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Calcium Dynamics in the Extracellular Space of Mammalian
Neural Tissue
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ABSTRACT In the brain, hundreds of intracellular processes are known to depend on calcium influx; hence any substantial
fluctuation in external calcium ([Ca®*],) is likely to engender important functional effects. Employing the known scales and
parameters of mammalian neural tissue, we introduce and justify a computational approach to the hypothesis that large
changes in local [Ca®*], will be part of normal neural activity. Using this model, we show that the geometry of the extracellular
space in combination with the rapid movement of calcium through ionic channels can cause large external calcium
fluctuations, up to 100% depletion in many cases. The exact magnitude of a calcium fluctuation will depend on 1) the size
of the consumption zone, 2) the local diffusion coefficient of calcium, and 3) the geometrical arrangement of the consuming
elements. Once we have shown that using biologically relevant parameters leads to calcium changes, we focus on the
signaling capacity of such concentration fluctuations. Given the sensitivity of neurotransmitter release to [Ca®*],, the exact
position and timing of neural activity will delimit the terminals that are able to release neurotransmitter. Our results indicate
that mammalian neural tissue is engineered to generate significant changes in external calcium concentrations during normal
activity. This design suggests that such changes play a role in neural information processing.

INTRODUCTION

Over a century ago, the Reticular Theory of the brain—see Bootman and Berridge, 1995). We first employ known
which supposed nervous tissue to be a continuous networkarameters of mammalian neural tissue to detemine whether
like the vascular system—was ousted by new evidence thaérge changes in calcium can be expected to occur; we then
neural tissue is an intricate network discretecells. This  examine how the calcium changes may be read as signals
insight ushered in an important new question: How do cellsand the end to which the signals may be employed.
communicate across the small spaces that separate them3ye show below that, in the mammalian nervous system,
Since the 1920s, neurotransmission has been the object §fnumber of features combine to encourage large fluctua-
an enormous amount of investigation, leading to the moderfions in external calcium levels during normal neural activ-
idea that synaptic connections are sites of localized infority_ These include the concentration gradient for calcium

mation transfer between pre- and postsynaptic neurong,side to inside), the amount of calcium consumed during

(Loewi and Navratil, 1926). There is an important element, , »tion potential, the geometry of the extracellular space
left out of this picture: discrete signaling elements like

q ded tiahtly i i ECS), and the slowness of calcium pumps that put calcium
heurons and synapses are crowded ightly In neural USSUg, i the ECS. Taken together, these features of neural
This crowding sets up conditions under which certain ex-,

. . S tissue ensure that 1) calcium movement through ionic chan-
tracellular ion concentrations may be limited in supply on

short spatial and temporal scales (Nicholson et al., 197 ;els is unidirectional, 2) diffusion is the primary mechanism

Heinemann et al., 1990; Smith, 1992; Montague, 1996). W(?f (_:alc_lun; re_plems_hmenft En short t”ﬁ scales, e_;m_d 3) g'f;j
concentrate here on external calcium (CR), given the  USion in the interstices of the extracellular space is impede

widespread importance of calcium signaling, both exter/€lative to free diffusion. _ _
In the mammalian brain, external calcium concentrations

nally and internally. For example, release of neurotransmit-
ter displays a high sensitivity to [@4], (Dodge and Raha- 'ange from 1.5 to 2.0 mM (Jones and Keep, 1987), and
mimoff, 1067; Katz and Miledi, 1970; Mintz et al., 1995; intracellular levels ([C&]) range from 50 to 100 nM,
Qian et al., 1997). A short list of other processes affected byielding an outside-to-inside chemical gradient of 15,000
internal calcium changes includes production of messenge}0,000:1. Combined with an electrical gradient (also point-
substances, gene regulation, plasticity, cytoskeletal shapinijlg outside to inside at rest), an open calcium channel
ion-channel modulation, the balance of kinase and phosph#&xposes calcium ions to an unusually large driving force.
tase activity, and general enzymatic activation (for a review,T'hus open ionic pores through which there is a calcium flux
provide a unidirectional path for rapid calcium movement
out of the ECS. Replenishment of depleted9dg on rapid
Received for publication 16 April 1998 and in final form 25 January 1999. time scales occurs primarily through diffusion from nearby
Address'reprint rgqqests to Dr. P. Read Montague, Center for Thepreticqbgions of the ECS (demonstrated below), because calcium
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Baylor Plaza, Houston, TX 77030. Tel.: 713-798-3134; Fax: 713-798-eXtruSIOn by exchangers and pumps operates on time scales
3946; E-mail: read@bcm.tmc.edu. about two orders of magnitude slower than calcium influx
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Experimental techniques do not yet exist that permit rapidat each time step, ECS units updat¢r) as a function of the concentra-
calcium measurements in the exquisitely small volumes ofions of adjacent ECS units. It is straightforward to interpret the units as a

individual synaptic clefts, aIthough ion-sensitive microelec_dlsc_retlzed physical space, the variables e_ts tr_le local concentration of
calcium atoms, and the evolution rules as diffusion of these atoms.

trode studies, on a larger spatiotemporal scale, indicate that
[C&*], can change substantially under normal conditions

(Nicholson et al., 1978; Nicholson, 1980; Benninger et al.,
1980; Sykova, 1997). Currently, analysis of small, rapid
fluctuations is available only at the mathematical and sim-The IUs, positioned on a simple cubic lattice, consume and extrude

ulation level Analysis with partial differential equations is calcium. For consumption, an IU can be in either an active or an inactive
state (active because of depolarization, ligand binding, intracellular cas-

an unmanageable approach because of the complexity of thdes, etc.). In the active state, consumption takes place through some

geometry of the ECS. Monte Carlo techniques are a tradigaction of the surface of the IU, called thensumption zoneén the model,
tional choice for simulating diffusion in complex geome- consumption is summed up in a single parame?g«[0,1]. This parameter
tries but incur too much computational cost for our pur-is engineered to correspond to Monte Carlo simulations: its value can be

poses. Thus we have engineered a computational approag}qught of as the probability that a random walking ion bumping into an
active zone of the 1U will be drawn in.

that allows us to capture, as Slmp!y a_nd generally as possi- While P, in a real neuron is a function of channel distribution and open
ble, the character of [C4], dynamics in the ECS. probabilities, we approximate action potential invasion by adjusBpg
until an active zone consumes some desired number of ions over 1 ms (the
width of an action potential). Usually this integrated current is set at 14,000
MATERIALS AND METHODS atoms/active zone/spike, following experimental evidence in the mamma-

We h developed a finite-diff del of th ; il lian brain (Helmchen et al., 1997).
€ have geveloped a finite-ditierence model of the extraceiular Space, e giscrete dynamics for consumption are derived from a simple

program_med in € and run on Silicon (_sraphlcs Worl_<stat|ons. In -sr_]ort, thestatistical argument: dfl randomly walking particles in an ECS unit, the
model discretizes extracellular space into small units. Each unit interact:

ith it iahb ia local rul din thi s lci fraction within striking distance of the cell surface in the next time step is
\é\“ﬁ s n%'g | (irs via ((j)ca Iru Pfsh an th ”'Stha)_’l aC?(t);]m S (;r ra C('juT given by the ratio of the step length along each axisto the total cleft
fusion, depietion, and repienishment. Full detar's of the model and 1 Ieight,z. Of this fraction, half the atoms within reach will step toward the

('i/(ljmpansonlto Moz‘ti _C?rc||o smu_latlofnﬁ canhbe found in Egelman an urface while the other half step away. Those that collide with the surface
ontague (1998). rief description follows here. are absorbed with probability,, yielding

Consumption

Simulating the tissue AN=—_-NP, (1)

We begin with a simulated tissue of cubic intracellular units (IUs) (Fig. 1
A). The side of each U is set at 806 nm (FigB), yielding the same 1o iscretization of this equation yields a simple update rule for con-
volume as a spheredm in diameter. In this way, each IU is approximately sumption at each time step.
sized to represent an axonal bouton or spinehead, and IUs can be linked
together to simulate larger elements, such as dendrites and somas. The IUs
are packed tightly together, with an ECS width on the order of 20 nm.
Extrusion

Diffusion In line with experimental and modeling data, calcium extrusion is taken as

a first-order function of [C&']; (Tank et al., 1995). The extrusion rate is
The ECS in the model is subdivided into small rectangles c&le8 units adjusted to yield a [G4 ]; half-life betweert* = 35 ms (Sinha et al., 1997)
(Fig. 1 C). Each ECS unit holds a single state varialitér), which and several hundred milliseconds (Regehr and Tank, 1990; Tank et al.,
represents the average calcium concentration in that volume at time step 1995; Helmchen et al., 1996). Because sequestered molecules are extruded

FIGURE 1 ) Diagram of the three- A B C
dimensional discrete space modeB) (
Elementary intracellular units (IUs) are

cubes 0.806um on a side, which yields Intracellular Extracellular
the same volume as a sphere juf in Unit (]U) Space Units
diameter. C) The clefts between the : >

IUs are subdivided into smaller ECS
units with side lengths of 115 nm (i.e.,
subdivisions of 7X 7). Each ECS unit
holds the average calcium concentra-
tion in that region. At each time step,
each ECS unit updates its concentration
as a function of the concentration of its
contiguous neighbors and as a function
of the activity of the intracellular units
with which it is in contact. Time step is
2 us, which simulates diffusion with
very little error at the specified spatial
scales (Egelman and Montague, 1998).
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from their point of entry, this is equivalent to ignoring slow intracellular geometrical boundaries and buffering. The character and

diffusion. extent of extracellular calcium buffering are largely un-
known, but presumably the effect of ECS buffers will be
The model subsumed in the local diffusion coefficient. There are cur-

rently no measures of local diffusion coefficients, but the
The model can be thought of as interacting lattices, with the ECS units an

. . : ) . (?)ast two decades have given us several studies of long-
intracellular units each holding sets of discrete variables, updated synchr iist diffusi ¢ in th l brain. E
nously at each time step. IStance airtusion parameters in the mammalian brain. eXx-

The concentration change in continuous form is described by periments were pioneered in the early 1980s in which a
5 specific ion current was injected into one location in the
9C(x 1) -D 9Cx, Y — sinks+ sources ) brain, and the building concentration profile was measured

ot e at a distant site (30—-20@um away) (Nicholson, 1980;

where the “sinks” term stands for the fast consumption through' Ca NIChOISqn and_ Phl||lps, 19,8_1; Sykova’ 1997)' The resu'lts
fluxing channels, the “sources” term represents the slow replenishment byi€ld a dimensionless, empirical parameter called tortuosity,
pumps and exchangers, and the three-dimensional vector charagtes of A. Tortuosity relates the free diffusion coefficielt;,, t0

left implicit. the effective diffusion constanD:
We implement the dynamics discretely, using the following implemen-

tation for each ECS unif; _ 2
Deff - Dfree/ A (4)

AC, = fluxes— sinks+ sources
N Under r;onpathologic corrllditiona lives within a narrow
T 1 range of 1.5= A = 1.7. This range encompasses measure-
AG =D Z(Cj C) [2 (1 ZZPC) ments in different species, over different parts of the brain,
: and made with cations (calcium, tetramethylammonium,
A 710 X tetraethylammonium) or anionsx{haphthalene sulfonate
+ (1 ~ 57 Pﬁ) ]Ci + (1 - é™M)[Ch+Chl (3  and hexafluoroarsenate) (Nicholson, 1980; Nicholson and
Phillips, 1981; Sykova, 1997). A value af = 1.6 reduces
The first term on the right side represents diffusion, wheigethe time step D from 600;.Lm2/S in free solution to 23«ﬂcm2/s in the brain.

of the finite difference simulation (2s), é is the distance between the . . . . . .
centers of ECS units (115 nni, is the local diffusion coefficient, ang Such studies do not specn‘y the diffusion coefficient

sums over contiguous ECS neighbors. The second term represents deplQ—Ca”y' Because tortuousity 'nVOIV_eS paths through the bu”‘
tion due to ion channelg is the cleft height (20 nm), ané,* andP2are ~ geometry, such a measurement is mute on the speed with
the consumption probabilities of the two IUs touching each ECS anit.  which a molecule can cross an individual synaptic cleft. To
VZQB is the_ave_rag_e step Iength _(along gach Cartesiar_] a_lxis_) of arandomlyjetermine the value of inherent in our choice of geometry,
walking particle in timef. A quick |nspect|‘on of Eq. 3 will indicate thsz '“Ve start 10,000 randomly Walking atoms at a central point
needs to be on the order of 50 ns, otherwise the step length of a particle wi bicall ked vol f d h

be close to or greater than the cleft height. In our simulatiens; 50 ns; m. a cubically packed volume o |L.JS an _measlure t e_ RMS
therefore the second term is raised to the power/6f allowing us to  distance of the walkers as a function of time (Figd)2 This

account for the depletion that would take placerf6 instances ob-size  allows us to use Eg. 4 to determineby the following:
ticks. This issue is discussed in more detail in Egelman and Montague

(1998). m
The third term represents extrusion from intracellular compartments via Frms = 6Degit SA= Ve (5)
pumps and exchanger€}, andCZ, are the intracellular calcium concen- ms Ve lms
trations of the two |Us touching each ECS uttitjs the half-life, anck =
In(1/2). where the RMS distance of the walkers,, is measured as

Equation 3 represents a simple and straightforward way to represent th& function oft: D is set at 60mm2/s The geometry of
geometry in question. Setting up the computation in this manner is more 1 “free )

) . . -~ > N

feasible than a Monte Carlo approach, which is prohibitively time-intensiveQUl Simulated tissue yieldSe; = 395 um'/s, ora = 1.23.

for large volumes of tissue. Two possibilities, or a combination of the two, will account
Simulations use the following parameter valuegtime step), 2us; & for the remaining slowing of diffusion measured in real

(distance between ECS units), 115 nih(cleft height), 20 nmD (local tissue: 1)D,,., is less than 600¢m2/57 reflecting local

. - B o ) B | 1o
diffusion coefficient), 300—60Qum/s; P, (consumption parameter), 0.0— oy 4racellular binding, and/or 2) the extracellular space can
1.0. The values of and & are carefully chosen to minimize error while

counterbalancing computational expense (Egelman and Montague, 199%*9.e made more tortuous, as by the combination of elememary
The range of diffusion coefficients is justified in the next section (Fig. 3). UNits into larger units (such as somas), or equivalently, some
of the clefts can be clogged, acting as barriers to diffusion

(Fig. 2B). Because there is no way to cleanly balance these

RESULTS two possibilities, we will explore a wide parameter range,
Diffusion coefficient and tortuosity in usingD,,c, = 300 um?/s andD,,., = 600 um?/s as lower
neural tissue and upper bounds.

It is important to note that the effect of restriction is not
only the slowing of diffusion, but also the prolonged am-
The diffusion of calcium atoms in the networks of neural plification of a signal. Fig. 22 compares two cases: in the
ECS will be slower than free diffusion, due at least tofirst, the tissue is cubically packed with IUs; in the second,

Calibration to neural tissue
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FIGURE 2 Diffusion within the extracellular space is slower than in free solution. In the nervous system, a single phenomenological parameter called
tortuosity (A) has been used to characterize the measured reduction in the free diffusion coefficient for movement in the ECS (e.g., see Nicholson and
Phillips, 1981, or Sykova, 1997). Tortuosity is a stable number<{16< 1.7) for calcium (Nicholson, 1980) and is the same for monovalent cations and

anions (Sykova, 1997)Aj Root mean square distances for 10,000 random walkers versus time. The toptra@&90 um?s) and the bottom trac®(=

200 um?/s) show results for unrestricted diffusion. The middle trace shows results in the presence of cubic intracellular unitslEspagrum?/s (9 X

9 X 9 1Us). Introduction of these boundaries slows diffusion and approximates the free diffusion of a specBs=wa85 um?/s. B) A combination of

geometrical constraints and buffering serves to reduce the measured diffusion coefficient in thefE®8&rriers in the ECS reduce the measured diffusion
coefficient by slowing (on average) free diffusidright Buffering by the extracellular matrix approximates a reduced diffusion coefficient throughout the

ECS. C) Restricted diffusion can structure a signal for a longer time. A signal carried by molecular diffusion in three dimensions (free diffusion) will
quickly lose amplitude. If diffusion is restricted to a subspace (fewer degrees of freedom), as in the extracellular space of neural tissuerid#oonce

front can remain structured and resolvable for a longer time. The graph shows results of a Monte Carlo simulation: 10,000 atoms in the exteaeellular sp
walk randomly and reflect off the walls defined by the cubes (0.8660n a side). Two cases are examined: 1) the cube adjacent to the released walkers

is present (restricted diffusion), and 2) the cube adjacent to the walkers is absent (free diffusion). The dotted lines show the number of walkers in th
restricted diffusion case. The decaying trace is measured at the point where the walkers start, and the growing trace is measured at the other side of
intervening cube. The solid lines show the number of walkers when there is no intervening cube. The measurements are made in the same volumes as in
the restricted diffusion case. Note the logarithmic scale.

a cube is removed. As can be seen, with increasing fren the mammalian central nervous system (CNS), Fura-2
volume, the fluctuation diminishes more quickly. overloading in the calyx of Held has allowed the measure-
ment of the total calcium influx into the terminal during a
single action potential invasion (Helmchen et al., 1997).
Combined with an estimate of the total number of active
zones, the total influx of calcium was estimated to be 14,000
An important parameter in these simulations is the totahtoms per active zone per spike. We begin with the assump-
number of C&" atoms consumed during an action potential.tion that each presynaptic unit in our model has only one

Measurements of [Ca®*] : effects of
channel distribution
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active zone, and we adjust t& to make our integrated ment felt in the cleft may not be sufficient for detection.
current match the experimental data. However, the clustering of calcium channels (Fig.BB

We will now demonstrate that the size of the calciumcauses a large decrement to be felt throughout a substantial
decrement will be a function not only @,,.,, but also of  portion of the cleft.
the size of the active zone. A combination of structural and As discussed above, we bound the local diffusion coef-
physiological methods indicates that calcium channels arécient betweerD = 300 um?/s andD = 600um?s. As can
concentrated at release zones (Smith and Augustine, 198Be seen in Fig. 3A and B, higher diffusion coefficients
Robitaille et al., 1990; Roberts et al., 1990; Qian et al.,prevent large decrements in the concentration, because the
1997). Therefore, knowing the desired integrated currentflow of calcium from neighboring extracellular space is
we look at the concentration decrement in a cleft caused byapid. Conversely, a lowdD, ., describes a more sluggish
a total consumption of 14,000 €aatoms. When the cal- fluid, which allows a larger decrement to grow. For exam-
cium channels are spread evenly across the face of aple, Fig. 3B shows that wheD = 600 um?s, the peak
intracellular unit (806X 806 nm), local [C&"], can de- [Ca&’'], decrement is 56%; fob = 300 um?/s, the peak
crease by 10-20%, depending on the diffusion coefficientlecrement reaches 91%.

(Fig. 3A). When the C&" channels aggregate more tightly
at an active zone, the local [€4, can be almost com-
pletely depleted for the duration of an action potential (Fig
3 B; active zone 115< 115 nm).

Several C&"-sensing mechanisms are likely to be ex- Because different terminals in the CNS may consume more
pressed in the CNS, as considered in the Discussion. Eyor less than 14,000 atoms per spike per active zone, we
amination of the surface plots in Fig. 3 shows that if calciumexplore the parameter space by measuring the peak [Ga
sensors are expressed in an area where calcium channels decrement over a range of integrated currents (Fig).4
spread widely (as in Fig. ), the maximum C&" decre- The model predicts that the size of the calcium decrement is

‘Total consumption and diffusion limiting

A.
i
e
"-; 1
T 0.8 = = D=600 um?*/sec
= O — D=300 pm?/sec
K
0.
0!
0 1 2 3 4
B.
=
g
E
]
=

0 1 2 3 4
Time (msec)

FIGURE 3 Calcium consumption through time: effects of changing active zone size and diffusion coefficient.JAns, the calcium-fluxing active

zone becomes active for 1 ms. The consumption parani&tés, adjusted in each case for a total integrated consumption of 14,600a@ams (Helmchen

etal., 1997). &) Large active zone. Traces represent{Qg available to the consuming zone; in this case, the calcium consumption is spread evenly over
one face of an IU, making the consuming zone 80806 nm. The dashed line shows the model results fof {avhen the diffusion coefficiend =

600 um?/s; for the solid lineD = 300 wm?s. For comparison, jagged lines are results from Monte Carlo simulations; each trace reftet @/alkers

in a volume of 33.5um?, with the same conditions and diffusion coefficients as the model. The panels to the right show snapshots of the concentration
in the active cleft at = 2 ms. 8) Small active zone. The size of the active zone is reduced toXL135 nm, representing a clustering of the calcium
conductances. The dashed line represents model resultsRvike®00 um?/s; for the solid lineD = 300 um?s. Jagged lines are results from Monte Carlo
simulations, again with & 10° walkers, in the same conditions as the model. Because the area of measurement is smaller in this cadd §1im),

the variance in the measurement is greater. For smaller active zones, there is a large local signal. If Ca-sensitive receptors are positiagtgtl near a ti
clustered active zone, they are more likely to sense a change fi][than those in a spread-out zone.
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FIGURE 4 As an active zone grows smaller, an integrated consumption of 14,000 atoms may become impossible because of the slowness of diffusion.
(A) Maximum [C&™], decrement in the active cleft plotted for different combinations of tot&l"Qairrent, local diffusion coefficients, and two different
active-zone sizesB] Linear dimension of a square active zone plotted as a function of the local diffusion coefficient. The diffusion-limited region is shown

in gray.

linearly related to the total consumption. As expected, thgparameter to modulate signal strength. For the spatial scales
calcium decrement is sensitive to the diffusion coefficientof interest in the neural tissue, the cleft size is generally
and the size of the active zone as well. As can be seen in thteken to be 20 nm. However, it is thought that cells (both
figure, a dense packing of calcium channels can lead to totajlial and neuronal) may shrink or swell under various con-
depletion of calcium within a large range of total influx ditions (Sykova, 1997). Such shrinking or swelling results
estimates. in complementary size changes in the ECS. It has been
The clustering of calcium channels could become so tighhypothesized that ECS size and geometry changes will
that diffusion could not fill in rapidly enough to give an affect the movement (diffusion) of various substances in the
influx rate of 14,000 atoms/ms. In the example shown inCNS (Nicholson, 1980; Nicholson and Phillips, 1981;
Fig. 3 B, where the active zone is 118 115 nm and Sykova, 1997). Here we examine the effect of cleft size
Diocal = 300 wm?/s, only 12,000 atoms were consumed changes on the signaling capacities of the extracellular fluid.
during a 1-ms period. Fig. B shows that the active zone  To that end, we activated one face of a single terminal in
has to be a certain minimum size to consume 14,000 atomshe middle of a volume of simulated tissue. The extracellu-

below that size, diffusion limits the total consumption. lar calcium signal in the overlying cleft was measured, and
the cleft width was changed from 10 to 50 nm. As seen in
Speed of recovery Fig. 6, changing the cleft from 50 to 10 nm magnifies the

) . ) signal strength by-3.5-fold (from 7% to 25%). Our result
Interestingly, although there is a large difference betweemhat changes in cleft size modulate extracellular signaling is
the cases where the calcium channels are clustered a@nsonant with results from an analysis by Smith (1992)
where they are not, the recovery to baseline concentration igng discussions of pathologic changes in cleft size (Nichol-
the cleft follows a similarly rapid time course (Fig. 5). This gon  1980: Sykova, 1997). We assert that the dilation of
indicates generally that one would not expect to see reducegiood vessels in a local region may compress the ECS of the
calcium influx per spike from tetanic stimulation of any- ce|is between them. In that way, vasodilatation may serve a
thing less than 500 Hz, and indeed one does not (Atluri angynction in addition to oxygenation: blood flow may be the

Regehr, 1996). In other words, issues such as paired-pulsgynal that sharpens calcium signaling in a region of tissue.
depression are not explained by a study of external calcium

dynamics: when action potentials arrive2 ms apart,
[Ca®*], has had sufficient time to recover. Is synaptic size significant?

Axonal terminals are large compared to the fine processes
from which they blossom. Remarkably, the sizes of cortical
The degree to which the geometry slows extracellular difsynapses are conserved across species: even while the sizes
fusion will depend, in part, on the size of the clefts betweerof cell bodies and the length of processes vary, the volume
cells. In this way, cleft size may be used as a controlof synaptic elements seems to remain constant (around 0.52

Cleft size as a control parameter
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FIGURE 5 Active zone size has little effect on the
recovery time of [C&"], after an action potential.
Even for different sizes of active zones, the recovery
time to baseline after an AP is approximately the
same. Whatever the size of active zone, passive cal-
cium dynamics will only play a part in paired-pulse
effects if the separation is less tharg ms. 1.6—

Time (msec)

B = actige_zone 1

15x115nm
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wm®, or 1 um in diameter). Here we attempt to determine unit away from the active zone grows larger. In light of this,
whether there is anything special about this volume in lightis there anything that appears to be special about the extant
of extracellular calcium dynamics. size of synaptic elements?

To examine the effects of changing the size of terminals, Standard statistical methods predict the expected density
we shrunk the model intracellular units (IUs) from their fluctuations in a volume of particles to ke= V/N. Thus,
default side length (806 nm) to 590 or 354 nm on a side, oin a typically sized synaptic cleft (taken here to be 806
expanded the unit to over double its side length at 1770 nnmB06 X 20 nm) at 1.6 mM resting concentration, we expect
As diagrammed in Fig. A, the consuming zone always at any time to find 12,561 atoms plus or minus a standard
remained the same size at 1¥5115 nm. In all cases, the deviation of 112 atoms. This is approximately a 1% fluctu-
cleft size between the 1Us was maintained at 20 nm. Theation, which for a 1.6 mM resting concentration translates to
consumption parameteR., was adjusted for maximum a first standard deviation at 1.585 mM. It is interesting to
consumption during a 1-ms action potential (total consumpnote in Fig. 7C that when an active zone on a (806 im)
tion in the default case is only 12,000, not 14,000 ionsterminal consumes, the peak fluctuation measured at the
because of diffusion limiting). opposite side is almost exactly at 1.585 mM. In other words,

Fig. 7 B shows that the external calcium available to thethe synapse may be appropriately sized to act as an auton-
active zone seems to be approximately the same, even femous unit, that is, consumption on one side of the unit
IUs of different sizes. Only the recovery times differ: when should not exceed expected noise levels on the other side.
elements are larger, a longer time is required for the decreA’hen the units are made smalléover two tracesn Fig.
ment to be filled back in. 7 C), then consumption on one side interferes with available

In Fig. 7 C we measured the amplitude of the calcium calcium just one unit away.
decrement felt by a neighboring synaptic element—in this It is important to keep in mind that we have clamped the
case, the neighbor on the opposite side of the IU (away frontotal consumption to 12,000 atoms (in 1 ms) in the above
the active zone). As the 1Us grow smaller, the signal felt oneexamples. From the above results, we offer the following
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FIGURE 6 Cleft size as a control parameter. In theZ
finite difference model, the consumption probability at a5 0.8}
single presynaptic terminal is adjusted to consume 14,000
atoms in 1 ms across a single active face. By changin@ 061
nothing but the cleft size, the extracellular signal is sig+—
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nificantly modulated. In this exampl® = 600 um?/s. : ) 2 3
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speculation: if we assume that autonomy is the goal of th@acked with randomly active units (Poisson firing rates; Fig.
system (at least under normal circumstances), then a rel& C). Without extrusion mechanisms, the average cleft
tionship is suggested between the signaling machinery (howoncentration drops to zero in 500 ms. However, with the
many calcium atoms are consumed) and the volume of aaddition of a biologically reasonable first-order extrusion
element. We assume that synapses would prefer to be asechanism, the background levels quickly reach a steady
small as possible (no wasted volume), but will grow to astate. It is seen that higher activity in the region sets the
size sufficient to make them autonomous units. baseline calcium concentration at lower levels.

As mentioned above, calcium extrusion via exchangers
and pumps operates on a time scale approximately two
orders of magnitude slower than the rapid calcium transient
Although it is clear that large fluctuations may be expectedexplored in this study (Schatzmann, 1989; Philipson and
at a terminal, it remains to be shown how far such aNicoll, 1993; Helmchen et al., 1996; Sinha et al., 1997). As
fluctuation will propagate. Fig. 8 shows concentrations in a result of the imbalance between the depletion and extru-
contiguous clefts at different distances from a consumingsion times, regional background activity may regulate the
presynaptic unit. It is seen that even for a large decremenbaseline C&" concentration; such a level may set important
the signal attenuates quickly with distance. The calcium decparameters in attention, learning, or plasticity.
rement that reaches neighboring clefts is approximately the
same regardless of the size of the active zone (data not showi)ISCUSSION

Thus far our discussion ha_s been I|m|te_d to single term|-We have shown that [G4], is expected to fluctuate during
nals. We now expand our view to examine what happens . L

: ) I normal neural function. In the same way that a positive

when terminals are clustered. An important motif in the L : ; T
. i . fluctuation in neurotransmitter concentration carries infor-
nervous system is that not just one, but multiple boutons . e . :
: . . . . mation by diffusing through the ECS, a negative fluctuation
from a single axon will terminate in a region (Colman and. . . ! . .

. o in an extracellular ion concentration will carry information

Lichtman, 1992). Such arborization engenders synchronous .
. . . s long as there are detecting elements. In the case of
calcium consumption (Mackensie et al., 1996) over a smalf>, .
. . . calcium, hundreds of intracellular processes (and perhaps
region. Synchronous consumption may also arise from the

] : S . Some extracellular processes as well) are highly sensitive to
correlation of different axons converging in the same region

(see Discussion). Fig. 8 demonstrates that even at dis- calcium levels (Bootman and Berridge, 1995). Our results

tances where the fluctuation has decreased greatly from igemonstrate that [C4], is expected to change dynami-

- . ey . cally. Thus, not only synaptic connections—but also their
original amplitude, synchronous activity may have notice- ; - D o .
: relative positions and timing of activity—become important
able effects on the resultant signal.

in understanding the function of the tissue.

Signal propagation and terminal clustering

Background levels Calcium fluctuations as a form of

The resting level of C& in the brain is not likely to ever be presynaptic inhibition

“at rest.” To understand the effect of normal backgroundThere is an obligatory relationship between calcium influx
activity on the baseline [G4],, we modeled a volume and neurotransmitter release: the dependence is approxi-
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FIGURE 7 @) To examine the ef-
fects of changing the size of intracel-
lular elements, the model intracellular
units (IUs) are scaled from their de-
fault side length of 806 nm. In the
following studies, the consuming ac-
tive zone (represented as ttsnall
shaded squalealways remains the
same size: 11% 115 nm. In all cases,
the cleft size between the IUs is main-
tained at 20 nm. As always, the dia-
grammed groups of IUs in this figure
are packed within larger volumes {9

9) of IlUs. B) The calcium available to
the active zone is approximately inde-
pendent of active zone sizB. = 300
wm?s. (C) Smaller terminals thwart
autonomy. As |Us grow smaller, their
influence reaches more units, even
though the absolute spatial extent of
their signal has decreased. At the re-
alistic terminal size (806 nm per side),
the signal measured one unit away
from the consumption event is no big-
ger than the first standard deviation of
the expected noise (1.585 milashed
line; see text). However, for the small-
est IU, the signal measured one unit
away cannot be interpreted as an ex-
pected density fluctuation. Thus only
the 806 nm (or bigger) units can have
autonomy; i.e., a single consumption
event does not interfere with a neigh-
bor’s available calcium beyond the ex-
pected level of noise.

C
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mately second power at the squid giant synapse (Katz aneklationship is approximately fourth power (Dodge and Ra-
Miledi, 1970), parallel fiber synapses in the cerebellumhamimoff, 1967). The calcium signal generated by a single
(Mintz et al., 1995), and CA3-CAL1 fibers in the hippocam- consumptive zone recovers very quickly (usually within 1-2
pus (Qian et al., 1997); at the neuromuscular junction, thens; Figs. 4 and 7), meaning a presynaptic terminal is
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unlikely to interfere with its own transmitter release unless
A 1.6 e ——— two spikes arrive within about a 1-2-ms window of each
VT T other. However, external calcium dynamics might be ex-
s \ 7 pected to modulate neighboring terminals within small time
- l‘. :,’ windows. More generally, the amount of activity in a region
é@ 14 '\ ! will regulate the average background levels of calcium.
T P :’ Although an individual calcium signal does not travel far
§ 1.3 \ '.‘ from its site of inception, the very large imbalance between
Noo! the time scales of influx and extrusion (two orders of
1.2 el magnitude) means that quickly heightening activity in a
region can lower the available calcium. This would be
15 3 > 3 3 3 especially true in situations where the continuity of the ECS
Time (msec) |s_I|m|ted, e.g.,_where consuming elements are sheathed by
1 glial cells. In this way, consumption by a set of elements can
B s lower the available calcium to other elements, implement-
ing a form of presynaptic inhibition.
e D An important form of presynaptic inhibition may also be
- implemented by back-propagating action potentials in den-
E 14 / drites (Egelman and Montague, 1998). Because external
f [ T calcium in the cleft between the terminal and the dendrite is
o 13 shared, calcium consumption by a dendrite during a back-
- Iy propagating action potential (Stuart and Sakmann, 1994;
e Magee and Johnston, 1995; Yuste and Tank, 1996) can
temporarily reduce the amount of calcium available to the
L 10 20 30 20 50 terminal. Such calcium decrements may translate into di-

. minished release probabilities—or even a complete veto of
Time (msec)

1.6 release—at the overlying terminals. In other words, a
C Mﬂ postsynaptic neuron may be able to employ back-propagat-
ing action potentials to modulate the neurotransmitter re-
§ et IZHZ lease patterns of afferent terminals. Thus, unlike classical
g neurotransmission, an external calcium signal may be bidi-
i—" - rectional, transmitting information about postsynaptic activ-
S o Hy ity as effectively as presynaptic activity. These issues are
& ‘ explored in Egelman and Montague (1998).
&
§ 12 Hz
<
0 Calcium may delimit how spike patterns translate
0 100 200 300 400 500 600 700 800 into patterns of neurotransmitter release
Time (msec) The translation of a one-dimensional “spike code” into a

spatiotemporal “neurotransmitter release code” will depend
FIGURE 8 Propagation of the calcium fluctuationd)(Available ~ on 1) the neuron’s exact spike timing and 2) the three-
[Ca;*]odIS measyfﬁs in an Ia(f:ttIV_e cleft (ConsumlotIIO_n z6Ad06 X 306f dimensional distribution of boutons in the tissue. For illus-
nm) and two neighboring clefts in response to calcium consumption for : ; i
ms.Lower dashed ling[Ca*], in active cleft;middle dashed lindCa*], ]tratlon’_ consider the Close_ apposition of S.everal boutons
in first neighboring cleft;top solid ling [C&*], two clefts away, at a from different axon.s. If SP'kes along the different ai(ons
distance of 1.6um. (B) Measurement taken in a cleft in the middle of six arrive far out of register with each other, the averagé'Ca
simultaneously active units, all at a distance of @ (i.e., two clefts influx into each terminal may be unaffected. However, in
away), and all of which are activated synchronously by a real series ofha case of synchronized activity, the averagé*tlaflux to

spike arrival times from a monkey parvocellular neurbn= 300 um?/s. each given bouton mav be reduced sufficiently to change
(C) The effects of random background activity. All of the units in a>30 9 y y 9

30 x 30 volume are activated with independent Poisson rates. The meaf1€ pattern of release. Over the entire axonal arbor, a given
activity rates shown here are 6 or 12 Hz. In the absence of extrusior@ction potential may lead to release in different subsets of

mechanisms, all of the calcium in the volume is consumed within 500 mghe terminals, depending in part on the local calcium con-

(bottom tracep With rapid first-order extrusion (here half-life 35 ms), centration in which each terminal finds itself. The temporal

the average [Cd], (averaged over all clefts) quickly reaches a steady . -

State. code seen by any postsynaptic element monitoring neuro-
transmitter release will be a subset of the spike code gen-
erated at the axon hillock.
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Time scales less plentiful than glial cells in the brain. Although a sup-
porting or trophic role has traditionally been favored for

Brain function involves a range of temporal and spatial lial cells, there are mounting data on glial cell consumption

scales. For example, fast neurotransmission, slower neurgs oo o 1ciim. Glial cells express voltage-gated cal-

modulation, and even slower gene regulation are thought Qium channels (Verkhratsky and Kettenmann, 1996) and
play a number of important roles. In the same way, trans'enﬁgand-gated C& channels (Burnashev et al., 1992), and

a : . O
ca* fluctuations may influence rapid signal transfer, there is even the suggestion that the"Kae?* transporter

whereas slower modulation of background calcium IevelsCan reverse under conditions of lowered [Nia taking

could influence attentional states, learning, and reorganizacag+ in from the ECS (Brown et al., 1995: Chebabo et al

tion of tissue.
. : . . . 1995; Verkhratsky and Kettenmann, 1996).
We briefly discuss four mechanisms that give rise to y )

different time scales: 1) different kinetics of €afluxing
channels, 2) different Ga-reading mechanisms, 3) differ- Geometry

ent cell types, and 4) different cellular geometries. _
The ECS may not be continuous. In a closed volume (such

as a glomerulus sheathed by glial cells), it is possible that a
Channels relatively fixed amount of external calcium is shared by the
GIerminals and dendrites of that volume. In this way, recov-
gry time would be much slower than in the examples pre-

rotransmitter (NT) may gate ligand-sensitive’Cdluxing ~ Sented here, and recovery would depend in large part on
channels, causing the consumption of thousands more imfg(trusmn rz:;ltes. This notl_on is c_onS|stent _thh a mathemat-
(Gasic and Heinemann, 1992). NMDA, ATP, and nicotinic'cal _anaIyS|s of astrocytic partial sheathing of a synapse
Ach receptor channels show a fractional?Caurrent of (Smith, 1992).
12%, 6.7%, and 4% Ca, respectively (Rogers and Dani,
1995); in addition, certain AMPA receptors flux €a(Bur- I .
nashev et al., 1992; Meucci et al., 1996). The differentTrIe role of other ionic species
kinetics of the above channels can lead to different calciun€alcium is an attractive extracellular species because of its
contexts for surrounding cells. For example, NMDA recep-known importance to so many signaling functions (Boot-
tors activated by the coincidence of glutamate and depolaman and Berridge, 1995). However, the implications of our
ization cause Ca consumption for many tens of millisec- results here may apply to other extracellular ion species as
onds (analyzed in Vassilev et al., 1997). well. Measurements of [C4], are often made in conjunc-
tion with [K*],, which is also low relative to [N&], and

o4 . . [CI7],. Under normal conditions, [K], fluctuates from 3
Ca”"-reading mechanisms mM up to ~7 mM in the mammalian cortex (Lebovitz,
Aside from “reading” [C&"], via influx, a cell might also 1996; Sykova, 1997). This could have a substantial effect on
detect external levels directly. One example is the recentijeural function, most obviously by its effect on resting
cloned C&*-sensing receptor (CaR), a transmembrane GMmembrane potentials. Moreover, concomitant decreases in
coupled protein whose activation has a steep sigmoiddNa '], during activity can secondarily affect [€d: it has
dependence on [&4], (Brown, 1991; Brown et al., 1993; been shown in hippocampal slices that decreasing' [Na
Ruat et al., 1995). In parathyroid cells, a 2-3% change iffrom 154 to 114 mM significantly reduces [€4,, most
[Ca*], can activate the CaR, because the middle of thdikely through an osmolality-sensing mechanism involving
sigmoid is positioned at the physiological range of concenthe Na'/C&" exchanger (Brown et al., 1995; Chebabo et
trations (Brown et al., 1993). The fact that the CaR isal-, 1995).
expressed in the mammalian brain (Brown et al., 1995)
suggests that the alteration of calcium levels in a cleft can be
directly sensed. This metabotropic reaction to changes iFONCLUSION
external calcium will operate on slower time scales than thaJsing a model of the extracellular space, we have explored
influx and binding of calcium to enzymes. As a secondexternal calcium fluctuations over a range of parameters,
example, rapid functional effects are sometimes expresseghrying the local diffusion coefficient, the rate of consump-
in channel dynamics: in squid giant neurons, external caltion, the clustering of the channels, the cleft size, and the
cium levels quickly modulate both the gating and selectivitygeometry of the intracellular elements. We define and ex-
of K™ channels (Armstrong and Lopez-Barneo, 1987).  plore reasonable ranges for the parameters, including the
diffusion coefficient, cleft width, size of the active zone,
volume of synaptic elements, linear extent of calcium sinks,
and total calcium influx. Under most ranges of these pa-
Calcium-permeable channels cover dendrites, axonal termrameters, we have shown that substantial fluctuations are
nals, and somas of neurons. However, neurons are 10 timexpected to occur during normal activity. The results pre-

Thus far we have limited our discussion to generalize
voltage-gated conductances. However, the release of ne

Cell types
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