
VU Research Portal

From neurodevelopment to neurodevelopmental disorders: glutamatergic networks in
health and disease
Dawitz, J.

2015

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Dawitz, J. (2015). From neurodevelopment to neurodevelopmental disorders: glutamatergic networks in health
and disease. [PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/5dbcca28-b5e6-4101-babc-25343ab6ccb4


2 
Functional calcium imaging in 
developing cortical networks
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Abstract
Spontaneous network activity is essential for activity-dependent network wiring during the 
development of many neuronal circuits. Disturbances of this activity, for instance caused 
by neurodevelopmental disorders, are proposed to lead to phenotypic aberrations later in 
life. Electrophysiological techniques can measure this activity at high temporal resolution 
in a single cell recording or as summated responses across neuronal networks. However, the 
high resolution of temporal imaging is not matched by a high spatial resolution that would 
allow to measure single cell activity of many neurons across the entire network. In contrast, 
two-photon calcium imaging of developing networks allows for detection of single cell ac-
tivity within a network of multiple neurons with sufficient temporal resolution. Here we for-
malize a protocol for two-photon calcium imaging in different developing brain areas. The 
preparation of brain slices, the assembly of a custom made staining chamber using standard 
lab equipment, the staining procedure and an example imaging paradigm are established. 
Finally, the use of co-stainings to ascertain cell type specificity is demonstrated.
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Introduction
Spontaneous activity in developing neuronal networks has been shown to be an essential 
part of activity dependent maturation of neuronal circuits (Spitzer, 2006). It has been ob-
served in intact spinal cord, brainstem, retina, cortex and dissociated neuronal culture prep-
arations. A key feature of newly-forming cortical and hippocampal networks during pre- 
and early postnatal development are waves of synchronized spontaneous neuronal activity 
(Katz and Shatz, 1996; Khazipov and Luhmann, 2006). In both primate and rodent brain, 
early electrical and calcium network waves are observed pre- and postnatally in vivo and  
in vitro (Adelsberger et al., 2005; Garaschuk et al., 2000; Lamblin et al., 1999). This synchro-
nized activity is implicated in many processes, including axonal tree formation (Catalano 
and Shatz, 1998), ion channel composition maturation (Desarmenien and Spitzer, 1991), and 
synaptic pruning (Shatz and Stryker, 1988). Being able to describe the pattern and disentan-
gle underlying mechanisms of synchronized network activity in a brain region is essential 
for understanding its development. It offers the opportunity to pinpoint perturbances in e.g. 
neurodevelopmental disorders, explaining later malfunctions in animal disease models and 
ultimately find new targets for early interventions in patients.

There are several ways of measuring spontaneous synchronized network activity. Highly 
synchronized electrical activity has been recorded from local neuronal networks using field 
electrodes. This technique enables high temporal sampling rates but lower spatial resolution 
due to integrated read-out of multiple neurons at one electrode. Single cell resolution of neu-
ronal activity is possible using patch-clamp electrophysiology on single neurons to measure 
firing activity. However, the ability to measure from a network is limited to the number 
of neurons patched simultaneously, and typically is only one or two neurons. During peri-
ods of spontaneous activity, neurons depolarize to fire single or bursts of action potentials, 
activating many ion channels. Depolarization activates voltage-gated calcium channels on 
dendrites and spines that mediate calcium influx. Such calcium influx is measurable using 
calcium-dependent fluorescent indicators, whose intensity alters as a result of changes in 
calcium binding to the indicator (Paredes et al., 2008). Thus, the use of calcium-dependent 
fluorescent indicator dyes bulk loaded into developing networks enables the measurement 
of synchronized activity across a network of cells. This technique gives both single cell 
spatial resolution and sufficient temporal sampling to record spontaneous activity of the 
developing network.

In this article, we demonstrate the procedures used to perform two-photon calcium imag-
ing in brain slices to image spontaneous activity in developing networks. Examples from 
developing medial entorhinal cortex, neocortex and hippocampus during the first postnatal 
weeks demonstrate the benefits of this technique.
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We depict all preparations step-by-step from brain slice preparation to staining, includ-
ing the cost-efficient assembling of a staining chamber. Major imaging parameters are dis-
cussed and a technique to stabilize the slices during imaging is described. Additionally, we 
present staining options for astrocytes, endothelium cells and microglia to investigate cell 
types within the active network.

Methods
Animals and tissue usage
All procedures performed on animals are in accordance with Dutch and European law and 
were approved by the animal ethics commission (DEC) of the VU University Amsterdam. 
C57BL/6 mouse pups aged from postnatal day (P)1 - P10 were used for data collection.

Preparation horizontal brain slices
To diminish damage to the neuronal circuitry, the brain is dissected out and sliced in ice-cold 
slice solution containing choline instead of the sodium commonly used in artificial cerebro 
spinal fluid (aCSF) for neuronal recordings. Slice solution contains (in mM): 110 Choline 
chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium ascorbate, 7 MgCl2, 3.1 sodium pyruvate, 
2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2 and is carbogenated (95 % O2, 5 % CO2) before use 
for at least 10 minutes. Animals are rapidly decapitated and the brain is dissected out under 
ice-cold slice solution. The brain is transferred onto filter paper on an upside down petri 
dish. The two hemispheres are separated and the cerebellum is removed. One hemisphere 
can be placed back in the ice-cold slicing solution for later use. The remaining hemisphere 
is flipped onto its midline and the top of the brain is cut off with a slight angle towards the 
rostral end. Then, the brain is flipped onto its the recently cut surface and glued to the cut-
ting block upside down by gently pushing with a cotton bud. 300 µm thick slices are cut. For 
young tissue, cutting speeds and blade frequency are typically slower than for more mature 
tissue. We use 0.05 mm/s cutting speed and 36 Hz blade frequency with a 700 µm ampli-
tude. Cut slices are transferred into a slice holding chamber containing oxygenated aCSF at 
room temperature. Recovery aCSF contains (in mm): 125 NaCl, 26 NaHCO3, 10 D-glucose, 
3 KCl, 2.5 MgCl2, 1.6 CaCl2, and 1.25 NaH2PO4 and is continuously carbogenated with 
carbogen gas (95 % O2, 5 % CO2). Slices are left to recover for 1 hour.

The slicing procedure described here is aimed to prepare horizontal hippocampal and ento-
rhinal cortex slices. Different orientations of the brain in the slicer can be used to achieve 
e.g. prefrontal cortex slices (Vidal and Changeux, 1989) or slices of sensory cortices (Ag-
mon and Connors, 1991).

Bulk loading with Fura-2 AM in self assembled staining chamber
Fluorescent calcium-sensitive indicators, such as Fura-2 AM contain carboxylic acid groups 
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which can bind calcium ions. These fluorescent dyes are activated by specific light wave-
lengths, either using one-photon or two-photon microscopy. The number of photons emitted 
from the indicator is transiently altered upon binding of calcium. This change in photon 
number or fluorescence, reported as a ‘ΔF/F’ signal, corresponds to a change in the calcium 
level within the neuron. Here we use Fura-2 AM, but staining procedures can easily be 
adapted to other AM dyes.

Figure 2.1: Schematic drawing of the stain-
ing chamber. (A) For Fura-2 AM application 
slices are placed into a semipermeable culture 
dish 1 placed in a small petri dish 2 filled with 
oxygenated aCSF. Fura-2 AM or other dyes are 
applied directly onto the region of interest us-
ing a small pipette 3. (B) During incubation the 
lid of the bigger petri dish is closed to ensure 
oxygenation 4.

To load the cells with a calcium-dependent indicator or cell-specific marker, slices need 
to be transferred to a chamber for the staining procedure. Although commercial chambers 
are available, one can easily be assembled from standard lab equipment for very little cost 
(Figure 2.1). To assemble the staining chamber only basic laboratory equipment is needed 
(Table 2.1). First, a small hole is made into the side of the wall of two petri dishes (large 
and small) using a heated rod that is large enough for the silicone tubing to pass through. 
The silicone tubing is passed through the hole in the small petri dish so that it forms a loop 
inside the small dish. The open end in the dish is sealed and the tubing is stuck to the inner 
wall of the petri dish using superglue. Then the small dish is glued onto the middle of the 
larger dish with the two holes aligned and the tubing is passed through the side wall of the 
large petri dish. A fine needle is used to create small holes in the silicon tubing inside the 
small petri dish that are evenly spread to ensure even gas perfusion. Using a heated scalpel 
the top 1 cm of a cell culture well with a semi-permeable membrane is cut away to leave a 
shallow dish to hold the slices during incubation. For the lid of the staining chamber a hole 
approximately half to one cm diameter is made in the lid of the large petri dish. A heated 
scalpel is used to make an angled cut to remove the end of a syringe and the top of the sy-
ringe is attached to the lid using superglue. A tubing connector is connected on the syringe 
and the tubing of both parts of the staining chamber is connected to a carbogen supply using 
additional connectors. This will bring a supply of carbogen gas over the slices during the 
incubation period.

(A)

(B)

1
2

3

4
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Table 2.1: Basic laboratory equipment needed for staining chamber assembling.

Quantity Object

2 Plastic petri dishes (one bigger with lid, one smaller)

1 10 ml syringe

ca. 40 cm Silicone tubing

1 Cell culture insert with semi-permeable membrane

3 Tubing connectors

Superglue

Fine bore needle

For staining, the small petri dish is filled with approximately 1.5 ml aCSF from the slice 
holder. The shallow cell culture dish filled with 1 ml of aCSF is put in. It is important to 
maintain a good carbogen supply to keep the tissue healthy and for good loading of the 
slice. The staining chamber is put onto a hotplate at 35 °C to facilitate uptake of the dye 
into neurons. To avoid bleaching of the dye the following procedures are carried out with 
as little light as possible and dye and slices are kept in the dark. While the staining cham-
ber warms up, the indicator dye is prepared. For Fura-2 AM, 9 µl of Dimethyl sulfoxide 
(DMSO) and 1 µl of pluronic acid (20 % in DMSO) are added to the vial containing 50 µg 
of Fura-2 AM. DMSO and pluronic acid act as permeabilising agents to enable the dye to be 
taken up through the lipid membrane. The vial is vortexed for 15 minutes to ensure that the 
dye is completely dissolved. For the staining procedure slices are transferred into the cell 
culture dish filled with aCSF and pre-heated to 35 °C. The dye is pipetted directly onto the 
entorhinal cortex (Figure 2.1B) or the region of interest of choice above the slices. The lid 
of the staining chamber is closed and slices are incubated in the dark for 20 to 40 minutes 
depending on the age (Table 2.2). After incubation slices are transferred back into the slice 
holder to wash off any excess dye.

Table 2.2: Incubation times for different ages, experimentally determined in the lab.

Age (postnatal days) Incubation time (min)

<P8 20

P8-9 25

P10-11 30

P12-13 35

>P13 40
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Loading of older tissue and with non-neuronal dyes
Perhaps due to increased myelination in the brain tissue, slices from older rodents do not 
take up Fura-2 AM that efficiently. To facilitate uptake of this dye a preincubation step using 
Cremophor EL (Sigma) is used for brains of mice at P13 and older. Cremophor is a non-ionic 
surfactant used as an excipient in many pharmaceutical applications. Without this step, we 
find that cell-specific labeling is extremely poor and inconsistent throughout the cortical 
slice. For preincubation slices are transferred  into a shallow preincubation dish filled with 
3 ml aCSF and 8 μl 0.5 % cremophor (Sigma) in DMSO heated to 35 °C for 3 minutes before 
following the procedure described above.

Calcium dyes load both neurons and non-neurons in the slice preparation. To identify and 
distinguish between these cell types within the network, sulforhodamine 101 (SR101) can 
be used to label astrocytes within the slice. 1 ml 10 µM SR 101 solution is prepared from a 
10 mM stock solution and slices are incubated for 15 minutes as described above. A washout 
period of at least 90 minutes is needed to wash off unspecific staining.

Additionally microglia and endothelial cell can be labeled using FITC tomato lectin dye. 
For preparation of the dye 25 μl of 2 mg/ml Lycopersicon esculentum (tomato) lectin 
FITC conjugate (L0401, Sigma) stock solution is dissolved into 2.5 ml r-aCSF giving a  
20 μg/ml concentration. The dye is pipetted over the slice as described above and incubated 
for 45 minutes. Note that it is not possible to combine this dye with a calcium-sensitive 
indicator like Fura-2 AM or Oregon Green BAPTA-1 (OGB-1) that fluoresce in the green 
range of the spectrum since the photons from both dyes will be emitted at overlapping wave-
lengths. However, there are other calcium-indicator dyes such as Calcium orange and Fura 
Red that may be used in combination with appropriate filters or Texas-Red lectin conjugates 
to combine with calcium-indicator dyes in the green spectrum.

Attaching slices to the recording chamber
During imaging slices need to be stable under the microscope. Usually a metal harp is 
placed to hold down the tissue but it can unevenly distort the surface of the slice, giving only 
part of the field of view for imaging in focus. To avoid this, slices are stuck to the recording 
chamber using Polyethylenimine (PEI). PEI is a polymer used to enhance the attachment 
of cells to a surface. In this application, PEI ensures that the slices attached to the chamber 
and stay stable during the recording. PEI solution is prepared by dissolving 1 ml of PEI in 
250 ml boric buffer (40 mM boric acid and 10 mM sodium tetraborate decahydrate) over 
night. At least one hour before adding the slices to the recording chambers, the recording 
chambers need to be filled with a few milliliters of PEI solution to cover the floor of the 
chamber. Before adding a slice to the recording chamber it is rinsed with distilled water and 
aCSF. Then a slice is transferred to the chamber and all excess aCSF is removed with a pi-
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pette or syringe and all further aCSF is removed using small pieces of absorbent filter paper 
to ensure that the slice has no more aCSF around or under the slice edges. 0.5 to 1 ml of 
aCSF is pipetted onto the slice very gently without loosening it from the imaging chamber. 
Recording chambers are put into a large carbogenated interface container and left for one 
further hour to ensure proper attachment and to allow the endogenous esterases to cleave 
the Fura-2 AM in the cells.

Imaging
Calcium-dependent indicator dyes can be imaged using either one- or two-photon micros-
copy. Use of two-photon imaging only activates indicator dye within the focal volume of the 
region of interest, thus reducing the amount of light scatter in the tissue (Figure 2.2). Fur-
thermore, it enables better depth penetration of the light into the slice. Data presented here 
is acquired using a Titanium sapphire laser supplied by Coherent coupled to an Olympus 
microscope with a 20x objective (NA 0.95) and a Trimscope system by LaVision Biotec. The 
Trimscope system enables frame scanning with 64 beamlets simultaneously and is coupled 
with a Hamamatsu C9100 EM-CCD camera for fast frame-scanning rates. Many different 
commercial or open software packages are available to record and analyse images. In our 
lab we use Imspector software for acquisition from LaVision Biotec.

Figure 2.2: Illumination area in one- and two-
photon microscopes. (A) Schematic represen-
tation of the typical cone-like illumination area 
throughout the slice of one-photon illumination us-
ing shorter wavelength light for excitation (around 
450 nm for Fura-2 AM). (B) Dot like highly specific 
illumination area in the focal spot during two-pho-
ton imaging with longer wavelength light (around 
820 nm for Fura-2 AM).

To image spontaneous network activity in developing medial entorhinal cortex we aimed for 
a single cell spatial resolution while achieving a temporal resolution sufficiently high to de-
tect calcium transients. With our hard- and software we achieve 10 Hz imaging rates over a 
350 x 350 µm field of view. Before imaging the slice chamber is positioned under the micro-
scope and a stable flow of carbogenated aCSF is established. For imaging early spontaneous 
network activity aCSF containing 1.6 mM Ca2+ and 1.5 mM Mg2+ heated to 30 °C is used. 
Using white light, the region of interest in the slice is located and put into focus. The lights 

(A) (B)
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are then turned off, and the recording cabinet is closed to reduce background light noise 
and the laser shutter is opened ready for imaging. Using 820 nm laser-light for Fura-2 AM 
excitation the focus of the field of view is adjusted to image an optimal amount of neurons in 
the network. Once a region of interest is selected, a timelapse movie of up to tens of minutes 
neuronal activity is recorded. We typically make sequential 4 minute recordings, allowing 
to check for movement of the tissue during longer recordings. Following this, a z-stack set 
of images is made of 20 µm depth above and below the tissue. This enables an automated 3D 
cell detection using in-house scripts in Matlab software before the imaging timelapse data 
is processed. To disentangle synaptic mechanisms underlying spontaneous network activity 
during development, application of selective antagonists or agonists can be used.

To acquire anatomical and multicolor images two PMTs were used separated by a 560/70 nm 
dichroic mirror. Since temporal resolution is not required for these images, low scanning 
frequencies and multi-line averages were applied to increase image quality.

Results
We used two-photon calcium imaging to read out spontaneous network activity in devel-
oping networks of medial entorhinal cortex. We found successful loading of the calcium 
indicator Fura-2 AM in developing neocortical (Figure 2.3A) and entorhinal cortex net-
works (Figure 2.3B) using multiphoton imaging. Some dye was still present as background 
staining in the tissue but cell soma and in some cases, proximal dendrites are clearly visible 
and separate from surrounding neuropil. If loading has not been successful, very little cell-
specific staining is observed and small clusters of dye spots are often visible on the slice 
surface in dead membrane debris.

To separate astrocytes from neurons, Fura-2 AM and SR 101 were co-applied and anatomi-
cal PMT images were acquired following functional imaging. An overlay of the Fura-2 AM 
(green) and the SR 101 (red) signal show that the vast majority of Fura-2 AM stained cells 
in neuronal (Figure 2.4A). However, some co-localization of the Fura-2 AM and the SR 101 
signal (yellow) were observed indicating that some of the cells stained with the calcium dye 
were astrocytes. Events of putative neurons only stained with Fura-2 AM (Figure 2.4B, top)  

(A) (B)
Figure 2.3: Fura-2 AM loading. (A) Representa-
tive slice of developing neocortical networks of a 
P1 mouse with clearly distinguishable cell bod-
ies. (B) Typical field of view of a medial entorhinal 
cortex network at P10. Note the staining of the 
proximal dendrites in some neurons (white ar-
rows). Scalebars: 100 µm.
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tive neurons had a sharp drop of fluorescence followed by a slower but still quick recovery 
while astrocytic events were much slower and lacking any sharp changes in fluorescence. 
These kinetics are typical for neurons and astrocytes respectively (Hirase et al., 2004; Nim-
merjahn et al., 2004).

Using FITC-conjugate Lycopersicon esculentum (tomato) lectin we stained for microglia 
and endothelium cells in developing mouse hippocampus (Figure 2.5A) and superficial en-
torhinal cortex (Figure 2.5B). A clear staining of the small microglia and the endothelium 
cells, typically located around blood vessels, has been imaged using two-photon imaging 
with a PMT.

Finally, we demonstrate that using 10 Hz timelapse recordings of developing slices allows 
for a functional readout of activity. In medial entorhinal cortex we observe synchronized 
activity in multiple cells while recording in standard aCSF without any drugs and in absence 
of electrical stimulation (Figure 2.6).

Discussion
We presented a complete protocol – from tissue preparation to analysis – to investigate 
activity in the developing brain with the aid of two-photon calcium imaging. The method 
enables imaging in different brain regions, to co-stain for non-neuronal cell types and to 
read out activity from the recorded neurons.

For successful preparation of brain slices for calcium imaging, two main objectives have to 
be met: First, the slices have to remain as healthy as possible. Therefore we kept the brain  
tissue ice-cold during slicing, used slicing solution with choline instead of sodium to prevent 
excessive spiking and the resulting glutamate toxicity and we used elevated Magnesium 
levels during slicing and recovery to reduce plasticity by blocking the N-Methyl-D-aspartic

(A) (B) Figure 2.4: Astrocyte co-labeling with sulforho-
damine 101. (A) Overlay of co-labeling of Fura-
2 AM ester (green) and sulforhodamine 101 (red). 
The limited number of co-stained cells (yellow) 
indicates that only a minority of cells loaded with 
Fura-2 AM are astrocytes. Excitation wavelength: 
820 nm. Image collection on two PMTs with dichroic 
mirror at 560/70 nm for emission wavelength sepa-
ration. Scalebar: 50 µm.

(B) Representative Fura-2 AM fluorescence traces from an astrocyte characterized by much slower 
kinetics without a sharp drop (above) and a putative neuron with a characteristic sharp drop of fluores-
cence followed by a gradual recovery (below). Scalebars: 60 s, ΔF 10 (Arbitrary units fluorescence).
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acid (NMDA) receptor. Second, the dye needs to be loaded into the cells. AM ester dyes 
can pass cell membranes, however, when applied pure only in limited amounts. To aid the 
transfer of the dye into the cell the surfactants DMSO and pluronic acid (20 % in DMSO) are 
added to the dye and staining is carried out at 35 °C. Possibly due to the maturing myelina-
tion, the passage of dye into the cells becomes increasingly difficult with age. We found that 
for older tissue a pre-incubation with cremophore solution, another surfactant, is beneficial. 
Using these techniques we were able to image the activity of large amounts of neurons in 
slices simultaneously.

Calcium transients caused by bursts of activity posses markedly slower kinetics than the 
underlying action potential. The synchronous waves of activity seen in developing neuronal 
networks are bursts of action potentials synchronized over a network. Thus the 10 Hz frame 
rate we can achieve is sufficient to properly sample the calcium activity as a read out for 
activity. Therefore using calcium imaging with its additional advantage of single cell spatial 
resolution is a outmost suitable technique to investigate this phenomenon. Electrophysi-
ological techniques have an advantageous temporal resolution but field and multi electrode 
array recordings lack single cell resolution while single cell patch clamp recordings can only 
be used for a very limited number of neurons simultaneously.

Bulk loading of a calcium indicator dye is used to stain many neurons simultaneously. 
However, Fura-2 AM, like any other AM dye, does not exclusively load neurons. Interest-
ingly, it has been shown that in brain slices Fura-2 AM preferentially stains neurons, while 
other dyes, like Fluo 4-AM rather stain astrocytes (Wang et al., 2006). Therefore we chose 
Fura-2 AM to image developing neuronal networks. To prevent inclusion of any remaining 
astrocytic signals a co-stain with SR 101 that specifically loads astrocytes can be performed. 

(A) (B)(A) (B) 1

2

3

4

5

(A) (B)
1

2
3

4

5

Figure 2.5: FITC-conjugated Lycopersicon es-
culentum (tomato) lectin staining. (A) Labeling 
of microglia (standard arrow) and endothelial cells 
(double arrow) in developing mouse hippocam-
pus and (B) superficial medial entorhinal cortex. 
Scalebars 100 µm.

Figure 2.6: Synchronized activity in developing 
superficial medial entorhinal cortex. (A) Stained 
superficial entorhinal cortex network of a P10 
mouse. Scalebar 20 µm. (B) Fluorescence traces 
of six synchronously active neurons. Numbers in-
dicate corresponding neurons in the network in A. 
Scalebars: 30 s, 50 % ΔF/F.
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The overlay of the Fura-2 AM and the SR 101 signal can be used to exclude astrocytes. An-
other way of excluding astrocytic signals from analysis is the use of genetically encoded cal-
cium indicators under a neuron specific promoter. However, calcium indicators are known 
to interfere with normal calcium signaling. The presence of calcium indicator dyes during 
development could potentially alter the mechanism underlying activity and evoke compen-
satory effects. Therefore we chose for a acute application of the dye.

We show that microglia and endothelium cells can be stained with FITC-conjugated Lyco-
persicon esculentum (tomato) lectin. Due to the overlapping emission spectra of the dye and 
Fura-2 AM we could not co-stain. However, the use of red calcium indicators like Fura Red 
or the use of a texas-red conjugated forms of the lectin dye would allow for that. In the future 
functional recordings of the movement of microglia upon tissue damage or activity could be 
studied while using the calcium signal as a read out for activity. This approach can offer new 
insights into damage response mechanisms in the developing brain.
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