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We compared the electrophysiological responses to serotonin
(5-HT) of neonatal and juvenile rat hypoglossal motoneurons
(HMs) by using intracellular recording techniques in a brainstem
slice preparation. In neonatal HMs (#P8), 5-HT caused a sub-
stantial decrease in the amplitude of spike afterhyperpolariza-
tion (AHP) that was associated with an increase in the minimal
repetitive firing frequency (Fmin). Previous work has shown that
this effect of 5-HT was mediated by the 5-HT1A receptor and
may be secondary to inhibition of N- and P/Q-type calcium
channels. In contrast to results from neonates, we found that
5-HT did not inhibit the AHP in juvenile HMs ($ P20). Applica-
tion of a cocktail of calcium channel toxins (v-Conotoxin-GVIA
and v-Agatoxin-IVA) to juvenile HMs substantially inhibited the
AHP, indicating that calcium entry through N- and P/Q-type
channels supports the AHP in juvenile HMs, as it does in
neonates. In addition, intracellular injection of the long-lasting
GTP analog GTPgS induced an agonist-independent increase
in Fmin similar to that seen in neonates in the presence of 5-HT.
Together, these results suggested that intracellular mecha-
nisms downstream of the 5-HT1A receptor capable of inhibiting
the AHP were intact in juvenile HMs. Therefore, we investigated

the possibility that age-related changes in effects of 5-HT on
the AHP resulted from altered expression of the 5-HT1A recep-
tor. To this end, we performed ligand-binding autoradiography
using [3H]8-OH-DPAT, a 5-HT1A agonist, and in situ hybridiza-
tion using radiolabeled oligonucleotide probes specific for the
5-HT1A receptor. The two approaches gave remarkably similar
results. The highest levels of 5-HT1A receptor expression were
found in neonatal HMs, with maximal binding and hybridization
at approximately postnatal day 7 (P7) and only low levels of
receptor expression by P28. Finally, immunohistochemistry for
5-HT revealed that these developmental changes in 5-HT1A

receptor expression occurred coincident with a postnatal in-
crease in serotonergic innervation of the hypoglossal nucleus
(nXII). Together, these findings indicate that developmental
changes occur in the serotonergic innervation of nXII and in the
expression of 5-HT1A receptors in HMs during the early post-
natal period, resulting in markedly different effects of 5-HT on
firing behavior in neonatal and juvenile HMs.
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The first few weeks of postnatal life in the rat are a critical
developmental period for motor systems when numerous struc-
tural and functional changes are occurring, including increased
behavioral capabilities, maturation of the neuromuscular junction,
and changing phenotype and target dependence of motoneurons
(Jansen and Fladby, 1990; Kiyama et al., 1991; Seroogy et al.,
1991; Chen and Chiu, 1992; Lowrie and Vrbová, 1992; Walton et
al., 1992; Chiu et al., 1993). As the final common pathway in
motor systems, motoneurons receive and integrate convergent
inputs and transduce those inputs into an output pattern that
ultimately directs motor behavior. It is becoming increasingly
apparent that integrative properties of motoneurons, as well as
the neurotransmitter mechanisms by which those properties are
modulated, also undergo significant changes during the early
postnatal period (for review, see Berger et al., 1996). This plas-
ticity reflects differential expression of ion channels during devel-
opment (Núñez-Abades et al., 1993; Bayliss et al., 1994a; Viana et

al., 1994) as well as the modulation of those ion channels by
neurotransmitters at any given developmental stage (Ziskind-
Conhaim et al., 1993; Bayliss et al., 1994c; Funk et al., 1995).
Moreover, the modulatory neurochemical systems that impinge
on motoneurons are not static; their chemical phenotype and
projection patterns also can change throughout development
(Ziskind-Conhaim et al., 1993; Bayliss et al., 1994c). Thus, a single
modulatory system potentially can exert a variety of effects on
motoneurons during development that reflect a complex interplay
between maturational changes occurring presynaptically in the
modulatory system and postsynaptically in the receptor–effector
systems expressed by the motoneurons.

The serotonergic raphe neuronal system is believed to provide
important modulatory effects on motor output systems, including
a direct excitatory influence on motoneurons. The excitatory
effects of serotonin (5-HT) on adult rat motoneurons have been
studied, and a number of ionic mechanisms underlying those
effects have been described consistently, including a 5-HT2

receptor-mediated inhibition of a resting “leak” K1 current (IK,L)
and a 5-HT1-like receptor-mediated augmentation of the
hyperpolarization-activated mixed cationic current, Ih (Aghaja-
nian and Rasmussen, 1989; Larkman et al., 1989; Anwyl, 1990;
Rasmussen and Aghajanian, 1990; Larkman and Kelly, 1992;
Hsiao et al., 1997).

In neonatal rat motoneurons the cellular mechanisms underly-
ing excitatory effects of 5-HT are less clear. For example, variable
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effects of 5-HT were seen during development in embryonic and
neonatal spinal motoneurons that became more consistently like
those in adult motoneurons as the serotonergic innervation of the
spinal ventral horn increased (Ziskind-Conhaim et al., 1993).
Further variability in reported effects of 5-HT in the neonate may
reflect differences in specific motoneuronal populations. For in-
stance, 5-HT modulated Ih and /or IK,L in neonatal spinal mo-
toneurons (Takahashi and Berger, 1990; Wang and Dun, 1990;
Larkman et al., 1995), whereas in neonatal hypoglossal motoneu-
rons (HMs) the 5-HT-current was not associated with any mea-
surable change in Ih or IK,L (Berger et al., 1992). In addition, 5-HT
enhanced a low-voltage-activated (LVA) calcium current in neo-
natal spinal motoneurons with no appreciable effect on high-
voltage-activated (HVA) calcium current (Berger and Takahashi,
1990), whereas it inhibited N- and P/Q-type HVA calcium current
in neonatal HMs via a 5-HT1A receptor-mediated mechanism
(Bayliss et al., 1995). It was suggested that this inhibition of N- and
P/Q-type voltage-dependent calcium channels—by decreasing the
calcium entry required to support the calcium-activated K1 con-
ductance that underlies the spike afterhyperpolarization (AHP)
(Viana et al., 1993; Umemiya and Berger, 1994)—was responsible
for the 5-HT1A-mediated inhibition of the AHP in neonatal HMs
(Berger et al., 1992; Bayliss et al., 1995) and the increased current-
induced spike firing behavior caused by 5-HT in those cells
(Berger et al., 1992).

The 5-HT1A-mediated inhibition of the AHP that we observed
in neonatal HMs has not been reported in any population of adult
rat motoneurons (although 5-HT1A-induced inhibition of the
AHP has been observed in adult lamprey motoneurons; Wikström
et al., 1995). We hypothesized, therefore, that 5-HT1A-mediated
inhibition of the AHP is regulated developmentally in HMs.
Accordingly, we found that, whereas neonatal HMs recorded in a
slice preparation responded to 5-HT with an inhibition of the
AHP, juvenile HMs did not. We performed electrophysiological
and histochemical experiments to determine the cause of this
postnatal change in effects of 5-HT on the AHP. In short, our
results suggest that a decrease in 5-HT1A receptor expression
accounts for the postnatal changes in effects of 5-HT on the AHP
in HMs. Preliminary accounts of these findings have been pre-
sented (Bayliss et al., 1992a; Talley et al., 1996).

MATERIALS AND METHODS
Intracellular recording. Developmental changes in effects of 5-HT were
determined in electrophysiological experiments, using brainstem slices
from rats obtained at different postnatal ages. Throughout this report we
refer to animals #P8 as neonates and animals $P20 as juveniles. Previous
reports have indicated that many of the electrophysiological properties of
HMs are adult-like by this stage (Núñez-Abades et al., 1993; Bayliss et al.,
1994a,c; Viana et al., 1994; Berger et al., 1996), and we consider it likely
that data from these juvenile animals are representative of adults.

Slices were prepared essentially as previously described (Bayliss et al.,
1994a,c; Viana et al., 1994). Animals either were decapitated rapidly
(#P8) or were anesthetized (ketamine/xylazine), artificially ventilated
(95% 02/5% CO2, carbogen), and decapitated. The brainstem was ex-
posed, blocked, and removed under a steady stream of ice-cold Ringer’s
or sucrose-containing Ringer’s solution (see below for composition). The
tissue block was glued to an agar support with cyanoacrylate glue,
submerged in ice-cold Ringer’s, and cut at 400–500 mm with a Vibroslice
(Campden Instruments, Berlin, Germany) or a Microslicer (DSK,
Dosaka, Japan). Slices were transferred to an interface-type tissue cham-
ber perfused with oxygenated Ringer’s and gassed with a humidified
oxygen/carbon dioxide mix (95%/5%) at 33 6 1°C.

The Ringer’s solution contained (in mM): NaCl 130, KCl 3, MgCl2 2,
CaCl2 2, NaH2PO4 1.25, NaHCO3 26, and glucose 10. Sucrose-containing
Ringer’s, made by substituting 260 mM sucrose for NaCl, was used in
experiments with older animals to improve viability of the slices (Agha-

janian and Rasmussen, 1989). 5-HT was prepared as a 10 mM frozen stock
solution and added to the perfusate at a final concentration of 10–100
mM. Stock solutions (100 mM) of v-Conotoxin GVIA (Bachem, Torrence,
CA) and v-Agatoxin-IVA (a generous gift from Pfizer, Groton, CT) were
diluted in Ringer’s solution containing 0.1% cytochrome C and applied
from a broken-tipped pipette to the surface of the slice near nXII.

HMs were identified as described previously (Bayliss et al., 1994a,c;
Viana et al., 1994). Neurons included in this study were located within the
boundaries of the hypoglossal nucleus, had a stable resting potential less
than or equal to 260 mV and an overshooting action potential, and fired
repetitively in response to depolarizing current pulses. These properties
are characteristic of identified HMs (Viana et al., 1994). Single action
potentials were evoked by intracellular injection of brief (2 msec) current
pulses. Repetitive firing behavior was assessed by long rectangular cur-
rent pulses or slow depolarizing ramp current injections. The minimal
repetitive firing frequency (Fmin) was taken as the steady-state firing rate
evoked at the lowest current (50–100 pA increments) that would support
repetitive firing throughout the current pulse (Viana et al., 1995).

Intracellular recordings were obtained with microelectrodes (10–100
MV) filled with 3 M KCl. Electrodes containing the tetralithium salts of
GTPgS and GTP (10 and 30 mM, respectively) were used in some
experiments (Bayliss et al., 1994b). Electrical recordings were made with
an Axoclamp 2A (Axon Instruments, Foster City, CA) amplifier, using
active bridge and discontinuous current-clamp (DCC) modes. The head-
stage output was monitored continuously on a separate oscilloscope to set
capacitance compensation and maximize sampling frequency according
to published procedures (Finkel and Redman, 1985). Membrane current
and voltage were monitored on a storage oscilloscope and a pen recorder
and stored on an FM tape recorder for off-line analysis either with a
digital oscilloscope (Gould, Glen Burnie, MD) and a microcomputer by
using laboratory-developed software or a digitizer (Labmaster TL-1 or
Digidata 1200A; Axon Instruments) interfaced with a microcomputer
running pClamp software (Axon Instruments). Data were compared
statistically by t test, with differences considered significant if p , 0.05.

In situ hybridization—5HT1A receptor mRNA. Localization and relative
quantitation of 5-HT1A receptor expression were performed by in situ
hybridization with radiolabeled oligonucleotide probes complementary to
5-HT1A receptor mRNA. Sprague Dawley rats of either sex were taken at
postnatal day (P) 0 (day of birth), P7, P14, P21, and P28–P32, and rapidly
decapitated. Brains were removed quickly, and the brainstem was blocked
and frozen onto cryostat chucks over dry ice. Coronal sections (10 mm)
were cut on a microtome in a cryostat, thaw-mounted onto twice gelatin-
coated slides, and stored at 280°C. Tissue sections from each age group
were processed concurrently under identical conditions for each experi-
ment (n 5 4). Sections were processed for in situ hybridization essentially
as described previously (Bayliss et al., 1994c). Briefly, slide-mounted
sections were allowed to equilibrate at room temperature, fixed for 5 min
in 4% paraformaldehyde in 0.1 M phosphate buffer (PB), rinsed exten-
sively in 0.1 M PBS (once with 2 mg/ml glycine), and placed in 0.25%
acetic anhydride in 0.1 M triethanolamine and 0.9% saline, pH 8, before
being transferred through a graded series of alcohols and chloroform.
The sections were air-dried before incubation overnight at 37°C with
50–100 ml of hybridization buffer [50% formamide; 43 SSC (13 SSC 5
0.15 M NaCl/0.015 M sodium citrate, pH 7.0); 10% dextran sulfate; 0.02%
each of Ficoll, polyvinylpyrrolidone, and bovine serum albumin; 100 mM
dithiothreitol; 500 mg/ml denatured salmon sperm DNA; and 250 mg/ml
yeast tRNA] containing a cocktail of oligodeoxyribonucleotide probes
complementary to nucleotides 1–32 and 1234–1266 of the published
sequence of the rat 5-HT1A receptor (Albert et al., 1990). A third probe
corresponding to the putative third intracellular loop of the receptor
(nucleotides 778–810) also was tested. Although this third probe gave
similar results, it was not used in quantitative studies because of the high
background that it induced. The probes were labeled by using terminal
deoxynucleotidyl transferase (Bethesda Research Labs, Bethesda, MD)
and a-[35S] or a-[33P] dATP (New England Nuclear, Boston, MA),
purified by gel filtration, and added to the hybridization buffer (40 3 106

cpm/ml). The specificity of the hybridization was assessed by demonstrat-
ing that each of the probes directed against different regions of the
5-HT1A receptor mRNA gave an identical anatomic distribution in adult
brain that was entirely consistent with previously published results
(Chalmers and Watson, 1991; Pompeiano et al., 1992; Wright et al.,
1995).

After hybridization the buffer was decanted; the sections were dipped
twice in 13 SSC at 55°C and washed in 13 SSC at 55°C (4 3 15 min) and
at room temperature for 1 hr each. The sections were dipped briefly in
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distilled water and 95% ethanol, air-dried, and either apposed to Hyper-
film b-max x-ray film (Amersham, Arlington Heights, IL) in cassettes for
periods of 7–14 d or dipped in liquid emulsion (Ilford K5-D) and exposed
for 2–4 weeks at 4°C. The emulsion was developed in D19 (Kodak,
Rochester, NY) and fixed with Kodak fixer. Sections were counterstained
with toluidine blue (0.25%), coverslipped, and analyzed with a Leitz
Diaplan microscope equipped with bright-field and dark-field condensers.

A computerized image analysis system (MCID, Imaging Research, St.
Catherines, Ontario, Canada) was used for quantitation of hybridization
signal. One or two sections from each animal were taken from each of
four representative experiments and analyzed for silver grain density over
individual cells. Sections chosen for analysis were from approximately the
same rostrocaudal position in the medulla oblongata (region just caudal
to transition from fourth ventricle to central canal). The channel-linking
feature of the software was used to circumscribe HMs imaged in bright-
field mode while grains were counted from the same cells imaged with
dark-field optics. Every neuron within the hypoglossal nucleus of the
section was included; the averaged silver grain density from each animal
was used as a single data point for further statistical analysis. Age-related
differences in silver grain density were analyzed statistically by ANOVA,
with a Bonferroni modification of the t test used for pair-wise comparison
between groups. Differences were considered significant if p , 0.05.

Photomicrographic images were digitized with MCID, and autoradio-
graphic images were obtained with a slide scanner (Nikon, Tokyo, Japan).
The digitized images were imported into Adobe Photoshop, where con-
trast adjustment was performed on images from all sections together;
final lettered figures were created in CorelDraw.

Receptor autoradiography—[3H]8-OH-DPAT binding. Developmental
changes in 5-HT1A receptor binding were determined from autoradio-
grams generated from the binding of [3H]8-OH-DPAT, a 5-HT1A
receptor-specific radioligand (Hoyer et al., 1994) to brainstem slices from
rats of different ages (P0, P7, P14, P21, and P28). Rats were decapitated
rapidly, brains were removed quickly, and the brainstem was blocked and
frozen onto cryostat chucks over dry ice. Coronal sections (25 mm) were
cut in a cryostat, thaw-mounted onto twice gelatin-coated slides, and
stored at 280°C. Sections were processed by following published proto-
cols (Manaker and Verderame, 1990). They were warmed to room
temperature, allowed to dry for 1 hr, and equilibrated in 0.17 M Tris-HCl,
4 mM CaCl2, and 0.1% ascorbate, pH 7.6, at room temperature for 30
min. Sections were incubated in the same buffer containing 10 mM
pargyline and 2 nM [3H]8-OH-DPAT (137 Ci/mmol; Amersham) for 1 hr.
Nonspecific binding was determined in the presence of 1 mM 5-HT.
Sections were washed twice in ice-cold equilibration buffer for 5 min
each, dipped in distilled water (also ice-cold), air dried, and placed in a
cassette apposed to [3H]-sensitive x-ray film (Amersham) for 6–9 weeks,
together with autoradiographic standards (Amersham).

After the film was developed, the sections were counterstained (cresyl
violet), and the extent of specific binding in nXII was determined densi-
tometrically from the film autoradiographs. Images of Nissl-stained sec-
tions were aligned digitally with autoradiographs from the same sections

(or adjacent sections from the same animal) by using the channel-linking
feature of the image analysis system (MCID); nXII was circumscribed by
using the Nissl image, and the corresponding area of the autoradiographs
was quantified densitometrically. Optical density measurements for each
animal were made from three to six sections that included the same
rostrocaudal portion of the nucleus (as above for in situ hybridization).
The tissue equivalent values provided with the autoradiographic stan-
dards were used together with the specific activity of the ligand to convert
optical density measurements into receptor concentration (fmol/mg), and
the averaged value from each animal was treated as a single data point for
subsequent statistical analysis. Age-related differences in binding were
analyzed statistically by ANOVA, with a Bonferroni modification of the
t test used for pair-wise comparison between groups. Differences were
considered significant if p , 0.05.

Images of autoradiographs and Nissl-stained sections were obtained
with a slide scanner (Nikon). The images were imported into Adobe
Photoshop, where contrast adjustment on the autoradiographs was per-
formed as a group; final lettered figures were created in CorelDraw.

Immunohistochemical localization of serotonin in the hypoglossal motor
nucleus. Sprague Dawley rats were taken at each of the postnatal ages
listed above (2 at each age), anesthetized [by hypothermia (,P14) or with
ketamine/xylazine], and perfused transcardially with 4% paraformalde-
hyde containing 0.2% picric acid. The brain was removed, immersed in
the same fixative for 1 hr, and then placed in 10% sucrose in PB overnight
at 4°C. Coronal sections (14 mm) of the medulla oblongata through the
hypoglossal nucleus were cut in a cryostat, thaw-mounted onto twice
gelatin-coated glass slides, and rinsed in Tris-saline (TS; 50 mM Tris and
150 mM NaCl, pH 7.4). The sections were preincubated with TS contain-
ing 3% normal goat serum and then 1% H2O2, rinsed with TS, and then
incubated overnight at 4°C with a rabbit polyclonal antisera to 5-HT
(1:1000; Eugene Tech, Ridgefield Park, NJ) in TS containing 0.1% Triton
X-100 in a humidified chamber. This 5-HT antisera has been character-
ized extensively (Towle et al., 1984; Volpe et al., 1992); in our preliminary
experiments it stained neuronal somata in the brainstem with a restricted
distribution, as expected for serotonergic neurons (i.e., in the raphe
nuclei), whereas relative densities of immunoreactive fibers matched
those of previous reports (Halliday et al., 1995). After being rinsed
extensively in TS, sections were incubated with biotinylated goat anti-
rabbit IgG (1:200) for 1 hr at room temperature and then with HRP-
conjugated avidin for 45 min (ABC kit; Vector Laboratories, Burlingame,
CA). They were reacted with diaminobenzidine and rinsed in TS before
being coverslipped in DPX and examined with a Leitz Diaplan micro-
scope equipped with a dark-field condenser.

RESULTS
Inhibition of the AHP by 5-HT—postnatal changes
The effect of 5-HT on the firing behavior of a neonatal HM is
shown in Figure 1. Intracellular injections of brief (2 msec) de-

Figure 1. Effects of 5-HT on firing be-
havior in neonatal HMs. Intracellular
recordings were made from a neonatal
HM (P4). A, Intracellular injection of a
brief depolarizing current pulse (1.3 nA;
2 msec) was used to evoke single action
potentials under control conditions and
during bath application of 5-HT (100
mM). The AHP was reduced substan-
tially in the presence of 5-HT. Mem-
brane potential was adjusted to 268
mV in both cases by current injection;
5-HT caused ;10 mV membrane depo-
larization in this neuron. B, In the same
cell long-duration current pulses (500
msec) were used to induce firing at the
current threshold for repetitive firing
before and during 5-HT application (0.3
nA). The minimal repetitive firing fre-
quency (Fmin) was increased substan-
tially by 5-HT. The neuron was held at
271 mV in both cases by current
injection.
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polarizing current pulses were used to evoke single action poten-
tials under control conditions and in the presence of 5-HT (after
returning membrane potential to control levels with current in-
jection; Fig. 1A). As is clear from the records obtained in this
representative neonatal HM and consistent with our previous
results (Berger et al., 1992; Bayliss et al., 1995), 5-HT caused a
substantial inhibition of the AHP that followed the action poten-
tial. The AHP is a primary determinant of the minimal repetitive
firing frequency (Fmin) (Viana et al., 1995) and is involved in

establishing the sensitivity of the spike firing response to injected
current (Berger et al., 1992; Viana et al., 1993). Accordingly, as
shown in Figure 1B, we found that 5-HT markedly increased the
minimal repetitive firing frequency response to long (500 msec)
depolarizing current pulses.

We compared the effect of 5-HT on neonatal and juvenile HMs,
as shown in Figure 2 and Table 1. In both neonatal and juvenile
HMs, 5-HT caused a membrane depolarization (Fig. 2, left), with
the notable difference that the depolarization was not associated

Figure 2. 5-HT inhibits the AHP in neonatal HMs, but not in juvenile HMs. The effect of 5-HT on membrane potential and firing behavior was tested
in neonatal (A) and juvenile (B) HMs. Left, Membrane potential was recorded before and during application of 5-HT (100 mM) via the perfusate;
downward deflections in the trace represent membrane voltage responses to constant amplitude current pulses used to monitor input resistance (RN).
During the response to 5-HT, current was injected to return the membrane potential to control levels (2DC). In the neonate (P5), 5-HT caused
membrane depolarization with little change in RN. In the juvenile (P21), 5-HT caused membrane depolarization that was associated with a substantial
increase in RN. Right, Action potentials were evoked with a brief (2 msec) current pulse before and during bath application of 5-HT. Membrane potential
preceding the current pulse was adjusted to the same value in control and 5-HT by current injection. In the neonate, 5-HT caused a marked reduction
in the amplitude of the AHP. By contrast, 5-HT had little effect on the AHP in the juvenile HM. Insets, The steady-state firing frequency-injected current
relationship ( f–I curve) was obtained in control and then in the presence of 5-HT by using rectangular current pulses of increasing amplitude. In the
neonate, 5-HT caused a clear increase in the slope of the f–I curve with an increase in Fmin. In the juvenile, however, 5-HT caused a parallel leftward shift
in the f–I curve. All records are from the same neonatal and juvenile HM; action potentials are truncated.

4476 J. Neurosci., June 1, 1997, 17(11):4473–4485 Talley et al. • Maturation of 5-HT Neuronal System in Rat Brainstem



with increased input resistance (RN) in the neonate (see also
Berger et al., 1992), whereas 5-HT increased RN by ;20% in the
juvenile HM. This effect of 5-HT has not been reported previously
in juvenile HMs but commonly has been observed in other pop-
ulations of adult motoneurons, in which 5-HT2 receptors were
implicated (Aghajanian and Rasmussen, 1989; Larkman et al.,
1989; Anwyl, 1990; Rasmussen and Aghajanian, 1990; Larkman
and Kelly, 1992; Hsiao et al., 1997). The reason for age-related
differences in effects of 5-HT on RN remains to be clarified. Of
particular relevance to this study, however, we found that the
AHP was decreased markedly by 5-HT in the neonatal HM (Fig.
2A, right), whereas in the juvenile HM 5-HT had little effect on
the AHP (Fig. 2B, right). In neonates 5-HT decreased the AHP by
.20% in 14 of 18 HMs tested (78%); in those responsive neurons
the AHP was reduced from 211.4 6 0.7 to 26.0 6 0.7 mV (n 5
14; p , 0.0001). By contrast, 5-HT did not reduce the AHP by
.20% in any of the juvenile HMs tested (n 5 6). The difference
in percentage of reduction of the AHP by 5-HT between neonatal
and juvenile HMs was highly significant (to ;53 and 89% of
control, respectively; p , 0.0005).

These different effects of 5-HT were reflected in the different
steady-state repetitive firing responses to injected current in neo-
natal and juvenile HMs ( f–I curves; Fig. 2, insets). The decreased
AHP in neonates was associated with an increased slope of the f–I
curve and little change in the threshold current (Fig. 2A, inset). In
those responsive neonatal HMs tested, 5-HT increased the f–I
slope by 20.9 6 4.1 Hz/nA (from 38.0 6 2.8 to 58.9 6 5.5 Hz/nA;
n 5 13; p , 0.0005) but had no effect on RN or the current
threshold for repetitive firing. In juvenile HMs, by contrast, 5-HT
caused a parallel, leftward shift in the steady-state f–I curve (Fig.
2B; inset); accompanying a 24 6 9.7% increase in RN, the thresh-
old was shifted by 20.4 6 0.1 nA with no significant change in the
f–I slope (24.0 6 3.4 vs 26.6 6 4 Hz/nA; n 5 6). Thus, the different
effects of 5-HT on the properties of neonatal and juvenile HMs
resulted in strikingly different firing behaviors. The remainder of
this report focuses on mechanisms responsible for the differential
effect of 5-HT on AHPs in neonatal and juvenile HMs.

Receptor-independent inhibition of the AHP in
juvenile HMs
The AHP in neonatal HMs is mediated by a calcium-dependent
K1 conductance (Viana et al., 1993), and the calcium that sup-
ports the AHP enters the motoneuron through N- and P/Q-type
calcium channels (Viana et al., 1993; Umemiya and Berger, 1994).
Furthermore, inhibition of the AHP by 5-HT is attributable, at
least in part, to inhibition of N- and P/Q-type channels by 5-HT1A

receptors via a G-protein-mediated mechanism (Bayliss et al.,
1995). The postnatal change in effects of 5-HT on the AHP
described above (Fig. 2) conceivably could result from altered
expression of N- and P/Q-type calcium channels in juvenile HMs
or in their support of the AHP. We tested this possibility by
determining the effect of toxins that block N- (v-CgTx-GVIA)

and P/Q-type channels (v-AgaTx-IVA) on the AHP in juvenile
HMs. Data from a representative neuron are shown in Figure 3.
Microdroplet application of a cocktail of v-CgTx-GVIA and
v-AgaTx-IVA (10 and 1.0 mM, respectively) to the surface of the
slice caused a rapid and nearly complete abolition of the AHP in
this motoneuron (see Fig. 3, inset); this effect was accompanied by
a marked increase in the Fmin. Calcium channel toxins diminished
the AHP in all juvenile HMs tested (n 5 4); the AHP was reduced
to 33.7 6 2.5% of control (from 26.7 6 0.9 to 22.3 6 0.4 mV; p ,
0.001). These data suggest that, as was the case for neonatal HMs
(Viana et al., 1993; Umemiya and Berger, 1994), juvenile HMs
express N- and/or P/Q-type calcium channels and that calcium
entry via those channels is critical to the AHP.

To determine whether transduction mechanisms downstream
of the receptor remained intact in juvenile HMs, we recorded
from cells with electrodes containing GTPgS. This nonhydrolyz-
able GTP analog activates intracellular transduction pathways,
such as those leading to calcium current inhibition (see Swartz,
1993), in a ligand-independent manner. As a control, interleaved
recordings were made from other juvenile HMs in the slices with
GTP-containing electrodes. Representative records of repetitive
firing behavior at Fmin in juvenile HMs recorded with GTP- and
GTPgS-containing electrodes are presented in Figure 4. Note the
prominent AHP in the cell recorded with a GTP-containing
electrode that is not apparent in the cell recorded with GTPgS-
containing electrode. Also, note that the cell impaled with the
GTPgS-containing electrode had a substantially higher Fmin. In
fact, averaged data shown in Figure 4 (inset) indicated that Fmin in
cells recorded with GTPgS-containing electrodes was 45.2 6 5.7
Hz (n 5 6), significantly higher than that in cells recorded with
GTP-containing electrodes (15.6 6 2.2 Hz; n 5 6; p , 0.0005).
These data suggest that juvenile HMs retain G-protein-mediated
mechanisms that can be activated in a receptor-independent man-
ner and that lead ultimately to inhibition of the AHP.

Postnatal changes in 5-HT1A receptor expression
Our demonstration that mechanisms downstream of the receptor
capable of causing AHP inhibition remained intact in juvenile
HMs suggested that a postnatal change in 5-HT1A receptor ex-
pression might account for the inability of 5-HT to inhibit the
AHP. To test that possibility, we performed radioligand binding
and in situ hybridization experiments with 5-HT1A receptor-
specific probes. Data from representative experiments are shown
in Figure 5. Radioligand-binding experiments that used saturating
concentrations of [3H]8-OH-DPAT (2 nM), a ligand with relative
binding specificity for 5-HT1A receptors, revealed high levels of
binding in the hypoglossal nucleus in the early neonatal period
(P0 and P7), with lower levels at later times (Fig. 5, left panels).
Uniformly low levels of binding were detected in sections incu-
bated with excess unlabeled 5-HT at all ages (see Fig. 7A, squares).
Similar results were obtained in each of four independent exper-
iments, suggesting that the number of 5-HT1A receptors (i.e.,

Table 1. Effects of 5-HT on hypoglossal motoneurons

Input resistance
(% of control)

DIthreshold
(nA)

AHP amplitude
(% of control)

Df–I slope
(Hz/nA)

Neonatesa 98.4 6 4.1 (5) 20.01 6 0.04 (13) 52.7 6 5.5 (14) 20.9 6 4.1 (13)
Juvenile 124.0 6 9.7b (6) 20.4 6 0.1c (6) 88.6 6 2.9 c (6) 2.6 6 0.9c (6)

aIncludes cells in which 5-HT inhibited AHP by .20%.
bSignificantly different from neonates ( p , 0.05).
cSignificantly different from neonates ( p , 0.005).
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Bmax) decreases postnatally. The extremely low maximal bind-
ing in nXII of juvenile animals precluded accurate determina-
tion of receptor affinity. However, we obtained similar results
by using a fourfold higher concentration of radioligand, indi-
cating that the lack of binding in juvenile nXII was not attrib-
utable simply to a change in receptor affinity. Furthermore,
these results were supported by in situ hybridization experi-
ments with oligonucleotide probes directed against the 5-HT1A

receptor mRNA (Fig. 5, right panels). Thus, hybridization sig-
nal was strong in nXII of young animals (P0 and P7) but
markedly reduced by P14; the decrease in 5-HT1A receptor
mRNA expression was sustained through P28. Photomicro-
graphs from emulsion-dipped slides, presented in Figure 6,
show the cellular localization and density of hybridization
signal within nXII from representative sections of a P0 and P28
animal. In sections from P0 animals there was a relatively high
density of silver grains overlying individual cells; the strongest
labeling was in the ventral aspects of nXII. In the juvenile nXII
fewer labeled cells were apparent, and the density of silver
grains overlying individual juvenile HMs was reduced.

To quantify postnatal changes in 5-HT1A receptor expression in

HMs, we measured optical density of the region of nXII in film
autoradiographs from radioligand-binding experiments and the
density of silver grains overlying individually labeled HMs in
emulsion autoradiographs from in situ hybridization experiments
(Fig. 7). Results from each type of experiment were strikingly
similar, and developmental changes were highly significant. Ra-
dioligand binding was high at P0 and peaked at P7 before declin-
ing to levels just above background by P28; nonspecific binding
was consistently low at all ages (Fig. 7A). Likewise, 5-HT1A

receptor mRNA accumulation peaked at P7 from initially high
levels at P0 before decreasing to sustained low levels by P14 (Fig.
7B). Thus, these data indicate that levels of 5-HT1A receptor
expression in nXII decrease postnatally, from high levels at ,P8
to extremely low levels in older animals (.P20).

We also investigated the postnatal development of 5-HT1A

receptor mRNA expression in three other populations of mo-
toneurons (cervical, lumbar, facial). In all three groups of mo-
toneurons, higher levels of 5-HT1A receptor expression were
observed in neonates (P5–P7) than in older animals (P28), in
which expression was uniformly low (n 5 4; data not shown).
Thus, the transient high level of 5-HT1A receptor expression that

Figure 3. Calcium channel toxins inhibit
the AHP and increase Fmin in juvenile
HMs. Effects on single action potentials
and repetitive firing in a juvenile HM (P27)
were determined before and after micro-
droplet application of a cocktail of calcium
channel toxins (v-CgTx-GVIA, 10 mM;
v-AgaTx-IVA, 1 mM). The motoneuron
was held at 264 mV throughout the exper-
iment. The minimum repetitive firing fre-
quency was increased substantially by the
calcium channel toxins. Inset, Calcium
channel toxins decreased the amplitude of
the AHP after single action potentials.
Thus, N- and /or P/Q-type channels pro-
vide calcium to support the AHP in juve-
nile HMs.
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we observed in neonatal HMs may be a general property of
motoneurons.

Postnatal changes in 5-HT innervation of the
hypoglossal nucleus
To determine whether the postnatal changes in 5-HT1A receptor
expression that we observed in HMs were correlated with changes
in the 5-HT innervation of the hypoglossal nucleus, we performed
immunohistochemical experiments on brainstem sections from
perfusion-fixed rats of different postnatal ages. The distribution of
5-HT-immunoreactive fibers in nXII is shown in the dark-field
photomicrographs of immunoperoxidase-stained sections of Fig-
ure 8. There were few 5-HT-immunoreactive fibers in the hypo-
glossal nucleus (demarcated by dashed lines) from the P0 animal,
more at P7, and a high fiber density by P28. The developmental
change in the density of the 5-HT-immunoreactive fibers in nXII
is also clear in the higher power bright-field photomicrographs,
which illustrate the postnatal increase in 5-HT-immunoreactive
varicosities. Thus, the decrease in expression of 5-HT1A receptors
in HMs occurs at the same time as an increase in the density of the
serotonergic innervation of the hypoglossal nucleus. It is impor-
tant to point out, however, that there is a substantial 5-HT
innervation of the hypoglossal nucleus at P7, when the levels of
5-HT1A receptor binding and mRNA accumulation were
maximal.

DISCUSSION
We found developmental increases in the serotonergic innerva-
tion of the rat hypoglossal nucleus that occurred coincident with
decreased expression of 5-HT1A receptors by HMs. Importantly, a
major effect of 5-HT on neonatal HMs—inhibition of the AHP—
shown previously to be mediated by 5-HT1A receptors (Bayliss et
al., 1995) was lost in juvenile HMs. The lack of effect of 5-HT on
the AHP in juvenile HMs resulted from decreased 5-HT1A recep-
tor expression, because juvenile HMs retained the N- and P/Q-
type channels targeted by 5-HT1A receptors (Bayliss et al., 1995),
and a decrease in the AHP could be demonstrated by using
intracellular injection of GTPgS to activate G-protein-coupled
mechanisms downstream of the 5-HT1A receptor. Inhibition of
the AHP by 5-HT has been associated in neonatal HMs with an
increased slope of the relationship between firing frequency and
injected current (i.e., a higher input–output gain) (Berger et al.,
1992); this effect on repetitive firing was absent in juvenile HMs,
consistent with our finding that those juvenile HMs did not
express 5-HT1A receptors and showed no 5-HT-induced inhibition
of the AHP. Rather, 5-HT caused a leftward, parallel shift in the
f–I curve of juvenile HMs, probably because of the 5-HT-induced
increase in RN in those cells (Bayliss et al., 1992b; Hsiao et al.,
1997). These results indicate that significant postnatal changes
occur in both the pre- and postsynaptic elements of the seroto-
nergic raphe–hypoglossal motoneuronal system and predict that
the functional consequence of raphe activity and 5-HT on HM
firing behavior will be substantially different in neonates and
adults.

Postnatal changes in 5-HT innervation of nXII and
expression of 5-HT1A receptor by HMs
Ephemeral expression of 5-HT1A receptors, as we reported here
for HMs, has been observed in other regions of the CNS. Thus,
high levels of 5-HT1A receptor expression have been reported to
occur transiently in the rat thalamus, inferior colliculus, and
cerebellum and in the human cortex and cerebellum just before or
approximately at the time of birth (Barpeled et al., 1991; Del
Olmo et al., 1994; Miquel et al., 1994). On the other hand, steadily
augmenting levels of 5-HT1A expression have been reported dur-
ing the first 4 weeks of postnatal development in other regions
(e.g., rat hippocampus and cortex) (Miquel et al., 1994). There
have been no previous studies of 5-HT1A receptor expression in
the caudal brainstem of neonatal rats. However, consistent with
our results, only low levels of 5-HT1A receptor expression have
been reported in the hypoglossal nucleus of adult rats by using a
variety of techniques, including in situ hybridization, receptor
binding, and immunohistochemistry (Manaker and Verderame,
1990; Chalmers and Watson, 1991; Pompeiano et al., 1992; Wright
et al., 1995; Kia et al., 1996b). We showed that the 5-HT1A

receptor mRNA accumulation and 8-OH-DPAT binding paral-
leled each other, peaking at P7 from initially elevated levels at P0
before decreasing to low levels by P28; the decrease in receptor
binding lagged somewhat the decrease in receptor mRNA levels.
The parallel changes in receptor mRNA in HMs (which is pri-
marily somatic) and 8-OH-DPAT binding in nXII are consistent
with a predominantly postsynaptic and somatodendritic localiza-
tion of 5-HT1A receptor on HMs (Kia et al., 1996a). Moreover,
our data suggest that very little of the 5-HT1A binding in nXII is
located presynaptically on 5-HT fibers, because the developmen-
tal decrease in 5-HT1A binding occurred despite a marked in-
crease in 5-HT innervation.

It is possible that the decrease in 5-HT1A expression we noted

Figure 4. GTPgS increases the minimal repetitive firing frequency in
juvenile HMs. Repetitive firing behavior was recorded in juvenile HMs
(both P21) with electrodes containing either GTP or its nonhydrolyzable
analog GTPgS; firing was evoked at the current threshold for minimum
repetitive firing in the two cells (1.5 and 1.3 nA, respectively). Fmin was
higher in the cell recorded with the GTPgS-containing electrode (;39 Hz)
than in the cell recorded with the GTP-containing electrode (;11 Hz).
Note also the prominent AHP in the cell recorded with the GTP-
containing electrode (arrow); the AHP was substantially smaller in the cell
recorded with the GTPgS-containing electrode. Inset, Averaged minimal
repetitive firing frequency (Fmin) was significantly higher in cells recorded
with GTPgS-containing electrodes (n 5 6) than in cells recorded with
GTP-containing electrodes (n 5 6). *p , 0.0005.
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in HMs resulted from a selective cell death that occurred specif-
ically in the subpopulation of HMs that express 5-HT1A receptor
mRNA. Although our experiments do not rule out this possibility
directly, we feel that this is unlikely because natural cell death in

rat HMs has been shown to be entirely prenatal (Friedland et al.,
1995). Thus, we favor the alternative interpretation that the de-
crease in 5-HT1A receptor expression by HMs reflects a change in
regulatory mechanisms controlling 5-HT1A receptor gene expres-

Figure 5. 5-HT1A receptor expression decreases in the hypoglossal motor nucleus during postnatal development. Transverse slices of rat brainstem were
taken at different postnatal ages (P0–P28) and incubated with [3H]8-OH-DPAT, a 5-HT1A receptor-specific ligand (left), or with a cocktail of two
[33P]-labeled oligonucleotides complementary to 5-HT1A receptor mRNA (right) and apposed to autoradiographic film. Photomicrographs of autora-
diograms show the intermediate portion of the hypoglossal nucleus (arrows), which also is evident in adjacent Nissl-stained sections (middle). The levels
of [3H]8-OH-DPAT binding and of 5-HT1A receptor mRNA in the hypoglossal nucleus decrease dramatically during the postnatal period.
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sion in HMs (i.e., decreased transcription or mRNA stability).
Interestingly, a similar transient neonatal pattern of expression
has been reported for a number of other proteins in HMs (e.g.,
somatostatin, neurotensin, nerve growth factor receptor), perhaps
reflecting a common gene regulatory mechanism (Kiyama et al.,
1991; Seroogy et al., 1991; Chen and Chiu, 1992; Chiu et al., 1993).

The function served by high levels of 5-HT1A receptor expres-
sion in HMs (and other brain regions) during the early postnatal
period is not clear, nor are the gene regulatory mechanisms

responsible for the transient elevated receptor expression well
understood. With regard to function, in addition to effects on HM
electrical properties (discussed below), high levels of expression of
5-HT1A receptor in areas of the neonate brain that are devoid of
receptor in the adult and at times preceding substantial seroto-
nergic innervation intimate that the receptors might be involved in
neural development (Whitaker-Azmitia, 1991; Lauder, 1993). In-
deed, activation of 5-HT1A receptors has been shown to influence
neurite growth and synapse formation and to cause release of

Figure 6. Distribution of 5-HT1A receptor mRNA in neonatal and juvenile hypoglossal nuclei. Sections from neonatal (P0; A, C, E) and juvenile (P28;
B, D, F ) brainstem were hybridized with [33P]-labeled oligonucleotides and exposed to liquid emulsion. Individual sections were photographed with
dark-field (A, B) and bright-field (C–F ) microscopy. Arrows indicate the same neurons in each of the photomicrographs. Dark-field images reveal a greater
density of silver grains in the neonatal hypoglossal nucleus, as compared with that of the adult, indicating a higher concentration of 5-HT1A receptor
mRNA in neonatal HMs. Labeling in the neonate was found predominantly in the ventral portion of the nucleus. Most juvenile HMs were unlabeled
( filled arrows in B, D, F ); scattered motoneurons were labeled in the juvenile (open arrows in B, D, F ), but they were observed less frequently than in
the neonate and contained a lower density of silver grains. Labeled cells, presumably interneurons, were seen at the border of the nucleus throughout
development. Scale bars: 200 mm, A–D; 50 mm, E, F.
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factors that promote neuronal survival (e.g., S100b) (Whitaker-
Azmitia et al., 1990; Whitaker-Azmitia, 1991; Lauder, 1993). In
this respect it is interesting to note that, coincident with the time
of their maximal 5-HT1A receptor expression, HMs undergo a
period of dendritic reshaping in which the total number of den-
dritic branches is reduced markedly (Núñez-Abades et al., 1994;
Núñez-Abades and Cameron, 1995). It remains to be determined
whether the transient expression of 5-HT1A receptors by HMs
participates in some way to orchestrating normal postnatal devel-
opment in the rat brainstem. The gene regulatory mechanisms
potentially responsible for controlling the transient 5-HT1A re-
ceptor expression in HMs may include factors extrinsic and /or
intrinsic to the motoneurons. Our demonstration that 5-HT1A

receptor expression decreased as the serotonergic innervation
increased suggests that increased levels of 5-HT in the hypoglossal
nucleus could provide the signal for decreased receptor expres-
sion. Certainly, agonist-dependent receptor downregulation is a
common mechanism for controlling receptor expression. How-
ever, our preliminary observations suggest that this may not be the
mechanism controlling 5-HT1A receptor downregulation in HMs;
we found no evidence for maintained 5-HT1A receptor expression
in HMs after chemotoxic lesion of serotonergic raphe neurons by
treatment of neonatal rats with 5,7-dihydroxytryptamine (E. M.
Talley and D. A. Bayliss, unpublished observations). Thus, block-
ing serotonergic innervation of nXII did not preserve 5-HT1A

receptor expression by HMs.

Postnatal changes in effects of 5-HT on motoneurons
There is little information to date on developmental changes in
effects of 5-HT on central neurons, including motoneurons (but
see Ziskind-Conhaim et al., 1993; Muramoto et al., 1996). We
have shown that inhibition of the AHP by 5-HT is a property of
neonatal but not juvenile rat HMs, apparently by virtue of the
expression of 5-HT1A receptors only during the early postnatal
period. It remains to be determined whether the postnatal change
in the effect of 5-HT on the AHP that we have described is limited
to HMs or is a property common to other motoneurons. Although
there have been numerous studies in which effects of 5-HT on
neonatal and adult motoneurons have been investigated indepen-

dently, it is difficult to ascribe differences in reported effects of
5-HT in neonates and adults to development per se, because the
studies often used different recording methods or investigated
different populations of motoneurons. Such concerns notwith-
standing, 5-HT-induced decreases in the AHP generally have not
been reported in adult rat motoneurons (Aghajanian and Ras-
mussen, 1989; Larkman et al., 1989; Anwyl, 1990; Larkman and
Kelly, 1992) (but see Hsiao et al., 1997) but have been observed in
spinal motoneurons from 2–3 week old rats (Wu et al., 1991),
consistent with the idea that 5-HT-induced inhibition of the AHP
may be a property of young neonatal motoneurons. Consistent
with this, we also observed transiently higher levels of 5-HT1A

receptor mRNA expression during the early neonatal period
(;P7) in other motoneuronal groups (i.e., facial, spinal). On the
other hand, 5-HT1A receptors have been detected immunohisto-
chemically at low levels in adult rat spinal motoneurons (Kia et al.,
1996b), leaving open the possibility that 5-HT1A receptor-
mediated mechanisms may persist throughout development in
some populations of motoneurons.

It is also noteworthy that, whereas the 5-HT-induced depolar-
ization was not associated with any measurable change in RN in
neonatal HMs (see also Berger et al., 1992), the depolarization we
observed in response to 5-HT in juvenile HMs was associated with
increased RN. Where studied, 5-HT-induced depolarizations as-
sociated with increased RN have been attributed to 5-HT2

receptor-mediated inhibition of leak potassium current (IK,L)
(Aghajanian and Rasmussen, 1989; Larkman et al., 1989; Anwyl,
1990; Rasmussen and Aghajanian, 1990; Larkman and Kelly,
1992). Despite the apparent difference in ionic mechanism, the
depolarization in neonatal HMs also may involve 5-HT2 receptors
(Umemiya and Berger, 1995). The precise mechanism mediating
depolarization in neonatal HMs has not been determined. In
neonatal rat spinal motoneurons 5-HT caused depolarization via
activation of Ih (Berger et al., 1992; Larkman et al., 1995) or via
inhibition of IK,L (Wang and Dun, 1990; Ziskind-Conhaim et al.,
1993), but this did not seem to be the case for neonatal HMs
(Berger et al., 1992). The reason for the developmental change in
the effects of 5-HT2 receptors on RN is also unclear but may

Figure 7. Quantification of postnatal
changes in 5-HT1A receptor expression.
Expression of 5-HT1A receptor was eval-
uated by quantitative ligand-binding au-
toradiography and in situ hybridization.
A, Film autoradiograms were generated
from sections incubated in [3H]8-OH
DPAT and analyzed densitometrically
(see Materials and Methods); total and
non-specific binding were determined in
adjacent sections incubated in the ab-
sence and presence of 1 mM 5-HT, re-
spectively. B, Sections were hybridized
with antisense oligonucleotides and ex-
posed to liquid emulsion. Silver grains
were counted over individual motoneu-
rons, and grain densities (grains /1000
pixels) were calculated; background was
determined by measuring grain density
over tissue where no cells were evident
and subtracted. Both 5-HT1A receptor
binding (A) and mRNA levels (B) peak
near postnatalday 7 (P7 ) before dimin-
ishing to adult levels. In A and B, all values from a single animal were averaged, and the average was treated as a single data point; error bars represent
SEM. Developmental changes in [3H]8-OH DPAT binding and in silver grain density were highly significant (F4,11 5 18.0, p , 0.0001 and F4,11 5 15.8,
p , 0.0005, respectively); there was no effect of development on nonspecific binding shown in A (F4,8 5 1.8, p . 0.20). *, Different from P0; †, different
from P7 (at p , 0.01).
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reflect differences in expression of IK,L or receptor–channel cou-
pling. In any case, the 5-HT depolarization in juvenile HMs is
apparently similar to that observed in other adult motoneuronal
populations, but it is distinctly different from that found in neo-
natal HMs.

Functional consequences
The early postnatal period is a critical period for maturation of
the neuromuscular system (Walton et al., 1992) and a time during
which many of the electrophysiological properties of HMs are
changing dramatically (for review, see Berger et al., 1996). In
addition to changes in intrinsic properties, developmental changes
in the modulatory systems that impinge on HMs also have been
demonstrated. For example, it was shown that the TRH innerva-
tion of HMs, which is also derived from caudal raphe neurons,
increases postnatally, concomitant with increases in the motoneu-
ronal response to TRH (Bayliss et al., 1994c; Funk et al., 1995). In
that case, the developmental change in the response of HMs to

TRH was attributed to an increase in TRH receptor expression
(Bayliss et al., 1994c), whereas the change in effects of 5-HT on
the AHP described here are attributable to a developmental
decrease in 5-HT1A receptor expression. Factors necessitating
these patterns of receptor expression in HMs are not known. One
possibility suggested by our electrophysiological data is that
5-HT1A receptor-mediated inhibition of the AHP may act to
enhance HM excitability in the neonate at a time when other
excitatory mechanisms, such as those activated by TRH and 5-HT,
in the adult are not yet functional (e.g., inhibition of IK,L). It is
notable that the distinct excitatory mechanisms used by raphe
transmitters in neonatal and adult HMs (i.e., inhibition of the
AHP and IK,L, respectively) have different consequences on sub-
threshold and firing behavior of HMs. Inhibition of IK,L by 5-HT
and TRH in adult HMs, by increasing RN, will enhance both
inhibitory and excitatory synaptic inputs and potentially allow
previously subthreshold inputs to trigger action potentials and

Figure 8. Postnatal changes in 5-HT in-
nervation of nXII. Sections from neona-
tal (P0, A, B; P7, C, D) and juvenile (P28,
E, F ) rat brainstem were treated for im-
munohistochemical detection of 5-HT.
Sections were photographed at lower
power with dark-field microscopy (A, C,
E) and at higher power with bright-field
microscopy (B, D, F ). There were few
immunoreactive fibers in nXII at P0 (A,
B), but by P7 a substantial 5-HT innerva-
tion already was apparent (C, D). The
density of 5-HT-immunoreactive fibers
was increased further in nXII of the P28
animal (E, F ). Arrows indicate 5-HT-
immunoreactive varicosities in nXII at
each of the ages. Scale bars: 100 mm, A,
C, E; 15 mm, B, D, F. Dashed white lines
demarcate the approximate boundaries
of nXII.
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repetitive firing (see leftward shift of f–I curve in Fig. 2B, inset).
By contrast, in neonates in which 5-HT inhibits the AHP with no
effect on RN, one would predict that subthreshold inputs (excita-
tory or inhibitory) would remain unaltered and that only supra-
threshold inputs would be enhanced (see increased slope of f–I
curve in Fig. 2A, inset).

HMs innervate the tongue musculature, and their activity is
important in a number of behaviors involving the tongue, includ-
ing mastication, deglutition, and suckling (Krammer et al., 1979;
Bartlett et al., 1990). In addition, HMs contribute significantly to
the maintenance of upper airway patency during respiration, an
effect that can be disrupted during sleep, leading to obstructive
apneas (Remmers et al., 1978; Wiegand et al., 1991). HMs receive
a serotonergic innervation from caudal medullary raphe neurons
(Manaker and Tischler, 1993), the activity of which is correlated
with both sleep–wake states and rhythmic motor activities such as
breathing (Jacobs and Azmitia, 1992; Jacobs and Fornal, 1993;
Veasey et al., 1995; Fornal et al., 1996). Moreover, Kubin and
colleagues have shown in vivo that 5-HT has excitatory effects on
HMs (Kubin et al., 1992) and that diminished release of 5-HT and
depression of hypoglossal activity are tightly coupled during ex-
perimentally induced REM-like sleep (Kubin et al., 1994). Thus,
increased levels of 5-HT released during waking states (when
raphe neurons are active) may confer an excitatory bias to HMs;
the withdrawal of 5-HT during REM sleep states (when raphe
neurons are silent) can lead to decreased HM excitability via
disfacilitation, potentially contributing to the loss of tone in
tongue muscles and obstructive apneas that occur during REM
sleep (Remmers et al., 1978; Wiegand et al., 1991). The data
presented here indicate that the mechanism by which 5-HT pro-
vides this important excitatory bias to HMs is different in neonates
and adults as a result of altered 5-HT receptor expression.
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