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We made whole-cell recordings from CA1 pyramidal cells in the rat hippocampal slice
preparation to study the calcium (Ca®") dependence of depolarization-induced suppression of
inhibition (DSI). DSI is a retrograde signalling process in which voltage-dependent Ca**
influx into a pyramidal cell leads to a transient decrease in the release of GABA from
interneurons.

To investigate the Ca’* dependence of DSI without altering extracellular divalent cations, we
varied the type and amount of Ca®* chelator (RGTA or BAPTA) in the recording pipette
(keeping the chelator : Ca®* ratio constant). Evoked inhibitory postsynaptic currents (IPSCs)
were induced in the presence of antagonists of ionotropic glutamate receptors. DSI was
induced by depolarizing voltage steps, lasting from 0:025 to 58, to 0 mV.

DSI was directly dependent on the duration of the voltage step used to induce it, from
threshold up to a maximal value of ITPSC suppression, whether EGTA or BAPTA was used,
and whether their concentrations were 0-1, 0:5 or 2 mm. For instance, a voltage step lasting
1:37 s produced half-maximal DSI with 2 mm BAPTA, but with 01 mm BAPTA, half-
maximal DSI was achieved with a step lasting 0:186 s. Peak DSI was the same in all cases,
and DSI was blocked with either 10 mm EGTA or BAPTA in the pipette. Bath application of
carbachol could overcome the block of DSI by 10 mm EGTA but not by 10 mm BAPTA.

We calculated that a voltage step lasting ~100 ms would be necessary to activate half-
maximal DSI in the absence of exogenous Ca”* buffers.

Log—log plots of calculated total Ca®* influx, estimated from time integrals of Ca’" currents,
versus DSI yielded a straight line with a slope of ~1, and increasing extracellular [Ca®*] from
2+5 to 5 mm did not change the slope.

The time course of decay of DSI was well described by an exponential function with a time

constant of ~20 s and was not affected by changes in either concentration or type of Ca®*
buffer.

The data suggest that, in its Ca’* dependence, DSI more closely resembles the slow release of
neuropeptides and hormones than it does the process of fast release of many neuro-
transmitters.

At fast synapses, neurotransmission is tightly coupled to
calcium influx and steeply dependent on the instantaneous
internal [Ca®] near the plasma membrane, which rises to
high levels, and falls quickly with the opening and closing
of voltage-dependent Ca®* channels (VDCCs) (Dodge &
Rahamimoft, 1967; Adler et al. 1991; Llinas et al. 1992;
Borst et al. 1995; Borst & Sakmann, 1996; Wu & Saggau,
1997). However, chemical secretion is not always Ca**
dependent in this way. Slow transmitter release from
peptidergic nerve terminals (Peng & Zucker, 1993; Seward et
al. 1995) or chromaffin cells (Neher & Zucker, 1993; Chow et
al. 1994; Engisch & Nowycky, 1996; Seward & Nowycky,

1996) is typically initiated by prolonged Ca’* influx and
appears to be dependent on the [Ca’"] at a substantial
distance from the VDCCs, rather than on the instantaneous
submembrane [Ca®*].

Principal cells in the brain can release chemicals, often
from dendrites, that travel in the retrograde direction and
influence incoming signals. Several unconventional
modulators, for example nitric oxide and carbon monoxide
(Dawson & Snyder, 1994), may be retrograde messengers,
but conventional neurotransmitters may also act in this way.
Examples include dopamine (Cheramy et al. 1981; Jafte et al.
1998) in the substantia nigra, dynorphin in the dentate
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gyrus (Drake et al. 1994), and oxytocin and vasopressin in
the supraoptic nucleus (Kombian et al. 1997). By affecting
cells synapsing on it, a cell releasing a retrograde messenger
could affect its own state of excitability. Although retrograde
signalling is triggered by Ca®" influx, there is almost no
information on its Ca”* dependence.

A well-established retrograde signal process exists in the
hippocampus (Pitler & Alger, 1992, 1994; Alger & Pitler,
1995; Alger et al. 1996; Morishita & Alger, 1997; Ohno-
Shosaku et al. 1998) and cerebellum (Llano et al. 1991;
Vincent et al. 1992; Vincent & Marty, 1993) whereby
voltage-dependent Ca®* influx into a principal cell causes a
transient reduction in the release of GABA from
interneurons. This process, called depolarization-induced
suppression of inhibition (DSI), is probably mediated by
release of a messenger, perhaps glutamate or a glutamate
analogue (Glitsch et al. 1996; Morishita et al. 1998), from
somato-dendritic regions of the principal cells. DSI thus
provides a robust model for investigation of retrograde
neurotransmission.

DSI could involve an unusual release mechanism. It is
experimentally induced by long cellular depolarizations,
usually >1s, and has a slow onset and long duration,
typically not achieving peak levels for several seconds
following postsynaptic depolarization and lasting for
20-60s at 30°C. Hence, DSI could require large and
prolonged increases in [Ca’"]; and have slow intrinsic
kinetics. However, the dynamics of [Ca®"]; changes depend
not only on the spatiotemporal pattern of Ca®" influx, but
also on endogenous and exogenous Ca’* buffers (Zhou &
Neher, 1993). The calcium buffers, BAPTA or EGTA, used
at millimolar concentrations in experiments on DSI, could
have affected its properties.

By varying the intracellular Ca>* buffering conditions, we
have begun to explore the Ca®" dependence of DSI in CA1
pyramidal cells. This approach, extensively used in
investigations of neurotransmitter release (Adler et al. 1991;
von Gersdorft’ & Matthews, 1994, 1997; Borst et al. 1995;
Borst & Sakmann, 1996; Mennerick & Matthews, 1996), is
particularly suitable for DSI because it directly affects
[Ca®]; without influencing other cells or the extracellular
environment. The data suggest that DSI more closely
resembles hormone or peptide secretion than it does fast
synaptic neurotransmission.

METHODS

Preparation of slices

Hippocampal slices were obtained from young adult (30—50 days)
Sprague-Dawley rats using conventional techniques. All experiments
were carried out in strict accordance with the guidelines set forth
by the Institutional Animal Care and Use Committee of the
University of Maryland School of Medicine. After the animals were
deeply anaesthetized with halothane and decapitated, the hippo-
campi were quickly removed and placed in ice-cold, oxygenated
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saline. Hippocampi were glued to the chuck of a vibratome
(Technical Products International) and sectioned transversely into
400-pm-thick slices. Slices were incubated at room temperature
(22-24 °C) for > 1 h before being transferred to the experimental
chamber (Nicoll & Alger, 1981), where they were held submerged
and constantly perfused with experimental saline bubbled with

95% 0,—5% CO, at 30 °C (pH 74).

Experimental solutions

The experimental saline consisted of (mar): 120 NaCl, 25 NaHCO,,
3 KCl, 2:5 CaCl,, 2 MgSO, or MgCl,, 1 NaH,PO, and 10 glucose,
plus 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 20 um, and
2-amino-5-phosphonovaleric acid (APV), 50 um, to block ionotropic
glutamate receptor-mediated responses. When [Ca®"], was increased
to 5 mm, Mg™* salts were omitted.

Whole-cell patch electrodes (3—6 M2 in the bathing medium)
contained (mm): 100 CsCH,;S0,, 10 Hepes, 2 MgATP, 1 MgCl, and
5QX-314, pH 7-2. QX-314 is used to block voltage-dependent Na'
and GABAjg-mediated inward rectifier conductances that could
complicate interpretations. DSI is not dependent on pyramidal cell
G-proteins (Pitler & Alger, 1994) and is not affected by absence of
guanosine triphosphate (GTP); therefore, to block potentially
contaminating G-protein-dependent responses, GTP was omitted.
Pipette solutions, except for those with 10 mm Ca®" buffer,
contained 60 or 70 mm CsCl in addition to the above salts, while
solutions with 10 mm bufter contained 45 mm CsCIL. In all pipette
solutions the ratio of [Ca®* buffer]:total [Ca®*] was 10:1 to
maintain free [Ca®"]; ~20 nm. Ca®" was not added to solutions
containing 100 um Ca®* buffer, as ~10 um Ca®* is present as
contaminants in the water and in other salts. All Ca®* buffers were
introduced into the pyramidal cell by diffusion from the pipette for
at least 15 min before data collection was begun.

Data acquisition and analysis

Whole-cell voltage-clamp recordings were made from CA1 pyramidal
cells using the ‘blind’ technique (Blanton et al. 1989). An Axoclamp-
2B (Axon Instruments) was used, and records were filtered at
2 kHz (Frequency Devices) and digitized at 5 kHz by a Digidata
1200 A/D converter (Axon Instruments). Monosynaptic IPSCs were
evoked (eIPSCs) continuously at 0-33 Hz with stimulation in CA1
stratum oriens or radiatum. The magnitude of DSI was calculated
from:

DSI = [(IPSC,, — IPSC,)/IPSC,] x 100,

where the control IPSC amplitude (IPSC) is the mean of eight
eIPSCs preceding the voltage step, and the test IPSC (IPSCy) is the
mean of five IPSCs following the step (omitting the first post-step
IPSC, because DSI is still developing at that time; Pitler & Alger,
1994). For each cell, means of 2—6 DSI trials were used to obtain a
value of DSI for that cell.

Ca®* currents were isolated at the end of an experiment by applying
DSI-inducing voltage steps after switching to a perfusion containing
200 um Cd** and subtracting the resulting currents from the
originals. Data were collected and analysed with pPCLAMP6 (Axon
Instruments). All fits to the data were generated by Sigmaplot 4.0
(Jandel Scientific).

To estimate the [Ca’], that results from a voltage step, we
modelled a CA1 pyramidal cell as a spherical soma (10 gm radius)
with an apical dendrite consisting of three continuous cylinders
totalling 400 gm in length. We only modelled the soma plus apical
dendrite because our previous work had shown that our standard
protocol elicits DSI that is dependent on current through N-type
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(Ca’ channels (Lenz et al. 1998), and N-type channels are localized
to the cell bodies and apical dendrites of CA1 cells (Westenbroek et
al. 1992). The main part of the apical dendrite containing N-type
channels is ~400 gm in length (Westenbroek et al. 1992). We
approximated the tapering of the dendrite with three cylinders
that were 100, 200 and 100 gm in length, and had radii of 5, 3 and
2 pum, respectively. The total volume of this model is 7:9 pl. We
assume that Ca’" release from internal stores is not involved in DSI
(Lenz et al. 1998), and that there is an endogenous bufter equivalent
to 100 vt BAPTA. For long steps, Ca®" transporters would have to
be taken into account, but as a first approximation we have neglected
them. We assume that [Ca®*]; is then expressed by:

[Ca® ], =[—H+ (H? + 4K,[Ca*"],)")/2K,,

1

where [Ca®*], is the total [Ca®*] (bound and free), K, is the
binding constant of Ca®* to BAPTA (5x 10°%), and the function
H= K,([BAPTA], — [Ca®"]y) — 1 (cf. Peng & Zucker, 1993).

A

250 ms 400 ms 750 ms

2 mM BAPTA

/f/

80,
704 _
60
501

401

% DSl

304
20-
10+

o 1 2 3 4 5 6 7
voltage step duration (s)

Ca® dependence of depolarization-induced suppression of inhibition

% D8I

149

Maximal DSI and the voltage-step duration to elicit half-maximal
DSI (ETj,) were determined from the computer-generated equations
of the log time—response curves (e.g. Fig. 1(). Here, ‘Maximal DSI’
refers to the asymptotic, largest suppression of IPSC amplitudes
obtained with increases in voltage-step duration. ‘Peak DSI” refers to
the greatest percentage reduction in IPSC amplitudes observed in a
given condition. For descriptive purposes, the correlation coeflicients,
rvalues, of the fits of the means of the data points are given.

RESULTS

With 2 mm [BAPTA]; in the whole-cell recording pipette
(see Methods), brief voltage steps (100—250 ms) to 0 mV
from the holding potential of —70 mV did not induce DSI in
CA1 pyramidal cells, but longer steps elicited progressively
greater DSI (Fig. 1 4) (cf. Ohno-Shosaku et al. 1998). A plot
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Figure 1. Dependence of DSI on duration of postsynaptic depolarization and intracellular [BAPTA]

In all figures, downward deflections are evoked monosynaptic IPSCs recorded under whole-cell voltage
clamp in CA1 pyramidal cells. High pipette [C1] causes IPSCs to appear as inward currents. Ionotropic
glutamate receptors have been blocked by 20 pm CNQX and 50 gm APV. DSI is represented by the
reduction in IPSC amplitudes that follows depolarizing voltage steps (upward deflections). 4, DSI was
evoked with depolarizing voltage steps to 0 mV applied to the pyramidal cell. The electrode contained
2 mwm [BAPTA];. The duration of the voltage step was varied from 100 ms to 4 s, and the DSI was
measured (see Methods) for each step. Representative responses to voltage steps of various traces are shown.
Increasing the voltage-step duration caused a progressive increase in DSI. B, plot of DSI wersus the
duration of the DSI-inducing step for a group of cells was well fitted by an exponential equation (n=15,
r=0-983). For each cell the mean DSI for a given step duration was obtained from at least two trials. Each
data point is the mean of values obtained from the cells. C; a semilog plot of the group data was sigmoidal
in form. Time to half-maximal DSI (ET;), 1-37 s, was estimated from the fitted line.
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of DSI wversus voltage-step duration was well fitted by the
equation:

DSI = maximal DSI x (1 — exp(—t,/7)),

where £ is the step duration and 7 is the time constant. A
plot of DSI wersus the logarithm of the voltage-step duration
was well fitted by a sigmoidal function:

DSI = (maximal DSI)/(1 + exp[—(t — ¢,)/7]),

where ¢ is log voltage-step duration, ¢, is a slope factor and 7
is the time constant. Peak DSI was 58:6 + 34 % (all values
are given as means +s.EM.). The voltage-step duration
(interpolated from the sigmoidal functions) that produced
half-maximal DSI (ET,) was 1:37 s (n=5).

As such high [BAPTA], could have affected the [Ca™*],
dynamics and thus DSI, we repeated the experiments using
either 500 gm or 100 gm [BAPTA], with free [Ca®*]
maintained at a constant level. Lowering [BAPTA]; greatly
enhanced the ability of briefer voltage steps to elicit DSI
(Figs 2 and 3). With 500 gm [BAPTA];, the ET,, for DSI
was 406 ms, and with 100 gm [BAPTA]; it was 186 ms. In
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the latter case, detectable DSI could be elicited with voltage
steps as short as 25 ms. Despite the large effects on ETj,
however, no change was apparent in peak DSI calculated
from the raw data for each cell (which was 60-6 + 2-7 %,
n=>5, with 500 gm [BAPTA], and 53:6 + 4:4%, n=4, with
100 M [BAPTA];) among the three [BAPTA]; conditions.

Relatively long depolarizations may be necessary to
elicit DSI in the absence of exogenous Ca** buffers

To estimate the ET,, for DSI in the absence of exogenous
Ca®* buffer, ET,, values (obtained from Figs 1€, 2B and 20)
were plotted against [BAPTA];, and the linear regression
line was extrapolated to zero [BAPTA]; (Fig. 2D). This gave
an estimated ETj, for DSI of 109 ms in the absence of
exogenous buffer.

DSI is linearly related to total postsynaptic Ca®*
influx

We examined DSI as a function of voltage-step duration for
the dynamic range (~15-80% of maximum) of the step
duration—response curves (Fig.34). Double logarithmic

plots revealed slopes of 0-84 for 100 um BAPTA (n=4),
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Figure 2. Lowering the intracellular [BAPTA] enhances DSI induced with short voltage steps

A, DSI was elicited with voltage steps to 0 mV of various durations in a cell containing 100 um BAPTA.
Voltage steps as short as 50 ms elicited some DSI (left-hand trace), and long depolarizations produced
greater DSI. B, grouped data from 4 cells filled with 100 gm BAPTA showing DSI as a function of the log of
the duration of the DSI-inducing step. The means of this relationship were well fitted by a sigmoidal
relation with an ET,, of 186 ms. C, grouped data from 6 cells filled with 500 ust BAPTA (50 um Ca™™),
fitted with a sigmoidal function with an ET; of 406 ms. D, plot of the ET,, for DSI versus the [BAPTA];.
The ET;, values were obtained from the sigmoidal fits of the data shown in Fig. 1( and Fig. 2B and C. The
plot gives a linear relation that intersects the y-axis at 109-3 ms (i.e. ET5, = 0-77 [BAPTA]; 4+ 109:3). This
provides an estimate of the KT, for DSI evoked with no exogenous BAPTA.
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0-85 for 500 um BAPTA (n=6) and 0-90 for 2 mm BAPTA
(n=1>5). Thus, log DSI was linearly related (with a slope
near 1) to log voltage-step duration, and this suggested that
DSI might be linearly related to total Ca>* influx.

We integrated Cd**-subtracted Ca’" currents elicited by
voltage steps from —70 mV to 0 mV in 5 cells containing
500 um [BAPTA]; and plotted the calculated values of total
Ca®" influx versus voltage-step duration. The relationship
was reasonably linear over the range 75—-500 ms (Fig. 3B),
in agreement with measurements of [Ca®*];, produced by the
same range of voltage-step durations (Thayer & Miller,
1990). Hence it is plausible that the linearity shown in
Fig. 34 reflects a reasonably linear increase in Ca”* influx.

In a different group of cells, we calculated both the total
charge transfer by Cd**-subtracted Ca®* currents evoked by
a variety of voltage steps and the DSI induced by the same
steps. The log—log plot of DSI versus total Ca®* influx was
also linear with a slope of 1:31 4+ 0-03 (e.g. Fig.3C, filled
circles). When [Ca®*], was subsequently increased to 5 mm
in the same cells (n = 3), the DSI elicited by a given voltage
step increased (as reported by Lenz et al. 1998); however,
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the slope of the log—log relationship between calculated Ca*"
influx and DSI remained ~1-3 (e.g. open circles in Fig. 3C).
DSI appears to depend linearly on total Ca®* influx
regardless of the method used to increase influx.

Despite lowering [BAPTA], and increasing [Ca®*],, we were
unable to elicit DSI with voltage-step durations shorter than
~25 ms, suggesting that DSI requires a threshold level of
[Ca®]; that is reached during prolonged Ca’* influx. From
total Ca®t influx we calculated that a minimum of 79 +
24 pC of charge, corresponding to ~25 x 107 calcium ions,
was required to produce just detectable (~5%) DSI in cells
containing 100 ym [BAPTA]; (n=4).

BAPTA and EGTA affect DSI similarly

The results thus far suggest that DSI may be related to a
rise in cytoplasmic [Ca®*],. Thus the Ca’*-sensing apparatus
may be located at a distance from voltage-dependent Ca™*
channels. To test this hypothesis, we performed experiments
with EGTA instead of BAPTA. The affinities of EGTA and
BAPTA for Ca®* are very similar, but the kinetics (on-rate
and off-rate) of BAPTA are > 100-fold faster than those of
EGTA (Tsien, 1980). If the DSI Ca* sensor were close to the
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Figure 3. DSI is linearly related to voltage-step duration and total Ca®* influx

A, normalized DSI (maximal DSI = 100 %) is plotted versus voltage-step duration on a double logarithmic
axis. The graph represents the grouped data from cells with the indicated [BAPTA], (n = 4, 6 and 5 for
100 g, 500 g and 2 mm BAPTA, respectively), so each data point represents the mean DSI from several
cells for a given postsynaptic depolarization. Only those voltage steps that elicited submaximal DSI were
plotted; error bars omitted for clarity. The slopes in all cases were near 1:0 (see text). B, a plot of total
charge wersus duration of postsynaptic depolarization. Cd**-subtracted Ca®* currents elicited by voltage
steps to 0 mV were integrated over time for 5 cells with 500 gm BAPTA. The mean total Ca®" influx
(£ s.e.m) was plotted (at 10 ms intervals) versus voltage-step duration, which gave a nearly linear relation
over the 500 ms period. The mean data from 5 cells are plotted as the thin black line. A linear regression
line through the means is displayed as the thick black line. The graph shows that to a first approximation
Ca”" influx calculated as the current integral is reasonably well fitted by a linear function. The inset shows a
sample Ca” current from one of the cells used. Scale bar 500 pA, 400 ms. C, data from one cell with 100 g
[BAPTA];, where DSI is plotted wersus total Ca** influx. Calcium influx was varied first by changing the
duration of the postsynaptic depolarization in control solution, i.e. 2:5 mm [Ca’"], (®) and then again after
increasing [Ca”*], to 5 mu (O). Total Ca’* influx was obtained by integrating the Cd**-subtracted currents
for each step. The results are typical of 3 experiments like this. The mean slope of the relation between DSI
and Ca®* influx was 13 (n = 3).
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point of Ca®* entry, then EGTA would be less effective than
BAPTA at reducing DSI (Adler et al. 1991; Stern, 1992),
and the ET,, for DSI would be of shorter duration with
EGTA than with BAPTA. On the contrary, the ET;, values
defined by grouped and fitted data for DSI with 500 um and
100 um [EGTA]; were 548 ms (n=5) and 266 ms (n= 3),
respectively (i.e. comparable to results with BAPTA). In order
to compare the results for EGTA and BAPTA quantitatively,
we also determined the ETj, for each cell individually. For
100 um EGTA the ET,, was 2487 +43:9 ms (n=3) and
for 100 um BAPTA, 200-8 + 26:8 ms (n=4). For 500 um
EGTA the ET,, was 456:8 4+ 77:2 ms (n=5) and for 500 ym
BAPTA, 441-:0+ 859 ms (n=06). There is no statistical
difference between the data for EGTA and those for BAPTA
at any given concentration.

Peak DSI was the same with [EGTA], (524 +6:3% in
500 gm and 596 + 8:9%, n=3, in 100 gm [EGTA]) as it
was with BAPTA. At 10 mm, the two buffers were equally
effective in blocking DSI, peak DSI being 9:6 +7-:7%
(n=>5) with EGTA and 2:7 + 1-1% with BAPTA (n=3,
the difference was not significant, P> 0-5). The data
support the inference that the effects of Ca®" buffers on DSI
did not depend on buffer kinetics, and thus support the
inference that DSI induction depends on a rise in [Ca’"] at a
distance from the site of Ca”" influx.

Carbachol application can overcome DSI block by
EGTA but not by BAPTA

Although DSI is dependent on voltage-dependent Ca™*
influx, and Ca’" enters pyramidal cells through multiple
types of VDCC, DSI elicited by our standard protocol is
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only blocked by w-conotoxin GVIA (Lenz et al. 1998).
Hence, DSI may be triggered preferentially by Ca** influx
through postsynaptic N-type Ca’* channels. The expectation,
when release is coupled to Ca’* influx through a particular
channel, would be that BAPTA, with its faster binding
kinetics, would be significantly more effective in blocking
release than EGTA (Stern, 1992). Apparent equivalence of
EGTA and BAPTA in inhibiting DSI induction thus
presented a puzzle, and we wanted to know if a difference
between EGTA and BAPTA could be revealed under any
conditions. Carbachol, acting through a muscarinic receptor
(Pitler & Alger, 1992, 1994; Martin & Alger, 1999) markedly
increases DSI of spontaneous IPSCs, as well as Ca>* influx
into cells (Reynolds & Miller, 1989; Tsubokawa & Ross,
1997). We therefore recorded from cells with solutions
containing either 10 mm EGTA or 10 mm BAPTA, and,
after establishing that DSI was blocked, we bath-applied
6 um carbachol. As is shown in the example of Fig. 4,
increasing the intensity of extracellular stimulation to
increase IPSCs or broadening the duration of the DSI-
inducing voltage step did not induce DSI prior to carbachol
application. However, robust DSI appeared in EGTA-
containing cells after applying carbachol. In all four cells
loaded with 10 mm EGTA, a substantial degree of DSI
developed (2:1 + 2:0% in control increased to 51+9 + 6:0 %
in carbachol, P< 0:005, n=4). In contrast, in cells loaded
with 10 mm BAPTA, a modest (34%) degree of DSI
appeared in only one cell, and carbachol had statistically
insignificant effects on the group (2:7 +1:1% in control,
19:2 + 7-9% in carbachol, P=0-14, n = 3). The difference
in efficacy between EGTA and BAPTA in this case confirms

Carbachol (6 uM)

S0s

500 pA

Figure 4. Carbachol enhances DSI in cells filled with 10 mm EGTA. Representative data from one cell

The cell contained 10 mm EGTA, and virtually no DSI was present in control (left trace, mean IPSC

reduction over three trials during the DSI period, 7

*2%). Increasing extracellular stimulus intensity to

increase IPSCs, and prolonging the DSI step, did not induce DSI (middle trace). IPSC amplitudes were
reduced by 6 um carbachol; however, the same stimulus conditions as in the middle trace resulted in robust
DSI in the presence of carbachol (right trace, 56:4 % IPSC reduction, mean of three consecutive trials).

Note difference in time base in the right trace.
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that, whatever the exact nature of the action of carbachol, it
is Ca® dependent. The possible significance of this effect is
considered in Discussion.

Time course of DSI is not tightly coupled to the
dynamics of [Ca?* |;
When elicited by voltage steps < 1 s in duration, DSI often

does not reach its peak value for several seconds (Llano et al.

1991; Pitler & Alger, 1994). However, 2 mm BAPTA could
slow the rise in [Ca®]; (Sala & Hernandez-Cruz, 1990) and
hence the time-to-peak DSI. In this case, reducing [BAPTA];
by 20-fold should reduce the time-to-peak DSI. Because
IPSCs were evoked at low frequency (0-33 Hz), it was not
possible to quantify precisely the time-to-peak DSI.
Nevertheless, peak DSI occurred at the second IPSC in the
DSI period whether 100 g or 2 mm [BAPTA]; was used, as

is clear from examination of the group data in Fig.55.
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Hence, within the limits of detectability in these
experiments, the time-to-peak DSI was insensitive to
changes in [BAPTA];, although clearly this issue requires
further investigation.

i’

A striking feature of DSI is its prolonged duration,
i.e.typically 40—60 s (Llano et al. 1991; Pitler & Alger, 1994)
at 30°C. A Ca®* buffer can prolong the time that [Ca’*],
remains elevated, because bound Ca?* cannot be removed
from the cytosol by Ca’-clearing processes and yet can
continue to produce effects as it gradually unbinds from
the buffer (Sala & Hernandez-Cruz, 1990). To address the
possibility that a prolonged Ca’* transient might underlie
the duration of DSI, we measured the time course of decay
of DSI in cells recorded with 100 gm or 2 mm [BAPTA];. To
obtain similar peak DSI levels, we applied 100 to 400 ms-
long steps in the former case, and 1 to 3 s steps in the latter.
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Figure 5. The duration of DSI is not affected by changes in intracellular Ca®* buffering

A, the left-hand trace is an example of a single DSI trial in a cell recorded with 100 gm [BAPTA];. DSI was
evoked by a 400 ms step in this cell. The IPSCs returned to control values over several tens of seconds
following the DSI-inducing step. In another cell recorded with 2 mm [BAPTA]; (right trace), DSI was
induced by a 3 s depolarization, which elicited peak DSI similar to that observed in the left trace. Notice
the similar time course of recovery of the IPSCs back to control levels following the DSI-inducing step.
B, the time course of the decay of DSI was well fitted by exponential functions. The time constant for decay
(Tgecay) of DSI with 100 um [BAPTAT; (22:2 s, n = 4) was not different from the 744, in cells with 2 mm
[BAPTA], (216 s, n =15, P> 0-1). For these experiments we chose DSI trials showing similar peak DSI. To
achieve this we gave 100—400 ms depolarizing steps to cells containing 100 gm [BAPTA]; and 1—4 s steps
to cells containing 2 mm [BAPTA];. The extrapolated DSI at time 0 for the 100 gy BAPTA condition was
71-3%, and was 72:9% for the 2 mm BAPTA condition. Because DSI was not maximal until the second
IPSC following the depolarizing step, the first IPSC was ignored when fitting the data.
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Peak DSI was 468 + 4:8% with 100 gm and 44-8 + 3:7%
(P > 0-7) with 2 mm [BAPTA],. The decay of DSI from its
peak was well fitted by the exponential equation:

DSI = (peak DSI) exp(—1t,/7)

(Fig.5B). The first IPSC after the DSI-inducing step was
ignored when fitting the curve because DSI had not reached
its peak value by then. The time constant of decay of DSI
was 2228 (n=4) with 100 gm [BAPTA],; and 216 s (n=15)
with 2 mm [BAPTA]; (difference not significant, P> 0-8).

EGTA will release Ca>* over a longer period of time because
of its slower Ca’*-binding and -unbinding kinetics, and
thereby delay the return of free [Ca®"]; to resting levels
following an increase. However, [EGTA]; did not alter the
time course of DSI, which decayed with a time constant of
19-6 ms in 2 mm EGTA (n=5, P> 0:05, data not shown).
The similar DSI decay time constants with EGTA and with
different concentrations of BAPTA suggest that the duration
of DSI was not determined by the kinetics of the [Ca®*],
transient.

DISCUSSION

At some fast synapses, low concentrations of exogenous Ca”*
buffers applied to the presynaptic terminal have little effect
on the secretory response (Adler et al. 1991), in agreement
with the Ca’" microdomain hypothesis (Llinas et al. 1992).
Release at these synapses is triggered by a bolus of Ca™*
(hundreds of micromolar) that acts locally (within tens of
nanometres) on a low-affinity Ca>* sensor (Adler et al. 1991;
Llinas et al. 1992). Synaptic transmission occurs within a
few hundred microseconds after a preterminal action
potential, and the secretory response terminates upon
dissipation of Ca®" microdomains. At other synapses release
is affected by low millimolar concentrations of Ca™*
chelators, but BAPTA is more eflicacious than EGTA in
inhibiting release, which is compatible with the requirement
for a high local (Ca®" concentration, and focal site of release
at these synapses (von Gersdorfl’ & Matthews, 1994, 1996;
Mennerick & Matthews, 1996). At the calyx of Held, release
is reduced by low [BAPTA]; or [EGTA]; (Borst et al. 1995;
Borst & Sakmann, 1996); however, it is activated by a 1 ms-
long pulse of Ca®" and is proportional to the 4th power of
Ca®* influx. Therefore, while the details of its Ca®*
dependence are not yet clear, the calyx resembles a
conventional fast synapse. In contrast, chemical release at
peptidergic nerve terminals (Peng & Zucker, 1993; Seward et
al. 1995) and chromaffin cells (Neher & Zucker, 1993; Chow
et al. 1994; Engisch & Nowycky, 1996; Seward & Nowycky,
1996) may have fast and slow phases. The slow phase is
elicited by repetitive action potentials or prolonged
depolarizations. There is often a ‘threshold’ level of [Ca®*];
needed for the slow phase, and a nearly linear dependence
of release on total [Ca’]. Release from these cells is
sensitive to low concentrations of EGTA and BAPTA.
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DSI differs from fast synaptic neurotransmission: (1) DSI
induction is sensitive to low concentrations of exogenous
Ca®* buffers. (2) The ET,, for DSI is linearly dependent on
[BAPTA]; and is ~100 ms, even in the absence of BAPTA.
(3) EGTA and BAPTA were equipotent in blocking DSI.
(4) DST is linearly dependent on calculated total Ca** influx.
(5) The time course of DSI is not tightly coupled to [Ca®*],
dynamics. In summary, DSI resembles the process of
secretion of hormones or peptides more closely than it does
fast synaptic transmission. This conclusion fits with the lack
of evidence for true synaptic contacts made by pyramidal
cell dendrites onto interneurons.

Reductions in [Ca®" buffer],, with essentially constant
baseline [Ca®*];, greatly enhanced the ability of short-
duration voltage steps to induce DSI. The marked effects of
exogenous buffers on DSI imply that the endogenous Ca’*-
buffering power of pyramidal cells must be low, perhaps
functionally equivalent to <100 gm BAPTA (cf. Zhou &
Neher, 1993). The magnitude of DSI was constant for a given
voltage-step duration in a given cell over time, suggesting
that there was no significant washout of endogenous buffers
during the experiments. The requirement for long-duration
voltage steps to induce a DSI-like phenomenon in tissue-
cultured hippocampal neurons (Ohno-Shosaku et al. 1998)
may be related to the high intracellular buffer concentration
(5mm EGTA) wused in those experiments. High
concentrations of BAPTA (> 30 mm) are needed to block
DSI in cerebellar Purkinje cells (Llano et al. 1991; Vincent &
Marty, 1993), reflecting differences in endogenous Ca?*-
buffering properties and size between these cells and CA1
pyramidal cells.

We estimated an ET, of ~100 ms for DSI in the absence of
exogenous buffers. With 100 gm [BAPTA],, DSI required a
minimal step duration of ~25 ms. This is markedly longer
than the ~1 ms duration depolarization required for synaptic
neurotransmitter release, but quantitatively similar to the
thresholds found for hormone and peptide release (cf. Peng
& Zucker, 1993). In neurohypophyseal nerve terminals
(Seward et al. 1995), the threshold for release is estimated at
4-6 % 10" calcium ions, and in bovine chromaffin cells it is
~10 % 10" calcium ions (Seward & Nowycky, 1996) for the
slow release phase. Given the larger size of the pyramidal
cells, this is comparable to our estimate of 25 x 10" calcium
ions for DSI threshold. DSI is unaffected by the Ca®*-
ATPase inhibitor, cyclopiazonic acid (40 um) (Lenz et al.
1998), which quickly depletes intracellular stores of Ca**
(Garaschuk et al. 1997), suggesting that stored Ca”" does not
play a role in DSI, and that voltage-dependent Ca’* influx is
suflicient for its initiation.

Release processes dependent on third or higher order powers
of [Ca’"] are thought to require the co-operative actions of
multiple Ca®" ions at a given site (Dodge & Rahamimoff,
1967). Different models have been offered to explain linear
dependence of release processes on Ca”" influx (Seward et al.
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1995; Engisch & Nowycky, 1996; Seward & Nowycky,
1996). One interpretation of the linear dependence of the
ET,, on [BAPTA], would be that the Ca>* buffer must first
be saturated at some site before free Ca’" is available to
initiate DSI, and thereafter DSI would be directly
proportional to [Ca®"]. This could explain our observation
that [Ca®* buffer], determined the degree of DSI induced by
a given Ca’" influx. The putative site would be sufficiently
distant from the point of Ca®" influx for EGTA and BAPTA
to be equally effective. To determine if buffer saturation by
our experimental procedures is possible, we used a simple
model of a CA1 pyramidal cell; total volume of 8 pl for soma
and apical dendrite, where the relevant voltage-dependent
Ca®" channels are located (see references in Lenz et al. 1998),
with no Ca®* release from intracellular stores, or significant
Ca™" extrusion during the step, and with 100 gm total
endogenous buffer with Ca®* affinity comparable to BAPTA.
In this model (see Methods), a voltage step of 150 ms would
admit sufficient Ca®* to saturate the BAPTA, and a
subsequent increment in [Ca’]; could then initiate DSI,
thus explaining both its threshold and linear dependence on
total [Ca®],. Note that this is a worst-case calculation, as it
shows that the BAPTA throughout this entire cell becomes
bound by Ca**. Thus, even though the details will depend on
the exact volume of interest, it is unlikely that all BAPTA
molecules in the cell would have to be bound before DSI
occurred. Buffer saturation would only be required at the
site of DSI initiation. The concept that buffer saturation
accounts for the threshold for DSI is also compatible with
the independence of properties of DSI from buffer kinetics;
i.e. peak DSI and the dependence of DSI on total Ca®* influx
appear to be the same with EGTA or BAPTA.

However, the actual situation must be more complex.
Endogenous Ca’" buffers tend to be of lower affinity but
higher capacity than BAPTA (Zhou & Neher, 1993).
Moreover, Ca’ influx through different types of Ca’*
channels is not equally capable of initiating DSI (Lenz et al.
1998). Antagonists of P-, Q-, R-, T- and, under most
conditions, L-type channels, do not reduce DSI, despite
depressing voltage-dependent Ca”" influx. Block of DSI by
w-conotoxin GVIA points to a key role for N-type Ca’*
current, and suggests that a bulk rise in [Ca’"]; alone is not
sufficient for DSI induction. Moreover, carbachol application
revealed a difference between the capabilities of EGTA and
BAPTA to block DSI when they were present at 10 mm.

One type of solution to this problem is suggested by the work
of Seward & Nowycky (1996) and Seward et al. (1995), who
propose a model of peptide release involving two kinetically
distinet, Ca’*-dependent steps, one of which involves an
increase in global Ca®* and prepares large dense-core vesicles
for release, but does not cause fusion. In the second step,
once the vesicles have been prepared, a high concentration
of submembrane [Ca’"]; can trigger release. The threshold
phase could represent Ca**-dependent vesicle priming or

Ca® dependence of depolarization-induced suppression of inhibition 155

other Ca’"-dependent factors, such as phosphorylation. In
their preparations, BAPTA and EGTA, which had equivalent
effects on the threshold phase, had dissimilar effects on the
secretory phase of release: BAPTA was more potent than
EGTA and suppressed maximal release. In contrast, there
was normally no difference between the effects of EGTA
and BAPTA on peak DSI. The equivalence of EGTA and
BAPTA suggests their effects are independent of their
kinetic properties in the absence of carbachol. The Ca™" on-
rate for EGTA is 2 100 times slower than that of BAPTA;
Ca’" can diffuse farther in the presence of EGTA than
BAPTA before being bound.

To account for both the ability of w-conotoxin GVIA to
block DSI selectively, and the evidence that DSI depends on
a global Ca®" increase, we suggest that DSI may require a
Ca’"-dependent ‘priming’ step and yet depend on N-type
Ca’" current for actual initiation. The Ca® sensor for the
priming step would be away from, and the Ca’* sensor for
DSI release near to, the N-type Ca’* channels. EGTA and
BAPTA would normally be indistinguishable in blocking
DSI because they would be equally effective in blocking the
priming step. As the DSI process could not take place
without having been primed, the expected greater eflicacy
of BAPTA versus EGTA in limiting DSI could not be
detected. This hypothesis is testable and suggests, for
example, that sufficient elevation of [Ca>*]; to induce priming
should enhance the ability of a brief N-type current to
induce DSI. The size of the zone of buffer saturation would
be dependent on buffer concentration and kinetics (Stern,
1992), and hence, under the appropriate conditions,
differences between KEGTA and BAPTA could appear.
Carbachol, which can elevate Ca’* influx, may enhance the
priming step in this way and thus reveal the relatively
greater eflicacy of BAPTA in blocking DSI. A major caveat
is that we do not understand the mechanism by which
carbachol enhances DSI, and increasing Ca>* influx is only
one possibility. As an alternative to distinct Ca®* sensors, it
is possible that multiple, kinetically distinct Ca®"-dependent
release steps may reflect release from vesicle pools in various
states of releasability (Neher, 1998). Our data cannot
distinguish between these models, but the similarities
between DSI and these slow forms of secretion suggest
similar mechanisms may be involved.

The linear relationship between DSI and total Ca®* influx
contrasts with the 3rd or 4th power relationship commonly
found at fast synapses (Dodge & Rahamimoft, 1967; Wu &
Saggau, 1997). Although voltage-dependent Ca®" currents
cannot be ideally clamped in the slice preparation, the error
will be greatest during the rising phase of the currents, and
not the plateau phase (i.e.=25ms after the start of the
voltage step) to which DSI was most sensitive in these
experiments. The linear relationship between DSI and
voltage-step duration (Fig.34) suggests that the relevant
Ca®" current was under reasonable control. We did not do a
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pharmacological dissection (cf. Lenz et al. 1998) of Ca’*
current contributions to DSI for the various step durations.
Hence we do not know if, as suggested by the data, N-type
current is a constant fraction of total Ca® current at all
durations or if other factors maintain the linear relationship.
We propose that the requirement for steps lasting > 25 ms
could reflect the time required for [Ca®*], to reach a
threshold rather than a truly time-dependent step, as
raising [Ca”" ], permitted shorter steps to induce greater DSI
and yet the linear relationship between DSI and calculated
Ca®" influx was maintained. The observation that this
relationship remained linear despite increases in [Ca*], also
argues against microdomain models, inasmuch as [Ca®] in
the microdomain is expected to change as a function of
[Ca®*],. The large and long-lasting dendritic Ca®* spikes
observed in hippocampal cells (Wong & Prince, 1978) may
be ideally suited to initiating DSI (cf. Le Beau & Alger,
1998).

The decay of DSI was insensitive to [BAPTA], or [EGTA];,
suggesting it is not determined by the time course of the
elevation of [Ca’],. This agrees with measurements of
[Ca®™];. For example, Regehr & Tank (1992) observed that
[Ca®™]; returned to resting levels following its increase by a
500 ms-long train of synaptic stimulation with a time
constant of ~6s, with 300—600 um fura-2 in the cells.
Similar results were obtained by applying depolarizing
voltage steps to CA1 pyramidal cell somata (Jaffe et al.
1994). Decreasing the fura-2 concentration to 100 um
decreased the [Ca’"]; decay time constant to ~2-5 s (Regehr
& Tank, 1992). Thus the time course of [Ca®*], decay would
be too fast to account for the duration of DSI (7 ~20 s) and
would not explain the independence of the DSI decay
constant from [Ca®" buffer],. If DSI expression is mediated
by presynaptic metabotropic glutamate receptors (Glitsch et
al. 1996; Morishita et al. 1998; Morishita & Alger, 1999),
then the slow course of DSI may reflect the operation of
downstream effectors of these receptors.

Membrane-bound compartments in the somatic—dendritic
regions of hippocampal cells in culture can take up the dye
FM1-43 and release it, from these regions, in a Ca?*-
dependent way (Maletic-Savatic & Malinow, 1998). Perhaps
the Ca®" dependence of DSI is related to this novel form of
non-synaptic release.
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