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Prenatal Exposure to Nicotine Affects Substance P and
Preprotachykinin-A mRNA Levels in Newborn Rat
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ABSTRACT: Prenatal nicotine exposure influences neuronal devel-
opment including effects on several neurotransmitter systems. It also
attenuates the ventilatory response to hypoxia, known to require a
functional substance P-ergic system. Previous studies have shown
that nicotine increases the risk for sudden infant death syndrome
(SIDS) by 4-fold, and that SIDS-victims have elevated brainstem
levels of substance P. We, therefore, studied the effect of prenatal
nicotine exposure on the levels of substance P-like immunoreactivity
by RIA in the brain in newborn rat pups. The expression of the
substance P precursor preprotachykinin A mRNA was also deter-
mined by real-time reverse transcriptase-polymerase chain reaction
in carotid body, in petrosal/jugular and trigeminal ganglia, in cervical
and lumbar dorsal root ganglia, and in the brainstem. We found that
prenatal nicotine exposure increased levels of substance P-like im-
munoreactivity in the brainstem without changing levels in other
parts of the brain or in the adrenals. Furthermore, mRNA levels were
increased in the carotid bodies and in the petrosal ganglia, in contrast
to the decreased levels in the cervical dorsal root ganglia. We conclude
that nicotine causes alterations in the substance P-ergic system in the
brainstem, possibly linked to the increased risk for SIDS after prenatal
nicotine exposure. (Pediatr Res 64: 621-624, 2008)

Nicotine exposure increases the risk of sudden infant death

syndrome (SIDS) by up to 4-fold, thereby being the stron-
gest behavioral risk for SIDS. Although tobacco smoke contains
a wide variety of potentially fetotoxic substances, and although
smoking has numerous covariables that can contribute to adverse
outcomes, animal studies have pointed to nicotine itself as a
neuroteratogen, producing an abnormal CNS development (1,2).
From a respiratory point of view, studies in newborn rat and
mouse of the effects of prenatal nicotine exposure have shown a
deficient ventilatory response to hypoxia (3,4) and an impaired
autoresuscitation in newborn rat during anoxia (5).

Prenatal nicotine has been demonstrated to disrupt several
neurotransmitter systems (3,6,7), but the tachykinin substance P
has not been investigated in this aspect. However, substance P
may be of potential interest because it is known to be involved in
the central control of respiration in the newborn mammal. For
instance, central administration of substance P increases ventila-
tion in rabbit pups (8), and in vitro experiments in the newborn

Received May 9, 2008; accepted July 7, 2008.

Correspondence: Jonas Berner, M.D., Neonatal Research Unit, Q2:07 Astrid Lindgren
Children’s Hospital, Karolinska University Hospital, S-171 76 Stockholm, Sweden;
e-mail: Jonas.Berner@ki.se

Supported by the Swedish MRC (04X-2887 and 5234), Swedish Match, Stiftelsen
Frimurarna Barnhuset, Sillskapet Barnavird, Stiftelsen Samariten, Marianne and Marcus
Wallenbergs Foundation and an Unrestricted Bristol-Myers Squibb Neuroscience Grant.

621

rat show a stimulatory effect on respiration by substance P (9,10).
In addition, our group has shown that newborn transgenic mice,
lacking substance P and neurokinin A, display an abnormal
hypoxic response and an impaired plasticity of the central respi-
ratory network (11). Similarly, blocking the functional substance
P-ergic transmission via its preferred receptor, the neurokinin-1
receptor (NK-1), affects the hypoxic ventilatory response (12).
Accordingly, NK-1 receptors are present in respiration-related
ganglia and in their corresponding areas in the brainstem, and
they are also known to be involved in the control of rhyth-
micity of respiration (for review, see Ref. 13). Furthermore,
substance P is considered to be of relatively greater importance
in the newborn period (8,14—17), and mRNA encoding the
substance P-precursor, preprotachykinin A (PPT-A), increases
in the nucleus tractus solitarii (NTS) immediately after birth in
rabbits (18) and rats (19). Unlike the abundant expression e.g.,
in the brainstem, PPT-A mRNA expression has not been detected
in the carotid bodies of adult mice (20). The carotid body
contains glomus cells or type I cells known to be involved in
chemoreception and is innervated by the carotid sinus nerve with
afferent projections via the petrosal and jugular ganglia to respi-
ratory related areas in the brainstem (21,22). Nicotine, through
nicotinic acetylcholinergic receptors (nAChrs), also modulates
the hypoxic chemosensitivity in the rat carotid body (3,23).

Nicotine, and exposure to cigarette smoke, has been shown to
decrease substance P-like immunoreactivity (P-LI) in the brain of
adult rat (24), and substance P is considered to be of major
importance for the action of nicotine on the nervous system
(25,26). In view of these facts, we hypothesized that prenatal
exposure to nicotine may cause alterations in this neurotransmit-
ter system. To test this, we determined substance P-LI in the
brain and adrenals as well as the PPT-A mRNA expression in
brainstem, carotid bodies, sensory ganglia involved in respiratory
control and in dorsal root ganglia (DRGs) unrelated to respira-
tion, in newborn rat pups prenatally exposed to nicotine.

MATERIALS AND METHODS

Animals. Sprague-Dawley rat pups of both sexes (B&K Universal, Sol-
lentuna, Sweden) were studied on postnatal d 1 (P1). All pups were born
naturally and left with their mothers until assigned age. Animals were kept on
a regular 12 h light:12 h dark cycle and treated according to the guidelines

Abbreviations: DRGs, dorsal root ganglia; NK-1, neurokinin 1-receptor;
NTS, nucleus tractus solitarii; RT-PCR, reverse transcriptase-polymerase
chain reaction; PPT-A, preprotachykinin A
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approved by the local ethics committee (see below). The number of pups
studied in each group (nicotine and sodium chloride) was n = 8 being from
two litters for the RIA (27), and n = 12 for each group (nicotine and sodium
chloride) for the real-time reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis being from three litters.

Administration of nicotine. Osmotic minipumps (Model 2ML4, Alzet,
Palo Alto, CA) were used to administer nicotine to the fetuses. Insertion of the
pump was made on the 5th d of gestation after lightly anesthetizing the dam
with ether. The osmotic pump was placed s.c. on the back, the incision was
closed with a suture, and the animals were returned to their cages for recovery.
The pumps contained either nicotine bitartrate (Sigma Chemical Co., St.
Louis, MO) dissolved in sodium chloride, or only sodium chloride for the
control group. The concentration of nicotine was designed to deliver 3 mg
nicotine free base/kg bodyweight per day, calculated for the initial weight of
the dam and thus decreasing toward the end of gestation. Based on previous
studies, a daily dose of 2 or 6 mg/kg is considered to produce effects
comparable to moderate or heavy smoking, respectively, in man (25,28,29).
The pumps deliver their content for approximately 17 d (information provided
by the manufacturer), thus lasting the entire remaining gestational period and
postnatally until the time studied. Osmotic minipumps offer a safe route of
administration and, unlike injected nicotine, do not cause any overt signs of
hypoxia or ischemia, such as blanching of the skin or cyanosis, nor are there
any long term changes in maternal blood pressure or heart rate (30).

RIA. Substance P-LI was determined by RIA, as previously described in
detail (31). The detection limit of the substance P-assay was 10 fmol per mL
of sample (sample volume 0.1 mL). Tissue concentrations of substance P are
expressed in pmol of substance P per g of tissue wet weight. Animals used for
RIA were killed by decapitation and brains were rapidly dissected out. They
were thereafter divided into the hindbrain including the cerebellum (referred to
as hindbrain) and structures cranial thereof (referred to as forebrain). Sections
were made by hand using the following landmarks: the hindbrain was caudally
limited by the sulcus located at the cranial end of the pyramidal decussation.
Rostrally, the hindbrain was cut between the primary sulcus and the posterior lobe
of the pituitary, the cerebellum was not removed. The tissues samples were
weighed and frozen on dry ice immediately after dissection. Extraction was
performed at 100°C in distilled water and thereafter in 1.0 M acetic acid (32,33).
The neutral and acid extracts of each sample were pooled, lyophilized, and
analyzed by RIA for substance P-LI using antiserum SP2 (34,35).

Real-time RT-PCR. The following tissues were collected and immediately
frozen on dry ice; carotid bodies, petrosal together with jugular ganglia,
trigeminal ganglia, and cervical and lumbar DRGs. The carotid bodies, the
petrosal and trigeminal ganglia contain substance P and project to NTS and
other brainstem areas (22,36). The lumbar DRGs were included to monitor
PPT-A mRNA levels in sensory ganglia definitely not involved in respiratory
control. The cervical DRGs served as ganglia with projections to the lower
brainstem but similarly without direct involvement in respiratory control (37).
Also, total RNA was isolated from the brainstem at three different levels using
transversal cryostat sections. The first level was at the rostral end of the lateral
reticular nucleus, the second level at the locus coeruleus, and the third level
at NTS. Tissue homogenisation and RNA extraction (RNAas Mini Kkit,
Qiagen, Stanford, CA) were both performed according to the protocol sup-
plied by the manufacturer. Relative quantification of PPT-A gene expression
was performed by real-time RT-PCR (iQ5 Real-Time Detection System,
Bio-Rad Laboratories, Sundbyberg, Sweden) by using iScript 1-step RT-PCR
SYBR (Bio-Rad Laboratories, Sundbyberg, Sweden). Primer pairs for the
PPT-A gene were PPT-A 1 upstream 5'-ATT ATT GGT CCG ACT GGT
CCG-3’ and downstream 5'-CCC GCT TGC CCA TTA-3'. A commercial kit,
Quantum RNA classical 18S internal standard (Ambion, Austin, TX), was
used for 18S determination for standardization of the amount of PPT-A
mRNA in the different samples. PCR protocol: cycle 1, (X1) 50°C for 10:00.
cycle 2, (X1) 95°C for 5:00. cycle 3, (X45). step 1, 95°C for 00:10 and step
2, 57°C for 00:30. cycle 4, (X1) 95°C for 1:00. cycle 5, (X1) 55°C for 1:00.
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cycle 6, (X80) 55°C for 00:10 (increased setpoint temperature after cycle 2 by
0.5°C). All the reactions were performed in triplicate in a total volume of 50
uL. Relative quantification of gene expression was performed by using the
delta Ct method. The Ct values (i.e., the point at which the fluorescence
crosses the threshold) were converted into arbitrary quantities of the initial
template of a given sample.

Statistical considerations. All statistical analyses were made on absolute
values before normalization for graphical clarity. For RIA and real-time
RT-PCR, we used one-way ANOVA (Statistica software, StatSoft Scandina-
via AB, Uppsala, Sweden), where ANOVA indicated significant interactions,
a planned comparisons test was performed with a confidence level of p < 0.05
considered as significant.

Ethical considerations. These experiments have been approved by the
local ethics committee, i.e., Stockholms norra djurforsoksetiska ndmnd (Dnr
N321/98 and N40/04).

RESULTS

Litter sizes and birth-weight did not significantly vary
between nicotine-exposed and control pups (data not shown).
Similarly, there were no overt differences in maternal care
taking of the dams or behavior of rat pups. No differences
were seen between male and female pups for any parameter.

Substance P levels. The levels of substance P-LI in the
brainstem and the forebrain were determined using RIA. After
prenatal nicotine exposure, the levels of substance P-LI in the
hindbrain increased from 17.1 = 4.0 in control animals to
43.3 = 14.9 pmol/g (p = 0.007, Fig. 1A). In contrast, sub-
stance P-LI in forebrain did not differ between groups (10.5 =
5.6 and 10.8 = 4.4 pmol/g, respectively, Fig. 1B). Nor was a
significant difference observed in the adrenals (1.13 = 0.85
and 0.60 = 0.47 pmol/g, respectively), although there was a
tendency toward increased substance P-LI in the nicotine-
treated animals (Fig. 1C).

PPT-A mRNA levels. PPT-A mRNA was detected in the
carotid bodies of newborn rat pups, and prenatal nicotine expo-
sure markedly increased this expression (p = 0.003, Fig. 2A). An
even larger increase was seen in the petrosal/jugular ganglia (p <
0.001, Fig. 2B). In contrast, PPT-A mRNA levels were signifi-
cantly decreased in the cervical DRGs of nicotine-exposed pups
(p = 0.003, Fig. 2C), and a tendency toward a decrease was also
seen in the trigeminal ganglia (Fig. 2D). There were no differ-
ences between experimental groups in the brainstem at any level
(locus coeruleus, NTS or lateral reticular nucleus) or in the
lumbar DRGs (Fig. 2E and F, respectively).

DISCUSSION

In this study, we demonstrate elevated substance P-LI in the
brainstem and increased PPT-A mRNA expression in the periph-
eral arterial chemoreceptors in newborn rat after prenatal nicotine

Figure 1. SP-LI in hindbrain (A), cortex

(B), and adrenals (C) in control and nicotine-

treated animals (3 mg/kg X d). The box in-
—[— cludes the 25th to 75th percentiles with the

median value indicated as a line within the
box. The whiskers above and below the box
indicate the 10th and 90th percentile. A sta-
tistically significant difference was seen only
in the hindbrain (*p = 0.007).
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Figure 2. A-F, PPT-A mRNA expression
increased after nicotine exposure in the ca-
rotid bodies and petrosal ganglia [*p =
0.003 (A) and **p < 0.001 (B), respec-
tively]. The cervical DRGs [fp = 0.003,
(O)] and the trigeminal ganglia (D), both
involved in sensory input, displayed an op-
t posite reaction to nicotine with decreased
levels of PPT-A mRNA (significant only in
the cervical DRGs). No differences were

seen between experimental groups in the
lumbar DRGs (E) or in the brainstem [(the
lateral reticular nucleus, the locus coeruleus,
and NTS are displayed pooled together, (F)].
The box includes the 25-75th percentiles
with the median value indicated as a line
within the box. The whiskers above and below
the box indicate the 10th and 90th percentile.
Please note different scaling. Y-axis denotes
Ct values converted into arbitrary quantities
of initial template of a given sample.
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exposure, in fact a 5-fold increase for the carotid body and a
40-fold increase in the petrosal/jugular ganglia. Nicotinic effects
on the substance P-ergic system in the adult rat brain have been
previously described with decreased substance P-LI in discrete
brain regions after both acute and chronic exposure to nicotine
(24,38). This may represent a regional differentiation of brain
nuclei or a developmental difference.

The increased levels of substance P-LI in the brainstem
could indicate a decreased release and a subsequent accumu-
lation of substance P in presynaptic afferent nerve terminals.
This may be accomplished by a disruption of feedback loops
of acetylcholinergic neurons, known to trigger substance P
release in the brain (24) and gut (39). Furthermore, it has been
shown that perinatal nicotine exposure causes a blunted pe-
ripheral arterial chemosensitivity in P3 rat pups in the pres-
ence of a normally functioning carotid sinus nerve, indicating
a dynamic dysfunction at the brainstem level (40). However,
the markedly increased PPT-A mRNA levels in carotid bodies
and petrosal/jugular ganglia after nicotine treatment indicate
that the effect on the substance P-ergic neurotransmission in
respiration-related pathways is primarily not a decreased pep-
tide release. As elevated transcript levels rather reflect a
compensatory increase of synthesis after peptide release (41),
the increased mRNA levels in the petrosal/jugular ganglia indi-
cate an increased substance P release in the NTS. This may be a
compensatory mechanism due to a perturbed postsynaptic func-
tion. Previous studies have also demonstrated an attenuated
respiratory hypoxic response after blocking the substance P-
ergic NK-1 receptors in the brainstem (12).

It is important to note that the brainstem tissue analyzed
here with RIA does not only contain the NTS, with afferent
input from the petrosal/jugular ganglia, but also the spinal
trigeminal nucleus and other sensory subnuclei (37,42) all rich
in substance P (43—45). Furthermore, the NTS has substance
P inputs from other sources, e.g., the nodose ganglion (46).
Thus, one possible explanation is that the petrosal/jugular
input is quantitatively small and that the major effect of
nicotine on substance P levels measured by RIA is on these

other systems. In fact, we observed a markedly decreased
(cervical DRGs), or a distinct tendency to decreased (trigem-
inal ganglia), PPT-A mRNA levels in the ganglia giving rise
to most substance P in the lower brain stem. This suggests a
differential effect of maternal nicotine on sensory neurons in
general versus the respiratory carotid bodies—petrosal/jugular
ganglia pathway, leading to regional differences within the
brainstem. Such differences may exist also within specific
nuclei, as demonstrated previously in the spinal cord (43,47).

Previous studies in adult rat have detected PPT-A mRNA
and NK-1 receptors in the petrosal ganglia but not in the
carotid bodies, even after prolonged hypoxia (20). We found
PPT-A mRNA expression also in the carotid bodies of control
animals at P1, indicating the importance of tachykinins during
early development. The increased mRNA levels suggest in-
creased substance P release, which could activate the petrosal
neurons via presynaptic NK-1 receptors (20). These findings
are in line with other studies showing different effects of
nicotine depending on site of action (48,49) in relation to the
heterogeneous distribution of nicotinic receptor subunits (50).
Similarly, we could not detect any alterations in PPT-A
mRNA expression between experimental groups in the brain-
stem at any level. These levels include at least three areas rich
of substance P interneurons i.e., NTS, the periventricular
central gray, and the marginal layers (43). Further studies are
required to determine the effects on a cellular level.

The close connection between the acetylcholinergic neuro-
transmitter system and substance P neurotransmission has been
demonstrated in a number of studies. Substance P is known to
modulate nAChrs in the brain (51) through direct receptor inter-
action, but without directly binding to the agonist site of the
receptor (52). The reverse situation, where presynaptic nAChrs
mediate the release of substance P, has been demonstrated in
myenteric neurons of the gut (39). Lower levels of muscarinic
M2 receptors have also been described in infants who had
succumbed to SIDS (53). Incidentally, these children have also
been demonstrated to have increased concentrations of substance
P in the medulla (14,54). Thus, it is possible that prenatal
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exposure to nicotine causes alterations in substance P-ergic neu-
rotransmission via an acetylcholinergic pathway, and that these
alterations impair the function of the respiratory network.

Taken together, our results offer the first description of in-
creased levels of substance P-LI in the brainstem and alterations
in PPT-A mRNA expression in structures related to respiration of
newborn rat pups after prenatal exposure to nicotine. The present
data do not support a decreased substance P release in respiratory
nuclei in the brainstem, but they rather imply a perturbed
postsynaptic function and a disruption of the respiration-
related carotid bodies-petrosal ganglia pathway. This may in
turn cause a deficient regulation of respiration in the newborn
mammal and thereby contribute to the detrimental effects seen
after intrauterine nicotine exposure.
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