Biophysical Journal Volume 78 March 2000 1119-1125 1119

Effect of Voltage Drop within the Synaptic Cleft on the Current and
Voltage Generated at a Single Synapse
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ABSTRACT In a model of a single synapse with a circular contact zone and a single concentric zone containing receptor-
gated channels, we studied the dependence of the synaptic current on the synaptic cleft width and on the relative size of the
receptor zone. During synaptic excitation, the extracellular current entered the cleft and flowed into the postsynaptic cell
through receptor channels distributed homogeneously over the receptor zone. The membrane potential and channel currents
were smaller toward the cleft center if compared to the cleft edges. This radial gradient was due to the voltage drop produced
by the synaptic current on the cleft resistance. The total synaptic current conducted by the same number of open channels
was sensitive to changes in the receptor zone radius and the cleft width. We conclude that synaptic geometry may affect
synaptic currents by defining the volume resistor of the cleft. The in-series connection of the resistances of the intracleft
medium and the receptor channels plays the role of the synaptic voltage divider. This voltage dividing effect should be taken
into account when the conductance of single channels or synaptic contacts is estimated from experimental measurements
of voltage-current relationships.

INTRODUCTION

Synaptic transmission is crucial for communication in theefficiency in Eccles and Jaeger, 1958). The aim of the
central nervous system. One of the hallmarks of synaptipresent study was to elucidate the impact of the cleft ge-
transmission is its modifiability, which changes synapticometry on the electric current generated during synaptic
efficacy (Burns and Augustine, 1995). The dynamic orga-activation. This was considered in a simplified model of a
nization of synaptic structure is manifested in modificationscircular synaptic contact zone containing a single, concen-
of the size and shape of synaptic elements, particularly th&ic active receptor zone homogeneously populated by volt-
postsynaptic density (PSD) (Geinisman et al., 1993; Schuage-independent receptor channels.

bert, 1991). The PSD is distinguished from other parts of the

contact zone as the region with the highest concentration of

neurotransmitter receptors and ion channels (Kelly et a. THEORY

1984; Siekevitz, 1985; Kennedy et al., 1990), and therefor%imulated single synaptic contact (including pre- and

Lgncﬂon_all;l/ Itis oftetn ][eferreq[_tofas tthe recept?r Zonfh' Anypostsynaptic membranes separated by the cleft) was repre-
lophysical concept of synaplic IUNCtion operates with SyN-ge e q by a flat circular cylinder or disk of radiR{radius

aptic currents through the receptor channels condensed B¥ the contact zone) and thicknedgthe cleft width) (Fig.

the receptor_zone. How do the Size, the shape, and thf). The postsynaptic base of the disk contained a concentric
relative location of the receptor zone influence the pOStSynFeceptor zone of radius = R. This representation is con-

aptic potentials and currents generated in a single Synaplig, yiiona) for models (Kleinle et al., 1996). The specific

contact? So far this important question has no clear answ%sstlvny of the conductive medium that fills in the cleft

because this level of cellular organization is not readilyarld the bulk of the extracellular space wRs. Excitatory

accessible in experiments. Previous theoretical studies Wers%/naptic current (reversal transmembrane poteftiak 0

mainly focused on the (_:onsequences_of t_he structural aﬁ”'nV) entered the cleft from the bulk of the extracellular
rangement of the synaptic contact for diffusion and receptogpace via the side surface of the disk. The radial density of
binding of neurotransmitters released into the cleft (Kleinle, ;

the current was homogeneous. In the cleft, the radial current
et al., 1996; Uteshev and Pennefather, 1996; Rusakov an@e g

. _ creased with radiys and vanished at the centgr € 0)
Kullmann, 1998a). The electric phenomena in the cleft, 8%)acause it flowed to the postsynaptic cell througliden-

oppose(?c to masshtrz;nsfer, remalnt(;d ;()jr_actlca_lly befyond thL'?cal channels activated by the neurotransmitter. The chan-
scope of research (however, see the discussion o SYnapliGis were homogeneously distributed over the receptor zone

with the densityo = N/7rgr?. We considered steady synap-
. o . tic activation, assuming constant values dfand of the
Received for publication 7 July 1999 and in final form 6 November 1999. . .
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On the borderp = r of the receptor zone, the additional
conditions were those of continuity of the voltage,

B | !
! E(p)|,—— = E(p)|p—r+ = E(r) (2c)

and of conservation of the current,

i —

VT
m _ i dE S i dE 2d
! Fex dp /1 p=r- B Fex dp/lp=r+ (2d)
 2r Equation 1a can be rewritten in the conventional form of the

equation
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FIGURE 1 Schematic representation of simulated synaptic contact in thc;rhe beII—shaped time course N(t) IS given by the double-

section perpendicular to planes of the pre- and postsynaptic membrané?sXponem'al function
separated by the cleft of width. The contact zone was circular, with a _
radiusR = 1 um. The receptor zone was concentric with the same R) N(t) = (exp(—t/ty) — exp(—t/t,)

(A) or smaller { = 0.2 wm) (B) radius. In both cases, the receptor zone . . . . .
(thick black ling hadN = 200 homogeneously distributed open receptor wheret, is the rise time constant, with an order of magnitude

channels conducting synaptic curreatrows). of ~200 us (Khanin et al., 1996), ant} is the decay time
constant, with an order of magnitude-efL. ms. Because the
time constant = C,,/g of Eq. 2e has an order of magnitude
between 7Qus atN = 20 and 7us atN = 200, we can use

Ein — Eex Was clamped at the edge of the cleftE(R) = ¢ steady-state approximation to define the profilE ofto

Ec = —65 mV. With these assumptions, the following he synaptic cleft whemN > 20. Thus, introducing\? =

forms of the cable dlﬁerentla}l equation Qeflned the trans—ll(re)gs) = &lyoR., the last equation in the steady-state

membrane voltag&(p, 1) within and outside the receptor qngition can be rewritten in the conventional form of

zone, respectively: the modified Bessel equation in dimensionless coordinate

i ( 18E> (E—-E) + s >p>0 (la) P
————— =gJE — — T a
ap\ recap) O g TP PELLOE
and P PP ( )=
0 1 0E oE With the conditions in Eqgs. 2b and 2c, this equation has the
~op (— rap> = Cm ¢ R>p>r (1b)  following general solution, expressed in modified zero-

order Bessel functionk, of the first kind:

wherer,, = R,,/2mpd andc,, are, respectively, the intracleft .
resistance and the subsynaptic membrane capacitance pelE(p) = (E0) = Blop/M/loL) + B, 1>p>0, (3)

unit radial extent of a circular disk of radiys andgs = \hereL = r/x = (yNR,/m)*2 is the dimensionless size
yo2mp is the conductance per unit radial extent of a ring ofcharacteristic of the receptor zone with a fixed number,
radiusp in the receptor zone. Thugp) = g(E — Eg)isthe o gpen channels. Equation 1b means conservation of the

synaptic current through this unitary ring of the receptor,ggig| currenti.,(p) in the cleft outside the receptor zone:
zone, and {1/r.)(dE/dp) = i.(p) is the radial current

through the disk ring of unitary length in the cleft. In theseie(p) = (—2mw6/Rs)p(dE/dp) = J., = const.,, R>p>r
equations, the resistancg of the submembrane cytoplasm (4)
layer was neglected becausg = r;, = R, /2mps,,, be-

caused << §,, and R, = R;,. The boundary conditions Integration of Eq. 4 gives

assumed the voltage clamp at the edge of the cleft, Ec — E(r) = —Jo(Re/278)IN(RIY) (5)
E(R)=Ec, atp=R (2a)  from which the constant current can be defined as
and vanishing of the radial current at the center of the cleft, 278 E(r) — E,
=5 5 6
1dE\ R In(RIT) ©)
N Iex(p) =0 atp = 0 (Zb) .
Fex dp On the other hand, using Egs. 3 and 2g,can be expressed
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as medium and on the numbét and conductance of the

receptor channels.
26 LI,(L)

Jo= — = E() — E 7
R, Io(L) (E(r) — E9 (7
where I,(L) = diy(L)/dL and |, are the modified Bessel _ _

functions of the first kind, of the first and the zero order, The numerical calculations of Egs. 810 and 12 were per-

respectively. The integral formulas for these functions areformed using IDL (Interactive Data Language, version
5.2.1; Research System).

METHODS

™ R., was changed from 1000 cm to 5002 cm in five
lo(x) = - € cos’de steps, covering the range of resistivity given in the litera-
0 ture. The width of the synaptic cleft was changed from 10

nm to 20 nm in two steps. We assumed constant values of

and N = 200 and of the single-channel conductance 20 pS.

I cosf
(0 = j et cog0)do RESULTS AND DISCUSSION

0
Our theory predicts that one critical parameter that deter-
mines the electrical field gradient in the synaptic cleft due to
extracellular currents is the length constant,= r(8w/
YNR,)*2. The length constant depends on the receptor zone
E. + EL In(RINI,(L)/14(L) radiusr, the synaptic cleft widths, the number of open
E(r) = 1+ L In(RNL L)L) (8)  receptor channeldl, the conductivity of a single receptor
1 0 T . .
channely, and on the resistivity of the intracleft medium
Substituting Eq. 8 into Egs. 3 and 5 ultimately gives theRe,. In our simulations, we varieR,, because of difficulties
potential within and outside the receptor zone, respectivelyin estimating its real value. Even though the specific con-
ductivity of the extracellular medium is known, the effect of
(Ec = EJlo(p/M)14(L) the restricted extracellular space in the cleft must be con-

(see, e.g., Abramowitz and Stegun, 1972, pp. 374-377).
By substituting Eq. 6 into Eq. 7, we obtak(r):

Elp) = B+ 1+ LIn(RInI(L)1,L)’ =p=0 ©) sidered. The effective conductivity of the intracleft medium
could be decreased in comparison to the conductivity of the
E(p) = E: + (Edn(p/r) + EIn(R/p))LIx(L)/To(L) extracellular fluid because of to the presence of numerous
1+ L In(RIn)I(L)/14(L) ' (10)  extracellular domains of the membrane macromolecules.
R>p>r For example, Rusakov and Kullmann (1998b) described a

decreased diffusivity of neurotransmitters outside of the
Given the condition of conservation (Eg. 4), the total syn-Synaptic cleft due to viscous interaction with the cell walls
aptic currentls through the entire receptor zone equiys ~ containing such macromolecules. Because the values of the

Thus it can be defined by integrating the elementary curintracleft and extracellular resistivities are not known, we
rentsi, (p)dp over p € [0, r] or by use of Egs. 6—8. These €xplored a range dR., values between 100 and 50Dcm,

two approaches lead to the same expression: which correspond to the physiological limits given in the
literature. For example, the extracellular resistivity was
28 LI(L)/1o(L) 321+ 450 cm (Ranck, 1963) or 556 45 cm (Li et al.,

Jo = Rex 1+ L IN(RINIL(L)/1,(L) (&~

(11) 1968) in the gray matter of the cerebral cortex, 5863 ()

cm in the white matter of the cerebral cortex (Li et al.,
It is worth noting that, because of the equality= r/A = 1968), 25002 cm (Ranck 1966) in the rat hippocampus in
(YNR,/m8)"?, the Bessel functionk, andl; in Eq. 11 do  viyo, and 1332 cm (Vigmond et al., 1997) in rat hippocam-
not depend on eitheror R, andJs depends on the rati®r  pal slices. In a model of electrical interactions by electrical
and on the factorEc — Eg). Taking the ratio of the total fields between neurons (Traub et al., 1985), this parameter
currents defined by Eqg. 11 for< Randr = R, we obtain  \as varied in a range of 25-2%8m. Thus the range tested
the following characteristic of the synapse independent ofn our studies is consistent with the estimates found in the
Ec andEg: literature.

J(RIr) 1
J(RR) 1+ In(RINLIy(L)/14(L) (12) Electric potential profile within the cleft

The ratioK depends on the geometrical parameters of thd=ig. 2, A and B, exemplifies spatial profiles of the mem-
contactR, r, andé on the resistivityR,, of the extracellular brane potential generated by a fixed number of channels in

Biophysical Journal 78(3) 1119-1125



1122 Savtchenko et al.

>
us]

50 - 500

transmembrane potential, E (mV)
transmembrane potential, E (mV)

- 1 = = 3
6 1 0.5 0 0.5 1 1 0.5 0 0.5 1

radius of contact, p (um) radius of contact, p (um)

FIGURE 2 Transmembrane potentia(ordinate mV) in the synaptic cleft as a function of radip®f the contact zoneapscissaum) for five (100-500
Q) cm) values of extracellular resistanBg,. The profiles inA (as defined by Eq. 8) andl (as defined by Eqgs. 9 and 10) correspond to synaptic contacts
A and B, as shown in Fig. 1. Dashed linesBrindicate the border of the receptor zone corresponding to FRy. 1

the synaptic contacts shown in Fig.AandB, respectively, the large receptor zone shown in FigAlFor comparison,
for five values of R,,. The radiusR = 1 um and the the same population of channels would generate a 260-pA
thicknessd = 20 nm of the cleft were the same, but the radii current if they all were exposed to the same driving poten-
of the receptor zone were different= 1 um (Fig. 1A) and tial of 65 mV (like those at the clamped edge of the contact).
0.2 um (Fig. 1B). In both cases, the computed membraneSodium and potassium components of synaptic currents can
potential was spatially inhomogeneous within the contactause significant change in the ion concentrations in the
zone, despite its being clamped at the cleft edge. Synaptisynaptic cleft. According to calculations by Attwell and lles
depolarization was greatest at the cleft center while decay1979), at the center of an activated area of radiusudb
ing monotonically toward the edge. When the receptor zon@otassium concentration increased by 2.1 mM and sodium
radiusr was reduced from 100% to 20% of the contact zoneconcentration decreased by 40 mM from the initial values of
radiusR (Fig. 1B), the maximum depolarization shift at the [K] = 2.5 mM and [Na] = 120 mM, respectively. This
center of the cleft was multiplied by 3.4 for eaBh, value  produced a nonuniform distribution of equilibrium poten-
(cf. Fig. 2, A andB). More than 82% of the total voltage tials for sodium and potassium ions. Therefore, the receptor
drop occurred outside the edges of the receptor zone (Fig. éhannels situated near the cleft center conduct less current
B, dotted lines Such an inhomogeneity of the transmem-than peripheral ones. Consequently, the current flow
brane potentiaE(p) = E;,, — E.(p) was due to the inho- through homogeneously distributed receptor channels is at-
mogeneity of the extracellular potentgl (p), inasmuch as tenuated.
the intracellular potentiaE;,, was homogeneous over the
entire contact. The extracellular potenttgl(p) was radi-
aIIy_ inhomogeneous bgcause of th<=T drop produc_:ed by thEIectric field profile in the cleft;
radial current on the intracleft resistance. An important . -

. - steady-state approximation
consequence of these spatial effects was radial inhomoge-
neity of the synaptic driving potential that is the deviation of In this study we used the quasi-steady-state approximation
the inhomogeneouk(p) from homogeneougEg = 0 mV.  to calculate the electric field profile within the synaptic
Single channels located near the center were exposed tdeft. This approximation is valid because during the open-
smaller driving potentials and thus conducted smaller curing of as few as 10 channels the time constant of the voltage
rents as compared to the identical channels on the peripherglaxation within the cleft has an order of magnitude of 0.1
of the receptor zone. The number of channels exposed to thas, which is smaller than the rising time constant of the
same driving potential H(p) — Eg) increased with the synaptic current. For example, in the rat hippocampus the
centrifugal distance: n(p)dp = o2mp dp = (2N/r?)p dp. excitatory postsynaptic currents of the mossy fiber synapses
The total synaptic current through &l = [Rn(p)dp chan-  on CA3 pyramidal cells had a mean rise time of 6:@.1
nels homogeneously distributed over the nonhomogems (Jonas et al., 1993). When the number of open channels
neously depolarized receptor zone decreased with the zonal small (e.g., in the beginning of the rising phase and in the
radiusr. For example, aR,, = 400 () cm, the current end of the falling phase of the postsynaptic potential), the
through the small receptor zone in Fig.BLwas 19.5% nonstationary equation should be used for calculation of the
smaller (210 pA instead of 251 pA) than the current throughvoltage profiles in the cleft. However, with a small number
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of open channels the radial voltage gradient in the cleft is For the different teste®,,, the total currents through the
small (less than 1 m\ém) and has little influence on the receptor zone of radius= 0.2 um differed from each other
synaptic current. For that reason, the quasi-steady-state al@ss remarkably in the synapse with a wider cleéft 20
proximation is appropriate for calculation of the voltage nm) than in that with a narrower clefé (= 10 nm). In the
profile in the cleft and of the synaptic current. first case, these currents were, respectively, 200, 210, 221,
232, and 244 pA (i.e., 100%, 105%, 110.5%, 116%, and
121%), and in the second case they were, respectively, 169,
176, 192, 209, and 231 pA (i.e., 100%, 104.1%, 113.6%,
Fig. 3 shows relative changes in the total synaptic current a$23.6%, and 136.7%).
a function of the receptor zone radius and the extracellular
resistivity for two values of the cleft width, 10 nm (Fig. 3
A) and 20 nm (Fig. 3B), as defined by Eqg. 12. In the
conditions of voltage clamp at the cleft edge, the totalThe main conclusion of our study is the occurrence of a
synaptic current was highest when the receptor zone repraignificant voltage drop produced by the synaptic current in
sented the entire synaptic contact zone=(R). Relative to  the intracleft resistance. This also implies a significant in-
this maximum value, the current decreased with smallehomogeneity of the intracleft voltage profile. The plausibil-
radii of the receptor zone at a rate that depends on thigy of this phenomenon depends 1) on the relationship
extracellular resistivity and the cleft width (compare Fig. 3, between the cleft width and contact zone size and 2) on the
A and B). The smaller the resistivity and the thicker the receptor channel distribution within the cleft. The cylindri-
cleft, the smaller were the rates and, thus, the range of theal shape of the model facilitates mathematical treatment
relative change in the total current for the same change ibut is not critical for the phenomena in question. The cleft
the receptor zone. widths in the range of 10—20 nm used in our model were
For instance, in the synapse wittda= 20-nm-wide cleft  often reported for the central excitatory synapses (Peters et
tested with five values dR,, from 500 to 1002 cm (100Q2  al., 1991; Lisman and Harris, 1993). Widening of the clefts
cm step), the decrease in radius of the receptor zone fromp to 40—140 nm accompanied chromatolitic changes in the
r=1pumtor= 0.2um reduced the total synaptic current spinal motoneurons (Chen, 1978), and complete synaptic
to 200, 210, 221, 232, and 244 pA, respectively. Thesaincoupling was thought to be due to proteolitic modifica-
reductions were 24.5%, 19.5%, 14.5%, 10%, and 5.3% ofions of the neuronal cell adhesion molecules by calpain
the maximum values (249, 251, 253, 255, and 257 pA). Irpresent near the contact (Sheppard et al., 1991). The diam-
the synapse witld = 10 nm tested with the same values of eter on the order of lum used for the contact zone corre-
R., the current was reduced by 48%, 39%, 29%, 20%, andponds to the values 0.69—1.4an derived from typical
10%, respectively. It is noteworthy in the latter case that thenean areas of 1.5-1,8m? of appositions (see Clements et
maximum total currents corresponding to the same fivaal., 1992; Kleinle et al., 1996; and references therein). Areas
values ofR,, were relatively close to each other: 249, 251, of the PSDs in the range 0.02—0.261 were described by
253, 255, and 257 pA (100%, 100.8%, 101.6%, 102.4%Sorra and Harris (1993), corresponding to radii of 0.08—

Total synaptic current and cleft geometry

Plausibility of the model

103.2%), respectively. 0.29um with receptor aggregates surrounded by a receptor-
A1o0 B 10
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FIGURE 3 Relative change in the total synaptic current with the change in the raafittse receptor zoneapscissaum) in the synapse with the contact
zone of a fixed radiu® = 1 um for five (1L00-5002 cm) values of extracellular resistivity as defined by Eq. 12. Plo#s amdB correspond to the width
of the clefté = 10 nm andd = 20 nm, respectively. Ordinates #&kandB: the ratio of the total synaptic current through the receptor zone of radus
the current through the receptor zone of raditus 1 um.
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free zone (Faber et al., 1992, and references therein). Anportant implementation follows from the inhomogeneity
single-channel conductance of 20 pS corresponds to thef the intracleft voltage, indicating a significant voltage
range reported fora-amino-3-hydroxy-5-methyl-4-isox- gradient between inner parts and the edge of the synaptic
azolepropionic acid (AMPA)-type glutamatergic receptorcontact. The gradients estimated from the contact dimen-
channels (Hille, 1992; Traynelis et al., 1993). The numbersions and the voltages in our modet10* V/m) are suffi-

of open channelsN = 200) during steady synaptic activa- ciently high to cause an electrophoretic drift of charged
tion in our model is close to the upper limit of the range molecules within the cleft (Savtchenko et al., 1999). In the
10-250 given for the channels opened by single quanta afxcitatory synaptic contacts, like those considered in this
the neurotransmitter in the central synapses (Korn andtudy, negatively charged molecules should be electro-
Faber, 1991, and references therein). It is also consisteqthoretically pushed out of the cleft and positively charged
with the estimates obtained in freeze-fracture studies obnes should be drawn into the cleft. These implementations
~2800 particlestm?, of which some are likely to be glu- are subject to our further, more detailed studies.
tamate-gated channels (Harris and Landis, 1986; Lisman

and Harris, 1993). Therefore, our mOd?I keeps e.ssen“%e are grateful to Dr. Dmitri A. Rusakov and Dr. Paul Gogan for critical
s@ructurgl features of central_synaps_es w_|th geometrical anQ,ging of the manuscript.
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