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Background: Genetically encoded calcium indicators (GECIs), especially the GCaMP-based green 
fluorescence GECIs have been widely used for in vivo detection of neuronal activity in rodents by measuring 
intracellular neuronal Ca2+ changes. More recently, jRGECO1a, a red shifted GECI, has been reported 
to detect neuronal Ca2+ activation. This opens the possibility of using dual-color GECIs for simultaneous 
interrogation of different cell populations. However, there has been no report to compare the functional 
difference between these two GECIs for in vivo imaging. Here, a comparative study is reported on neuronal 
responses to sensory stimulation using GCaMP6f and jRGECO1a that were virally delivered into the 
neurons in the somatosensory cortex of two different groups of animals, respectively. 
Methods: GCaMP6f and jRGECO1a GECI were virally delivered to sensory cortex. After 3–4 weeks, 
the animals were imaged to capture the spatiotemporal changes of neuronal Ca2+ and the hemodynamic 
responses to forepaw electrical stimulation (0.3 mA, 0.3 ms/pulse, 0.03 Hz). The stimulation-evoked 
neuronal Ca2+ transients expressed with GCaMP6f or jRGECO1a were recorded during the baseline period 
and after an acute cocaine administration (1 mg/kg, i.v.). 
Results: Histology confirmed that the efficiency of jRGECO1a and GCaMP6f expression into the cortical 
neurons was similar, i.e., 34%±3% and 32.7%±1.6%, respectively. Our imaging in vivo showed that the 
hemodynamic responses to the stimulation were the same between jRGECO1a and GCaMP6f expressed 
groups. Although the stimulation-evoked fluorescence change (∆F/F) and the time-to-peak of the neuronal 
Ca2+ transients were not significantly different between these two indicators, the full-width-half-maximum 
(FWHM) duration of the ∆F/F rise in the jRGECO1a-expressed group (0.16±0.02 s) was ~50 ms or 46% 
longer than that of the GCaMP6f group (0.11±0.003 s), indicating a longer recovery time in jRGECO1a 
than in GCaMP6f transients (P<0.01). This is likely due to the longer off rate of jRGECO1a than that of 
GCaMP6f. After cocaine, the time-to-peak of Ca2+ transients was delayed and their FWHM duration was 
prolonged for both expression groups, indicating that these are cocaine’s effects on neuronal Ca2+ signaling 
and not artifacts due to the property differences of the GCEIs. 
Conclusions: This study shows that both jRGECO1a and GCaMP6f have sufficient sensitivity for 
tracking single-stimulation-evoked Ca2+ transients to detect neuronal activities from the brain. Since these 
GECIs are emitted at the different wavelengths, it will be possible to use them together to characterize the 
activity of different cell types (e.g., neurons and astrocytes) to study brain activation and brain functional 
changes in normal or diseased brains. 
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Introduction

Fluorescence Ca2+ indicators have played an important role 
in understanding cellular signaling, especially in the brain. 
These indicators have made it possible to optically detect 
cellular Ca2+ concentration changes and to track cellular 
activity across multiple spatial scales from a single synapse to 
a neuronal population (1-3). In general, there are two types 
of Ca2+ indicators: chemical Ca2+ indicators and protein 
based genetically encoded Ca2+ indicators (GECIs) (4).  
For brain functional studies,  the GECIs are now 
preferred because specific delivery to targeted cell types 
can be controlled (1,3). For example, GCaMP6, a green 
fluorescence GECI, has been widely used for measuring 
neuronal activity (1,5-7) because of its high sensitivity to 
detect neuronal Ca2+ transients, and under some conditions 
even to detect a single Ca2+ transient arising from a single 
action potential (8). However, the excitation and emission 
of the GCaMP GECIs are all within blue and green 
wavelength range, where both scattering and absorption 
of biological tissue are relatively high (8,9). The property 
differences among the GECIs such as different kinetics (e.g., 
different Ca2+ on-and-off rates) always raise the question of 
whether the Ca2+ changes are to some extent influenced by 
their properties; therefore, it is necessary to compare the 
results using different GECIs. Furthermore, many GFP-
based transgenic rodent models (8) share the same green 
fluorescence emission with the green GECIs (e.g., GCaMP 
serials), which makes difficult to use such green GECIs for 
Ca2+ imaging for these animals. There are many occasions 
where it would be important to concurrently track the 
activities of different cell types from the same animal, for 
example to image the Ca2+ activities from neurons and 
astrocytes in response to a brain stimulation. 

Different color GECIs, such as jRGECO1a, red GECI, 
have been developed to increase the utility of GECIs (8).  
While the chemical property and the f luorescent 
characteristics of jRGECO1a have been described (8), 
there is no report on side-by-side comparison between 
red and green GECIs for Ca2+ transients in vivo. The goal 
of this study was to compare the performance of a green 
GECI (GCaMP6f) with a red GECI (jRGECO1a) for 
brain functional imaging. Specifically, jRGECO1a and 
GCaMP6f were virally delivered into the somatosensory 
cortex to express the neurons in two different groups 
of rats, respectively. After 3–4 weeks, optical imaging 
was conducted over the cortex of each animal during 
which the synchronized neuronal Ca2+ transients and the 

hemodynamic responses to a sensory stimulation (i.e., 
electrical stimulation of the forepaw) were acquired. The 
results between the jRGECO1a and GCaMP6f animal 
groups were analyzed to characterize their differences. 

Cocaine produces neural deficits (10) when abused 
repetitively in humans. For example, Lee et al. 2003 (11) 

showed that the maximal response of brain to visual 
stimulation frequency shifted from 4 to 8 Hz between 
controls and cocaine abusers, suggesting that due to 
cocaine-induced deficits more intense ‘stimuli’ were needed 
for a cocaine abuser to ‘trigger’ the brain to function 
‘normal’. It has been reported recently that cocaine abusers 
have widespread disruption in brain fMRI activation 
patterns in response to a working memory task (12).  
In addition, animals with extended access to cocaine show 
cortical deficits along with the compulsivity (13). Here, 
we applied these two GECIs to study the cocaine’s effects 
on neuronal activities from the cortex in vivo. The Ca2+ 
fluorescence transient (neuronal response) to the forepaw 
stimulation mimics a sensory stimulus in humans. Studying 
the high temporal resolution of these Ca2+ signals will 
help us to understand the mechanisms that underlie the 
abnormal brain function due to the neuronal deficits 
induced by cocaine. 

Methods

Animals

Male Sprague Dawley (SD) rats (n=7) were used in the 
study. The genetically-encoded Ca2+ indicators, AAV.
Syn.GCaMP6f.WPRE.SV40 (n=4) and AAV.Syn.NES-
jRGECO1a.WPRE.SV40 (n=3) were virally delivered into 
the somatosensory cortex (A/P: +0.5, M/L: +3.0, Depth: 
1.2) of rats in Dr Koretsky’s laboratory at NIH. Three 
weeks after viral injection, the rats were shipped to Stony 
Brook University for in vivo imaging studies. All experiment 
procedures were approved by the Institutional Animal Care 
and Use Committees (IACUC) of NIH and Stony Brook 
University and were performed in accordance with the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. 

Experimental preparation and surgical procedure

After 3–4 weeks of viral incubation, animals were used for 
optical imaging studies. Before imaging, the animal was 
intubated and mechanically ventilated (CWE, SAR-830/
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Figure 1 A Sketch to illustrate the optical imaging setup and the experimental protocol. (A) Multimodality imaging platform (MIP) to image 
the neuronal Ca2+ fluorescence and hemodynamic changes in response to forepaw electrical stimulation. (B) Fluorescence imaging approach 
for GCaMP6f or jRGECO1a detection (i) and reflection imaging to detect Hemodynamic changes (ii). (C) Paradigm for on the forepaw 
stimulation during the experiment.
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P) and anesthesia was maintained with 2–3% isoflurane in a 
mix of 70% oxygen: 30% air. The physiology of the animal, 
including body temperature, respiration, blood pressure, and 
partial pressure of carbon dioxide (pCO2) were continuously 
monitored to ensure normoxia. The left femoral artery was 
cannulated for blood pressure monitoring (Small Animal 
instrument Inc. SA monitoring System, Model 1025) and 
periodical blood gas sampling (Radiometer America, ABL80 
FLEX), whereas the left femoral vein was catheterized for 
drug administration (e.g., α-chloralose anesthetic). The 
rat was then positioned in a stereotaxic frame (Kopf 900, 
Tujunga, CA, USA) and a cranial window (~4×5 mm2, Figure 
1A) was created on the right somatosensory cortex (A/P: 
+0.5 mm, M/L: +3.0 mm). The dura was carefully removed, 
and a thin glass coverslip was cemented after 1.25% agarose 
gel was applied on cortical surface. After the surgery, the 
animal was transferred to the imaging platform and two 
electrodes were inserted under the skin of the left forepaw 
in the space between digits 2 to 3 and between digits 4 to 5  

(Figure 1A). Anesthesia was switched from isoflurane to 
α-chloralose for functional brain imaging using an initial 
bolus of 50 mg/kg, followed by a continuous infusion of 
25 mg/kg/hr through the femoral vein. The paradigms 
of light source and imaging acquisition are illustrated in  
Figure 1B, the illumination and detection were synchronized 
by using home-developed LabVIEW program. For sensory 
stimulation, electrical stimuli (A-M System 2100, Sequim, 
WA, USA) were delivered through a pair of electrodes 
implanted under the skin of the forepaws with a 0.03 Hz/ 
3 mA single-stimulus (Figure 1C). Stimuli were synchronized 
with image acquisition using a custom LabVIEW program. 

In vivo time-lapse optical imaging

A custom multimodality optical imaging platform  
(Figure 1A) was used for imaging neuronal Ca2+ fluorescence 
(λEx=488 nm for GCaMP6f, λEx=550 nm for jRGECO1a),  
and the blood volume/total hemoglobin (HbT) (14) from 
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rat cortex over a large field of view (~4×5 mm2). A multi-
channel light engine (Spectra Light Engine, Lumencor), 
synchronized with a sCMOS camera (Zyla4.2, Andor, 
pixel size =6.5 μm), was coupled into a fiber bundle to 
sequentially deliver multispectral light to illuminate rat 
brain through the cranial window. For imaging of forepaw 
stimulation, fluorescent Ca2+ transients were captured at 
80 frames per second [fps, Figure 1B (i)] and multichannel 
images of λ1=570 nm and λ2=620 nm were captured at  
12.5 fps [Figure 1B (ii)] to detect the hemodynamic changes 
evoked by the sensory stimulation (15,16). The emission 
filter set EM1 (≥510 nm) was used for GCaMP6f Ca2+ 
fluorescence imaging and hemodynamic detection via time-
sharing LED illuminations, whereas the emission filter 
EM2 (≥570 nm) was used for jRGECO1a Ca2+ fluorescence 
imaging. 

The regions of interests (ROIs) for Ca2+ fluorescence 
and hemodynamic responses were selected within the 
activated brain regions in the somatosensory cortex. 
The hemodynamic changes, ΔHbT in response to the 
stimulation were determined based on the multichannel 
images reflected at λ1=570 nm and λ2=620 nm. The detailed 
quantification, which was described previously (15,16), can 
be given as 
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where 1 2 2 1

2 2HbO HbR HbO HbR,  ,  ,  λ λ λ λε ε ε ε are the molar extinction 
coefficients for oxygenated-(HbO2) and deoxygenated-
(HbR) hemoglobin; Rλ1, Rλ2 are diffuse reflectances at the 
wavelengths of 570 and 620 nm, respectively; Lλ1, Lλ2 are 
path lengths of light propagation (17). Then, ΔHbT can be 
determined as the sum of ΔHbO2 and ΔHbR, 

2ΔHbT = ΔHbO +ΔHbR 	 [2]
The relative changes in Ca2+ fluorescence change (ΔF/

F) were obtained after correcting the local HbT changes 
due to the light absorbance changes within the tissue via 
ratiometric analysis (16,18,19).

Cocaine administration

To assess the cocaine’s effects on neuronal Ca2+ signaling, 
the animal received an acute cocaine challenge (1 mg/kg, i.v.) 
after the baseline stimulation experiments. At ~8 min post 
cocaine administration, forepaw stimulations were repeated 

and the stimulation evoked Ca2+ transients in the cortex 
were recorded and compared with those obtained during 
the baseline period.

Ex vivo imaging to evaluate the efficiency of viral 
expression

After in vivo imaging, the animals were perfused with 0.1 M 
PBS (pH 7.4) followed by fixation in 4% paraformaldehyde. 
Through immunostaining, neurons were identified using 
a mouse anti-NeuN primary antibody. The total neurons 
were visualized with a goat anti-mouse Alexa Fluor 488 
or Alexa fluor 594 secondary evaluation of GCaMP6f 
and jRGECO1a expressions, respectively. The ratio of 
jRGECO1a- and GCaMP6f- expressing neurons over the 
total neurons (e.g., NeuN positive cells) within the cortex 
were assessed by confocal fluorescence microscopy.

Quantification and statistics

All data are presented as means ± SEM. To compare 
the fluorescence Ca2+ transients between jRGECO1a- 
and GCaMP6f-expressing neurons, the following two 
parameters of the Ca2+ signals were assessed: the full-
width-half-maximum (FWHM) duration and the time 
to peak (from stimulation onset to time point of the 
maximum) of the Ca2+ transient responses. For quantifying 
hemodynamic response (∆HbT), the parameters of latency 
(delay of response form stimulation onset) and the FWHM 
duration of the ∆HbT changes evoked by stimulation 
were computed. Comparison of two different groups (e.g., 
GCaMP6f- and jRGECO1a-expressing animal groups) 
was analyzed using Student’s t-test. In all tests, P<0.05 was 
considered statistically significant.

Results

Expression of GCaMP6f and jRGECO1a into Neurons 

To compare the fluorescence Ca2+ transients of neurons 
expressed with GCaMP6f or jRGECO1a, a viral injection 
approach was used to deliver them into the somatosensory 
cortex of two groups of animals as shown in Figure 2A. A 
0.4 μL of AAV.Syn.GCaMP6f.WPRE.SV40 or AAV.Syn.
NES-jRGECO1a.WPRE.SV40 was injected into forepaw 
somatosensory cortex of group 1 or group 2 of animals. 
Figure 2B shows in vivo fluorescence images obtained from 
the cortices of GCaMP6f- and jRGECO1a-expressed 
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Figure 2 GCaMP6f-, jRGECO1a- expression in neurons within the somatosensory cortex. (A) Viral injection procedure to express 
jRGECO1a or GCaMP6f in neurons within somatosensory cortex; (B) in vivo image of neuronal Ca2+ fluorescence from rat cortex with 
GCaMP6f and jRGECO1a, respectively; (C) ex vivo confocal fluorescence images, showing the neurons expressing GCaMP6f or jRGECO1a 
in the cortex; (D) distribution of jRGECO1a- or GCaMP6f-expressing neurons in different cortical layers as the ratio between fluorescence 
expressed neuron counts versus the total neuron counts in each cortical layer; (E) comparison of percentage of jRGECO1a- or GCaMP6f-
expressing rates in the cortex, showing no significant difference in their expression efficiency.

animals, respectively. Figure 2C shows fluorescence 
images of the brain sections from these two animal groups 
confirming the viral expressions in the somatosensory 
cortex. Figure 2D shows the distributions GCaMP6f- 
or jRGECO1a-expressing neurons as a function of 
cortical depth of the brains obtained from the GCaMP6f 
and jRGECO1a animals, which indicates the neuronal 
uptakes of Ca2+ indicators were mostly in the layers IV-V.  
Figure 2E compares the quantification of neuronal uptakes 
of GCaMP6f (32.7%±1.6%, n=4) and jRGECO1a 
(34%±3%, n=3). This result shows no significant difference 
in the expression efficiency into the neurons in the 
somatosensory cortex between GCaMP6f and jRGECO1a 
animals (P=0.65).

Spatiotemporal Ca2+ transients and hemodynamic 
responses to forepaw stimulation 

Figure 3 represents stimulation-evoked spatiotemporal 
Ca2+ transients of GCaMP6f-expressing neurons and the 
hemodynamic (i.e., HbT) changes in the somatosensory 
cortex evoked by forepaw electrical stimulation pulse train 
(3 mA/0.03 Hz/0.3 ms). As illustrated in Figure 3A,B, 
the sensory stimulation was repeated nine times during 

the imaging period, and the stimulation-evoked Ca2+ 
transients and ∆HbT responses were synchronized with 
the stimulation pulses, thus indicating that our imaging 
setup has sufficient sensitivity to detect single stimulation-
evoked neuronal and hemodynamic activations from the 
brain in vivo. Figure 3C shows the time-lapse images of a 
Ca2+ fluorescence transient evoked by the stimulation at 
t=0s. Figure 3D plots the Ca2+ transients to single stimuli 
(dashed green traces) synchronized to the stimuli onsets 
at t=0 s (vertical line) and their average trace (bold green 
trace), which shows that the ∆F/F increased after the 
stimulation and the time to peak was at 35±2.1 ms. The 
peak fluorescence increase was ∆F/F=12.34%±1.1% and 
the FWHM duration of the Ca2+ transient was 101±6.8 ms 
(gray shadow area) for GCaMP6f-expressing neurons. The 
hemodynamic response to the stimulation (i.e., ∆HbT) is 
illustrated in Figure 3E, in which the latency to stimulation 
was 1.61±0.11 s, the time to peak was 5.58±0.17 s, and 
the FWHM duration was 4.44±0.25 s. These results were 
consistent with the facts that the hemodynamic response is 
much slower than the Ca2+ response due to the complexities 
of neurovascular coupling and that the surface venous 
vascular compartment dominates the HbT measurement 
(19-24). 
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Figure 3 Ca2+ transients of GCaMP6f-expressing neurons and the hemodynamic responses to sensory electrical stimulation. (A) Fluorescence 
Ca2+ transients (∆F/F) evoked by a forepaw electrical stimulation train (3 mA/0.3 ms/0.03 Hz); (B) the corresponding hemodynamic changes 
(∆HbT); (C) time-lapse images of Ca2+ fluorescence changes evoked by a sensory stimulation; (D) temporal profile of transient Ca2+ response 
to single forepaw stimuli in which the dashed traces were individual transients (n=1, m=7) synchronized with the stimuli at t=0 s and the solid 
trace was their average; (E) temporal profile of the ∆HbT response (dashed traces, n=4, m=16) and their average (solid trace), in which the 
latency, time to peak and FWHM duration of ∆HbT are illustrated. Black-lines in A and B illustrate stimulation pulses.

Figure 4 represents stimulation-evoked spatiotemporal 
Ca2+ transients of jREGCO1a-expressing neurons and the 
hemodynamic responses to sensory stimulation pulse train. 
Figure 4A,B shows the stimulation-evoked Ca2+ transients 
and ∆HbT responses synchronized with the stimulation 

pulses. Figure 4C shows the time-lapse images of a Ca2+ 
fluorescence transient evoked by the stimulation at t=0 s. 
Figure 4D plots the Ca2+ transients to single stimuli (dashed 
red traces) superimposed on the stimuli onsets at t=0 s 
(vertical line) and their average trace (bold red trace), which 
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Figure 4 Ca2+ transients of jRGECO1a-expressing neurons and the hemodynamic responses to sensory electrical stimulation. (A) Fluorescence 
Ca2+ transients (∆F/F) evoked by a forepaw electrical stimulation train (3 mA/0.3 ms/0.03 Hz); (B) the corresponding hemodynamic changes 
(∆HbT); (C) time-lapse images of Ca2+ fluorescence changes evoked by a sensory stimulation; (D) temporal profile of transient Ca2+ response 
to single forepaw stimuli in which the dashed traces were individual transients (n=1, m=8) synchronized with the stimuli at t=0 s and the solid 
trace was their average; (E) temporal profile of the ∆HbT response (dashed traces, n=3, m=14) and their average (solid trace), in which the 
latency, time to peak and FWHM duration of ∆HbT are illustrated. Black-lines in A and B illustrate stimulation pulses.

shows that the ∆F/F increased after the stimulation and 
the time to peak was at 42±2.2 ms. The peak fluorescence 
change was ∆F/F=12.25%±0.38% and the FWHM duration 
of the Ca2+ transient was 148±4.4 ms (gray shadow area) 

for the jREGCO1a-expressing neurons. Figure 4E shows 
the ∆HbT responses evoked by the single stimuli, in which 
the latency to stimulation was 1.88±0.14s, the time to peak 
was 5.22±0.17 s, and the FWHM duration was 4.44±0.25 s.  
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Figure 5 Comparison of single sensory stimulation evoked Ca2+ transients in GCaMP6f-expressed rats (n=4) and jRGECO1a-expressed 
rats (n=3) and the hemodynamic responses. (A) Superposed ∆HbT responses to the stimuli between GCaMP6f- and jRGECO1a-expressed 
animals; (B,C,D) latency, full-width-half-maximum duration, and time to peak of ∆HbT in GCaMP6f- (blue) and jREGCO1a- (white) rats; 
(E) superposed Ca2+ fluorescence transients (∆F/F) in response to the stimuli between GCaMP6f- and jRGECO1a-expressed animals; (F,G,H) 
FWHM duration, time to peak, and peak ∆F/F of fluorescence Ca2+ transients in GCaMP6f- (green) and jREGCO1a- (red) rats.

A comparison with the results in Figure 3 indicates that 
both red GCaMP6f and red jRGECO1a GECIs enables 
detection and quantification of neuronal activities evoked 
by a single sensory stimulation. 

Figure 5 summaries the comparison of the sensory 
stimulation evoked Ca2+ transients (∆F/F) and the 
hemodynamic responses (∆HbT) between the GCaMP6f-
expressed rats (n=4) and the jRGECO1a-expressed rats 
(n=3). The superposed ∆HbT changes and Ca2+ fluorescence 
transients (∆F/F) in response to the stimuli were illustrated 
in Figure 5A and E, respectively. As expected, no significant 
differences were found in the ∆HbT responses between the 
two group as shown in Figure 5B,C,D. The latency between 
GCaMP6f and jRGECO1a animals was 1.62±0.12 vs. 
1.88±0.14 s (P=0.16), the FWHM duration was 4.81±0.17 vs. 
4.44±0.25 s (P=0.29), and the time to peak was 5.58±0.2 vs. 
5.22±0.2 s (P=0.23). For neuronal Ca2+ transients, however, 
the FWHM duration (Figure 5F) in the jRGECO1a animals 
was 0.16±0.02 s, which was significantly longer than 
that of 0.11±0.003 s in the GCaMP6f animals (P<0.01). 
The time to peak in jRGECO1a and GCaMP6f animals  
(Figure 5G) was 0.05±0.007 vs. 0.049±0.003 s (P=0.6), 

the peak Ca2+ transient amplitude was 13.8%±2.4% vs. 
19.8%±8.8% (P=0.48), both of which were not significantly 
different.

Cocaine induced neuronal Ca2+ dynamic responses in 
GCaMP6f vs. jREGCO1a animals

Figure 6  summarizes the effects  of  acute cocaine 
administration (1 mg/kg, i.v.) on stimulation-evoked 
neuronal Ca2+ transients in GCaMP6f- vs. jRGECO1a-
expressing rats, respectively. Specifically, Figure 6A,B show 
the temporal profiles of sensory stimulation evoked Ca2+ 
transients at baseline (solid traces) and after cocaine (dashed 
traces), which were delayed and prolonged by cocaine in 
both groups. Statistical analyses on the cocaine’s effects are 
summarized in Figure 6C,D. The results indicate that the 
FWHM duration and the time-to-peak of Ca2+ transients 
were significantly increased from 0.11±0.003 to 0.13±0.003 s 
(P=0.01, n=4) and from 0.05±0.007 to 0.09±0.008 s (P=0.04, 
n=4) for the GCaMP6f rats. Similarly, the FWHM duration 
and the time-to-peak of Ca2+ transients were significantly 
increased from 0.159±0.01 to 0.26±0.03 s (P=0.03, n=3) 



1006 Park et al. Cocaine’s effects on cortical Ca2+ activation

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(3):998-1009 | http://dx.doi.org/10.21037/qims-20-921

and from 0.05±0.007 to 0.10±0.016 s (P=0.04, n=3) for the 
jREGCO1a rats.

Discussion and conclusions

In this study, we used optical imaging to assess neuronal 
Ca2+ transients from the somatosensory cortex of rats 
in response to forepaw electrical stimulations. From 
the experiments, we were able to systematically analyze 
the differences of stimulation evoked neuronal Ca2+ 
fluorescence signaling expressed with two different GECIs, 
i.e., GCaMP6f and jRGECO1a. In addition, we compared 
stimulation-evoked neuronal Ca2+ transients before and 
after an acute cocaine challenge. In order to examine the 
neuron counts expressing GCaMP6f or jRGECO1a, ex-
vivo confocal fluorescence microscopy was conducted on 
brain slides from the same animals after the in vivo imaging 

studies. Our results showed no significant difference in 
the expressing rates uptaken by the neurons between these 
two groups of animals (Figure 2E). To test whether the 
invasive procedure of a viral injection would influence on 
the brain responses to sensory stimulation, we recorded the 
hemodynamic changes (i.e., changes in total hemoglobin 
concentration, ∆HbT) in the somatosensory cortex to 
response to sensory stimulations (3 mA/0.03 Hz/0.3 ms). 
Figures 3E and 4E showed that ∆HbT responded to each 
stimulus, suggesting that the effects of viral injection on 
the brain to respond to sensory stimulation were negligible. 
The results to readily detect ∆HbT response to each single 
stimulation also illustrate the high sensitivity of our optical 
system to capture the hemodynamic changes evoked by 
weak stimulations. The comparison of stimulation-induced 
∆HbT changes between jRGECO1a-expressed rats (n=3) 
and GCaMP6f-expressed rats (n=4) was summarized in 
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Figure 6 Cocaine’s effect on stimulation-evoked Ca2+ transient in GCaMP6f and jRGECO1a rats. (A,B) Stimulation-evoked Ca2+ transients 
in GCaMP6f (green) and jREGCO1a (red) expressing neurons before (solid traces) and after cocaine administration (dashed traces); (C,D) 
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FWHM duration from 0.11±0.003 to 0.13±0.003 s (P=0.01) and time to peak from 0.049±0.003 to 0.09±0.008 s (P=0.04) in GCaMP6f rats, 
and in jREGCO1a rats from 0.159±0.01 to 0.26±0.03 s for HWHM duration (P=0.03) and from 0.05±0.007 to 0.10±0.016 s for time to peak 
(P=0.04).
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Figure 5, showing no significant differences between the 
two groups. This indicates the equivalency of the animal 
model and the physiological responses between the two 
animal groups. However, for detection of Ca2+ signaling, the 
jRGECO1a-expressed neuronal Ca2+ fluorescence exhibited 
a longer transient time as measured by the FWHM duration 
than that of the GCaMP6f-expressed neuronal Ca2+  
(Figure 5F) although no significant differences were found 
in the time to peak (Figure 5G) and the peak transient 
amplitude (Figure 5H) between them. Indeed, it has been 
reported that jRGECO1a has a longer half decay time than 
GCaMP6f (8), which is in agreement with our findings here. 

Thanks to the development of high sensitivity and fast 
GECIs for brain function studies, our optical imaging 
enables capturing Ca2+ transient from neurons in response 
to single stimulus in both GCaMP6f and jRGECO1a 
groups (Figures 3A,4A). To ensure the Ca2+ fluorescence 
signals approximately from the same cortical depth within 
the brain, we used the same viral injection protocol to 
control the viral delivering into the neurons in a similar 
location. Specifically in this study, the viral vehicle was 
inserted to 1.2mm beyond the skull of the cortex (25), which 
made approximately reached to Layer 4-Layer 5 (LIV-LV) 
within the cortex (Figure 2C,D).

The comparisons before and after an acute cocaine 
administration (Figure 6) show that cocaine delayed and 
prolonged neuronal Ca2+ transient responses evoked by 
sensory stimulations in both GCaMP6f and jRGECO1a 
rats. Specifically, the FWHM duration and the time-to-peak 
in both groups were increased by cocaine (Figure 6C,D). 
Prior microelectrode recording reported that cocaine 
suppressed the short-latency excitation of cortical neurons 
in the first 10–25 ms after the electrical stimulation of the 
whisker pad followed by a postexcitatory inhibition within 
25–120 ms after the stimulation (26). However, the long-
latency excitation of the cortical neurons was enhanced 
in 120–300 ms after stimulation in the somatosensory 
cortex by cocaine. The cocaine-induced redistribution 
of the latency of neuronal activation might underlie the 
shifting of ∆F/F signaling (40–50 ms delay of time to peak 
after cocaine) and the increase (20–100 ms) of FWHM 
duration observed in GCaMP6f and jRGECO1a animals. 
In addition, it has been also reported that acute cocaine 
depressed cortical activity, including a prolonged membrane 
depolarization (27). Indeed, we have observed the decrease 
of cortical spontaneous firing rates resulting from cocaine 
in anesthetized animals (28-30). However, to the best of 
our knowledge, this is the first report of the measurement 

of cocaine’s effects on Ca2+ transients to single stimulation 
from a synchronized neuronal ensemble.

Red-shifted GECIs such as jRGECO1a red fluorescence 
probe could be used with green probes such as GCaMP6f 
to image the activity and interactions of different cell types 
such as neurons and astrocytes simultaneously. To do so, 
these two GECIs need to be virally delivered to a target 
region of the brain (e.g., the prefrontal cortex or sensory 
cortex, etc.). For example, if the astrocyte is to be labeled 
by GCaMP6f, and then the neuron should be labeled with 
jRGECO1a. The viruses of AAV.Syn.NES-jRGECO1a.
WPRE.SV40 and AAV.CAG.FLEX.GCaMP6f.WPRE.
SV40 can be delivered into the brain of a GFAP-cre 
dependent mouse at the same time. After few weeks for 
expression, the animal can be imaged. A custom-designed 
emission filters will be needed to synchronize with the 
excitation of GCaMP and jRGECO1a, respectively, and the 
images of the green Ca2+ fluorescence from astrocytes and 
red Ca2+ signal from neurons in the same field of view of the 
cortex can be detected. 

It has been noted that the hemodynamic changes 
within the brain might influence on Ca2+ fluorescence 
measurements (18,31) due to the absorbance changes in 
the biological tissue. To eliminate this artifact, various 
strategies have been developed, including to conduct the 
correction in frequency domain (32,33) and in time domain 
(16,19). However, as we reported recently (19), the single-
pulse stimuli sparsely delivered every 30s in between the 
resting periods, the light absorption change induced by 
hemodynamic fluctuation was so small that its effect on the 
Ca2+ signal was negligible (e.g., <1% before and after the 
correction).

In summary, our study demonstrates the capability of 
optical imaging detection of Ca2+ transients by using either 
jRGECOa1 or GCaMP6f GECI in response to brain 
stimulation. Our results indicate that both these two GECIs 
have sufficient sensitivity for tracking single Ca2+ transients 
to measure the cellular activities from the brain in vivo. 
Since these GECIs are emitted at the different wavelengths, 
green for GCaMP6f and red for jRGECO1a, they can be 
used simultaneously to characterize the activities of different 
cell types (e.g., neurons and astrocytes or subtype neurons) 
to study the brain activation and brain functional changes 
induced by drugs or diseases.
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