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Synapse-Specific Contribution of the Variation of Transmitter
Concentration to the Decay of Inhibitory Postsynaptic Currents
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ABSTRACT Synaptic transmission is characterized by a remarkable trial-to-trial variability in the postsynaptic response,
influencing the way in which information is processed in neuronal networks. This variability may originate from the probabilistic
nature of quantal transmitter release, from the stochastic behavior of the receptors, or from the fluctuation of the transmitter
concentration in the cleft. We combined nonstationary noise analysis and modeling techniques to estimate the contribution of
transmitter fluctuation to miniature inhibitory postsynaptic current (mIPSC) variability. A substantial variability (~30%) in mIPSC
decay was found in all cell types studied (neocortical layer2/3 pyramidal cells, granule cells of the olfactory bulb, and interneurons
of the cerebellar molecular layer). This large variability was not solely the consequence of the expression of multiple types of GABA,
receptors, as a similar mIPSC decay variability was observed in cerebellar interneurons that express only a single type (4 857,) of
GABA, receptor. At large synapses on these cells, all variance in mIPSC decay could be accounted for by the stochastic behavior
of ~36 pS channels, consistent with the conductance of a48,y, GABA, receptors at physiological temperatures. In contrast, at
small synapses, a significant amount of variability in the synaptic cleft GABA transient had to be present to account for the
additional variance in IPSC decay over that produced by stochastic channel openings. Thus, our results suggest a synapse-specific
contribution of the variation of the spatiotemporal profile of GABA to the decay of IPSCs.

INTRODUCTION

A fundamental feature of chemical synaptic transmission ilearance (Bergles et al., 1999; Clements, 1996; Clements et
the remarkable trial-to-trial variability of the postsynaptic al., 1992; Colquhoun et al., 1992; Jones and Westbrook,
responses (del Castillo and Katz, 1954; Redman, 199(t995; Maconochie et al., 1994; Mozrzymas et al., 1999;
Stevens, 1993). It has been long recognized that the proliRerrais and Ropert, 1999). There is very little information
abilistic nature of quantal neurotransmitter release (Alleravailable regarding the trial-to-trial variability of these pa-
and Stevens, 1994; del Castillo and Katz, 1954) accounts falameters at individual central synapses. The relatively large
a significant portion of this variability. If the transmitter variation in the peak amplitude of postsynaptic currents
release probability is low, synaptic connections becom&PSCs) observed at single release sites is consistent with not
unreliable, profoundly affecting the way in which informa- all postsynaptic receptors being occupied by the released
tion is transmitted between neurons (Lisman, 1997; Zadoriransmitter. Consequently, there should be a significant
1998). Increasing the number of synaptic release sites bdluctuation in the peak transmitter concentration to account
tween two neurons improves reliability (Zador, 1998). Ad- for the quantal amplitude variance (Auger and Marty, 1997;
ditional variability of postsynaptic responses, that is inde-Bekkers et al., 1990; Forti et al., 1997; Murphy et al., 1995;
pendent of the probabilistic nature of transmitter releaseSilver et al., 1996; McAllister and Stevens, 2000). How-
originates from the stochastic behavior of postsynaptic reever, such fluctuations have not been quantitatively ana-
ceptors (Faber et al., 1992) or from fluctuations in the peakyzed. Similarly, nearly nothing is known about the varia-
concentration and time course of transmitter in the synaptition in the rate of transmitter clearance from the cleft, and it
cleft. In the present study we estimated the contribution ofs uncertain whether such a variation would result in a
transmitter fluctuation to the postsynaptic response variabileorresponding variability in PSC decay kinetics. Most stud-
ity. As currently there is no available method to directly ies have concentrated on analyzing the fluctuation of the
monitor the spatiotemporal profile of neurotransmitter con-peak amplitude of PSCs recorded under voltage-clamp, but
centration in the synaptic cleft, there are only indirect waysvariation in their decay is an equally important contributor
to estimate the peak concentration and the rate of transmittéo the variance of quantal charge transfer. To investigate this
latter process, we combined electrophysiological, pharma-
cological, and modeling approaches to assess the contribution
Received for publication 13 September 2000 and in final form 11 Deceme ﬂUCt_uatlons in the spatiotemporal prOﬂ_Ie of GABA in the
ber 2000 synaptic cleft to the observed postsynaptic response variation.
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Research Subjects. The brains were then removed and placed into do estimate the weighted mean single channel curigan@ the number of
ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 126 channels open at the peak of the averaged synaptic cuight (

NaCl, 2.5 KCl, 2 CaCJ, 2 MgCl, 1.25 NaHPO, 26 NaHCO3, 10

p-glucose, pH= 7.3 when bubbled with 95% £and 5% CQ. The visual

cortex, cerebellum, or olfactory bulb was glued to a platiorm and@®-  Modeling of synaptic currents

thick sagittal (olfactory bulb, cerebellum) or coronal (visual cortex) slices . )
were cut with a Vibratome (Lancer Series 1000) or Leica VT1000S. TheSingle channels were modeled with MatLab (MathWorks Inc., Natick,

slices were stored at 32°C in a holding chamber until transferred to thd/A) using a Q-matrix algorithm (Colquhoun and Hawkes, 1995) accord-
recording chamber. During recording, the slices were continuously perind t0 @ seven-state model (Jones and Westbrook, 1995) and the rate
fused with 34°C ACSF containing 3-5 mM kynurenic acid ang.i constants given in Fig. 5. Single-channel traces (25-40 ms long) were

tetrodotoxin as described earlier (Nusser et al., 1999b). All recordings wergenerated with &t of 0.05 ms and anof 2.5 pA, with an additional open
made from the somata of visually identified neurons (Zeiss AXiOSCOpeChanneI Gaussian noise of 0.125 pA. Thirty to three-hundred channels were

IR-DIC videomicroscopy, 48 water immersion objective) with an Axo- Summed to generate a given IPSC and a Gaussian noise of 3-5 pA SD was
patch 200B amplifier (Axon Instruments, Foster City, CA). Patch elec- added to resemble the baseline noise of the recorded IPSCs. A simulation

trodes were filled with a solution containing (in mM): 140 CsCl, 4 NaCl, Session consisted of generating 50-100 PSCs. The cleft GABA concen-

1 MgCl,, 10 Hepes, 0.05 EGTA, 2 Mg-ATP, and 0.4 Mg-GTP. All tration was modeled as an instantaneous rising function tqggagk from
solutions were titrated to a pH of 7.25 and an osmolarity of 280—290Which it decayed with either a singleiéaga)) OF WO (T1jcasa = 0.1 MS;
mOsmol. The resistance of the electrodes was between 3Q8wiklen ~ 87% share, andycaga) = 2.1 ms) exponential functions. For each PSC,
filled with pipette solution. Series resistance and whole-cell capacitancdn® Peateasa) and Tcasa) could be individually set and they could be
were estimated by compensating the fast current transients evoked at t¥&fed with an SD specified by the user. The simulated PSCs were analyzed
onset and offset of 8 ms 5 mV voltage-command steps. We analyzed ori¢Sing the same software as that used for the recorded mIPSCs.
to two minutes of recordings during which there was no change in the
series resistance. The series resistance remaining after 75-80% compen-

RESULTS

sation (with 7—8us lag values) was 3.2 1.2 MQ for layer2/3 pyramidal
cells, 3.6+ 1.0 M(Q for cerebellar interneurons, and 40 1.1 MQ for First we used whole-cell patch-clamp recordings of mIPSCs
olfactory granule cells. All data are expressed as megBD. . .

from layer2/3 pyramidal cells of mouse visual cortex to

examine the variability in the quantal synaptic charge trans-
Solutions and drugs fer (Figs. 1 and 2D). As dendritic filtering distorts fast

synaptic currents and because the rise times, amplitudes,
chem (La Jolla, CA), respectively-Latrotoxin (Alomone Labs., Jerusa- and decays of synaptic currents are considerably affected by
lem, Israel) was used at a final concentration of 200 nM. Microcystin-LR voltage- and space-clamp errors, we only analyzed mIPSCs
(Calbiochem) was first prepared as a 20 mM stock solution in DMSO,With very fast 10—-90% rise times. It has been demonstrated
which was diluted 1000 times in the intracellular solution, resulting in a (Bier et al., 1996; Borst et al., 1994, Brickley et al., 1996)

final concentration of 2QuM microcystin-LR and 0.1% DMSO in the that mIPSCs recorded from electrotonically compact cells
intracellular solution. NO711 was purchased from RBI (Natick, MA) and

was used at a final concentration of 2zM.

Kynurenic acid and tetrodotoxin were purchased from Sigma and Calbio

Layer2/3 Pyramid OIf. Granule  Cereb. Interneuron

Data analysis

All recordings were low-pass filtered at 2 kHz and on-line digitized at 20

kHz as described earlier (Nusser et al., 1999b). An in-house data acquisi-

tion and analysis software (written in LabView, National Instruments,

Austin, TX) was used to measure the amplitudes, 10-90% rise times, 67% - -

decay times, and charge transferred by mIPSCs. The decay of the averaged 5ms 20 ms 2ms

currents was fitted with a single or the sum of two exponential functions.

The weighted decay time from the exponential fif,{) was calculated as

Twny = 71" AL+ 72+ (1 — Ay, wherer, andr, are the fast and slow decay FIGURE 1 Large variability in the decay time course of mIPSCs re-
time constants, respectively, aid is the contribution of the first expo- corded in three cell types. In a layer2/3 pyramidal cell of the visual cortex,
nential to the amplitude. The weighted decay time constant from the areeapidly and slowly decaying mIPSCs are showhir( traceg in comparison
(Tway) Was calculated by dividing the area of each mIPSC by its peakwith the averaged synaptic currerthi¢k tracg. The amplitudes of the
amplitude. Peak-scaled nonstationary fluctuation analysis was carried ostynaptic currents have been normalized. The weighted decay time of the
with the same software, similarly to that described previously (De Koninckslowly decaying currentr(,,y = 8.1 ms) is more than five times slower
and Mody, 1994). Briefly, the averaged synaptic currents were binned intdhan that of the rapidly decaying curreng,(,, = 1.6 ms), compared to the

a user-defined number of bins (usually 20). Each individual mIPSC wasr,, of 4.8 ms for the averaged current. In granule cells of the olfactory
scaled with a scaling factor to the peak of the averaged mIPSC, and thieulb a similar variability in the decay of mIPSCs is detected, although the
mean current I} and the varianceof) was calculated for each bin. averager,,,, (14.8 ms;thick tracg was approximately three times larger
Subsequently, the mean current and the variance have been scaled bablan in layer2/3 pyramidal cells. The rapidly decaying current hag.g

with the scaling factor and the square of the scaling factor, respectivelythat is three times faster than that of the slowly decaying PSC (9.3 vs. 27.0
The mean of the individual variances was then calculated and plottedns). In cerebellar interneurons, the decay of mIPSCs also shows a remark-
against the mean current. This plot was fitted with the following equationable variability (rapidly decaying IPSG;,., = 1.9 ms vs. slowly decaying

using Origin (Microcal Software Inc., Northampton, MA). current: 7,y = 4.0 ms), although they express only a single GABA
) receptor subtype. Note the very fast decay time course of the averaged PSC
o?=—i-l+ 1N, - |2 (Tw = 2.1 ms, thick trace) in these cells.
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cells) in the weighted decay time constant of mIPSCs (Fig.

é 30 2 C), contributing~40% to the variance observed in the
. . T 20 synaptic charge transfer (Fig..2, CV = 0.5 = 0.06). The
"',.’ 2 remaining~60% variance was due to the amplitude vari-
< ;’ﬁ: g 10 ability (Fig. 2 A; CV = 0.41 = 0.03; note that variances,
DA % and not CVs, add linearly). We tested whether such pro-
T 20 550 100 120 200 nounced variability in the decay times is only present in this
Time (s) Amplitude (oA) cell type, where IPSCs have a relatively fast decay time
course (weighted decay time calculated from the area
B 0 (Twy: 5-8 = 0.9 ms at 34°Cn = 6 cells). In granule cells
’g 03 e e s e 15 of the main olfactory bulb, having a much slower IP%)_
= % - ORIt 2 10 (14.0 = 4.3 ms; Nusser et al., 1999b), a very similar
0\5 H§ 1’»’5..-3};"“3.'5;;’” z variation in the mIPSC decay times was observed (Fig. 1;
é 02 0% ® S0 § 5 CV = 0.28 = 0.09,n = 4 cells). Both layer2/3 pyramidal
o | i i . g o cells and olfactory granule cells express a large number of
0 20 40 60 % 0.2 0.3 GABA , receptor subunits (Fritschy and Mohler, 1995; Per-
Time (s) 10-90% RT (ms) sohn et al., 1992; Wisden et al., 1992), which assemble into
c T 30 several receptor subtypes. Therefore, the observed decay
8. .« ., 5 ] variability may originate from synapses containing different
’g '..6:\0'.}' ,’.’ . C;’ 204 GABA , receptor subtypes (Fritschy et al., 1998; Koulen et
= 4_:’ -3 ..%ﬁ' % \‘i : al., 1996; Nusser et al., 1996), producing distinct PSC
= ':‘.,‘:: et 2 10 kinetics. . S
¢ t e 2 To circumvent this problem, the variability in mIPSC
0 0 20 40 80 o decay times was analyzed in GABAergic interneurons (stel-
Time (s) late/basket cells) of the molecular layer of the cerebellar
D . cortex, as they are likely to express only a single receptor
. 2 subtype witha,B,7y, subunit composition (Nusser et al.,
G 109 8, . b 19994, b; Persohn et al., 1992) and are amenable to high-
% e e " 3 quality patch-clamp recordings (Auger and Marty, 1997;
2 05 “:4'-:,&*} Soeo. & Llano and Gerschenfeld, 1993; Nusser et al., 1997). In these
S ‘tl.“.:....'if S o cells, the variability in the decay of synaptic currents (Figs.
00422 o2y = F 1 and 3C; 7, = 3.2+ 0.9 ms; CV= 0.26 = 0.07,n =
0 20 40 60 - 00 05 10 15 cells) was comparable to that recorded in layer2/3 pyra-
Time (s) Charge (pC)

FIGURE 2 Variability in mIPSC parameters recorded in a neocortical
layer2/3 pyramidal cellLeft panelsstability of the amplitudeA), 10—-90%
rise time @), m (C), and transferred charg®] of the synaptic currents
during the 1-min recording period (linear regression&jtR = —0.09,p =
0.34,t-test;B, R=0.13,p = 0.17;C, R = 0.08,p = 0.39;D, R = —0.04,

p = 0.63).Right panelsdistribution of mIPSC amplitude#\( mean= 78

pA and CV = 0.46), 10-90% rise timedB( mean= 0.24 ms and C\=
0.1), () (C; mean= 5.1 ms and CV= 0.29), and transferred chargd; (
mean= 406 fC and CV= 0.57).bw denotes bin width.

have 10-90% rise times 6f500 us. Thus, restricting our

midal cells and olfactory granule cells. However, the decay
variability contributed only 22% to the variability of the
synaptic charge transfer (Fig..8 CV = 0.55* 0.1). This

is a reflection of the very pronounced mIPSC amplitude
variation in these cells (Auger and Marty, 1997; Llano and
Gerschenfeld, 1993; Nusser et al., 1997). The CV of the
peak amplitude of mMIPSCs was 0.530.11 (Fig. 3A) when
only mIPSCs with 10—-90% rise times of 200-3@8 were
analyzed (Fig. 3B). The major contributor to this large-
amplitude variability is the large variation in the postsyn-
aptic receptor number between synapses (Nusser et al.,
1997), but at large synapses where postsynaptic GABA

analysis to mIPSCs with 10—-90% rise times ranging fromreceptors are not fully occupied, some variation also origi-
200 to 300us (Fig. 2 B) should allow us to focus on nates from the fluctuation in the peak transmitter concen-
synaptic currents originating from equally well-clampedtration. The variability in the decay of small amplitude
synapses. Special care was taken to analyze short periods®fnaptic currents was found to be consistently larger than
recordings, during which no change in the series resistandbat of large-amplitude IPSCs in every cell type studied
and the measured synaptic parameters was observed (Fig.g., Fig. 3E). For cerebellar interneurons, the CV of the
2). Thus, run-downs or run-ups during the recordings didr,,, for the smaller 50% of mIPSC amplitudes (C¥

not contribute to the variability of the synaptic parameters.0.30 = 0.08) was almost twice as large € 0.0001, paired

In layer2/3 pyramidal cells there was a remarkable variabilt-test,n = 14 cells) as that for the large mIPSCs (GV

ity (coefficient of variation (CV)= 0.32 = 0.03,n = 6  0.16 = 0.04).
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A B from cerebellar stellate/basket cells. Blocking phosphatase
g 100 = 100- activity results in a phosphorylation of the GARAecep-
§ f 1 tors or some associated proteins and a consequent slowing
3 £ 7 of the decay time course (Nusser et al., 1999b), but there
> 50 > 504 was no significantig = 0.45, Mann-Whitney U test) reduc-
= g tion in the CV of the decay times (C¥ 0.23+ 0.05,n =
q% 25 ?-" 25+ 5 cells). Another possible mechanism responsible for the
o 0 i 0_‘ observed decay variability is a differential contribution of
0 250 500 750 1000 0.2 0.3 GABA transporters to the clearance of GABA at distinct
C Amplitude (pA) D 10-90% RT (ms) synapses on a single cell. To test this possibility, we exam-
’g 125- ~ 75 ined the effect of 2-M NO711, a selective GABA uptake
2 100, fog. inhibitor (Suzdak et al., 1992), on the decay variability. The
c;’ ] S 50 application of NO711 resulted in a 56% prolongation of
& 754 H Tw(a IN cerebellar interneurons (from 2:50.6 to 3.9+ 1.0
§ 504 ‘g 05 ms, p < 0.02, pairedt-test). This was due to a similar
% 25 § prolongation of the slowly and rapidly decaying mIPSCs,
o ] s indicating that all sites generating PSCs were affected by
- 0'0 Lo A S 0 . 1 3 the uptake blocker. However, there was no significant:(
© (ms) Charge (pC) 0.18, paired-test) change in the CV (NO711: 0.34 O.QZ
E e F 800 vs. control: 0.3G= 0.08,n = 4 cells) ofr,,,), demonstrating
1 . _ i that unequal GABA uptake is unlikely to be responsible for
X < 6004 the variation in mIPSC decay times.
- 41 e e . 78’ : Variations in the decay of PSCs can be analyzed with
RSI R X AT 400 peak-scaled nonstationary fluctuation analysis (psNSFA) to
229 . v 5 500 estimate the weighted mean single channel curndrar(d
< ] the number of channels open at the peak of the averaged
04— 0 synaptic currentN,; De Koninck and Mody, 1994; Trayne-
0 250 500 750 1000 -200 -100 0 |is and Jaramillo, 1998; Traynelis et al., 1993). This analysis
Amplitude (pA) Mean Current (PA)  rglies on the critical assumption that all variance in the

o _ decay of the PSCs originates from the stochastic behavior of
FIGURE 3 Heterogeneous mIPSC properties in a cerebellar interneuro

(A) Miniature IPSCs have a positively skewed amplitude distribution Withrb' homogeneous population of channels. We applied this

a mean of 271 pA and a CV of 0.5@)(Miniature currents with 10—90% a_maIyS|s to every mIPSC W't_h 200-3Qts 10-90% rise
rise times between 0.2-0.3 ms were selected for the analysis. The medimes recorded in cerebellar interneurons and found para-

10-90% rise time is 0.23 ms with an SD of 0.02) The weighted decay  bolic relationships between the mean current and the vari-
time of MIPSCs showed 23% variability in this cell (mear2.7 ms; range:  gnce, as shown for a representative cell in Fi§. 2pply-

0.4-5.4 ms). A similar decay variability is found if calculated from the . . P .
67% decay time (CV= 0.25, mean- 2.1 ms). D) The charge transferred ing psNSFA in 10 cells resulted in aestimate of 5.1 2.2

by mIPSCs shows a positively skewed distribution with a mean of 713 fcPA: corresponding to 73= 31 pS weighted mean single
and a CV of 0.55.) Scatter plot of mIPSC weighted decay times versus Channel conductancey) at —70 mV. To ascertain that a
peak amplitudes shows that the variability in the decay of small amplitudsignificant correlation between the amplitude atma) of
synap_tic gurrents is m_uch Iqrger than that for large amplitude PSCs. Thene |PSCs did not result in an erroneous estimation vk
gray line indicates a linear fit to the dat® & —0.11,p > 0.01) F) A analyzed the relationships between these parameters in 10
parabolic relationship is seen between the mean current and peak-scalé . .
variance. The parabolic fit provided an estimated weighted mean single(-:e”S- In 8 of 10 cells there was no significant correlation
channel current of 9.9 pA, corresponding to a channel conductance of 14between the amplitude ang,, (e.g., Fig. 3&) and psNSFA
pS (at—70 mv). yielded ani of 5.2 + 2.1 pA, corresponding to @ of 74 =

30 pS. In one cell we found a significant positive correlation

(i = 7.3 pA) and in another cell a significant negative

As phosphorylation by cAMP-dependent protein kinasecorrelation { = 2.2 pA) between amplitude ang,,. Thus,

prolongs the decay time of mIPSCs in cerebellar stellate74 pS channels would be required to describe the variance
basket cells (Nusser et al., 1999b), a differential degree oh the decay of these mIPSCs. Are there any 74 pS channels
phosphorylation at distinct sites could, in theory, accounin these cells? The largest conductance state of GABA
for some of the observed decay variability. To test the extenteceptors withy, 8,7y, subunit composition is 28 pS (Ange-
to which a differential phosphorylation of GABArecep- lotti and Macdonald, 1993; Brickley et al., 1999), which is
tors at distinct sites contributes to the decay variability, wein excellent agreement with the channel conductance (28
included 20uM microcystin, a protein phosphatase 1/2A pS; both recorded at room temperature) of GAB#ecep-
inhibitor, into the patch electrode and recorded mIPSCdgors excised from cerebellar stellate/basket cells (Llano and
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Gerschenfeld, 1993). Increasing the temperature fraé22  in the decay of “large” mIPSCs (Fig. &), but 67-pS
to ~35°C results in an~25% increase in the channel channels would be required to account for the decay vari-
conductance of GABA receptors (from 26 to 32 pS in ability of the “small” mIPSCs. In the second and third cells
layer5 pyramidal cells and from 22 to 28 pS in dentatewe have identified one and three single sites, respectively.
granule cells; De Koninck and Mody, 1994; Nusser et al.,The averagey for the “large” single sites was 36 1 pS,
1998; Perrais and Ropert, 1999). Thus the 28 pS conduavhereas it was 75 16.8 pS at the “small” release sites. For
tance recorded at room temperature would correspond to 3PSCs recorded at three “large” single sites and at two of
pS at 35°C, used in the present study. This value is still lesthree “small” single sites, no significant correlation was
than half of the 74 pS estimate from psNSFA. Thus, theobserved between the amplitude and tfig,. Despite this
most parsimonious explanation of this result is that the basitack of correlation, in these two recordings of “small”
assumptions of psNSFA are not fulfilled. Namely, not all events the estimategl were 67 and 96 pS. As calculated
variability in IPSC decay originates from stochastic channelbove, they of the GABA, receptors ¢,8,v,) in cerebellar
behavior. What could be the source of the additional varistellate/basket cells is predicted to 585 pS at physiolog-
ability? The most likely possibility is that the spatiotempo- ical temperatures. Considering that only one type of channel
ral profile of the GABA concentration in the synaptic cleft is present at both sites generating either “large” or “small”
varies either between synapses or even at a single synapB&Cs, such channels account for all variability in the decay
from trial to trial. of “large” mIPSCs, but a significant additional source of
To estimate the contribution of inter- and intra-site vari- variability must exist at the sites generating “small” PSCs.
ability to the total mMIPSC decay variability, we used 200 nM As we could not directly monitor the synaptic GABA tran-
a-Latrotoxin to identify single release sites as described byients and we had no direct measure for its trial-to-trial
Auger and Marty (1997). In most of our recorded cells thefluctuation, we turned to computer simulations to predict
mean mIPSC frequency was5 Hz, and in these cells the required variability in the synaptic GABA concentration
bursts caused bw-Latrotoxin could not be unequivocally profile to account for the measured variability in mIPSCs.
identified. To overcome this difficulty we chose cells close We have used a seven-state model of GAB&ceptors
to the surface of the slice, where the mean IPSC frequencfdones and Westbrook, 1995) and optimized the rate con-
was low. In one-third (three of nine) of such cells, we couldstants (least-square method) to provide an adequate fit to an
identify single release sites. Miniature PSCs recorded fronaveraged mIPSC recorded in a cerebellar interneuron (Fig.
such a cell are shown in Fig. & andC. During a 60-s 5 A). In our simulations, instead of using the probability
recording we plotted the amplitude of every mIPSC (Fig. 4density function of the open states, individual PSCs were
B). According to the graph, there are two distinct popula-generated as a sum of an arbitrary number of channels,
tions of mIPSC amplitudes. The amplitude distribution of allowing the characterization of the variability in the peak
each population could be well-described by a single Gaussand decay of the simulated PSCs. In an initial set of simu-
ian (Fig. 4D), indicating that every mIPSC within a popu- lations, a single-exponential function was used to describe
lation originates from a single site. In good agreement withthe agonist clearance ratendags;; Glavinovic, 1999;
the work of Auger and Marty (1997), the variability in the Mozrzymas et al., 1999). Both the peak GABA concentra-
peaks of small mIPSCs (C¥ 0.096) is much less than that tion (peaksga;) and thergaga could be varied from one
in the peaks of large PSCs (C¥ 0.26; Fig. 4,C andD). IPSC to the next with a user-defined SD around a mean. Fig.
The CV of 0.096 in the peak amplitude of small mIPSCs5 B demonstrates the effect ofaga; 0N the peajsapa
indicates a peak open probabilit? ) of 0.82, whereas an versus peak IPSC open probability?,J curves. With
upper limit of 0.6 can be calculated for tRg at the synapse  7gaga; <0.1 ms, very high concentrations of GABA RO
generating the large PSCs (calculated as in Silver et almM) were needed to obtainR, of 0.8 (characterizing the
1996). The variability in the peak amplitude of small PSCssmall release sites), which is very unlikely to occur (Jones
could be described by the stochastic behavior@5-30 and Westbrook, 1995; Maconochie et al., 1994; Mozrzymas
channels (assuming a channel conductance-86 pS). et al.,, 1999; Perrais and Ropert, 1999). However, with
However, to account for the peak amplitude variability of gaga; >1 mMs, a peakaga; Of ~0.08 MM was already
the large mIPSCs, a significant fluctuation in the peaksufficient to produce PSCs wit?, of 0.5 (characterizing the
GABA concentrations is required (see below). large single sites), but the rise times of these PSCs were too
The variability in the decay of mIPSCs at these two sitesslow (>1.5 ms) and therefore, incompatible with our
showed a different picture (Fig.#). The CV of ther,,,,of  experimental observations. Withgags = 0.3 ms, a
the “large” mIPSCs was only 0.092, whereas that for thepeaks gs; Of 1 MM already produced saturation of the
“small” mIPSCs was 0.23. The average CVqf,, for the  postsynaptic receptors, and a pgak; of 0.2 mM resulted
three “large” single sitesX445 pA) identified in this study in a peak PS®, of 0.5 with a 10—-90% rise time0.3 ms)
was 0.08+ 0.01, whereas at the three “small” release sitescompatible with the experimental data. Therefore, we used
(<140 pA) it was 0.33= 0.1. Using psNSFA at these a meanrgagas Of 0.3 ms and a mean pggkga; of 1 mM
synapses, & of 36 pS was determined from the variability to investigate the degree of variability in the synaptic
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FIGURE 4 Characterization of mIPSC decay
variability at single release sites in a cerebellar
interneuron. £) Four seconds of continuous re-
cordings in 0.2uM «-Latrotoxin. B8) Amplitude
histogram of every mIPSC recorded within a 60-s
period in the presence of 0.2M a-Latrotoxin
shows two non-overlapping populations of events.
Both populations are re-binned and re-plotted in
D. (C) Twenty-four consecutive mIPSCs demon-
strate that there is a much smaller variability in the
peak amplitude of the small currents than that of
the large PSCs. The inset shows the small IPSCs

on expanded scalesD) The amplitude distribu- 0\ 200 400 600300 1000
tions of both the smallléft pane) and the large Amplitude (pA)

B
150+

Every mIPSC in
a-Latrotoxin (0.2 pM)

w:30pA
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Frequency (b

(middle panel events are each adequately fitted D .
by a single Gaussian function. This indicates that g_ =210 CV=0096
both types of events originate from single sites. & 30 o 30 4
Cumulative probability plotright pane) of nor- ‘; S @ CV=0.26
malized amplitudes of the small and large PSCs £ 20 & 20 L 95
shows a much larger variability in the peak am- & 10 ‘c:>>' 10 é
plitude of the largelflack line CV = 0.23) than § o g
the small gray line CV = 0.096) events. K) T 0 g 0 g 00
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large iddle panél mIPSCs. Note that the mean Amplitude (pA) Amplitude (pA) Norm. Amplitude
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rent () of 4.7 and 2.5 pA, respectively, corre- F Tye (MS) i (M) Normalized t,,
sponding to weighted mean single-channel con-
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GABA transients needed to describe the decay variability irsynaptic GABA clearance rate (Fig.®. In our next set of

the “small” single-site mIPSCs. First, we examined whethersimulations we tested whether variability in the GABA
fluctuations in the peak GABA concentration could accountclearance rate could be responsible for the observed IPSC
for the observed IPSC decay variability. Increasing thedecay variability. When the meafjgaga; Was increased
mean peakapa; from 0.1 to 10 mM resulted in no signif- from 0.1 to 6 ms, a significant prolongation of thg,, was
icant change in the decay of PSCs (Figh6 Indeed, when  observed (Fig. ®). Indeed, when variability ifjgaga; Was

a CV of peaksapa Of 0.54 was included in a single included within a single simulation, an increasggaga,
simulation, no correlation between the ppak,, andr,,,  resulted in a significant prolongation af,, (Fig. 6 E). CV

was observed (Fig. ). Thus, variability in the peak analysis (Fig. 6F) demonstrated that a CV afgaga; Of
GABA concentration could not account for the variation in >55% is necessary to describe the experimentally observed
the decay of the synaptic currents when a single exponentidlPSC decay variability. In simulations, with no variability in
function (rgaga; = 0.3 ms) was used to describe the theTgaga;, PSNSFA reliably reproduced the single channel
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FIGURE 5 IPSCs generated with a seven-state kinetic motlpBiiperimposed traces of an averaged stellate cell mIB&E frace peak normalized
toP, = 0.8;7, = 1.9 ms (86%)7, = 7.9 ms;7, = 2.7 MS;7,,,y = 2.7 ms) and a simulated PSKlgck trace 7, = 2.2 ms (92%)7, = 10.8 ms;7,,y =
2.9 Ms; Ty = 2.8 ms) with the following rate constants using the seven-state model of GA8#eptorsk,, = 50 ms *mM ™% k,y = 2.36 ms *; B, =
020msY a; =1.11ms% B, =11.4ms% a, = 1.5ms % d; = 0.013 ms % r; = 0.00013 ms®; d, = 1.08 ms'%; r, = 0.13 ms *. The peak GABA
concentration was 1 mM and the duration (square pulse) of GABA was 0.3Bh®e@k GABA concentration (peglsga;) versus peak IPSC open
probability (peakP,) plots for three different GABA clearance rategs(sa) = 1 ms @pen trianglg, 0.3 ms filled circle), and 0.1 msdpen circlg).

conductance of the channel§(imawelirear = 1.04); how-  GABA clearance is approximated with two exponential
ever, including a small additional variability imgaga functions, indicates that fluctuations in the peak GABA
(17-44%) already resulted in a significant deviation of theconcentration can contribute to, but cannot fully account
estimated single channel currentgfimawclicas = 1.26).  for, the variability in the IPSC decay in our simulations. In
When the CV ofrigaga Was increased to-50%, a very  our experiments the CV of,,, at the small single site
robust deviation in the estimatedvas observedi{simaed ~ Shownin Fig. 4 was 0.23, while the mean CVrgf,, for the
ireas = 1.9; Fig. 7C). We also tested how changing the meanthree small single sites was 0.33. These values are still
value of igaga; (from 0.1 to 1 ms) influences thggimaed  larger than the maximum CV af,,,, from our simulations

irea ratio. Although the decay times of the PSCs were(CV = 0.187 at a CV of pegkaga = 0.53).

strongly influenced by increasing thg; g Within a sim- To address how much variation in the pgalg,; is
ulation (Fig. 6E) and between simulations (Fig.®), the  needed to characterize the fluctuation in the peak amplitude
Iestimatelireas FatI0 remained virtually unchange@g g, = of the “large” single-site IPSCs we used a megdhga; Of

0.1 ms:Ty) = 3.04 = 0.01 ms andegtimatelirear = 1.04; 0.3 ms with no variability and a mean pggksa; of 0.2
TicaBA] = 1 MSITy o = 5.27 % 0.06 Ms andegiimatelirea = mM to obtain an average peak IP&G of 0.5. We found a

1.08). Furthermore, within a given simulation session thesteep, positive, linear correlation between the CV of the
amplitude of the simulated IPSCs was not correlated wittpeaksags; and the CV of IPSC amplitude. As can be seen
the,(, (Fig. 7A), and this finding was consistent across all from Fig. 7 D, ~30% variability in the pegkaga; is

16 simulations (Fig. B). Thus, changing the mean value of required to describe the amplitude fluctuation observed at
Ticasa) @lone cannot account for our experimental obserdarge single sites.

vation of additional variability in PSC decay at small sites
(Fig. 4E), but a CV in thergaga) Of >55% is necessary.
In our simulations with a single exponentigiagay, Vari-
ation in the peak GABA concentration did I1r?%t co]ntribute to DISCUSSION

the IPSC decay variability. To test whether this also heldWe have identified a large variability in the decay of
true when GABA clearance was modeled with the sum ofGABA , receptor-mediated IPSCs, contributing 20—40% to
two exponential functions 7(;caga; = 0.1 ms (87%), the total quantal charge variability. This variability was
Tocasa) — 2.1 ms; see Clements, 1996), we tested thepresent in several cell types, including cerebellar interneu-
effect of increasing mean pggkg; (0.1-10 mM) on the rons, thought to express only a single subtype of GABA
meanr,,,. Interestingly, in contrast to data obtained with areceptor &;8,7,). In these cells, variability in;,,) does not
single-exponential GABA clearance, increasing pgakn, originate simply from differences in the PSCs decays gen-
significantly prolonged the decay of PSCs (Fig.&. erated at distinct synapses, as there is a significant trial-to-
Within a single simulation with a CV of pegdsga) 0f 0.51,  trial intra-site variability. This latter intra-site variation was
there was a significant positive correlation between thesignificantly larger for small than for large IPSCs, possibly
peaksaga and ) (Fig. 6 H). The relationship between indicating different sources of variance in the decay of these
the CV of peajsaga and the CV ofr,,, (Fig. 61), when  two event types. The variance in the decay of large IPSCs
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FIGURE 6 Predicting the variability in the synaptic GABA concentration profile. Simulations with either sigfe) r double G--I; 7y;gapa; = 0.1

ms (87%) andrycapa; = 2.1 Ms) exponential decays of the synaptic GABA concentratinincreasing the mean pgakg,; has no significant effect

on the meanm,,,, when a single-exponential GABA clearance is presegixg, = 0.3 = 0 ms). The inset shows three averaged IPSCs generated with
peaksaga; 0f 0.3 = 0 mM (thin trace), 1 + 0 mM (thick tracg, and 6+ 0 mM (gray tracg. (B) No significant R = 0.08,p = 0.57) correlation exists
between pegkaga; andr,, within a single simulation (mean pgakgs; = 1 MM, CV of pealsaga; = 0.54). €) Increasing the CV of pegkaga; does

not increase the CV of,,,, demonstrating that variability in the peak GABA concentration cannot describe the experimentally observed IPSC decay
variability (dashed gray lingas in Fig. 4E) when the GABA clearance rate is modeled with a single exponential functigre; = 0.3 = 0 ms). D)
Increasing the meatjgapa; results in a prolongation of the meay,, in simulations using a single exponentigdaga; (Mean pegkaga; = 1 = 0 mMM).

The inset shows three averaged IPSCs generatedwjth, of 0.3+ 0 ms ¢hin trace), 1 + 0 ms ¢hick trace), and 6= 0 ms @ray tracg. (E) A significant

positive correlationRR = 0.83;p < 0.0001 t-test) is found betweefjgaga; (Mean= 0.38 ms, CV= 0.60) andr,,, of 50 simulated IPSC (same simulation

as Fig. 7AandC). (F) There is a significantR = 0.75,p < 0.001) correlation between the CV gqEaga; and the CV ofr,,,,, demonstrating that 55%
variability in the GABA clearance rate could account for the experimentally observed variabitify,jiidashed gray ling (G) When the GABA clearance

rate is a double exponential, an increase in the pgak; also results in a significant prolongation of the IPSC detaget: averaged IPSCs generated

with peakgaga; 0f 0.3 = 0 mM (thin trace), 1 = 0 mM (thick tracg, and 6= 0 mM (gray tracg. (H) Within a single simulation (mean peakgs =

3.9 mM, CV of pealaga; = 0.51), higher pegkaga; prolonged IPSC decay timeR & 0.62,p < 0.001). () An increase in the CV of peak,g, caused

an enhancement of the CV af,,, when two exponentials are used to model the GABA clearance rate. However, the experimentally observed decay
variability (dashed gray linpcould not be fully accounted for by the pggkg,; fluctuation.

could be fully accounted for by the stochastic behavior ofadditional source of variability. Modeling of PSCs required
channels with a chord conductance of 36 pS, in goodhe incorporation 0f>55% variability inTgaga; at release
agreement with the predicted value for tag8,y, receptors  sites producing small PSCs (assuming single-exponential
at 35°C (35 pS; Brickley et al., 1999; Llano and Gerschen-GABA clearance) or significant variability in both the peak
feld, 1993; Perrais and Ropert, 1999). In our previous studysABA concentration and GABA clearance rate (assuming
using psNSFA (Nusser et al., 1997), we also arrived at a double-exponential GABA clearance). At these sites, fluc-
of 27 pS at “large” mIPSCs at room temperature, whichtuation in the GABA concentration profile will not result in
would correspond to 34 pS at 35°C. In contrast, at synapsesignificant peak IPSC variability, as postsynaptic receptors
generating small PSCs, the erroneous estimate of singleeem to be fully occupied. In contrast, at large synapses
channel conductance (75 pS) suggests the presence of amere postsynaptic receptors are not fully occupied by the
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released transmitter, fluctuation in the synaptic GABA tran-synapses expressing multiple GABAeceptor subtypes,
sients leads to a significant variability in PSC amplitudes. the weighted mean conductance estimated with psNSFA
Our results imply that the decay of GABAreceptor- could correspond well with the actual conductance of syn-
mediated PSCs at certain synapses is not solely determinexgbtic receptors (Brickley et al., 1999). However, as shown
by the gating kinetics of the receptors (Faber et al., 1992here at different synapses, additional variance in the PSC
Jones and Westbrook, 1996). The decay is also affected lyecay caused by the variation in the spatiotemporal profile
the spatiotemporal profile of GABA concentration, and of the transmitter concentration will result in a considerable
therefore its trial-to-trial fluctuation will be reflected in the overestimation ofy. This is particularly relevant to experi-
quantal charge transfer. We excluded the possibility thamental conditions where psNSFA is used to detect an in-
GABA, receptors are differentially regulated by PKA in creased variance in the decay of PSCs. Similarly to our
stellate/basket cells, but other, yet unknown, regulatoryesults, Kurk et al. (1997) have also found that NSFA could
mechanisms may alter the properties of postsynaptic recepesult in an erroneous estimation pfor N if postsynaptic
tors in a synapse-specific manner at a very fast time scaleeceptors are exposed to a non-uniform transmitter concen-
and may account for some of the observed IPSC decairation. Thus, these results point to the complexity inherent
variability. Nonstationary fluctuation analysis has been deto the analysis of PSCs and call for caution when interpret-
veloped (De Koninck and Mody, 1994; Traynelis and Jara-ing the results of NSFA of PSCs, in particular those with a
millo, 1998; Traynelis et al., 1993) to gain insight into basiclarge variance in their decays.
parametersi{ N,, P,) of ligand-gated channels underlying ~ What is the mechanism underlying the large fluctuations
synaptic currents. This analysis relies on the critical asin the spatiotemporal profile of the GABA concentration? A
sumption that all variance in the decay of the PSCs origidikely possibility is the multivesicular release of GABA
nates from the stochastic behavior of a homogeneous poplescribed at cerebellar interneuronal synapses (Auger et al.,
ulation of channels. The latter assumption is not fulfilled for 1998). The release of GABA from two or even more vesi-
non-NMDA receptor-mediated and GABAeceptor-medi-  cles would not only result in an increase in the pgakx,,
ated PSCs in most central neurons, as they express a largat may also slow the;gaga; (€.9., asynchronous release,
variety of receptor subunits (Fritschy and Mohler, 1995;reduced diffusion gradient). Several other mechanisms un-
Persohn et al., 1992; Sato et al., 1993; Wisden et al., 1992ylerlying the variation in the spatiotemporal profile of trans-
which co-assemble into several receptor subtypes. At sommitter concentration could also be envisaged. The size of
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