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Abstract
'ntracellular recordings were obtained from supragranular neurons in slices of the rat visual cortex. ln -25"k ot
the cells large (0.5-1 .6 mV) excitatory postsynaptic potentials (EPSPS) of constant amplitude were observed
after minimal, presumably single-fibre stimulation. The amplitude variance of these large EPSPs was surprisingly
small and within the range of the variance of the noise. These EPSPs could be reduced in amplitude by paired-
pulse and low-frequency stimulation or by raising extracellular Mg2* concentration. Reduced EPSPs could either
continue to behave as all-or-none responses, or they could fluctuate between several amplitude levels.
Conversely, responses where the amplitude fluctuated from trial to trial under control conditions could be
converled into large all-or-none responses by paired-pulse facil i tation. This indicates that the large all-or-none
EPSPs were composed of several subunits, probably reflecting the action of several different release sites. lt is
concluded that these release sites are either independent and operate with a probabil ity close to 1 or, if
operating with a lower probabil ity, are coordinated by a mechanism which synchronizes release. Several
observations suggest that release probabil it ies can switch from values close to 1 to 0 with repetit ive stimulation
or high Mg2t concentration. Thus, a substantial fraction of single-fibre inputs to supragranular cells possess
synapses which operate with high synaptic efficiency and extremely low variance under control conditions but
can undergo drastic changes in efficacy when release probabil it ies are interJered with. Such modifications of
release probabil ity could serve as an effective mechanism to regulate the gain of synaptic transmission.

Introduction

Synaptic transnrission in thc ncocortcx hrs hecotttc a sub.icct ol '

considerable intcrcst, cspccial ly since therc is now good cviclcncc

firr use-dcpcndcnt long-terrn rnodi l icat ions of synaptic cl ' l icacy ( l i rr

reviews and ret 'erences see Tsurnoto 19921 Artola and Singcr, 1993).
A powerful tool l i rr  the investigation of synaptic transmission and i ts
rnodi l icat ion is thc quanti tat ivc analysis ol ' rcsponses evokcd by a
single f ibre. In several reccnt studics using dual rccording techniqucs
(Kang c/ a/. ,  l9Ull :  Thomson cr a1., l9t l t3, 1993: Mason at ul. .  l99l ' ,

Thomson and Wcst, 1993) or f i rcal st irnulat ion of neighbouring ccl ls
(Stern dt ul. ,1992), i t  has been shown thit t  in the neocorlt .x. t-xcit l t trrry
postsynaptic potentials (EPSPs) or excitatory postsyni lpt ic currcnt\
(EPSCs) evoked by single al l 'crent f ibres can vary considerably in

ampli tude. ranging from <0.05 to )2 n-rV whereby a substi lnt ial
port ion of these EPSPs (20-30%.; Thotnson el a1.. 1988; Mason r ' l  2t1.,
199 l) had ampli tudes >0.-5 rnV. In thc ma.jori ty of cases thcsc large
EPSPs exhibited considerable ampli tude f luctuations (Stern al 41..

19921 Thornson and West, 1993: Thomson et ul. .  1993). but on rare
occasions large EPSPs havc also been observed with rernarkably
constant arnpl i tudes (Thorrson and West, 1993).

Most of the studies on use-dependent synaptic plast ici ty in the
neocortex have examined modif icat ions of excitatory input to supra-

granular neurons (see above). In order to obtain more detai led

inf irrnrat ion about thc synaptic input to these cel ls we applied the

tcchnique ol 'rninimal st irnulat ion in sl ices of rat visual cortex to

record singlc-f ibre responses in supragranular neurons. In the course

of ' this study we encountered large EPSPs which exhibited surprisingly

l i t t le arnpl i tude I luctuations and resembled those observed by Thomson

and Wcst ( 1993) in inl ' ragranular cel ls of the somatosensory cortex.
To further characterize these EPSPs we examined their modif iabi l i ty

by applying paired-pulse and low-frequency st imulat ion or by raising

the extracel lular rnagnesium eoncentrat ion tIMgr*l),  and analysed

the f luctuation of response ampli tudes.
Sorre of thesc results have been published in abstract fbrm

(Vrlgushev a ul. .  1991).

Materials and methods

Visual coftex slices of adult rats (4-6 weeks) were prepared by

conventional methods (Artola and Singer, 1987). Standard perfusion

medium conta ined ( in  mM) 124 NaCl ,5  KCl ,2  CaCl2 ,  1 .5  MgSOa,

1.2-5 NaHPOa, 26 NaHCOT and l0 o-glucose bubbled with 95a/o 02

r.nd 57a CO2. lntracellular recordings were obtained with glass
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microelectrodes (60-100 MO) f i l led with 3 M potas.sium acetate.
Only cel ls with stable rest ing membrane potential,  more negtt ive
than -70 mV (mean -79.0 * 4.8 mV n : 1l) and stable input
resistance (mean 66 + 6 MO) were recorded and their responses
were analysed. Here and throughout the text means are given together
with * SEM. Statistical significance was evaluated by the t-test;
differences were considered to be significant at P I 0.05, if not
stated otherwise.

Electr ical st imuli  ( l-10 V, 0.04-0. 1 rns) were applied with a
f iequency of 0.03-0.06 Hz through two bipolar tungsten st imulat ion
electrodes posit ioned lateral ly ( laycrs l- l l )  and below (layer lV) the
recording site respectively. Thc test st imuli  were applied as double
pulses with an interval of 50 ms between the f irst and second st irnulus
of the pair.  Usually st imulus strength was ad.iusted to induce EPSPs

with occasional fai lures of t ibre activation (Fig. la). Stimuli  of thcse
intensit ies corresponded to the bcginning of the f irst plateau of
the st inrulus-response curves (Fig. ld,e) (Voronin et ul. ,  1971:
McNaughton et al. .  l98l;  Stern ar ul. .  1992) and with al l  l ikel ihood
activated a single presynaptic f ibre. Alter conventional amplihcation
(Axoclanrp-2A, Axon Instruments, Foster City. MI; or EPC-7, List-
electronic, Darmstadt, Gerrnany), data were digitized at l0 kHz and
f'ed into a computer (PC-3136; Lrbnraster, TL-l DMA intertirce and
pCLAMP software; Axon Instrurnents). Some records were smoothcd
by a computer program which averaged 5 9 consecutive points. EPSP
amplitudes were measured as the difference between avcrage voltage
in two windows of l-3 ms duration, one being posit ioned immediately

before the response or in the pre-stimulus period and the other one
over the peak clr over the initial slope at two thirds of the peak
latency of the averaged response. The two measures yielded similar
results with respect to the shape of amplitude distributions and the
efTects of paired-pulse and repetitive stimulation. The measure of
the init ial  slope al lowed us to exclude a possible contr ibution of
polysynaptic ( including inhibitory) components discernible in some
cases as notches on the EPSP slope around its peak. The noise was
measured in windows of the same duration and temporal separation
that were both placed in the pre-st imulus period.

EPSP ampli tude distr ibutions were plotted fbr the periods during
which averaged respctnse ampli tudes were stable. l-hese could com-
prise the whole recording period if responses were not depressed by
continuous low-trequency test ing. In cases where low-f iequency
dcpression occurred, we selected fbr analysis stable regions before
the onset and afier the stabi l izat ion ofdepression respectively (Kandel,
1976). These regions had to be f iee of stat ist ical ly signif icant dri f ts;
only periods in which averages ol '  l0-20 consecutivL. responses dir
not dif l 'er f iorn al l  other points within the selected period at the P. '
0.01 level (t- test) were uccepted f irr  l 'urther analysis. Standaro
deviat ion of rcsponsc urnpl i tudes (excluding fai lures) was calculatcd
and compared with the standard deviat ion ot the noise.

In cxpcriments in which lMgr* |  wrs rr iset l  in the perfusion
medium. responses were tirst recorded under control conditions fbr
- l  h. Then lMg2' l  wus raised from l.-5 to 4.5 or 6 mM to decrease
the probabil i ty of transmitter release (Katz, 1969) and afier l5 rnin

e

345
Stimulus strength (V)

Frc .  I .Exc i t a t o r ypos t synap t i cpo ten t i a l s reco rded f roma laye r l l - l l l ce l l o f t he ra t v i sua l co r t ex . ( a -< )Supe r imposed responses tos i xconsecu t i ves t imu l i o f
increasing intensity. Increasing stimulus strength fiom 2.8 V (a) to 4.4 V (b) abolished tailures but did not change response amplitude. Al 4.8 V (c), responses
of larger amplitude appeared occasionally. (d) Averaged responses (n =, 6) of the same cell evoked by stirrruli of increasing strength. Note the slightly longer
latency t'rf the additional componenl in the two larger responses which appeared at high stimulus intensities (arrows). The small response indicated by the
asterisk has been obtained at minimal stinrulation intensity where failures were present (see a and e). (e) Stinrulus-response curve lbr the sanre cell with points
corresponding to the responses shown in (a-<) nrarked by the respective letters. The small response below the plateau level (a) is due lo occasional failures
occurring at the low stimulus inrensitv. (t) Examples of spontalleous depolarizing potentials (arrow. upper traces) resembling the large EPSPs evoked by minim:
stimulation (arrow. lower traces).

f

/ i

r  - /\/.v--,^-\ \
, l \ - J
V

r ,\,q,r^"N\r \Jv. \\'
, I nlz\*.\-

4'4+-.--: \l
0.5 dl

5ms

Ft

A r
-t

.i

q

.?0

-LJ

o o o o o o



the responses were recorded again. In al l  cases, st imulat ion parameters
were kept constant during the control period and afier elevation of
extracel lular IMg'-1. Only cel ls with no signif icant dri f t  of EPSP
amplitude during the control periocl were subject to high lMgr*1.

Results

Intracel lular recordings were obtained l iom Tl neurons in layers I l-
I I I  of rat visual cortcx sl ices. EPSPs were evoked by minimal
intracort ical st imulat ion, the intensity ol 'which was adjusted to
producc occasional lai lures and corresponded to the beginning of thc
f irst plateau of the st irrulus rcsponse curve. In the example docu-
mentcd in Figurc I.  increasing st imulus strength frorn 2.8 V (FiS.
la )  to  4 .6  V  (F ig .  lb )  l cd  to  thc  d isappearance o l ' la i lu res  w i thout
changes in response ampli tude. At 4.U V (Ir ig. lc).  rcsponscs ol '  larger
ampli tude appeared occasional ly, presuntably result ing from thc
rccruitmcnt ol 'another presynaptic f ibre. The st imulus response curvc
(Fig. le) has a clear platcau in thc intcrval l ' rom -1.0 V to 4.6 V
where response ampli tude was independent of st irnulus strcngth. Thc
lower arlpl i tudc ol ' thc averagcd response at 2. l l  V (point 'a '  in Fig.
le and the averaged response nrarked by an astcrisk in l i ig. ld) is
duc to thc occurrence of 'several lai lures hut not to an arnpl i tude
decrease of thc lrPSPs (Fig. la). The presence ol 'a plateau in the
stinrulus-respr)nse curvc indicatcs that in al l  l ikcl ihood the respcctive
stirnul i  had activated a singlc prcsynaptic f ibrc (Vrronin ct al. ,
1977: McNaughton el a1., l9l l l ;  Stern et al. ,  1992). In some cel ls,
spontaneous EPSPs wcrc obscrvcd which closcly rescnrblcd thosc
cvokcd w i th  min in ra l  s t i rnu la t ion  (F ig .  l f ' ) .

The EPSPs evokecl with minimal st irnulat ion which wcrc analyscd
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in the present study are likely to be monosynaptic (Mason el a/.,
l99l;  Stem et ul. ,  1992: Thomson and West, 1993) because their
latencies were short (1.8.1.5 ms fbr dif ferent cel ls) and remained
stable (within I  ms) during paired-pulse and repeated st imulat ion.

Two distinct response types were observed following stimulation
in layers ll-lll and layer IV and there appeared to be no systematic
relation between response type and stimulation site. The first type of
response is dist inguished by i ts large ampli tude (0.5 1.6 mV; mean
0.91 + 0.06 mV) and minimal ampli tude f luctuations. I t  wi l l  be
addressed as ' large al l-or-none EPSP' throughout the text. Such
responses wcre evoked in l8 of 7l cel ls from 23 st imulat ion sites
(Figs la,b, l 'and 2a). The second type ofresponse consisted ofsmaller
EPSPs exhibit ing considerable arnpl i tude f luctuations (p : 97). These
rcsponses were excluded fiom further analysis.

The membrane potential and input resistance of the l8 neurons
with large all-or-none EPSPs did not diffbr tiom the rest of the
sanrple ( 78 + -5 versus -79 + -5 mV and 66 + 5 versus 66 + 8
MO). For l7 out of the 23 inputs evoking large al l-or-none EPSPs,
the response amplitudes remained stable over the whole recording
period of' 0..5-4 h (Fig. 2) but fbr 6 inputs (27o/a) nean response
amplitude diminishcd due to repeti t ive st imulat ion in spite of the low
tcst lrequency used (0.03 0.06 Hz). Since responses recovered upon
cessation of tcst ing (data not shown), we interpret this st imulat ion-
dependent reduction (Fig. 3) as low-frequency depression (Kandel,
t9t6).

Arrpl i tudc histograms of the large al l-or-none responses exhibited
only a single pcak which had nearly the same variance as the noise
(Figs 2c. 3c and 4c). This shape of the arnpl i tude histogram was
independent o1' sarnplc sizc and was similar f i rr  small  and large
samples  (F ig .2c ,  I  and 2)  in  exper i rnents  (n  -  3 )  in  wh ich  s tab le
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Ftc. 2. Examplc of a large all-or-none EPSP (a) Superposition of.10 consecutive responses. (b) Amplitudes of EPSPs (ordinate.) evoked by repeated stimulation
at 0.05 Hz. Each point represents the amplrtude of a single response. Response regions fiom which data were taken for statistical analysis (see c and d) are
marked by hor izontal  bars I  and 2.  (c)  Ampl i tude dist r ibut ions of the in i t ia l  100 responses (1.  upper)  and of the whole sample (2,  bot tom, n :  428).  In th is
and the fbllowing ligures abscissa scaling gives the mean amplitude of responses; noise distributions are shown with a dotted line. (d) Scatter diagram with the
standard deviation of response amplitudes (ordinate) plotted against the standard deviation of the noise (abscissa). Each point represents a single cell. The dotted
line indicates the main diagonal. The continuous line intersecting the ordinate at 0.04 represents the regression line computed f'rom the data points. The
continuous line intersecting the ordinate at 0.lll represents the regression line calculatcd from a sample of20 EPSPs with fluctuating response amplitude.
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presynaptic fibre. (c) Amplitude distributions of the EPSPs evoked by the first (upper graph) and the second (lower graph) pulse in a pair. Dotted histogranrs
show the eorresponding noise di r t r iht t t ions.
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responses were recordcd over several hours. Fluctuations in fai lure
rate (Fig. 2b) were most l ikely duc to the krw st inrulat ion intcnsity
that was close to the threshold of the presynaptic axon but they could
also ref lect transitory changes in release probabil i ty (scc below).

A discriminating f 'eature of al l-or-none EPSPs is thcir low ampli tude
variance. In Figure 2cl the standard deviat ions of response ampli tudes
(lai lures excluded) i l re plotted against the stantlard deviat ion of the
noise in the respective recordings l i rr  each of the 23 al l-or-none
E,PSPs. The regression l ine calculated f irr  this samplc is close to the

main diagonal indicating that f luctuations in response ampli tude were
mostly due to the noise. On average the standard deviat ion ol '  thc
al l-or-none responses was l28olr,  of that of the noise, and in 9 cases
it was less than l l0%. For comparison we selected 20 EPSPs with
large but f luctuating ampli tude (mean anrpl i tude 0.64 mV). The
regression l ine fur this sample l ies well  above the main diagonal,
indicating the presence of f luctuations which are not attr ibutable to
the ncl ise. For these f luctuating responses the mean slandard deviat ion
was 238c/c of that of the norse.

In order to examine the possibi l i ty that the large, unitary EPSPs
were actual ly composed of several subunits we examined the cases
where repeated low-fiequency testing or paired-pulse stimulation had
caused a reduction of response amplitude. Figure 3 shows one of the
six cases where repetitive stimulation had led to a reduction of EPSP
amplitude. Neither in this nor in the other cases was the decrease of
the response ampli tude accompanied by a signif icant change in input
resistance (Fig. 3b). Two periods of stable responses, one betbre and
one after the expression of low-frequency depression (Fig. 3b) were
selected for quantification. The amplitude distribution of responses
obtained after low-frequency depression still exhibits a single peak.
It is shifted to the left but is as narrow as before depression. The
standard deviation of the response was 0. 144 mV before and 0. I 2 mV
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in a pair. (b) Scatter diagrarn with the arnplitudes ol'the second EPSP in each pair (ordinrte) plotted against those of the first EPSP (abscissa). Note complete
la i lure o1' responscs t ( )  the second
second pulses in a pair .  Dot ted out l incs sht tw the noisc dist r ibut ions.

ca

All-or-none neoconical EPSPs 1755

a
<r 

lb

o,o

ltr

15

atier the depression. indicating that there is no increase of ampli tude
fluctuation (Fig. 3c. I  and 2).

In 1.5 out of the 2-l  lurge al l-or-none EPSPs, appl icat ion of double-
pulse st imuli  led to paired-pulse depression. The average ampli tude
of the response to thc second of the two st imuli  diminished, individual
responses began to fluctuate between several levels and often the
number of '  Iai lures increased. In the case shown in Fig. 4. the
arlpl i tudcs of most of the rcsponses to lhc second pulse were, on
average, 5O'h ((J.75 + 0.01-l  nrV, r :  89) of those of the responses
to  the  f i rs t  pu lse  (1 .5  +  0 .013 mV n  :  94)  (F ig .4a .c ) .  P lo t t ing  the
ampli tudes of EPSPs evoked by the f irst of the two pulses against
the amplitudes of responses to thc second reveals that large, non-
depressed responses are only evoked by the second pulse if the tirst
fai ls to el ici t  a response (Fig. 4b).

In three out of 23 cases of all-or-none EPSPs tested with paired
pulses we observed a conrplete depression of the response to the
second st imulus. One example is i l lustrated in Figure ,5. Responses
to the second pulse occurred only i f the f irst fai led to el ici t  a response
and then they were crl 'a similar ampli tude to those of the f irst pulse
(Fig. 5a,b). Accordingly, the ampli tude distr ibutions of the responses
to the two stimuli were alike and fluctuated within the same narrow
range as the noise (Fig. 5c).

Paired-pulse facilitation was observed only for one out of 23 all-
or-none responses and then consisted of a reduction of failure rate
rather than of an increase in response amplitude (data not shown). In
contrast, paired-pulse taci l i tat ion was f iequent for EPSPs which under
control condit ions exhibited scattered ampli tude distr ibutions (52 out
of 97 examined cases). In three out of these 52 cases, fluctuating
responses to the first pulse became converted into large all-or-none
responses to the second stimulus. ln the case shown in Figure 6, the
responses to the first pulse were variable (Fig. 6a), their amplitude
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had all-or-none characteristics, its amplitutJe distribution had a clear
peak around 0.-5 mV and a slandard deviat ion of 0. 137 my 029o/o
of the noise) (Fig. 6c). As indicated by the scatter diagram in Figure
6b. large responses to the first stimulus were alwavs followed bv
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t"_.r1:":*]lh,t,noller amplitudes in high [Mg2+]. (b) Amplirude distributions of the EpSps in conrrot medium (upper graph) and afier rncreasrng

lMg' ' l  ( tower graph).  Dorred out l ines show the respect ive noise dist r ibut ions.

distribution lacked a clear peak and was not well segregated from
that of the noise (Fig. 6c). The standard deviat ion of the responses
to the f irst pulse was 0. 187 mV which is 1160/o of the standard
deviation of the noise. The response to the second pulse, by contrast,
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large second responses and ncver by lai lures or small  responses.
H0wever, when thc t irst responses werc small ,  sccond responses
fai led or f luctuated betwecn srnal l  and large anrpl i tudcs. Thus a
consistent conversi0n of second responscs to large al l-or-none
responses seerrs to occur only when the response to the t irsl  st imulus
was also largc.

The chanses of response ampli tude observed with krw-f iequency
depression and paired-pulse interaction su[tgest that the large al l-or-
nonc EPSPs are conrposite in nuture. Ttr turther test this possihi l i ty.
we examined the effbcts of high extracel lulur lMgr 

'  
1 which is known

to reduce transmitter release (Katz, 1969). ln al l  exarnined cascs (n -

t l) ,  synaptic transmission was re<juced untler high lMgr*lduc l() i ln
increase in the numbcr of fai lurcs and an appearance of individual
responses of reduced ampli tude (Figs 7 and 8). The anrpl i tude
distr ibutions of reducetl  responses could lack a clear peak (n : 5) as
exempli f ied in Fig. 7 or they could have a single peak of similar
width, but at lower ampli tude values (n : 3) (Fig. 8). In the latter
cases the standard deviat ions of the reduced responses were in the
same range as those ot ' the non-attenuated al l-or-none responses and
hence were also similar to the standard deviat ion of the noise.

The increased lai lure rate of responses during low-f iequency
depression. paired-pulse depression irnd high lMgl* lcould have been
due to reduced excitability of the stimulated fibres rather than to
changes in synaptic transmission. To control fbl this possibi l i ty
stimulus-response functions were determined for both the first and
second responses to the paired-pulses and before and during high

[Mg2*]. In al l  condit ions the applied test st imuli  were found to
renrain well  within the plateau region of the input-output function.
This is exerrpl i f ied in Figure 9 for the cel l  whose response modif ica-
tions are documented in Fisure 8.

l0

4 C

Stimulus strength (V)

Ftc. 9. Stimulus-response curves calculated for the first (a) and second (b)
responses in a parred-pulse paradigm during the control period and after
increasing extracellular [Vg2*] (c). ln the latter case only responses to the
first stimulus have been considered. Data are from the same cell as in Fig. 8.
The intensity of the stimulus used for the measurements in Fig. 8 was 4.0 V
(arrow.). Note that for all three curves this intensity falls within the plateau
region, suggesting that only one and most likely the same presynaptic fibre
was stimulated. Each point with a vertical bar represents an average of 7 (a
and b) or 5 (c) responses 1 standard deviation.

- 0

-

q)
€
- I

: 0
a.



1758 All-or-none neocort ical EPSPs

Discussion

The synaptic responses selected fbr this study are with al l  l ikel ihood
monosynaptic and due to activation of a single f ibre. In al l  cases,
increasing st imulat ion intensity led to an abrupt transit ion of response
amplitude from 0 to a plateau levcl which remained constant over a
considerable range of st imulat ion intensit ies. At the beginning of this
plateau range the only eff 'ect of increasing st imulus intt 'nsity was u
reduction of response l 'ai lures. This is best explained by assuming
that st imuli  with intensit ies in the platcau rangc activate only a singlc
f ibre (Voronin ar al. ,  l ,971',  McNaughton et ul. ,  l98l l  Stern ct a1..
1992). The standard deviat ion ol '  the arnpl i tudc f luctuations ol '  thc
large EPSPs selected fbr analysis was in al l  cascs similar to that o1'
the noise, indicating that the rcsponses had an al l-or-none character-
ist ic. This is further support f i rr  the assumption that the responses
were due to activation of a single af ' fbrent t ibre. The occasional
occurrence of spontancous tsPSPs, which had a similar ampli tudc
and shape as the evoked rcsponscs, points in the sarne direct ion.
These spontaneous EPSPs could have bcen duc to spontaneous
discharges of afl'erent cclls and,/ur to spontaneous release (fitr lirrthcr
discussion scc bclow). Large single-f ibre EPSPs cxcceding 0.-5 mV
have also been described in cxpcrirncnts in which sirrgle hbrc
activation had been assured by double recordings l iom couplcd pairs
of neurons in thc visual (Mason et ul. .  l ()9l,)  and sornatoscnsory
cortex (Thomson et ul. .  l9l l8; Thornson and West, 1993).

Apaft f iom their large arnpl i tude the EPSPs observed in this study
are of interest because o1'their surprisingly small  anrpl i tudc vuri l t ion.
ln principle such large al l-or-none responscs can be rccounted l i rr  in
three ways. First ly, they could be rnediated by a single release si le,
producing an unusually l l rgc rcsponsc with closc to z.cro larianec
and high, although less than unity, probahil i ty ol ' rclcasc. Sccondly,
responses could be mediated by several release sites with srnal ler,
more conventional quantal size, each operating with ckrse to zcr 'o
quantal variancc and a relcasc probabil i ty ol '  l .  Thirdly, rcsponscs
could be rnediated by several releasc sitcs with close to zero quantal
var iancc  bu t  re lease probab i l i t ies  o1 ' {1 .  In  th is  casc  a  mcchan is rn
has to be postulated that assures that al l  si tcs either release or lni l  in
synchrony. Thc f irst possibi l i ty can be cxcludcd bccausc ol ' thc
ampli tude changes observed afier manipulat ions known to rnocl i ly
release probabil i t ies such as paired-pulse and low t iecluency st irrula-
t ion  or  by  ra is ing  ex t race l lu l l r  lMgr r l  tMcNi iughton  c l  a1 . ,  lg l l l l
Korn c/ ul. .  l9t l1: '  Zucker, 1989; Vrronin. 1993a, b). In somc ccl is
these reduced responscs had thc samc small  ampli tudc variance as
the control responses; in other cel ls response reduction was associatcd
with an increase of variance. Bclth results indicatc that the large
responses are composed of subunits. In the f irst case i t  appears as i f '
one or more subunits had dropped out altogether, in thc sccond casc
there could bc some intertr ial  variabi l i ty of subunit composit ion. Our
data do not al low us to dist inguish unambiguously whether the al l-
or-none characterist ics of the composite EPSPs were due to releasc
sites operating with a probabil i ty of '  I  or to a synchronizing mcchanism
assuring that al l  release sites discharge in unison. Arguments exist
fbr both possibi l i t ies.

When st imulat ion intensity was set high enough to assure consistent
activation of the presynaptic fibre, in several cells (r? : 4) more than
100 consecutive responses could be evoked over 30 min without a
failure or a change in amplitude. This indicates the existence of
synapses which operate with a release probability close to l. Indica-
tions for a synchronizing mechanism come from the observation that
paired-pulse depression (n: 3) or raising extracel lulrr [Mg2*1 ln :

2) produced a significant increase in the number of failures, without

a signif icant increase in the number of responses of reduced ampli tude.
If responses occured they usually had the same amplitude as befirre
depression. We consider i t  unl ikely that the increased fai lure rate was
due to activation failure or conductance block of the afl'erent fibre
because input-output functions werc similar for the two responses in
paired-pulse experiments and before and cluring high lMgr+1. Thus
the fai lures are l ikely to result from reduced release probabil i ty but
this implies that al l  release sites had a strong tendency to operate in
synchrony. This possibi l i ty is further supportcd by thc cvidence lbr
spontancous synchronous mult iquantal release observed in othcr
preparations af ier blockadc of impulse conduction with tetrodotoxin
(Edwards et ul. .  1990; Korn r, /  ul. .  1993: Stevens, 1993). There is
yet no cstabl ishcd mcchanisnr l i rr  the coupling of release probabil i t ics
at central synapses (see Kriebcl a ul. ,  l ()()0 fbr discussion of 'a related
problcm l irr  pcripheral synapses). One possibi l i ty is that synaptic
boutons with sevcral dist inct release sites possess a mechanism
firr the coupling of rcleasc fronr these sites. Such morphological
arrangements are characterist ic of pert irratcd synapses (Calverley and
Jones,  1990Gcin isman c t  u l . .  1993)  wh ich  represent  -10% o l
neocort ical synapses (see Calverlcy and Jones, 1990, I i rr  a review
and rel 'ercnccs). This pcrccntage corresponds roughly to the incidencc
ol largc al l-or-none EPSPs in our sanrplc.

Thcsc considcrations suggcst that the large al l-or-nonc EPSPs arc
corlposite and consist of scvcral subunils which are always released
sirnultaneously because either rclcasc probabil i t ies at dif ' lbrent release
sitcs arc close to I  or release is coordinatcd by a synchronization
rncchanism. ln addit ion, the low variance of the compositc E,PSPs
indicates that the dif lerent releasc sitcs opcratc with a quantal variance
closc to 0. In ninc cascs whcre thc standard deviat ion o1'arnpl i tude
l luctuations was <107c higher lhan that of thc noisc. variabi l i ty ol '
i rrdividual subunits should havc been well  bekrw l09i of their
a rnp l i tude.

Our data add to the notion that synaptic connections in the central
ncrvous system are heterogcncous, and that charactcrist ics such as
rclcasc probabil i ty, quantal sizc and quantal variance can dif f 'cr
markedly at dif lerent synapses. Release probabil i ty is typical ly low
at central synapscs. For exarnple, as cst imatcd l i )r  the inputs to
hippocarnpal pyrarnidal cel ls, rclease probabil i ty at individual si tes
varies t iom <0. I  to 0.54 at the rnost (Hcsslcr et ul. .  1993: Rosenmund
ct ul. ,  1993). Quantal size at hippocampal and neocorl ical synapses
has been reportcd to be small  and to exhibit  a high internal variabi l i ty.
E,st imalions of quantal sizc yielded values not >0.2 nrV fbr E,PSPs,
or 15 pA f irr  EPSCs (Larkman er al. ,  1991, 1992; Kul lmann and
Nicoll, 1992; Liao et al., 1992: Raastad et al., 1992', Stern et a/.,
1992; Voronin et uL., 1992'.  Jonas c/ ul. ,  1993) with the variabi l i ty of
individual quanta ranging fiom -20 (Jonas ct al. 1993) to 50olo or
rnore (Bekkers and Stevens, 1989, 1990; Raastad er al. ,  1992\. As a
result, the postsynaptic eff-ect of a single fibre is usually weak and
Il  uctuati  ng from tr ial  to tr ial .  Even i  n rare cases of stronger connections
(Thompscrn et uL., 1988, 1993; Mason et al. .  l99l;  Thompson and
West, 1993) the ampli tude of individual E,PSPs was fbund to be
highly variable. It has been inf'erred from this that central synapses
arc in general weak, unrel iable and imprecise. Our data suggest that
there are notable exceptions. At least some synaptic conneetions in
the neocortex are not only strong, but also highly rel iable and exhibit
very low variance. Unfortunately we are not able to identify the
afl'erents responsible fbr the large composite all-or-none EPSPs. The
fhct that these EPSPs could be evoked monosynaptically fiom layer
IV and fiom sites in supragranular layers adjacent to the recorded
cells would be compatible with an intracortical origin of the activated
aff'erents. The supragranular electrode could have activated tangential



connections mediat in-s cross-talk between dif l 'crent columns while
the layer IV electrode shoulcl havt '  st irrrulated ascentl ing cort ico-
cort ical associat ion f ibres of extr insic origin arrcl intracolumnar
connections which convey activi ty from layer IV to supragranular
ce l l s  (G i lber t ,  1993) .

In our data set manipulat ions at ' fect ing release probabil i t ies had
drastic ef l 'ects on synaptic eff icacy, suggesting that mocli t icat ion ol
rclease probabil i ty is of tunctional rclcvance in cort ical processing.
Several aspects are of interest hcrc. First ly, as the paired pulse
experiments show, release probabil i ty can change drantat ical ly and
on a short t ime scale. In the cascs ofcomplete paircd-pulsc dcpression
it  seems to switch t l .om -l  to 0 at al l  rclcasc sitcs l i r l lowing a singlc
response but returns back to I  rapidly. as another resp()nsc could bc
cvoked by  the  ncx t  pa i r  o l  s t i rnu l i  rpp l i cd  w i th in  l0  s .  These ex t ren lc
cases could alternatively be accourrted f irr  by acti 'u 'at ion lai lurcs of
conduction block ol '  thc st irrulated f ibre but as argucd abovc wc
corrsider this possibi l i ty as unl ikely. Secondly, relcasc probabil i ty can
switch f iorn - l  to 0 rt  subscts ol ' the releasc sitcs conlr ihuting to the
large al l-or-none rcsponses. This l i r l lows t l 'orn lhc cases ol 'deprcssion
whcrc the arnpl i tuclc ol individual responses was rcduccd without an
increasc ol '  variance. I l '  releasc probabil i ty had chanrcd (dccrcascd)
at al l  si tes in paral lcl .  i t  should have rcsultcd in a proport iorral
red is t r ibu t ion  o l ' (he  re la t i vc  numbr ' rs  o l  la i lu rcs .  in tc rn tcd ia tc  and
largc rcsponses. Thirdly. as discussecl ahovc, thcrc lr t-  indications
thlt  rclease can bc synchronizcd acr<rss scvcral rclclsc sitcs. Synchron-
izl t ion across al l  rclcasc sites ol a part icular t ihrc would result in
preservlt ion of thc al l-or-nonc propcrty of thc responsc dcspitc an
incrcase in lai lure r l tcs (scc above). Final ly. whcn rck-asc probabil i ty
is  <1 .  i t  can  bc  ra ised  to  l .  Th is  i s  suggcs tcd  by  thc  cascs  whcrc
f luctuating responscs to thc t irsl  pulse werc convcrlcd into al l-or-
none rcspolrscs by pl irgcl-pulse l lci I i tut ion. ' l 'hcrcl irre i t  tppears thut
changcs in relcase probabil i ty occur undcr condit ions ol act ivut ion
not too 1ar l iont natural and have a strong cl ' lcct on synaptic
t ra r rsmiss ion .

Howevcr. our dala ckr not cxclut lc l  contr ibution ol addit ional

1-rostsynaptic rrrechanistns. Hcstr in ( I9t)f  )  dcscribct l  dcscrrsit izal ion ol '
postsynaptic rcccptors in rncnrhri tnc patches c.rciscd lrorl  visual
cortex ncurons in responsc to externrl  glutanrate appl icat ion. Such a
mcchanism could also contr ibutc to paircd-pulse deprcssion. However,
dcsensit izat ion alonc cannot uccounl l i l r  the appearartcc ol ' responses
fluctual ing bctween several arnpl i tude levels, thc incrc-ased nunrbcr
of fui lurcs, the clses ol conrplete deprcssion. rnd thc sirni lar i ty
bc twcen the  e f ' lec ts  o f  h igh  lMgr '  I  und  p l i red-pu lsc  dcprcss ion .

Thus our data indicate that at least some synlpt ir i  inputs t tr
supragranular cel ls in the neocorlex arc strong, highly rcl iable and
exhihit  very low varirnce. Togcther r, ' i th their high susceptibi l i ty to
unclergo rnodif icat ions ol-release probabil i ty this inlroduccs l  powcrlul
nrechanisnr fbr the activi ty dependent modulat ion ol synaptic tr lrrs-
miss ion .
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