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ABSTRACT

Understanding how genotypic variation influences variation in brain structures and behavioral phe-
notypes represents a central challenge in behavioral genetics. In Drosophila melanogaster, the neuralized (neur)
gene plays a key role in development of the nervous system. Different P-element insertional mutations of
neur allow the development of viable and fertile adults with profoundly altered behavioral phenotypes that
depend on the exact location of the inserted P element. The neur mutants exhibit reduced responsiveness
to noxious olfactory and mechanosensory stimulation and increased aggression when limited food is
presented after a period of food deprivation. These behavioral phenotypes are correlated with distinct
structural changes in integrative centers in the brain, the mushroom bodies, and the ellipsoid body of the
central complex. Transcriptional profiling of neurmutants revealed considerable overlap among ensembles
of coregulated genes in the different mutants, but also distinct allele-specific differences. The diverse
phenotypic effects arising from nearby P-element insertions in neur provide a new appreciation of the
concept of allelic effects on phenotype, in which the wild type and null mutant are at the extreme ends of a

continuum of pleiotropic allelic effects.

EHAVIORS are complex traits. Their manifestation
depends on interactions among multiple genes

and their interplay with the environment. In contrast to
other complex traits, behaviors are the quintessential
expression of the nervous system, which mediate adap-
tive responses to changes in the environment. Previous
studies have shown that the genetic architectures that
shape behaviors are composed of modular ensembles
of pleiotropic genes (ANHOLT et al. 2003; ANHOLT 2004;
VAN SWINDEREN and GREENSPAN 2005). Furthermore,
subtle disruptions of key genes within such ensembles
have widespread effects on transcriptional regulation
throughout the genome (ANHOLT et al. 2003) and can
display a range of allelic effects that differentially affect
different traits (ROLLMANN et al. 2006). For example,
nearby P-element insertions in the 7Trel-Gr5a region
that interact epistatically with components of the
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insulin-signaling pathway differentially affect life span,
resistance to heat stress and starvation, and preference
for trehalose intake (ROLLMANN et al. 2006).
Understanding how genotypic variation results in var-
iation in behavioral phenotypes requires corresponding
insights into how variations in structure and function
in the nervous system give rise to variation in these
behaviors. To begin to understand pleiotropic effects of
key genes in epistatic networks that orchestrate be-
haviors in the context of this “genes-brain—behavior”
paradigm, we have studied P-element insertional mu-
tants of neuralized (neur). The Drosophila melanogaster neur
gene encodes a ubiquitin ligase, which processes the
Notch ligand Delta and is involved in cell fate commit-
ment during development of the nervous system
(DreTrICH and CAMPOS-ORTEGA 1984; YEH et al. 2000;
LAt and RuBiN 2001; Lar1 et al. 2001; PAvLOPOULOS el al.
2001; TiMMUsK et al. 2002). P-element insertions at neur
can result in changes in the number of mechanosensory
bristles (NORGA et al. 2003) and reduced olfactory
avoidance behavior (SAMBANDAN et al. 2006). In addi-
tion, lines selected for increased and decreased aggres-
sion show altered transcriptional regulation of neur
compared to unselected lines (EDWARDS et al. 2006).
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We identified three co-isogenic P-element insertions
in neur (NORGA et al. 2003; SAMBANDAN et al. 2006) and
studied their effects on olfactory avoidance behavior,
aggression, and locomotor reactivity in adult flies. We
also performed morphometric neuroanatomical analy-
ses to assess structural changes in integrative centers in
the brain, the mushroom bodies, and the ellipsoid body
of the central complex. Our observations demonstrate
that mutations from nearby P-element insertions in a
single gene can give rise to pleiotropic behavioral effects
associated with neuroanatomical alterations.

MATERIALS AND METHODS

Drosophila stocks: The neur®***', newur®*****? and neur®“**%
P-element insertion lines each contain a single p/GT1I] in-
sertion (LukacsovicH et al. 2001; BELLEN et al. 2004) in the
neur (CGI11988) gene region in the co-isogenic Canton-S (B)
background. All flies were reared on an agar—yeast-molasses
medium in vials at 25° and under a 12-hr light/dark cycle.

P-element excision lines: P-element excision lines were
constructed in a controlled Canton-S (B) background by
crossing w; CS(B);neur®*"*"" or w;CS(B);neur®**** females to
w;Cy/Sp;SbA 2-3/TM6, Th males. Male offspring of the genotype
w;Cy/CS(B);P/SbA 2-3 were then crossed to w;CS(B);H/TM3,Sb
females, and single male offspring, w;CS(B);P/H, were crossed
to w;CS(B);H/TM3,Sbfemales. Progeny in which the Pelement
has been excised, w;CS(B);P/TM3,Sh, were mated inter se to
generate a homozygous P-element excision line.

Bristle numbers: Abdominal and sternopleural bristle
numbers were scored for males and females. Abdominal
bristle number is the number of microchaetae on the sixth
sternite in females or the fifth sternite in males and sterno-
pleural bristle number reflects the total number of macro-
chaetae and microchaetae on the right and left sternopleural
plates. Four replicates of 10 flies per sex and line were
counted. Abdominal and sternopleural bristle numbers were
analyzed separately by two-way fixed effects ANOVA according
tothe model Y= + L+ S+ L X §+ E, where Ldenotes line,
S denotes sex, and E denotes environmental variation.
Abdominal bristle number differed by line and sex as shown
by a significant line-by-sex interaction term. Thus, abdominal
bristle scores were subsequently analyzed separately for each
sex according to the ANOVA model Y= w + L + E, where L
denotes line and £ denotes environmental variation. Post-hoc
Tukey’s tests were used to determine significant mean differ-
ences among the lines, where applicable.

Behavioral assays: Avoidance responses to benzaldehyde
and locomotor reactivity assays were measured as described
previously (ANHOLT et al. 1996; JORDAN et al. 2006; SAMBANDAN
et al. 2006). Statistically significant differences from the
Canton-S (B) control line were evaluated by two-way fixed
effects ANOVA according to the model Y=pn + L+ S+ L XS
+ I, where Ldesignates line, Sdesignates sex, and E designates
the environmental variation. A post-hoc Tukey’s test was used
to determine line differences in mean scores, where applica-
ble. Male aggressive behavior was scored using the eight-fly
assay described previously by measuring the number of ag-
gressive encounters observed during a 2-min period in an
arena with a droplet of food following a period of food dep-
rivation (EDWARDS et al. 2006). Data were analyzed by a one-
way fixed effects ANOVA according to the model Y= + L+
FE, where L denotes line and £ denotes environmental
variation, with a subsequent post-hoc Tukey’s test to determine
significant mean differences among the lines. All P-element

insertion lines and the Canton-S (B) control were tested
contemporaneously for each behavior, and behavioral data
were accumulated over multiple days or weeks to randomize
environmental variation. Measurements for each behavior
were always made during the same time of day to minimize
experimental variation by avoiding differential sampling of
circadian fluctuations.

Immunohistochemistry and morphometric analysis: Adult
Drosophila brains were fixed in phosphate buffered saline
(PBS)-37% formaldehyde for 15 min at room temperature,
washed extensively with PBS, and blocked in PAXD [PBS
containing 5% bovine serum albumin (Roche Biochemicals),
0.3% Triton X-100, 0.3% sodium deoxycholate] for 10 min at
room temperature. Incubation with a 100-fold dilution of
antifasciclin II MAb 1D4 (Developmental Studies Hybridoma
Bank; under the auspices of the National Institute of Child
Health and Human Development and maintained by the
University of Iowa, Department of Biological Sciences, lowa
City, IA) was done overnight at 4°. After washing with PAXD,
brains were incubated with a 100-fold dilution of Cy™3-
conjugated Affinipure goat anti-mouse IgG (H + L) (Jackson
ImmunoResearch Laboratories, West Grove, PA) for 2 hr at
room temperature, followed by washing with PAXD. Brain
samples were mounted in Vectashield mounting medium
(Vector Laboratories, Burlingame, CA) and visualized under
an Olympus BX61 epifluorescence microscope equipped with a
DP70 digital camera controlled with analySIS Software. For ease
of analysis, relevant dimensions (length and width of o- and
B-lobes and diameters of ellipsoid body; see Figure 2g for
color-coded schematic) were measured on screen and were
subsequently converted to values (expressed as percentages)
relative to the distance between the two mushroom body heels
per brain. Statistical significance was determined using two-way
ANOVA with post-hoc Tukey’s tests. Images for Figure 2, a—d,
were generated using a Leica TCS SE confocal laser microscope.

Transcriptional profiling: Flies were frozen on dry ice 5-7
days post eclosion and total RNA was isolated for two replicate
groups of males and females for each line. First- and second-
strand c¢cDNA were synthesized followed by synthesis of
biotinylated cRNA targets. These targets were hybridized to
GeneChip Drosophila genome arrays (Affymetrix) and visual-
ized with a streptavidin—phycoerythrin conjugate, as described
in the Affymetrix GeneChip Expression Analysis Technical
Manual (2000). An estimate of expression of each probe set is
the signal metric, which is the weighted averaged signal from
all probes within the probe set. Signal values were analyzed by
two-way ANOVA according to the model Y=pn + L+ S+ LX S
+ E, where L denotes line, S denotes sex, and E denotes the
environmental variation. Corrections for multiple testing were
done using the false-discovery-rate g¢statistic (STOREY and
TissHIRANT 2003), with a false-discovery-rate threshold for
significance set at ¢ < 0.05.

Quantitative RT-PCR: RNA was isolated from three repli-
cate groups of 25 animals each of control and mneuralized
mutant adults, as described above. cDNA was generated from 1
rg RNA of each sample using the Transcriptor First Strand
c¢DNA synthesis kit (Roche Biochemicals). The qPCR Master-
mix Plus for SYBR Green I (Eurogentec) was used in quan-
titative RT-PCR (qRT-PCR) reactions that were performed on
an ABI7000 instrument. For each replicate group, four
technical replicates were measured. Expression levels of tran-
scripts from the various samples were normalized to actin5C
expression. We used the following primers: Neur-AB F, 5'-GT
CTCGAAGTTGTCGTCGTCGG, and Neur-AB R, 5-AGCGA
TAGAGTTCTTCTTCG; Neur-CD F, 5-GCTCACGGTGCACA
TAATATCG, and Neur-CD R, 5'-CAGCCACAACAACTAGGA
CACAG; actin5C F, AGTCCGGCCCCTCCATT, and actin5C
R, CTGATCCTCTTGCCCAGACAA. Primers Neur-AB F and
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Neur-AB R anneal to exon 2 (shared by transcripts A and B)
and will allow quantification of the combined amounts of
transcripts A and B, while primers Neur-CD F and Neur-CD R
anneal to exon 1 (shared by transcripts C and D) and will allow
quantification of the combined amounts of transcripts C and
D. Further discrimination between transcripts A vs. Band C vs.
D was technically not possible.

RESULTS

P-element insertions at the neur locus of D.mela-
nogaster: Drosophila neur is a neurogenic gene with a
role in cell fate commitment. The Drosophila neur gene
contains three exons, which generate four alternatively
spliced transcripts: neurRA, neurRB, neurRC, and neur
RD (NCBI accession no. AE014297). These transcripts
differ in the first exon, but share their second and third
exons with transcripts neurRA and neurRC differing by
3 bpin the lengths of their second intron and third exon
compared to neurRB and neurRD, respectively (Figure
1a). The 3-bp difference is most likely due to alternative
splice acceptor site usage. We identified three different
plGT1I]-element insertions at the neurlocus (neur®*"*',
neur®®?* and  neur®®°®%; BELLEN el al. 2004). The
p[GT1] insertion sites are ~70 bp upstream of exon 1
of transcripts neurRA and neurRB and in the firstintron
(~5350 bp downstream of exon 1) of transcripts newr
RC and neurRD. All insertions are in the same orienta-
tion (Figure 1a).

Previous studies indicated that neuwr mutations can
affect numbers of sensory bristles, consistent with the
role of neur in peripheral nervous system development
(Noraa et al. 2003). We observed a significant reduction
of 1.84 sternopleural bristles in homozygous neur®“***"!
flies in both sexes, but the sternopleural bristle numbers
of new®®* and newr®**** were not significantly
different from the control (Table 1). The line-by-sex
interaction term was significant in the ANOVA of
abdominal bristle number (Fj 399 = 5.73, P = 0.0002),
indicating significant sex-specific effects of neur muta-
tions on this trait. neur®“****' males and neur*“***** and
neur®“**%” females had reduced abdominal bristle num-
bers compared to the co-isogenic Canton-S (B) control
(Table 1).

Pleiotropic behavioral effects of hypomorphic neur
mutants: In a previous study we demonstrated that
neur®®"**’! homozygotes display decreases in olfactory
avoidance behavior in adult flies (SAMBANDAN et al.
2006). We confirmed the aberrant olfactory avoidance
behavior of neur®“***' mutant flies (Figure 1b). No sig-
nificant differences in olfactory avoidance behavior
from the control were observed for neur®®** or
neur®***%7 (data not shown). To verify that the aberrant
olfactory phenotype arose due to the insertion of the
plGT1] construct rather than from an independent
mutation, we mobilized the p/GT1] transposon and
showed that P-element excision restored normal olfac-
tory avoidance behavior (Figure 1b). P-element excision

also restored the wild-type sternopleural and abdominal
bristle phenotype (Table 1).

Next, we asked whether reduced responsiveness to
environmental cues was generalized or specific to
particular sensory modalities by measuring a startle
response (locomotor activity in response to a mechan-
ical stimulus; JORDAN et al. 2006) and male aggressive
behavior (EDWARDS et al. 2006). We observed a signif-
icant reduction in locomotor reactivity for both sexes in
neur®®*? (I 116 = 33.45, P < 0.0001) and neus®0**
(K116 = 20.47, P < 0.0001) compared to the Canton-S
(B) control (Figure 1lc). However, neur®****', which
showed reduced olfactory avoidance responses to benz-
aldehyde, showed normal locomotor reactivity, which
indicates that these behavioral phenotypes are depen-
dent on the specific insertion site of the P element. To
verify that altered locomotor reactivity was indeed
attributable to the transposon insertions, we generated
two P-element excision lines of neur®¢°%*12 (peyyBc02542Rev1
and neur®¢%12R2) and demonstrated restoration of wild-
type locomotor reactivity (F5 190 = 14.28, P < 0.0001;
Figure 1d).

Surprisingly, the average numbers of aggressive en-
counters by males competing for a limited food supply
after a period of food deprivation were ~1.8-fold greater
in new™ " and new"****" than in the co-isogenic
Canton-S (B) control (F% 57 = 20.60, P < 0.0001; Figure
le). We did not observe a significant effect of neur®°**?
on aggressive behavior. Again, P-element excision in a
controlled genetic background restored the level of
aggressive behavior of the neur®*****' mutant to wild-type
levels (Figure le). The increased level of aggression in
these flies demonstrates that their impaired locomotor
reactivity is not due to physical limitations on mobility.

Effects of Pelement insertions in neur on brain
structure: Olfactory avoidance behavior, startle-induced
locomotion, and aggression are behaviors that all in-
volve input from different sensory modalities. This
input is integrated and processed in higher brain struc-
tures and ultimately results in a motor response. We
sought to determine whether the behavioral abnormal-
ities that we observed in neur mutant flies could result
from structural alterations in integrative centers in the
brain, namely the mushroom bodies and the central
complex. Sensorimotor coordination in Drosophila
depends on the mushroom bodies and the central
complex in the brain (MARTIN et al. 1998, 1999). The
startle-induced locomotor response is distinct from
spontaneous open-field locomotor activity, and not an
a priori component of aggressive behavior. Thus, the
neural circuits that mediate these different behaviors
need not necessarily overlap.

In our analysis, we focused on the a- and -lobes of
the mushroom bodies and on the ellipsoid body of the
central complex as they integrate information for the
execution of complex behaviors. For example, the o-
lobes of the mushroom bodies have been implicated in
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F1GURE 1.—Behavioral effects of transposon-mediated disruption of the neur gene. (a) neur gene structure and P-element in-
sertion sites. The horizontal line represents genomic DNA with open boxes representing exons of neur. Alternative transcripts of
neurdesignated neurRA, neurRB, neurRC, and neurRD are shown with solid areas in intron 2 and exon 3 denoting small differ-
ences in the lengths of the transcripts. Three independent p{GTI] insertions in the first intron of newrRC and newrRD and up-
stream of the first exon of neurRA and neurRB were identified. P-element insertion sites are indicated by arrowheads. Translation
initiation sites are denoted by ATG with an arrow. The end of the coding region is indicated by a vertical dashed line in exon 3. The
inset shows a magnified view of the region containing the P-element insertion sites. Flanking sequences at the 3’-ends of the
P-element insertions of BG02391 and BG02542 are CCAGTACTATCCGTTACTCTCCAGCTGAGCTGCGTCAGCGACGTCGCGC
and CTCCAGCTGAGCTGCGTCAGCGACGTCGCGQC, respectively. Flanking sequences at the 5'-ends of the P-element insertions
of BG02542 and BG02587 are CAGTACTATCCGTTACT-CTCCAGCT and GCGCCAGTACTATCCGTTACTCTCCAGCTGAGCTG
CGTCAGCGA, respectively. (b) Olfactory avoidance responses to benzaldehyde. The neur®****' (BG02391) flies showed reduced
behavioral avoidance responses to benzaldehyde. Excision of the p[GT1] construct (BG02391Rev) resulted in phenotypic reversion
of olfactory avoidance behavior. The red dashed line denotes the expected avoidance score that corresponds to indifference to the
presence of the odorant. Post-hoc Tukey’s test was used to determine significant difference among line means; *P < 0.05. (c)
Locomotor reactivity following mechanical stimulation. A significant reduction in locomotor reactivity was observed for neur®*°**
(BG02542) and newr"**" (BG02587). No significant difference was observed for neuy®c2*"; ###p < (0.0001. (d) Phenotypic re-
version of locomotor reactivity after P-element excision. Locomotor reactivity was reduced in the P-element insertion line
neur®™*®*? as compared to its Canton S (B) control. Precise excision of the P element in lines neur®*#**! and neur®*"***2R? re-
stored locomotor reactivity to wild-type levels. Means designated by the same letter are not statistically significantly different from
one another. (e) Aggressive behavior. A significant increase in aggressive encounters compared to the control was observed in
neur” ! and newr®*****7. Excision of the P element (BG02391Rev) resulted in phenotypic reversion of aggressive encounters
to wild-type Canton S (B) levels. ****P < 0.0001 (post-hoc Tukey’s test).

long-term memory formation, whereas short-term mem- formation or storage (DuBNAU ef al. 2001; McCGUIRE
ory requires the gamma lobes (ZARs et al. 2000; PAscuAaL et al. 2001; SCHWAERZEL et al. 2002). The ellipsoid body
and PreAT 2001; Yu et al. 2006). a- and B-lobe outputs is also implicated in long-term memory consolidation

serve in olfactory memory retrieval, but not in its (Wu et al. 2007). Here, we conducted morphological
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TABLE 1

Effects of P-element insertions at the neur locus on average (* standard error) sternopleural and
abdominal bristle numbers

Line ST (3 and Q)

AB (J) AB (9)

Canton S (B) 17.69 * 0.22 (a, b)
neurPeo 15.85 + 0.17 (c)

newPC0zs12 17.1 = 0.18 (b)
newPe027 18.3 = 0.21 (a)
NeuyBCO2391Rex 17.33 = 0.16 (b)

16.48 = 0.31 (b)
17.38 + 0.3 (a, b)
18.13 + 0.31 (a)
17.25 = 0.23 (a, b)

17.8 = 0.35 (a) 20.93 + 0.32 (a)
20.13 * 0.33 (a, b)
18.83 = 0.37 (c)

19.43 + 0.21 (b, ¢

19.93 £ 0.28 (a, b, ¢)

No difference between the sexes was observed for average sternopleural (ST) bristle number and therefore
sternopleural bristle counts for the sexes were pooled. Significant differences were observed for the line-by-sex
interaction for abdominal bristle (AB) number and therefore sexes were analyzed separately. Significant mean
differences in bristle counts are designated by different lowercase letters (post-hoc Tukey’s test).

and morphometric analyses of the ellipsoid body and
the mushroom body a- and B-lobes of the adult brain
following immunohistochemical labeling with the anti-
fasciclin 2 antibody 1D4. This antibody strongly labels
the a- and B-lobes of the mushroom bodies and, to a
lesser extent, the gamma lobes (Figure 2a; CRITTENDEN
et al. 1998). We first determined whether any gross
morphological alterations could be seen. Next we mea-
sured widths and lengths of the a- and B-lobes and
diameters of the ellipsoid body. Mushroom bodies were
scored individually (i.e., per hemisphere) while ellipsoid
body scores were scored per brain. A direct relationship
between gross structural brain defects and behavior has
been demonstrated previously (see, e.g., STRAUSS 2002),
but subtle alterations in brain neuroanatomy and be-
havioral changes have hardly been studied. The bio-
logical relevance of such subtle changes is illustrated by
arecent study of the paper wasp, Polistes instabilis, where
mushroom body volume was related to social aggression
(MoriNA and O’DoNNELL 2007).

We observed gross morphological defects in some of
the mushroom bodies of newr®****** flies. These defects
included shorter and thinner a-lobes (7/77; Figure 2b),
missing a-lobes (2/77; Figure 2¢), and aberrant projec-
tions of the a-lobe (1/77; Figure 2d). We did not
observe such defects either in the co-isogenic controls
(0/43) orin the newr®¢***! (0/75) and newr®°**7 (0/74)
alleles. A Gtest of independence (SOKAL and ROHLF
1995) indicates that the frequency of aberrations is
significantly different for the different genotypes (Gs =
26.04, P = 9.35 X 107°). In the central complex, the
antifasciclin 2 antibody stains primarily the ellipsoid
body, which is labeled in a characteristic pattern of two
concentric rings (Figure 2e). We observed disorganized
ellipsoid bodies (ranging from less distinct or poorly
defined concentric rings to completely abnormal orga-
nization) or defects (ventral open) in 20 of 39 brains
(Figure 2f) in the news®*"*** mutants. A comparable
disorganization or poor structural definition butnot the
ventral open defect is occasionally observed in the wild-
type control (4/22). We also did not see major disorga-

nization in the newr®****' (0/39) and newr®***%" (0/38)
alleles. Again, a G-test reveals that the differences in
frequency of ellipsoid body aberrations among these
genotypes are significant (Gs = 56.60, P=3.12 X 107'%).

Whereas gross morphological defects were not always
apparent, a detailed morphometric analysis revealed
consistent subtle differences in neuroanatomical orga-
nization. We quantified widths and lengths of a- and (3-
lobes as well as surface areas of the ellipsoid bodies using
the variables outlined in Figure 2g. To control for
possible shrinkage effects due to fixation, all measure-
ments were expressed as percentages relative to the
distance between the two mushroom body heels (blue
double arrow in Figure 2g). Behavioral alterations in the
neur mutants reveal remarkable parallels with most
neuroanatomical alterations. We found significant dif-
ferences in a-lobe (Fs 397 =2.991; P=0.007) and B-lobe
widths (£ 397=4.925; P<<0.001). o- and B-lobe widths of
neur”®***' which shows reduced olfactory responsive-
ness (Figure 1b) and hyperaggression (Figure le), were
significantly different from the Canton-S (B) controls
(P < 0.05; Figure 2i). Length measurements showed
significant differences only for a-lobes (/% 397 = 6.420;
P < 0.001). The a-lobe lengths of neur*****" were sig-
nificantly different from controls (P << 0.05) (Figure 2j).
The analysis of ellipsoid body surfaces also revealed
significant differences among neur alleles (Fg 165 =
2.153; P = 0.050). The locomotor response-impaired
neur®**®** mutant (Figure 1c) displayed a significantly
reduced ellipsoid body surface relative to the Canton-S
(B) control (P < 0.05). The other two neur alleles also
showed a reduction in ellipsoid body surface, of which
neur®®*! was also significantly different from Canton-S
(B) (Figure 2k). We next asked whether the restoration
of behavior to wild type seen for the neur®®**'%,
neur® "R and newr®S°****? alleles is accompanied
by changes in morphology of mushroom bodies and
ellipsoid bodies. None of the revertants displayed the
gross morphological defects seen in the original alleles.
Furthermore, we observed restoration of a- and -lobe
width as well as of ellipsoid body surface of neur®****'%<
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FIGURE 2.—Morphometric analysis of wild-type Canton S (B) controls and the P-element-tagged neuralized alleles BG02542,
BG02391, and BG02587. (a—f) Antifasciclin 2 staining of adult brains using the 1D4 monoclonal antibody. (a) Canton S (B) con-
trol: a, a-lobes of mushroom bodies; B, B-lobes of mushroom bodies. (b—d) Mushroom body defects observed in neur®*****: short
and thinner a-lobe (arrow in b); a-lobe missing (arrow in ¢); aberrant ball-shaped axonal projections instead of regular a-lobe (d).
(e) Canton S (B) control: typical appearance of the ellipsoid body (eb) upon staining with antifasciclin 2 antibody reveals two
concentric rings. (f) The ellipsoid body in neur®*"**** often appears less organized and smaller. The dashed lines in e and f, which
are at the same magnification, are of the same length, illustrating the fact that the ellipsoid body in newr®“**** is smaller. (g) Sche-
matic of the measurements that were made for morphometry. a- and B-lobe diameters (red and green arrows, respectively) were
measured and diameters D1 and D2 were determined for the ellipsoid body to calculate the ellipsoid body surface. The blue arrow
indicates the distance between the a-lobe heels that was used to normalize the measurements for each brain. (h) Key for histo-
grams in i-k. (i) Mushroom body a- and B-lobe widths in Canton S (B), newur®*®*, neur®°*", newr® %%, neur® 01212 and
neur® ¥R (j) Mushroom body a- and B-lobe lengths in Canton S (B), neur®®"®*2, neur®**, neus®087 | peyyB02 122 - and
neurS9?1Re (k) Ellipsoid body surfaces in Canton S (B), neur®*°*2, neur®****' neur®*°%%7, neur®**2R12 and neur®***'*, For
the Canton S (B) controls, 43 hemispheres were scored for mushroom body defects and 22 brains for ellipsoid body defects.
For the neur alleles, we examined 77 brain hemispheres for mushroom body defects and 39 brains for ellipsoid body defects
for newr®°***2, 75 brain hemispheres and 39 brains for newr®***"', and 74 brain hemispheres and 38 brains for neur"****". For
the newr®"®*** 12 and newr®*"*'* revertant alleles, we analyzed 22, 23, and 21 brain hemispheres and 11, 12, and 11 brains, re-
spectively. Lobe width and length were normalized to the distance between the a-lobe heels and are expressed as percentages. The
ellipsoid body surface values shown in the yaxis in k were calculated by multiplying the radii (R1 = D1/2 and R2 = D2/2) ex-
pressed as percentages after normalization. The constant value II of the formula surface = II X R1 X R2 was omitted from the
calculation.

to levels not different from Canton-S (B) controls (see
Figure 2, i and k). Furthermore, we found that the
ellipsoid body surface of both revertants for neur®°*** is
restored to the size of the Canton-S (B) control (see
Figure 2k). The one parameter that did not revert to
wild-type values in the revertant lines was a-lobe length.

We do not know the underlying reason for this obser-
vation, but our data indicate that the a-lobe phenotype
seen in neur"’”?" does not depend on the P-element
insertion. It was previously shown that neur®“*** is
associated with locomotor reactivity deficits and
neur®**! with aggressive behavior. The observation
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isoforms A-B d isoforms C-D

F1GURE 3.—qRT-PCR analysis of neural-
ized transcripts A-B and C-D in wild-type
Canton S (B) controls and the P-element
insertion alleles BG02542, BG02391 and
BG02587. (A) Genomic structure of the
neuralized gene. The neuralized gene con-
sists of four exons (1-4). Alternative splice
acceptor sites are located 3 bp apart at the
5'-end of exon 4 (arrow with asterisk; for
the locations of the Pelement insertion
sites in the neur locus, see Figure 1a). (B)
qRT-PCR analysis of A-B and C-D tran-
scripts in RNA isolated from females of

centages of the Canton S (B) control. The
A-B transcript levels in newr” %" and new® ™!

S (B). Transcript levels are expressed as per-
ﬂ are significantly lower than in Canton S
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(B), whereas reduction in neur®¢***? tran-
script levels does not reach statistical signif-
icance (I35 = 11.399; P = 0.003). The C-D
transcripts do not differ. (C) qRT-PCR

H Newrs 2 pouyBO257 o021 and Canton
o

analysis of A-B and C-D transcripts in RNA isolated from males of newr”*>*’, newr”*’>>%’, newr”**?”', and Canton S (B). Transcript
levels are expressed as percentages of the Canton S (B) control. The A-B transcript levels in neur®**?* and neur®*’>*” differ sig-
nificantly (F3 g = 4.570; P=0.038). The apparent reduction in the level of neur®**”*” compared to neur®**””' and the Canton S (B)
control is not statistically significant. For the C-D transcripts, no statistically significant differences were observed although the
levels in neur®“”*" appear higher. Statistical significance was determined with ANOVA and post-hoc analysis with Bonferroni cor-

rection.

that P-element excision results in reversion to wild-type
levels of behavior and brain structure suggests that the
alterations seen in the ellipsoid body and in ellipsoid
body and mushroom body lobes, respectively, may be
causally linked to the observed differences in behavior.
This is consistent with the previously demonstrated
roles of ellipsoid bodies and mushroom bodies in
locomotor activity (MARTIN ef al. 1998, 1999).
P-element insertions in neuralized affect ratios of
alternative transcripts: Small differences in the loca-
tions of the P elements might result in differences in
expression levels or ratios of alternatively spliced tran-
scripts which could impact different forms of adult
behavior. To determine whether the different P-element
insertions had differential effects on transcription, we
performed qRT-PCR experiments, allowing us to dis-
criminate transcripts A and B from transcripts C and D
(Figure 3A). We found that there are indeed differential
effects on these transcript pairs associated with the
different P-element insertions (see Figure 3, B and C).
This was most pronounced in females where transcripts
A and B are significantly reduced in newr”“*?%” and
neur”“*?*’ when compared to the Canton-S (B) control.
By contrast, no such differences were observed for the C
and D transcripts in females. In males, a significant
difference was seen between neur®**>** and newr”“*>%’.
The latter appears lower than neur"**>” and the Canton-S
(B) control without, however, reaching statistical signifi-
cance. The C and D transcripts again showed less
variation although in neur®*"?”" an increase was seen
that was, however, not statistically significant. These
observations extend a previous study, in which we

showed that neur transcript abundance is reduced in
embryos and larvae of neur®**”* homozygotes and that
this reduction resulted in decreased olfactory avoidance
behavior in adult flies (SAMBANDAN et al. 2006).

Genes with altered transcriptional regulation in adult
neur mutants: Previously, we showed that single P
element insertions cause genomewide alterations in
expression of coregulated genes (ANHOLT et al. 2003).
To determine to what extent the p/GTI]-element in-
sertion alleles of neuralter the transcriptional context of
neur expression, we examined genomewide transcrip-
tional profiles in the Canton-S (B) control and neur®****",
neur®™*®* and newr® ¥ mutants using Affymetrix high-
density oligonucleotide Drosophila GeneChips. Analysis
of whole-genome transcriptional profiles resulted in 135
probe sets with altered expression levels at a false dis-
covery rate of ¢ < 0.05 (STorEY and TiBSHIRANI 2003;
supplemental Table S1). We observed considerable over-
lap among the ensembles of genes with altered expres-
sion in the different mutants. Of the 135 probe sets, 85
(63%) were altered in two or more mutant lines com-
pared to the co-isogenic Canton-S (B) control. However,
22 were altered only in neus® >, 11 only in neur®****,
and 8 only in new® ™%, consistent with different
behavioral, morphological, and neuroanatomical phe-
notypes observed for each mutant allele (supplemental
Table SI). In addition, 9 lines showed a significant line-
bysex interaction (supplemental Tables S1 and S2).
Precedence for such different phenotypic effects arising
from nearby P elements, or even from P elements at the
same insertion site but in different orientations, has been
documented previously for P-element insertions in the
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TABLE 2

Overrepresented gene ontology categories of coregulated transcripts in neur mutants

Biological process” P

Genes

Carbohydrate 2.80E—09

metabolism (23)

Peptidoglycan-recognition protein-SCla/b precursor; Amylase distal, Amylase proximal,
Peptidoglycan-recognition protein-SD precursor; Lysozyme F, Lysozyme X, Lysozyme C,

GIP-like, Lysozyme E, Peptidoglycan-recognition protein-S2 precursor; Isocitrate dehydrogenase, Serine
pyruvate aminotransferase, Lyzozyme B, 10 predicted transcripts

Hydrolase activity

1.40E—08  Peptidoglycan-recognition protein-SCla/b precursor, Amylase distal, Serine protease 6,

(43)" Minichromosome maintenance 6, Serine protease 12, Amylase proximal, Lysozyme P,
Peptidoglycan-recognition protein-SD precursor, GIP-like, Jonah 6Ci, Jonah 44E, Astray, Lysozyme C,
Lysozyme X, Puromycin sensitive aminopeptidase, Jonah 74E, Lysozyme E, Tubulin
at 67C, Jonah 65Ai, Peptidoglycan-recognition protein-SC2 precursor, Alkaline phosphatase 4,
Lysozyme B, 20 predicted transcripts

Antibacterial humoral 1.70E—07  Cecropin Al, Attacin-D, Lysozyme P, Lysozyme B, Lysozyme C, Lysozyme X,
response (8) Lysozyme L, Peptidoglycan-recognition protein-SD precursor

Chymotrypsin activity ~ 6.20E—07  Serine protease 6, Jonah 66Ci, Jonah 65Ai, Jonah 44E, Serine protease 12,
(12)" Jonah 74E, 6 predicted transcripts

Immune response

1.90E—06  Peptidoglycan-recognition protein-SCla/b precursor, Cecropin Al, Attacin-D

(10) Peptidoglycan-recognition protein-SC2 precursor, Lysozyme F, Lysozyme B, Peptidoglycan-recognition
protein-SD precursor, Lysozyme C, Lysozyme X, Lysozyme E

Analyses were performed with the DAVID program (DENNIS ef al. 2003) and the complete data output is presented in supple-

mental Table 3.

“The number of coregulated transcripts in each category is indicated in parentheses.
*The jonah genes indicated in this category are annotated as serine-type peptidases.

Trel-Gr5a region that differentially affect starvation and
heat stress resistance, gustatory behavior, and life span
(ROLLMANN et al. 2006). In addition, 9 probe sets showed
sex-specific differences in expression (supplemental
Table S2). It is of interest that, among the genes with
altered transcriptional regulation in one or both of our
hyperaggressive neur mutants, 34 exhibited differential
regulation in lines selected for increased or decreased
aggression (EDWARDS et al. 2006; <15 genes would be
expected by chance).

We assigned coregulated genes to the gene ontology
categories of molecular function and biological process
(DENNIS et al. 2003). The five most significant biological
process categories are highlighted in Table 2 and the
complete data set is presented in supplemental Table S3.
In contrast to transcripts expected to be associated with
the function of neurin early development of the nervous
system, such as Notch and Delta, transcripts with altered
regulation in the newr mutant background in adult flies
are predominantly associated with proteolysis. This is in
line with the ubiquitin ligase function of the neur gene
product and could reflect a role in the dynamics of
synaptic organization, as implied previously for Tequila,
which is transiently upregulated in the mushroom bodies
during memory formation (DipELOT et al. 2006) and
shows altered regulation in the neur mutants.

DISCUSSION

We have shown that distinct P-element insertions at
nearby locations in the neur gene give rise to profoundly

different effects on adult behaviors and that aberrant
startle-induced locomotor responses, olfactory responses,
and aggression correlate with different structural alter-
ations in integrative brain centers, the mushroom
bodies, and the ellipsoid body of the central complex.
Similar pleiotropic allelic effects with differential ef-
fects on life span, resistance to heat stress and starvation,
and preference for trehalose intake were observed
previously for P-element insertions in the Trel-Gr5a
region (ROLLMANN et al. 2006). In addition, different
naturally occurring polymorphisms in Catsup, which
encodes a negative regulator of tyrosine hydroxylase,
are associated with phenotypic variation in sternopleu-
ral bristle number, environmental plasticity of abdom-
inal bristle number, and starvation resistance (CARBONE
et al. 2006). The diverse phenotypic effects arising from
nearby Pelement insertions in newr contribute to an
emerging new appreciation of the concept of allelic
effects on phenotype, in which the wild type and null
mutant are at the extreme ends of a continuum of
pleiotropic allelic effects. Subtle alterations in transcript
abundance for splice variants may contribute to these
pleiotropic effects, which would be in line with the
subtle regulatory variations that have been associated
with phenotypic effects on human and rodent behaviors
(e.g., KRISHNAN ¢/ al. 2007; JENSEN et al. 2008).
Previous studies have shown that the introduction of a
single P-element in the genome gives rise to widespread
altered transcriptional regulation and that about two-
thirds of genes with altered transcriptional regulation in
a Pelement-disrupted background are candidate genes



Pleiotropic Effects of neuralized 1335

affecting the trait (ANHOLT ef al. 2003). Moreover,
such altered transcriptional profiles can define a func-
tional context for the disrupted gene (ROLLMANN et al.
2005). The results from our expression microarray
analysis show that insertions of P elements in neur
result in a genomewide cascade of transcripts with al-
tered expression. Proteolytic and degradative enzymes
feature prominently among coregulated genes. One
protease-encoding transcript that features notably in
these transcriptional profiles is Tequila, which has pre-
viously been implicated in synaptic plasticity in the
mushroom bodies during memory formation (DIDELOT
et al. 2006; supplemental Table S3). One could speculate
that the different, yet overlapping patterns of transcrip-
tional profiles with altered expression of proteolytic
enzymes and peptidoglycan recognition precursor pro-
teins (Table 2) may reflect alterations in neural connec-
tivity, which could contribute to the different behavioral
effects. In addition, changes in structure of the mush-
room bodies and ellipsoid body could also arise from
developmental effects of neuralized (SAMBANDAN el al.
2006).

The behavioral phenotypes of neur mutant flies are
reminiscent of those encountered in patients suffering
from neuropsychiatric and neurodegenerative disorders,
including reduced responsiveness to environmental
stimuli and increased aggressive behavior. Neurodegen-
erative and neuropsychiatric disorders ranging from
bipolar disorder, schizophrenia, and antisocial person-
ality disorder to Alzheimer’s and Parkinson’s disease are
often accompanied by behavioral alterations, such as
indifference to stimuli, hypokinesia, hyperactivity, and
aggression (PAVEZA et al. 1992; AARSLAND et al. 1999;
MoRraAN 1999; OQUENDO et al. 2000; BRIEDEN et al. 2002;
HALLER and KrUK 2006). Apathy and aggressive behav-
ior have a catastrophic impact on the social functioning
of neuropsychiatric patients. In addition, these behaviors
represent some of the most difficult to treat symptoms.
Whereas it is likely that underlying genetic architectures
that may predispose to such behavioral syndromes are
heterogeneous and complex, we have demonstrated that
reduced responsiveness to environmental stimuli to-
gether with increased aggressive behavior can arise from
a single hypomorphic mutation at the neur locus in
Drosophila and that these behavioral defects are associ-
ated with distinct subtle alterations in neuroanatomy.
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