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Abstract

To establish functional connectivity between two candidate neurons that might form a circuit element, a
common approach is to activate an optogenetic tool such as Chrimson in the candidate pre-synaptic
neuron and monitor fluorescence of the calcium-sensitive indicator GCaMP in a candidate post-synaptic
neuron. While performing such experiments, we found that low levels of leaky Chrimson expression can
lead to strong artifactual GCaMP signals in presumptive postsynaptic neurons even when Chrimson is
not intentionally expressed in any particular neurons. Withholding all-trans retinal, the chromophore
required as a co-factor for Chrimson response to light, eliminates GCaMP signal but does not provide an
experimental control for leaky Chrimson expression. Leaky Chrimson expression appears to be an
inherent feature of current Chrimson transgenes, since artifactual connectivity was detected with
Chrimson transgenes integrated into three different genomic locations (two insertions tested in larvae; a
third insertion tested in the adult fly). These false-positive signals may complicate the interpretation of
functional connectivity experiments. We illustrate how a no-Gal4 negative control improves
interpretability of functional connectivity assays. We also propose a simple but effective procedure to
identify experimental conditions that minimize potentially incorrect interpretations caused by leaky

Chrimson expression.
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Introduction

A primary goal of neuroscience is to provide a mechanistic understanding of behavior at the level of
circuits of connected neurons. In recent years, the combination of precise anatomical reconstruction of
neuronal circuits (Dorkenwald et al., 2022; Lillvis et al., 2021; Meinertzhagen, 2018; Scheffer et al., 2020;
Schlegel et al., 2017) and the ability to genetically target sparse subsets of neurons has provided new
opportunities to decipher neural computation (Borst and Helmstaedter, 2015; Eschbach et al., 2021;
Randel et al., 2015; Takemura et al., 2013; Wang et al., 2021). In Drosophila melanogaster, large
collections of transgenic flies have been created to reproducibly label or target effector proteins to small
subsets, and sometimes individual, neurons in the fly brain (Hayashi et al., 2002; Jenett et al., 2012; Li et
al., 2014; Tirian and Dickson, 2017). Genetically-encoded effectors are typically expressed in subsets of
cells using binary expression systems such as UAS-Gal4 (Brand and Perrimon, 1993), lexAop-lexA (Lai and
Lee, 2006) and QUAS-QF (Potter et al., 2010). To test whether candidate neurons are involved in a given
behavior, standard methodologies of neurogenetics include constitutive loss-of-function assays with a
modified version of the tetanus toxin (TNT) or the inwardly-rectifying potassium (Kir) channel, and acute
gain-of-function assays with tools from thermogenetics and optogenetics (Simpson, 2009; Simpson and

Looger, 2018).

Neuronal activity is often assayed by monitoring fluorescence of genetically-encoded indicators such as
the calcium sensor GCaMP (Chen et al., 2013), voltage sensors such as ASAP (Chamberland et al., 2017)
and neurotransmitter sensors (Borden et al., 2020; Jing et al., 2020). More recently, reconstruction of
neuronal connectivity in serial section electron microscopy (Takemura et al., 2013) and FIB-SEM
(Scheffer et al., 2020) has provided putative connectomes of parts of the adult fly (Scheffer et al., 2020;
Schlegel et al., 2017; Takemura et al., 2013) and the larva (Schneider-Mizell et al., 2016). From
connectomic data, neural circuit diagrams can be constructed to formulate hypotheses about functional
connectivity between neurons (Eschbach and Zlatic, 2020; Gowda et al., 2021). For example, we recently
used an EM connectome of the larval nervous system to identify the downstream partner of a command

like descending neuron that leads to stopping behavior in fruit fly larvae (Tastekin et al., 2018).

To test hypotheses about functional connectivity, separate binary expression systems are used to
express optogenetic gain-of-function tools (for example, Chrimson) in one set of cells and a neuronal
activity reporter (for example, GCaMP) in putative downstream neurons. If the optogenetic activation of
the presynaptic neuron leads to reproducible signals in the post-synaptic neuron, it is often concluded

that the two neurons are connected either directly or indirectly, thereby forming a circuit element. A
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common experimental control for these experiments is to withhold the chromophore all-trans retinal
(ATR), which is required for Chrimson activity, from the diet of flies (see Materials and methods for more
details). If putative downstream neurons in flies fed ATR show increased activity upon optogenetic
activation of upstream neurons and do not show increased activity when ATR is withheld (ATR), then
the increased activity of putative downstream neurons is dependent on optogenetic activation (Carreira-
Rosario et al., 2018; Takagi et al., 2017; Yoshino et al., 2017). This control is adequate to test for innate
light responses. However, it does not assess the possibility that the activation is caused by basal or
“leaky” expression from the UAS-Chrimson transgene (expression in the absence of a Gal4 driver), which
could lead to false detection of functional connectivity. While the presence of basal expression has been
reported for some UAS transgenes (Markstein et al., 2008), it is unclear if basal Chrimson expression is
sufficient to generate detectable GCaMP signal in downstream neurons in the absence of a Gal4 driver,

especially when neurons are exposed to relatively high activating light levels.

We found that UAS-Chrimson transgenes inserted into several genomic locations exhibit leaky
expression that can cause significant calcium responses in functional connectivity experiments. These
responses are not detected in flies lacking ATR. Therefore, the calcium responses observed in ATR flies
represent false-positive signals that can generate misleading conclusions about the connectivity of pairs
of pre- and post-synaptic neuron candidates. To avoid conflating calcium transients originating from
leaky expression with true positive signals, it is crucial to test closely-matched genetic controls that do

not contain a Gal4 driver.

Results

Leaky expression can lead to ambiguous and false evidence for circuit connectivity

Using connectomics data from electron microscopy, we identified neurons upstream and downstream of
the PDM descending neuron (PDM-DN). One downstream candidate was SEZ-DN1 (Tastekin et al., 2018).
To establish that SEZ-DN1 is functionally downstream of PDM-DN, we expressed the optogenetic tool
UAS-CsChrimson::tdTomato (hereafter abbreviated as UAS-Chrimson) in PDM-DN and the fluorescent
reporter GCaMP in the SEZ-DN1 neuron. We used a parental control lacking the Gal4 driver with and
without the addition of ATR as negative controls (Figure 1A). Surprisingly, we found a significant increase

in calcium signal, measured as relative change in fluorescence with respect to baseline (AF/F), in the
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ATR* negative control but not in the ATR negative control (Figure 1B and 1C). The signal found in the
ATR* negative controls is thus a false positive, since the UAS-Chrimson transgene was not intentionally
expressed in any neuron. False-positive signals were found when the preparation was stimulated with a
range of red light intensities overlapping those often used in functional connectivity experiments (Figure

1E and 1F).

To determine whether this false-positive signal resulted from an endogenous ATR-dependent light-
sensitive protein, we tested larvae devoid of the UAS-Chrimson transgene but fed ATR (Figure 1J). We
found no significant calcium transients. Thus, the false-positive signals in SEZ-DN1 require the presence

of the UAS-Chrimson transgene, and may reflect leaky expression of Chrimson.

Transgene expression is influenced by the location of its insertion in the genome (Pfeiffer et al., 2010).
To test whether potentially leaky Chrimson expression was specific to transgene insertions at
su(Hw)attP1, we repeated our analysis with a UAS-Chrimson transgene inserted into a different landing
site that supports robust expression, JK73A (Figure 1G) (Knapp et al., 2015). We observed false-positive
signals over a range of light intensities for flies carrying a UAS-Chrimson transgene at JK73A (Figure 1H
and 11). These results indicate that false-positive signals can result from putative leaky expression of the

UAS-Chrimson transgene inserted at multiple genomic locations.

To test whether leaky expression arises from the UAS-Chrimson transgene, we conducted RT-PCR on
brains of larvae with and without a Gal4 transgene (Gal4* and Gal4, respectively) to drive the expression
of UAS-Chrimson. In three independent replicates, cDNA of Chrimson was detected irrespective of the
presence of the Gal4 driver (Figure 1K). The results of the RT-PCR corroborate the hypothesis that the
false-positive signal is due to leaky expression of the UAS-Chrimson transgene undirected by any Gal4

driver.

False-positive signals are found at the larval and the adult stages

Given the observation of leaky expression of Chrimson at the larval stage, we next asked whether the
same artifact can be observed at the adult stage. We expressed GCaMP in a subset of Kenyon cells that
innvervate the gamma (y) lobe of the mushroom bodies, ventral accessory calyx, and peduncle (yd
Kenyon cells) (Aso et al., 2014). These Kenyon cells convey visual information and underlie visual
learning (Vogt et al., 2016). In flies lacking any Gal4 driver, we observed significant calcium responses in

the y lobe of the mushroom bodies of adult flies (Figure 2A and 2D). As we observed for larvae (Figure
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1), significant calcium transients (AF/F) were found in control flies lacking the Gal4 driver when raised
with ATR, but not in absence of ATR (Figure 2B and 2C). We observed a significant increase in calcium
signal for light intensities ranging from 72 to 1151 uW/mm? (Figure 2E and 2F). We also imaged the calyx
and peduncle of the mushroom body (Supplementary Fig. 2A) and observed a significant increase in
calcium signal when stimulating with 1151 uW/mm? (Supplementary Fig. 2B and 2C). To test if the false-
positive signal originated from an endogenous ATR-dependent light-sensitive protein, we imaged from
adult flies devoid of the UAS-Chrimson transgene, but raised on ATR. In these conditions, we found no
significant calcium transients (Supplementary Fig. 2D), showing that the calcium transients observed in
the y lobe of the mushroom bodies are Chrimson-dependent. Together, these results show that leaky
expression of a UAS-Chrimson transgene can lead to false-positive signals in a widely studied neuronal

population in the adult brain.

Validating true positive signals in control experiments to rule out the effects of leaky expression

Although leaky expression of Chrimson can lead to false-positive calcium signals (Figures 1 and 2), these
results do not invalidate this approach for functional connectivity. One control to establish connectivity
is to test for a calcium response due to the leaky expression of Chrimson in flies lacking any Gal4 driver
(Gal4-, ATR*) in parallel with the test condition with a Gal4 driver (Gal4*, ATR*). By comparing the
response magnitude between the control and test conditions, one can estimate how much of the

response reflects Chrimson expression driven by a Gal4 driver (Figure 3A-C).

The effect of leaky UAS expression can be minimized by systematically searching for a light stimulation
intensity in which signals associated with the Gal4 driver, but not false-positive signals, are observed.
We illustrate the application of this procedure to detect connectivity between PDM-DN and SEZ-DN1
(Figure 3D and 3E). We tested a range of decreasing light intensitites from 73 to 8 uW/mm? to identify a
Chrimson stimulation regime where true signal can be differentiated from signal resulting from leaky
expression. We found that activation with 8 uW/mm? produced a significant response in the Gal4*, ATR*
flies, but not in Gal4-, ATR* flies, suggesting that the GCaMP signal reflects connectivity between the

PDM-DN neurons expressing Chrimson and the SEZ-DN1 neurons expressing GCaMP.
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146 Discussion
147

148  Recent advances in electron microscopy and big-data analysis have provided candidate wiring diagrams
149  for whole brains or parts thereof in Drosophila at the larval and adult stages(Buhmann et al., 2021;

150 Eichler et al., 2017; Hulse et al., 2021; Scheffer et al., 2020; Schneider-Mizell et al., 2016; Wanner et al.,
151  2016; Zheng et al., 2018). After inferring that two neurons are potentially connected from electron

152 microscopy data, the next logical step is to establish functional connectivity between the two neuron
153 candidates (Franconville et al., 2018; Simpson and Looger, 2018). This can be done efficiently in

154  Drosophila by expressing an optogenetic tool in the putative upstream neuron while monitoring the
155  calcium activity of the putative downstream neuron. We found that candidate downstream neurons can
156  generate significant calcium responses associated with false-positive signals in parental controls lacking

157 any Gal4 driver but raised with retinal supplement (Figure 1).

158  While we focused on two examples, the technical problem we reported is likely to be widespread and
159 common to many functional connectivity experiments. We linked the existence of false-positive signals
160  tothe basal — “leaky”— expression of the UAS-Chrimson transgene. We showed that false-positive
161  signals occur both in larvae and adults in commonly studied cells such as descending neurons (Figures 1
162  and 3) and in the mushroom body (Figure 2). Consistent with the fact that multiple landing sites are
163  susceptible to leaky expression of UAS transgenes (Markstein et al., 2008), we found evidence for leaky
164  Chrimson expression from UAS transgenes inserted in three different genomic locations (Figure 1G).
165 Moreover, the parameters of optogenetic stimulation that induced false-positive responses in our

166  experiments were within the range used in published studies. For example, false-positive responses
167  were observed at a light intensity of 8 uW/mm? in the larva (Figure 1E) and 72 uW/mm? in the adult
168  (Figure 2F) where much stronger light intensities have been used previously (for instance, 680 uW/mm?
169  (Chenetal, 2021); 2170 uW/mm? (Sen et al., 2017)). Given that retinal supplementation is required for
170  Chrimson to function in flies (Klapoetke et al., 2014), it is not surprising that false-positive calcium

171  signals were never observed in flies carrying both Gal4 and UAS-Chrimson transgenes in the absence of
172 all-trans retinal (Figure 3C-E). Consequently, withholding retinal from flies is not a sufficient control for
173  optogenetic-based connectivity experiments, since this treatment does not control for leaky transgene

174  expression. Other controls should be included in optogenetic-based connectivity experiments.

175  To validate that calcium signals are caused by the optogenetic activation of an upstream candidate

176 neuron, we propose the following control experiment. First, a line without Gal4 and raised on retinal
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(Gal4-, ATR*) should be assayed under identical conditions as the genetically-matched line containing
Gal4 (Gal4*, ATR*). Second, it is recommended to use stimulation conditions where only the
experimental genotype (Gal4*, ATR*) yields a significant increase in calcium signal (AF/F). Such conditions
can be found by gradually changing the intensity of the light stimulus (Figure 3D and 3E). In addition,
false-positive responses can also be reduced by decreasing the duration of the light stimulus as
illustrated by the comparison between the signal elicited by a 2-second and a 1-second presentation of
light at 8 uW/mm? (Figure 1E and Figure 3E, respectively). Thus, identifying the stimulation conditions
where only the experimental condition (Gal4*, ATR*) yields a significant signal represents an effective
safeguard against false-positive artifacts in the assessment of connectivity between candidate neurons

forming a circuit.

The cautious approach required to interpret the results of functional manipulations based on Chrimson
activation applies also to loss-of-function and gain-of-function behavior experiments. This is particularly
relevant to screens with a behavioral readout where the leaky expression of the effector can produce
unexcepted changes in behavior. For example, Scholz et al. (2000) observed higher than baseline
ethanol sensitivity in UAS-TNT flies in the absence of Gal4. Tang et al. (2017) found increased
temperature preference in UAS-TrpA1-RNAi flies in the absence of Gal4. Our results emphasize the
importance of performing control experiments with the UAS effector line alone in loss-of-function
experiments involving TNT (Keller et al., 2002; Scholz et al., 2000), Kir2.1 or RNAi (Qiao et al., 2018; Tang
et al., 2017), as well as in gain-of-function experiments using TrpA1l to produce thermogenetic activation
(Simpson, 2009). In contrast to these experiments, where the experimenter has little or no control over
the strength of the effector, the efficacy of the activation (conductance) of Chrimson can be modulated
by the light stimulation protocol. This distinctive property enables any experimenter to mitigate false-

positive signals resulting from the leaky expression of Chrimson.

Mapping functional circuits is a prerequisite for understanding the mechanisms of neural computation.
As the number of driver lines for expressing effector proteins in specific cell types in Drosophila has
increased, functional connectivity mapping with optogenetics has become increasingly popular. Here,
we demonstrate that the leaky expression of the optogenetic actuator can compromise the integrity of
such circuit mapping. Fortunately, a simple experiment with flies carrying no Gal4 driver and a careful
comparison of GCaMP activity over a range of activation intensities provides a suitable control strategy

that can be easily integrated in future efforts to map functional connectivity.


https://doi.org/10.1101/2022.05.26.493610
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.26.493610; this version posted May 28, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

208 Materials and methods

209
210  Flyrearing
211 It is usually necessary to complement food with all-trans retinal when conducting optogenetic
212  experiments in Drosophila (Klapoetke et al., 2014). However, cornmeal contains B-carotene and
213 zeaxanthin (De Oliveira and Rodriguez-Amaya, 2007) which are precursors of all-trans retinal
214 (Oberhauser et al., 2008). To completely eliminate all-trans-retinal in our negative controls (“ATR™“), we
215  prepared fly food using ‘Nutri-Fly GF’ (Genesee Scientific, #66-115) which is devoid of cornmeal. All-
216 trans retinal (R2500-500MG, Sigma Aldrich) was added to the ‘Nutri-Fly GF’ fly food to yield a final
217 concentration of 0.5 mM (“ATR*”).
218 Flies used in this study
Abbreviation Full genotype Used in Origin
UAS-Chrimson in 75C02-LexAp65 in attP40; Fig. 1B/D/E/F and | 75C02-lexA: (Tastekin et
su(Hw)attP1 20xUAS- Supplementary al., 2018)

CsChrimson::tdTomato-
trafficked in su(Hw)attP1,
pGP-JFRC59-13XLexAop2-1VS-
p10-GCaMP6f 50.693 in
VKO00005

Fig. 1

UAS-Chrimson: gift from
Stefan Pulver and Gerry
Rubin

lexAop-GCaMP: injected

UAS-Chrimson in
JK73A

75C02-LexAp65 in attP40;
20xUAS-
CsChrimson::tdTomato in
JK73A,
pGP-JFRC59-13XLexAop2-1VS-
p10-GCaMP6f 50.693 in
VKO00005

Fig. 1H/F and
Supplementary
Fig. 1

75C02-lexA: (Tastekin et
al., 2018).

UAS-Chrimson: injected
lexAop-GCaMP: injected

PDM-DN-Gal4

R23EQ07-p65.AD in attP40;
VT002081-GAL4.DBD in attP2

Fig. 1K, Fig.
3C/D/E and
Supplementary
Fig. 3

(Tastekin et al., 2018)

wt background

attP40;attP2

Fig.
1B/C/E/F/H/I/)/K,
Supplementary
Fig. 1, Fig. 3C/D/E
and
Supplementary
Fig. 3

(Pfeiffer et al., 2010)

SEZ-DN1-lexA
lexAop-GCaMP

75C02-LexAp65 in attP40;
pGP-JFRC59-13XLexAop2-1VS-

Fig. 1J and
Supplementary
Fig. 1

75C02-lexA: (Tastekin et
al., 2018)
lexAop-GCaMP: injected
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p10-GCaMP6f 50.693 in
VK00005
UAS-Chrimson in 5XUAS-CsChrimson-mCherry Fig. 2B/C/E/F UAS-Chrimson: gift from
su(Hw)attP5 (su(Hw)attP5), Vivek Jayaraman
VT044845-LexAp65 in attP40; VT044845-lexA: (Sen et
13XLexAop2-1IVS-GCaMP6m- al., 2017)
p10 in VKOO005 lexAop-GCaMP: (Chen et
al., 2013)
VT044845-|exA, VT044845-LexAp65 in Supplementary VT044845-lexA: (Sen et
lexAop-GCaMP attP40;13XLexAop2-1VS- Fig. 2A al., 2017)
GCaMP6mM-p10 in VKOOOO5 lexAop-GCaMP: (Chen et
al., 2013)
219
220 Plasmids used in this study
Abbreviation Full name Origin
lexAop-GCaMP | pGP-JFRC59-13XLexAop2-1VS-p10-GCaMP6f 50.693 (Chen et al., 2013)
UAS-Chrimson | 20xUAS-CsChrimson::tdTomato (Klapoetke et al., 2014),
Addgene: #111544

221

222 cDNA preparation (larva)

223 For each biological replicate, 20 larval brains were dissected. RNA was extracted with the ReliaPrep RNA
224  Miniprep System (Promega, Z6111) which includes a DNA digestion step with DNAse I. RNA amount and
225  quality was measured using a NanoDrop (ThermoFisher). SuperScript IV Reverse Transcriptase Kit

226 (ThermoFisher, 18090010) was used with 500 ng total RNA and oligoT primers to create cDNA. This was
227  followed by RNA digestion step using RNAse H. In the -RT control, water was used instead of Reverse

228  Transcriptase.
229  RT-PCR (larva)

230 Q5 High-Fidelity DNA Polymerase (NEB, M0491L) was used with indicated primers. PCR was performed

231  with annealing temperature of 65C and extension time 30 seconds with 30 cycles.

232 List of Primers

# Primer Name Primer Sequence
ChR _F CsChrimson_tdTomato_2510F (PDT591) GCGTTCTGAAGGTCGCCATCA
ChR _R | CsChrimson_tdTomato 2639R_cDNA (PDT602) | CAGTTCCATAGGTTGGAATCTTAGAG

233

234  Calcium imaging in the larva
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235  The CNS of larvae at the 3rd instar developmental stage were dissected in ‘Pulver Saline’ (135 mM Nacl,
236 5 mM KCl, 4 mM MgCl2, 1.8 mM Trehalose, 12.6mM Sucrose, 2mM CaCl2) and placed dorsal side down
237  on a lysine-coated coverslip. We used an Hyperscope two-photon scanning microscope (Scientifica, UK)
238 with a MaiTai laser (Spectra Physics, CA, USA). For imaging, we used two-photon excitation wavelength
239 of 920 nm. CsChrimson was activated with a LED (LCS-0590-03-22, Mightex, Canada) with peak

240  wavelength at 590 nm and a 605/55 bandpass filter (Chroma, VT, US). To feed the CsChrimson excitation
241 light into the light path, we used a 560LP dichroic (TS60LPXRXT-UF1, Chroma, VT, USA). The power of
242  the LED from the objective was measured with a PM100D Power meter with a S170C Power sensor

243 (Thorlabs, NJ, USA). To estimate the power at the larval brain we divided the measured total LED power
244 by the area of the field of view of the objective (XLPLN25XWMP2, Olympus, Japan).

245 For each trial, the neuron was observed for 20 seconds. Each trial was repeated 5 times. Data was

246  analyzed using custom python scripts. Raw data was first filtered using a Savitzky-Golay filter (1-second
247  window length, 2" order polynomial). The sighal was calculated as described previously (Jia et al., 2011).
248 Briefly, a ROl was chosen to contain a segment of the axonal branch. A second ROl away from the

249  neuron was defined as the background. The background was subtracted from the ROI to correct for

250  stimulus light bleed-through. Next, for each frame F;, signals were computed as the relative change in
251  fluorescence intensity from the baseline: AF/F= (Fi-Fo)/Fo. Baseline fluorescence Fo was defined as the

252 mean pixel intensity of the 3 second time window preceding the optogenetic stimulus.

253 Preliminary experiments showed that many but not all preparations show calcium transients. For the
254 larva (Figures 1 and 3), the experiments were performed using the following algorithm: each dissected
255 brain was stimulated using the same 2-second 73 uW/mm?2 step stimulus. If an obvious response was
256  detected the whole dataset was acquired. If no obvious response was detected, the brain was discarded
257 and another brain was dissected and tested. For the 6% preparation in a row, imaging was performed
258 irrespective of the presence of a response to initial 2-second step stimulus. This allowed us to efficiently
259  scan through 30 samples to minimize the chances of missing false positives in unexpected conditions.

260 The table below shows the number of brains dissected and recorded.

Genotype all-trans- | Figure Brains Data
retinal dissected | collected

UAS-Chrimson in su(Hw)attP1, SEZ-DN1- | ATR* Figure 1B-F 6 5

lexA, lexAop-GCaMP Figure 3C-E
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UAS-Chrimson in su(Hw)attP1, SEZ-DN1- | ATR Figure 1B 30 5
lexA, lexAop-GCaMP

UAS-Chrimson in JK73A, SEZ-DN1-lexA, ATR* Figure 1H and 1l 7 5
lexAop-GCaMP

SEZ-DN1-lexA, lexAop-GCaMP ATR* Figure 1) 30 5
PDM-DN-Gal4, UAS-Chrimson in ATR? Figure 3D-F 7 5
su(Hw)attP1, SEZ-DN1-lexA, lexAop-

GCaMP

PDM-DN-Gal4, UAS-Chrimson in ATR- Figure 3D-F 30 5
su(Hw)attP1, SEZ-DN1-lexA, lexAop-

GCaMP

261
262 Calcium imaging in the adult

263 The CNS of 5-7 day old adult female flies were dissected in saline (103 mM NaCl, 3 mM KCI, 5 mM N-
264  tris(hydroxymethyl) methyl-2aminoethane-sulfonic acid, 8 mM trehalose, 10 mM glucose, 26 mM

265 NaHCO3, 1 mM NaH2PO4, 1.5 mM CaCl2, and 4 mM MgCl2; pH, 7.1-7.3; osmolarity, 270-275 mOsm).
266  The saline was bubbled with carbogen (95% 02 and 5% CO2) prior to the dissection. For the recording
267  from they lobe of the mushroom bodies, the sample was placed on a coverslip so that the anterior brain
268  faced upward. For the recording from the calyx and peduncle of the mushroom bodies, the posterior
269 brain faced upward. Calcium imaging was conducted with a two-photon microscope (Bergamo ll,

270  Thorlabs) equipped with a 16x objective lens (N16XLWD-PF, Nikon) and a pulsed laser tuned to 940 nm
271 (InSight X3, Spectra-Physics). The laser power measured under the objective lens was below 25 mW.
272 Samples were imaged at 10 z-planes covering 40 um with a Piezo scanner (PFM450E, Thorlabs). Each z-
273  plane was imaged every 140.8 ms (7.1 volumes per s). CsChrimson was activated with a 660-nm laser
274  (S1FC660, Thorlabs) delivered through an optic fiber placed at 3 mm away from the sample (M125L01,
275  Thorlabs). The power of the CsChrimson activation laser at the sample was calculated under the

276  assumption that the power was uniformly distributed within the beam radius. The laser power varied
277  from 72 to 2302 uW/mm?2. For each trial, the laser at a fixed power was continuously applied to the

278  sample for 10 s with the inter-trial interval of 20 s. The laser of the same power was applied for 6 trials.

279  Time series of stack images underwent rigid motion correction with NoRMCorre (Pnevmatikakis and
280  Giovannucci, 2017). These images were averaged across z-planes for the following analyses. An ROl that
281 contained the target neurons and a ROl for background were manually defined based on the images
282  averaged across the entire recording. AF/F was calculated with baseline fluorescence Fo being defined as

283  the mean pixel intensity of the 2 second time window preceding the optogenetic stimulus.
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Statistics

No statistical methods were used to predetermine sample size. The sample size was determined based
on the signal strength and variability in pilot experiments. In the larva, data were collected from all the
tested samples according to the screening procedure detailed in the section Calcium imaging in the
larva. In the adult, data were collected from all the tested samples. During each experiment the
indicated light stimulus was repeated 5 times (Figures 1 and 3) or 6 times (Figure 2). In the trace-plots
(for example Figure 1B) the faint traces indicate the median of a single experiment. The bold trace is the
mean of all experiments. In the paired-data plots (for example Figure 1C) each point is the median of a
single experiment: ‘Before’ is the median AF/F of the second preceding the optogenetic stimulus.
‘During’ is the median AF/F for the last 1 second of the stimulation period in the larva (Figures 1 and 3).

In adult ‘During’ is the median AF/F of the 10 seconds of the stimulus.

To test whether the optogenetic stimulation leads to an increase in AF/F the data between ‘Before’ and
‘During’ was compared. To test for normality the Lilliefors test (Python function:
statsmodels.stats.diagnostic.lilliefors) was used with standard settings. To test for equality of variances
Levene’s test (Python function: scipy.stats.levene) was used with standard settings. To test for
differences in AF/F before and during the stimulus, the dependent t-test for paired samples
(scipy.stats.ttest_rel) was used with standard settings. Multiple test correction was done using the

Holm-Bonferroni method.

Data availability

Drosophila transgenic trains used in this study are available either from the Bloomington Drosophila
Stock Center or upon request from the authors. Custom scripts to plot all figures and run all statistical
tests in this manuscript from the included dF/F traces are available through the following repository:

https://gitlab.com/davidtadres/leaky expression publication.
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Figure 1: Leaky expression of UAS-Chrimson is the cause of false-positive calcium signal in a descending
pathway of the Drosophila larva. (A) Calcium imaging was performed on larvae of no-Gal4 parental
control flies. (B) Calcium transient of larvae grown on food with all-trans retinal (magenta) and on food
devoid of all-trans retinal (black). Grey shade indicates 590 nm stimulus with power of 47 uW/mm2. (C)
Larvae with the UAS-Chrimson transgene in su(Hw)attP1 have a significant increase in AF/F upon
stimulation (magenta). Larva grown on food devoid of all-trans retinal have no detectable calcium
transients. The star indicates a statistically significant difference (n=5 animals, paired t-test, p<0.05 upon
Holm-Bonferroni correction) (D) Example image of pixel intensity before (left) and during (right)
stimulation. (E) Calcium transients of larvae grown on food with all-trans retinal at 3 different stimulus
light intensities, 21 uW/mm?2 (light blue), 47 uW/mm2 (lilac) and 72 uW/mm?2 (purple). (F) The calcium
transients for all three stimulus light intensities are significantly higher during stimulation compared to
before. (n=5 animals, paired t-test, p<0.05 upon Holm-Bonferroni correction). (G) In this study, UAS-
Chrimson transgenes were considered in three different landing sites: su(Hw)attP1 (magenta), JK73A
(green) and su(Hw)attP5 (red, Figure 2). (H) Calcium transient of larvae with UAS-Chrimson in JK73A
landing site grown on food with all-trans retinal at 3 different stimulus light intensities, 8 uW/mm?2 (light
green), 47 uW/mm?2 (green) and 72 uW/mm?2 (dark green). (1) The calcium transients for all three
stimulus light intensities shown in panel H are significantly higher during stimulation compared to
before stimulation (paired t-test, p<0.05 upon Holm-Bonferroni correction). (J) In larvae without any
UAS-Chrimson transgene no significant change is observed during stimulation (paired t-test, p>0.05) (K)
For each biological replicate, 20 brains of 3™ instar were dissected and the mRNA was extracted. The
MRNA was used to create cDNA. The expected band size for cDNA of Chrimson is 155bp. Both larvae
with and without Gal4 produce cDNA of Chrimson. The no-reverse transcriptase control (-RT) shows that
the primers used were specific to cDNA of Chrimson. The raw calcium traces underlying this figure are
presented in Supplementary Fig. 1. In panels 1B, 1E and 1H, the thick lines represent the means of the

calcium signals computed over the medians of individual trials per experiment (thin lines).
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530 Figure 2: Leaky expression of UAS-Chrimson is the cause of false-positive calcium signal in the

531  mushroom body of the Drosophila adult. (A) Calcium imaging was performed in the y lobe of adult flies
532  that lack a Gal4 driver. (B) Calcium transients of larvae grown on food with all-trans retinal (red) and on
533  food devoid of all-trans retinal (black). Grey shade indicates 660 nm stimulus with power of 1151

534  uW/mma?2. (C) Flies with the UAS-Chrimson transgene in su(Hw)attP5 have a significant increase in AF/F
535  upon stimulation when fed with ATR (red). Flies grown on food devoid of ATR have no detectable

536  calcium transients (n=6 animals, paired t-test, p<0.05 upon Holm-Bonferroni correction). (D) Example
537  image of pixel intensity before (top) and during (bottom) stimulation in part of the y lobe in one

538  hemisphere. (E) Calcium transients of flies grown on food with ATR at 3 different stimulus light

539 intensities, 72 uW/mm?2 (light red), 288 uW/mm?2 (red) and 1151 uW/mm?2 (dark red). (F) The calcium
540  transients for all three stimulus light intensities shown in panel F are significantly higher during

541  stimulation compared to before stimulation (n=6 animals, paired t-test, p<0.05 upon Holm-Bonferroni
542  correction). The raw calcium traces underlying this figure are presented in Supplementary Fig. 2E. In
543 panels 2B and 2E, the thick lines represent the means of the calcium signals computed over the medians

544  of individual trials per experiment (thin lines).
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547 Figure 3: Testing a no-Gal4 parental control raised on retinal represents a robust strategy to rule out
548  false-positive calcium signals due to leaky expression. (A) To maximize confidence in calcium signal

549 measured in experiments aimed at establishing connectivity between pre- and post-synaptic partners,
550 the experimenter can set up a no-Gal4 control (Gal4-,ATR+) in parallel to the test genotype

551  (Gald+,ATR+). This allows comparing signal arising from the leaky expression of Chrimson and the Gal4-
552 driven expression to identify conditions of stimulation where the signal due to the leaky expression is

553 negligible. (B) In this example, Chrimson is expressed in the PDM-DN neuron which has been shown to
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554  be upstream of SEZ-DN1 neuron (Tastekin et al., 2018). (C) lllustration of the dose response of the

555  median calcium transient responses of the no-Gal4 (bottom) and Gal4 test (top) conditions over an

556  order of magnitude of stimulus intensity for 2-second light stimulations. (D) At 73 uW/mm2 and at 47
557  uW/mm?2 both the No-Gal4 control and Gal4 test conditions have a calcium transient different from

558 zero. At 8 uW/mm2 the calcium transient of the Gal4 test condition is different from zero while the no-
559  Gal4 control is not. (E) Comparisons of the peak calcium transients before and during the light

560  stimulation (n=5 animals, paired t-test, p<0.05 upon Holm-Bonferroni correction). Light stimulation of a
561  duration of 1 second and an intensity 8 uW/mm2 represents a trade-off where true-positive calcium
562 signals are detected, and false-positive signals are avoided. The raw calcium traces underlying this figure
563 are presented in Supplementary Fig. 3. In panel 3D, the thick lines represent the means of the calcium

564  signals computed over the medians of individual trials per experiment (thin lines).

565
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570  Supplementary Figure 1: Overview of raw data shown in Figure 1. Each row contains the individual
571  animals of the genotype indicated on the left. Each box shows the AF/F over time for each of the 5

572  repeats with the thinner lines in the background. The median AF/F is shown using the thick line.
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575  Supplementary Figure 2: Leaky expression of UAS-Chrimson in the adult fly brain. (A) Calcium imaging
576  was performed in the calyx and peduncle. (B) Calcium transients of adult flies grown on food with ATR
577  (red). Grey shade indicates 660 nm stimulus with power of 1151 uW/mm?2. The thick line represents the
578  median of the calcium signals computed over the individual trials (thin lines). (C) Flies with the UAS-
579  Chrimson transgene in su(Hw)attP5 have a significant increase in AF/F upon stimulation (n=4 animals,
580  paired t-test, p<0.05). (D) Data from adult flies with no Gal4 driver (n=6 animals, paired t-test, p>0.05).
581  (E) Overview of raw data shown in panels B and C, as well as in Figure 2. Each row contains the

582 individual animals of the genotype and imaging location indicated on the left. Each box shows the AF/F
583 over time for each of the 6 or 4 (horizontal lobe and calyx, respectively) repeats with the thinner lines in

584 the background. The median AF/F is shown using the thick line.

585
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588  Supplementary Figure 3: Overview of raw data shown in Figure 3. Each row contains the individual

589 animals of the genotype and light intensity indicated on the left. Each box shows the AF/F over time for
590 each of the 5 repeats with the thinner lines in the background. The median AF/F is shown using the thick
591  line.
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