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sources of calcium

there had been tremendous progress in recent years (for review,
see Looger and Griesbeck, 2011; Rochefort et al., 2008).
The development of the fluorescent indicators was paralleled

by the development of new imaging instrumentation. This
included the implementation of video imaging (Smith and Augus-
tine, 1988; Swandulla et al., 1991), of CCD cameras (Connor,
1986; Lasser-Ross et al., 1991), and of high-speed confocal
microscopy (Eilers et al., 1995) for calcium imaging. The high
signal strength of the fluorescent probes in combination with
these emerging technologies allowed for real-time fluorescence
observations of biological processes at the single-cell level. A
major advance was in the early 1990s the introduction of two-
photon microscopy by Winfried Denk and colleagues (Denk
et al., 1990) and its use for calcium imaging in the nervous
system (Yuste and Denk, 1995). Two-photon imaging has revo-
lutionized the field of calcium imaging (Helmchen and Denk,
2005; Svoboda and Yasuda, 2006) and is now used worldwide
in many laboratories. In this Primer, after providing an introduc-
tion to neuronal calcium signaling, we describe what we believe
to be the most important features for the application of calcium
imaging in the nervous system. This includes the selection of
the appropriate calcium indicator, the different dye-loading tech-
niques, and the most popular imaging devices used for in vitro
and in vivo calcium imaging. We focus on experiments per-
formed in rodents as animal models, mostly because of their
widespread use in the calcium imaging community.

Neuronal Calcium Signaling
Calcium is an essential intracellular messenger in mammalian
neurons. At rest, most neurons have an intracellular calcium con-
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Figure 1. Neuronal Calcium Signaling
Sources of calcium influx are calcium-permeable
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and N-methyl-D-aspartate (NMDA) glutamate-
type receptors, voltage-gated calcium channels (VGCC),
nicotinic acetylcholine receptors (nAChR), and transient
receptor potential type C (TRPC) channels. Calcium
release from internal stores is mediated by inositol
trisphosphate receptors (IP3R) and ryanodine receptors
(RyR). Inositol trisphosphate can be generated by me-
tabotropic glutamate receptors (mGluR). Calcium efflux is
mediated by the plasma membrane calcium ATPase
(PMCA), the sodium-calcium exchanger (NCX), and the
sarco-/endoplasmic reticulum calcium ATPase (SERCA).
Also the mitochondria are important for neuronal calcium
homeostasis

centration of about 50–100 nM that can rise
transiently during electrical activity to levels
that are ten to 100 times higher (Berridge et al.,
2000). Figure 1 summarizes some of the most
important sources of neuronal calcium signal-
ing, without taking into account their spatial
organization into the different cellular subcom-
partments, such as dendritic arbor, cell body,
or presynaptic terminal. At any given moment,
the cytosolic calcium concentration is deter-
mined by the balance between calcium influx
and efflux as well as by the exchange of calcium

with internal stores. In addition, calcium-binding proteins such
as parvalbumin, calbindin-D28k, or calretinin, acting as calcium
buffers, determine the dynamics of free calcium inside neurons
(Schwaller, 2010). Importantly, only free calcium ions are biolog-
ically active. There are multiple mechanisms underlying the
calcium influx from the extracellular space, including voltage-
gated calcium channels, ionotropic glutamate receptors, nico-
tinic acetylcholine receptors (nAChR), and transient receptor
potential type C (TRPC) channels (Fucile, 2004; Higley and Saba-
tini, 2008; Ramsey et al., 2006). Calcium ions are removed from
the cytosol by the plasma membrane calcium ATPase (PMCA)
and the sodium-calcium exchanger (NCX) (Berridge et al.,
2003). Calcium release from internal stores, mostly the endo-
plasmic reticulum (ER), is mediated by inositol trisphosphate
receptors and ryanodine receptors (Berridge, 1998). Inositol tri-
sphosphate can be generated in neurons, for example, by the
activation of metabotropic glutamate receptors (Niswender and
Conn, 2010). The high calcium level inside the ER is maintained
by the sarco-/endoplasmic reticulum calcium ATPase (SERCA)
that transports calcium ions from the cytosol to the lumen of
the ER. In addition to the ER, mitochondria are also important
for neuronal calcium homeostasis. Mitochondria can act as
calcium buffers by taking calcium up during cytosolic calcium
elevations through the calcium uniporter and then releasing it
back to the cytosol slowly through sodium-calcium exchange
(Duchen, 1999). In the following we describe in more detail
some of the main contributors to neuronal calcium signaling.
Voltage-Gated Calcium Channels
VGCCs comprise a broad class of channels with a high selec-
tivity for calcium ions and a wide variety of voltage-dependent
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calcium sensors

these indicators became therefore quite popular for more noisy
recording conditions like those present in vivo (e.g., Sato et al.,
2007; Stosiek et al., 2003). Another major advantage of the
chemical calcium indicators is that they exist in a membrane-
permeable aswell as in amembrane-impermeable form enabling
their use in combination with a variety of different loading tech-
niques (see section on dye-loading approaches) (Helmchen
and Waters, 2002). Finally, these indicators are available at
different calcium affinities and different spectral properties, al-
lowing their simultaneous use (for overview of dye properties,
see Johnson and Spence, 2010).

Genetically encoded calcium indicators (GECIs) come in two
flavors, namely, those involvingFörster resonanceenergy transfer
(FRET) (Figure 2C) and the single-fluorophore ones (Figure 2D).
For the illustration of the FRET-based GECIs we selected as
a representative Yellow Cameleon (YC) 3.60 (Nagai et al., 2004)
(Figure 2C). FRET refers to a form of nonradiative energy transfer
between an excited donor fluorophore and an acceptor fluoro-
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Figure 2. Calcium Indicators
(A) Bioluminescent protein. Binding of calcium ions
to aequorin leads to the oxidation of the prosthetic
group coelenterazine (C, left side) to colenter-
amide (C, right side). Colenteramide relaxes to the
ground state while emitting a photon of 470 nm.
(B) Chemical calcium indicator. Fura-2 is excitable
by ultraviolet light (e.g., 350/380 nm) and its
emission peak is between 505 and 520 nm. The
binding of calcium ions by fura-2 leads to changes
in the emitted fluorescence.
(C) FRET-based genetically encoded calcium
indicator (GECI). After binding of calcium ions to
yellow cameleon 3.60 the two fluorescent proteins,
ECFP (donor) and Venus (acceptor), approach.
This enables Förster resonance energy transfer
(FRET) and thus, the blue fluorescence of 480 nm
decreases, whereas the fluorescence of 530 nm
increases.
(D) Single-fluorophore genetically encoded cal-
cium indicator (GECI). After binding of calcium to
GCaMP conformational intramolecular changes
lead to an increase in the emitted fluorescence of
515 nm.

phore (Jares-Erijman and Jovin, 2003).
Their distance has to be less than 10 nm
in order to enable FRET. YC 3.60 consists
of two fluorescent proteins and is part of
the cameleon family of GECIs (Miyawaki
et al., 1999; Miyawaki et al., 1997). It is
composed of the enhanced cyan fluores-
cent protein (ECFP) as donor and the
circularly permuted Venus protein as
acceptor. These two proteins are con-
nected by a linker sequence that consists
of the calcium-binding protein calmodulin
and the calmodulin-binding peptide M13
(Nagai et al., 2004). In the absence of
calcium ions, the emission is dominated
by the blue ECFP fluorescence (480 nm).
Upon calcium binding, intramolecular
conformational changes lead to reduction

of the spatial distance between the two fluorescent proteins.
Thus, the Venus protein is excited due to the occurrence of
FRET and emits photons of about 530 nm. In practice, the blue
fluorescence decreases, whereas the yellow fluorescence
increases. The calcium signal is expressed as a ratio between
the Venus and the ECFP fluorescence. To avoid possible interac-
tions of calmodulin with endogenous binding partners, two
different approaches were taken. In D3cpV-type GECIs, the
calmodulin-M13-binding interfaces were mutated to strongly
reduce the interactions with cellular targets (Palmer et al., 2006;
Wallace et al., 2008). In another type of FRET-based calcium indi-
cators, calmodulin is replaced by troponin C variants (Heim et al.,
2007; Heim and Griesbeck, 2004; Mank et al., 2006; Mank et al.,
2008). Troponin C is the calcium-binding protein in the cardiac
and skeletal muscle cells and as such it does not have endoge-
nous binding partners in neurons.
A prime representative of the single-fluorophore GECIs is the

GCaMP family (Figure 2D) that is increasingly used for calcium
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calmodulin-M13-binding interfaces were mutated to strongly
reduce the interactions with cellular targets (Palmer et al., 2006;
Wallace et al., 2008). In another type of FRET-based calcium indi-
cators, calmodulin is replaced by troponin C variants (Heim et al.,
2007; Heim and Griesbeck, 2004; Mank et al., 2006; Mank et al.,
2008). Troponin C is the calcium-binding protein in the cardiac
and skeletal muscle cells and as such it does not have endoge-
nous binding partners in neurons.
A prime representative of the single-fluorophore GECIs is the

GCaMP family (Figure 2D) that is increasingly used for calcium
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imaging in in vivo conditions (Chalasani et al., 2007; Dombeck
et al., 2010; Fletcher et al., 2009; Wang et al., 2003). GCaMPs
consist of a circularly permuted enhanced green fluorescent
protein (EGFP), which is flanked on one side by the calcium-
binding protein calmodulin and on the other side by the calmod-
ulin-binding peptide M13 (Nakai et al., 2001). In the presence of
calcium, calmodulin-M13 interactions elicit conformational
changes in the fluorophore environment that lead to an increase
in the emitted fluorescence (Nakai et al., 2001; Tian et al., 2009).
Recently, after elucidating the structure of the GCaMP2,
GCaMP3 was developed by protein engineering. It is improved
concerning its signal-to-noise ratio, dynamic range, and
response kinetics but it does not show reliable single action-
potential-associated calcium signals (Tian et al., 2009; Yamada
et al., 2011).
Table 1 gives an overview of the most widely used calcium

indicators, including some representative references and exam-
ples of applications. As a final note, it is important to remain
aware of the fact that calcium indicators measure changes in
the cytosolic free calcium concentration. Free calcium ions are
in equilibrium with the calcium ions that are bound to endoge-
nous calcium buffers, such as parvalbumin, calbindin-D28k,
and calretinin (Baimbridge et al., 1992). In calcium imaging
experiments, the calcium indicators, except for aequorin, act

as exogenous calcium buffer and thereby contribute to the total
amount of cellular calcium buffer molecules (Helmchen et al.,
1996). Therefore, adding calcium indicator will change the
intracellular calcium dynamics (Neher and Augustine, 1992).
In its simplest case, this perturbation is described by the
‘‘single-compartment model,’’ which takes into account the
endogenous calcium-binding proteins and the exogenous
calcium indicator (Helmchen et al., 1996; Regehr and Tank,
1994). It is useful because it allows the estimation of the unper-
turbed calcium dynamics within the cytosol. For example, it
has been successfully used for describing calcium dynamics in
dendrites (Regehr and Tank, 1994). Notably, calcium indicators
differ in their affinities for calcium (Mank and Griesbeck, 2008;
Paredes et al., 2008) (Table 1). This is reflected in the dissociation
constant (Kd) that describes the likelihood that a complex of
indicator and calcium ion will separate. The Kd has a molar unit
and corresponds to the calcium concentration at which half of
the indicator molecules are bound to calcium. There are low-
(e.g., fluo-5N) and high-affinity (e.g., Oregon Green BAPTA-1)
calcium indicators. The measured Kd value is dependent on
many parameters, including pH, temperature, and the presence
of magnesium (Oliver et al., 2000). Consequently, it might vary
between in vitro and in vivo condition. When designing an exper-
iment, choosing the appropriate indicator in the appropriate

Table 1. Frequently Used Fluorometric Calcium Indicators

Name Kd (nM) Examples of In Vivo Applications Representative References

Chemical Calcium Indicators

Oregon Green BAPTA-1 170 Mouse neocortex, mouse hippocampus,
mouse olfactory bulb, rat neocortex,

rat cerebellum, ferret neocortex,

cat neocortex, zebrafish

Dombeck et al., 2010; Sullivan et al., 2005;
Ohki et al., 2005; Li et al., 2008;

Greenberg et al., 2008; Rochefort et al., 2011;

Sumbre et al., 2008; Wachowiak et al., 2004

Calcium Green-1 190 Mouse neocortex, mouse olfactory bulb,

honeybee, turtle, zebrafish, rat neocortex

Dombeck et al., 2009; Oka et al., 2006;

Galizia et al., 1999; Wachowiak et al., 2002;

Brustein et al., 2003; Svoboda et al., 1997

Fura-2 140 Mouse neocortex Sohya et al., 2007

Indo-1 230 Mouse neocortex Stosiek et al., 2003

Fluo-4 345 Mouse neocortex, Xenopus larvae Sato et al., 2007; Demarque and Spitzer, 2010

Rhod-2 570 Mouse neocortex, Zebrafish Takano et al., 2006; Yaksi et al., 2009

X-rhod-1 700 Mouse neocortex Nagayama et al., 2007

Genetically Encoded Calcium Indicators

Camgaroo 1 Drosophila Yu et al., 2003

Camgaroo 2 Drosophila, mouse olfactory bulb Yu et al., 2003; Hasan et al., 2004

Inverse pericam 200 Zebrafish, mouse olfactory bulb Hasan et al., 2004; Li et al., 2005

GCaMP 2 840 Mouse olfactory bulb, mouse cerebellum Fletcher et al., 2009; Dı́ez-Garcı́a et al., 2005

GCaMP 3 660 Mouse neocortex, mouse hippocampus,

Drosophila, C. elegans

Tian et al., 2009; Dombeck et al., 2010;

Seelig et al., 2010; Tian et al., 2009

Yellow Cameleon 3.6 250 Mouse neocortex Lütcke et al., 2010

Yellow Cameleon Nano 15–50 Zebrafish Horikawa et al., 2010

D3cpV 600 Mouse neocortex Wallace et al., 2008

TN-XL 2200 Drosophila, macaque Mank et al., 2006; Heider et al., 2010

TN-L15 710 Mouse neocortex Heim et al., 2007

TN-XXL 800 Drosophila, mouse neocortex Mank et al., 2008; Mank et al., 2008

Kd dissociation constant in nM. Kd values taken from TheMolecular Probes Handbook (chemical calcium indicators), Nagai et al., 2001 (Pericam), Tian

et al., 2009 (GCaMP), Nagai et al., 2004 (YC 3.6), Horikawa et al., 2010 (YC-Nano), Palmer et al., 2006 (D3cpv), and Mank et al., 2008 (TN-based).
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• high Kd = low affinity

• small (noisy) signal (bad)

• less perturbation of normal Ca dynamics (good)

• fast signal (depends)

• can you image fast enough?
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how to label neurons

concentration is essential for the interpretation of the results.
This decision should be guided by the scientific goals of the
measurement and by the cells of interest. For example, fluores-
cent signals recordedwith low-affinity indicators, which add little
buffer capacity to the cell, reflect more accurately the change in
the free cytosolic calcium concentration. These calcium signals
will have faster rise and decay times than those recorded with
high-affinity indicators (Helmchen et al., 1997). However, the
use of low-affinity calcium indicators is limited by the need for
sufficient sensitivity. This problem becomes increasingly signifi-
cant when imaging in the noisy in vivo condition and when
imaging small structures, such as dendritic spines. In these
conditions, high-affinity calcium dyes remain, with all their limita-
tions, the indicators of choice. Fortunately, calcium indicators
with different properties can often be easily used complementa-
rily in an experimental series. The new developments will
certainly add up to our ability of deciphering the highly complex
mechanisms of neuronal signaling in the intact nervous system.

Dye-Loading Approaches
The loading of calcium indicators into neurons depends on the
type of calcium indicator, the biological preparation, and the
specific scientific question. Figure 3A illustrates the three most
widely used approaches for dye loading of individual neurons.
In the early imaging experiments, chemical calcium dyes were
delivered through sharp microelectrodes both in vitro (Jaffe
et al., 1992) and in vivo (Svoboda et al., 1997) (Figure 3A, left
panel). In more recent years, dye delivery through whole-cell
patch-clamp micropipettes became the standard procedure
for single-cell dye loading for many applications (Figure 3A,
middle panel) (Eilers and Konnerth, 2009; Margrie et al., 2002).
A particularly useful variant of this method involves in vivo
whole-cell recordings that are performed under visual guidance
using two-photon imaging by applying the ‘‘shadow patching’’
technique (Jia et al., 2011; Kitamura et al., 2008). This approach
can be combined with the targeting of genetically identified cells
expressing a fluorescent marker protein (Margrie et al., 2003).
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Figure 3. Dye-Loading Approaches
(A) Single-cell loading by sharp electode impalement (left panel), whole-cell patch-clamp configuration (middle panel), and single-cell electroporation
(right panel). Note that these approaches can be used for loading of chemical and genetically encoded calcium indicators.
(B) ‘‘Acute’’ network loading. Many neurons are labeled simultaneously by acetoxymethyl ester (AM) loading (left panel), by loading with dextran-conjugated dye
(middle panel), and by bulk electroporation (left panel).
(C) Expression of genetically encoded calcium indicators (GECI) by viral transduction (left panel), in utero electroporation (middle panel), and generation of
transgenic mouse lines (right panel).
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delivered through sharp microelectrodes both in vitro (Jaffe
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panel). In more recent years, dye delivery through whole-cell
patch-clamp micropipettes became the standard procedure
for single-cell dye loading for many applications (Figure 3A,
middle panel) (Eilers and Konnerth, 2009; Margrie et al., 2002).
A particularly useful variant of this method involves in vivo
whole-cell recordings that are performed under visual guidance
using two-photon imaging by applying the ‘‘shadow patching’’
technique (Jia et al., 2011; Kitamura et al., 2008). This approach
can be combined with the targeting of genetically identified cells
expressing a fluorescent marker protein (Margrie et al., 2003).
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(A) Single-cell loading by sharp electode impalement (left panel), whole-cell patch-clamp configuration (middle panel), and single-cell electroporation
(right panel). Note that these approaches can be used for loading of chemical and genetically encoded calcium indicators.
(B) ‘‘Acute’’ network loading. Many neurons are labeled simultaneously by acetoxymethyl ester (AM) loading (left panel), by loading with dextran-conjugated dye
(middle panel), and by bulk electroporation (left panel).
(C) Expression of genetically encoded calcium indicators (GECI) by viral transduction (left panel), in utero electroporation (middle panel), and generation of
transgenic mouse lines (right panel).
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imaging calcium

CCD-based cameras have an exquisitely high spatial and
temporal resolution, but the noise level per pixel is high in
some types of cameras. The contrast and resolution of wide-field
microscopy based calcium imaging is limited by light scattering,
especially when attempting to image neurons that are located
deeper in the brain tissue (e.g., Denk and Svoboda, 1997). There-
fore, these techniques are usually more appropriate for in vitro

applications, like calcium imaging in neuronal cell cultures
(Segal, 1995). In the in vivo situation, CCD-/CMOS-based
cameras have found interesting applications in the imaging of
large-scale calcium dynamics from the superficial cortical layers
(e.g., Berger et al., 2007; Minderer et al., 2012).
Imaging calcium in neurons at deeper locations in the brain or

spinal cord is usually performed by using confocal (Figure 4C) or
two-photon microscopy (Figure 4D). Laser scanning microscopy
generates the image by scanning a laser beam over the spec-
imen (Lichtman and Conchello, 2005). The image is then created
from the fluorescence values acquired for each pixel. Confocal
microscopy usually involves one-photon excitation and, thus,
the specimen is illuminated above and below the focal plane,
which may cause photodamage in nonimaged regions.
Figure 4C shows a schematic representation of a microscope
design, in which optical sectioning is achieved by the implemen-
tation of a confocal aperture, a pinhole or slit, in an image-conju-
gated plane that blocks the out-of-focus fluorescence from
reaching the detector unit (Conchello and Lichtman, 2005).
Therefore, only photons that have been generated in the focal
plane reach the photomultiplier tube (PMT). Unfortunately, the
confocal aperture also blocks photons that are in fact generated
in the focal plane, but are scattered on the way back through the
optical pathway. This waste of photons becomesmore andmore
critical when scattering increases when imaging deeper within
the tissue. To compensate for the loss of ballistic photons due
to scattering, excitation light power can be initially increased.
This comes at the expense of increased tissue photodamage
(in focus and out-of-focus), which can be high in confocal
microscopy. Therefore, confocal microscopy, like wide-field
microscopy, is mostly restricted to in vitro preparations, such
as cultured neurons or brain slices. Finally, some applications
benefit from the use of spinning disk-based confocal imaging
involving the use of a rotating disk with a large number of fine
pinholes, each of which acts each as an individual confocal aper-
ture (‘‘Nipkow disk’’) (Stephens and Allan, 2003; Takahara et al.,
2011; Wilson, 2010). During imaging, many focal spots are illumi-
nated simultaneously and the holes are arranged such that rota-
tion of the disk causes the entire sample to be illuminated
successively. A CCD-based camera can be used for image
detection. Because of the simultaneous sampling from many
focal points, this system can achieve higher image acquisition
rates than laser scanning confocal microscopes.
The establishment of two-photon microscopy (Denk et al.,

1990) that allows high-resolution and high-sensitivity fluores-
cence microscopy in highly scattering brain tissue in vivo was
therefore an important step forward in the field of neuroscience
(for review, see Svoboda and Yasuda, 2006) (Figure 4D). In
two-photon microscopy, two low-energy near-IR photons coop-
erate to produce a transition from the ground to the excited
state in a fluorescent molecule. This two-photon effect must
occur within a femtosecond time window. Importantly, the
process of two-photon absorption is nonlinear such that its
rate depends on the second power of the light intensity. As a
consequence, fluorophores are almost exclusively excited in a
diffraction-limited focal volume (‘‘localization of excitation’’)
(Svoboda and Yasuda, 2006). Out-of-focus excitation and
bleaching are strongly reduced. Only the development of pulsed
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Figure 4. Common Imaging Devices
(A and B) Wide-field microcopy using a photodiode array (A) or a charged
coupled device (CCD)-based (B) detection unit. In both cases the light source
can be a mercury or xenon lamp. Excitation and emission light is separated by
a dichroic mirror.
(C and D) Laser scanning microscopy. (C) Confocal microscopy using
a continuous wave (CW) laser as light source. The excitation spot is steered
across the specimen by a scanner. The emission light is descanned and
reaches the photomultiplier tube (PMT) after passing a pinhole which is
blocking out-of-focus fluorescence. Excitation and emission light is separated
by a dichroic mirror. (D) Two-photon microscopy using a pulsed near-IR laser
suitable for two-photon microscopy. The excitation spot is steered across the
specimen by a scanner. The emitted fluorescence is detected by a photo-
multiplier tube (PMT).
(E and F) Imaging devices used for calcium imaging in non-head-fixed
behaving animals. (E) Endoscopic approaches. (F) Portable head-mounted
microscopes.
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critical when scattering increases when imaging deeper within
the tissue. To compensate for the loss of ballistic photons due
to scattering, excitation light power can be initially increased.
This comes at the expense of increased tissue photodamage
(in focus and out-of-focus), which can be high in confocal
microscopy. Therefore, confocal microscopy, like wide-field
microscopy, is mostly restricted to in vitro preparations, such
as cultured neurons or brain slices. Finally, some applications
benefit from the use of spinning disk-based confocal imaging
involving the use of a rotating disk with a large number of fine
pinholes, each of which acts each as an individual confocal aper-
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2011; Wilson, 2010). During imaging, many focal spots are illumi-
nated simultaneously and the holes are arranged such that rota-
tion of the disk causes the entire sample to be illuminated
successively. A CCD-based camera can be used for image
detection. Because of the simultaneous sampling from many
focal points, this system can achieve higher image acquisition
rates than laser scanning confocal microscopes.
The establishment of two-photon microscopy (Denk et al.,

1990) that allows high-resolution and high-sensitivity fluores-
cence microscopy in highly scattering brain tissue in vivo was
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(for review, see Svoboda and Yasuda, 2006) (Figure 4D). In
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erate to produce a transition from the ground to the excited
state in a fluorescent molecule. This two-photon effect must
occur within a femtosecond time window. Importantly, the
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coupled device (CCD)-based (B) detection unit. In both cases the light source
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blocking out-of-focus fluorescence. Excitation and emission light is separated
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imaging synapses

other species, including zebrafish (e.g., Brustein et al., 2003;
Sumbre et al., 2008; Yaksi et al., 2009), Aplysia (e.g., Gitler and
Spira, 1998), crayfish (e.g., Ravin et al., 1997), developing Xeno-
pus (e.g., Demarque and Spitzer, 2010; Hiramoto and Cline,
2009; Tao et al., 2001), frog (e.g., Delaney et al., 2001), squid
(e.g., Smith et al., 1993), turtle (e.g., Wachowiak et al., 2002),
Drosophila (e.g., Seelig et al., 2010; Wang et al., 2003; Yu
et al., 2003), blowfly (e.g., Elyada et al., 2009), and honey bee
(e.g., Galizia et al., 1999).

Imaging Post- and Presynaptic Function In Vitro
Imaging dendritic spines, the postsynaptic site of excitatory
connections in many neurons, was one of the first biological
applications of two-photon calcium imaging. Combining two-
photon microscopy with calcium imaging in hippocampal brain
slices demonstrated that calcium signals can be restricted
to dendritic spines (Figures 5Aa and 5Ab) (Yuste and Denk,
1995). The authors showed additionally that spine calcium
signals were abolished by the application of the blockers of
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Figure 5. Calcium Imaging at the Synapse In Vitro
(A) Calcium imaging at the postsynaptic site. (Aa and Ab)
Spine calcium signals recorded from a CA1 pyramidal
neuron in a rat hippocampal slice preparation. (Aa) Image
of a dendritic segment covered with many dendritic spines
taken in a rat hippocampal slice. The CA1 pyramidal
neuron was filled with Calcium Green-1 using the whole-
cell patch-clamp configuration. The regions of interest
(ROI) 1 and 3 contain dendritic spines whereas ROI 2 and
ROI 4 are located on the dendritic shaft. (Ab) Calcium
transients caused by spontaneous synaptic activity. Note
that there are calcium transients only in ROI 1 and 2.
Panels (Aa) and (Ab) adapted by permission from Yuste
and Denk (1995). (Ac and Ad) Spine calcium signals re-
corded from a Purkinje cell in a cerebellar slice prepara-
tion. (Ac) Images of a Purkinje cell dendrite (left) with many
dendritic spines (right). Dashed squares indicate ROIs
(white dashed line: dendritic spine; black dashed line:
dendritic shaft). (Ad) Fluorescence measurements taken
from the ROIs shown in (Ac). In spine 1, the synaptic
calcium transient was restricted to an individual spine. A
large synaptic calcium transient was detected in spine 2
and a smaller signal occurred in the adjacent dendritic
region. Note that MCPG (1mM), an antagonist of metab-
otropic glutamate receptors, completely blocked all
observed calcium transients. The bottom traces illustrate
the corresponding EPSCs evoked by a train of three stimuli
(20 Hz). Panels (c) and (d) adapted by permission from
Takechi et al. (1998).
(B) Calcium imaging at the presynaptic site. (Ba–Bc)
Climbing fiber presynaptic terminals colabeled with the
calcium indicator fluo-4 dextran and Texas red Dextran.
(Ba) Confocal image stack of a Texas red dextran-labeled
climbing fiber (left-upper panel) and the Purkinje cell onto
which the climbing fiber synapses (left-lower panel). The
Purkinje cell is labeled with the fluorescent marker Alexa
Fluor 488. The overlay (right panel) shows the character-
istic morphology of this synapse (the overlapping struc-
tures are shown in yellow). (Bb) Single section of a confocal
image stack. Two climbing fibers are labeled with Texas
red dextran (left). Image of these fibers at rest (middle) and
during 20 Hz stimulation of fiber 2 (right) showing the fluo-4
channel. (Bc) Stimulus-evoked calcium transients for one
(left) and two (right) stimuli. Panels (a)–(c) adapted with
permission from Kreitzer et al. (2000). (Bd and Be) Calcium
transients in a single bouton of a cortical layer 2/3 pyra-
midal neuron. (Bd) Presynaptic bouton of a cortical layer
2/3 pyramidal neuron loaded with Oregon Green
BAPTA-1. Horizontal line indicates position of the line scan
for the fluorescence measurements. (Be) The action
potential evoked by somatic current injection is shown in
the upper trace. Lower trace shows corresponding
calcium transient recorded in the single bouton. Panels
(d) and (e) adapted by permission from Koester and
Sakmann (2000). Calcium signal amplitudes in all figures
and throughout the text are given as the ratio of the rel-
ative fluorescence change and the baseline fluorescence
(DF/F).
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Sumbre et al., 2008; Yaksi et al., 2009), Aplysia (e.g., Gitler and
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2009; Tao et al., 2001), frog (e.g., Delaney et al., 2001), squid
(e.g., Smith et al., 1993), turtle (e.g., Wachowiak et al., 2002),
Drosophila (e.g., Seelig et al., 2010; Wang et al., 2003; Yu
et al., 2003), blowfly (e.g., Elyada et al., 2009), and honey bee
(e.g., Galizia et al., 1999).

Imaging Post- and Presynaptic Function In Vitro
Imaging dendritic spines, the postsynaptic site of excitatory
connections in many neurons, was one of the first biological
applications of two-photon calcium imaging. Combining two-
photon microscopy with calcium imaging in hippocampal brain
slices demonstrated that calcium signals can be restricted
to dendritic spines (Figures 5Aa and 5Ab) (Yuste and Denk,
1995). The authors showed additionally that spine calcium
signals were abolished by the application of the blockers of
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Figure 5. Calcium Imaging at the Synapse In Vitro
(A) Calcium imaging at the postsynaptic site. (Aa and Ab)
Spine calcium signals recorded from a CA1 pyramidal
neuron in a rat hippocampal slice preparation. (Aa) Image
of a dendritic segment covered with many dendritic spines
taken in a rat hippocampal slice. The CA1 pyramidal
neuron was filled with Calcium Green-1 using the whole-
cell patch-clamp configuration. The regions of interest
(ROI) 1 and 3 contain dendritic spines whereas ROI 2 and
ROI 4 are located on the dendritic shaft. (Ab) Calcium
transients caused by spontaneous synaptic activity. Note
that there are calcium transients only in ROI 1 and 2.
Panels (Aa) and (Ab) adapted by permission from Yuste
and Denk (1995). (Ac and Ad) Spine calcium signals re-
corded from a Purkinje cell in a cerebellar slice prepara-
tion. (Ac) Images of a Purkinje cell dendrite (left) with many
dendritic spines (right). Dashed squares indicate ROIs
(white dashed line: dendritic spine; black dashed line:
dendritic shaft). (Ad) Fluorescence measurements taken
from the ROIs shown in (Ac). In spine 1, the synaptic
calcium transient was restricted to an individual spine. A
large synaptic calcium transient was detected in spine 2
and a smaller signal occurred in the adjacent dendritic
region. Note that MCPG (1mM), an antagonist of metab-
otropic glutamate receptors, completely blocked all
observed calcium transients. The bottom traces illustrate
the corresponding EPSCs evoked by a train of three stimuli
(20 Hz). Panels (c) and (d) adapted by permission from
Takechi et al. (1998).
(B) Calcium imaging at the presynaptic site. (Ba–Bc)
Climbing fiber presynaptic terminals colabeled with the
calcium indicator fluo-4 dextran and Texas red Dextran.
(Ba) Confocal image stack of a Texas red dextran-labeled
climbing fiber (left-upper panel) and the Purkinje cell onto
which the climbing fiber synapses (left-lower panel). The
Purkinje cell is labeled with the fluorescent marker Alexa
Fluor 488. The overlay (right panel) shows the character-
istic morphology of this synapse (the overlapping struc-
tures are shown in yellow). (Bb) Single section of a confocal
image stack. Two climbing fibers are labeled with Texas
red dextran (left). Image of these fibers at rest (middle) and
during 20 Hz stimulation of fiber 2 (right) showing the fluo-4
channel. (Bc) Stimulus-evoked calcium transients for one
(left) and two (right) stimuli. Panels (a)–(c) adapted with
permission from Kreitzer et al. (2000). (Bd and Be) Calcium
transients in a single bouton of a cortical layer 2/3 pyra-
midal neuron. (Bd) Presynaptic bouton of a cortical layer
2/3 pyramidal neuron loaded with Oregon Green
BAPTA-1. Horizontal line indicates position of the line scan
for the fluorescence measurements. (Be) The action
potential evoked by somatic current injection is shown in
the upper trace. Lower trace shows corresponding
calcium transient recorded in the single bouton. Panels
(d) and (e) adapted by permission from Koester and
Sakmann (2000). Calcium signal amplitudes in all figures
and throughout the text are given as the ratio of the rel-
ative fluorescence change and the baseline fluorescence
(DF/F).
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imaging synapses
glutamatergic transmission. Subsequently, synaptically evoked
spine calcium signaling was found to be caused by a variety of
other mechanisms, depending on the type of neuron (Denk
et al., 1995; Finch and Augustine, 1998; Kovalchuk et al., 2000;
Raymond and Redman, 2006; Wang et al., 2000). For example,
Figures 5Ac and 5Ad show results obtained with confocal
calcium imaging from mouse cerebellar parallel fiber-Purkinje
cell synapses. The authors identified the calcium signaling
mechanism of metabotropic glutamate receptor type 1-medi-
ated transmission, involving calcium release from internal stores
in dendrites and spines (Takechi et al., 1998). It has been shown
that such a localized dendritic calcium signaling is essential for
the induction of long-term synaptic depression (Konnerth et al.,
1992; Wang et al., 2000), a possible cellular mechanism under-
lying motor learning in the cerebellum (Aiba et al., 1994; Bender
et al., 2006).

Similarly, the calcium dynamics at presynaptic terminals are
also accessible to calcium imaging (Delaney et al., 1989; Regehr
and Tank, 1991a, 1991b; Rusakov et al., 2004; Smith et al.,
1993). For this purpose, presynaptic terminals are loaded with
an appropriate calcium indicator dye. A nice example is illus-
trated in Figures 5Ba–5Bc. To image climbing fibers in the
cerebellar cortex, the authors injected the calcium indicator
fluo-4 together with themorphological marker Texas red dextran
upstream into the inferior olive of neonatal rats in vivo (Kreitzer
et al., 2000). The dextran-conjugated calcium dye and Texas
red were taken up by the inferior olive neurons and diffused
within a few days through the climbing fibers to the cerebellar
cortex. Thus, climbing fibers could be identified in subsequently
prepared cerebellar slices. Purkinje cells were then counterla-
beled with Alexa Fluor 488 (Figure 5Ba). This approach enabled
the recording of stimulus-induced calcium signals in the presyn-
aptic climbing fibers (Figures 5Bb and 5Bc). Another example
involves calcium imaging of presynaptic boutons of cortical
pyramidal neurons by Koester and Sakmann (2000), who
combined two-photon microscopy and loading of the presyn-
aptic terminals with Oregon Green BAPTA-1 via whole-cell
recordings of the presynaptic neurons (Figure 5Bd and 5Be).
Thus, they were able to record action-potential-evoked calcium
signals in axonal boutons of cortical layer 2/3 pyramidal neurons
of juvenile rats (Figure 5Be). These presynaptic calcium signals
were found to be reliably inducible by only a single action poten-
tial. Interestingly, the large action-potential-evoked calcium
signals were mostly localized to the boutons, but not the
surrounding axonal segments.
Dendritic and Spine Calcium Signals In Vivo
In recent years, it has become possible to use two-photon
microscopy for imaging dendritic and spine calcium signals in
mammalian neurons in vivo (Chen et al., 2011; Helmchen et al.,
1999; Jia et al., 2010; Svoboda et al., 1997; Svoboda et al.,
1999; Takahashi et al., 2012; Waters and Helmchen, 2004). Svo-
boda et al. reported in 1997 for the first time dendritic calcium
signals in vivo that were obtained from layer 2/3 rat pyramidal
neurons (Figure 6A). They were able to record stimulus-associ-
ated dendritic calcium signals in barrel cortical neurons (Figures
6Ab–6Ad). The amplitude of these calcium signals was corre-
lated to the number of action potentials and was largest in the
proximal dendrite, suggesting that the signals were due to action

A

B

S1
S3

D2
D3

D1 S2

a

b

c

20 µm

1 µm

50%
∆F/F

Trial 1 Trial 2 Trial 3 Trial 4 Spont.APs

1 s

S1

S3

S2

40
 m

V

D1

D2

D3

a b

c

d

50% ΔF/F

20 mV

1 s 200 ms

Figure 6. Dendritic and Spine Calcium Signals In Vivo
(A) Recording of dendritic calcium signals from a layer 2/3 pyramidal neuron of
rat primary vibrissa cortex in vivo. (Aa) 3D reconstruction of a layer 2/3 pyra-
midal neuron labeled with calcium green-1. Upper panel: x-z projection. Lower
panel: x-y projection. (Ab–Ad) Response of three representative cells to
whisker stimulation. Left column: responses to an entire stimulus train (5 Hz, 2
s). Right column: expanded view showing only part of the entire stimulus
period. Besides the recording of the membrane potential, recorded by a sharp
microelectrode (lower trace), the dendritic calcium recording is shown (upper
trace). The time course of the whisker stimulation is shown at the bottom.
Recordings of dendritic calcium signals were performed at different positions
in the apical dendrite for the three different cells. Adapted by permission from
Svoboda et al. (1997).
(B) Recordings of spine calcium signals from a layer 2/3 pyramidal neuron of
mouse primary auditory cortex in vivo. (Ba) Z-projection of a layer 2/3 neuron
labeled with Oregon Green BAPTA-1. The red rectangle indicates the area
magnified in (Bb). (Bb) Upper panel: image at high magnification of the
dendritic segment indicated in (Ba). Three spines of interest (S1–S3) and the
adjacent dendritic regions (D1–D3) are indicated by dashed lines. Lower panel:
3D image reconstruction of the dendritic segment. (Bc) Calcium transients
evoked by auditory stimulation in spines (red) and corresponding dendritic
shaft regions (green), as indicated in (Bb). Four consecutive trials of stimulation
and a calcium transient evoked by backpropagation of action potentials
(Spont. APs, spontaneous action potentials) are shown. Adapted by permis-
sion from Chen et al. (2011).
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glutamatergic transmission. Subsequently, synaptically evoked
spine calcium signaling was found to be caused by a variety of
other mechanisms, depending on the type of neuron (Denk
et al., 1995; Finch and Augustine, 1998; Kovalchuk et al., 2000;
Raymond and Redman, 2006; Wang et al., 2000). For example,
Figures 5Ac and 5Ad show results obtained with confocal
calcium imaging from mouse cerebellar parallel fiber-Purkinje
cell synapses. The authors identified the calcium signaling
mechanism of metabotropic glutamate receptor type 1-medi-
ated transmission, involving calcium release from internal stores
in dendrites and spines (Takechi et al., 1998). It has been shown
that such a localized dendritic calcium signaling is essential for
the induction of long-term synaptic depression (Konnerth et al.,
1992; Wang et al., 2000), a possible cellular mechanism under-
lying motor learning in the cerebellum (Aiba et al., 1994; Bender
et al., 2006).

Similarly, the calcium dynamics at presynaptic terminals are
also accessible to calcium imaging (Delaney et al., 1989; Regehr
and Tank, 1991a, 1991b; Rusakov et al., 2004; Smith et al.,
1993). For this purpose, presynaptic terminals are loaded with
an appropriate calcium indicator dye. A nice example is illus-
trated in Figures 5Ba–5Bc. To image climbing fibers in the
cerebellar cortex, the authors injected the calcium indicator
fluo-4 together with themorphological marker Texas red dextran
upstream into the inferior olive of neonatal rats in vivo (Kreitzer
et al., 2000). The dextran-conjugated calcium dye and Texas
red were taken up by the inferior olive neurons and diffused
within a few days through the climbing fibers to the cerebellar
cortex. Thus, climbing fibers could be identified in subsequently
prepared cerebellar slices. Purkinje cells were then counterla-
beled with Alexa Fluor 488 (Figure 5Ba). This approach enabled
the recording of stimulus-induced calcium signals in the presyn-
aptic climbing fibers (Figures 5Bb and 5Bc). Another example
involves calcium imaging of presynaptic boutons of cortical
pyramidal neurons by Koester and Sakmann (2000), who
combined two-photon microscopy and loading of the presyn-
aptic terminals with Oregon Green BAPTA-1 via whole-cell
recordings of the presynaptic neurons (Figure 5Bd and 5Be).
Thus, they were able to record action-potential-evoked calcium
signals in axonal boutons of cortical layer 2/3 pyramidal neurons
of juvenile rats (Figure 5Be). These presynaptic calcium signals
were found to be reliably inducible by only a single action poten-
tial. Interestingly, the large action-potential-evoked calcium
signals were mostly localized to the boutons, but not the
surrounding axonal segments.
Dendritic and Spine Calcium Signals In Vivo
In recent years, it has become possible to use two-photon
microscopy for imaging dendritic and spine calcium signals in
mammalian neurons in vivo (Chen et al., 2011; Helmchen et al.,
1999; Jia et al., 2010; Svoboda et al., 1997; Svoboda et al.,
1999; Takahashi et al., 2012; Waters and Helmchen, 2004). Svo-
boda et al. reported in 1997 for the first time dendritic calcium
signals in vivo that were obtained from layer 2/3 rat pyramidal
neurons (Figure 6A). They were able to record stimulus-associ-
ated dendritic calcium signals in barrel cortical neurons (Figures
6Ab–6Ad). The amplitude of these calcium signals was corre-
lated to the number of action potentials and was largest in the
proximal dendrite, suggesting that the signals were due to action
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Figure 6. Dendritic and Spine Calcium Signals In Vivo
(A) Recording of dendritic calcium signals from a layer 2/3 pyramidal neuron of
rat primary vibrissa cortex in vivo. (Aa) 3D reconstruction of a layer 2/3 pyra-
midal neuron labeled with calcium green-1. Upper panel: x-z projection. Lower
panel: x-y projection. (Ab–Ad) Response of three representative cells to
whisker stimulation. Left column: responses to an entire stimulus train (5 Hz, 2
s). Right column: expanded view showing only part of the entire stimulus
period. Besides the recording of the membrane potential, recorded by a sharp
microelectrode (lower trace), the dendritic calcium recording is shown (upper
trace). The time course of the whisker stimulation is shown at the bottom.
Recordings of dendritic calcium signals were performed at different positions
in the apical dendrite for the three different cells. Adapted by permission from
Svoboda et al. (1997).
(B) Recordings of spine calcium signals from a layer 2/3 pyramidal neuron of
mouse primary auditory cortex in vivo. (Ba) Z-projection of a layer 2/3 neuron
labeled with Oregon Green BAPTA-1. The red rectangle indicates the area
magnified in (Bb). (Bb) Upper panel: image at high magnification of the
dendritic segment indicated in (Ba). Three spines of interest (S1–S3) and the
adjacent dendritic regions (D1–D3) are indicated by dashed lines. Lower panel:
3D image reconstruction of the dendritic segment. (Bc) Calcium transients
evoked by auditory stimulation in spines (red) and corresponding dendritic
shaft regions (green), as indicated in (Bb). Four consecutive trials of stimulation
and a calcium transient evoked by backpropagation of action potentials
(Spont. APs, spontaneous action potentials) are shown. Adapted by permis-
sion from Chen et al. (2011).
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imaging neural populations in vivo

potential back-propagation into the dendritic arbor. One role of
these dendritic signals may be the amplification of calcium
signals that are evoked by synaptic activity (Helmchen et al.,
1999; Svoboda et al., 1997; Svoboda et al., 1999; Waters and
Helmchen, 2004; Waters et al., 2003).
Besides the study of such backpropagation-evoked calcium

signals, it became recently feasible to use calcium imaging for
the investigation of the spatial and temporal distribution of
synaptic inputs to cortical neurons in vivo (Chen et al., 2011;
Jia et al., 2010; Varga et al., 2011). In these studies, the
membrane potential of the neurons was slightly hyperpolarized
to prevent action potential firing. Thus, it became possible to
isolate local dendritic or even single spine calcium signals in
response to sensory stimulation. The local calcium signals re-
flected specific sensory-evoked synaptic input sites on the
dendrites of the respective neurons. Figure 6B shows, for
example, the sensory-evoked calcium signals recorded by
Chen et al. (2011) in the spines and dendrites of mouse layer
2/3 auditory cortex neurons (Figures 6Ba and 6Bb). The stable
recording of such single spine calcium signals in vivo required
the development of a new method named low-power temporal
oversampling (LOTOS). LOTOS helps to increase the yield in
fluorescence signal and to reduce phototoxic damage (Chen
et al., 2011). The sound-evoked spine calcium signals were
found to be, in agreement with previous in vitro studies (e.g.,
Yuste and Denk, 1995), mostly compartmentalized in dendritic
spines (Figure 6Bc). Importantly, calcium imaging enabled the
recording of many synaptic sites at the same time and, therefore,
to map functionally the synaptic input sites of a specific neuron.
While these studies relied on the use of chemical calcium indica-
tors (Jia et al., 2011), we expect that in the future GECIs will be

widely used to investigate dendritic calcium signals. A proof-
of-principle study demonstrated already a few years ago
that, using a transgenic mouse line expressing the Troponin-C-
based calcium indicator CerTN-L15, it was possible to record
glutamate-induced calcium signals from dendrites in vivo
(Heim et al., 2007). Another approach for recording dendritic
calcium signals in vivo involves the use of a so called ‘‘fiberoptic
periscope’’ (Murayama and Larkum, 2009; Murayama et al.,
2007). The periscope is composed of a GRIN lens and a micro-
prism angled at 90!, which is inserted in the cortex. The method
combines targeted AM loading of apical dendrites of cortical
layer 5 pyramidal neurons with a chemical calcium indicator
with horizontal fluorescence collection from the top cortical
layers (Murayama et al., 2009). It uses one-photon excitation
and, strictly speaking, it is not a conventional imaging method
as it collects the average fluorescence from many layer 5
dendrites without generating an image. However, it is applicable
in anesthetized as well as in awake behaving mice, and there are
attempts to combine the periscope approach with two-photon
imaging (Chia and Levene, 2009).
Circuit Analysis in Different Animal Models In Vivo
Combining two-photon microscopy with AM calcium dye
loading allows the functional analysis of local cortical circuits
(Greenberg et al., 2008; Ohki et al., 2005; Stosiek et al., 2003).
This approach has been applied in many different animal
models, including mouse, rat, cat, and ferret (Kerr et al., 2007;
Li et al., 2008; Ohki et al., 2006; Rochefort et al., 2011).
Figure 7A shows the first example of such an in vivo two-photon
imaging experiment. The authors investigated the responsive-
ness of mouse barrel cortical neurons to whisker stimulation
and demonstrated the feasibility of calcium imaging for the
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Figure 7. Circuit Analysis in Different
Animal Models In Vivo
(A) In vivo recordings of calcium transients evoked
by whisker deflection in mouse barrel cortex. (Aa)
Image of layer 2/3 neurons in mouse barrel cortex
in vivo. The calcium indicator Oregon Green
BAPTA-1 AM was used for cell loading. (Ab) Line-
scan recordings of calcium transients evoked in
two neurons by a deflection of the majority of
whiskers on the contralateral side of the mouse’s
snout. The position of the scanned line and the
neurons analyzed are indicated in (a). Adapted by
permission from Stosiek et al. (2003).
(B) In vivo recordings of calcium transients evoked
by visual stimulation (drifting square-wave grat-
ings of eight different directions separated each
by 45!) in cat primary visual cortex. (Ba) Cell-
based direction map; the color specifies the
preferred direction for each cell according to
its individual direction index (see color scale on
right; green, 225!; red, 45!). The cells responding
to both 45! and 225! are displayed as gray. The
vertical white line below the arrow indicates
approximate position of the direction disconti-
nuity. (Bb) Single-trial time courses of six individual
cells in response to drifting grating stimulation
(indicated as 1–6 in Ba). Adapted by permission
from Ohki et al. (2005).
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potential back-propagation into the dendritic arbor. One role of
these dendritic signals may be the amplification of calcium
signals that are evoked by synaptic activity (Helmchen et al.,
1999; Svoboda et al., 1997; Svoboda et al., 1999; Waters and
Helmchen, 2004; Waters et al., 2003).
Besides the study of such backpropagation-evoked calcium

signals, it became recently feasible to use calcium imaging for
the investigation of the spatial and temporal distribution of
synaptic inputs to cortical neurons in vivo (Chen et al., 2011;
Jia et al., 2010; Varga et al., 2011). In these studies, the
membrane potential of the neurons was slightly hyperpolarized
to prevent action potential firing. Thus, it became possible to
isolate local dendritic or even single spine calcium signals in
response to sensory stimulation. The local calcium signals re-
flected specific sensory-evoked synaptic input sites on the
dendrites of the respective neurons. Figure 6B shows, for
example, the sensory-evoked calcium signals recorded by
Chen et al. (2011) in the spines and dendrites of mouse layer
2/3 auditory cortex neurons (Figures 6Ba and 6Bb). The stable
recording of such single spine calcium signals in vivo required
the development of a new method named low-power temporal
oversampling (LOTOS). LOTOS helps to increase the yield in
fluorescence signal and to reduce phototoxic damage (Chen
et al., 2011). The sound-evoked spine calcium signals were
found to be, in agreement with previous in vitro studies (e.g.,
Yuste and Denk, 1995), mostly compartmentalized in dendritic
spines (Figure 6Bc). Importantly, calcium imaging enabled the
recording of many synaptic sites at the same time and, therefore,
to map functionally the synaptic input sites of a specific neuron.
While these studies relied on the use of chemical calcium indica-
tors (Jia et al., 2011), we expect that in the future GECIs will be

widely used to investigate dendritic calcium signals. A proof-
of-principle study demonstrated already a few years ago
that, using a transgenic mouse line expressing the Troponin-C-
based calcium indicator CerTN-L15, it was possible to record
glutamate-induced calcium signals from dendrites in vivo
(Heim et al., 2007). Another approach for recording dendritic
calcium signals in vivo involves the use of a so called ‘‘fiberoptic
periscope’’ (Murayama and Larkum, 2009; Murayama et al.,
2007). The periscope is composed of a GRIN lens and a micro-
prism angled at 90!, which is inserted in the cortex. The method
combines targeted AM loading of apical dendrites of cortical
layer 5 pyramidal neurons with a chemical calcium indicator
with horizontal fluorescence collection from the top cortical
layers (Murayama et al., 2009). It uses one-photon excitation
and, strictly speaking, it is not a conventional imaging method
as it collects the average fluorescence from many layer 5
dendrites without generating an image. However, it is applicable
in anesthetized as well as in awake behaving mice, and there are
attempts to combine the periscope approach with two-photon
imaging (Chia and Levene, 2009).
Circuit Analysis in Different Animal Models In Vivo
Combining two-photon microscopy with AM calcium dye
loading allows the functional analysis of local cortical circuits
(Greenberg et al., 2008; Ohki et al., 2005; Stosiek et al., 2003).
This approach has been applied in many different animal
models, including mouse, rat, cat, and ferret (Kerr et al., 2007;
Li et al., 2008; Ohki et al., 2006; Rochefort et al., 2011).
Figure 7A shows the first example of such an in vivo two-photon
imaging experiment. The authors investigated the responsive-
ness of mouse barrel cortical neurons to whisker stimulation
and demonstrated the feasibility of calcium imaging for the
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Figure 7. Circuit Analysis in Different
Animal Models In Vivo
(A) In vivo recordings of calcium transients evoked
by whisker deflection in mouse barrel cortex. (Aa)
Image of layer 2/3 neurons in mouse barrel cortex
in vivo. The calcium indicator Oregon Green
BAPTA-1 AM was used for cell loading. (Ab) Line-
scan recordings of calcium transients evoked in
two neurons by a deflection of the majority of
whiskers on the contralateral side of the mouse’s
snout. The position of the scanned line and the
neurons analyzed are indicated in (a). Adapted by
permission from Stosiek et al. (2003).
(B) In vivo recordings of calcium transients evoked
by visual stimulation (drifting square-wave grat-
ings of eight different directions separated each
by 45!) in cat primary visual cortex. (Ba) Cell-
based direction map; the color specifies the
preferred direction for each cell according to
its individual direction index (see color scale on
right; green, 225!; red, 45!). The cells responding
to both 45! and 225! are displayed as gray. The
vertical white line below the arrow indicates
approximate position of the direction disconti-
nuity. (Bb) Single-trial time courses of six individual
cells in response to drifting grating stimulation
(indicated as 1–6 in Ba). Adapted by permission
from Ohki et al. (2005).
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imaging in awake behaving animals

recording of action-potential-evoked activity with single-cell
resolution (Stosiek et al., 2003). The AM loading approach has
also been used in the cat to investigate the orientation prefer-
ence of visual cortex neurons (Ohki et al., 2005) (Figure 7B).
This study showed that orientation columns in the cat visual
cortex are segregated with an extremely high spatial precision
so that, even at the single cell level, areas of neurons with
different orientation preference can be precisely distinguished.
Examples of further studies using two-photon calcium imaging
include recordings from mouse barrel (Sato et al., 2007), visual
(Smith and Häusser, 2010), and auditory cortices (Bandyopad-
hyay et al., 2010; Rothschild et al., 2010) as well as from the
mouse olfactory bulb (Wachowiak et al., 2004) and rat cere-
bellum (Sullivan et al., 2005). Various approaches can be used

for extracting the action potential activity underlying such
somatic calcium transients (Holekamp et al., 2008; Kerr et al.,
2005; Sasaki et al., 2008; Vogelstein et al., 2010, 2009; Yaksi
and Friedrich, 2006). For example, an effective approach is the
‘‘peeling algorithm’’ (Grewe et al., 2010), which is based on sub-
tracting single action-potential-evoked calcium transients from
the fluorescent trace until no additional event is present in the
residual trace. Again, GECIs can be adapted as well for such
studies of neuronal network function in different animal models
(see also Table 1). Meanwhile, they have been used in rodents,
Drosophila, C. elegans, zebrafish, and even primates (Dı́ez-
Garcı́a et al., 2005; Heider et al., 2010; Higashijima et al., 2003;
Horikawa et al., 2010; Li et al., 2005; Lütcke et al., 2010; Tian
et al., 2009; Wallace et al., 2008; Wang et al., 2003).
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Figure 8. Calcium Imaging in the Behaving Animal
(A) Calcium imaging in the motor cortex of head-fixed mice engaged in an olfactory-related choice behavior with lick/no lick response. (Aa) Scheme of the
experimental set-up showing a head-fixed mouse under a two-photon microscope while performing the task. The task consists of the differentiation between
odor A and B. The mouse is trained to lick only in response to one of the two odors. (Ab) Two-photon image of layer 2/3 cells. Left, overlay of sulforhodamine 101
(SR101, red) and Oregon Green BAPTA-1 AM (green). Astrocytes are labeled by both dyes and thus appear yellow, whereas neurons are green. Right, regions of
interest (ROI, green) overlaid on the Oregon Green BAPTA-1 channel. (Ac) Example of spontaneous calcium traces from ten neurons (black) and one astrocyte
(gray). Panels (Ab) and (Ac) adapted by permission from Komiyama et al. (2010).
(B) Calcium imaging of place cells in the CA1 hippocampal region of mice which are placed on a spherical treadmill. (Ba) Experimental set-up: it consists of
a spherical treadmill, a virtual reality apparatus (with projector and surrounding screens) and a custom-made two-photonmicroscope. (Bb) Two-photon images of
neuron cell bodies in stratum pyramidale of CA1 labeled with the genetically encoded calcium indicator GCaMP3 (left). (Bc) Imaging CA1 place cells while the
mouse is running along a virtual linear track. Calcium traces are shown in black. The respective regions of interest are shown in (Bb), right panel. Red traces
indicate significant calcium transients. In parallel, the position of the mouse along the virtual linear track is recorded. Reward times are shown at the bottom. (Bd)
Expanded view of the period indicated by the dashed box in (c). Panels (b)–(d) adapted by permission from Dombeck et al. (2010).
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recording of action-potential-evoked activity with single-cell
resolution (Stosiek et al., 2003). The AM loading approach has
also been used in the cat to investigate the orientation prefer-
ence of visual cortex neurons (Ohki et al., 2005) (Figure 7B).
This study showed that orientation columns in the cat visual
cortex are segregated with an extremely high spatial precision
so that, even at the single cell level, areas of neurons with
different orientation preference can be precisely distinguished.
Examples of further studies using two-photon calcium imaging
include recordings from mouse barrel (Sato et al., 2007), visual
(Smith and Häusser, 2010), and auditory cortices (Bandyopad-
hyay et al., 2010; Rothschild et al., 2010) as well as from the
mouse olfactory bulb (Wachowiak et al., 2004) and rat cere-
bellum (Sullivan et al., 2005). Various approaches can be used

for extracting the action potential activity underlying such
somatic calcium transients (Holekamp et al., 2008; Kerr et al.,
2005; Sasaki et al., 2008; Vogelstein et al., 2010, 2009; Yaksi
and Friedrich, 2006). For example, an effective approach is the
‘‘peeling algorithm’’ (Grewe et al., 2010), which is based on sub-
tracting single action-potential-evoked calcium transients from
the fluorescent trace until no additional event is present in the
residual trace. Again, GECIs can be adapted as well for such
studies of neuronal network function in different animal models
(see also Table 1). Meanwhile, they have been used in rodents,
Drosophila, C. elegans, zebrafish, and even primates (Dı́ez-
Garcı́a et al., 2005; Heider et al., 2010; Higashijima et al., 2003;
Horikawa et al., 2010; Li et al., 2005; Lütcke et al., 2010; Tian
et al., 2009; Wallace et al., 2008; Wang et al., 2003).
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Figure 8. Calcium Imaging in the Behaving Animal
(A) Calcium imaging in the motor cortex of head-fixed mice engaged in an olfactory-related choice behavior with lick/no lick response. (Aa) Scheme of the
experimental set-up showing a head-fixed mouse under a two-photon microscope while performing the task. The task consists of the differentiation between
odor A and B. The mouse is trained to lick only in response to one of the two odors. (Ab) Two-photon image of layer 2/3 cells. Left, overlay of sulforhodamine 101
(SR101, red) and Oregon Green BAPTA-1 AM (green). Astrocytes are labeled by both dyes and thus appear yellow, whereas neurons are green. Right, regions of
interest (ROI, green) overlaid on the Oregon Green BAPTA-1 channel. (Ac) Example of spontaneous calcium traces from ten neurons (black) and one astrocyte
(gray). Panels (Ab) and (Ac) adapted by permission from Komiyama et al. (2010).
(B) Calcium imaging of place cells in the CA1 hippocampal region of mice which are placed on a spherical treadmill. (Ba) Experimental set-up: it consists of
a spherical treadmill, a virtual reality apparatus (with projector and surrounding screens) and a custom-made two-photonmicroscope. (Bb) Two-photon images of
neuron cell bodies in stratum pyramidale of CA1 labeled with the genetically encoded calcium indicator GCaMP3 (left). (Bc) Imaging CA1 place cells while the
mouse is running along a virtual linear track. Calcium traces are shown in black. The respective regions of interest are shown in (Bb), right panel. Red traces
indicate significant calcium transients. In parallel, the position of the mouse along the virtual linear track is recorded. Reward times are shown at the bottom. (Bd)
Expanded view of the period indicated by the dashed box in (c). Panels (b)–(d) adapted by permission from Dombeck et al. (2010).
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recording of action-potential-evoked activity with single-cell
resolution (Stosiek et al., 2003). The AM loading approach has
also been used in the cat to investigate the orientation prefer-
ence of visual cortex neurons (Ohki et al., 2005) (Figure 7B).
This study showed that orientation columns in the cat visual
cortex are segregated with an extremely high spatial precision
so that, even at the single cell level, areas of neurons with
different orientation preference can be precisely distinguished.
Examples of further studies using two-photon calcium imaging
include recordings from mouse barrel (Sato et al., 2007), visual
(Smith and Häusser, 2010), and auditory cortices (Bandyopad-
hyay et al., 2010; Rothschild et al., 2010) as well as from the
mouse olfactory bulb (Wachowiak et al., 2004) and rat cere-
bellum (Sullivan et al., 2005). Various approaches can be used

for extracting the action potential activity underlying such
somatic calcium transients (Holekamp et al., 2008; Kerr et al.,
2005; Sasaki et al., 2008; Vogelstein et al., 2010, 2009; Yaksi
and Friedrich, 2006). For example, an effective approach is the
‘‘peeling algorithm’’ (Grewe et al., 2010), which is based on sub-
tracting single action-potential-evoked calcium transients from
the fluorescent trace until no additional event is present in the
residual trace. Again, GECIs can be adapted as well for such
studies of neuronal network function in different animal models
(see also Table 1). Meanwhile, they have been used in rodents,
Drosophila, C. elegans, zebrafish, and even primates (Dı́ez-
Garcı́a et al., 2005; Heider et al., 2010; Higashijima et al., 2003;
Horikawa et al., 2010; Li et al., 2005; Lütcke et al., 2010; Tian
et al., 2009; Wallace et al., 2008; Wang et al., 2003).
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(A) Calcium imaging in the motor cortex of head-fixed mice engaged in an olfactory-related choice behavior with lick/no lick response. (Aa) Scheme of the
experimental set-up showing a head-fixed mouse under a two-photon microscope while performing the task. The task consists of the differentiation between
odor A and B. The mouse is trained to lick only in response to one of the two odors. (Ab) Two-photon image of layer 2/3 cells. Left, overlay of sulforhodamine 101
(SR101, red) and Oregon Green BAPTA-1 AM (green). Astrocytes are labeled by both dyes and thus appear yellow, whereas neurons are green. Right, regions of
interest (ROI, green) overlaid on the Oregon Green BAPTA-1 channel. (Ac) Example of spontaneous calcium traces from ten neurons (black) and one astrocyte
(gray). Panels (Ab) and (Ac) adapted by permission from Komiyama et al. (2010).
(B) Calcium imaging of place cells in the CA1 hippocampal region of mice which are placed on a spherical treadmill. (Ba) Experimental set-up: it consists of
a spherical treadmill, a virtual reality apparatus (with projector and surrounding screens) and a custom-made two-photonmicroscope. (Bb) Two-photon images of
neuron cell bodies in stratum pyramidale of CA1 labeled with the genetically encoded calcium indicator GCaMP3 (left). (Bc) Imaging CA1 place cells while the
mouse is running along a virtual linear track. Calcium traces are shown in black. The respective regions of interest are shown in (Bb), right panel. Red traces
indicate significant calcium transients. In parallel, the position of the mouse along the virtual linear track is recorded. Reward times are shown at the bottom. (Bd)
Expanded view of the period indicated by the dashed box in (c). Panels (b)–(d) adapted by permission from Dombeck et al. (2010).
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