3. Results

3.1. AAV-induced expression of the Ca’" sensor YC3.60 in mouse barrel cortex

Yellow cameleon 3.60 is a genetic Ca** sensor based on a CFP, a Ca**-sensitive linker,
and a bright circularly permuted YFP (Nagai et al., 2004). Here, we characterized
YC3.60 as a promising candidate protein for reporting neuronal activity in the
mammalian cortex in vivo. We expressed YC3.60 in mouse barrel cortex under control of
a human synapsin promoter using a recombinant adeno-associated virus (rAAV) vector
(Figure 1A).

A

Yellow cameleon 3.60

YC3.60

Figure 1. AAV-delivered expression of YC3.60 in mouse neocortex

(A) A recombinant adeno-associated virus with the human synapsin promoter (Pygyy)
drives expression of YC3.60. (B) Dorsal view of a fixed mouse brain 4 weeks following
stereotactic AAV-injection showing YC3.60 expression as a bright YFP fluorescence
spot in barrel cortex in the left hemisphere. (C) Confocal image of a coronal section
showing the expression pattern surrounding the injection site (asterisk) in a different
brain together with NeuN counterstain. Dense YC3.60 labeling of cortical neurons is
observed preferentially in L2/3 and L5. (D) A magnified view on the neocortical layers
reveals that a large fraction of neurons (red) in L2/3 is also labeled with YC3.60. (E, F)
Two-photon images of YFP fluorescence in fixed brain slices showing YC3.60 labeling
of somata excluding the nucleus as well as of dendrites in L2/3 and in L5 neurons,
respectively.

Three weeks or longer after stereotactic virus injection, YC3.60 expression appeared as a
bright fluorescent spot with a diameter of 0.5-1 mm (Figure 1B). Analyses of fixed brain
slices showed that near the injection site a majority of cortical neurons (>80%) in layer
2/3 (L2/3) and L5 were fluorescently labeled (Figure 1C and 1D). Neurospecificity of
YC3.60 expression was confirmed by overlap with NeuN-staining. Cells showed bright
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staining in soma excluding the nucleus (Figure 1E and 1F) as reported for other FCIPs
(Hasan et al., 2004; Tian et al., 2009; Wallace et al., 2008). Due to the dense expression,
the neuropil (including dendrites and axons) was also brightly stained near the injection
site. YC3.60-expressing cells could be imaged by two-photon microscopy in the living
mouse brain down to about 400 um covering the supergranular layers (Figure 2A).
Vertically running apical dendrites of pyramidal neurons were clearly visible in side
projections of image stacks (Figure 2B). In vivo counterstaining with the astrocyte-
marker sulforhodamine 101 (SR101) (Nimmerjahn et al., 2004) revealed a complete lack
of overlap with YC3.60 staining confirming neurospecificity (Figure 2C).

234 um

336 um

Figure 2. In vivo imaging of YC3.60-expressing neocortical neurons

(A) In vivo two-photon image stack of YC3.60-expressing neurons in mouse barrel
cortex 4 weeks after AAV-injection. Three example YFP images are shown from
superficial L1 (86 pm depth from pia, top), upper L2/3 (234 pm depth, middle) and
deeper L2/3 (336 pum depth, bottom). Note labeled horizontal dendrites in L1 and dense
labeling of somata in L2/3. (B) Vertically resliced side projection of the image stack in
(A) showing apical dendrites of pyramidal neurons. Dashed line in the lower image in (A)
indicates the section for vertical z-reslicing. Projection extension was about 20 pm. (C)
In vivo two-photon image of neuronal YC3.60 expression (green, YFP channel) together
with counterstaining of astrocytes with SR101 (red).

YC3.60 reports increases in intracellular free Ca®* concentration as a FRET change
caused by a conformational change that brings CFP and YFP closer together (Nagai et al.,
2004). The acceptor (YFP) fluorescence intensity is expected to increase while the donor
(CFP) fluorescence should decrease. Indeed, YFP-increases and concomitant CFP-
decreases were observed in initial experiments on rat organotypic hippocampal slices, in
which increasing number of synaptic shocks were delivered to the mossy fibers and
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fluorescence changes were recorded in the neuropil of the CA3 region (Figure 3A).
Expressed as relative percentage change of the YFP/CFP ratio (AR/R), the evoked signals
showed a large dynamic range, with peak signals up to 50% and little indication of
saturation. AP-evoked calcium transients of smaller amplitude were readily observed in
single cells, both in vitro (Figure 3B) and in vivo (Figure 3C). Even though a ratiometric
measurement with simultaneous acquisition of fluorescence in the YFP- and CFP-channel
is advantageous as it normalizes for common baseline drifts, the relative fluorescence
changes in the YFP-channel alone (AF/Fygp) also clearly indicated Ca** transients (Figure
3B and 3C). In the following sections, we will present Ca”* transients either as relative
percentage change of the ratio YFP/CFP (AR/R) or as AF/Fygp.

A B in vitro (3 APs) C in vivo
# shocks

Synaptic stimulation s 20
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Figure 3. Ca*" signals reported by YC3.60

(A) Two-photon line scan measurements of YC3.60 signals in the neuropil of
hippocampal slice cultures. Fluorescence changes were evoked by extracellular
stimulation at 100 Hz with different number of stimuli, averaged along the line length and
over five stimulus presentations. Top: Fluorescence signals in the YFP and CFP channel
(smoothed with a 30-ms window), Bottom: YFP/CFP ratio changes expressed as AR/R
(smoothed with a 100-ms window). Note that intensity increases in the YFP-channel and
decreases in the CFP-channel. (B) Example fluorescence transient from an individual
YC3.60-expressing hippocampal neuron in vitro following synaptic stimulation, which
evoked three action potentials. The Ca’* transient is expressed either as relative
percentage change in the YFP channel (AF/Fygp) or as percentage change in the YFP/CFP
ratio (AR/R). (C) Analogous in vivo example of a spontaneously occurring fluorescence
transient in a YC3.60-expressing L2/3 neocortical neuron. In (A)-(C) raw fluorescence
intensities of CFP and YFP are reported in arbitrary units.

3.2. YC3.60 reports AP firing in vitro and in vivo
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We next examined how sensitively YC3.60 reports AP firing in vitro and in vivo by
combining targeted electrical recordings with two-photon imaging (see Materials and
Methods). Synaptic stimulation of pyramidal neurons in slice cultures elicited single APs
or bursts of AP trains as revealed by juxtacellular recordings (Figure 4A). Single APs
evoked Ca* transients with an average AR/R amplitude of 5.9 + 0.3% (mean = SEM., n
= 32), while high-frequency bursts of 2, 3, and 5 APs elicited successively larger
transients (10.1 + 0.3% (40), 13.8 £ 0.4% (35) and 18.7 + 1.1% (4), respectively). The
increase in Ca”" transient amplitude with number of APs was well approximated by a
linear fit (Figure 4C; slope = 3.15%/AP; > = 0.98). The decay of Ca* transients was
relatively fast and did not significantly depend on AP number (Figure 4D; time constants
of exponential fits: 0.78 £ 0.05 s, 0.82 +0.03 s, 0.91 £ 0.04 s, and 0.80 £ 0.06 s for 1,2, 3
and 5 APs, respectively; slope of linear regression 4 ms/AP).
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Figure 4. YC3.60 sensitivity to action potentials in vitro and in vivo

(A) Characterization of YC3.60 sensitivity in vitro. Top: Cell-attached recording at room
temperature from a hippocampal CA3 pyramidal neuron (left image with recording
pipette) and simultaneous fluorescence measurement from a somatic region of interest
(white box). Extracellular current and single-trial Ca®" transients are shown in response to
1, 2 and 3 APs elicited by synaptic stimulation (arrows; stimulation pipette not shown;
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stimulus artifacts blanked). Bottom: Mean fluorescence traces (+S.E.M.) in response to 1,
2 and 3 APs (n = 32 traces from 4 cells for 1 AP; n =40 (5) for 2 APs; n = 35 (5) for 3
APs). (B) Characterization of YC3.60 sensitivity in vivo. Top: Juxtacellular voltage
recording from a 1.2/3 neuron m barrel cortex (left image with recording pipette) and
simultaneous two-photon Ca*" measurement from the soma region. Example Ca**
transients are shown for spontaneously occurring 1, 2 and 3 APs. Bottom: Mean
fluorescence traces (+S.E.M.) in response to 1, 2 and 3 APs (n = 78 traces from 9 cells for
1 AP; n =33 (7) for 2 APs; n =23 (7) for 3 APs). (C) Peak amplitudes of Ca*' transients
as a function of number of APs (in vitro, open circles, #» = 32, 40, 35 and 4 transients for
1,2, 3 and 5 APs, respectively; in vivo, filled circles, n = 138 transients from 11 cells, 61
(9), 30 (9), 18 (7), 12 (6), 4 (3), 6 (5) for 1-7 APs, respectively). (D) Decay time constants
of exponential fits as a function of number of APs (in vitro, open circles, same n as in C;
in vivo, filled circles n =78 (9), 33 (7), 23 (7), 16 (6), 11 (5), 3 (2), 5 (5) for 1-7 APs,
respectively). Red lines are linear regressions. Error bars are shown as S.EM. (E)
Efficiency of AP detection in vivo was determined by estimating the distribution of the
signal to noise ratio (SNR) under noise conditions (solid blue) and fitting with a Gaussian
(broken blue). From the fit, we determined the SNR cutoff at which less than 5% of
baseline traces would be classified as false positives (SNR = 1.3). Using this threshold,
71% of single APs (97 / 137), 80% of doublets (48 / 60) and 93% of triplets (27 / 29)
were correctly detected.

To determine YC3.60 sensitivity in vivo, we performed two-photon targeted juxtacellular
recordings from YC3.60-expressing L.2/3 neurons in barrel cortex of anesthetized mice
(Figure 4B). In many cases, single APs were associated with clear AR/R transients. On
average, single APs elicited transients of 2.00 + 0.09% peak amplitude (» = 138 transients
from 11 cells). Bursts of up to 7 APs elicited transwnts with successively larger
amplitude (Figure 4C). The relationship between Ca®" transient amphtude and AP number
again was well approximated by a linear fit (slope = 1.39%/AP; r* = 0.98), indicating that
YC3.60 fluorescence changes for bursts of APs were well below saturation. Indeed, much
larger events (20-30% AR/R) were occasionally observed in response to trains of 10 or
more APs (see Figure 5B). We estimated AP-detection efficiency by comparing the
signal-to-noise ratio of AP-evoked transients to the baseline noise level (see Materials
and Methods). Detection rates were 71% for single APs and 80% and 93% for bursts of 2
and 3 APs, respectively (Figure 4E). Similar to the in vitro results, Ca®* transients showed
fast decays, which did not depend on AP number (Figure 4D; for single APs 0.60 + 0.05
s; n =78 transients from 9 cells; slope of linear regression -16 ms/AP). The differences in
absolute values for peak amplitudes and decay time constants between in vitro and in
vivo experiments most likely can be attributed to the dlfferences in experimental
conditions. In particular, a similar reduction of AP-evoked Ca®" transient amplitude at
physiological compared to room temperature has also been reported for other FCIPs
(Mao et al., 2008; Tian et al., 2009). We conclude that YC3.60 sensitively reports AP
firing both in vitro and in vivo and that it can even resolve single APs.

3.3. Sensory-evoked and spontaneous subcellular, cellular and wide-field Ca**
signals

11
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We next investigated in how far YC3.60 can be used to study sensory-evoked cortical
activity on various spatial scales, ranging from dendrites of individual neurons to large
areas of the barrel field. On the finest scale, we simultaneously measured spontaneous
dendritic and somatic Ca®" transients in L.2/3 pyramidal neurons using ‘arbitrary plane’
imaging (Gobel and Helmchen, 2007b) (Figure 5A). As expected (Schiller et al., 1995),
Ca®" transients showed faster decay times in apical dendrites compared to somata (0.35 +
0.04 s vs. 0.47 £ 0.04 ms; n = 23; p < 0.01; paired 2-tailed t-test), confirming relatively
rapid kinetics of YC3.60. A large dynamic range of YC3.60 is demonstrated in Figure
5B, where Ca?" transients evoked by complex AP patterns (ranging from individual APs
to trains of 10 or more APs) were revealed with high fidelity. The peak AR/R amplitudes
of around 30% in these recordings presumably still are far from indicator saturation (see
Figure 3A).

RERERER

Py

Decay time ¢ {s)
o
o

0
Dendrite Boma

Soma

BRR 204 R
RN P
L OONTTR

,?.

Neuropil

BRR - s e

S

Figure 5. Single-cell and population YC3.60 Ca’" signals in L2/3 of barrel cortex

(A) Simultaneous two-photon Ca®* imaging in soma and dendrites of L2/3 neurons using
vertical (xz-)imaging. Examples of spontaneous somatic (S, red) and apical dendritic (D,
blue) YC3.60 Ca** transients for the cells depicted in the left image. Right: Mean decay
times in dendrites compared to somata for 23 measurements (grey lines; meantS.E.M).
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(B) Simultaneous juxtacellular voltage recording and two-photon Ca”* imaging from a
neuron showing rare events of sustained and high-frequency AP firing in L2/3 neurons
that are accompanied by large YC3.60 Ca”" transients with peak amplitudes of up to 30%
AR/R. Top: Sustained AP firing leads to prolonged elevation of the fluorescence ratio.
Bottom: A short burst of 11 APs is accompanied by a fast Ca®" transient, which returns to
baseline following a stereotypical exponential decay. (C) Two-photon Ca®* imaging of a
small population of neurons during sensory stimulation (seven times 5 air-puffs to contra-
lateral whiskers at 5 Hz). Large Ca”" transients in cell 1 (red trace) correlated with the
spiking activity observed in the simultaneous juxtacellular voltage recording.
Concomitant Ca”* transients were also evoked in neighboring neuronal somata and in the
nearby neuropil (NP). The response to the first stimulation episode (dashed box) is shown
on expanded scale in the lower left, indicating that YC3.60 resolves the individual steps
in the accumulated Ca®" response. (D) Event-triggered average Ca’' traces from somata
and adjacent neuropil for spontaneous (n = 37 events of 1-3 APs) and evoked (n = 32
events of 1-5 APs) action potentials. Multi-whisker air puff-evoked Ca®" transients in
somata were significantly larger than those in the neuropil while spontaneous spikes were
accompanied by somatic but no neuropil transients. Errors are shown as S.E.M.

On the level of local neuronal populations, air-puff whisker stimulation (5 Hz) elicited
clear Ca®" transients in neuronal somata but also in the neuropil (Figure 5C). Bursts of
AP firing could be distinguished even at relatively slow frame rates (7.81 Hz),
highlighting the rapid kinetics of the Ca®* sensor. Combined electrical recordings allowed
to directly assess the degree of potential contamination of somatic signals by Ca®" signals
in the surrounding neuropil (Gobel and Helmchen, 2007a; Kerr et al., 2005). Whisker-
evoked events were associated with significantly larger Ca®* transients in somata
compared to the neighboring neuropil (4.0 £ 0.5 vs. 1.6 £ 0.2% AR/R, n = 32, p < 0.01,
paired 2-tailed t-test). In contrast, spontaneously occurring APs elicited Ca®* transients in
somata but not in the neuropil (2.3 + 0.4% vs. 0.4 +£ 0.1%, n =37, p < 0.01). (Figure 5D-
E). From these observations we conclude that sensory stimulation can evoke Ca?*
transients in the neuropil in addition to somatic signals, presumably reflecting excitation
of afferent axonal pathways (Kerr et al., 2005), but that high-resolution two-photon
imaging clearly distinguishes the cellular AP-evoked signals.

Activation of a substantial fraction of neurons in the local population as well as of the
surrounding neuropil might cause sufficient YC3.60 signals for large-scale bulk recording
of barrel cortex excitation. Indeed, in addition to sensory-evoked responses spontaneous
fluctuating calcium signals were apparent in the neuropil when entire two-photon
imaging frames were used as ROI (Figure 6A). Similar spontaneous YC3.60 signals
were observed with wide-field single-photon-excited fluorescence with a CCD-camera
positioned above barrel cortex (Figure 6B). These slow oscillations closely corresponded
to the simultaneously measured local field potential (LFP) and most likely are due to
synchronous activity during anesthesia. In addition, air puff stimulation of whiskers
evoked stimulus-locked LFP signals and bulk fluorescence changes with an average
AF/Fypp amplitude of 0.47+0.03% and an average decay time of 0.48+0.04 s (n = 3
animals). Bulk-activity in barrel cortex could also be read out using single-photon
excitation and fluorescence collection through a single-core optical fiber (440 um core
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diameter; see Material and Methods). With the optical fiber placed on top of the dura (or
the thinned skull) of anesthetized mice showing YC3.60 expression in barrel cortex, we
observed both spontaneous and air puff-evoked AF/Fypp signals (Figure 6C) that were
similar to the signals observed by wide-field camera imaging.

A PMT B Camera Spontaneous

Two-photon ¢ )-photon
T gxeitation M |0.2%
Objechve

excitafion
5] hwmm{TM 2mv

LFP recording

| Objective

Whtsker Stlmulatmn

AFF

y ) G oD N Arpult  pep
Air puff - No air puff \ ’ /V\V'\VNV&VN\'
g : C Spontaneous
ARR Detactor AF’FM""‘NMW

5%

r. 1epholon MWJ’\‘A
~ excitation Trials :
. - "y V\/\.Wuw
e ' Mean w\ .
. el of 10 M 7 I ’
Trials i\ ijw
iOptical
. fiber

Mlskgr stnrﬁulatlon . “Bs
Mean 2% .

AFIW"‘
of 10 TS ]
“\J\\’\AM/\/V MW " Mean “'J

Trials

%\‘V’\ﬁ \,W,‘j\\

Figure 6. Bulk recording of spontaneous and sensory-evoked YC3.60 Ca®" signals in
barrel cortex

(A) Large-area Ca”* imaging using two-photon excitation and whisker stimulation by air
puffs. Neuropil and two neurons visible about 100 pm deep in a 12-week-old mouse ~6
weeks after virus infection. The entire frame was taken as region of interest. Bottom:
Examples of single-trial spontaneous and sensory- -evoked responses are shown along with
average traces of 10 trials. (B) Large-area Ca® imaging using single-photon excitation
and a camera and simultaneous local-field potential recording (LFP) in barrel cortex of an
anesthetized mouse (left schematic). Right: The mean YC3.60 fluorescence signal (AF/F
in YFP-channel; red traces) correlated well with the LFP for both spontaneous activity
(top) and upon air-puff whisker stimulation (bottom; dashed vertical lines). (C) Fiber-
optic bulk recording of YC3.60 signals in barrel cortex in an anesthetized mouse (left
schematic). Fluorescence excitation and detection were both accomplished through the
optical fiber, the tip of which was placed on the cortical surface. Right: Examples of
single-trial YC3.60 fluorescence traces (AF/F in YFP-channel) and mean of 10 traces for
spontaneous activity (top) and upon air-puff whisker stimulation (bottom; dashed vertical
lines).
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3.4. Fiber-optic recording of barrel cortex activity in freely moving mice

Fiber-optic recordings enable measurements of neuronal activity in awake, freely
behaving animals (Adelsberger et al., 2005; Murayama and Larkum, 2009b; Murayama et
al., 2007; for review see Grewe and Helmchen, 2009; Wilt et al., 2009). We tested if
YC3.60 expression is suitable for such an application. Using firm attachment of the single
optical fiber to the animal’s head (Murayama and Larkum, 2009b) we measured bulk
fluorescence from the barrel field in awake, freely moving mice (Figure 7). While the
mice were either passively sitting or actively explormg, we recorded complex AF/Fygp
signals (Figure 7A-C). We could block the Ca®" transients by application of Cd*', a Ca**
channel blocker, to the cortical surface (Figure 7D), indicating that the YC3.60 sensor
was reporting Ca”" transients. Mechanically jolting the fiber did not result in obvious
fluorescence changes in YC3.60-expressing mice as in previous fiber-optic studies
(Murayama and Larkum, 2009b; Murayama et al., 2007). Furthermore, fluorescence
traces in a wild-type mouse (without YC3.60) were flat without any movement-related
changes (Figure 7E). Together these findings exclude opto-mechanical artifacts as source
of the observed fluorescence changes and instead indicate that YC3.60 signals are caused
by Ca*" channel activation and thus provide a readout of the complex activation pattern in
the barrel cortex. Fiber-optic recordings using YC3.60 thus should permit closer
investigation of behavioral-related activity in specific neocortical areas.

4. Discussion

In vivo Ca®* imaging in the mammalian neocortex so far mainly relied on synthetic
indicator dyes (Garaschuk et al., 2006; Gobel and Helmchen, 2007a; Grewe and
Helmchen, 2009; Kerr and Denk, 2008). Recently, different FCIPs (also called
genetically encoded Ca®" indicators or GECIs) have been developed that will allow for a
more specific interrogation of various aspects of neural activity, compared to synthetic
sensors. Here, we have shown that upon neuron-specific expression in the mouse
neocortex, the FCIP, YC3.60, can be used to read out activation of neocortical areas at
different spatial scales both in anaesthetized and awake, freely moving animals.

Original characterization of YC3.60 (Nagai et al., 2004) defined it as an indicator with
high sensitivity and dynamic range in vitro. However, reliable Ca®" imaging in vivo was
not demonstrated in transgenic animals (Nagai et al., 2004), possibly due to the use of a
plasma-membrane bound version of the sensor which may have resulted in a reduced AP
detection efﬁ01ency (Mao et al., 2008). Subsequently, YC3.60 was employed to obtain
quantltatlve Ca”™ concentration measurements in brain slices (Liu et al., 2008) and resting
Ca®* concentrations in vivo (Kuchibhotla et al., 2008). The current study extends these
findings by demonstratmg that viral delivery of YC3 60 permits in vivo measurements of
sensory-evoked Ca®" signals that closely correspond to cellular AP firing patterns.

Furthermore, we have shown that YC3.60 can be applied to monitor neural activity at
diverse spatial scales, covering dendritic Ca®" signals, AP firing in local neuronal
populations as well as large scale brain areas.
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Figure 7. Fiber-optic recording of brain area activity in freely moving mice using
YC3.60.

(A and B) Two examples of fiber-optic recording of YC3.60 signals in awake, freely
moving mice. Bulk Ca®' signals indicating neuronal activity were recorded in
somatosensory cortex through a single-core optical fiber as shown in Fig. 6C.
Fluorescence changes in the YFP-channel are shown during 25-30 s periods together with
the position of the mouse in an open field box. Animal behavior (sitting still, moving,
touches, or having contact to the wall) is indicated by background colors. The trajectory
of the animals’ movement is indicated with selected time stamps. (C) Six more examples
of Ca®" imaging from 3 mice, together with corresponding behavioral observations.
Changes of the animal’s behavioral state (e.g. start of movement) were frequently
associated with marked discontinuities in the fluorescence trace, indicating complex
underlying Ca*" dynamics. (D) Control experiment showing that Ca®" signals are blocked
by local perfusion of the cortical region with Cd**. (E) Control experiment demonstrating
that a flat fluorescence trace is observed in the absence of YC3.60 expression.
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Gene delivery by AAV-vectors (Zhu et al., 2007) provides a highly flexible,
straightforward and safe approach for dense and wide-spread expression of FCIPs in
neurons (Kootstra and Verma, 2003). For these reasons, viral delivery has been the
method of choice in recent characterizations of FCIPs in the mammalian brain (Mank et
al., 2008; Tian et al., 2009; Wallace et al., 2008). An alternative approach for gene
delivery of FCIPs into the brain is in utero electroporation, which provides the potential
benefit of cell-type specificity, depending on the precise electroporation protocol (Borrell
et al., 2005) but which results in relatively sparse labeling of neurons compared to viral
delivery (Mank et al., 2008). Finally, the production of transgenic mice expressing a
number of different FCIPs has been reported (Hasan et al., 2004; Heim et al., 2007)
including membrane bound YC3.60 (Nagai et al., 2004). In one of these studies, sensory-
evoked Ca®" transients were demonstrated using Wlde field imaging of the olfactory bulb
with two FCIPs expressed under a tetracycline-inducible promoter (Hasan et al., 2004).
The widespread use of these mouse hnes has been limited, however, by the fallure to
clearly monitor AP-evoked cellular Ca*" signals in vivo, possibly due to low protein
expression levels.

Comprehensive analysis of neural circuits will require reliable detection of single APs as
well as estimation of the firing frequency during bursts of APs. Here we demonstrate that
YC3.60 can detect the occurrence of single APs in pyramidal cells of mouse barrel cortex
in vivo with a sensitivity comparable to recent reports of another ratiometric FCIP,
D3cpV (Wallace et al., 2008). Unlike D3cpV, however, YC3.60 shows faster kinetics and
minimal saturation for bursts of up to at least 10 APs, thus making it a suitable tool for
quantitative investigation of local neural network dynamics in vivo. Overall our analysis
revealed that YC3.60 shows comparable signals in terms of sensitivity and decay times to
the commonly used synthetic indicator Oregon Green BAPTA-1 (Kerr et al., 2005),
which has been used extensively for optical monitoring of AP firing in populations of
neurons. Recently, in addltlon to D3cpV, two other novel FCIPs have been proposed for
in vivo two-photon Ca®" imaging in the mammalian brain. First, in utero electroporatlon
of TN-XXL, a troponin-based ratiometric FCIP, allowed repeated Ca®* imaging from the
same neurons over days; however its sensitivity to AP firing was relatively low with
single AP detection only achievable in brain slices (Mank et al., 2008). Second, AAV-
delivery of the single-fluorescent protein sensor GCaMP-3 has recently been shown to
exhibit large fluorescence changes and to detect APs with fast kinetics and little
saturation in mouse somatosensory cortex in vivo (Tian et al., 2009). This Ca** sensor
does not, however, permit ratiometric imaging and thus will be more susceptible to
motion artifacts compared to YC3.60. It is likely that in the near future improved versions
of either cameleons or GCaMPs will provide even better optical readout of neuronal
spiking. Furthermore, smgle ﬂuorophore FCIPs may be co-expressed with a second
indicator that is not Ca**-sensitive in order to reduce their susceptibility to motion
artifacts.

In addition to two-photon Ca*" imaging at the level of single cells and small populations
of neurons, we demonstrated the use of FCIPs to record large-scale neuronal activity in

awake, freely moving animals. Using a fiber-optic approach (Murayama and Larkum,
2009b; Murayama et al., 2007) to image bulk neural activity in mouse barrel cortex, we
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showed complex Ca®* dynamics associated with behaviorally salient events such as
object-touching or moving. We suggest that these activity patterns may reflect the
dynamic interaction of different behavior-related brain states with sensory-evoked
activity.

In conclusion, viral delivery of YC3.60 provides a powerful tool for the optical
interrogation of neural circuits at multiple spatial scales and with high sensitivity. Viral
delivery of FCIPs may in the future be combined with the powerful tools of mouse
genetics, allowing for cell-type specific or inducible expression of Ca”" sensors (Wallace
et al.,, 2008; Zhu et al., 2007). Thus, injection of AAV-FCIP vectors with loxP sites
(Atasoy et al., 2008; Kuhlman and Huang, 2008) into Cre driver mouse lines should
allow selective expression of YC3.60 in specific cortical layers (Madisen et al.) and
interneuron subtypes (Chattopadhyaya et al., 2004; Oliva et al., 2000). Cell-type specific
expression, combined with fiber optic recordings in freely moving animals, will allow
functional correlation of specific neuronal populations with behavior. Moreover, the
approach developed here may conceivably be adapted to other mammalian species, such
as rats (Foti et al., 2007) or even non-human primates (Stettler et al., 2006) and is
therefore likely to play an important role in the dissection of the neural underpinnings of
complex behaviors.
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Abstract

Background: Efficient bioluminescence resonance energy transfer (BRET) from a
bioluminescent protein to a fluorescent protein with high fluorescent quantum yield has
been utilized to enhance luminescence intensity, allowing single-cell imaging in near real

time without external light illumination.

Methodology/Principal Findings: We applied BRET to develop an autoluminescent Ca*"
indicator, BRAC, which is composed of Ca*"-binding protein, calmodulin, and its target
peptide, M13, sandwiched between a yellow fluorescent protein variant, Venus, and an
enhanced Renilla luciferase, RLuc8. Adjusting the relative dipole orientation of the
luminescent protein’s chromophores improved the dynamic range of BRET signal change
in BRAC up to 60%, which is the largest dynamic range among BRET-based indicators
reported so far. Using BRAC, we demonstrated successful visualization of Ca>" dynamics
at the single-cell level with temporal resolution at 1 Hz. Moreover, BRAC signals were
acquired by ratiometric imaging capable of canceling out Ca’"-independent signal drifts

due to change in cell shape, focus shift, etc.

Conclusions/Significance: The brightness and large dynamic range of BRAC should
facilitate high-sensitive Ca®* imaging not only in single live cells but also in small living

subjects.
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Introduction

Bioluminescent proteins such as luciferase are a powerful tool for monitoring biological
processes including gene expression in living organisms since bioluminescent signals can
be acquired without an external light source; bioluminescence imaging is thus completely
free from phototoxicity, photo-induced physiological reaction, and autofluorescence from
the specimen, enabling signal detection from deep inside the tissue with high
signal-to-noise ratio. These properties make bioluminescent proteins potentially superior to
fluorescent proteins as a bioimaging tool. However, bioluminescence signals are too dim to
be measured in real time, i.e., bioluminescence imaging generally requires longer exposure
(more than several tens of seconds) than fluorescence imaging that takes less than 1 second.
To overcome this drawback, an auto-illuminating fluorescent protein, eBAF-Y, has been
developed [1]. eBAF-Y is based on the highly efficient bioluminescence resonance energy
transfer (BRET) between enhanced Renilla reniformis luciferase (RLuc8) [2] and enhanced
yellow fluorescent protein (EYFP). eBAF-Y emits a 3.5-fold brighter signal than RLuc8
alone, enabling observation of subcellular structure at the single-cell level in near real time
at 0.1 Hz. This strategy has been applied to develop a similar auto-illuminating fluorescent
protein, BRET3, composed of a mutant red fluorescent protein (mOrange) and RLuc8 [3].
BRET3 exhibits red-shifted light output peaking at 564 nm, making it easier to observe
biological phenomena deep inside a small animal. Aequorin, another well-known
bioluminescent protein, emits luminescence peaking at 466 nm in the presence of Ca’ soit
has been used as a Ca®" indicator to monitor free Ca*" concentration ([Ca®*]) in living

specimens [4]. The highly efficient BRET has also been applied to aequorin by means of
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fusion with green fluorescent protein (GFP), thereby increasing the luminescence intensity
by about 50 fold [5]. Although aequorin-GFP is bright enough to allow real-time imaging,
it is not suitable for long-term imaging since aequorin must be regenerated after emission
upon Ca*" binding, which takes more than several tens of minutes [6,7]. To circumvent this
weak point, a Ca®* indicator was developed based on split RLuc and Gluc [8,9]. Signal
change of these indicators is based on complementation of the N- and C-terminal halves of
the split luciferase via Ca®'-induced interaction between CaM and M13. Although these
indicators can detect Ca**-dependent signal changes in living cells, they could not calibrate
[Ca®'] because imaging of these indicators is based on single-emission measurement and
thus the signal intensity change is highly dependent on the stoichiometric composition of
the N- and C-terminal halves of the split luciferase in the cells. Also, these indicators
cannot cancel out signal drift mainly caused by change in cell shape, focus drift, and uptake
and consumption of coelenterazine-h due to auto or catalytic oxidization. To allow
quantitative long-term real-time Ca®" imaging, we designed a Ca*" indicator based on
BRET between RLuc8 and Venus, a brighter version of EYFP [10]. As the CazJ"-sensing
domain, we used a Ca>* binding protein, calmodulin (CaM), and its target peptide, M13, as
in the case of the well-known FRET-based Ca”" indicator, cameleon [11]. Binding and
release of Ca®* from CaM induces reversible conformational change of the CaM-M13
fusion domain between an extended and compact form, which, in turn, changes the distance
between Venus and RLuc8 whereby their emission is reciprocally changed due to BRET.
Thus, this indicator enables ratiometric observation that can cancel out artifactual signal

drift. To obtain a large BRET change, we tried several circularly permuted Venus variants
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[12] to optimize the relative dipole orientation between the coelenterazine in RLuc8 and the
choromophore of Venus. The best one, which we named BRAC, has a wild-type Venus and
showed 60% signal change upon Ca®" binding. Due to the brightness and large dynamic
range, we successfully visualized Ca*" oscillation induced by agonist stimulation of Hela

cells with improved time resolution and high signal-to-noise ratio.

Results
Construction of BRET-based reversible Ca®" indicators

To create a BRET-based autoluminescent reversible Ca®' indicator, we chose the
CaM-M13 chimeric protein for the Ca**-sensing domain as in the case of the FRET-based
Ca’" indicator, cameleon YC3.60 (see Ref. 12). ECFP in YC3.60 was first replaced with
RLuc8, the brightest version of luciferase [2], to yield RLuc8-CaM-M13-cp173Venus
(Figure 1). The construct was bacterially expressed and purified for measuring the signal
change in the peak intensity ratio (530/480 nm) with Ca®". The dynamic range of the BRET
signal change in RLuc8-CaM-M13-cp173Venus was 10% (Figure 2). Then, according to
the strategy for expanding the dynamic range of FRET-based indicators [12], we replaced
the Venus moiety in RLuc8-CaM-M13-Venus with a wild-type Venus or circularly
permuted Venus variants that have a different translation start site from the original
cpl73Venus, as shown in Figure 1A. Among them, RLuc8-CaM-M13-Venus and
RLuc8-CaM-M13-cpl157Venus showed a 3-fold enhanced dynamic range (Figure 2). To
further expand the dynamic range, we attempted to exchange the donor and acceptor in the

above constructs to place the donor and acceptor molecule at the C- and N-terminus,
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