3860 - The Journal of Neuroscience, March 30, 2016 - 36(13):3860 —3870

Cellular/Molecular

The Drosophila Receptor Protein Tyrosine Phosphatase LAR
Is Required for Development of Circadian Pacemaker
Neuron Processes That Support Rhythmic Activity in
Constant Darkness But Not during Light/Dark Cycles

Parul Agrawal and Paul E. Hardin
Department of Biology and Center for Biological Clocks Research, Texas A&M University, College Station, Texas 77845-3258

In Drosophila, a transcriptional feedback loop that is activated by CLOCK-CYCLE (CLK-CYC) complexes and repressed by PERIOD-
TIMELESS (PER-TIM) complexes keeps circadian time. The timing of CLK-CYC activation and PER-TIM repression is regulated post-
translationally, in part through rhythmic phosphorylation of CLK, PER, and TIM. Although kinases that control PER, TIM, and CLK
levels, activity, and/or subcellular localization have been identified, less is known about phosphatases that control clock protein dephos-
phorylation. To identify clock-relevant phosphatases, clock-cell-specific RNAi knockdowns of Drosophila phosphatases were screened
for altered activity rhythms. One phosphatase that was identified, the receptor protein tyrosine phosphatase leukocyte-antigen-related
(LAR), abolished activity rhythms in constant darkness (DD) without disrupting the timekeeping mechanism in brain pacemaker
neurons. However, expression of the neuropeptide pigment-dispersing factor (PDF), which mediates pacemaker neuron synchrony and
output, is eliminated in the dorsal projections from small ventral lateral (LN, ) pacemaker neurons when Lar expression is knocked
down during development, but not in adults. Loss of Lar function eliminates sSLN, dorsal projections, but PDF expression persists in sLN,,
and large ventral lateral neuron cell bodies and their remaining projections. In contrast to the defects in lights-on and lights-off antici-
patory activity seen in flies that lack PDF, Lar RNAi knockdown flies anticipate the lights-on and lights-off transition normally. Our
results demonstrate that Lar is required for sLN,, dorsal projection development and suggest that PDF expression in LN, cell bodies and
their remaining projections mediate anticipation of the lights-on and lights-off transitions during a light/dark cycle.
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In animals, circadian clocks drive daily rhythms in physiology, metabolism, and behavior via transcriptional feedback loops.
Because key circadian transcriptional activators and repressors are regulated by phosphorylation, we screened for phosphatases
that alter activity rhythms when their expression was reduced. One such phosphatase, leukocyte-antigen-related (LAR), abolishes
activity rhythms, but does not disrupt feedback loop function. Rather, Lar disrupts clock output by eliminating axonal processes from
clock neurons that release pigment-dispersing factor (PDF) neuropeptide into the dorsal brain, but PDF expression persists in their cell
bodies and remaining projections. In contrast to flies that lack PDF, flies that lack Lar anticipate lights-on and lights-off transitions
normally, which suggests that the remaining PDF expression mediates activity during light/dark cycles. /

ignificance Statement

rhythms are not passively driven by environmental cycles, but are
controlled by endogenous circadian (~24 h) clocks that keep
time in the absence of environmental cues. Circadian clocks in
eukaryotes keep time via one or more transcriptional feedback
loops that drive daily rhythms in their gene expression. In Dro-

Introduction
A diverse array of animals, plants and microbes display daily
rhythms in physiology, metabolism, and/or behavior. These
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Table 1. Activity rhythms are disrupted in clock-cell-specific Lar RNAi knockdown
and Lar mutant flies

Genotype Total Rhythmic, % Period = SEM Strength == SEM
w4+ 16 100 2350 +0.00 16034 = 21.62
w":timGal4/+;+ 16 88 23.54 = 0.04 129.26 = 11.33
w8+ pdfGald/+ 16 100 23.66 + 0.06 118.24 = 14.20
w T UAS-LarRNAI/+;+ 16 100 2353003 2644 = 9.06

w T8:UAS-LarRNAi/timGald; + 12 25 2417 027  8.68 = 1.25*
w 8UAS-LarRNA/ + pdfGald/+ 16 0 na. 2.20 = 1.03*
UAS-Dicer2:timGal4/+;+ 16 100 2481 +0.12  80.85 = 12.26
UAS-Dicer2;UAS-LarRNAi/timGal4;+ 11 0 n.a. 5.00 = 1.43*
w8 UAS-Dicer2/+ pdfGald/+ 15 80 2417 +0.09  62.66 + 11.51
w""8:UAS-Dicer2/UAS-LarRNAi; 0 10 23.50 578 = 1.22%

pdfGald/+

w'"Lar 3+ + 14 93 23.54 +0.04 5937 =323

w " Lar Df/ +;+ 14 100 2371011 113.54 = 29.01
w8 Lar Df/Lar ®%;+ 14 0 na. 183 +0.17*

Adult males were entrained in LD for 3 d and transferred to DD for at least 7 d. Analysis of activity rhythmsin DD and
fly genotypes are as described in Materials and Methods. Total, Number of animals tested; Rhythmic %, percentage
of rhythmic animals; Period = SEM, rhythm period in hours == SEM; Strength == SEM, robustness of activity
rhythms == SEM.

*Rhythm strength is significantly different (p << 0.01) than w ' and controls containing either the Gal4 driver or
UAS responder alone with or without Dicer2.

#Rhythm strength is significantly different (p << 0.001) than w '8, w"""8.arDf/+;+, and w """®Lar 132/ +;+ flies.

sophila, the core timekeeping loop is initiated by CLOCK-CYCLE
(CLK-CYC) heterodimers, which activate period (per) and time-
less (tim) transcription. Accumulating levels of PER and TIM
proteins inhibit CLK-CYC activity, and once PER and TIM are
degraded, the next round of CLK-CYC activation can begin
(Hardin, 2011). Transcriptional feedback loops driven by or-
thologous transcriptional regulators function in other animals
including humans, indicating that the timekeeping mechanism is
highly conserved (Hardin and Panda, 2013; Partch et al., 2014).

The Drosophila circadian clock operates in many cells and
tissues (Menet and Hardin, 2014). In the brain, this feedback loop
operates in ~75 pacemaker neurons per hemisphere that func-
tion to drive activity rhythms (Helfrich-Forster, 2003). These
brain pacemaker neurons can be divided into multiple clusters
based on their location, size and neuropeptide expression, in-
cluding two anterior dorsal neuron 1 s (DN,s), ~15 posterior
dorsal neuron 1s (DN,,s), two dorsal neuron 2s (DN,s), ~38
dorsal neuron 3s (DNjs), six dorsal lateral neurons (LNs), three
lateral posterior neurons (LPNs), four pigment-dispersing factor
(PDF) neuropeptide-expressing small ventral lateral neurons
(sLN,s), one PDF-negative sLN,, and four large ventral lateral
neurons (ILNs; Nitabach and Taghert, 2008; Shafer and Yao,
2014). These clusters of pacemaker neurons form a network that
maintains synchrony and determines the pattern of activity
rhythms based on environmental inputs (Peschel and Helfrich-
Forster, 2011; Yoshii et al., 2012). This network also exhibits
circadian plasticity; the PDF-positive sSLNs send axonal projec-
tions toward DN ;s and DN,s that undergo daily changes in mor-
phology (Fernandez et al., 2008). However, a direct molecular
link between the core clock and rhythmic remodeling of sLN,
axonal projections has not been identified.

The timing of CLK-CYC activation and PER-TIM repression
is primarily regulated post-translationally, in part through rhyth-
mic phosphorylation of CLK, PER and TIM to generate ~24 h
rhythms. Many kinases have been identified that control PER,
TIM, and CLK levels, activity, and/or subcellular localization
(Kloss et al., 1998, 2001; Price et al., 1998; Martinek et al., 2001;
Linetal., 2002; Akten etal., 2003, 2009; Chiu et al., 2011; Yuetal.,
2011; Szabo et al., 2013). In contrast, few phosphatases have been
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discovered that target PER, TIM, and/or CLK to regulate tran-
scriptional rhythms (Sathyanarayanan et al., 2004; Fang et al.,
2007; Andreazza et al., 2015). To identify additional phospha-
tases that function within the Drosophila circadian clock, we
screened for phosphatases that disrupt activity rhythms upon
RNAi knockdown in clock cells.

Of 22 phosphatases with aberrant rhythms, the receptor pro-
tein tyrosine phosphatase (RPTP) leukocyte-antigen related
(LAR; Streuli et al., 1989), is required for rhythmic activity. De-
spite this behavioral arrhythmicity, clock protein rhythms persist
in brain pacemaker neurons from Lar mutants and RNAi knock-
down flies, which suggest that Lar mediates clock output. Indeed,
PDF accumulation in sLN,, dorsal projections is eliminated in Lar
mutant and RNAi knockdown flies, but PDF expression persists
in sLN, cell bodies. The lack of PDF accumulation in sLN,, dorsal
projections in Lar mutant and RNAi knockdown flies is due to
defects in the arborization of these projections during develop-
ment. Unlike flies deficient in PDF expression or PDF neurons,
which lack lights-on anticipation and show premature lights-off
anticipation (Renn et al., 1999), Lar RNAi knockdown flies show
normal lights-on and lights-off anticipation. Because PDF ex-
pression in sSLN, and ILN, cell bodies and their surviving projec-
tions distinguish Lar mutants and RNAi knockdown flies from
flies lacking PDF entirely, our results suggest that the remaining
PDF expression in sLN, and ILN_s mediate lights-on and lights-
off anticipation during light/dark cycles.

Materials and Methods

Fly strains. The following Drosophila strains were used in this study:
w8 g1l 18;Cyo/Sco;TMZ/TM6B, w8 timGald, w”ls;;pdfGaM, w;;
timGal4, UAS-LarRNAi (P{KK100581}, VDRC), UAS-Lar (w;P{UAS-
LarX}P4B, BDSC), UAS-Dicer2;timGal4, and w;UAS-Dicer2;pdfGal4
(gifts from Jeffery Price, University of Missouri, Kansas City MO),
UAS-mCD8::GFP (w;P{UAS-mCD8::GFP.L}LL6, BDSC), tubGal80"
(P{tubP-Gal80*}20, BDSC), Lar'*? (w;Lar'**/CyO, BDSC), Lar Df
(Df(2L)E55, rdo! hook' Lar™? pr'/CyO, BDSC), and y w;;pdf°! (a gift
from Paul Taghert Washington University, St. Louis, MO). Flies were
reared on standard cornmeal/agar medium supplemented with yeast and
kept in 12 h light/12 h dark (LD) cycles at 25°C. The Lar mutant strains,
Lar'? and Lar Df were backcrossed seven times to y';P{SUPor—
P}LarKG94810/CyO;ry>% flies (BDSC) to minimize effects due to differ-
ences in genetic background.

Drosophila activity monitoring and behavior analysis. One- to 3-d-old
male flies were entrained for 3 d in LD cycles and transferred to constant
darkness (DD) for 7 d at 25°C. To knockdown Lar only in adults using the
TARGET system (McGuire et al, 2003), w! 18, UAS-LarRNAi/
tubGal80 *;pdfGald/+ males were raised at the permissive temperature
(18°C) for tubGal80 " to block Gal4-dependent expression of Lar RNAi.
After eclosion, flies were entrained for 3 d in LD and monitored for 7 d in
DD at the restrictive temperature (30°C), which allows Gal4-dependent
expression of Lar RNAi. Controls lacking Lar expression in adults and
during development were raised and tested at 18°C. To express Lar RNAi
only during development, w'''%;UAS-LarRNAi/tubGal80;pdfGal4/+
males were raised at 30°C to allow Gal4-dependent Lar RNAi expression.
After eclosion, flies were entrained for 3 d in LD and monitored for 7 d in
DD at the permissive temperature (18°C). Controls that express Lar dur-
ing development and in adults were raised and tested at 30°C. Locomotor
activity was monitored using the Drosophila Activity Monitor system
(Trikinetics). To determine period and rhythm strength during DD, x?
periodogram analysis was performed using ClockLab (Actimetrics) soft-
ware as previously described (Pfeiffenberger et al., 2010). Flies were con-
sidered rhythmic if their x? power value was =10 above the significance
line (ie, strength =10) and they were clearly rhythmic by visual inspec-
tion of the actogram. For analysis of activity during LD conditions, flies
were monitored for 7 d. The number of activity events were recorded in
30 min bins, and average numbers of activity events per 30 min bin per fly
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Figure 1.

Locomotor activity analysis of clock-cell-specific Lar RNAi knockdown and Lar mutant flies. Adult males of the indicated genotypes were entrained in LD for 3 d and transferred to DD

(gray asterisk) for at least 7 d. Analysis of activity in DD and fly genotypes are as described in Materials and Methods. Representative double-plotted actograms for single flies of each genotype are
shown. White boxes, lights-on period; black boxes, lights-off period; vertical bars, fly activity. The height of vertical bars indicates relative level of activity.

Table 2. Lar expression in dlock cells rescues activity rhythms in Lar mutant and
RNAi knockdown flies

Genotype Total Rhythmic, % Period == SEM  Strength == SEM

w8+ UAS-Lar/ + 14 100 2357 +0.04 9286 + 9.91

w8+ timGal4/ + 15 93 2358 = 0.06 58.54 =+ 4.63

w8+ UAS-Lar/timGal4 16 88 2420 =032 6516 £ 598"

w'"SLar Df/Lar ¥4 UAS-Lar/ 14 86 2467 =0.10  26.70 = 7.05*
timGal4

w " 8:UAS-Dicer2/+;UAS-Lar/ 15 80 24212022 29.95 * 8.61
timGal4

w"8:UAS-Dicer2/UAS-LarRNAi; 16 88 2454 024 1461 = 1.14*
UAS-Lar/timGal4

Adult flies were entrained in LD for 3 d and transferred to DD for at least 7 d. Analysis of activity rhythms in DD and fly
genotypes are as described in Materials and Methods. The Total, Rhythmic %, Period = SEM, and Power = SEM
columns are as described in Table 1.

*Rhythm strength is significantly different (p << 0.004) than w ""'8;Lar *2/+;+ and w'""&;Lar Df/+; + flies
(Table 1).

#Rhythm strength is significantly different (p = 0.02) than UAS-Dicer2;UAS-LarRNAi/timGal4; +flies (Table 1).

Rhythm strength is significantly different (p = 0.011) than w ""'®,+;UAS-Lar/+, but not significantly different
(p = 0.39) than w ""; +;timGald/ +.

were calculated to generate histograms. The times of morning and eve-
ning activity peaks (phase values) were computed using ClockLab.
Morning Anticipation Index values were calculated as the ratio of activity
counts occurring 3 h before lights-on over activity counts occurring 6 h

before lights-on as described previously (Harrisingh et al., 2007; De et al.,
2013). All p values were calculated using a Student’s two-tailed ¢ test with
unequal variance.

Immunohistochemistry. Antibody staining of larval CNSs and adult fly
brains was performed as previously described (Houl et al., 2008). Briefly,
larval CNSs and adult brains were dissected in 1X PBS and fixed with
3.7% formaldehyde in 1X PBS at room temperature (RT) for 15 min.
Samples were then washed and incubated with blocking solution con-
taining 1X PBS, 5% BSA, 5% goat serum (5% donkey serum for primary
antibodies raised in goat), 0.03% sodium deoxycholate, and 0.03% Tri-
tonX100 at RT for 1 h followed by incubation with primary antibodies
overnight (ON) at 4°C in blocking solution. Primary antibodies and their
dilutions used were as follows: guinea pig anti-CLK GP50 1:3000 (Houl et
al.,2008), goat anti-CLK dC-17 (Santa Cruz Biotechnology) 1:100, rabbit
anti-GFP ab6556 (Abcam) 1:500, pre-absorbed rabbit anti-PER (gift
from Michael Rosbash, Brandeis University, Waltham, MA) 1:15,000,
and mouse anti-PDF (Developmental Studies Hybridoma Bank) 1:500.
For detection of primary antisera, the following secondary antibodies
were used at a dilution of 1:200 (incubated ON at 4°C) in blocking
solution: goat anti-rabbit AlexaFluor 488 (Invitrogen), donkey anti-
rabbit AlexaFluor 647 (Invitrogen), goat anti-guinea pig Cy-3 (Jackson
ImmunoResearch Laboratories), donkey anti-guinea pig AlexaFluor 488
(Invitrogen), goat anti-mouse AlexaFluor 488 and AlexaFluor 647 (In-
vitrogen), and donkey anti-goat AlexaFluor 488 (Invitrogen). Brains
were then mounted in Vectashield mounting medium (Vector Labora-
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Rhythms in clock gene expression are intact in Lar knockdown flies. Flies were entrained for 3 d in LD conditions and collected at the indicated times on the first day of DD for Western

analysis or the third day of DD for PER immunostaining. A, Western blots of head extracts from w’’"%;UAS-LarRNAi/ + and UAS-Dicer2/+;UAS-LarRNAi/timGal4 (UAS-LarRNAi/timGal4) flies were
probed with CLK, PER, and TIM antisera. Bands corresponding to hyperphosphorylated CLK, PER, and TIM (hyperCLK, hyperPER, and hyperTIM, respectively) and hypophosphorylated CLK, PER, and
TIM (hypoCLK, hypoPER, hypoTIM, respectively) are shown. Actin serves as a loading control. B—G, Brains dissected from adult flies collected at (T22 or CT10 were immunostained with PER antisera
and imaged by confocal microscopy. B, E, Projected Z-series images of right brain hemispheres from w’’"®;UAS-LarRNAi/+ flies. €, F, Projected Z-series images of right brain hemispheres from
UAS-Dicer2/+;UAS-LarRNAi/timGal4 (UAS-LarRNAi/timGald) flies. D, G, Projected Z-series images of right brain hemispheres from Df(2L)ES5/Lar " (Lar Df/Lar ") flies. PER staining is detected
in all three groups of dorsal neurons (DN, +DN,, DN;); LN; and LN,. All images are representative of nine or more fly brains.

tories) for imaging. Entrained L3 larvae or 1- to 5-d-old adults were used
for dissection.

Imaging. Larval CNSs and adult fly brains were imaged using an Olym-
pus FV1000 confocal microscope (Olympus America) as described pre-
viously (Liu et al., 2015). Briefly, serial optical scans were obtained at 2
um intervals without using Kalman-averaging. For coimmunostaining
experiments, sequential scans of the Argon 488 nm and HeNe (543 nm
for Cy3, 633 nm for AlexaFluor 647 and Cy5) lasers were used to avoid
bleed-through between channels. For imaging AlexaFluor 488 and Cy3;
Argon 488 nm and HeNe 543 nm lasers were used, with the 405/488/543
nm dichronic mirror for excitation whereas for imaging AlexaFluor 488
and either AlexaFluor 647 or Cy5; Argon 488 nm and HeNe 633 nm lasers
were used, with the 488/543/633 nm dichronic mirror for excitation.
Fluorescence signals were separated by a beam splitter (560-nm-long
pass) and recorded on spectral detectors set to 500—-530 nm for Alex-
aFluor 488, 555—655 nm for Cy3, and a detector with 650-nm-long pass
filter for AlexaFluor 647 or Cy5. The Fluoview “Hi-Lo” lookup table was
used to set the maximal signal below saturation and set the background
to near zero using the high voltage and offset controls. Original Olympus
images were saved as 12 bit oib format and processed using FV1000
confocal software to generate Z-stack series. Images were adjusted for
brightness and contrast using FV1000 confocal software when needed.
For each genotype and developmental stage, brain images were acquired
using the same settings (power, gain, offset) at the same time.

Western blot analysis. For preparing protein extract from adult fly
heads, flies were entrained in LD cycles for at least 3 d and collected at
circadian time (CT)2, CT10, and CT22 on day 1 of constant darkness.
Lysis was performed in radioimmunoprecipitation assay buffer (20 mm
Tris, pH 7.5, 150 mm NaCl, 1 mm EDTA, 0.05 mm EGTA, 10% glycerol,
1% Triton X-100, 0.4% sodium deoxycholate, 0.1% SDS) containing
protease inhibitor mixture (0.5 mm phenylmethylsulfonyl fluoride, 10
ug/ml aprotinin, 10 ug/ml leupeptin, 2 pg/ml pepstatin A, 1 mm
Na;VO,, and 1 mm NaF). This homogenate was sonicated five to eight
times for 10 s each, using a Microson ultrasonic cell disruptor at a setting
of 4-5, and then centrifuged at 20,000 X g for 10 min. The supernatant
was collected and protein concentration was determined by the
Coomassie-based Bradford Assay. Three hundred nanograms of total
protein for each genotype were loaded in each lane. Soluble protein
extracts were separated on 5% polyacrylamide electrophoresis gels,
transferred to supported nitrocellulose membranes (MSI) and incubated

with GP50 anti-CLK (1:4000), pre-absorbed rabbit anti-PER (1:65,000,
gift from Michael Rosbash), rat anti-TIM (1:1000, gift from Amita Seh-
gal, University of Pennsylvania, Philadelphia, PA), or anti-3-ACTIN (1:
5000; Sigma-Aldrich) antibodies. Goat anti-rabbit, anti-guinea-pig, anti-
rat, and anti-mouse conjugated to horseradish peroxidase were used at a
1:2000 dilution (Jackson Immunoresearch) as secondary antibodies.
Chemiluminescent detection was used to develop the reaction using ECL
plus (GE Healthcare) reagent.

Results

Reducing LAR expression in clock cells abolishes

activity rhythms

In Drosophila, release of transcriptional repression by the degra-
dation of PER and TIM proteins occurs simultaneously with the
replacement of hyperphosphorylated CLK by transcriptionally
competent hypophosphorylated CLK (Yu et al., 2006). Likewise,
multiple kinases and phosphatases control the phosphorylation
state of PER and TIM, which determines the timing of transcrip-
tional repression by regulating their nuclear localization and sta-
bility (Hardin, 2011). We sought to identify phosphatases that
promote CLK-CYC transcriptional activation upon dephosphor-
ylation of core clock components. The loss of such phosphatases
is predicted to delay CLK-CYC transcriptional activity, slow
PER-TIM degradation, and/or their nuclear localization; all of
which act to lengthen circadian period (Sathyanarayanan et al.,
2004; Fang et al., 2007; Andreazza et al., 2015).

To identify phosphatases that dephosphorylate clock pro-
teins, we used clock-cell-specific RNAi knockdown to screen a
total of ~100 protein phosphatases for altered locomotor activity
rhythms. The timGal4 and pdfGal4 drivers were used to express
UAS-phosphatase RNAi in either all clock cells or in PDF-
positive LN s alone. The screen identified 22 genes that either
lengthened or shortened circadian period by =1 h (p = 0.05
compared with controls) or were arrhythmic. An RNAi line tar-
geting the RPTP Lar (UAS-LarRNAi) was largely arrhythmic
when driven by either #imGal4 or pdfGal4 during DD, whereas
timGal4, pdfGal4 and UAS-LarRNAi controls showed high levels
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of rhythmicity (Table 1; Fig. 1). When
UAS-Dicer2 was used to enhance the
RNAI potency (Dietzl et al., 2007), flies
expressing Lar RNAI in all clock cells or
PDEF-positive LN, s were almost entirely
arrhythmic (Table 1). Whether or not Di-
cer2 was used to enhance Lar RNAi po-
tency, knocking down Lar expres-
sion in clock cells caused a significant
(p < 0.01) increase in arrhythmicity.

To independently confirm that de-
creased Lar expression abolishes activity
rhythms, we tested loss of function Lar
mutants for behavioral defects. Lar-null
mutants, although capable of completing
embryogenesis and early larval develop-
ment, die as late third instar larvae or pu-
pae (Krueger et al., 1996). Because
homozygous Lar-null mutants do not
survive to adulthood, we tested transhet-
erozygous combinations of isogenized Lar
loss-of-function alleles for locomotor ac-
tivity rhythms. One allelic combination,
Lar deficiency Df(2L)E55 over point mu-
tant Lar'>? (Lar Df/Lar'>?), was viable,
even though both alleles are predicted to
be null for LAR function (Krueger et al.,
1996). Activity rhythms in Lar Df/Lar'>*
flies were abolished, as reflected by a sig-
nificant (p < 0.001) decrease in rhythm
strength compared with Lar Df/+ and
Lar'??/+ flies (Table 1; Fig. 1), thus con-
firming the behavioral phenotype and the
specificity of Lar RNAI.

Because reduced levels of Lar in clock-
cell-specific Lar RNAi knockdown and
Lar Df/Lar'>? flies caused high levels of
arrhythmicity, we reasoned that express-
ing Lar specifically in clock cells would
rescue the arrhythmic phenotype associ-
ated with these genotypes. To express Lar
in clock cells, timGal4 was used to drive
UAS-Lar. When timGal4 was used to ex-
press UAS-Lar in clock-cell-specific Lar
RNAi knockdown or Lar Df/Lar'*? mu-
tant flies, rhythmic activity was restored
(Table 2; Fig. 1), consistent with the significant increase in
rhythm strength compared with control timGal4 driven Lar
RNAi (p = 0.0032) and Lar Df/Lar'*>?* (p = 0.02) flies (Table 1).
Rescue of clock-cell-specific Lar RNAi knockdown and Lar Df/
Lar'*? arrhythmicity by clock-cell-specific Lar expression fur-
ther demonstrates that LAR levels and/or activity are required for
rhythmic activity.

UAS-Dicer2

Figure 3.

Molecular clock gene oscillations are preserved in Lar
knockdown flies

Because Lar is an RPTP, we expected that reducing LAR levels
would result in increased clock protein phosphorylation, thus
disrupting feedback loop progression and/or function. To deter-
mine whether reducing Lar expression alters PER, TIM and/or
CLK phosphorylation or abundance, antibodies against these
proteins were used to probe Western blots containing head ex-
tracts from timGal4 driven UAS-LarRNAi and UAS-LarRNAi

UAS-LarRNAi.pdfGal4
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PDF expression is absent in sLN, dorsal projections of PDF neuron-specific Lar RNAi knockdown flies. Brains dissected
from adult flies collected at ZT2 were immunostained with CLK and PDF antibodies and imaged by confocal microscopy. Each image
shows a left brain hemisphere, where lateral is right and dorsal is at the top. A—C, Projected Z-series image (76 m) of a
UAS-LarRNAi/UAS-Dicer2 brain. D-F, Projected Z-series image (90 pum) of a UAS-LarRNAi/UAS-Dicer2;pdf-Gal4/ + brain. G-I,
Projected Z-series image (76 wm) of a Lar Df/+ brain. J~L, Projected Z-series image (78 wm) of a Lar"*%/+ brain. M-0,
Projected Z-series image (88 um) of a Lar Df/Lar ™*2 brain. P-R, Projected Z-series image (82 um) of a Lar Df/Lar *2;timGal4/
UAS-Lar brain. Colocalization of PDF (green) and CLK (red) is seen as yellow. LN, denotes the position of LN, cell bodies. White
arrowhead denotes the sLN, dorsal projection. All images are representative of nine or more fly brains.

flies without a Gal4 driver collected at different Zeitgeber times (ZTs;
where ZTO0 is lights-on and ZT12 is lights-off) during LD cycles or
different CTs (where CTO is subjective lights-on and CT12 is subjec-
tive lights-off) during DD. CT2, CT10, and CT22 time points were
selected to detect differences in abundance and/or phosphorylation
because higher levels and/or hyperphosphorylated forms of clock
proteins are present at CT22 and CT2 and lower levels and/or hypo-
phosphorylated forms of clock proteins are present at CT10. Neither
CLK, PER, and TIM phosphorylation, as measured by the lower
mobility forms, nor abundance were noticeably different in head
extracts from timGal4 driven UAS-LarRNAi and control UAS-Lar-
RNAi/+ flies during LD (data not shown) or DD conditions (Fig.
2A). This result demonstrates that the molecular oscillator in clock-
cell-specific Lar RNAi knockdown flies is functioning similar to that
in controls having normal Lar levels, at least in fly heads, where
>90% clock protein signal comes from photoreceptor expression
(Glossop and Hardin, 2002).
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Figure 4.

more fly brains.

To directly assess clock protein localization and cycling in
pacemaker neurons in clock-cell-specific Lar RNAi knockdown
and Lar Df/Lar'>* flies, PER distribution was monitored in dis-
sected brains during LD (data not shown) and DD. Newly eclosed
UAS-LarRNAi/+, timGal4 driven UAS-LarRNAi and Lar Df/
Lar'>* adults were synchronized in LD and collected for dissec-
tion at the predicted PER peak (CT22) and trough (CT10) time
points on the third day after transfer to DD. Remarkably, PER
expression in timGal4 driven UAS-LarRNAi and Lar Df/Lar'>?
brains was indistinguishable from UAS-LarRNAi/+ controls at
both peak and trough time points during LD (data not shown)
and DD (Fig. 2B-G). In each of these genotypes, PER was readily
detected in all pacemaker neuron groups at CT22 (Fig. 2B-D), but
was undetectable at CT10 (Fig. 2E-G). Cycling of PER protein in
whole heads from timGal4 driven UAS-LarRNAI flies and pace-
maker neurons from timGal4 driven UAS-LarRNAi and Lar Df/
Lar'?? flies demonstrates that Lar does not disrupt molecular
oscillator function. These results suggest that Lar functions down-
stream of the molecular oscillator to disrupt activity rhythms.

PDF accumulation is impaired in Lar knockdown flies

A key regulator of locomotor activity rhythms is the neuropep-
tide PDF (Renn et al., 1999), which rhythmically accumulates in
the sLN,, projections into the dorsal brain (hereafter sLN, dorsal
projections) with a peak early in the day (Park et al., 2000). To
determine whether defects in PDF expression give rise to the
arrhythmic activity seen in clock-cell-specific Lar RNAi knock-
down and Lar Df/Lar'>* mutant flies, PDF was monitored in
brains from PDF neuron-specific Lar RNAi knockdown, Lar Df/
Lar'>2 mutant and control flies at ZT2. In pdfGal4 driven UAS-
LarRNAI flies, PDF immunostaining is markedly reduced or
absent (18 of 18 brain hemispheres) in sLN, dorsal projections
compared with the normal PDF immunostaining (18 of 18 brain

Both ILN,s and sLN,s are present in PDF neuron-specific Lar RNAi knock down and Lar Df/Lar
dissected from adult flies collected at ZT2 were immunostained with CLK and PDF antibodies and the region containing LN, s was
imaged by confocal microscopy. A—C, Projected Z-series ( 18 um) from a UAS-LarRNAi/UAS-Dicer2 brain. D—F, Twelve micrometer
projected Z-series image from a UAS-LarRNAi/UAS-Dicer2;pdfGal4/+ brain. G-I, Fourteen micrometer projected Z-series image
from a Lar Df/Lar "> brain. Colocalization of PDF (green) and CLK (red) is seen s yellow. All images are representative of eight or
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hemispheres) seen in sLN, dorsal projec-
tions from control UAS-LarRNAi flies
(Fig. 3A-F). In contrast, PDF immuno-
staining in 1LN, projections to the me-
dulla and accessory medulla (aMe)
showed no alterations in pdfGal4 driven
UAS-LarRNAIi or control UAS-LarRNAi
flies (18 of 18 brain hemispheres for each
genotype; Fig. 3A—F), whereas PDF im-
munstaining in ILN, projections to the
posterior optic tract (POT) were absent or
disrupted in most pdfGal4 driven UAS-
LarRNAi flies (10 of 18 brain hemi-
spheres) but normal in UAS-LarRNAi
controls (18 of 18 brain hemispheres)
(Fig. 3A—F). Likewise, wild-type PDF im-
munostaining was detected in sLN, dorsal
projections from Lar Df/+ and Lar'*?/+
control flies (16 of 16 brain hemispheres
for each genotype), but PDF immuno-
staining was absent in sLN,, dorsal projec-
tions in Lar Df/Lar'*? mutants (16 of 16
brain hemispheres; Fig. 3G—-0O). PDF ex-
pression in ILN, projections to the me-
dulla and aMe were present but appeared
less intense in Lar Df/Lar'>* mutants than
in control Lar Df/+ and Lar'>?/+ flies
(16 of 16 brain hemispheres), and PDF
levels in the POT projection were drasti-
cally reduced or absent in Lar Df/Lar'>?
mutant flies (8 of 16 brain hemispheres) compared with Lar Df/ +
and Lar'>2/+ controls (Fig. 3G-0).

If the lack of PDF accumulation in sLN,, dorsal projections is
due to decreased Lar levels, then expressing Lar in clock cells
should restore PDF expression in these projections. Indeed, when
timGald was used to drive UAS-Lar in Lar Df/Lar'>? flies, wild-
type PDF immunostaining was detected in sLN,, dorsal projec-
tions and ILN, medulla projections (16 of 16 brain hemispheres;
Fig. 3P-R). However, PDF expression in ILN, POT projections
was not completely restored by expressing Lar in all clock neu-
rons (8 of 16 brain hemispheres were disrupted or absent; Fig.
3P-R). The lack of PDF accumulation in sLN, dorsal projections
is not due to the loss of SLNs in flies with impaired Lar expres-
sion; CLK is expressed in sLN, nuclei of pdfGal4 driven UAS-
LarRNA: flies, Lar Df/Lar'>? mutants and control flies with
varying levels of PDF (Fig. 4). CLK levels in pdfGal4 driven UAS-
LarRNAi and Lar Df/Lar'">? mutant flies were not significantly
different (p > 0.05) than the UAS-LarRNAi and Lar Df/+ or
Lar'??/+ controls, respectively. These data demonstrate that
LAR expression in PDF neurons is required for PDF accumula-
tion in sLN,, dorsal projections.

13.2

mutant flies. Brains

Lar is required during development for PDF accumulation in

sLN, dorsal projections and activity rhythms

Loss of Lar expression in pacemaker neurons could abolish activ-
ity thythms and PDF accumulation in sLN,, dorsal projections by
blocking clock output pathway development, maintenance, or
both. To determine whether LAR is required in adults for loco-
motor activity rhythms, Lar RNAi was expressed in PDF-
expressing neurons post-eclosion using the Gal80" TARGET
system (McGuire et al., 2003). In flies raised and tested at the
permissive temperature (18°C), Gal80" inhibits pdfGal4 driven
UAS-LarRNAI, resulting in rhythms with a period of 23.54 h



3866 - J. Neurosci., March 30, 2016 - 36(13):3860 —3870

Agrawal and Hardin e Lar Alters Clock Neuron Development and Function

Table 3. PDF neuron-specific Lar RNAi knockdown during development, but not in adults, abolishes activity rhythms

Genotype (temperature raised >> temperature tested) Total Rhythmic, % Period == SEM Strength = SEM
w8+ (18°C > 30°0) 16 94 23.50 = 0.12 29.35 = 12.45
w8 tub-Gal80 ™/ +;pdfGald/ + (18°C >> 30°C) 18 89 23.94 £ 0.13 14.05 =+ 2.55
w MEUAS-LarRNAI/+;+ (18°C>> 30°() 15 100 23.59 = 0.08 2141 * 4.46
w '8, UAS-LarRNAi/tub-Gal80 *;pdfGal4/+ (18°C >> 30°C) 18 94 23.46 = 0.21 17.62 + 3.05
w8+ (30°C > 30°0) 12 ) 2441 = 0.11 17.48 = 2.01
w " :tub-Galg0 **/+ ;pdfGald/+ (30°C > 30°() 15 87 24.04 + 0.13 31.75 = 10.01
w T UAS-LarRNAI/+; + (30°C => 30°C) 14 93 2361 +0.14 1621 = 1.8
w M UAS-LarRNAI/tub-Gal80 *;pdfGal4/ + (30°C > 30°C) 18 6 24.50 344 + 1.17%
w8 44 (18°C > 18°() 12 83 2345 + 005 35.13 = 9.46
w " tub-Galg0 "/ + ;pdfGald/+ (18°C > 18°() 12 83 2330 =+ 0.08 43.76 + 7.94
w TS UAS-LarRNA/ +;+ (18°C >>> 18°() 16 88 23.50 = 0.10 15.01 = 1.34
w T8-UAS-LarRNAi/tub-Gal80 *;pdfGald/ + (18°C >> 18°C) 17 88 23.61 % 0.09 4737 * 631
w8+ (30°C > 18°0) 12 9 2343 = 0.03 27.79 = 6.23
w8 tub-Gal80 ™/ +;pdfGald/ + (30°C >> 18°C) 15 80 23.71 £ 0.16 30.67 = 18.72
w MEUAS-LarRNAI/+;+ (30°C >> 18°() 12 83 23.56 = 0.07 13.48 = 2.06
w '8, UAS-LarRNAi/tub-Gal80 *;pdfGal4/+ (30°C >> 18°C) 15 13 2475+ 0.1 6.85 + 1.47*

Adult males of the indicated genotypes were either raised (first temperature in parenthesis) at the permissive temperature (18°C) to block Gal4-dependent expression of Lar RNA or the restrictive temperature (30°C) to permit
Gal4-dependent expression of Lar RNAI. After eclosion, adult flies of the indicated genotype were entrained for 3 d in LD and monitored for seven days in constant darkness (second temperature in parenthesis) at either 18°Cor 30°C. Flies
raised and/or tested at 30°C showed a 30 —50% lower survival rate. Analysis of activity in DD and fly genotypes are as described in Materials and Methods. The Total, Rhythmic %, Period = SEM, and Power == SEM columns are as described

inTable 1.

*Significantly different (p << 0.05) rhythm strength compared to controls exposed to the same temperature regime. Lar RNAi knockdown flies raised at 18°C and tested at 30°C were not significantly different (p > 0.29) than controls
exposed to this temperature regime. Lar RNAi knockdown flies raised and tested at 18°C were not significantly different (p > 0.28) than all controls exposed to this temperature regime except for UAS-Lar RNA: flies, which had significantly

(p < 0.01) weaker rhythms.

(Table 3, row 12), and strengths that were
either not different (p > 0.28) or stronger
(p < 0.02) than controls unable to express
Lar RNAI (Table 3, rows 9—11). When pdf-
Gal4 driven UAS-LarRNAi flies were raised
at 18°C and transferred to restrictive tem-
perature (30°C) after eclosion, Lar RNAI is
only expressed in PDF neurons of adults.
However, these flies were just as rhythmic
(p > 0.29) as control flies that are unable to
express Lar RNAIi after eclosion and had
comparable periods (Table 3, compare row
4 to rows 1-3). These results suggest that
LAR expression in PDF neurons after adults
emerge is not required for activity rhythms.
This result implies that Lar function is re-
quired in sLN,s during development since
knocking down Lar in PDF neurons during
development and in adults essentially
eliminates activity rhythms (Table 1, rows
6 and 10).

To confirm a role for LAR during de-
velopment, we tested pdfGal4 driven
UAS-LarRNAI flies for defects in activity
rhythms when raised and tested at 30°C at
the adult stage (continuous Lar knock-
down) or raised at 30°C and transferred to
18°C at the adult stage (development only
Lar knockdown). Both continuous and
development-only Lar knockdown flies
displayed significantly higher arrhythmic-
ity (p < 0.05) compared with control
strains that showed rhythms with 23.5-
24.5 h circadian periods (Table 3, com-
pare row 8 to rows 5—7 and row 16 to rows
13-15). These results confirm that Lar
is required during early stages of fly
development for rhythms in locomotor
activity.

Flies raised at 18°C and tested at 30°C

t‘ubGaIBOts ,QdfGaI4
+ PDF PDF

UAS-LarRNAI.pdfGal4

tubGal80ts +

tubGal80's. pdfGal4
+ ;

+

UAS-LarRNAI. pdfGal4
tubGal80ts '+

Figure5. Larisrequired during development, but notin adults, for PDF accumulation in SLN,, dorsal projections. A—F, Flies were
raised at 18°C to block Gal4 activation, shifted to 30°C after eclosion to permit Gal4 activation, and collected at ZT2. A-C, Seventy-
four micrometer projected Z-series image of a tubGal80*/+;pdfGald/+ brain. D~F, Eighty-two micrometer projected Z-series
image of a UAS-LarRNAi/tubGal80 *;pdfGald/ + brain. G-L, Flies were raised at 30°C to permit Gal4 activation, shifted to 18°Cafter
eclosion to block Gal4 activation, and collected at ZT2. G-I, Eighty-six projected Z-series image of a tubGal80*/+;pdfGal4/+
brain. J-L, Eighty-two micrometer projected Z-series image of a UAS-LarRNAi/tubGal80 *;pdfGal4/+ brain. Brains were dis-
sected, immunostained with CLK and PDF antibodies, and imaged by confocal microscopy. Aleft brain hemisphere s shown in each
image, where lateral is right and dorsal is top. LN,,, SLN,, and ILN,, cell bodies; white arrowhead, sLN, dorsal projection. All images
are representative of 10 or more brain hemispheres.
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Figure6.

images are representative of 12 or more brain hemispheres.

Given that the expression of Lar RNAi in PDF neurons after
eclosion does not alter rhythmic activity, we expected PDF to accu-
mulate in SLN, dorsal projections. Indeed, we observed PDF staining
in sLN, cell bodies and dorsal projections from flies expressing Lar
RNAI in PDF neurons after eclosion that was comparable to controls
(Fig. 5A—F). In contrast, flies that express Lar RNAi in PDF neurons
during development lacked PDF staining when tested at 18°C as
adults (Fig. 5G-L). Together, these results demonstrate that Lar
functions during development to permit PDF accumulation in sLN,
dorsal projections and drive activity rhythms.

Lar disrupts the development of sLN,, dorsal projections

During fly development, LAR was previously shown to regulate
neuronal morphology, axon guidance and growth in embryos via
multiple signaling pathways (eg, BMP, WNT) (Krueger et al.,
1996; Desai et al., 1997; Wills et al., 1999; Kaufmann et al., 2002;
Berke et al., 2013). Given that Lar plays a role in axonal develop-
ment, we tested whether sLN, dorsal projections were disrupted
in PDF neuron-specific Lar RNAi knockdown flies. sLN,, axonal
morphology was visualized with a membrane-tethered version of
GFP (mCD8-GFP) expressed in PDF-positive neurons. GFP was
detected in sLN, dorsal projections from control brains at ZT2
(Fig. 6A), when the axonal arbor is at its maximum (Ferndndez et
al., 2008). Strikingly, sLN, dorsal projections were either com-
pletely absent (17 of 18 brain hemispheres) or weakly detected (1 of
18 brain hemispheres) in UAS-LarRNAi/UAS-mCD8GFP;pdf-
Gal4/+ adults beyond the dorsomedial defasciculation point (Fig.
6B). Likewise, ILN, projections to the medulla and the POT were
aberrant (8 of 18 brain hemispheres with absent or altered projec-
tions) and GFP staining was weak in UAS-LarRNAi/UAS-
mCD8GFP;pdfGald/+ flies (Fig. 6B). These results show that Lar
plays a critical role in the development of sLN, dorsal projections

PDF neuron-specific Lar RNAi knockdown eliminates the SLN,, dorsal projection. Brains were dissected from adult flies
collected at ZT2, immunostained with GFP antibody, and imaged by confocal microscopy. Projected Z-series images of whole brains
are shown, where lateral is left and dorsal is at the top. A, Seventy-six micrometer projected Z-series image from a control
UAS-m(D8GFP/+;pdfGal4/+ fly brain. B, Seventy-eight micrometer projected Z-series image from a UAS-mCD8GFP/UAS-Lar-
RNAi;pdfGal4/+ fly brain. White arrowhead, sLN, dorsal projection; blue arrowhead, ILN, POT projection; yellow arrowhead, ILN,
medulla projection; red arrowhead, sLN, and ILN, aMe projections; gray arrowhead, ILN, aMe ventral elongation projection. All
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(and to a lesser extent in ILN, projections),
consistent with the loss of PDF accumula-
tion in these processes and loss of behavioral
rhythms.

Although Lar mutants and RNAi knock-
downs eliminate PDF expression in sLN,
dorsal projections (Fig. 3), PDF continues to
accumulate in SLN, and ILN,, cell bodies and
their projections into the medulla, the aMe,
and (to a lesser extent) the POT (Figs. 3, 5,
6). The presence of PDF in sLN, and ILN,
cell bodies and their remaining projections
distinguishes Lar mutant and RNAi knock-
down flies from the pdf®" mutant, which
eliminates PDF without altering sSLN,, struc-
ture, or PDF neuron ablation flies, which
eliminate both PDF and LN s (Renn et al.,
1999). Despite their differences in PDF ex-
pression and sLN, structure, Lar mutant
and RNAi knockdown, pdf°’ mutant and
LN, ablation flies all abolish activity
rhythms in DD. However, activity rhythms
of pdf®" mutant and LN, ablated flies are
also disrupted in diurnal (LD) cycles; the
evening activity peak is advanced by 0.5-1 h
and anticipation of lights-on is abolished
(Renn et al., 1999). Lar RNAi knockdown
flies were therefore tested to determine
whether their diurnal activity reflected that
of pdf®" mutant flies, but surprisingly the
phase of their evening activity peak was sim-
ilar to wild-type controls (p = 0.07) and significantly later (p <
0.001) than the pdf®" mutant, and they could anticipate lights-on
significantly better (p < 0.05) than the pdf°" mutant (Fig. 7; Table 4).
Because PDF expression in LN, cell bodies and their projections into
the medulla, aMe and POT persist in Lar RNAi knockdown flies,
PDF secretion from LN,s could account for the difference in light-
driven activity.

Discussion

To identify phosphatases that target clock proteins, we performed a
clock-cell-specific RNAI screen. In this screen, we found that RNAi
knockdown of the RPTP LAR abolishes locomotor activity rhythms
(Table 1; Fig. 1). A transheterozygous combination of Lar Df and
Lar">? mutant alleles also displayed arrhythmic activity, thus con-
firming the RNAi knockdown phenotype. The loss of rhythmicity in
clock-cell-specific Lar RNAi knockdown flies and Lar Df/Lar'>?
mutants is not due to a defect in core oscillator function; CLK, PER
and TIM phosphorylation and abundance were similar in timGal4
driven UAS-LarRNAi and control UAS-LarRNAI fly head extracts
(Fig. 2A). Likewise, PER oscillations in pacemaker neurons from Lar
RNAi knockdown flies were indistinguishable from controls lacking
Lar RNAi expression (Fig. 2B). The presence of an intact molecular
clock in Lar Df/Lar*? mutant and clock-cell-specific RNAi knock-
down flies suggests that Lar disrupts output from the circadian
oscillator.

The loss of activity rhythms in Lar mutant and RNAi knock-
down flies is reminiscent of the arrhythmicity seen in pdf°' flies
during constant darkness (Renn et al., 1999). Mutations that
eliminate PDF (or the PDF receptor) are thought to disrupt out-
put signaling from the sLNs to other tissues and synchronizing
cues to different groups of pacemaker neurons, thereby causing
arrhythmicity in constant darkness (Renn et al., 1999; Peng et al.,
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2003; Lin et al., 2004; Hyun et al., 2005; UAS-LarRNAI UAS-LarRNAI.pdfGal4
Lear et al., 2005; Mertens et al., 2005). + + T+
Given these roles for PDF, we hypothe- A w B <

sized that loss of Lar disrupts PDF expres-
sion or release. Indeed, PDF neuron-
specific Lar RNAi knockdown and Lar Df/
Lar'>? mutants displayed defective PDF
staining in sLN, dorsal projections, but
PDF staining persisted in LN, cell bodies
and their remaining projections (Figs. 3,
4). These results suggest that the arrhyth-
mic activity seen in PDF neuron-specific

Lar RNAi knockdown flies was due to the
absence of PDF expression in sLN, dorsal
projections. Expressing Lar in clock neu- c
rons from Lar Df/Lar'>* mutants rescued
PDF expression in sLN, dorsal projec-
tions and behavioral rhythms (Table 2;
Fig. 3P-R), demonstrating that Lar acts in
clock cells to mediate PDF release and/or
accumulation in sLN, dorsal projections 1
and drive rhythmic activity.

PDF expression in sLN,, dorsal projec-
tions is first detected in L1 larval brains

UAS-LarRNAI
timGal4

A

(Helfrich-Forster, 1997). Since Lar partici-
pates in axon guidance through the midline
during development of the embryonic CNS
(Seeger etal., 1993), positioning sensory ter-
minals in the olfactory lobe (Jhaveri et al.,
2004), and proper compartmentalization of
the visual system (Tayler et al., 2004), Lar
could function during development, in
adults, or both to promote PDF accumula-
tion in sLN,, dorsal projections. Using the Gal80" TARGET system
to express PDF neuron-specific Lar RNAi during development, in
adults, or both, we found that Lar acts during development to enable
PDF accumulation in sLN,, dorsal projections (Table 3; Fig. 5). Be-
cause PDF functions to synchronize pacemaker neurons and drive
behavioral outputs (Park et al., 2000; Peng et al., 2003; Lin et al.,
2004; Collins etal., 2012; Cavanaugh et al., 2014), loss of PDF in sSLN,
dorsal projections likely accounts for the lack of activity rhythms.

Given that Lar is involved in axonal development, Lar could also
be required for sSLN, dorsal projection development rather than PDF
accumulation per se. Indeed, sLN, dorsal processes marked by
mCD8-GFP were severely disrupted or absent in PDF neuron-
specific Lar RNAi knockdown flies (Fig. 6B). The lack of SLN,, dorsal
projections in PDF neuron-specific Lar RNAi knockdown flies im-
plies that Lar functions when sLN, dorsal projections are forming
during or before the L1 larval stage (Helfrich-Forster, 1997). Our
results suggest that loss of Lar alters sLN, axonal targeting in the
dorsal protocerebrum during embryonic or early larval develop-
ment, thereby impairing PDF signaling, synchronization of the cir-
cadian network, and rhythmic activity.

By eliminating sLN,, dorsal projections, Lar mutants and RNAi
knockdowns disrupt PDF signaling in a novel fashion; pdf°" flies
have intact SLN,s but lack PDF expression and PDF neuron ablated
flies eliminate sLN s entirely and lack PDF expression (Renn et al.,
1999). In addition to their arrhythmic activity in DD, pdf°' mutants
and PDF neuron ablated flies lack morning activity in anticipation of
lights-on and display an evening peak in activity ~0.5-1 h earlier
than wild-type flies in LD, suggesting that the loss of PDF accounts
for both of these diurnal phenotypes (Renn et al., 1999). Unexpect-
edly, Lar RNAi knockdown flies were active in anticipation of

Figure 7.

ZT (hr)

ZT (hr)

Activity profiles of clock-cell-specific Lar RNAi knockdown, pdf°" and control flies during LD cycles. Average activity
histograms indicating relative levels of locomotion for adult males of the indicated genotypes during LD days 2—7 are shown. 4,
UAS-LarRNAi/ + flies (n = 16). B, UAS-LarRNAi/ +;pdfGal4/ + flies (n = 14). C, UAS-LarRNAi/ + ;timGal4/ + flies (n = 16). D,
pdf® mutant flies (n = 14). ZT time in hours during an LD cycle where lights-on is ZT0 and lights-off is ZT12; white bars, daytime
activity; black bars, night time activity; lights-on anticipation, gray arrow; lights-off anticipation, black arrow.

Table 4. LD activity in clock-cell-specific Lar RNAi knockdown flies does not display
defects seen in pdf" mutants

Evening Morning Anticipation
Genotype Total peak = SEM  peak = SEM index = SEM
w MEUAS-LarRNAI/ 4+ 16 120008 06008 079 =004
w MEUAS-LarRNAI/timGal4; + 16 121+006" 05000 095=003"
w8 UAS-LarRNAI/ +pdfGald/+ 14 123 0077 05004 082 +0.06*
yw;+;pdf® /pdf® 14 9.8+ 0.03* 0.6+008 060 0.06"

Adult males were analyzed for behavioral rhythms during LD for at least 7 d. The phase of activity peaks and the
anticipation of lights-on during LD cycles were analyzed as described (see Materials and Methods). Total, number of
flies analyzed; Moming peak = SEM, Zeitgeber Time of the morning activity peak == SEM; Evening peak = SEM,
Zeitgeber Time of the evening activity peak == SEM; Anticipation index == SEM, the amount of activity that occursin
anticipation of lights-on = SEM.

*Significantly different (p << 0.001) compared to clock-cell-specific Lar RNAi knockdown and control strains.
*Significantly different (p < 0.05) compared to clock-cell-specific Lar RNAi knockdown and control strains.
Not different (p = 0.07) than w " "8;UAS-LarRNAi/+;+ control.

#Not different (p = 0.73) than w """&;UAS-LarRNAI/+; + control.

“Significantly better anticipation (p = 0.02) than w ""'&;UAS-LarRNAi/+;+ control.

lights-on and showed an evening activity peak having a wild-type
phase in LD cycles (Fig. 7; Table 4). Although PDF signaling to the
dorsal brain is disrupted in Lar mutants and RNAi knockdowns,
PDF continues to be expressed in sLN,, and ILN, cell bodies and
projections that target the medulla, POT and aMe (Figs. 3, 5, 6).
These results imply that PDF signaling from the remaining sLN, and
ILN,, projections mediates normal diurnal activity with a morning
(M) peak at dawn and an evening (E) peak at dusk.

In Drosophila, sSLN,s control the M activity peak and LNys plus
the PDF-negative fifth sLN,, control the E activity peak (for review,
see Helfrich-Forster, 2014; Beckwith and Ceriani, 2015). Projections
from the M (sLN,) neurons and a subset of E (3 LN plus fifth sLN,)
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neurons, together with those from ILN.s, terminate in the aMe
(Helfrich-Forster et al., 2007; Helfrich-Forster, 2014), a structure
thatis well preserved in Lar mutants and RNAi knockdowns. Impor-
tantly, the ILN s play a major role in conveying light input from
multiple cellular sources (eg, retinal photoreceptors, Hofbauer-
Buchner eyelets, and ILN,s) to the circadian system (Helfrich-
Forster et al., 2002, 2007; Shang et al., 2008; Sheeba et al., 2008; Fogle
et al, 2011). PDF signaling by ILN,s is known to phase advance
(shorten the period) of M neurons and phase delay (lengthen the
period) of E neurons (Wiilbeck et al., 2008; Helfrich-Forster, 2014),
suggesting that ILN,s communicate with M and E neurons to define
the pattern of diurnal activity. Consistent with this possibility, the M
and E neurons that project into the aMe express the PDF receptor
(PDFR; Im etal., 2011; Helfrich-Forster, 2014), and are thus capable
of responding to PDF. Our results, together with those from previ-
ous studies, suggest a model for how diurnal rhythms are regulated;
ILN s receive light input, release PDF into the aMe, PDFR receptive
E cells and M cells are phase delayed and phase advanced, respec-
tively, thereby positioning the E activity peak at the lights-off transi-
tion and the M activity peak at the lights-on transition. Signaling by
other neuropeptides and neurotransmitters may also be involved in
mediating normal peaks of M and E activity in Lar mutant and RNAi
knockdown flies (for review, see Beckwith and Ceriani, 2015), but
additional studies will be necessary to define the relevant signaling
pathways and targets. Because the aMe houses the circadian pace-
maker center in many insects (Homberg et al., 1991; Stengl and
Homberg, 1994; Frisch et al., 1996; Helfrich-Forster et al., 1998;
Helfrich-Forster, 2005), it may play a conserved role in regulating
diurnal activity rhythms.

LAR presumably functions to dephosphorylate substrates in
sLN,s that enable proper growth and targeting of dorsal projec-
tions. Previous work shows that Lar is required for segmental
nerve b motoneuron growth cones to recognize and enter their
correct target regions, suggesting that LAR regulates the phos-
phorylation state of intracellular target proteins critical for
growth cone guidance (Krueger et al., 1996; Wills et al., 1999). It
is likely that a dynamic balance of kinase and phosphatase activ-
ities at the leading edge of the growth cone endows it with the
ability to integrate convergent signals and translate them into
appropriate steering decisions. This suggests that Lar is a neces-
sary component in a ligand-mediated mechanism that normally
guides axons through their appropriate choice points during the
development of sLN,, axon architecture in the fly brain. Several
LAR extracellular ligands, such as syndecan, dally like protein,
and laminin-nidogen complex have been identified that contrib-
ute to motor axon guidance and synaptogenesis in flies and/or
mammals (O’Grady et al., 1998; Fox and Zinn, 2005; Johnson et
al., 2006). Intracellular substrates of LAR include -catenin and
p130cas, which control neurite outgrowth and apoptosis, respec-
tively, depending on their phosphorylation state (Kypta et al.,
1996; Weng et al., 1999; Xu and Fisher, 2012). Whether any of
these LAR ligands or substrates contribute to sSLN,, dorsal projec-
tion development will require further investigation. Given that
the PTP-containing intracellular domain of Drosophila LAR is
77% identical to its human ortholog (Streuli et al., 1989), it is
possible that human Lar also plays a role in the development of
pacemaker neuron processes in the suprachiasmatic nucleus.
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