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Regulation of GABA release is crucial for normal brain functioning, and GABA ,-mediated IPSCs are strongly influenced by repetitive
stimulation and neuromodulation. However, GABA exocytosis has not been examined directly in organized tissue. Important issues
remain outside the realm of electrophysiological techniques or are complicated by postsynaptic factors. For example, it is not known
whether all presynaptic modulators affect release from all boutons in the same way, or whether modulator effects depend on the presence
of certain types of voltage-gated calcium channels (VGCCs). To address such issues, we used confocal imaging and styryl dyes to monitor
exocytosis from identified GABAergic boutons in organotypic hippocampal slice cultures. Repetitively evoked IPSCs declined more
rapidly and completely than exocytosis, suggesting that depletion of filled vesicles cannot fully account for IPSC depression and under-
scoring the usefulness of directly imaging exocytosis. Stimulation at 10 Hz produced a transient facilitation of exocytosis that was
dependent on L-type VGCCs. Using specific toxins, we found that release mediated via N-type and P-type VGCCs had similar properties.
Neither baclofen nor a cannabinoid receptor agonist, CP55940, affected all boutons uniformly; they slowed release from some but
completely prevented detectable release from others. Increasing stimulus frequency overcame this blockade of release. However, ba-
clofen and CP55940 did not act identically, because only baclofen reduced facilitation and affected bouton releasing via P/Q-type VGCCs.
Direct observation thus revealed novel features of GABAergic exocytosis and its regulation that would have been difficult or impossible
to detect electrophysiologically. These features advance the understanding of the regulation of synapses and networks by presynaptic

inhibition.
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Introduction

GABA ,ergic inhibition is well controlled in the normal brain,
and its dysregulation can lead to pathophysiological phenomena.
GABA release is regulated by ligands that mediate presynaptic
inhibition (Thompson, 1994) and by retrograde signaling such as
depolarization-induced suppression of inhibition (DSI) (for re-
view, see Alger, 2002). Nevertheless, many fundamental details
remain unclear: does a given ligand affect all susceptible boutons
in the same way? Do different presynaptic inhibitory ligands in-
hibit release in the same way? Do the presynaptic inhibitory ef-
fects depend on the types of voltage-gated calcium channels
(VGCCs) on the boutons? Such questions are difficult or impos-
sible to address with electrophysiological methods, because
IPSCs are generally the product of release from many boutons.
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Inhibitory interneurons and their axons are often diffusely scat-
tered, and their small and inaccessible synaptic boutons are dis-
persed over the target cell somata. Significant postsynaptic fac-
tors, such as GABA, receptor desensitization (Brenowitz and
Trussell, 2001), driving force (McCarren and Alger, 1985; Hu-
guenard and Alger, 1986; Thompson and Gahwiler, 1989), and
depolarizing GABA responses (Alger and Nicoll, 1979; Michelson
and Wong, 1991; Kaila, 1994; Staley et al., 1995) complicate the
indirect analysis of release by measurement of IPSCs.

GABA release differs from the release of other neurotransmit-
ters. For example, glutamatergic and GABAergic terminals do
not have the same complement of voltage-dependent Ca** chan-
nels (Wheeler et al., 1994; Poncer et al., 1997), baclofen does not
inhibit the two types of terminals in the same way (Scanziani et
al., 1992; Thompson et al., 1992), synapsin I1I plays different roles
in glutamate and GABA terminals (Feng et al., 2002), and
whereas glutamate release is typically facilitated by brief repetitive
stimulation, GABA release is generally depressed. Hence, it is not
always safe to extrapolate conclusions derived from one class of
terminals to the other.

Therefore, to study GABA exocytosis, we adapted the tech-
nique of styryl dye-destaining (Betz and Bewick, 1992; Betz et al.,
1992) to GABAergic boutons in organotypic slice cultures. Al-
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though used to identify properties of GABAergic boutons in dis-
sociated cell culture (Kannenberg et al., 1999; Irving et al., 2000;
Akaike et al., 2002; Kirischuk et al., 2002; Timmermann et al.,
2002), FM1-43 (or its equivalent, Synaptogreen-C4, which we
used here) has not been used in the study of regulation of GABA
release. Styryl dye loading and unloading, confocal microscopy,
and pharmacological tools made possible the isolation and iden-
tification of single GABAergic boutons in the rat hippocampal
CA1 stratum pyramidale region. A newly developed mouse strain
(Erdélyi et al., 2002) expressing an enhanced green fluorescent
protein (eGFP) chimera of a synthetic enzyme for GABA, glu-
tamic acid decarboxylase 65 (GAD65), confirmed that the bou-
tons in rat slices were GABAergic. We determined that the stained
puncta represented functioning nerve terminals by monitoring
the activity-dependent loss of Synaptogreen-C4, its sensitivity to
Cd**, and stimulation frequency. We used quantitative analyses
of destaining to test several hypotheses for the regulation of exo-
cytosis: (1) that ligands of presynaptic GABAy and CB1 receptors
would inhibit release from all boutons equally, and their effects
would be indistinguishable; (2) that the efficacy of presynaptic
inhibition of GABA release would be frequency-dependent, de-
clining with higher stimulation frequencies; and (3) that the par-
ticular VGCCs on the boutons would influence the capability of a
given presynaptic receptor to affect release, and the frequency-
dependent decline in efficacy of presynaptic inhibition. The data
confirmed some predictions and showed that GABA exocytosis
resembles glutamate exocytosis but is not identical. The tech-
niques used will be applicable to GABAergic synapses in other
brain regions.

Materials and Methods

Preparation of organotypic slice cultures. All experiments were performed
on organotypic hippocampal slice cultures (Gahwiler et al., 1998). Hip-
pocampi were dissected from 5- or 6-d-old CO,-anesthetized rat or
GAD65-eGFP mouse pups and cut into 375 um thick transverse slices
using a Mcllwain tissue chopper (Brinkmann Instruments). Slices were
attached to polylysine-coated glass coverslips in 20 ul of chicken plasma
coagulated with thrombin. Coverslips were placed into culture tubes
with 750 ul of serum-containing media and incubated in a roller-drum at
36°C. Slices were X-irradiated at the time of explantation and treated
overnight with antimitotics to reduce the proliferation of glial cells. Slice
cultures were maintained in vitro for >14 d before performing experi-
ments to allow for synaptic maturation.

Electrophysiology. Cultures were perfused at ~1 ml/min with control
saline containing the following (in mm): 137 NaCl, 2.8 KCl, 2.5 CaCl,, 2.5
MgCl,, 23.2 NaHCOj, 0.4 NaH,PO,, pH to 7.2 with HEPES, 0.05 aden-
osine (except as noted), and 5.6 glucose at room temperature (20-22°C).
Most cultures were pretreated with a 250 nm concentration of either
w-agatoxin IVA (agatoxin) or conotoxin GVIA (conotoxin) (Sigma, St.
Louis, MO) for 1-3 hr before an experiment. Extracellular stimuli (100
usec in duration; 150-250 wA) were delivered near the border between
CALl s. oriens and s. pyramidale using a concentric bipolar electrode
lowered ~25-50 wm into the slices, which are 50-100 um thick.
Postsynaptic responses were recorded using either whole-cell or extracel-
lular recording techniques with an Axoclamp 2B amplifier (Axon Instru-
ments, Foster City, CA) low-pass filtered at 2 kHz and digitized at 10 kHz.
IPSCs were recorded with patch pipettes (5-7 MQQ) filled with the follow-
ing (in mm): 90 CsCH,SO,, 50 CsCl, 1 MgCl,, 10 HEPES, 0.2 BAPTA, 2
Mg-ATP, and 5 QX-314, pH 7.2. Whole-cell recordings, during which
the access resistance exceeded 30 M), were discarded. Field EPSPs were
recorded in s. radiatum using a patch pipette filled with extracellular
saline. In some experiments, GABAy responses were blocked with
CGP55485 (Tocris Cookson, Ballwin, MO). Except as noted, all other
reagents were from Sigma.

Dye loading and imaging. Slices were placed in a chamber and perfused
with control saline for 5 min. The perfusion was then switched to control
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saline containing a 10 uM concentration of either Synaptogreen-C4 or
Synaptored-C2 (Biotium) for 5-7 min. The loading stimulation (1800
stimuli at 10-Hz) began after 1-2 min of dye perfusion and ended 1 min
before wash. Dye was washed from the chamber with control saline con-
taining 150 um ADVASEP-7 (Biotium) for 15-20 min, after which the
unloading stimulation protocol was applied. ADVASEP-7 removes Syn-
aptogreen and reduces background fluorescence, leaving the punctate
staining indicative of synaptic boutons. Because boutons take up the dye
only through the recapture of vesicles after neurotransmitter release,
boutons that do not release in the presence of the dye are not labeled.

For experiments on GABA and CB, receptors, the corresponding
agonist or agonist—antagonist mixture was included in the ADVASEP-7-
containing wash. For experiments on L-type Ca*" channels, nifedipine
was added to the wash solution. All confocal images were acquired with a
Zeiss (Thornwood, NY) LSM 510 microscope using a 40X 0.8 numerical
aperture water-immersion objective. Synaptogreen and eGFP were ex-
cited with an argon laser at 488 nm and imaged through a 505 low-pass
filter. Synaptored was excited by a helium-neon laser at 543 nm and
imaged through a 560 LP filter. For destaining experiments, images were
taken every 15 sec. After collecting four baseline images, the destaining
protocol (3 min of extracellular stimulation; 12 images) was initiated.
After the end of the stimulation, four additional images were collected
(i.e., 20 total).

GADG65-eGFP mice. A genomic clone, containing a 5.5 kb upstream
region and the first six exons of the mouse GAD65 gene, was isolated
from a mouse A phage genomic library, and the eGFP marker gene with-
out its own translation start site was fused in frame to the third exon of
the GADG65 gene (Erdélyi et al., 2002). Transgenic mice were derived by
standard pronuclear injection of CBA/C57B16F2 fertilized eggs. For this
study, transgenic mice on the CBA/C57B16 background were used from
line GAD65  3e/gfp5.5#30. In this line, a 6.5 kb segment of the GAD65
gene, which includes 5.5 kb of the five upstream regions, the first two
exons, and a portion of the third exon and the introns in between, drives
the expression of eGFP almost exclusively to the GABAergic neurons in
many brain regions, including the neocortex and hippocampus.

Data analysis. Images were analyzed off-line using Metamorph image
analysis software (Universal Imaging Corporation, West Chester, PA).
Setable software parameters permit the computer to identify labeled bou-
tons by size (0.5-2.2 wm?), shape (“shape factor” range, 0.55-1.0; i.e.,
approximately round), and fluorescence intensity (=3 SDs above back-
ground). The program generates a region of interest around each iden-
tified bouton in the first image, and the fluorescence within each region
was measured automatically throughout the series of 20 images. Data
from experiments in which there was a shifting in the x, y, or z planes were
discarded.

The total fluorescence lost from a given bouton was calculated as [(1 —
Last3/First4) X 100)], where Last3 is the mean of its last three values, and
First4 is the mean of its first four values. If <25% of the fluorescence was
lost, or if T4 gain Was =300 sec, the bouton was classified as “nondestain-
ing”. The kinetics of fluorescence loss was estimated as T4qq.in, DY fitting
single exponentials, fit to the data between First4 and Last3 using Origin
software (Microcal Software, Northampton, MA). The T4.g., differ-
ences between experimental groups are robust, but we have not ascribed
any mechanistic significance to the exponentials themselves and have not
attempted multiexponential fits. The fractional release parameter, f, was
calculated from In(F,/F,)/n (Isaacson and Hille, 1997), where In is the
natural logarithm, F, and F, are the fluorescence intensities at times 1
and 2, respectively, and 7 is the number of stimuli delivered during that
period. All data are presented as mean = SEM. Data sets were compared
with either ANOVA followed by Tukey—Kramer post hoc analysis or Stu-
dent’s t test using SYSTAT software (Systat, Evanston, IL). Distributions
were compared using the Komolgorov-Smirnov (KS) test. Significance
levels were p << 0.05, for ANOVAs and ¢ tests, and p < 0.005 for KS tests.

Results

Isolation of GABAergic boutons

The study of GABA release from single boutons in brain slices
requires avoiding non-GABAergic boutons. Therefore, we used
rat hippocampal organotypic slice cultures (Gahwiler et al.,



Brager et al. » Visualizing GABA Release from Single Boutons

A

O
—
S

LOAD UNLOAD p 1
10 Hz, 3 min 2-10 Hz, 3min 5 90
r s | —| 5
[=]
syngreen ADVASEP-7 f 60
=]
5.
|l
=
=z
025 075 125 @ 175 | 225
s . . Bouton area (um?)
B . Pyramidale S. Radiatum
iy
Con
— '
Adn. .

O
T

2
g

| == Control B 401

8 %
8

Number of boutons
= 8

8

]
L4
i

| %#

S. Radiatum

ﬂ‘ﬂ-ﬂnnnnnnn
T T T T T 1

0.75 125 175 225
Bouton area (um?)

# of loaded boutons / 100 um
-J

(=}

: 0
S. Pyramidal 0.25

Figure 1. Loading of GABAergic houtons with styryl dye. A, Protocol for loading organotypic hippocampal slices with
Synaptogreen-C4 dye. The dye was present in the slice for 2 min before field stimulation of 10 Hz for 3 min was given and for 2 min
after stimulation to allow for uptake. The dye was removed and the chelator ADVASEP-7 was perfused for ~20 min before an
unloading stimulus train was given. B, Boutons loaded in s. pyamidale and s. radiatum in the absence and presence of adenosine.
Scale bar, 20 um. G, Group data showing numbers of labeled boutons present in s. radiatum and s. pyramidale in the absence
(control) or presence of 50 um adenosine. There was a highly significant reduction in the numbers of boutons in s. radiatum and
no change in s. pyramidale. *, Significantly different from control; #, significantly different from s. pyramidale. D, Distribution of
the sizes (areas) of 834 labeled boutons from nine rat slices in s. pyramidale. £, Overlay image of Synaptored-loaded boutons in
GAD65-eGFP mouse culture. Arrowheads in £ point to Synaptored-labeled boutons in a GAD65-eGFP mouse culture. Arrows in
inset indicate yellow clusters of Synaptored-filled vesicles with eGFP-labeled boutons. Scale bar, 10 wm. F, Distribution of
Synaptored-loaded bouton sizes of 255 boutons from three slices from GAD65-eGFP mice.
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morphological data from identified hip-
pocampal interneuron boutons (Miles et
al., 1996). Last, we compared labeled bou-
tons in rats with identified GABAergic
boutons in GAD65-eGFP mice. Our dye-
loading protocol and basic data are shown
in Figure 1. Slices were stimulated in the
presence of Synaptogreen and, after ~20
min of washing with ADVASEP-7-
containing control saline (Kay et al.,
1999), were then stimulated again to in-
duce dye release (Fig. 1A).

We confirmed that adenosine pre-
vented labeling of glutamatergic boutons
first by comparing the punctate labeling in
s. radiatum caused by stimulation in the
absence or presence of 50 uM adenosine
(Fig. 1 B,C). Adenosine reduced the num-
ber of labeled puncta per 100 wm? patch in
s. radiatum (optical thickness, ~2 wm) by
>90% (control, 104 = 33 puncta; adeno-
sine, 5 = 3; n = 3 slices; p < 0.05) (Fig.
1C). Adenosine did not significantly re-
duce the number of puncta in s. pyrami-
dale (control, 88 * 14;adenosine, 75 * 19;
n = 3 slices) (Fig. 1B,C). We also con-
firmed (Dunwiddie and Masino, 2001)
that the glutamatergic field EPSP recorded
in s. radiatum was abolished by adenosine
and did not recover, even if the stimula-
tion frequency was raised to 10 Hz for 90
sec (data not shown). Besides adenosine,
in most experiments, we also used a VGCC
toxin, agatoxin or conotoxin, to isolate
different sets of GABAergic boutons (Pon-
cer et al., 1997; Wilson et al., 2001). Be-
cause glutamate release is strongly inhib-
ited by both agatoxin and conotoxin
(Luebke et al., 1993; Wheeler et al., 1994;
Poncer et al., 1997), the combination of
adenosine plus either agatoxin or cono-
toxin ensured that glutamatergic boutons
did not take up dye.

Figure 1D shows morphometric data
on 834 boutons (from nine slices) that met
our selection criteria. The mean area of the
loaded boutons (0.86 * 0.05 um?) is com-
parable with, but slightly smaller than, the
reported mean of GABAergic synaptic
boutons measured with electron micros-
copy (EM) (Miles et al., 1996) as expected,
because the fluorescent puncta actually
represent the clusters of labeled synaptic
vesicles within the boutons (Sankarana-
rayanan et al., 2003), whereas the EM mea-

1998), because they have excellent optical characteristics and lack
extrinsic non-GABAergic afferents. Second, we bath-applied
adenosine, because it blocks glutamate (Lambert and Teyler,
1991; Scanziani et al., 1992; Thompson et al., 1992), although not
GABA release in the hippocampus (Lambert and Teyler, 1991;
Thompson et al., 1992). Third, we studied boutons in s. pyrami-
dale, where glutamatergic synapses are rare and GABAergic bou-
tons are numerous. Fourth, we selected boutons on the basis of

surements are of the outer margins of the bouton membranes.
As a final test, we compared Synaptogreen-labeled boutons
from rat slices with Synaptored-labeled boutons from transgenic
mice expressing eGFP under the control of the GAD65 promoter
(GAD65-eGFP mice) (Erdélyi et al., 2002). (Synaptored, a red-
emitting styryl dye, is used instead of Synaptogreen in eGFP-
expressing tissue so that the dye can be distinguished from eGFP.)
Figure 1E shows an example. There were on average 28 * 5
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(mean = SEM) eGFP-positive cells in the A
CA1 regions of single slices (n = 7 slices
from two mice). There was no systematic
difference in the location of the positive
cell somata: s. oriens, s. pyramidale, and s.
radiatum each had ~30% of the total.
Boutons in rat (Fig. 1D) and in GAD65-
eGFP mice cultures (Fig. 1F) were the
same size. The overlays of the Synaptored
staining with that of eGFP labeling occa-
sionally revealed distinct yellow clusters
within green varicosities (Fig. 1 E, inset), as
expected if red-labeled vesicles are present
within green-labeled boutons. The bou- B
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caused a rapid loss of fluorescence to a
steady state in most boutons (Fig. 2B,C)  Figure 2. Repetitive stimulation causes destaining of boutons. 4, Images taken before stimulation, 15 sec after beginning

(supplemental Fig. 1; available at www.
jneurosci.org). The stimulation was con-
tinued for 3 min, and the mean time con-
stant of destaining (T4.qin) defined by the
group data was 68 * 6 sec (n = 3 slices),
which is similar to the destaining rate of glutamate boutons (Za-
kharenko et al., 2001).

If destaining represents vesicular release, it should be
frequency-dependent. The mean 7,,;, decreased as a function
of stimulation frequency of 2, 5, and 10 Hz in 3 min long trains
(Fig. 3A) and was well described by the same relationship be-
tween destaining rate and stimulation frequency that described
glutamate release (Zakharenko et al., 2001). Increasing stimula-
tion frequency also decreased the total amount of fluorescence
remaining at the end of the trains (2 Hz, 44 = 4%; 5 Hz, 33 = 3%j;
10 Hz, 25 *+ 3%) (Fig. 3C). Photo-bleaching caused by repeated
imaging of dye-loaded boutons decreases fluorescence but is un-
related to vesicular dye release. We used low-excitation light lev-
els and obtained images every 15 sec only to reduce photo-
bleaching to ~10% of initial fluorescence (Fig. 2A). We did not
correct for photo-bleaching; however, its effect is constant across
all conditions and should not affect our conclusions.

The behavior of individual boutons is hidden in the group
data, and yet they might not all destain in the same manner. After
determining T4, for individual boutons, we first identified a
group of boutons that either lost <25% of their initial fluores-
cence during stimulation (~20% of the population) or had
Tgestain Values >300 sec (~5% of the population). A loss of <25%
was just larger than the loss caused by photo-bleaching, and 300
sec was >3 SDs slower than the mean 7,..,;, and, hence, seemed
likely to be nonphysiological. We considered boutons in these
groups (~25% of the total) to be nondestaining. As stimulus
frequency was increased, there was no significant difference in the
percentage of nondestaining boutons detected (Fig. 3C) (2 Hz,

tracesin B.

stimulation, and 1 min after the end of stimulation. Arrowheads point to Synaptogreen-labeled boutons in a rat culture. B,
Destaining profiles for 50 boutons from a single slice caused by 5 Hz field stimulation. Each trace is from a single bouton imaged at
successive 15 sec intervals throughout the trial (nondestaining boutons are indicated in red). ¢, Mean data from the individual

26 = 7%; 5 Hz, 22 = 6%; 10 Hz, 25 * 9%), and the distribution
Of Tyesrain Values shifted toward faster rates of release (Fig. 3D).
If destaining represents neurotransmitter release, it should
depend on Ca*™ influx into the boutons. Indeed, 50 um Cd**
prevented activity-dependent destaining (Fig. 3E). The percent-
age of nondestaining boutons greatly increased (control, 25 =
9%; Cd>™, 85 =+ 6%; data not shown) and became indistinguish-
able from the percentage that did not lose fluorescence in the
absence of stimulation (97 = 2%). Removal of Cd** significantly
decreased the percentage of nondestaining boutons (to 30 =
10%) and restored the activity-dependent destaining (Fig. 3E).

Evoked IPSCs decline more rapidly and completely than
boutons destain

Figure 4 A shows whole-cell IPSCs (adenosine present) evoked by
2 or 10 Hz stimulation (150 IPSCs in each train). IPSCs declined
more rapidly than boutons destained. In Figure 4B (2 Hz), im-
ages were taken every 15 sec, and imaging a frame required 1 sec.
Thus, to make this comparison, we averaged the IPSCs across a 1
sec interval of stimulation every 15 sec. Figure 4C shows that the
same disparity is seen with 10 Hz stimulation; after 150 stimuli,
the bouton fluorescence was still ~75% of control levels, whereas
ISPCs were reduced to ~10% of control. In control experiments,
loading of terminals with dye did not affect baseline IPSCs (108 =
5% of control) and did not prevent the rapid rundown of IPSCs
with 2 or 10 Hz stimulation (data not shown), indicating that the
dye itself did not interfere with release. The results emphasize the
difficulties with inferring details of presynaptic phenomena from
postsynaptic measurements. Postsynaptic factors can, in part,
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boutons; 3 slices). Thus, although the SEs

in the measurements could mask a 10—

507

> 1.29 150
E 1‘0._9.0.‘.’.5_.__- §40.
AT AN
CI S TTSMAALIY T 3
E 0.4 ++%I‘ b Sdhadliag l"’u5o. fgzn
I IR 4 £28 29825341 4

021 o 5Hz

0o 10Hz . . ——— / :

0 50 100 150 200 250 300 0 2 4 6 8 10

Time (s) Frequency (Hz)

O

157 Y E

Steady-state Non-destaining  15% contribution of boutons that are re-
boutans leased through both N-type and P/Q-type

terminals, it appears that the great major-

ity of GABAergic boutons in s. pyramidale

e 'i, 2Hz; n=157 boutons depend primarily or exclusively on Ca>"

5 r”ﬂ- m 1.21 influx through N-type channels for exocy-

g oL NI e P D 2, |3, —tl— tosis, and the remainder depend on P/Q-

% 0 50 100 150 200 250 300 g 1.01%4vg g%82e i £ I ver? type channels. Having isolated two main

2 ﬁ v E 0.8 %o 1 b4 classes of GABAergic boutons, we com-

; 201 5Hz; n=321 boutons 'E 06 90 o9 Rare.d their Qestaining rates but found no

.E pas : E = - : : 35 foe ¢ significant difference between them (sup-

5 0 5 100 150 200 250 300 E 0.41 184 plemental Fig. 1), implying that GABA

Z too] VY = 0] ° No stimulation exocytosis was effectively coupled to both
501 M 10Hz; =319 boutons —| B o N-type and P/Q-type VGCCs.

[y— T T T T T 0.0 'O ngh T T T T 4
: = 12235;?: (s;m = o %0 1001'|n1'|seo(sf 00 250 300 Frequency-dependent facilitation of

Figure 3.  Frequency dependence of destaining. A, Group data showing destaining induced by different field stimulation
frequencies. The numbers of boutons in each of the 14 slices (2 Hz, 5; 5 Hz, 3; 10 Hz, 6) represented ranged from 33 to 147 (mean,
78 == 10; different slices per frequency; no significant difference in numbers of loaded boutons between slices). B, The mean time

GABA release and the role of L-type
Ca’* channels

Although destaining obviously proceeded
more rapidly with 10 Hz rather than 2 Hz

constant of destaining is frequency dependent. The symbols represent the mean time constants of decay at the indicated frequen- stimulation (Fig. 3), it was not clear
cies obtained from the best fits of exponential curves to the data in A. The solid line is the fit of the data by an empirical equation, whether this represented a genuine facili-
analogous to that used by Zakharenko etal. (2001), to llustrate the kinetics of destaining of boutonsin CATs. radiatum: 74, = tation of release. To address this issue, we
7(min) =+ g/f, where Ty, s the time constant of destaining, T(min) is the minimal time constantat 10 Hz, fis the frequency of  calculated the parameter f, the fractional
stimulation, and ¢ is a fit constant. (, The steady-state level of fluorescence at the end of stimulation trains declines as the destaining rate per action potential (see
frequency of stimulation during the trains goes up. The numbers of nondestaining boutons remained constant across different N\ faterials and Methods) in the presence of

frequencies of stimulation. D, Destaining data from each bouton were fit by single exponentials. The bar graph plots the distribu-
tion of the time constants for the indicated numbers of boutons that made up the groups in A (total, n = 797 boutons). Note the
shiftin the population means (arrows) to faster time constants as the frequency increases. £, (d > prevents destaining. The filled
circlesrepresent fluorescence measurements from 154 boutonsin three slices that were loaded, washed, and imaged normally but
received no unloading stimulation. The slight decrease in fluorescence by the end of the trial is the result of photo-bleaching. Data

agatoxin, and plotted the results in Figure
5. Over the first 150 stimuli at the fre-
quencies tested, f was essentially constant
(fontiart 2 Hz, 0.26 = 0.02%; 5 Hz, 0.20 +

represented by open circles were obtained from measurements of 159 boutons in three slices loaded in normal solution, washed ~ 0.01%; 10 Hz, 0.17 % 0.02%) and agreed
for 20 min in ADVASEP-7 plus 100 wuu Cd >+, and then stimulated at 5 Hz (black bar) stillin the presence of Cd 2. (d> " wasthen ~ with freported for glutamate release (Ryan
washed from the chamber for =20 min, and the slices were stimulated again (open diamonds). (d>* essentially prevented  and Smith, 1995; Isaacson and Hille,
destaining (cf. open circles and diamonds); the datain Cd** are not significantly different from the photo-bleaching data. 1997). During the remainder of the 3 min

account for the discrepancy between destaining and eIPSCs, al-
though there are other possibilities (see Discussion). Neverthe-
less, we could directly investigate the regulation of exocytosis.

GABA release via either N-type or P/Q-type VGCCs

VGCCs are keys to the regulation of transmitter release. There-
fore, we asked whether the nature of the VGCCs coupled to
GABA release affected destaining rates and pretreated slices with
either agatoxin or conotoxin. Electrophysiological studies have
implied that P/Q-type VGCCs predominantly mediate GABA
release from some interneurons and N-type channels from others
(Poncer et al., 1997; Wilson et al., 2001). The segregation was
fairly strict, although VGCC mixtures did exist on some cells. We
found that the number of loaded boutons in s. pyramidale of
agatoxin-treated cultures was 65 = 7% (1 = 9 slices; mean count,
57 boutons per 100 um? of 2 um-thick optical section) of the
number found in toxin-untreated cultures, whereas conotoxin-

stimulation train, f remained constant
with 2 Hz stimulation but transiently increased and then de-
creased with 10 Hz stimulation. Because the stimulation trains
were the same length but had variable frequency, the number of
stimuli in each train also varied. To compare f after equal num-
bers of stimuli, we replotted the data after 150 and 300 stimuli for
five slices stimulated at 2 Hz and six slices at 10 Hz (292 and 403
boutons, respectively). The results from two representative slices
are illustrated in Figure 5A2. Three hundred stimuli delivered at
10 Hz increased fto 0.52 = 0.03% but did not affect fduring 2 Hz
stimulation (0.21 % 0.02%). The elevation in fimplies that GABA
release was transiently facilitated.

GABA synapses generally depress during repetitive stimula-
tion; hence, the mechanism of facilitation of exocytosis was not
clear. Ca*™ entering through L-type channels can evidently ac-
cumulate during high-frequency trains and facilitate release after
the trains (Jensen and Mody, 2001). We tested the possibility that
L-type channels might contribute to the facilitation of release
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Figure 4.  Comparison of repetitive stimulation on dye release and monosynaptic evoked

IPSCsat 2 and 10 Hz. A, Decrease in IPSCamplitudes (from 3 cells, 3 slices) caused by 150 stimuli
delivered at 2 Hz (@) or 10 Hz (O). Inset, Representative IPSCs, means of 3 each, at the indi-
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during 10 Hz stimulation. Indeed, 10 um nifedipine, an L-type
channel antagonist, slowed destaining and prevented the increase
in f without affecting f, .. (Fig. 5B) or the proportion of non-
destaining boutons (data not shown). The destaining curve in
nifedipine essentially takes the identical shape as the control
curve beginning at 30 sec of stimulation (arrow), and similarly f
becomes indistinguishable between nifedipine and control at this
point (Fig. 5C, bottom right graph). We confirmed that nifedi-
pine did not affect baseline IPSCs (90 * 7% of controls; data not
shown) and had no effect on depression caused by 2 Hz stimula-
tion, although, as reported by Jensen et al. (1999), there was a
tendency for IPSC depression caused by 10 Hz stimulation to be
enhanced by nifedipine. Thus, nifedipine affected primarily the
brief period of facilitation, and we conclude that L-type Ca**
channels contribute to GABA release for a limited period during
relatively high-frequency stimulation.

Presynaptic inhibition by G-protein-coupled
receptor agonists
In addition to control by VGCCs, transmitter release is regulated
by presynaptic modulators, yet the interrelationship between
these two forms of regulation is not well understood. To deter-
mine whether presynaptic inhibitors would have the same effects
on both N-type- and P/Q-type-dependent release, we studied
each population in isolation by pretreating slices with either aga-
toxin or conotoxin. We first compared 2 and 10 Hz trains on
IPSC:s elicited in the absence and presence of 10 um baclofen in
Figure 6, A1 (2 Hz) and A2 (10 Hz). Because baclofen reduced the
control IPSCs by ~66%, the data were normalized to the first
response in the trains. This revealed that baclofen decreased the
relative depression of IPSCs evoked by repetitive stimulation, and
that the extent of this effect was approximately equal for the two
stimulus frequencies (dashed lines). Figure 6 B shows group data
from 440 agatoxin-treated boutons from nine slices. Destaining
in the presence of baclofen was significantly decreased compared
with destaining in control slices and increased back to and be-
yond control by the GABA antagonist CGP55485. The enhanced
destaining caused by CGP55485 is consistent with the increase in
GABAergic IPSCs on CAl interneurons (Lei and McBain, 2003)
and suggests the presence of a GABA-mediated inhibitory tone.
IPSCs represent the summated response of a stimulated pop-
ulation of boutons and, therefore, details of modulation of
individual boutons are unknown. We tested the parsimonious
hypothesis that all boutons are affected uniformly by examin-
ing the effects of baclofen on destaining. Contrary to this hy-
pothesis, baclofen did not simply slow the rate of release from
all boutons. It also significantly increased the numbers of non-
destaining boutons (control, 26 * 7%; baclofen, 69 = 7%)
(Fig. 6C), suggesting that it either blocked release entirely or
reduced the probability of release (P,) so much that release was
effectively prevented in this group. There was a significant
slowing in the distribution of T4.;, values from the remaining
boutons (Fig. 6 D), whether determined by ¢ test (control T.gin»
105 = 6 sec; baclofen Tyegqin, 130 * 6 sec; p < 0.05) or by KS test
(data not shown; p < 0.005). Final steady-state values of fluores-
cence from these boutons were not affected by baclofen (control,

<«

cated times. Calibration: 200 pA, 25 msec. B, Comparison of the destaining of Synaptogreen-
loaded boutons (@) and the depression of IPSCs (O) during 2 Hz stimula