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IN a model of neurons in a brain cell assembly, changes
in volume of the extracellular space affect neuronal
excitability and basal metabolism. A widely applicable
coefficient of excitability with respect to a variation of
the volume fraction has been determined. Calculations
suggest that chloride increases membrane stability by
indirectly promoting an acceleration of the metabolic
pumping rate as a response to a diminished extracellular
volume fraction. Volume fraction changes induced by
cell swelling in a compact and highly tortuous micro-
enviroment may play a role in epilepsy and, following
brain damage, in cell death and recovery.
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Introduction

Cell assemblies, or neuronal modules, consist of
groups of tens of thousands to hundreds of millions
of neurons.”” Many brain functions may be served
by the action of cell assemblies rather than by indi-
vidual neurons.'™ The extracellular space (ECS) that
surrounds the individual neurons participates in
many functions, including non-synaptic diffusion
neurotransmission (NDN).* The role of ECS in
brain physiology and pathology was not fully appre-
ciated until recently: Nicholson considers that the
“brain cell microenvironment came to be clearly
defined in 1969”.° Nicholson’s diffusion studies in
the living brain® confirmed several previous
morphological studies that demonstrated the exis-
tence of a large extracellular volume fraction, a, of
the order of 20-30% of the volume of the brain, with
significant regional differences.”® By measuring the
effects of membrane depolarization on light scattering
by cerebral cortical slices, Lipton’ concluded that
“...changes in the intercellular K concentrations
of size and duration thought to occur following
nervous activity in the CNS cause cell volume
changes large enough to drastically reduce the inter-
cellular volumes and so, transiently, increase extra-
cellular molecular and ionic concentration”. Changes
in the volume fraction (VF) of the ECS, (), affect
membrane excitability;'° « is reduced by neuronal®”’
and glial'®"" swelling. The effects of a on membrane
excitability and basal metabolism of brain cells are,
therefore, to be evaluated in the context of cell
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assemblies embedded in neuropil, as they would be
found in the living brain.’

Methods and results

In our model, the assembly comprises N identical
neurons, each of volume v, all at rest. The volume
of the ECS is a fraction a of the total volume of the
system, i.e. Vicg=aV . The volume of the system
is the sum of the volumes of all the cells (Nv) plus
Vics: As a result, Vg can be written as Vg =
Noa/(1 - a). For each ion in the system, let 7; be the
sum of all the moles inside the cells, 7, those in the
ECS, and n =n, + n_, the total number of moles in
the system. With these symbols, the extracellular
concentration of the generic ion X can be put in the
form:

1-« n
X]... = ——[X].
(Xoue (N [ ]m) (1)

(63 \

The volume of a cell at rest is constant, i.e. the cell
does not shrink or swell under mere basal metabo-
lism. Assuming mass conservation (n = const.), and
X;, a constant by virtue of metabolic pumping then,
following equation 1, the extracellular concentrations
can vary only by virtue of a change in the value of
a. It follows that the Nernst potentials,'” and conse-
quently the membrane potential, will depend on «,
which implies that the excitability of a cell should
vary with a. In normal conditions, i.e. in the absence
of any shrinking or swelling, let Vy, be the Nernst
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potential for the ion X. Let o be the volume fraction
in these condmons, e.g. ay=0.25, as suggested by
Nicholson.”” For a # ay, Vy # Vyy. The difference
Vyx —Vix is exclusively due to a change in the volume
fraction. It is easy to prove, with the help of equa-
tion 1, that

V.V, =7 v, In 2% 7, 1nd 2% o7 ()

63 (&%)

)
where Zy is the signed valence of ion X, and v, =
27 mV at room temperature. The function h(a) is
shorthand for the difference between the logarithms
in equation 2, multiplied by the constant v,. As an
example, for cations as K" and Na', Zy = +1 and Vy
increases by 7.7 mV from a,=0.25 to a=0.2, and
decreases by 1.1 mV for a =0.3. For anions such as
CI, Zy = -1 and Vy decreases for a > o and increases
for a < a,.

Using the Hodgkm—Hquey circuit model,” the
membrane potential can be written as:

3 gkVk + 8na Ve + 81 Vol + 8mg Vivg + 8ca Ve +
8kt 8na T 8a1 T gMg +8cat

(3a)

V., = Vo, =+ vh(a) (3b)

where the gys are the passive channel conductances,
and V,, is the voltage in normal conditions (a =
Vi=Vio Vo= Vonw Va = Voo etc...). Equation
3b states that the difference V-V, is due to a
change in volume fraction. The voltage difference is
formalized by the term yh(a), where v is a coeffi-
cient, defined by

-1 1 1 1 1
Zy gk + Zngna t Zaiga + ZMg 8mg T Zc,8ca
gk T 8nat 8ar t gMg +8cat

8k T 8~ 8ar + /28y + 1/28c, +

gk T 8Nat 8a1 T 8ca t gMg+

(4)

From equations 3 and 4 it is evident that -y acts as
an attenuator of the excitability of the cell with
respect to a change in the volume fraction. The pres-
ence of free anlons (such as CI") makes y < 1. Other
ions, such as Mg™", Ca’" act similarly (Zng=Zc,=2),
the trend being toward smaller and smaller ys as more
ions are included. In contrast, in the two-ion model
(K", Na") y=1 for any «, and no attenuation w1ll
result Chloride ions (and, to a less extent, Mg,
Ca™), by reducing v, have the effect of stabilizing
the membrane potential. The inhibitory role of CI’
has been noted by Smith."
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The attempt to maintain the membrane voltage at
a constant value against the depolarizing effect of a
diminished volume fraction has a cost in terms of
expenditure of metabolic energy. From the stand-
point of the Hodgkin-Huxley circuit, the increases
in power of the ionic pumps can be easily inferred
by evaluating the power losses of all the Nernst
‘batteries’. Thus, with gy (Vx—V,) being the ionic
passive current, the power loss for the battery X is
gx(Vyx = V_)Vx. By replacing V, as given in equation
3a, then summing over all the batteries, and finally
arranging the results, the total power loss takes the
form

W= guy(Vx = VY)2 +gx/(Vx = Vz)2 +8yz(Vy - Vz)2
+ ... 5)

where gyy stands for gygy/(gx+gy+gz + ....). The
power loss in normal conditions is obtained by
replacing Vy = Vi, Vy = Vi, V, =V, etc. in equa-
tion 5. Replacing the Nernst potentials as given in
equation 2 in Vy — Vy, this difference can be written
as

Vy = Vy = Vox = Voy + {xyh(@) (6)

where {yy stands for Z, "' = Z, . Similarly for all
the other voltage differences. Replacing equation 6 in
equation 5, and after carrying out the tedious algebra,

the following result is obtained:

W=W, + (gXYgXYz + gxz‘:XZ2 + g\{zgyz2 + '-~)]92(0‘)
+ 2[gxylxy(Vox = Voy) + &xz8xz)(Vox = Viz)
+ &vzlyvz(Voy = Vo) + .+ () )

where W, is the power loss in normal conditions.
Despite the apparent complexity, equation 7 simply
states an already familiar concept, namely, that a
difference in the power loss is entirely due to a change
in the volume fraction. The two extended sums in
equation 7 are mere coefficients of h’(a) and h(a)
respectively, their actual values depending on the
species of ions involved, and on the membrane
conductances to these ions. As an example, in the
three-ion model (K,Na,Cl) {yy # 0 only if either X
=Cl or Y = CL It follows that both the coefficients
of hz(a) and h(a) contain g as a common factor. If
Cl is absent (g =0) then both coefficients vanish
and W =W, independently of a. In terms of meta-
bolic energy, the presence of Cl ions makes it possible
for the cell to regulate the rate of the pumps in
response to a variation of the volume fraction. A
mechanism that may explain the role of chloride in
boosting the metabolic energy of the Na-K pump as
a response to a reduced a is via the activation of the
neuronal K-Cl co- transporter that maintains a low
intracellular chloride level."

Figure 1 shows the percentage variation of
the membrane potential in cat motor neuron



Neuron excitability and metabolism

neuroglgeport

140 T
1 Metabolic Power
|
120
| —— Membrane Voltage
1 i (3-lon Model)
R 100 + | —— Membrane Voltage
X | (2-lon Model)
~ 80
@ ] I
c
£ 60 I
© ] |
S
L 40 |
o l
2 20 ]
© .
@) |
Y 0
-20
-40
' T M I ' i I '
0 5 10 165 20 25 30 35 40 45 50

Volume Fraction (%)

FIG. 1. Variations of membrane potential and metabolic power of
a neuron at rest in a cell assembly as a response to a change in VF
are graphed. In the K'-Na" model the membrane is very sensitive
to a diminished volume fraction of the extracellular space (a), with
a voltage rising freely toward depolarization. The addition of chlo-
ride stabilizes the membrane at a cost of an increased basal metab-
olism. The example refers to the cat motor neuron. The
conductances were: gy./g«=1/3, gc = 9gx. The reference voltage is
evaluated at o, =0.25.

[Vox = 8830, Vo, = +61.50, V,q=-7028 mV,
(cf. Ref. 12)] as a function of the volume fraction.
The function plotted is (V,,—V,,)/IVOml, which
according to equation 2 equals yh(a/IV, |. Here, the
function Ah(a) is independent of the type of cell. The
value of V, is also irrelevant, the emphasis being on
the coefficient vy, which acts as a passive gain upon
h(a). The value of vy is actually determined by the
type and numbers of free ions exchanged through the
plasma membrane, and by the passive conductances
of the respective transmembrane channels. In a cell
model where only K" and Na" are considered, v = 1,
L.e. no attenuation on the function h(a) will result:
the membrane voltage will rise uncontrolled towards
depolarization as o decreases.

The percentage variation of the metabolic power
for this neuron is also plotted in the same graph. The
function plotted is (W — W,)/W,, which in this case
depends directly on g In absence of chloride W=
W, for all values of a. The presence of chloride
provides the cell with a way to oppose an a-induced
depolarization by drawing on its own metabolic
resources.

Discussion

In this model, changes in a are considered aver-
aged over space and time, and caused by neuronal
(and, possibly, by glial) activity outside the cell

assembly under consideration, though close enough
to produce an effect as if the ionic enviroment were
‘concentrated’ (or diluted). In the living brain, active
cells are in close proximity to inactive cells within
the same assembly. During activity, the cell swells
due to influx of isotonic solutions, or water.’ In the
classical scheme of a neuron firing an action poten-
tial, the membrane permeability to Na' increases
(voltage-gated Na-channels open up) while the
permeability to K™ decreases (voltage-gated K-chan-
nels shut off). As a result, Na" ions from the ECS
flow into the cell, while K* ions are pushed away,
increasing [K'], .. In the case of glia swelling, the cell
(astrocyte) has a high K* conductance,'* thus K* ions
flow in and Na' ions are pushed away, increasing
[Na'],,. Delayed glia swelling prevents an excessive
build up of K in the small intercellular clefts after
intense neuronal activity. It has been shown that
[K'],.. increases up to 20 mM 1™ following normal
nervous activity, and that it decays with a half-time
of several seconds.’® Figure 2 illustrates these possible
mechanisms yielding i sitw and transient variations
of the intercellular K™ and Na® concentrations. As
for Cl, its intercellular concentration would also
increase, either indirectly, i.e. following influx of
isotonic solutions of K" and Na®, or simply by influx
of water into the active cells.

Lipton’ noted a 6% increase in average volume
in cerebral cortical tissue slices following a 5 mM 1™

FIG. 2. A schematic representation of the local reduction of the
extracellular space with neuronal activity. Three neurons and one
glia cell are separated by the intracellular space, in which Na* and
K* ions are represented. The middle neuron and the glia are shown
to increase in volume (stippled area) with neural activity, thus
reducing the intercellular distance. The dark cells are at rest. Neuron
and glia swelling produce local increases of [K'] , and [Na'l,,,
respectively, and indirectly of [CI'],,, (see text). For clarity, K" and
Na® ions are shown separately in distinct sites of the neurone
membrane, although in life ions are intermixed.
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increase of [K'] .. He concluded that “Even such a
small increase would have dramatic effects upon
intercellular space in the cortex”. The cleft between
an active cell and a cell at rest, which can be as small
as 200 A,*” is reduced following cell activity. This,
together with the high tortuosity of the microenvi-
roment,” will slow down the process of diffusion of
the excess K (and other ions as well) in the microen-
viroment. Such local and transient excess of extra-
cellular K* may trigger a response in an adjacent cell,
e.g. if the metabolic resources available to that cell
are insufficient to guarantee the power requested by
the ionic pumps to face the a-induced depolariza-
tion. This, in turn, would further reduce «, thus
favoring critical depolarizations in other parts of the
system. As a consequence, activity may spread over
the assembly in a sort of a chain-reaction that would
eventually drive the entire assembly into activity.
This resembles an epileptiform discharge induced b
a local reduction of the volume fraction.'
Apparently, a reverberating condition thus is created
in which seizure discharges decrease «, which
increases membrane instability, which lowers the
threshold to further discharges. The increased inci-
dence of epileptic discharges reported followm
damage to the brain (e.g. after cerebral infarctions')
may be related to a reduction in the extracellular
space.

Regional differences in the VF may have phy51o—
logical and pathological 1mphcat10ns McBain et al’
demonstrated that the VF in the hippocampus was
lowest (0.12) in the CA1 region and suggested this
may be related to the propensity of that region to
seizure activity. They reversibly reduced the VF of
the CA1l stratum pyramidale by 30% (producing
spontaneous seizures) by changing the extracellular
concentration of potassium from 3.5 to 8.5 mM. This
equates morphological to chemical changes in the
triggering of a neuronal response.

Under pathological conditions, such as anoxia and
spreading depression, the VF is reduced,””"” and it is
also reduced (by up to 50%) in hyperexcitability,
changes 1n [K'],., and w1th epileptiform  dis-
charges.'®"” Hochman et al.'® noted that the neuronal
synchronization involved in epileptiform activity
can be disassociated from synaptic excitability,
and proposed that “. .. the nonsynaptic mechanisms
that underlie furosemide’s (a chloride co-transporter
antagonist) action are related to cell volume regula-
tion and in particular to glial swelling”.

Brain cell swelling due to anoxia and brain trauma,
leading to a decreased VF, may aid in the survival
of partially denervated neurons during the post-
injury period of receptor upregulation, which has
been shown o follow damage to the brain in ani-
mal models™ as well in humans.”’ Those cells may
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respond to previously sub-threshold stimuli, either
synaptically, or by NDN, which generally involves
activation of membrane surface receptors.” However,
it is also possible that hyperexcitability due to a
volume fraction decrease, either independently or in
combination with excitotoxic activity, may increase
secondary cell death following brain damage.

Glial cells have a role in neurotransmission via
transmitter diffusion through the extracellular space.*
The present study suggests that changes in the volume
of glial cells (and neurons) that alter the VF in specific
areas of the brain may provide a pathway for infor-
mation transmission.

Conclusions

Our previous studles have explored the diffusion
neurotransmlssmn > and space and energy sav-
ing”** functional roles of the ECS, while the present
study has explored the influence of the ECS volume
fraction on cell membrane excitability and basal
metabolism in an assembly of neurons. Chloride
appears to be essential for membrane stability. A
coefficient of excitability with respect to variations
of the volume fraction has been determined, together
with the metabolic costs of counteracting the
depolaring effects of a diminished volume fraction.
Variable neuronal and glial morphology may provide
a potent biophysical mechanism of brain activity
regulation and information transmission, by selective
effects on membrane dynamics.
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