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Summary

The function of the central nervous system (CNS) depends independently of their ligand, slit. Loss ofrobo2 or robo3
crucially upon the correct differentiation of neurons and  causes a loss of SerT expression in about half of neurons,
formation of axonal connections. Some aspects of neuronal and resembles the phenotype seen in mutants for the
differentiation are known to occur as axonal connections transcription factor eagle (eg. Finally, we show a direct
are forming. Although serotonin is a highly conserved relationship betweenrobo2/3and eg robo2/3mutants lose
neurotransmitter that is important for many CNS Eg expression in serotonergic neurons, antbbo2 and eg
functions, little is known about the process of serotonergic interact genetically to regulate SerT expression. We
neuron differentiation. We show that in Drosophila propose that post-midline expression of Robo2/3 is part of
expression of the serotonin transporter (SerT) is both a signal that regulates serotonergic neuron differentiation
temporally and physically related to midline crossing. and is transduced by the transcription factor Eg.
Additionally, we show that the axon guidance molecules

roundabout2and roundabout3(robo2/3 are necessary for  Key words: Serotonin, Axon guidance, Midline, Eagle, Robo,
serotonergic neuron differentiation and function  Transporter

Introduction 1995; Doe, 1992; Isshiki et al., 2001; Lundell et al., 1996;

Serotonin (5-hydroxytryptamine or 5-HT) is a neurotransmittet-undell and Hirsh, 1998); however, the process of later
that modulates virtually every neural circuit in the brain, and!€Velopment remains relatively uncharacterized. Reuptake of
plays an important role in many behavioral and physiologicarleleas‘?d serotonin by the seroton!n transporter (SerT) is an
functions of the CNS (Jacobs and Azmitia, 1992). Dysfunctiof§SSential component of serotonergic neuron function and one
of the serotonergic neuron system is thought to be involved @ the earliest steps in serotonergic neuron differentiation. A
several neurological disorders, including depression an@ighly conserved serotonin transport8erT, is specifically
autism. Additionally, evidence suggests that some disorder§xPressed in fly serotonergic neurons and is blocked by both
such as autism, may have a developmental componefigoxetine (Prozac) and cocaine (Corey et al., 1994;
(Chugani et al., 1999). Recent experiments in mice furthdp€mchyshyn et al., 1994). Expression of SerT precedes the
suggest that anxiety-like and aggressive behaviors result froffset of serotonin synthesis in fly (this study) and grasshopper
defects of serotonergic neuron differentiation (Hendricks et al(Condron, 1999), as well as synapse formation in mouse
2003). Despite the importance of serotonergic neuron functiofBruning et al., 1997). .
in the CNS, the mechanisms controlling serotonergic neuron In grasshopper, cuts that sever serotonergic neuron contact
differentiation remain largely unknown. We have usedwith the midline lead to a loss of SerT expression, suggesting
Drosophilato investigate the development of the serotonergi¢hat the midline plays a crucial role in the induction and
neuron system, which has been highly conserved throughotitdintenance of SerT activity (Condron, 1999). However,
evolution (Jacobs and Azmitia, 1992)osophilais useful as ~ application of Fibroblast Growth Factor 2 (FGF2) to the nerve
a model system for investigating serotonergic neurogord rescues SerT expression, indicating the presence of a
development because the relatively few serotonergic neuromgidline-associated FGF-like signal that induces serotonergic
within the ventral nerve cord are easily identifiable (Isshiki epeuron differentiation. In mouse and rat, specification of
al., 2001). serotonergic neurons also requires FGF signaling (Ye et al.,
Serotonergic neurons in thgrosophilaventral nerve cord 1998). Axon guidance molecules are also likely to play an
(VNC) are organized in a bilaterally symmetric pattern, withimportant role in serotonergic neuron development, as these
two serotonergic neurons per hemisegment that extend axongurons must cross the ventral midline and branch in the
across the midline via the posterior commissure and branch a@ontralateral neuropil in order to achieve their final
the contralateral neuropil (Valles and White, 1988). Thdlifferentiated state. Additional indications of a relationship
specification of serotonergic neurons has been well describé&tween serotonergic neuronal axon guidance and
in the fly through use of molecular markers (Broadus and Doelifferentiation come from data showing that a loss of function
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in genes of the serotonin biosynthetic pathway impairs axothey were too fragile to withstand douncing. Stage 15-17 VNCs were

pathfinding and alters branching patterns in the periphergolated on the basis of embryo morphology (Campos-Ortega, 1985)

(Budnik et al., 1989). when dissected or BP102 staining and serotonergic axon morphology
We use SerT activity, measured by reuptake of serotonin, ¥41€n dounced.

a marker of serotonergic neuron differentiation. SerT serves as'° V(;Z”i‘j”ze f]emtogi” tra“Sp?rtelr (SerT) activity, SerOtO”inﬁigéna)
: . : s added to the medium to a final saturating concentrationpdl 1
an early and easily testable step in serotonergic neur and incubated for 10 minutes. Media was then removed, replaced with

dif‘ferent.iation, because it precgdes the Onse,t ,Of 'serotonﬂg( (4% paraformaldehyde/PBS, freshly made) and incubated for 60
synthesis. We show that regulation of SerT activity in the flynintes at room temperature. After fixation, coverslips with attached

embryo, as in the grasshopper, is not only temporally but als@rve cords could be transferred out of liquid between washings.
physically related to midline crossing. Additionally, we showvNCs were then processed for histochemical analysis as described
that members of theoundabout (robo) family of axon  previously (Condron, 1999). Imaging was performed on an Olympus
guidance receptorgmbo?2(lea— FlyBase) andobo3(robo2/3, BX40 microscope and photographs, DIC and fluorescent, taken with
but not robo, are required for serotonergic neurona Photometrics SenSys camera. All images except those in Fig. 5 were
differentiation. robo2 and robo3 control axon guidance f@ken ‘t’V'th an Olympus 4’08rﬂ20‘ lens. ItmagelP SOftwarebV_VaSt Uds‘t?d
throughout the CNS by regulating midline crossing and® ¢apturé the images, and fiuorescent images were subjected o one
detergmining lateral po)s/itiong along specific Iongitl?dinalqrame deconvolution (95% removal, 75% gain) using VayTek

h . o azebuster. Fluorescent channels were stacked and layouts/labeling
fascicles (Rajagopalan et al., 2000a; Rajagopalan et al., 200 ere performed in Adobe Photoshop. Fixed samples shown in Fig. 5

Simpson et al., 2000a; Simpson et al., 2000b). o were imaged with a Nikon Eclipse E800 microscope ¥16i0lens,
Finally, the present study indicates thatto2/3function in  NA=1.3), Hamamatsu ORCA-ER camera, with a Perkin-Elmer
the same genetic pathway as the zinc-finger transcription factgpinning disc confocal unit. One stack of about 100 slices was taken,

eagle (eg), which is required for serotonergic neuronspaced 0.24im, 2x2 binning and with an exposure time of 500
differentiation and is expressed in all serotonergic neurons afiseconds. Image reconstructions were performed with Volocity 2.0.
the fly VNC (Dittrich et al., 1997; Higashijima et al., 1996; The antibodies used were as follows: 5HT 1:5000 (Immunogiga);
Lundell and Hirsh, 1998). Loss effunction causes a loss of 1:100 (Clontech); BP102 1:100Bgal 1:20 (Developmental Studies
both serotonin synthesis and the biosynthetic enzyme Dog@b_ndoma_Bank, University of lowa); Mouse anti-Eg 1:40 (gift from
decarboxylase (Ddc) in a subset of serotonergic neurord"s Po€): secondary antibodies 1:2000 (Jackson Labs).
according to the severity of the mutation (Lundell and Hirship, situ hybridization

1998). We show that a loss efj also causes a l0ss of SerT o serTin situ hybridization, a previously reported cDNA was used

activity. The pattern of SerT and serotonin loss observed in gbemchyshyn et al., 1994). DNA was cut wiba, and mRNA was
egmutant closely resembles the phenotype observetba2/3  made using the Ambion Megascript T3 kit according to

loss-of-function mutants. A direct relationship betwesm?2  manufacturer’s instructions. Slide mounted VNCs were hybridized
andegis suggested by data showing a loss of Eg expression #firectly with diluted probe with 50% formamide,X8SC and 0.5%

robo2/3mutants and through genetic rescue experiments.  Tween-20 overnight at 55°C. After washing, digoxigenin-labeled
probe was detected with alkaline phosphatase linked antibodies

(1:3000, Roche).
Materials and methods

Fly strains and genetics Results

The following fly strains were used: Canton S and Oregon R (wild . . .

type); eagleSald (Mz360) eagldacZ e?®9) andeaglenull (egiéy  Serotonin transporter expression correlates with

(Lundell and Hirsh, 1998); UAS-tdacZ (Callahan and Thomas, Midline crossing

1994); commissurelesaull (comn4€39 (Tear et al., 1996)slit null During development in both grasshopper and fruit fly,

(slit?) (Kidd et al., 1999)robo null (robd®A289) and UASrobo (Kidd  serotonergic neurons cross the midline of the CNS before

32315’31 %?f;)ofg%ggg%bgi;U;Lgrr?beciillﬁyzg’gggl;z}e:gggzlg‘;'"'et alreaching their fully differentiated state and branching in the
} ’ contralateral neuropil (Condron, 1999; Lundell and Hirsh,

2000b); UAS-Unc5d (Keleman and Dickson, 200dgabrou§ald — 19q4) | the grazsh(opper, serotonergic neurons require

provided by P. Adler; andlavGal4 provided by J. Hirsteg"2360was L LA L
generated in an enhancer-trap screen (Ito, 1995) using the Gal4 widline contact for proper initiation of SerT activity (Condron,

element construct (Brand and Perrimon, 1993) and functions as bod?99). To determine if serotonergic neuron differentiation in
an egGal4 driver and areg hypomorphic allele. The P-element the fruit fly is also related to midline crossing, we ass&exd
construct is inserted Bf the first exon in theglocus and causes an MRNA and SerT enzymatic activity at various embryonic
eg phenotype in a homozygous condition that is allelic to odger stages of developmerSerT mRNA was analyzed by in situ
mutations (Dittrich et al., 1997). hybridization, and SerT activity was detected by incubating
staged, live, dissected cords in|dM serotonin for 10 minutes
g\éior to fixation and then staining for serotonin. To visualize
rotonergic axonal projections, we used the yeast Gal4 system

ho express talacZ under theeagle (eg promoter.eg is a

Immunohistochemistry
Embryos were collected into Eppendorf tubes, bleached for 1 minu
and washed with salt solution (0.04% NaCl + 0.03% TritonX-100

followed by Schneider’s medium (Sigma). Embryos were then eith P - -
transferred to a Petri dish containing Schneider's medium fo ranscription factor required for normal serotonergic neuron

- : . P ifferentiation, and is expressed in relatively few cells in the
dissection or to a second Eppendorf containing Schneider's, whe . . .
they were dounced gently with a DNA pellet disrupter. VNCs isolated=NS (Higashijima et al., 1996; Lundell and Hirsh, 1998). Fig.
from dissection or limited douncing were then transferred to anothek Shows staining for serotonin uptake in red @ugal in green.
Petri dish containing Schneider's medium and affixed to the surfack addition to the serotonergic neurons, a paggéxpressing
of a glass coverslip. All stage 14 VNCs were dissected manually dateral neurons are also clearly visible; these latgrpbsitive
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Fig. 1. The onset of SerT expression is correlated with axon
guidance across the midline. (A,B) Staining for serotonin uptake in
red and3-galactosidase in green (UAS-teaeZ driven byegGal4).
egGal4d expression décZis seen in all four progeny of NB 7-3,

which includes the serotonergic neurons, two other neurons and on
pair of lateral neurons that arise from a different lineage. (A) SerT
activity was never seen before growth cones crossed the midline in
stage 14 ventral nerve cords (10:20-11:20 hours development), but
(B) always seen after axons reached the contralateral neuropil at lat
stage 15 (11:20-13:00 hours). (C) In situ hybridizatiorSerT

MRNA shows robust expression by late stage 15. Staining for the
axon scaffold of the ventral nerve cord is shown in brown with mAb
BP102. Scale bar: J0m.

neurons cross in the anterior commissure, while serotonerg
neurons cross in the posterior commissure. However, little i
known about the function of these neurons.

The expression dberTmRNA and SerT activity correlates
temporally with axons reaching the contralateral side of th
CNS. As seen in Fig. 1A, stage 14 serotonergic axons are jL
arriving at the midline, at a point of either pre-crossing or mid
crossing. Wild-type stage 14 embryos never show Ser robo

activity. By Iatg stage 15, When.grovvth cones _h{:lve r(_aached t‘Fig. 2.Initial screen of midline axon guidance mutants did not reveal
pon_tralateral sideSerTmRNA (F'g' 1C) and activity (Flg. 1B) a loss of SerT expression. (A-F) stage 16 ventral nerve cords are

is first detected. Stage 16 wild-type serotonergic neurorstained for serotonin uptake in red (A-D) or in white (E,F).

continue to extend axons into the contralateral neuropil ana-p) show the axon scaffold stained with mAb BP102 in green.
always show SerT activity (data not shown). Serotonir(A) The wild-type CNS is organized into two longitudinal axon tracts
synthesis does not begin until stage 17 (Lundell and Hirslzonnected by two commissures per segment. Serotonergic axons are
1994; Valles and White, 1988). Thi®rTmRNA and activity =~ seen crossing in the posterior commissure. Loss-of-function mutants
precede serotonin synthesis, and are not observed until midliffé) commissureles83 (C) dit?and (D)robo®A28>were identified
crossing is complete. Many signals could potentially initiate?@Sed on CNS phenotype.dammmutant embryos, the

SerT expression, including autonomous timing, contact wit ommissures do not form, while #fit mutants, axons fail to leave
either the midliné or a contralateral signal ’ the midline and imobo mutants serotonergic axons are disorganized

as a result of ectopic midline crossing throughout the CNS.

o -~ . . E,F)eagleGal4 drives expression of (Ejbo (UAS-robo) and (F
Preliminary screen of midline gu.ldance mutants did Eobo)Z(E%2582) in the se?otonergic n(eﬁgron(s. A gain-c))f-funétiZJn in

not ShOV_V a disruption of serotonin transporter robo2 but notrobo, prevents the crossing of the midline by
expression serotonergic neurons. Despite defects in serotonergic neuronal axon
In order to further investigate the relationship between midlinguidance seen in these embryos, SerT activity remains normal. Scale
crossing and serotonergic neuron differentiation, a broad scregar: 10pum.

of mutants causing disruptions in midline structures and/or

axon guidance was conducted. SerT activity was analyzed ireurons was achieved by driving expression of Wéts(Kidd
mutants including commissurelesgcommn), robo gain of etal., 1998a; Kidd et al., 1998b) or EP2582 (Rajagopalan et al.,
function androbo2 gain of function (Fig. 2), as well epitz  2000b; Simpson et al., 2000a) undgiald (Mz36Q (Dittrich

(spi — FlyBase) andsingle-minded(sim) (data not shown). et al., 1997). Loss-of-function mutants fobo andslit (sli —
Specific overexpression of Robo or Robo2 in the serotonergilyBase; the ligand foobo) were also analyzed.
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In acommloss-of-function mutant, all axons of the CNS fail (with egGal4) lost SerT activity when physically separated
to cross the midline, as seen in Fig. 2B with the axonal markdérom the midline (Fig. 3A,B). Cells that lose SerT activity
BP102 (green). Overexpression of Robo2, but not Robamaintain expression of the homeobox transcription factor,
prevents serotonergic axons from crossing the midline (Figengrailed (green, Fig. 3A,B). In aobo2 gain-of-function
2E,F). Converselypboloss of function causes ectopic midline background, however, SerT activity was unaffected by midline
crossing of most CNS axons angli loss of function causes cuts (Fig. 3C). One possibility is that axotomy caused a loss of
all axons to grow along the midline (Fig. 2C,D) (Kidd et al.,SerT activity in the wild-type and Robo gain-of-function
1999; Kidd et al., 1998a; Seeger et al., 1993). toba loss-
of-function mutant, we observe disorganized and inappropriai
serotonergic neuron branching towards the midline (seen be
in posterior segments of Fig. 2D), rather than the traditione
‘roundabout’ re-crossing phenotype.

Based on studies in grasshopper, we expected mutants tl
prevent midline crossing to lack SerT activity. By contrast, the
midline mutants analyzed in our initial screen (shown in Fig
2) displayed normal stage 16 SerT activity. Later examinatio
of other axon guidance mutants, includirdpo2 and robo3
(see Fig. 4), revealed their role in regulating SerT. Howeve
the negative results obtained from our original screen led us
address the question of midline function differently, by
attempting to recapitulate midline cut experiments previousl
done in the grasshopper. A simple explanation for the lack ¢
serotonergic phenotype tommand Robo2 gain-of-function
mutants, for example, is that midline crossing is not crucial fo
differentiation in the fly as it is in the grasshopper. Anothe
possibility, however, is that transient functional contact occur
between serotonergic axonal projections and the midline i
these mutants that are sufficient to induce norma
differentiation.

Serotonin transporter expression is spared
following midline cuts when  robo2 is expressed

To test the above hypothesis, asymmetrical cuts were made
stage 16 VNCs that severed axonal contact with the midline
These cuts separated the serotonergic cell bodies on only ¢
side of the CNS from the midline. When such cuts were mac
in the grasshopper CNS, SerT activity was lost from the
serotonergic neurons (Condron, 1999). In the fly, both wild
type serotonergic neurons and neurons overexpressing Ro

Fig. 3. Physical or genetic disruption of midline contact affects SerT
activity in wild type, Robo gain-of-function and Unc5 gain-of-
function (but not Robo2 gain-of-function) mutants. (A-C) Staining of
ventral nerve cords for serotonin uptake (red in left panel and white
in right) and forengrailed(green in left panel). A cut (line of stars)
was made in isolated stage 16 cords asymmetrically down the

midline such that one set of cell bodies was separated from the 1 .

midline. The tissue preparations were allowed to develop for 2 hours -

prior to fixation. (A) In 15 out of 20 wild-type preparations, SerT @bo2 gof i 19;20_,

*
*
*
*
*
*
*
*

*
*
*
*
*

-
-

activity was lost from the cell bodies on the cut side (arrow).

(B) Similar cuts in embryos overexpressing Robo in serotonergic
neurons (Robo gain of function; UASbo with eaglesal4) also
showed a loss of SerT activity in the midline-minus side (arrow;
three out of three). (C) However, when Robo2 was overexpressed
(eagleGald), only one out of 20 preparations showed a loss of SerT
activity after a midline cut. (D) Expression of Unc5 waidgleGald
specifically prevents the crossing of the midline by serotonergic
neurons and also causes a partial loss of SerT activity as seen by
staining for serotonin uptake (red/white), but does not affect whole
CNS axon guidance (BP102, green). Arrows (left panel) indicate
hemisegments where SerT expression is lost and yellow stars (right
panel) indicate axons that extends towards the midline despite
expression of Unch. Scale bar: 10

T

““unc5 gof
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VNCs, because serotonergic axons project across the midlil
in these mutants but remain ipsilateral in a Robo2 gain ¢
function. However, in wild-type VNCs cut perpendicularly to
the midline or in other orientations that sever axons withou
removing midline contact, SerT activity was not lost (data no
shown). In fact, many of the VNCs analyzed throughout thi:
work were severed at one end during dissection and a loss
SerT was not observed.

Genetic disruption of midline crossing by serotonergic
neurons by expression of the repulsive axon guidance molect
Uncb also caused a loss of SerT activity, although in only
portion of neurons (Fig. 3D, see Fig. 7). Unc5 respond
negatively to Netrin at the midline and thereby prevent:
midline crossing (Keleman and Dickson, 2001). Serotonergi
neurons were specifically prevented from crossing the midlin
by expression of Unc5 with thegGal4 driver. One possible
explanation for an incomplete disruption of SerT expression i
the Unc5 gain of function is an incomplete midline axon
guidance phenotype, given that in these mutants some axot
projections are seen extending toward (asterisks in Fig. 3L
and perhaps even touching the midline (data not shown
However, a clear distinction is seen between the Unc5 gain-o
function androbo2 gain-of-function mutants, where (in both
cases) axons are prevented from crossing the midline but or
Unc5 gain of function disrupts SerT expression (compare Fig
3D with Fig. 2F). Thus, overexpression of Robo2 specifically
uncouples midline dependence from induction and/o
maintenance of SerT activity. This indicates thaio2 may
either directly or indirectly regulate SerT activity.
Overexpression of Robo2 (EP2582), however, is not sufficier
to induce precocious SerT expression, as stage 14 SerT activ
is never seen (data not shown). SerT induction probabl
requires other signaling factors in addition to Robo2, or relie.
from some inhibitory mechanism that prevents inappropriat€ig. 4.robo2androbo3are required for normal SerT expression.

early differentiation. (A-C) Stage 16 ventral nerve cords frombo2123(A,B) androbo3t

(C) loss-of-function mutant embryos stained for serotonin uptake in
Normal serotonin transporter expression requires red (A,C) and white (B). The slightly disorganized axon tracts of the
robo2 and robo3 mutant CNS are labeled in green with mAb BPX0Bo2androbo3

loss-of-function nerve cords show a random loss of SerT activity in

To furth_er 'réveg'g‘:irte F\ERIZ rolz gbb_(r)Z n _regulatlng Sleer approximately half of hemisegments. (B) SerT activity is lost in both
expression, bottserTm and SerT activity were analyzed 5 single hemisegment (arrow) and an entire segment (arrowhead).

in a robo2null background. In arobo2 loss-of-function  (py |n'situ hybridization for SerT mRNA in a stageb6o2mutant
mutant, more than half of the serotonergic neurons fail thdicates a loss of SerT transcription in the same pattern as the loss
express eitheBerTmRNA or activity at stage 16 (Fig. 4A,D; of SerT activity. Mutant nerve cords were identified by axonal

see Fig. 7). Additionally, serotonin synthesis is lost in manynorphology or, in the case of D, irregular width. (E,F) Serotonin
cells at stage 17 and in first instar larvae (data not shown). Wptake is shown in red amaglelacZ is shown in green in wild type
loss of SerT activity is observed in both null allelesatfo2 ~ (E) and aobo242¥mutant (F). (E) In a wild-type cord, both
analyzed 0bo2123 androbo2139). A robo3null has the same serotonergic neurons in each hemisegment exposasd _th_ergfore
SerT/serotonin phenotype as lossrao? (Fig. 4C; see Fig. stain forlacZ (F) Althoughrobo2mutants lack SerT activity in

N many neurondacZ expression remains normal. Serotonergic cell
7), butrobo null mutants show a wild-type pattern of SerT bodies positive folacZ but not SerT activity are highlighted in the

activity (Fig. 2D). Thes_e data suggest thatio2 and rob03, insets below (asterisk). Scale bar:(20 for D-F; 10um for A-C.
but not robo, are required for normal serotonergic neuron

differentiation. robo2 and robo3 (robo2/3 encode similar

receptors that modulate axon guidance across the ventral

midline and also contribute to lateral positioning of axons in Possibly, the lack of SerT and serotonin synthesistin2/3

the developing CNS (Rajagopalan et al., 2000a; Rajagopaldmss of function mutants is due to general developmental
et al., 2000b; Simpson et al., 2000a; Simpson et al., 2000kjefects in these nerve cords. To test the state of cellular
slit, a chemorepellant expressed on the midline, is a ligand falifferentiation in serotonergic neurons lacking SerT activity,
all three Robos (Brose et al., 1999); however, SerT activity imbo2mutant VNCs were double stained for SerT activity and
normal in aslit mutant (Fig. 2C). This indicates that the lacZexpressed under tleaglepromoter é#8% Fig. 4E). Cells
function of RoboZ3 in serotonergic neuron differentiation is lacking SerT still stain folacz, indicating that loss afobo2

slit independent. at least does not disrupt the lineage or early specification of
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serotonergic neurons in the VNC, when éggpromoter is first
active.

Becauseobo2gain of function permits maintenance of SerT
activity following a midline cut, it seems likely that Robo2, at
least, functions autonomously in the serotonergic neuron:
However, an alternative possibility suggests that they functio
indirectly by guiding serotonergic growth cones to a currently
unknown differentiation signal in the neuropil. Evidence thai M
this might not be the case comes from data showing thi
mutations inrobo, spitz and sim do not cause defects in B eg hypomorph
serotonergic neuron differentiation, despite a sometimes seve
disruption in CNS organization (data not shown).

robo2 and robo3 are required for normal expression
of the transcription factor  eagle

Normal serotonergic neuron differentiation in the fly requires

the orphan steroid hormone receptor and zinc-finge C robo2 LOF
transcription factoreagle (eg), which is expressed in the g‘,
neuroblast that gives rise to the serotonergic neurons ai

throughout early stages of serotonergic neuron differentiatio
(Dittrich et al., 1997; Higashijima et al., 1996; Lundell and
Hirsh, 1998). Loss otg function results in a loss of SerT
expression and activity in a percentage of neurons accordir
to the severity of mutation (see Fig. 7, compare ¢ge
hypomorphic allele,eg"Z369, to the eg null allele, eg8b). -
Serotonin synthesis is also disruptedemimutants (Lundell S
and Hirsh, 1998). e . ?5
The pattern of SerT loss observedemmutants is almost e
identical to that observed obo2/3mutants. To examine the D robo2 GOF ++, eg hypomorph
relationship betweerobo2/3andeg further,robo2 androbo3
mutant nerve cords were stained with an anti-Eg monocloni
antibody. Wild-type serotonergic neurons express Eg unt
stage 17 (Fig. 5A) (Dittrich et al., 1997) although message i
lost by stage 14 (Higashijima et al., 1996). Ireghypomorph
(eg"2369), all Eg staining is absent, and a loss of SerT is
observed in ~30% of VNC hemisegments (Fig. 5B, see Fig. 7
A loss of Eg expression is also observembbn2 (Fig. 5C) and
robo3mutants (data not shown). Eg expression is lost in 100¢
of those cells lacking SerT activity but remains in those cell_ _ )
positive for SerT (Fig. 50p=110 and 112 hemisegments for F&%-Zgégzsgimg:gﬂt?ég);%%%'l%?;pgﬁﬁ'r?gtioit?g')s ;Lr?dW"d-tyr)e (A,
robo2 and robo3 mutants, respectively). These data sugges Pl .
that Robo2/3 function in the same genetic pathway as Eg, al P2582/EP2582¢=00eg2%) (D) nerve cords. Serotonin

. . uptake, red; Eg, green; yellow, co-localization. M indicates the
that the loss of SerT seenrwbo2/3mutants is due to a loss position of the ventral midline. (A) The wild-type nerve cord has two

of Eg, as Eg is required for SerT expression. _ serotonergic neurons per hemisegment, both positive for SerT
Finally, as botheg hypomorphs anaobo2 loss-of-function  activity and for the transcription factor Eagle. (B,C) @236 and
mutants show a loss of SerT activity in only a percentage efrobo2mutant show a loss of SerT activity in a percentage of
neurons (see Fig. 7),rabo2 loss of functioreg hypomorph  hemisegments. In thegVz360(B) CNS, all Eg staining is absent
double mutant line was analyzed for any increases ialthough some SerT remains, while in toko2mutant (C), Eg is
phenotype severity. There is not an additive effealod2loss lost only in those cells that _Iack SerT_activity. (D) When two cop_ies
of function andeg hypomorph in the double mutant (see Fig.Of ro?&Z(EPZSSZ, Robo gain of function++) are overexpressed in an
7). These data provide further evidence that Robo2 functionalfg.. (hypomorpl;)dbackgrorl]Jn?, bOtr? Eg expresig(r;ﬁand serT
cooperates with Eg, because a partial losagdéinction does aig\r’]';yffg; r;so(;‘;?ng tﬁsepr'ﬁ dtlir?e aé:(t:;:tbmess' prevents
not exacerbate the loss of SerT imho2 mutant. '
Intriguingly, we observe an effect of Robo2 expression on
the mediolateral position of the serotonergic cell bodies. Thi¥herefore, the midline axon guidance signaling pathways may
is most markedly seen in thebo2 loss-of-function mutant also play a role in cell body positioning.
hemisegment (Fig. 5C), where the cell bodies are positioned ) )
close to the midline, and in the Robo2 gain-of-functionRobo2 expression rescues an  eagle hypomorphic
hemisegment (Fig. 5D), where the cell bodies are shifteBhenotype and Eagle expression rescues a  robo2
laterally. A similar positional shift is observed in the Unc5loss of function phenotype
gain-of-function (Fig. 3D) andcomm mutants (Fig. 2B). To investigate the interaction between Robo2 and Eg,
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» ;
EP2582/+; egMz360/egMz360 UAS-eg; robo2-

EP2582/EP2582;egMz360/egMz360
robo2 GOF; eg hypomorph robo2 GOF++; eg hypomorph eg GOF; robo2 LOF

Fig. 6. Overexpression of Robo2 rescuesaglehypomorphic mutation and overexpression of Eg rescuasc loss of function. (A) Wild-

type stage 16 nerve cord stained for serotonin uptake showing two serotonergic cell bodies per hemisegment with axorecexssritieg

midline. (B) Embryos homozygous for the hypomorpd¥z3¢0allele (also amagleéGald) show ~30% loss of SerT-positive cells as well as

axon guidance defects. (C) Expression of one copy of Robo2 (EP2582, Robo gain of function) with onegaal# ¢gheterozygouag"z360)

prevents axons from crossing the midline but does not disrupt SerT activity. (D) Expression of Robo2 with two copies ahtirptigpo

egGal4 allele (homozygousg“z360) disrupts axon guidance, but also causes a loss of SerT as seen in B. (E) However, expression of two copies
of Robo2 (Robo2 gain of function++) with two copiessgBal4 (homozygousg¥z369) rescues the loss of SerT phenotype. (F) Conversely,
expression of EgegGal4) rescues both SerT activity and the serotonergic axon guidance phenotype obsebgthintants (compare with

Fig. 4B). Scale bar: 1am.

combinations of mutations at both loci were examined. Further evidence linkingpbo2andegcomes from converse
Comparison of SerT expression in VNCs with varying levels ofescue experiments showing that overexpression of Eg rescues

Robo2 and Eg reveals a dose-sensitive interaction between tBerT expression

inrobo2 loss of function mutants.

two genes (Fig. 6B-E). Overexpression of one copy of EP2582terestingly, this rescue is observed not only as a rescue of
(Robo?2) with one copy of tregGal4 driver prevents the midline SerT expression but also as a rescue of the serotonergic axon
crossing of serotonergic neurons but does not disrupt Seuidance defects seenrmbo2 mutants (compare Fig. 6F with
expression (Fig. 6C). If one copy of EP2582 (Robo2 gain oFig. 4B). As Eg is expressed in only a small subset of neurons,

function) is expressed with tvegGal4 drivers
a loss of SerT results (Fig. 6D) because
egGal4 driver €g12360) is a hypomorphic alle
of eg constructed from a P-element inser
into theeglocus (Dittrich et al., 1997; Lund
and Hirsh, 1998). A loss of SerT appears
in the eg"2360 homozygous condition (Fi
6B). However, when two copies of EP2!
(Robo2 gain of function++) are expressed
two egGal4 drivers (homozygousMz369), the
eg hypomorphic phenotype is rescued. ~
high dose of Robo2 rescues both SerT (Fig
and Eg (Fig. 5D) expression in ageg
hypomorph. The function of Robo2 in midl
axon guidance is therefore separable fror
function in regulating serotonergic cell fate
a low level of Robo2 overexpression prev
midline crossing but only a high dose res:
SerT ineghypomorphs. Initial consideration
this rescue may seem to contradict prev
results showing thatrobo2 regulates E
expression (Fig. 5C). However, the rescue
eghypomorph by Robo2 gain of function (F
5D, Fig. 6E) seems to be due to some ur
property of the hypomorphic allele, as not «
SerT but also Eg expression is restored (fu
addressed in Discussion). These results ¢
seen quantitatively in Fig. 7.
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Fig. 7. Average loss of SerT activity between genotypes. Error bars represent the standard
deviation of the mean. Genotypes were scored for the percent of hemisegments negative
for SerT activity/total hemisegments per VNC. n represents the number of total
hemisegments scored. At least 10 cords were averaged for each genotype. Wild-type
cords have 0% loss of SerT. (a#®0.001 (One-way ANOVA, Tukey comparison),

showing that SerT activity is rescued by (a) Eg gain of function mlzoRloss of

function and (b) Robo2 gain of function in ephypomorph. No significant difference
(ns,P>0.05) was found betweeabo2loss of function and the douhiebo2loss of

function; egMz360 mutantsrobo2loss of function score represents data from both

robo2123 androbo213% alleles, as phenotypes were indistinguishable.
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it is not likely to act as a general mediator of Robo2 functiorSerT expression, suggesting that RdBadRnction positively
in the CNS. In fact, the gross defects in CNS structurebaf2  to regulate serotonergic neuron differentiation. A positive role
mutants remain when Eg is overexpressed in the serotonerdar Robo?2 is further supported by our results showing that
neurons (data not shown). overexpression of Robo2 prevents a loss of SerT in neurons
physically separated from the midline. Possibly, Robo2
Di . functions downstream of the midline signal required for SerT

ISCussion induction and thus allows differentiation to proceed in the
We have shown that SerT expression in the fly, as in thabsence of such a signal. An alternative hypothesis suggests
grasshopper (Condron, 1999), is temporally and physically tiethat Robo2/3 function indirectly to induce SerT, by guiding
to axon guidance across the midline. Our data further indicaterotonergic axons to an unknown signal in the contralateral
that the axon guidance molecule®o2 androbo3 (robo2/3 neuropil. Such indirect signaling occurs in the developing
positively regulate serotonergic neuron differentiation, as a losgertebrate  CNS where trophic support is required by
of robo2/3function causes a loss of SerT expression in ~50%ommissural axons at the floorplate, an intermediate axonal
of neurons. Aobo2/3loss of function closely resemblesem  target (Wang and Tessier-Lavigne, 1999). Although we cannot
mutant phenotype. Finally, our data show a dose-sensitivelle out the possibility that Robo2/3 act indirectly to regulate
relationship between Robo2/3, Eg and SerT expressiosgrotonergic neuron differentiation at this time, several lines of
suggesting that they function in the same genetic pathway &vidence suggest a more direct role. Our data shows that
control serotonergic neuron differentiation. This interpretatioroverexpression of Robo2 not only spares SerT loss following
is supported by the fact that lossrobo2 or robo3 causes a a midline cut but also rescues agy hypomorph, and
loss of Eg expression, and by genetic rescue experiments. furthermore, that an Eg gain of function rescueshm?2 loss

. ) ) of function; these results strongly suggests that Robo2

Induction of serotonin transporter expression and functions autonomously in the serotonergic neurons.
midline crossing Additionally, SerT loss is not seen in other guidance mutants
By visualizing serotonergic axonal projections with k@ac,  that disrupt midline crossing or cause general disorganization
we determined that SerT expression begins at the end of stagfethe CNS. However, it is difficult to clearly resolve the
15, just after growth cones complete midline crossing angresence of Robo2/3 protein specifically in the serotonergic
reach the contralateral side. This temporal correlation betweereurons because of the broad distribution of neuronal processes
midline crossing and SerT induction suggests that the midlinend the fact that serotonergic neuron branching does not
is important for serotonergic neuron differentiation in the fly,correspond simply to any Fas2 pathway where axons are
as it is in the grasshopper (Condron, 1999). Further evidenémown to express Robo2/3.
for the importance of the midline comes from our data showing Robo2 and Robo3 appear to act as overall regulators of
that in wild-type cords, axons physically separated from thédifferentiation rather than specific regulators of SerT, as
midline fail to express SerT. These results recapitulate similaobo2/3 mutants not only lose SerT expression (mMRNA and
experiments in the grasshopper. Additionally, when theeuptake activity) but also have defects in serotonin synthesis
repulsive axon guidance receptor Unc5 is expressed iater in development. Thus, the role of Robo2/3 in serotonergic
serotonergic neurons, a partial loss of SerT expression ieuron differentiation parallels that of other genes, including
observed. Although these results suggest a role for the midliregy and the LIM-homeodomain transcription factsket, that
in serotonergic neuron differentiation, it remains uncleacause both a loss of SerT as well as serotonin synthesis when
whether this role is temporally restricted as it is in thedisrupted (J.A.C. and B.G.C., unpublished) (Lundell and
grasshopper, and, additionally, what factors act as thdirsh, 1998; Thor and Thomas, 1997). Our data further
presumptive midline signal. FGF signaling in the grasshoppeéndicate thatrobo2/3are not required in the formation of the
is crucial for SerT induction (Condron, 1999), and plays a rolserotonergic neurons from their progenitor neuroblast 7-3. All
in the differentiation of vertebrate serotonergic neurons (Ye eterotonergic neurons irrebo2/3mutant expressg-lacZ even
al., 1998). In the fly, experiments indicate that FGF signalinghose with a loss of SerT expression (Fig. 4E). This may at first
also appears to be important for SerT regulation (J.A.C., Mappear to contradict our result showing a loss of Eg at stage 16
Levin, E.M.U. and B.G.C., unpublished). in these mutants, &g expression must have occurred in order

One problem with interpreting the role for the midline is theto producdacZ We hypothesize th#dcZ staining in stage 16
lack of an abnormal serotonergic phenotype in mutants for thebo2 mutants is likely to be due to a lengthy persistence of
master regulatory gersém where midline cells fail to properly lacZrather than continued expressioregfasegmRNA is not
differentiate (Nambu et al., 1990; Nambu et al., 1991). It igletectable by in situ hybridization after stage 14 (Higashijima
difficult to speculate about what factors may allow normalet al., 1996). Most probablgglacZ expression inrobo2/3
differentiation in the absence of normal midline cells, as thermutants occurred in the progenitors of serotonergic neurons
are many changes in gene regulation througbonimutants  when other factors, such angrailed (en), are known to
(Xiao et al., 1996). Although our results suggest a role for theontrol eg expression (Dittrich et al., 1997; Matsuzaki and
midline in serotonergic neuron differentiation, it is likely to be Saigo, 1996). Even irg mutants, all serotonergic neurons
more complicated than a simple switch acting to induceontinue to expreseglacZ, despite a disruption in SerT,

differentiation. serotonin synthesis and expression of Ddc (Lundell and Hirsh,
1998). Thus, aobo2/3 mutant, like aneg mutant, does not

robo2 and robo3 play a role in serotonergic neuron affect the early specification of serotonergic neurons, including

differentiation early egexpression, but instead affects later maturation.

Our data show that a loss @bo2 or robo3 causes a loss of Interestingly, we observe an effectrobo2/3 but notrobo,
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on serotonergic neuron differentiation. Disparities betweemedundant mechanism for serotonergic neuron differentiation.
Robo and Robo2/3 function have been previously observed ithe pattern of SerT and serotonin lossrabo2/3 mutants
the lateral positioning of axons where only Robo2/3 appear tappears random and differs between nerve cords. At this point,
play a role (Rajagopalan et al., 2000b; Simpson et al., 2000a) remains unclear why differentiation is affected in only some
and in dendritic guidance, synapse formation and midlineells and not others, or what factors allow remaining cells to
crossing, where all three Robo receptors have separabigaintain normal SerT expression. One possibility is that cells
functions (Godenschwege et al., 2002; Rajagopalan et amust maintain a threshold level of Eg expression to
2000a; Simpson et al., 2000b). Furthermore, Robo2 and Robd#ferentiate properly. This is supported by differences in the
show greater homology to each other than to Robdegree of SerT loss according to the severity of the mutation
(Rajagopalan et al., 2000b; Simpson et al., 2000b). Robo2iB eg, as a hypomorphic allele displays a loss of SerT in ~30%
have cytoplasmic domains that diverge from Robo, and lackf hemisegments while a null allele displays closer to 80% loss
two motifs considered important for Robo signaling (Bashavof SerT. Many studies have also suggested that a combinatorial
et al., 2000; Rajagopalan et al., 2000b; Simpson et al., 2000kgpde of transcription factors act to specify serotonergic
Possibly, Robo2 and Robo3 regulate a Robo-independeptoperties (Dittrich et al., 1997; Thor and Thomas, 1997). First,
signaling cascade that is critical for serotonergic neurotoss-of-function mutations in several genes required for
differentiation. Additionally, a loss dflit, the ligand for all differentiation, includingeg en and hb show an incomplete
three Robo receptors, does not perturb SerT expressidiess of SerT phenotype (Lundell et al., 1996; Lundell and
indicating that either another ligand exists or the function ofHirsh, 1998; Novotny et al.,, 2002). Second, if Eg is
Robo2/3 in serotonergic neuron differentiation is ligandinappropriately expressed throughout the nervous system, only
independent. InC. elegans some activities of the Robo a few ectopic serotonin positive cells appear. These ectopic
homolog SAX-3 are thought to be Slit independent (Hao et alserotonergic cells always express the transcription féubtior
2001). (Dittrich et al., 1997). Robo2 and Robo3 may also function

The transmembrane protein Comm has been shown tedundantly. Further studies should indicate the relationship of
negatively regulate the levels of all three Robo receptors (KidBobo23 to other genes involved in serotonergic neuron
et al., 1998b; Rajagopalan et al., 2000a; Tear et al., 1996). Aftdifferentiation, and the mechanism by which Robo2/3 regulate
midline crossing, Comm expression decreases and Robo levélg expression.
increase in order to prevent inappropriate midline crossing. In One question that readily follows from our observations is
serotonergic neuron differentiation, Comm may play a role itnow does Robo2 influence Eg expression? Robo2 and Robo3
regulating Robo2/3, such that levels of both Robo2/3 increasswe cell-surface axon guidance receptors, while Eg is a
following midline crossing and thereby permit differentiationtranscription factor. It is likely that other factors interact with
to proceed. To test this possibility, we expressed Comm usirgpth Robo2/3 and Eg to mediate their roles in serotonergic
egGald to specifically induce a loss of Robo2/3 in theneuron differentiation. Although their relationship remains
serotonergic neurons. In our experiments, expression of Comabscure, data indicate that Robo2 may regulate Eg post-
caused a loss of SerT activity in only a few cells and with lowiranscriptionally. In a series of real-time RT-PCR experiments,
penetrance (data not shown). We believe that this is due tm difference ineg mMRNA levels was detected when EP2582
expression of Comm at levels insufficient for total loss of(UAS-robo2 was expressed usirggGal4, scabrousald or
Robo2/3. Alternatively, other regulators of Robo2/3 may existelavGal4 (data not shown), suggesting that Robo2 is
However, neither a loss of Comm nor overexpression aihsufficient to induce ectopic Eg expression. However, when
Robo2/3 results in precocious serotonergic neurofiRobo? is overexpressed, a rescue of Eg protein expression is
differentiation, indicating a requirement for other signals.  seen ireg"z360hypomorphs (Fig. 6E). Through the same series

. _ o of PCR experiments, we discovered that &g¥z360 allele

robo2 functions with the transcription factor ~ eagle produces mRNA, although no Eg staining is observed. This
to regulate serotonergic neuron differentiation suggests that the Gal4 insertion responsible foretf/&360
In both a robo2 and a robo3 loss-of-function mutant, allele affects Eg protein expression, which in turn causes a
expression of the zinc-finger transcription factgris lost in  disruption in SerT expression. Thus, expression of Robo2
the same cells that lose SerT expression. Additionallyappears to somehow rescue Eg protein expressioregV'a##?
overexpression of Robo2 rescues the loss of SerT observedhypomorph sufficiently to rescue SerT activity. At this point,
aneghypomorph in a dose-sensitive manner. Finally, Eg gaithe mechanism of such a post-transcriptional rescue is unclear.
of function rescues the SerT loss seembo2loss-of-function  Identifying the genetic and intracellular links between Robo2,
mutants. These results indicate that Robo2/3 function in thRobo3 and Eg with more molecular approaches such as RNAi
same genetic pathway as Eg to control serotonergic neuratudies will probably reveal how Robo2/3 regulate not only Eg
differentiation. Although our results suggest that Robo2/3ut eventually serotonergic neuron differentiation as well.
regulate Eg in stage 16 embryos, other genes sueh asd ) )
hunchbackhb) also have an established role in regulating Eg We thank Shannon Cole,. Rebecca George, Jay Hirsh, Serena Liu
during serotonergic neuron differentiation (Dittrich et al.,and Paul Sykes for help with the manuscript, and members of the
1997: Matsuzaki and Saigo, 1996; Novotny et al., 2002). boratory for helpful discussions. We also thank Paul Adler, Barry

t it . I if Robo2/3 ¢ ith th ickson, Chris Doe, Corey Goodman, Jay Hirsh, Martha Lundell,
present, 1t remains unciear it Robo cooperate wi €Sfohn Thomas, Bloomington Stock Center and lowa Hybridoma Bank

genes to regulate Eg expression. ) for reagents and flies. This work was supported by a grant from

Additionally, in both robo2 and robo3 loss-of-function  NINDS R29 37322, The Jeffress Foundation and the University of
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(and serotonin synthesis), indicating the presence of @rantto J.A.C.
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