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Postsynaptic Calcium Influx at Single Synaptic Contacts
between Pyramidal Neurons and Bitufted Interneurons in
Layer 2/3 of Rat Neocortex Is Enhanced by Backpropagating
Action Potentials
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Pyramidal neurons in layer 2/3 (L2/3) of the rat somatosensory cortex excite somatostatin-positive inhibitory bitufted interneurons
located in the same cortical layer via glutamatergic synapses. A rise in volume-averaged dendritic [Ca 2⫹]i evoked by backpropagating
action potentials (APs) reduces glutamatergic excitation via a retrograde signal, presumably dendritic GABA. To measure the rise in local
[Ca 2⫹]i at synaptic contacts during suprathreshold excitation, we identified single synaptic contacts in the acute slice preparation in pairs
of pyramidal and bitufted cells each loaded with a Ca 2⫹ indicator dye. Repetitive APs (10 –15 APs at 50 Hz) evoked in a L2/3 pyramidal
neuron gave rise to facilitating unitary EPSPs in the bitufted cell. Subthreshold EPSPs evoked a transient rise in [Ca 2⫹]i of 80 –250 nM peak
amplitude at the postsynaptic dendritic site. The local postsynaptic [Ca 2⫹]i transient was restricted to ⬃10 m of dendritic length, lasted
for ⬃200 msec, and was mediated predominantly by NMDA receptor channels. When EPSPs were suprathreshold, the evoked AP
backpropagated into the apical and basal dendritic arbor and increased the local [Ca 2⫹]i transient at active contacts by approximately
twofold, with a peak amplitude reaching 130 – 450 nM. This value is in the range of the half-maximal dendritic [Ca 2⫹]i , evoking retrograde
inhibition of glutamate release from boutons of pyramids. The localized enhancement of dendritic Ca 2⫹ influx at synaptic contacts by
synaptically evoked backpropagating APs could represent one mechanism by which a retrograde signal can limit the excitation of bitufted
interneurons by L2/3 pyramids when these are repetitively active.
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Introduction
Inhibitory GABAergic interneurons constitute a relatively small
but heterogeneous population (⬵10%) in the neocortex (Jones
and Peters, 1984). These interneurons possess extensive axonal
arborization (Somogyi et al., 1998) and control excitability of the
cortical circuitry by feedforward and feedback inhibition (Cobb
et al., 1995). One subclass of interneurons, referred to as
“bitufted,” somatostatin-positive interneurons (Kawaguchi,
1995; Reyes et al., 1998; Cauli et al., 2000) have their somata
located mostly in supragranular layer 2/3 (L2/3). They are characterized by an elongated, vertically oriented bitufted dendritic
arbor extending through a cortical column (Kaiser et al., 2001).
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Their axonal arbors also project throughout L1–L6, and, in addition, they have extensive horizontal axon collaterals in supragranular layers. The horizontal and vertical spread of their axon
arbors suggests that bitufted cells can control the excitation
within a cortical column and, possibly in the supragranular layers, also between columns (Kaiser et al., 2001).
The efficacy of synaptic connections between pyramids and
bitufted cells is low (Reyes et al., 1998), but EPSPs strongly facilitate during repetitive (10 Hz) pyramidal cell activity (Markram
et al., 1998; Reyes et al., 1998; Rozov et al., 2001), suggesting that
cortical inhibition via bitufted interneurons operates predominantly during repetitive stimulation of the afferent sensory pathways. Such repetitive activity may occur in the somatosensory
cortex, for example, during exploratory “whisking” of the vibrissas of the rodent’s muzzle. A train of action potentials (APs) in
L2/3 pyramidal cells can evoke summated EPSPs that are large
enough to initiate one or several APs in bitufted cells. APs in
bitufted cells backpropagate into the dendritic arbors and evoke a
transient rise in calcium concentration ([Ca 2⫹]i) (Kaiser et al.,
2001). These dendritic [Ca 2⫹]i transients decrease the efficacy of
synaptic transmission of the pyramid-to-bitufted cell connec-
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tions with a half-maximal effect when the volume-averaged rise
in dendritic [Ca 2⫹]i reaches ⬃250 nM (Zilberter et al., 1999).
To delineate the origin, size, and time course of Ca 2⫹ influx
and its dendritic profile at individual synaptic contacts in
pyramidal-to-bitufted connections we measured postsynaptic
dendritic [Ca 2⫹]i transients evoked by subthreshold or suprathreshold EPSPs at morphologically identified synaptic contacts.
We observed a localized increase of dendritic [Ca 2⫹]i during
summated EPSPs, which was enhanced approximately twofold
when EPSPs evoked an AP. The rise in [Ca 2⫹]i at active synaptic
contacts was in the range to trigger short-term depression of
synaptic efficacy locally via retrograde messengers released from
the dendrite (Zilberter et al., 1999).

sults in an error of the estimate of Ca 2⫹ concentrations ([Ca 2⫹]i) when
fluorescence signals were converted.
Assuming background-subtracted fluorescence signals, the measured
fluorescence ratio at the synaptic contact
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Materials and Methods
Slice preparation. All animal procedures were performed according to the
animal welfare guidelines of the Max Planck Society. Brain slices (300 m
thick) were prepared from the somatosensory cortex of postnatal day 13
(P13) to P15 Wistar rats as described previously (Markram et al., 1997).
Bitufted and pyramidal neurons in L2/3 were identified by infrared (IR)–
differential interference contrast videomicroscopy and readily selected
according to their firing pattern on prolonged current injection (Reyes et
al., 1998; Kaiser et al., 2001) and by the fact that on repetitive APs in
pyramidal cells the unitary EPSPs in the target cell facilitated in
amplitude.
Electrophysiology. Membrane voltage was recorded with pipettes containing the following (in mM): 100 K-gluconate, 20 KCl, 4 ATP-Mg, 10
phosphocreatine, 0.3 GTP, and 10 HEPES, pH 7.3, 310 mOsm/l. The
extracellular solution contained the following (in mM): 125 NaCl, 2.5
KCl, 25 glucose, 25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2.
Experiments were made at 34°C, except experiments using two-photon
excitation, which were made at room temperature (⬃24°C). Voltages
were recorded using Axoclamp-2B amplifiers (Axon Instruments, Foster
City, CA). For the voltage-clamp experiments we used an Axopatch200A amplifier (Axon Instruments).
Morphology. During recording, presynaptic and postsynaptic neurons
were filled with biocytin (2 mg/ml) for subsequent light- and electronmicroscopic (EM) analysis. Slices were fixed and processed according to
a protocol described previously (Lübke et al., 2000). Neurons were traced
with the Neurolucida program using a 60⫻ objective lens. The number
and distribution of putative synaptic contacts were identified under light
microscopy using the following criteria: presynaptic axon and postsynaptic dendrite were in close apposition and in the same plane of focus. In
one selected pair the light-microscopically identified contacts were confirmed by EM.
Dendritic Ca2⫹ fluorescence imaging. Bitufted and pyramidal neurons
were filled via somatic recording pipettes containing 250 M fura-2 and
400 M mag-fura-2, respectively, unless stated otherwise (all dyes are
from Molecular Probes, Eugene, OR) for at least 10 min before recording. Fluorescence was imaged via a 60⫻ Olympus (Tokyo, Japan) immersion objective lens mounted on an upright microscope (Axioskop FS2;
Zeiss, Jena, Germany). A monochromatic light source was used for fluorescence excitation (T.I.L.L., Munich, Germany). A back-illuminated
frame transfer CCD camera (Princeton Instruments, Trenton, NJ) was
used to acquire ratioed signals (356/380 nm) simultaneously from up to
nine regions of interest at a frequency of 100 Hz. Traces were converted to
[Ca 2⫹]i using the standard conversion formula (Grynkiewicz et al.,
1985) (see Eq.1) and smoothed using a binomial filter, if not noted otherwise. Peak [Ca 2⫹]i amplitudes were obtained from fitting the decay of
[Ca 2⫹]i transients with a single exponential.
Overlap of fura-2 and mag-fura-2 fluorescence. As the spectra of fura-2
and mag-fura-2 overlap, the detected fluorescence signal at axodendritic
intersections is a sum of fluorescence contributed by the postsynaptic
dendrite and by the presynaptic axon loaded with fura-2 and mag-fura-2,
respectively. These fluorescence intensities could not be corrected for the
additional fluorescence contributed by the presynaptic axon, which re-
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In one intersection we estimated the fluorescence change contributed by
the presynaptic bouton by measuring the fluorescence intensities of an
axodendritic intersection and of an adjacent axonal segment at the two
wavelengths (356 and 380 nm) used for ratiometric [Ca 2⫹]i measurements. Assuming that the axon covers one-third (upper limit) of the
region of the axodendritic intersection, its contribution to the fluorescence at the Ca 2⫹-dependent wavelength was k356 ⫽ 27% and k380 ⫽
17% for the Ca 2⫹-independent wavelength. Thus, the measured fluorescence ratio at the synaptic contact was overestimated by ⌬R ⫽ 8%.
According to the ratio-[Ca 2⫹]i conversion formula (Grynkiewicz et
al., 1985)
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(1)

this results in an error of Ca 2⫹ signals ⌬[Ca 2⫹]i, which is proportional to the
absolute Ca 2⫹ signal multiplied by the error of the measured ratio ⌬R
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Presynaptic contribution to Ca2⫹ fluorescence changes. To estimate the
presynaptic contribution to the recorded fluorescence changes, we filled
five L2/3 pyramidal neurons with 400 M mag-fura-2 (KD ⫽ 25 M) and
scanned fluorescence changes, which were evoked by trains of 10 –15 APs
at 50 Hz, at 93 regions on the main axon and 24 regions on axon collaterals. The regions were located between 4 and 174 m away from the
soma. All neurons showed the largest fluorescence changes ⌬Fmag-fura-2/
Fmag-fura-2 of 1–3% on the initial axon segments. ⌬Fmag-fura-2/Fmag-fura-2
dropped within 25–50 m to values below 1%, on average 0.5 ⫾ 0.1%
(n ⫽ 5 neurons). Collaterals showed slightly larger ⌬Fmag-fura-2/Fmagfura-2 changes (0.7 ⫾ 0.4%; n ⫽ 24 regions) probably because of a different surface/volume ratio. For four neurons, we found regions without
changes in fluorescence on the main axon and collaterals. Interestingly,
three regions on collaterals had fluorescence changes similar to those in
the initial axon segment. These regions probably covered boutons.
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put port. The emission of rhod-2 was recorded
at the epifluorescence port with a third PMT.

Results

Morphology of connections between
pyramidal cells and bitufted
interneurons in L2/3
The morphology of presynaptic pyramidal
cells, which were reconstructed from
paired recordings (Fig. 1 A) was characterized by a main apical dendrite that formed
a tuft comparable with pyramids described
previously (DeFelipe and Farinas, 1992;
Schröder and Luhmann, 1997; Lübke et
al., 2003). The main axon always originated from the soma opposite the apical
Figure 1. Neurolucida reconstruction and identification of synaptic contacts formed between L2/3 pyramidal and bitufted trunk and gave rise to numerous, often
neuron. A, The somatodendritic domain of the presynaptic pyramidal neuron of a pyramid-to-bitufted cell pair is shown in red and very long (up to 2–2.5 mm) tangential colthe axon arbor in blue. The main axon descends toward the white matter while giving rise to several long horizontal collaterals in laterals predominantly in L2/3 and L5 (Fig.
L2/3–L5. The soma and dendritic arbor of the postsynaptic bitufted interneuron innervated by the pyramidal neuron are drawn in 1 A). Ascending collaterals could termiblack and the axon arbor in green. Note the two axonal domains of the bitufted interneuron: a dense projection confined to
nate in L1; descending collaterals prosupragranular L2/3 and L1 and a vertically oriented, descending projection spanning L2/3–L6. Scale bar, 300 m. B, Superposijected toward L5, L6, and the white matter.
tion of part of the pyramidal cell axonal arbor (blue) and the somatodendritic domain of the bitufted interneuron (black) at higher
magnification. Blue dots indicate four putative synaptic contacts established by axon collaterals of the pyramidal cell on bitufted Synaptic contacts with bitufted interneuneuron dendrites. Note that all synaptic contacts in this cell pair were established within 100 m from the soma of the bitufted rons were mainly established by the deinterneuron. Scale bar, 100 m. C, Photomicrographs of putative synaptic contacts, numbers correspond to those in B. Synaptic scending axon collaterals.
The dendritic morphology of bitufted
contacts were established on dendritic shafts (1, 2) or dendritic spines (3, 4), but not on the soma. Black arrows point to the
putative synaptic contacts identified light microscopically; white arrowheads indicate the en passant axon. Scale bar, 10 m.
neurons, which were postsynaptic to pyramidal cells, was characterized by a predominantly vertical dendritic arborization
The recorded fluorescence change at an identified synaptic contact is
within L2/3 extending to L5 (Fig. 1 A). Dendrites of bitufted inthe sum of changes contributed by fura-2 and mag-fura-2, i.e.,
terneurons were covered with spines; however, their density was
lower compared with pyramidal cells in L2/3 and was variable
⌬F ⌬F fura-2 ⫹ ⌬Fmag-fura-2
.
⫽
between individual neurons. The axonal projections of
F
Ffura-2 ⫹ Fmag-fura-2
bitufted neurons were also primarily columnar, with two charThus, the fluorescence change of fura-2 relative to the absolute fluoresacteristic axonal arbors (Fig. 1 A). One dense, basket-like axcence is
onal domain was restricted to L1, L2/3, and upper L4, with a
high degree of collateralization, extending horizontally as far
⌬F fura-2 ⌬F ⌬Fmag-fura-2 Fmag-fura-2
䡠
⫽
⫺
,
(3)
as 1 mm. The second prominent axonal domain was extending
F
F
Fmag-fura-2
F
vertically into L4 and L5 with single, long collaterals, which
with typically ⌬F/F ⫽ 0.03 ⫺ 0.078 for recorded fluorescence changes
projected to L6. Both axonal domains were confined primarily
evoked by subthreshold and suprathreshold EPSPs, ⌬Fmag-fura-2/
to the dimensions of a cortical column; however, the supraFmag-fura-2 ⫽ 0.005 ⫺ 0.01 (see above) and Fmag-fura-2/F ⫽ 0.1 ⫺ 0.3 for
granular domain extended into adjacent columns (Kaiser et
the contribution of mag-fura-2 to the total fluorescence. This leads to a
al., 2001). Frequently, the descending axon collaterals of pyminimal postsynaptic contribution ⌬Ffura-2/F of 90% to the total change,
ramidal cells were oriented in parallel with the vertically oriwhen the recorded fluorescence change is small (⌬F/F ⫽ 0.03) in comented basal dendrites of bitufted cells, forming several putative
bination with a large presynaptic change (⌬Fmag-fura-2/Fmag-fura-2 ⫽ 0.01)
synaptic contacts (Fig. 1 B,C). The number of putative synapand high presynaptic intensity at the synaptic contact (Fmag-fura-2/F ⫽
tic contacts per cell pair was 3.9 ⫾ 2.8 (mean ⫾ SD; n ⫽ 18
0.3). In other words, the maximal presynaptic contribution is 10%. Typical values for the presynaptic contribution were calculated to be between
pairs; range, 1–14 contacts). The majority of synapses was
1 and 4% for the main axon and between 4 and 7% for boutons on
located within 200 m distance from the soma, but some were
collaterals.
located up to 600 m away (data not shown).
2⫹
Ca fluorescence imaging using two-photon excitation. To record presynaptic and postsynaptic [Ca 2⫹]i transients simultaneously during unitary synaptic stimulation we used two-photon excitation microscopy.
Pyramid-to-bitufted cell pairs were loaded with the two different Ca 2⫹sensitive dyes rhod-2 (KD ⫽ 570 nM) and Oregon green-488 BAPTA-1
(OGB-1) (KD ⫽ 170 nM). Pyramidal neurons were filled with 275 M
rhod-2 and bitufted interneurons with 200 M OGB-1 for at least 15 min
before imaging began. The emission spectra of the two dyes were separated by using an IR block filter at 700 nm, a dichroic mirror at 560 nm,
and bandpass filters at 525/50 and 610/75 nm.
The two-photon setup was assembled from a Scan-Microscope (Leica,
Nussloch, Germany) fitted with a 40⫻ objective lens. ⌬F/F transients
were recorded in the line-scan mode with a time resolution of 250 Hz.
The emission light from OGB-1 was averaged from two photomultiplier
tubes (PMTs), one at the epifluorescence and one at the condenser out-

Ultrastructure of synaptic contacts
Serial ultrathin sectioning was performed throughout the somatodendritic region of the presynaptic and postsynaptic
neuron of one cell pair to identify the type of single contacts.
In the cell pair shown in Figure 2 A, two synaptic contacts
(marked b1 and b2) on dendritic shafts were identified on
secondary dendrites of the bitufted interneuron. They were
located in L2/3 (b1) and L4 (b2). Both contacts were established by a single axon collateral of the pyramidal cell on a
dendritic shaft of the bitufted neuron and were confirmed as
boutons at the EM level. The ultrastructure of one bouton (b1)
is shown in Figure 2C.
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3B). The mean decay time constant of the [Ca 2⫹]i transients was
638 ⫾ 246 msec (n ⫽ 111 dendritic regions from 25 neurons).
The peak [Ca 2⫹]i amplitudes are 2.5-fold larger, and the decay
time constants three times shorter, when corrected for the Ca 2⫹
binding ratio of the added fura-2 (Kaiser et al., 2001). Scanning
different sites along the dendrites for [Ca 2⫹]i transients during
subthreshold EPSPs, however, revealed two sorts of behavior
(Fig. 3C). At most dendritic sites, subthreshold EPSPs evoked no
detectable Ca 2⫹ signal (Fig. 3C, region 2, top), whereas suprathreshold EPSPs always gave rise to a [Ca 2⫹]i transient (Fig. 3C,
region 2, bottom). In a small fraction of dendritic regions, both
subthreshold and suprathreshold EPSPs evoked [Ca 2⫹]i transients, the latter having a larger peak amplitude (Fig. 3C, region
1). This difference could be caused by functional synaptic contacts located in the vicinity of a recording site that would mediate
Ca 2⫹ influx through both glutamate- and voltage-activated
channels. Application of APV (100 M) blocked the Ca 2⫹ signal
during subthreshold stimulation (data not shown), supporting
this view.

Figure 2. Morphology of pyramidal-to-bitufted cell connection in L2/3. A, Low-power photomontage of the somatodendritic morphology of the presynaptic pyramidal cell (upper cell
body) and the postsynaptic interneuron (lower cell body). Asterisks (marked as b1 and b2)
indicate two, putative synaptic contacts identified on light microscopy between pyramidal cell
axon and dendrites of the bitufted cell. Scale bar, 50 m. B, Higher magnification of the somatodendritic region showing synaptic contact b1 (asterisk). Arrows mark the descending axon of
the pyramidal neuron (P) that established a synaptic contact on a secondary dendrite of the
bitufted interneuron (B). Scale bar, 10 m. C, Electron microscopic image of synaptic contact
(b1) established on the dendritic shaft (d) of the bitufted interneuron as shown on light microscopy in B. Arrows point to the synaptic cleft. Scale bar, 0.2 m.

Dendritic Ca 2ⴙ influx evoked by subthreshold and
suprathreshold EPSPs
In pairs of pyramidal neurons innervating bitufted interneurons,
a train of 10 –15 APs (at 50 Hz), initiated by somatic current
injection into the pyramidal cell, evoked a train of unitary EPSPs
(Fig. 3A). These summated EPSPs became suprathreshold in approximately one-fourth of the 438 trials recorded from 16 cell
pairs (Fig. 3A, right), but remained subthreshold (Fig. 3A, left) in
the other trials. Suprathreshold EPSPs (EPSPs–APs) evoked a
transient rise in [Ca 2⫹]i in the dendrites that was detected when
bitufted neurons were loaded with the Ca 2⫹ indicator fura-2 (250
M). Dendritic [Ca 2⫹]i transients evoked by suprathreshold
EPSPs had a peak amplitude ranging from a few tens to ⬃100 nM
and were detectable along the entire length of the dendrites (Fig.

Identification of individual synaptic contacts by Ca 2ⴙ
fluorescence imaging
To delineate the size, spatial extent, and relative contribution of
glutamate- and voltage-activated channels to the dendritic Ca 2⫹
influx at synaptic contacts, we measured [Ca 2⫹]i transients at
individual identified contacts. Pyramidal cells were loaded with
mag-fura-2 (400 M) to visualize axon collaterals. Bitufted neurons were filled with fura-2 (250 M) for recording dendritic
[Ca 2⫹]i transients. Loading the pyramidal cell with mag-fura-2
did not reduce synaptic efficacy because summated EPSPs in
bitufted neurons could become suprathreshold with approximately the same probability as in controls. Intersections between
pyramidal axon collaterals and dendrites of a bitufted neuron
were identified in the same focal plane (Fig. 4 A,B). Some of these
axodendritic crossings showed a postsynaptic Ca 2⫹ signal even
when the response remained subthreshold (Fig. 4C, top trace),
suggesting that these sites were active synaptic contacts. All putative synaptic contacts in different cell pairs were located relatively
close to the soma of the bitufted interneuron, on average at a
distance of 31 ⫾ 16 m (n ⫽ 42; range, 6 –73 m). One active
synaptic contact was selected for subsequent EM analysis to verify
that the “hot spots” of dendritic Ca 2⫹ influx were synaptic contacts. At the dendritic site, where [Ca 2⫹]i transients evoked by
subthreshold EPSPs were detected, a contact was established between a single axon collateral of the pyramidal neuron and a
dendritic shaft of the bitufted interneuron (Fig. 3C).
An example of a spatial profile of [Ca 2⫹]i transients evoked by
EPSPs at a synaptic contact is illustrated in Figure 4C. The largest
peak [Ca 2⫹]i amplitude was measured at the axodendritic intersection. The peak decreased within a few micrometers along the
adjacent dendritic segments. In the pyramidal cell axon collateral
in the vicinity of the synaptic contact, no Ca 2⫹ signals were detected (data not shown). When EPSPs were suprathreshold, the
[Ca 2⫹]i transients at the synaptic contacts were approximately
twofold higher than those evoked by subthreshold EPSPs (Fig.
4 D). This suggests that the [Ca 2⫹]i transient is mostly of postsynaptic origin.
Variability of [Ca 2ⴙ]i transients
An additional indication that the measured [Ca 2⫹]i transients are
predominantly of postsynaptic origin is their variability. Synaptic
transmission between L2/3 pyramidal and bitufted neurons has a
high failure rate (Reyes et al., 1998; Zilberter et al., 1999; Rozov et
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for peak [Ca 2⫹]i evoked by either suprathreshold EPSPs (CV ⫽ 0.20; n ⫽ 95
sweeps recorded from 12 synaptic contacts; t test; p ⬍ 0.003) or by single backpropagating APs evoked by somatic current
injection (CV ⫽ 0.17; n ⫽ 43 sweeps from
13 synaptic contacts; t test; p ⬍ 0.002). The
latter two CVs were not significantly
different (t test; p ⬎ 0.2).
Dual dye loading with Alexa 594
En passant boutons of L2/3 pyramidal
neurons show a substantial Ca 2⫹ influx
during repetitive excitation by 10 APs up
to 100 Hz (Köster and Sakmann, 2000). To
confirm the predominantly postsynaptic
origin of the [Ca 2⫹]i transients at dendritic hot spots we loaded the presynaptic
cell with the Ca 2⫹ insensitive dye Alexa
594 (10 M; n ⫽ 4). In three experiments
the interneurons were loaded with OGB-1
(200 M). Dendritic [Ca 2⫹]i transients
were evoked during synaptic stimulation
in all experiments (data not shown) at the
individual contacts.
Simultaneous measurement of
presynaptic and postsynaptic Ca 2ⴙ
influx at a synaptic contact
Figure 3. Dendritic Ca 2⫹ influx evoked by subthreshold and suprathreshold EPSPs during unitary synaptic stimulation. A, A To unequivocally identify postsynaptic
train of 15 APs (at 50 Hz) was evoked in a pyramidal neuron by current injection via a somatic pipette (upper traces). This train [Ca 2⫹]i transients and their spread along
elicited subthreshold and suprathreshold EPSPs in a postsynaptic bitufted interneuron (lower traces). Note the larger scale bar for the dendrite we measured presynaptic
subthreshold EPSPs. Resting potentials were ⫺75 mV for the pyramidal cell and ⫺59 mV for the interneuron. B, Fluorescence Ca 2⫹ influx into boutons and simultaimage of a bitufted neuron filled via the somatic pipette with 250 M fura-2. Selected regions for Ca 2⫹ fluorescence imaging, neously postsynaptic Ca 2⫹ transients durlocated on dendrites are marked by rectangles and numbered 1–13. Corresponding [Ca 2⫹]i transients evoked by suprathreshold
ing unitary synaptic stimulation using
EPSPs–APs in the bitufted neuron are shown on the right. The presynaptic pyramidal neuron, which was not loaded with dye, was
stimulated to generate a train of 10 APs at 50 Hz. At all locations the sequence EPSPs–APs evoked a transient rise in dendritic two-photon excitation (Denk et al., 1990).
[Ca 2⫹]i. Note the differences in the amplitude of Ca 2⫹ signals. Fluorescence traces are averages of five sweeps. Scale bar, 10 m. Pyramidal-to-bitufted cell pairs were se2⫹
C, Two classes of dendritic [Ca 2⫹]i transients. Fluorescence image of a bitufted neuron with two dendritic sites selected for Ca 2⫹ lectively loaded with two different Ca
2⫹
imaging (left) and corresponding [Ca ]i transients during subthreshold and suprathreshold EPSPs (right). Region 1 showed sensitive dyes, rhod-2 (275 M) and OGBCa 2⫹ influx during subthreshold and suprathreshold EPSPs (upper traces), whereas region 2 showed Ca 2⫹ influx only during 1(200 M), respectively (Fig. 5A). Synaptic
suprathreshold EPSPs. Stimulation of the presynaptic pyramidal neuron, which is not visible, was evoked with 10 APs (50 Hz). contacts were identified by searching for
Traces are single sweeps without smoothing. Scale bar, 10 m.
axon and dendritic segments that were in
close proximity. Figure 5 illustrates a contact at which in the pyramidal neuron
al., 2001), but branch point failures in L2/3 pyramid axons are
three APs (10 Hz) were evoked. Each AP elicited a presynaptic
unlikely to contribute to the variability (Köster and Sakmann,
[Ca 2⫹]i transient. These evoked only two EPSPs in the bitufted
cell, because the first AP failed to evoke an EPSP (Fig. 5C). Only
2000). Furthermore, L2/3 pyramidal cell collaterals form several
during the EPSP evoked by the second AP was a dendritic Ca 2⫹
synaptic contacts with bitufted interneurons at different densignal recorded (Fig. 5B,C). These differences between the occurdritic locations. Together, this implies that an individual contact
rence of EPSPs and of postsynaptic [Ca 2⫹]i transients suggest
could be postsynaptically silent even during a train of APs in the
that the bouton responded to the second AP with release of glupresynaptic pyramidal neuron, which evokes EPSPs. Indeed, in
tamate, but failed release in response to the first and third AP.
15 ⫾ 4% of the trials (n ⫽ 5 pairs) during subthreshold EPSPs a
Thus, the EPSPs during which a postsynaptic [Ca 2⫹]i transient
[Ca 2⫹]i transient was not recorded, suggesting that the peak am2⫹
plitude of postsynaptic [Ca ]i transients may strongly vary at a
was not recorded were presumably evoked at other synaptic consingle contact, mostly because the presynaptic Ca 2⫹ influx is not
tacts. Similar results were obtained for two other synaptic conalways evoking release. The dendritic Ca 2⫹ signals evoked during
tacts located on dendritic shafts in two additional cell pairs.
subthreshold EPSPs did not correlate with the amplitude of the
The peak amplitude of postsynaptic Ca 2⫹ transients ⌬F/F var2⫹
ied between 0.30 and 2.25 (Fig. 6 A) and increased with the size of
somatically recorded depolarization as measured in 112 [Ca ]i
transients evoked during subthreshold EPSPs (11 cell pairs; linear
the EPSP (Fig. 6 B) (n ⫽ 3 synaptic contacts from three pairs;
regression with r ⫽ 0.11; data not shown). The coefficient of
linear regression r ⫽ 0.54). This suggests a depolarizationvariation (CV) of normalized peak [Ca 2⫹]i transients during
dependent mechanism for Ca 2⫹ influx at the postsynaptic site,
subthreshold EPSPs was 0.29 (n ⫽ 109 sweeps from 12 synaptic
most likely via NMDA receptor (NMDAR) channels relieved
contacts). For comparison, the CV was significantly smaller
from Mg 2⫹ block. The fluorescence transients, which were
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Figure 4. Identification of single synaptic contacts between pyramidal and bitufted cell by
fluorescence and Ca 2⫹ imaging. A, Pseudocolor fluorescence image of synaptically connected
pyramidal (yellow) and bitufted (blue) neuron. The presynaptic pyramidal cell was loaded with
400 M mag-fura-2 for visualization. The postsynaptic bitufted neuron was filled with 250 M
fura-2 for Ca 2⫹ imaging. Rectangles mark selected dendritic regions for Ca 2⫹ imaging. B,
Higher magnification of the intersection between an axon collateral of the pyramidal neuron
and a dendritic branch of the bitufted interneuron shown in A. Scale bar, 5 m. C, Amplitude of
[Ca 2⫹]i transients evoked by subthreshold EPSPs in the bitufted neuron dendrite at a single
active synaptic contact and adjacent dendritic regions (top graphs). Numbers refer to regions
shown in A and B. Stimulation of the presynaptic pyramidal neuron evoked a train of 10 APs (50
Hz). The bottom graph shows the distribution of [Ca 2⫹]i transient peak amplitudes at and
around the synaptic contact. The data points were fitted by a Gaussian with a half-width of 5
m. D, Difference in [Ca 2⫹]i transients at an active synaptic contact after subthreshold and
suprathreshold EPSPs. In the presynaptic pyramidal neuron, 15 APs at 50 Hz were initiated. Data
are taken from the cell pair shown in Figure 9A. For postsynaptic membrane potentials see
Figure 9B (bottom traces).

evoked by a single backpropagating AP, evoked Ca 2⫹ influx,
mostly through voltage-dependent calcium channels (VDCCs)
(Kaiser et al., 2001), which was in the range of the smallest EPSPevoked Ca 2⫹ transients and, on average, 60% of the EPSP evoked
Ca 2⫹ transients.
The diffusion of Ca 2⫹ away from the point of entry along the
dendrite was examined in one experiment, also with two-photon
excitation. The postsynaptic peak fluorescence change 3 m
away from the synaptic site was 16% of the peak at the synaptic
contact, whereas presynaptic Ca 2⫹ transients were restricted to
the site of contact (Fig. 7A,B).
The fluorescence changes recorded with two-photon excitation measurements thus confirm the predominantly postsynaptic origin of [Ca 2⫹]i transients at single synaptic contacts and
directly demonstrate the dissociation between the occurrence of
EPSPs in a connection comprising several contacts and the local
dendritic [Ca 2⫹]i transients.
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Ion channels mediating dendritic Ca 2ⴙ influx
To address the question, which ion channels contribute to the
dendritic Ca 2⫹ influx evoked by subthreshold EPSPs, we bathapplied the NMDAR channel antagonist APV (100 M) before
stimulation (Fig. 8 A,B). In three of five experiments, [Ca 2⫹]i
transients detected at resting potential (⫺61.5 ⫾ 3.8 mV) were
completely blocked. In two other experiments [Ca 2⫹]i transients
were reduced to 32% of control. In two experiments, the Ca 2⫹
signal reappeared after the washout of APV. APV itself did not
change the peak amplitude of unitary EPSPs (0.35 ⫾ 0.12 mV in
control and 0.37 ⫾ 0.14 mV in the presence of APV; n ⫽ 4; t test;
p ⬎ 0.6). In addition, the probability of evoking suprathreshold
EPSPs by repetitive presynaptic APs decreased only by 8 ⫾ 2%
(n ⫽ 4 cell pairs) in APV. The remaining Ca 2⫹ signal could reflect
Ca 2⫹ influx through VDCCs (Jaffe et al., 1994; Schiller et al.,
1998) activated by depolarization mediated by AMPA receptor
(AMPAR) channels, influx through calcium-permeable AMPAR
(CP-AMPAR) channels (Goldberg et al., 2003), and also a presynaptic contribution to the Ca 2⫹ signal caused by overlap of the
fura-2 and mag-fura-2 excitation spectra (see Materials and
Methods). However, the contribution of CP-AMPARs is unlikely, because single EPSPs were insensitive to 50 M extracellular spermine, a blocker of CP-AMPAR channels (Kamboj et al.,
1995; Rozov and Burnashev, 1999). In five experiments, amplitudes of single EPSPs in the presence of spermine were 1.05 ⫾
0.37 of control condition (data not shown). In one additional
experiment, both EPSPs and synaptic Ca 2⫹ transients were insensitive to spermine (29 ⫾ 4 nM control; 38 ⫾ 8 nM 50 M
spermine; data not shown).
To further quantify the contribution of NMDAR channels to
synaptically evoked Ca 2⫹ signals, the membrane potential of
bitufted interneurons was hyperpolarized to ⫺90 mV by somatic
current injection. The peak [Ca 2⫹]i amplitudes evoked by subthreshold EPSPs were reduced in 7 of 11 synaptic contacts by
18 ⫾ 4% compared with those recorded at the resting potential.
At the other four contacts the peak [Ca 2⫹]i transients were increased by 61 ⫾ 29%. On average, the peak amplitudes of [Ca 2⫹]i
transients did not change compared with controls (data not
shown), presumably because of variable depolarizations at the
identified contacts during synaptic stimulation.
In 11 additional experiments, synaptic [Ca 2⫹]i transients
were recorded under voltage clamp at ⫺90, ⫺60, and ⫺50 mV
(Fig. 8C). Compared with the normalized peak [Ca 2⫹]i amplitude recorded at ⫺60 mV, the peak [Ca 2⫹]i amplitudes were
reduced at ⫺90 mV to 0.89 ⫾ 0.19 (n ⫽ 10 cell pairs), and
significantly increased to 1.22 ⫾ 0.16 (n ⫽ 5 cell pairs) at ⫺50 mV
(two-tailed paired t test; *p ⬍ 0.05) (Fig. 8 D). Presumably, in
both current- and voltage-clamp experiments, Ca 2⫹ entered
through NMDAR channels because of an incomplete Mg 2⫹
block, even at hyperpolarized membrane potentials (Wollmuth
et al., 1998; Kovalchuk et al., 2000). The fact that most synaptic
contacts were located close to the soma (33 ⫾ 18 m; n ⫽ 27)
renders incomplete control of dendritic membrane potential a
less likely possibility.
To further test the hypothesis that synaptic Ca 2⫹ was mediated mainly by NMDAR channels, we used 10 M NBQX to block
AMPAR channels. NBQX completely blocked the EPSPs (3 ⫾ 2%
of control; n ⫽ 7 cell pairs) and recovered to 0.24 of control after
washout (n ⫽ 2). Synaptic [Ca 2⫹]i transients could not be recorded during subthreshold synaptic stimulation (also indicating
a minimal presynaptic contribution). Therefore, we evoked a single backpropagating AP in the interneuron by somatic current
injection coincident with synaptic stimulation. The backpropa-
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sum of inputs at different synaptic contacts. Together, these data indicate only a
very small contribution of LVA calcium
channels to the dendritic calcium signal, if
any.
A possible contribution of Ca 2⫹ released from internal stores could not be
ruled out, because 25 M cyclopiazonic
acid reduced EPSPs concomitant with a
reduction of postsynaptic Ca 2⫹ transients
(n ⫽ 3 cell pairs).
In summary, the results suggest that the
[Ca 2⫹]i transients measured at single synaptic contacts when evoked by subthreshold EPSPs were predominantly of postsynaptic origin and were mediated by
NMDAR channels. The dominant contribution of NMDARs to dendritic calcium
signaling induced by subthreshold synaptic stimulation was also shown recently in
three classes of interneurons in the visual
cortex, including one class that expressed
high Ca 2⫹-permeable AMPAR channels
(Goldberg et al., 2003).
Spatial profile of [Ca 2ⴙ]i transients
Measurements of [Ca 2⫹]i transients at
single contacts and adjacent dendritic regions (Fig. 9A,B) of six cell pairs revealed
that Ca 2⫹ accumulation at the site of Ca 2⫹
2⫹
Figure 5. Presynaptic and postsynaptic Ca influx at single synaptic contacts recorded by using two-photon excitation influx during subthreshold stimulation
fluorescence microscopy. A, top, Fluorescence image of a pyramid-to-bitufted cell pair filled with rhod-2 and OGB-1, respectively. was detectable within approximately ⫾10
The pyramidal neuron is shown in red, the interneuron in green. The region with an identified synaptic contact is marked by the m along the dendritic branch. The distrirectangle and shown at higher magnification at the bottom. The arrowhead points to a synaptic contact. The presynaptic axon is bution of dendritic [Ca 2⫹] transients in
i
hardly visible, but lightens up during Ca 2⫹ influx (see B). Line scans shown in B were performed at the region indicated by the the proximity of single contacts is shown
white vertical line. B, Fluorescence line scans recorded during unitary synaptic stimulation on the presynaptic bouton (red) and
in Figure 9C (top). The solid line reprethe postsynaptic dendrite (green). In the pyramidal neuron three APs were evoked at 10 Hz (see C). C, Each of the three APs evoked
sents
a fitted Gaussian function with a
2⫹
in the pyramidal neuron gave rise to a Ca influx into the presynaptic terminal (top traces, same experiment shown in B). The
2⫹
half-width
of 5 m. This small width sugpostsynaptic neuron responded with two EPSPs, but only during one was a postsynaptic Ca signal also measured (lower
traces). Presumably, the second EPSP was evoked at another contact. Fluorescence data were not filtered. Note: No Ca 2⫹ transient gests that the attenuation in the rise of
[Ca 2⫹]i on both sides of the contact is
was recorded on the other dendrite also covered by the line scan (see B), indicating the synaptic origin of the Ca 2⫹ signals.
mostly attributable to rapid diffusion of
Ca 2⫹ from the synaptic contact and that
gating AP was sufficient to relieve NMDAR channels from the
the influx is limited by Ca 2⫹ buffering by the endogenous buffers
Mg 2⫹ block, which resulted in additional Ca 2⫹ influx (Fig. 8 E).
and probably distorted by the added exogenous Ca 2⫹ indicator
The normalized peak [Ca 2⫹]i amplitude increased to 1.18 ⫾ 0.14
(Naraghi and Neher, 1997).
(n ⫽ 3 cell pairs) of the control value (Fig. 8 F).
The possible contribution of VDCCs to [Ca 2⫹]i transients
Enhancement of synaptic Ca 2ⴙ influx by
evoked in bitufted interneurons by subthreshold EPSPs was combackpropagating APs
paratively small because in three pairs APV completely blocked
When summated EPSPs were suprathreshold, [Ca 2⫹]i transients
postsynaptic calcium signals at ⫺60 and ⫺90 mV. Furthermore,
at synaptic contacts increased in amplitude by approximately
in two experiments with APV, no [Ca 2⫹]i transients could be
twofold. This increase was most likely caused by the backproparecorded in close proximity to the synaptic contact, indicating
gating dendritic AP evoking a dendritic Ca 2⫹ influx that added to
that AMPAR-channel-induced depolarization did not activate
the Ca 2⫹ influx evoked by EPSPs. Figure 9B compares [Ca 2⫹]i
VDCCs during subthreshold EPSPs.
transients recorded from a single contact and adjacent dendritic
We further addressed the possibility that low-voltagesegments after subthreshold and suprathreshold EPSPs. Normalactivated (LVA) calcium channels could contribute to postsynized [Ca 2⫹]i amplitudes measured at six contacts (Fig. 9C, top
aptic [Ca 2⫹]i transients. Transients evoked by single EPSPs (Fig.
and
middle graphs) show that the peak amplitudes of [Ca 2⫹]i
6 B, filled circles) were in the range of larger transients evoked by
transients evoked by suprathreshold EPSPs (EPSP–AP sequence)
a single backpropagating AP (Fig. 6 B, rectangle). The mean EPSP
were higher than those evoked either by subthreshold EPSPs (Fig.
amplitude recorded at the soma was 1.71 ⫾ 0.7 mV (45 single
9C, top) or by a backpropagating AP alone (Fig. 9C, bottom).
EPSPs from three cell pairs). The somatically measured EPSP
These results strongly suggest that [Ca 2⫹]i transients, when
amplitudes probably underestimate the actual dendritic depolarization at the contact. However, they presumably represent the
evoked by suprathreshold EPSPs, reflect the Ca 2⫹ influx via syn-
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Figure 7. Postsynaptic Ca 2⫹ diffusion. A, Fluorescence image of a dendrite of a bitufted
neuron receiving input from a pyramidal neuron (same cell pair shown in Fig. 5). The arrowhead
points to an identified synaptic contact. The vertical lines indicate the regions for line scans on
the synaptic contact (top) and 2.7 m apart (bottom). B, Diffusion of Ca 2⫹ away from the point
of entry along the dendrite. Presynaptic and postsynaptic ⌬F/F transients recorded at the
contact (left) and 2.7 m away (right). Fifteen APs at 50 Hz were evoked in the pyramidal
neuron. Fluorescence traces are averages of three to five sweeps.

the dendritic AP or boosting of the dendritic APs. Synaptically
evoked APs also show a longer duration, attributable to inactivation of K ⫹ channels (A. Korngreen, K. M. M. Kaiser, and Y.
Zilberter, unpublished observations).

Discussion

Figure 6. Postsynaptic Ca 2⫹ transients at single contacts. A, Histogram of postsynaptic
peak ⌬F/F evoked by single EPSPs. The mean peak ⌬F/F was 0.89 ⫾ 0.40 (n ⫽ 45 single
sweeps). Data are pooled from three synaptic contacts of three pairs. B, Postsynaptic peak ⌬F/F
increases with EPSP size (filled circles) (regression r ⫽ 0.54). Data are pooled from n ⫽ 45
EPSP-evoked postsynaptic Ca 2⫹ transients from three synaptic contacts of three cell pairs. Peak
fluorescence amplitudes and EPSPs were normalized to mean values for each cell pair. For
comparison also, the peak ⌬F/F evoked by a single backpropagating AP at the synaptic contact
is shown (rectangle, placed arbitrarily).

aptic NMDAR channels and dendritic VDCCs, which transiently
open during the backpropagating AP.
Summation of Ca 2ⴙ influx at synaptic contacts
To delineate the relative contribution of EPSPs and backpropagating APs in evoking dendritic Ca 2⫹ influx at synaptic contacts,
the [Ca 2⫹]i transients evoked by subthreshold EPSPs were compared at the same contact to those evoked by a backpropagating
AP (Fig. 10 A–C). At most contacts, the peak [Ca 2⫹]i transients
evoked by a train of 10 –15 summated EPSPs and those evoked by
a single backpropagating AP were comparable in size (Fig. 10 D).
When EPSPs were suprathreshold and evoked an AP, which occurred 177 ⫾ 60 msec after the onset of presynaptic stimulation
(n ⫽ 91 trials from 12 cell pairs), the peak [Ca 2⫹]i increased
approximately twofold (Fig. 10 E). The peak [Ca 2⫹]i was significantly (t test; p ⬍ 0.002) larger than the peak calculated as the
arithmetic sum of the [Ca 2⫹]i transients evoked by subthreshold
EPSPs and by a single backpropagating AP initiated by somatic
current injection (Fig. 10 F). The higher Ca 2⫹ signals generated
by suprathreshold EPSPs could be caused by several factors, such
as unblocking of synaptic NMDAR channels from Mg 2⫹ during

The results demonstrate that hot spots of enhanced postsynaptic
Ca 2⫹ influx exist in the dendrites of bitufted interneurons at the
sites of individual, active synaptic contacts. They are established
by en passant boutons of L2/3 pyramid axon collaterals on the
dendritic shafts of the bitufted interneurons. The hot spots comprise a dendritic segment with an apparent half-width of ⬃10
m, probably reflecting buffered diffusion of the Ca 2⫹ entering
the dendrite at a postsynaptic density. Dendritic Ca 2⫹ influx at
single contacts is mediated predominantly by NMDAR channels
in combination with Ca 2⫹ influx through VDCCs. Under our
experimental conditions of indicator loading, the peak transient
can reach values up to 200 nM of [Ca2⫹]i, and the transient lasts
for ⬃200 msec.
Size of a dendritic [Ca 2ⴙ]i transient at active
synaptic contacts
Because the fluorescence indicator fura-2 (250 M) acts as an
exogenous Ca 2⫹ buffer, the amplitude of volume-averaged
[Ca 2⫹]i transients is reduced and their decay time is longer in
comparison with that expected for a “native” dendrite. In addition, when the Ca 2⫹ influx is locally restricted, a mobile buffer
like fura-2 tends to decrease [Ca 2⫹]i amplitudes because of facilitated diffusion, and it also interferes with the lateral spread of the
Ca 2⫹ signals. Whether the measured lateral spread is an overestimation or underestimation depends on several factors, such as
the diffusion constant of fura-2 and the on-rate of Ca 2⫹ binding
to fura-2 compared with those of the endogenous mobile buffers
in the dendrite. For cultured hippocampal neurons, it was suggested that an exogenous buffer overestimates the measured
Ca 2⫹ diffusion and that the dominant endogenous buffer is relatively immobile, restricting the lateral spread of Ca 2⫹ to ⬍3 m
(Murthy et al., 2000).
Bitufted interneurons have a Ca 2⫹ binding ratio of ⬃285
(Kaiser et al., 2001) and the incremental Ca 2⫹ binding ratio of
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Figure 8. Ion channels mediating dendritic Ca 2⫹ influx. A, Ca 2⫹ influx at a synaptic contact
evoked by a train of 15 presynaptic APs in control conditions (left), during application of 100 M
APV (middle), and after washout (right). Traces are averages of six, six, and nine sweeps, respectively. The interneuron was voltage-clamped at ⫺60 mV. B, Pooled data of normalized
peak [Ca 2⫹]i amplitudes in control and after bath application of APV were significantly different (two-tailed paired t test; *p ⬍ 0.026). Data are taken from n ⫽ 5 cell pairs (washout from
two cell pairs). C, Ca 2⫹ influx at a synaptic contact evoked by a train of 15 presynaptic APs when
the soma of the bitufted neuron was voltage-clamped at ⫺90 (left), ⫺60 (middle), and ⫺50
mV (right). Traces are averages of two, three, and three sweeps, respectively. D, Pooled data of
normalized peak [Ca 2⫹]i amplitudes at different holding potentials. Data are from 11 pairs. The
increase of [Ca 2⫹]i amplitudes at ⫺50 mV compared with ⫺60 and ⫺90 mV was significant
(two-tailed paired t test; *p ⬍ 0.05 and *p ⬍ 0.01, respectively). E, Ca 2⫹ influx at a synaptic
contact evoked by a train of 15 presynaptic APs in control condition (left). After the application
of 10 M NBQX, the [Ca 2⫹]i amplitude evoked by a single, somatically evoked backpropagating
AP (middle) was increased significantly when combined with synaptic stimulation (right) (t
test; **p ⬍ 0.001). Traces are averages of 4, 24, and 25 sweeps, respectively. F, Pooled data for
normalized peak [Ca 2⫹]i amplitudes. Data are from three pairs. The increase of [Ca 2⫹]i amplitude was significant (t test; *p ⬍ 0.025).

250 M fura-2 for bitufted neurons is ⬃600. Thus, the Ca 2⫹
binding ratio of bitufted neuron dendrites is approximately
threefold larger when loaded with 250 M fura-2 [Kaiser et al.
(2001), their Fig. 1]. Measured dendritic [Ca 2⫹]i transients
evoked by subthreshold EPSPs were typically in the range of 30 –
100 nM. Thus, these values underestimate the amplitudes of
[Ca 2⫹]i transients in native dendrites by a factor of ⬃3, suggesting that without buffer loading the dendritic [Ca 2⫹]i transients
during subthreshold EPSPs can reach values of 80 –250 nM. When
EPSPs become suprathreshold and evoke an AP, we estimate that
the peak amplitude of dendritic [Ca 2⫹]i transients, without
buffer loading, increases to 130 – 450 nM at single contacts.
The decay time constants of dendritic [Ca 2⫹]i transients,
when evoked either by subthreshold EPSPs or a single backpropagating AP, were similar. This observation suggests that the
decay time of dendritic [Ca 2⫹]i transients at synaptic contacts in
native dendrites is ⬃200 msec, as extrapolated from experiments

J. Neurosci., February 11, 2004 • 24(6):1319 –1329 • 1327

Figure 9. Spatial profile of dendritic [Ca 2⫹] transients at single synaptic contacts. A, Fluorescence image of a synaptically connected pyramidal and bitufted neuron cell pair. The bitufted
neuron was loaded with 250 M fura-2, and the pyramidal cell with 400 M mag-fura-2.
Arrows point to the axon of the pyramidal cell, which established a contact with a dendrite of
the bitufted neuron (rectangle 1). Rectangles mark four dendritic regions of the bitufted neuron, which were selected for Ca 2⫹ imaging. Region 1 corresponds to the intersection of an axon
collateral of the pyramidal cell and a branch of a basal dendrite of the bitufted cell. Scale bar, 10
m. B, Ca 2⫹ transients evoked by subthreshold (left) and suprathreshold (right) EPSPs at the
regions shown in A. Numbers refer to those in A. In the presynaptic pyramidal neuron a train of
15 APs at 50 Hz (bars on top traces) was evoked. Postsynaptic membrane potentials are shown
on the bottom (note the different time scale). The AP (right) is truncated. C, Normalized peak
Ca 2⫹ amplitudes evoked by EPSPs remaining subthreshold (top) or being suprathreshold (middle). Data represent measurements from seven synaptic contacts and 18 adjacent dendritic
regions in seven cell pairs (top) and from four of the seven synaptic contacts and nine adjacent
dendritic regions (middle). For comparison, the bottom graph shows normalized peak [Ca 2⫹]i
amplitudes evoked by a single backpropagating AP evoked by somatic current injection into
bitufted neurons at 5 synaptic contacts of the 7 pairs, and 12 nearby dendritic regions. Amplitudes were normalized to those evoked by subthreshold EPSPs at the identified synaptic contacts (dotted lines; average [Ca 2⫹]i amplitude, 43 ⫾ 15 nM; n ⫽ 7). Data points were fitted
with Gaussians (solid lines). Amplitudes evoked by suprathreshold EPSPs (middle) and a single
backpropagating AP (bottom) were normalized to mean values of EPSPs-evoked [Ca2⫹]i amplitudes at the synaptic contacts, respectively.

with different indicator concentrations [Kaiser et al. (2001), their
Fig. 1].
Mechanisms generating dendritic Ca 2ⴙ hot spots
Several EPSPs, evoked by repetitive APs in pyramidal cells, have
to summate to initiate an AP in the bitufted interneuron that then
backpropagates into the basal and apical dendritic tufts. This
implies that a backpropagating AP can follow EPSPs at one synaptic contact and precede them at another contact of the same
connection. Coincidence of EPSPs and dendritic APs could cause
a selective increase of Ca 2⫹ influx through NMDAR channels, by
briefly relieving NMDAR channels from Mg 2⫹ block. Consequently, when the backpropagating AP precedes the EPSP, the
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because of the particular stimulation protocol used, the phenomenon presumably is important, especially when synaptic input
arrives from several presynaptic pyramids and evokes suprathreshold excitation.

Figure 10. Summation of dendritic Ca 2⫹ influx at single synaptic contacts. A–C, Summation of Ca 2⫹ influx evoked by subthreshold EPSPs and by a backpropagating AP recorded at the
same synaptic contact. Shown are the mean responses to subthreshold EPSPs ( A), to a single
backpropagating AP ( B) and to suprathreshold EPSPs (EPSPs–APs) ( C). The bitufted neuron
was loaded with 250 M fura-2. The resting potential was ⫺59 mV. D–F, Average peak [Ca 2⫹]i
amplitudes measured at identified synapses (11 pairs) in response to the different types of
stimulation shown in A–C. In each experiment the amplitudes of [Ca 2⫹]i transients were largest for the stimulus that evoked suprathreshold EPSPs (EPSPs–APs). The graph in F indicates
that the peak [Ca 2⫹]i amplitude evoked by suprathreshold EPSPs is slightly, but significantly (t
test; p ⬍ 0.002) larger than the arithmetic sum of [Ca 2⫹]i transients evoked by EPSPs or a
single backpropagating AP alone.

Ca 2⫹ influx through NMDAR channels may be smaller. In addition, an increase in dendritic Ca 2⫹ induced by the AP can inhibit
following Ca 2⫹ influx through NMDARs (Ehlers et al., 1996;
Medina et al., 1996). Both mechanisms may operate at the same
contact during repetitive EPSPs evoked by a train of presynaptic
APs. The opposing effects of near-coincident EPSPs and APs on
Ca 2⫹ influx may explain why we observed, on average, only a
small supralinear summation of Ca 2⫹ influxes when EPSPs were
followed by an AP compared with the supralinearity reported for
spines of pyramidal cells in cortical L5 and hippocampal CA1
(Magee and Johnston, 1997; Köster and Sakmann, 1998; Schiller
et al., 1998; Yuste et al., 1999) and in spiny cells of cortical L4 (T.
Nevian and B. Sakmann, unpublished observations). However,
bitufted interneurons are another example of neurons in which
the supralinear summation of Ca 2⫹ signals could be part of a
coincidence detection mechanism, which seems to be widespread
in the CNS. Although the net effect we describe here is small

Localized dendritic [Ca 2ⴙ]i transients as part of a local
feedback loop
The larger Ca 2⫹ influx at active contacts, compared with nonsynaptic dendritic segments or at nonactive synaptic contacts, is presumably part of a local feedback mechanism that limits synaptic
excitation of bitufted interneurons by pyramidal cells (Zilberter
et al., 1999). Reduction of glutamate release by dendritic electrical
activity is mediated by a global rise of dendritic [Ca 2⫹]i with a
threshold of ⬃50 nM and a half-maximal effect at ⬃264 nM (Zilberter et al., 1999). These values suggest that the release of the
putative retrograde messenger GABA is triggered by a dendritic
Ca 2⫹ sensor of moderately high affinity and possibly by effective
concentrations smaller than that inferred at active zones of some
presynaptic CNS terminals (Bollmann et al., 2000; Schneggenburger and Neher, 2000), although the peak of the local [Ca 2⫹]i
transient might also be substantially higher. The local volumeaveraged dendritic [Ca 2⫹]i transients evoked by subthreshold
EPSPs reported here reach the threshold for triggering the release
of a retrograde messenger (Zilberter et al., 1999). When EPSPs
are suprathreshold, the amplitude of [Ca 2⫹]i transients is halfmaximal for inhibition. Thus, the postsynaptic Ca 2⫹ influx via
NMDAR and VDCCs could be part of a very localized signaling
cascade, with GABA acting as a retrograde messenger. In support
of this view, the application of baclofen, a specific GABAB receptor agonist, reduced dendritic [Ca 2⫹]i evoked by trains of 15
EPSPs to ⬃60% of the control (n ⫽ 3; data not shown), presumably by reducing glutamate release from pyramidal cell boutons.
In dendrites of pyramidal cells and spiny stellate cells the
[Ca 2⫹]i transients evoked by subthreshold synaptic stimulation
are almost exclusively restricted to single spines (Yuste and Denk,
1995; Köster and Sakmann, 1998) (Nevian and Sakmann, unpublished observations). In contrast, in bitufted interneurons the
dendritic [Ca 2⫹]i transients extend over a relatively long segment
of a dendritic branch that is almost 10-fold longer than the average diameter of a spine. It reflects the fact that the synaptic contacts between pyramidal and bitufted cells are mostly located on
dendritic shafts. One functional implication could be that
postsynaptic Ca 2⫹ signals evoked by one particular connection
could also affect neighboring synaptic contacts of other excitatory connections.
Functional significance of facilitation and retrograde
inhibition at pyramidal-to-bitufted synapses
The exact function of L2/3 bitufted interneurons in the cortical
network is not yet clear. Pyramidal-to-bitufted cell connections,
however, have two characteristic properties that might suggest a
specific function for these cells, at least in the somatosensory
cortex. First, EPSPs in bitufted cells strongly facilitate on repetitive stimulation; second, the spread of the axonal arbor of
bitufted cells is restricted in a columnar manner with only a few
axon collaterals, which show long horizontal extensions (Kaiser
et al., 2001). APs generated in a bitufted cell by excitation via L2/3
pyramidal cells will propagate orthodromically into the axon arbor and release GABA from boutons to inhibit L2/3 pyramidal
neuron excitation. At the same time, backpropagating APs will
release GABA from dendrites and reduce locally the effects of
pyramidal cell excitation. During whisking behavior of rodents
(at ⬇10 Hz) the center-surround structure of the cortical repre-
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sentation of a vibrissa is enhanced (Moore et al., 1999). Whisking
during exploratory behavior is supposed to increase the specificity of individual whisker representations in the barrel cortex. This
sharpening of the representational whisker map might be attributed to an enhanced inhibition within and between barrel columns in L2/3. When the excitation of several L2/3 pyramidal
neurons within a column generates one or several APs in a common target bitufted cell, the pyramidal cell excitation will be
reduced by the bitufted-to-pyramidal feedback via GABA released from bitufted cell boutons. At the same time, GABA released from bitufted cell dendrites would “buffer” the excitation
of bitufted cells and thus limit the bitufted-to-pyramidal feedback inhibition.
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