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Regulation of Extrasynaptic 5-HT by Serotonin Reuptake
Transporter Function in 5-HT-Absorbing Neurons
Underscores Adaptation Behavior in Caenorhabditis elegans

Gholamali Jafari,* Yusu Xie,* Andrey Kullyev, Bin Liang, and Ji Ying Sze
Department of Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, New York 10461

Serotonin [5-hydroxytryptamine (5-HT)]-absorbing neurons use serotonin reuptake transporter (SERT) to uptake 5-HT from extracel-
lular space but do not synthesize it. While 5-HT-absorbing neurons have been identified in diverse organisms from Caenorhabditis
elegans to humans, their function has not been elucidated. Here, we show that SERT in 5-HT-absorbing neurons controls behavioral
response to food deprivation in C. elegans. The AIM and RIH interneurons uptake 5-HT released from chemosensory neurons and
secretory neurons. Genetic analyses suggest that 5-HT secreted by both synaptic vesicles and dense core vesicles diffuse readily to the
extrasynaptic space adjacent to the AIM and RIH neurons. Loss of mod-5/SERT function blocks the 5-HT absorption. mod-5/SERT
mutants have been shown to exhibit exaggerated locomotor response to food deprivation. We found that transgenic expression of
MOD-5/SERT in the 5-HT-absorbing neurons fully corrected the exaggerated behavior. Experiments of cell-specific inhibition of synaptic
transmission suggest that the synaptic release of 5-HT from the 5-HT-absorbing neurons is not required for this behavioral modulation.
Our data point to the role of 5-HT-absorbing neurons as temporal-spatial regulators of extrasynaptic 5-HT. Regulation of extrasynaptic
5-HT levels by 5-HT-absorbing neurons may represent a fundamental mechanism of 5-HT homeostasis, integrating the activity of
5-HT-producing neurons with distant targets in the neural circuits, and could be relevant to some actions of selective serotonin reuptake

inhibitors in humans.

Introduction

Dynamic changes in serotonin [5-hydroxytryptamine (5-HT)]
signaling have been implicated as an instrumental mechanism
underlying the plasticity of neuronal circuits involved in stress
response, learning, adaptation, and memory in both vertebrates
and invertebrates (Kandel, 2001; Zhang et al., 2005). The levels of
5-HT signals are controlled by the function of two types of trans-
porters. The vesicular monoamine transporter (VMAT) pumps
5-HT from the cytoplasm into the small synaptic vesicles (SVs)
and dense core vesicles (DCVs) (Liu and Edwards, 1997), thereby
controlling the releasable pool of 5-HT. The serotonin reuptake
transporter (SERT) in the plasma membrane absorbs extracellu-
lar 5-HT into the cytoplasm (Blakely et al., 1991; Torres et al.,
2003), this being the major mechanism of terminating 5-HT neu-
rotransmission. Consequently, the density and activity of SERT
are important determinants of extracellular 5-HT concentration,
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the magnitude of 5-HT signals, and the number and duration of
5-HT receptors activated. SERT is considered as the major target
for the therapeutic action of selective serotonin reuptake inhibi-
tors (SSRIs) and tricyclic agents. Despite clinical significance,
much remains to be learned about the mechanisms by which
SERT function regulates 5-HT signaling in neural circuits and
behavior.

SERT is present not only in the presynaptic plasma membrane
of 5-HT-producing neurons to reuptake 5-HT from the synaptic
cleft, but also in a range of neurons that are capable of absorbing
5-HT from extrasynaptic space but do not synthesize it. In par-
ticular, a transient dense serotonergic innervation was observed
in the dorsal thalamus and in all primary sensory areas (optical,
auditory, and somatosensory areas) of the developing cerebral
cortex in mice between postnatal day 1 (P1) and P10 (Lebrand et
al., 1996), and in rats between P3 and P13 (D’Amato et al., 1987).
These neurons use glutamate as the major neurotransmitter; they
do not express tryptophan hydroxylase, the rate-limiting enzyme
for 5-HT biosynthesis, but transiently express SERT and VMAT
(Lebrand et al., 1996, 1998; Cases et al., 1998; Hansson et al.,
1999). Transient coexpression of SERT and VMAT also occurs in
the developing human cerebral cortex (Verney et al., 2002).
Hereafter in this article, we term these neurons as “5-HT-
absorbing neurons” to distinguish them from “5-HT-producing
neurons” that are capable of biosynthesizing 5-HT de novo. It has
been proposed that 5-HT-absorbing neurons create “a morpho-
genetic gradient of 5-HT” to influence targets at a distance or they
reuse 5-HT at their synapses (Gaspar et al., 2003). To date, the
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strains are summarized in Table 1.

5-HT source for 5-HT-absorbing neurons in the brain remains
uncertain, and their function is unknown.

In Caenorhabditis elegans, 5-HT signaling is required for cou-
pling feeding, the memory of prior food availability, and the rate
of locomotion. Following food deprivation, wild-type (WT) an-
imals markedly reduce locomotion on their return to a lawn of
bacterial food; while 5-HT-deficient mutants exhibit less slowing
response, mutants of the sole SERT gene mod-5 exaggerate the
slowing response (Sawin et al., 2000; Ranganathan et al., 2001;
Rivard etal., 2010). This suggests that loss of MOD-5/SERT func-
tion increases 5-HT inputs to the neuronal circuit, resulting in
behavioral sensitization. Our laboratory has identified that, of
five classes of a total of nine neurons that accumulate 5-HT in C.
elegans, a pair of AIM interneurons and a single RIH interneuron
are 5-HT-absorbing neurons (Kullyev et al., 2010). Here, we re-
port that the MOD-5/SERT function in AIM and RIH neurons
controls the response to the experience of food deprivation. We
show that the AIM and RIH neurons absorb extrasynaptic 5-HT
originated from multiple classes of 5-HT-producing neurons.
However, synaptic release of 5-HT by the 5-HT-absorbing neu-
rons is not required for this behavioral modulation. Based on our
results, we propose that behavioral response to aversive experi-
ence is gauged by MOD-5/SERT regulation of extrasynaptic
5-HT levels.

Materials and Methods

Strains. WT animals were the Bristol Strain N2. The mutants and transgenic
animals used were as follows: decarboxylase mutants bas-1(ad446); VMAT
mutants cat-1(el111) and cat-1(nu90); SERT mutants mod-5(n822) and
mod-5(n3314); synaptobrevin mutants snb-1(js17) and snb-1(md247);
synaptotagmin mutants snt-1(ad596) and snt-1(md290); tryptophan hy-
droxylase mutants tph-1(mg280), tph-1(n4622), and tph-1(mg280); mod-
5(n3314); Munc-13 mutants unc-13(e450), unc-13(el091), and unc-13(s69);
Munc-18 mutant unc-18(e81); CAPS mutant unc-31(e928); syntaxin mutant
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5-HT accumulation in AIM and RIH neurons requires mod-5/SERT and cat-1/VMAT. Except in b, which shows a
representative photomicrograph of 5-HT immunostaining of the HSN neurons, all the other panels show photomicrographs of 5-HT
immunostaining of the head region. All the animals shown were adults with anterior to the left. a, In WT animals, seven neurons
in four classes (NSM, ADF, RIH, and AIM) showed 5-HT immunoreactivity. ¢, In mod-5/SERT mutants, only NSM and ADF neurons
showed 5-HT immunoreactivity. d, In cat-7/VMAT mutants, 5-HT immunoreactivity in NSM and ADF neurons was significantly
reduced and undetectable in AIM and RIH. e, mod-5/SERT mutants bearing the AN::mod-5 transgene restored AIM 5-HT immuno-
reactivity. f, 5-HT immunoreactivity in ectopic neurons (RIC, RIG, and RIF). The percentages of each neuronal type stained in these
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unc-64(e246); synaptic vesicle transporter mutant
unc-104(e1265); transgenic lines CX6741 tph-1
(mg280);Ex[ADF:tph-1], CX7749 tph-1(mg280);Ex
[NSM::tph-1], and  tph-1(mg280);mod-5(n3314);
Ex[ADF::tph-1]; and tph-1(mg280);mod- 5(n3314);
Ex[NSM::tph-1].

Constructs and transgenes. All the constructs
were generated by PCR, and purified PCR frag-
ments were used to generate transgenic ani-
mals. Pmod-5::gfp(A) was generated by fusion
of 4258 bp upstream of the translation start of
mod-5 with the sequence of GFP and the 3'-
untranslated regulatory region (UTR) of unc-
54. Pmod-5::¢gfp(B) was generated by fusion of a
genomic fragment encompassing 4258 bp pro-
moter, exon 1, the first intron and exon 2 of
— mod-5 with the GFP sequence and unc-54 3'-
; UTR. rol-6(sul006 ) was used as a transforma-
tion marker.

To express mod-5 in specific neurons, full-
length mod-5 cDNA was amplified from WT
RNA by RT-PCR, and fused to the sequence of
unc-54 3'-UTR, and the promoter sequence of
mbr-1 (Kage et al., 2005), gcy-27 (Ortiz et al.,
2006), or gcy-36 (Macosko et al., 2009). To ex-
press the tetanus toxin light chain (TeTx) in
5-HT-producing neurons ADF and NSM
(PN::TeTx), the TeTx sequence (Davis et al.,
2008) was fused to the BCD region of the tph-1
promoter (Sze et al., 2002) and the pes-10 min-
imal promoter element provided by the vector
pPD122.53 (from A. Fire, Stanford University,
Stanford, CA). To express TeTx in 5-HT-
absorbing neurons (AN::TeTx), the TeTx sequence was fused to the
mbr-1 promoter, which is expressed in AIM and several nonserotonergic
neurons (Kage et al., 2005). For those transgenes, elt-2::¢fp (Fukushige et
al., 1998) was used as a transformation marker.

Indirect immunofluorescence histochemistry and microscopy. To gener-
ate antibodies against MOD-5/SERT, a peptide corresponding to the
C-terminal 22 amino acids (AADPTQIIDSSLLDPIHTLTPV) of the
mod-5 protein was chemically synthesized and used to immunize rabbits
by Proteintech Group. Antiserum obtained after the fourth boost was
partially purified using MicroLink Peptide Coupling Kit (Pierce). Anti-
MOD-5 antibody staining was performed using the Finny—Ruvkun pro-
tocol (Finney et al., 1988).

Staining of antibody raised against 5-HT (purchased from Dr. H-W.M.
Steinbusch, Maastricht University, Maastricht, The Netherlands) was
performed as described previously (Sze et al., 2002). To analyze the effect
of drugs on 5-HT immunoreactivity, drugs were dissolved in water and
the solution was poured onto plates containing nematode growth me-
dium (NGM). The plates were dried under a hood for 2-3 h and used
immediately. Well-fed mixed-stage worms were washed off their cul-
ture plates, transferred onto the drug plates, and incubated at 20°C for
a period as indicated, before being fixed for staining with anti-5-HT
antibody. The control animals were grown and stained in parallel but
without drug treatment. We have tried a range of 5-HT and
5-hydroxytryptophan (5-HTP) concentrations incubated for various pe-
riods. WT animals incubated on plates supplemented with 2 mg/ml
5-HT or 0.1 mg/ml 5-HTP for 5.5 h gave the most reproducible results.
Therefore, results from those conditions are shown. The staining pat-
terns were visualized via Alexa Fluor 594- or 488-conjugated secondary
antibodies (Invitrogen) under an Axiolmager Z1 microscope equipped
with proper filters, and images were captured using Axiocam MR digital
camera (Zeiss).

To quantify the intensity of 5-HT immunoreactivity, the images of the
AIM neurons in individual worms were captured at a fixed exposure time
of 3 ms with 100% UV exposure level. For each image, the fluorescence
intensity of a circular 10 pixel area within the AIM cell body was quanti-
fied using the Image] software (National Institutes of Health). To exclude
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the background, the fluorescence intensity
over a circular 10 pixel area posterior to the
AIM cell body in the same image was quanti-
fied, and the value of the background was sub-
tracted from the value of the AIM area.

Behavioral assay. Locomotion assays were
performed as described previously (Sawin et
al., 2000). Well-fed L4 animals were trans-
ferred onto fresh NGM agar plates seeded with
Escherichia coli OP50 food and allowed to de-
velop at 20°C, and 1-day-old adults were ana-
lyzed. The assays were performed on NGM
agar plates seeded with a ring of E. coli HB101
food. For food deprivation assays, animals
were washed twice with S-basal buffer or trans-
ferred to an empty NGM agar plate to get rid of
the bacteria food, then were transferred onto
NGM agar plates without food and incubated
for 30 min at room temperature. Afterward,
the animals were transferred to the center in-
side of the bacterial ring of the assay plates. Five
minutes after the transfer, the number of the
bends of the anterior portion of the animal on
the bacterial lawn in an interval of 20 s was
scored. WT, mod-5 mutants, and transgenic
animals raised and assayed in parallel were
compared. Throughout this article, data are ex-
pressed as the mean * SEM, and Student’s ¢
tests were performed for comparisons between
two test groups.

NSMs
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AIM and RIH neurons take up 5-HT originated from ADF and NSM. tph-7 mutants, and transgenic tph-7 and tph-1;
mod-5 mutants expressing GFP-tagged TPH-1 in ADF, EX[ADF::tph-1]), or in NSM, EX[NSM::tph-1], were analyzed by anti-5-HT
antibody staining. Photomicrographs show merging of the green fluorescence of the transgenes and the red fluorescence of 5-HT
immunoreactivity to discern the neurons that express TPH-1and the neurons that accumulate 5-HT. a, b, tph-1 mutants showed
no discernable 5-HT immunoreactivity in the head neurons (a) or in HSN neurons (b). ¢, tph-1 mutants bearing the Ex/ADF::tph-1]
transgene showed 5-HT immunoreactivity in ADF, as well asin NSM, RIH, and AIM neurons. d, tph-1;mod-5 double mutants bearing
Ex[ADF::tph-1] showed 5-HT immunoreactivity in ADF neurons only. e, tph-T mutants expressing the Ex/NSM::tph-1] transgene

showed 5-HT immunoreactivity in NSM, as well as in RIH and AIM neurons. f, tph-1,mod-5 double mutants bearing Ex/[NSM::tph-1]

Results

5-HT immunoreactivity in the AIM and
RIH interneurons requires
MOD-5/SERT function

In C. elegans, 5-HT in neurons can be visualized by whole-mount
staining of the entire animal with antibody against 5-HT. In WT
hermaphrodites, 5-HT immunoreactivity was observed in a total
of seven neurons in four classes in the head region shortly after
hatching and throughout their lives: a pair of NSM secretory
neurons, a pair of ADF chemosensory neurons, a single RIH
interneuron, and a pair of AIM interneurons (Fig. 1a). In addi-
tion, 5-HT was present in a pair of HSN egg-laying motor neu-
rons in adults (Fig. 1b) (Desai et al., 1988; Sze et al., 2000). 5-HT
biosynthesis in C. elegans requires the tryptophan hydroxylase
gene tph-1, and tph-1 knock-out worms did not show any dis-
cernible 5-HT immunoreactivity (Sze et al., 2000), validating the
specificity of the staining.

Previously, we showed that AIM and RIH uptake 5-HT from
extracellular space but do not synthesize it (Kullyev et al., 2010).
We first noticed that 5-HT immunoreactivity in AIM and RIH
was abolished in WT animals treated with the SSRI fluoxetine
(Kullyev et al., 2010). The C. elegans genome encodes a single
SERT gene, mod-5 (Ranganathan et al., 2001). In both mod-
5(n3314) deletion and mod-5(n822) opal mutants, 5-HT immu-
noreactivity was observed in NSM, ADF, and adult HSN neurons,
but not in AIM and RIH neurons (Fig. 1¢) (Kullyev et al., 2010).
To determine MOD-5/SERT function in these neurons, we gen-
erated a transgene expressing WT mod-5 cDNA in putative
5-HT-absorbing neurons (AN:mod-5) from the mbr-1 pro-
moter, which is expressed in AIM and several nonserotonergic
neurons (including RIC, RIF, and RIG), but not in NSM, ADF,
and HSN (Kage et al., 2005). The AN::mod-5 transgene restored
5-HT in AIM neurons (Fig. 1e) as well as in the ectopic neurons
(Fig. 1f). This result demonstrates that MOD-5/SERT is not only

showed 5-HT immunoreactivity in NSM neurons only. All the animals shown were adults with anterior to the left. The arrows
indicate GFP-tagged TPH-1in ADF dendrites (d) and NSM processes (e). Quantification of the percentage of each neuronal type
stained in the strains is presented in Table 1. Scale bar, 10 m.

Table 1. 5-HT immunoreactivity in tph-7 and mod-5 mutants

Neurons
Strains N NSM ADF HSN RIH AIM
WT 53 100 100 100 87 87
WT + fluoxetine 40 100 93 100 40 13
tph-1(mg280) 16 0 0 0 0 0
mod-5(n3314) 40 100 100 100 0 0
mod-5(n822) 40 100 93 100 0 3
mod-5(n3314);Ex| AN::mod-5]° 28 100 96 NA 0 75
cat-1(e1111) 105 98 50 21 4 3
cat-1(nu90) 106 9 56 50 5 8
tph-1,EX{ADF::tph-1] 72 100 100 0 68 76
tph-1;mod-5;Eq ADF-:tph-1] 3 0 100 00 0
tph-1,EX[NSM.::tph-1] 29 100 7 0 72 55
tph-1,mod-5; EX{NSM::tph-1] 19 63 0 0 0 0

WT animals and the mutants were stained in parallel with anti-5-HT antibody. The results of two staining trials are
shown. Data represent the percentages of indicated neuronal types stained in the strains, regardless of the intensity.
Mixed-stage animals were analyzed. HSN neuron immunoreactivity was scored only in adults, and other neurons
were scored in larvae and adults. N, Number of animals per strain analyzed; NA, not analyzed.

“In mod-5(n3314);Ex[ AN::mod-5] animals, 5-HT immunoreactivity was observed in additional neurons (Fig. 1f), but
the percentage for these neurons stained was not scored.

responsible for 5-HT accumulation in the native 5-HT-absorbing
neurons but is also sufficient to cause 5-HT accumulation in
nonserotonergic neurons. This result supports the idea that in C.
elegans, as in mammals, there are two distinctive populations of
serotonergic neurons: NSM, ADF, and HSN produce 5-HT; and
AIM and RIH absorb extracellular 5-HT via MOD-5. This idea is
consistent with the observation that the sole tryptophan hydrox-
ylase gene tph-1 is predominantly expressed in NSM, ADF, and
adult HSN (Sze et al., 2000). In addition, the decarboxylase gene
bas-1, which catalyzes the second step of 5-HT biosynthesis, was
not detected in RIH (Hare and Loer, 2004).
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Differential ability of 5-HT-producing neurons to take up 5-HT and 5-HTP. Representative photomicrographs of 5-HT immunostaining of WT and indicated mutants untreated and

treated with 2 mg/ml 5-HT or 0.1 mg/ml 5-HTP for 5.5 h. All the animals shown have anterior to the left. a, b, tph-1 and tph-1;mod-5 mutants treated with exogenous 5-HT. Applying 5-HT restored
5-HT immunoreactivity in tph-7 mutants but not in tph-1,mod-5 double mutants. c—e, bas-1/decarboxylase mutants untreated and treated with 5-HT or 5-HTP. Untreated bas-7 mutants showed
no discernable 5-HT immunoreactivity. bas-7 mutants treated with 5-HT restored 5-HT immunoreactivity. 5-HTP treatment did not improve 5-HT immunoreactivity in bas-7 mutants. -k, 5-HTP
treatment of WT, tph-1 mutants, and tph-1;mod-5 double mutants. The head region (f~ h) and the middle-to-posterior portion of the body (i~ k). 5-HT immunoreactivity was observed in all of the
5-HT-producing neurons in these genetic backgrounds. In addition, 5-HT immunoreactivity was detected in the dopaminergic neurons (CEP, ADE, and PDE), consistent with the expression pattern
of bas-1/decarboxylase (Hare and Loer, 2004). Quantification of the percentage of each neuronal types stained in the strains is presented in Table 2.

Table 2. 5-HT immunoreactivity following drug treatment

Neurons
Strains + treatment N NSM ADF RIH AIM HSN Dp VC PHx I5/M5
WT 48 100 98 96 8 100 0 0 0 0
WT + 5-HTP 35 100 8 8 8 100 100 31 46 54
WT + 5-HT 97 70 18 18 18 15 0 0 0 NA
bas-1 50 4 0 0 0 0 0 0 0 0
bas-1 + 5-HTP 300 0 0 0 0 0 0 0 0
bas-1+ 5-HT 68 9% 3 4 15 0 0 0 0 NA
tph-1 16 0 0 0 0 0 0 0 0 0
tph-1 + 5-HTP 49 100 36 65 76 95 9% 22 33 NA
tph-1 + 5-HT 137 86 1T 2 5 0 0 0 1 NA
mod-5 + 5-HTP 15 100 100 0 0 100 100 27 0 33
tph-1;mod-5+5-HTP 38 95 21 0 3 100 8 18 0 16

The animals were stained with anti-5-HT antibody. WT, mutants, and drug-treated animals were stained and
analyzed in parallel. The 5-HT concentration used in these experiments was 2 mg/ml, and the 5-HTP concentration
was 0.1 mg/mlin media. Summary of the two staining trials are shown. Data represent the percentages of indicated
neuronal types stained in the strains, regardless of the intensity. Mixed-stage animals were stained. HSN neuron
immunoreactivity was scored only in adults; other neurons were scored in larvae and adults. Dp, Dopaminergic
neurons; N, number of animal analyzed per strain; NA, not analyzed.

To further investigate the mechanism of 5-HT accumulation
in 5-HT-absorbing neurons, we analyzed 5-HT immunoreactiv-
ity in mutants of cat-1, which encodes the sole VMAT (Duerr et
al., 1999; Sze et al., 2002). Consistent with the importance of
CAT-1/VMAT for 5-HT intracellular storage and 5-HT release
(Duerr et al., 1999), 5-HT was dramatically reduced or absent in
NSM, ADF, and HSN as well as in AIM and RIH in two cat-1
alleles (Fig. 1d). Thus, 5-HT accumulation in AIM and RIH is also
influenced by CAT-1/VMAT activity.

The AIM and RIH neurons absorb extrasynaptic 5-HT
released from chemosensory neurons and secretory neurons
To characterize the mechanisms of 5-HT-absorbing neurons, we
analyzed their relation to 5-HT-producing neurons. ADF neu-
rons are chemosensory neurons with ciliated dendritic endings
that are exposed to the external environment and sense food
signals (Bargmann and Horvitz, 1991; Schackwitz et al., 1996).
The pharyngeal NSM neurons have been implicated in feeding

behavior (Avery and Horvitz, 1990). NSM neurons have the char-
acteristics of excitable endocrine cells: their main processes extent
along the pseudocoelom, with numerous branches filled with
large and small vesicles projected toward the pseudocoelomic
cavity (Albertson and Thomson, 1976; Hall and Altun, 2008).
Consequently, NSM neurons are likely to secrete 5-HT hormon-
ally. We asked whether particular 5-HT-absorbing neurons up-
take 5-HT released from specific 5-HT-producing neurons. To
address this question, we made use of established transgenes that
express GFP-tagged tph-1 under heterologous promoters to di-
rect 5-HT production specifically in either ADF (ADF::tph-1) or
NSM (NSM::tph-1) (Zhang et al., 2005). The tph-1(mg280) dele-
tion mutant was devoid of 5-HT. When the tph-1 mutant ex-
pressed the ADF::tph-1 transgene, 5-HT immunoreactivity was
restored in ADF as well as in NSM, RIH, and AIM, but not in HSN
(Fig. 2¢; Table 1). This result is unlikely due to overexpression of
tph-1 by the transgene producing excessive amounts of 5-HT,
because mutations in the POU transcription factor UNC-86
eliminate tph-1 expression in NSM and produced the same pat-
tern of 5-HT immunoreactivity as seen in #ph-1 mutants express-
ing ADF::tph-1 (Sze et al., 2002), showing that the chromosomal
tph-1 in ADF produces sufficient amounts of 5-HT reaching
NSM, AIM, and RIH. To distinguish between neurons that pro-
duce 5-HT and those that absorb it, we crossed the ADF::tph-1
transgene into the tph-1(mg280);mod-5(n3314) double mutant.
In tph-1;mod-5 background, 5-HT was present only in ADF (Fig.
2d; Table 1). These results indicate that 5-HT originated from
ADF can be taken up by both classes of 5-HT-absorbing neurons,
as well as by the NSM 5-HT-producing neurons.

In #ph-1 mutant animals expressing the NSM::tph-1 transgene,
5-HT immunoreactivity was observed in NSM, as well as in AIM and
RIH, rarely and very weakly in ADF, but not in HSN (Fig. 2¢; Table
1). In tph-I;mod-5 animals expressing NSM:tph-1, only NSM
showed 5-HT immunoreactivity (Fig. 2f, Table 1). Thus, AIM and
RIH absorb 5-HT originated from both NSM and ADF.

Although ADF, AIM, and RIH are all located in the head re-
gion of the somatic nervous system, there is no direct connection
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among them (White et al., 1986). NSM
neurons are located in the pharynx, which
is separated from the somatic system (Al-
bertson and Thomson, 1976). Conse-
quently, our results suggest that AIM and
RIH, as well as NSM neurons absorb
5-HT from extrasynaptic space, and 5-HT
can traverse between the somatic extracel-
lular space and the pharynx.

Some 5-HT-producing neurons cannot
efficiently uptake extracellular 5-HT
While NSM efficiently took up 5-HT orig-
inated from ADF neurons, ADF neurons
showed minimal ability to uptake 5-HT
originated by NSM neurons, and HSN
neurons did not uptake 5-HT from either
ADF or NSM neurons (Table 1). We
thought that the differences could reflect
their accessibility to 5-HT released from
the other neurons. To test this idea, we
analyzed their ability to uptake exogenous
5-HT. In tph-1 mutants incubated for
5.5 hin culture media supplemented with
2 mg/ml 5-HT, 5-HT immunoreactivity
was observed in NSM, and less frequently
in ADF, AIM, and RIH neurons (Fig. 3a;
Table 2). Many attempts to change 5-HT
dosages did not improve the frequency of
the neurons to be stained. Noticeably,
5-HT treatments reduced 5-HT immuno-
reactivity in WT animals (Table 2). Nev-
ertheless, the same 5-HT treatment did
not produce any discernible 5-HT immu-
noreactivity in the tph-1;mod-5 double
mutant (Fig. 3b), indicating that the up-
take of exogenous 5-HT requires MOD-5
function. These results are in accord with
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Figure4. Expressionand distribution of mod-5/SERT. a, The structure of mod-5 GFP reporters. Intron (line)/exon (bar) structure
of the mod-5 gene is adapted from Ranganathan et al. (2001). The structure of mod-5 GFP reporters is schematically depicted. b,
Pmod-5::9fp(A) expression in WT animals. Photomicrograph shows GFP expression in ADF, RIH, and AIM neurons, as well as in
nonserotonergic cell g2, in a merged image of Nomarski microscopy and fluorescence microscopy. ¢, Pmod-5::gfp( B) expression in
WT animals. Photomicrograph shows merging of green fluorescence of the transgene and red fluorescence of Dil staining of the
amphid chemosensory neurons, indicating GFP expression in NSM, as well as in ADF, RIH, and AIM neurons. d—f, MOD-5 immu-
nostaining of WT and mod-5 mutants. d, In WT animals, MOD-5/SERT immunoreactivity was evenly distributed in AIM soma and
axon, but it appeared to be enriched in axons in NSM neurons. e, No staining was detected in any neuron in mod-5(n822) opal
mutant (data not shown), although rare and very faint staining of NSM axons (indicated by a thin arrow) was observed in the
mod-5(n3114) mutant. f, The AN::mod-5 transgene restored MOD-5 immunoreactivity in AIM neurons, as well as in several ectopic
cells (indicated by a thick arrow), but not in NSM in mod-5 mutants. NR, Nerve ring. g, h, Distribution of GFP-tagged CAT-1/VMAT
in WT animals. CAT-1::GFP showed punctate pattern in the soma and processes in NSM, ADF, and HSN, as well as in dopaminergic
neurons including PDE. Notice that the pattern of CAT-1::GFP overlaps with MOD-5 immunoreactivity in NSM, but not in ADF
neurons. All the animals shown were adults with anterior to the left.

a previous report (Ranganathan et al.,
2001).

Asa control for the uptake of 5-HT, we analyzed the uptake of the
5-HT precursor 5-HTP by the 5-HT-producing neurons. The up-
take of 5-HTP does not require a specific transporter system (Coates,
2005), and 5-HTP is converted to 5-HT by a decar-
boxylase. The bas-1/decarboxylase mutant showed dramatically re-
duced/undetectable 5-HT immunoreactivity (Fig. 3¢) (Sawin et al.,
2000; Hare and Loer, 2004). bas-1/decarboxylase mutant worms
treated with 5-HT showed an increase in 5-HT immunoreactivity
very similar to the tph- 1 mutant treated with 5-HT (Fig. 3d; Table 2).
Applying 5-HTP did not restore 5-HT immunoreactivity in bas-1/
decarboxylase mutants (Fig. 3e), showing the specificity of the anti-
body to 5-HT. WT and tph-1 mutant animals treated with 5-HTP
showed strong 5-HT immunoreactivity in all the 5-HT-producing
neuron, the 5-HT-absorbing neurons, as well as in dopaminergic
neurons (Fig. 3f,¢,i,j; Table 2), consistent with prior reports (Hare
and Loer, 2004; Rivard et al., 2010). In addition, we observed 5-HT
immunoreactivity in several other neurons, including the pharyn-
geal neurons I5 and M5, the ventral cord motor neurons VC4 and
VC5, and the phasmid sensory neurons PHx in both WT and tph-1
mutant animals treated with 5-HTP (Table 2).

Importantly, strong 5-HT immunoreactivity was observed in
the tph-1;mod-5 mutant treated with 5-HTP (Fig. 3h,k), showing
that MOD-5/SERT is not required for the uptake of 5-HTP. In

tph-1;mod-5 mutant animals treated with 5-HTP, 5-HT immu-
noreactivity was not observed in RIH, and the frequency of AIM
staining was substantially reduced compared with tph-1 mutants
treated with 5-HTP (Table 2), suggesting that 5-HTP was mostly
converted to 5-HT in other cells before being transported into
AIM and RIH neurons.

Opverall, NSM showed a greater capability than ADF to uptake
both exogenous 5-HT and 5-HTP (Table 2). On the other hand,
HSN neurons, which were unable to absorb 5-HT, showed strong
5-HT immunoreactivity in both tph-1 and #ph-1;mod-5 mutants
treated with 5-HTP (Table 2), suggesting that HSN neurons can
access to exogenous chemicals but are unable to efficiently take
up 5-HT. These results suggest that the ability of 5-HT-
producing neurons to take up extracellular 5-HT is a cell-specific

property.

Expression and localization of MOD-5/SERT are regulated by
a cell-specific manner

We next analyzed the expression and distribution of mod-5. To
determine which cells express the mod-5 gene, we generated GFP
reporters under the control of mod-5 promoter elements (Fig.
4a). Pmod-5::gfp(A) is driven by 4.5 kb upstream of the transla-
tional start of the mod-5 gene. GFP fluorescence was observed in
ADF, AIM, and RIH, as well as in several other neuronal and
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Effects of SV and DCV secretion on 5-HT accumulation in 5-HT-absorbing neurons. a—f, Photomicrographs of 5-HT immunostaining of mutants affecting SV secretion (snt-7and snb-T1),
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15 animals per strain == SEM, and the value of the mutants is normalized to that of WT stained in parallel. The experiments have been performed multiple times, and the results from the other trials

were similar. ***p < 0.001, Student’s ¢ test.

non-neuronal cells (Fig. 4b) (data not shown). However, we did
not observe GFP in NSM and HSN neurons in multiple
Pmod-5::gfp(A) transgenic lines.

Pmod-5::gfp(B) is driven by a mod-5 genomic fragment con-
taining the same 4.5 kb upstream noncoding sequence, plus exon
1, the first intron, and exon 2. Pmod-5::gfp(B) was expressed in all
of the cells that express Pmod-5::gfp(A). In addition, it was
strongly expressed in NSM in two analyzed transgenic lines (Fig.
4c). Thus, mod-5 expression in ADF and NSM is regulated by
distinctive cis-elements, but none of these elements is expressed
in HSN neurons.

To examine the cellular distribution of the MOD-5/SERT
protein, polyclonal antibodies were raised against a peptide cor-
responding to the C-terminal region of MOD-5/SERT for whole-
mount staining of C. elegans animals. In WT animals, the
strongest staining was observed in NSM axons and their
branches, and in the soma and axons of AIM (Fig. 4d). MOD-5/
SERT immunoreactivity was not present in any neurons in the
mod-5(n822) opal mutant, although rare, very weak staining of
NSM axons could be detected in mod-5(n3314 ) background (Fig.
4e). In mod-5(n3314) mutants expressing the AN::mod-5 trans-
gene, MOD-5/SERT immunoreactivity was observed in AIM as
well as in the ectopic neurons (Fig. 4f), consistent with 5-HT
accumulation in those cells (Fig. 1f).

However, we were not able to detect MOD-5/SERT immuno-
reactivity in ADF, RIH, and HSN in WT animals. This could be
due to weak levels of the signals at particular cellular sites that are
not distinguishable from the background. The low MOD-5/
SERT abundance in ADF neurons could be an explanation for
their modest ability to uptake extracellular 5-HT (Tables 1, 2).
HSN neurons did not express the mod-5 GFP reporters, did not
show MOD-5/SERT immunoreactivity, and did not uptake 5-HT
under conditions tested thus far.

To compare the 5-HT reuptake sites with 5-HT release sites,
we analyzed the distribution of GFP-tagged CAT-1/VMAT.
CAT-1::GFP showed a punctate pattern in the soma, dendrites

and axonal processes of NSM, ADF, and HSN neurons (Fig.
4¢,h), suggesting that 5-HT can be released from these cellular
sites. In NSM, CAT-1::GFP mostly overlapped with MOD-5/
SERT immunoreactivity. By contrast, CAT-1::GFP puncta in
ADF and HSN neurons were present at the sites where showed
very little, if any, MOD-5/SERT immunoreactivity.

AIM and RIH 5-HT accumulation is reduced in mutants of SV
and DCV secretion

In the mammalian CNS, 5-HT can be released from small, clear
SVs that are clustered at the synaptic sites, as well as from DCVs
throughout the soma, dendrites, and axonal processes (Niren-
berg et al., 1995; De-Miguel and Trueta, 2005). Since AIM and
RIH neurons absorb 5-HT from extrasynaptic space, we asked
whether 5-HT in RIH and AIM neurons is attributed to DCV
secretion. The UNC-31/calcium-dependent activator protein for
secretion (CAPS) is required for regulated DCV release, but not
for evoked SV release (Charlie et al., 2006; Speese et al., 2007). In
the unc-31(e928) deletion mutant, 5-HT immunoreactivity in
AIM and RIH neurons was substantially reduced but not elimi-
nated (Fig. 5b). This result suggests that DCV secretion cannot
fully account for the 5-HT in the extrasynaptic space.

Next, we analyzed 5-HT immunoreactivity in mutants of snt-
I/synaptotagmin (Nonet et al., 1993) and snb-1/synaptobrevin
(Nonet et al., 1998). AIM and RIH 5-HT immunoreactivity was
reduced in two analyzed snb-1 alleles and in the snt-1(md290)
deletion mutant, although the reduction in the snt-1(ad596) hy-
pomorph allele was not significant, compared with WT animals
(Fig. 59).

The unc-104/synaptic vesicle transporter (Hall and Hedge-
cock, 1991), unc-18/Muncl8 (Weimer et al., 2003; McEwen and
Kaplan, 2008), unc-64/syntaxin (Iwasaki et al., 1997; Saifee et al.,
1998; Hammarlund et al., 2008), and unc-13 (Richmond et al.,
1999; Sieburth et al., 2007) regulate both SV and DCV secretion.
5-HT immunoreactivity in RIH and AIM was reduced further
even in non-null mutants of unc-18, unc-64, and unc-104, com-



8954 - J. Neurosci., June 15,2011 - 31(24):8948 — 8957

pared with that in the snt-1(md290) and
unc-31(e928) mutants (Fig. 5¢). We no-
ticed strong 5-HT immunoreactivity of-
ten bulged at the end of NSM axons in
snt-1, unc-13, unc-18, and unc-64 mutants
(Fig. 5¢,f). Together, these results suggest
a model in which the synaptic mutants
have reduced 5-HT secretion, and deficits
in either SV secretion or DCV secretion
would reduce 5-HT availability to AIM
and RIH neurons. However, the possibil-
ity of reduced MOD-5 activity in the mu-
tants cannot be excluded.

Expression of MOD-5/SERT in 5-HT-
absorbing neurons corrects exaggerated
behavior of mod-5 mutants

The level of 5-HT has been shown to con-
trol the C. elegans behavioral response to
food deprivation (Sawin, 1996; Sawin et
al., 2000). C. elegans adjusts the rate of lo-
comotion according to the presence or
absence of food, as well as the memory of
prior food availability. When worms re-
turned to a lawn of bacterial food follow-
ing food deprivation, animals markedly
reduced the rate of locomotion (Fig. 6a)
(Sawin, 1996). 5-HT-deficient mutant
tph-1 showed less slowing response; by
contrast, mod-5 mutants essentially
stopped locomotion as soon as they
reached bacterial food (Fig. 6a,b)
(Sawin et al., 2000; Ranganathan et al.,
2001; Rivard et al., 2010). To evaluate
the role of mod-5/SERT in 5-HT-
producing and 5-HT-absorbing neu-
rons in this behavioral modulation, we
generated transgenic mod-5 mutants ex-
pressing mod-5 cDNA either in 5-HT-
absorbing neurons (AN:mod-5) or in
the 5-HT-producing neurons ADF and
NSM (PN:mod-5). We found that the
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Figure 6.  Modulation of locomotion response to food deprivation by MOD-5/SERT in 5-HT-absorhing neurons. a— ¢, Locomo-

tion rates of WT, mod-5 mutants, and transgenic mod-5 worms following brief food deprivation. PN denotes transgenes expressed
inthe 5-HT-producing neurons NSM and ADF. AN denotes transgenes under the control of the mbr-7 promoter, which is expressed
in the 5-HT-absorbing neurons AIM and several nonserotonergic neurons (Kage et al., 2005). Each bar represents the average of at
least three trials = SEM, with five animals per strain per trial. a, mod-5 mutants bearing the Ex[AN::mod-5] transgene fully
corrected exaggerated slowing response. b, Expressing the tetanus toxin light chain in WT animals by the Ex/[PN::TeTx] transgene
reduced slowing response, as seen in 5-HT-deficient mutant tph-1. However, the Ex/AN::TeTx] transgene did not enhance slowing
response compared with WT animals. ¢, Differential rescue of exaggerated slowing response of mod-5 mutants by transgenic
expression of MOD-5 in 5-HT-producing neurons (PN:mod-5) and in nonserotonergic neurons (Pgcy-27::mod-5 and
Pgcy-36::mod-5). The difference between mod-5 mutants and the transgenic animals is indicated (*p << 0.05, ***p << 0.001).
mod-5; Ex[PN::mod-5] and mod-5; Ex[Pgcy-27::mod-5] differed from WT animals (p << 0.001 and p << 0.01, respectively). d,
Quantification of 5-HT immunoreactivity in AIM. Data represent the average of 15 animals per strain == SEM, and the values of the
transgenic animals were normalized to those of nontransgenic WT animals stained in parallel. ***p << 0.001. e, f, MOD-5 immu-
nostaining of transgenic mod-5 mutants. e, The £x[PN::mod-5] transgene restored MOD-5 immunoreactivity in NSM and ADF
neurons, showing the specificity of the promoter for 5-HT-absorbing neurons. f, The £x[Pgcy-36::mod-5] transgene produced
ectopic MOD-5 expression in the URX and AQR neurons, consistent with the expression pattern of gcy-36 (Ortiz et al., 2006). g, h,
5-HT immunostaining of transgenic mod-5 mutants. Notice the 5-HT immunoreactivity in the ectopic neurons URX and AQR.

AN::mod-5 transgene fully rescued the ex-

aggerated locomotor response of mod-5 mutants (Fig. 6a). By
contrast, the PN::mod-5 gene restored MOD-5/SERT immuno-
reactivity in NSM and ADF neurons in the mod-5 mutants (Fig.
6e), but only partially rescued the exaggerated behavior (Fig. 6¢).
These results demonstrate that the MOD-5/SERT function in
those 5-HT-absorbing neurons is critical for preventing the ex-
aggerated response.

The 5-HT-absorbing neurons could influence the behavior by
rereleasing 5-HT at their synapses. Alternatively, these neurons
subserve to control 5-HT levels in the extracellular space. To
distinguish between these possibilities, we used TeTx to inhibit
synaptic transmission of 5-HT-producing neurons (PN::TeTx)
or 5-HT-absorbing neurons (AN:TeTx) in WT background.
TeTx is a specific protease of synaptobrevin (Sweeney et al., 1995)
and has been used successfully to block synaptic transmission in
C. elegans (Davis et al., 2008; Macosko et al., 2009). In WT ani-
mals expressing the PN::TeTx transgene, we observed reduced
AIM and RIH 5-HT immunoreactivity (Fig. 6d). Furthermore,
the transgenic animals showed less slowing response to food de-
privation (Fig. 6b), as one would expect for animals with reduced

5-HT signals. These results suggest that the PN::TeTx transgene
inhibits 5-HT release from the 5-HT-producing neurons.

We next investigated whether synaptic release of 5-HT
from 5-HT-absorbing neurons is required for preventing ex-
aggerated slowing response. If this were the case, blockage of
the synaptic transmission would produce exaggerated slow-
ing, as seen in mod-5 mutants. By contrast, no enhanced slow-
ing response was observed in WT animals expressing the
AN::TeTx transgene (Fig. 6b).

We then asked whether expressing MOD-5/SERT in any neu-
rons in the head region could rescue exaggerated slowing of
mod-5 mutants. The gcy-27 gene is expressed in the ASI, AS]J, and
ASK chemosensory neurons (Ortiz etal., 2006), which are located
adjacent to the ADF neuron. Ectopic expression of MOD-5/SERT
by the gcy-27 promoter (Pgcy-27::mod-5) partially rescued exag-
gerated behavior of mod-5 mutants (Fig. 6¢). However, ectopic
expression of MOD-5/SERT in the AQR and URX neurons under
the gcy-36 promoter (Pgcy-36::mod-5) did not (Fig. 6¢), even
though the transgene caused ectopic MOD-5/SERT expression
and 5-HT accumulation in those neurons (Fig. 6f,h). Collectively,
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these results support the idea that the synaptic release of 5-HT by
5-HT-absorbing neurons is not required for the regulation of the
behavioral response to food deprivation. The partial rescue by
MOD-5/SERT function in some ectopic neurons but not others
could reflect the importance of the position of these neurons.
However, we cannot exclude the importance of other properties
of AIM and RIH neurons in this behavioral circuitry.

Discussion

While SSRIs are effective in the treatment of depression, reduced
SERT function has been implicated in elevated anxiety in mam-
mals (Ansorge etal., 2007). SERT knock-out mice are impaired in
coping with stress (Wellman et al., 2007). A low-expressing poly-
morphism in the human SERT gene SLC6A4 is linked to height-
ened fear and anxiety in individuals with stressful life history
(Lesch et al., 1996; Caspi et al., 2003). In this article, we provide
genetic evidence that MOD-5/SERT function in 5-HT-absorbing
neurons governs the behavioral response to the experience of
food deprivation in C. elegans. 5-HT-absorbing neurons are a
common feature conserved from C. elegans to mammals (Verney
etal., 2002; Gaspar et al., 2003). It may be reasonable to envision
that SERT subserves two distinctive functions in the nervous sys-
tem: SERT at the synapse of 5-HT-producing neurons regulates
“hard-wired” neuronal activity; and SERT in 5-HT-absorbing
neurons may integrate the activity of multiple 5-HT-producing
neurons and neural circuitry to coordinate behavior (Fig. 7).

What could be the 5-HT source for 5-HT-absorbing neurons?
Several lines of evidence suggest that AIM and RIH absorb 5-HT
from extrasynaptic space. First, AIM and RIH neurons are not
connected to ADF and NSM neurons (White et al., 1986; Hall and
Altun, 2008). In addition, NSM in the pharynx can efficiently
take up 5-HT originated from ADF neurons located in the so-
matic system, indicating that 5-HT travels long distances. Sec-
ond, CAT-1/VMAT islocalized to puncta in the soma, axons, and
dendrites of the 5-HT-producing neurons. The distribution of
CAT-1/VMAT mostly overlapped with MOD-5/SERT immuno-
reactivity in NSM neurons. But, we observed very little, if any,
MOD-5/SERT immunoreactivity in ADF and HSN neurons, sug-
gesting that many sites in ADF and HSN release 5-HT but do not
efficiently reuptake it. Third, ectopic expression of MOD-5 re-
sulted in ectopic 5-HT accumulation in nonserotonergic neu-
rons, indicating that many neurons could have access to 5-HT
released from ADF and NSM. Analyses of the synaptic mutants
suggest that 5-HT released either by SV or DCV diffuses readily to
the extrasynaptic space adjacent to AIM and RIH. This idea is
consistent with the ultrastructural analyses of rodent and mon-
key brains, in which 5-HT was found in two classes of varicosities:
one class shows 5-HT vesicles in a well defined synaptic special-
ization with established synaptic contacts, and the other class of
5-HT varicosities does not exhibit synaptic specialization (Calas
et al., 1974; Descarries et al., 1990; Maley et al., 1990).

What could be the role of 5-HT-absorbing neurons in
5-HT signaling? Two alternative models have been proposed:
(1) 5-HT-absorbing neurons create “a morphogenetic gradi-
ent of 5-HT” to influence the targets at a distance; and (2) they
rerelease 5-HT at their synapses (Gaspar et al., 2003). Our data
thus far favor the first model. The AN::mod-5 transgene ex-
pressing MOD-5/SERT in AIM and several nonserotonergic
neurons fully corrected the exaggerated behavior of the mod-5
mutant, indicating that MOD-5/SERT function in these
5-HT-absorbing neurons is sufficient to govern the behavior.
The results of neuron-specific inhibition of synaptic transmission
by tetanus toxin suggest that lacking synaptic transmission of
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Figure7.  Amodel for 5-HT regulation of slowing response. The ADF chemosensory neurons
sense external cues; they may couple environmental food signals and 5-HT neurotransmission.
The NSM secretory neurons detect food passing through the pharynx; they may couple food
ingestion and 5-HT neurotransmission. Following food deprivation, ADF and NSM neurons re-
lease 5-HT at the synapses, as well as into the extrasynaptic space, inducing slowing response
when food becomes available. MOD-5/SERT in RIH and AIM neurons absorb 5-HT from the
extrasynaptic space, preventing exaggerated response. The drawing depicts a ventral view of
the head region with anterior up.

5-HT-absorbing neurons cannot account for exaggerated slowing
response. However, expressing MOD-5/SERT in 5-HT-producing
neurons also partially rescued the exaggerated behavior of mod-5
mutants. Extra chromosomal arrays of the transgenes frequently re-
sultin overexpression of the genes. Indeed, ADF MOD-5/SERT im-
munoreactivity was undetectable in WT animals, but can be clearly
seen in the transgenic animals expressing the PN::mod-5 trans-
gene. Elevated MOD-5/SERT abundance in the 5-HT-producing
neurons could reduce 5-HT signals. These observations could
imply that regulated 5-HT release from 5-HT-producing neu-
rons underscores the sensation of food deprivation and the mem-
ory of the aversive experience that initiated the slowing response
upon return to food, whereas MOD-5/SERT function in 5-HT-
absorbing neurons subserves to measure the response, prevent-
ing overreaction.

We showed that ectopic MOD-5/SERT function in some neu-
rons partially rescued mod-5 behavior, but in some neurons did
not, although they all can efficiently absorb 5-HT. These results
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indicate that the effects of these ectopic 5-HT-absorbing neurons
on this behavioral circuitry are not identical to those of AIM and
RIH neurons, and differ from each other. One possible model for
this is that MOD-5/SERT in AIM and RIH controls spatial-tem-
poral 5-HT levels in extracellular space to modulate the activity of
the behavioral circuits. However, CAT-1/VMAT is expressed in
AIM and RIH (Duerr et al., 1999; Sze et al., 2002), indicating that
these neurons are capable of packing absorbed 5-HT into synap-
tic vesicles. Thus, it remains plausible that AIM and RIH can
release 5-HT. For instance, they may release 5-HT via DCV at
nonsynaptic sites, which could not be blocked by the tetanus
toxin. It is also plausible that AIM and RIH indeed release 5-HT
at the synapse to coordinate other behavior and physiological
function, but not the slowing response. Alternatively, CAT-1/
VMAT may direct absorbed 5-HT to intracellular degradation
pathways. Elizabeth Sawin (1996) reported in her PhD thesis that
laser ablation of AIM and RIH neurons in WT animals caused
exaggerated slowing behavior. The question has been why and
how eliminating these “serotonergic neurons” could result in an
effect of increased 5-HT. Our genetic analyses shed some light on
MOD-5/SERT function in these neurons, and together these
studies provide a foundation for further investigating the mech-
anisms of 5-HT-absorbing neurons in 5-HT signaling and its
modulation of behavior. 5-HT-absorbing neurons are present in
the developing mammalian nervous systems as well as in the
adult brain (Vanhatalo and Soinila, 1998; Hansson et al., 1999;
Gaspar et al., 2003). It is plausible that some fundamental aspects
of 5-HT-absorbing neurons are conserved evolutionarily across
phyla.
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