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Endogenous amines and peptides continuously modulate the
activity of neuronal networks and are required even for their
normal operation. The respiratory rhythm generator, localized in
the pre-Bötzinger complex, is not an exception. This network is
modulated by various neurotransmitters, including serotonin
(5-HT). In this study, we isolated the respiratory network in
brainstem slices and demonstrate that the endogenous activa-
tion of 5-HT2A is required for the generation of the respiratory
rhythm in vitro. At the network level, activation of 5-HT2A re-
ceptors with 4-iodo-2,5-dimethoxyamphetamine or the 5-HT
uptake blocker alaproclate increased the frequency of respira-
tory activity. Blockade of endogenously activated 5-HT2A re-
ceptors with three different antagonists decreased the fre-
quency, amplitude, and regularity of respiratory population
activity, an effect that was blocked by protein kinase C (PKC)
activators. At the cellular level, blockade of 5-HT2A receptors
reduced the action potential discharge in all examined respira-

tory neurons, which was associated with a reduction in the fast
and the persistent sodium current. Continuous application of
5-HT2A-receptor antagonists differentially affected pacemaker
neurons. Pacemaker activity was eliminated in cadmium-
insensitive pacemaker neurons. In cadmium-sensitive pace-
maker neurons, the frequency of pacemaker activity was unaf-
fected and the amplitude of pacemaker bursts was enhanced.
It is assumed that cadmium-insensitive pacemakers rely on the
persistent sodium current, whereas cadmium-sensitive pace-
makers depend on the activation of calcium currents. We con-
clude that endogenously activated 5-HT2A receptors are re-
quired for maintaining fictive respiratory activity in the
brainstem slice by modulating sodium conductances via a PKC
pathway.
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Neuronal networks are modulated continuously by endogenously
released amines and peptides. For invertebrate neuronal net-
works, such as the stomatogastric system of the crustacean, it has
been demonstrated that neuromodulators are required for normal
operation. In these networks, membrane properties are tuned in
such a way that endogenous modulators are necessary to bring
them into a functional voltage range (for review, see Nusbaum
and Beenhakker, 2002). The concept that endogenously released
neuromodulators are required for the operation of a neuronal
network also applies to mammalian nervous systems. For exam-
ple, it has been shown that substance P plays a major role
modulating the activity of the respiratory network both in vivo
(Gray et al., 2001) and in vitro (Telgkamp et al., 2002). Several
studies suggest that endogenous serotonin (5-HT) is required
during the maturation of the neuronal network that controls
breathing (Di Pasquale et al., 1994; Bou-Flores et al., 2000).

Increasing evidence indicates that the breathing rhythm is
generated by a neuronal network located within the pre-
Bötzinger complex (PBC) in the medulla (Smith et al., 1991).
Isolation of the PBC in transverse slices in vitro preserves rhyth-

mic activity (Smith et al., 1991), which is characterized by differ-
ent activity patterns. Quantitative measurements of the fre-
quency, amplitude, and shape of this rhythmic activity led to the
discrimination of three very distinct activity patterns that are
generated under normoxic and hypoxic conditions (Lieske et al.,
2000). In this study, we present data indicating that endogenously
released 5-HT acting on the 5-HT2A receptor is required for the
operation of the respiratory network isolated in transverse slices
of neonatal mice.

Exogenously applied 5-HT exerts complex modulatory effects
on respiration (Morin et al., 1990, 1991; Lalley et al., 1994, 1995;
Rose et al., 1995), particularly in in vivo preparations (Bianchi et
al., 1995; Haji et al., 2000). This is attributable to the presence of
multiple 5-HT-receptor subtypes (Barnes and Sharp, 1999) that
cause diverse respiratory effects at the single-neuron and network
level (Bohmer et al., 1979; Champagnat et al., 1979; Arita and
Ochiishi, 1991; Lalley et al., 1997). Because of this complexity, we
examined the endogenous role of only one receptor subtype, the
5-HT2A receptor. Exogenous applications of specific 5-HT2A ago-
nists are known to exert an excitatory effect on respiratory activ-
ity in vitro (Onimaru et al., 1998) in anesthetized cats (Lalley et
al., 1995) and in conscious rats (Cayetanot et al., 2002). This
effect can be mimicked in transverse slices (Al-Zubaidy et al.,
1996) by stimulating raphe neurons, the primary source of endog-
enous 5-HT. Because 5-HT-containing neurons fire tonically
(Richerson et al., 2001), continuously released 5-HT acting on the
5-HT2A receptor can modulate the respiratory network. The data
presented in this study suggest that endogenously released 5-HT
acting on the 5-HT2A receptor modulates the transient and the
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persistent sodium current in PBC neurons. This is particularly
interesting because the activation of the persistent sodium cur-
rent in respiratory neurons has been implicated in the generation
of the respiratory rhythm (Butera et al., 1999; Smith et al., 2000).

MATERIALS AND METHODS
Preparation. Experiments were performed on brainstem transverse slices
from male and female CD1 mice [postnatal day 1 (P1)–P13] using a
preparation technique described in detail previously (Ramirez et al.,
1996). The most important steps are summarized here. The experimental
procedures were approved by the Institutional Animal Care and Use
Committee at the University of Chicago. Animals were deeply anesthe-
tized with ether delivered by inhalation and decapitated, and the isolated
brainstem was placed in an ice-cold artificial CSF (aCSF) bubbled with
carbogen (95% O2 and 5% CO2). The aCSF contained (in mM): 128
NaCl, 3 KCl, 1.5 CaCl2, 1 MgSO4, 24 NaHCO3, 0.5 NaH2PO4, and 30
D-glucose, pH 7.4. The brainstem, glued with the rostral end up onto an
agar block, was mounted into a vibratome and serially sliced from rostral
to caudal until the rostral boundary of the PBC was identified by specific
landmarks such as the inferior olive, the nucleus ambiguus, and the
hypoglossal nucleus (XII) (see Fig. 1 A). Slices (500- to 700-�m-thick)
containing the PBC were transferred into a recording chamber, contin-
uously perfused with oxygenated aCSF, and maintained at 29°C. To
obtain and maintain consistently fictive respiratory rhythmic activity, the
potassium concentration of the perfusing aCSF was raised from 3 to 8
mM over 30 min. Under these conditions, respiratory rhythmic activity
was stable for many hours.

Recordings. Population activity recordings were obtained with suction
electrodes positioned on the surface of the PBC. The signals were
amplified 2000 times, filtered (low-pass, 1.5 kHz; high-pass, 250 Hz),
rectified, and integrated using an electronic filter (time constant, 30–50
msec). Integrated population activity from the PBC was in phase with
integrated XII activity (Telgkamp and Ramirez, 1999; Thoby-Brisson et
al., 2000). Therefore, extracellularly recorded PBC activity was used as a
marker for inspiratory population activity (see Fig. 1).

Whole-cell patch-clamp recordings were obtained from PBC neurons
using two different techniques: the blind-patch and the patch-clamp
technique under visual control. Respiratory neurons were identified
according to their anatomical location and their discharge characteristics
with respect to the population respiratory activity (see Fig. 1 A). The
discharge pattern of each cell type was identified first in the cell-attached
mode. Experiments were then performed in the whole-cell patch-clamp
mode. The respiratory neurons were current-clamped at the zero-current
potential. The patch electrodes were manufactured from filamented
borosilicate glass tubes (G150F-4; Warner Instruments, Hamden, CT).
Blind-patch electrodes used for current-clamp recordings were filled with
a solution containing (in mM): 140 K-gluconic acid, 1 CaCl2 � 6 H2O, 10
EGTA, 2 MgCl2 � 6 H2O, 4 Na2ATP, and 10 HEPES. The K-gluconic
acid-containing electrode solution resulted in a significant liquid junc-
tional potential (LJP; �12 mV), which affected the measured membrane
potentials. All membrane potential values were corrected for this LJP as
described by Neher (1992). Input resistance was determined according to
the voltage change in response to the injection of hyperpolarizing DC
pulses. Patch-clamp electrodes used for voltage-clamp recordings to
isolate Na � currents were filled with a solution containing (in mM): 110
CsCl, 30 tetraethylammonium chloride, 1 CaCl2, 10 EGTA, 2 MgCl2, 4
Na2ATP, and 10 HEPES, pH 7.2. This pipette solution resulted in a
small LJP (�3 mV), which was not corrected in this study. Neurons were
held at �60 mV, and after identification of the type of respiratory
neurons, 200 �M CdCl2 was added to the bath to block Ca 2� currents
(Elsen and Ramirez, 1998).

All recordings were stored on a personal computer using Axotape
(version 2.0) or pClamp 6 (Axon Instruments, Foster City, CA) and
analyzed off-line using customized analysis software written with IGOR
Pro (Wavemetrics, Lake Oswego, OR). We obtained the irregularity
score ( S) of respiratory bursts using the methods described by Telgkamp
et al. (2002) and the following formula: Sn � 100 � ABS(Pn � Pn�1)/
Pn�1, where Sn is the score of the nth cycle, Pn is its period, Pn-1 is the
period of the preceding burst, and ABS is the absolute value.

Pharmacology. (�)-4-Iodo-2,5-dimethoxyamphetamine (DOI) HCl,
alaproclate hydrochloride, 5-methyl-1-(3-pyridylcarbamoyl)-1,2,3,5-tetra-
hydropyrrolo[2,3-f]indole (SB206553), cadmium chloride, (�)-bicuculline
free base, strychnine HCl, (�)-3-(2-carboxypiperazin-4-yl)-propyl-1-
phosphonic acid (CPP), and 18�-glycyrrhetinic acid were obtained

from Sigma (St. Louis, MO). Ketanserine tartrate, spiperone, 4-(4-
fluorobenzoyl)-1-(4-phenylbutyl)-piperidine (piperidine), phorbol 12-
myristate 13-acetate (PMA), and 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) were obtained from Tocris Cookson (Ellisville, MO). None of
these drugs caused a change in the LJP. The possibility of washing out
5-HT2A antagonists was tested for ketanserine and piperidine. However,
even after 40 min of wash-out after application of ketanserine, the
frequency of respiratory activity remained decreased (n � 5), and it took
�1 hr to achieve a partial recovery of respiratory activity after applica-
tion of piperidine (n � 7). Because of the difficulty in reversing the effects
of these antagonists, we performed only one pharmacological experiment
per slice preparation, and we did not attempt a wash-out of 5-HT
antagonists when assessing data obtained from intracellular recordings.

Statistical values are given as mean � SEM. The effects of the exam-
ined drugs were compared with the control condition as measured
immediately before the drug application, and significance for these
effects was assessed with a Student’s paired t test. Values were assumed
to be significant at p � 0.05.

RESULTS
Effects of pharmacological activation and blockade of
5-HT2A receptors
Activation of 5-HT2A receptors has excitatory effects on respira-
tory rhythm in the transverse slice preparation of mice (Fig. 1B),
confirming studies performed in other in vitro preparations (Al-
Zubaidy et al., 1996; Onimaru et al., 1998), as well as in anesthe-
tized cats (Lalley et al., 1995) and conscious rats (Cayetanot et al.,
2002). Application of DOI, a specific 5-HT2A-receptor agonist
(Marek and Aghajanian, 1996), increased the frequency of inte-
grated population activity recorded from the PBC (Fig. 1A, PBC
int). As shown in Figure 1B, DOI increased the frequency of two
types of respiratory bursts: small-amplitude bursts that represent
“fictive eupneic activity” and large-amplitude bursts that repre-
sent “fictive sigh activity” as defined by Lieske et al. (2000). In the
present study, we evaluated only the serotonergic effect on fictive
eupneic activity as defined by Lieske et al. (2000) and refer to this
activity as “fictive respiratory activity” or “respiratory activity”
(small-burst) throughout this study. Frequency of fictive respira-
tory activity significantly increased to 143 � 14.2% of control
during the application of DOI (Fig. 1C) (n � 13). Note that the
increase in respiratory activity coincided with an increase in
integrated baseline activity (Fig. 1B). The excitatory effect of
DOI was mimicked by the blockade of endogenous 5-HT uptake
with alaproclate (10 �M). Confirming previous reports (Morin et
al., 1990, 1991; Di Pasquale et al., 1994), the blockade of 5-HT
uptake significantly increased the frequency of fictive respiratory
activity to 125.84 � 4.91% of control (n � 5; p � 0.016). The
effects of DOI and the effects of the 5-HT2A antagonists were
consistent and similar throughout all ages of the examined ani-
mals (P1–P13).

Blockade of endogenous activation of the 5-HT2A receptor had
opposite effects on respiratory activity. Continuous application of
the 5-HT2A-receptor antagonist ketanserine resulted in a pro-
gressive depression of fictive respiratory activity (Fig. 2A). This
depression is reflected in a decrease in fictive respiratory fre-
quency (to 42.93 � 4.84% of control) (Fig. 2E), burst amplitude
(to 68.50 � 6.64% of control) (Fig. 2F), and integrated baseline
activity (Fig. 2A) (n � 22). In three of 22 preparations, we
observed that respiratory activity ceased 30–40 min after the
application of ketanserine. In all preparations, respiratory rhyth-
mic activity became more irregular in the presence of ketanserine
(Fig. 2G). This was assessed by obtaining an irregularity score, as
described previously by Telgkamp et al. (2002). Also see Mate-
rials and Methods.

Although ketanserine is a relatively specific 5-HT2A antago-
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nist, we also confirmed this finding with other 5-HT2A-specific
antagonists. The other two 5-HT2A antagonists examined, piper-
idine (Fig. 2B) and spiperone (Fig. 2C), had the same effects as
ketanserine, causing a significant reduction in the frequency,
amplitude, and regularity of the fictive respiratory rhythm. The
quantification of the effect of these antagonists on the three
respiratory parameters mentioned is shown in Figure 2E–G. The
effect of these antagonists was dose dependent. Piperidine (2 �M)
produced a smaller but still significant reduction in the frequency
of the fictive respiratory activity (to 88.57 � 6.13% of control;
n � 4; p � 0.05)

Studies in other systems indicate that 5-HT2A antagonists can
also act on the 5-HT2C receptor (Baxter et al., 1995; Barnes and
Sharp, 1999; Jerman et al., 2001). Although the 5-HT2A-receptor
antagonists ketanserine, piperidine, and spiperone have a higher
affinity for the 5-HT2A receptor, it was important to compare
their actions with those of a specific 5-HT2C antagonist
(SB206553). Continuous application of SB206553, for the same
period of time as the three 5-HT2A antagonists (30 min), does not
affect the fictive respiratory activity (Fig. 2D), further confirming
that the effects of ketanserine, piperidine, and spiperone were

attributable to a specific 5-HT2A-receptor modulation (for quan-
tification, see Fig. 2E–G).

The effects of blocking the 5-HT2A receptor were examined in
34 inspiratory and nine expiratory neurons that had no pace-
maker properties (nonpacemaker neurons). Only two of the re-
corded inspiratory neurons exhibited a hyperpolarization of
�4–5 mV (Fig. 3A); all other recorded respiratory neurons
showed no changes or only minor changes in membrane potential
(�3 mV) (Fig. 3B). On average, the membrane potential did not
change significantly after the application of ketanserine (96.3 �
1.89% of control; n � 11), piperidine (106.0 � 4.7% of control;
n � 9), or spiperone (94.8 � 2.7% of control; n � 4). As shown
in Figure 4B, we also did not observe a significant change in the
input resistance of the respiratory neurons throughout the appli-
cation of the 5-HT2A antagonist piperidine (107.64 � 7.57% of
control; n � 4).

Despite the absence of a significant alteration in either the
membrane potential or the input resistance, ketanserine, piperi-
dine, and spiperone significantly reduced the frequency of action
potentials generated during the burst in all inspiratory nonpace-
maker neurons [to 67.9 � 12.3% (n � 11), 43.3 � 11.9% (n � 7),

Figure 1. Activation of 5-HT2A receptors has
an excitatory effect on fictive respiratory
rhythmic activity. A, Transverse slices that
contain the pre-Bötzinger complex (lef t panel,
PBC int) spontaneously generate respiratory
rhythmic population activity (right panel ). In-
tegrated population activity obtained from ex-
tracellular recordings (top trace, PBC int) re-
veals bursts of inspiratory activity that are
used as markers to identify intracellularly re-
corded neurons. Neurons with synaptic drive
potentials occurring in phase with population
bursts are referred to as inspiratory neurons
(bottom trace). B, Integrated population activ-
ity reveals two types of fictive respiratory ac-
tivities: small-amplitude bursts represent fic-
tive respiratory activity; large-amplitude
bursts represent fictive sighs. Note that exog-
enously applied DOI increases the frequency
of both activities. C, The frequency increase
in respiratory activity was plotted for 13 slices
as a percentage of control. IO, Inferior olive;
NA, nucleus ambiguus; NTS, nucleus tractus
solitarius; Sp5, spinal trigeminal nucleus. *p �
0.05 (Student’s paired t test) compared with
control.

Figure 2. Blockade of endogenously activated
5-HT2A receptors but not 5-HT2C receptors de-
presses fictive respiratory rhythmic activity. A,
Integrated PBC activity shown at a slow (top
trace) and fast (bottom traces) time scale. Note
that ketanserine causes a gradual decrease in
frequency, amplitude, and regularity of respira-
tory activity. The arrows show the time at which
the bottom traces were taken. The effect of ket-
anserine is similar to the effect of two other
5-HT2A antagonists, piperidine (B) and spiper-
one (C), but not to the effect of the specific
5-HT2C antagonist SB206553 (D), which has no
effect on the fictive respiratory activity. E–G,
Histograms plotting the percentage changes for
burst frequency (E), amplitude (F), and irreg-
ularity (G). SB, SB206553; KET, ketanserine;
PIP, piperidine; SPI, spiperone. Note that sig-
nificant changes were caused only by 5-HT2A
antagonists. *p � 0.05 (Student’s paired t test)
compared with control (data not shown).
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and 44.53 � 26.84% (n � 6) of control frequency, respectively].
This effect is illustrated for the application of piperidine (Fig.
3A,B). The reduction in the frequency of action potentials was not
restricted to the intraburst activity of inspiratory neurons. In the

inspiratory neurons that generated action potentials during the
interburst interval (n � 14) (Fig. 3A), there was also a signifi-
cantly reduced interburst action potential frequency [to 16.6 �
9.4% (n � 8) and 20.2 � 11.8% (n � 6) of control for ketanserine
and piperidine, respectively]. These effects were not specific to
inspiratory neurons. Expiratory neurons are tonically active dur-
ing the interburst interval and are hyperpolarized during the
inspiratory burst. After the application of ketanserine, action
potential discharge was also reduced in expiratory neurons (to
32.9 � 11.35% of control; n � 9). Three of the expiratory neurons
ceased to discharge (data not shown). The reduced action poten-
tial discharge in both inspiratory and expiratory neurons can
explain, at least in part, the reduction in the baseline of the
integrated population recording. As shown in Figure 3, the re-
duction in action potential discharge is reflected not just in the
frequency of the action potential; there was also a reduction in the
amplitude of the action potentials generated by the respiratory
neurons after the application of the 5-HT2A antagonist.

The observed changes in the characteristics of action potential
discharge could be attributable indirectly to a network effect (i.e.,
reduction of synaptic drive). To test this possibility, we synapti-
cally isolated seven inspiratory neurons by applying a mixture of
antagonists for NMDA receptor- and non-NMDA receptor-
dependent glutamatergic (10 �M CPP, 20 �M CNQX), glyciner-
gic, and GABAergic synaptic transmission (1 �M strychnine, 20
�M bicuculline). We evoked a train of action potentials in each of
the examined neurons by injecting the same amount of depolar-
izing current before and after the application of piperidine. The
experiment shown in Figure 4C confirms that the blockade of
5-HT2A receptors affected action potential discharge. The appli-
cation of piperidine reduced the number of action potentials by
33.01 � 10.40% and reduced the amplitude of the action poten-
tials to 80.62 � 4.94% of control ( p � 0.004). The duration of the
action potentials was not affected (control, 2.06 � 0.16 msec;
piperidine, 2.53 � 0.66 msec).

PKC activation prevents inhibition of the respiratory
rhythm by 5-HT2A antagonists
5-HT2 receptors are positively coupled to phospholipase C, which
causes the intracellular release of diacylglycerol and inositol
triphosphate and a subsequent activation of PKC (Martin and
Humphrey, 1994; Egan et al., 1998; Barnes and Sharp, 1999;

Figure 3. Blockade of endogenously ac-
tivated 5-HT2A receptors reduces action
potential discharge in inspiratory neu-
rons. A–B, Top panels, Intracellular re-
cording from two inspiratory neurons at a
slow time scale. Population activity is not
shown. Bottom panels, Intracellular re-
cordings from the same inspiratory neu-
rons before (lef t) and after (right) the
application of piperidine. Intracellular re-
cordings are shown at a faster time scale
together with the simultaneously re-
corded integrated population activity (top
traces). Arrows show approximately the
time at which the bottom traces were
taken. Note the reduction in the ampli-
tude of the spontaneous action potentials
during the interburst interval (which is
dramatic in the neurons shown in A) and
during the population burst (for compar-
ison, see the line).

Figure 4. Blockade of 5-HT2A receptors reduces the amplitude and
number of action potentials but does not change the input resistance of
synaptically isolated inspiratory neurons. A, Blockade of synaptic trans-
mission with the mixture containing CPP, CNQX, bicuculline, and strych-
nine (10, 20, 20, and 1 �M, respectively; COCKTAIL) eliminates rhythmic
population activity (top trace) and burst activity in the nonpacemaker
neuron (bottom trace). B, Top panel, Intracellular recording from the same
inspiratory neurons as shown in A in the presence of the mixture shown
at a slow time scale during the application of a test pulse of hyperpolar-
izing current. Bottom panel, Intracellular recording from the same inspira-
tory neuron before (lef t) and after (right) the application of piperidine;
note that continuous application of piperidine does not affect the input
resistance. Arrows show the time at which the bottom traces were taken. C,
Effect of piperidine on action potential discharge evoked by pulses of
depolarizing current injected into a synaptically isolated inspiratory neu-
ron. Note that the number and amplitude of action potentials are reduced
after the application of piperidine.
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Rauser et al., 2001). Therefore, activators of PKC (phorbol es-
ters) can mimic the effects of 5-HT2A activation (Wang and
Friedman, 1990; Araneda and Andrade, 1991; Blank et al., 1996).
Consequently, we hypothesized that the blockade of endogenous
activation of 5-HT2A receptors causes a reduced activation of
PKC, which then results in a depression of the respiratory
rhythm. If this is the case, activation of PKC with a phorbol ester
should prevent the inhibition produced by piperidine. To test this
hypothesis, brainstem slices were pretreated with the phorbol
ester PMA (10 �M) for 10 min. The incubation with PMA
produced a slight, but not significant, excitatory effect on the
respiratory rhythm by itself and, consistent with our hypothesis,
prevented the depression in the respiratory activity produced by
the blockade of the 5-HT2A receptors (Fig. 5A,B). Preincubation
with PMA can prevent the reduction in respiratory frequency
[67.09 � 10.26% of control with PMA plus piperidine (n � 5) vs
40.34 � 4.05% of control with piperidine alone (n � 20)], the
increase in the irregularity [125.12 � 32% of control with PMA
plus piperidine (n � 5) vs 53278.75 � 62.18% of control with
piperidine alone (n � 20)], and the reduction in action potential
frequency [102 � 12.9% of control with PMA plus piperidine
(n � 5) vs 43.3 � 11.9% of control with piperidine alone (n � 10)]
produced by piperidine.

5-HT2A antagonists differently affect cadmium-
insensitive and cadmium-sensitive pacemaker activity
After blockade of respiratory network activity with CNQX, some
inspiratory neurons continue to exhibit endogenously generated
pacemaker activity (Smith et al., 2000; Thoby-Brisson et al., 2000;
Thoby-Brisson and Ramirez, 2001; Del Negro et al., 2002). Be-
cause of their potential role in generating the respiratory rhythm
(Rekling and Feldman, 1998; Butera et al., 1999; McCrimmon et
al., 2000; Smith et al., 2000), we examined the effects of 5-HT2A

antagonists on this pacemaker activity. Pacemaker neurons were
synaptically isolated by applying the mixture containing CPP,

CNQX, bicuculline, and strychnine as described above plus a
gap-junction blocker (50 �M 18�-glycyrrhetinic acid). The PBC
contains two types of pacemaker neurons (Thoby-Brisson and
Ramirez, 2001) with different burst properties (compare Fig. 6D
with Fig. 7C) and different sensitivity to cadmium at concentra-
tions (100–200 �M) known to block all calcium currents (Elsen
and Ramirez, 1998). Therefore, we separated the pacemaker
neurons into two groups: cadmium-sensitive and cadmium-
insensitive pacemaker neurons (Thoby-Brisson and Ramirez,
2001). Both types of pacemaker neurons fire in phase with the
fictive respiratory rhythm and, after the synaptic isolation with
the mixture, continue to produce rhythmic burst activity (see
middle traces of Figs. 6A and 7A for cadmium-insensitive and
cadmium-sensitive pacemakers, respectively). In the presence of
cadmium (200 �M), cadmium-insensitive pacemakers continue to
generate burst activity (Fig. 6B, middle trace), whereas pacemak-
ers in cadmium-sensitive neurons cease to burst (Fig. 7A, bottom
trace). In the presence of 5-HT2A-receptor antagonists, cadmium-
insensitive pacemaker activity ceased (Fig. 6A,B). The complete
cessation of pacemaker activity was preceded by a significant
reduction in the frequency of pacemaker bursts, which we quan-
tified for 18 cadmium-insensitive pacemaker neurons 30 min after
the application of piperidine (Fig. 6C). This complete blockade of
cadmium-insensitive burst activity was also evident when burst
activity was electrically evoked by the application of DC. A square
pulse of current injected into a pacemaker neuron evoked burst
activity before the blockade of the 5-HT2A receptor (Fig. 6E).
After the application of piperidine, the same amount of current
produced just a few isolated action potentials. This was seen in all
pacemakers tested with this experimental paradigm (n � 3). As
observed for the nonpacemaker neurons, cadmium-insensitive
pacemakers also showed a significant reduction in the amplitude
of action potentials, reducing the action potential amplitude to
92.96 � 1.81% of control ( p � 0.01). The frequency of action
potentials generated during each burst decreased to 16.74 �
13.50% of control ( p � 0.00002) (Fig. 6A,B, bottom traces).

In cadmium-sensitive pacemaker neurons, piperidine also sig-
nificantly reduced the frequency (to 74.76 � 15.08% of control)
and amplitude (to 78.59 � 6.44% of control) of action potentials
generated during each burst. However, burst activity persisted in
all examined cadmium-sensitive pacemaker neurons (n � 10)
(Fig. 7A, third trace). The recording of the same cadmium-
sensitive pacemaker neuron (Fig. 7A) is shown at a slow time
scale (Fig. 7B) to illustrate that pacemaker activity continued to
persist in the presence of piperidine for a long time. The blockade
of the 5-HT2A receptors with piperidine did not alter the burst
frequency (control, 0.50 � 0.11 Hz; piperidine, 0.52 � 0.09 Hz);
however, there was a significant reduction in the duration of the
burst (control, 2.32 � 0.43 sec; piperidine, 1.86 � 0.32 sec) and an
increase in the burst amplitude (control, 11.36 � 1.63 mV; pip-
eridine, 15.44 � 1.18 sec). Note that the action potential reduc-
tion was more pronounced in cadmium-sensitive pacemaker neu-
rons than in cadmium-insensitive pacemakers. Therefore, it is
likely that the increased burst amplitude contributed to the re-
duction in the action potential amplitude in cadmium-sensitive
pacemaker neurons.

Time course of network and cellular effects produced
by 5-HT2A antagonists
The data presented so far indicate that blockade of an endoge-
nous activation of 5-HT2A receptors results in alterations at the
cellular as well as the network level. Figure 8 compares the time

Figure 5. Activation of PKC opposes the respiratory depression caused
by the 5-HT2A blockade. Integrated PBC activity (top traces) simulta-
neously recorded with an inspiratory neuron (bottom traces) under control
conditions and after the application of piperidine (A) and in the presence
of PMA (B) is shown. Note that the PKC activator abolished the depres-
sion in population activity and the discharge pattern of the inspiratory
neuron produced by piperidine (B).
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courses of these effects assessed for the frequency of fictive
respiratory activity (Fig. 8, top panel) (n � 20) and the frequency
of bursting in synaptically isolated cadmium-insensitive (Fig. 8,
second panel) (n � 18) and cadmium-sensitive pacemaker neu-
rons (Fig. 8, third panel) (n � 10). Figure 8 (bottom panel) also
illustrates the changes in the amplitude of action potentials gen-
erated in nonpacemaker neurons (n � 7). Each parameter was
measured every minute for 30 min after the application of piper-
idine. Note that the frequency of fictive respiratory activity de-
creased by �60% over a period of �22 min, which correlates with
a continuous decrease in bursting frequency in cadmium-
insensitive pacemaker neurons. After the cessation of pacemaker
activity in cadmium-insensitive pacemaker neurons, there was no
additional reduction in fictive respiratory activity; the frequency
of network activity remained at a reduced level of 40% of control.

Inhibition of the respiratory rhythm produced by
5-HT2A antagonists is consistent with a reduction of
both transient and persistent Na� currents
The data presented are consistent with the hypothesis that block-
ade of an endogenous activation of 5-HT2A receptor affects (1)
action potential discharge and presumably, therefore, the activa-
tion of the transient sodium current, and (2) pacemaker activity in
cadmium-insensitive pacemaker neurons and presumably, there-
fore, TTX-sensitive persistent sodium current. To test the hy-
pothesis that the inhibition of 5-HT2A receptors affects both the
transient and the persistent sodium currents, we obtained record-

ings from 11 inspiratory nonpacemaker neurons (Fig. 9A) in the
voltage-clamp configuration. Voltage steps from �80 to �40 mV
(Fig. 9C) and slow voltage ramps from �80 to �20 mV (Fig. 9B)
(90 mV/sec) were applied to elicit transient and persistent Na�

currents, respectively. As shown in Figure 9, both the transient
(Figs. 9C, top trace, 9D) and the persistent (Fig. 9B, top trace)
sodium current were inhibited after the application of the 5-HT2A

antagonist ketanserine. The bottom traces in Figure 9, B and C,
show that both the persistent and the transient inward currents
recording in the nonpacemaker neurons were sensitive to TTX.

DISCUSSION
In this study, we demonstrated in the transverse brainstem slice
preparation of mice that the blockade of 5-HT2A receptors pro-
duces a depression in fictive respiratory activity. This respiratory
depression was reflected in a significant reduction in frequency,
amplitude, and regularity of respiratory rhythmic activity that
could be prevented by activation of the PKC pathway. The block-
ade of 5-HT2A-receptor activity resulted in a significant reduction
in action potential discharge and cadmium-insensitive, TTX-
sensitive, pacemaker activity. This leads to the conclusion that
activation of 5-HT2A receptors is required not only for maintain-
ing action potential discharge but also for pacemaker activity in
neurons that are thought to rely on the activation of the persistent
sodium current. To exclude the possibility that the observed
effects were attributable to an unspecific action on other recep-

Figure 6. Blockade of endogenously ac-
tivated 5-HT2A receptors abolishes pace-
maker properties in cadmium-insensitive
pacemaker neurons. A, B, Top panel, Two
inspiratory neurons recorded in different
slices (bottom traces) discharging in phase
with integrated population activity (top
panel ) under control conditions. Middle
panel, After the blockade of respiratory
population activity with the mixture
(COCKTAIL) in A or mixture plus 200
�M cadmium in B (top trace), the pace-
maker neurons continue to generate in-
trinsically rhythmic activity (middle
trace), which is abolished after the appli-
cation of piperidine (bottom panel ). C,
Histogram plotting the average spontane-
ous burst frequency of 18 cadmium-
insensitive pacemaker neurons before
(CON ) and after (PIP) the application of
piperidine. D, Expanded trace of a single
burst recorded in a cadmium-insensitive
pacemaker neuron under control condi-
tions and in the presence of piperidine. E,
Burst activity evoked in a cadmium-
insensitive pacemaker neuron (top trace)
by the application of a square pulse of
depolarizing DC (bottom trace). The
same pulse evokes only isolated action
potentials after the application of piperi-
dine (middle trace). Note also a reduction
in action potential amplitude and fre-
quency in the presence of piperidine.
*p � 0.05 (Student’s paired t test) com-
pared with control.
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tors, we examined the effect of not one but three specific 5-HT2A

antagonists: ketanserine, piperidine, and spiperone. We excluded
a possible action on 5-HT2C receptors by comparing the effects
caused by 5-HT2A antagonists with those caused by a specific
5-HT2C receptor antagonist, SB206553. Furthermore, our data
are consistent with the known actions of 5-HT2A receptors, as
discussed in the following section.

Role of endogenous activation of 5-HT2A in the
maintenance of respiratory rhythmic activity
Activation of 5-HT2A receptors has a well documented excitatory
effect not only in the respiratory network but also on different
areas in the CNS (Araneda and Andrade, 1991; Lindsay and
Feldman, 1993; Marek and Aghajanian, 1996). At the cellular
level, ionophoresis of 5-HT2A agonists (�-Me-5-HT and DOI)
depolarizes membrane potential and increases action potential
frequency in respiratory neurons (Lalley et al., 1995; Onimaru et
al., 1998), which results in an increase in respiratory rhythmic
activity in the brainstem slice preparation (Al-Zubaidy et al.,
1996; Onimaru et al., 1998). This is consistent with the DOI
effects described in the present study (Fig. 1). The effects of
exogenously applied 5-HT2A agonists were opposite to those
caused by the pharmacological blockade of 5-HT2A receptors,
which resulted in an inhibition of respiratory activity. This inhib-
itory effect was presumably attributable to a decreased activation
of the PKC pathway, which is consistent with previous studies
indicating not only that PKC is endogenously active in respiratory
cells, but also that inhibition of this protein kinase depresses
neuronal activity (Haji et al., 1996; Richter et al., 1997). The
effects by DOI were mimicked by the blockade of endogenous
5-HT uptake, suggesting that the tonic activation of PKC is
maintained at least in part by the endogenous release of 5-HT
acting on 5-HT2A receptors. In addition, it is conceivable that
5-HT2A receptors are constitutively activated. This has been
shown for a natural isoform of the 5-HT2C receptor (Rauser et
al., 2001). Indeed, ketanserine can reduce the activity of consti-

tutively activated 5-HT2A receptors, acting as an inverse agonist
(Egan et al., 1998). The 5-HT2 receptors are known to be linked
to the Gq family of G-proteins, and subsequent activation of
phospholipase C causes an increase in intracellular calcium and
the activation of PKC (Martin and Humphrey, 1994; Barnes
and Sharp, 1999; Rauser et al., 2001). Exogenously applied 5-HT
and the 5-HT2A agonist DOI increase PKC activity, and the
increase in PKC induced by 5-HT can be prevented by 5-HT2A

antagonists (Wang and Friedman, 1990). Furthermore, there is
evidence that activation of PKC by phorbol esters mimics the
excitatory actions of 5-HT2A agonists in respiratory neurons
(Champagnat and Richter, 1993; Lalley et al., 1995). Conversely,
the excitability of respiratory neurons is depressed when PKC is
inhibited (Haji et al., 1996). For rat pups, it has been shown that
the PKC inhibitor Ro 32-0432 (3-[8-[(dimethylamino)methyl]-
6,7,8,9-tetrahydropyrido-[1,2-a]indol-10-yl]-4-(1-methyl-3-
indolyl)-H-pyrrole-2,5-dione hydrochloride) decreases the re-
spiratory rate, suggesting that endogenous PKC inhibition
results in a ventilatory reduction by affecting the timing mech-
anisms (Bandla et al., 1999), which is also consistent with the
present study.

The activation of PKC and 5-HT2A receptors also may have
converging roles in controlling neuronal excitability (Bobker and
Williams, 1990; Hwang and Dun, 1999) (for review, see Walaas
and Greengard, 1991). Consistent with our findings, PKC modu-
lates transient (Astman et al., 1998; Sitges et al., 1998; Schreib-
mayer, 1999) and persistent sodium currents (Astman et al., 1998;
Franceschetti et al., 2000), and it has been proposed that these
effects on sodium currents increase the neuronal excitability (Ast-
man et al., 1998; Franceschetti et al., 2000). The activation of
5-HT2A receptors has been associated with the induction of a
tonic inward current (Lindsay and Feldman, 1993) that is Na�

dependent (Lee et al., 1999). In this study, we show that the
inhibition of endogenous activation of 5-HT2A receptors de-
creases the persistent and transient sodium current in the re-

Figure 7. Blockade of endogenously acti-
vated 5-HT2A receptors inhibits action poten-
tial discharge but not pacemaker properties
in cadmium-sensitive pacemaker neurons. A,
Top panel, Inspiratory neuron (bottom
traces) discharging in phase with integrated
population activity (top panel ) under control
conditions. Second panel, After the blockade
of respiratory population activity with the
mixture (COCKTAIL; top trace), the pace-
maker neuron continues to generate intrin-
sically rhythmic activity (bottom trace).
Third panel, Pacemaker activity persists, but
action potential discharge is reduced after
the application of piperidine. Fourth panel,
Blockade of calcium currents with cadmium
abolishes pacemaker activity. B, Intracellu-
lar recording of the same neuron as shown in
A at a slow time scale to illustrate the per-
sistence of pacemaker activity even after a
long exposure to piperidine. The numbers 1
and 2 show the time at which the traces in
the mixture and after piperidine were taken
to make A. C, Expanded trace of a single
burst recorded in another cadmium-sensitive
pacemaker neuron before (COCKTAIL)
and after (PIPERIDINE) the application of
piperidine. Note that the duration of the
burst is reduced and the amplitude is in-
creased after the application of piperidine.
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corded nonpacemaker neurons. A modulation of both the tran-
sient and the persistent sodium current by 5-HT2A receptors has
been demonstrated in the prefrontal cortex (Carr et al., 2002).

Role of sodium-dependent burst activity in
respiratory rhythm
A slowly inactivating persistent sodium current has been demon-
strated in pacemaker neurons (Koshiya and Smith, 2000; Del
Negro et al., 2002) and is postulated to underlie pacemaker
activity in pre-Bötzinger neurons (Butera et al., 1999; Smith et al.,
2000; Del Negro et al., 2002). Indeed, all pacemaker neurons in
the PBC cease to generate pacemaker activity in the presence of
TTX (Thoby-Brisson and Ramirez, 2001). Neurons in the PBC
express two types of sodium channel subunits (Nav1.1 and
Nav1.6), which may mediate pacemaker activity (McCrimmon et
al., 2001). Modeling studies indicate that the slowly inactivating
persistent sodium current has the biophysical characteristics to
produce bursting activity, which could play an important role in
the generation of respiratory network activity (Smith et al., 2000).
The depression in the frequency, amplitude, and regularity of

respiratory rhythmic activity as demonstrated in the present study
is best explained, therefore, by the suppression of the persistent
sodium current in cadmium-insensitive pacemaker neurons. It
should be noted, however, that we demonstrated the reduction in
the persistent sodium current for nonpacemaker neurons, be-
cause none of the neurons characterized in the present study in
voltage clamp were pacemaker neurons. Although not the major
focus, the effects of exogenously activated 5-HT2A receptors with
DOI were opposite to those of blocking the endogenously acti-
vated 5-HT2A receptors. Therefore, it is conceivable that the
increased network activity is attributable to an activation of the
persistent sodium current in cadmium-insensitive pacemaker
neurons, a hypothesis that can be tested in future studies.

Our finding is directly relevant to a recent study by Del Negro
et al. (2002) that suggests that blockade of the persistent sodium
current with riluzole does not abolish respiratory rhythm gener-
ation. This is consistent with our finding, because rhythm gener-
ation continued in the majority of preparations, although bursting
in cadmium-insensitive pacemaker neurons was blocked in the
presence of 5-HT2A antagonists. In Figure 8, we show that the
reduction in the frequency of fictive respiratory rhythm coincided
with the reduction in the frequency of cadmium-insensitive pace-
maker activity, which is consistent with modeling studies by
Butera et al. (1999). Furthermore, the maximal reduction in the
depression of the respiratory activity occurred at the same time as
the complete blockade of cadmium-insensitive pacemaker activ-
ity. Interestingly, as suggested by Del Negro et al. (2002), fictive
respiratory rhythm was still generated. However, it is important
to note that the persistence of respiratory rhythm generation in
our study does not demonstrate that pacemaker neurons play no
role in rhythm generation, because cadmium-sensitive pacemaker
neurons remained rhythmically active. In fact, our finding sug-
gests that the cadmium-insensitive pacemaker neurons play an
important role in the production of regular respiratory activity,
because the respiratory rhythm generation was depressed and
became irregular despite the persistence (and even enhance-
ment) of pacemaker activity in cadmium-sensitive pacemaker
neurons. It must be emphasized, however, that it is very difficult
to reach a causal conclusion in a functional network. First, al-
though intrinsic bursting was suppressed in the isolated cadmium-
insensitive pacemaker neurons, in the functional network these
neurons will still be synaptically driven in phase with inspiration.
Therefore, they still presumably will contribute to rhythm gener-
ation even in the absence of these specific bursting properties.
Second, spike discharge also was affected by the blockade of the
endogenous 5-HT2A receptor activation. Therefore, it is most
likely that network effects also contribute to the observed depres-
sion in respiratory activity, which is consistent with the study by
Del Negro et al. (2002). In this context, it is worth mentioning
that the effect of riluzole on cadmium-sensitive pacemaker neu-
rons was not specifically examined by Del Negro et al. (2002).
Therefore, the relative contribution and interaction of network
elements and the different types of pacemaker neurons remain
one of the most important, but still unresolved, issues that need to
be unraveled to understand how the respiratory rhythm is
generated.

We conclude that the endogenous activation of 5-HT2A recep-
tors plays a critical role in maintaining respiratory activity by
continuously modulating the persistent and transient sodium cur-
rent via the PKC pathway. The observed network effects under-
line the importance of neuromodulators, such as 5-HT, in adjust-
ing ionic conductances that are crucial for regulating both

Figure 8. Time course of the effects of blockade of the 5-HT2A receptor
on the respiratory network at the population and cellular level. The effects
of piperidine are shown for the frequency of fictive respiratory activity in
the top panel (n � 20), for the frequency of bursting in synaptically
isolated cadmium-insensitive pacemakers in the second panel (n � 18), for
the frequency of bursting in synaptically isolated of cadmium-sensitive
pacemakers in the third panel (n � 10), and for the amplitude of the
evoked action potentials (AP) in synaptically isolated nonpacemaker
neurons in the bottom panel (n � 7). Bath application of 20 �M piperidine
started at t � 0 and continued during the remainder of the experiment.
Note that the reduction in the frequency of the population activity follows
the reduction in the frequency of the cadmium-insensitive pacemaker and
the reduction in the amplitude of the action potential in the nonpace-
maker neurons. The stippled vertical line indicates the time at which the
frequency of the respiratory network reaches a steady state at 40% of
control.
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pacemaker and network properties within a rhythm-generating
network.
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