an electrogenic Na+, K+ pump in the cell
membrane that pumps three Na+ ions out of the cell for
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every two K+ ions pumped into the cell. The analytic
model given by Lemieux, Roberge, and Joly (1992)
for a cardiac pump is used to describe this current. The
Ca++ gradient is maintained by a high-affinity low-
strength membrane-bound ATP-dependent Ca++ pump
(ATP-ase) and a lower-affinity but higher-strength Na+,
Ca++ exchanger. The Na+, Ca++ exchanger removes
one Ca++ ion for every three Na+ ions pumped in and
is described by the cardiac model of Di Francesco and
Noble (1985). The ATP-dependent Ca++ pump is de-
scribed by a Michaelis-Menten function with a Hill
constant of 1 and a half activation of 200 nM (Di Polo
and Beaug´e, 1979; De Schutter and Smolen, 1998).
Interstitial Na+ and K+ balance is maintained by a
glial Na+, K+ pump and a Cl−, Na+, K+ contrans-
porter that drives all three atoms into glia in the ratio of
2 : 1 : 1. Thecontrasporter model used is dependent on
interstitial K+, Na+, and Cl− with Hill coefficient of
1, 1, and 2 and is half-activated at [K+]out= 2.7 mM,
[Na+]out = 35 mM and [Cl−]out= 40 mM (Tas et al.,
1986; Tas et al., 1987). Cl− balance is also maintained
by a neuronal bicarbonate/Cl− exchanger that is mod-
eled with a Hill constant of 1 and that is half-activated
at [Cl−]in ≈ 4 mM.

2.5.7. Calcium Buffering. The endoplasmic retic-
ulum (ER) has been observed throughout dendritic
branches, and the presence of both Ca++ -activated
ryanodine receptors (RyR) and 1,4,5-inositol trisphos-
phate (IP3) activated Ca++ channels (IP3R) have been
established (Berridge, 1993; Kostyuk and Verkhrasky,
1995). Buffering into the ER occurs via an ER-
membrane-bound Ca++ pump. The RyR is described
by the reduced quasi-steady-state model suggested by
Keener and Sneyd (1998, p. 183). The IP3R and the
ER-membrane-bound Ca++ pump are described by the
models of Atri (Atri et al., 1993; Atri, 1996). Membrane
stretch has been observed to induce IP3 production in
airway epithelial cells, with the cytosolic IP3 concen-
tration tripling in response to an increase in surface area
of≈14% (Felix et al., 1996). While this mechanism has
not been reproted in neurons, it is hypothesized to exist.
A model fit to the data of Felix, Woodruff, and Dirksen
(1996) is used to describe IP3 production. IP3 is de-
graded according to the model of Keener and Sneyd
(1998).

2.5.8. Stretch Activation of Ion Channels. Stretch
activated ion currents have been observed in a large
number of physiological systems. Many voltage-

sensitive K+ channels—especially the delayed rectifier
(Fan and Walsh, 1999; Sasaki et al., 1992), M-channel
(Pleumsamran and Kim, 1995; Ji et al., 1998), and BK-
type K(Ca) channel (Mienville et al., 1996)—can also
be activated by membrane stretch. Stretch activation
of several other types of ligand- and voltage-gated cur-
rents has also been reported. The probability of channel
opening is sigmoidal, increasing with negative pressure
(that is, less pressure on the outside of the cell than on
the inside of the cell). This probability is described by
a Boltzmann distribution.

2.5.9. Glial Cells. Instead of describing the detailed
glial kinetics, the glial uptake model is designed to
maintain homeostasis against small variations of the
interstitial environment. K+ and Na+ levels are main-
tained with both the Na+, K+ exchanger and the Na+,
K+, Cl− co-transporter. To maintain Cl− homeosta-
sis a Cl−, bicarbonate pump is also included. Because
of the lack of accurate measurements of the relative
pump concentrations in glial cells, the pump strengths
are set to give each pump an equal role at steady state.
The strength of all glial pumps is then controlled pro-
portionally by a single maximum glial uptake raterG

for K+ (=2 mM/liter-sec unless otherwise specified).
Since the purpose of the present study is to evaluate
a model of spreading depression that does not require
the presence of glia, glial swelling is not included in
the model.

2.6. Implementation

Equations (1) and (2) are integrated for each species us-
ing a standard Crank-Nicholson method. The detailed
equations are given in the appendix. All models were
implemented as FORTRAN computer programs (ver-
sion 6.0, Absoft Corporation, Rochester Hills, MI) and
were run on an Apple iMac (Apple Computer, Inc.,
Cupertino, CA).

3. Results

3.1. Wave Properties are Independent of Stimulus

The initial stimulation was modeled by raising the
interstitial concentration of potassium atx= 0 to
50 mM/liter with a bell-shaped (Gaussian) distribution
(σ = 100µm). Other initial concentrations were tested
(stimulus ranging from 3 mM to 0.5 M; results not
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shown). The model shows a robust threshold in [K+]out,
typically at≈ 20 mM, but with an exact magnitude that
depends on the particular combination of ion channels
assumed to be present in the tissue. Above threshold,
waves propagated and waveform shape, magnitude,
and wave speed do not depend on stimulus intensity.
Below threshold, waves could not be induced. All of
the results presented in this article are based on a stimu-
lus of [K+]out = 50 mM. Repetitive waves are emitted
in response to a sustained supra-threshold stimulation
(results not shown), although the characteristics of the
response to sustained stimuli were not studied in detail.

3.2. Cytosolic K+ Pulse Precedes DC-Voltage Shift

The predicted DC-voltage shift and ionic concentration
changes observed at a fixed point one mm from the
stimulation are plotted as a function of time in Fig. 2.
In this particular simulation the SD wave begins with a
slow increase in [K+]out to≈10 to≈15 mM that is fol-
lowed by rapid rise to a peak concentration of≈37 mM.
Peak [K+]out varied from≈25 mM to≈60 mM in other
simulations, depending on the particular set of mem-
brane conductances used. During the subsequent≈5
seconds, [K+]out typically drops by≈5 to ≈10 mM
to the top of a gently downward-sloping plateau. Over
the next≈20 to≈60 seconds, [K+]out remains on the
plateau, dropping by only≈2 to≈5 mM. At the end
of this period, [K+]out rapidly drops to nearly resting
levels in≈5 sec. At the same time as the rapid increase
in [K+]out there is a nearly complete disappearance of
[Ca++]out and a substantial reduction in [Na+]out and
[Cl−]out (Cl− is not shown in Fig. 3 but its predicted
behavior is similar to that of Na+). The minimum con-
centrations of [Na+]out and [Cl−]out are typically≈10
to≈20 mM and of [Ca++]out is≈30µM (≈1.5% of the
resting concentration). These minima occur simultane-
ously as the maximum of [K+]out. The DC-voltage shift
occurs at the same time and has the same qualitative
shape as the change in [K+]out. The final rapid decrease
of [K+]out occurs when the plateau inV has decreased
to ≈−50 mV. However, rather than returning to the
resting value,V continues to decline for another≈10
mV before leveling off and remains in this hyperpolar-
ized state for a least another minute. The hyperpolariza-
tion occurs because the [Na+]out and [Cl−]out return to
their resting levels more slowly than [K+]out. [Ca++]out

displays a similar overshoot, increasing to some≈10%
to≈20% above resting values before gradually return-
ing to normal.

Figure 2. Comparison of DC-voltage shift, volume changes, and
ionic concentration shifts observed as a function of time at a fixed
point 1 mm from the stimulation. The arrow indicates the stimulation
time. The straight lines indicate values at rest (shown in parentheses).
Parameters used:d = 2, gA = 5, gBK = 300,gDR = 400,gF = 10,
gHVA = 2, gIK = 0, gLVA = 0.2, gM = 10,gNMDA = 300,gP = 0.1,
gSK = 0.

Prior to the rapid loss of [Na+]out, [Cl−]out and
[Ca++]out there is gradual increase in the concentra-
tions of these species to≈10% above their resting
levels. This increase is caused (in the simulations) by
cellular expansion. As illustrated in Fig. 2, a cytoplas-
mic pulse of increased [K+]in (to ≈8% above resting
levels,≈141 mM in the particular simulation shown
in Fig. 2) precedes the major interstitial concentration
changes. The peak of the [K+]in pulse precedes the



Osmotic Forces and Gap Junctions in Spreading Depression 107

Figure 3. Example of traveling DC-voltage waveform plotted as
a function of position at two different times. The initial stimula-
tion is applied atx = 0, and the wave is traveling to the right at
≈5.9 mm/min. The dashed line indicates the resting potential. Pa-
rameters used:d = 3, gA = 25, gBK = 250,gDR = 250,gF = 40,
gHVA = 5, gIK = 2, gLVA = 0.5, gM = 10,gNMDA = 250,gP = 0.4,
gSK = 0.

peak of the [K+]out wave by≈2 sec. This induces early
osmotic pressure gradients that are countered by water
movement into the cell. Subsequently, [K+]in falls to
≈5% below resting levels (to≈125 mM in the sumu-
lation shown in Fig. 2). Cell volume, which had grad-
ually increased by≈2% (reducing interstitial space by
≈13%) during this [K+]in pulse, falls by≈1%. This
transient volume decrease is reversed before the cell
can return to its resting volume because depolarization-
driven charge movement has begun. As the major wave
front passes, cell volume rapidly increases by≈7%
(reducing interstitial space by≈50%).

The spatial characteristics a typical traveling wave
predicted by the model are illustrated in Fig. 3. The DC-
voltage shift is plotted as a function of position at two
different times following stimulation. The waveform
shown is traveling to the right at≈5.9 mm/min. The
actual wave speed and magnitude depend on the par-
ticular combination of membrane conductances used
in a particular simulation. In this simulation a rapid
depolarization by≈50 mV occurs at the leading edge
of the wave. The leading edge is first followed by a
decline of≈10 mV that is spread over a distance of
≈0.5 mm. A plateau of≈1.5 mm width trails this ini-
tial decline. Repolarization occurs at the trailing edge,
which is spread over the next three-quarters of a mm.
The start of the trailing hyperpolarization can be seen
in the trailing (left) edge of both waveforms in Fig. 3.
The DC-voltage waveform illustrated in Fig. 3 has a
similar shape to those that have been reported experi-
mentally.

Figure 4. Effect of gap junction block on SD wave propagation.
Top: DC-voltage waveform for progressive levels of block. (A)
DK ,in = 1960 (value in free space, shown for reference). (B) Control
(heavy gray curve,DK ,in = 980). (C) 50% block (DK ,in = 490).
(D) 80% block (DK ,in = 196) (E) 90% block (DK ,in = 98). Bot-
tom: Wave magnitude and wave speed as a function of cytosolic
diffusion constant. A value ofDK ,in = 0 corresponds to 100% gap
junction block. Parameter values:DCa,in = 200, DCl,in = 508,
DNa,in = 332, gA = 0, gBK = 250, gDR = 250, gF = 40,
gHVA = 4, gIK = 1, gLVA = 0.4, gM = 0, gNMDA = 250,gP = 0.4,
gSK = 1.

3.3. Simulated Gap-Junction Block Prevents SD

The predicated effect of gap-junction blocking agents
is illustrated in Fig. 4. Block was simulated by pro-
gressively reducing the effective cytosolic diffusion
constant in successive simulations. Complete block is
obtained in this method of analysis by setting all cy-
toplasmic diffusion constant equal to zero. The model
predicts a graded effect, with wave magnitude, wave
speed, and wave onset slope all decreasing, and du-
ration of the voltage shift increasing with increasing
levels of block. For the particular parameter set used
for Fig. 4, all of these measures rapidly decreased to
zero when theDK was reduced below≈4% of its value
in free solution (DK ,F ). This is illustrated by steep tails
on the left edge of the curves on the bottom of Fig. 4.
Similar predictions were made by a second set of sim-
ulations in which all diffusion constants were varied
simultaneously (not shown). Reducing the diffusion
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constants of the other species besides K+ to zero had
significantly less influence, with the effect of Na+ be-
ing the most pronounced (≈10% reduction in wave
speed and magnitude withDNa = 0 compared with
DNa= 332).

Gap-junction mediated diffusion is strongly depen-
dent on the geometrical distribution of gap junction and
may be described by a reduced effective cytoplasmic
diffusion constant

Din

Deff
≈ 1+ 0.0016

1−1
1

(8)

in the one-dimensional limit, where1 is a geometrical
measure of the gap-junction distribution, with1→ 0
for highly clumped aggregates of gap junctions and
1 → 1 for highly uniform distributions (Keener and
Sneyd, 1998, pp. 236–246). In the simulation described
in the preceding paragraph, gap-junction mediated SD
requiredDK ≥ 0.04DK ,F . If we estimate that the actual
cytosolic diffusion constantDK ,in is at most 25% of the
value in free solution—that is,DK ,in ≤ 0.25DK ,F—
thenDin/Deff ≤ 6.25. With these values Eq. (6) gives
1 ≥ 0.0003, indicating that this prediction is compat-
ible with highly clumped aggregates of gap junctions.
In other words, for this model to work gap junctions
need only to exist in highly localized regions of indi-
vidual neurons. This interpretation seems likely given
the morphology of neurons.

3.4. Interstitial Diffusion is Not Necessary
for Wave Propagation

It has been argued that the interstitial diffusion constant
should be reduced by a factor of 1/λ2 from its value in
free solution, whereλ represents the tortuosity of extra-
cellular space. Values forλ in the CNS typically range
from 1.4 to 2.5 (Nicholson and Sykov´a, 1998; Rusakov
and Kullman, 1998). Extracellular tortuosity was not
included in the model because extracellular diffusion
does not play a significant role in the results. Reducing
the interstitial diffusion constants of all species to zero
reduced the predicted wave magnitude and wave speed
by less than 1% in this model (data not shown).

3.5. Effect of Selective Block or Overexpression

To determine which, if any, ionic membrane conduc-
tances the model predicts will contribute to spreading
depression, each conductance was varied throughout

its physiological range while holding all other conduc-
tances fixed. Decreasing the conductance corresponds
to simulation of channel block and increasing the con-
ductance corresponds to simulation of channel over-
expression. Typical values of these conductances in
gray matter are summarized in Table 1. Variation of
each parameter produced a continuously graded ef-
fect on waveform shape, wave magnitude, and wave
speed. The effect of selective block or overexpression
on waveform shape for various parameters is illustrated
in Fig. 5. Wave magnitude (maximum [K+]out) and
propagation velocity (measured as wave-front speed
at half-maximal [K+]out) is illustrated in Fig. 6 as a
function of parameter value. It was found that wave-
form shape, wave magnitude, and wave speed depend
on the actual combination of membrane conductances
present in the tissue. When these parameters were var-
ied over their known physiological ranges, wave speeds
ranging from≈2 mm/min to≈18 mm/min were pre-
dicted. Wave magnitude varied from≈25 mM to≈60
mM in different simulations. For any given simulation,
waves either propagated at a fixed speed and magnitude
without changing shape or did not propagate all.

Not all ionic conductances were predicted to con-
tribute in the same manner to the propagating wave.
The delayed rectifier, the BK-channel, and the HVA
Ca+ channel appear to facilitate spreading depression
and both the NMDA-channel and the fast Na+ channel
have primarily facilitating properties. At sufficiently
low BK, DR or NMDA conductances (but not for low
or even zero HVA or Na+) waves could not be induced
at all. However, this “threshold” phenomenon depends
on the values other conductances. For example, a given
value ofgDR may be below threshold for one combina-
tion of gBK andgNMDA but not for another combination.
The wave speed increases with membrane conductance
for all facilitating conductances. Both the NMDA and
the Na+ conductance may limit wave propagation, as
wave magnitude decreases somewhat at higher conduc-
tances. Wave magnitude increases with conductance
for the other facilitating channels.

The effect of selective block on these facilitating
conductances is illustrated Fig. 5A–E. Each illustra-
tion shows a pair of curves. One represents a control
simulation, while the other represents a block simu-
lation. Block is simulated by reducing a single mem-
brane conductance to 10% of its control value. This is
equivalent to selectively blocking≈90% of the given
channels. The curves give the DC-voltage waveform
observed at a fixed point, either 1 mm (DR, BK) or
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Figure 5. Effect of selective block or overxpression. Each pair of curves shows the DC-voltage shift as a function of time at a fixed point for
two different values of a selected parameter with all other parameters held fixed. Arrows indicate stimulation time. The membrane voltage at
rest is indicated by horizontal lines. Scale bars: time, 10 sec; voltage, 10 mV. Conductances used: (A)gBK = 250,gNMDA = 250,gHVA = 4,
gLVA = 0.4, gF = 10, gP = 0.1; (B) gDR = 250,gNMDA = 250,gHVA = 4, gLVA = 0.4, gF = 10, gP = 0.1; (C) gDR = 300,gHVA = 2,
gLVA = 0.2, gF = 10, gP = 0.1; (D) gDR = 250, gA = 25, gM = 10, gBK = 250, gIK = 2, gSK = 2, gNMDA = 250, gF = 40, gP = 4;
(E) gDR = 1000,gA = 10, gM = 10, gNMDA = 100,gHVA = 4, gLVA = 0.4, gF = 40, gP = 0.4; (F) gDR = 25, gBK = 250,gNMDA = 250,
gHVA = 4, gLVA = 0.4, gF = 40, gP = 0.4; (G) gDR = 250,gBK = 250,gNMDA = 250,gHVA = 4, gLVA = 0.4, gF = 10, gP = 0.1; (H)
gDR = 250gBK = 250,gNMDA = 250,gHVA = 4, gLVA = 0.4, gF = 40,gP = 0.4.

0.5 mm (NMDA, HVA, Na+) from the simulation. In
each of these cases, blocking the current decreases the
onset slope.

Selectively blocking the delayed rectifier (DR,
Fig. 5A) also caused the depolarization to end substan-
tially earlier and reduces the magnitude of the repolar-
ization slope. At sufficiently lowgDR, the onset-slope
and repolarization-slope meet in a somewhat triangu-
larly shaped waveform. At lower values (higher block)
waves do not propagate. Both the predicted wave speed
and predicted wave magnitude increased smoothly with
gDR (Fig. 6A), suggesting that this channel facilitates
the propagation of spreading depression.

Selective BK-channel block affects the waveform
differently than does selective DR block. The atten-

uation in onset slope is more severe under BK block,
resulting in a delay in wave onset. Repolarization is also
delayed, although there is no change in the repolariza-
tion slope (Fig. 5B). Since repolarization is delayed
less than wave onset, the duration of the depolarization
decreases with channel block. For some combinations
of membrane conductances, at high levels of block this
delay in wave onset could surpass the delay in recov-
ery, thereby preventing wave propagation. As block is
reduced andgBK is allowed to increase, the wave speed
and wave magnitude both increase smoothly (Fig. 6B).

NMDA block reduces both K+ efflux and Ca++,
which in turn reduces activation of K(Ca) channel and
decreases calcium-induced calcium release. Selective
block of the NMDA channel decreased the wave-onset
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Figure 6. Effect of parametric variation of membrane conductances
on wave magnitude and speed. Magnitude is measured as the max-
imum value of [K+]out in mM, and speed is in mm/min. The ab-
scissas give conductance in pS/µm2 (logarithmic scale, A to D) and
glial K+ pump rate in mm/liter-sec (linear scale). (A) Variation of
delayed rectifier membrane conductance. Parameters:gBK = 250,
gK ,NMDA = 250, gHVA = 4, gLVA = 0.4, gF = 40, gP = 0.4.
(B) Variation of BK channel membrane conductance. Parameters:
gA = 50, gDR = 300, gM = 10, gF = 10, gP = 0.1, gHVA = 4,
gLVA = 0.4, gIK = 4, gK ,NMDA = 100. (C) Variation of NMDA
membrane conductance. The abscissa gives the K+ conductance. Pa-
rameters:gDR = 300,gF = 10,gP = 0.1. (D) Variation of fast Na+
channel membrane conductance, with gP/gF= 0.01 (fixed). Other
parameters:gA = 10, gDR = 1000,gM = 10, gK ,NMDA = 100.
(E) Variation of total glial K+ pumping rate. Other parameters:
gBK = 250, gIK = 1, gSK = 1, gDR = 250, gF = 40, gP = 0.4,
gK ,NMDA = 250,gHVA = 4, gLVA = 0.4.

slope but less severely than BK channel block. Wave
recovery was also delayed, but no change in the repo-
larization slope occurred (Fig. 5C). At high levels of
block, SD could not be induced, although the level of
block required to prevent SD depends on the values
of gBK andgDR, with higher levels of block required at
higher values of these other two conductances. As block
is reduced (gNMDA increased), wave speed was pre-
dicted to increase, as it was for both BK and DR block
removal (Fig. 6C). However, and in contrast to both BK
and DR channels, predicted wave magnitude decreased
as the level of channel block decreased (that is, wave
magnitude decreased with increasinggNMDA). Maxi-
mum wave magnitude occurred just at threshold (min-
imum gNMDA or maximum level of block under which
SD would propagate). Thus NMDA currents have a
mixed facilitating and inhibitory role on SD. They are
facilitating in the sense that the larger the NMDA cur-
rents, the larger the speed of the wave. NMDA currents
are inhibitory, however, in the sense that at higher cur-
rents the magnitude of the wave is smaller; this helps
to limit the ionic redistributions that occur during SD.
However, NMDA currents are primarily facilitating, in
that it was usually possible to completely prevent SD by
completely blocking NMDA channels (except at high
gDR andgBK), while it was not possible to completely
block SD by increasing the NMDA conductance.

Selective block of the HVA Ca++ current decreased
the onset slope and delayed recovery (Fig. 5D). The ef-
fect of reducing C++ currents is to reduce Ca++ entry
into the cell. In the model, this prevents Ca++-induced
Ca++-release from internal stores and reduces the acti-
vation levels of K(Ca) channels. For the simulation of
Fig. 5D, both the DR and NMDA channels were present
at sufficiently high conductances (unblocked) so BK-
channel block had very little effect on wave propaga-
tion. However, in tissue with very low levels of total
NMDA and DR conductance, the resulting effective
K(Ca) block could prevent SD propagation. Simulat-
ing Ca++ removal from the bath by reducing [Ca++]out

was predicted to have a similar effect (Fig. 7). This
is consistent with observations of a reduction in the
wave-onset slope when Ca++ was removed from the
bath (Basarsky et al., 1998).

Selective block of Na+ currents reduced onset slope
and decreased the length of depolarization while wave
magnitude increased (Fig. 5E). In all simulations, the
ratio gP/gF = 100 was held fixed; thus both currents
were blocked simultaneously. As block is reduced (gF

andgP increase) wave magnitude decreases and wave
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Figure 7. Effect of Ca++ reduction in the bath on waveform shape.
The DC-voltage waveform is shown as a function of time at a fixed
point 0.5 mm from the stimulation point for two levels of [Ca++]out

(indicated in mM on the figure). The arrow indicates the stimulation
time and the horizontal line the resting membrane potential. Scale
bars: 10 sec, 10 mV. Parameter values: same as Fig. 5D.

speed increases (Fig. 6D). Thus while Na+ currents are
predicted to facilitate SD in the sense that they make
the wave propagate faster, they have a limiting effect
by controlling wave magnitude. It has been observed
that in some preparations SD can be induced by block-
ing inactivation of the sodium channel (Ashton et al.,
1997), while a complete block of both calcium and
sodium channels has been observed to prevent SD-like
hypoxic depolarizations (M¨uller and Somjen, 1998).
Thus Na++ currents appear to have a primarily facili-
tating influence on SD.

The SK channel and A-type K+ current were pre-
dicted to have purely inhibitory influences on SD, with
both wave magnitude and wave speed decreasing with
increasing membrane conductance. Instead of a thresh-
old (minimum) value, these conductances exhibited a
cutoff (maximum) value, above which SD could not be
induced. Completely blocking either of these conduc-
tances increased both wave magnitude and wave speed.
Increasing either of these conductances, as might occur
if the proteins were overexpressed, severely attenuated
wave propagation. The effect of overexpression on the
shape of the DC-voltage waveform as observed at a
fixed point 0.5 mm from the stimulation is illustrated
for the A-type K+ channel in Fig. 5F and for the SK-
channel in Fig. 5G. In both cases, as the conductance
increased, both the onset slope and the duration of the
depolarization decreased. For the particular paramet-
ric combinations illustrated in Fig. 5, the two edges
of the waveform “came together” abovegA ≈ 70 and
gSK ≈ 7, above which values SD could not be induced.
The interpretation of the A-channel as an inhibitory
influence on SD is consonant with reports of spon-
taneous spreading following the application 4-AP
(Psarropoulou and Avoli, 1993; Avoli et al., 1996). In
other experiments, seizure had been observed follow-

ing the application of apamin (McCown and Breese,
1990). The prediction of increased susceptibility to SD
under SK-channel block is consistent with this obser-
vation of 4-AP-induced seizure if both SD and seizure
occur as a result of related mechanisms. SD has also
been reported following the application of other con-
vulsive agents at subconvulsive dosages (Hablitz and
Heinemann, 1989; Koroleva et al., 1993).

Simulated block of the other ion channels included
in the model (M, IK, and LVA currents) produced no
observable effect on waveform shape, wave speed, or
wave magnitude. Each conductance was varied over
its physiological range to determine if any effect could
be discerned. Parametric ranges are indicated in the
appendix.

Selective glial block was simulated by reducing the
total glial pump rate to zero. The DC-voltage wave-
form is shown in Fig. 5H. At complete block, the onset
slope increased while the duration of depolarization
decreased. Maximum wave speed and wave magni-
tude occurred when glial cells were completely blocked
(Fig. 6E). Removing block causes a smooth decrease
in wave speed and wave magnitude. These predictions
are consistent with the interpretation of glial cells as
protecting neural tissue against spreading depression
as they try to maintain interstitial homeostasis. The
prediction that glial block will not prevent spreading
depression is also consonant with observations (Largo
et al., 1996, 1997b).

3.6. Osmotic Expansion Is Required for SD

To determine if cellular expansion is necessary for SD
in this model, the maximum allowed reduction in ex-
tracellular space (ECS) was varied by parametrically
changing the value offmax in Eq. (5). The allowed re-
duction in ECS (1ECSmax) was varied from 0% (no
reduction, completely rigid cells) to 90%. Waves could
not be induced unless the cells were allowed to ex-
pand. This is illustrated in Fig. 8 for two different val-
ues of the resting neuronal volume fractionf . There is
a sharp threshold in1ECSmax at≈15% to≈20% for
the parameter set used in this set of simulations. For
1ECSmax<≈15% to≈20% SD did not occur, while
for1ECSmax>≈15% to≈20% SD could be induced.
As1ECSmaxwas raised above≈15% to≈20% a steep
increase in wave speed to a plateau of≈3 mm/min
occurred. The actual level of the plateau varied with
membrane conductance. As1ECSmax was raised be-
yond ≈40% no further change in wave speed was
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Figure 8. Effect of limiting the allowed reduction in extracellular
space1ECSmax. The wave speed is shown as a function of1ECSmax

for two different values of the resting neuronal volume fraction.

predicted. Thus cells need to expand to occupy some
15% to 40% of the interstitial volume to allow wave
passage. If spreading depression has a neuroprotective
function, this might give an evolutionary advantage for
organisms without a tightly packed neuropil.

4. Discussion

The goals of this study were (1) to model a putative
mechanism (electrodiffusion) for gap-junction medi-
ated propagation of spreading depression and (2) to
evaluate the contribution of osmotic forces to SD wave
propagation. The first goal was inspired by several ex-
periments in which spreading depression was inhibited
by selectively blocking gap junctions, while glial poi-
sons do not prevent SD (Martins-Ferreira and Ribeiro,
1995; Nedergaard et al., 1995; Largo et al., 1997b;
Aitken et al., 1998b). The aim was to model a way in
which SD might propagate via neuronal gap junctions;
gating mechanisms were deemed beyond the scope of
this study. The second goal was based on the obser-
vations of substantial neuronal volume changes during
SD (Kraig and Nicholson, 1978; Jing et al., 1994). It
is not known if these volume changes are necessary
for wave propagation. Osmotic forces and the con-
sequent volumetric changes have not been included
in any previous mathematical model of spreading
depression.

The simulations suggested that spreading depression
will not propagate unless there is sufficient space for
cellular expansion. It has been reported anecdotally
that SD is more difficult to induce in species with a
more convoluted cortex (for example, in humans). It
is intriguing to speculate that the reason for this may

be, in fact, that the neuropil is more tightly packed
in these species. This may provide species with less
tightly packed cortex, such as reptiles and fish, some
protection against seizure.

Three assumptions were crucial in this model. The
first assumption is based on the observations that in-
terstitial space contracts during SD, thereby increasing
[K+]out (Jing et al., 1994). The most likely mechanism
for such expansion is osmosis. Changing the ionic con-
tent of a cell leads to the generation of osmotic pres-
sure gradients. To relieve these gradients water passes
across the cell membrane causing it to either expand or
contract. If the cells are not allowed to expand in the
present model, the depolarization-induced potassium
efflux is insufficient to induce a propagating wave.

The second crucial assumption is that cytosolic ionic
movements must be described electrodiffusively and
not by a traditional ohmic (such as a compartmen-
tal, cable equation-based) approach. The assumption
that significant concentration changes do not occur is
implicit in the derivation of the cable equation; this
assumption is clerarly not valid during spreading de-
pression. When all concentration changes are small,
as is presumably the case during normal physiological
behavior, the membrane voltage calculated electrodif-
fusively is almost indistinguishable from that predicted
with a traditional compartmental approach (Qian and
Sejnowski, 1989). Thus there is normally no reason to
consider electrodiffusion. However, the model predicts
that electrodiffusive forces will generate a cytosolic K+

pulse preceding the other ionic changes that occur dur-
ing SD, while depolarization causes substantial Na+

and Cl− fluxes into cells. The resulting osmotic forces
lead to water entry and sufficient cellular expansion to
induce a regenerative wave of spreading depression.

The third crucial assumption is that a sufficient level
of open interneuronal gap junctions are present in neu-
ronal tissue. How gap junctions activate during wave
passage is beyond the scope of the present study and
remains a factor that should be examined more closely.
This does not detract from the present results, since
they suggest that an SD-like wave can be propagated
via cytosolic transport if there is some mechanism
that will open the gap junctions and if the cell is al-
lowed to expand and contract in response to osmotic
forces. It has been speculated that a wave of spreading
depression causes normally closed gap junctions be-
tween neurons to open by some yet to be determined
mechanism (Somjen et al., 1992). This view was taken
here. There is some evidence indicating the widespread
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presence of gap-junctional proteins in the CNS, par-
ticularly during early development (Sloper and Powel,
1978; Bayer and Pickel, 1990; Bozhilova-Pastirova and
Ovtscharoff, 1995; Simb¨urger et al., 1997). These may
be necessary for the organization of neural circuits
(Peinado et al., 1993; Kandler and Katz, 1995; R¨orig
et al., 1995). It is not known if these gap junctions are
normally open or closed.

The high-speed (AC) voltage spikes that precede an
approaching SD wave have been completely ignored
in this model. Various observations have suggested
that these spikes can be blocked by the application
of sodium channel blockers without otherwise signifi-
cantly affecting the DC-voltage shift that occurs during
SD (Herreras et al., 1994). This suggests that whatever
mechanism causes the spikes can be dissociated from
the mechanisms that induces the DC-voltage change.
The hypothesis that has been made in the present arti-
cle is that spikes result from axonal Na+ currents. The
typical Na+ channel density used in this model was
≈5 channels/µm2, corresponding to measurements in
gray matter. Since axonal Na+ channel densities are
substantially higher, approaching 2000 channels/µm2

at nodes of Ranvier (Hille, 1992), it seems likely that
such spikes would occur if an axonal compartment were
added to the model. The role of spikes during spread-
ing depression remains an important issue for further
study.

The simulations also show that standard electrophys-
iological models may be used to describe the DC-
voltage shift and ionic redistribution that occurs dur-
ing spreading depression—or at least during a variety
of spreading depression-like phenomena. Propagation
velocity and waveform shape depend on the specific
combination of ion channels present in the tissue.
In particular, facilitating roles were predicted for the
delayed-rectifier, BK and NMDA-gated channels, and
to a lesser extent, Na+ and HVA-type Ca++ channels,
while inhibitory roles were predicted for neuroglia and
the A and SK channels. These proteins are all present
at varying levels in different types of neural tissue.
Consequently, the partial or complete block of SD by
NMDA-R antagonists (Hernandez-Caceres et al., 1987;
Lauritzen et al., 1988; Marrannes et al., 1988; Lauritzen
and Hansen, 1992; McLachlan, 1992; Nellgard and
Wieloch, 1992), Magnesium (Mg++) ions (van
Harreveld, 1984; Lauritzen et al., 1988) and tetraethy-
lammonium (TEA) ions (Scheller et al., 1998) can be
explained. Furthermore, the presence of voltage-gated
Ca++ channel antagonists or the removal of interstitial

Ca++ will inhibit spreading depression only if the ap-
propriate combination of ion channels is present. In all
cases, poisoning gap junctions (such as by reducing
the cytosolic diffusion coefficient to zero) will inhibit
spreading depression.

Appendix

Implementation

Equations (1) and (2) are written in the general form
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The membrane ion fluxJc,m for each species is just
the simple sum of the ion fluxes for all currents for
that species. Equation (10) was solved numerically us-
ing the Crank-Nicholson method (Morton and Mayers,
1994). The implicit difference formula for the concen-
tration at time-stepn+ 1 and grid pointj is
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where Dn
j+1/2 is the diffusion constant evaluated at

a spatial location halfway between grid pointsj and
j +1. To account for voltage-dependent gap-junctional
conductivity or calcium block,Dn

j+1/2 is calculated us-
ing a standard cubic-spline interpolation scheme. Since
Eq. (11) is implicit ingn+1

j , cn
j was used to obtain a

first estimate ofgn+1
j on the right side of the equa-

tion. Iteration for succesive approximations togn+1
j was
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continued at each time step until the membrane voltage
converged to within 10−7 mV.

Ion Currents

All ion currents are described by standard biophysical
models. The Hodgkin-Huxley formalism (1952) is used
to describe ionic currents as

j = gmphq(V − Vc), (12)

whereg is the membrane conductance,m andh de-
scribe channel activation and inactivation, respectively,
Vc = (RT/zF) ln(cout/cin) is the Nernst potential for
speciesc, andp andq are integers that are prespecified
and fixed for each type of channel. For Ca++, Eq. (12)
is replaced by a Hodgkin-Huxley-Goldman hybrid (see
below). The activation and inactivation variables relax
exponentially to their steady-state valuesx∞ (where
x = h or x = m) according to

dx

dt
= x∞ − x

τx
. (13)

Both τx andx∞ may be concentration and/or voltage
dependent. In some cases, explicit formulas are given;
in other cases,τx and x∞ are given in terms of for-
ward and backward rate constantsαx andβx between
putative closed and open states, where

τx = 1

αx + βx
(14)

x∞ = αx

αx + βx
. (15)

A passive Cl− flux is calculated to balance the cation
flux since it is the only membrane-permeant anion in-
cluded in the model.

The specific equations and parameters used are given
in the following paragraphs. To simplify the equa-
tions, channel currents are given rather than channel
fluxes. To convert to a flux, each current should be di-
vided byF (Faraday’s constant,≈96 Coulombs/mM).
The following notation is used:C, Ca++ concen-
tration; Cl, Cl− concentration;I , IP3 concentration;
K , K++ concentration;N, Na+ concentration;R =
8.314 Joules/mole-Kelvin;T = temperature, Kelvin;
V , membrane potential;Vc, Nernst potential for species
c; z = valence;ϕ = zFV/RT. The subscripts in, out
and ER refer to concentrations in the cytosol, inter-
stitial region, and endoplasmic reticulum, respectively.

Parameter values used are derived from observed con-
ductances in gray matter (see Table 1).

Gap Junctions

Dc,in = D0γ (V)B([H
+], [Ca++])

γ (1V) = 2

exp
( −1V/VH

1+e1V/VH

)+ exp
(

1V/VH

1+e−1V/VH

)
VH = ≈40 to≈1000 mV

B([H+] in, [Ca++] in) = Rn
Ca(1+ RH )

2n

1+ Rn
Ca(1+ RH )2n

, n = 3

RCa = KCa/[Ca++] in, KCa = 316 nM

RH = KH/[H
+] in, KH = 112 nM

A-Channel K+ Current

jA = gAmh(V − VK )

m∞ = 1

1+ e−(V+42)/13

h∞ = 1

1+ e(V+110)/18

τm = 0.00138

τh =
{

0.050, V <−80

0.150, V ≥−80

gA = 0 to 100

M-Channel K+ Current

jM = gMm(V − VK )

m∞ = 1

1+ e−(V+35)/10

τm = 1

3.3
[
e(V+35)/40+ e−(V+35)/40

]
gM = 0 to 100

Delayed Rectifier K+ Current

jDR = gDRm2h(V − VK )

m∞ = α(V − 20)

α(V − 20)+ β(V − 20)

α(V) = 0.0047(V + 12)

1− e−(V+12)/12
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β(V) = e−(V+147)/30

h∞ = 1

1+ e(V+25)/4

τh =
{

0.006, V <−25

0.050, V >−25

gDR = 0 to 2000

BK-Channel K(Ca) Current

jBK = gBKm(V − VK )

m∞ = 250CineV/24

250CineV/24+ 0.1e−V/24

τm = 0.001

250CineV/24+ 0.1e−V/24

gBK = 0 to 1000

IK-Channel K(Ca) Current

jIK = gm(V − VK )

(1+ 0.0002/Cin)2

αm = 25

βm = 0.075e(V+5)/10

SK-Channel K(Ca) Current

jSK = gSKm2(V − VK )

m∞ = 1.25× 108C2
in

1.25× 108C2
in + 2.5

τm = 1

1.25× 108C2
in + 2.5

gSK = 0 to 10

LVA Ca++ Current

jLVA = 2ϕgLVApmh
Cineϕ − Cout

eϕ − 1

αm = 2.6

1+ e−(V+21)/8

αh = 0.0025

1+ e(V+40)/8

βm = 0.018

1+ e(V+40)/4

βh = 0.19

1+ e−(V+50)/10

gLVA = 0 to 2; p = 1.2× 10−5 (cm/sec)/(pS/µm2)

HVA Ca++ Current

jHVA = 2ϕgHVApmh
cineϕ − cout

eϕ − 1

αm = 8.5

1+ e−(V−8)/12.5

αh = 0.0015

1+ e(V+29)/8

βm = 35

1+ e(V+74)/14.5

βh = 0.0055

1+ e−(V+23)/8

gHVA = 0 to 20; p = 1.5× 10−5 (cm/sec) (pS/µm2)

Fast Na+ Current

jF = gFmh(V − VNa)

αm = 35e(V+5)/10

αh = 0.225

1+ e(V+80)/10

βm = 7e−(V+65)/20

βh = 7.5e(V−3)/18

gF = 0 to 100

Persistent Na+ Current

jP = gPm(V − VNa)

αm = 200

1+ e−(V−18)/16

βm = 25

1+ e(V+58)/8

gP = 0 to 1

NMDA Currents

jNMDA = gc,NMDAA([Glu],V)B([Mg++],V)

×V
(cin/cout)eϕ − 1

eϕ − 1
, c = C, K , N

A([Glu],V) = α[Glu]

α[Glu] + β , α = 72 mM−1 sec−1,
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β = 6.6 sec−1

[Glu] = Tmax

1+ e−(V−2)/5

B([Mg++],V) = 1

1+ 0.028Me−0.062V

gc,NMDA = PF2z2

RT
cout

PCa/PK = 3.0 to 10.6; PNa/P K = 1.0;
Tmax= 1;M = 1

Leak Currents

jLeak= PzFϕ
cin − coute−ϕ

1− e−ϕ
, c = C, K , N

Na, K Pump Currents

jK = −r Na,K

(
Kout

Kout+ 3.7

)2( Nin

Kin + 0.6

)3

× 0.052sinh8

0.026e8 + 22.5e−8

jNa = 3

2
jK

8 = F

RT
(V + 176.5)

Na, Ca Pump Current

jCa= r Na,Ca

r 4
0

× N3
inCoutexp(0.02V)− N3

outCin exp(−0.02V)

1+ 0.0001
(
N3

outCin + N3
inCout

)
jNa=−3

2
jCa

rNa,Ca= 0.2µA/cm2; r0 = 12 mM

Ca ATPase Current

jCa = rATP
Cin

Cin + 0.0002
; rATP= 0.2µA/cm2

HCO3, Cl Exchanger Current

jCl = r
Clin

Clin + 4
, r = 0 to 5µA/cm2

Na, K, Cl Cotransporter Currents (Glia)

jK = r Na,K ,Cl

(
Kout

Kout+ 2.7

)
×
(

Nout

Nout+ 25

)(
Cl2out

Cl2out+ 1600

)
jNa = jK ; jCl = −2 jK ; r Na,K ,Cl = 0 to 1 mM/sec

ER Ca++ Pump

jPump= vER
Cin

Cin + 0.001
; vER= 2.5µ M/sec.

Ryanodine Channels

jR = vRmR[CER− Cin]; vR = 0.1 sec−1

mR,∞ =
[
1+ 0.05

Cin
+ Cin

0.001

]−1

τR =
[
0.8+ 800Cin

1+ 0.5/Cin

]−1

IP3-Dependent Ca++ Channels (ER)

j I = r I h

(
0.567+ 0.433I

0.004+ I

)
×
(

0.111+ 0.889Cin

0.0007+ Cin

)
h∞ =

[
1+ (Cin/0.0007)2

]−1

r P = 40µM/sec

IP3 Production

d I

dt
= 0.04h1A− 0.0008I

0.001+ I

h∞ =
{

1, I < 0.0018

0, I > 0.0018

Stretch Channels

Qopen= qmax
[
1+ e−(1P−1P1/2)/K

]−1

1P = Prest( f/ frest− 1)

Prest = 760 mm Hg; frest= 0.85

K = 10.2 mm Hg(BK); 10 mm Hg(DR)
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1P1/2 = 66 mm Hg(BK); 80 mm Hg(DR)

qmax= 0.43 (DR); 0.25 (DR)

Resting Concentrations

Cin = 0.0001;Cout = 2;CER= 2

Kin = 130; Kout = 3

Nin = 10; Nout = 140

Clin = 4;Clout = 124

I = 0.0018

Diffusion Constants

DK,out = 1960; DK,in = 490

DN,out = 1330; DN,in = 330

DC,out = 790; DC,in = 200

DCl,out = 2030; DCl,in = 500
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