
J Physiol 589.23 (2011) pp 5677–5689 5677

Th
e

Jo
u

rn
al

o
f

Ph
ys

io
lo

g
y

Synaptically evoked Ca2+ release from intracellular stores
is not influenced by vesicular zinc in CA3 hippocampal
pyramidal neurones

Alesya Evstratova and Katalin Tóth

Centre de recherche Université Laval Robert Giffard, Quebec City, Quebec, Canada

Non-technical summary The hippocampus plays a key role in memory formation. Cortical
information is conveyed to the hippocampus via specialized axons of the dentate granule cells.
These axon terminals contain a high concentration of zinc. Recently vesicular zinc was suggested
to be a key modulator of postsynaptic calcium signals. We explored this possibility using
fluorescence calcium imaging and electrophysiological recordings. We eliminated endogenous
zinc with pharmacological and genetic tools, and found that none of these manipulations altered
postsynaptic calcium signals. Our data suggest that the main function of vesicular zinc is not the
control of postsynaptic calcium signalling during synaptic interactions.

Abstract The co-release of neuromodulatory substances in combination with classic neuro-
transmitters such as glutamate and GABA from individual presynaptic nerve terminals has the
capacity to dramatically influence synaptic efficacy and plasticity. At hippocampal mossy fibre
synapses vesicular zinc is suggested to serve as a cotransmitter capable of regulating calcium release
from internal stores in postsynaptic CA3 pyramidal cells. Here we investigated this possibility
using combined intracellular ratiometric calcium imaging and patch-clamp recording techniques.
In acute hippocampal slices a brief train of mossy fibre stimulation produced a large, delayed post-
synaptic Ca2+ wave that was spatially restricted to the proximal apical dendrites of CA3 pyramidal
cells within stratum lucidum. This calcium increase was sensitive to intracellularly applied heparin
indicating reliance upon release from internal stores and was triggered by activation of both
group I metabotropic glutamate and NMDA receptors. Importantly, treatment of slices with
the membrane-impermeant zinc chelator CaEDTA did not influence the synaptically evoked
postsynaptic Ca2+ waves. Moreover, mossy fibre stimulus evoked postsynaptic Ca2+ signals were
not significantly different between wild-type and zinc transporter 3 (ZnT3) knock-out animals.
Considered together our data do not support a role for vesicular zinc in regulating mossy fibre
evoked Ca2+ release from CA3 pyramidal cell internal stores.
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current clamp; DCG-4, (2S,1′R,2′R,3′R)-2-(2,3-dicarboxycyclopropyl)-glycine; 2,3-DPG, 2,3-diphosphoglycerate;
EPSC, excitatory postsynaptic current; EPSP, excitatory postsynaptic potential; IP3, inositol trisphosphate; KO, knock
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time to peak; VC, voltage clamp; VGCC, voltage-gated calcium channel; WT, wild-type; ZnT3, zinc transporter.
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Introduction

Synaptically activated increases in postsynaptic [Ca2+]i

can occur due to influx through voltage-gated Ca2+

channels, ligand-gated Ca2+ channels, and Ca2+ release
from internal stores. Excitatory inputs can initiate action
potentials in the axon hillock that backpropagates to
the dendrites (Stuart & Sakmann, 1994; Spruston et al.
1995) generating fast Ca2+ transients in the entire
dendritic tree (Jaffe et al. 1992; Schiller et al. 1995;
Larkum et al. 2003). Subthreshold signals activate Ca2+

influx through glutamate receptors, in cortical and CA1
pyramidal cells chiefly via NMDA receptors (Emptage
et al. 1999; Yuste et al. 1999; Kovalchuk et al. 2000;
Schiller et al. 2000; Wei et al. 2001). In contrast, in CA3
pyramidal cells subthreshold Ca2+ transients evoked by
single mossy fibre stimulus are mainly due to AMPA
receptor-gated depolarization that activates voltage-gated
Ca2+ channels (Reid et al. 2001). Additionally, repeated
mossy fibre activation leads to a large, delayed post-
synaptic increase in [Ca2+]i through release from internal
stores (Miller et al. 1996; Yeckel et al. 1999; Kapur et al.
2001).

Hippocampal mossy fibres have several unique
morphological and physiological features, including
complex presynaptic specializations consisting of several
release sites and filopodial extensions, low release
probability and pronounced frequency facilitation (Henze
et al. 2000; Nicoll & Schmitz, 2005). They also contain
an unusually high concentration of zinc (Holm et al.
1988). Recently, it has been reported that vesicular zinc
released during repetitive mossy fibre stimulation activates
the orphan G-protein coupled receptor 39 (GPR39), a
putative postsynaptic zinc receptor, to produce a trans-
ient Ca2+ rise in CA3 pyramidal neurones by triggering
release from internal stores (Besser et al. 2009). The
existence of such a zinc signalling pathway would provide
indisputable, functional proof of synaptic zinc release,
a topic that remains controversial and hotly contested
(Kay & Tóth, 2008; Paoletti et al. 2009). Here we
aimed to investigate the presumed modulatory role of
vesicular zinc on postsynaptic Ca2+ signals evoked in CA3
pyramidal cells with burst stimulation of mossy fibres.
Our data show that neither zinc chelation, nor genetic
manipulation of vesicular zinc content in zinc-transporter
3 (ZnT3) knock-out (KO) animals (Cole et al. 1999)
leads to any measurable effect on synaptically activated
Ca2+ release from internal stores in CA3 pyramidal
cells. This suggests that, contrary to previous findings
(Besser et al. 2009), vesicular zinc does not play a role
in the modulation of postsynaptic calcium signalling
at the hippocampal mossy fibre–CA3 pyramidal cell
synapse.

Methods

Hippocampal slice preparation

Hippocampal slices (300 μm) were prepared from
Sprague–Dawley rats or ZnT3 WT and KO mice (P17–25)
using a vibrating-blade microtome (Leica, Germany), as
described previously (Lavoie et al. 2007). All protocols
were approved by the Animal Protection Committee
of Université Laval. The authors have read, and the
experiments comply with, the policies and regulations of
The Journal of Physiology given by Drummond (2009).
Slices were prepared using ice-cold artificial cerebrospinal
fluid (ACSF) containing (mM): NaCl 87, NaHCO3 25, KCl
2.5, NaH2PO4 1.25, MgCl2 7, CaCl2 0.5, glucose 25 and
sucrose 75. Right after sectioning, slices were placed in
ACSF maintained at 34◦C for 40 min, and stored at room
temperature prior to imaging experiments. All recordings
were performed with extracellular ACSF containing (mM):
NaCl 124, NaHCO3 25, KCl 2.5, MgCl2 4, CaCl2 5 and
glucose 10; equilibrated with 95% O2–5% CO2, pH7.4 and
maintained at 29–32◦C. Bicuculine methiodine (1 μM)
was always present in extracellular ACSF.

Electrophysiology

Whole-cell current-clamp and voltage-clamp recordings
were made with glass electrodes (4–6.5 M�) filled
with a solution containing (mM): potassium gluconate
120, KCl 20, MgCl2 2, MgATP 4, NaGTP 0.3, Hepes
10, phosphocreatine 7, Fura-2 0.1 and in some
cases 2,3-diphosphoglycerate (2,3-DPG). Recordings
were made from visually identified CA3 pyramidal
neurones, using an Axopatch-200B amplifier (Axon
Instruments, Union City, CA, USA), operating under
current-clamp and voltage-clamp mode. Data were
filtered at 0.5–5 kHz, digitised at 1–16 kHz, and acquired
using the Strathclyde electrophysiology software WinWCP
(courtesy of Dr J. Dempster, University of Strathclyde,
Glasgow, UK). Mossy fibre inputs were electrically
stimulated via a patch micropipette placed in the
stratum lucidum and identified based on their kinetic
properties and profound short-term facilitation. At
the end of each experiment (2S,1′R,2′R,3′R)-2-(2,3-
dicarboxycyclopropyl)-glycine (DCG-4) was applied to
confirm mossy fibre origin of the synaptic input.

Drugs

2.5 mM CaEDTA, 500 μM α-methyl-4-carboxyphenyl
glycine (MCPG), 50 μM (2R)-amino-5- phosphonovaleric
acid (AP5; Sigma- Aldrich, Canada) and 1 μM DCG-4
(Tocris Bioscience, Ellisville, MO, USA) were dissolved
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in extracellular ACSF and applied through the perfusion
system (at least 10 min before imaging). 2,3-DPG at
1 mM (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and 1 mM heparin (Sigma-Aldrich, Canada) were added
directly to the patch solution. All reagents were prepared
as stock solutions and stored as recommended.

TSQ staining

To label slices for Zn2+, (N-(6-methoxy-8-quiolyl)
paratoluenesulphonamide (TSQ)-staining was performed
either in fresh slices (right after 40 min incubation at 34◦C)
or after Ca2+ imaging experiments done in slices stored
for 2 and 4 h at room temperature (Vogt et al. 2000).
TSQ-stained sections were examined and photographed
under fluorescence microscopy (excitation, 360–370 nm;
dichromatic beamsplitter, 400 nm, barrier filter, 420 nm).
Fluorescence intensity of Zn2+ staining was measured
using ImageJ software within five random square regions
located in the stratum lucidum, and expressed as %�F/F0,
whereas F0 was calculated as the averaged background level
of fluorescence measured within three random regions in
the CA3 pyramidal layer (Supplementary Fig. 1).

Calcium imaging and analysis

Fluorometric Ca2+ imaging was performed after 10 min
of dye loading. Ca2+ signals were evoked by repetitive
stimulation (2–20 times at 50–100 Hz) and recorded with
an interval of at least 2 min to allow Ca2+ store refilling
and prevent phototoxicity. Data were obtained using
a Zeiss (Oberkochen, Germany) Axioscope equipped
with epifluorescence optics, a monochromator and
CCD camera (Imago) (T.I.L.L. Photonics, Martinsried,
Germany). Regions of interest (ROI) were drawn on
clearly distinguishable apical dendrites and basal parts
of the soma. Paired images (340 and 380 nm excitation,
510 nm emission) were collected every 56 ms, and pseudo-
colour ratiometric images were monitored during the
experiments. Changes in the fluorescence ratio 340/380
were converted to %�F/F0, using T.I.L.L. Photonics
software, averaged within ROI and exported to Origin
7.0 (OriginLab Corp., Northampton, MA, USA) for sub-
sequent analysis. To ensure stability of Ca2+ signals
at least three consecutive recording were obtained for
each condition and only cells with a stable resting
fluorescence ratio 340/380 were analysed. As a rule, two
to three individual traces from consecutive recordings
were averaged to allow more accurate measurements of
absolute peak (�F/F0,max), time to peak (TTP), half-width
and integral (unit of measurement: (%�F/F0) s). Hot
spots were identified as small dendritic areas with highest
integrated increase in the fluorescence. In experiments
investigating the threshold of calcium waves (Fig. 5 and

6) individual recordings were analysed using ImageJ
software. Pseudo line scans, the generation of line
scan-type x–t plot from a 3-D (x, y, t) movies, were
obtained along the apical dendrite to capture both spatial
and temporal changes of Ca2+ release with increasing
number of stimuli. Total Ca2+ signals were measured
as the integrated density of fluorescence and expressed
as a percentage of maximal recorded response, %(Int.
density)max. Data are expressed as means ± SEM Statistical
significance was assessed with Student’s paired or unpaired
t test. The level of significance was set at P < 0.05.

Results

Repeated stimulation of mossy fibre terminals at
50–100 Hz evoked fast EPSPs or EPSCs recorded from
CA3 pyramidal cells in current-clamp or voltage-clamp
configuration, respectively. When mossy fibre stimulation
evoked only subthreshold EPSPs or EPSCs in the post-
synaptic cell, large, delayed [Ca2+] elevations were
observed in the proximal apical dendritic region of CA3
pyramidal cells located in the stratum lucidum (Fig. 1).
These calcium signals were spatially restricted to this area
of mossy fibre termination, spreading only to 46 ± 3 μm
from the site of origin (Fig. 1Ac, n = 18). To determine the
effect of action potentials on synaptically evoked calcium
signals, we compared postsynaptic [Ca2+] elevations
between cells exhibiting only EPSPs and neurones where
EPSPs triggered action potentials. While subthreshold
EPSPs evoked [Ca2+] elevations with a single peak, in
cells with action potentials calcium signals showed two
temporally segregated peaks (Fig. 1A–C, n = 18 for both
groups). The first peak occurred upon action potential
generation and the elevation in [Ca2+]i was observed
uniformly in the entire cell consistent with Ca2+ influx
through VGCCs. The second peak was delayed and
corresponded to an increase in [Ca2+]i that was restricted
to stratum lucidum similar to events triggered by sub-
threshold EPSPs only (Fig. 1A–C). Such delayed slow rises
in [Ca2+]i upon mossy fibre stimulation are consistent
with Ca2+ release from internal stores mainly triggered
by inositol trisphosphate (IP3) receptor activation (Miller
et al. 1996; Yeckel et al. 1999; Kapur et al. 2001). In order to
determine whether this delayed [Ca2+] response is indeed
the result of IP3-dependent calcium release from inter-
nal stores, we included heparin, an IP3 antagonist, in
the recording pipette. Heparin blocked the slow, delayed
calcium response while the fast response triggered by
action potentials remained unaltered (Fig. 1D–F , n = 6).
These data indicate that under our recording conditions
we can reliably evoke calcium release from internal stores
in CA3 pyramidal cells with stimulation of the mossy fibre
pathway.
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Figure 1. Spatio-temporal properties of mossy fibre evoked postsynaptic Ca2+ signals in the absence
and presence of postsynaptic APs
Spatio-temporal distribution of postsynaptic [Ca2+]i changes in control conditions (Aa and Ba) and in the presence
of heparin (Da) evoked by mossy fibre stimulation (10 times, 50 Hz). [Ca2+]i increase corresponding to back-
propagating APs distributed uniformly in the cell body (Ba and Da) and the apical and basal dendrites, whereas
delayed mossy fibre stimulation evoked Ca2+ release from internal stores was restricted to the apical dendrite
(Aa and Ba). Red and blue squares indicate areas where fluorescence signals were measured and averaged.
Corresponding Ca2+ traces and electrophysiological responses are shown at Ab, Bb and Db. Change in [Ca2+]i
in basal dendrites showed a dramatic increase only when action potentials were evoked in the postsynaptic
cell (Bb). Ac, plot showing the distance the calcium wave, evoked by subthreshold EPSPs, travels from the hot
spot (red circle) towards and away from the soma (soma centre = 0); each vertical black line corresponds to the
calcium transient spread observed in an individual cell (n = 18). C, data indicating the temporal distribution of
peaks in [Ca2+]i observed in stratum lucidum in cells with (black symbols, n = 18) and without (red, n = 18)
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We also investigated the use of Fura-2 AM to visualize
calcium release from internal stores, as this method would
allow the monitoring of several cells simultaneously. First,
we incubated the slices in Fura-2 AM (20 μM at 32◦C
for 20 min, as described; Beierlein et al. 2002). Next, we
stimulated the mossy fibre pathway similarly to what has
been described previously (200 pA, 10 stimuli at 50 Hz)
and monitored changes in intracellular calcium signals in
selected cells (Fig. 2). We observed rapid transient calcium
signals in the soma of clearly labelled CA3 pyramidal
cells (half-width: 498 ± 25 ms, TTP: 385 ± 16 ms, n = 41).
However, we were unable to detect calcium signals evoked
by the stimulation of the mossy fibre pathway in dendrites.
The temporal and spatial properties of calcium signals
recorded from cells labelled with Fura-2 AM were similar
to those filled with Fura-2 in the presence of heparin. This
signifies that the temporal and spatial properties result
rather from backpropagating action potentials than from
intracellular store release. These data indicate that for
the proper detection of calcium release from intracellular
stores, cells need to be individually filled with Fura-2 via a
patch pipette.

Next, we aimed to determine which postynaptic
receptor(s) participate in triggering release of Ca2+ from
internal stores in CA3 pyramidal cells following mossy
fibre stimulation. First we added MCPG (500 μM), an
mGluR antagonist, to the bath to investigate the role of
mGluRs. MCPG significantly decreased the slow, delayed
calcium signals in 3 out of the 6 cells tested (33.3 ± 6.7%
of control). In the other three cells, slow calcium waves
were not altered significantly in the presence of MCPG
(95.7 ± 4.5% of control) (Fig. 3A). In previous studies
(Nakamura et al. 1999; Kapur et al. 2001) initial small
increases in [Ca2+]i were found to act synergistically
with mGluR activation to induce calcium release from
internal stores of CA3 pyramidal cells. Thus, we next
examined whether Ca2+ influx via NMDA receptors
contributes to the initiation of slow calcium transient
evoked by mossy fibre stimulation. In the presence of
the NMDA receptor antagonist APV (50 μM), [Ca2+]
elevations were significantly blocked in 6 out of 10
cells recorded (32.3 ± 5.2% of control) (Fig. 3B). In the

remaining four cells where APV did not alter store release
significantly (93.8 ± 13% of control), we next applied
MCPG to the bath. When both NMDA and mGluR
receptors were blocked simultaneously, slow calcium
events were decreased significantly in every cell examined
(37.7 ± 12.6% of control) (Fig. 3C). These data suggest
that activation of either mGluRs or NMDA receptors can
be sufficient to trigger calcium release from internal stores
upon mossy fibre activation. However, in approximately
50% of the cases these receptors act synergistically
to evoke slow calcium transients in CA3 pyramidal
cells.

Synaptically evoked calcium release from internal stores
identified and characterised in our experiments has been
suggested to be modulated by vesicular zinc sequestered
into mossy fibre terminals (Besser et al. 2009). To
determine whether synaptically released zinc has any effect
on calcium release from internal stores we used two
methods to prevent the transynaptic passage of zinc. We
used the membrane-impermeant zinc chelator CaEDTA
and additionally compared calcium signals in wild-type
(WT) and zinc transporter 3 (ZnT3) knock-out (KO)
animals that lack vesicular zinc (Cole et al. 1999) (Figs 4
and 5). First, we repeatedly evoked postsynaptic calcium
signals with mossy fibre stimulation to demonstrate that
stable, reproducible signals can be evoked multiple times
under control conditions (Fig. 4A). Next, we applied
CaEDTA (2.5 mM) to the bath. In comparing the calcium
waves evoked in control ACSF with those obtained
in the presence of CaEDTA, we did not observe any
significant difference (38 ± 5.4 (%�F/F0) s in control,
37.4 ± 4.2 (%�F/F0) s in CaEDTA, n = 10) (Fig. 4B).
While CaEDTA may chelate zinc in the extracellular space,
its binding properties might be too slow to capture zinc
in the synaptic cleft (Paoletti et al. 2009), and therefore
the genetic ablation of vesicular zinc content was used to
confirm our results obtained with CaEDTA. We recorded
synaptically evoked calcium signals in WT and in ZnT3
KO animals (n = 28). Large, delayed calcium responses
following mossy fibre stimulation were evoked in CA3
pyramidal cells of both WT and KO animals (Fig. 5A
and B). Moreover, in comparing both the peak and

postsynaptic action potentials. The first peak represents Ca2+ signals initiated by APs (black triangle), while the
second (open black circles,) is the result of Ca2+ release from internal stores. Da and b, pharmacological evidence
indicating that the second peak in [Ca2+]i is the result of release of Ca2+ from internal stores. When heparin was
included in the patch pipette only the first, fast component could be observed, the second was absent in every cell.
E, plot showing relationship between time to peak and half width of calcium waves corresponding to store release
(evoked by subthreshould EPSPs in control, n = 10, red circles) and to calcium signals evoked by back-propagating
APs (in the presence of heparin, n = 6, black squares). Note that temporal properties of these two types of signals
are clearly different, thus allowing the analysis of store release even in the presence of APs. F, summary bar graphs
showing average integral (a) and peak amplitudes (b) of Ca2+ signals evoked by repetitive mossy fibre stimulation
in apical dendrites and basal parts of the soma. Both integral and peak amplitude were significantly larger in the
hot spot compared to basal soma (n = 18). This difference was preserved in the presence of APs and completely
blocked by heparin (n = 26 and n = 6, respectively). All experiments were done in rats.
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integral of the calcium events between WT (n = 18)
and KO (n = 10) animals, no significant differences were
found: integral WT: 96 ± 7.4 (%�F/F0) s, integral KO:
102.5 ± 5.1 (%�F/F0) s, and peak WT: 56 ± 4.3%�F/F0,
peak KO: 59.1 ± 3.4%�F/F0) (Fig. 5Ac and Bc). Neither

zinc chelation nor the genetic ablation of the vesicular zinc
transporter had any measurable effect on the postsynaptic
calcium signals registered in CA3 pyramidal cells upon
the stimulation of presynaptic mossy fibres. The lack of
measurable effect of the manipulation of endogenous zinc

a b

b

a b

a

Figure 2. Comparison of calcium signals
recorded with membrane permeant Fura-2
AM and membrane-impermeant Fura-2
Aa–Ca, fluorescence images of representative
CA3 pyramidal cells filled with Fura-2 AM (Aa)
and Fura-2 (Ba and Ca), excitation wavelength
380 nm (left). Continuous red lines indicate
position of pseudo line scans shown on the
right. Cells were stimulated (10 times, 50 Hz)
either by random positioning of stimulation
electrode within st. lucidum (A, Fura-2 AM
experiments) or by selective stimulation of MF
inputs (B and C, Fura-2 experiments). Ab–Cb,
corresponding Ca2+ signals (top) and
electrophysiological responses recorded in
cell-attached (Ab, bottom) and whole-cell
mode (Bb and Cb, bottom). Red and blue lines
represent average calcium signals recorded in
the area of hot spot and basal soma,
respectively. Signals recorded with AM version
of Fura have characteristics similar to those
recorded in the presence of heparin with Fura-2
and represent rather AP-evoked Ca2+ influx
than Ca2+ store release.
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levels could be explained simply by the absence of vesicular
zinc in our control preparations. In order to exclude this
possibility, we used TSQ staining to monitor changes in
vesicular zinc levels during our experiments and compared
it to the levels we observed immediately after sectioning.

When we compared the intensity of the TSQ-staining
between control slices and after imaging experiments, no
significant difference was observed (Supplementary Fig. 1)
indicating that vesicular zinc levels did not diminished due
to our recording conditions.

a

a

a b

b

b

Figure 3. The role of mGluR1 and NMDA receptor activation in mossy fibre-evoked Ca2+ release
Aa–Ca, fluorescence images of CA3 pyramidal cells filled with Fura-2 (excitation wavelength 380 nm) are shown
together with corresponding Ca2+ traces and electrophysiological responses. Fluorescence signals were averaged
in the area of hot spot and basal soma, indicated by red and blue squares, respectively. Ca2+ signals evoked
by mossy fibre stimulation (10 times, 50 Hz) were recorded in control conditions (left,) and after application of
MCPG-4, AP5 or both drugs (right). Ab–Cb, plots showing the effect of applied drugs on integral of Ca2+ signals
recorded from individual pyramidal cells. MCPG-4 (n = 6) and AP5 (n = 6) significantly decreased the slow Ca2+
transient associated with Ca2+ release from intracellular stores in ∼50% of cells, while a combination of both
drugs together abolished Ca2+ signals in all tested cells (n = 4). All experiments were done in rats.
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In our experiments we failed to detect measurable
differences in synaptically evoked calcium signals in the
absence of extracellular or vesicular zinc. However, it is
possible that vesicular zinc alters the relationship between
stimulation intensity and the size of the evoked calcium
signals. In this case, in our previous experiments where
we used suprathreshold stimulations, the role of vesicular
zinc in the regulation of the threshold of calcium release
would be masked by the intensity of the stimuli. In order to
investigate this possibility, we monitored how changes in
stimulus intensity influence synaptically evoked calcium
release from internal stores. Our previous experiments
were executed in current-clamp configuration as we
aimed to study synaptically evoked calcium release under
conditions where all voltage-dependent mechanisms can
contribute to the observed release. Altering stimulus
intensity in current-clamp configuration would lead
to high variability in the number of action potentials
evoked at each stimulus strength; this would render

data interpretation difficult, if not impossible. For this
reason, we investigated the relationship between stimulus
intensity and calcium release in voltage-clamp mode.
Similarly to previously published data (Kapur et al.
2001), synaptically evoked calcium release had comparable
amplitude and size in both recording conditions (Fig. 6A,
n = 11). We increased the number of stimuli applied to
mossy fibres (2 to 10, 50 Hz) and recorded the evoked
calcium signals in CA3 pyramidal cells (Fig. 6B). As the
number if stimuli increased, the amplitude and spread of
calcium waves also increased. The relationship between
these two parameters and the stimulus strength was
best fitted with a sigmoidal curve (Fig. 6Ca). We used
the x-centre (inflection point) of the sigmoidal fit to
quantitatively assess the threshold of the calcium waves.
We compared the inflection point of the sigmoidal fit
(Richards equation) of the stimulus intensity–calcium
wave amplitude plots between recordings made in control
ACSF and in recording solutions containing 2.5 mM

Figure 4. Manipulation of extracellular zinc fails to influence mossy fibre-evoked Ca2+ signals in CA3
pyramidal cells
Aa–Da, fluorescence images of representative CA3 pyramidal cells filled with Fura-2 (excitation wavelength 380 nm)
(left). Signals were averaged in the area of hot spot and basal soma, indicated by red and blue squares, respectively.
Corresponding Ca2+ traces and electrophysiological responses are shown (right). Ab and Bb, summary bar graphs
showing average integral of Ca2+ signals evoked with burst stimulation of the mossy fibre pathway (10 times,
50 Hz). Ca2+ release from internal stores was stable under control conditions (n = 6, A) and was not significantly
affected by extracellular zinc chelation with CaEDTA, applied for at least 10 min (n = 7, B). However, Ca2+ signals
were drastically diminished by DCG-4, which confirms mossy fibre origin of evoked events. All experiments were
done in rats.
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CaEDTA (Fig. 6Cb); the x-centre in the two groups was
similar (4.8 ± 1.1 and 5.3 ± 0.8, respectively). Increasing
number of stimuli increased synaptically evoked calcium
waves in a similar fashion in the absence or presence of
CaEDTA (Fig. 6Cc, n = 6 and n = 5, respectively). Next,
we aimed to investigate how changes in stimulus intensity
affect the amplitude of synaptically evoked calcium waves
in the absence of vesicular zinc by comparing these
values between wild-type and ZnT3 KO animals (8 to
20, 100 Hz) (Fig. 7A). Surprisingly, correlation between
stimulus intensity the amplitude of the synaptically evoked
calcium wave in mice was linear rather than sigmoidal
(Fig. 7Ba), and therefore we could not reliably determine
a deflection point in the plotted results. When the
number of stimuli was increased, amplitudes of calcium
waves increased at a comparable rate in WT (n = 9) and
KO (n = 14) animals, and no detectable difference was
observed at any of the stimulus intensities we investigated
(Fig. 7Bb).

These data show that, contrary to a previous report by
Besser et al. (2009), vesicular zinc in hippocampal mossy
fibre terminals has no impact on postsynaptic calcium
signalling in CA3 pyramidal cells.

Discussion

The results presented here do not support a role for release
of vesicular zinc from hippocampal mossy fibre terminals
in triggering synaptically evoked calcium signals in CA3
pyramidal cells. Our findings directly contradict previous
results obtained by Besser et al. (2009), who reported a
direct metabotropic action of synaptically released zinc
in promoting postsynaptic Ca2+ release from intracellular
stores. There are differences in experimental approaches
used by Besser et al. and our group. We monitored changes
in [Ca2+]i using Fura-2 in individually filled pyramidal
cells, while Besser et al. utilized Fura-2 AM in bulk loaded
hippocampal slices. Our experiments showed that the
delayed slow calcium signals last on average for ∼2 s, in
good agreement with previously published data (Miller
et al. 1996; Yeckel et al. 1999; Kapur et al. 2001), while
Besser et al. observed calcium signals with significantly
longer half-width (>10 s). We used animals between the
ages P17 and 25, when the mossy fibres are mature
(Amaral & Dent 1981), whereas Besser et al. used younger
animals (P8–16). We measured calcium release from intra-
cellular stores in dendrites while Besser et al. monitored
changes in calcium signals in the somatic region. These

Aa

Ba

b

b c

c

Figure 5. Manipulation of vesicular zinc fails to influence mossy fibre-evoked Ca2+ signals in CA3
pyramidal cells
Ab and Bb, plots showing integral of Ca2+ release from internal stores, evoked by repetitive mossy fibre stimulation
(20 times, 100 Hz) in individual pyramidal cells from wild-type (n = 8, A) and ZnT3 KO (n = 9, B) mice. Mossy fibre
origin of stimulation was confirmed with DCG-4 application. Ac and Bc, summary bar graphs showing average
integral (Ac) and peak amplitudes (Bc) of Ca2+ signals recorded in wild-type (n = 18) and ZnT3 KO (n = 10)
animals. Neither parameter was significantly changed in the absence of vesicular zinc.
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differences in experimental approaches could contribute
to the discrepancy between our findings.

Mossy fibre activity can evoke fast, spatially restricted
and slow, actively spreading Ca2+ signals in the dendrites
of CA3 pyramidal cells. Single, subthreshold stimulus
evokes fast transient Ca2+ signals which are restricted
to the spine (Reid et al. 2001). We used repeated
stimulation that evoked delayed, slow Ca2+ waves in the
proximal dendrites of pyramidal cells similarly to pre-
viously published observations (Miller et al. 1996; Yeckel
et al. 1999; Kapur et al. 2001). Our data indicate that
both NMDA and mGlu receptors are involved in this
process. Previous reports demonstrated the dominant role
of mGluRs in the absence of NMDA receptor activity

(Kapur et al. 2001). Our data show that calcium entry via
NMDA receptors also participates in the initial calcium
signal leading to release from internal stores. In several
cases, a synergistic action of mGlu and NMDA receptors
was necessary to trigger the slow, delayed rise in [Ca2+]i.

The exact functional role of calcium release from intra-
cellular stores is not known. However, backpropagating
action potentials have been shown to act synergistically
with subthreshold stimulation to evoke Ca2+ release from
IP3-sensitive stores (Nakamura et al. 1999) indicating that
it could play an important role in the Hebbian form of
plasticity.

Experimentally and statistically it is very difficult to
prove negative results. It is always possible to argue that

Aa

Ca

b

b c

Figure 6. Extracellular zinc chelation has no effect on the threshold of Ca2+ release
Aa, Ca2+ signals (top) evoked by MF stimulation (10 times, 50 Hz) and recorded in CC (left) and VC (right) mode.
Red and blue lines correspond to average calcium signals recorded in the area of the hot spot and the basal soma,
respectively. Bottom traces represent associated electrophysiological responses. Ab, bar graphs showing average
integral (top) and peak amplitudes (bottom) of Ca2+ signals evoked by repetitive MF stimulation and recorded
in CC and VC mode, n = 11. Note, that there is no significant difference between recorded Ca2+ signals. B,
Ca2+ signals triggered by 2, 6 and 10 synaptic stimulations (at 50 Hz) and visualized using a pseudo line scan
along apical dendrite (left, continuous red line). Corresponding Ca2+ traces and electrophysiological responses are
shown at the bottom. Ca2+ signals were averaged in the area of the hot spot indicated by dashed red lines. Ca,
individual plot showing correlation of integrated Ca2+ signals, normalized with respect to maximum value and the
number synaptic stimulations. Red line corresponds to sigmoidal fitting of data. Cb, bar graph showing individual
and average x-centre for control conditions (4.8 ± 1.1, n = 5) and in the presence of CaEDTA (5.3 ± 0.8, n = 5);
no significant difference was observed. Cc, summary plot indicating that threshold for Ca2+ release from internal
stores was similar in control conditions (n = 6) and in the presence of CaEDTA (n = 5). Experiments were done in
voltage clamp to avoid action potentials using rats.
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the experimental design did not have sufficient ‘n’ to detect
small differences. However, we can determine the certainty
in which we can reject the null hypothesis. Previous results
indicated that in the absence of zinc postsynaptic calcium
signals are ∼50% smaller (Besser et al. 2009), and from
this value we estimated that n = 5/per group would have
sufficient power to detect at least 40% difference. In our
experiments we used even bigger sample size to increase
the power of our data. Indeed, post hoc power analysis
showed that with the sample size used in our experiments
we had more than 80% power to detect a 20% decrease
at significance level of P < 0.05. Is it possible that smaller
difference could exist? The power of our data is not high

enough to rule out this possibility with certainty. Based
on the distribution of our data, one would need 60–70
cells to detect 10% difference, and more than 250 cells
to detect 5% difference with reasonable certainty (80%
power at P < 0.05). Our data have sufficient power to rule
out 20% or greater difference, but a smaller change may
exist.

Finally, the limits of the spatial resolution and calcium
sensitivity of the imaging technique we used need to be
acknowledged. Activation of single synapses can create
highly localized calcium microdomains in the dendrites
of neocortical fast spiking neurons (Goldberg et al. 2003)
where calcium increase can be observed in a 1 μm radius of

Figure 7. Lack of vesicular zinc does not alter the relationship between stimulus strength and Ca2+
release
A, Ca2+ signals triggered by 8, 12, 16 and 20 synaptic stimulations (at 100 Hz) and visualized using a pseudo
line scan along apical dendrite (continuous red line, left). Corresponding Ca2+ traces and electrophysiological
responses are shown at the bottom. Ca2+ signals were averaged within the area of the hot spot indicated by
dashed red lines. Ba, plot showing correlation between integrated Ca2+ signals, normalized with the respect to
maximum value and the number of synaptic stimuli. Data from an individual cell are shown. Note that in both
ZnT3 wild-type and KO mice, linear correlation was observed between the number of stimuli and the amplitude of
the Ca2 waves, unlike the data obtained from rats (Fig. 6). Bb, summary plot indicating that Ca2+ signals evoked
by different number of synaptic stimuli were not significantly different in ZnT3 KO mice (n = 14) when compared
to wild-type animals (n = 9).
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the dendrite due to calcium influx via calcium-permeable
AMPA receptors. The existence of calcium nanodomains
following calcium influx through L-type calcium channels
in dendrites was also suggested (Yasuda et al. 2003). If
additionally to the large calcium waves we observed after
mossy fibre stimulation, very localized calcium signals
also existed at the nanoscale we would not be able
to detect them optically. Given the optical parameters
of the imaging system we used, conclusions from our
experiments are valid to calcium signals that spread at
least 0.5 μm in the dendrites of CA3 pyramidal cells. In
the presence of magnesium in the intracellular solution
the K d of Fura-2 increases. Under these circumstances
Fura-2 can only detect calcium signals that are at least
50 nM; smaller elevations in intracellular concentration
could not be reliably observed with this calcium indicator.

In summary, our experiments show that vesicular zinc
localized in the presynaptic terminal of hippocampal
granule cells does not trigger significant calcium release
(>50 nM) from the intracellular stores in postsynaptic CA3
pyramidal cells that spread to large section of the dendritic
tree (>0.5 μm).
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