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Neuronal networks 
in the spotlight
Deciphering cellular activity patterns 
with fluorescent proteins

Introduction

A fundamental goal of neuroscience is to 
elucidate the principles of signal process-
ing in neuronal networks. In this context, 
a distinction is often made between the 
activity in local microcircuits—the com-
plex interconnected networks of neigh-
boring excitatory and inhibitory neurons, 
for instance, in a cortex region or a par-
ticular brain nucleus—and the activity in 
large-scale networks of communicating 
brain regions. Local microcircuits inte-
grate input signals in a complex manner 
and then transfer information further to 
downstream networks, depending on the 
evoked activity patterns in projecting neu-
rons. A central idea is that specific compu-
tational operations are carried out while 
signals flow through local networks, and 
that uncovering the underlying cellular 
and molecular mechanisms will be crucial 
for understanding information processing 
in the brain. However, the complexity of 
neuronal networks—with regard to both 
anatomical circuit wiring and the possibil-
ities of functional modulation—cannot be 
underestimated. This notion is, for exam-
ple, illustrated by considering the very dif-
ferent dynamic states of cortical networks 
under anesthetized and awake conditions.

The first, supposedly easy, step is the 
phenomenological description of neuro-
nal network activity under relevant condi-
tions, i.e., in situations in which the brain 
is performing a task, when it is“in action.” 
However, the experimental possibilities 

for such a descriptive approach have been 
scarce in the past, and the development of 
suitable tools is still a major challenge. On 
the macroscopic level, the activity of par-
ticular regions of the human brain can be 
measured in various situations by func-
tional magnet resonance imaging (fM-
RI). By contrast, the methods for mea-
suring dynamic activity patterns in local 
neuronal networks with cellular resolu-
tion have been limited. Although the ba-
sic properties of individual cell types and 
molecular events underlying the commu-
nication between neurons have been in-
tensively studied over the past decades, 
the tremendous complexity of neuronal 
networks with still largely unknown wir-
ing schemes and modulation principles 
has precluded direct insights into their 
dynamic properties. With electrophysio-
logical recordings it is possible to sample 
the activity of a few, but not all, neurons 
within a local network. Moreover, to date 
it was hardly possible to measure the ac-
tivity of the same neurons repeatedly over 
a long time period to examine functional 
changes of network dynamics, for exam-
ple, during learning. Such direct measure-
ment of activity patterns in local neuronal 
circuits, in particular under in vivo con-
ditions and over long time periods, would 
also be of high importance for improv-
ing our understanding of malfunctions of 
neuronal networks during brain diseases. 
Here, we review recent progress in opti-
cal imaging of neuronal population activi-
ty that has opened a multitude of new pos-

sibilities to study and explain the relation-
ship between neuronal network activity 
and fundamental brain functions such as 
sensory perception, behavior control, and 
decision making.

Genetically encoded 
calcium indicators

For several decades, neuroscientists have 
utilized the combination of activity-de-
pendent fluorescent indicators and high-
resolution microscopy techniques to visu-
alize dynamic excitation patterns of neu-
ronal cell populations. Until the end of the 
last century, most indicators were small 
organic molecules that change their fluo-
rescence properties in response to mem-
brane potential changes or binding to cal-
cium ions, for example, following calcium 
influx through voltage-sensitive calcium 
channels during an action potential. Fol-
lowing the development of two-photon 
microscopy around 1990, these sophisti-
cated small molecule indicators enabled 
high-resolution imaging of neurons, even 
in vivo, in intact animal brains. However, 
staining procedures remained challenging 
and repeated measurements over several 
days or longer time periods were nearly 
impossible.

Shortly after the cloning and wide-
spread distribution of the green fluores-
cent protein (GFP), several groups start-
ed developing activity indicators based on 
GFP variants. The first genetically encod-
ed calcium indicator“Cameleon” was re-
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ported in 1997 [10]. It consists of two flu-
orescent proteins (FPs), linked via a cal-
cium-binding protein domain (calmod-
ulin). Binding of calcium to calmodulin 
triggers a conformational rearrangement 
that alters the distance and orientation of 
the FPs, which in turn leads to an optically 
detectable change of the fluorescence res-
onance energy transfer (FRET) between 
the FPs (. Fig. 1). Over the years, FRET-
based calcium indicators have been varied 
and improved and they form an impor-
tant class of protein sensors today. Anoth-

er class consists of single fluorescent pro-
teins with a built-in calcium-binding do-
main, such that their fluorescence inten-
sity is modulated depending on the in-
tracellular calcium concentration. The 
most important members of this group 
are the so-called GCaMP proteins [12], 
a large palette of which is now available. 
The most important specifications of ge-
netically encoded calcium indicators are 
their calcium-binding affinity (with typi-
cal dissociation constants in the nanomo-
lar range), the dynamic range of attain-

able fluorescence changes, and their ki-
netic properties that influence the time 
course of fluorescence change following 
calcium influx. For more details about the 
most important genetically encoded cal-
cium indicators, we refer readers to recent 
reviews [4, 5].

Unlike classic small-molecule calci-
um indicators, genetically encoded indi-
cators can be expressed in neurons by var-
ious means. The respective genes can be 
introduced into the organism either by di-
rect gene transfer (e.g., by in utero electro-
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Fig. 1 8 Functionality of genetically encoded calcium indicators and stable expression in cortical neurons. a One important 
class of indicators is based on the FRET effect between two coupled fluorescent proteins. Energy transfer between the do-
nor and the acceptor protein depends on their relative distance and orientation. Binding of calcium ions to the linker-protein 
calmodulin (CaM) causes an interaction with the CaM-binding protein domain M13 and induces a conformational change 
that brings the fluorescent proteins closer together. As a consequence, FRET increases, resulting in a measureable change in 
relative fluorescence emission strengths. Besides the example of CaM-based indicators shown here, other FRET indicators ex-
ist in which the calcium-binding linker domain is based on the muscle protein troponin C. b Another indicator class consists 
of single fluorescent proteins with a built-in calcium sensor, so that calcium binding induces a fluorescence intensity change. 
c Virus-mediated expression of genetically encoded calcium indicators. Virus-containing solution (some tens to hundreds of 
nanoliters) is injected into the mouse neocortex using a thin glass pipette. d Example of large-scale expression of the calci-
um indicator YC3.60 following injection of an adeno-associated virus (AAV) vector. e Two-photon images of YC3.60-expressing 
neurons in the cortical layer 2/3 taken at different time points. The same neurons could be observed in repeated experiments 
in anesthetized animals over several months. (d,e Modified from [6, 8])
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poration in mice), by creating transgen-
ic animals, or by using viral vectors. For 
viral delivery, adeno-associated viruses 
(AAV) have found widespread applica-
tion (. Fig. 1). Appropriate promoters 
permit neuron-specific expression of in-
dicator genes, and selected neuronal sub-
types can be targeted using conditional 
expression methods. Protein concentra-
tions typically increase during the first 
weeks after virus injection, ideally reach-
ing an expression level that remains stable 
over several months. Since cell nuclei are 
usually devoid of indicator protein, cells 
appear as fluorescent circles in the micro-
scope images (. Fig. 1). Increasing nucle-
ar fluorescence levels are not a good sign, 
as they indicate the beginning of the dete-
rioration of cell physiology and possibly 
toxicity, thus shortening the maximal time 
window for the experiment.

A critical parameter of genetically en-
coded calcium indicators is their sensi-
tivity to action-potential-evoked calcium 
transients. Ideally, they should be sensitive 
enough to report single action potentials 
in vivo and display little saturation dur-
ing bursts of action potentials. The sensi-
tivity can be tested in calibration experi-
ments by simultaneous electrical record-
ings from individual test neurons. Mean-
while, the newest genetically encoded cal-
cium indicators have reached a sensitivity 
that is comparable to the best synthetic in-
dicators. Thus, it can be expected that they 
will be heavily used in the near future.

In vivo imaging with 
calcium indicators

Genetically encoded calcium indicators 
can be applied in various ways and on dif-
ferent spatial scales. On the macroscopic 
level, large-scale signal spread across sev-
eral cortical areas—for instance, over an 
entire hemisphere—can be visualized us-
ing fast camera systems. Similar to classic 
experiments with voltage-sensitive dyes, 
large-scale cortical activity patterns and 
functional maps may be analyzed in this 
way. Stable expression of indicator pro-
teins allows for repeated measurements 
from the same animal [9], which should 
provide new insights into the reorgani-
zation of cortical dynamics, for instance, 
during learning. Similarly, chronic mon-

itoring of individual neurons in local mi-
crocircuits over long-term periods (weeks 
to month) is now possible with two-pho-
ton microscopy. To this end, a small piece 
of the skull is surgically removed and re-
placed by a permanent glass window. The 
virus injection can also be made dur-
ing this procedure. Additionally, a small 
head-post is usually secured to the skull, 
to enable fixation of the animal’s head un-
der the two-photon microscope. Typical-
ly, water-immersion objectives with 16× to 
40× magnification and a high numerical 
aperture are used, allowing simultaneous 
imaging of tens to hundreds of cells with-
in 100–500-μm field of views. The vascu-
lature system provides ideal landmarks for 
re-identification of the same cells during 
chronic experiments in the same animal.

Over the past decade, long-term in vi-
vo imaging of morphological changes, for 
example, of synaptic structures, has been 
carried out frequently. Genetically encod-
ed calcium indicators now additional-
ly enable long-term tracking of the func-
tional properties of neurons. Of special in-
terest is the study of stability and plastic-
ity of responses to sensory stimuli (such 
as visual or tactile stimuli) as well as the 
correlation of cellular activity with move-
ment patterns or behavior. In the follow-
ing, we provide examples of initial stud-
ies of this type, which addressed the ques-
tion of the stability of neuronal activity in 
particular.

Stability and plasticity 
of neuronal activity

The first study in which the same neu-
rons were imaged repeatedly using a ge-
netically encoded calcium indicator was 
carried out by Mank et al. [7]. These au-
thors used the calcium indicator TN-
XXL, which, as in Cameleons, is based on 
FRET changes, but instead of calmodu-
lin as calcium-binding domain contains 
a variant of troponin C, the calcium sen-
sor in muscle fibers. TN-XXL was stably 
expressed in mouse visual cortex neurons 
following in utero electroporation, and 
cellular responses to visual stimuli were 
measured repeatedly in the anesthetized 
animal. Orientation turning of the same 
neurons was found to remain stable over 
the entire experiment period (2–3 weeks) 

(. Fig. 2). While this result was not un-
expected, it nonetheless directly showed 
for the first time that fundamental prop-
erties of receptive fields of cortical neu-
rons remain stable over longer time pe-
riods. Moreover, these proof-of-principle 
experiments demonstrated that the use of 
genetically encoded calcium indicators 
allows the functional properties of indi-
vidual neurons to be tracked over several 
weeks, in contrast to small-molecule indi-
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cators with which repeated measurements 
have been possible for a few days at most.

In another study, neuronal respons-
es in the primary somatosensory cor-
tex (S1) were measured upon mechanical 
whisker stimulation [8]. In these experi-
ments, the FRET-indicator Yellow Cam-
eleon 3.60 (YC3.60) was used. Through 
an implanted cranial window, sensory-
evoked activity of S1 neurons in cortical 
layer 2/3 (L2/3) was repeatedly measured 
under anesthesia, first during a baseline 
period with all whiskers intact. Interest-
ingly, activity levels in the neuronal pop-
ulation were quite heterogeneous, with 
many low-, some mid-, and a few highly 
responsive cells (. Fig. 3). This heteroge-
neous distribution remained stable from 
one day to another, suggesting that differ-
ences in neuronal excitability and synaptic 
activation remain stable over time. After 

several repeated baseline measurements, 
all whiskers except for one were trimmed 
(and re-trimmed over a few weeks), caus-
ing changes in the sensory inputs from 
trimmed whiskers and the non-trimmed 
(spared) whisker. Whisker-trimming is a 
classic so-called deprivation protocol that 
reduces sensory input and thereby induc-
es plastic changes in the brain, especial-
ly in the affected neocortical regions. The 
responses of S1 neurons to stimulation of 
the spared whisker versus the neighboring 
trimmed whiskers were monitored over 
several weeks, establishing the first exper-
iments in which individual neurons could 
be followed over a long time after the in-
duction of plasticity. The results showed 
that responses evoked by stimulation of 
the trimmed whisker were generally re-
duced, whereas stimulation of the spared 
whisker evoked stronger responses on av-

erage. However, changes in responsive-
ness for the spared whisker were not ho-
mogeneous across cell classes. While ini-
tially low-responsive cells became more 
active, the activity of initially high-re-
sponders tended to decrease (. Fig. 3). 
Further analysis of such redistribution of 
neuronal population activity—e.g., fol-
lowing changes in sensory inputs or in 
mouse models of brain diseases like Al-
zheimer’s disease or stroke—may help to 
reveal principles of functional reorganiza-
tion of neuronal networks during adapta-
tion and regeneration.

Network activity and behavior

Activity patterns in neuronal networks 
eventually need to be interpreted within 
a relevant behavioral context. For experi-
ments in awake, behaving animals, genet-
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Fig. 2 8 Repeated imaging of stimulus-evoked responses of a neuron in the mouse visual cortex using a genetically encod-
ed calcium indicator (TN-XXL; adapted from [7]). a Schematic of experimental approach. After implantation of a glass window 
(dotted circle) above the primary visual cortex (V1) of the right hemisphere, calcium transients in layer 2/3 neurons were mea-
sured during anesthesia using two-photon microscopy. Drifting gratings of various orientations were presented as stimuli in 
the contralateral visual field. b Responses of an example neuron (small image; scale bar 10 μm) to various orientations and 
directions of the visual stimulus at three time points. The relative change in donor- and acceptor-fluorescence of the FRET-
based indicator (ΔR/R) is shown. Drifting grating stimuli were presented during the periods indicated by gray bars. Traces are 
averages of six stimulus presentations. c The orientation tuning curve of the neuron remained overall stable over the duration 
of the experiment
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ically encoded calcium indicators again 
provide advantages compared to synthet-
ic dyes. Although activity measurements 
in awake animals are possible using small-
molecule indicators, a major disadvantage 
is that only a single or very few calcium 
imaging experiments can be performed 
following the time-consuming habitua-
tion of an animal to the experimental set-
up and the behavioral task training.

Independent of the method chosen for 
labeling neurons with a calcium indicator, 
optical recordings in awake animals pose 
particular experimental challenges. In the 
last few years, several methods have been 
developed, principally employing two 
different approaches: Either the animal is 
more or less free to move, and optical fi-
bers or miniaturized microscopes are at-
tached to the skull for measurements, or 
the animal is head-restrained with a head-
post after appropriate habituation so that 
imaging can be performed with a standard 
two-photon microscope. Dombeck and 
colleagues recently developed an elegant 
method to carry out imaging experiments 

on head-fixed, awake animals, following 
a principle that had already been success-
fully used to analyze motion processing in 
insects: The head-fixed animal (typically a 
mouse) rests on a treadmill, constructed 
from an air-supported, free-floating Sty-
rofoam ball [1]. The inertia and friction of 
the ball are chosen such that the animal 
can easily run in two dimensions on the 
surface of the ball (. Fig. 4). The rotation 
speed and direction are captured by opti-
cal sensors and can be used, for instance, 
to control the movement patterns of a vir-
tual visual environment.

This experimental setting is especial-
ly suitable for studying network activi-
ty during navigation in a visual environ-
ment (which is of particular interest in 
the hippocampus). Moreover, this meth-
od can reveal interactions between mo-
tor activity and sensory inputs. A key ad-
vantage of such experiments is that neuro-
nal activity patterns can be compared un-
der “open-loop” and “closed-loop” con-
ditions, as has been recently applied by 
Keller and colleagues to study how mo-

tor activity affects responses of neurons 
in the mouse primary visual cortex us-
ing the genetically encoded calcium indi-
cator GCaMP3 [3]. Previous electrophys-
iological recordings had already revealed 
that running has a modulatory effect and 
causes elevated firing rates in many neu-
rons, without changes in stimulus selec-
tivity, that is, orientation preference [11]. 
Keller and colleagues could furthermore 
show that running alone already leads to 
a strong activation of neurons in the pri-
mary visual cortex, which was noticeable 
even in complete darkness. Surprising-
ly, these data demonstrated that in many 
neurons motor activity has a higher im-
pact on the response magnitude than pas-
sive perception of moving visual stimu-
li during rest (. Fig. 4). A possible func-
tional role of such strong movement-re-
lated signals could be elucidated in ad-
ditional experiments: Brief interruptions 
of the feedback between the ball rotation 
and the visual virtual environment, for 
example, momentarily stopping the opti-
cal flow, caused strong responses in many 

Baseline

Trimming

Plasticity Recovery

AAV-
YC3.60

Window
preparation Regrowth

Day 1 Day 111

3%

1 s

#1

#2
Stim

D1
D2

Stim

Day 1 Day 111

∆R/R

#1

#2

D1 D2

10%
5 s

D1 D2Stim

40

40

0

40

40

0

Pe
rc

en
ta

ge
 c

ha
ng

e 
(%

)

Trimmed Intact

** Low
Mid

High

**
** **

**
Days after trimming start

–0.5

0

0.5

Ch
an

ge
 in

 s
ig

na
l a

m
pl

itu
de

(p
ea

k 
∆R

/R
, %

) 

 

–20 0 20 40 100

Intact
Trimmed

Baseline RecoveryPlasticity

Regrowth

**
**

**

****
**

**

Signal amplitude (peak ∆R/R, %)

N
um

be
r o

f c
el

ls

0 2 4 10
0

200

4 10
0

10

 

Low
Mid

High

Amplitude

a b

c d e

Fig. 3 8 Reorganization of neuronal activity following sensory deprivation. a Experimental protocol for studying plastici-
ty of neuronal network activity induced by unilateral trimming of all but one whisker in the primary somatosensory cortex of 
the mouse using YC3.60. b Example of calcium transients of two cortical neurons, evoked by mechanical deflection of the D1 
and D2 whisker, respectively (left, raw signals; right, averaged traces). The same cells were measured before, during, and af-
ter whisker trimming. c Distribution of signal amplitudes in response to whisker stimulation. Based on this distribution, neu-
rons were classified according to their response strengths in low-, mid-, and high-responders. d Changes in signal amplitude 
(mean of all neurons) for the spared and the neighboring trimmed whisker over the entire time course of the experiment.  
e Percentage change in signal amplitude for spared and trimmed whisker, divided into the three functional classes. Note the 
redistribution of activity among the different classes. (Adapted from [8])
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neurons (. Fig. 4). Apparently, these re-
sponses are driven by the mismatch be-
tween actual and expected visual feed-
back. Such a mismatch error signal could 
be used, for example, to correct motor 
control signals. Although many questions 
remain unanswered, for instance, whether 
the signals correlating with motor activity 
indeed represent an efference copy of mo-

tor commands, these experiments clearly 
demonstrate that even in primary corti-
cal areas sensory processing is not merely 
a passive process, but also reflects a com-
parison between actual and expected sen-
sory signals.

Calcium imaging experiments in 
awake animals are also ideally suited to 
studying neuronal representations in the 

motor cortex, because simultaneous im-
aging of the activity of numerous neu-
rons allows for a better understanding of 
population codes in the control of move-
ments. Again using the genetically en-
coded indicator GCaMP3, Huber and 
colleagues studied the stability and plas-
ticity of neuronal responses in the motor 
cortex of mice [2]. To this end, head-fixed 
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ditions. Visual stimulation during running induced the largest activity, while stimulation at rest evoked relatively weak signals, 
which on average were even lower than signals evoked during running in the dark. d Example neuron showing pronounced 
responses to brief halts of the visual flow during running (orange areas). e Mean response amplitudes of the neuron in d for 
different stimulus conditions. By far, the largest responses occurred following the brief halts of the visual flow during running, 
i.e., for abrupt mismatches between the expected and the real input (“feedback mismatch”). (Adapted from [3])
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animals were trained to detect an object 
with their whiskers and report detection 
by licking in order to receive a water drop-
let as reward. Simultaneously, calcium sig-
nals of motor cortex neurons were mea-
sured with two-photon microscopy. The 
authors found that the recorded popula-
tion activity was well suited to predict sa-
lient behavioral parameters, such as the 
time of whisker–object contact or the de-
gree of whisker curvature changes. Inter-
estingly, even a few neurons were suffi-
cient to reach near-optimal prediction, 
indicating redundancy in coding. As the 
same neurons were chronically recorded 
during training for up to 2 weeks, chang-
es in the responsiveness of single neurons 
and the population with increasing learn-
ing success could also be analyzed. The 
results showed that some correlations be-
tween neuronal activity and specific be-
havioral aspects were stable, whereas oth-
er parameters systematically changed dur-
ing learning. For instance, the activation 
of licking-related neurons shifted to pro-
gressively earlier times after detection of 
the object. Apart from elucidating signal 
processing in the motor cortex, these ex-
periments highlight perhaps the most sig-
nificant potential of genetically encoded 
calcium indicators, namely, the possibili-
ty to reveal changes in neuronal dynamics 
over long time periods during learning.

Conclusions, open 
questions, and outlook

The development of genetically encod-
ed calcium indicators and their combina-
tion with high-resolution imaging meth-
ods, such as two-photon microscopy, 
have opened many new possibilities to 
study neuronal network activity, espe-
cially under behaviorally relevant condi-
tions when the networks under study are 
in action. These promising new experi-
mental opportunities provide fundamen-
tal insights into the operation of local mi-
crocircuits and could also help bridge the 
levels of single-cell integration and mac-
roscopic network activity in connect-
ed brain regions. Further development 
of protein-based indicators is ongoing, 
and additional improved calcium indi-
cators and membrane potential indica-

tors will become available soon. Howev-
er, when using these new indicators, one 
aspect to keep in mind is whether and 
to what extent their expression may af-
fect the activity of neurons or local net-
works. Besides the possibility of toxici-
ty, for example, after virus injection, po-
tential alterations in intracellular calcium 
dynamics caused by indicator buffering 
could be problematic. For example, as 
an intracellular messenger, calcium ions 
are crucially involved in synaptic plastici-
ty. Depending on the expression method 
and the resulting protein concentration, 
possible effects of indicator expression 
should be tested, especially the occur-
rence of potentially harmful phenotypes 
in transgenic mice. In their study, Huber 
et al. [2] could show that a concentration 
of 15 mM GCaMP3 does not affect long-
term potentiation in brain slices. Staying 
within certain indicator concentration 
ranges is certainly recommended.
An important future goal is to target 
functional studies to specific cell types, 
by selective indicator expression in par-
ticular cells, or by marking them with ad-
ditional fluorescent proteins, or by post 
hoc immunohistochemistry. Function-
al characterization of different subtypes 
of inhibitory interneurons, which pre-
sumably are highly relevant for local sig-
nal processing, is of utmost importance. 
Moreover, well-defined populations of 
projection neurons, which embed local 
circuits into larger networks of communi-
cating brain regions, can be identified by 
retrograde transport of tracers, includ-
ing viruses. Finally, calcium indicators 
are also suitable for studying the activ-
ity of glial cells, for example, astrocytes 
and microglia. And on a subcellular scale, 
it should soon become possible to carry 
out long-term functional imaging of pre-
synaptic nerve terminals, postsynaptic 
dendritic spines, or astroglial endfeet.
Not only indicators, but also imaging 
technologies are undergoing continued 
further development. One major goal is 
to improve the temporal resolution of 
fluorescence measurements, in order to 
obtain more precise timing information 
about action potential patterns. To this 
end, minimization or compensation of 
motion artifacts, especially in awake, be-
having animals, will be crucial. Moreover, 

imaging of ever-larger neuronal popu-
lations (at many imaging depths) is de-
sirable to obtain an as-complete-as-pos-
sible view of network dynamics. With-
in the next few years it seems feasible to 
achieve in vivo imaging of several thou-
sand cells, albeit probably at relative-
ly low acquisition rates. Furthermore, re-
cently developed methods for visualiz-
ing deeper brain structures with minia-
ture endoscopic optics will be further op-
timized.
Finally, it will be necessary to move be-
yond purely descriptive studies in order 
to attain a deeper understanding of neu-
ronal circuit function. New anatomical 
methods promise to reveal connectivity 
in neuronal networks in a comprehensive 
manner, which should allow for correlat-
ing structural aspects of neuronal wiring 
with functional microcircuit properties. 
Furthermore, combining functional im-
aging with novel optogenetic methods, 
that is, optical excitation or inhibition of 
specific neurons or sub-populations with 
light-activatable proteins, should help 
to move beyond a purely correlative de-
scription and to elucidate causal relation-
ships between network activity and be-
havior.
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