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Chapter 2

Mapping synaptic inputs of developing 
neurons using calcium imaging
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Abstract

Studying changing synaptic activity patterns during development provides a wealth 

of information on how activity-dependent processes shape synaptic connectivity. In 

this chapter we will introduce a method that combines whole-cell electrophysiology 

with calcium imaging to map functional synaptic sites on the dendritic tree and follow 

their activity over time.  The key strength of this method lies in its ability to distinguish 

between synaptic and non-synaptic calcium signaling by their coincidence with 

synaptic currents measured at the soma. Next to the required materials and protocols 

that are necessary to perform these experiments, we will thoroughly discuss how the 

acquired data can be analyzed. Since this method can be employed in many neuronal 

systems we believe that it can be a valuable tool to study developmental changes in 

synaptic connectivity.
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Introduction

During development highly specific synaptic connectivity patterns emerge that are 
not only guided by molecular factors but also by activity dependent processes (Cline, 
2003; Goodman and Shatz, 1993; Sanes and Yamagata, 2009). In many developing 
networks this activity is present in the form of spontaneously generated networks 
events that occur before any sensory information is received (Ben Ari, 2001; Ben-Ari 
et al., 1989; Galli and Maffei, 1988). These spontaneous network events are highly 
synchronized as large groups of neurons become activated at the same time. The 
resulting correlated activity is thought to be crucial in shaping synaptic connectivity 
through the engagement of Hebbian-like plasticity mechanisms (Shatz and Stryker, 
1988; Stellwagen and Shatz, 2002; Xu et al., 2011).

Spontaneous activity in developing networks is often studied using calcium 
imaging whereby the action potential firing of up to hundreds of cells is monitored 
simultaneously over time. However, this network imaging technique is inadequate 
for studying activity-dependent refinement on the level of individual synapses. 
In this chapter we will describe an imaging method that combines whole-cell 
electrophysiology and high speed calcium imaging to study synaptic activity patterns 
during development in vitro. The strength of this approach lies in the fact that 
these two techniques complement each other in the types of data that they collect. 
Specifically, electrophysiological measurements can detect synaptic activity with 
high temporal precision but do not provide any information on where these inputs 
are located on the dendrite. Conversely, while local calcium signals on the dendrite 
can be observed with µm resolution it is not possible to identify the source of those 
signals (e.g. calcium influx through activated NMDA channels or calcium release 
from internal store). By correlating the occurrence of local calcium transients on 
the dendrite with coincident synaptic currents measured at the soma, we devised 
a measure to quantitatively separate synaptic from non-synaptic calcium activity. 
Furthermore, by voltage clamping a cell at its resting potential we can prevent cell-
wide calcium increases caused by backpropagating action potentials that would 
normally mask synaptic activity on the dendrite. Using this approach we have 
previously mapped a large portion of functional synapses on the apical dendrites 
of CA3 pyramidal neurons and followed their activity over time (Kleindienst et al., 
2011). Observing how specific activity patterns affect the fate of individual synapses 
promises to answer many outstanding questions about activity-dependent synaptic 
refinement during development. Here we discuss the necessary equipment and 
provide detailed protocols on how to successfully perform these experiments.
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Materials

Different types of equipment are needed for imaging synaptic activity. These include 
the reagents for patching and labeling neuronal cells with a calcium indicator dye. A 
majority of the described instrumentation will be present on most electrophysiology 
or life cell imaging setups. However, some more specialized equipment will help you 
get the most out of your experiments. 

Reagents

1. Hank’s balanced salt solution (HBSS) 10x (Life Technologies).

2. NaH2CO3 

3. CaCl2

4. Dimethyl Sulfoxide (DMSO).

5. Trolox.

6. Internal solution containing 12 mM KCl, 130 mM Kgluconat, 10 mM 
HEPES, 4 mM Mg-ATP, 8 mM NaCl. pH set to 7.2 with KOH and osmolarity 
to 290 mOsm. 

7. Calcium indicator dye, Oregon Green Bapta-1 hexapotassium salt (Life 
technologies).

Instrumentation

1. Upright microscope stage (BX51WI, Olympus)

2. 40x and 0.8 NA water immersion objective.

3. Piezo-stepper between the microscope and objective (P-721.LLQ, Physik 
Instrumente).

4. High speed and low noise CCD camera (e.g. Andor iXon+).

5. Excitation light source, in 488 nm range (PE-1, CoolLed).

6. Microscope temperature control system (TC05, Luigs and Neumann).

7. Fire polished borosilicate glass with filament, 0.86x1.50x80mm (Science 
products).
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8. Micro-manipulator (Luigs-Neumann)

9. Microelectrode Amplifier, Axon MultiClamp 700B (Molecular Devices).

10. Electrophysiology digitizer, Digidata 1440A (Molecular Devices).

11. Culture inserts 30 mm, hydrophilic PTFE, 0.4 µm (Millicell).

12. Software for image acquisition, controlling the Piezo-stepper and 
electrophysiology acquisition.

13. Software for offline image processing and visualization (ImageJ, Matlab).

Methods

Optical Setup

Calcium imaging requires an optical system that is free of noise and allows for 
stable imaging. The reliability of your data analysis depends largely on the achieved 
imaging speeds and signal to noise ratio (SNR).

Microscope

The method described here requires an upright microscope since accessibility with 
a patch pipette is restricted to cells in the top layer of a slice.  Our aim is to image 
as much of the dendritic tree as possible and we therefore make use of a standard 
fluorescence microscope. In our experience, the associated faster imaging speeds and 
SNRs are preferred to any increase in spatial resolution. In fact, since the calcium 
transients associated with synaptic activation follow a Gaussian distribution it is 
actually possible to infer the signals origin with sub-pixel resolution. Furthermore, 
the lower z-resolution allows us to image additional portions of the dendritic tree 
even if they are not perfectly in focus. 

We used a 40x 0.8 NA water dipping objective together with a LED excitation light 
system (505 nm wavelength). In principle any light source can be used that efficiently 
excites the calcium indicator fluorophore. Most calcium indicators have excitation/
emission spectra comparable to GFP and this should therefore not pose a problem 
for most imaging systems. An important benefit of a LED light source is that one can 
precisely set the excitation intensity (0-100%), something that is not always possible 
with other systems. This is very useful considering that the excitation intensity 
should be carefully adjusted to achieve good SNRs while preventing bleaching 
and phototoxicity. It is therefore advisable to use a set of neutral density filters 
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in combination with other light sources that do not have this capability. Another 
important step in limiting phototoxicity is to set the field aperture of your excitation 
light to tightly fit the field of view of your CCD camera. Otherwise, surrounding 
tissue may be unnecessarily excited and cause unneeded phototoxicity or stray light 
scattering.

High-speed CCD Camera

The camera is one of the most important pieces of equipment for functional calcium 
imaging and will have a large effect on the quality of your recordings. When choosing 
a camera it is important to keep in mind the existing tradeoff between the SNR and 
imaging speed. For this reason we used an electron multiplier CCD (EMCCD) 
camera, which have a higher quantum efficiency then standard CMOS cameras. In 
our experiments we used a 4x4 binning during pixel read-out so that we could image 
full frame (250x250 pixels) at 32 ms with low read-out noise. This recording speed 
is fast enough to image calcium influx caused by even unitary synaptic activations 
(hundreds of ms). Most EMCCD cameras can also operate in ‘Crop Mode’ where 
only a small subset of pixels are read out at high speed. This can be especially useful 
for single synapse imaging at frequencies higher than 100 Hz. Many camera´s also 
have shutter signal output that indicates when the CCD sensor is being exposed. We 
record this signal on a separate channel on our electrophysiology system to later align 
the imaging data with the electrophysiology recordings.

Piezo Stepper

An inherent problem with imaging dendrites is that they can spread out over a large 
3d volume often traversing large depth ranges. In order to maximize the dendritic 
area that can be imaged at the same time we attached a piezo-stepper between the 
microscope and the objective. This piezo-electric motor consists of a material that 
expands or shrinks based on the applied electric field. The z-position of the objective 
can hereby be regulated with nanometer precision and millisecond responsiveness. 
The piezo-stepper is controlled by the shutter signal of the CCD camera which moves 
the objective to the next set Z-position at the beginning of each frame. We typically 
record from three different focal planes within 100 ms. Images from these three planes 
are then collapsed into a maximum projection (Figure 1) resulting in a total temporal 
resolution of 10 frames per second. In theory the number of focal planes could even 
be further increased since the calcium transients typically last a few hundreds of ms. 
However, in our experience it is usually better to not image at speeds lower than 
10 Hz since after this point the decay phase of the calcium transient can no longer 
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be reliably recorded. This makes it much 
harder to later separate true calcium 
activity from imaging noise. 

Recording Chamber

Long term imaging of synaptic 
activity requires that there are no large 
movements of the imaged dendrite over 
time. Especially temperature induced 
expansion or shrinking of the slice will 
result in z-drift over time that cannot 
be corrected post hoc. Maintaining a 
stable temperature of the medium in the 
recording chamber is therefore critical 
for movement-free imaging. This can be 
achieved with a good chamber heating 
element with a precise temperature 
controller. Furthermore, the pulse-
perfusion pump connected to the 
chamber should be properly calibrated 
and provide a constant perfusion of 
the slice without introducing sudden 
movements.

Choice of Calcium Indicator

The number of commercially available chemical Ca2+-indicators has steadily 
increased over time and they are now available in a wide range of excitation and 
emission wavelengths. When choosing the most appropriate calcium indicator for an 
experiment it is important to consider the functional and spectral characteristics of 
the calcium indicator (Grienberger and Konnerth, 2012; Paredes et al., 2008) together 
with the limitations of your imaging system. First, calcium indicators can vary greatly 
in their affinity to bind free Ca2+ ions. This is often expressed as the inversely related 
disassociation constant (kd), the molar concentration of Ca2+ at which half of the 
indicator molecules are bound with Ca2+. In general, higher affinity indicators (e.g. 
OGB-1) are necessary to detect small changes in Ca2+ concentration associated with 
synaptic activity. However, these high affinity indicators also lengthen the decay 
times of the calcium signals since they are effectively acting as a calcium buffer. While 

Z = 0 µm Z = -7 µm

Z = -15 µm Max. Proj. 

20 µm 

Figure 1. High speed and large volume 
imaging of the dendritic tree. 
Apical dendrite of a CA3 pyramidal neuron 
imaged at different depths by moving 
the objective with a piezo-electric motor. 
Last panel shows the collapsed maximum 
projection of all three imaging planes.
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this buffering activity makes identification of synaptic activity easier, it is important 
to remember that it can affect synaptic calcium signaling and plasticity, especially 
at higher concentrations (Cummings et al., 1996; Nabavi et al., 2013). It is therefore 
advisable to take some time to determine the lowest concentration at which you can 
reliably detect synaptic activity. 

Recently, great advances have been made with genetically encoded calcium 
indicators (GECIs) and they are now a viable alternative for imaging synaptic activity 
(Looger and Griesbeck, 2012). Especially GCaMP6s, with its high affinity and 
slower kinetics, stands out in this regard (Chen et al., 2013). The improved response 
characteristics of GCaMP6s are in part due to a lower baseline fluorescence, thereby 
creating a larger relative fluorescence increase upon Ca2+  binding. However, due to 
this lower baseline fluorescence it may be necessary to co-express a separate, non-
overlapping, fluorescent protein for morphological identification. 

Sample Preparation

The following protocol describes the procedure for preparing organotypical 
hippocampal slices from rodent pups (Postnatal day 0-5) for patching and imaging. 
However, they could in theory be modified to work with acute slices or cultured slices 
from other brain regions. 

Organotypical Slice Culture Preparation

1. Organotypical slices are prepared from P0-5 rats or mice following the 
Stoppini method described previously (Stoppini et al., 1991).

2. Up to four slices are placed on a porous membrane insert (30 mm, 0.4 µm) 
and incubated in serum containing medium at 37 °C in 5% CO2.

3. Cultured slices will attach to the membrane over time and can be used after 
two days in vitro (DIV).

Preparing for Imaging

4. Recording medium is first prepared by adding 175 mg NaH2CO3 and 147 
mg CaCl2 to 500 ml HBSS. To protect the cells against phototoxicity we add 
100 µl Trolox solution (250 mg Trolox in 2 ml DMSO) and finally set the 
osmolarity of the solution to 290 mOsm.

5. Individual slices are cut out of the membrane using small scissors and placed 
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in the prepared recording medium.

6. Individual slices are placed in the recording chamber of the microscope and 
weighed down with a platinum ring. All slices are first visually inspected and 
the ones with clear identifiable cell bodies in the top layer of the slice are 
selected for later use.

7. The orientation of the slice in the chamber is adjusted so that the pyramidal 
dendrites of the targeted neurons can later be imaged without the patch 
pipette blocking the field-of-view.

Acquisition

Patching Procedure

1. A patch pipette with a resistance between 3-4 MΩ is pulled using Borosilicate 
glass.

2. One pipette is filled with 10 µl internal solution containing 33-100 µM OGB-
1 and is attached to the preamplifier.

3. A cell is chosen and the electrode is moved towards it under visual control 
while applying a positive pressure to prevent clogging of the pipette tip. A 
test current is applied at regular intervals to monitor any changes in the 
resistance of the pipette.

4. When the electrode is in close proximity to the soma the constant pressure is 
removed and replaced by a small amount of negative pressure. The electrode 
should now form a very tight connection to the cell membrane with a 
measured resistance above 1GΩ (‘Giga-seal’). If a Giga-seal is not formed 
then the pipette is immediately replaced and the procedure is restarted.

5. Before an attempt is made to break open the cell membrane the pipette 
potential is first clamped to -65mV to prevent any sudden depolarization of 
the cell upon break-in.

6. The membrane under the pipette tip is then opened by applying a strong but 
brief amount of negative pressure. A successful break-in can be identified by 
the current response to the test pulse as a relatively large capacitive transient 
should appear.

7. A strong and stable connection to the interior of the cell is required in order 
to reliable measure all synaptic events and for sufficient dye diffusion to take 
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place. For this reason, only cells with an access resistance below 20 MΩ and 
a leak current that does not exceed 100 pA are used. 

Imaging Procedure

1. The patched cell is left undisturbed for the first 10 minutes in order for the 
calcium indicator in the pipette to diffuse into the cell. 

2. The excitation light is turned down to its lowest level to make a visual 
inspection of the cell and to select a region where a large portion of the 
dendrite can be imaged. Extra care is taken to keep exposure of the soma 
and the pipette to a minimum in order to reduce phototoxicity. If necessary, 
the excitation light intensity is adjusted to accommodate for the intensity of 
the calcium indicator signal in the dendrites.

3. A total of 3 focal planes are chosen, using the piezo-stepper software, in such 
a way that large continuous stretches of  dendrite can be captured in focus.  
The piezo-stepper is then set to loop between these 3 focal planes on the start 
of each imaging frame.

4. Before the start of the recording, the access resistance and leak current are 
measured and written down. If these parameters are within acceptable limits 
then the electrophysiology software is set to start recording upon the trigger 
signal from the camera. The recording is then initiated by starting the image 
acquisition.

5. Between each recording the focus of the objective is adjusted to correct for 
any movement of the slice. 

Analysis

Detection of local calcium transients from raw recordings can be a computationally 
intensive process. Furthermore, these signals must be aggregated and grouped 
according to their spatial characteristics in order to identify putative synaptic sites. 
Similarly, synaptic inputs measured in the electrophysiological recordings must be 
detected and aligned to the imaging data in order to determine whether detected 
calcium signals are synaptic or non-synaptic. Here we discuss in detail the automated 
analysis we first described in Kleindienst et. al. (Kleindienst et al., 2011).

Detection of Local Calcium Signals and Putative Synaptic Sites

First, the images from the 3 focal planes are collapsed into a single image using a 
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maximum projection. In this image each pixel value represents the maximum value 
of that pixel in all planes (i.e. the pixel that was most in focus). In order to detect 
any changes in fluorescence a F0 image is created in which each pixel represents the 
median value of that pixel over time. A top-hat filter is then applied to the F0 image 
(radius 3 pixels) in order to remove any unevenness in the background illumination 
(Figure 2A). Pixels in this F0 image are determined to belong to a dendrite if their 
intensity is higher than 2 times the standard deviation of the entire image and have a 
shared area larger than 200 connected pixels (Fig. 2B).

To show the percentage increase in fluorescence a ∆F/F0 image stack is calculated 
by subtracting and dividing each pixel with its counterpart in the F0 image (Figure 
2C). Since synaptic calcium signals are characterized by a fast increase in fluorescence, 
we calculate the derivative of the ∆F/F0 image stack using a convolution filter. This 
derivative stack is first average filtered (radius, 3 pixels) then eroded with a disk-
shaped structure (radius, 2 pixels) and thresholded at 15% ∆F/F0 sec-1 (Figure 2D). 
Any signal with more than 10 connected pixels on the dendrite (in both space and 
time) is considered to be a real calcium signal.

In order to determine the origin of a calcium signal on the dendrite we first identify 
the center of a signal as the pixel with the largest relative fluorescence increase. If 
necessary these coordinates are shift corrected between recordings in cases of large 
movement or drift. Center coordinates of all detected signals are then aggregated and 
clustered into putative synaptic sites. For this we use a furthest distance clustering 
algorithm where the weighted center of all signals determines the center coordinate.

B

∆F/F0 
sec -1

15%

45%

∆F/F0 
9%

3%

A

10 µm

C D

Figure 2. Detection of synaptic calcium signaling. 
A, Top-hat filtered image of a apical dendrite. B, Detection of the dendritic morphology by 
thresholding the image shown in A. C, Example of a spontaneous local calcium transient 
superimposed onto the dendrite. D, Derivative over time calculated from the same signal.
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Discriminating Between Synaptic and Non-Synaptic Sites

Next, we investigate when synaptic currents occur in the electrophysiology recording 
to see if detected calcium signals coincide with synaptic inputs arriving at the soma. 
The recorded current trace is first average filtered (5 ms window) and convoluted to 
calculate the derivative. The onset of a synaptic current is then determined as the 
time point where the derivative is higher than 6 times the standard deviation (Figures 
3A and 3B). A shutter signal from the camera, recorded in parallel on a separate 
channel, is used to relate each signal to a specific imaging frame (Figures  3C and 
3D). Using this information, we calculate for each detected site what proportion of 
their calcium activity coincides with synaptic currents measured at the soma. Since a 
calcium signal can occur simultaneously with a synaptic current purely by chance we 
compared the measured proportion of correlated activity to the proportion expected 
by chance. If the coincidence of calcium transients with synaptic currents exceeded 
the chance level 1.5 times then a site was considerd to be synaptic. Previously, we 
confirmed that this method can accurately identify synaptic sites as bath application 
of APV  almost completely blocked activity at these sites (Kleindienst et al., 2011).

2.5%
∆F/F0 

50 pA

200 ms

A

B

C D
EP

Derivative

25 pA

200 ms125 pA
ms-1

200 ms

∆F/F0 

10%

3%

10 µm

Figure 3. Coincidence of a dendritic calcium transient with a synaptic burst. 
A, Whole-cell voltage clamp recording reveals a spontaneous burst of synaptic inputs arriving 
at the soma. B,  Derivative of the electrophysiology trace shown in A. Red line indicates 
the threshold used for detecting the onset of synaptic currents. C, Spontaneous calcium 
transient superimposed on the apical dendrite. The white circle indicates the area used for the 
following ∆F/F0 traces. D, Traces show changes in calcium concentration over time as ∆F/F0 
(top) together with the aligned voltage-clamp recording (bottom). Light and dark grey bars 
represent the duration of an imaging frame. Detected synaptic currents are indicated by a red 
circle. The  onset of the dendritic calcium transient coincides with the start of the synaptic burst 
suggesting that the observed calcium increase is due to synaptic activation. 
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