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ORIGINAL ARTICLE

Rationally subdividing the fly nervous system with versatile expression reagents

J. H. Simpsona,b

aJanelia Research Campus, Howard Hughes Medical Institute, Ashburn, VA, USA; bMolecular, Cellular and Developmental Biology Department,
University of California, Santa Barbara, Santa Barbara, CA, USA

ABSTRACT
The ability to image and manipulate specific cell populations in Drosophila enables the investigation of
how neural circuits develop and coordinate appropriate motor behaviors. Gal4 lines give genetic access
to many types of neurons, but the expression patterns of these reagents are often complex. Here, we
present the generation and expression patterns of LexA lines based on the vesicular neurotransmitter
transporters and Hox transcription factors. Intersections between these LexA lines and existing Gal4 col-
lections provide a strategy for rationally subdividing complex expression patterns based on neurotrans-
mitter or segmental identity.
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Introduction

The ability to control the expression of transgenes in specific
neurons permits powerful interrogation of nervous system
anatomy, development and function. Drosophila has an array
of tools to label and manipulate subsets of neurons, and
these reagents are continually being improved. The UAS-
GAL4 system (Brand & Perrimon, 1993) allows flexible and
reproducible targeting of reporters and effectors to neuron
populations, and the initial GAL4 enhancer trap collections
produced many different expression patterns (Manseau
et al., 1997; Yoshihara & Ito, 2000). Additional transgenic
lines were designed using ‘cis-regulatory modules’ (potential
enhancers) of neural genes fused to the GAL4 transcription
factor and inserted into the genome randomly with transpo-
sons or at defined loci, e.g. with PhiC31 integrase. Some of
these GAL4 lines expressed in only a few neurons, while
others labeled broader numbers (Pfeiffer, Jenett, et al., 2008).
Complex expression patterns can be refined by various inter-
sectional techniques: splitGAL4, LexA, Q, and recombinase-
based strategies combine to permit precise targeting of small
numbers of neurons (reviewed in Venken, Simpson, &
Bellen, 2011).

The ability to subdivide complex Gal4 patterns by func-
tional or spatial criteria would facilitate the rational design
of intersectional experiments. Fortunately, some genes have
expression patterns that lend themselves to such an applica-
tion and several approaches have been used to develop
reagents capturing these expression patterns. For example,
TH-GAL4 was assembled using a large genomic region

around the tyrosine hydroxylase (TH) gene (Friggi-Grelin
et al., 2003) and MiMIC transposons inserted into the gene
encoding the vesicular monoamine transporter (VMAT) and
glutamic acid decarboxylase (GAD1) have been converted so
that GAL4 is produced in tandem with the normal gene
product separated by a T2A cleavage site (Diao et al., 2015;
Diao & White, 2012; Gnerer, Venken, & Dierick, 2015); see
Table 1. Here, we report the construction of reagents that
attempt to capture the expression patterns of genes that sub-
divide the nervous system by neurotransmitter identity (the
vesicular neurotransmitter transporters (VNT)) or paraseg-
ment of origin (Hox transcription factors). Primarily, we
made LexA lines by homologous recombination to permit
positive and negative intersections with existing GAL4 lines,
but other similar tools are also included (Table 1). We
describe our methods and show the expression patterns of
the resulting transgenic lines. We discuss our validation
efforts, as well as their limits, in the hope that both the expe-
riences and reagents may be of use to the community.

Methods

The expression constructs described here were built with sev-
eral genetic methods as the technology advanced over time.

Enhancer-GAL4 construction

The initial VNT Gal4 lines were assembled by PCR amplifi-
cation of the �8 kb regions upstream of predicted starts
from genomic DNA preparations of Canton S flies and

CONTACT Julie H. Simpson, Ph.D., Assistant Professor jhsimpson@lifesci.ucsb.edu Molecular, Cellular and Developmental Biology, University of California,
Santa Barbara, 3129 Bio II UCEN Rd, Santa Barbara, CA 93106-9625, USA
� 2016 Informa UK Limited, trading as Taylor & Francis Group

JOURNAL OF NEUROGENETICS, 2016
http://dx.doi.org/10.1080/01677063.2016.1248761



cloned into the pPTGAL vector (Sharma, Cheung, Larsen, &
Eberl, 2002) for P-element-based transposon insertion.
Approximately five independent inserts were obtained for
each construct; expression patterns showed significant pos-
ition effects (see Figure 1).

For the nSyb-GAL4 and nSyb-GAL80 lines, the putative
enhancer region was selected based on (Rao, Lang, Levitan,
& Deitcher, 2001).

P-element replacement

For the P-element replacements, we used a LexA enhancer
trap, pPupP65L (constructed by Andrew Seeds), an X-linked
yþGAL80 #14 (gift of Chris Potter), and X-linked

Table 1. Reagents targeting neurons based on neurotransmitter.

Transgenic line Description References

OK371-GAL4
OK371-splitGAL4-AD

Enhancer trap in VGluT locus; SplitGAL4 (VP16-AD)
line generated by P-element replacement

Original GAL4 enhancer trap: K.G. Moffat, J.B. Connolly,
J. Keane, S.T. Sweeney, and C.J. O'Kane, unpublished
data; expression pattern characterization (Mahr &
Aberle, 2006). Split (S. Gao, Takemura, et al., 2008)

VGluT-GAL4
VGluT-GAL80

Cloned cis-regulatory element inserted by P-element (Daniels et al., 2004); alternative P-element versions
(Simpson, unpublished) and Vosshall Lab

VGluT-GAL4
VGluT-GAL4-DBD
VGluT-GAL80

Converted mimic insertions (Diao et al., 2015)

VGlut-LexA Knock-in by ends out homologous recombination This work
Cha-GAL4
Cha-splitGAL4-DBD
Cha-GAL80

Cloned cis-regulatory element inserted by P-element (Salvaterra & Kitamoto, 2001); splitGAL4 (Luan, Peabody,
Vinson, & White, 2006); GAL80 (Kitamoto, 2002)

Cha-GAL4
Cha-GAL4-DBD

Converted mimic insertions (Diao et al., 2015)

VAChT-LexA Knock-in by ends out homologous recombination This work
GAD1-GAL4 Cloned cis-regulatory element inserted by P-element (Ng et al., 2002)
GAD1-GAL4
GAD1-GAL4-AD

Converted mimic insertions (Diao et al., 2015)

VGAT-GAL4 Cloned cis-regulatory element inserted by P-element Simpson, unpublished; used in Fei et al. (2010)
VGAT-LexA Knock-in by ends out homologous recombination This work
TH-GAL4 Dopaminergic neurons (Friggi-Grelin et al., 2003)
TPH-GAL4; TRH-GAL4 Serotonergic neurons (Alekseyenko, Lee, & Kravitz, 2010; Park et al., 2006)
TbetaH-GAL4 Octopaminergic neurons (Schneider et al., 2012; Stowers, 2011)
Ddc-GAL4 Dopaminergic and serotonergic neurons (Li, Chaney, Roberts, Forte, & Hirsh, 2000)
VMAT-GAL4 Cloned cis-regulatory element inserted by P-element (Simpson, unpublished)
VMAT-GAL4 Converted mimic insertions (Gnerer et al., 2015)

Figure 1. Evolution of VGAT reagents. Expression patterns of two P-element inserts (A and B) and an attP2 insert of CG8394-GAL4 (C) and the VGAT-LexA knock in
(D). CG8394 was the name assigned to the gene that was later shown to encode VGAT. The brain and ventral nerve cord of adult flies are labeled with the nc82
neuropil marker in magenta (light grey). The GAL4 and LEXA expression patterns are visualized in green (black) with membrane-targeted UAS-mCD8-GFP and
LexAop-myrGFP reporters using an antibody to the green fluorescent protein.

50ENHANCER CG6119 (VMAT) GGTCTAGACGATGGCCAATGGAGCAGGCTGAGTTG
30ENHANCER CG6119 CGCGCCGGCGGATTGCAACAAAAAGAATTTGCTCAC
50ENHANCER CG9887 (VGluT) GCTCTAGAGGCAACTGGCTGGGCATATTGCCGG
30ENHANCER CG9887 CGGCGGCCGCCTTGCTGCTCAGCTAGTAGTCCTG
50ENHANCER CG8394 (VGAT) TTGCGGCCGCGGAGAGCCACGGCAGATGCCTCTTCG
30ENHANCER CG8394 GGGGTACCGATGCTGGCTACTAACGGCCCTGATG

5' ENHANCER nSyb CGTCCATCCACTTACATGGCTCTGG
3' ENHANCER nSyb GGTGTTCGAGTTTAACGCCTGGTAC
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3xP3dsRed-marked splitGAL4s P[JLS-ZpDBD] and P[JLS-
ZpAD] (Robinett, Vaughan, Knapp, & Baker, 2010) enhancer
traps (constructed by Jon-Michael Knapp). The tsh-GAL80,
tsh-LexA, and tsh-splitGAL4-AD lines were made by replac-
ing the Tsh-GAL4 insertion in the 50 UTR (B#3040) (Calleja,
Moreno, Pelaz, & Morata, 1996). For the first replacement
(GAL80), one replacement was obtained from >250 candi-
dates. The initial selection was based on second chromosome
lethality, which proved misleading because imprecise exci-
sion of the initial P-element was common. We then screened
by PCR. Interestingly, the yþmarker also showed ‘harlequin’
expression, similar to the wþ that marked the original GAL4
insertion. Subsequent P-element replacements were screened
by expression pattern when possible.

Homologous recombination

Ends-out homologous recombination (Gong & Golic, 2003)
was used to make the LexA knock-in lines. Knock-in donors
were assembled by standard cloning procedures. Donors
were injected by Rainbow (rainbowgene.com) and mobilized
by crossing to transposase. Candidate knock-ins were tested
by PCR using primers outside the homology arms and
within the inserted sequences so that correct targeting events
could be distinguished from the donor insertions.
Candidates were also screened by expression patterns and
complementation testing with null alleles or deficiencies.
Some lines were further characterized by Southern blotting
and low-copy number whole genome sequencing.

For the Antp-GAL4 knock in, the donor was located in
the Dfd-attP landing site; having the donor and target in
close proximity seemed to increase the percentage of success-
ful insertions. For some knock-in lines, the mini-white trans-
gene marker was excised by crossing to hs-B3 recombinase
(Nern, Pfeiffer, Svoboda, & Rubin, 2011) and selecting for
loss of eye color, with retention of lethality and ability to
drive LexAop-GFP in the expected expression pattern. The
initial LexA knock in construct was replaced by SIRT (G.
Gao, McMahon, Chen, & Rong, 2008) and selected based on
expression patterns observed when crossing to UAS-myrGFP,
ElaV-SplitGAL4-AD, or TubP-splitGAL4-DBD.

The following deficiencies were obtained from the
Bloomington Stock Center (www.flystocks.bio.indiana.edu):

VGAT: Df(2R)BSC401/CyO (B#24425) and Df(2R)Exel7130/
CyO (B#7875),
VGluT: Df(2 L)Exel17011/CyO (B#7783)
VAChT: Df(3)Cha M5/TM3Sb (Gailey & Hall, 1989)
Hox Df (removing Dfd, Scr, and Antp) (B#24926)

Most of the stocks used for imaging were generated by B.
Pfeiffer and G. M. Rubin (Pfeiffer, Jenett, et al., 2008;
Pfeiffer, Ngo, et al., 2010) and are available at the
Bloomington Stock Center:

Tub>GAL80–6> (attP18)
JFRC79: 8xLexAop-FlpL (attP40)
JFRC12: 10xUAS-ivs-myr::GFP (attP2)
JFRC20: 8xLexAop2-ivs-GAL80-wpre (suHWattP5)

Immunohistochemistry

The expression patterns of these lines were assayed by stand-
ard adult brain immunohistochemistry and imaging techni-
ques (Hampel, Chung, et al., 2011). LexA lines were crossed
to 13xLexAop2-nls-LacZ (Knapp, Chung, & Simpson, 2015)
or LexAop-myr-GFP (Pfeiffer, Ngo, et al., 2010). Gal4 lines
were crossed to UAS-mCD8-GFP or 10xUAS-tdTomato-nls.
Primary antibodies: Rabbit anti-GFP (Invitrogen A11122
1:500), Rabbit anti-BetaGal (Cappel 55976), Rabbit anti-
tdTomato, Mouse Bruchpilot (nc82 Iowa Developmental
Studies Hybridoma Bank 1:50), and Rat anti-n-Cadherin
(DNEX Iowa Developmental Studies Hybridoma Bank).
Secondary antibodies (Goat anti-Rabbit 488 A11034 and
Goat anti-Mouse 568 A11031) were obtained from
Molecular Probes and used at a 1:500 in PBST. Brains, ven-
tral nerve cords (VNC), and larva were dissected in PBS,
fixed in 2% paraformaldehyde overnight at 4 �C, washed and
blocked in PBT-NGS, incubated overnight with primary
antibodies, washed, incubated with secondary antibodies
overnight, washed and mounted in Vectashield (Vector Labs,
Burlingame, CA). Samples were imaged on a Zeiss Pascal or
700 confocal with a 25� objective and 1 lm sections. The
resulting images were processing in ImageJ (NIH, Bethesda,
MD) and Adobe Photoshop/Illustrator (Adobe Systems, San
Jose, CA) to generate figures.

Results

Subdividing by transmitter

The nervous system of Drosophila uses many of the same
neurotransmitters as vertebrates but not always in the same
types of neurons (O'Kane, 2011). In Drosophila, motor neu-
rons and some neurons in the central brain release glutam-
ate. Glutamate is packaged into synaptic vesicles by the
vesicular glutamate transporter (VGluT) (Daniels et al.,
2004); therefore, VGlut is predicted to be expressed in all
glutamatergic neurons. In contrast, most sensory and excita-
tory interneurons use the neurotransmitter acetylcholine. It
is synthesized by choline acetyltransferase (ChAT) and
loaded into vesicles by the vesicular acetylcholine transporter
(VAChT); these genes are encoded by nested transcripts in
one of the rare examples of ‘operon-like’ organization in
Drosophila (Kitamoto, Wang, & Salvaterra, 1998). GABA is
the primary inhibitory neurotransmitter in Drosophila. It is
synthesized by GAD1, and packaged into synaptic vesicles by
the vesicular GABA transporter (VGAT) (Fei et al., 2010).
Neurons releasing acetylcholine, GABA, and glutamate
account for most of the neurons in the brain. To subdivide
neuronal populations based on the neurotransmitter they
release, we selected the VNT genes as the targets for enhan-
cer fusions and knock-in reagents.

It is challenging to accurately capture the complete spatial
and temporal expression pattern of a gene of interest. Other
researchers have used large genomic regions (Friggi-Grelin
et al., 2003) contained in BACs (Stowers, 2011) or modified
transposons that have fortuitously inserted in or near genes
of interest (Diao et al., 2015; Gohl et al., 2011). Our initial
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attempts to generate reagents that label neurons based on
neurotransmitter used putative enhancer regions (�8 kb of
genomic sequence upstream of the predicted transcriptional
start sites). These were cloned into the pPTGAL (Sharma
et al., 2002) vector and inserted by P-element transposition.
As an example, the evolution of VGAT reagents is shown in
Figure 1. Multiple insertions were obtained but showed sig-
nificant position effects on expression patterns (Figure
1(A,B)). The enhancer construct was remade into a phiC31
integrase-compatible vector (Pfeiffer, Jenett, et al., 2008) and
inserted into the attP2 landing site, showing an expression
pattern similar to the more-broadly expressing P-element
insertions (Figure 1(C)). The differences in these expression
patterns and uncertainty about how well they capture the
actual expression pattern of VGAT lead us to design a

knock-in approach (described below); the expression pattern
of the VGAT-LexA knock-in is shown in Figure 1(D).

We chose to replace the first coding exon of our target
genes by homologous recombination (Gong & Golic, 2003)
using a strategy similar to that used to make Dsx and Fru
knock-in alleles (Demir & Dickson, 2005; Manoli et al.,
2005); see Figure 2(A). To avoid potential chimeric proteins,
which might exhibit neomorphic or dominant negative
effects, we replaced the first coding exon with LexA followed
by translation and transcription stop signals. Thus, a cor-
rectly targeted knock-in is predicted to generate a null allele.
As obtaining knock-in events is expected to be infrequent,
we opted to insert the LexA transcription factor to facilitate
screening for the desired insertion based on the expression
pattern of a lexAop-GFP reporter. LexA knock-ins have the

Figure 2. Where to knock-in and what to insert. (A) For a gene of interest, the knock-in cassette is inserted at the start codon of the first protein-coding exon, creat-
ing a null allele and capturing the complete expression pattern. Candidates can be tested by PCR using the 50 and 30 primer pairs spanning the insert and genomic
locus outside of homology arms (blue arrows). (B) The modular donor construct (pGXlexAB3-vntATG) contains the standard FRT recombinase and I-SceI restriction
enzyme sites required to excise and linearize the plasmid from the donor insertion as well as numerous options to modify the knock-in locus after transgenic flies
have been obtained.

Table 2. Reagents targeting cells based on segment of origin.

Transgenic line Description References

Dfd-LexA
Dfd-splitGAL4-AD
Dfd-splitGAL4-DBD

In adult brain, labels anterior subesophogeal zone. Knock in
by ends-out homologous recombination. Wþ and
w� LexA versions. SplitGAL4s generated by SIRT
replacement.

This work

Scr-LexA In adult brain, labels posterior subesophogeal zone and
prothoracic legs. Knock in by ends-out homologous
recombination. wþ and w� LexA versions. AttP site
damaged during insertion so no replacement possible.

This work

Antp-P1-GAL4 Cloned cis-regulatory element inserted by P-element (Andrew, Horner, Petitt, Smolik, & Scott, 1994)
Antp-GAL4 Knock in (minimally characterized) This work
Ubx-GAL4 P element replacement of LacZ enhancer trap insert (de Navas et al., 2006)
AbdA-GAL4 P element replacement of LacZ enhancer trap insert (Hudry, Viala, Graba, & Merabet, 2011)
AbdB-GAL4 P element replacement of LacZ enhancer trap insert (de Navas et al., 2006)
AbdB-splitGAL4-DBD P element replacement This work
Tsh-LexA
Tsh-GAL80
Tsh-splitGAL4-AD

Labels thoracic segments, including ventral nerve cord, but
not peripheral nervous system or abdominal segments.
P-element replacement of GAL4 enhancer trap (Calleja
et al., 1996).

GAL80 replacement was made first (Simpson, unpub-
lished) and first used in Clyne and Miesenbock
(2008).

LexA and splitGAL4-AD: this work.
nSyb-GAL4
nSyb-GAL80

Labels post-mitotic neurons. Designed enhancer; various
P-element insertions. Similar genomic DNA region to
R57C10.

Enhancer initially from Rao et al. (2001). Initial inserts
Simpson, unpublished, used in Dietzl et al. (2007).

ElaV-GAL80
ElaV-splitGAL4-AD
ElaV-splitGAL4-DBD

‘Pan-neuronal’. Designed enhancer; various P-element
insertions.

GAL80: Simpson, unpublished. Splits (Luan et al.,
2006)
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additional virtue of being useful for performing positive or
negative intersectional experiments (Pfeiffer, Ngo, et al.,
2010) with existing Gal4 collections.

We included the phiC31 integrase attP sequence in our
construct (Figure 2(B)) so that the initial knock-in reagents
could be converted to splitGAL4 or GAL80 without under-
taking an independent homologous recombination attempt;
we performed this replacement successfully to make Dfd-
splitGAL4-AD and -DBD (Table 2). LoxP sites flank the
mini-white transgene marker so that it can be removed with
cre recombinase once knock-in flies have been isolated, if
desired. Likewise, the SV40-a-Tubulin transcription termina-
tors (Stockinger, Kvitsiani, Rotkopf, Tirian, & Dickson,
2005), loxP (or loxP-flanked miniwhite cassette), and attP
site can be excised by the B3 recombinase (Nern et al.,
2011). This feature was intended to allow use of the target
gene’s 30UTR, which may contain post-transcriptional

elements that can alter expression of the endogenous gene.
In practice, however, we observed that flipping out the B3
cassette led to inconsistent and weak LexA expression, pos-
sibly because mRNAs from the knock-in locus were targeted
for nonsense-mediated decay (data not shown). Therefore,
all knock-in alleles described below included the B3-flanked
cassette.

Using ends-out homologous recombination, we obtained
LexA knock-in lines of VGluT-LexA, VGAT-LexA, and
VAChT-LexA. We confirmed correct targeting by PCR and
whole genome sequencing. Complementation testing with
deficiencies that remove the target genes showed expected
lethality (data not shown).

The expression patterns of the VNT knock-in lines were
evaluated in the embryonic, larval, and adult nervous sys-
tems using membrane and nuclear GFP reporters, LexAop-
myr-GFP (Pfeiffer, Ngo, et al., 2010) and LexAop-nlsLacZ

Figure 3. Expression patterns of vesicular neurotransmitter transporter LexA knock-in lines. Embryonic peripheral and central nervous system expression is shown
with a membrane-targeted reporter, LexAop-myrGFP (A–C). Larval (D–F) and adult (G–I) expression patterns are visualized with the nuclear reporter LexAop-nls-LacZ
(black or magenta). The synaptic neuropil (in grey) was labeled with nc82 (bruchpilot). (J–L) Intersections between the knock-ins and OK107-GAL4 (Connolly et al.,
1996) are shown below using 8xLexOp-FlpL (attP40); 10xUAS-FRT-stop-FRT-tdTomato-nls (VK00027).
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(Knapp et al., 2015). All three lines express in many neu-
rons, but the overall patterns appear different (Figure
3(A–I)). We attempted to assess the fidelity of these report-
ers by investigating the extent to which neurons are co-
labeled by antibodies to GABA, GAD1, VGAT, ChaT, or
VGLUT and the corresponding knock-in driver expressing
either nuclear or membrane-targeted fluorescent protein
reporters (Daniels et al., 2004; Featherstone et al., 2000; Fei
et al., 2010; Kolodziejczyk, Sun, Meinertzhagen, & Nassel,
2008). Unfortunately, differences in subcellular localization
of the reporters and the broad expression patterns made
interpretation challenging: the co-localization was consistent

with what is known about transmitters in identified neurons,
but was not definitive. For example, VAChT-LexA labels
known cholinergic neurons such as the sensory neurons in
the embryonic peripheral nervous system, and VGluT-LexA
expresses in the known motor neurons (Figure 3(A,B)).
While the reagents appear to accurately capture the expres-
sion patterns of their target genes, we cannot completely rule
out false negatives or false positives when observing the
entire expression patterns. The VGAT-LexA remains the
most problematic: it shows expression in known GABAergic
neurons in the optic lobe, central complex, and olfactory
system, but it also shows expression in motor neurons

Figure 4. Example use of Tsh-LexA to divide the nervous system. Tsh-LexA is a P-element inserted into the 50UTR (A). It is expressed in thoracic segments in the lar-
val (B) and adult (C) nervous system. (D) TH-GAL4 (Friggi-Grelin et al., 2003) expresses in dopaminergic neurons throughout the brain and ventral nerve cord. (E)
Negative intersection with Tsh-LexA using LexAop-GAL80, UAS-myr-GFP labels descending neurons with cell bodies in the brain, while positive intersection (F) with
Tsh-LexA and LexAop-Flp, TubP-FRT-stop-FRT-GAL80, UAS-myr-GFP targets ascending neurons with cell bodies in the ventral nerve cord.

Figure 5. Chromosomal rearrangements of knock-in lines. Whole genome sequencing revealed locus duplication in both the Dfd and Scr knock-ins, and a break
within the knock-in cassette in Scr-LexA. The Dfd cassette is 5.5 kb and Scr is 6.4 kb, but the distance between the duplicated regions is not known.
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(Figure 3(C)), suggesting possible false positives in this
line. As broad expression patterns labeling many neurons
are difficult to evaluate, we tested the intersection between
these lines and the OK107-GAL4 line (Connolly et al.,
1996) that expresses in a subset of neurons in the adult
brain; the three intersections label different neuronal popu-
lations (Figure 3(J–L)) and are consistent with a previous
analysis of transmitter identity in these cells (Chou et al.,
2010).

Subdividing by parasegment

The adult brain and ventral nerve cord (VNC, also called
the thoracico-abdominal ganglion) have a parasegmental ori-
gin specified by the homeotic (Hox) transcription factors.
We chose the Hox genes as targets in order to take advan-
tage of parasegmental expression to refine complex GAL4
patterns.

To separate the brain and VNC, we selected the Teashirt
(Tsh) gene, which is so-named because an enhancer trap

Figure 6. Expression patterns of the Dfd and Scr LexA lines. (A) The expression patterns of Dfd-LexA, Scr-LexA, and Antp-GAL4 in intact adult flies. (B) Cartoon of
adult CNS with the expected segmental location of Hox expression (Jarvis et al., 2012) larval (D,E) and adult (F,G) expression patterns of Dfd and Scr knock in lines
visualized with a nuclear reporter (black or magenta, with the neuropil nc82 labeled in grey).

JOURNAL OF NEUROGENETICS 7



reporter showed expression in trunk segments but not the
head or appendages (Fasano et al., 1991). We performed P-
element replacement (de Navas, Foronda, Suzanne, &
Sanchez-Herrero, 2006; Sepp & Auld, 1999). Tsh-GAL4 and
tsh-LexA expression includes some neurons in the brain but
many more located within the VNC (Figure 4(A,B)). As an
example of how the segmental LexA lines can be used to dis-
sect GAL4 expression patterns, we combined Tsh-LexA with
TH-GAL4(Friggi-Grelin et al., 2003) to label ascending and
descending dopaminergic neurons (Figure 4(C–E)).

For targeting the subesophageal zone (SEZ), we selected
the anterior Hox genes Deformed (Dfd) and Sex Combs
Reduced (Scr) and performed homologous recombination to
insert LexA. We recovered knock-ins to the Hox genes at
low frequency. While the Dfd donor inserts had near-normal
eye color, the knock-ins had light orange eyes, suggesting
that chromosomal regulation might suppress expression of
the mini-white eye color marker of our transgenes; a similar
observation was made by de Navas et al. (2006). We verified
correct targeting using PCR extending from the knock-in
cassette into the intended locus and confirmed that the
knock-in lines were lethal over deficiencies and known
mutants. Whole genome sequencing and copy number anal-
yses revealed duplications (Figure 5) that were not apparent
from PCR or Southern blotting (data not shown). We visual-
ized the expression patterns with membrane and nuclear
localized fluorescent proteins at several developmental stages
(Figure 6); Dfd-LexA and Scr-LexA showed expression in
different segments in both the larval and adult nervous
system, consistent with data from antibody labeling (data
not shown).

Discussion

‘Caveat utilitor’: The reagents described here should be
considered tools for refining GAL4 lines with complex
expression patterns, rather than as verified and faithful
labels for particular cell types. They are a complementary
alternative to other intersectional genetic strategies based on
lineage (Harris, Pfeiffer, Rubin, & Truman, 2015) or per-
ceived anatomical overlap of expression patterns
(Hampel, Franconville, Simpson, & Seeds, 2015). We recom-
mend performing the desired intersection between the Gal4
and LexA lines and confirming the accuracy of transmitter
identity on the smaller number of neurons labeled, after
(Aso et al., 2014; Chou et al., 2010). Our knock-in lines
showed chromosomal rearrangements, revealed by whole
genome sequencing. We suggest that researchers making
knock-ins, whether by homologous recombination or
CRISPR (Gratz et al., 2013), investigate the integrity of the
resulting locus by sequencing or qPCR-based copy number
analysis, since any method that induces double-stranded
breaks exposes chromosomes to repair machinery and may
produce unexpected rearrangements.

The development of these reagents yielded some interest-
ing biological insights. For example, we saw that the Hox
genes show segmentally restricted expression in the adult as
well as the embryo. The neurons labeled by the Dfd-LexA
line appear to project entirely within the SEZ, suggesting

that this brain area must receive and send information to
the rest of the brain using neurons that originate elsewhere,
perhaps marking it as a discrete processing unit. The
reagents designed to target GABA inhibitory neurons also
express in motor neurons. While there is no evidence that
motor neurons release GABA, antibodies to VGAT and
GAD1 suggest that these genes may be co-expressed there
(Featherstone et al., 2000). We are currently investigating the
anatomy and function of neurons labeled by overlapping
transmitter reagents.

Our primary research goal is to determine the neural cir-
cuits that coordinate sequential motor behaviors, and to do
this we need to alter and observe neural activity in small
numbers of neurons. Gal4 lines have been critical for these
experiments but often target complex populations containing
neurons of different types. The intersectional reagents based
on split GAL4, recombinases, LexA, and Q have enabled us
to identify neurons critical for behavior and show how they
are connected into specific neural circuits. The reagents we
present here provide additional options for the rational
design of intersections based on presumed neurotransmitter
subtype or segment of origin.
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My first constructs to target neurons based on the neurotransmitter
they produce were designed and build when I was a post-doctoral fel-
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transgenic flies at the microscope near Barry’s fly pushing station.
Much of what I know the art of genetics was learned by asking Barry
casual questions while we were sitting back-to-back, and much of what
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animal and its mutant phenotypes can tell us follows Barry’s example.
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I also promise to always use the word ‘comprise’ very carefully. On the
occasion of his retirement, I am glad to have the chance to say thanks.
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