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Abstract: The misexpression as well as a knock down of the 5-HT,,,, receptor produces
slower body movements in larvae and altered development. When 1st instar larvae are raised
with altered expression levels a high degree of death occurred. Exposure of the CNS to 5-HT
in control larva increases motor umt excitability; however, when the 5-HT,,,, expression is
decreased the relative sensitivity to exogenously applied 5-HT is enhanced. This is likely
a function of reduced basal CNS activity in this line. No change was observed for the strain
with an over-expression compared to controls. Evoked sensory-CNS-motor circuits as well
as spontaneous motor neuronal activity are also reduced. Like CNS activity, Heart Rate
(HR) in larva is sensitive to 5-HT. When the 1st instar to early 3rd instar were chronically
reduced or misexpressed in the 5-HT receptor no alteration to 5-HT sensitivity on HR
occurred, although the initial HR was lower in both strains as compared to wild type. Thus,
a normal expression of the 5-HT,,,, 1s required for development and CNS responsiveness to
5-HT, but this receptor subtype might not function in acute responsiveness of the heart to
5-HT, although the receptor has some effect on basal heart rate.
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INTRODUCTION

Serotonin (5-HT) is a major neurotransmitter and neuromodulator in both vertebrates and
invertebrates. It has been shown to have a role in development and behaviors of various vertebrates
and invertebrates (Lucki, 1998; Monastirioti, 1999; Osborne, 1996, Whitaker-Azmitia, 2001).
Recently, it was demonstrated that 5-HT increases activity in a sensory-CNS-motor circuit in larvae
(Dasari and Cooper, 2004; Dasari et al., 2007). When reducing the production of 5-HT, by
pharmacological means through feeding p-CPA to larva, there is a delay in the rate of development and
slowed motor behaviors (body wall contractions and eating) (Dasari ef al., 2007). Likewise, exposure
to MDMA (ecstasy), a drug of abuse, which impacts the serotonergic system acutely as well as
chronically, also alters larval development and bodily movements (Dasari ef af., 2007). Thus, altering
the production or the level of 5-HT has broad ranged effects on larval Drosophila, however, to
understand the mechanisms by which these alterations occur one needs to address the effectors of
5-HT which relay the signals.

The 5-HT acts through multiple receptor subtypes. There are 14 known 5-HT receptors in
vertebrates (Barnes and Sharp, 1999) whereas four are known to occur in the Dresophila genome
(Tiemey, 2001). Hence, Drosophila melanogaster 1s an attractive model organism to study the role
of 5-HT mediated by these receptors. The four known receptors are: 5-HT.y,, 5-HT i 3-HT 5400
and 5-HT,,, (Colas ef af., 1994; Saudou et af., 1992; Tiemey, 2001; Witz et af., 1990).
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The 5-HT,,, receptor subtype is of particular interest because in humans the 5-HT, receptor is
known to be associated with many diseases such as schizophrenia, depression and anxiety (Leonard,
1994; Fuller, 1991). Drosophila offers some advantages in the ability to address the developmental and
mechanistic understanding of neuromodulators, particularly 5-HT because this model organism is being
increasingly used to address physiologically related as well as the genetic diseases that afflict humans
(Kendler and Greenspan, 2006).

Colas ef al. (1999a, b) showed that 5-HT,,,, is essential during embryo genesis and that it is the
major receptor subtype in 3rd instar larvae (Colas er a/., 1994). Thus, we hypothesized that there
would be behavioral and physiological alterations in larva if the receptor is over-or under-expressed.
One approach to determine the role of 5-HT,,, is to selectively knock down its expression. In this
study, a heat shock inducible antisense transgenic line, Y32 was designed to specifically reduce the
functional expression of the 5-HT,,, receptor (Colas et al., 1999b). Another heat shock inducible
transgenic strain, HM2, misexpresses 5-HT,,, in all tissues. The Y32 transgene uses direct expression
of an antisense fragment of 5-HT,,, driven by hsp70 gene promoter. The HM2 strain carries a
hsp70-driven GAL4 fransgene plus a UAS-fill-length SHT,,,, cDNA (Brand and Perrimon, 1993). It
is expected that both transgenic lines would have low basal expression at low temperature (18°C or
less), but would have chronic temperature-dependent expression at elevated, but sub-heat shock
temperatures (below 37°C) (Brand and Perrimon, 1994). To determine the effects of reduced and
misexpressed 5-HT,,, on behavior and on CNS receptivity to 5-HT, studies at low and high
temperatures were compared in wild type controls and the two strains (HM2 and Y32).

JTohnson et al. (1997) have shown heart rate to be modulated by 5-HT in Drosophifa. We have
also shown direct effects of various doses of 5-HT on the function of the Drosophila larval heart
(Dasari and Cooper, 2006). We measwred heart rate in the fly strains to investigate if the 5-HT,,,,
receptor regulates its function in larvae.

These studies are significant because they demonstrated that the 5-HT,,,, expression is important
in overall development, normal behavior and heart function. Tt is feasible now to address mechanisms
of how these functions are altered. This will help to determine if the same mechanisms are translated
to mammals that exhibit similar consequences with perturbed serotoninergic systems.

MATERIALS AND METHODS

Stock and Staging of Larvae

The common wild-type laboratory strain of Drosophila melanogaster, Canton S, was used in
these studies as controls. HM2 and Y32 are used as experimental lines. The HM?2 strain contains both
an hsp70 promoter-GAL4 transgene and a UAS,;,-5-HT,,, transgene, permitting misexpression of
the receptor in a temperature-dependent manner. Y32 permits knock-down by directing a 5-HT,,,,
antisense RNA under direct control of the hsp70 promoter (Colas et af., 1999a,b). Both lines were gifts
from Dr. L. Maroteaux, INSERM U39, Institut du Fer a Moulin, Paris, France. The methods used
to stage fly larvae have been described earlier {Campos-Ortega and Hartenstein, 1985; Li and Cooper,
2001). All amimals were maintained in vials partially filled with a cornmeal-agar-dextrose-yeast
medium. All animals were kept on a 12:12 light-dark cycle. The fly stocks were maintained and
experiments were carried out from 2005-2008, in Department of Biology, University of Kentucky,
Lexington, KY., USA.

Behavioral Assays

Early 3rd instar larvae were used for behavioral assays. Feeding and locomotor behaviors were
assessed as described in Neckameyer (1996) and Li ef af. (2001). In brief, single ammals were placed
on a 2% agar surface and the mumber of body wall contractions was counted for 1 min, afier which an
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animal was placed in a 2% veast solution overlaid on an agar plate (just covering the larvae allowing
the spiracles to reach out of the solution). In this condition, Drosophila larvae immediately start
feeding, imtiating a pattern of repetitive mouth hook movements. The number of full mouth hook
contractions in 1 min was counted (Sewell ez al., 1975). Early 3rd instars were given a 4 h heat pulse
at 33°C and then the locomotor and feeding behaviors were measured at room temperature (21°C)
within 5 min of taking them out of 33°C. Each larva was taken from the incubator and placed on a test
plate. This allowed the larvae to become familiar with the test plate for a minute. Then body wall and
mouth hook movements were measured.

Dissection and Electrophysiological Recordings

Wandering 3rd instar larvae were dissected as described earlier (Cooper ez af., 1995). In brief,
larvaec were dissected ventrally removing heart and viscera which left a filleted larvae containing
only a body wall, body wall muscles and the neural circuitry for the sensory, CNS and body wall
(i.e., skeletal) motor units. The HL3 saline was prepared in the lab from component reagents
(Sigma) and contained: 1.0 mM CaCl,*2H,0, 20 mM MgCl,, 70 mM NaCl, 5 mM KCl, 10 mM
NaHCO,, 5 mM trehalose, 115 mM sucrose and 5 mM BES (N,N-bis[2-Hydoxyethyl]-2-
aminoethanesulfonic acid) (Stewart ez al., 1994). The recording arrangement was essentially the same
as priviously described (Neckameyer and Cooper, 1998, Stewart ef af., 1994). Intracellular recordings
in muscles were made with 3 M KCl-filled microelectrodes (3-60 MEQ). The amplitudes of the
excitatory postsynaptic potentials (EPSP) elicited by Is and Ib motor nerve terminals in the various
segments of muscles m6é were monitored. Intracelluar responses were recorded with a 1xLU head
stage and an Axoclamp 2A amplifier.

Sensory-CNS-Motor Circuit

To induce a sensory-CN S-motor circuit the tail segmental nerves were cut and stimulated using
the suction electrode. Detailed procedures have been outlined priviously (Dasari and Cooper, 2004).
Stimuli were given in short bursts at a frequency of 40 Hz (10 stimuli at 40 Hz). The sensory
stimulation leads to activation of interneurons and motor neurons, thus inducing a response in muscle
6 which is monitored. A change in the evoked response is used to examine the effects of 5-HT on the
circuit.

In cases when it was desirable to measure the effect of 5-HT on intrinsic activity all the segmental
nerves were left intact. The intrinsic CNS activity probably is induced by the fact the anmimal has been
cut down the dorsal midline and stretched out on a dish by piuning four corners of the animal down.
Thus, there is a background sensory drive. The burst frequency and frequency within a burst were
measured for experimental comparisons. All experiments were performed at room temperature
(20-22°C).

Heart Rate (HR) Measures

The same microscopic method as for behavioral movements was used to record HR but with the
exception of a 2 x base objective to obtain a higher resolution of the heart and trachea. Early 3rd instar
larvae were dissected ventrally and pinned on 4 corners. The heart and trachea are exposed in these
semi-intact preparations. The movements of the trachea or heart were used for direct counts
(Dasari and Cooper, 2006). Effects of 5-HT were observed in CS, HM2 and Y32 larvae, which were
grown at 18, 21 and 31-32°C.

Developmental Assays

Eggs were collected after a 15 min prepulse (i.e., clearing the oviduct of stored eggs) for 2 h. The
egps were incubated at 21°C until hatching. At which time 18, 21 and 31-32°C were used to determine
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effects of the anti-sense activation on development. To control if room temperature might be a
temperature at which a low expression level of the heat shock promotor might be active, 18°C was
used as well as room temperature (21°C).

First instars (about 15) were transferred to vials containing food and placed at the given
temperatures. The food was made with a standard corn meal diet (Neckameyer, 1996; Li and Cooper,
2001). When wandering 3rd was scen, the vials were checked every 4 h and each individual pupa was
marked on the walls of the tube to record the time to pupation. This was done throughout the day and
night. The time to pupation and the time spent as a pupa, until eclosion, were indices for development.

Quantification of Transgene Expression by Real Time RT-PCR

The heat-dependent knock-down of 5-HT,,, receptor expression by Y32 antisense has been
previously demonstrated (Colas ef al., 1999a, b). To assess the degres of misexpression directed by
the HM2 line at high temperature, real time RT-PCR was performed. Total RNAs of heat-shocked
(6 h at 37°C) HM2 third instar larvae and control wild type third instar larvae were isolated with
Invitrogen TRIzol® solution. Obtained total RNAs were kept in RNAsecure™ suspension solution
{Ambion Inc) and treated with DNase for removing genomic DNA (TURBO DNA-free™, Ambion
Inc). One microgram of DNase treated total RNA was used for cDNA synthesis with iScript™cDNA
synthesis kit (BIO-RAD). Twenty microliter of cDNA was obtained for each sample and then diluted
in 20 pL DEPC H,O to make a 40 uL. ¢cDNA pool. One microliter of diluted cDNA was subjected to
real time PCR amplification analysis using iQ™ SYBR Green Supermix (BIO-RAD) on a BIO-RAD
iCycler. Amplification was performed with two experimental primer sets for 5-HT,,, and
one control for the housekeeping gene Rp49: 5-HT,,, primer pair 1: catgggcgegataccagettt,
ccanactgatgaagcacatgtgea, 5-HT,,,, primer pair 2: gcaaaaggtgaageegacgg, cottetgeteegtageaacg;, rp 49
(control for normalization): cagcatacaggeccagategt, cttactegttetettgagaacgeag. Polymerase chainreaction
cycles were set up as follows: Cycle 1(1x) 94°C for 01:30; Cycle 2 (40x): 94°C for 00:15, 60°C for
01:00, 72°C for 01:00; Cyele 3 (1x): 95°C for 01:00; Cycle 4 (80x): 60°C for 00:10 and then increase
temperature by 0.5°C after the second cvcle for melt curve data collection and analysis; Cycle 5 (1x):
hold at 4°C. The data were aualyzed according to the 2%, method (Livak and Schmittgen, 2001;
Pfaffl, 2001; Schmittgen and Livak, 2008). As compared with wild type larvae, the HM2 larvae at high
temperature showed a 504+26 fold increase in 5-HT,,,, expression.

Statistical Analysis

The ANOVA test is used where appropriate. For developmental studies we use a Kolmogorov-
Smirnov (KS) test to determine if the distribution of pupation and eclosion times of the 5-HT,,,,
transgenics differ from the controls (Cesami et af., 2006; Mentre and Escolano, 20006).

RESULTS

Behavior-Mouth Hook and Body Wall Movements

Locomotion (body wall) and feeding (mouth hook) movements were measured for CS, HM2 and
Y 32 strains that were raised from 1st instar to 3rd instar under low-expressing conditions (21°C)
and higher-expressing conditions (33°C) to induce the heat shock antisense or over production of the
5-HT,,,, receptor. There was no significant difference seen among the three lines in mouth hook
movements when larvae were raised at room temperature (21°C) or high temperature (33°C) (ANOVA,
N =10, Fig. 1b). But, the HM2 strain showed reduced body wall movements compared to CS at both
the temperatures (Fig. la, ANOVA, p<0.01, N = 25). Similarly, Y32 also showed slower body wall
movements than CS at both the temperatures (Fig. la, ANOVA, p<0.05, N =25).
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Fig. 1. Body wall and mouth hook movements for CS, HM2 and Y32 in 3rd instar larva. (a) Larvae
are grown at room temperature (RT, 21°C) or high temperature (HT, 32°C) from 1st to 3rd
instar stage and body wall movements are counted in carly wandering 3rd instar at room
temperature. The HM2 strain showed reduced body wall movements compared to CS
(ANOVA, p<0.01, N = 25). Y32 also showed slower body wall movements than CS
(ANOVA, p<0.05, N = 25). There is a significant difference in ¢ach of the three strains with
the heat shock pulse as compared to 21°C (* p<0.05). (b) Mouth hook movements in a 3rd
instar larvae for the same treatment paradigni. No significant difference is present among the
3 groups at RT or at HT (N =10, ANOVA)

a 907 © £1607®
E 5140 T
2 407 _L gun- 1
g 4
3 104 _gmu
8 80+

Fa
:§ 204 ‘g 60
@ E 404
Eo 1o %40
2 £ 201

0 < 0

FT T TS

Fig. 2: Larvae are grown at 21°C and each group was given a heat pulse at 33°C for 4 h. The average
(a) body wall movements and (b) mouth hook movements are shown. The larva from the 4 h
heat pulse and assayed at 21°C is indicated by p (pulse) and the other heat shock group was
momnitored at 33°C following the 4 h heat shock. No significant difference is observed among
3 groups (N >10, ANOVA) for body wall or mouth hook movements

To examine effect a shorter heat pulse would have on acute behaviors, the early 3rd instars were
examined after a 4 h heat shock at 33°C and monitored at room temperature (21°C). Also, to control
for the temperature variation by taking the larva out of the incubator to conduct the behavioral assays,
the feeding and locomotor behaviors were measured at 33°C after a 4 h heat pulse at the same
temperature. Again no significant difference in the mouth hook movements occurred (Fig. 2b, N = 10)
but this time no significant difference for body wall movements occurred among the CS, HM2 and Y32
with heat shock (Fig. 2a, N = 10). There is a significant difference in each of the three strains with the
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heat shock pulse as compared to 21°C. These results have important implications in the marner in
which one conducts experimental paradigms involving heat shocking and behavioral assays at a
different temperature.

Larval Development

Developmental assays were carried out at 18°C, room temperature (21-22°C) and 31-32°C for
CS, HM2 and Y32. Time was assessed for 50% of population to reach pupation or eclosion. The ime
in which eggs were collected is defined as zero time.

At low temperature, where the 5-HT,,, transgenes are not being expressed, we did not anticipate
to see any major difference in the development patterns among the strains. But a small variation was
observed between the 3 groups for time to pupation (Fig. 3). This small variation continued for the
time from pupation to eclosion. For calculating the amount of time taken for eclosion for each
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Fig. 3. Development curves from egg to pupa formation in CS, HM2 and Y32 strains grown at three
different temperatures (18, 21 and 31-32°C). Cwmative swm (left side) and relative comdative

sum (right side) plots are shown for cach. There are no significant differences among the groups
within a particular experimental temperature paradigm
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pupa, the time point at which pupa formed was set to 0 (zero) and number of hrs is calculated to
eclosion. There are insignificant differences for CS, HM2 and Y32 in both time to pupation and
eclosion. To statistically test for a difference in the distributions a Kolmogrov-Smirnov (K-8) test was
performed. D and P values for pupation among all groups were not significant. Similarly eclosion at
room temperature (21°C) is not significant. Also, for eclosion fime a K-S test was used to assess for
statistically significant differences in the distributions. No significant difference was seen for pupation
in amy groups. Chronic expression of the 5-HT,,, transgenes at 31-32°C from 1st instar stage also had
no pronounced effects. Examining the effects on eclosion proved to be fittile since many of Y32 and
HM?2 pupa died. We conclude that either reduction or misexpression of 5-HT,,,, is detrimental to the
health of the developing pupa.

Spontaneous Activity

The intrinsic motor activity, driven by spontaneous CNS events, was measwred from mo6 or
m7 muscles as both these muscles receive the same iunervation by two motor neurons (Is and Ib). The
spontaneous motor neuron activity is present when the larva is dissected, stretched and piuned. This
procedure likely keeps sensory neurons active which drives the motor neurons. This could account for
the variation in activity patterns observed from preparation to preparation. Two sets of experimental
paradignis were used here; (1) larvae grown at room temperature and neural activity assessed at room
temperature and (2) larvae grown at 31-32°C and intrinsic activity was measured in saline at room
temperature. The sensitivity to 100 nM 5-HT was examined for all groups in these two conditions.
Intrinsic activity was recorded for 2 min in saline and then another 6-10 min in the presence of 5-HT.
For quantifying, the average frequency per second, all the peaks within each burst was measured. Also,
the time for each burst was recorded. The average frequency per second in saline and in presence of
5-HT was used to calculate the percent difference in activity from saline. At room temperature (21°C)
5-HT (100 nM) sensitivity of the CS increased by approximately 15%, whereas HM2 and Y32
showed a decreased responsiveness (Fig. 4a). There is no statistical significance seen among CS, HM?2
and Y32 (N =35, ANOVA, Fig. 4a). However, the CS and HM2 larvae grown at 31-32°C and exposed
to 5-HT (100 nM) showed the opposite effect to Y32 (Fig. 4b). CS and HM2 showed a decreased
response whereas Y32 showed a significant increase in activity from saline (N = 5, ANOVA, p<0.013
and Tukey post hoc test, p<0.05, Fig. 4b). Y32 did not have as much activity in saline initially

1407 () 1407 ) R
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Z 807 2 80
-% 60+ g 60
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é 0 HM2 Y32 § N cs HM2
° -1 Y32
20{ 8 ITI |—_|_—| 2l B 3
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Fig. 4. The percent change in frequency per second (activity) from saline to 5-HT (100 nM) is (a)
measured in CS, HM2 and Y32 larvae grown at permissive temperature and (b) non-permissive
temperature. (a) At room temperature no significant difference in sensitivity for 5-HT
(100 nM) was observed among the 3 groups (N = 5, ANOVA). (b) CS and HM2 larvae that
were grown at high temperature showed a decrease in activity in presence of 5-HT (100 nM)
but not sigmficantly (N = 5, ANOVA). However, Y32 showed a significant increase in activity
(N =5, ANOVA, p<0.01)

107



Int. J. Zool Res., 5 (3): 101-114, 2009

2007 (@) 807 1)
£ 150- -[ &g 407
5 £ 2
g 1001 5
g = Y32
B oof T I § | & m
0 204
I
04 404

Cs HM2 Y32

Fig. 5. Sensory-CNS-motor circuit. (a) A percent difference in the activity of motor units to muscle
6 before and afier application of SHT (100 nM) in larvae grown at permissive temperature. All
the 3 groups showed an increase in activity with no statistical difference seen (N=5, ANOVA).
(b) A percent difference in activity exposed to 5-HT (100 nM) for larvae that were grown at
non-permissive temperature. CS and Y32 showed an increase in activity but Y32 showed a
decrease in activity. No statistical difference is present among the 3 groups (N=5, ANOVA)

when compared to that of CS and HM2. The basal activity for Y32 that were grown at 31°C was
8.75+2.41, where as for CS and HM2, the basal activity was higher 17.17+2.24 and 27.42+2.14. The
increased activity of Y32 seen in presence of SHT could be due to a low imtial rate of activity.

Sensory-CNS-Motor Circuits

The sensitivity of central circuits to 5-HT in mutant lines was examined by stimulating sensory
nerves and monitoring motor units before and during exposure to the compounds. CS showed an
increase in motor activity in presence of 5-HT (100 nM) at room temperature. Similarly HM2 and Y32
showed an increase in activity at room temperature in response to 5-HT (100 nM). No statistical
difference was seen among the 3 groups (N =5, ANOVA, p<0.15, Fig. 5a). The basal activity seen in
saline for CS and HM2 was similar {10.65+£2.15 and 10.77+1.90, respectively), but Y32 showed a
slightly higher basal activity with an average activity of 18.00+2.73. Possibly at room temperature
(21°C) a low level of receptor misexpression occurs in the HM2 line which produces an increase in
responsiveness but with a large degree of variability. However, under heat shock an excessive
expression of the receptor somehow reduces the sensitivity to exogenous application of 5-HT. For
both 5-HT,,, knock-down and misexpression, sensitivity of CNS-circuit to 5-HT ({100 nM) changed.
The average basal activity for both HM2 (4.63+1.08) and Y32 (6.26+1.02) was scen to be very small
as compared to CS (10.0142.98). The CS and HM2 that were grown at high temperature (31-32°C)
showed a very small increase in motor activity. On the other hand, Y32 grown at high temperature
showed a decrease in activity. Y32 larvae grown at 31-32°C have a lower activity in saline and there
was a fast run down in the activity. The frequency of stimulation had to be increased in some
preparations to 60 Hz from the 40 Hz, as used for all the other preparations, in order to evoke motor
nerve activity. Again no statistical significance is present among the 3 groups (N = 5, ANOVA,
p<0.23, Fig. 5b).

Heart Rate (HR)

5-HT is known to modulate heart rate in Drosophila larvae (Dasari and Cooper, 2006; Johnstone
and Cooper, 2006). Hence, we measured the sensitivity of the heart to 5-HT in the HM?2 and Y32
larvae with altered expression in the 5-HT,, receptor to determine if this receptor subtype had any
role on HR. To quantify the responsiveness a percent difference is calculated for each preparation from
saline to 5-HT and the average percent change for the group is compared (Dasari and Cooper, 2006).
CS, HM2 and Y32 larvae grown at room temperature (21°C) did not show any significant difference
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Fig. 6: The percent change in heart rate upon exposure to 5-HT (100 nM). (a) CS, HM2 and Y32
larvae that were grown at room temperature showed an increase in heart rate with no statistical
difference (N = 10, ANOVA). (b) CS, HM2 and Y32 larvae that were grown at high
temperature showed an increase in heart rate with no statistical difference (N=10, ANOVA).
But the initial heart rate in HM2 and Y32 are lower giving an abnormal percentage change in
BPM {BPM-beats min ')

in sensifivity to 5-HT. All 3 groups showed an increase in the HR in presence of 5-HT, though HM2
showed a little higher increase, but not statistically significant (N = 10, ANOVA, p<0.1), than both
CSand Y32 (Fig. 6a). In a different set of experiments, larvae that were grown at 31-32°C were taken
out one at a time right before the experiment and heart rate counted at room temperature (21°C) for
one min in saline and another 3 min in presence of 5-HT. The total time taken for each preparation is
about 5 min. The average initial HR in saline was low for all three strains CS (40+5), HM2
(20.88+4.62) and Y32 (25.3£3.55). The CS larvac showed a small variation in the initial HR as
compared to that of room temperature (21°C). Y32 had a very low HR with some of preparations not
beating at all. In all cases, when the 5-HT containing saline was introduced HR increased. Because of
the low initial HR, a percent difference gives a large difference as compared to preparations starting
at ahigher HR with less of a change. No statistical difference occurred among the 3 groups (N =10,
ANOVA, p<0.41, Fig. 6b). The HM2 shows a greater mean, as well as a large degree of variability, in
response to 5-HT for larvae raised at room temperature (21°C) as well as higher temperature. This
would not be surprising because amplified expression of the binary expression system creates high
sensitivity and there is likely some basal expression at 21°C.

DISCUSSION

In this study, two Drosophila lines were used to alter the expression of the 5-HT,,,, receptor.
The knock down in Y32 is accomplished by anti-sense 5-HT,,,, under a heat shock promoter. The
misexpressing line, HM2, is ubiquitously expressing 5-HT,,, in all cells at elevated temperatures.
These two extremes in the presence of the 5-HT,,, receptor were used to assess developmental,
behavioral and physiological significance of this receptor subtype. The development of Y32 and HM2
at room temperature (21°C), 18°C and chronic heat induction (31-32°C) were not significantly
different from controls. However, at 31-32°C most of the CS formed pupa but a lower percentage of
Y32 and HM2 larvae pupated. So, some larvac are dying in these mutant strains, but pupal
development was the real limiting factor in survival. None of the Y32 or HM2 strains eclosed at these
higher temperatures. However, no significant difference is present in simple locomotor movements
(body wall and mouth hook movements) in wandering larvae that are grown at 33°C. On the other
hand, the physiological responses of the CNS to 5-HT application in Y32 and HM2 strains grown at
31-32°C had a decreased responsivencss compared to controls. Even though the initial HR. was lower

109



Int. J. Zool Res., 5 (3): 101-114, 2009

in Y32 and HM2 raised at 31-32°C as compared the same strains raised at 21°C, there is no effect on
sensitivity to 5-HT in relation to acute cardiac function. Thus, these results show that the 5-HT,,,,
receptor plays an important role during the metamorphosis from larval to a adult stage but the lack of
any effect on the locomotor movements or cardiac function suggest that these functions are not
modulated by 5-HT,,, receptor or other receptors are compensating for the misfinction of the
5-HT,,..

Studies altering synaptic transmission of adult vertebrate motor nerve terminals have provided
evidence that established synapses and nerve terminals maintain a high degree of plasticity. Many of
the same regulating factors in synaptic maintenance in adult animals are likely utilized during
developmental stages, so understanding how synapses develop have ramifications for mature synapses.
Sokolowski (1980) showed that the behavioral repertoire of Drosophifa larvae requires flexible
synaptic inputs. The development in the larval Drosophila CNS is a topic that has not been
intensively studied but has been gaining interest in recent vears (Bossing and Brand, 2002, 2006).
Since, the larval CNS contains substantially fewer neurons ~2,000 (Nassif ef af., 2003) as compared
to the 100,000 (Ivengar ef al., 2006) or more in the adult, the regulatory factors might be easier to
assess and quantify in the larval brain. The strains we examined in this study open the ficld for further
investigation into CNS development.

In general, very little research has been conducted on the role of the Drosophifa 5-HT r1eceptors
in development and CNS function. The 5-HT,,, is 40% homologous over the transmembrane domain
of 5-HT, receptor of mammals. 5-HT, 18 present on 3rd chromosome and right arm. Colas ef af.
(1999a, b) reported that 5-HT,,, mRNA is expressed during embryogenesis and gastrulation. With the
use of these 5-HT,,,, mutants it has been shown that the receptor must have some functional role in
embroygenesis since ectoderm extension, during embryogenesis is delayed and hence embryomic
lethality is observed (Colas ez al., 1999a, b). In these studies, the mutation was activated at a 1st instar
stage which reduced the number that reached the pupal stage. The ones which did pupate, however did
not eclose. Like in other animals, 3-HT is thought to have a major role during development for various
tissues. 5-HT is detected in sea-urchins (Buznikov ef af., 2005), chicken and frogs during zygotic
divisions in which gastrulation and neurlation takes place. Nebigil ef al. (2000) had shown that mice
deficient in 5-HT,;, receptor even have a defective heart.

There are few studies in mammals or other animals that addressed the developmental and
behavioral effects of misexpression of 5-HT2 receptors. 5-HT |, receptors are known to be increased
in the cortex for some schizophrenic patients (Kasper er @l., 2002). In another study with mice, a
genetic deletion or over expression of 5-HT | ,-receptors impaired learning and memory in certain tests
but not others (Bert ez af., 2008). This suggests in mice that the 5-HT, receptor is modulatory on
neuronal fimetion. Since, we showed lethality in development, we assume 5-HT?2 receptors in larval
Drosophila serve a greater role in survival. Oddly enough, over or under expression has been shown
toincrease 5-HT synthesis and turnover in the postnatal mice (Deng e af., 2007). We did not measure
5-HT levels in these larvae with altered receptors levels; however, such a follow up to this study
would be useful for comparative purposes. The Dresophila genome contains ouly four 5-HT receptor
subtypes, so it would be feasible to dissect the role of each one in development and behavior.

Since, 5-HT modulates locomotive and behaviors in insects and that 5-HT containing neurons are
known to iunverate guts, pharyngeal muscles and ring gland in Drosophila (Valles and White, 1988),
one would assume that the knock down of the 5-HT,,, receptor would produce very pronounced
effects on eating behaviors. It was surprising that no significant effect on locomotor or feeding behavior
were obvious in our studies. The rationale for explaining the lack of an effect is probably that these
behaviors are regulated by other 5-HT receptors and not the 5-HT,,,. Recently the 5-HT, receptor
was shown to have arole in sleep behavior in Drosophila (Ynan et al., 2006). Unlike Drosophila, the
5-HT,,, in mammals is involved in feeding behavior and 5-HT,. in regulating satiety (Lucki, 1998).
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Other neuwromodulators that are known to be in the hemolymph and released into the nuropile of
the larval CNS, such as octopamine and dopamine are likely to have key roles in shaping the
development of the neural circuits (Monastirioti, 1999). Since, there is such a pronounced effect of
octopamine on the neural activity (Dasari and Cooper, 2004), one would expect a larva deficit in the
production or in the receptors to result in substantial changes in CNS development. As far as we are
aware, such studies have yet to be conducted. The effects of octopamine and a related compound,
tyramine, have been examined in relation to honey bee behavior and flight (Fussnecker e al., 2006).
It is likely that similar developmental cues such as activity and local retrograde signaling factors hold
for symapse formation and maintenance in the larval CNS as established in other model preparations,
however detailed studies on defined tracts are necessary to substantiate the various possibilities.
Combining physiological measures of larval CNS circuits with the anatomical profiles along with
behavioral assays will undoubtedly be an area of significant interest in the next few years.

The 5-HT and its receptors have a role in cardiovascular physiology (Nebigil et al., 2001,
Hover ef af., 2002). Loss of Tphl gene (peripherally expressed TPH) in mice results in abnormal
cardiac function (Cote et al., 2003) and knock out of the 5-HT,; receptor in mice results in lethality
due to defects in heart development (Nebigil ef af., 2000). A follow up on the function in adult hearts
in these Drosophila lines with altered 5-HT2 receptors as well as understanding the mechanism for a
slower heart rate in the larvae could help shed some light on the heart and aortic defects noted in uman
and other mammals with over expression of 5-HT 5, and 5-HT,,,:R subtypes (Xu et al., 2002,
Fitzgerald et al., 2000; Roy er af., 2000). In present studies, both 5-HT,,, mutant lines have a lower
initial heart rate when compared to that of room temperature or controls that were grown at high
temperature, but sensitivity to 5-HT is not altered. Probably Drosophila cardiac function is not
modulated ouly by the 5-HT,,,, receptor subtype. Detailed pharmacological studies with agonists and
antagonists of all four 5-HT receptors of Drosophila would give more insight to this issue.

Clinically in humans, in addition to the role of 5-HT, receptors have in embryogenesis, the
receptors may be important as determinants in migraine, hypertension, heart failure, neurodegenerative
diseases and brain maturation disorders such as schizophrenia or autistic behaviors. It is now known
that the presence of 5-HT decreased internsuron migration in mice and 5-HT6 activation mimicked the
effect, whereas blockade of 5-HT6 prevented migration (Riccio ez al., 2009). The Present study is
significant since it provides pertinent information, which addresses the dsgree in synaptic performance
at the release sites over developmental stages in a model system of Drosophila when a defined receptor
subtype is altered in expression. The findings can be correlated to the underlying factors of the
serotoninergic system during development which provides a frame work for future studies in knocking
down the other three 5-HT receptor subtypes or even sensitivity to other neuromodulators such as
dopamine or octopamine. Thus, there is a premise that understanding the fundamental basics of
synaptic transmission in this model system will be directly relevant to all neural systems, including
humans.
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