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Calcium imaging

F R I T J O F H E L M C H E N

Over the past 30 years calcium-sensitive fluorescent dyes have emerged as pow-
erful tools for optical imaging of cell function. Calcium ions subserve a variety
of essential functions in all cell types. For example, changes in intracellular free
calcium concentration ([Ca2+]i ) underlie fundamental cellular processes such as
muscle contraction, cell division, exocytosis, and synaptic plasticity. Most of these
processes rely on the steep gradient of calcium ion concentration that is actively
maintained across the plasma membrane. Moreover, cells store calcium ions in
intracellular organelles, enabling them to release a surge of Ca2+ into the cytosol
where and when needed. Calcium ions act through molecular binding to various
Ca2+-binding proteins, inducing conformational changes and thereby activating
or modulating protein function. The development of optical reporters of calcium
concentration has opened great opportunities to read out [Ca2+]i directly as a cru-
cial intracellular messenger signal. A major application of calcium indicators is
the quantitative study of a specific calcium-dependent process X , for example,
neurotransmitter release, with the goal to reveal the function X = X ([Ca2+]i ).
However, this is not the only type of application. Because neuronal excitation
in the form of receptor activation or generation of action potentials typically is
linked to calcium influx, calcium indicators are also used to reveal neural acti-
vation patterns, either within the dendritic tree of individual cells or within cell
populations.

Today, a large palette of fluorescent calcium indicators is available. All of them
act through binding of Ca2+. In the simplest case the fluorescence intensity depends
on [Ca2+]i but there are several other fluorescence parameters that may change
and that can be read out. In order to understand fully the action of calcium ions
within cells we need to understand the spatiotemporal dynamics of the variable
[Ca2+]i (x, t) and the complex interactions of Ca2+ with Ca2+-binding partners.
In particular, we need to consider the calcium indicator itself as one of the inter-
acting reaction partners. For simplicity we will use the notation [Ca](x, t) for the
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10 Calcium imaging 363

intracellular free calcium concentration, where the vector x = (x, y, z) refers to the
three-dimensional spatial coordinates and t is the temporal variable. It may seem a
daunting task to keep track of calcium dynamics throughout a cell but fortunately
such detail often is not necessary and various useful mathematical models can be
derived based on reasonable simplifications. A fundamental aspect that the exper-
imenter should be aware of is the fact that calcium indicators inevitably perturb
intracellular calcium dynamics (to a lesser or greater degree). This notion means
that indicators interfere with the variable they are supposed to report, which may
limit the information that can be gathered. On the flipside, knowledge about how
calcium indicators influence intracellular calcium dynamics can be exploited by the
experimenter as we will discuss in this chapter. Being familiar with the principles
of how calcium indicators work and with the mathematical description of calcium
dynamics thus is essential for the design and interpretation of calcium imaging
experiments.

The chapter starts with a brief introduction of the different types of fluorescent
calcium indicators. Subsequently, the fundamental processes involved in intracel-
lular calcium dynamics and their mathematical descriptions are introduced. To help
the reader a list of key parameters used in the mathematical description is provided
in Table 10.1. Following a treatment of the Ca2+-dependence of fluorescence we
then discuss simplified models of calcium dynamics and their applications to reveal
specific aspects of neural dynamics. The chapter concludes with a brief comparison
with other methods and a discussion of future perspectives.

10.1 Fluorescent calcium indicators

The first optical [Ca2+]i measurements were achieved in the 1960s and 1970s using
the bioluminescent protein Aequorin (e.g. Ridgway and Ashley, 1967) or metal-
lochromic arsenazo dyes that change their light absorbance depending on [Ca2+]i

(e.g. Brown et al., 1975). Although these indicators are still sometimes used we
focus here entirely on fluorescent calcium indicators, the prevailing indicator form
today. Fluorescence readout is beneficial because even at low indicator concentra-
tions it allows for high-contrast labeling against a low background (Tsien, 1989).
Two different types of fluorescent calcium indicators exist (Figure 10.1): (1) small-
molecule indicators (SMIs), which are synthetic organic dyes that have been
developed since the beginning of the 1980s (Tsien, 1980); and (2) calcium-sensitive
fluorescent proteins, the first one of which was reported in 1997 (Miyawaki
et al., 1997). The latter type often is referred to as the group of genetically-encoded
calcium indicators (GECIs). It is beyond the scope of this chapter to provide a com-
plete overview of the various indicator types and the history of their development
(for detailed reviews see Tsien, 1989; Miyawaki, 2003; Garaschuk et al., 2007;
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364 Fritjof Helmchen

Table 10.1 Key parameters of intracellular calcium dynamics and fluorescent
calcium indicators.

Parameter Definition Typical range/unit

[Ca2+]i or
[Ca]

intracellular free Ca2+ concentration, in general
space and time dependent

50 nM–100 μM

[Ca2+]rest resting intracellular free Ca2+ concentration 50–150 nM
kon association rate constant of Ca2+ binding 106–109 M−1 s−1

koff dissociation rate constant of Ca2+ binding 1–103 s−1

Kd dissociation constant of a Ca2+ binding molecule 100 nM–0.1 mM
κB Ca2+ binding ratio, “strength of buffering” 10–1000 for

endogenous buffers
κm Ca2+ binding ratio of a mobile buffer
κ f Ca2+ binding ratio of an immobile (“fixed”) buffer
jin concentration change due to Ca2+ influx M s−1

jout concentration change due to Ca2+ extrusion M s−1

jleak leakage term to maintain [Ca2+]rest M s−1

F Faraday’s constant 96485 C mol−1

QCa “calcium charge,” related to total number of
calcium ions entering a cell during influx

C

vmax maximum velocity of a Ca2+ extrusion pump mol m−2 s−1

γ linear extrusion rate of a simplified extrusion
mechanism

100–2000 s−1

DCa diffusion constant of free calcium ions 220 μm2 s−1

DB,i diffusion constant of Ca2+ binding molecule
species i

μm2 s−1

Dapp apparent diffusion constant in the presence of
Ca2+ binding molecules

μm2 s−1

ε molar dye extinction coefficient 20 000–
100 000 M−1 cm−1

QF quantum yield between 0 and 1
Q D quantum efficiency of a photodetector 0–100%, typically

between 10–40%
R f dynamic range of an indicator
τF fluorescence lifetime of an indicator 1–10 ns
�D collection efficiency of the detector system 0–100%, typically far

less than 100%
(Keff, Rmin,

Rmax)
triplet of calibration parameters for ratiometric

measurements
(Kd ,
�F/Fmax,
[Ca2+]rest)

triplet of calibration parameters for
single-wavelength measurements

(Kd , R f ,
Fmax)

alternative triplet of calibration parameters for
single-wavelength measurements

(Kapp, τmin,
τmax)

triplet of calibration parameters for fluorescence
lifetime measurements
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10 Calcium imaging 365

Mank and Griesbeck, 2008). Nonetheless, it is useful to illustrate briefly how these
indicator molecules work before we start the mathematical treatment.

10.1.1 Small-molecule indicators

The first type of calcium indicators are small organic molecules. A major
step in their development was the modification of the well-known Ca2+-
chelating molecule EGTA to BAPTA, a Ca2+ chelator with fast binding kinetics
(Tsien, 1980). Many of the SMIs are designed by covalently attaching a fluo-
rophore to the BAPTA-derived Ca2+ chelating part. As an example, Oregon Green
BAPTA-1 is shown in Figure 10.1A. Binding of Ca2+ to the octacoordinate pocket
of the chelator leads to a reconfiguration of the conjugated electron system, which
then induces changes in the fluorescence properties. The exact nature as well
as the strength of the fluorescence changes can be tuned by the choice of the
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Figure 10.1 Examples of the two major classes of fluorescent calcium indica-
tors. A. Oregon Green BAPTA-1 is a small-molecule indicator consisting of a
Ca2+-chelating part and a fluorophore part. Variants of Oregon Green BAPTA
indicators differ in their substituents at key positions: Oregon Green BAPTA-5N
contains a nitro group at position R5 and Oregon Green BAPTA-6F a con-
tains fluorine atom at position R6. B. Genetically encoded calcium indicators
are further subdivided into two classes. Top: FRET-based indicators rely on
the Ca2+-dependent change in distance between two fluorescent proteins, medi-
ated by a Ca2+-binding linker (here Calmodulin which binds four calcium ions
and interacts with the M13 peptide). One fluorescent protein acts as donor, the
other as acceptor for FRET. FRET efficiency increases when the two proteins are
brought closer together. Bottom: Ca2+-binding domains are incorporated into sin-
gle circularly permutated fluorescent proteins. In these single-protein indicators
Ca2+-binding leads to a conformational change that is sensed by the chromophore
inside the fluorescent protein barrel structure, causing a change in fluorescence
intensity.
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366 Fritjof Helmchen

substituents at critical intramolecular positions, so that a multitude of indicator
variants can be created. With the exception of some indicators that have been
targeted to the membrane by attaching lipophilic side chains, most of the SMIs
are water soluble and readily diffuse throughout the cytosol. In their salt form,
indicators dissociate in solution. As charged molecules they are not membrane
permeable and therefore need to be loaded into cells with special techniques.
Direct physical methods include electroporation and filling via intracellular record-
ing pipettes. An elegant alternative method is to load SMIs into cells using their
acetomethoxy(AM)-conjugated form (Tsien, 1981). In this chemically modified
form the carboxy-groups are esterified and thus turned into uncharged side groups.
Consequently, the AM-form of indicators is membrane permeable. Once inside the
cytosol, however, the ester-groups are cleaved by endogenous esterases, so that
the original indicator molecule is recovered but is now trapped inside the cell.
AM-ester loading of calcium has been used for many years to label cells in cell
culture and in brain slices. Only recently, bolus injection of AM-indicators directly
into neural tissue has enabled labeling of large cell populations in the intact brain
(Stosiek et al., 2003). This breakthrough has opened new opportunities for optical
recording of neural network activity in vivo (Garaschuk et al., 2006; Göbel and
Helmchen, 2007a; Grewe and Helmchen, 2009).

10.1.2 Genetically encoded calcium indicators

The second group of fluorescent calcium indicators is the still rapidly grow-
ing group of GECIs. Similar to SMIs, a large variety of GECIs is available.
Two major classes can be distinguished (Figure 10.1B). In the first class, GECIs
are designed by coupling two fluorescent proteins (e.g. cyan fluorescent protein,
CFP, and yellow fluorescent protein, YFP) via a Ca2+-binding linker. Due to
their enforced close proximity the two proteins can exchange energy via fluo-
rescence resonance energy transfer (FRET) (Stryer, 1978). One protein acts as
acceptor and the other as donor molecule. Ca2+-binding to the linker induces
a conformational change that brings the two proteins closer together. Because
of the strong distance dependence of FRET, this leads to a change in the fluo-
rescence emissions of the two proteins that can be read out ratiometrically (see
below). The first constructs of this kind used the Ca2+-dependent interaction of
calmodulin (CaM) with the M13 protein domain to translate [Ca2+]i changes
into FRET changes (Miyawaki et al., 1997). Meanwhile many variants of such
“chameleons” have been generated (Nagai et al., 2004; Palmer et al., 2006). In
addition, other FRET-based designs have been introduced using the Troponin C
protein as Ca2+-dependent linker molecule (Heim and Griesbeck, 2004; Garaschuk
et al., 2007).
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10 Calcium imaging 367

The second major class of GECIs comprises single-protein indicators rather than
tandem pairs of proteins (Figure 10.1B). Example proteins are Inverse Pericam or
members of the GCaMP family (Tian et al., 2009). In these indicators, the protein
has been modified by insertion of a Ca2+-binding domain such that Ca2+-binding
leads to a conformational change that either increases or decreases the fluorescence
yield of the chromophore (Baird et al., 1999; Nakai et al., 2001). Compared to SMIs
the general advantages of GECIs are the possibilities of long-term expression and
of targeting them to specific subtypes of neurons or subcellular locations. Many
of the initial problems have now been overcome and one can expect rapid expan-
sion of the application of GECIs for functional measurements in the upcoming
years.

10.2 Intracellular calcium dynamics

This section gives a general description of the spatiotemporal dynamics of [Ca2+]i

within a cell before we will treat Ca2+-sensitive fluorescence changes of calcium
indicators in the next section. For the main dynamic processes involved in intracel-
lular calcium handling (binding, influx, extrusion, and diffusion) we introduce the
key parameters and generic mathematical formulations. First considered individu-
ally, we then combine these aspects in a general set of differential equations that
describes intracellular calcium dynamics.

10.2.1 Calcium binding

Within the cytosol, calcium ions bind to a multitude of endogenous proteins. In
addition, Ca2+-binding is the fundamental process by which calcium indicators
work. In the case of Oregon Green BAPTA-1 Ca2+-binding occurs at an octa-
coordinate binding site of the chelator part (Figure 10.1A). This indicator is an
example of one-to-one binding of Ca2+ to a molecule. In many proteins, including
GECIs, the Ca2+-binding sites are so-called EF-hand domains (Mank and Gries-
beck, 2008; Schwaller, 2009), of which several may be present in the protein. For
example, calmodulin is made up of four EF-hand domains. These domains are
not independent in their structural rearrangements upon Ca2+-binding, resulting
in cooperativity of the binding processes. We first consider independent binding
before we briefly discuss cooperative binding.

Independent calcium binding In the simplest case calcium ions are bound either
individually or, if multiple calcium ions can bind to the molecule, binding events
occur independent from each other. In this case we only need to consider the simple
binding scheme
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368 Fritjof Helmchen

Ca2+ + B

kon→
←
koff

CaB (10.1)

where B denotes the binding site and CaB the calcium-bound complex. B thus
stands for an intracellular protein or an exogenous Ca2+-binding molecule that has
been artificially introduced into the cell, for example, an indicator dye. Binding
occurs with an association rate kon (unit mM−1s−1) and the complex CaB dissoci-
ates with a rate koff (unit s−1). The temporal dynamics of this process is described
by the following differential equations:

∂ [Ca]

∂t
= −kon [Ca] [B] + koff [CaB]

∂ [B]

∂t
= −kon [Ca] [B] + koff [CaB]

∂ [CaB]

∂ t
= −∂ [B]

∂t
= kon [Ca] [B] − koff [CaB]

[Ca]T = [Ca] + [CaB]

[B]T = [B] + [CaB] . (10.2)

Here, we have introduced the total concentrations [Ca]T and [B]T as the sum of
the free and bound forms. [Ca]T is conserved in the absence of Ca2+ influx into or
extrusion from the cytosol. [B]T is conserved unless changes in expression levels
of Ca2+-binding proteins occur or exogenous Ca2+ buffers are artificially added.

In many cases one is mainly interested in the steady-state concentrations when
equilibrium has been reached. In this case the concentration changes on the left
hand side are zero. From Equations (10.2) the law of mass action follows, in which
the affinity of B for binding Ca2+ is described by the dissociation constant

Kd = koff

kon
= [Ca] [B]

[CaB]
= [Ca] ([B]T − [CaB])

[CaB]
. (10.3)

The dissociation constant Kd has the intuitive meaning that it is equal to the [Ca2+]i

level, at which 50% of the binding sites have bound Ca2+. This is obvious by
rearranging Equation (10.3) to yield the so-called saturation curve of the binding
species B:

S = [CaB]

[B]T
= [Ca]

[Ca] + Kd
. (10.4)

This saturation curve is plotted in Figure 10.2A. For limited ranges of [Ca2+]i

this curve can be piecewise approximated by a linear function. Note that there is
an inverse relationship between the expressions “affinity” and “dissociation con-
stant” with a low Kd value implying a high affinity and vice versa. This notion is
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Figure 10.2 Saturation curve and Ca2+-binding ratio for Ca2+-binding molecules
showing either independent binding (Hill coefficient n = 1) or cooperative bind-
ing (n = 2). A. Percentage of saturation as a function of calcium concentration
level normalized to the dissociation constant. B. Ca2+-binding ratio κB as a
function of normalized calcium concentration level.

important for working with calcium indicators because the affinity of the indicator
should match the expected range of calcium concentrations “seen” by the indica-
tor. Typically, indicators are only sensitive in a narrow window of the entire range
of possible intracellular [Ca2+]i levels that spans from resting concentrations of
below 10−4 mM to high concentrations around 0.1 mM, which for example can
occur locally at sites of calcium influx. If the affinity of the indicator is too low
(Kd too high) it will not be sensitive in the low concentration range; if the affinity
is too high the indicator will be nearly saturated. Thus, depending on the exper-
imental aims, the most appropriate indicator has to be chosen from the available
spectrum of dyes with widely different affinities. High affinity calcium indicators
have dissociation constants in the submicromolar range (e.g. Kd of OGB-1 is about
200–300 nM), while Kd values reach around 50 μM for low affinity indicators.

A second important aspect is that the Ca2+-binding efficiency depends on
the [Ca2+]i level. This is intuitively clear as the probability of Ca2+-binding
will decrease once a certain number of ions are already bound. In other words,
fewer and fewer binding sites will be available until – at relatively high [Ca2+]i

levels – most binding sites are occupied and this particular species of Ca2+-
binding molecules becomes saturated. Formally this dependency is expressed
by the so-called “Ca2+-binding ratio” κB , which is obtained by differentiating
Equation (10.4):

κB = ∂[CaB]
∂[Ca] = [B]T Kd

([Ca] + Kd)2
. (10.5)

The Ca2+-binding ratio scales with the total concentration of the binding species.
For independent calcium binding, κB has a maximal value of [B]T /Kd at zero
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370 Fritjof Helmchen

[Ca2+]i and decreases monotonically for increasing [Ca2+]i levels (Figure 10.2B).
In the literature the Ca2+-binding ratio is also often termed “buffering capacity”
or “buffering strength.” As we will see further below, the concept of Ca2+-binding
ratio is very helpful in describing key aspects of calcium buffers and indicators. In
general, it is desirable to know (or at least to have a good estimate of) the Ca2+-
binding ratios of both the endogenous calcium buffers and the fluorescent calcium
indicator that is used for the measurement.

Cooperative calcium binding While independent Ca2+-binding is a good model
for small-molecule calcium indicators, it does not adequately describe the situation
for many protein binding reactions. The reason is that Ca2+-binding proteins often
contain multiple, structurally connected binding sites that are no longer indepen-
dent. More generally, we therefore have to consider cooperative binding as it is
known from the classic case of O2-binding to hemoglobin.

A general description of cooperative binding is fairly complex. For our purposes
it is sufficient to incorporate cooperativity using the Hill equation, which is an
empirical description of the equilibrium case. In this simplified view, binding of
multiple calcium ions is described using the Hill coefficient n and an apparent
dissociation constant K A

K A = [Ca]n [B][
CanB

] = [Ca]n ([B]T − [CanB
]
)[

CanB
] . (10.6)

Note that the Hill coefficient is not equal to the number of binding sites but rather
is an empirical parameter that describes the overall effect of cooperative binding.
The saturation curve in this case takes a sigmoidal shape according to the equation

S =
[
CanB

]
[B]T

= [Ca]n

[Ca]n + K A
= [Ca]n

[Ca]n + K n
d

, (10.7)

where Kd again is the calcium concentration at half-maximal occupancy
(Figure 10.2A). Hill coefficients for GECIs are in the range of 0.7–3.8 (Mank and
Griesbeck, 2008). From Equation (10.7) we can also derive the Ca2+-binding ratio
for the case of cooperative binding:

κB = ∂
[
CanB

]
∂ [Ca]

= [B]T
n [Ca]n−1 K n

d

([Ca]n + K n
d )

2
. (10.8)

This relationship is plotted in Figure 10.2B for n = 2, showing a non-monotonic
[Ca2+]i dependence of κB with a maximum at some intermediate concentration
level. This highly non-linear behavior makes the interpretation of calcium measure-
ments with GECIs more difficult so that the binding characteristics of the specific
indicator need to be taken into account.
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10 Calcium imaging 371

Often Ca2+-binding is referred to as “buffering” and many proteins are clas-
sified as “calcium buffers.” While “binding” refers to the physical process itself,
“buffering” has a functional meaning and refers to the ability of a molecular
species to maintain the [Ca2+]i level within a certain concentration range by
dampening changes in free calcium concentration following calcium influx. For
a number of proteins, calcium buffering appears to be the main function, although
additional Ca2+-sensing functions may be unknown and await to be discovered
(Schwaller, 2009).

10.2.2 Calcium influx

The steady-state equilibrium of Ca2+ binding and unbinding in the cytosol is con-
tinually perturbed by Ca2+ influx from various sources (Figure 10.3). For example,
neural excitation leads to Ca2+ flux across the plasma membrane through either
voltage-gated calcium channels or calcium-permeable receptor channels. More-
over, Ca2+ may be released from intracellular stores, including the endoplasmic
reticulum and mitochondria. In general, we denote the spatially and temporally
varying influx as jin(x, t). In the absence of extrusion mechanisms, the spatiotem-
poral integral of jin equals the total calcium charge QCa that enters the cell during a
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Figure 10.3 Schematic illustration of various processes that contribute to intra-
cellular calcium dynamics. Several pathways exist for entry of calcium ions into
the cytosol (black dots), including influx through voltage- or ligand-gated chan-
nels and release from intracellular organelles. Intracellularly, calcium ions diffuse
and bind to various mobile or immobile Ca2+-binding proteins. Several extru-
sion mechanisms remove calcium from the cytosol. PLC phospholipase C, RyR
ryanodine receptor, IP3R inositol-tri-phosphate receptor.
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372 Fritjof Helmchen

given time period. This calcium load will change the total concentration of calcium
ions (free or bound), which is given by

[Ca]T = [Ca] +
∑

i

[CaBi ]. (10.9)

The index i in Bi runs over all Ca2+-binding molecular species that are present.
While the spatiotemporal pattern of influx in general is highly complex, approx-
imate expressions can be used for jin in particular situations. For example, if
calcium influx is brief compared to extrusion times and if it can be assumed
to occur rather homogenously throughout the cell compartment, then jin can be
approximated by a pulse-like, instantaneous influx, which can be mathematically
expressed by the Kronecker delta function

jin = � [Ca]T δ(t − tp) = QCa

2 F V
δ(t − tp), (10.10)

where tp is the point in time when influx occurs, F is Faraday’s constant, and V
is the volume of the cell compartment under consideration. This approximation
is particularly useful for describing action-potential evoked Ca2+ influx, because
voltage-gated calcium channels open for less than a millisecond during the repolar-
izing phase of the action potential (Borst and Helmchen, 1998). Ca2+ extrusion in
the soma, dendrites or axons is typically at least an order of magnitude slower. For
a train of n action potentials, Equation (10.10) can be extended to a sum of delta
functions with spike times at time points tk with k = 1, . . . , n. If Ca2+ influx does
not occur in a pulse-like way but rather is prolonged, for example, during excitatory
postsynaptic currents or during release from intracellular stores, the time course of
jin needs to be modeled with other suitable analytical functions.

How is the extra calcium load following Ca2+ influx distributed among the Ca2+-
binding partners present? After an initial non-equilibrium phase that is governed
by binding kinetics and diffusional exchange, a new steady state will be reached.
The steady-state concentration changes of all partners (expressed with the greek
“delta” �) depend on each other according to:

� [Ca]T = � [Ca] +
∑

i

� [CaBi ] = � [Ca] +
∑

i

κB,i� [Ca] = � [Ca]

(
1 +

∑
i

κB,i

)
.

(10.11)
Here, we approximated concentration changes of Ca2+-bound molecules with the
help of their Ca2+-binding ratios (assuming relatively small changes). We conclude
that the change in free calcium concentration is determined by the total change in
concentration divided by one plus the sum of all Ca2+-binding ratios:

� [Ca] = � [Ca]T

(1 +∑
i
κB,i )

= QCa

2 F V

1

(1 +∑
i
κB,i )

. (10.12)
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10 Calcium imaging 373

As we will discuss in more detail further below, this equation in particular implies
that addition of a calcium indicator to the system may significantly affect changes
in free calcium concentration. The magnitude of this effect will, however, also
depend critically on the concentrations and properties of all other Ca2+-binding
molecules present.

10.2.3 Calcium extrusion

Calcium extrusion is vital for the cell because low [Ca2+]i levels need to be re-
established following surges of Ca2+ influx in order to keep the cell alive. Cells
maintain a very low resting free calcium concentration through effective calcium
pump mechanisms (Figure 10.3). Calcium ions are either sequestered into intra-
cellular organelles or extruded via the plasma membrane until a resting [Ca2+]i

level of about 30–100 nM has been re-established (Helmchen et al., 1996; Maravall
et al., 2000). The requirement to keep [Ca2+]i levels low may have arisen early
in evolution because calcium compounds are prone to precipitation. The result-
ing steep concentration gradient across the membrane then presumably provided
opportunities to use Ca2+ as a fast and effective signaling ion.

In general terms we denote the spatiotemporal calcium extrusion with jout(x, t).
A common formalization is the description as Ca2+-dependent, saturable mecha-
nism with first-order Michaelis–Menten kinetics:

jout([Ca]) = vmax
A

V

[Ca]

[Ca] + Km
, (10.13)

where vmax is the maximal efflux rate per unit area of cell membrane, A is the com-
partment surface, and Km is the concentration at which extrusion is half-maximal.
This equation does not account for the fact that [Ca2+]i is not zero at rest. Under
resting conditions a steady state exists between some leakage Ca2+ influx and the
extrusion of Ca2+, resulting in a zero net flux. Resting conditions are most easily
incorporated in the mathematical description of calcium dynamics by including a
constant leakage term that just balances the pump mechanisms at rest:

jleak = −vmax
A

V

[Ca]rest

[Ca]rest + Km
. (10.14)

If the pumps operate well below saturation ([Ca2+]i � Km) the net extrusion
can be further simplified by linearization of Equations (10.13) and (10.14) using a
single clearance rate γ

jout([Ca]) = γ � [Ca] = γ ([Ca] − [Ca]rest). (10.15)

Because many possible calcium extrusion pathways exist, characterization of cal-
cium dynamics in a particular cell type or cell compartment should first aim to
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374 Fritjof Helmchen

identify the predominant pathway and then examine whether saturation is reached
during the experimental protocol because distinct extrusion mechanisms may
dominate at low and high [Ca2+]i levels. Such investigation, for example using
pharmacological tools, can provide a good starting point for adequate modeling
of calcium extrusion. As a complicating issue, slow Ca2+-binding mechanisms
sometimes operate on a time scale similar to extrusion, which makes it difficult to
distinguish between these mechanisms which both represent calcium “sinks” (see
below). While extruded Ca2+ is lost, slowly bound Ca2+ remains in the cytosol and
can still shift to other Ca2+-binding partners and exert functional control.

10.2.4 Calcium diffusion

Another important aspect is the spatial distribution and mobility of calcium ions
as well as of Ca2+-binding molecules. While some proteins are anchored to the
cytoskeleton in strategic places and thus exhibit low mobility, others can diffuse
freely throughout the cytosol. As mentioned above, many calcium indicators show
a rather high mobility and can fill the entire cell by diffusion. For freely diffusible
substances, the concentration is homogenous throughout a given cell compartment
at steady state. Localized Ca2+ influx and efflux will cause short-lived concen-
tration gradients, which then equilibrate by diffusion. Diffusion is a probabilistic
process due to the thermal agitation of molecules. For any diffusible substance S
the temporal change of the concentration [S](x, t) at a position x is given by the
difference of influx and efflux in the local volume element, which both depend on
the local concentration gradient. For the one-dimensional case the resulting balance
equation is the diffusion equation

∂ [S] (x, t)

∂t
= DS

∂2 [S] (x, t)

∂x2
(10.16)

where DS is the diffusion coefficient. A characteristic feature of diffusional spread
is that the mean displacement 〈x〉 of the diffusing particles is proportional to the
square-root of the time period �t

〈x〉 α
√

DS �t . (10.17)

For example, a substance with a diffusion coefficient of 100 μm2 s−1 spreads from
a point source about 0.3 μm in 1 ms, 1 μm in 10 ms, 3 μm in 100 ms, and 10 μm
in 1 s. In cells with elaborate morphologies such as neurons, this square-root-law
of diffusion has the important consequence that intracellular chemical signals can
be effectively compartmentalized so that their action is restricted to a certain spa-
tial range. For the three-dimensional case we rewrite Equation (10.16) in vector
notation. For the diffusion of free calcium ions we write for example
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10 Calcium imaging 375

∂ [Ca] (x, t)

∂t
= DCa ∇(∇ [Ca] (x, t)), (10.18)

where ∇ denotes the gradient operator. We avoid the Laplace operator � f =
∇(∇ f ) here because of the potential confusion with �, the “delta” sign used to
express signal changes.

For large molecules (molecular weight M > 1000) the diffusion coefficient
depends on the molecule radius and hence on the inverse of the cubic root of M .
Due to the formation of hydration shells in aqueous solution, ions have relatively
small diffusion coefficients. For free calcium ions DCa is about 600 μm2/s−1 in
water but is reduced to DCa ≈ 220 μm2 s−1 in the cytosol (Allbritton et al., 1992).
In general, diffusion coefficients are two to three times lower inside cells compared
to in water because of the higher viscosity (Woolf and Greer, 1994). If multi-
ple diffusible molecules are present, each will spread according to its diffusion
coefficient. As a consequence the diffusional spread of calcium ions can be either
promoted or slowed down in the presence of Ca2+-binding molecules, depending
on their mobility (see below). In particular, loading a cell with calcium indica-
tor may affect not only Ca2+-buffering but also the overall diffusional spread of
calcium ions.

10.2.5 General formulation of calcium dynamics

We can now give a general description of intracellular calcium dynamics that
incorporates all the different aspects of Ca2+-binding, influx, efflux, and diffu-
sion. Assuming the presence of multiple Ca2+-binding molecules Bi we obtain
the following set of reaction-diffusion equations

∂ [Ca]

∂t
= DCa∇(∇ [Ca])− [Ca]

∑
i

kon,i [Bi ] +
∑

i

koff ,i [CaBi ]

+ jin − jout + jleak

∂ [Bi ]

∂t
= DB,i∇(∇ [Bi ])− kon,i [Ca] · [Bi ] + koff ,i [CaBi ]

∂ [CaBi ]

∂t
= DCaB,i∇(∇ [CaBi ])+ kon,i [Ca] · [Bi ] − koff ,i [CaBi ]

[Bi ]T = [Bi ] + [CaBi ]

[Ca]T = [Ca] +
∑

i

[CaBi ]. (10.19)

For each species of Ca2+-binding molecules we have to write three equations
analogous to the middle three equations. Note that this formulation can be sim-
plified under the assumptions that (1) the total concentration of mobile binding
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376 Fritjof Helmchen

partner [Bi ]T is spatially uniform and (2) the diffusion coefficients of the free
and the bound forms are equal (DB,i = DCa B,i ) (Wagner and Keizer, 1994).
Under these conditions the partial derivatives of [Bi ] and [CaBi ] are equal with
opposite signs. For immobile binding partners, the diffusive terms vanish but the
total concentration typically will be spatially non-uniform. Equations (10.19) illus-
trate that calcium dynamics is governed by a fairly complex coupled system of
partial differential equations, which in general is difficult to solve analytically.
This notion highlights the increased complexity of signaling when intracellu-
lar binding sites are present at a high density. It also indicates that it might
not be intuitively clear how such a complex signaling system is perturbed by
the addition of a calcium indicator. In general, Equations (10.19) can be solved
numerically by discretizing them in both time and space (see for example
DeSchutter and Smolen, 1998; Markram et al., 1998). Several modeling environ-
ments for simulating neuronal dynamics, for example NEURON (Carnevale and
Hines, 2009) and GENESIS (Bower and Beeman, 1998), support the simulation
of calcium dynamics within cell compartments of various geometries and within
entire compartmental models of neurons. Because our knowledge of the identity,
subcellular distribution and kinetic properties of endogenous Ca2+-binding pro-
teins in most cases is limited, realistic high-resolution simulations, attempting to
take into account many details, are still difficult. On the other hand, for many
applications such detail is not needed. Depending on the spatial scale of inter-
est, one can focus on a few relevant aspects of calcium dynamics and thereby
derive helpful analytical approximations, which will be further eluded on in
Section 10.4.

After this introduction to the basic mechanisms governing intracellular calcium
dynamics, the next section will treat the different types of fluorescence changes of
calcium indicators, how they are utilized for calcium imaging, and how they can
be related back to the underlying [Ca2+]i changes.

10.3 Calcium-dependent fluorescence properties

Fluorescent calcium indicators translate Ca2+-binding into a measurable change in
fluorescence that can be read out in an optical setup. In principle, Ca2+-binding
may affect various fluorescence properties, including absorption or emission
spectra, overall fluorescence yield, and fluorescence lifetime. Moreover, FRET
indicators are designed to show large changes in FRET efficiency because of
the Ca2+-sensitive spacing between the two coupled fluorophores. Which of the
induced changes are most suitable for reporting [Ca2+]i changes depends on the
specific indicator molecule as well as on the complexity of the imaging setup. In
any case, the observed fluorescence changes need to be quantified, normalized,
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10 Calcium imaging 377

and – if the absolute [Ca2+]i values are relevant – calibrated in terms of absolute
concentration levels.

10.3.1 Fluorescence intensity

The foremost readout mode of calcium indicators is a change in fluorescence inten-
sity. Figure 10.4 illustrates a few typical cases schematically. Calcium indicator
dyes can be excited by absorption of either a single or multiple photons. For exam-
ple, two-photon excitation involves near-simultaneous absorption of two lower
energy photons, a non-linear excitation mode that is highly suitable for deep imag-
ing in biological tissues (Helmchen and Denk, 2005). Possible spectral effects of
Ca2+-binding include scaling of the emission spectrum and spectral shifts of either
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Figure 10.4 Common modes for measuring fluorescence changes of calcium
indicators. A. Intensity measurement for indicators that scale their fluorescence
spectrum upon Ca2+-binding, showing either an increase (as illustrated here) or
a decrease in fluorescence. The two boxes schematize spectral windows for exci-
tation (Ex) and fluorescence collection (F), respectively. Windows can be set for
example using band-pass optical filters. B. Fluorescence excitation ratioing can
be performed with indicators that show a strong Ca2+-dependent shift of their
absorption spectrum. Typically, alternating excitation in two spectral windows is
used in this case. C. Fluorescence emission ratioing is possible with indicators that
show a strong shift of their emission spectrum. Here, emitted fluorescence is mea-
sured separately in two spectral windows. D. Two-photon excitation of calcium
indicators with a pulsed near-infrared laser (bandwidth about 10 nm). In this case
emitted fluorescence is of shorter wavelength than the excitation light. The exam-
ples shown here approximate the situation for Calcium Green and Oregon Green
BAPTA dyes (A), fura-2 (B), indo-1 (C), and two-photon excitation of Calcium
Green or Oregon Green BAPTA dyes (D).
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378 Fritjof Helmchen

the excitation or the emission spectrum. In Figure 10.4A a calcium indicator is
single-photon excited in the visible wavelength range and fluorescence emission
is collected in a separate, longer wavelength band (spectral windows are set for
instance with bandpass optical filters in the excitation and detection pathways). In
the case shown here, fluorescence intensity F is indicated to increase with increas-
ing [Ca2+]i but there also exist indicators that show a decrease in fluorescence
instead. In general, the absorption and emission spectra of indicators at various
[Ca2+]i are well characterized in vitro and are available from the suppliers; one
should keep in mind, however, that spectral properties depend on ionic strength, pH
and viscosity and therefore may deviate from standard conditions in the cytosolic
environment.

How does the fluorescence signal F relate to the [Ca2+]i level? To understand
this relationship we first need to clarify how fluorescence signals are generated and
detected. Let us consider a cellular compartment of volume V loaded with a generic
fluorescent dye X at concentration [X ]. For simplicity we assume illumination of
a flat sheet with area A and thickness l. If the excitation intensity is I0 then the thin
sheet will absorb light according to the Beer–Lambert law

Iabs = I0 (1 − 10−ε l [X ]) ≈ I0 ln(10) ε l [X ] , (10.20)

where ε is the molar extinction coefficient of the dye. Extinction coefficients
of calcium indicators are typically in the range 20 000–100 000 M−1 cm−1. The
approximation of a linear relationship between Iabs and [X ] is only valid if
[X ]<(ln(10)εl)−1. Equation (10.20) thus provides an upper bound to the useful
dye concentration range. For measurements on small cells with 10μm diam-
eter, dye concentration should be well below 5–20 mM. Another constraint is
that Ca2+-binding ratios become substantial for Ca2+ indicators at relatively low
concentration, in particular for high affinity indicators. This extra Ca2+-buffer
load potentially severely alters intracellular calcium dynamics, and high affinity
indicators are therefore mostly applied at micromolar concentrations.

The excited molecules within V will emit fluorescence photons isotropically
with a quantum yield QF . The quantum yield is defined as the ratio of the num-
ber of photons emitted to the number of photons absorbed. Only a certain fraction
of the emitted photons (�D) is collected by the photodetection system and these
photons are detected with a limited likelihood given by the detector’s quantum effi-
ciency Q D. Taking all these factors into account, we can express the fluorescence
readout signal as

F = Q D� D QF Iabs = Q D� D QF I0 ln(10) ε l [X ] = S · [X ] . (10.21)
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10 Calcium imaging 379

Here, all dye- and setup-specific factors have been merged into a single proportion-
ality constant S. For a calcium indicator we need to consider both the free and the
Ca2+-bound form at concentrations [B] and [CaB], respectively. They are treated as
two different molecular species because they differ with respect to quantum yield
and absorption properties and therefore contribute to F with different factors S f

and Sb, respectively:

F = S f [B] + Sb [CaB]

= Fmin + (Sb − S f ) [CaB]

= Fmax − (Sb − S f ) [B] . (10.22)

By rearranging this equation we have introduced the minimal and maximal flu-
orescence values Fmin = S f [B]T and Fmax = Sb[B]T (assuming an increase
in fluorescence upon Ca2+ binding). The ratio of these two parameters R f =
Fmax/Fmin determines the maximal possible fluorescence change and is referred to
as the dynamic range of the indicator. Note that the dynamic range depends on dye
properties and also on the experimental setup, for example, the spectral windows
used for excitation and fluorescence detection.

In the intermediate range, between Fmin and Fmax , the measured fluorescence
intensity depends on the relative amounts of Ca2+-bound and unbound indicator,
which are determined by the indicator’s affinity according to Equation (10.3) or
(10.7). For 1:1 complexation we can convert F to [Ca2+]i by expanding the fraction
in Equation (10.3) and then substituting Equations (10.22):

[Ca] = Kd
[CaB] (Sb − S f )

[B] (Sb − S f )
= Kd

F − Fmin

Fmax − F
. (10.23)

This equation is the basic conversion equation for relating the measured fluores-
cence intensity to the intracellular calcium concentration. However, although useful
for cuvette measurements (e.g. measurements of cell suspensions or calibration
solutions), Equation (10.23) turns out to be impractical for imaging experiments
because the optical path length, total dye concentration, and illumination intensity
– and consequently Fmin and Fmax – usually vary over the field of view. A calibra-
tion of these parameters for each imaging pixel is not feasible. To overcome this
problem various ratioing approaches are commonly employed which we describe
in the next sections.

10.3.2 Relative fluorescence change �F/F

The simplest way to account for spatial inhomogeneities is to normalize the
time-dependent fluorescence change F(t) to the initial baseline fluorescence
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380 Fritjof Helmchen

F0 (Figure 10.5A), which yields the relative percentage change in fluorescence
intensity �F/F (read “delta F over F”):

�F/F = (F − F0)/F0. (10.24)

Equation (10.24) as written here assumes that background fluorescence values
are already subtracted from both F and F0 beforehand. Optical components, the
bathing solution and endogenous fluorophores all add background to the indica-
tor fluorescence. Thus, the readout values from the photodetector always contain
a background component that must be subtracted (F = Fobserved − Fbackground). If
background subtraction is omitted, �F/F calculated from Equation (10.24) will
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Figure 10.5 Standard methods to normalize fluorescence changes. A. The relative
fluorescence change �F/F is calculated by dividing the background-corrected
fluorescence trace by the background-corrected baseline fluorescence. �F/F is
typically expressed as percentage change. B. For ratiometric measurements the
ratio R of the background-corrected fluorescence intensities for the two channels
is calculated. Note that the background needs to be determined separately for each
channel. Often the change in ratio is expressed as percentage change �R/R.
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10 Calcium imaging 381

be too small, underestimating the true percentage changes. Background correction
may seem trivial but actually often is not straightforward. For example, bulk-
loading with AM-ester calcium indicators leads to a widespread, rather diffuse
staining, for which it is difficult to obtain a good estimate of the true fluorescence
background. A novel method to estimate background values, based solely on the
dynamics of pixel intensities within a region of interest (ROI) can help to solve this
problem (Chen et al., 2006).

How does �F/F relate to absolute [Ca2+]i levels? Obviously, �F/F = 0 cor-
responds to the resting [Ca2+]i level. From Equation (10.23) one can derive the
following conversion equation (Lev-Ram et al., 1992)

[Ca] = [Ca]rest + Kd
(�F/F)

(�F/F)max

(1 − (�F/F)
(�F/F)max

)
(10.25)

where (�F/F)max denotes the maximal change upon dye saturation, which can
be estimated for example using strong stimulation at the end of the experiment.
The major drawback of Equation (10.25) and related single-wavelength equations
(Vranesic and Knöpfel, 1991; Neher and Augustine, 1992; Wang et al., 1995) is
that [Ca2+]rest cannot be inferred from the fluorescence signal but needs to be deter-
mined in an independent manner, for example using a dual-wavelength ratiometric
measurement (see below). If this is not possible, reasonable values of [Ca2+]rest

can be assumed (50–100 nM) given that the healthiness of cells can be assessed
independently, for example based on morphological criteria or electrophysiologi-
cal recording. Finally, for small fluorescence changes far from indicator saturation
it may be sufficient to approximate changes in [Ca2+]i by linearization of Equation
(10.25)

� [Ca] = Kd

(�F/F)max
(�F/F) (�F/F � (�F/F)max ). (10.26)

Note that this equation provides an estimate of the change in calcium concentration
but not of its absolute value. It assumes that [Ca2+]rest has the same value as for
the (�F/F)max calibration measurements.

To circumvent the necessity for an independent measurement of [Ca2+]rest and
to obtain estimates of absolute concentrations rather than concentration changes,
an alternative single-wavelength approach has been introduced that is based on a
different rearrangement of Equation (10.23) (Maravall et al., 2000):

[Ca] = Kd
F/Fmax − 1/R f

1 − F/Fmax
. (10.27)

Here, the idea is that the ratio of actual fluorescence F to saturating fluorescence
Fmax directly reflects the [Ca2+]i level if the dynamic range R f is known. While
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382 Fritjof Helmchen

R f can be determined beforehand for a particular experimental setup, the maximal
fluorescence Fmax is best determined during or at the end of the experiment using
strong stimulation to induce a indicator-saturating Ca2+ load.

10.3.3 Fluorescence ratio

Some indicators exhibit wavelength shifts in either the excitation or emission
spectrum upon Ca2+ binding (Figure 10.4B and C). These spectral shifts can be
exploited for [Ca2+]i measurements because in this case the ratio R = F1/F2

of the fluorescence intensities measured in two different spectral windows (either
for excitation or for emission detection) is [Ca2+]i dependent. According to
Equation (10.22) the intensities F1 and F2 are given by

F1 = Sf1 [B] + Sb1 [CaB]

F2 = S f 2 [B] + Sb2 [CaB] . (10.28)

Using these two equations and the law of mass action one arrives at the standard
equation for ratiometric measurements (Grynkiewicz et al., 1985)

[Ca] = Kef f
R − Rmin

Rmax − R
(10.29)

where Rmin = (S f 1/S f 2) and Rmax = (Sb1/Sb2) denote the ratios at zero and
saturating [Ca2+]i level, respectively, and Kef f = Kd (S f 2/Sb2) is an effective
binding constant. This ratiometric approach normalizes for inhomogeneities of dye
concentration, optical path length, and illumination intensity. As in the case of
�F/F , background subtraction in each channel at the corresponding excitation or
emission wavelengths is essential before taking the ratio (Figure 10.5B). Notably,
the ratiometric method is not limited to indicators that show spectral shifts but can
also be extended to mixtures of non-ratiometric dyes that result in Ca2+-sensitive
fluorescence ratios (Lipp and Niggli, 1993; Oheim et al., 1998).

10.3.4 Fluorescence lifetime

Changes in fluorescence lifetime can also be used to quantify Ca2+-binding of
the indicator (Lakowicz et al., 1992). Following an excitation pulse the decay
in fluorescence intensity reflects the lifetime of the excited state of the dye
molecules (Figure 10.6A). Microscopy techniques that inherently use a pulsed
laser source for excitation such as two-photon laser scanning microscopy thus
may easily be adapted for lifetime measurements (Wilms et al., 2006). In the sim-
plest case, the fluorescence decay is described by a single exponential curve with
a fluorescence lifetime constant τL , which is typically in the nanosecond range.
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Figure 10.6 Other Ca2+-dependent fluorescence properties. A. Fluorescence life-
time. Some indicators show a Ca2+-dependent change in fluorescence lifetime,
which is here depicted as exponential decay following each brief excitation pulse.
Lifetime changes can be quantified for example by measuring the ratio of pho-
ton counts in two temporal windows (N1, N2) following each excitation pulse.
B. FRET changes. FRET indicators utilize the Ca2+-dependent change in FRET
efficiency between the donor (D) and the acceptor (A) protein domain. A dis-
tance decrease between donor and acceptor leads to a decrease in detected donor
fluorescence and an increase in acceptor fluorescence.

Several calcium indicators, including Fura-2, Fluo-3 and Oregon Green BAPTA-
1, respond to Ca2+ binding with either increases or decreases in fluorescence
lifetime.

Fluorescence lifetime changes can be measured using time-gated photon detec-
tion following a brief exciting laser pulse. The ratio of the numbers of photons N1

and N2, detected in two time windows following the excitation pulse, provides an
effective fluorescence lifetime τe f f = �t/ log(N1/N2) where �t is the width of
the windows (Figure 10.6A). Both the free and the Ca2+-bound form of the indica-
tor contribute to the effective fluorescence lifetime, which relates to [Ca2+]i via a
equation similar to the one derived for ratiometric measurements:

[Ca] = Kapp
τe f f − τmin

τmax − τe f f
. (10.30)

Here, τmin and τmax denote the lifetimes of the bound and free indicator forms,
respectively, and Kapp denotes an apparent dissociation constant. Alternatively,
lifetime changes can be inferred from time-correlated single-photon counting with
a pulsed laser source (Wilms et al., 2006) or from the phase shifts and ampli-
tude modulation generated by a modulated light source (Lakowicz et al., 1992).
Importantly, lifetimes are independent of dye concentration, optical path length,
and illumination intensity and thus avoid the problem associated with a calibration
based on absolute fluorescence intensities.
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10.3.5 FRET efficiency

For FRET-based calcium indicators it is straightforward to adopt a ratiometric
detection scheme (Figure 10.6B). Ca2+-binding to the linker molecule leads to a
conformational change of the entire protein such that the two interacting fluores-
cent proteins are brought closer together. As a result FRET efficiency increases,
i.e. more energy is transferred directly from the donor protein (or protein domain)
to the acceptor protein. Macroscopically this change is detectable as a reduc-
tion in donor fluorescence intensity and an increase in acceptor fluorescence. The
Ca2+-dependent FRET change can thus be quantified by taking the ratio R of the
intensities measured in two spectral windows that reflect donor and acceptor fluo-
rescence changes, respectively (Palmer and Tsien, 2006). Ratio changes can then
be expressed as percentage changes �R/R relative to the baseline ratio R0, sim-
ilar to the case of �F/F . It is also possible to use a pair of fluorescent proteins
with similar emission spectra and then read out changes in FRET efficiency via
fluorescence lifetime measurements (Harpur et al., 2001).

10.3.6 Calibration of calcium indicators

For some research questions it is sufficient to measure uncalibrated changes in flu-
orescence. For example, Ca2+ indicators are often employed as indirect markers
of cellular or dendritic electrical excitation, which typically induces rather stereo-
typed Ca2+ influx through the activation of voltage-gated calcium channels. We
will return to this type of measurement further below when we discuss how tem-
poral patterns of action potential firing can be reconstructed from calcium imaging
experiments. For this type of measurement the detection of events is the main goal
and the absolute value of [Ca2+]i is of secondary interest. It is nevertheless impor-
tant to choose a suitable indicator with an appropriate Kd value for reporting the
expected calcium transients. Even without thorough calibration, a rough estimate of
the absolute changes in [Ca2+]i can be obtained based on reasonable assumptions
of Kd , [Ca2+]rest and �F/Fmax .

Many other applications, however, do require an accurate calibration of the
measured fluorescence changes in terms of absolute free Ca2+ concentration. For
example, calibration is essential in experiments that aim to quantify the [Ca2+]i -
dependence of specific cellular processes such as exocytosis or synaptic plasticity.
The calibration procedure consists of determining the parameter sets in the above
equations, (Keff , Rmin , Rmax) or (Kd , �F/Fmax , [Ca2+]rest) or (Kd , R f , Fmax)

or (Kapp, τmin , τmax). For this purpose measurements with at least three calibration
solutions that contain different known [Ca2+]i levels are required. Note that calibra-
tion is specific to the experimental setup used and therefore cannot be transported
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10 Calcium imaging 385

to other setups. Calibration measurements can be performed either “in vitro” on
Ca2+-buffered solutions (e.g. in small capillaries or in droplets in oil on a cover
glass) or “in vivo,” i.e. in living cells. A mixture of in vitro and in vivo approaches
is also possible. Wherever possible, an in vivo calibration is preferable because
Ca2+-binding properties depend on solution properties such as its viscosity that
cannot be exactly mimicked in vitro. While it is rather easy to prepare solutions
that either contain no free calcium ions (through strong buffering) or saturating
levels of calcium, the calibration solution with an intermediate level of [Ca2+]i is
most critical. The problem is that the calibration solution itself is based on a Ca2+

buffer (e.g. EGTA or BAPTA) and thus requires assumptions about the Kd-value
of this reference buffer, which may also depend on ionic strength, pH, temperature
etc. (for further reference on calibration procedures see Groden et al., 1991; Tsien
and Pozzan, 1989; Neher, 2005; Palmer and Tsien, 2006; Helmchen, 2011).

Having learned about the functioning of fluorescent calcium indicators in this
section, we now return to the application of simplified models of calcium dynamics
to extract relevant information about neural dynamics on various spatiotemporal
scales.

10.4 Simplified models of calcium dynamics

10.4.1 Calcium microdomain model

For many cellular signaling processes the exact route of calcium entry is impor-
tant. The reason is that calcium-conducting channels are often strategically placed
so that the activation of Ca2+-binding proteins is locally restricted. Locally, [Ca2+]i

increases are much higher than the average (“bulk”) [Ca2+]i change that remains
after initial concentration gradients have equilibrated by diffusion. As a conse-
quence, the same calcium influx can exert multiple functions, activating low affinity
binding proteins with subcellular specificity on the one hand and regulating distinct
calcium-dependent processes with higher affinity in a more widespread fashion
(Neher and Sakaba, 2008). On the molecular scale, opening of calcium-permeable
ion channels causes a steep calcium concentration gradient in the immediate vicin-
ity of the channel pores, producing “microdomains” of high [Ca2+]i that develop
beneath the plasma membrane (Figure 10.7A). Microdomains extend over only
a few hundred nanometers with peak concentrations >100 μM (Neher, 1998b;
Berridge, 2006) making them difficult to investigate with calcium imaging tech-
niques (but see Llinas et al., 1992; DiGregorio et al., 1999). Calcium domains
develop and collapse rapidly within a few tens or hundreds of microseconds follow-
ing channel opening and closure, respectively (Roberts, 1994). At short distances
the steady-state profile as a function of the radial distance r is given by

https:/www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9780511979958.010
Downloaded from https:/www.cambridge.org/core. University of Liverpool Library, on 27 Jan 2017 at 13:15:30, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9780511979958.010
https:/www.cambridge.org/core


386 Fritjof Helmchen

A B

.......

20 nm

Calcium microdomains

C

Influx

Extrusion
rate γ

Buffering

S + Ca          SCa
B + Ca          BCa

S endogenous 
B exogenous 

[Ca]rest

Δ[Ca] τ  

AP

0.1 s

..... ....
.... .

.. . ... .. .. . .
..

1-dimensional diffusion

Single-compartment modelLeaky cable analogue D

Charge QCa

diffusion         inverse of axial resistance

Distance (μm)
0 5−5

t = 5 ms

t = 15 ms

t = 50 ms
t = 150 ms

X

buffering        capacitance

extrusion       membrane conductance

X

Figure 10.7 Various models of intracellular calcium dynamics. A. Calcium
microdomains form beneath the mouth of open Ca2+-permeable channel pores.
B. Ca2+ redistribution in cellular processes can be modeled as one-dimensional
buffered calcium diffusion. The traces show the temporal spread of Gaussian-
shaped calcium concentration profiles following a localized Ca2+ influx. C. If
Ca2+ extrusion mechanisms are included one obtains a leaky “chemical” cable
with the main parameters bearing analogies to a passive electrical cable. D. If dif-
fusion can be neglected the structure of interest can be considered a well-mixed
compartment. In this single-compartment model, a perturbation by a brief cal-
cium influx (e.g. during an action potential, AP) causes an exponentially shaped
elementary calcium transient.

� [Ca] (r) = iCa

4πF DCar
exp(−r/λD) (10.31)

where iCa is the Ca2+ current of a single channel and λD is the length constant
(Neher, 1986). How does the presence of Ca2+ buffers shape this spatial profile?
While immobile Ca2+ buffers have no influence on the steady-state spatial profile
of [Ca2+]i , because they bind and unbind Ca2+ locally at equal rates, mobile buffers
have a chance to capture calcium ions near the channel, carry them away and then
be replenished by free buffer molecules. Therefore they can effectively narrow the
[Ca2+]i profile near the channel mouth and thus restrict binding to nearby targets

https:/www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9780511979958.010
Downloaded from https:/www.cambridge.org/core. University of Liverpool Library, on 27 Jan 2017 at 13:15:30, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9780511979958.010
https:/www.cambridge.org/core


10 Calcium imaging 387

(Figure 10.7A). This effect depends critically on the speed with which mobile
buffer molecules capture calcium ions. Accordingly the length constant is given
by (Naraghi and Neher, 1997; Neher, 1998a)

λD = √DCa τD = √DCa/(kon [B]) (10.32)

where τD is the mean time until a calcium ion is captured by a buffer molecule and
kon and [B] refer to the association rate and concentration of a mobile buffer. Note
that on the molecular scale binding kinetics rather than equilibrium properties of
the buffer are important. As λD depends on the association rate, mobile buffers with
either slow (e.g. EGTA) or fast (e.g. BAPTA) kinetics are differentially effective
and therefore can be used to estimate the distance between intracellular targets and
calcium channels (Neher, 1998a).

10.4.2 Buffered calcium diffusion

On a next higher spatial level one aims to describe Ca2+ redistribution in cell
processes such as dendrites and axons. We consider the simple case of calcium
diffusion in the presence of Ca2+ buffers that are either immobile or mobile.
We consider only longitudinal diffusion along the axis of the process, assuming
relatively thin processes. Using

∂ [CaBi ]/∂ t = κB,i ∂ [Ca]/∂ t (10.33)

we can express the sum of the partial derivatives of [Ca] and all [CaBi ] according
to Equation (10.19) as

∂ [Ca]

∂t
+
∑

i

∂ [CaBi ]

∂t
=
(

1 +
∑

i

κB,i

)
∂ [Ca]

∂t

= DCa
∂2 [Ca]

∂x2
+
∑

i

DB,i
∂2 [CaBi ]

∂x2
. (10.34)

Our assumptions imply that κB is spatially uniform so that we can write

∂2 [CaBi ]

∂ x2
= ∂

∂x
κB,i

∂ [Ca]

∂ x
= κB,i

∂2 [Ca]

∂ x2
(10.35)

and further simplify Equation (10.34) to(
1 +

∑
i

κB,i

)
∂ [Ca]

∂t
= (DCa +

∑
i

κB,i DB,i )
∂2 [Ca]

∂x2
. (10.36)

Note that on the left hand side all Ca2+-binding molecules contribute, while on the
right hand side only mobile buffers (DB,i 
= 0) are relevant. The equation thus in
general reduces to a simple diffusion equation
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∂ [Ca]

∂t
= Dapp

∂2 [Ca]

∂x2
(10.37)

with an apparent diffusion coefficient of (Gabso et al., 1997; Irving et al., 1990;
Neher, 1998a):

Dapp =
DCa +∑

i
κB,i DB,i

(1 +∑
i
κB,i )

=
DCa +∑

j
κm, j Dm, j

(1 +∑
j
κm, j +∑

k
κ f,k)

. (10.38)

Here, we highlighted the distinct roles of mobile versus immobile buffers by
splitting the sums in mobile (m) and fixed ( f ) molecules. If only immobile Ca2+-
binding molecules are present, the apparent diffusion constant is reduced, i.e.
calcium diffusion is effectively slowed down. Intuitively this is clear, because fixed
buffers hold calcium ions in place and thus hinder their diffusional spread. If both
mobile and fixed buffers are present the situation is more complex and the out-
come depends critically on both the Ca2+-binding ratios and the mobility of the
Ca2+-binding molecules. For example, if the diffusion constant of a mobile buffer
is larger than the apparent diffusion coefficient in the presence of a fixed buffer
(DCa/(1 + κ f )), the addition of this mobile buffer even speeds up diffusional
exchange because Dapp = (DCa + κm Dm)/(1 + κ f + κm) is increased. The expla-
nation is that a highly mobile buffer captures the substance near the source and
facilitates diffusional spread by transporting it in “piggyback” fashion. In sum-
mary, intracellular buffers can both slow down and facilitate the diffusional spread
of a substance depending on their concentration, affinity and mobility. This leaves
room for speculation that the spatial extent of dendritic calcium compartments may
not be stationary but many be dynamically regulated depending on the expression
level of Ca2+-binding proteins.

For the one-dimensional case considered here the well-known solution for
Equation (10.37) is a spreading Gaussian shaped concentration profile (Gabso
et al., 1997)

Ca [x, t] = A0√
4π Dapp t

exp

(
−(x − x0)

2

4Dapp t

)
(10.39)

where A0 indicates the strength of the pulse-like injection at time zero and position
x0 (Figure 10.7B).

10.4.3 Cable-equation analog

Most cell compartments contain effective calcium extrusion mechanisms. This
is illustrated in Figure 10.7C showing a “leaky” membrane that will extrude
Ca2+ along the cell process. If we include a simple linear removal mechanism
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10 Calcium imaging 389

in Equation 10.34 – with both mobile and fixed buffers present – and rewrite
the equation for concentration changes from resting level (assuming spatial
homogeneity at rest), we obtain the linearized reaction-diffusion equation⎛⎝1 +

∑
i

κm,i +
∑

j

κ f, j

⎞⎠ ∂ � [Ca]

∂t

=
⎛⎝DCa +

∑
j

κm, j Dm, j

⎞⎠ ∂2� [Ca]

∂x2
− γ � [Ca] . (10.40)

This equation is equivalent to the cable equation used to describe electrotonic
spread along a cable, enabling a useful analogy between chemical and electri-
cal signaling (Kasai and Petersen, 1994; Zador and Koch, 1994). The diffusion
coefficient relates to the intracellular resistivity, the removal rate corresponds to
the membrane conductance, and buffers act similar to a capacitance (for more
details see Koch (1998)). In the idealized case of an infinite cylinder the chemi-
cal equivalents of space and time constants can be defined based on cable theory.
The chemical length constant or diffusion length is given by

λch = √Dappτch =

√√√√DCa +∑
i
κm,i Dm,i

γ
. (10.41)

with the time constant defined as

τch =
1 +∑

i
κm,i +∑

j
κ f, j

γ
. (10.42)

Thus, the diffusion length is relatively small for a large removal rate, which could
help to restrict spatially the effect of Ca2+ influx. Indeed, synaptic activation of
aspiny dendrites of neocortical interneurons has been reported to cause localized
calcium microdomains (<1 μm) along the dendrites, which were dependent on fast
Ca2+ influx through AMPA receptors and effective local extrusion mechanisms
(Goldberg et al., 2003). On a note aside, an analogous mathematical description
also holds for other intracellular signaling molecules, such as cAMP or IP3, which
however typically have longer diffusion lengths of tens of micrometers or more
(Allbritton et al., 1992; Kasai and Petersen, 1994).

10.4.4 Single-compartment model

The above simplifications are useful to describe the spatiotemporal redistribution
of Ca2+ in subcellular compartments and cell processes. Further simplification
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is possible if Ca2+ influx occurs rather homogeneously throughout a cell com-
partment and diffusional equilibration is faster than Ca2+ extrusion. In this case
diffusion can be neglected altogether (Figure 10.7D). Nearly homogeneous Ca2+

influx occurs, for example, when voltage-dependent Ca2+ channels are activated
during an action potential that spreads rapidly and with little attenuation throughout
the neuron. Diffusional equilibration in axonal and dendritic segments will occur
within milliseconds. Even in large cell bodies initial gradients typically disappear
relatively fast compared to extrusion (within less than 300 ms for a 40-μm diame-
ter neuron; Hernandez-Cruz et al., 1990). As a first approximation we can therefore
assume a stepwise homogenous increase in [Ca2+]i in the initial phase. Neglecting
the diffusion term in Equation (10.40) and adding repetitive Ca2+ influx during a
train of action potentials, we obtain(

1 +
∑

i

κB,i

)
d � [Ca]

dt
= QCa

2FV

∑
k

δ(t − tk)− γ � [Ca] , (10.43)

where QCa is the Ca2+ charge per action potential. This balancing equation sim-
ply states that the change in total calcium concentration (left hand side, assuming
constant [Ca2+]rest ) equals influx minus extrusion (right hand side):

d[Ca]T

dt
= d�[Ca]T

dt
= jin + jout . (10.44)

Because the variable�[Ca] now depends only on the time variable, we have written
Equation (10.44) as an ordinary differential equation. Assuming constant Ca2+-
binding ratios, the analytical solution of Equation (10.44) for a single Ca2+ influx
is a sharp rise of [Ca2+]i at time point t0 with amplitude

A = QCa/(2FV )

(1 +∑
i
κB,i )

(10.45)

followed by an exponential decay with time constant

τ =
(1 +∑

i
κB,i )

γ
. (10.46)

The general solution for a train of brief Ca2+ injections, for example as they occur
during a neural spike train, is given by

� [Ca] (t) =
∑

k

A exp

(
−(t − tk)

τ

)
θ(t − tk) (10.47)

where θ denotes the Heaviside step function. Notably, this result is equivalent to
the convolution of the impulse train with an impulse response function given by a
stepwise increase in amplitude A and an exponential decay with time constant τ .
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10 Calcium imaging 391

For practical applications, the single-compartment model often assumes two dis-
tinct pools of rapid Ca2+ buffers: one pool S that represents endogenous buffers and
another pool B that represents the exogenously added calcium indicator. Equa-
tions (10.45) and (10.46) can thus be rewritten as (Neher and Augustine, 1992;
Regehr et al., 1994; Helmchen et al., 1996)

A = QCa/(2FV )

(1 + κS + κB)
(10.48)

and

τ = (1 + κS + κB)

γ
. (10.49)

These equations are the simplest formulation of the competition for Ca2+ between
endogenous buffers and calcium indicator. Both A and τ depend on the Ca2+-
binding ratios but it is the relative amount of added buffering capacity (not its
absolute value) that determines how strongly the calcium transient shape will be
affected by the addition of indicator dye. Note also that the product Aτ which is
equal to the integral of the [Ca2+]i transient (the area “underneath” the exponen-
tial curve), does not depend on Ca2+ binding ratios. Figure 10.8A summarizes
how changes in Ca2+ influx, total Ca2+-binding ratio and extrusion rate affect
amplitude and decay time of an action potential evoked calcium transient (Saba-
tini and Regehr, 1995; Helmchen and Tank, 2011). While changes in influx or

Double Ca2+-binding ratioDouble influx Halve extrusion rateSingle calcium transient

[Ca]rest

τ τ
2τ

A

B

A

2 A
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[Ca]P

A /2
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2τ

τ

τ
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[Ca]P

2τ

2[Ca]P

2τ

Train of transients

Figure 10.8 Dependence of the shape of calcium transients on the main param-
eters of the single-compartment model. A. Effects of doubling calcium influx,
total Ca2+-binding ratio, and extrusion rate on the single action potential evoked
calcium transient. B. Effect of the same manipulations on the [Ca2+]i accumula-
tion during a train of action potentials at constant frequency. Note that the mean
plateau level of [Ca2+]i that is reached during steady state does not depend on the
Ca2+-binding ratio.
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extrusion rate specifically alter A and τ , respectively, both parameters depend on
the Ca2+-binding ratio.

Because action potential evoked calcium transients are relatively slow, with typi-
cal decay times of tens to hundreds of milliseconds and even longer for cell somata,
individual calcium transients summate during trains of action potentials. For rapid
bursts of action potentials, Ca2+ influx adds up so that the calcium transient ampli-
tude scales approximately with the number of spikes in a short burst. If spikes
occur at a lower but constant frequency we can derive an analytical expression for
the buildup of [Ca2+]i . Consider a train of stimuli starting at time t = 0 and with
a time interval of �t (frequency f = 1/�t). The [Ca2+]i level above resting level
immediately before the (n + 1)th stimulus is given by a geometric progression
(Regehr et al., 1994)

�[Ca](n�t) = A
n∑

i=1

exp(−(i�t)/τ) = A
1 − exp(−(n�t)/τ)

exp(�t/τ)− 1
. (10.50)

For stimulation frequencies f < 1/(2τ) there is little summation with individually
spaced calcium transients, at higher frequencies calcium transients summate and
[Ca2+]i exponentially reaches a steady state, fluctuating around a plateau level with
influx and extrusion balancing each other (Figure 10.8B). The rise time and decay
of the [Ca2+]i buildup in this case are governed by the time constant τ . A simple
calculation reveals that the mean plateau level P that is reached at steady state is
proportional to the spike frequency (Tank et al., 1995; Helmchen et al., 1996):

P = Aτ f ∝ f (10.51)

with the integral (Aτ ) as proportionality constant. The plateau level is there-
fore independent of Ca2+-binding ratios, which means that Ca2+ buffers affect
the transient dynamics of [Ca2+]i but not its steady-state level. The relationship
between mean [Ca2+]i level and the frequency of the underlying calcium influx
events also indicates that intracellular calcium concentration encodes spike rate on
this relatively slow time scale. Via this mechanism intracellular signaling path-
ways could be modulated in a spike rate dependent manner. We conclude that
the single-compartment model provides a useful framework for describing the
temporal pattern and the summation of elementary calcium transients.

10.4.5 Non-linear calcium dynamics

In the last sections we have introduced simplified models of intracellular calcium
dynamics that are suitable to describe fluorescence measurements under various
conditions. These models rely on linear approximations of the relevant processes
and often assume chemical equilibrium in addition. In this section we discuss
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10 Calcium imaging 393

several limitations of this approach, which are important to realize in order to
understand how calcium dynamics and fluorescence measurements are affected
when the assumption of linearity breaks down.

The first issue is that the approximation of constant Ca2+-binding ratios is only
valid for [Ca2+]i changes which are small compared to the dissociation constant
(Figure 10.2B). For larger changes and in particular when buffering molecules
start to saturate, Ca2+-binding ratios change substantially. At sufficiently high
[Ca2+]i levels the effective Ca2+-binding ratio decreases and as a consequence
�[Ca] induced by a certain amount of Ca2+ influx tends to become larger (Tank
et al., 1995). Because of the overall reduced Ca2+-binding ratio, decay times will
also tend to become shorter. Further complexity arises from cooperative Ca2+-
binding due to multiple binding sites on one protein. This is relevant not only for
the activation of certain intracellular enzymes, for example the Ca2+-calmodulin
complex (Ghosh and Greenberg, 1995), but also for the interpretation of flu-
orescence signals from GECIs, which typically have Hill coefficients different
from unity. Indeed, non-linear response properties have been reported for var-
ious GECIs at low [Ca2+]i levels, exhibiting either supralinear responses with
little sensitivity for single action potentials (Pologruto et al., 2004) or single-
spike sensitivity but rapid saturation with bursts of action potentials (Wallace
et al., 2008).

A second important issue is saturation of Ca2+ extrusion mechanisms, which
will lead to an opposite effect on decay time constant compared to buffer satu-
ration, that is a prolongation rather than shortening of decay times at very high
[Ca2+]i levels. In addition, pump saturation is expected to alter the linear fre-
quency dependence of the steady-state plateau level during long stimulus trains.
Since buffer and pump saturation in most situations are likely to occur in par-
allel, the net effect may be difficult to predict. Moreover, cells typically contain
a mixture of different Ca2+ extrusion mechanisms with distinct affinities (e.g.
plasma membrane Ca2+-ATPase, Na+-Ca2+-exchanger, and ATPases in intracel-
lular organelles), which eventually makes detailed modeling of such a complex
Ca2+ removal system necessary.

Another assumption in the above models (except for the calcium microdomain
model) is that at any location within the cytosol, chemical equilibration is reached
virtually instantaneously. However, the kinetics of Ca2+-binding is not infinitely
fast and thus cannot always be neglected, especially not when Ca2+-binding pro-
teins with very different on-rates are mixed together. For example, the addition of
slow Ca2+-binding molecules such as EGTA was found to have little effect on the
amplitude of action potential evoked calcium transients but a marked acceleration
of the initial decay (Atluri and Regehr, 1996; Markram et al., 1998). In contrast,
addition of BAPTA at similar concentrations reduced amplitudes and prolonged
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decay times as expected from the extra Ca2+-binding ratio. The differential effect
of EGTA and BAPTA can only be explained by their different Ca2+-binding rates.
Initially, calcium ions escape binding to EGTA because of its slow on-rate. Only
in a second phase do calcium ions shift to EGTA molecules until these eventu-
ally have received their equilibrium share. As a result, calcium transients measured
with calcium indicators, which typically belong to the pool of fast buffers, show a
multi-exponential decay time course. The initial decay is governed by slow Ca2+

binding to EGTA acting as an additional sink, yielding an approximate fast time
constant (Atluri and Regehr, 1996)

τ f ast =
(1 +∑

i
κi )

γ + kon
EGT A[EGTA] . (10.52)

Here, the sum runs over all rapid buffers. The slow second decay phase is described
by the equilibrium expression, now including the Ca2+-binding ratio of EGTA:

τslow =
(1 + κEGT A +∑

i
κi )

γ
. (10.53)

This example illustrates how important kinetic effects can be, especially when mul-
tiple molecules with different binding kinetics (and possibly differential strategic
localizations) are present (Markram et al., 1998). Proteins with slow binding kinet-
ics may be bypassed altogether in the case of brief and localized Ca2+ influx while
they can still be activated significantly during long, sustained influx. Hence, the
exact spatiotemporal pattern of Ca2+ binding (and thus the pattern of target activa-
tion) can be a complicated function of the properties of all Ca2+ binding partners,
which in the end needs to be explored in numerical simulations.

In summary, this section has shown that starting from a full description of intra-
cellular calcium dynamics, certain aspects of the dynamics can be emphasized and
molded in simplified models depending on the specific scientific questions of inter-
est. Similarly, the application of calcium indicators can be tuned to uncover various
aspects of neural function as will be shown in the next section.

10.5 Application modes

Calcium indicators are applied in various ways and for many purposes. In this
section we discuss a few principal modes of application, which use the insights
from the above theoretical considerations. One common topic is that, having real-
ized that calcium indicators inevitably affect intracellular calcium dynamics, we
can use these perturbations to our advantage for a systematic and quantitative
characterization of certain aspects of calcium dynamics.

https:/www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9780511979958.010
Downloaded from https:/www.cambridge.org/core. University of Liverpool Library, on 27 Jan 2017 at 13:15:30, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1017/CBO9780511979958.010
https:/www.cambridge.org/core


10 Calcium imaging 395

10.5.1 How to estimate unperturbed calcium dynamics

Because of the interference of calcium indicators with intracellular calcium
handling it is not a trivial task to determine the unperturbed temporal dynamics of
[Ca2+]i as it occurs under physiological conditions. The concentration of indicator
cannot be lowered infinitely in order to minimize perturbation effects because the
signal to noise ratio of the fluorescence measurement will become too low. More-
over, there is no general rule on which absolute dye concentration is sufficiently
low because the amount of perturbation also depends on cell properties, in partic-
ular the endogenous Ca2+-binding ratio. A simple method to test whether addition
of indicator severely affects the [Ca2+]i measurements is to perform measurements
at twice the concentration. If amplitudes and decay time constant change little, this
would show that the indicator is interfering little at the original concentration. In
extension of this approach, a systematic variation of the indicator concentration can
be performed, from which unperturbed amplitude and decay time constants can be
determined via extrapolation to zero indicator concentration (Figure 10.9). Such an
approach is particularly helpful when investigating reproducible, stimulus evoked
calcium influx such as during an action potential (Neher and Augustine, 1992;
Helmchen et al., 1996, Helmchen et al., 1997). As an alternative, one can compare
several indicators with very different Ca2+-binding affinities under comparable
conditions. At the same concentration, a low affinity indicator (e.g. MagFura-2)
adds much less Ca2+-binding ratio to the cell than its high affinity analog and
therefore perturbs the cytosolic calcium dynamics much less. On the other hand,
even though the fluorescence yield might be large, the evoked fluorescence changes
will tend to be very small (<1%) so that averaging of many trials may be necessary
to resolve small calcium transients clearly (Helmchen et al., 1997).

10.5.2 How to estimate the endogenous calcium binding ratio

The systematic variation of calcium indicator concentration also enables the esti-
mate of the endogenous Ca2+-binding ratio κS and the clearance rate γ. For this
purpose we assume the single-compartment model and plot the decay time con-
stant of stereotype calcium transient as a function of exogenous Ca2+-binding ratio
κB (Figure 10.9A). According to Equation (10.49) this relationship is described by
a linear function

τ = a1 κB + a0 (10.54)

with

a1 = 1/γ

a0 = (1 + κS)/γ. (10.55)
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Figure 10.9 Estimate of unperturbed calcium dynamics and endogenous Ca2+-
binding ratio by systematically varying the indicator concentration. A. Fitting
a linear relationship to a plot of decay time constant versus exogenous Ca2+-
binding ratio κB reveals the unperturbed time constant and the endogenous
Ca2+-binding ratio κS from the y- and x-axis interception, respectively. B. Sim-
ilarly, a plot of the inverse of the calcium transient amplitude A versus κB
reveals the unperturbed amplitude and κS from the y- and x-axis interception,
respectively.

Thus, the inverse of the measured slope (a1) provides an estimate of the clearance
rate and the negative x-axis intercept (−a0/ a1) provides an estimate of the endoge-
nous buffer capacity κS (Neher and Augustine, 1992; Helmchen et al., 1996). Sim-
ilarly, the unperturbed amplitude of the calcium transient can be estimated from a
plot of the inverse of the amplitude A−1 versus κB by extrapolation (Figure 10.9B).

In practice, mainly two methods have been employed to vary the calcium indi-
cator concentration systematically. First, whole-cell patch clamp recordings can be
obtained with pipette solutions containing known indicator concentrations (alterna-
tively, injections through intracellular sharp microelectrodes can be used but then
concentrations have to be inferred indirectly from the fluorescence intensity val-
ues after loading (Tank et al., 1995)). With sufficiently low access resistance and
after some waiting period one can assume diffusional equilibration between the
pipette and the cell compartment. The plots in Figure 10.9 can then be built up
from measurements on many cells with different indicator concentrations (Neher
and Augustine, 1992; Helmchen et al., 1996; Maravall et al., 2000; Sabatini
et al., 2002). A second more efficient method is to monitor the effect of adding
calcium indicator during the dye loading process in individual experiments (Neher
and Augustine, 1992; Helmchen et al., 1996; Sabatini et al., 2002). This approach
avoids cell-to-cell variability. The actual indicator concentrations at the various
measurement time points are back-calculated from the final fluorescence inten-
sity of the cell, which is presumed to reflect complete loading with a concentration
equal to the pipette concentration. With this approach κS can thus be estimated from
single experiments. The endogenous Ca2+-binding ratio κS has been determined for
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10 Calcium imaging 397

a variety of cell types and subcellular compartments and typically yielded values
between 50 and 1000 (for a summary see Helmchen and Tank, 2011).

10.5.3 How to quantify total calcium fluxes

An estimation of unperturbed calcium dynamics is important for revealing [Ca2+]i

changes under physiological conditions. A different goal that requires a differ-
ent approach is to quantify the total Ca2+ flux (Schneggenburger et al., 1993;
Neher, 1995). For this purpose one can load excess amounts of calcium indica-
tor into the cellular compartment, so that the indicator molecules outcompete any
other endogenous Ca2+ buffers and capture virtually all calcium ions. As a result
the change in absolute fluorescence intensity under these “overload” conditions
directly reflects the total calcium charge that has entered the cytosol. In a sense the
situation is analogous to the different modes of electrical recording (Neher, 1995):
while the “minimal indicator concentration” approach corresponds to “voltage
recording” (or “current clamp” mode), with the aim of minimally perturbing the
observable (membrane potential and [Ca2+]i , respectively), “indicator overload”
corresponds to “voltage clamp” mode, where one variable is forced artificially to a
constant value in order to gain valuable information about another variable. In the
case of dye overload, [Ca2+]i is effectively clamped to a low concentration while
any extra Ca2+ influx is reported through a fluorescence change.

Mathematically we can treat the indicator overload situation as follows. From
Equations (10.12) and (10.22) we see that under these conditions the evoked fluo-
rescence change is directly proportional to the total calcium charge QCa that has
entered the cell

�F = (Sb − S f )� [CaB] ∼= (Sb − S f )� [Ca]T = (Sb − S f )

2FV
QCa. (10.56)

The proportionality constant often is defined as fmax (Schneggenburger
et al., 1993)

�F = fmax QCa. (10.57)

If fmax is known one thus has a direct readout of the integral of the Ca2+ influx that
has occurred during a certain time period. In order to use this equation the exper-
imental setup needs to be calibrated, however, by measuring fluorescence changes
that are induced by known calcium fluxes. This can be achieved, for example,
by simultaneous electrical recordings of pure calcium currents (Schneggenburger
et al., 1993; Helmchen et al., 1997). It should be noted, however, that �F is mea-
sured at one wavelength (non-ratiometric) and that Sb and S f depend on features of
the imaging setup, in particular on the illumination power, which may change over
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time due to lamp aging. Therefore, regular measurements on some fluorescence
standard (e.g. fluorescent beads) should be used to normalize for changes in illu-
mination power over the course of experiments. The overload method has been
applied for instance to quantify fractional Ca2+ currents through ligand-gated
ion channels (Schneggenburger et al., 1993; Garaschuk et al., 1996; Bollmann
et al., 1998) and the total calcium influx during an action potential (Helmchen
et al., 1997; Bollmann et al., 1998).

10.5.4 How to characterize calcium-dependent processes

Ca2+-dependent intracellular signaling pathways underlie many fundamental cell
functions. To understand fully the molecular mechanisms involved we need to char-
acterize the Ca2+ sensitivity of the relevant Ca2+-sensing proteins in the living
cell. For cellular processes, which essentially “see” the average “global” [Ca2+]i

changes, such as for example short-term facilitation or the recruitment of synap-
tic vesicle pools (Neher and Sakaba, 2008), the required measurements can be
made with a well-calibrated calcium imaging setup and do not require particu-
larly high spatial resolution. However, many other processes sense the local rather
than global [Ca2+]i changes and it is therefore difficult if not impossible to apply
calcium imaging techniques for quantitative measurements on this scale. Calcium
sensors are often anchored to protein complexes and placed strategically in the
vicinity of calcium sources. For example, neurotransmitter release is triggered by
localized calcium influx through voltage-gated calcium channels positioned very
close to the presynaptic protein complexes triggering vesicle fusion with the mem-
brane (Neher and Sakaba, 2008). Precise optical measurements of the absolute
changes in Ca2+ concentration reached within calcium microdomains are beyond
what optical imaging technology currently can achieve. Perhaps novel nanoresolu-
tion light microscopy techniques (Hell, 2007) in the future will enable functional
calcium measurements with a spatial resolution below 100 nm, but even then the
effective Ca2+ concentration at the proteins of interest will be hard to determine.
Analysis of local [Ca2+]i values is further hindered by the complicated effects that
the indicator molecules have on intracellular calcium dynamics on this molecular
scale.

A method to circumvent these problems is flash photolysis of caged calcium
compounds (Neher and Zucker, 1993). In this approach, a brief flash of light causes
release of Ca2+ from the caged compound by rapidly changing its affinity for
Ca2+-binding. The goal is to increase the average cytosolic Ca2+ concentration
uniformly in a step-like fashion and to quantify the absolute [Ca2+]i level reached
using a simultaneous measurement with a fluorescent calcium indicator. At the
same time the resulting action of Ca2+-binding (e.g. induction of a postsynaptic
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10 Calcium imaging 399

current) is read out and quantified. Because flash photolysis leads to a spatially
homogenous elevation of [Ca2+]i it circumvents the problem of highly localized
calcium domains. More details on the principles and application of the calcium
uncaging technique, in particular its use for quantifying the calcium dependence
of neurotransmitter release at central synapses, can be found in recent reviews
(Schneggenburger and Neher, 2005; Neher and Sakaba, 2008).

10.5.5 How to reconstruct neural spike trains

The prospect of optical measurement of the spiking activity in large neuronal
networks has fascinated researchers for many years. While membrane potential
imaging using voltage-sensitive dyes still suffers from low signal to noise ratios
and difficulties in achieving single-trial measurements in intact tissue, calcium
imaging offers a promising alternative by providing an indirect measure of action
potential firing. For a given cell type, each action potential elicits a stereotype Ca2+

influx in the soma (and dendrites), which induces an elementary calcium transient.
We neglect here subtle frequency-dependent changes in Ca2+ influx and we also
neglect potential other sources of calcium, for example, release from intracellular
stores. The total amount of Ca2+ influx depends on action potential shape as well as
on the density of voltage-gated calcium channels and therefore may vary between
different cell types. The duration of the evoked calcium transients is typically much
longer than the Ca2+ influx itself, with the activity of extrusion mechanisms and the
total Ca2+-binding ratio as main determinants of the decay time course. The main
issue is that for specific experimental conditions each cell type displays a char-
acteristic “impulse response,” given by the single action potential evoked calcium
transient C1(t). For a train of n action potentials the time course of the result-
ing [Ca2+]i change Cn(t) is a filtered version of the action potential train An or –
mathematically more precise – it is the convolution of the spike train An with the
impulse response C1(t) (Figure 10.10)

Cn(t) = C1(t) ∗ An(t). (10.58)

For an action potential train with spike times tk (k = 1, . . . , n) and assuming a
single-exponentially decaying elementary calcium transient, this equation is equiv-
alent to the expression that was given in Equation (10.47). Note that in general more
complex elementary calcium transients with several decay components or a slow
onset (filtered for example by dye kinetics or by the time it takes Ca2+ to equilibrate
by diffusion throughout a large cell compartment) may need to be assumed.

In practice, fluorescence measurements using fluorescent calcium indicators are
always confounded by experimental noise (Figure 10.10). In more general terms
we thus have to write
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Figure 10.10 Reconstruction of neuronal spike trains from calcium indicator flu-
orescence measurements. Assuming a strict relationship between action potentials
and evoked calcium influx, the fluorescence time course reflects the convolution
of the spike train with the single action potential evoked calcium transient as
“impulse response”. Depending on the level of experimental noise, various meth-
ods can be used to reconstruct more-or-less accurately the spike train or the time
course of instantaneous spike rate. Note a missed spike and the occurrence of a
false-positive spike in the schematic example shown here.

Cn(t) = C1(t) ∗ An(t)+ N (t). (10.59)

The noise term N (t) may originate from various sources, including detector noise
and photon shot noise. In order to reveal the dynamic pattern of action potential
firing in an entire neuronal population, we face the challenge of reconstructing
(or “deconvolving”) the action potential train in each cell and of finding the best
estimate for the spike pattern underlying the observed noisy fluorescence traces.
The temporal precision of such a reconstruction is clearly limited by the acquisi-
tion rate of the imaging system and in most cases is far from reaching millisecond
accuracy. For many purposes it may be sufficient, however, to reconstruct the tem-
poral dynamics as instantaneous spike rate, which is a smooth function “blurred”
over a certain temporal window.

Several algorithms have been proposed for the reconstruction of action potential
patterns from fluorescence traces (see for example Smetters et al., 1999; Ramdya
et al., 2006; Yaksi and Friedrich, 2006; Kerr et al., 2007; Moreaux and Lau-
rent, 2007; Holekamp et al., 2008; Greenberg et al., 2008; Sasaki et al., 2008;
Vogelstein et al., 2009, 2010; Grewe et al., 2010). Here we only introduce a
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10 Calcium imaging 401

basic approach using the Wiener filter as deconvolution filter (Press et al., 1988).
The task is to find an optimal solution for An(t) given the noisy Cn(t). Rewrit-
ing Equation (10.59) in Fourier space transforms the convolution operation into a
multiplication and yields

Ĉn(ω) = Ĉ1(ω) · Ân(ω)+ N̂ (ω). (10.60)

In the presence of “white noise” the optimal filter for retrieving An(ω) in the
Fourier domain is (Press et al., 1988)

Ân(ω) = Ĥ(ω) Ĉn(ω) (10.61)

where H(ω) is the Wiener filter given by

Ĥ(ω) = Ĉ1(ω)∣∣∣Ĉ1(ω)

∣∣∣2 +
∣∣∣N̂ (ω)∣∣∣2 = Ĉ1(ω)∣∣∣Ĉ1(ω)

∣∣∣2 (1 + α(ω))

(10.62)

with α = |N (ω)|2/|C1(ω)|2. Inverse fourier transformation of An(ω) then yields
an estimate for the original spike train An(t). N (ω) may be estimated from the
noise spectrum in the absence of neural activity and C1(ω) from the assumed
model of elementary calcium transient. Alternatively the parameter α can be fine
tuned empirically. Special pre-processing steps, including non-linear filters (Yaksi
and Friedrich, 2006), may further increase the accuracy of the reconstruction. The
Wiener filter is clearly not the best solution to this problem and can be outper-
formed by more sophisticated model-based approaches (Greenberg et al., 2008;
Vogelstein et al., 2009, 2010), which in principle can also deal with non-linear
effects such as dye saturation. With new methods for high-speed two-photon cal-
cium imaging (Rochefort et al., 2009; Grewe et al., 2010; Rothschild et al., 2010;
Cheng et al., 2011) there are also new options for spike train reconstruction with
improved temporal precision. For example, using a novel “peeling” algorithm
that reconstructs complex spike trains based on iterative subtraction of a template
calcium transient waveform, neural spike times could be determined with near-
millisecond precision (Grewe et al., 2010). An important caveat is that a one-to-one
relationship between action potential firing and somatic calcium transient does not
hold for all cell types; for example somatic calcium transients have been reported
in granule cells of olfactory bulb upon subthreshold activation (Egger, 2007; Lin
et al., 2007). For several reasons it is thus important to verify the performance
and validity of a reconstruction algorithm using simultaneous electrical and opti-
cal recordings, also allowing the quantification of success rate and rate of false
positives/negatives (Kerr et al., 2005; Sasaki et al., 2008; Grewe et al., 2010).
Further progress in calcium indicator performance and imaging techniques in the
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near future is likely to drive optimization of the methods for optical reconstruc-
tion of neural spike trains from calcium imaging data, especially under in vivo
conditions.

10.6 Comparison with other techniques

With the large toolbox of fluorescent calcium indicator now at hand and with the
continual progress of in vivo labeling techniques, calcium imaging currently is the
prevailing optical technique for studying the function of cell compartments, indi-
vidual cells, and populations of cells. As a fluorescence technique that is easily
implemented in high-resolution microscopes, calcium imaging has the key advan-
tage of providing cellular and subcellular resolution. It thus complements other
non-optical techniques, such as extracellular recordings, and optical techniques for
functional imaging that lack cellular resolution, such as fMRI or intrinsic optical
signal imaging.

Calcium imaging can provide quantitative data about the fundamental role of
Ca2+ in various physiological processes and in different cell types. In neural
tissue calcium imaging is a versatile tool for dissecting principles of neural exci-
tation from the synaptic to the neural network level. As an imaging technique,
calcium measurements are complementary to electrophysiological recordings in
several ways. Imaging data can be obtained simultaneously from many recording
sites, revealing spatiotemporal dynamics, and even very thin dendritic processes
and synaptic structures can be investigated that are hardly accessible to recording
pipettes. On the other hand the temporal resolution of calcium imaging typically
is traded off against the spatial extent of sampling and in most applications is
poor compared to electrophysiological recordings. Different from voltage-sensitive
dye signals, calcium indicator signals are indirectly related to membrane potential
changes. However, because action potential induced Ca2+ influx appears to be a
quite universal neuronal feature and because VSD imaging still suffers from low
signal to noise ratios, in vivo calcium imaging from neuronal populations is cur-
rently the most promising approach for investigating network dynamics in local
neuronal microcircuits.

Another advantage of calcium imaging is that it can probe activity patterns not
only in neurons but additionally in glial cells that also show [Ca2+]i changes upon
their activation. For example, astrocytes in the neocortex (Hirase et al., 2004; Nim-
merjahn et al., 2004; Wang et al., 2006) as well as Bergmann glia in the cerebellum
(Hoogland et al., 2009; Nimmerjahn et al., 2009) display spontaneous as well as
sensory- or behavior-related calcium signals. The ability to monitor activation pat-
terns simultaneously in the intermingled local networks of neurons and glial cells
opens particularly interesting opportunities to study neuro–glial interactions.
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I like to emphasize that many of the principles of indicator fluorescence
measurements that were treated in this chapter are generally applicable and might
be equally well used for interpreting fluorescence measurements with other small-
molecule ion indicators or genetically encoded sensors (e.g. for Na+, Cl−, cAMP,
etc.).

10.7 Future perspectives

Several aspects of calcium indicator measurements and their interpretation are
likely to gain more interest in the near future. First, more information is needed
about the differences in calcium dynamics in the various cell types, for example, the
many subtypes of GABAergic neurons found in the cortical microcircuits. This will
be important in order to achieve a comprehensive reconstruction of activity pat-
terns in local populations taking all their diversity into account. Second, non-linear
features of calcium indicators, such as saturation, will increasingly be considered
to understand the relationship between electrical excitation, calcium concentration
changes, and fluorescence signals more completely. This is particularly true for
newest generation GECIs, for which the binding curves, conformational changes,
and interactions with other proteins can be complex. Third, consideration of kinetic
properties of calcium indicators will become essential not only when analyzing cal-
cium dynamics on the very fine spatial scale, in synaptic and dendritic structures,
but also when starting to model the multiple parallel effects of calcium influx on the
cytosolic protein networks. Finally, the combination of electrical recordings – be it
juxtacellular or multi-electrode extracellular recordings – will remain a key tech-
nique for verifying the interpretation of calcium measurements in terms of neuronal
spiking.

The principles of calcium imaging are rather independent of the microscope
setup but the interpretation of measured calcium dynamics clearly depends on
specific parameters of the imaging procedure such as sampling frequency, spatial
resolution, and sensitivity. Implementations of calcium imaging may crucially
depend on the specific imaging technology, which is obvious in the case of two-
photon calcium imaging because it is the only method that allows cellular imaging
several hundred micrometers deep inside neural tissue (Helmchen and Denk, 2005;
Kerr and Denk, 2008). Therefore, further advances in microscopy and labeling
techniques may open entire new fields of application for calcium imaging. One
promising direction is the development of three-dimensional laser scanning tech-
nologies, which enable comprehensive volumetric measurements from local cell
populations and thus new insights into the fundamentals of neural network dynam-
ics (Göbel and Helmchen, 2007b; Göbel et al., 2007). The same holds true for
imaging at higher speed, which is essential to capture rapid signal flow through
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neural networks (Grewe et al., 2010). Moreover, the ongoing improvement and
further development of GECIs (Mank et al., 2008; Wallace et al., 2008, Lütcke
et al., 2010) and their great potential for combination with other methods such
as viral tracing techniques (Granstedt et al., 2009), can be foreseen to revolution-
ize the analysis of neural circuits in the neurosciences. Soon it will be possible
to monitor neural network activity repeatedly over days to weeks from the same
cell population, which will open tremendous opportunities to study the formation,
plasticity, and reconfiguration of neural circuits.

After forty years of calcium imaging we are still experiencing only the begin-
ning of the use of this powerful method for the study of cellular function. Most of
the principles of fluorescence measurements that were covered in this chapter will
remain valid so that we hope that young researchers have gained a solid foundation
for exploring new research fields.
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