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Abstract: Rapidly progressing development of optogenetic tools, particularly genetically encoded
optical indicators, enables monitoring activities of neuronal circuits of identified cell populations in
longitudinal in vivo studies. Recently developed advanced transgenic approaches achieve high levels
of indicator expression. However, targeting non-sparse cell populations leads to dense expression
patterns such that optical signals from neuronal processes cannot be allocated to individual neurons.
This issue is particularly pertinent for the use of genetically encoded voltage indicators whose
membrane-delimited signals arise largely from the neuropil where dendritic and axonal membranes
of many cells intermingle. Here we address this need for sparse but strong expression of genetically
encoded optical indicators using a titratable recombination-activated transgene transcription to
achieve a Golgi staining-type indicator expression pattern in vivo. Using different transgenic
strategies, we also illustrate that co-expression of genetically encoded voltage and calcium indicators
can be achieved in vivo for studying neuronal circuit input-output relationships.

Keywords: genetically encoded; voltage indicator; intersectional; transgenic; inducible expression;
controlled recombination

1. Introduction

To understand the dynamic interactions of neuronal circuits, covering large neuronal populations
across multiple spatially distant brain regions, is a key focus in systems neuroscience. Recent
progress in genetically encoded voltage and calcium indicators (GEVIs and GEClIs respectively)
now provides powerful tools toward this goal by allowing longitudinal monitoring from the same
neuronal populations of defined cell classes [1-5]. GECIs (e.g., GCaMPs) have now been employed
as a mainstream tool in systems neuroscience, yet calcium imaging provides only a surrogate and
incomplete readout of neuronal activity. In contrast, by directly monitoring changes in membrane
potential, GEVIs provide unparalleled opportunity to directly readout neuronal activity, including
subthreshold fluctuations and hyperpolarisation.

Developments in the generation of Cre-dependent transgenic mice provides genetic approaches
that achieve strong, cell type-specific expression of optical indicators in the mammalian brain,
while bypassing the limitations of invasive gene expression techniques like electroporation and
viral injections [6,7]. In combination with the use of the very strong tetracycline-responsive promoter
element (TRE), modular intersectional transgenic strategies have been developed to achieve optimal
cell class-specific indicator expression patterns [8].
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GEClIs can be targeted cytosolically to report changes in intracellular calcium concentrations,
and since cell bodies contribute to a large fraction of the cytosol, GECI signals predominantly
appear as “sparkling” cell bodies. GECI signals from dendrites and axons (“neuropil signals”) are
often left unconsidered in densely labelled tissue, as they cannot be easily allocated to individual
neurons. In contrast, GEVI expression needs to be strictly targeted to the plasma membrane to sense
transmembrane voltage transients, and because membrane of the soma is only a small fraction of total
membrane, the membrane-limited signals of GEVIs arise predominantly from dendritic and axonal
membranes. For this reason, it is very difficult to attribute optical voltage signals from intermingled
processes of many neurons to individual neurons.

This problem could be resolved to facilitate single-cell resolution voltage imaging by targeting
GEVIs sparsely to only a fraction of the neuronal population of interest. Conceptually, the idea
of sparse cellular indicator expression bears resemblance to Golgi staining; a prime histological
technique for resolving and segregating individual cells and their processes in a densely populated
neuronal network.

To achieve a strong cell class-specific but sparse expression of GECIs and GEVIs, we took
advantage of the recently developed strategy to control Cre-dependent recombination via the
use of a destabilized Cre variant, dCre [6]. This modified recombinase can be stabilized (that is,
“de-destabilized”) using the antibiotic trimethoprim (TMP) that has no natural targets in mammals
and penetrates the blood brain barrier [9]. Using a mouse line that expresses dCre under Rasgrf2A
promoter [6], here we show that titratable recombination probability can be used to achieve strong
intensity, but sparsely distributed (Golgi staining-like) indicator expression pattern in cortical layer
II/1II pyramidal neurons with either GCaMP6f (GECI) [10] or the voltage sensitive fluorescent protein
(VSFP) VSFP Butterfly 1.2 (GEVI) [11,12].

The GEVIs used in the present study (from the Forster resonance energy transfer (FRET)-based
VSFP Butterfly family containing mCitrine and mKate2 fluorescent protein pair) emit at two
wavelengths. The signals in both wavelength bands can be spectrally deconvoluted from the GFP
signals of GCaMP6f. We also show that, using these fluorescent proteins, the modular transgenic
approach produced dual GEVI/GECI neuronal labelling, shown here in cortical layer II/IIl pyramidal
neurons, which will allow monitoring of concurrent voltage and calcium activity in either the same
neuron or in neighbouring neurons.

2. Results

2.1. TMP Dose-Dependent Control of dCre-Mediated Recombination

We used a mouse line that carries a transgene cassette where dCre is under transcriptional control
of the Rasgrf2 promoter that drives gene transcription in layer II/III neurons [6,13]. These mice were
crossed with two mouse lines that carry (i) an expression cassette where the coding sequences for
the GECI GCaMPéf is under transcriptional control of both Cre and tTA [8,14], and (ii) a cassette
where expression of tTA is driven by the CaMK2A promoter [14]. In the presence of Cre-mediated
recombination, these mice express GCaMP6f in layer II/IIl pyramidal cells [8]. In the absence of
TMP treatment, dCre is degraded and Cre-mediated recombination prevented [9]. In the presence of
increasing doses of TMP, increasing amounts of dCre are de-destabilised and are available to excise a
STOP codon to permit tTA-activated transcription of the GCaMP6f gene (Figure 1a).

To test the control of indicator expression probability, animals were treated with different total
doses of TMP ranging from 0.005 mg/kg body weight (single intraperitoneal injection) to 750 mg/kg
body weight (three daily injections of 250 mg/kg for saturating expression levels). We initially treated
animals with total TMP doses of 50, 5 and 0.5 mg/kg body weight (all single injections), and examined
indicator expression after a two-week expression period. We observed comparable densities of
expressing cells between 50 mg/kg and saturating 750 mg/kg body weight TMP administration
(Figure 1(b-i); wide-field epifluorescence microscopy). Surprisingly, the lowest TMP dose used in this
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initial set of experiments (0.5 mg/kg body weight; Figure 1(b-ii); confocal microscopy) still induced
indicator expression in the majority of the layer II/III pyramidal cell population (with the expected
density of layer II/III pyramidal neurons derived from published CUX1 expression patterns [15]).

Rasgrf2-2A-dCre mouse Ai93(TITL-GCaMP6f) mouse CamK2A-tTA mouse
Rasgrf2A dCRE ﬂl‘%‘ STOP ~@{GCaMP6f— - CamKZA—Ij tTA  —
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—{ TRE j;G)CaMPGf—
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Figure 1. Representative images of adjusted GECI expression probability of layer II/III pyramidal
neurons achieved via dose-dependent TMP administration. (a) Transgenic strategy using the
combination of both Cre-recombinase and transactivator intersectionally controls indicator expression
in identified cell populations in Ai93 GCaMP6f indicator transgenic mice. The transgenic
strategy shown here uses a destabilized form of Cre-recombinase driven by Rasgrf2-2A promoter
(Rasgrf2-2A-dCre) that can be “de-destabilized” using TMP to remove the STOP cassette in layer
II/III neurons. Transactivator expression driven by CaMK2A promoter (CaMK2A-tTA) in pyramidal
neurons is also required for binding to the TRE promoter in the indicator mice for indicator expression
(GCaMP6f in this transgenic diagram). This combination of dCre and tTA facilitates adjustable indicator
expression probability of layer II/IIl pyramidal neurons by titratable TMP administration (b) GCaMP6f
expression density remained high with total TMP dose administered at 50 mg/kg body weight
(i, imaged using wide-field epifluorescence microscopy; solid line marks the pia, dashed line marks
cortical layer boundaries) and 0.5 mg/kg body weight (ii, using confocal microscopy, single plane)
(c) GCaMP6f expression with total TMP dose administered at 0.005 mg/kg body weight (i), 0.03 mg/kg
body weight (ii), and 750 mg/kg body weight (iii) TMP concentrations resulted in different levels of
GCaMP6f expression density (confocal microscopy). DAPI nuclei-counterstaining shows, in addition
to pyramidal neurons, dense cell population including glia, GABAergic interneurons and blood
vessel-related cells. Scale bar = 50 um; stack thickness = 15 um.
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These initial results suggested that a TMP dose much lower than 0.5 mg/kg is needed to achieve
desirable sparse Golgi-like indicator expression. We therefore administered total TMP dosages ranging
from 0.005 to 0.05 mg/kg body weight (distributed over 1-2 injections per animal), and analysed
the density of indicator expressing cells with confocal microscopy 1-3 weeks thereafter. In this
set of experiments we also counterstained with DAP], a fluorescent marker of cell nuclei. Notably,
DAPI-stained nuclei include, in addition to those representing pyramidal cells, also those of GABAergic
cells, glia cells and blood vessel-related cells. We therefore counted the indicator-expressing cells,
normalized on the total count of nuclei and then scaled to the maximal density of layer II/IIl pyramidal
cells that expressed the indicator under control of the stabilised Rasgrf2-dCRE gene product. We refer
to this value as “scaled expression probability”. In this dose range, the fraction of layer II/III
pyramidal cells that expressed the indicator increased with increasing total TMP dosage administered
(Figure 1(c-i-iii), Table 1).

Table 1. Titrated indicator expression probabilities.

(TMP) (mg/kg . Total No. of Expressing Scaled Expression
Body Weight) No. of Animals Sections Cells/All Nuclei Probability
750 5 25 25.29 + 1.88% 1.00
0.03 5 25 20.02 £ 0.83% 0.79
0.005 2 10 15.68 £+ 2.63% 0.62
0.001 2 4 4.51 £+ 1.06% 0.18

The indicator expression levels did not depend on the fraction of expressing cells because
recombination is “all or not at all” at the level of individual cells, while expression levels are controlled
by the strong TRE promoter. We also explored expression durations longer than two weeks and TMP
administration in older animals (aged 3-6 months) and did not find overt differences compared to
our standard induction age of six weeks and two weeks of expression time at similar total TMP doses
administered (data not shown). Similar TMP dose-dependent indicator expression was obtained with
GEVI mice under the same transgenic configuration, where the Ai93 transgenic line was replaced by
the Ai78 transgenic line such that Cre-mediated recombination leads to expression of the GEVI VSFP
Butterfly 1.2, also in layer II/III pyramidal population.

2.2. Sparse Expression of GEVI Uncovers the Morphologies of Individual Cells

With VSFP Butterfly 1.2 or chimeric VSFP Butterfly expression in all cortical pyramidal cells,
individual neurons could not be resolved due to intermingled neuronal processes (Figure 2a). Using the
genetic approach described above (Figure 1a) along with a low dose of TMP for limited Cre-dependent
recombination, strong Golgi staining-like GEVI expression was achieved (Figure 2(b-i)) and this sparse
expression allowed resolving morphological details of individual cells. In single confocal planes,
subcellular structures can also be clearly resolved, including axonal boutons and dendritic spines
(Figure 2(b-ii)).

2.3. Modular Transgenic Strategies Allow Controlled Co-Expression of GECI and GEVI

Next, we expanded the above-described genetic approach to develop strategies for controlled
expression of both a GECI and a GEVI in the same animal. To this end, we generated quadruple
transgenic mice carrying both the GCaMP6f and the VSFP Butterfly 1.2 genes, and expression of both
indicator proteins in layer II/IIl pyramidal neurons was under the control of inducible dCre and
transactivator (Rasgrf2-dCre;CaMK2A-tTA;Ai78;Ai93, Figure 3a). Induction using titrated TMP dose
resulted in observable sparse indicator expression, with subpopulations of layer II/III pyramidal
neurons expressing either GCaMP6f (Figure 3(b-i)) or VSFP Butterfly 1.2 (Figure 3(b-ii)), and an
overlapping sub-population co-expressing GCaMP6f and VSFP Butterfly 1.2 (Figure 3b; dotted box
outlines an example neuron).
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Figure 2. Sparse GEVI expression in vivo resolves subcellular structures. (a) At full expression density,
GEVI optical signals are difficult to be assigned to individual neurons due to intermingled neuronal
processes in dense populations. (b) Sparse Golgi staining-like GEVI expression density resolves
single cells and subcellular morphologies (i) A 15 um stack projection of three individual layer II/1II
pyramidal neurons. (ii) Single-plane image from the stack in (b-i). GEVI targeting achieves optimal

membrane expression, and is capable of resolving subcellular structures in vivo, including axonal
boutons (blue inset) and dendritic spines (white inset). Image scale bar = 50 um; inset scale bar = 2 pum.
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Figure 3. Dual-controlled co-expression of GECI (GCaMP6f) and GEVI (VSFP Butterfly 1.2)
in somatosensory cortical layer II/III pyramidal neurons in vivo. (a) The combination of dCre
and tTA allows for dual control of Ai78 VSFP Butterfly 1.2 and Ai93 GCaMP6f expression probabilities.
This transgenic strategy resulted in GECI-expressing, GEVI-expressing and GECI/GEVI co-expressing
populations. (b-i) Strong GCaMP6f fluorescence signal observed in perisomatic regions of individual
pyramidal neurons. (ii) Strong VSFP Butterfly 1.2 fluorescence signal observed in the membranes
of two pyramidal neurons (arrows). (b-iii) Merged GCaMP6f (green) and VSFP Butterfly 1.2 (red)
fluorescence signals on DAPI nuclei counterstaining (blue) showing sparse Golgi staining-like indicator
expression pattern. Inset: a single-plane confocal image of the indicator-expressing neuron, outlined
by the dotted box in (b-ii), showing optimal GEVI membrane targeting. Note this cell co-expresses
GCaMP6f and VSFP Butterfly 1.2. Scale bar = 50 um.
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A second quadruple transgenic combination was generated for controlled GCaMP6f expression in
layer II/III pyramidal neurons in combination with expression of the GEVI chimeric VSFP Butterfly in
all pyramidal neurons across all cortical layers. For this transgenic strategy, we crossed-in a line where
chimeric VSFP Butterfly expression is under the exclusive control of the TRE element (Rasgrf2-dCre;
CaMK2A-tTA; chiVSFP; Ai93; Figure 4a). Our TMP induction protocol achieved sparse GCaMP6f
expression in layer II/III pyramidal neurons (Figure 4(b-i,ii)), while the chimeric VSFP Butterfly voltage

a Rasgrf2-2A-dCre mouse Ai93(TITL-GCaMP6f) mouse chimeric VSFP Butterfly mouse CamK2A-tTA mouse
Rasgrf2A —{TREN} ¢ sTOP }@{GCaMP6i— PIREStiGhtH{ chivSFP H WPRE — —CamKZA}—I—{_'tTA -
4 ©
D — D ——
O rel es STOP
T™MP cassette
RRRRCEPETTELRPPPPPPPERIEPPS B

E2 tTA
ﬂ BIRE-tight}{ chivSFP H WPRE

GEVI-GECI GEVI-expressing
co-expressing LI/l pyramidal
pyramidal neurons neurons

in all layers

Figure 4. Expression of genetically encoded voltage indicator (chimeric VSFP Butterfly) in all
cortical pyramidal neurons with controlled co-expression of genetically encoded calcium indicator
(GCaMP6f) in layer II/III pyramidal neurons in vivo. (a) A transactivator, driven by CaMK2A promoter
(CaMK2A-tTA) in pyramidal neurons, is required for binding to the TRE promoter for transcription
activation in both chimeric VSFP Butterfly and Ai93 indicator mice. A STOP cassette removal using
TMP-stabilized Cre-recombinase driven by Rasgrf2-2A promoter (Rasgrf2-2A-dCre) is only needed
for the Ai93 line. This quadruple transgenic strategy therefore achieves full GEVI expression in all
pyramidal neurons, with TMP dose-dependent adjustable GECI co-expression in layer II/IIl pyramidal
neurons (b-i) Strong GCaMP6f fluorescence signal observed in perisomatic regions of individual
pyramidal neurons (b-ii) A single confocal plane image showing strong chimeric VSFP Butterfly
fluorescence signal from pyramidal neurons observed across all cortical layers (b-iii) Merged GCaMP6f
(green) and chimeric VSFP Butterfly (red) fluorescence signals showing adjustable sparse GECI indicator
expression over dense GEVI expression patterns. Scale bar = 50 pm.

3. Discussion

Using a trimethoprim-inducible Cre-mediated activation of transcription under a strong TRE
promoter, we attained controlled, sparse and strong Golgi staining-like expression of genetically
encoded voltage and calcium indicators in vivo (Figure 1c). The expression is termed “strong”
because the expression level in individual cells is high, and it is termed “sparse” because only
a few cells express the fluorescent indicator. Sparse and strong GEVI expression allowed resolving
morphologies of individual neurons and subcellular structures—including axonal boutons and
dendritic spines—in the mammalian brain in vivo (Figure 2b-ii). By using different transgenic
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combinations, we also demonstrate that GEVI/GECI co-expression can be achieved in vivo, resulting
in GEVI-expressing, GECI-expressing, and GEVI/GECI co-expressing populations in the same animal
(Figure 3b-iii). Indicator-expressing neurons are a subpopulation within the population defined by the
cell-class specific promotor, and we assume that recombination within the transgene does not affect
the identity of the neuron or neuronal response properties [8,11,12].

3.1. GEVI and GECI Transgenic Approach

Until recently, in vivo application of GECIs and GEVIs was obtained using gene delivery
techniques based on in utero electroporation or viruses [11,16-20]. Compared to these approaches,
transgenic strategies achieve more reliable, reproducible, yet strong indicator expression patterns in
the mammalian brain with minimal invasiveness [8,21], and allow for more stringent targeting of
specific cell classes, as well as temporal and functional control of labelling [22]. In contrast to voltage
sensitive dye (VSD) imaging and viral approaches that involve craniotomies for dye and gene delivery,
the GEVI-based transgenic approach, when combined with thin-cranium mice, permits transcranial
imaging through a fully intact skull for longitudinal studies of mammalian behaviour [4,8,11,23,24].
Moreover, the growing available palette of Cre driver lines and tetracycline transactivator system
allows for intersectional transgenic approach for specific restricted expression patterns in vivo to
achieve a reliable modular experimental strategy [6,25,26].

Rapid progress in the development of GEVIs and GEClIs fuels the deciphering of neuronal circuit
dynamics in systems neuroscience. GEVIs in particular permit the direct monitoring of cellular
electrical activity, providing additional information on subthreshold activity, hyperpolarising events,
and high frequency oscillatory activity at the population level of one specific cell type, and across
spatially distributed populations of neurons [27,28]. This approach was explored in the past using
classic VSDs injected into individual neurons [2,29]. The sparse GEVI expression protocol further
advances the optical voltage monitoring approach by enabling cell class-specific voltage imaging at
multiple single-cell resolution in vitro and in vivo.

3.2. Sparse Strong GEVI Expression Resolves Individual Cells and Subcellular Structures

The recent generation of GEVIs exhibit response dynamics compatible with recording fast action
potentials (APs), as demonstrated in cell cultures [12,19,20,30,31]. However, resolution of APs from
multiple neurons in vivo in mammalian brains is not yet routinely achieved due to the intermingled
neuronal processes in dense cell populations that complicate precise optical signal allocation to
individual cells.

The experimental strategies presented here offer a solution to this problem. Combination of the
inducible dCre system with the intersectional transgenic approach for strong and cell class-specific
indicator expression produces Golgi staining-like expression patterns with known cell identity (e.g.,
pyramidal neurons, Figure 1). Administration of a saturating TMP dose (750 mg/kg Figure 1c-iii)
achieves a high density of indicator-expressing cells. We compared this density with expression
pattern of CUX1 ([15], a DNA-binding protein homeodomain family that identifies layer II/III
pyramidal neuron nuclei [32]), and we concluded that the Rasgrf2 promoter is active in most,
if not all, layer II/III pyramidal neurons, hence when driving expression of stabilized dCre triggers
Cre-mediated recombination in most, if not all, layer II/III pyramidal neurons. In contrast to the
intermingled indicator expression at high recombination probability achieved by the saturating TMP
dose (Figure 2a), strong but sparse expression pattern achieved by low-dose TMP administration
resolves the morphology of distinct subcellular structures including axonal boutons and dendritic
spines in single confocal planes in vivo (Figure 2b), opening the possibility for synaptic level functional
monitoring in vivo. In our current study, a much lower dose of TMP is used than indicated in
previous reports, to achieve limited recombination probabilities via the use of dCre [9]. A possible
explanation could be the genomic location of the novel TIGRE locus—into which our indicator
transgenes are inserted—is more Cre-accessible compared to the more widely used Rosa26 locus, thus
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lowering amounts of stabilized Cre required to achieve a similar recombination probability [8,22].
Although the titrated TMP induction protocol achieves adjustable recombination percentage amongst
a cell population, the recombination event in any given cell is, in principle, “all-or-nothing”, thus the
effective indicator expression (thereby signal intensity) remains strong in the expressing cells despite
the low populational expression density (Figures 1, 2 and 3b).

3.3. GEVI/GECI Co-Expression

GECIs like GCaMPs are currently employed as a mainstream tool in systems neuroscience
as a surrogate indicator of neuronal activity via reporting changes in the intracellular calcium
concentration of the expressing cell. Although GCaMPs offer large signal-to-noise ratio due to the
substantial change in cytosolic calcium concentration upon activity, this optical signal has a mixed
origin and, whilst useful for reporting suprathreshold AP events, is completely blind to synaptic
inputs [2]. In contrast, GEVIs are ideally suited to monitor synaptic responses and input—output
behaviour. A more powerful approach to full exploration of the circuit connectivity is to combine GEVIs
with GECls. Whilst this has been explored ex vivo using voltage and calcium sensitive dyes [33,34],
such approaches remain impossible in vivo.

In the present study, a successful dual GEVI/GECI neuronal labelling in vivo was achieved
(Figures 3 and 4) by using the modular nature of the intersectional transgenic strategies. In our
transgenic animals, the fluorescence emission spectra from the mCitrine and mKate2 fluorescent
protein pair in the FRET-based VSFP Butterfly family were sufficiently different from the GFP emission
spectrum of GCaMP6f (Figures 3 and 4), thereby providing the essential bases for future simultaneous
optical imaging of both voltage and calcium activity of the same neurons in vivo.

4. Materials and Methods

All animal experimental procedures were performed in accordance with the United Kingdom
Animals (Scientific Procedures) Act 1986 under Home Office project and personal licences following
appropriate ethical review.

4.1. Animals

Triple transgenic mice were generated to express GCaMP6f (Rasgrf2-dCre; CaMK2A-tTA;Ai93)
or VSFP Butterfly 1.2 (Rasgrf2-dCre;CaMK2A-tTA;Ai78) in cortical layer II/III pyramidal neurons.
Quadruple transgenic mice were generated to co-express VSFP Butterfly 1.2 and GCaMP6f in cortical
layer II/1II pyramidal neurons (Rasgrf2-dCre;CaMK2A-tTA;Ai78;Ai93), or to express chimeric VSFP
Butterfly in all cortical pyramidal neurons and GCaMP¥6f in cortical layer II/IIl pyramidal neurons
(Rasgrf2-dCre;CaMK2A-tTA;chiVSFP;Ai93).

4.2. Inducible Control of Recombination Using Trimethoprim

Trimethoprim (Sigma, Germany) was dissolved in DMSO first at 100 mg/mL and then further
serially diluted in DMSO. The TMP in DMSO solution was mixed 1:9 with 0.9% saline <1 min before
intraperitoneal injection to avoid TMP precipitation. Triple or Quadruple transgenic mice received final
TMP doses ranging from 0.005 to 750 mg/kg body weight and DMSO concentration was kept constant.

4.3. Histology and Confocal Imaging

One to six weeks (see results) after TMP administration, mice were anaesthetized with
pentobarbital sodium, and transcardially perfused with 4% paraformaldehyde, post-fixed overnight
and cryoprotected with 25% sucrose. Coronal sections of 100 pm thickness were cut on a sledge
microtome and stored in phosphate buffered saline. All sections were nuclei counterstained with
DAPI and imaged under a Leica TCS SP5 confocal microscope, using 405 nm for DAPI excitation
and 488 nm for GEVI/GECI excitation. Z-stacks of images were captured with 63x oil-immersion
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objective (Numerical Aperture = 1.4, 15 um or 20 pm thick at 1.05 um steps). Since GECI signals can be
more accurately attributed to single cells, GCaMP6f-expressing sections were counted to determine
TMP-indicator expression dose dependency.

4.4. Ex Vivo Quantification of Indicator Expression

For GCaMPéf expression analysis, images were analysed post hoc using Image] Fiji 1.5 (NIH,
MD, USA). Regions of interest (ROIs) corresponding to identified cells were manually defined.
Straight line ROIs were placed across the two brightest points of the cytosolic region of selected
cells. Mean fluorescence signal of these two brightest points (Fgelected cell) Were normalised against
the spatially averaged background signals (Fpg) in the specific layers where the cells were selected.
Selected cells are considered as expressing GCaMP6éf if their Fegjected cell / FBG ratio is equal to or greater
than 1.5 and are considered as non-expressing otherwise. Only cell profiles that included a nucleus
and were present in more than 3 z levels were counted. Quantification of DAPI-counterstained cell
nuclei representing total number of cells present in each imaged region was manually performed using
the Image]J Cell Counter plugin. Quantitative data reported as mean 4 SEM.

Acknowledgments: We thank Gemma Oliver and Taylor Lyons for their technical assistance, Ruth Empson for
critical commenting, and all members of the Knopfel Lab for helpful discussions and support. This work was
supported by NIH grant 1TU0IMH109091-01.

Author Contributions: Chenchen Song, Srdjan D. Antic, and Thomas Knopfel conceived and designed the
experiments; Chenchen Song and Quyen B. Do performed the experiments; Chenchen Song, Quyen B. Do and
Thomas Knopfel analyzed the data; Chenchen Song, Srdjan D. Antic, and Thomas Knopfel wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1.  Knopfel, T. Genetically encoded optical indicators for the analysis of neuronal circuits. Nat. Rev. Neurosci.
2012, 13, 687-700. [CrossRef] [PubMed]

2. Antic, S.D.; Empson, RM.; Knopfel, T. Voltage imaging to understand connections and functions of neuronal
circuits. J. Neurophysiol. 2016, 116, 135-152. [CrossRef] [PubMed]

3. Lin, M.Z.; Schnitzer, M.]. Genetically encoded indicators of neuronal activity. Nat. Neurosci. 2016, 19,
1142-1153. [CrossRef] [PubMed]

4. Knopfel, T.; Diez-Garcia, J.; Akemann, W. Optical probing of neuronal circuit dynamics: Genetically encoded
versus classical fluorescent sensors. Trends Neurosci. 2006, 29, 160-166. [CrossRef] [PubMed]

5. Song, C.; Barnes, S.; Knopfel, T. Mammalian cortical voltage imaging using genetically encoded voltage
indicators: A review honoring professor amiram grinvald. Neurophotonics 2017, 4, 031214. [CrossRef]
[PubMed]

6.  Harris, ].A,; Hirokawa, K.E.; Sorensen, S.A.; Gu, H.; Mills, M.; Ng, L.L.; Bohn, P.; Mortrud, M.; Ouellette, B.;
Kidney, J.; et al. Anatomical characterization of cre driver mice for neural circuit mapping and manipulation.
Front. Neural Circuits 2014, 8, 76. [CrossRef] [PubMed]

7. Huang, Z.].; Zeng, H. Genetic approaches to neural circuits in the mouse. Annu. Rev. Neurosci. 2013, 36,
183-215. [CrossRef] [PubMed]

8.  Madisen, L.; Garner, A.R.; Shimaoka, D.; Chuong, A.S.; Klapoetke, N.C.; Li, L.; van der Bourg, A.; Niino, Y.;
Egolf, L.; Monetti, C.; et al. Transgenic mice for intersectional targeting of neural sensors and effectors with
high specificity and performance. Neuron 2015, 85, 942-958. [CrossRef] [PubMed]

9. Sando, R., III; Baumgaertel, K.; Pieraut, S.; Torabi-Rander, N.; Wandless, T.J.; Mayford, M.; Maximov, A.
Inducible control of gene expression with destabilized Cre. Nat. Methods 2013, 10, 1085-1088. [CrossRef]
[PubMed]

10. Chen, TW.; Wardill, T.J.; Sun, Y.; Pulver, S.R.; Renninger, S.L.; Baohan, A.; Schreiter, E.R.; Kerr, R.A.;
Orger, M.B,; Jayaraman, V.; et al. Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature
2013, 499, 295-300. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrn3293
http://www.ncbi.nlm.nih.gov/pubmed/22931891
http://dx.doi.org/10.1152/jn.00226.2016
http://www.ncbi.nlm.nih.gov/pubmed/27075539
http://dx.doi.org/10.1038/nn.4359
http://www.ncbi.nlm.nih.gov/pubmed/27571193
http://dx.doi.org/10.1016/j.tins.2006.01.004
http://www.ncbi.nlm.nih.gov/pubmed/16443289
http://dx.doi.org/10.1117/1.NPh.4.3.031214
http://www.ncbi.nlm.nih.gov/pubmed/28491906
http://dx.doi.org/10.3389/fncir.2014.00076
http://www.ncbi.nlm.nih.gov/pubmed/25071457
http://dx.doi.org/10.1146/annurev-neuro-062012-170307
http://www.ncbi.nlm.nih.gov/pubmed/23682658
http://dx.doi.org/10.1016/j.neuron.2015.02.022
http://www.ncbi.nlm.nih.gov/pubmed/25741722
http://dx.doi.org/10.1038/nmeth.2640
http://www.ncbi.nlm.nih.gov/pubmed/24056874
http://dx.doi.org/10.1038/nature12354
http://www.ncbi.nlm.nih.gov/pubmed/23868258

Int. ]. Mol. Sci. 2017, 18, 1461 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Akemann, W.; Mutoh, H.; Perron, A.; Park, YK.; Iwamoto, Y.; Knopfel, T. Imaging neural circuit dynamics
with a voltage-sensitive fluorescent protein. J. Neurophysiol. 2012, 108, 2323-2337. [CrossRef] [PubMed]
Mishina, Y.; Mutoh, H.; Song, C.; Knépfel, T. Exploration of genetically encoded voltage indicators based on
a chimeric voltage sensing domain. Front. Mol. Neurosci. 2014, 7, 78. [CrossRef] [PubMed]

Zeng, H.; Shen, E.H.; Hohmann, J.G.; Oh, S.W.; Bernard, A.; Royall, ].J.; Glattfelder, K.J.; Sunkin, S.M.;
Morris, J.A.; Guillozet-Bongaarts, A.L.; et al. Large-scale cellular-resolution gene profiling in human
neocortex reveals species-specific molecular signatures. Cell 2012, 149, 483-496. [CrossRef] [PubMed]
Mayford, M.; Bach, M.E.; Huang, Y.Y.; Wang, L.; Hawkins, R.D.; Kandel, E.R. Control of memory formation
through regulated expression of a camkii transgene. Science 1996, 274, 1678-1683. [CrossRef] [PubMed]
Empson, RM.; Goulton, C.; Scholtz, D.; Gallero-Salas, Y.; Zeng, H.; Knopfel, T. Validation of optical voltage
reporting by the genetically encoded voltage indicator VSFP-butterfly from cortical layer 2/3 pyramidal
neurons in mouse brain slices. Physiol. Rep. 2015, 3, e12468. [CrossRef] [PubMed]

Akemann, W.; Sasaki, M.; Mutoh, H.; Imamura, T.; Honkura, N.; Knopfel, T. Two-photon voltage imaging
using a genetically encoded voltage indicator. Sci. Rep. 2013, 3, 2231. [CrossRef] [PubMed]

Akemann, W.; Mutoh, H.; Perron, A.; Rossier, J.; Knopfel, T. Imaging brain electric signals with genetically
targeted voltage-sensitive fluorescent proteins. Nat. Methods 2010, 7, 643—-649. [CrossRef] [PubMed]
Marshall, ].D.; Li, ].Z.; Zhang, Y.; Gong, Y.; St-Pierre, F.; Lin, M.Z.; Schnitzer, M.]. Cell-type-specific optical
recording of membrane voltage dynamics in freely moving mice. Cell 2016, 167, 1650-1662. [CrossRef]
[PubMed]

St-Pierre, F.; Marshall, ].D.; Yang, Y.; Gong, Y.; Schnitzer, M.].; Lin, M.Z. High-fidelity optical reporting of
neuronal electrical activity with an ultrafast fluorescent voltage sensor. Nat. Neurosci. 2014, 17, 884-889.
[CrossRef] [PubMed]

Gong, Y.; Huang, C.; Li, ].Z.; Grewe, B.F,; Zhang, Y.; Eismann, S.; Schnitzer, M.]. High-speed recording
of neural spikes in awake mice and flies with a fluorescent voltage sensor. Science 2015, 350, 1361-1366.
[CrossRef] [PubMed]

Wekselblatt, ].B.; Flister, E.D.; Piscopo, D.M.; Niell, C.M. Large-scale imaging of cortical dynamics during
sensory perception and behavior. |. Neurophysiol. 2016, 115, 2852-2866. [CrossRef] [PubMed]

Zeng, H.; Horie, K.; Madisen, L.; Pavlova, M.N.; Gragerova, G.; Rohde, A.D.; Schimpf, B.A.; Liang, Y,;
Ojala, E.; Kramer, F; et al. An inducible and reversible mouse genetic rescue system. PLoS Genet. 2008,
4, €1000069. [CrossRef] [PubMed]

Carandini, M.; Shimaoka, D.; Rossi, L.E; Sato, T.K.; Benucci, A.; Knopfel, T. Imaging the awake visual cortex
with a genetically encoded voltage indicator. J. Neurosci. 2015, 35, 53-63. [CrossRef] [PubMed]

Shimaoka, D.; Song, C.; Knopfel, T. State-dependent modulation of slow wave motifs towards awakening.
Front. Cell Neurosci. 2017, 11, 108. [CrossRef] [PubMed]

Madisen, L.; Zwingman, T.A.; Sunkin, S.M.; Oh, S.W.; Zariwala, H.A.; Gu, H.; Ng, L.L.; Palmiter, RD.;
Hawrylycz, ML].; Jones, A.R.; et al. A robust and high-throughput cre reporting and characterization system
for the whole mouse brain. Nat. Neurosci. 2010, 13, 133-140. [CrossRef] [PubMed]

Madisen, L.; Mao, T.; Koch, H.; Zhuo, ].M.; Berenyi, A.; Fujisawa, S.; Hsu, Y.W.; Garcia, A.]., III; Gu, X,;
Zanella, S.; et al. A toolbox of cre-dependent optogenetic transgenic mice for light-induced activation and
silencing. Nat. Neurosci. 2012, 15, 793-802. [CrossRef] [PubMed]

Knopfel, T.; Gallero-Salas, Y.; Song, C. Genetically encoded voltage indicators for large scale cortical imaging
come of age. Curr. Opin. Chem. Biol. 2015, 27, 75-83. [CrossRef] [PubMed]

Wzorek, ].S.; Knopfel, T.E; Sapountzis, I.; Evans, D.A. A macrocyclic approach to tetracycline natural
products. Investigation of transannular alkylations and michael additions. Org. Lett. 2012, 14, 5840-5843.
[CrossRef] [PubMed]

Grinvald, A.; Hildesheim, R. Vsdi: A new era in functional imaging of cortical dynamics. Nat. Rev. Neurosci.
2004, 5, 874-885. [CrossRef] [PubMed]

Gong, Y.; Wagner, M.].; Zhong Li, J.; Schnitzer, M.]. Imaging neural spiking in brain tissue using fret-opsin
protein voltage sensors. Nat. Commun. 2014, 5, 3674. [CrossRef] [PubMed]

Zou, P; Zhao, Y.; Douglass, A.D.; Hochbaum, D.R.; Brinks, D.; Werley, C.A.; Harrison, D.J.; Campbell, RE.;
Cohen, A.E. Bright and fast multicoloured voltage reporters via electrochromic fret. Nat. Commun. 2014,
5,4625. [CrossRef] [PubMed]


http://dx.doi.org/10.1152/jn.00452.2012
http://www.ncbi.nlm.nih.gov/pubmed/22815406
http://dx.doi.org/10.3389/fnmol.2014.00078
http://www.ncbi.nlm.nih.gov/pubmed/25324718
http://dx.doi.org/10.1016/j.cell.2012.02.052
http://www.ncbi.nlm.nih.gov/pubmed/22500809
http://dx.doi.org/10.1126/science.274.5293.1678
http://www.ncbi.nlm.nih.gov/pubmed/8939850
http://dx.doi.org/10.14814/phy2.12468
http://www.ncbi.nlm.nih.gov/pubmed/26229003
http://dx.doi.org/10.1038/srep02231
http://www.ncbi.nlm.nih.gov/pubmed/23868559
http://dx.doi.org/10.1038/nmeth.1479
http://www.ncbi.nlm.nih.gov/pubmed/20622860
http://dx.doi.org/10.1016/j.cell.2016.11.021
http://www.ncbi.nlm.nih.gov/pubmed/27912066
http://dx.doi.org/10.1038/nn.3709
http://www.ncbi.nlm.nih.gov/pubmed/24755780
http://dx.doi.org/10.1126/science.aab0810
http://www.ncbi.nlm.nih.gov/pubmed/26586188
http://dx.doi.org/10.1152/jn.01056.2015
http://www.ncbi.nlm.nih.gov/pubmed/26912600
http://dx.doi.org/10.1371/journal.pgen.1000069
http://www.ncbi.nlm.nih.gov/pubmed/18464897
http://dx.doi.org/10.1523/JNEUROSCI.0594-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25568102
http://dx.doi.org/10.3389/fncel.2017.00108
http://www.ncbi.nlm.nih.gov/pubmed/28484371
http://dx.doi.org/10.1038/nn.2467
http://www.ncbi.nlm.nih.gov/pubmed/20023653
http://dx.doi.org/10.1038/nn.3078
http://www.ncbi.nlm.nih.gov/pubmed/22446880
http://dx.doi.org/10.1016/j.cbpa.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26115448
http://dx.doi.org/10.1021/ol302691j
http://www.ncbi.nlm.nih.gov/pubmed/23146096
http://dx.doi.org/10.1038/nrn1536
http://www.ncbi.nlm.nih.gov/pubmed/15496865
http://dx.doi.org/10.1038/ncomms4674
http://www.ncbi.nlm.nih.gov/pubmed/24755708
http://dx.doi.org/10.1038/ncomms5625
http://www.ncbi.nlm.nih.gov/pubmed/25118186

Int. ]. Mol. Sci. 2017, 18, 1461 11 0f 11

32.

33.

34.

Nieto, M.; Monuki, E.S.; Tang, H.; Imitola, ].; Haubst, N.; Khoury, S.J.; Cunningham, J.; Gotz, M.; Walsh, C.A.
Expression of Cux-1 and Cux-2 in the subventricular zone and upper layers II-IV of the cerebral cortex.
J. Comp. Neurol. 2004, 479, 168-180. [CrossRef] [PubMed]

Milojkovic, B.A.; Zhou, W.L.; Antic, S.D. Voltage and calcium transients in basal dendrites of the rat prefrontal
cortex. . Physiol. 2007, 585, 447-468. [CrossRef] [PubMed]

Canepari, M.; Djurisic, M.; Zecevic, D. Dendritic signals from rat hippocampal CA1 pyramidal neurons
during coincident pre- and post-synaptic activity: A combined voltage- and calcium-imaging study. J. Physiol.
2007, 580, 463-484. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/cne.20322
http://www.ncbi.nlm.nih.gov/pubmed/15452856
http://dx.doi.org/10.1113/jphysiol.2007.142315
http://www.ncbi.nlm.nih.gov/pubmed/17932150
http://dx.doi.org/10.1113/jphysiol.2006.125005
http://www.ncbi.nlm.nih.gov/pubmed/17272348
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	TMP Dose-Dependent Control of dCre-Mediated Recombination 
	Sparse Expression of GEVI Uncovers the Morphologies of Individual Cells 
	Modular Transgenic Strategies Allow Controlled Co-Expression of GECI and GEVI 

	Discussion 
	GEVI and GECI Transgenic Approach 
	Sparse Strong GEVI Expression Resolves Individual Cells and Subcellular Structures 
	GEVI/GECI Co-Expression 

	Materials and Methods 
	Animals 
	Inducible Control of Recombination Using Trimethoprim 
	Histology and Confocal Imaging 
	Ex Vivo Quantification of Indicator Expression 


