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Calcium imaging of cortical networks dynamics
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Abstract

Studies relating spontaneous network activities to cognitive processes and/or brain disorders constitute a recently expanding field of
investigation. They are mostly based either on cellular recordings—usually performed in pharmacologically induced oscillations in brain
slices—or on multi-cellular recordings using tetrodes or multiple electrodes.

However, these research strategies cannot link the electrical recordings with morphological characterization of the neurons. The progress
made in imaging techniques allows for the first time to have simultaneously a dynamic and global characterization of network activity and to
determine the single-cell properties of the unitary microcircuits involved in this activity.
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The cortex can play many songs: different brain states
re represented by specific activity patterns of its neuronal
etworks. These patterns not only encode the response to a
iven sensory stimulus, different cortical functions, or be-
aviors but also can be associated to neural development or
articular pathologies. A fundamental question, is therefore,

o understand the nature of such network dynamics. Neu-
onal network activities exhibit complex but apparently pre-
ise spatio-temporal patterns. Hence it is well known that
etwork activities embrace different temporal melodies, they
an be oscillatory as reported during environment exploration
r sleep[1–3], involve hypersynchrony as occurring during
pileptiform events[4] or local synchrony for example during

he performance of working memory tasks[5]. They might
ven be associated to the precise firing sequence of a given
hain of neurons[6]. The activity of a network is determined
oth by its structure and by the properties of synaptic trans-
ission between the neurons that compose it.
Understanding the nature of network activities implies

eing able to localize and characterize local generators, to
redict the start of a particular brain state, the sequences of
ctivation of various brain regions, of different cell types or

event that ends them. Eventually, this converges to
determination of the intrinsic and/or synaptic mechani
responsible for different types of network activity. It
therefore, essential to characterize the morpho-funct
structure of physiological/pathological activity patterns
identify the individual cells and proteins generating them
animal models.

The high heterogeneity of cortical neurons challenge
understanding of the cellular basis of network events
it most likely reflects a division of labor inside a popu
tion serving multiple functions. For example, GABAer
interneurons have been shown to control the generati
major forms of network activities but this population is
tremely heterogeneous morphologically, physiologically
neurochemically[7]. Network activities are, therefore, son
performed by a chorus composed of different voice to
male and female singers.

Initial studies on the organizational structure of neuro
circuits were based primarily on anatomical observati
At the beginning of the last century, the pioneering wor
Raḿon and Cajal[8] described the architecture of the cor
and its organization in layers containing cells with differ
recise functional membrane domains and to identify the
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morphologies. This anatomical work crystalized in the
description by Lorente de Ńo of more than 150 classes of
neocortical neurons (Lorente, 1922) and was certainly the
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root for future functional network studies, like a snapshot of
the singing chorus. However, to study the role of different
populations of neurons in generating network activity, we
need to have both a dynamic and global vision of the network
but also assess the unitary properties of its key components.
To achieve this goal, one needs to access simultaneously
three levels of observation: thenetwork, the cellular and
molecularlevels. Ideally, the type of information that should
be measured is the real time voltage fluctuations occurring
in the different somato-dendritic domains for identified cell
types. This can be achieved at the cellular level using for
example single-cell patch-clamp recordings coupled to post
hoc morphological identification. To record from different
cells in a microcircuit, multiple patch-clamp recordings can
be performed simultaneously, but the number of cells thus
recorded is limited. Still, the measurement of the synaptic
influx impinging onto a cell provides significant information
of the network activity since it is by itself the post-synaptic
imprint of the events occurring in the circuit the cell is
embedded into. For example, the timing of the occurrence
of synchronous network events and the description of their
synaptic mechanisms can be performed using patch-clamp
recordings. Hence, this approach enabled to study the mecha-
nisms leading to the generation of a major type of oscillatory
activity, giant depolarizing potentials, that is the fingerprint of
maturating networks[9]. Similarly, the first evidence for syn-
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iological techniques have an ideal temporal resolution but a
single pixel of spatial resolution.

Optical imaging methods offer the possibility of simulta-
neous measurements from many locations. This is especially
important in the study of nervous systems in which many
parts of cells or cells or regions are simultaneously active.
In addition, optical recording offers the possibility of record-
ing from processes that are too small or fragile for electrode
recording.

Optical recordings from neuronal populations enable the
simultaneous recording from many neurons in a relatively
non-invasive approach. In principle, when using appropri-
ate imaging hardware and probes, the temporal resolution of
optical recordings is limited by the time-course of the event
being monitored while spatial resolution is limited by the size
of the signal and the wavelength of the light used. The use of
optical methods for detecting neuronal activity started with
the monitoring of intrinsic signals, which is based on small
changes in light reflectance of neuronal tissue after its activa-
tion due to the fact that neuronal activation produces intrinsic
optical signals consisting of light scattering and birefringence
or hemodynamic changes. Intrinsic imaging is the most ba-
sic type of optical imaging. It relies only on indirect assays
of neuronal activity and suffers the disadvantage of a low
signal-to noise ratio that does not allow single-cell resolu-
tion. Another approach is the use of fast voltage-sensitive
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re chains in cortical slices was obtained by large-scale
utational analysis of single-cell voltage-clamp record

6].
However, every circuit in the brain is composed
myriad of functional microcircuits that are at work
ultiple temporal and spatial scales. Recording fro

ingle cell is similar to recording from a single voice
chorus: it might sing with the others, only with voic

f similar tone, or even alone. To characterize fully
ynamics of a network, larger scale recordings that des

he temporal relation between different assemblies
o be performed. Several methods are now availab
ecord the song played by the chorus without the ab
f distinguishing between the different singers. Functi
agnetic resonance imaging, positron emission tomogr

eld potential analysis, localized multi-site extracellu
ecording techniques, voltage-sensitive dyes imaging ar
rincipal instruments used to study the intact brain[10].

This review describes our approach to the study of c
ar networks. We combine large-scale calcium imaging
ingle-cell electrophysiological recordings with online
istical analysis to reconstruct the spatio-temporal struc
f network activity.

. Calcium as a reporter of action potentials

Electrophysiological and other mapping techniques
rovided important insights into the function of neural
uits and neural populations in many systems. Electrop
yes. These dyes theoretically represent the ideal indi
ince they should translate membrane potential into a
ical signal. Thus, by exciting the dye molecule with li
nergy of a particular wavelength, the voltage of the cel
e determined by monitoring the emitted fluorescence o
orption. Although this temporal resolution is a signific
mprovement over intrinsic imaging (fast response time
ew microseconds), this approach still presents serious li
ions, mostly due to the unspecific binding of these lipop
yes to all membranes. For example, the signal to noise

s very low since the fluorescence varies at best by 25%
00 mV change in membrane potential. In extremely o
ized conditions of use for these dyes, 50% change/mV
een reported[11]. The most critical limitation is probab

hat the majority of the information thus acquired is sig
rom dendrites and axon terminals whereas the inform
deally sought after is the depolarization resulting from ac
otentials.

An alternative optical approach is to use calcium ind
ors to monitor neuronal activity[12]. An action potential i
haracterized by the rapid change of the neuron mem
o a strongly positive membrane potential value. Thus
epolarization produced by an action potential triggers
pening of calcium channels and hence an influx of calc

nto the cell body of the active cell. In contrast to sodium
otassium the intracellular calcium concentration is

ow and can be thus significantly affected by the calc
nflux during an action potential. Furthermore, the s
alcium influx in the soma is a discrete variable tha
monotonic function of the number of action potent
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Fig. 1. Correspondence between action potentials and somatic calcium tran-
sients. Electrical signals are whole cell current clamp recordings from a layer
V pyramidal cell in a slice of mouse V1 (P17) loaded with a membrane
permeable calcium indicator (Fura2-AM). The recording pipette included
30�M of fura pentapotassium salt. Action potentials were triggered by in-
jection of depolarising current pulses. Optical signals are the simultaneously
imaged somatic calcium transients in the same imaging conditions as used
to image the entire field of view (i.e. 20×, 0.95 NA objective, 512× 512
resolution,∼1 frame/s). Note the very different timescales used to represent
optical signals as compared to electrical signals.

occurring in the cell[13–15]. It is, therefore, possible to
detect whether a neuron fired an action potential or several by
monitoring its somatic intracellular calcium concentration
(Fig. 1). This calcium influx has onset dynamics typically
of about hundreds of milliseconds, and offset dynamics as
long as several seconds. It is, therefore, much slower than
the high-concentration localized transients produced at the
presynaptic terminals near open calcium channels during
neurotransmitter release (millisecond time scale). Indeed,
calcium accumulations in somata rise in tens of milliseconds
and decay monoexponentially in about 1–5 s[15]. Such slow
kinetics is a limitation to the detection of high firing rates,
although, on the rising phase of the calcium signal, activities
reaching 20 Hz can be discriminated[15]. Another limitation
to this method could be that other sources than action
potential activity can produce a rise in the somatic calcium
concentration: (i) calcium spikes, (ii) calcium induced-
calcium release from intracellular stores, (iii) subthreshold
synaptic events, and (iv) glial calcium oscillations. However,
all the calcium events listed above can be easily discriminated
from a calcium rise produced by a sodium spike based on their
amplitude, their kinetics or their pharmacology. For example,
calcium spikes occur in dendrites, which are not detected in
large-scale imaging of networks, whereas calcium released
from stores or glial events have extremely slow kinetics and
subthreshold synaptic potentials produce localized and small
c
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fluorescent indicators or genetically encoded calcium probes
[17]. The two main genetic tools are based either on biolumi-
nescent proteins such as aequorin[18] or on the green fluo-
rescent protein (GFP). For example, cameleons are a class of
GFP-based genetically designed reporters for calcium, which
operate through a conformational change that results in flu-
orescence resonance energy transfer (FRET) in the presence
of calcium ions. One advantage of these genetic probes is that
they can be targeted to specific cellular microdomains (mi-
tochondria, ER), which can be difficult to probe otherwise.
Still, low signal to noise ration of genetic calcium probes re-
mains a serious limitation to their use for monitoring action
potential-induced calcium changes in large neuronal popula-
tions.

Acetoxymethyl (AM) fluorescent calcium indicators have
the considerable advantage over genetic probes that they
show a large amplitude response upon binding Ca2+ which
enables to investigate changes in intracellular free Ca2+

concentrations using fluorescence microscopy. In addition,
the development of bulk loading methods enables the
non-invasive loading of large populations of neurons in vitro
or in vivo [19]. Indeed, the acetoxymethylesters passively
diffuse across cell membranes and are cleaved by intracel-
lular esterases once inside the cell to yield cell-impermeant
fluorescent indicators. Different indicators are available
to detect calcium changes. In general, fluorescent probes
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alcium signals that are not detectable at the soma[16].

. Calcium indicators to report sodium action
otentials

Optical monitoring of calcium changes simultaneousl
any neurons can be achieved either with calcium-sen
re classified according to their excitation and emis
haracteristics, as well as their chemical and biolog
roperties.

The major parameters that distinguish between diffe
ndicators are their affinity for calcium and the wavelengt
hich they are excited. The high affinity calcium dyes
xample Fura2, Fluo3 or Fluo4) exhibit dissociation cons
Kd) values that are close to typical basal Ca2+ levels in neu
onal cells (∼100 nM range). The advantage of these d
s that they produce large and easily detectable signal
owing an action potential but they also induce a signific
uffering of the calcium at rest inside the cell, and theref
eport calcium signals with slower kinetics. It can be arg
hat such buffering could generate artifactual firing and
ork activity. However, this does not seem to be the
ince the percentage of active neurons or the firing freq
ies are not significantly different in loaded cortical sli
s compared to control as assessed by cell-attached r

ngs[21]. Furthermore, network activities first described
eld recordings could also be visualized in loaded sl
ith identical spatio-temporal properties[20,21]. Low affin-

ty dyes (Kd: ∼5–50�M) should decrease the buffering
ntracellular Ca2+ and produce a faster response that thu
reases temporal resolution. However, signals thus prod
re of much smaller amplitude; therefore, they do not
ble to reliably resolve single action potentials at the
atic level. These dyes (for example OGB-5N, Mag-F
ura2 FF) are generally used to image calcium trans

n single-cell microdomains such as single spines or ax
erminals.
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3. Two-photon imaging of calcium events in large
neuronal populations

All the dyes described above were originally designed
and characterized for single photon excitation. The exci-
tation wavelength can be either in the UV (for example
Fura2) or in the visible range (for example Fluo4). In gen-
eral, longer wavelength excitation is more suitable since it
induces less photobleaching of the indicator and less photo-
toxicity. Longer wavelengths also penetrate deeper in liv-
ing tissue. All these issues are overcome with the use of
pulsed IR femtosecond laser-scanning microscopy to excite
the fluorophore, i.e. “two-photon microscopy”[22]. Two-
photon microscopy is a relatively new development in the
optical imaging of neurons. Calcium imaging of network ac-
tivity in brain slices can strongly benefit from the use of
two-photon excitation of the stained specimen. The most
important difference is that, with two-photon microscopy,
the label is excited only at the beam focus. Indeed, two
infrared photons must collide with the fluorophore simul-
taneously to excite the molecule to a state virtually identi-
cal to that caused by a single visible photon of about half
the wavelength. This low-probability event requires a high
density of photons, which occurs at the beam focus of a
pulsed high-energy laser. The fluorescence is confined to a
three dimensional area (focus point of laser beam). There
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obvious: (1) low phototoxicity makes it a non-invasive
exploratory technique; (2) negligible photobleaching en-
ables long duration recordings (up to 8 h[20]); (3) higher
penetration (>1 mm) allows the recording from depths for
which the network is preserved from the slicing procedure
as well as in vivo[24]; and (4) high spatial resolution
enables to resolve individual somata or dendrites even when
imaging from multiple neuronal ensembles at low magni-
fication.

The major disadvantage of two-photon microscopy, as of
any other scanning-based imaging system is the low tempo-
ral resolution. Indeed, conventional systems require several
hundred milliseconds to scan a full image field (∼512× 512
pixels). This does not allow a reliable and accurate resolu-
tion of single action potentials. This approach, is therefore,
more adapted to the spatio-temporal description of network
events with slow dynamics and sustained firing such as syn-
chronous oscillations in developing networks[20] or network
UP states in the more mature neocortex[6,25]. A technical
solution to this limitation is to scan the specimen with multi-
ple foci obtained by the splitting of the laser beam (spinning
disk for visible sources or “beam multiplexer” for pulsed
femtosecond laser excitation). The scanning speed is im-
proved by a factor of about a hundred and the signal to noise
ratio is increased by the use of a camera as the detection
system.
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s no out-of-focus fluorescence (hence no need for a
ocal aperture, which results in an increase of the si
o noise ratio), so photo-excitation is limited to the pl
f focus whereas with conventional confocal microsc

he whole thickness of the specimen is harmed by e
can. However, the high cost of a two-photon microsc
as been one of the limiting factors to the widespread
f this impressive technique. The majority of the cos
ttributed to the Ti-Sapphire pulsed laser required in
et-up. It is important to stress that the optical pro
ies of calcium fluorophores might be different for tw
hoton excitation. For example, the two-photon absorp
fficiency of the dye, which is a crucial parameter to

ain a large output fluorescence signal, is generally
σ: ∼20–100 GM). However, since there are no spe
yes designed for two-photon excitation, investigators
rally use the same fluorescent probes as used with
entional excitation systems (i.e. Fura2, calcium gree
luo4).

Two-photon microscopy is a relatively new developm
n the field of calcium imaging in neurons. This scann
trategy was first used to measure calcium dynamic
endritic spines from CA1 pyramidal neurons in hippoc
al slices, taking an immediate advantage of the
patial resolution it provides[23]. Five years later, th
rst study using two-photon excitation to image calc
scillations in large neuronal networks was performe
lices of newborn rats[20]. In accordance with the propert
iscussed above, the advantages of using this tech

o record network activities in living thick specimen
Reconstruction of action-potential activity from calci
maging of stained specimen enables the spatio-tempor
cription of network activities (Fig. 2). However, the exac
hysiological event underlying the calcium activity obser
s well as the anatomical characterization of the specifi
rocircuits involved in the generation of the event req
he investigator to have an online analysis of the informa
athered during the experiment in order to perform pha
ological experiments and electrophysiological recording
argeted cells. The amount of information acquired in a
le movie (change of calcium fluorescence in thousan
ells as a function of time for several minutes) is very
ortant and thus requires computerized signal proces
lso, the theoretical understanding of the network dyn

cs observed, generally goes far beyond the experim
eld and should take significant advantage of computat
odels.
To investigate the dynamics of spontaneous cor

ctivity, we have developed a method combining t
hoton or spinning disk confocal calcium imaging of la
euronal populations and automated signal proce

echniques, to reconstruct and analyzeonline the sponta
eous activity of up to 2000 neurons and 100 dend

n cortical slices (Fig. 2). We combined this large-sca
maging with targeted recordings of individual neuron
nvestigate the intracellular correlates of network ev
nd morphologically characterize the microcircuits.
ext section will describe our approach and the typ
etwork event that can be detected following this s

egy.
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Fig. 2. Two-photon imaging of network dynamics: from the network to
the cell. First, the calcium fluorescence changes as a function of time are
recorded in a slice loaded with a membrane-permeable calcium indicator
using a two-photon microscope for around 5 min. Top left photomicrograph
illustrates the two-photon calcium fluorescence image of a V1 slice taken
at low-magnification (20×, 0.95 NA, MagFura2-AM loading). Image is an
average of 300 consecutive frames. Time resolution: 1.2 s/frame. Then, ex-
periments proceed is as follows: (1) contour detection: contour plot of the
thousands of cell bodies and dendrites imaged above are detected by an
automatic procedure. (2) Fluorescence readout: representative traces of cal-
cium transients. Time resolution: 1.2 s/frame. (3) Event detection: threshold
based event detection, one standard deviation below baseline. (4) Rasterplot
construction: representative rasterplot. Each row represents a single cell,
and each mark a detected calcium transient. (5) Localization of microcir-
cuits: once an interesting network event is detected, cells involved in it are
highlighted in the contour plot (red-filled contours). (6) Electrophysiological
recordings: Photomicrograph of the cell thus detected, recorded in whole-cell
and filled with biocytin. (7) Morphological identification: photomicrograph
of a biocytin-filled neuron.

4. Calcium imaging, online signal analysis and
morpho-functional characterization of targeted
microcircuits

The cerebral cortex receives input from lower brain re-
gions and is responsible for information processing at multi-
ple levels of abstraction. Therefore, it has traditionally been
thought of as a feedforward system that processes input
through successive stages to reach an appropriate output. Yet
several observations support the view of cortical circuits as
feedback systems, the most striking feature being the fact that

Fig. 3. Structure–function study of network activity in cortical slices. Com-
bining two-photon calcium imaging (representative contour plot showing a
group of cells active, red, during a network UP state), patch-clamp record-
ings of identified interesting elements (current-clamp recording of a cell in
a depolarized UP state) and mathematical analysis of network dynamics,
we have shown that network UP states were circuit attractors (as schema-
tized in the dynamical system represented by a marble rolling on a surface).
Such network events repeatedly involve similar neuronal ensembles (the
cells marked in red in the contour plot are active at the seven peaks detected
in the adjacent histogram).

they are constantly active even in the absence of sensory input.
Such spontaneous firing can be coordinated among specific
groups of neurons in a way that probably reflects the un-
derlying functional architecture of the cortex. Using calcium
imaging of large neuronal populations we found that, in the
absence of any stimulation, groups of cortical neurons simul-
taneously enter depolarized membrane potential UP states.
These ‘network UP states’ involve small, but highly signifi-
cant numbers of cells (2–3%). Coactive ensembles of neurons
are often organized into clusters, layers, or columns (Fig. 3).
Briefly, our procedure was as follows: we first imaged the cal-
cium fluorescence changes of a large field of view (using a
low-magnification 20×, high NA objective) for several min-
utes (5–10 min) with two-photon microscopy. Second, we au-
tomatically detected the events and reconstructed the network
activity. We then performed a statistical analysis of relevant
patterns. This analysis was based on reshuffling techniques.
To determine whether a pattern in space or time was signifi-
cant, we created surrogate arrangements of spike discharges
or of active neurons using interval reshuffling or MonteCarlo
simulations and determined whether the observed arrange-
ment could be expected by chance or not. Once the cells
involved in a significant pattern were localized, we would
record from them in order to characterize the physiological
events underlying the calcium activity visualized in the net-
work. We found that the intracellular correlate to the calcium
a ized
s riods
o since
t nger
t
w only
t tion
,

ctivity was a shift of the membrane potential to a depolar
tate where it sustained high frequency firing. These pe
f sustained firing represented a stable intracellular state

hey lasted several seconds, an order of magnitude lo
hat regular feedforward information flow (Fig. 3). Also, it is
orth stressing that during these cellular UP states, not

he action potential firing, but also the calcium concentra
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are maintained elevated in the active neuron. In other words,
the calcium signal might not only be the fingerprint of sodium
spiking and network UP states should be also viewed as main-
tained high calcium levels in precisely organized neuronal en-
sembles. Cells active during UP states are also in a particular
condition as viewed from their intracellular machinery and
it cannot be excluded that this status might regulate a gene
expression cascade that could for example reinforce certain
synaptic connections or weaken others. Interestingly, similar
elevated calcium levels associated to a sustained electrical
signal are observed in developing networks, although in this
case they tend to involve a majority of neurons[20,26,27].
For example, in the developing neocortex, when functional
synaptic connections are sparse, multineuronal calcium do-
mains organized in columns can be observed[27]. In the
adult, paroxysmal activities occurring in rewired epileptic cir-
cuits are also associated to an increase of intracellular calcium
concentration. Synchronous long-lasting calcium events such
as described during network UP states might, therefore, be a
hallmark of some type of network synchronization.

Furthermore, network UP states are also reminiscent of the
elevated firing rates recorded during working memory tasks
in the awake animal[5]. Theoretically, working memory can
be modeled using circuit attractors[28]. We thus analyzed
the dynamics of the network events in order to extract the
properties that could be relevant to attractors. We provided
e rs in
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analytical research strategy could be applied to the character-
ization of other types of songs played by the cortex. For exam-
ple, it is not known whether an epileptic seizure has specific
generators or recruits different cell types in a stereotypical
way. Similarly, the morphological and electrophysiological
properties of the first active microcircuits in developing cor-
tical structures as well as possible sources for early network
oscillations remain to be determined. Finally, large-scale
cellular calcium dynamics can be observed in other excitable
tissues than the brain. For example calcium waves propagate
in cardiac or endocrine tissues. Physiological studies of
these systems should benefit from this type of approach.
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