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Abstract
Previously, we found that the brain stem neuronal network in normal rats undergoes abrupt
neurochemical, metabolic, and physiological changes around postnatal days (P)12–13, a critical
period when the animal's response to hypoxia is also the weakest. This has special implications for
Sudden Infant Death Syndrome, as seemingly normal infants succumb to SIDS when exposed to
respiratory stressors (e.g., hypoxia) during a narrow postnatal window. As abnormal serotonergic
system is recently implicated in SIDS, we conducted a large-scale investigation of the 5-HT
synthesizing enzyme tryptophan hydroxylase (TPH) and serotonin transporter (SERT) with semi-
quantitative immunohistochemistry in multiple brain stem nuclei of normal rats aged P2–21. We
found that: 1) TPH and SERT immunoreactivity in neurons of raphé magnus, obscurus, and
pallidus, and SERT in the neuropil of the pre-Bötzinger complex, nucleus ambiguus, and
retrotrapezoid nucleus were high at P2–11, but decreased markedly at P12 and plateaued thereafter
until P21; 2) SERT labeling in neurons of the lateral paragigantocellular nucleus (LPGi) and
parapyramidal region (pPy) was high at P2–P9, but fell significantly at P10, followed by a gradual
decline until P21; 3) TPH labeling in neurons of the ventrolateral medullary surface was stable
except for a significant fall at P12; and 4) TPH and SERT immunoreactivity in a number of other
nuclei was relatively stable from P2 to P21. Thus, multiple brain stem nuclei exhibited a
significant decline in TPH and SERT immunoreactivity during the critical period, suggesting that
such normal development can contribute to a narrow window of vulnerability in postnatal animals.
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Introduction
The brain stem neuronal network in rats undergoes abrupt neurochemical, metabolic, and
physiological changes during a narrow window of development toward the end of the
second postnatal week (around P12–13) (Liu and Wong-Riley, 2002, 2003, 2005; Wong-
Riley and Liu, 2005; Liu and Wong-Riley, 2008; Wong-Riley and Liu, 2008). During this
critical period, the levels of excitatory neurotransmitters (glutamate) and receptors (NMDA
receptors) precipitously fall and those of inhibitory neurotransmitters (GABA) and receptors
(GABAB and glycine receptors) suddenly rise, with a concomitant fall in cytochrome c
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oxidase activity (a metabolic marker of neuronal activity). The animal's ventilatory and
metabolic rate responses to hypoxia are also at their weakest during this time (Liu et al.,
2006, 2009). These findings have implications for Sudden Infant Death Syndrome (SIDS),
as seemingly normal infants succumb to SIDS when exposed to an external respiratory
stressor, such as hypoxia, during a narrow postnatal window of development, peaking at the
2nd to 4th months after birth (Moon et al., 2007).

Recently, abnormality in the serotonergic system has been attributable to the cause of SIDS
in human infants (Panigrahy et al., 2000; Narita et al., 2001; Kinney, 2005; Paterson et al.,
2006). Serotonin (5-hydroxytryptamine, 5-HT) is involved in the regulation or modulation
of numerous functions, including cardiovascular, respiratory, motor, sensory,
neuroendocrine, and thermal functions, as well as many behavioral traits, such as arousal,
feeding, sexual, cognitive, affective, and aggressive behavior (Zifa and Fillion, 1991; Jacobs
and Fornal, 1995; Leysen, 2004). Similar to the noradrenergic and dopaminergic systems,
the 5-HT system acts as one of the “level-setting” systems that exert a tonic influence on
other systems (Holstege, 2009) and is strongly implicated in the development and patterning
of the brain (Lebrand et al., 2006).

In the respiratory system, 5-HT is involved in the modulation of respiratory rhythmogenesis
(Bonham, 1995; Hilaire et al., 1997; Hilaire and Duron, 1999; Peña and Ramirez, 2002;
Hodges and Richerson, 2008), respiratory motoneuron excitability (Hilaire and Duron,
1999); phrenic long-term facilitation (Fuller et al., 2001; Baker-Herman and Mitchell, 2002),
upper airway reflexes (Haxhiu et al., 1998), responses to hypoxic or hypercapnic challenges
(Bonham, 1995; Taylor et al., 2005; Penatti et al., 2006; Tryba et al., 2006), and reportedly
central chemosensitivity (Richerson, 2004; Richerson et al., 2005; Hodges and Richerson,
2008). 5-HT's action is mediated by various receptor subtypes (mainly 5-HT1A, 5-HT1B, and
5-HT2A), with a net excitatory tonic drive to maintain respiratory output during wakefulness
(Richerson, 2004; Hodges and Richerson, 2008). Recently, we found that the
immunoreactivity of 5-HT2AR was significantly reduced in several respiratory nuclei during
the critical period (around P12) in normal rats (Liu and Wong-Riley, 2008; Wong-Riley and
Liu, 2008). Our working hypothesis is that the rate-limiting enzyme of 5-HT biosynthesis,
tryptophan hydroxylase (TPH), and the key regulator of 5-HT levels at the synapse,
serotonin transporter (SERT), also undergo distinct changes around the critical period. The
present study represents a detailed, day-to-day investigation of postnatal development of
TPH and SERT in multiple brain stem nuclei of the rat from postnatal day P2 to P21.

Materials and Methods
Tissue preparation

A total of 130 Sprague-Dawley rats, both male and female, from 16 litters were used. All
experiments and animal procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health Publications No. 80–23,
revised 1996), and all protocols were approved by the Medical College of Wisconsin
Animal Care and Use Committee (approval can be provided upon request). All efforts were
made to minimize the number of animals used and their suffering. Rat pups were sacrificed
at each of postnatal days P2–P5, P7–P17, and P21 (i.e., 16 time points). At each age, ten (for
P10–P14), eight (for P2–5, P7, P17, and P21), or six (for P8, P9, P15, and P16) rats from
comparable numbers of ten, eight, or six litters were studied. Rats were deeply anesthetized
with 4% chloral hydrate (1 ml/100 g IP; Fisher Scientific, Fair Lawn, NJ) and perfused
through the aorta with 4% paraformaldehyde-4% sucrose in 0.1 M sodium phosphate
buffered saline (PBS), pH 7.4. Brain stems were then removed and postfixed in the same
fixative for 3 h at 4°C. They were subsequently cryoprotected by immersion in increasing
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concentrations of sucrose (10, 20, and 30%) in 0.1 M PBS at 4°C, then frozen on dry ice,
and stored at −80°C until use.

Antibody characterization
Table 1 summarizes the primary antibodies used in the present study. Both antibodies (anti-
SERT and anti-TPH) were well characterized and their specificities established by the
manufacturers and previous investigators. The anti-SERT mouse monoclonal antibody
(MAB1564, clone 17-7A4, Chemicon, Temecula, CA) was a purified immunoglobulin
raised against a rat SERT N-terminus (aa 1–85)/GST fusion protein and its specificity fully
characterized by Schroeter et al. (1997). A number of laboratories have used this antibody,
notably by Pickel and Chan (1999) at the electron microscopic level, by Brown and Molliver
(2000) at the light microscopic level, and by Inazu et al. (2001) with western blotting. The
latter group showed two bands (at 73 and 120 kDa) in cortical synaptosomes that correspond
to the predicted presence of two possible N-linked glycosylation sites in the extracellular
portions of the expressed protein. The anti-TPH mouse monoclonal antibody (T0678, clone
WH-3, Sigma, St. Louis, MO) was a purified immunoglobulin raised against a recombinant
rabbit TPH and generated from a WH-3 hybridoma. This antibody reacted specifically with
tryptophan hydroxylase in immunoblotting assays with a single band of the correct
molecular weight of 55 kDa (Sigma). Western blotting of this antibody was also shown by
Kish et al. (2008) in human brains. T0678 was also used by a number of investigators,
including Burman et al. (2003) and Mulkey et al. (2007) in double-labeling experiments of
brain stem serotonergic neurons. In the present study, the labeling of both anti-SERT and
anti-TPH antibodies were in the cell bodies of known serotonergic neurons and absent in the
cell bodies of non-serotonergic neurons.

Immunohistochemistry
Coronal sections (12-μm thickness) of frozen brain stems were cut with a Leica CM1850
cryostat (Leica Microsystems, Heidelberger, Nussloch, Germany). Seven sets of serial
sections were mounted on gelatin-coated slides. In the same litter, sections from 3–4 rats at
different ages were mounted on the same slides so that they might be processed together.
Ages were grouped typically as follows: P2-10-21, P3-4-5-17, P7-8-9, P11-12-13, and
P14-15-16. All sections from all rats were processed under identical conditions (i.e., time,
temperature, and concentration of reagents). They were blocked overnight at 4°C with 5%
nonfat dry milk-5% normal goat serum-1% Triton X-100 in 0.1 M PBS (pH 7.4). Sections
were then incubated at 4°C for 36 h in the primary antibodies diluted at the proper
concentration in the same solution as used for blocking: 1:300 anti-SERT or 1:500 anti-
TPH. Sections were rinsed 3 times, 5 min each, in PBS, then incubated in the secondary
antibodies: 1:100 goat anti-mouse IgG-HRP (Chemicon) for SERT and TPH, diluted in the
modified blocking solution (without Triton X-100) for 4 h at room temperature. After
rinsing twice with PBS and once with 0.1 M ammonium phosphate buffer (APB), pH 7.0,
immunoreactivity was detected with 0.05% DAB-0.004% H2O2 in APB for 5 min, and the
reaction was stopped with APB for 5 min and then rinsed in PBS three times, dehydrated,
and coverslipped. Control sections were processed without primary antibodies or with a non-
immune serum in place of the primary antibodies.

For estimates of the percentage of immunoreactive neurons in a specific nucleus, sections
from brain stems of an additional litter were processed with Nissl (after TPH-ir or SERT-ir
semi-quantitative analysis was finished), which stained all neuronal cell bodies. Another set
of alternate sections was reacted for neurokinin-1 receptors, using protocols described
previously (Liu and Wong-Riley, 2002).
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Brain stem nuclei analyzed
The brain stem nuclei analyzed included the serotonergic neuronal groups (nucleus raphé
magnus [RM], nucleus raphé obscurus [ROb], and nucleus raphé pallidus [RP], the
ventrolateral medullary surface [VLMS], lateral paragigantocellular nucleus [LPGi], and
parapyramidal region [pPy]) and the respiratory related groups (the pre-Bötzinger complex
[PBC], nucleus ambiguus [Amb], hypoglossal nucleus [XII], the ventrolateral subnucleus of
the solitary tract nucleus [NTSVL], the commissural subnucleus of the solitary tract nucleus
[NTSCOM], and the retrotrapezoid nucleus [RTN]/parafacial respiratory group [pFRG]). We
used a non-respiratory, non-serotonergic nucleus, the cuneate nucleus (CN) as a negative
control. CN is known for its relay function in somatosensory transduction but is not involved
in respiratory functions.

Semi-quantitative optical densitometry
The immunoreactivity of different markers in the cytoplasm of neurons or in the neuropil in
various nuclei studied was semi-quantitatively analyzed by optical densitometric
measurements of reaction product of immunohistochemistry, performed with a Zeiss Zonax
MPM 03 photometer, a ×25 objective, and a 2-μm-diameter measuring spot. White
(tungsten) light was used for illumination, and all lighting conditions were held constant for
all of the measurements. Since light intensity can directly affect optical densitometric
values, a stepped density filter (Edmund Industrial Optics, Barrington, NJ) with 10-step
increments of 0.1 from 0.1 to 1, was used to precisely adjust the intensity of the light source
to a standard value identical for all samples.

The boundary of each brain stem nucleus studied was determined with the aid of the Paxinos
and Watson's “The Rat Brain Atlas” (Academic Press, New York, 1986), and some of them,
including the PBC that was identifiable with the neurokinin-1 receptor labeling (Gray et al.,
1999), were described in our previous papers (Liu and Wong-Riley, 2002, 2003, 2005). The
RTN was originally described by Smith et al (1989). The pFRG was identified in the
neonate with electrophysiological approach, which is located at the rostral ventrolateral
medulla, ventrolateral to the facial nucleus and close to the ventral surface (Onimaru and
Homma, 2003), and apparently overlaps with the RTN (Feldman and Del Negro, 2006).
Since it is not known whether the RTN and pFRG are anatomically and functionally distinct
(Feldman and Del Negro, 2006), we referred to this region as `RTN/pFRG'. The part of the
nucleus ambiguus chosen for the present study (and our previous studies, Liu and Wong-
Riley, 2003, 2005, 2008) was the semicompact formation and the rostral loose formation
innervating upper airway muscles and representing pharyngolaryngomotor functions (Bieger
and Hopkins, 1987). For the remaining nuclei, measurements were taken from the central
main portion of each nucleus.

The optical densitometric value of each labeled neuron in the various brain stem nuclei
studied was an average reading of two to four spots in the cytoplasm of its cell body
(avoiding the portion that any immunoreactive process crossed the cell body). Only those
neurons whose nuclei are clearly visible (i.e., sectioned through the middle of the cell body)
were measured. To avoid measuring the same neuron more than once, values were taken
from cells in sections at least 70 μm apart, as the largest neurons had a maximal diameter of
25–30 μm, with a maximal nuclear diameter of only about 10 μm. About 100 neurons in
each brain stem nucleus were measured for each marker in each rat, and a total of about
1000 (for P10–14), 600 (P8, P9, P15, and P16), or 800 neurons (for the remaining ages
examined) for each marker in each nucleus at each age were measured. Comparable
numbers of neuropil readings were performed in brain stem nuclei that showed neuropil
labeling but not cell body labeling (i.e., 100 readings per brain stem nucleus per rat). For
statistical analyses, each sample's optical density value for each nucleus of each rat was the

LIU and WONG-RILEY Page 4

J Comp Neurol. Author manuscript; available in PMC 2013 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



average of about 100 neurons or neuropil labeling. Thus, the sample number of each time
point in each nucleus was ten, eight, or six (representing the number of animals) in Figures 3
and 6. However, the actual number of neurons measured at each time point for each marker
was 600, 800, or 1,000. A total of 169,000 neurons and 78,000 neuropil samples were
measured for the present study.

Mean optical density values, standard deviations, and standard errors of the mean in each
nucleus at each age were then obtained. Statistical comparisons were made among the age
groups by using one-way analysis of variance (ANOVA) (to control for the type I
comparisonwise error rate) and, when significant differences were found, comparisons were
made between successive age groups (e.g., P2 vs. P3, P3 vs. P4, and P5 vs. P7) by using
Tukey's Studentized range test (a post hoc multiple comparisons, to control for the type I
experimentwise error rate). Significance was set at P < 0.01 for one-way ANOVA and P <
0.05 for Tukey's test.

For photomicrograph production, digital images of immunohistochemically reacted sections
were processed with the Photoshop software (Adobe Systems, San Jose, CA) and the
contrast and/or brightness of all the images for each nuclear group at different ages were
adjusted identically, when and if necessary.

Results
The distribution pattern of TPH and SERT immunoreactivity in neuronal cell bodies and
neuropil of various brain stem nuclei analyzed in the present study is outlined in Table 2.

I. TPH-ir neurons in the brain stem nuclei
In general, TPH immunoreactive (-ir) product was clearly observed in the cytoplasm of cell
bodies and proximal processes of subpopulations of neurons in the RM, ROb, RP, VLMS,
LPGi, pPy, and NTSCOM, but were absent or only at background levels in neurons of the
other nuclei examined, such as the PBC, Amb, XII, RTN/pFRG, NTSVL, and CN. In
general, TPH labeling in the neuropil (other than the proximal dendrites) was relatively low.
Control sections without primary antibodies or with non-immune serum showed no specific
immunoreactive product above background (data not shown).

The developmental trends of TPH immunoreactivity in the RM, ROb, and RP were similar,
but were different from those in the VLMS, LPGi, pPy, and NTSCOM. ANOVA revealed
significant differences (P < 0.01) in TPH immunoreactivity among the ages in the RM, ROb,
and VLMS, and Tukey's Studentized range test (comparing one age group with its adjacent
younger age group) indicated significant differences (reductions) at P12 for these three
nuclei (P < 0.05, as compared to the values at P11). P12 was the only time point that yielded
statistical significance during the first three postnatal weeks (Fig. 3).

A. TPH immunoreactivity in the RM: TPH-ir was present in ~ 35% – 70% of the RM
neurons that were multipolar or pyramid-like in shape and mainly medium in size, which
ranged from 10.5 to 14 μm in diameter at P2–P9 to 16 – 18 μm at P11–P21.
Immunoreactivity was observed in the cytoplasm and proximal processes, but at a much
lower level in the rest of the neuropil (Fig. 1A1–4). Immunoreactivity in the somatic
cytoplasm was at a relatively high level from P2 to P11, then it fell significantly at P12 (P <
0.05), followed by a plateau at a relatively low level from P13 to P21 (Fig. 3A).

B. TPH immunoreactivity in the ROb: About 70% – 90% of neurons in the ROb exhibited
TPH-ir (Fig. 1B1–4). Immunoreactive neurons were mainly small in size and multipolar,
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granular, or fusiform in shape. Sizes ranged from 6.5 to 10 μm in diameter at P2–P9 to 7.5 –
12.5 μm at P11–P21. Labeled neuronal processes extended toward the ventral, dorsal, or
lateral vicinities, some of them crossing the midline to the contralateral side. The
developmental trend of TPH immunoreactivity in ROb neurons was comparable to that of
RM (Fig. 3B), with a significant decrease at P12 (P < 0.05).

C. TPH immunoreactivity in the RP: Approximately 60% – 80% of neurons in the RP
exhibited TPH-ir, and the distribution was similar to those of RM and ROb (Fig. 1C1–4).
Labeled neurons were mainly small in size and multipolar, oval, or fusiform in shape. Sizes
ranged from 5.5 to 9 μm in diameter at P2–P9 to 6.5 – 12.5 μm at P11–P21. The
developmental trend was similar to those of RM and ROb, with a fall at P12 that did not
reach statistical significance, followed by a relative plateau until P21 (Fig. 3C).

D. TPH immunoreactivity in the VLMS: On each half of each coronal section through the
medulla, there were ~ 1 – 7 TPH-ir neurons distributed along the ventrolateral medullary
surface. They were small or medium in size and multipolar or bipolar in shape, with some
processes extending mediolaterally or dorsally (Fig. 1D1–4). The size of small neurons
ranged from 7 – 10 μm in diameter at P2–P9 to 9 – 12 μm at P11–P21, whereas medium-
sized neurons ranged from 10 – 14.5 μm at P2–P9 to 13.5 – 19 μm at P11–P21. The
developmental trend of TPH immunoreactivity was relatively constant during the first three
postnatal weeks, but with a distinct and significant reduction at P12 (P < 0.05) (Fig. 3D).
This trend was reminiscent of the one for 5-HT2A receptors in the PBC, Amb, and XII (Liu
and Wong-Riley, 2008).

E. TPH immunoreactivity in the LPGi: About 50% – 75% of LPGi neurons were TPH-ir
and they were medium or small in size and mainly multipolar or fusiform in shape (Fig.
2A1–4). The size of small neurons ranged from 7 to 11 μm in diameter at P2–P9 to 9 – 13.5
μm at P11–P21, whereas medium-sized neurons ranged from 12 to 15 μm at P2–P9 to 14 –
18 μm at P11–P21. TPH immunoreactivity in LPGi neurons was relatively high during the
first postnatal week, decreasing during the second week with a low plateau between P12 and
P14, followed by a rise at P15–P16 and a subsequent fall at P17 that was sustained at P21.
However, none of these changes reached statistical significance when tested between any
two adjacent age groups with the Tukey's test (Fig. 3E).

F. TPH immunoreactivity in the pPy: TPH-ir was observed in about 30% – 65% of
neurons in the pPy that were multipolar or fusiform in shape and small or medium in size
(Fig. 2B1–4). The size of small neurons ranged from 6.5 to 10.5 μm in diameter at P2–P9 to
9 – 13 μm at P11–P21, whereas medium-sized neurons ranged from 12 to 14.5 μm at P2–P9
to 13.5 – 18.5 μm at P11–P21. TPH immunoreactivity in pPy neurons shared a
developmental trend comparable to that in the LPGi, with changes that were not statistically
significant (Fig. 3F).

G. TPH immunoreactivity in the NTSCOM: TPH immunoreactivity was observed in about
30% – 50% of NTSCOM neurons that were small in size and mainly multipolar, granular, or
oval in shape (Fig. 2C1–4). Sizes ranged from 5 to 8 μm in diameter at P2–P9 to 8 – 11.5
μm at P11–P21. The developmental trend of TPH immunoreactivity was relatively constant
throughout the first three postnatal weeks (Fig. 3G).

II. SERT-immunoreactive (-ir) products in the brain stem nuclei
SERT-ir product was clearly visible in the cytoplasm of cell bodies and proximal processes
within subpopulations of RM, ROb, RP, LPGi, pPy, and NTSCOM neurons (Fig. 4A–F), but
were not visible above background in the cell bodies of PBC, Amb, XII, RTN/pFRG,
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NTSVL, and CN neurons (Fig. 5A–F). In the latter six nuclei, labeling was observed in the
neuropil surrounding SERT-negative cell bodies, and individual processes were more easily
discerned after P11, when neuropil labeling was less intense than those before P11. Control
sections without primary antibodies or with non-immune serum demonstrated no specific
immunoreactive product above background (data not shown).

There were four developmental trends of SERT immunoreactivity in the various brain stem
nuclei examined. The first trend was found in neurons of the ROb and in the neuropil of the
PBC and Amb (Figs. 6B, 6G, and 6H), with relatively high levels from P2 to P11, a
significant fall at P12 (P < 0.05), followed by a plateau at a relatively low level from P13 to
P21. The second trend was similar to that of the first, except that the decline at P12 was
gradual rather than abrupt, causing it to be statistically not significant. This trend was found
in neurons of the RM and RP, and in the neuropil of the RTN/pFRG (Figs. 6A, 6C, and 6I).
The third trend was a variation of the first trend, but with a significant reduction at P10
rather than at P12. This was observed in neurons of the LPGi and pPy (Figs. 6D and 6E).
The fourth trend was relatively stable throughout the first three postnatal weeks, and it was
seen in neurons of the NTSCOM and in the neuropil of the XII, NTSVL, and CN (Figs. 6F,
6J, 6K, and 6L). ANOVA indicated significant differences (P < 0.01) in SERT
immunoreactivity among the ages in the RM, ROb, RP, LPGi, pPy, PBC, Amb, and RTN/
pFRG, and Tukey's Studentized range test that compared one age group with its adjacent
younger age group indicated significant differences (reductions) at P12 for ROb, PBC, and
Amb (P < 0.05, as compared to their respective values at P11), and at P10 for LPGi and pPy
(P < 0.05, as compared to their respective values at P9). P12 and P10 were the only two time
points that yielded statistical significance during the first three postnatal weeks for SERT
(Fig. 6).

1. SERT labeling in neurons
A. SERT immunoreactivity in the RM: SERT immunoreactivity was present in about 35%
– 50% of the RM neurons. They were mainly medium in size and multipolar or pyramid-like
in shape. Sizes ranged from 10.5 to 14 μm in diameter at P2–P9 to 16 – 18 μm at P11–P21.
Labeling was concentrated in the cell bodies and proximal processes, and was relatively low
in the rest of the neuropil (Fig. 4A1–4). The developmental trend of SERT immunoreactivity
was an initial dip at P2–P3, a relatively high plateau from P4 to P9, a gradual decline from
P9 to P12, and a relatively low plateau until P16, followed by further reductions at P17 and
P21 (Fig. 6A).

B. SERT immunoreactivity in the ROb: About 35% – 70% of neurons in the ROb
expressed SERT-ir product. These neurons were mainly small in size and multipolar or
fusiform in shape, and their labeled processes extended in the ventral, dorsal, or lateral
directions, with some crossing to the contralateral side (Fig. 4B1–4). Labeled neurons
ranged from 6.5 to 10 μm in diameter at P2–P9 to 7.5 – 12.5 μm at P11–P21. The
developmental trend of SERT immunoreactivity was relatively high from P2 to P11, a
significant fall at P12 (P < 0.05), followed by a plateau of relatively low levels from P13 to
P21 (Fig. 6B).

C. SERT immunoreactivity in the RP: SERT immunoreactivity was observed in the cell
bodies and some proximal processes of about 50% – 80% of RP neurons (Fig. 4C1–4) that
were mainly small in size and multipolar, oval, or fusiform in shape. Sizes of labeled
neurons ranged from 5.5 to 9 μm in diameter at P2–P9 to 6.5 – 13.5 μm at P11–P21. The
developmental trend of SERT immunoreactivity was a gradual decline from P2 to P11, a
more marked but statistically insignificant fall at P12, followed by a relatively low plateau
until P21 (Fig. 6C).
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D. SERT immunoreactivity in the LPGi: SERT-ir was present in about 20% – 40% of
LPGi neurons (Fig. 4D1–4) that were small or medium in size and multipolar and fusiform
in shape. Sizes of small neurons ranged from 6.5 – 10.5 μm in diameter at P2–P9 to 8 – 13
μm at P11–P21, whereas medium-sized neurons ranged from 11 to 13.5 μm at P2–P9 to
12.5 – 16 μm at P11–P21. SERT immunoreactivity was relatively high from P2 to P9, a
significant fall at P10 (P < 0.05), followed by a plateau from P10 to P14, a statistically
insignificant rise at P15 and P16, and a further decline at P17 and P21 (Fig. 6D).

E. SERT immunoreactivity in the pPy: About 25% – 50% of neurons in the pPy exhibited
SERT-ir, and they were mainly small in size and multipolar, granular, or fusiform in shape
(Fig. 4E1–4). Sizes of labeled neurons ranged from 5.5 to 10 μm in diameter at P2–P9 to 6.5
– 12.5 μm at P11–P21. The developmental trend of SERT immunoreactivity was relatively
high from P2 to P9, a significant fall at P10 (P < 0.05), followed by a plateau at relatively
low levels from P11-P16, and a further decline at P21 (Fig. 6E).

F. SERT immunoreactivity in the NTSCOM: SERT-ir was present in about 30% – 50% of
NTSCOM neurons that were mainly multipolar, granular, or oval in shape and small in size
(Fig. 4F1–4). Sizes ranged from 5 to 8 μm in diameter at P2–P9 to 8 – 11.5 μm at P11–P21.
The developmental trend of SERT immunoreactivity was a gradual but statistically
insignificant rise from P2 to P9 followed by a plateau until P17 and a reduction at P21 (Fig.
6F).

2. SERT labeling in the neuropil
A. SERT immunoreactivity in the PBC: SERT immunoreactivity was observed mainly in
the neuropil of the PBC, where the level was relatively high from P2 to P11, then a
significant fall at P12 (P < 0.05), followed by a relatively low plateau until P21 (Figs. 5A1–
4, 6G).

B. SERT immunoreactivity in the Amb: The developmental trend of SERT
immunoreactivity in the neuropil of Amb was virtually the same as that in the PBC, with
relatively high levels from P2 to P11, a significant reduction at P12 (P < 0.01), and a plateau
of relatively low levels until P21 (Figs. 5B1–4, 6H).

C. SERT immunoreactivity in the RTN/pFRG: SERT labeling in the neuropil of the
RTN/pFRG was relatively high during the first postnatal week, followed by a gradual
decline until P12, then a relatively low plateau until P21 (Figs. 5C1–4, 6I).

D. SERT immunoreactivity in the XII: SERT immunoreactivity in the hypoglossal
nucleus was mainly in the neuropil, with clearly traceable processes distributed within it.
Labeling followed a relatively stable trend throughout the first 3 postnatal weeks, with some
fluctuations among the ages and attaining the lowest level at P12 (Figs. 5D1–4, 6J).

E. SERT immunoreactivity in the NTSVL: SERT-ir product was present in the neuropil of
the NTSVL, where labeled processes traversed across it. The developmental trend was a
relative plateau with some fluctuations throughout the first 3 postnatal weeks (Figs. 5E1–4,
6K).

F. SERT immunoreactivity in the CN: SERT immunoreactivity was observed in the
neuropil of the CN, where some labeled processes were distributed within it. Labeling was
relatively constant throughout the first 3 postnatal weeks (Figs. 5F1–4, 6L).
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Discussion
Our comprehensive, in-depth analysis of postnatal TPH and SERT immunoreactivity in
multiple brain stem nuclei revealed for the first time that the developmental trends did not
follow a straight path during the first three postnatal weeks in rats. Levels were generally
high during the first postnatal week, but fell either gradually toward or abruptly at P12, and
remained low thereafter until P21. This trend was followed for both TPH and SERT
immunoreactivity in neurons of the RM, ROb, and RP, and for SERT in the neuropil of
PBC, Amb, and RTN/pFRG. Notably, the fall during the second postnatal week occurred
earlier (at P10) for SERT immunoreactivity in neurons of LPGi and pPy. The other general
trend was a relatively constant level with some statistically insignificant fluctuations
throughout the first three postnatal weeks, and this trend was observed for TPH in neurons
of LPGi, pPy, and NTSCOM, and for SERT in neurons of NTSCOM and neuropil of XII,
NTSVL, and CN. A distinct variation of this trend was found in neurons of the VLMS,
which exhibited a statistically significant decrease in TPH immunoreactivity only at P12.

Technical limitations
The limitation of immunohistochemistry is that it is dependent on antibody specificity and is
not a direct measurement of protein amount. In this regard, western blotting is also reliant on
antibody specificity and the amount is generally relative rather than absolute, unless there is
a specific protein standard. Whereas immunoblotting can reveal the molecular weight of the
immunogen, immunohistochemistry has the distinct advantage of cellular localization within
cell bodies and/or neuronal processes in the neuropil. The antibodies used in the current
study were monoclonal and well characterized, thus enhancing their specificity. With optical
densitometric measurements of immunoreaction product in individual neurons or neuronal
processes in the neuropil in clearly identified brain stem nuclei, we were able to extend the
analysis to a semi-quantitative level. The large number of neurons/neuropil, the sizeable
number of animals, and the close time-course of postnatal ages examined all render credence
to the statistical significance obtained in the present study.

Postnatal development of TPH and SERT in various brain stem nuclei
Although 5-HT system is involved in the modulation of numerous functions and behavior,
the details of such modulation during postnatal development are poorly understood. To date,
relatively little is known about the development of TPH expression in brain stem neuronal
network. A relatively high level of TPH immunoreactivity, especially before P12, in neurons
of seven brain stem nuclei (current study) is consistent with a high expression of TPH
mRNA, protein, and activity postnatally (Park et al., 1986; Rind et al., 2000).

SERT is distributed in the cytoplasm and plasma membrane of cell bodies and axon
terminals (Huang and Pickel, 2002) and is, therefore, a more valid marker of serotonergic
fibers than 5-HT (Nielsen et al., 2006). SERT mRNA expression reportedly coincides with
that of 5-HT immunoreactivity, implying that SERT is primarily expressed in serotonergic
neurons (Fujita et al., 1993). However, during development, 5-HT has been postulated to
play a “non-traditional” role in neuronal proliferation, migration, and differentiation, as well
as in synaptogenesis, neurogenesis, and network organization (Chubakov et al., 1986;
Lauder, 1990; Fox, 1992; Ivgy-May et al., 1994; Whitaker-Azmitia et al., 1996; Gould,
1999; Azmitia, 2001; Buznikov et al., 2001; Santarelli et al., 2003; Janusonis et al., 2004;
Vitalis et al., 2007; Hodges and Richerson, 2008). In these roles, the expression of SERT,
especially in axon terminals, is more widespread during early stage of postnatal
development. Our findings of a high level of SERT immunoreactivity during the first 1 ½
postnatal weeks (before P12 or P10) in eight of the twelve brain stem nuclei examined are
consistent with an important role for SERT during these early stages of postnatal
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development. Even though many of these nuclei do not contain serotonergic neurons, the
presence of SERT-immunoreactive fibers prominent especially during the first 1½ postnatal
weeks is consistent with serotonin's role in modulating respiratory functions there.

The reduction in SERT immunoreactivity during the second half of the second postnatal
week and thereafter in a number of brain stem nuclei may indicate decreased influence of 5-
HT as the network begins to mature and increase the activity of its monoamine oxidase A
(MAOA), a catabolic enzyme for 5-HT. Robinson (1968) reported only a weak expression of
MAO in the neuropil of the rat brain stem at P5, but by P10 all brain stem nuclei examined
have MAO expression varying from weak to intense, and a further increase was found at
P15–P20.

Functional implications on the respiratory system
It is well known that multiple brainstem nuclei are involved in respiratory regulation. The
PBC is postulated as one of the key centers of respiratory rhythmogenesis (Smith et al.,
1991; Rekling and Feldman, 1998; Smith et al., 2000); the Amb and XII control upper
airway muscles that are associated with airway patency (Jordan, 2001; Horner, 2007); and
the RTN/pFRG glutamatergic neurons have been documented as another major site of
central chemoreception (Mulkey et al., 2004; Guyenet et al., 2005, 2008). The NTSCOM and
NTSVL receive peripheral chemosensitive afferents (Finley and Katz, 1992) and are
involved in respiratory modulation (Paton et al., 1991; Bonham, 1995). The medullary raphé
(RM, ROb, and RP) serotonergic neurons are involved in cardiovascular regulation (Loewy
and Mckellar, 1980) as well as respiratory regulation and presumed central chemosensitivity
(Richerson, 2004; Richerson et al., 2005). Likewise, the VLMS serotonergic neurons
allegedly contribute to central respiratory chemosensitivity (Richerson et al., 2005). LPGi is
one of the most important sources of sympathetic excitatory drive from the medulla to the
cardiovascular system (Lovick, 1987). Based on its extensive afferent and efferent
connections (Zec and Kinney, 2001; Van Bockstaele et al., 2004), it may integrate
respiratory and cardiovascular rhythmic patterns (Gaytán et al., 1997). pPy is reportedly a
candidate for central chemoreception (Richerson, 2004; Ribas-Salgueiro et al., 2005). Since
LPGi projects to the ventral and dorsal respiratory groups as well as ROb and RP (Smith et
al., 1989; Ellenberger and Feldman, 1990; Holtman et al., 1990; Zagon, 1993), and pPy is
connected with medullary nuclei subserving cardiorespiratory and other autonomic
functions, such as ROb, RP, and the ventral respiratory groups, NTS, and LPGi (Ribas-
Salgueiro et al., 2005), and both LPGi and pPy project to the RTN (Cream et al., 2002), it
strongly suggests that serotonergic neurons in LPGi and pPy exert a global effect on the
other brain stem respiratory nuclei.

The role of 5-HT in modulating respiratory output has long been recognized, but whether its
action is excitatory or inhibitory is still under debate, but is likely to be related to the type of
receptors that mediate its action (Hilaire and Duron, 1999; Feldman et al., 2003). Transgenic
mice lacking 5-HT neurons have severe apnea and a high rate of mortality during postnatal
development, indicating that the effect of 5-HT on breathing in vivo is mainly excitatory
(Hodges et al., 2009). However, those mice that survived the knockout appeared to markedly
improve their respiration between 2 and 4 weeks of age, suggesting that serotonin is more
critical during early postnatal weeks than later. This is consistent with our findings that the
level of TPH and SERT immunoreactivity is much higher during the first 1½ postnatal
weeks (before P12) than later in a number of brain stem nuclei examined.

As a rate-limiting enzyme in 5-HT biosynthesis, TPH expression indirectly reflects
serotonergic neurons' functional activity. Inhibition of TPH reportedly reduced the
magnitude of the long-lasting respiratory response (Millhorn et al., 1980). SERT is a key
protein that limits the systemic availability of 5-HT (Varoqui and Erickson, 1997) and
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regulates the entire serotonergic system, including serotonergic receptors via a modulation
of serotonin concentration in the extracellular fluid (Horschitz et al., 2001; Pavone et al.,
2007). SERT knockout mice exhibited attenuated ventilatory response to hypercapnia (Li
and Nattie, 2008).

A major finding of the current study is that TPH and SERT immunoreactivity is
significantly reduced in several brain stem nuclei involved in respiratory control (RM, ROb,
VLMS, LPGi, pPy, PBC, and Amb) around P12, a critical period of postnatal development
when prominent neurochemical, metabolic, and physiological changes occur in the rat's
respiratory system (reviewed in Wong-Riley and Liu, 2005, 2008; Liu et al., 2009). Because
of serotonin's widespread modulatory effect, a down-regulation of TPH and SERT strongly
indicates that respiratory control is compromised around the end of the second postnatal
week in normal animals. For some nuclei (RM, ROb, PBC, Amb, and RTN/pFRG), P12
denotes the beginning of a down-regulation of TPH and SERT, suggesting a pruning of the
trophic effect of 5-HT. For others, the level of TPH and SERT is maintained throughout the
first 3 postnatal weeks. In still others (notably VLMS), the significant fall in TPH
immunoreactivity at P12 is returned to the baseline the following day. Interestingly, the
down-regulation of SERT in LPGi and pPy neurons preceded the others by two days (i.e., at
P10 rather than P12), suggesting that these two nuclei may have a priming effect on the
others, especially when they have a widespread brain stem projection (see above). Changes
in TPH and SERT may affect other neurotransmitter systems, as the 5-HT system plays a
dominant role in the maintenance of well equilibrated neurotransmission (Strüder and
Weicker, 2001) via distinct 5-HT receptors, especially 5-HT1A and 5-HT1B presynaptic
autoreceptors (Zifa and Fillion, 1992).

The moderate level of SERT sustained in the neuropil of XII, NTSVL, and CN throughout
the first 3 postnatal weeks suggests that serotonergic input to these regions is necessary for
the neurons' stable functioning. The sustained high immunoreactivity of TPH (and of SERT)
throughout the first three postnatal weeks in the NTSCOM implies that serotonin is needed
by neurons there to perform their normal functions, which include autonomic and respiratory
functions as well as carotid chemoreceptor reflexes (Suzuki et al., 2004; Braga et al., 2006).

Clinical implications on SIDS
Previously, we reported that a transient imbalance between excitatory and inhibitory system
in respiratory control network occurred during the critical period (Liu and Wong-Riley,
2002, 2005; Wong-Riley and Liu, 2005). A significant reduction in 5-HT2A receptor
immunoreactivity was also found at P12 in the PBC, Amb, and XII (Liu and Wong-Riley,
2008). Furthermore, the animal's response to hypoxia is also at its weakest during that time
(Liu et al., 2006, 2009). It is intriguing to ask if the rodent's critical period is temporally
coincidental with the human's peak incidence of SIDS (2nd to 4th postnatal months), and at
least one report indicates that the two time periods are comparable in the two species for
brain development (Ballanyi, 2004). SERT binding density in the medulla is reportedly
significantly lower in SIDS cases compared to controls (Paterson et al., 2006; Kinney,
2009). It remains to be determined if such a reduction is captured during the normal period
of development or if SIDS victims suffer from additional abnormality in the 5-HT system.
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Fig. 1.
Tryptophan hydroxylase (TPH) immunoreactive (-ir) neurons in the nucleus raphé magnus
(RM) (A), nucleus raphé obscurus (ROb) (B), nucleus raphé pallidus (RP) (C), and the
ventrolateral medullary surface (VLMS) (D) at P2 (A1–D1), P7 (A2–D2), P12 (A3–D3),
and P21 (A4–D4). The insets in A1–D1 indicate diagrammatically the locations of these
four nuclear groups. TPH expression in the RM, ROb, and RP showed relatively high level
at P2 and P7, but relatively low at P12 and P21, whereas that in the VLMS exhibited
significantly low level at P12, compared with those in P2, P7, and P21 samples. Scale bar:
20 μm for all.
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Fig. 2.
TPH-ir neurons in the lateral paragigantocellular nucleus (LPGi) (A), parapyramidal region
(pPy) (B), and the commissural subnucleus of the solitary tract nucleus (NTSCOM) (C) at P2
(A1–C1), P7 (A2–C2), P12 (A3–C3), and P21 (A4–C4). The insets in A1–C1 indicate
diagrammatically the locations of these three nuclear groups. TPH expression in these three
nuclei groups exhibited relatively constant level from P2 to P21. Scale bar: 20 μm for all.
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Fig. 3.
Optical densitometric measurements of TPH-ir product in the cytoplasm of individual
neurons in the RM (A), ROb (B), RP (C), VLMS (D), LPGi (E), pPy (F) and NTSCOM (G)
from P2 to P21. Data points were presented as mean ± SEM. Labeling in the first three
nuclear groups (A–C) followed a similar trend of development, with initial high levels of
expression from P2 to P11, followed by a marked reduction at P12 and remained low
thereafter until P21. The developmental pattern in VLMS (D) was relatively stable during
the first 3 postnatal weeks, with a distinct and significant fall in TPH expression at P12. On
the other hand, the expression in LPGi (E), pPy (F), and NTSCOM (G) remained relatively
constant from P2 to P21. ANOVA revealed significant differences in TPH expression
among ages in the RM, ROb, and VLMS (P < 0.01), and Tukey's Studentized test showed a
significant reduction in these three nuclei at P12, as compared with their adjacent younger
age groups (P11). *, P < 0.05; **, P < 0.01 (Tukey's Studentized test).
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Fig. 4.
Serotonin transporter (SERT) expression in neurons of the RM (A), ROb (B), RP (C), LPGi
(D), pPy (E), and NTSCOM (F) at P2 (A1–F1), P7 (A2–F2), P12 (A3–F3), and P21 (A4–F4).
The insets in A1–F1 indicate the locations of each nucleus in a diagrammatic cross section
of the medulla or pons. SERT expression in the RM, ROb, RP, LPGi, and pPy were
relatively high at P2 and P7, but were much lower at P12 and P21; On the other hand, the
level in NTSCOM was quite stable from P2 to P21. Scale bar: 20 μm for all.
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Fig. 5.
SERT expression in the neuropil of the pre-Bötzinger complex (PBC) (A), nucleus
ambiguus (Amb) (B), retrotrapezoid nucleus (RTN)/parafacial respiratory group (pFRG)
(C), hypoglossal nucleus (XII) (D), ventrolateral subnucleus of the solitary tract nucleus
(NTSVL) (E), and cuneate nucleus (CN) (F) at P2 (A1–F1), P7 (A2–F2), P12 (A3–F3), and
P21 (A4–F4). The insets in A1–F1 indicate diagrammatically the locations of these six
nuclear groups. All arrowheads point to SERT-ir terminal fibers. In these six nuclear groups,
the majority of neurons exhibited SERT-negative expression. Scale bar in A1: 20 μm for all
except 8 μm for all high magnification insets. See text for details.
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Fig. 6.
Optical densitometric measurements of immunoreactive (-ir) product of SERT in the
cytoplasm of individual neurons in the RM (A), ROb (B), RP (C), LPGi (D), pPy (E), and
NTSCOM (F), as well as in the neuropil of the PBC (G), Amb (H), RTN/pFRG (I), XII (J),
NTSVL (K), and CN (L) from P2 to P21. Data points were presented as mean ± SEM. The
expressions of SERT in neurons of the RM (A), ROb (B), and RP (C), as well as in the
neuropil of the PBC (G), Amb (H), and RTN/pFRG (I) were relatively high during the first 1
to 1 ½ postnatal weeks, then fell significantly or noticeably at P12, followed by a plateau of
relatively low levels until P21. In the LPGi (D) and pPy (E) neurons, SERT expression was
relatively high at P2–P9, then markedly reduced at P10, followed by a plateau and another
decline at P17–P21, except for a small, statistically insignificant peak at P15–P16 in LPGi.
On the other hand, labeling in neurons in the NTSCOM (F) and in the neuropil of the XII (J),
NTSVL (K), and CN (L) was quite stable with only minor fluctuations from P2 to P21.
ANOVA yielded significant differences in SERT expressions among the ages in the RM,
ROb, RP, LPGi, pPy, PBC, Amb, and RTN/pFRG (P < 0.01). Tukey's Studentized test
revealed a significant reduction in SERT expression in the ROb, PBC, and Amb at P12, as
compared with their adjacent younger age groups (P11), and a significant reduction at P10 in
the LPGi and pPy (compared to their adjacent younger age groups P9). *, P < 0.05; **, P <
0.01 (Tukey's Studentized test).
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Table 1

Primary antibodies used.

Antigen Immunogen Manufacturer, Species, type, catalog
number Dilution used

Serotonin transporter (SERT) Rat serotonin transporter, N-terminus
(aa 1–85)/GST fusion protein

Chemicon (Temecula, CA), Mouse
monoclonal, #MAB1564 1:500

Tryptophan hydroxylase (TPH) Recombinant rabbit tryptophan
hydroxylase

Sigma (St Louis, MO), Mouse monoclonal,
#T0678 1:300
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