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Abstract: Genetically encoded fluorescent indicators have been broadly used to monitor 
neuronal activity in live animals, but invasive surgical procedures are required. This study 
presents a functional bioluminescence imaging (fBLI) method for recording the activity of 
neuronal ensembles in the brain in awake mice. We developed a luciferase prosubstrate 
activatable in vivo by nonspecific esterase to enhance the brain delivery of the luciferin. We 
further engineered a bright, bioluminescent indicator with robust responsiveness to calcium ions 
(Ca2+) and appreciable emission above 600 nm. Integration of these advantageous components 
enabled the imaging of Ca2+ dynamics in awake mice minimally invasively with excellent signal-
to-background and subsecond temporal resolution. This study thus establishes a new paradigm 
for studying brain functions in health and disease. 
 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 7, 2021. ; https://doi.org/10.1101/2021.12.06.471018doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.06.471018
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

2 
 

Fluorescence imaging is the standard method for neurobiologists to follow brain activity in small 
behaving animals. Genetically encoded fluorescent indicators, including GCaMPs and other 
Ca2+, voltage, neurotransmitter indicators, allowed the tracking of neuronal activities of specific 
brain regions and cell types in mammals with a high spatiotemporal resolution for extended 
periods.1-3 Despite the progress, fluorescence neuronal imaging is practically invasive and only 
reaches a shallow depth. Cranial windows or thinned skulls are often used to access the cortex. 
Due to tissue absorption and scattering, the imaging depth is ~ 200 μm for widefield one-photon 
and a couple of millimeters with multiphoton excitation.3-5 To reach deeper brain regions, more 
invasive procedures, such as implanting optical fibers or gradient-index (GRIN) lenses, are 
needed.3 
Bioluminescence, which refers to photon emission from luciferase-catalyzed exothermic 
oxidation of the corresponding luciferin, is a promising imaging modality for noninvasive in vivo 
recording.6,7 Because bioluminescence needs no excitation, photons emitting from the embedded 
light sources can travel through several centimeters of mammalian tissue.8 In addition, compared 
to fluorescence, BLI has a low background, no photobleaching and phototoxicity, and minimized 
disturbances of light-sensitive biological components (e.g., the circadian system). Moreover, BLI 
has excellent compatibility with optogenetic and optochemical tools popular in neurobiology. 
Commonly used luciferase-luciferin pairs originate from either insects or marine organisms.6,7 
Insect luciferases are generally catalytically slow and consume adenosine triphosphate (ATP) for 
luciferin activation and photon production. In contrast, the oxidation of the coelenterazine (CTZ) 
luciferin by marine luciferases is ATP-independent. NanoLuc, a marine luciferase variant, 
exhibits a high photon production rate in the presence of furimazine (FRZ), a synthetic CTZ 
analog.9 However, NanoLuc has several unfavorable features for in vivo BLI, including low 
tissue penetration of its blue emission, and limited substrate solubility and stability. Recent 
studies have partially addressed some issues by developing new CTZ analogs and NanoLuc 
mutants10-13 or genetically fusing NanoLuc to long-wavelength-emitting fluorescent proteins 
(FPs) for redder emission via bioluminescence resonance energy transfer (BRET).10,11,14,15 
Bioluminescent indicators that change signals in response to neuronal activity are needed for 
functional imaging. Ca2+ is a ubiquitous second messenger and intracellular Ca2+ has been used 
as a proxy for neuronal activity.1-3 Previous studies have used aequorin, a Ca2+-sensitive 
photoprotein, and its mutants for Ca2+ detection, but they all emit photons very slowly.16,17 Other 
studies introduced Ca2+-sensory elements into luciferases, including NanoLuc and NanoLuc-FP 
hybrid reporters, resulting in Ca2+ indicators with much-improved light production rates.18-22 
Despite the progress, functional BLI (fBLI) of neuronal activity, which requires fast 
digitalization, is still hindered by insufficient photons reaching detectors. First, the intrinsic 
photon production rates of NanoLuc and NanoLuc-based indicators remain several orders of 
magnitude lower than those achievable in typical fluorescence imaging setups.23,24 Another 
limiting factor is the low amount of marine luciferase substrates that can be systematically 
delivered to the brain.12,25,26 Moreover, most current bioluminescent Ca2+ indicators 
(Supplementary Table 1) emit short-wavelength light strongly attenuated by brain tissue, skull, 
and skin.19-22 Orange CaMBIs, which were created by inserting the Ca2+-sensory calmodulin 
(CaM) and M13 moieties between residues 133 and 134 of NanoLuc linked to two copies of 
CyOFP1 (an orange-emitting FP), are the only NanoLuc-based indicators with appreciable 
emission above 600 nm.24 The Orange CaMBI 110 (OCaMBI110) variant has been used to 
image in vivo Ca2+ dynamics in the mouse liver but not yet in the brain.12,24 
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To fill the fBLI technical gap, we developed a luciferase prosubstrate for enhanced brain 
delivery and a bioluminescent indicator with redder emission and remarkable brightness and 
Ca2+ responsiveness. The integrated system drastically increased photon flux at the detector, 
enabling the minimally invasive imaging of deep-brain Ca2+ dynamics in awake mice responding 
to behavioral and disease triggers. 
Our group previously reported teLuc, a bright and red-shifted NanoLuc mutant, and its paired 
DTZ substrate with promising BLI performance in mice.10 DTZ could be synthesized from 
inexpensive commercial reagents in two steps with excellent yields (Supplementary Fig. 1). 
First, we compared the computed logP (the octanol/water partitioning coefficient) of DTZ (~4.3) 
with common BBB-permeable drugs.27 Decreasing the lipophilicity of DTZ was suggested to 
increase its delivery to the brain. Furthermore, although the mechanisms limiting the peripheral 
delivery of CTZ and its analogs to the brain are not fully understood, the P-glycoprotein (P-gp) 
efflux transporter on the blood-brain barrier (BBB) was shown to pump out CTZ.28 The BBB 
efflux issue is further compounded by other unfavorable factors, such as the rapid clearance and 
low solubility of these substrates.25,29 The literature reported that adding a succinate group to 
paclitaxel (Taxol) reduced the interaction with P-gp and increased brain distribution vastly,30,31 
because P-gp unfavorably interacts with negatively charged molecules and the succinate addition 
installs a carboxylate functional group with a pKa of ~4. Thus, we chose to use the carboxylate 
functional group for modifying DTZ with the hope of enhancing hydrophilicity, reducing P-gp 
efflux, and increasing possible dosage via aqueous intravenous injection buffers.  
Because the C3 carbonyl group of the DTZ imidazopyrazine ring (Fig. 1A) is required for 
substrate oxidation,6 C3 derivatizations will generate caged substrates resistant to auto- and 
luciferase-catalyzed oxidation. We designed and synthesized a compound with an extended 
carboxylate via C3 (see ETZ in Fig. 1A and Supplementary Fig. 1). When ETZ is delivered in 
vivo, nonspecific esterase is expected to hydrolyze the ester bonds, resulting in free DTZ for 
luciferase-catalyzed bioluminescence (Fig. 1B). We named this new compound ETZ for 
esterase-dependent activation and enhanced in vivo performance (presented below). For 
comparison purposes, we synthesized C3-DMA-DTZ (Fig. 1A and Supplementary Fig. 1), 
which contains ester linkages but is positively charged at physiological pH. 
We previously fused a LumiLuc luciferase to a bright red FP (RFP) mScarlet-I, resulting in a 
LumiScarlet reporter with ~ 51% of the total emission above 600 nm.11 Following the success, 
we created a similar fusion between teLuc and mScarlet-I and optimized the linker for increased 
BRET efficiency (Supplementary Fig. 2). We arrived at a bright Bioluminescent Red Protein 
(BREP) with ~60% of its total emission above 600 nm (Fig. 1C). Although teLuc is less red-
shifted than LumiLuc and has less spectral overlap with mScarlet-I, we observed more effective 
BRET in BREP than LumiScarlet due to the shorter donor-acceptor distance and a possible 
spatial orientation favoring donor-acceptor dipole coupling in BREP.32 
We next compared DTZ, ETZ, and C3-DMA-DTZ for brain delivery in mice. We 
stereotactically injected 7,000 human embryonic kidney (HEK) 293T cells transiently transfected 
with BREP to the hippocampus in anesthetized BALB/cJ mice. We immediately administered 
100 μL of buffers containing each substrate at their saturation concentrations via tail vein. ETZ 
exhibited better solubility than DTZ and C3-DMA-DTZ (Supplementary Fig. 3A) and could be 
delivered at a dosage of 0.68 µmol per mouse. Mice infused with ETZ showed the most robust 
and durable bioluminescence (Fig. 1D and Supplementary Fig. 3B). During the 16-min window 
used in this experiment, the integrated signal of the ETZ group was ~4.0-fold and ~39.0-fold 
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higher than the DTZ and C3-DMA-DTZ groups, respectively. The results suggest that ETZ is a 
promising substrate for brain imaging in live mice. 
We further engineered a Ca2+ indicator from BREP. Inspired by Orange CaMBIs, we similarly 
inserted CaM and M13 between residues 133 and 134 of teLuc in BREP, resulting in a prototype 
showing 2.5-fold (BL/BL0) Ca2+-dependent bioluminescence increase (Supplementary Fig. 4). 
Next, we performed six rounds of error-prone PCRs and screened the libraries for high 
bioluminescence brightness and Ca2+ responsiveness. The effort led to a Bioluminescent Red 
Indicator for Ca2+ (BRIC) with a 6.5-fold (BL/BL0) response (Fig. 2AB, Supplementary Fig. 5, 
and Supplementary Table 1). BRIC, at its Ca2+-bound condition, retained ~ 46% of the 
brightness of BREP. Using the purified protein, the dissociation constant (Kd) of BRIC to Ca2+ 
was determined to be 133 nM (Fig. 2C). The response magnitude increased as pH changed from 
5.5 to 7 and was relatively stable at pH > 7 (Fig. 2D). When compared in parallel, BRIC was 
more responsive to Ca2+ than OCaMBI110 (Supplementary Fig. 6AB and Supplementary 
Table 1) 
To evaluate BRIC for imaging cellular Ca2+ dynamics, we transiently expressed BRIC in human 
cervical cancer HeLa cells, in which histamine can evoke Ca2+ waves.33 As expected, we 
observed single-cell bioluminescence oscillations in response to histamine under 
bioluminescence microscopy (Fig. 2E and Supplementary Movie 1). Furthermore, we prepared 
adeno-associated viruses (AAVs) with BRIC expression under the human synapsin I (hSyn) 
promoter. We transduced cultured primary mouse neurons and successfully detected Ca2+ influx 
after high K+ depolarization, while the control BREP-expressing neurons showed little 
bioluminescence increase (Fig. 2F and Supplementary Movie 2). 
We compared BRIC with OCaMBI110 in HeLa cells and cultured mouse neurons. Under 
fluorescence channels, we observed extensive puncta in cells overexpressing OCaMBI110 
(Supplementary Fig. 6C) but not in BRIC-expressing cells. In addition, the cells with 
fluorescent puncta showed little bioluminescence and were unresponsive to histamine or high 
K+. Although the exact reason is unknown, the observed puncta may be OCaMBI110 oligomers 
because each OCaMBI110 molecule contains two copies of dimeric CyOFP1 (Supplementary 
Fig. 6D).14 Moreover, with punctum-containing cells excluded from analysis, the response 
magnitude of BRIC was still higher than OCaMBI110 in both HeLa cells and cultured neurons 
(Supplementary Fig. 6EF). 
We stereotactically injected BRIC and OCaMBI110 AAVs (adjusted to the same viral titer) into 
the hippocampus of BALB/cJ mice (Fig. 3A) and compared the brightness of the two indicators 
in day 19 post viral administration. FFz was recently reported as a new NanoLuc substrate with 
enhanced in vivo performance,12 so we chemically synthesized FFz and examined OCaMBI110 
with either FRZ or FFz. The substrate solubility in the injection buffers was determined 
(Supplementary Fig. 7A), and each substrate was intravenously administered to anesthetized 
animals at their saturation concentrations. Using an EMCCD camera, we followed the signals of 
BRIC with 500-ms exposure for 1 h. The starting bioluminescence of BRIC in the presence of 
ETZ was ~ 168- and 29-fold higher than OCaMBI110 in the presence of FRZ and FFz, 
respectively (Fig. 3B and Supplementary Fig. 7B). The BRIC signals were consistently higher 
than the background during periods much longer than OCaMBI110 with either substrate (Fig. 3C 
and Supplementary Fig. 7C). In terms of the signals integrated over time, BRIC was ~ 153.7- 
and 22.0-fold of OCaMBI110 in the presence of FRZ and FFz, respectively (Fig. 3D). Next, we 
prepared acute brain slices from BRIC-expressing mice and observed bioluminescence rise in 
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response to high K+, confirming the activity of BRIC in the brain tissue (Supplementary Fig. 8 
and Supplementary Movie 3). 
We finally examined BRIC for monitoring Ca2+ dynamics in awake mice (Fig. 4A). First, we 
administered the virus to the basolateral amygdala (BLA) region (Supplementary Fig. 9) 
responsible for fear processing.34 Upon the intravenous injection of ETZ, head-fixed mice were 
subjected to BLI. In response to footshock stimuli, we observed reproducible bioluminescence 
increases from BRIC-expressing mice (Fig. 4B and Supplementary Movie 4). In addition, the 
indicator was expressed in the hippocampus of C57BL/6J mice, and kainic acid (KA) was used 
to induce epileptic seizures, a condition known for abnormal hippocampal Ca2+ waves.35,36 As 
expected, we detected rapid bioluminescence intensity changes from BRIC-expressing mice 
(Fig. 4C and Supplementary Movie 5). BREP was included as a negative control, and BREP-
expressing mice showed little response to footshock and during seizures.  
In summary, we have developed an integrated fBLI platform for imaging brain Ca2+ dynamics in 
awake mice. We first enhanced the brain delivery of the luciferase substrate via a prosubstrate 
strategy. We next developed BREP, a luciferase-FP fusion reporter, with remarkable emission 
above 600 nm. From BREP, we further engineered a bioluminescent Ca2+ indicator with high 
brightness and Ca2+ responsiveness. Finally, we validated the resultant system in cultured cells, 
brain slices, and live animals. BLI only requires a dark box with a sensitive camera. Similar 
setups are already in many laboratories and core facilities; otherwise, they are commercially 
available or can be constructed at affordable costs. Although the new paradigm cannot provide 
spatial information as detailed as fluorescence neuronal imaging, this less invasive method 
would be suitable for studying the functions of neuronal populations in behaving animals. 
CTZ has been used to activate luminopsins (luciferase-channelrhodopsin fusions) in the brain in 
live mice,37 but a fast clearance of CTZ from the brain is advantageous in that case since it 
facilitates temporal control. In this study, we introduced a carboxylate via the C3 position of the 
DTZ imidazopyrazine ring, leading to the ETZ prosubstrate exhibiting resistance to auto-
oxidation, increased aqueous solubility, and extended in vivo kinetics. When administered to 
mice, the labile ester linkages of ETZ may break down before it crosses the BBB. We thus do not 
know whether or how much the P-gp efflux pump plays a role in enhancing the brain delivery of 
the substrate, although it was an initial inspiration for our substrate designing. Future studies may 
modify luciferins with a stable carboxylate functional group, but it will require further 
engineering of corresponding luciferases and indicators to accommodate the new substrates. 
We had to apply corrections for baseline intensity decays caused by the substrate loss for time-
lapse quantitation. A monoexponential decay model was adequate for baseline corrections in 
those experiments spanning short periods, although a more complex decay was evident during 
the more extended 60-min period shown in Fig. 3C. Future studies may allow BLI with two 
channels above 600 nm, enabling ratiometric correction for baseline decays and motions of 
freely moving animals. 
In addition, a recent study described the use of FRZ and a NanoLuc-derived bioluminescent 
voltage indicator for imaging cortical activity in mice.26 To gain enough signals, a cranial 
window was used for bioluminescence collection and continuous substrate delivery to the cortex. 
Furthermore, a GaAsP image intensifier was placed in front of the EMCCD to boost signals. 
Another recent preprint described a NanoLuc-derived bioluminescent glutamate indicator that 
has been tested in cultured cells.38 We expect our results and strategies presented here to assist in 
the further development of these bioluminescent indicators for deep-brain in vivo imaging with 
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minimally invasive procedures. Furthermore, as much enhanced BLI tools, ETZ, BREP, and 
BRIC are expected to find applications and generate impacts beyond neurobiology. 
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Fig. 1. New luciferase prosubstrates and initial evaluation for brain imaging with BREP. (A) 
Illustration of the derivatization of DTZ to generate two luciferase prosubstrates (ETZ and C3-
DMA-DTZ) with modulated solubility, pharmacokinetics, and brain permeability and retention. 
(B) Proposed conversion of ETZ to DTZ in vivo by nonspecific esterase, followed by luciferase-
catalyzed oxidation of DTZ to generate bioluminescence. (C) Schematic illustration of the domain 
arrangement of BREP (left) and its bioluminescence emission spectrum in the presence of DTZ 
(right). (D) Left: Representative bioluminescence images of live mice with BREP-expressing HEK 
293T cells stereotactically injected into the hippocampus. The substrates were administered via 
tail vein at their respective saturation concentrations. Images with peak bioluminescence 
intensities were presented in pseudocolor overlaid on corresponding brightfield images. Middle: 
Bioluminescence intensity over time shown for each substrate. Right: Comparison of the integrated 
bioluminescence intensity (area under the curve) with the residual background subtracted. Data 
are presented as mean ± sem (n=3 mice). P values were derived from ordinary one-way ANOVA 
followed by Dunnett's multiple comparisons test. 
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Fig. 2. Characterization of BRIC in vitro and cultured cells. (A) Schematic illustration of the 
domain arrangement of BRIC. (B) Bioluminescence spectra of BRIC in the presence of DTZ and 
indicated concentrations of free Ca2+. (C) Ca2+-dependency of BRIC bioluminescence at the peak 
emission wavelength (595 nm). n=3. A one-site binding model was used to fit the data and derive 
the dissociation constant (Kd = 133±24 nM). (D) Ratios of BRIC bioluminescence in the presence 
(39 μM) to the absence of Ca2+ across the indicated pH range. n=3. (E) Representative 
pseudocolored bioluminescence images (left) and intensity traces (right) of histamine-induced 
Ca2+ dynamics in HeLa cells. Arrows indicate individual cells, and the colors of the arrows are 
identical to the colors of the intensity traces. The baselines of the intensity traces were corrected 
for monoexponential decay caused by substrate consumption. The experiment was repeated five 
times with similar results. Scale bar, 20 μm. (F) Representative fluorescence and bioluminescence 
images of BRIC- or BREP-expressing primary mouse neurons. High K+ (30 mM) was used to 
depolarize the neurons. Scale bar, 40 μm. (G) Quantification of bioluminescence intensity changes 
of neurons in response to high K+. The baselines were corrected using a monoexponential decay 
model. Data are presented as mean ± s.d., and the P value was derived from unpaired two-tailed t-
tests.  
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Fig. 3. Brightness comparison of BRIC and Orange CaMBI 110 (OCaMBI110) in the 
hippocampus in live mice. (A) Left: Illustration of stereotactic intracranial administration of 
AAVs. Right: Image of an acute brain slice prepared from a BRIC-transduced mouse, showing the 
successful expression of the indicator in the hippocampus. The fluorescence channel (red) is 
overlaid on the corresponding grayscale brightfield image. Scale bar, 2 mm. (B) Representative 
bioluminescence images of live mice with the hippocampus transduced with BRIC or OCaMBI110 
AAVs. The substrates were administered via tail vein at their respective saturation concentrations. 
Images with peak bioluminescence intensities were presented in pseudocolor overlaid on 
corresponding brightfield images. (C) Bioluminescence intensity over time presented for each 
substrate. The inset shows the same results with a logarithmic y-axis. (D) Comparison of the 
integrated bioluminescence intensity (area under the curve) with the residual background 
subtracted. Data are presented as mean ± sem (n=4 mice). P values were derived from ordinary 
one-way ANOVA followed by Dunnett's multiple comparisons test. 
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Fig. 4. Bioluminescence imaging of Ca2+ dynamics in the brain in awake mice. (A) Illustration 
of intracranial viral administration and bioluminescence imaging of head-fixed awake mice. (B) 
Bioluminescence imaging of footshock-induced Ca2+ in the basolateral amygdala (BLA). Top: 
Viral injection sites and the general experimental procedure. Middle: Bioluminescence intensity 
heatmap of a representative BRIC- or BREP-expressing mouse in response to 13 consecutive trials 
of footshock stimulations. Bottom: Quantification of bioluminescence intensity changes. Data are 
presented as mean ± sem (n=4 mice, each with 13 trials). The right panel compares the average 
responses of 13 trials for each mouse. The P value was derived from paired two-tailed t-tests. (C) 
Bioluminescence imaging of Ca2+ in the hippocampus (HPC) during kainic acid (KA)-induced 
seizures. Top: Viral injection sites and the general experimental procedure. Middle: 
Bioluminescence intensity traces of BRIC- or BREP-expressing mouse during seizures. Bottom: 
Comparison of maximal intensity changes and area under the curve (AUC). Data are presented as 
mean ± sem. n=6 mice. P values were derived from two-way ANOVA followed by Šídák's 
multiple comparisons test or unpaired two-tailed t-tests
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