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A B S T R A C T   

Monoamine neurotransmitters such as noradrenalin are released from both synaptic vesicles (SVs) and large dense-core vesicles (LDCVs), the latter mediating 
extrasynaptic signaling. The contribution of synaptic versus extrasynaptic signaling to circuit function and behavior remains poorly understood. To address this 
question, we have previously used transgenes encoding a mutation in the Drosophila Vesicular Monoamine Transporter (dVMAT) that shifts amine release from SVs to 
LDCVs. To circumvent the use of transgenes with non-endogenous patterns of expression, we have now used CRISPR-Cas9 to generate a trafficking mutant in the 
endogenous dVMAT gene. To minimize disruption of the dVMAT coding sequence and a nearby RNA splice site, we precisely introduced a point mutation using 
single-stranded oligonucleotide repair. A predicted decrease in fertility was used as a phenotypic screen to identify founders in lieu of a visible marker. Phenotypic 
analysis revealed a defect in the ovulation of mature follicles and egg retention in the ovaries. We did not detect defects in the contraction of lateral oviducts 
following optogenetic stimulation of octopaminergic neurons. Our findings suggest that release of mature eggs from the ovary is disrupted by changing the balance of 
VMAT trafficking between SVs and LDCVs. Further experiments using this model will help determine the mechanisms that sensitize specific circuits to changes in 
synaptic versus extrasynaptic signaling.   

1. Introduction 

Biogenic amines such as serotonin and dopamine regulate circuit 
function and behavior in both mammals and model invertebrates such as 
Drosophila melanogaster. While some amine receptors localize to classical 
synapses, many others localize to extrasynaptic sites (Fuxe et al., 2010). 
Amine release within classical synaptic structures is mediated by syn-
aptic vesicles (SVs) which cluster at defined presynaptic release sites 
(Dittman and Ryan, 2019). Extrasynaptic release is thought to be 
mediated in part by large dense-core vesicles (LDCVs) which, unlike SVs, 
do not cluster at presynaptic active zones (Trueta et al., 2012). The 
requirement for each type of vesicle release for most aminergic circuits is 
not known. 

Vesicular monoamine transporters (VMATs) are required for the 
storage of amines in both SVs and LDCVs (Blakely and Edwards, 2012). 
Rodents and humans contain two VMAT genes while C. elegans and 
Drosophila melanogaster contain only one (Liu and Edwards, 1997; Greer 
et al., 2005; Duerr et al., 1999). The Drosophila VMAT gene (dVMAT) 

encodes two RNA splice variants, dVMAT-A and dVMAT-B, which are 
expressed in neurons and a subset of glia, respectively (Greer et al., 
2005; Chang et al., 2006; Romero-Calderón et al., 2008). We have used 
dVMAT-A as a model for VMAT trafficking since its C-terminal, traf-
ficking domain appears similar to mammalian VMATs (Greer et al., 
2005). Mutation of a tyrosine-based endocytosis motif or deletion of the 
distal C-terminus blocks rapid internalization of dVMAT-A from the cell 
surface in cultured cells and nerve terminals in vivo (Grygoruk et al., 
2010, 2014). Mutation of the tyrosine motif or deletion of the distal 
C-terminus (the “Δ3” truncation mutant) also reduces the localization of 
dVMAT-A to SVs in vivo (Grygoruk et al., 2010, 2014). Both mutations 
also lead to a corresponding increase in the localization of dVMAT-A to 
LDCVs, although the trafficking events that cause the shift to LDCVs 
remains unclear (Grygoruk et al., 2010, 2014). 

To study the behavioral effects of dVMAT-A trafficking in vivo, we 
have previously used mutant dVMAT transgenes encoding the tyrosine 
mutant or the C-terminal deletion to “rescue” the phenotype of a dVMAT 
null mutant (Grygoruk et al., 2014). Interestingly, some behaviors 
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appeared to be severely compromised by shifting the relative amounts of 
dVMAT-A that localize SVs versus LDCVs, while others appeared to be 
minimally affected (Grygoruk et al., 2014; Wasserman et al., 2015). 
These data suggest that for some circuits, a precise balance of SV and 
LDCV release is essential, while for others, it is dispensable. However, 
we were concerned that by using transgenic expression constructs, some 
aspects of the mutant phenotype might be caused by non-physiological 
patterns of expression, or a mismatch with the endogenous develop-
mental profile of dVMAT. The introduction of mutations into the 
endogenous dVMAT gene using CRISPR-Cas9 has the potential to 
circumvent these problems. In addition, avoiding the use of transgenes 
for dVMAT expression facilitates the introduction of other transgenic 
probes for optogenetics or live imaging, both of which will be useful for 
analyzing circuit activities potentially disrupted by changes in dVMAT 
trafficking. 

Most Drosophila mutations generated via CRISPR-Cas9 have used 
double stranded (ds) homologous repair and vectors that include a 
screening marker, such as dsRED (Gratz et al., 2013; Sebo et al., 2013; 
Yu et al., 2013). Although the subsequent removal of dsRED or other 

markers can leave a small DNA scar, this is irrelevant for large deletions 
and “knock outs”. By contrast, even a small scar can be disruptive if 
introduced within a coding sequence. The splice acceptor site for the last 
coding exon of dVMAT-A is adjacent to the trafficking domain, further 
increasing the risk for disrupting trafficking via mutations in this region. 
“Scarless”/“seamless” dsDNA repair represents one method to precisely 
introduce point mutants without introducing any other changes in the 
genomic DNA sequence (Xie et al., 2014; Ye et al., 2014; Gotze et al., 
2022; Paquet et al., 2016). Single stranded (ss) DNA homologous repair 
represents an alternative approach and does not require the specific 
recognition sequence used for some ds scarless methods (Xie et al., 2014; 
Ye et al., 2014; Soldner et al., 2011; Yang et al., 2013). In addition, ss 
repair has been suggested to be less prone to random integration events 
and may be more efficient than ds methods (Boel et al., 2018). 

Most ssDNA repair methods employ a relatively short (~100 bp) 
oligonucleotide, prohibiting inclusion of a cDNA encoding a visible 
marker to assist in screening transformants. Co-conversion techniques in 
which a second marker gene is mutagenized may be used to circumvent 
this problem (Levi et al., 2020), but necessitate the use of multiple 

Fig. 1. CRISPR-Cas9 based mutagenesis and phenotypic screen for mutants. 
A. The neuronal isoform of dVMAT (dVMAT-A) contains at least two trafficking motifs (yellow rectangles) within the C-terminal cytoplastic domain, which allow 
sorting to both synaptic vesicles (SVs) and large dense-core vesicles (LDCVs). B. Ablation of this domain disrupts dVMAT-A trafficking to SVs and increases trafficking 
to LDCVs. C. dVMAT gene expresses two splice variants. D. The splice acceptor site for dVMAT-A is proximal to a dileucine motif. E. The ssDNA repair construct 
mutated four base pairs (magenta). F. The BgllI site allows cleavage of a PCR product in dVMATΔ3 that is uncut in WT.G. A western probed for DVMAT. H. 
Quantitation of the DVMAT bands normalized to a CSP loading control. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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sgRNAs and increase the possibility of off-target effects. Molecular 
screening techniques for point mutants also have been proposed 
(Touroutine and Tanis, 2020) and include the relatively simple addition 
of novel restriction sites into the repair vector (Cong et al., 2013). 

We have taken an alternative strategy to precisely modify the dVMAT 
gene without a visible marker to identify founders, and used a primary 
phenotypic screen based on our prior experiments using dVMAT trans-
genes (Grygoruk et al., 2014). Since dVMAT transgenes that disrupt 
trafficking to SVs show reduced female fertility (Grygoruk et al., 2014), 
we reasoned that fertility could be used to screen for generation of the 
same mutation in the endogenous gene via CRISPR-Cas9. We report here 
the generation of the new allele dVMATΔ3. We have used the dVMATΔ3 

mutation to analyze which sites within the oviposition circuit may be 
disrupted by changes in dVMAT trafficking. 

2. Results 

2.1. Generation of a dVMAT allele and phenotypic screening 

dVMAT-A, the neuronal splice variant of dVMAT, contains dileucine 
and tyrosine-based trafficking motifs within the C-terminus (Fig. 1A) 
(Greer et al., 2005; Grygoruk et al., 2010, 2014). A dVMAT-A transgene 
lacking this region (“Δ3”) showed reduced trafficking to SVs and 
increased trafficking to LDCVs (Fig. 1B) (Grygoruk et al., 2014). The 
splice acceptor site for the last coding exon of dVMAT-A is adjacent to a 
dileucine motif and the site used to introduce a stop codon in the Δ3 
mutant (Fig. 1C and D) (Greer et al., 2005; Grygoruk et al., 2010, 2014). 
To introduce a stop codon at the same site within the endogenous 
dVMAT gene without disrupting the nearby DNA sequence, we designed 
a single stranded (ss) DNA repair construct. Four bases in total were 
changed (Fig. 1E, magenta) to introduce the stop codon, mutate the 
guide PAM, and introduce a silent BglII site to facilitate genotyping. 
Note that the premature stop codon is contained within the BglII site. 

Our initial attempt using oligos with a total length of 200 bp failed 
(not shown), and others have suggested that, counterintuitively, shorter 
ssDNA oligos may be more effective (Yang et al., 2013). We therefore 
repeated the same procedure using an oligo with a total length of 90 bp 
(for sequence see Methods). One hundred embryos were injected with 
the guide RNA and ssDNA repair template to produce germline mosaics. 
Five progeny from each germline mosaic were mated to a balancer and 
backcrossed to generate 500 lines of which 450 survived. Homozygous 
females from each line were selected by the absence of the Cy marker 
and crossed to wild type males to assay for potential defects in female 
fertility. Of the 450 lines tested, 57 lines from 17 different germline 
mosaics exhibited a decrease in the number of eggs per vial by visual 
inspection. 

As a secondary screen, we used PCR to amplify a 1-kb region 
bracketing the site of the mutation and the new BglII site. The presence 
of two bands at 460 and 580-bp rather than an uncleaved 1-kb PCR 
product indicated the presence of the BglII site and the premature stop 
codon (Fig. 1F). To confirm the presence of the mutated stop codon, 
genomic DNA was extracted from 57 candidates of the original 450 
lines. Of the first 16 that were analyzed by PCR, seven were confirmed to 
contain the BglII site. The PCR products were then sequenced to deter-
mine whether the PAM site was also mutated and to rule out additional 
spurious mutations. The PCR products of the remaining 41 fly lines were 
subjected to Sanger sequencing to simultaneously interrogate all of the 
mutated sites. Of the 57 lines we sequenced, 23 contained the intended 
four base pair mutations without any additional changes. An additional 
30 of the 57 lines (30/450 of total fly lines from 12 germline mosaics) 
contained missense mutations, insertions or deletions other than the 
intended changes. Four lines were false positives and later determined to 
be both genotypically and phenotypically wild type. We selected five of 
the sequenced lines for further analysis: four that contained the intended 
mutations without any additional spurious changes (Δ3A, Δ3B, Δ3C, 
Δ3D) and one that was genotypically and phenotypically wild type 

(WT). The WT control line was used as a genetically-matched control for 
later molecular and behavioral assays. 

We probed the selected lines for dVMAT protein expression using a 
previously described antibody to the N-terminus of dVMAT-A (1G, H) 
(Romero-Calderón et al., 2008) and an anti-CSP loading control (1H). 
We did not detect a significant difference between the four dVMATΔ3 

mutant lines, the WT control and an additional wild type (Canton S) 
control (Fig. 1G and H). These data are consistent with our previous 
observations using transgenic dVMAT mutants which indicate that 
disruption of fertility in response to altered trafficking can occur inde-
pendent of any changes in expression levels (Grygoruk et al., 2014). 

2.2. Phenotypic analysis 

To more precisely quantitate the apparent defect in oviposition used 
for screening, we performed fertility (Fig. 2A) and fecundity (Fig. 2B) 
assays as previously described (Simon et al., 2008). Both fertility and 
fecundity were markedly reduced in lines containing the dVMATΔ3 

mutant compared to control, but slightly higher than the null dVMAT 
mutant, which we have previously shown to lay few if any eggs (Simon 
et al., 2009) (Fig. 2A and B). By contrast, larval locomotion of the 
dVMATΔ3 mutant lines did not significantly differ from the genetically 
matched WT control or CS larvae (Fig. 2C). 

Since the four dVMATΔ3 mutant lines behave similarly and showed 
similar levels of protein expression, we chose one (Δ3A) for further 
analysis. The survival of the Δ3A mutant line was reduced compared to 
the WT control (Fig. 2D) and showed a slight increase in feeding 
(Fig. 2E). These data are consistent with the results obtained using UAS- 
DVMAT− Δ3 transgene to genetically rescue the dVMAT null and vali-
date our previous observation that dVMAT trafficking mutants disrupt a 
subset of amine-dependent circuits, but have less severe effects on others 
(Grygoruk et al., 2014). Our current results also demonstrate the use of 
ssDNA repair and a phenotypic screen to introduce point mutations into 
a gene with a previously identified phenotype. 

2.3. Site of the fertility defect 

Some mutations that disrupt octopaminergic signaling cause defects 
in ovulation with retention of eggs within the ovary (Simon et al., 2009; 
Deady and Sun, 2015); by contrast, other mutants have been reported to 
primarily manifest defects downstream of ovulation and retain eggs 
within the calyx and oviducts (Cole et al., 2005). To specifically deter-
mine if dVMATΔ3 would show a defect in ovulation, we quantified the 
number of mature follicles and the distribution of eggs within the 
reproductive tract. We find that the ovaries in dVMATΔ3 mutant contain 
an elevated number of mature follicles relative to controls (Fig. 3A). In 
addition, most eggs were found in the ovaries in the mutant (Fig. 3B), in 
contrast to the controls and WT flies in general, in which eggs rapidly 
pass through the reproductive tract (Sun and Spradling, 2013). These 
data suggest that dVMATΔ3 causes a defect in ovulation (Deady and Sun, 
2015). 

The entire female reproductive tract in Drosophila is innervated by 
octopaminergic neurons from the ventral nerve cord, and multiple 
events in the reproductive tract in addition to follicle cell rupture are 
thought to be regulated by octopamine (White et al., 2021; Rezaval 
et al., 2014; Rodriguez-Valentin et al., 2006; Yoshinari et al., 2020; 
Pauls et al., 2018; Hana and Lange, 2017; Avila et al., 2012; Lee et al., 
2003, 2009; Lim et al., 2014; Middleton et al., 2006). We have shown 
that octopamine regulates contraction of the lateral oviducts in 
Drosophila (Deshpande et al., 2022), raising the possibility that 
dVMATΔ3 might disrupt oviduct contractility. To test this, we introduced 
a transgenic probe for optogenetic stimulation into the dVMATΔ3 

background. We used Tdc2-LexA to express the channelrhodopsin 
variant ChR2-XXL in octopaminergic neurons and optogenetically 
stimulated Tdc2+ neurons for 30 s. To help quantify contractions, we 
expressed the calcium reporter, RCaMP1b, in the oviduct muscles using 
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the muscle-specific driver 24B-GAL4. To determine if the response 
would be depleted by multiple periods of stimulation, the stimulus was 
repeated a second time after a 30 s rest period. We did not detect a 
difference in the number of contractions between mutant and control 
during either of the stimulation periods (Fig. 3C). 

3. Discussion 

In vitro studies have revealed fundamental information about the 
molecular machinery responsible for transporter trafficking (Li et al., 
2022; Wu et al., 2015; Moron et al., 2003; Xu et al., 2022; Ragu Varman 
et al., 2021; Sun et al., 2020). Additional in vivo models are required to 
determine the effects of transport on behavior and the contribution of 
the endogenous milieu to transport activity (Ingram et al., 2021; Bu 
et al., 2021; Fagan et al., 2020; Gowrishankar et al., 2018; Bowton et al., 
2014; Meinke et al., 2022; Fischer et al., 2022; Kasture et al., 2019; 
Haase et al., 2021; Janickova et al., 2017). The expression of mutations 
as exogenous transgenes represents a powerful approach to determine 
how alterations in trafficking may disrupt behavior; however, transgenic 
expression systems may not fully capture the regulatory patterns of the 
endogenous gene. The use of transgenes for gene expression can also 
complicate the use of additional transgenic probes for neuronal stimu-
lation and imaging. Here we report the use of CRISPR-Cas9 to disrupt 
trafficking signals in the C-terminus of the endogenous dVMAT locus, 
and initial phenotypic analysis of the new allele. 

We screened a relatively large number of lines (450 total from 100 
injected founders) to ensure that we would obtain a candidate. Although 
it is difficult to predict the efficiency of a given homologous repair 
construct, the number of candidates we obtained suggest that smaller 
phenotypic screens for other mutations may be sufficient, assuming that 
the oligo repair construct is optimized to ≤90 bp (Yang et al., 2013). We 
suggest that a phenotypic screen may be used to identify CRISPR-Cas9 
mutants in other genes in cases in which standard marker-based 
screens using a dsDNA construct are not convenient, e.g., because a 
site for a scarless insertion is not apparent. In addition, the presence of 
DNA repeats can complicate the generation of the relatively large ho-
mology arms used for some ds repair constructs. Indeed, parallel at-
tempts to generate a dsDNA construct for introduction of a premature 
stop codon in dVMAT were hampered by repeats in the 3’ UTR (data not 
shown). 

Consistent with our previous findings using a dVMAT-Δ3 transgene, 
we find that the endogenous CRISPR-Cas9 mediated dVMATΔ3 mutation 
impairs female fertility and fecundity, but has no detectable effect on 
baseline, larval locomotion (Grygoruk et al., 2014). We also show 
retention of mature follicles in the ovaries, suggesting that loss of syn-
aptic signaling or an increase in extrasynaptic signaling may disrupt 
follicle rupture. Follicle rupture is mediated by OAMB (Deady and Sun, 
2015) and future experiments will more specifically explore the rela-
tionship between octopamine release by dVMATΔ3 and the response of 
OAMB receptors in follicle cells. 

It is possible that dVMATΔ3 directly disrupts follicle cell rupture by 
changing octopamine release within the ovaries. Alternatively, it is 

(caption on next column) 

Fig. 2. Phenotypic analysis. Fertility (A), fecundity (B) and larval locomotion 
(C) were assayed for four genotypically verified dVMATΔ3 mutants, a WT con-
trol line genotypically wild type at the dVMAT locus and wild type Canton S 
flies (CS). One-way ANOVA with Bonferroni’s multiple comparisons test, p ≤
0.0001****, mean indicated as horizontal lines. No significant differences in 
locomotion (C) were detected between mutant and wildtype larva (One way 
ANOVA). D. Adult survival on standard food was quantified for one of dVMATΔ3 

alleles (Δ3A) and a WT control with Kaplan Meier analysis by Mantel-Cox Test, 
p ≤ 0.0001****, N = 200 per group, median survival WT = 32.5 days, Δ3A =
22.0 days. E) Quantification via spectrophotometry of ingested blue dye (n =
27–28 groups of 10 flies), two-tailed unpaired t-test (p ≤ 0.0332*). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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possible that octopaminergic synapses in the CNS upstream of the 
reproductive tract are indirectly responsible for this phenotype. The 
methods we have established to express optogenetic and imaging 
transgenes in the dVMATΔ3 mutant background will be useful to explore 
upstream elements of the oviposition circuit in future experiments. Here, 
we have used optogenetics coupled with live imaging to analyze the 
effects of dVMATΔ3 on oviduct contractility downstream of ovulation. We 
do not detect a difference between dVMATΔ3 and wild type controls for 
the contraction of lateral oviduct muscle in response to optogenetic 
stimulation of octopaminergic neurons. These data indicate that at least 
one element of the oviposition circuit downstream of ovulation is not 
disrupted by dVMATΔ3. However, octopamine also regulates dilation of 
the oviducts, another process downstream of ovulation that may influ-
ence fertility (Rodriguez-Valentin et al., 2006; Deshpande et al., 2022). 
Dilation can be easily visualized when the reproductive tract is dissected 
out of the abdomen and octopamine is bath-applied to the reproductive 
tract (Rodriguez-Valentin et al., 2006; Deshpande et al., 2022). Unfor-
tunately, visualization of dilation is difficult with the intact preparations 
that we have used here and are required for optogenetic stimulation of 
octopamine neurons within the abdominal ganglion (Deshpande et al., 
2022). Since we cannot test the effects of dVMATΔ3 using bath-applied 
octopamine, we cannot rule out the possibility that dVMATΔ3 causes a 
defect in oviduct dilation. 

In sum, while other aspects of the oviposition circuit may be dis-
rupted by dVMATΔ3, our current data suggest that retention of mature 
eggs in the ovaries is likely to be responsible for the decrease in fertility. 
Moreover, at least some downstream processes such as oviduct con-
tractions appear to be unaffected by a shift in octopamine release from 
SVs to LDCVs. 

Since all of the aminergic neurotransmitters recognized by dVMAT– 
including dopamine, serotonin and octopamine– have been implicated 
in both feeding and survival, the mechanisms by which dVMATΔ3 causes 
alterations in these processes may be complex. Flies that lack octop-
amine have been shown to have substantially reduced lifespan (Li et al., 
2016). Octopamine also regulates metabolic rate, physical activity, 
feeding rate, and food choice (Li et al., 2016) and both octopamine and 
serotonin regulate insulin secreting cells (Luo et al., 2012, 2014). Se-
rotonin has been proposed to modulate food intake based on the phar-
macological inhibition of the 5-HT2A receptor (Gasque et al., 2013) and 
mutation of 5-HT2A receptor decreases protein feeding and extends 
lifespan (Munneke et al., 2022). Activation of a small subset of seroto-
nergic neurons can induce flies to feed regardless of satiation and may 
encode hunger (Albin et al., 2015). Dopaminergic neurons signaling in 
the mushroom body have been implicated in learning and memory of 
nutrients and sweet taste (Huetteroth et al., 2015; Yamagata et al., 
2015). We speculate that some of these circuits may be disrupted in the 
dVMATΔ3 mutants, and that this may be responsible for reduced lifespan 
and increased feeding that we observe, but further experiments will be 
needed to explore specific pathways. 

In future experiments, we will use additional drivers to express 
RCaMP in subsets of additional neurons to analyze the effects of 
dVMATΔ3 on aminergic circuits unrelated to oviposition, including those 
shown to regulate feeding and survival. Other circuits of interest include 
an octopaminergic pathway in the visual system that regulates the 
response of flies to odor plumes during flight (Wasserman et al., 2015). 
Ongoing experiments will determine whether the dVMATΔ3 line repli-
cates the visual behavior phenotype that we have previously seen using 
a UAS-DVMAT-Δ3 transgene (Wasserman et al., 2015). If so, expression 
of RCaMP in visual system neurons combined with dVMATΔ3 may be 
used to investigate the underlying mechanisms. 

Our previous data indicates that the dVMAT-Δ3 transgene traffics less 
to SVs, and we speculate that some aspects of the dVMATΔ3 phenotype is 
due to a decrease in amine release from SVs. However, in addition to a 
decrease in sorting to SVs, we have previously shown that the 
dVMAT− Δ3 transgene localizes more to LDCVs than the wild type 
transporter (Grygoruk et al., 2014). Therefore, it is possible that increase 

Fig. 3. dVMATΔ3 mutants retain mature eggs in their ovaries. 
A. Quantification of mature follicles in female ovaries post egg-laying in con-
trols expressing a WT dVMAT allele (grey) and the Δ3A dVMATΔ3 mutant (blue) 
derived from the same genetic background. Graphs show individual datapoints 
and group means, (WT n = 19 flies and Δ3A n = 20 flies, two-tailed unpaired t- 
test, p ≤ 0.0001****). B. Location of the egg within the reproductive tract (RT) 
after 6 h of mating. Graphs show mean ± 95% confidence interval, (n = 54 flies 
for WT control and 60 flies for Δ3A), Fisher’ exact test (p ≤ 0.001***). C. 
Optogenetic stimulation of Tdc2-LexA » LexAop-ChR2-XXL in flies harboring 
dVMATΔ3 (Δ3A) mutant (blue) or a WT dVMAT allele derived from w1118 

(black, Control/“Cont.”) induces similar numbers of lateral oviduct contrac-
tions. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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in amine release from LDCVs may also contribute to the dVMATΔ3 

phenotype. Further experiments using mutations that more specifically 
disrupt sorting to SVs, may resolve this issue. Alternatively, it may not be 
possible to reduce dVMAT sorting to SVs without increasing its locali-
zation to LDCVs; another mutation (Y600A) also led to an increase in the 
localization of dVMAT to LDCVs (Grygoruk et al., 2014). We speculate 
that, at least in flies, there may be communication between the path-
ways for biogenesis and/or recycling of SVs and LDCVs, and at present, 
we can only conclude that the dVMATΔ3 phenotype results from a 
change in the balance of amine release between SVs and LDCVs. 

The variety of octopamine-dependent processes within the oviposi-
tion circuit and the CNS provide a model to further probe the effects of 
dVMAT trafficking on circuit function. We speculate that further ex-
periments using dVMATΔ3 coupled with optogenetics and imaging will 
help to elucidate the circuit properties that govern synaptic versus 
extrasynaptic signaling. 

4. Methods 

4.1. Husbandry 

Mixed populations of male and female flies were raised on cornmeal- 
molasses agar media at 25 ◦C and 20–40% humidity with a 12-h light/ 
dark cycle. 

4.2. Mutagenesis and screening 

Potential sites for CRISPS-Cas9 based mutagenesis in the dVMAT 
gene were selected using the online program CRISPR Optimal Target 
Finder (http://targetfinder.flycrispr.neuro.brown.edu/) and the guide 
RNA sequence gattgcagTCTTTGATCTA. The guide RNA vector was 
constructed by self-annealing the oligonucleotide containing the guide 
sequence plus 5′ and 3’ recognition sites for the expression vector (CTTC- 
gattgcagTCTTTGATCTA) and its reverse complement (TAGATCAAA-
GActgcaatc-CAAA), followed by ligation into a unique BbsI site in the 
vector pU6-2-BbsI-chiRNA (Gratz et al., 2013). The single guide RNA 
plasmid was co-injected (Best Gene, Inc.) with the 90-nt single-stranded 
repair oligonucleotide acccatacccttttccatttcatttctgtgattgcagTCTTA-
GATCTGCAGACGCGATCGGGCTCAGGTACGTTATGTAACCTATCAAAA 
(mutated bases underlined) into vas-Cas9 expressing embryos (BDSC 
#51323). Of the 120 injected embryos,100 survived to adulthood and 
were mated to the balancer line Tft/CyO for two generations to obtain 
450 stable lines expressing the mutagenized chromosome over CyO. To 
phenotypically screen for the presence of a dVMAT mutant, individual 
females from each line homozygous for the mutagenized chromosome 
were mated to wild type (Canton S) males and vials were visually 
inspected for evidence of reduced fertility and fecundity. To verify the 
presence of the mutation and the absence of spurious changes, genomic 
DNA from each one of the 57 lines was isolated and subjected to PCR 
using the primers TATGTATGCTCCATTGCTGACG and CCAAA-
GAAGGACTCTCACAAGC. PCR products were digested with BglII (NEB) 
followed by gel electrophoresis and/or DNA sequencing using the oligo 
TATGTATGCTCCATTGCTGACG (Genewiz). 

4.3. Western blots 

For western blots, 10 heads per genotype (5 males, 5 females) from 
flies aged 3–7 days were homogenized in 140 mM NaCl, 10 mM Tris-Cl 
pH 8.0, 0.5 mM EGTA, 1% Tx-100, 0.1% sodium deoxycholate, 0.1% 
SDS, with a protease inhibitor cocktail (Roche cOmplete Mini). 
Following centrifugation to remove debris (13000g, 5 min, ambient 
temperature) the supernatant was mixed with 1/5 volume of 5X SDS- 
PAGE sample buffer. One head-equivalent per lane was loaded on a 
10% polyacrylamide gel and transferred to nitrocellulose. The top and 
bottom portions of the blot were probed with a rabbit primary antibody 
to the dVMAT amino terminus (1:1000 (Romero-Calderón et al., 2008),) 

or mouse anti-CSP (1:1000, Developmental Studies Hybridoma Bank) 
respectively (2 h, RT) followed by the appropriate HRP-conjugated 
secondary antibodies (anti-mouse, 1:2000, MEMD Millipore Corp, 
anti-rabbit, 1:2000, Invitrogen). The blot was washed and exposed to the 
HRP substrate SuperSignal West Pico PLUS (Thermo Scientific) and 
imaged on an Azure Biosystems C400 scanner. The area under the peak 
of bands representing dVMAT and CSP were quantified (ImageJ/Fiji) 
and dVMAT signal normalized to the CSP loading control for comparison 
across samples. 

4.4. Larval locomotion 

Two to three larvae were placed on the food for 30 s to acclimate and 
locomotion was scored as the number of 0.4 cm grids crossed over 2 min. 
Their speed was calculated as centimeters per second (cm/s) using 
Multi-Worm Tracker software (Swierczek et al., 2011). 

4.5. Survival 

Flies were housed in vials (5 males, 5 females per vial) and scored for 
survival each day until all flies were dead. Two hundred flies per ge-
notype were tested. 

4.6. Fertility 

Flies were collected under CO2 anesthesia 0–5 days before mating. 
One virgin female was mated with four w1118 males in vials at room 
temperature. Twelve days after mating, parents were removed. Candi-
dates were scored as fertile if the vial contained at least one larva, pupa, 
or adult over the subsequent twelve days. A population of 70 flies were 
tested five times in replicate experiments. Fertility is expressed as the 
proportion of the population capable of producing at least one viable 
progeny. 

4.7. Fecundity 

Five females of the indicated genotype were mated to five w1118 

control males in a vial for 3 days. Mated flies were passed into a new vial 
each day for 12 days. The number of eggs laid per vial on each day was 
scored manually. Twenty flies per genotype were tested and the number 
of eggs were counted each day for 12 days. Fecundity is expressed as 
number of eggs laid per female per day over 12 days. 

4.8. Mature follicle quantification 

Five-day-old females fed with wet yeast for one day and mated to 10 
wild type Canton S males (5 females: 10 males) in bottles. After two 
days, ovaries were dissected from twenty flies per genotype, stained 
with DAPI, and mounted, with stage 14 mature follicles within each 
ovary quantified as described (Deady and Sun, 2015). 

4.9. Egg distribution within the reproductive tract 

To determine the location of the egg in the reproductive tract, single- 
pair matings were set up between one virgin female and one Canton S 
male. Flies were allowed to mate for 6 h, an interval sufficient for all 
females to reach a steady state level of ovulation and egg laying (Deady 
and Sun, 2015; Sun and Spradling, 2013). Females were then frozen 
(− 80 ◦C, 5 min) and reproductive tracts were dissected to examine the 
location of the eggs. 

4.10. Optogenetics and live-imaging 

All flies used for optogenetic experiments contained two copies of 
Tdc2-LexA and one copy each of, LexAop-ChR2-XXL, 24B-GAL4, and 
UAS-RCaMP1b and were homozygous for either dVMATΔ3 or a wild type 
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dVMAT allele. In contrast to the behavioral experiments in which the WT 
dVMAT allele was contained within the same genetic background as 
dVMATΔ3, the WT dVMAT allele used in the optogenetic experiments 
was contained within the transgenic parents and thus originally derived 
from w1118. Mixed cultures of males and female flies were reared in low- 
light conditions (to avoid uncontrolled stimulation of ChR2) on standard 
cornmeal-molasses agar media containing 80μМ retinol for 2 days, from 
4 to 6 days post-eclosion. At 6 days post-eclosion female flies were 
pinned, ventral side up to a Sylgard platform and immersed in HL3.1 as 
described (Deshpande et al., 2022). The ventral cuticle at the junction 
between the thorax and abdomen and a portion of the abdomen was 
carefully removed to expose the abdominal ganglion and the oviducts 
respectively. The preparations were imaged using an upright Zeiss 
AxioExaminer microscope fitted with a 10× immersion objective and a 
custom filter set that included a dual band excitation filter with peaks at 
484 nm and 561 nm (FF01-484/561), a 593 nm high pass dichroic 
(FF593-Di03), and the single band emission filter (FF01-620/52). Two 
collimated LED light sources (565 nm and 470 nm, Thorlabs) were 
coupled using a “custom multi-LED source for microscope illumination” 
and passed through the epifluorescence light path of the microscope for 
visualization of the oviducts or optogenetic stimulation respectively. 
Following 1 min of baseline recording, optogenetic stimulation using the 
470 nm LED was initiated manually via the driver (DC2200, Thorlabs) 
for 30 s followed by a 30 s rest period and a second 30 s stimulation 
period. Contractions were manually counted as described (Deshpande 
et al., 2022). 

4.11. Feeding assay 

Groups of ten flies 3-5-days old were starved for 24 h on 1% agar 
medium as a water source. After starvation, flies were transferred to blue 
food (10% sucrose, 5% active yeast, 1% agar, and 4% blue food dye 
(McCormick) and allowed to feed for 15 min. The amount of blue food 
dye ingested was measured using spectrophotometric measurement of 
the blue dye as previously described (Albin et al., 2003). In brief, 10 flies 
were homogenized in 400 μL PBS and centrifuged (14,000 rpm for 3 min 
at ambient temperature). 250 μL of the supernatant was aspirated into a 
fresh tube, avoiding the pelleted debris and re-centrifuged (14,000 rpm, 
3 min, at ambient temperature). 200 μL of the supernatant was loaded 
into a 96 well microplate for absorbance readings (Biotek Synergy 2 
Multi-Mode Plate Reader). The corrected absorbance of the dye was 
calculated by subtracting the absorbance at 750 nm (outside of blue dye 
profile) from the absorbance at 630 nm (peak of blue dye) as previously 
described (Albin et al., 2003). 
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