
Large-scale imaging of subcellular calcium dynamics
of cortical neurons with G-CaMP6-actin
Chiaki Kobayashia, Masamichi Ohkurab, Junichi Nakaib, Norio Matsukia,
Yuji Ikegayaa,c and Takuya Sasakia

Understanding the information processing performed by

a single neuron requires the monitoring of physiological

dynamics from a variety of subcellular compartments

including dendrites and axons. In this study, we showed

that the expression of a fusion protein, consisting of

a Ca2 + indicator protein (G-CaMP6) and a cytoskeleton

protein (actin), enabled large-scale recording of Ca2 +

dynamics from hundreds of postsynaptic spines and

presynaptic boutons in a cortical pyramidal cell. At dendritic

spines, G-CaMP6-actin had the potential to detect localized

Ca2 + activity triggered by subthreshold synaptic inputs.

Back-propagating action potentials reliably induced

Ca2 + fluorescent increases in all spines. At axonal

boutons, G-CaMP6-actin reported action potential trains

propagating along axonal collaterals. The detectability

of G-CaMP6-actin should contribute toward a deeper

understanding of neural network architecture and

dynamics at the level of individual synapses. NeuroReport
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Introduction
Neurons in the cortex are not simple integrate-and-fire

units, but transform spatially structured synaptic inputs

and provide a range of nonlinear outputs through the local

interactions in dendrites [1] and axons [2]. A series of

recent evidence suggests that these subcellular mechan-

isms are likely to enhance the computational power of

a single neuron.

Although the patch-clamp recording technique is used

widely for direct examination of subcellular physiological

dynamics [3], this recording is restricted to one or a few

patched sites. Alternatively, a promising strategy for

resolving this spatial limitation is Ca2 + imaging in which

activity patterns of identified structures are optically

measured as a change in Ca2 + fluorescence. It has,

however, still been a technical challenge to introduce

Ca2 + indicators into small subcellular compartments.

Intracellular loading of chemically synthesized indicators

by whole-cell recording requires tens of minutes to allow

passive dye diffusion into distal subcellular structures [4].

In recent imaging strategies, genetically encoded Ca2 +

indicators (GECIs) can be alternatives to chemically

synthesized indicators [5,6]. One of the remarkable

advantages of GECIs is that they can be targeted to

specific cell classes and subcellular domains by linking

to cell-type selective promoters or sequences. In addi-

tion, stable expression of GECIs allows long-term

recording from the same cellular structures [7,8]. In a

recent study, we have developed a novel GECI, termed

G-CaMP6 [9] (note that this G-CaMP6 is a different

variant from a series of GCaMP6 developed by Chen

et al. [8]). This new sensor allows reliable detection of

neuronal activity with larger fluorescence signals and higher

temporal resolution than previous versions of G-CaMPs.

Next, we fused G-CaMP6 with actin, a major cytoskeletal

protein, to yield G-CaMP6-actin. In this study, we

characterized the ability of G-CaMP6-actin to detect

localized Ca2 + signals at dendritic spines and axonal boutons

in cortical pyramidal cells. We show that G-CaMP6-actin can

visualize the entire subcellular morphology at rest and detect

Ca2+ signals at a single-synapse resolution.

Materials and methods
Animal ethics

Experiments were conducted with the approval of the

animal experimental ethics committee at the University of

Tokyo (approval number: 24-6) according to the University

of Tokyo guidelines for the care and use of laboratory

animals.

Cultured slice preparation

Hippocampal slice cultures were prepared from postnatal

day 7 Wistar/ST rats (SLC). Briefly, rat pups were chilled

and the brains were removed and horizontally cut into

300-mm-thick slices in aerated, ice-cold Gey’s balanced

salt solution supplemented with 25 mM glucose. En-

torhino-hippocampal stumps were excised and cultivated

on Omnipore membrane filters (JHWP02500; Millipore,

Bedford, Massachusetts, USA) that were laid on plastic
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O-ring disks [10]. The cultures were fed with 1 ml of

50% minimal essential medium, 25% Hanks’ balanced salt

solution, 25% horse serum, and antibiotics in a humidified

incubator at 371C in 5% CO2 and were used for

experiments on days 7 to 14 in vitro. The medium was

changed every 3.5 days.

Single-cell electroporation

On days 3–5 in vitro, G-CaMP6-actin under the control

of the CMV promoter was introduced into the neurons

through targeted single-cell electroporation [9,11].

Briefly, borosilicate glass pipettes (tip resistance,

4–6 MO) were filled with HBSS containing 1–2 mg/ml of

plasmid DNA. After the tip of the pipette was placed in

close proximity to the soma, electroporation was

performed with 50 rectangular pulses (–5 V, 0.5 ms

duration) at a frequency of 50 Hz. Single-cell electro-

poration was applied sequentially to up to 10 cells using

the same pipette within 5 min. Imaging was performed

24–48 h after electroporation.

Ca2 + imaging

Hippocampal slices were mounted in a recording

chamber and perfused at a rate of 1.5–3 ml/min with

artificial cerebrospinal fluid containing (in mM) 127

NaCl, 26 NaHCO3, 3.3 KCl, 1.24 KH2PO4, 2.2 MgSO4,

2.4 CaCl2, and 10 glucose, bubbled with 95% O2 and 5%

CO2. All recordings were performed at room temperature

(24–281C). An epifluorescence microscope was used to

select cells showing stable G-CaMP6-actin expression.

For Ca2 + imaging, G-CaMP6-actin were excited at

488 nm with a laser diode (641-YB-A01; Melles Griot,

Carlsbad, California, USA) and visualized using a 507 nm

long-pass emission filter. Images were captured at

10–100 fps using a Nipkow-disk confocal scanner unit

(CSU-X1; Yokogawa Electric, Tokyo, Japan), a cooled

CCD camera (iXON DV897; Andor, Belfast, UK), an

upright microscope (Eclipse FN1; Nikon, Tokyo, Japan),

and a water-immersion objective (� 40, 0.9 NA;

Nikon) [12,13]. Cells with labeled nuclei were excluded

from further analysis. Regions of interest were carefully

located by eye. In each region of interest, the fluores-

cence intensity was spatially averaged. The fluorescence

change was defined as:

DF

F
¼ Ft�F0ð Þ

F0

;

where Ft is the fluorescence intensity at time t and F0 is

the baseline averaged for 5 s before time t.

Electrophysiological recordings

Patch-clamp recordings were collected from hippocampal

CA3 pyramidal neurons using a MultiClamp 700B

amplifier and a Digidata 1440A digitizer controlled by

pCLAMP10 software (Molecular Devices, Union City,

California, USA). Borosilicate glass pipettes (5–7 MO)

were filled with a solution containing (in mM) 135

K-gluconate, 4 KCl, 10 HEPES, 10 phosphocreatine-Na2,

0.3 Na2-GTP, and 4 Mg-ATP (pH 7.2). The signals were

low-pass filtered at 1–2 kHz and digitized at 20 kHz. Data

were discarded if the access resistance changed by more

than 20% during the experiment. Spikes were evoked by

current injections (2–3 ms, 1–2 nA). Extracellular electrical

stimulation was applied using a constant voltage-isolated

stimulator (Nihon Kohden) with a glass pipette filled with

artificial cerebrospinal fluid. The electrodes were placed on

the dentate hilus to stimulate the mossy fiber pathways.

Stimulation intensity was set to 40–60mA and greater than

200mA for subthreshold and suprathreshold stimulation,

respectively.

Results
Expression of G-CaMP6-actin in hippocampal pyramidal

neurons

We have recently developed a GECI, termed G-CaMP6,

which generates relatively higher baseline fluorescence

compared with the existing GECIs and enables detection

of individual spikes from the pyramidal cell soma with

100% detection rates in slice preparations [9]. Although

the name of the probe is similar, this probe was developed

independently from the study of GCaMP6f, m, and s

reported by Chen et al. [8]. We then constructed a fusion

protein in which G-CaMP6 is tethered to a cytoskeleton

protein, actin, to localize the probe to plasma membranes

of small subcellular compartments [14]. The resulting

indicator, G-CaMP6-actin, was expressed in hippocampal

pyramidal neurons through targeted single-cell

electroporation of the cDNA plasmid (Fig. 1) [9,15].

G-CaMP6-actin labeled dendritic spines and axonal

varicosities that represent excitatory synaptic inputs and

outputs, respectively (Fig. 1a). No significant differences

were found between G-CaMP6-actin(–) and G-CaMP6-

actin(+) cell groups in membrane capacitances

[G-CaMP6(–)-actin, 162±49 pF; G-CaMP6-actin(+),

172±29 pF] and input resistances [G-CaMP6(–)-actin,

128±38 MO; G-CaMP6-actin(+), 130±13 MO], indicat-

ing that tethering G-CaMP6 to actin and its expression

did not alter the basic electrophysiological properties.

Imaging of spine Ca2 + activity with G-CaMP6-actin

In G-CaMP6-actin-expressing neurons, the density of

labeled spines was 1.13±0.98/mm (n = 600 spines from five

cells), which was anatomically characterized spine densities

reported in previous studies [16,17]. G-CaMP6-expressing

spines in the striatum lucidum and the striatum radiatum of

the hippocampal CA3 region were imaged using a Nipkow-

disk confocal system for high-speed and wide-field scanning

of Ca2 + dynamics from a large number of spines [12]

(Fig. 1b). On average, spatiotemporal patterns of Ca2 +

signals were reconstructed from 176±44 spines (n = 6

movies) in an imaging region of 200� 200mm2. Field

electrical stimulation was delivered to the dentate granule

cell layer, and membrane potential changes were measured

simultaneously by whole-cell recording from the imaged
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neuron. Corresponding with the timing of subthreshold

voltage response, a subset of spines showed increases in

Ca2 + fluorescence in an all-or-none manner (Fig. 1d). The

spatial extent of the spine Ca2 + transients had an average

radius of 2.3±0.8mm2 (n = 85 spines). Notably, individual

spines showed trial-to-trial variations in Ca2 + responses; a

few spines responded faithfully to the repetitive stimuli,

whereas others were less reliable. Figure 1b and c shows the

probability of a Ca2 + response (i.e. the ratio of the number

of Ca2 + transients to the total trial of field stimulation).

This value is likely to reflect the success rate of synaptic

transmission at each spine. Amplitudes of DF/F transients in

active trials were almost constant and the signals could be

separated from optical noise at inactive trials or in spines that

were functionally silent (Fig. 1e; n = 4284 responses). This

suggests that the signal-to-noise ratio of G-CaMP6-actin

Fig. 1
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Imaging of spine signals associated with subthreshold activity. (a) Expression of G-CaMP6 (left) and G-CaMP6-actin (right) in hippocampal
pyramidal neurons. The images were taken from different slices but under similar imaging conditions. Similar image processing was added to the
pictures. (b) Z-projection and 3D images of a CA3 pyramidal neuron expressing G-CaMP6-actin obtained using a �40 objective. The bottom insets
show the �5 magnification of the parts indicated by white boxes. (Right) Three-dimensional image reconstruction of the spines. (c) Confocal
scanning was performed from the same neuron at a frame rate of 10–50 Hz. Ca2 + responses in spines were induced by a single pulse of
subthreshold stimulation (0.2 Hz, 30–50mV) to the dentate hilus. Membrane potential was recorded simultaneously from the soma by whole-cell
recording. The positions of 206 spines are reconstructed in the right cell map, in which response probability of each spine is indicated in a
pseudocolor scale. Out-of-focus portions of the dendrites are connected by black lines. (d) Representative fluorescent traces of the spines in
response to the subthreshold stimulation imaged at a frame rate of 20 fps. Corresponding voltage response at the soma is shown in the bottom trace,
indicating no spike generation. (e) The distribution of the maximum DF/F within 200 ms after the stimulation in all spines. The red line indicates the
DF/F at the 1% significance level estimated from the Gaussian curve fit to the values obtained from inactive spines. (f) Relationship between
the average amplitude of voltage changes and the percentage of active spines. Error bars represent SEM.
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fluorescence is sufficient to detect spine Ca2 + signals at

single trials. The average decay time constant of the Ca2 +

signals was 556±69 ms (n = 1589 responses). Overall, the

fraction of active spines in each trial showed a significant

positive correlation with the amplitude of subthreshold

depolarization (Fig. 1f; R = 0.75; P < 0.05).

We next examined Ca2 + dynamics associated with

suprathreshold activity by increasing the intensity of field

stimulation to more than 200mA. Patch-clamp recording

confirmed that stimulation induced action potentials

(APs) in all trials (Fig. 2b). Spike generation robustly

induced fluorescence responses in 98.6±1.1% of spines

(n = 6 cells; an example shown in Fig. 2c). This result

shows that G-CaMP6-actin faithfully captures spine Ca2 +

influx induced by back-propagating APs into dendrites.

Imaging of axonal Ca2 + activity with G-CaMP6-actin

Because actin is a cytoskeleton protein distributed through-

out axonal arbors, the expression of G-CaMP6-actin should

also label presynaptic axonal boutons. In hippocampal

pyramidal cells, axon collaterals can be distinguished from

dendrites on the basis of their typical morphological

characteristics: (a) axons are smaller in diameter than

dendrites, (b) axons innervate wider areas with diverse

directions, and (c) axons lack spiny structures. In G-CaMP6-

actin expressing neurons, the average interval between

boutons was 3.9±2.2mm (n = 142 boutons from four cells).

This is consistent with the morphological characteristics of

axons reported in previous studies [18]. We monitored Ca2 +

responses upon spike generation from en passant boutons of

axon collaterals with an axonal path distance of 100–300mm

from the axon hillock. Spike-triggered Ca2 + transients were

restricted to bouton domains with minimal fluorescent

changes in axonal shafts (Fig. 3b). The amplitudes of the

bouton Ca2 + signals varied from trial to trial, which may be

because of the intrabouton variations in spike-induced Ca2 +

entry through voltage-sensitive Ca2 + channels as reported

in previous studies [19]. The average DF/F amplitude of

Ca2 + transients in response to a single spike was 9.4±2.6%,

Fig. 2
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Imaging of spine Ca2 + transients triggered by back-propagating APs. (a) Typical changes in Ca2 + intensity were measured from the four spines of a
G-CaMP6-actin-expressing cell indicated by yellow circles. (b) Representative fluorescent responses of four spines induced by spike generation at
a frame rate of 10 fps. APs reliably induced a fast Ca2 + transient in all spines. (c) (Left) Simultaneous spine imaging from four G-CaMP6-actin-
expressing neurons. Spines were numbered in ascending order from the soma to distal axonal segments in each cell. Out-of-focus portions are
connected by black lines. (Right) Rastergraph showing the spike-induced Ca2 + transients of the 304 boutons from four pyramidal cells. The bottom
shows the timing of suprathreshold electrical stimulation. APs, action potentials.
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with a detection rate of 45% (n = 15 boutons). The signal

amplitudes increased almost linearly as the spike number

increased, and no apparent failures of Ca2 + responses were

observed with two and more APs with a frequency of 50 Hz.

The decay time constant of the axonal Ca2 + signals was

526±48 ms.

Discussion
In this study, we showed that a fusion protein, G-CaMP6-

actin, enables functional imaging of the spatiotemporal

patterns of Ca2 + signals from a large number of

subcellular domains in cortical pyramidal cells.

G-CaMP6-actin can be a powerful tool to elucidate the

spatiotemporal patterns of synaptic inputs and outputs in

a single neuron.

The idea of creating a fusion protein composed of a GECI

and actin was proposed by Mao et al. [14] as GCaMP2-

actin. Owing to the iterative improvements of the sensor

domain, our G-CaMP6-actin considerably outperforms

the previous fusion protein to detect subcellular calcium

transients, which are practically difficult to detect.

Although it has been shown that the expression of raw

GECIs labels dendrites and spines using certain expres-

sion systems [8], linking actin to GECIs can be another

strategy to effectively target tiny subcellular domains as

shown in Fig. 1a.

Individual spines responded to constant subthreshold

inputs with considerable variations both among different

spines at a given trial and among trials in a given spine.

This could not be because of the instability of sensor

performance because back-propagating APs triggered

robust Ca2 + increases in every trial and in almost all

spines. Several possible mechanisms may account for the

response variability. First, the variation observed may

reflect the instability of synaptic transmission. Neuro-

transmitter release from cortical synapses is stochastic

and varies from trial to trial. Assuming that Ca2 + increase

at each spine is linked to neurotransmission, the

probability of Ca2 + response could directly report

the success rate of transmission [20]. Second, the

response variation might be because of the variability of

individual Ca2 + dynamics triggered by synaptic transmis-

sion. Finally, the most likely source is time-varying

recruitment of different subsets of presynaptic inputs

that are determined by background noise activity arising

from recurrent circuits of the hippocampal CA3 region.

The dominant source of spine Ca2 + influx is considered to

be from the opening of voltage-dependent Ca2 + channels

(VDCCs) in the plasma membrane triggered by back-

propagating APs [19]. In addition to VDCCs, activation of

N-methyl-D-aspartate receptors underlies Ca2 + transients

associated with subthreshold depolarization induced by

synaptic inputs [12,20,21]. At axonal boutons, spike-

induced Ca2 + transients are controlled by activation of

a high density of VDCCs at presynaptic terminals [22].

Another possible source might be N-methyl-D-aspartate

receptors at presynaptic sites, although the distribution

Fig. 3
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and detection rate of Ca2 + signals (red) plotted against the number of APs (n = 15 boutons). APs, action potentials.
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and the possible contribution to axonal Ca2 + dynamics

remain fully understood [23,24].

Here, we chose actin as a protein to fuse with GECIs simply

because it is ubiquitously expressed throughout neurons.

However, other types of fusion proteins or promoters may

also be effective in localizing GECIs to targeted do-

mains [25]. As the dynamics of GECIs strongly depend on

external conditions, such as temperature, background

fluorescent intensity, and expression systems, further studies

are required to determine whether similar performance can

be obtained in other experimental systems.
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