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Abstract

Nicotine may link maternal cigarette smoking with respiratory
dysfunctions in sudden infant death syndrome (SIDS).
Prenatal-perinatal nicotine exposure blunts ventilatory responses to
hypercapnia and reduces central respiratory chemoreception in
mouse neonates at Postnatal Days 0 (P0) to P3. This suggests that
raphe neurons, which are altered in SIDS and contribute to central
respiratory chemoreception, may be affected by nicotine. We
therefore investigated whether prenatal-perinatal nicotine exposure
affects the activity, electrical properties, and chemosensitivity of
raphe obscurus (ROb) neurons in mouse neonates. Osmotic
minipumps, implanted subcutaneously in 5- to 7-day-pregnant CF1
mice, delivered nicotine bitartrate (60 mg kg ™' d~") or saline
(control) for up to 28 days. In neonates, ventilation was recorded by
head-out plethysmography, c-Fos (neuronal activity marker), or
serotonin autoreceptors (5HT; ,R) were immunodetected using light
microscopy, and patch-clamp recordings were made from raphe

neurons in brainstem slices under normocarbia and hypercarbia.
Prenatal-perinatal nicotine exposure decreased the hypercarbia-
induced ventilatory responses at P1-P5, reduced both the number
of c-Fos—positive ROb neurons during eucapnic normoxia at P1-P3
and their hypercapnia-induced recruitment at P3, increased

5HT; AR immunolabeling of ROb neurons at P3-P5, and reduced
the spontaneous firing frequency of ROb neurons at P3 without
affecting their CO, sensitivity or their passive and active electrical
properties. These findings reveal that prenatal-perinatal nicotine
reduces the activity of neonatal ROb neurons, likely as

a consequence of increased expression of 5SHT sRs. This
hypoactivity may change the functional state of the respiratory
neural network leading to breathing vulnerability and
chemosensory failure as seen in SIDS.
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ORIGINAL RESEARCH

Clinical Relevance

Prenatal nicotine may link maternal
cigarette smoking with sudden infant
death syndrome (SIDS). SIDS has been
related to respiratory dysfunctions and
abnormalities of raphe neurons, which
contribute to respiratory central
chemoreception. However, prenatal
nicotine effects on raphe neuron
properties have not been determined.
This is the first report showing that
prenatal nicotine exposure in mice
reduces the firing discharge of
serotonergic and nonserotonergic
raphe neurons, preserving their
electrical and chemosensitive
properties and increasing their
expression of 5-HT;, autoreceptors.
Hypoactivity of raphe neurons can
lead to breathing vulnerability and
failure in responding to chemosensory
demands, as seen in SIDS. However,
these results also suggest that nicotine
is not the unique and single factor
responsible for anatomical findings
found in SIDS.

Sudden infant death syndrome (SIDS)
persists as a major cause of death in infants
under 1 year of age in developed countries
(1), whereas maternal cigarette smoking
remains its main preventable risk factor (2).
Certainly, infants born from smoking
mothers and infants who have died from
SIDS shared a higher incidence of
respiratory-related deficits in arousability,
chemoreflexes (3-5), and respiratory rhythm
regularity (6). That respiratory dysfunction
is involved in SIDS is reinforced by
anatomical findings of abnormalities in
respiratory-related brainstem nuclei (7).

Raphe neurons are chemosensitive
(8-10), contribute to ventilatory drive
(11-13), and are involved in promotion of
waking (14). They are altered in SIDS (7,
15, 16), and suggestively, most deaths in
SIDS occur during the transition between
sleep and the awake state (17). In SIDS
cases, medullary raphe neurons are more
numerous and immature, and those that
are serotonergic have lower serotonin
transporter binding density than control
subjects (7, 16). In addition, the raphe
obscurus (ROb) and the arcuate nuclei
show lower serotonin autoreceptor (5-
HT,sR) binding densities (7, 16).
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Nicotine may link maternal cigarette
smoking with SIDS (18). In fact, prenatal-
perinatal nicotine exposure causes
hypoventilation (19, 20), increased apnea
periods during normoxia in mice and rats
(21), reduction of hypercarbia- and hypoxia-
induced ventilatory chemoreflexes in mice
(19), rats (20, 22), and sleeping lambs (23),
reduction of autoresuscitation from primary
apnea in rats (24), and delays in the hypoxia-
induced awakening response in lambs (23).
In the serotonergic system, prenatal nicotine
increases serotonin 5-HT;4R binding in the
ROD of baboon fetuses (25) as perinatal
tobacco exposure does in the cerebral cortex
of rhesus monkeys (26). Prenatal nicotine
elevates both concentration and turnover
of serotonin in the brainstem of rhesus
monkey fetuses (27). In rats, prenatal nicotine
reduces serotonin transporter binding in
the cortex, whereas, in the midbrain and
brainstem, it can increase it (28, 29).

Blunting of ventilatory chemoreflexes in
nicotine-exposed mice is due, in part, to
a failure in central chemoreception (19, 30).
We hypothesized that, in mouse neonates,
raphe neurons, which express functional
nicotinic acetylcholine receptors (31, 32),
could be targeted by prenatal-perinatal
nicotine exposure, affecting their activities,
their electrical properties, and their
chemosensitivities. We studied CF1 neonates
at Postnatal Days 1 (P1) to P8, because it is
known that, within this period, prenatal
cigarette smoke disrupts eupneic breathing
and the ventilatory response to hypoxia in rats
(33), whereas prenatal-perinatal nicotine
exposure impairs ventilatory responses to
hypercapnia and depresses central respiratory
chemoreception in mice (19, 30). Therefore,
we expect that the diminished hypercarbia-
induced ventilatory responses that occur in
nicotine-exposed mice at P1-P3 will be
accompanied at the same time by changes in
the electrical properties or CO, responsiveness
of raphe neurons, including both the
serotonergic and nonserotonergic populations.

Materials and Methods

See the online supplement for additional
information.

Animals and Prenatal-Perinatal
Nicotine Administration

An osmotic minipump (2004; Alzet,
Cupertino, CA), which was implanted
subcutaneously between the scapulae into 5-

to 7-day-pregnant adult mice (19), delivered
saline (controls) or nicotine bitartrate (60 mg
kg ' d™") for 28 days. A similar dose was
used before (19, 34), and the reasons for
choosing this dose are explained in previous
work (34) and in the online supplement. This
nicotine infusion is nontoxic, and does not
affect the litter size, birth weight, or postnatal
growth curve of mouse neonates (19, 21).
After finishing the experiments, animals were
killed with an anesthetic overdose.

Ventilatory Recordings

Tidal volume (VT), instantaneous respiratory
frequency (fr), and minute ventilation (VE),
calculated as VT X fi, were measured in P1,
P3, P5, and P8 control and nicotine-exposed
neonates (n =11-19 per group) using head-
out, restricted-body, temperature-controlled
plethysmography, as described previously
(19, 21) and in the online supplement.

In Vivo Hypercapnic Stimulation
Neonates placed in the plethysmography
chamber breathed humidified air
spontaneously for 110 minutes (basal) or
were stimulated, after 10 minutes of
breathing air, with 10 minutes of inhalation
of air enriched with 10% CO, (21% O,,
balance N,), and then maintained for

90 minutes breathing air before being killed
for c-Fos immunohistochemistry.

Immunohistochemistry

Serotonergic neurons were recognized by
detecting tryptophan hydroxylase (TpOH), the
rate-limiting enzyme for the synthesis

of serotonin, using polyclonal IgG sheep anti-
TpOH antibody (Sigma, St. Louis, MO); as

a marker of neuronal activity, c-Fos protein was
detected with a monoclonal IgG rabbit anti—c-
Fos antibody (Calbiochem, San Diego, CA),
and 5-HT 4 receptors were detected with
polyclonal IgG rabbit anti-5HT; R antibody
(Santa Cruz Biotechnology, Santa Cruz, CA).
For detailed methods, please see the online
supplement.

Whole Cell Patch-Clamp Recording
Transverse brainstem slices from 3-day-old
mice were superfused at 1-2 ml/min with
artificial cerebrospinal fluid gassed with
95% 0,-5% CO,, pH 7.4, at 22°C.
Borosilicate glass electrodes (4-10 M())
were filled with solution containing 12 mM
gluconic acid, 120 mM KOH, 10 mM KCl,
10 mM HEPES, 3 mM MgCl,, and 0.5 mM
Na,-ATP, pH 7.4 (300 mOsm), and were
positioned with near-infrared differential
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(20 pm) and kynurenic acid (1.5 mM) to

interference contrast optics (model E600FN;

Nikon, Tokyo, Japan). Whole-cell voltage-

clamp mode recordings were made with the

block both ionotropic GABAergic and
glutamatergic receptors.

Axoclamp 1D amplifier at a holding potential

of —70 mV controlled by pClamp 5 software

(Axon Instruments, Union City, CA).

Recorded neurons were stained with Lucifer
yellow for further measurement of their areas,

as indicated in the online supplement.

from 5 to 10% in the presence of bicuculline

Statistical Analysis

Values are expressed as mean (=SEM)
unless otherwise stated. Differences for the

results of immunohistochemistry and

plethysmography were ascertained with
Hypercapnic stimulation was done by  two-way ANOVA followed by Newman-
increasing CO, in the superfusion medium  Keuls post hoc test. Electrophysiological

data were analyzed using Mann-Whitney

U test. Differences in distributions of somata
size and firing rate of action potentials

were assayed with the Kolgomorov-Smirnov
two-sample test. The null hypothesis was
rejected at P less than 0.05.

Results

Weight and Growth Curve of
Neonates
We confirmed that prenatal nicotine

administration did not affect the weight of
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Figure 1. Prenatal-perinatal nicotine reduces the number of serotonergic neurons at Postnatal Day 1 (P1) and alters distribution of cross-sectional areas
of the somata of raphe obscurus (ROb) serotonergic neurons at P5 and P8. (A) Coronal sections of the brainstem represented in the schematic diagram
containing the landmarks used to identify and standardize the level of the brainstem in which ROb neurons were studied. CC, central canal; cNTS,
caudal part of the nucleus tractus solitarius; 10, inferior olive; Xll, hypoglossal nucleus. Rostrally, ROb neurons are distributed equally on each side of the
midsagittal plane (fROb), whereas, caudally, they are distributed in the shape of a “Y” (cROb); scale bars, 15 pm and 100 pm, as indicated. In the lower
left, there is enlargement of the ROb showing c-Fos—positive (dark nucleus) and tryptophan hydroxylase (TpOH)-positive neurons (red cytoplasm).
Arrowheads indicate examples of TpOH-positive and c-Fos—positive neurons. (B) Number of serotonergic ROb neurons in P1, P3, P5, and P8 control
(open squares) and nicotine-exposed (solid circles) neonates (n = 10 for each group at any postnatal age). Prenatal-perinatal nicotine decreased the
number of serotonergic neurons in ROb (df =1, F ratio =5.85, P=0.0195); *P < 0.05 for difference between control and nicotine-exposed neonates
(Newman-Keuls post hoc test). (C) Distribution of cross-sectional areas of cell bodies of serotonergic neurons in control (upper panels, open bars) and
nicotine-exposed (lower panels, solid bars) P1-P8 neonates; comparison of distributions of somata areas at the same age for control and nicotine-
exposed neonates was done using Kolmogorov-Smirnov test; P value is indicated when significant.
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Figure 2. Prenatal-perinatal nicotine reduces ventilatory responses to hypercapnia in neonates younger than P8. (A) Plethysmographic recording before
(7), during (2 and 3), and after (4) inhalation of air enriched with 10% CO, (horizontal black bars) by a P3 control neonate. Lower traces, recordings
displayed at faster speed at the places indicated with numbers on the plethysmographic recording. Note that in 3, movement artifacts are overlapped on
the ventilatory recording. (B) Time course of the changes in minute ventilation (VE; upper panels), instantaneous respiratory frequency (fr; middle panels),
and tidal volume (VT; lower panels) during hypercapnia (inhalation of 10% CO, for 10 min) in control (open circle) and nicotine-exposed (solid

circles) P1, P3, P5, and P8 neonates. Ventilatory variables are expressed as percentage of respective basal value (% basal). Period of hypercapnia is
indicated by gray shading. Basal and recovery values were measured 2 minutes before and 2 minutes after the hypercapnic stimulus, respectively.
Data are expressed as mean (+SEM). Number of P1, P3, P5, and P8 neonates were 6, 6, 5, and 7 (controls) and 6, 7, 7, and 6 (nicotine-exposed
neonates), respectively. Two-way ANOVA revealed significant nicotine effects upon VT and VE at P1, P3, and P5, but not at P8; F ratios and P values
are indicated for each postnatal age.

492 American Journal of Respiratory Cell and Molecular Biology Volume 53 Number 4 | October 2015



ORIGINAL RESEARCH

newborns or the growth curve of neonates.
P1, P3, P5, and P8 control neonates weighed
2.0+ 0.3 g(mean = SD;n=92),3.1*04g¢g
(n=90),49* 0.7 g(n=59),and 79+ 10 g
(n=49), respectively, whereas P1, P3, P5,
and P8 nicotine-exposed neonates weighed
20402 g (n=61),29 04 g (n="57),
53+06g(n=45),and 8.0 0.7 g

(n = 44), respectively. Two-way ANOVA
showed no significant nicotine effect

(df =1, F ratio =2.164, P=0.1419), but

a significant age effect (df = 3, F ratio = 6.01,
P =0.0005). Other variables, such as the
number of neonates per litter, the weight of
dams, and their food intake, were not
affected (data not shown).

Morphological Effects of
Prenatal-Perinatal Nicotine upon
Raphe Neurons
We restricted our observations to the RODb,
as this midline medullary nucleus plays
a major role in modulating the respiratory
rhythm (35, 36). In ROb, serotonergic
(TpOH™) neurons are distributed around
the mid-sagittal plane in medullary coronal
sections, as illustrated in Figure 1A.
Prenatal-perinatal nicotine decreased
the number of serotonergic neurons in
ROD at P1 (Figure 1B; P < 0.05, post hoc
Newman-Keuls test), and also modified
the distribution of cross-sectional areas of
the somata of ROb serotonergic neurons at
P5 and P8 (Figure 1C). In P1-P3 control
neonates, the cross-sectional areas ranged
from 100 to 225 wm?, whereas, at P5,
a subpopulation of neurons with bigger
somata emerged (225-300 ;Lmz). In
control P8 neonates, the fraction of
neurons having somata areas over 250
pwm? became very small. In P1-P3
nicotine-exposed neonates, the
distributions of cross-sectional areas were
similar to those in controls. Interestingly,
in P5 nicotine-exposed pups, the
subpopulation of serotonergic neurons
with the largest somata was
underrepresented compared with controls
(Figure 1C; P < 0.001, Kolgomorov-
Smirnov two-sample test). By contrast, at
P8, many ROD neurons with the largest
cross-sectional areas appeared in the
nicotine-exposed mice (Figure 1C; P < 0.05,
Kolgomorov-Smirnov two-sample test).

Ventilatory Activity of P1-P8
Neonates under Basal Conditions
Ventilatory activity during eucapnic
normoxia showed periods of regular

respiratory cycles interrupted by either
variable-length apnea periods in P1-P3
neonates or movement artifacts in P1-P8
neonates (Figure 2A). Ventilatory
variables under eucapnic normoxia are
shown in Table 1. Two-way ANOVA
revealed a significant age effect on Vr
(df =2, F ratio = 36.9, P < 0.0001), fx
(df =2, F ratio=11.5, P < 0.0001), and
Ve (df = 2, F ratio = 89.1, P < 0.0001). No
nicotine effects were observed on Vr
(df =2, F ratio=0.8, P=0.35), fr (df =2,
F ratio=0.1, P=0.71), or Vi (df=2,

F ratio = 2.6, P=0.10). Differences in
neither the number or duration of apnea
periods were found between control and
nicotine-exposed mice at P1 and P3
(data not shown).

Prenatal-Perinatal Nicotine Exposure
Reduces Ventilatory Responses to
Hypercapnia

Control and nicotine-exposed P1-P8
neonates rapidly increased VT and VE as
early as from the third and fourth cycles
after starting to breath air enriched with
10% CO, (Figures 2A and 2B). VE and VT
remained high during the 10 minutes of
hypercapnic stimulus (Figure 2A), and then
decreased once the hypercapnia ended,
eventually reaching baseline values within
5-10 minutes. The time course of the
ventilatory changes induced by 10 minutes
of hypercapnia, expressed as a percentage
of baseline values, is illustrated in

Figure 2B. The most pronounced increase
in VT and VE relative to baseline values was
observed in control P3 pups. By contrast,
hypercapnia did not induce any significant
change in fr at any age. This means that the

time course profile for changes in Ve was
followed closely only by VT changes
induced by hypercapnia. As reported
previously (19), two-way ANOVA revealed
a significant nicotine effect on the
response of VT and VE to hypercapnia at
P1, P3, and P5, but not at P8 (Figure 2B).
By contrast, at P8, changes in VE and
VT induced by hypercapnia became
indistinguishable between nicotine-
exposed and control pups.

Nicotine Reduced the Number of
Serotonergic and Nonserotonergic
c-Fos-Positive ROb Neurons in
Normoxic Eucapnia

In nicotine-exposed P1-P3 pups, the
level of activity of serotonergic and
nonserotonergic ROb neurons, evaluated
through c-Fos immunodetection, was
decreased under normoxic eucapnia
(Figure 3A). By contrast, the number

of c-Fos—positive serotonergic and
nonserotonergic neurons was not different
in control and nicotine-exposed P5 and
P8 neonates (data not shown).

Nicotine Abolished the Activation

of c-Fos by Hypercapnia in the ROb
at P3

We found a significant hypercapnia-
induced increase in the number of
c-Fos-positive serotonergic ROb neurons
in control P3 neonates. This hypercapnia-
induced increase was abolished in nicotine-
exposed P3 neonates (Figure 3A).

In contrast to ROb neurons, no effect
of nicotine exposure was detected in
nucleus tractus solitarius (NTS) neurons
(Figure 3B). The baseline numbers of

Table 1. Ventilatory Variables in Control and Nicotine-Exposed Postnatal Days 1-8
Mouse Neonates during Eucapnic Normoxia

VT
n (nh)
Control

P1 16 141 +
P3 19 22.6 =
P8 13 42.7 =

Nicotine exposed
P1 16 124 +
P3 12 20.3 =
P8 11 39.4 =+

[¢) gy

~N o

fR VE

(Cycles min~") (ml/min)
3 136.9+7.6 1.8 *+0.1*
N 148.4 +9.3 3.1 +0.1
3 173.8 =115 6.8+ 0.5
7 113.7 =5.3 1.3*x0.1*
3 168.7 = 10.6 3.2+0.2
.0 168.0 = 13.8 5.8 +0.7

Definition of abbreviations: fg, instantaneous respiratory frequency; P, Postnatal Day; VE, minute

volume; Vr, tidal volume.

Two-way ANOVA revealed significant aging effect on Vr, fg, and VE (P < 0.0001). Mean * SEM.

*P=0.041, ANOVA.
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Figure 3. Prenatal-perinatal nicotine decreases c-Fos activation of ROb neurons in vivo during
eucapnia and hypercapnia. (A) Counting of active (c-Fos—positive) neurons in ROb 1.5 hours after
inhalation of air alone (basal conditions) or air enriched with 10% CO, (hypercapnic stimulation) for 10
minutes in control and nicotine exposed P1 and P3 neonates. Results were similar for serotonergic
and nonserotonergic ROb neurons. Controls (open bars) and nicotine-exposed (solid bars)
neonates inhaling air or 10% CO,. Two-way ANOVA revealed a significant nicotine effect on the
counting of c-Fos—positive serotonergic (df =1, F ratio = 29.630, P < 0.0001) and nonserotonergic
(df =1, F ratio=14.263, P < 0.0017) neurons at P1. This nicotine effect was also observed at P3
(df =1, F ratio=33.275, P=0.0001 for serotonergic and df=1, F ratio=13.664, P=0.002 for
nonserotonergic ROb neurons). At both ages, control neonates in eucapnic normoxia and during
hypercapnia had a greater number of ROb serotonergic and nonserotonergic neurons coexpressing
c-Fos than nicotine-exposed neonates (P < 0.05 or P < 0.01, Newman-Keuls post hoc test). In
addition, significant hypercarbia-induced recruitment of serotonergic c-Fos—positive neurons at
ROb was observed in P3 neonates (P < 0.05, Newman-Keuls post hoc test). Interestingly, this
hypercapnia-induced recruitment of serotonergic ROb neurons was abolished in nicotine-exposed
P3 neonates, and it was not observed in ROb nonserotonergic neurons. (B) Counting of active
(c-Fos—positive) neurons in the nucleus tractus solitarius (NTS) of combined P1-P3 neonates.
In contrast to ROb, no effect of nicotine exposure was detected in NTS neurons at normoxic eucapnia
(df =1, F ratio = 3.431, P =0.078). Besides, the increase in the number of c-Fos—positive NTS neurons
induced by hypercapnia (df =1, F ratio=114.853, P < 0.0001) was similar in both control and
nicotine-exposed P1-P3 pups. Data are expressed as mean (=SEM); n =5 for each group for ROb
experiments and n = 6 for NTS experiments. Conditions showing significant differences are shown with
connecting lines; *P < 0.05, **P < 0.01, Newman-Keuls post hoc test.
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c-Fos—positive NTS neurons were similar in
control and nicotine-exposed animals during
normoxic eucapnia. Furthermore, the
increase in the number of c-Fos—positive
NTS neurons induced by hypercapnia was
similar in control and nicotine-exposed
P1-P3 pups (Figure 3B), suggesting that
nicotine effects upon c-Fos expression were
selective upon raphe neurons.

Prenatal-Perinatal Nicotine Exposure
Decreased the Firing Rate of ROb
Neurons in Absence of Synaptic
Blockers

RODb neurons recorded from slices

(Figure 4A) at P3 showed spontaneous, low-
frequency (most <4 Hz), and irregular firing
rates of action potentials (Figure 4B).
Electrophysiological properties (Table 2)
of nicotine-exposed neurons (1 =27)

were similar to those of controls (n=41),
and these were concordant with
electrophysiological characteristics of raphe
neurons previously reported (37). Action
potential (Figure 4B) and cell excitability
(Figure 4D) were similar in controls and
nicotine-exposed neurons. However, the
average firing rates of nicotine-exposed
raphe neurons were lower than those of
controls (Figure 4C and Table 2; *P < 0.05
Mann-Whitney U Test).

Prenatal-Perinatal Nicotine Exposure
Decreased the Firing Rate of ROb
Neurons in Presence of Synaptic
Blockers

Spontaneous firing rate of raphe neurons
was estimated during glutamatergic (1.5
mM kynurenic acid) and GABAergic (20
M bicuculline) synaptic blockade. This
blockade silenced totally the recording of
fast excitatory postsynaptic currents
(EPSCs) and inhibitory postsynaptic
currents (IPSCs) in raphe neurons (data not
shown) and decreased the firing rate of
control neurons from 2.1 (£2.0) to 1.4
(*2.0) Hz. Such a decrease in firing rate
was not observed in nicotine-exposed
neurons, in which the firing rate in the
absence of blockers was 0.9 (*=1.1) and in
their presence was 0.8 (*1.1) (Table 2).
Notably, the firing rate of nicotine-exposed
neurons in the presence of synaptic
blockers was still lower than that of controls
(Table 2). The lower firing rate was related
to the displacement to the left of the
distribution of firing rates found in raphe
neurons recorded from slices exposed to
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nicotine, resulting in a significant difference in
respect to that found in controls (Figure 4C;
P < 0.05 Kolgomorov-Smirnov two-sample
test). No differences in current-voltage I-V
curves were observed between control and
nicotine-exposed neonates (Figure 4E).

Responses of Raphe Neurons to
Hypercapnic Acidosis

The percentage of raphe neurons that
increased, decreased, or did not respond to
the hypercapnic stimulus were similar in
control and nicotine-exposed slices

(Figure 4F). Notably, most of the ROb
neurons in control (72%) and nicotine-
exposed (67%) slices did not modify their
firing rate during hypercapnic acidosis. In 3
out of 25 control neurons that increased
their firing rate in response to hypercapnia,
the magnitude of change ranged from 165
to 435%, whereas, in 4 out of 21 nicotine-
exposed neurons, this ranged from 113 to
405% (P =0.052, Mann-Whitney U test).
Similar analysis applied to the group of
neurons that decreased their firing rate in
response to hypercapnia indicated that

the magnitude of reduction was not
significantly different between control
(n=4) and nicotine-exposed slices (n =3;
P=0.172, Mann-Whitney U test).

Changes in 5-HT5 Receptor
Expression

Firing rate of raphe neurons is under
5-HT, 5 autoreceptor control (38). Most
serotonergic (TpOH™") raphe neurons
coexpressed 5-HT;4Rs (Figures 5A and
5B). The 5-HT sR labeling was located on
somata and proximal processes within
the ROb (Figure 5C). Two-way ANOVA
revealed an age effect on 5-HT;,R
labeling in ROb area (df =3, F ratio =
25.780, P < 0.001), increasing from P3 to
P5 in both control and nicotine-exposed
pups (Figure 5E). This increment was
more pronounced in nicotine-exposed
pups at P5. In fact, two-way ANOVA also
revealed a nicotine effect on 5-HT;,R
labeling (df =1, F ratio = 8.087, P < 0.05)
being the 5-HT 4R labeling in P3 and
P5 nicotine-exposed mouse pups higher
than that observed in controls

(Figure 5E).

Discussion

In this work, we show that the number of
ROD serotonergic neurons at P1, the

distribution of the areas of their somata at
P5-P8, and their activity at P1-P3 can be
affected by prenatal-perinatal nicotine
exposure. In particular, this is the first
report of a reduction of the firing rate of
ROD neurons induced by this challenge.
Such hypoactivity was not only observed
in vitro in the absence of peripheral input,
as evidenced by current-clamp recordings
in whole-cell mode at P3 in slices, but also
in vivo at P1-P3 by detecting the
expression of c-Fos protein, a neuronal
activity marker in both serotonergic and
nonserotonergic neurons. Interestingly, at
PO-P5, the ventilatory responses to
hypercapnia are depressed by
prenatal-perinatal nicotine exposure,
reaching a peak of depression at P3 (19).
Reduction of the firing rate was not
dependent on glutamatergic or GABAergic
synaptic inputs, because it was also found
in slices after glutamatergic and GABAergic
blockade. Neither was it secondary to

a concomitant modification of any active or
passive electrophysiological properties. We
also did not detect any change in intrinsic
chemosensitivity of raphe neurons recorded
in slices from P3 neonates exposed to
prenatal-perinatal nicotine. We found an
increase in 5-HT; 4R immunostaining in
the raphe nuclei. This is consistent with
hypoactivity of raphe neurons due to
activation of autoreceptors, a well
established inhibitory feedback of firing
rate of serotonergic neurons (39).
Comparison of the time courses of
prenatal nicotine-induced upregulation of
5-HT; sRs and the reduction in number
of serotonergic c-Fos—positive neurons in
the ROD is consistent with the possibility
that there is a decrease in ROb neuron
activity due to the increase in 5-HT; 4R
levels, although the evidence is indirect.
Notably, both variables did not differ
between control and nicotine-exposed pups
on P8, the same postnatal day in which
ventilatory responses normalize in nicotine-
exposed pups.

The absence of modification of intrinsic
neuron chemosensitivity in nicotine-exposed
raphe neurons, at first glance, does not seem
compatible with our findings showing
a reduction in hypercapnia-induced
recruitment of serotonergic c-Fos—positive
neurons in ROb in 3-day-old neonates and
a decrease in hypercapnia-induced
ventilatory responses in 1- to 5-day-old
neonates. To reconcile our results, we can
consider two explanations that are not
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necessarily mutually exclusive. First,
intrinsic chemosensitivity of serotonergic
raphe neurons increases with age in brain
slices and in culture (40). Thus, raphe
neuron chemosensitivity is not well
developed during the first week of
postnatal life, being expressed only by
a small fraction of the neuronal
population, which can make it difficult to
detect subtle changes. Second, any
mechanism that reduces serotonergic
neuron activity will reduce the
ventilatory response to hypercapnia. In
fact, in adult serotonin transporter
knockout mice, the reduction of
serotonergic neuron activity (41) is
accompanied by reduction in the
ventilatory response to hypercapnia (42),
although this knockout mouse exhibits
decreased 5-HT; 4R binding (41).
Reduction of serotonergic neuron
activity can be achieved by 5-HT ;4R
overexpression or 5-HT; R activation.
Thus, excessive serotonin autoinhibition
by overexpression of 5-HT;sRs reduces
the firing rate responses to hypercapnia
of serotonergic neurons in the dorsal
raphe in slices (43). Furthermore,
activation of 5-HT;sRs reduces the
respiratory response to hypercapnic
challenge in the in situ rat brainstem
preparation (44). Therefore, reduction
of the firing rate by increased expression
of 5-HTsRs could explain reduction of
the respiratory responses to hypercapnia.
It remains unknown if upregulation of
5-HT 4Rs is secondary to a direct effect
of nicotine on raphe neurons, which
express functional nicotinic receptors (31).
Likewise, it is an open question

whether an effect of nicotine on the
serotonin system during development
can interfere with the developmental
role of serotonin (45), and produce
permanent changes in the respiratory
neural network.

Serotonergic abnormalities described in
children who died from SIDS (7, 15, 16) were
not completely reproduced by
prenatal-perinatal nicotine in mice.
Upregulation of 5-HT 5Rs, similar to that
reported by us, has been observed in rats (46)
and in fetal nonhuman primates after
chronic prenatal nicotine administration
(25). The same changes have also been
observed in offspring from pregnant Rhesus
monkeys exposed to environmental tobacco
smoke during gestation and for up to 3
months postnatally (26). Infants who were
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Figure 4. Nicotine reduces the spontaneous firing rate of raphe neurons without modifying other electrophysiological properties or chemosensitivity.
(A) Upper left, infrared differential interference contrast visualization of a ROb neuron in a slice from a P3 control neonate; upper right, same neuron is
touched by a patch pipette; lower, drawing of slice indicating patch-clamp electrode position. Arrowhead indicates the tip of the patch electrode touching
a soma of a raphe neuron. Scale bar, 15 um as indicated. (B) Current-clamp recording from ROb neurons in slices from P3 mice. In control and nicotine-
exposed slices, 34 out of 41 and 21 out of 27 neurons, respectively, showed an inflection or “hump” on the repolarization phase (upper recording).
(C) Distribution of firing rate of ROb neurons in controls (open bars, bold sides) and nicotine-exposed slices (shaded bars). Left panel, distribution of
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Table 2. Electrophysiological Properties of Raphe Obscurus Neurons in Slices from
Control and Nicotine-Exposed Postnatal Day 3 Mouse Neonates

Control Nicotine Exposed

Shape of

Repolarization Inflection Noninflection Inflection Noninflection
Area, pm? 222 + 59 176 + 44 208 *+ 56 238 =94
Ve, mV —542+ 41 —-56.3+2.6 —56.6 = 6.7 -51.3+25
Cm, MF 17.3 3.7 15.0+ 3.6 16.3 4.5 223 +157
Ri, MQ 1,544 + 998 2,099 + 780 1,475 £ 762 1,138 + 896
AHP, mV 15.7 =51 10.3*+4.5 15.5+3.9 13.3+10.7
fx1, Hz 21x20 1.9+17 *09+1.1 *0.4+04
Ny 34 7 21 6
fxo, HZ 1420 0.8+1.1
Ny 22 17

Definition of abbreviations: AHP, after hyperpolarization; Area, area of somata of ROb neurons

determined with fluorescence microscopy after Lucifer yellow injection; C,,, membrane capacitance;
fy1, firing rate of ROb neurons in absence of synaptic blockers in intact slices; fyo, firing rate of ROb
neurons in presence of synaptic blockers; ny and n,, number of ROb neurons recorded in absence or
presence of synaptic blockers, respectively; ROb, raphe obscurus; R, input resistance; Vp,, resting

membrane potential.

Values are expressed as mean = SEM. Shape of repolarization refers to presence of inflection in the

repolarization phase of the action potential.

*P < 0.05, Mann-Whitney U test to assess statistical difference between control and

nicotine-exposed preparations.

victims of SIDS show an increased number
of serotonergic neurons and decreased
binding for both 5-HT;sRs and serotonin
transporters in the brainstem (7). These
discrepancies between human cases and mice
exposed prenatally to nicotine could be due
to a unique way that the human
serotonergic system responds to a nicotinic
challenge, or the timing of nicotine exposure,
or the association to different risk factors.
Nicotine administered during the first 2
weeks of postnatal life in piglets can reduce
the expression of 5-HTzRs in the dorsal
motor nucleus of the vagus, inferior olivary
nucleus, and NTS (47). Thus, such effects
may be dependent on the timing of nicotine
exposure and the nuclei analyzed.
Discrepancies between findings in SIDS and

the mouse cannot be ascribed to the
occurrence of fetal hypoxia events. The
intensity of fetal hypoxia induced by
cigarette smoking or nicotine injections is
higher than that due to delivery by an
osmotic minipump, because the steady-state
plasma levels of nicotine attained with
osmotic minipumps are lower than those
that produce uterine flow reduction (48).
Furthermore, hypoxia and prenatal nicotine
reduce the number of raphe serotonergic
neurons (49), which is the opposite of what
is observed in SIDS. Fetal hypoxia and
nicotine can reproduce other features of
SIDS, such as the reduction

of serotonin transporter expression and
raphe neural projections, which might be
responsible for the reduced serotonin

content in rodent forebrain (7, 49). It is
likely that any explanation of a disparity in
results from SIDS cases and prenatal mice
treated with nicotine will require
consideration of other concomitant
contributors that could modify the response
of the serotonergic system in humans. For
example, potential contributors may include
multiple neurotoxins also found in cigarette
smoke. A concomitant risk factor could also
be prenatal exposure to alcohol, which can
reduce serotonin receptor binding in the
arcuate nucleus, including SIDS cases (50).
One can speculate that reduction of
serotonergic receptors by alcohol could
predominate over upregulation induced by
nicotine exposure.

In summary, prenatal-perinatal
nicotine exposure transiently reduces
the number and modifies the firing
rate of ROb neurons in the medulla.
Notably, it reduces the activity of
raphe neurons in 3-day-old mouse
neonates, which is associated with an
increase in expression of 5-HT,
autoreceptors. Reduction of serotonergic
drive is sufficient cause for explaining
depression of the ventilatory response
to hypercapnia observed in 3-day-old
mouse neonates. As a corollary,
alteration of the serotonergic system by
nicotine exposure can impair
respiratory responses required to
maintain organism homeostasis. Our
results also suggest that nicotine alone
may not account for all the serotonergic
abnormalities found in SIDS. Likely,
multiple factors acting concomitantly, in
addition to nicotine, are required to
determine all the features of this
syndrome. M

Author disclosures are available with the text
of this article at www.atsjournals.org.

Figure 4. (Continued). spontaneous firing in absence of glutamatergic and GABAergic blockers. Right panel, distribution of intrinsic firing in presence of
1.5 mM kynurenic acid and 20 wM bicuculline; P level of significance of difference in distributions, assayed with Kolmogorov-Smirnov test, is indicated for
each panel. (D) Depolarizing current pulses (300 ms, 20 pA) evoked a tonic discharge of action potentials in 19 out of 25 control and in 13 out of 21
nicotine-exposed neurons. The rest of the neurons responded with a phasic discharge with spike frequency adaptation. (£) Voltage-clamp recordings and
current-voltage (I-V) curves from ROb neurons in control and nicotine-exposed slices. -V curves were obtained using 50 ms voltage pulses from the
holding potential of —70 mV to imposed membrane potentials ranging from —120 to +20 mV in steps of 20 mV. Control and nicotine-exposed neurons
having action potentials with a hump in the repolarization phase showed an inward current followed by outward currents compatible either with one
outward current with adaptation or the activation of two different outward currents, one with a rapid peak and decay, and a second one that was sustained
during the 50-ms step (upper I-V curves). By contrast, neurons without a hump on the repolarization phase showed an inward current followed by

a sustained outward current in response to a voltage pulse (flower I-V curves). Data are expressed as mean (=SEM). (F) ROb neurons were stimulated with
hypercapnia (switching the artificial cerebrospinal fluid equilibration from 5 to 10% CO,) for 5 minutes while they were current-clamp recorded in the
presence of glutamatergic and GABAergic receptor blockade. The percentage of ROb neurons increasing (1), decreasing ({), or not modifying (<)
their firing rate in response to hypercarbic stimulation is indicated, and no difference was found between controls (open bars) and nicotine-exposed

(solid bars) neurons. f,, firing rate of ROb neurons.
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Figure 5. 5-HTaR labeling in neonatal ROb is increased by nicotine. (A) Photomicrograph taken at 40X magnification with brightfield illumination showing
three TpOH-positive neurons in the ROb of control P3 neonate, two of them (neurons 2 and 3) coexpressing 5-HT44R. (B) Images containing the
darkest grains obtained through filtering gray-tone pictures of neurons in A. Note that filtering eliminates anti-TpOH labeling, leaving the label ascribed to
5-HT4 R label (darkest pixels generated by nickel intensification). (C) ROb neuron immunostained for 5-HT;sR. Note that the distribution of 5-HT{aR
labeling on the soma is similar to that obtained after filtering gray-tone pictures in neurons 2 and 3 in B. (D) Coronal section showing area of interest, which
contains ROb, used to evaluate 5-HT 4R labeling. (E) Average % area of interest (A.l.) with 5-HT AR immunolabel expressed as percentage of total pixels
in area of interest in ROb. Data are expressed as mean (=SEM). *P < 0.05 for difference between control (open bars) and nicotine-exposed (solid bars)

neonates, respectively (n =3 for each age and experimental condition; two-way ANOVA, Newman-Keuls post hoc test).
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