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SUMMARY

All-optical physiology (AOP) manipulates and reports neuronal activities with light, allowing for inter-

rogation of neuronal functional connections with high spatiotemporal resolution. However, contem-

porary high-speed AOP platforms are limited to single-depth or discrete multi-plane recordings

that are not suitable for studying functional connections among densely packed small neurons, such

as neurons in Drosophila brains. Here, we constructed a 3D AOP platform by incorporating single-

photon point stimulation and two-photon high-speed volumetric recordings with a tunable acoustic

gradient-index (TAG) lens. We demonstrated the platform effectiveness by studying the anterior vi-

sual pathway (AVP) of Drosophila. We achieved functional observation of spatiotemporal coding

and the strengths of calcium-sensitive connections between anterior optic tubercle (AOTU) sub-com-

partments and >70 tightly assembled 2-mm bulb (BU) microglomeruli in 3D coordinates with a single

trial. Our work aids the establishment of in vivo 3D functional connectomes in neuron-dense brain

areas.

INTRODUCTION

It is now generally accepted that the function of the brain is based on the emergent property of its complex

and numerous neuronal connections; for example, 100 trillion synaptic connections exist in a human brain.

Since the era of Cajal and Golgi, mapping the interconnections between neurons (i.e., connectomes) has

been a pursuit lasting more than a century (Alivisatos et al., 2012; Lichtman and Sanes, 2008). Although

anatomical analyses using electron or optical microscopy have impressively revealed the structural connec-

tions among neurons (Lin et al., 2013; Takemura et al., 2013), they do not provide functional information

encoded in these connections, such as the spike rates and precise times of calcium signals, types of con-

nections (excitatory or inhibitory), or interaction strengths of the connections (Bargmann andMarder, 2013;

Emiliani et al., 2015). Nevertheless, these functional details are critical to correctly understand the

connectome.

To investigate functional connectivity among neurons, it is essential to be able to stimulate specific up-

stream neurons and record the activities of multiple downstream neurons. Conventionally, electrophysi-

ology, which stimulates and records neurons with electrodes, is the method of choice, and is associated

with excellent temporal resolution. However, it is impractical for simultaneous stimulation/recording of

multiple neurons in a small volume (Mancuso et al., 2011). Conversely, with the aid of optogenetic tools,

all-optical physiology (AOP) (Emiliani et al., 2015), which stimulates and records neurons with light, offers

a non-invasive method to investigate multiple neurons with sub-micrometer spatial resolution (Scanziani

and Häusser, 2009); therefore, AOP provides an opportunity to study functional connectomes in living an-

imals (Hampel and Seeds, 2017; Olsen and Wilson, 2008).

In an AOP system, stimulation and recording need to be optimized separately and combined appropri-

ately. For optical stimulation, various strategies have been demonstrated (Packer et al., 2013; Papagiakou-

mou, 2013), including different illumination geometries, such as wide-field (Bovetti et al., 2017) and point-

scan (Wilson et al., 2012), as well as different stimulation mechanisms, such as single- (Akerboom et al.,

2013) and two-photon stimulation (Papagiakoumou et al., 2010). For illumination geometries, the wide-

field scheme irradiates all neurons within a large field of view, and the point-scan selectively stimulates a

few neurons within its small focal volume, which allows for the more precise manipulation of a specific sub-

population of genetically defined neurons (Petreanu et al., 2007; Wang et al., 2007). For stimulation mech-

anisms, although two-photon stimulation provides desirable optical sectioning capabilities, special optical

strategies such as serial scanning (Rickgauer and Tank, 2009) and beam enlargement (Hernandez et al.,
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2016; Papagiakoumou et al., 2010; Pégard et al., 2017) are typically required because the tiny focus volume

(sub-femtoliter) of the two-photon laser is not sufficient to target enough opsin proteins for action potential

generation (Peron and Svoboda, 2011). On the other hand, single-photon stimulation has higher efficiency

and requires much lower power density than two-photon stimulation (Oron et al., 2012). Even though sin-

gle-photon lacks optical sectioning ability, when combined with precise genetic expression of opsin, it is

capable of providing localized stimulation without out-of-focus artifact in some cases (Jiao et al., 2018; Jud-

kewitz et al., 2009).

For optical recording strategies, optical sectioning is a key requirement to ensure clear observation in thick

tissues, such as the brain (Mertz, 2011). Several techniques are known to provide optical sectioning,

including confocal (Conchello and Lichtman, 2005), light-sheet (Ahrens et al., 2013), HiLo (Lim et al.,

2008), and two-photon microscopy (Denk et al., 1990). Confocal microscopy is conventionally used to

achieve sectioned observations by point-scanning and pinhole filtering and is based on single-photon exci-

tation that typically utilizes short wavelengths in the visible spectrum; therefore, its imaging depth is limited

to less than 100 mm (Helmchen and Denk, 2005). Light sheet and HiLo microscopy are relatively new tech-

niques that provide optical sectioning through orthogonal or structured illumination. However, owing to

their wide-field detection schemes, scattering/aberration in deep tissues results in pixel cross talk (Yang

and Yuste, 2017); thus, these techniques are typically adopted for transparent animals, such as zebrafish

(Ahrens et al., 2013; Jiao et al., 2018; Lauterbach et al., 2015; Lim et al., 2011; Truong et al., 2011). Among

the recording techniques, two-photon microscopy that relies on near-infrared excitation and point-scan

detection could be a promising tool for deep-tissue imaging in highly scattering samples (Packer et al.,

2015; Rickgauer et al., 2014).

Nevertheless, although two-photon optical sectioning allows for the observation of single layers deep in-

side brain tissues, it also poses difficulty for the high-speed monitoring of three-dimensionally (3D) distrib-

uted neural networks whose response times are in the order of milliseconds to seconds. Recently, re-

searchers have developed various fast two-photon volumetric recording methods (Ji et al., 2016; Yang

and Yuste, 2017) based on spatial light modulators (SLMs) (Yang et al., 2016), temporal focusing (Schrödel

et al., 2013), piezo-controlled objectives (Göbel et al., 2007), acousto-optic deflectors (Reddy et al., 2008),

electrically tunable lenses (ETLs) (Grewe et al., 2011), and ultrasound lenses (Dean and Fiolka, 2014; Duo-

castella et al., 2012, 2017; Olivier et al., 2009; Piazza et al., 2018; Zong et al., 2015). However, to the best of

our knowledge, only multi-plane recording based on ETLs has been demonstrated in combination with op-

tical stimulation (Dal Maschio et al., 2017; Mardinly et al., 2018; Yang et al., 2018). According to the results of

previous studies, ETL requires a few milliseconds to shift the imaging plane; therefore, the axial sampling

density is limited to a few separated layers. Such imaging density is sufficient to study the sparse distribu-

tion of large neurons, such as those in the hippocampus of mouse brains; however, for compactly distrib-

uted small neurons, such as neurons in Drosophila, high-density volume sampling that utilizes the full

spatial resolution along the axial plane is necessary to allow for large-volume functional recording without

the loss of subtle connection information.

In the current study, we adopted a high-speed, tunable acoustic gradient-index (TAG) lens (Hsu et al., 2017;

Kong et al., 2015; Olivier et al., 2009; Zong et al., 2015) with an axial scanning speed that exceeded 100 kHz

to achieve two-photon full-volumetric recordings with submicron/micron lateral/axial spatial resolution.

Combined with an efficient single-photon point-scanning stimulation through a separate scanner, we con-

structed an AOP platform with precise stimulation and fast volumetric imaging. The system was applied to

study functional connections in the anterior visual pathway (AVP) of Drosophila (Omoto et al., 2017). We

chose Drosophila for connectomic mapping because their brains are complex (i.e., they contain 105 neu-

rons) but they are also small enough to be completely mapped by optical microscopy with sub-cellular res-

olution. Furthermore, the genetic toolbox is more complete withDrosophila as compared with that of other

animal models, and a comprehensive connectivity map based on in vitro structural registration of more

than 30,000 cells has been established (Chiang et al., 2011), which serves as an invaluable reference for

the study of functional connectomes in vivo. Here, we demonstrated the stimulation and single-depth

recording inside a living Drosophila brain. Then, we performed full-volumetric recording and stimulation

on the same brain to observe neuronal responses with high spatiotemporal resolution. Finally, through

the combination of precise stimulation of subpopulations of genetically defined neurons and 3D high-

speed recording of a large volume of downstream neurons, this platform allowed for the in vivo investiga-

tion of functional coding in the Drosophila brain visual pathway.
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RESULTS

Two Neuronal Populations in the Drosophila Anterior Visual Pathway

The AVP delivers visual information from the medulla (MED) to the anterior optical tubercle (AOTU) and

then to the bulb (BU) in the Drosophila brain. Here, we focused on two populations of neurons in the

AVP. One population consisted of MT neurons (neurons connect theMED to the AOTU), and the other con-

sisted of TB neurons (neurons connect the AOTU to the BU) (Figures S1A–S1A00). Previous work has estab-
lished that the AOTU is composed of three sub-compartments (intermediate medial AOTU [AOTUim], in-

termediate lateral AOTU [AOTUil], lateral AOTU [AOTUl]; see Figure S1A’) where TB neuronal dendrites

arborize. The BU is an aggregate of tens of microglomeruli (Figure S1A00) where TB neuronal axons termi-

nate (Omoto et al., 2017; Seelig and Jayaraman, 2013; Shiozaki and Kazama, 2017; Sun et al., 2017; Timaeus

et al., 2017). Each microglomerulus has a diameter around 2–4 mm. The whole BU is about 35 mm in depth

and about 70 mmbeneath the frontal surface. The BU can also be divided into three sub-compartments: the

superior BU (BUs), the anterior BU (BUa), and the inferior BU (BUi) (Figure S1A’’). Our AOP tool is used to

study how the visual signal is transmitted (i.e., topographic functional coding) through MT and TB neurons

between AOTU sub-compartments and BU microglomeruli. Previous anatomical studies have shown that

these two neuron populations are highly stereotyped (Omoto et al., 2017; Timaeus et al., 2017). To inves-

tigate their functional coding patterns, optogenetic tools, such as CsChrimson, were expressed in MTil
neurons (MT neurons innervating AOTUil [Omoto et al., 2017]) using the LexA system for stimulation,

and GCaMP6f was expressed in TB neurons using the GAL4 system for mapping responses. By specifically

stimulating the MTil neurons and spatiotemporally recording the axonal response of the TB neurons, we

were able to construct the functional connections between AOTUil and BU microglomeruli.

All-Optical Physiology Scheme 1: Single-Point Stimulation and Single-Section Recording

The concept of AOP within single-point stimulation and single-section recording is shown in Figure 1A. To

achieve simultaneous stimulation and recording in different regions, we added a 638-nm stimulation beam

with a customized, independent scanner beam path into a commercial 920-nm two-photon laser scanning

microscope (see Figure S1B for setup). In AOPmeasurements, the stimulation spot is focused on the central

AOTUil of MTil neurons with a 20% stimulation duty cycle (2 s on, 8 s off, repeated three times) with power

<0.8 mW. The spot lateral size is 2 mm (Figure S1C) and axial size is�27 mm; 2 mm confinement of stimulation

was verified in Figures S1D and S1E. Single optical sections of the TB neurons in the BU were recorded with

a conventional 920-nm two-photon recording system with an average laser power of <2.8 mW to map the

functional responses of microglomeruli. Figure 1B shows the distribution of microglomeruli at a single

depth (�70 mm beneath the frontal surface of the brain) that were observed with 0.5 mm lateral resolution

and 2.75 mm axial section thickness (Figure S1F), which fit well with theoretical predictions (Zipfel et al.,

2003). To determine the locations of microglomeruli, detailed BU structural images were acquired using

low-speed scanning after functional imaging, and the structural images were next spatially registered to

the functional images (Figures S2A–S2D, seeMethods). After registration, the locations of individual micro-

glomeruli were extracted automatically from low-speed images with the use of a home-built program

based on fluorescence intensity (red circles in Figure 2B), whereas fiber structure and other neurons

were excluded based on their location and morphology (Figures S2E and S2F, see Methods). Three

repeated stimulations were applied, and the functional responses of all extracted microglomeruli are pre-

sented in Figure 1C. A generalized linear model (GLM [Miri et al., 2011]) was adopted to identify the stim-

ulation-activated microglomeruli (Figure S2G, see Methods), whose response curves are shown in green/

blue/red based on the level of changes in calcium concentrations (DF/F) (Figure 1C). After combining the

spatiotemporal information, we constructed a 2D planar response strength map of activated microglomer-

uli (Figure 1D). Figure S1G verifies that sensory stimulation was avoided during optical stimulation.

Here we demonstrated simultaneous stimulation of MTil neurons at the center of the AOTUil and detailed

single-section recording on the BU of TB neurons, which signifies that AOP with planar recording provides

information regarding spatiotemporal functional connections and relative response strength. Neverthe-

less, similar to most neuronal structures in an intact brain, the microglomeruli of the BU are three-dimen-

sionally distributed and extend to about a depth of 35 mm. Therefore, fast volumetric recording is required

to perceive the complete spatiotemporal coding pattern in the AVP.

All-Optical Physiology Scheme 2: Single-Point Stimulation and Three-Dimensional Recording

The concept of single-point stimulation and volumetric recording is plotted in Figure 2A. Although stimu-

lation was maintained at a single point, the recording plane was expanded into a 3D volume by introducing
iScience 22, 133–146, December 20, 2019 135



Figure 1. Single-Point Stimulation of the Intermediate-Lateral Anterior Optical Tubercle (AOTUil) with Single-

Optical-Section Recording of the Bulb (BU) Microglomeruli

(A) Schematics of stimulation (red) and recording (blue) lasers whose focal points are independently controlled by two

scanners in the all-optical physiology system.

(B) Single optical section (�70 mm beneath the frontal surface of the brain) of microglomeruli of the BU. Red circles

indicate the microglomeruli extracted by a home-built program based on neuronal fluorescence intensity and

morphology. Detailed extraction procedure can be found in Figures S2E and S2F. Scale bar: 5 mm. Each extracted

microglomeruli is labeled with a number from left to right.

(C) Neuronal temporal responses of the extracted microglomeruli with three repeated stimulations, which are

represented by the red columns. The stimulation-activated microglomeruli are determined by the general linear model

(GLM). Green/Blue/Red curves represent activated microglomeruli with DF/F scales equal to 2.5, 5, and 15, respectively,

and black curves represent inactivated microglomeruli (scale same as blue curves).

(D) The spatial and functional response map of microglomeruli in a 2D plane. Inactivated microglomeruli are shown in

gray, and the activatedmicroglomeruli are presented as colors that represent their response strength (averaged peakDF/

F of repeated stimulations). Scale bar: 5 mm.
a high-speed axial scan lens (TAG lens, operating at 144 kHz scan rate) into the recording beam path

without affecting the stimulation beam path (see Figure S1B for detailed setup information). With 1 m�1

dioptric power, the TAG lens provided an�40-mm axial recording range (Figure S1F), which was consistent

with past theoretical studies (Duocastella et al., 2012; Hsu et al., 2017) and adequate to cover the whole BU

structure. A 10-MHz data acquisition rate was used in the system to resolve the axial information acquired

by the TAG lens. Considering that the 40-mm thickness was sampled twice during one period of TAG lens

oscillation (144 kHz), 1283 1283 35 sampling voxels should have been obtained at�9 Hz. However, owing

to the limited scan rate of the commercial microscope, the current volume rate was set to 2 Hz (see

Methods), which is still fast enough to judge the neuronal calcium on/off response. The 35-optical-

sectioned plane produced an axial digital resolution approaching 1 mm, which was better than the axial op-

tical resolution (2.75 mm, Figure S1F). The power of the stimulation laser is maintained at the same level,

whereas higher power is required for laser imaging in 3D recording since the voxel dwell time is much

shorter compared with single-depth imaging. In principle, in 35-sectioned plane imaging, the power
136 iScience 22, 133–146, December 20, 2019



Figure 2. Single-Point Optical Stimulation of Intermediate-Lateral Anterior Optical Tubercle (AOTUil) with

Volumetric Recording of the Bulb (BU) Microglomeruli

(A) Left: all-optical physiology system combining a single-point stimulation beam (red) and a volumetric recording beam

(blue). Right: the schematic of fast axial scan by a tunable acoustic gradient-index (TAG) lens that enables 3D recording

with the same acquisition time as single-plane recording.

(B and C) (B) A full-volumetric image of microglomeruli of the BU (C) Temporal responses of each microglomerulus. The

number-position correspondence can be found in Figure S3A. With general linear model (GLM) analysis, activated

microglomeruli are shown as green/blue curves with DF/F scale equal to 2.5 and 5, respectively, and inactivated

microglomeruli are shown as black curves (scale same as blue curves).

(D) The spatial and functional response map of microglomeruli in 3D. Inactivated microglomeruli are shown in gray, and

activated microglomeruli are presented by color depending on their response strength. The subregions of BU (superior

BU [BUs], inferior BU [BUi], and anterior BU [BUa]) are indicated by dashed circles.
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should increase to �6-fold (square root of 35) to achieve the same signal level as single-depth imaging.

However, to avoid heating and photobleaching in a living brain, the power was controlled at < 8.2 mW,

which is similar to other functional imaging works on GCaMP (Chen et al., 2013; Seelig and Jayaraman,

2013). Although the signal level of fast 3D imaging was not as high as single-plane imaging, with the aid

of low-speed structural images (Figures S2A–S2D, see Methods), we can still establish structure-functional

correlations of each neuron unit with high fidelity.

The results of AOP with volumetric recording are shown in Figures 2B–2D. Figure 2B shows complete 3D

distribution of microglomeruli in the BU. The positions of 71 microglomeruli were extracted and labeled

in a 3D coordinate system (see Figure S3A). Temporal responses of all the microglomeruli are presented

in Figure 2C, where 22 stimulation-activated microglomeruli were quantitatively identified by the GLM

and marked in green/blue colors based on response strength. The effectiveness of GLM analysis can be

highlighted through microglomeruli #70 whose DF/F was large but not identified as activated because

its responses did not temporally correlate with the repeated stimulations, resulting in a low statistical

t-score (see Methods).

The relative response strength of activated microglomeruli are spatially color coded in Figure 2D. Three

sub-compartments of the BU (BUs, BUa, BUi) are marked in dashed circles, indicating that most microglo-

meruli in the BUa and somemicroglomeruli in the BUs were activated following stimulation of MTil neurons.

It is critical to note that the volumetric imaging capability enabled us to visualize and quantify the complete

spatiotemporal response of a neural circuit connection.
All-Optical Physiology Scheme 3: Multiple-Point Stimulation and Three-Dimensional

Recording

In our system, point stimulation with an independent scanner provided the capability of position-depen-

dent, precise stimulation on neurons. As shown by the conceptual illustration in Figure 3A, sequential point

stimulation and volumetric recordings allowed for the complete mapping of a local functional connectome

in the brain. In the previous two sections, the stimulation was directed only to the central AOTUil of MTil
neurons (corresponding to region (i) in Figure 3B). Here we separately performed repeated stimulation

on three regions of the AOTUil, including the (i) central, (ii) dorsal, and (iii) ventral AOTUil (Figure 3B),

and recorded volumetric functional responses on the BU.

With whole volumetric recording and precise stimulation, we found that stimulation of each of the three

regions activated a different number of microglomeruli with various strength distributions (the responses

of all microglomeruli are presented in Figure S3B). The microglomeruli activated by each of the three stim-

ulations are spatially represented in Figure 3C, color coded based on the strength of response. Stimulation

at the (i) central and (ii) dorsal AOTUil activated many microglomeruli (22 and 16, respectively), whereas

stimulation at the (iii) ventral AOTUil activated only four microglomeruli. This may be explained by the

higher density of MTil axon terminals or higher amount of opsins expressed in the (i) central and (ii) dorsal

AOTUil than in (iii) the ventral AOTUil (Figure 3B, magenta color).

We also observed the spatial distribution of activated microglomeruli. Stimulation at the (i) central and (ii)

dorsal AOTUil activated microglomeruli in both BUa and in BUs (5 BUa and 17 BUs microglomeruli for (i); 4

BUa and 12 BUs microglomeruli for (ii)), whereas stimulation at (iii) the ventral AOTUil induced detectable

Ca2+ signals only in BUs microglomeruli. Furthermore, we found that the spatial distribution of response

strength following stimulation of the (i) central and (ii) dorsal AOTUil was different from that following

the stimulation of the (iii) ventral AOTUil (i.e., DF/F in BUs). Specifically, in the presented fly with three-

repeated stimulations, the relative response strength of ventral BUs was higher following stimulation of

the (i) central AOTUil, whereas the relative response strength of lateral BUs was higher following stimula-

tion of the (ii) dorsal AOTUil than the response strength of the ventral and lateral BUs following stimulation

of the (iii) ventral AOTUil.

In Figure 3D, detailed responses from 26 selected microglomeruli that were activated by either of the three

stimulations are shown. By comparing the changes in Ca2+ activity in the BU, these microglomeruli were

further divided into four subgroups: (1) detectable activity change following stimulation at the (i) central

AOTUil (Figure S3C); (2) detectable activity change following stimulation at the (ii) dorsal AOTUil (Fig-

ure S3D); (3) detectable activity change following stimulation at both the (i) central and (ii) dorsal AOTUil
138 iScience 22, 133–146, December 20, 2019
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Figure 3. Multiple-Point Optical Stimulation of the Intermediate-Lateral Anterior Optical Tubercle (AOTUil) with

Volumetric Recording of the Bulb (BU) Microglomeruli

(A) Illustration of all-optical physiology with multiple-point stimulation (red) and volumetric recording (blue). The

stimulation light is focused at different sites with volumetric recording at the downstream region.

(B) Stimulation strategy on upstream MTil neurons (neurons connecting medulla [MED] to AOTUil, magenta color) whose

axon terminal AOTUil is marked with a dashed circle. Three sites of stimulation with equal spaces, including stimulation of

the (i) central, (ii) dorsal, (iii) ventral AOTUil, are represented by yellow arrows. Scale bar: 20 mm.

(C) The volumetric functional response map of all microglomeruli in the BU corresponding to stimulation at the (i) central

(same as Figure 2D), (ii) dorsal, and (iii) ventral AOTUil, respectively. Activated responses are determined by GLM and

colored according to response strength. The numbers in the left show that 22, 16, and 4 of 71 microglomeruli were

activated by stimulation of the central, dorsal, and ventral AOTUil, respectively. Microglomeruli located in the ventral and

lateral BUs are indicated by the blue arrows.

(D) Temporal response of the microglomeruli that were activated by either stimulus (i, ii, or iii). Activated responses are

marked in blue/green with DF/F scales equal to 2.5 and 5, respectively.
but not the (iii) ventral AOTUil (Figure S3E); (4) detectable activity change following stimulation of all three

regions (Figure S3F). The results demonstrated that, with the capability of precise stimulation and 3D

recording, we are able to identify important functional information including volumetric spatial distribu-

tion, temporal activation patterns, and response strengths of individual neuronal compartments. To further

confirm the functional map we observed here, more replication of experiments on individual flies are

necessary.
DISCUSSION

The brain, including the neuronal circuits within it, is intrinsically 3D. However, current AOP platforms,

which are based on conventional microscopic imaging tools, are mostly limited to 2D planar observations.

In the current study, we established a 3D AOP platform combining precise stimulation and fast full-volu-

metric recording that offered 3D functional circuit interrogation in a living brain with high spatiotemporal

resolution. In the following text, we compare the advantages and disadvantages between modern stimu-

lation and recording methods and our system.

Currently, the most commonly adopted conventional method for the optogenetic stimulation of neurons is

to illuminate the whole brain in a wide-field geometry with a light-emitting diode or a laser source (Bovetti

et al., 2017). In wide-field illumination, neuron specificity is achieved via genetic labeling. More precise op-

tical stimulation can be realized via scanning of a single-focus or multiple-focus illumination generated by

digital micromirror devices or SLMs (Dal Maschio et al., 2017; Jiao et al., 2018; Mardinly et al., 2018; Yang

et al., 2018). Here we adopted the former (single-focus scanning) because it is fully compatible with most

commercial laser scanning microscopes and does not require extensive modifications (e.g., we only need

to change the dichroic beam splitter inside the microscope to allow simultaneous stimulation and

recording); conversely, it is technically difficult to implement multiple-focus illumination in an existing com-

mercial system. In addition, there may be cross talk issues in the case of multiple stimulation foci. More

importantly, we would like to note that quasi-simultaneous, multi-site stimulation can also be achieved

by fast sequential scanning of the single focus in both lateral and axial directions by galvo mirrors

(Wang et al., 2011) and ETL.

Both single-photon and two-photon setups have been extensively adopted for laser-scanning stimulation.

In principle, the latter provides desirable optical sectioning andmore penetration depth. However, in prac-

tice, optical sectioning with single-photon stimulation can be achieved with sparse and precise genetic la-

beling (Jiao et al., 2018; Judkewitz et al., 2009), which is one particular strength of using Drosophila. In this

work, by only expressing opsin in MTil neurons (Figure S1A), we demonstrated precise single-photon stim-

ulation on AOTU without artifacts from out-of-focus stimulation. Furthermore, in terms of depth, except for

adopting special up-converting nanoparticles to achieve millimeter stimulation depth with a near-infrared

laser (Chen et al., 2018), the current state-of-the-art two-photon stimulation extends only to a depth of

300 mm (Noguchi et al., 2011; Packer et al., 2015; Prakash et al., 2012; Ronzitti et al., 2017; Yang et al.,

2018), whereas single-photon stimulation is capable of extending to a comparable depth of 250 mm in a

living mouse (Ayling et al., 2009). In addition, because of the low two-photon stimulation efficiency, special

optical strategies are typically required (Hernandez et al., 2016; Papagiakoumou et al., 2010; Pégard et al.,

2017; Rickgauer and Tank, 2009). In contrast, the single-photon stimulation design that we adopted is less

complex and requires less power density to achieve effective stimulation (Oron et al., 2012).
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The volumetric recording capability was an important feature of our AOP platform. Compared with previ-

ous studies in microglomeruli with single-depth imaging (Omoto et al., 2017; Seelig and Jayaraman, 2013;

Shiozaki and Kazama, 2017; Sun et al., 2017), fast volumetric imaging not only enables fast acquisition of 3D

functional properties, but also allows for the comparison of the response between individual microglomer-

uli at different depths in a single trial.

In the current study, we adopted a TAG lens to achieve high-speed full volumetric recording, which is

necessary for dense structures, such as the Drosophila BU. Recent studies employing AOP platforms

have extended the recording region to three dimensions with fast acquisition speed, such as light-sheet

microscopy, or integrated remote focusing and ETL into a laser scanning microscope. Light-sheet micro-

scopy provides an excellent voxel throughput for whole brain imaging because of the camera-based detec-

tion strategy (Jiao et al., 2018). However, wide-field detection may suffer from cross talk between signals

when applied to the opaque Drosophila brain, where scattering and aberration are strong (Hsu et al.,

2019a). Conversely, remote focusing and ETL can be combined with scanning-based single-pixel detection

and may be suitable for opaque samples. For remote focusing, by placing a movable light mirror after the

auxiliary objective, the imaging plane can be tilted to align with an oblique neuron in 3D space (Anselmi

et al., 2011) and can potentially achieve fast volumetric imaging with arbitrary trajectories (Botcherby

et al., 2012). Fast multi-plane imaging can be achieved by refocusing the recording light at different depths

for ETL (Dal Maschio et al., 2017; Mardinly et al., 2018; Yang et al., 2018). Nevertheless, the axial scan rates

using the two approaches are limited so it is difficult to achieve full sampling. Specifically, the speed of

remote focusing is limited by the inertia of optical elements., and the requirement of a few millisecond sta-

bilization time of ETL also limits the recording to � 3–10 discrete planes separated by 10 mm in depth.

Although recording in trajectory or multiple planes with these methods (i.e., partial sampling) may be suf-

ficient to obtain the dynamic response of large structures with sparse density (such as neuronal soma in a

mouse brain), dense and full sampling is necessary for Drosophila BU microglomeruli, which are 2–4 mm in

size, to avoid the loss of information. In our design, full 3D recording with femtoliter spatial resolution and

sub-second temporal resolution is achieved with the aid of a TAG lens, unraveling the functional coding

between densely packed BU microglomeruli and their upstream counterpart in the AVP.

For imaging opaque samples, other two-photon scanning-based, high-speed volumetric imaging strate-

gies can also, potentially, be integrated in the AOP platform, such as random access microscopy (Katona

et al., 2012; Reddy et al., 2008; Szalay et al., 2016), elongated point-spread function (PSF) (Lu et al., 2017;

Song et al., 2017), and multiplexing techniques (Cheng et al., 2011; Yang et al., 2016). In the following

text we discuss their respective advantages and disadvantages. First, random access microscopy allows

high volume acquisition speeds from a few kHZ to tens of kHz, by moving focus quickly among several areas

of interest in a sample with high-speed acousto-optic deflectors (Katona et al., 2012; Reddy et al., 2008;

Szalay et al., 2016). However, the sparse sampling nature of this technique requires extremely high stability

of brain, which is not easy for living animals. In addition, sparse sampling may result in information loss in

dense structure in a dense tissue with highly diverse responses. Second, with elongated PSF (Lu et al., 2017;

Song et al., 2017), video-rate (30 Hz) volumetric imaging can be achieved by simultaneously illuminating

neurons at different depths and projecting the 3D morphology of neurons onto a 2D plane. However,

when there are two or more neurons overlapped in the axial direction, information from different depths

may be indistinguishable. Third, temporal multiplexing, i.e., scanning temporally delayed multiple beams

at different depths, achieves a 60 Hz volume rate, whose voxel throughput can exceed the repetition rate of

the imaging laser (Cheng et al., 2011). Nevertheless, the number of separated image planes is limited by

laser pulse time interval divided by lifetime of fluorescent indicators. For example, with an 80-MHz pulsed

laser (12.5-ns pulse interval) and fluorescence with 3-ns lifetime, only four planes are allowed with the multi-

plexing method. This is not enough for observation of dense structures such as BU microglomeruli. How-

ever, more imaging planes may be achieved by multiplexing techniques based on SLM, thus removing the

limitations of the laser repetition rate or fluorescent lifetime. The number of planes is still limited by the

total laser power, and only two imaging planes at 10-Hz acquisition speed have been demonstrated in a

recent study (Yang et al., 2016). In short, for dense structures such as Drosophila BU, full 3D sampling

with continuous axial imaging by using the TAG lens should be the most suitable technique among those

currently available.

It is well known that TAG lens has been integrated into other fast volumetric systems in various config-

urations (Dean and Fiolka, 2014; Duocastella et al., 2012, 2014, 2017; Kong et al., 2015; Olivier et al., 2009;
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Piazza et al., 2018; Zong et al., 2015). In light-sheet microscopy, TAG lenses have been integrated in

either the illumination (Dean and Fiolka, 2014; Zong et al., 2015) or the detection arm (Duocastella

et al., 2017). By adding a TAG lens in the detection arm and combining acousto-optic deflectors in

the illumination arm, inertia-free, i.e., all-acoustic-based, light-sheet microscopes have achieved

outstanding volume rates up to 200 Hz (Duocastella et al., 2017). Yet, as mentioned earlier, wide-field

detection in light-sheet microscopy makes the techniques more suitable for transparent samples such

as C. elegans and paramecia. For imaging opaque adult Drosophila brains, combining TAG lenses

with single-photon confocal or two-photon laser scanning microscopes should be a better choice (Duo-

castella et al., 2014; Kong et al., 2015; Olivier et al., 2009; Piazza et al., 2018). In our work, by integrating

TAG lenses into a commercial two-photon laser scanning microscope, and adding a stimulation beam to

the microscope, we demonstrated a combination of optical stimulation and TAG-lens-based fast volu-

metric imaging, i.e., volumetric AOP system, allowing 3D interrogation of neuronal dynamics in opaque

and living Drosophila brains.

Our voxel throughput is now 10 Mvoxel/s. It is not the highest among current fast 3D imaging techniques.

Tens of Mvoxel/s have been demonstrated by combining resonant scanning and multiplexing techniques

(Cheng et al., 2011; Stirman et al., 2016), and tens to hundreds of Mvoxel/s have been achieved with light-

sheet microscopy (Truong et al., 2011; Wolf et al., 2015; Zong et al., 2015). We have discussed the reasons

why we did not adopt these techniques in this work in previous paragraphs.

In principle, the voxel speed of our TAG lens-based system can be enhanced to 80 MHz (equal to the repe-

tition rate of the pulsed laser) (Kong et al., 2015). Nevertheless, there are two reasons that we chose the

current voxel speed. First, higher sampling means higher axial digital resolution but not optical resolution.

In our current setup, 10MHz leads to an axial digital resolution of about 1 mm (35 layers in the range of 40 mm

extension), which is smaller than the axial optical resolution (2.75 mm, Figure S1F). Therefore, increasing the

sampling rate does not enhance image quality. If the axial extension range is beyond 100 mm, it would be

necessary to use a higher sampling rate (Hsu et al., 2019a, 2019b; Kong et al., 2015). Second, higher sam-

pling rates reduce the signal-to-noise ratio. With an 80-MHz pulsed laser, fluorescent photons generated

by eight pulses are integrated together as one voxel in our current system, leading to 10 Mvoxels/s data

throughput with a reasonable signal-to-noise ratio.

Previous research has established that the Drosophila AVP plays a significant role in relaying spatial vi-

sual signals to the central brain for navigation behaviors (Omoto et al., 2017; Seelig and Jayaraman,

2013; Shiozaki and Kazama, 2017; Sun et al., 2017; Timaeus et al., 2017). The local topographic connec-

tions between the AOTU and BU sub-compartments (i.e., AOTUim, AOTUil, and AOTUl and BUs, BUi,

and BUa, in the AVP) have been constructed based on anatomical methods, with one study demon-

strating that the AOTUil connected with the BUa (Omoto et al., 2017) and another study reporting

that the AOTUil is linked to the BUs (Timaeus et al., 2017). Now with our 3D AOP platform, we can inves-

tigate ‘‘function’’-based connections among these compartments based on calcium activity in a living

brain. The functional connections between the BU and AOTUil are presented in Figures 2 and 3. Figures

2 and 3 reveal that both dorsal and central AOTUil connect with BUs and BUa, but activation of ventral

AOTUil only induced detectable transients in BUs. Although BUa and BUi do not display detectable Ca2+

signals following the activation of ventral and whole AOTUil, respectively, it should be noted that no

Ca2+ response does not necessarily mean no connection. Sub-threshold excitatory or inhibitory func-

tional connections may exist, but as long as they do not modulate intracellular calcium concentration,

these connections are invisible in our current calcium-detection scheme. To further examine the connec-

tion between BU compartments and AOTUil, more studies involving electrophysiology or voltage-sensi-

tive probes will be necessary.

Previous finding also indicates that there are smaller functional units, i.e., sub-regions, in AOTUil (Timaeus

et al., 2017). However, currently no specific Gal4 drivers that target a single sub-region of the AOTUil for

functional mapping is available. With precise stimulation of our 3D AOP platform, we can investigate

the detailed functional connection pattern of AOTUil sub-regions and BU and link it to the structure-based

map. The detailed calcium-dependent connection pattern of AOTUil sub-regions and BUs was distin-

guished in Figure 3. In terms of the number of activated microglomeruli, the result suggests that the central

and ventral AOTUil activated more BUs microglomeruli than the dorsal AOTUil. We also identified the

connection strength based on calcium activity (the DF/F level, whose peak is proportionally correlated
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with the number of action potential firings [Chen et al., 2013], indicating the strength of functional connec-

tion). The result reveals that following stimulation of the dorsal AOTUil, the ventral BUs showed a stronger

connection than lateral BUs; conversely, following the stimulation of the central AOTUil, the lateral BUs

showed stronger connection than ventral BUs, showing that the platform is a promising tool to provide

detailed topographic coding of functional connectivity in the local AVP.

Previous studies have demonstrated that the topographical encoding of sensory information is a funda-

mental organization principle of neuronal circuits (Imai et al., 2010; Luo and Flanagan, 2007). In the past,

the topographic analysis of neuronal diagrams of a circuit relied on the efforts of anatomical single-cell an-

alyses (Fernandez et al., 2016; Omoto et al., 2017; Timaeus et al., 2017). However, our platform allows for

functional, full-volume topographic dissection of neuronal circuits, paving the way toward single-trial, all-

optical interrogation in living Drosophila.

This platform can also be used to study the functional connectome in other 3D neuronal structures because

the axial range of volumetric recording can be tuned by the magnification of objectives and the optical

power of TAG lenses (Duocastella et al., 2012). With fixed TAG lens optical power, lower magnification

enables a larger axial recording range. For example, with 1 m�1 TAG lens optical power, 203 and

103 magnification of objectives lead to �160 and �640 mm axial recording range, respectively. Neverthe-

less, lower magnification typically means a lower numerical aperture (NA) of the objective, resulting in res-

olution degradation. Recently, objectives with large back apertures were introduced to allow for high NA

with low magnification (for example, ZEISS W Plan-Apochromat 203/1.0 objective). By combining TAG

lenses with these objectives, high optical resolution with large recording volume is expected. However,

even though the number of optically sectioned layers can be increased with a large axial extension range,

the number of sectioned layers would still be limited by the repetition rate of the femtosecond laser and the

signal-to-noise ratio of a high-speed data acquisition system.

Finally, although the current acquisition speed was only 2 volumes/s, a higher speed is achievable by

changing the driving frequency of the TAG lens and the total scanning pixel number in the xy dimensions.

For example, with a 500 kHz driving frequency (Zong et al., 2015) and 1283128 xy scanning pixels, a 31 Hz

volume rate would be achieved. Note that, with higher driving frequency, the effective aperture of the TAG

lens and signal-to-noise ratio in each z layer are both reduced. Volume acquisition rate can also be elevated

to the kHz range using the ribbon-scanning strategy (Hsu et al., 2019b) and multiplex imaging (Yang et al.,

2016).

In summary, we established a 3D AOP platform. Based on the combination of precise stimulation and fast

full-volumetric imaging, 3D functional connectivity in Drosophila AVP was observed with high spatiotem-

poral resolution. These findings will aid in the non-invasive identification of 3D brain functional

connectomes.
Limitations of the Study

There are three major limitations of our platform. First, the single-photon stimulation beam lacks optical-

sectioning ability and out-of-focus stimulation may occur if opsin is not locally expressed. In such case, two-

photon stimulation should be adopted. Second, the speed of shifting stimulation plane is limited in this

work since we changed the stimulation plane by moving a lens in the telescope with a traditional transla-

tional stage. To achieve a higher shifting speed, an ETL with millisecond shifting speed can be adopted into

the system. Third, the throughput in our recording system is ultimately limited by the repetition rate of the

two-photon pulsed laser (i.e., 80 MHz). The throughput is also limited by the signal-to-noise ratio of the

fluorescence and the detection system. To achieve higher throughput, pulsed laser with higher repetition

rate, fluorescence with higher contrast and PMT with higher sensitivity should be adopted.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
DATA AND CODE AVAILABILITY

The raw data of Figures 1, 2, 3 and S1A as well as the code for 3D functional image analysis using the gener-

alized linear model is available on Mendeley Data. doi: https://doi.org/10.17632/5t5kb6gc35.1.
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M. (2009). Targeted single-cell electroporation of
mammalian neurons in vivo. Nat. Protoc. 4,
862–869.

Katona, G., Szalay, G., Maák, P., Kaszás, A.,
Veress, M., Hillier, D., Chiovini, B., Vizi, E.S.,
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Supplemental Figures  
	

 

Figure S1. Drosophila anterior visual pathway (AVP) and specification of all-optical 
physiology (AOP) platform. (Related to Figures 1-2) 
 
(A-A’’) Drosophila AVP with MTil neurons (connecting the medulla [MED] and the intermediate-
lateral anterior optical tubercle [AOTUil]) and TB neurons (connecting the AOTU and the bulb 
[BU]). MTil neurons (magenta) and TB neurons (green) are shown with neuropils marker (blue). 
The substructure of AOTU and BU are given in insets (A’) and (A’’), respectively, representing the 
sub-compartments of the AOTU (intermediate medial AOTU [AOTUim], intermediate lateral 
AOTU [AOTUil], lateral AOTU [AOTUl]) and the BU (superior BU [BUs], inferior BU [BUi], 
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and anterior BU [BUa]). In the following all-optical physiology demonstrations, the axon terminal 
of MTil neurons (AOTUil) are stimulated, and (volumetric) recordings are taken from the axon 
terminal of TB neurons (BU). Abbreviations of coordinates: A, anterior; P, posterior; V, ventral; D, 
dorsal; L, lateral; M, medial. Scale bar: 20 µm.  

(B) System setups of single-photon stimulation and two-photon imaging in all-optical physiology 
platform. Sti. laser, stimulation laser; Rec. laser, recording laser; M, mirror; NDF, ND filter; L, 
lens; GM, galvo mirrors; DBS, dichroic beam splitters; SL, scan lens; TL, tube lens; TAG, tunable 
acoustic gradient-index lens; Obj., objectives; EF, emission filter; PMT, photomultiplier tubes; 
DAQ, data acquisition device; Syn. Synchronization system. All-optical physiology with single-
depth recording is achieved with the TAG turned off while fast volumetric imaging is achieved 
with the TAG turned on.  

(C) Lateral point-spread-function of stimulation laser. Black dots represent the signal, and the red 
line represents Gaussian fitting with lateral full-width-of-maximum (FWHMxy) ≅  2.1 µm. 
Confinement of stimulation is verified by all-optical physiology on CsChrimson.mVenus-
expressing MTil neurons and GCaMP6f-expressing TB neurons in (D-E).  

(D) Top: MTil neurons (magenta color) and TB neurons (green color) in the AOTU. Sequential 
stimulation is applied to sites indicated by yellow circles with three different power. Bottom: TB 
neurons (green color) in BU microglomeruli. Response of a single microglomerulus (in the yellow 
circle) to various stimulation powers is shown in (E). Scale bar: 10 µm.  

(E) The response of a single microglomerulus with various stimulation power. Stimulation at each 
site is repeated three times and each response is presented as a t-score based on the analysis of a 
GLM (generalized linear model, see Methods). The responses were shown in plots in the right 
panel and the corresponding power of the stimulation laser are shown on the right side of the panel. 
Light blue dots in the plots are the response to each repeated stimulation, and their averages are 
presented as dark blue dots (mean ± SEM). The gray rectangle indicates the region where MTil 
neurons are localized. The results show that with the proper control of stimulation power, TB 
neurons had detectable Ca2+ activity only when stimulation was posed in the range where MTil 
neurons were localized.  

(F) Top: Lateral/axial (left/right) point spread functions of recording laser with the signal shown 
in black and the Gaussian fitting shown in red. The results fit well with the theoretical prediction 
(FWHMxy, theo = 0.54 µm, FWHMz, theo = 2.75 µm) with effective NA = 0.8. Down: The axial 
recording range of the tunable acoustic gradient-index (TAG) lens. The blue curve shows the signal 
intensity from a fluorescent sphere, and the red curve shows the background intensity (mean ± 
SD). The range marked by the dashed line b and b’ in the position where the signal is deviated 
from the mean of background by 2 SD.  

(G) AOP on three groups of flies to verify the effectiveness of optogenetic stimulation and 
recording, and the prevention of sensory-evoked Ca2+ response. Top: Flies with the TB neurons 
expressing GCaMP6f, the MTil neurons expressing CsChrimson, and with all-trans retinal (ATR) 
feeding. Middle: Flies with TB neurons expressing GCaMP6f, MTil neurons expressing 
CsChrimson, but without ATR feeding. Bottom: Flies with only the TB neurons expressing 
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GCaMP6f and without ATR feeding. The red bars indicate laser stimulation durations with ~ 0.8 
µW power (n = 3 flies in each groups). Responses of individual flies are presented as light 
blue/gray curves and averaged responses are presented as blue/black curves. Detectable Ca2+ 
activity only appeared in the fruit flies expressing GCaMP6f and CsChrimson with feeding ATR 
(Top), indicating the validity of the AOP system, and confirmation that the sensory-evoked 
response is avoided.  
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Figure S2. Analysis of structural and functional images (Related to Figures 1-3) 

(A-D) Registration of low-speed scanning images and functional images: (A) Averaged image 
from high-speed time-lapse functional images. (B) Low speed in situ and in vivo structural image. 
(C) Low speed in vivo image of fixed brain acquired with higher laser power and lower imaging 
speed. (D) Merged image of (A)-(C). Scale bar: 5 µm. 

(E) Microglomeruli extraction from (C). The extracted regions (shown with circles) are sub-
classified into three types: BU microglomeruli (red circles), neuron fibers (green circles, see (F)), 
and non-BU structures (blue circle, only visible in (C), but not in (A) and (B)). Both green and 
blue circles are excluded from analysis. Scale bar: 5 µm. 

(F) Maximum-intensity projection of neuronal 3D structure with fibers marked with dotted lines. 
Scale bar: 5 µm. 

(G) Functional response analysis using generalized linear models (GLM). Detailed descriptions 
can be found in the Methods section. 
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Figure S3. Volumetric recording of microglomeruli in the bulb (BU) (Related to Figures 2-3) 

(A) The 3D position of microglomeruli in the BU extracted from Figure 2B and labeled with 
numbers to show individual responses in Figure 2C and S3B.  

(B-F) Functional response of BU microglomeruli while stimulating the (i) central, (ii) dorsal, and 
(iii) ventral intermediate lateral AOTU (AOTUil), corresponding to the positions marked in Figure 
3B. (B) Functional response of all microglomeruli with DF/F shown in color codes. The responses 
are grouped and sorted according to their responses to the three sites of stimulation (i.e., activation 
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stimulations determined by GLM and relative response strength profile among the three sites of 
stimulation).  

(C-F) Grouping of these microglomeruli in a sorted sequence with spatial information. (C) and (D) 
The 3D distribution of microglomeruli that had detectable Ca2+ activity following by the 
stimulation of (i) and (ii), respectively. (E) Microglomeruli have detectable Ca2+ activity following 
stimulation of (i) and (ii). This group is further divided into two sub-groups (i.e., response strength 
(i) > (ii) [brown color], and response strength (i) < (ii) [cyan color]) (F) Microglomeruli have 
detectable Ca2+ activity following by the stimulation of all three sites. There are three different 
response strengths: 1) response strength (i) > (ii) ~ (iii) (light green color), 2) response strength (i) 
~ (ii) > (iii) (green color), and 3) response strength (ii) > (i) > (iii) (purple color). 
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Transparent Methods  

Fly strains 

Fly strains were reared on a cornmeal-yeast-agar medium at 25 °C and 70% relative humidity 

following a 12/12-hr light/dark cycle. MTil neurons were labeled with LexAop-

CsChrimson.mVenus (in attP18) in GR52532-LexA. TB neurons were labeled with UAS-

GCaMP6f in VT50183-GAL4. The GR52532-LexA, LexAop-CsChrimson.mVenus, and UAS-

GCaMP6f were ordered from the Bloomington Drosophila Stock Center (BDRC). The VT50183-

GAL4 was ordered from the Vienna Drosophila Resource Center (VDRC).  

Immunolabeling and confocal imaging 

The ex-vivo images of AVP (Figure S1A) were acquired using confocal laser-scanning 

microscopy. Brains of adult flies expressing GCaMP6f and CsChrimson.mVenus were dissected 

in cold isotonic phosphate-buffered saline (PBS) and fixed in PBS containing 4% 

paraformaldehyde for 30 minutes. Brains were placed in PBS containing 2% Triton X-100 and 

10% normal goat serum (NGS) before being degassed in a vacuum for 1 hr to remove air from the 

tracheal  system; the solution was left in the same solution at 4 °C overnight to block non-specific 

labeling and increase antibody penetration. Immunohistochemistry was sequentially performed in 

PBS containing 1% NGS, Triton X-100, and following antibodies. The primary antibody was used 

mouse 4F3 anti-Discs large (1:50, Developmental Studies Hybridoma Bank (DSHB), University 

of Iowa) at 4 °C for two days. After two days, the tissue was washed and then incubated with 

biotinylated goat anti-mouse IgG secondary antibody (1:250, B2763, Molecular Probes) at 25°C 

for one day. Next, the tissue was washed and then incubated Alexa Fluor 635-conjugated 

streptavidin (1:500, S32364, Invitrogen) at room temperature for 24 hours for detection. Finally, 

after three 20 min washes,  the immunolabeled samples were transferred to FocusClear™ 

(CelExplorer, Taiwan) for clearing and mounting before imaging. Immunolabeled adult brains 
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were imaged using a Zeiss LSM710 confocal microscope with 40x/NA 1.2 water-immersion 

objective (421767-9971-711, ZEISS, Germany). Signals of GCaMP6f, mVenus, and Alexa Fluor 

635 were acquired using the combination of excitation wavelength, λex, and detection wavelength, 

λdet, at a range of λex = 488 nm, λdet = 500 ~ 550 nm, λex = 514 nm, λdet = 525 ~ 561 nm, and λex = 

633 nm, λdet = 650 ~ 700 nm, respectively. 

System setup of all-optical physiology platform 

The system setup, which was composed of stimulation and recording arms, is shown in Figure 

S1B. In the stimulation arm, a 638 nm diode laser (iBeam smart, TOPTICA Photonics AG, 

Germany), whose incident power was controlled by two neural density filters (ND10B and ND20B, 

Thorlabs, NJ), was used as the light source. A telescope formed by two convex lenses (AC254-

040-A-ML, Thorlabs, NJ) was placed in front of the galvo-mirrors to enable axial shift of the focal 

plane of the stimulation spot. A pair of galvo-mirrors (6200H, Cambridge Technology, MA) and 

a collimator with two convex lenses (LA1708-A-ML and AC254-200-A-ML, Thorlabs, NJ) were 

used to control the lateral position of the stimulation spot at the focal plane of a 40x/NA 1.0 water-

immersion objective (421462-9900-000, Zeiss, Germany). The recording beam, with detailed 

description in the following, were also focused by this objective. In the recording arm, a 

commercial two-photon laser scanning microscope (LSM 780, Zeiss, Germany) that was equipped 

with a Ti:sapphire laser and non-descanned photomultiplier tubes (PMT) were used as the 

mainframe. The Ti:sapphire laser was tuned at 920 nm for optimal GCaMP6f excitation. A TAG 

lens (TAG 2.0, TAG Optics Inc., NJ) with 400-875 nm and 915-1350 nm wavelength ranges was 

inserted in the recording path directly on top of the objective to achieve extension of the axial 

recording range. The position prevented defocusing of the emission to reach maximum collection 

efficiency, similar to the de-scan process (Hsu et al., 2017). During volumetric recording, the TAG 

lens worked with a 144 kHz driving frequency (leading to 5.5 mm-size effective aperture) and 1 
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m-1 optical power. No significant aberration was found throughout axial recording range (Hsu et 

al., 2017). A notch dichroic beam splitter (NFD01-633-25x36, Semrock, NY) was placed between 

the TAG lens and the objective to reflect the stimulation laser onto the objective without being 

affected by the TAG lens. A home-made mount was used to integrate the TAG lens, beam splitter, 

and objective. The point spread functions of the stimulation laser were determined by glass 

reflection, and the point-spread function/axial recording range of the recording laser were 

determined by 200 nm- and 1 µm-size fluorescent microspheres (TetraSpeck™ Fluorescent 

Microspheres Size Kit, ThemoFisher, MA), individually.  

A home-built LabVIEW program was used to synchronize the galvo-mirrors and the onset of 

the stimulation laser with a 250 kS/s data acquisition system (PCIe6321, National Instrument, TX). 

A 10 MS/s data acquisition system (PCIe8361, National Instrument, TX) was used to acquire 

volumetric images by recording the pixel/line trigger signals of LSM 780, the TAG trigger signal, 

and the PMT output. With the TAG lens resonant at 144 kHz, the 10 MHz sampling rate acquired 

70 data points in one period, and each depth was sampled twice. By averaging the doubly sampled 

signals, our system provided 35 axial layers in a volumetric image. The volumetric images were 

reconstructed using a home-made MATLAB (R2107a, MathWorks) program. Since the TAG lens 

scanned the focus in the z-direction in a sinusoidal pattern, volumetric images were reconstructed 

by taking these patterns into account. More details can be found in our recent work (Hsu et al., 

2019). 

Due to the high scanning speed of the TAG lens, the volume rate was based on the lateral 

scanning pixel (pix.) number. In the current study, a ~ 9 Hz volume rate was expected with a 7 µs 

pixel duration (equal to the resonance period of the TAG lens) with 128(x)×128(y) sampling pixels. 

However, our volume rate was limited by the pixel dwell duration and x-y raster scanning scheme 
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of the commercial microscope (LSM 780, ZEISS). For pixel dwell duration, no arbitrary choice 

was allowed. In principle, it is best to choose the pixel dwell time that equals or slightly exceeds 

the 7 µs resonance period of the TAG lens. Nevertheless, the minimum allowable pixel dwell 

duration was 12.6 µs. In terms of the raster scanning scheme, it takes ~ 550 µs (equal to 44 pixel 

dwell durations) for the scanner to switch between each line during the scanning process; therefore, 

when the field of view (FOV) is set as 256(x)×128(y) pixels, the time it takes to scan is equivalent 

to the time it takes to scan across 300(x)×128(y) pixels. In addition, when we set the FOV with 

fewer scanned pixels (e.g., 128(x)×128(y)), the imaging speed, interestingly, was even slower than 

that of 256(x)×128(y) pixels. This was possibly due to the mechanical design of the LSM 780. 

Therefore, to achieve a higher imaging speed, we chose to use the 256(x)×128(y) setting even 

though we only used half of it to cover a square region of the BU structure. The reasons above all 

led to the reduction in volume speed. Specifically, the volume acquisition time was 

300(x)×128(y)×12.6 µs (pixel dwell time) ≅ 484 ms, which led to a volume rate of 2 Hz. Although 

this speed was still enough to capture the calcium response and identify activated microglomeruli, 

further enhancement is necessary to realize higher volumetric imaging speed. 

All-optical physiological measurement 

After 5 days of all-trans-retinal feeding, the fruit fly was anaesthetized on ice and singly 

mounted in a holder before the AOP experiments. The cuticle above the brain was removed, and 

the brain was immersed in adult-hemolymph like (AHL) saline (108  mM NaCl, 5  mM KCl, 

2  mM CaCl2, 8.2  mM MgCl2, 4  mM NaHCO3, 1  mM NaH2PO4, 5  mM trehalose, 10  mM 

sucrose and 5  mM HEPES; pH 7.5, 265  mOsm, (Wang et al., 2007)) before fixation in agarose 

on a steel plane with the anterior side facing the objective. Although the stimulation site, AOTUil 

(where MTil neuronal axons terminate, expressing CsChrimson.mVenus), and recording site, BU 

(where TB neuronal axons terminate, expressing GCaMP6f), in AOP measurements should be 
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distinguished by different excitation lasers (i.e., λex = 514 nm, λdet = 520 ~ 560 nm for mVenus and 

λex = 920 nm, λdet = 500 ~ 550 nm for GCaMP6f), the flies did not respond to optogenetic 

stimulation after imaging with a 514 nm laser. This is due to the spurious activation of CsChrimson 

because 514 nm is within its activation spectrum. Therefore, both AOTUil and BU were 

recognized using 920 nm laser-excitation imaging with a 500~550 nm detection spectrum. AOTUil 

was identified by the higher detection signal elicited by mVenus and GCaMP6f due to the structural 

overlapping of MTil and TB neurons. After determining the stimulation and recording sites, we 

began recording with the Ti:sapphire laser. After the recording started, the first stimulation was 

delayed for a 10-20-s period to avoid transient artifacts resulting from the initialization of the 

recording laser. After this brief period, the stimulation was applied over 10 s with a 20% duty cycle 

(2 s on, 8 s off), repeated three times. The power of the 638 nm stimulation laser after the objective 

was < 0.8 µW for both the single-section and volumetric recordings, and the powers of the 920 nm 

recording laser after objective were < 2.8 mW and < 8.2 mW in the single-section and volumetric 

recording, respectively. We did not observe apparent heat damage or photobleaching during 

repeated stimulation and recording on the same Drosophila brain during either the single-section 

or volumetric recordings. After AOP measurements, in vivo structural imaging of MTil and TB 

neurons (Figure 3B) was performed by excitation wavelength, λex, and detection wavelength, λdet, 

range of λex = 920 nm, λdet = 500 ~ 550 nm and λex = 514 nm, λdet = 520 ~ 560 nm, respectively. 

Structural image acquisition and registration with functional imaging 

To precisely determine the location of each microglomerulus, the structure of the BU was 

visualized by low-speed scanning after functional imaging. We used two steps for structural image 

acquisition and registration. First, in situ and in vivo 3D structural images of the BU were acquired 

by low-speed two-photon microscopy, and the z-stack was obtained via slow objective translation. 

During this initial acquisition, the Drosophila was still alive; therefore, the fluorescence intensity 
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profile was similar to that of functional imaging. Second, the flies were fixed in 4% 

paraformaldehyde in PBS for 30 minutes, and in situ high-contrast structural images of the fixed 

brain were acquired with higher laser power (~ 20 mW). The in-situ images were used as the 

reference images in order to identify BU microglomeruli.  

To register structural and functional images (see Fig. S2), all time-lapsed functional images 

of one brain were first aligned (Guizar-Sicairos et al., 2008) and averaged to avoid motion artifacts 

and improve contrast (Figure S2A). Then, the averaged images were matched with in situ and in 

vivo structural images (Figure S2B), which have similar fluorescent intensity profiles, by finding 

the maximum cross correlation. Then, the matched images were used to register the second in situ 

high-contrast images (Figure S2C-D) by finding the maximum cross-correlation, and the in-situ 

images were used to aid microglomeruli extraction.  

Microglomeruli extraction 

Individual microglomeruli were extracted from the structural image based on a home-built 

MATLAB program for gray value morphological analysis, and the extraction was performed 

according to the following steps: 

1. Gray-scale opening and closing (Vincent, 1993) were performed to remove the noise of the 

images. 

2. Due to non-uniform intensity of each microglomerulus, regional maxima were identified as 

preliminarily detected regions of microglomeruli through H-maxima transform (Soille, 2013).  

3. To further improve the segmentation of densely distributed microglomeruli, boundaries were 

formed for different microglomeruli using the watershed transformation (Meyer, 1994). After these 

processes were completed, we only retained the extracted regions with sufficient signal intensity 

and a proper area (2–4 µm in diameter). The regions with extremely low intensity or too small of 

an area could generate an out-of-focus signal, so we excluded these regions from the follow-up 
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analysis. Individual microglomeruli were marked by thresholding the gray value in each extracted 

region (Figure S2E).  

The microglomeruli were extracted depth-by-depth for volumetric imaging. If an extracted 

microglomerulus only existed in one axial layer, it was also excluded from analysis since the digital 

axial resolution of our platform is better than the optical axial resolution. In addition, because the 

extraction process was based on fluorescence intensity, other neuronal structures, such as fibers, 

may have also been extracted. Based on their location and morphology, we excluded these regions 

in order to prevent confusion during functional analysis (Figure S2E-F).  

Generalized linear model (GLM) analysis  

 The functional responses in AOP were analyzed using a generalized linear model (GLM) 

(Lütcke et al., 2013; Miri et al., 2011). In order to avoid translational motion artifacts, each time-

lapsed functional image was first aligned in space (Guizar-Sicairos et al., 2008). With the 

assumption that single microglomeruli serve as functional units, fluorescent signals of multiple 

pixels in a single microglomerulus were averaged as one functional response for analysis. 

Temporal DF/F of each microglomerulus response was then calculated by 𝛥𝐹/𝐹 = (𝐹 −

𝐹)*+,)/𝐹)*+,, where 𝐹 is the signal at each frame, and	𝐹)*+, is the mean signal of the first 10 

frames before stimulation. To identify activated microglomeruli, the temporal DF/F of each 

microglomerulus was analyzed using a GLM based on known stimulation on/off time and duty 

cycle. The model is defined by the following equation: 

y = X	β + 	ε 

where y,×5 is the data column vector corresponding to the temporal DF/F of the response in a 

single microglomeruli with n sampling frames, X,×6 is a predictor matrix with four predictors in 

each column (X,×6= [X5 X7 X8 X6]), β6×5	is the weight column vector of predictors, and	ε,×5	is 
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the error column vector. As shown in Figure S2G, we used four predictors in X,×6, including the 

expected response (X5), motion effect in the first two individual frames in each stimulation (X7 

and X8), and baseline (X6).  

The expected response predictor, X5, is defined by the convolution of a rectangular function 

which represents stimulation on/off duration and the calcium response function (𝑐𝑟𝑓) which is 

defined as follows (Seelig and Jayaraman, 2013): 𝑐𝑟𝑓	~	 1 − e@
ABAC
DEF e

@ABAC
DEGG 	≈ 	 e

@ABAC
DEGG 	 

where the 𝑡 is imaging time point, based on multiples of 500 ms acquisition time, 𝑡J is the onset 

time of stimulation, and 𝛤L, and 𝛤LMM are rise and decay time constants of the calcium indicator, 

respectively. Since 𝛤L, of GCaMP6f is in the order of tens of milliseconds (~ 80 ms, (Chen et al., 

2013)) and much smaller than 𝑡 − 𝑡J, the term 1 − e@
ABAC
DEF  in 𝑐𝑟𝑓 is neglected. The off constants, 

𝛤LMM, in living Drosophila are determine by fitting DF/F of the experimental results as 588.8 ± 

71.0 ms (n = 7 responses from 3 flies), which is close to the reported results seen in dissociated 

neuronal cultures (Chen et al., 2013).  

The motion effect predictors (X7 and X8) play roles in differentiating and excluding jitter 

events from real activations (see Figure S2G). In the current experiment, we observed that 

Drosophila sometimes jittered at the beginning of each stimulation and caused the DF/F to change. 

Since neurons are not rigid and jitter only happened in small parts of neurons rather than whole 

structure, this motion artifact was difficult to compensate for through spatial image alignment. 

Therefore, in addition to the expected response predictor, we set one motion effect predictor (X7) 

at the beginning of stimulation. However, motion effects may last 0.5-1 s after stimulation. Since 

the volume rate was about 2 Hz, it was necessary to add a second motion effect predictor (X8). 

With the predictors mentioned above, the weight for each predictor in β6×5 was acquired 
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(β6×5 = [β5		β7	β8	β6]P) using the minimum least squared error method (minimum	𝜀P𝜀). The 

activated response was identified using a two-tailed t-test and rejecting H0: β5 = 0 (P < 0.001 

significance level). The t-scores were calculated using the following equation:  

t-score = ST	U
V+W(X)ST(YTY)BZS

 

where the contrast vector c	 = [1	0	0	0]. 
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