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the period of free-running rhythms
in Drosophila melanogaster

Aishwarya Ramakrishnan' and Vasu Sheeba’?*

SUMMARY

A neuronal circuit of ~150 neurons modulates rhythmic activity-rest behavior of
Drosophila melanogaster. While it is known that coherent ~24-hr rhythms in loco-
motion are brought about when 7 distinct neuronal clusters function as a network
due to chemical communication amongst them, there are no reports of communi-
cation via electrical synapses made up of gap junctions. Here, we report that gap
junction proteins, Innexins play crucial roles in determining the intrinsic period of
activity-rest rhythms in flies. We show the presence of Innexin2 in the ventral
lateral neurons, wherein RNAi-based knockdown of its expression slows down
the speed of activity-rest rhythm along with alterations in the oscillation of a
core-clock protein PERIOD and the output molecule pigment dispersing factor.
Specifically disrupting the channel-forming ability of Innexin2 causes period
lengthening, suggesting that Innexin2 may function as hemichannels or gap junc-
tions in the clock circuit.

INTRODUCTION

Drosophila melanogaster is widely used as a model organism in circadian biology due to its robust, easily
quantifiable behaviors, and relatively few neurons regulating them (Allada and Chung, 2010). The adult
D. melanogaster circadian circuit is composed of about 150 neurons distributed bilaterally in the brain
and divided into the lateral and dorsal neuronal clusters (reviewed in Sheeba, 2008). Each cell has a ticking
molecular clock composed of a self-sustained transcriptional translational feedback loop made up of
several genes, among which the core clock genes are Clock, cycle, period, and timeless. The period of mo-
lecular oscillations in mRNA and protein within the pacemaker neurons mirror the period of rhythmic loco-
motor activity-rest behavior (Hardin, 2005). Several previous studies have shown that these individual clus-
ters function as a network, although it is not entirely clear how these neuronal clusters with distinct intrinsic
periodicities (Yoshii et al., 2009), together bring about one coherent period of the behavioral activity
rhythm. Early studies of Drosophila clock neuronal network have shown that under constant darkness
and temperature (DD 25°C), the small ventral lateral neurons (s-LNv) and core clock in these cells are neces-
sary for the persistence of activity-rest rhythms (Helfrich-Férster, 1998; Renn et al., 1999). s-LNv release neu-
ropeptide Pigment dispersing factor (PDF) in the dorsal part of the brain via their projections in a time-of-
day dependent manner (Park et al., 2000). PDF receptor (PdfR) is widely distributed in most clock neurons in
the circuit (Hyun et al., 2005; Mertens et al., 2005), most of them being responsive to PDF (Shafer et al.,
2008), thus establishing its role as an important synchronizing factor in the circadian circuit. Apart from
PDF, several other neuropeptides and neurotransmitters have been implicated to play diverse roles in
the chemical communication among circadian neurons (Beckwith and Ceriani, 2015).
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eight members of the Innexin family named Innexin1-8 (Bauer et al., 2005). Functions of several of the In-
nexin classes have been characterized extensively during development and recently in behaviors exhibited
by adult flies (Guiza et al.,, 2018).

Studies which suggest a role for gap junctions in modulating circadian behavior have been mostly under-
taken in mammals. The mammalian circadian clock cells which are part of the suprachiasmatic nucleus
(SCN) express a number of different Connexins (Welsh and Reppert, 1996; Colwell, 2000; Rash et al.,
2007). Gap junction coupling in the intact SCN tissue has been demonstrated with tracer molecules and
by electrical stimulation and recording membrane potential in neighboring cells (Jiang et al., 1997; Colwell,
2000; Shinohara et al., 2000). Gap junctions are also involved in synchronous firing of coupled cells in the
SCN neuronal network (Wang et al., 2014). Specifically, knockout of Connexin36 (Cx36) in mice, blocks
intercellular electrical coupling between SCN neurons and results in lower amplitude of circadian locomo-
tor activity rhythms and a decrease in overall activity levels under constant conditions (Long et al., 2005).
However, a later study shows that the absence of Cx36 does not affect the synchronous PER protein oscil-
lations in SCN neuronal network although the Cx36 knockout mice have lengthened period of wheel-
running activity as compared to control mice (Diemer et al., 2017). While electrical coupling among SCN
neurons is important for synchronous firing, as well as for output behavior, the underlying mechanisms
are poorly understood. To the best of our knowledge, in invertebrates, there has been only one study in
the cockroach species, Leucophaea maderae, where, use of gap junction blockers results in desynchron-
ized firing of accessory medulla neurons, the anatomical site of their circadian pacemakers (Schneider
and Stengl, 2006). However, in the D. melanogaster circadian pacemaker circuit, there have been no re-
ports of a systematic investigation of the roles played by gap junctions in modulating circadian rhythms.

We performed a screen to identify if gap junction genes have functions in the Drosophila circadian circuit.
We found that the levels of two gap junction genes innexin1 (ogre) and Innexin2 determine an integral clock
property, its free-running period. We demonstrate that Innexin2 is expressed in the circadian pacemaker
neurons and knockdown of its levels causes the rhythm in locomotor activity to slow down. We also observe
that oscillation of the core molecular clock protein PERIOD is delayed in most circadian neurons upon In-
nexin2 knockdown along with a change in the levels of neuropeptide PDF in the s-LNv dorsal projections.
Thus, we provide evidence of a functional role for gap junction proteins in the circadian pacemaker circuit
of D. melanogaster and suggest possible mechanisms for the same.

RESULTS
RNAi knockdown screen of Innexins in clock neurons

To examine the role of Innexins in the fly circadian network, we performed a RNAi knockdown screen where
we downregulated the expression of each of the eight classes of Innexin genes using a broad Gal4 driver
(timA3Gal4) (Kaneko and Hall, 2000) that targets all the ~150 known circadian neurons and examined
rhythm properties under constant darkness (DD 25°C) (Figure 1; Table 1). We observed a significant length-
ening of free-running period both in case of knockdown of innexin1 (inx1) and Innexin2 (Inx2), as compared
to their parental controls (Figures 1A, 2A, left, and 2B; Table 2), while no change in period was detected
upon knockdown of the other 6 Innexin classes suggesting that Innexin1 and Innexin2 play important roles
in determining the period of free-running activity-rest rhythm. We also quantified the power of the rhythm,
which is indicative of the robustness of the underlying clock (Klarsfeld et al., 2003). We found a significant
decrease in the power of the rhythm in case of knockdown of Innexin7 in one trial (Figure 1B). However, this
result was not consistent across multiple replicate experiments, and hence it is not discussed here. Impor-
tantly, we found no difference in the power of the rhythm in case of innexin1 or Innexin2 knockdown despite
significant lengthening of period (Figures 1B and 2A, right), suggestive of the fact that the robustness of the
clock was not affected. Here we detail our findings on the role of Innexin2 in the circadian clock network.

timA3Gal4 drives expression in many cells in the brain, most of the circadian pacemaker neurons, neurons
in the optic lobe and some glial cells (Kaneko and Hall, 2000). Hence, we also used another driver,
Clk856Gal4 which has a narrower expression pattern as compared to timGal4, but targets most clock neu-
rons, except maybe few DNs (Gummadova et al., 2009). Innexin2 knockdown using Clk856Gal4 also re-
sulted in the lengthening of free-running period of experimental flies as compared to their respective
parental controls (Figures 2C, left and 2D; Table 2). Consistent with previous results, no significant differ-
ence in the power of the rhythm was observed in case of Innexin2 knockdown using the Clk856Gal4 (Fig-
ure 2C, right). We also observed period lengthening with a second Innexin2 RNAI construct (BL 80409)
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Figure 1. RNA interference screen of Innexins in the clock neurons under DD 25°C

(A) Mean free-running period of flies with individual Innexin (Innexin 1-8) genes knocked down are being plotted along
with their common Gal4 control (timGal4; dcr) and respective UAS controls (UAS Innexin RNAI).

(B) Power of rhythm in case of individual knockdown of all the eight classes of Innexins along with their relevant parental
controls are being plotted (n > 20 flies for each genotype). See Table 1 for more details. Error bars are SEM. Free-running
period and power values are determined using Chi-square periodogram for a period of 8 days. All statistical comparisons
were performed using one-way ANOVA with genotype as a fixed factor, followed by post-hoc analysis using Tukey’s
Honest Significant Difference (HSD) test.

which is present on a different chromosome suggesting that the period lengthening phenotype seen
is an effect of Innexin2 knockdown and not because of positional effects of transgene insertion (Figures
S1A and S1B).

Innexin2 functions in the adult brain to modulate the free-running period of locomotor
activity rhythm

Since several previous studies have shown that Innexin2 plays crucial roles during several developmental
processes in Drosophila (Bauer et al., 2002, 2004; Holcroft et al., 2013) we asked if the period lengthening
seen in our experiments is due to defects in development of the circadian pacemaker circuit or due to roles
played by Innexin2 in the mature, adult circuit. To distinguish between the two possibilities, we temporally
restricted Innexin2 knockdown to the adult stages using the TARGET system (McGuire et al., 2004).
TARGET system allows for temporal expression of gene of interest under UAS control using a tempera-
ture-sensitive Gal80%, which is a repressor of Gal4. At a permissive temperature (19°C), Gal80® is active
and represses Gal4, thus UAS Innexin2 RNAi will not be expressed when flies are kept at this temperature.
At restrictive temperatures (29°C), Gal80® will be inactive; hence Gal4 will drive the expression of UAS
Innexin2 RNAI in the cells of interest. Significant lengthening of period of activity rhythm was observed
in experimental flies as compared with controls even when Innexin2 knockdown in clock neurons was
restricted to the adult stages (Figures 3A, left and 3B; Table 2), suggesting that Innexin2 has roles in the
adult circadian circuit to determine the period of free-running rhythms. Under such adult-specific Innexin2
knockdown, the power of the rhythm of experimental flies was found to be significantly lower only
compared with its UAS control (Figure 3A, right). As a complementary experiment, we also restricted
the knockdown of Innexin2 to only the developmental stages using the TARGET system. In this case, we
do not observe a significant lengthening of period in the experimental flies as compared with its controls
(Figures 3C, leftand 3D; Table 2), with no change in the power of the rhythm (Figure 3C, right) thus strength-
ening the conclusion that Innexin2 functions in the adult Drosophila circadian circuit to determine free-
running period. The efficiency of the system in repressing Gal4 was verified by expressing UAS-eGFP under
the same driver, timGal4; tubGal80™ and assessing GFP expression by immunohistochemistry in the larval
(L3) stage at 19°C and adult stages at 29°C. In the larval stages, we detect a faint trace of GFP in 1 out of 3-4
s-LNvs/hemisphere in a small fraction of brain samples (3/9) hemispheres, suggesting that tubGal80" may
have been unable to completely repress the expression of the Innexin2 RNAI construct during develop-
ment (Figure S2).
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Table 1. Effect of knockdown of Innexin1-8 in circadian pacemakers using timGal4 driver on free-running rhythm

properties

Genotype Period + SEM POR + SEM % Rhythmicity
w; timGal4; dcr 23.65 + 0.01 419.2 £ 13.19 100
tim; der > InxT RNAI 25.78 £ 0.07 385.3 + 14.55 100
tim; der > Inx2 RNAI 24.61 £ 0.07 377 £ 13.5 100
tim; der > Inx3 RNAI 23.62 £+ 0.01 409.4 + 16.76 100
tim; der > Inx4 RNAI 23.87 £ 0.09 325.8 + 14.28 100
tim; der > Inx5 RNAI 23.52 £ 0.03 321.2 £ 6.9 95.23
tim; der > Inx6 RNAI 23.8 £ 0.06 376.5 + 18.17 95.23
tim; der > Inx7 RNAI 23.73 £ 0.05 337.2 £ 91.18 100
tim; der > Inx8 RNAI 23.58 +£ 0.04 461.3 + 13.44 100
UAS Inx1 RNAI 23.5 £ 0.03 393.8 + 13.24 100
UAS Inx2 RNAI 23.54 £+ 0.02 424.2 + 16.55 92.59
UAS Inx3 RNAI 23.56 £+ 0.02 466.1 + 20.9 100
UAS Inx4 RNAI 23.49 £+ 0.03 327.5 + 11.34 95.83
UAS Inx5 RNAI 23.19 £ 0.04 314.6 + 14.84 96
UAS Inx6 RNAI 23.43 £ 0.02 437.2 £ 14.4 100
UAS Inx7 RNAI 23.56 £+ 0.03 410.9 £ 51.2 96.15
UAS Inx8 RNAI 23.5 £ 0.03 454.6 + 19.17 100

Table representing the average period (+ SEM), power of the rhythm (POR) (+ SEM) and % rhythmicity values of all the exper-
imental (tim; dcr > Inx1-8 RNA) lines used for the screen and their respective parental controls (w; timGal4; dcr) and UAS con-
trol (UAS Inx 1-8 RNAI).

Innexin2 in ventral lateral neurons is important in determining the period of free-running
rhythms

Since the knockdown of Innexin2 in all clock neurons lengthens period, we proceeded to downregulate its
expression in smaller, distinct subsets of clock neurons to determine the functional role of Innexin2 in each
of these subsets. First, we used dvpdfGal4 which targets the small and large ventral lateral neurons (s-LNv
and |-LNv, respectively), as well as 4 dorsal lateral neurons (LNd). Knockdown of Innexin2 with dvpdfGal4
results in experimental flies having significantly longer period than both its parental genotypes (Figure 4A,
left; Table 2). In this case, we also observed a significant decrease in the power of rhythm of the experi-
mental flies (Figure 4A, right). Next, we used pdfGal4 which is only expressed in the ventral lateral neurons
to knock down the levels of Innexin2. We found that the experimental flies have significantly longer period
than their parental controls (Figure 4B; Table 2), suggesting that Innexin2 functions in the ventral lateral
neurons in the circadian circuit. The period lengthening obtained in this case was similar to what was
observed with Innexin2 knockdown using timGal4. To determine the contribution of Innexin2 in LNds to
period lengthening, we downregulated the expression of Innexin2 using LNdGal4 (Bulthuis et al., 2019),
which is strongly expressed in all 6 LNd cells but not in any ventral lateral neurons except for faint expres-
sion in some I-LNvs (Figure S3A). Knockdown of Innexin2 using LNdGal4 did not significantly change the
free-running period or power of rhythm as compared with both parental controls (Figure 4C; Table 2), sug-
gesting that, under free-running conditions, Innexin2 functions in the ventral neuronal subsets among the
lateral neurons. We also downregulated Innexin2 expression in the dorsal neuronal subsets (DN1ps) using
the Clk4.1M and Clk 4.5FGal4s but found no significant difference in the period or power of rhythms from
their respective parental controls (Figures 4D and 4E; Table 2). Finally, to eliminate the contribution of other
clock neurons apart from the ventral lateral neurons, we downregulated Innexin2 expression in all clock
neurons except the LNvs using tim; pdfGal80. tim; pdfGal80 > Inx2 RNAI flies do not show a significantly
lengthened period compared with both the controls (Figure 4F, left; Table 2) and there was no change
in the power of the rhythm (Figure 4F, right), suggesting that the function of Innexin2 in the ventral lateral
subset is critical for the maintenance of speed of activity-rest rhythm. The efficiency of the pdfGal80
construct in suppressing Gal4 expression in the ventral lateral neurons was verified via immunohistochem-
istry using a GFP marker (Figure S3B). Innexin2 is widely expressed in glial cells in Drosophila both during
developmental stages and in the adult brain (Holcroft et al., 2013; Chaturvedi et al., 2014; Farca Luna et al.,
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Figure 2. Innexin2 knockdown in all clock neurons lengthens free-running period

(A) Free-running period (left) of experimental flies (tim; dcr > Inx2 RNAI) (n = 27) is significantly longer than both Gal4
control (n = 31) and UAS control (n = 29) flies, (one-way ANOVA, post-hoc Tukey's test, p < 0.001) while the power of the
chi-square periodogram (right) of the experimental flies is not significantly different from the parental controls.

(B) Representative double-plotted actograms of individual flies of each indicated genotype under constant darkness. On
each day, activity is depicted as black vertical bars across the time of day which is double plotted such that 2 consecutive
days are shown on the x axis.

(C) Free-running period (left) of experimental flies (Ck856 > dcr; Inx2 RNAI) (n = 27) is significantly longer than its Gal4
control (n = 21) and UAS control (n = 23) genotypes (one-way ANOVA, post-hoc Tukey's test, p < 0.001), whereas the
power of rhythm (right) is not different from controls.

(D) Representative double-plotted actograms of individual flies of each indicated genotype under constant darkness. On
each day, activity is depicted as black vertical bars across the time of day which is double plotted such that 2 consecutive

iScience 24, 103011, September 24, 2021 5
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Figure 2. Continued

days are shown on the x axis. Error bars are SEM, period and power values are determined using Chi-square
periodogram for a period of 8 days. All statistical comparisons were performed using one-way ANOVA with genotype
as a fixed factor, followed by post-hoc analysis using Tukey’s Honest Significant Difference (HSD) test. Data plotted is
from one out of 3 independent experiments. See Table 2; Figure S1 for more details.

2017). To examine if Innexin2 in glial cells contribute to modulate the free-running period, we downregu-
lated its expression using two glial-specific drivers, repoGal4 (pan-glial driver) and alrmGal4 (expressed in
astrocyte-like glia) (Ou et al., 2016). Fewer flies were obtained in case of Innexin2 knockdown using repo-
Gal4, probably because of developmental lethality, as reported by previous studies (Holcroft et al., 2013;
Chaturvedietal., 2014). Knockdown of Innexin2 using the above glial specific drivers did not affect the free-
running period of experimental flies as compared with control flies (Figure S4). No significant difference
was observed in the power of rhythms of experimental flies as compared to parental controls (Figure S4),
suggesting that Innexin2 in glial cells is probably not involved in modulating the free-running period. In-
nexin2, being a gap junction protein can function in cells either in the form of intercellular channels or hemi-
channels (Holcroft et al., 2013). Alternatively, many gap junction proteins, including Innexin2 have been
shown to have channel-independent functions like cell adhesion and signaling roles in gene regulation
(Dbouk et al., 2009; Elias and Kriegstein, 2008; Richard and Hoch, 2015). To distinguish between these
two roles of Innexin2 in the clock neurons, we used a previously characterized mutant, where a reporter
gene is fused with Inx2 (UAS RFP-Inx2) such that it interferes with the folding of the N-terminal domain
which is essential for channel formation, thus affecting only the channel-based functions of Innexin2 (Na-
kagawa et al., 2010; Spéder and Brand, 2014). Expression of RFP-Inx2 with timGal4 lengthens the period
of free-running rhythms in experimental flies as compared with controls without a significant change in
the power of the rhythm (Figure S5; Table 2). Similarly, expression of RFP-Inx2 under pdfGal4 driver also
lengthens the free-running period without any change in the power of the rhythm (Figure S5; Table 2).
Taken together, these results suggest that Innexin2 could function as gap junctions or hemichannels in
the ventral lateral neurons and a disruption of its channel forming domain lengthens the free-running
period.

Distribution of Innexin2 in the circadian pacemaker circuit

To investigate the distribution of Innexin2 protein in the adult Drosophila circadian circuit, we performed
immunohistochemistry using a previously characterized anti-Innexin2 antibody (Bohrmann and Zimmer-
mann, 2008). To examine the co-localization of Innexin2 with the clock neurons, we dissected the brains
of wild-type flies and stained them with antibodies against Period (PER), Innexin2, and PDF. In accordance
with our behavioral results, we find that among clock neurons, Innexin2 is expressed only in the ventral
lateral neuronal subset i.e. the small and large ventral neurons (Figures 5, top panel and S6). Additionally,
we also consistently observe Innexin2 in optic lobes co-localized with PDF marking the varicosities of I-LNv
projections. Multiple such points of co-localization are marked in the image (Figure 5, lower panel, arrow-
heads). Thus, taken together, our results from behavioral and immunohistochemistry experiments suggest
that Innexin2 protein expressed in the ventral lateral neuronal subsets of the circadian pacemaker circuit is
critical in determining the period of free-running rhythms.

The efficiency of the RNAI construct used for knockdown was examined in s-LNv and |-LNv using immuno-
histochemistry. While we find that Innexin2 levels were significantly reduced in the experimental flies in
s-LNv, we could only observe a trend in case of I-LNvs (Figure S7). This could be because of our inability
to detect a significant decrease in the levels with this given antibody concentration as Innexin2 levels
are much higher in I-LNvs. Perhaps, a lower antibody concentration can be used for detecting differences
in this case.

Knockdown of Innexin2 delays the phase of PERIOD protein oscillation in the circadian clock
network and leads to higher levels of PDF accumulation in the s-LNv dorsal terminals

In order to examine the mechanism by which Innexin2 influences the period of free-running rhythms in
Drosophila, we tracked the phase of oscillation of the core molecular clock protein, PERIOD (PER) in 6 circa-
dian pacemaker cell clusters and also the levels of the clock output neuropeptide PDF in the s-LNv dorsal
projections over a 24-hr cycle on the third day after introducing both control (dcr; Inx2 RNAI) and experi-
mental (Clk856 > dcr; Inx2 RNA)) flies into constant darkness (DD). Although Innexin2 is present only in the
ventral lateral neurons, upon Innexin2 downregulation, the oscillation of PERIOD protein is phase-delayed
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Table 2. Table depicting the genotype, no. of replicates, sample size, period and power of rhythm values when

Innexin2 is downregulated in different clock neuronal subsets

Genotype N n Period + SEM Power of rhythm + SEM
tim; dcr (Gal4 cont.) 3 30 23.6 + 0.01 419.2 + 13.1
31 23.7 £ 0.03 276.8 + 8.82
29 23.7 £ 0.06 268 + 7.1
UAS Inx2 RNAI 3 25 23.5 £ 0.02 4242 + 16.5
29 23.7 + 0.05 277.3 £ 10
29 23.7 £ 0.04 2927 £ 122
tim dcr > Inx2 RNAI 3 18 24.6 + 0.07 377 £ 135
27 247 + 0.04 249.3 + 10.52
18 24.65 £+ 0.07 2717 £ 13.7
Clk856Gal4 (Gal4 cont.) 3 21 23.4 + 0.05 337.8 + 188
29 23.6 £ 0.06 303.9 £ 11.7
22 23.7 £ 0.06 2441 £ 9.19
dcr: Inx2 RNAI (UAS cont.) 3 23 23.8 + 0.05 348.1 £+ 15.7
29 23.3 £ 0.05 2633 £ 11.7
22 24 + 0.05 273.5 £ 13.1
Clk856 > dcr; Inx2 RNAI 3 27 24.3 + 0.05 347.9 + 20.4
26 24.5 £+ 0.05 364.2 + 145
27 24.3 £+ 0.04 2725 + 11.36
tim; tubGal80® (Gal4 cont.; DD 29°C) 3 18 24.2 + 0.05 359.4 + 24.9
21 24 + 0.05 430.4 £+ 23.5
23 24 + 0.04 265.2 + 13.9
dcr; Inx2 RNAI (UAS cont.; DD 29°C) 3 15 23.3 £ 0.09 302.7 £ 37.3
14 23.3 £ 0.03 551 + 21.4
18 23.5 + 0.04 384 +£19.2
tim; tubGal80" > dcr; Inx2 RNAI (DD 29°C) 3 19 25.1 £ 0.09 533.9 + 14.9
27 24.9 £ 0.04 526.8 + 15.1
27 24.7 £ 0.05 260.9 + 9.7
tim; tubGal80" (Gal4 cont.; DD 19°C) 2 22 23.7 £ 0.08 269.8 + 13.6
26 23.6 = 0.06 2488 + 8
der; Inx2 RNAI (UAS cont.; DD 19°C) 2 22 24 £+ 0.09 279.4 £ 11.5
21 23.7 £ 0.06 232.7 + 9.38
tim; tubGal80" > dcr; Inx2 RNAI (DD 19°C) 2 23 23.5 + 0.05 231 £ 10.5
26 23.7 + 0.05 239 £12.5
dvpdfGal4 (Gal4 cont.) 26 24.1 £ 0.04 307.5 £ 17.2
dcr; Inx2 RNAI (UAS cont.) 23 23.8 + 0.03 363.9 + 12.9
dvpdf > der;Inx2 RNAI 16 25.7 £ 0.16 2344 + 11
pdfGal4 (Gal4 cont.) 2 30 24.1 £ 0.04 418.4 + 11.35
23 24.2 £ 0.06 244.5 + 10.98
decr: Inx2 RNAI (UAS cont.) 2 26 23.65 + 0.04 371.6 £ 17.7
22 24 £+ 0.05 273.5 £ 13.1
pdf > dcr; Inx2 RNAI 2 29 25 + 0.03 414.6 + 13.3
25 25.4 £ 0.05 287.4 + 9.92
LNdGal4 (Gal4 cont.) 2 13 24 £+ 0.06 524 + 34.9
24 24 + 0.03 413.4 + 14.9

(Continued on next page)
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Table 2. Continued

Genotype N n Period + SEM Power of rhythm + SEM
dcr; Inx2 RNAI (UAS cont.) 2 28 23.8 £ 0.04 4168 + 17.8
26 23.7 £ 0.04 288.9 + 13.1
LNd > dcr; Inx2 RNAi 2 18 23.8 £ 0.05 450.2 £+ 26.1
22 23.8 £ 0.04 345.5 + 14.9
Clk4.1MGal4 (Gal4 cont.) 16 23.5 £ 0.05 359.2 £ 157
Clk4.5FGal4 (Gal4 cont.) 17 23.7 £ 0.06 294.6 £ 13.2
dcr; Inx2 RNAI (UAS cont.) 16 23.8 £ 0.04 385.9 +£ 18.2
Clk4.1M > dcr; Inx2 RNAi 24 23.7 £ 0.04 358.8 + 9.97
Clk4.5F > dcr; Inx2 RNAi 14 23.8 £ 0.04 372.9 £ 19.7
tim; pdfGal80 (Gal4 cont.) 2 23 23.9 £ 0.06 3343 £ 175
30 24.3 + 0.06 328.2 + 165
dcr; Inx2 RNAIi (UAS cont.) 2 29 23.3 £ 0.05 2633 £ 11.7
27 23.8 + 0.08 317.4 £ 15.9
tim; pdfGal80 > dcr; Inx2 RNAi 2 25 24 + 0.04 310.2 + 12.4
29 24.25 + 0.07 275.2 + 14.25
timGal4 (Gal4 cont.) 28 24 + 0.05 362.9 + 13.3
pdfGal4 (Gal4 cont.) 29 24.3 £+ 0.03 393.7 + 8.79
UAS RFP-Inx2 (UAS cont.) 27 23.9 £ 0.05 385.5 + 14.2
tim > RFP-Inx2 30 24.5 + 0.05 4291 £ 11.7
pdf > RFP-Inx2 31 24.6 £+ 0.05 427.8 + 13.6

Table representing the genotype, no. of replicates, no. of flies, average period (+ SEM), average power of the periodogram
(+SEM) values in case of Innexin2 knockdown in different subsets of clock neurons.

in other clock neuronal clusters in the circuit. Using a COSINOR-based curve-fitting method (Lee Gierke
and Cornelissen, 2016), we found a significant 24-hr rhythm in PER oscillation in s-LNv in case of both con-
trol and experimental flies (Figure 6A; Table 3). The phase of PER oscillation in case of experimental flies
was significantly delayed compared to control flies (Figures 6A and S8), suggesting that Innexin2 knock-
down results in a delay in the core molecular clock protein oscillation in the s-LNv. The amplitude of oscil-
lation upon Innexin2 downregulation was not found to be different from the controls (Figure 6B). In case of
[-LNv, we could detect a significant 24-hr period for both control and experimental flies (Figure 6A and Ta-
ble 3). The phase of oscillation was also significantly delayed in experimental flies as compared to controls
(Figure 6A). The amplitude of PER oscillation in the I-LNv of experimental flies was not found to be different
from the controls (Figure 6B). However, in control flies, consistent with previous reports, the amplitude of
oscillation in I-LNv was found to be significantly lower than that of the s-LNv (Figure S9). In case of fifth
s-LNv, we were unable to detect cells at timepoints of lower intensities; hence a COSINOR-based analysis
was not performed for this cell type. Nevertheless, a scatterplot of control and experimental intensities are
represented (Figure 6A). In case of LNd, both the control and experimental flies show a significant 24-hr
rhythm in PER oscillation (Figure éA; Table 3). The phase of oscillation of PER in experimental flies was
found to be significantly delayed compared to controls (Figure 6A). The amplitude of oscillation in LNd
was not found to be different between the control and experimental flies (Figure 6B). In case of DN1,
although we could detect a significant 24-hr period in control flies, the amplitude of the oscillation was
highly dampened (Figures 6A and S9; Table 3). In experimental flies however, DN1 do not show significant
rhythmicity in PER oscillation and had overall low amplitude (Figure 6A; Table 3). PER levels in DN2 does not
show a significant 24-hr rhythmicity and is highly dampened in both control and experimental flies (Fig-
ure 6A; Table 3).

Since PDF is an important neuropeptide in the circadian pacemaker circuit for synchronization of clock neu-
rons and acts as an output signal, we examined whether Innexin2 knockdown has an effect on the PDF
levels or oscillations in the s-LNv dorsal terminal. We found that, both control and experimental flies
show a robust 24-hr oscillation in PDF levels in the dorsal projections (Figure 7A; Table 3). In contrast to
PER oscillation, there was no significant difference in the phase of PDF oscillation in experimental flies
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Figure 3. Innexin2 functions in the circadian circuit in adult stages to modulate free-running period

(A) Free-running period (left) of activity rhythm when Innexin2 knockdown in all the clock neurons is restricted to adult
stages (tim; tubGal80" > dcr; Inx2 RNAI), (n = 27) is significantly longer compared with its Gal4 control (n = 23) and
UAS control (n = 18) flies (one-way ANOVA, post-hoc Tukey's test at p <0.001). Power of rhythm (right) of the experimental
flies was found to be significantly lower only compared with the UAS control (one-way ANOVA, post-hoc Tukey's test, p
< 0.001). Data plotted is from one of 3 independent experiments.

(B) Representative double-plotted actograms of individual flies of each indicated genotype under constant darkness. On
each day, activity is depicted as black vertical bars across the time of day which is double plotted such that 2 consecutive
days are shown on the x axis.

(C) Free-running period (left) of activity rhythm in case of development-specific knockdown of Innexin2in all clock neurons
(tim; tubGal80™ > dcr; Inx2 RNAI) (n = 26) was not significantly different from its GAL4 control (n = 26) and UAS control
(n=21) genotypes, (one-way ANOVA, post-hoc Tukey's test, p >0.05) Power of rhythm (right) of the experimental flies was
not different from both the parental control genotypes. Data representative from 2 independent experiments.
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Figure 3. Continued

(D) Representative double-plotted actograms of individual flies of each indicated genotype under constant darkness. On
each day, activity is depicted as black vertical bars across the time of day which is double plotted such that 2 consecutive
days are shown on the x axis. Error bars are SEM, period and power values are determined using Chi-square periodogram
for a period of 8 days in DD 29°C (for panel A and B) and DD 19°C (for panel C and D), respectively. All statistical
comparisons were performed using one-way ANOVA with genotype as a fixed factor, followed by post-hoc analysis using
Tukey's Honest Significant Difference (HSD) test. See Table 2; Figure S2 for more details.

as compared to the control flies (Figures 7B and S10; Table 3). However, we observed that PDF levels and
amplitude was significantly higher in experimental flies as compared with the control flies (Figures 7C and
S10; Table 3), suggesting that Innexin2 levels could affect neuropeptide release from the s-LNv.

DISCUSSION

The neuronal and molecular mechanisms underlying circadian rhythms have been extensively studied in
Drosophila melanogaster for many years now. Yet, we do not have a complete understanding of how
free-running behavioral rhythms with a near 24-hr periodicity are generated by the network. Although
membrane properties have been shown to be important for circadian behavior in Drosophila and there
are some reports from mammalian studies on the role played by gap junctions in SCN neural network, there
have been no systematic studies investigating the importance of electrical synapses in the circadian pace-
maker circuit in Drosophila. We report here that gap junction genes play important roles in the Drosophila
circadian pacemaker circuit to influence the period of free-running rhythms. Our RNAi screen revealed that
Innexin2 levels in the LNv, a critical subset of the circadian network can affect the speed of the clock and
alter the phase of oscillation of the core-clock protein PER and the amplitude of oscillation of the output
neuropeptide PDF in the s-LNv dorsal projection.

Innexin2 functions in the mature, adult circadian circuit to influence free-running periodicity

Most of the studies which focus on the role of Innexins in Drosophila have described it extensively during
development (Guiza et al., 2018), however in the recent past, several reports have implicated their roles in
mature, adult nervous systems to modulate complex behaviors like learning, memory, and sleep (Liu et al.,
2016; Troup et al., 2018; Wu et al., 2011). We find that Innexin2 plays predominant roles in the adult circa-
dian circuit to influence the period of free-running rhythms. We also show that loss of Innexin2 during devel-
opment in clock neurons does not affect the free-running period as adults. While previous studies have
shown critical roles for Innexin2 in various aspects of nervous system development (Holcroft et al., 2013),
our studies do not detect any defects in pace-making function of clock neurons due to the absence of In-
nexin2 in most clock neurons during the developmental stages. Interestingly, Innexin2 knockdown with
dvpdfGal4 (Figure 4A), gives a greater period lengthening compared with other drivers. Since the only dif-
ference between dvpdf and pdfGal4 driver expression in the adult brain is that the former also targets the
LNd neuronal subset (Bahn and Lee, 2009), we used LNdGal4 (Bulthuis et al., 2019) to target all 6 LNds,
which did not result in significant period lengthening as compared with controls. Furthermore, we do
not observe any Innexin2 expression in the LNd neurons. Therefore we speculate that the difference in
period lengthening seen here is due to difference in the strength of RNAi mediated knockdown by the
drivers.

Innexin2 phase-shifts the molecular clocks in circadian neurons

We found that, among clock neurons, Innexin2 is present and functions solely in the small and large ventral
lateral neuronal subsets. Several previous studies have shown the importance of s-LNv and PDF in the circa-
dian network under constant darkness to generate free-running rhythms of near 24-hr periodicity (Renn
et al., 1999; Grima et al., 2004; Stoleru et al., 2004; Park et al., 2000; Yoshii et al., 2009; Sheeba et al.,
2008a, 2008b; Yao and Shafer, 2014; Dissel et al., 2014; Schlichting et al., 2019; Delventhal et al., 2019).
Since, Innexin2 is present in the s-LNv and influences the free-running period, we investigated the under-
lying mechanism. As a first step toward the same, we examined the phase of oscillation of molecular clock
protein PERIOD on the third day of DD in both control and experimental flies in which Innexin2 was knocked
down in all clock neurons. We found that the phase of the molecular clock is delayed in most clock neurons
even though Innexin2 was only found to be present in the LNv. This is similar to what has been observed in
case of Cx36 mutants in SCN where lack of Cx36 affects period of behavioral rhythms but does not
affect the amplitude or synchrony among molecular clocks in the SCN slices (Long et al., 2005;
Diemer et al., 2017). Phase of PER oscillations in case of s-LNv, I-LNv, and LNd cell types in experimental

10 iScience 24, 103011, September 24, 2021

iScience



iScience

¢? CellPress

OPEN ACCESS

A —N B Yy
45 3 mEEdvpdfGald <  EEEpdfGal4
B dcr; Inx2 RNAI dcr; Inx2 RNAI
I dvpdf > dcr; Inx2 RNAI I pdf > dcr; Inx2 RNAI
27 800 27 800
c
..... c el & @ B
= 26 £ 600 . b . = 26 a c £ 600
S z = -~ |E
225 & w 400 2 25 5 400
[ - 2 3 o - ° -
o ) o — )
24 2 200 ’T‘ 24 2 200
o - o
23 000 23 000
c Gy D 48 = @3
" E) . =miLNdGal4 S W C/k4.5F Gald
“4 .,' dcr; Inx2 RNAI “., .,“ dcr; Inx2 RNAI
/) B Nd > dcr; Inx2 RNAi / p /) W Clk4.5F > dcr; Inx2 RNAi
27— 800 27 800
26 E€e600f = ® ° | _ 26 Eeo0f - o b
£ € < g
o < e T £
825] o b | Z400 2 251 « 400
£ : S
24 — | & 200; 24 e - | 200
157 Shillil,
23 000 23l L° 000
E 7 FY . mmClIka.1MGal4 F W (imGal4; pdfGal8o
“., .,‘ dcr; Inx2 RNAI C 3 .,“ dcr; Inx2 RNAI
W C/k4.1M > dcr; Inx2 RNAI W tim; pdfGal80 >
g dcr; Inx2 RNAI
27 800 27 800
__ 26 Eeo0f . . . . 26 2 b a ab b
£ S <
° £ 3 B
2 251 . | 400 2 —
a g & 24 |7
“@ar = |:_| S 200 23
23 m - 000 22

Figure 4. Innexin2 knockdown in ventral lateral neurons lengthens free-running period

Depiction of adult Drosophila brains with the box indicating the circadian neuronal subsets targeted.

(A) Free-running period (left) of experimental flies (dvpdf > dcr; Inx2 RNAI) (n = 16) is significantly longer than both its Gal4
control (n = 26) and UAS control (n = 23) genotypes (one-way ANOVA with post-hoc Tukey's test, p < 0.001) Power of
rhythm (right) of the experimentals is significantly lower than both the parental genotypes (one way ANOVA with post-hoc
Tukey's test, p < 0.001).

(B) Free-running period (left) of experimental flies (pdf > dcr; Inx2 RNAI) (n = 29) is significantly longer than both its Gal4
control (n = 30) and UAS control (n = 26) genotypes, (one-way ANOVA with post-hoc Tukey's test, p < 0.001). Power of
rhythm (right) of the experimental flies is not significantly different from its parental genotypes.

(C) Free-running period (left) of experimental flies (LNd > dcr; Inx2 RNAI) (n = 22) is only significantly different from its Gal4
control (n = 24) and not from its UAS control (n = 26) genotype (one-way ANOVA, post-hoc Tukey's test, p < 0.01). Power of
rhythm (right) of the experimentals is significantly different from its parental genotypes (one-way ANOVA, post-hoc
Tukey's test, p < 0.05).

(D) Free-running period (left) of experimental flies (Clk 4.5F > dcr; Inx2 RNAI) (n = 14) is not significantly different from its
Gal4 control (n = 17) and UAS control (n = 16) genotypes. Power of rhythm (right) of the experimental flies is significantly
different only from its Gal4 control (one-way ANOVA with post-hoc Tukey’s test, p < 0.01).

(E) Free-running period (left) of experimental flies (Clk 4.1M > dcr; Inx2 RNAI) (n = 24) is significantly different only from its
Gal4 control (n = 16) and not from its UAS control (n = 16) genotype (one-way ANOVA, post-hoc Tukey's test, p < 0.01).
Power of rhythm of experimental flies is not different from its Gal4 and UAS control genotypes.
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Figure 4. Continued

(F) Free-running period (left) of experimental flies (tim; pdfGal80 > dcr; Inx2 RNAI) (n = 29) is significantly different only
from its UAS control (n = 27) and not from its Gal4 control (n = 30) genotype (one-way ANOVA, post-hoc Tukey's test,
p < 0.01). Power of rhythm (right) of experimental flies is only significantly different from its Gal4 control genotype (one-
way ANOVA, post-hoc Tukey's test, p < 0.05). Error bars are SEM, period values are determined using Chi-square
periodogram for a period of 8 days. All statistical comparisons were performed using one-way ANOVA with genotype as a
fixed factor, followed by post-hoc analysis using Tukey’s Honest Significant Difference (HSD) test. See Table 2; Figure S3,
for more details. Adult brain depictions are created with BioRender.

flies were found to be significantly delayed as compared with control flies. Although the amplitude of PER
oscillations was not different between the experimental and control flies in each of these cell types, ampli-
tude of oscillations in I-LNv in control flies were significantly lower than the s-LNv. It has been observed in
several previous studies that amplitude of PER oscillation in the I-LNv dampens under constant darkness
(Yang and Sehgal, 2001; Shafer et al., 2002; Peng et al., 2003; Roberts et al., 2015) similar to our experiment.
In case of LNd, we find that the molecular clock in Innexin2 knockdown flies is delayed as compared with
controls. Although the amplitude of oscillations in LNds in control flies is not significantly different from s-
LNvs, we do observe lower amplitude values. This could be because LNds are a heterogeneous cell group
which are differentially coupled to the s-LNvs (Yao and Shafer, 2014) and the low amplitude values could be
the result of averaging PER intensity across these different cell types. In case of DN1, we observe highly
dampened rhythms in control flies, similar to previous studies which have reported less robust rhythms,
with patterns of dampening amplitude and loss of coherent rhythmicity in DN1 over 6 days in DD (Roberts
et al., 2015; Yoshii et al., 2009). Lack of rhythmicity in DN1 in case of experimental flies could be
explained by the fact that these cells receive conflicting signals from s-LNv and LNd with different period-
icities (Zhang et al., 2010). In case of DN2, neither the control nor the experimental flies show significant
24-hr rhythmicity but have highly dampened rhythms. Although PDFR is expressed in DN2, molecular clock
in DN2 was found to be independent of the control of s-LNv and do not seem to have profound effects on
rhythmic activity-rest behavior in DD (Stoleru et al., 2005). Thus, overall our results indicate that Innexin2
influences the free-running period via the molecular clock and reduced Innexin2 levels result in delay in
clock protein oscillations across the circuit. Since Innexin2 is present and functions only in the LNvs, we hy-
pothesize that it affects the phase of molecular clocks in the LNv, which is then transmitted to the entire
network possibly via PDF.

Mechanism of action of Innexin2 in circadian neurons

The mechanism of action of gap junctions have been well-studied in case of Connexins and not so much in
case of Innexins, although the basic structure and function of the two types of proteins are similar (Beyer
and Berthoud, 2018). Gap junctions in nervous systems are known to facilitate synchronous firing of neurons
which can also affect the release of neuropeptide and neurotransmitters. Other than being involved in elec-
trical coupling, gap junctions also facilitate cell to cell passage of secondary messengers and small mole-
cules with less than 1 kDa size or they can act as hemichannels and facilitate transport between cells and
extracellular matrix (Nielsen et al., 2012).

How does a gap junction protein localized to the membrane of LNv affect the phase of molecular clock pro-
tein oscillations in the network and the free-running period? We propose two possible hypotheses for the
mechanism by which Innexin2 in LNv membrane could affect the molecular clock oscillations in circadian
neurons. The first possibility is that Innexin2 could be involved in electrical coupling and synchronous
neuronal firing among the LNv and its absence results in desynchronized firing which could affect the
release of PDF from the LNv. This hypothesis is supported by previous studies in mammals which show
that SCN neurons of gap junction mutants fire action potentials in a desynchronized manner (Long
et al., 2005). Similar desynchronization of clock neuronal firing was also reported in invertebrates when
gap junction blockers were applied to the bath while recording from accessory medulla region (Schneider
and Stengl, 2006). While the significance of synchronized firing of circadian neurons for rhythmic behavior is
unclear, examples from other instances have suggested that a pre-synaptic group of neurons are most effi-
cient in driving post-synaptic sites when their firing is synchronized (Long et al., 2005). In our experiments,
we find that the amplitude of PDF oscillation and level of PDF in the s-LNv dorsal projections is significantly
higher when Innexin2is downregulated. Several previous studies have shown that PDF acts to lengthen the
period of the circadian network and that overexpression or ectopic expression of PDF in the dorsal proto-
cerebrum lengthens the period of activity rhythms, leads to desynchronization of activity-rest behavior and
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Figure 5. Innexin2 is expressed in the small and large ventral lateral neurons in the circadian pacemaker circuit

Representative images of Drosophila adult brains showing the distribution of INX2 protein among clock cells. Flies were dissected at ZT12 and stained with
anti-INX2 antibody and co-stained with anti-PDF for identification and co-localization with ventral lateral neurons. INX2 was found to be predominantly
localized to the small and large ventral lateral neurons (s-LNv and I-LNv) among the clock neurons (arrows, top panel). INX2 was also found to be present in the
varicosities of I-LNv projections in the optic lobes (arrowheads, bottom panel). Brightness and contrast of representative images were adjusted to facilitate
better visualization. Arrows are used to indicate s-LNvs and |-LNvs. Scale-bar represents 55 um, n = 12 brain samples were imaged. See also Figure S6.

molecular clocks in the circadian neurons (Helfrich-Forster et al., 2000; Wilbeck et al., 2008; Shafer and
Yao, 2014).

An alternate possibility could be that Innexin2 is necessary to maintain the appropriate membrane poten-

tial of the LNv at specific times of the day or to regulate the number, frequency, or pattern of action poten-
tial firing in these cells. Disruption of the temporal pattern of firing in case of Innexin2 knockdown could
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Figure 6. Knockdown of Innexin2 delays the oscillation of PER in clock neuronal subsets

(A) Scatterplots of PER staining intensities in each of the bilaterally located six distinct neuronal clusters of the circadian
pacemaker network of both the control (dcr; Inx2 RNAI) and experimental (Clk856 > dcr; Inx2 RNA)) flies plotted at
different time-points over a 24-hr cycle on third day of DD. Each dot represents the mean PER intensity value averaged
over both the hemispheres of one brain. The black and red lines are the best fit COSINE curve from the parameters that
were extracted using COSINOR analysis. Polar-plots are depicting the acrophase of PER oscillation in control (dcr; Inx2
RNA)) (black lines) and experimental flies (Clk856 > dcr; Inx2 RNAI) (red lines) in 3 distinct neuronal clusters of the circadian
pacemaker network where both control and experimental genotypes show a significant 24-hr rhythm in COSINOR
analysis. The acrophase values obtained after COSINOR curve fitting are shown as solid lines and the error (95% Cl values)
is depicted as dashed lines around the mean for all the cell types. Non-overlapping error values indicate that phase values
of experimental flies are significantly different from controls as seen in the case of s-LNv, I-LNv, and LNd.

(B) Amplitude values obtained from COSINOR curve fits are plotted for control and experimental flies for those cell groups
which show significant 24-hr rhythms (s-LNv, I-LNv and LNd). Error bars are 95% Cl values calculated from the standard error
obtained from COSINOR analysis. Overlapping error bars indicate that amplitude values of experimental flies are not
significantly different from controls. COSINOR analysis was implemented using the CATCosinor function from the CATkit
package written for R (Lee Gierke and Cornelissen, 2016). See Table 3; Figures S8 and S9 for more details. n > 7 brain samples
both in case of control and experimental flies in most cell types (s-LNv, I-LNv, LNd, DN1) and all time points except for DN2.
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Table 3. Parameters obtained on fitting a COSINOR curve of 24-hr periodicity on the PER intensity data obtained
on DD day3 for each of the circadian neuronal subsets and PDF intensity in s-LNv dorsal projections over a 24-hr

cycle

Cell type p value PR Amplitude + SE Phase + SE
s-LNv control <0.05 53.7 33.82 + 4.28 —321.1 £ 6.15
s-LNv experimental <0.05 62.8 25.3 £ 2.59 -50.12 £ 7.13
[-LNv control <0.05 11.8 8.52 + 3.19 —295.46 + 18.38
I-LNv experimental <0.05 28.7 1241 £ 2.64 —82.94 + 12.05
LNd control <0.05 23.8 18.16 + 4.77 —306.69 + 11.78
LNd experimental <0.05 32.9 1511 £ 2.94 —57.67 + 13.89
DN1 control <0.05 13.88 8.19 + 3.01 —247.28 + 20
DN1 experimental >0.05 9.88 8.3 + 3.48 —75.34 £ 25.3
DN2 control >0.05 3.58 5.07 £+ 4.99 —89.82 + 36.5
DN2 experimental >0.05 1.94 272 +£3.38 —47.2 £ 67.5
PDF in DP control <0.05 35.36 117 £ 0.2 =52.71 £ 11.39
PDF in DP experimental <0.05 58.73 2.34 £ 0.25 —65.41 £ 6.63

Table representing the parameters obtained after fitting a COSINE curve on the PER and PDF intensity data obtained over a
24-hr period for all the circadian neuronal subsets on third day of constant darkness. The parameters represented are p-
values and percent rhythm (PR) to test for significant 24-hr periodicity, and the amplitude and phase values along with their
respective standard errors (SE).

translate into a delay in the molecular clocks in LNvs which in turn could be transmitted to other neurons in
the circuit via PDF. Previous studies have shown that membrane excitability states of the LNv can affect
both the core molecular clock and properties of activity-rest rhythms (Nitabach et al., 2002, 2006; Mizrak
et al.,, 2012). Indeed, there is some evidence to suggest that gap junctions affect the frequency of firing
of action potentials in the I-LNv membrane. A study by Cao and Nitabach (Cao and Nitabach, 2008) using
gap junction blocker Carbenoxolone in the bath showed that blocking electrical synapses in the I-LNvs re-
duces the frequency of firing of action potentials in these cells. Presently, it is not clear how these changes
in firing frequency may alter the core molecular clock in circadian pacemakers; however studies performed
on neurons from the dorsal root ganglion suggest that expression levels of many genes are highly affected
by firing frequency (Fields et al., 1997; Lee et al., 2017).

These two hypotheses cannot be considered as mutually exclusive and the actual mechanism of gap junc-
tional modulation could be a combination of the two. While current experiments do not allow us to test
these hypotheses, further experiments need to be done to address the following questions. Do Innexin2
mutant flies exhibit time-of-day dependent oscillations in membrane potential in the LNv? Does knock-
down of Innexin2 affect the absolute membrane potential value of LNv as compared with controls or
does it affect the synchronous firing of those neurons? These questions can be addressed by electrophys-
iological recording of the LNv although recording from the s-LNv can be technically challenging. An alter-
nate approach would be to measure the spontaneous calcium activity rhythms in the LNvs, as well as all the
other cells of the circuit in a time-of-day-dependent manner which can reveal changes in the membrane
and biochemical states in circadian pacemaker neurons (Liang et al., 2016).

Apart from their roles in forming gap junctions, Innexin2 can also function as an intercellular signaling
molecule in the circadian neurons. Do Innexin2 form gap junctions/hemichannels in the LNv? From our
experiments with the Innexin2 mutant which selectively abolishes channel-based functions (Spéder and
Brand, 2014), we can infer that Innexin2 probably works as gap junctions or hemichannels in these cells,
although their other cellular roles cannot be completely excluded. Gap junction hemichannels can be
classified as homomeric or heteromeric, i.e. composed of the same or different classes of gap junction
proteins, respectively. Intercellular channels are called homotypic if the hemichannel is made up of a sin-
gle protein and heterotypic if each of the two hemichannels are made of different type of proteins (Faber
and Pereda, 2018). Previous studies have reported that Innexin2 can form functional heteromeric
gap junctions with Innexin1, Innexin3, or Innexin4 and form homotypic gap junctions with itself to
facilitate passage of ions and/or secondary messengers or small molecules (Bauer et al., 2003;
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Figure 7. Innexin2 knockdown affects the amplitude of PDF oscillation in the s-LNv dorsal projection

(A) Scatterplots of PDF intensity in the s-LNv dorsal projection of both the control (dcr; Inx2 RNAI) and experimental
(Clk856 > dcr; Inx2 RNAI) flies plotted at different time-points over a 24-hr cycle on the third day of DD. Each dot
represents the mean PDF intensity value averaged over both the hemispheres of one brain. The black and red lines are the
best-fit COSINE curve from the parameters that were extracted from the COSINOR analysis.

(B) Polar-plots depicting the acrophase of PDF oscillation in control (der; Inx2 RNAI) and experimental flies (Ck856 > dcr;
Inx2 RNAI). The phase values obtained after COSINOR curve fitting are shown as solid lines and the error values (95% Cl)
are depicted as dashed lines around the mean. Overlapping error bands indicate that the experimental phases are not
significantly different from controls.

(C) Amplitude values obtained from COSINOR curve fits are plotted for control and experimental flies. Error bars are 95%
Cl values calculated from the standard error obtained from COSINOR analysis. Non-overlapping error bars indicate that
experimental lines are significantly different from controls. COSINOR analysis was implemented using the CATCosinor
function from the CATkit package written for R (Lee Gierke and Cornelissen, 2016) See Table 3; Figure S10 for more
details. n > 9 brain samples both in case of control and experimental flies for all timepoints.

Bohrmann and Zimmermann, 2008; Holcroft et al., 2013) or it could function as hemichannels (Holcroft
etal., 2013). Since, we do not observe any period lengthening in case of Innexin3 or Innexin4 knockdown,
the only possibilities are Innexin2 forming functional heteromeric gap junction with Innexin1 or homo-
typic gap junctions with itself. Alternatively, Innexin2 can also function as hemichannels and facilitate
coupling between the cell and extracellular matrix. However, this needs further validation. The recently
developed technique by Wu et al. (Wu et al., 2019) to demonstrate functional electrical coupling among
cells — Pairing Actuators and Receivers to optically ISolate gap junctions could prove to be useful. Appli-
cation of this method to determine functional electrical coupling among the clock neurons would be
important to answer these questions.

Taken together, our findings highlight a hitherto unknown role for Innexins in the adult circadian pace-
maker circuit of D. melanogaster in determining free-running period of activity rhythms and reveals that
circadian timekeeping is brought about by a combination of electrical and chemical synapses in the under-
lying neuronal network.
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Limitations of the study
e This study relies on RNAi-mediated knockdown of Innexin2. Hence, it is yet unknown how the com-
plete loss of Innexin2 affects clock function. Since homozygous mutants of Innexin2 are lethal, tissue-
specific knockout of Innexin2 using the CRISPR-Cas? system would be helpful.

e Knockdown of Innexin2 affects the levels and amplitude of PDF cycling in the s-LNv dorsal terminals,
itis also associated with changes in phase of downstream neurons. While we speculate that altered
PDF cycling in s-LNv results in the changes seen downstream, whether it is causal is yet unknown.

e Ourresults suggest a role for Innexin2, a membrane protein in modulating the phase of a core circa-
dian clock protein; however, at this stage we provide no evidence for changes in membrane prop-
erties nor mechanistic information regarding how clock speed is affected.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-PER (Rabbit) Obtained from Jeffrey Hall, Brandeis N/A

Anti-PDF (C7, Mouse)

Anti-Innexin2 (cytoplasmic loop; Guinea pig)

Anti-GFP (chicken)

University

Developmental Studies Hybridoma
Bank (DSHB)

Obtained from Michael Hoch and Reinhard

Bauer, University of Bonn

Life Technologies

RRID: AB_760350
AB_2315084

Bohrmann and Zimmermann (2008)

Cat. No. A10262; RRID: AB_2534023

Experimental models: Organisms/strains

UAS Innexin1 RNAi

UAS Innexin2 RNAI

UAS Innexin3 RNAi

UAS Innexin4 RNA

UAS Innexin5 RNA

UAS Innexin6 RNA

UAS Innexin7 RNAi

UAS Innexin8 RNAi

UAS eGFP

UAS tubGal80™

UAS Innexin2 RNAi
Clk4.1MGal4

Clk4.5FGal4

UAS dicer-2 (Il chromosome)
UAS dicer-2 (lll chromosome)

Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre
Bloomington Stock Centre

Bloomington Stock Centre

RRID:BDSC_44048
RRID:BDSC_42645
RRID:BDSC_60112
RRID:BDSC_27674
RRID:BDSC_28042
RRID:BDSC_44663
RRID:BDSC_26297
RRID:BDSC_57706
RRID:BDSC_6874

RRID:BDSC_7017

RRID:BDSC_80409
RRID:BDSC_36316
RRID:BDSC_37526
RRID:BDSC_24650
RRID:BDSC_24651

iScience

repoGal4 Bloomington Stock Centre RRID:BDSC_7415
alrmGal4 Bloomington Stock Centre RRID:BDSC_67032
tim(A3)Gal4 Obtained from Todd Holmes, UC Irvine (Kaneko and Hall, 2000)
pdfGal4 Obtained from Todd Holmes, UC Irvine (Renn et al., 1999)
Clk856Gal4 Obtained from Orie Shafer, ASRC, CUNY (Gummadova et al., 2009)
pdfGal80 Obtained from Helfrich-Forster, University Stoleru et al. (2004)
of Wurzburg
dvpdfGal4 Obtained from Michael Rosbash, Brandeis (Bahn and Lee, 2009)
University
LNdGal4 Obtained from Daniel Cavanaugh, Loyola (Bulthuis et al., 2019)
University
UAS RFP-Inx2 Obtained from Andrea Brand, University (Spéder and Brand, 2014)
of Cambridge
Software and algorithms
Graphpad Prism 9.0 Graphpad software SCR_002798
https://www.graphpad.com/scientific-software/prism/
ClockLab Actimetrics https://actimetrics.com/products/clocklab/
RhythmicAlly Abbhilash and Sheeba, 2019 https://github.com/abhilashlakshman/RhythmicAlly

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

DAM Filescan Trikinetics (Pfeiffenberger et al., 2010)
Fiji-lmageJ Schindelin et al., 2012 https://imagej.net/software/fiji/
Cosinor function from Chronomics (Lee Gierke and Cornelissen, 2016) https://rdrr.io/cran/CATkit/man/CatCosinor.html
Analysis Toolkit (CAT)

ActogramJ Schmid et al., 2011 https://bene51.github.io/ActogramJ/
Other

Drosophila Activity Monitor (DAM) Trikinetics (Pfeiffenberger et al., 2010)

DAM Drosophila Environmental monitors Trikinetics (Pfeiffenberger et al., 2010)
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Sheeba Vasu (sheeba@jncasr.ac.in).

Materials availability

® No new reagents are generated in this study.

® Further information and requests for resources and reagents should be directed to the lead contact,
Sheeba Vasu (sheeba@jncasr.ac.in).

Data and code availability

e All data will be made available upon email request to the lead contact, Sheeba Vasu (sheeba@jncasr.ac.in).
® This paper does not report original code.

® Any additional information required to re-analyse the data reported in this paper will be available upon
email request to the lead contact, Sheeba Vasu (sheeba@jncasr.ac.in).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly lines and husbandry

All genotypes were reared on standard cornmeal medium under LD (12 hr Light: 12 hr Dark) cycles and
25°C, unless specified otherwise. The transgenic lines used in this study are UAS Innexin1 RNAi, UAS
Innexin2 RNAI, UAS Innexin2 RNAIi (BL 80409), UAS Innexin3 RNAI, UAS Innexin4 RNAI, UAS Innexin5
RNAi, UAS Innexin6 RNAi, UAS Innexin7 RNAIi, UAS Innexin8 RNAi, UAS eGFP, UAS tubGal80®,
Clk4.1MGal4, Clk4.5FGal4, pdfGal4, tim(A3)Gal4, Clk856Gal4, pdfGal80, dvpdfGal4, LNdGal4, repoGal4,
alrmGal4, UAS RFP-Inx2. See key resources table for more details on the transgenic lines and their source.

For experiments involving temporal knockdown during the adult stages, the flies were reared at a permis-
sive temperature of 19°C from embryonic stages till 3 days after eclosion to allow for repression of Gal4 by
tubGal80" and facilitate proper development including the final pruning of synaptic connections in the ner-
vous system. The flies were then transferred to LD 12:12 at 29°C and then assayed under constant darkness
and restrictive temperature of 29°C. For experiments involving temporal knockdown of Innexin2 during
developmental stages, the flies were reared at restrictive temperature of 29°C from embryonic stages till
3 days after eclosion to allow for Gal4 expression. The flies were then transferred to LD 12:12 at 19°C
and then assayed under constant darkness and permissive temperature of 19°C.

METHOD DETAILS
Locomotor activity rhythm assay

Individual virgin male flies (4-6 days old) were housed in glass tubes (length 65 mm, diameter 7 mm) with
corn food on one end and cotton plug on the other end. Locomotor activity was recorded using the
Drosophila Activity Monitors (DAM, Trikinetics, Waltham, United States of America). Experiments were
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conducted in incubators manufactured by Sanyo (Japan) or Percival (USA) with controlled light and temper-
ature conditions.

Immunohistochemistry

Brains from adult male Drosophila (4—6 days old) were dissected in ice-cold Phosphate buffered saline (PBS)
and fixed immediately after dissection in 4% Paraformaldehyde (PFA) for 30 min. The fixed brains were then
treated with blocking solution (10% horse serum) for 1-hr at room temperature and additional 6-hr at 4°C
(additional incubation is only given in case of staining with anti-PER antibody to reduce staining of non-spe-
cificbackground elements), followed by incubation with primary antibodies at 4°C for 24-48 hr. The primary
antibodies used were anti-PER (rabbit, 1:20,000, kind gift from Jeffrey Hall, Brandeis University), anti-PDF
(mouse, 1:5000, C7, DSHB), anti-GFP (chicken, 1:2000, Invitrogen), anti-INNEXIN2 (guinea pig, 1:50, kind
gift from Michael Hoch, University of Bonn). After incubation, the brains were given é6-7 washes with
0.5% PBS + Triton X-(PBT) after which they were incubated with Alexa-fluor conjugated secondary anti-
bodies for 24-hr at 4°C. The following secondary antibodies were used, goat anti-chicken 488 (1:3000,
Invitrogen), goat anti-rabbit 488 (1:3000, Invitrogen), goat anti-mouse 546 (1:3000, Invitrogen), goat anti-
mouse 647 (1:3000, Invitrogen), goat anti-guinea pig 546 (1:3000, Invitrogen). The brain samples were
further washed 6-7 times with 0.5% PBT, cleaned and mounted on a clean, glass slide in mounting media
(7:3 glycerol: PBS). Exact same procedure was followed for experiments where immunostaining of larval
brains (L3 stage) was required.

QUANTIFICATION AND STATISTICAL ANALYSIS
Activity data analysis

Raw data obtained from the DAM system were scanned and binned into activity counts of 15 min interval
using DAM Filescan. Data was analyzed using the CLOCKLAB software (Actimetrics, Wilmette, IL) or Rhyth-
micAlly (Abhilash and Sheeba, 2019). Values of period and power of rhythm were calculated for a period of
7-8 days using the Chi-square periodogram with a cut-off of p = 0.05. The period and power values of all the
flies for a particular experimental genotype were compared against the parental controls using one-way
ANOVA with genotype as the fixed factor followed by post-hoc analysis using Tukey’s Honest Significant
Difference (HSD) test. The details on the statistical comparisons and the no. of flies used in a given
experiment are indicated in the respective figure legends section. Representative actograms were gener-
ated using ActogramJ plugin of ImageJ (Schmid et al., 2011).

Image acquisition and analysis

The slides prepared for immunohistochemistry were imaged using confocal microscopy in a Zeiss LSM880
microscope with 20x, 40x (oil-immersion) or 63x (oil-immersion) objectives. Image analysis was per-
formed using Fiji software (Schindelin et al., 2012). In the samples, clock neurons were classified based
on their anatomical locations and expression of PER/PDF. PER intensity in these neurons were measured
by selecting the slice of the z stack which shows maximum intensity, drawing a Region of Interest (ROI)
around the cells and measuring their intensities. 3-6 separate background values were also measured
around each cell and the final intensity was taken as the difference between the cell intensity and the back-
ground. For quantification of PDF in the dorsal projections, a rectangular box was drawn as ROI starting
from the point where the PDF projection turns into the dorsal brain and intensity was measured. 3-6 back-
ground values were also measured around the projection. The intensity values obtained from both
the hemispheres for each cell type for each brain was averaged and used for statistical analysis. We
used a COSINOR based curve-fitting method (Cornelissen, 2014) to estimate different aspects of rhyth-
micity like presence of a 24-hr periodicity, phase and amplitude values of the oscillation. COSINOR analysis
was implemented using the CATCosinor function from the CATkit package written for R (Lee Gierke and
Cornelissen, 2016).
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