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Abstract The precise understanding of the cellular and
molecular basis of brain function requires the direct
assessment of the activity of defined cells in vivo. A
promising approach for such analyses is two-photon
microscopy in combination with appropriate cell labeling
techniques. Here, we review the multi-cell bolus loading
(MCBL) method that involves the use of membrane-
permeant fluorescent indicator dyes. We show that this
approach is useful for the functional analysis of clusters of
neurons and glial cells in vivo. Work from our and other
laboratories shows that the techniques that were previously
feasible only in brain slices, like targeted patch clamp
recordings from identified cells or pharmacological manip-
ulations in confined brain regions, can now be used also in
vivo. We also show that MCBL and two-photon imaging
can be easily combined with other labeling techniques,
particularly with those involving the use of genetically
encoded, green-fluorescent-protein-based indicators. Final-
ly, we examine recent applications of MCBL/two-photon
imaging for the analysis of various brain regions, including
the somatosensory and the visual cortex.
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Introduction

Our understanding of the function of neural circuits in situ
has benefited greatly from data obtained using two versatile
techniques that were introduced 25 years ago: (1) the ‘giga-
seal” whole-cell patch clamp technique [1] and (2) the use
of fluorescent indicator dyes [2]. Thus, neural networks in
culture and/or brain slices are often studied either by means
of Ca*" imaging (after staining the cells with membrane-
permeant Ca®" indicator dyes; for review see [3]) or by
means of simultaneous patch-clamp recordings of
connected neurons (for review, see [4, 5]). With the
development of two-photon laser scanning microscopy
[6], such studies became feasible even in vivo in anesthe-
tized and, potentially, also in awake animals.

The initial in vivo studies combined two-photon calcium
imaging with microelectrode [7, 8] or whole-cell patch-
clamp [9, 10] recordings. The microelectrodes or the patch
pipettes were used not only for recording electrical signals
from the cells of interest, but also, and equally important,
for filling the cells with a calcium indicator dye, thus
allowing high-resolution Ca®" imaging in neurons and their
processes. The use of membrane-permeant Ca** indicator
dyes in vivo was introduced by Stosiek et al. [11]. This
technique, termed multi-cell bolus loading (MCBL), en-
abled the targeted labeling of intact neuronal circuits in the
living animal. The technique is applicable in various
neuronal tissues and in a variety of species from lower
vertebrates to mammals [12—-18]. When combined with
appropriate detection techniques, like two-photon laser
scanning microscopy and/or brain endoscopy [19, 20], it
allows the monitoring of both the ‘macroscopic’ function of
brain circuits [20] and the ‘microscopic’ behavior of
individual cells [11, 13]. In this paper, we review recent
data obtained with high-resolution in vivo Ca®" imaging of
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neural circuits. We provide some new technical aspects of
cell staining, describe approaches used to identify different
cell types, and illustrate new applications arising from the
combination of MCBL with other techniques.

The MCBL approach

Figure la illustrates an experimental arrangement used for
in vivo MCBL. A dye ejection pipette, similar to those
used for patch clamp recordings, containing a concentrat-
ed solution of a Ca®" indicator dye (for example, Oregon
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Green 488 BAPTA-1 acetoxymethyl ester [OG-1 AM]) is
inserted into the brain through a small skull opening, and
the dye is pressure-ejected into the brain area of interest.
Within the brain, the dye diffuses into the cells and
becomes hydrolyzed by endogenous esterases [2]. This
procedure results in a rather uniform staining of cells
within the targeted area (Fig. 1b). Originally we used
1 mM of the indicator dye for the pressure ejection [11].
Recent data, however, have shown that a dye concentra-
tion of 100 uM often produces similarly good results [21].
Other groups adapted our technique and used similar
recipes for in vivo staining of cortical neurons in rats and

e
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Fig. 1 MCBL enables in vivo staining of neural networks in different
species. a Schematic drawing of the experimental arrangement.
Reproduced, with permission from Macmillan Publishers Ltd, from
[21]. b—f In vivo images of stained cells in the cerebral cortex of a mouse
(b), a rat (c), and a cat (d), as well as in the rat cerebellum (e) and in the
spinal cord of a zebrafish larva (f). The cells in b—e were stained with
OG-1 AM and those in f with Fura PE3 AM. All images were obtained
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using two-photon laser scanning microscopy and are reproduced (with
permission from Macmillan Publishers Ltd; National Academy of
Sciences USA, copyright 2003, 2005; and the American Physiological
Society) from references [11, 13, 15, 16], respectively. Note that both
dyes stained all structures within a respective tissue; the only dark areas
correspond to many small and one large b brain vessels. Here and below,
all imaged preparations were stained using MCBL
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cats (Fig. lIc and d; [13]) and for dye labeling of rat
cerebellar neurons (Fig. le; [15]). As already mentioned,
the staining protocol is also applicable in lower verte-
brates and was used, for example, for staining neurons in
the spinal cord (Fig. 1f; [16]), olfactory bulb [17], and
tectum [18] of zebrafish larvae. Interestingly, unlike other
common protocols for labeling brain tissue with AM
esters of Ca”" indicator dyes [22], MCBL-based staining
shows little age dependence and can be used not only for
staining newborn and juvenile tissues but also for staining
adult and even aged tissues [21].

Figure 2a shows the time course of an MCBL-based
staining of the mouse visual cortex with Fura PE3 AM. The
left panel of Fig. 2a illustrates a very early time point,
immediately after dye ejection, in which the dye is located
extracellularly. Within a few minutes, the dye starts to
accumulate in the cells and is gradually removed from the
extracellular space (Fig. 2a, middle and right panel). This
removal process is the result of the cellular uptake of the
dye and, importantly, the clearing of the extracellular space
by the vascular system. To estimate the kinetics of the
removal process, we pressure-¢jected the membrane-imper-
meant fluorescent dye Alexa Fluor 594 into the mouse
cortex and monitored its removal by the use of two-photon
imaging (Fig. 2b). The removal process had a double
exponential time course, with the mean decay time constants
of 2.3£0.1 and 13.3+£0.7 s (n=33 samples), respectively
(Fig. 2c and d). In conclusion, dye removal from the
extracellular space under in vivo conditions is very efficient
and rapid, contributing to the good contrast between stained
cells and the surrounding tissue.

Identification of different cell types in vivo

The MCBL procedure leads to the staining of virtually
all cells in the targeted brain area. Although glial cells
tend to accumulate higher concentration of indicator
dyes [11, 23], their unequivocal identification requires the
use of a specific marker and multicolor imaging. It was
recently reported that glial and neuronal cells can be
easily separated in vivo by using the specific glial marker
sulforhodamine 101 [14]. Sulforhodamine 101 emits light
in the red portion of the spectrum, and, therefore, it can be
easily used in combination with any common Ca®"
indicator (e.g. OG-1 AM, Fura 2 AM, etc.). Glial cells
stained both with OG-1 AM and sulforhodamine 101
appear yellow on the merged image (Fig. 3a), while
neurons stained with OG-1 AM only appear green. To
simplify and speed-up the staining procedure, we co-
ejected both indicator dyes from the same pipette and

simultaneously labeled the cells with sulforhodamine 101
and OG-1 AM [21].

Although separation of neurons and glial cells can be
easily achieved, it is still rather difficult to discriminate
between different types of neurons. One method of cell-
type-specific labeling involves the use of mutant mice
expressing a specific fluorescent marker as, for exam-
ple, enhanced green fluorescent protein (EGFP).
This genetically encoded indicator was used in a va-
riety of transgenic mice to mark GABAergic inter-
neurons in general [24, 25], as well as parvalbumin- [26]
or somatostatin-positive (Fig. 3b; [27]) interneuronal
subtypes. Figure 3b shows an example of an EGFP-
labeled somatostatin-positive GABAergic cell (blue) in
the mouse visual cortex stained with OG-1 AM (green).

A certain degree of cell specificity can also be achieved
when using MCBL and confining dye delivery, as good as
possible, to specific anatomical subregions. For example,
for studying Ca®" signals in the dendrites of layer 5
pyramidal neurons of the rat motor cortex (Fig. 3c), Kerr
et al. [12] ejected the indicator dye at the level of layer 5
(650-750 um below the pia). One hour after dye ejection,
the dendrites of layer 5 cells became discernable at the level
of layer 2/3 and were studied using two-photon imaging.

Targeted whole-cell patch clamp recordings
in MCBL-stained tissues

Originally, in vivo whole-cell patch clamp recordings in
the mammalian brain were introduced as a ‘blind’
approach [28-31]. Thereby, the patch pipette is placed
in the brain area of interest (e.g. within a given cortical
area at a given depth) and is then slowly advanced
forwards to hit a cell on its way. This approach gives
good results if one aims at recording from any cell
belonging to an abundant cell population. For recordings
from cells belonging to a specific subclass of neurons,
Margrie et al. [32] introduced a few years ago the so-
called two-photon targeted patching approach. This
procedure combines whole-cell patch clamp recordings
with in vivo two-photon imaging of EGFP-positive
neurons. An EGFP-positive neuron and a patch pipette
filled with a fluorescent intracellular solution are brought
into close proximity under the visual control using two-
photon imaging (see also [33]). This allows in vivo
whole-cell patch clamp recordings from defined cells,
such as, for example, parvalbumin-positive GABAergic
neurons [32]. The basic requirement for the two-photon
targeted patching is the ability to visualize and preselect a
cell of interest before a whole-cell recording configura-
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« Fig. 2 Removal of extracellular dye molecules by microcirculation. a

Images of layer 2/3 cells in the mouse visual cortex taken in vivo 1, 5,
and 20 min after a bolus injection of Fura PE3 AM. Note gradual
removal of the dye from the extracellular space and an increasing
brightness of individual cells. b In vivo images of the mouse visual
cortex obtained before (/) during (2) and after (3) a 500 ms long
injection of a red fluorescent dye Alexa Fluor 594 into the
extracellular space (upper panel). Merged images on the lower panel
show the fluorescence spot caused by Alexa injection (red) in relation
to individual cortical cells present in this region (stained with OG-1
AM, green). ¢ The time course of the Alexa 594-based fluorescence
transient. Numbers on the trace show the time points at which images
in b were taken. d Three Alexa 594-based fluorescence transients,
each obtained in a separate experiment, covering the entire range of
the kinetics observed

tion is established. As shown in Fig. 4, a similar
procedure can be used with MCBL-based staining. In
these examples, a neuron (Fig. 4a—c) and a glia cell
(Fig. 4d,e) were patched under visual control and
identified based on their morphology and, more impor-
tantly, on how they responded to sulforhodamine 101
staining (Fig. 4d). The electrical responses recorded
subsequently in the whole-cell configuration showed the
behavior characteristic for neurons (Fig. 4b and c; up-

Oregon Green BAPTA-1 AM Sulforhodamine 101

green fluorescent protein

20 pm

Fig. 3 Imaging of identified cell types. a Microphotographs of layer
2/3 cells in the mouse visual cortex stained with MCBL technique
using a dye mixture containing OG-1 AM and a glial marker
sulforhodamine 101. The fluorescence of OG-1 AM was directed to
the green channel (left) and the fluorescence of sulforhodamine 101 to
the red one (middle). The merged image on the right shows neurons in
green and glial cells in yellow. b Microphotographs illustrating OG-1
AM-based staining of layer 2/3 cells (leff) in a transgenic mouse

and-down states [34]) and glia cells (Fig. 4e; [35]),
respectively. In addition to the ability to select cells based
on anatomical and/or molecular markers, MCBL allows to
preselect the cells for targeted patching based on their
calcium signaling properties.

Somatic calcium signaling in vivo requires action
potential firing

By conducting simultaneous cell-attached electrical
recordings and two-photon Ca®" imaging in neurons
stained with OG-1 AM in the rat somatosensory/motor
cortex (Fig. 5a), Kerr et al. [12] showed that the
probability of detecting a Ca®" transient associated with
a single action potential is as high as 97%. The
probability of detecting short bursts of two to four action
potentials was even higher, approaching almost 100%. In
vivo Ca®" transients evoked by single action potentials
had mean amplitudes of approximately 10% (Fig. 5b) and
mean decay time constants of 800 ms [12]. Similar results
were also obtained in the mouse visual cortex (O.

Cc
Oregon Green BAPTA-1 AM

Merged

pia

L2/3

expressing EGFP (middle) selectively in somatostatin-positive
GABAergic interneurons. The merged image on the right shows all
cells in green and a somatostatin-positive interneuron in /ight blue. ¢
A side projection of dendrites of layer 5 pyramidal neurons stained
with OG-1 AM. a, ¢ Reproduced (with permission from Macmillan
Publishers Ltd; National Academy of Sciences USA, copyright 2005)
from [12, 21], respectively
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Fig. 4 Targeted in vivo patch-clamp analysis using MCBL. a A
microphotograph of layer 2/3 cells stained with OG-1 AM (green
channel, leff). A neuron in the middle of the image was patched with a
pipette containing Alexa Fluor 594 (red channel, middle). The image
on the right is an overlay of the two images. b Whole-cell membrane
potential recordings from the neuron in a. ¢ A histogram of the

Garaschuk and A. Konnerth, unpublished observations).
These in vivo results confirm earlier findings obtained in
brain slices that also showed a strict dependence of
somatic Ca”" signals on action potential firing (Fig. 5c¢;
[36]). Thus, it appears that under in vivo conditions,
dendritic Ca®" signals that involve Ca®" entry through
ligand-gated channels, for example, N-methyl-D-aspartate
(NMDA) receptor channels (e.g. [37]), do not contribute
measurably to Ca®" signals detected in MCBL stained
cells. The minor contribution of these dendritic Ca®"
signals is most probably due to the fact that the dye
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membrane potential measurements in b showing two peaks at =51 mV
(up state) and —62 mV (down state). d An overlay image showing
OG-1 AM stained neurons in green and a patched glial cell filled with
Alexa Fluor 594 in red. Before patching, the cell was labeled with
S101. e Whole-cell recordings of the membrane potential of the glial
cell shown in d

concentration in MCBL stained cells is too low (approx-
imately 20 uM; [11]) for dendritic recordings.

In vivo pharmacology

Although in vivo preparations are, in general, less accessible
for controlled pharmacological manipulations as compared
to cell cultures and tissue slices, there are several different
techniques available for the pharmacological treatment of
brain cells in vivo. Most often, drugs are administrated in
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Fig. 5 Somatic Ca®" signals in MCBL-stained cells require action
potentials. a Left panel: a merged image of layer 2/3 cells in the rat
somatosensory cortex stained in vivo with OG-1 AM (green) and
sulforhodamine 101 (red). Neurons are green and astrocytes are
yellow. Right panel: a simultaneous recording of action potentials in
the cell-attached configuration (upper trace) and associated Ca”*
transients (lower trace) obtained from the neuron in the middle. The

vivo via intravenal or intraperitoneal injections. The drugs
used in such experiments have to be able to cross the blood—
brain barrier; their action is delayed and their concentration
at the site of action is largely unknown. In addition, such
treatments often cause systemic side effects. Therefore, the
systemic drug administration has strong limitations when
studying fast cellular responses. A convenient alternative
method, which is particularly useful when performing
imaging experiments with single cell resolution, is the local
application of drugs directly to the cells of interest (Fig. 6).
In experiments using MCBL, the craniotomy used for dye
loading can be also used for the insertion of an iontopho-
resis or a pressure-application pipette. As shown in Fig. 6¢
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position of the patch pipette is indicated by an arrow. b Amplitudes of
in vivo calcium transients plotted as a function of the number of action
potentials detected in simultaneous cell-attached recordings. a, b
Reproduced, with permission from National Academy of Sciences
USA, copyright 2005, from [12]. ¢ Glutamate-evoked Ca®" transients
and corresponding changes in the membrane potential recorded in a
cortical slice obtained from a brain stained in vivo with OG-1 AM

and d, such applications can exert their action in highly
confined brain regions, with a spherical shape and a
diameter of around 100 pum. The use of a recording
chamber, as that illustrated in Fig. la, allows an even
simpler method for drug application. Drugs can be simply
added to preheated artificial cerebrospinal fluid, which is
used for continuous perfusion. This approach is similar to
the bath application of drugs in conventional brain slice
experiments. We found that under in vivo conditions, the
small craniotomy used for MCBL-based cell staining is
sufficiently large to allow an effective access of drugs to
the brain parenchyma. In our experience, water-soluble
drugs (e.g. the NMDA receptor antagonist 2-amino-5-
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Fig. 6 In vivo pharmacology. a
a, b In vivo Ca®" recordings
from layer 2/3 cells of the
mouse somatosensory cortex
stained with OG-1 AM. The
cells (marked with the respec-
tive numbers in the
corresponding image) were
stimulated either with an ionto-
phoretic application of 10 mM
glutamate (a) or with an ionto-
phoretic application of external
saline (b). ¢, d Ca®" transients in
layer 2/3 cells of the mouse
visual cortex (stained with OG-1
AM and marked with
corresponding numbers in c¢)
caused by a local iontophoretic
coapplication of 25 uM Alexa
Fluor 594 and 100 mM gluta-
mate. The circle in ¢ delineates
the area in which glutamate-
evoked Ca®" transients were
detected C

10 mM
Glutamate §

Glu

phosphonopentanoic acid [APV] or the sodium channel
blocker tetrodotoxin [TTX]) start acting within the intact
brain as soon as they are present in the recording chamber
and, thus, within time frames that are comparable to those
observed in brain slices. However, to achieve in vivo drug
effects similar to those observed in slices, a two- to
threefold increase in the concentration of the drug is
required. The use of lipophilic drugs (e.g. the voltage-
gated Ca®" channel blocker nitrendipine or the AMPA
receptor antagonist CNQX) turned out to be more
difficult. The required drug dosages were higher, most
probably because of the poor diffusion properties of these
substances.

Monitoring sensory-driven neuronal activity with single
cell resolution
To this end, MCBL and two-photon imaging were used (a)

for the characterization of spontaneous and sensory-driven
activity in the somatosensory and motor cortices of rats and
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mice (Fig. 7a; [11, 12]), (b) for monitoring light-evoked
responses in the mouse visual cortex (Fig. 7b), and (c) for
the characterization of direction selectivity of the layer 2/3
neurons in the visual cortex of rats and cats (Fig. 7c; [13]).
In zebrafish larvae, the approach was used for the analysis
of light-evoked responses in the optic tectum [18], odor-
evoked activity patterns in the olfactory bulb [17], and air
puff-evoked Ca”" signals in spinal cord neurons [16].

Two-photon imaging studies in rodent primary sensory
cortices have established that the coding of spontaneous as
well as sensory-driven activity in the upper cortical layers
is sparse. Thus, only 10% of neurons participated in the
spontaneous up states in rat somatosensory cortex [12].
Similarly, rather few cells responded to orientations of
moving bars in rat visual cortex [13]. In contrast, the
percentage of responsive cells in cat visual cortex was
rather high, reaching even 100% in some experiments
[13].

Another interesting feature revealed by two-photon
imaging of neuronal networks in vivo is the heterogeneous
distribution of activity in space and time across individual
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Fig. 7 Sensory-driven Ca®" transients in individual cortical neurons.
a Individual neurons in the mouse barrel cortex (leff) and the
corresponding Ca®" transients (right) evoked by the deflection of
the majority of whiskers at the contralateral side of the snout. The
transients were recorded using the line-scan mode (5 ms/line).
The position of the scanned line is indicated. b Individual neurons
in the mouse visual cortex (leff) and the corresponding Ca”" transients
(right) evoked by brief light flashes. Light flashes were applied every

neurons. For example, continuously changing ‘mosaic’
activation patterns were observed in rat and mouse
somatosensory cortex during spontaneous [12] as well as
sensory-driven [11] activity. These data indicated that such
activities are not generated by a particular subset of
neurons, but rather are produced by dynamically reorga-
nizing neuronal subpopulations. Interestingly, the results
concerning the organization of the orientation- and direc-
tion-selectivity maps at a single cell level show species
specificity. Thus, in the optic tectum of zebrafish larvae as
well as in the rat visual cortex, direction- or orientation-
selectivity maps are locally disordered with neighboring
cells, often highly tuned to different directions and/or
orientations [13, 18]. In contrast, in the cat visual cortex,
orientation- and direction-selectivity maps are highly
organized (Fig. 7c; [13]). Orientation and direction
selectivity varies slowly over the distance; the tran-
sitions between different preferred directions are smooth
and ordered with each cell responding similarly to its
nearest neighbors. Interestingly, the boundaries between
neuronal clusters responding to different directions are

Coll 1 ™t radtmeadtiw et S astvtismsntibid: et
Cell2 Wby Smmbipbcoimiont

Cell 4 Mﬁww'w

Cat visual cortex

7102 AFF
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h-’.’néu.qmuwa\:

¥apu| uonoaulg

5s

10 s (indicated as a dotted line). ¢ A high-resolution image of the cat
visual cortex (upper panel). On the lower panel, all cells responding
to a given direction of the visual stimulus were color-coded in red and
green. The cells responding to both directions are displayed as gray,
according to their direction index (see color scale on the right).
a Reproduced, with permission from National Academy of Sciences
USA, copyright 2003, from [11]. ¢ Reproduced, with permission from
Macmillan Publishers Ltd, from [13]

extremely narrow (20-50 pm) and are populated by
cells responding rather equally to both directions
(Fig. 7c).

Monitoring Ca®" signals in awake behaving animals

To measure macroscopic properties of neural networks in
nonanesthetized animals, Adelsberger et al. [20] combined
MCBL with in vivo brain microendoscopy. The tip of a thin
flexible optic fiber (J=200 pwm; numerical aperture = 0.48)
was implanted into the brain region stained with OG-1 AM
(Fig. 8a) and was used both for excitation of the fluorescent
dye and for the collection of the emitted light. The use of a
single detector (photomultiplier or avalanche photodiode)
allowed recording a compound Ca”" signal from all cells
within the illuminated volume, thus severely reducing the
susceptibility of recordings to movement artifacts. This in
vivo microendoscope was recently used to record sponta-
neous Ca®" waves in the cortex of nonanesthetized mouse
pups (Fig. 8b). The waves occurred mainly during sleep
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Fig. 8 In vivo brain microendoscopy. a A schematic drawing illus-
trating an implanted optical fiber. b In vivo recordings of spontaneous
cortical Ca*>* waves in a nonanesthetized newborn mouse. ¢, d A two-
photon image of the in vivo stained cortical area (c), where the Ca>"
waves shown in d were recorded from. e A high-resolution in vivo
image of the layer 1 in the visual cortex of a mouse model of

like resting states and vanished or became inhibited during
animal’s movements [20]. Remarkably, similar Ca*" waves
were present in cortical slices obtained from mice stained in
vivo (Fig. 8c and d). They closely resembled the early
network oscillations initially found in cortical slices of
newborn rats [38].

In addition to monitoring Ca®" signals in awake,
behaving animals, the microendoscopic approach can be
performed anywhere in the brain, even in deep and hidden
regions. However, its limitation is that it currently allows
just a single point detection. Spatially resolved recordings
may be obtained either through the implantation of an array
of fibers, or through the substitution of a single optical fiber
by fiber bundles [39], and/or by using gradient refractive
index fibers [40].

Monitoring Ca*" signals in aged and diseased brain

It is difficult to establish a good experimental model for
studying neuronal aging in vitro because of the high
fragility of aged neuronal tissue. By contrast, in vivo
studies, like the ones using MCBL, are feasible also in aged
animals [21]. Figure 8e displays cortical cells in vivo in the
visual cortex of a 1-year-old mouse mutant, which
represents a mouse model of Alzheimer’s disease. These
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Alzheimer’s disease [41]. Cells are stained with OG-1 AM (green) and
amyloid depositions are stained with thioflavine S (blue). f Light-
evoked population Ca®" transients recorded with an endoscopic fiber
in the visual cortex of a mouse model of Alzheimer’s disease. Cortical
cells were stained with OG-1 AM. a—d Reproduced, with permission
from Macmillan Publishers Ltd, from [20]

mice overexpress a human amyloid precursor protein (APP)
with the Swedish double mutation (at positions 670/671)
that is associated with a familiar form of Alzheimer’s
disease [41]. As a result of the mutation, the cortex is
enriched with accumulations of the amyloid-f3 protein, so-
called dense core plaques. The plaques represent a
histological hallmark of Alzheimer’s disease [42]. For
two-photon in vivo imaging studies, the plaques can be
stained with specific fluorescent markers like, for example,
thioflavine S [43]. We found that the diffusion of
thioflavine S within the brain is rather restricted, and,
therefore, the in depth staining of the brain tissue is better
achieved by the bolus ejection technique (Fig. 8e;
O. Garaschuk, R.I. Milos, and A. Konnerth, unpublished
observations). The in vivo functional properties of neuronal
networks in mutant animals can be studied both at the
‘macroscopic’ level using brain endoscopy (Fig. 8f) and at
the level of individual neurons when using two-photon
imaging (Fig. 8e).

Conclusions
Two-photon Ca®" imaging using targeted bulk loading of

Ca*" indicators is a useful approach for high-resolution in
vivo imaging of network function. The advantages of the
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approach include the relatively high temporal resolution
(frame rates of up to 100/s), the good spatial resolution
allowing the discrimination of single cells, and its high
versatility that allows its use in a variety of animal models
and at different ages. It is foreseeable, however, that the
development of genetically encoded fluorescent protein
sensors with improved properties will open exciting new
possibilities in the nearest future [44-46]. Genetically
encoded indicators, not just for calcium but also for other
second messengers (e.g. [47-49]), can, in principle, be
targeted to specific subclasses of neurons or even to small
neuronal subcompartments, like dendrites and dendritic
spines. The combination of bolus loading techniques with
various methods like targeted expression of genetically
encoded indicators will soon open entirely new avenues for
the in vivo analysis of brain function.
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