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Pavlidis, Paul and Daniel V. Madison.Synaptic transmission in pair permit direct electrophysiological characterization and phar-
recordings from CA3 pyramidal cells in organotypic cultuleNeu- macological manipulation of the presynaptic cell (Miles and
rophysiol.81: 2787-2797, 1999. We performed simultaneous whofgoncer 1996). The major difficulty with pair recordings is that
cell recordings from pairs of monosynaptically coupled hippocampgcijence of synaptic connection between any two cells is often
CA3 pyramidal neurons in organotypic slices. Stimulation of an acti} w, and thus connected pairs can be difficult to obtain (Ma-

potential in a presynaptic cell resulted in an AMPA-receptor-mediat i . . .
excitatory postsynaptic current (EPSC) in the postsynaptic cell t qiow 1991). One way around this is to use primary dissociated

averaged~34 pA. The average size of EPSCs varied in amplitudeHiture systems where connectivity is much higher (Bekkers
over a 20-fold range across different pairs. Both paired-pulse facfind Stevens 1990). Of course, with dissociated cultured prep-
tation and depression were observed in the synaptic current in &ations come questions as to the identity of the recorded cells
sponse to two presynaptic action potentials delivered 50 ms apart, &aad whether the synaptic and connective properties are similar
the average usually was dominated by depression. In addition, veough to those of mature synapses in brain for useful com-
amplitude of the second EPSC depended on the amplitude of the fiiakisons to be made.

EPSC, indicating competition between successive events for a comThe yse of organotypic brain slice cultures partially has

mon resource that is not restored within the 50-ms interpulse intervalaliorated such concerns because identification of cell types
Variation in the synaptic strength among pairs could arise from. . . . e
variety of sources. Our data from anatomic reconstruction, i/C\IlglmUCh easier than in dissociated culture and the cells maintain

analysis, paired-pulse analysis, and manipulations of calcium/magﬁemorphm()gy_ and connectivity S|m|I_alr to that in native brain
sium ratio suggest that differences in quantal size and release prdkegue (Gahwiler et al. 1997). Previous work on roller-tube
bility do not appear to vary sufficiently to fully account for thecultures of hippocampal slices has supported the idea that
observed differences in amplitude. Thus it seems most likely that theganotypic cultures have properties closer to acute slices than
variability in EPSC amplitude between pairs arises primarily frordissociated cultures (Gahwiler et al. 1997). Another useful
differences in the number of functional synapses. Injections of tifieature of organotypic cultures is that they express long-term
calcium chelator bisgraminophenoxyN,N,N,N'-tetraacetic acid potentiation (Stoppini et al. 1991) and other forms of synaptic
into the presynaptic neuron resulted in a rapid and nearly complgfgsticity including paired-pulse facilitation and depression
block of transmission, whereas injection of the slower-acting chelalghepanne et al. 1996a) and thus are useful in studying these
EGTA resulted in a variable and partial block. In addition to demo Sffects in pairs of neurons (Debanne et al. 1996b).

strating the feasibility of manipulating the intracellular presynapti d ib f 1h i f tic t
environment by injection into the presynaptic soma, these data, an ere we describe some of the properties or synaptic trans-

the EGTA results in particular may suggest variability in the linkaggiSSion in pair recordings performed in synaptically connected

between calcium entry sites an release sites in these synapses. CA3 pyramidal cells in organotypic slices maintained in inter-
face-type culture (Stoppini et al. 1991). Overall we find that the

properties of these recordings compare well with those per-
formed in acute slices (Miles and Wong 1986) as well as roller
cultures (Debanne et al. 1995). In addition, we demonstrate the
The analysis of synaptic transmission in the mammalideasibility of pharmacologically manipulating the presynaptic
CNS increasingly has turned to the use of techniques desigmetl by including exogenous calcium buffers in the presynaptic
to monitor transmission between single pairs of neurons. Theseording electrode. Some of these results have been presented
include minimal stimulation, where a small number (ideallin abstract form (Pavlidis and Madison 1997).
only one) of presynaptic fibers are stimulated extracellularly,
and paired recording, where intracellular recording from tW@etHoD s
synaptically coupled cells is performed. )
Minimal stimulation, although relatively rapid and simple tolissue culture

perform, suffers from a number of drawbacks. The primary |yierface cultures of hippocampal slices were prepared as described
concern is that one rarely can be certain that a single cell(ioppini et al. 1991). We used 7- to 10-day-old Sprague-Dawley rats.
being reliably stimulated. Pair recordings, where simultaneogsitures were maintained at 37°C for 3 days and then kept at 34°C for
intracellular recordings are made from only two synapticallyie remaining culture period. Cultures were used after 7-14 days in
connected neurons, do not suffer from this problem and alsdture. Healthy cultures selected for recording usually had a well-
defined, raised border and a relatively clearly defined stratum pyra-

The costs of publication of this article were defrayed in part by the paymeftidale. Cultures with dark (apparently necrotic) material present in
of page charges. The article must therefore be hereby markewkttisemerit  the CA3 region or a vacuolated (“cratered”) appearance or that had
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ extensively flattened borders were rejected. On the basis of these

INTRODUCTION

0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society 2787



2788 P. PAVLIDIS AND D. V. MADISON

criteria, approximately one-half to two-thirds of our cultures from angynaptic activity were excluded from analysis. In some experiments,
given preparation typically were judged to be sufficiently healthy fgyolysynaptic events obscured the peak of the event in many sweeps,
recording. so in these cases the initial slope of the event was analyzed rather than
the amplitude. Spontaneous synaptic events (MEPSCs) were detected

Electrophysiology automatically and measured as described (Ankri et al. 1994).

Individual slice cultures were transferred to a recording Chambﬁlristology
perfused at 2—3 ml/min with artificial cerebrospinal fluid (ACSF) with
the following composition (in mM): 119 NaCl, 2.5 KCI, 2.5 CaCl  |n some experiments, neurobiotin (Vector Laboratories) was in-
1.3 MgSQ, 1 NaHPQ,, 26.2 NaHCQ, and 11 glucose, pH 7.4, cluded in the recording electrodes (0.5%) to allow anatomic recon-
saturated with 95% ©5% CO,. ACSF reagents were of molecularstruction of the cells. Cells were filled for 15-60 min before the
biology grade (Fluka). All experiments were performed at roormslectrodes were withdrawn gently after which the culture was usually
temperature (21-23°C). 6-nitro-7-sulphamoylberfiglinoxaline- left in the recording chamber for an additional 15—60 min. A sketch
2,3-dione (NBQX), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)of the location of the cells within the slice was made to allow later
TTX, and picrotoxin were from RBI; all other reagents were frondentification of the pre- and postsynaptic cells. The cultures were
Sigma. fixed overnight at 4°C in 1% glutaraldehyde/1% paraformaldehyde in

Whole cell recordings from CA3 pyramidal cells were made blindlghosphate-buffered saline (PBS). The cultures then were washed in
(Blanton et al. 1989) or using an infrared-DIC microscope (Dodt areBS, teased away from the support membrane, then permeabilized by
Zieglgansberger 1990). Recordings of excitatory postsynaptic curréleze-thaw on dry ice or liquid nitrogen and stained using the ABC
and potentials (EPSC and EPSPs) were made using an Axopatchelige Kit (Vector Labs) with nickel enhancement. Stained cultures
or Axoclamp 2A (Axon Instruments, Foster City, CA). Presynaptigrere whole-mounted in Permount. Selected well-filled pairs were
current-clamp records were made with an Axoclamp 2A. Pre- aficed using a Neurolucida system (Microbrightfield). Tracing was
postsynaptic events were sampled at 10 kHz and low-pass filteredtafried out withx63 andx 100 oil-immersion objectives (Zeiss), and
1-2 kHz. Series and input resistances of voltage-clamp recordingéntification of potential contact sites was performed<a00 and
were monitored throughout experiments and did not vary#30%  with the condenser diaphragm fully open to give the narrowest plane
over the course of the recording within experiments included in thg focus. The photographs taken to illustrate the contacts in Fig. 4
data set. were not taken on the same microscope used for tracing §a

In many experiments, we used the perforated-patch technique f@iter-immersion objective was used (1.2 NA), and images were
the postsynaptic recording. Amphotericin (Fluka) was prepared ataptured digitally using the transmitted light detector of a BioRad

concentration of 200-30fg/ml by dilution of a 60 mg/ml DMSO confocal microscope]. Images were adjusted for contrast and com-
stock (prepared at least weekly) into a solution of (in mM) 55 Ggosed using Corel PhotoPaint.

methansulfonate, 75 ¢S0,, 10 HEPES, and 8 MgGl(pH 7.2 with
CsOH). This solution was sonicated briefly to disperse the amphoter-

icin and was usable for 1-2 h after preparation. The same solut®f SULTS

without amphotericin was used to fill the tips of electrodes (2-¢3)M . ; s
whereas the amphotericin solution was used for backfilling. Serigsecordlng from monosynaptically coupled pairs in CA3
resistances stabilized in 10-60 min between 15 and 40. Mh

experiments using broken patch whole cell mode, series resistal ; ; ;
varied from 10 to 25 M. Pfirs of CA3 pyramidal cells (Fig.A). Each pair was tested for

To establish a pair recording, a second whole cell recording w; gn_nectlon by Stlmulatln_g one cell, _deSIQnated as presynaptlc,
obtained in an adjacent area of the CA3 cell body layer (typically firé an action potential by passing a depolarizing current
~100-300um separation between cells in blind recordings, 10—1deulse via the recording electrode. The postsynaptic current
wm in visualized recordings). The presynaptic electrode solutidface then was examined for the presence of synaptic currents
composition was (in mM) 120 K gluconate, 40 HEPES, 5 Mg@l occurring at short (typically<3 ms), constant latencies after
NaATP, and 0.3 NaGTP (pH 7.2 with KOH; in some experiments, wiie peak of the action potential. Although it was not unusual
used MeSQ as the major cation). When EGTA or bis-gminophe- for the first potential presynaptic cell tested to be coupled
noxy)-N,N,N,N'-tetraacetic acid (BAPTA) was included in the pi-synaptically to the postsynaptic cell, in most experiments sev-
pettes, the K gluconate concentration was lowered slightly so asdpy| notential presynaptic cells were tested before a connection

maintain osmolarity at 290 mOsm. This solution also was used fWaS obtained. Overall, approximately one-third of potential

postsynaptic recordings in some experiments. Presynaptic cells W@fgsynaptic CA3 cells were found to be monosynaptically

held in current clamp and induced to fire single action potentials .
brief injection of depolarizing current (typically 20—50 pA for 20 ms). QUPIed to the postsynaptic CA3 cell. The success rate was

When a successful pair was obtained (i.e., a monosynaptic EPSC Wigher when using visualized recordings from cells that were
evoked by a presynaptic action potential), the presynaptic cell wasl00 um apart, although there was a great deal of variability
stimulated by current injection at 0.03—0.1 Hz throughout the expéh the success rate even when cells were directly adjacent to

We established simultaneous whole cell recordings from

iment. each other. Data from»150 pairs are presented in this paper.
When the presynaptic cell was a pyramidal neuron (almost
Data analysis all of our recordings), synaptic responses were blocked com-

_ ) _ letely by bath application of AMPA receptor antagonists
On- and off-lln_e data analysis was performed using custom so _NBQX or CNQX, 10M) at a holding potential of-65 mV
ware developed in our laboratory in the Labview programming en Fig. 1B). Long dépolarizing pulses delivered to the presynap-

ronment (National Instruments). Because the exact time of actipn I lted | train of acti tential d t f
potential occurrence during the depolarization of the presynaptic cetf C€! resuited ina train oraction potentials, ana postsynaptic

could vary slightly from trial to trial, analysis windows used for thd€SPonses during the train showed rapidly developing depres-
postsynaptic EPSC were locked to the time of occurrence of the p&dRn Of transmission that was often apparent after the first
of the action potential. Sweeps in which no action potential occurrégtion potential. This depression was characterized both by
or in which the postsynaptic recording was distorted by spontaneamaller EPSCs as well as failures of transmission (F@). 1
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A B response were included in the data set whether or not polysyn-
aptic events were also observed. However, in some experi-

Control NBQX  Wash ments the presence of polysynaptic inhibitory events made the

“‘V’ analysis of paired-pulse responses difficult or impossible be-

N cause polysynaptic activity induced by the first action potential
L affected measurement of monosynaptic responses induced by

the second action potential. Such pairs were excluded from this
analysis. Pairs exhibiting polysynaptic excitatory connections
were much less common and also were excluded from analysis.
C D In a few experiments, monosynaptic inhibitory events were
observed. This can be attributed to the presynaptic cell being
MY an inhibitory interneuron rather than a pyramidal cell. Eight

\
L/A“ such recordings were obtained in the course of our studies. The
identity of the presynaptic cell as an inhibitory cell always was
S —

Pre Post

corroborated by differences in the electrical properties of the
cells as compared with pyramidal cells. Specifically, putative
interneurons had shorter action potentials [64.6.0.1 (SD)
mV vs. 85.4+ 4.8 mV for pyramidal cellsP < 0.0001],
Fic. 1. A: schematic of the recording configuration for recording from priefer action potentials (2.4 0.47 ms vs. 3.6- 0.4 ms,P <
CA3 pyramidal cells. In some experim%nt& p%rforated-patch reco%ding @5001), a larger fast afterhyperpqlarlzatlon _(1&82'5 mvV ,VS'
used for the postsynaptic ceB: recordings from a synaptically connected®-8 = 1.7 mV, P < 0.001), and fired at a higher rate without
pair of CA3 neurons. Postsynaptic responstp)(after depolarization- accommaodation in response to long depolarizations (F8j. 2
evoked action potentials in the presynaptic cbbtton) are blocked by the Sych pairs were not studied in detail and are not included in the
AMPA receptor antagonist 6-nitro-7-sulphamoylbengtfjuinoxaline-2,3- analyses described in the following text. In many experiments,

dione (NBQX, 10uM). C: response of pair to a long depolarization of the . . .
presynaptic cell. Postsynaptic cellof) responds to a train of action the postsynaptic cell was cesium-loaded in perforated-patch

potentials in the presynaptic celbdtton) with a train of excitatory

postsynaptic currents (EPSCs) that decline in amplitude and give way tAl A2
failures of transmissior¥). D: pairs are not electrotonically coupled. Large
hyperpolarization of the presynaptic cetbf) does not result in current in

the postsynaptic celinfiddle). On return to rest, the presynaptic cell fired N

an anode-break action potential, resulting in a monosynaptic synaptic b y

current in the postsynaptic cell §. Bottom command potential. Scale: 30 WLM
ms/15 mv/75 pA foB, 50 ms/10 mV/25 pA foiC, 50 ms/100 mV/50 pA/1
nA for D.

We saw no evidence of electrotonic coupling in our pairs,
as was reported in acute slices (MacVicar and Dudek 1981).
Action potentials generated by one cell never were observed
to produce nonsynaptic currents or depolarizations in the __J
other cell. We also tested this explicitly in five pairs by
delivering large hyperpolarizing pulses to the presynapti
cell. This never resulted in any current passing to th B2
postsynaptic cell (Fig. ).

Some pairs exhibited polysynaptic connections with no ap-
parent monosynaptic connection. These generally had longer
(>5 ms) and more variable latencies to the first synaptic

. . | | onite, | s PN
potential. Such pairs were rejected from analysis. Typically;
these polysynaptic synaptic potentials were apparently inhibi-
tory because they had reversal potential of arouridh mV.
Such polysynaptic inhibitory currents were also common in
pair recordings where there was also a monosynaptic excitatory
component; being present in about half of experiments (Fig%_/

2A). As expected these polysynaptic potentials were blocke
by CNQX because blocking glutamatergic synapses removegG. 2. Synaptic inhibition in pairsTop: current records from the postsyn-

; ; ; ; imhihi ptic cell showing synaptic responses after depolarization-induced action po-
excitatory links to Intervening mhlbltory neurons (nOt Shownf;entials in the presynaptic ceb@tton). A: both cells are pyramidal cells, but

Polysynaptic inhibitory events were probably mediated Bye some of the action potentials in the presynaptic cell (evoked by 2 20-s
GABA,, receptors, but we could not pharmacologically blockurrent injections delivered 50 ms apart), a biphasic response is observed.
GABAergic inhibition in our experiments due to the disruptiv®utward currents (bulleted i\1) are polysynaptic inhibitory events\2:
hyperactivity this produced. These polysynaptic inhibitor{gsponse to a long depolarization of the presynaptic Befresynaptic cell is

- - interneuron as evidenced by the difference in action potential characteristics
events always occurred later than monosynaptic excitat Nd firing patternB2). Action potentials give rise to monosynaptic inhibitory

synaptic pOtem.ials and generally did. not prevent measureMgiients in the postsynaptic ceBI). Scale bar: 10 ms/50 pA/10 mV faxl
of the early excitatory event. Thus pairs having a monosynapéitiB1, 50 ms/25 pA/12 mV foA2 and B2.
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mode, which precluded electrophysiological confirmation dfaired-pulse characteristics of pair responses

the identity of the postsynaptic cell as a pyramidal cell based ) _ ) _

on its electrical properties. However, based on the observedVe have examined the postsynaptic responses in pairs of
frequency of presynaptic interneuron recordings, from triyramidal cells in response to two presynaptic action poten-
same population of neurons, we estimate that the accideritals: delivered 50 ms apart. In general the synaptic response to
inclusion of a postsynaptic interneuron would have occurréde second presynaptic action potential (EPSC2) could be
only a few times in the course of our many experiments. Th@rger or smaller than the response to the first (EPSC1), and
would be minimized further by our visualized recording tecHhis varied from trial to trial in a given pair (FigQ. When the
nique, which permits more accurate identification of cell typedverage paired-pulse ratio (EPSC2/EPSC1; PPR) was calcu-
In addition, analysis of neurobiotin-labeled pairs confirmed tfatéd for each pair, most pairs were found to exhibit paired-

identity of both cells as pyramidal cells in all cases tested (sBdlse depression (PPR 1; the average EPSC2 was smaller
following text). than the average EPSC1, within a given pair recording). The

average PPR varied greatly from pair to pair, from high levels
of facilitation (2.5-fold) to depression (0.2-fold). The average
PPR across 42 pairs was 0.880.35 (Fig. B). However, there
One of the Striking properties of excitatory Synaptic tranyilas no_ Significant relationship between_ the average EPSC size
mission between single pairs of connected neurons was tRé pair and the average PPR% 0.1; Fig. 38). As expected
great variability in size of the synaptic potential observed frof@r a presynaptic effect, the inverse of the coefficient of vari-
pair to pair. In some synaptically coupled pairs of pyramidaition squared (1/C¥ for the second pulse compared with the
cells, average responses were extremely small) pA, and first pulse was correlated with the degree of depression or
failures of transmission often were observed. In others, tfRcilitation observed (correlation coefficient 0.79;< 0.001;
responses were as large as 200 pA with few if any failures. easured for 25 experiments; not shown). Specifically, in pairs
a representative subset of 136 pairs, the average responseSh@aing strong depression, the ratio of Hwise 1)/
34 pA: the median response was 21 pA (Fidh).3We also CV(pulse 2) was relatively low.
examined transmission in a few pairs while holding the When the trial-to-trial variability in PPR is examined within
postsynaptic cell in current clamp to determine size of ttesingle pair, there is a strong relationship between the ampli-
depo|arization generated by these events. The range of averia@@ of the first EPSC and the PPR for that trial. For trials with
EPSP amplitudes induced by a presynaptic action potentialdsmall EPSC1, the PPR is typically larger, and PPR is smaller
eight experiments varied from-200 to 1,000uV, and the for trials with large first EPSCs (Fig.G. To analyze these

Properties of pair responses

average size was 450V. data, the trials within each pair were ranked by EPSC1 ampli-
tude and then divided into two groups, those with EPSC1s
A B larger than average for that pair and those with EPSC1s smaller

(=N}
<

than that average. The mean EPSC2 was taken for each group

2.5

3 é 2.0 and compared the mean EPSC2 for the experiment. If EPSC2
40 2 1s was independent of EPSC1 and could vary over the same range
5 B ot We-mg- - - of amplitudes, the mean EPSC2 should be the same whether or
g 20 B ool e : not EPSC1 was large or small. In contrast, there was often a
“ £ 00] " significant deviation from this expectation. Data from 50 pairs
% 50 100 150 200 250 0 20 40 60 80 are plotted in Fig. B to represent the relationship across all of
C Mean EPSC, pA D Mean EPSC, pA those paired recordings. The left-hand curve displays the cu-
10 === mulative probability of the deviation from the mean of EPSC2
N ——= gl.o where the EPSC1 was larger than average. The right-hand
g = 208 curve is the analogous data for trials when the EPSC1 was
£ . g £ 06 ller than average. As can be seen, there is a tendency for
-3 I S < smaller 9 ' dency
g4 . ) £ 04 trials with large EPSC1s to have small EPSC2s and vice versa
g2 . S s . Z 02 (Fig. 3D). On average, across 50 experiments, EPSC2 was
PR o . 1 SRS 6.8 = 10% smaller than the mean EPSC2 when EPSC1 was
0 10 20 30 40 50 60 70 80 302010 0 10 29 %0 %0 larger than the mean EPSC1 and 6:810% larger than the
First EPSC, pA 6 Deviation from independence

mean EPSC2 when EPSC1 was smaller than the mean EPSC1

Fic. 3. Properties of pair response&. histogram of the average EPSC(P < (.01, Kolmogorov-Smirnov test).
amplitude observed in a total of 134 pais average paired-pulse ratio in each

of 42 pairs (each point represents 1 pair recording) plotted against the average
EPSC amplitude in each pa'ﬁ: variability in responses in1 pain, ratio Estlmatlng the number Of actlve Synapses |n a palr
resulting from 1 paired-pulse trial with a 50-ms interspike interval. There is a

wide variability in the 1st EPSC (abscissa; sweape). Paired-pulse ratio We observed a great deal of variability in the size of re-
varied widely as well, giving rise to both depression and facilitation (ordinate:

- - -, paired-pulse ratio= 1). Scale bar foinset 60 pA, 25 mV, 10 msD:  SPonses from pair to pair, with a range €20-fold between
occurrence of depression and facilitation is nonrandom and depends ontfi@ “weakest” pair and the “strongest” pair. Such variability
amplitude of the first EPSC. In this graph, the results of 50 experiments @euld arise from a number of sources: variation in the number
summarized by plotting the cumulative frequency of the deviation of EPSGF gctive synapses between different pairs, variation in the

from the mean EPSC2 when EPSC1 was smaller than avetefjdhdnd o - . . .
curve or larger than averageight-hand curvé. Distributions are significantly probab|I|ty of release between pairs, variation in quantal Size

different from that predicted for 2 independent responBes 0.01). See text PD€tween pairs, and Variatio”_ in the dendritic location of syn-
for details. apses. Each of these could, in theory, account for the variation
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FIG. 4. Reconstructions of filled pairs. Only the
postsynaptic dendrite and cell body (thick lines) and
the presynaptic axon (thin lines) and cell body
(shaded region) were reconstructed. Both pairs are
oriented so the apical dendrites are pointing down-
ward. Only a portion of the reconstructed presynaptic
axon is shown, as many processes extend far from the
postsynaptic cell, off the edge of the illustrated region,
though the entire axonal arbor was reconstructed in
both cases. Putative synaptic sites are indicated by
small circles. Origins of the presynaptic axons are
indicated by asterisks; presynaptic basal dendrite from
which the axon emerged is not showha: pair in
which very small synaptic currents were observed
with frequent failures of transmission. There were 19
apparent contact site,, b—e examples of putative
synaptic sites. Axon is indicated by an arrowhead.
Arrow indicates the site of close apposition to the
postsynaptic dendrite. Orientations of these images
are not identical to that of the reconstructi®a pair
in which the currents were larger. There were 14
apparent contact sites; examples are shov), in—e,
labeled as irA. Scale bar: 10@um for reconstructions;
7.25 um for photomicrographs.

seen in the amplitude of EPSCs between pairs either aloneuaally, there was no extrahippocampal projection, but axons
in combination. were observed extending nearly to the edge of the tissue. Thus
To examine the possibility that there is a correlation betwedme overall morphology is quite similar to that of CA3 cells in
the size of the average EPSC in a pair and the number native tissue.
synapses made between the two neurons, we have recorElose examination of the two reconstructed preparations
structed the axonal arbor of the presynaptic cell and the deaveal sites of close contact between the presynaptic axon and
dritic arbor of the postsynaptic cell in two pairs, one with @ostsynaptic dendrites. At the light level, we cannot positively
very small response, and one with a larger response (Fig. @dnfirm that these are synaptic sites, though groups that have
Analysis of these, and 10 other pairs not traced, reveals that ttime analysis of similar preparations on the EM level have
CA3 cells had mature morphologies with obvious basal aridund a close correspondence between contact sites identified
apical dendrites. Numerous synaptic spines covered the dan-the light level and synaptic sites (Gulyas et al. 1993;
drites. What appeared to be thorny execrences were obserMadkram et al. 1997). The number of contact points does not
on many cells, extending from the region around the cell bodgpresent an upper limit for the number of synapses because
The cells had axonal projections much as would be expectedsme contacts could contain multiple active zones (Sorra and
acute tissue, although perhaps more highly elaborated. THarris 1993).
axon emerges from a single point on the basal side of the celBy comparing the number of potential synaptic sites in
body or from the initial segment of a main basal dendrite amtifferent pairs, the correlation between this and size of the
soon branches, sending projections to CA1 (Schaffer collategnapse can be examined. One of the pairs we reconstructed
als; not shown) as well as within CA3 (Fig. 4). Boutons werkad a very small EPSG;10 pA on average, with failures of
observed along the axons. The associative projections extenttadsmission in many sweeps. The other gave much larger
throughout both stratum oriens and s. lucidum/radiatum. Naesponses, 29 pA on average. We predicted that “weak” pair
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120 idea that the release probability and/or the number of release
110 b ot A sites is higher for pairs with larger responses.
w100 | A i A If it is true that differences in probability of release are a
2 ol oA A major component of the differences in 1/&\then it should
2 50| e be possible to increase the amplitude of the response of a
j_{ 70l WWWW weak pair to the_ vicinity of a strong pai_r _by increa_si_ng
2 6ol bAoA relegse probablllty. We testeq thI.S possibility by_ raising
8 5l MWMW calcium anq. lowering magnesium in the ACSF to increase
g ol s s the prpbablllty of release (Flg: 7). In seven of nine pairs,
E ol changing the calcium/magnesium ratio in the ACSF from
e 2.5mM Ca/1.3 mM Mg to 3.5 mM Ca/0.7 mM Mg or 5 mM
20 Ca/l mM Mg did not result in an increase in the maximal
10 EPSC amplitude observed. In other words, there was a
00 1'0 2'0 ﬁ';;” '"'45 5'0 6‘0 ;B 8‘0 “ceiling” that could not be passed simply by increasing
) calcium (Fig. ). In two pairs there was a small increase in
mEPSC amplitude, pA the maximal response size after calcium elevation but only

FIc. 5. Spontaneous miniature EPSCs in a CA3 pyramidal cell, recordedtid @ maximum of=120% of control levels. On average, the
the presence of TTX (1tM) and picrotoxin (10QuM). Inset selected sweeps maximal EPSC in high calcium was 105 10% of that in
illustrating typical mEPSCs. This is typical of observations from 3 cells. Scalggntrol conditions. This lack of change was not due to a lack
20 pA/L00 ms. of effect of raising calcium, as there were clear effects of
would have very few contacts, perhaps only one, whereas thereasing calcium on transmission. In high calcium, the
“strong” pair would have more contacts. Surprisingly, the paiaverage EPSC was 146 45% of that in control conditions,
with the small response had 19 contact sites. The pair with taed the PPR decreased by 2513% of the control values.
larger response had 14 contact sites. Thus there is no obviGusthermore there was a large increase in 17G¥75 +
relationship between number of contacts and the EPSC am#9%; range, 114-1,200%), when calcium was raised, as
tudes observed, and the number of contacts sites for the weapected if the probability of release had been increased.
pair was much larger than we predicted based on the electvide also noted that in high calcium, the positive relationship
physiology. The contacts were distributed over both basal abdtween EPSC amplitude and 1/€was maintained (cor-
apical dendrites. In the weak pair, 6 contacts were observedretation coefficient 0.76P < 0.05; Fig. @). The corre-
apical dendrites, and 13 were on basal dendrites. In the strapgpnding data for these experiments under control calcium
pair, 3 contacts were on basal dendrites and 11 on apicanditions were included in FigA6and also were correlated
dendrites. significantly with mean EPSC amplitude when considered

Despite the relatively large number of potential contactsdependently (0.87P < 0.05). In two pairs, we tested the
identified in the reconstructions, our electrophysiological dagédfects of lowering calcium/magnesium to 1.3 mM/2.5 mM
suggest that there are relatively few functional synaptic cofig. 7A). In both experiments, there was a large decrease in
tacts in most pairs. Spontaneous miniature EPSCs (mMEPS@3%%, mean EPSC (67% average) and an increase in the PPR
recorded in the presence ofuM TTX and 100uM picrotoxin  of 21% on average.
had an average amplitude of 68 3 pA, and ranged in
amplitude from<.3 up to 80 pA ( = 3 cells; Fig. 5). We note Pharmacological manipulation of the presynaptic cell
that the mEPSCs we recorded would include those originating , , ) ,
from mossy fiber terminals because the granule cells areOn€ of the advantages of using pair recordings is that the
present in these cultures. It may be that some larger evefi§oplasm of the presynaptic cell is directly accessible to
originate from these synapses, which are close to the cell boyPerimental manipulation by including exogenous com-
still, even if the smaller mMEPSCs-6—10 pA) are taken to pounds in the presynaptic recording electrode. We observed
represent a typical associational synapse, the majority of d{gnsmission t_)etween pairs of connected cells was quite stable
pairs, with mean EPSGs30 pA, would consist of fewer than OVer long periods of time (upward of 3—4 h) when using a
five active synapses.

Because the estimate of contact sites does not appear £b Control B Elevated Calcium
correlate with response size it is possible that the wide range ins, . %0 .
amplitudes represents connections with roughly constant num- 70
bers of synapses, but with widely ranging release probabilitiego o %, o
or differences in quantal size between pairs. One measure ©f Q40
the relationship between EPSC amplitude and the underlyirigto =
properties of the quantal synaptic responses is the coefficient of 10
variation (CV) of the EPSC amplitude (Faber and Korn 1991). ° 0
We found a significant positive correlation between 17@vid

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
. N N o mean EPSC, pA mean EPSC, pA
the mean EPSC amplitude (Fig. 6; correlation coefficient 0.64; P P
P < 0.01l'n= 27)_ Pairs with small mean EPSCs tended to F'c- 6. Relationship of 1/C¥to mean EPSC amplitudé: under control

- - . alcium conditions. Each point represents a different pair recording. Line is the
have small 1/CY values while pairs with |arge EPSCs ha(iast—squares fit to the data.data from experiments in which bath Ca/Mg was

larger values. Although interpretation of such data is N@fer changed to 3/0.75 or 5/1. Data for those experiments under elevated
straightforward (Faber and Korn 1991), it is consistent with theicium conditions are plotted ia.
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A Reduced Calcium — . — initial demonstration of our ability to manipulate the presyn-
5 045 215 x == aptic cell, we included high concentrations of calcium chela-
g 030 SR e tors in the presynaptic electrode. We selected BAPTA and
E 0.15 Lm)‘z‘ "361&« Ak EGTA, two calcium chelators whose effects on transmission

0.00 T T Sof L have been charactgrlzgd in other studies, in hippocampal syn-
pA 0 Firs%% pS éOpA 60 apses (by bath application of membrane-permeant analogues of

B _ ’ these compounds) as well as at other synapses.

S 0.15 Control Q104 == When the presynaptic electrode contained BAPTA (10 mM;
§ 0.10 % 2: - =" _potassium salt), transm_ission declined rqpidly (Fi@)_.SI'yp- _

g 0.05 O 41 e Ak ically there was a period of several minutes during which

= 0.00 E é:- B transmission was stable, followed by a period of decline, which

01020 304050 €0 T 30 40 o proceeded until transmission nearly was blocked. During this

P First EPSC, pA time, there was no significant differences in presynaptic action

C 11, Elevated Calcium ol == potential height and width between control and injected pairs
2 2 g == over the course of the experiments [height ratio (00 i
g 0.10 261 Bane MV,—o min) for control: 0.95+ 0.17 (mean*= SD; n = 15);

g 0.05 Q ‘2‘ o f‘)‘ BAPTA: 0.94 £ 0.18 f = 10); difference not significant.
= 0.00 T R s _ Ty Width ratio (ms,o/ms,; measured at the base) control: 096
pA 0 20 40 60 0.23; BAPTA: 1.09+ 0.12; difference not significant].

First EPSC, pA Maximal block was characterized predominantly by failure

Fic. 7. Effects of changing bath divalent cation concentration on synap@f transmission in most trials although occasional small EPSCs
responses in a pair recordirigeft amplitude histograms of EPSCs after singlecgntinued to appear (Fig.B3. The time course of BAPTA
presynaptic action potentials under different bath Ca/Mg conditiBight . . 3 . .
paired-pulse results for the same condition, plotting the paired-pulse ramloc_k WE_‘S Varlz_ible with half maXImaI. block being observ_ed_
against the amplitude of the 1st EPSC, as in Fi§. et sweeps are WIthin minutes In some cases and taking as long as 30 min in
consecutive individual trials under each condition; scale bar indicates 10 ms@her experiments. On average, the block reached a half-max-
PA. A:in low calcium/high magnesium (1.3 mM/2.5 mM). Note that muctimal level after 15 min. A similar extent of block was observed
smaller EPSCs dominate the amplitude histogram, as opposed to justjang| experiments1{ = 16). There was some indication that
increase in failures, and paired-pulse responsghtf show more facilitation block id wh ’ h ding | . |
though many sweeps still exhibit depressi@.in control conditions (2.5 OocK was more rapl W en_t € _recor Ing qcatlons were close
mM/1.3 mM), a wide range of response sizes and paired pulse raighs)( together €100 um, using visualized recording), but we have
were obtainedC: in elevated calcium (5 mM/1 mM). Maximal response siznot systematically investigated this. In a previous study on the
in C does not exceed that B, despite a su_bstantial increa_se_ in the meagffects of presynaptic BAPTA injection on transmission at the
response. Paired-pulse responses are dominated by depreggion ( squid giant synapse, it was calculated that 1 mM BAPTA
standard whole cell recording. Thus synaptic transmission apsulted in 50% block of transmission (Adler et al. 1991). To
parently is unaffected by prolonged dialysis of the presynaptiet a better idea of the sensitivity of the release mechanisms in
cytoplasm under our experimental conditions (Fig; & = our preparation, we tested the effects of a lower BAPTA
34). Nonetheless we have found it possible to introduce sufencentration, 1 mMr( = 5). We found that the effects of 1
stances into the presynaptic cell and have those substarnodd BAPTA were quite similar to 10 mM with a progressive
reach the axon terminals at effective concentration. As &tock of transmission observed soon after break-in. Although

A Control B BAPTA (10 mM)
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oW < 601 °.
<Q-145 S e 2 . L
" \o .‘n..\" » "‘ o ‘.. .
30] Th 28wt g, 0 O 401 %%
8 R ST AN § A AN A - .
Ay B *?i.:‘.".".'-"v.\ & 20 "-" LI .
|1 15 > 8 CTTLY A Y 7 R FIG. 8. Effects of injecting bisd-aminophenoxy)-
ol ‘ {M‘M ) N,N,N,N’-tetraacetic acid (BAPTA) into the presynaptic
. . . . . . = i i . . cell of synaptically coupled pairsA: control experiment
0 .20 40 60 80 100 0 20 40 60 80 100 with no added calcium buffer in the presynaptic electrode.
aptic.D: summary of experiments indicating the mean and
SE of the relative EPSC amplitude at various time points
¢ BAPTA (1 mM) D “+ Control after break-in. Number of experiments represented at each
20 WP b e 12 —e— 10 mM BAPTA time point decreases with time as not all experiments were
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A EGTA (10 mM) B EGTA (10 mM)
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: ..“.. ?‘* i w2 20 A I cell of synaptically coupled pair#\: example of an experi-
& 40 ‘\3 h‘ % R A P ment where 10 mM EGTA had no apparent effect on trans-
¢ .‘n. q"' K 1o AL I mission when included in the presynaptic electroBeex-
0 A o i 0 periment where a decline in transmission occurred with 10
12 i 36 a5 oo ; o 20 30 40 0 mM EGTA in the electrodeC: experiment where 1 mM
. . : : EGTA had no effect on transmissioB: summary of exper-
Minutes after break-in Minutes after break-in iments indicating the mean and SE of the relative EPSC
amplitude at various time points after break-in. Control data
C EGIA (1 mM) D ~+— Control are the same as that presented in Fig. 8, and as in Fig. 8, the
NS oz o | mMEGTA number of experiments represented decreases with time. *,
80 - 4 10 mM EGTA significant difference from controP(< 0.05). For the aver-
< 60 I_ &312 aged data with 10 mM EGTA, the block of transmission
Q: % . m 10 appears transient because the experiments maintained for the
O] ¢° seret o . © 08 longest time points did not show significant block. Scale bar:
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these recordings were maintained only for 20 min, in sonmbserved polysynaptic inhibition that could be elicited by a
experiments, the effects of 1 mM BAPTA appeared to statsingle action potential in the presynaptic pyramidal cell, as we
lized within the recording period at a level of 20—70% ohave (Fig. 2).
control levels (Fig. &). The BAPTA data are summarized in On average, our recordings were dominated by paired-pulse
Fig. 8D. depression. This is in contrast to th&25% facilitation seen by
We also tested the effects of including EGTA in thé/iles and Wong (1986) in CA3-CA3 pair recordings in acute
presynaptic electrode (Fig. 9). With 1 mM EGTA in theslices (in 2 mM Ca and 1.6 mM Mg). Debanne et al. (1996)
pipette, no effect was seen on transmission (F@;,. ®= 4). found a slight facilitation (8%) in CA3-CA3 pairs in roller tube
Similarly, in many experiments with 10 mM EGTA, therecultures with an Ca/Mg composition of 2.8/2.0 mM. The
was no significant effect on transmission (FigC)9 How- difference in our results might be accounted for by the fact that
ever, in some cases (7/14), there was an appreciable blockwef routinely used 2.5/1.3 Ca/Mg, which may vyield a slightly
transmission, ranging:75%. An example of such an exper-igher probability of release than the Ca/Mg compositions used
iment is shown in Fig. B. On average, 10 mM EGTA by Miles (1986) and Debanne et al. (1996). On the other hand,

blocked transmission-20% (Fig. D). using field stimulation in 2.5/1.3 Ca/Mg, Zalutsky and Nicoll
(1990) observed paired-pulse facilitation in acute slices. Thus
DISCUSSION the predominance of depression could indicate that the proba-

b|||ty of release in cultures is higher on average than in acute
These data represent an initial characterization of palrra1

ces. The finding that raising calcium did not result in the
cordings of CA3 pyramidal cells in the interface cultures, a g g

can be compared with work done with roller cultures (Deban ﬁcovering of low-probability release sites is consistent with
is idea (Fig. 6). The probability of release in acute slices has
et al. 1995) and acute slices (Miles and Wong 1986). Besi (Fig. 6). P Y

Sen reported to be high in young rats wk) and to decrease
demonstrating that these cultures are a good model system W’tﬁ P gh 11 yourg )

age (Bolshakov and Siegelbaum 1995). Because our cul-
outlining the properties of synaptic transmission between Sflires were prepared from 1-wk-old animals and cultured for
gle connected neurons, we have shown that pharmacologi€ay  our results may reflect this developmental difference.
manipulation of the presynaptic cell is feasible for small moly, 5jterative explanation is that the synapses in our cultures
ecules. In doing so, we have tested hypotheses concernmgf}b
sensitivity of the release machinery to exogenous calcium
buffers.

ot fully express the facilitation mechanism.

Variability between pairs

Comparison to acute slices We observed a great deal of variability in the response

The synaptic responses we obtained are quite similar dmplitudes between different pairs. This could arise from a
those obtained in acute hippocampal slices by (Miles amdmber of sources: differences in the number of active syn-
Wong 1986). In this study, it was reported that the quantapses between pairs, differences in the probability of release, or
content of pairs was low, consistent with our findings, at leaist quantal size. Additional variability could arise from differ-
for most pairs. Second, although most of our experiments wexeces in voltage-clamp errors in measuring EPSCs arising from
conducted in voltage clamp, the responses we have examid&tant synaptic sites or from different distributions of synapses
in current clamp showed depolarizations of similar magnitudm apical and basal dendritic trees. Each factor in theory could
to those seen in the acute slice. Miles and Wong (1986) alsccount for the observed variability alone or in combination
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with the others. For purposes of discussion, we first wiV is predicted to increase with increasing probability of
consider the possibility that one of these factors alone migt#lease or increasing number of release sites but should not
account for most or all of the observed variability. change when only the quantal size is increased. Second, under

The first possibility that we considered is that large variabitonditions where the probability of release is lowered, strong
ity in the average EPSC amplitude between pairs arises simphbjirs readily become weak. For example, when stimulating
because the number of active synapses simply varies from pairs with trains of action potentials, which caused depression,
to pair. However, the number of potential synaptic contacts weuch smaller events and failures appeared in the same pair that
found anatomically did not correlate with the EPSC sizagave rise to large events (FigCL We also found that loading
observed in a pair, and furthermore the pair that had a vesf/the presynaptic cell with BAPTA or EGTA causes a graded
small response had many more potential contacts than wodktline of transmission, and we observed possible quantal
be predicted from the physiology. There is no obvious diffeevents after BAPTA block was maximal (FigB) A similar
ence in the distance of the contacts from the cell body in tledfect was seen after lowering extracellular calcium (Fiy). 6
two pairs we reconstructed that could account for the diffeFFhese small events are comparable in size with the smallest
ence in the observed current amplitude, though the weak pawents observed in any pairs.{0 pA). Thus the large EPSCs
had a larger proportion of contacts on basal dendrites (Fig. #).these pairs are apparently made up of the sum of smaller
We note that other investigators who have reconstructed pagrgents with a quantal size similar to those making up the events
also observed little correlation between the number of contagtsweak pairs.
and response size (Deuchars et al. 1994; Markram et al. 1997)An alternative hypothesis is that the synapses in weak pairs
although the numbers of contacts observed in these cases veeedocated further from the cell body than those in strong pairs,
smaller than in our pairs, and the synapses were in acute slicesulting a larger voltage-clamp errors and thus underestima-
of neocortex rather than cultured hippocampal slices. tion of EPSC amplitudes for distal synapses. If this is the case,

A second possibility is that there is large variability in thdt is not evident from our reconstructions because the putative
average probability of release between pairs. There wassymapses in both pairs appear to be distributed widely over the
positive correlation between the coefficient of variation and tleendritic tree. The same is likely to be true for the other stained
average size of the EPSC in a pair, suggesting that strongairs that were not reconstructed because the presynaptic axons
pairs might possess a higher release probability or have mateays projected widely among the dendritic layers. Thus there
release sites than weaker pairs. Because paired-pulse faciigano obvious segregation of synapses to proximal or distal
tion is thought to be due to a temporary increase in thigendrites that could readily account for the difference in re-
probability of release (Zucker 1989), the PPR should decreagmnse amplitudes, although this easily could be a contributing
with increasing initial probability of release as demonstrated Ilfigctor.

Dobrunz and Stevens (1997). Thus if all other parameters areOn the basis of the whole of our evidence, including paired-
equal, pairs with a relatively low PPR would be expected faulse analysis, manipulations of calcium/magnesium ratio, and
have a higher probability of release, and thus exhibit relativelyCV? analysis, we conclude that differences in quantal size
large average EPSCs to a single action potential. The lackasfd release probability do not appear to vary sufficiently to
any such relationship between PPR and average EPSC $idly account for the observed differences in amplitude. Thus it
suggests that any differences in the probability of releaseems most likely that the variability in EPSC amplitude arises
cannot entirely explain the range of response sizes we obserpédarily from variation in the number of synapses formed
(Fig. 3B). Furthermore if smaller responses occurred becausetween different pairs despite the results of the reconstruction
release probability in weaker pairs was consistently lower thahtwo pairs. It is likely that the limited anatomic analysis of
that in stronger pairs, it would be expected that the amplitugetential contacts we performed does not provide an accurate
of average small EPSCs could be increased to a size approaepresentation of the number of active synapses. This may be
ing that in strong pairs by increasing release probability. Raisecause some synaptic contacts are effectively nonfunctional
ing the probability of release with calcium did not readilyeither presynaptically (due to a very low or a zero probability
convert small responses to large responses (Fig. 6). This safjrelease) or postsynaptically (due to the lack of functional
gests that there is no subpopulation of very-low-probabili#%MPA receptors but not necessarily a lack of NMDA recep-
synapses between pairs that can be revealed by raising prdbes) (Malenka and Nicoll 1997).

bility of release. In addition, taken with the fact that most pairs

were dominateq _by paired-puls_e depressi_on,_ the;e da_ta sug@estation of responses within pairs

that the probability of release in most pairs is fairly high.

A third explanation for the differences in mean EPSC am- In addition to the variability among pairs, EPSC amplitudes
plitude among pairs is that the quantal size is larger in painsthin a given pair recording fluctuated considerably (i.e., Fig.
with larger responses. Thus pairs with large responses migkl). Although we have not conducted a formal quantal anal-
consist of the same number of active synapses as those wgis of our EPSCs, it is likely that the major source of this
small EPSCs, but with a larger quantal size. This possibility ¥@riation is fluctuation in the number of quanta released from
supported by the broad distribution of the mEPSCs, thougffial to trial as at other synapses. In addition, the average
mossy fiber synapses may account for some of the largprantal content in most pairs appears to be fairly low, because
events. There is some evidence against differences in quafadlres of transmission were observed (i.e., Fig. 7) and most
size as the sole explanation for interpair variability. First, theEPSCs in pairs were not more than four to six times as large as
was a positive correlation between 1/€%nd EPSC ampli- typical mEPSCs (Fig. 5). One consequence of fluctuations in
tude. Although this type of analysis can be problematic (Fabiansmission seems to be that when paired pulses are delivered,
and Korn 1991), in the simplest case, the inverse square of there is what can be termed “competition” for synaptic re-
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sources between the first and second EPSCs (By.a3 has reached in the terminal. The more interesting possible reason
been observed previously in organotypic slices (Debanne etfal.the variability of the EGTA effect is a underlying difference
1996) and in motor cortex (Thomson et al. 1993). The magriit the properties of synapses. For example, in some terminals,
tude of the effect was quite variable although we detecteelease sites may not be as closely linked to calcium entry sites
competition in most but not all pairs. The limiting resourcas in others (Smith and Augustine 1988).
may be presynaptic, as shown by Debanne et al. (1996) and’ hese data demonstrate the feasibility of performing phar-
might reflect readily releasable synaptic vesicles. In additiomacological manipulations of presynaptic neurons in hip-
the fact that 1/C¥ for the second pulse compared with the firgpocampal slice cultures. The effects of BAPTA and EGTA
pulse is correlated with PPR in our pairs is also suggestiveweére very rapid with noticeable effects within 10 min being
a presynaptic change. However, from our data we cannot riypical. This speed suggests that such manipulations need not
out other explanations such as postsynaptic receptor desensid to be limited to small molecules such as BAPTA. Indeed,
tization (Arai and Lynch 1998) or rapid feedback presynaptige have indications from experiments with fluorescently la-
inhibition mediated by glutamate (Chittajallu et al. 1996). beled dextrans that reasonably rapidl(h) access to terminals
=200 ums away from the recording site might be obtained for
Effects of presynaptic calcium chelator injection substances with molecular weights3,000 (unpublished data).
This opens the possibility that types of analysis of the synaptic
In most studies, in a variety of preparations, BAPTA hagesicle release machinery that has been performed at the squid
been demonstrated to block transmission (Adler et al. 199fiant synapse (DeBello et al. 1995) might be extensible to the
Borst and Sakmann 1996; Niesen et al. 1991), whereas EGhifhpocampal slice.
variously has been reported to have no effect (Adams et al.
1985; Adler et al. 1991; Atluri and Regehr 1996; Delaney et al.We thank E. Schaible for technical assistance, |. Parada-Riquelme, J. Hirsch,
1991; Spigelman et al. 1996; Swandulla et al. 1991) or ﬁﬁdﬂ?- ErlizTchéornusle of an?wtvrari“i“gn‘gig‘ Tf Ne_UIOLU?i?% _SySte”_'Sﬁ D. Faber
H H H . I . | | on.
partlally block tr_ansmlssmn (BorSt and Sakmann 1996; KreErThii work Wasast?py;o?tgg byaNZtiﬁnal Instit(l:J(t?eusso?Hec;Ith Zcrg?\stsoNS—mS:%O
et al. 1982; Salin et al. 1996). To our knowledge, there hayep paviidis and MH-48108 to D. V. Madison.
been no tests of the effects of calcium chelators in hippocameresent address of P. Pavlidis: Center for Neurobiology and Behavior,
pus using direct intracellular injection into presynaptic ceIIs.C:Alérgbia Ufniversit_%t New Y?rk,DN\\(/ 1'8'032- 5115 Beckman Center. St
Our experiments with BAPTA demonstrated a high degr ress lor reprint requests: L. v. Madison, eckman Lenter, Stan-
of sensitivity to this chelator at concentrations no higher thg?{d University School of Medicine, Stanford, CA 94305-5345.
1 mM. This is a comparable sensitivity to that observed in theceived 6 November 1998; accepted in final form 25 February 1999.
squid (Adler et al. 1991), although it is likely that in our
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